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ABSTRACT

In this work we consider the impact of spatially-uniform but time-varying dark energy
(or ‘dynamical dark energy’, DDE) on large-scale structure in a spatially flat universe,
using large cosmological hydrodynamical simulations that form part of the BAHAMAS
project. As DDE changes the expansion history of the universe, it impacts the growth
of structure. We explore variations in DDE that are constrained to be consistent with
the cosmic microwave background. We find that DDE can affect the clustering of mat-
ter and haloes at the ~ 10% level (suppressing it for so-called ‘freezing’ models, while
enhancing it for ‘thawing’ models), which should be distinguishable with upcoming
large-scale structure surveys. DDE cosmologies can also enhance or suppress the halo
mass function (with respect to ACDM) over a wide range of halo masses. The internal
properties of haloes are minimally affected by changes in DDE, however. Finally, we
show that the impact of baryons and associated feedback processes is largely indepen-
dent of the change in cosmology and that these processes can be modelled separately

to typically better than a few percent accuracy.
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1 INTRODUCTION

The direct detection of the accelerated expansion of the Uni-
verse (Riess et al. 1998; Perlmutter et al. 1999) ushered in
a new era of cosmology and brought with it the standard
model of cosmology, the ACDM model, which has been in-
credibly successful. However, with recent increases in the
quantity and quality of observational data, a number of ten-
sions have started to appear that cannot be easily reconciled.
In fact, these tensions have tended to increase in significance
with new data and may hint at extra physics that is not en-
compassed within the standard model of cosmology.
Perhaps the most well-known tension concerns the ex-
pansion rate of space at the present day, Hy. Local measure-
ments of a set of standard candles imply Hy = 74.03 + 1.42
km s~! Mpc™! (Riess et al. 2019) and more recently Hy =
733 + 1.8 km km s~! Mpc~! from the measured time de-
lays of gravitationally-lensed quasars (Wong et al. 2020),
while a combined analysis of cosmic microwave background
(CMB) data, baryon acoustic oscillations (BAO) and super-
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novae have measured Hy = 67.4 0.5 km s~! Mpc~! (Planck
Collaboration et al. 2018), culminating in a ‘early vs. late-
Universe’ tension of 5.30- (Wong et al. 2020). Another ten-
sion comes from large scale structure (LSS) joint constraints
on Qn and og, the mean matter density of the Universe
and the linearly-evolved amplitude of matter fluctuations at
present day on 8h~1 Mpc scales, respectively. The Planck pri-
mary CMB data prefers higher values of Qn and/or oy rel-
ative to a range of LSS data sets, typically at the 1-30 level
(e.g., Planck Collaboration et al. 2016b; Leauthaud et al.
2017; Hildebrandt et al. 2020; see McCarthy et al. 2018 for
a recent discussion).

One way of addressing these tensions is through exten-
sions to the ACDM model, which typically add more com-
plex physics and/or relax key assumptions of the model. A
popular target is the cosmological constant, A, invoked to
explain the observed accelerated expansion of the Universe.
Physically-motivated scenarios, such as those based on the
scale of particle interactions, suggest a non-zero cosmolog-
ical constant should be over one hundred orders of mag-
nitude larger than its measured value. Together with the
“coincidence” problem, i.e. the fact that the energy density
of matter and dark energy are of the same order at the cur-
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rent epoch, which requires finely tuned ICs, has led some to
argued that the cosmological constant gives a theoretically
unsatisfactory explanation for the accelerated expansion of
the Universe (Weinberg 1989).

The extension focused on in this work is generically
termed ‘dynamical dark energy’ (DDE). Instead of model-
ing dark energy as a cosmological constant, characterised by
a constant equation of state parameter with w = —1, DDE
adds an extra degree of freedom by allowing the equation
of state parameter to evolve with time; w — w(a), where
a is the expansion factor. This changes the expansion his-
tory of the Universe and subsequently affects the growth of
structure. Therefore, the growth of LSS should serve as an
excellent probe of dark energy that is complementary to ge-
ometric probes, such as BAO and supernovae, which try to
measure the expansion history directly. In addition, LSS is
vital for distinguishing between DDE and modified gravity
explanations for the accelerated expansion of the Universe
(e.g., Li et al. 2012; Mota 2018).

A few methods exist to model LSS statistics. On very
large scales one can use linear perturbation theory to calcu-
late the distribution of matter. However, most LSS statis-
tics require accurate modeling on non-linear scales for which
this approach is inadequate. A more common approach is to
use collisionless simulations to calibrate the so-called “halo
model” (Peacock & Smith 2000; Seljak 2000; Cooray & Sheth
2002; Mead et al. 2015), or to use these simulations to em-
pirically correct linear perturbation models (e.g., Takahashi
et al. 2012). These approaches, which can be accurate to
~ 5%, are likely to be insufficient for the next generation
of observational surveys like LSST (LSST Dark Energy Sci-
ence Collaboration 2012) and Euclid (Amendola et al. 2013),
which aim to be able to measure statistics, such as the non-
linear matter power spectrum, to within percent level accu-
racy (Huterer 2002; Huterer & Takada 2005; Hearin et al.
2012). Additionally, baryons contribute a significant frac-
tion of the total matter content of the Universe that is not
modelled beyond the expansion history in the methods men-
tioned above. It has been shown that baryonic feedback pro-
cesses not only affect the spatial distribution of baryons but
also induce a back-reaction onto the dark matter distribu-
tion that should not be ignored (van Daalen et al. 2011;
Velliscig et al. 2014; Mummery et al. 2017; Springel et al.
2018; Chisari et al. 2018; McCarthy et al. 2018; van Daalen
et al. 2020). Hence, hydrodynamical cosmological N-body
simulations are the only method that can model the matter
distribution accurately and self-consistently down to highly
non-linear scales as well as accurately include the effects of
baryons.

Many studies have used collisionless simulations to
study the effects of dark energy that differ from the cosmo-
logical constant on the dark matter distributions. The first
studies explored cosmologies with w # —1 but still constant
with time (Ma et al. 1999; Bode et al. 2001; Lokas et al.
2004) and soon after, a variable equation of state parameter
was introduced (Klypin et al. 2003; Linder & Jenkins 2003a).
For the interested reader, Baldi (2012) reviews different the-
oretical dark energy models along with relevant studies that
utilise cosmological simulations. More recently, dark energy
has been studied using collisionless simulations in the con-
text of the halo mass function (Francis et al. 2009; Bhat-
tacharya et al. 2011; Courtin et al. 2011; Biswas et al. 2019),

non-linear power spectrum (Francis et al. 2009; Casarini
et al. 2009; Alimi et al. 2010; Heitmann et al. 2010), and
has been employed in both semi-analytic (Takahashi et al.
2012; Mead et al. 2015; Cataneo et al. 2019) and emulation
(Kwan et al. 2013; Heitmann et al. 2014; Knabenhans et al.
2019; Harnois-Deraps et al. 2019) frameworks. Hydrodynam-
ical simulations have also been used, although to much less
extent, specifically to investigate the impact of dark energy
on galaxy evolution (Penzo et al. 2014) and cosmic reioniza-
tion (Maio et al. 2006).

The work presented here uses large cosmological hydro-
dynamical simulations to study the effects of DDE on LSS
for the first time. The large box size of our simulations al-
lows us to study a wide variety of LSS statistics and, by
including baryonic effects alongside changes in cosmology,
we are able to explore the potential degeneracies that exist
between them and whether we can model their combined
effect. Our chosen cosmologies are consistent with the lat-
est CMB data and we can therefore ask whether the effect
in the LSS statistics between the different cosmologies are
distinguishable with current and future LSS surveys.

This paper is organised as follows: Section 2 presents an
overview of the simulations, a brief theoretical background
to DDE and explains the parameter selection for our cho-
sen cosmologies. In Section 3 we examine LSS clustering
statistics, the abundance of haloes and in Section 4 we show
statistics of the internal properties of haloes. We investigate
the separability of cosmological and baryonic effects on these
statistics in Section 5. Finally, in Section 6 we summarise
and discuss our results.

2 SIMULATIONS

We use a modified version of the BAHAMAS cosmological hy-
drodynamical simulation code that includes a prescription
of DDE and massive neutrinos. Below we provide a brief
overview of the simulations, but the reader should refer to
McCarthy et al. (2017) and McCarthy et al. (2018) for a
more detailed discussion of the simulations, calibration and
comparisons to observations. We describe the theoretical
background to the DDE prescription and its implementa-
tion in Section 2.2 and the method for choosing suitable
cosmological parameters in Section 2.3.

2.1 BAHAMAS

The simulations were run with the BAHAMAS cosmological hy-
drodynamical simulation code and consist of 6 simulations
with a periodic box of 400 comoving Mpc/h on a side and
containing 2 X 10243 particles, equally split between dark
matter and baryons. We have also run corresponding colli-
sionless (‘dark matter-only’) simulations, resulting in a total
of 12 simulations. Initial conditions (ICs) were generated us-
ing a modified version of N-GenIC! with transfer functions at
a starting redshift of z = 127 computed by CAMB2. The same
random phases were used to generate each set of ICs allow-
ing for comparisons between the different simulation runs

! https://github.com/sbird/S-GenIC
2 http://camb.info/
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without the complication of cosmic variance. As in previ-
ous BAHAMAS runs, separate transfer functions are used
for each constituent, i.e. CDM, baryons and neutrinos, to
generate the ICs (Bird et al. 2020).

The simulations use a modified version of the La-
grangian TreePM-SPH code GADGET3 (last described in
Springel 2005), which was modified to include new subgrid
physics as part of the OWLS project (Schaye et al. 2010). They
include an extension for massive neutrinos described in Ali-
Haimoud & Bird (2013) that computes neutrino perturba-
tions on the fly at every time step using a linear perturbation
integrator sourced from the non-linear baryons+CDM po-
tential, adding the result to the total gravitational force. Be-
cause the neutrino power is calculated at every time step, the
dynamical responses of the neutrinos to the baryons+CDM
and vice versa are mutually and self-consistently included.
We adopt the minimal neutrino mass, XM, = 0.06 eV, in
this work but the reader can refer to Mummery et al. (2017)
and McCarthy et al. (2018) for the effects of more massive
neutrinos.

Additionally, the radiation energy density is included
when computing the background expansion rate. This re-
sults in a few percent reduction in the amplitude of the
present-day linear matter power spectrum relative to sim-
ulations that only include the matter and dark energy com-
ponents in the background expansion rate. The background
cosmology was also modified to include DDE as in detail in
Section 2.2.

The simulations include subgrid prescriptions for metal-
dependent radiative cooling (Wiersma et al. 2009a), star
formation (Schaye & Dalla Vecchia 2008), and stellar evo-
lution, mass loss and chemical enrichment (Wiersma et al.
2009b) from Type II and Ia supernovae and Asymptotic Gi-
ant Branch stars. The simulations also incorporate stellar
feedback (Dalla Vecchia & Schaye 2008) and a prescrip-
tion for supermassive black hole growth and AGN feedback
(Booth & Schaye 2009) (which is a modified version of the
model originally developed by Springel et al. 2005). A dis-
cussion of the calibration of the feedback will be presented
in Section 5.

We used a standard friends-of-friends (FoF) algorithm
(Davis & Peebles 1983) with linking length of 0.2 in units
of mean inter-particle separation on the dark matter distri-
bution to identify haloes. The SUBFIND algorithm (Springel
et al. 2001; Dolag et al. 2009) was used to identify substruc-
tures within the FoF groups using a spherical overdensity
method and to calculate properties such as Roqg,crit; the ra-
dius of a sphere enclosing a mean density of 200 times the
critical density, and Magg,crit, the mass enclosed within.

2.2 Dynamical dark energy

The cosmological constant, A, which is uniform in time and
space, gives rise to a repulsive force that counteracts gravity.
DDE modifies this behaviour by positing that dark energy
evolves with time while remaining spatially-uniform. Many
physical models have been proposed to accomplish this (e.g.,
Ratra & Peebles 1988; Wetterich 1988; Brax & Martin 1999;
Wetterich 2004). While A is described by a constant equation
of state parameter, w = —1, a common parameterisation of
DDE was introduced by Chevallier & Polarski (2001) and
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Linder (2003),
w(a) = wy + wa(1 — a), (1)

where a is the expansion factor and wgy and w, are free pa-
rameters. One can recover A by setting wy = —1 and w, = 0.
The benefits of this parameterisation are that one can gen-
erate the expansion histories very easily (as we will show
below) and that it can mimic the expansion history of many
physical DDE models.

Assuming a spatially flat Universe, the expansion his-
tory is described by the Friedman equation

8nG
H? = = P (2)

where H is the Hubble parameter, G the gravitational con-
stant and p is the sum of the energy densities of the con-
stituents of the Universe, i.e. matter, radiation and DE. The
temporal evolution of the energy density is described by a
perfect fluid in the form of a differential equation
d da
P 3w, (3)
a
The solutions to Equation 3 are simple for matter and ra-
diation with w = 0 and w = %, respectively. The solution
is more complicated for the dark energy equation of state
given in Equation 1, which has an explicit dependence on a,
and is given by Linder (2003) as
ODE = pDE’Oa—3(1+wa+w0)e—3wa(1—a), (4)
where pge o is the dark energy density at the present day.
Substituting Equation 4 along with the relation for the di-
mensionless density parameter Q = %po for each species
0
into Equation 2 gives an expression for the expansion history
as a function of present day energy densities,

H(a)2 = Hg (Qra_4 + Qma_3 + QDEa_3(1+w“+w°)e_3w“(l_“)) .

(4)

Equation 5 was implemented into the BAHAMAS simula-
tions to include the effects of DDE.

2.3 Cosmological parameter selection

The choice of cosmological parameters is a non-trivial issue
and a few factors must be considered during the selection.
Cosmological simulations are expensive to run and thus only
a relatively small number of different cosmologies can be ex-
plored. One option is to pick a fiducial model and simply
vary the dark energy parameters over a range of values while
keeping the rest of the cosmological parameters fixed. How-
ever, this ad hoc approach would result in cosmologies that
are neither physically-motivated nor consistent with obser-
vational constraints. Our approach is to use observational
data to constrain the available wy — w, parameter space.
The rest of the cosmological parameters (e.g., Hy, Qm, etc.)
are chosen to be consistent with observational data by in-
sisting that the cosmological model reproduces our chosen
observational data set(s) to within some tolerance. In this
way we can generate cosmologies that are consistent with
observations and that allow us to explore a range of DDE
behaviours.

The Planck collaboration has done extensive parameter
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Table 1. The priors of the parameters used in the analysis with
CosmoMC. Parameters with square brackets have uniform priors
while single valued parameters are constants. From the top, the
parameters are: baryon energy density, cold-dark-matter energy
density, approximation to the observed angular size of the sound
horizon at recombination, optical depth of reionisation, amplitude
of scalar fluctuations, scalar spectral index, Hubble constant, two
parameters defining the equation of state of dark energy (see Sec-
tion 2.2), sum of neutrino masses, effective number of relativistic
degrees of freedom, and the amplitude of the CMB lensing power
spectrum.

Parameter Prior
Qph? [0.005, 0.1]
Qch? [0.001, 1.0]
1006pc [0.5, 10.0]
T [0.01, 0.8]
In(10'0Ay) [2, 4]
ng [048, 1.2]
Hp (km s7! Mpc™!)  [60.0, 80.0]
wo [-3.0, 1.0]
Wa [-3.0, 2.0]
> my, (eV) 0.06
N, 3.046
Alens [07 2]

estimations of ACDM and a variety of extensions, including
DDE, with respect to the Planck data and a combination
of many other data sets (Planck Collaboration et al. 2018).
This was done using CosmoMC (Lewis & Bridle 2002) which is
a Markov-Chain Monte-Carlo (MCMC) engine and a large
quantity of the MCMC chains have been made public?. How-
ever, the public library of MCMC chains are limited to only
a few combinations of observational data for DDE cosmolo-
gies. Additionally, it is important to note the possibility of
remaining systematics in the CMB data, one of which is the
apparent enhanced smoothing of peaks and troughs in the
temperature power spectrum. Addison et al. (2016) have
shown that this smoothing can be taken into account by
letting the amplitude of the CMB lensing power spectrum,
Ajens, vary rather than setting it to unity (see also Calabrese
et al. 2008; Di Valentino et al. 2016; Renzi et al. 2018; Mc-
Carthy et al. 2018). None of the publicly available chains for
DDE include Ajeps as a free parameter. Therefore we chose
to use CosmoMC to generate our own chains as this gives us
complete freedom over which parameters and observational
data sets to include. Table 1 shows the parameters and their
priors used with CosmoMC. All parameters with square brack-
ets have uniform priors and single valued parameters were
set to that constant. We used the data from the Planck 2015
data release.

We first explore the wy — w, parameter space using a
combination of the Planck CMB temperature power spec-
trum (TT) and the polarisation power spectrum at low
multipoles (lowTEB) (Planck Collaboration et al. 2016a); a
combination of BAO data from the SDSS Main Galaxy Sam-
ple (Ross et al. 2015), the Baryon Oscillation Spectroscopic
Survey (BOSS), BOSS CMASS and BOSS LOWZ (Ander-
son et al. 2014), and the six-degree-Field Galaxy survey

3 The public chains are available from the Planck wiki.
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Figure 1. The constraints in the wo-w, parameter space, in the
form of 10~ and 20~ contours, from different combinations of data.
Planck TT+lowTEB (top left) + BAO (top right) + JLA (bottom
left)/+ local Hy constraints (bottom right). Points are coloured
depending on their Hy value, the dashed lines cross at the cosmo-
logical constant and Ajeps = 1

(6dFGS) (Beutler et al. 2011); the supernova Ia constraints
from the Joint Light-curve Analysis (JLA) data (Betoule
et al. 2014); and the constraints on Hy from measurements
of the local Universe (Riess et al. 2011).

Fig. 1 shows the 1o and 20 constraints in the wy-wg
parameter space for different combinations of data sets and
for which Ay, = 1. The points are coloured by their Hy
value and the cosmological constant, wy = -1, w, = 0, is
indicated by the crossing of the dashed lines. The Planck
TT+lowTEB data (top left) gives a broad contour with H
spanning a wide range of values that change in the direction
perpendicular to the gradient of the contour. Adding BAO
(top right) significantly reduces the allowed parameter space
and limits the contour to lower values of Hy. Interestingly,
neither of these contours are centered on the values of the
cosmological constant, which sits at the boundary of the 1o
contour. The parameter space is further reduced along the
degeneracy to a narrow region by adding JLA SNIa (bottom
left). However, adding the local Hy constraints instead of the
JLA SNIa (bottom right) a much smaller effect on the al-
lowed parameter space. These effects can be explained by the
fact that the largest constraining power of the Planck data
on DDE comes from the distance to the surface of last scat-
tering. Therefore, any expansion history is allowed as long as
its integral returns the measured distance to the surface of
last scattering. This geometric degeneracy within the wy—wg
parameter space explains why the inclusion of BAO or type
Ia supernovae significantly increases the constraining power
on the wy— w, parameter space as they effectively probe the
expansion history, H(a).

Next, we explore the effect of Ajps on the allowed pa-
rameter space in Fig. 2, which shows the wy — wg (top)
and Qn — og (bottom) parameter spaces for the Planck

MNRAS 000, 1-18 (2020)
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Figure 2. Top: The 1o and 20 constraints in the wy — w, pa-
rameter space using Planck TT+lowTEB data, where Ajps has
been fixed at unity (left column) or left to vary (right column).
The black points show the locations of the simulated cosmologies
and the error bars on the points show the size of the region used
to generate the rest of the cosmological parameters. The dashed
lines cross at the cosmological constant. Bottom: The same as
above except for Qn — og, where the dashed line shows Sg = 0.77.

TT+lowTEB data with Ajps set to unity (left), as done
in the Planck analysis, and as a free parameter (right). For
reference, the LSS joint constraint Sg = 0g4/Qm/0.3 = 0.77 is
shown on the Qn — oy plot (dashed line).

Including Ajens as a free parameter stretches the contour
of the wy—w, parameter space towards lower (higher) values
of wy (wg). It is interesting to note that the cosmological
constant, wy = —1 and w, = 0, is in mild tension with Planck
if Ajens is fixed at unity, the default value adopted by Planck,
but reconciled if it is allowed to vary. For the bottom of
Fig. 2, leaving Ajeps as a free parameter systematically shifts
the contour to lower values of og, resulting in a much better
agreement with the LSS joint constraint.

In order to generate our cosmologies for the simulations,
we sampled the geometric degeneracy in the wy — w, pa-
rameter space shown in Fig. 2 that includes Ajeys as a free
parameter. We opted not to use data sets other than the
CMB to further constrain this parameter space, for three
reasons: 1) as discussed in the introduction, there are known
tensions between ‘early’ (CMB+BAO) and ‘late’ (Hp) Uni-
verse measures® of the expansion history, making the com-
bination of these constraints questionable; ii) the CMB-only
(without BAO) constraints are fully compatible with any of

4 Type Ia supernovae constraints can agree with either, depend-
ing on how the distance scale to supernovae is established (i.e.,
via Cepheids or BAO) (Macaulay et al. 2019).
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Figure 3. Top: The matter power spectrum of the ICs for each
cosmology at z = 127 computed with CAMB. Bottom: The ratios
of matter power spectra relative to ACDM. Colours indicate dif-
ferent cosmologies where bracketed values refer to the values of

(wo, wa )-

the possible data set combinations; and iii) the CMB-only
constraints allow for the largest variation in DDE models,
resulting in a wider range of behaviours to study from a
theoretical perspective.

We choose 6 equally spaced points along the degeneracy
to get 6 values of wy and wg, one of which is the cosmological
constant and is referred to as the reference ACDM cosmol-
ogy throughout. To specify the other cosmological parame-
ters for each choice of wy and w,, we calculate the weighted
average of each parameter from every sample of the MCMC
chain that contain the values of wy+0.05 and w,+0.05. In this
way, all of the simulations are guaranteed to be compatible
with the primary CMB angular power spectrum. The result-
ing 6 cosmologies are listed in Table 2. All of our cosmologies
are spatially flat, i.e. Qg = 0.

We plot the matter power spectra of the ICs for each
cosmology in Fig. 3 to show that these cosmologies already
have different matter distributions at high redshift. The
power spectra were generated using CAMB at the simulation
starting redshift of z = 127. The cosmologies already have
a difference of ~ 5% in P(k) at large scales (small k) and
~ 1% at small scales (large k) before starting the simula-
tions. Due to slight offsets in the power spectra, the BAO
signal at k ~ 0.1 becomes apparent in the ratios.

Our DDE terminology is based on quintessence models
which can be classified into two categories: ‘thawing’ models
start at w ~ —1 and have w(a) increase with a (Scherrer &
Sen 2008; Chiba 2009; Gupta et al. 2015), whereas ‘freezing’
models have w(a) decrease with a and approach w ~ —1 at
late times (Scherrer 2006; Chiba 2006; Sahlén et al. 2007).
We will adopt this terminology throughout, calling models
with w, < 0 thawing and w, > 0 freezing, although we note
that our models can cross the w = —1 threshold, which is
not the case for quintessence models. The evolution of w(a)
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Table 2. The cosmological parameters of our 6 chosen cosmologies derived from the Planck CMB data (TT+lowTEB) with marginal-
isation over the lensing amplitude, Ajeps. From left to right, the parameters are: (1) and (2) the 2 free parameters describing DDE (see
Equation 1), (3) the total matter density at present-day, (4) the baryon density at present-day, (5) Hubble’s constant, (6) the spectral
index of the initial power spectrum, (7) the amplitude of the power spectrum at recombination at a pivot scale of 0.05 Mpc!, (8) the op-
tical depth to reionization, (9) the amplitude of the linear matter power spectrum on 8 Mpc/h scales at present-day, (10) Sg = 0gy/Qm/0.3,
(11) the amplitude of the CMB lensing power spectrum.

SO R ®3) (4) &) (6) (7) (8) 9 (10 (11

wp Wa Qm Qp Hy ng Ag T o3 Sg Alens
(km/s/Mpc) (107)

-1.16 0.73 0.309 0.0501 67.25 0.975 2.10 0.058 0.773 0.783 1.298
-1.00 0.00 0.294 0.0476 68.98 0.974 2.11 0.061 0.802 0.795 1.233
-0.84 -0.73 0.288 0.0465 69.73 0.974 2.11 0.060 0.815 0.798 1.205
-0.67 -1.45 0.286 0.0462 69.97 0.973 2.10 0.059 0.819 0.801 1.195
-0.51 -2.18 0.284 0.0459 70.20 0.974 2.10 0.060 0.822 0.800 1.194
-0.35 -2.89 0.289 0.0465 69.71 0.973 2.10 0.059 0.824 0.806 1.174

is shown in the top panel of Fig. 4, where the line above
w = —1 is our freezing cosmology and the lines below are our
4 thawing cosmologies.

Now that we have selected the cosmologies, it is possi-
ble to examine some useful physical quantities before run-
ning any simulations (these will be useful for interpreting
the simulation-based results later). Fig. 4 also shows the
evolution of Qn(a) (middle top) and H(a) (middle bottom)
for the different cosmologies, normalised by the ACDM cos-
mology. These have been calculated using Equation 5. We
also show the linear growth factor, D(a), for each cosmology
normalised by the ACDM cosmology (bottom). The linear
growth factor is defined as the ratio of matter overdensities
at a given scale factor, §(a), relative to some initial over-
density, D(a) = §(a)/6(a;). The closed form approximation
(Peebles 1980; Eisenstein 1997) typically used to calculate
D(a) is valid for ACDM but does not return the correct re-
sults for DDE cosmologies. Instead, equations such as those
presented in Linder & Jenkins (2003b) should be solved.

It is clear from Fig. 4 that the thawing dark energy mod-
els behave systematically different to the freezing model.
Any general trend in the former is the inverse in the lat-
ter. The largest differences appear at z < 1, as one might
expect since dark energy dominates the energy density of
the Universe at late times. All of our models cross at the
same w(a) and a (top of Fig. 4) because of the way we
choose our cosmological models. To show why this is, one
can equate Equation 1 for two different models [e.g. (wp,1,
wg,1) and (wp2, wg2)] and solve for expansion factor, a, at
which w(a); = w(a),:
w2 ol _ . duyg

a=1+ .
Wgq,2 — Wq,1 dw,

(6)

Equation 6 shows that any DDE models that lie on the same
line in the wy—w, parameter space (which is the case here, as
we select values along the CMB geometric degeneracy) will
all cross at the same value of a, with that value depending
only on the slope of the line. This feature, along with the
fact that the line corresponds to a geometric degeneracy (i.e.,
the models are all constrained to yield the same distance to
the last-scattering surface), is also likely responsible for the
similar scale factors at which Qp(a) and H(a) cross.

3 LARGE-SCALE STRUCTURE

In this section we explore the impact of our DDE cosmolo-
gies on a number of common measures of LSS, including
the matter power spectrum (P(k)), the halo 2-point auto-
correlation function, the halo mass function and halo num-
ber counts. We use the collisionless (dark matter-only) ver-
sions of the simulations (the impact of baryons is discussed
in Section 5). We discuss how the DDE cosmologies affect
these LSS statistics and draw comparisons with other cos-
mologies constrained by the CMB which we explored in pre-
vious BAHAMAS papers; the effects of massive neutrinos
(Mummery et al. 2017) and running of the spectral index
(Stafford et al. 2020).

3.1 Matter power spectrum

We first investigate the effect of our DDE cosmologies on
the matter clustering via the non-linear matter power spec-
trum of the total matter in our collisionless simulations. The
power spectra are computed using the GenPK’ code.

Fig. 5 shows the total matter power spectrum of the
collisionless simulations for the different cosmologies at z =
0,1,2, where ratios have been taken with respect to the
ACDM cosmology. Since we used the same phases to gen-
erate the ICs for each cosmology, we do not need to worry
about cosmic variance issues and the ratio of P(k) between
two different simulations should be an accurate and robust
prediction.

The freezing dark energy model shows a suppression in
power of ~10%, whereas the thawing dark energy models
show an increase in power of ~5-10%. This effect is slightly
scale dependent with maximum impact at k ~ 1 A Mpc~! and
the largest change in P(k) is seen at z = 1. The change in
amplitude and the redshift evolution of P(k) on linear scales
(i.e., low k values) agrees with naive expectations based on
the behaviour of D(a) in Fig. 4. Note that the amplitude of
P(k) o D%(a) in the linear regime. While the use of D(a) is
only strictly valid on linear scales, it is interesting to note
that the change to P(k) from DDE propagates through to

5 https://github.com/sbird/GenPK
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Figure 4. The evolution of w(a) given by Equation 1 (top),
Qn (middle-top), expansion history (middle-bottom) and linear
growth factor (bottom) as a function of expansion factor and red-
shift for the cosmologies shown in Table 2. Each statistic, apart
from w(a), has been normalised by the ACDM cosmology. Colours
indicate different cosmologies where bracketed values refer to the
values of (wp, wg).

non-linear scales. This can be explained through ‘mode mix-
ing’, where k-modes no longer evolve independently from
each other, but transfer power from large to small scales.

One can compare these effects to alternative extensions
to the ACDM cosmology. Mummery et al. (2017) (hereafter
M17) examined massive neutrino extensions and found that
neutrinos suppress the matter power spectrum between ~5%
and ~30% for the lowest, XM, = 0.06 eV, and largest sum of
neutrino masses, LM, = 0.48 eV, respectively. Interestingly,
the suppression in P(k) from massive neutrinos has a similar
shape to the DDE cosmologies in Fig. 5, which could act to
mask a combination of massive neutrinos and DDE. Another
possible extension to ACDM is the inclusion of a running of
the scalar spectral index, ng, which was investigated recently
by Stafford et al. (2020) (hereafter S20). They found that
negative (positive) running results in an amplification (sup-
pression) of the matter power spectrum of ~5-10%. These
effects had a scale dependence that caused a decrease in
their magnitude towards smaller scales, especially at higher
redshifts.

In addition, it is well known that baryonic effects on

MNRAS 000, 1-18 (2020)

3 —— (-1.00, 0.00) (-0.67,-1.45) §
F — (-0.35,-2.89) —— (-0.84, -0.73) ]
10 —— (-0.51,-2.18) —— (-1.16, 0.73) §
- 3
3 ]
S8 E
=10 3 E
:«‘3 E 3
= 1025— E
D N ]
A 10 ””’)g, s -
§ ,,2!”’7 - E
F--- 7= ’"”’n\‘ ]
100 JRRLIEE 7 =2 ”r,"\ﬁ
| R | Y B
1.1 -

= 1.0

o't

0.9 _W

A R A i e—— Teeen ]
= ——— e
5 IR e e L L EEE B =
0.9 ~a=""r St eaa e -
] P skl iR E |
o 1'1_‘;; R L L P I ]
= EEE I s R R Py 5 2 T Tlaee
= 10_. .............................................. -
~ S
0.0f e rmueer Tt e I
ol L ool L PR |
1071 109 10

Figure 5. Top: The total matter power spectrum of the collis-
sionless simulations for the different cosmologies and redshifts.
Bottom: The ratios of matter power spectra relative to ACDM at
each redshift. Colours indicate different cosmologies where brack-
eted values refer to the values of (wy, wy) while line styles show
redshift.

the matter power spectrum are of the order of ~10-20%
and cause a suppression in the power spectrum at k=>0.1
Mpc~th (van Daalen et al. 2011; Mummery et al. 2017;
Schneider et al. 2019; van Daalen et al. 2020; Debackere et al.
2020). The DDE cosmologies considered here produce effects
of similar magnitude, although they extend throughout the
linear and non-linear regime and should therefore be distin-
guishable from baryonic effects given a wide enough range
of well-sampled k values. We explore this in Section 5.

3.2 Halo clustering

The clustering of dark matter haloes can be described by the
2-point auto-correlation function, &(r), which is the excess
probability of finding two haloes with a given separation, r,
relative to a random distribution of haloes (Davis & Pee-
bles 1983). To compute this, one calculates the separation,
r, between each halo and every other halo in the sample.
The distribution of halo separations in bins of r can then be
defined as DD(r). The separation pair count of a random dis-
tribution, RR(r), can be calculated analytically assuming the
halos are distributed homogeneously with a density equal to
the total number of haloes in the sample divided by the vol-
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Figure 6. Top: The 2-point auto-correlation function of dark
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The cut-off at small radii is due to the overlapping of haloes which
forces & to turn over.

ume of the simulation. The 2-point auto-correlation function
is then

DD(r)
0= RR(

(7)

Fig. 6 shows the 2-point auto-correlation function for dark
matter haloes in three mass bins of Mg, crit- The ratios
are shown relative to the ACDM cosmology. In general, the
freezing (thawing) dark energy cosmology produces haloes
with decreased (increased) clustering relative to ACDM,
generally mimicking the behaviour in P(k). The lowest mass
bin shows a ~10% effect which decreases towards higher
masses. Haloes start to overlap on small scales causing the 2-
point auto-correlation function turn over and decrease which
is where we introduce a cut-off. As the size of haloes increases
with increasing mass, this cut-off shifts to larger radii.

This change in the clustering of haloes is analogous to
the change in the matter power spectrum, P(k) seen in Fig. 5,
which is unsurprising since the 2-point auto-correlation func-
tion is the Fourier transfer of P(k) multiplied by the linear
halo bias, b2

The 2-point auto-correlation was also calculated for

matched haloes. Matching haloes is done by identifying the
50 most bound dark matter particles comprising a halo in
the ACDM simulation using their unique particle IDs and
finding the halo in another simulation that contains the ma-
jority of dark matter particles with the same IDs. By in-
specting a set of matched haloes we remove any additional
effect due to the change in halo mass for different cosmolo-
gies, as seen in Section 3.3 below. The general trends of
the 2-point auto-correlation function for matched haloes is
the same as for unmatched haloes, although with increased
effect due to the change in halo mass between different cos-
mologies. This is due to the fact that more massive haloes
are more biased tracers of the underlying matter clustering
and therefore show a higher clustering signal in the 2-point
auto-correlation function.

M17 finds that massive neutrinos suppress the 2-point
auto-correlation function of haloes with Mzoo,cmlele@-
1013Mg by ~5% and ~20% for the lowest and largest sum
of neutrino masses, respectively. S20 shows that their cos-
mologies with running of the spectral index enhances the
clustering signal by ~5% for negative running and vice versa
for positive running for haloes within the same mass range.
This is very similar to the effects of DDE which, unlike mas-
sive neutrinos, cannot only suppress but also enhance the
clustering signal relative to the ACDM cosmology.

3.3 Halo mass function

The first statistic of halo abundance we examine is the halo
mass function (HMF), @, defined as the number of haloes
per comoving volume per logarithmic unit of mass Moo, crit,

dn

b= ——
dlog;o(Maoo,crit)

(8)

In Fig. 7 we show the HMF for the collisionless sim-
ulations of the different cosmologies at different redshifts,
where the ratios are with respect to the ACDM cosmology.
At z = 0, the freezing dark energy model has a higher (lower)
number density of low-mass (high-mass) haloes, while for the
thawing models this trend is reversed. These effects are most
apparent at z = 1 where a change in the abundance of high-
mass haloes of ~20% is seen and a crossover appears in the
ratios at Moo, crit ~103Mg. The behaviour of the HMF is
very different to that of P(k), which shows no crossover and
the opposite behaviour to the effect seen on low masses for
the HMF.

Another way of looking at this effect is to plot the
change in halo mass between matched haloes from different
cosmologies rather than halo abundance. Fig. 8 shows the
fractional change in halo mass relative to matched haloes
from the ACDM cosmology at z = 0. This is plotted against
the halo mass of the matched halo from the ACDM cos-
mology. Here we look at the change in halo mass at fixed
abundance rather than changes in abundance at fixed halo
mass. In this format, a vertical change in the fractional halo
mass is comparable to a horizontal shift in the HMF. The
trends in the HMF are also seen in the fractional change in
halo mass with similar amplitude and mass scale. The freez-
ing DDE cosmology forms more massive low-mass haloes but
the growth of structure is suppressed and so the most mas-
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Figure 7. Top: The HMF of the collisionless (dark matter-only)
simulations for the different cosmologies and redshifts. Bottom:
The ratios of the HMF's with respect to the ACDM cosmology for
each redshift. Colours indicate different cosmologies where brack-
eted values refer to the values of (wp, wgy) and line styles indicate
different redshifts.

sive haloes are not as massive as their ACDM equivalent.
This trend is reversed for the thawing DDE cosmologies.
We can decompose the difference in the HMF between
the different cosmologies into two effects. Firstly, the almost
constant offset in the ratios of the HMF at the low-mass
end (most apparent at z = 0) can be explained by the differ-
ence in Qp, for the different cosmologies because dark matter
haloes grow more massive in a cosmology with a higher Qpn.
Secondly, the crossover in the ratios at the high-mass end
is due to the change in the growth of structure that is also
seen in P(k) in Fig. 5. The freezing cosmology shows a sup-
pression in the growth of structure through the suppression
in P(k), meaning that high-mass haloes, which are still col-
lapsing at that time, are less abundant with respect to the
ACDM cosmology. This concept is explored further using the
HMF fitting function of Tinker et al. (2008) in Appendix A.
M17 showed that massive neutrinos suppress the HMF
with the largest effect at the high-mass end. Halo masses
are suppressed by ~10% and ~50% for the lowest and
largest sum of neutrino masses, respectively. Interestingly,
S20 found that cosmologies which include running of the
spectral index can impact the HMF in a very similar way to
the DDE cosmologies, suppressing/amplifying the HMF at
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Figure 8. The fractional change in halo mass relative to matched
haloes from the ACDM cosmology at z = 0. All haloes have been
matched to the ACDM cosmology. Colours indicate different cos-
mologies where bracketed values refer to the values of (wp, wy).

low/high masses for negative running cosmologies and vice
versa for positive running cosmologies.

The effects of DDE on the HMF are very different to
the effects of baryons on the HMF over the masses sampled
here. M17 showed that baryonic feedback tends to suppress
the HMF more strongly towards the high-mass end. How-
ever, at very high masses the gravitational potential is strong
enough to counteract the feedback, thus reducing its effect
on the HMF. As well as this mass dependence, the ampli-
tude of the baryonic impact is much stronger than that of
the DDE cosmologies when they are constrained to repro-
duce the primary CMB (particularly the angular scale of the
acoustic peaks).

3.4 Halo number counts

Next we examine the halo space density at a given redshift
computed by integrating the HMF above a given mass. The
halo space density simply represents the number desnity of
haloes above a given mass. This is similar to what is more
typically measured observationally since many surveys have
too small of a volume to robustly measure the HMF, espe-
cially at high masses.

Fig. 9 show the number counts for haloes with
Mooo,crit = 1012Mg, 1013Mg and 10'Mg out to z = 3 for
the collisionless simulations for the different cosmologies. As
expected from the HMF in Fig. 7, the number counts de-
crease for the freezing dark energy model and increase for
the thawing dark energy models with increasing redshift rel-
ative to the ACDM cosmology. The crossing of the ratios in
Fig. 7 can also be seen in the ratios of number counts where
haloes with Moo, crit = 1013Mg cross over at z = 1. Because
of the steepness of the HMF, the cluster count signal is dom-
inated by the lowest-mass haloes, those near the lower mass
limits in each mass bin. The bottom panels show that the
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Figure 9. Top: The number density of dark matter haloes for
different cosmologies and mass cuts. Bottom: The ratios of num-
ber density relative to the ACDM cosmology. Colours indicate
different cosmologies where bracketed values refer to the values
of (wp, we) and the line styles show different lower mass limits of
10'2My, 10'3Mg and 10M,.

signal is strongest for the highest-mass haloes and at higher
redshifts.

As discussed in Section 2.3 (see Fig. 2), a tension ex-
ists between the constraints in the og — Qn parameter space
from CMB data and various LSS statistics, including num-
ber counts. LSS generally prefers lower values of Sg, which
results in fewer collapsed structures, compared to the value
obtained from CMB data. As all of our cosmologies are con-
sistent with CMB data by construction, any cosmology that
suppresses the growth of structure relative to the ACDM
cosmology could help to alleviate this tension. Interestingly,
we find that there is a non-monotonic behaviour in the vari-
ation in Sg of our cosmologies and the impact on number
counts relative to ACDM. For example, the freezing cos-
mology suppresses the abundance of the most massive clus-
ters (Fig. 8 displays this most clearly) at a level that is
comparable with that of the most extreme thawing mod-
els and yet the freezing model has a lower value of Sg than
the reference ACDM model while the most extreme thaw-
ing models have a larger value. The mapping between Sg
and cluster abundance is therefore more complex for (CMB-
constrained) DDE models than for ACDM. Weak lensing, on
the other hand, should provide a more direct constraint on

Sg than cluster abundances, as it measures the (projected)
matter power spectrum. Thus, in principle, the combination
of cluster abundances and cosmic shear should be helpful in
constraining the parameters of DDE.

4 HALO STRUCTURE

Having investigated the overall abundance of haloes, we
next examine the effect of DDE on the internal structure
of haloes. The statistics we focus on are the spherically-
averaged density profiles for haloes in a given mass range,
the halo concentration-mass relation.

4.1 Total mass density profile

We calculate the median radial total mass density profiles
in 15 logarithmically spaced radial bins in the range 0.01 <
r/Rogo,crit < 1 and for haloes in mass bins of 0.5 dex width in
the range Magg,crit = 1013-10°Mg. The densities are scaled
by r? to reduce the dynamic range.

Since the masses of haloes are affected by the DDE cos-
mologies, different populations of haloes are selected in each
mass bin for different cosmologies. This makes any compar-
ison of the direct effect of different DDE cosmologies on the
structure of haloes convoluted. In order to compare like-for-
like haloes, we match haloes across simulations to the ACDM
cosmology (see Section 3.3). Therefore, the mass bins cor-
respond to Magg,crit from the matched haloes in the dark
matter-only ACDM simulations. Equally, the Rogg,crit values
used to normalise the radial density profiles are those of the
haloes that have been matched to, i.e. the Rogg crit values
from the dark matter-only reference ACDM simulations.

Fig. 10 shows the median radial total mass density pro-
files for the collisionless simulations for the different DDE
cosmologies for different mass bins and the ratios relative to
ACDM for each mass bin. The vertical dashed lines show
the median convergence radius for haloes in that mass bin
for the ACDM cosmology. The convergence radius was cal-
culated using the method described in Power et al. (2003)
(Equation 20) but with a convergence criterion of 0.177 as
advocated by Ludlow et al. (2019). The effect of the freez-
ing DDE cosmology is to increase the density of dark mat-
ter haloes whereas the thawing DDE cosmologies has the
opposite effect, decreasing the density. The DDE cosmolo-
gies change the density by at most ~10% and the difference
decreases in amplitude with increase in halo mass. There is
also a radial dependence that shows an increase in density
with increasing radius.

These general trends in the density profiles can most
likely be attributed to the difference in mass of the matched
haloes. For example, haloes that show a higher density rel-
ative to their matched ACDM counterpart in Fig. 10 also
show a relative increase in their My, crit in Fig. 8. This is
similar with what was found by M17 and S20. M17 shows
that cosmologies with massive neutrinos lower the masses of
dark matter haloes relative to their matched ACDM haloes
and these cosmologies also show an almost radially indepen-
dent suppression of the density profiles. In S20, cosmologies
with running of the spectral index suppress (increase) mass
growth for low-mass (high-mass) haloes and this was also
reflected in their respective halo densities.
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Figure 10. Median radial total mass density profiles of matched haloes for the different DDE cosmologies for collisionless simulations.
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4.2 Concentration—mass relation

The internal structure of haloes are themselves tracers of the
formation history of haloes. Since the formation history de-
pends on the evolution of the background density, the inter-
nal structure is also sensitive to the cosmology. CDM models
predict that low-mass haloes collapse earlier while high-mass
haloes, such as clusters, are still collapsing today. As gravita-
tional collapse can only occur when the local density exceeds
the background density, lower-mass haloes are expected to
have a more concentrated density profile, which has been
shown to be true in a number of high resolution simulations
(e.g. Bullock et al. 2001; Eke et al. 2001).

Simulation results have shown that dark matter density
profiles can be approximately described by the NFW profile
(Navarro et al. 1997)

p(r) = #, 9)

which only has a scale density, ps, and a scale radius, rs, as
free parameters. With this, one can define the concentration

as C00,crit = RZOO,cril/ Ig.
To calculate the scale radius for our halo sample, we
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first remove all unrelaxed haloes as unrelaxed haloes are
not in virial equilibrium and have been shown to be poorly
described by the NFW profile (e.g. Maccio et al. 2007,
Romano-Diaz et al. 2007). This is done by ensuring that
all haloes have their centre of mass offset by no more than
0.07 Rogo,crit from the center of potential (Neto et al. 2007),
which has been shown to remove the vast majority of unre-
laxed haloes (Duffy et al. 2008). We select haloes with more
than 800 particles and stack them until they have a total
of 5000 particles. Lastly, we fit an NFW profile over the ra-
dial range 0.1 < r/Rppcrit < 1.0 and remove any halo for
which rg < convergence radius (described in Section 4.1) to
ensure the halo density profiles are converged. We fit to the
quantity pr? to give equal weighting to each radial bin (Neto
et al. 2007).

In Fig. 11 we show the logarithm of the concentration
for unmatched dark matter haloes for each cosmology (top).
As we have not matched haloes, we use the Mpg crit and
Rogo,crit from each simulation. The dots represent the me-
dian value in each mass bin for 20 equally spaced bins be-
tween 1013 < Mogo,crit < 10155 whereas the lines show the
locally-weighted scatter plot smoothing (LOWESS) method



12 S. Pfeifer et al.

1.0 T — T T — T
0.8 i
=
= 0.6
B
= 04f $
0
2 —— (-1.00, 0.00) (-0.67, -1.45)
02— (.0.35,-2.89) —— (-0.84, -0.73) 7
—— (-0.51,-218) —— (-1.16, 0.73)
0.0 H++H ——— -+ —————+++
o 1025 =
kS 1,000%_:/‘4
% 0.975 - -
Ll L ol L Lol
10" 10 0%

Moo erit (Mo)

Figure 11. Top: The concentration of dark matter haloes for the
different cosmologies. Points represent the median concentration
in 20 equally spaced bins between 10'3 < Moo, crit < 10'3-5 in bins
of Maqp,crit whereas the lines represent the LOWESS method ap-
plied to the unbinned data. Bottom: The ratios of concentration of
the LOWESS lines with respect to the ACDM cosmology. Colours
indicate different cosmologies where bracketed values refer to the
values of (wp, wg).

(Cleveland 1979) applied to the unbinned data. The ratios
were taken with respect to the ACDM cosmology and we
use the lines from the LOWESS method rather than the
binned median values (bottom). There is no strong trend in
the ratios of the concentrations for the different cosmologies.
Small differences appear at the high-mass end which is also
where the scatter in the concentrations becomes significant.

M17 showed that massive neutrinos systematically
lower the concentration of dark matter haloes at the ~5-10%
level between the lowest and highest neutrino mass, while
S20 showed that cosmologies with running of the spectral
index increase the concentration towards higher masses for
all considered cosmologies. M17 also showed that the effect
of baryonic feedback dominates any effect on the concentra-
tions which are affected by ~20%.

5 IMPACT OF BARYONS AND ITS
DEPENDENCE ON COSMOLOGY

In this section we investigate the effects of including baryons
on the statistics we have shown so far and show to what
degree these can be separated from the effects of changing
the cosmology.

Many studies have shown that the inclusion of baryonic
physics in cosmological simulation can have a significant ef-
fect on the overall matter distribution. This has been shown
with respect to the matter power spectrum (e.g. van Daalen
et al. 2011; Schneider et al. 2019; van Daalen et al. 2020),
the halo mass function (e.g. Sawala et al. 2013; Cusworth
et al. 2014; Velliscig et al. 2014), clustering (van Daalen et al.

2014), density profiles (e.g. Duffy et al. 2010; Schaller et al.
2015) and the binding energy of haloes (Davies et al. 2019),
which are all significantly impacted by baryons and their
respective feedback mechanisms. Of course, changes in cos-
mology also have a large effect on some of these statistics.
This raises the question of whether the effects of cosmology
and baryons influence each other or, instead, can be treated
independently, as often implicitly assumed in halo model-
based approaches (e.g., Mead et al. 2016).

Such considerations are also important when construct-
ing hydrodynamical simulations, since it is often desirable
that they reproduce a particular set of observables. If those
observables are sensitive to cosmological variations, then this
would suggest that the simulations would need to be re-
calibrated for each choice of cosmology. The BAHAMAS suite
of simulations are a first attempt at calibrating the feedback
processes to study their impact on LSS for large-volume cos-
mological hydrodynamical simulations. It is therefore vital
for the calibration statistics to be mostly unaffected by a
change in cosmology, or to re-calibrate after every change.
The calibration statistics for BAHAMAS are the observed stel-
lar and hot gas mass of haloes, which were specifically cho-
sen because they are expected to be relatively insensitive
to changes in cosmology (as confirmed in McCarthy et al.
2018, S20, and later here) and because these quantities are
directly related to impact of baryons on the matter power
spectrum (van Daalen et al. 2020; Debackere et al. 2020).
In the present study, we have used the same feedback pa-
rameters as adopted in McCarthy et al. (2017) and we have
verified that the cosmologies considered in this work all re-
produce the calibration statistics as well as found in that
study.

We have also confirmed that the relative impact of feed-
back (at fixed cosmology) on various metrics, such as the
matter power spectrum and the halo mass function, are the
same (to within a couple of percent) as reported previously
in M17 and S20 (see also Fig. 14 below). Therefore, rather
than re-examine the effects of baryons, we limit our explo-
ration here to the question of whether the impact of baryons
is separable from the change in cosmology. To do so, we fol-
low the approach taken in M17 and S20. Specifically, if the
effects are separable, then multiplying the impact of baryons
in the reference ACDM run (relative to the collisionless ver-
sion of this simulation) by the impact of changing the na-
ture of dark energy relative to ACDM for the collisionless
case, should reproduce the combined impact of baryons and
a change in cosmology of a DDE run with hydrodynamics
compared to the collisionless ACDM run.

To express the above mathematically, we test the ansatz
that

cosmo ACDM
wcosmo _ l//ACDM l/’DMO l’[/H_ (10)
H ~ 7"DMO l//ACDM l//ACDM :

DMO DMO

where ¢ is the chosen statistic (such as the matter power
spectrum or the HMF), the subscripts denote whether it
is from the collisionless or hydrodynamical cases, and the
superscripts denote the cosmology where ‘cosmo’ refers to
either a DDE or ACDM cosmology. The first and second
bracketed terms are therefore the effect of cosmology and
baryons with respect to a collisionless (dark matter-only)
ACDM cosmology simulation, respectively.

To test the separability, we have run all of the simu-
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Figure 12. Top: the total matter power spectra for the differ-
ent cosmologies from hydrodynamical simulations (lines) and the
collisionless simulations with added baryonic effects (crosses) as
described in equation 10. Line styles indicate different redshifts.
Bottom: The ratios at different redshifts of the matter power spec-
trum from hydrodynamical simulations and the collisionless simu-
lation with added baryonic effects for the same cosmology. Colours
indicate different cosmologies where bracketed values refer to the
values of (wp, w,) and linestyles indicate redshifts.

lations including hydrodynamics, using the calibrated feed-
back model from the original BAHAMAS runs (McCarthy et al.
2017). We test the degree of separability by applying equa-
tion 10 to three statistics: the matter power spectrum, the
HMF and the density profiles.

5.1 Matter power spectrum

We first examine the total matter power spectrum, which
was described in Section 3.1. Fig. 12 shows the total mat-
ter power spectrum from the hydrodynamical simulations
(lines) and from the collisionless simulations with bary-
onic effects applied following the prescription in equation
10 (crosses). To see how well these agree, we show the ratio
for each cosmology and at three different redshifts, z =0, 1,
and 2. As can be seen, the effects of cosmology and baryons
(feedback) are separable to very high precision (typically
<0.1% for k < 10 h Mpc’l) for the majority of the k-scales
and across all redshifts shown.
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Figure 13. Top: the HMF for the hydrodynamical simulations
(lines) and the collisionless simulations with added baryonic ef-
fects (crosses) as described in Equation 10. Line styles indicate
different redshifts. Bottom: The ratios at different redshifts of
the HMF from hydrodynamical simulations and the collisionless
simulation with added baryonic effects for the same cosmology.
Colours indicate different cosmologies where bracketed values re-
fer to the values of (wp, ws) and linstyles indicate redshifts.

5.2 Halo mass function

Next we examine the separability of baryonic and cosmolog-
ical effects on the HMF', which was described in Section 3.3.
Fig. 13 shows the HMF for the hydrodynamical simulation
(lines) and the collisionless simulations including baryonic
effects following the prescription in equation 10 (crosses).
As with the matter power spectrum, we show the ratio of
these for each cosmology and for z = 0, 1, 2. They typically
agree to better than a few percent accuracy for the majority
of the mass range sampled at each redshift. The scatter in-
creases somewhat at the high-mass end at each redshift due
to the relative rarity of such systems.

We also investigate the separability of cosmological and
baryonic effects on the masses of haloes, as we have shown
that the halo mass is affected by DDE (Fig. 8) and previ-
ous studies have shown the impact of baryonic physics on
halo mass (Sawala et al. 2013; Cui et al. 2014; Velliscig et al.
2014; Schaller et al. 2015). The top panel of Fig. 14 shows the
ratio of Mpgg,¢rit from the hydrodynamical simulations with
those of the collisionless simulations in bins of Mg, crit of the
halo from the collisionless simulation, for each cosmology. It
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Figure 14. Top: The fractional change in halo mass, Mg, crit,
of haloes from the hydrodynamical simulations relative to their
matched dark matter counterparts at z = 0. Bottom: The ratio of
the fractional mass change from hydrodynamical simulations and
the collisionless simulations with added baryonic effect (see Equa-
tion 10). Colours indicate different cosmologies where bracketed
values refer to the values of (wp, wy).

shows that baryonic effects suppress the masses of haloes by
up to ~15% at 10'3Mg but this suppression is less effective
at lower and higher masses, consistent with M17 and S20.
This peak in suppression is due to the mass dependence
of the feedback efficiency of active galactic nuclei (AGN).
The suppression is reduced in magnitude at higher masses
owing to the increased binding energies of those haloes. In
the bottom panel of Fig. 14 we plot the effect of the DDE
cosmologies on the halo mass for the hydrodynamical simu-
lations normalised by the effect of DDE in the collisionless
simulations (for each cosmology). The impact of baryons on
the halo is independent of the nature of DDE at the level
of < 1% over the entire mass range. Likewise, the effect of
DDE cosmologies on halo mass is independent of baryonic
physics.

5.3 Total matter density profiles

Finally, we examine the separability of cosmological and
baryonic effects on the total matter density profiles, de-
scribed in Section 4.1. Fig. 15 shows the total matter density
profiles in bins of My, ¢ri¢ of haloes from the hydrodynamical
simulation (lines) and of the collisionless simulations where
the baryonic effects (crosses) are applied in post-processing
according to Equation 10. Unlike in Fig. 10, these haloes
have not been matched to the collisionless simulations.

The effects of feedback and changes in cosmology
are separable to < 1% for haloes within the mass range
Mzog,cmzlolz's — 10" Mg. The errors in the separability
are slightly larger for lower-mass haloes (likely because they
are sampled by fewer particles), and at the highest masses,
plausibly as a result of relatively poor statistics.

6 DISCUSSION AND SUMMARY

We have constructed a new suite of cosmological hydrody-
namical simulations using a modified version of the BAHAMAS
code to investigate the effects of spatially flat DDE cos-
mologies on LSS. Six cosmologies were chosen based on the
constrained wy — wy, geometric degeneracy from the Planck
TT+lowTEB data set. We included Aj,g as a free parame-
ter in our analysis to account for the enhanced smoothing of
the CMB temperature power spectrum. DDE changes the
expansion history of the Universe (see Fig. 4) and there-
fore affects the growth of structure. However, we choose the
other cosmological parameters so that the integrated expan-
sion history (i.e., the distance to the surface of last scat-
tering) is the same and consistent with the Planck primary
CMB data. While this approach generates more ‘realistic’
cosmologies, it makes disentangling the effects of DDE from
those caused by changes in the other cosmological parame-
ters more challenging. Therefore, we refer to the DDE cos-
mologies as a whole, rather than the DDE itself, and all
effects are with respect to our ACDM cosmology. To exam-
ine the impact of these cosmologies on the LSS, we examined
a variety of statistics, namely: the matter power spectrum,
the 2-point auto-correlation function of dark matter haloes,
the halo mass function, and halo number counts. We also
examined the density profiles and the concentration—mass
relation to investigate the impact of DDE on internal prop-
erties of haloes.
Our main findings can be summarised as follows:

e The clustering of matter is strongly affected in the DDE
cosmologies. Both the matter power spectrum (Fig. 5) and
the 2-point auto-correlation function of haloes (Fig. 6) can
show up to a ~10% change at z = 0, where the thawing
(freezing) DDE cosmologies enhance (suppress) the cluster-
ing with respect to the reference ACDM cosmology. The ef-
fect on P(k) shows only a weak scale dependence, while the
amplitude change agrees well with the expectations based on
changes in the linear growth factor for the different cosmolo-
gies. The redshift dependence of these effects is relatively
mild.

e The effect on the abundance of low-mass haloes in the
different DDE cosmologies is of the same order of magnitude
as the clustering and has a strong mass dependence (Fig. 7).
The largest effects are seen at the high-mass end and at
higher redshifts, z = 1 and z = 2. The abundances of the
lowest-mass haloes in our simulations at any given redshift
are modified by ~5-10% while the highest-mass haloes can
have their abundances modified by up to ~20%. The thawing
(freezing) DDE cosmologies decrease (increase) the abun-
dance of low-mass haloes with respect to ACDM, whereas for
high-mass haloes (Mago,crit 2 10'* Mg) this trend is reversed.
The effect at the low-mass end can be attributed to the dif-
ferences in Qn between the cosmologies, while the changes
at the high-mass end are due to the change in growth of
structure (i.e., P(k)).

e In terms of the internal structure of haloes, the DDE
cosmologies generally have less of an impact. The density
profiles show shifts in amplitude consistent with the change
in halo mass mentioned above (Fig. 10), while the shapes of
the density profiles are only weakly affected.

e The effects on our chosen statistics have been compared
to the effect of massive neutrinos with a varying sum of neu-
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Figure 15. Median radial total mass density profiles for the different DDE cosmologies from the hydrodynamical simulations (lines)
and the collisionless simulations with added baryonic effects (crosses) as described by Equation 10. The ratio is of the hydrodynamical
density profiles and the collisionless density profiles with added baryonic effects. Each panel shows different mass bins with width 0.5 dex
in Magg,crit- Colours indicate different cosmologies where bracketed values refer to the values of (wp, ws ). The dashed vertical lines show
the median convergence radius (see Section 4.1) for haloes in that mass bin within which the density profiles should not be trusted.

trino masses previously investigated in BAHAMAS (Mum-
mery et al. 2017). It is clear that massive neutrinos can be-
have similarly to the cosmologies including DDE presented
here. However, massive neutrinos can only suppress the clus-
tering of matter and haloes and the abundances of haloes,
whereas the freezing and thawing cosmologies can either sup-
press or enhance these, respectively. Their scale and redshift
dependence on P(k), as well as their mass and redshift de-
pendence on the abundance of haloes, are very similar which
makes the effect of massive neutrinos and thawing cosmolo-
gies difficult to distinguish (see also Upadhye 2019).

e We have also compared these statistics to the effect of
a running of the scalar spectral index found by (Stafford
et al. 2020). The comparison to running of the spectral index
shows striking similarities in both the shape and magnitude
of observed trends for all the considered statistics. The scale
and redshift dependencies in P(k) are very similar for the
scales we sample although there appears to be some devia-
tions in behaviour at the smallest scales, largest k. The effect
on the abundance of dark matter haloes is even more simi-
lar, with both cosmological extensions showing remarkably
similar trends across mass and redshift.
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e These effects of changing cosmology were also compared
to the effects of baryons. In general, baryons tend to sup-
press the statistics considered here, at levels of up to 10-20%.
Baryons also have a strong scale dependence for P(k) and a
more complicated mass dependence for the HMF compared
to that of DDE cosmologies. We investigated the separabil-
ity of cosmological and baryonic effects on our LSS statistics,
by assuming that each effect can be treated as a simple mul-
tiplicative factor described by Equation 10. In general, we
find that effects due to the different DDE cosmologies and
baryonic physics can be separated to high accuracy in this
way, with errors of at most a few percent. More specifically,
errors in the separability in P(k) are < 0.1% (see Fig. 12),
the lowest in any of our statistics, while in the HMF and
density profiles the errors are typically ~1-2% (see Fig. 13).

We can put our work in the context of the LSS tension
that exists between ‘early-Universe’ CMB data and ‘late-
Universe’ LSS data sets, where the latter prefer lower values
of Sg than the former, which is effectively equivalent to say-
ing that the observed low-redshift Universe is smoother than
it ought to be assuming the ACDM model with CMB con-
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straints on its parameters. It is clear from Table 2 that our
cosmologies do not significantly lower the Sg parameter rel-
ative to ACDM and most DDE models we consider actually
increase its value (the thawing models). This simple com-
parison, though, relies on the assumption that changes to
the value of Sg directly translate into changes in the forma-
tion of structure. However, we have shown that for (CMB-
constrained) DDE models, the mapping between massive
cluster abundances in particular and Sg is more complex
(non-monotonic) than for ACDM, with the freezing model
(with lower Sg) yielding a similar suppression in cluster
abundances to some of the extreme thawing models (with
higher Sg). Cosmic shear (weak lensing), on the other hand,
might be expected to more directly constrain Sg, given that
it measures the projected matter power spectrum. In princi-
ple, therefore, the combination of different LSS tests should
be helpful in constraining the nature of DDE. As for the
current claimed tension between the CMB and measures of
LSS, the variations we see in the DDE cosmologies, while
certainly not insignificant, do not appear to be large enough
on their own to reconcile the tension (e.g., the abundance
of clusters is suppressed by ~ 5% for some of the models,
whereas a suppression of ~ 50% or larger is claimed to be
required, depending on how the mass scale of clusters is cal-
ibrated).

In conclusion, the impact of DDE in CMB-constrained
cosmologies results in significant effects on a variety of LSS
metrics which should be testable with upcoming LSS sur-
veys. For example, LSST® and Euclid? are anticipated to
measure the matter power spectrum at the percent level
(Huterer 2002; Huterer & Takada 2005; Hearin et al. 2012),
while the differences in the DDE models we consider can
reach up to ten times this level. The prospects for us-
ing future LSS observations together with detailed predic-
tions from cosmological simulations to place interesting con-
straints on DDE are therefore bright.
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APPENDIX A:

In this section we show how we can use the HMF fitting func-
tion from Tinker et al. (2008) to gain some insight into the
trends we observe in the HMF for our different cosmologies
in Fig. 7.

The fitting function provided in Tinker et al. (2008) is
an attempt to describe the abundance of dark matter haloes
as a function of the matter power spectrum. It is given by

dn Pm dino!
at =\ " an
where pp, is the mean matter density which depends on Qp,,

and f(o) is given as

(A1)

fo)=A [(%)_“ + 1] e/’ (A2)

where A, a, b, and ¢ are constants calibrated to simulations,
and o is the rms density fluctuation in a sphere of radius R,
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Figure A1l. The HMF fitting function from Tinker et al. (2008)
given in Equation A1 split into three separate terms and plotted
against halo mass. Each line represents one of our cosmologies
normalised by the ACDM cosmology at z = 0. Colours indicate
different cosmologies (see Table 2) where bracketed values refer
to the values of (wp, wq).

where W(kR) is the Fourier transform of the real-space top-
hat window function and P(k) is the linear matter power
spectrum.

Through Equation Al, we can decompose the abun-
dance of haloes into three separate terms; f(o-) which de-
pends on a set of constants and a cosmology-dependent P(k),
[ﬁ which is cosmology dependent through its Qn depen-

dence, and dine™l pich s also dependent on cosmology

through P(k). To investigate the impact that each of these
terms has on the final HMF, we show them as a function
of halo mass in Fig. Al for our cosmologies at z = 0, nor-
malised by their respective ACDM cosmology solution. The
f(o) term changes the abundance of high-mass haloes that
are still forming at z = 0 but leaves the low-mass end un-
affected. The pﬁ‘“ term, which is effectively just a change in
Qn, creates a constant offset equal to the fractional differ-
ence between the values of Qp, for the cosmologies compared

to the value of the ACDM cosmology. The dlgi‘;] term also
shows an almost constant, but negligible, offset. Fig. Al can
then be used to explain the trends we see in the HMF for the
different cosmologies in Fig. 7. Firstly, the low-mass trend is
dominated by changes in Qpn, between the cosmologies and,

secondly, the effect at the high-mass end is a combination of
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Figure A2. Top: The HMF fitting function described in Equa-
tion Al (lines) and the HMF from the collisionless simulations
(crosses) for each of the cosmologies at z = 0. Bottom: The ra-
tios of the fitting function and the simulation HMF relative to
their respective ACDM cosmology solution. Colours indicate dif-
ferent cosmologies (see Table2) where bracketed values refer to
the values of (wp, wy ).

this offset and changes in P(k) that cause a suppression or
enhancement of the HMF at the high-mass end.

For completeness we also compare the HMF from the
simulations to the results from the fitting function of Tinker
et al. (2008) in Fig. A2. The ratios have been taken with the
ACDM cosmology for the collisionless simulations (crosses)
and the HMF fitting function (lines), respectively. We see
that the fitting function reproduces the relative difference
between the cosmologies well and over the entire mass range
probed by the simulations, although there is some scatter at
the high-mass end for the simulation results which make the
direct comparison more challenging.
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