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Abstract

This thesis covers research in three separate but interlinked areas: superfluidity
in driven-dissipative polariton systems, path integral methods for the study of
metastability in Markovian systems, and phase space methods for spin master
equations. The unifying theme of the three works is their non-equilibrium na-
ture, but other overlaps are also present. The first two topics share a primary
analytical tool, the Feynman-Vernon path integral, with the first applying it to
quantum field theory and the second to quantum mechanics. The first and third
both utilise the Truncated Wigner method, albeit for very different purposes and
rather different phase spaces, while the second and third illustrate the twin ap-

proaches of geometric and deformation quantisation.

The first part is subdivided into three, dealing with different sub-projects un-
dertaken under the broad umbrella of superfluidity. These are, in order, the ab-
sence of it in coherently driven polaritons, the application of Truncated Wigner to
its study in Markovian polariton systems, and the analysis of whether non-linear
dissipation can cause a non-interacting bosonic gas to exhibit it. Non-equilibrium
functional integral methods are extensively used for all three but with varying
emphasis: the first features extensive diagrammatic calculations, the second fo-
cuses on the stochastic semi-classical limit of the integral, while the third fore-
goes Feynman diagrams for a generating function approach. Conclusive results
are obtained in the first project?, which completes a calculation by a predecessor
in the group to show that no regime of coherently driven polaritons exhibits su-
perfluidity; in the second I derive a method to extract the linear response tensor
used for identifying superfluid components via the Truncated Wigner method
derived from the functional integral, which should allow the numerical study of
systems too complicated for the analytical tools employed in the first sub-part;
in the final, third part I analyse a non-interacting bosonic system with non-linear
dissipation, serving as a minimal model of a dye cavity photon Bose-Einstein con-
densate, to find that at mean-field level it is predicted to exhibit superfluidity. I
then perform a significant portion of the associated fluctuation correction calcu-
lation, though difficulties with model regularisation prevent a conclusive answer

being given at this time.

2Published in Phys. Rev. B 108, 214513 (2023).



Part II is devoted to calculations of Lindbladian spectra via the coherent state
path integral, the initial aim of which was the study of metastability of systems
governed by such Markovian superoperators. A working perturbation theory
based on the exact propagator for a coherently driven-dissipative harmonic os-
cillator is derived and tested on some toy models. This perturbation theory in
principle can be applied to systems not covered by the existing methods of third
quantisation® and exact expressions for truncated Fock bases. The part also in-
cludes a review of the two pre-eminent approaches to the coherent state path
integral, emphasizing its links to holomorphic polarisation and highlighting the
difficulties associated with it and consequently instanton calculations performed
using it.

Finally, moving away from bosonic systems, I develop a stochastic Truncated
Wigner approach to spin degrees of freedom of arbitrary magnitude. This builds
on earlier work constructing the Stratonovich-Weyl representation of spin as func-
tions on the 2-sphere S? by calculating the explicit form of the series expansion
of the associated star product to higher order than previously available in the lit-
erature. This is then used to study nearest-neighbour and long-range anisotropic
XY models in two dimensions, obtaining promising results, in particular the di-
rect observation of vortices associated with the BKT transition that destroy the
staggered XY phase in the first model. This method differs from existing discrete
Truncated Wigner methods and those specialised to spin-3, in particular being
based around an expansion in a small parameter proportional to #. This allows it
to be easily integrated with bosonic phase space methods, since a truncation can

then be carried out at a consistent order in #.

3Third quantisation refers to canonical quantisation in the superoperator space.



Impact Statement

In Part I of this thesis I consider models capable of describing systems of driven-
dissipative exciton polaritons, an experimental platform that in recent years is
finding applications in spintronics, lasing, quantum simulators, and in industry
development of optical transistors. A better theoretical and numerical under-
standing of the behaviour of these systems is of direct relevance to much ongoing
work, and I consider approaches of both kinds. In particular I explore aspects
of superfluidity, an important physical phenomenon the study of which has pre-

viously led directly to two Nobel prizes in physics*

, via an analytical approach
and also propose a numerical method for its study. Analytical results were pub-
lished in Phys. Rev. B 108, 214513 (2023), and it is hoped that the proposed
numerical method will lead to further publications for the group at a later time.
These methods are also applicable to other experimental platforms, and I use
the analytical approach to explore the possibility of superfluidity in a model of
non-interacting dye cavity photon Bose-Einstein condensation.

Part II is concerned with the application of coherent state path integrals to
the study of metastability in driven-dissipative systems with Markovian dynam-
ics and finite degrees of freedom. Metastability, especially bistability, of this kind
may be important for quantum devices, with some previous work relating bista-
bility in circuit-QED to improved qubit readout protocols. While the results in
this direction are of a preliminary nature, they provide a theoretical foundation
for possible future work in this direction by other members of the research group.
A review of the two important approaches to the coherent state path integral,
one of them less common in the literature and rarely contrasted against the other
but very important for theoretical work, is also provided to assist with this. A
manuscript based on this work will be in preparation after submission of this
thesis.

In Part III I develop a new stochastic numerical method for the simulation
of spin lattice systems. The method, a variant of the Truncated Wigner ap-
proach, is very general: it is suitable for arbitrary lattice geometries, both long

and short range interactions, and may be easily coupled to existing bosonic Trun-

“Half of the 1978 prize was awarded to Pyotr Kapitsa for his discovery of superfluidity in
Helium-4, and the 1996 prize went to David Lee, Douglas Osheroff, and Robert Richardson for
their discovery of it in Helium-3.



cated Wigner methods to yield a simulation scheme for spin-boson systems. The
method may thus find application in a large variety of research. Some new results
are obtained for important models, in particular an explicit observation of theo-
retically predicted BKT vortex proliferation in the nearest neighbour interaction
driven-dissipative anisotropic XY model. A manuscript based on this work will

be in preparation after submission of this thesis.
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Chapter 1
Superfluidity

We begin our discussion with a review of superfluidity because, for all the de-
tails of a given open quantum system or subsequent field-theoretic or stochastic
machinery, this is the phenomenon we are actually interested in studying. At the
same time it will likely be the most familiar to a reader coming from outside the
open quantum systems community and, moreover, is such a broad field in itself
that it will be important to establish a shared language and perspective before
proceeding with any specifics.

Superfluidity is a well known phenomenon in quantum mechanics. First dis-
covered in 1937 in liquid helium-4 [1], [2], it is characterised by a series of un-
usual hydrodynamic properties such as vanishingly small viscosity, the inability
to rotate except in quantised vortices, and the existence of metastable currents.
It has been widely studied and found to occur in a variety of other equilibrium
systems including helium-3, ultra-cold bosonic atoms, and charged Cooper pairs
in superconductors [3], [4].

Of special note is that, in equilibrium systems, the mechanisms behind su-
perfluidity are well understood and these different hydrodynamic phenomena
have generally been observed together, so that the classic notion of superfluid-
ity groups together multiple behaviours into a “complex of phenomena” [5]. Yet
when we cross over into the realm of open quantum systems, how superfluid-
ity manifests is less understood and, more importantly, it is unclear whether all
the effects seen in equilibrium will continue to manifest together [6]-[8]. If we
wish to discuss superfluidity in such systems, then, we must first identify which
part of this complex of phenomena we consider as most essential to a superfluid’s
definition.

In many ways the principal property is that of a persistent flow without vis-
cosity — the prototypical example of a superfluid is liquid helium-4 flowing
through a capillary with no dissipation via the capillary walls, as observed by
Allen and Misener [2]. It is upon this intuition that perhaps the most famous

method of identifying superfluidity, the Landau criterion, is based. Seemingly
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requiring only knowledge of the excitation spectrum of a given system and being
applicable at both zero and non-zero temperature, it is often the primary tool
for identifying superfluid regimes. Were it to also hold for open quantum sys-
tems, the majority of the questions in this portion of the thesis would be easily

answerable.

Unfortunately, all the more so because a fair number of works in the field
have been carried out on the assumption that it holds [6], [9]-[13], the Landau
criterion in its conventional form fails in the open system setting. Given that
the criterion is such a standard tool , it is important to understand why this oc-
curs. To this end we will explore this question in the subsequent sections, start-
ing with the criterion as it is typically presented. We will then lift the criterion
into a field-theoretic setting to better understand its underlying assumptions and

demonstrate how these break down in an open system setting.

With this accomplished, the final section will be devoted to a proposed alter-
native way of characterising superfluidity. Generalised from an equilibrium ar-
gument due to Baym [14], this approach defines a superfluid as a system possess-
ing unequal linear responses of its current to longitudinal and transverse current
perturbations. This definition, by now standard [15]-[20], relies purely on the
properties of the system’s linear response and thus transfers easily from closed to

open systems.

1.1 The Landau Criterion

To understand the pitfalls of the Landau criterion, we must first recall its typ-
ical formulation. Due to and named after Landau [16], the criterion is largely
phenomenological, calling for no information about the system other than its ex-
citation energy spectrum e(p), and is motivated by the following clear physical

reasoning (we follow the classical textbooks [21], [22]).

Consider a fluid at zero temperature with total mass M moving with velocity
V relative to a carrying medium (the frame of which we shall refer to as the labo-
ratory frame) such as a capillary or perhaps a semiconductor substrate. Suppose
now that, through a dissipative interaction with some external perturbation (e.g.
a capillary wall or substrate defect), a quasiparticle with momentum p is created.

In its reference frame, the energy and momentum of the fluid become

P =p, (1.1)
Ef =e(p), (1.2)
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which, when translated to the laboratory frame, become

B=P+MV=p+MV, (1.3)

1 1
E,=E P+ —-MV?= p+-MV? 1.4
1=Ef+V f+2 Vi=e(p)+V p+2 1% (1.4)

The last part is simply the energy of the moving fluid without the excitation, and
we see that in order for this interaction to have truly been dissipative it must be
that

e(p)+V-p<O. (1.5)

Thus, in order for dissipation via interactions with the carrying medium to be
possible, the Landau criterion must be satisfied:

mpin[e(p) +V.p]<0. (1.6)

For an isotropic system this is equivalent to min,[e(p) — Vp] < 0, and the largest

ep)
P p

velocity. This is because for fluid velocities not exceeding this value it is ener-

value of V for which this does not hold V_;; = min is termed the critical
getically unfavourable for the system to generate excitations and thus it cannot
dissipate energy via this route — non-dissipative flow characteristic of a super-

fluid occurs.

That the criterion may be stated in less than a page and with so few equa-
tions is no doubt part of its enduring appeal. Moreover, all that is required being
the excitation spectrum, superfluidity can be easily tested by an experimental-
ist capable of measuring it or a theorist in possession of bare or dressed Greens
functions. Let us, however, consider what might possibly go wrong with this

approach under different circumstances.

Firstly, when deriving the criterion, we have used a change of reference frame.
This may cause unease in some when dealing with an optical carrying substrate
because the expression for energy in different frames would now be affected by
the Fresnel drag effect [23]. It is possible, however, to arrive at the criterion while

staying purely in the laboratory frame, thus avoiding this complication.

Next, the above analysis assumed that the fluid was at zero temperature and
thus possessed no excitations prior to the interaction with the medium. At finite
temperature such excitations will be present and the portion of the fluid associ-
ated with them will in fact experience dissipation even when the Landau criterion
is satisfied. This too is easily addressed with an approach known as the two-fluid

model, and we will briefly outline this in the next section.

A more significant question arises when a system is being externally driven.
The Landau criterion argues that an energetic instability of a flow [16] will lead

to dissipation via interactions with the medium, which at zero temperature or in
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equilibrium will gradually take energy out of the flow and destroy it (manifesting
a dynamical instability). It is not immediately obvious, however, whether this
is still the case if the flow is being constantly replenished with energy via the
external drive — can a flow be dissipative yet still persistent? The answer is yes
(see [15] or the mean-field section of Part Ic), but the reason for this is better
understood with the criterion embedded in a field-theoretic language.

Finally, the criterion actually only addresses a very small portion of the ‘com-
plex of phenomena’ that make up superfluidity, namely its ability to maintain a
persistent non-dissipative flow. From the above paragraph we already see that,
in an open system, ‘persistent’ and ‘non-dissipative’ may already not be the same
thing, but it is also not immediately clear why a fluid capable of persistent flow
should also exhibit properties like irrotationality. We will touch on these matters
briefly in our field-theoretic discussion, but more broadly it will be seen in the
main body of Part Ia that this indeed need not be the case — coherently driven

polaritons may exhibit persistent flow yet still be sensitive to shear forces.

1.2 The Two-Fluid Model

At finite temperature, we consider the excitations already present in the fluid as
a gas with energy distribution function n,(€) in its rest frame and moving with
some velocity v. Since

n,(€) = mle+v-p) (1.7)

we have that the momentum of the gas per unit volume in the laboratory frame

1S

B-= fd%pnr(e(p)—v-p). (1.8)

(2m)?

Expanding this for small velocity,

1 3 on, v 3 0N,
(2n)3jd ppv-p)5- = 3(2n)3fd PP o (1.9)

and we can thus associate a density to this gas of excitations:

SN S (FE e 300
On = 3(2n)3fd PP o (1.10)

This density will not generally equal the total density of the fluid (indeed it is

B:

zero at T = 0) but will depend on the distribution function. At the same time,
since the excitations are already in existence, they will be able to dissipate via
interactions with the medium at flow velocities below those stipulated by the
Landau criterion. The combined behaviour of a fluid at finite temperature will

thus be a ‘normal’ component of the fluid comprising the above gas of excita-
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tions and being at rest with the carrier medium (since its flow is dissipative), and
the rest of the fluid exhibiting non-dissipative superfluid flow below the critical

velocity.

1.3 Field Theory Model

Let us now construct the Landau criterion in the context of field theory, this be-
ing the language of our subsequent work, the prevailing language in the theory
of phases of matter, and in general a helpful framework in which to see the sub-
tleties of the criterion. Throughout we shall focus on a toy bosonic model that

exhibits superfluidity via a U(1) symmetry breaking transition.

1.3.1 Condensates and Irrotational Flow

The zero-temperature Lagrange density for a system of bosons Hy = &(Eo—ﬁvz)gb
with a four-body point interaction Hi,, = V|¢|* and chemical potential pu (4’ =

u— Ey) may be written as!

S = G0+ 5 PV2p + P - VIl (11)

This action possesses a U(1) symmetry associated with the family of transforma-
tions 1) — e’ which leave it invariant.

Asymptotically in # the possible states of the system will be determined by
the solutions of the classical equations of motion of this action. If the state in
which the system was being evaluated were known (e.g. the ground state), this
would fix the boundary conditions of these equations. We will instead work back-
wards, searching for time-homogeneous solutions without fixed boundary condi-
tions and then identifying them with possible macroscopic states.

The equations of motion are obtained by searching for the stationary point of

the action, yielding
oS
5P

and its complex conjugate (we will not write down conjugate equations in this

atlp+%v2lp+y’¢—zw¢|2¢=o (1.12)

chapter, since they are trivial in the zero-temperature/equilibrium theory). If

spacetime-homogeneous solutions are of interest, this reduces to

Wi =2V, (1.13)

IThe present action has been constructed in the coherent state path integral formalism, the de-
tails of which may be found in [24] or [25], and we have redefined the fields to turn the condensate
oscillation into a p/[1)|> action term. Chap.3 and Part I of this thesis also cover the construction
of such path integrals.
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If 4’ < 0 the only solution is ¢ = 0 and there is no symmetry breaking. If, however,

p' >0, there appears a family of solutions characterised by

e (1.14)

and arbitrary argty. These states correspond to the occurrence of condensation
into a spatially homogeneous state and in finite systems the ground state of the
system will be a symmetry-preserving superposition of these. In the thermody-
namic limit, however, the system may become pinned in one with no transition
rate into the others, leading it to become the effective ground state and causing
symmetry breaking.

Relaxing the requirement of spatial homogeneity, we are led to the equation

1 2 ’ 2.
SV -2Vl =0. (1.15)

Before considering specific solutions, suppose that we decompose an arbitrary
solution in polar form as i = \/ﬁeie, and use that to write down the mean-field

system current:
. 1o 1_Pop_
1_2mi¢v¢ ¢V¢}_mve_pu (1.16)

We may thus identify %V@ with the flow velocity v, which immediately demon-
strates that the flow is irrotational: Vxv « Vx V6O = 0. Thus any macroscopic flow
state that our model supports will be irrotational, just as we would expect of a

superfluid.

1.3.2 Energetic Stability: The Landau Criterion in Field Theory

Let us now specialise the discussion to plane wave states ¢ = \/ﬁeiq'xei“, such that
the equation of motion becomes (the global phase a is once again arbitrary)
la®
’ =2V 1.17
v p- (1.17)
These states are precisely the sorts of uniform fluid flows that the Landau crite-

rion considers, and so we should be able to apply similar reasoning to them.

In order to do so, let us Fourier-transform our action into (k = (w, k))

k2
S:le—%‘i‘ﬂl'ﬂb |2 Vz¢k+P¢k'—p¢k¢k’ (1.18)
k

kk,p

and expand it in small fluctuations around a uniform flow ¢ = ¥, = \/po(w
q) satisfying the equations of motion (we choose the flow to be real for 51mp11c1ty,

using our global phase freedom). This is made simpler by first performing a
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transformation 1 — (g q) S0 that the uniform flow state is {; = 16(k) and the
action is
§=) lw-elk)+ 1Pl =V Y Pyl Pithe (1.19)
k k,k’,p
2

with e(k) = &40

The expansion may be written as

5S 1 S
S =So[thgl+ ) —[WgloW'+5 ) ——
; 5w, 2 L= 50wy

[pgloW Wy +... (1.20)
k,k’

= 0 since 1, satisfies the equations of motion

with the aid of Nambu spinors Wy = (1, _x). Setting aside the constant and the

zero linear terms, we may examine the quadratic part of this expansion:

1 - (w+p —4VYPE —e(k) -2Vl
szlwq]—zgéwk[ vyl —w+y’—4V1,b§—e(—k)]6lpk' (1.21)

and calculate the equations of motion corresponding to it, which is equivalent to

linearising the original equations around our chosen flow solution:

(k) +4Vipl —p 2V

woWy = 2 ) 2
V2 W -4V 2 - e(-k)

](wk. (1.22)

Excitations around the uniform flow are thus governed by the above eigenvalue

equation. This can be solved [16] via the ansatz

Oy = u(p)o(w — w(p))o(k - p) + v(p)d(w + w(p))o(k + p), (1.23)

which yields (substituting (1.17))

]:(e@)w'—ze(m W —e0) )(uu:)]_ (1.24)
€(0)—p’ 2¢(0)— ' —e(-p) \v(p)

and the corresponding energy fluctuation is
OF = w(p)|lu(p)” ~w(p)?], (1.25)
which must be positive for any p if the state is to be energetically stable.

Doing the calculation explicitly, we find

2
M\/%+4y’—46(0), (1.26)
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2
(10 () o (p)?] = ["" 1L PR gy a0+ (50 - ()| - (- <))

T 2m
(1.27)

Since condensation into the flow state requires y’ > €(0) (see 1.17),
(luc(p)? = I, (p)P] > 0 and [Ju_(p) - o_(p)I*] < 0. (1.28)

Moreover, w,(p) = w_(—p), so it is sufficient to check energetic stability using
w,(p) and verifying that it is nowhere negative. This circumstance is common
enough that it frequently works to simply consider w, (p) from the start, ignoring
the negative ‘ghost branch’?> w_(p) and the checks on u and v.

Plotting w(p), for g = 0 in Fig.1.1, we see the familiar form of the Bogoliubov

7

spectrum with sound velocity v, = d;;; (0) = %

W,

p

Figure 1.1: Excitation spectrum of a zero temperature weakly interacting Bose gas. The
spectrum has the distinctive Bogoliubov form, with a linear dispersion for low momenta
and a quadratic one for higher ones.

It is easy to see that in this case the sound velocity is also the critical velocity,
with a flow velocity |%| > v, leading to an energetic instability (see Fig.1.2). Using
Landau’s logic, interactions with the carrying medium of our Bose gas (which we
have not specified) would thus be able to reduce the total energy of the system by
creating excitations associated to the portion of the diagram below the horizontal
axis and thus dissipate energy. We have thus recovered the Landau criterion in
the field-theoretic picture, the same logic as above carrying over to models more
complicated than our toy one. With this in hand, we may now consider two
situations in which the criterion is not applicable.

Firstly, recall that in this formalism we obtained the excitation spectrum as the

eigenvalues of linearised classical equations of motion. Linear stability analysis

2The discussion presented here explains why the presence of the negative branch w_(p), often
confusingly called an energy spectrum, does not immediately imply energetic instability, showing
that the real energy fluctuation involves another term |u_(p)|? —|[v_(p)|? which typically makes the
overall sign positive.
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~—

p

Figure 1.2: Excitation spectrum of a zero temperature weakly interacting Bose gas
flowing at velocity ;L exceeding the critical velocity v;. In this picture the velocity was
chosen to be in the “positive’ p direction, so that the instability is driving the fluid back
to a lower velocity.

in general yields complex eigenvalues, and the fact that all of ours were real is a
feature specific to equilibrium systems — open quantum systems with drive and
dissipation typically have complex spectra. Let us thus consider how the analysis
is altered if we suppose our tilted Bogoliubov spectrum also has an imaginary

component.

\

Figure 1.3: Excitation spectrum of a hypothetical dissipative weakly interacting Bose
gas flowing at velocity - exceeding the critical velocity vs. The red curve is the
imaginary portion of the spectrum, which here has been assumed constant and negative
— for real models this will typically not be constant, but the negativity is essential for
dynamical stability.

For the system to be dynamically stable, the imaginary portion of the eigen-
values found during stability analysis must be negative. This is distinct from
energetic stability since failure of dynamical stability will lead to an immediate
‘blow-up’ of the system with no need for dissipative interactions with a carrier
medium or similar external considerations. Let us thus simply postulate a con-

stant, negative imaginary component of the spectrum —ix.
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This means that any excitation now has a finite lifetime 7 = 2 and the system
thus brings itself back to its original state after being perturbed. Contrast this
with the equilibrium case where an excitation, once created by an interaction,
was assumed to persist and lead to the eventual collapse of the flow once enough
had been created. This important distinction is due to the fact that the spectra
of equilibrium systems lie exactly on the boundary of stability and are thus less
stable than driven-dissipative systems. Indeed, from the point of view of lin-
ear stability analysis, equilibrium systems are the ‘odd‘ ones as their eigenvalues
belong to a very restricted class.

When, then, would we expect a flow of a driven-dissipative system that ex-
ceeds the Landau critical velocity to be destroyed? A heuristic answer might go
as follows: supposing we consider the most energetically unstable excitation and
postulate that interactions with the carrier medium generate it at some rate A
independent of the existing number of excitations, we find the following simple

rate equation for its occupation #,:

dn,
dt

= A —«n,. (1.29)
This equation can never drive the occupation to above % meaning that, unless
A very significantly exceeds «, interactions with the medium will be unable to
generate sufficient excitations to destroy the flow. Whether A is sufficiently high
enough will depend on the nature of interactions with the carrier medium, which
were left unstated in the original form of the Landau criterion as there ¥ = 0
meant that any rate was sufficient. We see, thus, that in order to apply the Landau
criterion to driven-dissipative systems, we would need to specify in detail the
form of the dissipative interactions with the carrier, which would complicate its
application considerably. It is certainly no longer true that any flow exceeding
the Landau critical velocity (as derived from the real part of the spectrum) is

unstable.

1.3.3 Sufficiency of the Landau Criterion

From the discussion of the previous section, the reader may get the impression
that driven-dissipative systems are in fact even more prone to superfluidity than
equilibrium ones. With their more stable spectra it may seem that, while the
Landau criterion may no longer be immediately used to prove a flow above a crit-
ical velocity is unstable, any flow below the Landau critical velocity must be even
more stable than in equilibrium. This would suggest that the Landau criterion in
the driven-dissipative setting simply goes from a ‘necessary and sufficient’ con-
dition to a merely sufficient one for superfluidity.

This is, unfortunately, not the case, because there is at least one other mecha-
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nism which undermines its logic. This mechanism is in fact not obviously specific
to the open system setting, and it may simply be that it is encountered much less
frequently in the equilibrium setting.

Recall our expression (1.17) for the density of the flowing condensate:

AP,y 1.30
oo m=2Vp. (1.30)

The condensate fraction is thus zero if p’ < %, or % > \/% = v.. This defines
a new critical velocity above which the flowing condensate solution simply does
not exist. For our system this velocity is greater than the Landau critical velocity
v, = V2v, and thus energetic instability sets in first. Were our system’s spectrum
stabilised by drive and dissipation, however, it would in principle be possible to
encounter this vanishing of the flow solution at sufficiently high flow velocity.
More specifically to the work of Part Ia, we will encounter a system for which

the classical equation of motion reads?
0 1, . Voo
(l t+(1)p+%v +1K)¢)—FP—E|II)| z,b—O (131)

We observe that we cannot now simply construct a flow solution via the ansatz
P = 1hye'T™ because in the resulting equation

(a) —q—2+i1<)¢ e1% F, Yo Py = 0 (1.32)

P om 0 p IOl ¥ '

no ¢'9* factor appears on the F, term and thus it cannot be divided out. This
factor, corresponding to a coherent drive of the condensate, in effect locks the
condensate to a specific frequency and momentum (here both zero). Taking the
spectrum of the stationary condensate and applying the Landau criterion in this
case is meaningless, because the flow states which would correspond to the tilted
spectrum and give a critical velocity simply do not exist — the condensate is
locked to the pump.

An interesting feature of this pumped model is that, if the pump is tilted
via F, — Fpeiq"‘, then a flow solution does exist and is stable. Yet the system is
still clearly not a superfluid (as will be confirmed by the criterion we introduce
in the next section when we apply it in Part Ia). This is because we had to tilt
the pump to permit the flow and this is now the only flow that may exist, still
being locked to the pump. We thus see here another instance of the Landau
criterion coupling the ‘complex of phenomena’ that is superfluidity too tightly —

the existence of persistent flows is a poor indicator of other features of superfluids

3We have taken the equation for the classical Keldysh field as this most closely corresponds to
an equilibrium equation of motion. The reader unfamiliar with Keldysh may ignore this remark
for now and return to it once Keldysh methods have been introduced later in the thesis.
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such as insensitivity to shear forces.

The circumstances described in this section, in which the Landau criterion is
inapplicable, may be summarized as follows. The Landau criterion assumes that,
for any given velocity, it is possible to construct a solution of the system’s equa-
tions of motion moving with that velocity, and then analyses the linear stability
of that solution. This analysis is indirect, however, since as typically used the
criterion takes the spectrum of one non-flowing solution and then extrapolates it
to flows it supposes exist by linearly tilting that spectrum. If, however, the flows
corresponding to a given ‘tilted’ spectrum are not actual solutions of the equa-
tions of motion, then linear stability analysis is meaningless and the criterion is
inapplicable.

We see thus that the Landau criterion is generally unreliable in the open quan-
tum system setting. It cannot rule out superfluidity because it does not suffi-
ciently specify the nature of the dissipative interaction with the carrier medium,
nor can it confirm superfluidity due to the incomplete way in which it performs

linear stability analysis.

1.4 Superfluid Linear Response

With the reader hopefully convinced that the Landau criterion is an unreliable
tool for open quantum systems, we now seek to introduce a replacement for it.
We will begin by returning to the equilibrium setting for intuition, before ex-
tending the result to driven dissipative systems and arguing that it is sufficiently
general to still apply.

The criterion we now introduce was first presented in the equilibrium set-
ting by Baym [14] and is covered in great detail in the cited work. Here we will
present a highly abridged version, focusing on the most core components of the
argument.

To this end, consider a fluid with Hamiltonian H in its rest frame at inverse
temperature § in equilibrium. Placing the fluid in a box and taking the box to
be moving with velocity v, the standard argument about the form of the macro-
canonical ensemble given broken global symmetries [26] requires us to write it
in a frame in which the walls of the box are stationary. Using our formula for
energy in different reference frames once again, we find the ensemble in the box

frame to read

ie—ﬁ[H—P'”%M”z_"N], (1.33)

Zy
Z, = Tre PIH-Pv+3Mv>—uN] (1.34)

where P is the total momentum of the fluid, M its total mass, # and N the chem-
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ical potential and particle number. The core of the argument about to be pre-
sented is that by considering different shapes of the box, we can induce either the
whole fluid or only its superfluid component to move.

To this end, let us consider the linear (in v) response of the system’s current
j(x) to our movement of the box. At linear order in v the term Mv? will not
appear, and we are thus interested in the response to the term P -v. Writing
P = mfdxj(x), up to the factor m we are seeking the linear response of j(x) to
[dxj(x)-v.

In general, when working with linear response of j(t,x) to a perturbation
dej(t,x) -v(t,x) to the Hamiltonian, the resulting expression will be of the form

(we contract on repeated indices throughout this work)
07i(t,x) = fdt’dx’xij(t, x;t,x')vi(t,x) (1.35)

where yx;; is some tensor determined by the precise nature of the system. In the
zero temperature and driven-dissipative cases it is given by (we typically omit %

throughout this work except when it is relevant, here contrasting with g)

Kislt%) = 1O = )it ), i) (1.36

while in the equilibrium setting, because the perturbation also changes the macro-
canonical density matrix and there is no t-dependence, the expression is differ-

ent:
X% = B[Gix)ji(x)) = Gi ()] (1.37)

The argument about to be made, however, does not depend on either of these
specific forms. Rather it will rely on properties that can be ascribed to this tensor
on general grounds as follows.

Firstly, we will restrict ourselves to time and space-translationally* invariant
systems. The former property is obviously true of systems in equilibrium, but is
also true of many driven-dissipative systems: dissipation is often time indepen-
dent, while drive may also either be time-independent or it may be possible to
gauge out the dependence. At any rate, we will proceed on the assumption that
this is so — a definition of superfluids for systems with explicitly non-stationary
dynamics would run into questions like whether the superfluid is always super-
fluid or only part of the time and is beyond our present scope.

The second property is clearly not always true even in equilibrium, but is a

reasonable requirement on similar grounds to our last comment about station-

“Here we mean approximate space-translational invariance in the bulk of the box containing
the fluid. Such a system’s response tensor will be well approximated by a space-translationally
invariant form outside boundary regions near the box’s walls, and these regions may be neglected
when considering the macroscopic properties of a very large system.
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arity. A theory of superfluidity without these assumptions would be forced to
consider systems that might only be superfluid in certain regions of the system,
and would pose problems for the Landau criterion too since the standard spec-
tral representation of Greens functions relies on this invariance (as indeed it also

does on the dynamics being stationary).
Given these assumptions, the form of the response tensor is constrained to
Xij(t—t/,x—x'). (1.38)

With this, let us rewrite (1.35) using the Fourier transform of our tensor and the
fact that our v(t,x) is in fact constant, and consider the response of the component

of the current jll parallel to v:
Iy, (1.39)

Taking the box containing the fluid to be of finite extent in all directions, we may

still perform the t’ and w integrals between —co and oo to obtain

UZ'U]'
SV (1.40)

6j”(t,x) — jd})dk”dkL ei(k”(xl‘—y”)+kl-(xL—Vl))Xij(0’ k)

vl
This shows that, for a time-independent v, the response will also be static. This
is of course generally so in equilibrium since only the change in equilibrium ex-
pectation value is taken into account, meaning any transient behaviour of the
system is ignored. Since, when studying phases of driven-dissipative matter, we
are typically interested in the steady-state behaviour rather than transient effects,

it makes sense to focus on the static response in that case also.

Finally, we can consider two situations. First, suppose the box has infinite
extent in its direction of motion but finite in the others — this corresponds to
the integral in !l being between —co and oo. This integral will yield 5(k/l) and set
that component of the momentum to zero. In this case, since the walls of the box
are now interacting with the fluid only via shear and superfluid is insensitive to
shear, only the ‘normal’ or non-superfluid portion of the fluid should respond.

At the end we may also extend the box’s walls to spatial infinity, obtaining

5il(x) = lim lim x;:(0, k)~ dy, (1.41)

kL S0kl o [v|2
On the other hand, suppose we first infinitely extend the box in all directions
orthogonal to the direction of motion. Now the fluid is being pushed by the rear
wall and is expected to move irrespective of whether it is superfluid or not. This

situation interchanges the momentum limits and we obtain the response of the
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total fluid:
ojl(x) = Tim lim x;(0,k)~L . (1.42)
Kl 0 k+—0 [v|?
If these responses are unequal, it stands to reason that a portion of the fluid
acts as superfluid in the direction of the v used — by taking v in different di-
rections, one may account for anisotropic systems just as the Landau criterion
may yield different critical velocities in different directions. In equilibrium these
responses may also be related directly to normal and superfluid densities via
identities known as sum rules, but these do not easily generalise to the driven-
dissipative case.
While at first it may seem like the line of reasoning above relied on equi-
librium considerations (namely the logic about which frame one must write the
macrocanonical ensemble in), let us consider the core meaning of the above rea-

soning. Namely, there exists a general form of static perturbation
jdxj(a):o,x)-v(x) (1.43)

for a Hamiltonian which can act like a shear in a given direction if v(kl, kL) =
v(kt) or a push if v(kl, k+) = v (k! independent of the form of the Hamiltonian or
the carrying medium (the box can be anything so long as it has spatial extent and
confines the fluid).

Nothing about the form of this perturbation restricts it to an equilibrium set-
ting, it captures our intuition about the insensitivity of superfluids to shear (this
will be made even more explicit in section 4.3 for an isotropic setting), and every
equilibrium superfluid reacts to it as above. The specific form of the response to
it outlined above is thus a very strong contender for a generalised definition of
superfluid that may be used for open quantum systems, and is the one we will

use throughout this work.
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Geometric and Fluctuational
Divergences in the Linear Response
of Coherently Driven Microcavity
Polaritons and Their Relation to

Superfluidity
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Chapter 2

Coherently Driven Microcavity

Polaritons

2.1 Microcavity Polaritons and Superfluidity

As was laid out in the previous chapter, research on systems exhibiting super-
fluidity in thermal equilibrium has been extensive and far-ranging since the phe-
nomenon’s discovery. More recently, with the increasing interest in driven-dissip-
ative systems which never thermalise due to constant decay and must be pumped
to maintain a steady state, work has begun on identifying whether the same phe-
nomena can occur in these. Examples of such systems are numerous, including
Bose-Einstein condensates (BEC) of photons [1], [2], cold atoms coupled to pho-
tonic modes in optical cavities [3], and cavity arrays [4]-[6]. Of particular note are
microcavity polaritons [7]-[9], which are two-dimensional bosonic quasiparticles
made of photons trapped in a cavity strongly coupled to excitons in a quantum
well. While we shall focus here on their more fundamental properties, in recent
years microcavity polaritons have found many practical applications [10]-[12]
including spintronics [13]-[15], lasing [16]-[18], and optical circuits [19], [20].

Polariton experiments have observed a number of effects usually associated
with superfluidity, such as the suppression of scattering for flow past a defect
[21]-[23], metastable persistent currents [24], and quantised vortices [25]. The
question of how superfluidity may occur in these out-of-equilibrium systems has
proved contentious [25]-[31], however, and it is unclear whether all the effects
seen in equilibrium will continue to occur [7], [32]. The Landau criterion in its
usual form is, as we have discussed, no longer applicable to open systems. This
opens up space for unusual situations, discussed below, such as persistent cur-
rents without suppressed scattering [27] and suppressed scattering without zero
viscosity [33].

The properties of microcavity polaritons are heavily dependent on how the

system is pumped — that is, on how photons are injected into the cavity. When
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this occurs incoherently, meaning photons are injected far off-resonance, then
relaxation processes involving excitons and photons will under the right condi-
tions lead to the “condensation” of polaritons into a low energy state [34]. This
process involves the spontaneous breaking of the U(1) phase symmetry of the
macroscopic wavefunction (very similar to the toy model in the previous chap-
ter), leading to a Goldstone mode in the excitation spectrum of the system [35],
[36]. In a theoretical study of the longitudinal and transverse response functions
of an incoherently driven system using the Keldysh path integral technique (to be
developed in the next chapter) [27], it was found that the driven-dissipative na-
ture of the system allowed superfluidity to survive despite the Landau criterion
yielding a zero critical velocity. Crucially, in open quantum systems, it appears
that a gapless spectrum is crucial for the phenomenon.

Alternatively, polaritons may be pumped coherently, meaning they are in-
jected at a specific energy and momentum near resonance, and can form a macro-
scopic state with a phase fixed to that of the external pump [37]. Because of
this phase fixing, the excitation spectrum in such a system is typically gapped.
Despite this, experiments have observed that coherently pumped polaritons can
flow past a defect with vanishing dissipation; this, together with theoretical anal-
ysis speculatively applying the Landau criterion to the real part of the polariton
spectrum [38], [39], has been claimed as evidence of superfluidity [21]. By apply-
ing the Keldysh path integral technique to directly calculate the longitudinal and
transverse current-current responses of the system, however, it was found [33]
that these responses are equal in all regimes with a gapped excitation spectrum.
According to the alternative criterion developed at the end of the last chapter,
then, the system is not superfluid in these regimes, in contradiction to the Landau
criterion, underscoring the criterion’s poor applicability beyond the equilibrium

setting.

2.1.1 Summary of Present Work: Absence of Superfluidity in

Gapless Regimes of Coherently Driven Polaritons

For special choices of system parameters coherently pumped polaritons may be
induced to possess a gapless spectrum and thus possibly exhibit superfluidity.
The mean-field! responses at such points in parameter space were derived in
[40], where it was shown that while an anisotropic?> pump yields a divergent

linear response, an isotropic pump leads to a pure superfluid one. One of the

IStrictly speaking, the mean-field of a perturbative calculation corresponds to O(%%), at which
order this response is simply zero. Throughout this part I slightly misuse the term to refer to the
lowest order non-zero contribution at O(#k!).

2By an anisotropic pump is meant one which injects particles with non-zero momentum in the
plane to which the polaritons are confined. Similarly, an isotropic farm injects particles with zero
momentum in this plane.
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main results of this part of the thesis, though, is that when considered more care-
fully, coherently driven polaritons do not exhibit superfluidity in any regime. By
analysing the system from the point of view of catastrophe theory, it is shown
that the anisotropic mean-field divergence of the response is physical and related
to bifurcations in the system order parameter. Such bifurcations are also respon-
sible for the gapless mode, which proves to be due to the appearance of a “non-
Morse critical point” of the action. Finally, performing perturbative calculations
to O(h?), I demonstrate that higher-order terms of the perturbation expansion in
both isotropic and anisotropic cases diverge in the gapless regime due to these
points in fact corresponding to phase transitions and the condensate density di-
verging; this indicates that perturbation theory is not rigorously applicable and
that the mean-field superfluidity result is misleading.

The rest of this chapter is devoted to the simple microscopic model of co-
herently driven microcavity polaritons that is used in this part of the thesis;
in Chap.3 this model is rewritten in the language of Keldysh field theory (and
Keldysh field theory is introduced). Chap.4 covers earlier work on superfluid-
ity in coherently driven polaritons, explaining the attempted applications of the
Landau criterion [38], [39] and the direct calculations of the current responses
[33]. This is followed by my catastrophe-theoretic analysis of the anisotropic
mean-field behaviour of the system in Chap.5, demonstrating the origin of the
mean-field response divergences in bifurcations of the order parameter. Then
in Chap.6, quantum fluctuations of the system are taken into account to show
that, despite isotropic mean-field calculations yielding a superfluid response, the
response in gapless regimes is still divergent. This divergence is analysed both
from the perspective of the infinite-dimensional analogue of catastrophe theory,
renormalization group theory, and of naive perturbation theory, showing that it
originates from the phase transitions in these regimes. In Chap.7 I conclude that,
within the bounds of validity of the Keldysh model analysed here, there are no

regimes of coherently-driven microcavity polaritons that exhibit superfluidity.

2.2 Strong Coupling of Photons and Excitons: the Co-

herently Driven Lower Polariton Model

Semiconductor microcavities are typically constructed by placing semiconductor
quantum wells supporting Wannier-Mott excitons between Bragg reflectors (lay-
ers of alternating refractive index material leading to high quality reflection for
wavelengths close to four times the layer widths), typically spaced microns apart
(Fig. 2.1 a). Semiconductor quantum wells are thin layers of semiconductor with
a thickness comparable to the exciton Bohr radius, sandwiched between two bar-

rier layers with a much larger band gap. The exciton centre-of-mass motion is
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quantized in the confinement direction, and the wells are typically engineered to
support only the lowest of these energy modes at the relevant energies, making

the excitons quasi-2D particles [41].
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Figure 2.1: Polaritons in semiconductor microcavities. a Polaritons are quasiparticles
formed when cavity photons, which are massive due to confinement in the z direction
between two Bragg mirrors, interact strongly with excitons confined in a quantum well.
Polaritons are free to move in the two-dimensional plane perpendicular to their
confinement. b The excitonic dispersion (dashed green) is approximately constant
compared to the photonic (dashed red) due to the much larger exciton mass. Strong
coupling leads to anticrossing and the formation of upper and lower polariton branches
(solid black). Polaritons interact because of their excitonic component, while their
photonic part causes decay and the need for an external drive. A coherent laser pump
resonantly tuned to the polariton dispersion is marked by a blue dot.

Photons trapped in the cavity also behave as quasi-2D particles, developing
an effective mass related to their quantized mode in the confinement direction.
Typically only the lowest mode is considered, and the effective energy spectrum
becomes

2
‘ (i_:) + kP, (2.1)

where # is the refractive index of the quantum well and L,, is the cavity width.
With appropriate tuning, the system can be described by a Jaynes-Cummings

interaction?:
Q
_ t + R + +
Hy = ;wc(k)ckck + ;wx(k)xkxk + — ;(ckxk + xkck) (2.2)

with quasi-2D photon annihilation operators ¢, and exciton annihilation opera-
tors xi, where the Rabi frequency () acts as the exciton-photon coupling con-

stant. The exciton spectrum w,(k) has negligible curvature compared to the

3Throughout this part we will perform intermediate calculations as though the system is in
a finite volume and thus integrals over momentum are replaced by sums over a momentum lat-
tice. This approach follows [40] and allows us to avoid dealing with expressions involving Dirac
deltas of zero, thus acting as a pre-emptive regularisation. Expressions obtained using this ap-
proach may safely have the k — 0 limit applied to them as if no lattice had been used (this is
demonstrated in Appendix B of [40]).
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parabolic cavity photon spectrum w,(k) due to the much higher effective mass

of the excitons, and may thus be approximated as flat: w,(k) =~ wy.

The Hamiltonian may be diagonalized into quasi-particles known as lower
and upper polaritons [42]:

Ho~ ) wrp(l)afprarpic+ ) wup(k)afpavp o (2.3)
k k

with (wyp, p(k) is depicted in Fig. 2.1 b)

(“LP,k) _ [ Xk Ck][xk] (2.4)
aup,k —Cr X\ cx
Xk = wC(k)_wLP(k) (25)
V(@Lp(k) (k)2 + Q3/4
Ce=- O (2.6)
2\J(wrp(k) ~ w (k)2 + Q3/4
wypyLp(k) = %(a)x +w.(k) + \/(a)x - w.(k))2+ QIZQ) (2.7)

where X and Cy are known as excitonic and photonic Hopfield coefficients. This
change of basis is meaningful if the polaritons can be spectroscopically resolved
from the original particles. This may not be the case if, in the region w.(k) ~ w,,
the energy splitting () of the polaritons is less than the dissipative linewidth
of the excitons or cavity photons [43]. We thus focus on systems in the strong
light-matter coupling regime [7], meaning that the exciton-photon coupling Qp
significantly exceeds the decay and dephasing rates of the excitons and cavity
photons and thus their linewidths.

The gap between the lower and upper polariton spectra is typically large
enough for the lower polaritons to be considered in isolation (from now on we
write ay for appy) if the relevant energy scales are tuned to them, and excitonic

interactions may be modelled as weak contact interactions between polaritons:

4 T t
Hint = ? Z ak_qak,ﬂlakak;. (28)
kk’.q

Note that this form for the interaction is only valid so long as we may ignore the
spatial extent of the excitons. With a typical exciton Bohr radius as high as 1004,
we must impose a momentum cut-off on our theory of k., = ﬁ. This will also
be relevant to our approximations in Chap.3. Finally, the system is typically
driven and subject to dissipation, meaning that it is externally pumped by a laser

and is in contact with a photonic decay bath. Denoting the bath photon modes
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by Ay and their spectrum by w,(k), the decay term may be written as

Hyatn = ) @a()AF A+ ) CioqlafAq+ Afar). (2.9)
k kq

The properties of the coupling Cy q will be explored in Sec.3.2.

The pump laser is typically applied at some angle to the cavity, and the pro-
jection of its photons’ momenta onto the cavity plane leads to an effective pump
wave-vector k,. A classical coherent pump term, by which we mean resonant or

near-resonant with the lower polariton dispersion, may then be represented as
+ *
Hpump = Fp(t)akp +Fp(t)akp, (2.10)

where F,(f) = Ppe_i“’ﬁt, w, ~ wrp(ky), and the implications of neglecting fluctua-
tions in the pump field are discussed in Sec.6.2. Performing a gauge transforma-
iw

tion a — ae”'“?!, resumming relative to the pump k — k + k,, and writing ay for

Ak, the complete effective* Hamiltonian then reads

1%
H= Z(wLP(k +k,) - wy)atay + 5 Z B ol gl + Zw A(p+k,)ALA,
kk’.q k

k
+ ZCk,p(eiw”talAp + A;ake‘iwpt) + Fp(ag +agp).
k,p
(2.11)

Note that this is not a closed-system Hamiltonian, since it incorporates a number
non-conserving interaction with laser degrees of freedom the dynamics of which
we do not incorporate in the model; rather it is the effective Hamiltonian for the

polariton and photon bath subsystem.

4The extra —a)paiak term is not truly part of the Hamiltonian, but allows for an elegant reso-
lution of the following difficulty that would otherwise be encountered in the next chapter when
constructing a functional integral. The gauge-transformed creation and annihilation operators no
longer act on field coherent states (to be defined in the next chapter) by a|ix) = Y|tk ), but rather
by aglg) = ei‘”!’tl,bkllpk). In order to retain the original relation, one may use gauge-transformed
coherent states (k) = Ie_iwptlllk), but these will have a different inner product expression to that
of conventional coherent states, complicating the construction of the coherent state functional
integral. By adding this effective term to the Hamiltonian, the functional integral in the next
chapter may be constructed as if the gauge-transformed coherent states retain the usual coherent
state inner product expression: the resulting action is the same as that obtained without the term
and taking full account of the more complicated inner product expression.



Chapter 3

Keldysh Field Theory for Polariton

Systems

3.1 Non-Equilibrium Field Theory

Zero-temperature perturbative QFT is often concerned with calculating time-
ordered (denoted by 7, and we assume t,, > t,_; > ... > t, > t;) expectations of

operators in an interacting ground state |(2):

(0]U(00,t,)O,,... U(ty, t1) 01 U(t,~00)|0)

(QITO; (1)-. O (1,)I2) = - :

(3.1)

where |0) is the non-interacting ground state. For a Hamiltonian consisting of cre-
ation and annihilation operators, the operator (0|U(co, —c0)|0) may be converted
to a coherent state path integral expression (up to a phase factor that cancels in

the ratio above) of the form

<0| U(oo, |O> x J,Dhbk outs Ebk outs Qbk ins 71Dk 1n]<0|11bk out)(’ubk 1n|0>

Yk(00) = Pk out | (3.2)
X JD[¢k: Prle’d =
Pk (=00) = Pk in

Szfdf[— [, P, t] Z‘Pklat#’k}, (3.3)

where the boundary conditions ¢;,,, o,; depend on the initial and final states, via
Trotter decomposition [44] as described in the next subsection. The numerator
in the above ratio may then be calculated (up to the same phase factor) by taking

functional derivatives of this object with a modified action:

0 o

<0|U(oo,tn)On...U(tz,tl)OlU(tl,—oo)|O>oc 61]1(t1)61] (t )

Go)| . (3.4)
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Pk (00) = Pk out

Gy(0) = JD['Pk,out; i outs Pkins Piein 01k out ) Pk,inl0) J- Dw, Pile™,  (3.5)
Pi(—00) = Pk in

Sy = S+J_dt2i]i(t)oi(lﬁk’¢k)- (3.6)
K iol

The fundamental difference of this approach with that taken in non-equilibrium
QFT does not lie in how the coherent state path integral is constructed or how ex-
pectations are obtained via a generating function, so we will briefly review where
the above expressions come from as a stepping stone in the next section. With
these expressions in hand, two of the main constructions of non-equilibrium
QFT, the Feynman-Vernon path integral and Keldysh partition function, will be
easy to introduce and we shall briefly review some ways they may be used before
applying them to our polariton problem. In other parts of this thesis, namely

Parts Ib and II, the uses of these objects will be developed further as needed.

3.1.1 Field-Theoretic Coherent State Path Integral

We begin the construction of the above mentioned coherent path integral by writ-

ing the unitary time evolution operator in terms of the Hamiltonian via Dyson’s

formula: .
U(T,~T) = Te HrdtH®), (3.7)
Splitting the time interval into a large number N + 1 of segments so that € = 1\%_11
and t,, = ne — T, this expression may be approximately written as
N+l
U(T,-T)~T ]_[ gieH(t), (3.8)
n=1

At this point we introduce what are known as coherent states, which satisfy! (i

.I.

is a scalar field while 4, a" are annihilation and creation operators, and |0) is the

ground state of the non-interacting QFT)

) = eXel¥eimsik o, (3.9)
ag[Pi) = Pielibr), (3.10)
(Drlpr) = eZk[43k¢k—%(|¢k|2+|¢k|2)], (3.11)

- d dIm
JD[’Pk; il i)kl = J]_[ Re lpkn T P | i) (| = 1. (3.12)
k

IThe states being described here are the field-theoretic generalisations of what are typically
known as coherent states. The conventional coherent states will play a major role in Part II of this
thesis when we consider this construction in the quantum mechanical context.
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Inserting the last expression N times into (3.8) and placing the result between
two states (Proul = (Wi o1 Pkin) = [Pk 0), we find

N+1

Broul U(T,~Tlin) ~ jr[wkuwkl]l_[wk]le-ﬂ* i) (313)

. + )
If the Hamiltonian is normal-ordered, the terms (gbk’]-|e_ZEH[“k'“k'tJ]|¢k,]-_1) may be

approximated as (up to terms of order O(e?))

icHlat aut .
(Wy jle e Hlm il -y~ (g 11— ieH ah, ag, t]lpg 1)

= (il j-1 (1 —ieH [Py j, i j-1, £])

~ e_ieH[lﬁk,jrlPk,j—lrtj]"'Zk[‘[’k,jl,l’k,j—l_%(|¢k,j|2+|¢k,j—1|2)] (3.14)

. - ViV -1
—ieH [Pk j i j-1,tj1=5 Li| Pk, j— 22—tk j1
=e

Pre, i~ Pk, j-1
€

where we have written H [ai, ay,t] to show that it is a functional of the operators.
Putting this expression back into (3.13), we then take N — co. Interpreting terms
Yirdin IP] - as dy1p and identifying H[{y j, k-1, tj] = H[{k j, i, j, tj] when
€ —0,we fmally obtain (the functional integration measure is now over the field

of the form
at all continuous moments in time, and the fields are implicitly indexed by time)

Proul U(T,~T)lpiin) ~ fD[zpk, gl e/ P LB pidi] - (3.15)
An integration by parts reduces this to

(Wroutl U(T, =T)lpein) ~ thbk, filet | APt Lo (3.16)

and noting that

<O| U(oo, _oo)|0> = JD[Qbk,out' ’1Z_)k,out’ labk,inl &k,in](olku,out><1;bk,in|0>f

X <l/)k,out|U(Tl _T)llzbk,in>;

(3.17)

we recover (3.2). From here it is a short step to (3.4): one sees that, by considering

- ) _Ji(t)0i(a",a), (3.18)
i=1

the Hamiltonian
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the above construction will yield the action S; of (3.6). At the same time in the

operator picture it is evident that

(0]U (00, t,)Oy,... U(ty, t1)O1 U(t1, —00)|0)
o o o
oiJ1(ty) " 0iJ,(ty)

(3.19)

(o e I dtH )y o

Substituting (3.17) and (3.16) into this expression, we recover (3.4).

3.1.2 The Feynman-Vernon Path Integral and Keldysh Contour

Non-equilibrium theory field theory, like the zero temperature one described
above, is often used to calculate certain time-ordered operator expectations. The
ordering employed differs, however, from the simpler zero temperature one be-
cause the time evolution of a density matrix is more complicated than that of a
pure state.

Naively, we may view an expression like
(0|U (o0, t,)0,,... U(ty, t1)O1 U(ty, —0)|0) (3.20)

as the pure state on the right hand side evolving forwards in time ‘to the left’,
and the operator time ordering t; <t, <... <t, is dictated by the order in which
this time-evolving state temporally reaches each operator.

Considering an analogous expression for the expectation

(O1(£1) -+ Op(t) 05 (8) - OT (] Dy, (3.21)

+
1..n’

the cyclicity of the trace to place all operators with a — superscript to the right of

of a product of operators O O ,, with an initial density matrix p_, and using

the density matrix,

Tr[O;U(t), ) 1)... O] U(t],—0)p_oo U (=00, 17)O7 ... U(t,,_1, tm) Ol (3.22)

m—12*m
or, in the Heisenberg picture,
Te[O;(£])-.. OF (£)p_wO1 (7). Op(t)], (3.23)

we see that a natural ordering in this case is t] <tJ <...<trandt] <t; <...<t;,.
This ‘causal’ ordering proves to be the relevant one for most physically observable
temporal correlation functions [45].

This ordering is sometimes visualized as a time contour (the “Keldysh con-
tour”) consisting of two parts. The first, the “forward contour”, runs from t = —co

to t = co while the second, the “backward contour”, then runs back from t = oo to
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t = —co. It is then stated that the operators O , lie on the forward contour while

the operators O] , lie on the backward contour.

The origin of this terminology may be seen by rearranging
Tt [0} (£)... OF (£))p-ooOT (1) O ()] (3.24)

as
Te[O7(17)... Op 1) OB (). OF (£ )p_cal. (3.25)

Supposing that the causal ordering holds, we see that this may also be viewed as
an ordering along this total contour: starting from the density matrix and going
from right to left, the operators O] , always come before O] , since the forward
contour comes before the backwards one, and operators on the backwards con-
tour appear in reverse order to the numerical values of their times as this part of

the contour runs backwards.

The Keldysh contour picture is frequently referenced in the literature and its
power will be seen momentarily when we consider Green’s functions. It bears
remembering, however, that it does not have a real physical meaning. What is
happening is not forwards then backwards evolution in time of a pure state but
rather a forward evolution of a density matrix. The physical meaning of O* is
thus not of an operator existing on a forward-evolving time contour but rather an
operator corresponding to one of the Hilbert spaces (the left one) comprising the
product Hilbert space in which the density matrix lies. Similarly, O~ corresponds

to the degrees of freedom of the right Hilbert space.

Rewriting the density matrix using the Glauber—Sudarshan P representation
[46] as

0 fD[z,bk,in, Fran] [0k in)P-col an | Deanl (3.26)

and using the cyclicity of the trace, the object may be rewritten as

JD[¢k,out1 RDk,out’ ‘Pk,in: Hl;k,in] P [lpk,in]

X<11bk,0ut|U(0°Jt;)O;U(t+’t+— )O+ (tlr )|¢k1n>
X (PrinlU (=00, 17)O1 ... U(t;,_1, 1) O U (£ 00) [k out)-

(3.27)

We know from (3.4) how to represent the two non-density matrix objects in the
integrand as functional integrals: because the ground state is here replaced by

purely coherent in and out states, we may omit the leading integral in that ex-
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pression to give

<l/)k,out|U(ool t;)O;U(t;, t;:—l)' . 'O+ (tl ’ )ll)bk m>

l/’k (00) = lpk,out

5 5 o (3.28)
Dl ¥ile’S|
ST sy ) Dl eT |
lP;J(r(—OO) =k in

<’1Dk,in|U(_O°: tl_)OI . U(tm 1: )O U( )|¢k,0ut>
#’;(00) = Pk,out

S S e (3.29)
* &h_(tl)---é%(%)JD[tpk,th]e M=o}
Py (—00) = Pk in
7 =SlgLwils | atY Y 100wl (3.30)
k i=1

m

Sj = Sl i) fdtZZL (i i) (3.31)

i=1

Here we have annotated the fields 1", 1~ in the functional integral to indicate
whether they lie on the forward or backwards portion of the Keldysh contour.

Using the form of the action in (3.16), we may use the above to rewrite (3.23) as

Tr[Op(ty)- - O1 (1)P-0 O (17) - Oy ()]
8 S S S
oiJy(t) T oif (1) 0T (1) 0 m(t) (3.32)

JD[¢k,out1 lpk,out’ z:bk,in’ ka,in] P—m[¢k,in]G7_ [bek,in’ labk,out] ’
J=0

Gf‘[wk,m,abk,out]: [abk,&;,ab;,aﬁ,;le”fi (3.33)

s;—:fodt[Zaﬁii&tebZ—H[%%t]]—J_mdt[Zkﬁiiat%—H[%%'f]]
+J dtZZ] O (F, 1) j "”ZZ] O; (P, ¥g)-

(3.34)

Finally, we may discard some of the initial conditions (as encoded in P )
and perform a change of variables. The former may be done because we shall

be interested in an effective action for the evolution of a driven-dissipative sub-
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system of this system. Such systems typically possess a unique steady state [47]
independent of the initial conditions, and this is the state we will be calculating
correlators in (since we have taken an infinite time interval). However, this must
be done with care. The evolution will become driven-dissipative only after some
bath is integrated out, and so initial conditions can be discarded only after this
step — the initial conditions for the bath may contribute to a correct derivation

of an effective action.

The latter is a variable change known as the Keldysh rotation, and allows
for the easy calculation of the system’s retarded, advanced, and kinetic Green’s

functions. The transformation is unitary (hence the name “rotation”):

o (L LY/
G
P v vu)\¥

and it may be shown that in these new variables [48]

iGr(k, t —t') = (¥ (k, t)1(k,t')), (3.36)
iGa(k,t —t') = (P°(k, t)i(k,t")), (3.37)
iGg(k, t —t') = (¥(k, t)P°(k, 1)), (3.38)

0 = ((k, t)p(k,t')) (3.39)

That this is the case is precisely because of the forwards-backwards contour struc-
ture we have discussed above. Consider, for instance, (1°(k, t)1(k,t’)). Writing
this in terms of the ™ and ¢~ fields, we find

P 0K, ) = 2 0 ()~ (e, 1) (K, )
+ ¢ (k)" (ke ') =~ (e, )P (K, ).

(3.40)

Recalling the operator ordering along the Keldysh contour, in terms of operators

this is equal to

ar()al(t) - a(t)ag () + a()al(t') - af(£)ax(t)) = (axlt), af(t)]) for t> 1,

%(az(t’)ak(t) - az(t’)ak(t) + ak(t)az(t’) - ak(t)az(t’» =0 for t' > t.
(3.41)
Thus
@k, 1) (K, £')y = O(t — ') [ax(t), g (¢)]) = iGR (K, t = 1), (3.42)

with analogous contour reasoning yielding the other Green’s function expres-

sions.

The fields ¢ and 97 are known as the classical and quantum fields in Keldysh

parlance. While their primary importance in this portion of the thesis will be
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their utility for calculating the above Green’s functions, it bears to explain their
naming and some of their other properties as these will come up in Part Ib.
This will hopefully also serve to show the connection between Keldysh theory
and driven-dissipative Gross-Pitaevskii equations for those readers more famil-
iar with the latter.

The typical structure of a bosonic Keldysh action is

H J dtdx [l,m - CGPE[¢] + 7 - CGPE[¢"]
h (3.43)

+ KNI + O(lpP)

where we have temporarily re-inserted #, CGPE stands for “Complex Gross-
Pitaevskii Equation”, and K[¢¢] relates to the dissipation in the problem (we will
see how such a term arises upon integrating out the environment in the next sec-
tion). If we rescale 9 — h7 and K — K/# (the latter amounting to measuring

the dissipation in units of energy [48]), we find the action to now be

Jdtddx [W . CGPE[¢¢] + 1T - CGPE[§*]
(3.44)

+ K[l + O |[p7P) |.

We thus see that in the # — 0 limit, all terms in ¢4 of order higher than quadratic
vanish. This is one of the reasons 4 is referred to as the quantum field — it is not
present beyond quadratic order in the classical limit. Of the remaining terms, if
K[9°] = 0, the functional integral over 14 yields functional Dirac delta functions
(via the functional version of the identity fdxei"y = 2md(y)) strictly enforcing
the CGPE for the classical field . If the dissipative K term is not zero, it can
be shown to convert the CGPE to a stochastic CGPE. This term thus introduces
classical thermal/driven-dissipative effects into the problem [48].

This brings us to a second reason for the names of these fields. By the sym-
metry of the problem with respect to the forward and backward contours, it can
be shown that (%) = (7)) and thus () = V2(p*), (p7) = 0. In this way, the
classical field 1 is what captures the mean field of the problem (as we saw, it is
the field that obeys the CGPE in the classical limit) while the quantum field is

always zero in the mean field or classical limit.

3.2 Deriving the Action

We are now ready to apply this method to the Hamiltonian of coherently driven
polaritons (2.11). Denoting the polariton and bath fields by ¢ and b respectively,
and grouping them via W = (¢, ¢), B = (b, b7), we find the full action to be
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(wp(p) = walp +kp))

S[w,B]

_ Jdt [ Z P(1,k)(id; + @, — wrp(k + K,))o P(1,k)

—\/_F 0)+ (£, 0))

+Z <,p><zat—wb<p>>alB<t,p>
(3.45)

B;kp t,p)orW(t k)e
+ "B (t, k), B <,p>)

-y %(WT(t,k)\l’(t,k’)

kXk’,q _ _
§¢(t,k—q)p(t, k' +q) +h.c.)],

where o; denote the corresponding Pauli matrices acting on the ¢, g field indices
and h.c. stands for Hermitian conjugate. We may split off the part of this action

containing the bath fields,
Sbath [V, B]
J-dt[z (£, p)(id; — wy(p))o1 B(t, p)

P
=) Cup(B(t,p)oy W (t k)e "
k,p
+e' ' P (t, K)o, B( ,p))]

(3.46)

and note that this term is quadratic in them. Performing the corresponding Gaus-

sian integral yields

Spath[W] = —Jdtdt' Z W (t,k)01 CkpCicp
o | (3.47)
e'PIGy(t -t p)e ' oy W (t,K).

where Gy (t—t',p) = 8(t—t')[(idp—wy(p))o1]!. At this stage, we must recall that the
initial combined density matrix of the system and reservoir also makes a contri-
bution to the functional integral; the combined system is non-dissipative so there

is no unique steady state that would allow us to discard the initial conditions.

The first assumption we will make is that the system begins in a tensor prod-
uct state of the form

psystem ® Pbath-

This may be naturally achieved by supposing that we consider the combined sys-
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tem from the moment the system and bath first begin interacting?. From here,
we concentrate on pp,h since we will eventually be able to disregard pgygtem- This
is because it will be pgygiem evolving in the final driven-dissipative problem, at
which point there will be a unique steady state allowing us to disregard the ini-

tial density matrix.

The initial bath density matrix enters the problem by amending the term we

have written as
[(i9; — wp(p))or ]~

With the density matrix accounted for and performing a Fourier transform,

e'rt Gy (t — t’,p)e‘i“’ﬁt’ instead becomes [48]

1
w+w,—wy(p)+ie
L p ] (3.48)

wtwp—wy(p)-ie

—2niF(w + wp)d(w + w, — wp)

Gp(w + wp, p) =

where F(w) is the “distribution function” corresponding to the bath density ma-
trix. We now seek to show that, for reasonable choices of this initial distribution,
the interaction of the polaritons with the reservoir will be Markovian and the

resulting action will be time-local.

We can simplify further by assuming the coupling between the bath and the
system is independent of the polariton momentum, Crplip = Cg , and by sug-
gesting that, if the bath frequencies w;(p) form a dense spectrum and the cou-
pling constants C, = C(w;) are smooth functions of these, we can replace the sum

over bath modes with the integral
) wb(kmax) )
Y G- f dawy C(wp)*N(wp), (3.49)
0
P

where N(wy) is the bath density of states. The action then becomes

_ dA
Seunl W] =~ [ do ;‘P(w,k)[ o o ;)‘I’(w,k), (3.50)

2While this is a common assumption in the theory of open quantum systems and makes sub-
sequent calculations simple, it can reasonably be criticized for being unphysical [49]. Observing,
however, that its purpose in our argument is to enable the use of free particle correlators for
the reservoir, it may be relaxed to the following more physical one: the reservoir is initially in a
thermal state and so large that coupling to the much smaller microcavity does not meaningfully
affect its properties. In this case the initial state can be viewed as approximately separable for our
purposes [35].
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with d4(w), dR(w), and dX(w) obtained via the Sokhotski—Plemelj theorem as

@p(kmax) 2
ARA () :PJ dw, C(wp)*N(wp)
0 W+ wp — Wy (3.51)

FinC(w + a)p)2N(a) +wp),

dK(w):—27'(iF(a)+a)p)C(a)+a)p)2N(w+w (3.52)

p)-
In order for the final action to be time-local or “Markovian”, the bath must appear
to be frequency-independent to the system. To this end, recall that the system’s
spectrum (that of the interacting lower polaritons) acts like the continuum ana-
logue of the natural frequency of an oscillator — the bath will interact with the

system preferentially at these frequencies [48].

Due to our gauge transformation, the spectrum of the interacting polaritons
is wyp(k + kp) — wp. This has also, however, shifted F, (, and N in the d functions
(3.51, 3.52) via w — w + w,. Thus we may consider the variation of N(wrp(k)),
N(wpp(k)), and N(w;p(k)) over the range of the lower polariton spectrum, as-
suming that k,, is negligible relative to our momentum cut-off and that the inter-
acting spectrum has roughly the same range as the bare spectrum (this is true in

our weakly interacting case).

For exciton-polaritons, the bottom of the bare spectrum (and Wp, since we
pump resonantly) is typically on the order of 1.5eV [9] and the spectrum is
bounded above by the exciton spectrum, the bottom of which is ~ 10meV higher.
With exciton masses typically being between 0.1m, and 1m,, where m, is the elec-
tron mass, we may crudely estimate the variation of the exciton spectrum up to

h
the momentum cut-off of To0X @8

! ho) 0.15eV (3.53)
——| =0.15eV. .
0.2m, \100A

Together with the ghost branch of the polariton spectrum, this gives an approx-
imate range of variation of 1.5+ 0.15eV. We would thus like to argue that the
variation of N, C, and F is negligible on it.

For a 3D photonic bath, the density of states N(w) will be quadratic in w,
and a quick calculation shows that N, ~ 1.5N,;, on this range. Around the
midpoint of these values, N(w,), the variation is on the order of 20% — for our

purposes this sufficiently little variation to take this as constant.

We now turn to the frequency-dependence in the bath’s distribution function
F and decay coupling C. This is the point at which assumptions must be made
about the initial density matrix. The most natural initial distribution for the bath
would be thermal; it is a large reservoir which has equilibrated with its environ-

ment before coming into contact with the system. In this case the distribution
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function is F(w) = 2n,(w) + 1, where n, is the occupation number of the given
energy level. If the bath is in thermal equilibrium at an energy scale significantly
lower than the range of variation of the polariton spectrum, then at all relevant
energies the occupation number n, will be identically zero and the distribution
function will be F(w) = 1. At the same time, we may expect the decay of the high
energy polaritons to not occur preferentially into any of the equally empty pho-
tonic modes and thus set C(w) = Ceongt- In this case, setting k¥ = N(wp)Ceonst and
F(w) = 1, we obtain from (3.51, 3.52)3:

d®¥4A(w) = Fix, (3.54)
d¥(w) = =2ixk. (3.55)

We see that stipulating such an initial distribution yields a fully Markovian bath.
It remains to check that the thermal distribution is indeed lower energy than the
polaritons. With an average thermal photon energy of kT, at room temperature
(300K) this energy is 25meV, which is significantly lower than the smallest en-
ergy in the cut-off polariton spectrum (roughly 1.35eV). Thus the distribution
has negligible occupation at the relevant energy levels as required.

While we have discussed a thermal distribution above, it being a natural ex-
perimental distribution, our arguments carry over to any distribution which may
be expressed in terms of occupation numbers and which has occupancy only at
energies significantly below those of the polaritons.

In this Markovian approximation, the final form of the action is

_ Feoo=q 0 g (v
Seff—;(lnbk 'ubk)[(g—l)*(k) 2ix ]['PZ]

V - -
= 2 (B Pl (i + plwl 1+ he. ) = V2E, (g + ),

kk’.q

(3.56)

where ¢} (k) = w + A, - wrp(k +kp)—ix and h.c. stands for Hermitian conjugate.
The perturbative diagrammatics associated with this action are worked out in

Appendix A, and will be used extensively throughout the rest of Part Ia.

3In principle one could attempt to account for the Cauchy principal value term in (3.51), which
will not be exactly zero and will introduce a real ‘Lamb shift’ [50] to (3.54). Since the numerator is
almost constant in the vicinity of the pole, however, the principal value will be heavily suppressed
relative to the coefficient of the same term already present in the Hamiltonian and thus may be
neglected (the upper bound of the integral for a 3D photonic bath is ~ 100eV > w;p so the
integral is essentially of an odd function in some symmetric neighbourhood of the pole).



Chapter 4

Previous Results Regarding
Coherently Driven Polariton

Superfluidity

This chapter summarizes previous results obtained with regards to superfluidity
in coherently driven microcavity polaritons. In particular it covers attempts to
apply the Landau criterion to this system indicating the presence of superfluid,
and the contradictory results in this regard obtained in [40]. It also describes
preliminary results obtained by the author of [40] with regards to the gapless
regime of this system, which were subsequently published in [51].

The only results in this chapter due to me are the explanation of the struc-
ture of the current-current response tensor in terms of the Helmholtz decom-
position, the diagrammatic approach to the derivation of this particular mean-
field current-current response! and, indirectly, the arguments from Chap. 1 for
why the Landau criterion is neither necessary nor sufficient for superfluidity in
driven-dissipative systems. All non-Feynman diagrams in this chapter are due to
Richard Juggins, author of [40].

4.1 Keldysh Effective Action

In the previous chapter we obtained the effective action (3.56) for the coherently
driven polaritons in terms of two fields ¢, 9. In the absence of the last term,
\/EFp(lﬁg + z,bg), the action possesses a global U(1) symmetry z,b,i/q — gb]i/qeie. Such
symmetry in condensed matter systems is often indicative of superfluidity [52]
because, as discussed in Chap 1, its spontaneous breaking is a common mecha-

nism by which superfluidity arises; Indeed, incoherently pumped systems, which

ISpecifically, Fig. 4.2 and equations (4.39), (4.40), and (4.41) as a way to obtain (4.42) are due
to me. this quantity was obtained in [40] but via a different method, while the diagrams involved
for this general type of system are considered in [27], [31]

63
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do posses this symmetry, can be shown to exhibit superfluidity [27]. The drive
term, however, breaks the U(1) symmetry, since the phase of the pump F,, is in-
dependent of that of the fields.

The mean-field equations for this action are found by functional differentia-

tion to be
d"f;e(f]f( (s 8y ell) i) (h
: (gﬁq(k’+q)[gbc(k+Q)¢C(k')+€bq(k+Q)¢q(k')]
"q
+ 254K+ )k + ) (k) = 0,
. if(e_ffk) =(~w+ A, —e(-k) +ix)P? (k)
_g : ( "+ @)k + QP k) + I~k + )i (K)]
"4
+ 295K + )~k + (k) ) =0,
% =(w+ A, —e(k) + ix)pc(k
_g ) (69K + LUk + e (k') + 97k + ) (K]
q + 2K + )7k + Q) (k') )+ 2 (k) — V2F, 01 =
T =+ Ay = e k)= i)
_gk (¢C(k’+q)[gl?c(—k+61)4_)c(k')+EBq(—kH])’qm(k')]
"q

# 299K+ )k + q) (k) )+ 209 (—k) — V2o = 0

(4.1)
Assuming the solution to be space-time homogeneous and classical
= \/El,boék,o, Y1(k) = 0), the equations simplify to
(A, —€(0) +ix) o — F, = Vo> by, (4.2)
(A, —€(0) —ix) o — F, = VItpol*io. (4.3)

Writing 6, = A, — €(0) for the detuning and taking the squared modulus of the
left and right hand sides of one of the above equations yields a cubic equation for
the mean-field occupancy of the pump mode n = [1)|*:

VZn® -26,Vn® + (8}

2 2 _
, xS )n—F,; =0. (4.4)

Depending on whether 6, > V3 or 0p < V3k, the equation may or may not have
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multiple (specifically, three) real solutions for certain values of F,. The former
case is referred to as the bistable regime and will be of primary interest to us in
this paper.

For a particular value of 1, the action may be rewritten via the background
field method in terms of the fields (k) — (k) — POk, P1(k) — (k). Up to
second order in the fields this yields

_ 1 + -1 ’ ’ 3
Soit = Sef ¢:¢0+5k;w (k)D™! (k, k'YW (k') + O(yp°), (4.5)
where
0 0 JUk) -V
— _2 —_—
DYk, k') = 0 0 Vo TR Ok (4.6)

J(k) V¢ 2ix 0
-Vd J(-k) 0 2ix
and J(k) = w + A, —e(k) +ix - 2V|iho|?. Here we have written the action in terms
of the Nambu vector W(k) = (°(k), (=k), 1(k), »(=k)), explained in Appendix
A. Taking this into account, the bare propagators are given in terms of the block

matrix

iG (k k) iG (kK)

o k) 0 =Dk, k'), (4.7)

where the blocks are 2 x 2 matrices in Nambu space. Each block is named for its
corresponding top left entry, so that the conventional Keldysh Green’s functions

are given by Gg/r/a(k, k') = (G (k,k’))!!. The exact expressions for these are

—K/R/A
given in Appendix A, and in the next section we will use them to study the system

spectrum.

4.2 System Spectrum and the Landau Criterion

In Chap. 1 we discussed in some detail the Landau criterion for superfluidity in

equilibrium, which comes down to the condition
min[e(p)+Vv-p] <0, (4.8)
P

where €(p) is the excitation spectrum of a fluid in its rest frame, with the largest
absolute value of fluid velocity |v| in a given direction for which this does not hold
Verir termed the critical velocity in that direction. In equilibrium non-dissipative
flow characteristic of a superfluid occurs for velocities below this in said direc-
tion.

As we argued in the selfsame chapter, the Landau criterion is not rigorously

applicable to driven-dissipative systems. It assumes a real excitation spectrum,
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which in such systems is generally complex, and relies on a conservation of en-
ergy argument that may be violated by the external drive. Nevertheless, some
works have presented results via a heuristic application of it to the real part of the
complex spectrum of coherently driven exciton-polaritons in the bistable regime
(7], [38], [39].

The excitation spectrum of the system may be obtained from the poles of the

retarded Green’s function [53], which is given by (see Appendix A):

J (k)

Gr(k) = . 4.9
A R T )
The spectrum w(k) is thus given by the solution to
J(w(k), k)" (~w(k),~k) = VZipol* = 0, (4.10)
and is found to be
a)i(k) _G(k) _26(_k) —ix
(4.11)

k) +e(-k 2
i\/(W—AP+2VIQDOIZ) — V2ihol*.

For k, = 0, Rew™(k) = ~Rew™ (k), Imw™(k) = Imw™(k), and the @™ (k) negative
energy branch corresponds to the same physical excitations as the positive energy
one. It may thus be interpreted as the spectrum for “holes”, and is sometimes

referred to as the ghost branch.

For k, # 0, due to our resummation with respect to the pump momentum in
(2.11), we may view the system’s action as that for an isotropically pumped (and
thus stationary) fluid of polaritons but with a tilted energy spectrum. While sim-
ilar to a change of reference frame to one in which the polaritons are stationary,
we emphasize that this is simply a formal manipulation of the action. Writing
i ~ kiksr
that

where m is the effective polariton mass, to linear order one finds

w*(k) = w*(k) +ﬁ.k+0(|k %) (4.12)
B 0 m P '

which shows that the tilt is due to the bulk flow of the fluid (induced by the
pump) with velocity v = %. From this point of view, superfluidity will be de-
stroyed when the linear tilt becomes so significant as to push w*(k) for some
non-zero k below the energy of the condensed mode w*(0) so that particles may
scatter into this new mode. Comparing with (1.6), it is evident that this is equiv-

alent to applying the Landau criterion to the real part of the spectrum without
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this linear correction (here 6, = A, — €(0)):

Re /g (k)

2 (4.13)
=Re \/(e(k)|k,,:o —0p+ 2V|4’0|2) = V2[ihol*.

Here three situations are possible. If V|t,|* < 6, then, for some value of |ko| = 0,
e(ko)li,=0 = & + 2V [/ = 0 (4.14)

and Re w™ (ko) Co " 0, meaning the critical velocity is zero and there is no su-
p:
perfluid (per the Landau criterion). If V[io|? > 0p, then the spectrum is gapped

and there is a positive critical velocity and associated superfluidity. This velocity
is given by

Vcrit =

(4.15)

J —8p + 2V [0l = (=6, + 2VIpo)? = V[l

m

Finally, if V|ipo|* = 6,, then the real spectrum is gapless at [k| = 0 and its gradient

there (the polariton “sound velocity”) must be considered. This derivative comes

_dRewly (k)| _ [VIgol?
VCI'lt - dlkl ‘k:o - m ’ (4:.].6)

which agrees with the limit of the previous expression in 9,.

out as
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Figure 4.1: Absolute value squared of the homogeneous solution 1, to the mean-field
equations for varying values of the pump F,,. The left figure corresponds to the

0p =3k > V3« bistable regime with multivalued solutions and inversion points (marked

by fuchsia dots), while the right corresponds to the monostable 6, < V3« regime with a
single solution for each pump value.
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This discussion can be specialised to the case of the bistable regime, where
the mean field solution of Eq. (4.4) can be split into three branches (red, green,
and blue in Fig. 4.1). These branches are separated by points called “inversion

points”, which correspond to

!
Vigol® = 5(2(5,, )62 - 3K2). (4.17)

We thus see that V||* < 0, on the lower red branch, and so superfluidity cannot
occur there per the Landau criterion. The middle green branch can be shown to

be dynamically unstable since
dks.t.Im w*(k) >0 (4.18)

for every point on that branch (a simple proof of this is given in Section 5.1), and
this is an indication of dynamical instability [53]. Thus, according to the Landau
criterion, superfluidity is present on the upper blue branch for every point with

V|1,D0|2 > 6p. As we are about to see, however, this conclusion is incorrect.

4.3 Current-Current Response and the Rigid State

4.3.1 Linear-Response Superfluid Criterion

The work on which this part of the thesis builds [33] opted to use the linear
response-based criterion we introduced in Chap.1 as the correct generalisation of
the definition of superfluid to non-equilibrium systems. The results, briefly out-
lined now, differ from the Landau criterion analysis and highlight its limitations
in a driven-dissipative context.

For a system possessing a conserved current j(x,t), consider a Hamiltonian

perturbation of the form
—dedtj(x,t)-u(x,t) (4.19)

where u(x, t) is an external field. Considering the historical example of fluid in a
capillary, this generalises the term —mfdxdtj(x, t)-u = —P-u, which appears in
the superfluid’s rest frame Hamiltonian when the walls are moving with velocity

u (recall the discussion of Chap.1). The Helmholtz decomposition of u(x, t),

u(x,t) = -VO(x,t)+V X A(x, 1), (4.20)
longitudinal transverse

consists of longitudinal and transverse components. Intuitively, the gradient
term corresponds to some sort of push, while the curl term introduces shear. The

generalisation of the classical superfluid’s frictionless flow through a capillary is
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the statement that its current does not respond to transverse perturbations, since
friction with the walls is a shearing force.
To study this (linear) response, we require the current-current response ten-

sor. By Kubo’s formula, this is

Xij(x 6%, ') =i0(t = t')K[ji(x, 1), j; (x', )] (4.21)

In an isotropic, time and space translation-invariant system, the most general

form the static (w = 0) Fourier transform of this quantity can take is

k;
T2 kD, (4.22)

kik; k;
T kD + (05—

xij(k) = K

The subscripts indicate that the first term couples to the longitudinal component
of the static Helmholtz decomposition, —k®(k), while the second couples to the
transverse component k x A(k). Using the special form of (4.22), we observe that
the static limits of the normal and transverse components may be extracted by

sequential limits. For example

khgiokhglo)(xx = 11m )(T(k) (4.23)
kllglOkhglOXxx = lim x; (k). (4.24)

These equations may be understood as special cases of equations (1.41) and (1.42)
when u is constant, |u| = 1, and u is oriented along the x-direction. While we will
use this property later to perform explicit calculations, it is worth highlighting
what it suggests about the response tensor. Namely, in order for a system to
possess different transverse and longitudinal responses, the response tensor must
be discontinuous at zero momentum.

Superfluidity is then defined in the thermodynamic limit as a difference be-

tween the static, homogeneous linear and transverse responses:

Il(ir%()(L(k) —xr(k)) >0 = superfluid. (4.25)

4.3.2 Non-Equilibrium Current

The above definition relies on a conserved system current, but the situation is
more complicated for driven-dissipative systems. For such systems, we are inter-
ested in the component of the current that is internal to the system as opposed to
the component relating to pump and dissipation. This is known as the coherent
current [54], and takes the familiar form

i(0) = 3 - (B9~ PV). (4.26)
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In [33], care is taken to normal-order this operator. Normal ordering, however,
only affects the expectation of the operator up to a constant. Since we are inter-

ested in the linear response of this expectation the constant is irrelevant.

Suppose that we introduce a term of the form

—dedtj(x,t)-u(x,t) (4.27)

to the original Hamiltonian, where u is a classical field. Writing j* for (4.26) writ-
ten in terms of fields on the forward contour, and similarly j~ for the backward

contour, this will give the following contribution to the overall Keldysh action:
J dxdt (j+(x, t)y-ut(x,t)—j (x,t) - u (x, t)). (4.28)

We may now define, by analogy with the classical and quantum fields, the

classical and quantum current operators j¢, j4 as?

= 5G4 (4.29)
=" =) (4.30)

Also introducing the “physical” field f = %(u+ +u”) and the “unphysical” field
0 = u* —u", the significance of which will be explained shortly, we may rewrite
(4.28) as

fdxdt(jf(x, 1)-0(x,t) +j7(x,1)-f(x, 1)), (4.31)

Since the classical field is the same on both contours, ut = u~, we have that the
unphysical field & = 0 which motivates its name. On the other hand the physical
field is equal to the original field f = u. The perturbation to the Keldysh action
thus takes the form

J-dxdt j9(x, 1) £(x, 1), (4.32)

from which one can see that the first perturbative correction to the expectation

of the classical current will be
jdx'dt’i(jc(x, 0j(x’, ")) - £(x, t). (4.33)

Since, up to normal ordering, the expectation value of the classical current is

equal to the expectation value of the true current, this shows that the response

2The choice of factors 1 and 1 here, contrary to the symmetric choice of % for both classi-

cal and quantum fields, ensures that the expectation of the classical current is equal to that of
the physical current. This is convenient, since the physical current is the primary observable of
interest throughout this part of the thesis.
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function we seek is given by
Xij(x 6%, ') = i(jf(x,t) jj (x', '), (4.34)

and we may view the response we seek as the response of the classical current to
the physical field. This result is derived in an alternative way in [54].

In terms of Fourier-transformed fields, (4.32) is

Y 3=k - £(k) (4.35)
k

so that the static response in terms of these fields becomes

xij(0,q) = xij(q@) = i(j{ (0,9)j; (0,~q)), (4.36)

while the static classical and quantum currents are given by

ji(0,q) = ji(q 22% 2k+q)[¢ (@, k+q)p*(w, k) + (@, k+q) P (w, k)], (4.37)
w,k

j1(0,q) = Xy, 2k + Q) (w0, k+ @) (@, ) + (w0, k+ @) (w0, k)], (4.38)

where y(q) = q;; .

4.3.3 The Rigid State

The response tensor may be worked out perturbatively using the diagrammatics

of Appendix A. At order O(h) there are six diagrams, presented in Fig. 4.2.

k+q——>-----k k+q(Q) K k+q\ X
A: B: / C: s
Y OF ~a k Q¥ —a 0 SK g

Figure 4.2: Order O(h) diagrams for the current-current response. Circles with a line
through them represent the condensate 1y while those with a cross represent . Solid
lines with the arrow at their end oriented towards a momentum p represent iy, while
those with an arrow pointing away from it represent QDIC, Analogously, such dashed lines
represent 1[)2 and 1/32. Two such lines, when connected, represent the Green’s function
equal to the expectation of the product of the associated fields.
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Placing one current operator on the left of the diagram and one on the right,

the first four of these represent

~1ol? G (0,@)yi(@)y;(a) - ¥ GE(0,q)y:i(-q)yi(q)

_ (4.39)
~ $2GR2(0,@)7:1(Q)y;(-q) - [ol*GE(0,q)yi(-q)¥;(-q),
while the last two yield the more complicated term
~7i(0)lol* 0,0 Z[G}ql (@, k) + G4l (@', K)]y;(2K). (4.40)

w’ K’

This term is zero by the Keldysh identity ) [Gg' (w, k) + G} (w,k)] = 0, so at order
O(h) the current-current response is given by

Xnii(@) == Pol* G (0,9)y:(a)¥j(q) — P35 GR (0,9)yi(-q)7(q)

_52~12 ) o _ 222 o o (4'41)
oG (0,9)yi(q)yj(=q) = [ol"Gr™(0,9)yi(-q)yj(—q).

We may briefly comment on the physical significance of these diagrams, as re-
lated in [27] (the present diagrams correspond to the first diagram in Fig. 1. of
that paper). In all (non-zero) of these, each current vertex scatters a particle out
of the condensate and thus yields a term of the form y;(q). All such diagrams
thus contribute to the superfluid g;9; component of the response tensor.

We may expand this expression out to facilitate taking appropriate limits.

Substituting in for the propagators and splitting y;(q) = L(q)+ ﬁ(kp)i yields

~ 2m
~ |thol?
4m2(J(q)]*(—q) = V2[ihol*)

((J<q>+1*<—q>+zV|z,bo|2)<kp>i<k,,>]- ~(J(@-T(-q)qli(k,); (442)
~(J(q) - T*(-q))(k,)i(q); +(J<q>+f*<—q>—zvmov)(q)i(q)j).

X1,ij(q) =

So long as J(0)]*(—0) — V2|iho|* # 0 (the condition for the complex spectrum to
be gapped), the q — 0 limit of this quantity is direction-independent and is equal
to

(4.43)

ol (26, — 2VIpol?)
i) Vgl — 40, Vgl + 57 4 ) P P
The system (and thus this homogeneous response) is not isotropic unless k, = 0,
so the tensor cannot be decomposed as in (4.22). Note, however, that the direc-
tion independence of the limit means that for a perturbation in a given direction
d, for ¢ — 0 the response is x,;;(0)(d(0)); and is thus independent of whether
the perturbation was longitudinal or transverse. This absence of a discontinuity

at k = 0 means the behaviour is the same in all directions, so we may conclude
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that the response is entirely non-superfluid. More specifically, it will be shown
in Section 5.2.2 that it can be interpreted as a change in occupation of the macro-
scopically occupied q = k, pump state (also referred to as the condensate, and
corresponding to 1y due to the momentum shift performed earlier), so that the
homogeneous component of the non-equilibrium current is rigidly in the k, di-
rection. This situation was referred as the system being in a “rigid state” by [33],
and corresponds to what was discussed in Chap.1: the system can only support
one persistent flow (or none if kp = 0), locked to the pump, and thus does not

satisfy the implicit assumptions of the Landau criterion.

A particularly interesting situation occurs when V|i|* = 0p, as the response
then vanishes entirely even at k, = 0. This corresponds to what is sometimes
known as the “sonic point”, as here the real part of the spectrum becomes gapless
and linear (refer to Section 4.2), and has been studied in experiments where the
polariton fluid was induced to flow past a defect [21]. Such experiments report
significantly reduced scattering of the fluid by the defect (also referred to as fric-
tionless flow) in this regime and interpret this as a sign of superfluidity. It seems,
however, that what was actually detected was the vanishing of the linear response
in its entirety. This means that, while scattering is indeed expected to be reduced,
the transverse and longitudinal responses are equal and both zero so that the sys-
tem is in the unique rigid state rather than a superfluid state: “frictionless flow
in the sonic regime is the only property associated with superfluidity that is ex-
hibited by this rigid state, as vortices and persistent currents cannot form when
the phase is externally fixed” (note that recent work has demonstrated that the
topological defects associated with coherently driven polaritons are domain walls

rather than vortices [55]), “and the superfluid response is zero” [33].

A number of groups have also experimentally measured the spectrum in the
sonic regime based on a belief in the importance of the linearisation of the real
part of the spectrum (and thus it taking on a Bogoliubov form) to the Landau
criterion [56]—[58]. Such interest in this point as a superfluid candidate warrants
an explanation for why we detect no superfluid response despite the linearised
spectrum (the explanation of Chap.1 continues to apply, this is merely another

way of looking at the problem).

Recall that, in order for a superfluid response to be present, there must be
a discontinuity in the current-current response at zero momentum. Yet a cru-
cial effect of the excitation spectrum in Bose-condensed systems in the weakly-
interacting regime relates to the fact that in such systems the poles of one-particle
Green’s functions coincide with those of density and current response functions
(strictly speaking non-analyticities of the response functions, since a pole of the
Green’s function may become “smoothed out” in the response function) [59], [60].

This is easily seen to be the case for our system, where the mean-field current-
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current response is a linear combination of the retarded Green’s functions (see
(4.41)). Thus, in order for our static (w = 0) response to possess a discontinuity
at k = 0, the retarded Green’s functions must possess a pole at w = 0, k = 0. This
corresponds to a condition that the spectrum be gapless and, in an equilibrium
system with a purely real spectrum, the linearised Bogoliubov spectrum would
be. In a driven-dissipative system such as ours, however, the spectrum also pos-
sesses an imaginary part and this is found to be non-zero in the sonic regime
(both analytically and from linewidth measurements in the cited experimental
papers). Thus a linearised Bogoliubov form of the real part of the spectrum is
not a sufficient condition for superfluidity in such systems: this is an important
distinction between equilibrium and driven-dissipative systems due to the possi-

bility of complex dispersion relations for the latter.

Overall, the Landau criterion correctly identifies points at which no super-
fluid is present; it agrees with the response analysis that no superfluid is present
for V|| < 0,- However it also yields false positives since it predicts superfluid-
ity for points with V|iy|* > 0, (possessing a gapped real spectrum), whereas the
linear response at these points is found to be non-superfluid. The Landau crite-
rion does correctly identify the frictionless regime V1] = 0p, but this regime
lacks not only a transverse but also a longitudinal response and is thus not a con-
ventional superfluid but rather a special case of the rigid state with vanishing

linear response and thus reduced friction.

4.4 Mean-field response in the gapless regime

The above analysis was restricted to the case of J(0)]*(—0)— V2|ihy|* = 0, where the
complex spectrum is gapped. At the inversion points, however, this condition

fails, which can be seen in Fig. 4.3.
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Figure 4.3: Gapless excitation spectra at the bistability inversion points, where blue is
the real part and dashed-red imaginary, for the isotropic k, = 0 case. (a) The spectrum
at the the inversion point on the lower branch in Fig. 4.1(a). (b) The spectrum at the the
inversion point on the upper branch in Fig. 4.1(a). For the anisotropic case, where

k, # 0, the real spectra are tilted but still gapless.

To investigate how this change in the spectrum affects the response to per-
turbations of coherently pumped polaritons, we calculate the homogeneous be-
haviour of the mean-field response function (Eq. (4.42)) in this regime. As-
suming a uniformly oriented perturbing field u(q), the longitudinal response
can be found by taking the momentum to zero along the direction of the per-
turbation (u L q = 0,u || @ — 0), and analogously for the transverse response
(ullq=0ul q— 0). To do this, we separate the response function into its
numerator and denominator,

;i (G qy)

Xn,ij(q) = Aaody)” (4.44)

where the latter is given by

2+a\ 2 4%+ 4y
d(q0y) = | —5— | = (20, =4V o] )=~
k2q2  2ikk,q,
_ e 2R (4.45)

m? m
+3V? |1,b0|4 — 45,V |1/)0|2 +65+ 17,

The last line above is zero in the regime we are investigating, as that is the con-
dition for a gapless spectrum. Consequently, in the long-range limit, 4 will go
to zero and the response function will exhibit singular behaviour. To discover
whether this may be superfluid behaviour, we must look at the limiting behaviour

of the numerator.
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From Eq. (4.42), the numerator of the xy ,, component is given by

2 2.2
lpo| [ g% a%a

2k; 2) ,
= 7+5p—3v|z,b0| q2 (4.46)
2k?2 ‘ 2
+7pq§+4zkp1<qx—4k§(5p—V|¢0| )]

The limits of this expression are different depending on whether k, # 0, the
anisotropic case, or whether kp = 0, the isotropic case. We will deal with each

in turn.

4.4.1 Anisotropic case

In the anisotropic case, choosing k, in the x-direction without loss of generality,
we may study the response to an x-directed perturbation through n,,. Taking
the limits of the above expressions in the correct order, one finds the following

behaviour for the longitudinal and transverse responses:

C

clllir(l) Xixx,L(Q) = =0 (4.47)
. G,
1 =— 4.4

for some constants C; and C,. Performing the equivalent calculations, starting
again from Eq. (4.42), for the off-diagonal components, x7,x, and x,,x, we also
encounter divergences, and it is tempting to ask whether any physical conclu-
sions can be drawn from any of these cases. The xy,,, component of the response
function however is equivalent to the isotropic xj ., case (due to our choice of

k

p), which we now turn to.

4.4.2 Isotropic case

Taking the correct limits in the isotropic case, it is found that

ol (0, = 3VIpol?)
— m(26, =4V ol?)

lim x,xx,2(q) (4.49)
q—0

(11152) Xh,xx,T(q) =0, (4.50)

and that x7,xy = Xnyx = 0. This would appear to strongly suggest superfluid be-

haviour. It is not clear, however, whether this conclusion extends to O(#?), and
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what the mechanism for this superfluidity would be in the absence of a global
U(1) symmetry.

In the following two chapters I will answer these questions, starting with the
anisotropic, finite k, case in Chap.5, and continuing with the isotropic k, = 0

case in Chap.6.
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Chapter 5

Diverging Anisotropic Response

5.1 Catastrophe Structure of the Mean Field Solu-

tions

Before directly tackling the origin of the divergent response, it is helpful to first
further analyse the structure of the system’s mean-field. Let us thus return to

Eq. (4.4) for the homogeneous mean-field solutions

V2n® =26,Vn® + (6, +x*)n—F; = 0. (5.1)

This equation may be rewritten as

1oy 2 s Lo a0 2]
d, ZV n —géan +§(6p+1< Jn®—Fyn|=0, (5.2)

indicating that these mean-field solutions correspond to extrema of the effective

potential
Usge(n) = %\/2 4—§6an3+%(5§+1<2)n2—P§n. (5.3)

Moreover,
Imw*(0) =~ +Im 3212 ~ 45, Vn + 53, (5.4)

so a sufficient condition for dynamical instability Im w*(0) > 0 may be written as
3V2n® —46,Vn+5, <1, (5.5)

or
9% Ue < 0. (5.6)

We may reduce U, to a standard form by eliminating the cubic coefficient via a
. . 25, . . .

linear variable change n = m + 3—‘f, discarding the constant term (which does not

contribute to any derivatives), and subsequently dividing through by the quartic

coefficient, yielding

79
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osf(m)
2(3x% =92 85,(62+9x2) 4F2 (5.7)
:m4+—( p)m2+ % )— P lm.
3V? 27V3 V2
) 2(3x2-67) 80, (05+9x%)  4F) )

Introducing control parameters A(0,) = —37—, B(0,, F,) = ——7y5— — v, this
is

Ulg(m) = m* + A(5,)m> + B(,, F,)m. (5.8)

The reader familiar with catastrophe theory will recognize this as the univer-
sal unfolding of a cusp catastrophe. Catastrophe theory is a branch of bifurca-
tion theory, studying how small changes in an effective potential can yield large
changes in the structure of that potential’s stationary points. This has clear ap-
plications to classical statistical mechanics, where a system’s equilibrium state is
typically determined by minima of a thermodynamic potential, and extends to
mean-field theory when the equations of motion can be reduced to stationarity
equations for an effective potential as above. A short mathematical introduction
to catastrophe theory is given in Appendix B.

That the potential corresponds to this unfolding globally rather than in a local
neighbourhood of a critical point simplifies the analysis. Every possible topolog-
ical configuration of extrema is given in Fig. 5.1, of which there are seen to be
five, and for simplicity we classify points as stable or unstable based on the par-

tial criterion of Eq. (5.5).

c 0 » O

. O

Figure 5.1: Since it is globally expressible as the universal unfolding of a cusp
catastrophe, there are five distinct topological configurations for the critical points of
the effective potential U ¢(m). Circles represent critical points, with those containing +
denoting local minima and those containing — denoting local maxima. Critical points
with zero second derivative resulting from multiple local minima/maxima coalescing
into a single point are represented by a circle containing the number of coalesced points.

Non-Morse critical points are points with a vanishing second derivative, or
22, U.g(m) = 0. Since such points are structurally unstable relative to the con-
trol parameters A and B, and thus relative to 6p and F,, we see that such points

correspond to phase transitions [61]. Here these are the coalesced critical points
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corresponding to configurations B, C, D in Fig. 5.1. Those of double multiplicity,
5.1.B and 5.1.C, locally correspond to fold bifurcations — an infinitesimal per-
turbation of the control parameters may split such a point into a stable-unstable
pair (case 5.1.A) or eliminate it entirely (case 5.1.E). Such an elimination results
in a discontinuous collapse to the remaining stable critical point, meaning these
are zero-order phase transition points. The configuration with a point of triple
multiplicity 5.1.D, when it is non-Morse (if it is Morse, then we are not in the
bistable regime), is just the catastrophe germ! for the cusp catastrophe, and thus
corresponds to a continuous phase transition. A general infinitesimal perturba-
tion of the control parameters will continuously split it into two stable and one
unstable critical point, which is the universal unfolding 5.1.A.

In the rest of this part of the thesis, it will be seen that it is the presence
of these structurally unstable non-Morse critical points and their accompanying
phase transitions that is the cause of the divergences appearing in the anisotropic
current-current linear response. We may note already that the condition for a
diverging linear response, a gapless spectrum, corresponds to the inequality in
Egs (5.4) and (5.5) becoming an equality. This is precisely the condition for a
non-Morse critical point.

Finally, we may visualise this catastrophe structure by solving d,,U «(m) = 0
for m in terms of A and B, and plotting the resulting m,,(A, B). This is seen in
Fig. 5.2, where the resulting surface is called the “critical manifold” and the line
of non-Morse critical points is termed the “locus of bifurcations”. By our stability
criterion, the section of the surface inside the locus of bifurcations always corre-
sponds to unstable solutions, while the section outside is generally stable (some
of these points are unstable since our criterion only checks dynamical stability at

zero momentum, but this will not be relevant).

5.2 The Geometric Origin of the Divergence

5.2.1 Non-Linearity at the Locus of Bifurcations

Having laid the groundwork by identifying the presence of catastrophes and a
locus of bifurcations in our system, we may now see how this leads to a diverging
anisotropic response.

Consider the static mean-field equations for the anisotropic problem. Recall
from section II.D.2 that the current-current response we seek is a response to the
physical field f;(q), so we add the term ) ; f(k) - j9(—k) to the action. Moreover,
in the absence of an unphysical field, solutions to Keldysh mean-field equations

have the quantum fields equal to zero so we pre-emptively set them so. The

IRefer to Appendix B for the meaning of this term.
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Figure 5.2: Critical manifold of the solution m,1n(A, B) to d,,U_(m) = 0. Solutions
corresponding to non-Morse critical points form a line (blue) on this surface, called the
locus of bifurcations — the name is due to infinitesimal perturbations in A and B at
these points leading to a change in the number of solutions, i.e. to bifurcations. The
critical point on this line corresponding to the cusp catastrophe germ is labelled by a
red sphere.

resulting equations are

(A, —e(k) +ix)h(k) — F,ox 0

P

and its complex conjugate. Splitting f;(k) as fi(k) = f;(0)ox ¢ + fi(k)(1 — 6k o) and
temporarily setting the inhomogeneous components of the force to zero, the equa-

tions may be rewritten as

(Ap +7i(2k) fi(0) — e(k) + ix)pp (k) — F 0k 0
(5.10)
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Finally consider homogeneous solutions:

((8p +7i(0)fi(0)) + ix)tpo — Fp — Vipolpol* = 0 (5.11)

We see that the homogeneous component of the force couples into this equation

in the same way as the detuning. We can thus absorb this into an effective 6, =
op +7i(0)£;(0)

Now, note that the mean-field value of the classical current is given by

jmt,i () = 7i(0)1pol* .0, (5.12)

so that the mean-field linear response to a homogeneous force can, with some

caution, be viewed as

|1y | |?
s 0)= O GE = 7,00 T80, (5.13)
]

and herein lies the connection. Looking at the control surface again, we see that

am
0A

bourhood of any point on the locus, a ﬁxed A or B cross-section will possess one

along the locus of bifurcations and = diverge. This is because, in a neigh-

of the two forms in Fig. 5.3. Such a divergence of the linear response to control

parameters is typical of bifurcation points in catastrophe theory [62].

m

A/B

Figure 5.3: A fixed-A or B cross-section of the critical manifold with a point of the locus
of bifurcations at the origin will have one of the two general forms shown here. The blue
line indicates the case of a two-fold multiplicity point, while the red relates to the point
of triple multiplicity. In both cases, derivatives diverge at the origin, i.e. on the locus.

As aresult, if we choose Fp and 6p such that m lies on the locus and m’, defined

as m but with 6;, instead of 6p, is a stable solution, we find

dlpol* 2 s om’ dA s om’ B
95, 3V 9A 35, B 9o

(5.14)
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Thus, as f(0) — 0, i.e. 6;, — Op, ag,gzﬁ — oo. This shows that the divergence in the
current-current response in this case is intimately tied to the presence of a bifur-
cation. Far from being unphysical, the divergence expresses the high degree of
non-linearity present in the vicinity of a non-Morse critical point corresponding
to a phase transition, and the mechanism just described is typical of the origin of

divergent linear responses at phase transitions.

5.2.2 Directional Dependence of the Response

Equation (5.13) is not entirely well-founded. The limit lirr(l))(l-j(q) is sometimes
q%

directional (the definition of superfluid we are using relies on this fact), but
the above expression admits no such possibility. In the case that this direction-
dependence is absent, however, we may show that the result agrees with a more
rigorous treatment using the explicit form of the response tensor. In this case the
response is just a measure of the change in occupation [1)y|> of the macroscopi-

cally occupied pump state in response to an external static drive f;(0).

We begin by calculating ag’/g)'z, or 57” = 11, by starting from the mean-field
p p

homogeneous equation:

V2n3—25an2+(6§+K2)n—F§ =0 (5.15)
Differentiating,
BV2nPi—2Vn® — 46,V i+ 25,n+ (6, + 1) =0 (5.16)

and rearranging (provided the denominator is not 0):

2Vn? - 26,n
7= —. (5.17)
3V2n? —40,Vn+ o, + K2
Our expression then yields:
Xhom—mf,ij =
ol (25, = 2V ) (5.18)

- k,);(k
4m?(3V2|thol* — 46, Vho|* + 55 + KZ)( 2

P)f

which is identical to our O(#) diagrammatic result in Eq. (4.43). We thus see
that, where 3V?2n? — 45an + 55 +x2 = 0, the limit is direction-independent and

accurately captured by our formula. Moreover, we know that 92 U,g(n) = 3V?n? -
2
46,Vn + 613 + %2 = 0 only on the locus of bifurcations, so Xhom-mf,ij = yi(O)%

is valid as the locus is approached, and the divergence indeed arises from our

earlier geometric argument.



Chapter 6
Isotropic Mean-Field Superfluidity

We now turn to the isotropic case. Recalling the discussion of Section 4.4.2, we
know that for k, = 0 the O(%) current-current response is purely superfluid. This
mean-field superfluidity has a curious origin as the interplay of two opposing
processes; on the one hand, as the point of interest lies on the locus of bifurca-
tions, the response for any non-zero pump momentum diverges for the geometric
reasons as discussed in Section 5.2. As k, — 0, however, the homogeneous com-
ponent of the force couples increasingly weakly to the mean-field equations (its
coupling being y;(0) = f—fn), and in the limit k, = 0 does not appear in them at
all. This means that k, — 0 leads to x;(0) — 0 off of the locus and the interaction
with the divergence at the locus yields a finite, non-zero superfluid response at
it.

This elegant picture is unfortunately spoiled by higher-order terms in the per-
turbation expansion. We will now show that a divergence persists at O(4?), and

is related to the absence of U(1) symmetry in the problem?.

6.1 One-Loop Keldysh Tadpoles

One-loop tadpoles are truncated Feynman diagrams of the form x——(. There
are are six such tadpoles with R/A correlators as the loop, presented in Fig. 6.1,
and four with a K correlator, presented in Fig. 6.2.

Crucially, the R/A loops are mutually cancelling. To see this, consider the
combination of terms coming from tadpoles (A) and (B) in Fig. 6.1 when attached

to the same external line on a diagram:

—Gy(0) J dk(G}zl(k) ' G}f(k)) — 0, (6.1)

Here Gx(0) is some correlator corresponding to the attachment, while the loops

!This divergence was actually also present in the anisotropic case, but there the mean field
divergence invalidated the calculation at a lower order of perturbation.

85
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Figure 6.1: R/A-Correlator Tadpoles. Solid lines with the arrow oriented towards the
vertex represent 1,5{,, while those with an arrow pointing away from it represent ;.
Analogously, such dashed lines represent lﬁg and l,bz. Two such lines, when connected,

represent the Green’s function equal to the expectation of the product of the associated
fields.

Figure 6.2: K-Correlator Tadpoles. Solid lines with the arrow oriented towards the
vertex represent 15, while those with an arrow pointing away from it represent ¢y

Analogously, such dashed lines represent 1[)3 and l,bg. Two such lines, when connected,
represent the Green’s function equal to the expectation of the product of the associated
fields.

themselves are seen to cancel by the Keldysh relation Idw(GR(w) + Gy(w)) =0
(note that the {11} elements of the Keldysh matrices correspond to the true Gg/4).
Tadpoles (D) and (E) cancel in the same manner.

To see that tadpole (C) is zero, we write its attachment out explicitly:

— Gx/(0) J dk G2 (k) =

V2 (6.2)

_ dk| | 4 ’
GX(O)J (f (@, KT (w, k)~ V2ol

The denominator of the integrand is quadratic in w, and the pole lies in the lower

half-plane (the denominator agrees with that of the true retarded Green’s func-
tion). Thus, closing the contour in the upper half-plane, the integral is zero. The
same reasoning then leads to the vanishing of tadpole (F).

The K-correlator tadpoles, however, do not cancel in this way. Moreover,
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when connected to an external line of a diagram, they introduce a term of the
form Gg/a(0). Such terms become singular in the limit of a gapless spectrum
(since in that case the pole is precisely at w = 0, k = 0) so that, for the perturba-
tion expansion to remain finite, certain diagrams with external legs must vanish.

We will now argue that this does not occur.

6.2 Tadpole Diagrams at O(%?)

Associating the connecting edge to the tadpole rather than to the main diagram,
we see that a tadpole contributes # to any diagram to which it is attached. This
means that we are interested in cancellation of diagrams with a free leg? that are
O(h) prior to the attachment of the tadpole.

To understand what kinds of diagrams may appear, we may apply some graph
theory, considering diagrams with a free leg as graphs where interaction vertices
are the vertices and Green’s functions (but not the free leg) are edges. Denote the
number of 4-valent vertices by a and 3-valent vertices by b, the number of current
fields participating in an edge (as opposed to assuming a mean-field value) by n,
and the number of edges and vertices by e and v respectively. Then one finds (we

subtract 1 because we do not count the free leg)

4a+3b—1—n+n:e’ (6.3)
2

a+b=v, (6.4)

e—v=1. (6.5)

Here the first condition equates the number of edges to the number of Green’s
functions connecting two vertices plus the number of Green’s functions connect-
ing to at least one current field, the second equates the total number of vertices to
the number of interaction vertices, and the last enforces that the diagram is O(#),
since each vertex removes a factor of 7 and each edge adds one. From here a little
manipulation yields

2a+b=3-mn, (6.6)

which allows us to classify all possible diagrams.

We see that the possible values of n are n =1, 2, 3. We may disregard n =1
because in this case three of the four current fields are set to mean-field values,
meaning the remaining field is a quantum field. The attaching field of the K-
tadpole is, however, also quantum and the quantum-quantum correlators are all

zero, so that such diagrams vanish. For n = 2, the only possibility is b = 1, while

2By this we mean a line coming off of a vertex that has not been paired with another line to
form a Green’s function. When a tadpole is attached, it is this line that will be paired with the
corresponding free leg of the tadpole.
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for n = 3 we must have a = b = 0. These are thus the only types of diagrams that

we need consider.

Unfortunately even after discarding those which trivially vanish, this still
leaves a comparably large number — 32 diagrams. These diagrams, however,
have different asymptotic dependencies on |q| — co (the momentum variable of
the response function)®. Because these diagrams must cancel at all momenta
for the perturbation theory to be valid, we may group them by this dependence:
each group must cancel independently. Each diagram will possess two factors of
7(xq). Furthermore, R/A correlators where the arrows match (G}Q}A and GIZQ%A) are
O(lq~2|), while the others (G}QEA and GI%}A) are O(|q™*|). We then have 6 diagrams
of O(|q|7%), 12 diagrams of O(|q|™#), 10 diagrams of O(|q|™?), and 4 diagrams of
O(|q|°). These are given in Figs. 6.3, 6.4, 6.5, 6.6.

ktgq——>-oe K k+tg—o Q¥
kQ)  os—k g k—<------ K —q
k4qQ) o ¥ kg—>e ¥
k—<------ K —q k < @k’—q

Figure 6.3: O(|q|°) diagrams, with the small circle denoting the tadpole attachment
point. Circles with a line through them represent the condensate ¢y while those with a
cross represent . Solid lines with the arrow at their end oriented towards a
momentum p represent ¢;, while those with an arrow pointing away from it represent
v,D;. Analogously, such dashed lines represent t,bg and gﬁg. Two such lines, when

connected, represent the Green’s function equal to the expectation of the product of the
associated fields.

SHere we are referring purely to the functional form of this dependence, disregarding the
cut-off of the theory.



6.2. TADPOLE DIAGRAMS AT O(le) 89

k+q—>0 ’/,—‘k’ k+q® k/ k—l—q@ ®kl

Figure 6.4: O(|q|~2) diagrams, with the small circle denoting the tadpole attachment
point. Circles with a line through them represent the condensate 1, while those with a
cross represent ). Solid lines with the arrow at their end oriented towards a
momentum p represent ¢, while those with an arrow pointing away from it represent
1/_);,. Analogously, such dashed lines represent gbg and tﬁz. Two such lines, when
connected, represent the Green’s function equal to the expectation of the product of the
associated fields.

k+q® w/k' k‘|‘q%<"g®"k’ k—l—q@ ®kl
k/gf K —q k® @k'—q k—@-Lé--k/—q

k+q%<-%—<>"k’ k+q\v&v®k’ k+q(Q) X)w
K —q k —eL<k’ —q

Figure 6.5: O(|q|™®) diagrams, with the small circle denoting the tadpole attachment
point. Circles with a line through them represent the condensate 1, while those with a
cross represent ). Solid lines with the arrow at their end oriented towards a
momentum p represent ¢, while those with an arrow pointing away from it represent
1,5;,. Analogously, such dashed lines represent gbg and tﬁz. Two such lines, when
connected, represent the Green’s function equal to the expectation of the product of the
associated fields.
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k+qQ) V,—k’ k+q+---g<>--k’ k+qQ) wnk’
v QK —q kX K —q R QK —q

k+q® K k+q® w,—k’ k+q\\ ®k’
2 QW g K~ Q¥ —q 0%

k+a(Q) QK kﬂ\“‘K@k/ k+q+<-F----k’
k —<L<k’ —q k K g

Figure 6.6: O(|q|™*) diagrams, with the small circle denoting the tadpole attachment
point. Circles with a line through them represent the condensate ¢y while those with a
cross represent . Solid lines with the arrow at their end oriented towards a
momentum p represent i, while those with an arrow pointing away from it represent

1[){,. Analogously, such dashed lines represent r,bg and 1[)2 . Two such lines, when
connected, represent the Green’s function equal to the expectation of the product of the
associated fields.

We begin by considering the four O(|q|°) diagrams. The two with a ¢ con-

necting field come out to

1

—$(G}J(q) + G (Q)Poyi(@)y;(@), (6.7)
while the other two yield
—%(G}zl(q) + G (@)poyi(@)yj(@): (6.8)

Considering all possible K-tadpole attachments, we obtain the following expres-

sion for the sum of these diagrams:

-6k @+ GFla)a (@[ fo{ GF O3 o THIGE ]+ o TrIGE )

+ GR(O) 590 TG ]+ o THIGR))
(6.9)

9o GR O)5 90 TG + TG )

+ GR0) (390 TG+ oI G2) )|
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Denoting
1 -
a =i Tr[G2] + o Tr[ G, (6.10)
1 _
b= Tr[GZ ] + o Tr[ G, (6.11)

the condition for this sum to be zero may be written as

Do) (0)a + P Vpib+ 1o Vihia + o] (0)b = 0. (6.12)

A -A

Further, recalling that

(GR' (k)" = GR*(~k), (6.13)
(GR (k)" = GR!(~k), (6.14)
(Gi' (k)" = =GR (=k), (6.15)
(G2 (k)" = =GR} (k) (6.16)

we have a* = —b. This means that A = A* so A is real.

Setting A’ = —2-, another real quantity, this equation may be rewritten as a
* 0 _V 2
(I (0) Vo _ (6.17)

= wol??
e
~vs J(0) J\a) \poA’

matrix expression:
Since this supposed cancellation is of interest only on the locus of bifurcations, we

may specialise 1 to it. From Eq. (4.11) and the fact that the locus of bifurcations

corresponds to a gapless complex spectrum, we find the condition (1 = [1)|?)
3V —46,Vn+5,+x° =0 (6.18)

This may be combined with Eq. (4.2) to yield

Vn-90 K
p .

__ _ , 6.19
Yo \/E(Vn—ép)2+1<2 : n(Vn—6P)2+1<2 ( )

(Vin-90,)>—«? 2k(Vn—-9)
Vpi=Vv P / ) 6.20
Vo=V s e Y a1 k2 (6.20)

2Vn(Vn-9,) .\

Vg = ; =7(0). (6.21)

(Vin—0p)% +x?

=1

From the last equation above we see that the matrix is degenerate, and the exis-
tence of a solution to (6.17) is not certain. To check this, we may split the matrix

equation into its real and imaginary components via
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MI +iMi ML, +iML\(x+iy (v+iw
M, +iMb, M5, +iMi, )\I+im| \p+ig

My, _Mil Mj, _Miz X v
Mil My, Miz M, ||y w
M£1 _Mél M£2 _Méz ! p
My M M, M, )\m q

Applying this to (6.17) yields

ImJ(0) Re
ReJ(0 I
o ReJO | b0 |y (6.22)
ImJ(0) Re
—ReJ(0) —Im
Using (6.21), we must have
I 0
A'=2 mJ( )Ima =4V+/nkIma, (6.23)
Re o
ReT(0 Vn-6,)>
= 2RO v - u)lma. (6.24)
Iml,bo K
. (Vn=56,)? , .
Since k¥ > 0, 4x # 2(x — ——") so we must have Ima = A’ = 0. Since Ima =0

implies A’ = 0, we need only consider this condition:

m(%tﬁo Tr[G2] + o Tr[ G ) = 0. (6.25)
Defining
D(k) = 11 (k)J*(=k) = V[ipo[*%, (6.26)
this is

“2ik f dk—k [u +V2|ll)o|4—€(k)V|¢o|2]¢o+[V2|4’0|2]¢(3))€IR- (6.27)

To proceed, it is helpful to calculate Idw and Jda) ) (the denomina-

tor here is even in w so any term of the form fda) K is zero). This may be

D(w,
accomplished by casting D(k) in residue form via the equation for the spectrum

(4.11):
Dl(w,k) = (@ - w)(@ - wp )@ - (@i Hw - (@} ) (6.28)

At large w this is O(w™), so we may close the contour of integration in the upper
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half-plane (we assume for the moment that the complex spectrum is stable and

gapped), yielding

27
“DE) (W)~ @y KT 629
' (@) = @) (@) = ) (@) = (wg)*)’
de w? _ 27ti((wy)")?
D(k)  ((wp)" = w)((wy)* = wp) (@) = (@ )*)
e (6.30)
N 27ti ((wy)*)
()" = o) ()" = w) (@ )* = (wy)*)
Denoting
2= \Jle(k) = 6, + 2VIpol2)? - V2o, (6.31)
w* =—-iK+z, (6.32)
we find . o
K
dew D(k) 24— 222((2*)2 — 4x2) + ((z*)% + 4x2)?’ (6.33)
w? dric(z% + (2)% + 2x?) (6.34)

YD) T A 222((z*)% — 4x2) + ((2*)? + 4x2)%
The above results were worked out on the assumption that the spectrum is stable
and gapped. This may be viewed as a regularisation of the gapless case, and we
may now study the behaviour of the above expressions for a gapless spectrum

and k — 0. In this case, some algebra yields

1 mrt 1
w ~ »
D(k) 2(2V|1,b0|2—6p)7< k|2 + €

de— s (6.36)

Here € is a quantity that tends to zero as we go from a gapped to a gapless spec-

(6.35)

trum. The important consequence of this is that for a gapless spectrum, traces

over the first of these quantities yield logarithmic divergences (we replace |k| — r
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and use rotational symmetry):

J-dk— f drr de(;’)

7

mTt € r A 1
d drr | d .
2(2V|¢0|2—6P)KJ; " re +J Aoy (637
1

mrTc € +€
= . lo drr | do
42V = 5,)x 8(— J D(w,r)’

Above €’ is some energy scale small enough for our small |k| approximation to

be valid, A is the cut-off of the effective field theory, and we have used rotational
invariance to write the momentum integral as a one-dimensional integral over
lk|. For a fixed x, € may be shown to be polynomial in 6,, so that this logarith-
mic divergence differs from the polynomial divergences of the zero momentum
correlators.

Traces over % are also seen to be finite (compare (6.35), noting that e(k) ~
|k|> and the dk integral has a cut-off), so that the logarithmically divergent terms

in (6.27) are seen to be

~2i V2ol (2o 2P + 13) Idk— (6.38)

The gapped-spectrum regularisation of Jdk #k) is real, so that the only way for
the above expression to be real (recall that (6.27) being real is the condition for
tadpole cancellation) is for [o|*1Py + 7 to be purely imaginary. From (6.19), this
is only possible if Vn -9, = J_r\%. Solving this equation (also recall that Vn is
given by (4.17) at the inversion points) yields a single solution of 6, = V3 —
when the inversion points coincide.

For any other relative magnitudes of 6, and «, the condition fails to hold and
the tadpole diagrams fail to cancel (moreover, they also possess the additional
logarithmic divergences found above). This means that generically, as one ap-
proaches a non-Morse critical point of the system, the current-current linear re-
sponse is perturbatively divergent beyond O(#), nullifying the mean-field result
indicative of superfluidity.

The fact that the cancellation occurs at o, = V3k, the point corresponding to
the monostable to bistable continuous phase transition, may suggest that some-
thing interesting may be occurring here. To this end we consider the remaining

terms

—szjdk—k w +e(k)2+e(k)(3V|¢O|Z—26))¢O. (6.39)

The bracket multiplying e(k) is zero for 6 = V3« (since V|o|* = 25 in this case),

so we are left with
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2m,bofdk— w +e(k)2) (6.40)

This is an integral of a real non-negative quantity and thus clearly greater than
zero (the integrand is zero only at w = |k| = 0). For 5p = 3x, Pooc 1 — V3i, so
that the above expression cannot be purely real. This means that, even if the
logarithmic divergences cancel at 6, = V3, the algebraic tadpole divergences do
not and so the response still diverges.

Before proceeding, we should comment on our use of a classical drive term F,
despite performing calculations to O(%?). Because all expectation values we cal-
culate are in terms of the polariton fields only, any connected diagram involving
the drive fields would contain either at least two polariton-drive correlators or a
drive tadpole. We know that there are no tadpoles at mean-field in the current-
current response, so the drive fields would contribute only at O(hz), namely to the
fluctuation calculations above. At that order, the drive tadpoles would replace
polariton tadpoles in any diagram in which they appeared. Since these tadpoles
would have a significantly different form to the polariton tadpoles, they would
fail to cancel the divergences in the latter that we demonstrate, and our analysis
would remain unchanged. The presence of two polariton-drive correlators would
also not affect the divergences, and thus our analysis above is insensitive to this

classical field simplification.

6.3 Perturbative Results and RG at Non-Morse Criti-

cal Points

The above perturbative result is sufficient to cast serious doubt on the mean-field
assertions of superfluidity we were investigating. That the higher-order fluctua-
tion corrections are divergent is an example of the Ginzburg criterion at a phase
transition, and indicates that mean-field and, by extension, perturbation the-
ory are not to be trusted. Mathematically, this is because perturbative results
can be highly misleading in the vicinity of non-Morse critical points. Conven-
tional perturbation theory relies on the Morse Lemma to locally approximate the
integrand as Gaussian — if the lemma does not apply, integrals over the non-
Morse/catastrophe part of the integrand may yield divergences in the perturba-
tive scheme.

For integrals with a finite or countable number of modes such as simple path
integral problems in quantum mechanics, the appearance of elementary catastro-
phes in the action yields certain special functions (e.g. the Airy function above)
in an exact evaluation of the propagator or partition function, when a pertur-
bative evaluation would fail [44]. In those simple cases, however, the essential

variables/field modes were discrete and the action is purely real. Problems with
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a continuum of modes are typically studied via the Renormalization Group (RG),
in light of which we may now consider the above result. Since RG is a subject
considerably too vast to introduce here in a self-contained manner, it is suggested
that the reader interested in this section but unfamiliar with RG first consult [63],
which uses the same terminology and notation as we do here.

Consider the continuous phase transition at 6, = V3, and the following part
of the Keldysh action:

Jdtdzx(z,l_ﬂ(i&’t+V2)¢C+2ikl¢q|2). (6.41)

With two fields we are free to fix the behaviour of two couplings under the renor-
malization group (RG) flow, and may also choose the dynamical exponent via
anisotropic scaling. Choosing to fix the couplings of P9V2¢¢, [p7]?, and choosing

the dynamical exponent to be z = 2 yields the following naive scaling dimensions:

[p°]=0, (6.42)
2 (6.43)

If we consider a field coupled to a quantum current, this will add terms to the

action of the form

Jdtdzx Fox, H)PIV, S, (6.44)

with [p1Vy°] = 3. If we consider very long-wavelength fields f?, such that they
may be considered essentially constant, f? will then correspond to a relevant cou-
pling — the addition of this term to the action at criticality will drive the system
to a different RG fixed point, likely altering its behaviour in a non-analytic way.
For this reason we expect the long-wavelength linear response to such a coupling
to be divergent at the phase transition (in classical statistical mechanics such lin-
ear responses are typically second derivatives of an effective energy with names
like “heat capacity” and “compressibility”, explaining why these transitions are
often “second order”).

By the above argument, that the low-wavelength current-current response at
this phase transition diverged in our perturbative calculation is unsurprising.
That it diverged at all wavelengths, however, is of interest. To get a more physical

sense of why this occurs, let us focus on the divergent sub-expression of (6.9):

$o(GR O) 5B TG ]+ o TrIGK D) + GR(0)5 o T GE 1o THGE ) o

; QDO(G?(O)(%@O Tr[G2] + o Tr[GLY]) + GI%Z(O)(%% Tr[G2] + o TH[G22)))
(6.45)

A little inspection shows that this is actually the O(#) correction to (1°(0)1¢(0)),
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generated by diagrams of the form (mean-field i) x tadpole, which tells us that
(¥°(0)1p°(0)) also perturbatively diverges. This is a classic manifestation of the
Ginzburg criterion, with the field fluctuations exceeding the mean-field value at
the transition. Looking at Figs. 4.2 and 6.3-6.6, we see that to O(h?) every dia-
gram of the current-current is proportional either [1)y|? or to this O(%) correction.
Intuitively this makes sense — the current response is proportional to the amount
of condensate “available” to respond. Thus, if (°(0)°(0)) is divergent at a phase
transition in a perturbative scheme, so too ought to be the current-current re-

sponse.

The physical perturbative argument and RG theory argument combined give
compelling evidence for the incorrectness of the mean-field superfluid result, and
the absence of superfluid at this point. While the RG argument is not directly
applicable to the rest of the locus of bifurcations, these points are all dynami-
cally unstable and correspond to first order phase transitions — one would thus
a priori expect the linear response at them to also be non-analytic, and the per-

turbative calculation seems to support this.

6.4 Comparison With Incoherent Drive

It is instructive to contrast the above cancellation failure with the case of isotropic
incoherently driven polaritons, for which Ref. [27] established the presence of

superfluidity. The Keldysh action of this model may be written as

= rc 0 g (0¥
SIHC_Z(¢k ybk)((g*'—l)*(k) 2iK ][¢Z]

kV (6.46)
2 Y (BP0 + 00l + ),
kk’,q
g =wtp-elk)-ixtip(w+p), (6.47)
plw)=y-nw, p= 7;1{ (6.48)

Here the F, pump term of the coherent model has been replaced by the inco-
herent ip(w + p) pump term, where p is a chemical potential calculated from the

condition for the existence of a macroscopically occupied mean-field:

p+ip(p)—ix = Vigol> = p(p) =«. (6.49)

Due to the great similarity of this effective action to that for coherently driven

polaritons (3.56), the diagrammatics are identical up to a redefinition of |i)y|?
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and J(k). For the incoherent model these are given by

J(k)=w+p—e(k)+ik—ip(w+p)—2VI|l? (6.50)
VIgol* = . (6.51)

The condition for tadpole cancellation (6.12) studied in the preceding section
carries over to the incoherent model via the ] — J, g — 1, replacement. Since
J(0) = —=V|ih|?, the condition is satisfied and the diagrams do not cause a diver-
gence in the gapless regime of the incoherent model. From our above discussion
we see that this also means a zero O(#) correction to (°(0)1)¢(0)). Thus there is a
well defined value for the condensate, the current-current response is thus finite,

and superfluidity is present as expected.



Chapter 7
Conclusion

Early work [38], [39] argued, via an appeal to the Landau criterion for a complex-
valued spectrum, that coherently pumped systems below the Optical Parametric
Oscillator threshold could display superfluid behaviour in a wide range of pump
regimes despite the breaking of U(1) symmetry by the drive. We have reviewed
these arguments in the context of subsequent work [33], which focused on a more
rigorous definition of superfluidity via a system’s current-current response tensor
as opposed to the Landau criterion, and showed that the steady states identified
by the Landau criterion were not superfluid but rather a kind of rigid state which
does not respond to either longitudinal or transverse perturbations (as opposed
to a superfluid, which should respond longitudinally but not transversely). The
focus of the present part of this thesis is in turn concentrated on a restricted
pump regime, namely inversion points of the bistability curve, where the ex-
citation spectrum is gapless and mean-field calculations of the response tensor

suggest superfluidity can nevertheless be found.

In the general anisotropic pump regime, we found that such inversion points
exhibit diverging current-current responses. While the physical significance of
these divergences was initially unclear, we demonstrated that they arise from a
cusp-catastrophe structure present in the mean-field values of the system’s fields.
The inversion points of interest correspond to the cusp’s “locus of bifurcations”,
a line of solutions where small variations in system parameters lead to drastic
changes in behaviour due to possible bifurcations of the mean-field solution. It
is generically true that at such points the linear response of the variables under-
going the bifurcation, here the system fields, diverges and we show how to relate

the divergence of the linear current-current response to this.

Beyond that, in the isotropic case, we found that the mean-field current-
current response at an inversion point is indicative of superfluidity. We show,
however, that higher-order perturbative corrections at these points are divergent.
These divergences may be viewed through either the lens of renormalization,

which shows them to be driven by the current being a relevant operator, or via
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perturbation theory. In the latter, they arise due to a failure of Keldysh tadpole
diagrams to cancel in a consistent manner. This cancellation failure induces a
divergence in the condensate magnitude, which then yields a divergence in the
current-current response. These divergences indicate that the mean-field super-
fluid result is not reliable, as is to be expected since the inversion points in fact
correspond to phase transitions.

While in both cases the divergences arise from the phase-transition nature of
points along the locus of bifurcations, we see that there are two different mech-
anisms at play — a purely geometric, catastrophe-theoretic mechanism which
manifests at the mean-field level in the anisotropic regime, and a fluctuational
“Ginzburg criterion” one that appears in both the isotropic and anisotropic regimes.

I have thus shown that initially promising mean-field results indicating super-
fluidity in the system are invalid, and there remain no known superfluid regimes
in coherently driven exciton-polaritons. Nevertheless, there are remaining pos-
sible avenues of research. Firstly, we have throughout considered a Markovian
photon reservoir for the system, having demonstrated that an experimentally
natural thermal reservoir will exhibit this property. Nevertheless, a number of
recent works have considered the possibility of non-Markovian reservoir engi-
neering (see [64] and references 50-56 therein) to achieve various desired many-
body states. While this seems unlikely to overcome the absence of U(1) symmetry
in the system, it may nevertheless be worth investigating. Such an investiga-
tion, however, would be significantly more complicated than that in our present
manuscript, as the resulting Keldysh action would be non-time local.

Another possible direction would be non-homogeneous systems. For exam-
ple, Ref. [65] considered scattering against a defect outside a coherently pumped
spot, and observed suppressed scattering in the small region around the pump
spot where the fluid velocity was below the sound velocity of the sonic regime.
Since the U(1) symmetry of the fluid outside the pump region was not directly
broken by the pump, there may be a possibility of engineering non-homogeneous
systems with regions of the polariton fluid being coherently pumped and others
exhibiting superfluidity. While this may prove not to be the case (interactions
with fluid flowing out of the pump spot may somehow still break the U(1) sym-

metry of the fluid outside), it is a possible interesting avenue to explore.



Appendix A

Nambu Diagrammatics for the
Keldysh Action

In the main body of Part Ia, a path integral over the action (3.56) is considered.
This action may be written in terms of fluctuations (69, 6¢7) around the mean-
field result (¢, 7) = (V21py, 0) worked out from (4.4). From here on we simply
write (¢, 1) for these fluctuations. Such an expansion around the mean-field
will, however, contain quadratic fluctuation terms which do not fit the pattern of
the quadratic term in the above action. These may be gathered in the following
“Nambu” form (see Sec. 4.1 and recall that J(k) = w + A, —e(k) +ix - 2V|ol?),

FUEVY (0 0 Jhk) -Vl P (k)
1 gl PR |0 0 =V Tk, |9k
2Jdkd (k') J*(k) -Vyi 2k 0 ok~ k) Pa(k) |’ (A1)
YUK ) \=VPE J(=k) 0 2ik (k)

but this introduces a certain redundancy of degrees of freedom. This redun-
dancy arises from the fact that the complex variables in the Nambu vector W (k) =
(¥°(k), pe(—k),pi(k),1p9(—k)) appear on both the left and right-hand sides of the
matrix as (k,k’) vary. As a result, the Gaussian functional integral cannot be im-
mediately performed via the standard form for ztM~1z actions. Moreover, the
associated measure DW(k)DW(k’) is redundant if a full range is taken for (k, k).

The solution is to note that the action is invariant under the transformation
(k,k’) = (—=k’,~k). This transformation may be used to partition R® into two dis-
joint sets X and ¥’ such that they transform into each-other under it. There will
be some ambiguity for elements of the form (k, —k) since they are invariant under
it, but they represent a set of measure 0 and may thus be neglected. With this

partition, the action may be rewritten as (note the elimination of the % factor to
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preserve the action due to the halving of the integration volume)

UV (0 0 Jk Vel P (k)
72 * rc
[Lasae| BRI 0 0V SCRL g FERL
ST g || Pl vl 2ie o pi(k)
pik)) \vig g0 0 2ix §7(-K)

and the functional measure is also taken over ¥, eliminating its redundancy and

reproducing the original measure.

It remains to observe that, were we to multiply this functional integral by
another where we took ¥’ as the integration range, we would again obtain a func-
tional integral with action (A.2) but the integration range unrestricted. Moreover,
since in this new integral the field (—k’), (k,k’) € ¥ in the left vector and ¢ (-k’),
(=k’,—k) € £’ in the right vector originate from two separate original integrals and
are thus independent, the integral has no redundancy and is simply equal to the

functional determinant of

0 0 J(k Vg

0 0 ~Vig J(=k)
Ji(k) -Vyi 2k 0
-V J(=k) 0 2ix

S(k—K). (A.3)

Since the value of the original integral should not depend on whether ¥ or X" was
used, this means that it is equal to the square root of this functional determinant.
We have above that the path integral in this form corresponds to the trace of a

time-evolved density matrix, so that this square root should be equal to 1.

From here we may add source terms of the form

B\ (v ) () [ Jsk)
0| |50 [0 | b
1 | | wio [T w1k | | 1500
Lk ) \@r-r)) \war) st

(A.4)

to either the ¥ or ¥’ action, depending on which range of wavevectors we wish to
study, and then perform the integral over the sum of the two actions. This will

be a standard Gaussian integral with source terms, yielding

G, J2 734, J5,J6:J7, 18]

hEYY (0 0 gk -veR) (Jsk) ]
17 a2 e _ A5
5 3 (U iK J7(k)
1) v gk o 2ie ) stk
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where we have denoted the integration range of the action to which we added the
source terms by ¥. From here we observe that for (k,k’) € & (denoting the other
integration range by X¢ , the corresponding action by Ss., and the action with

source terms and integration range 3 by S5.7)s

(@O @ @D @I PO @ (BDE@T )"
8 &b 5 5 5° of S8 Sh
— 8J1(k)% 6J5(=k)b 8]3(k) 8] 4(—k)4 8]5(k)e 8]¢(—k)f 0J7(k)8 6]g(—k)h
9y

LDW, 5,97, ) expliSs

=9 J};C D[y*, ¢°, 7, P7]exp[iSs.] L D[y, Y-, 1, 1] expl[iSs ;]

1

= a]GU]']21]31]41]51]6f]7;]8]'
(A.6)

This quadratic generating function structure for expectation values means that
Wick’s theorem will hold for diagrammatic calculations and, by selectively choos-
ing ¥, ¥’, and to which action to add the source terms, we may use the above
formula to work out the expectation of the product of any pair of field modes.

This yields the following correlators:

AV >:. o i (r*(—k) V%]
<1/3Ck (G 9l =160 = s v v )
wk - >:, . j [](—k) v¢5]
5 (#f <)) =iGalk) J(=k)J* (k)= V2ol | Vg2 T (k))

—_—

—_—

Vi (v z,bik)> = iGy(k) (A7)
[

_ 21 (J*( k(- >+v2|¢o|4 U*(—k)+l*(k)]V¢§]
U (=k) = V2ot (1K) +T(RIVEES TR (k)+ V20l )

(5 w2 w)=o

Since we expanded around the mean-field, linear terms are removed from the
action and quadratic ones have already been included in the matrix above, so it

remains to consider the expansion of the quartic term

14 _ _
-5 | kg (gL lwiws + wlvl) +he) (A.8)



104 APPENDIX A. NAMBU DIAGRAMMATICS FOR THE KELDYSH ACTION

into trivalent and tetravalent vertices to complete the standard diagrammatics.
There are 6 topologically distinct trivalent vertices, and 4 tetravalent vertices,
presented in Figs. A.1 and A.2 with their vertex factors. Solid lines with the
arrow oriented towards a momentum p represent i, while those with an arrow
pointing away from it represent ;. Analogously, such dashed lines represent
¢Z and '152' Standard rules for symmetry factors relating to exchange of vertices
and edges then apply — symmetry multipliers have been included in the vertex
factors, and it remains to divide a given diagram by its symmetry factor. Finally,
since the expansion is taken around a non-zero value of ¢¢, diagrams may contain
free ¢ fields, corresponding to a factor of 1, signified by circles with a line
through them for 1 and a cross for 1.

K +k Ktk q
v v v
A: Vi & B: —Vi, : C Vg
k I k K k—q k
K +k K +k q
A A A
D Vi ¢ E: —Vahy : F: =V
~ A /A\ /.\
k K k K k—q k

K+q

K +q

Tk

Figure A.2: Tetravalent Vertices of the Quartic Interaction.



Appendix B

Catastrophe Theory

Elementary catastrophe theory studies structurally unstable local behaviour of
functions. For systems controlled by the extremization of some effective poten-
tial, such local behaviour of the extremum is frequently important [62] — for
dynamical systems, the local behaviour of potential minima affects their stabil-
ity, while in the Landau mean-field theory of phases such behaviour may lead
to phase transitions. In the main body of this part of the thesis we find a situ-
ation where the steady-state condensate density of a non-equilibrium system is
determined by the positions of the minima of a corresponding effective poten-
tial, and apply catastrophe theory to understand the resulting phenomena. We
thus review catastrophe theory and its applications in this appendix, following
the exposition given in [62].

In its most elementary form, catastrophe theory is the extension of two fun-
damental results on the local behaviour of functions, namely a corollary of the
Rectification Theorem for vector fields [66] and the Morse Lemma [61].

Theorem 1 (Rectification Theorem (Corollary))

Let f(x) = f(x1,%x2,...,%,) be a smooth function with non-zero gradient at x:
Vfly, # 0. (B.1)

Then there exists a neighbourhood of xy and a smooth change of coordinates, y =

(V1,V2,--» V), ¥ = ¥(x), on this neighbourhood so that

f@ = (B.2)

Theorem 2 (Morse Lemma)
Let f(x) = f(x1,%,,...,%x,) be a function with vanishing gradient and non-singular
Jacobian matrix at x:

Vfly, =0, (B.3)

det[d” f/dx;dx;]|y, # 0. (B.4)
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Then there exists a neighbourhood of xy and a smooth change of coordinates, y =

(V1,V2,---» V), ¥ = y(x), on this neighbourhood so that

fO)=9E+93 4+ U= V1 = — Vi (B.5)
where the number of positive and negative signs matches the Jacobian signature.

The first of these theorems describes the most common situation, away from
a function’s critical points while the second describes the local behaviour of non-
degenerate, or “Morse”, critical points. In particular, the Morse Lemma and re-
lated family of “Preparation Theorems” facilitate famous integral approxima-
tion methods such as Laplace’s Method, the Method of Stationary Phase, and the
Method of Steepest Descent, which are common in thermodynamic and QFT cal-
culations.

A key feature of non-critical points and Morse critical points is known as
“structural stability”. Using the above theorems it may be shown that the ad-
dition of an infinitesimal perturbation to a function cannot change their nature
— if a function f(x) possesses a non-critical or a Morse critical point at x;, then
for sufficiently small €, so will f(x)+ eg(x) (the position of the critical point may
shift infinitesimally but it will remain Morse).

Catastrophe theory, then, is concerned with situations where such structural
stability is absent and so-called “catastrophes” may occur from infinitesimal per-
turbations. The bulk of elementary catastrophe theory is contained in two further
theorems, the Thom Splitting Lemma and Thom Classification Theorem:

Theorem 3 (Thom Splitting Lemma)
Let f(x) = f(x1,%5,...,%,) be a function with vanishing gradient and singular Jacobian

matrix at xg:
Vil =0, (B.6)

det[d° f/dx;9xj]lx, = 0. (B.7)

If the Jacobian matrix possesses | vanishing eigenvalues, then there exists a neighbour-
hood of xy and a smooth change of coordinates, vy = (y1,V2,...,Vu), ¥ = y(x), on this
neighbourhood so that the function splits as

f@ =M@ )+ M1, 90), (B.8)
M) =Y/ + 90+ + Ve = Vimar = — I (B.9)
fum €0, (B.10)

where M(p) is a structurally stable Morse component (the number of positive and neg-
ative signs again matches the signature of the Jacobian’s non-zero eigenvalues) while

fnum is a structurally unstable non-Morse component.
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The coordinates appearing in M are known as “inessential”, since they do
not participate in the dramatic structural instabilities associated with non-Morse
behaviour. Conversely, the coordinates appearing in fy); are known as “essen-
tial”. The Thom Classification Theorem seeks to classify the possible forms of the
non-Morse component in the presence of external “control parameters”, namely
variables ¢ upon which a function f(x;c) depends but which are not coordinates

(e.g. the mean and variance of a normal distribution Norm(x; y, 0)).

Theorem 4 (Thom Classification Theorem)

Let fym(x;¢) = f(x1,...,x55¢1,...,¢k) be a function of I coordinates and k control pa-
rameters, possessing a non-Morse critical point at xy. Then there exists a neighbour-
hood of xy and a smooth change of coordinates, v = (v1,v2,...,V,), ¥ = v(x), on this
neighbourhood so that the function takes the form of an elementary catastrophe func-
tion Cat:

fam(y;e) = Cat(y,c), (B.11)
Cat(y,c) = CG(y) + Pert(y, c). (B.12)

Every elementary catastrophe function consists of a catastrophe germ, CG, depending
only on the coordinates, and a perturbation Pert, which is linearly dependent on the

control parameters.

The possible canonical forms of catastrophe germs and perturbation terms are ex-
haustively catalogued for small numbers of coordinates and control parameters
[62]. The addition of the most general perturbation to a given catastrophe germ is
known as its universal unfolding. Structural instability comes from the dramatic
effects of infinitesimal variations in the control parameters on the topology of the
function’s critical points. Such variations may locally create, merge, and annihi-
late critical points, in stark contrast to the stable regimes around non-critical and

Morse critical points.

There exists a simple graphical notation for such topological configurations
of critical points in the case of a function of a single coordinate. The idea is to
draw a chain of circles corresponding to critical points, connected by lines and
ordered from left to right per the ordering of the critical points along the real line.
When the maximum possible number of critical points is present, maxima are
denoted by a minus inside a circle and minima by a plus. In configurations where
two or more critical points have just merged (creating a structurally unstable
non-Morse critical point), the plus/minus is replaced by the number of merged
critical points. If a critical point is annihilated in a configuration, that circle is
removed. An example is given in Fig. B.1. More sophisticated notation exists for

the multivariate case [61], but will not be used in this paper.
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Figure B.1: Plot of a degree six polynomial for various values of its coefficients and the
corresponding topological diagrams, showing how the diagrams change as the left-most
critical points merge and then annihilate. From top to bottom, the topological diagrams
correspond to the red, blue, and green plots respectively.

We conclude this section by proving an important result that is used in the
main paper. Suppose that a function f(x;c) possesses a critical point at x.(c),
whose position depends smoothly on ¢ and such that x.(cy) = xo. We will now
prove that the linear response dx./dc diverges if the critical point becomes non-

Morse.

Expand f(x;c) in a Taylor series in both coordinates and control variables,
taking ox and oc such that x.(cy + oc) = xo + x:

f(xg+ 0x;¢9 + O¢) :[f +0x;0;f +6c,9,f
1
+ Eéxiéxj8ijf+6x,-6ca8,~af (B_13)

1 :
+ 56686, fup + O(3)]

X=Xp,C=Co

From this one obtains an expression for %f(xo + 0x, ¢ + o0c), which must be zero

due to how we have chosen the increments:

%f(x0+5x,co+6c) = [8if+5xj9ijf
| (B.14)
+0c,0;,f + O(3)]

x=xq
c=cq

dif = 0 by the condition that x is a critical point, so we find
X=Xq

6x]-3,-]-f+6ca8,-af = 0, (BlS)
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which yields
dx,i _ 2 f1-1

If the critical point is non-Morse then 9% f will be degenerate, and its inversion

in the above formula will yield a divergent linear response.
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Chapter 8
General Markovian Actions

This part of the thesis addresses an alternative approach to studying superfluid-
ity in Markovian driven-dissipative systems. Whereas the previous, significantly
longer, part took an analytical Keldysh functional integral approach, here I ad-
dress the application of the numerical Truncated Wigner technique (to be intro-

duced in Sec. 9.1) to the same problem.

At the same time, the model of a Part Ia was based on a specific microscopic
system and the associated Keldysh action was derived by combining two copies
of a path integral describing the unitary evolution of the system and its envi-
ronment, then integrating out the spurious environment variables. If one is in
possession of a reasonable model of the environment and its interactions with
the system, this is a reasonable way to proceed. It would be somehow inelegant,
however, if to produce a description of an open subsystem a full model of a total
closed system was always the required starting point. It seems evident that in
many situations we would like to speak of just the open system and the prop-
erties of its external interactions, yet even simple features such as Markovian
evolution may be tedious to engineer starting with a full environment model: we
have seen the multi-step reasoning required to show the Markovian nature of the

coherently driven polariton system.

Since [ will restrict my numerical approach to studying superfluidity in Marko-
vian systems but with a wide range of possible external interactions, we begin
with a language in which such models may be specified without the repeated
work of specifying (likely unrealistic) environment models. This language will
also be used in Parts II and III, making this an especially important introductory
chapter!. In the following two chapters the numerical method will be introduced

and then applied to the specific problem of superfluidity.

This chapter covers standard textbook and literature material rather than my original contri-
butions.
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8.1 CPTP Maps

This language is that of the Completely Positive Trace Preserving (CPTP) maps
often encountered in quantum information. The full definition of these objects
is more involved than is required for our purposes so we will speak of them as
maps between operators on Hilbert spaces?. These objects physical meaning is
that of maps between density matrices corresponding to the time evolution of
one matrix into the other, and their properties are precisely those that ensure

they do this correctly:

* Positive: The maps must map positive operators to positive operators, since

all density matrices are positive semi-definite.

* Completely Positive: The above must still hold true if we tensor the map
with the identity map on operators of an arbitrary auxiliary Hilbert space.
As will be discussed in the next section, this is not true of every open sub-
system and thus CPTP maps do not cover all possible subsystem evolutions.

They do, however, to a very large class of these.

race Preserving: Density matrices are trace one an is must be pre-
e T P D t t t d th tb

served.

* Linear: Unsurprisingly for a quantum evolution operator, the maps must

be linear.

The last property is clear when we consider the connection between CPTP
maps and our earlier physical construction. Stinespring’s dilation theorem [1]
says (once again discarding a large amount of mathematical rigour) that any
CPTP map may be constructed by attaching an ‘ancilla’ space to the system (di-
lation), evolving with a unitary operator, and then tracing out the ancilla. In
a condensed matter setting the ancilla is precisely the environment, so that our
earlier construction for the polaritons featured an ancilla in the form of the ther-
mal photon bath, and this affirms the obvious physical view that open quantum
systems are subsystems of closed systems evolving in a unitary manner. This

connection is sometimes known as the ‘Church of the Larger Hilbert Space’ [2].

CPTP maps ®(p) of density matrices p may be described using what are known

2In fact two of the main theorems characterizing representations of CPTP maps, Choi’s and
Kraus’ theorems, assume that the Hilbert spaces are finite-dimensional in their classical forms.
This will pose no problem when we later deal with pure spin systems, but is unfortunate in the
case of the present field theory considerations. Here we will take the easy way out and implicitly
work with finite-dimensional spaces, pointing out later when trouble arises from this assumption.
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as Kraus operators By so that
®(p)= ) BipB}, (8.1)
k

ZBZB,( = 1. (8.2)
k

Moreover, if one is content to restrict consideration to Markovian evolution, evo-
lution may be described by what is known as the Lindblad master equation. This
equation is specified via a superoperator known as the Lindbladian, and it is pre-
cisely the mechanism of constructing this operator that provides the language
for describing systems that we are seeking. The rest of this chapter will thus
be devoted to the derivation of the Lindblad equation. We follow the compact

derivation in Ref. [3], which in turn follows Ref. [4].

8.1.1 Kraus Operators

We begin by demonstrating how the representation of the evolution of a subsys-
tem in terms of Kraus operators comes about. We will start from a closed system
with density matrix p evolving in the Schrédinger picture via unitary operators
U(t) such that

p(t)=U(t)pU (1) (8.3)

Suppose now that the closed system is partitioned into a subsystem and an en-
vironment, with the initial total density matrix separating into subsystem p; and

environment p, density matrices as

p(O) = ps(0)®pe(0)- (8.4)

This assumption physically corresponds to setting t = 0 at the moment the sub-
system and environment first come into contact. If one starts in an initially entan-
gled total state violating this construction, the resulting evolution may be non-
CPTP — specifically complete positivity may be lost [5]. We will not consider
this situation, assuming that we can always start in a completely separable state.

The evolution of the subsystem density matrix is then given by

ps(t) = Tr.[U()pU ™ (1)]. (8.5)
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Suppose now that we choose an orthonormal eigenbasis [, ) of p.(0) so that

0)=) Aglta)(Wal (8.6)
Zaaa =1, (8.7)
<¢a0f¢,g> = S0 (8.8)
Then
Tr, [U(t)pU ™ (1)] = Z[I ® (pl| U () [p:(0) @ Aalpra)@al U™ (1[I @ )]
= ZﬂBaﬁ )0s(0)B4(t) = V(1)p4(0), &)
where

Bap = L& (sl UM L@ VAalpa)] (8.10)

and V(t) is a ‘superoperator’, meaning it is a linear operator acting on the space
of the system’s linear operators interpreted as a vector space. We will typically

typeset superoperators in calligraphic font.

Verifying that

Y BlgBag=) [LevAa(wal| U™ () [L@lws)wsl| UL @ vVialpa))]
ap

of
=) [Eo VAl |UT O L@ LU0 [ ® yVAla)]
- (8.11)

=) [L®VAa(al|[L & VAdwa)]
- Z/\als = I,

we see that we have reproduced the Kraus operators mentioned in the previous
section. The resulting map is positive and trace-preserving by construction, the
latter property being easily verified from the above equality and cyclicity of the
trace. In finite-dimensional spaces Kraus’ theorem [6] allows one to invert this

logic, showing that any map written in terms of such operators is CPTP.

8.1.2 Lindblad Master Equation

Our goal now is to move from the general evolution equation

ps(t) = V(D)ps(0) = ) Bap(t)ps(0)BL 4(#) (8.12)
a.p
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to a Markovian one of the form

d
20t) = LDpy(1) (8.13)

For an open quantum system Markovian evolution means that the states of the
system and its environment are always decoupled, i.e. p(t) = ps(t)®p.(t), and this

assumption will be used to obtain the above form.

Suppose that {I, F;}, where I is the identity operator, form a basis for the space
of linear system operators. Decomposing the Kraus operators in this basis via the
Hilbert-Schmidt inner product (A, B) = Tr[AB], we find

Bag(t) = I(1, Bap(t) ZP (Fi, Bap(t) (8.14)
Denoting
a(t) = Zﬁu,Baﬁ( )L, B (1)), (8.15)
bi(t) = iﬁ(I,Baﬁ(t))m,B—aﬁ(t», (8.16)
cijt) = ;(Pi,Baﬁ(t))m, (8.17)

we may rewrite the evolution equation as

ps(t) = a(t)py(0) + Y (Bi(1)F;ps(0)+ bi(D)ps(O)F) + Y cii(D)Fips(0)F).  (8.18)

i ij

Consider the rate of change of the density matrix at the initial moment in time:

p(0) = d(0)p(0) + Y (Bi(0)Fips(0) + bi(0)ps(0)E] ) + )~ éi;(0)Fips(0)Ff.  (8.19)

i i,j

This moment in time was distinguished by being the moment when the total
density matrix had the decoupled form, for instance when the system and envi-
ronment first came into contact. As mentioned above, however, in the Markovian
case the density matrix always has this form and thus nothing specific distin-
guishes one moment in time from another. This leads us to the conclusion that
the evolution equation should have the above form at every moment in time,

yielding the general form of a Markovian evolution equation

i

pe(t) = alt)ps()+ ) _(BiDFipu(t) + Bi(Dp<(OFT) + ) yif(OFipo(DE]  (8.20)
ij
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with the functions® a(t), f;(t), and vij(t) inheriting any constraints on 4(0), b(0),
¢;j(0) in (8.19). In particular, y;;(¢) is a Hermitian matrix. Moreover, since for any
vector v; it holds that Zl] vicij(t)v; Zaﬁi Y.iViF;, Baplt ))|2 > 0, ¢;j(t) must be
positive semi-definite. Because Baﬁ(O) = I we must have ¢;;(0) = 0, and the previ-
ous property thus means that ¢;;(0) must also be positive semi-definite. Therefore

7ij(t) must be positive semi-definite.

We may also combine ) ; B;(t)F; = F to rewrite the above as
ps() = a(H)ps(t) + Fps(t) + pslt Zn] OE;pyt (8.21)

Some further simplifications are possible, and in fact required to enforce trace-
preservation. Specifically, we know that the trace of the left hand side of the

above is 0:

E?AQZOZﬂTMﬂmUHJ@Aﬂ+mUﬂﬁ+EZ%ﬂﬂHmUﬁf- (8.22)
1]

To explicitly incorporate the above condition into the equation we split the F
operator into Hermitian and anti-Hermitian parts (both g and H are Hermitian)

F(t) = g(t)— iH(t), (8.23)

obtaining
ps(t):_i[H(t)rps(t)]"'{ §)I+g } ZVU )Fips(t) (8.24)

Taking the trace and using its cyclicity (note the trace of a commutator is zero),

we find the condition

Tr

[ (1) +2g(t) Zylj (t)F]F ]ps )]=. (8.25)

Since the above must hold for any p4(t) and g(t) is arbitrary, we must take the

latter to be
1
g(t) = E[au)u Xyi]-u)P;Pi], (8.26)
i,j

3The time dependence of these parameters in the non-stationary cases arises because in that
case a(t), b(t), c(t), and thus their derivatives depend on the moment in time that is chosen to be
t = 0. When we use the fact that, for a Markovian system, the always decoupled density matrix
means we can choose any time as t = 0, we must account for this implicit time dependence.
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giving the trace-preserving evolution equation

ps(t):_i[Hrps(t)]_% {71]( Fleps } ZVU Pps (8-27)
L

This equation is referred to as the ‘first standard form’ by Breuer and Petruccione
[4] and, so long as y;; is chosen to be Hermitian positive semi-definite, is suffi-
cient to ensure valid evolution of the density matrix. These properties of y;; may,
however, be built explicitly into the equation by diagonalising y;;(¢) with unitary

matrices V;;(t):

0ij = Z t)Ypq(t) Vy;(t), (8.28)
Vi(t) >0, (8.29)
Li(t) = F;Vji(t), (8.30)

pet) =il 0]+ )it | oL 1)~ S{HoLoeo)]  ©3

The last equation above is known as the Lindblad Master Equation, and is the
general master equation* describing Markovian CPTP maps. If the evolution is

stationary, i.e. a, f;, and y;; are constant, it takes the particularly simple form
. 1
pu) =il o]+ )| Lpt0] =3 {ELopol]- 32
The superoperator associated with this evolution
1
L(t)p = ~i[H,p] + Z% [ (DLt )—E{L}L(t)Li(t),p}], (8.33)

is known as the Lindbladian, the operators L; are known as jump operators, and
the portion of the Lindbladian containing these operators and the y;(t) terms is
known as the dissipator. The Lindbladian assumes a similar role to that of the
Hamiltonian in unitary dynamics, it being possible to write the solution to the

Lindbladian master equation as

ps(t) = V(t’O)Ps(O)l (8-34)
V(t,r) = Teh 45506) (8.35)
Vit ) =T. (8.36)

“We will shortly see that it has close connections with the master equations appearing in the
theory of stochastic processes.
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When the evolution is stationary, as it will typically be for us, this simplifies to

ps(t) =V(t)ps(0), (8.37)
V(t) =e'%, (8.38)
V(0) =1, (8.39)

with the evolution superoperator V(t) obeying a Markovian

Chapman-Kolmogorov equation:
V(t+s) =V(t)V(s). (8.40)

An important difference with the case of unitary evolution is that the super-
operator V(t) will generally not possess a well-behaved inverse for an infinite-
dimensional system. Indeed, much like in the case of the heat equation, running
the Lindbladian master equation backwards in time is generally not a well-posed
problem for such systems. Driven-dissipative evolution described by this equa-
tion is therefore generally ‘one-way’. One way of understanding this, related to

the spectral properties of £, will be elaborated on further in Part II.

8.2 Keldysh Action from Lindblad Master Equation

Having obtained the general form of the evolution superoperator for Markovian
driven-dissipative systems, thus allowing us to easily write down models without
worrying about the specifics of the reservoir ancilla, we now require a way to map
evolution written in this language into a suitable Keldysh functional integral. We
will present here a straightforward mechanism to achieve this, sufficient for our
present purposes, due to Ref. [7]. In Part II of this thesis I will provide an alter-
native construction that rectifies certain deficiencies of the present approach, but

doing so now would take us too far afield relative to our present goals.
Similar to the construction of Sec.3.1.1, the starting point is the Trotter de-
composition of the evolution superoperator® (e = ]\?—L)'

N+1
_ ,2TL _ : el 4
pr=e""p_r= | |€ p-T- (8.41)
n=1

We may use the coherent state resolution of identity to write an iterative evolu-

>We will present the construction, as in 7], for a stationary evolution. Adapting it to a time-
dependent L(t) is not conceptually difficult but adds visual clutter to the presentation, and we
will not be considering any non-stationary models.
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tion equation for the matrix elements of the density matrix p, at times t =en—T:

<17b;c—,n+1 |pn+1 |12Dl:,n+l > = <l/)i:,n+1 |eeﬁpn|¢l;,n+l >

o . L  (8.42)
= JD[IM:,W libl-:,n' ¢k,n’ lpk,n] <lpl-:,n+1 |ee [llp;,nxlpk,nl] |¢k,n+1><¢z,n|pn|lzbk,n>'

Recursively applying this equation yields
(WrnalorlPena)
N
= j l_[ [D[¢lt,n’ ‘Dz,n’ Iibl;,n' 1151;,71] <11DZ,11+1 |€€£ [|¢Z,n><¢l;,n|] |11bl;,n+l >:|<¢Z,O|p—T|¢I;,O>’
n=0
(8.43)

and it is the terms in the product on the right hand side that generate the action

of the resulting functional integral.

Taking all operators in £ to be normal ordered® we may approximate (again

up to O(e?) terms)

Wi e [10, )Wl | 15 1)
~ (W pr e Wl )+ O r L 108 Xl 1)
= (W 1 105 W n W) (1 + €LIOE 1 O Wk nats Piemen )
S (i W X i e L P P

(8.44)

where

T Vol [V CTml | [
ﬁ[ﬂblt,n' ¢I;,w ¢;,n+1' ¢£,n+1] = ZDZI 1|[1,b;:k ><11bl;k w]),; k1>1 (8'45)

is simply a sum of monomials in the constituent fields when £ is normal ordered.

®This is a somewhat delicate point. While requiring the Hamiltonian H to be normal-ordered
is fairly customary, difficulties arise in the dissipator for even very simple jump operators L;.
Taking L = az for instance (corresponding to a one-particle incoherent drive), the term LTL =
akaz in the dissipator is clearly not normal-ordered, and the operators must be in this order
according to our prescription for the form of the Lindbladian. Attempting to bring the operator to
a normal-ordered form by use of the commutation relation for the a, ”; operators in an infinite-
dimensional system will yield a pathological Dirac delta distribution with zero argument, to some
extent reflecting the fact that the form of the Lindbladian and many results about it were worked
out in the finite-dimensional setting. This difficulty can be ameliorated by starting from a unitary
evolution with a specially chosen bath [8] which, upon being integrated out, yields a Feynman-
Vernon functional identical (up to Lamb shift terms which we typically neglect) to one which
would have been obtained if the Lindbladian had been taken as normal ordered from the start,
contrary to its finite-dimensional standard form. This is essentially what was done in Part Ia.
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Using (3.11) and (3.14) this becomes

Y g [ G | VPR

= Exp [eﬁlﬁ,nr 11[)1:,11’ 1/’;;,1“; ¢E,n+1 ]

€ + wz,n+l - Iil)lt,n 4 17511—,11+1 - 175;,;1 (846)
=S ) (B T g el
kL i
ex| - Pkt Pen  — Pewer = Pin)
) Z Vi nr1 % - ll’k,nnf ’
kL
and, as € — 0, we find
N . + —
r <1’Pi:,n+1|eeﬁ [lgb;,nxgblz,nl] |’7bl;,n+1> - elST[lpk't’l/)k’t]’ (8'47)
n=0
~T
ST[Inb;,t’ #’Et] = . dt [ - Zﬁ['ab;cr,t' ¢;t]

i . -~ B -
E Z(‘P;,tat‘;b]:t - ¢;,tat§b;,t + ‘zbk,tat’l’k,t - ’:bk,tat’:bk,t)]'
k
(8.48)
or, after integrating by parts,

T
Selvicovid = | _di[ Y (1000 - o) - icloi, il (549)
- k
Performing the Keldysh rotation,

T
SeqrlWeptp=| dt| ) (g dep, +idg,dp,)—ileglh, vp ]| (8.50)
_-T %

and we may write

‘)b]cc(T):ﬁQbk,out
$](T)=0

W oulorWioud = | DIk b bl PR o _rlii). (851)
Pr(-T)=V2pin
P(-T)=0
For driven-dissipative dynamics with a unique steady state we may discard the
initial density matrix so long as we maintain the functional integral’s normalisa-
tion, and we will generally be interested in traces over the final density matrix
(which corresponds to integrating over all final values of field trajectories instead

of fixing them at time T) rather than its individual matrix elements. This allows
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us to rewrite the foregoing as

Trpr = JD[% o Vo n o Op e Seq Wi ¥ir] = 1, (8.52)

Finally, just as in Chap.3, by adding terms of the form J;(t)O; to the Hamiltonian
in £ we may work out expectations of operators via functional differentiation.
It is easy to see that, for expectations in the steady state when we may ignore
the initial density matrix as above, this amounts to (taking T = oo to achieve the

steady state)
(O (1) Op(£) O (£) .. OF (£1))
JD[¢kt’¢kt’¢kt’¢kt] R
Oy [$pes, )+ Ol ey, 105 [0y, - O [ ]

fp[¢k T A Vid (8.53)
o- ¢li,t1 - ¢k,t1 o- Flﬂbli,tm - ¢Z,tm
1 ﬁ oo m ﬁ
. q - q
o U of Vi, + Vrs, '
! V2 ! V2

We thus possess a way to map Lindbladian master equations to Keldysh path
integrals, and a prescription for calculating expectations of operators via the lat-

ter in the steady states of the former.
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Chapter 9

Stochastic Limit of the Keldysh Path
Integral

In Part Ia of this thesis, we saw how the linear current-current response of polari-
ton systems could be calculated via field theoretic perturbation theory. Already
at O(h?) the number of Feynman diagrams involved was very significant and, for
more complicated regimes, such analytical calculations become exceedingly im-
practical. The case of coherently pumped polaritons above the OPO threshold,
for instance, is so complicated that the perturbative calculation remains undone
[9], [10]. This part of the thesis is thus devoted to exploring the application of
alternative, numerical methods to the problem of classifying superfluidity in po-
lariton systems.

A method particularly well suited to the semi-classical phenomena observed
in polaritons is the Truncated Wigner Approximation wherein the quantum dy-
namics reduce to a suitable jump-diffusion process in the semi-classical limit.
This method has its roots in the theory of deformation quantisation (which we
will explore in the form of the Stratonovich—-Weyl correspondence for the 2-
sphere in Part III), but may also be derived as a semi-classical limit of the Keldysh
functional integral. To set the scene I will present the schematic derivation of the
method following Ref. [11] (highlighting some difficulties related to topics ad-
dressed in Part II of this thesis) and then work out the concrete stochastic equa-
tions for a rather general Lindbladian. The following chapter will cover how the

static current-current response may be obtained numerically via this method.

9.1 Truncated Wigner Approximation via Hubbard-

Stratonovich

The main idea is that, to order O(#?), the dynamics of a Markovian open quan-

tum system may be reduced to those of a stochastic differential equation via a

131
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Hubbard-Stratonovich transformation [12] of the associated Keldysh functional
integral. To this end, consider a general Keldysh action associated to a Lindbla-
dian £, as constructed in the previous chapter (we have Fourier-transformed to

position space):
S = fdtdr(z‘n&ﬁ,tsbf,t i — L[5 0r 0 DF 4 ]): (9.1)

With these variables, it is not difficult to show that the O(4°) expectation of ybf’t
is 0 — this motivates an expansion fluctuations of ybf}t, where the redefinition
gbfyt — hgbfyt then effectively makes this an expansion in # as described in Sec.3.1.2
(though we will omit writing the #s explicitly). Truncating this expansion at
second order in z,bf}t is a semi-classical approximation that leads to the Truncated

Wigner Approximation [13]:

. )
S~ Sy, 0]+, M 1l = +.... (9.2
Wi #} ta'ul’rt ¥7=0 l)b ta'ab )t ¥7=0 e 'taﬁbf,takbf,t‘ =0 2

The first term on the RHS above is zero because 1/)f,t = 0 means that the ¢* and ¢~
trajectories are equal. For a unitary evolution this means that the actions coming
from the 1™ and ¢~ fields will cancel perfectly while, if a bath was integrated
out, this is the statement that the trace of the bath density matrix is preserved
if 1 is treated as a classical external field. Furthermore, for the kinds of actions
we typically consider, the above O(|z,bg’t|2) term is the only non-zero one at O(#?).

This allows us to utilise a Hubbard-Stratonovich transformation:

g .4 dtdr[ gr &, +11Pr V r, ér +ll,l), V rt&r,
e_fdtder,tll)r,twr,t = JD[gr tr Gr, t] J. et ! rent ! et

(9.3)
JD[ér,tl gr,t]e_'[dtdrgr'tér't =1, (94:)
. . . . .2
to rewrite the functional integral as (denoting —1% 4 0 =M,;)
_ s .74 98
Idtd"[ rt‘l’rﬂl’rt H’b”a‘:brt 1’0 - ¢"t9¢?,t ’#?’fo]

[Pt vt viile
JD[wr tr lpr 24 17[)1' tr l/’, tr ér tr ,t]

_0+ V Mr,tér,t )]

jdtdrl: 5rtért+llprt( VMr,tgr,t)+ilpgt( 19451
e alp’ ‘/’rt* Mrt ‘Pqt
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From here, if one inserts an operator O[i; ;15 ;] dependent only on #f, and in-

tegrates over l)l)gyt, one finds that

(O[lﬁﬁ’t, Pril) o< jp[lpﬁ,t: Vit gr,t: Ertl O[I[’:,tr ’al’:,t]e_jdtdrg”é”

6( dJS dS N \/M—mém).

] (9.5)
Mr r ol ——
oy lut=0 " N £ (aabf,t

q q
11[}1‘,120 lzbr,z:O

At this point [11] argues that such steady-state expectations may thus be calcu-
lated by averaging O[¢; ,, 15 ,] over trajectories of the Langevin equation
%’lpﬁﬁo + \/M_r,t(fr,t = 0, enforced by the Dirac delta functions, once these have
converged to the steady state of their corresponding Fokker-Planck equation. The
properties of the Gaussian noise £ are determined by its expectation (&, ;) = 0 and
its two-point correlation (&, ;& ) = o(r —r’)o(t —t').

There are two points worth considering. The first is that the above prescrip-
tion only allows the calculation of operators expressible in terms of 1y ;, while
the second concerns the choice of a specific stochastic integral when the Langevin
equation contains multiplicative noise. These are addressed in the following two

subsections.

9.1.1 Time-Symmetric Ordering of ¢¢ Operators

A curious feature of the stochastic formalism developed above, which is shared by
other variants of the Truncated Wigner approach, is that it is generally difficult to
calculate temporal correlation functions. The reason for this is easier to explain
when armed in the Moyal star product (and I will touch on it in Part III), but the
heuristic explanation is that this is caused by quantum measurements. Unlike
in a classical stochastic theory, where one may sample at different points in time
without affecting the evolution of the probability density, ‘sampling’ (measuring)
a quantum operator induces a back action on the density matrix and affects its
subsequent evolution. When treated correctly this leads to discontinuous jumps
in the otherwise diffusive stochastic dynamics [14] at the times of earlier mea-
surements, so that it is generally invalid to simply average operators at different

times over purely diffusive trajectories to obtain their correlation functions.

At the same time, nothing in the reasoning of the previous section appears to
forbid us to perform exactly this sort of purely diffusive average on operators at
different times so long as they depend only on ;. ; and not on gbf't. It is thus worth
commenting on this, especially for readers more familiar with non-Keldysh ap-

proaches to the Truncated Wigner approximation.

Let us denote the quantum operator that generated a field operator by dots on
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either side, so that for instance

1 _ 1
.¢$1,t1. = % [ ) Hb:_lrtl + 1707’1¢1. = % [arlyti*' + arlftl—] (9.6)

where, as usual, the plus minus superscripts on times indicate whether the as-
sociated quantum operators appears to the left or right of the density matrix in
an expectation. Now consider the expectation of a chain of 1 fields at different
times t; < t, <... <t, (some of the fields may be complex conjugated without
changing the argument):

<17l)$1,t1 11052,1’2 "'¢£,,,tn>' (9'7)

Appealing to the time ordering on the total Keldysh contour introduced in

Sec.3.1.2, we know that the earliest time is t1+ and the latest is t]. Thus

1 _
% [ ] (ll):—lytl + Ilbfl,tl )¢:2;t2 T ‘Hl}ﬁrlltn. (9.8)

Cc [ c c
X dp @ gbrz,tz .. ¢rn:tn e+e ¢r2,tz . gbrwt” ®d; i -

.11b1c’1,t1 11D1€2,t2 et ¢$,l,tn. =

This reasoning can be applied recursively to the terms on the right hand side,
and we observe that we have obtained the same recursive relation (up to constant
factors) as expression (190) in [14]. There it is noted that operators with this
ordering, referred to there as time-symmetric ordering, have the special prop-
erty that they do not generate a back action on the density matrix when mea-
sured. They may thus be averaged without introducing jumps to the diffusive
stochastic dynamics, which is precisely the claim we are making about opera-
tors composed of 1y ; fields. Thus operators composed of the classical fields are
time-symmetrically ordered, and because of this correspond to those temporal
correlation functions that may be calculated using purely diffusive stochastic dy-

namics.

It is worth noting that most temporal correlation functions of interest (for
instance the static current-current response that is key to superfluidity) are not
time-symmetrically ordered, and thus do not admit a representation in terms
of 1; , fields alone, a difficulty we will face in the next chapter. Moreover, many
equal-time operators do not have obvious representations in terms of these fields.
Consider for instance a:rz’tarl,t. In order to write this in terms of 1;, we first

consider at

126,071, » SO that

1 1
t _ t t t
arz,tzarl,tl - E (arz,tzarl,tl + arl,tl arz,tz) + E [afz,i’z’ arl,tl ] . (99)

The first term on the right is time-symmetrically ordered, corresponding to %gﬁﬁ,tz Prt,-

Now taking t, — t; and using the equal-time commutation relation for the a,;
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operators we find
1 -
Brtlry e = 5 @ Pr ], =02 = 11)e, (9.10)

which differs from the ety ;i e that one might naively expect.

9.1.2 The Ito Convention

The line of reasoning that led to our Langevin equations can be seen to be incom-
plete because the functional integral contains Dirac delta functions of non-trivial
functionals of the fields. This means that, before it is permissible to carry out
the integral of the delta functions over the ¢, ; field, the formula for composi-

tion of a Dirac delta with a functional must be applied. Doing so and denoting

25| yrico + Vs by FlErsErt i o), we may rewrite (9.5) as
;,tzlabr,t
(Oldre Yre])

zJp[g;’r’t,gnt]exp[—ff_r,ttz’;r,t] dy. f 9y f
Yr s Prt

-1
O[’Lr,tr wr,t] det [az,bm]i alﬁrtfl) ]

Ppp .t f[lpbr,tfér,t]:()
(9.11)

By correctly treating the delta functions, we have obtained the desired interpre-
tation of the expectation as that of an average over solutions of the f[¢, &, ;] =0
Langevin equations with noise &, ;. The problem is that, in the process, a func-

tional determinant factor .

det [9’1‘%{ 9%{) (9.12)
al;br,tf a1pr,t]¢-

has appeared. This factor precisely corresponds to the fact that, when writing
down the Langevin equation, we did not stipulate whether the Ito or Stratonovich
convention! was to be used [12].

The most direct way to remedy this issue, knowing that due to the system’s
evolution being trace-preserving the expectation of the identity operator should
be one ({(I) = 1), is to pick the Ito formalism. In this case the Langevin equation
is to be interpreted as the following discretised stochastic differential equation
(SDE) (we have multiplied through by the € time factor, an operation that can
be easily absorbed into the other spurious constant factors carried around by a

functional integral so long as we maintain the normalisation (I) =1):

fn[@br,n; ¢r,n—1: Er,n—l] = ¢r,n - l;br,n—l —€ (V[lzbr,n—l] + G[’Pr,n—l ]Er,n—l) (9-13)

LOf course other variants of stochastic integral would also be admissible, these being simply
the most common ones.
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with y and o the drift and diffusion coefficients of the Langevin equation taken
at the specified discrete moment in time. We find that the discrete form of the

Jacobian matrix

of - 0fi \7!
J T,j J _r i
alzbr,j alﬁr,j
has
dfi dfi
_— = 1, = 0, 915
P, ; Iy iy (9:15)
r,i—1
aliff -#0, (9.17)
Iy YLy, (9.18)
alpr,i al:br,i—l

with all other elements zero. All four block matrices comprising the Jacobian ma-

trix are lower triangular, so their determinants are the products of their diagonal

elements. This means that 9?/;]%4 is invertible (it and ai-}ﬁ. have determinant 1)and
r,j r,j
the determinant formula for a block matrix
A B
M = , A invertible, (9.19)
C D
detM =detA-det(D - CA™'B) (9.20)
- -1
. . of; ( of; ) if; . . 2
lies. It t that = | t | dh
applies is easy to see that 7,- {3 1/’r,j1 P00, is lower triangular® and has a
. of  of (9fi \ 9 . . .
zero diagonal, so that 0~ T, ( 5 lpr,j) T is lower triangular with 1s on the

diagonal and thus has determinant 1. Thus

. . 7 3 -\ oof
det (alp”f_ al’brtf;) = det —afl . det( a_fl - afl ( afl ) a;fl ) =1-1=1.
alpbr,tf a‘[’r,tf al‘br'j 811[),,’]' alp?’,j 8l)br,j all)r,j

(9.21)

This then ensures that

(OlPr ¥rel)

-1
_ do f g f]
O vt Uy d t lpr,t _ l1l)r,t _
Wrarfralde (%,tf I, f ]

= ID[SLD 5r,t] exp[_gr,tgr,t] O[’uﬁr,tr ﬂbr,t]|¢” s.t. flhy&r]=0"

~ jp[éryt' Er,t] exp[_ér,tér,t]
lfb’»f s.t. f[lzbr,tr‘gr,t]:()

(9.22)

The inverses and products of lower triangular matrices are also lower triangular.
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which ensures (I) = 1 due to the normalisation of the &, ; Gaussian integral and
gives the desired interpretation of an average over stochastic trajectories with no
extra determinant factor.

It must be noted that, while likely sufficient for our applications, this line
of reasoning is not entirely satisfying. In particular the choice of discretisation
convention is made very late in the process, based almost purely on the desire
to achieve (I) = 1, and in fact disagrees with the discretisation that was used
when initially constructing the path integral. That discretisation of the action,
as described in Sec.8.2, does not actually admit the Hubbard-Stratonovich trans-
formation used to obtain the Langevin equation because of how the quantum
fields are offset in time. To perform the transformation one thus has to first pass
to the continuous form, discarding discretisation information, obtain a Langevin
equation, and then select a new discretisation convention based on some other
principle (here the normalisation requirement).

My suspicion is that this is closely related to the general difficulties with dis-
cretisation choice when handling coherent state path integrals, some of which
are addressed in Part II. In particular, from the point of view of the Klauder-
Daubechies construction [15] of the coherent path integral, the passage from the
discrete to the continuous form of the action we used in Sec.8.2 (specifically the
implicit discarding of the time offset of fields in the Lindbladian term before
passing to the continuous form), while conventional, actually corresponds to an
incorrect operator ordering and would not satisfy (I) = 1. It is thus unsurpris-
ing that a post-hoc correction is required at a later stage to achieve this desired

normalisation.

9.2 General Lindbladian Model

In this section I construct the Keldysh action and associated Truncated Wigner
equations for a general Lindbladian with many-particle gain and loss. This model
generalises that found in Ref. [16] for incoherently driven polaritons.

Denoting the individual dissipator operators Do, p] = fdr [opo™ - %{0*0, o}l

Llp]=—i[H,p]+Z]p], (9.23)
M

H= jdr |2} (wo - KV?)a, + Zun(ai)”af], (9.24)
N o

Zlp1=) ¥puDl(a)"pl+ ) yiuDlay,pl (9.25)
n=1 n=1

The pumping terms D[(al)",p] pose a difficulty for constructing a correspond-

ing Keldysh functional integral since, as discussed before, they are not normal-
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ordered. Moreover, the approach taken in [8] and Part Ia to circumvent this prob-

lem generates Lamb shift terms that affect the coefficients of terms u,(al)"a’ in

the Hamiltonian. In order to neglect these terms the Hamiltonian coefficients
should be significantly larger, which means that the Hamiltonian must possess

such terms in the first place. We thus require that M > N.

With this in mind, we may now proceed using the method of Sec. 8.2 as if all

terms are normal-ordered. We undertake this in the following subsections.

9.2.1 Dissipation Contribution

Starting with the dissipation contributions y; ,D[a}, p], we find
Trlpy, s 1D [ai 1 - Wy )
Tr[|¢);]><gb:]|gb:]_l)(1[1;]_1|]

Vin + 1,10t - \ny,,—
|4 . . ‘ .
f r<gbr_,j—1|1,br_,j><gbr+,j|gbr+,j—1>[w}"ila’|"b"1‘1><¢"7‘1|(a’) )

S at gl )
TR oy A CH L ]
— [ drya [ @ = S B W )|

e—0

(9.26)

— [ ar s, v gl - L
1 _ _ _ _
- E ((l/’$t + lpgt)n(l/’fﬂt + l/’g,t)n + (l/’ﬁt - lpgt)n(lpﬁt - lpft)n)]

Anticipating our use of the Truncated Wigner approximation, we may expand

this to second order in t,bf’t to obtain

_ 1 -
q q q
WL = S B~ | (9.27)

J ”Vl,n|’7b$,t|2(n_1) 1
dr —
2n-1 2
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9.2.2 Drive Contribution

Moving onto the drive terms yp,nD[(aI)”, p] and recalling that we may treat them

as normal ordered up to Lamb shifts, the process is very similar:

Tellyp; Wy D[ (@) [y Xy ]
Tf[llP;])(%b:]W:] 1><§br_] 1”

Vo )
J <l)br] 1|lpr]><ll)r]|ll)r] 1>[<¢r] |17b1'] l><1701'] 1|a |17br]>

——(<¢,]|< Dl Xy ey )
+<lpr,j|lpr,j—1><’7b;,j—l|(ar)”a;‘1|’7b;,j>):|
— [ - S @]

(9.28)

e—0
= Jd” %[(’I’ﬁt + ’Lgt)n(’ubﬁt - ¢gt)n
1 - _ _ _
) ((¢$t + Qbft)n(ﬁbﬁt + ‘zbg,t)n + (7, — ‘l’gt)n(ﬂl’ﬁt - Abft)")]

Again anticipating Truncated Wigner, to second order in gbf’t this is

Yy n 2(n ]
Jd Ir |;€zr t1| lrbrtlzbrt lpg,tzlbi,t _”hb,q,ytlz]- (9.29)

9.2.3 Hamiltonian Contribution

Finally we consider the contribution to the action from the Hamiltonian

M
H= fdr [aI(wo ~KV?)a, + Zun(a:r)”af]. (9.30)

n=2

This is clearly

M
—fdtdr[z,l;;tt(a)o—sz ‘l’:t"‘zun (7 )" (7 )"

=

= (9.31)
P alwo =KV )r = ) ()" ($r)"]

n=2
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which, when rewritten in terms of Keldysh fields, yields to second order 1,bf}t:
Pe ! 0 —wo + KV?) (S
Jdtdr o , o
libr,t —wo + KV 0 ¢r,t

M

2(n-1)
_Z%(lzbrtwrt'k’ubrﬂbrt)]

n=2

(9.32)

9.2.4 Truncated Wigner Equations

Taking into account the dynamical terms, the overall action to second order in
the ¢ fields comes out to be

1 . c
S :Jdtdr IlbIC’,t 0 lat_w0+KV2 11br,t
‘l’g,t id; — wy +KV? 0 Abf,t

M 2(n-1)
nu,| Py |
—2:—175———%¢”¢”+¢”¢”)
- e 20 (9.33)
nYpulr s _
iy e L g L -l
n=1
L 2(n
nyi, |11br| _
—i) o ( Ve - 4¥¢¢;t—nhﬁaﬁ)}
n=1

This may be rewritten in a more familiar form by writing y,1 - ¥1,1 = 6,,

Vp,1 T 711 = 0, and moving the n = 1 terms from the dissipator contributions into

the quadratic matrix contribution, yielding

T .
S—Jdtdr[[¢ﬁ't) ( 0 iat—w0+KV2+§5y](z,b;t]
gbft 10, — wy+ KV? - ’ y ioy z,bf}t

2(n-1)
}:”%W”A (5 + 960)

- ’n (9.34)
nypnll)brtl 1—q 1 q 7 q 2
iy e L g i -y
n=2
L c 12(n-1)
. n7/l,7’l|1ﬁb ,tl 1 q - 1 —q q
—i Y (Sl - Sk s -l |
n=2

Finally, we may add external classical scalar and vector fields A, ;, f,]"t coupled to
the system’s quantum field and quantum current (as defined in Sec. 4.3.2) to the

action. These contributions have the form

Er,t’ubz,t + hr,tkﬁf,t; (9.35)
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. K _ _ _ _
fou 5 DLV + OLNV L~ ULV 0L — 0L VL) (9.36)

Jq
and will allow us, in the next chapter, to calculate response functions (we will

not actually make use of the h, ; field, but add it for completeness).

With these in place we are ready to derive the Truncated Wigner equations

for the total action.

c T : 2,1 c

b 0 id; —wy+ KV + %6 b

Shf = Jdtdr wq’t 4 2 i ' 0 . 27 Il)q’t
Y, ) \idy—wo+KV- -3 io Vry

4 4

M c |2(n-1)
””nlﬂb ,tl - q =q
- Z 22_1 — (¢£,t¢r,t + Qbfr:,t’u[’r,t)

n=2
N c [2(n-1)
. Y p,n 4}r,t| | 1 g ¢ q 2
—1 ; 2n—1 (Elpr,tl:br,t - Evvbr,tl:br,t - nl’abr,tl ) (937)
L ¢ 12(n-1)
. ny, [ J 1 - 1
e e b L g )
+ Ijlr,t'abg,t + hr,tzl;g,t
- ifr],tK (Rﬁﬁ,tvj’al’g,t + EDg,th‘:bi,t - ’Pﬁ,tvj’l;g,t - le,thkﬁﬁ,t)]-
We know from Sec 9.1 that these take the form
oS +4/M, ;& ., =0 (9.38)
o] gm0 VT '
%S
= (9.39)

_Z_—l )
al/’g,ta’abg,t Pr,=0

9’
l,bf,t:O) al/’g,talpg,t

aS
Iy

so all that is required is to calculate This is easily

lf’g,t:O
achieved, giving?

928 N 2 ¢ 2(n-1) L n? c [2(n-1)
T Z Vo fj’fl +i Z ”’”"ﬁf{ . (9.40)
alpr,talzbr,t $ri=0 n=2 2 n=2 2

3We will consider the dynamical and external classical fields to be cyclic on their domains,
meaning no boundary terms are generated during required integrations by parts. For the dynam-
ical fields this can be argued on the grounds that the domain is meant to represent the bulk of
a driven dissipative system and so spatial cyclic boundary conditions are appropriate, while the
smoothing nature of dissipative dynamics means that the initial conditions may be ignored and
thus freely set equal to the final ones. The external fields will generally be used in the static limit
(cyclic in time), and no difficulties arise from choosing them to be cyclic in space.
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as
oy,

. M c |12(n-1)
nu
. 0=[i9t—wo+KV2—%6y—§ M
rt=

zn—l
n=2

N 2(n L c 2(n-1)
lZ”Vp nl'vbrtl +izn7/lf”|¢’rt| (9.41)

271
n=2 n=2
—2iKfIV; —iK(vjff)]z,b;t +hy .
The overall Langevin equation, over the trajectories of which we may average

observables dependent on ¢ to find their expectation values, is thus

|2n1

nu
[iat—w0+KV2——6 —Z ”w’”

N 2(n— 2(n-1)
. nyp,nllzbr,tl . nyl,nlgbr,tl
—! Z on T Z o

n=2 n=2

- 2iKfIV; - iK(ijj)]ADﬁt (5.42)
+h,
N 2 c2mn-1 L 2 ¢ [2(n-1)
n Vp,nllzbr,tl n Vl,n|¢r,t|
+ &t Oy + Z -1 + Z on-1 =0.
n=2 n=2

To finish, let us specialise this expression to a Lindbladian plausibly describ-
ing a polariton system (one which we will consider in Part Ic), namely one with
a quartic interaction in the Hamiltonian M = 2, single-particle incoherent gain
N =1 < M, and single and two-particle loss L = 2. In this case the Langevin

equation simplifies considerably, yielding

. i o |
(10 0+ KV = 25,4 (5710 = 152 = 26K 19, iKY, ) s,

V4
2 (9.43)
+ hr,t + \/07/ + 27/1,2|11b1€,t|25r,t =0.

In the next chapter I will consider how this equation (or the more general equa-
tion if a more exotic system is considered) may be used to calculate a system’s
current-current response and thus analyse whether it can sustain a superfluid

phase.



Chapter 10

Truncated Wigner Approximation

for Superfluidity

With the Truncated Wigner equations in hand, we are now ready to consider how
they may be used to calculate the superfluid fraction of the system they describe.
As in Part Ia we will use the definition of superfluid based on the system’s current-
current response, and once again consider its directional static limits. Unlike in
the Keldysh formalism where operators could depend on both classical and quan-
tum fields with no difficulty, however, with the Truncated Wigner approximation
we are constrained to calculating expectations of time-symmetrically ordered op-
erators depending only on the classical fields. Since the current-current response
does not fit this description, we will have to take a more indirect approach to its

calculation.

10.1 Current-Current Response

As discussed in Chap. 4, in studying superfluidity we typically seek the static

current-current response tensor

xij(@) = ijf (@ = 0,9)j](w = 0,~q)), (10.1)

0.0 =@ =5 Y 7k + Qv k + @ (k) + 0k + Q) (k)]
w,k

(10.2)
(o Z% 2k + Q[ (@, k + Q) (w, k) + P, K + Q) (w, k)],

(10.3

yilk) = K (k);, (10.4)
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which encodes the response of the classical static current ji(q) to the static com-
ponent of the external classical field f(q) = f(0,q):

0jf(@) = xij(@)f(q)- (10.5)

As mentioned in the first paragraph, we cannot directly calculate x;;(q) with the
Truncated Wigner method because it is an expectation of an operator dependent
on both the quantum and classical fields. We may notice, however, that jf(q)
splits into terms individually consisting of either only classical or quantum fields.
Since the correlator of two quantum fields is 0 in the Keldysh formalism [12], we

see that

(ji (@) = Z%’(Zk+Q)<¢C(w,k+Q)lﬁc(w’k)>- (10.6)
w,k

This now depends only on classical fields, and may be calculated in our formal-
ism. A possible approach to calculating x;;(q) is thus to work backwards from
(10.5). By measuring the response of the current to appropriately chosen exter-

nal fields, the response tensor may be recovered from this equation.

Considering all averages in the remainder of this section to be over realisa-
tions of the stochastic trajectories of the system’s Langevin equation, we wish to
calculate (6j¢(q)) as the difference between (j¢(q))s and (j¢(q))o. The subscript
denotes whether the field f is present in the action, and we have set i1 = 0 since we
are not calculating responses associated to it here. Assuming a bounded, cyclic

domain of temporal extent T and spatial extent L with Fourier conventions

k,=2mn/T, (10.7)
t) = Z fue'at, (10.8)
T/Z__
fn:% f dt f(t)e i, (10.9)
-T/2
we have, for the static current:
T/2 T/2
. 1 " 2K _
jfOx)= = | dtjf(x) = dtlm[zp(t,x)valp(t,x)], (10.10)
-T/2 -T/2
T/2
i€(0,k) = Z J dtv;(2q +kK)p(q + K)P(q). (10.11)
—T/2

The stochastic average commutes with integration, summation, and differenti-
ation, so it is sufficient to calculate either ((t,x)i(t,y)) or (¥(t,q)1(t,k)). The
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current average can then be obtained by post-processing this expectation accord-

ing to the preceding formulas.

One way to extract the response would be to select a sequence €,, » 0 as n —

oo and, for each €,,, calculate the response for two different perturbing fields

f,(x) = ¢, (g(ox)], (10.12)
fr(x) =€, [g(ox)], (10.13)

where g(x) is a function containing all Fourier basis functions (or at least all those
in some neighbourhood of k = 0, since that is the region of the response we are
most interested in). This means that the response equation in two spatial dimen-
sions (we take i = x, ) will take the form (j; , represents the i-th coordinate of

the current in the presence of the n-th external field f,).

<5[jx,1<kn> jx,z<kn>)>:€ olk )[xU(kn) m(kn)][l o] 22)
Joa (k) Jyo(ky) " (k) xak))0 1)

i.e.

[ml(kn) xlzu«n)):hm 1 <[jx,1<kn> jx,z<kn>)> _<(jx,1<kn> jx,z<kn>]> .
XZl(kn) X22(kn) m—>ooemg(kn) jy,l(kn) jy,Z(kn) . jy,l(kn) jy,2(kn) 0

€

(23)
If the sequence on the RHS converges, one obtains a good estimate for the re-
sponse tensor in Fourier components. This can then be analysed analytically to
study superfluidity. Note that this approach does not require the separate use of

longitudinal and transverse forces.

10.1.1 Isotropic Simplification

In the isotropic case this simplifies considerably. The most general form of a
rotationally invariant matrix in momentum space is
_ 4i9;

xij(q) = WXS(lql)"'éinN(lql)- (10.14)

Here x5 encodes the superfluid response in the |q| — 0 limit, and likewise xp the
normal response in that same limit. Comparing to expression (4.22) in Chap. 4,
we have put x5 = x; — xt and xn = xr since a superfluid responds only to longi-

tudinal perturbations.

~—————
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This means that if we consider the y** component:

(4x)*
= 10.15
th_)nOXxx(q) = XN(lqyl) (10.16)
lim lim x.(q) = lim xn(lq]) =N (10.17)
qy,—0g,—0 |q|—0
qlig())(xx(q):XS(qu|)+XN(|qx|) (10.18)
v
lim lim x,.(q) = lim (xs(lq))+ xn(lq)) =T (10.19)
9x—04,—0 lq|—0

We thus see that we can obtain all information about the superfluid fraction from

just the x,, component as:
fg = —. (10.20)

In light of this, it is sufficient to calculate x,.(q). We may now choose a conve-
nient magnitude function g(x) for our source field:

€mg(x) (10.21)
fy(x)=0. (10.22)

Given we are typically working in the bulk of the condensate (our justification for
cyclic boundary conditions earlier), it would be conceptually elegant to consider
a field that is strongly localised to this bulk. If the external field has a minimal
effect near our boundaries, we may imagine that beyond the boundaries the field

is not applied while keeping cyclic boundary conditions.

To this end, we will consider the “finite box” analogue of a sharply peaked
Gaussian. This is the Jacobi Theta Function, or third Elliptic Theta Function.
For our purposes what matters is its Fourier decomposition which, taking 0(x) =
[1; 93(%; 4;—2") for time and likewise for the spatial variables, is

0(q) = e ", (10.23)

We then have the relation

5<]x(q)> = Xxx(q)fx(q) = eme_|q|2Xxx(q)r (10.24)

and we have an expression for x,,(q):

lql?

Ko@) = 1im S ((Gu(@e,, — G@)o)- (10.25)

€en—0 €4
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If it were possible to calculate the right hand side for all momenta in some
neighbourhood of g = 0 this would, as we established earlier, be sufficient to
find the effective superfluid fraction of the system. In practice, one will run into
the problem that due to the finite box/grid size of the simulation the available
momenta will form a non-dense grid Q; with spacing %” and it will be possible
to calculate x,,(q) only for g € Q;. This will pose an obstacle to taking the q — 0
limits, since the smallest non-zero available momenta values will be off-set by 2T”
from zero. This means that L must be big enough to see convergence in these
limits. It is thus likely that, in practice, the application of this method would

amount to taking a double limit of the sought quantity

elal?
Xaxl@) = 1im —— ((Gu(@)e,, — (x(@)o). (10.26)

—>00 m
€,;,—0

and observing whether convergence is obtained for numerically viable grid sizes

and perturbations.

10.2 Conclusion

In the preceding two chapters we introduced the language of Lindbladian super-
operators to describe general Markovian driven-dissipative systems and intro-
duced the mappings from a Lindbladian to a Keldysh action and from the latter
to a stochastic process via Truncated Wigner. Having then worked out the form
of the stochastic process for a general Lindbladian with non-linear drive and dis-
sipation and presented its simplification in the case of a Lindbladian appropriate
to some polariton systems, this concluding chapter has been devoted to how this
may be employed to calculate a driven-dissipative system’s superfluid fraction.

In the process we have highlighted some difficulties such as:

1. normal-ordering problems associated with Lindbladians of infinite-dimensional

systems;

2. the fact that only time-symmetrically ordered the finite strength of any per-

turbing external field;

3. disagreement between the Ito discretisation used for defining the stochastic

process and the original discretisation of the Keldysh action; and

4. the need to numerically take a double limit in external field magnitude and

system size.

The first three of these are essentially theoretical in nature, with the first two

already possessing standard solutions in the literature. The third is somewhat
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unsatisfactory and likely related to the material in Part II, but is not expected to
pose any difficulties in practice. On the last point, it remains to be seen whether
the double limit is numerically feasible.

During the course of my PhD I did not have the opportunity to apply this
method to any problems, only derive it. The next steps for this project would
entail the use of the XMDS software package [17] to run the associated stochastic
simulations for the polariton model described in the previous chapter and to
compare the results to known analytical ones [16]. This is likely to be undertaken

by a different member of the group in the near future.



Bibliography

[1]

[10]

[11]

W. E. Stinespring, “Positive functions on c*-algebras,” Proceedings of the
American Mathematical Society, vol. 6, no. 2, pp. 211-216, 1955.

D. Gottesman and H.-K. Lo, “From quantum cheating to quantum secu-
rity,” Physics Today, vol. 53, no. 11, pp. 22-27, 2000.

N. Wheeler, Motion of the reduced density operator, Reed College, 2009.

H.-P. Breuer and F. Petruccione, The theory of open quantum systems. Oxford
University Press, USA, 2002.

C. J. Wood, “Non-completely positive maps: Properties and applications,”
arXiv preprint arXiv:0911.3199, 2009.

M. A. Nielsen and I. L. Chuang, Quantum computation and quantum infor-

mation. Cambridge university press Cambridge, 2001, vol. 2.

L. M. Sieberer, M. Buchhold, and S. Diehl, “Keldysh field theory for driven
open quantum systems,” Reports on Progress in Physics, vol. 79,no. 9, p. 096 001,
2016.

L. Sieberer, S. D. Huber, E. Altman, and S. Diehl, “Nonequilibrium func-
tional renormalization for driven-dissipative bose-einstein condensation,”
Physical Review B, vol. 89, no. 13, p. 134310, 2014.

D. Whittaker, “Effects of polariton-energy renormalization in the micro-
cavity optical parametric oscillator,” Physical Review B, vol. 71, no. 11,
p- 115301, 2005.

R.Juggins, “Superfluidity in coherently driven microcavity-polaritons,” Ph.D.
dissertation, UCL (University College London), 2019.

L. M. Sieberer, M. Buchhold, and S. Diehl, “Keldysh field theory for driven

open quantum systems,” Reports on Progress in Physics, vol. 79,no. 9, p. 096 001,
Aug. 2016. por: 10.1088/0034-4885/79/9/096001.

A. Kamenev, Field theory of non-equilibrium systems. Cambridge University
Press, 2023.

A. Polkovnikov, “Quantum corrections to the dynamics of interacting bosons:
Beyond the truncated wigner approximation,” Physical Review A, vol. 68,
no. 5, p. 053 604, 2003.

149



150

[14]

[15]

BIBLIOGRAPHY

A. Polkovnikov, “Phase space representation of quantum dynamics,” An-
nals of Physics, vol. 325, no. 8, pp. 1790-1852, 2010.

I. Daubechies and J. R. Klauder, “Quantum-mechanical path integrals with
wiener measure for all polynomial hamiltonians. ii,” Journal of mathemati-
cal physics, vol. 26, no. 9, pp. 2239-2256, 1985.

N. P. Proukakis, D. W. Snoke, and P. B. Littlewood, Universal themes of Bose-

Einstein condensation. Cambridge university press, 2017.

G. R. Dennis, J. J. Hope, and M. T. Johnsson, “Xmds2: Fast, scalable simula-
tion of coupled stochastic partial differential equations,” Computer Physics
Communications, vol. 184, no. 1, pp. 201-208, 2013.



Part 111

Superfluidity in Non-Interacting
Photon BEC

151






Chapter 11

The Model and its Mean Field

Aside from polaritons, photons in a dye cavity are another light-matter system ca-
pable of exhibiting Bose-Einstein condensation [1], [2]. Compared to the former,
however, such photons have significantly weaker particle-particle interactions!,
which has motivated the study of how condensation can take place in this system
via incoherent drive and dissipation rather than particle-particle interactions [4].

Given the possibility of condensation, a related question is whether a system
with no particle-particle interactions can also exhibit superfluidity. A typical
model for such dye cavity photons in the absence of a trapping potential and ne-

glecting the particle-particle interactions is given by the following Lindbladian?

3], [5], [6]:

Zlpl=-ilH,p]+Zp], (11.1)

H= Jdr [¢j(wo—Kv2)¢,], (11.2)

Dlp] = f dr [y, DI}, 1+ 71,1 D[y, ]+ 71,2 D[2, )], (11.3)
D[O,p] = 0pO' - %{OJFO,p}. (11.4)

This model is an ideal Bose gas subject to one-particle gain y,; from stimulated
scattering of photons into the condensate and one-particle loss y;; through the
cavity mirrors. There is also effective two-particle loss y;,, modelling the fact
that gain in such systems is typically saturable: the condensate does not grow in-
definitely if one-particle gain exceeds one-particle loss [7]. As is well known [8],
though the ideal Bose gas is capable of condensation, it does not exhibit super-
fluidity in equilibrium due to the absence of interactions. Goldstone modes and
superfluidity are instead found in the weakly interacting Bose gas, with the pro-

totypical interaction being of the form V|i|*. We shall refer to this as the unitary

!There are at least two possible mechanisms for this interaction [3], with the Kerr mechanism
that is more likely to be observed on experimental time-scales being particularly weak.
This Lindbladian agrees with the Gross-Pitaevskii equations used in the cited works.
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two-particle contact interaction.

Nevertheless, the above driven-dissipative version of the ideal Bose gas has
been proposed as a model of vortex formation in trapped dye cavity photon Bose-
Einstein condensates; numerical simulation of the associated mean field Gross-
Pitaevskii equation demonstrates vortex lattice formation [6] analogous to the
exciton-polariton case [7]. Since vortices are a topological defect frequently as-
sociated with superfluidity, this raises the question of whether this system can
support the latter phenomenon in the absence of a trapping potential (when the
steady state should be stable against vortex formation), i.e. whether an ideal
Bose gas can exhibit superfluidity via non-linear dissipation rather than unitary
interactions. This interpretation of vortex formation as indicative of superflu-
idity was argued against in [4] due to the dye photon model’s Landau criterion
critical velocity being zero. As I have emphasized throughout this part, however,
the Landau criterion is unreliable in the driven-dissipative setting. Thus, while
I agree with [4] that vortices are not synonymous with superfluidity, it does not

appear possible to rule it out so simply.

An important and promising distinction between this and the equilibrium
model is that the non-linear loss terms of the Lindbladian generate what look like
two-particle contact interactions in the associated Keldysh action. These are not
the unitary interactions mentioned above, as their coupling constants are now
imaginary, but could still be sufficient for superfluidity to manifest. Thus, in
this sub-part I will use the Keldysh formalism and the current-current response
superfluidity criterion to analyse the effect of these incoherent particle-particle

pseudo-interactions.

To begin, we write out the Keldysh action associated to the Lindbladian. Via
the mapping presented in Chap. 9, in the Fourier domain we find this to be (we

perform a change of variables (w, k) = ¢(w — wy, k) to eliminate w,, and denote
k= (w,k), e(k) = KIk|*, o1 = ¥1,1 = 6y, Vp1 + V1,1 = 0y):

Sl
) \w—e(k)- 15, io, P

, i o i -
dk'dq| = Sy Wi VEPL + 5 V1200 Pl EVE
2 2 (11.5)
! ¢ 74 q,9 ! T4 q q
+ EYZ,lei—q¢k’+q¢k Ilbk’ - Eyl,2¢k_q¢k’+qllblillbk’

+ 21.7/1,2115;;—(11152%1]110;1702’“'
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The mean-field equations for a spacetime-homogeneous condensate are then

oS i i
5 = =0, 05 + S malYiPYi =0, (11.6)
6¢0 w;lﬁq:o

oS 1 _ i _

—3 = 55%”6 - 57’1,2|‘P8|2¢8 =0. (11.7)
511[)0 lpq:@q:o

which yields the two possible solutions

5
PG=0 or [¥fl* =1lpol* = yTZ (11.8)

The second of these corresponds to condensation, with the density of the con-
densate controlled by the constant pumping term. The fact that such a constant
pump can achieve saturation is an important difference with the open dissipative
condensate considered in [9], and is due to the quartic coupling being imaginary
rather than real (i.e. to the presence of two-body decay rather than unitary inter-

actions).

The excitation spectrum for the condensate is calculated in [10] (in fact they
consider the more general model containing both two-particle loss and unitary
interactions), and is found to be dynamically stable. I briefly present the calcu-
lation, since we shall need the system’s Greens functions for subsequent calcula-

tions anyway.

Expanding our action around the condensate (which we choose to be real
Py = 1y via our system’s U(1) symmetry and associated phase freedom of the
symmetry broken condensate) to second order, we may write the resulting ex-

pression in terms of Nambu spinors ¥ = (¢}, ¢, sz,gl_)fk)T:

S, = lfdkdk’\lf*éz—s\lf (11.9)
) KoBow, '
2 -171A
&: 0 (G 1 (k) S(k -k’ (11.10)
W oW \[G1R(k) [G1IX(k)
(G 1R (k) = [w—e(k)—‘iz'éy fi71,2|¢0|2 %7’1,_21,05 ]
~571,208 —w—e(—k)+ 56, — iy 2lipol?

(11.11)
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1A/ _ w—e(k)+%6y—iyl,2|¢0|2 Y1203
o= ~$7129% ~w—€e(—k) = 56, +iy1,2liPol?
‘ ’ (11.12)
_ w_e(k)_%éy 30y
- 15 ~w—e(k)+5s,
[ +2zylz|¢o| 0 ]
io, +2i 2
y V1,2[¢0l (11.13)
+215 0
iay+2i5y
iGR(k) =i ([ R(Kk))
B i ~w—e(k)- 50, -0, (11.14)
e(k)? —iwd, — w? %57 w—e(k)+ 50,
iGAK) =i (IG R (k)
~ i ~w-e(k)+ 56, -5, (11.15)
(k)2 +iwd, — w? 5o, w —e(k)— 50,

iGK(k) = —iGR(K)[G1 X (k)GA (k)
0y + 20, (+e(k)>+ 363 i6,(45, +e(k)) (11.16)
(e(k)? - w?)? + w283 | i6,(50, —€e(k)) (w—e(k))*+ 353

The excitation spectrum of the system is given by the poles of the retarded

Greens function, namely by

e(k)’ —iwd, —w* =0. (11.17)

. 62
w:—%éyi\/e(k)z—zy. (11.18)

This is gapless and, if plotted for simple values of the constants and a quadratic
e(k), looks like

This is easily solved to give
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1.0

-1.0 /«( ﬁ\ 1.0
Figure 11.1: The excitation spectrum around the condensate of the ideal dissipative
Bose gas. The real part of the spectrum is in blue, the imaginary part in red.

This spectrum clearly fails the Landau criterion/gives a superfluid velocity
of 0. The calculation of the current-current response at order O(#) goes through
essentially unchanged from Sec. 4.3.3, however, and is given by (we choose the

mean-field ¢, to be real and y;(q) = Kg;):

Xn,ij(@) == ¥5Gx' (0,@)7i(q)yj(q)
221 o )
ngGi(O’q)%( q)7;(q) (11.19)
- 9yGr*(0,9)yi(q)y;(—q)
~P§GE(0,9)y;(-q)yj(-q)
which comes out simply to
0 26, yi(q)yi(q)
Xij4) = V2 €lq 20

and thus exhibits pure superfluid behaviour. While the current-current response
approach is more reliable than the Landau criterion, the question arises whether
this is conclusion modified by fluctuations. Generally this is expected to be the

case [11], and I undertake the calculation in the next chapter.
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Chapter 12

Fluctuations

12.1 Current Generating Function

In Part Ia I used Feynman diagrams, calculated by hand, to analyse fluctuation
corrections to the mean field. When one is interested in only a specific class of
diagrams, such as those exhibiting tadpoles, this allows you to effectively focus
on them. Here, however, we are after all the fluctuation diagrams, the number of
which is quite considerable and would be cumbersome to tabulate. Instead, it is

better to use a generating function approach [9], [12], [13].

To this end, we may insert source fields f;(q), 8;(q) coupled to the classical
and quantum currents j°(—q), j9(—q) into the Keldysh action (we omit the factor

of % in the classical current and instead add it when taking functional derivatives

.
~ P° 0; ﬁ) [z,b]
S; =S (2k . 12.1
j=S+ ) il +q>(¢q]w,k+,,(fi o) v, (12.1)

w,k,q

below):

Then, defining the T = co functional integral with this new action by Z[f, 0]
(recall that Z[f,0] = since it is simply the trace of the steady state density matrix),
we have!

: [ 0°Z1f 6] (12.2)

xij(@) = i(j{(0,)}(0,~q)) = ~3 Wg}.(_q)lf:o’
6=0

Z[f,0] may be approximated by the method of steepest descent. This requires
us to expand the action around a solution of the mean field equations to second
order, with the latter now also dependent on f, 8. Writing the Nambu field vector
as W = (5, 9°,, ], 97 )7, the path integral at this order may be schematically

IStrictly speaking i and j in the last expression should be switched, but because the system is
isotropic the tensor is symmetric. For historical reasons the calculation was done with the indices
in the order displayed.
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represented as

Z[f,0]= JD[&‘IIk,é‘Pk]exp[iSO[f,B] +1 Zéyﬁk(G_l +A[f,0])0\¥ (12.3)

k

where G is the matrix of bare Green’s functions for f =6 = 0 and S is the action
evaluated on the solution of the mean field equations. This Gaussian integral
is easy to carry out (see Part Ia Appendix A, in particular the redundancy in
the Nambu vector leading to the functional derivative appearing under a square

root):

Z[f,0] = JD[&Wk,éwk]exp[zsofB Z (G + A[f,0)) 5%]

k

—

= exp (iSo[f, 0])(deti (G + A[f,0])) g
= (detiG_1 )_% exp(iSy[f,0]) exp (—%Trlog([ + GA[f,G])) .
=1

_ exp(iSO[f,B] _ %Tr(GA[f,e]) ; iTr(GA[f,B]GA[f,Q]) ; )

where we have used the fact that Z[f,0] = 1 to set the term in the third line to 1
and also disregarded terms higher than quadratic in source fields in the last line:
since at most two source fields will be removed by the functional derivatives, all

terms of higher order will vanish when the source terms are set to zero.

A final simplification is achieved by carrying out the 6 functional derivative
first (if no functional derivatives are applied to A, it vanishes when the source

fields are taken to zero):

[ 0%Z[f,0] ]

ofi(q)00;(—q éi

| 5250[f 9] _1 ; 2A[f 9] ) 1o OA[f,0] |oA[f,0]

T R e e 7 )){528
.6so[f,9]_ 1. [ SAIF61\\  [8ZIf.6]

Jr(Z 06;(-q) ! (G 06;(-q) ))f 0[ ofi(q ] =

(12.5)
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Since Z[f,0] =1, [% f=0= 0 and so we have
6=0

xij(q)
i l 0%Z[f,0] l

2| 8/i(9)36;(—q) =0

(2SO (o PALEL ), Ly oAL01 G200

- 2(15ﬁ(q)69j(—q) 2\ a0 | "2\ 5 00, -0
(12.6)

Thinking perturbatively, every functional derivative brings down a factor of #~!
so there is an omitted #? factor in front of the whole expression to counteract
this. Then Sy and A each contribute a factor of #~! while G contributes #, so the
first term inside the brackets is of order # and thus the mean field contribution
we have already calculated in the previous chapter. The other two terms are of
order #?, and are the fluctuation contributions we aim to calculate. I undertake
this calculation in the rest of this chapter.

12.2 Fluctuation Calculation

Expanding the Nambu vector as

[ ( (
Wy Yo X X

c T >(1) >(2)
° Yo X X
I = 5(w) S(k) + (") 4 (") (12.7)
q 1 2
¢k Yk }%
i (1) >(2)
i | 0 e I band |

where the (1) expressions are first-order in the source fields while the (2) expres-

sions are second order, and writing

See  Sec SEq Sc‘q‘

5%S See Sce Scq Sea
- cc cc cq cq 5a)’w, (128)

ch ng Sqq Sqq

one finds to second order (J(k) = w + %67, —Ke(k)):

, , . 1) 5(1
See =yilk+ KO (k=K) +2iy1, Y Vi, Vol
q
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. T (1) (2) (1) (1) (1) (1)
— Y12 | Po(Vy o + k k’) Po(Y, k’ k+Y’ )+ Z[Xk’+qu+q_Xk+qu’+q]
I q

Sec ==1y12|Po(¥y k’+kk’ Zqu q-k’

Seq =] (k)ok e + ik + k') fi(k = k')

— 1Y

(2) (1) (1)
Po(X k k’+Xk )+ (X k’ k+Xk’ +Z[ k+q k’+q k+qu’+q]
q

+217/12

o(Y, k’ k+Y’ ZXk+q k'+q

i
Seq :EVl,z

> (1) (1) (1) (1)
PO+ ) [Xk_qu_k, +Y, qu_k,]
q

+1y1290(X k K’ +X1(c )k’)

(1) (2) (1) (1)
Yo(Yy o + Vi) + ZXk—qu—k’
q

) (1)
’Po( k’ k+Y/ Z -q " q-k

q
See =yi(-k—K)0;(k—K) +2mzz e Vo,

+217/12

cc —171 2

— Y12

(1) (1)
Po(Y, k k’+ k k’) o(Y, k’ k+Y’ +Z[ k'+q k+q k+qu’+q]
q

72 -(1) >(1 ) (1 ) (1)
q

— iy Po(X0) + X))

(1) (2) (1) (1)
IPO( k’— k+Y ,_ ) ZXk/_q q—k
q

i
ch == 57/1,2

+21)/12

Seq =J(=k)or i + i~k = K') fi(k - k')

1) v 1)
Po( Xy k+Xk’ k) +Po(X k k’+Xk K’ +Z[ k+q k’+q k+qu’+q]
q

+iy2

+217/12

(2) (1) (1)
Po(Y, k k’ Yk—k’)+ZXk’+qu+q
q

Sgc =] (K)o i+ vilk + k') fi(k — k')
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(1) (1)
po(X k’ k+Xk’ k) Po(X k k’ k k’ +Z[ k+q k’+q k+qu’+q]
q

+1Y1,2

+2iy1,2 | Po(Y, k k'+ k k’ ZXk'+q k+q

(1) (1) (1) (1)
Yook + Z [Xk—qu—k’ Vg Yq—k’]
q
+iy1,00(X; k,+X,(( )k,)

(1) (2) (1) ,(
Po(Vi o+ Vi) + ZXk—q Yok

i
Sge 2571,2

+ 21.')/[’2

Saq =i,k + yilk + K)0;(k—K')

qq

1y
Po(Y k’ k+Y’ )= o(Y, k k’ +Z[ k+q k’+q k’+qu+q]
q

—1Y2

(1) o (2) Py (2) (1) (1)
Yo(Xpo g + Xpr_) + Po(Xy o + Xp o) + ZXk+qu’+q
q

+ 21")/[}2

(1)
Sig == 171,2|Po(Yy k’+Yk ) ZXk —q Y q-k

72 (1) (1) (1) (1)
YooKk + Z [Xk’—qu—k ey Yq—k]
q

i
ch == E)’l,Z

_17124’0( k- k"‘X]((') )

1)

+2iy10|PolY, k/)k"'Y(') ) + ZXI(C/L] _,;_k
q

Sqc =J(=Kk)ok o + yi(=k = K') fi(k = K)

—1Y2

(2) ( ) (1)
Po(X k k’+Xk k) + Po(X k’ k+Xk’ Z[Xk+q K+q k+qu’+q]

+2l7/12 Ebo( k' k+Y’ ZXkH] k'+q

Sqq :iO'yék,k' + yi(—k - k’)@l(k - k,)

(1) (1)
4)0( k’ k+Y’ )— 4)0( k k’ +Z[ k+q k’+q k’+qu+q]
q

—iY2
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(1)

. S 1
+217/l,2 lPO(Xk/_ (1)

>(2) m (D) (2) 1)
kT Xpsi) + Po(Xp o + Xj ) + ZXkHIXk’H] (12.9)
q

As before y;,|tg|* = 0,, while the Xs and Ys are given by solving (we have set
w = 0 throughout since this is the form of our ansatz)

53
5¢ =(-Ke(k) - )ll’k + Zayll’k ZVZ (2k—q [fl ltbk q +60;( )IPZ—q]
k
+ %7/1,2 Z[I/_’,Cﬁkf(lpiw%i' g~ 200 Vg Vi + 4‘P2+k'¢i+qlpz'] =0,
9.k
(12.10)
5615 —(— Ke(k)+ 6 )zpk+zo~yz,bk Z% 2k +q) [ﬁ gbk+q +0;( )I/JZW]
k
- 57/1,2 Z[¢;+k'(lplcc+qlz[;lcc’ + l[)k+ql[)k’) - 211bq+k’175lcc+q115k’ - 417b;+k’l[)lcc+q1[)2’] =0,
7.k
(12.11)
;“;C =(Kelk)+ 25,100+ )ik a) S, + Oila)i,]
k q
L1 B 0f 0h 40! 28 ¢ w! +ad? 0wt wll=o0
212 Z[¢q+k/(¢k+q¢kf + Vg ¥i) = 200,00 Vg Vi + ¢q+k"/’k+q4’k'] ’
9.k
(12.12)
;ji =(Kelk)~ 50,61+ Y ik + @)@, + Oi(a)i, )
q

i q 7 7 nd 74 i nd q h nd | _
=512 ) [V PP + PP = 200 P g P — 40k P9 = 0
q.k’
(12.13)
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which translate into (recall we have chosen e(—k) = e(k), o = 1y, and ¥ 2|l =

() (1) (1) (1),
67)f0er Y L X LY

—Ke(k) + 50, %57 Xl(c
o, Ketk)- 40, (%5
[G11R(0.k)
ioy+2is, 0 (%" [ woniti) o
0 ioy+2i5, )\ 7D] | gk
[G11X(0,k)
(12.14)
“Ke(k)-1s, 15, v | wonte) 6.0 (12.15)
~is,  —Ke(k)+ Lo, | VW] Goril—k)
[G114(0,k)

Observing that y;(—k) = —y;(k) and identity (11.16), this may be succinctly rewrit-

ten as

(k
E(k)z 11D07/1( ) ’ (12.16)
—oyi(k)
M
* 1= —GX(0, k)L (k)0 (k) — GR(0, k)T; (k) £ (K), (12.17)
X(l)
-k
v
¥ 1= —GA0, k)T (k)6; (k). (12.18)
Y(l)
-k

This begins to reveal the fundamentally diagrammatic nature of the technique,
as we see the components of the final expression being built up from Greens
functions connecting to external source terms. We can now calculate the first-
order derivatives of our action Hessian (GX (k) = GX(0,k)):

. T r
f = (17’24’0] f2:(_17"2"b0), Q:[‘ 0 ) (12.19)
11,290 0 1Y1,2%0
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oA ) 0 at
S, Okaik’ (12.20)
(5][1( kk’ (af azK kK’ e
(k+ K 0 I,GRI, L,GRT
al(k, k') = vilk+ k') N B2 P (12.21)
0 vil=k-K)) \I3G°T; -LiG'L;J
(k+ K 0 -IGRI; L,GRL
(i) = | Vi | here forn (12.22)
0 vil-k-K)) \ LG, LGL) ,,
—2I GRT; 0
ak(k, k') = ( L ] (12.23)
0 -20,GRL;)
SAM ) [b? b;‘)
_ S Ok K’ (12.24)
o R K w,w +4,
(661( q) bi bz‘ kK’
k+k’ 0 [,05GAT,  -1,GAT
b2(k, k') = (V'( +K) ,]+(1‘f3 o ) (12.25)
0 vil-k—=k)) \-I3G"T; TL105G'L;), ,,
[,GKT, - 213GAT,  1,GKT; + 21, GAT,
b K) =07 3T Aralis (12.26)
F3GKI}—2F3G rz _rlGKE+2r2GAD k—k’
—IGXT, + 2[,GAL, I, GKT, + 215, GAT;
bR = | T (12.27)
LGKT - 26T, [1GXT; - 21367 ),
(k+ Kk’ 0
0 Vi(=k—K’)
) ) A (12.28)
. ~T, 05 GAT; — 213, GKT; -T,GAT;
~I3GAT; ~[103GAT; - 2,GXT; ),

Proceeding to the expression for the first part of the O(#?) corrections to the re-
sponse tensor, we find (any terms of the form 6(0) which may arise are due to us
not being careful with length/time factors in taking the continuum limit — they

are spurious and may be ignored, as explained in Appendix B of [13])

i o SAM sAM
it == [ mavataknlione(75) 1ohe(s5i), |

ofi(q)
K GR A bQ b
:_ZfdwdkTr [GA G] [(; “k) [G ) [R K] ]
Go 0 ) keg\ T 4 gk bi" b; kk+q
1

== J‘da)dk Tr [(G (w,k+q)a; Ak + q,k)GA(a),k)

+ GR(w, k + q)al(k+ q,k)GX(w, k)

+ GR(w, ke + )ak (k+ 4, k)G (w, k) )b 2 (k, ke + q)].
(12.29)
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Here we have discarded any terms with two GRs or two G%s, as such terms have
all their frequency domain poles in the same half-plane and are thus annihilated
by the frequency integral when it is performed via contour integration. Proceed-

ing to X,(cz), Y,iz), X,((z), Y,iz), we find

—Ke(k)+ 15, L5, x| io,+2i5, 0 v
i i =(2 T . . (2
~is,  -Ke(k)-is, (X% 0 gy +2i5, || VD
[GIR(0k) [G-1]K(0,k)
1 1
(Fla)Xi , + 0i(a)Ye L) Jyi(2k - )
()X, + 0:(q) T )yita - 2k
T\ (f(@)X e+ 0@, )yi(q - 2K) (12.30)
! N ) (1)
=(1
X9\ (200 4o || X0 (x| [0 200|| X2,

_(1 1
. 0 =21 Yk—)q Y,;) 21 1o Yk_)q
)

_1 1 —
RG] {—2w0 o |[x | (XD o 200 |[ R

-4 k-q
2 1 1
—Ke(k)-$0, o, ||n7| y (0:(a) X, + fila) Yo ) )yi(2k =)
=(2 1 = (1
56, —Ke(k)+ 5o, | V) T (0@ X+ fi@ T, )yita - 2k)
[G1]A(0,k)
T T
>(1) (1) (1) (1)
Xq 0 -2 Xk—q Xq 0 -1y Xk—q

i
— 35712
2 Z (1) (1) (1) (1)
TG Lo —awe| x| (XS] [0 wol| X
= (1 1 —(1 —(1
v ) 2w 4w \ i) V) Lwe o )7L

(12.31)
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These may again be rewritten so as to make clearer the diagrammatic structure
via the identity (11.16):

2 1 1
L I 0y (0@, + flaY, )ik —a)
(2 ’ (1 (1
7y 7\ (0@ Ry + fil@) Yy )yila - 2K))
T
= (1 1 1 1
Q1o —2o|| x| (x| [ 0 -wol(Xt,

(
q-k
5(1) (1) 1) )
Yog ) \2%0 4o J\Yiey) (Y=g ) (P00 )Yk
(12.32)
2 1 .
I Ky (001X, + fla Ly yit2k =)
—(2 ’ 1 »
X(—k) q (Qz(q)X,(] )k + fi(q) ‘;_)k)%(q_zk))
T
>(1) (1) (1) )
X—q 0 —211b0 Xk—q Xq 0 _IPO Xk_q

(
q-k
(1) (1) (1) )
Yog ) \2%0 4o )\ Vi, v (w0 J{v.
1) (1)
— GR(O, k) Z (fl(q)Xk_q + Ql(q)Yk_q)Vz(Zk _ q))
_(1 _q
T (F@)X o+ 0@ i )rita - 2K)
! T
(1) () ) N
Xog| [2%0 4o || Xy . Xy po 290 |[Xi,
5(1) (1) (1) "
: ¢ o 0 =290\ Ykg) \Ya 2 o J\ Yiy
- 571,26 (O,k)Z . T
N [ X m) (W (1)
X—q _ZI;DO 0 Xk_q N X_q _1700 21700 e
— 1 1 ) 1 ] 1)
) Lo 200 Y’E—L vl ) 290 —o t;—k
(12.33)

Given the unwieldy nature of these expressions, some simplifications to the ex-

pression we intend to plug them into are in order. At second order in the source
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fields, the Hessian has only 8 distinct elements:

(2) (2) (2) (2)
A(lz) A(Zz) A(32) Aé)
A A A A
A;jli’ = 52) 1 62) 7 50),(‘)' (1234)

A(62) Ag?.) A(52) A(Sz)

We can block-multiply with the Greens function matrix and consider

(2) 42 (2) 42 (2) 42

2 A A A A A A
Tr{[GliAjy] = Tr | GX (k) A<12> A<22> +GX (k) A<72> A@) + G (k) A<32) A@) }
5 1 Jkk 6 3 Jkk 6 7 Jkk
(12.35)

Focusing on and expanding the GR and G4 portions of this expression, we obtain
8 p 8 p p

G (k)45 (k) + GTy (k) A (k) + GB, (k) AY (k) + GE, (k) AY (k)

12.36
+ G ()AD (k) + G () AP () + GA () AP (k) + G2, (k) AP (k). (12:36)

If we consider the eventual integral over frequency, all the terms with indices 12
or 21 vanish via the estimation lemma and contour integration. Using the fact
that G‘;z(—a),k) = Gfl(w,k), ng(—w,k) = G‘fl(a),k), we may write the remaining

integral as

[ e (68 0+ Gt doneal ey + 4570+ (GF - Gy L ) - 4 )]
(12.37)
The first term vanishes by the Keldysh identity Jda) [GR(w) + G*(w)] = 0 while
the second is simplified via the identity fda) [GR(w) — GA(w)] = —2mi, and we are
left with

A(12) A(ZZ)

(2)
dk Tr[[G] A =Tr
J [[ ]k k,k] (52) !(12)

jdk GX (k)

} py J dk [<A<72><k> ~APy)|.

(12.38)

In the coherently driven polariton model considered in the main body of this

kk

part, only the first trace on the right above was present. This is partly due to the
universal cancellation of GR/G4 tadpoles in that model, which does not occur so
trivially here.
2 . -(2) = (2 = (2 1) 5 (1 1) (1 >
AP(k) =iy | 9o X P + PoX P+ 205, v + Z[X,(, % -yt 42X}
q
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2 . - 2 (2 (2 1) (1 1) (1 1) (1
AP = =ima | oXE + o Xe - 20737 + ) X% vV -2y

q

(12.40)
The first three terms in each expression are tadpoles, while the rest are those
originating from 4-valent vertices forming a loop (but without a connecting leg,
thus making them not tadpoles). The total tadpole contribution from the second
term on the right of (12.38) is thus

o2 @), 2@ O _ 5
4my; Jdk— Xy ' +X, +Y, Y, ] (12.41)
o | e L0 H o o Yo
and the integrand must evidently cancel if this term is to be well-behaved.
Here we may perform an elegant trick. Observe that the equations for X((JZ),
X(()z), Yéz), Yé2) are of the form
x2
* 1= -GK0)v, - GR0)V,, (12.42)
3
0
(2)
Y,
O 1= _GA0)Vs. (12.43)
7(2)
0

The pathology here lies in the denominators of the Greens matrices, which we can

label DX/¢/4(k) and assume temporarily regularised, making these expressions

2) ;
X 1|29 -39 1 |=3% —3%
o DO 1 e | DOy |
Xo 2% 567 %67 %67’
(2) i i
Y, 1 |39, —59
0 =~ao; S N (12.45)
i) PO, s,
Now observe that the integrand in question has the form
X(()z) YéZ)
(1 1) o +(1 —1) o (12.46)
Xo 0

and that (1 1) is in the left null-space of the two matrices in (12.44) while
(1 —1) is in the left null-space of the matrix in (12.45). Thus the integrand is

zero and the pathological tadpole diagrams cancel.

We are thus left with (terms containing two Ys do not survive the mixed func-
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tional derivative)

()1 (1) () (1) (1)
4nmf S50 ) Z[Xq X+ X v - x3VY, ] (12.47)
Denoting
U=(10), D=(0 1), (12.48)
this may be rewritten in matrix form as
R( T R K(a\T. A\
UGH(q)li(q) DG (q)Ti(q) |[DG (q)Tj(q) UG (q)T(q)
—4my;, | dk Tr R R . " .
DG (q)li(q) ~UGH(qTi(q)\UG"(q)T;(q) DG"(q)I}(q)
(12.49)
We may now turn our attention back to the term
(2) 42
A7 A
jdwdk |G| &b "Bl | (12.50)
A5 AT )ik

Per the argument in [13], this should be corrected to

. (2) (2) (2) (2)
A A A
jdkiTr A }+dedk |G (k)| T3 ]
2 A A A A
5 1 Jkk 5 1 Jkk
(2
= fdsz(l (k)
2 2 2 2
+fdwdk |GK (A0 + G k1AL 1) + G5 (k1A () + Gy kA k),
(12.51)
and we have the following expressions for A(lz), A(zz), Ag):
2 . 2) 52 . Dol Da(l)  <(1) (1
AP = iy o[ Y - 1 )]+1yl,2Z[2Yé 7 xPr - x Dy )], (12.52)
~— q
0
2 . 2) . 1).,(1
AY =iy Yy —ivn ) XYY, (12.53)
q
2) . -(2) . -(1) (1
A =iy Ty +iva Y Xy VL) (12.54)
q
By our earlier argument, the combination Yéz) - _éz) vanishes, so that the only
remaining tadpole diagrams arise from
. 2 —(2
~iy20[GR (K)Yy” = G (k) T (12.55)

Unfortunately Ggl(k) 2 Gﬁ(k) and this remains true after integration over fre-
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quency and momentum, so the simple argument about Yéz) - Yéz) is inapplicable.

Instead, the term may be rewritten as (recall (12.45))

. K K YéZ) Civiao [ k K %57/ _%67
“inato(GR(K) ~GK)| o | = Ty (GR 0 ~GRm)| T 27 |vs
0 2% T29%

(12.56)
5%2V;

and we must consider ———->—. With some effort this can be calculated to be
0fi(4)00;(-q)

(V3)1 =— UGR(@)Ti(q)y;(q) - UGH(@)Tj(q)yi(q)
+5712] - 20 (UGR(@Ti(a)

) (12.57)
+29o( UG (q)T;(q))
(

(V3)2 =DGX(@)Ti(q)yj(a) + DGA(q)F(q)%-(q)
i R( A
+§7/l,2[ - 29o(UGK(q)Ti(@))(DGA(9)T}(q))
+ 2¢0(UGA )(DGR ()
- 2¢(DGR<q>n<q>)(DGA<q>rj<q>)],
which, upon substituting concrete expressions for all the terms, simplifies dras-

_vil@yi(a) (Po(2K?e(q)* - 82)) (1
V3= K3€(q)3 [¢0(2K2€(q)2—5772:)]oc(1)' (12.59)

This lies in the right null-space of the matrix in (12.56) and thus the remaining

(12.58)

tically to

tadpoles all cancel.

This leaves just (we again discard terms containing two Y's)

1) (1 = (1 1
_mjdk Z[Xfl) oz >]
q
. 1) (1 (1 1
+ fdwdk[zy,,z(cﬁ(k) + Ggg(k))Z[X,‘, - xPy M

. 1 (12.60)
—iy2GR () ) XYY
q

. (1) (1
+ IVZ,ZG{(z(k)ZXf(] )Y—(q)]
q
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which, upon functional differentiation, yields

UGR@(q)\  (DGA(@)T(q)
ymjdk[ )03[ ! ]

DGR (q)T;(q) UG*(q)T;(q)
. UGR(q)ri(q)]T(Gﬁ(kHGéé(k) -G (k) )(DGAm)rj(q)]
- dwdk .
lmj “ [DGR(q)Mq) Gh(k)  =GJi(k) =GRk )\UGA(q)T(q)
(12.61)
Thus, defining
(CQ(k) CA(k)):(Gfl(kHGI;z(k) ~G5, (k) ) (12.62)
Rik) Kk GK(k)  -GK(k)-GK (k)
we have
)= [ arTliclad)
R T A
_ina (, [UG (q)E(q)] 0,3(DG <q>r1<q>]
4 DGR (q)T;(q) UG*(q)T;(q)
E! dk(UGRmm(q))T[cQ(k) cA<k>) DGA(q)I}<q>]
4 DGR(q)Ti(q)) \cR(k) c*(k))\UGA(q)Ti(q)
. UGK(q)Ti(q) DGR(q)Ti(q) )[DGKunr-(q) UGA<q>r~<q>]]
- dk T / !
mnzf ' [DGR(q)E(q) ~UGK(q)Ti(q))\UGK(q)Ti(q) DGA(q)Ti(q)

(12.63)
With this, all the pieces are in place to write down the current-current response
tensor to O(h?). This will be done in the next chapter, and the resulting expres-
sion and its implications for whether the system exhibits superfluidity will be

discussed.
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Chapter 13
Conclusion

Finally putting all the pieces together, this yields the following expression for the

current-current response tensor:

20, vi(q)vi(q)
Y2  €(q)

—%jdwdkTr[(GK( K+ q)ad (k + g, k)G (w, k)
+GR(w, k+q)aX(k+q,k)GX (w, k)
+ GR(w, k+ q)ak (k + 4, k)G (w k))ij(k,k+q)].

Xij(q) =

D(k):(woy,«k))ﬁ - (zmwo) r(w] ¢ [ ]
—toyi(k) 1y1,2%0 0 11,290

(13.3)
o LU S MY AL (13.4)
Y 0 yi(-k-k)) GG -GHGRL),
Rk iy <[V HRD 0 ) [FRGRL LG (13.5)
Y 0 yi(-k-Kk)) \BG'T GGRL), '
— 21} GRT; 0
aK, k)= 717 < (13.6)
0 -2fGR),

175
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bQ(k,k’)z[yi(k+k’) ° +[r1i’3GAr" hC7T (13.7)
i 0 yil-k-k)) |-G L1036,
(CQ(k) cA(k)]:(Gﬁ(kHGﬁ(z(k) ~Gp (k) ) (13.8)
cR(k) K (k) Gk =Gf (k) - Gh(k)

This expression may be compared with the diagrams in Figure 1 of [9] (also
reprinted as Figure 11.4 of [11]). It is not hard to see that the class of diagrams
stated there to be responsible for the normal fluid response corresponds to the

first integral term in my expression

4Jda)dkTr[(GK(a),k+q) Ak + q,k) G, k)
+GR(w, k + q)al(k+q,k)GX (w, k) (13.9)
+ GR(w, k + q)af (k+q,k)GA(w,k))bf(k,mq)],

and it is thus this term that should be studied to see if there is a fluctuation

correction to the mean field pure superfluid response.

Before this can be done, however, a number of other difficulties must be ad-
dressed. Firstly, in its present form, (13.1) contains many terms that are divergent

in the |gq| — 0 limit. These are terms of the form

qi4;
q|"

(13.10)

for n > 2, and must be shown to cancel if the fluctuation corrections to the re-
sponse in this limit are to be well-defined. This cancellation occurs in [9], but
expression (13.1) exhibits significant structural differences with the analogous

one therein and so the result does not easily transfer.

Moreover, difficulties are present with the integrals involving c2/4/®R/K(k) and
thus GX(k). Considering the integral

Jdch(k), (13.11)

2

performing the frequency integral first, and replacing k2 + k}% — 1%, we are left

with
70,(26, + 0y, >
fdkc j rr 2K4r4 +O(r ) |. (13.12)

The right hand side is clearly divergent, and it thus appears that infrared sector

of the model as written is not correct. It is possible that the culprits are the
frequency-independent drive and dissipation terms, but I did not have time to
explore this. Adding a frequency dependence to 9, (w) and o), (w) would not alter

the final expression for the response tensor since it is written entirely in terms
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of Green’s functions, and would not affect any tadpole cancellations since those
occur at w = 0. The only changes required would be to use the forms of the
Green’s functions prior to substituting y; .15 — 0, and instead use Vi2E —
0,(0) (or 6, (wy) if using the non-frequency shifted quantity). More generally, it
is possible that a derivation of the Keldysh action directly from a microscopic dye
molecule and photon model such as those used in [14], [15] is required to identify
the needed corrections to the minimal Lindbladian model I have used.

As such, while the bulk of the fluctuation calculation has been performed and
an analytical expression for the current-current response tensor at this order has
been derived, work remains to ensure that required cancellations of terms occur
and that the model is well-behaved in the infrared sector. Until this is done, little

can be said about the superfluid behaviour at this order.
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Chapter 14
Introduction

The original motivation for the work presented in this part was the desire to study
metastability in quantum mechanical Lindbladian systems via the Feynman-Vernon
path integral. Due to difficulties encountered with the coherent state path inte-
gral, however, only very partial results in this direction were achieved, namely
the construction of a suitably regularised path integral for Lindbladians! and a
perturbation theory for the calculation of Lindbladian spectra. While the devel-
oped perturbative approach may be of some interest on its own, more broadly
these results can be viewed as initial steps in the more ambitious general direc-

tion of the projects initial goal.

To set the scene, note that the real parts of a Lindbladian’s eigenvalues are al-
ways non-positive [3]. This is, as was mentioned in Part Ib, the reason why evolv-
ing a system backwards in time with a Lindbladian is not a well-posed problem:
the forward dynamics converge to a steady state, while the backward dynam-
ics become extremely sensitive to initial conditions. For our purposes Lindbla-
dian metastability will refer to the opening of a gap in its spectrum between the
first n largest real part eigenvalue pairs and the rest of the spectrum such that
Re A, ; < Rel, (we take Ay = 0 as the steady state eigenvalue corresponding to
right eigenvector p;) [4]. In this case any initial state p;, will decay on a time-

scale (Re A,)”! to a state spanned by the first n eigenvectors? R;:

Pinmpss‘FZCiRi- (14.1)

At the same time, on this time-scale there will be effectively no evolution in the

subspace spanned by these eigenvectors so, denoting the projection operator onto

!Specifically the generalisation of the Klauder-Daubechies path integral [1], [2] from Hamilto-
nian to Lindbladian dynamics.
2We denote the right eigenvectors of the Lindbladian by R; and the left by L;.
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this subspace by P,, we have approximately

Pin R nPin (14.2)
and the long-time evolution of the system is thus governed by effective dynamics
in this subspace.

In the case of ‘classical’ metastability, the shape of this subspace (the ‘meta-
stable manifold” or MM) will be approximated by an n-vertex simplex, whose
vertices are known as ‘extreme metastable states’ or ‘eMS’ [4]. These extremal
states will be approximately disjoint, states in the MM will be representable as
probability mixtures of them, and the effective dynamics in the MM will be ap-
proximated by classical stochastic transitions between them [5]. The system thus
acts much like a classical system with disjoint basins of attraction and stochastic
dynamics. A typical example is the bistability manifested by a driven-dissipative
Kerr non-linearity Vatataa. We saw the field-theoretic version of this in Part Ia,
where a mean-field bistability curve was identified: the states on the bistable sec-
tion of the curve correspond to the two bounding eMSes of a two-dimensional
simplex, and we may infer that the Lindbladian associated to that field theory
has a gap between its first two eigenvalues and the rest of its spectrum in the
bistable regime.

In the case of such classical metastability, it is meaningful to talk about ‘switch-
ing rates’ between the eMSes. There are at least two obvious ways to analytically
study these in the Truncated Wigner approximation (see Part Ib): firstly, one
could formulate a generalised Kramers problem for each eMS basin of attraction
and solve it via the adjoint of the relevant Fokker-Planck operator [6]. Alterna-
tively, it is possible to represent the stochastic dynamics as a path integral over
the noise (much like we did in Part Ib) and calculate a probability per unit time to
escape the basin by considering the most likely (optimal) escape trajectory (e.g.
[7], [8]). From a numerical perspective, the problem is evidently susceptible to
Monte Carlo simulation to simply observe the switching rates.

Without invoking the stochastic limit of the quantum process, one approach
to calculating such rates would be to attempt to generalise the concept of an opti-
mal escape trajectory to the original Feynman-Vernon path integral. Recall from
Part Ib the expression (in this part we will be interested in quantum mechanics
rather than quantum field theory, but the expression is still relevant up to the

presence of the mode label k)
lp}i(T):\/Elpk,out
Pi(T)=0

_ — c q
W ouloTVk oue) = thb,i,p Pf o B JeS Wiy o e (14.3)

PE(-T)=V2¢gin
](-T)=0
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Throughout Part I we have always integrated out iy ¢ as we were aiming to take
the trace. If this is not done, however, we see that the Feynman-Vernon path in-
tegral gives the projection of some initial density matrix onto some pure state
after the former has been evolved by the Lindbladian dynamics for time 2T, giv-
ing something analogous to a transition probability. If an initial eMS and either
a final eMS or some state on the boundary between them are in some sense well
represented by coherent states (perhaps with 1 given by its mean-field value), the
classical path with largest contribution to the steepest descent approximation of
the path integral could act as an analogue of the stochastic optimal escape path.

Some work by other members of my group has been in this direction [9].

In a sense, however, the application of path integral methods to Lindbladian
metastability would be more interesting when it is not classical, if nothing else
because of the abundance of stochastic methods already in existence for such
problems. In this case the concept of a switching rate is not necessarily meaning-
ful (one no longer has the eMS ‘macro-states’ to switch between and the effective
dynamics in the MM may not be of a stochastic nature) so it is helpful to decom-
pose them into the two more fundamental pieces of information contained in
them. Specifically, switching rates give information both about the steady state
and the rate at which dynamics in the MM converge to it, via the eigenvectors
and eigenvalues respectively of their associated stochastic matrix. When these
two aspects of the problem are no longer tied together by switching rates, it is

valuable to consider them in isolation.

Focusing on the rates, these are given by the real parts of the eigenvalues lying
below the gap (and thus associated with the eigenvectors spanning the MM). The
primary way spectra of operators are studied via the path integral in quantum
mechanics is by considering the spectral decomposition of the propagator associ-
ated to that operator[10], [11], since the latter is a natural object to calculate with
the path integral and contains the relevant information. For a Euclidean path

integral, for instance, the propagator for the Hamiltonian may be expanded as
e Py =) (xlmyePFralx) (14.4)
n

and so encodes the entire spectrum. Indeed, if one is able to calculate the exact
propagator for arbitrary initial and final states, information about all the eigen-
vectors of the Hamiltonian is also present in the decomposition, even if more

difficult to extract analytically.

Outside of quadratic operators or those possessing some special symmetries,
however, the exact propagator is typically not available. Some progress may be
made via perturbation theory relative to a known simple propagator, but this

will fail to pick up many interesting non-perturbative corrections such as the
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eigenvalue splitting of the double well potential. One way to recover the latter,
at least for the slowest decaying eigenvalues, is to consider ‘instanton’ paths in the
long time limit. This term has, at this point, acquired a wide range of meanings:
to be concrete, we are referring to classical paths (approximately, exactly in the
T — oo limit) connecting some preferred points in phase space that have finite
action as T — oo. Such paths will yield the leading order contribution to the
propagator in this limit and, by summing over such paths (for instance the gas
of instantons and anti-instantons of the double well potential) it is possible to
obtain corrections to the smallest real part eigenvalues (the corresponding terms
in the propagator vanish last in the T — oo limit) that would not have been picked

up by perturbation theory.

My initial aim, then, was to investigate perturbative and instanton approaches
to calculating at least the largest real part portions of Lindbladian spectra for the
purpose of understanding the time-scales of the dynamics in the MM manifold.
While I was somewhat successful in developing a perturbation theory for such
spectra, as will be seen in the relevant Chap. 18 the appearance of the gap in the
spectrum of the driven-dissipative Kerr oscillator in its bistable regime appears
to be non-perturbative. Given this is one of the simplest models of bistability
available, this suggests that the study of metastable spectra will often necessitate
the calculation of non-perturbative corrections to capture the appearance of the
gap. There does not appear be much existing work in this direction. An instanton
calculation of a Lindbladian eigenvalue correction appeared in [12] for a system
possessing high degrees of symmetry allowing the instantons to be found analyt-
ically, while [9] calculates instanton paths numerically for the Kerr oscillator but
does not sum them into an eigenvalue correction. There thus appears room for

further development of these methods.

Unfortunately, there appears to be some difficulties with the use of the coher-
ent state path integral for the calculation of instantons. There are two main ways
to interpret such integrals (what I will call the Berezin and Klauder-Daubechies
formalisms, to be discussed in detail in the next chapter) and, while both agree
on how to calculate the classical paths® and this appears generally well-known,
the same is not true for the corrections from fluctuations around these paths. In-
deed, the main work I am aware of that covers this calculation for the Berezin
formalism is [16], appearing some twenty years after the results for classical
paths, which I have not seen cited in any mainstream textbook, and which does
not frame the calculation as that of a functional determinant*. The Klauder-

Daubechies formalism disagrees with the foregoing and does reduce the calcu-

3Though they disagree on why they are calculated this way. [13], [14] are the relevant works
for the Berezin formalism, while [15] covers the Klauder-Daubechies formalism.

4This complicates the analysis of zero modes, which we will see is crucial for instanton calcu-
lations.
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lation to that of a functional determinant (albeit a very cumbersome one), but
this prescription appears even less well known: the only literature reference I am
aware of is Ref. [17], a masters thesis with three citations.

At the same time, the rigorous use of instantons requires the ability to cal-
culate this contribution. The reason for this is that the differential operator will
typically have a zero mode in the T — oo limit which will contribute a factor
of T to the fluctuation contribution. For the configuration space path integral
a rule of thumb is that each path connecting to stationary points contributes a
single factor of T [11], but it appears this need not always be true: while Ref. [9]
obtain results following this rule (they consider the fluctuation contribution of
such a path divided by T to be an ‘escape attempt frequency’), Ref. [12] assigns
a factor of T to paths connecting both two and four stationary points (the latter
should have a factor of T2 by the rule of thumb) and obtains correct results. Both
works are unable to calculate the fluctuation contribution precisely, being forced
to infer the factors of T by other means and then numerically fit.

The situation thus appears to be that the method of primary interest to us
crucially relies on the ability to calculate and analyse the zero modes of fluctu-
ation contributions, which is something uniquely difficult and not extensively
studied for the coherent state path integral. Because of this unfortunate circum-
stance, prior to performing any calculations a significant portion of my time was
diverted to reviewing the literature on the coherent state path integral, as a deep
understanding of it appears crucial to making real progress: indeed, we shall see
that there are many non-trivial aspects, with even the method of calculating clas-
sical paths being unusual®. The next chapter summarizes this exercise, providing
much more detailed coverage of the nature of this integral than was given in Part
I. In particular I compare the Berezin and Klauder-Daubechies approaches and
attempt to emphasize some links between them.

In subsequent chapters I extend the Klauder-Daubechies formalism, origi-
nally formulated for Hamiltonian systems, to Lindbladian path integrals and use
it to calculate an exact propagator for the coherent driven-dissipative harmonic
oscillator. This is then used to formulate a perturbation theory for more com-
plicated Lindbladian propagators and their associated spectra. Unfortunately,
due to the aforementioned difficulties and the requirement of my time for other

projects, I do not attempt any instanton calculations.

>It is possible that this is somehow responsible for the failure of the rule of thumb for T factors,
but this is purely a hypothesis.
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Chapter 15

The Coherent State Path Integral: A
Phase-Space Path Integral with

Holomorphic Polarization

As we have already covered the construction of this integral in Part Ia Chap. 3, it
may seem odd to devote another chapter to it here. Unfortunately, the coherent
path integral is a much more complicated object than our prior exposition made
it seem. In so far as it is used as a convenient shorthand for perturbative calcula-
tions (the diagrammatics of Part I could have equally well been performed using
canonical quantisation as in [18]) or as compact notation for its discrete form
(correctly emphasized in [19] and responsible for the corrections to the GX traces
in [20] and our Part I) there is generally no issue. Attempting to treat it as a bona
fide continuous-time path integral, however, will quickly run into problems if
one is not careful. Since we are interested in calculating continuous-time classi-
cal paths and, equally importantly, fluctuations around these paths as functional
determinants of continuous-time differential operators, it is important that we
define the integral carefully.

A closely related issue is that there are now what appear to be two very dif-
ferent characterisations of the coherent state path integral in the literature. The
one most frequently quoted in condensed matter (indeed the one our exposition
in Part I essentially follows) is due to Berezin [13]: in this approach operators ap-
pear as their Wick symbols!, the action is first-order in time derivatives, the paths
entering the integral may be discontinuous, and in order to calculate (continuous)
classical paths one typically has to deform the real contour of integration into the
complex plane. If the reader was introduced to the coherent path integral via any
of [10], [19], [22]-[29], this is the formalism they will have encountered.

Unfortunately this formalism appears not entirely mathematically rigorous

!The Wick symbol Qo (z) (also sometimes known as a Q-symbol or Q-function due to its con-
nection to the Husimi Q Representation [21]) of an operator O is a function equal to its expecta-
tion in a coherent state: Qp(z) = (z]O|z).
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upon closer inspection. I will go through the difficulties in some detail later
when we examine the structure of phase-space path integrals and construct the
alternative formalism, but will give here a brief summary. Firstly, that the under-

lying paths are discontinuous?

is a significant obstacle. While most of the above
cited works either omit this fact entirely or briefly mention that the paths are
‘jagged’ [27], this family of paths (which, to be precise, are the square integrable
functions L?([0, T]) on a finite time interval [0, T]) clearly cannot respect Dirichlet
boundary conditions.

Next, the use of Wick symbols introduces an error into the action that it is
commonly claimed (except, to its credit, in [10]) will vanish in the continuum
limit: this is incorrect. This error would vanish if all the paths involved were
continuous but, as they are not, it may not be rightfully discarded. This error
term is, in fact, fundamental for understanding the correspondence of the coher-
ent state path integral to operator ordering, as will be demonstrated later.

Lastly, that the action contains time derivatives only to first order means that
the resulting differential operator together with the combined Dirichlet bound-
ary conditions for both position and momentum at both ends of the interval is not
elliptic [30]; there are twice the allowed number of boundary conditions for el-
lipticity. It is thus likely that its eigenfunctions fail to be complete, which brings
into question the connection between its functional determinant and the sum
over fluctuations around the classical trajectory. While there exist alternative
boundary conditions that may be used to find classical paths® and of which there
is the correct number for ellipticity, attempting to use them appears to give in-
correct results.

I have seen no examples in this formalism of a sum over fluctuations being
successfully performed by appealing to functional determinant of the continu-
ous time differential operator. The results in [16] come closest in that they resem-
ble the final expression one obtains from a functional determinant calculation of
the above first order differential operator, but that is not how they are obtained
(rather they are derived directly from the discrete representation of the action,
allowing them to correctly incorporate the error term mentioned above) and it is

not clear what boundary conditions would reproduce them*. More frequently the

2This is somewhat an abuse of notation. The argument by Berezin attempts to generalise a
construction that demonstrates the concentration of a measure on a set to the setting of a phase-
space path integral where no bona fide measure is available (the argument will be presented in
Sec. 15.2). As such, while we will use this nomenclature, it is important to understand that this
is a much weaker statement than the analogous one that the paths of a Euclidean configuration
space path integral are Wiener.

3As we will see later, these are not the true boundary conditions of the path integral regardless
but rather a convenient computational tool for classical paths specifically. As such, the functional
determinant should really be restricted to the full Dirichlet boundary conditions.

4Per [30], the calculation of this functional determinant would also require a choice of ‘ray
of minimal growth’ for the differential operator: these results resemble those one obtains for a
specific such choice, but it is a mystery as to why this would be the correct one.
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calculation is either avoided via other considerations (in the Keldysh formalism
the relevant quantity can often be argued to be 1 as we did in Part Ia Chap. 3, in
equilibrium it is divided out with the bubble diagrams in the partition function,
while in toy quantum mechanical models the answer can be extrapolated from
known results) or performed by returning to the discrete action and computing
a matrix determinant. The latter approach is entirely justified, but untenable
when one is dealing with a complicated classical path unless one switches to the
approach of Ref. [16] and also calls into question the integral’s claim of being
continuous time. Incidentally, this is also the reason why the aforementioned er-
ror due to Wick symbols typically goes unnoticed — it appears in the functional

determinant, which is never explicitly calculated in continuous time.

Overall, I will argue that the Berezin conception of the coherent state path
integral is not entirely well defined mathematically, making it difficult to reason
rigorously about. Nevertheless, convenient prescriptions exist for semiclassical
calculations using it: [13], [14] and an interesting but non-standard approach
by [31] for finding classical paths, and [16], resorting to the discrete form of the
action, or finding a way to neglect them for the fluctuation corrections. When
not dealing with instantons, therefore, it is a reliable computational workhorse,
which likely explains its continued prevalence in the literature, particularly in

the condensed matter community.

There is, however, another formalism due to Ingrid Daubechies and John
Klauder [1], [2], [32], which was subsequently significantly extended by the latter
[33]-[36]. While it appears to have generated some interest in those working on
topological field theories [37], [38] (albeit for more exotic coherent states than the
bosonic ones we will treat) and in the wider HEP community [39], [40], it does not
seem to have been embraced by the condensed matter community. As a mathe-
matical object, however, the Klauder-Daubechies (KD) path integral is much bet-
ter controlled than the Berezin one: the integral is over continuous paths, the
action is second-order in time and the use of operator P-symbols avoids the error

term associated with Wick symbols.

Overall, however, the approach is more complicated: the path integral is de-
fined by a limiting procedure of well-defined configuration space-like path inte-
grals, which makes direct calculation using it difficult (though eminently possi-
ble: indeed, I will demonstrate two examples of an exact functional determinant
calculation of fluctuation corrections using this approach). A useful application
of this method outside of direct computation, however, is that it can be used to
rigorously justify some of the computationally convenient but ad-hoc prescrip-
tions of the Berezin approach, such as the way classical paths are calculated. If
one is able to show that the latter are a simplification of a more laborious but

rigorous KD calculation, this places them on a rigorous footing. With regards to
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fluctuation corrections, a very desirable similar result would be the reframing of
the calculation in Ref. [16] as a simplification of the much more involved func-
tional derivative calculation prescribed by KD. Unfortunately, at present this is
not available.

The most direct way to the KD path integral goes through the deep but rarely
mentioned connection between the coherent state path integral and the more
conventional ‘phase space path integral’ (which uses a very similar action but
different boundary conditions): they correspond to different polarisations of the
underlying phase space. Since the idea of polarization may not be familiar to a
reader without prior interest in quantisation procedures, yet in some sense moti-
vates the whole formalism, we will begin by describing its manifestation for the
simple bosonic particles we will treat, before proceeding to show how it can be
used to understand phase space path integrals. Thereafter we will be in a position

to introduce and compare the Berezin and KD approaches.

15.1 Polarisations: Decomposing the Phase Space

This section is devoted to introducing the step of geometric quantisation known
as selection of a polarisation. A much more detailed reference for this and other
aspects of the geometric quantisation procedure may be found in Ref. [41] if
required.

Consider the classical phase space I' of a single particle in one dimension, cor-
responding simply to IR?> endowed with the symplectic form @ = dx A dp. We
know that the wave functions of our theory are L?(IR) functions defined on po-
sition or momentum, represented by IR C IR?, and so in some sense our phase
space is larger than the space needed to define the Hilbert space of the theory:
we can choose functions depending only on x to construct our position wave
functions Ppes(x, p) = P(x), and functions depending only on p to construct the

momentum ones P,om (X, p) = Y(p). This could also obviously be characterised as
ap’ubpos(x’p) =0, dx¥Pmom(x,p) = 0.

That we must restrict our wave functions to a single coordinate is a conse-
quence of the fact that the representation of the Heisenberg group Hj3(R) (the
Lie algebra of which corresponds to our observables) on L*(IR?) will fail to be
irreducible, meaning that the Hilbert space L?(IR?) contains a subspace already
suitable for fully describing the system®. Fortunately, as seen above, this is easily

achieved for R? on account of its extreme simplicity as a phase space. Not only

>More precisely, the reducibility of the representation will imply the existence of a projection
operator that commutes with any operator constructed from the Lie algebra of the group, which
will generally be true of the Hamiltonian. This means that its eigenvalues are constant in time
and, once measured, will yield a superselection rule that permits the restriction of the dynamics
to the relevant eigenspace.
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is it a cotangent bundle, but in fact may be viewed as a simple product of a base
manifold RR and its single cotangent space T;(IR) = R. When viewing a cotangent
bundle as a phase space I'y, the base manifold M is often associated with position
while the cotangent spaces represent (local) momentum — this trivial decompo-
sition of IR? into a product is what allows the global decoupling of position and
momentum that we are accustomed to.

Things become rather more difficult when one attempts to define a position-
space wave function on something as seemingly simple as a 2-sphere I' = 52, S? s
the classical phase space of a spin degree of freedom® with associated Lie group
SU(2) and admits an exact deformation quantisation (as we will see in Part III), so
ought to be quantizable. Because it is not a cotangent bundle’, however, it does
not admit an obvious decomposition into a position space and associated mo-
mentum cotangent spaces. Yet this decomposition is needed if we are to achieve
an irreducible representation of SU(2) (we will not go further into this as the
geometric quantisation of S? is too involved to justify the detour — the reader
is directed to Ref. [43]). The concept of polarisation arose as a way to ‘carve
up’ such unwieldy manifolds into spaces that can be understood as position and
momentum.

We will present a very simplified view of polarisation that captures its core
intuition and is sufficient for what we intend to discuss on I' = IR?. To this end we
will introduce the intuitive concept of a real polarisation, ignoring considerations
such as integrability conditions, before making a somewhat unjustified jump to
the holomorphic polarisation. It will be seen, however, that the holomorphic
polarisation gives reasonable results.

To begin, let us suppose that our manifold I 5 g is 2n-dimensional, real, and
g and T, () = R*".

Thinking back to the case of I' = R?, we recall that a wave function being a func-

symplectic. We are thus equipped with a symplectic form w

tion of position was equivalent to the condition d,1(x,p) = 0. From a geometri-
cally local point of view at point 4 this means that it is annihilated by the tangent
vector d,, € Tq(le) while from a global one it is constant on the streamlines of
the associated vector field. The same reasoning can be applied to wave functions
depending on momentum, now with vector field d,. Note also that the restriction
of the symplectic form dx A dp to a streamline of either vector field gives zero.
The generalisation of the concept of position that we may lift from the above

considerations then goes as follows. Select a subbundle V of the tangent bun-

®This can be understood via the orbit method as the co-adjoint orbits of SU(2) being either
a point (too small for a phase space) or 2-spheres. Alternatively, via the orbit-stabilizer the-
orem, one obtains S? as the quotient of SU(2) by the stabilizer U(1) of its co-adjoint action:
$? = SU(2)/U(1) (there are elements of the dual of the Lie algebra for which the stabilizer will
be SU(2) and yield a point, which we again ignore).

’This may be seen directly from the fact that S? is compact, cotangent spaces are non-compact,
and no fibre bundle with non-compact fibres may compact [42]
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dle T(I') such that the associated vector spaces are half the dimension of the
original bundle’s and the restriction of the symplectic form to this subbundle
vanishes. This amounts to locally choosing # momentum directions (with the n
position directions corresponding to the complement of the subbundle) — the
vanishing of the symplectic form ensures we have correctly separated position
and momentum rather than mixing them together. Under suitable conditions
[41] there will exist a family of integral manifolds of V, namely submanifolds
(which we can imagine are indexed by an n-dimensional index x) &, C I such
that Yq € X, T,(X,) = V,, that foliate the original manifold I'%. Now if we select
wave functions ¢(q € I') such that Vi = 0, these functions will be constant on
the submanifolds X, and thus essentially functions of their labels: 1(q) = (x).
These are the position space wave functions of the theory, and repeating the con-
struction with the complement of the subbundle will yield the momentum space
ones.

The procedure described above is the construction of a real polarisation. Un-
fortunately this fails on the aforementioned S? because on a two-dimensional
surface the selection of the subbundle amounts to choosing a nowhere-vanishing
vector field. By the hairy ball theorem these do not exist on S? and so the proce-
dure fails. Thus, when constructing a general polarisation, one uses the complex-
ification of the tangent bundle T(I') in the above. This loses a good deal of the
physical intuition of real polarisations but nevertheless successfully generalises

the construction and, as we are about to see, gives a familiar construction on R2.

15.1.1 Position, Momentum, and Bargmann-Segal Spaces

Let us rewrite the symplectic form on IR? as %dz A dz with z = x + ip. Following

the procedure of the previous section we can choose the following polarisation:
251 = 0. (15.1)

Evidently this selects the family holomorphic functions on R? = C, and is thus
known as the holomorphic polarisation.

Unfortunately this is not quite the Hilbert space we are actually after — there
are more steps to geometric quantisation, which in its whole runs roughly in three
stages

Prequantisation — Polarisation — Quantization. (15.2)

We have entirely ignored prequantisation since it is not central to the presenta-

tion, but now hit an obstacle in the quantisation stage. Recall that our concept of

8These submanifolds will also possess the property that the symplectic form vanishes on them
and that they are of maximum dimension for this property. This makes them Lagrangian sub-
manifolds, which is a key definition for the general definition of polarisation.
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a real polarisation suggests a possible choice of position space wavefunctions via

dpth(x,p) = 0. (15.3)

The problem is that these functions will evidently not be in L?(IR?), whereas the
point was to cut down that Hilbert space to a sufficiently small subspace. Ma-
chinery to deal with this during the quantisation stage for general manifolds is
available [41], but on flat phase spaces we know from basic quantum mechanics
that it is sufficient to forget about L? integrability on the full phase space IR? and
instead take L?(IR) (this is a special case of a convenient metric existing on the
space of leaves of the polarisation foliation). Unfortunately there is no equally
obvious trick for the holomorphic polarisation, and some work is required: we
will skip all of it and present the conclusion. The Hilbert space constructed dur-
ing quantisation from the holomorphic polarisation on R? is the Bargmann-Segal
space F(C) of holomorphic functions square integrable with respect to a Gaus-

sian measure:

d:;¥ =0, (15.4)

szd2|¢|2e‘|z|2 < co. (15.5)

There are thus at least three possible polarisations of the phase space of a bosonic
particle:

Position:  d,(x,p) = 0 — P(x), (15.6)

Momentum: 9, (x,p) =0 — (p), (15.7)

Holomorphic:  d;1(z,2) = 0 — ¢(z), (15.8)

with each constructing a different Hilbert space. By the Stone-von Neumann
theorem [44] the representations of the Heisenberg group acting on them will be
unitarily equivalent and thus essentially the same, so we need not worry about
obtaining the ‘wrong’ irreducible representation (this is in contrast to the situ-
ation on S?, where one obtains different representations for different spin num-
bers). Nevertheless the constructions lead to different Hilbert spaces, and thus in
order to quantize R? (or any other manifold) one must first select a polarisation.

Looking ahead, we will find that each of these polarisations corresponds to
a different phase space path integral. Moreover, while the conventional phase
space path integrals (those that propagate position and momentum wave func-
tions) restrict the Hilbert space they act on to the right one for their given polar-
isation via boundary conditions (and an implicit choice of family of trajectories),
the Berezin formulation of the coherent state path integral (which we argue cor-

responds to the holomorphic polarisation) fails to do so. It is in repairing this
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failure to select a polarisation that most of the ills of the coherent state path in-

tegral are cured.

15.1.2 Ladder of Coherent State Hilbert Spaces

Before moving on, we briefly demonstrate how a generalisation of coherent states
can be used to decompose L?(IR?) into a countable set of copies of the Bargmann-
Segal space. Repairing the coherent state path integral requires a way to restrict
it to acting on only a single one of these copies.

As we recall from Part Ia Sec. 3.1.1, a coherent state in a Hilbert space (which

for simplicity we will take to be the position space L?(IR)) may be written as
o) = @4 =212l ) (15.9)

with |0) the harmonic oscillator ground state. Thinking in terms of the more
familiar real variables x and p this may be rewritten as (we will use hats to denote
operators in this section, as it is easier to get operators and numbers confused

than usual)

la) = e em21oF|0) = e e %'“'2|o>=e“ﬁ*-”|o>
(15.10)
= ¢ & |0) = o) = eipe e o) = x, p).

The object E(x,p) = e!P**P) (or equivalently et ~@) is an element of the irre-

ducible representation of the Heisenberg Lie group [44], with the properties [45]

E(x, p)EH (', p) = elPemi(v—x Dot 23 ep=x'p)

(PP )% =i (x=X')P yi(x—x)p'~ S (xp—x'p’)
(15.11)

Z

= E(x X ,p pe ) 5 (x=x")(p=p’)+i(x—x)p’~ %(xp x'p’)
=E(x—x",p- p)fXP -px'),
TrE(x,p)= ) (nlE(x,p)ln)
n
=) | v Bt iy, )|
= Z dy &n(y)eépye_xayeépygbn(y):l
R (15.12)

=) | dv[dawretrretrt iy, x|

- Jlauer Y[t 3]

= 2108(p)3(x)
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where in the last line we have used the completeness of the states |n) we used to
take the trace and thus of their L?(IR) representations 1,,(x) = (x|n). We will make
use of these presently.

First, we notice that the coherent states furnish a mapping from our Hilbert
space H into L?(IR?):

V) € H. fy(x, p) = (Plx, p) = (Pla) = fy(a), (15.13)
jdxdp folx.p)fy(x,p) = jdxdpwlx,p)(x,plw = (Plp) < co. (15.14)

where we have used the real form of the completeness relation for coherent states

and that our original |¢) € H had finite norm in H. At the same time, if we split
: it aa LaP .

E(x,p) into e** e** and ezl , we find that

9a(Ple e¥0) = (ple® e¥d|0) = 0. (15.15)

This means that f,(a) is the product of a holomorphic function h(«) and a Gaus-
sian weight el o, equivalently, that our coherent state mapping sends elements
of H to holomorphic functions that are square-integrable with Gaussian measure
e’ dada. But this is precisely the Bargmann-Segal space of the previous sec-
tion, and the mapping we have found is the unitary equivalence between irre-
ducible representations of the Heisenberg group guaranteed by the Stone-von
Neumann theorem (this is known as the Bargmann-Segal transform) [43]. We
have thus succeeded in embedding an equivalent copy of our Hilbert space into
L?(IR?).

At the same time, we are far from exhausting the ‘capacity’ of L?>(IR?). While
the coherent states are usually defined with respect to the ground state of the
harmonic oscillator, this is not mandatory [46]. In fact, labelling the complete
set of eigenstates of the harmonic oscillator by |n), we can define generalised

coherent states (sometimes known as ‘displaced number states’)
|x,p,n) = E(x,p)|n) (15.16)
which also possess a completeness relation” [2]
jdxdp I, p, n){x, p, m| = 6, 1. (15.17)

Moreover, these states provide variations of the Bargmann-Segal transform for

9For a finite-dimensional Hilbert space and Lie group with finite Haar volume, an identity of
this form is easily proven by arguing that the left hand side is an intertwiner for an irreducible
representation of the group and thus proportional to the identity, with the proportionality con-
stant found by taking the trace. In this case the proof is more difficult: the identity can be seen to
be a consequence of equation (4.6) in Ref. [47], which is proven in Appendix 2 of that work.
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each eigenstate
fon(x,p) = (Ylx,p, n) (15.18)

with mutually orthogonal ranges F,(C):
fon € Fa(C), fo,m € Fin(C), m=mn, (15.19)

jdxdp Fom PV () = fdxdp<¢|x,p,m><x,p,n|¢> = Sl Pl) = 0. (15.20)

Each of the resulting copies F,(C) of the Bargmann-Segal space can be viewed as

the closure of the span of the mapped states |n):

Fi(C) = span{{m|x, p, n)|m € Ny}. (15.21)

At the same time, the total set of functions {(m|x, p,n)|m € Ny, n € Ny} forms an

overcomplete basis for L?(IR?):
Z(x,p, nlm)(m|x’,p’, n) = Z(x,p, nlx’,p’, n)
n,m n

- Z<n|E*(x, p)E(x’,p’)ln)

(15.22)
= PP E(x —x,p’ — p)
=2no(x—x")o(p —p’).
Thus

nENO

and L?(IR?) will carry a reducible representation of the Heisenberg group!? that

decomposes as a direct sum of irreducible ones on the spaces F,(C).

When constructing a coherent path integral using some family of states |x, p, 1)
(we will generally use n = 0, namely the typical coherent states), we will thus re-
quire some way to encode the restriction to the appropriate subspace F,(C) into
it. In the next section we shall see how Berezin [13] suggested that real polarisa-
tions could be encoded into the conventional phase space path integral!!. I will
then argue that his extension of that procedure to the coherent state path integral
is incorrect, and present the alternative approach of Daubechies and Klauder to

encoding the holomorphic polarisation explicitly [1], [2].

10Here we are referring to H3(RR), the three dimensional Heisenberg group over the reals that is
appropriate for a one dimensional particle. Since R? is the configuration space of a two dimen-
sional particle, there will evidently be an irreducible representation of Hs(IR) on L?(IR?), but that
is not the Heisenberg group we are after.

"1Berezin does not use the language of polarisations, but it will fairly clear that this is what his
procedure indirectly accomplishes.
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15.2 Phase Space Path Integrals

We begin by writing down the prototypical action for a phase-space path integral
(= S+ ip)):

S, = j[pdx—H(x,p)dt] - j[—xdp —H(x,p)dt] = J[iyﬁatlp ~ H(, )| dt.

(15.24)
The first form is typically used for phase space path integrals with fixed ini-
tial and final particle positions, which in the case of a Hamiltonian quadratic in
momentum can be reduced down to the conventional configuration space path
integral and are perhaps the most familiar type. The second may be taken to
describe phase space path integrals with fixed initial and final momenta, while
the third is usually used for coherent state path integrals. Up to integration by
parts, however, all three forms of the action are equivalent and thus the three
types of integrals must have other distinguishing features. Importantly, the com-
ponents required to construct these actions are the tautological one-form pdx and
the Hamiltonian, both of which are just classical objects associated with the ap-
propriate symplectic manifold. This action alone, thus, contains no information

about polarisation.

The first two types of integral are fairly clearly delineated by their bound-
ary conditions. Position boundary conditions mark the integral out as acting on
position space wavefunctions and corresponding to the real position polarisa-
tion, while momentum ones analogously correspond to the momentum polarisa-
tion. This simplicity again owes itself to the trivial nature of R? as a phase space.
Nevertheless, even in this simple case, the different boundary conditions are not
enough. Berezin argued that the two integrals should be taken over trajectories
belonging to different function families, so that polarisation is encoded in the
path integral as a combination of boundary conditions and an associated set of

trajectories.

The problem with the coherent state path integral is that, to be meaningful,
it must possess both position and momentum boundary conditions, something
which runs into direct conflict with the acceptable sets of trajectories identified
by Berezin. At the same time, while it is easy to restrict a boundary condition to a
position or momentum polarisation by fixing only the appropriate variable, there
is no obvious way to encode the holomorphic polarisation in this way. To enforce
this polarisation, therefore, one is forced to explicitly build projection onto it into
the path integral. This proves to modify the action, which in turn significantly

changes the acceptable set of trajectories relative to Berezin’s suggestion.

Below, I first present Berezin’s argument for the correct set of paths of a phase

space path integral: this argument covers all three types of integral and may
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thus be presented in one go. Following a discussion of how the resulting paths
plausibly encode the two real polarisations, I then argue that they are unsuit-
able for the holomorphic one and discuss some other difficulties associated with
the conventional form of the action, namely the lack of clarity with regards to
the boundary conditions and other aspects of the associated differential opera-
tor. This then motivates the construction of the coherent path integral as one
explicitly corresponding to the holomorphic polarisation, greatly improving the
properties of the associated paths and modifying the action to contain a more
amenable differential operator. With all this material presented, the next chap-
ter is then devoted to my extension of the Klauder-Daubechies path integral to a
path integral for Lindbladian evolution, which is my original contribution to the

theory of coherent state path integrals.

15.3 Berezin Approach

Berezin’s approach to understanding phase space path integrals relies on assum-
ing there exists something akin to a measure, what we will call the symplectic
pseudomeasure, on the space of paths over which the integral is to be performed.
Choosing some property he wishes the paths to have, he then demonstrates that
this property holds on a set of pseudomeasure equal to the pseudomeasure of the
total space of paths, and refers to this as the integral being concentrated on this
set. In the absence of a true measure this approach is not entirely legitimate but
nevertheless provides some interesting insights and contradictions, so is worth
reviewing. At the same time the thrust of the argument may be unclear if the
reader has not seen a similar approach before. Thus, before tackling Berezin’s
calculation, I will very briefly present Coleman’s classic argument [11] about the

measure of paths of finite action which has precisely this structure.

15.3.1 Finite Action is Zero Measure

Consider a Euclidean path integral on a time interval [0, T | with action

T 2
S[x(t)] :L dt [%(d’;(tt)) + V()]

and boundary conditions x(0) = x(T) = 0. Coleman asks the question whether

. (15.25)

the most important paths for this path integral are those on which this action is
finite or positive infinite (since we assume V[x(t)] bounded from below). At first

glance, given the integral is usually written as

JDx(t)e‘S[X(”], (15.26)
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it may appear obvious that any path for which the action is infinite will zero out
the integrand and have no contribution to the path integral.

The problem with this argument is that Dx(t) is not a measure: there is no
non-trivial Lebesgue measure on an infinite dimensional vector space [48], [49].

What may be regarded as a measure is rather the combination

T dx(t 2
pw = Dx(t)e Jo 435 (15.27)

which yields the Wiener measure on continuous paths (essentially the probability

distribution of Brownian motion trajectories). Writing x(t) as a sine series!?

\/_Z '(n"t), (15.28)

the above measure may be rewritten as!3

ax, —e “3 L X (15.29)
W= ,—
! 2nT n=1
which is an infinite-dimensional Gaussian measure. Incidentally, this gives the

almost surely uniformly convergent Fourier representation of a Wiener process
[50], [51]

\/_Z '(””t) (15.30)

where all the X,, are independent and identically distributed (i.i.d.) M(0,1) ran-
dom variables, though proving this rigorously requires more work.

With a convenient representation of the measure in hand, we may consider
sets on which the original action is finite. The portion of the action correspond-
ing to V[x(t)] will be finite for any continuous x(¢) as long as V[x(t)] is itself a
continuous function of x(¢), so we may restrict our attention to the kinetic energy

term. Using our Fourier representation this is simply

T 1
Jo dt?( dt ) 2Z n (15.31)

so for this to be finite the terms of the series must at a minimum be bounded:

JC.Vn. X, < C. We may thus consider an increasing sequence of sets such that

12For simplicity we will consider a Wiener process pinned to x(T) = 0 at the terminal time, also

known as a Brownian bridge. Because of this the term f/(—%t that would otherwise be present in the

below equation is absent.

13The extra factor in the front matches the total measure of the space to the correct result for
the Wick-rotated free particle propagator. The total measure of the space is thus not 1 like it
would be in probability.
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any trajectory with finite action must be in one of these sets:

Ay = {(x(t)¥n. X, <k}, keN, (15.32)
A CAgy1, (15.33)
Xfinite S(t) € U A (15.34)

keN

At the same time, the measure of each of these sets is zero:

1 - k
dX, e 1T Xi = erf — =0 15.35
lAr) = rn r[ j el ot (15.35)

since erf\% <1 for k € N. Thus, because measures are continuous from below,

W UAk

kelN

= lim piy (A =0, (15.36)

and we have that the measure of the set of paths with finite action is zero. This
is of course not a problem because in this form of the integral the integrand no

longer contains the full action, but only the potential term:

JDx(t)e_S[x(t)] = Jd,uwe_v[x(t)] (15.37)

and the latter is finite on all the Wiener paths. This result amounts to the fact
that Wiener processes are almost surely nowhere differentiable, which is why the
kinetic part of the action with derivatives diverges almost surely, and also points
to the rightful place of that kinetic term as a component of the measure rather

than as part of the integrand.

15.3.2 Space of Paths for the Symplectic Pseudomeasure

Having seen how one may study the space of paths of a configuration space path
integral via Fourier analysis, we may now tackle Berezin’s analogous argument
for the phase space ones [13]. The first immediate difference is that such integrals
do not contain a kinetic action term and thus no Wiener measure is immediately
available. The closest term available, the one analogously corresponding to the
kinematics rather than the dynamics of the problem, is the symplectic term pdx.
This does not, however, yield a bona fide measure in the way that the config-
uration kinetic term did; indeed, to pass from the phase space path integral to
the configuration one, one also requires a term quadratic in momentum in the
Hamiltonian. Nevertheless, we are about to see that the structure of the above ar-

gument (if not entirely the meaning) may be carried through in just the same way
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while replacing the measure pyy with the symplectic pseudomeasure (invariant
under Wick rotation)

Dx(t)Dp(t)e' ] P, (15.38)
Representing the trajectories x(t), p(t) by complex Fourier series'# (no bound-
ary conditions are being applied, unlike in the Coleman argument)
x(t) = i Boir PV E (15.39)
e
p(t) = i typr VT, (15.40)
e

the symplectic pseudomeasure takes the form p,(c0), where!®

N
Y @n+ (@1 Ponet = Ponr1 @anat) |- (15.41)
[n|=0

pp(N) = d[a, ald[p, B] exp |-

N R

Here p,(N) may be interpreted as the restriction!® of the pseudomeasure to the
set of functions in a Fourier subspace. These sets are increasing with N so, if we
assume the pseudomeasure behaves like a true measure and because Lebesgue

integrals are continuous from below in their domain, we have

lim dyp(N)o:dep(m) o. (15.42)

N—>oco
with o a placeholder for some function.

Berezin considers trajectories with finite weighted norm in Fourier space:

i [0(2n+ 1)lag,s|* +T(21+1)|Bops1 1?]. (15.43)

n=—oo

Varying the weights o(n), 7(n) changes the decay rates required of the Fourier
coefficients a;,,1, f2,+1 to maintain the finiteness of this norm and thus the

smoothness conditions of the associated functions. To this end, define the func-

141 denote Fourier coefficients consistently with Berezin, who has a and f this way round be-
cause he defines a vector x = (p,q) with momentum as the first variable. Berezin also argues
earlier in the paper that the space of paths may be restricted to those with anti-periodic bound-
ary values, an argument we will not consider but which explains the anti-periodic Fourier series
used.

1S and B are vectors of the Fourier coefficients, and the sum over |n| includes both positive and
negative n with |n| < the upper bound.

16We take the measure to assign zero measure to the complement of the set to which it is
restricted.
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tion

r2 N
i = | 0 | zdsé[s (o2 + Dltanir P+ 22+ DlfanaP] |, (154

- [n|=0

This is the restricted pseudomeasure of the set of weighted norm < r. Then,
removing the restriction by taking N — oo, Berezin tries to show that the pseu-
domeasure is concentrated on the union of these increasing sets for r — co. The

argument goes that this is so if

_In(r) . In(r)
1 =1, lim 1]
e T (00) 500 Noo Ty (00)

=1. (15.45)

I will argue in a moment that this way of defining pseudomeasure concentra-
tion leads to some unintuitive properties, but for now we continue with Berezin’s

argument.

Evaluating Jn(7) comes down to a sequence of Gaussian integrals:
In(7)

2 N
= jd[“;d]d[ﬁlﬁlﬁ ) ds exp [ - % Z(2n +1)(@2u41 Pons1 — /;2n+1a2n+1)}

|n|=0

N
: 5[5 - Z [0"(2” + Dlagu |+ (20 + 1)|/32n+1|2]]

[n|=0

2 N
= Jd[“:d]d[ﬁlﬁ]f_ , dSJ Z—i exp [ - % 2(2” + 1)(@2p41 Pons1 — ﬁ_zn+1a2n+1)]

|n|=0

N
-exp [ip [5 - Z [0(2” + Dlagyer >+ (20 + 1)|ﬁ2n+1|2]]]

|n|=0
_ d eiprz _ e—ipr2
- [ di.p | $2

ip
N N
. (2n+1)%m? ) 1
"E&Xp |- Z (IPT(2”+ 1)+ dipo(2n+1) 1B2n+1l l_[ po(2n+1)
|n|=0 n|=0

dp eiP’ —emirr’ ﬁ 1 1
~ ) ] 2n+1)2m2 . i

27 ip =0 % L ipTyy,, PO(2n+1)
_ (dp sin(pr?) [ 4 \*NH! 1 N 1
o p (?) (2N +1)1H)4 [ | | _ 4p20Cn+)r(2nr1)

|n[=0 (2n+1)212

(15.46)
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sin(pr

Since lim, _, ) 1o(p), we have

pP
4 \2N+1 1
== 15.47
In(e0) (712) (2N + 1)) ( )
and thus N
. 2
[n|=0 * — (2n+1)212

If the weights o, T are positive, which we will assume since we are not considering

seminorms, then the product

B 4p’c(2n+1)t(2n+1)
F(p) = ]_[ (1 - G 1 ) (15.49)

is absolutely convergent iff

— 4p’c(2n+1)t(2n+1)
(2n+1)%2n?

(15.50)
|n|=0

converges [52]. Assuming this is the case, it is clear that F(0) = 1, and we find

lim lim
r—00 N—co Jp(00)

mm:mf@mw%

-1 _ -1 _
LIl p) = [ dpolp)E(p) =1, (1551)

The question of whether the pseudomeasure is concentrated on a set of finite

weighted norm thus reduces to whether the sum

ia 2n+1)T(2n+1)

(15.52)
(2n+ 1

[n|=0

converges for that norm’s weights.

It is worth pausing here to consider a strange property of this procedure: take
a norm for which the above limit is 1, so that the measure is considered con-
centrated on the union (J,_,,, V, of sets V, with that norm bounded by r. Now
consider those same sets also projected onto the subspace of the first M Fourier
modes, giving new sets U, y;. Clearly U, ., V; = U, m—c Urm SO that the pseu-
domeasure should also be concentrated on the second union. If we construct a |

for this second type of set, it is easy to see that [y (7, M) = J);(r). But then

. In(rM) L ()
| 1 = 00, 15.53
N Jn(o0) NIE;OJN(OO) ( )
SO
In(7) In(r,M)

lim lim =1, lim lim

= oo, 15.54
r—00 N—oco ]N(OO) r,M—co N—c0 ]N(OO) ( )
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which suggests the procedure is dependent on how we choose the sets from which
we construct the union. The infinities appear to be a consequence of the rather
odd fact that the total mass of the pseudomeasure is zero:

lim Jy(co0) = lim =0, (15.55)

N—co N—o0

( 4 )2N+1 1

2 (2N +1)1)2

but were this mass infinite they would be replaced by zeroes and we would have
the same difficulty. In general the limiting procedure presented here only works
correctly for measures of finite positive mass, and thus its application to this
pseudomeasure should not be trusted (setting aside that the pseudomeasure itself
is not a well-behaved object).

Returning to the sum

[S¢]

ZU 2n+ 1)t 2n+1)
(2n+1)2

(15.56)
|n|=0

consider the choices
1. o2n+1)=(2n+ 1), t(2n+1)=(2n+1)7%
2. 02n+1)=(2n+1)7%, t(2n+1)=(2n+1)*¢
3. 0(2n+1)=2n+1)1792 72n+1)=(2n+1)1-¢/2,

For the first, finite norm implies
|@ans1l € 0((2n+1)72T2), By, ] € o((2n+1)717292), (15.57)

This scaling of the Fourier coefficients implies that the momentum is continuous,
while position is not necessarily in L?(IR). The second choice gives the reverse of

this, while the third symmetric choice gives
@zl € 0o((2n+1)"CN), Byl € o((2n+1)7 574, (15.58)

which suggests both position and momentum are L?(IR) but neither is necessar-
ily continuous: indeed, there is no choice one can make that would make both
continuous. This completes Berezin’s analysis of the paths on which phase space

path integrals are concentrated.

15.3.3 Boundary Conditions

Continuing to take the pseudomeasure result at face value, two of the permissible
sets of paths are clearly suitable for two variants of the phase space path integral.

Specifically, if one is considering the position space polarisation path integral,
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it would be natural to take position as continuous since one could then impose
Dirichlet boundary conditions on it. Similarly, continuous momentum enables

sensible boundary conditions for the momentum polarisation path integral.

When confronted with the coherent state path integral, however, we face a
problem. The integral calls for boundary conditions on both position and mo-
mentum but, as we have seen, the pseudomeasure is not concentrated on the set
where both of these are continuous. One thus cannot meaningfully impose the
necessary Dirichlet boundary conditions, and it becomes unclear what the inte-

gral is to mean.

There are also downstream difficulties with boundary conditions when one
considers the semiclassical approximation. The differential equations resulting
from the action are first order in time, which generally cannot be solved for
Dirichlet boundary conditions on all variables at both the initial and final times.
For the position and momentum polarisations the conditions are relaxed on ei-
ther momentum or position respectively, and there is no issue, but the coherent
state path integral calls for the full set of conditions. A way out of this predica-
ment is offered in [13], [14] as follows. Consider the discrete form of the coherent
state path integral action for a normal-ordered Hamiltonian (¢ = ¥;, Pn41 = ¢y,
and compare (3.14)):

N . A -
5= ;elélpnﬂw_%lpnM_H(lanﬂbn) : (15-59)
Here H({,,1,1,) is the Wick symbol (i,,1|H[,) of the Hamiltonian, which is
why it contains the field at different times. Note that 1y, and 1, do not appear
outside of the time-derivative terms. The argument then goes that if one searches
for stationary points of this action in the complexified space of real parts of the
fields (see Appendix D), one can effectively treat 1 and i as independent and
thus only impose the boundary conditions ¢y = ;, Pt = Py. With the field and
its complex conjugate decouples, this is now the right number of boundary con-

ditions for the first order equations of motion.

This prescription for finding classical paths is correct (we will see in the next
chapter that it can be derived rigorously from the KD approach) but this way of
arriving at it is flawed because the paths are still not smooth enough to impose
even these boundary conditions. This approach, however, reveals something of
the correct way to regularise the integral. Consider again the above discrete ac-
tion as a function of a large number of real variables (the real and imaginary parts
of the various fields), which we will denote by x. Complexifying these to z, the

equations of motion in effect become

V,S(z) = 0. (15.60)
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Choosing a solution z; of the above, we now observe the following: if the original

action S(x) was real and S(z) is holomorphic, z; is also a solution:

V,S(Z5) = V,S(z5) = 0 (15.61)

The continuous version of the coherent state action is certainly real, and one thus
might expect a second conjugated solution for each complex classical path. The
above prescription, however, frequently gives only a single classical path. The
reason is that the discrete action is in fact not real, breaking the above construc-
tion. Indeed this is why ¥y, and 1y do not appear, so the prescription is cru-
cially dependent on a feature of the discrete rather than the continuous action.
Isolating the imaginary part of the discrete action in fact leads to the correction
term that we will see in the KD approach [17], though it is not the best way to

arrive at it.

Finally, a comment is in order on the fluctuation corrections of the path inte-
gral. The closest thing to a continuous-time approach to this is presented in [16],

which gives them as

. 7 _
oo if dt lng(lpt;'l’t) (15.62)
0

2 a‘bta#;t ‘|15)t(;l;btv

=0t

where 61; and 61); are treated as independent and solve

92H(43t,¢t)] ” _I.lazH(sﬁt,%)l
E fﬁt:c;zgt, i E zp_fzczlp_t,

=0t =0t

9,51, = —i[ 51y, (15.63)

PHGup)| %”lazH(tﬁb 7

Py, llp_f:‘;‘pf’ I, I, ]‘lﬂf:‘s‘bf’

t=0W¢ =0t

0101, = i [ oy, (15.64)
with initial conditions 61;(0) = 0 and 61,(0) arbitrary. This prescription is de-
rived entirely from the discrete form of the action, and so is not really ‘continu-
ous time’ in the sense of being the result of a manipulation on a continuous time
path integral. Since it is not presented as the determinant of a differential oper-
ator, it is also difficult to analyse the appearance of zero modes in the operator
governing the action. Interestingly, however, it is possibly not far off from being
such an object. Specifically, if one were to interpret this as the result of Gaus-
sian integration, it would need to be the inverse square root of the functional

determinant

< T T 2 T

@exp —iJ dt [Ml ) (15.65)
61P0 0 agbtal/)t If;_)t:b‘llit’

=0y

If one applies Forman’s theorem (for first-order differential operators, which I
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do not cover in the appendix but may be found in [30]), the term in the expo-
nent is precisely what the continuous time differential operator would give for a
specific choice of ray of minimal growth!”. The pre-exponential factor also de-
pends on the boundary values as expected, but I have not been able to work out
which boundary conditions would give this result. As such, it seems possible to
derive from the discrete action an object that greatly resembles the functional de-
terminant of a first order differential operator, but it is unclear how to motivate
the required boundary conditions (or even establish what they are) and ray of
minimal growth choice outside of appealing directly to the discretisation. Never-
theless, this is an interesting avenue of inquiry that I hope is pursued further in
the future: it would be particularly interesting to have a derivation of an effective
first order differential operator from the KD second order operator we are about
to see in the next section.

With this, we come to the end of our review of the Berezin continuous time
path integral and its semiclassical prescriptions, moving now onto the Klauder-

Daubechies path integral.

15.4 Klauder-Daubechies Approach

The most direct way to arrive at the KD path integral is, as promised, via the con-
cept of holomorphic polarisation. Recall that the latter is characterized by holo-
morphic functions that are square-integrable with respect to a Gaussian measure
on the complex plane, which from (15.15) may arise as (here the complex variable

is a, corresponding to a coherent state, and 1 is an arbitrary state)
(01 @) = elo/2(afyp), (15.66)

A better function space to work with is such functions with half of the Gaussian
measure absorbed into them so that they are square integrable with respect to
the plain Lebesgue measure: evidently functions (a|i) are of this form, and they

comprise one of the many Hilbert spaces that we saw!®

L*(IR?).

Since, as we argued earlier, we are interested only in this single Hilbert space

make up the larger space

rather than all of L?(IR?), we require a way to restrict the path integral to it. To
achieve this, we may roughly follow the procedure suggested in [36] and define

an operator that is zero on this space:

Pego = d,, [e'“'z/zo]. (15.67)

1 —i
e _ 1
7Specifically, t, = 7(1. L
18The construction in Chap. 15 technically used the complex conjugates of such functions, but
would go through just as well with these.
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It will be helpful to work with a positive semi-definite operator, so we will also
define its adjoint. Since this operator maps functions square-integrable with re-
spect to a Lebesgue measure into ones square-integrable with respect to a Gaus-
sian measure e"""zd[a,d], this difference in spaces needs to be accounted for

when defining the adjoint. Thus
Plyo = el /29,[e o] (15.68)
and we have the positive semi-definite operator
Py Pspo = —elalz/zad [e"“'zaa [e'“|2/2o”. (15.69)

Using these operators one may define a projector onto the desired Hilbert space

as
lim e~ 2 Psn7%, (15.70)

e—0
Since the operator is positive semi-definite, the exponent will always be negative
or zero. As € — 0, only functions on which the exponent is zero will survive,

which is precisely functions from the desired Hilbert space.

It is possible to obtain an integral kernel representation by applying the oper-

ator to a Dirac delta function. The latter has the complex form (z = x +iy)

o(a) = 6(Rea)o(Ima) = 46(Re2a)o(Im2a)
1 , . 1 o (15.71)
— JdXdy eszRea+21yIma — _Jd[z,zlezzaﬂza’
712 e
SO
1 _ 1 a2
< PspPsp _R)= — N et B
e 2" sB"SBy(a — B) njd[z;z]exp[ Y
N
+zz(a—[5——4€)+zz(0¢—[3’+—46)]
(15.72)

At this point we make the redefinition 2e — ¢, giving a final expression for the

projector:

€ ot/ . la —ﬁ|2 i _a-p i a-p
ll—{%né exp[zét(z 512 2a 5t 2% 50 )| (15.73)
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However, there is another representation for this projector, namely (a|B) since
(recall from Chap. 15 that (8, n|m) span L?(IR?)'°):

fd[ﬁ,ﬁ‘]<a|ﬁ> S (Brlmymlp)| = Y 8, 0alm)mlp) = (alp).  (15.74)

Thus

ja—pP* i a-p iaﬂ)], (15.75)

Cim L& ot/2 : :
<a|/5>—£lg(1)—e €exp[zét(—ze 572 5@ TR T

ot
In a sense this is the main result of the KD approach?®. Notice that the term in
the exponent is very similar to a portion of the discrete coherent state action but
with a new € term. This term is in fact very similar to what one would obtain
as the small imaginary portion of the action [17] (recall that, while the continu-
ous action is real, the discrete action is not) which is typically discarded because
it appears to be O(6t?), but with € now replacing one of the ot factors. Using
this relation in place of the usual one for the inner product on the left, one can
construct the discrete form of the path integral as usual and then take the con-
tinuum limit (absorbing the exponential prefactor into the normalisation). This

yields the following continuous time action:

Se = %’Ltaﬂl)t—%4’tat4_’t—i€|at§bt|2: (15.76)

which in fact resolves basically every conceptual difficulty with the path integral.

To wit, the € term together with the prefactors in the normalisation is enough
to construct a Wiener measure over the paths entering the integral [36]. This
means that for every positive € we are now dealing with a path integral over
entirely continuous paths, on which the appropriate Dirichlet boundary condi-
tions may be validly imposed. Furthermore, the differential operator in the ac-
tion is now second order, meaning that the standard Dirichlet boundary condi-
tions are now correct in number for solutions of the equations of motion to exist:
no changes to the boundary conditions as in the Berezin approach are required
(though we will see in the next chapter that the Berezin approach can be derived
as a simplification of this). This also means that the differential operator with
these Dirichlet boundary conditions is elliptic and thus subject to Forman’s the-
orem [30], meaning fluctuation corrections can now be calculated as a functional
determinant of a well-defined operator which may be analysed directly without

reverting to the discrete action. The procedure for any calculation is thus to per-

19 Again, the construction in Chap. 15 was for the complex conjugates of these functions, but
the idea is exactly the same. Also there |3, n) was written as |x, p, n).

20The actual results of [1], [2] are significantly more rigorous, but most of the ‘idea’ is encom-
passed in this result [36].
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form it with an € > 0 for which the integral is very well-defined, and then take
the € — 0 limit of the result. In a heuristic way this acts somewhat like a Wick
rotation, allowing one to improve the properties of the integral and perform cal-
culations before then ‘rotating back’ by setting € — 0.

The main difficulties with this approach are that the limit may be difficult to
perform and that the action is now complex. The first difficulty may be quite
serious both analytically (an explosion of € factors may make even problems that
should be exactly solvable intractable) and numerically (the equations of motion
may become very stiff in this limit), so often one seeks to derive a way to avoid
taking the limit explicitly. The second leads to the method of steepest descent
being necessary, which introduces problems not faced with the method of sta-
tionary phase as described in Appendix D. Since the Feynman-Vernon action is
complex regardless, however, in the non-equilibrium setting this is the case re-
gardless so extra complexity arises only in the zero temperature and equilibrium
settings.

Before concluding, it is also important to consider how a Hamiltonian (or
other operator like a Lindbladian) enters in this picture. This will be addressed

in the next section.

15.4.1 Wick Symbol versus P-Symbol

Consider the conventional discrete action corresponding to the very simple Hamil-

tonian wa'a, whose Wick symbol at time 7 is w1, Py

N ) - _
_ = Yu Py 1 Yui1 — Pu T
Sn = ZO LR S LR L e | (15.77)

We may rewrite this in matrix form by introducing

-1
1—-iwdt -1
1—-iwot -1
M= e , N, (15.78)
1—iwdt -1
1—iwot -1
1—-iwot -1
T
W=(y ... Py (15.79)
in terms of which it becomes
T
vo ’ onal? ol
iSy=-wM'w+wt|: |+ : W N; - 20 (15.80)

0 J’N+1(1 —iwdt)
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It is easy to show that detM~! = 1, and from here a simple Gaussian integral

yields
Jd‘l’d‘i’ ST _ =5 (olPHYn ) Jot M = e—%(|4’0|2+|¢N+1|2)e¢ole(1—iw%)N
(15.81)
In the limit of N — oo this becomes (g = ¥;, Pn41 = Py)
lim e~ 2ol Hon?) ppodn (Liw )N — o= 3 (i P+ p )+ ipieT (15.82)

N—oo

which is the known correct result for <¢f|e‘iH°T|({)i) [10]. At this stage we may
observe that it is crucial for this result that the —iwdt term be off of the main
diagonal. Moving it to said diagonal, as the usual continuous time notation sug-

gests, alters the determinant of M~! to det M;ilag = ¢!®T which is incorrect.

What this example demonstrates is that the error incurred by replacing the
Wick symbol H(i,,1,1¥,) by H(i;,¢;) in the continuous time limit is in fact
meaningful for the fluctuational determinant. Repeating the above calculation
using Forman’s theorem for the continuous version of the action with the KD €
term gives the same erroneous result, but the correct result may be obtained by
observing that . )

Sty Py = 6twgl3nz,bn+6t2w—lp”+g;lp"gbn (15.83)
and rather than discarding the second term, replacing it by ew,d;1; in the con-
tinuous time limit. The correctness of this procedure could be heuristically ar-
gued on the grounds that when we performed the substitution 2e — <7, we en-
sured that e goes to 0 faster than 6t and so one cannot discard dt> terms so long
as the d te|8t¢t|2 term is present. This would lead, however, to delicate question
about the order of the 6t — 0 and € — 0 limits which it would be best to avoid
as the rigour of such manipulations would be in question. An alternative way of

avoiding this difficulty is thus desirable.

The answer comes in the form of observing that the detM;ilag = ¢'T func-
tional determinant result would in fact be correct for the anti-normal ordered
Hamiltonian waa®. Anti-normal ordered Hamiltonians do not have simple Wick
symbols, but often have an alternative symbol known as the Glauber-Sudarshan
P-Symbol. If this is the case, then the Hamiltonian (or other operator) may be

represented as
[t g1y, o0 (15.84)

with Py the P-symbol of the Hamiltonian.
While essentially every operator has a Wick symbol (referred to as the T-
representation by Glauber), the same is not true of the P-symbol [53]. Any anti-

normal ordered operator that is polynomial in the a, a" operators does have such
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a symbol however, which is why the main KD results [1], [2] specifically refer to
polynomial Hamiltonians.

To use the P-symbol in construction of the path integral for such an operator,
one inserts the coherent state resolution of identity between the a and a' opera-

1.

tors, so that for instance if H = waa', we have

wad' = [ L dlap) (e’ = [ dlo, bl @lnPipl (1589

and Py = w|ih,|>. One then Trotterizes e'!'T and represents e " by

e MO~ T —iHot = Jd[¢,¢] ) (1= iPy(, P)ot) (Pl ~ jd[l,bﬂf)] [pye PPt (|

(15.86)
which may be justified rigorously. These are then stacked together in the usual
way, using the projector integral kernel expression for the overlap of coherent
states to obtain the kinematic part of the action. Notice that the P-symbol con-
tains the fields at equal times and thus does not introduce the 6t error when pass-
ing to the continuous time limit, so it makes sense that the continuous time ac-
tion with fields at equal times would correspond to it and give the correct answer
for an anti-normal rather than normal ordered operator. As such, the Hamilto-
nian in a continuous time KD action should be interpreted as the P-symbol of an
anti-normal ordered polynomial operator. If the original operator was normal or-
dered, it should first be brought to anti-normal form via commutation relations
prior to constructing the integral.

In the next chapter I will use the ideas of KD for Hamiltonian path integrals
to construct an analogous path integral for Lindbladians, which so far as I am
aware has not appeared in the literature. The key ingredients will be the integral
kernel for the projector on the appropriate Hilbert space defined above, and an
appropriate operator kernel for constructing what are essentially P-symbols of

superoperators.



Chapter 16

P-Symbol Coherent State Path
Integral for Lindbladian Operators

16.1 Alternative construction: The Superoperator Anti-

normal Kernel

An alternative to [24] construction of the path integral for a Lindbladian stems

from representing the superoperator via the antinormal kernel

7= [ty 1aly 9 119w ) s (90" (16.1)

This approach follows the lessons learned from the Klauder-Daubechies formal-
ism, allowing us to avoid error terms in the action and have better control over
the operator ordering.

Applying this superoperator to an operator involves tracing that operator
against the right hand side term in the integrand tensor product, after which it is
clear from the coherent state resolution of identity that the above is the identity
superoperator.

A typical Lindbladian constructed from the a', a ladder operators! can be re-
cast as an antinormal-ordered non-Hermitian Hamiltonian, an antinormal-ordered

recycling term, and a constant resulting from the antinormal-ordering:

H= ZQjRj(a)Sj(a+), QjeC, (16.2)
j
R =Y YTi(@)Ua"Vi(a)Wi(a) (16.3)
k
L= —iH+iH +R+CQY) (16.4)

'Everything in this section easily generalises to multiple creating and annihilation operators,
so long as their number is finite. Evidently in the case of field theories there are complications
with naively commuting the operators [54].

215
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Here an arrow over a normal operator denotes a superoperator corresponding to

application from the appropriate side:
O[p]=0p, Olp]=pO, (16.5)

and it is notable that operators with arrows pointing in different directions com-

mute.

When interacting with the superoperator kernel, superoperators coming to
the right (before) the kernel will apply to the right hand side tensor product
term from the opposite side to what their arrow suggests. This is because in
the trace against this term they initially apply to the other operator being traced
over, and then in the process of moving over by trace cyclicity change side. When
applying to the left (after) the kernel, they apply to the left hand side tensor
product term from the side one would expect from their arrow since this is just a

direct application.

We may now write
—ZQ] j(a (f et A ([ (|¢—><¢+|))§]-<a*> (16.6)

f{ )l z,b]ZQJ, G (197w ),

= Z@E(a*ﬂ?]-(a)
=Y GR(a >(fd[¢ ) (e e (9w )0 6
J
R =Y VT @U@ )Vi@Wi(@) = Y ¥iTy(@)V(a)IUs(a")Wi(a)
k
. zYk?kwM(a*)Ud[wﬂeﬁ*]d[wtzﬁ—](|¢+><¢-|)®(|¢—><¢+|))5k<a*>ka<a>

= jdwtﬂdw, 971 ) T Vi@ ) Uk ) Wil )19 Xl @ (lp X 1),
k

(16.8)
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which permits us to represent the infinitesimal time evolution operator as
eFot x eC(QY)o! (I + l—iﬁ +iH" + Rl 6t)
= [ty g laly, ¢ 119w )@ (190"

.(1 + [Zi(Q']-Rj(gﬁ)Sj(w) - QjR;(y")S;($"))
j
+ zYka(¢+)Vk(¢_)Uk(€5+)Wk(¢_)]5t]
k
clQY)r JM 1Al 1 (l9 ) @ (19wt

-exp( Zi(Q_jRj('ﬁ_)Sj(’ab_) - QjRj(¢+)Si(lp+))

J
+ ZYka(W)Vk(’f)_)Uk(§5+)Wk(¢_)]5t]-
k
(16.9)

From here we simply need to evaluate the geometric part of the action, which
originates from the interaction of two kernel superoperators at adjacent moments
in time:

(1 X ]) @ (1 )W )] [ (1w ) @ (I ]

= (Pl @l D[ (195 @) @ (190w

+ a2
Nexp[—éte[ Sk 1 lp”“& ¥n H

ot

0 pl = _; T+ n+ n - n+ n 7 n+ n
-exp[ t(’ubnﬁtl%_#)nﬂw 16t ¥ ’1Dn+11’b 15t 17b ¢n+1¢ 151‘ ] )l

090wl (wxwi)

(16.10)

where I have used ~ to denote the omission of normalising factors associated
with the holomorphic polarisation projection operator. As discussed in the last
chapter, these are independent of the dynamics of the integral and thus may be

neglected so long as the integral is normalised against a known one?.

%In so far as we use Forman’s Theorem (see Appendix C), we will always do this to regularise
our functional determinants. As ever, a more rigorous discussion is present in [1], [2].
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Setting ot = %, by Trotterization we obtain

TL otL eétﬁ

e =€
o | _ (16.11)
= f]_[d[z,b;;, Pl Pl e Sl gl @ (19 )p11),
m=1
-2
pq_lzéw(% ; sbnﬂat ¥i ]
! 5 n T n+ n
11Dn+ libn = Iibn-k #’n
_lzbn+1 15t lpn+1 16t ]
(16.12)

N
{&[ Y (QiR; ()50 - QR (935,63

n=1 j

—i ZYkTk(EDZ)Vk(EBZ)Uk(RDZ)Wk(lPZ)]
x

N
—i Zét C(Q,Y).
n=1

This representation can be used to obtain matrix elements of the time evolution
operator in various bases. The most straightforward expression is obtained for

the coherent states basis, yielding

(o)l )e™ (v )y )

N
= [, P ld[py, Pyl Son-lwll (4 g2t Wy + dylp7)
jl:! foTFTENAAEN NI (16.13)

N
= [ T Tatwi @i 1atgn, et tiomsnl
m=1

where ¥; = o, Pf = PN+
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The continuum limit of the action Sy 5 as N — co comes out to

%= f df[i€(|9t¢?l2+lat¢;lz)+é(&:atwr—eb:at&:—aﬁ;atlp;w;attﬁ;)
= (Q1R) )8 ()~ QiR; (S (7))

j
—i ZYka(IP?)Vk(EEt_)Uk(EEf)Wk("Ut—)]
T

(16.14)
and a final integration by parts yields, with ¢7 = gb]f, V1 =15, Py =0, Py =
the form of the propagator that we will use for the remainder of this part:

(wp T (wnwi) = [ dtr ity gile,  (615)
l(| A I

+

Jd [ze 10,7 1% + 10, 7| )+i(1,l3t+9t1/)t+ —lﬁt_atht_)
+ ) (QiRi(7)S (1) - QR (w)S; (7))

j

—iZYkTk(l/)f)Vk(SBt_)Uk(@)Wk(kbt_) :
k

(16.16)

Before moving on to concrete calculations, in the next section we will consider a
simplification that allows us to find ‘effective’ classical trajectories of this action

without an explicit € — 0 limit.
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16.2 Equivalence of Berezin and Daubechies-Klauder

Equations of Motion

Denoting the portion of the action coming from the Lindbladian by —i L[y}, ¥, 7, ;7 ],

the equations of motion for our action are?

20, Im Hisp—s s = —2ied?Reyp;, (16.17)
20,Rep; —i 0L 2ied?Im W (16.18)
SIm : b
20, Im; —i oL _ 2ied? Re )y, (16.19)
oRe,
51: o
20, Rep; +z — =-2ied; Imyy, (16.20)
t

where we have had to write them in terms of the real fields because the action is
complex*. These equations are correct, but difficult to use. Solving them analyti-
cally for systems where closed-form solutions are available often yields unwieldy
expressions in €, the limits of which as € — 0 are difficult to find, while nu-
merically they are liable to become very stiff as € — 0. It would be favourable,

therefore, to obtain a way of solving them without explicitly taking that limit.

How to do this for purely Hamiltonian systems is known [15], and I now ex-
tend this method to the Lindbladian setting. The resulting method closely re-
sembles Berezin’s approach, but with a different justification. We start with the

ansatz

Retp] =q; + (Rep] —qf)e ™/ + +(Repy —q7)e , (16.21)
Im g = rf + (Imy] —rg)e™e + (Impf - rp)e T, (16.22)
Re; = q; +(Reyp; —qq)e”* + (Regpy —gg)e”T1Ve, (16.23)
Im; = r; +(Imy; —ry)e™€ + (Im g —rp)e T, (16.24)

where 1)* are not restricted to being real. This represents the bulk of the motion
occurring as q;, 1;, with a short time period on the order of € at either end during
which the solution corrects to satisfy the boundary conditions. Substituting this

into the real and imaginary parts of each equation® and taking the € — 0 limit,

SRecall that the fields are fixed at both initial and final times, so the functional derivatives
used to obtain these equations yield no boundary constraint equations.

4This and why we are permitted to complexify real variables when searching for solutions
when applying the method of steepest descent is covered in Appendix D.

>t is important to do it this way to correctly account for the deformed contour, because the
real and imaginary parts of each equation must be satisfied individually. Substituting the ansatz
directly into the complex forms of the equations does not correctly enforce this.
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we obtain the following constraints:

qo +irg =Reyp] +ilmyp;, qp—irp =Reyy—ilmyy,

qo —irg =Reyp;y —ilmyp;, qr+irp =Repy +ilmipy,

oL
20,1 +i——— =0,
SRe S
Py b
oL
20iqf —i——— =0,
SImuyf
Py boar
oL
Zatrt_ _léR — = 0,
ey, Pog,r
28tqt_ +1 — = O,
oImy; sar
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(16.25)
(16.26)

(16.27)

(16.28)

(16.29)

(16.30)

where ¢ — g, r indicates that g/, ", g7, r; are substituted for Re ¢/, Im 1), Re )},

Im ;. Defining

o it T+ o+ o+ - = - O
Of =gy +iry, ¢ =qi —ir], ¢y =q; +iry, ¢y =q; —iry,

(16.31)

and taking account of the definition of Wirtinger derivatives®, these may be

rewritten as

b6 =91, b =1

bo =07, =197,

at¢:_166‘_£+ = 0,
Py

at(ﬁ: + 1661;:-#- =0,
Flp—g

dprrice| =0,
11Dt ll}_)(P

a%f;t_ - i;_{:_ =0,
Py

(16.32)
(16.33)

(16.34)

(16.35)

(16.36)

(16.37)

where now ¢ — ¢ indicates that ¢, ¢, ¢7, ¢; are substituted for ], P}, ¥y,

Gi_l(L_iL) i_l(LHL)
dp ~ 2\JdReyp " JImy ) 9p ~ 2\ JRey ' " IJImy |
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dr.

These equations and the halved set of boundary conditions look exactly like
those stipulated in the Berezin approach if it was extended to Lindbladian func-
tional integrals. Observe that ¢/ is fixed at t = 0 but ¢; is fixed at t = T, and
vice versa for their conjugates: this agrees with Berezin’s reasoning that there are
no ¥, 1, Yo, P¢, Pr in the discrete action when constructed the conventional
way (see Sec 8.2). Our action does contain these terms, however, and we have
arrived at these equations not as the true equations of motion but as the effective
equations for the bulk of the motion as € — 0. It remains to understand how to

substitute them back into the action
S = (197 P+l ~ P19 ?)
+fdt{ie(|at¢f|2+|at¢;|2)+i(eﬁratw—nz?;atlp;)—w[w,@,w;,sﬁz] :
(16.38)

Substituting our ansatz (and taking account of the boundary conditions for ¢)

from earlier corresponds to substituting

P = df +(f —pp)e T (16.39)
B = G + (] - P)e e, (16.40)
Y; — o7 + (7 — Pyl (16.41)
Py = r +(y - pr)e T (16.42)

Upon substitution it can be shown that the ie(|8t1,bt+|2 + |3tz,bt_|2) terms in the ac-
tion vanish because they decay to 0 as € — 0 on (0, T) while at t = 0, T they are
annihilated by the boundary conditions. Similarly, because the L[y}, {), 7, ;]
term contains no time derivatives, as € — 0 all the exponential terms inside it
decay to 0 on (0, T) while their values do not matter on the boundary as it is a set
of measure 0, effectively leaving iL[p], P}, d;, ;]

The terms i( bl o —; o,y ), however, do interact with the exponential
terms when a single exponential term is present . If the exponential term is not
affected by a derivative, it decays point-wise to zero and there is no contribution.
If it is differentiated with respect to time, however, the extra factor of ¢! means
there is a small contribution from near one of the boundaries of the interval.

Thus, via integration by parts, it can be shown that

T
ilim | dt gy o,(pf - ¢p1)e” TV = idT(wf - ¢7) = iPf (YF - 1), (16.43)

T
—i limzfo dt gy 9, (Y; = po)e " = ido (P — o) = i (Y7 — o), (16.44)
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so that after substitution the action becomes

S = (19 P+ 17 + 1P + 17 1 — 207 — 2457
i i i i (16.45)
+fdt[i(¢rat¢:—¢;at¢;)—i£[¢:,¢;¢;¢;1 .

Note that varying this action with respect to ¢ yields (16.34)—(16.37) so long as
one disregards the boundary terms outside the integral. As such, when we refer
to varying this action, we will mean a formal manipulation involving only the
integral portion.

This way of finding the leading contribution in the method of steepest descent
is very convenient. Though we will not consider any such examples in this part,
when calculating functional determinants that depend on the classical path it
should be possible to find the effective path ¢ via this method and then substitute
the full ansatz before taking the e — 0 limit. At present, unfortunately, I do not
know of an analogous approach that would allow one to not take the € — 0 limit
of the functional determinant: the present approach relies greatly on the action
depending only on the integral of the path, while Forman’s theorem depends
specifically on path boundary values. Finding such an approach would likely

constitute the next meaningful step in this development.
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Chapter 17

Exact Result for the Coherently

Driven Harmonic Oscillator

17.1 Coherently Driven-Dissipative Harmonic Oscil-

lator

The Hamiltonian of the system which we refer to as the Coherently Driven Har-
monic Oscillator (the F and E terms may be viewed as a classical coherent drive)
is

Hepuo = 0a'a+iE(a’ —a) + F(at +a). (17.1)

Setting the Lindbladian jump operator as L = a, we first write the Lindbladian
1
Lo =—i[Hcpuo, pl + 2x (apa+— E(a+ap+pa+a)) (17.2)
in our standard form!:

L=—iH+iH +R+C, (17.3)

H=(F+iE)a'+(F—iE)a+(6—ik)aa', R=2xaa’, C=2x. (17.4)

Setting w = 0 + ik, ® = F +iE and mapping ((ybfleult,bi)) into a path integral via
our kernel, we obtain

1

S =5 (I9f P+ 197 = 1pf1> ~ i ?)
+jdt[ie(|at¢:|2+|atz,b;|2)+i(43r8t¢:—zﬁ;atz,b;)

— Py =~ DY — DY + wiPy iy + DYy + DYy — 2Ky iy — 2ik|.
(17.5)

Recall the superoperator arrow notation of Sec.16.1.
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For the purposes of finding the effective classical paths described in the last sec-

tion, our effective action becomes

1

S (197 P+ 17+ 1+ 1 - 20595 - 2097
+fdt[i(q5:atq>: — §7 9:7)

S =

~0Pf P — PPy — PP} + wy P + PPy + Py —2indy dy —2ix|.

(17.6)
Varying it with respect to ¢, yields? equations of motion
i0ipf —wp; —P =0, (17.7)
i0;pF + oPpf + D +2ixd; =0, (17.8)
10y —wp; —D +2ikp] =0, (17.9)
id;P; +wp; +D =0, (17.10)

with ¢} =97, ¢k = 1[1;5, ¢y =95, 7 = i;. Rewriting the action as

1

S =5 (197 P + 1712 + 19F 12 + 19712~ 0797 ~ G5 — bo i — P75
i g g T — —_ —_ T —
+ J dt [5 (¢t+at¢;r —¢[ 01 bf — b dipy + Py Iy )

-G O - BPT ~ O + i b + Oy + Dy - 21§ - 2ix|
(17.11)

and substituting the effective classical solutions of the above equations yields

(rleT 1)) O Y T TR s e e DT

ety 41 (@G 1D -G Do} (17.12)

.ewj Dlsyy, 50, 5y, o9y | e l10vo]

ZRecall that this is a formal manipulation and we vary only the integral portion of the action.
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where the last term is the quadratic fluctuation integral with

iSf= fdt [ — e (10:697 P + 19,597 17) = (597 91697 - 59p; 21597 )

—i@é&?éwf+iw6¢;6¢;+2xé¢j5¢;]

T 17.13
sur\ (07 )
T + +
o oY;
:—J dt I’D’_ M 41’01_ ,
0 5l1br o,
oYy op;
0 0O 0 7 0O io 0 -x iK
€ 1 0 0[{d? |-i 0 0 0]d 0 io -ix -k
M=|—— —+ . (17.14
2 0 1 0fdt? 0 0 0 —i|ldt |-x —-ix —iw O ( )
0 0 1 0O 0 7 O 1K —K 0 —-iw
—,————
P, 2 Py

The fluctuational integral thus comes down to evaluating the functional de-
terminant of the operator M. Since det Py # 0 and the boundary conditions are
homogeneous Dirichlet, M is an elliptic operator and thus subject to Forman’s
theorem. Applying it (see Appendix C), the determinant is found to be detM =
e**T 5o that (detM)_% — ¢ 2T perfectly cancels the factor that arose from the
antinormal-ordering. We once again see that the quadratic fluctuations are criti-

cal for correctly taking account of the operator ordering.

The contribution from the classical path, which may be calculated exactly for

this linear boundary problem, comes out to be

e ) = exp| - 3 (107 P + P + 197 + 7P)

. - . () . - . o
—T/ —iwT -o)T T -
+ez(w @) (6 iw _1)5¢;-+el(w @) (elw _1)51101'
A(T) B(T)
L D - , o 17.15
T T .
+ (e —1)51P}r+(€1w —1)5% ( )
P |
C(T) D(T)

PP e T g (1 - )

—C(T)D(T)|.

Here we have introduced the functions A(t), B(t), C(t), D(t) for convenience in
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later perturbative treatments.

17.1.1 Spectrum of the Coherently Driven Harmonic Oscillator

The spectrum of the operator in this case may easily be extracted from the trace,
since we know the propagator is exact. Noting that the trace has to be taken over

all basis elements, not only diagonal ones, we must consider a double integral for

Z:llb}_: ;—’u:#)]?:#)i_:

TH(pleElp)) = fdz,b«avfle”lybi»
) ) z ' 1—e 0T 0 z
= Jd[zlz]d[u’u] exp[_[u) [_1 +ei(a)—d))T 1 _ein][u)
T T
+(A(T)] (z]+(z) (C(T))_C(T)D(T)] (17.16)
D(T)) \u ul] \ B(T)
1

B 1
(€T — g xT)(=10T _ p=xT)’

Expanding this in a suitable series yields the sum of exponents of eigenvalues:

Tr<<¢f|€T£|l,Di>> = (1 — e ¥T7i0T)=1 (] — gk T+ioT)-1

0 & . (17.17)
— ( e—n(K+15)T)( e—m(K—lé)T)
from which we can read off the eigenvalues
A = —n(x +10) —m(x —id) VYn,m e Ny. (17.18)

Checking this against the method of bosonic third quantisation [55] confirms that
we have found the correct spectrum (the explicit final result in the cited paper
appears to be missing Ay, and A, but the actual algebra in the paper and the
fact our expression reduces to the known correct expression for k — 0 means
they must be there). While we will not go to the effort of working out all the

eigenvectors, we can easily identify the stationary state by taking T — oco. This
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yields
im ((rle™ 1)) = exp [—% (IpfP+ 19 ?) = — by -
1 . [@P\ @ _, Lo | _,\ © _
= exp _E(ll'bfl +W)_5 ) Jexp _E(W—l—llpfl )_all’f

(Gl 5)

The steady state is thus
D D\/ D
'___>> _ '___><___ _ (17.20)
@ o\ @

This makes sense for the following reason. Our Lindbladian is invariant under

the following inhomogeneous transformation [56]:

)
L—>L+—, (17.21)
a) -
o, @
Hcpho — Hepho +ik—a’ —ik—a. (17.22)
w w

D

Introducing b = a + &, our Lindbladian may be rewritten as (we can discard any

real constants appearing in the Hamiltonian since they do not affect the resulting
Lindbladian)
H =6b"p, (17.23)

Lp= —i[H,p]+2K(bpb+—%(b+bp+pb+b)). (17.24)

Since ||bTb|| > 0, the zero energy ground state of the new Hamiltonian is the state
®><—%| is clearly

annihilated by b, which is precisely |—%>. At the same time, -
annihilated by the dissipative part of the Lindbladian, and these facts together

mean £ |—%><—% = 0 and thus it is the steady state.

While these spectral results are not new, with [55] providing a way to solve
essentially any quadratic Lindbladian via a method known as ‘third quantisation’
and giving fairly general results, they demonstrate that the Lindbladian path in-
tegral propagator formalism is capable of correctly replicating them. Moreover,
the process of obtaining them has highlighted how the Klauder-Daubechies for-
malism allows for full control of the operator ordering and the exact calculation
of the associated functional determinant, showing that the resulting coherent
state path integral is a well-behaved and controlled object. Finally, as far as I
know the expression for the propagator itself is novel and in the next chapter
we will put it to use to derive a path integral perturbative approach to finding

spectra.
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17.2 Incoherent and Parametric Drive

Having obtained an expression for the coherently driven harmonic oscillator, a
reasonable next step would be to consider oscillators with incoherent (possessing
an L = a' jump operator) and parametric (possessing a Hamiltonian term H, =
A((a%)?+4a?)) drive. Being able to derive the propagator for either one would yield
an approximate propagator for the other, as they are connected by a Bogoliubov
transformation up to terms that vanish in the rotating wave approximation [19].

In the time devoted to this project, unfortunately, I was not able to obtain
tractable expression for the propagator of either oscillator. With the aid of Math-
ematica [57] formal expressions were obtainable for both the classical path con-
tribution and fluctuational derivative, but were colossal in size and failed to sim-
plify even with computer algebra. Moreover, taking the € — 0 limit of the fluctu-
ational determinant expression was infeasible under these circumstances. Thus,
while these systems are in principle solvable exactly via the path integral, ob-
taining a useful expression this way seems difficult. In the next chapter we will
obtain some perturbative results for the spectrum of both oscillators augmented

with a further coherent drive.



Chapter 18

Perturbation Theory

18.1 Perturbative Evaluation of the Propagator

It is possible to obtain perturbative corrections to spectra of Lindbladians by per-
turbatively evaluating their associated propagator. This may be done knowing
only the propagator for the coherently driven harmonic oscillator. For any per-

turbation of that oscillator’s Lindbladian (recall it must be anti-normal ordered)

Lpert = Lcpro + xl(a,a"), (18.1)

the real part of the coherent state action for the associated Lindbladian will take

the form

T
S = Scomo + X J dtlt, ot vr, o7). (18.2)

0
Performing a perturbative expansion in x of the propagator [10] amounts to tak-
ing the functional integral representation of it and Taylor-expanding the portion

of the integrand exponential containing the perturbation to the action. Schemat-
ically (t = T, (T) = Py)

(yle"Fper]y;)) = " Dy efScoro+x [dtl(w(r)
P
- ’ fut vy n
N;X J;) dtl...JO dtnfi D¢es l:lll(Eb(t]))
~ ix” J;Tdtl J-dl,b(tl)...J:nl dth-dgb(tn) (18.3)

n=0

Gty letEerroly;))
n-1

| [t ja)letrmidEeonoly s, it ).
j=0

231
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where I have omitted most indices and details of the notation to make clear the
skeleton of the calculation. The final line is obtained by performing the unper-
turbed path integrals between the times at which the perturbing terms f(i(;))
appear to obtain unperturbed propagators, leaving integration only over the dy-
namical variables at those times. It is also important to keep in mind that this

series will generally be asymptotic rather than convergent.

We may define the terms in this series recursively by the following scheme:

(Prle™ Py = ) Xl T), (18.4)
n=0
Xol; t] = ((ple'errofy,)), (18.5)

t
Xulwst] = x f ‘“/J Ay’ ((le RN, )X [95E). (18.6)
0
This recursive structure will significantly simply some of our calculations.

Returning the forwards/backwards contour indices to our notation, the first or-

der perturbation is

T
xfo dt jD[u,a]D[v,ﬂ]<<¢;,¢;|e‘T‘”‘CDHO|u,v>>l<u,a,v,ﬁ><<u,v|ef‘CDH0|¢f, i
(18.7)

while the second is given by

T t
2 ’ - - _ _
X J; dtJ; dt fD[u,u]D[v,v]D[w,w]D[x,x]
(W, pyle TR0, X)) (w, @, x, %) (18.8)
(w, x|ttt VEeor0 |y, v\ (u, i1, v, )

({1, v]e! Feorofpt, oY),

I will restrict the calculations in this chapter to the first two perturbative orders,
though I will provide a general expression for a generating function for arbitrary

order.

Begin by defining the auxiliary functions

Al (t) = A(t) + e, (18.9)
B, (t) = B(t) + ve'“t, (18.10)
C(t) = C(t) + we™'?", (18.11)
D.(t) = D(t) + xe'". (18.12)
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This allows us to write

((u, v]elt=t)EcoHO ), x)) = exp [

_lw* 1 0 w+Ai:(f‘t’)Tw+w+ 0 (18.13)
Pl z(ei(w_a_))(t_t/)_l) L)\ x 0 X x) \B,(t—t") '
f t
Lfu) (1 O)fu), fu] (C=1) 0 u , )
_E[v) (0 1)(v]+(v) ( 0 )+[D(t—t’))(v]_c(t_t>D(t_t)]'

Since the integrals over u, v, w, x here will be of the form of Gaussian moments,
it is useful to combine terms of the above form in at each perturbation order
into a single exponent. For first order perturbations we may then add source
terms Ji, J», J3, J4 for u, i1, v, ¥ to obtain the generating function Fy(J1,/5,/3,/4),
while for second order the additional source terms Js, Js, J7, Jg for w, w, x, X are
required to obtain F,(Jy,/2,/3,J4,J5,J6,]7,]g). In general, at nth order there will
be 4n source terms, with Ji,4j, J214j, J314j, Jasaj, 1 < j < n—1, corresponding to
P (i), ¥ (t-), O (tj), ¥ (t,_;) respectively. Differentiation with respect to

the source terms will then bring down the appropriate variables into the integral.

Because of the recursive structure outlined above, the most prudent way to do

this is to define a helper kernel (compare to ((u, v|elt=t)£cono|y, x)))

K(]1;]21]31]4)[u1v1w;x; t, t,] = exp[

1 w+ 1 0 u/+A;(t—t’)+]1Tw_i_wJr I>
2| x 2(ei(w—u3)(t—f')_1) 11 x I3 X x| \B,(t—t")+]4

T t
L) (1 0)(u), (u) (C=0) ( O [ Dt 1
_E(”) (0 1](”]+(VJ ( 0 ]+[D(t_t')](v]_c(t_t)D(t—t)},

in terms of which we may write (compare to the recursive structure for the per-

(18.14)

turbation series terms)
EoO)[u, v, w,x;t1] = ((u, v]e'coH0y, x)), (18.15)

Fn(]l ---]4n)[u'v1w1x; tl""ftn+l] =0

= J‘d[y,gi]d[z,:z] K(Jan-3,Jan—2+Jan—1,Jan) [, v, 9, 23 11, £5] (18.16)

Fua U1 Jam-) [y, 2w, x5t by |-
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Then
J-d[u,ﬁ]d[v,ﬁ]((z,b},gbj?le(T_t)[:CDHolu,v))u“ﬁbvcﬁd((u,vletLCDHolgbf,l,bi_)) (18.17)
may be obtained from the first generating function as
95,01, 01,1 F1 U1 o Ja IO W W s Tot]] s (18.18)
while

Jd[u,a]d[v,ﬁ]d[w,ﬂd[x,ﬂ (W, prletT 0o, xyywew! 18" (18.19)

- ((w, x|e"=tEeoHO 1y, 1)) 7P v T ((u, v]e! FePHO [ F, )Y

is given by

(18.20)

The Gaussian integrals involved are comparatively simple, and we may avoid

871 8?28538?4a}esa}(ﬁai8?81:2(]1’]2']3']4’]5’]6’]7’]8)[¢;' l’b;’ Qb:ﬂ,b,_: Lt t’] ]—0.

work by first calculating the first order generating function

Fl(]11]21]3’]4)[11b}_’ Ilb;’ 11[):—171[)1_; T, t]
: Jd (1, @) [v, 51K (1, o 5 Ja) 07, 7, 10,05 T, )G, et Eeomo 7))

= Jd[u,a]d[v,ﬁ] exp [ —C(t)D(t)— C(T —t)D(T —t)

[u ' 1 0)(u . A(T-t)+]; ! u . ! C'(t)+],
v (@ OT-_1) 1)|v D'(t)+]3 v B(T—t)+]4

(18.21)
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which comes out to

A:#}(T—t)+]1T 1 0 C;,;(t)ﬂz .
(1-elome By (

D,:pl?(t)"'I?)

L6 IR o
2 r vr) ¥y 0 D(T -t)

01
t t
_L(yf 1 0N, [#F
2\p7) (2@ 1) 1)g7) 97

exp

w}]
vy (18.22)

It is clear that for all Js equal to zero this reduces to the CDHO propagator, so we

may write

Ey(n 2 Ja 0 F 7, 0 075 T 6] = prleT 0ol o)A o, T3, Tl T 1]
: H(]z,]3)[1,b}’, ;T
CUvTo )3, Ja)] w75 T t],

(18.23)
F(t, 1)) = (1 = ell@- @it miat” (18.24)
g(t, ') = (1 =il @t piwt’ (18.25)
H(Jo Jp)[1,v5t,1'] = exp [ae‘“‘"“—f’m = vei“’“‘”fb], (18.26)

CUarJorJor Ja) 1, v3t,t'] = exp [u(fae—i“"f’ +f(48)]) + 0 T, + g, t’)fb)} (18.27)

A(]a:]br]c:]d)[t’ t’] =exp A(t - t’)]b + C(t,)]a +]a]b

+ (1= OO C() ] + D)y + o) (18.28)

+B(t—t')]c+ D(t)]4 +]Jd}-
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More generally, the above result is easily extrapolated! to

jd[u, ﬂ]d[v,ﬁ]K(]al]b:]w]d)[u'vfy’Z; tu-1, t”]
-y, z|et”£CDHO|l,D;r, PiNHUe I, 25ttt ] (18.29)

:A(]a’]é’]c,’]d)[tn—l’ tn]C(]a:]é:]c,’]d)hbj’ 4)1_) tn—lr tn]
((u, v]e=rEeomo it wIWH(J), T [, V5 by, ),

]é — ]b + e_ia_)(tn_trl+l)]e, ]C/ — ]C + eiw(tn_thrl)]f' (18.30)
which means that, by repeatedly applying (18.16) starting from F;, we find that
(tO = T)

Fn(]l-"]éln)[lp}"ab;'lp?f ¢;;Tlt1""1tn] =0

:<<§b}: lpfleTﬁCDHO'E[);’F' 4’1'_>>H(Mn,4n—21Mn,4n—1 )[#’P lybf' T' tl]
n—1 (1 8.31)
' ]_[A(]1+4i; M, 2440 My 3440 Javai) [ Enmiz1s tail
i=0

“C(J114i> My 2440 My 3520 Jarai [0 075 tymica tasi),

where, for j > 1,

Myaj o =Jaj o+ e—iu_)(tnfjJrl—tn—j+2)M4(]._1)_2’ (18.32)
M, iy = Jajog + el My, (18.33)
M2 =], (18.34)
M, 3 =]s. (18.35)

Armed with this expression and a symbolic computation tool like [57] it is possi-

ble to perform perturbative calculations to fairly high orders if desired.

To calculate the spectrum of a Lindbladian, our usual approach is to take the
trace of its associated propagator. The generating functions for the asymptotic

series terms of this trace are simply the traces of the generating functions for the

IReplacing T, t by t,_1, t,, 4)}, 4)/2 by u, v, and redefining Js by absorbing the H term yields
this result from the one above it.
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propagator series:

]4n [T t,.. n] =Tr [Fn(]l ]411)[1!)}7 11[)}:’ 1/)z+’ lpi_;T: tll'--1tn]]

=T [<<¢;,w;le”wmlwr,¢;>>H<Mn,4n_2,Mn,4n_1>[¢;,1/»;:T,ﬂ]

-

—_

n

-

—_ O

C(J11ai> My 2440 My 3420 Jarai) [T 075 tmi1, tn—i]]

2

A(J114i My 2 ais My 34400 Javai) [ En—i-1, t—i]-
i=0

=Jd[¢ﬂﬁ]d[¢,<ﬁ] [<<¢,¢IeT‘CDH0|¢,¢>> (18.36)

-exp

+
-exp (1/’] [ emioT tl)MnAn—Z ]
¢ " []4+4i€lwt”‘i +g(tu—i1, tn—i)M2+4i]

n—-1 —i@t,_; T
ico Jicaie i+ f(tsio, tn—i)M3+4i] (¢] }
¢

jw(T—t
eza)( 1)]\/111,471—1

—

n—

A(J114i My pvais My 34400 Javai) [ En—i-1, tn—i]

i

Il
(e}

This final trace integral is Gaussian and may be done exactly. Denoting

W, = e OT-tIM, 4, (18.37)
X, =T IM, 4,1, (18.38)
= Z 1+4i€ lwnz"'f n—i—1tn— z)Mn 3+4i» (18-39)

-
Zy=) Jaai€ "+ g(tnict ti) M2 (18.40)

i=0
1+ —— 0

M=]|. NI 18.41
[a<cot<w—f)—cot =) —) e

we finally have

Tn(]l--']4n)[T!t11-“rtn]:
| Y, +A(T)) . (W, +C(T)
(1—e—ifDT)(1—ein)eXp((xn+D(T))M(zn+B(T))_C(T)D(T)] (18.42)

n—1
l_[A ]1+41’ n 2+4i1Mn,3+4it]4+4i)[tn—i—1f tn—i]-
i=0

To extract the eigenvalue correction from this, we consider the symbolic expres-

sion for the traced propagator in terms of its spectrum (we assume a unique
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steady state):

fd[u,ﬁ]d[v,ﬁ] (u,vle™ x|u,v)y =1+ i(e/\"(xn + e""(X)T). (18.43)

n=1

Were we to assume that this expression is analytic in x, the linear change would
be

X0y lj d{u,i)d[v, 7] <<u,v|eT£X|u,v>>l )
x=

_ TX'Z([a/;n(X)l AOT la/\an()()l ein(O)T]'
n=1 X lx=0 X x=0

We can rewrite this in terms of the real and imaginary parts of the eigenvalues as

(18.44)

Tx- izeRe[’\"(o)]T (cos(TIm[/\n(O)])Re la/\;()()l
"= a;( )XZO (18.45)
. n\X
_sm(TIm[)\n(O)])Im[ o L_O).

Taking A; to have the largest real part, for T — oo this expression will tend to just

Ty - 26ReMOIT [cos(TIm[Al(O)])Re[(MW‘)]
x=0

Ix
(18.46)

_sin(TIm[/\l(O)])Imla/\al)((X)Lzo].

The quadratic change, meanwhile, comes out to

X [ - . TL ]
=.J d[u,it]d[v, 7] u,vle’ “x|u,v))
2 Ox J -

2 (oe] 2 2 =y
X 9"\ (x) 07 |97 Aalx 3,(0)T
=T—=—. n n

0
TzX_z_ c [3/\14()( r eAn(O)T+[ain(X)r (0T
ox Ix | .o ’

~ O

n=1

n=1 x=0 X=

which again may be rewritten in terms of the real and imaginary parts of the
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eigenvalues:
N 9* Au(X)
Tx? ) eRela(OIT TIm[A,,(0 Re[ n
X Xl cos(TImlA,ORe| =557
2
—sin(TIm[/\n(O)])Im[a /\”gX) ]
dx £=0
o 31 5 (18.48)
+T2)(2-ZeRe[A"(O)]T[cos(TIm[/\n(O)])Re ( ”(X))
Ix
n=1 x=0
I (%)

2
—sin(TIm[/\n(O)])Im[( dx )

With Ay having the largest real part, for T — oo this expression will tend to

TX26R€[/\1(0)]T [COS(TIm[/ll(O)])RelazAl(X)l
0

dx?
%A1 (x) )
x=0

—sin(TIm[/\l(O)])Im[
(18.49)

+ T2 x 2 RelM(OIT [cos(T Im[1;(0)])Re

2
—sin(TIm[A;(0)]) Im [( dx )

By matching these results against terms in our perturbation series, we should
be able to extract derivatives of the eigenvalues with respect to xy. Note that,
since we are using the coherently driven harmonic oscillator as the basis for our
perturbation method, we have Re[A;(0)] = —x and Im[A{(0)] = i0. We may now
consider the linear and quadratic corrections to the spectra of some systems.

18.2 Spectra Calculations

We will consider four systems, namely the parametrically driven oscillator, an
anti-normal ordered Kerr oscillator, an incoherently driven oscillator, and an os-
cillator with ternary dissipation. The first of these are Hamiltonian systems with
linear dissipation of strength 2x, so we may compare our results against those ob-
tained for linear dissipation systems with a truncated Fock basis in [58]. Specif-
ically, it was found there that if the Hamiltonian has spectrum E,,, the spectrum
of the corresponding truncated Lindbladian with our linear dissipation strength
should be

Apm =—1(E,—Ep)—x(n+m), n,meN,. (18.50)
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We will find that our results agree with this result, suggesting that our pertur-
bation theory captures a similar portion of the true result to truncating the Fock

basis.

18.2.1 Parametrically Driven Harmonic Oscillator

We will take the parametrically driven harmonic oscillator to be the coherently

driven harmonic oscillator with a Hamiltonian perturbed by
Hepro = Hepro + x((@')* +a%). (18.51)

This corresponds to the following perturbation to the action (from now on we

absorb the perturbation coefficient into /):
T - -
o5 = [ ettt it vr, i) (18.5)
Lt oF, w0 o) = ix [(W)? + (1) = (97 = (7)) (18.53)

Applying the theory from the previous section, we find the following first and

second order perturbations to the trace of the propagator:

T
X: i;(f dt(a§3+a§4—a}1—a}Z)Tl(jl,...,]4)[T,t]:o, (18.54)
0
T t
2. 2 2 2 2 2 2 2 2 2
X“i-x L dtl_[) dty (97 + 0}, -9}, - 97 ) (97, + 9}, - 9}, - 97,)
“T(J1,--, J8) T 11, 2] (18.55)
)(ZTeKTsin(éT)

B 5 (cos(5T) — cosh(xT))*

There is thus no linear correction to any of the eigenvalues, while taking T — oo
and using (18.49) suggests that the quadratic corrections to the non-zero eigen-

values with largest real part are

2i 2 ) 2
D VI DL SEPEREYY F S/ S § (18.56)
5 5
_ _ 2i 2 2 2
1 —>/\1—% :—K—i(é—%). (18.57)

When the parametrically driven oscillator is stable, the spectrum for ® = 0 is
easily found by a Bogoliubov transformation [19] to be E,, = n4/6? —4x?, so for a
truncated Fock basis the expected spectrum would be

Apm = —i(n—m)\6? —4x? —k(n+m). (18.58)
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The two non-zero eigenvalues with largest real part would be A; o = —i+/6? — 4x?-
k and Ag; =iy/6% —4x? —«, and it is easy to check that their series expansions in
Xx match our result. Based on the perturbative result, the @ terms appear to again

not affect the spectrum.

18.2.2 Antinormal Kerr Oscillator

We will consider an antinormal-ordered Kerr perturbation of the Hamiltonian
)(az(af)z. This is partly because it is neater for our antinormal formalism, but also
because unlike its normal-ordered counterpart it generates non-zero corrections

to the leading eigenvalues. Thus
T - -
o5 = [ " dritwr i vi D) (18.59)
0
HoT oF v 07 ) =1 —\2(,7,—\2 +\2(.7+)\2
(W5, §F r, ) = ix [(00)(80)7 = W) (@7)?], (18.60)
and first order correction is given by

T
iXJ; dt(32.92, = & B2)T(Jy,-.., Jo)[T. 1]

Te"” sin(8T) ((62 i Kz)Sinh(KT) - (52 T2+ 252) (cos(0T) - cosh(KT)))
(62 + x2)(cos(0T) — cosh(x T))3 .

(18.61)

while the second order one is too cumbersome to fruitfully write down.

Once again matching this against our expression for the series expansion of

the trace in x, we obtain

Re [8%()()] =0, (18.62)
Ix |0
4(0%+F?+ x>+ E?
Im[a)\l(x)l 4 s ) 15.63)
Ix |- 0% +x
2 16K (F? + E?
S T ) 8.6
x> |0 (62 + K2)
. [82“)‘)] 4(F2+ E2)(206% + 6% (20% + 9E2) + F2(96% + k2 ) + 1 E?)
m = — .
2 G 5(62 +x2)°

(18.65)
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Thus our perturbative analysis suggests that:
8(F2+E2)

(5% + «2)°

4(62 +F2+ 12+ Ez)

52 + k2

A1:K[1+X2

(18.66)

+i(6+)(

2(P2 + Ez)(2054 + 62 (201<2 n 952) +F2(952 + KZ) + KZEz)

5(52 +x2)°

We see that in this case the @ = F + iE terms do affect the spectrum. We may
once again check whether the result is reasonable by considering the spectrum
predicted in the absence of the @ terms by the truncated Fock basis method. The
Hamiltonian

data+ ya*(a')? (18.67)

may be rearranged via commutation into (I drop constant terms as these cancel

.l.

out in the Lindbladian, and define n =a"a)

Sn+3xn+ xn’. (18.68)

The first non-zero eigenvalue of this is 6 + 4x, so that the truncated method pre-
dicts the non-zero eigenvalues of the Lindbladian with the largest real part to be
Al = —k+i(0+4x), Ay = —x—i(6+4x). This matches the perturbative result when
® =0, though unlike in the previous two examples @ now affects the spectrum.
Unfortunately, the result fails to pick up the appearance of bistability in the
Kerr oscillator. As seen in Figure 3 of [59], the real part of A; does initially
decrease with F but after a certain critical value of the latter reverses and ap-
proaches 0. This corresponds to the beginning of the bistable region. The ab-
sence of this effect from our approach despite the fact that it should be present
for even small non-linearity suggests it is non-perturbative/non-smooth in x at
x = 0. This is unfortunate, since it suggests the perturbative approach may be
a poor fit for the study of metastability even in very simple models like the the

Kerr oscillator that exhibit classical metastability.

18.2.3 Incoherently Driven Oscillator

For an oscillator interacting with a bath of oscillators in thermal equilibrium at a
positive temperature, the total dissipator may be represented [19], [58] through

an average thermal occupation number 7, as

2Kk (g, + 1) [apcfr — % (a+ap + pa*a)] + 2K iy, [a+pa - % (aa+p + paa+)] . (18.69)
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This is essentially an incoherently driven oscillator, but with a restriction on the
magnitude of the drive relative to the dissipation. Since we were unable to obtain
an exact expression for this oscillator in the last chapter and because there is
generally no simple truncated Fock basis formula for systems with such a bath
[58] (though the present quadratic case is covered by [55] and so our result may

be checked), it is a good example to consider.

Replacing the coefficients by arbitrary «, f, this constitutes a perturbation

oL =« [apa+ - % (a+ap + pa+a)] +p [aﬂoa - % (aa+p + panr)]

" X (18.70)
=a [apaJr -3 (anrp + panr)] + B [a+pa ~3 (anrp + panr)] +ap.
Mapping them to fields gives
T - -
o5 = [ "dritwf, w7 00, (18.71)
0
18079 0) = vt + g9y - S orer - S PG va, (872)

to which we now apply our perturbation expressions. The first order correction

is given by

T
J; dt(aa] 9]4+[58]29]3 /38]18]2 ﬁ3]38]4+a) (]1,...,]4)[T,t]

18.73
T(a—ﬁ)(2—26KTcos(6T)) ( )
8(cos(8T) — cosh(kT))?
Adjusting our method in turn to a and g instead of x, we obtain
. [aa 1, /5)] 1 Im[M] _o, (18.74)
da a,p=0 da a,f=0
Re la/\la(’a,/i)] L [Ml =0. (18.75)
/3 a,p=0 2 /3 a,p=0

Since there are no terms linear in T, the second derivatives are zero, and so to

quadratic order we have

/\1:—(K+a;ﬁ)+i6 (18.76)

This agrees with [55], indeed being the exact result. As stated there, we can see
that a sufficiently large incoherent drive f can destabilize the system. For the
thermal bath, however, @ = 2«7i, = f so there is no correction to the lowest non-

zero eigenvalue.

Overall, we see that the perturbative approach can correctly calculate correc-

tions to eigenvalues of various Lindbladians for which exact propagators are not
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available. As the Kerr oscillator example demonstrates, however, the appearance
of a gap in the spectrum in a system’s metastable regime may be (and likely gen-

erally is) a non-perturbative phenomena.



Chapter 19
Conclusion

While the lofty ambitions of studying metastability in Lindbladian systems that
motivated this work have not been realised, some interesting results have never-
theless been obtained. This includes a path integral-based perturbation theory
for Lindbladian systems and their spectra, offering a simple way to calculate cor-
rections to eigenvalues of systems not covered by the method of third quantisa-

tion [55] or standard formula from the truncated Fock space approach [58].

The perturbative result for the driven-dissipative Kerr oscillator also confirms
that the bistability it exhibits is non-perturbative, highlighting the need for the
development of such methods for the analytical study of metastable systems. A
significant portion of this part is devoted to a review of the difficulties encoun-
tered with one main-stream approach to this problem, namely the instantonic
one [10], [27], due to the limitations of the coherent state path integral typically
employed in condensed matter and quantum optics.

The primary issue is found to be that the conventional formulation of the path
integral [13] lacks a way to represent the fluctuation corrections of the integral
as a property of a well-defined continuous time operator, complicating the anal-
ysis of zero modes associated to instantons. I review this approach alongside the
competing approach of Klauder and Daubechies (KD) [1], [2], highlighting the
relationship between them and the more rigorous nature of the latter. While the
latter approach does allow for the study of fluctuation contributions as a func-
tional determinant of a continuous time operator, the latter is extremely difficult
to analyse for all but the simplest paths, and I express hope that it may be linked
to the more manageable method derived in [16] directly from the discrete form
of the integral.

The KD approach for Hamiltonian dynamics leads to the possibility of defin-
ing an analogous path integral for Lindbladian systems, which I carry out. This
in turn allows for the exact calculation of the propagator for a coherently driven-
dissipative harmonic oscillator, which forms the basis for the aforementioned

perturbation theory. It is hoped that in future exact propagators could be ob-
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tained for more complicated systems, improving the properties of the perturba-
tion theory.

Overall, this part constitutes some preliminary steps towards the study of
Lindbladian spectra via the coherent state path integral. With a perturbation
theory now available, the next step lies in overcoming the challenges associated
with instantons in the coherent state driven dissipative setting. It is hoped that

the review of coherent state theory presented herein will be of value to future

workers pursuing this direction.



Appendix C

Forman’s Theorem

The method we will use to calculate functional determinants is known as For-
man’s Theorem, and is a generalisation of the Gelfand-Yaglom (G-Y) Theorem
[60]. The latter is a well-known method in quantum mechanics and relates the

functional determinant of a Schrédinger-type differential operator

O=-d?+V(t),

C.
$(0) = P(T) =0 <!

to an initial value problem associated to this operator:

0P =0,
P(0)=0, P'(0)=1, (C.2)
Det[0] = 3(T).

Here = signifies ‘formal’ equality. In general functional determinants are naively
divergent, and must be regularised. The G-Y Theorem (and Forman’s Theorem)
perform this regularisation by dividing the formal expression for the required
determinant by the formal expression for a simpler determinant, which has a
known value via other means. Thus, the formal equality becomes a true equality

when a ratio is taken:

Det[(’)] = ¢(T); Det[osimple] = Qbsimple(T)f
Det{0] _ ¢(T) (C.3)
Det[osimple] - znbsimple(T).

Forman’s Theorem extends this to matrix elliptic differential operators of arbi-

trary order!, though for our purposes we shall present the second-order case with

!The result is more general than this, but we will only require this portion of it.
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Dirichlet conditions. For a differential operator

Q= Po(t)a‘;Z + Pl(t)at + PZ(t),
P(a)=0, P(b)=0,

(C.4)

where Py, P;, and P, are complex r x r matrices, Forman’s theorem states that

. det[MHg(a)+ NH(b)]

Det[Q] = \Jdet[Hg (a)]det[He (b)]

(C.5)

¥i

where H, is a matrix with columns [ , ], ; are 2r linearly independent solutions
i

I 0 0 O
for Q1 = 0, M is the square block matrix ( r(>)<r 0), and N is [ ]
rXr
There exist some generalisations of Forman’s theorem to field theories [61],

[62], though I am not aware of an equally general result in that case.



Appendix D

Method of Steepest Descent

The method of steepest descent is a generalisation of both the Laplace method
and the method of stationary phase, applicable when the exponent is neither
purely real nor purely imaginary. Its essence lies in the deformation of the con-
tour of integration to one possessing a constant imaginary part in the vicinity of
select stationary points and thus admitting a local Laplace approximation. This
requires us to consider our initial integration contour as a half-dimensional man-
ifold in a space formed by complexifying all of our real variables of integration,
and to deform it through suitable stationary points in this complexified space.

In functional integral literature the method of steepest descent is sometimes
referred to as “Picard-Lefschetz theory”, possibly due to the term being used in
[63], and represents a flavour of it that relies on results from homology theory.
We will not consider these aspects of it in any detail.

Before considering its applications to functional integration, we shall review
steepest descent for conventional integrals. We will particularly wish to highlight
the complexities related to choosing a suitable complex integration cycle, which

are not specific to functional integration and thus best presented in isolation.

The method of steepest descent consists of two parts [64]:

1. Topological aspect: deformation of the integration contour y into a contour

7" that is most convenient for obtaining an asymptotic approximation;

2. Analytical aspect: Calculation of the asymptotic approximation from the

contour y*.

The second aspect is the more familiar, and is what we shall briefly review
first. This is the “local” part of the method, as it consists of calculating local ap-
proximations to the integral in the vicinity of stationary points — this can gener-
ally be accomplished by means of a standard formula, and then the contributions

are summed for all the stationary points on the contour.
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Local Steepest Descent Approximation

Consider an integral over a half-dimensional integration cycle y in an n-dimensional
complex space C" (a line contour in the complex plane for n = 1) of the following

form

J d"z et ?), (D.1)
)4

where 7 is a holomorphic function. We wish to approximate this integral in the
vicinity of a non-degenerate stationary point z; of Z, which we assume lies on .
By the complex Morse lemma, there exists a local holomorphic variable change
w = ¢(z) such that

I(w)=T o (w) :I(a)o)—Zwiz. (D.2)

If w; = x; + iy;, this means that (wy = ¢(z))

n

ReZ(w)=ReI (wy) - ) (x}-v?), (D.3)

=1
n

ImZ(w) =ImZ (wy)— ) 2x;V;, (D.4)
i=1
from which we see that non-degenerate stationary points of holomorphic func-

tions are always saddle-points of the real part.

Now assume that the cycle » was chosen such that in the vicinity of z, it
is given by y; = 0; This defines a half-dimensional manifold of constant ImZ
and fastest decreasing ReZ, making it suitable for the application of Laplace’s
method. In a neighbourhood y of z; on which our coordinate transformation is

defined, we may rewrite
n
“AY %2

J Az M (@) aa_z e/\I(ZO)J d'xe i=1'
20 w Yo (DS)

N(E)n/2 82
V!

Jw
where we have employed the real Laplace approximation to approximate the lo-

M (20)

cal integral. It remains to observe that

az\T (32T\ [ PT
e I e e e B 09

p) az -1/2
ﬁ - (\/Ei)"(a—zf) , (D.7)
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so that (denoting % a 9L = 77(z))

J dnze/\Z(z) ~ ‘_/\Z”(ZO)
Yo 27

Thus, for a cycle y passing through stationary points 26 in an appropriate

-1/2
eM (20, (D.8)

local manner, the approximation states

J d"zeM Z' ALz

Some care ought to be exercised with respect to which branch of the square root

AL(z), (D.9)

is taken. Splitting |—I”(zf))| into a product of its eigenvalues []; y1;, more careful
considerations than those we have provided [64] indicate that the determinant
should be taken as ]_[ \Hj, arg \/_) < " . Since Forman’s theorem does not give
the individual eigenvalues, we will thus generally have a phase ambiguity in our
results obtained with it. For a single classical path this poses no difficulty since
this phase is constant and can be easily worked out by considering limiting be-
haviour such as T — 0. For multiple paths, however, this could lead to inter-
ference effects between them that we will be unable to resolve without explicitly
finding the spectrum of the Hessian. In this part we will only ever deal with a

single path, and so will not run into these difficulties.

Global Problem: Contour Selection

The far more difficult problem, when applying steepest descent, is the selection
of a suitable contour y. For the approximation to be valid the stationary points
must be the “most important” parts of the cycle, with the integrand negligible
outside their neighbourhoods, and the imaginary part of the integrand should be

locally constant on the contour in their vicinity.

A simple example of how a naive choice of contour (attempting to include
all existing stationary points) may fail is provided in [63] via the Airy function
integral (A € R) N

2mA"YBAI(A3) = j dx e Mx/3+%), (D.10)

Complexifying the exponent yields

I(z)=i(z%/3 +2), (D.11)
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which possess two stationary points:

2,I(z)=i(z>+1)=0 (D.12)
l
Z =i, (D.13)

Including both points would yield the approximation

271)\_1/3Ai(/\2/3)z,/%e_%’\iidge%/\, (D.14)

where the second term (zy = —i) is incorrect: the Airy function of a real variable
. . . _2 C . .
is real, and its A — oo behaviour scales as e 3%, which is the contribution of the

first term (zy = i).

zZ =1 Z = -

Figure D.1: (Left) One may see that it is easy to draw a non-self intersecting line
through the black point (z = i) which is locally tangent to its dashed surface of steepest
descent, begins and ends in the appropriate green asymptotic regions (0 < Argz < 7/3
and 27/3 < Argz < 7 ), and stays outside the red forbidden region.

Figure D.2: (Right) It is impossible to draw an analogous non-self intersecting line
through the black point (z = —i).

To understand the problem, it is instructive to plot! the region of C on which
ReZ(z) is greater than Z(i), and similarly for Z(—i). A contour passing through
one of these two stationary points should not pass through the corresponding
region if that point is to have the largest contribution on the contour.

At the same time, we may plot the lines of constant ImZ and fastest decreasing
ReZ (from now we will refer to these as surfaces of steepest descent) passing
through the stationary points: a valid contour should be locally tangent to these

lines at the stationary points, as described in the last section.

'We plot using A = 1-0.01i. The small imaginary part of A avoids a surface of steepest descent
connecting the stationary points, which is a complication we will not discuss. More details may
be found in [63].
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Finally, any valid contour must have its ends in the appropriate asymptotic
regions: regions at infinity at which ReZ(z) — —oo such that the integral con-
verges, and which are “connected” to the original contour ends at +co. For the
Airy integral these are 0 < Argz < 7t/3 for co and 21t/3 < Argz < 1t for —co. Look-
ing at Figures D.1 and D.2, one may see that a non-self intersecting contour (self
intersection implies a closed loop, along which the integral is trivially zero and
should be discarded) passing through z = i and locally tangent to its surface of
steepest descent may be drawn that remains in the region where ReZ(z) < ReZ(i),
so that z = 7 is indeed the most significant contribution on such a contour. For
z = —i, however, it is easy to see that an analogous contour does not exist. Thus
this point cannot be included on any contour suitable for an asymptotic approx-

imation, and must be discarded. Doing so yields

2mA B A3 ~ | /%e_%’\, (D.15)

which is the correct result.

Obviously the kind of graphic analysis performed above is entirely unsuitable
for higher-dimensional integrals. Fortunately, there is a more systematic way to
construct a suitable contour, though it is by no means simple to implement. We

address this in the following section.

Steepest Descent Surfaces

Let us consider the following gradient system in the complexified space (z = x +

iy):

dsx(s) =—VyReZ(x(s),p(s)), (D.16)
dsy(s) = =V, ReI(x(s),p(s)). (D.17)

This system, which for holomorphic 7 may be rewritten as (and thus shares the

stationary points of the action)
d,z(s) = —d,I(z(s)), (D.18)

generates trajectories along which the magnitude of the integrand monotonically
decreases and locally does so the fastest. At the same time, it can be shown that
Im7 is a conserved quantity. Indeed, the surface of steepest descent for the sta-

tionary point z; may be characterised as the set [63]
Ji ={z=12(0): dsz(s) = —d,Z(2(s)), z(—o0) = 2;} (D.19)

of points reachable from the stationary point by such trajectories.
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Consider now what happens if we evolve the original contour of integration
using this gradient system (the essence of this explanation is due to [65]). Since
the magnitude of the integrand will decrease at every point along the evolved
contour, the convergence of the integral must improve: this means that the ends
of the contour remain in valid asymptotic regions throughout. At the same time,
due to a corollary of Lojasiewicz’s inequality [66], [67], for a real analytic ReZ the
trajectories of this system will either converge to its stationary points or diverge
to infinity. Thus, as the contour evolves, portions of it will either move off to
infinity in the valid asymptotic regions (with correspondingly negligible value
of the integrand on them) or become ‘pinned’ on stationary points (and locally
assume the shape of the point’s surface of steepest descent, since the equations
characterising the latter are the same as of the system). A plot of this is provided

for the Airy function:

Figure D.3: The original contour (yellow) for the Airy function evolving (colour shifting
to purple as it evolves) into the dashed black steepest descent surface of the z=1i

stationary point according to the gradient system dsz(s) = —d,Z(z(s)). The ends of the
contour remain within the valid asymptotic regions throughout the evolution and the
final contour lies outside the forbidden red region.

The question of whether the original contour may be validly deformed through
a stationary point thus becomes one of whether the point is reachable from some
point on the original contour via a trajectory of this system: if so, we can evolve
the contour as above and the neighbourhood of this point on it will become
pinned on the corresponding stationary point. There are, however, further com-
plications. Specifically, the neighbourhood may arrive at the stationary point
with different orientations [63], [65], so its contribution is determined only up
to a sign unless the orientation is known. Furthermore, multiple regions of the

original contour may arrive at the same stationary point (possibly with differ-
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ent orientations), and their number must somehow be calculated. A theoreti-
cal answer to these problems is provided in [63], but there is no easy practical
way to implement it. Indeed, even the question of whether a given stationary
point is reachable from the original contour appears intractable in the infinite-
dimensional setting of path integration [68].

Some simplifications are possible. An argument in [63] shows that for a purely
imaginary 7, as in zero-temperature quantum mechanics, the dominant station-
ary points appearing on the original contour will contribute a single time with
positive orientation and be dominant over any points not on the contour. The
same reasoning may be used to argue the same for a purely real 7, explaining
why these difficulties are not encountered in Laplace’s method and the method
of stationary phase. Furthermore, if only a single stationary point is present,
arguments ibidem show that it will necessarily contribute to the integral. The
multiplicity and orientation of its contribution, however, will not necessarily be

2. This will not generally be a problem for us, however, as

single and positive
with all functional integrals we perform the correct value of a limiting case will
be known (this is also essentially necessary to calculate functional determinants
via Forman’s theorem). Thus, like the phase ambiguity discussed in the previ-
ous section, the multiplicity/orientation ambiguity for a single stationary point

is easily resolved by comparing to a known limiting case.

Finding Stationary Points, Phases, and Intersection Numbers

The preceding theory is well-known, and a desire to apply it to functional in-
tegration had been expressed as far back as 1983 [69]. This has been hindered,
however, by the complexity associated with calculating contributing stationary
points, their orientations, and multiplicities [68]. In infinite dimensions this ap-
pears computationally intractable.

The state of affairs is thus roughly as follows. Finding the stationary points of
a given complexified action is by far the simplest part of the theory: in quantum
mechanics this amounts to solving a system of ODEs with appropriate boundary
conditions, while in QFTs these are elevated to PDEs. So long as these can be
solved, the goal is achievable.

Next, how hard it is to calculate the phase associated with the branch of the
square root of the functional determinant varies. If the non-complexified action
is purely real, as it is in Euclidean path integrals, the phase is always zero. In
the case of a purely imaginary action of zero temperature quantum mechanics,
this phase is related to the Maslov index [10] of the trajectory and there is pos-
sibly a similar result for QFT. For a general complex action, such as arises in

Feynman-Vernon path integrals, however, no method appears to exist other than

21f there is a stronger result in this direction, I am unfortunately unaware of it.
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the explicit computation of the spectrum of the associated Hessian. This may be
tractable for some simple differential operators (and in the case of only a single
path may be worked out by other means), but is likely to be very hard in general.

Finally, as mentioned at the start, there is the essentially intractable problem
of identifying which stationary points should contribute, and with what orien-
tations and multiplicities. So far as only a single path is involved, this is not a
problem since it is guaranteed to contribute and the multiplicity/orientation may
be fixed by other means; thus many problems in driven-dissipative quantum me-
chanics (ones for which the equations of motion and their boundary conditions
ensure unique solutions) should be solvable while disregarding this difficulty.
Otherwise, however, there does not appear to be a rigorous way to identifying

contributing points.
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Chapter 20

The Wigner-Moyal Formalism and

Stratonovich Postulates

In Part IT we saw that the space of square-integrable functions on the phase space
of a system is typically too large to serve as the Hilbert space we wish to work
with. While the definition of a suitable polarisation and subsequent quantisation
in geometric quantisation can often produce an appropriate smaller subspace,
this conceptually amounts to artificially carving out an effective configuration
space and makes clear that quantum mechanical wave functions are not the nat-
ural objects of study on the phase space.

Stepping back to classical mechanics, this is not entirely surprising. Loosely
associating pure, localized quantum states to classical states of the system, the
latter correspond to individual points of phase space rather than functions de-
fined on it. Yet classical mechanics does involve objects that are precisely such
functions: they are the observables and phase space distribution of the system
[1]. Unlike states, for which the Schrédinger equation is a quantized analogue
of the classical energy-momentum relation!, these objects obey classical dynami-
cal equations expressed through phase space coordinates via the Poisson bracket,
and so we might expect the possibility of building a quantum theory of these ob-
jects on the phase space with dynamical equations reducing to the classical ones
in the i — 0 limit. That the quantum analogues of these objects exist in spaces
larger than the Hilbert space of the system? is promising.

This point of view takes us away from geometric quantisation, arriving in-

stead at what is known as deformation quantisation [2]. The goal of this formal-

Because classical mechanics does not distinguish between state and a fixed set of values for a
complete set of observables (the coordinates in a chart on a symplectic manifold), the Hamilton
equations for the evolution of a state are indistinguishable from equations for the evolution of
observables. Yet upon quantisation these become equations for the evolution of operators (or
their expectations via the Ehrenfest theorem), showing that from a quantum point of view they
are the latter. One is thus forced to construct the Schrédinger equation as the actual dynamical
equation for the state.

2Namely the space of linear operators on that Hilbert space, which for finite Hilbert spaces is
the tensor product of the Hilbert space with its dual.
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ism is to construct an algebra of functions on the phase space symplectic man-
ifold (corresponding to linear operators of the quantum theory) equipped with
a non-commutative star product (since the product of quantum mechanical op-
erators is non-commutative) expressed as a series in #i. In the # — 0 limit this
product is to become the ordinary commutative product of functions, while at
linear order in # the commutator expressed in terms of it should reduce to the
appropriate Poisson bracket. From a purely mathematical point of view the se-
ries expression of the star product need not be convergent, giving what is known
as ‘formal deformation quantisation’. If the theory is to describe real physics,
however, it should converge, leading to the more constrained ‘strict deformation

quantisation’.

The most well known result in this direction is the Wigner-Moyal formalism?.
Originally formulated for particles on flat phase space, it constructs a represen-
tation of operator quantum mechanics that fits the scheme outlined above, giving

the following set of correspondences:

Representations of Quantum Mechanics

Classical Physics

Matrix Quantum Me-

chanics

Wigner-Moyal Formal-

1Sm

Phase point

Phase space
distribution

Classical observables

Scalar product

Energy-momentum

relation®

Classical equations of

motion

Liouville equation

Quantum state

Density matrix

Linear operators

Operator product

Schrédinger equation

Heisenberg equations

von Neumann equation

Pure Wigner function

Wigner function

Functions on the phase-
space manifold
Star (%) product

von Neumann equation
for a pure Wigner
function

Heisenberg equations

von Neumann equation

In this formalism one maps linear operators A to functions Wy(x,p) (known as

the symbols of the operator) on the flat phase space and vice versa via an operator

3The formalism predates the deformation quantisation program by a good 40 years [3], [4],
so it would be unfair to view it as a product of the latter. Nevertheless, it fits neatly into that
framework.

4 Alternatively, the Hamilton-Jacobi equation.
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kernel A(x,p) [5]:

Alx,p) = de’eip'x//h|x+x’/2><x—x’/2|, (20.1)

de

where n is the number of particles in the system. This mapping is evidently

=Tr [AA(x Pl (20.2)

(x, p)A(x,p), (20.3)

linear, and it is easy to see that Hermitian operators are mapped to real functions
and that W; = 1. Combined with an associative star product known as the Moyal

product

-

i “— “«— —
Wa(x, p)* Wp(x, p) = Wa(x, p)exp lzh(ax dp—0dp- 9x)] Wg(x,p),  (20.4)
and the standardization and traciality properties

TrA= | dx

x,p), (20.5)

Tr[AB] = deJWWA(x,p)WB(x,p), (20.6)

this provides all the tools needed to perform quantum mechanical calculations
in terms of these symbols. The density matrix is mapped to a symbol known as
the Wigner function and in the Schrédinger picture this is evolved in time by a
suitable dynamical equation, while in the Heisenberg picture it is the symbols of
other operators that are evolved. Expectations are taken by tracing symbols of
observables against the Wigner function, relying on the traciality property.

Our interest in this construction lies in the following fact: at order O(#?) the
Moyal product is a second order bilinear differential operator. Moreover, the #°
and #? terms are symmetric in the symbols while the # term is antisymmetric.
This means that if one writes down a non-driven dissipative von Neumann equa-
tion in terms of the Wigner function accurate up to O(#?), one obtains a partial
differential equation that is first order in both time and phase variables, while a
Lindbladian master equation will yield one that is first order in time but second
order in phase variables. Since the trace of the density matrix must be conserved
so must the total mass of the Wigner function by the standardization property,
meaning these will be continuity equations. In particular, the partial differential
equation will generally take the form of a Fokker-Planck equation.

Truncating at this order in i thus endows the evolution with a classic stochas-
tic interpretation via the mapping from Fokker-Planck equations to stochastic
differential equations (with no noise in the von Neumann case). This means that

operator expectations in the theory may be computed by sampling trajectories
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from an initial Wigner distribution, evolving them to the time at which the expec-
tation is to be taken, and then averaging the operator symbol over them. While
the Wigner function may, unlike a real probability distribution, have regions of
negative density, one may still make progress by restricting to initially positive
Wigner distributions® and, in the case of a Fokker-Planck equation with a steady
state, relying on the independence of the steady state from the initial distribu-
tion. This stochastic approximation is the Truncated Wigner approximation we
met in Part Ib, now phrased in terms of the Wigner-Moyal formalism rather than
the path integral.

The Truncated Wigner formalism is well established for particles with a flat
phase space, and there are several related approaches to spin degrees of freedom.
These include various flavours of bosonizing the spins and using the flat space
variant on the resulting quasiparticles [6], the discrete Truncated Wigner method
for spin [7], [8] that uses Wooters’ discrete phase space [9], [10], and approaches
that use the fact that the algebra su(2") together with the identity matrix spans
the Hilbert space of a cluster of n spin—% particles [11], [12]°.

These are all valuable methods, but all somewhat deviate from the prototypi-

cal Truncated Wigner approximation described above:

* The use of bosonization typically leads to a flat phase space with a con-
straint, so one is in effect doing constraint quantisation [13]. The case of
Schwinger bosons for a single spin, for instance, corresponds to the quan-
tisation of R* constrained to S3, the latter being diffeomorphic to and car-
rying a transitive action of SU(2) and furnishing a quantum theory of spin
(see section 5.2 of the cited article). This is entirely valid, but is a very ‘ex-
trinsic’ approach to something I feel could be more elegantly described by

constructing the theory on the appropriate manifold from the start.

* Methods based on a discrete phase space evidently do not produce a Fokker-
Planck equation meaning that if one wishes to obtain classical equations
with noise, the latter must be added via external considerations rather than
appearing intrinsically. The truncation involved in the approximation is
also not in #, breaking the connection to deformation quantisation. Finally,
from an aesthetic point of view, this approach de-emphasizes the connec-
tion to the Lie group action on the phase space, which we will see is an

important part of the flat space theory.

* Finally, approaches based on spanning spin Hilbert spaces by appropriate

bases also lack # as a truncation parameter, and must find an alternative

>We will see that it is actually sometimes possible to sample from a non-positive distribution.

The two cited works are quite different in their specifics, one considering a mapping of sin-
gle spins onto an S? phase space and the other of clusters onto a flat phase space. The second
work also considers other bases for the Hilbert space. Nevertheless, there is a distinct similarity
between the approaches.



269

justification for the truncation. These approaches are also constructed for a
specific magnitude of the spin and size of cluster, as opposed to an approach
where the spin magnitude may be continuously varied (indeed, since di-
mensionless spin magnitude is proportional to #7!, it is a natural expansion

parameter for the star product).

What we will thus pursue in this part is a Truncated Wigner approach that
is formulated on the spin phase space S? from the start, respects the deforma-
tion quantisation structure by admitting an expansion in #, exhibits the same
structure for any spin number, and is covariant under the action of the Lie group
associated to the system (SU(2) for spin). This approach was begun with the con-
struction of the Wigner-Moyal correspondence for spin [14] and development of
the Truncated Wigner approach to O(#) [15]-[17]. Our aim here will be to extend
it to O(#?) and thus to stochastic dynamics.

It is useful to begin by understanding the general structure of constructing
a Wigner-Moyal correspondence for a symplectic manifold, known in this con-
text as the Stratonovich-Weyl correspondence, which we will then specialise to
S? in the next chapter. Specifically, will demand that the classical phase space
and corresponding Hilbert space share a transitive action by a Lie group, namely
that the classical phase space is a symplectic manifold M, G is a group that acts
transitively on M, and H is a Hilbert space realizing a unitary irreducible repre-
sentation 7t4 of ¢ € G. For the flat phase space G is typically the Heisenberg group,
while for spin it will be SU(2)”. With this established, we will seek a mapping
A€ L(H) & Wy € F®(M) from linear operators on H to (generalized) functions
on M satisfying the following “Stratonovich Postulates” [18]:

1. Linearity: A — W, is a one-to-one linear map;

2. Reality: Wyt = Wy;

3. Standardization: |, dpu(C) W(C) = Tr4;

4. Traciality: [, dpu(C) W4(C)Wp(C) = Tr(AB);

5. Covariance: W, 4(C) = Wu(g o), where g-A = Tg A 7{571.

Here p(C) is an invariant measure (under G) on M. The first four conditions are
familiar from the flat phase space example earlier, with the linearity condition
preserves the linear structure of the quantum theory, while the traciality condi-
tion preserves the statistical properties of the theory when one of the symbols
is of a density matrix. The final postulate is not mandatory to preserving the

structure of the quantum theory, though we will see the motivation for it in the

"Note that, unlike the Heisenberg group and its Stone-von Neumann theorem, SU(2) will have
multiple different irreducible representations corresponding to different spin numbers.
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next section, and could be replaced by another. This may lead to a different
phase space and a de-emphasis of the transitive action of the Lie group, as occurs
in Wooters” discrete phase space construction [9], [10]. As we are interested in
preserving the geometric structure of the theory, we will retain the covariance
postulate.

The most direct way to achieve this correspondence is through the construc-
tion of a kernel similar to the flat space kernel A(x, p) by which operators may be
mapped to functions and vice versa. In the context of the above postulates this is

known as the Stratonovich-Weyl kernel, and is described in the next section.

20.1 Stratonovich-Weyl Operator Kernel

The mapping above can be realised by means of an operator kernel A(C). Specif-
ically, we implement the mapping via

W4 (C) = Tr(AA(Q)). (20.7)

The traciality property suggests that this mapping can be inverted via

A= f Ap(C) Wa(Q)AQ), (20.8)
M

showing that the kernel is self-dual.
The Stratonovich postulates translate to the following properties of the ker-

nel:
1. At =A(@Q) forall T e M;
2. [y dpO)AQ) =1;
3. [, du(C) Te(A(L)AL)AL) = AL);
4. A(gol)=mA(Q) ;"

Note that the last kernel property is true for the flat space Wigner-Moyal kernel

[5]:

1 ~ ’ A i N PN t
Ax+x",p+p’)=eiP**PIA(x,p) (eh(P rx 'P)) (20.9)

where ¢#P"**"#) i3 an element of the unitary irreducible representation of the
Heisenberg group we saw in Part II with # reinserted. Thus the covariance postu-
late generalizes what is true for flat space, stating that the action of the associated
Lie group must always be respected.

If the kernel is successfully constructed for a given system, the task of con-

structing the correspondence is largely accomplished. We shall see in Chap. 22
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that an expression for a star product respecting the correspondence
WAB - WA*WB (2010)

may be constructed directly from the Stratonovich-Weyl kernel via an integral
trikernel. The derivation of a differential form of the product, however, is typi-
cally a more difficult task. I will present this derivation only for the case of spin.

In the next chapter we will review the construction of this kernel for the case
of spin, wherein M = S2and G = SU(2).
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Chapter 21

The Spin Kernel

In the case of a spin-j system, the objects considered in the previous chapter take
on the values M = S2, G = SU(2), and the Hilbert space H is 2j + 1-dimensional.
The SU(2)-invariant measure on S? is, up to normalization, simply the area mea-

sure: .
27 +1

pj(n) = sinfdOd¢, (21.1)

where n denotes the unit vector of the sphere, and we shall denote this spin-j
kernel by AU)(n).

The explicit form of the spin-j kernel was found in [14] by starting from a
general matrix element representation and progressively restricting it by apply-
ing the Stratonovich postulates. Since this kernel is the foundation of all the work
performed in this part, I devote the present chapter to an exposition of its deriva-
tion. We will also see how it is used to work out the symbols of some standard

operators and density matrices that we will need in subsequent parts.

21.1 SU(2) Tensor Conventions

Throughout this part we will follow the conventions for SU(2) tensors set out
in [19]. In particular, for the spin-j representation, we will have the following

important tensors:

* The epsilon tensor e)mn which is the coordinate vector of the rotationally

invariant combination of two equal spins:

m,n
It obeys
e = (=1)4e), Ze%,e(ﬁm’" = (-1)¥s", (21.3)
ml
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and is also used to raise and lower indices:

"= Ze(j)m”vn, Vy = Zv”e,%; (21.4)

n n

e The Wigner D-matrices D(j)mn = (jmln?ljn), which are the j-dimensional

representation matrices of SU(2). They respect the inversion relation
D" = (-1PD","(g); (21.5)
e The Clebsch—Gordan coefficients C(jl]éj)mlm2 " which are the coordinate vec-

tors of spin combinations in different bases:

ljimy)ljamsy) = ZC(]1]2])m1mzm|j1j2;jm>; (21.6)
j,m
ujasjmy =y CEIME i jymy). (21.7)
my,mny

Because of how they couple two spin-j; and spin-j, representations to a
spin-j representation, they have specific behaviour under SU(2) transfor-

mations:
DU apline oy SGiiad) m_ Sligd) g (m )18
ny (g) ny (g) niny;  — mymy n (g) ( . )

We will use the Condon-Shortley phase convention for these;

* The Wigner 3j symbols

( v J2 J3 ] _ (—1)f1-j2tis C(1112J3)mlm2”efj§1)3, (21.9)
my mp M3 dj,

where d; = 2j + 1. These inherit modified SU(2) transformation properties

from the Clebsch-Gordan coefficients:

D(mmlnl(g)DUl)mznz(g)D<jl>m3n3(g)(h o 13]:(11 j 13], (21.10)
my mp msj nyp Hp; N3

meaning they are the invariant tensors, or intertwiners, of the SU(2) repre-

sentation theory.

Throughout the derivation we will need various other properties of these tensors,
which will be quoted without reference. Essentially all of these may be found in
[19]. We will also unfortunately not use the repeated index summation conven-
tion since, while the theory is tensorial, we will have cause to sum over indices

that appear more than two times and the notation would become confusing.
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21.2 Constructing the Kernel

With the basics of SU(2) tensors out of the way, we may turn to the derivation of
the SU(2) kernel [14]. The core of the method is to write AU)(n) in terms of the

standard spin basis as

ZZ n)|jr)jsl. (21.11)

and then gradually constrain this representation via application of the

Stratonovich postulates. Beginning with the covariance condition

A (gon)=nd Am) (=), (21.12)
this gives the relation
27" (g om) = (jr|al) (gon)ljs) = Grld A m)rg" |js)
=Y (rledlipyz Py (n)jalred " js)
L (21.13)
_ ZD(J)rp (g)D(])qs (g—l)z(])Pq(n)'
P4
Using the Clebsch-Gordan series
D(]l)mln1 (g)D(]Z)m2n2 (g) — Z C(]1]2])m1mzmc(]l]Z])nlnan(])mn (g) (2114)
j,mn
one obtains
D(h)mlnl (g)D(fz)mznz (g) = Z C(jlij)mlmsz(jlij)nlnan(j)mn(g)
jmn
_Z 2]Jrl[h ]2 ])[]1 ]2 ]]D(j)m”(g)
]mn mpy mp mj\ny Ny n
=Y (e []1 j ]2)[]1 j ]2]D(j)mn(g)
]mn my m mp ng n njp
) 20+ G (j1if2) (j) n
= Z 2(j—ja) 2j2+1c(11]]2)m1mmzc 1 2n1nn2D ' (2),
jmn
(21.15)

which, combined with the inversion relation

D" (g7 = (-1)% D", "(g), (21.16)
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yields

, , B 21+1 (i ilj ! -
D(])mlnl (g)D(])nzmz (8 1) = ijTC(] ])mlmmz C(] ])nlnnzD( )nm (8 1)' (21.17)
I,m,n

Substituting this result into (21.13), we obtain

Z(])rs(gon): 2 ptitrm ~Gl) - ap(hn

.U D" (g ZUP, (m). (21.18)

We now define

Z cit qZ(j)Pq(n) (21.19)

and observe that the orthogonality relation for 3j-symbols yields

21+ (jlj) i
gon Z prqu(f)pq(gon)

J2]—+

ikj k 1 ok
qC(J ])ptqD( )ut(g 1)Yb(t )(n)

pm
Py 2]+1
p4q
L j\j k g .
me[ ]][] ]]D(k)”Ag‘l)Yi")(n) (21.20)
P p m qj\p t ¢
P4
V2I+1V2k+1 ok
=) ——=—oushD" (g )
k,t,u

=Y D" gV ().

u

In the process, we obtain the intermediate result

L (1)) q.Gkj)pt 1 -t
C C = 5110 21.21
;2141 P (YIS R ( )

(21.20) is the correct covariance relation for normal spherical harmonics Y,qu ), and

()

. ! . .
we now aim to show that Y, ~ Y,§1) up to a constant. To this end, consider the

tensor

= | g T ¥ (21.22)
52

and observe that it intertwines the representations 7, and 7;:

1 Ik k)*
D", (g)c"™" Zszﬂl (gon) v (gon)
S ) . (21.23)
B J;z dp(n )Ys( )*(n) = C( )st,
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the integral equality holding by the SU(2) invariance of y;(n).

(Ik)m
n

By Schur’s lemma, ¢ = ANk 5™ for some constants AU!). Since the spher-

ical harmonics form an orthogonal basis for L?(S?) with (we use Racah’s normal-

isation, contrary to the normalisation in Ref. [14])
) k)*
L dp(n) Yy ()Y (n) = 6™8,,,, (21.24)
S

we conclude that Y,Sql) = A(jl)Y,gql).
Thus,

U yDm).  (21.25)

2l+ cltiim () Gy V2l +1
sYm'(n) = E A -
\/2]+ o V2j+1
)s

The requirement that AU)(n)* = AU)(n) necessitates that Z(j)rs (n)* = A
ing the fact that Y,(nl)(n)* = (—1)’”Y_(lﬂ)1(n),

r(m). Us-

ZC (jlj)rm Z\/Z]—+ ]+l—s( 2;+ 1 (_1)j—l+sc(jlj)rms](_1)my_(lrzl(n)

il
r m -—=S
o
—Z\/ZJ—JF ““(S ) _]r)<—1>my_<i21<n>

_ Z ]+l S ] l+rc(]l])5 mr(—l)mY_(lyL(n)

(21.26)

which shows that

Yo

2]+

I,m

Since

z! Yo (n), (21.28)

o \/2] +1

this shows that AU)* = 1UY) and thus that the constants are real.
So far we have used only the covariance and reality postulates (or rather the

corresponding properties of A/). To maximally restrict the possible values of the
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constants, we now consider the other two properties of the kernel, stemming

from the standardization and traciality postulates:

J du;j(n)A(n) =1, (21.29)
52

J dp;(n) tr(A (m)A (n))A (n) = AV (m). (21.30)
52

Because the matrix elements of the kernel A/ lie in the Hilbert space of spherical
harmonics of order < 2j, the property (21.30) requires that the integral kernel
tr(A/(m)A/ (n)) be the identity operator on this space. Substituting our expression
for the kernel, we find

tr(A (m)Ad () = ) 29 (m) 2", (n)

(jk ) k
SCU, i (m) vy ()

5 2]+1
ILm,k,p
‘\/21+ V2k+1 _(ij) (jkj ! K, o
Z 13D 3 (k) o cltirm ol ])rpSY;gi)(m)Y,g )(n)
lmkp
VZZ V2
Z/\Jl PUCAZ S 1k+ S8y Yy (m) Yy (n)”
lmkp
i I I "
=Y ()2 vy (m) Yy (n)”
Im

(21.31)

With Racah’s normalization, Zlm Y,Sf)(m)Y,sf) (n)* is the identity operator on the

Hilbert space up to a factor of 2 21 1, so we conclude that (1U9)? = %;—ﬁ Because

! 2j+1 I 0 2i+1
dejm)y,i)(n)— v]_ dpu(n) Y (n) Y, )(n):\/ﬁémémo, (21.32)

property (21.29) together with the expression (21.25) requires that 1% be posi-
tive. The other AUD, 0 <[ < 2j, have unconstrained signs.

Generally, the choice made is that AU") be positive for all I. This choice is
related to how this self-dual kernel fits between the non-self dual P and Q kernels
(which are frequently used but do not satisfy the traciality postulate, being dual
to each-other). The final result is that the kernel is given by

~ A+1 i
729" (n) = 2.—+c‘f”’””s Y (n). (21.33)
—~ j+1



21.2. CONSTRUCTING THE KERNEL 279

Before moving on to tackle the star product, we note the symbols associated
to some standard operators and density matrices. In particular, the symbols of
the elements of the SU(2) algebra are given by [14]

Ws_=+/j(j+1)sin(0)cos(¢), (21.34)
Ws, = j(j+1)sin(0)sin(¢), (21.35)
Ws, =+/j(j +1)cos(0), (21.36)

which intuitively are just the polar representations of the x, y, z coordinates on a
sphere with radius \/](]TU It will also be invaluable to know the symbols of the
pure states of maximum and minimum weight, |j,7){j,j| and |j,—j){j,—j|. These
may be read off directly from the kernel since the spin basis is orthogonal (for
Racah’s normalisation, YO(Z)(n) = P/(cos(0)), where P, are the Legendre polynomi-

als):

2j
; N )i 21+ 1 _(i1i)io
(D)), ), jl] = 27 (m) = WC(] 0. Bi(cos(©)), (21.37)

2j
; C. i—j 21+1 _(j1j)-jo
(A (), ), ~jl1 = 277 (m) = %TC(] 0 P(cos(0).  (21.38)
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Chapter 22

Spin Star Product

22.1 Integral versus Differential Form

With the spin-j kernel in hand, there is a simple representation of the star prod-

uct in terms of the integral trikernel [14]

LY (n,m, k) = (2{;{1 )2 Tr[AD () AD (1) A (i) | (22.1)
in terms of which
War W)= [ dtm) [ gt L9 nm ko WaGmWi(h. (222
52 52

As we are interested in constructing a Fokker-Planck equation, however, what
we are after is a differential form for the product. Its construction amounts to

defining a bilinear differential operator L[x,y] such that
Wyp = Wyk Wy = L[Wyu, Wp]. (22.3)

The general procedure for constructing this product in the case of SU(2) was
given in [15], [16]. The derivation is a comparatively heavy SU(2) tensor calcula-
tion, using somewhat obscure properties of 6-j symbols, and I will not present it.

The resulting expression
_ . _ d_4’~—1 2 B 72 B 72
WA*WB—NsZa]me (TA[(SVETIWa) x (SVETHWs)] - (22.4)
j=0

is exact, but difficult to use given it is written in terms of fairly abstract differ-
ential operators (we will define them below). In the spirit of deformation quan-
tisation, however, it possesses a formal power expansion in a small parameter
proportional to #. This expansion was worked out to first order in [15], and the

corresponding first order Bopp operators were worked out in [17]. The second

281
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work used these to write down a classical Fokker-Planck equation corresponding
to the Lindbladian master equation.

Because the resulting Fokker-Planck equation contains terms second order in
the small expansion parameter, however, for the derivation to be consistent the
star product and Bopp operators! [20], [21] used should also be to second order
in the parameter. To my knowledge this result is not present in the literature, and
so this chapter is devoted to the derivation of an explicit form for the star product
that is accurate to second order in the parameter. For completeness I also present

Bopp operators to second order.

22.2 Second Order Operator

22.2.1 General Expression and Definitions

We start from equation (39) of [15] for a spin-S system (we use S rather than j in
this section to free up the latter for product indices), with s =s; =5, = 0 as we're

working with the self-dual representation:

Wax Wy =Ns )_a; [ SEENTA[(SVATIWA < (S VG| (229
=0

where
0? % 1 0? 0? 0?
2_ |\ Y A S v
J = [892 +cot989 + “n’o (a(PZ 2C0898¢8lp + QEDZ)l, (22.6)
Si:ie$i¢(icot9%+i%$ 511116%)' (22.7)
(-
sy (22.8)

Ng=V2S+1, (22.9)
F(L)=+/(25 + L+ 1)!(2S - L), (22.10)
F(J*)D = E(L)DYy - (22.11)

The operators J2 and S* possess the property that [[72,5*]f (0, $) = 0 (note that

they do not commute when applied to functions also dependent on ¢). Moreover,

T*(f(6,9)3(0,$)) =g(0,$)T*f(0,9) + f(6,9)T°8(6,9)

(22.12)
—(S7£(0,0))(S7g(0,$)) —(S7g(0,9))(S”f(0,)).

'Bopp operators replicate the star product action on the Wigner function by some set of quan-
tum operators out of which observables of interest are built out of. For bosonic particles these are
typically the creation and annihilation operators, while for spins they are S,, S,, and S_. Bopp
operators are a useful shorthand compared to explicitly using the star product.
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Before proceeding, we also define some ¢-independent operators via

—+ cot@ ! 8—2
392 s1n2 0 P2 |
Jd _ i d
+(j) — —_
S ]k:(!(kcote 70 "sin@ 8¢)'

such that

T*f(0,0)=L2f(6,9),
STV £(6,¢) =eFi¥s=f (0, p).

22.2.2 Order Expansion

283

(22.13)

(22.14)

(22.15)
(22.16)

We shall carry out the expansion in the parameter € = 5. If we view S as a

physical spin measured in units of 7, we see that € ~ # and that this is nothing but

the semiclassical approximation. Of course, in most cases the physical spin will

not be much greater than #, making this approximation a particularly poor fit for

spin systems. Nevertheless, this means that we perform the same approximation

for both bosons and spins and thus spin truncated Wigner may be seamlessly

combined with boson truncated Wigner.

We begin with an expansion of F(7?). Note that

F(L)=+/(2S+L+1)!/(2S - L)!
L L
(25 +1)! '
_J[ 251 kl Ol (2S+1+k)[|(25+1) kl_ol (25+1

(25 +1)! ﬁ§+k_(25+1)! Lo1+ek
%+k_\/28+1 Lo LHek

L
(25 +1)! [1 1+ek}
=————=exp|z ) In .
V25§ +1 2; 1-ek

To second order in €,

1+e€k

lnl—ek

=1In[(1+ek)(1+ek+e’k?)]
=1n|[1+2ek+2e%k? + o(e?)]
= 2ek + o(€?).

(22.17)

(22.18)
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Thus, substituting this result back into (22.17), we find

pry= B [leL(L +1)+o0(e?)

———¢€
NS hRar
25+1 (22.19)

(28+1)![ 1 1, ., 5
=—|1+=el(L+1)+=€“LY(L+1)"+o(e )],
rs i1 S€L(L+1) 3 (L+1)*+
from which we conclude that
A QS+ 1, 1, 4,
E(J? :—[1+—ej +-e’T*+o(e ] (22.20
(T7) ro i1 5 3 (e9) )
G(J?)
- \/2 1
1 7?) = S L P —ej2 e 0(62)]. (22.21)
G—l(jZ)

The terms % from F(J)and F~!(J) in (22.5) along with Ng may be combined
to rewrite (22.5) as:

Wyx Wg=(25+1)! Zaj j ;l_i G 1T [((S+)jé(j2)WA) X ((S_)jG(jZ)WB)].
i=0

(22.22)
This allows us to express (25 + 1)!a; in terms of €:
(=1} (2S+1) (=1} {£ 1
2S+1)la; = =
2S+lej == Gsrir - 7 l_[(28+k+1)
k=1
o o (22.23)
] 1)/
l_[ 1+ek .!) H(e—62k+o(ez)).

k:l

>~
I

1

To second order in €, therefore, only the j = 0,1, 2 coefficients are relevant and

these are
co=(2S+1)lag=1, (22.24)
1 =(2S+1)la; =€*—e+o(e?), (22.25)
1
¢y =(25+1)la, = Ee2 +o(e?), (22.26)

through which we may once again rewrite (22.22) as

A*WB—X ke S* VG W) X (S TV G(T2IWg)] + ofe®

(22.27)

We now work out the summand for each j, going by order in €. In each case, it
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will be found that the integrand is independent of ¢ when simplified (recall that
the W-symbols do not depend on 1, and that we may switch to ¢-independent
operators £? and S*U/) when the expression being acted on is {-independent and
we can cancel the e//¥ terms coming from the S* operators) and thus the fg—i
integral simply multiplies the integrand by 1 and may be ignored. Since the
calculation is heavy on cancelling terms, I denote terms that are about to be can-
celled against each-other in the same colour. The final result for each calculation

is given a border.

= (22.29)

1 1 1
= S W T2 Wy + S WaT Wy = 2 T3 (W, Wp)

1)1
(2212) 5 [(STWA)(S™Wa) +(S™Wa) (S Wp)] (22.30)

LS WA W) + (5 (5T W)
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622

1 1
= Z(jZWA)(jZWB)"'g(WBJ4WA+WAJ4WB) (22.31)
1 1
+ 5T (WaWp) = 27 (WL Wy + Wy L2 Wp)
1 1
= Z(LZWA)(ﬁWB) + g(WB£4WA + WaLAWg)

1
+ gjz [WBL:ZWA + WA£2WB _ (S+(1)WA)(S—(1)WB) _ (S—(l)WA)(S+(l)WB)]
1

- ZJZ(WB£2WA + WAL:ZWB)
(22.32)
1 1
= Z(zzwA)wsz) + g(sz:‘*wA + WAL Wp) (22.33)
1
— 5|2 WS Wg) + (ST Wa) (L35~ Wp)
— (s s Wy, y(s~ Mg M) — (§~M g+ w, ) (s D s~ Mnyy)
+ +(STWwy)(£2s T wy)
_ (s+“>s—<1>WA)(S—“)s*“)WB)—(s—(”s—“)WA)(S+“>5+<1>WB)]
1
- g[2(.c2wA)(£2wB) WL W, + WAL W
_ (S+(1)E2WA)(S_(1)WB) _
— (ST W)~ L2 W) - <s“>w‘4><s“”£2w5>]
1
= g[(s+<1>s+<1>WA)(S—“)s—(”wB)+(s—<1>s+<1)WA)(5+<1>5—<1>V\/B) (22.34)
+ (ST~ Mw, (s~ s+ W) + (s~ Ws=Mw, ) (s g+ nwy)
—(QWa)(S™MWWg) — (ST W,)(R Wp)
— (RW,)(ST W) — (S Hwy)(Q WB)]
where we have defined
Q=1[£2%s)], (22.35)
R=[£25M (22.36)
j=1:
(62 - e)(l - %e]z + %ezj‘l)
(22.37)

[l e o) {1+ 3 S

=[0] (22.38)
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€12

= ~(STWwy)(S~ VW)

62:

_ 1 B
:(S+(1)WA)(S (1)WB)+§j2((S+(1)WA)(S (1)WB))
1 B 1 B
_E(S+(l)j2WA)(S (1)WB)_§(S+(1)WA)(S (l)jZWB)
= (STMw,)(s~ M wp)

1 1
+ E(jZSJF(l)WA)(S_(l)WB) + E(SJr(l)WA)(jZS_(])WB)
1 1
= (ST W) (s W) - (s w57 s~ w)
1 1
_ E(S+(l)j2WA)(5_(1)W3) _ E(S+(1)WA)(5_(1)j2WB)
=| (STMW,)(s~ W)
1 _ 1
+5(QWA)S™ W) + (ST W)(R W)
1 B B 1 B
= 58T W8S Wg) - (5™ s w5 s~ D)
j=2
1 1
_€2(1 _§€j2+ 862‘74)
1 1 1
[((5+)2(1 + 2€j2+§6254)w )((S‘) (1 + §€j2+ §e2j4)w3)]
60:
61:
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(22.39)

(22.40)

(22.41)

(22.42)

(22.43)

(22.44)

(22.45)

(22.46)

(22.47)

(22.48)

(22.49)
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:% (ST s Ww, ) (s~ Ws-Mwyg) + (22.50)
+ (5t MWW, ) (s~ W5+ D) + (- W s W, ) (5D s+ D y)
—(QWA)(S W) - (STHW,)(R Wp)
—(RW)(ST W) — (S~ W,4)(Q Wp)

STOW,) (S~ HDwp)

_|_

QWS D Wg)+ (S VW )(R Wp)

(ST W+ MW, ) (s~ Mg~ wy) -

Nlr—kl\)lr—kl\.)lrd
—_
95
+

@w,) (s~ wp)

3

— 25t W MW, ) (s~ Mg~ Mwy) - Z(s~ Mg+ Mw, (st s~ W) | (22.51)

+
— 00 |

ool»—koolwooh—\oolw +
—_
wn
+

(1)5_(1)WA)(5_(1)S+(1)WB)+g(5_(1)S_(l)WA)(S+(l)S+(1)WB)
(QWA) (S MWp) + =(STW,)(R W)

— —(RWA) (ST W) — —(STHW, ) (Q Wp)

0| — | W

STOW,)(S~Hwp)

—+

+=(STPIW,)(STP Wp)

N|,_.

22.2.3 Simplifying the Operator

The star product for spin is thus given to second order in € by

=I®l (22.52)
+o [s '@ s+l - st gs ] (22.53)
+e [s+ ®s—<1>+%s+<2>®s—<2> (22.54)

+%5+<1>s—<”®s—<1)s+“>+%5—“)5—(1)@5””5”1) (22.55)
_%S—<1>5+<1>®5+<1>5—<1>_§5+<1>5+<1>®5—<1>5—<1> (22.56)

3 3 1 1
+5Fe s~y g5+“) ®G- gG®s+(1> - gs—“) ®F| (22.57)
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where

S = —9p —icsc(0)dy, (22.58)

S~ = -9y +icsc(6)dy, (22.59)

S+ 82 —cot(6)dg — csc?(0 )(92 +2icsc(0)dgdy — 2icot(0)csc(0)dy,  (22.60)
s 82 —cot(0)dg — csc ( )8 —2icsc(0)dgdy + 2icot(0)csc(0)dy,  (22.61)
= csc? (2cot —2icos(0)dgdy +icsc(0)dy + 89), (22.62)

= csc? (2cot + 2icos(0)dgdy —icsc(0)dy + 99). (22.63)

It is useful to notice that %[S_(l) @St -5+ g S_(l)] may be rewritten as

— -

ie( ¢3cos<9>—3cos<e>9¢) =ieg{ — -} (22.64)

where ,{ <, —} is the Poisson bracket on the sphere (with ¢ and cos(6) as conju-
gate position and momentum). This allows the above cumbersome expression to
be rewritten as

*° =1+ie |, >} +e*B(—,—) (22.65)

where we have compressed everything multiplying €? into B(,). For complete-

ness, the simplified explicit expression for 5 is given by

B(W,, Wp) Z%aQWA 0,$)dg Wx(0, <1>)—1cot(6)82 W4(0,)dgWi(0, )
—%CO’[( )00 Wa(6, )5 W5(0, d) + —CSC R )dy Wa(O,$)dy Wp(0, )
+ CSC ( )898¢WA(9,¢ 898¢WB(9,¢
—%csc2(9)8§WA(6,(P)aéWB(Q:(P)
—%cscz(G)QéWA(G,¢)9§WB(9:¢)
+ icos(ZG)csc‘l(Q)(?q) Wa(0,$)dy Wp(0,9)
—cot(9)csc2(9)868¢WA(9,¢)9¢WB(9;¢)

— %sin(26)csc4(9)9¢WA(9: ¢)96‘9¢ Wg(0, ).
(22.66)
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Finally, we also have the explicit Bopp operators S = 4/S(S +1):

S, *0=8¢'?sin(6) o +Seei¢(89 o+icot(6)dy o )

+ %SGZeiqb( sin(@)&é o +2c0s(0)dg o +icsc(0)dy o +csc(6)8§) o ),
S_*o0=8e"'?sin(0) o +See”?(— g o +icot(0)dy o )

+ %Se2e—iq"(sin(9)8§ 0 +2c0s(0)dg o —icsc(0)dy o +csc(9)8(2p o ),
S, %0 =8cos(0) o —iSedgo

+ %SEZ(COS(Q)ag o +csc(0)( cos(20)dg o +cot(6)d o ))

. | (22.67)

ox S, =Se'?sin(6) o +See’¢( —dg o—icot(0)dy o )

+ %SGZeiqb( sin(@)&é 0 +2c0s8(0)dg o +icsc(0)dy o +csc(6)8§) o ),
o*S_=Se ?sin(0) o +See‘i¢(89 o—icot(0)dy o )

+ %Se2e—i¢(sin(9)8§ 0 +2c0s(0)dg o —icsc(0)dy o +csc(9)8(2p o ),
o* S, =5cos(0) o +iSedyo

+ %SGZ(COS(Q)aé o +csc(9)(cos(26)89 o +cot(9)8§) o ))

22.3 Tensor Product of Star Products

Compound systems in quantum mechanics are constructed via tensor products
of their Hilbert spaces and the operators acting on them. In the Moyal repre-
sentation, this corresponds to a product of the phase spaces and symbols. To
combine symbols, however, the tensor product of the individual star products is
also required (if one is using Bopp operators, one simply applies them one at a
time as usual).

As an initial example, consider the star product for a free bosonic particle
*b = M=) (22.68)

where {,} denotes the Poisson bracket and the arrows denote whether the left
or right symbol is to be used (the star product is an infix operator). If we are
interested in the expansion to order O(A?), this becomes

2

A =1+iMe, o) - /\—{<—,—>}2+O(/\3) (22.69)
2 ~—

- -

(gxxapp = 20xpTpx + aPPaXX)

Now suppose we consider a compound system involving two such particles (we
shall denote them 1 and 2). The symbols now depend on the coordinates of the
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product of the two R? phase spaces (x;, 1, X2, p2), and they are combined via the
tensor product of the original star products. The tensor product is by defini-
tion bilinear and for a pair of bi-differential operators consisting of products of

partial derivatives (e.g. 3"15}71 and (éngxZ) amounts to simply “multiplying them

together” while keeping track of which side of the infix expression each operator

acts on (thus lespl ®(§P23X2 = Sx F) ).

1P27p1%2
Denoting the Poisson bracket acting on the coordinates of system i by {,};, we

see how this occurs for the two-particle system:

* @%b =1 +iMe, >} @1 +1®iMe, -},
A2 A?
- 7{<—;—>}% ®1-1® 7{<—:—>}§

(22.70)
- A ol @ = +0(V).
le Xzsplpz _39611723171362 _§P1X23X1P2 +§P1P2§X1 X2
Rewriting this in terms of the Poisson bracket for the combined system
fe, o= ) ek (22.71)
i
we obtain
A? 2 3
* @l =1 +ilfe—, -} - Sle =P +oWd), (22.72)

which agrees with the well-known result for a many-particle system with overall
Poisson bracket {,}:

b =Ml (22.73)

For a system comprising both bosons and spins, we may again construct the ap-
propriate star product by tensoring together x” and %* appropriately. We begin
by constructing it for a system comprising multiple spins, indexed by j € J. De-
noting the individual Poisson brackets and B by ({ <, —}; and B;, and the overall

spin Poisson bracket by { «—, —}, it is easy to show that

2

, €
*5 = ®*]5 =1+ie| <—,—>}—? E S <—,—>}]-®S{ <—,—>}k+e2 E Bj(<—,—>)+O(e3).
jel jokel jel
j=k

(22.74)
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Finally, indexing the bosonic particles by i € I, denoting the corresponding

Poisson brackets by {«<, —}; and the overall bosonic Poisson bracket by {«, —},

* =xP @# =1 +i)Me, o) +ie [ —,—)

1
- E ‘ Z pi(<_1_))®pj(<_;_>)
i,jel®] (22.75)

i#]

N (oY B+ 00)

iel jeJ
e (22.76)
A Me,—),  ifiel

Here O(3) indicates expressions of degree > 2 over € and A. We truncate at this
order because both A and € are physically of order % (indeed A is essentially %), so
O(3) is effectively O(#%) and we have the star product to second order in #.

With this, we may now construct the semiclassical equations governing spin-
boson dynamics. In this part we will restrict to purely spin systems, since it is
the spin part of the formalism that is novel. In the next chapter I will analyse the
behaviour of a single spin, showing that the results given by this formalism are
almost exact for large spin numbers as expected, but systematically deviate for
small spins and discuss this. In the process we will review the behaviour of the
Fokker-Planck equation on a sphere and its mapping to a stochastic differential

equation in this context.



Chapter 23

Truncated Wigner and the LMG
Model

A very simple model to test our formalism on is a restricted form of the Lipkin-
Meshkov-Glick (LMG) Hamiltonian [22], describing a single quantum spin, with

dissipation (we have reinserted factors of #):

dip = L1[p], (23.1)

hZ
Ly[p] = h[Hl:p]"' L n?s- pS* =577 0}, (23.2)
= —Jh%S2 + AhS,. (23.3)

We see that I'#1 is a frequency, meaning that we can define a a dimensionless time

variable 7 = tI'fi. Then, making the dimensionless definitions

A

= ] o
J= ik A= % (23.4)
we obtain the dimensionless equation
d.p = —i[-JSZ+AS,,p]+ (S pS* - %{S*S‘,p}). (23.5)

From Refs [23], [24] we know to consider not the symbol p(6, ¢) but rather the
measure-weighted symbol p(6, ¢) = sin(0)p(6, ¢) when constructing our Fokker-
Planck equation (this has to do with our how our area element interacts with the
generalised Stokes theorem when formulating the continuity equation), so we

consider
9:0(6,9) = sin(0)( ~i[[-TS(0, ) * S.(6,9) + AS.(0, #),p(0, )]
+(S7(0,¢) % p* S*(0, ) (23.6)
- S11157(0,9)%57(0,9),p(0,0)11))

293
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where

[[Wa, Wg]] = Wax Wp — Wi Wy, (23.7)
[[[Wa, WE]]] = Wax Wg + Wpx Wy. (23.8)

23.1 Fokker-Planck Equation and Ito SDE

The right hand side can be shown to be an exact differential of a smooth one-form,
so this is a continuity equation on the sphere. This confirms that the normalisa-
tion of the quasi-distribution is preserved. Moreover, it is not too difficult to show
that this is in fact a Fokker-Planck equation in p(6, ¢). Taking 1 to be 6 and 2 to

be ¢ in index notation, we find that

6(60,9) = ~2il1(0,0)0(0,0)] + 30,0, [D(0.9)p0.9),  (239)
where

D= A 0 (23.10)

Lo a2 cot?(6))’ '
jm A(%Acot59)+~ssin(9)(1 +fsin(2qb))] (23.11)

A+ 2] S cos(6)cos?(¢)

S=4/j(j+1), (23.12)
A =28e. (23.13)

D is clearly positive-semidefinite on 6 € [0, 7] so the Fokker-Planck equation is
well-posed and should represent a stochastic process.

Since the sphere cannot be covered by a single coordinate chart and the chart
we are presently working has singular points at 6 = 0, 7, some care is called for
when converting the Fokker-Planck equation to an SDE. In any interior neigh-
bourhood of the chart the Fokker-Planck equation should describe an Ito stochas-

tic process governed by

(d@)_A(%Acot(6)+$sin(9)(l+fsin(2<j))))dt+[A 0 )(dwl) (23.14)

d¢ - A +2]S cos(6)cos?(¢) 0 Acot(0)\dW,

so the question is mainly one of what occurs at the singular points at the bound-
ary of the chart. One approach would be to consider the sphere extrinsically,
embedding it in R® and lifting the Fokker-Planck equation to one in that space
and possessing radius as a conserved quantity. This approach is sketched in Ap-
pendix E as a mathematical curiosity and confirmation that our local chart rea-

soning about the form of the SDE is correct. There is, however, a more direct way
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to understand this boundary behaviour.

Writing out the equation for d0,
do = (%/\2 cot(0)+ ASsin(0)(1 +fsin(2¢)))dt + Ad Wy, (23.15)

we notice that the A% cot(6) term is highly singular and repulsive at the points
0 = 0, 7. Rescaling the time by dt1? = dt, we obtain (the Wiener term rescales as
just A)

ao = (%cot(@) + %sin(@)(l +Jsin(2¢)) )d’[ +dW;. (23.16)

m(0)

It is then true that

1 1
dc; < oo s.t. (m(@) ——|< 10 and |dgm(0) + 202 <0 for 6 €[0,7/2], (23.17)

20

<c¢,0 and < c,0 for 6 €[0,17/2],

(23.18)

which means that the process is asymptotically Bessel—% at 6 =0, 7. This in turn

1
dom(m—0) + 592

1
dcy < 0 s.t. 'm(n—@)—% P

means that it almost surely does not reach these points in finite time if started
from any point 6 € (0,7) [25], so the singular nature of the chart at these points
poses no problems for defining the SDE so long as we do not initialize trajectories
starting from them; since our initial probability density will always assign zero
measure to these points, we will have no need to do so.

The only difficulty in this regard arises in simulations, since numerical error
may lead a trajectory to overshoot these boundary points even if the abstract
process should not reach them. Given that the main feature of the Bessel process
is the incredibly strong repulsive term, it seems reasonable to fix this numerical

issue by setting 6 = 0, 7 as hard reflecting boundaries in simulations.

23.2 Initial Distribution

With the SDE corresponding to the spherical Fokker-Planck equation identified,
we must now identify how we intend to sample from p(6, ¢).

It was argued in Ref. [11] that, since all pure spin states have non-positive
symbols, the latter are not valid probability distributions and hence cannot be
sampled from. While the first part of this statement is true, the second is erro-
neous. The positive and negative restrictions! p_(0, ), p_(0, ) of the measure-
weighted symbol are both positive and, since they have the same boundary con-

ditions and the Fokker-Planck equation is linear, are evolved independently. One

104(0,6)20,-(0,4) 20, 5,.(0,9) - p_(0, ) = p(0, )
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may thus sample |p(6, ¢)|, including samples for which the trajectory originated
from the domain of the positive restriction with a positive sign and those for
which it originated from the domain of the negative restriction with a negative
one when averaging. Since the mass of |¢(6, ¢)| may not be equal to 1, we will
also need to multiply the final average by this value since averaging over samples
assumes the original distribution was normalised.

For the simulations in this chapter, we will initialize the spin in a maximum
weight state |j, j){j, j| and consider j = %, 10. This is so we may observe how large
and small spin numbers affect our approximation, which is based on a truncation

ideally suited for large spin numbers. From (21.37), (21.38) we know these to be

20
i} . 21+1 _(10110)100
plO(Q,({)):sm(G); 57 C LoPi(cos(0)), (23.19)
1
21+1 (Lj1L
p1(6,¢) =sin(0) ) l; clz!7)2 O%PZ(COS(G)). (23.20)

The total mass of the norm of the first is numerically found to be 0.0952381,
while for the second it is 1.1547.

23.3 Observables

Given that we have only a single spin at our disposal and that the purpose of
the present simulations is to get an overall sense of the method’s behaviour, we
will restrict ourselves to observing the evolution of (S,) over time. As mentioned
above, we will initialize in the maximum weight states for two different spin
magnitudes and then compare to dynamics obtained by directly integrating the
master equation using the QuantumOptics.jl library? [26].

This is also a good place to comment on time-correlation functions, specif-
ically why they are difficult to compute. This was touched upon in Part Ib but,
with the language of the star product in hand, we may now elaborate. Specifically,
consider a conventional time-correlation function of random variables O;(x) and

O,(x) for a stationary process:

(O1(t1)0x(t2)) = Idxldedx3 O1 (x1)P(x1, x5 t1 — £2) O (x2) P(x2, X35 £5) P(x3).
(23.21)
Here P(x,t;x’,t’) is the transition probability and P(x) is the initial distribution.
Here the transition probability acts as a propagation kernel for the initial distri-

bution, evolving it forward in time. It is this object that is represented by a set of

2QuantumOptics.jl is a numerical library for simulating open quantum systems, written in
and for the Julia programming language. It is developed by the CQED group at the Institute for
Theoretical Physics of the University of Innsbruck.
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SDE trajectories starting at x” and finishing at x.

Analogously to the transition probability, there exists an integral kernel for
evolving the density matrix symbol. Using the star product integral trikernel one
could construct an exact expression for it in terms of symbols of Kraus operators,
but from the perspective of Truncated Wigner it is again simply given by sets of
trajectories with fixed initial and final points. Denoting this kernel by K, we may

write an analogous expression for the time-correlation function of two operators:

(O1(t1)O5(t2))
= Id/"j(m)dl‘j(")dﬂj(k) O1(n)x [K(n,m;t; —t5)Oy(m)x [K(m, k; t,)P(k)]].
(23.22)

Here the product between operators and all preceding terms is now a star prod-
uct, and therein lies the problem. Expanding the star product in a series will give
the normal probabilistic expression as the classical limit, but will now contain
extra terms at higher orders. These arise from the ‘back action’ of quantum mea-
surements on the quantum state, and may be modelled by introducing jumps to
the trajectories at the times of measurement [27]. The time symmetric ordering
we encountered in Part Ib is in fact a special ordering for bosonic theories that
cancels out these back action terms, leaving only the classical expression, and
thus allowing for conventional averaging over trajectories. Because the observ-
ables of the spin theory are not the canonical position and momentum of the spin
Poisson bracket, the time symmetric ordering does not trivially carry over and I
do not currently know if an analogous ordering exists. Due to these difficulties, in
this part we will restrict ourselves to spatial-correlation functions once we move

onto lattice models in the next chapter.

23.4 Spin-10 Simulation

The simulation for spin-10 was run with A = J = 10, initialized in the [10,10)(10, 10|
pure state. The attached plots demonstrate the evolution of the system obtained
with the stochastic method compared to direct integration using QuantumOp-
tics.jl [26].

For the stochastic method, 30 instances of the average S, are calculated, each
over n trajectories with n =100, 500, 1000, 2000, 4000, 8000 to show stochastic
convergence. The plots on the left show the average of these means together
with the maximum and minimum deviations of them from it as compared to the

directly integrated solution labelled E.S..
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Figure 23.1: Evolution of the spin-10 LMG model using the stochastic Truncated
Wigner method and QuantumOptics.jl, the latter labelled E.S. for exact solution. The
time axis has been normalized to final time 1 for plotting, with the actual final time
being 0.1.
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We see that at the initial time the method is exact, meaning the sign-weighted
sampling from the non-positive function works correctly (though for j = 10 the
function is almost positive, so a better demonstration will be the case of j = %)
Furthermore, as the number of trajectories increases, the overall mean and its
maximum deviations tightly converge to the directly integrated solution.

This may be seen in more detail in the middle and rightmost plots: the mid-
dle show the empirical standard deviations of the mean and that its maximum
deviation remains within two or three standard deviations, while the rightmost
compare the deviation of the directly integrated solution from the mean against
the standard deviations. From the plots on the right we see that at long times
there is clearly a systematic difference between the stochastic solution and the
directly integrated one. For spin-10, however, this deviation is on the order of
2-3% of the final equilibrium value of the observable, suggesting the method is
comparatively accurate for high spin values as expected.

There are two ways to understand this good behaviour for large spins besides
the obviously improved accuracy of the series truncation. One is that the cor-
rect function space for all symbols in the spin-j theory is spanned by spherical
harmonics of order up to 2j, a constraint the Fokker-Planck equation does not
respect. Thus the larger this function space, the less serious the error introduced
by the stochastic evolution. The other is that the Fokker-Planck equation is gen-
erally only able to produce entirely positive equilibrium distributions®. For large
spins the pure spin states are almost entirely positive and so this does not pose
too much of an issue. The situation is rather different for smaller spins, as we are

about to see.

23.5 Spin—% Simulation

We repeat the simulation of the previous section for the same parameters, num-
ber of trajectories, and so on but with j = % and initial state |%,%)(%,% For
this spin we have S2 « I and so it is easy to see that minimum weight state
|%, —%)(%, —%l is the steady state (this was not so for spin-10).

Inspecting the corresponding plots, stochastic convergence occurs at the same
rate as for spin-10 with the standard deviation of the mean decaying by a factor
of 10 between 100 and 8000 trajectories. In this case, however, the mean given by
the stochastic method does not converge onto its directly integrated counterpart,
with a clear systematic error of approximately 16%. The reason for this is easy to
see if one plots the minimum weight pure state symbols for spin-10 and spin—%

side by side:

30ne could in principle engineer an equation with multiple steady states and then construct
the positive and negative restrictions of a density symbol to converge to different ones, but this
would be rather artificial.
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Figure 23.2: Evolution of the spin-3 LMG model using the stochastic Truncated Wigner
method and QuantumOptics.jl, the latter labelled E.S. for exact solution. The time axis
has been normalized to final time 1 for plotting, with the actual final time being 0.1.
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Figure 23.3: Symbol of the pure state Figure 23.4: Symbol of the pure state
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While the spin-10 symbol is essentially entirely positive and could be easily
reproduced as the stationary distribution of a Fokker-Planck equation (though it
is not the stationary distribution in our case), the spin-3 symbol has a substantial
negative portion for small 6. The effect of this is to push the expectation of S,
to be even smaller than a purely positive distribution concentrated at large 6,
and this is exactly the effect we see in our plots: the stochastic simulation, which
can only produce a positive distribution, does not achieve a sufficiently negative
value of (S,) in equilibrium.

Nevertheless, despite this systematic error, the simulation has captured the
correct phenomenological behaviour even for a small spin, despite the truncation
of the star product expansion being strictly valid in the high spin limit. In the
next chapter we will see that this trend continues for significantly more compli-
cated spin lattice models: despite the spin-3 being seemingly incompatible with
the truncation, broadly correct results are obtained regardless for both macro

observables and correlation functions.
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Chapter 24

Driven-Dissipative Anisotropic XY
Model

In this chapter we will apply the stochastic Truncated Wigner method to spin
lattice models. Certain considerations relating to convergence rates and the pos-
sibility of sampling from non-negative initial distributions must be taken into
account when transitioning from a single spin to a large lattice, and these are
discussed in Appendix F. For the simulations performed in this chapter I ac-
knowledge the use of the UCL Kathleen High Performance Computing Facility
(Kathleen@UCL), and associated support services.

For our purposes the driven-dissipative anisotropic XY model is the spin-5

lattice model with cyclic boundary conditions defined by

h? . e
Hyy = ?;](],k)(8;5;+5j S¢), (24.1)
e

. _ 1 _

Lp:—l[ny,p]-l-rhzZ(S] pS]”L—E{S;LS],P}): (242)
j
1

dip = £L'p. (24.3)

once again we wish to work with a dimensionless equation, so observe that I'#1 is

a frequency and define the dimensionless time 7 = tT'4. Then, defining J(j, k) =

J(G:k)
1" )

:_; Z 1K) (S8 +S7S¢), ] Z S pS+——{S S; ,p}) (24.4)

303



304 CHAPTER 24. DRIVEN-DISSIPATIVE ANISOTROPIC XY MODEL

Supposing that there are N = n? spins arranged in a square lattice according to

n

1 2 3 n-2 n—1 n

™ ™ ° oo ° ° °

n+1 n+2 n+3 2n-2 2n-1 2n

° ° ° oo ° ° °

2n+1 2n+2 2n+3 3n-2 3n-1 3n

= ° ° ° e e e o (24.5)

n(n-1)+1 n(n-1)+2 n(n-1)+3 n2=2 n?-1 n?

° ° ° cee ) ° )

with the corresponding vector of coordinates ordered as (61, ¢1,0,, ¢2,...,0,2,¢,2),

and defining

S=+[j(j+1), (24.6)

A =28e, (24.7)

as before, we find the following block-diagonal diffusion matrix:

1 0
0 0 0
0 cot?6,
1 0
A2 0 5 0 0
D= = 0 cot 0, ) (24.8)
0 0 0
1 0
0 0 0
0 cot?0,2

We also the drift vector, which may be represented as the sum of a vector up

coming from the dissipator and a vector yy coming from the Hamiltonian:

Z f(l,])SII’lO] sin((j)l + (i)])

%cot@l + Ssin 0, =t . .
Y. J(1,j)cot O, sin6; cos(¢q +¢]-)
0 j=1
: 2 :
Hp = Al . , Hp=--SA c .
7cot9i+851r191- z Z_](l;])51n9j51n(¢i+¢j)
0 - .
jzﬂ](z,])cot6i51n9jcos((j)i+({)J-)

(24.9)

We observe that, as before, the dissipation up vector serves to yield Bessel Process

dynamics near the singular points of the coordinate chart, preventing trajectories
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from reaching these points.

Here z is a normalizing constant associated with the range of the interaction
J(j, k). If we split up J(j, k) as a constant J and range function r(j, k) such that
J(j, k) =] -r(j, k), taking a spin i in the middle of the lattice and defining z as

z= %Zr(i,j) (24.10)

j=i

allows the mean field phase transition points of this model (to be described mo-
mentarily) to depend only on | and not the range function of the interaction in
the thermodynamic limit. For nearest-neighbour interactions the above defini-

tion gives z as simply the coordination number divided by two.

The mean field equations of this model are given by (extended to ranged in-

teractions from Ref. [28]):

d(S¥ 1
<dt, ) _ _%<s;€>— Z—Z] ) (i, SENSY), (24.11)

(s’ /
S L=y sty (2412)

]il
d(S? [
e LY rassn ). e
]il

For small ] the equations have a single stationary point at (§F) = (Sf} =0 and
(S7y = —3. This is referred to in [28] as the paramagnetic phase. If for every i
we consider a solution (S) = <Sjy), (S;“} = (Sf) for r(i,j) # 0, we see that solutions
of this form appear at | = 1 while the paramagnetic solution becomes unstable.
Thus, in the thermodynamic limit there is a phase transition at J= i if no other
solutions appear. This is the case for nearest neighbour interactions [28] and ‘infi-
nite range’ interactions (r(7, j) = const on a finite lattice, since the thermodynamic
limit is not defined in this case) [29]. Between these extremes detailed analysis
of the mean field unfortunately appears to not exist in the literature, but it is ev-
ident that once destabilised the paramagnetic phase should remain unstable in

favour of either the phase described above or some other phase for all J > 1.

The invaluable feature of the anisotropic XY model is that the true behaviour
disagrees with the mean field. For nearest neighbour interactions one finds that
no ordered phase and thus no phase transition at all [30], [31], while for an al-
gebraically decaying interaction the phase diagram is more complicated than the
mean field prediction [32]. This presents an opportunity to demonstrate that my
method goes beyond the mean field, correctly identifying these phase diagrams
and giving phenomenologically correct correlation functions in disordered and

ordered phases.
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24.1 Nearest Neighbour Interactions

In this case r(i,j) = 1 if [i — j| = 1 and = 0 otherwise. For this system the mean
field phase diagram consists of the paramagnetic phase below | = % and a ‘stag-
gered XY’ phase [28] above that. The latter fits our categorization in the previous
section, consisting of two chequerboard sub-lattices A and B such that S} = Sg
and S/}; = Sg. This means that spins on the A sub-lattice will form some angle
6 with the x = y direction while those on the B sub-lattice will form —6. This
corresponds to a breaking of the global U(1) symmetry of the system given by
Sl.+ — elf, S — e 10, SJ.+ — e‘ie,S]._ —elf forieA, j€B.

Since in finite spin systems spontaneous symmetry breaking cannot occur
[33], we expect the steady state to have S* =} ;SF = 0 and S¥ = }; Sf =0 in
the absence of an external symmetry breaking field. Indeed, when modelled by a
Fokker-Planck equation, the steady state is expected to correspond to a uniform
probabilistic mixture of the symmetry broken states. We will thus focus on ob-
servables that are predicted to be non-zero even in this mixture, starting with
the macroscopic §* = } ; S7 magnetization and the macroscopic product 5*S¥.
The latter is, as I will momentarily demonstrate, predicted to exhibit fairly large

values in the mixture steady state despite not being U(1) invariant.

24.1.1 Macroscopic $* Magnetization

Throughout this section a 20x20 lattice of spin-3 particles is simulated for time
T =[0,30] (except when stated otherwise). Due to an error in the code describing
the initial distribution, its form does not admit a simple description (the code
generating it is preserved). Nevertheless, the simulation is run for long enough
for convergence to be observed in the expectations under investigation, and the
system converges to a state with S¥ = S¥ ~ 0 as expected!. Values for (S?) in the
thermodynamic limit were calculated in [34] for a range of ], and these literature
values were reproduced for me using tensor network code inherited from that
work by group member Jack Dunham. Fig. 24.1 is a plot of the stochastic method
result in blue, the tensor network one in red, and the mean field in green. The
exact equation for the mean field is worked out below, and I have normalized the
plot to magnetization per spin (with N = 400 spins). The blue stochastic plot has
errors bars, estimated by empirically calculating the standard deviation of the
mean over 80 trajectories from 100 such batches and then extrapolating to 8000

trajectories, but they are so small so as to be invisible.

!Since we are interested exclusively in the unique steady state, the precise nature of the initial
distribution, and thus the coding error, are irrelevant.
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Figure 24.1: %(S #) for the nearest neighbour anisotropic XY model with 8000
trajectories®in blue, tensor networks results based on [31] in red, MF in green.

Near to the paramagnetic phase we observe an expected overshoot of the true
value by the stochastic method due to the inability of the Fokker-Planck equation
to accurately represent a pure spin down state that we saw in the previous chap-
ter (or a tensor product of such states). It is less clear what causes the reversal of
the trend and undershoot for higher J but, outside of the reversal region, the sys-
tematic error appears roughly constant at 0.04—0.05. While this error evidently
becomes quite large as a relative error as S? decreases for larger J, it remains on
the order of 20% or less up to J = 0.6, well past the mean field transition point,
and the curves are visually quite close. It is interesting that the method appears
to under-perform the mean field for higher J due to the systematic error but does
better for lower J, correctly capturing the smooth increase in (J?) below the tran-

sition point compared to the sharp behaviour of the mean field.

24.1.2 Macroscopic $*SY Magnetization

Next, the observable (5*S?) is a good measure of whether the staggered XY phase
exists. To see this, we work out the mean field values for the macroscopic observ-
ables in a given symmetry broken state parametrised by the deflection of its A
sub-lattice spins from S* = S¥ by angle 6 (here N is the number of spins in the

’During these simulations, difficulties with the cluster file system meant that some data files
were corrupted. As such, in some cases there are up to 20% fewer trajectories than stated. The
error bars in the plot account for this.
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lattice):
1
(57 = —gf, s = (S5 +(S0)2 = (S +(S5)? = % 4%- (1)
((Sﬁ} <S}; ):<scos(%+9) ssin(%+9)), (24.15)
(¢S5 (S3))=(ssin(F+0) scos(Z+0)). (24.16)

If we assume the system to be in a uniform classical probabilistic mixture over the
symmetry broken states (the approximate expected behaviour of the FP equation

in the steady state if the staggered phase exists), then (§*S?) should be given by

2 T 2
<sxs3’>:%J; d@(cos(%+9)+sin(%+9)) =2, (24.17)

Plotting s? against results obtained via the Truncated Wigner simulations, the fit
is fairly poor. While the functional form of s> matches the data well, the mag-
nitude of the values obtained via simulation is suppressed by approximately 80

times relative to the sZ values.

<S*8'>
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Figure 24.2: Plot of stochastic expectation of (§*S?) in blue against % for N =400
and 8000 trajectories®, showing a roughly 98% suppression in the expectation (fitted
numerically) relative to the mean field result.

The staggered XY phase is thus clearly heavily suppressed, as predicted by
(30], [31].

3During these simulations, difficulties with the cluster file system meant that some data files
were corrupted. As such, in some cases there are up to 20% fewer trajectories than stated. The
error bars in the plot account for this.
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24.1.3 SfS]’-‘, SfS]}), and Sfo Correlations

We may confirm the suppression of the staggered XY phase by considering the
correlation functions of the system. The mean-field prediction for these (symmet-

ric in i, j) quantities in the uniform probabilistic mixture over symmetry-broken

states is
1 (™ 4s? _2s2 cr e .
(5557 = (5PsYy = Lo 40 35z cos? (§+0) = ifi,jeAori,jeB,

CIT T L T a0 45 sin (% + 0)cos (X +0) =0 ificA,jeB,

(24.18)
1
ZQZ\ __

(7P = o (24.19)

This indicates a chequerboard pattern in the (Sfo) and (SfS]}-}) functions, with
sites totally uncorrelated if they are on different lattices and possessing positive
correlation independent of distance between them if they share a lattice. The
function (SfS]}.) ) is simpler, exhibiting a simple constant correlation independent

of distance.

Computing these functions for | = 0.3, a value inside the mean field staggered

XY phase, yields the diagrams
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Figure 24.3: log<8f5]’.‘> of the nearest neighbour anisotropic XY model for N =400,

w

J = 0.3, and 50560 trajectories (also averaged over the lattice), displaying a distinctive
chequerboard pattern and exponential decay.
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Figure 24.4: log(Siy Sf} of the nearest neighbour anisotropic XY model for N = 400,

J = 0.3, and 50560 trajectories (also averaged over the lattice), displaying a distinctive
chequerboard pattern and exponential decay.

for (SfS;‘) and <SfS]}}). While these clearly display the predicted chequerboard
pattern, the correlation function is highly dependent on distance between sites.
Indeed, plotting it for 7, j in the same sub-lattice (for different sub-lattices it is
effectively zero, as predicted by the mean field) and only those points where it ex-

ceeds its empirically estimated standard deviation, we find an exponential decay
~ ~1/0.57 _ [ : - -
law (S;‘S;‘} ~0.21e™" for r = 4/i? + j? the Euclidean distance on the lattice.

Log<Sfo>

P+

Figure 24.5: log(SixS]’F) of the nearest neighbour anisotropic XY model for N = 400,

J = 0.3, and 50560 trajectories (also averaged over the lattice), plotted for i, j in the same
sub-lattice as a function of Euclidean distance r = /i? + j2. The data is well-fitted by an
exponential decay law (SfS;‘) ~ 0.21e7770-57,

By rotational symmetry the same scaling should hold for (Sf S]}-} ) (and this is
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clear from the plots). It is not immediately clear why some points deviate from
the fitted line by significantly more than their standard deviations. This could
be due to values of the function in the exponential tail being so small* as to be
affected by the system being almost but still not entirely converged to the steady
state in finite time, but this requires further investigation. Furthermore, while
the method recovers the correct form for the correlation function, its estimate for
the Euclidean correlation distance of & = 0.57 differs from the estimate of £ = 0.93
obtained for the same parameters in Ref. [31] via tensor network methods. Likely
this is again a consequence of the true steady state not being an everywhere pos-
itive probability density, and thus approximation of it by the latter introducing

errors to its correlation structure.

Since (S7) is non-zero and in good agreement with the mean field (see Fig. 24.1),
the (SiZS]‘-Z) correlation function will also be in good agreement with the mean
field. We may instead explore (SiZS]‘.Z) - (Sf)(S;), the correlation function of fluc-
tuations around the mean of S7, which displays no particular structure beyond
also decaying exponentially with Euclidean distance (faster, in fact, than (Sij‘}

and (SfS;}), with & ~ 0.27, which makes sense since its mean field value is 0).
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Figure 24.6: log((SiZS]ﬁz) - (Sf)(Sf}) of the nearest neighbour anisotropic XY model for

N =400, ] = 0.3, and 50560 trajectories (also averaged over the lattice), displaying faster
exponential decay than log(Sl?‘S]’.‘> and log(SlyS;}).

(6]

4Indeed, to achieve sufficient resolution to resolve the exponential tail over 8 times the number
of trajectories were required compared to macroscopic observables, and the function then had to
also be averaged over the lattice. The exceptionally rapid decay of the exponential tail generally
makes it a challenge to estimate using Monte Carlo methods, since the latter only polynomially
improves in accuracy with trajectory number.
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24.1.4 Vortex Formation

Finally, we can analyse the mechanism by which the staggered XY phase is sup-
pressed. As noted earlier, the system exhibits a continuous U(1) symmetry, with
the symmetry-broken phases parametrized by the angle 26, 6 € [0, t] between
spin vectors of the two sub-lattices in the S*-S¥ plane. The topological defects
supported by a field theory exhibiting symmetry-breaking are fixed by the non-
trivial homotopy groups of the vacuum manifold, which is the quotient of the
broken symmetry group by the symmetry group under which the symmetry-
broken states are still invariant [35]. In this case the vacuum manifold is sim-
ply U(1)/1 and is homeomorphic to S!, meaning its non-trivial homotopy group
is 711(S!) = (Z,+): a field theory with such a vacuum manifold should support
vortex defects. In [30] the universality class of the field theory corresponding to
the bosonized form of the nearest neighbour interaction anisotropic XY model
was identified via a renormalization group analysis to be that of the classical XY
model. Systems in this universality class exhibit a vortex-induced BKT transition
[36]-[38] at some effective critical temperature, with long range order below it
and a disordered phase above.

Importantly, a mean field analysis in Ref. [30] also found that the effective
temperature of the field theory was always higher than the critical temperature
of the associated BKT transition, meaning that the long range order of the stag-
gered XY phase is expected to be destroyed by vortex formation. Because my
stochastic method has direct access to the ¢ variable associated with orientation
in the $*-5¥ plane and is capable of producing single-shot trajectories, it is fairly
easy to observe these vortices . For a given trajectory at every moment in time one
constructs the lattice of edge midpoints of the original lattice (from now on re-
ferred to as the midpoint lattice), assigns to each site of this lattice the difference
between the ¢ of B and A sub-lattice vertices of that edge, and then calculates
winding numbers around the plaquettes of this lattice. The final result is a lat-
tice of plaquettes with associated winding numbers (the plaquette lattice). This
way of identifying vortices will only find those with winding number +1°, but
these are the only ones expected to contribute to the BKT transition [39].

The axes of the plaquette lattice are unfortunately not aligned with those of
the spin lattice, being offset by ©/4. Performing this rotation, however, causes
the finite lattice to no longer be a square, necessitating its embedding in a larger
square for the purposes of plotting. Adjusting for this, it is possible to plot the
plaquette lattice for trajectories initialized with no vortices after a time greater
than is required for the system to converge to the steady state. Plots of the lattice

for four such trajectories are provided below.

>On a square lattice it is difficult to distinguish between higher winding number vortices and
clusters of the +1 ones [39].
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(c) 64 vortex/anti-vortex pairs (d) 60 vortex/anti-vortex pairs

Figure 24.7: Vortex lattices (rotated by 7/4 anticlockwise relative to the spin lattice) of
single shot trajectories for ] = 0.5, initialized with no vortices and evolved for 7 = 30.
The lattices are labelled by the vortex (in yellow)/antivortex (in black) pairs present.
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Figure 24.8: Average number of vortex/antivortex pairs for 5600 trajectories and
J = 0.5. Vortex formation appears to occur on two different time scales, with an initial
rapid increase followed by slower saturation.

Vortex proliferation is clearly observed, with an average (over 400 trajecto-

ries) of 57 vortex pairs, which is roughly 15% of the available plaquettes. We
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may also observe the evolution of vortex pair number with time in Fig. 24.8, not-
ing that this appears to exhibit two different time-scales: there is rapid initial
increase in number, followed by a slower saturation. This appears to confirm the
argument of [30] for vortex formation as the mechanism for staggered XY phase
suppression.

This concludes the present analysis of the nearest neighbour interaction model,
confirming that the method gives reasonably accurate estimates for macroscopic
expectation values, identifies the suppression of the staggered XY phase through
the former and the system correlation functions (thus going beyond the mean
field) and is also capable of studying the associated vortices.

We now move onto algebraically decaying long range interactions, for which

phases with algebraic long range order do appear to exist.

24.2 Algebraically Decaying Interactions

We consider now a range function of the form

1
i jl*’

r(i, ) (24.20)
which we refer to as algebraically decaying interactions. In 2 dimensions, a < d
yields what are known as strong long range interactions, meaning that interac-
tion energies of subsystems with the bulk are no longer negligible with respect
to their internal energies [40]. This leads to difficulties with conventional defi-
nitions of thermodynamic quantities like internal energy and entropy becoming
non-extensive, and also means the system is acutely sensitive to its boundary con-
ditions [41]. Such systems may be regularized by means of what is known as the
Kac prescription [42], which in our case amounts to z scaling as O((N%)d_“). This
preserves the non-extensive properties of the system while ensuring that various
quantities remain finite.

Due to the significant sensitivity of this regime to the system’s boundary con-
ditions and because in this case g — 0 as N — oo, meaning the mean field disor-
dered phase essentially vanishes in thermodynamic limit, I will not extensively
explore it here. Much of the focus will be instead be on a > 2, for which z con-
verges to a finite value as N — co.

As before, the mean field equations predict a second order phase transition
at | = 7 from a paramagnetic phase to one exhibiting order in the S*-S? plane.
For the present interactions the system no longer possesses an obvious U(1) sym-
metry associated with the sub-lattices, but still retains a Z, symmetry associated
with inverting the signs of all S
to classical bistability between states with $* =S¥ > 0 and $* = §¥ <0, referred to

, Sf. For a = 0 in finite systems this corresponds
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as the ferromagnetic phase [29], and the mean field predicts this basic structure
for all a, though I am unaware of specific mean field results in the literature for

0 < a; Nevertheless, the basic prediction is that of a single phase transition.

In contrast to this, numerical investigations [32] using the discrete Truncated
Wigner method have identified a second phase transition for a > 2: for suffi-
ciently large J it is possible to transition out of the ferromagnetic phases back
into the paramagnetic regime. Moreover, the above mean field description says
very little about the actual structure of the ferromagnetic phase compared to the
nearest neighbour interaction case where a detailed description in terms of ori-
ented sub-lattices was available. This system is thus an interesting candidate for
further investigation with my method, especially since long range interactions
are easy to encode using Truncated Wigner in particular.

To study the ferromagnetic phase boundary we may consider the macroscopic
magnetization (§*S?), which we expect to be non-zero for a uniform probabilistic
mixture of the ferromagnetic states since it is invariant under Z,. Plotting the
value of this observable over a grid of ( T ‘l,a) allows the creation of a heatmap

akin to the one presented in [32].

)

Figure 24.9: (§*S?) for the algebraically decaying interaction anisotropic XY model,
N =400, T =40, and 109 parameter combinations using 30 trajectories each. The
observable takes on macroscopic value in a significant portion of the phase diagram,
indicating the presence of an ordered phase.
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We may investigate further by restricting to the @ = 1 and & = 3 cross-sections
of this plot and using larger numbers of trajectories for greater precision. Since
we do not have the precise form of the mean field solution for arbitrary «a, we
cannot make the same type of comparison that we did in Fig. 24.2. Nevertheless,
we find that inside the ferromagnetic phase (S*S?) is on the order of the nearest
neighbour mean field prediction inside the staggered phase, suggesting order is

not suppressed.
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Figure 24.10: (S*S?) for the algebraically decaying interaction anisotropic XY model,

N =400, T =40, a = 1, and 2000 trajectories. The observable exhibits significant growth
after the thermodynamic limit phase transition point J = 1/4, clearly being
unsuppressed.
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Figure 24.11: (§*S?) for the algebraically decaying interaction anisotropic XY model,

N =400, T =40, a = 3, and 2000 trajectories. The observable exhibits significant growth
after the thermodynamic limit phase transition point | = 1/4, clearly being
unsuppressed. Moreover, above | = 0.847 it begins to decay, agreeing with the
appearance of a second phase transition in Ref. [32] for a > 2.
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Focusing on a = 3, we may verify the presence of long range order in the fer-

romagnetic phase by again considering the correlation functions of the system®
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Figure 24.12: log(S7S ]x ) for the algebraically decaying interaction anisotropic XY model,
N =400, T =80, ] = 0.847, and 16k trajectories, displaying slow algebraic decay.
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Figure 24.13: log(S ly S]-y ) for the algebraically decaying interaction anisotropic XY model,
N =400, = 80, ] = 0.847, and 16k trajectories, displaying slow algebraic decay.

The central point in each plot should be ignored since the colour scheme has been truncated
to better show the rest of the scaling.
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Figure 24.14: 10g((SfS;) - (Sf)(Sf)) for the algebraically decaying interaction anisotropic

w

XY model, N = 400, T = 80, ] = 0.847, and 16k trajectories, displaying exponential decay.

Fewer trajectories are currently available for these than for the nearest neigh-
bour interactions model, and it appears that the convergence time increases sig-
nificantly inside the ferromagnetic phase: I have had to use 7 = 80 compared
to T = 40 for the previous plots to achieve comparatively satisfactory conver-
gence. These considerations likely account for the small difference between the
log<SfS]’.‘) and log(SfS]}.}) plots. As before, log((SfS]?)—(Sf)(S]?)) displays exponen-

tial decay. Fitting log(S*S ]’.‘) , however, now gives a good with power law decay:
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Figure 24.15: log(SixS]’.‘> for the algebraically decaying interaction anisotropic XY model,

N =400, T =80, ] = 0.847, and 16k trajectories (also averaged over the lattice), plotted
as a function of Euclidean distance r = 4/i? + j2. The data is well-fitted by two different
power laws, ~ r~0-217 and ~ r~0-0707,

Curiously there appear to be two different power law regimes. This is possibly
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a finite size effect’ or alternatively the decay obeys a more complicated functional
form (from the plots we see a depletion in the correlation functions at short dis-
tances). This is a direction requiring further investigation, with more trajectories
required for better resolution and longer running times to ensure convergence is
sufficient to extract very accurate functional forms. Larger lattice sizes should
also be considered to confirm or the refute the presence of finite size effects. Nev-
ertheless, this is indicative of long range order.

Thus, the stochastic method agrees with [32] about the existence of an or-
dered ferromagnetic phase for the long range interaction anisotropic XY model,
and we have been able to calculate macroscopic magnetizations and correlation
functions indicating its existence and some of its properties. Since second or-
der phase transitions are present in this model, and interesting further direction
would be to probe the system in their vicinity, potentially again using single shot

trajectories to probe their mechanisms.

7 A power law subject to an infrared cut-off (the truncation of its low frequency Fourier modes
or, equivalently, the introduction of a finite volume) transforms into a slower exponential decay.
The cross-over to a slower decay near the system boundary could thus plausibly be related to this.
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Chapter 25
Conclusion

In this part I have developed a stochastic Truncated Wigner method for spin sys-
tems based on a consistent truncation in # of the Stratonovich-Weyl correspon-
dence for the latter. The method may be applied to particles of spin other than
5 simply by varying a continuous parameter j, and is truncated in the same pa-
rameter as conventional bosonic Truncated Wigner, meaning the two methods
may be easily integrated at the same order of semiclassical accuracy. Finally, the
method utilises a continuous phase space, meaning it preserves the geometric
structure of the theory and gives an easy way to extract quantities like phase

winding numbers.

The method has been tested on a single Lipkin-Meshkov-Glick spin to study
its behaviour for large and small spin numbers. This was achieved via an ap-
proach allowing for the sampling from a non-positive initial Wigner function
so long as the dimension of the phase space is not too great. Results confirmed
that the method is highly accurate for large spin numbers (consistent with this
yielding a small truncation parameter) but experiences increasing systematic er-
ror for smaller ones. Nevertheless, the observable under consideration, S?, still
exhibited correct overall behaviour for spin—%, the worst case scenario, and the

systematic was on the order of 16%.

Moving to larger lattice models, the nearest neighbour and algebraically de-
caying interactions anisotropic XY models were considered: the method was able
to efficiently simulate both types of interactions for a comparatively large square
lattice of N = 400 spins. For the nearest neighbour interactions model, strong
suppression of the mean field-predicted staggered XY phase was confirmed, with
the observable (S*S?) exhibiting its mean field functional form but with signifi-
cantly reduced magnitude, and (Sl?‘S]’.‘) and (SfS;}) correlation functions exhibit-
ing exponential decay rather than long ranger order. Furthermore, the use of
single shot trajectories allowed for the observation of vortices in the staggered
XY phase, and the rate of vortex formation was also found. This gives support

to the suggestion of [30] that the staggered phase is suppressed by vortex prolif-
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eration associated to the BKT transition, and to my knowledge is the first direct
simulation observation of this occurring.

In the case of long range interactions, the ferromagnetic phase identified in
[32] was found, with the observables (S*S?), (SfS]’-‘), and (Sin;}) now indicating
order. The first now exhibited an unsuppressed magnitude (while also confirm-
ing the appearance of a second phase transition, agreeing with [32]), while the
latter appear to decay according to a power law (albeit with two distinct regimes).
This system appears well suited to study via both discrete Truncated Wigner and
my method, and offers a good avenue for further exploration. In particular, im-
proved estimates for the correlation functions in the ordered phase and observa-
tion of the mechanism associated with the second order phase transitions in this
system would be of great interest.

Overall, the method is clearly capable of capturing phenomena beyond the
mean field, appears to remain relatively accurate even for small spin values, and
is exhibits great flexibility with respect to the forms of interactions it can accom-
modate (indeed, I am unaware of any restrictions on the latter) and its ability
to directly integrate with bosonic Truncated Wigner. As such it is hoped that it
will be a valuable addition to the tools available for the study of non-equilibrium

spin-boson systems going forwards.



Appendix E

Fokker-Planck on the Sphere via

Conserved Quantities

E.1 Fokker-Planck in Different Coordinates [43]

Suppose we want to rewrite the Fokker-Planck equation

. 2
1% apla

- i Z ij
P = —=—(J/P)+ 5= ——(D'IP) (E.1)

in new coordinates X (we shall restrict ourselves to time-independent coordinate

transformations). We know from basic probability that the density will transform

as
dx!

= d -— | E2

J = |det o (E.2)

p=JpP. (E.3)

Further, from Jacobi’s formula, we have

o9 el _od o9
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We may use this to rewrite partial derivatives as
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which also allows us to obtain a simple expression for repeated derivatives:

7100t 000
oxioxi ] dxk dxi’ ] dx! ox

J

1@ otod 10 (0o od o)
] Jxkoxl oxl dxi” ] 9xk \ 9x! Ix' | dxi '
1 F e 10 a8
] dxkox! dxi gxi” ] 9%k dxioxi”
Combining these results, this yields the following Fokker-Planck equation:
d - d - 1 % .
—P=———(i'P)+ ————(D"P), E.7
ot = o I 2 gag PP 7
. ox . 1 P .
1= ——p+ - ———DIk, E.8
90" T 2 o oxk (E-8)
P
DY = ———D". E.9
dxk ox! (E-9)

E.2 Fokker-Planck Conserved Quantities [23]

E.2.1 General Theory

For a function @ to be a conserved quantity, all of its moments must be zero (we

assume that P is zero on the boundary of the space):

d 8
' dx f(D def 8t

9D 1 [ ., 9D oD
Idxp( ol ®1+ 30" | G O i (q’)l)

(E.10)

The coefficients of f’ and f” must vanish independently, so that (recall that B’/ is

positive semi-definite):

. dD JD oD
DIZZ2" -0 = DVZ— = 0, E.11
dx! dxJ dx/ ( )
0D 1y @

# ox! " 2 ox'dx] ( )

E.2.2 Radius as a Conserved Quantity

If ® = r and we work in x* = (r,0,¢), the conserved quantity equations reduce to

D" =0, (E.13)
r=0. (E.14)
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Because no derivatives with respect to r are now present in the Fokker-Planck
equation, there exist solutions of the form P(r,0,¢) = S(6,$)o(r —c¢), so that the

equation reduces down to the Fokker-Planck equation on the sphere very directly.

This means that, to write a Fokker-Planck equation on the sphere “extrinsi-
cally”, it is sufficient to augment the drift vector and diffusion matrix with some
zero entries as above to obtain the corresponding 3D Fokker-Planck equation

with radius as a conserved quantity.

E.3 Fokker-Planck — Ito Mapping on a Sphere

Suppose one is supplied with a Fokker-Planck equation on a sphere

, 2
p-? (/MZP)+1 i

ij
ot ox! 2 dxiox] (DYP) (E.15)

with x = (0, ). As discussed in the previous section, this can be augmented to a

3D equation with x' = (r,0, ¢) by extending D and y via

D" =0, (E.16)
u =0. (E.17)

Denoting the 3D Cartesian coordinates by %', we may use section E.1 to rewrite

the equation as

I L
(' P)+ ————(D"P), E.1
ai" = o P 3 g P (E-18)

=i 2
axl ; 1 (9 ¢l D]k

i I+ , E.19
o= ENLEPENEN: (E.19)
;i Ox JF
DY = —— D, E.20
Jxk 9! (E-20)
— Gl Gl skl
From here we may construct the corresponding Ito process, denoting D'/ = 1 a7, 0%,

dx' = ji'dt+ 6" dW/ (E.21)
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in Cartesian coordinates. To return to polar coordinates, we may employ Ito’s

lemma:
ooxt 1 9% ,
- v/ — v/ -k
dx Ers dx’ + T dx’dx
ox . 1 9% oxt
— . =] <k slm Ygr =] k
Frila +283?]932k610m5 )dHaijde )
| axi 8292] ain - . ax] ’
=y +=(=— Ky D) |dt + o', == dw*
K5 Gaagaa * ama )4 o g
. 1,0x" 9%*% 2%xt Iz Ix" - Jxl
Y I ‘ pmn i 7 k'
e 2\ 0%l dxkox! " dxMIx" Jxck axl) )dt+0] 832de
Here ai]. = 3—;1&% g—ﬁ Observing that
2%x! _0= d (ox @ 3 % %% N 2%x' Jx™ Ix" (E.23)
oxkox! —~  oxk\oxi ox!| oxi dxkox! = IxMIF" Ixk Ix!’ '
we find that i
. . . ]
dx' = pidt+ o' 2 awk, (E.24)

] axk



Appendix F

Lattice Simulation Considerations

FE1 Monte Carlo Scaling in Higher Dimensions

In moving from a single or small group of spins to large lattice models, the ques-
tion of how the increase in phase space dimension affects the method arises.
While mapping from a Fokker-Planck equation to the associated SDE saves us
from the exponential explosion in simulation degrees of freedom, we are instead
faced with the requirement to compute integrals by Monte Carlo sampling with
stochastic trajectories. This has consequences for what can and cannot be done
as the dimension number grows.

It is not true, in general, that Monte Carlo is insensitive to dimension d be-
cause a random variable X’s variance may exhibit some scaling C(d) with it! [44],
meaning that the standard deviation of the stochastic average computed with n
trajectories scales as (we are assuming X is sufficiently well behaved for the cen-

tral limit theorem to hold)

C(d)

: (F.1)

ox X

If C(d) grows sufficiently quickly with dimension, the number of trajectories n
required to obtain a given absolute accuracy may rapidly become untenable. For
spin observables, however, C(d) has a simple upper bound. Since the symbol of a
tensor product of m elements of su(2), regardless of which lattice site each is asso-
ciated to, is bounded by §™ independent of dimension, its standard deviation will
always scale no worse than < \VS™/n. This means that, as the lattice is enlarged,
the number of trajectories required to achieve a given absolute accuracy for an m-
point correlation function will scale no worse than this dimension-independent
bound.

From the previous result, the worst case scaling for a macroscopic magnetiza-

tion composed of m total spin operators, such as (§%), (5*S¥) and so on, will be

IHere we should think of ‘physical’ random variables, such as position, total spin, or energy,
the form of which also changes with dimension and thus leads to the change in variance.
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0 ~+/(NS)"/n, where N is the lattice size. Here, then, the dimension does enter,

and for a fixed absolute error n must increase with it. Nevertheless, for extensive

quantities like (5?) the expectation (if it is non-zero) will scale as < N, so that the
relative error will be

Ogz S

= 4 —. E2

(S8%) Nn (F2)

Thus a larger lattice actually improves the relative error of extensive quantities,

explaining why the empirical error bars we find for %Sz of the anisotropic XY
model are so small: for spin—%, N =400, and 8000 trajectories, this estimate gives

a relative error of 0.05%, which is precisely the order of magnitude of those bars.

For m = 2, the scaling of quantities with N depends on the system correla-
tion functions. For very short range correlations, for instance, (S*S¥) will scale
roughly as < N, in the case of true long range order this could go up to < N?,

and algebraic long range order will give some power 1 <y <2, (§*SY) < N7 in

Ogxgy o 82
S5 ™ ,/7, (E.3)

so that the relative error is independent of dimension, while for algebraic long

Ogxgy - S?
(s¥svy N N1y (Ed)

which improves with dimension but generally slower than for truly extensive

between. In the first case,

range order, we have

quantities. This agrees with the comparatively larger empirical error bars we see

for this observable for the anisotropic XY model.

We do not calculate any quantities with m > 2, but for those the scaling would

depend on m-point correlation functions, and for very short range interactions

O(geym _ Nm-28m
@ N (")

making them very difficult to calculate with Monte Carlo.

could be as bad as

The asymptotic behaviour of simulation times is comparatively simpler, being
evidently linear in the time for which the system is to be evolved and either scal-
ing as < N (for interactions involving a finite number of lattice sites) or as < N2
(for long range interactions that cannot be effectively truncated, such as those
exhibiting algebraic decay). The latter scaling may be challenging for very large
lattices, but is nevertheless still polynomial with a not excessively high power.
There may of course be practical issues that are not covered by this analysis, such
as the finite memory (further graded by varying access times) available to clusters

used for simulation.
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E2 Integrals of Powers of the Wigner Function

In this part we have been predominantly concerned with the calculation of op-
erator expectations wherein the operator and its symbol are known in advance.

Quantities such as the von Neumann entropy
S =-Tr[plogp], (E.6)

however, do not fit this characterisation because the operator logp depends on

the density matrix itself, and must be considered separately.

For a function f(p) with a series expansion

flp)= chp”, (E7)

n

the corresponding symbol will be given by a series expansion featuring the star

product:
Wy(p) = ch W, ...k W,. (E.8)

n ~—
n

Since only a single star product may be omitted via the traciality postulate, expec-
tations of terms in this series for n > 2 have unwieldy interpretations as stochas-
tic averages. Using the star product trikernel it is in principle possible to write a
term such as

Wyt x W, (E.9)

D ——
n

as a string of trikernel integrals averaged over n i.i.d. random variables dis-
tributed according to the stochastic approximation of W,. As I will now argue,
however, in high phase space dimensions this procedure is so unwieldy even for
n = 2 that in general the Truncated Wigner approximation is a very poor fit for

finding such quantities in lattice systems?.

For n = 2 we may, instead of omitting the star product, use our trikernel idea

above:

(0 = [ Aty Lo, W ) Wy ) (F.10)

The structure of the trikernel and the standardization postulate mean that this is

equivalent to

(p*) = fdy(m)du(k) Tr [ A () AD () | W, (m) W, (), (E.11)

connecting it to the expression for fidelity in [45]. Thus the stochastic average of

ZNevertheless, it is viable for single and small spin systems.
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this quantity corresponds to the average of Tr [A(j)(m)A(f)(k)] over two indepen-
dent random variables distributed according to W,,.

The problem is that for high phase space dimension this quantity becomes ex-
tremely peaked around m = k. For large j this occurs already for a small number
of spins (indeed for j = co it becomes the Dirac delta function), so let us consider
spin-3. We will consider a simple numerical experiment to illustrate the issue.
Taking 1024 uniformly distributed samples from the phase space of a 400 spin

system, we find the following statistics for
Tr [ AV (m)AD (k) | (F.12)

The sample mean is found to be 9.8 * 107213, Eliminating the largest value from
the sample, however, reduces the sample mean to 9.6 * 107!, a change of three
orders of magnitude from one value. This instability of the sample mean is con-
firmed by the very large sample excess kurtosis value of 1019 (itself also unsta-
ble). In effect, the distribution of Tr [A(j)(m)A(j)(k)] in high dimensions becomes
fat-tailed. This has severely detrimental implications for the convergence rate
of its average with the number of trajectories and the effect evidently becomes
worse with dimension (for N = 400 it is clearly already very bad). Thus, in gen-
eral, it is not expected that quantities of this type can be effectively calculated
with Truncated Wigner for large lattice systems. Obviously the situation would
be even worse for n > 2 and thus multiple trikernels.

This difficulty is not surprising given that, were we to remove the star prod-
uct using the traciality postulate rather than using the trikernel, we would find
ourselves calculating the collision entropy of the distribution. For distributions
on RY with bounded support its estimation in high dimensions is known to be
difficult: the upper bound convergence rate given in [46] for their method, for in-
stance, is O(n_% ), which for even moderately large d is exceptionally slow. While
in our case for small j we have the advantage of the distribution being constrained
to a specific function subspace, the above arguments suggest this is not enough

to overcome the curse of dimensionality.

E3 Sampling Non-positive Distributions

Large phase space dimensions also have negative implications for our ability to
sample from non-positive distributions. Recall that the basic idea amounts to
sampling from the absolute value of the distribution and then taking into ac-
count whether a trajectory came from the positive or negative portion when av-

eraging, including each with the associated sign. Suppose that, for a single spin

30ur numerical experiment demonstrates this for a uniform W,, but it is clear how this will
generally be the case due to how peaked the function is.
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distribution, the probability of a trajectory originating from the positive region
is p and from the negative 1 —p. Then, for N spins in a product state of that
distribution, these probabilities become [47] % + %(Zp - 1)N and % - %(Zp - 1)N,
For non-negligible p (so especially for small j) and large N these become almost

equal. For the spin-J spin up state and N = 400, for instance,

l\)\’—‘
l\)\'—‘

Lool+1 )30
% —sin(6 Z 5 clata) Py(cos(0)), (F.13)
1=0

e

Nl —

p = 0.93, and the difference between these probabilities becomes ~ 6-1 0727, Then,
as the trajectories gradually converge to the same stationary distribution it would
take on the order of 10?7 trajectories to accurately resolve this difference in prob-
abilities, which is evidently impractical.

The possibility of sampling from non-positive distributions thus appears re-
stricted to smaller collections of spins: for N = 50, for instance, the difference is
now around 1072, and so can be resolved with thousands of trajectories. It may

thus be a better fit for spin chains than spin lattices.
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