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Part I - Galactic Cosmic Rays
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Secondary / Primary

• Primary species are present in sources (CNO, 
Fe). Produced by stellar nucleosynthesis. 
Acceleration in SN shocks (≥104 yr).

• Secondary species are absent of sources 
(LiBeB, SubFe). Produced during propagation 
of primaries.

>> Galaxy size!

In order to reproduce the measured 
abundances of stable nuclei, CRs 
should have traversed: ∼10 g/cm2 
material: 

L =
grammage
nISMmp

⇠ 104 kpc
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CRs propagate into the turbulent Galactic magnetic field!
The Larmor radius of a CR is:

for a MF coherence length ~100 pc  ⇒  propagation is diffusive up to ~ 1016-1017 eV.

you are here

1-10 kpc

Galactic Propagation
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The diffusion equation: 

Ginzburg & Syrovatsky, 1964
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‣solve the diffusion equation on a 3D (r,z,E) grid

‣ realistic distributions for sources and ISM

‣different models for fragmentation cross sections

‣position dependent, anisotropic diffusion

‣ independent injection spectra for each nuclear species

‣speed and memory high-performances 

‣coupled with DarkSUSY

‣public:  https://svnsrv.desy.de/public/DRAGON/tags/v2.01

CE, D.Gaggero, D.Grasso & L.Maccione, JCAP, 2008
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CR proton/He spallation onto the Galactic gas is an avoidable antiproton source
kinematical threshold 7 GeV:

p + pgas ! p + p + p + p̄

In principle, antiprotons data may then be used to constraint a primary  
component which may produced by astrophysical sources or by dark 
matter annihilation/decay. 

Antiprotoni secondari

Le predizioni teoriche di B/C  e flusso di antiprotoni secondari devono essere consistentemente

compatibili con le osservazioni a meno che non sia presente una componente esotica di antiprotoni

Antiprotoni secondari

Le predizioni teoriche di B/C  e flusso di antiprotoni secondari devono essere consistentemente

compatibili con le osservazioni a meno che non sia presente una componente esotica di antiprotoni

➔

See GALPROP website: http://galprop.stanford.edu/ 

Secondary Antiprotons
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in a “democratic” WIMP model the ratio between DM signal and 
background from standard astrophysical sources is usually much larger in 
the antiproton channel with respect to all other indirect detection methods!

Secondary Antiprotons
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Antiproton/Protons

Large effects of reacceleration on the proton 
spectrum: can it constrain vA?
Interesting feature: the antiproton flux is less 
affected by reacceleration!
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Uncertainties on the secondary antiproton flux
(let’s call it background for DM indirect search)
This is mainly due to the residual uncertainty on the CR propagation parameters once 
secondary nuclei data are matched  

The max uncertainty is ~ 30%

Φ = 550/300 MV
Φ = 550
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For a given DM model, the main uncertainties are those on the propagation parameters 
and the DM density profile:

p̄

Very large scatter mainly due to the uncertainty on the propagation setup !
The dominant uncertainty source is that on the diffusive halo height 

Einasto DM profile

NFW or Burkert

Thick  

Thin  

Uncertainties on the    flux from DM annihilation
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Constraints on DM models

Wino model 
 (motivated by SUSY and 

PAMELA e+ anomaly)

 Light WIMPs 
with sizable quark coupling  

(motivated by direct detection 
recent results) 

Heavy “leptophilic” WIMPs 
 (motivated by PAMELA, Fermi, HESS)

+ radiative corrections

��! µ+µ���! b̄bW̃ 0W̃ 0 !W+W�

PAMELA
 

FERMI

CE, I. Cholis, D. Grasso, L. Maccione & P. Ullio, PRD, 2012, arXiv:1110.5922

mMSSM
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Not-local effects?
19

FIG. 11: Left panel: The B/C for the KRA model (red), for the model with radial dependent di!usion coe"cient (green) and
the model with strong convection in the inner galaxy (blue). We remark that the red and blue lines are superimposed. See
Sec. VIA for details. Right panel: the secondary p̄ flux computed for the same models.

FIG. 12: Left panel: The p̄ flux from a DM Wino of 200 GeV for the KRA model (red), for the model with radial dependent
di!usion coe"cient (green) and the model with strong convection in the inner galaxy (blue), for di!erent DM profiles (solid:
Einasto, dotted: NFW, dashed: Burkert). Right panel: The relative ratio of the non-standard propagation models with the
KRA model (same color/style code as for the left panel).

has zt = 4 kpc, that is significantly larger than the zH scales of the DD profiles. The resulting DM originated p̄ flux
is decreased by a factor of 2 in both considered cases, due to the fact that the di!erence between a spherical halo only
source and a spherical halo + dark disk source is of that order in the relevant di!usion region.

Interestingly, the dark disk contribution (!2
DD) to the p̄ flux is a factor of 10 times lower than that of the spherical

component in the entire range of the p̄ spectrum (see dotted lines in Fig. 13 left). Such a suppression happens since,
as we show in Fig. 7 (bottom row) only ! 10 " 20% of the DM p̄ flux in the case of a spherical halo is produced
within the inner 1 kpc from the Sun. With the rest of the p̄ flux produced at distances > 1 kpc from the Sun’s

Astrophysical anti-protons: negligible effects!

Convection wind
Inefficiency of GC diffusion
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Convection wind
Inefficiency of GC diffusion

Exotic anti-protons: up to 50%!

19

FIG. 11: Left panel: The B/C for the KRA model (red), for the model with radial dependent di!usion coe"cient (green) and
the model with strong convection in the inner galaxy (blue). We remark that the red and blue lines are superimposed. See
Sec. VIA for details. Right panel: the secondary p̄ flux computed for the same models.
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Not-local effects?
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Conclusions - Part I

• Galactic ap are an useful tool to constraints DM in our galaxy.

• However, current knowledge of CR propagation in our Galaxy 
leaves huge uncertainties on their effective role.

• AMS-02 upcoming data will likely reduce dramatically the 
uncertainties on propagation parameters, but don’t forget 
not-local effects!
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Part II - High-redshift Universe
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DM annihilation effects during Dark Ages

• WIMP annihilation produce gamma-ray, cosmic ray, anti-matter:
release energy which, in principle, ionize/heat up baryonic gas.

• Energy released enormous: 1 GeV energy is sufficient to ionize ~108 hydrogen 
atoms, only a tiny fraction of DM decay/annihilate is enough to affect ionization 
history.

• By looking for departures from the “standard recombination” scenario, we can 
place limits on energy injection at z=100-1000 and translate these limits to 
exclusions in WIMP parameter space (e.g. the cross-section / mass plane, etc.).

• Note that these results are quite robust since we understand recombination 
and the CMB quite well and astrophysical backgrounds are less relevant with 
respect to constraints based on e.g. annihilation in late-time halos.
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Baryon history in the Universe

fih�vi

dE�

dt
= 2M�fih�vin2

�
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CMB constraints
S.Galli, F.Iocco, G.Bertone & A.Melchiorri, PRD, 2011 

obtained by the WMAP7 team [26] and by the ACT team
[27] on the cosmological parameters in the standard case
(no DM annihilation) in order to show the bias introduced
on the cosmological parameters by not considering DM
annihilation in the analysis.

Note, in particular, that the constraint on pann with
WMAP7 data is improved by a factor !1:8 with respect
to the WMAP5 constraint obtained in GIBM09. The 7-year
data release has in fact a better measurement of the third
peak of the temperature power spectrum at l! 1000–1200
and of the second dip in the temperature-polarization
power spectrum at l! 450. This allows a better measure-
ment of !b and !c and a partial break of the degeneracy
with pann. On the other hand, the bias on ns remains
noticeable at the 1-! level, as the measurement of the
polarization power spectrum is still not sufficient to break
the degeneracy with pann. Adding the information at small
scales from the ACT data additionally improves the con-
straint on pann by!13%. As we can see from the table, the
Harrison-Zel’dovic model n " 1 is consistent with the
WMAP# ACT analysis in between 2 standard deviations
when dark matter annihilation is considered.

We have also checked our results when other nonstandard
parameters are considered in addition to the standard ones
and pann. We have considered one of the following addi-
tional parameters at the time: the fraction of helium abun-
dance YHe, the massive neutrino density, !", and the
running of the scalar spectral index #. None of these pa-
rameters appeared to be degenerate with pann, therefore not
affecting the results on the upper limits reported in Table I.

IV. IMPLEMENTING THE REDSHIFT
DEPENDENCE OF f

We have so far worked under the assumption that
the fraction of the rest DM mass energy absorbed by the
plasma is constant with redshift. Yet, the fraction of the
initial energy deposited into the gas is not constant with
cosmic time, even if the on-the-spot approximation holds
true at all redshifts of interest. This problem has been
addressed in [19], where the authors have computed the

evolution of the energy fraction f$z% for different primary
species and DM particle mass. As it can be seen from their
Fig. 4, the f$z% is a smoothly varying function of redshift
(even more so for the values of interest in our problem
100 & z & 1000). We show the constraints for time-
varying f$z% in Fig. 1. Interestingly, the new results rule
out thermal WIMPs with mass m$ & 10 GeV annihilating
into electrons and WIMPs with mass m$ & 4 GeV annihi-

lating into muons.
We have checked the constraints which is possible to

place using the redshift dependent shape of f presented in
Eq.A1 andTable 1 of [19].We have obtained constraints for
purely DMmodels annihilating solely (and separately) into
electrons andmuons, with different DMmasses, reported in
Table II. This choice of annihilation channels brackets the
possible values of f$z%: the case of annihilation to other
channels (except of course neutrinos, which practically do

FIG. 1 (color online). Constraints on the cross section h!vi in
the function of the mass, obtained using a variable f$z% for
particles annihilating in muons (x signs) and in electrons
(diamonds) using WMAP7 data (red) and WMAP7# ACT data
(black) at 95% C.L. The exclusion shaded areas are obtained for
the interpolation of the WMAP7# ACT data points for muons
(dark shading) and electrons (light shading). The black solid line
indicates the thermal cross-section h!vi " 3& 10'26 cm3=s.

TABLE II. Upper limits on self-annihilation cross section at 95% C.L. using WMAP7 data and a combination of WMAP7 and ACT
data. On the left side of the table, we show the results obtained using the proper variable f$z% for each model. On the right side, for the
sake of comparison, we show the results obtained by taking the constraints for a constant generic f reported in Table I, and then
calculating h!vi for each case imposing that f is equal to the corresponding f$z " 600% for each model. We show the results for
particles annihilating in electrons and muons.

h!vi in [cm3=s] with Variable f h!vi in [cm3=s] with Constant f " f$z " 600%
m$(GeV) channel WMAP7 WMAP7# ACT f$z " 600% WMAP7 WMAP7# ACT

1 GeV e#e' <2:90& 10'27 <2:41& 10'27 0.87 <2:78& 10'27 <2:41& 10'27

100 GeV e#e' <3:95& 10'25 <3:55& 10'25 0.63 <3:87& 10'25 <3:35& 10'25

1 TeV e#e' <4:68& 10'24 <3:80& 10'24 0.60 <4:02& 10'24 <3:48& 10'24

1 GeV %#%' <8:68& 10'27 <6:93& 10'27 0.30 <8:03& 10'27 <6:95& 10'27

100 GeV %#%' <9:82& 10'25 <8:94& 10'25 0.23 <1:03& 10'24 <8:91& 10'25

1 TeV %#%' <1:20& 10'23 <9:41& 10'24 0.21 <1:15& 10'23 <9:96& 10'24

BRIEF REPORTS PHYSICAL REVIEW D 84, 027302 (2011)

027302-3

""
ee

95% C.L.

fih�vi

• The amount of free electrons that survive at low redshift after recombination is larger 
compared to the standard case.

• Increase the width of the last scattering surface, and consequently the width of the 
visibility function. This results in a suppression of the amplitude of the oscillation peaks.
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21cm physics

• 1

• 2222

• Emission if TS > TCMB ; absorption if TS < TCMB

• In the absence of coupling mechanisms: TS=TCMB. 
But! Two mechanisms couple TS to TK: collisions 
and Lya pumping (Wouthuysen-Field Effect). 

J.Pritchard & A.Loeb, arXiv:1109.6012

21cmFAST 15

Figure 10. Evolution of the mean temperatures from 21cmFAST in our
fiducial model. Solid, dashed and dotted curves show TS, TK and T! , re-
spectively.

(i) Collisional coupling; T̄K = T̄S ! T! : At high redshifts,
the IGM is dense, so the spin temperature is collisionally coupled
to the gas kinetic temperature. The gas temperature is originally
coupled to the CMB, but after decoupling cools adiabatically as "
(1+z)!2, faster than the CMB. The 21-cm brightness temperature
offset from the CMB in this regime starts at zero, when all three
temperatures are equal, and then becomes increasingly negative as
TS and TK diverge more and more from T! . The fluctuations in !Tb

are driven by the density field, as collisional coupling is efficient
everywhere. In our fiducial model, this epoch corresponds to 100 #

<

z.
(ii) Collisional decoupling; T̄K < T̄S < T! : The IGM be-

comes less dense as the Universe expands. The spin temperature
starts to decouple from the kinetic temperature, and begins to ap-
proach the CMB temperature again, thus !Tb starts rising towards
zero. Decoupling from TK occurs as a function of the local gas den-
sity, with underdense regions decoupling first. The power spectrum
initially steepens, as small-scale density fluctuations drive the ad-
ditional fluctuations of the collisional coupling coefficient. As the
spin temperature in even the overdense regions finally decouples
from the kinetic temperature, the power spectrum flattens again,
and the mean signal drops as T̄S $ 0. In our fiducial model, this
epoch corresponds to 35 #

< z #
< 100.

(iii) Collisional decoupling$WF coupling transition; T̄K <
T̄S % T! : As the spin temperature throughout the IGM decouples
from the kinetic temperature, the mean signal is faint and might
disappear, if the first sources wait long enough to ignite. In our
fiducial model, this transition regime doesn’t really exist. In fact
our first sources turn on before the spin temperature fully decouples
from the kinetic temperature.
(iv) WF coupling; T̄K < T̄S < T! : The first astrophysical

sources turn on, and begin coupling the spin temperature of the
nearby IGM to the kinetic temperature through the WF effect (Ly"

coupling). As the requirements for Ly" coupling are more mod-
est than those to heat the gas through X-ray heating, the kinetic
temperature keeps decreasing in this epoch. The mean brightness
temperature offset from the CMB starts becoming more negative25
again and can even reach values of !Tb < &100mK. In our fiducial
model, this epoch corresponds to 25 #

< z #
< 35.

(v) WF coupling $ X-ray heating transition; T̄K # T̄S <
T! : Ly" coupling begins to saturate as most of the IGM has a spin
temperature which is strongly coupled to the kinetic temperature.
The mean spin temperature reaches a minimum value, and then be-
gins increasing. A few underdense voids are left only weakly cou-
pled as X-rays from the first sources begin heating the surrounding
gas in earnest, raising its kinetic temperature. The 21-cm power
spectrum steepens dramatically as small-scale overdensities now
host hot gas, while on large scales the gas is uniformly cold as Ly"
coupling saturates. As inhomogeneous X-ray heating continues, the
large-scale power comes back up. In our fiducial model, this tran-
sition occurs around z # 25.
(vi) X-ray heating; T̄K = T̄S < T! : X-rays start permeating

the IGM. The fluctuations in !Tb are now at their maximum, as
regions close to X-ray sources are heated above the CMB temper-
ature, !Tb > 0, while regions far away from sources are still very
cold, !Tb < 0. A “shoulder” in the power spectrum, similar to that
seen in the epoch of reionization (e.g. McQuinn et al. 2007), moves
from small scales to large scales. X-rays eventually heat the entire
IGM, and 21-cm can only be seen in emission. The power spec-
trum falls as this process nears completion. In our fiducial mode,
this epoch corresponds to 18 #

< z #
< 25.

(vii) X-ray heating $ reionization transition; T̄K = T̄S >
T! : X-rays have heated all of the IGM to temperatures above the
CMB. The 21-cm signal becomes insensitive to the spin temper-
ature. Emission in 21-cm is now at its strongest before reioniza-
tion begins in earnest. The 21-cm power spectrum is driven by the
fluctuations in the density field. In our fiducial model, this epoch
corresponds to 16 #

< z #
< 18.

(viii) Reionization: Ionizing photons from early generations of
sources begin permeating the Universe, wiping-out the 21-cm sig-
nal inside ionized regions. The power spectrum initially drops on
large scales at x̄HI #

> 0.9 as the first regions to be ionized are the
small-scale overdensities (McQuinn et al. 2007). The mean signal
decreases as HII regions grow, and the power spectrum is governed
by HII morphology. This epoch can have other interesting features
depending on the detailed evolution of the sources and sinks of
ionizing photons, as well as feedback processes, but as the focus of
this section is the pre-reionization regime, we shall be brief in this
point. In our fiducial model, this epoch corresponds to 7 #

< z #
< 16.

25 Note that we discuss global trends here. Locally around each Ly!
source, there are partially ionized regions hosting hotter gas (e.g. Cen 2006).

c! 0000 RAS, MNRAS 000, 000–000

→
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this section is the pre-reionization regime, we shall be brief in this
point. In our fiducial model, this epoch corresponds to 7 #

< z #
< 16.

25 Note that we discuss global trends here. Locally around each Ly!
source, there are partially ionized regions hosting hotter gas (e.g. Cen 2006).

c! 0000 RAS, MNRAS 000, 000–000

by 21cmFAST code
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DM annihilation effects on 21 cm

• The evolution of the spin-temperature:

heating fraction
Lya fraction

S.R.Furlanetto, S.P.Oh & E.Pierpaoli, PRD, 2006 ; A.Natarajan & D.J.Schwarz, PRD, 2009
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M.E.DE.A. code

• Several astrophysical and cosmological sources produce high energy 
particles through different acceleration processes:
how is this energy transferred to the surrounding environment?

• Monte Carlo method: repeated random sampling of the relevant physical 
quantities and processes ( i.e. cross-sections and interaction probabilities ) to 
follow the evolution of a relativistic electron. 

• An high energy electron in the IGM produces a chain of reactions: start with 
one particle, end up with many → the code calculates for every particle the 
probability of the main interaction channels and then selects one by a random 
number generator, until the energy is deposited into the IGM.

• Montecarlo Energy DEposition Analysis.

M.Valdés, CE, A.Ferrara, MNRAS, 2011 
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M.E.DE.A. code

• MEDEA follows every particle from TeV down to eV energies in a continuous way.

• Previous works have considered electrons up to keV only 
(e.g. J.M.Shull & M.E. van Steenberg, APJ, 1985; S.Furlanetto & S.J.Stoever, MNRAS, 2010).

ionization

heating

Lyman photons

injected particle

M.Valdés, CE, A.Ferrara, MNRAS, 2011 
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Lepton interactions

• IC dominant down to a O(MeV) energy
• Positronium formation in positron 

collision with H and He.
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Table 1. Energy threshold of reactions induced by positrons.

Process Threshold (eV)

e+ + H! Ps + H+ 6.8

e+ + H! e+ + e" + H+ 13.6

e+ + H! e+ + H# 10.2

e+ + H! e+ + H## 12.1

e+ + He! Ps + He+ 17.8

e+ + He! e+ + e" + He+ 24.6

e+ + He! e+ + He# 21.2

e+ + H2 ! Ps + H+2 8.6

e+ + H2 ! e+ + e" + H+2 15.4

e+ + H2 ! e+ + H#2 12.0

Janev & Solov’ev (1998) below 40 eV and averages of the ex-
perimental data above this value. The energy loss by positrons
in such a collision has been approximated by BRD79 to be
distributed as a Gaussian with a mean of one-fourth of the
binding energy and a standard deviation of $2 eV. We adopt
this approximation, which was inspired by the calculations by
Omidvar (1965) of the ejected electron velocities in electron–
hydrogen ionization collision.

Concerning the positron-induced excitation of H we used
the calculated cross sections of Walters (1988) and Kernoghan
et al. (1996) for 1s"2s and 1s"2p excitations. The cross section
for excitation of higher energy levels is taken from Fig. 3 of
Stein et al. (1998). The latter has been deduced by subtracting
the elastic, ionization, 1s"2s and 1s"2p excitation and Ps for-
mation cross sections calculated by Kernoghan et al. (1996)
from their total calculated cross section. The positron energy
lost in an excitation to the 2s or 2p levels of H is $10.2 eV. We
assume the energy loss in excitation of the highest levels to be
identical to the one for the n = 3 level (12.1 eV).

Among the recent measurements of Ps formation cross sec-
tions (Sperber et al. 1992; Zhou et al. 1997; Kara et al. 1999),
the results of Sperber et al. (1992), which were the first to be
performed, di!er significantly (a factor of 4/3) from the others
and are thought to be incorrect (Ho!man et al. 1997). Ps forma-
tion cross sections calculated by Kernoghan et al. (1996) are in
good accord with the experimental results of Zhou et al. (1997)
and Kara et al. (1999). We thus use this calculation’s results in
modelling the cross section. Since the excitation and ionization
processes dominate above 100 eV, measurements of the Ps for-
mation cross section are subject to large uncertainties. For the
same reasons, the extrapolation of the charge exchange cross
section by a power law or by an exponential cut does not a!ect
the results of the fraction of Ps formation in-flight significantly.

2.1.2. Helium

Experiments for the measurement of the single ionization of
helium by positron impact (Fromme et al. 1986; Knudsen et al.
1990; Jacobsen et al. 1995; Moxom et al. 1996) yield gen-
eral agreement, except for the results of Fromme et al. (1986)

Fig. 1. Cross sections for positronium formation, ionization and ex-
citation in positron collision with a) atomic hydrogen; b) molecular
hydrogen; and c) helium as a function of the kinetic energy.

which slightly overestimate the cross section below 50 eV
and underestimate it (by $12%) in the 100"200 eV range.
The calculation for positron kinetic energies below 150 eV
made by Campbell et al. (1998) fits the data quite well (see
also CH2001 p. 241). We use this theoretical result for ener-
gies less than 150 eV and the average of the measurements
above this value. The energy distribution of the ejected elec-
tron is taken from Goruganthu et al. (1985), who calculated
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DM candidates
12 Evoli, Valdés, Ferrara & Yoshida

Figure 6. Fractional depositions from DM annihilation of a 10 GeV bb̄ DM candidate. Line colors as in Fig. 4.

Figure 7. Fractional deposition from DM annihilation of a 200 GeV W+W! DM candidate.

Figure 8. Fractional deposition from DM annihilation of a 1 TeV µ+µ! DM candidate.
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Table 3. Model: bb̄, 10 GeV.

fi A0 A1 A2 B0 B1 B2 C0 C1 C2

fh !5.69e!01 !3.21e!01 1.29e!01 4.14e!01 !4.02e!02 1.15e!02 8.33e!01 2.16e!02 !3.02e!03
fa !8.08e!01 !4.80e!01 1.64e!01 !1.16e!01 3.80e!01 !9.23e!02 !3.04e!02 8.58e!01 !2.08e!01

f ion,H !7.70e!01 !4.54e!01 1.51e!01 2.91e!02 2.81e!01 !5.67e!02 !3.19e!01 8.74e!01 !1.81e!01
f ion,He !9.64e!01 !7.37e!01 1.78e!01 4.69e!01 !2.71e!01 5.96e!02 !2.24e!02 1.05e!01 !2.19e!03

Table 4. Model: W+W!, 200 GeV.

f i A0 A1 A2 B0 B1 B2 C0 C1 C2

f h !1.37e+00 !3.14e!01 1.95e!01 3.57e!01 2.73e!02 !9.36e!03 8.60e!01 0.0 0.0
f a !1.77e+00 !3.24e!01 2.04e!01 2.85e!01 !2.70e!02 !4.09e!03 9.28e!01 !9.84e!02 !3.74e!03
f iH !1.71e+00 !3.58e!01 2.12e!01 3.31e!01 3.53e!02 !2.05e!02 4.68e!01 1.95e!01 !6.41e!02
f iHe !1.95e+00 !7.24e!01 2.88e!01 1.89e!01 !4.11e!02 1.41e!02 !6.49e!02 2.37e!01 !5.46e!02

Table 5. Model: µ+µ!, 1 TeV.

f i A0 A1 A2 B0 B1 B2 C0 C1 C2

f h !3.22e+00 2.00e!02 3.10e!01 4.50e!01 !1.65e!01 4.50e!02 8.30e!01 2.50e!02 !5.00e!03
f a !3.86e+00 4.55e!01 1.95e!01 4.50e!01 !3.20e!01 8.00e!02 8.00e!01 !1.10e!01 2.00e!02
f iH !3.67e+00 2.55e!01 2.45e!01 5.80e!01 !3.30e!01 8.00e!02 6.00e!01 !5.00e!02 1.00e!02
f iHe !4.12e+00 1.20e!01 2.70e!01 4.90e!01 !2.65e!01 4.50e!02 1.40e!01 7.00e!02 !2.00e!02

Figure 9. The functional parameters fitting for fh(xe, z) in the considered case of W+W! DM candidate.

In order to take into account the dependence either on z or xe, we
adopt the following functional formulae:

fh(xe, z) = 10A(z)
!
1 ! C(z)(1 ! xB(z)

e )
"
, (20)

fa(xe, z) = 10A(z)(1 ! xB(z))C(z), (21)

fion,H(xe, z) = 10A(z)(1 ! xB(z))C(z), (22)

fion,He(xe, z) = 10A(z)(1 ! xB(z))C(z), (23)

where

A(z) = A0 + A1 log10 z + A2(log10 z)2, (24)

B(z) = B0 + B1 log10 z + B2(log10 z)2, (25)

C(z) = C0 + C1 log10 z + C2(log10 z)2, (26)

and we provide a fit of the coefficient for the different DM models
in Tables 3–5. We see as an example in Fig. 9 how the adopted
functional forms can reproduce with good accuracy the numerical
results for the case of the W+W! DM candidate. We show in the
left-hand panel the fit of the function f h to our simulated results for
different values of the redshift and in the right-hand panel the fit of
the parameters as function of redshift.

5 C O N C L U S I O N S

We have introduced an updated version of our code MEDEA2, which
allows us to follow via a Monte Carlo scheme the fate of elec-
trons, positrons and photons of energies up to 1 TeV in their sec-
ondary energy cascade. The code can be easily applied in many

C" 2012 The Authors, MNRAS 422, 420–433
Monthly Notices of the Royal Astronomical Society C" 2012 RAS
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Update CMB constraints
CE & S.Pandolfi, in preparation

• Marginalized likelihood obtained with the public code CosmoMC by 
considering DM energy input from leptonic light DM candidate.

• Differences wrt to previous analysis up to 50%
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Our predictions for 21 cm global signal

• Deviations on the TS up to 100mK 
in the “salable” redshift window.

• Extreme model in which 
reionization is dominated by X-rays.  

• Stronger constraints could come 
from the power-spectrum (       )          

6 Valdés, Evoli, Mesinger, Ferrara & Yoshida

Figure 3. Andrei’s text

on a redshift range 45 <⇠ z

<⇠ 300, with a peak of ⇠ 6 mK at
z ⇠ 100. The e↵ect is enhanced essentially by a factor two
for the higher allowed annihilation cross section and reaches
values of |�Tb � �Tb,0| ⇠ 13 mK, meaning that the familiar
absorption feature predicted at 30 <⇠ z

<⇠ 300 is considerably
shallower and reaches a minimum of �Tb ⇠ 30 mK.

The case of the 200 GeV Wino, described by the green
curves in Fig. 5 produces less evident deviations: assuming
h�vith we can see no e↵ect on the �Tb as the solid green line
is virtually coincident with the solid black line. Obviously in
the right panel this translates into a constant |�Tb��Tb,0| =
0. On the other hand the case h�vimax = 1.2⇥10�24cm3 s�1

shows a |�Tb � �Tb,0| = 2� 9 mK for 45 <⇠ z

<⇠ 300.

Our most massive candidate, the heavy DM particle
of rest mass 1 TeV that pair annihilates into leptons, has
e↵ects on the HI 21 cm background similar to those of
the Wino: for h�vith deviations are negligible but for the
maximum allowed cross section, in this case h�vimax =
1.4 ⇥ 10�23cm3 s�1, they can be as high as 6 mK in the
range 45 <⇠ z

<⇠ 300, following a trend surprisingly similar
to the e↵ects produced by the 10 GeV Bino for h�vith.

In Fig. ?? are presented the results for the �Tb calcula-
tions including an analytic prescription for the enhancement
due to inhomogeneities as explained earlier in this work. We
concentrate on the 10 GeV Bino since we find that the e↵ects
are maximased for this particle and are essentially negligible
for the others. The left and right panels in the figure repre-
sent the same quantities as in Fig. 5 and the results for (i)
h�vith; (ii) h�vimax; (iii) h�vimax ⇤boost are shown with the
solid, dashed and dotted lines respectively. It is apparent
that the inclusion of an analytic description of the higher
energy deposition due to overdensities produces only mod-
est e↵ects which can be quantified as a stronger absorption
⇠ 4 mK at 20 <⇠ z

<⇠ 40 and a switch to a ⇠ 2 mK emission
at 10 <⇠ z

<⇠ 15, a redshift range where the formation of col-
lapsed objects such as stars and galaxies, here neglected, is
expected to be dominant.
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Figure 4. TS , Tk (thin black solid line) and TCMB (black short-

dashed line) as a function of redshift. The colored TS curves show

the modified behavior due to DM annihilations following the color

scheme given in Tab. 1. The solid thick black line is the standard

TS without DM energy input. The top and bottom panels rep-

resent the calculations done for the fiducial and extreme models

respectively.

5 CONCLUSIONS

We considered the most popular DM candidates, and thanks
to our detailed Monte Carlo calculations of their energy de-
position into the IGM as a function of redshift and ionized

c� 0000 RAS, MNRAS 000, 000–000

M.Valdés, CE, A.Mesinger, A.Ferrara & N.Yoshida, submitted

High-z 21 cm views of annihilating DM 3

Table 1. The DM models described in Sec. 2.

DM model mass [GeV] h�vi [cm3/s] ✏0 [eV/s] �⌧e Line style

W

+
W

�
200 h�vith = 3.0⇥ 10

�26
5.35⇥ 10

�25
1.53⇥ 10

�3
blue solid

W

+
W

�
200 h�vimax = 1.0⇥ 10

�25
1.78⇥ 10

�24
6.09⇥ 10

�2
blue dashed

b¯b 10 h�vith = 3.0⇥ 10

�26
1.07⇥ 10

�23
1.80⇥ 10

�2
red solid

b¯b 10 h�vimax = 1.2⇥ 10

�24
4.17⇥ 10

�22
5.76⇥ 10

�2
red dashed

µ+µ�
1000 h�vith = 3.0⇥ 10

�26
1.07⇥ 10

�25
1.42⇥ 10

�4
green solid

µ+µ�
1000 h�vimax = 1.4⇥ 10

�23
4.99⇥ 10

�23
6.18⇥ 10

�2
green dashed

the parameter:

✏0 = 1.07⇥ 10�24

✓
M�c

2

100GeV

◆�1 ✓
⌦�h

2

0.11

◆2 ✓ h�vi
h�vith

◆
(4)

where h�vith = 3 ⇥ 10�26cm3
/s is the standard thermal

annihilation cross section.
We summarize our models in Tab. 1.
Recent works (e.g. Slatyer, Padmanabhan & Finkbeiner

2009; ?) have investigated the possible role of Sommer-
feld enhancements due to which h�vi can be considerably
boosted and becomes a function of redshift, but we do not
consider here this additional hypothesis.

An important point which we take care of in this work
is that only a fraction of the energy released by DM annihi-
lations is finally deposited into the IGM in the form of heat,
excitations and ionizations either of hydrogen and helium.
The absorbed fraction depends on the DM candidate - in
the form of the initial energy spectrum from the annihila-
tion event - and on the environment where the annihilation
takes place, specifically on the ionized fraction of the am-
bient gas and on the spectrum of CMB photons, important
for the Inverse Compton (IC) secondary scatterings.

We first compute the modifications induced by DM an-
nihilations on the CMB power spectra and on the integrated
Thomson optical depth to verify that our models are not in
contradiction with WMAP7 observations and to put upper
limits on h�vi for the considered DM candidates. To do so
we use a modified version of the public code CAMB (ref.)
and add a DM term to the evolution equations in this way:

dnHI

dt
= � 1

1 + fHe

fion,H

Eion,H

dE�

dt
(5)

dnHeI

dt
= � fHe

1 + fHe

fion,He

Eion,He

dE�

dt
(6)

dTM

dt
=

2
3k

fh

nH(1 + fHe +Xe)
dE�

dt
(7)

where the energy depositions fH, fHe and fion are given by
the fits in Evoli et al. (2012) as explained better in the next
Section. We then calculate the contribution of DM to the
Thomson optical depth, �⌧e, by integrating the well-known
formula:

�⌧e =

Z 103

6

c�T �xe(z)Nb(z)

����
dt
dz

���� dz (8)

where �xe is the di↵erence in the ionized fraction between
the standard scenario and the case in which DM annihilates.
We assume here that the Universe is fully ionized at redshift
z < 6: this contributes by a factor ⇠ 0.04 to the WMAP
measured total optical depth ⌧e = 0.088 ± 0.015 (Komatsu
et al. 2011). We calculate therefore the extra component in

the optical depth due to DM annihilations and find that the
WMAP observations are not violated for the considered DM
models (see Tab. 1).

With the same modified version of CAMB code we
can calculate the e↵ects of DM annihilations on the
temperature-temperature (TT), polarization-polarization
(EE) and temperature-polarization (TE) CMB spectra. Our
results are obtained assuming that the cosmological parame-
ters have best-fitting values as indicated by the 7-yr WMAP
data (Komatsu et al. 2011). For each DM candidate we in-
crease the value of the thermally averaged annihilation cross
section from the standard value h�vith = 3⇥10�26cm3

/s up
to a value h�vimax for which one of the computed CMB ob-
servables exceeds by 3� the WMAP7 data. The upper limits
h�vimax for each of the considered DM candidates are given
in Tab. 1 along with the color and line-style later used in the
plots. CMB observations by Planck will allow to put more
stringent constrains on the properties of the DM candidates
in the near future (ref.).

3.2 Energy deposition

For the details of the complex Monte Carlo scheme
MEDEA 2 which we use to precisely compute the fractional
energy depositions fi for each DM candidate we refer the
reader to Evoli et al. (2012). The main point is that through
MEDEA 2 we are able to calculate how much of the energy
released by a single annihilation event goes into: (i) H and
He ionizations (ii) excitations (iii) heating. A set of handy
fitting formulae that take into account the dependence on z

and xe are given in this form:

fh(xe, z) = 10A(z) ⇤ (1� C(z) ⇤ (1� x

B(z)
e )) (9)

fa(xe, z) = 10A(z) ⇤ (1� x

B(z))C(z) (10)

fion,H(xe, z) = 10A(z) ⇤ (1� x

B(z))C(z) (11)

fion,He(xe, z) = 10A(z) ⇤ (1� x

B(z))C(z) (12)

where:

A(z) = A0 +A1 ⇤ log z +A2 ⇤ (log z)2 (13)

B(z) = B0 +B1 ⇤ log z +B2 ⇤ (log z)2 (14)

C(z) = C0 + C1 ⇤ log z + C2 ⇤ (log z)2. (15)

3.3 21 cm signal

One of the observable quantities most likely to carry a trace
of the e↵ects of DM annihilations is the redshifted 21 cm
line associated with the hyperfine transition between the
triplet and the singlet levels of the neutral hydrogen ground
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Conclusions - part II

• Energy injection by DM annihilation at z ~ 100-1000 can be properly constrained after 
accounting for degeneracies with cosmological parameters. However, such analysis 
are frequently based on simple approximations about how the input energy of the 
cascading particles gets partitioned between ionizations and heating of the 
environment. 

• We have developed a new code, M.E.DE.A., which includes lepton and photon 
interactions with the IGM, allowing us to compute the energy partition into heating, 
excitations and ionizations as a function of the electron initial energy, the ionization 
fraction and the redshift.

• Our results can be applied to calculate DM contribution to the 21 cm cosmological 
evolution. Observations of the 21 cm signal from the Dark Ages could eventually 
detect a clear signal of exotic processes like DM decays or annihilations.
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