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ABSTRACT

We use the cosmological hydrodynamical simulation NEWHORIZON to study the effects of the baryonic component on the inner
mass profile of dark matter haloes of isolated galaxies (10° < M, /Mg < 10''). Dark matter deficits (‘cores’) develop only in
galaxies in a narrow range of stellar mass, 5 x 107 < M, /Mg < 3 x 10°. The lower stellar mass limit arises because a minimum
amount of star formation is required to drive the baryonic outflows that redistribute dark matter and create a core. The upper limit
roughly coincides with the total amount of dark matter initially contained within the innermost 2 kpc (1 £ 0.5 x 10° M), which
roughly coincides with the stellar half-mass radius of these dwarfs. This enclosed mass is quite insensitive to the total virial mass
of the system. The same upper limit applies to other simulations, like NTHAO and EAGLE-CHT10, despite their rather different
galaxy formation efficiencies. This suggests that it is the galaxy total stellar mass that determines when a core is formed, and
not the galaxy-to-dark halo mass ratio, as argued in earlier work. This is consistent with a back-of-the-envelope estimate for a
SN-induced rate of orbital diffusion. Although NEWHORIZON dwarfs reproduce the observed diversity of rotation curves better
than other simulations, there are significant differences in the gravitational importance of baryons in the inner regions of dwarfs
compared to observations. These differences prevent us from concluding that cosmological simulations are currently fully able
to account for the observed diversity of rotation curve shapes.
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1 INTRODUCTION

A current key tension in astronomy is the ‘core-cusp’ problem
(Flores & Primack 1994; Moore 1994) and its derivative issues,
which describes the observed discrepancy between the inner dark
matter (DM) content of low mass haloes in cosmological simulations
and that inferred from the rotation curves of dwarf galaxies (de Blok
2010). LCDM simulations predict a cuspy DM density profile, where
density increases towards the centre of the halo (o o r~!) (Springel
et al. 2008). This is commonly described by a Navarro—Frenk—White
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(NFW) profile (Navarro, Frenk & White 1996b, 1997), although
other fits have also been suggested (e.g. Einasto 1965; Navarro et al.
2010). In contrast, observations of dwarf galaxies often find slowly
rising rotation curves which suggest that the density profile has a
much shallower (or even flat) density profile (i.e. a constant density
‘core’) in their inner regions (e.g. Burkert 1995; de Blok et al. 2001,
2008; Gilmore et al. 2007; Kuzio de Naray, McGaugh & de Blok
2008; Kormendy et al. 2009; Oh et al. 2011, 2015; Lelli, McGaugh &
Schombert 2016).

Given that dwarf galaxies remain difficult to study, both obser-
vationally and theoretically, due to the shallow detection limits of
recent wide-area surveys such as the SDSS (Alam et al. 2015)
and the relatively low resolution of large volume simulations; e.g.
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Horizon-AGN (Dubois et al. 2014; Kaviraj et al. 2017), EAGLE
(Schaye et al. 2015), Ilustris (Vogelsberger et al. 2014), APOSTLE
(Sawala et al. 2016), Simba (Davé et al. 2019), or IlustrisTNG
(Nelson et al. 2019).1t is probably unsurprising that such tensions
between observations and LCDM predictions have been reported in
the low-mass galaxy regime (e.g. Bullock & Boylan-Kolchin 2017;
Sales, Wetzel & Fattahi 2022).

To try to resolve this, many studies have shown that it is possible
to turn the DM cusps into cores via baryonic processes (Navarro,
Eke & Frenk 1996a; Gnedin & Zhao 2002; Read & Gilmore 2005;
Mashchenko, Wadsley & Couchman 2008; Peirani & de Freitas
Pacheco 2008; Pontzen & Governato 2012; Garrison-Kimmel et al.
2013; Teyssier et al. 2013; Di Cintio et al. 2014; Chan et al. 2015;
Tollet et al. 2016; Fitts et al. 2017; Peirani et al. 2017; Lazar
et al. 2020; Burger & Zavala 2021; Jackson et al. 2024). Feedback
processes driven by active galactic nuclei (AGNs) and/or supernovae
(SNe) are capable of redistributing mass in DM haloes in different
ways. In low mass galaxies SN feedback has been shown to be able to
remove gas from the central regions of galaxies (Dubois & Teyssier
2008; Di Cintio et al. 2017; Chan et al. 2018; Jackson et al. 2021).
This gas removal has been invoked to explain the formation of cores
in several simulations, via non-adiabatic fluctuations of the potential
(Navarro et al. 1996a; Pontzen & Governato 2012). Such fluctuations
lead to energy gains for DM particles, which then migrate to orbits
with larger apocentres, lowering the central DM densities.

However, even models that successfully produce ‘baryon-induced
cores’ (hereafter BICs) have not been able to fully reproduce the
observed diversity of dwarf galaxy rotation curves (Santos-Santos
et al. 2020). This raises the question of whether baryonic outflows
driven by SN feedback are truly responsible for the observed
diversity.

Alternative solutions include possible systematic errors (or un-
derestimated uncertainties) in the measurements of dwarf galaxy
rotation curves. There are several known sources of error (such as
the failure to account for non-circular motions) which have been
discussed and studied using simulations and mock observations
(Strigari, Frenk & White 2017; Genina et al. 2018; Harvey et al.
2018; Oman et al. 2019; Santos-Santos et al. 2020; Downing &
Oman 2023; Roper et al. 2023). For example Roper et al. (2023)
show, using variations of the EAGLE model, that simulated dwarfs
with similar circular velocity curves can actually show a diversity of
‘observed’ rotation curves because of the presence of non-circular
motions.

Another potential solution involves modifications to the LCDM
model, such as invoking self-interacting DM (SIDM; Spergel &
Steinhardt 2000; Yoshida et al. 2000; Vogelsberger, Zavala & Loeb
2012; Rocha et al. 2013; Tulin & Yu 2018) or ‘fuzzy’ DM models.
SIDM, in particular, has been repeatedly championed as a viable
solution of the core-cusp problem (Burger & Zavala 2019; Burger
et al. 2022).

The ability of either BICs or SIDM to explain the diversity of
rotation curves has been studied in detail by Santos-Santos et al.
(2020). These authors show that existing simulations, such as the
NIHAO series (Dutton et al. 2016, 2019; Tollet et al. 2016) and
the EAGLE-CHT10 simulation (Benitez-Llambay et al. 2019), can
yield large BICs, but are still unable to fully reproduce the rotation
curve diversity observed in dwarf galaxies (Schaye et al. 2015;
Sawala et al. 2016; Benitez-Llambay et al. 2019; Nelson et al. 2019).
Models like SIDM can also produce a wide variety of rotation curve
shapes, but the diversity is driven by the wide range of assumed
halo concentrations rather than by the properties of SIDM. The key
problem is that simulations that produce BICs are unable to reproduce
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a well-defined observational trend, where dwarf galaxies with slowly
rising rotation curves (normally indicative of a ‘core’) are highly
baryon-dominated in the inner regions, as opposed to rapidly rising
curves (indicative of a ‘cuspy’ inner profile), where baryons play a
less prominent role.

In this study, we examine the formation of BICs and the diversity of
galaxy rotation curves in the NEWHORIZON (NH) hydrodynamical
cosmological simulation (Dubois et al. 2021) and compare these
results to observational data. NH is a zoom-in of an average density
region taken from the Horizon-AGN simulation (Dubois et al. 2014;
Kaviraj et al. 2017), which has a volume of (142 cMpc)®. NH has a
maximum spatial resolution of 34 pc, with mass resolutions of ~ 10*
M, and ~ 10° My, for the stars and DM, respectively.

These make NH an ideal tool to study the inner regions of galaxies
over a statistically significant sample of galaxies due to the volume
of the simulation. Recently, Jackson et al. (2024) have shown that
the NH simulation is able to produce DM cores over a range of
stellar/halo masses, but did not verify that those cores lead to a
diversity of rotation curves in agreement with observed galaxies.
The latter issue is the main goal of this study.

This paper is structured as follows. In Section 2, we briefly describe
the NH simulation. In Section 3, we present our main findings. We
summarize our conclusions in Section 4.

2 THE NEwWHORIZON SIMULATION

The NH cosmological, hydrodynamical simulation (Dubois et al.
2021) is a high-resolution simulation of a zoomed-in region of the
Horizon-AGN simulation (H-AGN hereafter; Dubois et al. 2014;
Kaviraj et al. 2017). H-AGN employs the adaptive mesh refinement
code RAMSES (Teyssier 2002) and utilizes a grid that evolves a 142
comoving Mpc? volume (with spatial resolution of 1 kpc). The initial
conditions are generated using using MPGRAFIC (Prunet et al. 2008)
using 10243 initially uniformly distributed cubic cells.

For NH, this grid is resampled at higher resolution (using 40963
initially uniformly distributed cubic cells), using the same cosmology
as that used in H-AGN (£2,, = 0.272, @, = 0.0455, Q, = 0.728,
Hp = 70.4 km s~' Mpc~!, and n, = 0.967; Komatsu et al. 2011).
This higher-resolution volume is a sphere which has a radius of
10 comoving Mpc which is centred on a region of average density
within H-AGN. NH has a stellar mass resolution of 10* Mg, DM
mass resolution of 10° Mg, and a maximum spatial resolution of
34 pc (compared to 1 kpc in H-AGN).! Though the simulation has
been evolved down to z = 0.18, this study uses the z = 0.25 output
due to the availability of data at the commencement of the project.

2.1 Star formation and stellar feedback

NH includes gas cooling via primordial Hydrogen and Helium,
which is gradually enriched by metals produced by stellar evolution
(Sutherland & Dopita 1993; Rosen & Bregman 1995). An ambient
ultraviolet (UV) background is switched on after the Universe is
re-ionized at z = 10 (Haardt & Madau 1996). Star formation is
assumed to take place in gas that has a hydrogen number density
greater than ny >10 cm™> and a temperature lower than 2x10*
K, following a Schmidt relation (Schmidt 1959; Kennicutt 1998).
The star-formation efficiency is dependent on the local turbulent
Mach number and the virial parameter o = 2E;/|E,|, where Ey is
the kinetic energy of the gas and E, is the gas gravitational binding

IThe gravitational force softening is equal to the local grid size.



energy (Kimm et al. 2017). The probability of forming a star particle
is then drawn at each time-step using a Poissonian sampling method,
as described in Rasera & Teyssier (2006).

A star particle represents a coeval stellar population, with 31 per
cent of the stellar mass assumed to explode as Type II SNe 5 Myr after
its birth its formation. This fraction is calculated using a Chabrier
initial mass function, with upper and lower mass limits of 150 Mg
and 0.1 Mg (Chabrier 2005). SN feedback takes the form of both
energy and momentum, with the final radial momentum capturing the
snowplough phase of the expansion (Kimm & Cen 2014). Initially
the energy of each SN is 10°! erg, with a progenitor mass of 10 M.
Pre-heating of the ambient gas by UV radiation from young O and
B stars is included by augmenting the final radial momentum from
SNe following Geen et al. (2015).

2.2 Identification of galaxies and merger trees

For this study, we use the ADAPTAHOP algorithm to identify DM
haloes (Aubert, Pichon & Colombi 2004; Tweed et al. 2009).
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ADAPTAHOP is efficient at removing subhaloes from host structures
and keeps track of the fractional number of low-resolution DM
particles within the virial radius of the halo in question. We identify
galaxies in a similar fashion, using the HOP structure finder applied
directly on star particles (Eisenstein & Hut 1998). As HOP does not
remove substructures from the main structure, which would result in
star-forming clumps being removed from galaxies. Merger trees are
then created for each galaxy at the final snapshot at z = 0.25, with
an average time-step of ~15 Myr. This enables us to track the main
progenitor of every galaxy with high temporal resolution.

As NH is a high resolution zoom of Horizon-AGN, higher-mass
DM particles may enter the high resolution region of NH from
the surrounding lower-resolution regions. With the mass differences
being large, these DM particles could interact with galaxies they are
passing through in unusual ways, producing spurious effects. Even
though the vast majority of galaxies affected by low DM purity exist
at the outer edge of the NH sphere, we exclude any galaxy/halo that
contains any low-resolution particles for this study.

We also match haloes between the NH simulation and a dark-
matter-only (DMO) run of the same volume; this gives us a sample
of DM haloes both with and without baryons for comparison. The
matching is confirmed by ensuring that it passes a threshold of sharing
a significant number (> 75 per cent) of the same DM particles and
that the total mass of the haloes in the two runs is similar (in more
than 90 per cent of cases the two agree to within a factor of 2, see
Peirani et al. 2017; Jackson et al. 2024 for more details). For the
purposes of this study, we define a halo virial mass as that contained
within a radius where the overdensity is 200 the critical density for
closure. Throughout this paper virial quantities are labelled with a
200’ subscript.

3 RESULTS

3.1 The stellar mass—halo mass relation

Fig. 1 shows the stellar mass, M,, as a function of halo mass,
measured by V.« (the maximum circular velocity) for all central
galaxies (i.e. isolated, not satellites) in NH (blue circles). We include
only galaxies whose DM haloes have M,y > 10° M, to ensure that
all haloes have at least 1000 DM particles. For comparison we show
the median M,—V . relations from the APOSTLE (Fattahi et al.
2018) (grey line), EAGLE-CHT10 (Benitez-Llambay et al. 2019)
(cyan line), and NIHAO simulations (Wang et al. 2015) (purple line).

R | . 1
30 70 100 300
Vmax [km/s]

Figure 1. The Vinax—M, relation for central galaxies in the NH simulation
(blue points). We also show the same relationship from the abundance-
matching model of Moster et al. (2013) (red dashed line), as well as from the
APOSTLE (grey), EAGLE-CHT10 (cyan), and NIHAO (purple) simulations.
NH is fairly consistent with APOSTLE at low Vipax though for higher Vipax
it tends to yield higher stellar masses at given halo mass than the other
simulations.

‘We also include, for reference, the results of the abundance matching
study of Moster, Naab & White (2013). For further comparisons of
the NH galaxies to observational results, in particular the baryonic
Tully—Fisher relation see Dubois et al. (2021) fig. 20.

We find that the results for APOSTLE and NH are similar in the
dwarf galaxy regime (we define the dwarf galaxy regime as roughly
M, < 10° Mg). However, dwarfs in NIHAO and EAGLE-CHT10
are substantially less massive, at given halo mass. At higher stellar
masses, NH galaxies are more massive than in the other simulations,
and agree better with the abundance-matching results.

3.2 Rotation curve shapes and baryonic effects

A simple characterization of the shape of the rotation curve of
a galaxy is provided by the ratio between the maximum circular
velocity of a system and the circular velocity at a suitably defined
inner ‘fiducial’ radius, Vgq = V.(rgq). For this study we use the
fiducial radius defined by Santos-Santos et al. (2020):

tig = 2(Vinax /70 kms™1) kpe. D

For comparison, a DMO LCDM halo with 70 km s~! virial velocity
reaches its peak circular velocity at rp,x =~ 12 kpc, so the ratio,
Nrot = Viid/Vmax, provides a good measure of how rapidly the circular
velocity rises in the inner regions to reach its maximum. Galaxies
with 1o & 1 have rapidly rising rotation curves, and those with ratios
well below unity have slowly rising rotation curves.

More importantly, the self-similar nature of LCDM haloes implies
that, in the absence of baryons, the 7, ratio is expected to be roughly
constant for all haloes, regardless of mass (1ot ~ 0.65). This implies
that values of 7., significantly different from 0.65 signal galaxies
where baryons have had significant influence shaping the rotation
curve.

MNRAS 539, 3797-3807 (2025)
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Figure 2. Circular velocity profiles for four example galaxies with log M, = 7.04, 8.46, 9.37, and 10.74 Mg . In each example we show the velocity contributions
corresponding to the total mass (thick black dot—dashed), DM (thick blue), DMO run (thick orange), gas (purple), and stars (red). We also include a best-fitting
NFW profile for the DMO run (thin black dashed line). The black arrow indicates the fiducial radius, rqq, for each halo. We also indicate where the profiles go
inside the convergence radius (Power et al. 2003; Schaller et al. 2015) by showing the profile as a dotted line. From these examples DM ‘cores’ (i.e. reductions in
DM relative to the DMO case) are clearly visible in two galaxies (2 and 3). For these cases, we fit the cored-NFW parametrization from Zavala, Vogelsberger &
Walker (2013), equation (2), and show the result as the brown dashed line. Additionally, we can see that in the lowest mass halo the DM component is higher
than the DMO run due to the presence of significant amounts of gas, whereas in the most massive example this occurs due to the presence of stars.

Values of 1, well below 0.65 indicate a deficit of mass in the inner
regions relative to the DMO run (a clear indication of a ‘core’ in the
DM inner mass profile), whereas values higher than 0.65 indicate
cases where the total mass inside the fiducial radius has increased,
either as a result of the assembly of the baryonic component of the
galaxy and/or of the consequent halo contraction. Although a DM
core may still be present in the latter case, it is not straightforward to
detect because the inner DM deficit in these cases could have been
compensated by the luminous component.

A better measure of the effect of baryons on the halo is provided by
how much the DM mass inside 44 has been changed by the assembly
of the galaxy, compared with a DMO run. This can be measured by
the ratio, vgq, between Vjq in the DMO case and the DM contribution
to Vigq in the hydrodynamical simulation; i.e. vig = Via,pm/ Viid.pmo-
Values of vgq substantially lower than unity indicate the formation of
a core in the DM; values above unity signal halo contraction due to
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the gravitational effect of the baryonic component. We shall hereafter
identify galaxies with a ‘core’ as those with vgq < 0.75.

3.3 Rotation curves of galaxies in NEWHORIZON

We begin by examining the rotation curves of four NH galaxies in
Fig. 2. These examples correspond to systems spanning a wide range
of stellar mass (log M, /Mg = 7.04, 8.46, 9.37, and 10.74). In each
panel we show the DMO circular velocity curve (orange), fitted with
an NFW profile (black dashed line), as well as the contributions to
the circular velocity of the DM (blue), gas (purple), and stellar (red)
components in the simulation including baryons.

The thick black dot—dashed line shows the total circular velocity
in the simulation with baryons. We indicate g4 in each case using a
black arrow. The direction of the arrow (upward/downward) indicates
whether the DM enclosed within 4 has increased/decreased, relative
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Figure 3. The reduction in DM mass inside the fiducial radius (as measured by viq = Vida,pm/ Viid,pm0) as a function of galaxy stellar mass, M, (left), and of
galaxy formation ‘efficiency’, M., /Mo (right). We indicate our definition of galaxies with ‘cores’ as those below the black dashed line indicating vgq = 0.75.
The results for APOSTLE (grey), NIHAO (purple), and EAGLE-CHT10 (cyan) galaxies are also shown. In all simulations there is a clear trend with increasing
stellar mass, with low-mass galaxies having values of vgq & 1, then gradually decreasing as cores for, peaking around M, ~ 10° My, before increasing again.
The same trend is seen in all simulations except APOSTLE, where cores do not form. Although similar trends are seen for vgq as a function of galaxy formation
‘efficiency’, M,/ Mhao, there is no agreement between simulations using this parameter. This suggests that M, / My, is not the best metric for identifying over
which stellar mass range galaxies form cores. Red circles highlight the galaxies whose rotation curves are shown in Fig. 2.

to the DMO run. We indicate the Power et al. (2003) convergence
radius for each halo, where the curves transition from dotted to solid
lines.

These example circular velocity profiles show how diverse rotation
curves are when compared to those in the DMO simulation, which
are all reasonably well approximated by NFW profiles. Indeed, some
systems have slowly rising circular velocity profiles consistent with
cores, whereas others have steeply rising curves indicative of a highly
concentrated baryonic component and/or a DM cusp.

In the lowest-mass system (top-left panel in Fig. 2), gas contributes
far more than stars to the central mass budget, and contracts the
halo, yielding a fairly flat circular velocity curve with 7,y =~ 0.9 and
vig ~ 1.4. In the highest mass galaxy (bottom-right), stars dominate
the inner regions, also contracting the halo in the process (7,0 = 0.95,
Vfid ™~ ]4)

On the other hand, the two intermediate-mass systems show
evidence of an inner mass deficit compared with the DMO run,
indicating the presence of a core. The brown dashed lines in Fig. 2
show fits to the inner DM profile using the density profile proposed
by Zavala et al. (2013):

3
Loty

(r+r)r2+r2) @

p(r) =
The four examples in Fig. 2 show clearly that the assembly of the
galaxy can alter substantially the circular velocity profiles of NH
galaxies, yielding a wide diversity of rotation curve shapes.

3.4 Core formation and galaxy stellar mass

Which galaxies develop baryon-induced DM cores? The left-hand
panel of Fig. 3 shows, as a function of galaxy stellar mass, the change
in the DM content within rg4q, as measured by the parameter vgg

introduced above, for all NH galaxies. The right-hand panel shows
Vg as a function of the galaxy formation ‘efficiency’, defined as the
ratio of galaxy stellar mass to halo virial mass.

The results for NH galaxies are shown by the navy blue circles
(the example galaxies shown in Fig. 2 are highlighted with red
circles). The ‘V’-shaped distribution of blue symbols highlight the
fact that cores do not form in NH at either the low-mass or high-
mass regime. Indeed, cores are only seen in a well-defined range
of stellar mass, 10”7 < M,/Mg < 10°3, with the largest cores in
galaxies with M, ~ 10°M,.

A similar trend has been previously reported in other simulations,
like NIHAO (shown in purple) and EAGLE-CHT10 (cyan). Note that
APOSTLE galaxies (in grey) show no evidence of a core (Bose et al.
2019), a result that has been traced to the low gas density threshold
adopted in those simulations, which prevents the gas from becoming
gravitationally dominant over the DM in the dwarf galaxy regime
(Benitez-Llambay et al. 2019).

The agreement between the M, versus vgq trends in NH, NIHAO,
and EAGLE-CHT10 is at face value somewhat surprising, because
it had been argued that baryon-induced cores should depend mainly
on galaxy formation efficiency (i.e. M, /M), and not on M, alone
(Di Cintio et al. 2014; Tollet et al. 2016; Dutton et al. 2019). The
right-hand panel of Fig. 3 shows, however, that this is not the case.
The vgqg trend with M,/ My, varies significantly from simulation to
simulation, but the correlation with M, is quite similar for all three
sets of runs.

What causes this? One clue is provided by Fig. 4, where we show
the enclosed DM profiles of all NH galaxies. The three colours
distinguish between systems with BICs (i.e. vgq < 0.75, shown in
blue) from those without an inner DM deficit (vgq > 0.75, shown in
green for low-mass systems and orange for high-mass ones).

These systems span almost four decades in virial mass, from
roughly 10° to 10'3 M. However, the range in enclosed dark mass in

MNRAS 539, 3797-3807 (2025)
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Figure 4. Lines show cumulative DM profiles for all haloes in the NH
simulation. We colour-code haloes by vgq; blue indicates galaxies with a
core (vag < 0.75), orange and green denote galaxies with high mass (log
M, > 9.5) or low mass (log M, < 8) that do not form a core (i.e. vgq > 0.75).
The coloured symbols show the effective radius versus galaxy stellar mass
(coloured crosses) for each galaxy. Note that although the haloes span a
wide range of virial mass (nearly four decades) the dark mass in the regions
inhabited by stars (i.e. the inner 2-3 kpc) varies much less. In particular,
within 2 kpc, the dark mass of systems with a core peaks at log M = 9.0 with
an rms of only 0.5 dex.

the region where most of the stars reside (the ‘effective’ or half-mass
radius of the stellar component, indicated by the coloured symbols
in Fig. 4) is much narrower, less than 1 dex at 2—4 kpc, the typical
effective radius of NH galaxies.

At such radii most haloes have enclosed dark masses of order
~ 10° M, in particular those of systems with cores (see blue lines
in Fig. 4). Atr = 2 kpc, for example the distribution of total enclosed
mass in all haloes with baryon-induced cores is quite narrow: 1 £
0.5 x 10° M. In addition, the gas-to-stellar mass ratio of galaxies
(which decreases steadily with increasing M,.) approaches unity at
M, ~ 10° M, (see Fig. 5).

This suggests a relatively straightforward interpretation for why
cores do not form in galaxies with M, > 10° My: in such systems
the total mass in stars within rgq begins to exceed that of DM, and
also that of the gaseous component. This means that the baryonic
component becomes self-gravitating, and stars begin to dominate the
potential. Since core formation requires fluctuations in the potential
driven by the inflow and outflow of gas, such fluctuations become less
and and less important in more massive galaxies. Core formation thus
ceases in galaxies with M, > 10° M, and in more massive systems
the DM inside rs4 increases gradually as the halo contracts due to
the deepening of the potential.

To show that this explanation does not only hold for NH, we show
in Fig. 6 (left panel) the ratio between the stellar mass inside a fixed
radius of 2 kpc (which corresponds roughly to the half mass radius
of the stellar component) and the total mass inside the same radius
in the DMO simulation. Blue symbols identify systems with cores in
NH and in NIHAO.
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Figure 5. Stellar mass versus gas mass within 15 per cent of the virial radius
for haloes in NH. Haloes are colour-coded by their vgq value. As in Fig. 4,
blue indicates systems with a core (vgg < 0.75), orange and green denote
galaxies with high mass (log M, > 9.5) or low mass (log M, < 8) that do
not form a core (i.e. viq > 0.75). We include a 1:1 line to guide the eye. The
gas-to-stellar mass ratio decreases with increasing stellar mass and begins to
approach unity at M, ~ 10° M. At larger stellar masses the gas becomes
subdominant, and stars begin to dominate over the gas and the DM in the
inner regions, preventing the formation of cores in massive systems.

Note that in neither simulation cores form when the total mass
in stars exceeds the initial DM mass inside that radius. This holds
despite the fact that the galaxy formation efficiency differs markedly
in both simulations (see Fig. 1). Indeed, the right-hand panel of
that figure shows the same ratio as a function of halo virial mass,
and shows that, at fixed stellar mass, NIHAO galaxies inhabit
substantially more massive haloes than NH.

The nice overlap between NIHAO and NH results in the left-hand
panel stems from the fact that even haloes with substantially different
virial mass will have similar DM mass within 2 kpc. We conclude that
galaxy stellar mass is the key indicator of whether a core can form
or not, and argue that cores (meant as a reduction of the inner DM
content, rather than as a change in the slope of the density profile)
should not, in general, be present in galaxies with M, > 10° Mo,.

3.5 Core sizes

We examine next the size of the DM cores, which we show, as
a function of galaxy stellar mass, in Fig. 7. We begin by noting
that core sizes depend sensitively on how a core is defined. For
the definition we adopted above (see equation 2), we see that core
sizes scale approximately with the half-mass radius of the stars, but
are a factor of 2 or so smaller. This is not unexpected, since it is
the formation of the stellar component that leads to core formation.
(Note that we show results only for systems deemed to have a core;
i.e. Vﬁd‘DM/VﬁdYDMO < 075)

A more robust measure of a core could be defined by locating the
radius where the DM circular velocity profile starts to drop below
the DMO profile by more than 25 per cent. These radii are marked in
Fig. 2 for the two intermediate galaxies by a thin vertical segment,
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Figure 6. Left: galaxy stellar mass versus stellar-to-DM mass within 2 kpc for galaxies in both the NH and NIHAO simulations. Galaxies with a core are shown
by blue symbols, dots for NH and crosses for NIHAO. High mass cusps (log M, > 9.5) are shown as orange dots for NH and crosses for NIHAO and low mass
cusps (log M, < 8) are green. We see a clear trend in both simulations that as the galaxy stellar mass increases the stellar-to-halo mass ratio within 2 kpc also
increases, approaching unity at M, ~ 10° Mg . At larger masses the stellar mass component becomes comparable or larger than the DM and we no longer see
cores. Right: same as left panel, but as a function of halo virial mass. Colour-coding and symbols are the same as in the left panel. Different simulations form
cores in haloes of different virial mass. This supports the interpretation that it is the galaxy stellar mass that dominates the core formation process, and not the

galaxy-to-halo mass ratio.
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Figure 7. Blue circles show the effective radius versus galaxy stellar mass
for all ‘cored’ galaxies (i.e. those with vgg < 0.75) in NH. Red circles show
core radii estimated by fitting equation (3) in Zavala et al. (2013) to the DM
profile. Note the large scatter when using this core radius estimator. A more
robust measure is provided by the radius where Vpym/Vpmo = 0.75, which
is shown by the open red circles. This estimate of the core radii correlates
well with the galaxy effective radius, suggesting that the effects of baryons
on the profile are largely limited to the region inhabited by the galaxy stellar
component.

and are shown in Fig. 7 by open circles. This shows again that core
sizes scale tightly with stellar half-mass radius, a relationship that
could, in principle, be tested by observations.

3.6 The diversity of rotation curves in NEWHORIZON

The detailed information about the DM profiles before and after
galaxy formation used in earlier sections to evaluate the formation of
baryon-induced cores cannot be compared directly with observations.
For the latter, the main observable is the total circular velocity profile
of baryons plus DM. Although in principle it is possible to derive the
contribution of the DM component by subtracting the contribution
of the baryons, this procedure requires extra assumptions (such as a
mass-to-light ratio for the stars), which introduce further uncertainty.
Thatis why Oman et al. (2015) and Santos-Santos et al. (2020) argued
that one should adopt a simple characterization of the shape of the
circular velocity curve (like the 7, parameter introduced above),
and to compare that directly with observations to gauge the presence
of cores.

As described in that work, two observations are particularly
intriguing. One is that at fixed stellar mass/maximum rotation
velocity there is a wide spread of rotation curve shapes (i.e. a wide
range of n.). Another is that, for dwarf galaxies (more precisely,
M, < 10°° M), rotation curve shape correlates strongly with the
gravitational importance of baryons inside the fiducial radius, 4.

The latter can be measured using the parameter 1y, =
(Voar.fid/ Via)?, where Viar.fia measures the baryon contribution to the
circular velocity at rgq. As discussed by Santos-Santos et al. (2020),
rapidly rising rotation curves occur mainly in galaxies where baryons
are unimportant within rgq, whereas the most prominent ‘cores’ (i.e.
low values of 7,,) are seen in galaxies where baryons are quite
important in the inner regions. This 7,—bar trend has proved quite
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Figure 8. Rotation curves of dwarf galaxies with 75 < Vpax/km s~1< 95,
chosen to illustrate the diversity of rotation curve shapes seen (grey curves).
Coloured lines indicate observed dwarf irregular galaxies and grey lines
denote galaxies from NH with comparable V,x. We include an representative
example DMO halo with Vipax = 80 km s~! (thick black curve) for reference.
It is clear that NH is able to produce a variety of rotation curve shapes
for galaxies in a narrow range of halo masses, similar to what is seen in
observations.

difficult to reproduce in simulations where the diversity of dwarf
galaxy rotation curves is due to the presence of BICs (see Santos-
Santos et al. 2020, for a more detailed discussion).

We begin by analysing the diversity of rotation curves over a
narrow range of circular velocities in Fig. 8, where we compare four
observed galaxies with NH systems with 75 < Vi, /km s™1< 095,
The thick solid black line shows the median rotation curve expected
for DMO haloes in this mass range. Clearly, observed galaxies span
a wide range of rotation curve shapes, some rising more slowly, and
others more rapidly than expected from DM alone. This is likely
driven by the influence of baryons; indeed, the NH galaxies (grey
curves) show a similar diversity of rotation curve shapes as observed,
with even one simulated galaxy close to matching IC2574, the dwarf
galaxy with the most prominent core known to date.

3.7 Rotation curve shape versus central baryon dominance

The comparison with the observed correlation between rotation curve
shape and inner baryon dominance is more nuanced. The circles in
the right-hand panel of Fig. 9 shows the np, versus iy correlation
for observed galaxies, coloured by M,. The galaxy sample shown
here is the same as that compiled by Santos-Santos et al. (2020), and
includes rotation curves from the SPARC survey (Lelli et al. 2016),
THINGS HI Nearby Galaxy Survey (de Blok et al. 2008), the Local
Irregulars That Trace Luminosity Extremes, The HI Nearby Galaxy
Survey (Oh et al. 2015), and other work from Adams et al. (2014)
and Relatores et al. (2019).

The correlation alluded to above is apparent for (dwarf) galaxies
with M, < 10°° M. These galaxies (shown in orange and red) trace
a wide swath, from the top left to the bottom right of the panel.
Massive galaxies (shown in yellow), on the other hand, sit at the top
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Figure 9. Filled circles show the rotation curve shape parameter (ot — Vid/Vmax) versus the gravitational importance of the baryonic component at the fiducial
radius (npar) for galaxies in NH (left) and observations (right), colour-coded by galaxy stellar mass. Galaxies in NH spread over the same range of parameter
space seen in observations. Low 71y, galaxies typically have fast-rising rotation curves, consistent with a cuspy NFW profile (or steeper). As np,r increases the
diversity in rotation curve shapes also increases. We see that the most massive galaxies occupy the top right of the parameter space in both samples: these are
baryon-dominated and rapidly rising rotation curve systems. For dwarfs (i.e. M, < 10.%° M), observations suggest a strong trend from top left to bottom right
in this plot. This trend is not reproduced in NIHAO galaxies (blue crosses, left) or EAGLE-CHT10 (green crosses, right). NH fare much better, in comparison.

See the text for further details.
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right of the panel; these are galaxies where baryons clearly dominate
at the centre (or at least inside r4q) and whose rotation curves are all
sharply rising in the inner regions.

Surprisingly, dwarfs whose baryons dominate inside rsq have
slowly rising curves, and show clear evidence of a core (bottom right
of the panel) whereas baryons are unimportant in dwarfs with less
compelling evidence of a core (i.e. those with 1,,, ~ 0.65 or greater).
As discussed by Santos-Santos et al. (2020), accounting for this
correlation is an important challenge to any proposed explanation
of the origin of the diversity of dwarf galaxy rotation curves. For
example, the green crosses in the right-hand panel of Fig. 9 show
the results for EAGLE-CHT10 galaxies. Although BICs do form, the
simulated galaxies do not show the same 7y, Versus 7, correlation
as observed. The same is true for NIHAO galaxies, which are shown
by the blue crosses in the left-hand panel of Fig. 9. Neither simulation
has galaxies with sharply rising rotation curves where baryons are
unimportant, and few or no galaxies with obvious cores where
baryons dominate the inner regions.

The left panel of Fig. 9 also shows the results for NH galaxies
(circles coloured by stellar mass). NH galaxies fare better, with a
clear top left to bottom right correlation for dwarfs which traces
closely the observed one. Upon closer inspection, however, some
differences become clear. The most apparent is that the correlation
in NH is due to the fact that many dwarfs around 10° Mg, have cores
(i.e. low n,,;) whereas most galaxies at low mass do not. In other
words, the trend observed between 7., and ny,, reflects a mass trend
where, among simulated dwarfs, those at the faint end have rising
curves and are not baryon dominated, and those at the bright end
have cores and are baryon-dominated within r49. Such mass-driven
trend does not seem to be present in the observational sample, where
dwarfs across the whole 10°—~10° M, stellar mass range appear to
trace the same 7);o—1par cOrrelation.

These differences may also be seen in Fig. 10, where we show
separately 7o and np,e as a function of galaxy stellar mass. Blue
circles show NH galaxies, grey ones indicate the observations.

This figure makes clear that the range of stellar masses where
cores are apparent (i.e. systems below the horizontal shadowed area)
is similar in observations and in NH. However, it also shows that
NH shows a strong correlation between inner baryon dominance and
stellar mass. The trend among observed dwarfs is not as strong, if
there is a trend at all. The lack of NH galaxies in the range 103> <
M, /Mg < 10'%3 where baryons are unimportant is one of the most
obvious differences between simulated and observed galaxies in this
sample.

Given this difference, we are hesitant to conclude that the observed
diversity of rotation curves has been successfully reproduced by
BICs in cosmological hydrodynamical simulations like the ones we
consider here.

3.8 Interpretation: SNe diffusion and adiabatic contraction

Consider the following simple toy model which should capture
qualitatively the impact of SNe feedback on the orbital diffusion
of DM cusps (see also Kipper et al. 2024). Given the following
approximations (i) the total potential is assumed to be NFW-like
—VZlog(1 + r/a)a/r = VZ(r/2a — 1) where a is the scale length
of the halo; (ii) the DM particles are assumed to move on radial
orbits; (iii) the gas density distribution times the star formation
and SN efficiency converted into number of bubbles is assumed
to follow a given cored profile ¥ /(1 + r/b), with b the scale length
of this distribution; (iv) the bubble power spectrum in k, @ is ap-
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Figure 10. Galaxy stellar mass versus the gravitational importance of the
baryonic component at the fiducial radius (9par, top panel) and versus the
rotation curve shape parameter (o) for galaxies in NH (blue points) and
observations (grey points). We see a clear trend with np,r and stellar mass for
NH with increasing stellar mass resulting in increasing np,r. There is some
evidence of this in the observations, but it is systemically at higher masses
than in NH.

proximated by a shifted Lorenzian, 1/(1 + (k Rpup, — 2)> + (@Toup)?)s
where Ry, and Ty are respectively the typical bubble size and its
lifespan. These assumptions are sufficient to compute analytically
the (orbit averaged) orbital diffusion coefficient, D, as a function
of Rpuy, Toun, @, b, X, Vo which reads at maximum

Dy = 13 \/E R Vil 3
9 a a a?

From this expression, we conclude that at low mass, for gas
dominated galaxies (X ~ 1, b ~ a), diffusion can be significant,
so orbital diffusion may proceed to replace the cusp by a core
while increasing the eccentricity of DM particles within b, while
at higher mass, the galaxy becomes relatively gas poorer and the
gas is distributed more compactly (¥ <« 1, b < a), so diffusion is
less efficient and adiabatic contraction proceeds (Young 1980). The
former process is most efficient if the orbital period of the DM
particle, a/Vy match at apocentre the bubble lifespan Ty, and the
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bubble size, R,y and bubble distribution scale length @ match the
NFW scale length a.

4 SUMMARY AND CONCLUSIONS

We have used the NH cosmological simulation, along with its DMO
counterpart, to examine how the assembly of the baryonic component
of a galaxy affects the inner DM distribution, and its effects on the
shape of the galaxy’s rotation curve. In particular, we have analysed
how these effects depend on galaxy stellar mass, and whether NH
galaxies can successfully reproduce the observed diversity of dwarf
galaxy rotation curves. Our main conclusions may be summarized
as follows.

(i) In contrast with the DMO case, the rotation curves of NH
galaxies show a wide diversity of rotation curves. This diversity is
driven by the assembly of the baryonic component of the galaxy, and
shows a strong dependence on galaxy stellar mass.

(ii) Measuring the effect of baryons by the change in the inner DM
content of a galaxy (compared with the DMO case, within a fiducial
radius, rgq), we find, as in earlier work, that DM ‘cores’ only form
over alimited range of galaxy stellar mass (107> < M, /Mg < 10°%).

(iii) The M, range over which cores are produced by baryons is
similar to that of other cosmological hydrodynamical simulations,
such as NIHAO and EAGLE-CHT10, despite the fact that the galaxy
formation efficiency varies widely from simulation to simulation.

(iv) Below the lower limit of the range, galaxies with M, <
1073 Mg form too few stars to drive the strong baryonic in-
flows/outflows needed to create a core.

(v) The upper limit of the range seems to be set by the total amount
of DM in the region (i.e. inner 2-3 kpc) where stars form. Indeed,
haloes with baryon-induced cores all have 1 & 0.5 x 10° M, inside
their inner 2 kpc in the DMO case. Galaxies more massive than this
form enough stars for them to become self-gravitating, deepening
substantially the gravitational potential, and leading to a contraction
of the halo rather than the formation of a core.

(vi) We find that galaxy stellar mass is the key indicator of whether
a core can form or not, rather than the ratio between stellar and virial
mass. This stems from the fact that even haloes with substantially
different virial mass will have similar DM mass within 2 kpc. It is
the ratio between masses in this central region which determines
whether a galaxy will have a core or a cusp.

(vii) The size of the core (when present) is well correlated with
the size of the stellar component. We emphasize that ‘core radius’
estimates depend sensitively on the definition of a core, so caution
should be exercised when comparing different simulations.

(viii) NH galaxies come closer than other cosmological hydrody-
namical simulations to matching the observed relation between inner
baryon dominance (7p,,) and rotation curve shape (n,,;). However,
the correlation in NH between ny,, and galaxy stellar mass is not seen
in the observations.

The caveat in the latter item prevents us from concluding that the
observed diversity of dwarf galaxy rotation curves can be fully
explained by baryon-induced cores in simulations like NH. In
particular, observed galaxies differ from NH in the galaxy stellar
mass dependence of the inner baryon dominance. The discrepancy,
however, is not large, and it is possible that further iterations of
this (and other) simulation series may lead to galaxies as diverse as
observed dwarfs in terms not only of their rotation curves, but also
in the role of baryons in the inner regions.

Finally, we provided a back of the envelope toy model which
qualitatively motivates the observed transition.
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