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constraints from the accumulated cosmological data offers a
more robust method to characterise its nature.

The consequence of DM interactions with SM particles is
to dampen the primordial matter fluctuations and essentially
erase all structures below a given scale (referred to as the
collisional damping scale) [32–34]. The effect is exacerbated
when DM couples to photons and therefore, one can set a
strong upper limit on the DM–⇥ interaction cross section by
examining the resulting CMB spectra.

In fact, a non-zero DM � ⇥ coupling has two specific
signatures. Firstly, as was shown in Ref. [33], large
interactions lead to the presence of significant damping in
the angular power spectrum, which can be constrained using
the position and relative amplitude of the acoustic peaks.
Secondly, after DM ceases to interact with photons, the
collisional damping is supplemented by DM free-streaming4;
this appears as a ‘linear’ translation of the matter power
spectrum and can also be constrained (if the effect is
substantial enough). Therefore, with the first data from the
Planck satellite [41], one can set a limit on DM–⇥ interactions
with unprecedented precision.

In this study, we extend the preliminary analysis of
Ref. [33] much further and show that a non-negligible DM–⇥
coupling also generates distinctive features in the temperature
and polarisation power spectra at high ⌅. One can use these
effects to search for evidence of DM interactions in CMB data
and determine (at least observationally) the strength of DM–⇥
interactions that we are allowed. This work will be extended
to other DM interactions in a future publication.

The paper is organised as follows. In Sec. II, we discuss
the implementation of DM–⇥ interactions and the qualitative
effects on the T T and EE components of the angular power
spectrum. In Sec. III A, we constrain these interactions by
comparing the spectra to the latest Planck data, and find the
best-fit cosmological parameters. In Sec. III B, we present our
predictions for the temperature and polarisation spectra for the
maximally allowed value of the elastic scattering cross section
that we obtain. We conclude in Sec. IV.

II. IMPLEMENTATION OF THE DM–⇥ INTERACTIONS

In this section, we recall the modified Boltzmann equations
used to incorporate interactions of DM with photons [33] and
discuss their implementation in the Cosmic Linear Anisotropy
Solving System (CLASS) code5 (version 1.7) [42, 43].

The current version of CLASS offers a choice between two
gauges for the definition of cosmological perturbations: the
Newtonian gauge, and the synchronous gauge comoving with
DM (see e.g. Ref. [44]). In the presence of coupled DM, the
synchronous gauge equations should be slightly reformulated

4 Assuming the DM–⇥ decoupling happens before the gravitational collapse
of such fluctuations and the DM velocity is not completely negligible at
this time; this offers a way to determine the decoupling epoch.

5 class-code.net

since the gauge can be fixed by imposing ⌅DM = 0 at the initial
time but not at all times. For simplicity, we implemented
the DM–⇥ interactions in the Newtonian gauge only. All
equations in this section refer to that gauge, assuming a flat
universe and taking derivatives with respect to conformal
time, ⌥. Our notation is consistent with Ref. [44].

A. Modified Boltzmann equations

In the absence of DM interactions, the Boltzmann equations
simplify to the following Euler equations:

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (1)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥
� ⇤̇(⌅⇥ �⌅b) , (2)

⌅̇DM = k2��H ⌅DM , (3)

where ⌅b, ⌅⇥ and ⌅DM are the baryon, photon and DM velocity
divergences respectively. �⇥ and ⌃⇥ are the density fluctuation
and anisotropic stress potential associated with the photon
fluid, � is the gravitational potential, k is the comoving
wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ⇥
(3/4)(⇧b/⇧⇥) is the ratio of the baryon to photon density, cs
is the baryon sound speed and ⇤̇ ⇥ a ⌃Th c ne is the Thomson
scattering rate (the scale factor, a, appears since the derivative
is taken with respect to conformal time).

DM–⇥ interactions are accounted for by a term analogous
to �⇤̇(⌅⇥ �⌅b) in the DM and photon velocity equations. The
new interaction rate reads µ̇ ⇥ a ⌃DM�⇥ c nDM, where ⌃DM�⇥ is
the DM–⇥ elastic scattering cross section, nDM = ⇧DM/mDM
is the DM number density, ⇧DM is the DM energy density and
mDM is the DM mass (assuming that DM is non-relativistic)6.
Thus, the Euler equation for photons receives the additional
source term �µ̇(⌅⇥ �⌅DM).

In order to conserve energy and account for the momentum
transfer in an elastic scattering process, the source term in the
Euler equation for DM has the opposite sign and is rescaled
by a factor S ⇥ (3/4)(⇧DM/⇧⇥), which grows in proportion to
a. Thus, the Euler equations become

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (4)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥

�⇤̇(⌅⇥ �⌅b)� µ̇(⌅⇥ �⌅DM) , (5)

⌅̇DM = k2��H ⌅DM �S�1µ̇(⌅DM �⌅⇥) . (6)

The DM–⇥ elastic scattering cross section, ⌃DM�⇥, can
be either constant (like the Thomson scattering between
photons and charged particles) or proportional to temperature,
depending on the DM model that is being considered.

6 Intuitively, one can understand why µ̇ must be proportional to the cross
section and the DM number density; if either the number of DM particles
or the cross section is completely negligible, the photon fluid will not be
significantly modified by a DM–⇥ coupling.
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wavenumber, H = (ȧ/a) is the conformal Hubble rate, R ⇥
(3/4)(⇧b/⇧⇥) is the ratio of the baryon to photon density, cs
is the baryon sound speed and ⇤̇ ⇥ a ⌃Th c ne is the Thomson
scattering rate (the scale factor, a, appears since the derivative
is taken with respect to conformal time).

DM–⇥ interactions are accounted for by a term analogous
to �⇤̇(⌅⇥ �⌅b) in the DM and photon velocity equations. The
new interaction rate reads µ̇ ⇥ a ⌃DM�⇥ c nDM, where ⌃DM�⇥ is
the DM–⇥ elastic scattering cross section, nDM = ⇧DM/mDM
is the DM number density, ⇧DM is the DM energy density and
mDM is the DM mass (assuming that DM is non-relativistic)6.
Thus, the Euler equation for photons receives the additional
source term �µ̇(⌅⇥ �⌅DM).

In order to conserve energy and account for the momentum
transfer in an elastic scattering process, the source term in the
Euler equation for DM has the opposite sign and is rescaled
by a factor S ⇥ (3/4)(⇧DM/⇧⇥), which grows in proportion to
a. Thus, the Euler equations become

⌅̇b = k2��H ⌅b + c2
s k2�b �R�1⇤̇(⌅b �⌅⇥) , (4)

⌅̇⇥ = k2�+ k2
�

1
4

�⇥ �⌃⇥

⇥

�⇤̇(⌅⇥ �⌅b)� µ̇(⌅⇥ �⌅DM) , (5)

⌅̇DM = k2��H ⌅DM �S�1µ̇(⌅DM �⌅⇥) . (6)

The DM–⇥ elastic scattering cross section, ⌃DM�⇥, can
be either constant (like the Thomson scattering between
photons and charged particles) or proportional to temperature,
depending on the DM model that is being considered.

6 Intuitively, one can understand why µ̇ must be proportional to the cross
section and the DM number density; if either the number of DM particles
or the cross section is completely negligible, the photon fluid will not be
significantly modified by a DM–⇥ coupling.

without DM interactions with DM interactions

Testing the DM microphysics

8

We can use Eq. (23e) and Eq. (23g) to obtain approxi-
mative expressions for the photon polarizations

G�0 = �2⌧
2

Ġ�0 + 2�� +G�2 +O(⌧c
3)

=
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2
�� � 25

4
⌧
2

�̇� +O(⌧c
3) , (55a)
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◆

+
2

9
�� +

1

9
G�0 +O(⌧c
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⌧
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�̇� +O(⌧c
3) . (55b)

These expressions are also used to give initial conditions
for the integration of the full Boltzmann hierarchy (c.f.
Eq. (24)), once the approximation of tight coupling loses
it’s validity. We find for the photon shear at first order
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and to second order we obtain
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(57)
Finally, a comment on the validity of the tight coupling

approximation is in order. We identified three conditions,
⌧c H ⌧ 1, ⌧c k ⌧ 1, and ⌧c µ̇ ⌧ 1, of which the former
two are also present in ⇤CDM. For the latter we find in
the early universe, before the epoch of recombination

⌧cµ̇ = u
DM��

⇢
DM

100GeV

1

ne
' 10�2 u

DM��
⌦

DM,0

⌦b,0
. (58)

The critical values of ⌧c H and ⌧c k, that determine when
the tight coupling approximation is no longer valid, and
one needs to integrate the full Boltzmann equations, are
larger than 10�3. Therefore the additional requirement
on ⌧cµ̇ is automatically satisfied in all scenarios with re-
alistic cosmological parameters as long as u

DM�� . 0.01.

E. Impact on CMB spectra

The e↵ects of dark matter-photon scattering on the
CMB temperature and polarization spectra have been
discussed in Ref. [12, 16] and are shown in Fig. 1. There
are three major e↵ects: (a) the reduction in magnitude of
the acoustic peaks at small scales by collisional damping,
(b) a shift in the position of the largest Doppler peak
towards higher multipoles caused by the decreased sound
speed of the plasma, and (c) the enhancement of the first
acoustic peaks due to a decrease in the photon’s di↵usion
length.

To compare our results with those of previous works
we ran the same code as was used in Ref. [12]. The main
discrepancy between our work and previous approxima-
tions is a slightly di↵erent expression for the tight cou-
pling approximation (see Eq. (49) and comments above).
Comparing the CMB angular power spectra obtained
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FIG. 1. The temperature, E-mode polarization, and TE
cross correlation CMB angular power spectra computed from
Planck best-fit parameters (⇤CDM) and in the presence of
a non-zero dark matter-photon scattering cross section. Red
data points show the errors bars associated with the Planck
best fit model.

with both codes, we find that the largest di↵erences oc-
cur for the temperature spectrum and can reach up to
10 µK2. However, the code used in Ref. [12] is based
on CLASS version 1.6, and CLASS itself has undergone
major changes since then [35]. Moreover, the default val-
ues of many cosmological and precision parameters in
CLASS, such as e.g. the parameters describing reioniza-
tion or the primordial helium abundance during BBN,
have changed, and, for a meaningful comparison, they
need to be set to the same value in all codes by hand. To
determine the importance of the tight coupling regime,
we transfered the code used in Ref. [12] to an up-to-date
version of CLASS. The resulting di↵erences are depicted
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Ġ�0 + 2�� +G�2 +O(⌧c
3)

=
5

2
�� � 25

4
⌧
2

�̇� +O(⌧c
3) , (55a)

G�2 =
10⌧

2

9

✓

2k

5
G�1 � Ġ�2
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have changed, and, for a meaningful comparison, they
need to be set to the same value in all codes by hand. To
determine the importance of the tight coupling regime,
we transfered the code used in Ref. [12] to an up-to-date
version of CLASS. The resulting di↵erences are depicted
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Following this procedure, we find that for 40 GeV par-
ticles, the annihilation cross section can be as large as
⌅v ⇤ 1.5 � 2.5 10�26cm3/s in our galaxy without being
in conflict with the FERMI data. This suggests that an-
nihilations in the primordial Universe were either occuring
mostly into particles other than electrons (and positrons) or
the velocity-dependent term in the pair annihilation cross
section into electrons is important (⌅v = a + bv2 with
a > b). For 100 GeV particles, the annihilation cross section
is about ⌅v ⇤ 7 10�26cm3/s. This is somewhat larger than
the canonical thermal annihilation value required to explain
all the dark matter today (namely 3 10�26cm3/s) but is still
compatible with the FERMI measurement of the electron
+ positron flux in the Milky Way. Such a ⌅v value could
suggest scenarios in which the annihilation cross section is
enhanced in the galaxy due to the small velocity dispersion
of the dark matter particles in the halo (c.f. the Sommer-
feld enhancement). Hence constraints from spheroidal dwarf
galaxies (dSph) may apply.
Although the FERMI limits on dark matter candidates ob-
tained from dSph are stringent, they do depend on the dark
matter mass and most notably on the adopted dark matter
profile. Using PLANCK data would therefore provide addi-
tional constraints and a means to cross check the FERMI
results.

3 “DARK” SYNCHROTRON EMISSION

In what follows, we will display the most significant syn-
chrotron map predictions. We focus on annihilating dark
matter particles. We use the “MED” (corresponding to
L = 4 kpc, � = 0.7, K0 = 0.0112 kpc2/Myr) and “MAX”
(corresponding to L = 15 kpc, � = 0.46, K0 = 0.0765
kpc2/Myr) set of propagation parameters. As demonstrated
in our previous work Bœhm et al. (2010), a smaller di�u-
sion zone (corresponding to the “MIN” set of parameters)
will lead to a more confined “dark matter”synchrotron emis-
sion (brighter in the centre and fainter outside) while a more
optimistic model of propagation (“MAX”) would lead to a
brighter emission at larger latitude and longitude. Of course,
the relative brightness of the emission at each frequency is
a�ected by the choice of propagation parameters but, in this
Letter, we do not attempt to perform a detailed analysis of
the propagation parameters. We only point out that if prop-
agation of cosmic rays in our galaxy is correctly described
by the “MED” and “MAX” parameter sets, PLANCK may
have the ability to constrain the dark matter mass.
To produce the dark matter-related synchrotron maps, we
assume a monochromatic emission (i.e. one frequency corre-
sponds to a single value of the electron energy). The relation
between injection energy and frequency then reads:

⇤max = 16 MHz ⇥
�n
2

⇥2
⇥

�mdm

GeV

⇥2
⇥

⇤
B

µG

⌅
.

This well-known relation indicates that small dark matter
masses cannot “shine” at high frequencies unless the mag-
netic field is very strong. Although obvious, this property
turns out to be very important for dark matter searches.
In Fig. 1, we show that 10 GeV dark matter can shine at 33
GHz if the magnetic field is about 25 µG. However, no signal
is expected at higher frequencies unless the magnetic field

Figure 1. Synchrotron maps for 10 GeV dark matter particles,
B = 25µG. We use the MED parameter set and assume annihilat-
ing particles. The emission from astrophysical sources is displayed
in the left column; the dark matter prediction is shown in the mid-
dle panel and the sum of the two contributions is dispayed in the
right panel.

Figure 2. Synchrotron maps for 40 GeV dark matter particles,
B = 3µG. We use the MED parameter set and assume annihilat-
ing particles.

is stronger. The intensity of the emission is large enough to
be within the reach of PLANCK sensitiviy. The dark mat-
ter signal is very bright at the centre, as can be expected
from the large value of the magnetic field (the latter indeed
confines the electrons in the centre). However the sum of
the two contributions is bright enough at high latitudes to
have a chance of being detected by the LFI. This is consis-
tent with previous dark matter analyses performed in the
context of the WMAP haze (Hooper & Linden 2011). In-
terestingly enough, for such parameters one also expects a
radio signature in the galactic centre. As shown in Bœhm
et al. (2001); Boehm et al. (2010), one expects the radio
emission to be about ten times smaller than the emission
attributed to the central black hole. Therefore, in princi-
ple, the estimate of the radio emission should set a stronger
limit on the cross-section. I.e. it is likely to constrain cross-
sections greater than ⌅v ⇤ 2 10�27 cm3/s. Nonetheless, one
still expects a visible signal in PLANCK/LFI and no signal
in HFI.
When the mass is about 40 GeV and the magnetic field is
close to the average value in the whole galaxy (cf. Fig. 2),
one observes an extinction of the dark matter contribution

Figure 3. Synchrotron maps for 100 GeV dark matter particles,
B = 3µG. We use the “MED” parameter set and assume annihi-
lating particles.
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Figure 1: Exposure map after ten years (1258 orbits) of INTEGRAL/SPI observations, in units of cm2 s.
The e↵ective area of SPI at photon energies around 511 keV is about ⇡ 75 cm2. Ret II is located at
(l/b) = (266.30�/ � 49.74�) with an exposure of 250 ks. From Siegert et al. (2016a) [2].

Sameth et al. (2015) [10] reported a 2.3 to 3.7�
excess in 2-10 GeV gamma-rays which may either
be interpreted as due to annihilation of DM par-
ticles or could be associated with cosmic-ray/gas
interactions.

The visible detection of Ret II was a result of
analysing data from the DES [1]. The DES in-
tends to study the accelerated expansion of the
Universe as discovered by Riess, Perlmutter, and
Schmidt [11, 12], which is substantiating the stan-
dard cosmological model ⇤CDM. Here, the Uni-
verse ”consists” of about 70% dark energy (⇤), and
about 30% matter. The latter ingredient is believed
to be about 80% DM, which may have decoupled
earlier than baryonic matter after the Big Bang,
and which is made responsible for the formation of
structure in the Universe (hence it must be ”cold”).
According to this theory, and reinforced by large
scale DM simulations, galaxies formed in large DM
haloes. These simulations also predict a large num-
ber of DM sub-haloes in which the satellite galaxies
should be found. However, the number of known
satellite galaxies of the Milky Way (⇡ 40) is about
one order of magnitude below the number of pre-
dicted DM sub-haloes. This is known as the ”miss-
ing satellite problem”.

Since the first clear and full-sky mapping of the
galactic 511 keV line by INTEGRAL/SPI [13], and
the similarity to DM density profiles, it was sug-
gested that the 511 keV signal in the Milky Way
may be related to DM particle annihilations [14].
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Figure 2: INTEGRAL/SPI spectrum (black data
points) from the position of Ret II with 250 ks
exposure. The red solid line represents the best
fit spectrum of a Gaussian-shape line at 510.8 ±
0.4 keV, on top of a constant o↵set of (5.4 ± 2.2) ⇥
10�6 ph cm�2 s�1 keV�1, representing the contin-
uum. The line shows a flux of (1.70 ± 0.54) ⇥
10�4 ph cm�2 s�1 and an astrophysical line width
of 1.2±0.8 keV (FWHM) above instrumental reso-
lution. The blue, dark grey, and light grey contours
indicate the 1, 2, and 3� uncertainty bands to the
fit.

If the galactic signal was due to DM only, also
some of the DSGs should show a measurable sig-
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to be about 80% DM, which may have decoupled
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should be found. However, the number of known
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Figure 9.1: DM energy density as a function of the distance from the center, for a DM spike
with “sp = 7/3. DM annihilations soften the central spike di�erently, depending on the DM
mass and cross-section (as illustrated by the dashed and solid lines for a fixed DM mass and two
di�erent values of the annihilation cross-section).

B(r) Ã r≠5/4 toward the center, as discussed in Aloisio et al. (2004); Regis & Ullio (2008):

B(r) =

Y
_____]

_____[
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3
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racc Æ r < rc

B0 r Ø rc.

(9.1)

We take B0 = 10 µG for the large scale value of the magnetic field outside the inner cocoon of
radius rc ≥ 10 kpc observed for instance with LOFAR (de Gasperin et al., 2012). Regis & Ullio
(2008) estimate the radius of the accretion region in the MW as racc = 2GMBH/v2

flow, where
vflow ≥ 500–700 km s≠1 is the velocity of the Galactic wind at the center of the MW. Here we
assume similar characteristics for the wind at the center of M87, so we just rescale the BH mass.
For the MW, the size of the accretion region is ≥ 0.04 pc. Considering that the BH in M87 has
a mass approximately 1.5 ◊ 103 times larger than Sgr A*, we estimate racc ≥ 60 pc in M87. The
resulting equipartition magnetic field can reach very large values at the center, typically up to
1010–1011 µG in the very inner region, which is at least eight orders of magnitude larger than
the values usually considered in the MW.

Given the large values of the magnetic field that we consider here, energy losses are indeed
dominated by synchrotron losses, so btot(E, r) = bsyn(E, r). Moreover, due to the very large
synchrotron losses, electrons and positrons produced in DM annihilations in the inner region are
expected to stay confined to their site of injection, i.e. essentially in a sphere of radius Rsp. This
means that we can safely disregard spatial di�usion.

We compute the prompt and synchrotron emission as explained in Chapters 2 and 4 respec-
tively. We recall the expression for the prompt di�use “-ray intensity, Iprompt

‹,f

(◊) for annihilation
channel f , at angle ◊ from the center, given in Eq. (2.12):

‹Iprompt
‹,f

(◊) = E2
“

dn
f

dE
“
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-----
prompt

=
E2

“

4fi

È‡vÍ
f

÷m2
DM

dN
“,f

dE
“

⁄

l.o.s.
fl2 (r(s, ◊)) ds, (9.2)

Spikes in the DM density distribution
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where the integral is performed over one orbit.
The initial phase-space function fi(Ei, Li) is known, so in order to find the final distribution

ff(Ef , Lf), one needs to express Ei as a function of Ef using the conservation of the radial action.
In the initial state, the radial action is determined by the initial profile fli(r) = fl0 (r/r0)≠“ . In
the final state, the BH is assumed to dominate the gravitational potential, so �f ¥ ≠GMBH/r.
This assumption is justified since we are interested in a region close enough to the BH. Under
this assumption, the radial action in the final state can be computed analytically and reads
J

r,f(Ef , Lf) = 2fi[≠Lf +GMBH(≠2Ef)≠1/2]. The initial radial action can be computed numerically
or interpolated (Gondolo & Silk, 1999), and the final result is obtained by performing the double
integral in Eq. (3.12). The final profile, valid up to the spike radius Rsp, is thus given by

flsp(r) © flf(r) = flRg
“

(r)
A

r

Rsp

B≠“

sp

, (3.16)

where

“sp = 9 ≠ 2“
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The factor g
“

(r) which accounts for capture of DM particles by the BH, and the normalization
–

“

, are found numerically: g
“

(r) ¥ (1 ≠ 4RS/r)3, –
“

¥ 0.293“4/9 for “ π 1 and –
“

¥ 0.1 for
“ ≥ 1.

However, it turns out that for annihilating DM, there is a maximal density at the center,
which we refer to as the saturation density, determined by the Boltzmann equation ˆfl/ˆt =
≠ È‡vÍ fl2/mDM:

flsat = mDM
È‡vÍ tBH

, (3.18)

where tBH is the age of the BH, which is conservatively of the order of the age of the Universe
≥ 1010 yr. The resulting profile has a saturation plateau of radius

rsat = Rsp

3
flsp(Rsp)

flsat

41/“

sp

. (3.19)

Therefore the global DM profile in the presence of an adiabatic spike is given by1

fl(r) =

Y
___]

___[

0 r < 4RS
flsp(r)flsat

flsp(r) + flsat
4RS Æ r < Rsp

flhalo(r) r Ø Rsp,

(3.20)

with flhalo(r) Ã fl0 (r/r0)≠“ . In practice in this work we often take the spike radius Rsp as a free
parameter, considering the uncertainties a�ecting the spike, as discussed in Sec. 3.3.

The case of the MW is illustrated in Fig. 3.2 for various initial halo profiles, namely a non-
singular isothermal sphere, leading to a spike slope “sp = 1.5, and power-law profiles with “ = 0.01,
0.1, 1, 2, leading to spike slopes “sp between 2.25 and 2.5. Additionally, the saturation plateau
due to DM annihilations is shown, for flsat = 108 M§ pc≠3, corresponding to mDM = 50 GeV
and È‡vÍ = 3 ◊ 10≠26 cm3 s≠1.

Throughout this work we consider the halo profile outside the spike to be given by the NFW
profile, corresponding to a power law with slope “ = 1 below kpc scales:

flhalo(r) = fl0

3
r

r0

4≠1 3
1 + r

r0

4≠2
, (3.21)

1The cut-o� at 4R
S

was introduced in Gondolo & Silk (1999) to account for capture of DM particles by the
BH, without using a full general relativistic treatment. When considering the Schwarzschild metric, the inner
cut-o� becomes 2R

S

(Sadeghian et al., 2013), so the spike can in principle reach smaller radii.

r v(r) = cst
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crucially depend on the DM profile via annihilation or decay processes. Uncertainties on the
DM profile therefore introduce large systematic uncertainties in DM searches. This problem
is made even more severe by the fact that neither numerical simulations nor observations are
sensitive to the DM profile below parsec scales, which is of critical importance since the very
inner region of galactic halos is critical for indirect DM signals, especially for annihilating DM for
which fluxes depend quadratically on the DM density. This is what we focus on in the remainder
of this chapter. In particular, we discuss the case for very steep DM profiles in the very inner
regions of galaxies induced by the growth of a SMBH at the centers of DM halos.

3.2 Dark matter spike from adiabatic accretion onto a super-
massive black hole

There is strong evidence for the presence of SMBHs with masses in the range MBH ≥ 106 ≠
109.5 M§ at the center of most galaxies (see e.g. Kormendy & Ho, 2001). In the MW, the
determination of the Keplerian orbits of S2 stars very close to the GC provided a measurement
of the mass of the central BH, Sgr A*: MBH ¥ 4.3 ◊ 106 M§ (Gillessen et al., 2009).

BHs at the center of galaxies can grow adiabatically—i.e. slowly compared to the dynamical
timescale of order the period of typical orbits on parsec scales—from a small seed, via accretion
of gas, stars and DM. It turns out that the adiabatic growth of a BH inside a population of stars
was shown to enhance the density of stars (Peebles, 1972a; Young, 1980; Quinlan et al., 1995).
Several authors investigated a similar enhancement in the DM density, referred to as a spike,
caused by the adiabatic growth of a SMBH in a DM distribution. Ipser & Sikivie (1987) found
that a DM spike with density Ã r≠3/2 was formed from an initial isothermal DM distribution,
while Gondolo & Silk (1999) studied the much more dramatic enhancement of a power-law cusp,
which we discuss in the following.

3.2.1 Scaling relations

To understand the formation of a spike via adiabatic accretion onto a SMBH, we first make
use of the scaling arguments introduced in Quinlan et al. (1995). Let fli(r) Ã r≠“ be the initial
distribution of DM particles assumed to be on circular orbits, with a BH that grows adiabatically
at the center. The slow process of accretion onto this BH induces no torque on the DM particles,
so that the angular momentum of each particle is conserved. This results in the conservation
of rv(r), where v(r) = (GM(r)/r)1/2 is the circular velocity of a DM particle, with M(r) the
total mass (sum of the masses of the DM halo and the BH) enclosed within radius r. Therefore
conservation of angular momentum for a DM particle, with initial and final orbit radii ri and rf
respectively, gives

riMi(ri) = rfMf(rf). (3.5)

Additionally, conservation of the DM mass MDM
i (ri) = MDM

f (rf) can be expressed as
⁄

r

i

0
fli(r)r2 dr =

⁄
r

f

0
flf(r)r2 dr, (3.6)

with flf(r) Ã r≠“

sp the final DM profile, assumed to follow a power law. Eq. (3.6) leads to

r3≠“

i Ã r
3≠“

sp

f . (3.7)

Moreover, the total mass enclosed in the initial orbit is dominated by the DM halo, Mi(ri) ¥
MDM

i (ri) Ã r3≠“

i , while in the final state the orbit of the DM particle is much closer to the BH,
so that Mf(rf) ¥ MBH. This gives

r4≠“

i Ã rf . (3.8)
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Putting Eqs. (3.7) and (3.8) together, one finds that the final DM density profile has a slope

“sp = 9 ≠ 2“

4 ≠ “
. (3.9)

For 0 < “ < 2, corresponding to the range of slopes expected from simulations and/or observations,
the slope of the spike lies between 2.25 and 2.5.

It is interesting to note that the slope of a spike strongly depends on the behavior of the
initial phase-space distribution (Quinlan et al., 1995), and not only on the spatial density. More
specifically, if fi diverges for Ei = �i(0) as fi ≥ (Ei ≠ �i(0))≠n, then the final spike profile is

flf(r) Ã r≠A, A = 3
2 + n

32 ≠ “

4 ≠ “

4
. (3.10)

For “ > 0, the value of n is such that one recovers the spike slope of Eq. (3.9), but for “ æ 0,
the final profile is smoother. However, even for a non-singular density profile, the spike slope
can be as high as 2. As discussed in Ullio et al. (2001), this can be illustrated by two cored
profiles, fli(r) Ã (a2 + r2)≠1 (isothermal sphere) and fli(r) Ã (a + r)≠2, for which the phase-space
distributions are respectively non-singular and singular. The resulting spikes have slopes 1.5 and
2 respectively.

3.2.2 Semi-analytic derivation using adiabatic invariants
The scaling result of Eq. (3.9) was confirmed by a more quantitative approach in Gondolo & Silk
(1999), relying on the assumption of the adiabatic growth of a BH at the center of a spherically
symmetric self-gravitating DM distribution with a profile fli(r) Ã fl0 (r/r0)≠“ , with “ > 0.

Under the assumption of adiabaticity, the gravitational potential varies slowly, so that the
DM phase-space distribution f(E, L), where E is the energy and L the angular momentum, is
conserved:

fi(Ei, Li) = ff(Ef , Lf). (3.11)

This is used to derive the final density profile after the growth of the BH:

flf(r) =
⁄ 0

E

min

f

dEf

⁄
L

max

f

L

min

f

dLf
4fiLf
r2v

r

ff(Ef , Lf), (3.12)

where the radial velocity reads

v
r

=
C

2(E ≠ �(r)) ≠ L2

r2

D1/2

, (3.13)

with � is the gravitational potential, determined by the Poisson equation Ò2� = 4fiGfl. For
the bounds of the energy integral in Eq. (3.12), the contribution of unbound orbits—for which
Ef > 0—is neglected, and Emin

f = ≠GM/r (1 ≠ 4RS/r) where the second term accounts for
particles captured by the BH, with RS = 2GMBH/c2 the Schwarszchild radius of the BH. For
the angular momentum, the lower bound also accounts for this e�ect, Lmin

f = 2cRS, while the
upper bound reads Lmax

f =
#
2r2 (Ef + GMBH/r)

$1/2.
Moreover, in a spherically symmetric system the angular momentum L and the radial action

J
r

are adiabatic invariants:

Li = Lf , J
r,i(Ei, Li) = J

r,f(Ef , Lf), (3.14)

with
J

r

(E, L) =
j

v
r

dr, (3.15)

NFW: 7/3 inner slope

+ spikes can be destroyed by galaxy dynamics.
stellar heating (+ mergers, non adiabatic contraction)
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118 7.3. Constraining the existence of a dark matter spike

7.3.1 Morphology of the synchrotron emission: maps of the Galactic center
with or without a spike

The presence of a spike in the DM halo profile is expected to a�ect the morphology of the
synchrotron emission coming from DM particles. The latter can be inferred by looking at
synchrotron maps in terms of longitude l and latitude b (Delahaye et al., 2012). For a 10 GeV
WIMP and relatively low values of the magnetic field, one expects a signal in the lowest frequency
channels of the Planck low frequency instrument (LFI), in particular at 30 GHz, and no other
signature in any of the Planck high frequency instrument (HFI) channels.

To establish these maps, we use the canonical value of 3 ◊ 10≠26 cm3 s≠1 for the annihilation
cross-section, a constant value of 3 µG for the magnetic field B, and the MED set of di�usion
parameters unless stated otherwise. The results are shown in Fig. 7.1. The left panel shows the
synchrotron emission for a NFW+spike profile with Rsp = 1 pc and rsat = rann

sat ¥ 5.3 ◊ 10≠3 pc,
while the NFW case is shown in the right panel.

Figure 7.1: 30 GHz maps of the synchrotron intensity induced by 10 GeV DM particles, for
È‡vÍ = 3 ◊ 10≠26 cm3 s≠1, B = 3 µG, and the MED set of propagation parameters. The DM
profiles used are a spiky profile with “sp = 7/3, Rsp = 1 pc, with rsat = rann

sat (left panel), and
the NFW profile (right panel).

By comparing the left and right panels, we see that the emission in the case of a spiky profile
is much more peaked than for a NFW profile. Hence, di�erent DM halo profiles predict distinctive
morphological signatures and synchrotron intensities. Therefore, the combination of both the
normalization and the spatial morphology of the DM-induced emission could be used to probe
the existence of a spike in the inner Galaxy.

This conclusion is in agreement with the results of Ascasibar et al. (2006); Bœhm et al. (2010),
where spatial morphology was used to distinguish decaying from annihilating DM scenarios (i.e.,
fl vs fl2). But more importantly, these maps also indicate that very steep profiles in the GC have
signatures visible on scales of a few degrees (i.e., at much larger scales than Rsp).

As a result one may be able to probe the DM energy distribution in the very inner Galaxy,
even in the absence of synchrotron measurements at these scales. This new and very important
result already suggests that even the Planck data may have the potential to constrain spiky
profiles.

7.3.2 Can we distinguish di�erent inner profiles using their synchrotron emis-
sion?

Maps are well suited for highlighting the morphology of the signal, but not for quantitatively
comparing the intensities associated with di�erent profiles. Therefore, we now study the depen-
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Figure 7.3: Synchrotron intensity as a function of latitude b, for È‡vÍ = 3 ◊ 10≠26 cm3 s≠1,
and B = 3 µG. The spikes are characterized by “spike = 7/3, rsat = rann

sat , and di�erent values of
Rsp. The top panel corresponds to mDM = 10 GeV and ‹ = 30 GHz, while the bottom panel
corresponds to mDM = 800 GeV and ‹ = 857 GHz. The red dotted, shaded, and hatched areas
represent the intensity for a spike of radius 0.1, 1 and 10 pc respectively. The purple hatched
area is the intensity for the NFW profile without a spike.

In principle, not knowing the cross-section could lead to a misinterpretation of the spike
characteristics: assuming the canonical cross-section, one could deduce the wrong values for
Rsp or rsat. However, since one can determine Rsp using the data at high latitudes and the
morphology of the emission, the only possible source of degeneracy is between È‡vÍ and rsat. In
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Figure 7.7: Synchrotron intensity as a function of latitude b, for 10 GeV DM particles,
È‡vÍ = 3 ◊ 10≠26 cm3 s≠1, B = 1 mG, and ‹ = 30 GHz, for spikes with “sp = 7/3, rsat = rann

sat ,
and di�erent radii.

the existence of a spike.
From Fig. 7.2, we see that any spike with an extremely small saturation radius rsat = RS

actually predicts a much larger intensity than what has been measured with Planck. Therefore,
such profiles are likely to be excluded (especially since we used B = 3 µG, which is a conservative
value). Inspecting Fig. 7.4 shows that spikes with a saturation radius of rsat = rann

sat predict
intensities below the Planck limit, thus indicating that it may not be possible to derive stringent
constraints from the Planck results. However, our predictions assume B = 3 µG and the canonical
value of the annihilation cross-section. Taking B & O(10) µG (or a larger cross-section value if
one also assumes a regeneration mechanism, see Williams et al., 2012) increases our intensities by
several orders of magnitude and typically implies that they exceed the Planck limit (see Fig. 7.6).
Therefore, assuming a reasonable value of the magnetic field in the GC makes it possible to probe
adiabatic spikes with Planck. This is illustrated in Fig. 7.7, where we display the synchrotron
intensity for a large magnetic field (B = 1 mG) and the same parameters as in Fig. 7.3 (top
panel). As one can readily see, spikes with radii 1 and 10 pc are excluded as their intensities
exceed the Planck limit. Therefore, we conclude that the Planck experiment has the ability to
constrain the presence of spiky DM halo profiles and discriminate between spikes of di�erent
sizes if there is a strong magnetic field in the GC.

The same types of conclusions hold for heavy (800 GeV) DM particles. At 857 GHz,
the Planck limit on the emission from the GC is, however, of the order of 109 Jy sr≠1 (Ade
et al., 2014). Assuming B = 1 mG and rsat = rann

sat , we expect the synchrotron intensity (for
È‡vÍ = 3 ◊ 10≠26 cm3 s≠1) to be about 105 Jy sr≠1 (for MED). This is actually below the Planck
limit, and so the presence of a spike would be di�cult to assess in this case. However, a smaller
saturation radius or an even larger magnetic field would increase the intensity.

Note that there could be additional constraints other than Planck on 10 GeV DM. For large
values of the magnetic field, 10 GeV DM particles overproduce the synchrotron emission with
respect to Sgr A* at radio frequencies (300–400 MHz) and are therefore likely to be excluded
(Bœhm et al., 2004a, 2010). One important caveat, however, is that at such low frequencies
one must account for the e�ects of advection and self-absorption of the synchrotron emission
(e.g. Regis & Ullio, 2008), which were neglected in Bœhm et al. (2004a, 2010). These e�ects
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Conclusion
Radio astronomy can probe the parameter space 

heading toward higher masses and/or weaker interactions 
(unless the DM only interacts in the dark sector)

Still anomalies : will SKA help?
Cen A, Ret II

DM annihilations near BH
MW, M87, BH shadow

will SKA help?

Power Spectrum
   new models & H0 (?)


