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Abstract. We use separate universe simulations with the IllustrisTNG galaxy formation
model to predict the local PNG bias parameters by and bgs of atomic neutral hydrogen, Hj.
These parameters and their relation to the linear density bias parameter b; play a key role in
observational constraints of the local PNG parameter fy;, using the Hy power spectrum and
bispectrum. Our results show that the popular calculation based on the universality of the
halo mass function overpredicts the by (b1) and bgs(b1) relations measured in the simulations.
In particular, our results show that at z < 1 the H; power spectrum is more sensitive to
fxr compared to previously thought (bs is more negative), but is less sensitive at other
epochs (bg is less positive). We discuss how this can be explained by the competition of
physical effects such as that large-scale gravitational potentials with local PNG (i) accelerate
the conversion of hydrogen to heavy elements by star formation, (ii) enhance the effects of
baryonic feedback that eject the gas to regions more exposed to ionizing radiation, and (iii)
promote the formation of denser structures that shield the H; more efficiently. Our numerical
results can be used to revise existing forecast studies on fy;, using 21 cm line-intensity mapping
data. Despite this first step towards predictions for the local PNG bias parameters of Hy,
we emphasize that more work is needed to assess their sensitivity on the assumed galaxy
formation physics and H; modeling strategy.
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1 Introduction

The level of non-Gaussianity of the distribution of the energy density fluctuations generated
during inflation holds key information about the particle content and physics of the early
Universe [1, 2]. The most popular and well-studied type of this primordial non-Gaussianity
(PNG) is called local-type PNG, where the primordial gravitational potential ¢ is written as [3]

¢ = ¢G + fNL [(Z% - <¢é>} ) (1‘1)
with ¢g being a Gaussian random field and fy, a constant that quantifies the leading-
order departure from Gaussianity ((---) indicates ensemble averaging). Different models
of inflation make different predictions for fy., and so constraining its value observationally
lets us distinguish between them. The current tightest bound comes from the analysis of
the cosmic microwave background (CMB) data from the Planck satellite, which constrained
fx =—0.9=£5.1 (10) [4]. Using large-scale structure data, the tightest constraint to date is
fan = —12 £ 21 (10) [5], and was obtained using quasars from the eBOSS survey (see also
ref. [6]). This bound is still looser than the CMB one, but the volumes spanned by next-
generation large-scale structure surveys should let us reach precisions of order o, ~ 1, which
would mark, even without a detection, an important landmark in our ability to distinguish
between competing models of inflation [7, §].

Some of these future constraints on fy;, will come from studies of the spatial distribution
of (atomic) neutral hydrogen (Hj) in the Universe [9-19], which will be mapped by 21 cm line-
intensity mapping experiments such as BINGO [20], CHIME [21], HIRAX [22] and SKA [23].
Compared to traditional galaxy surveying where individual galaxies are identified on the
sky and their redshifts are estimated spectroscopically or photometrically, the line-intensity
mapping approach targets the integrated emission from all sources (resolved or not) in a
given region of the Universe, with the radial information inferred through measurements
in different frequency bands [24]. In the case of Hj, the relevant line is the 21cm radiation
emitted by its spin-flip transition. After the epoch of reionization z < 6, most of the hydrogen



in the Universe is ionized, but a significant amount of Hj is still present in galaxies inside gas
clouds that are sufficiently dense to shield the Hy from the ionizing radiation. By skipping the
need to resolve individual galaxies, line-intensity mapping surveys can scan very rapidly large
areas of the sky with good redshift coverage, which is key to probe the large distance scales
where fy. contributes the most; when completed, some of these surveys will have mapped
the H; out to redshifts z ~ 3 over about half of the sky. These experiments are also subject
to distinct observational systematics compared to traditional galaxy surveys (e.g. the large
foreground emission that needs to be subtracted), which will strongly establish the robustness
of large-scale structure constraints on fy, if the different surveying techniques give consistent
results [25-27].

The key observational signatures of local PNG on the Hp distribution arise through a
set of bias parameter terms that are generated if fy, # 0. In general, bias parameters are a
set of redshift-dependent numbers that describe how the local abundance of a given tracer
of the large-scale structure (dark matter halos, galaxies, Hy, etc.) is modulated by different
types of long-wavelength (2 50-100 Mpc) perturbations (see ref. [28] for a comprehensive
review). For the case of Hy, and specifying already to the bias parameters we focus on in this
paper, we can write [29-32]

pHI(xv Z) ) /5H1 (Z) [1 + b (Z)(Sm(xa Z) + b¢>(z)fNL¢(q> + b¢>6(z)fNL¢(q>5m($v Z)}, (12)

where py,(x, z) is the local Hy energy density, pp,(z) is its cosmic average, o, (x,2) is a
large-scale total matter density fluctuation and ¢(q) is a large-scale primordial gravitational
potential fluctuation (q is the initial Lagrangian coordinate associated with the final Eulerian
coordinate ). This equation makes apparent the physical meaning of the bias parameters by,
by and bys as the response of the local Hy energy density to the presence of the perturbation
each multiplies, i.e.,

1 a,OHI 1 a/OHI 1 82pHI

by = — pobp= o s bgs = o

PH; Oom, PH; a(fNLQS) PH; 8(fNL¢)85m
For example, by quantifies how much more (b; > 0) or less (b < 0) Hj exists inside large-scale
mass overdensities. These three parameters are the most important ones for observational
constraints on fy;, using the Hy power spectrum (2-point function) and bispectrum (3-point
function). Concretely, for the case of the Hy power spectrum, and analogously to the case of
the galaxy power spectrum [29], the fy, signature is o by be fr / k2, where k is the wavenum-
ber.! Similarly, the leading-order contributions to the bispectrum include a series of terms
proportional to fNLbi’, fNLb(bb% and fNLb@;b%, whose amplitude is what can be used to constrain
fxu (see e.g. figure 1 of ref. [33] for a visualization of these contributions).

Since the observational signatures of fy;, are effectively degenerate with the bias param-
eters, a solid understanding of the latter is critical to obtain the best possible constraints on
local PNG from large-scale structure data (see refs. [33-35] for recent discussions). However,
as the bias parameters effectively describe how the long-wavelength environment impacts
the Hj distribution, they depend on the complicated interplay between gravity, reionization,
star formation and stellar/black hole feedback, and are thus extremely challenging to predict
theoretically. While b; can be fitted for directly from the data since it enters also through
terms that do not multiply fy., the same is not true for the local PNG parameters by and

(1.3)

1This is often referred to as the scale-dependent bias effect, which can be a misleading name since what
is scale-dependent is not any bias parameter, but the relation between potential and mass perturbations
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bss, which require assumptions to be made on in order to constrain fy;, competitively. The
standard way around this problem is based on the hope that, while the parameters b4 and
bss themselves are expected to be extremely sensitive to the details of structure formation,
their relation to b1 may be more robust and easier to predict theoretically. Thus, if by and bgs
can be fixed in terms of by, then determining the latter from the data breaks the degeneracy
with fyr,, which can then be constrained.

For example, the majority of the constraint studies on fy, in the literature (including
those based on Hy data) assume relations based on the universality of the halo mass function,
from which it follows e.g. that by o< (b1 — 1). Despite its widespread adoption however, there
is no reason to expect these relations to hold exactly for real tracers of the large-scale structure
like the Hy, which motivates simulation-based works to refine these simple theoretical priors.
Indeed, even for the case of dark matter halos in gravity-only simulations, we now know that
by (b1) [36, 37] and bgs(b1) [35] are not perfectly described by the corresponding universality
expressions. Further, using hydrodynamical simulations of galaxy formation, refs. [35, 3§]
showed recently that the bg(b1) and bys(b1) relations of galaxies selected by a variety of criteria
(including stellar-mass, black-hole mass accretion rate and color) are also not adequately
described by the universality assumption, which needs to be revisited.

This motivates our main goal in this paper, which is to use hydrodynamical simulations
to study the bias parameters by and bgs of the Hy distribution. The methodology we adopt
in this paper is similar to that of refs. [35, 38|, who used separate universe simulations of
galaxy formation with the IllustrisTNG model to study the same bias parameters, but for
the halo and galaxy distribution. One of our main results is that the bg(b1) and bgs(b1)
relations of the Hy are generically overpredicted by the results that are typically encountered
in the literature assuming the above-mentioned universality expressions. We show this can be
explained physically by the impact that long-wavelength fy.¢ perturbations have on the H;
content of dark matter halos, which can be understood as a new bias parameter (or response
function) in the halo model. We will show results for just a single galaxy formation model
and H; modeling recipe, and as a result, given the uncertainties we still have on these areas,
and despite the intuition this will let us build already, the analysis in this paper should be
regarded as the first step towards robust theoretical priors on the bg(b1) and bys(by) relations
of the H;. We stress that these relations play a key role in observational constraint studies
of fy, using Hy data, which strongly motivates more works like this. The rest of this paper
is organized as follows. In section 2, we describe the galaxy formation simulations, the Hy
modeling strategy, and the numerical methods that we use to estimate the H; bias parameters
b1, by and bgs. We show and discuss our numerical results in section 3, and summarize and
conclude in section 4.

2 Methodology

In this section we describe the N-body simulations, the modeling of the Hy distribution and
the methods we use to estimate the Hy bias parameters by, by and bgs defined in egs. (1.2)
and (1.3).

2.1 Numerical simulation specifications

We obtain our numerical results using separate universe simulations run with the moving-
mesh code AREPO [39] and IllustrisTNG as the galaxy formation model [40, 41]. This
model is characterized by a set of sub-grid prescriptions for physics including gas cooling, star
formation, metal enrichment, stellar winds, supernovae feedback, and black hole feedback,



that broadly reproduces a series of key observations including the low-redshift galaxy stellar
mass function, the cosmic star formation history, the sizes and colors of galaxies and the gas
fractions in galaxies and galaxy groups [42—48]. The fiducial cosmological parameters are:
mean total matter density today €2,,0 = 0.3089, mean baryon density today 9 = 0.0486,
mean dark energy density today Q29 = 0.6911, dimensionless Hubble rate h = 0.6774,
primordial scalar power spectrum amplitude As; = 2.068 x 107 (at kpivot = 0.05/Mpc,
corresponding to og(z = 0) = 0.816), and primordial scalar spectral index ngs = 0.967.

As we describe below, we measure the Hy bias parameters by and bys, respectively, as
the response of the H; abundance and its linear bias parameter b; to long-wavelength fy.¢
perturbations. Under the separate universe approach, this is equivalent to the response to
changes in the cosmological parameter Ay, and so we consider also two additional cosmologies
called HighA; and LowA,, which share the same parameters as the fiducial except that
As — As[1+04,], where 4, = +0.05 for HighA; and 64, = —0.05 for LowAs. When
we vary Ag, we keep the sub-grid parameters of the IllustrisTNG model fixed also to their
fiducial values in order to interpret our results on the impact of fy.¢ perturbations at fixed
galaxy formation physics.

We will show results obtained at two numerical resolutions. One is called TNG300-
2 and is characterized by a cubic box with size Lpox = 205Mpc/h and N, = 2 x 12503
initial dark matter and gas resolution elements. The other is higher-resolution, it is called
TNG100-1.5, and it is characterized by Lpox = 75Mpc/h and N, = 2 x 12503, These
separate universe simulations have been presented for the first time in ref. [38] (to which
we refer the reader for more details), and used in previous works already to study galaxy
bias [35] and halo occupation distribution responses [49]. In our results below we analyse the
simulation outputs at redshifts z = 0,0.5,1,2,3. We have also used the publicly available
NlustrisTNG data for the resolutions dubbed TNG300-1 (Lpex = 205 Mpc/h, N, = 2% 2500?)
and TNG100-1 (Lpox = 75Mpc/h, N, = 2 x 1820%) to carry out some numerical convergence
and consistency checks of our modeling at the fiducial cosmology.

When we analyse the Hy content in halos, we consider gravitationally-bound objects
found using a friends-of-friends algorithm with linking length b = 0.2 times the mean dark
matter interparticle distance. We quote as halo mass M}, and total H; mass My, the summed
contribution from all halo member particles and cells, and consider objects that comprise at
least Ngep > 50 gas cells.

2.2 Modeling of Hj

Our strategy to model the Hy distribution in our simulations follows largely that of ref. [50].
In lustrisTNG, the hydrogen gas mass fraction of each Voronoi cell starts off at its primordial
value of fi = 0.76, and it decreases with time as stars form and enrich the interstellar medium
with heavier metals. The first part of the modeling of Hy involves determining the fraction
fry of all hydrogen that is neutral. For non-star-forming gas (which for the star formation
model in IustrisTNG [51] is all gas with local hydrogen number density ny < 0.106/cm?), we
use the split into neutral and ionized fractions that is calculated self-consistently during the
simulation taking into account the redshift-dependent UV radiation background, attenuation
due to self-shielding in higher-density gas regions, and ionizing radiation by local active
galactic nuclei (AGN) [52].

The situation is more complicated for star-forming gas because fy, is not computed
self-consistently: the simulation output values are based on a mass-weighted temperature of
the cold and hot gas phases, which is not a well-defined physical temperature. The authors



of ref. [50] go about this complication by setting the temperature of all star-forming gas
cells to T = 10*K, and repeating the default calculation fry at post-processing with this
temperature value. Here, based on the discussion in ref. [53], we follow an even simpler
approach and consider all hydrogen of star forming cells to be neutral. This is based on the
observation that the hot gas in star-forming regions is expected to be entirely ionized, the
cold component is mostly neutral, and that the star formation model of ref. [51] predicts
this cold fraction to be within 0.9 and 1 (cf. the top right panel of figure 1 in ref. [53] for an
illustration of how good an approximation fi, =1 is for star-forming gas).

Given the neutral hydrogren fraction, the second part of the modeling involves deter-
mining the fraction of Hy that is in atomic H; and molecular Hy form. As in ref. [50], we use
the Krumholz-McKee-Tumlinson (KMT) model [54-56] to determine the fraction fy, of all
neutral Hydrogen that is molecular:

1—-0.758/(1 4+ 0.25s) ifs <2
fu, = . . . (2‘1)
0 ifs > 2 or gas is non-star-forming,
with
In (14 0.6y + 0.01x?)
= 2.2
s 0.67¢ ' (2:2)
X = 0.756 (1 +3.12°%%) (2.3)
3 YgasOd
T, =S , 24
1 (2.4)

and where Z is the gas metalicity in solar units, o4 = Zx 1072 cm? is an estimate of the cross-

section of dust, py is the mean hydrogen nucleus mass and Yg,s is the gas surface density.
The latter can be calculated as Ygas = Ajpgas, Where Aj is the gas Jeans length (used here as
a proxy for the size of gravitationally-bound gas clouds) and pgas is the gas volume density,
or using a more sophiscated approach based on actually projecting the three-dimensional gas
distribution in the simulation [53, 57]. Here, we follow the approximate approach of ref. [50]
and evaluate the gas surface density as Ygas = Rpgas, with R = (3Veen/ (47r))1/ 3 and Ve
the volume of the Voronoi gas cell in AREPO. Finally, the atomic neutral hydrogen fraction
we are interested in is given by fu, = 1 — fu,, and we compute the Hy energy density as
pH; = JH, fuypH, where py is the total hydrogen density in each gas cell.

It should be noted that the KMT model is just one of several different approaches
to model the Hy and Hs phases of neutral hydrogen in hydrodynamical simulations. More
advanced analytical approaches can account in particular also for the contribution of young
stars to the ionizing radiation field in the interstellar medium, and other approaches based on
empirical observational correlations and calibration against high-resolution numerical simu-
lations also exist; see refs. [53, 57] for a comparison of such different models using also
TMustrisTNG. The simple KMT model can nonetheless be regarded as representative enough
of the phenomenology of all these different approaches, and sufficient to our purpose here to
begin to build intuition about the local PNG bias parameters of the H;. In fact, figure 13
of ref. [53] shows that the dependence of fiy, on the local hydrogen density predicted by the
KMT model is in between the predictions from many other models, which ref. [57] subse-
quently showed perform roughly in the same way when compared to the data. This justifies
the adoption of the KMT model in this paper, but we note that future analyses of these Hp
bias parameters should eventually determine the impact of different H; modeling techniques.
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Figure 1. Time evolution of the Hy cosmic energy density Qy, (left) and mean Hi-to-total halo
mass relation My, (My) at z = 1 (right). The result is shown for the fiducial cosmology and for the
TNG300-2 (blue), TNG100-1.5 (green), TNG300-1 (purple) and TNG100-1 (orange) resolutions. On
the left, the symbols with error bars show a few representative observational estimates compiled in
table 2 of ref. [58], and converted to our fiducial cosmology: black from ref. [59], orange from ref. [58],
light green from ref. [60], blue from ref. [61], purple from ref. [62], green from ref. [63], cyan from
ref. [64] and red from ref. [65] (see ref. [57] for a discussion of the comparison between the simulation
and these observational results). On the right, the grey dots mark the actual Hy and total mass of the
halos in the TNG300-1 simulation, and the black dashed line shows the three-parameter fit obtained
in ref. [50] using their modeling of Hy in TNG100-1.

The left panel of figure 1 shows the time evolution of the total Hy energy density Qg (2) =
pi; (2)/ peo, where peo = 3HZ /(87 @) is the critical energy density today. The result is shown
for the fiducial cosmology of our TNG300-2 and TNG100-1.5 resolutions (blue and green), as
well as for the original TNG300-1 and TNG100-1 simulations (purple and orange). For the
latter two cases, our results agree very well with those obtained using the same simulation
data in refs. [50, 57]. Recall, in particular, that the modeling in ref. [50] differs from ours
in that they recompute fy, in star-forming gas at post-processing, whereas we simply set
it to unity: the good agreement between the two works thus illustrates the weak impact
of this approximation. We have also explicitly checked that the H; content of halos in our
simulations agrees very well with that shown in ref. [50]. As an example, we show in the
right panel of figure 1, the mean Hj-to-total halo mass relation My, (M) at z = 1. The black
dashed curve shows the fit of ref. [50] to their relation in the TNG100-1 simulation, which
agrees very well with our result for the same resolution (orange line) for My, > 1010 M /h;
the difference at lower halo masses is expected as the simple fit does not describe the details
of the low-mass end of the distribution also in ref. [50].

Figure 1 shows also that numerical resolution has a strong impact on the H; distribution.
Generically, (2p1, decreases with decreasing resolution, as best seen by the markedly lower Hy
abundance in TNG300-2 compared to all other resolutions. Note however that TNG100-1.5
is a resolution intermediate to TNG100-1 and TNG300-1, but it has more Hy at z < 1. The
impact of numerical resolution can be understood at least partly by inspecting the behavior
of the My, (My) relation. For example, the right panel of figure 1 shows that this relation
in TNG300-2 cuts off sharply for My, < 5 x 10 M /h. This is because at this resolution,
these objects are not as well resolved, and supernovae driven winds, tidal stripping and
heating by UV background radiation become very efficient at removing gas, which gets more
easily ionized once in the intergalactic medium (see ref. [50] for an indepth discussion of this



low-mass cutoff). Additionally, high-density gas clouds that can shield the H; from ionizing
radiation are also harder to resolve overall in TNG300-2. At the higher mass end, starting
from My, > 102 My /h, the halos in TNG300-2 also display a lower amount of Hy, which is
partly due to these larger halos comprising also a larger number of poorly resolved subhalos,
which for the reasons just discussed are not as Hy rich. The results from the other numerical
resolutions can be broadly explained along similar lines. We shall take these considerations
around numerical resolution into account when we interpret our numerical findings below.

2.3 Bias parameter measurements

We evaluate the H; bias parameters by, by and bgs in a way that is in all analogous to
how ref. [35] evaluated the same parameters for halos and galaxies. Concerning by, we
estimate it as

b1(z) = lim Pty (K, 2) Z),

k—0 P (k, 2)

where Pppu, and P, are the Hi-matter cross-power spectrum and matter power spec-
trum, respectively. The lowest wavenumbers probed by our simulations are k 2 0.03h/Mpc
for TNG300-2 and k& 2 0.08h/Mpc for TNG100-1.5, where the scale-dependence of the
Ppn, /Pmm ratio can still be non-negligible. To make our estimates of b; more robust then,
we fit this ratio on scales k& < 0.15h/Mpc for TNG300-2 and k£ < 0.3h/Mpc for TNG100-
1.5 using by + Ak?, where A is a nuisance parameter that absorbs the leading-order impact
from scale-dependent corrections.? We show as error bars on by the error estimated from the
least-squares fitting method.

For the case of by, we estimate it using its definition as the response of the H; energy den-
sity to changes in the amplitude of the primordial gravitational potential ¢ in cosmologies with
local PNG (cf. eq. (1.3)). Concretely, if ¢r, is the amplitude of some long-wavelength primor-
dial potential perturbation, then it can be shown using the separate universe ansatz [29, 66]
that local structure formation inside this perturbation is equivalent to global structure for-
mation in a cosmology with the primordial scalar power spectrum amplitude A, rescalled as
As — As[1+0.4,], where 64, = 4fx01, i.e.,

bo(z) = Olnpy, (2) _ 481n,0HI(z)‘

8(fNLqSL) 65-/49
The bias parameter by can then be estimated by finite diferencing using our set of fiducial,
HighAs; and LowAg cosmologies as

(2.5)

(2.6)

B bd)High'AS + b(z)LOWAS

by(2) 5 : (2.7)
with
nghAs
. 4 z
b¢H1ghAs — pHI ( ) 1 (28)

o] | AT |

LowAg
PH(I)W (2) 1
pgilducia (Z) ’

4
—[0.4,]

byl = (2.9)

*We also calculated b; using the original TNG300-1 simulation (not shown), which is closer in resolution to
TNG100-1.5, but has a bigger box size. We found the corresponding values of b1 to agree relatively well, and
so that any errors on our b; estimates deriving from the small size of TNG100-1.5 do not have a significant
impact on our final conclusions.



Redshift z=0 z=0.5 z=1 z=2 z=3
by (TNG100-1.5) 0.73+0.07 1.01+0.04 1.42+0.02 2.044+0.02 2.5+0.04
by (TNG300-2) 0.62+0.06 0.86+0.04 1.18+0.03 1.80+0.02 2.58 £ 0.06
by (TNG100-1.5) —1.70£0.05 —0.44+0.39 0.474+0.12 2.39+£0.12 3.82 £0.06
by (TNG300-2) —1.76 £0.16 —1.40+0.11 —0.26 +0.32 2.08 = 0.14 1.98 4 0.22
bgs (TNG100-1.5) —3.86 £0.68 —2.27 +£0.47 —1.70+1.71 0.27 +1.44 5.37 4+ 1.66
bss (TNG300-2) —2.55+0.65 —3.23+£0.36 —2.93 +0.52 1.06 +0.97 1.09 £+ 14.5

Table 1. Values of the bias parameters by, by and bys of the Hy distribution measured in this work.

and where the superscripts indicate in which cosmology the H; energy density is measured
(recall [0.4,] = 0.05). With only one realization of the initial conditions we cannot quote
errors on our measurements in a statistical ensemble sense, and bootstrapping or resampling
methods are also not adequate approaches given our relatively small box sizes. We note
however that b¢HighA5 and b¢L°WA5 should be the same up to numerical noise, and so we will
use their difference as a rough estimate of the error in our measurements. Note also that
since the three cosmologies share the same phases of the initial conditions, sample variance
errors on by cancel already to a large degree.
Finally, we evaluate bys as

Olnb; (2) -

bes(2) = ) + b¢(z)] bi(z) = [4
where the second equality follows again from the separate universe equivalence between long-
wavelength fy.¢ perturbations and changes to As;. This equation can be derived from the
definitions of by and bgs in eq. (1.3) [35], noting that pu,bss = O (pu,b1) /O(fxnd). We
evaluate the derivative of b; in eq. (2.10) via finite differences (analogously to egs. (2.7)-
(2.9)) using the values of b; estimated from the fiducial, HighA; and Low.As simulations
using eq. (2.5). Note that bgs could also be estimated with separate universe simulations
that account simultaneously for changes to As and the mean cosmic matter density, but at
the cost of running additional simulations to the ones we use in this paper.

Olnb; (2)

3 Results

In this section we present and discuss our main Hy bias results. We discuss first the parameter
bs and its relation to b1, and then do the same for the bgs parameter. Our numerical values
for these three bias parameters are listed in table 1.

3.1 The by parameter of Hj

The left panel of figure 2 shows the redshift evolution of the by values of Hy from the TNG100-
1.5 and TNG300-2 resolutions, as labeled. Both resolutions predict that by increases with
increasing redshift, and that it is negative at z < 1. The two resolutions are in relatively
good agreement in their predictions, although there are visible differences at z = 0.5, z =1
and z = 3. The right panel of figure 2 shows by plotted against the corresponding values of
b1, where we note a similar level of agreement between the two resolutions, except perhaps
again at z = 3 (rightmost point) where TNG300-2 displays a markedly lower value of by.



3.1.1 Halo model interpretation of the results

The halo model is a useful tool to guide the interpretation of our numerical results. Assuming
that all of the Hj is inside halos with some mass My, then by can be written as [49]

[ dMyrn (M) Mig, (M) [b™ (M) + RE' (M)

byl (2) ;
fthTL(Mh)MHI(Mh)

(3.1)

where ny (M) is the differential halo mass function, My, (M) is the mean Hy mass in halos
of mass My, (cf. figure 1), bs"(My,) is the local PNG bias of the halos and

Oln My, (My,)

Ry (M) = =505

(3.2)

is the response of the My, (M},) relation to long-wavelength perturbations fy,¢. This response
function is an ingredient that is often ignored in the literature, but which must be present
in general to account for the modulation of My, (My) by fx¢, in the same way that b¢h
accounts for the same modulation of the halo mass function; see ref. [49] for more details. We
have evaluated eq. (3.1) using its ingredients measured from our TNG100-1.5 and TNG300-2
simulations. In doing so, we considered all halos with at least N. = 50 gas cells, which
for TNG100-1.5, accounts for over 99% of all of the Hy at z < 2 and 96% at z = 3, and for
TNG300-2, it accounts for over 99% at z < 1, 97% at z=2 and 91% at z=3. The result is
shown by the dashed lines in the left panel of figure 2, which agree extremely well with the
simulation measurements, as expected.?

To focus on the impact of the response function REI(Mh), we show as dotted lines on
the left panel of figure 2 the outcome of eq. (3.1), but with the contribution from REI (M) set

to zero; by comparing to the dashed line, which shows the full result, one can thus directly
appreciate the importance of this response function. Concretely:

1. At z < 1, the dashed lines are below the dotted lines, which indicates a negative net
effect from R;II. That is, the halos become generically Hy poorer inside fy,¢ perturba-
tions.

2. At z = 2, the dashed and dotted lines are comparable, which signals a smaller con-
tribution from RSI. That is, the Hy content of halos responds less strongly to fy.¢
perturbations.

3. At z = 3, for TNG100-1.5, the net effect from REI is positive, i.e., the fy.¢ pertur-
bations make the halos slightly Hy richer (this is to a smaller extent already visible at
z = 2). For TNG300-2, however, Rg‘ has a very negative net effect (cf. dashed blue

line below the dotted one).*

3The poorer performance for TNG300-2 at z = 3 has to do with the fact that the halos with Ncen > 50
account only for 91% of all of the Hy in the simulation box, and thus the starting assumption of the halo
model breaks down slightly.

4This is likely due to the lower resolution of TNG300-2, where in the less well resolved low-mass halos,
the enhanced supernovae feedback and tidal stripping effects caused by the fx.¢ perturbation (i.e. an increase
in As) may be unrealistically too efficient at ejecting gas out to lower density regions more exposed to the
ionizing radiation.
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Figure 2. Time evolution of the by parameter of Hy (left) and its relation to b; (right). The
result is shown by the filled circles with error bars for the two resolutions TNG100-1.5 (green) and
TNG300-2 (blue). On the left panel, the dashed and dotted lines show the predictions of the halo
model, respectively, with and without the response REI of the Hi-to-total halo mass relation taken
into account in eq. (3.1). On the right, the solid grey line marks the universality relation, the dotted
grey line is the expected relation for halos, the grey dashed line shows the recent-merger relation of
ref. [66], and the relation for stellar-mass selected galaxies in IlustrisTNG from ref. [38] is shown by
the grey dot-dashed line.

We do not show all of the response function measurements for brevity, and also because they
are still relatively noisy and more simulations are needed to aid a more detailed inspection of
their mass- and redshift-dependence. Just as a single illustrative case, however, the left panel
of figure 3 shows the response function Rgl measured using our separate universe simulations

at z = 1. Indeed, and as anticipated in point 1 above, the values of Rg‘ are either negative or
compatible with zero on the mass range that contributes sizeably to the integral of eq. (3.1).

3.1.2 The connection to the total hydrogen distribution

To understand further these results, we investigated also the response of the total hydrogen
content of the halos, i.e., RS = OlnMy(My)/0(fxn¢), where My (My) is the mean mass in
hydrogen (not just Hy) in halos of mass M. This is shown in the middle panel of figure 3
for z = 1, where we observe that it has a shape and size that is similar to the response of
the Hy content on the left. That is, the suppression of the Hy content in halos inside fy.¢
perturbations at z = 1 follows to some degree the suppression of the total amount of hydrogen
H in those halos. Physically, this behavior of Rg is expected for at least two reasons, both
associated with the enhanced structure formation inside fy,¢ perturbations (or equivalently,
given an increase in As):

1. First, as found in ref. [38], these perturbations enhance star formation, which ac-
celerates the transformation of the primordial hydrogen into stars and heavier met-
als. To help visualize this effect, the right panel of figure 3 shows the response

Rg/[etals = 0InMyjetals(Mn) /O far @), where Mytetais(Mp) is the mean mass of all met-

als produced by stars inside halos of mass My. Indeed, the positive value of R%etals
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Figure 3. Response functions of the halo gas-to-total mass relation to long-wavelength perturbations
Fru®, Rias = OInMgas(Mp)/O(fxu@). The result is shown on the left for atomic neutral hydrogen
(gas = Hj), in the middle for all hydrogen (gas = H), and on the right for all metals produced by stars
(gas = Metals). All panels are for z = 1 and the result is shown for both resolutions TNG100-1.5 and
TNG300-2, as labeled. On the left, the dotted lines are o< ny v My, where ny ;nv is the number
of halos per logarithmic mass bin; this helps visualize which halo mass scales contribute the most
to eq. (3.1).

confirms that fy ¢ perturbations boost the conversion of hydrogen onto heavier metals
through star formation.”

2. The second reason has to do with the fact that these perturbations also enhance
the effects of supernovae (for M), < 10'2Mg/h) and black hole feedback (for M >

~

102 M, /h) that expel some of the gas out of the halos.

For another perspective into these results, we show in figure 4 the redshift evolution of
the response of the total mass, mass in Hy, mass in all hydrogen and mass in metals, found
in all halos in the mass bin My, € [1012,5 X 1012] Mg /h, as labeled. Focusing first on the
TNG300-2 results on the right, the black line shows that the fy.¢ perturbations work to
increase the total mass (except at z = 0 when it decreases just slightly), and do more so at
higher redshift; this is a consequence of there being more halos in the bin, as well as each halo
becoming also more massive. The figure shows also that while the mass in Hy can increase for
z 2 1 (cf. blue line), this increase is always smaller than that in total mass, which effectively
causes a suppression of the Hi-to-total mass relation, i.e., Rgl < 0 (cf. figure 3). At this
resolution, the behavior of the Hy response is well traced by that of the total hydrogen shown
in cyan color. Note also how the effects of enhanced star formation are visible at z > 1 by the
enhanced mass in metals (cf. orange line), but at lower redshift the stronger effects by black
hole feedback inside fy.¢ perturbations eventually work to remove metals from the halos,
and can lead to the response of the mass in metals to drop below that of the total mass at
z=0.

The results from the TNG100-1.5 resolution on the left of figure 4 agree relatively well
with those from TNG300-2, with the main noteworthy difference being that in TNG100-
1.5 the behavior of the Hy response is not as well traced by the total hydrogen response.
Concretely, at z < 1 the response of the Hy mass is below that of the total mass, but still

5This result finds also interesting ramifications to attempts to constrain cosmology and local PNG using
intensity mapping observations from the emission lines of some of these heavier elements [67-69].
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Figure 4. Response of the total mass (black), mass in Hy (blue), mass in all hydrogen (cyan) and
mass in metals (orange) found inside all halos in the total mass bin My, € [10'2,5 x 10'?] Mg /h. The
result is shown as a function of redshift, and on the left and right for TNG100-1.5 and TNG300-2,
respectively.

visibly above the response of the total hydrogen, i.e., the fy,¢ perturbations still lower the
Hi-to-total mass relation of these halos, but lower the H-to-total mass relation even more.
Further, at z > 2 the fy,¢ perturbations can actually lead to an increase in H; mass that
slightly outweighs the increase in total mass. This could be associated with the fact that
fanu@ perturbations promote the formation of denser gas clouds that can shield the hydrogen
inside them more efficiently from the ionizing radiation. These dense structures are not as
well resolved in TNG300-2, which can explain why the same effect is not visible at this lower
resolution.

There are more physical effects that can drive differences between the impact that fy,¢
perturbations have on the H; and hydrogen mass of halos. For example, related to point 2
above, for the case of the Hy it is actually simply sufficient that the enhanced feedback or tidal
stripping effects remove gas from inside high-density regions in the halo (and not completely
from inside the halo altogether) for it to be more exposed to the ionizing radiation; this
lowers REI, but not Rg. Further, fy.¢ perturbations also modify the details of the evolution
of AGN, and thus their contribution to the local ionizing radiation field in IllustrisTNG
(which impacts the H; directly, but not the total hydrogen). In fact, here one should note
that since stars form earlier inside fy; ¢ perturbations, reionization begins earlier as well. This
effect is not accounted for in our results as we assumed the time-dependent UV background
(the main driver of reionization in IllustrisTNG) to be the same in our fiducial, High A5 and
LowA; cosmologies. This should not have a critical impact in our results as we focus on
redshifts well after reionization is complete, but it is interesting to investigate the impact of
this approximation in works more focused around the epoch of reionization 6 < z < 10. We
defer to future work a more indepth investigation of the complicated interplay between these
and other astrophysical effects, which we note will depend in general on the assumed galaxy
formation model and H; modeling strategy.

3.1.3 Comparison to the universality relation

Finally, we compare the by(b1) relation of Hy with other relations in the literature. The solid
grey line in the right panel of figure 2 shows the popular universality relation by = 20, (b1 — 1),

~12 -



where §. = 1.676 is the critical density for spherical collapse. The typical approach in the
literature (see e.g. refs. [14, 16, 17]) estimates the by (b1) relation of the Hy using eq. (3.1) with
REI = 0 and assuming the universality relation for the halo bias by. Since the universality
relation is linear, is follows trivially then that by(b1) of the Hy is given by the exact same
relation, irrespective of the form of My, (My). This can be checked by assuming bg(Mh) =

A + BWY(My,) for the bias of the halos in eq. (3.1) with Rg‘ = 0, and see that this always

results in the same relation bgl =A+ BblfI for the Hj.

The figure shows that this calculation overpredicts the amplitude of the Hy by(b1) rela-
tion measured from our IllustrisTNG simulations, which we checked (not shown) is roughly
bracketed by by = 2d. (b1 — p) with p € [1.1,1.4]. For by < 1.5 (2 < 1), this is largely because
of the negative values of R}, which push the by (b1) relation downwards. For by 2 1.5 (2 2 1)
the result is a combination of the impact of RSI and the relation of the halos shown by the
grey dotted line,® which is itself already below the universality relation. Note also that the
predictions for the bias parameter by also affect the b, (b1) relation. For comparison purposes
only, the right panel of figure 2 shows also the recent-merger relation by = 26.(1-1.6) (dashed)
derived by ref. [66] and that is usually assumed in constraints using quasars [5, 6], and the
relation by = 26.(1-0.55) (dot-dashed), which was found in ref. [38] to roughly describe the
case for stellar-mass selected galaxies in IllustrisTNG.

3.2 The bys parameter of Hj

Our results for the bys parameter of Hy are displayed in figure 5, which has the same format as
figure 2 discussed above for by. The first noteworthy point is that our bys estimates are noisier
compared to by, which is expected since bgs is a second-order bias parameter; this is especially
dramatic in our results for TNG300-2 at z = 3. Despite the noise, there are still a few trends
that one can discern from our results, in particular, that bys is generically a growing function
of redshift (bgs < 0 at z < 2), and that for by < 1.5, the simulation measurements predict a
bes(b1) relation that falls below the corresponding universality expression (grey solid line in
figure 5). The latter is in this case given by bys(b1) = by — b1 + 1+ dc[b2(b1) — (8/21) (b1 — 1)],
where by is the bias parameter associated second-order mass perturbations d,,(x, z)?, and
which we evaluate using the polynomial fit by(by) = 0.412 — 2.143b; + 0.9296% + 0.008b3 of
ref. [72]. This fit was obtained for dark matter halos using separate universe simulations that
do not assume universality of the halo mass function, but the impact of this is small for the
purpose of our comparisons here (see ref. [72] for a discussion).

Similarly to as discussed in the last section for by, here too the halo model is a useful
tool to interpret our numerical results. The halo model expression for bys is given by [49]

~JdMyrn (M) My, (M) [bwh(Mh)er}f(Mh)REI(Mh)erE(Mh)RIfI(MhHRgé (Mh)}
B [ dMyn(My) My, (My) ’
(3.3)

bgs'(2)

where b}, b¢h and b¢5h are the bias parameters of the halos, and in addition to Rgl defined
in eq. (3.2), now the result depends also on two extra response functions of the Hi-to-total

5To evaluate the by (b1) relation of the halos, we calculate by = 49Inn™ ™ " (M) /86 4, , where nT"k°" is the
halo mass function of ref. [70], and obtain b; using the fitting formula of ref. [71].
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Figure 5. Same as figure 2, but for bys instead of bg. On the left, the dashed lines show the halo model
prediction of eq. (3.3) with Rgl given by the simulation measurements, but with R?I = RE; = 0.
On the right, the solid grey line marks the universality relation, and the grey dotted line shows the
expected relation for halos obtained with the definition of eq. (2.10) using the fitting formulae from
refs. [70, 71].

halo mass relation defined as

In My, (M,
R (M) = X 81;1( ), (3-4)
1 0 My, (My,)

- M, (M) 060 (frr )

R} (M) (3.5)
The set of separate universe simulations we use in this work does not let us estimate these
response functions reliably, which keeps us from being able to evaluate eq. (3.3) entirely. We
evaluate it nonetheless with RIl{I = Rgg = 0 and the REI measured from the simulations, and
the result is shown by the dashed lines in the left panel of figure 5.” The agreement between
this halo model prediction and the simulation results is not perfect, but that is not surprising
since the halo model result is incomplete; the difference between the dashed lines and the
simulation measurements can in fact be used to estimate roughly the size of the combined
contribution from bgRIfI + Rgg that was neglected.

Concerning the comparison to the universality prediction, previous works in the litera-
ture [15, 18] have estimated the value of bys for the Hy using eq. (3.3) with Rgl = R" = Rgg =
0 and assuming the universality expression for the bias of the halos b¢5h. Since the second-
derivative of the universality relation w.r.t. b; is positive, this pushes the corresponding rela-
tion of the Hy upwards. This can be seen by assuming bg(Mh) = A+ Bb (M) +C {b}f(Mh)} 2
for the bias of the halos in eq. (3.3), and noting that if C' > 0, then at fixed numerical value
of by one has b¢5HI > b¢5h. The right panel of figure 5 shows that for b, < 2 (2 < 2) our
simulation results begin to drop below the universality prediction, and so that this way of
calculating the bys parameter in the literature overestimates (the result becomes less nega-
tive) the bgs(b1) relation of the Hy in our simulations. We leave a more indepth discussion

"To perform this calculation we evaluate bY using the fitting formulae of ref. [71] and take b¢5h to be the
dotted line on the right panel of figure 5. All other ingredients in eq. (3.3) are directly measured from the
simulations.
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of the bgs parameter of the Hy distribution to future work, which would benefit from larger
simulation volumes for improved statistics.

4 Summary and conclusions

Upcoming 21cm line-intensity mapping observations will determine the large-scale distribu-
tion of atomic neutral hydrogen Hj, which is a very sensitive probe of the local PNG pa-
rameter fy,. These future data have the potential to tighten up the current best constraint
on fy, using CMB data, and consequently, to improve on our knowledge of the physics of
the early Universe and inflation. The main observational signatures appear in the power
spectrum and bispectrum of the Hy distribution and are proportional to terms like bybg fxr,
and b%bw fxi, where by, by and bys are three bias parameters that describe how the H; energy
density depends on large-scale mass overdensities J,, and gravitational potential perturba-
tions fu,¢ (cf. egs. (1.2) and (1.3)). Naturally, given the strong degeneracy with fy., accurate
and precise theoretical priors on the expected values of these parameters are of the utmost
importance to infer the numerical value of fy, from the data. Our main goal in this paper
was to take the first steps towards estimating these bias parameters using hydrodynamical
simulations of cosmic structure formation.

Concretely, in this paper we coupled separate universe simulations of the IllustrisTNG
galaxy formation model with the analytical KMT model of the split of neutral hydrogen
into atomic (Hy) and molecular (Hs) (cf. section 2.2) to predict the bg(b1) and bgs(b1) bias
parameter relations of the Hy. We used simulation data obtained at two numerical resolutions
called TNG300-2 (Lpox = 205Mpc/h, N, = 2 x 1250%) and TNG100-1.5 (Lpox = 75 Mpc/h,
N, = 2 x 1250%), and discussed our numerical findings with the aid of the halo model
by inspecting the behavior of the Hy content of dark matter halos. Our main results can
summarized as follows:

o The values of by and bgs grow with redshift and are negative at z < 1 and z < 2,
respectively (cf. table 1, and figures 2 and 5). Our two numerical resolutions agree also
relatively well, despite some visible quantitative differences.

e The popular universality expressions for the bg(b1) and bgs(b1) relations overpredict
our simulation measurements (cf. figures 2 and 5), indicating that the most common
calculation found in the literature may currently overestimate the values of by and bgs.

e The lower values w.r.t. the universality expressions are in part due to the negative
response Rgl of My, (My) to fx.¢ perturbations at z < 1 (cf. figure 3), ie., halos
become generically Hy poorer inside these perturbations. We discussed how this can be
explained by the fact that these perturbations accelerate the conversion of hydrogen to
heavier elements by star formation, and enhance the effects of feedback that ejects the

gas out to regions where it is more easily ionized.

We note that although the impact of astrophysical uncertainties on fy;, constraints with
line-intensity mapping data has been investigated in past works [14, 16, 17], this was done
only through parametrizations of the gas-to-halo connection, i.e. My, (M) for the case of
H;. Our finding here that response functions like REI and qu\;[etals can be generically nonzero
introduces the environmental dependence of the gas-to-halo connection as an additional, new
astrophysical ingredient whose impact on fy;, constraints needs to be understood as well.
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This can be straightforwardly achieved already with the aid of egs. (3.1) and (3.3), together
with parametrizations for response functions like Rgl [49].

Taken at face value, is our finding that the universality-based calculations overpredict
the bg(b1) and bgs(b1) relations in our simulations good or bad news for fy; constraints using
Hy data? This is hard to answer generically since it depends on the survey setup and redshift
range considered. For example, focusing just on the case of bg(b1) for power spectrum analyses
(cf. figure 2), for by < 1, which corresponds roughly to z < 0.5-1, the universality relation
is negative, and since our by measurements are below it, they are larger in absolute value.
This means the Hj distribution is actually more sensitive to the effects of fy,. Conversely,
however, starting from b; > 1, which corresponds roughly to z = 0.5-1, the universality
relation becomes positive, and so by assuming it, one overestimates the values of by, and
consequently, the true constraining power of the data on fy,. One may argue that most of
this constraining power comes from high redshift, where one can access the large distance
scales where fy;, contributes most sizeably, but these are also the scales that are expected to
be more affected by foreground subtraction systematics. The takeaway is that there is strong
motivation to revisit the impact of by (b1) assumptions in existing forecast studies of fy;, using
H; data. Doing so will also serve the purpose to quantify the accuracy and precision with
which future simulation-based works need to determine the local PNG Hj bias parameters in
order for line-intensity mapping surveys to meet a certain target constraining power on fy.
(see refs. [33, 35] for discussions).

We emphasize that the modeling of the Hy in cosmological hydrodynamical simulations
is a field that is still under development and therefore with still many associated uncertainties.
The results and discussion in this paper provide already very useful intuition and guidance
for future works on the subject, but having been obtained at fixed galaxy formation model
and H; modeling strategy, they should be regarded as just the first step towards more robust
theoretical predictions for the by and bys parameters of the H;. The importance of these bias
parameters in observational searches of local PNG strongly motivates giving continuation to
the work started here, including with investigations of the sensitivity of the bias parameters to
the assumed galaxy formation physics, and the exploration of more sophisticated H; modeling
strategies.
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