Science prospects for extragalactic

gamma-ray astronomy
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Outline
Why VHE gamma-ray astronomy ?

I- Active VHE emitters: compact sources
Active Galactic Nuclei (AGN): populations and physics
Search for Gamma-Ray Bursts (GRB) and other types of transients at VHE

lI- Active VHE emitters: diffuse sources
Search for Dark Matter (DM) in dwarf galaxies and clusters
Search for cosmological and large-scale shocks

lll- Passive VHE emitters: diffuse VHE sources revealed by cosmic rays

Extragalactic cosmic rays (CR): galaxies, starbursts, clusters of galaxies,
Intracluster medium ...

V- The diffuse VHE background (ie: 1+ 1l + Il +?)

V- Studying the lines of sight with AGN and GRB, beacons of y-rays:
Extragalactic Background Light (EBL), InterGalactic Magnetic Field (IGMF),
axion-like particles (ALP), Lorentz invariance violation (LIV)
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The night sky
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The night sky with its VHE appearance

Optical




VHE astronomy of near future ~ a (few) thousand of sources
versus billions of sources of
radio, IR, optical, X-ray astronomy

Is VHE the ‘poor’ cousin of Astrophysics ? Not really

VHE astronomy = shapes the
Sparse but

The universe, phenomena,
and transfer, of space-time



Interesting times for VHE y-ray astronomy !

- Avast area of research recently opened
- A new generation of instruments with enhanced performances
- A variety of highly complementary instruments, with promising synergies
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Significant jumps in sensitivity and performances
should provide:
* Thousand(s) of confirmed VHE sources
* TeV discoveries of new types of sources,
especially in extragalactic science
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Search and study « galactic objects »

In external galaxies

- Magellanic clouds, dwarf galaxies,
M31 (Andromeda), ...




Significant jumps in sensitivity and performances
should provide:
* Thousand(s) of confirmed VHE sources
* TeV discoveries of new types of sources,
especially in extragalactic science
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Discover the extragalactic space,
still poorly known at VHE




Outline
Why VHE gamma-ray astronomy ?

I- Active VHE emitters: compact sources
Active Galactic Nuclei (AGN): populations and physics
Search for Gamma-Ray Bursts (GRB) and other types of transients at VHE

lI- Active VHE emitters: diffuse sources
Search for Dark Matter (DM) in dwarf galaxies and clusters
Search for cosmological and large-scale shocks

lll- Passive VHE emitters: diffuse VHE sources revealed by cosmic rays

Extragalactic cosmic rays (CR): galaxies, starbursts, clusters of galaxies,
Intracluster medium ...

V- The diffuse VHE background (ie: 1+ 1l + Il +?)

V- Studying the lines of sight with AGN and GRB, beacons of y-rays:
Extragalactic Background Light (EBL), InterGalactic Magnetic Field (IGMF),
axion-like particles (ALP), Lorentz invariance violation (LIV)



~ 55 AGN confirmed at VHE at the moment,

mostly blazars

1ES 1312-423

Centaurus A oo OF

— Jal of high-spasd
"‘\-.___ b pancies
e

\'.._ Iagnetic held
.-' ; lings

!
ACCTeson
disk "
a
..-ti!-.._
Supermassive black hole
with accretion disk and jets
Receding Approaching

jet jet

-
W
This observer

-..,J sees a blazar
N
This observer sees
a radio-loud quasar
Torus |_/\/

i This observer sees
a radio galaxy




Active Galactic Nuclel
Search for extended VHE emission

Diffuse gamma-ray emission
of Cen A as seen by Fermi
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A halo of 0.2° with a flux of

50% of the total low state flux

of M87 would be detectable with CTA.
Here the CTA generated spectrum for

array | and 100 hours.
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Active Galactic Nuclel
Emission processes: leptonic scenarios?

injection & cooling
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Alerts from wide FoV & MWL

Instruments

- CTA observation of AGN flares:

g e High quality monitoring of the
B et evolution of the IC peaks should

firmly constrain SSC scenarios.
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Leptonic or
hadronic scenarios??

Searching for signatures
of hadronic components
in SED at VVHE.

Simple logparabolic fits to
the VHE spectrum show
how hadronic solutions
appear statistically
different from leptonic
SSC scenario.

Here the case of
PKS2155-304 in 2008.
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Emission processes: hadronic components?
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Active Galactic Nuclel

Variability on all timescales, from years down
to the shortest ones during flares
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Active Galactic Nuclei with CTA

Populations
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Cumulative z distribution of blazars
above 30 GeV. From standard blazar
sequence (lower limits) and a realistic
blazar luminosity function:

* 370 blazars potentially reachable with
50h per FoV for an all-sky survey

*20 blazars atz> 1

Very significant detection of AGN flares
up to z ~1 and above
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Active Galactic Nuclei with CTA

Extrapolation from Fermi
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Results from HAWC should help to anticipate
the probability of AGN discoveries by a blind
CTA extragalactic survey.

Assuming 20° zenith angle
over the whole sky (array B).




GRB FIREBALL MODEL"

Gamma-ray bursts
(GRB)
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e Most energetic cataclysms known in cosmos: 10°2 -10% erg in 0.01-1000
seconds, mostly in MeV range

« Long GRB > 2 s (core collapse of massive stars) and short GRB <2 s
(coalescence of binaries ?)

 Prompt emission and afterglow, standard fireball model, many
alternatives and open guestions

Gathering spectra and lightcurves at multi-GeV with high photon statistics
with CTA due to:

- low energy threshold at a few 10 GeV
- large effective area (10* x Fermi at 30 GeV) and sensitivity
- rapid slewing capabilities (180° rotation in azimuth in 20 seconds)
- Expected detection rate of a few GRB per year,
with 100s to 1000s VHE photons per burst
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Gamma-ray bursts:

simulated CTA s
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for CTA arrays E and B,

50 s of observing time.

Intrinsic spectrum extrapolated

from Fermi,

EBL from Franscheschini et al, 2008

(Inoue et al, 2013)

pectra and light curves
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Prospects:

- constrain or even determine the bulk
Lorentz factor, a key-parameter for GRB
(for instance if detection of HE cutoff due
to pair opacity)

- constrain the emission process (e, p* ?)
for prompt GRB and early afterglows,
and search for UHECR and v signatures
- discover new GRB ...




The transient universe: Targets of Opportunity

 Alert network between the various infrastructures

Searching for TeV counterparts of any astroparticle detector event
(or even of photonic events at lower energies)

* Electromagnetic counterpart of gravitational waves (GW)

During the lifetime of new generation VHE detectors, GW detectors
should detect GW events !

[Advanced Virgo and LIGO & others (2015), LISA (2015++), Einstein
telescope]

Electromagnetic signal is expected from GW transients

—> could identify the GW sources, confirm the detection, better
constrain modeling, allow to compare different distance estimates,
etc ...
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Search for Dark Matter
Detection or identification by spectral lines

Bergstrom, Bringmann & Edsjo (20100

Large number of « possible »
supersymmetric models.
Parameter space explored

by the different detectors

CTA domain of search in the
plane o5, - <ov>/mZ?
(spin-independent cross-section on p, velocity,
annihilation cross-section, neutralino mass)
Domain of indirect DM detection

Cosmic DM annihilation:

—>neutrinos, charged CR, MWL
photons from secondary e~ and

prompt y-rays
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Search for DM In nearby dwarf satellite galaxies

In CDM scenario, DM halos exist around all galaxies

Dwarfs: most DM-dominated systems, many (> 23) at distance < 100 kpc,
low gamma-ray background (no star formation, no gas) > Ursa minor,
Sculptor, Draco, Willman 1, Segue 1, Sagittarius ...

Various models for halos and DM description, many unknown parameters
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10-21 E
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— 0722 E

V>

<Gal’|ﬂ

— — NFW, Array E
—— NFW, Array B
— - NFW, Array C
— IS0, Array B
— — IS0, Array E
— - IS0, Array C
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95% C.L. sensitivity towards Sculptor,
100 h with CTA
(Doro et al, 2013)

A higher chance of DM detection
than current IACT due to:

- high sensitivity,

- large spectral range,

- large field of view,

- better angular resolution,

- better spectral resolution

|dentification by spectral features
might determine the mass of the

WIMP and its annihilation cross-

section.




Search for DM In clusters of galaxies

DM in clusters provides up to 80% of the mass - good
targets for DM indirect detection

o EXxistence of substructures can boost the flux by 100-1000
« But other sources of VHE emission: AGN, galaxies, CR ...

10°
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104

10°:

10% =

10
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Challenge
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Observing time required to detect VHE
at 50 from CR in Perseus and Fornax

Flux above 1 GeV of the gamma-rays
expected from CR and DM in Fornax
(Doro et al, 2013)




Large-scale and cosmological shocks

Large scale extragalactic structures:

- accretion shocks, i n the cluster oeriphery

- shocks and turbulence induced by major
events of mergers of clusters of galaxies,

- shocks due to AGN activity (feedback)

—> Accelerate particles

—> Can trigger star formation

- Amplify magnetic fields

—> Induce supernovae & smaller scale
shocks, with particle acceleration...

Abell 3376: central X-rays emission
+ radio relics of shocks?

Bullet cluster, collision of two
huge galaxy clusters
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Extragalactic cosmic rays (CR):
galaxies, starbursts, clusters

 CR evolution: after acceleration (= active emittors), escape
from acceleration zone, diffusion and confinement for a
while in the vicinity of accelerator, then full diffusion and
mixing in the background - reveal passive emittors

 CR and y-ray astronomy: a direct connection due to
hadronic interaction of CR protons with ambient medium
(interstellar, intergalactic, intracluster media), ° - yy

« Detection by Fermi of nearby galaxies + 2 starbursts NGC
253 and M82 seen at TeV energies

-> studies of CR acceleration, transport and confinement in
external galaxies

* In group or cluster of galaxies: CR confined in large
Intracluster medium (Mpc-scale) for times > Hubble time

- VHE emission expected from pp interaction in IGM



The starburst galaxy M 82

Simulated CTA spectrum for array |, 30h
(Acero et al, 2013)
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Clusters, IGM,
cosmological shocks

DEC [deg]

3.26 3.28 3.3 3.323.34 3.36 3.38 34
RA [h]

Perseus cluster

VHE emission is expected from the intracluster medium (accretion
and merger shocks, winds, turbulence, relativistic outflows and

feedbacks from AGN ...)
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(Aleksic et al, 2010
MAGIC)



Extragalactic cosmic rays:
clusters of galaxies

CTA has the potential to reach detection, or will put strong
constraints on the models of clusters and intracluster medium
(acceleration efficiency, magnetic field, CR fluxes, CR to thermal
pressure ratio ...)
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Simulated VHE emission for a cluster

of twice the mass of Perseus (Aleksic et al, 2010)
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The diffuse VHE background

Origin of the extragalactic gamma-ray background (EGRB)?
Contribution from unresolved sources as AGN,
+ galaxies, starbursts, diffuse IGM, pair halos, DM ?

Detection by Fermi below 100 GeV:
~ 70% of EGRB possibly explained by known populations

- 30% may be new populations, or systematic uncertainties
iIn measurement (foregrounds ...)

- Setan on the EGRB above 100 GeV (considering cascades
on low-frequency backgrounds), below the Fermi data points !

" Radio-quist AGN: rrug'_ ) :
R W -5 Studying the EGRB

FRI kpc jet: SEEDG 3
Radio Galaxy: Y111 ——

ey agie — 3 to solve such inconsistency.
| New physics ? New populations ?

elecron flux

] Search for turnover above 100 GeV
due to EBL absorption

E dvidE [MeViem™ 5 Mev! sr!]

Libiclll L 1 IIlI_| L1111 1
o 10 1’ 10®

Energy [MeV]

from ¥ Inodg, Photon
2013 Real challenge




Outline
Why VHE gamma-ray astronomy ?

I- Active VHE emitters: compact sources
Active Galactic Nuclei (AGN): populations and physics
Search for Gamma-Ray Bursts (GRB) and other types of transients at VHE

lI- Active VHE emitters: diffuse sources
Search for Dark Matter (DM) in dwarf galaxies and clusters
Search for cosmological and large-scale shocks

lll- Passive VHE emitters: diffuse VHE sources revealed by cosmic rays

Extragalactic cosmic rays (CR): galaxies, starbursts, clusters of galaxies,
Intracluster medium ...

V- The diffuse VHE background (ie: 1+ 1l + Il +?)

V- Studying the lines of sight with AGN and GRB, beacons of y-rays:
Extragalactic Background Light (EBL), InterGalactic Magnetic Field (IGMF),
axion-like particles (ALP), Lorentz invariance violation (LIV)



TeV gamma-ray signal from high-z sources

*J' > — .
Primary > Tev

TeV photons




TeV gamma-ray signal from high-z sources

Soft bckgrd photon
from EBL and C
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Primary
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TeV gamma-ray signal from high-z sources

Soft bckgrd photon
from EBL and C

VHE source ! et',é'v! Observer
= |
— T e EE—
— \ TeV .

Primary
TeV photons

Cascades of e* e pair creation

and Inverse-Compton emission
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Probing the EBL

EBL = light from normal stars

in whole history of unlve?rse, - Absorption of TeV photons by
dust, AGN, pop Il stars?, pair creation when E,,c.Ecq > (M,C2)?
DM?, ... pervading the IGM
L —> Imprint of EBL on observed spectra of
T T e high redshift sources
““II(I}'I ‘ '“'"1‘(‘)“ . “m]l()' | :E:;OB
EfeV] L I S

Energy (TeV)

(Finke et al, 2010) _ :
Attenuation factor as a function of energy

for various EBL models, shown for 2 redshifts
(Raue, Mazin, 2010)



Probing the EBL

intrinsi t 10_6 E
R i (AR ‘ E  GRB 0809160-likel +6.5
: i Z 107 L
Z 10™ N_% EH Lo
T L 10'9 113 ei:':k E_{ g
| : ; i 22 ‘ YI12 zﬁ_fg_u ]
Woe omom o1 0z 0304 1 10| (112 +S10 e 1768 27
energy E(TeV) 10 0.01 01 1
energy E (TeV)
Simulated spectrum from extrapolation
of a Fermi blazaratz = 1.839 Simulated GRB spectra from z ~ 6.5
CTA array B, 50h at 13.6 o, zenith angle 20° | | +5 2 EBL models
EBL from Franceschini et al, 2008 GRB can probe the EBL at very high z,
beyond the z ~ 2 of blazars

(Sol et al, 2013) (Inoue et al, 2013)



Probing the EBL

Disentangling intrinsic effects versus EBL effects:

- low energy GeV part of spectra, less affected by EBL, reflects intrinsic
properties - extrapolate to TeV (require large spectral range)

- study of large sample of 100s sources at various z (require high
sensitivity)

- study variability: VHE cut-offs due to EBL should be constant, while
those due to intrinsic variable flux are expected to evolve (require high
sensitivity)

- provide strong upper limits on the EBL, and possibly impose its lowest
value deduced from galaxy counts

- constrain star formation rate

- probe some aspects of the epoch of reionization

- provide a new and independent cosmic distance estimate, of
cosmological interest, once EBL is fully determined

- finding evidence of some inconsistency in the whole picture might reveal
new physics




Probing the InterGalactic Magnetic Field

Soft bckgrd photon
from EBL and C

VHE source ! etv',y Observer
eﬂv/' e
*(' > e n\e' \'{\ -_— .
Primary > Tev
TeV photons
Cascades -> secondary GeV flux, Lack of detection

so far provided first
non-zero lower limits

o on the IGMF !
- Extended GeV emission around /
primary TeV signal Origin of the magnetic
- Delay of secondary GeV emission field in the universe ...

dependent of the IGMF properties
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Arriving energy fluxes after injection
of 100 TeV photons from z = 0.13
Top : for different viewing angles
Bottom : for different delay times

Corresponding mean time delay
for different values of the IGMF

(from Taylor et al, 2011)

Searching for echoes: requires long term monitoring of variable AGN
over large GeV-TeV spectral range



Probing the InterGalactic Magnetic Field

Formation of pair halo:

Arrival direction of primary and
secondary gamma-rays from a

\ source at 120 Mpc.
IGMF = 1014 G (upper panel)
IGMF = 101> G (lower panel)

/ Red circle: field of 2.5°

Blue circle: field of 1.5°
: - well fit into the CTA FoV

20

aob L3 (Elyiv et al, 2009)
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Flux sensitivity
for pair halo detection
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e v | <to search for the extension
e Mathod A 1 (configuration | for CTA array)
10™M — - - - Pair Halo Model —
§ for 5 different CTA array configuration,
1 50 hours, 20° zenith angle (method A)
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Implication of detecting a B¢

Provides new information on the early universe:
Generation of an IGMF during inflation or post inflation?

Or pure astrophysical origin of the IGMF, through
magnetized outflows and dynamo?

Completes the dynamo description for the origin of
cosmic magnetic fields.

Provides magnetic seed fields for any dynamo
amplification process

Appears as an alternative to some dynamo scenarios,
especially useful to explain young magnetized
structures, with little time for dynamo growth

(ex: magnetic bridge in Coma supercluster)



New physics: search for axion-like particles ?

Axions, hypothetical low mass particles: candidates for DM, convert
Into photons in presence of non-zero IGMF. Such « axion-photon »
mixing effect can distort the VHE spectra of high-z sources.

Their existence (if any) should modify our current interpretation of VHE
extragalactic observations, and could provide interesting explanation
In case of growing inconsistency with the standard views.

Increasing statistics with CTA
will clarify the trend of observed

One example:
| photon index versus redshift z.

§r 0/, } | ~ Should be an increasing function of z
g |4 \“ wa} } ) following standard view, due to EBL.
d

Possibly detected for Fermi data
i _ but not yet firmly detected at VHE,
B T possibly hidden by various

- observational biases.




New physics: search for

| orentz Invariance Violation ?

Quantum gravity models - possibility of energy dependence of the
speed of light in vacuum (~ space-time distorsion) - velocity dispersion
for massless particles at E ~ Ep|,, .

c’p?=E? (1 £ &, (E/Ep) £ ¢,° (E/ER)? £ ...)
Induced time delay between 2 photons with a difference in energy of AE
At~ (AE /¢, Ep)® (L/c), where L is the distance of propagation

Fermi with a GRB and HESS with a blazar: best constrain the linear and
guadratic term with no time delay detection so far

Requires a large spectral range and a large sample of variable sources,
AGN and GRB, at various z to disentangle intrinsic and propagation
effects






Active Galactic Nuclei with CTA

Extrapolation from Fermi

Number of detectable Fermi AGN with redshift for different array configurations (50 h
of maximum exposure time). AGN with unknown type are classified as “other AGN".

Array  FSRQs BLLacs  other AGN SBGs RGs  Seyferts  Total
B 46 117 19 3 G 1 192
C 17 84 17 3 6 1 128
E 32 111 18 3 6 1 171
NA 33 109 18 3 G 1 170
NB 27 103 17 3 6 1 157

Estimates from another independent extrapolation from Fermi, leading to

similar numbers (various arrays).

Blind extragalactic surveys

Results from HAWC should help to anticipate better the probability of

discoveries by a blind CTA extragalactic survey.

All FoV of targeted extragalactic sources should provide about 100
serendipitous discoveries of blazars in ~10 years of CTA observations.
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GRB: simulated CTA data
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Figure 12: Simulated light curves of GEB 080916C at z = 4.3 for CTA array E.
The EBL model of [223] was assumed. Top: Light curve for £ > 30 GeV from
tp = 0 sec, with 0.3 sec time binmng. Upper middle: Same as top panel, but

plotted from ry = 30 sec. Lower

middle: Same as upper middle panel, but with

0.1 sec time binning. Bottom: Light curves from fp = 30sec with 0.5 sec time

binning, for £ > 30 GeV, E > 50 GeV and E > 100 GeV, from top to bottom.



Generation of an IGMF: 1°) primordial universe

Cosmological Time Table
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If B= 0 at the beginning, need to find a
time/place where flux freezing is not valid
to start the magnetic field ...

(Widrow et al, 2012)

During inflation : Quantum fluctuations
can produce large scale phenomena
from microphysical processes.
Low-conductivity permits increase of
magnetic flux. Electromagnetic quantum
fluctuations amplified during inflation
could appear now as static IGMF,
electric fields being screened later on
during the highly conducting plasma
epoch

(Grasso, Rubinstein, 2001;

Kandus et al, 2011)

Post inflation : Decoupling transitions
of fundamental forces (changes in
nature of particles and fields + release
of free energy - electric currents -
generation of magnetic fields).
Quark-hadron phase transition,
electroweak phase transition

[1st order transition; bubbles and
shock fronts ...]

(Grasso, Rubinstein, 2001)




Generation of an IGMF:
2°) magnetized outflows and dynamo

 Difficulties of primordial B scenarios:
- B from inflation are very weak,
- B from phase transition tend to have very small scales
—> too weak or too small to serve as seed fields

for galactic magnetic fields ? (Kandus et al, 2011;
Widrow et al, 2012)

o Astrophysical origin of IGMF: later formation by ejection of
magnetized plasmas into intergalactic space, from galaxies,
AGN, starbursts, Pop lll stars, large scale shocks ... (Kronberg,
1994; Widrow et al, 2012; Ryu et al, 2012; Lilly, 2012).

o Seed fields amplified by turbulent flows during the formation
of large scale structure of the universe, magnetic helicity and
Inverse cascade process (Ryu et al, 2011; Widrow et al, 2012)
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(from Ryu et al, 2012)

In the density-temperature
plane, at z = 0,

vortig:ity and strength of the IGMF




Detecting very low IGMF

Pair halos

« Electromagnetic cascades from VHE gamma-rays of AGN
absorbed by e*e” pair production on the intergalactic
background radiation fields.

Extended halos (> 1 Mpc) are formed when velocities of
pairs are isotropized by the ambient IGMF
(Aharonian et al, 1994)

Pair echoes

e Delay in arrival times of gamma-rays from remote variable
sources such as gamma-ray bursts and flaring AGN: VHE
photons interact with CMB and extragalactic background
light (EBL) = production of e*e pairs which Inverse-
Compton scatter CMB photons and produce secondary
VHE photons. IGMF deflect the pairs and delay the
secondary gamma-ray pulse - should be able to detect
B, down to 1024 G (Plaga, 1994)



Typical current constraints on the IGMF
(Including lower limits from y-ray data):

Ne 2 However, deep search for

[ g o ] extended VHE halo by ACT for
i | specific sources: obtained only
S upper limits up to now
-y (Aharonian et al, 2001, Aleksic
] 1 et al, 2010, Fallon, 2010 ...)

Multi-lambda lightcurves difficult to
Interpret in term of precise time
delays. Long term variability

_ poorly constrained.

05 -6 -7 -6 543210 12 5 4 Interpretation still somewhat

o ipel [)nodel—dep%nldent (eé: plalfma-
eam instability, Broderick, et

(From Taylor et al, 2011) al. 2012)

Positive detection of the cascade process would open
new paths to characterize the IGMF and backgrounds




Search for ...

« High energy tau neutrinos

Neutrinos above TeV can come from microquasars, AGN, GRB, compact
sources, interactions of UHECR, DM, topological defects and cosmic strings
... and contribute to CR

Tau neutrinos might be more easy to detect - pointing telescope towards the
Earth or a mountain nearby (to reduce hadronic background)

Very difficult to reach for present IACT. Still difficult for CTA, but can be done
during bad weather !! - almost no cost

cf Doro et al, 2012)
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