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Constraints on the Cosmic Expansion Rate at Redshift 2.3 from the Lyman-a Forest
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We determine the product of the expansion rate and angular-diameter distance at redshift z = 2.3 from
the anisotropy of Lyman-a (Lya) forest correlations measured by the Sloan Digital Sky Survey (SDSS).
Our result is the most precise from large-scale structure at z > 1. Using the flat A cold dark matter model
we determine the matter density to be Q,, = 0.36f8_’82 from Ly« alone. This is a factor of 2 tighter than
baryon acoustic oscillation results from the same data due to our use of a wide range of scales

(25 < r < 180 h™'Mpc). Using a nucleosynthesis prior, we measure the Hubble constant to be
Hy=632+2.5km/s/Mpc. In combination with other SDSS tracers, we find Hy, =672+
0.9 km/s/Mpc and measure the dark energy equation-of-state parameter to be w = —0.90 & 0.12. Our
Letter opens a new avenue for constraining cosmology at high redshift.
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Introduction.—OQOver the last few decades the A cold dark
matter model (ACDM) has become the standard model of
cosmology. However, increased precision in cosmological
measurements gave rise to tensions between different
probes, highlighting potential shortcomings in the standard
model. The most discussed of these is the ~5¢ discrepancy
between the value of the Hubble constant H, inferred from
cosmic microwave background (CMB) measurements by
the Planck satellite [1] (which assume ACDM), and local
measurements using the cosmic distance ladder [2].
Furthermore, the most important component of ACDM
at the present time, dark energy, is still not theoretically
understood. On the observational side, the main way to
address these challenges is to measure the expansion rate
with greater precision through different probes, and at
different stages of the evolution of the Universe.

Probes of large-scale structure (LSS) currently provide
some of the tightest constraints on the expansion rate after
recombination (e.g., Refs. [3—12]). While many of these
measurements focus on the baryon acoustic oscillation
(BAO) feature as a standard ruler [13,14], the clustering
of LSS tracers contains important information beyond BAO.
At low redshift, z < 1.5, analyses of the two-point statistics
of galaxies improve on BAO constraints by using informa-
tion from a wider range of scales, at the expense of including
more model assumptions (e.g., Refs. [4-7,15,16]). Usually
these analyses take advantage of the Alcock-Paczynski
(AP; [17]) effect, the power of which has been demonstrated
by Refs. [11,18], using voids. This effect adds an anisotropy
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on all scales in the LSS distribution if the fiducial cosmology
used to compute comoving distances from angles and
redshifts is different from the truth. Therefore, a measure-
ment of this apparent anisotropy can help determine the true
cosmology. This effect is usually also measured in BAO
analyses, but only using a small fraction of the available
information (around the BAO peak). At high redshifts,
z > 1.5, where the Lyman-a (Lya) forest is used as a
continuous tracer of the LSS, the best constraints currently
come from the BAO scale alone [8,19].

We measure the AP effect for the first time using a broad
range of scales in the three-dimensional Lya forest corre-
lation functions. We use data from the Sloan Digital Sky
Survey (SDSS) data release 16 (DR16; [20]), which
includes measurements from the Baryon Oscillation
Spectroscopic Survey (BOSS; [21]), and its successor,
extended BOSS (eBOSS; [22]). Furthermore, we examine
the cosmological constraints derived from this measure-
ment alone and in combination with other SDSS tracers at
lower redshift.

Methods and data.—We use the Lya forest three-dimen-
sional correlation functions computed by the eBOSS
collaboration using SDSS Data Release 16 [19], and focus
on extracting the AP information from the anisotropy in
these correlations. Our tracers include Lya flux in the Lya
region (between the Lya and Lyp peaks), denoted
Lya(Lya); Lya flux in the Lyman-§ (Lyp) region (blue
ward of the Lyf? peak), denoted Lya(Lyf?); and the quasar
distribution (QSO; [23]). In total we use four correlation
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functions, which for modeling purposes are categorized
into two Lya auto-correlations, Lya(Lya) x Lya(Lya)
and Lya(Lya) x Lya(Lyp), and two Lya-QSO cross-
correlations, Lya(Lya) x QSO and Lya(Lyp) x QSO.
We perform a joint fit of the full shapes of these four
correlations in order to extract the AP effect. We use the
term full-shape (FS) to refer to the extraction of cosmo-
logical information from a broad range of scales in the
correlation function (that includes BAQO), rather than just
the BAO peak alone.

Our model of the Lya correlation functions broadly
follows the framework used by BOSS and eBOSS in past
BAO analyses. We use a template approach based on a
fiducial cosmology, starting from an isotropic linear matter
power spectrum, computed using CAMB [24]. This tem-
plate is decomposed into a peak and a smooth component
following [25]. The Lya modeling is applied independently
to the two components, and they are combined only at the
end to build the full correlation model. The key ingredients
of this model are the linear Lya and QSO biases and
redshift space distortions (RSD), along with the AP effect
(see Refs. [19,25,26]).

We compute the correlation models and the Gaussian
likelihood with the Vega package [27], using the same
models and parameters for the contaminants as in
eBOSS [19,26]. See the Supplemental Material [28] for
more details on the data, model, and likelihood, which
includes Refs. [29-46]. We sample posterior distributions
using the Nested Sampler PolyChord [47,48].

In BAO analyses, the coordinates of the peak component
are allowed to vary anisotropically, in order to fit both the
BAO scale and the AP effect from the peak position. Here
we also vary the coordinates of the smooth component in
order to extract AP from the full correlation. As the AP
effect introduces an anisotropy in the correlation function,
we follow Ref. [39] and introduce the parameters

~—

_ q.(z
¢(Z) - qH(Z)

and a(z) =

q9.1(2)q(z), (1)

where g|| and g, rescale the comoving coordinates, r| and
r,, along and across the line of sight, respectively. ¢
measures the anisotropy, and therefore the AP effect, while
a measures the isotropic scale [49]. As we have two
components, we have the option of using two sets of these
parameters, one for the peak component (¢, a,) and one
for the smooth component (¢, ;). This is appropriate for
a, where the cosmological information comes from the
BAO scale (a,), while qy is treated as a nuisance. On the
other hand, both ¢, and ¢, measure the same effect (AP),
and therefore our baseline analysis uses one coherent
parameter for both components, denoted ¢,. However,
the two ¢ parameters are still useful for distinguishing the
BAO measurement from the broadband information, as
they are affected by different contaminants [39].

The main contaminants affecting Lya forest correlations
are high column density absorbers, metal absorbers, and the
distortion due to quasar continuum fitting. We model these
contaminants following the approach used by BOSS and
eBOSS BAO analyses [19,30,31]. Following Ref. [19], we
model deviations from linear theory in the Lya autocorre-
lation using the multiplicative correction proposed by
Ref. [36]. For the Lya-QSO cross-correlation, we also
follow Ref. [19], and use a Lorentzian damping term [38] to
model both the redshift errors and the Finger-of-God effect
in the cross-correlation.

In order to validate our method, we performed a detailed
analysis on synthetic data using 100 eBOSS mock realiza-
tions. The results on synthetic data and a detailed description
of our methodology are presented in Ref. [26] (also see the
Supplemental Material [28]). The main Lya forest contam-
inants are simulated in these synthetic data, and we found
that our method results in unbiased AP measurements when
fitting scales between 25 h~! Mpc and 180 A~! Mpc [26].
Based on these results, we use a minimum scale r;, =
25 h~! Mpc. This restricts our analysis to large scales,
reducing the impact of nonlinearities.

We discussed additional sources of contamination, not
currently included in state-of-the-art Lya forest mocks, in
Ref. [26]. The most important of these are deviations from
linear theory, and realistic redshift errors [26]. Lya forest
nonlinearities have been recently studied by Ref. [37] using
hydrodynamical simulations, and in the case of the Lya
autocorrelation were found to be well modeled by the
empirical relation introduced by Ref. [36]. On the other
hand, for the Lya-QSO cross-correlation the QSO redshift
errors generally dominate on small scales. We discuss this
in more detail in the Supplemental Material [28].

We also tested the sensitivity of our result to different
analysis choices, focusing on robustness tests for ¢;, as
tests for a, and ¢, (using a different parametrization) were
done by Ref. [19]. We blinded our analysis by adding a
random value to our ¢, measurement, such that we did not
know the true result until we chose the exact configuration
of our baseline model. We tested a variety of modeling
options, presented in the Supplemental Material [28], and
found that our result is robust to these changes. The only
noteworthy deviation happens when changing the model
for QSO redshift errors. While our baseline analysis uses a
Lorentzian damping term, we found a ~0.5¢ shift in our ¢,
measurement when using a Gaussian damping term
instead. As the distribution of quasar redshift errors has
long tails [23], we followed Ref. [19] and chose the
Lorentzian damping in our baseline analysis.

The joint fit of the four Lya correlation functions using
the baseline model produces a good fit, with y2. =
9391.85 for 9363 degrees of freedom (PTE = 0.41). The
fit quality is consistent between mocks and data, with 38%
of the mock realizations giving a lower y? value. Figure 1
shows the data and best-fit model for our main correlation,
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FIG. 1. The eBOSS Lya forest autocorrelation function &

(points with error bars) and the best-fit model, as a function
of comoving separation r. For illustration, the correlation
function is compressed into four bins in the cosine of the line-
of-sight angle u. The gray area shows the small scales which we
exclude from the fit. The Alcock-Paczynski effect is extracted
from the anisotropy in the correlation (its dependence on ).

Lya(Lya) x Lya(Lya). As our data and model are 2D
functions of al and r;, we compress them into four

u = r|;/r bins, and show them as a function of isotropic

separation r = , /rﬁ + r%, for visualization purposes.

To better understand the AP effect and where this
information comes from, we also compress the correlation
function into shells in r, and plot them as a function of p.
One such example is shown in Fig. 2, where we choose the
smallest separation shell (25 < r < 45 h~!Mpc) of the
Lya(Lya) x Lya(Lya) correlation. This figure illustrates

25 <r<45 [Mpc/h]
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FIG. 2. Lya forest autocorrelation function (points with error
bars) in a shell at separation r, shown as a function of the cosine
of the line-of-sight angle, y. We compare the best-fit model
(black) with two other models where the ¢, parameter, which
measures the AP effect relative to the fiducial cosmology, takes
different values (red and blue). This illustrates how the AP effect
is constrained.

how the model changes for different values of ¢, showing
that the AP information comes in large part from intermediate
and small values of y, rather than the line-of-sight region
(u = 1) where most Lya forest contaminants have an impact.
Shells for larger separations and also showing the impact of
RSD are included in the Supplemental Material [28].
Results.—After unblinding, we can compare ¢ results
when fitting two separate parameters for the peak and
smooth components (¢, and ¢,), and when we only fit one
shared parameter (¢). The main results of this Letter are
the AP measurements from the broadband (¢,), and the
full-shape measurement (¢;). The three results are

BAO AP: ¢, =0.933 £0.041, (2)
Broadband AP: ¢, = 1.037 £+ 0.020, (3)
Full shape AP: ¢, = 1.021 4 0.019. (4)

As our fiducial cosmology is based on Planck CMB
results, ¢ = 1 represents the best-fit Planck cosmology.
Lya BAO measurements from BOSS and eBOSS have
resulted in ¢ values smaller than 1 [19]. Our BAO AP
measurement is 1.7¢ lower than the Planck best-fit value,
consistent with the result obtained by Ref. [19] using the
same dataset and matching scale cuts. On the other hand,
our broadband AP result gives a value 1.9¢ higher than
Planck [50].

While individually both ¢, and ¢, are consistent with
Planck, they are in 2.3¢ tension with each other. Our
result for ¢, is robust to changes in the modeling (see
Supplemental Material [28]). The biggest shift, coming
from changing the model for QSO redshift errors, only
reduces the tension with BAO from 2.3 to 2.06. As our
baseline model for the errors is more realistic, we kept the
preunblinding model choices when inferring cosmology.

Our final measurement is given by the ¢, constraint,
which combines BAO and broadband information. Fitting
the full shape of Lya correlation functions results in a factor
of 2 improvement in constraining power over the BAO-only
constraint measured by Ref. [19].

In addition to ¢;, we also infer cosmology from
the isotropic BAO scale, which we measure to be
a, = 1.017 £ 0.014. This differs slightly from the value
reported by Ref. [19], a, = 1.000 £ 0.014, due to the use
of different scale cuts and the correlation between ¢, and
a, (Pearson correlation coefficient of 0.21). The two-
dimensional posterior of these parameters is well approxi-
mated by a multivariate Gaussian, and therefore, we use
this Gaussian result in the analysis below.

Inferring cosmology.—Our ¢, and «, measurements
represent ratios between distances measured using the
assumed fiducial cosmological model and the true cosmol-
ogy. Following Ref. [39], these are given by
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., Dy(2)H(z)

AP = D A G)
.0 [ Pulx)Du(2)/rg

BAO: _\/[DM&)DH(Z)/’%I]M, ©)

where D, is the transverse comoving distance, H(z) is the
Hubble parameter, r;, is the size of the acoustic scale, and
Dy = c¢/H, with the speed of light, c. The effective redshift
of our measurement is z = 2.33. We use the Gaussian
likelihood in ¢ and a above together with Egs. (5) and (6)
to derive constraints on cosmological parameters through
Monte Carlo Markov Chain sampling of model posteriors
with Cobaya [45,46].

For completeness, we also report our measurement in
terms of the usual ratios: Dy (z = 2.33)/r, = 8.65 £ 0.13
and Dy (z =2.33)/r, =40.26 £ 0.71. Using the Planck
measured value of r; = 147.05+0.30 Mpc [1], we
determine the expansion rate at redshift 2.33 to be
H(z =2.33) =2359+ 3.5 kms~! Mpc™'.

We also compare and combine our measurement with
results from other datasets, including the full-shape results
from lower-redshift SDSS tracers and CMB anisotropy
measurements by Planck. We sample the posteriors for
combinations of these likelihoods using parameter choices
and priors following Ref. [8]. For SDSS, we use the “BAO-
plus” likelihoods which include BAO and full-shape
information from BOSS and eBOSS, including the latest
data from DR16 [8]. We also use the public Planck
chains [51] where appropriate for comparison purposes.

Flat ACDM.—In flat ACDM, measurements of the
isotropic BAO scale (a,) constrain a combination of €,
and Hyr,;. This degeneracy can be broken by the AP
measurement of ¢, which directly translates to a constraint
on Q. Our Lya full-shape result, ¢, corresponds to
Q. = 0.3610:5. This is a factor of 2 higher precision than
obtained from previous BAO-only results [19] and produ-
ces our substantially improved cosmological constraints.

In order to measure the Hubble constant, H,, from the
degenerate combination H,r,;, we require the value of r,.
This depends on the total matter density, the baryon density,
and the neutrino density [52]. We fix the neutrino density by
assuming degenerate mass eigenstates with total mass
¥m, = 0.06 eV/c?, and assume a prior on the baryon
density, Qbh2 = 0.02233 £ 0.00036, based on measure-
ments of the primordial deuterium to hydrogen ratio and
big bang nucleosynthesis (BBN; [53,54]). With these priors,
we measure H, from our results of @, and ¢, independently
of information from Planck CMB anisotropies.

In Fig. 3 we show posterior distributions of €, and H,,.
The two main cosmological constraints in this Letter are

Lya FS: Hy = 632425 kms™'Mpc™',  (7)

—— eBOSS Lya BAO
== eBOSS LRGs
I eBOSS Lya FS (this work)

—— All eBOSS (this work)
Planck
Distance ladder

0.4
£
c
0.3
0.2
Ho [km/s/Mpc]
FIG. 3. Marginalized 68 and 95% contours on Q. and H,,

assuming ACDM. The eBOSS results assume a BBN prior on the
baryon density. These results are independent of CMB anisotropy
measurements, but are consistent with Planck and in tension with
the distance ladder results of Ref. [2].

All eBOSS: Hy = 67.23 +£0.91 kms~' Mpc'. (8)

Lya forest constraints alone result in a tight measurement
of H,, comparable to that from the most powerful single
probe in SDSS, luminous red galaxies (LRG). Interestingly,
we obtain a low measurement of the Hubble constant,
which is in 3.60 tension with the direct result from the
distance ladder [2], but still compatible with Planck at the
1.60 level. When combining our measurement with results
from other eBOSS tracers, we obtain a tight posterior that is

1.0

0.8 1

0.6

Qa

0.4

I eBOSS Lya FS (this work)

0.2 === eBOSS galaxies 4
= All eBOSS with Lya FS (this work)
Planck
0.0 - - -
0.2 0.4 0.6 0.8
Qm

FIG. 4. Marginalized constraints on the dark energy density
parameter Q,, versus Q, from Lya, eBOSS galaxies, and Planck,
under the assumption that dark energy is described by the
cosmological constant. The addition of the Lya measurement
improves on the eBOSS galaxies’ constraint by a factor of 2 and
results in a > 12¢ detection of the late-time accelerated expansion
of the Universe.
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FIG. 5. Constraints on the dark energy equation of state

parameter w from eBOSS galaxies alone and combined with
our Lya full-shape measurement. Adding Lya results in a ~12%
measurement of w from SDSS alone. This is independent of
Planck constraints.

compatible with Planck and in 4.2¢ tension with the
distance ladder. Finally, the improvement in constraining
power when performing a full-shape analysis of the Lya
correlations can be seen from the difference between the
gray and the red posteriors in Fig. 3.

Dark energy and curvature.—We next relax the
assumption that the Universe is flat and allow the curvature
parameter Q, to vary. We still assume dark energy is
described by the cosmological constant, which means its
equation of state parameter is w = —1. We show our
measurements of Q, versus Q,, in Fig. 4, where we do
not include any external prior, as we directly sample the
combination Hyr,. The Lya forest constrains a degenerate
posterior between Q,, and €, that nevertheless excludes
Q, =0 at > 40 level.

When combined with the other eBOSS tracers, we
measure Q, = 0.62709¢, and @ =0.10£0.07. Our
results are compatible with the Universe today being flat
and dominated by dark energy. We find direct geometrical
evidence of late-time acceleration due to dark energy at the
>120 level.

Finally, we consider models where w is allowed to vary,
and Q; is fixed to zero. We present our results in Fig. 5,
where we focus on SDSS measurements. The eBOSS
galaxies’ full-shape measurements result in a partially
degenerate posterior between w and Q. Adding our
Lya full-shape measurement breaks this degeneracy, and
we measure w = —0.90 £ 0.12, consistent with the late-
time acceleration being caused by a cosmological constant
dark energy. We emphasize that this result only depends on
SDSS data, which sets this experiment apart in its ability to
constrain dark energy without needing other datasets.

Conclusions.—We present the first cosmological meas-
urement from a broad range of spatial scales in the
Lya forest three-dimensional correlations, through the

Alcock-Paczyniski effect. Using eBOSS DR16 data, we
obtain the tightest cosmological constraints to date from
large-scale structure at z > 1, shown through our con-
straints on H( and the late-time accelerated expansion.
Key areas of future improvement include better modeling
of quasar redshift errors and a better understanding of the
impact of nonlinearities. Furthermore, Lya forest correla-
tion functions could also be used to measure the growth of
cosmic structure as proposed by Refs. [39,55]. Our meas-
urement opens a new avenue for constraining cosmology at
high redshifts (2 < z < 4) with future surveys such as the
ongoing Dark Energy Spectroscopic Instrument [44].
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