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ABSTRACT

The strong equivalence principle (SEP) distinguishes General Relativity from other viable theories
of gravity. The SEP demands that the internal dynamics of a self-gravitating system under free-fall
in an external gravitational field should not depend on the external field strength. We test the SEP
by investigating the external field effect (EFE) in Milgromian dynamics (MOND), proposed as an
alternative to dark matter in interpreting galactic kinematics. We report a detection of this EFE using
galaxies from the Spitzer Photometry and Accurate Rotation Curves (SPARC) sample together with
estimates of the large-scale external gravitational field from an all-sky galaxy catalog. Our detection
is threefold: (1) the EFE is individually detected at 80 to 1lc in “golden” galaxies subjected to
exceptionally strong external fields, while it is not detected in exceptionally isolated galaxies, (2) the
EFE is statistically detected at more than 40 from a blind test of 153 SPARC rotating galaxies,
giving a mean value of the external field consistent with an independent estimate from the galaxies’
environments, and (3) we detect a systematic downward trend in the weak gravity part of the radial
acceleration relation at the right acceleration predicted by the EFE of the MOND modified gravity.
Tidal effects from neighboring galaxies in the ACDM context are not strong enough to explain these
phenomena. They are not predicted by existing ACDM models of galaxy formation and evolution,
adding a new small-scale challenge to the ACDM paradigm. Our results point to a breakdown of the
SEP, supporting modified gravity theories beyond General Relativity.

Keywords: Non-standard theories of gravity (1118); Disk galaxies (391); Gravitation(661); Modified
Mewtonian dynamics (1069)

1. INTRODUCTION

The hypothesis that General Relativity (GR) and its
Newtonian limit hold exactly in the weak gravity regime
requires that the Universe is permeated by invisible dark
FL: LelliF@cardiff.ac.uk matter (DM). The existence of DM is a key assumption
of the standard cosmological model A Cold Dark Mat-
ter (ACDM), which has been successful in explaining
SSM: ssm69Qcase.edu many cosmological observations on the largest scales of
the cosmos (Peebles 2012; Frenk & White 2012). The
ACDM paradigm, however, is facing several challenges
JMS: jschombe@gmail.com on small scales (Bullock & Boylan-Kolchin 2017; Kroupa
2015), such as the unexpected phase-space correlation
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of satellite galaxies (“the satellite plane problem”; see,
e.g., Kroupa et al. 2010; Miiller et al. 2018) and the un-
expected coupling in galaxies between the visible mat-
ter (baryons) and the observed dynamics, usually domi-
nated by the DM halo at large radii (McGaugh, Lelli &
Schombert 2016; Lelli et al. 2017).

A drastically different idea is represented by the
MOND paradigm (Milgrom 1983) that modifies the
standard laws of dynamics at low accelerations (weak
gravitational fields) rather than assuming non-baryonic
DM. Several a-priori predictions of MOND have been
confirmed by later observations as reviewed by Sanders
& McGaugh (2002), Famaey & McGaugh (2012), and
McGaugh (2020). The construction of a MOND cos-
mology remains a tall order (McGaugh 2015), but the
recent relativistic MOND theory of Skordis & Zlo$nik
(2020) appears promising, being able to reproduce the
power spectrum of the Cosmic Microwave Background
as good as ACDM.

The relativistic theory of Skordis & Zlosnik (2020)
reduces to the non-relativistic modified-gravity theory
of Bekenstein & Milgrom (1984), violating the Strong
Equivalence Principle (SEP) of GR: the internal dy-
namics of a self-gravitating body may be affected by
external gravitational fields, beyond usual tidal forces.
More specifically, these theories violate Local Positional
Invariance (LPI) for gravitational experiments, which
differentiates the SEP from the less stringent (but well
tested) Einstein Equivalence Principle (EEP), contain-
ing the Weak Equivalence Principle, Lorentz Invari-
ance, and the LPI for non-gravitational experiments
only (Will 2014).

The radial acceleration relation (RAR) is of particu-
lar importance in the DM vs MOND debate (McGaugh,
Lelli & Schombert 2016; Lelli et al. 2017). This empir-
ical relationship links the observed centripetal acceler-
ation gops(R) = V.2, (R)/R in galaxies to the expected
Newtonian acceleration gp.,(R) = V2, (R)/R from the
observed baryonic matter distribution:

b
Jobs = V0 <g ar) Gbar (1)
9t

where 19(z) is an empirical fitting function and g4 is an
acceleration scale. In ACDM the RAR must arise from
the haphazard process of galaxy formation (Di Cintio &
Lelli 2016; Desmond 2017; Navarro et al. 2017; Keller
& Wadsley 2017) and g; is an emergent scale that may
(Ludlow et al. 2017) or may not(Tenneti et al. 2018) ap-
pear in cosmological simulations. In MOND g; is a new
universal constant of Nature indicated as ag (Milgrom
1983), while the function vg(gnar/ao) interpolates be-
tween the classic Newtonian regime gohs = gpar at high
accelerations and the Milgromian regime gobs = \/gbar@o
at low accelerations.

While the extrapolation of Eq. (1) to large radii im-
plies asymptotically flat rotation curves for isolated

galaxies, MOND modified-gravity (Bekenstein & Mil-
grom 1984) predicts that galaxies in strong external
fields should display a weak but distinctive decline in
their outer rotation curves. This peculiar feature, link-
ing the internal dynamics on scales smaller than 100 kpc
with the cosmological environment on scales of a few
Mpec, can be used to distinguish between modified grav-
ity in MOND and standard gravity with DM. Signatures
of this external field effect (EFE) have been searched
for in rotationally-supported galaxies (Haghi et al. 2016;
Wu & Kroupa 2015; Lelli et al. 2015) without conclusive
and unambiguous evidence.

The EFE has also been investigated in pressure-
supported stellar systems. Dwarf satellites of the An-
dromeda galaxy revealed some EFE signatures as pre-
dicted and tested by McGaugh & Milgrom (2013a,b),
but the possibility of tidal interactions and out-of-
equilibrium dynamics complicates the interpretation
(e.g. McGaugh & Wolf 2010; Lelli et al. 2017). Several
authors (Famaey, McGaugh & Milgrom 2018; Kroupa
et al. 2018; Miiller, Famaey & Zhao 2019; Haghi et al.
2019) proposed MOND models incorporating the EFE
to explain unexpectedly low stellar velocity dispersions
of a few ultra-diffuse galaxies. Globular clusters (GCs)
of the Milky Way are dynamical systems subjected to
external fields. MONDian kinematics for the GCs were
predicted (Baumgardt, Grebel & Kroupa 2005; Haghi
et al. 2009, 2011), but analyses of the observed data did
not result in unambiguous signatures of the MOND EFE
(Jordi et al. 2009; Frank et al. 2012).

Wide binary stars have also been used to test MOND
and the EFE, with conflicting results (Hernandez et al.
2012; Pittordis & Sutherland 2019; Hernandez et al.
2019). In particular, wide binary stars from GAIA DR2
have been used to argue both for (Pittordis & Suther-
land 2019) and against (Hernandez et al. 2019) the pres-
ence of the EFE, and further studies are required to
provide conclusive evidence.

Here we report a robust EFE detection in rotation-
ally supported galaxies using two complementary ap-
proaches: (1) focusing on individual galaxies where
the external gravitational field is exceptionally large,
(2) studying weak systematic deviations from the RAR
driven by the mean gravitational field of the Local Uni-
verse. Throughout we take gi = 1.2 x 107!% m s7?2
(McGaugh, Lelli & Schombert 2016; Lelli et al. 2017)
and use the notation # = log;y(gpar/m s72) and y =

log (gobs/m 5_2)'

2. DATA AND METHODOLOGY
2.1. The SPARC database

The SPARC database (Lelli, McGaugh & Schombert
2016) contains 175 rotationally-supported galaxies in
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the nearby Universe'. These galaxies have stellar masses
ranging from M, ~ 10"Mg to M, ~ 10"M; and
cover all Hubble types of late-type, star-forming galax-
ies, including low-surface brightness disk galaxies. The
database provides the observed rotation velocities (Vops)
from spatially resolved HI observations and the Newto-
nian circular velocities from the observed distribution of
stars and gas. The latter include the stellar disk con-
tribution (Vaisk) and (if present) the bulge contribution
(Vbu) for a baseline mass-to-light ratios of unity, as well
as the gas contribution (Vgas) for a total-to-hydrogen
mass ratio of 1.33. For convenience, in this paper we
redefine Vg, for a total-to-hydrogen mass ratio of unity.
The reported velocity Vs of a galaxy is tied to the re-
ported inclination i,ps. If the inclination is changed to
1, the rotation velocity becomes

sin(iobs)

Viot = Vobs———
' b sin(7)

(2)

The circular velocity due to the baryonic mass distri-
bution depends on the galaxy distance D and is given
by

Vbar = \/[)(Tdiskvd%sk + TbulVbQul + Tgasvgas

Vgas|),

) 3)
where D = D/Dgps with Dops being the fiducial dis-
tance. In Eq. (3), Tqisk and Tpy are the mass-to-light
ratios of the disk and the bulge in units of the solar value
Mg /Lg at 3.6um, while T4y is the ratio of the total gas
mass to the HI mass. When the SPARC database was
published, this ratio was assumed to be 1.33 to account
for the cosmic abundance of Helium from big bang nu-
cleosynthesis. Here we consider the small amounts of
Helium and metals formed via stellar nucleosynthesis
during galaxy evolution (McGaugh, Lelli & Schombert
2020), so that Yeas = X! where X is a function of
stellar mass (M,):

M\
X&%%Q@%>, (4)

with My = 1.5 x 10**Mg, and « = 0.22. We do however
allow the possibility of varying Yg,s from X! to con-
sider the uncertainties in the HI flux, gas disk geometry,
and the gas mass to HI mass ratio. In some cases Vgas
is negative at small radii, representing the fact that the
Newtonian gravitational field is not oriented towards the
center when a large fraction of the gas disk lies in the
outer regions. To account for the cases of negative Vgas
we write Vyas|Vgas| rather than V2 in the last term of
Equation (3), although this detail has negligible effects
on our study.

! http://astroweb.cwru.edu/SPARC/
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Figure 1. The external field effect in the weak-field limit
of the radial acceleration relation. Eq. (5) is overlaid on the
RAR for various values of e in Eq. (5). Values of e > 0
correspond to the MOND EFE, while e < 0 is unphysical
from the MOND point of view. Values of e ~ 0.033 cor-
responds to the average prediction for 153 SPARC galaxies
based on their gravitational environments (Desmond et al.
2018). The heat map shows the original SPARC mass mod-
els (Lelli, McGaugh & Schombert 2016) with fixed stellar
mass-to-light ratios for the same galaxies.

2.2. The external field effect

Empirically, the observed centripetal acceleration
(gobs = V3 ./R) is related to the Newtonian baryonic
acceleration (gpar = Vi2,/R) via the RAR vo(gbar/gt)
of Eq. (1) with a free parameter g; (McGaugh, Lelli &
Schombert 2016; Lelli et al. 2017). In a MOND frame-
work, gy = ao is a fundamental constant of Nature (Mil-
grom 1983) and Eq. (1) can be obtained by modifying ei-
ther inertia (Newton’s second law of dynamics) or grav-
ity (the Poisson’s equation) at the non-relativistic level
(Famaey & McGaugh 2012). In MOND modified-inertia
theories Eq. (1) holds exactly for any circular orbit (Mil-
grom 1994), while in MOND modified gravity theories
holds only for highly symmetric mass distributions (such
as spheres) and represents a first-order approximation
for actual disk galaxies (Brada & Milgrom 1995). In all
these scenarios, however, Eq. (1) is strictly valid only for
isolated systems, when the external field effect (EFE) is
negligible.

To build a general fitting function that approximates
the EFE, we start from the nonlinear MOND modified
Poisson’s equation (Bekenstein & Milgrom 1984) in the
one-dimensional case. If we assume a uniform external
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gravitational field gext(Famaey & McGaugh 2012) and
the so-called Simple interpolating function (IF) (Famaey
& Binney 2005), we have

gmonD(R) = ve <g;:r> Gbar(R) (5)

1A 1 AN | B
VC(Z):2_Z+\/<2_Z> T (6)

where 2 = gpar/gt, Ae = e(1+¢/2)/(1+e¢), B. = (1+e¢),
and € = gext/gt- For e = 0, ve(z) is reduced to the
Simple IF vo(z) = 1/2 4+ y/1/4 + 1/z. Equation (6) is
based on the footnote to Eq. (59) of Famaey & McGaugh
(2012), but we corrected a small typo and rearranged it.
Note here that the Simple IF allows the convenient ana-
lytic form of Equation (6) with e > 0 while it is only sub-
tly different (Chae et al. 2019) in the (EFE-irrelevant)
high acceleration limit from the function used by Mc-
Gaugh, Lelli & Schombert (2016) and Lelli et al. (2017)
to fit the SPARC galaxies. Our results on the EFE de-
tection are not affected by the choice of the Simple IF.
Then, the expected circular velocity is given by

with

Vamonp(R) = [ ve (T)Vbar<R)~ (7)

Although v.(z) (Eq. 6) is based on idealized assump-
tions, it captures the basic feature of the EFE: a system-
atic downward deviation from v4(z) (Eq. 1) when e > 0
as z — 0. Eq. (6) also allows for upward deviations
when e < 0, which seem unphysical but may be pre-
ferred by the data at the empirical level. These features
are illustrated in Fig. 1. MOND with the EFE predicts
that the RAR must be a family of functions rather than
a universal function. This also means that if galaxies
in different environments are tried to be fitted with a
single functional form of Eq. (1), then there will arise
some small intrinsic scatter of g; due to the EFE. Most
importantly, regardless of its MOND origin, Eq. (6) may
be considered a mere fitting function that improves over
Eq. (1) by adding the free parameter e, which has no
a-priori knowledge of the external gravitational field in
which galaxies reside.

2.3. MCMC simulations

In our Bayesian analysis the posterior probability of
parameters § = {8} is defined by

. 2
() xexp (=3 ) TT P, ®)
k

where Pr(fy) is the prior probability of parameter S
and x? is given by

&= ﬁ: (Vrot(Rj) — Varonn (5, Rj)>2 , )

O Vot (Rj)

Table 1. Summary of prior constraints on the model pa-
rameters

parameter Distribution (u, o) or range

T disk Lognormal (log,4(0.5), 0.1)

Thul Lognormal (log,0(0.7), 0.1)

Yeas Lognormal (log,o(X™1), 0.04)

D Lognormal (0, logy(1 4+ op,,./Dobs))
i Gaussian (Gobss Tigps)

e Uniform [—0.5,0.5]

with oy, (r;) =  Ov,.(r,)Sin(ions)/sin(i) where
OV, (R;) 18 the reported error of Vopbs(R;) for the re-
ported inclination iops. As in earlier studies of the RAR
using SPARC galaxies (McGaugh, Lelli & Schombert
2016; Lelli et al. 2017), we use only 153 galaxies with
iobs > 30° and @ < 2 (a quality cut on the rotation
curve).

The parameters 3 in Eq. (8) are given by g =
{Tdisk,Tbul,Tgas,f),i,e} for the case of using Eq. (5)
with a fixed gy = 1.2 x 107 m s72. The priors on these
parameters are summarized in Table 1. The mean values
and standard deviations of Y g;sx and Y1, are motivated
by state-of-the-art stellar population synthesis models
for star-forming galaxies (Schombert, McGaugh & Lelli
2019). The mean value of Y, is given by Eq. (4), while
the standard deviation is motivated by the typical error
on the HI flux calibration, but it could also represent
variations in the assumed gas disk thickness and/or the
mean gas-to-HI mass ratio. The mean values and stan-
dard deviations of D and i consider the baseline SPARC
values and their fiducial errors. For e we adopt an un-
informative uniform prior covering a reasonably broad
range.

The posterior probability density functions (PDFs) of
the model parameters are derived from MCMC simula-
tions through the public code emcee (Foreman-Mackey
et al. 2013). These simulations represent an extension
to the previous SPARC analysis (Li et al. 2018) in-
cluding the EFE parameter e. We choose Nyalkers =
10000 and Njteration = 6000. We discard models up
to Niteration = D00 and thin the rest by a factor of
50 as the auto-correlation lengths for the parameters
are < 100. The posterior PDFs of x = log;( gbar(R)
and y = log;( grot (R) follow from the posterior PDFs
of the parameters i, log;, D, logqo Yaisk, log1g Tou, and
10g10 Tgas'

2.4. The environmental gravitational field

We estimate the environmental gravitational field geny
due to the large-scale distribution of matter at the po-
sitions of the SPARC galaxies. We perform this cal-
culation within the standard ACDM context (Desmond
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et al. 2018). A similar calculation is not feasible in a
MOND context due to the strong non-linearities in the
theory and the lack of a proper MOND cosmology. The
ACDM calculation, however, is a good first-order ap-
proximation for MOND and other modified gravity the-
ories (Desmond et al. 2018), up to some systematic un-
certainty due to the unknown relation between geny in
these theories. We use geny primarily for the purpose of
picking out extreme cases with exceptionally high or low
Jenv (Which should remain true in a relative sense in any
cosmological scenario) and to check that the maximum-
likelihood values of e from fitting Eq. (5) are sensible in
an order-of-magnitude fashion.

Our calculation of geny starts with the total dynami-
cal masses of the galaxies in the all-sky 2M-++ survey
(Lavaux & Hudson 2011) using abundance matching.
We then use N-body simulations in ACDM to populate
the surrounding regions with halos hosting galaxies too
faint to be recorded in 2M++, using statistical corre-
lations between halo abundances and properties of the
galaxy field. Finally, we add mass in long-wavelength
modes of the density field according to the inferences of
the BORG algorithm (Lavaux & Jasche 2016) applied
to the 2M++ catalog. We use the final density field to
calculate a posterior distribution for gen, at the position
of each SPARC galaxy, fully propagating uncertainties
in the input quantities. We define ecny = gonv/gt, and
find values in the range 0.01 < egpy < 0.1 with a mean
of 0.033 among the SPARC galaxies: typical values are
in the range 0.02 — 0.05.

3. RESULTS
3.1. Individual galaxies

The estimated values of the environmental gravita-
tional field strength eeny (§ 2.4) span almost one or-
der of magnitude, thus there is sufficient dynamic range
to check whether the rotation-curve shapes depend or
not on the large-scale environment. Among the SPARC
galaxies whose rotation curves (RCs) reach gobs < g1,
NGC5033 and NGC5055 live in exceptionally dense
environments with e, ~ 0.1, while NGC1090 and
NGC6674 are exceptionally isolated with een, ~ 0.01.
The former two represent “golden galaxies” for the EFE
to be detected, while the latter two are control targets
for the null detection.

We fit the RCs using the EFE-incorporated RAR fit-
ting function (Eq 5) with a free external field gext pa-
rameterized by e = gext/g+ (§ 2.2). The case of e = 0
implies flat RCs and reduces exactly to the original RAR
(Eq. 1). Fig. 2 shows the MCMC results for the RCs of
four galaxies in the two extreme environments. The ‘cor-
ner’ plots showing the posterior PDF's of the parameters
for these galaxies can be found in the appendix.

For NGC5055, the detailed shape of the RC is very
well fitted with a positive e but poorly fitted with
e = 0. We find e = 0.054 £ 0.005: this is an 1lo
detection. Remarkably, this value is consistent within

20 with eeny = 0.09470:059 that is independently deter-
mined from the large-scale environment. The Bayesian
information criterion (BIC = —21In Ly + kln N where
Lpax is the maximum likelihood, k£ is the number of
free parameters, and N is the number of the fitted ro-
tation velocities) for e = 0 relative to the free e case is
ABIC = 144, indicating very strong evidence for e > 0
based on the conventional criterion of ABIC > 10 for
strong evidence.

For NGC5033, the overall fit is also improved by free-
ing up e since ABIC = 83.9. We find e = 0.10470513.
This is an 80 detection, in excellent agreement with
Cenv = 0.1027095¢ from the large-scale environment.
The observed properties of this galaxy, however, are not
as robust as those of NGC5055. The rotation veloci-
ties at R < 60 arcseconds (about 5 kpc) are probably
underestimated due to beam-smearing effects in the HI
data, although our results on e are not affected by these
data points. Moreover, while the distance of NGC5055
is robust because it is based on the tip magnitude of the
red giant branch (D = 9.90 &+ 0.30), that of NGC5033
is very uncertain because it is estimated using Hub-
ble flow models (D = 15.70 & 4.70). Interestingly, our
MCMC result for NGC5033 predicts a relatively large
distance (D = 23.572°8 Mpc) with e > 0 but a low one
(D = 13.070:% Mpc) with e = 0. Hence, future observa-
tions can provide a key independent test.

In striking contrast to the highest eq,, sample, the
galaxies in the lowest eqn, sample show no strong evi-
dence for e > 0 based on ABIC (or any other widely-
used statistic). These two galaxies are similar to the
golden galaxies in morphology, mass, and size. The only
noticeable difference is that they are unusually isolated.
The fitted e values are consistent with the independent
eeny values within about 20.

3.2. Statistical approach

Since the EFE has subtle effects on rotation-curve
shapes, positive values of e are detected with high statis-
tical significance only in individual galaxies where ey, is
exceptionally large (like NGC5055 and NGC5033). The
EFE, however, should also imprint a statistical signature
in the low-acceleration portion of the RAR (see Fig. 1).

3.2.1. The systematic trend in the low-acceleration portion
of the RAR

We use 153 galaxies from the SPARC database (§ 2.1).
Fig. 3 (top panels) shows the RAR for 2696 points hav-
ing accuracy in V.. better than 10%. In the top left
panel we first show the original SPARC mass models
(Lelli, McGaugh & Schombert 2016) with fixed mass-
to-light ratios at 3.6um of Y4 = 0.5Mg/Lg for the
disk and Ypuige = 0.7My /L for the bulge (Lelli et al.
2017). The MCMC mass models obtained here with var-
ied mass-to-light ratios (§ 2.3) are shown in the top right
panel. We divide the data points into bins perpendic-
ular to the best-fit curve assuming Eq. (1). Each data
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Figure 2. Detection of the EFE in individual galaxies. The observed rotation curves (points with errorbars) are fitted using
Eq. (1) with no EFE (right panels) and a generalized equation considering the EFE (Equation 5) (left panels). The colored
bands show the 1o confidence limits for the rotation curve (red) and the separate contributions of gas disk (green), stellar disk
(blue), and stellar bulge (orange) if present. For the “golden galaxies” subjected to the strongest environmental gravitational
fields, the fit is improved dramatically with e > 0, resulting in 110 and 8¢ individual detections of the EFE. For the galaxies
subjected to the weakest fields, the EFE is not detected as expected. In all cases, the fitted values of e are fully consistent with
the independent values of eeny from the large-scale galaxy environment within ~ 2. ABIC indicates evidence by the Bayesian

Information Criterion.



TESTING THE STRONG EQUIVALENCE PRINCIPLE WITH ROTATIONALLY SUPPORTED (GALAXIES 7

point (z,y) is projected onto the point (xg,yo), so the
orthogonal residual A encodes any possible systematic
deviation from the e = 0 case.

The data show a small systematic deviation from
Eq. (1) for g < —11. This trend is present, though
weakly, in the original SPARC mass models with fixed
mass-to-light ratios for the disks and bulges. The
MCMC models in the middle column show a stronger
effect. The systematic deviation is weak in absolute
terms (0.05-0.08 dex for the lowest zy bin) but at least
4 times larger than the bootstrap error of the median in
the bin. This demonstrates that Eq. (1) does not fully
capture the trends in the RAR. Introducing e as an ad-
ditional free parameter, we obtain a better fit and find
e =~ 0.02—0.04 in close agreement with the independent
estimate of (€enyv) ~ 0.033 from an all-sky galaxy catalog

(§ 2.4).

3.2.2. The statistical detection of the EFE

The systematic trend in the RAR also implies that
the fitted individual values of e of Eq. (5) will be sys-
tematically displaced from the non-EFE case e = 0.
The posterior PDFs of e are quite broad with a typi-
cal standard deviation of ~ 0.04 (see the appendix for
examples). Nevertheless, the statistical distribution of
the fitted values will have a signature. Because e was
allowed to take any value (positive or negative), this dis-
tribution provides a blind test of MOND EFEs (§ 2.2).

Fig. 4 shows the distribution of the orthogonal residual
A and the fitted median value of e from the MCMC
simulations with Eq. (5). From Fig. 1 it is expected
that data points at high enough accelerations do not
have any sensitivity to e. Indeed, for data points with
—10.3 < ¢ < —9 the distribution of A gives a null
result. Similarly, for galaxies with —10.3 < (zg) < —9,
the distribution of ey g gives a null result.

Data points at low enough accelerations will have
sensitivity to e and distributions with non-zero mean
value are expected from Fig. 3. For data points with
g < —11.3 the distribution of A, has a mean of
—0.061 £ 0.008 (a bootstrap error) which is statistically
significant at more than 7¢. For a much larger number
of data points with o < —10.3, A, has a smaller devi-
ation of —0.035 4 0.003, but the statistical significance
of the deviation is more than 11o.

Fig. 5 shows individual e values and their uncertainties
for a subset of 113 galaxies with median (z¢) < —10.3.
Due to the large uncertainties on e, some galaxies can oc-
casionally return negative values. However, the median
value of e is 0.052 £ 0.011 (bootstrap error), which rep-
resents =~ 5o detection of positive e. This value is statis-
tically consistent with the median environmental gravi-
tational field for these galaxies ({eeny) = 0.034 & 0.001
(bootstrap error)). Furthermore, based on the robust
binomial statistic with equal probabilities for e > 0 and
e < 0, 78 cases of e > 0 out of 113 is 40 away from the
expected mean of 56.5 cases.

Fig. 6 further shows the distribution of the individual
difference ¢ — eqny. It has a broad distribution due to
the large uncertainty in e but is clearly consistent with
zero: (e — €eny) = 0.011+0.013. It is intriguing that the
mere fitting parameter e returns, on average, the same
value of the mean environmental gravitational field of
the nearby Universe, computed in a fully independent
way.

3.2.3. Statistical properties of the posterior parameters of
the galaxies

Fig. 7 shows the distribution of the parameters from
the MCMC simulations with Eq. (5) for all 153 selected
galaxies. The distribution of the distances is consistent
with the SPARC reported values with an rms scatter of
0.02 dex (5 percent). This is smaller than typical mea-
surement uncertainties of ~ 14 percent. The posterior
inclination angles are also consistent with the SPARC re-
ported values with an rms scatter of 2.1°, smaller than
typical measurement uncertainties of ~ 4°. The dis-
tributions of the mass-to-light ratios (Ygisk and Y1)
for the disk and the bulge are consistent with the es-
timates from infrared studies, i.e., Tgisx = 0.5 Mg/Lg
and Ty = 0.7 Mg /Lg, with an rms scatter of 0.14 dex.
If anything Y, might be 0.6, a little smaller than 0.7.
Finally, the distribution of Yg.s is in excellent agree-
ment with X! from Eq. (4), giving a mean value of
1.38 £ 0.04 which is intermediate between a metal-poor
dwarf galaxy with X! = 1.34 and a metal-rich giant
spiral with X1 = 1.42.

3.2.4. Analysis of possible systematic effects

One may wonder whether the systematic deviations
from Eq. (1) are due to some systematic uncertainties.
There are three main observational effects that may sys-
tematically affect the low acceleration portion of the
RAR: galaxy distances, the thickness of the gas disk,
and possible variations of M, /L in the stellar disk with
radius. To mitigate the first two uncertainties, the left
panel of Fig. 8 considers data points from galaxies with
accurate distances based on the tip magnitude of the red
giant branch, Cepheids, or Supernovae (Lelli, McGaugh
& Schombert 2016), as well as low gas contributions
(feas = Mgas/Mpar < 0.4). Compared with Fig. 3 in the
main manuscript, it is clear that the scatter is smaller
and the median trend is consistent with the full dataset.

The thickness of the gas disk is a concern because the
EFE is detected in the galaxy outskirts, where the gas
contribution becomes non-negligible or even dominat-
ing in some cases. Recent studies (Bacchini et al. 2019)
suggest that gas disks may become thicker at large radii:
this would systematically decrease Va5, hence gpar, mov-
ing points to the left of the RAR. Therefore, we repeat
the MCMC fits considering gas disks that are three times
thicker than assumed in the SPARC database. This is a
very extreme scenario because not all galaxies will have
such thick gas disks. Our goal is simply to provide an
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Figure 3. EFE detection in the low-acceleration portion of the RAR. In the top panels, the Newtonian acceleration from
the baryons gnar is plotted against the observed acceleration gons for a sample of 153 SPARC galaxies. The typical error bars
are indicated in the bottom. The data are fitted using Eq. 1 (red solid curve with g+ = 1.2 x 10° m 572) corresponding to
e = 0, and using the additional free parameter e accounting for the EFE (green dashed curve). The black dots show the median
values within the bins orthogonal to Eq. (1) (red dotted lines). The inset illustrates how orthogonal residuals are calculated.
The bottom panels show the orthogonal residuals versus xo: the deviation at g < —11 represents a statistical detection of the
EFE. The inset zooms into this interesting region. The left column shows the original SPARC mass models with fixed stellar
mass-to-light ratios, while the right column shows the MCMC results with varied stellar mass-to-light ratios and considering
the EFE. In both cases, the fitted e value is remarkably similar to (€env) &~ 0.033 from the large-scale mass distribution in the
nearby Universe.
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Figure 4. Distributions of A, and e from fitting Eq. (5) to the SPARC galaxies. The top panels show the distributions
of orthogonal residuals A for three acceleration bins from the MCMC results shown in the middle column of Fig. 3. The
mean of the distribution is displaced from zero for lower acceleration bins, indicating declining RCs. The bottom panels show
the distributions of the e values fitted to the individual galaxies binned by the median values of xp within the galaxies. As
expected, for the galaxies in the high acceleration bin (—10.3 < (zo) < —9.0), the data do not have any sensitivity to e and so
the distribution has a mean of ~ 0. For lower acceleration bins the distributions are shifted to positive e with high statistical
significance, indicating a preference for the EFE. The broad distributions are due to the broad individual posteriors on e.



10 CHAE ET AL.

g 40 0.052+0.011
£20
=
S0
0.06
0.05 EH - NGC5033
0.04 - NGC5055
Z s
o 3
© 3
0.03 &
=3
g
0.02 S
0.01 o - Noceon
0.00——57 ) 0.0 02 04 75 50
e number

Figure 5. Statistical detection of the EFE. The median
values of e from rotation-curve fits are compared with eeny
values from the large-scale galaxy environment (Desmond et
al. 2018) for 113 galaxies with (xo) < —10.3. The heat map
considers the posterior probabilities of individual e measure-
ments. The distributions of e and ey are shown by the top
and right histograms. The median value of e is clearly offset
from zero, indicating a 5o statistical detection of the EFE.
The median value of (e) = 0.052 £ 0.011 is statistically con-
sistent with (eenv) = 0.034 £ 0.001 (see also Appendix B).
The individual galaxies considered in Fig. 2 are indicated:
for the golden galaxies at high eeny values, e is significantly
different from zero at 8¢ (NGC5033) and 11c (NGC5055).
Big dots indicate galaxies with accurate distances.

upper bound on the possible impact of this effect. Fig. 8
(middle panel) shows that there is still a significant sys-
tematic deviation from Eq. (1) even when we consider
very thick gas disks.

Negative gradients of M, /L with R could also sys-
tematically decrease Vyisk, hence gpar, moving points to
the left of the RAR. While we are treating the bulge
separately in the most massive spirals (Sa to Sb), the
stellar disk may potentially display a radial variation of
its stellar populations. At 3.6 pm these variations have
a relatively weak effect (Schombert, McGaugh & Lelli
2019), but we nevertheless repeat the MCMC fits con-
sidering a linear decrease in Y 4;5x by a factor of 2 from
the center to the outermost observed radius. Again, this
is an extreme scenario since most stellar disk are likely
not showing such strong radial gradients in Y g;5x. Fig. 8
(right panel) shows that there is still a significant sys-
tematic deviation from Eq. (1).

3.3. Comparison with previous results
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<
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Figure 6. Comparison of external field strength estimates
from kinematics versus analyzing the galaxies’ environments.
The distribution of e derived from MCMC fits to the rotation
curves is compared with that estimated from the observed
environments of the galaxies (eenv). There is good agreement
up to the large uncertainties on the fitted values.

Only a few attempts have been made so far to detect
the EFE from the RCs of galaxies (Haghi et al. 2016;
Wu & Kroupa 2015). In particular, Haghi et al. (2016)
considered the RCs of 18 galaxies taken from the liter-
ature available at that time. These galaxies are known
to have relatively nearby massive neighbors. Eleven of
them are also included in our sample of 153 galaxies
studied here. They are DDO 154, IC 2574, NGC 2998,
NGC 3198, NGC 3521, NGC 3769, NGC 4100, NGC
4183, NGC 5033, NGC 5055, and NGC 5371.

Haghi et al. (2016) obtained values of e ranging from
about 0.1 to 0.6 with a median of ~ 0.3 and a typical
uncertainty of ~ 0.1 for these 11 galaxies. Their values
are systematically higher than our values ranging from
about —0.1 to 0.3 with a median of ~ 0.075 and a typical
uncertainty of ~ 0.04. This is primarily due to the fact
that the disk models of Haghi et al. (2016) are based on
a baryonic mass profile that declines more slowly than
observed at large radii, requiring a larger EFE in the
MOND context (a deficit of DM in the ACDM context).

There have also been indications of the EFE in
pressure-supported galaxies (McGaugh & Milgrom
2013a,b; Famaey, McGaugh & Milgrom 2018; Kroupa
et al. 2018). Pressure-supported galaxies are analyzed
through their observed line-of-sight velocity dispersions.
Because their stellar orbits are complex and not ob-
served directly, a robust kinematic analysis to infer the
EFE is challenging. However, McGaugh & Milgrom
(2013a,b) have found that the observed velocity disper-
sions of the dwarf galaxies of the Andromeda galaxy are
consistent with a MOND theory with EFE. More re-
cently, galaxies that appeared to have too low observed
velocity dispersions and thus lack dark matter in the
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Figure 7. Fitted parameters for the 153 SPARC galaxies.

The distributions of the fitted parameters from our MCMC

simulations using Eq. (5) are compared with the SPARC measured or assumed values.

ACDM context (van Dokkum et al. 2018, 2019) may well
be explained by the MOND EFE (Famaey, McGaugh &
Milgrom 2018; Kroupa et al. 2018; Miiller, Famaey &
Zhao 2019; Haghi et al. 2019).

4. DISCUSSION

Galaxies of similar properties but subjected to differ-
ent external gravitational fields show noticeably differ-
ent rotation-curve behaviors at large radii (i.e. at very
low accelerations). Two galaxies in the strongest envi-
ronmental fields show declining RCs in the outer parts,
while two similar galaxies in the weakest environmental
fields have flat RCs. The connection between internal
dynamics and large-scale environment is corroborated
by a statistical analysis of the entire SPARC sample.
At accelerations 10 times lower than g;, the RAR is not
fully described by a simple function of guar/g; (Eq. 1)
but requires an EFE-incorporated generalized function
with an additional free parameter e (Eq. 6). Moreover,
rotation-curve fits with Eq. (6) give a mean value of e
that is indistinguishable from the mean environmental
gravitational field at the location of SPARC galaxies,
computed in a fully independent fashion from the aver-
age distribution of mass in the nearby Universe. These
results are summarized in Figs. 3 and 5. Note that these

results of fitting Eq. (6) to RCs are fully empirical, in-
dependent of any theoretical interpretation.

Can these results be explained in the standard ACDM
framework? For the two golden massive galaxies sub-
jected to strong large-scale gravitational field gepny, de-
clining RCs are observed over a radial range of about 30
- 50 kpc, which are less than ~ 15% of the virial radius
of the DM halo. Clearly, this is not the decline that
should occur in the outer parts of ACDM halos, where
the density profile decreases as 3, since we are probing
the inner parts of the halo where the density profile goes
approximately as r—2, leading to flat RCs.

Thus, the only remaining option is represented by
tidal forces. We calculated the expected tidal radii in
ACDM using the formalism of King (1962), taking the
source of the tidal field to be the nearest 2M++ galaxy
to the SPARC galaxy in question. We assume the source
and test galaxies to have NF'W (Navarro, Frenk & White
1997) halos following the M,-M,;, relation of Kravtsov
et al. (2018) and the M., —concentration relation of
Diemer & Kravtsov (2015). We find the tidal radii to be
much larger than the last measured points of the RCs, so
the galaxies themselves are effectively shielded against
large-scale tides.
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Figure 8. Testing systematic uncertainties in the EFE detection. This figure has the same format as Fig. 3 in the main paper.
The left panels show a subset of data points with sub-dominant gas contribution fgzas < 0.4 and accurate distance measurements.
The middle panels show the MCMC results assuming 3 X thicker gas disks for all galaxies. The right panels show the MCMC
results assuming a radial M. /L gradient in the stellar disks of all galaxies. Our conclusions on the EFE detection hold in all

cases.

The agreement between the MOND fitting parameter
e (Eq. 5) and the environmental gravitational field eeny
is an unpredicted result from the ACDM point of view.
In principle, the baryon plus DM combination can com-
bine to produce a declining rotation curve within tens
of kpc as found here (i.e. e > 0). For that matter, how-
ever, there is no a priori reason that the degree of declin-
ing must agree with the strength of the environmental
gravitational field. There could have been an order-of-
magnitude difference between e and eq,,. Yet, we are
seeing an interesting coincidence between the two.

Moreover, a downward deviation in the RAR near a
tenth of g; is not predicted by current ACDM state-of-
the-art simulations or semi-analytical models (Di Cintio
& Lelli 2016; Desmond 2017; Navarro et al. 2017; Keller

& Wadsley 2017; Tenneti et al. 2018) with some predict-
ing the opposite trend (Ludlow et al. 2017; Fattahi et al.
2018; Garaldi et al. 2019). To the best of our knowledge,
there is no reported scenario in which the DM-baryon
coupling in the outskirts of the disks depends on the
external gravitational field from the large-scale galaxy
environment in the manner found here.

The empirical evidence is fully consistent with the
EFE predicted by MOND modified gravity (Bekenstein
& Milgrom 1984). More generally, our results suggest a
violation of the SEP in rotationally-supported galaxies.
While in GR the internal dynamics of a gravitationally-
bound system is not affected by a uniform external field,
our analysis indicates that external fields do impact the
internal dynamics. Our results are encouraging for mod-
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ified gravity as an alternative (or modification) to the
DM hypothesis and the standard ACDM cosmological
model. They also highlight the path for future theo-
retical investigations of relativistic theories of gravity
beyond GR (see, e.g., Skordis & Zlosnik 2020), possibly
leading to a new cosmological model.

5. CONCLUSIONS

In this paper we provide observational evidence for the
existence of the EFE (or a phenomenon akin to it) pre-
dicted by MOND modified gravity (Bekenstein & Mil-
grom 1984). We use accurate rotation curves and mass
models from the SPARC database (Lelli, McGaugh &
Schombert 2016) and detect the EFE in three separate
ways:

1. The EFE is individually detected in “golden”
galaxies subjected to exceptionally strong exter-
nal gravitational fields. The detection is highly
significant (110 in NGC5055 and 8¢ in NGC5033)
and the best-fit values of the external gravitational
fields are fully consistent with the independent es-
timates from the large-scale distribution of mass at
the galaxies’ location. Conversely, the EFE is not
detected in control galaxies residing in the weakest
external gravitational fields, as expected.

2. The EFE is statistically detected at more than
40 through a blind test using 153 SPARC galax-
ies. The mean value of the external gravitational
field among the SPARC galaxies is again consis-

tent with the independent estimate from the aver-
age distribution of mass in the nearby Universe.

3. The EFE also manifests as a small (2 0.05 dex),
downward deviation from the empirical RAR oc-
curring around 0.1g;. This behavior is not pre-
dicted by any of the existing galaxy-formation
models in ACDM that were proposed to “natu-
rally” reproduce the RAR. In contrast, this down-
ward deviation s predicted by the MOND modi-
fied gravity at the right acceleration scale.

Our results suggest a breakdown of the SEP: the in-
ternal dynamics of a gravitational system in free-fall s
affected by a uniform external gravitational field. This
sheds new light on the dark-matter problem and paves
the way for relativistic theories of modified gravity in

the weak-field regime of gravity g < 10710 m s=2.
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APPENDIX

A. THE POSTERIOR PDFS OF THE PARAMETERS: GOLDEN AND NORMAL GALAXIES

We present the full posterior PDFs of the parameters for the two golden galaxies NGC5033 and NGC5055, which
are found in the strongest external fields among the SPARC galaxies. NGC5033 (Fig. 9) has a bulge component while
NGC5055 (Fig. 10) does not. These are the cases in which e is well constrained.

We also present the two control galaxies NGC1090 (Fig. 11) and NGC6674 (Fig. 12) that are found in the weakest
external fields among the SPARC galaxies. These galaxies have statistical uncertainties of ~ 0.02 in e, which are
lower than typical uncertainties of ~ 0.04 across the whole sample. Thus, we show another two examples, NGC2955
(Fig. 13) and NGC6195 (Fig. 14), that have statistical uncertainties of ~ 0.04 in e. Unlike the golden galaxies, e is
hardly constrained in these normal galaxies.

The corner plots for all 153 galaxies can be found at the webpage http://astroweb.cwru.edu/SPARC/ and
http://home.sejong.ac.kr/~chae/.

B. FITTED VALUES OF THE PARAMETERS

The MCMC fitted values of the model parameters and the independent estimate of eqn, from the environment can
be found in the following table for the 153 SPARC galaxies. The MCMC value and its uncertainty come from the 50
percentile and the 15.9 and 84.1 percentiles of the posterior PDF. Note that the values of e are not meaningful for
galaxies with (zg) = —10 because the EFE has little effects on the rotation velocites in the high acceleration range.
See § 3.2.

TEXT OF THE ERRATUM

While doing follow-up work, we noticed that the eqn, values of six of the 175 SPARC galaxies were significantly
(> 30) overestimated due to an erroneous positioning of galaxies. The median of ey, of all SPARC galaxies remains
unchanged, thus this error has no impact on the overall scientific contents or the conclusions of our paper. However,
in Table 2 there was a mismatch between the original e, values and the SPARC galaxies due to an indexing error
in producing the table. Thus, we correct Table 2 with the right match and the corrected values. The table is also
available at http://astroweb.cwru.edu/SPARC/ and http://home.sejong.ac.kr/~chae/.

To account for the corrected eq,, values for several galaxies, Figures 5 and 6 are revised. Our two “golden galaxies”
NGC 5033 and NGC 5055 are no longer in exceptionally high-density environmental fields with e, ~ 0.1. However,
they remain golden because they have high-quality and extended rotation curves allowing rare > 50 detection of e and
reside in environmental fields that are about five times stronger than those of the most isolated galaxies NGC 1090
and NGC 6674 of similar mass shown in Figure 2. Considering the corrected ey, values, the agreement between e and
€env improves for NGC 5055 which has relatively more reliable data overall, reinforcing our conclusions.
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Figure 9. Parameter corner plot for NGC5033. The posterior PDFs of the parameters for “golden galaxy” NGC5033 produced

from MCMC simulations using Eq. (5).
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Figure 10. Parameter corner plot for NGC5055. The posterior PDFs of the parameters for “golden galaxy” NGC5055 produced
from MCMC simulations using Eq. (5).
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Figure 11. Parameter corner plot for NGC1090. The posterior PDFs of the parameters for a control galaxy NGC1090 produced
from MCMC simulations using Eq. (5).
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Figure 12. Parameter corner plot for NGC6674. The posterior PDFs of the parameters for a control galaxy NGC6674 produced

from MCMC simulations using Eq. (5).
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Figure 13. Parameter corner plot for NGC2955. The posterior PDFs of the parameters for a normal galaxy NGC2955 produced
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from MCMC simulations using Eq. (5).
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Figure 14. Parameter corner plot for NGC6195. The posterior PDFs of the parameters for a normal galaxy NGC6195 produced
from MCMC simulations using Eq. (5).
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Table 2. Fitted model parameters

galaxy

(o)

e

€env

D [Mpc]

i [°]

Tgas

T aisk

Tbulge

CamB
D512-2
D564-8
D631-7
DDO064
DDO154
DDO161
DDO168
DDO170
ESO079-G014
ESO116-G012
ES0O444-G084
ES0563-G021
F565-V2
F568-3
F568-V1
F571-8
F571-V1
F574-1
F583-1
F583-4
1C2574
1C4202
KK98-251
NGC0024
NGCO0055
NGCO0100
NGC0247
NGC0289
NGC0300
NGC0801
NGC0891
NGC1003
NGC1090
NGC2403
NGC2683
NGC2841
NGC2903
NGC2915
NGC2955
NGC2976
NGC2998
NGC3109
NGC3198
NGC3521

—11.736
—11.423
—11.987
—11.410
—11.080
—11.526
—11.281
—10.931
—11.461
—10.517
—10.715
—11.071
—10.059
—11.436
—11.252
—10.954
—10.730
—11.479
—11.066
—11.337
—11.358
—11.722
—9.998
—11.423
—10.096
—11.110
—10.989
—10.915
—11.225
—11.083
—10.204
—10.025
—11.250
—10.626
—10.435
—10.612
-9.797
—10.616
—11.531
—9.783
—10.365
—10.488
—11.513
—10.613
—9.407

0.46170:03
0.119+0: 533
0.06710 055
—0.08519:018
0.06370 035
0.00875 5%
—0.044+9:910
—0.18810:943
0.03870 034
—0.028 157555
—0.06279:548
—0.09019-527
—0.03119-532
—0.01379:547
0.26870 5e
0.10610 977
—0.34910:938
0.2297015¢
0.085%5:03
0.03510 029
0.09010 033
0.07510 017
0.18710 954
0.29370 153
—0.00419517
0.0521093%
—0.09915 03
0.20240:0%2
0.12510:055
—0.00979-526
0.19070 955
—0.110+5:029
—0.05413:508
0.06170 935
—0.01973:552
0.091565
—0.02719:512
0.04015 0%
—0.05219-512
0.03310 921
0.38770 93¢
0.110%9-955
0.012+9-519
0.05719-015
—0.1065 057

0.030%6:06
0.04710 008
0.03119 007
0.02979 005
0.03479 507
0.03610 0%
0.04379 058
0.03579 505
0.0570 060
0.02715:503
0.02610 003
0.03979 005
0.03550 boe
0.02415:003
0.01979 503
0.01875%0%
0.03079505
0.01979 005
0.01615:503
0.033%9 005
0.02310 005
0.02979 503
0.0339 508
0.0315595¢
0.02879 505
0.0321590¢
0.02415:503
0.02810 005
0.02415:003
0.02979 005
0.04249:0%7
0.0259 003
0.02379 503
0.01115:002
0.031%0 005
0.033%0:501
0.0379 003
0.03129%05
0.03550 bos
0.01759 504
0.03279 505
0.0279 505
0.03179:50%
0.03610 00s
0.033%0:003

3.0715 31
16.1213°79
8.75105%
7481011
6.977% 55
3.86101¢
3.371050
4.05707
11.8211%7
28.217557
13.5012:05
4.687033
66.4815:98
52.3273%73
84.28+8:9
85.6215:2
27.74759%
80.12+7:5¢
100.5919:23
36.1575%5
52.9471%,06
4.01%912
99.16777%
721775
7.4810:3%
1.94%5:65
9.7241°5%
3.7610 1%
19.93%347
2.0370 00
68.4975-3%
9.8410:3%
6.5410:23
31.94+4:5¢
3.5910:15
9.8870 45
14.03195%
12471937
4123575
90.357392
3.621017
70.0075:53
1.40190%
15.2871 0%

6.650.06

59.041582
61.4715:03
61.5377¢0
38761232
63.297498
61.8873%2
73.9177:9¢
35.827372
66.3375 %
80.00155¢
74697303
3313739
83.6372 7
65.917557
61.9375 93
64.281570
82.84+4-35
44117738
75.221704
676674 0%
64.7675 %5
81.45%457
89.3370 2%
62.71+4:20
67.2772 11
75237314
88.8010 71
75.5912%3
54.3775 89
47311537
79.9371%9
89.3370 2%
70187454
65.327258
72.061359
81.0115%7
82.997%-93
69.157278
62.30175 37
59.817530
76.327527
58.697194
76.8675 51
75.6275 %5
78.311552

1275077
1361013
1374013
1.122500
1354013
1437917
1374013
1.24%677
1.28%017
1.387015
1391013
1.3479013
1457013
1361013
142757
1.3270 13
1.381013
1.38%015
1327077
1.24%535
1374013
1661013
1.2670 11
1374013
1.347013
1.33101%
1397015
1.29791%
1.4319013
1.347013
1447575
1.3470 13
1.22%07
1.361013
0.7615:0
141705
1.311913
1.2670 16
1355013
1437013
144757
1454013
1.681013
1.36%0 15
142753

0.3210:03
0.52701%
0.41% o3
0.2610:03
0.53%0:1%
0.2015:03
0.3310:0¢
0.44%G:0
0.671015
0.5610:09
0.4510 08
0.47%5:63
0.6910 09
0.50%0:1%
0.4715:0%
0.82+5:18
0.2310:01
0.4710 08
0.78%01
0.9670 15
0.49%0:12
0.20%5:03
0.9015:09
0.4710:03
0.99%01¢
0.2175:53
0.3915.07
1.0370 13
0.4415:05
0.4015:08
0.6010:0¢
0.3310:0
0.77%0 16
0.52+5:0
0.3910:05
0.561003
0.9145:69
0.18%5:0
0.58%0 06
0.3255:0%
0.4475:03
0.5475:0%
0.2476:03
0.437004
0-5610:09

0.52+5:08
0.695 13
0.960:0%
0.7155:08
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Table 2. (continued) Fitted model parameters

galaxy

€env

D [Mpc]

i [°]

T gas

T gisk

Tbulge

NGC3726
NGC3741
NGC3769
NGC3877
NGC3893
NGC3917
NGC3949
NGC3953
NGC3972
NGC3992
NGC4010
NGC4013
NGC4051
NGC4068
NGC4085
NGC4088
NGC4100
NGC4138
NGC4157
NGC4183
NGC4217
NGC4559
NGC5005
NGC5033
NGC5055
NGC5371
NGC5585
NGC5907
NGC5985
NGC6015
NGC6195
NGC6503
NGC6674
NGC6789
NGC6946
NGC7331
NGC7793
NGC7814
UGC00128
UGC00191
UGC00634
UGC00731
UGC00891
UGC01281
UGC02259

—0.00175:0%3

—0.0150 565

—0.02913:947

.07
—0.0870 065

—0.04613511

—0.14675:2%8

—0.0167353¢
—0.135%5:939

—0.08010252

—0.079¥5:550
—0.08810:522
—0.01013:53¢

—0.01579:529

—0.231+5:199
—0.07513517

—0.10475:018

0.390
—0.185X07557

—0.1061592

0.03873:502
0.032+5:508
0.037+5-05%
0.03815-953
0.037+5-953
0.040%5003
0.03615-00%
0.040%5:501
0.047+5:503
0.03315-05%
0.03915-007
0.045%5 50
0.0427+5-:508
0.03315-00¢
0.044715:03
0.0427+5:908
0.04279:005
0.04679:501
0.044+5:508
0.042+5:509
0.041+5:502
0.040%5503
0.05015-957
0.050+5-00%
0.040%5503
0.03570502
0.04075-90%
0.03879:0%¢
0.029%5 005
0.03679-0%3
0.05679-09%
0.03679-002
0.01175-908
0.03379-095
0.03370503
0.02415-008
0.02975005
0.02278-002
0.029%5003
0.02175-902
001755503
0.02478-002
0.02310603
0.03010593

0.02475503

14.36173
3.10%0:1%
17.3617°05
17.39%3:91
18.3312:9¢
19.41+3%2
17.0312:98
18.621% 45
17.1573:48
24.4617:49
16.3313:93
14.401773]
17.137393
4.3610 37
15.2611 %0
14.87115%
19.5412:42
18.773:42
15.2347°%
18.2213:98
1551715
7.461170%
16.1971 %5
23.5071°55
9.8275:2
16.487259
5.02107%
16.0910:32
72.6875 07
8.0710: %
110.287 562
6.807032
37407820
3.525017
4265559
12281089
3.59701%
147670 %1
49.37+876
16.1775 28
29.8775 39
5.0247%9°
5.4410-28
5.3210%5
16.0313:22

52.2011:98
69.5515 3
70.207197
76.0471-99
49.727151
79.3471-97
55.037197
62.1179-59
77.0271°%9
56.761 155
88.800 7%
88.8070 7%
49.18%2:%2
47347537
81.8872°5)
68.7172:90
73.697192
54371379
81937355
82.2371°97
85.957159
67.197059
68177157
66.267059
59.401237
52.1272:00
51.787193
87517151
62.1271°30
60.877155
59.8114 44
75.797152
52.2973-50
46.96755%
41.941182
74.95719%
69.2415-28
89.337027
52.5375%5
48.057932
41.441538
56.357592
56.321593
89.337027

44361271

1.3479 13
1355013
L4175 5
1391013
141753
1394013
1.4079 13
L4175
1381015
142505
L41E0
1381013
1391013
1381013
1397013
1.4079 13
1.40%973
1407515
1.4010:15
1335013
1417535
1387013
142753
1.4579 13
1.50%0:13
1.3670 15
1.38013
1.317047
1.3479 1%
1371913
1467075
1375013
1375013
1.3510:15
1405535
1.3479 13
1.45701%
1.407915
1.1225:00
1.2870 17
1.39%0:13
1.1679715
1.347073
1427533

1.30%012

0.4475:0
0.34709%
0.387006
0.50700%
0.45700%
0.6175 0%
0.43700%
0.5970:0%
0.465 0
0.6870 08
0.3670 06
0.4870:0%
0.48700%
0.4370:02
0.3370:0¢
0.3570:02
0.57100%
0.5650
0.4275:05
0.6970 06
0.87701%
0.467002
0.50700%
0.43%5:08
0.3175:02
1.3810:3%
0.36006
0.6570 04
0.4370:06
1.68707%
0.29700%
0.4175:03
1.080 53
0.51%5 15
0.48%506
0.41%5:03
0.337003
0.837015
1787034
0.7870:13
0.4570 08
0.757553
0.4277 02
0.4515°08
0.8970 15

0.6801%
0.6570 15
0.2370:03
0.547598
0.28700%
1.8570 325
0.807002
140153

.07
0.56790%
0.637015
0.5870:02
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CHAE ET AL.

galaxy (z0)

e

€env

D [Mpc]

i [°]

Tgas

T gisk

Tbulge

UGC02487  —10.562
UGC02885  —10.646
UGC02916 —9.938
UGC02953 —9.497
UGC03205 —9.813
UGC03546  —10.141
UGC03580  —10.262
UGC04278  —11.272
UGC04325  —10.656
UGC04483 —11.284
UGC04499  —11.102
UGC05005  —11.701
UGC05253 —9.707
UGC05414  —11.019
UGCO05716  —11.440
UGC05721  —10.917
UGCO05750  —11.469
UGC05764 —11.191
UGC05829  —11.263
UGC05918  —11.581
UGC05986  —10.836
UGC06399 —11.019
UGC06446  —11.165
UGC06614  —10.336
UGC06667  —11.287
UGC06786  —10.094
UGC06787  —10.632
UGC06818  —11.263
UGC06917  —10.831
UGC06923  —10.790
UGC06930  —11.033
UGC06983  —10.952
UGC07089  —11.166
UGCO07125  —11.386
UGCO07151  —10.712
UGC07232  —10.680
UGC07261  —11.097
UGC07323  —10.898
UGCO07399  —10.920
UGC07524 —11.181
UGC07559* —

UGCOo7577* —

UGC07603  —10.997
UGC07690 —10.824
UGC07866™ —

0.10010 015
0.00910 03¢
0.29570 099
—0.00673:55¢
0.0049 515
0.0209 033
—0.0451061
—0.164%5033
0.35470 155
0.15370 0%
0.121%5:97
0.14919:522
0.05870 009
0.083%0 852
0.09179 855
0.04879 058
0.15119-007
0.39076 055
0.12810 757
0.04610 0ex
—0.01673537
—0.0023:551
0.15419:00%
—0.06619935
—0.117+5:022
—0.028+5-012
0.302X0:635
—0.00179:55°
0.00179 047
0.04210:0%2
0.25970 150
0.05979 532
0.10240:07
0.13275:0%5
0.16319:07¢
—0.024+5-204
0.25815:152
0.15075:1%0
—0.02415:041
0.16970 955
0.22919-002
0.42910-028
—0.06870 533
0.249%0:19
0.23010 o

0.04319:002
0.05070 007
0.041+9:00
0.02619 002
0.012+9:00%
0.01579 503
0.02379 501
0.03215:05%
0.03115:002
0.03219 005
0.0359 005
0.022+0:003
0.0279 501
0.03279 505
0.04079 551
0.03379:505
0.02479 003
0.033%5:003
0.03510 00z
0.03619 005
0.0339 00
0.0369 005
0.0359 505
0.02079 505
0.0370°50%
0.053%0 007
0.03510:003
0.041+9:008
0.03879 004
0.05219 0%
0.03479 505
0.05179°605
0.0425:099
0.05273589
0.03715:003
0.0339 005
0.04410:001
0.0379 505
0.04019 00z
0.0379°50
0.0360 001
0.03370505
0.03619 0o
0.03715:003

0.03619 0os

73771309
8167555
58.36753%
13.5110:38
42.4474-52
24.3815:30
15.1811 5%
5.8910:2¢
13.6473531
3.3710:36
13.4373:30
517273554
20.87132%
9.032:7%
22.2175-80
10.101}%
62.7771237
14737198
6.817135
747738
12.871332
18.5812:52
17.451553
82.5118:17
15.64% 752
46.171555
106.1173:22
15.7143:33
17.98%3:22
17.3243:58
18.3012:3%
19.85125¢
1711124
13.5615-20
6.97705
2.821017
12.3913:13
8.4177 57
14.30139¢
4.731933
4.98193
2.55%01%
4.6970 88
8.9171°55

4.5819:33

46.147557
66.7073 %5
58.527392
64.56175 03
70.7515°3%
60.827429
67.1175:38
88.017149
43.991278
58.97+251
51.4172%89
52.6615 1%
52.1515:55
55.52729%
65.587750
67.7474%
72.301755
74461519
41.90%55%
48.801%%5
88.047 137
75.2471-98
54.18+279
31.0075 85
88.8070 %%
68.0212°79
72.6673°3)
74.651503
56.5011 52
65.0575 59
38.76175%;
49.437095
80.1672:57
87.9875 15
88.0411:3%
59.497459
41.87+857
48.557257
57.5513%
49.807372
61.7973 55
62.77735%
78.38729%
45.307532
47677550

1497013
1447575
1391013
1517013
1335013
1.407013
1517013
1381013
1.25%077
1374013
1381013
1427575
1407013
1.4070 13
1.25701
1.3979:15
1374013
1.10%5755
1271013
1331013
1497013
1374013
1.2879 13
142757
1.3170 13
1497013
3.25705;
1427575
1361013
1381013
1361013
1334013
1.4070 13
1277913
1.357015
1374013
1361013
L4177
1381013
1.24%07
1374013
1.3270 13
1391013
1.367515
1355013

0.587015
0.4475:08
1.10%013
0.57%0:05
0.63%0:08
0.58%0 0
0.47+5:02
0.3770°0%
1071517
0.48%0:0¢
0.49%5:03
0.3970:0%
0.3010:03
0.42%5 o3
0.8610 09
0.5175:83
0.557013
2.6610:35
0.69701%
0.597015
0.3710:08
0.54%512
0.917513
0.47%0:0
0.5275:1
0.367003
0174551
0.3155:0¢
0.55%0:08
0.45%0 02
0.58%0 06
0.77 01
0.4075:02
0.6910:0¢
0.715 00
0.46%0:03
0.49%0:02
0.43%0:02
0.61%51%
0.90%0:13
0.48%0:12
0.4275:67
0.4415-03
0.53%505
0.53%0:1%

0.5970 09
0.92%51¢
0.43%0:0%
0.58%0:03
1.3070 13
0.43%5:02
0.157003

0.571013

.04
0.42%0:03
0.0879:01
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Table 2. (continued) Fitted model parameters

galaxy (x0) e Cony D [Mpc] i [°] Teas T aisk Thuige
UGC08286  —10.832  0.02110:01;  0.03970008  6.607035)  88.107357 1.32%017 1.14700% —
UGC08490  —11.162  0.035%0015  0.03670005  5.217047  55.397357 1.37%015  0.6770 06 —
UGC08550  —11.251  0.0027005¢  0.038T0:00%  6.53T50¢  88.0015719 1.287071% 0.72701% —
UGC08699 —10.120 —0.01079:92%  0.01979:934  37.47+437  g0.7572:30  1.38%9-13  (.637012 0.6810:0%
UGC08837  —11.296  0.243%0:005  0.04170005  7.2570:37  80.767 560  1.447013  0.407007 —
UGC09037  —10.734 —0.01270 03¢ 0.0207000s  73.657055  63.867155 1.45%01% 0.227003 —
UGC09133  —9.810  0.043+9:097  0.02279:995  3541%33%  64.827430  150%9-1% 0.837099 (.72+0-04
UGC09992* — 0.361709%%  0.03610005  9.347382  34.77FS 1347073 0.501013 —
UGC10310  —11.108  0.2857013%  0.03615005  16.047373 40497582 1.317012 0.66701] —
UGC11455  —9.898  —0.033092% 0.0255000)  72.367%334%  89.331027  1.42%013  0.467007 —
UGC11557  —10.904  0.35010:195  0.0247000%  17.987338  32.83735%  1.40%51% 0.357007 —
UGC11820 —11.305 —0.0147551%  0.0247590L 12157398 44.267872 1.207015 0.987913 —
UGC11914  —9.346  —0.39670952  0.0237099%  8.807145 48857358 1427012 0.307055 0.891512
UGC12506  —10.508  0.241%5:0%3  0.0277090%  117.17535%3%  86.11751F  1.43%51%  1.0470713 —
UGC12632  —11.304  0.277%5:323  0.02670%0%  13.037352  49.17737% 1.257010 1.057015 —
UGC12732  —11.361  0.13675:0%5  0.02370%0%  13.2275%2  48.257497 1.267512 0.867017 —
UGCA442  —11.259 —0.0500015 0.03159007  4.20%030 51171325 1.29%017  0.45%0 45 —
UGCA444? — 0.06375:925  0.0327305%  0.95%06%  78.77t380 1.257012  0.577015 —

Notes. See Figure 1 and Section 2.2 for the definition of z¢. Here (xo) represents the median of xo for the rotation velocities
with signal-to-noise ratios > 10.

# For these galaxies no circular velocities have signal-to-noise ratios > 10. These galaxies are not included in our statistical
analyses of EFE.



