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ABSTRACT

MOdified Newtonian Dynamics (MOND) is an alternative to the standard Cold Dark Matter (CDM) paradigm which proposes
an alteration of Newton’s laws of motion at low accelerations, characterized by a universal acceleration scale ag. It attempts to
explain observations of galactic rotation curves and predicts a specific scaling relation of the baryonic and total acceleration
in galaxies, referred to as the Rotational Acceleration Relation (RAR), which can be equivalently formulated as a Mass
Discrepancy Acceleration Relation (MDAR). The appearance of these relations in observational data such as SPARC has lead
to investigations into the existence of similar relations in cosmological simulations using the standard ACDM model. Here, we
report the existence of an RAR and MDAR similar to that predicted by MOND in ACDM using a large sample of galaxies
extracted from a cosmological, hydrodynamical simulation (Magneticum). Furthermore, by using galaxies in Magneticum at
different redshifts, a prediction for the evolution of the inferred acceleration parameter ag with cosmic time is derived by fitting
a MOND force law to these galaxies. In Magneticum, the best fit for a is found to increase by a factor ~3 from redshift z = 0 to
z = 2. This offers a powerful test from cosmological simulations to distinguish between MOND and ACDM observationally.
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1 INTRODUCTION

Dark matter forms an integral part of the ACDM model of cosmology.
This form of matter, which does not interact with electromagnetic
radiation, is thought to be largely responsible for the observed dy-
namics in individual galaxies as well as galaxy clusters. Additionally,
it is assumed to be very important for the formation of structure in the
Universe, and the dark matter content of the Universe also has large
implications regarding cosmology. One particular observation for
which dark matter offers an explanation is the high velocity at which
stars and gas in the outer regions of galaxies move around the center
of their host galaxy. However, from the distribution of visible matter
(stars and gas) in these galaxies, Newtonian physics would predict
a Keplerian (~ \/i;) drop of the rotational speed contrary to the ac-
tual velocity observed at progressively greater radii from the galactic
centre. Over the years, many alternative explanations have been pro-
posed for these observations, one of the most well known of which
is MOdified Newtonian Dynamics (MOND) (Milgrom (1983a), Mil-
grom (1983b), Milgrom (1983c)). MOND stipulates the existence of
a universal acceleration scale, usually denoted a(. Below this scale,
significant differences between the usual Newtonian laws of motion
and MOND are proposed. Explicitly, the relation between the New-
tonian acceleration ay,, and the MOND acceleration ayc is given by:
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The u in this formula is the interpolation function, which, while
not entirely specified by MOND, must meet two requirements. In
the limit of high accelerations, it has to reproduce Newton’s second
law, meaning p(x) — 1 for x»1. On the other hand, MOND must be
consistent with the observation of flat rotation curves, which leads to
the requirement that u(x) — x for x«1. Equation (1) predicts that for
a given value of the Newtonian acceleration from stars and gas in a
galaxy, there is a specific value of the total acceleration that should be
measured if MOND is indeed the explanation for the shape of galactic
rotation curves. This relation between the baryonic acceleration (with
Newtonian physics) ap, and the total acceleration ayot is referred
to as the Rotational Acceleration Relation (RAR). An equivalent
formulation is given by the Mass Discrepancy Acceleration Relation
(MDAR):

For a spherically symmetric distribution of matter,

atr) = S @

(M(< r) is the mass enclosed in a sphere with radius r), which can
be used to reformulate equation (1) to the MDAR:
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We will define Mgy and My, by relation (2) with a = aior and
a = apyy, respectively (and they would only be identical to the actual
enclosed mass in a perfectly spherical galaxy). The impact of drop-
ping this simplification will be discussed in section 4.1.
A common choice for u is the “simple interpolation function”

X
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yielding the MDAR-formula:
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For the RAR we use a different, but also commonly used, relation:

Abar _ (6)
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as first proposed by McGaugh (2008).

If the form of the relation is fixed, the only free parameter left
in this formulation of MOND is the value of a( as a characteristic
acceleration scale. In this work, this aq is used mainly as a fitting
parameter for data from Magneticum and is allowed to vary over
cosmic time, leading to a relation ag(z).

A consequence of the MOND force law (1) is the Baryonic Tully
Fisher Relation (BTFR), which links the asymptotic rotation speed
of a galaxy to the baryonic mass of that galaxy (and not the total
luminosity):

Aot =

4 = GagMpyr 7

Vasymptotic

Especially important to this relation is the exponent of exactly 4.

In summary, MOND makes concrete predictions for relations be-
tween the distribution of baryonic matter in a galaxy and the dynamics
of that galaxy. In a ACDM universe or simulation on the other hand,
a tight relation between these two seems unlikely at first, as DM
is supposed to dominate the dynamics of galaxies. However, many
apparent problems with ACDM, as for example the formation of too
large bulges of disk galaxies, the cusp/core problem or the too big
to fail problem, have been resolved by the introduction of baryonic
feedback processes such as outflows driven by Active Galactic Nuclei
(AGN) and Supernovae (see e.g. Governato et al. 2010; Brook et al.
2011; Governato et al. 2012; Maccio et al. 2012; Brooks & Zolotov
2014; Ogiya & Mori 2014). It is therefore not unreasonable to assume
that such baryonic physics can also lead to similar relations as those
predicted by MOND.

The predictions of MOND for the MDAR and RAR have been
shown to reflect observations of galaxies in the SPARC (“Spitzer
Photometry & Accurate Rotation Curves”) sample (McGaugh et al.
(2016)), which will be described in more detail below. But earlier
work on simulations of individual galaxies has shown that such rela-
tions also naturally arise in ACDM simulations (Navarro et al. (2017),
Dutton et al. (2019)), which seems to indicate that a tight relation be-
tween baryonic mass distribution and galactic dynamics is expected
in a ACDM universe. The possibility of a changing characteristic
acceleration scale a( over cosmic time has also been investigated
(Keller & Wadsley (2017)).

The question of the existence of similar acceleration relations
in a statistically relevant sample of galaxies from the Magneticum
simulations is the main point of interest in this work. Magneticum
provides a large, representative sample of galaxies with different
masses and different morphologies at several redshifts, making it
well suited to obtain a ACDM prediction for the relation ag(z).

This paper is structured as follows: Firstly, we describe the Mag-
neticum simulations. Then, we describe the SPARC dataset, which
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Figure 1. Rotation curves of selected Magneticum galaxies (gray dashed
lines), computed from the actual tangential velocity of the according gas
particles, compared to measured rotation curves from a set of observed spiral
galaxies (see text for details).

serves as a point of comparison of results form Magneticum to ob-
servations. Data from Magneticum is then discussed in the context
of predictions from MOND, in particular the BTFR, MDAR and
RAR. Then, the dependence of the characteristic acceleration in
Magneticum as a function of redshift is focused on. The next step is
the discussion of possible sources of error. After that, the discussion
of the MDAR and RAR is extended to a larger class of galaxies, and
characteristic quantities of the Magneticum galaxies are considered.
Lastly, the results from Magneticum are compared both to predictions
by MOND as well as by other ACDM simulations.

2 THE MAGNETICUM SIMULATIONS AND SPARC
OBSERVATIONS

2.1 The Magneticum simulations

The Magneticum simulations are a set of state-of-the-art, cosmolog-
ical, hydrodynamical simulations of different cosmological volumes
with different resolutions, performed with an improved developers’
version (see Beck et al. 2016, for details on the numerical scheme)
of the N-body/SPH code GADGET-3, which in turn is an updated ver-
sion of the well-known open-source code GADGET-2 (Springel 2005).
They follow a standard ACDM cosmology with parameters (4, Qp7,
Qp, Qp, 03) set to (0.704, 0.272, 0.728, 0.0451, 0.809), adopting a
WMAP 7 cosmology (Komatsu et al. 2011).

These simulations follow a wide range of physical processes (see
Hirschmann et al. 2014; Teklu et al. 2015, for details) which are
important for studying the formation of AGN, galaxies, and galaxy
clusters. The simulation set includes a wide range of complex bary-
onic physics with a detailed treatment of key processes that are known
to control galaxy evolution, thereby allowing to reproduce the prop-
erties of the large-scale, intra-galactic, and intra-cluster medium (see
e.g. Dolag et al. 2016; Gupta et al. 2017; Remus et al. 2017a) as
well as the distribution of different chemical species within galaxies
and galaxy clusters (Dolag et al. 2017), and the properties of the
AGN population (Hirschmann et al. 2014; Steinborn et al. 2016).
Especially, detailed properties of galaxies of different morphologies
can be recovered and studied, for example their angular momentum
properties and the evolution of the stellar mass—angular momentum
relation with redshift (Teklu et al. 2015, 2016), stellar kinematics



MDAR 1n SPARC

10 PSR 1x10"
T\ oy T — Fldumal MOND relation
. SPARC 9x10
o 8><10'°;o
7x10'0 @
g
g 6x1010 ¢
2 =}
s 5% 100 E’
= [}
.2
1
4x 10 ;v
<
3101 §
2x10"
. et
=0 10-13 ol X100
A [km s72]
RAR in SPARC
10711 T T T T - 1x10"
—— Fiducial MOND relation Sy
SPARC 7 9x10
10712 / —
ey 8x100 —
2
. 710" g
S 10-13 ',,:?" ';._..»' . _| ©
b R 6x 101 E
= S
h’z 4 P ".":/, SXIOIU %
1071 TR B K
e 4x10 =
e 3
i 0 &2
-15 . | 3x10" &=
10 //
s 2x10'0
o | | |
10 1% ® 10-15 10-1% 10-13 10-12 10-1! 1x10'°

aper [km 572]

Figure 2. Mass discrepancy acceleration relation (MDAR, upper) and Ro-
tational acceleration relation (RAR, lower) obtained from the galaxies in
the SPARC sample (Lelli et al. 2016) compared with the MOND pre-
dictions using equations (5) and (6), respectively (displayed in blue, with
ap = 1.2 - 1073kms~2). The black dashed lines are the newtonian relation.
The colours encode the total baryonic mass of the galaxy as indicated in the
colour bar.

of early type galaxies (Schulze et al. 2018, 2020), the size-mass re-
lations and their evolution (see e.g. Remus & Dolag 2016; Remus
et al. 2017b), global properties like the fundamental plane (Remus
& Dolag 2016) or dark matter fractions (Remus et al. 2017b), in-situ
and ex-situ fractions (Remus & Forbes 2021), the baryon conversion
efficiency (see e.g. Steinborn et al. 2015; Teklu et al. 2017), as well
as chemical properties (Dolag et al. 2017; Kudritzki et al. 2021).

For this study we use the simulation Box4/uhr, which covers a
volume of (68 Mpc)3, initially sampled with 2 - 576° particles (dark
matter and gas), leading to a mass resolution of mgag = 7.3 - 10°M. 1o
for the gas and mgtars ~ 1.8+ 106M@ for stellar particles, with a grav-
itational softening of 0.7h_1kpc. From this box we extract galaxies
residing in haloes that have a virial mass higher than 5 - 101 Mg /h
in order to ensure high enough resolution.

We then classify the morphology of the galaxies in the sim-
ulation according to their position on the stellar-specific-angular-
momentum-—stellar-mass plane (see e.g. Romanowsky & Fall (2012)),
i.e. the b-value (Teklu et al. 2015), which is defined as

2 M
logo(————) = Zlog (=
b= Oglo(k k —) 3 OgIO(MO)’ ®)

where j and M are the total specific angular momentum and mass of
stars within %rvir of the galaxy, respectively. It has been shown to be

ANCDM with baryons vs. MOND 3

a good classification scheme that reproduces well observed relations,

e.g. the size—mass relation and its evolution (Remus et al. 2017b), as

well as the fundamental plane distributions (Remus & Dolag 2016).
We define disk galaxies as galaxies that satisfy

b(z) > —%loglo(l +2)— by )

with by=-4.357 being the value at z = 0. The z-dependence is a
consequence of the evolution of the critical overdensity Ac with
redshift, which is explained in detail by Obreschkow et al. (2015).
The total numbers of disk and spheroidal galaxies obtained from the
simulations at the different redshifts used in this paper are displayed
in Figure B1.

Figure 1 shows rotation curves of selected Magneticum disk galax-
ies at z = 0.1 (gray dashed lines) in comparison to observed spiral
galaxies. The data for M83 were provided by Peter Kamphuis and
Baerbel Koribalski and those for the other galaxies were taken from
Yegorova et al. (2011) with different original sources as follows: they
used Ha data for UGC944, UGC1094, UGC3279 and UGCS8220
from Vogt et al. (2004), for UGC1076, UGC10692 and AGC241056
from Catinella et al. (2006), for NGC5985 from Blais-Ouellette et al.
(2004), for ESO601-G9 from Persic et al. (1996), and HI data for
ES0240-G11 from Kregel & van der Kruit (2004) and for M31 from
Corbelli et al. (2010). The rotation curves for our galaxy sample are
directly obtained from the averaged circular velocities of the individ-
ual cold gas particles. In order to ensure that only gas within the disk
contributes to the rotation curve, we used particles within a height of
+3 kpc above the plane of the disk.

2.2 SPARC

The SPARC database (Lelli et al. (2016)) contains mass models and
rotational velocities for 175 late type galaxies, where values for the
mass models are split into three separate contributions from disk,
bulge and gas. The data are stated with an assumed Mass-to-Light
Ratio (MLR) of 1, which is a commonly used value, see e.g. Zheng
et al. (2015). Following earlier work (McGaugh et al. (2016), Dutton
et al. (2019)), we assume an MLR of 0.7 for the bulge and 0.5 for
the disk. While this is expected to vary from galaxy to galaxy, it
has been argued (McGaugh et al. (2016)) that using the same values
for all galaxies actually introduces the least amount of assumptions
and therefore bias into the results. However, the MLR in SPARC has
also been investigated explicitly, see Schombert et al. (2018) and Li
et al. (2018). Both find good agreement of the average MLR with
the values used here, although there is indeed the possibility of large
deviations from galaxy to galaxy.

Additionally, we also excluded the same data points of poor quality
as McGaugh et al. (2016). This includes all measurements from 10
galaxies which are rejected due to low inclination (i<30) and from
12 where their asymmetric rotation curves are unlikely to trace the
gravitational potential. Furthermore, individual data points from the
remaining galaxies where the relative error of the observed velocity
is larger than 10% were excluded as well.

In Fig. 2, the data from SPARC clearly show an MDAR (upper
panel)/RAR (lower panel) of the form predicted by MOND, as dis-
cussed by McGaugh et al. (2016). This is true within the scatter
of the individual galaxy tracks as well as for the mean of the sam-
ple. We note that there is no trend visible with the total baryonic
mass (color-code). The values for the total baryonic mass are dis-
cussed by Lelli et al. (2019) and can be found on the SPARC website
(http://astroweb.cwru.edu/SPARCY/).

MNRAS 000, 1-12 (2022)
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Figure 3. Baryonic Tully Fisher realation (BTFR) at 4 different redshifts for the galaxies from the Magneticum simulations (red), compared to observational
data (Ubler et al. (2017), Lelli et al. (2019)) displayed as black data points with error bars, as well as the MOND prediction from equation (7) (blue). The total
baryonic mass refers to the mass of all stars and gas within Tlorvir of the galaxy, and vgq is equally calculated from the total enclosed mass (including dark
matter) in a sphere with this radius. The fit values for the lines displayed are reported in table 1.

3 RESULTS FROM MAGNETICUM
3.1 TFR/BTFR in Magneticum

In Figure 3, the BTFR in Magneticum is displayed for different red-
shifts, compared to observational data from KMOS and SPARC. A
similar range of masses and velocities is covered by the simulated and
observational galaxies, although at high redshift Magneticum does
not resolve galaxies with masses as low as the observations display.
The fits were performed using the scipy.odr module, without taking
the errorbars into account.

Clearly, the exponent of the BTFR in Magneticum is inconsistent
with the prediction by MOND at all redshifts larger than z = 0.1. The
Magneticum galaxies show a smaller exponent than the data at the
two values with lowest redshift, substantially lower than the MOND
prediction, see table 1. At the two higher redshifts, the differences
are smaller, and the Magneticum exponent is actually larger than
the observed one at z ~ 1.5. The observational data is sparse at
this z-value, however. With accurate data for the total masses of
galaxies, this difference could be used to clearly differentiate between
ACDM and MOND. However, the accuracy of the BTFR inferred
from observations is to a large part dependent on the MLR that is
used to calculate the total baryonic mass of the galaxy, which leads
to significant uncertainties in the BTFR. The importance of the MLR
is stressed by Ponomareva et al. (2018), where the authors obtained
2.99 + 0.22 as the value for the exponent at z = 0.1. On the other
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hand, Lelli et al. (2019) calculate 3.85 + 0.09 from the galaxies in
the SPARC sample at z = 0.1.

3.2 Magneticum MDAR/RAR

For all disk galaxies, we calculate the enclosed baryonic and total
. ; ; 1
mass at 15 values of the radius, evenly spaced between 555 and

%r\,ir of each galaxy. The minimum was chosen so small that it
essentially represents a limit of the total to baryonic mass-fraction
as one approaches the centre of the galaxy, while still being large
enough such that some particles are always present within a sphere
of that radius around the centre. The upper value on the other hand
represents the outskirts of the galaxy, as there is very little bary-
onic matter belonging to the galaxy even further out. From these
values for the masses, values for the ratio 11\‘/1,111“ (r) as well as ao (1)
and ap,,(r) (using equation (2)) were calculated to obtain the Mag-
neticun MDAR and RAR, respectively, shown in Figure 4 for z ~ 0
in comparison to SPARC data. This neglects the contribution of tur-
bulent motions onto the apparent rotation velocity of the gas (see
Teklu et al. 2018, for an example of such an effect) and assumes that
this reflects what is done when fitting models to the observations to
obtain dynamical masses and therefore shows a smaller scatter. So
using the mass distributions directly can actually be seen as more
truthful as the ACDM prediction. That is because if ACDM actually
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Figure 4. Same as Fig. 2 but comparing galaxies in the SPARC sample (Lelli
etal. (2016), black) with galaxies from the Magneticum simulations at z = 0.1
(red). For the MOND predictions (blue) we used ag = 1.2 - 10" Bkms2.

shows MOND-phenomenology, this must necessarily be a conse-
quence of the mass distributions of galaxies in a ACDM universe.

Note that the use of mass distributions with the approximation (2)
Mdyn

prevents ratios Moy < 1 and %‘; < 1 from occurring. If the total
acceleration is measured from the actual gas, such situations do arise,
as can be seen in Figure 2 and 4 for SPARC.

The Magneticum-MDAR at different redshifts is displayed in Fig-
ure 5. At low redshifts, the galaxies extracted from Magneticum fall
onto the relation described by equation (5). Importantly, the very ex-
istence of any clear relation between baryonic and total acceleration
in a simulation using ACDM is noteworthy, as there is no explicit im-
plementation of any acceleration scale in such a simulation. Indeed it
has been proposed (McGaugh (2015)) that the lack of such a relation
in simulations with DM is both evident and sufficient to discard
ACDM. However, Magneticum clearly shows a relation of this kind
at all redshifts, with a value of ag = (1.12 + 0.04) - 10~ 3km 2
at z = 0.1 for the MDAR and ag = (1.14 + 0.04) - 10~ 3kms2
from the RAR (the average values and errors were calculated
via a bootstrapping procedure). These results are consistent with
ao = (1.20 £ 0.02 (random) = 0.24 (systematic) ) - 10713 + km s—2
found from SPARC (Lelli et al. (2017)), which is unsurprising in
light of the close agreement in Figure 4.

Although the individual scatter of the simulated galaxies around
the mean relation is comparable between the simulations and the ob-
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Table 1. Resulting exponents from the power law fit to the BTFR for galax-
ies in Magneticum and observations at different redshifts, in contrast to the
MOND prediction of 4.

number of galaxies fit
z Magneticum  Observation — Magneticum  Observation
2.3 91 65 3.22 3.29
1.5 169 24 3.34 3.10
0.9 210 46 3.24 3.84
0.1 151 63 3.14 3.56

servations, the simulations show a clear, general trend, where galaxies
with higher total baryonic mass tend to show higher mass discrep-
ancies than those with lower total baryonic mass. This trend can not
be seen in the SPARC data as displayed in Figure 2, where the ob-
served galaxy by galaxy scatter is much larger and prevents a direct
comparison of this predicted trend by the simulations.

3.3 ap(z) in Magneticum

While these similarities at z = 0 could reflect the fact that both
hydrodynamical simulations within the ACDM framework as well as
MOND (by construction) do match the apparent matter distribution
within galaxies, there is no a priori reason why this should still
be the case at higher redshift. Interestingly, also at higher redshifts,
galaxies extracted from the Magneticum simulations can still be fitted
remarkably well by a function of the form of equation (5), as shown
in Figure 5, showing the MDAR from the simulations up to a redshift
of 7 = 3.

At higher redshifts, the best-fitting value for a( predicted by the
Magneticum simulation data obtained by fitting a function of the
form of equation (5) changes substantially. Here, Figure 5 shows a
distinct decline of the fit-parameter a( with decreasing redshift. The
relation between aq and z is displayed in Figure 6, fitted to both the
MDAR and RAR (in the latter case using the formula (6)). The Figure
also includes a possible MOND prediction, to be discussed in section
4.5. The decrease of ap with cosmic time corresponds to a decrease
of mass/acceleration discrepancies at lower redshifts, i.e. galaxies
become more dominated by baryonic matter as time progresses and
therefore differ substantially from simple expectations within the
MOND framework. This is mainly a consequence of the cooling of
gas, which leads to the accumulation of baryonic matter over time.
Indeed, Keller & Wadsley (2017) argued that baryonic feedback
processes such as supernovae play little role in the change of the
characteristic acceleration scale over time, as the evolution of this
scale over time is also present in simulations without such feedback.

4 DISCUSSION
4.1 Comparison with results from potential theory

The intrinsic scatter of the acceleration relations could be a useful
tool in distinguishing whether MOND or DM provides the ‘missing
acceleration’. If total and baryonic accelerations could be measured
with perfect accuracy, then MOND would not allow for any scatter in
the resulting relation. In practice, a central obstacle for such perfect
measurements are again uncertainties in the MLR, see e.g. Lelli et al.
(2016). This is not a problem in simulations, but the ACDM predic-
tion is a priori less clear. Intrinsic scatter in the MDAR/RAR would

MNRAS 000, 1-12 (2022)
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MDAR in Magneticum for different redshifts
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Figure 5. Time evolution of the MDAR in Magneticum from z = 3 to z = 0, as indicated in the panels. Points are from Magneticum galaxies from each particular
redshift and their colour indicates the total baryonic mass of the galaxy from which a given data point is taken. The function represented by the blue curve is
computed from equation (5) with a fiducial value of ag = 1.2 - 107'3kms~2, while the function shown as the red curve has the same form, but uses ag as a
fitting parameter. A comparison between the results from the MDAR and the RAR relations at different redshifts can be found in the Appendix.
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not be surprising, however, as this is just equivalent to a variation of
the halos to stellar mass relation between different galaxies.

To get an idea for the intrinsic variation of the MDAR/RAR in
a DM universe and in order to test the impact of using the earlier
approximation, we will now depart from formula (2) that assumes
the galaxy to be perfectly spherical. As this cannot possibly be the
case for a disk-shaped galaxy, this method of obtaining values for
the acceleration due to the mass distribution is not strictly accurate.
To test for possible bias and noise that result solely from the use of
this approximation, we used a relaxation scheme to obtain values for
the gravitational potential ® from the mass distribution of a galaxy,
from which we proceeded to calculate the radial acceleration via

atr) = -22 (10)
or

In Figure 7, a comparison between the MDAR from the simplification

from equation (2) (right panels) and the more accurate calculation

based on formula (10) (left panels) is shown for two galaxies. The

intrinsic scatter predicted by the potential-based approach can be seen

clearly. The presence of such scatter is not surprising, as this method
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Figure 7. The 4 top panels show a comparison of the MDAR from potential
theory (left) and spherical approximation (right) for two Magneticum galaxies.
Colours on the left hand side indicate the different radial bins (increasing
radius from blue to red), chosen as for the spherical approximation before.
Below that are the corresponding total and baryonic velocity maps.

captures non-axisymmetric substructure of the galaxy (such as spiral
arms), while the spherical approximation does not. The important
point for the extraction of the MDAR and RAR is, however, the
similarity in the general shape of the profiles from the two methods:
The data points of the MDAR from the potential scatter around the
approximate MDAR. Therefore, formula (2) provides a sufficiently
good approximation for the MDAR and RAR of Magneticum, and
likely does so in general.

Figure 8 shows the result of applying this method to all disk galax-
ies at z = 0.1. The errors were calculated as the standard deviation of
the points within the respective radial bin. One can clearly see that
this is very similar to the lower right panel in Figure 5, validating
the use of the spherical approximation in this statistical view as well.
We note that the trend of galaxies with higher mass showing higher
mass discrepancies is also still present here. The resulting values for
ag are slightly smaller than before at this redshift.

4.2 Increased sample size

There is also the possibility of the galaxy sample still being too small
to obtain a statistically significant sample, or even of a bias arising
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Figure 8. RAR/MDAR from Magneticum using potential theory with stan-
dard deviations indicated by errorbars, which are attached to 100 randomly
selected points and correspond to the same points on the upper and lower
panel. 11 of the total 2265 points were excluded due to their high standard
deviation (larger than the average value).

from limited box size. For this reason, in addition to the main sample
from Box4/uhr, we also used a bigger sample for redshift z ~ 2 from
Box3/uhr, which has a cosmological volume of (128 Mpch_l)3 at
the same resolution level evolved with a slightly updated black hole
treatment (for details, see Steinborn et al. 2015), reaching a redshift
of z = 2. Using this much larger sample we confirm that the relative
difference of the best-fitting value for a( in the smaller box from the
one in the larger box is no bigger than ~6 % for both the RAR and
the MDAR (see also the detailed Figure C1 in the appendix). The
value in the larger box is clearly higher than the one at z = 0 (in
the smaller box). Therefore, this difference of box sizes does seem to
have little impact on the observation of a change of the characteristic
acceleration scale over time in Magneticum.

4.3 MDAR/RAR in spheroidal galaxies

In section 2.1 it was discussed how the disk galaxies were selected
from the total pool of galaxies at each redshift, using the b-value.
This was done because typically the dynamical mass can be com-
puted in a more straight forward way for rotation dominated sys-
tems than for elliptical galaxies, where the dynamics are dominated
by random motions. However, in simulations like Magneticum the
acceleration data can always be calculated solely from mass distri-
butions, which is of course possible for every kind of galaxy. Note
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Figure 9. MDAR and RAR of the spheroidal galaxies at z ~ 0,1,2. The similarity to the MOND prediction (blue lines) and therefore the MDAR and RAR can
be clearly seen. The evolution with redshift is also similar to the one observed in Magneticum disk galaxies, but ag-values for spheroidal galaxies are larger. The
mass trend in the MDAR and RAR (galaxies with higher stellar mass have higher mass-discrepancies) is even more pronounced here than in the disk galaxies.

that among others, Corcho-Caballero et al. (2021) demonstrated that
the fraction of passive/quenched and star-forming galaxies within
the Magneticum simulations compares well to observations and the
internal structures and dynamics also compare well to observations
for the spheroidal galaxy population (Remus & Dolag 2016; Re-
mus et al. 2017b; Schulze et al. 2018, 2020). As the existence of an
MDAR/RAR-like relation reflects the different distribution of dark
matter and baryons within the simulated galaxies, it is interesting to
check if similar relations in principal also exist for different types
of galaxies. Therefore, data for the spheroidal population of galaxies
in Magneticum at redshifts z ~ 0, 1,2 is shown in Figure 9, calcu-
lated with the spherical approximation as for the disk galaxies before.
Interestingly, the MDAR and RAR also clearly exist in these galaxies.

Although these predictions can not be easily compared to obser-
vations, this result is still illuminating, as it shows that the underlying
physics leading to the MDAR/RAR in a ACDM universe are not
exclusive to disk galaxies but reflect more how the different matter
components in principle are distributed within simulated galaxies in
the ACDM framework. Grudi¢ et al. (2019) discuss the importance
of stellar feedback processes on the universal acceleration scale a
and come to the conclusion that the existence of such a characteristic
scale in a ACDM universe is a result of the dependence of feedback
processes on the surface density in disk galaxies, because this density
also sets the acceleration scale in any particular galaxy (or region of
a galaxy). Specifically, ag is argued to be a threshold above which
star formation becomes efficient. At higher densities/accelerations,
baryonic matter accumulates, which results in low mass discrepan-
cies. Considering the existence of an MDAR/RAR in spheroids in
Magneticum, however, star formation alone does not seem to be a
sufficient explanation. This is because very little star formation takes
place in elliptical galaxies in nature, which is also reflected in the
spheroidal galaxies within the Magneticum simulations.

Instead, it is thought that a significant fraction of ellipticals are a
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result of major mergers of (spiral) galaxies (see e.g. Toomre 1977;
White 1978; Barnes & Hernquist 1996) or series of multiple minor
mergers (see e.g. Meza et al. 2003; Naab et al. 2009; Johansson et al.
2012) with only long-lived stars remaining in the galaxy after enough
time has passed. It does seem unlikely that the MDAR/RAR would
somehow naturally get transferred from colliding (spiral) galaxies
to the elliptical they merge into, as the formation history is very
different from elliptical to elliptical, where the different formation
channels depend on the merger configurations such as orbital param-
eters, the merger sequence (e.g. minor/major), intrinsic properties of
progenitors (e.g. wet/dry) and involves drastically varying numbers
and sizes of progenitor galaxies. These different formation pathways
were supported by the findings in observations of elliptical galaxies
exhibiting different rotation patterns (see e.g. Emsellem et al. 2007),
which was also shown for the spheroidal galaxies in the Magneticum
simulations (see e.g. Schulze et al. 2018).

Considering this, the MDAR/RAR in spheroidal galaxies is likely
to be either a consequence of the feedback processes that are still
very active in elliptical galaxies (such as AGN and supernovae), the
simple cooling of gas, or is the result of the fundamental behaviour
of spheroidal galaxies, where their complex dynamical interaction
between the baryonic and dark matter component leads to a co-
evolution of total density profiles and the dark matter fraction (Remus
et al. 2017b).

4.4 Characteristic quantities of the mass distribution

Finally, we take a closer look at the mass distribution of the differ-
ent components within the simulated galaxies from the Magneticum
simulations in the context of MOND. Specifically, we will investi-
gate a possible correlation between parameters of those galaxies that
characterize the distribution of baryonic and/or dark matter. One of
these is the effective radius Reg, inside which half of the total bary-
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galaxies (bottom panels).

onic mass of the galaxy is located. As a characteristic radius for the
dark matter, we instead choose the fransition radius Rians, which is
the smallest radius such that the enclosed dark mass is larger than
the baryonic mass. Further, we considered the baryonic mass inside
Rirans, denoted My, (< Rirans) and the total (dark+baryonic) mass
inside Ref, denoted Mgy, (< Ref). Figure 10 displays the relation
between these quantities for the redshifts z ~ 0, 1, 2 for both disk and
spheroidal galaxies in Magneticum.

It can be clearly seen in the left panels that the two characteristic
radii do not show a strong correlation in Magneticum galaxies. A
correlation between Ryrans and My, (< Rirans), as shown in the mid-
dle panels, is predicted by MOND through the MDAR by definition
of the transition radius

ag
Mypar (< Ryrans) = 2.G ) tzranS'

This MOND prediction is also displayed in the figure, assuming no
redshift evolution in aq. The slope is slightly steeper in Magneticum
than predicted by MOND, but a correlation appears to exist.

The right panels of Figure 10 show a close relationship between
My (< Rirans) and Mgy (< Refr). Indeed, the slopes are close to 1,
indicating that these masses are actually almost equal (on average)
over the redshift range from 2 to 0 and between different galaxy
types. Since R.g is determined by the distribution of baryonic matter
and Ryans by that of all forms of matter, this ’cross-relationship’
(baryonic mass inside radius characterized by total mass distribu-

an

tion and total mass inside radius characterized by baryonic mass
distribution are close to equal) could be a fundamental manifestation
of the interplay between baryonic and dark matter and therefore of
the MOND-phenomenology in ACDM. Interestingly, the spheroidal
galaxies show tighter relations than the disk galaxies, however larger
sample size might be needed for a solid, quantitative measurement of
the scatter. Note that generally the baryonic and dark matter content
of the spheroidal galaxies from the Magneticum simulations have
shown to compare well to observations out to large distances (Harris
et al. 2020).

4.5 Comparison with MOND prediction for a((z)

When trying to obtain a prediction for the evolution of ag with z
from MOND, it is important to keep in mind that MOND is not a
relativistic theory. It is therefore unlikely to provide an appropriate
description of cosmological phenomena like a change in ag over
cosmic time. A relativistic theory with MOND as a limiting case,
such as Tensor Vector Scalar Gravity (TeVeS) (Bekenstein (2004)),
should preferably be used. Nonetheless, it has been pointed out since
the inception of MOND (Milgrom (1983a)) that ag ~ cH, hinting
at the possibility that ag should have a similar redshift dependence
as H. Bekenstein & Sagi (2008) argue that by setting Q,,, = 0.25,
Qa = 0.75 and assuming zero curvature, the matter-domination
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throughout the relevant period leads to the prediction

ag(z) ~ ap(0) - (1+2)3 (12)

for z > 1. However, as they point out, this approach is not com-
plete. There does not seem to exist a consensus for the prediction
of ap from MOND, and the above formula should only be seen as
one possibility. In Figure 6, one can see that this relation clearly
fails to accurately describe the trend observed in Magneticum, with
the change in Magneticum being significantly slower as redshift in-
creases. Such a strong redshift-scaling also seems to be inconsistent
with observational data (Milgrom (2017)).

Based on TeVeS, (again, Bekenstein & Sagi (2008)) it is argued
instead that changes in ag should happen on time scales much
larger than Hubble’s. In observations, this prediction would be
clearly distinguishable from the a((z)-relation form this work with
ag(z =2) = 3-ag(z = 0). Another relativistic completion of MOND
is Covariant Emergent Gravity, in which the redshift-dependence of
a is related to the size of the cosmological horizon (Hossenfelder &
Mistele (2018)). It is pointed out that this approach gives rise to an in-
crease of ag with greater z, but that this dependence is much smaller
than the one found in simulated galaxies from the MUGS2-sample
by Keller & Wadsley (2017).

4.6 Comparison to other simulations and models

The existence of an MDAR and RAR obtained from a large galaxy
sample from the Magneticum simulations echoes earlier findings
in other, individual galaxy simulations, such as those described by
Dutton et al. (2019), where the set of NIHAO galaxy formation
simulations was used. Further, Ludlow et al. (2017) demonstrate the
existence of acceleration-scaling similar to that predicted by MOND
in EAGLE. Di Cintio & Lelli (2016) used a semi-empirical model
to construct galaxies with appropriate halos and it is found that both
the MDAR and BTFR can be obtained in this way, although the latter
still shows an exponent of less than 4. Using this model, galaxies
with higher total stellar mass tend to have larger mass discrepancies
than those with lower mass (Figure 3 of their Letter), similar to the
results in this work. The existence of a decrease of the parameter a(
with declining redshift also agrees with the trend observed by Keller
& Wadsley (2017) using the MUGS?2 simulations.

5 CONCLUSIONS

We used galaxies from the Magneticum simulation to probe the ex-
istence of acceleration relations in ACDM similar to those predicted
by Modified Newtonian Dynamics, the MDAR and RAR as well as
the existence of a BTFR. The BTFR in Magneticum does show an
exponent close to 3 over a wide range of redshifts, in contrast to
exactly 4 predicted by MOND. It is also found that the set of Mag-
neticum galaxies are showing relations similar to the MOND MDAR
and RAR at redshifts z ~ 0 — 2.8. However, the characteristic accel-
eration scale a is seen to decrease over cosmic time, with a decrease
of more than a factor of 3 from z =~ 2.8 to z ~ 0. Both the existence
of the MDAR/RAR as well as this redshift-trend are also observed
in elliptical galaxies.

As argued by McGaugh (2015), the observation of acceleration
scaling relations in the form of the MDAR and RAR did not long
ago seem like a promising test to distinguish between ACDM and
MOND. The reason is that this observation was predicted by MOND
more than 30 years ago, before sufficiently accurate data became
available, while there was no obvious reason why these relations
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should exist in a ACDM universe. However, considering the results
of this work as well as those of earlier work referenced herein, it does
seem like acceleration relations do arise naturally in ACDM simula-
tions, and therefore in a ACDM universe. Thus, the mere existence
of the MDAR and RAR in the Universe is not sufficient to distinguish
between ACDM and MOND. Accordingly, the focus should perhaps
be shifted to the specifics of the MDAR and RAR, like the magnitude
of scatter in different acceleration ranges, as is done in detail by Dut-
ton et al. (2019). From the evolution ag(z) found in this work, as well
as the work by Keller & Wadsley (2017), the redshift-dependence of
the universal acceleration scale also seems to be a promising can-
didate to distinguish between ACDM and MOND observationally,
which has been argued before (Hossenfelder & Mistele (2018)).

Especially here, the large variation of ag between z ~ O and z = 3
as predicted by the galaxies from the Magneticum simulations offers
an important opportunity for the next generation of observations to
shed new light on the fundamental differences between MOND and
the standard CDM paradigm.
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APPENDIX A: RAR PLOTS

As discussed earlier, the predictions of MOND can be equivalently
formulated in form of the MDAR and RAR. The MDAR was chosen
for analysis over different redshifts in the body of the work due to its
better readability. To complete the comparison, the RAR is displayed
in Figure Al.

APPENDIX B: COMPOSITION OF THE GALAXY SAMPLE
IN MAGNETICUM

The sample of galaxies extracted from Box4/uhr of the Magneticum
simulation typically contains around 150 disk and 400 spheroidal
galaxies at the different redshifts used for the analysis, with signifi-
cantly fewer galaxies in the two highest redshifts used. The additional
sample extracted from the larger simulation box (e.g. Box3/uhr) sur-
passes these numbers, even at high redshift. Figure B1 displays both
the relative and absolute number of disk and spheroidal galaxies used
for the analysis at the different redshifts.

APPENDIX C: RESULTS FROM BOX3/UHR

Figure C1 displays the MDAR and RAR for the disk galaxies ex-
tracted from the larger volume simulation (e.g. Box3/uhr of the Mag-
neticum set. As mentioned before, the best-fit values for ag shows only
a negligible change from the one obtained from the smaller galaxy
sample extracted from Box4/uhr and is also substantially higher than
the one obtained at z =~ 0 in that box.
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Figure B1. Total number and composition of the galaxy sample at different
redshifts, also including the numbers for Box3/uhr at z =~ 2.0.
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Figure C1. MDAR and RAR as before, but for the larger galaxy sample
extracted from Box3/uhr at z = 2.
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