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We study the effects of black hole dark matter on the dynamical evolution of stars in dwarf
galaxies. We find that mass segregation leads to a depletion of stars in the center of dwarf galaxies
and the appearance of a ring in the projected stellar surface density profile. Using Segue 1 as an
example we show that current observations of the projected surface stellar density rule out at the
99.9% confidence level the possibility that more than 6% of the dark matter is composed of black

holes with a mass of few tens of solar masses.

PACS numbers: 95.35.4-d, 04.25.dg, 95.85.5z, 98.56.Wm

The nature of dark matter remains an open question
almost a century after its discovery [Il 2]. Direct and
indirect detection experimental searches [3H5] as well as
the Large Hadron Collider [6 [7] have been searching for
a Weakly Interacting Massive Particle (WIMP) as a dark
matter candidate with no positive results to date. The
parameter space of axion dark matter is also shrinking
with no evidence of a detection [8]. From the astrophys-
ical perspective, MAssive Compact Halo Objects (MA-
CHOs) have for the most part been ruled out with mi-
crolensing experiments [OHIT]. At the high mass end,
wide binaries in the Milky Way provide the strongest
constraints [12HI4].

An alternative to particle dark matter is that dark
matter is composed of primordial black holes formed in
the early universe prior to Big Bang Nucleosynthesis [15-
18]. These black holes can span a wide range of masses
from 10718 M, (where Hawking radiation [19] limits their
current abundance) to 10°Mg. Recently Cosmic Mi-
crowave Background (CMB) constraints [20, 2I] have
ruled out primordial black holes with mass ~ 102M,
as the dominant form of dark matter.

The excitement surrounding the recent discovery of
gravitational waves by LIGO [22] led to the suggestion
that the observed black hole pairs that gave rise to the
gravitational wave events (with a mass m ~ 30Mg) were
primordial black holes [23H27]. It was shown that if the
dark matter is composed of primordial black holes, then
the LIGO events can be due to their mergers [23]. The
related mass range is weakly constrained by studies that
probe the low mass end of black hole masses (e.g., mi-
crolensing) or studies that place constraints on the high-
mass end (e.g., the CMB [20], the half-light radius of
dwarf galaxies [28, 29] and wide binaries in the Milky
Way [14]).

In this Letter we examine this hypothesis in the context
of the observed distribution of stars in dwarf galaxies.
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These are dark matter dominated galaxies, composed of
old stars (e.g., [30]) and located at distances of at least
tens of parsecs to hundreds of kiloparsecs [31]. The num-
ber of known systems of this type has increased over the
last 10 years due to the Sloan Digital Sky Survey [32H36]
and the Dark Energy Survey [37, [38].

A particular system that has been extensively studied
over the past decade is the Segue 1 dwarf galaxy [39-
41]. Spectroscopic studies show that it is dark matter
dominated [42] and that its stellar population is old [30],
with no evidence of any major disruption or interaction
[43]. We use Segue 1 to demonstrate the effect of pri-
mordial black hole dark matter because it is well-studied,
although a similar analysis can be applied to other dark
matter dominated systems in the future.

Assuming that massive black holes are the dark matter
(or some fraction fpy of it), dwarf galaxies are collision-
less systems with stars of mass mgs ~ 1My and black
holes of mass mpy > ms. Both, stars and black holes
respond to the underlying gravitational potential.

The dynamics of a two component collisionless systems
have been studied by Spitzer [44] 45] who showed that re-
laxation leads to equipartition, where the average kinetic
energy of the light component (e.g., stars) is equal to
the average kinetic energy of the heavy component (e.g.,
black holes). Mass segregation takes effect over the re-
laxation timescale, whereas the light particles move out-
wards while the heavy particles sink towards the center.
The physics of mass segregation is similar to dynamical
friction where multiple scattering encounters between the
two populations leads to energy exchange (see e.g., [46]).
It follows naturally that the light particles move on av-
erage faster than the heavy particles and thus reside at
larger radii.

We use these results to explore the evolution of the
stellar distribution in dwarf galaxies. We begin by defin-
ing the mean change in velocity due to scattering along
the tangential and normal to the direction of motion of
the star as Av and Av, respectively. Assuming that
both species (stars of mass mg and black holes of mass
mpy) are described by a Maxwellian velocity distribu-
tion function, the diffusion coefficient (average change of
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Left: The evolved stellar deficit as a function of radius in Segue 1 for various fractions fpm of black hole dark matter

and black hole masses mpu. The deficit increases as fpm and mpu increase. Right: Projected stellar surface density of Segue
1. Data points represent the observed surface density [39]. Black curve shows the case with no black hole dark matter. Line
types and colors correspond to the same choices as in the left panel.

kinetic energy per unit mass and time) of stellar particles
due to their scattering off black holes is [47]

(AB), = vy(Bua) + 3((Bva ) + 5{(B0,, 1)) (1)

47TG2 MBH PBH InA

Vs

[— s erf(X) + (1 NI )Xerf'(X)] ,
MBH mBH

where prime denotes a derivative with respect to X,

X =v/\20pn, 0iy = (viy), InA ~ 10 is the Coulomb

logarithm, and G is the gravitational constant. The mean
change of kinetic energy of the stars Ey = m(vs2)/2 is

E,
dd \/> / me(AE),

Substituting Eq. in Eq. and integrating by parts

we get [47],
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Equation shows that when mpp(vdy) = ms(v?)
there is no energy exchange between the two popula-
tions. If (v3y) &~ (v2) = 02, the timescale for stars and
black holes to reach equipartition is trelax = Es/(dEs/dt)
which based on the virial theorem can be written as
t, ~ (N/8InN)7., where 7, = r/o is the crossing time
and N is the number of particles. If the system is domi-
nated by black holes (as is the case here), then stars will
reach equipartition soon as the black holes establish a

collisional steady state.

[mps (vEn)

For Segue 1, ¢ = 3.77}7kms™', the half light ra-
dius is 2972 pc, and the mass within half light radius is

5.8782 % 10° [31,[39]. Assuming that 10% of dark matter
isin black holes of mass mpy = 30Mg, the ratio of relax-
ation time to Hubble time is ~ 0.01. Thus, mass segre-
gation and equipartition must have already taken place
in Segue 1 by the present epoch!. Other dwarf galax-
ies with similar relaxation times are Bootes II, Segue II,
Wilman 1, Coma and Canes Venatici II. All other known
dwarf galaxies have relaxation times that are at least a
factor of 10 higher.

We proceed by assuming that the initial distribution of
stars is described by a Plummer profile. This is justified
for two reasons: first, Plummer profiles are known to be
acceptable fits to the present-day distribution of stars in
dwarf galaxies, and second, a Plummer profile has an
inner core. Anything steeper than a cored profile such
as Plummer will exhibit even more severe effects of mass
segregation?.

We follow Brandt [28] and calculate the evolution of
radial shells by using the virial theorem and the diffusion
coefficient for weak scattering of stars off black holes (see
also [46]). The differential equation that governs the evo-

1 The quoted relaxation time is directly proportional to the frac-
tion of dark matter in black holes. If for example the fraction of
dark matter is 100% (1%) the ratio of relaxation time to Hubble
time is ~ 0.1 (~ 0.001).

2 An exponential profile can also be used (see [48]), with similar
results.



lution of radial mass shells as a function of time is then

—1
+2ﬂr> .

(4)
We adopt for Segue 1 o = 0.4, 8 = 10 (see Brandt [28])
and a total mass in stars of My = 340Mg [3I]. The
choice of values for @ and ( is such that the effects of
mass segregation are minimal and thus provide a con-
servative choice (the result is insensitive to the choice of
« as the density of stars is much less than the density
of dark matter; lower values of 8 simply implia higher
)

dr 427 G fommsu M,
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normalization of the r ~ t1/2 solution to Eq. (4)).

The stars are initially distributed in a Plummer pro-
file with a scale radius of r, = 16pc. This value is 25%
smaller than the currently measured value of the Plum-
mer scale radius. Any other choice would lead to stronger
constraints on black hole dark matter®. We assume that
the dark matter distribution is described by a general-
ized NFW profile [49] , whose parameters «, 5, 7, ps
and rs as defined in Equation (7) of [50] are given by
the median values obtained by the MCMC analysis of
Geringer-Sameth et al. [50] . The median value of the
profile parameters does not necessarily correspond to the
median value of the density at all radii. We repeated
the calculation by assuming the median of the density at
each integrated radial shell and find that the deviations
are negligible. In addition, repeating the calculation by
marginalizing over all the kinematically-allowed distri-
butions of dark matter also has negligible effects on the
results.

We assume that at ¢ = 0 the outer envelope of the pro-
file is similar to that observed at the present epoch. Any
evolution of the stellar density profile should leave the
outer regions of the stellar population unaffected. Given
that at present the half light radius of Segue 1 ~ 20 pc,
we set the profile to zero at a reasonably large radius of
300 pc.

We integrate Eq. over 12 Gyrs to obtain the evolu-
tion of each radial shell as a function of time. We find two
main effects of black hole dark matter. First, each initial
radial distance (with stars interior to it) moves outwards,
with the displacement decreasing as the radius increases.
There is no shell crossing and as stars in the outer regions
remain unaffected, we find that stars that were displaced
by black holes lead to the presence of a spherical shell
overdensity. The depletion of stars in the inner regions
leads to the prediction of a stellar ring in projection?.

3 We confirmed this assumption by repeating the analysis for a
suite of initial scale radii of a Plummer profile as well as by
assuming an isothermal sphere or a Hernquist profile as the ini-
tial distribution. All these options led to stronger constraints to
black hole dark matter.

4 Note that we ignore the effects of evaporation for two reasons.
First, the evaporation timescale is ~ O(10—100) longer than the
relaxation timescale and thus mass segregation will take place

The left panel of Figure [I] shows the present-day evolu-
tion change of the stellar deficit, 6ps/ps ~ [r(0)/r(t)]>—1
as a function of radius. Increasing the fraction of black
hole dark matter leads to a larger depletion of stars in
the center of the galaxy. A similar effect is obtained
when the fraction of black hole dark matter is fixed but
the black hole mass increases. The right panel of Fig-
ure (1] shows the projected stellar surface density profile
compared to the observed stellar profile density obtained
from the stars identified in Simon et al. [39] , binned in
radii of equal number of stars (with Poisson errors).

We use the observed distribution of stars to place con-
straints on the evolved light profile when there is a non-
zero fraction of black hole dark matter. For each assumed
value of fpy and mpy, we compute the evolved projected
stellar surface density profile and compare it with the ob-
served stellar profile [39]. We assign a x? test statistic
to each choice of fpy and mpy and compute the corre-
sponding p—value for 3 degrees of freedom. The result is
shown in Figure 2] Black hole fractions greater than 6%
(20%) for mpy = 30Mg (mpu = 10My) are ruled out
at the 99.9% confidence level. Figure [2| compares our re-
sults to previous constraints from the observed half-light
radius of the Eridanus IT dwarf galaxy [28], microlensing
studies [10, [IT], CMB photoionization limits from accre-
tion onto primordial black holes [20] and constraints from
wide binaries in the Milky Way [I4]. The light profile
of Segue 1 improves constraints on masses greater than
6Ms.

The above constraints can be improved if future ob-
servations would reveal more stars in Segue 1 (as well
as other dwarf galaxies). Figure [3| show a simulated
smoothed projected stellar density of Segue 1 in the
case where there is no black hole dark matter present
(left panel) and when 1% of dark matter is in 10 Mg
black holes (middle panel). Mass segregation depletes
the core, however with current observations fpm = 1%
in mpg = 10Mg is still allowed (see Figure [2). The
half-light radius in both cases is within the error of the
currently assumed half-light radius of Segue 1, so in the
absence of any additional information it is impossible to
distinguish between the two cases. For comparison, the
right panel of Figure [3| depicts the projected surface den-
sity profile at the currently excluded case where 10% of
the dark matter is in black holes of mass mpg = 30Mg.

A future improvement to our analysis could involve
a Fokker-Planck code of a three component system with
stars, a fraction of dark matter in massive black holes and
the rest distributed smoothly (as in the case of particle
dark matter). The resulting 3 coupled partial differential
equations will fully describe the evolution of all three
components over time.

well before any effects of evaporation appear. Second, evapo-
ration would deplete stars from the inner regions and therefore
augment the effects we observe here.
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FIG. 2: Constraints from the distribution of stars in Segue 1
on the fraction of dark matter in the form of black holes,
fpom, as a function of black hole mass mpu. The solid
(dashed) black contour corresponds to a p-value of 0.001 for
the most (least) conservative case where the velocity disper-
sion of Segue 1is 4.1 kms™* (2.7kms™" ). We also show limits
from the evolution of the half light radius of the Eridanus II
dwarf galaxy as well as other ultra faint dwarfs (UFDs) [2§],
Milky Way wide binaries (using the 25 most halo like binaries)
[14], microlensing limits from Eros-2 [II] and MACHO exper-
iments [10], and constraints from CMB photoionization from
accretion onto primordial black holes [20]. In all these cases,
the solid lines correspond to the most conservative choice of
parameters in these calculations while the thin dashed lines
correspond to the least conservative choices. The stellar dis-
tribution in Segue 1 improves constraints for masses greater
than 6 M.

In summary, we have shown that the light profile of
dwarf galaxies can be used to constrain the abundance
of stellar-mass black holes a the dark matter. We used
Segue 1 as a generic example to demonstrate the effects
of relaxation and mass segregation. Our main results
are: (i) mass segregation in dwarf galaxies leads to the
depletion of stars in the central regions of dwarf galaxies,
and the projected stellar surface density develops a ring
of higher stellar density; (ii) Segue 1 data implies that
black hole dark matter fractions greater than (6%, 20%)
with mpy = (30Mg, 10Mg) are excluded at the 99.9%
level. If future observations of dwarf galaxies show the
presence of a ring in the projected stellar surface den-
sity then it will be possible to infer the fraction of dark
matter made of heavy black holes with implications on
primordial black holes, early universe cosmology and in-
flation.
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FIG. 3: Simulated effects of mass segregation in Segue 1. Left: projected stellar mass density in the case where there is no
black hole dark matter and the dark matter distribution is smooth. Middle: Similar to left, with 1% of the dark matter in
10 Mg black holes. Mass segregation leads to the depletion of stars at the center and the presence of a ring in the projected
stellar density. In both cases (left and middle panels), the half-light radius is within the observed range of 29f§ pc. With the
current amount and quality of data it is not possible to distinguish between these two cases; however, future observations may
be able to constrain such models with an increase in the number of observed member stars. Right: An example where 30 Mg
black holes constitute 10% of the dark matter density. This scenario is ruled out by current observations.
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