PHYSICAL REVIEW D 104, 043013 (2021)

Density spikes near black holes in self-interacting dark matter halos
and indirect detection constraints

Gerardo Alvarez®" and Hai-Bo Yu'
Department of Physics and Astronomy, University of California, Riverside, California 92521, USA

® (Received 30 December 2020; accepted 16 July 2021; published 17 August 2021)

Self-interacting dark matter (SIDM) naturally gives rise to a cored isothermal density profile, which is
favored in observations of many dwarf galaxies. The dark matter distribution in the presence of a central
black hole in an isothermal halo develops a density spike with a power law of 7~7/4, which is shallower than
r~7/3 as expected for collisionless dark matter (CDM). Thus, indirect detection constraints on dark matter
annihilations from the density spike could be relaxed in SIDM. Taking the most dense satellite galaxy of the
Milky Way Draco as an example, we derive upper limits on the annihilation cross section and the black hole
mass for both SIDM and CDM halos. For the former case, Draco could host an intermediate mass black
hole even if dark matter is composed of thermal relics. We further explore the constraints from the
Milky Way and M87, which host supermassive black holes, and show the upper limits on the annihilation
cross section are significantly weakened in SIDM. Our results also indicate that the Event Horizon

Telescope could provide a unique test of SIDM spikes.

DOI: 10.1103/PhysRevD.104.043013

I. INTRODUCTION

It is well established that dark matter makes up about
85% of the mass in the Universe [1]. Indirect searches of
high-energy standard model particles originating from dark
matter annihilations or decays provide an important way of
understanding its nature. Of central importance to the
indirect detection search is the distribution of dark matter
within galactic halos. In the prevailing scenario of dark
matter, it is composed of collisionless thermal relics.
Numerical simulations show that collisionless dark matter
(CDM) typically produces a Navarro-Frenk-White (NFW)
density profile in the halo [2,3], which has a characteristic
feature of p(r) « r~! toward the center [4]. It has also been
established that virtually all large galaxies host central
supermassive black holes, see, e.g., [5]. The presence of a
central black hole could alter the dark matter density profile
in the inner halo, and for the standard NFW profile a
density spike, p(r) « r~7/3, could form near a black hole
that grew adiabatically [6]. The high density of the spike
could boost the dark matter annihilation rate. For example,
the Milky Way hosts a central supermassive black hole with
mass ~4 x 10° M, [7,8]. Dark matter annihilations could
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produce very bright sharp signals that may be visible as a
point source in the galactic center, see, e.g., [6,9—-14].
References [15,16] show that observations from the M87
galaxy have excluded thermal relic dark matter in the
presence of a CDM spike near its 6.5 x 10° M, black hole.

It is less known observationally whether small dwarf
galaxies, like satellite galaxies of the Milky Way, may host
central black holes with intermediate masses. Interestingly,
one could derive constraints on the central black hole mass
in the satellites using dark matter indirect detection
observations. For example, for the thermal relic scenario
with an s-wave annihilation cross section, the central black
hole mass cannot be higher than ~10°~10° M, in Draco
[17], the most dense satellite of the Milky Way, otherwise
the flux of dark matter annihilation signals would surpass
the upper limit from Fermi-LAT gamma-ray observations
due to the presence of the density spike induced by the
black hole. These limits could be relaxed if the power law
of the spike is more mild. This could occur if the black hole
grows away from the center of the halo or it does not grow
adiabatically from a seed, but being brought in by mergers
[18]. In addition, mergers of black holes in the centers of
the progenitor halos could erase the density spike [19].
Gravitational scatterings between stars and dark matter
particles could also kinetically heat up the spike and reduce
its density [20,21].

In this work, we study indirect detection constraints on
dark matter spikes in self-interacting dark matter (SIDM),
see [22] for a recent review. In this scenario, dark matter has
strong self-interactions that can thermalize the inner halo
over cosmological timescales [23—-29]. Recent studies show
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that SIDM is favored for explaining diverse dark matter
distributions over a wide range of galactic systems [30-39],
implying that the inner region of dark halos might be
indeed thermalized. Reference [40] uses a conduction fluid
model and derives density profiles of SIDM particles bound
to a black hole. For a Coulomb-like self-interaction, a cen-
tral black hole can induce a density spike of p(r) o r=7/4,
which is shallower than the CDM one p(r) « r~7/3. We
apply these results to Draco, the Milky Way and M87, and
derive upper limits on the annihilation cross section. We
will show in SIDM Draco could contain central black holes
with intermediate masses ~600 My as expected in the
black hole-host galaxy relation [41], while the halo is still
composed of thermal relic dark matter. And the upper limits
can be weakened by factors of ~107 and 10° for the
Milky Way and M87, respectively. We will also show that
MS87 could be a promising target for probing SIDM spikes
with data from the Event Horizon Telescope (EHT).

The rest of the paper is organized as follows. In Sec. II,
we review density profiles of SIDM spikes near a black
hole. In Sec. III, we derive Fermi-LAT constraints on the
annihilation cross section and the black hole mass for
Draco. In Sec. IV, we discuss implications for the
Milky Way and M87. We conclude in Sec. V.

I1. SIDM DENSITY SPIKES NEAR A BLACK HOLE

We assume dark matter particles in the inner halo follow
an isotropic, quasi-equilibrium distribution due to dark
matter interactions. A Schwarzschild black hole is located
at the center of the halo with a mass of M., which is much
smaller than the total halo mass, but larger than the mass of
bound SIDM particles in the spike. Reference [40] uses a
conduction fluid model and derives density profiles of
SIDM particles bound to the black hole, which depend on
the form of the self-scattering cross section o. Consider the
parametrization o = oy(v/vy)™%, where o is the normali-
zation factor, a characterizes the velocity dependence, v is
1D velocity dispersion of the particles in the spike and v is
that of outside, the density follows a power law of

P x F—(3+a)/4 (1)

for r <ryy=GM./ v%, and the corresponding velocity
dispersion scales as v o r~'/2 [40]. With the power law
solution, it is easy to see that the energy flux transported out
of the spike due to the self-interactions L is independent of
radius, as L ~ NE/t,, where N ~ pr’® is the number of
bound particles per shell, E ~ v energy per particle and
t, = 1/(opv) relaxation time. This is the condition to have
a steady state near a black hole [42].

We see that the spike density profile becomes steeper as
a increases. Since the cross section is more suppressed in
the spike for higher a, the transport rate becomes smaller
accordingly, resulting in a higher density. The velocity
dependence of ¢ is related to particle physics realizations of

SIDM. For example, a scalar dark matter candidate could
have a self-coupling that leads to a constant cross section
and a = 0 over all scales. More generally, there exists a
scalar or vector force mediator with a mass of m . When
m, vy > my, the self-scattering is Coulomb-like, i.e., 6 o
vy* and a = 4. In the opposite limit, it is pointlike and
a =0. And in the resonant regime for attractive inter-
actions, ¢ « v;> and a =2. For a given set of mass
parameters, a may vary as well. Consider the best-fit
model in [30,43], where m, ~ 103m¢. For clusters,
vy ~ 10° km/s, the model predicts a = 4 in both spike
and its surrounding regions. For a dwarf halo with
v ~ 100 km/s, the self-scattering is pointlike in the bulk
of the halo, but becomes Coulomb-like toward the inner
spike as v increases as r~1/2, In addition, black hole and
halo masses are correlated. Thus observations of SMBHs
over different mass scales may provide a unique probe of
SIDM models.

As discussed above, the steepest spike density profile
predicted in SIDM is p o r~7/* for a = 4, which is slightly
shallower than the one predicted in CDM if the hole grows
adiabatically, i.e., p & 7~7/3. We will show that the small
difference in the logarithmic density slope could lead to
significantly different constraints from indirect detection as
the signal strength is « p?(r). We note that CDM could
have a spike profile of p « r~3/? [6]. Frequent gravitational
scatterings between stars near the black hole and CDM
particles could drive the latter to follow an isothermal
distribution [20,21]. This effect could be important for the
Milky Way, but it is negligible for Draco and M87, as we
will discuss later.

To study implications of the density spikes on indirect
detection constraints, we need to further specify inner
boundary conditions. For SIDM, we extend the spike
profile in Eq. (1) to r=2r. [40,44], where r.=
2GM./c?* is the Schwarzschild radius, and set p(r) =0
for r < 2r.. For CDM, we consider annihilation radius 7,,,
that is calculated iteratively as p(ryn) = M,/ {Cann Urel) Lage
[45,46], where (6,4,0) is the thermally averaged annihi-
lation cross section and ,,c = 10 Gyr is the age of the
system. The CDM spike density saturates to p(r,,,) at the
annihilation radius, and we further set p(r) = 0 for r < 2r.,
[44]. Note in SIDM, dark matter self-interactions could
wash out the annihilation plateau [46].

III. APPLICATIONS TO DRACO

The presence of dark matter spikes could significantly
boost indirect detection signals. In turn, if we assume dark
matter is made of thermal relics, we can derive constraints
on the mass of central black holes of galaxies using results
from dark matter indirect searches. Reference [17] consid-
ers Draco, the most dense satellite of the Milky Way, and
shows its black hole mass cannot be larger than 102-10°M,,
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Left: dark matter halo density profiles for SIDM (red) and CDM (black) halo models for the Milky Way satellite galaxy Draco

without (solid) and with (dashed) a central black hole. For the latter case, the black hole mass is assumed to be 10° M,, and the density
spike follows a power law of #~7/* and r~7/3 for the SIDM and CDM halos, respectively. A steep cutoff at around 10 kpc is due to tidal
stripping. Right: upper limits on the annihilation cross section vs the central black hole mass for the SIDM (red) and CDM (black) halos
with density spikes, based on Fermi-LAT gamma-ray observations of Draco. The dark matter mass is 10 GeV (dashed) and 1 TeV
(solid). The horizontal line denotes the canonical thermal annihilation cross section (G,n,ve) = 3 x 10720 cm3/s (dotted gray).

for the dark matter mass in the range 100 GeV-1 TeV,
based on the Fermi-LAT gamma-ray data.

Since the SIDM halo model predicts a shallower density
spike than the CDM one, we expect that the upper limits on
M. for Draco could be relaxed accordingly. To see the
difference, we first consider dark matter density profiles for
Draco without a black hole. Reference [34] fits the line-of-
sight stellar velocity dispersion of Draco with an NFW
profile and finds the best-fit values of the scale density and
radius are p, ~ 1.68 x 10’ Mg /kpc® and r; ~ 1.94 kpc,
respectively. In addition, it also considers a cored iso-
thermal density profile following the solution to the Jeans
equation v3V? In p = —47Gp with the boundary conditions
p(0) = poy and p’(0) = 0, and finds the best fit values p ~
2.55 x 108 Mgy /kpc® and vy~ 13.88 km/s. This iso-
thermal profile was first proposed to model dark matter
distributions in an inner SIDM halo [30,47] and it agrees
with N-body simulations remarkably well [33,48,49]. The
left panel of Fig. 1 (solid) shows the dark matter density
profiles for Draco inferred from fitting to stellar kinematics
as in [34], where we have extrapolated them for r = 10 kpc
using a power law of 7~ to account for tidal stripping.

We use pypike (1) = p(Fspike) (Fspike/7)” to model the spike
density profile, where ry. is the spike radius, and y = 7/4
and 7/3 for SIDM and CDM halos, respectively. For
SIDM, we set the spike radius to be the radius of influence
calculated as ry, = GM./ v%, where v, is the 1D velocity
dispersion outside of the spike. It is important to note that
vg 1s a constant over the radius for an SIDM halo and the
calculation of ry;, is self-consistent. Taking M. = 10° M
as an example and vy~ 14 km/s for Draco [34], we
find roie 2.2 pe and p(ropie) & 2.4 x 108 Mg /kpe? as

shown in the left panel of Fig. 1 (dashed red). For CDM, v,
is not a constant and it depends on radius. In this case, we
follow [21] and adopt a practical definition of ry;, through
the condition

4n / " drrp(r) = 2M., 2)
0

and the CDM spike radius is given by rg. & 0.2r, [50].
For M. = 10°Mg, we have ry, ~ 33 pc, hence rye &
6.6 pc and p(ropike) & 4.6 x 10° Mg /kpc?; see the left
panel of Fig. 1 (dashed black). Note the annihilation
radius is much smaller than the spike radius and we do
not show it in the figure. For instance, consider (6,,,v;e1) =
3x107% cm?/s and m, =100 GeV, we find ryy, ~
10~* pc for the CDM halo.

We consider dark matter annihilations to bb states, which
further produce gamma-ray signals. The differential flux
from the contribution of the smooth halo component can be
calculated as

ch)halo

_ 1 <0annvrel> d_Nj
dE

2 4am? dE

(3)

where dN/dE is the photon spectrum and J is the angular
integrated J factor given by

- Bmax
J=2zn / d0'sin 0J(0)
0

9]“'(”(
—27t/ dHSine/ dsp*[r(0,s)]. (4)
0 lLo.s
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To perform the integral along the line of sight direction,
we write 7(s,0) = \/D? + s> = 2sD cos(d), where D~
76 kpc is the distance from Earth to Draco, and we
set Gpax = 0.5°, corresponding to a solid angle of
2.4 x 107 sr. For the SIDM and CDM halos of Draco
shown in the left panel Fig. 1 (solid), we find J ~ 5.0 x
10" GeV?/cm® and 4.8 x 10'® GeV?/cm’, respectively.
We see that although the two halo models have very
different inner density profiles, their J factors are similar.
For the contribution from the density spike, we have

dq)SPike _ 1 <6ann Urel> d7N Q
dE ™=’

dE 2 m2D?

(5)
where the Q factor is calculated as

Tspike
— 2.2
Q/ drr pspike(r)
Tmin

{2/’2(’ spike) gpike(r;p—r“:e)l/ >, SIDM ©)
%p2<rspike)rgnn (%) 14/3’ CDM

where 7y, is 2r. = 4GM./c? for SIDM and the annihila-
tion radius r,,, for CDM. The annihilation radius can be
calculated as Fyny = [(Gann Uret) fageP (Fspike ) /M, )> " Fipike- FoOT
simplicity, we neglect contributions from the annihilation
plateau, which could underestimate the CDM limits on
(GanVrel) by ~30% for Draco. In addition, we have
assumed the condition rp;, < rejie in Eq. (6), which is
valid for the system we consider. For a given dark matter
mass, black hole mass and annihilation cross section, we
can calculate the expected signal flux by integrating
Eqgs. (3) and (5) for 100 MeV < E < 100 GeV, the energy
range of the Fermi-LAT gamma-ray space telescope. We
take the photon spectrum dN/dE from [51,52], and obtain
the total flux as @, = Py + Pypike- For bb final states,
the upper limit on the gamma-ray flux is @y ~
(62-5.8) x 107" cm™2s™! for m, = 10 GeV-1 TeV [17],
based on Fermi-LAT data on Draco. We vary the black hole
mass and the dark matter mass, and derive upper limits on
the annihilation cross section for the SIDM and CDM halo
models of Draco.

The right panel of Fig. 1 shows the upper limits on the
annihilation cross section vs the black hole mass for the
SIDM (red) and CDM (black) halos, where we consider
the dark matter mass m, = 10 GeV (dashed) and 1 TeV
(solid). The gray horizontal line denotes the canonical
thermal cross section (G, ;) = 3 x 10726 cm?®/s. For the
CDM halo, the thermal relic dark matter is excluded for
m, =10 GeV and 1 TeV if M. 10 Mg and 10° M,
respectively. For the SIDM halo, the upper limits on the
annihilation cross section are essentially independent of
the black hole mass, and the constraints are significantly

relaxed. Since both halo models have similar J factors for
the smooth component, the difference in the M. bounds is
caused by their different spike profiles. Observationally, it
is unknown whether Draco has a massive central black
hole. If we extrapolate the black hole-host galaxy relation
[41] to Draco, it could host a black hole with M, ~ 600 M.
In this case, SIDM could be composed of thermal relics, but
CDM could not be for m, <1 TeV. In the limit where the
spike is negligible, our analysis shows thermal relic dark
matter is allowed for both halo models with m, ~ 10 GeV.
Reference [17] finds a stronger limit of m, 2 30 GeV for a
CDM halo. This is because it considers a density profile
with J = 1.20 x 10" GeV?/cm?, which is a factor of 2.5
higher than our case.

SIDM predicts a weaker density spike near a central
black hole. For the satellite galaxies like Draco, the
presence of such a spike does not strengthen constraints
on the SIDM annihilation cross section unless the black
hole mass is much larger than 107 Mg, which is impossible
for those systems given their small masses. As estimated in
[35], the halo mass of Draco is about 2 x 108 M, with a
4 x 10° My, progenitor falling into the tidal field of the
Milky Way. In this work, we focus on dark matter
annihilations to bb, as it is one of the most studied channels
in dark matter indirect detection, but it is straightforward to
extend to other channels as well. In addition, we could
interpret our results in terms of a specific particle physics
model of SIDM, combining with other constraints, see.
e.g., [53-61]. It is also interesting to note that Draco was
considered as a challenging case for SIDM [62,63] as it has
the highest dark matter content among the Milky Way
satellites, but both dark matter self-interactions and tidal
interactions are commonly expected to produce a shallow
density core for a satellite galaxy. Recent works show the
interplay of the two effects could actually lead to an
opposite consequence, resulting in a high central density,
due to the onset of SIDM core collapse [35,36,64—66].
Reference [35] uses N-body simulations and demonstrates
that the isothermal density profile of Draco shown in the
left panel of Fig. 1 can be produced in SIDM.

IV. IMPLICATIONS FOR THE MILKY
WAY AND M87

We consider the Milky Way, which hosts a central black
hole mass with M, ~4 x 10° Mg, [7,8]. Such a massive
black hole could significantly enhance the spike density
and boost indirect detection signals accordingly. Taking
Fermi-LAT observations of the Galactic Center in gamma
rays, Ref. [67] derives stringent upper limits on the annihi-
lation cross section for a pure NFW profile and finds
(CannVrel) S 4 x 107289 x 1075 cm? /s for m,~10GeV-
10TeV and the bb channel. We recast these limits to
constrain (6,,,7,¢) in the presence of a density spike near
the black hole for in both SIDM and CDM. In our study, we
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FIG. 2. Left: upper limits on the annihilation cross section for the Milky Way with a central black hole mass of M. = 4 x 10° Mg, in
the presence of SIDM (solid red) and CDM (solid black) spikes, compared to the case assuming a pure NFW halo (dashed black) from
[67]. Right: similar to the left panel, but for the M87 galaxy with M. = 6.5 x 10° M. The NFW limits are from [15]. For both panels,
the horizontal line denotes the canonical thermal annihilation cross section {6, ve1) = 3 x 10726 cm?/s (dotted gray).

demand that the predicted signal flux with a spike should
not exceed the one expected from a pure NFW halo as
in [67].

We first calculate the normalization factor for the flux.
We assume an NFW density profile for the Milky Way halo
with r; = 26 kpc and p, = 4.1 x 10% Mg /kpc?, consistent
with the mean values used in [67]. The J factor takes
the form J = [d¢db [, dsp*[r(¢,b,s)] where b and £
are Galactic latitude and longitude, respectively, and
r(€,b,s) = \/D*+ s> —2sDcos(£) cos(b) with D=
8.25 kpc. We integrate both » and ¢ from —20° to 20°,
in accord with the signal region in [67], and find
J =2.9x10%* GeV?/cm’. For a given dark matter mass,
we take the corresponding upper limit on (6,,,v,) from
[67] and convert it into an upper limit on the differential
gamma-ray flux using Eq. (3).

Unlike Draco, the stellar mass dominates the inner
regions of the Milky Way and SIDM thermalization with
a deep baryonic potential could lead to a high density with
a negligible core size [47], as dense as an NFW halo; see
[68] for an example. Thus we can approximate the
Milky Way halo in SIDM with the NFW profile for
r > rgie and match it with the spike p(r) o r=7/* for

2r. < r < ryike = r'oh = GM /v, where we estimate the

1D velocity dispersion as vy = Upu/V3 and v, =
1.64r,\/Gp, [30]. The presence of the stellar mass could
further increase v(, resulting in smaller ry,. Thus our
estimation of v, could lead to a conservative limit on
(6anrer) We then calculate the Q factor given in Eq. (6)
for the SIDM spike. For CDM, we follow the procedure
discussed for Draco to calculate the spike density and
radius. For 2r, < r < rg;., we take the inner profile to be

the geometric mean between the annihilation density and
the Spike density, i~e~> pspike(r)p(rann>/[p(rspike) + p<rann)];
for r <2r., p(r) =0 [6]. For the Milky Way, we find
Fepike = 1.7 pc and 20 pc for SIDM and CDM spikes,
respectively.

The left panel of Fig. 2 shows the upper limits on the
annihilation cross section from the Milky Way after taking
into account SIDM (solid red) and CDM (solid black)
spikes, compared to the ones assuming a pure NFW halo
(dashed black) from [67]. For SIDM, the presence of the
SMBH has a mild effect and only increases the upper limits
on (Gaun ) by order unity. In the presence of a CDM
spike, the limits are a factor of 4 x 108 stronger, compared
to the pure NFW case. Thus the thermal relic scenario is
ruled out for the entire mass range in CDM, while it is
allowed for m, 2 TeV in SIDM. For a CDM spike of
p(r) & r=3/2, caused by dynamical heating by stars, we find
the limits are similar to the SIDM ones.

Lastly, we consider the supergiant elliptical galaxy M87,
which hosts a central black hole mass with M.~ 6.5 x
10° Mg [69,70]. Reference [15] assumes a spike with
p(r) &< r~73 for M87, and derives upper limits on the
annihilation cross section to bb as (CannVrel) S 6 X
1073010726 cm?/s for the dark matter mass in a range
of m, ~ 10 GeV-100 TeV, a factor of 100 stronger com-
pared to a pure NFW halo. Thus, for CDM, thermal relic
dark matter has been excluded for the entire mass range for
MS87. Compared to the Milky Way, M87 is dynamically
young and the CDM spike is expected to survey as
gravitational heating is insufficient [15].

We recast the limits to the case with an SIDM spike,
using the approach for the Milky Way discussed previously.
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For the MS87 halo, we take the NFW parameters
ry=20kpc and p, = 6.6 x 10° Mg, /kpc® following [15].
The right panel of Fig. 2 shows the upper limits on the
annihilation cross section from MS87 after taking into
account SIDM (solid red) and CDM (solid black) spikes.
Our CDM limits are stronger than those in [15] by a factor
of 2.6, as we take the inner boundary to be 2r, [44], smaller
than theirs 4r.. For SIDM, the presence of the SMBH
increases the upper limits on (6,,,0,;) by a factor of 40,
compared to the case with a pure NFW halo (dashed black).
For a CDM spike, the limits are a factor of 4 x 10° stronger.
Thermal relic scenario is excluded in CDM, while it is
allowed for m, 2 20 GeV in SIDM. This lower bound is
weaker than the Milky Way one, m, 2 2 TeV.

Another exciting aspect about the M87 target is that the
EHT could resolve the dark matter density profile near
the hole, due to its unprecedented angular resolution.
Reference [16] shows the EHT is sensitive to synchrotron
emission induced by dark matter annihilations and the
radiation from the annihilations could further enhance the
photon ring around the shadow of the black hole. For a CDM
spike with the b channel, it Shows (G vre1) < 3 x 10731 for
m, = 10 GeV, based on previous data releases from the EHT
collaboration [71,72]. We estimate the EHT sensitivity as
(CannVret) S 10727 cm?/s with m, ~ 10 GeV for an SIDM
spike, which is comparable to the upper limit from the
Milky Way; see the left panel of Fig. 2. Thus the EHT
provides an interesting test of thermal SIDM models.
Recently, the EHT collaboration observed the black hole
shadow of M87 for the first time [70]. It would be of interest
to take their new results and further test the nature of dark
matter, which we leave for future work.

V. CONCLUSIONS

Dark matter density spikes may form in the presence of a
central black hole in galaxies. We have studied indirect
detection constraints on dark matter annihilations after taking
into account spikes predicted in SIDM and CDM models. For
Draco, the upper limits on the cross section are not sensitive
to the presence of an SIDM density spike (p o r~7/%), if the
black hole mass is reasonable for the system we consider. In
contrast, the possibility of an existing intermediate black hole
in Draco has been excluded for thermal relic CDM, as it
predicts a steeper spike profile (p o« r~7/3). We further
studied constraints from the Milky Way and M87, which
host central supermassive black holes, and found that the
upper limits on the annihilation cross section can be
significantly weakened in SIDM. Observations from both
galaxies exclude a thermal relic scenario for CDM for s-wave
annihilations, but it is still allowed for SIDM. In addition,
EHT observations of the M87 black hole can further probe
the presence of an SIDM spike. In the future, we could study
the distribution of SIDM particles near a black hole in the
strong gravitational limit, which might be important for
understanding growth of supermassive black holes in the
early Universe, see., e.g., [73-75].
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