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Abstract. Collisionless simulations of structure formation with significant local primordial
non-Gaussianities at Mpc scales have shown that a non-Gaussian tail favouring underdensities,
with a negative fn1, parameter, can significantly change the merging history of galaxy-sized
dark matter halos, which then typically assemble later than in vanilla ACDM. Moreover,
such a small-scale negative fnr, could have interesting consequences for the cosmological Sg
tension. Here, we complement our previous work on collisionless simulations with new hy-
drodynamical simulations of galaxy formation in boxes of 30 Mpc/h, using the RAMSES
code. In particular, we show that all feedback prescriptions being otherwise identical, sim-
ulations with a negative fyr, ~ —1000 on small scales, hence forming galaxies a bit later
than in vanilla ACDM, allow to form simulated galaxies with more disky kinematics than in
the vanilla case. Therefore, such small-scale primordial non-Gaussianities could potentially
help alleviate, simultaneously, tensions in cosmology and galaxy formation. These hydrody-
namical simulations on small scales will need to be complemented with larger box simulations
with scale-dependent non-Gaussianities, to statistically confirm these trends and explore their
observational consequences in further detail.
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1 Introduction

The matter content of the ACDM cosmological model is dominated by cold dark matter
(CDM) which forms structures out of primordial nearly-scale invariant Gaussian perturbations
arising out of the epoch of inflation. Deviations from such Gaussian initial conditions are
strongly constrained on large scales |1, 2|, but this is not the case on scales of ~ O(10)
Mpc/h.

In view of various tensions and challenges for galaxy formation in the ACDM framework
[3, 4], for instance, the fact that simulated galaxies tend to have too massive bulges and/or
too massive stellar halos compared to observed ones [5], the difficulties to form the right
bar fraction |6, 7| and properties, or the phase-space correlation problem of satellites around
galaxies in the local Universe [8-10], it was recently shown [11] that local primordial non-
Gaussianities (PNG) on scales of ~ O(10) Mpc/h could potentially alleviate some of these
tensions.

Primordial non-Gaussianities [12] are a smoking gun of non-trivial physics during infla-
tion. To date, significant efforts have been made to assess the impact of PNG on large-scale
structures [13]. Fewer groups focused on the impact of PNG on galactic scales [14-20]. Non-
Gaussian initial conditions with skewness are traditionally characterized by a parameter fni,
which is the amplitude of the quadratic correction to the Gaussian random field. In Ref. [11],
we have performed dark matter-only (DMO) collisionless simulations [21] in a box of 30 Mpc/h
featuring four different types of primordial non-Gaussianities, among which two models were
implemented with non-zero skewness. The model with a positive skewness in terms of the
gravitational potential, which was dubbed NG1+, translates into a large tail for negative
contrast density (hence a negative fyr, parameter), whilst the case with negative skewness in
terms of the potential, which was dubbed NG1—, translates into a large tail towards large
positive overdensities (hence a positive fn1, parameter).

We found that non-Gaussian models display a distinct and potentially detectable feature
in the matter power spectrum around the nonlinear scale k ~ 3 h/Mpc. The feature is
particularly interesting in our NG14 model with negative fni, ~ —1000, as the decrease in
power compared to the Gaussian case may be very relevant to backup a potential solution



to the Sg tension [22]. We also noted that the UV galaxy luminosity function derived from
the Hubble Space Telescope observations had also previously provided a tentative constraint
showing that when non-Gaussianities are only present at scales smaller than ~ 6 Mpc, the
best fit was fnr, &= —1000, hence almost exactly like our NG1+4 model, with a departure from
fNL = 0 significant at 1.70 [18].

On the other hand, we found out that the model NG1— with positive fn1, ~ 1000,
displays possible signs of kinematic coherence of subhalos orbiting around Milky Way-like
halos, thereby possibly alleviating the satellite phase-space correlation problem of ACDM
[10]. We also pointed out that this model displayed a faster mass assembly, with a quieter
history and a more empty environment at late times, which we considered to be promising
in view of alleviating potential tensions with unexpectedly massive galaxies at high redshift
observed with JWST [23, 24], and which we speculated could also help alleviate the tension
on the bulge fraction in simulated galaxies, potentially associated with a too violent merging
history in ACDM simulations [5].

In Section 2, we first complement the 3 simulations featuring fnr, ~ {—1000,0, 1000}
performed in our previous work in boxes of (comoving) 30 Mpc/h with 3 x 20 collisionless
simulations at the same scale. Running these additional collisionless simulations allows us to
take into account different initial random seeds, in order to benefit from larger statistics for
the shape of the non-linear power spectrum. The next pressing question we want to answer
is how all the previously detected effects for dark matter halos translate when one considers
hydrodynamical simulations of galaxy formation in this context. In Section 3, we describe how
we set up 3 hydrodynamical simulations with the RAMSES code, based on the 3 simulations
of our previous work. Then, we explore in Section 4 some baryonic properties of the galaxies
that have been formed in this context. Based on four diagnostics (the rotational vs. dispersion
velocities of stars, the in-situ vs. ex-situ fraction of formed stars, the specific star formation
rate sSSFR and the Mgiar-Mpalo relation), we show that contrary to our initial guess [11], the
model with negative fnr, ~ —1000 tends to form, all things being otherwise equal, more disky
galaxies than in the Gaussian case, while the trend is reversed for the NG1— model with
positive fxi, ~ 1000. This means that the local PNG model which might have interesting
consequences for the Sg tension is also potentially promising in view of forming more disky
galaxies.

2 A suite of collisionless simulations

In this section, we statistically compare the results presented in Ref. [11] for the Gaussian and
for 2 non-Gaussian simulations with skewness, NG1+ and NG1— (hereafter denoted NG+
and NG— for simplicity), by simulating 3 x 20 times the same 30 Mpc/h comoving box in
DMO, but varying the initial random seed. We apply the exact same procedure to generate
the initial conditions as in Ref. [11], to which we refer the reader for the details. We found out
that the only quantity computed in Ref. [11]| that varies significantly is the power spectrum.
The other quantities display a qualitative agreement with the original random seed.

We present in Fig. 1 our results for the dimensionless power spectrum at z = 0 for
the NG+ and NG— simulations in the nonlinear regime, as well as the relative differences
with the Gaussian case. There are variations resulting from the different random seeds', but

!Erratum: Note that the power-spectrum of figure 4 at z = 0 in Ref. [11] had a bug, which has been
corrected here. Moreover, looking at one power-spectrum in only one small box of 30 Mpc/h is not very
relevant, due to the variance related to the random seed, shown in Fig. 1.
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Figure 1: Left panel: Average over the 20 realisations of the Gaussian (G) and non-Gaussian
(NG+ and NG—) dimensionless power spectra at z = 0, compared to a linear prediction from
CLASS [25] (dotted line). Right panel: Ratio of the DMO power spectra with Gaussian and
non-Gaussian initial conditions. The thick line represents the mean over the 20 random seeds.
All our results are displayed at z = 0.

the average trend for NG+ and NG— is clear: in particular, the NG+ simulations, starting
from primordial non-Gaussianities with a skewness favouring large negative density contrasts
(hence with negative fn, ~ —1000), generate on average power spectra at z = 0 that are
10 to 20% lower than the Gaussian case. This could be of particular interest in view of the
so-called Sg tension in cosmology [3]. The Ss = 051/, /0.3 parameter, where og is the
rms of mass fluctuations within 8 h=! Mpc spheres and €, the matter density parameter, is
indeed measured by weak-lensing surveys to be lower than expected according to ACDM. It
has recently been argued in Refs. [22, 26] that this value of Sg could however be reconciled
with ACDM if the power spectrum is suppressed on nonlinear scales by 10-30% compared to
the DMO ACDM simulations, hence more suppressed than usually assumed in analyses of
weak lensing surveys. Such suppression of the power spectrum could be related to feedback
from the baryons, but no current simulation reproduces the necessary suppression between
redshift z = 0 and z = 1. Hence, the suppression of 10 to 20% of the nonlinear power spectra
from local PNG alone in our DMO simulations with negative fyr ~ —1000 on 30 Mpc/h
scales might provide an interesting alternative or complement to the feedback mechanisms
invoked to suppress the power spectrum. We leave for future work to consider scale-dependent
non-Gaussian initial conditions and to gauge its impact on the power spectrum and on the
Sg tension. For the rest of this work, we investigate the consequences on galaxy formation
with hydrodynamical simulations. Since such simulations are computationally expensive, we
consider only our 3 original random seeds for the simulations G, NG+, and NG— in the
presence of baryons.

3 Hydrodynamical setup

We now resimulate the models G, NG+, and NG— from Ref. [11] in the presence of baryons.
Using MONOFONIC [27, 28], the initial perturbations are drawn from the usual power-law
power spectrum at the end of inflation and turned non-Gaussian following Ref. [11]. Af-
terwards they are convolved with the total matter transfer function and the resulting total
matter is used as input for third-order Lagrangian perturbation theory (3LPT) to propagate
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the growing mode, while the baryon-CDM isocurvature perturbation and decaying mode (at
first order) is imposed as mass variations of the particles/gas cells. Our hydrodynamical
simulations are performed with the adaptive mesh refinement code RAMSES [29]. The box
size is 30 Mpc/h, and a ACDM cosmology compatible with the Planck data is assumed, with
total matter density parameter Q0,, = 0.31, dark energy density parameter 2 = 0.69, baryon
matter density €y, = 0.0455, Hubble constant Hy = 67.7kms~! Mpc~!, primordial ampli-
tude Ay = 2.1 x 1079, and spectral index of ng = 0.968. The dark matter mass resolution of
the simulations is Mpm res = 2.2 X 107 Mg. We allow for several levels of refinement up to
level 15, where final levels are activated at expansion factors of 0.2,0.4,0.8 so as to keep an
approximately constant minimum cell size resolution in proper units of Az ~ 1 h~!kpc. The
different levels are refined, respectively derefined, everywhere the total mass within a cell is
larger, respectively lower, than 8 times the dark matter mass resolution. Particle dynamics
is followed using a standard leap-frog algorithm using the gravitational acceleration on the
grid obtained with a particle-mesh method. Hydrodynamics is evolved on the mesh with
a second-order MUSCL-Hancock method using a total variation diminishing scheme with
minmod slope limiter and the HLLC Riemann solver. Gas is monoatomic with an initial
primordial composition of 76 % of hydrogen and 24 % of helium, and follows an equation of
state with an adiabatic index of 5/3.

The main simulations closely follow the baryonic physics of Horizon-AGN [30, 31]. We
summarize here their main properties. Gas can cool down to a minimum temperature of
T = 10*K due to H, He, and metals produced by SNe, following Ref. [32] within a uniform
[33] UV background heating after reionisation at redshift z = 10. The gas pressure at densities
larger than ng = 0.1 Hcem ™3 follows a polytropic equation of state with polytropic index 4/3.
Star formation follows a Schmidt relation with a low star formation efficiency of €, = 0.02 for
gas with density larger than ng. New star particles of mass resolution M yes = 1.3 X 10" Mg,
are formed following a Poisson sampling process [34]. After 10 Myr of evolution, a star particle
releases all the energy, gas (and metals) of its core-collapse (type IT) supernovae (SNII) back
to the gas component. For the fiducial model, we assume that the specific energy released
by SNII is e fq = 3 X 10% ergs~!, that the fraction of mass returned is fmirad = 30% and
that the metal yield is fziiaq = 5%. Black holes (BH) with seed mass of 10° M, form in
gas densities above ng if there is no other BH closer than 50 kpc (in order to avoid forming
multiple BHs in the same galaxy). Two BHs can merge if they are closer than 4Az from
each other. BHs are modeled as sink particles and can grow by gas accretion following of
Bondi-Hoyle-Littleton accretion rate limited at Eddington, assuming a standard radiative
efficiency of e, = 0.1. This gas accretion onto BH leads to active galactic nuclei feedback with
a dual mode depending on the Eddington ratio xg (accretion rate over Eddington rate): a
jet/kinetic mode if yg < 0.01 and quasar/heating mode otherwise with feedback efficiencies
calibrated to reproduce the low redshift BH-to-galaxy mass scaling relations.

It is useful to keep in mind that our goal in the following is to isolate the effects of PNG
on galactic scales by comparing simulations with the exact same subgrid recipes. However the
fiducial feedback is actually calibrated? on vanilla ACDM. Hence, there could be a potential
need for a recalibration to the extreme small-scale PNG considered here. In order to have
information on the possible degeneracies between baryonic physics and PNG, we therefore
also explore two other sets of simulations for the three cases G, NG+, and NG—: one with
the AGN feedback turned off (dubbed “NoAGN”), and one with the AGN feedback turned

2More precisely, the subgrid recipes encompass a complete galactic physics model that allows the simula-
tions to be within the bounds on a set of observed quantities [31].



off and a very low input from SNII using e;jag = 5 x 10%ergs™, funaa = 5% (dubbed
“NoAGNNoSn”). We thus run a total of 9 hydrodynamical simulations, all starting at z = 50.
These experiments will not fully address whether a recalibration of the fiducial feedback would
be needed in the non-Gaussian cases, but they will shed light on the possible degeneracies.

4 Results

Simulations were run down to redshift z = 0, and the analysis is performed with 56 snapshots
between z = 15 and z = 0. All error bars in this paper are computed using the standard
error on the mean. Halos and galaxies were identified using the finder ADAPTAHOP [35]. We
consider in the following only galaxies with a stellar mass of at least 4 x 10% M, corresponding
to ~ 40 star particles, meaning that the choice of halo finder does not matter for the results
reported.
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Figure 2: Visualization of the temperature of the gas at redshift z = 1.4.

Fig. 2 displays a visualization of the gas temperature in the simulation at redshift z = 1.4
for the Gaussian and NG+ simulations in the fiducial feedback case. Having larger overden-
sities initially (NG-) leads to a more pronounced projection map than the Gaussian case,
with more clumped structures and more empty regions in between. Having more underdense
regions (NG+), the structures and voids form later than in the Gaussian case, resulting in a
smoother temperature projection map.

4.1 Disk kinematics

As a first indicator of the morphology of galaxies, we use the kinematic ratio of their rotation-
to dispersion-dominated velocity V/o (Figure 3). This quantity is computed from the velocity
distribution of stellar particles of each galaxy: the tangential velocity is computed in the plane
perpendicular to the angular momentum of the stellar component of each galaxy. We selected
only stars encompassed in a sphere of radius 2 X Reg, where the effective radius R.g of each
galaxy is defined as in Ref. [31]. Note that V/o is not directly comparable to observational
measures [36] but is an indicator of the diskiness of the galaxies when comparing simulations
with respect to each other.

The evolution of V/o as a function of redshift is shown in Fig. 4. As can clearly be seen,
the effect of PNG is mild but significant : ((V/o)ng—) < (V/o)a) < (V/o)nG+), at all
redshifts, and at essentially all stellar masses. The differences between these average ratios of
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Figure 3: For different redshift, V/o as a function of the galaxy mass. The orange dots
represent the NG+ measure for each galaxy, we only displayed it to avoid excessive clutter.

rotation- to dispersion-dominated velocity in the Gaussian and non-Gaussian cases are of the
order of 5 — 10% and much smaller than the intrinsic dispersions of the individual values of
the V/o values. For the model initially favouring a tail of large underdensities, NG+, galaxies
are typically more disky than in the vanilla Gaussian case. At z = 0, the average (V/o) of all
NG+ simulated galaxies is 7.4% higher than in the Gaussian case.

4.2 In-situ vs ex-situ stars

An interesting quantity to compute to understand this slight preference for diskiness of the
NG-+ simulation compared to the Gaussian case (and even more compared to the NG— case)
is the fraction of stars formed in-situ and ex-situ at redshift z = 0. As a reminder, the
NG-— simulation favours overdensities which grow fast at high redshift before having a calmer
environment at later times. Intuitively, one might have expected that this calmer environment
at later times would have favoured a larger fraction of stars formed in situ and more disky
geometries, but the contrary happens, as shown in Fig. 5.

The active early phases of star formation and violent early merger history in NG— brings
many ex-situ stars in the galaxies formed in this scenario, and the specific star formation rate
later decreases compared to the Gaussian case, meaning that the fraction of ex-situ formed
stars is larger than in the Gaussian case and that the galaxies end up being slightly less
disky on average. The contrary happens for the NG+ case initially favouring a tail of large
underdensities, in which galaxies end up slightly more disky and with more stars formed in
situ than in the Gaussian case.
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by its Gaussian counterpart as a function of redshift. There is a sizable difference of 5-10 %
between the models.

4.3 Specific star formation rate and M,-M; relation

To confirm the above scenario, we display in Figure 6 the specific star formation rate sSFR =
SFR /M, which is calculated for each snapshot over its past Gyr. As expected from the dis-
cussion in the previous subsection, NG— started its structure formation earlier and therefore,
all other parameters being identical, has a lower sSFR than the Gaussian case at all redshifts
smaller than 3. The Gaussian case itself has a lower sSFR than NG+-. This higher star
formation rate on average in the NG+ case is the reason for the slightly more disky geometry
on average, as quantified by the V/o parameter.

In Figure 7, we display the stellar-to-halo mass relation of the different simulations.
This relation was also displayed in Figure 10 of Ref. [31] in a larger box for the Gaussian
case, and was shown to agree with observational constraints on the luminosity function. The
differences are minor, but one can notice that, since the NG+ model forms its galaxies later, it
has typically fewer stars at a given halo mass at redshift 3. However, over time, it gradually
catches up with efficient star formation, and eventually ends up with slightly more stellar
mass in galaxies at fixed halo mass.

4.4 Degeneracies between baryonic physics and non-Gaussian initial conditions

The results obtained in this paper indicate that, all being otherwise equal, the non-Gaussian
model with negative fnr,, NG+, yields, on average, more disky geometries than the vanilla
Gaussian case without changing any feedback recipe. The contrary is true for the NG— sim-
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Figure 5: Mean fraction of in situ formed stars as a function of stellar mass at z = 0.

ulation. In order to get a flavour of the possible degeneracies between baryonic feedback and
this effect of local PNG, we analyze two additional sets of simulations without AGN feed-
back (dubbed “NoAGN”) and without both AGN feedback and supernovae feedback (dubbed
“NoAGNNoSn”). As an illustrative example, we calculated the specific star formation rate
calculated over the last Gyr for each scenario. The results are plotted for G and NG+ on
Fig. 8.

We note that the presence of AGN feedback in the simulation results in a slight decrease
of the sSFR at all masses and a strong decrease at high mass (Mgars > 1011M@). Therefore,
turning off the AGN feedback slightly increases the sSFR at all masses compared to the
fiducial Gaussian case. This is in line with what happens in NG+, but the two effects are
very different at high masses, where the sSFR increases much more strongly than in NG+
when turning off the AGN feedback. On the other hand, the supernova feedback tends to
boost the formation of stars at low mass (Mgtars < 101 M), hence turning off SNs tends to
strongly decrease the sSFR. In the NG+ model, this results in an sSFR comparable to the
fiducial case at z < 1, but a much lower one at z = 3. Shutting off both the input from SN II
and AGN feedback then also boosts the sSFR at high masses, where the shutting off of AGN
dominates. It is thus clear that some of the effects detected in this work are at least partially
degenerate with the implementation of baryonic physics, but it is not clear that they are fully
degenerate when considering the effect at all redshifts. Local PNGs can in any case mimic or
increase some trends caused by changing the feedback recipes without making those recipes
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Figure 6: Specific star formation rate as a function of stellar mass at different redshifts.
Note the different scales for the y-axis. At high redshift, there is a clear trend that the model
NG+ forms more stars. It is consistent with the fact that structure formation starts later in
that model.

less realistic.

5 Conclusions

In Ref. [11], we found some interesting potential signatures of small-scale local PNGs on the
formation of galaxy-sized dark matter halos in collisionless simulations. Here, we further
investigated the impact of primordial non-Gaussianities on galaxy formation through hydro-
dynamical simulations including baryonic feedback. We closely follow the prescription for
baryonic feedback used in the Horizon-AGN simulation [31].

We focused on the simulations including skewness in the primordial distribution of con-
trast densities, NG+ (fnr ~ —1000) and NG- (fnr, ~ 1000). We first complemented these
collisionless simulations on 30 Mpc/h scales by other ones with different initial random seeds,
in order to benefit from larger statistics for the shape of the nonlinear power spectrum. The
NG+ simulations generate on average power spectra at z = 0 that are 10 to 20% lower than
the Gaussian case, which could be of particular interest in view of the Sg tension. Indeed, it
has been argued to be fully reconcilable with ACDM if the power spectrum is suppressed on
nonlinear scales by 10-30% compared to collisionless ACDM simulations [26]. The effect of
small-scale local PNG in combination with baryonic feedback could therefore help reach this
goal without making the feedback unrealistic.
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We then set up 3 hydrodynamical simulations with the RAMSES code, based on the 3
simulations of our previous work, and show that all things being otherwise equal, the galaxies
formed in NG+ are more disky (rotational vs. dispersion velocities of stars), with more stars
formed in-situ and a larger specific star formation rate. This means that the local PNG model,
which might have interesting consequences for the Sg tension, is also potentially promising
in view of forming more disky galaxies in simulations, which has long been known to be a
potential problem of current simulations, also in view of the formation of bars [6].

Our results therefore show that small-scale local PNG could have a profound impact
on galaxy formation: it is a largely unexplored avenue that is motivated by fundamental
physics that could shed new light on the field. It will now be mandatory to devise large-box
simulations with scale-dependent local primordial non-Gaussianities passing the large-scale
constraints: these could then serve as a basis for zoom-in simulations using the same baryonic
physics as the one used here, to check whether a deep connection between the physics of
inflation and galaxy formation might exist, and alleviate the Sg tension at the same time.
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The analysis was partially made using PYLIANS, YT [37], as well as IPython [38], Matplotlib
[39] and NumPy [40].
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Carbon Footprint

Following Ref. [41] to convert? the 3.5 M CPU h used to run the simulations presented in this
work gives an impact of 16 tCO2eq.

3Including the global utilisation of the cluster and the pollution due to the electrical source, the conversion
factor is 4.7 gCO2e/h core
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