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DM Indirect Detection

Search for particle excesses due to  
annihilation products i.e. Galactic  
Centre gamma ray excess

DM SM

10

FIG. 10: The raw gamma-ray maps (left) and the residual maps after subtracting the best-fit Galactic di↵use model, 20 cm
template, point sources, and isotropic template (right), in units of photons/cm2/s/sr. The right frames clearly contain a
significant central and spatially extended excess, peaking at ⇠1-3 GeV. Results are shown in galactic coordinates, and all maps
have been smoothed by a 0.25� Gaussian.

ing to a statical preference for such a component at the
level of ⇠17�. In Fig. 8, we show the spectrum of the
dark-matter-like component, for values of � = 1.2 (left
frame) and � = 1.3 (right frame). Shown for compari-
son is the spectrum predicted from a 35.25 GeV WIMP
annihilating to bb̄. The solid line represents the contribu-
tion from prompt emission, whereas the dot-dashed and
dotted lines also include an estimate for the contribution
from bremsstrahlung (for the z = 0.15 and 0.3 kpc cases,

as shown in the right frame of Fig. 2, respectively). The
normalizations of the Galactic Center and Inner Galaxy
signals are compatible (see Figs. 6 and 8), although the
details of this comparison depend on the precise mor-
phology that is adopted.

We note that the Fermi tool gtlike determines the
quality of the fit assuming a given spectral shape for
the dark matter template, but does not generally provide
a model-independent spectrum for this or other compo-

Daylan et al 2016



DM Indirect Detection

heating/cooling 

change chemical 
network (ie ionisation,  
dissociation)

lyman alpha photon  
background 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DM Indirect Detection

heating/cooling 

change chemical 
network (ie ionisation,  
dissociation)

lyman alpha photon  
background 

DM SM

Began looking at annihilating models, 
could replace by another paradigm that  
couples in this way to the gas
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Formation of  First Luminous Structures

z=40

z=30

z=20

z=10

Population III stars believed to form in mini-halos around 
10^5-10^6 solar masses. (These are generally not resolved by 
cosmological N-body simulations. )

DRAGONS - Mutch et al, 2015

Murray et al, 2013



Formation of  First Luminous Sources
High redshift mini-halos collapse 
and virialise

Baryonic mass accretes onto these 
halos

Gas cools through molecular and 
atomic hydrogen as gas has not yet 
metal enriched 

Subsequent growth of halos/galaxies  
is via further accretion and mergers 
events
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Epoch of  Reionisation
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stellar  
radiation

ionising 
front

neutral 
H

Transition from neutral to ionised 
intergalactic medium due to the emergence 
of luminous sources such as stars, galaxies 
and quasars  



Dark Matter Annihilation In and Around  
High Redshift Halos

DM annihilates, heats!
and ionises >>>!
potentially modifies!
baryonic structure

Diffuse DM 
Background

Circumgalactic 
Medium

DM Halos/ Structure 
in Cosmic web 

DM Halos

Nearest Neigh- 
bour halo

Drive evolution of 
the IGM

21cm 
Signal

Stars/Gas



Dark Stars - A Preliminary Look
Annihilation Feedback on Halo Gas

Schon, Mack+ 2015, MNRAS [arxiv: 1411.3783]

Comparing:  
dark matter 
annihilation 
energy
(over Hubble time)

to:  
gas binding 
energy
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Schon et al, 2015

Consider, to first order, DM 
annihilating within a high 
redshift halo

Compare the total 
annihilation power over the 
Hubble time  
to the gravitational binding  
energy of the gas

What range of phenomena 
could we expect?



Key Ingredients and Uncertainties
DM Model

PDM (z) =
c2

mDM
h�v̄i⇢̄2DM (z)B(z)

Schon et al, 2015

DM self-annihilates to shot-
lived particle (i.e. W boson, 
quark, muon)

Let those decay until only stable 
remnants are retained 
(electrons, positrons and 
photons) 



Key Ingredients and Uncertainties
Halo Model Dark Matter Annihilation Over Cosmic Time 7

concentration of halos does not evolve at all with mass
but only with redshift. Because the smallest halos are
the most numerous, removing (or shallowing) the depen-
dence of the mass-concentration relation on mass reduces
the annihilation power below the fiducial case. In this
example, assuming a flat mass-concentration relation re-
sults in a difference of approximately two orders of mag-
nitude in the epoch of early star formation. These alter-
ations in the mass-concentration relation also alter the
redshift at which the structure component of the anni-
hilation power begins to dominate, from z ≈ 110 in the
Comerford & Natarajan (2007) case, to z ≈ 80 in the
fiducial case, to z ≈ 50 in the flat case.
The simulation-derived mass-concentration relation

from Ludlow et al. (2013a) results in a behavior very sim-
ilar to that of the flat mass-concentration relation, but
with approximately an order of magnitude more power
at most redshifts. In this case, the structure component
begins to dominate at z ≈ 60.
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Fig. 6.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model [mass-concentration relation given in equation (9), solid
lines] compared to models with the mass-concentration relations
given in equation (8) (dashed curves) and (10) (dotted curves), and
from Ludlow et al. (2013a) (dot-dashed curves). All models assume
⟨σv⟩ = 10−26 cm3/s, mχ =100 GeV, the Reed et al. (2007) halo
mass function, a minimum and maximum mass of Mmin = 10−9

M⊙ and Mmax = 1017 M⊙, respectively, and an NFW halo density
profile. Curve colors are as in Figure 2.

4.5. Range of predictions

In Figure 7 below, I plot all the models discussed here
in one figure to illustrate the full range of predictions.
Note that in principle, plausible models could even lie
outside this range, as I have not plotted all possible per-
mutations of the halo parameters. This figure thus serves
to illustrate a few instances of the broad range of annihi-
lation power predictions possible with varying assump-
tions about cold dark matter halo properties. Because
the WDM cases are qualitatively distinct, I include them
as the thin dashed lines that extend outside the shaded
region.

5. DISCUSSION

5.1. Halo properties and modelling
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Fig. 7.— Mean power output per hydrogen nucleus from dark
matter annihilation as a function of redshift for the “fiducial”
model (black solid line) compared to all cold dark matter mod-
els shown in Figures 3-6 above (red solid lines). The black dashed
line represents the “smooth” component annihilation (which does
not depend on the halo model), and the red shading shows the
range of annihilation power predictions possible in the cold dark
matter models considered here. The WDM cases are included in
the thin dashed lines that extend outside the shaded region.

The aim of this work is to demonstrate the range of pre-
dictions possible for the dark matter annihilation power
history when generic assumptions about dark matter ha-
los are extrapolated to all relevant mass ranges. The
form, distribution, evolution and mass scalings of dark
matter halos are all integral to a prediction of the an-
nihilation power, especially for the lowest masses. Un-
fortunately, the lowest masses are the least accessible to
observations, necessitating numerical simulations and/or
extrapolations across many orders of magnitude in halo
mass. As demonstrated by the above results, some of the
important remaining questions include:

1. What form does the dark matter mass function as-
sume?

2. How massive are the smallest collapsed halos, and
do they survive to the present day?

3. How do dark matter density profiles evolve with
mass and redshift?

These questions, as can be seen in the figures above,
have strong effects on our predictions for the dark mat-
ter annihilation power, which complicates attempts to
determine (or place limits on) the dark matter mass and
cross-section from observations. Since an understanding
of the annihilation energy input in the evolving inter-
galactic medium at high redshift can give us insight into
the radiation and temperature environment in which the
first stars and galaxies were forming, this calculation is
a potentially highly consequential one.

5.2. Velocity dependence of annihilation

Although I have not explored it in this work, the veloc-
ity dependence of dark matter annihilation can also af-
fect our predictions for the annihilation power and thus
constitutes an important additional uncertainty. It is
standard to assume that the quantity ⟨σv⟩ is a constant

Mack, 2014

Compare flat Burkert and cusp-y  
Einasto/NFW profiles

Take high redshift mass-concentration 
parameter from Correa et al, (also took 
highly concentrated model)

Difficult to resolve these in cosmological 
simulations 

Don’t take into account mergers, 
‘unsettled’ halos, sub-structure



Key Ingredients and Uncertainties
Gas Physics

Interactions with H, He, free 
electrons and the CMB
Assume halo is static
Photons: pair productions, 
Compton, photo-ionisation
Electrons: IC, Coulomb, electro-
ionisation, excitation,  
                   recombination
Positrons: same as electron + 
annihilation

La Rocca and Riggi , 2011



Key Ingredients and Uncertainties
Gas Physics



DM heating of  the CGM
rpb = �⇢br�
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DM heating of  the CGM
First calculated energy lost by annihilation products, 
escaping the un-evolved halo



DM heating of  the CGM
Also calculated the ‘filtered’ spectrum of particles that 
reaches the CGM. Then calculated the change in 
temperature of the gas surrounding the halo.



DM heating of  the CGM

Schon et al, 2017



DM heating of  the CGM

Schon et al, 2017

Less gas available 
for star formation



DM heating of  the CGM

Schon et al, 2017

Less gas available 
for star formation

Change in ionisation  
level impact Pop III 

IMF



21cm Physics
The 21cm line refers to the hyperfine spin flip transition 
of neutral Hydrogen in its ground state
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21cm Physics
The 21cm line refers to the hyperfine spin flip transition 
of neutral Hydrogen in its ground state
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21cm Physics - Observables

�Tb =
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Global 21cm Signals
X-rays in the early Universe 11

Figure 8. Slices through the predicted 21cm signal for our models. The slices show evolution with comoving distance along the light cone (x-axis). For movies
of some of these models, please see http://homepage.sns.it/mesinger/21cm Movie.html.
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Global 21cm Signals
X-rays in the early Universe 11

Figure 8. Slices through the predicted 21cm signal for our models. The slices show evolution with comoving distance along the light cone (x-axis). For movies
of some of these models, please see http://homepage.sns.it/mesinger/21cm Movie.html.
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DM Annihilation and the 21cm Signal

Figure 2. Redshift evolution of the average 21 cm brightness temperature o↵set from the CMB. The
arrows on the top side of the plot indicate the transition between DM and astrophysical sources as
the dominant heating source.

of collisions. Therefore TK = TS
<⇠ T� . The IGM cools adiabatically faster than the

CMB, making �Tb negative.

2. As the IGM becomes less dense, the spin temperature starts to decouple from the kinetic
temperature, and begins to approach the CMB temperature again, TK < TS

<⇠ T� . As
a consequence, �Tb starts rising towards zero. This epoch corresponds to z

>⇠ 30 in
Figure 2.

3. As soon as the first astrophysical sources turn on, their soft UV photons quickly es-
tablish a Ly↵ background, which again couples TS to TK , through the WF (or Ly↵
pumping) mechanism. Again, �Tb is negative, potentially reaching its largest absolute
value. In Figure 2 the corresponding absorption feature reaches �Tb

<⇠ �200 at around
z ⇠ 20.

4. Subsequently, X-rays from galaxies heat the IGM. As the gas temperature surpasses
T� , the 21 cm signal changes from absorption to emission (at around z ⇠ 12 here).

5. Finally, the IGM is reionized, and the signal again approaches zero.

This scenario would change considerably if we allow for DM heating. Firstly, the ad-
ditional heating at very high redshifts can place TK on a higher adiabat already during the
collisional decoupling era. This dampens the depth of the absorption trough at z ⇠ 20–30.
Secondly, if DM annihilations contribute to Ly↵ pumping and heating, the signal would show
a more gradual evolution during the absorption epoch.

The main result is the damping and smoothing of the absorption feature observed at
16 < z < 30 in the fiducial model. In particular, depending on the assumed Mh,min, the

– 8 –

Figure 3. Evolution of the 21 cm power at k = 0.1 Mpc�1 for all of the considered DM and
astrophysical X-ray models (solid line if the corresponding mean signal is in absorption, dashed-
dotted line if in emission). The shaded areas correspond to the sensitivity regions calculated in [?
] for the experiments: MWA-128T (yellow), LOFAR (green). SKA (HERA) single beam 1000h
sensitivity limit is plotted as a dotted red (blue) line. The arrows on the top side of the plot indicate
the transition between DM and astrophysical sources as dominant heating source.

variation in �Tb at the minimum is predicted to be of 110, 190 and 200 mK for Mh,min = 10�3,
10�6 and 10�9

M� respectively.
However, a similar qualitative trend is also present in the extreme astrophysical model

described in Sec. 2.1, in which we allow for an enhanced production of hard X-rays. This
partial degeneracy makes is di�cult to extract a robust signature of DM annihilation heating
from the global signal. In the next Section we show that the di↵erent spatial distribution of
the relevant heating sources allows to discriminate between the two scenarios.

3.3 Power-spectrum

As our main observable, we use the spherically averaged power spectrum:

P21 ⌘
k
3

2⇡2V
�T̄b(z)

2h|�21(k, z)|2ik (3.1)

where �21(x, z) ⌘ �Tb(x, z)/�T̄b � 1. Our default power spectrum bin width is d ln k = 0.5.
In Figure 3, we show the redshift evolution of the k = 0.1 Mpc�1 mode of the 21 cm

power spectra for the same models shown in Figure 2. This scale roughly corresponds to the
narrow window of k-space accessible to the first generation interferometers (e.g. [55, 56]). In
order to predict the detectability of the signal, we also show 1� thermal noise corresponding
to a 1000h, single-beam, observation with some upcoming and current instruments (taken
from [? ]).

– 9 –

Evoli et al 2014
Only considers energy input into the IGM and  
different low mass halo cut-offs.
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EDGES - Possible Explanations
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Figure 3. Fit and residuals using a polynomial foreground model with the full data set (left
column), using only a restricted range of frequencies (middle column), and using the full data set
but with a sine wave instead of the flattened Gaussian profile (right column). The rms values in
brackets in the top and bottom panels in the middle column are for the full data set.

an absorption feature which has an amplitude of ⇠ 1 K and is much less flattened than

that reported by Bowman et al. (2018). This is shown in the left column of Figure 3. The

residuals for this fit have an rms of 0.025 K, i.e., the fit is just as good as that obtained with

the physically-motivated model and with the same number of free parameters (9), but the

absorption feature found has very di↵erent properties. Bayesian analysis again confirms this

ambiguity, see Figure 7.

When using this polynomial foreground model, Bowman et al. (2018) generally only made

the fit to the data over a restricted frequency range. When we use just the range 60–99 MHz,

we do recover the flattened feature with ⇠ 0.5 K amplitude (middle column of Figure 3). The

residuals in the region below 60 MHz are however then very large, reaching ⇠ 3 K at 51 MHz.

It is not clear what justification there is for ignoring the data in the range 50–59 MHz when

using this description of the foregrounds. It is also notable that the residuals from the 5-
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FIG. 4. Constraints on the charge, Q, of a millicharged par-
ticle as a function of the DM mass. The red line indicates
the minimal cross section needed to explain the EDGES mea-
surement, assuming the millicharged particle constitutes only
1% of the DM density. The dashed-gray lines show con-
tours of constant �̂. Constraints from cooling of the super-
nova (SN) 1987A [6] (purple), direct detection limits from
XENON10 [56, 63] (green) and SENSEI [74], SLAC mil-
licharge experiment [22] (gray), BBN [7] (light blue) and
cooling of white-dwarfs (WD), horizontal-branch (HB) stars
and red-giants (RG) [8] (pink and brown) are shown in
the shaded regions. We also add constraints from heating
due to DM annihilation derived in [75] (blue). This bound
only applies to fermionic DM for which the annihilation is
s-wave. The shaded yellow band indicates where millicharge
DM might be evacuated from the galactic disk [23, 29].

force its electric charge to be fairly small. The MCP form
factor can also be approximated by Eq. (22) and the cross
section is given by Eqs (17) and (18) with ↵e↵ = ↵ and
↵D = Q

2
↵, where Q is the MCP electric charge in units

of the electron’s electric charge. While in the mA0 ! 0
limit of a kinetically mixed U(1)D discussed above DM
matter appears to carry an electric millicharge, there are
still some subtle di↵erences between the two scenarios.
In the case of a vector portal, DM-DM interaction are
mediated by a hidden photon and are proportional to
↵D. Millicharged DM, on the other hand, self-interacts
only through the exchange of the SM photon, thus evad-
ing most DM self interactions constraints. Moreover, the
number of e↵ective degrees of freedom in a “pure” mil-
licharge DM is smaller than that of a ultr-light hidden
photon. The bounds from BBN and CMB are then re-
laxed. Millicharged particles might also be evacuated
from the galactic disk [4, 23, 29]. This e↵ect, if true,
exclude MCP from being responsible for the whole DM
budget. A precise assessment of this e↵ect including the

uncertainties on the modeling of the various components
of the Galactic magnetic field is left for future investiga-
tion.
In Fig. 4 we plot the measured EDGES signal on top

of the existing constraints in the Q �m� plane, assum-
ing only 1% of DM is in the form of MCP. As evident
from comparison to Fig. 3, the parameter space slightly
opens, the main reason being that BBN and CMB con-
straints are weaken in the absence of a hidden photon.
Weaker cosmological constraints still applies, in partic-
ular we include the BBN bound from Ref. [7]. We also
show the region where DM annihilation heats up the gas,
consequently the spin temperature would rise and thus
the EDGES signal can not be accounted for in that re-
gion. This e↵ect was first pointed out in [76] and was
carefully computed in the case of MCP in [75]. Note
that this bound is only relevant for fermionic MCP where
the thermal-averaged annihilation cross section is veloc-
ity independent. One might wonder why the bound com-
puted in [75] seems independent on the millicharge q in
the region of interest. This exactly the regime in which
the heating from annihilation equates the cooling from
scattering described in Eq. (5-6). Since both these cross
section depends on q

2 the bound is approximately inde-
pendent on q.
The constraints from XENON10 and SENSEI were

re-scaled to account for the smaller DM fraction and
a preliminary first estimate of the terrestrial e↵ect on
the charged particle flux penetrating the earth was in-
cluded [77]. Indeed this e↵ect to date has only been stud-
ied for a much heavier mediator [78]. The shaded light
region taken from Refs. [23, 29] is there as a reminder that
a significant reduction of the DM flux might be caused
by MCP being evacuated from the galactic disk. This
region should not be treated as an exclusion region since
in Fig. 4 MCP is only a subdominant constituent of the
DM density.

V. CONCLUSIONS

In this paper we studied the possibility that the strong
21-cm absorption line observed by the EDGES collab-
oration can be explained due to the cooling of the hy-
drogen gas via its scattering with cold dark matter. In
order to explain the observed signal, dark matter must
strongly interact with the gas at around z = 20, imply-
ing that Rutherford-like (velocity-enhanced) interactions
must induce the cooling.
Such scatterings require a very light mediator and two

possibilities exist: Either the hydrogen or helium are
charged under the new long-range force (meaning that
the nucleons and electrons do not screen the interaction)
or they are neutral. In the former case, 5th-force ex-
periments strongly constrain the possibility of mediating
the required strong interaction between the DM and the
visible sector. The latter case can arise from either the
interaction with the visible photon or with a hidden pho-
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Concluding Thoughts

Various promising Dark Matter models can potentially 
impact the evolution of the Universe’s gas content

This will in turn impact the evolution of luminous 
structure, which may become observable with the next 
generation of telescopes/observatories/surveys

Integrating DM effects in a self-consistent manner into 
the standard astrophysical picture is a key challenge
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