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Thanks!

PHYSICAL REVIEW D 72, 103517 (2005)

New signature of dark matter annihilations: Gamma rays from intermediate-mass black holes

Gianfranco Bertone,' Andrew R. Zentner,” and Joseph Silk”
"Particle Astrophiysics Center, Fermi Navional Accelerator Laboratory, Batavia, Hlinoids 605100500, USA
*Kavli Institute for Cosmological Physics and Department of Astronomy and Astrophysics,
The Universiry of Chicage, Chicago, Hinois 60637, USA
‘A strophysics, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, United Kingdom
(Received 21 September 2005; published 16 November 2005)

We study the prospects for detecting gamma rays from dark matter (DM) annshalations in enhancements
of the DM density (mini-spikes) around imermediate-mass black holes (IMBH) with masses in the range
107 = M/M, = 10", Focusing on two different IMBH formation scenarios, we show that, for typical
values of mass and cross section of common DM candidates, mini-spikes, produced by the adiabatic
growth of DM around pregalactic IMBHs, would be bright sources of gamma rays, which could be casily
detected with large Beld-of-view gamma-ray experiments such as GLAST, and further studsed with
smaller Held-of-view, larger-area expenments like Air Cherenkov Telescopes CANGAROO, HESS,

MAGIC, and VERITAS. The detection of many gamma-ray sources not associasted with a luminous . 1

component of the Local Group, and with identical cutoffs in their emergy spectra at the mass of the DM Da"Pk Ma‘tteP the ConneCtlon

particle, would provide a potential smoking-gun signature of DM annshilations and shed new light on the : :
with Gamma-ray Astrophysics

nature of imermediate and supermassive black holes

DOIL: 101 103/PhysRevD. 72103517 PACS sumbers: 9535.+d, 97.60L1, 9862.)s. 98.70.Sa
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CACTUS claim

TABLE II. The approximate energy distribution of events re-
ported by CACTUS compared to the prediction from various
annihilating dark matter scenarios. The CACI'US obscr\auons

Sis wi o V ; ; f '_ % ‘ 8- -a)\})::.-i:.d.; luuuﬂst” g ‘
—300 GeV : alsl ‘gJ W )}s :31
o W W-_ora ~200 GeV dark matter particle annihilating to fy ’! ”

777 . In the last column, the number of events which EGRET
should have seen is given for each case.

Total >100 GeV >125 GevV EGRET '* CACTUS (Converted Atmospheric

CACTUS observation 30000 7000 4000 - Cherenkov Telescope Using Solar-2) was a
600 GeV, bb 30000 9000 5000 290 ACT located in California.
500 GeV, bb 30000 7700 3900 400
400 GeV, bb 30000 6000 2700 630 e+ |t was originally a solar power plant called
400 Gev, W"W= 30000 9200 5100 280 Solar Two, converted to an observatory in
300 GeV, W'W~ 30000 7100 3500 470 _ _
200 GeV, W*W~ 30000 4000 1300 1100 2001, installing a 6 meter secondary that
300 GeV, 7' 7 30000 15000 9500 28 imaged the field onto an array of 80 PMTs.
200 GeV, 7' 7 30000 9200 4200 7.2
150 GeV, 7' 7 30000 5000 1300 16

Bergstrom Hooper 2015
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Dwarf Spheroidal Galaxies (dSphs)

Pawlowski/Bullock/Boylan-Kolchin
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1 2 yea s ago PHYSICAL REVIEW D 73, 063510 (2006)
Dark matter and gamma rays from Draco: MAGIC, GLAST and CACTUS

Lars Bergstrom' and Dan Hooper®

10728 - 40 hours of observation time, y 10-28 |~ one year of observation time .
| “>MAGIC& | GLAST

o8 b  Tmmm——— L 10-28 b o oy om———
0 500 1000 1500 2000 0 500 1000 1500 2000
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Classical and Ultra-faint dwarf spheroidal galaxies

A QUINTET OF NEW MILKY WAY COMPANIONS
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Excitement for the ultra-faints

T
i Strigari+ Nature 454 (2008) 1096-1097
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Crazy for dSphs Target Year Time Experiment

= Dwarf Satellite Galaxies =
Draco 2003 Whipple
* All instruments 2007 MAGIC
|aunched in the 2007 VERITAS
hl b Ursa Minor 2003 Whipple
search!...put 2007 VERITAS
investing few Sagittarius 2006 H.E.S.S.
hours Cft.nis Major 2007 H.E.S.S.
Willman 1 2007 VERITAS
2008 MAGIC
Sculptor 2008 H.E.S.S.
Carina 2009 H.E.S.S.
2012 H.E.S.S.
Bootes 2009 VERITAS
Coma Berenices 2013 H.E.S.S.
Fornax 20127 H.E.S.S.
10 MD, NIM A 742 (2014)
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Tom Astmorsvsicar Joumna, 679425 431, 2008 May 20
C MO8 The Amarkan Avtronomical Socsty . Al nghts ssorved Pissad i US A

UPPER LIMIT FOR +-RAY EMISSION ABOVE 140 GeV FROM THE DWARF SPHEROIDAL GALAXY DRACO

Draco & Willman 1 with MAGIC

7.8 h Of data! THE ASTROPHYSICAL JoUumNar, 697:1299-1304, 2009 June | 13.7 h Of data!

© 200 The Amersc i Asrososscal Socwry AR nighes rosarved. Prstod in the US A

1 Ao E A" B Ao P Asmonec’ MU Baoos.” € Buomas” 1A Buso* H. Bao,” D. Basne” J. K. Broos,”

W. Beosun” K B’ € Booaa” A Buve” R K Booc,™ P Boeoas™ V. Bosow Rawos™ T Barrz,' | Brrrviron,”
M. Camann* E Cumama” A (‘-n.uns\." S (‘--o-p‘.u.'l L. Conmumas.’ J Comrma" M. T ('--uu-vn:

x<o v> [cm’s" ]

1 0 18
1 0 19
10
1 o-? 1
10%
104
1 0-24
10%
10%
107
10
10%
10%
1 0-31
10%

Ny G,

Draco

Battaglia Eur.Phys.J.C33:273-296,2004
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UPPER LIMITS ON THE VHE GAMMA-RAY EMISSION FROM THE WILLMAN | SATELLITE GALAXY WITH

THE MAGIC TELESCOPE

E Aun' H Asosssun’ LA Axvossiit’, P ANtorass' M Baoons’, C. Barveeas®, S Batssiea®, ) A Basnny’,
H Banrxo D Basvmnr’, ) Boovana GoszAvez®, ) K Boosee'. W Beosamx ™, K. Brwcen'™, E. Beesanoea '’

X = "“1}" + "lg‘i.;;' + 72131?:; + nnfl::




ournal of Cosmol and Astroparticle SiCcS

Then Seguel came

Searches for dark matter annihilation
) ) signatures in the Segue 1 satellite
Segue 1 performed by the MAGIC-I ground-based galaxy with the MAGIC-1 telescope
gamma-ray telescope between 2008 and 2009 for a total
of 43.2 hours.

—10" MAGIC Coll (2011)

MAGIC collaboration

- bs - MAGIC Cof 2071
R gtf. vt (E_0>100 GeV & o_Li&Ma=0) U Gg":&wmm
‘v (E_0>E_opt & o_Li&Ma=0)
s ¢ —— v (E_0>E opt & real o_Li&Ma) . S WISUSIA (Y
710 & Q\c«wm in Astrophysical Factor . . E <E:J°F<10"
- .

2 0@ 10°<ENfi<10 Custom scan
ofthe
parameter
space with
DarkSusy
within

y 'y » - = -t -
10* - '.?‘. e “"! sx " = mSugra (WMAP) msu fa
0® “» ) * oy~ bb (>85%)
o gy (>70%)
‘O!) P l Ll
0 200 400 600 800 1000 1200

m, [Ge
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* 4-fold improvement in sensitivity

10}

 10-fold at lowest energies

Integral sensitivity (5o in S0h) [% C.U.)

107 T T
Energy threshold [GeV]



Some expectations for M-stereo: Draco and Willmanl "9y

[kpc] — e o S—
0 0.1 02 03 04 05 06 07 08 J Draco-Burkert Draco-NFW  Willman 1-NFW
T T T T T T T T e [(Gev an®) 384 x 107 471 x 107 9.55 x 1077
'0“;‘ ..... Core Burkert (PSF=0.02 ) [ (M /kpc®) 8.63 x 10" 1.06 x 10" 2.15 x 10"
- - Core Burkert (no smear) "R
L Cusp NFW (PSF=0.05 ) E\ 10% —
10" (R LD Cusp NFW (PSF0.02"%) . Draco-NFW
- R~ CuspNFW({no smean) MAGIC 11 CTAy
I FN 02T | 77075 (1.9-10%,1.3-10°,2900) | 4.7 (3100, 2100, 490)
810" £ | 010 (1.4-10°3.2-10°,7600) | 0.52 (2.8-10%,4900,1200)
- g K |70 (2000, 2000, 470) 35 (410, 260.61)
% 1073 | F* 045 (3.1:10°,1.6-10°,3800) | 1.1 (1.3-10%,2800,670)
10" Tl gt 1037 (3.8:104,7400,1700) | 042 (3.4-10%, 1200, 290)
E 1071
10M
: 10%
U SN ST T S ST ST U SN U N SN U S TN S NN N R Y
0 0.1 0.2 03 0.4 0.5 06
v [deg]
Dark matter signals from Draco and
Willman 1: prospects for MAGIC |l
and CTA Bringmann, MD, Fornasa JCAP01(2009)016
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How many gamma-rays from DM annihilation/decay?

 Hunting the

PP
d®(AQ) [ dP >< highest J-
dE' dE’ factor

‘ * Huge
Pl P oo = uncertainties
=——— o o o e e o e e ¥ in the particle
| J§PP | '
I nnihilation: | 92 — L (Tamv) AN physics
i | dE' 4m 2m2 dE' |
L ------- -------X--
I 1 PP '
: b | do 1 dN |
ecay: — — = |
I Y1 79ET T 4 um  dE

Large uncertainties from Fund. Phys.
[ No target dependences

(straightforward stacking analysis)
L------------
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DM particle — yes, but which one? i F




Segue]_ with HiFi system lournal of COsmology and Astroparticle Physics

Optimized dark matter searches in

Segue 1 with the MAGIC Telescopes, deep observations of Segue 1 with
carried out between 2011 and 2013. MAGIC

W. h I 160 h Sample A Sample Bl Sample B2 Sample C
Iith almost ours Readout DRS2 DRS1 DRS4 DRSH
MAGIC-] camera old old old new
» 16000 Obes. period Janr- May 2011 Jan-Feb 2012 Mar-May 2012 Nov 2012-Feb 2013
z>“ : ' Obs. time b 64 24.28 59.77 55.05
- Z2d range deg 13 33.7 13-32.5 13- 357 13 37
14000— | iz cange [deg 1048 290.2 120.2 252.0 115.4 2572 103.8 250.4
= g—
12000 P AW
-1 Awe
’_. : )O 'g — 1w
— 8owe
10000 — A 10 = 82/ W
- S 2N —
b..r'.' v c'wn
8000[  se ¢ rva
—— . - ~ [R—
: : L e o — 10 Comtred
= ‘n"'"‘-*.m.a
-t
6000 ”_—‘: S
=
- T hd
4000 —
»
-
:—_ ‘oN
0 bl 1 4 1 l A 4 4 1 l 1 1 1 1 l | . I 1 1 1 l e B l L 1 1l l L u—‘»s
0 005 0.1 0.15 02 025 0.3 0.35 04 0" |

10 W 10*

o deﬂ
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Annihilating and decaying dark matter 'G '

——— ~ -
+
c}\
Annihilation cross-section Decay lifetime *‘
=—10"p — 10%
w - h’-, \‘2' -
- LA ~ I
Pg e andii - -
T'o:« 3 — LAY 10% g‘
v | o ;
2 re )
10% - N 10 3
109 r\ \ 109 =
10% 107p
Fi) . 2
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Segue 1 — stereo results

MAGIC decided to

perform the
longest exposure

on a single dSph:
Segue 1

160 hours of good-

quality data
between 2011 and

2013.

Optimized
statistical
treatment allowed

performance
boost

v
. n >

——— Tha work
MAGKC moro
Form LAY
VEsTAS

1 —bb

1w
m, (GeV)

— T

e

'
-, [GoV)
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Best limits from dwarfs in ‘

e T WO
- MASIC more
P LAY
VERTAS

pe i
- ! |
10 1w .l 2
m, [GeV)
Form LAY
MTAS
LLAW'W
) [ 4 19 w
m, [GeV)

Strongest
constraints
above few
hundreds GeV
according to
channel

Results made
into the PDG




Segue stereo stat treatment Aleksic, Rico, Martinez JCAP 1210 (2012) 032

« In all DM searches, we try to The likelihood was prepared so that results from different experiments could

. be combined
measure the same universal
parameter, e.g. <ov> through N .
gamma-ray qux;E)P [:M((gv) Ji’!’liMI pm) = Eﬁm ((ov); Ji,‘“illk' DM) ’
d@(AQ) _ dd % J(AQ) /
dE/ dE, NE-bins —
G0V i D) =TT Ly (EDyov):T,) o ermi
 Different observations of il of ST

different targets differ in the

astrophysical or J-factor Generic Instrument j and particular target i

——— nuisance parameters

Jann (AR) = /M /:m P (1, Q)dlds, L:((ov) J,u p) ]'l[ ((ov); J u | D. )

~~ input data set
* Aim:combine measurements of The instrument response functions do not need to be combined, but can
<ov> from different targets and be used on individual factor of the I|keI|hoodéGREAT ADVANTAGE
instruments
I RESULTS FROM DIFFERENT INSTRUMENTS AND DIFFERENT TARGETS CAN
BE NOW COMBINED TO IMPROVE SENSITIVITY
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JCAP 02 (2016) 039

MAGIC + Fermi combined o oo

* MAGIC: Segue 1 (158 h) and
Fermi-LAT: 15 dwarfs (6 years,
Pass8)

1, G0N COMMnment s == FanndAT

* Effective combination (2x N T
stronger constraints) in the i

range 300-500 GeV

22 Michele Doro - Halo Workshop - Mauriu zuio



«Gather them all»

— 300+ h MAGIC

— 300+ h VERITAS
100+ h HESS™

— Fermi-dSph

Great expectations!

ter searches with MAGIC - La Palma 2018




Not only dSphs

T

5 ‘ » Galactic Center .

o J

| =

<

- . .
2 ‘ Galactic Center Halo J
]

| —

2
7))

>
Adapted by H. Zechlin

Robustness

** DM anisotropies
+ In principle possible with IACTs although challenging

24

**Galactic halo and the halo around
+ Highest J-factor
- Strong Astrophysical contamination
- Huge uncertaintiy in core\cusp

** Galaxy Clusters
+ Huge amount of DM but far distance 2>
moderate/low J-factor
- High astropysocal contamination

- Large uncertainties in baryon feedback and
substructure contributions

** Dwarf Galaxies

+ DM dominated (high M/L ratios) and Free
from astroph. bkg

- Low J-factor

s Dark Clumps?
+ Free from astroph. bkg
+ Nearby and numerous

- How to know where they are?

M. Doro - 15 years of dark matter searches with MAGIC - La Palma 2018



Signal strength DECAY

25

Decay DM case

Signal strength

>

" ANNIHILATING DARK MATTER
Galactic Center

-’.'"]"(ASI) / / I’Q(I.SI)IIIIISP.
AQ Jlos
| Galactic Center Halo J

DECAYING DARK MATTER

JM(_\.SZ):/ /,)(I.Q)dhm.
AQ Jlos

dSph Galaxies

DM Clumps

Galaxy Clusters

Michele Doro - Halo Workshop - Madrid 2018



2018: another dSph in the portfolio: Ursa Maior 2

9 89 88 8.7
RA [h}

10g10(J (fmax) [GeV? em™])=19.427013

M/L ~ 4000%500 Ms/L:

distance of ~ 30 kp-('

"> lem ')

by V>

959

';;HZ' ['—
. = 2
E L M ¢
—
A 10° b
~
>
v
£ 10%
e
o
10
10°
“ r H. medan — . Mg
BN ' 68% contanment
10°
H, 95% comtanment
' - . " . .. 4
4 Abdd D J

10 10' 10" 1(
m., [GeV]

oM

Indirect dark matter searches in the dwarf satellite galaxy

Ursa Major Il with the MAGIC Telescopes
MAGIC Collaboration (M.L. Ahnen (ETH, Zurich (main)) ef al.). Dec 7, 2017. 21

Pp.
Published in JCAP 1803 (2018) no.03, 009
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TODAY on ARXIV




It all started with cluster

[~ 5 sameg]
Fritz Zwicky (1898, 1974)  * F. Zwicky, while examining the Coma galaxy cluster in 1933, was the first

to use the virial theorem to infer the existence of unseen matter, which
he referred to as dunkle Materie 'dark matter’.

2Ec=-U > wv(r)= [MED

r

e He calculated the gravitational mass of the galaxies within the cluster
and obtained a value at least 400 times greater than expected from

their luminosity

Ybservations ’
Observations 21 cm hydroge? JER.
from =~} © PP e, s
§ A1

Astronomers are spherical bastards. ) )
No matter how you look at them The technique was refined by

they are just bastards Vera Cooper (Rubin) for galaxies

R (x 10001y)
in the ‘60s SRS,

28 M. Doro - 15 years of dark matter searches with MAGIC - La Palma 2018




A long campaign

[~ - emmni)
Telescope Pointing
A B
Data Selection Data Selection
Period Dates All data [h] . quality + All data [h) : quality +
quality [h] | oo cific [h] quality [h] | o cific (h]

Pl 2009.11.01-2011.06.01 94.7 564 454 - - -
P2 2012.09.01-2013.01.17 9.2 9.1 9.1 594 40.2 36.8
P3 2013.07.27-2014.08.05 17.5 16.7 14.8 55 30.2 289
P4 2014.08.31-2014.11.22 16.6 104 10.1 21.7 21.7 7.5
P5 2014.11.24-2016.04.28 6.8 39 39 29.3 22.32 21.9
P6 2016.04.29-2017.08.02 44.1 419 12.2 20.5 16.02 11.1
TOTAL 185.9 1384 106.1 188.9 119.2 96.2

Global sample selected 2022 h

* Consider duty cycle is roughly 1000h/year

23 M. Doro - 15 years of dark matter searches with MAGIC - La Palma 2018



A very fruitful campaign

See Paneque talk

[~ 5 sameg]
— E>250GeV 1
g * MAGIC campaign on Perseus CG proved to
olls 05 .
Q be very fruitful:
(-
4?2 404 — the strongest limits on Cosmic Ray (CR)
03 acceleration in the core of the cluster and on
the CR to thermal pressure (Aleksic et al.,
4 - 2010a, 2012c¢);
0.1 — the radio-galaxy NGC 1275, at the center of
. the cluster, was clearly detected and
34 33 33 32 modelled (Aleksic et al., 2012d, 2014b); and
J. Aleksic et al. Astrophys. J., 710:634—647, 2010a. — the peculiar radio-galaxy IC 310, located at
J. Aleksic et al. Astrophys. J., 723:L207, 2010b 0.6 deg from the Perseus CG center, was
J. A:etsié et a:-Astron- Astmp/I;VS-, 541:A99, 201d2c detected and provided important evidences
J. Aleksic et al. Astron. Astrophys., 539:12, 2012d. .
iy _ related to the acceleration of CRs close to
J. Aleksic et al. Astron. Astrophys., 563: A91, 2014a. black holes (AIeksic’ et al. 2010b, 2014a,d).

J. Aleksic et al. Astron. Astrophys., 564:A5, 2014b.
J. Aleksic et al. Science, 346:1080-1084, 2014d

30 M. Doro - 15 years of dark matter searches with MAGIC - La Palma 2018

See backup slides



Complex observing region

e Two radio galaxies: NGC1275
and IC310

e Variability of these sources
 Extension of DM signal

* Signal leakeage into
background control region

« Development of a specific
tailored MC to estimate IRFs
properly (J. Palacio Phd 2018)

* DECAYING DARK MATTER CASE

31



Dark matter profile

plr) =

EANETED

ry = 0.477 Mpc and
po = 7.25 x 1014 M, Mpc3.

Zhao-Hernquist profile with @ = 1
B =2andy =1 Navarro et al.. 1996

* We follow the prescription in Sanchez-Conde et al. (2011)

’

p [GeV cm” ]

10°

107 --- Moore
- - NFW
10-2 — Kravtsov
10-3 - L ‘|A|ul- Ll wlil
107 10" 10’ 10" 10

decay J-factor of 1.5 x 10! GeV cm™2.

 We use 30% systematics on mass estimation for Perseus CG (Reiprich
and Boehringer, 2000; Chen et al., 2007)

32
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Results

— Porsous (2020)
4 LJAA,LLI s .l LLA,IIJJ e .l LLAJJJ_L
w0 w w
Moy [GeV]
=
i F e B o comtnme
§ H, 95% containment
H, medan

. M, 68°. contairment

H, 95% containment

— Parseus (202h) M, median

L L lllllll A L lllllll L 4 lllllll

10 10* 10*
My, [GeV)

10° 10

10*
My, [GeV)
dark matter searches with MAGIC - La Palma 2018




MAGIC results put into context

[ =« oumni]
||DM luc "

z 10°F -
P rorsaus (EoE - MAGKE 3 —— Perseus (202h) - MAGIC
3 107 —— Segue | (158h) - MAGIC »

= o)
- 5 —— Segue | (48h) - VERITAS > —— Milky Way halo - FERMI

107 =

LU |

— Diffuse Galactic Center - FERMI

LI

104

107 =

Ll 1 111‘1111

' i ‘ il'l | | Lllll'l | 1 l‘llll

10° 10° 10° 10° 10¢ 10°
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Why should be using IACT time for
DM?

M. Doro - 15 years of dark matter searches with MAGIC - La
Palma 2018




0/ DM is gravitational!

Observations

from 2

S S
¥

| cm hydroge?

5\'&‘\\%\\\

R (x 1000 ly)
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X

WIMP Dark
Matter Particles
Ecu~100GeV

X

1/ We do expect gamma-rays

v/ Gamma-rays

=
4) Y

Vi
-+_‘ VuVe
| 4 !“\ B
W*/Z/q e*\
T Neutrinos
N\ Vu

Ly
: \I“\Ie
e 1 N\

+a few p/p, d/id
Anti-matter

WIMP Dark
Matter Particles
Ecm~100GeV




2/ Dark Matter identification

-

:

2

'

.« )
Ty
i

E[GeV]

Bringmann, MD, Fornasa JCAP01(2009)016
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3/ Universality of Dark Matter Spectra

dN/dE (GeV)
E2dN/dE (GeV)

2

E

10° 10°* 10° 10*
Energy (GeV) Energy (GeV)

“dN/dE (GeV)

.

E

10° 10*
Energy (GeV)
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4/ Complementarity

Berpstrém, Brinpmans & Edvje (2010) M. Cahill-Rawley 1411.3353
LB AL b B Al b BB A boo g v wegeny vy R LI S S ] T Y LA S |
“OF Dwarts (BJ=10 1 . — |Z Sl exclusion, 1000 Days o Excluded by ID but not DD
=10) -
e : 107"~ | + Survives DD, ID, and LHC o ExcudedbyDDandlD | =
B vvvm'v ! « Survives DD and ID but not LHC + Excluded by DD but not ID
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Are we close or far? | MAGIC on 10xSeguel in 500h

Leane+ arXiv:1805.10305,

MSSM

Overabundance
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More visible dSphs coming
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We need accurate J-factors (more than precise)
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Dark subhaloes? —yr——T——
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Conclusions
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MAGIC Limits Evolution - Annihilating DM
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Can be a long journey to discovery

 The bus that Bruno

48

Rossi set-up to carry
the experimental
equipment to measure
Cosmic Rays to the
summit of Mount

Evans in Colorado
(4,348 m).

He brought his family
too!

M. Doro - 15 years

e 3. The bus equipped for the measurements at ditherent alfitudes up 1o the summit of Mount Evans. Here ot Echo
loslc 1939, together with Nora Rossi (reproduced from B. Rossi, Moments in the Life of o Scientist, Comb(dgeU niver-
sty Press, NewYorﬁl‘?‘?O].

What about v, h, GW ?

of dark matter searches with MAGIC - La Palma 2018



CTA is happening right here:
high expectations for DM
searches
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Before their light is switched off

Use MAGIC VERITAS and HESS
for dSph deep field?




" -

q‘? | AR : :
. Happy 15th Birthday! s
s |

.
-
~

Major Atmospheric Gamma-Ray
Imaging Cherenkov Telescopes




