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Radial acceleration relation from symmetron fifth forces

Clare Burrage Edmund J. Copelandﬂ and Peter Millingtorﬁ
School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom

We show that the radial acceleration relation for rotationally-supported galaxies may be explained,
in the absence of cold dark matter, by a non-minimally coupled scalar field, whose fifth forces are

partially screened on galactic scales by the symmetron mechanism.

In addition, we show that

sufficient energy is stored in the symmetron field to explain the dynamic stability of galactic disks.

PACS numbers: 04.50.Kd, 11.30.Qc, 95.35.4+d, 95.36.4x, 98.52.Nr

I. INTRODUCTION

The physical origins of dark matter and dark energy re-
main open and challenging theoretical questions. Scalar-
tensor theories of gravity provide a potential explanation
for dark energy [Il 2]. However, their associated fifth
forces have not been seen in local tests of gravity. The
coupling of the scalar degree of freedom to matter must
therefore be fine tuned or the fifth force must be screened
in the local environment. Screening by local matter den-
sity (see, e.g., Ref. [3]) can arise through modifications
to the mass of the scalar fluctuations, as in chameleon
theories; the scalar kinetic term, as in the Vainshtein
mechanism; or the matter coupling. An example of the
latter is the symmetron [4, [5], whose vacuum expectation
value (vev) responds to the background matter density.

In this article, we argue that the response of a sym-
metron field to the baryonic density of rotationally-
supported galaxies can significantly impact their dynam-
ics, providing an explanation for galactic rotation curves
that does not require particle cold dark matter (CDM).
Although the present study suggests some tension with
constraints from local tests of gravity, we illustrate how
this model naturally leads to the correlation between the
observed centripetal accelerations and those estimated
from the baryonic component alone [6H8] — the radial or
mass-discrepancy acceleration relation. In addition, we
show that the symmetron field can store sufficient energy
to stabilize the galactic disk (see Ref. [9]).

Explanations for the observed correlation have also
been suggested within MOdified Newtonian Dynamics
(MOND) [I0] — and by extension tensor-vector-scalar
(TeVeS) theories (see, e.g., Ref. [II]) — and generally co-
variant MOdified Gravity (MOG) [12]. It has also been
argued that this correlation is consistent with CDM if
the dissipational collapse of the baryons is taken into ac-
count [I3][14]. There is, of course, additional evidence for
dark matter [I5], e.g., large scale structure, the dynamics
of galaxy clusters, measurements of weak lensing and ob-
servations of the Cosmic Microwave Background (CMB).
Nevertheless, it is compelling that a model as simple as
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the one presented here can explain the observed rota-
tion curves, whilst also providing an explanation for the
stability of galactic disks.

The remainder of this article is organized as follows:
After briefly introducing the symmetron model in Sec. [T}
we proceed in Sec. [[T]] to describe how the spatial varia-
tion of the symmetron field profile can lead to flattened
rotation curves that are consistent with the radial accel-
eration relation. In Sec. [[V] we illustrate how the energy
stored in this field profile can stabilize the galactic disk.
We present a numerical analysis of a sample of rotation
curves in Sec. M, and our conclusions are given in Sec. @

II. SYMMETRON MODEL

The symmetron model consists of a non-minimally cou-
pled scalar field with Einstein-frame potential

~ 1 p
v = | — —
@ = 3(15
where u2 > 0 and A > 0. The coupling to the non-
relativistic energy density p arises through the universal
coupling of matter fields to the Jordan-frame metric g,
which is related to the Einstein frame metric §,, via the

conformal transformation g, = A%(¢)guw. The coupling
function A(y) has the form
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The scale M determines the matter coupling strength.

As a result of the universal matter coupling, a unit test
mass is subject to a fifth force (see, e.g., Ref. [16])

1
u2)<p2 = ikw“, (1)

A(p) =

Fym = -VInAlp) » —2VE (o/M<1). (3)
In regions of low density, i.e. p/M? < u?, the model ex-
periences spontaneous symmetry breaking, and the sym-
metron field acquires a nonzero vev ¢ &~ +v = £ p/ V.
Any local spatial variation of the symmetron field then
leads to an unscreened fifth force with coupling strength
v/M. Instead, in regions of high density, i.e. p/M? > p?,
the minimum of the potential lies at the origin, the sym-
metry is restored, and ¢ = 0. The coupling strength /M
therefore goes to zero, and the fifth force is screened.
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FIG. 1. The symmetron profile ¢, required by Eq. and
normalized to the value of the field at r/rs = 10 (¢10) with

boundary condition ¢o/M = 1073,

III. RADIAL ACCELERATION RELATION

We now describe how the spatial variation of the sym-
metron field, described in the preceding section and
driven by the coupling to the baryonic density of the
galaxy, leads to an additional acceleration consistent with
the radial acceleration relation reported in Ref. [8]. This
analysis of the SPARC data set [I7] showed that the
observed centripetal accelerations (gops) and those pre-
dicted from the baryonic component alone (gpay) follow
the empirical relation

Ybar - Ybar 4)

- — ar + 5
1 — e~V 9var/gt Iba eV 9par/gt _ | (

where g4 = 1.20 + 0.02(rand.) & 0.24(sys.) x 10719 ms 2.

Approximating the galaxies as thin disks (uniform in
density over some height h), the symmetron force in
Eq. contributes a centripetal acceleration

o) = 5 L (2 )

where c is the speed of light. We neglect the restorative
symmetron force normal to the plane of the disk, assum-
ing the symmetron field to be approximately constant
over the height of the disk. (By symmetry arguments,
the field gradients normal to the disk must vanish as we
approach the central plane of the disk.) The empirical
correlation in Eq. can therefore be explained if the
profile of the symmetron field is such that

Jobs =

gbar(r>
sym\l = e 1 "
germ(r) = T 1 v

requiring
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where g = ¢(0) is the value of the field at the origin.

Assuming an exponential disk profile for the surface
mass density of the form

5(r) = See/", ®)
the total mass within a radius r is given by

ef'r"/'rS
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Mbar(r) = MO/ 4 L

Ors Ts

= Mo[l—e /™ (14 2)], (9)

where M, = 27r2Y is the total mass of the galaxy and
rs is its scale length. Defining x = r/r; and

_ fO —z 1 GM %
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and using the fact that
GMypar(7)

Gbar = r2 ) (11)

we see that the required field profile [Eq. (7)] becomes
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where fo &~ 5 for a galaxy with a mass and scale length
comparable to the Milky Way (Mg ~ 6 x 101! Mg and
rs &= 5 kpc). Figure [1] shows this profile as a function of
r/rs, normalized to its value at 10 scale lengths (p19).
The integral in Eq. is not bounded as x — oo, but
this is not a problem, since the identification in Eq. @
need only hold out to a finite radius.

In the case of extended objects, the form of the sym-
metron force [Eq. (B)] is modified. For a star of radius
R,, density p, and mass M, the symmetron force per
unit mass is

ﬂ =5 ¢
Foym = —47rg*(<p)VM* , (13)
where the coupling strength g, (p) is
R.|myR, — tanh(myR,)
gx(p) = (90*90*) *[ = - *} . (14)

My Ry + Mga1 Ry tanh(m, R,)

Here, ¢, is the value of the symmetron field at the centre
of the star and m, (g is the mass of the symmetron
inside (outside) the star:

m2 _ p)}é[g;l) - ,LLQ, Px(gal) > ,LL2M25 (15)

*(gal) 2(‘“2 _ Pa}\(/;;;l)) , p*(gal) < MQMQ .
The stars respond as point-like test masses, and Eq. (3))
is exactly recovered, when m,R, < 1, mga R, < 1 and
@ — 0. This holds for the present case, where the sym-
metron Compton wavelengths internal and external to
the star (I oc 1/m,(gar)) are larger than the stellar radii.
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FIG. 2. Example rotation curves for M = Mpi/10 and po = 1 Mg pc™ 3, v/M = 1/150, and pu = 3 x 1073° GeV: (a) disk,

(b) bulge and (c) gas dominated, and (d) comparable disk and bulge components. Black points: observed rotation velocities
and corresponding error bars taken from the SPARC data set [I7]. Solid black: total prediction, including the symmetron
component. Solid orange: symmetron contribution. Shaded bands indicate 50% variation in po/M 2. Solid blue: baryon-only
prediction. Red dashed: disk component. Green dotted: gas component. Purple dot-dashed: bulge component. Figures (e)—(h)
and (i)—(1) show the corresponding symmetron profiles over the observed data range and 10 times that range, respectively.

The symmetron force will also appear in the equations
of hydrostatic equilibrium describing pressure-supported
systems (cf. Ref. [I§]), potentially explaining the ob-
served velocity dispersions in, e.g., elliptical galaxies.
The precise behaviour of the additional force depends
upon the particular matter distribution and, in con-
trast to MOND, there is therefore no a priori reason
for the effective acceleration scale (g;) to be common to
rotationally- and pressure-supported systems. This may
explain the observed deviations of this acceleration scale
(by a factor of a few). In addition, the effective lensing
mass may be increased by including disformal couplings
(see, e.g., Ref. [19]). We also remark that the “kink-
kink” interactions of the symmetron profiles, as well as
the response of the symmetron field to the change in the
gas distribution, may produce an offset between the stel-
lar and “dark matter” components in colliding systems
(see Ref. [20]), as has recently been observed in Abell

3827 [21].

IV. DISK STABILITY

It is known that the baryonic component alone is
insufficient to stabilize the disks of galaxies to barlike
modes [9] and that this can be remedied by the presence
of spherical dark matter halos. In what follows, we will
show that the energy stored in the symmetron field can
have a similar stabilizing effect.

Assuming velocities given by the radial acceleration re-
lation, the total kinetic energy of the baryonic component
T and its potential energy due to Newtonian gravity U
are given by

T = 4Mogirs (fo=5), (16a)
oM

By using its equation of motion and normalizing the sym-
metron potential so that it has zero energy density in vac-
uum (when ¢ = v), we may show that the total energy
of the symmetron field is approximately
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where we have integrated only over the height of the disk.
The remaining integral scales as an?, where « is a geo-
metric factor and n is the number of scale lengths (ry)
before ¢ = v. The ratio of the baryonic kinetic energy to
the total energy of the system is therefore given by

T 2 2 2,2 71
T+U+E, 8 16 pogsrs

where pg = Xg/h.
In order to ensure stability of the galactic disk, we
require ¢ < 0.1376 [9], thereby constraining

2 x 10~4 -t
poy 22X (v ) (19)
GeV van Mp,

for po ~ 1 Mgpc=3, where Mp; is the reduced Planck
mass. In the next section, we will see that the symmetron
fifth force can provide sufficient modification of the cen-
tripetal acceleration to flatten galactic rotation curves,
whilst at the same time remaining consistent with this
bound.

V. NUMERICAL ANALYSIS

We turn now to a numerical analysis of the symmetron
field profiles and resulting rotation curves for a sample
of galaxies in the SPARC data set.

We reconstruct the baryonic density profile from the
SPARC mass models, assuming disk and bulge mass-
luminosity relations of Y45 = 0.5 Mg/Lg and Yhy =
0.7 Mg /Lg, as in Ref. [§]:

/
p(T) o GMbar(T)

" = gbar(r) + 2 Voar(r) Viar (r) - (20)

The radial derivatives (indicated by ') are estimated us-
ing a finite difference method. The density profile is ex-
trapolated beyond the data range by fitting an exponen-
tial disk profile to the combined disk and gas components
and a de Vaucouleur profile to any bulge component. In
order to deal with the galaxy-by-galaxy uncertainties in
the mass-luminosity relations and density profiles per-
pendicular to the disk, we make the coarse approximation
that the average effective density to which the symmetron
responds is constant over the SPARC sample, introduc-
ing the parametrization

Po p(r)

— 21
p M2 ? ( )

pp(r) =
where p is the average of the baryonic density and pg ~
1 My pc~3 sets the scale of the effective density.
Working in cylindrical coordinates and assuming an
approximately separable solution (appropriate when
hp < 1), the radial equation for the symmetron field
around an isolated galaxy takes the form

L

d 2 2 3 _
rdr(?"drso) po(r)e +u"p — Ap® = 0, (22)
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FIG. 3. Acceleration parameters: (a) observed total (gobs)
versus baryon-only prediction (gpar), cf. Ref. [8]; (b) predicted
total acceleration for the symmetron model (gtot) versus ob-
served total (gobs); and (c) predicted acceleration (giot) versus
baryon-only prediction (gpar). The solid black lines in (a) and
(c) correspond to the radial acceleration relation [Eq. (d)].



subject to the boundary conditions ¢’(0) = 0 and
©(r)]r—o0o = v. Under this approximate separability, gra-
dients perpendicular to the disk contribute an additional
uncertainty on 2 (r).

We solve for the symmetron profile over a finite range
[Fmin, Tmax] using Mathematica’s NDSolve routine. We
take rmin ~ 0 and rpax = 1207. Assuming an
exponentially-decaying density profile, the asymptotic
behaviors of the solution are

~ AIO< /ﬂ(O)—/ﬂr), r o~ 0,
o) = v = BKZ(WT), > Ts, (23)

for pu,(0) > p and ryp < 1, where Iy and Ky are the
zeroth-order modified Bessel functions of the first and
second kinds. The boundary conditions at ryi, and rmax
can therefore be specified independent of the unknown
constants A and B as follows:

0(1/H2(0) = 162 Timin)

410/ (Tmin) Il
= , (24a)
@(Tmin) I (\/m —
sﬁl(rmax) . K{)(\/ﬁrmax)
O(Tmax) — v K, (Wrmax) . (24b)

Figure [2] shows four examples of the rotation curves
and symmetron profiles in good agreement with the data.
These include one disk-dominated [Figs. [2[ (a), (e) and
()], one bulge-dominated [Figs. [2[ (b), (f) and (j)], one
gas-dominated [Figs. |2| (¢), (g) and (k)], and one with
comparable bulge and disk components [Figs. [2| (d), (h)
and (1)]. The parameters of the model were taken to be
M = Mp/10 (for pg = 1 Mg pe=3), v/M = 1/150 and
i =3 x 1073 GeV. Shaded bands correspond to 50%
variation in po/M?. The parameters were chosen so as to
remain in the weakly non-linear regime, r2u? < 1, and
are consistent with disk stability [see Eq. ] for reason-
able values of \/an > 10. The mass yu > /3HoMp,/M
(cf. Ref. []), where Hy is the present-day Hubble con-
stant, ensures that the symmetry is broken in the cosmo-
logical vacuum today.

In the weakly non-linear regime, the galaxies are un-
screened at all radii, placing the present analysis in ten-
sion with Solar System constraints (see Refs. [5] and [22]).
Observations of nearby distance indicators, i.e. cepheids,
water masers and tip of the red giant branch (TRGB)
stars, also indicate that these objects must be largely
screened within dwarf galaxies [24]. We suggest that this
tension may be lessened by moving to the strongly non-
linear regime at smaller values of M and larger values
of . In this case, the fifth force will be more strongly
screened at our radius from the Galactic Centre, becom-
ing fully unscreened only at larger radii (where more
significant modifications to the dynamics are required).
In addition, local variations of the symmetron profile
within the galaxy will be enhanced. However, in this
regime, the disparity between the galactic scale length

rs and the symmetron Compton wavelength leads to a
highly stiff and numerically challenging differential sys-
tem. Even so, by keeping a comparable ratio of x2(0)/u?,
one might continue to explain the rotation curves and
disk stability. This tension may also be lessened by invok-
ing additional screening, e.g., via the Vainshtein mecha-
nism (cf. Ref. [19)]).

The top two panels of Fig. [3| show the observed ve-
locities versus the baryon-only [Fig. [3| (a)] (cf. Ref. [8])
and symmetron predictions [Fig. |3|(b)] for the 153 galax-
ies [23] analysed in Ref. [§]. The symmetron force is
always attractive and so no acceleration parameters are
predicted below those inferred from the baryonic compo-
nent [see Fig. [3| (c)]. In addition, the baryon-only and
symmetron predictions converge at high accelerations,
since the screening of the fifth force is maximal towards
the galactic centre. The scatter in the symmetron predic-
tions at low accelerations is in part due to the uncertainty
on the three-dimensional density. However, having not
binned the data, the contributions of individual galax-
ies are visible. Each shows a similar correlation with
the baryonic predictions up to some systematic scaling,
which may have a physical origin. We emphasise that the
present analysis treats each galaxy in isolation. In real-
ity, the symmetron will be sensitive to the galaxy’s local
environment, providing an additional source of scatter.
Moreover, variation of gy, e.g., with red-shift [13], might
be expected.

VI. CONCLUSIONS

We have shown that the symmetron mechanism can ex-
plain galactic rotation curves and the stability of galac-
tic disks. This alone does not eliminate the need for
dark matter, and some tension with local tests of grav-
ity remains, but it motivates further study of the in-
triguing alternative to the ACDM paradigm provided
by symmetron-like mechanisms (see also Refs. [22] 25
29]). At the very least, we have illustrated how a non-
minimally coupled scalar field could alter the estimated
density of dark matter halos and, at best, we have pro-
vided a compelling explanation of rotation curves and
disk stability that relies solely on density-driven sponta-
neous symmetry breaking.
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