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DM N-body simulations
Aquarius project of the VIRGO coll.:
1.5 109 CDM particles, single galactic halo

VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/



DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies,
2 billion lyr

2dF: 2.2 105 galaxies

Millennium: 
1010 particles,
500 h-1 MpcOf course, you have to 

infer galaxies within the 
DM simulation
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How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π $2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, $B and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)
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The Tensor-Vector-Scalar theory and its cosmology 19

Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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MOND? TeVeS?
New physics at low accelerations Mordehai Milgrom

Figure 3: More MOND results for galaxy RCs (from [2]). The solid lines are the MOND curves; the other
curves are based on Newtonian dynamics: for the stellar disc (dots), gas (dash dots), and stellar bulge (long
dashed) contributions.

uncertain. Concentrating on studies that go to large galactic radii of isolated elliptical galaxies,
I mention here the analyses of [48] and [49], who find good agreement with MOND prediction,
in analyses based on planetary-nebulae, or companion-galaxy, probes. Recently, [50] published a
mass analysis of the isolated elliptical NGC 720, based of x-ray-gas hydrostatics. They find that
the mass discrepancy at a radius of 100Kpc is ∼ 10. I note here that this is in very good agreement
with the prediction of MOND: The MOND acceleration there is g(100Kpc)/a0 ≡ x ≈ 0.11, and
the predicted discrepancy is 1/µ(x), which is ≈ 1/x for small x.

3.4 Systems of galaxies

MOND has been tested also on systems of galaxies, for example, on poor galaxy groups, in
[51], and on super clusters; e.g., in [52]. These analyses showed that the very large mass discrep-
ancies shown by these systems disappear in MOND, within the uncertainties.

However, analyses of galaxy clusters, employing x-ray-gas hydrostatics, and gravitational
lensing, shows a persistent, remaining mass discrepancy, even when MOND is used (see e.g.,
[53, 54], and references therein, for earlier findings to this effect, going back to the early 1990s):
The typical mass discrepancy of galaxy clusters within a few megaparces of the center, which by
standard dynamics is of the order of a factor 10, is reduced in MOND to about a factor of two
only. The deduced density distribution of the MOND “phantom” DM is similar to that of galaxies,
and is rather more centrally concentrated than that of the x-ray gas, which makes the lion share
of the baryons. As a result, the remaining mass discrepancy is rather more pronounced near the
centers of the clusters. A more detailed discussion of this remaining discrepancy, and of possible
explanations of it, are reviewed in [55], advocating, specifically, that the discrepancy is due to yet
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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 (ρs):
this precision is sufficient 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 ρs (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 ρ⊙ = 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 differ 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 affected,
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: ρ(r) ∝ 1/rγ
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reader with ready-to-use final products, as opposed to the generating code. We make an

effort 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 α 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 : ρNFW(r) = ρs
rs

r

�
1 +

r

rs

�−2

Einasto : ρEin(r) = ρs exp

�
− 2

α

��
r

rs

�α

− 1

��

Isothermal : ρIso(r) =
ρs

1 + (r/rs)
2

Burkert : ρBur(r) =
ρs

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

Moore : ρMoo(r) = ρs

�rs

r

�1.16
�

1 +
r

rs

�−1.84

(1)

Numerical DM simulations that try to include the effects 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 α) 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 α 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 efforts already made studying the stellar tidal streams, see [45]. Thus the assumption

5

EinastoB = steepened Einasto
(effect of baryons?)
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Figure 3: Primary fluxes of e±, p̄, d̄, γ and νe.
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DM annihilation
halo prop a0 a1 a2 a3 a4 a5

MIN 0.9251 0.6464 -0.3105 -0.0917 0.0406 -0.0039
NFW MED 1.8398 0.5345 -0.2930 -0.0439 0.0252 -0.0025

MAX 2.6877 -0.1339 -0.1105 0.0170 -0.0010 0.0000
MIN 0.9455 0.6282 -0.3175 -0.0807 0.0373 -0.0036

Moo MED 1.8714 0.5922 -0.2815 -0.0629 0.0304 -0.0029
MAX 2.7960 -0.1231 -0.1164 0.0188 -0.0013 0.0000
MIN 0.9191 0.6493 -0.3104 -0.0922 0.0407 -0.0039

Iso MED 1.7969 0.4441 -0.3128 -0.0159 0.0179 -0.0019
MAX 2.5071 -0.1557 -0.0990 0.0135 -0.0005 -0.0000
MIN 0.9104 0.6564 -0.3067 -0.0962 0.0418 -0.0040

Ein MED 1.8804 0.5813 -0.2960 -0.0502 0.0271 -0.0027
MAX 2.7914 -0.1294 -0.1115 0.0165 -0.0008 -0.0000
MIN 0.9104 0.6564 -0.3067 -0.0962 0.0418 -0.0040

EiB MED 1.9505 0.6984 -0.3038 -0.0689 0.0331 -0.0032
MAX 3.0003 -0.1225 -0.1102 0.0138 -0.0000 -0.0001
MIN 0.9175 0.6429 -0.3133 -0.0902 0.0404 -0.0039

Bur MED 1.7426 0.3736 -0.3127 -0.0027 0.0140 -0.0016
MAX 2.3763 -0.1637 -0.0948 0.0123 -0.0003 -0.0000

Figure 9: Propagation function for antiprotons
from annihilating DM, for the different halo profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (30).
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DM decay
halo prop a0 a1 a2 a3 a4 a5

MIN 0.9175 0.6429 -0.3121 -0.0910 0.0406 -0.0039
NFW MED 1.7507 0.3892 -0.3101 -0.0070 0.0151 -0.0016

MAX 2.4353 -0.1549 -0.1004 0.0144 -0.0007 -0.0000
MIN 0.9179 0.6431 -0.3132 -0.0902 0.0404 -0.0038

Moo MED 1.7534 0.3933 -0.3095 -0.0077 0.0153 -0.0017
MAX 2.4430 -0.1541 -0.1001 0.0144 -0.0009 0.0000
MIN 0.9171 0.6434 -0.3134 -0.0903 0.0404 -0.0039

Iso MED 1.7450 0.3770 -0.3128 -0.0033 0.0142 -0.0016
MAX 2.4095 -0.1580 -0.0988 0.0139 -0.0006 -0.0000
MIN 0.9177 0.6436 -0.3130 -0.0904 0.0404 -0.0039

Ein MED 1.7554 0.3959 -0.3096 -0.0082 0.0154 -0.0017
MAX 2.4466 -0.1543 -0.1007 0.0144 -0.0007 -0.0000
MIN 0.9177 0.6436 -0.3130 -0.0904 0.0404 -0.0039

EiB MED 1.7600 0.4044 -0.3083 -0.0104 0.0160 -0.0017
MAX 2.4612 -0.1530 -0.1012 0.0145 -0.0007 -0.0000
MIN 0.9165 0.6419 -0.3141 -0.0898 0.0403 -0.0039

Bur MED 1.7352 0.3616 -0.3150 0.0006 0.0132 -0.0015
MAX 2.3956 -0.1570 -0.0998 0.0144 -0.0007 0.0000

Figure 10: Propagation function for antiprotons
from decaying DM, for the different halo profiles and
sets of propagation parameters, and the corresponding fit
parameters to be used in eq. (30).
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Decay

K and momentum p of charged cosmic rays such that the energy spectrum dΦp̄⊕/dK⊕ of
antiprotons that reach the Earth with energy K⊕ and momentum p⊕ (sometimes referred to
as Top of the Atmosphere ‘ToA’ fluxes) is approximatively related to their energy spectrum
in the interstellar medium, dΦp̄/dK, as [123]

dΦp̄⊕

dK⊕
=

p2
⊕

p2

dΦp̄

dK
, K = K⊕ + |Ze|φF , p2 = 2mpK + K2. (31)

The so-called Fisk potential φF parameterizes in this effective formalism the kinetic energy
loss. A value of φF = 0.5 GV is characteristic of a minimum of the solar cyclic activity,
corresponding to the period in which most of the observations have been done in the second
half of the 90’s and at the end of the years 2000’s.

4.1.5 Antideuterons

The propagation of antideuterons through the Galaxy follows closely that of antiprotons
discussed above, with a few trivial changes. The diffusion equation is still the one in eq. (24).
In it:
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antiprotons

Propagated charged CRs

DM annihilation
halo prop a0 a1 a2 a3 b1 b2 c1 c2

MIN 0.502 0.297 -0.828 -1.691 0.098 0.116 -0.342 0.169

NFW MED 0.505 0.510 0.579 0.984 0.876 0.699 0.137 0.082

MAX 0.502 0.642 1.462 0.793 1.184 0.787 0.165 0.068

MIN 0.502 0.299 -0.784 -1.678 0.099 0.119 -0.336 0.167

Moo MED 0.507 0.363 2.207 1.399 0.909 0.758 0.165 0.056

MAX 0.505 0.737 2.096 0.691 1.223 0.802 0.138 0.061

MIN 0.502 0.295 -0.847 -1.703 0.097 0.116 -0.344 0.169

Iso MED 0.573 0.594 0.301 0.684 0.760 1.412 0.164 1.731

MAX 0.495 0.358 1.823 1.415 1.104 0.940 0.412 0.219

MIN 0.502 0.306 -0.785 -1.641 0.100 0.119 -0.341 0.170

Ein MED 0.507 0.345 2.095 1.469 0.905 0.741 0.160 0.063

MAX 0.505 0.793 1.859 0.644 1.218 0.796 0.146 0.066

MIN 0.502 0.311 -0.705 -1.615 0.103 0.123 -0.329 0.167

EiB MED 0.508 0.596 3.209 0.862 0.947 0.761 0.175 0.046

MAX 0.510 0.972 3.168 0.523 1.275 0.818 0.104 0.061

MIN 0.490 0.727 -0.039 0.708 0.095 1.444 0.217 0.933

Bur MED 0.500 0.760 0.255 0.658 0.696 0.721 0.302 0.154

MAX 0.503 0.630 0.238 0.789 1.021 1.115 0.350 0.222

Figure 7: Reduced halo function I(λD) for e± from
annihilating Dark Matter, for the different DM profiles
and sets of propagation parameters, and the corresponding
fit parameters to be used in eq. (23).
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DM decay
Halo Prop a0 a1 a2 a3 b1 b2 c1 c2

MIN 0.487 0.558 -0.049 0.917 0.096 1.444 0.217 0.903

NFW MED 0.501 0.638 0.313 0.784 0.715 0.740 0.299 0.152

MAX 0.501 0.579 0.458 0.863 1.070 1.057 0.355 0.202

MIN 0.487 0.555 -0.050 0.922 0.097 1.444 0.217 0.908

Moo MED 0.501 0.687 0.276 0.728 0.721 0.747 0.291 0.151

MAX 0.500 0.563 0.554 0.889 1.076 1.044 0.367 0.199

MIN 0.487 0.558 -0.048 0.916 0.096 1.444 0.216 0.898

Iso MED 0.501 0.705 0.310 0.710 0.700 0.717 0.311 0.155

MAX 0.504 0.609 0.270 0.817 1.050 1.111 0.334 0.212

MIN 0.487 0.552 -0.050 0.927 0.097 1.444 0.217 0.907

Ein MED 0.501 0.677 0.277 0.739 0.725 0.748 0.287 0.150

MAX 0.500 0.230 1.443 2.183 1.078 1.036 0.371 0.202

MIN 0.487 0.414 -0.068 1.238 0.098 1.444 0.217 0.915

EiB MED 0.502 0.797 0.189 0.627 0.737 0.751 0.265 0.164

MAX 0.498 0.258 1.614 1.954 1.087 1.022 0.389 0.196

MIN 0.488 0.691 -0.037 0.739 0.094 1.444 0.215 0.885

Bur MED 0.501 0.721 0.283 0.695 0.679 0.712 0.318 0.156

MAX 0.497 0.636 0.278 0.791 1.051 1.203 0.351 0.107

Figure 8: Reduced halo function I(λD) for e± from
decaying DM, for the different halo profiles and sets of
propagation parameters, and the corresponding fit parame-
ters to be used in eq. (23).
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4.1.3 Electrons or positrons: approximated energy loss

The above treatment is pretty general in that it allows to compute the propagated fluxes

taking into account the full energy and position dependance of b(E, �x), as discussed above.

An approximated formalism had been adopted in the past (see e.g. [110] and references

therein) and we report it here for completeness and to compare with our full result.

Assuming a space-independent b = bT(�) = �2 GeV/τ⊙ everywhere in the Galaxy, one

can define a ‘reduced’ halo function I(λD, �x) (and a simplified differential equation for

it) in terms of a single quantity λD = λD(�, �s) =
�

4K0τ⊙ (�δ−1 − �δ−1
s ) /(1− δ), which

represents the diffusion length of e± injected with energy �S and detected with energy �.
One has (instead of the full equation (16))

∇2I(λD, �x)− 2

λD

∂

∂λD
I(λD, �x) = 0,






I(0, �x) =

�
ρ(�x)

ρ⊙

�η

,

I(λD, �xmax) = 0.

(19)
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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 diffuse γ rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the difference 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 diffuse γ rays, produced by these propagated electrons/positrons everywhere (see
sec. 6), will be more sensitive to the difference 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 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) affects 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) affects 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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Positrons from PAMELA:

M.Boezio (PAMELA coll.) 2008

 - steep      excess 
above 10 GeV!

- very large flux!

e+

background ?

e+

e+ + e−
positron fraction:

Adriani et al., Nature 458 (2009) 607; ApP 34 (2010) 1
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FIG. 2. Derived 95% C.L. upper limits on WIMP annihilation
cross section for the bb̄ channel, the τ+τ− channel, the µ+µ−

channel, and the W+W− channel. The most generic cross
section (∼ 3 · 10−26 cm3s−1 for a purely s-wave cross section)
is plotted as a reference. Uncertainties in the J-factor are
included.

nominal J-factors. Averaged over the WIMP masses, the

upper limits increase by a factor up to 12 for Segue 1,

and down to 1.2 for Draco. Combining the dSphs yields

a much milder overall increase of the upper limit com-

pared to using nominal J-factors, a factor of 1.3.

The combined upper limit curve shown in Fig. 1 in-

cludes Segue 1 and Ursa Major II, two ultra-faint satel-

lites with small kinematic datasets and relatively large

uncertainties on their J-factors. Conservatively, exclud-

ing these objects from the analysis results in an increase

in the upper limit by a factor ∼1.5, which illustrates the

robustness of the combined fit.

Finally, Fig. 2 shows the combined limits for all stud-

ied channels. The WIMP masses range from 10 GeV to

1 TeV, except for the τ+τ− and W+W− channels, where

the lower bounds are 5 GeV and 100 GeV, respectively.

We restrict the range to WIMPmasses where reliable pre-

dictions for the gamma-ray yield were available. For the

first time, using gamma rays, we are able to rule out mod-

els with the most generic cross section (∼ 3·10−26 cm3s−1

for a purely s-wave cross section), without assuming ad-

ditional astrophysical or particle physics boost factors.

In conclusion, we have presented a new analysis of the

Fermi-LAT data that for the first time combines mul-

tiple (10) Milky Way satellite galaxies in a single joint

likelihood fit and includes the effects of uncertainties in

J-factors, yielding a more robust upper limit curve in the

(mW ,�σannv�) plane. This procedure allows us to rule out
WIMP annihilation with cross sections predicted by the

most generic cosmological calculation up to mass of ∼ 27

GeV for the bb̄ channel, and up to mass of ∼ 37 GeV for

the τ+τ− channel. Future improvements planned by the

Fermi-LAT Collaboration (apart from increased amount

of data) will include an improved event selection with a

larger effective area and photon energy range, and the

inclusion of more satellite galaxies.
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Mmm.... A good fit requires [1] careful bkgd subtraction &
[2] fitting energy spectra + angular spectra + associated signals.

Figure 4. Upper sub-panels: the measured events with statistical errors are plotted in black. The
horizontal bars show the best-fit models with (red) and without DM (green), the blue dotted line
indicates the corresponding line flux alone. In the lower sub-panel we show residuals after subtracting
the model with line contribution. Note that we rebinned the data to fewer bins after performing the
fits in order to produce the plots and calculate the p-value and the reduced χ2

r ≡ χ2/dof. The counts
are listed in Tabs. 1, 2 and 3.

– 8 –

Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Figure 1. Left panel: The black lines show the target regions that are used in the present analysis in
case of the SOURCE event class (the ULTRACLEAN regions are very similar). From top to bottom,
they are respectively optimized for the cored isothermal, the NFW (with α = 1), the Einasto and the
contracted (with α = 1.15, 1.3) DM profiles. The colors indicate the signal-to-background ratio with
arbitrary but common normalization; in Reg2 to Reg5 they are respectively downscaled by factors
(1.6, 3.0, 4.3, 18.8) for better visibility.
Right panel: From top to bottom, the panels show the 20–300 GeV gamma-ray (+ residual CR)
spectra as observed in Reg1 to Reg5 with statistical error bars. The SOURCE and ULTRACLEAN
events are shown in black and magenta, respectively. Dotted lines show power-laws with the indicated
slopes; dashed lines show the EGBG + residual CRs. The vertical gray line indicates E = 129.0 GeV.
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Fermi 80 < E < 100 GeV
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Fig. 3.— All-sky CLEAN 3.7 year maps in 5 energy bins, and a residual map (lower right). The residual map is the 120− 140 GeV map
minus a background estimate, taken to be the average of the other 4 maps where the average is computed in E2dN/dE units. This simple
background estimate is sufficient to remove the Galactic plane and most of the large-scale diffuse structures and even bright point sources.
A cuspy structure toward the Galactic center is revealed as the only significant structure in the residual gamma-ray map. All of the maps
are smoothed with a Gaussian kernel of FWHM = 10◦ without source subtraction.

are available on the Internet, and it is from these files
that we build our maps.
The point spread function (PSF) is about 0.8◦ for 68%

containment at 1 GeV and decreases with energy as r68 ∼
E−0.8, asymptoting to ∼ 0.2◦ at high energy. The LAT
is designed to survey the gamma-ray sky in the energy
range from about 20 MeV to several hundreds of GeV.
We use the latest publicly available data and instru-

ment response functions, known as Pass 7 (P7 V6)4. For
most figures in this work we use the CLEAN event class,
which has larger effective area than ULTRACLEAN and
lower background than SOURCE. In a few cases, we show
figures made with ULTRACLEAN or SOURCE events as ev-
idence that this choice has no qualitative effect on our
results.
Photons coming from the bright limb at Earth’s

horizon, dominantly produced by grazing-incidence CR
showers in the atmosphere, are a potential source of con-
tamination. We minimize this background by selecting
events with zenith angle less than 100◦ as suggested in

4 Details at http://fermi.gsfc.nasa.gov/ssc/

data/analysis/documentation/Pass7 usage.html

the Fermi Cicerone5. We also exclude some time in-
tervals, primarily while Fermi passes through the South
Atlantic Anomaly.

2.2. Map Making

We generate full-sky maps of counts and exposure us-
ing HEALPix, a convenient equal-area iso-latitude full-
sky pixelization widely used in the CMB community.6

Spherical harmonic smoothing is straightforward in this
pixelization, and we smooth each map by the kernel re-
quired to obtain an approximately Gaussian PSF of some
target FWHM, usually 10◦. We generate maps for front-
and back-converting events separately, smooth them to
a common PSF, and then combine them.
We construct maps both with and without point source

subtraction. We subtract point sources listed in the Sec-
ond Fermi-LAT catalog (2FGL), which is based on 24
months of P7 V6 LAT observations.7 The PSF and ef-

5 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/.
6 HEALPix software and documentation can be found at

http://healpix.jpl.nasa.gov, and the IDL routines used in
this analysis are available as part of the IDLUTILS product at
http://sdss3data.lbl.gov/software/idlutils.

7 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr catalog,
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The excess is actually (only) in the GC

Figure 1. Map at 120-140 GeV showing regions with positive and negative excesses around the background.
Three most significant regions from [2] are shown with white circles, the remaining regions from [2] are
shown with green circles.

Region Power law parameters χ2 Prominent Significance
Features σ

REG 1 Γ = 3.4± 0.4; N100 = 4.3 ± 0.6 0.98 Line at 115 GeV 3.86
REG 2(overall) Γ = 2.2± 0.2; N100 = 7.1 ± 0.6 0.94 –
REG 2(60–110 GeV) Γ = 1.4± 0.8; N100 = 8.0 ± 2.0 2.12 Dip at 95 GeV -4.7
REG 2(110–200 GeV) Γ = 2.7± 0.5; N100 = 7.8 ± 1.4 0.29 –
REG 3 Γ = 3.6± 0.5; N100 = 2.3 ± 0.4 0.79 Line at 80 GeV 2.86

Table 1. Continuum fits for regions REG 1, REG 3, REG 2. We fit the background at overall (60-200 GeV)
or specified energy band using the power law (N(E) = N100(E/100 GeV−Γ) and show the most prominent
feature above this background together with its formal significance.

1 Introduction

It has been recently reported in [1] that the γ-ray emission from the region around the Galactic
Center (GC) exhibits a line-like excess at the energies ∼ 130 GeV. An interest to this result is
based on the expectation that any signal of astrophysical origin at high energies would have a
broad (compared to the Fermi spectral resolution) spectral shape. Diffuse emission with the line-
like spectrum has therefore been considered as an exotic one, e.g. as a “smoking gun” for dark
matter annihilation [3]. The region of [1] was selected by maximizing signal-to-noise ratio for
the expected dark matter annihilation signal. The preprint of [1] was followed by [2] where the
claim was confirmed and it was demonstrated that a similar excess originates from several regions
of the size ∼ 3◦ around the Galactic plane. A number of works [2, 4–7] have discussed possible
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Direct Detection
Strategy #1: silence the Universe

measure two quantities to discriminate Sign & Bkgd,
on event-by-event basis Ionization YieldIonization Yield

Calibration Data
! Ionization yield: ionization signal 

13x our WIMP-search background

Calibration Data
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divided by recoil energy.

!
133Ba !-source used to define the 

electron recoil bandelectron-recoil band.

!
252Cf n-source used to define the 

nuclear-recoil band.

! The bands are well separated 

down to below 10 keV!
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Direct Detection
Strategy #1: silence the Universe

measure two quantities to discriminate Sign & Bkgd,
on event-by-event basis

Geχ χ+

_

E.g. Edelweiss:

ionization & heat
20 mK

20 mK

++ +

_ __

Events Passing Timing Cut

All WIMP search data 

passing the timing cut

Event 1:            

Tower 1, ZIP 5 (T1Z5)           

Sat Oct 27 2007Sat. Oct. 27, 2007

8:48pm CDT

Event 2:            

Tower 3 ZIP 4 (T3Z4)Tower 3, ZIP 4 (T3Z4)           

Sun. Aug. 5, 2007

2:41 pm CDT

12

2 events in the NR band pass the timing cut!CDMS coll., Science 327 (2010), 0912.3592
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Direct Detection
Strategy #2: ride the dark wave

DAMA Coll., 0804.2741, 2008

summer winter

collect all events, and detect an annual modulation



• Expected rates for different detector materials 

Spin independent cross section and differential rate
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Events Passing Timing Cut

All WIMP search data 

passing the timing cut

Event 1:            

Tower 1, ZIP 5 (T1Z5)           

Sat Oct 27 2007Sat. Oct. 27, 2007

8:48pm CDT

Event 2:            

Tower 3 ZIP 4 (T3Z4)Tower 3, ZIP 4 (T3Z4)           

Sun. Aug. 5, 2007

2:41 pm CDT
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2 events in the NR band pass the timing cut!
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Figure 3: Ionization yield vs recoil energy of fiducial events recorded by EDELWEISS-II in an
exposure of 427 kg·d. The WIMP search region is defined by recoil energies between 20 and
200 keV, and an ionization yield inside the 90% acceptance band (full red lines, corresponding
to an effective exposure of 384 kg·d). WIMP candidates are highlighted in red. The average
(resp. worst) one-sided 99.99% rejection limits for electron recoils are represented with a
continuous (resp. dashed) blue line. The average (resp. worst) ionization thresholds are
represented with a continuous (resp. dashed) green line.

19

Edelweiss coll, 1103.4070

CoGeNT 3

FIG. 3: Low-energy spectrum after all cuts, prior to efficiency
corrections. Arrows indicate expected energies for all viable
cosmogenic peaks (see text). Inset: Expanded threshold re-
gion, showing the 65Zn and 68Ge L-shell EC peaks. Over-
lapped on the spectrum are the sigmoids for triggering ef-
ficiency (dotted), trigger + microphonic PSD cuts (dashed)
and trigger + PSD + rise time cuts (solid), obtained via high-
statistics electronic pulser calibrations. Also shown are ref-
erence signals (exponentials) from 7 GeV/c2 and 10 GeV/c2

WIMPs with spin-independent coupling σSI = 10−4pb.

Fig. 3 displays Soudan spectra following the rise time
cut, which generates a factor 2-3 reduction in background
(Fig. 2). Modest PSD cuts applied against microphonics
are as described in [1]. This residual spectrum is domi-
nated by events in the bulk of the crystal, like those from
neutron scattering, cosmogenic activation, or dark mat-
ter particle interactions. Several cosmogenic peaks are
noticed, many for the first time. All cosmogenic prod-
ucts capable of producing a monochromatic signature are
indicated. Observable activities are incipient for all.

We employ methods identical to those in [1] to ob-
tain Weakly Interacting Massive Particle (WIMP) and
Axion-Like Particle (ALP) dark matter limits from these
spectra. The energy region employed to extract WIMP
limits is 0.4-3.2 keVee (from threshold to full range of
the highest-gain digitization channel). A correction is
applied to compensate for signal acceptance loss from
cumulative data cuts (solid sigmoid in Fig. 3, inset).
In addition to a calculated response function for each
WIMP mass [1], we adopt a free exponential plus a
constant as a background model to fit the data, with
two Gaussians to account for 65Zn and 68Ge L-shell
EC. The energy resolution is as in [1], with parameters
σn=69.4 eV and F=0.29. The assumption of an irre-
ducible monotonically-decreasing background is justified,
given the mentioned possibility of a minor contamination
from residual surface events and the rising concentration

FIG. 4: Top panel: 90% C.L. WIMP exclusion limits from
CoGeNT overlaid on Fig. 1 from [6]: green shaded patches
denote the phase space favoring the DAMA/LIBRA annual
modulation (the dashed contour includes ion channeling).
Their exact position has been subject to revisions [7]. The
violet band is the region supporting the two CDMS candi-
date events. The scatter plot and the blue hatched region
represent the supersymmetric models in [8] and their uncer-
tainties, respectively. Models including WIMPs with mχ ∼7-
11 GeV/cm2 provide a good fit to CoGeNT data (red contour,
see text). The relevance of XENON10 constraints in this low-
mass region has been questioned [14]. Bottom panel: Limits
on axio-electric coupling gaēe for pseudoscalars of mass ma

composing a dark isothermal galactic halo (see text).

towards threshold that rejected events exhibit. A sec-
ond source of possibly unaccounted for low-energy back-
ground are the L-shell EC activities from observed cos-
mogenics lighter than 65Zn. These are expected to con-
tribute < 15% of the counting rate in the 0.5-0.9 keVee
region (their L-shell/K-shell EC ratio is ∼ 1/8 [5]). A
third possibility, quantitatively discussed below, consists
of recoils from unvetoed muon-induced neutrons.

Fig. 4 (top) displays the extracted sensitivity in spin-
independent coupling (σSI) vs. WIMP mass (mχ). For
mχ in the range ∼7-11 GeV/c2 the WIMP contribu-
tion to the model acquires a finite value with a 90%
confidence interval incompatible with zero. The bound-
aries of this interval define the red contour in Fig. 4.
However, the null hypothesis (no WIMP component in
the model) fits the data with a similar reduced chi-
square χ2/dof =20.4/20 (for example, the best fit for
mχ = 9 GeV/c2 provides χ2/dof =20.1/18 at σSI =
6.7 × 10−41cm2). It has been recently emphasized [6]
that light WIMP models [1, 8, 9] provide a common ex-

‘excess of events < 3 KeVee’
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FIG. 4: Rate vs. time in several energy regions (the last bin
spans 8 days). A dotted line denotes the best-fit modulation.
A solid line indicates a prediction for a 7 GeV/c2 WIMP in
a galactic halo with Maxwellian velocity distribution. Back-
ground contamination and/or a non-Maxwellian halo can shift
the amplitude of this nominal modulation (see text). Dotted
and solid lines overlap for the bottom panels.

radon levels by a factor ∼4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-off gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to affect
a much broader spectral region than observed [26].

The CDMS collaboration has recently claimed [7] to
exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. Uncertainties affecting
this claim are discussed in [17, 27]. Observations from
XENON10 [16] and XENON100 [8] have been used to
claim a similar rejection of light-WIMP scenarios. Un-
certainties affecting these searches are examined in [18].

In conclusion, presently available CoGeNT data favor
the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown, the
spectral and temporal information are prima facie con-

gruent when the WIMP hypothesis is examined: in par-
ticular, the WIMP mass region most favored by a spectral
analysis (Fig. 2) generates predictions for the modulated
amplitude in agreement with observations, modulo the
dependence of this assertion on the choice of astrophysi-
cal parameters and halo velocity distribution [21–23, 28].
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account the more detailed information of the individual
event multiplicities in order to clarify the contributions of
the two types of neutron sources to the total background.
We will, however, see that the result is compatible with
the simple estimates of the limiting cases given here.

An independent aspect of the neutron background con-
cerns the corresponding recoil energy spectrum. Within
our narrow accepted energy range, the energy spectra
induced by the two types of neutron events are found
to be very similar, according to the calibration data
discussed above. The spectrum can be parametrized by
a simple exponential dNn/dE ∝ exp (−E/Edec). We
determine the parameter Edec from a fit to the spec-
trum obtained in the AmBe neutron calibration run. In
the energy range between 12 keV to 40 keV we obtain
Edec = (23.54± 0.92) keV.

This similarity in the spectra induced by neutrons from
the two quite different sources (in agreement with Monte
Carlo results [5]) indicates how the Pb/Cu shielding sur-
rounding the detectors will moderate an incoming neu-
tron flux regardless of its origin. The primary spectrum of
the neutrons is washed out by inelastic scatterings in the
shielding. This finding supports our use of the results of
the neutron calibration to estimate the effects of a gen-
eral neutron background. The only exception to this ar-
gument might be a neutron-producing contamination in
close vicinity of the detectors. In this case, we would ex-
pect a recoil spectrum reaching to much higher energies
and fewer singles for a given number of coincidences. In
this case, the application of our above calibration results
would lead to a conservative neutron background estimate.

4.4 Lead Recoil Background

To illustrate the lead recoil background from 210Po decay,
Fig. 8 displays the data set of a different detector mod-
ule as in Fig. 6. Compared to Fig. 6, a more prominent
population of 206Pb recoils below the tungsten band is
visible, with a rather long tail extending down to the ac-
ceptance region. Since the lead band and the acceptance
region overlap considerably, a leakage of some 206Pb events
into the acceptance region cannot be excluded.

For an estimate of this background, we follow a sim-
ilar strategy as for the α-background. We define a refer-
ence region for each detector module which contains pre-
dominantly 206Pb recoils, and model the spectral energy
density dNPb/dE in this region. This model is then ex-
trapolated into the energy range of the acceptance region.

As a reference region, we choose the lead recoil band
at energies above the acceptance region, where a possible
WIMP signal cannot contribute. In some detector modules
with wider bands, the lead band still overlaps with the
oxygen band around the lower edge of this energy range.
In this case, we additionally restrict the reference region
to the lower part of the lead band without overlap with
the oxygen band in order to be independent of possible
neutron-induced events on oxygen. The event distribution
of the Pb recoils peaks at the full lead recoil energy of
103 keV and the upper boundary of the reference region

Fig. 8. (Color online) The data of detector module Ch51,

shown in the light yield vs. recoil energy plane. Again, the

shaded areas indicate the bands, where alpha (yellow), oxygen

(violet), and tungsten (gray) recoil events are expected. Ad-

ditionally highlighted are the acceptance region (orange), the

region where lead recoils with energies between 40 and 90 keV

are expected (green), and the events observed in these regions.

The highlighted lead recoil region (green) serves as a reference

region for estimating the
206

Pb recoil background.

module nPb
ref

Ch05 17

Ch20 6

Ch29 14

Ch33 6

Ch43 12

Ch45 15

Ch47 7

Ch51 12

total 89

Table 3. Observed counts nPb
ref in the lead reference regions of

the detector modules.

is set at 90 keV so that it covers the low energy tail. An
example of the resulting reference region is highlighted
in green in Fig. 8. Table 3 summarizes the counts nPb

ref
observed in the reference region of each detector module.

Fig. 9 presents the energy spectrum of the events found
in the 206Pb reference regions of all detector modules, but
includes also lead recoils with higher energies to illustrate
the peak at the full nominal recoil energy of 103 keV. In
the energy range of the reference region (below 90 keV),
the tail of the distribution can be modeled by an expo-
nential decay on top of a constant contribution:

dNPb

dE
(E) = APb ·

�
CPb + exp

�
E − 90 keV

EPb
decay

��
. (1)

For a first rough estimate of the recoil background,
we simply fit such a function to the spectrum of Fig. 9.

CRESST-II CaWO4

CRESST-II Coll., 1109.0702

67 events seen on Oxygen, 
twice the exp’d background

[data taking: 15 months]
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