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« MeV DM: annihilation channels, spectral features, the role of secondary emission from in-
flight annihilation, bremsstrahlung, inverse Compton scattering.
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Introduction: The Dark Matter puzzle
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Introduction: The Dark Matter puzzle

Angular scale
9° 18  I° 0.2° 0.1° 0.07°

Dark Matter at
cosmological scales

Planck collaboration, 2015

, Dark Matter as a
2000 2500 crucial ingredient in
structure formation
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Multipole moment, ¢

courtesy of the EAGLE
collaboration
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overview on Dark Matter candidates
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— Fuzzy Dark Matter

AaB ~ 1 kpc ~ size of a dSph Galaxy

[see recent paper: Hui, Ostriker, Tremaine, Witten 2016]

B Fornax dSph seen from

San Esteban (Chile) -
14Dec2003



overview on Dark Matter candidates

Gamma-rays
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— Weakly interacting massive particles (WIMPS)
e.g. lightest neutralino in MSSM
[~10 GeV -> ~100 TeV]

i

+

- very large parameter space

- strong limits from direct detection

- indirect detection channels: gamma rays (emission
from dwarf spheroidal galaxies? from inner Galaxy? line

features?) CR antiprotons, positrons, anti-deuterium,
anti-helium; neutrinos from WIMP capture in the Sun

— Warm dark matter (e.g. sterile neutrinos)
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overview on Dark Matter candidates

mmmm 1012 eV
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% Boehm et al., PRL 92 (2004)
% —> Motivation: explain the 511keV line signal from
1 the Galactic bulge
i —> They require M < 7 MeV to avoid overproduction
¢ of y-rays

— what about Low-mass WIMPs (MeV-GeV)?

- vanilla WIMPs are not good candidates because
of the (model-dependent) Lee-Weinberg limit:

10~8 1 1 2
Q2 ~ 01— ~0.1( OGeV)

—2 " 2 2

masses lower than ~10 GeV would over-close the
Universe
(under the assumption of weak interaction)

- “vector portal” models
Boehm&Fayet, Nucl.Phys B683 (2004)

—> Strong constraints from CMB and BBN, now X f X
ruled out: a solid limit is M > 10 MeV » pZ v
Wilkinson et al., Phys.Rev. D94 (2016) “a » N

- currently viable models for MeV DM:

« Some realizations of secluded, self-interacting DM
[Pospelov et al., Phys.Lett. B662 2008]

« Some realizations of strongly-interacting DM
[Hochberg et al., PRL 113, 2014]



overview on Dark Matter candidates
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— what about Low-mass WIMPs

(MeV-GeV)?

Indirect detection of MeV-GeV DM
particles is one of the science goals of e-

ASTROGAM
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overview on Dark Matter candidates

1057 GeV ~ 1033 g ~ 1 Msun

—4| Ali-Haimoud and N
— Primordial black holes 107 kamenkousi \
(PBHs) oS — 0
01 1 10 100 1000 10*

[Zeld’ovich and Novikov 1966, Hawking 1971
— large mass range My /MQ
— should have formed before BBN

— many constraints from lensing, wide binaries, Galactic

disk stability
— very popular in the 80s, less considered after MACHO

project (Alcock 2001)

Credit for the BBH system:

—_— WIMPS Bohn et al. (see http://
www.black-holes.org/

1 Gev lensing
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http://www.black-holes.org/lensing

Part 1: indirect detection of MeV DM

A promising strategy to look for Dark Matter in the MeV-GeV domain is the search for
spectral features in the diffuse y-ray emission

Let’s see the potential of e-ASTROGAM.

Based on
Richard Bartels, Daniele Gaggero, Christoph Weniger, “Prospects for indirect dark matter
searches with MeV photons’, in preparation
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Excellent energy resolution in the Compton domain —> e-ASTROGAM is the ideal instrument for
this purpose!
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Part 1: indirect detection of MeV DM

A promising strategy to look for Dark Matter in the MeV-GeV domain is the search for
spectral features in the diffuse y-ray emission

Origin of gamma-ray radiation from DM annihilation:

1) Final-state radiation (e.g. internal bremsstrahlung) AP a <m)> J d N7

; dEdQ 4rm2 dE,

X \:/‘/
/LS 1= | a0
\ f

2) For leptonic channels: secondary emission from the electrons and positrons

+
A, \/\/\/\]
— '\_\/%
Electron

— Bremsstrahlung .W

X f X f
'T\/\/\/\'ﬁl T B
/'\\ \/\f

X f

— Inverse Compton scattering

— In-flight annihilation of positrons
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Part 1: indirect detection of MeV DM

A promising strategy to look for Dark Matter in the MeV-GeV domain is the search for
spectral features in the diffuse y-ray emission

Annihilation channels for low-mass DM

x|

. dN.
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[XX — e+e_)

electrons and positrons injected mono-
energetically. Significant FSR from
internal bremsstrahlung

(XX, — ¢p, ¢ — 6+6_)

DM annihilates via a mediator. The
relative importance of secondary
emission iIs enhanced.

xx =

FSR can originate from DM annihilation
into muons, or from the subsequent
decay of muons




Leptonic channels and the role of secondary radiation

Part 1: MeV DM

XX — €

The diffuse y-ray signal from the inner Galaxy has a strong contribution from secondary radiation
originating from the final-state leptons during their journey through the Galaxy

Relevant processes to be taken into account for leptonic propagation in the Galaxy:

X

Diffusion (due to the interaction of the leptons with the

inhomogeneities in the Galactic magnetic field)

Advection

X

interstellar gas

X

Bremsstrahlung

X

X

X

Synchrotron emission

X
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with the ionized component of the

lonization of the neutral component of the interstellar gas

inverse Compton scattering on the diffuse radiation field

in-flight annihilation of positrons on the free electrons

T = FE/E [Myr]

+6_

XX — ppT

R.Bartels et al. 2017

108: R L L I AL R
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| —— ICS

lonization

— Total

synchrotron
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Part 1: MeV DM

XY — ete”
XX — upT
The diffuse y-ray signal from the inner Galaxy has a strong contribution from secondary radiation
originating from the final-state leptons during their journey through the Galaxy

Leptonic channels and the role of secondary radiation

We model the relevant processes with the numerical packages DRAGON and GammaSky

v« DRAGON solves the diffusion-loss equation for all cosmic-ray species, either originating
from astrophysical sources or from Dark Matter annihilation.

L 9, 0 (NN 07 ple . B
VG- 00 (5] - g [ § (97 3] = [
1 1
Q + Z (Cﬁngas Oj—i + Tj_>z‘> Nj - (Cﬁngas o; + %) N; ,
1<) Halo = §

Particle escape

w« GAMMASKY computes the diffuse gamma rays originating from m° decay, inverse
Compton scattering, bremsstrahlung

- C. Evoli, D. Gaggero, D. Grasso, L. Maccione, “Cosmic ray nuclei, antiprotons and gamma rays in the galaxy: a new diffusion model”
JCAP issue 10 id 018 (2008)

- C. Evoli, D. Gaggero, A. Vittino, G. Di Bernardo, M. Di Mauro, A. Ligorini, P. Ullio, D. Grasso, “CR propagation with DRAGON2: 1.
numerical solver and astrophysical ingredients” arXiv:1607.07886, JCAP 2017
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Part 1: MeV DM

Leptonic channels and the
role of secondary radiation

—2
Both final-state radiation and O e | ) |
secondary emission contribute to a 10-3L 1P1=? :
characteristic spectral feature with a
sharp cutoff at the DM particle mass 1074 | i

scale

Here we show the y-ray spectrum ~-
resulting from XX — € € ~
<ov>= 1028 cm3 s1 Brems.
DL sy |
. ICS,

ROI' Inner 100X100 Total ]

Brems A

— FSR
]

E?d®./(dE dQ) [GeVem 2 s sr!]

the DM signal is decomposed into: _ it
- final-state radiation 1019 -
- inverse Compton
- bremsstahlung

- in-flight annihilation

10V 101 107 10°
E. [MeV]

R.Bartels et al. 2017
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Part 1: MeV DM

Leptonic channels and the
role of secondary radiation

Both final-state radiation and : IQEZ background template from [A.Strong
1073~ 2011, ICATPP proceeding], computed withy

GALPROP (see also [Bouchet et al. 2011]) |

secondary emission contribute to a
characteristic spectral feature with a
sharp cutoff at the DM particle mass
scale

Here we show the y-ray spectrum
resulting from X — etTe

<ov>= 1028 cm3 s1

ROIl: inner 10°x10°

E?d®./(dE dQ) [GeVem 2 s sr!]

the DM signal is decomposed into: _
- flnal-state radiation ot e 102
- inverse Compton
- bremsstahlung the secondary emission is computed L, [MeV]
with DRAGON, making use of a detailed
3D model for the gas distribution [K. .
Ferriere et al., A&A 2007] ﬂ

IfA

R.Bartels et al. 2017
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Part 1: MeV DM

Projected upper limits expected from e-ASTROGAM for y-ray lines and pions

assuming no signal in the data
computed using the Fisher Information 1072 -

B ! oottt ! L L | ! L
F — o — 7y (this work) —— CMB (Planck)

[See talk by C Wenlger] 10_26 _ m— x — 707 (this work) _ dB‘(;fddy & Kumar (2015) _
959% CL limits 1027 _ T ?V‘iiff"; & Kumar (2015
1-year of effective full-sky exposure ! 7
(5y of pure exposure) — 10 3
systematics: ;co 1029 __
« 1% small-scale systematic uncertainty g w0 — :
as found in [A. Albert et al. JCAP 10(2014)] — 1077 :
« 156% large-scale systematic uncertainty S 10-31 B
(correlation length taken as 0.5 dex)

10-32 | ;
ROIl: inner 10°x10° 10733 | .

—34 | ]
our results are compared to 10 e T
1) CMB bounds (blue line) 10 10 10 10
2) y-ray bounds based on existing COMPTEL M, [MeV]
and EGRET data with no background we require that the p-wave term sets
) : : at the

3) other projected ADEPT bounds with different time of recombination. in order to
(more conservative) treatment of background avoid the CMB constraint from late-
(dashed), and assuming 15% sys. uncertainty time energy injection between the

epochs of recombination and

(we have 1% for small-scale fluctuations) reionization
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Part 1: MeV DM

Projected upper limits expected from e-ASTROGAM for leptonic channels

assuming no signal in the data
computed using the Fisher Information
[see talk by C.Weniger]

95% CL limits

1-year of effective full-sky exposure

(5y of pure exposure)

systematics:

« 1% small-scale systematic uncertainty
as found in [A. Albert et al. JCAP 10(2014)]
« 15% large-scale systematic uncertainty

(correlation length taken as 0.5 dex) xx — eTe” (this work)
~ 10730 XX = ¢9;
[ ¢ — eTe™ (this work) :
ROI: inner 10°x10° o | sy — pt ™ (this work) |-
10 _thermal ﬁ—wave —— CMB (Planck) i
It dto | Essig+ (2013) I
our resSults are comparea 1o 10-32 _ — = Boudaud+ (2016) I
o L L ool L L N | L L g g aa
: 0 1 2 3
1) CMB bounds (blue line) 10 10 10 10
2) y-ray bounds based on existing M, [MeV]
COMPTEL and EGRET data with no we require that the p-wave term sets
th li it till '
background subtraction, less © refie density and still dominates R.Bartels et al. 2017
g ’ at the
optimized ROI, and no secondary time of recombination, in order to
emission considered (grey shaded avoid the CMB constraint from late-
time energy injection between the
areas) epochs of recombination and

Padova 02/03/2017 FEhLFZE el



Part 2: The y-ray inner Galaxy excess

In the 300 MeV - 300 GeV range we have the possibility to study the diffuse gamma-ray emission, and
possibly look for signatures of new physics, thanks to the Fermi-LAT maps

Diffuse emission due to pion decay, Inverse Compton scattering, bremsstrahlung

Interesting features relevant for DM searches

- gamma-ray line? no detection yet

- significant gamma-ray emission from dwarf spheroidal Galaxies?
no detection yet

- gamma-ray excesses from inner Galaxy? There’s a tentative claim to be discussed

Padova 02/03/2017



Part 2: The y-ray inner Galaxy excess

Does a NFW template improve the fit of the Fermi-LAT data?

yes, according to a long series of papers

D. Dixon et al. 1998 [arXiv:9803237]; V. Vitale et al. 2009 [arXiv:0912.3828];
L Goodenough and D. Hooper, 2009; D. Hooper and L. Goodenough, 2010
D. Hooper and T. Linden, 2011; K. N. Abazajian and M. Kaplinghat, 2012
D. Hooper and T. R. Slatyer, 2013; C. Gordon and O. Macias, 2013

T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden; S. Portillo, N. L. Rodd and T.
R. Slatyer, 2014 [arXiv:1402.6703]; F. Calore, |. Cholis, C. Weniger, 2014
[arXiv:1409.0042]; F. Calore et al. 2015 [arXiv;1411.4647]

6.88006e-13 5.39727e-07
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Part 2: The y-ray inner Galaxy excess

Does a NFW template improve the fit of the Fermi-LAT data?

If you try to model the gamma-ray emission taking into account the diffuse emission from 10
decay, the Inverse Compton emission, and all the other known gamma-ray sources, you end
up missing something in the inner Galaxy

i Likelihood }
I maximixation |
| binbybin }
| in energy |

-
| T
-5 5!
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Part 2: The y-ray inner Galaxy excess

What about the spectrum?

The spectrum of the signal is compatible with 40 GeV DM annihilating to conventional channels,
with the reference thermal cross section (or with a larger DM mass, and a different channel, e.g.

WW)

A “compelling case of dark matter detection”, the evidence for a new class of sources, or
maybe a mis-modeling of the background?

10~° p——r——

E*dN/dE [GeVcm ?s 'sr!]

1078

™ T T LI B B B | T T LA L B S |

M| L L PR S | . . PR ST |

I ModF ]
{  ModA

10° 10t 102
E [GeV]

F. Calore, I. Cholis and C. Weniger, JCAP 03
id038 (2015)

F. Calore et al., PRD 91 (2015)
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(VT [107%°cm’/s]

E,*dN/dE, [1077 GeV / (cm? s s1)]

12t
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(e} [\ B =) [e ]
I e B e

100 —m
[ — W :
| 1 [
8L bb i
L 7z I
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o1 | |
[ X | |
[ 5 ‘ : ]
2 & ; ‘Agrawal et al
: . 2015
% 50100 150 200 250
m,[GeV]
14 x> p-val. ]

hh e 282 0.17 ]
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ff e 435 0.0041 |
bb @ 242 034
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Part 2: The y-ray inner Galaxy excess

Constraints from other channels — antiprotons

strong tension with

L = ¢P fixed antiproton constraints in
the case of charge-
0 e : 107 —— independent solar
— Benchmark propagation models 7 — Thin propagation models  modulation
upper limit
—25| ) | —25| _
_ 107 for thin halo - _ 107 -
T, - ] 5 - ]
£ - = - |
2, 2, -
~ ~ 10720 = -
> > - - =
S £ T T
- T e THN -
T THN2 -
_____ THN3
10—27; ""‘ .
| | | | | | | | | | | | | - | | | | | | | | | | | | | :
20 40 60 80 100 20 40 60 80 100
MDM [GGV] MDM [GGV]

M. Cirelli, DG, G. Giesen, M.
Taoso, A. Urbano, JCAP 12
2014
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Part 2: The y-ray inner Galaxy excess

Constraints from other channels — antiprotons

L= ¢b £+ 50%
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Benchmark propagation models
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2014
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Part 2: The y-ray inner Galaxy excess

Constraints from other channels — antiprotons consistent with antiproton
constraints in the case of

charge-dependent solar

b €[0.1,1.1] GV modulation, with maximal
10-24 -2 freedom on antiproton
— T 1 T 1 N B B N B B \ - I T 1 T 1 I — .
- e = mod. potential
~ Benchmark propagation models 7 — Thin propagation models od pote ?'
10—25 = 1025/ ________ E
F a F r - - .E
“ B “ B P VPP T TL L &
" " AT
5 ) 5 - ) )
26| | 26| /o |
= 10 - o 10757 -
S - - S -, -
B THN 2l THN |
Eﬁi i n THN2 _
THN3
~27 KOL | 27| n
107¢ THK = 107" ¢ -
- ! \ ! ! \ ! ! \ ! ! \ ! ! . - ! \ ! ! \ ! ! \ ! ! \ ! ! .
20 40 60 80 100 20 40 60 80 100
MDM [G@V] MDM [GGV]

M. Cirelli, DG, G. Giesen, M.
Taoso, A. Urbano, JCAP 12
2014
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Part 2: The y-ray inner Galaxy excess

The role of secondaries

KOL, gNFW (y =1.2) KOL, gNFW (y =1.2)
10_25 I I T I I T T T T I T T 10_25 I I I I [ I I I I [ I I I I [ I I I I [ I I I I
-7 2 _ B _ BR, = 60% 2 = 6. i
: bb X2 /dof = 12.1 : - BR - o Xoin/dof = 6.3 ]
I - 4 ] - BR,=20% = 4. .
— - “ﬂg 4 - = (‘*g g .
T : 2 0 5 2f
“ S 5 “ S r
) ~ c L — on I~ a [ n
5 B 5 g L
o E N L @ r
> - / & 0; 1 B N:;f f i
) € b .40k Lo
10° 10' 100 10!
E, [GeV] Ey [GeV]
10726 - Mpy = 35.53 GeV : 10-26 1 / Mpym = 9.4 GeV -
i (e v)y=214x 10" cm?®s7! _ i (e v)y=1.06x10"20 cm®s! _
B l ‘ | ‘ ] B N T N T T N I N Y N AN B B N |
20 40 60 80 100 5 10 15 20 25 30
MDM [GCV] MDM [GCV]

M. Cirelli, DG, G. Giesen, M.
Taoso, A. Urbano, JCAP 12
2014

As far as the bb final state is concerned, secondary emissions do not play a significant role.

Considering , on the contrary, the inclusion of secondary emissions can
significantly improve the goodness of the fit
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Part 2: The y-ray inner Galaxy excess

What about millisecond pulsars?

A population of millisecond pulsars can naturally
satisfy the requirements on both spectrum and
morphology of the GeV excess signal.

A wavelet analysis [R. Bartels et al. 2015] based on 7
years of Fermi-LAT data pointed out a clustering of
photons compatible with a population of millisecond
pulsars, with a statistical significance of 10.00.

For plausible values of the luminosity function, this
population can explain 100% of the observed
excess emission.

Padova 02/03/2017

16

b, Gal. latitude [deg]

10 D 0 —5 —10
¢, Gal. longitude [deg]

FIG. 1. SNR of the wavelet transform of v rays with energies
in the range 1-4 GeV, §(2). The black circles show the po-
sition of wavelet peaks with & > 2; the red circles show the
position of third Fermi-LAT catalog (3FGL) sources. In both
cases, the circle area scales with the significance of the source
detection in that energy range. The dashed lines indicate the
regions that we use for the binned likelihood analysis, where
latitudes |b| < 2° are excluded because of the strong emis-
sion from the Galactic disk. The subset of 3FGL sources that
remains unmasked in our analysis is indicated by the green
Crosses.

R. Bartels, S. Krishnamurthy,
C. Weniger, 2015



Part 2: The y-ray inner Galaxy excess

The role of the astrophysical diffuse background

SNRs & pulsars radial distributions

-+ Case & Bhattacharya, 1996

- = Lorimer, 2006
- = Faucher-Giguere & Kaspi, 2006

Strong & Moskalenko, 1998
Ferriere, 2001 - this thesis

.
0 2 | 6

8 10 12 14

Galactocentric radius R [kpc]

(@) Radial profile of the distributic

on functions of the Crs sources

Infrarec
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The background models assume no
sources in the center... is that reasonable?

Probably it’s not realistic: A very
efficient star formation is going on

According to [Figer et al. 2004
Apd 581 2002] 1% of the total SFR takes
place in the inner 2-300 pc

(2 order of magnitude more than the
average); see also [Longmore et al.
1208.4256]

Radio (90 cm): electrons spiraiing
in a higly magnetized environment
are shining. Nonthermal filaments,
SNRs... [LaRosa et al. Ap] 119
2000]

A large reservoir of
molecular gas: the

Central Molecular Zone

[K. Ferriére et al., A&A 2007]




Part 2: The y-ray inner Galaxy excess

Reabsorbing most of the GC excess

e _ ; 22 + 2 + 22
A modified source term in the center, — Q(z,y,2) :@exp - @
compatible with the astronomical ‘
observations, reabsorbs the excess! 25 ‘spike normalization compatibly *

two parameters: [pc]l and N : : spike extension
e et L with star formation P

rate estimate @ the 6C roughly matching CMZ
one, i.e. O(100) pc

3.0

[D. Gaggero et al. 2015]

Ordinary source term -

Normalization [arb. units]
i

0.0 '
0 5 10 15 20
R [kpe]
LI LI T T T T T ! T T T T T T T T T T T T T 17T T T T T T T T
. - = - brems+piO bf . - = - brems+pi0 bf
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Part 2: The y-ray inner Galaxy excess

Reabsorbing most of the GC excess

A modified source term in the center,
compatible with the astronomical
observations, reabsorbs the excess!
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3.0 ‘

5| "spike normalization compatibly . * .
with star formation spike extension

rate estimate @ the 6C roughly matching CMZ
one, i.e. O(100) pc

=
n

two parameters: o [pc]land N

N
=]

[D. Gaggero et al. 2015]
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Part 2: The y-ray inner Galaxy excess

Reabsorbing most of the GC excess

A modified source term in the center,
compatible with the astronomical
observations, reabsorbs the excess!

[E. Carlson and S. Profumo 2016]
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Part 2: The y-ray inner Galaxy excess

Reabsorbing most of the GC excess

The astrophysical interpretation has problems at low energy

The DM template, applied to the conventional background, with no sources at the center, still
provides a better fit

A hybrid scenario may be the solution? enhanced IC background + millisecond pulsar population?
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Conclusions

Part 1 — The MeV domain: prospects of detecting a spectral signature of
DM annihilation

e-ASTROGAM, thanks to its excellent energy resolution in the Compton domain,

will have the capability to either detect a spectral signature in the MeV domain
connected to DM annihilation, or place stringent upper limits

Part 2 — The GeV domain: discussion about a tentative claim of DM
detection at few GeV from the inner Galaxy

Pro DM interpretation: Provides a good fit of the data, compatible with “vanilla”
WIMP paradigm

Against DM interpretation: High degeneracy with astrophysical effects. The claim
is based on an inadequate IC template.
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