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Teaser: recent Fermi-LAT results

Reports

The Imprint of the Extragalactic
Background Light in the Gamma-Ray
Spectra of Blazars
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with redshift. We searched for an at-
tenuation of the spectra of blazars in
the 1-500 GeV band using the first 46
months of observations of the Large
Area Telescope (LAT) on board the
Fermi satellite. At these energies
gamma rays are absorbed by EBL
photons in the optical to UV range.
Thanks to the large energy and redshift
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The light emitted by stars and accreting compact objects through the history of the
universe is encoded in the intensity of the extragalactic background light (EBL).
Knowledge of the EBL is important to understand the nature of star formation and
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Executive summary

Gamma-rays are an excellent probe  The future holds exciting

for cosmology possibilities
- Star formation rate density (SFRD) -CTA
- Intergalactic magnetic fields (IGMs) 10x improved sensitivity over current
installations

- Quantum gravity (QG)

i - : Extended energy range (20 GeV - 100 Te
- Axion like particles (ALPs) x gy range V)

- VHE gamma-ray observations will

Current observations deliver address some of the key questions

relevant constraints of current cosmology

- Strong limits on the extragalactic
background light
Constraints on the SFRD and IGMF
- Interesting constraints on QG and
ALPs
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Overview

Introduction

- Very high energy gamma ray
astronomy

- Ground based detection and
experiments

Cherenkov Telescope Array (CTA)
- Basic idea
- Expected performance

Cosmology through VHE gamma-ray
observations

- Cosmology science cases

- Case study: constraining the cosmic
star formation history

Summary / Gonclusions
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Introduction



At a party ...

“So, what do you do®?”

“| work In astroparticle physics on
very high energy gamma-rays.”

“Very high energy ....

\N\-\]\T???
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Very high energy gamma-rays!
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VHE gamma-rays: sources

“Probing the non-thermal universe”

Pulsars & Binaries Dark'matte'r‘?
Plerions Q > VR R
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How to detect VHE gamma-rays?

o
IS

0ON T/; -—MAAAA
¥ . 8 o2l AAAAA Fluxes of Cosmic Rays
i 0% ; :_ g
?O A3 F %%A
o A - - ‘g’ 10 - A« (1 particle per m*~second)
3tn re 10nem WOAm lpm  10gm 5 0m 10m 1km 2 _ <>
oL ‘\‘Q\.
Losg waselengn 10_7:_ <>
e — = %
exhed - O
10710'_ | <> Knee
= (1 particle per m*>~year)
VH E % /
10_16:: ;\%;
10195: \
- VHE = very high energy 20 %
E>100GeV /10" eV i Ankle P %
7251 (1 particle per km*—year) N
- Earth’s atmosphere: opaque °r [ b
SatelllteS, eg, Ferm|‘|_AT fOF HE 10_28:: {Swordy ~U.Chicago) *
vd v vvvd vl el vl vl v vd vvd vl vl vl 4

- Expected ﬂux |S |OW 1 10 10" 102 10" 10 10 10'® 107 10'® 1O1E9 1022 3/")'021
nergy (e
Typically 101112 photons cm2 s

Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012 9



Ground based VHE gamma-ray detection

fi"y"’"'a' - Detection of Cherenkov light flashes

from extended air-showers

Particle - Atmosphere as part of the detector
shower (calorimeter)

- Large collection areas ~10°°® m

.
/
L.\/ Sahakian, ,A. Akhperjanian, 2006

- -
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I'maging atmospheric Cherenkov telescopes (IACT)

- Shower “image” recorded with matrix of fast
photon detectors (PMTs)

- Image analysis
Shower parameters

Primary particle parameters (direction, energy,
particle type, ..)

- Background dominated
Charged cosmic rays: p, e+/-, nuclei, ...
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Current major IACT installations

=527 VERITAS

Tt o u\t, .
— .,‘ Sos 4 telescopes
12m diameter mirror each

since 2007

N VERITAS

" 4 telescopes

g 3 ~ 12m diameter mirror each
MAGIC =

since 2004
1/2 telescopes

17m diameter mirror each
since 2004/2009

n
i

?,\'

Energy range

~50 GeV - >100 TeV

Angular resolution

~0.1 deg (per event)

Energy resolution

Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012

~15%




H.ES.S. I

H.E.S.S. Il

1 very large telescope
28 m diameter mirror
First light in July 2012
+ H.E.S.S. |




The future: GTA



Performance limitations for IACTs

. . following W. Hofmann @ Gamma 2012
light pool radius

_~~ R=100-150 m
O O = typical telescope spacing

Sweet spot for

best triggering

and reconstruction:
most showers miss it!

O O O O

large detection area —

more images per shower
lower trigger threshold

O O O O O
O O0.0,0 O
O O O O O
O O O O O

O
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" Low- energy sectlonl:-;i‘-: L & (One) possrble Conﬂguratlonf A
o 4 X 23 m tel. (LST) : : s s Southern 100 M€ Array (2006 costs)

. Parabolic reflector T e
 -FOV: 4-5degrees Corg-energy array: .
{12 m tel. (MST) * |

. energy threshold = 23 ( .
of some 10-GeV -~ D@vies-Cotton reflector . High-energy section:
e Q70x46mte| (SST)

S .,V 7-8 degrees
o _rab sensitivity a-wes Cotton reflector |

in the 100 GeV-10 TeV chwarzschilc
“domain - V: .;~:1‘0 degrees

Core array expansion multr-Te\vL energies
~ with dual-mirror

telescopes




CTA differential sensitivity
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CTA sensitivity: steady sources
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CTA sensitivity: variable sources

10°
— ///,
— o,
1_A 1 0_4 ".////,,
® = NesFermi-LAT
— o) —
o 50 'o,://,,/, r— E — 25 GeV
g 1 0 =E "'/:I/"//
— @,
o e[ e E =40 GeV
o E .
(D = Q0,1
E 10-7 [ '02"/,'/,//// T E — 75 Gev
S, E L
E E '0/0/:/:// 7,
- NG £
a0 107 = . § ~10years
E " /// .
X 9 'I’/' CTA "/'//./"// ‘
2 1 0 = /'/'/’ 0'/'//,//
LL — l"'/' '0/'/'//,/
— — % &
S 1070 = KAALR e, ;
- — "y u,,' Ya,, "'ZI'
c — I/,,,” Q'z///
o 11 M, . 2
dh, 10 E ! ’llllll[,,..llllllllllIllllllllllllll‘f,’lllllllll
s — Iy v " ///
] — “”““”””lllllllIlIllIIIlIIIIIIIIIIIIIIIIIIIIIIfII 'l(lylll'vwllllll
Q 1 0-12 ) 0':’/,//
Hinton & Funk 2012 3 Y
10-13 m | T

10 10> 10® 10* 10° 10° 10" 10® 10° 10"
Time (s)
Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012 21



CTA: open observatory

Scientific community

Data products
Observer
Virtual Observatory
CTA P
roposal

- First open CTA observatory

observatory in

the VHE domain

Evaluation + selection, Data dissemination

- Large number of preparation and reduction

users from B

different fields of Validation ™

science ] GEANT

ceee

Scheduling Execution Enabling Grids
for E-sciencE

Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012 22



CTA collaboration

Over 1000 members from 163 institutions in 26 countries.

Argentina, Armenia, Austria, Brazil, Bulgaria, Czech Republic, Croatia, Finland, France, Germany,
Greece, India, ltaly, Ireland, Japan, Namibia, Netherlands, Norway, Poland, Slovenia, Spain, South
Africa, Sweden, Switzerland, UK, USA
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AS TROPARTICLE PHYSICS

the European strateg

European Strategy Forum
on Research Infrastructures

EUROPEAN ROADMAFP
FOR RESEARCH
INFRASTRUCTURES

> Roadmap 2008
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Cosmology through VHE gamma-ray

observations
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A

UV/O/IR
Photons

Constrain the EBL density
- Measured spectrum + assumptions about the 4

intrinsic spectrum méasured
- Many sources at different redshifts to disentangle ’j
>

EBL and intr. spectrum

Energy

Unique information
- Strong foregrounds hamper direct measurements
- Redshift resolved
- True integrated measurement

azin & Raue 2007 ﬂ\f-'

Stecker, de Jager 1992, Aharonian et al 2006,



~_ Stars and Dust
4 y - Wkl o i
- ¥ s in Galaxies

UV/O/IR
Photons

Investigate EBL sources
- Star & dust in galaxies
- Population |l stars
- Exotic contributions

Study star formation rate density
- Structure formation history

Santos et al. 2002, Fernadez & Komatsu 2006, Raue, Kneiske,
Mazin 2009, Gilmore 2011, Raue & Meyer 2012, ...



<9 Stars and Dust
.. in Galaxies

Study intergalactic magnetic
o field (IMG)
- Extremely difficult to measure
directly, only weakly constrained
- Pair halos
- Pair cascades

R

gnetic Fields ‘jff

Coppi & Aharonian 1997, Aharonian et al. 2902, Neronov & Vlovk ff‘j‘v
2010, Tavecchio et al. 2011, Taylor et al. 20



-

\ Stars and Dust
AGN 4 e :
/ 4 Axion like particles

- Light shines through a wall
Conversion circumvents attenuation

- (Often) depends on details of B

HE/VHE Y-

"\“L\ Rays Quantum gravity

‘\/\,\A

N\

e

gnetic Fields

Raffelt & Stodolsky 1987; De Angelis et al. 2 Mirizzi et al. 2007, 'f\f\ﬂ
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Extragalactic Background Light (EBL)

Frequency v [GHZ]

10° 10° 10* 10° 10? 10!
10-6 | T T T T T
10_75_ -
ke CMB
g 10°F 960 3
=
9
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23 24
10—10
10! 10° 10! 10° 10° 10* 10°
Wavelength A [um]
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Dole et al. 2006

“Redshifted integrated
thermal emission history
of the universe.”

uv, 0, NIR

- Stellar emission

MIR, FIR

- Stellar light re-emitted by
dust

- Starburst

31



Case study: SFRD vs EBL
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How to connect stellar formation with the EBL?

Stellar population Star formation
spectra (SPS) rate density (SFRD)

e.qg. Dwek et al. 1998, Kneiske,
Mannheim, Hartmann 2002
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Star formation rate density (SFRD)

Broken power |
law in z+1
L PO |
§ 10t i .
0 . d
Lt
E
: ® Karimetal. 2011
1 B Rodighiero et al. 2010 | Free
' —— HBO6, best fit .
Fixed at z=0 : 505, 1 parameters:
2 . . . . - Zo, pO!B
1074 1 2 3 4 5 6
Redshift
20 Hopkins & Beacom 2006
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Stellar population emission models

logfo, (km s7)]

Emission from an evolving stellar
population

Parameters

- Initial mass function (IMF)
Chabrier, Salpeter

- Metallicity (2)

1 0 &&¢

2% 70 -5%x1028 X Zo - R I - L B = T
. , . (M/L)gs Mg/L o) (M/L)gtars Mo/L ) (M/D)gtars (Me/Le)
- Dust absorption & reemission Cappellari et al. 2012
Using IR SED from Chary & Elbaz 2001 05T " .
- Metallicity
Fiducial model . I — .
' GJ -
- Chabrier IMF = i
-Zo > g S -0sh ]
. (O] ° i
- Minimal dust abs./em. model @ g
matched to EBL UL limit J 8 ~1.0F 5
R L e
- SFRD: p=0.3 S A
~1.50 Tl ieMeselt, aa10. 2
- —— ———>_1  Panteretal 2008
0.2 0.5 1.0 2.0
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Resulting EBL: examples

10° w 102 ‘
- BCO03 Salp . £ =1.0 x10°
IMF / SSP model  © 1 . BCO3 Salp no dust IR conversion factor f;, et 50
- = BCO3 Chab T
-+ = SB99 Salp == f,=1.0x10
...... SB99 Krou === L: Meyer et al. 2012
& 7
E E
E 10" | ] E 10 | .
o o)
7y @
- —
m
w &
100 }: — T - } 100 T T T
. s = = BCO03 Chab Z=0.05 E(B-V)=0.1
Metallicity —— BCO3 Chab Z=0.02=Z E(B-V) — E(B\V)=0.15
- = BCO3 Chab Z=0.004 - - E(B-V)=0.2
== BCO03 Chab Z=0.0004 === UL: Meyer et al. 2012
----- BCO3 Chab 2=0.0001
& 7
E E
E 10t | E E 10t | i
a )
AN}
o @
1
i o
100 '.'l ! .“t ol 1 0 - | |
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Compare to EBL limits at z=0

102_ T T T T T T TI] T T T T T T T I] T T T T T T 1T

= Franceschini et al. 2008
— Kneiske & Dole 2010
= = Dominguez et al. 2011 |
== Upper limits, Aharonian et al. 2006 |
---- Upper limits, Aharonian et al. 2007
- s = = Upper limits, Mazin & Raue 2007 ]
= Upper limits, Albert et al. 2008

) — wemesem | EBL limits
| -Meyer, Raue, Mazin,

Horns 2012, A&A 542
- Fermi-LAT + VHE

- Wide wavelength range
UV to FIR
- Close to lower limits from
integrated galaxy counts
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10° . . . . . .
' $=0.3
- Fix B + SFRD(0)
= EEEEEEEEEEENESN - Galculate EBL SED for
g EEEEEEEEEEEENEER -
= IEEEEEEEEEEEE: grid in po and zo
‘_IL 1 HE B EBE DB nox X X X X po = DlVlde eaCh EBI_ SED
> 107 mmw . by the EBL UL:
= moE x XXX XXX t=SED /UL
(| ] .
o 1. <max(t,) <11 t > 1: tension
@ 11< max(lté) <121 t > 1.2: strong tension
2y | -Calculate SFRD limit
2 | | | | max(t,) =2. from t=1 (1.2) SFRDs
10%.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Redshift
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Results: fiducial model (Chabrier IMF, Z., B=.3)

10° T

Tension

SFRD (M yr~' Mpc~?)

1072

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Redshift
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Results: Salpeter IMF

100 | I 1 T T T T

SFRD (M yr~' Mpc~?)

Note: Direct SFRD
measurements also
depend on IMF

1072 ' ' .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Redshift
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Results: metallicity

10° T . . . . . .
Metallicity

o

O

o

=

0

=

©

Z

)

o

L

wn
Strong tension
= = Z7=0.05
— 7=0.02=Z, |
== 7Z=0.004
= = 7Z=0.0004
------ Z=0.0001

10‘2 l l l l | |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Redshift
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Results: IR attenuation - E(B-V)

Strong tension |
------ E(B-V)=0.05
------ E(B-V)=0.1 |
e E(B-V)=0.15
= = E(B-V)=0.2

- = E(B-V)=0.25

10-2 ! ! ! ! ! !
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Redshift
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__.p=-1.0
g
z 10-1 ————————— /3='0.5 -
T;
o I
=
()]
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L
n
¢ Karim etal. 2011
¥ Rodighiero et al. 2010 1
- HB06, best fit
HBO6, 1o
HBO6, 30
-2 ] ]
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Redshift
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Chab, g

Strong tension
f=-1 |
Zmaz =93
== 3=-0.5
e (3=().3
B8=0.7
8=1.0
B=1.5
GB=5

10—2 ! I

0.0 0.5 1.0 1.5 2.0

Redshift
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First stars and the EBL

Population Ill stars

- Formation starts at z » 5 %02; S | I. First E
- Primordial metallicity = H2/H cooling ;E - l%¢ stars 1
- Massive stars >100 Mo (?) eI N z >>l5 ? :
- UV photons = start reionization > :
- Fast transition to 2nd generation through i . .
feedback? ol ¥ -
Not direct observable ] f
- GRBs? I |
- Studied via simulations £.a %
Fragmentation? Smaller masses? Magnetic fields? Galaxiesz< 5
Imprint on the EBL? o

0
3
Santos et al. 2004, Dwek et al. 2005, Salvaterra & (km)

Ferrara 2003, Fernandez & Komatsu 2006, Raue et al.
2009, Gilmore 2011

reviews e.qg. Bromm & Larson 2004, Ferrara 2005
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EBL constraints on stars in the early universe
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Miscellaneous remarks

Early universe
- GRBs detect up to high redshifts

- VHE gamma-rays can probe the UV
EBL => reionization

Hubble constant
- Attenuation depends on Ho

- If EBL and intrinsic spectrum well
understood, use distant VHE sources
as beacons (similar to 1aSN)

Quantum gravity
- Lorentz invariance violation
c depends on energy
- Time of flight experiment

Distant, variable gamma-ray sources
(GRB/AGN)

Broad energy coverage (lever arm)
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Summary and outlook

Gamma-rays are an excellent probe  The future holds exciting

for cosmology possibilities
- Star formation rate density (SFRD) -CTA
- Intergalactic magnetic fields (IGMs) 10x improved sensitivity over current
- Axion like particles (ALPs) installations

Extended energy range (20 GeV - 100 TeV)
- VHE gamma-ray observations will

Current observations deliver address some of the key questions

relevant constraints of current cosmology

- Strong limits on the extragalactic
background light
Constraints on the SFRD and IGMF
- Interesting constraints on QG and
ALPs

- Quantum gravity (QG)
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The CIA EBL and cosmology
ONYSICS Case

Workshop |
- MPI for Physics, Munlch Germany
November 28- 30, 20712 - T -

Thank you!






CTA Design

Proven technology as baseline

- Long experience with IACT
technology

Whipple, HEGRA, CANGAROO, HESS,
MAGIC, VERITAS, ...

- Operation as observatory & large
number of telescopes requires
improved reliability and ease of
maintenance

- Many detail improvements

Advanced options developed in

parallel
- Dual mirror
- Advanced photo detectors

Martin Raue | Seminar @ Oskar Klein Centre, Stockholm Unive



MEDIUM-SIZED 12 M TELESCOPE

June 2012: build of first mechanical
prototype in Adlershof started

Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012
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DESIGN: 23 M LARGE TELESCOPES

OPTIMIZED FOR THE RANGE BELOW 200 GEV

27.8 m focal length 400 m? dish area
4.5° field of view _ 1.5 m sandwich
0.1° pixels Carbon-fibre mirror facets

structure

On (GRB) target
in < 20 sec.

Sy
<A '~
—, o Vi—
,
; %
)
.——

P\

Active damping - ;;_//,1‘:_’
of oscillations A
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V. V. Vassiliev, S. J. Fegan,

DUAL MIRROR OPTION P . Brousseau

Astropart.Phys.28:10-27,2007
FOR MEDIUM-SIZED TELESCOPE

. Imdpr.oved po(ijnt sprlead function /;/ ~_ /“:\\
and improved angular 00 | | e N\
resolution ., }'/‘/,-///_g; fj

= Small plate scale 7% “ ’

= Suitable for MAMPT or silicon "o \ " li (Vi
Sensors A\ &

but also "
= Non-spherical mirrors
=  Challenging alignment
= Not prototyped yet

Aim at expanding
MST array with «
dual-mirror telescopes
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DUAL-MIRROR SMALL TELESCOPES secgnnc;r;?:tr:iiiror

ALLOW USING LOWER-COST SENSORS

Several options
under study for

telescope
structure

Multi-Anode PMT
camera option

Silicon sensor
camera option

Primary mirror with
hexagonal panels
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CTA: standard data formats & public analysis tools

CTA data formats e e
- Astronomy standards (FITS) B v s

CTA analysis software
- Public

- Connect with existing tools & R 5
pla‘tforms in aStronomy '-;("-:)' 4 8 12162024283236 -1.50.0 1.5 3.0 4.5 6.0 7.5 13 32 $.2
- MWL integration oec. (ana

«28:00

CTA 1st data challenge

- 1st steps have been taken
- High level DF defined, first tools 30108
available

-2%:00

33:00 =
21h%0m 22800m 22nl0m
A (2eq) ~
. . . o ]
Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov : w0 M




Site candidates

% S ) _m.‘—

S
two sites to cover full sky.
£ 20°-30°N, S

- Working towards quantifying site-dependent differences in performance and cost




Spolyar et al. 2008, locco 2008



Dark Star properties

_ 13 Large model uncertainties!!!

§® 13 - DM (mass, o)

E - Halo (DM density)

g : Cool but bright (and long lived)

R > G Direct detection unlikely

TE z=om RN JWST? No ... (Zackrisson et al. 2010)
— 3?9 3?8 — 3?7 | 3? —
Effective (surface) temperature, log;, ()
Temperature Lo/Mo Lifetime

Poplll ~10°K 0= 106 years
Dark Star ~5000-10000K 1025 1059 years

Spolyar et al. 2009, locco et al.2008,
Scott et al. 2009 Freese et al. 2010
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Dark Star spectra with Phoenix

Phoenix

- State of the art NLTE
atmosphere model code

7 DS with Phoenix
| - Spectral signature of DS?
- Explore region 5000-30000K

- NLTE / molecules / VdW,
Stark

T
—— nlte76-1.00-12.0.DarkStars.H1Stark.Li.dat —_ I_I ||nesf?
—— nlte76-1.00-12.0.FirstStars.H1Stark.dat .
10*

Wavelength [A]

Flux [erg/s/A]

g %,
= ===

Hauschildt & Baron (1999), Hauschildt & Baron
(2010), Maurer, Raue et al. (2010/2011), F. Laatz
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EBL contribution from DS?

IIIII|
10

10'0.1 1 1 1 111
Wavelength [um]

Maurer, Raue, Kneiske, Horns,
Elsédsser, Hauschildt (2010/2011)

VL) =2 X 10> nW m™ sr! x
107 years

DS contributes NIR/MIR EBL
- New window for DM search?

Calculate DS EBL contribution for
large model parameter space

Extreme scenarios excluded
EBL limits » limit DS properties
- Lifetime, SFR, z, ..

AZ‘DS

SFRNorm
10>

LMR ) (zmin )—2-5
X

103 Lo/ Mg

10
61
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