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We analyze the total and baryonic acceleration profiles of a set of well-resolved galaxies identified in the EAGLE

suite of hydrodynamic simulations. Our runs start from the same initial conditions but adopt different subgrid

models for stellar and AGN feedback, resulting in diverse populations of galaxies by the present day. Some

of them reproduce observed galaxy scaling relations, while others do not. However, regardless of the feedback

implementation, all of our galaxies follow closely a simple relationship between the total and baryonic accel-

eration profiles, consistent with recent observations of rotationally supported galaxies. The relation has small

scatter: different feedback processes – which produce different galaxy populations – mainly shift galaxies along

the relation, rather than perpendicular to it. Furthermore, galaxies exhibit a single characteristic acceleration, g†,

above which baryons dominate the mass budget, as observed. These observations have been hailed as evidence

for modified Newtonian dynamics but can be accommodated within the standard cold dark matter paradigm.

INTRODUCTION

In the standard cosmological paradigm, the matter content

of the Universe is dominated by cold dark matter (CDM).

In this CDM model structures form hierarchically through

repeated merging and continuous smooth accretion [e.g., 1].

The resultant dark matter (DM) “halos” are the sites of galaxy

formation: their deep potential wells can trap gas, which cools

and forms stars, providing visible tracers of the underlying

DM density field [2, 3].

Understanding the connection between galaxies and their

DM halos is of fundamental importance to studies of both the

large- and small-scale structure of the Universe. Traditionally

this link has been expressed in terms of scaling relations be-

tween the structural properties of galaxies and their halos; the

Tully-Fisher [4, TF] and Faber-Jackson [5] relations, in par-

ticular, relate the luminosity (or stellar mass) of a galaxy to its

dynamics which, in the CDM paradigm, is largely governed

by its dominant DM halo. Both empirical relations highlight

a close connection between galaxies and their halos.

Galaxy formation models based on CDM do not reproduce

these relations unless sub-grid models for unresolved feed-

back are calibrated to form realistic galaxies when judged ac-

cording to other diagnostics [e.g., 6, 7]. It comes as a sur-

prise, then, that observations reveal an even closer coupling

between the luminous mass of galaxies and their total dynam-

ical mass. Perhaps most unexpected is the “mass discrepancy-

acceleration relation” (MDAR) [8, 9], a tight empirical rela-

tion between the radial dependence of the enclosed baryonic-

to-dynamical mass ratio and the baryonic centripetal accel-

eration for rotationally supported galaxies. It has an intrinsic

scatter consistent with observational errors alone and holds for

galaxies of widely varying luminosity and gas fraction. The

MDAR may be expressed empirically as [10]

gtot(r)

gbar(r)
=

Mtot(r)

Mbar(r)
=

1

1− e−
√

gbar/g†
, (1)

where gi(r) and Mi(r) are, respectively, the centripetal accel-

eration and enclosed mass profiles.

It has been claimed [see 11, and discussion therein] that

the small scatter in the MDAR is inconsistent with hierar-

chical galaxy formation models, which predict that galaxies

should exhibit a broad range of properties even for halos of

fixed mass. Furthermore, the MDAR implies a characteristic

acceleration (g† ≈ 10−10 ms−2) above which each galaxy’s

dynamics can be determined by the observed light alone.

Why would baryons and dark matter “conspire” to produce

such a characteristic physical scale? One possibility is that

galaxies adhere to modified Newtonian dynamics (MOND),

which naturally gives rise to the MDAR. If true, this result

would demand an unconditional rewrite of our established the-

ory of gravity, and would percolate through virtually all as-

pects of cosmology, astrophysics and fundamental physics.

This possibility should be taken seriously. However, theo-

retical studies suggest that the MDAR arises naturally in CDM

models of galaxy formation, provided they also match ob-

served galaxy scaling relations [12–14] (possibly with larger

than observed scatter [15]). In this letter we address these is-
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FIG. 1. Relationship between galaxy stellar mass and, respectively, halo virial mass (left), stellar half-mass radius (middle) and maximum

circular velocity, Vmax (right) for EAGLE and APOSTLE galaxies whose halos are resolved with N200 ≥ 105 DM particles. Solid black lines

show the median trends for the “Reference” model (REF); blue and red lines show, respectively, the variations if feedback is entirely limited

to AGN (OnlyAGN) or to stars (NoAGN). Semi-transparent dots of the same color show individual halos. Individual halos are also shown for

runs with strong (StrongFB, orange squares) and weak (WeakFB, green circles) stellar feedback, and for APOSTLE galaxies (grey diamonds).

The heavy open blue and red symbols identify two halos that have been cross-matched and whose circular velocity and acceleration profiles

are shown in Figure 2. Figure 2 also shows the average Vc(r) and g(r) profiles for galaxies in NoAGN and StongFB that fall in the vertical

shaded band in the left-most panel.

sues using a suite of hydrodynamical simulations drawn from

the EAGLE Project [16]. Our simulations vary the subgrid

feedback in a way that strongly modifies the end product of

galaxy formation, enabling us to robustly to assess the MDAR

for a range of hierarchical galaxy formation “models”.

SIMULATIONS AND ANALYSIS

The EAGLE Simulations

Our analysis focuses on well-resolved halos and their cen-

tral galaxies in the EAGLE simulations [16, 17], all of which

model galaxy assembly within the CDM framework. Cosmo-

logical parameters are those inferred by the Planck Collabo-

ration [18]: ΩM = 0.307, ΩΛ = 0.693, Ωbar = 0.04825,

H0 = 67.77 km s−1/Mpc−1 and σ8 = 0.8288. Here Ωi de-

notes the fractional contribution to the critical energy density

(ρcrit = 3H0
2/8πG) from constituent i; H0 is the present-day

Hubble parameter, and σ8 the rms linear theory mass fluctua-

tion in 8 Mpc/h spheres.

For the purposes of this letter we focus on a subset of the

“intermediate resolution” EAGLE simulations (following the

nomenclature in [16]). These include periodic volumes of

side-length Lcube = 25 and 50 comoving Mpc sampled with,

respectively, N = 3763 and 7523 particles of both gas and

DM. The respective particle masses are mg = 1.81× 106M⊙

and mdm = 9.70×106M⊙; the (Plummer-equivalent) soften-

ing length is ǫ = 0.7 physical kpc below z = 2.8, and 2.66 co-

moving kpc at higher redshift. Runs for each given cube size

always start from the same linear density field and have a cor-

responding run that includes only DM (with Ω
′

M = ΩM+Ωbar

and Ω
′

bar = 0).

The simulations were performed with a version of the N-

body TreePM smoothed particle hydrodynamics code GAD-

GET3 [19] incorporating significantly modified hydrodynamic

scheme, time-stepping criteria and subgrid physics modules

for radiative cooling, star formation, stellar mass loss, ener-

getic stellar feedback and black hole growth [see 16, for de-

tails]. For a given boxsize, our simulations all start from the

same initial conditions but adopt different values of the sub-

grid parameters. As a result, some accurately reproduce a di-

verse set of low- and high-redshift observations of the galaxy

population (such as the global stellar mass function and its de-

pendence on z; galaxy shapes, sizes, and their relationship to

stellar mass), whereas others do not.

As discussed in detail by [16], some calibration of the

model parameters must be carried out so that simulations

(if desired) reproduce a diagnostic set of observational data.

For the EAGLE programme, this was achieved by calibrat-

ing the feedback models (including contributions from both

active galactic nuclei, AGN, and stars) so that the observed

galaxy stellar mass function and the mass-size relation were

recovered. One such model is the “reference” model (here-

after REF; [16]). Variations of this model systematically

changing the subgrid parameters were also carried out [17].

These include runs with weak (WeakFB) or strong (StrongFB)

feedback from stars, as well as runs with no AGN feedback

(NoAGN), and another with only AGN feedback but none

from stars (OnlyAGN). The statistics of the resulting galaxy

populations depend sensitively on these feedback choices.
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FIG. 2. (Upper panels) Circular velocity profiles for the two galaxies and halos highlighted in Figure 1. Red colors (left and middle panels)

indicate the NoAGN and blue the OnlyAGN model. The circular velocity profiles of each galaxy’s baryonic component are shown as dashed

lines, with points indicating that of the DM halo. (For comparison, the solid black lines show the circular velocity profiles for the same halo

identified in the corresponding DM-only simulation.) The lower panels show the acceleration (gbar versus gtot) diagrams for these halos.

Again, blue (circles) and red (squares) distinguish the NoAGN and OnlyAGN models. Note that only radii spanning ǫ ≤ r ≤ 30 [kpc] have

been plotted (as in the upper panels). For comparison, the linear scaling is shown as a solid black line and eq. 1 as a dashed line (using

g† = 3 × 10−10 ms−2); shaded regions indicate the scatter around this line brought about by changing the enclosed baryon mass by factors

of ±3 (light) and ±2 (dark). Panels on the far right show the equivalent median profiles for all halos in our NoAGN and StrongFB models that

fall in the narrow mass range 12.3 ≤ log
10

M200/[M⊙] ≤ 12.5 (shown as a vertical shaded band in Figure 1).

Analysis

Halo Finding and Selection

All simulations were post-processed with the halo finding

algorithm SUBFIND [20, 21], which is used to identify both

DM halos and their central galaxies (see [16] for details; note

that we do not consider “satellite” galaxies in our analysis).

For each halo we retain the position of the particle with the

minimum potential energy and identify it with the halo and

galaxy center. We also record the virial mass M200, and max-

imum circular velocity, Vmax. (We define M200 as the mass

enclosed by a sphere surrounding each halo center whose den-

sity contrast is 200 × ρcrit. This implicitly defines the virial

radius through M200 = (800/3)π r3200 ρcrit(z).) Both M200

and Vmax are calculated using the full matter distribution.

To preclude resolution concerns, we focus our analysis on

well-resolved central galaxies whose DM halos are resolved

with at least N200 ≥ 105 particles (N200 is the number of DM

particles within r200). We impose no isolation or relaxation

criteria. Our REF, NoAGN and OnlyAGN runs have, respec-

tively, 187, 192 and 175 halos above this mass threshold; the

StrongFB and WeakFB models have 32 and 34, respectively.

To extend the dynamic range of our analysis, we also in-

clude isolated galaxies identified in the AP-1-L1 simulation

[22, see] from the APOSTLE suite (see [23] for details of the

APOSTLE Project), which used the same model as EAGLE

and the REF subgrid parameters. These 29 galaxies span the

(stellar) mass range 1.3 × 107 <∼ M/M⊙
<∼ 2.6 × 109, have

N200 > 105 and are separated from any other halo whose

virial mass exceeds 5× 1011M⊙ by at least two virial radii of

the more massive system.

Radial Mass profiles of Baryons and Dark Matter

The centripetal acceleration profile due to component i is

computed as

gi(r) =
Vi

c(r)
2

r
=

GMi(r)

r2
, (2)

where Vi
c(r) and Mi(r) are the corresponding circular veloc-

ity and enclosed mass profiles, and G is Newton’s gravita-

tional constant. When computing Mi(r) we use all particles

of component i and not just those deemed by SUBFIND to

be bound to the central galaxy. We choose logarithmically-
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spaced bins with fixed separations, ∆ log10 r = 0.1, span-

ning rmin = ǫ to rmax ≈ 30 kpc. We have verified that

our results are robust to reasonable changes in rmax. Setting

rmax = 0.1− 0.2× r200, for example, gives results quantita-

tively consistent with those presented here.

For each galaxy we also record a few diagnostic quantities.

Its stellar mass, M⋆, is defined as the total mass of stars bound

to the central galaxy; the stellar half-mass radius, r50, is de-

fined by M(r50)/M⋆ = 1/2.

RESULTS

Figure 1 summarizes several scaling relations for our EA-

GLE and APOSTLE galaxy samples. The leftmost panel plots

galaxy stellar mass versus halo virial mass. Solid lines show

the median trends for the 50 Mpc cubes (REF, NoAGN and

OnlyAGN models). Individual galaxies are shown as faint cir-

cles of corresponding color. Additional runs with strong and

weak stellar feedback are also shown, along with the APOS-

TLE galaxies (in these cases, only individual halos are plot-

ted). The middle and right-hand panels show, using the same

color scheme, the stellar mass versus half (stellar) mass radius

(middle) and versus peak circular velocity, Vmax (right).

Different subgrid models clearly produce different galaxy

populations. For a given halo mass the median galaxy stellar

mass spans a factor of ≈ 4 between the two most extreme runs

(compare NoAGN and StrongFB in the left-most panel of this

Figure). Galaxy sizes also differ, particularly for runs without

(NoAGN) and with only (OnlyAGN) AGN feedback. Galax-

ies with stellar masses above ∼ 1011M⊙, for example, have

half-mass radii that are roughly an order of magnitude smaller

when AGN feedback is ignored. The M⋆-versus-Vmax rela-

tions of our simulations have, at these mass scales, a zero-

point that varies by a factor of ≈ 3.

Figure 2 (upper panels) provides a few examples of the cir-

cular velocity profiles of baryons (dashed curves) and dark

matter (open symbols) for several galaxies in our sample.

The left and middle panels show two massive galaxies that

were cross-matched in the NoAGN and OnlyAGN runs (high-

lighted as outsized points in Figure 1). Because they inhabit

the same DM halo their merger histories are similar, but their

stellar masses, half-mass radii and peak circular velocities dif-

fer noticeably as a result of the differing feedback processes.

Each galaxy’s DM distribution reflects its response to galaxy

formation: the more massive the central galaxy, the more con-

centrated its DM halo. The effect is, however, weak. The solid

black line in each panel shows, for comparison, the circular

velocity curve of the same halo in the corresponding DM-only

simulation.

Despite these structural differences, all four galaxies fol-

low closely the same relation between the total acceleration

and the acceleration due to baryons (bottom left and mid-

dle panels). Galaxies in the NoAGN run (blue points and

curves), whose central galaxies are both more massive and

more compact than those in OnlyAGN, populate the high ac-

celeration regime of the relation, indicating that these galaxies

are baryon dominated over a larger radial extent. When in-

cluded, AGN feedback periodically quenches star formation

resulting in less compact and lower mass central galaxies that

are DM dominated over a large radial range.

The right-hand panels of Figure 2 show another ex-

ample. Here we select all halos from the NoAGN and

StrongFB runs whose virial masses lie in the range 12.3 ≤
log10 M200/M⊙ ≤ 12.5 (shown as a vertical shaded band in

the left panel of Figure 1) and plot their median circular veloc-

ity and acceleration profiles. These galaxies have total stellar

masses that differ, on average, by a factor of ≈ 4 depending

on the feedback implementation, but inhabit halos of compa-

rable DM mass. As before, solid curves show the median dark

matter mass profile for the same halos identified in the corre-

sponding DM-only simulation; open symbols show VDM
c (r)

measured directly in the EAGLE runs. The suppression of star

formation by strong feedback results in considerably less mas-

sive galaxies whose mass profiles are dark matter dominated

at most resolved radii. Nevertheless, both sets of galaxies fol-

low the acceleration relation given by eq. 1. (We note that our

EAGLE galaxies prefer g† ≈ 3 × 10−10 ms−2, a factor of 2.5

larger than that obtained by [10] from observations of rota-

tionally supported galaxies. This systematic may be related

to the details of observational sample selection, the assumed

mass-to-light ratio, or differences in how acceleration profiles

are inferred from the observed and simulated data.)

In all cases, different feedback models produce galaxies that

move along the MDAR rather than perpendicular to it, re-

sulting in small scatter. It is easy to see why. Consider an

arbitrary galactic radius at which the total and baryonic accel-

erations are related by eq. 1. Changing the enclosed baryon

mass within this radius by a factor f shifts points horizontally

by the same factor (to g
′

bar = f gbar), but also vertically by

g
′

tot = gtot + (f − 1) gbar. As a result, galaxies of different

stellar mass, or whose mass profiles differ, tend to move di-

agonally in the space of gbar versus gtot. The shaded regions

in the lower panels of Figure 2 indicate the expected scatter in

the MDAR for enclosed baryon masses that differ from eq. 1

(with g† = 3 × 10−10 ms−2) by factors of ±3 (light shaded

region) and ±2 (darker region).

Figure 3 (left panel) shows the run of total versus bary-

onic acceleration for all (z = 0) galaxies in all simulations.

We have included here 29 isolated galaxies identified in the

APOSTLE Simulation. For clarity, individual radial bins are

shown as semi-transparent colored points to indicate the scat-

ter. For each run we also show the median trends either as

solid lines (for REF, OnlyAGN and NoAGN) or as heavy sym-

bols (for WeakFB, StrongFB and APOSTLE). The dashed line

(eq. 1, with g† = 3 × 10−10 ms−2) describes the numerical

data remarkably well, even for models whose subgrid physics

were not tuned to match observational constraints, and whose

galaxies do not match the observed TF or abundance matching

relations. The inset panel, for example, plots the residual scat-

ter around this line, after stacking all halos in each simulation.

Despite the wide range of galaxy properties that emerge from
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FIG. 3. Total centripetal acceleration profiles for all halos as a function of their baryonic acceleration. The left panel summarizes the results

obtained for all of our simulations at z = 0. Lines, points and colors have the same meaning as in Figure 1. Also, included are 25 isolated

galaxies in the APOSTLE simulation (grey diamonds), that extend the stellar mass range to ≈ 1.5× 107M⊙. The right-hand panel shows (for

REF) the redshift evolution for progenitor galaxies at various redshifts. The dashed lines show eq. 1 with g† = 3 × 10−10 ms−2; shaded

regions highlight the scatter about this line for factors of ±3 (light) and ±2 (dark) changes in enclosed baryon mass. Inset panels show the

relative scatter around this curve after combining all simulations (left) and for individual redshifts (right); the heavy dashed lines represent the

observational scatter in [10].

our runs, the scatter is smaller (σ = 0.09 dex; see also [14])

than that of the best available observational data (σ = 0.11
dex), indicated by the heavy dashed line [10]. We note, how-

ever, that the scatter in our runs increases toward lower mass

galaxies. If verified observationally, this would be strong evi-

dence in favor of dark matter.

Note too that the acceleration relation persists at high red-

shift, where galaxies are more likely to be actively merging.

The right-hand panel of Figure 3 shows the acceleration rela-

tion for galaxy progenitors in our REF model at four different

redshifts (defined as the central galaxy of each z = 0 halo’s

main progenitor). Regardless of z, all galaxies follow a sim-

ilar curve in the space of total versus baryonic acceleration.

The residuals are again small (inset panel), but show evidence

of a slight but systematic redshift dependence (the mean resid-

ual increases slightly with redshift, but remains within the ob-

servational error).

DISCUSSION AND SUMMARY

We analyzed a suite of simulations from the EAGLE Project

that adopt widely varying subgrid parameters. Some sim-

ulations yield populations of galaxies that differ systemati-

cally from observed galaxy scaling relations. Nevertheless, all

galaxies follow a simple relationship between their total and

baryonic acceleration profiles, regardless of the feedback im-

plementation. Different feedback prescriptions, which result

in different galaxy populations, force galaxies to move along

the MDAR rather than perpendicular to it, yielding small scat-

ter.

We note, however, that the total to baryonic acceleration

relation depends slightly but systematically on the subgrid

model. For example, the StrongFB and NoAGN models are, at

low acceleration, noticably different: the former lies slightly

above the best-fitting eq. 1, the latter slightly below. The

differences however are small and within the observational

(error-dominated) scatter. The radial acceleration relation

given by eq. 1 is, therefore, very forgiving: only large de-

partures from any sensible galaxy-halo scaling relations lead

to noticeable systematics. The “small” observed scatter in the

MDAR is, in fact, quite large, and is unlikely to provide useful

constraints on galaxy formation models.
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