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INTRODUCTION

Understanding the Milky Way’s structure is vital
for astronomy, with star counts as a crucial technique.
Wide-area surveys like those by [I] and [2] have im-
proved our insights into the Galactic thin and thick
discs and halo. However, these surveys highlight the
need to consider asymmetric features seen in 3D star
distributions, e.g., [3] and [4].

One of such features is the Galactic warp, which
is a distortion of the Galactic disc from the flat shape
to a shape resembling the letter ”S”. The warp was
initially detected in the Galactic gaseous disc through
21 cm HI observations [Bl [6]. Later, it was identified in
the stellar disc as well [7), 8l [9], prompting studies into
its kinematics [10] 1T [12].

The warp’s precise shape remains roughly con-
strained, with no consensus on its formation mech-
anism. Among the proposed theories is intergalactic
matter accretion onto the disc [I3], satellite interac-
tions [14], influence of the intergalactic magnetic field
[15] or a misaligned rotating halo [16].

Recent investigations have delved into the kinemat-
ics and evolution of the Galactic warp to unravel its
origins [I7, (18] [19]. Especially the result of [I8] is of
great significance, since it is the first measurement of
the precession of the Galactic warp. Using data from
the second Gaia data release DR2 [20], 2I] combined
with Two Micron All-Sky Survey [22] 2MASS] pho-
tometry, they determined the warp’s precession to be
B = 10.8640.03(stat.) £3.20(syst.) km s~! kpc~1. No-
tably, this finding significantly exceeds predictions de-
rived from various warp formation mechanisms, which
predict a relatively low precession rate between 0.1
and 1.5 km s~! kpc—!. Therefore, the results obtained
by [I8] challenge the conclusions drawn from dynami-
cal models of warp formation, implying that the warp
might not be a slowly evolving structure but rather a
transient response of the disc to external influences.
Given that most spiral galaxies exhibit warps [23] [24],
it seems improbable that these warps are solely at-
tributed to transient phenomena unless a widespread
triggering substructure exists in these galaxies.

DATA SELECTION

We used Gaia mission’s second data release (DR2),
spanning 22 months of observations, focusing on stars
with well-determined five-parameter astrometric solu-
tions, totalling over 1.3 billion sources with G mag-
nitudes measured in Gaia’s white-light G-band (330-
1050 nm). We specifically selected stars with apparent
magnitudes up to G=19, ensuring up to 90% catalogue
completeness [25]. Our choice was limited to stars with

parallaxes in the [0, 2] mas range. Detailed astrometric
data processing and validation methods can be found
in [20].

For radial velocity data, we utilised the dataset
provided by [27], who derived the Milky Way kine-
matic maps from Gaia DR2. This dataset included
stars with both radial heliocentric velocities and par-
allaxes, having errors below 100%, totaling 7,103,123
sources. These stars were observed using the Radial
Velocity Spectrometer [28, RVS]. From the initial sam-
ple, we further filtered stars with Galactic latitudes
|b] < 10°, Galactocentric distances R > 12 kpc, and
heliocentric distances r < 8 kpc. This filtering re-
sulted in a dataset covering Galactocentric radii from
12 < R < 16 kpc, reaching a maximum vertical dis-
tance of approximately z ~ 1.4 kpc and an angular
range of |¢| < 40°.

DENSITY MAPS

According to the equation of stellar statistics [29],
the stellar density can be calculated as
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and N () are the star counts as a function of the par-
allax, A7 is the interval of the parallax (0.01 mas in
our case), w is the covered angular surface (10 degrees2
in our case), ®(M¢g) is the luminosity function in the
G filter, ma jow 1im is the limiting maximum apparent
magnitude, and Ag(r) is the extinction, as a function
of the distance. The details of the luminosity function
and extinction that we applied are described in [30].
However, the star counts that we need for the calcu-
lation are not the star counts observed from the Gaia,
but rather a following convolution

N(m) = /OOO drn'N(r" )G (m —7') (2)
where
Gal) = — 57 | (3)
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To perform the deconvolution, we apply the Lucy’s
deconvolution method [31], which is a Bayesian itera-
tive method, described in great detail in [27] and [30].
Then we use Eq. [I] to derive the density maps of the
Galaxy in Galactocentric cylindrical coordinates. In
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Fig. 1: Density map in Galactocentric coordinates for
30° < ¢ < 60°.

Fig. [I] we show an example of a density map for the
region 30° < ¢ < 60°.

WARP ANALYSIS

We use the obtained density maps to analyse the
Galactic warp. We exclude the azimuths 150° < ¢ <
240° and radii R < 6 kpc from our analysis, as these
data are of low quality due to significant extinction.
We calculated the average elevation above the plane as

Zmazx
pzdz
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and fitted it with a warp model from [32]

(4)

Zw —

2w = 20 + 21 -8in (¢ — ¢1) + 22 - sin (20 — d2) ,  (5)

where z,, is the average elevation above the plane, z;
for i € (0,1,2) are the amplitudes of the warp and
¢; for i € (1,2) are the phases. The dependence of the
amplitudes of the warp on the Galactocentric distances
is

ZiZk‘o-‘rkj'(R—Rk)‘i‘k'Q'(R—Rk)?
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where k; and Ry are free parameters of the fit. An
example of the warp can be see in Fig. |2 where we
plot the fit at a distance R = 17.25 kpc.

The result of the fit compared to other works can
be seen in Fig. |3] where we can observe that the warp
that we obtain is much lower than that of the other
authors. The other works that reach a distance of 20
kpc are works of [4, [9] that use Cepheids, which are a
particular stellar population of very young stars, with
ages ~ Myr, while our dataset represents the average
stellar population of the thin disc with ages ~ 5—6 Gyr.
Since our older population has a much smaller warp,
it is clear that the amplitude of the warp is strongly
dependent on the age of the stellar population.
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Fig. 2: Average elevation above the plane (red), fitted
by the warp model (blue) at a Galactocentric distance
R =17.25 kpe.
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Fig. 3: The maximum amplitude of the warp, compared
with values from the literature.

WARP PRECESSION

The warp model that we obtained can be used to
measure the precession of the Galactic warp. As in this
section we are exploring smaller distances up to R = 16
kpc, we use a more simple model as follows:

2w = [CwR(pe)™ sin(¢ — ¢u) + 17 pc. (7)

This model conceptualises the warp as a collection of
tilted rings, with the tilt determined by the Galacto-
centric distance raised to the power of €,,. The param-
eters of the model - the amplitude C,,, €,, and the
angle defining the line of nodes ¢,, were fitted in a pre-
vious study by [30]. The term 17 pc compensates for
the Sun’s elevation above the Galactic plane [34].

We account for the time evolution of the warp am-
plitude (Cy,) and warp precession (¢,,) with the fol-
lowing equations:

Cu(t) Cw maz sin(wt + ) , (8)
Ow(t) = ¢wo+pPt. (9)

We adopt the approach of [18], which involves tak-
ing the zeroth moment of the collisionless Boltzmann



equation to derive the expression for the vertical ve-
locity. The resulting formula for the vertical velocity
is

Uz (R, d)) = Ow,OKRew Sin(¢ - ¢w,0)
—  CyoR™Bcos(¢d — Puo) (10)
+ CwyoRew_l cos(¢ — ¢w,0)Vg ,

where Cy 0 and ¢, 0 are values at the present time ¢
obtained from equations and (E[), and

K = w - cotan(a) . (11)

Initially, we only analysed data in the anticentre
(l¢] < 10°). In this case, the dependence of ampli-
tude on time is negligible, as can be seen from Eq.
, when the value of the angle of the line of nodes is
set. Consequently, we only have one free parameter, 3,
representing the precession of the warp’s azimuth (Eq.

).

@ In Figure a), we present the best-fit results along
with the non-precessing warp for the model of [I§].
It is evident that the non-precessing model, due to
its high amplitude, produces velocities considerably
higher than the observed data. Hence, a substantial
precession is necessary to fit the data. In contrast,
as shown in Figure b), a non-precessing warp al-
ready yields velocities roughly in line with the data,
with precession contributing only minor corrections.
The precession value obtained with model of [I§] is
B = 13+ 1 km s~! kpc™!, which is similar, albeit
slightly higher, than the result of [I§] (8 = 10.86 +
0.03(stat.) £ 3.20(syst.) km s~ kpc™!), likely due to
dataset differences. The precession value derived from
the old stellar population of Gaia DR2is 8 = —-1+9
km s~! kpc™!, consistent with both the non-precessing
warp model and the result of [18], given the large error
bars.

Next, we conducted a comprehensive fit with all
azimuthal angles, utilising the complete model given
by Eq. , which accounts for precession and time-
dependent warp amplitude variation. Indeed, accord-
ing to the literature, the variation in warp amplitude
might be more important than the precession term
[T, B5]. In this scenario, we found that the best-fit
values are K = 167%% km s=! kpc™! and g = 41§
km s~! kpc™!, so in this case we cannot constrain the
parameters either.

CONCLUSIONS

We utilized Gaia DR2 data to generate density
maps and conducted an in-depth analysis to investi-
gate the Galactic warp. Our maps extend to an un-
precedented Galactocentric radius of 20 kpc, where we
observed no density cut-off; instead, the density ex-
hibits an exponential decrease. To study the warp’s
characteristics without assuming its presence, we cal-
culated the average deviation of the Galactic plane and
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Fig. 4: Vertical velocity (red), fitted by a precessing
warp model(blue). A warp without precession is also
depicted (black). (a) Fit for the model of [I§]. (b) Fit
derived in this work.

applied a model combining two sinusoidal components
to discern any asymmetry in the warp.

In terms of Galactocentric radius, we detected the
warp’s emergence starting at approximately 12 kpc,
and it extends, at least, up to 20 kpc. Comparing
our warp amplitude with other studies, we found that
our measurements yield a significantly lower ampli-
tude than the previous studies that used very young
stars such as Cepheids. This supports the hypothesis
of warp formation through accretion onto the Galactic
disc [30].

Additionally, we explored a much-debated topic of
the past years: the precession of the Galactic warp. Our
calculations were built on the model of [I§], but using
the warp model derived in this work. The models em-
ployed by [I8] were derived for a much younger stellar
population (approximately a few million years) and as
we showed, warp is strongly dependent on the age of
the studied population.

When we considered this dependence, we found
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that our best-fit results were compatible with the
absence of precession. However, we did not uncover
evidence neither supporting nor excluding a specific
model for warp formation. Therefore, we need future
studies to shed light on the kinematics of the warp
and, subsequently, its formation mechanism.
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