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y-ray astronomy: techniques & bands
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Next-generation instruments

Space-borne:

Science 333, July 2011
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ASTROPHYSICS

Horizon 2000 offers lessons to improve global

A Dark Age fur space AstrunumV? planning and priority setting and to implement

on-time, on-budget programs.

Roger-Maurice Bonnet'™ and Johan A. M. Bleeker®

rtificial satellites

have given astrono-

ers access to hid-

den portions of the elec-
tromagnetic spectrum and
dramatically changed our
perception of the universe.
Space-based astronomy
remains an integral part
of contemporary research,
resting on powerful tele-
scopes developed by major
space agencies—the 1.8,
National Aeronautics and

. Artist conception of the IXO.

LISA, and IXO. But JWST
cost overruns cast doubts on
the feasibility of developing
WFIRST, LISA, and IXO
within the decade (6, 7).

In March 2011, ESA
announced that IXO coopera-
tion with NASA was no longer
feasible because of incompat-
ible schedules and budgets (&).
All partmers involved m merg-
ing the NASA Constellation-X
and ESA X-ray Evolving Uni-
verse Spectroscopy (XEUS)
projects into IXO, successful
after a 10-year process, were

In the high-energy domain, no major x-ray
and gamma-ray observatories will be avail-
able to replace XMM-Newton, Chandra,
INTEGRAL, and Fermi (/).

put back where they started.
A similar situation affects the

at least from NASA / ESA / JAXA




Next-generation instruments

Space-borne:

« Gamma-400: pair-conversion space telescope  Russian -
Italian collaboration http://gamma400.lebedev.ru

« Smaller than Fermi-LAT, but better event GAMMA-400
T AC
. L 1200 | e o/
reconstruction & 2
c 1 (TOF)
« Launch expected for 2017 (Fermi operational at \
1 1000
least until 2016) ¢
co7 7 TRD
8 /
Table 2. Comparison of the main characteristics of the GAMMA-400 and Fermi LAT gamma-ray telescopes ,8_
Fermi LAT GAMMA-400 = 8
| o
Orbit, km 560 500—300000 cDs |
Energy range of gamma-ray detection 0.1-100 GeV 0.1-3000 GeV .
Area of sensitivity, m? 1.6 0.64 cct
Coordinate detectors Si (x, y) strips with a pitch Si (x, y) strips with a pitch
0f0.22 mm (converter and tracker) of 0.1 mm (converter)
Angular resolution (£, > 100 GeV) 0.05° ~0.01°
Calorimeter Csl BGO + Sistrips cc2
— thickness, r.l. 8.5 30.5
Energy resolution (£, > 10 GeV) 10% ~1%
Proton rejection factor 104 ~108 o —8
Sensitivity (£, > 100 MeV), photon/(cm? - 5) ~5x10-° ~2x107° -




Next-generation instruments

Ground-based:
 CTA: atmospheric Cherenkov, E >20 GeV

- HAWC: water Cherenkov, (mostly) E > few 100 GeV'

Only detects showers whose | %

¥ (m)
o

50 \%&b g‘aﬁ
particle component reaches *‘\‘\ \\ N — . j‘f
ground level = ' o | I\ '

« Higher E- threshold

—3
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* Very high altitude site

AL

—150 —1p0 —50 ] 50

X (m)
(a) HAWC tank layout,

o}

(b} Water Cherenkov Detection Principle.
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HAWC http://hawc.umd.edu

« High-Altitude Water Cherenkov gamma-ray observatory

« 300 tanks of purified water (3 PMTs each), >50% coverage

* Located in Sierra Negra, Mexico, 4100 m a.s.l.




HAWC performance

« Large field of view (2 sr):

. (Fermi-LAT line: 1 photon above 10 GeV)
— many sources at a time —

_ HAWC: 5
& GRBs | . _ 107 HAWC sensitivity to GRBs 1
— Large-scale anisotropies AR E"® spectrum
« Sensitivity ~10% of Crab 5 10° ”‘"‘“'Qf}iﬁ%ﬁ'ﬁﬂj“"““
Nebula (>1 TeV) in one & Feo SN
. . S S T a
year of running time. > 10 N 252
Above 10 TeV, better than & ;47 e O R Rz,
current IACTs (50 h) = T ate s~ 2
w 10°® S T
* Ang. res.: from 2° at 2 g0 Yaw, N 2s0,
threshold N 0.1° above 10 W h
TeV 10710
Z:ﬂ
° " . o 10—1'1 | IIIIIII| | IIIIIII| | IIIIIII| 1 | IIIIII| 1 | IIIIII| 1 1
Specgral resolution: 100% 10° 10" 1 10 102 10°
N 50% Astroparticle Physics 35 (2012) Duration (s)



Imaging Atmospheric
Cherenkov Telescopes

camera 1

Cherenkov light

<+— Very High Energy (VHE)
gamma-ray E ~O(0.1-100 TeV)

particle shower
_camera 2

[

—

gamma-ray direction
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CTA:
the Cherenkov Telescope Array



- Improved angular resolution
source morphology
- large FoV (6-8 deg)
extended sources, surveys
- High detection rate (large area)
transient sources

Core array arXiv:1008.3703

Low energy section Cta

cherenkov telescope array

High-energy section

nergies
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CTA

A world-wide consortium of > 900 researchers

 FP7- supported Prep. Phase: Fall 2010 — Fall 2013

— Technical design, sites, construction and operation
costs

— Legal, governance and finance schemes
— Small + medium-sized telescope prototypes
* Aim for
— start of deployment in early 2014
— first data in 2016/17
— base arrays complete in late 2018
10



CTA: two sites for all-sky coverage

extragalactic
science

Galactic plus
extragalactic
science




CTA sensitivity

P

Southern site) point-like source

108 = —
= arXiv:1205.0832v1

e 107 = 5-10 x better than current IACTs
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CTA sensitivity to transients

107 =
7 10y, o
L oesh -~ E =25 GeV « Fermi-LAT limited by
o 5 .
o gl e E =40 GeV small collection area
%’ 107 ig 5 T E — 75 Gev in Overlapping
2 = e,
5 100k 10 years E-range = CTA up
5ot to 10 better
T 1010
S 1oL s | * caveat: much
= E ,““”””“””””lliIJ|ll|J|||u|||||||||||\|||||||||||||' ‘ty,
8 1012 smaller FoV!
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Figure 5: Differential sensitivity at selected energies as a function of observation time.
These plots were generated for a detection significance of 50 in the relevant energy bin
and a minimum number of 25 events.
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Angular & spectral resolution

arXiv:1205.0832v1
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CTA main Science themes

« Understanding the origin of Cosmic Rays
and their role in the Universe

« Understanding the nature and variety of i
particle acceleration around black holes §

« Fundamental physics: indirect dark
matter searches, tests of Lorentz
Invariance, axion-like particles,
monopoles

Besides all of the above, CTA has high discovery
potential due to the big leap in sensitivity

15



Astroparticle Physics CTA Special issue

cta

(coming soon)

* |ncludes a section on DM and
fundamental physics:

cherenkov telescope array

Dark Matter and Fundamental Physics with the Cherenkov Telescope Array

M. Dot J. Conrad®®!, D. Emmanoulopoulos®, M. A. Sanchez-Conde®, J A. Barrio®, E. Birsin®, J. Bolmont®, P. Brun®,
S. Colafrancesco®, 5. H. Connellf, T L. Contreras®, M K. Daniel!, M. Fornasa® M. Gaugl, J.F. Glicenstemn?,
A. Gonzilez-Munioz™®, T. Hassan?, D. Horns®, A. Jacholkowska®, C. Jahn®, R. Mazini%, N. Mirabal®, A. Moralejo®, E. Moulin,
D. Nieto?, J. Ripken®. H. Sandaker®, U. Schwanke®, G. Spengler®, A Viana®, H.-S. Zechlin®, S. Zimmer?, for the CTA
collaboration.

“Universidad Complutense de Madrid, E-28040 Madrid, Spain
® Institut fiir Physik, Humboldt-Universitit zu Berlin, Newtonstr. 15, D 12489 Berlin, Germany
“LPNHE, Université Pierre et Marie Curie Paris 6, Université Denis Diderot Paris 7, CNREIN2P3, 4 Place Jussien, F-75232, Paris Cedex 5, France

ACEA, Irfu, Centre de Saclay, F-9119] Gif-sur-Yvette, France

£ School of Physics, University of the Witwatersrand, Johannesburg Wits 2030, South Africa

& INAF - Osservatorio Astronomice di Roma, vig Frascati 33, 200040 Monteporzio, Ttaly.

f University of Johannesburg, Johannesburg, South Africa
E0skar Klcin Centre for Cosmoparticle Physics, Department of Physics, Stockhelm University, Albanova, SE-1069] Stockholm, Sweden
kK & A. Wallenberg Research fellow of the Royal Swedish Academy of Sciences
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Indirect Dark Matter searches
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VHE y-rays from dark matter?

Best scenario for IACTs (energy-wise):
WIMP dark matter annihilation

(e.g. SUSY neutralinos)

lines continuum
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The WIMP miracle

(ov)
X X

 |f produced thermally, number
of Dark Matter particles freezes
out in early Universe when
annihilation rate falls behind
expansion rate

SM particles
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y-ray flux from DM annihilation

» Expected y-ray flux above E,:
O (> Eo, AQ) = TP (> Ey) J (AQ)

— Particle Physics factor:

1 ((;r ’U> my dN?’
PP ann 7 Y
Fo) = E B E
P (> Fo) 4w 2m2 /Eo — dF a

— Astrophysics factor:

J(AQ) :/&Q[E p°(r(s,Q)) ds dQ
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Example y-ray spectra
for different annihilation channels
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Where to look?

« |ACTs have limited FoV...

— no all-sky search possible yet

— with CTA, all-sky survey feasible - but with modest
average exposure

— Deep exposures achievable only for selected
candidates

 Wish list for candidate sources:
— high p?
— small distance

— small apparent (angular) size
— (if possible) no y-rays from ordinary sources

22



Best candidates so far

* Dwarf spheroidal galaxies
* Galaxy clusters
» Galactic center & halo

e DM sub-halos?

23



Dwarf spheroidal galaxies

e Small companion
galaxies of the .
Milky Way Bootesl/II

Coma s

,
-

* Nearby, and large Milly Vay s

M/L ratio

LMC iy

; ¥
i -

| sMC

& ®
100,000 light years




Dwarf spheroidal galaxies

Geha et al, ApJ 692 (2009)
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Dwarf spheroidals with CTA

ApP CTA special issue
CTA array E, 100 h |

102!

 Existing limits will improve

10-22;—
as expected from ~10-fold ]
better sensitivity 7o)
P
. 6%10_245_
e ...but still far from the VooE o
expected (ov) values for 10} — Sepe 18
= — — Segue 10w
thermally produced WIMPs r — el
2611111l Ll L
( ~ 3x10%6 cm3 s ) v 10" 10

1
Log]0 m, [TeV]

Figure 1.3: 95% C.L. sensitivity towards the Sculptor and Segue 1 dSphs for
Tobs = 100 hours, assuming 100% branching ratio into b, 77~ and u* ™. The
calculations are done for array E, a NFW profile and AQ = 1 x 107 sr.

26



Galaxy clusters with CTA

ApP CTA special issue

For best candidate
(Fornax) predicted
flux, for m, >0.3 TeV
and bb channel, just
3-4 times lower than
needed for detection

Might constrain the
case y x — Tt but...

o 10° = —
H - Fornax, bb, array E Fornax, bb, array B - (4]
® - B4 = 0.5° o By = 0.5° =
%) —— Bmax =1.0° — - Bpax = 1.0° — 10_230
8 —— Oy = 2.0° — =B =20° E Iy
m \ - =
W _ e
0 ! =
10° = - @)
= ] v
B — 1024
10 -
B R 10
- | ]

<
—

1

. : m, [TeV]
(only DM emission considered!)

Figure 1.7: Prospect of detection of DM-induced signal from Fornax for a DM
particle annihilating into b and 100 h integration time. The reference model
1s taken from Ref. [16] with substructure boost factor Bg = 580. Following
the left-hand side vertical axis, the additional boost factor with respect to our
model needed to have a 5o detection is shown for different ROI. Following the

27



Galaxy clusters with CTA

» Disentangling DM
from CR emission
will be hard!

« Masking central part?
= |ess integrated

flux, worse sensitivity

ApP CTA special issue

- T T T T T T ITT]
? 105 E
£ F :
: ; ]
: : i
j _ i
E : i
10—6_:__ ................. 3
107 = E
E Fornax E
. - CR ]
L e DM |

. Sum
;T | | | L1l | | | I | |
1072 10

1
Radial distance [deqg]

Figure 1.8: The surface brightness (above 1 GeV) of the gamma-ray emission
from the Fornax cluster expected from CRs (red), DM (blue) and the sum of the
two contributions (black).
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The Milky Way halo

Aquarius simulations http://www.mpa-garching.mpg.de/aquarius/

14 — mesmm— 18

log S ( M, kpc®°sr?)
Surface brightness from DM annihilations




The Milky Way halo

« Galactic Center (GC) and
background _ApP CTAspecialissue  rigge too contaminated by
other y-ray sources

« = Study the MW halo
excluding the centralmost
part

* Need simultaneous view of
signal and background
regions = large FoV

Ring method * r,~0.5° r,~2.5°
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The Milky Way halo

DM profile from Aquarius simulations

24
010 E 9
: T
@)
S
107 n
— <
B ~
N P Array E, Ring Method | <<
105~ o ~ - - — bb spectrum
=~ T T e uw spectrum
-~ - — — 7’7 spectrum
B Array B, Ring Method
— bb spectrum
- e Wy spectrum
| — — 7't spectrum
a7 | | | | |
10501 1

n& (Tel\)

« The only target where the relevant (ov) region can be
probed by CTA with no extra “boost factor’ needed
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Comparison of targets

102

1025

1 ﬂ—EE

bb channel ApP CTA special issue

I TTTTIT

] '||‘.|‘.'I|

Fermi combined DSG analysis (10 DSGs), 2 years

Fornax C r, 100 h, CTA array B B, = 1.0°)
. 100 h, CTA array B

N

WIMP parameter space

10 10°
Mgy [GeV]

10*
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Besides known candidates...

CTA = first all-sky survey at ~TeV energies

High discovery potential (e.g. DM sub-halos)

T

“herenkov elescope rray .
‘:ﬁt"‘ﬁ Survey mode:

e a Full sky at current
X sensitivity in ~1 year

S
NP DA B
m:gmr&'ﬂ |
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A vy-ray line at 130 GeV?

10° |

b [deg]

Reg3
Einasto

b [deg]
5

E? @ [GeV em 2s sr ]

Reg4
Contr. o =1.15

Weniger, arXiv:1204.2797v1

1w

b [deg]

10" .

E [GeV]

* hints of a line-like excess in public Fermi-LAT data of the MW halo, in a
good E-range for CTA.
Caveat! : Fermi-LAT collaboration finds no evidence (arXiv:1205.2739v1)
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Tests of the speed of light
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Tests of speed of light invariance

source - » observer

Al
- _ E
Some QG =", El. —El L
models or o =~ IV -
predict ¢'=cl-——) QG
MQG2 n=1or2

* Need fast-varying source (AGN flares, GRBs...)



HESS observations of PKS-2155 in 2006
. (z=0.116)

Phys. Rev. Lett. 101 (2008)

st :
‘\.‘2 2 -
=t

107,

02 |
*'Z‘ 0.15 [
q;E) 0.1F
" oos |

00' : - : 1 : : "

t [min]
* No delay observed = Mqg g50cL > 2.1 x 1078 GeV

(Astropart.Phys.34, 2011) Mag2 950%cL > 6.4 x 1070 GeV
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Tests of speed of light invariance with CTA

T T | LI | LI | LI | LI | T T I_
osF- ApP CTA special issue ]
B & , ]
ITIJ:F : B BM& % ‘H"\. by
I 0.5 2 ™ ]
R AN
0.4 = '_”""'*»H_% .
[ E .= 0.40 TeV = ]
u 3__ Z= U-Dﬂ =2 __
Tk PRI I U SR T S SN T TN N AN ST SN SN T NN T SR S A B R B B
2 25 3 3.5 4
Spectral Index E [TeV]

« CTA will benefit from large E- lever arm
+ x 50 better limits expected for Mqg,

 Limit on Mg Will exceed Planck mass
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Search for axion-like particles
(ALPs)
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Extragalactic Background Light (EBL)

=> attenuation of y-ray flux from distant sources

Q

A

A

\Obse<
>

« Observed spectrum = intrinsic spectrum

« Attenuation increases with E and (obviously) distance = “y-ray
horizon”




Y — ALP — Y conversions

» VHE photons above E ;=m*M/2B (M =1/g,) may couple to
ultra-light ALPs (m ~ 1019 eV) in the presence of a B-field:

AL ~ \ Bie mans

g A =

Y -  Earth

: - a g ANANAN {
! . . (EBY) N

B ; —— Phys. Rev. D 79 (2009) 123511

source

LA A 4

* This does not necessarily imply a reduction in flux:

ALPs would traverse the EBL unimpeded = possible boost in
observed y-ray flux w.r.t. expectation (Phys. Rev. D 76)
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Simulated ALP-boost for source at z=0.43
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* IfBgyris ~ 0.1 nG, CTA can probe a region of m vs. g, allowed

by CAST limits
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Magnetic monopoles

- .
"‘E . Induction expeniments (combined linut) ApP CTA speC|aI ISsue
2
= Estimated
10" CTA
sensitivity
107! (3000 h)
10t
o K
ANTARES
10t
1{]—1IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 3
« M >1 TeV monopoles with Lorentz factor > 103 would be detectable
by CTA

« Expected limits worse than current limits from v-telescopes (but is
an independent test, and requires no dedicated observations)
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« Future of gamma-ray astronomy seems bright (at least in the VHE
range and above)

« CTA will improve sensitivity of current IACTs by a factor 5-10 and
provide first sky survey in the VHE range: high discovery potential

* Indirect DM searches: observations of MW halo with CTA will probe
the interesting (ov) region (for m. > 300 GeV)

« QObservations with CTA (et al) can contribute to other Fundamental
physics questions:

— Tests of the invariance of the speed of light
— Coupling of VHE photons to hypothetical axion-like particles

— Magnetic monopoles
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