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New probe of dark matter-baryon interactions in compact stellar systems
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We investigate the astrophysical consequences of an attractive long-range interaction between dark
matter and baryonic matter. Our study highlights the role of this interaction in inducing dynamical friction
between dark matter and stars, which can significantly influence the evolution of compact stellar systems.
Using the star cluster in Eridanus II as a case study, we derive a new stringent upper bound on the
interaction strength & < 314.5 for the interaction range 4 = 1 pc. This constraint is independent of the dark
matter mass and can improve the existing model-independent limits on @ by a few orders of magnitude.
Furthermore, we observe that the constraint is insensitive to the mass of the stellar system and the dark
matter density in the stellar system as long as the system is dark matter dominated. This new approach can
be applied to many other stellar systems, and we obtain comparable constraints from compact stellar halos

observed in ultrafaint dwarf galaxies.
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Introduction. Exploring interactions between dark matter
(DM) and baryons is crucial for understanding the nature of
DM. There have been extensive studies on the possible
observational consequences of a long-range interaction
between DM and baryonic matter [1-13], inspired by
various theoretical models of DM [5-7,14-24]. In these
models, the total interaction between a DM and baryonic
object with gravity included can be described by the
potential

GM M,
r

V(r) = (1 4 @e™"7%), (1)

where G is Newton’s constant, & is the strength of the long-
range interaction relative to gravity, 4 characterizes the
range of the interaction, and M , are masses of the DM and
baryonic objects which can be fundamental particles or
composite states. This type of interaction can emerge in
models of millicharged DM [14-17,25], or more generally
in models where baryons and DM couple to a scalar or
vector mediator [5—7,18-22]. It can also arise in a different
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class of DM models where confinement within the dark
gauge group produces dark atoms and dark nuclei [23,24].

At distances <A, Eq. (1) describes the effective gravity
between DM and baryons. Since the inverse-square law of
gravity is tested with high precision, the value of & must not
be relatively large [1]. Additionally, upper bounds on &
have been established from pulsar timing arrays [12],
neutron star heating [10], superbursts from neutron stars
and white dwarfs [13], and dark matter-baryon scattering
measurements [8]. In this paper, we suggest a new method
to probe the long-range interaction between DM and
baryons in Eq. (1) by studying its impact on compact
stellar systems and derive constraints on &. These con-
straints are considered “model-independent” as they do not
rely on the specific microphysics of DM beyond the
assumption of Eq. (1).

Ultrafaint dwarf galaxies (UFDs) are ideal astrophysical
targets to detect signals of DM interactions [26-37].
Eridanus II (Eri 1) is presently the least luminous UFD
observed to host a globular cluster [38—43]. Located near
the center of Eri II, the star cluster offers unique oppor-
tunities to probe the density profile of DM [42—45]. This
star cluster has also been used to constrain various DM
models such as primordial black hole (PBH) and ultralight
DM as these DM candidates could heat the star cluster
causing the cluster to expand over time [46—49]. In this
letter we will demonstrate that the star cluster may also
contract if it experiences dynamical cooling from DM,
providing another avenue for studying DM.
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https://orcid.org/0000-0002-9419-6598
https://orcid.org/0000-0003-2407-1471
https://ror.org/04j0x0h93
https://ror.org/02495e989
https://ror.org/02495e989
https://ror.org/0190ak572
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.111.L061302&domain=pdf&date_stamp=2025-03-05
https://doi.org/10.1103/PhysRevD.111.L061302
https://doi.org/10.1103/PhysRevD.111.L061302
https://doi.org/10.1103/PhysRevD.111.L061302
https://doi.org/10.1103/PhysRevD.111.L061302
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

YANG MA and ZIHUI WANG

PHYS. REV. D 111, L061302 (2025)

In a series of seminal work [50-52], Chandrasekhar
studied the frictional force experienced by a subject star in a
background of field stars resulting from cumulative gravi-
tational scattering, i.e., dynamical friction. Similarly, as a
star moves in a DM halo, the net interaction between the
star and DM particles exerts dynamical friction on the star.
The presence of a long-range interaction given by Eq. (1)
can induce additional dynamical friction between stars and
DM apart from the standard gravitational contribution. If DM
is lighter than stars, dynamical friction leads to the loss of
stars’ kinetic energy, driving the stellar system to contract.

Model-independent limits on & can then be determined
by studying the shrinking of the stellar system’s half-light
radius. For the star cluster in Eri II, our method covers a
wide range of DM masses and results in upper bounds
@ < O(100). These results provide valuable complemen-
tary constraints on the DM-baryon long-range interaction,
alongside the existing ones from Refs. [8,10,12,13]. In
addition to the star cluster in Eri II, our method can be
broadly applied to many other compact stellar systems.

Evolution of stellar systems. Chandrasekhar’s original
formula for dynamical friction can be derived by various
methods, such as perturbation theory of Kepler orbits [50],
Fokker-Planck diffusion coefficients [53] or the kinetic
energy gain of field stars [53,54]. The derivation using
kinetic energy gain can be naturally extended to deduce
dynamical friction induced by the long-range potential in
Eq. (1) between stars and DM particles. We focus on the
case where stars lose kinetic energy due to dynamical
friction, which occurs when stars are heavier than DM. The
cooling rate of a star can be written as

_ 47G*m3 ppu

den(a’ /1)1)* = Q(X)Z(&, ’1)’ (2)

Uy

where we have assumed a uniform DM density ppy, 72y 1S
the mass of a single star, v, is the star’s velocity, and the
function G(X) gives the fraction of DM particles with
velocity < v,

_ _27X e . Ux
G(X) = erf(X) \/Ee , X = 7\/§6DM’

with oy being the Maxwellian velocity dispersion of DM.
The form factor Z (&, A) arises from integrating the kinetic
energy gain of DM particles encountered by the subject star
over the impact parameter b

(3)

bmax % _b/l 2
I(M)_/ (1+a(1+£/z)e 2o
bmin
_2 — bmax
= {aZEi (Tb) +2aEi (Tb) —i—lnb—é’(b//l)] .
bmin

where Ei(x) = — [® dte™"/t and E(x)=2ae™ + (5a* /4 +
@*x/2)e~*. In practice, by, = Gmy /o3y and by, is the
size of the astrophysical system [46]. Note that Eq. (2) only
accounts for the first-order diffusion coefficient D[Av],
which is sufficient when DM is much lighter than stars.
In the limit @ > 0 or 4 —» 0, Z(&, 1) becomes the well-
known Coulomb logarithm InA =1In(bp.y/bmin) and
Eq. (2) restores Chandrasekhar’s formula of gravity-
induced dynamical friction.

The potential energy of a star is also influenced by the
long-range interaction with DM. If a stellar system is
embedded in a background of DM particles with uniform
density ppy, the potential energy per unit mass of the
system is

—— = —f1——=+ p.Gppwr; + u(& A, ;) + const., (4)

M,

U GM
T'p
where M, is the stellar mass of the system, r, is its half-
light radius, and f,, are constants determined by the
density profile of the stellar system. In Eq. (4), the first
two terms represent the potential energy from the self-
gravitation of the system and the gravitational field of DM
[46], and the third term u(&, A, ry,) arises from the long-
range interaction between DM and stars.
Following the method of Ref. [46], the evolution of 7, (¢)
can be obtained by differentiating Eq. (4) with respect to

time. Combining this with the virial theorem and consid-
ering the velocity distribution of v,, we find

dr, 2M, (U
- arh

)'1 [avas@ s (9

dr my

where the function f(v,) is the Maxwellian velocity dis-
tribution of stars with dispersion o,. Notably, Eq. (5) is
independent of the DM mass mpy as long as mpy << m,.

In order to determine the time evolution of r,(¢), the
form of du(a, A, r,)/0r, is needed. In the 1 — oo limit,
Eq. (1) becomes

IimV(r) = —(1 +a&)GM M, /r, (6)

A—>o0

so that u(@,4,r,) = fraGppyrs. In the regime b, <
A Sry, we demonstrate that du(a, A, ry,)/or, = 0. The
function u(a, 4, r;,) in Eq. (4) can be obtained by integrat-
ing a single star’s potential energy u, (r)

It mpy 2 My, higher order diffusion coefficients propor-
tional to mpy/m, need to be included to model dynamical
friction [53]. It should also be noted that Eq. (5) might not
directly apply to ultralight DM with mpy ~ 10722 eV. Fluctua-
tions at the de Broglie scale of ultralight DM can produce
granules with masses ZO(1000M ) [55-58] which can dynami-
cally heat stars [31,49,59].
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where r is the radial coordinate of the star in the system and
n,(r) is the number density of stars. Since the long-range
interaction is exponentially suppressed outside the inter-
action range A, u, is dominantly contributed by DM
particles within a distance of O(1) from the star.
Therefore, u, is independent of the radial coordinate r
of the star and consequently, ou/or;, = 0.? This is distinct
from the gravitational case, where the gravitational force on
the star is provided by DM within a distance of r from the
center of the stellar system. In summary, the partial
derivative of Eq. (4) takes the following form

oU 1 %=+ 2B,Gppmr- 0<ixmy,
h

~

M*arh N

P +26:(1 + @)Gpowry. 4> 1
(8)

With Eq. (2) and (8), the differential equation in Eq. (5) can
be solved to obtain the evolution of r, (7).

It is worth noting that in Eq. (5) the weak encountering
between stars, i.e., the two-body relaxation, is not included.
The velocity fluctuation from cumulative weak encounter-
ing can push stars to diffuse into the outer part and critically
impact the evolution of the stellar system, which typically
occurs after a few relaxation timescales [53]. The relaxation
timescale 1., is defined to be the time required for the
root-mean-square velocity fluctuation to equal the original
velocity and can be found by [53]

v3
. 87Gmin, In A’ ©)
where n, is the number density of stars and In A is the
Coulomb logarithm of the stellar system. To minimize the
potential impact of relaxation, it is advisable to model the
evolution of r;,(¢) by Eq. (5) over a time interval shorter
than 7,.1.«-

Probing dark matter in Eridanus II. As mentioned above,
the star cluster in Eri I has been recognized as a powerful
DM tracer. At a distance of ~366 kpc from the Milky Way,

Eri Il is a UFD with absolute magnitude My = —7.1 + 0.3,

a mass-to-light ratio of 42077}0M /Ly, and a compact

star cluster located in its central region [38—43,47].

“This result is derived under the assumption that the stellar
system resides in a DM core. If the DM follows a cuspy Navarro—
Frenk—White distribution rather than a cored one, we estimate
that du/0r, « e~"»/* for a uniform stellar profile or an exponen-
tial Sersic profile n, (r) ~ e~"/"». Consequently, for 1 < ry, the
partial derivative du/dr;, remains significantly suppressed and
Eq. (8) still continues to provide a good approximation.

TABLE L. Summary of the measured properties of Eri II and its
central star cluster. From top to bottom are the half-light radius of
Eri 11, the half-light radius of the star cluster, the stellar mass of
the cluster, the age of the cluster, the one-dimensional (1D)
velocity dispersion of DM, the 1D velocity dispersion of the star
cluster, and the DM density.

Parameter [40] [47]
Eri II R, (pc) 277 + 14

Cluster r;, (pc) 13+1

M, (Mgy) [2000, 6000]

Cluster age t,. (Gyr) [3, 12]

) 10.3439
o\ (km/s) 23533
pom (Mo /pc?) 71497

Observations of Eri Il favor a cored DM profile [42,45].
The measured properties of Eri II and the star cluster
reported by Refs. [40,47] are summarized in Table I.

The time evolution of this star cluster’s half-light radius
ry(t) is described by Eq. (5). With the parameters taken
from Table I, we solve the differential equation for # < 0 to
infer its r;, in the past. Note that the three-dimensional
velocity dispersion entering Eq. (5) are given by opy =
V36l and 6, = /36.P. As a representative example we
pick M, = 3000M  which corresponds to an age of 8 Gyr
[40]. The boundary condition is set as r;,(0) = 13 pc and
conservatively by, is also chosen to be b, = r,(0). With
this setup, r, () is illustrated in Fig. 1 for various values of
a and 1. We notice that the evolution shows no dependence
of ppm and M, as long as the star cluster is DM dominated,
which agrees with the observation in Ref. [46].

Three values of 4 are displayed in Fig. 1: 1 = 10~ pc
(close to bpin), 4 =1 pc (between b, and by, ), and 4 =
10* pc (much larger than b,,,). As presented in Fig. 1,
r, evolves differently in the above three regimes of A.

. —
—JA=1pc
008 5400 S~ = e A=10"" pc
40(); """" A= 104 pc ]
53 : ]
£ 300} ]
< E ]
£ , ]
200f 3
100F ™
9% 6 " ) 0
t [Gyr]
FIG. 1. Time evolution of r,(¢) for & = 400 (green) and 200

(red), and A = 10™* pc (dashed), 1 pc (solid), 10* pc (dotted).
The gravity-only case & = 0 is also shown as a reference by the
orange line.
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For b,in S 4 < b the evolution of r, strongly depends
on the value of @. In the other two regimes, 4 < b, and
A>> b, the evolution of r,(¢) rapidly converges to the
gravity-only case & = 0. This is because in these regimes,
the long-range force is either negligible or indistinguishable
from gravity.

Since any astrophysical system must have a finite size, r},
in the past cannot be arbitrarily large. This requirement can be
used to place constraints on & as the time evolution of 7,(¢)
derived above is highly sensitive to & for b, <A < bpax-
More concretely, we impose an upper bound on r,(7) at a
checkpoint t = —¢, of special interest, i.e.,

rh(_IO) < Tmax- (10)

A natural choice of 7 and r,,,, is the age of the cluster and the
half-light radius of the galaxy R,, which ensures the star
cluster always remains in the bounds of the galaxy over the
given timescale. To obtain limits on &, r,,,, is taken to be the
central value of R;, = 277 pc, and ¢ is set by the minimum
value of 7, = 3 Gyr which corresponds to M, = 2000M o,

14.5,

3 for 1 =1 pc,
a<747.1,

for 2 =107* pc. (11)

In deriving Eq. (11), no additional assumptions on the
DM model besides Eq. (1) are employed, making the
constraint model-independent. Furthermore, as noted pre-
viously, the time evolution of r;, () is independent of the
DM mass and density, and so is the constraint in Eq. (11).
We plot Eq. (11) by the solid red and orange lines in Fig. 2,
alongside various existing limits.> The azure and green
solid lines are existing model independent constraints with
A =1 pc from the 15-year dataset of pulsar timing array
observations by NANOGrav [12] and neutron star (NS)
heating [10]. The new constraint based on the time
evolution r,(¢) of the star cluster in Eri II could improve
the existing model independent limits on @ in a broad range
of DM masses. For further reference, we also show limits
on & arising from superbursts of NS and white dwarfs [13]
(dashed violet), maximal NS heating [10] (dashed brown)
and the combined results from the bullet cluster and
MICROSCOPE [10] (dashed blue), which rely on addi-
tional assumptions on the DM model such as the existence
of a short-range interaction between DM and baryons.

We comment on the possibility that only a fraction, fpy,
of DM interacts with baryons through the long-range
interaction in Eq. (1). In this case, the right-hand side of
Eq. (2) and the function u in Eq. (4) need to be multiplied

3Since photometric microlensing surveys exclude objects
heavier than O(1071°M) to wholly constitute the entire DM
density [60—-63], we do not show constraints above this mass in
Fig. 2.

10%¢

[ NANOGrav
103}

104' NS heating

109}

102 T

10!
10740

10L35 10L30 IOLZS IOLZO ]OLIS ) 1(’)4—10
mpwy [Mo]

T

FIG. 2. Compilation of upper limits on &. The orange and red
lines are derived in this work based on observed properties of the
star cluster in Eri IT for A = 10~ pc and 1 pc respectively. Other
lines in the figure are from pulsar timing array observations by
NANOGrav [12] (azure) and neutron star heating [10] (green).
Model-dependent limits, which rely on additional assumptions,
are shown by dashed lines. These include superbursts of white
dwarfs and neutron stars [13] (dashed violet), maximal neutron
star heating [10] (dashed brown) and combined results from the
bullet cluster and MICROSCOPE [10] (dashed blue).

by fpm- We observe that the upper bound on @ from Eri 11
weakens approximately by a factor of 1/fpy.

Discussion and conclusions. As demonstrated with the star
cluster in Eri II, our method produces stringent constraints
on the long-range interaction between dark matter and
baryons among the existing model-independent ones.
Additionally, we observed that the constraints are inde-
pendent of the DM mass, mpy;, and its dependence on the
DM density at the location of the stellar system, ppy,
and the stellar system’s mass, M, are negligible. A few
comments are made as following:

(i) In our demonstration, we have chosen the lower
limit on the star cluster’s age, 3 Gyr, as #,. It is
noticed that by requiring r,(—t) < rpa. a larger
value of t, manifestly leads to a stronger constraint
on &. Choosing ty = t.x = 5.9 Gyr could produce
a stronger constraint & < 224.0 for 1 =1 pc.

(i) The choice of r,, also affects the constraint on a.
The benchmark constraints in Eq. (11) are given by
setting 7.« to be the central value of R;, = 277 pc.
To understand the r,,,, dependence, we observe that
upon replacing r., = R, by xR, with x € [1/4,4],
the upper limits in Eq. (11) scale proportionally by a
factor of x. We note that smaller r,,, may be
physically motivated. For instance, the maximum
initial r;, of the star cluster in Eri II is taken to be
less than 20 pc in simulations [42]. If we set
rmax = 20 pc, we can obtain much tighter limits.

(iii) We further assess how the constraint on & depends
on the velocity dispersion opy and o,. As can be
seen in Eq. (2) and (5), a larger opy leads to a

L061302-4
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weaker constraint, while a larger o, results in a
stronger constraint. To illustrate the impact of these
two parameters, we vary opy and o, by a factor of
1/2 (2) and with A =1 pc, we find @ <613.1
(173.3) for variations in o, and a < 130.7 (818.2)
for variations in opyy.

(iv) Our constraints on @ can be corroborated by the
stability of the stellar system. A mild stability
constraint requires that r;, does not change by a
factor of two within one crossing time f. ~ rj, /0.
This condition leads to @ < 786.4 for A =1 pc, in
broad agreement with our results.

Our modeling of the star cluster in Eri II are based on the
assumption of a cored DM profile, which is favored by
observations of Eri II [42,45]. However, we have demon-
strated that our methodology can be reasonably adapted for a
cuspy profile. Consequently, our approach can be applied to
various stellar systems in other galaxies. For example, we can
require the half-light radius of the compact stellar halo in an
ultrafaint dwarf galaxy (UFD) not to exceed that of the DM
halo, allowing for the derivation of independent constraints
on &. Many UFDs are observed to have compact stellar halos
with a half-light radius r;, ~ 30 pc, a stellar mass ~3000M 4,
an age f,, ~ 10 Gyr, a DM density ppy ~ 1M /pc® and
velocity dispersion opy ~ 15 km/s and o, ~5 km/s

[38,39,46,64—68], with examples including Willman I,
Segue I, Segue II, among others. The scale radius of the
DM halo in UFDs typically ranges from 100 to 1000 pc (see
e.g. [69-72]), and for a conservative estimate, we adopt
1000 pc as 7y, By imposing 7, (—=Zyee) < Fimax» We find the
upper limit & < 405.5 for 4 = 1 pc, which is comparable to
the constraint derived from the star cluster in Eri IL
Upcoming surveys (e.g. [73,74]) are expected to discover
amuch larger number of UFDs, enabling broader application
of our method.

In conclusion, we have introduced a novel method to
probe long-range DM-baryon interactions by leveraging
the observed half-light radius of compact stellar systems.
Our approach utilizes the drag force experienced by stars
due to the long-range interaction with DM. The result
provides a valuable complement to existing constraints on
the long-range interaction [8,10,12,13].
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