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ABSTRACT

The formation and evolution of galaxies is highly dependent on the dynamics of stars and gas,
which is governed by the underlying law of gravity. To investigate how the formation and evolution
of galaxies takes place in Milgromian gravity (MOND), we present full hydrodynamical simulations
with the Phantom of Ramses (POR) code. These are the first-ever galaxy formation simulations done
in MOND with detailed hydrodynamics, including star formation, stellar feedback, radiative transfer
and supernovae. These models start from simplified initial conditions, in the form of isolated, rotating
gas spheres in the early Universe. These collapse and form late-type galaxies obeying several scaling
relations, which was not a priori expected. The formed galaxies have a compact bulge and a disk
with exponentially decreasing surface mass density profiles and scale lengths consistent with observed
galaxies, and vertical stellar mass distributions with distinct exponential profiles (thin and thick disk).
This work thus shows for the first time that disk galaxies with exponential profiles in both gas and
stars are a generic outcome of collapsing gas clouds in MOND. These models have a slight lack of
stellar angular momentum because of their somewhat compact stellar bulge, which is connected to the
simple initial conditions and the negligible later gas accretion. We also analyse how the addition of
more complex baryonic physics changes the main resulting properties of the models and find this to
be negligibly so in the Milgromian framework.
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lengths and time by a factor A. Thus, if the actual ac-
celeration g (which scales as A~!) is a function of the
Newtonian gravitational acceleration, gy (which scales
as A~2), their relation has to be of the form shown in
Eq. 1. As SI only leads to proportionality in Eq. 1, ag
needs to be normalized such that equality holds (Mil-
grom 1983; Milgrom 2009; Wu & Kroupa 2015). Thus,
when scale-invariance applies the true gravitational ac-
celeration, g, is given by

g = yaggn, (1)

where ag ~ 10~ %ms—2 ~ 3.7pcMyr—2 is Milgrom’s con-
stant and gy 1s the Newtonian acceleration.

Eq.1 is the basic equation underlying the MOND
paradigm and it is only valid in the low acceleration
deep-MOND limit g < ag ~ 10~ "ms 2. To also encap-
sulate the symmetry breaking in the Newtonian regime,
Milgrom’s law is formulated as follows:

g=v(g—N) gN, (2)

ag

with v(y), ¥ = gn/ag, being the transition function,

i

which is defined by its limits:

viy) — 1for y > 1 and v(y) — ;;_1/2 for y < 1. (3)

18 dermved from an action and obeys the standard con-
servation laws, with the generalised Poisson equation,

A®(x) = 4nGpy(x) + V - [7(| Vbl /aa) V()] (4)
AB(x) = 4nG (pp(x) + ppi(x))- (5)

Here p,(x) is the baryonic density, ¢(x) the Newtonian
potential, which fulfills the standard Poisson equation
Ao(x) = ArGpu(x), ®(x) is the total gravitational po-
tential and 7 is the transition function between the New-
tonian and the MOND regime, which is v from Eq. 2
minus 1 with the limits: #(y) — 0 if y > 1 (Newtonian
regime) and v(y) — y ity <1 (MOND regime)
with ¥ = gn/ag. Several functions that fulfill this eri-
terion have been used in the literature (see Liighausen
et al. 2015), but here

1 1 4
vy =—=+=4/l+ - 6
W)= -3 +5\/1+7 (6)
is used.?
Note that the second term on the right hand side of
Eq.4 was condensed into

o) m e TGRS

so the generalised Poisson equation also visualizes its
guasi-linearity. Eq.5 shows that the total gravitational
potential in MOND depends on the baryonic density



Ha4anbHble ycnoBusa:

N3onnpoBaHHOE rasoBoe 0bnako,
Cdepurnyeckon popmsil,

C NoCcTOAHHOW MO 0ObLEMY MIOTHOCTLIO
rasa,

C TBepaoTeNibHbIM Ha4vanbHbIM
BpaLLlEeHNEM.

Feedback MOXHO 3agaBaTb, @ MOXHO He
3agaBaTb.
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Figure 2. Rotation curves of both models with riny = 20kpe shown in red, ve aee, and the "pristineg’ rotation curve of the
respective model in purple.  ve g0 shows the rotation velocity calculated from the mean radial acceleration in the respective

radial bin.Left panel: M1, Right panel; Mlsn, See text for further detail on the computation and analysis.
+SN+RT
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Figure 3. Surface mass density profiles of both models with rige = 20kpe. Left panel: M1, Right panel: Mlsn. The red points
correspond to the stellar surface mass density, the green ones to the surface mass density distribution of the gas and the blue
ones show the total baryonic surface mass density distribution. The lines show the respective exponential it 1o data

Table 2. exponential scale lengths of M1, Mlconst, M2 and
M3 for the stellar and gaseous surface mass distributions.

Model name 7 siars[kpe]

Te,gas [KDC]

M1 1.61 +0.04
Mlconst 1.19 £ 0.01
M2 1.35 + 0.01

M3 1.98 £0.02

5.75 £ 0.06
6.44 £0.07
7.24+0.16
7.79+£0.10
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Figure 8. Hotation curves of both models with rinw = Slkpe. Left panel: M4, Right panel: Mdsn, See text for further detail.
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Figure 9. Stellar surface mass density profiles of both models with rig = 50kpe. Left panel: M4, Right panel; Mdsn. The
stellar surface mass density distribution does not follow a single exponential profile as the formation of these models is dominated
by mergers of smaller satellites during and shortly after the initial collapse. The surface density profile may be approximated
by more than one exponential profile (not attempted here though). See text for further detail.
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Figure 11. The star formation history (SFH) and the evolution of the gas-depletion time for M1, The red dots show the
model data, the green line shows the exponential fit for the first part of the decaying star formation rate (SFR) / increasing
gas-depletion time directly after the initial eollapse. The blue line shows the exponential fit for the shallower part after most of
the gas was converted into stellar particles during and shortly after the collapse.
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Figure 13. The KS-diagram for all 15 models shown
as a time-evolution, while the age is indicated by colour.
The Newtonian models are emphasized as black diamonds,
though they show the same trend as all other models. The
green line corresponds to the best fit to observational data by
Kennicutt (1998), while the vertical dotted lines correspond
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Figure 14. Left panel: The SFR-M; plane with all models at their respective peak-SFR at the top and the distribution
of the models HGyr afterwards at the bottom. The black line shows the linear fit to the peak-SFR data, resulting in a =
3.66 &+ 0.35 x 107"Mgyr™" and b = 1.041 + 0.004. The colours are identical to Fig. 10 with the addition of M4=plum,
Mdsn=dark-plum and the Newtonian models indicated by light colours (e.g. M2=blue and M2N=light-blue). The red and
violet areas show the observed main sequence of galaxies of Speagle et al. (2014) at § = 0.5Gyr and ¢ = 5.0Gyr, respectively
(Eq. 200, Right panel: The evolution of the linear fit to all models shown as the dashed lines at various times (see text) and
the complete time-evolution of M1 (green), M3 (vellow) and M4 (plum).
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Figure 16. Mass distribution along the rotation axis [z
axis), £.. The green line corresponds to the exponential fit
for the thin disk and the blue line to the thick disk, fitted in
the range 0 — lkpe and 1 — 3kpe respectively (see text for
details).
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Figure 17. Helation between the specific stellar angular
momentum, fuae, of all models with their respective stellar
mass, Mo, (Fall relation, computed here as for observa-
tions). The magenta area with the dashed line shows the
observed data from Posti et al. (2018), the symbols for the
different models are shown in the legend and the black line
(Eq. 24) shows the best fit to the models. See text for further
detail.
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Figure 19. Comparison of the simulations with observed galaxy-scaling relations. Panel a shows the radial-acceleration relation
of the data obtained directly from the accelerations in the simulations and the observational data from Lelli et al. (2017) (red
area), the best fit to the data from all models (black solid lim—:) and the purely Newtonian line, where gohs = gnar (black dotted
line). The colours of the models are shown in the legend. Panel b shows the MASR (BTFR) of the models (red diamonds), the
best fit (black solid line) with uncertainties (grey area), the MASR (BTFR) in MOND assuming spherical symmetry (blue line)

and the observational data from Lelli et al. (2016a) (magenta area).
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Figure 1. 5T color-composite image of SpARCSI049 from stacking the F1606, F105W, and FE14W filter images as RGHE,
respectively. The deep orange galaxy at the center of the image is the BCG (10" 49™ 238 G A56%40'33") and is shown in the inse
image, The magnificent tidal feature discussed in Webb et al. (2015) is seen in the inset image stretching from the center to the
sonthwest,

channel. This pipeline has been described in detail in dense stellar fields that we tested for our PSF model-
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is 3.3,

The significance (£

Dwuffy et al. (2008) 2.2x02 5.8 +3.5 1.27
Dutton & Maccio (2014) 3.1 +0.1 45423 1.16

Diemer & Joyee (2019) 4.5 0.3 3.5+1.2 1.03
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Figure 6. Density model fits to the tangential shear profile
centered at the BCG. Blue circles are the tangential shear
and black crosses are the cross shear. Error bars are the
Poisson error. The cross shear has been shifted by 1" for
display purposes. Three density profiles are shown: the SIS
sphere, the ¢-M relation of Dutton & Maccio (2014), and the
c-M relation of Diemer & Joyce (2019).
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Figure 7. Velocity histogram of cluster member galaxies
selected within 1500 km ™! of the average velocity. The blue
line is the best-fit Gaussian model. An Anderson-darling test

fails to reject the null hypothesis that the galaxies follow a
normal distribution.

Our WL mass estimate Mogg = 3.5 £ 1.2 x 10™ Mg
provides the first mass estimate free of a dynamical equi-
librium assumption. This mass estimate is consistent



MoryT nu cyuiecTBoBaTh Takue
MaCCUBHbIe CKOMMNeHnda Ha z~27?

We determine the rarity of this cluster by integrat-
ing the number of clusters above a minimum mass and
redshift as

® ¥ dV(z) dn
N(M, z) = —dMd '
( J zj ‘/Zmin ‘/ﬂr’-!:nin dz dﬂf v (8)

where dV/dz is the volume element and dn/dM is the
mass function. We set the lower limits of the integrals to
Zmin = 1.71 and My, = 3.5 x 1014 M, the central mass
estimate. The exact upper limits of the integral are in-
significant because the rarity of the cluster (steepness of

the mass function in this regime) causes the integral to
converge quickly. Using HMFCale (Murray et al. 2013a),
we adopt the mass function of Tinker et al. (2008) that
has been updated by Behroozi et al. (2013). The es-
timated abundance of a cluster with mass and redshift
of SpARCS1049 is ~12 over the full sky or ~0.01 clus-
ters within the ~41.9 deg? footprint of SpARCS. Alter-
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