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Figure 1: Illustrative plots of the solutions of
the evolution equations in the case of annihila-
tions only (top left panel, discussed in Sec. 3.1),
annihilations with oscillations (top right panel,
Sec. 3.3) and in the case which includes elastic
scatterings (bottom left panel, Sec. 3.4). The
blue (magenta) line represents the comoving
population of n+ (n�), the black line their sum.
The arrow points to the value of the primordial
asymmetry, the green band is the correct relic
abundance (± 1⇥).

neglected. As anticipated, therefore, in this typical aDM configuration the most relevant
parameter is the initial asymmetry �B: it sets the asymptotic number density 4 and thus,
in order to obtain the correct ⇤DM, forces mDM to be O(5 GeV) (4.5 GeV in the plot).

For illustration one can also define the sum and the di⌅erence of the comoving number
densities

⇥(x) = Y +(x) + Y �(x), �(x) = Y +(x)� Y �(x), (15)

In terms of these quantities, the Boltzmann equations read
⇧
�⌥

�⌃

⇥ ⇥(x) = �2
⇤⇥v⌅ s(x)

x H(x)

⇤
1

4

⇥
⇥2(x)��2(x)

�
� Y 2

eq(x)

⌅
,

�⇥(x) = 0,

(16)

which clearly shows that the di⌅erence � between the populations remains constant and
equal to the initial condition �0; on the other hand, the total population of + and � particles
decreases, due to annihilations. At late times, Yeq is negligible and ⇥ is attracted towards
� = �0.

3.2 Oscillations only

We consider next the restricted case in which there are only DM ⇥ DM oscillations in the
system, without annihilations nor scatterings with the plasma. Eq. (11) reduces in this case

4Note that we are assuming that any process changing the DM-number (such as e.g. weak sphalerons,
in models in which the DM-number is related to the ordinary baryon number) is already switched o� by
the time of freeze-out, so that we can consider �0 as an actual constant in the subsequent evolution. This
could be invalid for very large DM masses (� 10 TeV), for which freeze-out happens early.
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3NB: entropy density in the Universe at temperature T
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X-ray line

Text

Bulbul et al., 1402.2301

Boyarsky, Ruchayskiy, 
1402.4119

3.55 - 3.57 ± 0.03  KeV 
73 clusters 

z = 0.01 - 0.35

3.5 KeV 
Andromeda galaxy  

+ Perseus cluster 

z = 0 and 0.0179

& 4�

4.4�

(Chandra & XMM-Newton)

(XMM-Newton)
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Consider a particle χ: 
- subject to  
  with a very small rate 
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- ‘stable’ 
- in an expanding Universe 
- zero initial abundance

very slowly but steadily produced

Hall, Jedamzik, March-Russell, West 2009
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Freeze-in: 
like rodents in the paleocene 

Consider a particle χ: 
- subject to  
  with a very small rate 
- ‘heavy’ (e.g. 100 GeV) 
- ‘stable’ 
- in an expanding Universe 
- zero initial abundance

increasing 
production σ

The final abundance is determined by σ (or rather λ).

Hall, Jedamzik, March-Russell, West 2009
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a baryon of the SM:an astro  je ne sais pas quoi:

strong  
lensing

- BBN computes the abundance of He in terms 
of primordial baryons:  
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max

A loophole: Primordial Black Holes!
- produced before BBN 
- with masses too small/large to lens 
- perhaps GW observatories are seeing them?

- gas 

- Black Holes  
- brown dwarves

Primordial Black Holes
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huge range of sizes: M ≃ 1015(t/10−23 sec) g (with many constraints)
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PBHs as DM
window still open?
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feebly int.
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90 orders of magnitude!

Basic concept: add something to the SM 
• SuSy DM  
• Scalar singlet DM 
• Sub-GeV DM 
• Sterile neutrinos 
• Axions 
• PBHs 
• ……

byproduct of wider theories 
‘ad hoc’ theories 

byproduct or pheno motivated 
theory/pheno motivated 

byproduct of wider theory 
non-particle DM 

……

neutral

feebly int.

cold
stable

Candidates  recap
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore 
  mild: Einasto 
  smooth: isothermal, Burkert

At small r: �(r) � 1/r�
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- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

(1 + r/rs)(1 + (r/rs)2)

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto 

(effect of baryons?)

6 profiles:
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- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
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the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.
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DM halo profiles
From N-body numerical simulations:

Common features:

ρ⊙ ≃ 0.4 GeV/cm3

≃ 1012 M⊙Total mass of the MW:
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Indirect Detection: basics
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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    and      from  DM annihilations in halop̄ e+
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1.diffusion (on magnetic field granularities)
2.energy losses (ICS, bremsstrahlung, synchrotron)
3.convection
4.spallations
5.solar influence
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    and      from  DM annihilations in halop̄ e+

Previous historical determinations: 
Delahaye et al. 0712.2312

Cirelli et al. 1012.4515 
Evoli et al. 1108.0664

…
See also: 

Génolini et al. 1904.08917

Génolini, Cirelli et al. 2103.04108

Indirect Detection: basics

Donato et al., 2003+
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Figure 14: Fluxes of antiprotons at the Earth, after propagation, for the case of an-
nihilations (top row) and decay (bottom row). In the left panels the propagation parameters are
variated, while the halo profile is kept fixed. The opposite is done for the right panels. The choices
of annihilation or decay channels and parameters are indicated.

functions and numerical tables.

Fig. 14 presents some examples of such fluxes, for the cases of annihilation and decay.
We do not correct for any solar modulation. It is apparent that the choice of propagation
parameters (MIN, MED or MAX) a�ects in a relevant way the final result, up to a couple
of orders of magnitude, even if the spectral shapes are not sensibly modified. The choice
of the DM halo profile, instead, has a limited impact and it is barely visible for the decay
case. This is already evident of course in the little variations of the halo function in Fig.10
and can be traced back to the fact that the decay signal, being proportional to the first
power of the DM density, is mainly sensitive to the local DM halo, where the profiles do
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the di�use � rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the di�erence between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Figure 13: Fluxes of electrons or positrons at the Earth, after propagation, for the case
of annihilations (top row) and decay (bottom row). In the left panels the propagation parameters
are variated, while the halo profile is kept fixed. The opposite is done for the right panels. The
choices of annihilation or decay channels and parameters are indicated.

close to the galactic center where one has larger energy losses. As a consequence we expect
that the di�use � rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the di�erence between the two methods.

4.2.2 Antiprotons

Applying the recipe of eq. (27) it is straightforward to compute the fluxes of antiprotons
at Earth, for a given choice of halo profile and propagation parameters. We provide them
in numerical form on the website [29], both in the form of MathematicaR� interpolating
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Figure 3: Primary fluxes of e±, p̄, d̄, � and ⇥e.
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So what are the  
particle physics  
parameters?

1. Dark Matter mass  

2. annihilation cross section �ann
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Figure 15: J(�) for annihilating (left) and decaying (right) Dark Matter, for the di�erent
DM profiles. The color code individuates the profiles (Burkert, Isothermal, Einasto, EinastoB,
NFW, Moore from bottom to top in the inset).

The J factors are plotted in fig. 15 as a function of �. We provide them in terms of
MathematicaR� interpolating functions on the website [29].

The recipes (34) and (35) are ready for consumption if one needs the flux of gamma rays
from a given direction. More often, of course, one needs the integrated flux over a region
�⇥, corresponding e.g. to the window of observation or the resolution of the telescope.
The J factor is then replaced by the average J factor for such region, simply defined as
J̄(�⇥) =

�⇤
�⇥ J d⇥

⇥
/�⇥. The following simple formulæ hold for regions that are disks of

aperture �max centered around the GC, annuli �min < � < �max centered around the GC or
generic regions defined in terms of galactic latitude b and longitude ⌥24 (provided they are
symmetric around the GC):
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where the integration limits in the formulæ for J̄ are left implicit for simplicity but obviously
correspond to those in �⇥. For the ‘b ⇥ ⌥ region’ the limits of the integration region are

24Galactic polar coordinates (d, ⌅, b) are defined as

x = d cos ⌅ cos b, y = d sin ⌅ cos b, z = d sin b

where the Earth is located at ↵x = 0 (such that d is the distance from us); the Galactic Center at x = r�,
y = z = 0; and the Galactic plane corresponds to z ⇤ 0. Consequently cos � = x/d = cos b · cos ⌅.
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Region latitude b longitude l �⇥ J̄ann J̄dec

or aperture � [steradians] NFW Ein EinB Iso Bur Moore NFW Ein EinB Iso Bur Moore
‘GC 0.1⇥’ � < 0.1⇥ � 0.96 10�5 11579 3579 55665 17.2 6.21 81751 26.3 25.4 55.3 6.45 4.47 44.9
‘GC 0.14⇥’ � < 0.14⇥ � 0.19 10�4 8255 3206 43306 17.2 6.21 52395 25.1 25.0 52.9 6.45 4.47 41.5
‘GC 1⇥’ � < 1⇥ � 0.96 10�3 1118 1196 6945 17.2 6.21 3855 18.0 21.0 35.5 6.45 4.47 24.9
‘GC 2⇥’ � < 2⇥ � 0.004 542 711 3103 17.2 6.19 1521 15.5 18.6 28.7 6.45 4.47 20.2
‘Gal Ridge’ 0⇥ < |b| <0.3⇥ 0⇥ < |l| <0.8⇥ 0.29 10�3 1904 1605 11828 17.2 6.21 7927 19.6 22.2 39.9 6.45 4.47 28.4
‘3 ⇥ 3’ 0⇥ < |b| <3⇥ 0⇥ < |l| <3⇥ 0.011 306 443 1577 17.1 6.16 741 13.6 16.4 23.6 6.43 4.46 16.9
‘5 ⇥ 5’ 0⇥ < |b| <5⇥ 0⇥ < |l| <5⇥ 0.030 174 264 783 16.8 6.10 367 11.8 14.1 19.0 6.39 4.44 14.0
‘5 ⇥ 30’ 0⇥ < |b| <5⇥ 0⇥ < |l| <30⇥ 0.183 47.7 70.5 170 12.1 5.16 84.8 7.27 8.24 9.74 5.55 4.12 7.99
‘10 ⇥ 10’ 0⇥ < |b| <10⇥ 0⇥ < |l| <10⇥ 0.121 77.7 118 280 15.5 5.85 138 9.30 10.9 13.4 6.19 4.37 10.5
‘10 ⇥ 30’ 0⇥ < |b| <10⇥ 0⇥ < |l| <30⇥ 0.364 35.5 51.8 109 11.7 5.09 57.2 6.86 7.71 8.89 5.48 4.10 7.44
‘10 ⇥ 60’ 0⇥ < |b| <10⇥ 0⇥ < |l| <60⇥ 0.727 19.5 27.8 56.7 7.59 3.91 30.4 5.06 5.51 6.13 4.39 3.57 5.36
‘GP w/o GC’ 0⇥ < |b| <5⇥ 30⇥ < |l| <180⇥ 0.913 1.32 1.35 1.38 1.28 1.24 1.33 1.85 1.85 1.86 1.90 1.88 1.85
‘sides of GC’ 0⇥ < |b| <10⇥ 10⇥ < |l| <30⇥ 0.242 14.4 18.5 24.0 9.79 4.70 16.7 5.64 6.12 6.62 5.12 3.96 5.90
‘outer Galaxy’ 0⇥ < |b| <10⇥ 90⇥ < |l| <180⇥ 1.091 0.560 0.535 0.518 0.535 0.671 0.551 1.30 1.29 1.29 1.35 1.39 1.30
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‘Gal Poles’ 60⇥ < |b| <90⇥ 0⇥ < |l| <180⇥ 1.684 0.992 0.965 0.947 0.964 1.11 0.982 1.77 1.75 1.75 1.82 1.88 1.77

Table 3: Some popular observational regions, their angular area and the corresponding values of the average J̄ factor for di�erent DM halo
profiles, in the case of annihilation and decay. ‘GP’ stands for Galactic Plane and ‘GC’ for Galactic Center. With a slight abuse of notation
we indicate the absolute value of the longitude |l| to signify that the considered regions are always symmetrical with respect to the l = 0 axis (for
instance 0� < |l| < 3� actually means l > 357�, l < 3�).
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we indicate the absolute value of the longitude |l| to signify that the considered regions are always symmetrical with respect to the l = 0 axis (for
instance 0� < |l| < 3� actually means l > 357�, l < 3�).
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Spread is very large  
for small regions close to GC

GC ✓

line of sight

 �s
Expected flux:



WIMP Indirect Detection

M. Cirelli, A. Strumia, J. Zupan 2406.01705

� �� ��� ��� ��� ���
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�	

�� ���� �	 
��

�
��
��
���
���
�
	

��
�
��
	�
��
�
��

�
��
	�

�
/�

��� ������	
 ��
�	
��� 	��

����



�
�
�� ����	� ����


������ ����� ���
��	

�-���� � ����� �

����
�+���

�	+
�
�� �


���	

����
� ���

	
�

���

���


���
�� [��	���

��]

������������	��

���� !� [���"�]
������

� [��	
�]

���
�

��

��

��



WIMP Indirect Detection

M. Cirelli, A. Strumia, J. Zupan 2406.01705

� �� ��� ��� ��� ���
��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-��

��-�	

�� ���� �	 
��

�
��
��
���
���
�
	

��
�
��
	�
��
�
��

�
��
	�

�
/�

��� ������	
 ��
�	
��� 	��

����



�
�
�� ����	� ����


������ ����� ���
��	

�-���� � ����� �

����
�+���

�	+
�
�� �


���	

����
� ���

	
�

���

���


���
�� [��	���

��]

������������	��

���� !� [���"�]
������

� [��	
�]

���
�

��

��

��


