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Dark matter gravitational evidence

Rotation curves

We do not know what most of the
Universe is made of!
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Cosmic microwave background Planck 2015

Dark matter constitutes about 85% of
the matter content of the Universe.




The dark matter landscape
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The astronomical data landscape

Ground-based telescopes and spaceborne instruments dedicated to detection
of electromagnetic radiation, cosmic rays and HE neutrinos

gammarays  X-rays ultraviolet visible infrared  microwave radio
cosmic rays
neutrinos
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The astronomical data landscape

Ground-based telescopes and spaceborne instruments dedicated to detection
of electromagnetic radiation, cosmic rays and HE neutrinos
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Dark matter candidates & Photon energy

FC, Storm & Weniger, In preparation
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Dark matter candidates & Photon energy

FC, Storm & Weniger, In preparation

Focus on searches for

10144 QCD Axions WIMPs WIMPzillas
LPs “ub-Gel DM WIMP dark matter
1010 o ;c: _______
g
3 C>U\ Flunos
106 - :‘_;‘; ------- O Quarks W Positrons
= E < g
() - : \ ‘ e
Q) 102 1 S TP ' - Medium-energy Electrons
—_ 9 gamma rays
> = ' .
Neutrinos
E.) 10_2 7 _L\B —_— ‘ >
(]CJ C Leptons
) - et
(_U 10~ - (: »  Antiprotons
= uv v @  —m) O
9 E Besons /\/\/V\/\/V\/\MA/\:’rotons
o) 1071 4 Q
CMB distortions el
10—14
21 cmline
0-18 , , | , , , , , DM annihilation/decay leads to
10— 1g~t= gt 106 102 102 106 1679 101

production of observable fluxes of

Center of mass energy [GeV] stable particles.

[Dark matter candidates and phenomenology: P. D. Serpico]



Indirect (WIMP) dark matter detection

Dark matter annihilation Decay process =) QObservable
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Indirect (WIMP) dark matter detection
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Indirect (WIMP) dark matter detection

Dark matter annihilation Decay process msssssss) QObservable
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Indirect (WIMP) dark matter detection

Dark matter annihilation Decay process ==sssss=) Observable
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Dark matter signals prediction

DM annihilation source term
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Dark matter signals prediction

DM annihilation source term

/
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Dark matter signals prediction

DM annihilation source term

Q" (r, B) = (0annv) X Npains(r) x Y By——1-(E)

Key ingredients:

« Spectral energy distribution (spectral
features, Sommerfeld enhancement for
TeV scale DM, radiative emission for
leptonic final states)

e Spatial distribution in astrophysical
targets (asymmetric density profiles,
substructures boost factor, local DM
density)
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Dark matter signals prediction

DM annihilation source term
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Current limits on WIMPs:
from GeV to TeV photons




Targets for
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gamma-ray
searches
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Dwarf spheroidal galaxies

Target:
« dSphs galaxies: “clean” target for DM

searches, high light-to-mass ratio and no

astrophysical emission

Status:
* Exclude thermal cross section below 100

GeV (16 dSphs stacking, 6 yr of data)

 Syst unc J-factor determination for ultra-
faint dSphs (tri-axiality, contamination,

velocity anisotropy)

 Syst unc background mis-modelling are

important (3x weaker limits)

Future:
 New data from Fermi-LAT (improvement

by a factor of 2-5)

* Expected hundreds of new dSphs with
SDSS, Pan-Starrs, DES and LSST (> 2019)

Francesca Calore
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Dark matter subhaloes

Mirabal+ Apd’16

 This work
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The high-latitude region provides very strong
constraints on annihilating dark matter into

The high-latitude Milky Way halo

hadronic final states

Template fitting
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GeV photons: Multi-target constraints

10-2 Charles+PhR’ 16
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Very high-energy photons

Status Future
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- HAWC is already improving limits from dSphs (>
- Most constraining analysis at E>1TeV 1 TeV) and Galactic centre (> 100 TeV)

- Other relevant targets: combined dSphs CTA (~202) A.lﬁe,P“ ApJ’lil; éb;ii’, Sel.{aPZ“L icCAP’m
- TeV scale thermal dark matter starts to be ( ) willimprove Imits by tactor

up to 10 Silverwood+ JCAP’15;
challenged Baumgart+ 1808.08956; P Carr+ 2015: Lefranc+PRD’15

Rinchiuso+ 1808.04338



The sub-GeV sensitivity gap
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Great potential in the unexplored MeV/sub-GeV range with new, high energy

resolution instruments (e.g. Amego; e-ASTROGAM)

Spectral features play an important role at sub-GeV energies
Greatly improved DM limits prospects and discovery potential

Boddy&Kumar PRD’15

Bringmann+PRD’17; Bartels+JCAP’17; Gonzalez-Morales+ PRD’17; De Angelis+’17



Beyond limits ...
... Hints for dark matter signals?




Beyond limits ...
... Hints for dark matter signals?

aka: What anomalies in the gamma-ray sky?




Some gamma-ray anomalies in the GC region

Uncovering a gamma-ray excess at the galactic center

Gamma-ray @ few GeV
Fermi-LAT
Fermi GeV excess

4.62x10° 6.59 x 108 8.55x 108 1.05x 10"
Flux (counts per pix

X-ray @ 20- 40 keV
NuSTAR
hard diffuse excess emission

Gamma-ray @ 511 keV
INTEGRAL/SPI
Positron annihilation line

Gamma-ray @ hundreds GeV
Fermi-LAT
Fermi bubbles, and their radio/
microwave conterparts

Excesses extended far beyond central CMZ and nuclear bulge

Francesca Calore 22 CNRS, LAPTh



The Galactic centre GeV excess

20 Storm,FC & Weniger JCAP’17

Signal:

« Well-established excess of Fermi-LAT GeV photons
from the inner Galaxy™*

« Peculiar spectrum peaked at a few GeV

« Extended emission up to ~10 degrees (~1.5 kpc),
almost spherically symmetric (but not quite so)

Interpretations:

« Diffuse emission from eIectrons/positrons at the

b [deg]

1072 ey —
Galactic centre (ehnanced SF or achwtg S
Gaggero+ JCAP’15; arlson+PRD 15; — &
Petrovic+ JCAP’14; Cholis,FC+JCAP’15 R
* Sub-threshold millisecond pulsar-like point sources -
Bartels+PRL’'16; Lee+PRL’16; Ackermann+17 - — gg
 Dark matter annihilation: large freedom in l
. =
channel/masses thanks to syst uncertainties & 10726 | -
Calore+ PRD’15; Agrawal+JCAP’15 ~ '
& Ce. .
\b/ 2l ._ e
I/ I
**Some Refs. since 2009: Hooperé&Goodenough '09; Vitale&Morselli '09; : \ - /
Abazajian&Kaplinghat PRD’12; de Boer+’'16; Macias+’16; Hooperé&eSlatyer i ,
PDU’13; Huang+ JCAP’13; Zhou+ PRD’15; Daylan+ '14; Calore+ JCAP’15; CalOPeJr PRD’15
Gaggero+ 2015; Ajello+ 2015; Huang+JCAP ’15; Linden+PRD’16; Horiuchi+’16; 1027 L o
Ackermann+Apd’17; Ackermann+2017 101 102

s GasE S o (GeV



Evidence for stellar bulge emission

Bartels,FC+ Nature Astronomy’18

20 -35

Dark matter Boxy-bulge ol
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- Gas ring II Gas ring III  — Bubbles IGRB Gas ring I ~ — Total 1
S S S Y el D 2 v Stellar bulge model (boxy + nuclear

T o N S bulge) is preferred over (spherically

symmetric) DM models with high
statistical significance (160)

v Morphology of the GCE is more
oblate than what found before

_ v Large enough ROI to discriminate

~ foreground components (stable

5 results)

-
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(-

_.
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O
|
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107

B [See also Macias+ Nature Astronomy’18]
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Gamma-ray to stellar mass ratios

e Bartels,FC+ Nature Astronomy’18

- = 1.8x10% ergs™ M5’
1 W Nuclear bulge —
{ I B bul . . .
e _-1 ¥ Gamma-ray luminosity shows correlation
38 _| ” . . .
= %7 W Disk (predicteq) - with stellar mass in the Galactic bulge
- .
g 7 v If from MSP: bulge and disk component
> o . .
g gt consistent with each other
£ 109 - -~ Bartels+ MNRAS’18; Eckner+ ApdJ’18
3 5 e i v Debate: In-situ formation of MSP (+ dynamical
”
el formation) or from disrupted globular clusters
i ”
10% _/- Fragione+1808.02497, MNRAS’18; Eckner+ ApdJ’18
109 1010 1011

Stellar mass (M)

== The dark matter origin of the excess becomes less and less likely

« Degeneracy with Fermi bubbles hard emission, i.e. high-energy tail?
Linden+ PRD’16; Horiuchi+ JCAP’16

e Connection with TeV diffuse emission from the GC?
Hooperé&Linden PRD’18; Guepin+ JCAP’18

« Connection with 511 keV positron annihilation line?
Crocker+ Nature Astronomy’17; Bartels,FC+ MNRAS’18



Galactic binaries: 511 keV line and GC excess

Bartels, FC+ MNRAS’18

Scenario:

- Population synthesis of ultra-compact X-ray binaries predicts about 2x10°> NS-UCXB in
the bulge, which leads also to ~10°> MSPs van Haaften+ A8A'13°15

« NS-UCXB progenitors of “recycled” MSPs that explain the GeV excess

« NS(BH)-UCXB in hard state with low accretion rates are jet dominated
Deller+ ApdJd’15; Fender+MNRAS’03

* Positron from cold, mildly relativistic, leptonic jets
Guessoum+ A&A’06; Bandyopadhyay+ MNRAS’09; Siegert+ A&A’16

Bartels, FC+ MNRAS’18

— Ne-UCES Future: How to test this scenario?
) —— BH-UCXBs
= —— Total v 511 keV SPI signal: including bulge template in

= B observed a model-fitting analysis of the 511 keV line?

v 511 keV IBIS signal: wavelet-based approach to
look for dim point-sources?

v 511 keV line emission from Milky Way globular
clusters —> good sensitivity prospects

10I28 10I30 1(;32 1()'34 1()'36 1038

Lx,2-10kev [ergs™}]




Discovering radio MSPs in the inner Galaxy

. FC+ApdJ’16
! ! 3 ; ! ! 28733j 50'53r59—' 50'47 r37T26
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2 _ .......... .......... ...... ...... e 3 -(4-9)1(4i9)-| (-4.6-) |-(4.'-7) ‘ (i5l|£4‘i) |-(4-2)l(i6)-.
: : : ' : = 1.5 124 1 381 72 59 1321161 1.1
B Z [ehr et 1as) HEni E9)1 691 6516
g ; e Sy = r-041'11ﬂ11'32 | 90 25'09 '-04"03_1
SR A Y £ |eolesley!es el ! eyl es) e,
) R ol = 17,24,712-.-73 ?5-.-32-,21,09
. —

(4.7) ; (4.4) | (4.6) ; (4.5)

ol e 5 ---------- ke el Frrealin 31143 1 6.3
: ' ' ;% ' : (5.0)1(5.3)1(5.1)

(3.8) y (4.0) ; (3.7) 4 (4.1)

90 1 6.1 1 381 25
(4.4) 1 (4.7)1(5.1) 1 (4.9)

Blﬂge MSPS E z : T Z41 60 V6o T g4 76-'_61- l-4-2 T3,
Disk MSPs § § g 43 ! (3.9) 5G9 HEDNEEINEIR (L0} (3.7) | (3.8)
_4_* Earth | CTTTT CTTTT SR ) 33.40|52|5.4l60|52|50|38|30
: , : i | | L (2.7) , (2:8) , (29) , (8.1) , (2:6) , (3.0) A (2.9) , (2.5), (2.5)
—8 —6 —4 —2 0 2 4 9 7 5 3 1 -1 -3 -5 -7 -9
T [kpc] Longitude, ¢ [deg]

Bulge population is just below sensitivity of Parkes HTRU mid-latitude survey.

* GBT targeted searches ~100h: ~3 bulge MSPs
* MeerKAT (and SKA) mid-lat survey ~300h: ~30 bulge MSPs

With future dedicated observations we can discover this MSP bulge population.
We need observation time (Fermi Gl Proposals, TRAPUM project, etc.)
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Conclusions

v Nowadays we can get strong constraints on particle dark matter (not only
WIMPs) from indirect detection in the 10 GeV - 1 TeV mass range, but the
parameter space to explore is still large

v Looking for dark matter has often led to the discovery of exciting anomalies
which call into question our standard frameworks for point-source and diffuse
high-energy emission

v The origin of the Galactic centre excess is still unclear, however future
experimental developement (from radio to gamma rays) will further improve
our understanding of this anamalous signal

v Great experimental progress at multiple wavelengths (LOFAR, SKA, Athena,
CTA, etc) will open up new windows for dark matter discovery

Francesca Calore 28 CNRS, LAPTh



Backup slides




Status of decaying dark matter

« Light DM (10 MeV - GeV) constrained by: photon diffuse bkg [Fssig+ 13]; CMB

[Slatyer&Wu’17]; Voyager [Boudaud+PRI’17]
« Heavy (> GeV) DM constrained by: dSPhs, MW halo, extragalactic photons [Cohen+PRI17]
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Decay lifetimes below ~10%7-?% s ruled out for most final states and keV-EeV DM masses;

for few-MeV DM decaying to e+e-, lifetimes can be as short as 10%4%° s



Status of line signal searches in gamma rays

Abdalla+ PRI’18
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Weak excesses in dwarf spheroidal galaxies

10723
Signal: |
» < 30 excesses in dSphs galaxies 10-24
« Fermi-LAT + DES targets (Indus II, =
Reticulum Il and Tucana lll) % 1075
Interpretations: 7:\
 Dark matter annihilation with mass = 1072
~ 40 — 100 GeV .
 Syst. uncertainties on J-factor 0
determination for ultra-faint dSphs
Future:
 New data from Fermi-LAT (improvement
by a factor of 3-4)

* New large optical surveys and
spectroscopic data (LSST, Maunakea
Spectroscopic Explorer)

« Radio searches with ATCA/SKA
Regis+ JCAP'17

Ackermann et al. (2015)
Nominal sample

Median Expected
68% Containment
95% Containment
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X-correlation: Fermi-LAT & Galaxy catalogs

Signal:

* Detection (> 100, NVSS) of cross-correlation
signal between extragalactic gamma-ray
background and galaxy catalogs

* Fermi-LAT x Galaxy catalogs (NVSS, 2MASS, SDSS-
DR12, WISExSuperCOSMOQOS, 2MPZ, WIxSC)

Interpretations:

* Degeneracy between DM interpretation and AGN
hosted in big halos (groups or clusters)

* Tomographic approach account for the full
redshift distribution of source populations: DM
and astro peak at different z

Future:

» X-correlation with other catalogs, weak lensing
and cosmic shear

* Low-z tomography => highest sensitivity to DM

[Detection in X-corr gamma rays with cluster catalogs

; no detection with weak lensing data
detection with CMB lensing ]
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Support for unresolved point sources

Local maxima of normalised wavelet transform Bartels+ PRL’16
10

Data convolution Wavelet
W X Kernel — transform g °
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« No background modelling <

« Evidence for MSP-like population in the bulge ~10

« Constraints on luminosity function 0 5 0 -5 —10

¢, Gal. longitude [deg]
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Non-Poissonian template fitting

Lee+ P,R’L, 16 _ . 3FGL unmasked
T P | Mo e L maskea)| o HE 1 —wwsll . The statistics of PS is non-
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Caveat: Do we model the small scale gas correctly?



