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We present a field-level perturbative forward model for the Lyman-a (Ly-«) forest flux decrement.
We validate it on two simulation suites: large-volume ABACUSSUMMIT N-body simulations with the
Ly-a forest painted onto the dark matter field, and the Sherwood hydrodynamic simulations. Across
the redshift range of the simulations (z = 2.0-3.2), the 3D and 1D power spectra of the model match
the simulated Ly-« fields at the 1% (5%) level up to k ~ 0.3 (1.0) h Mpc ™!, with similar performance
for the cross-correlation with massive dark matter halos. The counts-in-cells statistic shows excellent
agreement down to cell radii of 2h~* Mpc. Leveraging cosmic variance cancellation, the model
enables precision measurements of Ly-a bias parameters and robustly detects the full set of quadratic
line-of-sight bias operators, consistent with the notion of naturalness in effective field theory (EFT).
We quantify the stochasticity of the Ly-« forest (the analog to the one-halo term), and find it to be
white (scale- and orientation-independent) on large scales, matching EFT predictions. We further
find that phenomenological flux power spectrum models, based on modulations of the linear-theory
power spectrum, fail at the field level even on quasi-linear scales. For the currently observing Dark
Energy Spectroscopic Instrument (DESI), we generate large-scale clustering mocks of the Ly-a forest
to validate cosmological parameter inference pipelines. Looking ahead to its successor, DESI-II, we
produce large-volume mocks of representative samples of Lyman-break galaxies (LBGs) and Ly-«
emitters (LAEs), calibrated on Astrid hydrodynamic simulations and matched to observations at
z = 3, enabling joint analyses of Ly-a forest and high-redshift galaxy data.
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I. INTRODUCTION AND KEY RESULTS

The Lyman-« (Ly-«) forest consists of a series of absorption features in the spectra of distant quasars, produced by
intervening neutral hydrogen along the line of sight. Since the 1990s, high-resolution observations with instruments
such as the High Resolution Echelle Spectrometer [HIRES; 1, 2] and the Ultraviolet and Visual Echelle Spectrograph
[UVES; 3, 4] have enabled precise measurements of small-scale fluctuations in the neutral hydrogen density. These
observations established that the absorbing gas resides in the low-density, highly ionized intergalactic medium (IGM),
providing a transparent link between the neutral hydrogen distribution and the underlying dark matter field. This
connection, in turn, enables precision simulations of the Ly-« forest. Because the neutral gas is in photoionization
equilibrium with an approximately uniform ultraviolet background, the Ly-« forest probes density fluctuations from
cosmological down to Mpc scales and below over a wide redshift range (2 < z < 5) using ground-based observations.

High-resolution spectra have enabled analyses deep into the small-scale regime (kmax < 102 Mpc™!) through mea-
surements of the line-of-sight (or one-dimensional) power spectrum [5-12]. These measurements are sensitive to a
broad range of fundamental physics, including neutrino properties [5, 8, 13-17], primordial black holes [18-20], dark
matter models [21-31], the thermal history of the ionized IGM [32-43], non-minimal cosmological models [44-46], and
the running of the spectral index [15, 47].

Over the past two decades, Ly-« forest surveys have expanded dramatically in both spectral resolution and the total
cosmological volume probed. Large samples of medium-resolution quasar spectra from the extended Baryon Oscillation
Spectroscopic Survey [eBOSS; 48] and, in particular, from the ongoing Dark Energy Spectroscopic Instrument [DEST;
49-52] now enable cross-correlation analyses across many independent lines of sight. These multi-skewer maps trace
the large-scale structure of our Universe, containing information similar to that provided by spectroscopic galaxy and
quasar surveys at high redshift, but with a significantly wider dynamic range [49, 53, 54].

Observations of the Ly-a forest constrain the expansion history of the Universe through measurements of the baryon
acoustic oscillation (BAO) feature [51, 55-58] and through the broadband shape of the three-dimensional correlation
function [53, 56, 59-61]. The mapping between neutral hydrogen and underlying dark matter has motivated the
development of high-fidelity numerical simulations of the Ly-a forest [62-72]. These simulations are commonly used
to calibrate linear-theory-based models augmented by phenomenological fitting functions that account for nonlinear
growth, pressure smoothing, and line-of-sight velocity broadening [73-75].

At the current precision set by the finite sampling of quasar sightlines (i.e., the shot-noise limited regime for galaxies),
such modeling approaches have yielded robust cosmological constraints [50, 51, 61, 76]. However, DESI is expected to
observe up to one million quasar spectra over its lifetime, with forecasts indicating a cumulative precision below the
0.2% level when combining all tracers and redshift bins [49]. Achieving this level of precision requires exquisite control
over theoretical systematics. Indeed, recent studies have demonstrated that phenomenological Ly-« forest models bias
the inferred BAO scaling parameters — the primary observables for constraining the cosmic expansion history with
DESI — at the 0.3% level [77, 78]. These findings indicate that existing modeling frameworks are approaching their
limits, motivating the development of more accurate and robust theoretical descriptions for current DESI data and
forthcoming surveys such as DESI-II, the WEAVE-QSO survey [79], the Prime Focus Spectrograph [PFS; 80] and
4AMOST [81].

One can remove the bias on the BAO inference within the framework of the effective field theory (EFT) of large-
scale structure, which has recently been extended to the Ly-a forest [77, 85-87]. The EFT formalism provides a
perturbative description of large-scale dynamics by incorporating only the symmetries relevant to the tracer [88-91].
In the case of the Ly-« forest, these include the equivalence principle and rotational invariance around the line-of-sight
direction 2, corresponding to the SO(2) group [15, 85, 86, 92-95]. Whilst this paves the way to directly constrain
cosmological parameters through the one-loop power spectrum (in the context of low-redshift galaxy surveys, see,
e.g., [96-101]) a key challenge for cosmological analyses is that the large range of scales involved require large-volume,
high-resolution simulations to validate inference pipelines.

High-resolution hydrodynamic simulations accurately capture the involved physics on small to intermediate scales
but running a set of simulations covering a wide range of cosmological and astrophysical parameters, whilst capturing
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FIG. 1. Summary of Results: We fit an analytic, perturbative forward model at the field level to high-resolution hydrody-
namic simulations, and use it to generate large-volume realizations. In the left panel, we fit small-volume (V = (160 k™ 'Mpc)?)
Sherwood hydrodynamic simulations of the Ly-« forest [82]. In the right panel, a similar framework is applied to high-redshift
galaxy simulations (such as Lyman-a emitters and Lyman-break galaxies) from Astrid in a (250 hilMpc)?’ volume [83, 84].
These calibrated models enable the generation of large-volume simulations (here: V = (2000 A~ *Mpc)?) here depicted as larger
3D boxes. Red (blue) regions correspond to over- (under-)dense regions. The field-level fits benefit from cosmic variance can-
cellation when using the same set of initial conditions (ICs) for the forward model as for the input hydrodynamic simulation.
Coincidentally, two simulations calibrated on different simulations using the same ICs can be used for cross-correlation analyses
of the Ly-« forest and high-redshift galaxies — a key science driver for DESI-II.

cosmological volumes is prohibitively expensive. To mitigate this, several approaches have been developed to connect
the observed flux to the underlying matter field for large-scale clustering simulations [78, 102-109]. In particular,
deep learning-based reconstruction methods [110-114] yield promising results at intermediate to small scales but do
not fully capture the long-wavelength quasi-linear modes. An alternative avenue are emulators that directly predict
a summary statistic such as the power spectrum [115-118]. Whilst these offer per cent level accuracy for a wide
range of scales they depend on (i) fits to power spectra of small-volume hydrodynamic simulations suffering from
cosmic variance; and (ii) are restricted to the power spectrum. Whilst paired-fixed simulations reduce cosmic variance
limitations [119], the resulting emulators cannot directly be generalized to other summary statistics. A forward model
at the field level, however, needs to match all the amplitudes and phases of all Fourier modes — a more stringent test
of the theoretical framework than comparing summary statistics — all whilst yielding higher-order moments of the
field.

To enable cosmological analyses of the Ly-a forest from DESI and DESI-II that incorporate two- and, eventually,
three-point statistics, we present a computationally efficient framework for generating large-volume simulations cali-
brated on high-fidelity hydrodynamic simulations. This work provides the theoretical background for Ref. [87], where
this technique was first introduced for the Ly-a forest, and extends earlier developments in perturbative, field-level
modeling [120-125]. The same framework generalizes to simulations of high-redshift galaxies, enabling validation of
cross-correlation measurements between the Ly-a forest and galaxy positions. Such joint analyses help break the
degeneracy between the growth rate f and the otherwise poorly constrained velocity-gradient bias [126, 127]. More
broadly, the simulations developed here provide a controlled environment for validating end-to-end full-shape inference
pipelines and for quantifying key physical systematics, including shifts of the BAO feature [77, 128].

We validate our perturbative forward model using two complementary sets of simulations. First, we employ the
large-volume N-body simulations from the ABACUSSUMMIT suite, onto which the Ly-« forest is painted, spanning
a volume of V = 23 (h=1 Gpc)? [102]. Second, we use two sets of the Sherwood hydrodynamic simulations, which
cover a volume of V = 1603 (h~! Mpc)? and V = 80% (h~! Mpc)? [82]. A key advantage of performing field-level fits
is the resulting cancellation of cosmic variance, which enables tight constraints on both cosmological and nuisance
parameters even for small-volume simulations.

In this work, we present two main results. First, we fit and predict the shapes of the bias transfer functions using
a perturbative bias expansion directly at the field level. Second, using the resulting field-level fits, we generate large-
scale clustering simulations. Examples of these simulations are shown in Fig. 1, with the Ly-« forest displayed in the
left panel and high-redshift galaxies in the right panel. The methodology developed here is critical for forthcoming
cosmological analyses, as existing large-scale clustering mocks [129, 130] are approaching their limits when targeting
scales an order of magnitude smaller than the current baseline for analyses of the Ly-a broadband shape of r =~
25 h=! Mpc [61]. Especially, since the Ly-a forest is one of the only ways of probing the high-redshift Universe
(2 < z £ 5) ahead of next-generation surveys such as DESI-IT and Spec-S5 [131].

This paper provides the theoretical foundation of the Ly-a forward model presented in a Letter in Ref. [87] and
is organized as follows: We review the perturbative forward model of the Ly-a forest and halos (as proxies for high-
redshift galaxies) in redshift space in Sec. II. In Sec. III we present the used synthetic data. We assess the performance
of our perturbative forward model in Sec. IV and investigate the obtained transfer functions from our field-level fits in
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Sec. V. In Sec. VI we compare the measured transfer functions to theoretically expected ones and use these transfer
functions to create large-scale clustering mocks encompassing cosmological volumes in Sec. VII. We conclude and
discuss future work in Sec. VIII.

II. BUILDING THE FIELD-LEVEL MODEL

The description of the cosmological Ly-a forest correlations begins with the linear theory model [73, 92],
O3 (K, 2) = (b1 = by fr*)ou(k, 2) (1)

where by, b, are linear bias parameters, f = dln D, /dIna is the logarithmic growth factor, u = k) /k = k- % is the
cosine of the angle to the line-of-sight, Z, and J; the linear density field, which can be rewritten as

d1(k, 2) = 010(k) D4 (2), (2)

where d1,0(k) is the initial condition field extrapolated to redshift zero and Dy (z) is the linear growth factor. In
simulations, 01 0(k) is the random scalar field generated from the linear matter power spectrum of initial conditions.
For brevity, we will suppress the time dependence of §;, implicitly assuming that this quantity is always evaluated
at the simulation redshift z. The model in Eq. (1) reproduces the well-known linear theory model for the flux power
spectrum,

(6r(K)Op(K)) = (21)°6%) (k + k') (6r (K)0r (k) = (21)%8%) (K + k') P(k, 1)
Pr(k) = (b1 — So1®)? Piin () (3)

linear

where Py (k) is the linear matter power spectrum (evaluated at redshift z) where we use [, = [d®k/(27)3. The
above coefficient (by — fb,u?)? is the well-known generalization of the Kaiser factor for galaxies [73, 92, 132], which
can be recovered by setting b, = —1.

From this discussion it is clear that all phases of the Ly-« field are captured by the field §;(k) in the linear
approximation. It is thus convenient to split the theory model from Eq. (1) into parts that make the amplitude and
phase dependence manifest. Absorbing the Kaiser factor into Eq. (1) into a momentum-dependent transfer function
yields

05" (k, z) = Bi(k, p)or (k. 2). (4)

The advantage of this approach will become evident at the non-linear level, where the transfer function g; will also
account for the one-loop corrections.

The success of the linear theory model in describing the simulated Ly-« field
power spectrum,

§tuth can be estimated using the error

Porc(k) = (|05 (k) — 65 (k)[?)" . (5)

On very large scales (i.e. in the limit & — 0), the non-linear corrections to our model are expected to be small, so the
only expected source of error in the model should be the stochastic field e,

op (k) = 05" (k) + e(k) (6)

which by definition does not correlate with §i* generated by cosmological fluctuations. In general, e(k) is the Ly-«
flux decrement component produced by small-scale processes unrelated to large-scale initial conditions. In the context
of galaxies and halos, the field e(k) captures the shot noise which arises due to the discreteness of tracers. Using this
analogy, the stochastic field of the Ly-« forest could be thought to originate from the discreteness of absorption lines.
Due to their large numbers it is expected to be extremely small. This logic, however, is not fully correct because it
assumes that the discreteness is generated at the level of absorption lines. One can consider that Ly-« absorption is
produced by neutral hydrogen clouds whose distribution also has a stochastic component. This discreteness of the
Ly-a clouds can be used as a first proxy to understand the stochasticity of the forest.

Within the EFT for LSS framework [89-91, 94, 133-135], one uses perturbative Taylor expansions to parameterize
unknown functions. In this approach, the error power spectrum assumes the following expansion valid in the &k — 0
limit:

P (ky 1) = no(1 + ark? + agk?u® 4 ...), (7)
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where ng, a2 are dimensional constants whose values are set by the Ly-a physics. For galaxies, ng can be estimated
at leading order as 1/7, where . = N/V is the galaxy number density (N is the number of galaxies in the comoving
volume V). The relevant distance scale in this case is the mean separation R = (V/N)'/3 between the individual
galaxies. Applying the same argument to the Ly-a forest and assuming for simplicity that the individual tracer is a
neutral hydrogen cloud whose separation to its neighboring cloud is about 0.5 h~'Mpc, we get an estimate

ng ~ R*~ 0.1 [h"'Mpc]®* aj9~ R?~ 0.3 [h~'Mpc]* . (8)

As we shall see, this naive estimate will turn out to be quite accurate for the actual Ly-a simulations. Importantly,
the stochasticity expansion features scales that are in general different from those that appear in the perturbative
bias expansion. The latter can be estimated as a non-linear scale, where matter density fluctuations become of order
one [136],

k3, ~1
5.2 N (kne, 2) =1, = knn ~ 5 hMpc at 2z =28. (9)

If the theory model is accurate, we expect to recover the scale-dependence suggested by Eq. (7) on large scales.
If there is a significant correction to the naive linear model (4), this will generate a noticeable scale and orientation
dependence not captured by Eq. (7). What corrections do we expect?

First, the displacements of dark matter particles in our simulations are large, and have to be treated non-
perturbatively. If unaccounted for, they produce large distortions of baryon acoustic oscillations, which show up
as a mismatch between the linear model and actual phases of the density field. This effect is well understood, and
can be corrected for by using the linear density field d; shifted by the Zel’dovich displacement in lieu of 67 [137]. In
what follows 51 will be referred to as the shifted linear field.

Sl(k) =/d3q 51(q)e_ik'(q‘“/’l(‘1)+f2(¢1(tI)'2)) : (10)
where g denotes Lagrangian space (initial) coordinates, and 1 is the Zel’dovich displacement
gk Uk
= /d3ke'q " z0(k). (11)

Note that 8; above has an infinite Taylor expansion in the linear field §;. In perturbation theory one can write this
as:

3
SIZZ;(H/ 61 > 27‘(‘ 5(3 (k kl n) n(kla-"akn); (12)

where K, (k) =1 and

. k- kq k- ko (fuk) ki, ko
Ko(ki, ko) = + + + ,  ete. (13)
2% 2k3 2 \ Kk k3

where k;, = (k; - 2), and k = kq + ... + k,, for the n’th kernel. This expansion is very similar to that of the Zel’dovich
matter density field [137-140]

5Z(kj) = /dgq e—ik"(‘ﬁ‘d’l(q)+f2(¢1(Q)'2)) — Z (H/ ) 27‘(‘)3(5(3 (kf kl...n)FgA(kl, ...,kfn), (14)

with FZA =14 f(k - 2)?, and

1(k-ki)(k - k)
2 k2 k2

g( k)ka (kp) n f (k2 - k)kiz(kp) n f2(uk)?

FZA
2 k2 k2 2 k2k2 2k2k3

+ ki.ko,, etc. (15)

These building blocks will be useful in our future discussion. The shifts implemented by the Zel’dovich displacement

introduce higher order non-linear effects. In the following, we will discuss these effects more systematically.
Nonlinearities in the bias expansion are a second important source of corrections. In the perturbative Eulerian bias

formulation these are given by

n d k ,
=Y =% H Kn(ky, o k) (21)205 (k — Ky — .. — ky) (16)
n=1

n=1 j=1

Hrpn0s 1,2 21 Ly-« MERUGERLERE R R N TRER, 00 W LEGSEMIEMN 1/ n, Hft n=N/V 22 RNEEE
(NRHEIAV 2 RIEE) o XIS T, HRAEE RS2 RZRARFEIEE R = (V/N)1/30 KAHF
HEFLR I E] Ly-o 4R, F 0 T RGBSR R — it E s, RS EHRRLZY 0.5 h—1Mpe, FAFE]—Mliit

ng~ R*~ 0.1 [h"*Mpc]®* aj9~ R?~ 0.3 [h~'Mpc]* . (8)

EWRAVEAEING, kK T T T T s e e e e e e
R WA 2 R IF A U I T8 T AR AR M RBE, E RS R Wi Bk — 1136].

k3 _
2N2 Pin(knL,2) =1, = kni &~ 5 hMpc Lat 2=28. (9)

AR AR MER, BT RE TIRE TR (7) $3R7n A RUEZARBE o AR R AT (4) f77E R
FELL, XA () BOA RN I B R . FA TR0 A L 1

B, AT RE T AR, DRI S . IR IS S, BTSN E AR %4
B, TS LML 3 B Y SEBR A AL UCRC o IX MR 2 i) ABRARY , - EL AT LA 6 /R 2 ey
(RS ENINLIE R S ~ 81 A0 81 SRINLMEIE [137] 16 F3CH, ~ 81 MBFR AR it .

51 (k) = /d3q 51 (g)e” o (atd(@+12(41(a)2) (10)

oo q SRR 2 GITS) AT, 01 R R
wi(q) = (/fMW“k<m (11)

TR, BT SUEL S I A TCIRMZR BRI T AERREe T, WG E

3 n
&ZZ(H/5MM(%W9®—MMKMmmm% (12)
n=1 \: ki
Hrh“Kit =1 JFH
“K2(k1, k2) = k- k1 2ok ke | (fpk) (k1. ko
( ) 2k 203 + 5 w2 + i) etc. (13)

Hrftkiz= (ki © "2, Hk=kl+..+kn Xy T o ML X—JBIFS Zel” dovich ¥ 7R RITIER L (137 - 140]

6z(k:):/d3qe—ik'(q+¢1(q)+fAZ(¢1(q)'AZ)):Z (H 2m)36 (ke — ky ) F2 Ky, .. k), (14)

n=1 1:1 ki

FZA1=1+fCk - "2)?, FZA2=1/2

(k . kl)(k . kZ)/(klZ k22) +&M@&MZ’_&& . k,klz(k ) kZH‘Z(P'k)z klzk?z’ eto. (15)
222 k2 2 2k e 2
TX B AR in%E?kﬂHQEEE’Jﬁ SRR A o Zel'dovich (i F5 5| AR 2577 4L T E M AR IR o« 7R T ORI
X2
Epﬁ%%%ﬁ;%éﬁ% %E% %E’J1I5‘E5E{ﬁo TERHIL B M L A
_ (n) _ [ d* ka 34(3)
k=Y 60 =%" [ L5y (k )}Kn(kl,...,kn)(%) 8D (k—ky — .. — k), (16)
n=1 n=1 j=1



where K, are non-linear kernels. General perturbative corrections to the power spectrum from individual powers in
this series have the form

Pom = sum (0 (k)03 (— k)", (17)

where s,,, is the combinatorial factor and n = m = 1 at the linear level, n + m = 4,6,8 etc. at the one, two,
three-loop orders, respectively. At the quadratic order one has the following general set of operators consistent with
the line-of-sight rotations [85, 94]:

Kg(k!l, kg) =b1F5+ baFs2 + bg, Fg, + bﬁFﬁ + bgann + bnanz + bnhz]Fth] + b(KK)H F(KK)H ’ (18)

where the momentum-dependent quadratic kernels are given by

1 (kfl . kg)z (k1 . kg) (kl . kg) 2 12 k‘g k‘1
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® g T ( k2k2 s T T Ty Ttet U

kv ko

ki-ks) (ki1-ka) 4 pape (k2 k1 ui + 2

F=—21( ~Fg, | - 2= 272 Fy, = —fr2 TR 19
(ki ko) 3 443 (k1-k2) 5

Fp = f2uips . Fr), = i ik ! 3 2 + g’ Fnhz] = Hapz e ;MQFQZ ;

where 11, = 2% are the cosines between the line-of-sight and momentum vectors. One can see that the kernels above
can be related to the shifted density and Zel’dovich kernels that we have introduced before. For instance, it is easy

to see that

~ 2
Fs =Ky + F5p + ?ng . (20)
Likewise, the kernel F;, can be rewritten as
3.9 3 " zA 3. o 1
F,=F;— F 7fu Fg, | + ﬁng +Fp —Fsp=Ko— | F3" — ?fu Fg, | + §Fg2 +Fpe . (21)
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Fikky, = an‘z] + ?/L Fg, — r— + 9= Fnhm + ?,LL Ig, + 3fF5n + —Fs2 . (22)
Therefore, using the new line-of-sight velocity divergence field
_ 3. 9
Thew = — 62 - ?f,u g2 ) (23)
the quadratic kernels can be rewritten as
~ 2 1
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If we use the k and p dependent transfer functions, there are only seven independent quadratic operators: the effect
of H|(|2) is fully absorbed into transfer functions. In addition, the velocity bias terms can be fully captured by the
Zel’dovich field. This implies that at the quadratic level the full EFT can be described by the following forward model:
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where we promoted the bias parameters in Eq. (24) to momentum-dependent transfer functions, and also shifted each
operator with the Zel’dovich displacement,

O(k) = /d3q O(q)e—ik‘(q+¢(q)+f2(¢(Q)~2)) , (26)

which accounts for IR-resummation of bulk flows that affect the phases from these operators at higher orders [141-147].
It is easy to see that the model (25) reproduces the linear Ly-« forest bias on large scales,

5}n710de1(k)|k_>0 _ ((ﬂlF + ﬂf:) +I35fy,2)51(k)7 (27)

so that the transfer functions 8; and (3, are constant in this limit, and the relationship

bl = ﬁlF + ﬁia b77 = _557 (28)

consistently holds through the quadratic order in our forward model. Beyond the k& — 0 limit the linear transfer
functions 3, and 3, absorb any physical corrections correlated with the linear density field. For instance, they
automatically account for all cubic operators contributing to the Ly-a power spectrum at the one-loop order and all
the relevant counterterms. Indeed, the cross-correlation between these terms and the linear matter field in EFT can
be cast as a non-linear correction Af3; to the 8y transfer function,

2
(0162 + (5185) = 3Pyn (k) / Ks(p, =, k)P (p) + k2P (k) 3 emp™” (29)
p m=0

= APk, ) Pin(k) = (AB1 (K, 1)d101)"

Thus, by construction, our forward model absorbs small-scale effects such as baryonic feedback and gas smoothing
into the transfer functions. In particular, the linear forward model with the transfer function ; produces the power
spectrum

Pr(k, ky) = Fau(k, k) Pu(k) (30)

equivalent to expressions which appear in many popular phenomenological models [73, 74, 148]. Likewise, the trans-
fer functions of the quadratic operators automatically encapsulate all the bispectrum higher order corrections that
correlate with the linear and quadratic fields, including the deterministic bispectrum counterterms.

It is important to stress that fitting the density field is a much more difficult task than fitting the power spectrum.
For instance, a forward model

Pr (k)

G| = [T k). (31)

pheno

where P N, is the simulated non-linear flux power spectrum, by construction reproduces the Ly-a power spectrum
perfectly. However, this model is expected to fail at the field level because it misses higher order Ly-« bias operators
and proper IR resummation. We will demonstrate the breakdown of this model below.

Our full forward model is equivalent to the full EFT at the quadratic order, and includes some additional terms
beyond that order. Thanks to the transfer functions, at the power spectrum level our model is equivalent to the
full 1-loop EFT including the cubic operators. To reflect this fact, with some abuse of terminology, we will refer
to our model as “effectively cubic” in what follows. However, we stress that the model does not currently contain
all the necessary cubic terms, like I's or 3. The cubic terms that cannot be absorbed into the transfer functions
will then contribute to the model error, and in particular to the noise power spectrum. The effect of these terms,
however, vanishes in the k¥ — 0 limit, except those proportional to the % operator, entering through P33 in the EFT
nomenclature. This is the only independent cubic operator whose power spectrum is constant in the £ — 0 limit.
Hence, in principle, it could contribute to ng. In order to reduce the noise power spectrum in the £ — 0 limit, we
explicitly include the 6% operator in our model. At fourth order, there are two power spectrum contributions constant
on large scales, Py (two-loop power spectrum order) and Py (three-loop power spectrum order). Our quadratic
transfer functions, however, account for all higher order corrections that correlate with the quadratic fields. Hence,
the contributions from P»4 terms are already included in our model, and the first missing perturbative contribution to
the noise on large scales is the constant piece from Py, at the three-loop order. This can be estimated to be negligibly
small on the redshifts of interest, and we will ignore this term in what follows.
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Finally, in order to reduce the numerical noise due to degeneracies in our bias expansion, we orthogonalize all the
relevant operators using the Gram-Schmidt algorithm [122] for each (k, ) bin,

Oy :ZMab@b ; (32)
b

where Oy = {61, 02, Ga, 63, (Kk)u,ﬁncw, n2,[6n]}, and M,y is the rotation matrix [122] constructed from
Oay = (Ou(k)O; (K))',

using the Cholesky decomposition procedure. One can check that the operator HI[\2] does not contribute to our model

because <|(§1J_I-[2] |2) &~ 0, which is equivalent to the statement that its contribution is absorbed by the transfer functions.

[
This yields the final forward model

Sl (k) = BT (k, )51 () + BT (k, j)ni, + BT (s )(37) () + BE (e, 1) (63) (k)
+ BE, (ks 1)Ga™ (1) + BL (k, w)[S] () + B (ky it (k) + Bl g, (b, ) (KK (k). (33)

Note that the above model appears as a simple generalization of the forward model for redshift-space galaxies,

model _ N ) 1 3 1 5 L
0577 (k) = B1(k, 11)01(K) + 1hnew (k) + Ba(k, 1) (67) (k) + B3(k, 1) (67) () + Ba, (k, n)Ga (k). (34)

Note that the above model does not have a transfer function in front of Myeyw, defined in Eq. (23), which reflects that
halos conserve denisty when switching from real space to redshift space.
In what follows we will explore the implications of our Ly-a forward model.

III. SIMULATION DATA

We fit our field-level perturbative model to two synthetic Ly-« forest data sets: First, large Ly-« forest mocks
constructed from the N-body simulation suite ABACUSSUMMIT (hereinafter Abacus) [149]. Second, hydrodynamic
simulations of the intergalactic medium (IGM) from the Sherwood suite [75, 82]. The Abacus simulation will be the
primary data set of this work. We now introduce both simulations, briefly summarizing [75, 82, 102], to which the
reader is referred for a fuller presentation.

The Abacus simulations, centered at redshift z = 2.5, are large N-body simulations with the Ly-« forest painted
on top of them using a simplistic fluctuating Gunn-Peterson approximation (FGPA) [102]. Note that Ref. [102]
provides four different FGPA implementations resulting in four different realizations of the Abacus Ly-a simulations.
The main difference arises for the value of the bias parameter associated with the gradient of the peculiar velocity,
by, which is lower for models I and II and larger for models III and IV than current constraints obtained from
DESI data [51]. The simulations encompass a comoving volume of V = 20003( h~!Mpc)® with 69123 particles,
each of mass Mpat = 2.1 x 109 [78, 102, 150]. The simulation is based on a fiducial Planck 2018 cosmology with
Oh? = 0.02237, Q.h? = 0.12, h = 0.6736, A, = 2.0830 x 1072, n, = 0.9649, wy = —1, w, = 0. The quasi-stellar
objects (QSO) use a simplistic halo occupation distribution (HOD) model given in equations (1) and (2) in [78] with
as mass range approximately yielding a linear bias that matches observations b, ~ 3.3 and a number density of
~ 1.75 x 107* (A=t Mpc)~3. The parameters describing the HOD are log;, (Meyt) = 13.2 which characterizes the
minimum halo mass to host a central galaxy, log;, (M;) = 13.8 the typical halo mass that hosts one satellite galaxy,
o = 0.65 the steepness of the transition from 0 to 1 in the number of central galaxies, a = 0.8 the power law index on
the number of satellite galaxies, ic the incompleteness parameter, and x = 1.11 multiplied by M, gives the minimum
halo mass to host a satellite galaxy.

We use two sets of Sherwood hydrodynamic simulations: (i) one snapshot at redshift z = 2.8 encompassing a
comoving volume V' = 1603( A~ Mpc)? where the number of CDM particles and gas particles in the simulation is 2048?;
and (ii) a series of snapshots at redshifts z = 2.0, 2.4, 2.8, 3.2 in a V = 803( A~ Mpc)? volume with 10243 particles
keeping the resolution fixed across simulations. The initial conditions are generated using the N-GenIC code [151] with
the corresponding number of either 2048 or 10243 particles. The fiducial cosmology is based on the best-fit Planck
2013 cosmology with cosmological parameters set to 2, = 0.308, 2, = 0.0482, h = 0.678, 0g = 0.829, n, = 0.961
[152]. Additionally, the Sherwood simulations come with a halo catalog built using a friends-of-friends algorithm and
with an available mass range of 109 < Mg < 10'. For all simulations, redshift-space distortions have been applied
along the z-axis and particles have been assigned using a triangular-shaped cloud (TSC) algorithm.

8
Ja, AT BT ROMRZE R PR @ IR = AR R BUEM S, FRAT A B T I
YT (k, w) X, 8 Gram-Schmide 537 [122] (YAHRE T,
Oy = z MOy (32)
b
Hr~Ob = {781,7821,” G27®3) /, ™ nnew,” n2,” [3n]}, 111 Mab 52 H [122] A48 Y e e K P
L Oab =(" Oa(k) ~O* bk))" ,
i FH Cholesky 7 it #2 . Al AR & B-F11(2] // AXTEATHIREL A DT Ak
B 17O L TI[212Y~0, 3% )T H D bk il 14508 bR BB 1 75 o
TR T E A A T AR
dmodel F (k) = BF 10k, )" 81(9) + BF n(k, wn | new-+ BF 2(k, ) ~ (52 1L +BF 30k, )~ 331) 1k
+ BE, (ks 1)Ga™ (1) + BE (k, w)[Sn] () + B (ky i (k) + Bl e, (b, ) (KK (k). (33)
THER, LI BRMELT- R 20 25 A 2 AR AT AR Y — T BR A
ST g (k) = B1(k, 10" 8109 + (9 + B2(k, 1)~ (52 1>$(k) B30 )T O30 - pe2k 072 k) (30)

THER, LB nnew BIBCATREERET, WA @3) L, KM T AN LA FYHREIZIB S AN, 20T H.

FETR S, BATPREIRTT FATAT Ly-oc AT TR S

|

= BEEdE

HA G BN D PPN G B G A Ly-o R SR . B, 2 INIRBEDE P AbacusSummit (LA fRTFR
Abacus) [149HJEEH R Ly-afk pRASHEL; FLUK, J25K H Sherwood B (75, 82IRY PR/t (IGM) AR5l 12464 o
Abacus LR R A SCRY T ZHUREE . RN X PIFEIN, RIZEEE(75, 82,102], PEANAIEEEE SR

BT E ZE R ALl DAZTRS 2 = 2.5 JyHuly, S K NORBL, AR 8 F ] SR kg X158 AR5 L (FGPA) [102]
T3 Ly-o FR0K 1EIER, S5 3CHk (102] 345 T T FPASIRI 9 FGPA SEIR, - AT =28 PU AR [] (1) BT B 2217 Ly-oc A5EDL 5K
Mo FEXFFET 527 S A A S R 22 250 by BUEUE, X TR DRI, SZ ARG, AR IR IV, 3%
HA 4 HT A DESI BT ZYARAE [51] #em . BAPLHELSIAT V = 2000°(hMpe)®, A5 69123 MR-, FF AT
(4 JFt i Mpart = 2.1 X 10° [78, 102, 150] o %4 T Planck 2018 FUFTHET T 221, S48 Qbh? = 0.02237, Qch? =
0.12, h=0.6736, As=2.0830 X 107, ns =0.9649, w0 =—1, wa=0, B/ (QSO) ]l T — " RilLiE S m

(HOD) A5, ZARIAESCRR 78I iR (1) Fi1 (2) FREaH, H e EmRE0™= 4 S MMAHAF 1 2w 2 bq ~ 3.3
FILN ~1.75 X 10—4(h—1Mpo)—3 FUEEFIE . ik HOD BS54 logl0 (Mcut) = 13.2, FAFARZHUDE R G/ NE
Jiig; loglo (M1) = 13.8, SA&#E— T2 R RWMAZ g, 0=0.65, AFOLEREEEM 0 2] 1 I ERIRERE; «=
0.8, N TEERZBUENFEHEIEEG ic WARTEMESEG DI » = 1.11 Lk Mcut, 152&E T EE RPN H/NEFE

FAMEH] 7 PIE Sherwood IR S5 40k () AELLHE 2 = 2.8 (N—RIR, BIRE— PAMEARFV = 1603(h—1Mpe)*, H
LD COM ORISR 20485 LUK () 7E21HS 2 = 2.0~ 2.4, 2.8 32— RIIRM, (A V =803
—1Mpo)®, RLFHUEN 10247, ERBAUTREF DR . WIIASAFE ] N-GenIC RAG[151] 425K, AR 735008
2048 5 1024°, FRE T H FAIIELT Planck 2013 L& T H AL, FTHYASEHIRE N Qm = 0.308, Qb =0.0482, h
=0.678, 08=0.829, ns=0.961 [152]o LA}, Sherwood B T — Ml FI A AT A SR R 2 H 5k, oty
fE10  <MOS10%. X FHrAREL, LR 2RR AT 2 S, FERT7EEH =M (TS0 LI,



To explore cross-correlations of the Ly-« forest with high-redshift galaxies we use hydrodynamic simulations of two
types of star-forming galaxies in the state-of-the-art Astrid hydrodynamical simulations (see, e.g., [83, 84, 124, 153,
154]). In particular, we use the samples consistent with the observed (angular) clustering and number density of Ly-«
emitters (LAEs) and Lyman-break galaxies (LBGs) at z = 3. The samples are designed to approximately match the
linear bias b; and number density of existing and future LSS surveys for LAEs (“ODIN” [155] and S5 [131, 155, 156])
and similarly for LBGs (“CARS” and S5; [131, 157]).

IV. RESULTS

In this section, we use the perturbative forward model introduced in Sec. IT on the synthetic data presented in
Sec. III. We compare the Ly-a forest auto-correlation as well as its cross-correlation with dark matter halos (used
as proxies for high-redshift galaxies and quasars). We compare four metrics to assess the quality of the forward
model: (i) the two-dimensional flux power spectrum, P(k, 1) which is the average of the squared norm of the Fourier
transform of the flux decrement, §r, in bins of the Fourier wavenumber, k, with the cosine of the angle to the line-
of-sight, ¢+ = k)| /k. The corresponding error bars are computed from the square root of the diagonal of the Gaussian

covariance based on the number of expected Fourier modes per bin P(k, 1)+/2/N(k, 1). (ii) The one-point probability
density function which is a more stringent test of the model since we are effectively capturing information beyond the
two-point function. (iii) The error power spectrum (or mean-squared model error), given in Eq. (5), is a measure of
the success of the model. (iv) To investigate the agreement at the level of the phases and amplitudes, we compute
the cross-correlation coefficient:
truth gmodel <5?0d61(k)[6gu':h(k>]*>
TCC((SF ,0p ) = 12 (35)
(([oFh (R)[2) (ol (K)[2))

for the simulated (‘truth’) and forward modeled (‘model’) fields. The cross-correlation coefficient allows us to in-
vestigate how spatially coherent the densities are in Fourier space and is a measure of the amount of cosmological
information that can be extracted when using the model to describe Ly-a forest measurements [122].

We show our results as a function of Fourier wavenumber k and in three angular bins centered at p = 0.17, 0.50, 0.83.
The maximum wavenumber shown is given by the Nyquist frequency which is kny = 1.61 A Mpc ™! for Abacus with a
resolution of Neep = 1024 in a 22( h~! Gpc)? volume and kny = 5.03, 10.05 hMpc~! for Sherwood in 160%( h~1 Mpc)?
and 80%( h~! Mpc)? volumes with Nee = 256, respectively. Throughout this work, we will discuss model I from
Abacus and compare these results to the ones obtained from the Sherwood hydrodynamic simulations (if not already
discussed in Ref. [87]). In App. B we confirm the robustness of the perturbative forward model to different realizations
(models II-IV) of the Abacus simulations stemming from different approaches to calibrating the FGPA procedure to
plant a Ly-a forest on top of an N-body simulation (see Ref. [102] for more details).

A. Ly-a forest forward model

In this section, we present the results of the Ly-a forest forward model. In Fig. 2 we compare the linear (left
panel) and cubic (right panel) forward models at the power spectrum level for the Abacus simulation. Note that our
linear theory model matches the phenomenological fitting functions employed in current Ly-« forest analyses (see,
e.g., [51, 73, 158]). We find that linear theory does not ezactly capture the largest scales k < 10~2hMpc™' and
recovers the input power spectrum at the 5% level only down to kyax ~ 0.1 A Mpc™'. Similarly, the linear error power
spectrum, given in Eq. (5), exhibits an orientation dependence and amplitude at the level of a few percent of the
amplitude of the total power spectrum indicating poor model performance. For the cubic model, we find excellent
agreement at the largest scales between the simulation and model power spectra. It captures the power spectrum
down t0 Emax ~ 0.8 A Mpc™! at the 5% level.! We note that the error power spectrum exhibits a scale dependence
above k 2 0.6 h Mpc~! leading to increased stochasticity.?

In Fig. 3 we compare both Ly-a forest fields at the field level using the one-point probability density function
(PDF). The break down of the linear model is striking, even on large scales.®> We find excellent agreement between

1 Current DESI Ly-« full-shape analyses use the correlation function down to a minimum scale of r = 25 h~1 Mpc [61] which corresponds
to k ~ m/25 = 0.13 h Mpc ™! which is the range of validity where the present forward model is accurate at the sub-percent level.

2 We refer the reader to Ref. [159] to further reduce the Ly-a forest stochasticity by computing non-linear particle displacements using
simulations in the context of Hybrid effective field theory (HEFT). This extends the range of validity of the forward model to k =
1hMpc~t.

3 This is qualitatively similar, yet less pronounced than on the field-level methodology applied to the Sherwood hydrodynamic simulations,
see [87], illustrating that the Abacus mocks can access larger scales and thus more quasi-linear modes.
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7. #R

FEATT R, BAEE SR 10 R RT R, X 58 T 5 e JROR 9 & B dm gt AT 08T o BATHLAL T Ly-oo AR
(Y B AR AR H S Y s i s SRR (P S i Ve 2088 2 RN 2 AR IOARE) o FRATHCAL 7 YA Fabn sk P4l
R ot s () 4R DhRil Pk, ), ERAEME HMPE k IS MATT R ARE p =k /R )6, 18
FECE OF H M LI AP (. AR IR ZE SR HE T 1 AR 18 B AR T SRR s b T 220 4
PO, BRI PG, w) £ V(2/NG, ) () FRRTHERE R, O RLE B AR I, RO FRATSChs B s 1k

CREABRER. @) R (S ERRE) , mMaXORrR, AR IR MER. (v
THIFAAAREER A DCECIE O, FRA TS SRR R 5L

. mode 5model k 5truth k)*
ST ) o 0 s O M (35)
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FIG. 2. Best-Fit Abacus Power Spectra: Comparison between the measured two-dimensional power spectrum from
the Abacus simulation (black) and the best-fit forward model obtained from a linear and a cubic bias expansion in three
angular wedges. Left: Linear theory prediction (blue dashed line), which shows that the forward model breaks down beyond
Emax ~ 0.1hMpc™! and a large error power spectrum Puyr(k,2) = {(|0sim — 0mrr|?) (blue dashed lines), indicating poor
model performance. Right: Cubic bias model prediction (red solid line), which matches the simulation much more closely,
with substantially reduced residuals and a suppressed Pe,;:. In each panel, the power spectrum is shown in bins of Fourier
wavenumber k and angle to the line of sight, parametrized by u = k| /k, with darker (lighter) lines for p = 0.83 (0.17). The
bottom panel displays the percent difference between the simulation and model power spectra. A gray band highlights the
+5% region in the bottom panel.

Variance Skewness Kurtosis

R Otruth Olin.  Obest—fit Alin.  AJ  Ogruth Olin.  Obest—fit Adlin. A Otruth  Olin.  Obest—fit Adlin. A

1 0.0159 0.0109 0.0149 0.0051 0.0010 -1.0635 -3.7654 -1.2825 0.8168 -0.0412 1.4303 26.5017 2.5290 11.4647 4.0812
2 0.0075 0.0060 0.0074 0.0015 0.0001 -0.7810 -2.7355 -0.8410 1.1211 0.0031 0.8954 13.3336 1.0496 8.4781 7.0318
5 0.0022 0.0020 0.0022 0.0002 0.0000 -0.3764 -1.4703 -0.3882 1.2552 0.0624 0.2078 3.6621 0.1712 4.7769 4.4458
10 0.0007 0.0007 0.0007 0.0000 0.0000 -0.1635 -0.8150 -0.1646 1.1150 0.0772 0.0275 1.1027 0.0022 3.2269 1.9103
30 0.0001 0.0001 0.0001 0.0000 0.0000 -0.0161 -0.2487 -0.0124 0.4271 0.0299 0.0081 0.1016 0.0037 0.6529 0.2548

TABLE 1. Statistical Moments Abacus: Statistical moments (variance, skewness, and kurtosis) of the Abacus simulation
(dsim) and the perturbative forward model (dgrr) as well as their residuals for different isotropic smoothing scales R (in
R~ Mpc). Following baseline expectation, we find increasing agreement between the one-point probability density functions
when removing small-scale modes. The mean is consistent with zero for all fields. Note that skewness and kurtosis vanish for
Gaussian fields indicating that our forward model captures higher-order moments, i.e., non-Gaussian information, of the field.

the EFT model and the simulations down to cell sizes of ~ 2 h~! Mpc with the linear model breaking down for very
large cell sizes of 10 — 30 h~* Mpc. Note that the number of pixels from the EFT forward model (blue dashed line)
that are visibly deviating from the distribution obtained from the simulation (black line) is less than 0.01%. In Tab. I
we quantify the agreement between the modeled and true field using the moments of the field with the same Gaussian
kernel smoothing radii (R =1,2,5,10,30 h~! Mpc) applied to them. Whilst this is not applicable to observed Ly-a
forest data [86], it allows us to isolate larger scales. The residuals (denoted by Ad in Tab. I) for the best-fit EFT
model are consistently smaller than the residuals from the linear model, highlighting the importance of higher order
bias parameters.

1. Impact of IR resummation

Standard Eulerian perturbation theory does not fully capture the non-linear damping of the baryon acoustic oscil-
lation (BAO) feature. This stems from linear matter displacements, which are sensitive to long-wavelength (infrared,
IR) modes which are in turn responsible for the slow convergence of the perturbative expansion [141]. While indi-
vidual diagrams in standard perturbation theory exhibit IR-enhanced terms, these enhancements cancel out when all
diagrams are summed, as required by the equivalence principle [144, 161]. However, the presence of the BAO feature
prevents a complete cancellation, leaving residual IR sensitivity [142, 145]. IR resummation has been introduced to

10
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FIG. 3. One-point PDF Abacus: Comparison of one-point probability density function from Abacus simulation (black) to
perturbative forward model (dashed blue) and linear model (gray lines) with increasing degree of isotropic Gaussian smoothing
applied to the fields R = 1 — 30 h~! Mpc from left to right. The bottom panel shows the residuals. The differences between
the linear forward model and the simulation are visible for all smoothing scales. This emphasizes the importance of the higher
order terms in our bias expansion.

109 — ;=083  — Abacus simulation 105 — ;=08  — Abacus simulation
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FIG. 4. Best-Fit Abacus Power Spectrum without IR Resummation: Same as Fig. 2 but with the bulk flows left
unresummed for the linear (left panel) and cubic (right panel) forward model, to isolate the effect of IR resummation. Rather
than discarding the displacements (which would also remove the displacement mode-coupling kernels and no longer constitute
a consistent Eulerian PT), we Taylor-expand the shift operator to consistent order, retaining the kernels R’g, K3 while omitting
the exponential resummation (“EPT”; see text). The power spectrum is shown in three angular wedges p = 0.17,0.50, 0.83 for
the ABACUSSUMMIT simulation, with the dotted lines showing the error power spectrum Pe,,. The broadband shape is preserved:
the cubic residuals remain within 5% down to k ~ 0.1 A Mpc~! and the cubic Pe. stays roughly an order of magnitude below
the linear one. This confirms that the IR resummation does not affect the broadband shape (cf. the shifted/IR-resummed
operator equivalence [160]). Near the BAO scale (k = 0.1 hMpc™ ') the unresummed model fails to damp the acoustic feature,
imprinting oscillatory, p-dependent structure on Perr. The bottom panel shows the percent difference between model and
simulation, with a gray band marking the +5% region.

rigorously account for these large soft modes in the BAO signal [142-147, 160, 162-167].

To isolate the effect of IR resummation we regenerate the field-level forward model without resumming the bulk
flows. We stress that this is distinct from discarding the displacement altogether: the shift operator e=%'¥ in Eq. (26)
generates both the perturbative displacement mode-coupling and the all-orders resummation of bulk flows. Setting
¥ — 0 would remove the former as well, yielding a model that is no longer a consistent Eulerian PT. Instead, we
Taylor-expand the shift to consistent order in the linear field, retaining the displacement kernels (Ka, K3) while
omitting the exponential resummation. Since shifted and IR-resummed Eulerian operators are equivalent [160], this
expanded model agrees with the fully resummed one on the smooth (no-wiggle) component of the power spectrum
and differs only in the treatment of the oscillatory (wiggle) part.

The result is shown in Fig. 4 for the linear (left panel) and cubic (right panel) expansions. In contrast to discarding
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FIG. 5. Best-Fit Abacus Power Spectra incl. Halos: Same as Fig. 2 for the cross-correlation of the Ly-a forest with
halos (left plot) and the halo auto-correlation using all available halo masses (right plot). The halo auto-correlation error power
spectrum matches the shot noise (7 = 1.75 - 1074). The model dependence of the cross spectrum is shown in Fig. 30.

the displacements altogether, the broadband shape is preserved: the percent-level residuals remain within 5% down to
k ~ 0.1 hMpc~! for the cubic model, which continues to outperform linear theory, with the two error power spectra
separated by roughly an order of magnitude. The signature of the omitted resummation is instead localized around
the acoustic scale, where the unresummed model fails to damp the BAO feature: this produces a residual mismatch
between the modeled (undamped) and simulated (damped) wiggles that imprints oscillatory, u-dependent structure
on the error power spectrum in this regime. This demonstrates that IR resummation is essential specifically for
recovering the BAO feature at the field level, while having a negligible effect on the broadband shape.

B. Cross-correlation of the Ly-a forest with massive halos

In this section, we extend the results from Sec. A to perform the field-level modeling in redshift space for galaxies
[see, e.g., 122-125]. This allows to compute the cross correlation of the Ly-a forest with massive halos (a proxy for
high-redshift galaxies and quasars). Cross-correlations are a key source of cosmological information for Ly-a analyses
and help break the degeneracy of the growth rate f with the (unknown) velocity gradient bias [51, 126, 127]. In the
left panel of Fig. 5 we show the cross spectrum of both tracers which matches remarkably well for the cubic model up
t0 kmax ~ 1hMpc™! at the five per cent level. The linear theory model fails already beyond k 2 4 - 1072 h Mpc ™.
It is interesting to note that the mean-squared-error is reduced in the cross-correlation compared to the halo auto-
correlation. This indicates that cross-correlation measurements, even with highly-biased tracers (as proposed by
DESI-II), are a fruitful avenue to extract cosmological parameters.

The halo auto spectrum, shown in the right panel, shows a significantly larger error power spectrum which stems
from the fact that the field-level model is only valid up to the shot noise. (Following baseline expectation, subtraction
of the shot noise yields agreement at the per cent level down to k& < 0.3 hMpC_l.) The halo sample for the Abacus
simulation consists of 1,403,076 objects which, in turn, yields a shot noise level of 1/m = 5.7 - 103 [h~!Mpc]® with
masses in the range 10.8 < log,(M/(h™*My)) < 14.2.*

C. The error power spectrum

To quantify the performance of our forward model we use the error (or noise) power spectrum, defined in Eq. (5),
which reflects the agreement at the level of the phases. In particular, a successful forward model should produce an
error spectrum with a small amplitude and weak scale and orientation-dependence, i.e., EFT predicts the shape of
the error power spectrum in the large scale limit given in Eq. (7). In this regime, we find the following values for the

leading order stochasticity parameters at kyax = 0.6 hMpc ™1
Sherwood (L = 160 h~ ' Mpc): ng = 0.16 [h*Mpc]®, a3 = —0.22 [A"'Mpc]?, ag = 0.75 [h~*Mpc]?, (36)
Abacus (L =2h~ ' Gpe): ng = 0.04 [h~*"Mpc]®, a3 = —0.06 [A"'Mpc]®, ay = 0.17 [h~*Mpc]?.

4 We verified that splitting the mass range to select massive or light halos does not affect our conclusion and we observer the same
behavior. Further we verified that including additional cubic operators, such as Ss, does not improve the error power spectrum.
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FIG. 6. Redshift-space error power spectrum PF.,, corresponding to the best-fit transfer functions shown in Fig. 15 for the
Sherwood simulation (left panel) and Abacus simulation (right panel). Peyr is computed in three angular bins with a maximum
wavenumber of k = 1 hMpc~ ! for the fits. We show the polynomial fits to Per up to k = 0.6 A Mpc ™!, the wavenumber up
to which we can accurately reconstruct the power spectrum. The scale and angular dependence sets in for both simulations
at around k ~ 0.4 hMpc~!. The best-fit coefficients are tabulated in Tab. II. For Abacus the best-fit error power spectra on

models two to four are shown in Fig. 29.

These measurements are consistent with the estimates given in Eq. (8), pointing to a characteristic stochasticity scale
Ryoch ~ 0.5 h~'Mpc for Sherwood and Rgiocn ~ 0.3 h~!Mpc for Abacus. In addition, these values are consistent with
the Ly-a stochasticity measurements from the ACCEL? simulations [77], though the latter have significant errorbars.
To the best of our knowledge, this is the first ever precise determination of the stochasticity of the Lyman-« forest
field.

Interestingly, we see a high level of consistency between Sherwood and Abacus simulations in term of their stochas-
ticity, even though they represent very different small-scale models. Since the Abacus mocks capture dark matter
physics only, the similarity between the Sherwood and Abacus results suggest that the Lyman-« stochasticity may
be driven by the stochasticity of the dark matter distribution.

In addition, we notice that the scale dependence of the stochastic power spectrum becomes more shallow around
1 hMpc™!, where the error power spectrum contributes significantly (by more than 5%) to the total power. This
signals the breakdown of the EFT gradient expansion for the stochastic effects. Theoretical modeling of the error
power spectrum in this regime may represent a serious challenge. The connection to dark matter stochasticity
mentioned above opens up the possibility to model the Ly-a stochasticity with the hybrid EFT technique where
the Lagrangian bias expansion for the Lyman-a forest is supplemented with the non-linear displacements from an
N-body simulation. This topic is further explored in Ref. [159], where it has been shown that the incorporation of the
non-linear displacements that include the stochastic components in them indeed allows one to reduce the scale and
orientation dependence of the error power spectrum extending the range of validity of EFT beyond k ~ 1 hMpc ™.

To investigate the error power spectrum beyond the £ — 0 limit, we fit the following functional form to it

Por(ky 1) = ag + agk? + azk® + ask* + Z aii(kp)", (37)

i=2,4

where we have the k3 term to account for the observed smooth scaling of the error power spectrum in the non-
linear regime. Odd powers of k in the error power spectrum are forbidden in EFT; their inclusion here is purely
phenomenological. The best-fit parameters for both sets of simulations are tabulated in Tab. II and a subset are
shown in Fig. 6. Following baseline expectation, the error power spectrum has a an amplitude that is more than two
orders of magnitude smaller than the signal and constant on large scales. In particular, the onset of the scale-and
orientation-dependence occurs around k &~ 0.4 — 0.6 h Mpc ™! ultimately setting an upper limit on the applicability of
EFT as a theory model (see Ref. [159]). We perform the same fits to the error power spectrum obtained from the
cross-correlation of the Ly-a forest with halos and find that the amplitude of P, is not driven by the larger one
obtained from the halos but rather by the one from the Ly-« forest.

D. Cross-correlation coefficient

A second stringent test of the field-level model is provided by the cross-correlation coefficient, r.., defined in Eq. (35).
It relates the power spectrum of the simulated field to the mean-squared model error through Peyy = Piyn(1 — 72.)
and thus quantifies how faithfully the model reproduces the phases of the field. As such, r.. is our key metric for
assessing the range of validity of the forward model. However, the scale at which the error power spectrum begins to
rise with r.. correspondingly departing from unity does not by itself define the maximum scale of applicability. We

13

— 017w = T Perr EFT (3/J7) Perr
" " —— fEE

w= 017 W= T Perr EFT (3/J7) Perr

o BN 05
0.50 1 = 0.83

0] I .
1073 0.50 & = 0.83

Pk, ) [h—~3Mpc3]
P(k, ) [h—3Mpc3]

”1()’2 o "'”1'()"1 o "'”100
k Ih/ B8] k Ih/ K255

Ko, SE1SFRA R R (&) MAbacustifil (F71E]) HYHAELLIG R0 BB B AULLRS 25 [ IR ZE D153 Perro Perr fE =/
JEXRINTHR, PERHRAPEC k=1hMpe—1. FANVRIR TR Perr (Z TG, EHT k=0.6hMpe—1 LI, XZIHATREN
R B D 3 A PG o RUERIA EEARRBEAE P S P A E R 2 k ~ 0.4 h Mpe—1 BB, StEG RESI TR T e T
Abacus, A T BIAR PU ) AL, G R ZE DRI SR AE 290

LS5 IR TR @) 4 A THE 2, fi i Sherwood FRFAEREHLIE UL Rstoch ~0.5 h—1Mpe, i AbacusZ]
24 Rstoch ~0.3 h—1Mpeo IHHh, IXEEAEL 3K H ACCEL2ZEU 771 Ly-ofELIEN L5 R — 2, RETFHIVIRER K. &
AR, TRAL AN 1L O 5K 2 - AR R BEATLE BEA TS B0 52

ABHYE, RE Sherwood il Abacus BUUAFRALTAIE Y/ N, EAERHIET T, BOMBAEEIENZmEAE
BE—EE. T Abacus B IUHIE I T ERRFE, Sherwood M1 Abacus Z5 3 FUFHEIMEZR W] Lyman-o ) BEALIE AT RESE
WA B BEATLE SRS AY o

HEAN, FRATEREI LR % A REARAEL) 1 hMpe—1 BT A3 3 0 P22, IR R ZE D5 S o ) D ik S
G 5%) o IXRWIREHLEUY (A RO e B LR IT B 7 8. AR TEIH X R Z DRI T e A T e —
TE APk Bk S Y B LEARSC R B R 0 R & A BB EOARRT Lyman-o BEALIEEREGR AL T HIGE, Hrh
Lyman-o BRAR AR B H A 22 RIS N AR P AR AR RS RS &0 X T MUE S0k Ref. A HE—BHRT . [159],
HehBEoR, &L SR AR 195 AR SE AT LA 522 DR 3 i RUE AT it , AP EFTH A0S
I RE] k ~1h Mpe—1 Lh Eo S5 THI5E k —0 RFRZ SMIIRZINRE, BATHLUT mEOY & 21 H

Perr(k, p) = a0 + a2k2 + a3k3 + adkd + ai(kp)" (37)
i=2,4

FEXBEEATFINT k3T, DARREAR etk DO IR ) 15 22 DO IR B P AR B o R 22 Th R P I 25 50 k ORAEA Y
Wit (EFT) H@piibny; XERNSIAZ2R M TREEN% R WA RS SEIEL TH, Hbh—i
T RIRAEIE] 6 Hhe FEIRERACTIY], IRZE DR IERIRIE LSS/ N BCR LA b, I EAER RS B R, R
JERUT A RAHE R IHBERZUAE k ~ 04 — 0.6 h Mpe—1, XRARE [ EFT VENBIEHRIUAIEH _EIR (2 27300

(159]) o FRA TR Ly-o Fr5 WG R 28 SOAH R 15 B B IRZZ DRIE BEFT T ARG, RN Perr HYARIEHASZ
K H MW R B EIKE), T2 sk H Ly-o #REVEIKE)

D. HHEXRH

Gy AR ) 5 IR AR K S SR RAL ree $24E, HUE UILAT (35). Bl Perr = Pruth(1 — rec?) KAL)
DI S BT RRIR R Z AR, TR A S A IR e . L, rec @ 3RATTITAN BT TAIASELE A V5 LY
KRR SR, IRZEEINFIEIFAGRE rec EFHIFARR N E 1 IR, FFARERAME SGE IR A RUE . AT



14

Data ao as as as az2 Q44

Abacus I 0.041 —0.097 0.016 0.069 0.230 —0.276
- II 0.048 —0.195 0.433 —0.345 0.046 0.235
- 111 0.069 —0.531 1.149 —0.814 0.358 —0.570
- v 0.063 —0.549 1.163 —0.820 0.438 —0.668
- I x halos 0.116 0.061 0.841 —1.486 2.368 —0.945
- II x halos 0.121 —0.226 1.461 —1.798 2.251 —1.018
- IIT x halos 0.254 1.897 —5.069 2.916 2.499 —2.814
- IV X halos 0.268 1.694 —4.875 2.833 2.819 —2.958
Sherwood L =160k *Mpc 0.154 —0.005 —0.412 0.316 0.404 —0.337
- X halos 0.034 0.955 —3.074 2.096 1.441 —1.092

Data ap as as aq a2 Q44
g 2% 0.041 —0.097 0.016 0.069 0.230 —0.276
- — 0.048 —0.195 0.433 —0.345 0.046 0.235
- — 0.069 —0.531 1.149 —0.814 0.358 —0.570
- v 0.063 —0.549 1.163 —0.820 0.438 —0.668
- I x halos 0.116 0.061 0.841 —1.486 2.368 —0.945
- Il halos 0.121 —0.226 1.461 —1.798 2.251 —1.018
- 11 % 6Tk 0.254 1.897 —5.069 2.916 2.499 —2.814
- 0.268 1.694 4.875 2.833 2.819 —2.958
R {HfE L = 160 h—1Mpc 0.154 —0.005 —0.412 0.316 0.404 —0.337
- x halos 2.096 1.441 —1.092
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TABLE II. Best-fit P.,, fits: Coefficients for the polynomial fit to Perr given in Eq. (37) for the Abacus simulations (top eight
rows) and the Sherwood simulation (bottom two row), shown in Fig. 6. In addition we quote the best-fit parameters from fits
to the error power spectrum of the cross-correlation with all available halos, denoted by “x halos”. The corresponding transfer
functions are tabulated in Tabs. III and IV and a, ann are in units of [h_lMpc}3+”. The best-fit plots for Abacus models two

to four are shown in Fig. 29.
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FIG. 7. Cross-Correlation Coefficients Ly-a Sherwood: Fractional mean-squared model error 1 — TZC = | Perr/ Pirue|

where 7ce = rec(§7M, §™°%°1) is the cross-correlation coefficient between simulations and model. The results are shown for the
Sherwood simulation using the linear (dashed lines) and cubic EFT model (solid lines) in three angular bins, u. The gray lines
denote the “raw” cross-correlation coefficient and the colored lines illustrate the subtraction of the stochastic counterterms,
given in Eq. (38), from the error power spectrum. The gray shaded region indicates the 5% error band.

therefore examine how well the error power spectrum can be captured by EFT stochastic counterterms [136],
P (k) = co + erki] + cokif (38)

where the coefficient ¢, has units of [A=*Mpc]?"+1) for n = 0,1,2. As discussed in Ref. [87], the small-scale modeling
is affected by non-Poisson stochasticity (the analog of the one-halo term in galaxy clustering), which renders the error
power spectrum scale- and direction-dependent in a way that EFT cannot capture beyond the gradient expansion.
This stochastic noise sets the limit of applicability of EFT [122, 123, 168, 169], which we discuss in the following for
the 3D power spectrum and in Sec. E for the 1D power spectrum.

In Fig. 7 we show the cross-correlation coefficients obtained for the linear (dashed lines) and cubic EFT model (solid
lines) for the large Ly-a Sherwood simulation at z = 2.8. The gray lines use the “raw” error power spectrum, while the
colored lines are obtained after subtracting the stochastic counterterms [see Eq. (38)] from it. Before subtraction, the
cubic EFT model reproduces the phases in Fourier space to better than 1% up to k& < 0.3k Mpc™! (k < 0.24 hMpc ™)
for Abacus (Sherwood), with the 5%-level reached at k& < 0.7 hMpc ™' (k < 0.6 hMpc ™). Since Abacus covers a larger
volume, it contains more quasi-linear modes and the linear model captures a larger range of scales than for Sherwood
for which it captures the large-scale modes only at the 3% on large scales.
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FIG. 8. Cross-Correlation Coefficients Ly-a Abacus: Same as Fig. 7 for the Abacus simulation model I. The turnover in
the linear model is an artifact from an over-subtraction at high k& and the result of plotting the norm.
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FIG. 9. Cross-Correlation Coefficients Halos: Same as Fig. 7 for the halo auto-correlation using all available halo masses
for both simulations. As discussed in Fig. 5, the error power spectrum for Abacus converges to the shot noise, setting a clear
upper bound on the cross-correlation coefficient. Therefore, we show the shot noise subtracted version (solid black line) and
Tec including the shot noise (dotted black line). This shows that for quasar (or galaxy) samples with lower shot noise, the
field-level methodology extends its reach — similar to the Ly-« forest. For Sherwood the cross-correlation coefficient is very

close to one since the provided halo catalogs are (unrealistically) light.

After subtracting the stochastic contribution from the error power spectrum?®, we extend the reach of both
models: for Sherwood, the linear model reaches k < 0.3hMpc™ ' at the 5% level and the cubic model reaches
k <0.5(1.3)hMpc™ ! at the 1% (5%) level, with a similar performance for Abacus as shown in Fig. 8. From this
analysis, the majority of the improvement stems from subtracting a constant offset with little weight stemming
from the ¢; and ¢y terms. We note that going to higher redshifts, e.g., z = 3.2 using the smaller Sherwood boxes,
does not significantly improve the performance of the cubic model for the 3D power spectrum. We emphasize that,
while both simulations use entirely different prescriptions to model the Ly-a forest, they yield consistent results,
demonstrating the robustness of the field-level methodology and setting the maximum scale for linear theory at

k<01—02hMpe L6

5 This procedure is equivalent to the joint modeling of the deterministic and stochastic parts of the Ly-o power spectrum.

6 It is interesting to compare the obtained cross-correlation coefficient to the one obtained from other approaches, e.g. using the promising
deep learning reconstruction presented in figure 6 in Ref. [114]. Whilst their cross-correlation coefficient significantly improves using
their reconstruction approach, their model has a floor of approximately five per cent on large scales (k < 1hMpc™!). We leave the
exploration of a hybrid approach combining EFT on large scales with a deep-learning-based reconstruction on small scales to future

work.
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FIG. 10. Cross-correlation coefficient Ly-a x Halos: Same as Figs. 7 for the cross-correlation of the Ly-a forest with
halos for Abacus Model I (top row) and Sherwood (bottom row) using all available halo masses. The gray lines denote the “raw”
cross-correlation coefficient and the colored lines illustrate the subtraction of the stochastic counterterms, given in Eq. (38),

from the error power spectrum. The gray shaded region indicates the 5% error band.

In addition to the Ly-« forest, we show the fractional mean-squared model error for the halo auto-correlation in
Fig. 9, using the linear model (left panel) and the cubic model (right panel). Here the cubic model offers almost no
improvement over the linear theory model, indicating that we are in the shot-noise limited regime for halos. Massive
and light halos serve as proxies for quasars and high-redshift galaxies, respectively. In contrast to those from Abacus,
the Sherwood halos are light and carry a very low shot noise; we therefore subtract the shot noise only from Abacus
in Fig. 9, moving from the dotted to the solid black lines for both models.

Finally, in Fig. 10 we show the 3D cross-correlation coefficient for the cross-correlation of the Ly-a forest with halos,
using all available halo masses for Abacus (top row) and Sherwood (bottom row). As before, we model the stochastic
contributions to the error power spectrum: this yields a noticeable improvement for the linear model (gray to blue
dashed lines), extending its reach to k < 0.1 hMpc™ !, and a negligible improvement for the cubic model (gray to red
solid lines), which reaches the 5%-level at k& < 1 hMpc~!. Overall, the cubic forward model provides an excellent fit

to the cross-correlation data.

E. One-dimensional power spectrum

In Fig. 11 we additionally compare the one-dimensional power spectrum — a key summary statistic in the context
of Ly-« forest analyses (see, e.g., [5—12]). The left panel shows the model performance without any smoothing applied

to the simulation and the cubic forward model recovers the shape of the true power spectrum well while showing a
residual offset of ~ 15%. In contrast, the linear theory model fails at recovering the P1D of the input simulation,
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FIG. 11. Best-Fit 1D Power Spectra Sherwood: Comparison between the measured one-dimensional power spectrum from
the Sherwood simulations with two different smoothing scales using a Gaussian kernel: left no smoothing, right R = 1 h~* Mpc.
The measured P1D is shown in black together with the best-fit forward model obtained from a linear (blue dashed) and a cubic
bias (red solid) expansion, respectively. For the cubic bias expansion we show the error power spectrum (blue dotted line).
For the baseline without smoothing, we find a 15% offset between the cubic model and the true power spectrum and an even
larger off set for the linear model. In both panels, the P1D is shown in bins of Fourier wavenumber k| in units of hMpc~t.
The bottom panel displays the percent difference between the simulation and model power spectra. A gray band highlights the
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FIG. 12. Cross-correlation coefficient P1D Sherwood: Corresponding cross-correlation coefficient (1 — r2.) to the one-
dimensional power spectra shown in Fig. 11. The colored lines have, first, only the constant low-k limit subtracted from the
P1D denoted by co and, second, a higher-order polynomial co + clkﬁ —+ czkﬁ. This plot illustrates the importance of using a
higher order biasing model compared to purely linear theory as the range of five-percent-level validity of the model is extended

up to k&~ 1 hMpc~? for the baseline case without smoothing.

even on large scales, to better than 40% (here: outside of the residual plot range). The right panel includes a
Gaussian smoothing kernel of R = 1~ Mpc and removes small-scale information. This results in recovery of the

input simulation power spectrum to better than 5% (1%) down to k; < 0.6 (0.3) h Mpc ™! for the cubic model and the
20%. Our results suggest that there is more perturbative information

~
~

linear theory results are off by more than
in the P1D than discussed in Ref. [170]. In fact, up to kj =~ 1 hMpc™! the P1D in simulations is dominated by

perturbative modes. While we agree with [170] on the significant role of stochastic contributions in P1D, we point
out that this noise can be well modeled within EFT.

The error power spectra of the cubic model (and for the linear model on large scales) are constant and do not show
any scale dependence. The error power spectrum of the cubic model (dotted blue line in the left panel) of the Sherwood
simulation is flat with an amplitude of ~ 0.07 [h~! Mpc]?. It can be modeled, as discussed in Sec. D. In Fig. 12 we
show the corresponding cross-correlation coefficients where we first only remove the constant low-k limit going from
gray to solid colored lines (blue: linear theory, red: cubic model). The removal of the residual noise using Eq. (38)
from the linear (cubic) model extends the range of validity (when investigating 1 — rZ.) to kj ~ 0.3(1.0) hMpc ™"
resulting in the dash-dotted blue lines for the linear theory and dotted red lines for the cubic model, respectively. Note
that the smoothing of the field is non-physical and only serves to illustrate the importance of using a higher-order bias
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FIG. 13. Best-Fit 1D Power Spectra Abacus: Same as Fig. 11 for the Abacus simulation and model I.
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FIG. 14. Cross-correlation coefficient P1D Abacus: Cross-correlation coefficient (1 — rfc) for the one-dimensional power

spectrum of the Abacus simulation and model I where we model the residual noise floor using Eq. (38); same as Fig. 12.

expansion to better capture the small-scale clustering. We perform the same steps on the smoothed field and show
the results in the right panel of the same figure. As visible from the cross-correlation coefficients, for the 3D power
spectrum this sets in at k£ 2 0.9 — 1.0 A Mpc ™! and for the 1D power spectrum at ky 2 1.0 hMpc™!, respectively.

In Fig. 13 we show the corresponding results on the P1D for the Abacus simulations and in Fig. 14 we show
their cross-correlation coefficients. Qualitatively, the results agree with the ones obtained from Sherwood. Removing
the stochastic terms we extend the range of validity of the cubic (linear) model to kj ~ 1.0(0.4) hMpc™" for the
unsmoothed field. Analogously to the P3D results, the linear model has a bigger k-reach on Abacus compared to
Sherwood given the larger box size and available number of quasi-linear modes. In Figs. 32-33 we show the model
dependence of our forward model in the context of the P1D.

V. TRANSFER FUNCTION FITS

So far we have compared the best-fit perturbative forward model to a set of simulations and found an excellent
agreement between the two. However, the best-fit transfer functions that minimize the error power spectrum (or
mean-squared error) have been completely free in each k-bin. To build intuition for the transfer functions from
Eq. (33) we fit these as polynomial expansions in k and p, following Ref. [87], given by

ﬂz(k,,u) = Cp + 001/1,2 + (61 + 012,u2 + cl4u4) . k + (64]{32 + 022/1’2 + C44]{32p,4) . k2 y (39)

which is different to the one used in Refs. [123, 124] to capture the angular dependence of the transfer functions at
low-k. In particular, we allow for higher order corrections, i.e. the two-loop terms, by allowing for odd powers of k.
Note that in the & — 0 limit we recover the “Kaiser”-type expression. The fits are performed jointly for all u-bins
using non-linear least-squares minimization, weighting each data point by k to account for the different number of
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TF Co co1 c1 c12 C14 cq C22 Ca4

b1 —0.225 —0.384 0.146 0.661 —0.074 —0.017 —0.458 0.130
B2 0.254 0.145 —0.090 0.158 —0.091 0.001 —0.121 0.041
Baz |—0.140 —0.354 —0.006 —0.073 0.062 0.017 0.195 —0.133
B3 —0.048 0.013 —0.021 —0.155 —0.014 0.001 0.134 —0.007
Brk||—0.129 —0.554 —0.274 —0.263 1.177 0.053 —0.011 —0.473
Bn —0.378 —0.319 —0.093 2.083 —1.546 —0.068 —0.599 0.297
B2 0.217 0.018 —0.373 0.362 0.335 0.079 —0.062 —0.069
Bsn |—0.129 —0.120 0.193 —0.941 1.008 —0.001 0.326 —0.440

TABLE III. Coefficients of Best-Fit Sherwood Transfer Functions: Best-fit parameters for the transfer function (TF)
model, B(k, 1), given in Eq. (39) and illustrated in Fig. 15 obtained from the Sherwood simulation. Each wavenumber bin is
weighted by k to down weight small scale modes with a cut off at kmax = 1 hMpcfl. The coefficients ¢, chm are given in units
of [h™'Mpc]™.
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FIG. 15. Coefficients of Best-Fit Sherwood Transfer Functions: Best-fit transfer functions g;(k, u) for the cubic EFT
model obtained from fits to the Sherwood simulations. The corresponding polynomial model for the transfer functions B(k, u)
is given in Eq. (39) which reduces to the Kaiser model in the low-k limit. The large fluctuations in the first two k-bins stem
from the small number of available modes. Weighting each bin by its number of kK modes down weights very noisy bins. The
coefficients are tabulated in Tab. III.

modes with a cut-off at k = 1 hMpc~1.7

Sherwood simulation: The resulting best-fit coefficients obtained for each transfer function are tabulated in
Tab. IIT and compared to the measured transfer functions from Sherwood in Fig. 15. This illustrates that the transfer
functions can be approximated by smooth functional forms. We compare the coefficients of the polynomial fits in
Tab. III to the bias parameters from fits of the one-loop power spectrum to the Sherwood simulation [66, 85] in the
following. Note that the orthogonalization of the transfer functions mixes bias parameters and absorbs higher-order
corrections, i.e. the present EFT model includes all contributions up to two-loop order (bar the P33 term stemming
from the cubic field 6%). From f; the parameters ¢y and cp; can directly be compared to by and fb, as well as cg
from By to by. We find very good agreement for b; and bs, yet a larger difference for b, and coi(f1). We emphasize,

7 We verified that reducing the maximum wavenumber chosen in the fit to k = 0.6 hMpc~! does not change our conclusions.
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TF Co Co1 C1 C12 C14 Cq C22 C44
Pr —0225 -0.384 0.146 561 0,074 ~0.017 —0.458 0.130
B> 0254 0.145 0.090 0.041
Ps 0.013 ~0.021 ~0.155 —0.014 0001 0.134 0.007
BKK / ~0.129 —0.554 —0.274 —0.263 0.053 —0.011 —0.473

" -0378-0.319-0.093  2.083 —1.546 —0.068 —0.599
B2 0.079 =0.062 ~0.069

Bsn  —0.129 —0.120 0.193 —0.941 1.008 —
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TF co co1 c1 c12 c14 c4 C22 Ca4

51 —0.152 —0.156 0.082 0.283 —0.059 —0.009 —0.176  0.062
Ba 0.108 0.067 —0.017 0.086 —0.089 —0.021 —0.066 —0.052
Bg, |—0.087 —0.167 0.021 0.044 0.086 0.020 0.005 0.110
B3 —0.003 —0.012 —0.020 —0.117 0.095 0.017 0.097 0.012
ﬂKKH —0.026 —0.154 —0.207 0.640 —0.755 —0.060 —0.997 0.922
Bn —0.213 0.064 0.124 —0.275 0.121 —0.011 —0.036 0.187
B2 0.073 —0.043 —0.111 0.104 0.092 0.018 —0.009 0.058
Bsn |—0.070 0.007 —0.016 —0.318 0.017 —0.011 0.581 —0.347

TABLE IV. Coefficients of Best-Fit Abacus Transfer Functions: Coefficients of the fitted transfer functions (TF) for
Abacus simulation “one”, line-of-sight z and Model I for the polynomial given in Eq. (39) and plotted in Fig. 16. The coefficients
Cn,Cnm are given in units of [hflMpc]”.
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FIG. 16. Best-Fit Abacus Transfer Functions: Same as Fig. 15 but for Abacus model I. The coefficients are tabulated in
Tab. IV.

however, that fits of the one-loop power spectrum in the small hydrodynamic simulations can be strongly affected by
cosmic variance and since the present fits do not have an associated covariance matrix, care should be taken when
comparing the two. Further, the equivalence principle imposes that co(/3,) matches co1(f1) which is an independent
confirmation of our theoretical model as we fit for the transfer functions completely independently of each other.

Abacus simulation: Analogously to the analysis on Sherwood simulations, we fit the low-k limit of the transfer
functions obtained from the field-level technique applied to the Abacus simulations (see Sec. A). In Tab. IV we
tabulate the coefficients of the transfer functions. Here we only tabulate the values for simulation “one”, Model I and
line-of-sight z which can be directly compared to the one-loop power spectrum fits presented in table 4 in Ref. [78].
In particular, the coefficients cg and ag; for 3; are directly related to b; and —fb,, and cg of 33 to by. For all three
we find reasonable agreement. In contrast to Sherwood for which we find a strong discrepancy between co; of 31
indicating that the limited volume and the cosmic variance strongly affect constraints on the bias parameters of the
one-loop power spectrum.

In Fig. 16 we show the fitted transfer functions and the resulting polynomial fits. Given the large box size, the
transfer functions are computed out to large scales. Whilst the results agree qualitatively with Sherwood we note that
the B transfer functions exhibit a scale dependence already on large scales. The key takeaway from this section is
that (i) we can measure each transfer function from the simulated data; and (ii) these can be approximated through

20
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simple polynomials.

A. High-redshift galaxy transfer functions

In this work, we use a set of transfer functions matching the clustering properties of observations at z = 3 obtained
from calibrations on state-of-the-art Astrid hydrodynamical simulations (see, e.g., [153, 154]), representing Ly-«
emitters (LAEs) and Lyman-break galaxies (LBGs). Here, we follow Ref. [154] to which the reader is referred for
a fuller presentation of the employed high-redshift galaxy samples. These are designed to approximately match the
linear bias, by, and number density for LBGs (“CARS”; [157]) and LAEs (“ODIN” [155]) and a futuristic sample
based on projections for Stage-V spectroscopy (denoted by S5; [131]), summarized as LBG and LAE S5 in table IT of
Ref. [154].

We fit the redshift space transfer functions for both galaxy samples as polynomial expansions in k£ and p, using a
functional form inspired by the one used in Ref. [124]

51 (kj, ,u) =co+cik+ Cgka + C4k’4 + CQQ(k‘,U)Q + 044(k,u)4 , (
Biz1(k, 1) = co + c2k® + cak® + coo(kp)® + caa(kp)* (41)
Pepy(ky ) = ap + ask? . (

t

The fits are performed jointly for all p-bins using nonlinear least-squares minimization, weighting each data poin
k with a cut off at k = 0.4hMpc 1.8 The resulting best-fit transfer functions are shown in Fig. 17.

VI. TRANSFER FUNCTIONS IN PERTURBATION THEORY

In this section we will develop the perturbation theory modeling for the field-level transfer functions and use them
to measure EFT parameters at the field-level, connecting the fitted transfer functions to a theory prediction. In
particular, addressing the question whether the large freedom in k& and g when minimizing the mean-squared-error
is justified. The key idea of this method is that in the absence of orthogonalization the transfer functions should be
constant on large-scales — by construction. These constants then can be matched to the EFT parameters. However,
this constancy of transfer functions in the £ — 0 limit is violated by the Gram-Schmidt orthogonalization, which on
large scales removes the operators which can be represented as other operators times a p-dependent transfer function.
Specifically, it removes the contributions of the 7yew, given in Eq. (23), operator and the HhZ] operators at the linear
and quadratic orders, respectively. As a result of the Gram-Schmidt procedure, we end up with p-dependent, but
k-independent transfer functions on large scales. We will deal with this by forward modeling the orthogonalization
procedure.

The first step of our fitting procedure is to specify the EFT perturbation theory basis appropriate for the transfer
function computations. It is natural to use the EFT formulation used to compute the one-loop predictions with the
CLASS-PT code [85, 171]. However, it turns out that it is convenient to use an equivalent, but slightly different EFT
model for the purpose of the matching, which we discuss here.

To start off, we introduce the field level EFT at the linear level, i.e. we ignore all quadratic operators and the
orthogonalization procedure. Therefore, we take the present EFT model and assume all transfer functions to be
constants, yielding

5p = B161 + Bydz = (B + By + Byfu?)di (k) + O(5%). (43)

In the k£ — 0 limit, where the linear theory prediction is dominant, our model simply reproduces the Kaiser formula
provided that the transfer functions 3; and (3, take constant values. These values then can be converted into the
usual Ly-a EFT linear bias parameters from CLASS-PT via

by = ﬁl + ﬁn ) bn = _ﬂn . (44)

What we actually measure though are orthogonalized transfer functions, i.e. the model we use to fit the simulation
snapshots takes the following form in the linear approximation

gmedel — gF (k1)1 + B, (k, 1)o7 + O(57) . ()

8 We verified that varying the maximum used wavenumber by Ak = 0.1 hMpc~! does not affect our conclusions.

21

fi] B 22 1T

A, BUBEREERY

FERRILTA A, BN T ARE A%, X LE AT 1 SR SCRE Astrid LA S =AU R TR 2 = 3 WL
MERREE (20, B, [153,154]) , AL Ty« K2R (LAEs) MLymanliRER (LBGs) o fEXH, A
TEIEZ75 SCHR1154], 135 W] 22 B SCHR DAARERUTT 60 = 2088 2 R R e BN 21 BOTHIRLEEREA R N T REIL L
LBGs ( “CARS” ; [157]) FILAEs ( “ODIN” [155]) FYZPifRZE bl FIEUR I, DA T ST BOG I~ Tl iy Ak
A (IEh 855 [131]) , fEZ75SCHR154193€ 1T U459 LBG f1 LAE 85,

A TH P2 R LIRS 2 [ s AU & 0 & A p 2G0T, i —14

227530k [124] FROEH Y

51 (k, ,u) =co+cik+ Cng =+ C4k’4 + CQQ(k,U/)2 + 044(k,u)4 s (40)
Biz1(k, 1) = co + cok? + cak* + coa(kp)? + caa(bp)*, (41)
P (k, 1) = ag + agk® . (42)

LGRS T w-DXHBCE TR, (AR Zel ko —Saki/IME, BB K% K IR, FF4E k = 0.4 h Mpe—1 AbKEE
#lbo 152 H S A Lk RN & 17 R

AN BEEEILTRIEEE R

PR, BAVER R T 9P L% R A B e, FHR A ENESSIEEFTSAL, Kl E r L RS
BOETCR AR . FRlE, PHEER MU IRER K fl p KB RER GG, AR EEAR, ARAIE
SRITEOL T, A1 PR K R B AZ0R B E H—— X e i A SEELY o X8 BB 5 vl LS EFT2 AL . 44
M7, 7E k —0 FBR N 58 R X P E M 2B Gram-Schmide IEAZHLERIR, [RNFERRE b, BEBBRALTT LIFR
NHAETFIRUL p AR B R B Bk, BB nnew (WAKC)FTR) FEFRITIHR, LARAELIER]
TRB A BIR TI2] ) SET e T Gram-Schimidod BRI AR, FATTERAAER UL AR T B SRIC IR A (458 R AT
FATRE L 1E R A E S A I R SR A B — e

HATATRF R — PRI EE M TR R BOHR AL (BFT) SUUEIEERL. B IRRYIERE (M T
CLASS-PT f{A% (85, 171] T FAHIMAY EFT A3e SR10, HIGEH, N7 IR HRY, [ ERUERA AR EFT
PRALEA T E , BATPRAEIX B THE AT

B, WAVELMACr BN @t A8t (BFT) , RISRAIZME A IR ERFIECIE R . I, IRATRAY
BIFEFTEOR, FHEATA LR RECY R, 2

5p = P61 + Bydz = (B + By + Byfu?)o1 (k) + O(5%). (43)

16k —0 (MR T, YL EE TN b S, TR FUBEAE58 B B1 R B BIURRC(E, b AT LA Sy B0
Kaiser 233% . SKJ5, IXEE(E AT LA CLASS-PT 64 Al 1 Ly-« EFT 25t 2240

by = ﬁl + ﬁn ) bn = _ﬂn . (44)
i, FRATSEBRMGI R EAC R AL, BN 1A Tl AR b A e A I TSR L Tt

gmedel — gF (k11061 + B, (k, 1)o7 + O(57) . ()

8 We verified that varying the maximum used wavenumber by Ak = 0.1 A Mpc~! does not affect our conclusions.



22

S5 LAE, Astrid

2.04 n=017 51 /\
. b b ki
— =050 6 RN
Lsd — =08 A
1
LS
0 c-to4b e\
2]
T T T T T T T T 200 T T
10! 100 10! 100 107! 100 107 100 107 100
k [h/Mpc] k [h/Mpc] k [h/Mpc] k [h/Mpc] k [h/Mpc]

S5 LBG, Astrid

6=
=017

o — =050 5
— u=083

1()'" 1[']” 107! lll]“ 1()"' l(li“
k [h/Mpc] k [h/Mpc] k [h/Mpc] k [h/Mpc]

ODIN LAE, Astrid

10! 100 10! 100 10" 10 10! 10 107! 100
k [h/Mpc] k [h/Mpc] k [h/Mpc] k [h/Mpd] k [h/Mpc]

CARS LBG, Astrid

1500

1250

= 1000

7

= 750

oy
500

_4
T T T T T T
107! 10° 107! 10° 107! 10°
k [h/Mpc| k [h/Mpc| k [h/Mpc] k [h/Mpc| k [h/Mpc]

FIG. 17. Best-fit transfer functions §;(k, p) for the cubic EFT model obtained from fits to the Astrid simulation tuned to an
“S5” and “ODIN” sample in the two top rows and both bottom rows show the same for an LBG-type sample calibrated on
Astrid simulations. The first four columns show the redshift-space transfer functions for galaxies 51, B2, Bg,, f3, and the last
column shows the error power spectrum Pe,; = (|65 (k) — 6%2°9°!(k)|?) a quantitative measure of the model performance. Note
that for the error spectrum we use the constant large-scale theoretical limit as input for the field-level mocks. The intensity of
the lines denotes the angular wedges p given in three bins. The dashed black curves are fits to the measured transfer functions
from Ref. [153] using the polynomial model given in Egs. (40)-(42). The horizontal dashed gray lines in the last column indicates
the effective shot noise of the sample (1/7).

Since the Zel’dovich density field is 100% correlated with the shifted field 51 in linear theory, we have

5701) ~
55 =07 — §|SZ|;>>'51 =1+ fu)01 — (1 + fu?)d1 + O(67) = 0+ O(67), (46)
1
i.e. at the linear order we simply have
p = B (k,p)o1 + O(37) (47)

so that both coefficients of our constant transfer function model can be matched from the p-dependence of 5;. Using
the definition of 3f" and our new EFT model we get

BF (o) = SO g Bt (43)
5PV |,
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Once we have 31, 8, measurements from fits to the Bf (k, ) data, we can convert them into the usual EFT parameters
using Eq. (44). This matching exercise shows that it is easier to match the transfer functions to our new EFT model
which is directly equivalent to the forward model up to the Gram-Schmidt process. These coefficents then can be
converted into the usual bias parameters. Let us now take a look at this constant EFT transfer function model at the
quadratic order. The corresponding Ly-a kernel then reads

~ 3
Ky(ky, ko) =P1 K3 + By (FQZA - 7fM2F92> + B22F52 + B36Fss

+ Boo Fgy + BsnFon + B2 Fyp + Bk Fixr), + 5H‘<‘2>FH‘<‘2>

=(B1 + By)Fs — P1Fsy + By (=F, + Fy2 — Fsyy) + 282 F52 + (—231 + iﬁn + ﬂ%) Fg,
7 14 (49)

+ BsnEsy + Bp2Fp2 + BH\[‘Q]HF + ﬂ(KK)H F(KK)H
2 3
(61 + Bn) ﬁ'r]F + 262 F52 + <_7ﬂl + ﬂﬁn + Bg2> FQQ
+ (=P1 = By + Bsn) Fsny + (B2 + By) Fyp2 + /BH%‘?]FH‘[‘?] + Bxx) Firry,

Note that this model explicitly has the H‘[|2 ] operator. The above can be compared with the usual EFT kernel in
Eq. (18). Matching the coefficients we get:

2 3
by =081+8y, by=-08;, ba=28y, b3=060s, b92=—§51+ﬂ5n+592,

bsn = —P1— By + Bsns  byz = Bpz + By, bn‘[ﬁ] = ﬂnhm v by, =Bk, -

(50)

The above matching allows one to determine linear and quadratic EFT parameters from the large-scale limits of the
EFT transfer functions. Importantly, the above matching is consistent with the linear theory matching. Let us also
note that while the §% operator is present in the forward model, its correlator with d; is redundant at the one-loop
order, while its correlations with the quadratic operators start only at the two-loop order which is beyond the scope
of our work. Therefore, we will ignore this operator in our EFT transfer function model.

The correlators between relevant operators (O4Op) can be readily extracted from CLASS-PT [171], which computes
all possible cross-correlations above as part of the Pys computation routine. In practice, however, this problem is
complicated by four effects. First, as discussed before, we measure the transfer functions of the orthogonal operators,
and thus we need to account for the Gram-Schmidt procedure in our forward model. Second, there are non-linear
corrections that introduce scale-dependence of the transfer functions, making it hard to extract their constant parts
from small simulation boxes. Third, large-scales are affected by residual cosmic variance, which is non-negligible for
quadratic operators. And fourth, related to the previous points, we need to know the covariance between the transfer
function data. In the following, we will address each point.

First, we forward model the Gram-Schmidt process. Using the non-orthogonalized bias expansion ép =) 4, 5404,
the measured transfer function of an operator O, follows the model

_ 6r0YY _ (rMepOp) 1 i
%) = oy = qorpy  (ogry e ron)’ =

<|(’)l ZMaBﬁA (040B), (51)

where indices A, B run over all the eight operators including H‘[IZ], in contrast to the a index which runs only over

seven operators. M,p is the k-dependent rotation matrix built from the cross spectra of the original, non-orthogonal
operators. If we had access to only one bin, the inversion of the above equation would not be possible. However,
using data from multiple bins, we can obtain the solution to the above problem as a least squares problem.

Second, to account for scale-dependent non-linearities, we introduce additional polynomials in our transfer function
model with free fitting parameters for every u-bin,

By (k, ) Z MapBa(Oa(k)Op(=k))' + aq,uk® + b uk* (52)

model < ‘ OL |

Third, to reduce the residual cosmic variance we use the correlators (O40Op) computed directly at the field level
using the modes available in the simulation box. Fourth, we assume the transfer function errors o< 1/k, as follows from
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FIG. 18. Transfer Functions: Best-fitting EFT models for the seven transfer functions obtained from the Sherwood simu-
lations (top panel) and the Abacus FGPA mocks (bottom panel). We compare the measured transfer functions (filled circles)
to the EFT predictions (solid lines) in three angular bins p (red where the angular bin is centered at u = 0.83 is close to the
line-of-sight) and Fourier wavenumber k. Given the smaller statistical error bars of the Sherwood simulation, two-loop effects
set in at a lower k compared to Abacus. Since the small-scale physics in the Sherwood simulations is much more accurate (by
construction) than in Abacus, we measure and predict the transfer functions down to k = 0.8 hMpc™" for Sherwood and to
k =0.4hMpc~! for Abacus. Note that we remove §° from the fits to the measured transfer functions, as discussed in the main
text.

mode counting. Since we do not have access to many simulations from which to extract the errors and the covariance,
we apply the following procedure to account for the fact that £; must have the smallest errors of all transfer functions
because it is a linear operator. We first fit 51 only using the linear theory model corrected by the polynomials,

B (k1) = B1+ By(L+ f1i?) + ark® + byuk* (53)

and then use the extracted values of 8; and B, as priors in the full fit including quadratic operators. We use
kmax = 0.5 (0.2) hMpc~! at the first stage (fitting £1) and kmpax = 0.8 (0.4) hMpc~! at the second stage for Sherwood
(Abacus). The results are shown in Fig. 18 and we highlight a key aspects: Given the larger number of quasi-linear
modes in Abacus, our transfer function fits match better the measured ones. This is particularly noticeable for fncy,
72, and d1 where we get shape mismatches for Sherwood. The obtained best-fit values 34 then can be easily converted
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FIG. 19. Best-fit EFT TF: We show the best-fitting EFT models for the 81 transfer function for the Sherwood (left and center
panel) and the Abacus FGPA (right panel) mock. The transfer functions are shown in three angular bins p (blue: p = 0.17,
red: p = 0.50, gray: p = 0.83) and as a function of Fourier wavenumber k. The EFT 1-loop best-fit transfer functions are
shown as solid black lines up t0 kmax = 2.0 A Mpc ™! (kmax = 1.0 hMpc_l) for Sherwood (Abacus) which provide a good fit to
the data. See Fig. 34 for the other Abacus models.

into the usual EFT parameters via Eq. (50), yielding the tabulated best-fit parameters in Tab. V. The obtained linear
bias parameters are fully consistent with full-shape fits obtained from the one-loop power spectrum to Sherwood
[136] and the Abacus simulations [78]. The cubic operators and counterterms can be extracted from the scale and
orientation dependence of the 1 transfer function. For that we use the full one-loop EFT model

P 5 Klin+ctr k P PFi PFi
BF (o) = 2t = KT R)P0 ¥ Py Py (54)
Pyy Pii + Py + 2P3

built from the non-linear kernels of the field-level shifted operators computed in [125, 172],
K™ = by — by fu? + k2 (co + c1p® + copt)

Poy =2 / Kok — ¢, )P Pan(@)Pin([k — al),  Prs = 3Bim(k) / (k. ~q,q)Pina)

- 55
F21 = / k: q,q KQ( k+q, —Q)Rln(Q)Hm(|k—QD7 ( )
q
PEY = 3K, (k) Py (k) / K3(k, —q,q)Piin(q) + 3Pin(k) / K3(k, —4,9) Pin(a)
q q

and impose the linear and quadratic bias parameter measurements as priors. This procedure is then applied at
Emax = 2 hMpe™' (1 hMpc™!) for the Sherwood (Abacus) simulations yielding the bias parameters tabulated in
Tab. V with b; and b, being similar to the fitting value from the previous stage. The best-fit 5, transfer functions
from these fits are displayed in Fig. 19.

To illustrate the results further and compare both hydrodynamic simulations, we show in Fig. 20 the relation of the
non-linear bias parameters by as a function of the linear bias b; and linear fits to the b; — bp and by — ¢, relations,
tabulated in Tab. VI. It is interesting to note that within the 80 A~ Mpc Sherwood boxes the results follow the bias
relation but for the larger volume we do see a difference in the linear bias parameters even though the resolution is
kept constant for both Sherwood boxes. Note that we do not have error bars since we are performing best-fits and
are not exploring the parameter space using e.g. MCMC chains. Note that the cubic parameters and counterterms
have a significant degree of correlation between them. We believe that the unbroken degeneracies between these

parameters are responsible for certain large values of cubic parameters, like b 2. A more robust way to measure
1j
these parameters will be to explicitly add all necessary operators to the forward model7 and fit their Wilson coefficients

from the appropriate transfer functions.

We conclude that the EFT successfully predicts the shape of the transfer functions, from which the bias parameters
can be measured. In future our fitting procedure can be improved with accurate covariances, two-loop computations,
and the inclusion of cubic operators at the field level. We leave these for future investigation.

VII. LARGE-SCALE CLUSTERING MOCKS

One of the main bottlenecks in cosmological analyses of the Ly-a forest is the generation of large-volume high-
resolution mocks. Therefore, approximate prescriptions such as log-normal mocks [129], or augmented LPT mocks
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Sherwood Abacus
L 160 h~! Mpc 80 h~! Mpc 2h~! Gpc
z 2.8 2.0 2.4 2.8 3.2 2.5
Models — — — — — I 11 111 IV
b1 —0.210 —0.104 -0.148 -0.202 -0.270 |—0.150 —0.133 —-0.136 —0.132
by 0.323 0.199 0.262 0.336 0.410 | 0.149 0.136 0.287 0.321
b 0.392 0.170 0.265 0.415 0.619 | 0.128 0.127 0.100 0.107
ba, —0.045 —0.075 —0.089 —-0.087 —0.066 |—0.016 —0.012 —0.007 —0.007
b(KK)H —0.423 —0.269 —0.415 —-0.636 —0.852 |—0.046 —0.061 —0.016 —0.030
b2 —0.250 —0.055 —0.036 —0.001 —0.061 |—0.203 —0.164 —0.268 —0.284
bsn 0.079 —0.114 -0.130 —-0.104 -0.022 0.073 0.064 0.106 0.106
bn[z] 0.347 0.207 0.288 0.386 0.590 | 0.024 0.008 —0.074 —0.066
Il
br, —0.154 —0.754 —0.855 —0.627 0.736 | 0.814 0.599 1.253 1.223
ES 1.544 0.043 0.109 0.214 0.512 | 1.603 1.349 3.795 3.908
Il
bén[z] 0.239 —4.141 -6.325 —9.348 —12.373| 3.135 2.615 6.035 6.091
I
b2l 0.841 1.279 1.009 —-0.353 —3.930 |—1.225 —0.814 —3.901 —3.939
I
bnn[2] —2.157 —12.177 —17.132 —22.932 —26.187| 8.093 6.490 15.917 15.954
Il
co [h™"Mpc]? 0.002 —0.007 —-0.013 —0.024 -—-0.039 | 0.015 0.014 0.019 0.018
co [ffll\/lpc]2 —0.130 —0.011 —-0.008 —0.006 —0.005 |—0.020 —0.018 0.022 0.015
ca [h™"Mpc)? 0.219 0.048 0.057 0.078 0.115| 0.083 0.075 0.061 0.075

TABLE V. Best-fit EFT bias parameters from TFs: Best-fit EFT parameters obtained from the transfer functions,
introduced in Sec. VI, via Eq. (50) for both sets of simulations analyzed in the present work: (i) from the L = 160 h~! Mpc
and L = 80k~ " Mpc Sherwood simulations at four different redshifts using the same effective resolution; and (ii) the additional
Abacus models I-IV obtained from a box of length L = 2h~! Gpc using a different resolution. The top block quotes the linear
and quadratic bias operators, the middle block the cubic ones and the bottom block are the counterterms. We emphasize that
these values should be interpreted with caution. The quoted bias parameters are best-fit values for which uncertainties cannot
yet be reliably estimated, as the covariance of the transfer functions has not been measured (and is expected to be very small
because of the Gram-Schmidt orthogonalization). Furthermore, the cubic bias parameters are significantly degenerate because
they are inferred from a global fit to 81 rather than measured directly at the field level. We leave a more robust determination
of these parameters to future work.

bo p1 Do bo D1 Do bo p1 Do
b, -1.273 0.071 b(KK)” 3.562 0.102 b 2 31.792 5.256

by -2.729 -0.127  |b 2y  -2.287 -0.046  |b 1 85.125 -4.199

II Il

I Il
ba, -0.066 -0.091 br, -9.012 -2.006 co 0.196 0.015
b,2 0.002 -0.038 bnm -2.806 -0.288 c2 -0.035 -0.014

bsy, -0.580 -0.198 b 2 50.060 1.014 Cq -0.409 0.000

TABLE VI. Linear relation between b; and bo: Coefficients of the linear fits of the EFT bias parameters and counterterms
to the linear bias by, bo(b1) = p1 b1 + po, obtained from the four Sherwood snapshots at z = 2.0,2.4,2.8,3.2 (L = 80 h~ 'Mpc)
and shown in Fig. 20. Counterterms c, are in units of (h™*Mpc)Z.

[173] as well as the present Abacus FPGA mocks [102] have been used in the past. We present and validate a new
approach to generate (in principle, arbitrarily) large Ly-o mocks calibrated on small-scale hydrodynamic simulations
which can be used for pipeline testing and covariance matrix estimation. As a first proof-of-principle we generate
large-scale clustering mocks with a box length of V = 23(h~! Gpc)? and a cell size of ~ 1.95h~! Mpc calibrated on

26
B Hit
L 160 h~! Mpc 80 h~! Mpc 2h~! Gpc
2.8 2.0 2.4 2.8 3.2 2.5
AR - - B B - I, - = v
b1 0210 _ 104 —0.148 —0.202 —0.270 —0.150 —0.133 —0.136 —0.132
by 0.323
bo 0.392 0.170  0.265 0415 0619 0.128 0.127 0.100 0.107
bas, —0.045  _( 575 -0.089 —0.087 —0.066 —0.016 —0.012 —0.007 —0.007
by, —0.423  _( 269 —0.415 —0.636 —0.852 —0.046 —0.061 —0.016 —0.030
by =0.250  _( 055 -0.036 —0.001 —0.061 —0.203 —0.164 —0.268 —0.284
bsn 0.079  _ 114 —0.130 —0.104 —0.022
b 0.347 0-024 0,008 —0.074 ~0.066
br, —0.154 754 —0.855 —0.627 0736 0.814 0599 1.253  1.223
b s 1.544 0512  1.603 1.349 3.795  3.908
Il
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bKn‘[f] 0.841 1279 1.009  _ 353 -3930 —1.225 —0.814 —3.901 —3.939
it “2157 15177 17132 —22.932 —26.187 8.093 6.490 15917 15.954
o0 =1k B2 0002 0,007 —0.013 —0.024 —0.039 0.015 0014 0.019  0.018
2 h-1kF 22 —0-130 0011 —0.008 —0.006 —0.005 —0.020 —0.018 0.022 0.015
o4 h-1kF 2R 0.219 0.061 0.075
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FIG. 20. Bias parameter relation: Comparison of best-fit bias parameters and counterterms obtained from field-level fits
to the Sherwood L = 160 h~* Mpc (empty circles) at z = 2.8 and L = 80 h~* Mpc boxes at four redshifts (from left to right for
z = 3.2, 2.8, 2.4, 2.0 as filled circles). Note that we do not show error bars as the field-level fits are best-fit values performed
for a single realization. The solid lines are linear fits to the evolution of the bias parameters and counter terms of the smaller
box. We remind the reader that our convention of b, is related to the literature by a negative sign. The coefficients for the
linear fits are tabulated in Tab. VI.

Sherwood simulations.?

In summary, we perform the following steps to create the three-dimensional Ly-a forest flux decrement or dark
matter halo density fields.

1. We fit the transfer functions given in Eq. (33) for the Ly-a forest and Eq. (34) for dark matter halos at the field
level on hydrodynamic simulations. These fits benefit from cosmic variance cancellation as we use the same set
of initial conditions for the forward model as for the simulations.

2. Next, we compute (and fit) the perturbative §; transfer function predicted by the EFT one-loop model obtained
from C1ASS-PT and fit a polynomial to the remaining B¢ transfer functions. Similarly, we fit a polynomial to
the measured mean-square model error (Pe,;).

9 We find consistent results when changing the resolution by a factor of two.
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3. To generate large-scale clustering mocks we first generate a new set of initial conditions with a given box size
(here: L =2h~! Gpc) and grid resolution (here: 1.95h~1 Mpc). These are used to construct the shifted fields &
which are subsequently orthogonalized using the Gram-Schmidt procedure. Note that since the dependence on
the specific ICs is captured by the shifted fields, we can apply the transfer functions and their smooth polynomial
fits to realizations with different ICs.

4. We multiply each orthogonal shifted field ot by the corresponding best-fit transfer function obtained in step (1)
which yields the part of the Ly-« forest (or halo) field that is correlated with the ICs.

5. In addition to the signal, we compute the stochastic part by generating a field with the same box size and
resolution with a power spectrum matching the mean-squared model error, given by the polynomial fits from
step (2).

The final mock is the sum of the signal and noise component. We generate these mocks for both the Ly-a forest,
calibrated on Sherwood simulations, and high-redshift LAE and LBG samples, calibrated on Astrid simulations,
respectively. We validate our methodology to construct large-scale clustering mocks by performing full-shape and
BAO analyses at fixed cosmology for (i) the Ly-« forest alone, and (ii) a joint analysis of the Ly-« forest with
LAEs/LBGs.

We stress that the mocks we generate contain the deterministic non-Gaussian information. We use a Gaussian
approximation for the stochastic noise only, because it allows for a straightforward implementation of the scale- and
angle-dependence of the error power spectrum. In principle, one may consider a more complicated model for the
distribution of the noise field, which may include a combination of Poissonian and Gaussian components. However,
using a scale-dependent Gaussian noise is sufficient for the modeling of the two-point statistics, which the main goal
of our current study.

A. Validation procedure: Full-shape & BAO fits

The key quantity of interest of DESI Ly-«a and galaxy clustering analyses is to measure the position of the BAO
peak [50-52]. The BAO scaling parameters are obtained by setting constraints on distortions created from a difference
between the fiducial and the true cosmology when converting observed to 3D coordinates, the so-called Alcock-
Paczynski effect [174], parameterized by o = {q), a1 }. The radial and transverse parameters encode the Hubble
parameter H(z), the sound horizon at the redshift of decoupling r4(z4) and the angular diameter distance D 4(2) at
the effective redshift z of the sample by re-mapping true to observed positions k — k', — p/ with

& 1 1/2 u 1 —-1/2
r_ v 2( - r_ 7 2(_ - _
kK = ol [1+u <F2 1)] , W i [1-1—,u (F2 1>} , (56)

where we define F' = oy /a1. Now, the BAO scaling factors are defined as [175]

H ()l (2q) I D4 (2)r8 (za)
H(2)ry(za) T T DRG)r(za)

with rfd(zd) being the fiducial value of the sound horizon scale at the drag epoch. We “observe” unprimed quantities
which are evaluated at the redshift of the mock. The superscripts fid and tem refer to quantities in the fiducial and
template (here: Sherwood) cosmology. The final expression for the fits is a function of the rescaled coordinates &’
and 4 and an additional normalization (volume) factor P(k, u) = P (K, 1) /(03 ay).

For the model of the power spectrum P(k, i) we employ the one-loop EFT model of the Ly-a forest which consists
of four key components

(57)

Pth'(ki,,u) — Ptree(k,u) + Pl_IOOp(k,/J,) + PCtU{:,,u) 4 Pst<k”u>7 (58)

where & is the Fourier wavenumber and y the angle of & = {k,k.} to the line-of-sight, u = kj/k. The infrared
resummed linear theory power spectrum'® is given by

Pree(k, p) = K3 (k) Pin(k),  Ki(k) = (b1 — by fp?) (59)

10 For the fits we use time-sliced perturbation theory to decompose the power spectrum into a smooth (nw) and oscillatory (w) compo-
nent [145, 171]. Both components are treated independently throughout the modeling procedure and are combined only at the final
stage.
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where f is the (linear) growth rate. The first higher-order correction to the tree-level power spectrum is bR () BEKR . WRRE I A B E I 2
PP (ks ) = 2 / K3 (a,k — @) Pin([k — a]) Pin(g) + 6 K1 (k) Phin () / Ks(k, —q,q) Pin(q) - (60) PIOP (ks ) = 2 / K2 2(q, k —q)Plin(|k -q))Plin(q) + 6K1(k)Plin(k) / K3(k, =q, q)Plin(q) . (60)
a a a a
. . . . . _ 43 _ d?
with higher order redshift-space kernels, Ks 3 [see Eq. (3.19) in 136] and we use the notation fq =/ ﬁ to denote S S AT R 2R A K23 (B0 136 7 (3.19)], oA 16 I H2 54 q= Ik (27r‘)13 to denote
the three-dimensional integral over q. The counter terms *F q W=ZEM S B
Pk, p) = —2(co + copi® + cap”) K1 (k)k* Prin (k) , (61) Pk, p) = —2(co + copt® + cap®) K1 (k)k* Prin (k) , (61)
scale as k% Py, (k) and the stochastic contributions 12 K2P_lin(k) 45 LA BEML BTk
k‘2 k2u2 k‘2 k2u2
Pst k — PS o , 62 = ’ 62
(K, 1) hot 1 @0 Fing, 2 +az Fenp 2 (62) Pst(k, u) = Pshot + a0 ki, 2 +az Fenp 2 (62)
scale as a constant shot noise piece and a scale-and angle-dependent term capturing small-scale clustering. We refer 4%E7F}rb@*/\‘fﬁ%lﬂ’]ﬁﬁu WA TR LA, — R BRI B M T, P TR R EEER 2 . JR AT 2 Sk 77, 78,
the reader to Refs. [77, 78, 127] for a fuller presentation of the methodology. 127] LI T o
To jpintly fit the Ly-« forest'and high—redshift galaxy salpples (here: LBGS and LAEs) we use a one:loop EFT mode}, 7% /l\[iv %ﬂﬁﬂ %yg/?ﬁfili (b TBGSRILAEs) , 3R F—PREFTRE 05 SCBk7s, 127) ik
following the procedure described in Refs. [78, 127]. In linear theory, this corresponds to computing the geometric 4 " N I T4 _ 2 o 1
mean of both tree-level tracers, PZ(k, p) = (b1 — b, f?) (b + f1?) Pin(k), where the subscript x denotes the cross- iNEEIE E ﬁﬁﬁm? RN PP I A ACT R ERAR BT UAFE, P_tree X (k, ) = (b1 = bfp?)(bqa + fu?)P_lin(k),
correlation, and superscript ¢ represents the quasar (or halo) tracer, i.e. b is the linear bias parameter for quasars. HATFIR X TR NMR, EARqRn R (8iF) RS, Rlbqud BEARNGIERE S EXbEET, &
In practice, we remove the line-of-sight dependent terms by remapping the bias parameters (see, e.g., [86, 135, 136]) m o E R B SRR IR L T T (I, i, (86, 135, 136]) , XA T30 WARSE B I R
which yields for the cross-correlation the following form
PP (k, p) =K1 (k) K (k) Pin (k) + 2/ Ks(a,k — q)K3(q, k — ) PBin(/k — a]) Bin(q) (63) Pth. X (k, u) =K1(k)Kq 1(k)Plin(k) +2 / Ks(a,k — q)K3(q, k — ) Bin(/k — a]) Bin(q) (63)
a a
+ 3P (k) / (K1 () K5 (k, —a, @) + K7 (k) K (k, —a, @)] Pin(q) — (o + c2ps® + cap®) K7 () Pin (k) +3Rm(k)  KLIOKq 3(k, ~q, @) + Kq 1(K)K3(k, ~q, q)JPlin(q) ~(c0 + c24u2 + c4u4)Kq 1(k)k2Plin(k)
q q
— (¢ + 3p® + 4u") K1 (k) Pin (k) — c2(fuk)* (K (k))? Piin (k) , —(cq 0+ cq 22 + cq 4p4)K1(k)k2Plin(k) —cq x(fuk)4(Kq
1(k))2Plin(k) ,
where K{(k) = (b + fu?) and Kg’?) are the standard redshift space kernels for galaxies (see, e.g., [176]), and ¢, is the Hrh Kq1(k) =(bq 1+ fu2), 1M Kq2,3 258 ZNFRIEL B (B0, 6, [176]) , o & W k4 528 0 )
. 4 .
next-to-leading order k* redshift-space counter term [127]. Iﬁ [127) T AT FH 0 (LLSR PR K — VR ER Ly-or BARIHZRTE Pmodel A2 HH — 4EThEE 3 Pdata i, MTFIBLE R
We fit for the bias and BAO scaling parameters by using a Gaussian likelihood to fit the one-loop Ly-« forest power EH BAO % 5 I 9 s
spectrum, denoted by P™°4°l| to the measured 2D power spectra, P332, Therefore, we sample a x? function FIBAO FSHL, FIiL, FATXT x2 BB TR
ata mode 2 - PUSRUS. 2
X2:Z [pidt - P dl(ki,m)] (64) X2:Z [PZ.d —r (Kis i) | (64)
; 2 (Pidata)Q /Nz - 2 (Pidata)Q /NZ
wl:ere N; are the Fourier modes per bin, k; the Fourier wavenumbers with the cclsine of the aniglle to the line-of-sight, Horr NGRS TR MR, kR EEM P, A SMARMARIRZ p =k /ke SEMATA w AAIPELRFE Ak = 0.003 h
p = k) /k. The fits are done using five y bins and a wavenumber spacing of Ak = 0.003 hMpc™". Mpe—1 7
B. Ly-«a forest mocks at fixed redshift B. EELH TEILy-afR bl
First, we take the best-fit transfer functions from the Sherwood simulations obtained from L = 160 h~! Mpc and 5, FRATM Sherwood BEMLHFERIRAY L = 160 h—1Mpe il L = 80 h—1Mpe AR~ i SoE A 1L s, AT

L = 80h~ ! Mpc boxes. To generate a large Ly-a forest mock, we use the readily available ICs from the Abacus

— AR Ly- — 9 h— -
simulations in a box of size L = 2h~! Gpc with Ngria = 1024, which is comparable to, yet slightly higher resolution Ak MY Ly-o BRAEUN, Bl M Abacus SN ICs, AR L= 2h-1Gpe. Nerid = 1024 (1550

than, current state-of-the-art simulations for cosmological analyses of the Ly-a forest in DESI (~ 2.5 h~! Mpc) [129].1! IR, PR AT DESI HR Ly-o R 25047 E@Hif‘ﬁﬂ%ﬂﬂ (£925h=1Mpc) H2Y, (HEEE. A RaIs
The resulting mock is at redshift z = 2.8 and shown in Fig. 21. This shows a qualitative agreement between the BN LI 2 = 2.8, TE 21 fim. B RS T BRI 3R 38 S5 A =40 353 Sherwood Bl B EME—EL
power spectrum of the field-level simulation and the input high-resolution Sherwood simulation. For illustration i - A SO J ¥ e\ 2 T
purposes, we show for this case three angular wedges for which we find good qualitative agreement down to scales PEe O4 Tuel, Bl IEMRBITRR S 7= AREL, X l: et BRI N s B 1 D
of k ~ 0.7hMpc™! between the power spectrum measured on the small-scale high-resolution simulation compared to AU DR IEAE k ~ 0.7 h Mpe—1 Y RUE A RUFAYENE 2t

the one measured from the field-level simulation.

I Note that the DESI Ly-a forest mocks require a volume of V = 103( h~! Gpc)3. We leave this engineering challenge to future work. JHTERE, DESI Ly ARG ZABUY V = 103(h=1 Gpope Ffi PR — TSR 25 ARG LA
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FIG. 21. Large-scale Clustering Ly-a Mock: Two-dimensional Power spectrum P(k, 1) in three angular bins of the mea-
sured power spectrum from the Sherwood hydrodynamic simulation (dashed black lines) compared to the measured power spec-
trum of the new Ly-a mock using the Sherwood transfer functions applied to the Abacus initial conditions. This demonstrates
that the field-level methodology is able to generate large-scale clustering mocks with arbitrary box sizes (here: L = 2 h! Gpc)
calibrated on small hydrodynamic simulations (Sherwood: L = 160 h~* Mpc). The EFT simulation is generated at a resolution
with Neen = 1024.

1. Validation of Ly-a forest mocks at fized redshift of z = 2.8

We validate the field-level mock, shown in Fig. 21, by performing BAO fits to the measured power spectra, as
detailed in Sec. A. In Fig. 22 we show the resulting best-fit power spectra using kmax = 0.5 hMpc ™' (left panel) and
the corresponding loop correction plot (right panel) for the large-scale clustering mock obtained from the transfer
functions fitted to the L = 160 h~! Mpc in the top row and the L = 80 A~! Mpc in the bottom row. The model yields
an excellent fit to the simulation at all scales (solid line) and linear bias (dashed lines) shows strong deviations on
quasi-linear scales. The tree-level model deviation in the loop correction plot approximately matches our previous
findings, i.e. beyond k ~ 0.08 h Mpc ™' the corrections surpass the 5% threshold.

In Fig. 23, we present the corresponding drift plots to Fig. 22 obtained by fitting each box using two values of
kmax = 0.3, 0.5hMpc™! and obtain excellent agreement between the fits for the same realization. As expected,
the one- and two-dimensional marginalized posteriors systematically shrink with increasing kpyax. The linear bias
parameters by and b, values are fully consistent with our field-level fits discussed further in Sec. V and tabulated in
Tab. V. We highlight two key results from these fits: First, we recover unbiased BAO scaling parameters at the 1o level,
demonstrating how these mocks can be used to validate cosmological fitting pipelines for DESI Ly-a forest analyses
(see, e.g., [51, 61]). Second, the recovered bias parameters from the field-level mock are consistent with both, the field-
level measurements (see Sec. VI) and the P3D measurements presented in Ref. [136]. The remaining differences with
the latter are primarily driven by analysis choices: (i) we perform an anisotropic one-loop IR resummation instead of
an isotropic tree-level treatment, and (ii) we fit for the BAO scaling parameters, which the L = 160 h~! Mpc box can
only marginally resolve; and (iii) the fitted transfer functions B(k, 1) obtained from field-level analyses benefit from
cosmic variance cancellation, and can therefore differ from P3D fits derived from small-volume simulations that are
strongly affected by cosmic variance.

In the following we quantify the agreement between the recovered bias parameters from fits to the large-volume mock
(Tab. VII) compared to the transfer function fits mapped onto the CLASS-PT basis (Tab. V). The well-constrained
linear and velocity-bias parameters, b; and b,,, agree at the < 1.7 level, the only mildly elevated values arising for b
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FIG. 22. Validation of Ly-a Mocks: EFT fits to the Ly-a auto-correlation (left panel) and corresponding loop-correction
(right panel) shown in five angular bins, p, with kmax = 0.5 hMpc~! for a single realization. The top (bottom) panel uses the
L =160 (80) h~! Mpc box as input. The best-fit EFT model (solid line) is compared to P***° (dashed line) and the data points
show error bars which are obtained assuming a diagonal Gaussian covariance based on the number of expected Fourier modes
per bin P(k, 1)/2/N(k, pv). The bottom panel shows the ratio between model and data of which one is subtracted in addition
to a gray band indicating the 2% error band to guide the eye.

at L = 160 h~! Mpc (1.4-1.7 ). The quadratic bias by is recovered within 1o in every case. We thus find no significant
tension between the two analyses. Note that we recover unbiased BAO parameters and that the model captures the
shift and smearing of the BAO peak through the one-loop corrections and the IR resummation, respectively.

2. Ly-a clustering mocks at zeg = 2.33

Similarly, we perform a BAO fit of the Ly-a forest EFT mocks at z = 2.33, the effective redshift of the Ly-a forest
sample of DEST DR1 [51]. The best-fit spectra are shown in Fig. 24 and the marginalized EFT nuisance and BAO
parameters are tabulated in the last two columns of Tab. VII. We highlight two key findings for the z = 2.33 mock.
First, we find excellent agreement between our linear bias parameters and the ones measured by DESI DR1 [51].
Second, We find unbiased constraints on the BAO scaling parameters:

o =1.011£0.018,  a; = 1.0021757%% . (65)

The resulting best-fit spectra are shown in Fig. 24. Importantly, the loop corrections are exceeding 20% at quasi
linear scales of k ~ 0.1 hMpc ™' emphasizing the importance of higher order bias parameters.

The resulting 1D and 2D marginalized posteriors for the sampled parameters are shown in Fig. 25.
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FIG. 23. Drift plot of Ly-a Mock at z = 2.8: Best-fit 1D and 2D marginalized posteriors for the two Sherwood simulations

with different box sizes and for two different maximum wavenumbers kmax = 0.3, 0.5 h Mpc

—1

used in the fits centered at

z = 2.8. We find consistent results within each set of simulations. Additionally, we recover unbiased BAO scaling parameters
that are consistent with the fiducial values at the lo-level — the key parameter of interest for DESI analyses. Note that the
box sizes denote the Sherwood simulations that have been used to perform the field-level fits of the transfer functions and that
the BAO fits have been performed on power spectra measured from boxes of length L = 2h~* Gpc.
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FIG. 24. Validation of Ly-a Mocks at DESI redshift: Same as Fig. 22 but at the effective redshift of DESI for the Ly-«
forest using a kmax = 0.5 hMpcfl for the fits.

C. Cross-correlations between the Ly-a forest and high-redshift galaxies

A key source of cosmological information in Ly-« forest analyses stems from cross-correlating the Ly-« forest with
quasar positions (see, e.g., [51, 52, 61, 126]). Near-future surveys such as DESI-II will measure large samples of high-
redshift galaxies such as Lyman-break galaxies (LBGs) and Ly-a emitters (LAEs). Yet, their cosmological analyses in
combination with the Ly-« forest is barely explored [177]. Here, we create large-scale clustering mocks of high-redshift
galaxy samples, introduced in Sec. III. To this end, we use the transfer functions shown in Fig. 17 with a scale cut
of kmax = 0.3hMpc™! which is driven by the scale and angular dependence of the error power spectrum [154]. We
extend the previous section to create large-scale clustering mocks for LAEs and LBGs and perform full-shape and
BAO fits for the cross-correlation of the Ly-« forest with mocks of these galaxy samples.

In Figs. 26-27 we show the resulting best-fit spectra of the joint power spectrum fits to the Ly-a forest and the
high-redshift galaxy samples (LAEs and LBGs).!? We show the best-fit spectra in the top row with the corresponding
residuals and the loop corrections in the bottom row of each figure for the LBG S5 and the LAE S5 samples. The
joint fits use k£ = 0.40hMpc™!, kF8_ = 0.30 A Mpc ™, and k88 = 0.20 hMpc~'. Following baseline expectation,
the loop corrections vanish on large scales and exceed the 5% threshold beyond k = 0.1 h Mpc ™ when including the
point tracers. We find good agreement between the best-fit parameters obtained from the joint fits given in Tab. VIII
to the ones summarized in table III in [154]. In addition to this, the BAO fits confirm, first, the usefulness of the
presented mocks as we find unbiased constraints on the BAO scaling parameters from the joint fits of the Ly-a forest
and high-redshift galaxies at the 1o level which can be used for inference pipeline validation. Second, the EFT model
is applicable for cross-correlations with high-z galaxies, even for highly-biased samples such as LBGs.

In this section we have demonstrated a new procedure to generate large-scale clustering mocks that can be used to
validate cosmological inference pipelines. Note that the generated perturbative mocks are at fixed redshifts. To put
these simulations on a light cone one would evolve all the fields and the gravitational potential with redshift and place
an observer at, e.g., the center of the cartesian grid. Since the 160 h~! Mpc Sherwood simulation only has a single
redshift, we would again use the L = 80 h~! Mpc suite of simulations and fit to each snapshot the transfer functions
at the field-level, see App. A. We would interpolate the resulting polynomial fits to the desired redshift allowing us
to compute a realization of the Ly-« field at arbitrary redshift (within the redshift coverage of the snapshots) similar
to what we have done in Sec. C. We leave the construction of light cone mocks to future work.

The galaxy bias parameters recovered from our joint fits agree well with the field-level measurements of [154] (their
Table III), who fit the same LBG and LAE selections in the Astrid hydrodynamical simulations at z = 3. For the
linear bias we find b] ~ 3.8-4.1 (LBGs) and b] ~ 2.0-2.1 (LAESs), reproducing the expected LBG/LAE hierarchy and
lying within or just below their Astrid range (b ~ 3.9-4.2 and 1.9-2.7, respectively); our ODIN value b = 1.97 is
moreover consistent with the observed b ~ 2.0. The tidal bias is similarly consistent: we obtain order-unity, negative
values, 632 € [—1.44,—0.71], in agreement with [154] given the large recovered uncertainties on these parameters. The

quadratic bias shows the largest offset: for the LBG samples we measure bg ~ 10-12, about twice the reported ~ 6.

12 We leave the inclusion of the cross-covariance between the two tracers to future work.
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Redshift | z=2.8 z =2.33

Sherwood | L =160 h~* Mpc L =80 h~!Mpc L =80 h~' Mpc

Eft ‘ 0.3 0.5 0.3 0.5 0.3 0.5
Sampled parameters

b —0.20487000%%  —0.2050 £ 0.0030 —0.2027 £ 0.0030 —0.2015 £ 0.0025 | —0.1399 & 0.0023 —0.1396 & 0.0019
by 0.3298 +0.0072  0.3191 4 0.0056  0.3471 +£0.0073  0.3322 4+ 0.0058 | 0.2589 4+ 0.0059  0.2472 =+ 0.0045
ba 0.5570 39 0.147925 0.56705% 0.36 £ 0.20 0.32190:2% 0.28 +0.13
bg, 0.071933 —0.11£0.16 0.167521 —0.096 +0.15 0.0979-12 —0.06 £0.10
b2 —0.7115:% 0.43 + 0.61 —0.467971 1.4749:39 —0.33+0.48 1.017325
bsn 0.53+5:49 0.45+5:21 0.57553 1.39792% 0.407542 1.0370:37
bix Ky, —1.31 4+ 0.69 —0.7315-%9 —1.6015 52 —1.89 4+ 0.43 —1.10%53 —1.341527
bngf] 0.62 4 0.32 0.36 4 0.18 0.5915:3% 0.687519 0.45%5:28 0.43%0:15

Q| 1.00916-013 1.009 £ 0.013 1.009 4+ 0.013 1.009 £ 0.015 1.010 £ 0.014 1.011 £ 0.018
o 0.997875-997¢  0.9992 4 0.0060  1.000075-954% 1.0011F5-9957 1.000179-0028 1.002155 5050

Analytically marginalized

EY 1.3854 £0.3592  2.2579 £0.1161  2.3390 £0.3818  3.9789 £ 0.1261 | 1.6803 +£0.2466  2.7891 £ 0.0766
I

[JEY —0.2006 + 0.8437 —0.1935 £ 0.4518 —0.7482 £ 0.8638 —1.5778 £0.4703 | —1.1724 £ 0.7020 —0.7901 £ 0.3159
I

b(KH[ZJ)H —1.2460 £ 0.8426 —3.3381 £ 0.3855 —2.9227 £ 0.8766 —5.5891 £ 0.3947 | —2.4507 £ 0.5353 —3.4554 £ 0.2444

an[z] —0.4614 £ 1.7829 —0.4338 +1.2428 —0.4876 £1.8040 —0.5198 &£ 1.2934 |—0.4975 £ 1.7575  0.7903 £ 0.9370
Il

br, 0.5259 £ 0.3569  0.2269 £ 0.2086  0.5012 £0.3592  0.6851 +0.2144 | 0.6367 £ 0.2737  0.4511 £+ 0.1472

Panot —0.7920 £ 0.5576 —0.9231 £ 0.2003 —2.8145 £ 0.5607 —2.4783 £ 0.1957 |—2.8691 £ 0.3647 —2.2519 +£0.1173

ao 0.7054 £5.0299 12.2297 £ 3.4545 0.9571 £4.9795 16.1193 £ 3.4851| 1.2038 £4.9625 17.7688 £ 2.6652

az 0.2653 £5.0186  2.7929 £ 4.8289  0.0609 £ 4.9918  3.6760 + 4.8137 | —0.0266 £ 5.0211  1.9947 £ 4.7306

Co 0.3195£0.2075  0.1045 £0.0756  0.7356 +0.2084  0.6500 £ 0.0754 | 0.9325 £ 0.1623  0.6460 + 0.0535

c2 0.0144 £ 0.4208 —0.0773 £0.1190 —0.8157 £0.4414 —1.3573 £0.1221 | —1.1771 £ 0.3688 —1.3204 &+ 0.1009

cq —0.1286 £ 0.1724  1.0108 £0.0797  0.3731 £0.1792  2.3128 £ 0.0826 | 0.3669 £ 0.1878  1.9862 £ 0.0731

sznarg 341.2 590.7 341.8 581.0 338.1 592.8

TABLE VII. Ly-a forest auto-correlation fits: Marginalized best-fit EFT parameters obtained from fits to the Ly-a forest
auto-power spectrum of large-volume (L = 2,000 1 Mpc) mocks calibrated on Sherwood hydrodynamic simulations, for
hydrodynamic box sizes L = 160 and 80 h~' Mpc at redshifts z = 2.8 (first four columns) and interpolated to z = 2.33 (last
two columns). The top section lists the sampled parameters; the bottom section lists the parameters that we analytically
marginalize over and recover a posteriori from the chains. The counterterms co, cz,cs are quoted in units of [h~'Mpc]? and
Emax is in A Mpc™!. The kmax = 0.3 (0.5) h Mpc™! fits use 460 (780) data points. The linear bias parameters are consistent at
the 1-20 level with fits from the three-dimensional power spectrum [136].

Note that the shotnoise value for the galaxies is very small as we already subtract it prior to performing the fits.

VIII. SUMMARY AND CONCLUSIONS

The Ly-« forest is a powerful tracer of the large-scale structure of our Universe. It probes a cosmological volume that
remains inaccessible to galaxy surveys until Stage-V spectroscopy [131], thereby extending the reach of perturbative
methods. Owing to its higher redshift range (2 < z < 5), the Ly-« forest also exhibits rotated degeneracy directions
among cosmological parameters. A key advantage of the Ly-« forest is the well-understood physics relating the neutral
hydrogen distribution to the underlying dark matter, which has enabled accurate hydrodynamical simulations down
to sub-kpc scales [66, 68, 73, 178, 179]. These simulations are commonly used to calibrate linear-theory-based models
augmented by phenomenological fitting functions for the power spectrum (or two-point correlation function) down to
scales of a few hMpc™! [73-75, 148], resulting in remarkably robust cosmological constraints (see, e.g., [51, 56, 58]).
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FIG. 25. Drift plot of Ly-o Mock at z = 2.33: Best-fit 1D and 2D marginalized posteriors for the I = 80 h~* Mpc Sherwood
simulation using two different maximum wavenumbers for the full-shape fits kmax = 0.3, 0.5 A Mpc~!. Crucially, we recover

unbiased BAO scaling parameters.

However, fits to the BAO scaling parameters — the primary observables for constraining the cosmic expansion history
with DESI — using quasi-linear theory models are biased at the = 0.3% level [77, 78]. This is comparable to the
forecasted cumulative precision of < 0.2% when combining all tracers and redshift bins [49] indicating that existing
modeling frameworks are approaching their limits.

Recent advances in theoretical modeling using the effective field theory (EFT) of large-scale structure, extended
to the Ly-« forest [86, 127, 136], enable a consistent description of the Ly-« forest from large to intermediate scales.
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FIG. 26. Validation of Ly-a x LAE S5 Mock: Same as Fig. 22 but for the joint fit of the Ly-a auto-correlation (left
column) with the cross-correlation of Ly-a and galaxies (center column) and the galaxy auto-correlation (right column) using
LAEs of the mimicked “S5” sample. The top row shows the best-fit EFT model (solid line) which is compared to P (dashed
line) and the data points with corresponding error bars. The two bottom panels show, first, the normalized and fractional
residuals. For both, a gray band indicating the 2% (or 1o) band is shown to guide the eye. The bottom row shows the loop
corrections which are the ratio between the best-fit EFT one-loop power spectrum and the tree-level power spectrum. The joint
fits use the following maximum wavenumbers for the fits: kffn, = 0.40 hMpc™!, kL8, = 0.3 hMpc™!, and k28, = 0.2 h Mpc™!
for each realization. Note that the Ly-a forest transfer functions are computed using a Sherwood simulation with box size
L =80h~! Mpc and the mock is centered at z = 3.
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FIG. 27. Validation of Ly-a x LBG S5 Mock: Same as Fig. 26 but for S5 LBG sample.
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Sample LBG LAE
bo CARS S5 S5 ODIN
be 4.073 4 0.031 3.798+9-027 2.00419-032 1.96910 022
b 11717383 10.40072:939 2.745T2-21% —5.43615:256
by,  —O0TLISEGEEE  —1.43607071%  —1.1070%05550  —1.054075:5010
by —0.236 +0.002 —0.2359 +0.0020 —0.2354 & 0.0020 —0.2369 = 0.0020
by, 0.3810 4+ 0.0052  0.3818 £0.0052  0.3820 =+ 0.0053 0.388270-0056
by 0.5299701559 0.534970-1590 0.376819-2397 0.2482015-34759
bg,  —0.1711070:05096  —0.211970 0905  —0.1224001] fasoas —0.0878610 15523
b2 —0.8555702447  _0.8688702247  _0.893315-3719 —0.379070:3311
bsn 0.821710:5923 0.885570:5535 0.763070:5929 0.881970:355%
bkry, —0.051467013655  —0.090127013%8  0.0249770:18013  —0.36207053%%
bnhﬂ 0.695715-1918 0.7214 15187 0.7328+5:2263 0.526115-1242
a 1.005+5:996 1.004015-9959 1.007+5-59% 1.003075 9932
aL 1.001019:0939 1.001075:0558 0.998515-9055 1.000 =+ 0.003
bnhg,] 2.526 + 0.22 2.438 + 0.22 2.416 + 0.218 1.917 + 0.227
bmhz] —0.1866 +0.673 —0.3883+0.625  —0.578 & 0.673 —1.455 + 0.662
by, —5.57£0.515 —5.59 + 0.498 —6.077 + 0.52 —5.323 +0.511
bnn‘[‘g] 02743+ 1.72  —0.06847 +1.65  —0.3481+1.74 —0.2983 + 1.68
br, 1.67 4+ 0.254 1.808 + 0.256 1.786 + 0.265 2.104 + 0.267
Pahot —0.2746 + 0.3  —0.2858 +£0.292  —0.182+0.334  —0.5699 + 0.338
ao 0.165 4+ 0.73 0.1384 + 0.729 0.1246 + 0.754 0.136 + 0.715
as  —0.007086 +0.74 —0.04853 +0.736  0.008977 +£0.749  0.0487 4 0.741
co  —0.04172 +0.0924 —0.03431 +0.0896 —0.04338 +0.105  0.08935 + 0.107
ca 0.1545 + 0.156 0.153 4 0.159 0.07084 +0.178  —0.5302 + 0.184
ca —0.1949£0.11  —0.2521 +0.106  —0.1554 4+ 0.117 0.1098 + 0.117
by —11.26 + 3.81 —3.662 + 3.68 4.088 + 3.62 11.2 + 3.65
Pl —1.011£0.0809 —2.77340.126 —0.2253 4+ 0.0332 —0.001836 + 0.0273
ad 71.65 4+ 19.2 87.290 4+ 31.3 38.71 +7.31 6.731 & 6.55
al —166.6 + 67.1 —208.1+105  —0.06663 + 24.7 —7.069 + 21
cd —2.699 + 1.7 —2.007 + 1.53 3.008 & 1.02 1.615 + 0.954
d 10.28 + 3.37 12.15 + 3.13 4.394 4+ 2.04 —2.152 + 1.89
4 22794273  —0.0832+2.53 1.991 + 1.64 —~1.039 + 1.54
b, 2.252 + 0.0336 2.38 +0.033 2.038 + 0.0354 1.28 +0.0354
b3 —78.02 +43.2 —38.43+38.5 6.535 + 35.6 63.54 & 37.1
Xars 1204.7 1242.2 1179.3 1226.4

TABLE VIII. Joint Ly-a and LAE/LBG fits: Marginalized best-fit EFT parameters obtained from joint fits of the auto-
and cross-correlation of the Ly-a forest and the LAE/LBG samples. The top section shows the sampled parameters and the
middle (bottom) section the ones that we analytically marginalize over for the auto- (cross-) correlation. We use 1400 data
points, sample over 13 parameters explicitly (top block) and analytically marginalize over 20 (bottom two blocks) yielding a
marginalized x? that is = 0.85 for each fit.

In a companion Letter [87], we demonstrated that the same bias expansion can be used to successfully model the
Ly-a forest flux decrement and halo densities at the field level. In this work, we present the theoretical framework
underlying this approach and summarize our main conclusions as follows.

e Field-level modeling of the Ly-a forest. The EFT framework can accurately model the Ly-a forest flux

# VIL HKAE Ly-« 5 LAE/LBG #l& 1 alid Ly-« #81 LAE/LBG FEARY F ARSI SRR S LG AR bR tE L& EFT 2

FEAS LBG 3K
b
be 4.073 £ 0.031 3.798+0:927 2.09470 522 1.96975:0%3
bd 11717255 10.40072539 2.7451%911 —5.43675:25¢
bg, —0.7115% 05668 —1.43607571%  —1.1070%G5550  —1.054075:5010
by —0.236+£0.002 —0.2359 +0.0020 —0.2354 +0.0020 —0.2369 = 0.0020
h. N2R1N+NNNE2 N 2RIR + N NNKRD N 2820 + N NNR2 n 3’k +0.0056
b 0.5299+0.1680 0.5349+0.1690 0.3768+0.2397 0:208R1570.21780
bg,  —0ADIBEED.09106  —ODIISHM0.0905  —0.12D41B960.119932  —G-0STBESR).17645
by —0MEBI6+0.2447  —0.8088+0.2247  —0«B8266+0.3710  —6013796+0.3311
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by, —06912650.15616  —0.69@@660.15319  0:0040580.22013  —0:862D050.2957
byl —00§959+0.1911  —00SKI®+0.1875  -@MTHF0.2263  —OTEE+0.1542
a 820,006 1863800050 ~6#40.005 T.863920.0050
aL 1:0011050.0040 £0MII520.0040 0:998860.0035 ~0.0057¢
by —B.606+ 0.22 —B.3%+ 0.22 4062+ 0.218 1.917 + 0.227
bsul?l  —0.1866 + 0.673 03883 £ 0625  —0578 + 0.673 ~1.455 + 0.662
bR | —POTEO0515  —5.59+0.498 —6.077 + 0.52 533 + 0511
ynf? 02743 £ 172 06847 + 1.65  —0.3481 + 1.74 ~0.2983 + 1.68
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Penor  —0.2746 503 _02858 + 0202 -0.182 + 0334 —0.5699 + 0.338
ao 0.165 0.73 0.1384 £ 0729 0.1246 + 0.754
@2 0007086 + 0.74 —0.04853 + 0.736 0.008977 + 0.749  0.0487 + 0.741
€O 004172 + 0.0924 —0.03431 + 0.0896 —0.04338 + 0.105 0.08935 + 0.107
c2 01545 + 0.156 0.07084 + 0178  —0.5302 + 0.184
ca ~0.1949 £ 011 —02521 + 0.106  —0.1554 + 0.117 0.1098 + 0.117
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Plot  —1011 + 00809  —-2773 + 0126 —02253 + 0.0332 —0.001836 + 0.0273
ag
ad —166.6 + 67.1 ~208.1£105  _i06663 4 247 —7.069 + 21
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2 10.28 + 3.37 12.15 3.13 4.394 £ 2.04 —2.152 + 1.89
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decrement at the field level. Using an EFT perturbative model, we find agreement at the < 5% level between
the modeled (and fitted) and simulated power spectra down to kmax < 1.OhMpc_1 for the 3D and 1D power
spectra, for a range of redshifts z = 2.0 — 3.2. The corresponding one-point probability distribution function
agrees down to cell sizes of =~ 2~ Mpc, capturing information beyond the two-point function. Importantly,
this forward model reproduces all amplitudes and phases across all modes, representing a substantially more
stringent test of accuracy than comparisons based solely on mode-averaged statistics. More quantitatively, the
forward-modeled and simulated 1D and 3D fields are correlated at the > 99% level for k£ < 0.3 hMpe™ ! and at
the > 95% level down to k < 1.0AMpc™'. A high precision description of the Ly-o data for k > 1hMpc™*
must include a consistent modeling of the Ly-« stochasticity (the analog of the one-halo term), which we have
quantified in detail for the first time. Note that the redshifts studied in our current analysis are lower than those
currently utilized in the actual EFT-based analyses of the Ly-o P1D data [15, 17, 20, 180]. A steep increase
of the non-linear wavenumber (proxy to the EFT cutoff) at z > 3 suggests that the field-level EFT modeling
should be applicable to an even wider range of scales at these redshifts [20, 85].

e Cross-correlations with halos. The same EFT framework — without the line-of-sight-dependent operators
specific to the Ly-« forest — can accurately model the cross-correlation with massive dark matter halos, used here
as proxies for high-redshift galaxies, up to the shot-noise limit. For both simulations, we find agreement at the <
5% level between the modeled and simulated power spectra down to kmax < 1.0 A Mpc ™! for the 3D cross power,
using all available halo masses. Abacus uses a mass range of 10.8 < log;o(M/(h~*My)) < 14.2 approximately
yielding a linear bias matching DESI observations b, &~ 3.3 and a number density of ~ 1.75x 10~* (h~! Mpc) 3.

Sherwood uses halo in a mass range of 10° < Mg < 104,

e Linear theory modeling at the field level. We find that a linear theory forward model fails to generate the
Ly-a forest flux decrement at the field level. While the model and simulation power spectra agree at the 5-10%
level down to k < 0.1 —0.3hMpc ™!, the corresponding error power spectrum only captures these large scales at
the 3 — 5% level in this regime. This implies that fits to the power spectrum (or two-point correlation function)
using a linear theory model effectively fit noise. The discrepancy is even more pronounced for the one-point
probability distribution functions, which differ drastically between the linear theory fields and the simulations,
even for large cell sizes of R = 10 and 30 A~! Mpc. Indeed, one would obtain a formally perfect match to the
power spectrum using the forward model §%2°! = (Pp(k, it)/Pin(k))*/?5,(k) where Pp(k,p) is the non-linear
Ly-a forest power spectrum. At the field level, the form of this construction is equivalent to that of the linear
model employed here, yet it fails beyond scales of k 2 0.1 A Mpc~!. These findings highlight the necessity of a
higher-order bias expansion to capture non-linearities in the data already on quasi-linear scales.

e Large-volume mock generation and DESI-II relevance. We construct large-volume (V = 23( h~! Gpc)?)
clustering mocks for the Ly-a forest and its cross-correlation with high-redshift galaxies, such as Ly-a emitters
(LAEs), a key tracer for the near-future DESI-IT survey. These mocks are calibrated on hydrodynamical sim-
ulations and exploit the computational efficiency of the perturbative forward model presented here, enabling
the generation of large ensembles over cosmological volumes. This capability is particularly relevant given that
current Ly-« forest analyses [51, 61] rely on approximate lognormal mocks [130] that fail to capture the physics
shaping the BAO feature [77, 128]. To validate these semi-analytic mocks, we perform a BAO analysis at
fixed cosmology and recover unbiased BAO scaling parameters, making them applicable for validating inference
pipelines.

Our approach bridges the gap between theory and simulation by enabling efficient modeling of the flux decrement
and the dark matter halo field directly at the field level, rather than restricting the analysis to summary statistics.
This framework naturally opens several promising avenues for future work: To extend the perturbative reach of our
approach, transfer functions can be computed fully within the EFT framework; beyond (7, this will require two-loop
calculations along the lines developed for halos in Ref. [181]. The present semi-analytic mocks are well suited for
validating inference pipelines and constructing simulation-based covariance matrices for DESI analyses. Extending
these mocks to the light cone is therefore a natural next step paired with a detailed investigation of their properties,
as well as data-driven forecasts of effects such as radiative transfer measured via the cross-correlation between the
Ly-a forest and high-redshift galaxies. Further directions include the development of simulation-based priors for
EFT-based full-shape analyses along the lines of [125, 153, 154, 172, 182-185], and the application of our technique
to the modeling of the Ly-a field at high redshifts, 3.2 < z < 5.4. The latter is especially important since the
Ly-a data at these redshifts is especially powerful at constraining new physics with EFT, making the development
of robust simulation-based priors for such analysis a priority [15, 17, 20, 180]. Finally, it would be interesting to
study cosmological parameter inference directly from Fourier modes [186-205]. While the latter remains debated for
galaxy surveys, particularly regarding the information content beyond the power spectrum and bispectrum [205, 206],
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FIG. 28. Model-dependence of Power Spectra: Same as Fig. 2 for three different FGPA implementations. Models one,
two and three are shown from left to right comparing the linear to the cubic model as well as their error power spectra. Our
perturbative forward model is robust to the details of the Abacus simulations, finding a consistent agreement at the 5% level
between the forward model and the input simulation. The scale and orientation dependence of the error power spectrum does,
however, change with increasing b, (which we use as proxy for a larger amount of RSD in the simulations). The bottom panel
displays the percent difference between the simulation and model power spectra. A gray band highlights the £5% region in
the bottom panel.

it is well motivated and worth investigating for the Ly-a forest. We leave these exciting research directions for future
investigation.
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Appendix A: Transfer functions from Sherwood simulations

For the mocks correlating the Ly-o forest with high redshift galaxies in Sec. C, we use the L = 80 h~! Mpc snapshots
since these are available at a series of redshifts z = 2.0, 2.4, 2.8, 3.2 which we interpolate between redshifts.

Appendix B: Field-level fits on different Abacus FGPA mocks

To assess the robustness of the outlined analytical forward model, we apply it to three additional implementations
of the FGPA procedure (see [102] for more details) representing different combinations of bias parameters. These have
been fitted using linear theory in Ref. [102] and using the one-loop power spectrum in Ref. [78]. Whilst we have so far
used model ‘one’ which is similar to model ‘two’, i.e. having a low value of b,, we also compare to realizations (model
‘three’ and ‘four’) with large values of b,. Qualitatively the results look very similar and are shown for the Ly-o
power spectrum in Fig. 28 and their cross-correlation coefficient in Fig. 33. The values obtained from the polynomial
fits are tabulated in Tab. XI. In Fig. 32 we show the model dependence for the P1D performance. Note that we find
the largest differences between the four models for the P1D performance. In particular, for models III and IV where
the velocity bias value is larger (and closer to the data) the linear theory model performs better than for both models
with low b,.
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TF Co Co1 c1 c12 C14 4 €22 Ca4 TF Co o1 e c12 C14 N C22 Ca4
z =20 z=2.0
B |—0.123 —0.265 0.077 0.733 —0.290 —0.005 —0.546 0.208 B =023 =0.265 0.077 (733 0290 —0.005 —0.546 0.298
8o 0.104 0.124 —0.028 —0.076 0.014 —0.001 0.026 —0.039 8o 0104 194 —0.028 —0.076 —0.039
B,  |-0.088 —0.360 0.026 0.531 —0.153 —0.023 —0.336 0.139 B,  —0.088 — 0531 —0153 —0.023 —0.336 0.139
Bs  |—0.018 —0.007 0.032 0.090 —0.108 —0.010 —0.046 0.106 Bs 0.018  0.007  0.032 (5,000 ~0.108 —0.010 —0.046 0.106
Brx, |—0.115 —0.127 —0.126 —0.206 0.362 0.064 0.123 —0.190 BKK| 0115 —0427 —0.126 —0.206 ~0.190
B,  |-0.172 —0.215 —0.046 1351 —0.599 0.046 —0.816 0.233 By 0172 -0215 —0.046 ~0.599  0.046 —0.816 0.233
B2 0.043 0.038 —0.122 0.300 —0.001 0.046 —0.272 0.095 B2 0.300 —0.001 0.046 —0.272 0.095
Bs 0.051 —0.346 —0.077 1.878 —0.604 0.094 —1.957 1.188 Bsn 0051 —0.346 —0077 1878 —0.604 0.094 —1.957 1.188
z=24 z=24
51 —0.171 —0.385 0.090 1.042 —0.350 0.009 —0.777 0.368 51 —0.171 —0.385 0.090 1.042 —0.350 0.009 0.777 0.368
Ba 0.158  0.180 —0.040 —0.078 0.006 —0.001 —0.016 0.012 Ba 0158 (180 —0.040 0078 0,006 —0.001 —0.016  0-012
Bg,  |—0.118 —0.500 0.017 0.899 —0.314 —0.020 —0.618 0.324 Bg,  —0.118 — 0899 —0314 —0.000 0615 0-324
Bs  |—-0.036 0.006 0.053 0.043 —0.110 —0.012 —0.009 0.133 Bs 0.036  0.006 0.053 (043 —0.110 -0.012 —0.009 0.133
Brxx, |—-0.157 —0.215 —0.259 —0.340 0.642 0.121 0.110 —0.216 BrK,  —0.157 —0215 —0.259 —0.340 ~0.216
B,  |-0.331 —0.254 —0.083 2.338 —1.127 0.069 —1.384 0.420 Br 0331 —0254 —0.083 —1.127  0.069 —1.384  0.420
B2 0.103 0.024 —0.235 0.696 0.059 0.086 —0.710 0.329 B2 0.696 0.059 0.086 —0.710 0.329
Bs 0.013 —0.492 —0.033 2.802 —0.873 0.091 —2.998 1.818 Bsn 0013 —0492 0,033 2:802 —0.873  0.091 —2.998 1.818
z=28 z=28
51 —0.231 —0.536 0.100 1.483 —0.422 0.033 —1.113 0.451 51 —0.231 —0.536 0.100 1.483 0.422 0.033 —1.113 0.451
Bo 0.247  0.250 —0.061 —0.080 —0.013 0.001 —0.069 0.074 Bo 0.247 (550 —0.061 —0.080 —0.013 0.001  0.069 0.074
Bas |—0.168 —0.591 0.024 1.149 —0.494 —0.030 —0.822 0.556 Bos  —0.168 — 1149 —0.494 —0.030 —0.822 0.556
Bs  |-0.075 0.007 0.090 —0.005 —0.050 —0.017 0.051 0.098 Bs 0.075  0.007 (090 —0.005 —0.050 —0.017 0.098
Bik| |—0.156 —0.380 —0.553 —0.046 0.803 0.234 —0.373 0.090 BRKI  —0.156 —0.380 —0.553 —0.046 ~0.373  0.090
B,  |—0.607 —0.239 —0.194 4.289 —2.365 0.097 —2.494 0.937 Bn 0607 0239 —0.194 ~2.365  0.097 —2.494 0.937
B, 0.230 —0.077 —0.406 1504 0.220 0.144 —1.533 0.704 B, 0230 —0.077 0406 1504 0220 0.144 —1.533 0.704
Bsn —0.105 —0.589 0.083 3.623 —1.154 0.062 —4.100 2.611 Bsn — 3.623 —1.154 0.062 —4.100 2.611
z=3.2 z=3.2
B —0.310 —0.714 0.113 2.108 —0.521 0.069 —1.602 0.566 B —0.310 —0.714 0.113 2.108 0.521 0.069 —1.602 0.566
B2 0.393  0.322 —0.103 —0.038 —0.063 0.012 —0.168 0.145 8o 0393 (302 —0.103 0038 —0.063 0.012 0168 0.145
B,  |-0.240 —0.587 0.046 1.117 —0.622 —0.058 —0.785 0.726 B, —0.240 — 117 —0.622 —0.058 —0.785 0.726
B3 —0.169 0.035 0.192 —0.252 0.147 —0.051 0.312 —0.086 B3 0.169 0.035 0.192 — —0.086
Brr, |—0.050 —0.703 —1.146 1.645 0.393 0.476 —2.141 1.082 BrK, 005007031146  1-645 0.393 0476 —2.141 1.082
B,  |-0.968 —0.132 —0.627 7.547 —4.960 0.190 —3.648 1.495 By 0968 —0130 —0.627  T-54T —4.960 0.190 —3.648 1.495
B, 0.461 —0.335 —0.639 2.958 0.543 0.210 —2.974 1.356 B, 0461 —0335 —0.630 2958 0.543  0.210 —2.974  1.356
Bsn —0.332 —0.650 0.260 4.658 —1.677 0.053 —5.621 3.806 Bsn — 4.658 —1.677 0.053 —5.621 3.806
TABLE IX. Best-Fit Sherwood Transfer Function: Sherwood snapshots at z = 2.0, 2.4, 2.8 and z = 3.2 for the 80 ™! Mpc £ IX. B{EME Sherwood FHEE : 80 h—1Mpc BT z=2.0.2.4,2.8 fll z= 3.2 # Sherwood 5,
box.
z ag az as as asz Q44 z ag az as as asz Q44
2.0 0.018 0.590 —1.908 1.482 0.229 0.013 2.0 0.018 0.590 —1.908 1.482 0.229 0.013
2.4 0.028 1.181 —3.816 3.037  0.295 0.058 2.4 0.028 1.181 —3.816 3.037  0.295 0.058
2.8 0.089 0.422 —1.158 0.694  0.272 —0.265 2.8 0.089 0.422 —1.158 0.694  0.272 —0.265
3.2 0.030 5.860 —17.706 14.405 0.835 —1.620 3.2 0.030 5.860 —17.706 14.405 0.835 —1.620
TABLE X. Error Power Spectrum Sherwood: Fitted parameters for P.,, for the different snapshots in the L = 80 A ™" Mpc # X. #1813 Sherwood : L = 80 h-1Mpc Sherwood B R F R Perr BIE S,

Sherwood simulation.
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FIG. 29. Model-dependence of best-fit P.,,: Same as Fig. 28 showing the best-fit model for the error power spectrum for
models two, three and four. The fits use kmax = 0.6 h Mpc_1 and show a mild onset of scale and orientation dependence of the

error power spectrum at around 0.2 — 0.3 h Mpc 1.
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FIG. 30. Model-dependence of Power Spectra: Same as Fig. 5 for three different FGPA implementations, denoted by
models II-IV.

TF co co1 c1 C12 C14 Cca Co2 Caa
Model I1

51 —0.134 —0.142 0.073 0.253 —0.052 —0.008 —0.156 0.055
B2 0.097 0.060 —0.017 0.074 —0.080 —0.018 —0.058 —0.045
Bg, —0.075 —0.151 0.018 0.041 0.077 0.017 0.002 0.097
B3 —0.006 —0.011 —0.016 —0.108 0.087 0.016 0.092 0.008
,BKK” —0.018 —0.152 —0.181 0.563 —0.659 —0.056 —0.897 0.841
Bn —0.199 0.066 0.121 —0.241 0.101 —0.011 —0.043 0.178
B2 0.064 —0.034 —0.098 0.071 0.097 0.014 0.019 0.036
Bsn —0.057 0.005 —0.016 —0.244 —0.008 —0.007 0.478 —0.296
Model ITI

B1 —0.139 —0.295 0.050 0.407 —0.057 —0.002 —0.099 —0.022
B 0.060 0.105 —0.022 0.244 —0.160 —0.008 —0.129 —0.082
Bg, —0.072 —0.300 0.041 —0.110 0.205 0.009 0.149 0.100
B3 —0.002 —0.012 —0.012 —0.020 0.018 0.011 0.074 —0.003
5KK” —0.168 —0.515 0.106 0.461 —0.137 —0.093 —1.051 0.777
Bn —0.252 —0.046 0.265 —0.442 0.245 —0.091 0.255 —0.030
B2 —0.032 0.010 —0.163 0.415 —0.076 0.052 —0.008 —0.073
Bsn 0.045 0.054 0.027 —0.211 —0.290 —0.032 0.223 0.030
Model IV

51 —0.135 —0.329 0.051 0.436 —0.052 —0.002 —0.120 —0.017
B2 0.064 0.119 —0.025 0.257 —0.164 —0.008 —0.142 —0.088
Bas —0.072 —0.331 0.040 —0.100 0.221 0.010 0.147 0.111
B3 0.000 —0.012 —0.015 —0.032 0.022 0.011 0.083 0.002
BKK” —0.152 —0.594 0.078 0.727 —0.223 —0.078 —1.337 0.893
Bn —0.286 —0.044 0.323 —0.752 0.396 —0.116 0.509 —0.143
B2 —0.011 —0.001 —0.164 0.476 —0.113 0.049 —0.048 —0.045
Bsn 0.043 0.068 0.039 —0.273 —0.364 —0.037 0.275 0.037

TABLE XI. Coefficients of Best-Fit Abacus Transfer Functions Models: Same as Tab. IV for models II-1V.
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TF co co1 c1 c12 C14 cq c22 Ca4
BMEI

B1 —0.134 —0.142 0.073 (553 0,052 —0.008 —0.156 0.055
pe 0.097  0.060 —0.017 74 —0.080 —0.018 —0.058 —0.045

Ba, 0.075 0.151 0.018

Bs 0,006 —0.011 —0.016 —0.108 0.087 0.016 0.092 0.008
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