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Constrain the EBL density

- Measured spectrum + assumptions about the

|ntr|ﬂS|C SpeCtrum measured
- Many sources at different redshifts to disentangle
>

EBL and intr. spectrum

Energy

Unique information

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

Stecker, de Jager 1992, Aharonian et al 2006, MazIN& Raue 2007 ... JJ\IJ



. Stars

AGN
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Photons

Investigate EBL sources

- Star & dust in galaxies
- Population lll 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, ...



The EBL energy density: data
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DM et al., APh, 43 (2013), 241
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Dube 1979/Leinert 1998

Toller 1983/Leinert 1998

Mattila 1990

Martin et al. 1991 (Shuttle/UVX)
Kashlinsky et al. 1996

Dwek & Arendt 1998 (DIRBE)

Dwek & Arendt UL 1998 (DIRBE)
Hauser et al. 1998 (DIRBE/FIRAS)
Hauser et al. UL 1998 (DIRBE/FIRAS)
Brown et al. 2000 (HST/STIS)
Edelstein et al. 2000 (Shuttle/UVX)
Fnkbeiner et al. 2000 (DIRBE)
Gorjian et al. 2000 (DIRBE)
Kashlinsky & Odenwald 2000
Lagache et al. 2000 (DIRBE)
Lagache et al. UL 2000 (DIRBE)
Madau & Pozzetti 2000

Wright & Reese 2000 (DIRBE)
Cambresy et al. 2001 (DIRBE/2MASS)
Bernstein et al. 2002, 2005

Elbaz et al. 2002 (1SO)

Metcalfe et al. 2003 (I1SO)

Dole et al. 2004 (SPITZER)

Fazio et al. 2004 (SPITZER)
Matsumoto et al. 2005 (IRTS)
Papovich et al. 2004 (SPITZER)
Dole et al. 2006 (SPITZER)

Frayer et al. 2006 (SPITZER)
Levenson et al. 2007 (SPITZER)
Thompson et al. 2007 (NICMOS)
Levenson & Wright 2008

Matsuura et al. 2010 (AKARI)
Keenan et al. 2010

Bethermnin et al. 2010 (SPITZER)
Bethermin et al. 2010 (LL, SPITZER)
Berta et al. 2010 (Herschel/PEP)
Matsuoka et al. 2011 (Pioneer 10/11)
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The EBL energy density: models ICRR,

Institute for Cosmic Ray Research
University of Tokyo

Max-Planck-Institut fiir Physik

(Werner-Heisenberg-Institut)

Dominguez et al.,, MNRAS 410, 2556 (2010)
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Imprint of the EBL on spectra of HE/VHE
gamma ray spectra of distant sources

ICRR

Institute for Cosmic Ray Research
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@ Cross section of pair production: @ Attenuation of Gamma-ray flux is
calculated by integrating over number
® peaks at ~4*Einreshold density of EBL, angles between

photons, and distance to the source.

® Delta function approximation is _ _ -
@ The attenuation factor is sensitive to

not precise .
P the EBL density
i
= F 10
= [ r ~— ' ‘
o | averaged over all 6 angles S —— > = 0.1, 0.3, 0.6, 1.0
10" |
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Dominguez et al., MNRAS 410,2556 (2010)
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Indirect methods to measure the % ICKK

m Institute for Cosmic Ray Research
EBL: Sources
Max-Planck-Institut fiir Physik

(Werner-Heisenberg-Institut)

@ Typical extragalactic source at HE/VHE gamma rays is a
blazar

blazar
S —— Jet of high-speed

~_ particles

—— Magnetic field
! lines

Accrethn

disk \\

log(energy density)

eV keV MeV GeV TeV log(E)

Factories of violent, broad band (up to high Typical energy spectrum has a 2-bump structure
energy) non-thermal radiation | First bump is synchrotron emission from electrons
Blazars: relativistic plasma jet, highly variable Second bump probably Inverse Compton (IC)

TeV blazars (above 100 GeV): ~50 out of 61 from the same population of photons (SSC) or
are HBL (High-peaked BL Lacertae) IC from external photon fields (EC)
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Indirect methods to measure the ICRR.
EBL: Assumptions AL Nt chipicTapestion
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@ There is no pile-up at highest gamma rays energies

measured
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Indirect methods to measure the % ]CQ{Q{
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@ There is no hardening of the energy spectrum between HE
regime (typically measured by Fermi-LAT)
and VHE regime measured by the imaging Cherenkov telescopes
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Indirect methods to measure the [CQ{Q{
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@® The intrinsic energy spectrum is smooth

i MKn 501, HEGRA, measured
e Expected spectrum to be observed
e T

- M Reconstruced intrinsic spectrum with 'correct EBL'
:’ Reconstruced intrinsic spectrum with EBLx1.3
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Indirect methods to measure the % ICKK
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® High energy gamma rays are measured by Fermi-LAT (also Agile)

Large Area Telescope (LAT): . Fef'ml.de'reC'red >1000 AGN WI‘I‘h
*>20 MeV - > 500 GeV redshift up to 3.1
2.4 sr FoV (scans entire sky every ~3hrs)

Perfect set to probe the EBL

Second LAT Calalogue (2LAC)
TS5»26, August 2008 gust 2010

BLLAC

2LAC-clean sample:
310 FSRQs
395 BL Lacs

- - 156 Blazars with unknown type
100 MeV < E < 300 GeV 24 AGNs Ackermann+11, ApJ 743, 171
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Indirect methods to measure the ICKK
EBL: Instruments
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Very High energy gamma rays are measured by Imaging Atmospheric Cherenkov Telescopes (IACTs):
H.E.S.S., MAGIC and VERITAS (as well as Water Cherenkov Detectors (HAWC) which, however, have a

much worse energy resolution)
50 GeV <E <100 TeV

— e mm Em mm Em mm Em Em Em Em Em Em Em Em Em Em o Em i EE Em Em e Em e = = e ® + —— - - —

— e m mm Em o Em EE EE EE EE EE EE EE EE Em Em Em Em = i a5 [ R ——
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Limits from Fermi-LAT <~ ICRR
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‘ |dea: F(E)observed = |:(E)intrinsic ¥ eXp(-b ¥ Tmodel)
with b as a free parameter

® F(E)iwvinsic is extrapolated from measured spectrum in unabsorbed
energies to higher energies from the same data.

@ F(E)observed is measured spectrum.

@ 1000 is gamma-ray optical depth calculated from a given theoretical
EBL model

@ Expected result:
® b=0: there is no EBL

® b=1: the EBL model is correct
Fermi-LAT, Science, 338, 1190 (2012)
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Limits from Fermi-LAT <~ ICRR
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Average of the residuals with respect
to the best fit models for all z<0.2 bin.

@® Assumption: BL Lac spectra follow 7
a parabolic shape

@ Residuals for best fit b are flat

|
+

i
i

0.6}

Results (wrt to Franceschini+08 model): e
TS4~4 and b=1.18(+/0.94) 1. ~60 detection of the
TS,.+~7 and b=0.82(+/-0.41) EBL absorption feature
TS,..~25 and b=1.29(+/-0.42) 2. Data compatible with

- Weighted average: b=1.02(+/-0.23) low-opactty .

11
® Results: EBL is detected and consistent with state-of-the-art EBL models
Fermi-LAT, Science, 338, 1190 (2012)
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Limits from Fermi-LAT o (ICRR.
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® EBL is detected and consistent with state-of-the-art EBL models
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Limits from Fermi-LAT <~ ICRR
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@ 2FHL: Second Fermi Hard Source Catalog, 50GeV < E < 2 TeV

0.001 0.005 0.013 0.029 0.06 0.12 025 05 1 2 4

Fermi-LAT, Apd submitted, arXiv:1508.04449

Daniel Mazin EBL limits @ CTA Meeting, ICRR, Kashiwa, Jan 14, 2016 18



Limits from Fermi-LAT o (ICRR.
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@® 2FHL: Second Fermi Hard Source Catalog, 50GeV < E < 2 TeV

distribution for 158 BL Lacs that are

Source classes: common for 1FHL, 2FHL and 3FGL

Description Associated
Designator Number 50 ™3 T v y
B
Pulsar psr E ‘:] 2FHL
Pulsar wind nebula pwn 14 '
Supernova remnant snr 16 " 40+ E I:] ].FHL )
Supernova remnant / Pulsar wind nebula spp 4 O '
High-mass binary hmb 2 8 E :I SFGL
Binary bin 1 - '
Star-forming region sfr 1 S 30 B At
BL Lac type of blazar bll 180 ) E
BL Lac type of blazar with prominent galaxy emission bll-g 13 c.s : -
FSRQ type of blazar fsrq 10 3-4 _ :
Non-blazar active galaxy agn 2 D 9N\ '
Radio galaxy rdg 4 - 20 E L
Radio galaxy / BL Lac rdg /bl 2 s '
Blazar candidate of uncertain type | beu | 7 '
Blazar candidate of uncertain type II beu 11 34 z 10! ]
Blazar candidate of uncertain type III beu 111 19 ]
Normal galaxy (or part) gal 1 '
Galaxy cluster galclu 1 '
Total associated 312 = =<1 N | | |
Unassociated 48 " S E— ) 3 - — :
Total in 2FHL o 1 3 4 5 6 i 8

Spectral Index

Fermi-LAT, Apd submitted, arXiv:1508.04449

Daniel Mazin EBL limits @ CTA Meeting, ICRR, Kashiwa, Jan 14, 2016 19



Limits from Fermi-LAT <~ ICRR
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@ Using 2FHL: No unexpected features found

Intrinsic spectral index: no evolution with redshift

i SR e ma e ——
St
V'S
6l
. *
E'é 4t ®
-
S ]
Ot " @ FSRQs “Q HSPs
® LSPs % Median values
X B ISPs
00 05 10 15 20
Redshift

Dominguez+Ajello, Apd, 813 (2015) L34
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Limits from IACTs o (ICRR.
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Reminder: effect of EBL:

10° y
' »=0.1, 0.3, 0.6, 1.0

® H.E.S.S. from several sources
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Limits from IACTs

@ MAGIC from single sources

MAGIC, submitted (2015)
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Limits from IACTs o (ICRR.
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@ Combined results from many sources and data from
different experiments makes results more robust

Biteau&Williams, arXiv:1502.04166 Meyer, DM,++ A&A 542 A59 (2012)

10°

' T TrrrT T T T TTrT T TTT = Franceschini ot al. 2008
; I I v ! — Kneske & Dole 2010
l l == Dominguez et al, 2011 )
20 - - - Upper limits, Aharonian et al, 2006
'''' Upper limits, Aharenian et al, 2007
l Upper limits ‘o’ . == Upper limits, Mazin & Rawe 2007

[ —) A s1e  Upper limits, Abert et al 2008

b’ I % s Upper limits, this work 1
“.‘E 10 - l ? | . - _+._ - _ .

— T * . -

= 7 —%3 4 i -
5 6 - 2 ’ - -
> 5p- T T - €10t
% s 1 ~ :

c s 1 Lower limits —— c
.‘é 3 - ‘-_+_ #‘ Y
-
@ o1 4 .
w T Model dependent constraints

Model-independent constraints Fermi-LAT (2012)
—&— 7 rays + local H.E.S.S. (2013)
| 1.13 x Gilmore+12 .
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EBL detection Stringent upper limits
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ICRR
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Cosmology: Hubble parameter
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@ Once EBL is known, the imprint of the EBL on VHE spectra of
AGNSs can be used to independently estimate their distance

Dominguez++, Apd 770, 77 (2013) Biteau&Williams, arXiv:1502.04166
: EAAAE RN RARRNRARAN RAREE RARANRERRY RAREY RERRE
) h = 0.30 11— K -
3.01 - h=040| i " )
h = 0.50 i i N
251 h = 0.60 g *°C ' i
= - : 0 -
3 h = 0.70 o N . .
320} | h = 0.80 =l ' o
S ] - h=0.90 2 o i
E-] ? _ ' | h =100 czu ol :' :‘ N
: iy e 5 , i
1.0 ' J ? O bttt z N Y e ihiswor i
B f 0.2f— . .
{e » ! = = « Planck collab., 2014
0.5 X I
%(: 2 |'L‘:L".".'|-"I'L".".I'."l—
_ A A 65 70 75 80 85 90 95 100 105
0.0] 0.] Redshift | Hubble constant [km s’ Mpc™]
Ho=( 71.8+4%.5¢ (stat) *"-2.13.8 (syst)) km/s/Mpc Ho= (88 +/-8 (stat) +/- 13 (syst)) km/s/Mpc
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10 fold sensitivity of current instruments The future in
10 fold energy range
Improved angular resolution

VHE gamma ray

two sites (North / South) aStronomy:
operated as observatory

World-wide cooperation C a

countries - W cherenkov telescope array




ICRR

Institute for Cosmic Ray Research

Future prospects: CTA

Max-Planck-Institut fiir Physik sty of Toloe
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@ CTA will have two observatories, North and South,
cover 20 GeV to >300 TeV, survey capabilities
sensitivity vs energy sensitivity vs time at low energies

10°E 10°
by 10-9;— W 107 """'-..Fermi-LAT e E = 25 GeV
B = E 10°
p F o . oF 0 NG, E =40 GeV
L 10" g 10
w o E 5 . we E = 75 GeV
z - / © 10
o 107 2 .
%1012;F / éé 10"
S : LAT - 10 yrs (extragalactic) CTA - 100 hrs % o] .“v","j- ..... oty
£ 107 £ 1o et e eeeeeeeeeeeerrrr e o
° - 5 10" o

10 R RTT R RTINS AR TT! S R RIS SN N T N SRS 127 N S W eI -

10 10° 10 10° 10° 107 10° 10"
Photon Energy (MeV)

10 10° 10° 10* 10° 10° 10 10° 10° 10"
Time (s)

Plots from Funk&Hinton, AP 43, 348-355 (2013)
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CTA: Key Science Projects % ICRR,
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@ Three of 10 KSPs will deal (at least partially) with EBL and IGMF:
® AGN survey:
®obtain high quality spectra of ~50 bright blazars at different z
eextensive Target of Opportunity program

® GRBs: chance to obtain high quality signal from z>1 (actually there is no
upper limit on 2)

® Extragalactic survey: find new hard spectra GeV-TeV sources

800

700 CTA exposure
for AGN survey

500 |
BN moon |

. 400 OSmoon
@ N dark
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Future prospects: CTA
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@ CTA can measure the evolution of the EBL,
which can help constraining the star and galaxy evolution

scenarios _ _
Star formation rate is not
sensitivity of CTA to resolve EBL evolution well determined at z>1
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@ EBL can be constrained and detected indirectly with Fermi/LAT
and Imaging Cherenkov Telescopes

@® Derived limits are consistent with the EBL from resolved
sources

@ which means that the current limits and measurements suggest
that at z=0 there is no significant contribution to the EBL by
unresolved sources

@ Some pile-ups at high energies in the spectra of blazars are
intriguing but not significant yet (could be a sign of axion-like
particles)

@® CTA will be an effective machine to resolve EBL evolution to z=2
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Limits from IACTs: axions ... (l(RR
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@ Contradicting results:
J. Biteau & D. Williams (2015) vs. D. Horns & M. Meyer (2012)
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