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CONTENTS 5
Prefa
e
In the last three years the number of extragala
ti
 γ-ray sour
es in
reaseddramati
ally thanks to AGILE and Fermi γ-ray teles
opes and to new im-provements in the ground based Cherenkov dete
tors. Blazars, radio loudA
tive Gala
ti
 Nu
lei (AGN) with a relativisti
 jet pointing toward theEarth, result to be the most 
ommon sour
es in the extragala
ti
 γ-ray sky.In the GeV band up to one thousand sour
es have been dete
ted in the ex-tragala
ti
 sky, allowing statisti
al studies of blazar sour
es.
γ-ray astrophysi
s has signi�
ant 
onne
tions with other apparently far anddi�erent bran
hes of astrophysi
s and 
osmology. γ-ray photons are absorbedby lower energy opti
al and infrared radiation as they travel toward theEarth. The study of the absorbed spe
tra of blazars allows to put 
onstraintson the intergala
ti
 magneti
 �eld (IGMF), on the intensity of Extragala
ti
Ba
kground Light and also on the 
ross se
tion and mass of annihilating darkmatter (DM) parti
les. During my PhD I have 
omputed the 
ontributionof blazars to the Extragala
ti
 γ-ray Ba
kground (EGB) and I have derivedan upper limit on the role played by annihilating DM. Moreover studyingthe 
as
ade generated by the absorption of γ-ray photons by EBL I havederived new lower limits on the IGMF intensity. Finally I have proposed anew theoreti
al model for the EBL.



6



Introdu
tion 7
Chapter 1
Introdu
tion
1.1 Status of the VHE astrophysi
sThe term γ-ray astrophysi
s is applied to photons that span 14 orders ofmagnitude, between 0.5 × 106 eV to ∼ 1020 eV. The lower bound is due tothe ele
tron/positron pair annihilation while the upper bound 
hara
terizesthe energy of photons produ
ed by the highest energy parti
le observed in
osmi
 rays. γ-ray astrophysi
s is divided in six areas: low (LE: below 30MeV), high (HE: 30 MeV-30 GeV), very high (VHE: 30 GeV-30 TeV), ultrahigh (UHE: 30 TeV-30 PeV) and �nally extremely high (EHE: above 30 PeV)energies. In this thesis we refer only to VHE γ-ray astrophysi
s. In this rangeof energies, observations are performed by orbiting teles
opes (30 MeV-100GeV) and by ground based dete
tors (100 GeV-20 TeV). In the followingse
tions we review brie�y the features of these two 
lasses of dete
tors andtheir evolution. A

urate review arti
les 
an be found in Aharonian & Volk(2001), Enomoto et al. (2003) and Aharonian (2004).1.2 γ-ray spa
e teles
opesThe γ-ray satellites are based on the 
onversion of the primary photons toan ele
tron-positron pairs and on the subsequent measurements of the tra
ks



8of the se
ondary ele
trons with tra
king dete
tors and their energy with atotal-absorption 
alorimeter. This te
hnique allows the re
onstru
tion of thearrival dire
tion and energy of the primary γ-rays. The energy resolution ismainly due to the absorbing 
apability of the 
alorimeter.The �rst signi�
ant γ-ray observational results appeared in the 70s due tothe satellites SAS-2 (Fi
htel, Simpson, & Thompson 1978) and COS B (e.g.Bignami & Hermsen 1983). SAS-2 dete
ted four point sour
es while COS-Bmission in
reased the number of sour
es to 25 one of whi
h was identi�edwith the quasar 3C 273 that was the �rst extragala
ti
 γ-ray sour
es de-te
ted.The EGRET, as part of the Compton Gamma Ray Observatory mission,during nine years of operations (1991-2000) dete
ted 271 sour
es of whi
h66 extragala
ti
 (Hartman et al. 1999). The large majority of these ex-tragala
ti
 sour
es were blazars. Moreover the teles
ope has provided the�rst reliable measure of the Extragala
ti
 γ-ray ba
kground (EGB) in the 20MeV-30 GeV band (Strong, Moskalenko, & Reimer 2004).On 2008 June 11 the Gamma-ray Large Area Spa
e Teles
ope (GLAST) waslaun
hed to improve the previous EGRET observations. Shortly after enter-ing its s
ienti�
 operating mission, on 2008 August, GLAST was renamedFermi Gamma-ray Spa
e Teles
ope. The main instrument onboard Fermiis the Large Area Teles
ope (LAT), a pair 
onversion teles
ope 
overing theenergy band from 20 MeV up to 300 GeV (e.g. Atwood et al. 2009). In thesky-survey mode, LAT observes the entire sky every 3 hours.After three years of observations (September 2011) Fermi -LAT has dete
ted861 extragala
ti
 sour
es with high 
on�den
e allowing a statisti
al study ofextragala
ti
 γ-ray sour
es and providing a strong improvement in the EGB(see se
tion 2.2.4 for further details and Fig. 1.1). Fig. 1.2 shows the 
om-parison between the di�use 
omponent of EGB dete
ted by EGRET and byFermi.
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Figure 1.1: Lo
ations of the sour
es in the Clean Sample of the 2LAC (see
hapter 2). Red: FSRQs, blue: BL La
s, magenta: non-blazar AGNs, green:AGNs of unknown type (from The Fermi 
ollaboration 2011).

Figure 1.2: The 
omparison between the EGRET and Fermi -LAT γ-raydi�use emission (from Abdo et al. 2010a)



101.3 Ground based dete
torsAt higher energies, above 100 GeV, satellite-based dete
tors are not e�
ientbe
ause of the low �uxes involved. Ground based dete
tors represent the bestway to measure γ-ray photons in the upper VHE band. It is well known thatVHE γ-ray are absorbed by the Earth atmosphere and produ
e extended at-mospheri
 showers of hadron parti
le. Thus array of parti
le (muon, ele
tron,hadron) dete
tors used in the traditional 
osmi
 rays experiments were �rstbeen used as tools to indire
tly dete
t γ-rays photons on Earth. The �rst ex-periment built with this aim was CASA-MIA (Borione et al. 1994). ImagingAtmospheri
 Cherenkov Teles
opes (IACTs) use a more e�
ient te
hnique.They dete
t the Cherenkov light produ
ed by parti
les in atmosphere gen-erated by γ-ray photons using an opti
al teles
ope that fo
us the Cherenkovlight of a shower into a pixelized 
amera. The four major IACT experimentsat are MAGIC (Colin et al. 2009), HESS (Chaves 2009), CANGAROO III(Kushida et al. 2003) and VERITAS (Holder 2007). These four 
ollabora-tions are involved in the ambitious proje
t 
alled Cherenkov Teles
ope Array(CTA). The idea is to build an array of IACTs with a lower threshold anda better sensitivity. Up to now (September 2011) 46 extragala
ti
 sour
eshave been dete
ted by IACTs above 300 GeV, (Fig. 1.3) of whi
h the largemajority are BL-La
s.Fig. 1.4 shows the so-
alled Kifune plot in whi
h the evolution of sour
edete
tion is displayed.
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Figure 1.3: The VHE (>300 GeV) maps for extragala
ti
 sour
ed dete
tedby IACTs (From http://www.mpp.mpg.de/ rwagner/sour
es/)

Figure 1.4: The Kifune plot: the number of sour
e as fun
tion of time forX-ray (green line), γ-ray (blue line) and very high energy γ-ray (red-line)(From Mazin 2007).



12



Extragala
ti
 γ-ray ba
kground 13
Chapter 2
Extragala
ti
 γ-ray ba
kground
2.1 Introdu
tionThe EGB represents a fas
inating 
hallenge sin
e his �rst dete
tion by SAS2 satellite above 30 MeV (Fi
htel, Simpson, & Thomson 1978). The γ-rayteles
ope EGRET, improving the SAS 2 dete
tion, measure a isotropi
 γ-ray emission in the 30 MeV-30 GeV range. The spe
trum of the di�use EGB
omponent, that is the emission due to unresolved sour
es and/or truly dif-fuse pro
esses, 
an be �t over the entire band with a power law with photonspe
tral index Γ ∼ 2.1±0.03 (Sreekumar et al. 1998; Strong Moskalenko andReimer 2004). This value is similar to the average photon index of blazarsdete
ted by EGRET. This result and the fa
t that blazars are the most 
om-mon obje
ts in the γ-ray sky, led the 
ommunity to propose models able toexplain the EGB shape in terms of blazar emission (Padovani et al. 1993;Ste
ker Salamon & Malkan 1993; Chiang et al. 1995; Ste
ker & Salamon1996; Mu
ke & Powl 2000; Dermer et al. 2007; Inoue & Totani 2009, Ste
ker& Venters 2010; Venters & Pavlidou 2011)As the new EGB measure performed by Fermi -LAT is more steeper andwith a lower intensity than the EGRET EGB (see se
tion 2.3), di�erent the-oreti
al models have been proposed. In parti
ular the emission 
oming fromstar-forming galaxies should explain from a large fra
tion up to the totality



14of the EGB (e.g. Dermer 2007 for a review).Other 
omponents invoked to a

ount for the EGB are 
lusters of galaxies(Berezinsky, Blasi & Ptuskin 1997), Gamma ray Bursts (Dermer 2007) andPulsars (Fau
her-Giguere & Loeb 2010). Truly di�use 
omponent 
ould beprodu
ed by the ele
tromagneti
 
as
ades due to the intera
tion between γ-ray photons from blazars and the EBL generated by galaxies over the 
osmi
history (Coppi and Aharonian 1997; see 
hapter 3 for further details). AlsoUltra High Cosmi
 Rays intera
ting with the CMB generate a pair 
as
adewhi
h emits photon in the γ-ray band (e.g. Berezinsky et al. 2011). To theEGB 
an also 
ontribute exoti
 di�use sour
es as de
aying or annihilatingDark Matter (DM) (see the se
tion 2.7).In this 
hapter we show the 
ontribution of blazars (either FSRQs and BL-La
s) to the Fermi -LAT EGB. To fully a

ount for the total EGB star-forming galaxy 
omponent is needed. We add this 
omponent to our blazarmodel and �tting the Fermi -LAT EGB we put an upper limit on the massof annihilating DM parti
les.In the se
tion 2.2 a review of blazars, their features and their emission me
ha-nisms is proposed while the features of the EGB measured by Fermi is shownin the se
tion 2.3. Then we will show the 
ontribution of blazar (se
tion 2.4),the results obtained (se
tion 2.5), the star-forming galaxies (se
tion 2.6) andthe DM (se
tion 2.7) 
omponent . Dis
ussion and 
on
lusions are shown inse
tion 2.8.2.2 Blazars2.2.1 General featuresIt is well established that galaxies host in their 
enter a supermassive (from3 ×106 to 3 ×109 M⊙ ) bla
k hole (hereafter SMBH) whose mass 
orrelateswith the velo
ity dispersion and the luminosity of the galaxy bulge. Thesetight relations point to the joint evolution of galaxies and SMBH (e.g. Fer-



Extragala
ti
 γ-ray ba
kground 15rarese & Ford 2005).A small per
entage of galaxies (∼ 1%) 
alled A
tive Gala
ti
 Nu
lei (AGNs)shows a SMBH a
tive in their 
enters be
ause of the release of gravitationalenergy of the gas surrounding the SMBH due to a

retion, as radiation fromIR to X-ray band. Sin
e the gas temperature rea
hes ∼ 105 K the energy isemitted as UV-X ray radiation. Likely a fra
tion of this energy is re-emittedas IR radiation by dust around the SMBH.Only a small fra
tion of all AGNs (∼ 10%) shows signi�
ative emission in ra-dio band. This sub
lass of AGNs, 
alled radio-loud AGNs, show the presen
eof a jet of matter propagating out to kp
 or Mp
 from the 
enter. Although itis not fully explained, the radio-laud/radio-quite division seems to be linkedwith the spin of the SMBH (Rees 1984).Radio-loud AGNs 
an be divided in extended radio sour
es (those shown aresolved stru
ture when observed with a single radio teles
ope) and 
ompa
tsour
es.Histori
ally, extended radio sour
es have been 
lassi�ed in two 
lasses byFanaro� and Riley (1974) in terms of the separation between the brightestparts of their radio lobes: Fanaro�-Riley type I (FRI) and Fanaro�-Rileytype II (FRII) sour
es.FRI radio galaxies show symmetri
 radio jets with high brightness near thegalaxy 
ore, de
reasing in outer regions. On the 
ontrary, FRII sour
es dis-play two well distin
t bright lobes at distan
es of the order of even Mp
 farfrom the 
ore, the so-
alled hot spots. The jets 
onne
ting the lobes are oftentoo faint to be dete
ted.Furthermore FRI sour
es la
k strong emission lines that instead are observ-able in FRII sour
es.The physi
s underlying the FRI/FRII distin
tions is based on the speed andpropagation of the jet that is likely linked to di�erent regimes (radiativelye�
ient/ine�
ient) of the a

retion �ow on the SMBH (Ghisellini & Celotti2001). In FRI sour
es jets be
ome qui
kly transrelativisti
 instead in FRII



16radio galaxies are highly relativisti
.If the jet of the radio-galaxy point to the observer, the observer sees a 
om-pa
t sour
e, with high variability and polarization in radio band, with aunresolved 
ore. This kind of radio sour
es are 
alled blazars.Blazars are radio-loud AGNs with:
• high variability at all frequen
ies;
• high opti
al and radio polarization (up to 20%);
• presen
e of a 
ompa
t radio 
ore.Based on their opti
al spe
tra, blazars are divided in two 
lasses: Flat Spe
-trum Radio Quasars (FSRQs) and BL-La
ertae obje
ts (BL-La
s). In 
on-trast with FSRQs, BL-La
s show absen
e(Equivalent Width < 5 Å) of emis-sion lines in their opti
al spe
tra.In the 
urrent uni�
ation paradigm for AGNs, where the di�erent 
lassi�-
ation of AGNs is based on di�erent viewing angle of the a

reting SMBH,radio galaxies are the parent populations of blazars (Urry & Padovani 1995).In this s
heme relativisti
 e�e
ts amplify the non-thermal beamed emissionjet, pointing to the observer, produ
ing the pe
uliar features of blazar spe
-tra. A

ording to Urry & Padovani (1995) FRI radio galaxies should be theparent population of BL-La
s while FRII sour
es of FSRQs. Although theobservational eviden
es of these predi
tions are not simple, morphologi
aland environmental studies of radio AGNs (e.g. M
Lure et al. 1999) and there
ent dete
tion of γ-rays emission from radio galaxies (Abdo et al. 2010d)seem to validate the relation between blazars and radio galaxies.2.2.2 The Blazar SEDThanks to EGRET, it has been possible to des
ribe the whole Spe
tral En-ergy Distribution (SED) up to GeV band. Two are the main features:
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• the double humped shape of the SED 
hara
terized by the �rst peakdue to the syn
hrotron emission of ele
trons in the jet and the se
ondpeak made by IC s
attering of jet ele
trons on a low energy photon�eld whose nature will be explained later;
• the total energeti
 output largely dominated by the high energy 
om-ponentFossati et al. (1998) 
onstru
ted average SEDs binning the obje
ts a

ordingto their radio luminosity (at 5 GHz) irrespe
tive of their opti
al 
lassi�
a-tions and �tting the SEDs with an analyti
 parametrization. It turns outthat for ea
h bolometri
 luminosity the SED shows two distin
t bumps, the�rst peaking between 1013−1017Hz, while the se
ond between 1021−1024Hz.In
reasing the bolometri
 luminosity the two peaks shift to lower energy fol-lowing the so 
alled �blazar sequen
e� (Fig. 2.1). The theoreti
al explanationof the phenomenologi
al �blazar sequen
e� has been given by Ghisellini etal. (1998) in terms of di�erent radiative 
ooling su�ered by the emittingele
trons in the jet with di�erent power.2.2.3 Emission me
hanismsAs pointed out before, blazars are identi�ed as radio-loud AGNs with a rel-ativisti
 jet pointing along the observer's line of sight. The population ofrelativisti
 ele
trons in the jet is responsible of the pe
uliar blazar shape.As demonstrated by the high degree of polarization, the �rst peak is due tosyn
hrotron emission 
oming from relativisti
 ele
trons and magneti
 �eld inthe jet. More 
ompli
ated is the explanation of the se
ond bump at higherenergy. The most 
ommon theoreti
al models are hadroni
 and leptoni
 mod-els.In the leptoni
 models the same ele
trons responsible for syn
hrotron emis-sion up-s
atter via Inverse Compton (IC) a lower energy photon �eld. Di�er-ent sour
es of soft photons 
an be taken into a

ount. In the Syn
hrotron-Self



18

Figure 2.1: The average SEDs 
omputed by Fossati et al. (1998) as displayedin Donato et al. (2001)
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kground 19Compton model (SSC) (e.g. Maras
hi Ghisellini & Celotti 1992) relativisti
ele
trons intera
t via IC s
attering the same photons 
reated by syn
hrotronemission. In this framework Syn
hrotron and IC emission are then 
loselylinked.Di�erently in the External Compton model (EC) the target photon �eldassumed to dominate over the syn
hrotron photons, is due to soft photons
oming from the 
entral region of the AGN (Dermer & S
hli
keiser 1993;Blazejowski et al. 2000).Are totally di�erent the Hadroni
 models. Their basi
 feature is the presen
eof a populations of high energy (in the TeV band) protons a

elerated in thejet that intera
t with soft photons via pair produ
tion (e.g. Mannheim 1993)initiating a pair 
as
ade. Su

essive populations of pairs of lower energies(down to MeV) will produ
e the observed γ-ray emission. Su
h models havebeen used to explain the behavour of BL-La
s.
2.2.4 Blazars in γ-ray bandIn this se
tion we review observed properties of blazars in the γ-ray band.Blazars are the most 
ommon obje
ts in the γ-ray sky. This was the mainresult of nine years of observations by EGRET (Hartman et al. 1999). Theteles
ope measured 66 high 
on�den
e blazars 77% identi�ed as FSRQs and
23% as BL-La
s.There are three the 
atalogs that 
olle
t Fermi -LAT observations of extra-gala
ti
 sour
es:

• LBAS (LAT Bright AGN Sample) 
olle
ts the brighter sour
es dete
tedduring the �rst three months of a
tivity (2008 August 4 -O
tober 30).It 
onsists of 104 blazars dete
ted within 10 σ, with 58 FSRQs, 42BL-La
s, 4 blazars with unknown 
lassi�
ation and 2 radio galaxies.With this sample, a blazar γ-ray luminosity fun
tion has been extra
ted(Abdo et al. 2009);
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• 1LAC (First LAT AGN Catalog) in
ludes 671 γ-ray sour
es lo
ated athigh Gala
ti
 latitudes (b > 10o) dete
ted at 5 σ. Some LAT sour
esare asso
iated to multiple AGNs so the 
atalog in
ludes 709 AGNsin
luding 300 BL-La
s, 296 FSRQs, 41 AGNs of other types and 72AGNs of unknown type (Abdo et al. 2010e);
• 2LAC (Se
ond LAT AGN Catalog) delivered in September 2011 it 
ol-le
t AGN observations over three years. The 
lean sample in
ludes 395BL-La
s, 310 FSRQ and 156 unknown sour
es (The Fermi 
ollabora-tion 2011).Although many bright LAT blazars show breaks in their γ-ray band, the �tover the whole LAT band is useful to determine the photon spe
tral index Γ.At faint �uxes Fermi-LAT dete
ts more easily hard spe
trum sour
es ratherthen soft spe
trum sour
es. To overtake this strong sele
tion bias (Abdoet al. 2010e and The Fermi 
ollaboration 2011) studied a sample of �uxes

F100 > 7× 10−8ph 
m−2 s−1 where F100 is the �ux over 100 MeV. Above this�ux limit Fermi -LAT dete
ts 135 sour
es with a photon index distribution
ompatible with a Gaussian with mean 2.40±0.02 and dispersion 0.24±0.02.From this sample FSRQs are more steeper than BL-La
s with an averagephoton index of 2.42± 0.17 
ompared to 2.0 ± 0.14 (see Fig. 2.2).From the 2LAC Clean Sample, the Fermi 
ollaboration provides the FSRQand BL-La
 redshift distributions. FSRQs display a smooth redshift evolu-tion with a peak at redshift z ∼ 1 instead BL-La
s show an abrupt de
reaseup to z ∼ 0.5 (see Fig. 2.3).
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Figure 2.2: The photon index distribution for FSRQs (upper panel) andBL-La
s (bottom panel) from the 2LAC (The Fermi 
ollaboration 2011)
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Figure 2.3: Comparison between redshift distributions for blazars in the2LAC Clean Sample (solid) and the 5-Year WMAP 
omplete sample(dashed). Top: FSRQs. Bottom: BL La
s. (From the Fermi 
ollabora-tion 2011)
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ti
 γ-ray ba
kground 232.3 The Fermi -LAT EGBIn this se
tion we present the �rst measurement of EGB 1 derived in theenergy band (200 MeV-100 GeV) from the Fermi -LAT data obtained after10 months of observations (Abdo et al. 2010a).The EGB value is strongly dependent on the model of the Di�use Gala
ti
Emission (DGE), the γ-ray emission from 
osmi
 rays (CR) intera
ting withthe Gala
ti
 interstellar gas and radiation �elds. The DGE model dependson the propagation on CR inside the Milky Way, that is stri
tly parameterdependent. The solar emission and the CR ba
kground is subtra
ted tothe total γ-rays photon dete
ted by Fermi -LAT obtaining the total EGB
ontaining the resolved sour
e 
omponent and unresolved or genuinely di�use
omponent.The EGB intensity extrapolated to 100 MeV based on the power law �t isI(>100 MeV)=1.42 ×10−5
m−2s−1sr−1 where resolved sour
es a

ounts for
≃ 27% of the emission, the rest being as
ribed to the di�use 
omponent(see Fig. (2.4)). Furthermore it is worth noting that the di�use 
omponentspe
trum is 
ompatible with a featureless power law with photon index Γ =

2.41 ± 0.05.2.4 The Blazar 
ontribution to EGBThe blazar 
ontribution (in photons s−1 
m−2 sr−1 MeV−1) to the EGB atthe observed energy E0 is
Iblaz(E0) =

1

4π

∫ ∞

0

dz
dV

dz

∫ log Lmax
γ

log Lmin
γ

d logLγ
dΦγ(Lγ , z)

d logLγ

× dn(Lγ, z)

dE
e−τγγ (E0,z), (2.4.1)where dΦγ(Lγ , z)/d logLγ is the γ-ray Luminosity Fun
tion (LF) and Lγ is

νLν (in erg/s) at 100 MeV, dn(Lγ , z)/dE is the unabsorbed photon �ux per1We refer here to EGB as the superposition of 
ontribution 
oming from resolvedextragala
ti
 sour
es and a truly di�use 
omponent.



24unit energy E = E0(1 + z) measured on Earth of a blazar with luminosity
Lγ at redshift z, and τγγ(E0, z) is the opti
al depth for γ−γ absorption. Weadopt the EBL model by Finke, Razzaque, & Dermer (2010) (see 
hapter 4).In the above equation dV/dz is the 
omoving 
osmologi
al volume 2. We set
logLmin

γ = 43.5 and logLmax
γ = 50.The number of sour
es N(> Fph) per steradian with photon �ux greaterthan Fph is

N(> Fph) =
1

4π

∫ ∞

0

dz
dV

dz

∫ log Lmax
γ

log Lmin
γ

d logLγ
dΦγ(Lγ , z)

d logLγ
. (2.4.2)The γ-ray LF of blazars is presently un
ertain (for an estimate see, e.g., Abdoet al. 2009), so that one has to rely on the LFs 
omputed in other bands,e.g., X-rays (Narumoto & Totani 2006; Inoue & Totani 2009; Abazajian,Blan
het, & Harding 2010a), or radio (Draper & Ballantyne 2009; Ste
ker &Venters 2010). We adopt here the radio LF at 151 MHz of FRI and FRII(Willott et al. 2001, see Fig. 2.6), assumed to be the parent populations ofblazars:

Φγ(Lγ , z)

d logLγ
= κ

ΦR(LR, z)

d logLR
, (2.4.3)where LR is νLν at 151 MHz, and the 
onstant κ is the fra
tion of blazarsover all radio galaxies, and it is our �t parameter. In order to 
onvert radiointo γ-ray luminosity, we must rely on the blazar spe
tral energy distribution(SED). We use the SEDs 
omputed by Inoue & Totani (2009) based on theempiri
al determinations of Donato et al. (2001). The relation between radioluminosity (151 MHz) and γ-ray luminosity (100 MeV) is shown in Fig. 2.5.

2We adopt here and in the next 
hapters the following 
osmologi
al parameters: H0 =

70km/s/Mp
 Ωm=0.3 and ΩΛ=0.7
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Figure 2.4: The EGB measured by Fermi -LAT. Red points are the resolvedsour
e 
omponent, blue point the di�use 
omponent and bla
k points are thetotal EGB.
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Figure 2.5: The relation between Lγ at 100 MeV and LR at 151 MHz obtainedby the SED (Fossati et al. 1998)
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Figure 2.6: The Radio LF at 151 MHz derived by Willott et al. 2001 atdi�erent redshifts (z=0, 0.5, 1, 2, from the bottom) for FRI sour
es (dashedblue line) and FRII sour
e (dotted-dashed red line) and the sum (bla
k).



282.5 ResultsWe use the model dis
ussed in the previous se
tion to 
ompute the total
ontribution of blazars (FSRQs and BL-La
s) to the Fermi-LAT EGB. Thebest �t parameter value we obtain is κ = (3.93 ± 0.01) × 10−4. The numberratio of blazars to radio galaxies κ 
an be thought as a measure of the beamingfa
tor of the relativisti
 jet, whi
h in turn is related to the bulk Lorentz fa
tor
Γ. From κ ∼ 1/2Γ2 we derive Γ ∼ 35.Fig. 2.8 shows the 
orresponding 
ontribution of FSRQs and BL-La
 to thetotal Fermi -LAT EGB. The ba
kground intensity is found to be IFSRQ =

4.22 × 10−6ph s−1cm−2sr−1 and IBL−Lac = 2.43 × 10−6ph s−1cm−2sr−1 forFSRQs and BL-La
s respe
tively. The total EGB intensity is therefore I =

6.65 × 10−6ph s−1cm−2sr−1, 
orresponding to 45% of the one measured byFermi -LAT.From the slope of the FSRQ and BL-La
 
omponent in Fig. 2.8 we 
an seethat the main photon index of FSRQs and BL-La
s resulting from our modelare in agreement with the 2LAC (The Fermi 
ollaboration, 2011).We note that blazars fall short to explain the measured EGB at E<10 GeVand at E>50 GeV. At low energies, the dis
repan
y 
an be fully a

ountedby star-forming galaxies modeled following the re
ipes by Ste
ker & Venters(2010), so that only the last point of the Fermi -LAT EGB measurement isnot reprodu
ed by our blazar model.We assess that a gala
ti
 DM 
omponent 
ould in prin
iple a

ount for the70-100 GeV point. The two following se
tions show the star-forming modeland the DM model we adopt.
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Figure 2.7: The bla
k line represents the �t to blazar logN- logS measuredby Fermi (Abdo et al. 2010) as a sum of BL-La
 
omponent (blue line) andFSRQ 
omponent (red line). Bla
k points are the number 
ounts of all theblazars, red points FSRQs and blue points BL-La
s.
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Figure 2.8: The bla
k points represent the total EGB (resolved and unre-solved sour
es and all the rest), blue line is the FSRQ 
omponent, the greenline is the BL-La
 
omponent. The red line is the sum of the two 
omponents.
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Figure 2.9: The pioni
 γ-ray produ
tion spe
trum per hydrogen atom as afun
tion of energy (Mori 1997).2.6 Star-forming galaxy 
omponentThe γ-ray spe
trum of a star-forming galaxy is based on the assumptionthat γ-ray emission is due to the de
ay of π0 mesons. The π0 mesons formin the inelasti
 
ollision between 
osmi
 rays and the ISM. A

ording toSte
ker & Venters (2010), the spe
i�
 γ-ray photon spe
trum Lph (photonss−1 MeV−1) of a star-forming galaxy is related to the average pioni
 γ-rayprodu
tion spe
trum per hydrogen atom 〈qH(E0)〉 (Dermer 1986; Mori 1997)(see Fig2.9) as,
Lph(E0) = 〈qH(E0)〉NH, (2.6.1)where NH is the total number of hydrogen atoms in the galaxy, both in atomi
and mole
ular form.We adopt the Strong Coupling γ-ray - Star Formation Rate Model ofSte
ker & Venters (2011), where NH is related to the star formation rate.A

ording to the model, the star-forming galaxy 
ontribution to the γ-ray



32ba
kground is
Igal(E0) =

1

4π

∫ ∞

0

dz
dl

dz

(1 + R)

mHξ(H2)
〈qH(E)〉 ρ̇SFR(z)e−τγγ (E0,z), (2.6.2)where dl/dz = cH−1(1 + z)−1 with H(z) the Hubble parameter, R ∼ 0.9is the ratio of atomi
-to-mole
ular hydrogen density in star-forming galaxies(see Leroy et al. 2008), and ρ̇SFR is the 
osmi
 star formation rate (we use the�t proposed by Li 2008). The parameter ξ(H2) (the star formation e�
ien
yof mole
ular hydrogen, see Bigiel et al. 2008, Gnedin et al. 2009) is the ratiobetween ρ̇SFR and the 
osmi
 density of mole
ular hydrogen.2.7 Dark Matter 
omponentThe existen
e of DM is well supported by its gravitational e�e
t on thegalaxy rotation 
urves and the dynami
s of 
luster of galaxies. It turnsout also ne
essary in explaining the 
osmologi
al stru
ture formation (seee.g. Pea
o
k 1999). The most suitable DM 
andidates are non baryoni
,i.d. beyond the parti
le Standard Model, and weakly intera
ting massiveparti
les (WIMPs). Indire
t DM sear
hes fo
used on WIMPs annihilationsin γ-ray band and EGB 
ould in prin
iple 
ontain DM 
ontribution, bothgala
ti
 and extragala
ti
.If DM 
onsists of parti
les with mass mDM and velo
ity-averaged 
ross se
tionfor annihilation 〈σv〉, the number �ux is (Ando 2005):

IGC
DM =

〈σv〉
2

J

J0

1

4πm2
DM

dnγ

dE
(2.7.1)where

J =
1

8.5kpc

∫

dl

(

ρ(r(ψ, l)

0.3GeV/cm3

)2 (2.7.2)where the integration in extended over the line of sight and the spe
trum is
omputed following Ando (2005):
dnγ

dE
≃ 0.73

mDM

e−7.76(E/mDM)

[(E/mDM)1.5 + 0.00014]
(2.7.3)
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 DM 
ontribution is given by:
IEGB =

c

4πH0

〈σv〉
2

Ω2
DMρ

2
crit

mDM

∫

dz
(1 + z)3

H(z)

dNγ

dE
f(z)e−τγγ (E0,z) (2.7.4)where H(z) is the 
osmologi
al term while the term f(z) a

ounts for thein
rease in density squared during halo growth and the redshift evolution ofthe halo mass fun
tion (see Abazajian, Blan
het, & Harding 2010b):

f(z) = f0100.9[exp(−0.9z)−1]−0.16z (2.7.5)with f0 ≃ 3×104 �xed by Einasto pro�le. Our total DM 
ontribution (gala
-ti
 plus extragala
ti
) is boosted by a fa
tor of 6.6.Fig. 2.10 shows the 
ontribution to EGB of di�erent annihilating DM parti-
les.2.8 Dis
ussion and Con
lusionsWe have 
omputed the overall 
ontribution of blazars to the Fermi -LATEGB.Our model relies on two assumptions: the radio LF and the blazar SED.In the following we show the di�eren
e with the most reliable works on the
ontribution of blazars to the Fermi -LAT EGB.
• We use the radio LF of Willott (2001). Fitting the di�erential logN-logS we obtain just the overall normalization k, without any 
hange onthe bright and faint end of LF.In previous works (Narumoto & Totani 2006; Inoue & Totani 2009)it is assumed a LF in X band with three free parameters: the totalnormalization, the amount of bolometri
 radiation emitted in X-rayand the faint end of the X-ray LF. Di�erently in Ste
ker & Venters(2010) the radio LF 
omputed by Dunlop & Pea
o
k (1990) is used,
hanging the faint end to obtain the 
ontribution of FSRQs.
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Figure 2.10: Annihilating DM 
omponent with di�erent masses and 
rossse
tions: mDM=20 GeV and 〈σv〉 = 5×10−26 
m3 s−1 (green line), mDM=100GeV and 〈σv〉 = 7 × 10−26 
m3 s−1 (blue line), and mDM=500 GeV and
〈σv〉 = 30 × 10−26 
m3 s−1 (red line).
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• The se
ond main point of our model is represented by the blazar SED.We assume that the spe
tra of blazar is fully taken into a

ount bythe blazar sequen
e (Fossati et al. 1998). On the 
ontrary in Ste
ker& Venters (2010) it is assumed the blazar spe
tra as a simple andbroken power law, respe
tively. In these works they assume a spe
tralindex distribution peaked on the mean spe
tral index resulting fromobservations. The underlying assumption is that the unresolved blazar
omponent has the same index distribution of the resolved 
omponent.Using the blazar sequen
e su
h assumption is not ne
essary be
ausethe blazar SEDs are fully determined.The best �t value of the relative number of blazars with respe
t to radiogalaxies 
an be translated into a bulk Lorentz fa
tor of the relativisti
 jet

Γ ∼ 35, larger than the average value Γ ∼ 15 estimated by Ghisellini et al.(2010). The two values 
ould be re
on
iled if blazars 
ommonly show se
ular
γ-ray large variability whi
h modulates the 1-year average �ux, as re
entlyproposed by Ghirlanda et al. (2011).To be 
onsistent with the Fermi -LAT points at lower energy, we add thestar-forming 
omponent to our blazar model. Fitting the Fermi -LAT EBGwith this two 
omponent model, we 
onstrains the so-
alled � star formatione�
ien
y of mole
ular hydrogen" ξ = 7.0 × 10−10yr−1, whi
h we found wellwithin existing, mu
h looser observational 
onstraints (Leroy et al. 2008).Fig 2.11 shows our best �t with the two 
omponent model.Clearly, the spe
i�
 best �t values obtained depend upon the details ofour model, in terms of star formation rate adopted, models for the γ-ray emis-sion of star-forming galaxies, blazar LF and SED. Nevertheless the overallpi
ture appears quite robust, with non vanishing role played by star-forminggalaxies, with blazars dominating mostly at the higher energies probed byFermi-LAT. Though our model is statisti
ally fully a

eptable, it is interest-ing to note that the highest data point of the EGB (see Fig. 2.11) lies aboveour best �t model. In the energy band 50-100 GeV absorption of γ-rays
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Figure 2.11: The star-forming galaxy 
omponent (green line), the total blazar
omponent (red line) and the sum (blue line). In bla
k are the Fermi EGBpoints.
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Figure 2.12: Upper limits of the 
ross se
tion 〈σv〉 as a fun
tion of parti
lemass mDM for annihilating DM. The lower (upper) 
urve represents the 1(2)-
σ limit. See text for details.



38due to the intera
tion with the EBL is signi�
ant. Di�erent theoreti
al EBLmodels have been proposed in the last few years (see 
hapter 4) resulting insomewhat di�erent opti
al depth for photon-photon intera
tion. As alreadydis
ussed, we follow Finke, Razzaque & Dermer (2010), and we 
he
ked thateven adopting the model of Kneiske & Dole (2010), whi
h gives the lowest
γ-ray absorption, our EGB model still falls short in the 70-100 GeV range.A possible, intriguing explanation is the presen
e of an extra emission fromannihilating DM parti
les (see, e.g., Ullio et al. 2002). Re
ently, Abaza-jian, Blan
het, & Harding (2010b) performed a detailed analysis of possibleDM 
andidates in the 
ontext of Fermi-LAT EGB. For illustrative dis
us-sion, here we adopt the spe
i�
 annihilating DM model shown in se
tion 2.7,and 
ompute its 
ontribution to the EGB. We found, as an example, that aparti
le of mass ≃ 0.5 TeV and 
ross se
tion 〈σv〉 ≃ 5 × 10−26 
m3 s−1 
aneasily a

omodate the last data point. However its presen
e is not statisti-
ally required by the �t, so it is fair to 
onsider only upper limits to the DM
omponent. Fig. 2.12 shows our results in terms of 
ross se
tion 〈σv〉 andparti
le mass mDM. The lower (upper) 
urve is 
omputed by adding the DMba
kground to our EGB model, allowing a χ2 in
rease of 1 (4) with respe
tto the best �t, hen
e representing the 1(2)-σ upper limits of 〈σv〉 for a given
mDM. As an example, assuming 〈σv〉 = 3× 10−26 as required for leaving theobserved reli
 density of DM (Jungman, Kamionkowski, & Griest 1996), we
an ex
lude at 1(2)-σ level DM parti
les with mDM ∼ 100(10) GeV. Moremassive parti
les 
an have a larger 
ross se
tion, and still be 
ompatible withEGB data. Our limits are 
onsistent with other, more re�ned, determinations(e.g. Abazajian, Blan
het, & Harding 2010b)
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Chapter 3
The intergala
ti
 magneti
 �eld
3.1 Introdu
tionMagneti
 �elds pervade the Universe. They exist in stars, galaxies, 
lusterof galaxies and in the intergala
ti
 medium.Contrary to the ele
tromagneti
 radiation, magneti
 �elds need indire
t mea-sure methods to be dete
ted and for this reason it is di�
ult to give a pre
iseestimation of their value.Even if the origin of these �elds has not been fully understood, a

ording tothe most 
ommon hypothesis, the magneti
 �elds of galaxies and 
luster ofgalaxies result from the ampli�
ation of a pre-existing seed via dynamo orbattery e�e
t during the 
osmi
 history.Two are the possible explanations of the seeds: astrophysi
al or 
osmologi-
al. A

ording to the astrophysi
al hypothesis the seeds have been produ
edin pro-galaxies by the Biermann battery me
hanism (Biermann 1950) thatworks when a ionized gas is in 
entrifugal equilibrium with strong intera
tionbetween protons and ele
trons. Implementing this me
hanism to galaxies athigh redshift results in a seed magneti
 �eld B∼ 10−20G (Pudritz &Silk 1989;Kulsrud et al. 1997; Gnedin et al. 2000).Di�erently magneti
 �eld seed 
an be produ
ed during in�ation, during theneutrino-photon de
oupling or during phase transitions in the Early Universe



40(Grasso & Rubistein 2001; Widrow 2002).The intergala
ti
 magneti
 �eld (IGMF), the magneti
 �eld not asso
iatedwith 
ollapsing or bound systems, represents an important tool to dis
rim-inate between astrophysi
al and 
osmologi
al origin of the magneti
 �eld.A dete
tion of su�
ient strong IGMF would provide support to the 
osmo-logi
al hypothesis while the dete
tion of very tiny �elds would support thedynamo paradigm.Only upper limits on IGMF exist so far obtained using the Faraday rotationte
hnique, from the CMB spe
trum and from limits on the Big Bang Nu
le-osynthesis.
γ-ray astrophysi
s provide a new method to 
ompute a lower limit on thestrength of the IGMF using blazars as a probe.The basi
 idea, already predi
ted by Plaga (1995), is simple. Let supposeto have a TeV sour
e, namely a blazar. Intera
ting with EBL TeV photonsprodu
e ele
tron-positron pairs. These pairs intera
t with the CMB photonsby IC s
attering. The resulting photons have GeV energy and 
an be againabsorbed by EBL starting a 
as
ade. In absen
e of magneti
 �eld the pairsare 
reated along the line of sight and therefore the teles
ope measure di-re
t TeV photons and se
ondary GeV photons. It results that the dete
tion/non-dete
tion of GeV photons from a TeV sour
e provide a lower limit onthe value of the IGMF along the line of sight. The most suitable blazars arethose dete
ted in TeV band and not dete
ted in GeV band, at a su�
ient
osmologi
al distan
e with an hard spe
trum, e.g. 1ES 0229+200 (z=0.14),1ES 1101-232 (z = 0.186), 1ES 0347-121 (z = 0.185). In parti
ular almostall study on this te
hnique use the blazar 1ES 0229+200 (see se
tion 3.5)(Neronov & Vovk 2010, Tave

hio et al. 2010; 2011) and the resulting lowerlimit is BIGMF > 10−15G.Impli
it in all these studies is that the TeV blazars used to infer the IGMFemit 
onstant �ux over a long period of time. Be
ause blazars are highly vari-able, a more defensible limit is obtained by assuming that the TeV radiation



The intergala
ti
 magneti
 �eld 41

Figure 3.1: Figure shows the observational bounds of IGMF (see Neronov &Vovk 2010).is emitted only over the past few years during whi
h it has been monitored.A simple semi-analyti
al approa
h is used to derive a new minimum valuesfor BIGMF > 10−19G.In se
tion 3.2 a brief review on the observational methods used to 
on-strain the IGMF is provided (see 3.2). Se
tion 3.5 shows the semi-analyti
almodel used and se
tion 3.6 shows the results. Con
lusions are reported inse
tion 3.7



423.2 ObservationsBefore entering into the details of the observations, it is worth noting thatthe value of the magneti
 �eld is tightly linked with its 
oheren
e lengths
λch, de�ned as the lengths over whi
h magneti
 �eld dire
tion 
hanges of a
π/2 fa
tor. All inferred value of the magneti
 �eld are fully dependent onthe assumption of a pre
ise value of λch.FollowingWidrow (2002), observations of gala
ti
 and extragala
ti
 magneti
�eld 
an be summarized as follows:

• spiral galaxies show magneti
 �eld with strength ∼ 10 µG with a 
o-heren
e length 
omparable to the radius of their disk;
• ellipti
al galaxies show random oriented magneti
 �elds with a 
oher-en
e length smaller than the gala
ti
 s
ale;
• magneti
 �elds with strength of few mi
rogauss have been dete
ted inthe intergala
ti
 medium inside galaxy 
luster with 
oheren
e length ofthe order of few kp
;
• as there is no dire
t dete
tion of IGMF, 
onstraints have been derivedby 
onsidering its e�e
t on big bang nu
leosynthesis, the CMB andpolarized radiation from extragala
ti
 sour
es.IGMF is measured in four ways: by Faraday rotation, by the study of theCMB anisotropies, by the e�e
t on the Big Bang Nu
leosynthesis and bythe 
as
ade emission from blazars. Note that in the following paragraphs werefer to IGMF as the 
osmi
 magneti
 �eld at redshift z=0.3.2.1 Constraints from Faraday RotationBasi
ally Faraday rotation o

urs when polarized ele
tromagneti
 radiationtravels through a magnetized medium.In parti
ular in the astrophysi
al environment radiogalaxies are used as
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es of polarized radiation. Along the path, if the intergala
ti
 mediumis magnetized the polarization ve
tor rotate by an angle
φ =

e3λ2

2πm2
ec

4

∫ ls

0

ne(l)B‖(l)dl + φ0 (3.2.1)where e, me are the ele
tron 
harge and mass, respe
tively; λ is the wave-length of the radiation and φ0 the initial phase. B‖ and nl are the magneti
�eld and the ele
tron density along the line of sight, respe
tively.In terms of rotation measure (RM) the equation reads:
φ = (RM)λ2 + φ0 (3.2.2)where:

RM =
e3λ2

2πm2
ec

4

∫ ls

0

ne(l)B‖(l)dl

∼ 810

∫ ls

0

( ne

cm−3

)

(

B//

µG

) (

dl

kpc

) [

rad

m2

] (3.2.3)For a sour
e at 
osmologi
al distan
e ls, the RM is given by the generalizationof eq. (3.2.3) in
luding the expansion of the Universe:
RM ≃ 8.1 × 105

∫ ls

0

( ne

cm−3

)

(

B‖(l)

µG

)

(1 + z)−2 dl

Mpc
(3.2.4)With the measurement of RM at di�erent wavelengths it is possible to havean estimation of the integral ∫ ls

0
ne(l)B‖(l)dl. It turns out that the knowledgeof the ele
tron density along the line of sight ne is ne
essary to infer the valueof B‖.Observing galaxy 
lusters in X-ray it is possible to 
onstrain ne and thus toobtain B//. The resulting values are B ∼ 0.2 − 3µG (Taylor, Barton & Ge1994).For the IGMF measurement only theoreti
al models on the distribution ofele
trons in the universe 
an provide un upper limit on B

IGMF
. Assuming thatthe ele
tron distribution follows the Lyα forest distribution Blasi, Burles &Olinto (1999) found BIGMF ∼ 10−9G with a 
oheren
e lengths equal to theHubble distan
e.



443.2.2 Constraints from CMB anisotropiesThe presen
e of a magneti
 �eld at the time of de
oupling (zd ≃ 1100) shouldhave in�uen
e on the expansion of the Universe. Studying the angular spe
-trum of CMB 
an in prin
iple give information on the 
osmologi
al magneti
�eld (Zel'dovi
 & Novikov 1983; Madsen 1989; Barrow, Ferreira & Silk 1997).Analizing the 4-years Cosmi
 Ba
kground Explorer (COBE) data, Barrow,Ferreira & Silk (1997) put the following 
onstraint on the 
osmi
 magneti
�eld:
Bcos < 5 × 10−9h75Ω

1/2G (3.2.5)Taking into a

ount the damping of magneti
 �eld due to the photon di�usionand analyzing the COBE/FIRAS data, Jedamzik, Katalini
 & Olinto (2000)derived a limit on the magneti
 �eld strength of:
Bcos < 3 × 10−8G (3.2.6)between 
omoving s
ales ∼ 400 p
 and 0.6 Mp
.

3.2.3 Costraints from Big Bang Nu
leosynthesisAnother indire
t way to 
onstrain the 
osmologi
al magneti
 �eld 
omesfrom the Big Bang Nu
leosynthesis (BBN) (S
hramm & Turner 1998; Olive,Steigman & Walker 2000) that o

urred between 10−2 and 1 s after the BigBang. During this evolutionary phase ele
trons and protons re
ombine toprodu
e the elements D, 4He, 3He and 7Li. The presen
e of a non vanishingmagneti
 �eld during the nu
leosynthesis 
an alter theoreti
al predi
tion onthe abundan
es of elements. Thus, as there is tight agreement between theoryand observation, the presen
e of magneti
 �eld must not spoil the BBNpredi
tion. A

ording to this fa
t, it follows that the value of 
osmi
 magneti
�eld at the present epo
h should be:
Bcos < 10−6G (3.2.7)



The intergala
ti
 magneti
 �eld 45that is two order of magnitude larger that in eq.(3.2.6).
3.2.4 Constraints from γ-ray observationsThe te
hniques des
ribed in the previous se
tion provide upper limits on theIGMF. As pointed out before, di�erent works have been 
arried out for de-riving lower limits to IGMF based on the assumption that the suppressionof the 
as
ade emission is due to the fa
t that the size of the 
as
ade sour
eis mu
h larger than the point spread fun
tion (psf) of Fermi -LAT. In thefollowing we sum up the main feature and parameters of ea
h work.

• Neronov & Vovk (2010) for the �rst time use Fermi -LAT data to 
os-train the IGMF. They analyzed four BL-La
 dete
ted in TeV band withno emission in the GeV band with the Cherenkov teles
ope HESS. Theyobtain a BIGMF > 3 × 10−16G for the sour
e 1ES 0229+200 with a 
o-heren
e length of 1 Mp
. They reprodu
ed the 
as
ade with a MonteCarlo 
ode assuming an isotropi
 emission and adopting the EBL modelof Fran
es
hini, Va

ari & Rodighiero (2008).
• Tave

hio et al. (2010), analyzed the sour
e 1ES 0229+200 assumingan emission angle θj = 0.1 rad, an analyti
al 
as
ade model limited atthe �rst intera
tion and the EBL model of Kneiske et al. (2004) �ttingthe spe
trum with a power low. They inferred a BIGMF > 5×10−15G. Ina subsequent paper Tave

hio et al. (2011) re-analyzed 1ES 0229+200�tting the H.E.S.S. data with a SSC model (see 
hapter 1) and takinginto a

ount also the se
ond order in the 
as
ade emission. They found
BIGMF > 2 × 10−15G.

• Dolag et al. (2011) studied the sour
e 1ES 0229+200 modeling the



46 emission spe
trum with a broken power law, the 
as
ade emission witha Monte Carlo 
ode and assuming the EBL model of Kneiske & Dole2010 they found BIGMF > 5× 10−15G. For the �rst time they also takeinto a

ount the suppression of the 
as
ade due to the time delay ofthe se
ondary emission, �nding a IGMF two order of magnitude lowerthan the previous.Previous GeV/TeV inferen
es of the strength of the IGMF make an assump-tion that the mean blazar TeV �ux over millions of years remains similar tovalues observed over the last few years. Here we take into a

ount the timedelay between dire
t and se
ondary emission. Fig. 3.1 sums up the bounds ofIGMF derived with the te
hniques des
ribed in the previous se
tions. Notethat lower bounds do not take into a

ount our new limits based on timedelay but are based on works of Neronov & Vovk (2010).3.3 Time delayAs show before, γ-ray astrophysi
s provide a new te
hnique to put a limit onthe value of IGMF. In this se
tion we show the basi
 idea of our model.Consider a sour
e and a observer separated by a distan
e d, as shown inFig. 3.2. Photons with dimensionless energy ǫ1 = hν1/mec
2 ∼ 2×106E1(TeV)emitted at angle θ1 with respe
t to the line of sight between the sour
e andobserver, travel a mean distan
e λγγ = λγγ(ǫ1, z) before 
onverting into anele
tron-positron pair via γγ absorption with photons of the EBL. The pairss
atter CMB photons to EGeV GeV energies, whi
h are dete
ted at an angle

θ with respe
t to the line of sight to the sour
e when the se
ondary ele
tronand positrons (hereafter referred to as ele
trons) are de�e
ted by an angle θdfl.The GeV emission, in order to be dete
ted, must be within the energy-dependent Fermi -LAT psf angle θpsf . The system is treated in the low redshiftlimit (see Neronov & Semikoz 2009).
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Figure 3.2: Sket
h of the geometry of the pro
ess. A photon with energy
ETeV TeV, emitted at angle θ1 ≤ θj to the line of sight, intera
ts with an EBLphoton to 
reate an ele
tron-positron pair with Lorentz fa
tor γ = 106γ6. Thelepton is de�e
ted through angle θdfl and s
atters a CMB photon to energy
EGeV GeV, whi
h is observed as a sour
e photon by the Fermi LAT if it isdete
ted at an angle θ < θpsf(EGeV) to the sour
e. The underlying simplifyingkinemati
 relation in the semi-analyti
 model is γ6 ≈ ETeV ≈

√
EGeVThe time delay ∆t between the dire
t photons and the se
ondary formed bythe pro
ess des
ribed above is given by:

c∆t = λγγ + x− d = λγγ
d sin(θdfl)

sin θdfl
− d =

λγγ(1 − cos θdfl) − d(1 − cos θ) (3.3.1)where x = d sin θ1/ sin θdfl and λγγ. In the limit of small observing andde�e
tion angles, eq. (3.3.1) implies:
∆t ∼ λγγ

2c
θ2
dfl (3.3.2)provided that photon is dete
ted at an angle:

θ =
λγγ(ETeV)θdfl

d
< θpsf(EGeV) (3.3.3)to the sour
e. Note that the de�e
tion angle depends on either the primaryphoton energy ETeV or Compton-s
attered photon energy EGeV, sin
e they



48are related by EGeV ∼ ETeV as we now show.The average CMB photon energy at low redshift is ǫ0 ∼ 1.24 × 10−9 in
mec

2 units, so that mean Thomson-s
attered photon energy is ǫT ∼ (4/3)ǫγ2where γ ∼ ETeV/(2mec
2) implies γ6 = (γ/106) ≃ 0.98ETeV. Thus, an ele
-tron with Lorentz fa
tor γ s
atters CMB radiation to photon energy E when

γ6
∼= ETeV

∼= 1.1
√
EGeV. The 
hara
teristi
 length s
ale for energy losses dueto Thomson s
attering is λT = 3mec

2/4σTuCMBγ = (0.75/γ6) Mp
, where
uCMB

∼= 4 × 10−13 erg 
m−3 is the CMB energy density at low redshifts.While losing energy, the ele
tron is de�e
ted by an angle θB ∼= λT/rL in auniform magneti
 �eld of strength BIGMF = 10−15B−15 G oriented perpen-di
ular to the dire
tion of motion of the ele
tron, where the Larmor radius
rL = mec

2γ/eB ∼= 0.55(γ6/B−15) Mp
. Thus, the de�e
tion angle for anele
tron losing energy by s
attering CMB photons to energy E in a uniform�eld is θB = λT/rL ∼= 1.1B−15/EGeV. Introdu
ing a 
oheren
e length λcoh,then the de�e
tion angle
θdfl ≡ wθB; with w =



























1 if λT < λcoh

√

λcoh

λT
if λT > λcoh

(3.3.4)
For 1ES 0229+200, photons has been dete
ted to energies E . 12 TeVAharonian et al. (2007), with an ≈ 15% error in the energy measurement.An un
ertainty in the analyti
 treatment 
omes from the fa
t that the meanfree path λγγ(ETeV) varies by a fa
tor of ≈ 2 between z = 0 and z = 0.14,and it is di�erent in di�erent EBL models (see 
hapter 4). For instan
e, theEBL model of Finke Razzaque & Dermer (2010) gives λγγ(E) ∼= 200 Mp
,125 Mp
, and 70 Mp
 at E = 1, 3, and 10 TeV, respe
tively, and a low EBLmodel based on galaxy 
ounts (Kneiske & Dole 2010) gives λγγ(E) ∼= 280Mp
, 150 Mp
, and 85 Mp
, respe
tively.For analyti
 estimates, we write λγγ = 100λ100 Mp
, though we use the
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urate energy dependen
e of λγγ(ETeV) in the numeri
al 
al
ulations.The importan
e of pair-
as
ade radiation with angular extent broader thanthe Fermi -LAT psf depends on the value of
λpsf

λγγ

∼= dθpsf(EGeV)/θdfl

λγγ

∼= τγγ(ETeV)θpsf(EGeV)

θdfl

(3.3.5)where λpsf is the e�e
tive distan
e a primary photon would have to travelto make a GeV photon dete
ted at the edge of the Fermi -LAT psf giventhe parameters of the IGM. The value of θpsf(EGeV), taken here as the 95%Fermi -LAT 
on�nement angle, is from the Fermi -LAT instrument perfor-man
e page1.For the EBL model of Finke, Razzaque & Dermer (2010), the 
as
ade emis-sion 
an be treated as a point sour
e when B/10−15G ≪ 0.05E0.6
GeV for

0.2 . EGeV . 20. For a sour
e at distan
e d = dGpc Gp
, with dGpc ∼ 1
orresponding to z ∼ 0.2, the time delay for emission observed at angle
θ ∼= 0.01

λ100

dGpc

( B−15w

E/10 GeV

) (3.3.6)from the line of sight is given from eq. (3.3.2) by
∆t(yr) ∼= 2 × 106 λ100

( B−15w

E/10 GeV

)2 (3.3.7)Short delay times are restri
ted to 
onditions of small BIGMF and large Ewhere, as just seen, extended pair halo emission 
an be negle
ted.Eq. (3.3.7) shows that small time delays are implied when λγγ is small and
λpsf/λγγ > 1. When λγγ . λT, an additional delay ≈ λTθ

2
dfl/c arises duringthe time that the ele
trons are losing energy and being de�e
ted by theIGMF. Su
h small values of λγγ ∼ 1 Mp
 are only relevant at low redshiftsfor & 100 TeV photons that pair-produ
e within ≈ 1 Mp
 of their sour
e,where the magneti
 �eld may not be representative of the dominant volumeof the voids.1www-glast.sla
.stanford.edu/software/IS/glast_lat_performan
e.htm



503.4 γ-ray data of 1ES 0229+200The TeV blazar 1ES 0229+200, whi
h provides some of the strongest 
on-straints on the lower limit to the IGMF, was observed with HESS (Aharonianet al. 2007) in 2005 and 2006 and with VERITAS (Perkins et al. 2010) inO
tober 2009 � January 2010.No eviden
e for variability of the TeV �ux has been reported, so the observa-tions give an average TeV �ux from this sour
e on times
ales of≈ 3 yr, thoughwith poor sampling. The HESS and preliminary VERITAS data (Perkins etal. 2010) are shown in Fig.(2.3, 2.4, 2.5) by the blue open 
ir
les and redsquares, respe
tively. Fermi -LAT upper limits on TeV blazars were reportedpreviously (Abdo et al. 2009; 2010). Here we reanalyze the Fermi -LAT datafor 1ES 0229+200 
olle
ted from 2008 August 4 to 2010 September 5 in surveymode. To minimize systemati
s, only photons with energies greater than 100MeV were 
onsidered in this analysis. In order to avoid 
ontamination fromEarth-limb γ rays, a sele
tion on events with zenith angle < 105◦ was applied(Atwood et al. 2009). This analysis was performed using the standard likeli-hood analysis tools that are part of the Fermi S
ien
eTools software pa
kage(version v9r15p5).2 The P6_V3_DIFFUSE set of instrument response fun
-tions was used. Photons were sele
ted in a 
ir
ular region of interest (ROI)10◦ in radius, 
entered at the position of 1ES 0229+200. The isotropi
 ba
k-ground, in
luding the sum of residual instrumental ba
kground and extra-gala
ti
 di�use γ-ray ba
kground, was modeled by �tting this 
omponent athigh gala
ti
 latitude (isotropi
_iem_v02.txt, available from the FSSC web-site). The Gala
ti
 di�use emission model version �gll_iem_v02.�t," wasused in the analysis. The pro�le likelihood method was used to extra
t 95%
on�den
e level upper limits at the lo
ation of 1ES0229+200 assuming apower-law energy distribution with photon index=2, all 1FGL point sour
eslying within the ROI being modeled with power-law distributions. The up-2http://fermi.gsf
.nasa.gov/ss
/.
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as
ade radiationThe 
omputation of 
as
ade emission produ
ed by γ-ray photons intera
tingwith EBL has been addressed in di�erent works. Monte Carlo 
al
ulationhave been 
omputed by Aharonian et al. (1994), Plaga (1995), Coppi &Aharonian (1996), d'Aveza
 et al. (2007), Murase et al. (2008), Neronov &Semikoz (2009), Elyiv, Neronov & Semikoz (2009), Dolag et al. (2009), whileanalyti
al 
al
ulation by Bonometto & Rees (1970), Tave

hio et al. (2010;2011).Here we show our semi-analyti
al model for the 
as
ade radiation spe
trum.Let Φ = L⋆/4πd
2
L be the energy �ux of a sour
e with luminosity L⋆ at adistan
e dL, thus fǫ = νFν = ǫ⋆L⋆/4πd

2
L where ǫ⋆ = (1 + z)ǫ.The photons 
oming from the sour
e at redshift z are absorbed so wehave:

fǫ =
ǫ⋆L⋆(ǫ⋆)

4πd2
L

exp(−τγγ(ǫ)) (3.5.1)Assuming the low-redshift approximation (z<< 1, ǫ⋆ ≃ ǫ) and introdu
ingthe photon inje
tion fun
tion of sour
e Ṅ(t) we have:
ǫLǫ = mec

2ǫ2Ṅ(t) (3.5.2)The rate of surviving photons, after the intera
tion with EBL is Ṅ(t)exp(−τγγ(ǫ, z))and thus the rate of absorbed photons is:
Ṅabs(t) = Ṅ(t)[1 − exp(−τγγ(ǫ, z))] (3.5.3)Here Ṅabs represents also the ele
tron inje
tion fun
tion. As ea
h photonmakes two leptons and the energy of the leptons is γi ≃ ǫ/2, so we have

Ṅinj(t) = 4Ṅabs(t) = 4Ṅ(t)[1 − exp(−τγγ(ǫ, z)] (3.5.4)



52Thus we 
an rewrite eq.( 3.5.1) as:
fǫ =

mec
2ǫ2Ṅ(t)

4πd2
L

exp(−τγγ(ǫ, z))] (3.5.5)and obtain the ele
tron inje
tion sour
e as:
Ṅinj(γi) =

16πd2
L

mec2ǫ2
fǫ[exp(τγγ(t, z)) − 1] (3.5.6)In Thomson regime, the energy loss rate for ele
trons is:

− γ̇ = −dγ
dt

=
4cσTu0γ

2

3
(3.5.7)where σT is the Thomson 
ross se
tion and u0 = uCMB/mec

2.De�ning νT = 4/3cσTu0, the solution to ele
tron 
ontinuity equation is:
N(γ) =

1

νTγ2

∫ ∞

γ

dγ′Ṅ(γ′) (3.5.8)Luminosity spe
trum from Compton s
attering in Thomson regime is (seee.g. eq. 6.68 in Dermer & Menon 2008):
ǫsLT (ǫs) =

3

4
cσTuCMB(

ǫs
ǫ0

)2

∫ ∞

√
(ǫs/4ǫ0)

dγ
Ne(γ)

γ2
FT (ǫ̃) (3.5.9)where FT (ǫ) represent the isotropi
 Thomson s
attering kernel de�ned in thefollowing manner:

FT (ǫ̃) =
2

3
(1 − ǫ̃) (3.5.10)with ǫ̃ = ǫS/(4γ

2ǫ0).Inserting eq. (3.5.6) in eq. (3.5.8) we have:
Ne =

16πd2
L

νTγ2mec2

∫ ∞

γ

dγi
fǫ[exp(τγγ(t, z)) − 1]

ǫ2
(3.5.11)Substituting Ne into expression eq. (3.5.9) gives:

ǫSLT (ǫS) =
12πd2

LcσTu0

νT
(
ǫS
ǫ0

)2

∫ ∞

√
(ǫs/4ǫ0)

dγ
FT (ǫ)

γ4
×

∫ ∞

γ

dγi
fǫ[exp(τγγ(t, z)) − 1]

ǫ2
(3.5.12)



The intergala
ti
 magneti
 �eld 53Table 3.1: Derived Limits on BIGMF for the sour
e 1ES 0229+2001ES 0229+200 θj (rad) BIGMF(G)Neronov & Vovk (2010) π & 3 × 10−16Tave

hio et al. (2010) 0.1 & 5 × 10−15Tave

hio et al. (2011) 0.03 & 2 × 10−15Dolag et al. (2011) 0.1 & 5 × 10−15

Inserting the isotropi
 Thomson kernel (eq. 3.5.10) in eq. (3.5.12) and re
-olling that νT = 4/3cσTu0 �nally we get:
fes =

3

2
(
ǫS
ǫ0

)2

∫ ∞

dγγ−4(1 − ǫS
4γ2ǫ0

)

∫ ∞

γ

dγi
fǫ[exp(τγγ(t, z)) − 1]

ǫ2
(3.5.13)Eq. (3.5.13) employs the isotropi
 Thomson kernel and using the Klein Nishinakernel makes negligible di�eren
e for photons with energy < 20 TeV. In thethree terms in the lower limit of the external integration, the �rst givesthe kinemati
 minimum ele
tron Lorentz fa
tor to s
atter a CMB photonto energy ǫs. The se
ond is the value of the de�e
tion Lorentz fa
tor γdflobtained by equating the Thomson 
ooling time and the times
ale θjrL/cwhen the ele
tron is de�e
ted outside the photon beam of opening angle θj.The third limit, γ(∆teng), represents the Lorentz fa
tor to whi
h ele
tronshave 
ooled after the blazar engine has been operating for time ∆teng, andfollows from eq. (3.3.2) by solving ∆t(γeng) < ∆teng for γeng = γ(∆teng).Here we approximate λγγ(ETeV) ≈ dτγγ(ETeV) Mp
, using a �t to the FinkeRazzaque & Dermer (2010) EBL model for 1ES 0229+200. A 
al
ulationwith λγγ(ETeV) ≈ d(2τγγ(ETeV)) Mp
 gives similar results. Only the �rstgeneration of 
as
ade emission attenuated by the fa
tor exp[−τγγ(ǫ1, z)] isshown here.
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al
ulations using the simpli�ed analyti
 model are shown inFig. 3.3 and Fig. 3.4, is a 
al
ulation where the blazar engine operates for in-de�nitely long times, with the redu
tion of 
as
ade �ux due to de�e
tion awayfrom the beam for a jet and the dete
tion of a plateau �ux of isotropized ra-diation determined by the jet opening angle θj = 0.1 (Tave

hio et al. 2010).The sour
e spe
trum is des
ribed by a super-exponential 
uto� power law
νFν ∝ E4/5 exp[−(E/5 TeV)2] in Figs. 3.3 and 3.4, and by an exponential
uto� power law νFν ∝ E4/5 exp(−E/10 TeV) in Fig. 3.5.In agreement with previous results (Neronov & Vovk 2010; Tave

hio et al.2010; Tave

hio et al 2011; Dolag et al. 2011), a value of BIGMF & 3× 10−16G is needed in order to redu
e the GeV �ux below the Fermi upper limit.From the 
al
ulations, we also �nd that under the assumption of persistentTeV blazar emission, halo emission be
omes in
reasingly dominant for largejet opening angles. Dete
tion of halos around AGNs, as 
laimed by Ando &Kusenko (2010) (but see Neronov et al. 2011), would then favor dete
tionin sour
es with large opening angle, long lived TeV engines. Also under thepersistent emission hypothesis, a maximum jet opening angle θj . 0.4 is im-plied in order that the isotropized radiation does not violate the Fermi -LATupper limits.The e�e
ts of BIGMF on the re
eived spe
trum of repro
essed TeV radiationwhen the blazar engine is assumed to emit a 
onstant TeV �ux over an enginetime ∆teng

∼= 3 yr are shown in Figs. 3.3 and 3.4.These 
al
ulations show that BIGMF & 3 × 10−19 G for the 
ase where theassumed sour
e spe
trum is sharply 
ut o� above 5 TeV. Un
ertainties inthe analyti
 model, in
luding the strong sensitivity of the 
as
ade spe
trumon γeng, relaxes our 
on
lusions to an analyti
, order-of-magnitude minimumIGMF of BIGMF & 10−18 G for ∆teng
∼= 3 yr. Fig. 3.5 shows that the min-imum magneti
 �eld also depends sensitively on the 
hara
terization of the



58high-energy spe
tral �ux, whi
h 
an then qui
kly 
as
ade into the 10 � 100GeV band and violate one of the Fermi upper limits (or dete
tion; see Orret al. 2011). By assuming sour
e spe
tra with larger �uxes above ≈ 5 � 10TeV, Dolag et al. (2011) and Tave

hio et al. (2011), derive larger values forthe minimum BIGMF, but not more than a fa
tor of a few above the analyti
results when di�eren
e in a
tivity times and primary sour
e �uxes are 
on-sidered.Our knowledge of the blazar engine is not deep enough as to have high 
on-�den
e in this assumption, though some models for slowly varying TeV �uxfrom TeV blazars 
an be noted. For example, a slow 
ooling rate of the ele
-trons that produ
e the TeV photons 
ould imply a slowly varying γ-ray �uxeven if the blazar engine is very a
tive.For ele
trons s
attering photons to TeV energies, the syn
hrotron 
oolingtime in the observer frame is tsyn
∼= (1+ z)6πmec/(δDσTB

′2γ′) ∼= 50/E(TeV)yr, using the �tting parameters of Tave

hio et al. 2010 for 1ES 0229+200(break Lorentz fa
tor γbr = 5 × 106, emission region magneti
 �eld B′ =

5 × 10−4 G, and Doppler fa
tor δD = 40). Relativisti
 ele
trons in anextended jet that Compton s
atter photons of the CMB 
ould also makeslowly varying TeV radiation in sour
es like 1ES 0229+200 or 1ES 1101-232(Bött
her, Dermer & Finke 2008). In this model, relativisti
 ele
trons loseenergy on times
ales of ≈ 750/[(Γ/10)2
√

E(TeV) yr. These models do not,however, provide good reasons to expe
t TeV blazars to produ
e steady �uxfor thousands or millions of years. A more reliable limit is obtained fromdire
t measurements of TeV �uxes. For the handful of observations of 1ES0229+200 over 3 � 4 years of observing (Aharonian et al. 2007; Perkins etal. 2010), no TeV �ux variations have been reported. Using su
h times
alesleads to a limit of
BIGMF(G) & 10−18(E/10 GeV)

√

∆t/3 yr
√

λ100, (3.6.1)assuming that λcoh ≈ 1 Mp
. By assuming strong intrinsi
 & 10 TeV emissionfrom 1ES 0229+200 (whi
h is not observed be
ause of EBL attenuation),



The intergala
ti
 magneti
 �eld 59Fermi LAT �ux upper limits at ≈ 100 GeV 
an be violated, leading to largerlimiting values of BIGMF(G) & 5 × 10−18 G. Eviden
e for a strong primary�ux at & 10 TeV 
omes from dete
tion of a shoulder feature at ≈ 1 TeV,as found in the numeri
al 
al
ulations of Dolag et al. (2011) and analyti
alresults (Fig. 3.5), and suggested by the joint VERITAS/HESS data. Notethat our 
al
ulations assume negligible 
ontribution from 
as
ades indu
edby photopair intera
tions by & 1018 eV 
osmi
 rays (Essey et al. 2010).3.7 Con
lusionsIn this work we have highlighted the importan
e of the time delay betweendire
t and se
ondary photons when the suppression of 
as
ade emission istaken into a

ount. We �nd a lower limit for IGMF BIGMF & 10−18G assum-ing the sour
e a
tivity of 3-4 yrs.Re
ently Taylor, Vovk & Neronov (2011) have studied in details the time de-lay of of 1ES 0229+200 by a Monte Carlo 
al
ulation �nding BIGMF ∼ 10−17G for a τ ∼ 1yr that is in agrement with our result.More frequent, sensitive, and broadband GeV � TeV observations of 1ES0229+200 
an test whether the average TeV �ux 
orresponds to the �ux thathas been histori
ally measured or is unusual. Eviden
e for long-lived TeVradiation 
an be found in pair halos (Aharonian et al. 1994) from misalignedblazar 
andidates su
h as Cen A or M87.A large �eld-of-view dete
tor like the High Altitude Water Cherenkov tele-s
ope (Goodman 2010), or systemati
 monitoring 
ampaigns of blazars like1ES 0229+200 (z = 0.14), 1ES 1101-232 (z = 0.186), 1ES 0347-121 (z =0.185) or other bright, moderate redshift BL La
s with the present genera-tion of air Cherenkov teles
opes or an advan
ed Cherenkov teles
ope array,will give better information about the duty 
y
le of TeV blazars and 
ouldprovide more se
ure 
onstraints on the value of the intergala
ti
 magneti
�eld.
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Chapter 4
Extragala
ti
 Ba
kground Light
4.1 Introdu
tionIn the previous 
hapters we have shown how γ-ray photons are absorbed bythe so 
alled EBL and how important is its role in a�e
ting blazar spe
tra.With the term EBL we refer to the integrated light emitted by galaxies,quasars and dust during the universe history, from UV to far infrared (FIR)wavelengths (∼ 0.1-1000µm). The spe
tral energy distribution of redshiftedradiation is 
hara
terized by a two bumps shape (see Fig. 4.3). The �rst peakof ∼ 1 µm is due to radiation emitted by stars in galaxies, while the se
ondpeak around 100 µm is produ
ed by starlight absorbed and re-emitted bydust.Be
ause of foreground 
ontaminations due mainly to zodia
al light, dire
tobservations of the EBL are di�
ult. Reliable lower limits 
ome from galaxy
ounts performed with the Hubble Spa
e Teles
ope (HST), (Madau & Pozzetti2000) and Spitzer teles
ope (Fazio et al. 2004)High energy astrophysi
s provide another way to 
onstrain the EBL: blazarspe
tra are modi�ed by the intera
tion with EBL photons produ
ing ele
-tron/positron pairs (Gould & S
hreder 1967). The pair produ
tion 
ross
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Figure 4.1: The pair produ
tion 
ross integrated 
ross se
tion for di�erentin
oming photon energy.se
tion peaks sharply at:
λ = 2.4

(

Eγ

TeV

)

(µm) (4.1.1)where Eγ is the γ-ray photon energy. Thus 10 TeV γ-ray 
an probe the farIR band (FIR), 1 TeV photons the mid IR (MIR) and 100 GeV the near IR(NIR) part of EBL (Fig.4.1)Ste
ker et al. (1992) in a pioneering work made use of this phenomenonfor the blazar 3C 279: assuming an intrinsi
 γ-ray spe
trum for 3C 279, theobserved absorbed spe
trum, gives is in prin
iple information about the EBL.Although intrinsi
 γ-ray spe
trum is poorly known, the method allow us toput upper limits on the EBL.From the theoreti
al point of view, in the last three years several new EBLmodels have been proposed and applied to the in
reasing number of blazar
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tra dete
ted with Fermi -LAT and Cherenkov teles
opes. Theoreti
almodels 
an be 
olle
ted in three 
lasses. In the so 
alled ba
kwards evo-lution models, 
osmologi
al observable parameters are extrapolated at dif-ferent redshifts to obtain the luminosity density (Ste
ker Malkan & S
ully2006; Fran
es
hini, Rodighiero & Va

ari 2008). In the forward models,the 
osmi
 star-formation is 
omputed starting from merger-tree models ofgalaxies formation and 
onvolved with syntheti
 galaxy SED to obtain theEBL (Prima
k et al. 2005; Gilmore et al. 2010). Finally in the so-
alledsemi-empiri
al models, the observational 
osmi
 star-formation rate is 
on-volved with syntheti
 models for stellar emission in galaxies to infer the EBLat di�erent redshifts (Kneiske et al. 2002, 2004; Kneiske & Dole 2010; Finke,Razzaque & Dermer 2010). Here, after a brief review of dire
t and indire
tobservations (se
tion 4.2) and a des
ription of theoreti
al models (se
tion4.3) we present our semi-empiri
al model to des
ribe the EBL at di�erentredshift (se
tion 4.4). Con
lusions will be given in se
tion 4.5.4.2 Observations and measurementsAs pointed before, dire
t measurements of the EBL are di�
ult be
auseof the presen
e of foreground emission mainly due to zodia
al light that isapproximately up to three order of magnitude more intense than genuineEBL 
omponent, as shown in Fig4.2. On
e zodia
al light is subtra
ted, theMilky Way emission dominates over EBL in the opti
al and NIR band whileCMB in the FIR band. Nevertheless re
ent dire
t measurement of EBL existand are:
• opti
al measurements with the Hubble Spa
e Teles
ope by Bernstein(2007).
• COBE/DIRBE data from 1.25 to 2.2 µm (Cambresy et al. 2001);
• data from IRTS between 2.2 and 4 µm (Matsumoto et al. 2005);
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Figure 4.2: Comparison between zodia
al light (red region) and integratedgalaxies light (blue region) from Chary & Pope (2010).
• Spitzer measurement at 3.6 µm (Levenson & Wright 2008);
• COBE/FIRAS data at 125 µm (Laga
he et al. 2008);
• ISO data at 170 µm (Juvela et al. 2009)Indire
t measurements allow to put either lower and upper limits on thevalue of EBL. A way to put a lower limit has been developed by Madau &Pozzetti (2000) 
ounting the galaxies dete
ted by the Hubble Spa
e Teles
opein the opti
al band and by Spitzer (Fazio et al. 2004) in the near infrared(NIR). With this te
hnique, analyzing data from Spitzer, Bethermin et al.(2010) gave a robust estimation of the galaxy 
ontribution to the so 
alledCosmi
 Infrared Ba
kground (CIB).Upper limits to EBL 
an be put in prin
iple using blazar spe
tra. This ideahas been proposed in 1970 by Fazio & Ste
ker but only re
ently with theavailability of Cherenkov teles
opes (e.g. HESS, MAGIC, VERITAS) andnew γ-ray satellites (Fermi -LAT and AGILE ) has be
ome feasible.
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tra show absorption features at γ-ray energies due to the inter-a
tion with the EBL (see se
tion 4.4). Thus the relation between the blazar�ux on Earth Fobs and the intrinsi
 blazar �ux Fint emitted at redshift z is:
Fint = Fobse

τ (4.2.1)where τ is the γγ pair produ
tion opti
al depth (see eq.4.4.17) strongly de-pendent on the EBL. Assuming a power law SED for the blazar spe
tra inthe γ-ray band (see 
hapter 2) with dN/dE ∝ E−Γint with photon index Γ,eq.4.2.2 be
ome:
E−Γint = E−Γ′

eτ (4.2.2)where Γ′ is the photon index measured on Earth. Assuming a theoreti
almaximum value for Γint, an estimation of τ and thus on EBL is possible.Aharonian et al. (2006) employed this te
hnique with two blazars H2356-309 and 1ES 1101-232 dete
ted at TeV energies by HESS. They assume atheoreti
al maximum spe
tral index Γint ≥ 1.5 putting an upper limit onNIR band. Mazin & Raue (2007) analized a large number of TeV blazarposing new upper limits on EBL. The dete
tion of blazars with Fermi -LATin an energy band (20 MeV-300 GeV) where the absorption is negligible hasallowed an improvement of this method. Basi
ally, 
ombining Fermi -LATand Cherenkov teles
ope observations it is possible to obtain the intrinsi
spe
tral index Γint, thus 
onstrain the EBL. The underlying assumption isthat blazars have the same power law index in the GeV and TeV bands. Us-ing this method Gearganopoulos, Finke & Reyes (2010) ex
lude the validityof the EBL model of Ste
ker Malkan & S
ully (2006) also ex
luded by Orr,Krennri
h & Dwek (2011) with a similar method. The Fermi group providedan a

urate analysis of all blazars with redshift up to z=3 to 
onstrain theo-reti
al EBL models. They ex
lude at high level the model of Ste
ker Malkan& S
ully (2006) as is shown in Fig. 4.4
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Figure 4.3: Di�erent EBL models, Fran
es
hini et al. (2008) (gold line),Gilmore et al. (2010) (magenta line), Kneiske & Dole (2010) (dark greenline), Finke et al. (2010) (light green line) and our model (bla
k line) withlower limits and observations by Madau & Pozzetti (2000) (red points), Fazioet al. (2004) (blue points), Met
alfe et al. (2003) (dark green point), Charyet al. (2004) (dark blue point), Frayer et al. (2006) (bla
k point), Wright etal. (2004) (magenta points), Laga
he et al. (2000) (
yan point), Finkbeineret al. (2000) (green point). Dotted grey line separate the di�erent energyband: UV, opti
al, NIR, MIR and FIR band.
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al ModelsAs shown in the se
tion 4.1 theoreti
al studies of the EBL have experien
eda rapid growth in the last three years. In this se
tion we show the mostsigni�
ant and 
omplete models. Theoreti
al models must reprodu
e thelo
al (z=0) observations (see se
tion 4.2) and must des
ribe the evolution ofdi�erent 
omponents of EBL at di�erent redshifts. This implies assumptionson how galaxies and quasars evolve, and how dust absorbs and re-emits theUV-opti
al radiation. In other words, one needs to know the galaxy andquasar luminosity fun
tion at di�erent redshifts or the 
osmi
 star-formationhistory and 
onvolve it with di�erent galaxy and quasar spe
tra. Distin
tmodels present di�erent ways to 
ompute these 
osmologi
al parameters withdi�erent degrees of 
omplexity.In the next paragraphs we follow the 
lassi�
ation proposed by Hauser &Dwek (2001).
• semi-empiri
al models: the �rst model of this kind was made by Kneiskeet al. (2002), updated in 2004. The basi
 idea is to 
onvolve the syn-theti
 SED of galaxies 
omputed by Bruzual & Charlot (1998) witha parametri
 �t of the 
osmologi
al star-formation history to obtainthe 
omoving emissivity. Galaxy SEDs are 
onstru
ted by using pop-ulation synthesis models (see Bruzual & Charlot 1998; 2003) and are
omputed for di�erent star-formation rate, initial mass fun
tion (IMF)and 
hemi
al evolution. The EBL is then obtained integrating the 
o-moving emissivity over the redshift.Finke, Razzaque & Dermer (2010) performed a similar 
al
ulation usinganalyti
 expression for radiation from stars and dust re-emission. Nometalli
ity evolution has been taken into a

ount. In all these modelsspe
i�
 dust extin
tion laws and dust emission are adjusted to mat
hobservations.
• forward evolution models: models belonging to this 
lass are 
hara
-



68 terized by the use of semi-analyti
 models (SAMs) of galaxy formationto predi
t the EBL. The most re
ent model of this kind (Gilmore etal. 2010) is based on the SAM des
ribed in Somerville & Prima
k(1999) and Somerville, Prima
k & Faber (2001). The galaxy evolu-tion is 
omputed by merger trees of DM halo 
onstru
ted via MonteCarlo te
hniques based on the Extendend Press-S
he
ter theory. Thestar-formation and 
hemi
al enri
hment history for ea
h galaxies are
onvolved with syntheti
 SEDs 
omputed by Bruzual & Charlot (2003)assuming a Chabrier IMF. The model takes into a

ount the repro
ess-ing of ionizing radiation by the intergala
ti
 medium (IGM) using theradiative transfer 
ode CUBA (Haardt & Madau 1996; 2011).
• ba
kward evolution models: These models extrapolate the spe
tral prop-erties of lo
al galaxies to higher redshifts using some parametri
 formfor their evolution (Hauser & Dwek 2001). Ste
ker Malkan & S
ully(2006) produ
ed one of the �rst although the most representative modelof this 
lass has been build up by Fran
es
hini, Rodighero & Va

ariin 2008. They analyzed a large amount of 
osmologi
al survey datafrom opti
al to FIR band, and 
ompute number 
ounts, redshift dis-tributions and luminosity fun
tions for di�erent galaxy populations:early, late type galaxies and starburst galaxies. Being based on solidand 
omplete observations, this model is 
onsidered the most reliableobservationally-based EBL.Finally a new model that does not belong to the previous 
lass has been pro-posed by Dominguez et al. (2011) in whi
h galaxy evolution is inferred fromthe observed evolution of the rest-frame K-band galaxy luminosity fun
tionup to redshift 4 (Cirasuolo et al. 2010), 
ombined with a determination ofgalaxy SED-type fra
tions.
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Figure 4.4: Derived upper limits for the opti
al depths of γ-rays emit-ted at z=1.84 (J0808-0751, J1505+1029), z=1.05 (J1147-3812) and z=1.71(J1016+0513). Bla
k arrows: upper limits at 95% 
on�den
e level in allenergy bins used to determine the observed �ux above 10 GeV. Red arrow:upper limits at 95% 
on�den
e level for the highest energy photon. Bluearrow: upper limit at 99% for the highest energy photon. The upper limitsare in
onsistent with the Ste
ker et al. (2006) EBL model. From Abdo etal. (2010d).



704.4 Our modelIn this se
tion we show our EBL model. The �rst step is 
omputing the 
o-moving emissivity or luminosity density (see se
tion 4.4.1), then we integrateit over the redshift (see se
tion 4.4.6) to obtain the spe
i�
 intensity of theEBL. Results and 
omparison with other EBL model are shown in se
tion4.4.7.4.4.1 Comoving emissivityThe 
omoving emissivity (or luminosity density) ǫν at the 
osmi
 time t perfrequen
y unit (erg s−1 Hz−1 Mp
−3) is:
ǫν(t) =

∫ t

tm

Lν(t− t′)ρ̇(t′)dt′ (4.4.1)where tm is the 
osmi
 time when the galaxy starts forming stars; Lν isthe galaxy luminosity, and ρ(t) the star-formation rate.Is more usefull to rewrite eq(4.4.1) in terms of redshift:
ǫν(z) =

∫ ∞

z

Lν(t(z) − t(z′))ρ̇(z′)

∣

∣

∣

∣

dt

dz′

∣

∣

∣

∣

dz′ (4.4.2)The emissivity depends upon the luminosity Lν , star-formation rate ρ, 
os-mology dt/dz and on the evolution of the metalli
ity with the redshift. Ea
hof these o

upies a dedi
ated se
tion.4.4.2 Syntheti
 Galaxy Spe
traThe 
laim of interpreting galaxy spe
tra in terms of their stellar spe
tra, ledthe astrophysi
al 
ommunity to develop 
odes able to 
ompute and predi
tthe spe
tral evolution of a bun
h of stars. The more re
ent models are basedon the evolutionary population synthesis te
hnique (e.g. Leitherer et al.1999; 2010; Bruzual & Charlot 2003). Basi
ally a set of input parameters,generally the stellar IMF, the star-formation rate of stars and the 
hemi
al
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hment, are �xed. In this way a group of spe
tra of stars with di�erentmasses is generated and evolved along the Hertzprung-Russel diagram.Our SEDs have been 
omputed using the STARBURST 99 
ode developed byLeitherer et al. (2010) and available online. The set of parameters �xed arethe following. We sele
t the 
lassi
al Salpeter (1955) IMF, where the numberof stars per unit of mass s
ales as ξ(m) ∼ m−2.35 with masses in the range0.1< m <100 M⊙. In generating the SEDs, we adopted instantaneous starformation, i.e., stars are formed in a single burst, and their eventual evolutionis des
ribed following the Padova evolutionary tra
ks. SEDs are 
omputedfor di�erent �xed absolute metalli
ity Z (i.e. Z=0.04, Z=0.02, Z=0.008,Z=0.004, Z=0.001). In Fig. 4.8, the SEDs of 
oeval stellar population atdi�erent ages τ are shown. It is worth noting that be
ause of the single star-formation burst, after 50 Myr the UV emission of stars drops qui
kly andthe NIR 
omponent dominates stellar spe
tra.4.4.3 Star-formation Rate HistoryThe 
omoving emissivity in eq.( 4.4.2) is the 
onvolution of galaxy SEDs with
ρ̇ that represents the star-formation rate history, i.d. the number of solarmasses produ
ed per year in a 
omoving volume as a fun
tion of the redshift.A fun
tional �t to observations of the star-formation rate history (SFH) upto redshift 4 has been proposed by Madau et al. (1996). In our work we usethe observations 
olle
ted by Hopkins & Bea
om (2006) updated with thenew measurements of Bouwens et al. (2007) and Reddy et al. (2008). Theobservational sample has been �tted by Li (2008) using the fun
tional formproposed by Cole et al. (2001). The shape of the fun
tion is:

ρ̇(z) =
a+ bz

1 + (z/c)d
(4.4.3)with (a,b,
,d) = (0.0157, 0.118, 3.23, 4.66). Data points and the �t (dottedline) are shown in Fig. 4.6 where it 
an be seen a rapid raise of the SFH up toredshift z=1, a �at shape in 1<z<4 range and a qui
k de
line after redshift
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Figure 4.5: The syntheti
 galaxy spe
tra 
omputed with STARBURST 99with solar metalli
ity at di�erent ages: instantaneous (red line), after 5 Myrs(blue line), after 50 Myrs (orange line) after 100 Myrs (green line) and after200 Myrs (purple line)
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Figure 4.6: The updated 
osmi
 star-formation history from Li (2008). Thedotted line represent the updated �t to SFR we use.4.4.4.4 Redshift-Metalli
ity distributionObservations indi
ate that metalli
ity in galaxies de
reases with in
reasingthe redshift. This phenomenologi
al fa
t is in agreement with the hierar
hi-
al s
enario of stru
ture formation, in whi
h metals are expelled in ISM bysupernova explosions. Unfortunately di�erent observational te
hniques givedi�erent evolution in redshift and numeri
al simulations are not fully reliableto give pre
ise results.In our work we refer to the observations of metalli
ity performed by Kewley& Kobulni
ky (2005). They measure nebular oxygen abundan
es in star-



74forming galaxies with magnitude MB <-20.5 with redshift 0<z<3.5 �ndingthat metalli
ity Z evolves as:
Z

Z⊙
∼ 10−γz (4.4.4)with γ ∼ 0.15.We implement in our 
al
ulation this redshift-metalli
ity law extrapolatingit up to redshift z=9.4.4.5 Dust absorption and re-emissionThe UV and opti
al starlight is absorbed inside the galaxy by dust and re-emitted in IR band. To predi
t 
orre
tly the EBL we have to take intoa

ount su
h absorption and re-emission.Di�erent laws have been proposed to model the Milky Way (e.g. Cardelli,Claython & Mathis 1989) and the extragala
ti
 absorption (e.g. Calzetti2000; Kneiske et al. 2002) . Here we use a global extin
tion law as fun
tionof the 
osmi
 metalli
ity. We assume that for super solar and solar metalli
ity,UV and opti
al photons are absorbed by the Cardelli law, proposed to modelthe Milky Way extin
tion. At lower metalli
ity we use the law proposed byKneiske et al. (2002):

Aλ = 0.68E(B − V ) · R · (λ−1 − 0.35) (4.4.5)where R = 0.32. The free parameter of both extin
tion laws is the term
E(B−V ) that has been �xed by �tting the observation of luminosity densityat λ = 1500Å and λ = 2800Å (see Fig. 4.9 and Fig. 4.10). We found
E(B − V ) = 0.16 for Cardelli law and E(B − V ) = 0.25 for Kneiske model.The absorption 
oe�
ient is:

g(λ) = 10−0.4Aλ (4.4.6)Applying this 
oe�
ient to syntheti
 intrinsi
 spe
tra Lint
λ we have
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Labs

λ = Lint
λ · g(λ) (4.4.7)The intergala
ti
 medium is 
omposed by three di�erent 
omponents (seeDesert et al. 1990):

• big grains: large grains (15-110 nm) absorb mainly opti
al starlightand re-emit in the FIR band;
• very small grains: UV starlight is mainly absorbed by small grains(1.2-15 nm) that re-emit in NIR band;
• PAH 
omponent a third 
omponent is due to the so-
alled poly
y
li
aromati
 hydro
arbons (PAHs) (0.4-1.2 nm) that re-emit as a broademission lines at 10 µm.We assume that dust is in thermodynami
 equilibrium and thus that itsre-emission spe
trum is the sum of three bla
kbodies at three di�erent tem-peratures:

Ldust
λ =

3
∑

i=1

ci · Bλ(Ti) (4.4.8)where Bλ is the Plan
k fun
tion and where the 
oe�
ients ci have beenobtained as follows: Spinoglio et al.(1995) proposed a linear relation betweenbolometri
 luminosity and IR luminosity in four IR bands, using non-Seyfertgalaxies. We �tted this four points with a fun
tion sum of three bla
kbodiesobtaining ci and Ti with the trial and error method. The temperature thatwe obtain from the �t are T=35 K for the 
old 
omponent, T=70 K for thewarm 
omponent and T=240 K for the PAH 
omponent. This values arein agreement with Kneiske et al. (2002) and by Finke, Razzaque & Dermer(2010). The resulting total spe
tra are thus:
Ltot

λ = Lint
λ · g(λ) + A · Ldust

λ (4.4.9)where A represents the normalization due to energy 
onservation of the ab-sorbed and re-emitted photons.
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Figure 4.7: The extin
tion law used by Kneiske et al. (2002) (red line) andthe Cardelli, Clayton & Mathis gala
ti
 extin
tion law (1989) (blue line).
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Figure 4.8: Intrinsi
 (no absorption and no dust re-emission) emissivities atdi�erent redshift: z=0 (red line), z=0.5 (purple line), z=1.0 (dark green line),z=1.5 (brown line) and z=2.0 (blue line).



78

Figure 4.9: Our 
omoving emissivity (dark green line) at 1500 Å and theobservations of S
himinovi
h et al. (2005) in red, Dahlen et al. (2007) inblue and Bouwens et al. (2007) in bla
k.
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Figure 4.10: Our 
omoving emissivity (dark green line) at 2800 Å and theobservations of Gabash et al. in red, Dahlen et al. (2006) in blue and Lillyet al. (1996) in magenta.



804.4.6 Extragala
ti
 ba
kground light modelThe syntheti
 spe
tra obtained adding the absorption and re-emission bydust have been 
onvolved with the SFH has shown in the previous se
tion.Here the spe
i�
 intensity of the radiation �eld is given by:
Jν(z0) =

(1 + z0)
3

4π

∫ ∞

z0

ǫν′(z)e−τ dl

dz
dz, (4.4.10)where ν ′ = ν(1 + z)/(1 + z0), and τ is the e�e
tive opti
al depth due toabsorption in the 
lumpy IGM:

τeff (ν0, z0, z) =

∫ z

z0

dz′
∫ ∞

0

dNHI
∂2N

∂NHI∂z′
(1 − e−τ ) (4.4.11)where τ is the Lyman-
ontinuum (LyC) opti
al depth through a given 
loud,and the term ∂2/(∂NHI∂z

′) is the absorber distribution given by:
∂2N

∂NHI∂z
∝ N−1.5

HI (1 + z)γ (4.4.12)with γ = 1.5. The fra
tion of ionizing radiation es
aping from galaxieshas been set to 0.1. Moreover we negle
t quasar emission. We performedthis 
omputation with the 
ode CUBA (Haardt & Madau 1996), a radia-tive transfer 
ode that follows the propagation of LyC photons through apartially ionized inhomogeneous IGM. CUBA outputs have been extensivelyused to model the Lyα forest in large 
osmologi
al simulations (e.g. Tytleret al. 2004; Theuns et al. 1998; Davé et al. 1997; Zhang et al. 1997). InMadau, Haardt, & Rees (1999) the fo
us was on the 
andidate sour
es ofphotoionization at early times and on the history of the transition from aneutral IGM to one that is almost fully ionized. The in
lusion of updatedionizing and IR emissivity due to galaxies is in the new version of the 
ode(Haardt & Madau 2011).Our model is shown in Fig.4.11 where the redshift evolution is displayed whilea 
omparison with the other more re
ent models is shown in Fig.4.3.
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alled semi-empiri
al models where thesyntheti
 galaxy spe
tra are 
onvolved with the observed 
osmi
 starforma-tion history. The models of Kneiske & Dole (2010) and Finke, Razzaque &Dermer (2010) belong to this 
lass. The overall treatment is similar althoughwe use di�erent IMF, 
osmi
 star-formation �t and absorption law. Moreoverwe in
lude the metalli
ity-redshift relation and the extin
tion of the ionizingradiation by IGM.As shown by Fig. 4.3 the main di�eren
e of our EBL with other models lies inthe opti
al and MIR region. Be
ause of the 
hose of IMF of stars in galaxies
ombined with the extin
tion law we obtain a very low opti
al 
ontribution,lower then other models but in agreement with galaxy 
ounts (Madau &Pozzetti 2000; Fazio et al. 2004).In the MIR region the re-emission of dust starts dominating. We predi
t thelower value at 10 µm due to our dust model. In parti
ular 
hanging the 
oef-�
ient ci, that give the weight of a pre
ise dust 
omponent a di�erent shapein MIR band 
an be obtained. At higher wavelength, up to 100 µm, weare in good agreement with the model of Fran
es
hini, Rodighiero & Va

ari(2008).4.4.8 γ-ray opti
al depthIt is well known that when a photon with energy E1 intera
t with a se
ondphoton with energy E2 with an angle of in
iden
e θ in the 
entre of mass ofthe system and the following 
ondition is veri�ed:
√

2E1E2(1 − cos θ) ≥ 2mec
2 (4.4.13)an ele
tron/proton pair is generated. Thus the minimum energy the targetphoton to pair-produ
e is:

Eth =
2m2

ec
4

Eγ(1 − cos θ)
(4.4.14)
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Figure 4.11: The EBL at di�erent redshifts: z=0 (red line), z=0.5 (darkgreen line), z=1 (blue line), z=2 (magenta line), z=4 (salmon dotted line)and z=5 (green dotted line).
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kground Light 83where Eγ is the in
ident photon energy.The 
ross se
tion for this pro
ess (Gould & S
hreder 1967) is:
σ(E1, E2, θ) =

3σT

16
(1 − β2)

[

2β(β2 − 2) + (3 − β4)ln

(

1 + β

1 − β

)] (4.4.15)where
β =

√

1 − 2mec4

E1E2(1 − cos θ)
(4.4.16)and σT is the Thomson 
ross se
tion.The opti
al depth of attenuation of a photon with energy Eγ traveling in aphoton �eld with number density n(Ebkg, z) is:

τ(Eγ , z0) =
1

2

∫ z0

0

dz
dl

dz

∫ 1

−1

d(cos θ)(1 − cos θ)

×
∫ ∞

Emin

dEbkgn(Ebkg, z)σ(Eγ(1 + z), Ebkg, θ) (4.4.17)where
Emin =

Eth

1 + z
=

2m2
ec

4

Eγ(1 − cos θ)(1 + z)
(4.4.18)and dl/dz is the 
osmologi
al line element.We have 
omputed the opti
al depth of γ-ray at di�erent redshift and energiesfor our model. The results are shown in Fig.4.12. The in
rease of star-formation rate between present day and z=1 leads the opti
al depth to growrapidly as 
an be infer from Fig.4.12.4.5 Con
lusionsWe have proposed a new theoreti
al model for the UV through FIR EBL fromdire
t stellar radiation and radiation emitted by dust. The model belongs tothe so-
alled semi-empiri
al model group in whi
h syntheti
 galaxy spe
traare 
onvolved with the SFH and dust re-emission is 
omputed theoreti
ally.
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Figure 4.12: Opti
al depth at di�erent low redshifts: z=0.001 (red line),z=0.02 (dark green line), z=0.1 (magenta line) z=0.2 (
yan line) and z=0.5(blue line).
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kground Light 85Di�erently to the other models belonging to this 
lass (Kneiske & Dole 2010;Finke Razzaque & Dermer 2010), we have taken into a

ount two extin
tionlaws as a fun
tion of the 
osmi
 metalli
ity and metalli
ity-redshift rela-tion (Kewley & Kobulni
ky 2005). Furthermore we have employed the 
odeCUBA (Haardt & Madau 1996; 2011) to integrate the 
omoving emissivityover the redshift, taking into a

ount the absorption of ionizing radiation dueto the IGM.Our model is 
onsistent with the most reliable SFH data (Li 2008) and re-sults to be in good agreement with the luminosity density observations atdi�erent wavelengths. Furthermore the energy density of our EBL model is
onsistent with the EBL data at redshift z=0 and it results 
ompatible withlower limits from galaxy 
ounts (Madau & Pozzetti 2000; Fazio et al. 2004)in the opti
al and NIR band.The opti
al depth of γ-rays has been 
omputed for di�erent value of redshiftand energy. We found that the Universe is transparent in the γ-ray band(τ << 1) for energy lower the 20 GeV at any redshift in fully agreementwith the other EBL models (Kneiske & Dole 2010; Fran
es
hini Rodighiero& Va

ani 2008; Gilmore et al. 2009; Finke Razzaque & Dermer 2010). Fur-ther 
onstraints on γγ opa
ity and thus on the EBL 
ould 
ome from blazarobservations with the next generation of Cherenkov teles
opes, CTA.
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Chapter 5
Summary and 
on
lusions
In this Thesis I have dealt with three �hot topi
s" in the extragala
ti
 veryhigh energy (VHE) astrophysi
s in whi
h blazars have a signi�
ant role:the extragala
ti
 ba
kground light (EBL), the intergala
ti
 magneti
 �eld(IGMF), and the extragala
ti
 γ-ray ba
kground (EGB).First, I have 
omputed the 
ontribution of blazars (FSRQs and BL-La
s)to the total Fermi -LAT EGB with two basi
 assumptions. First, I assumedthat radio galaxies (FRI and FRII) are the parental populations of blazars(BL-La
s and FSRQ respe
tively), and thus that the radio luminosity fun
-tion (LF) of radio galaxies 
an be used as a proxy for the blazar LF in the
γ-ray band. Se
ond, that the blazar spe
tral energy distribution (SED) 
anbe des
ribed by the blazar sequen
e proposed by Fossati et al. (1998). Fromthese starting points, I �tted the blazar Fermi -LAT logN-LogS. The �t givesthe ratio of blazars per radio galaxy, and predi
t the relative number of FS-RQs and BL-La
s, 
onsistent with the beaming model of blazars.Then I 
omputed the 
ontribution of resolved and unresolved blazars to theEGB. I found that our model 
an a

ount for the 45% of the Fermi -LATEGB, and it is in good agreement with intermediate (1-30 GeV) energy data.Blazars are not able to explain the low energy EGB 
omponent (0.1-10 GeV)and the very high energy band (50-100 GeV) where γγ absorption dominates.I showed how γ-ray emission from star-forming galaxies seen as sour
es of
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osmi
 rays and subsequent pion de
ay (Ste
ker & Venters 2010) 
an explainthe low energy data, while high energy data 
an be explained in terms oflo
al DM annihilation. Following the re
ipes of Ando (2005), I modeled γ-ray emission of gala
ti
 DM reli
s with two free parameters: the annihilation
ross se
tion and mass of DM parti
les. By �tting Fermi -LAT data withblazars, galaxies, and DM emission, I 
ould put upper limits for the 
rossse
tion and mass of DM parti
les.Blazars 
an also be used to put a lower limit on the intensity of the IGMF.The basi
 idea is to study the repro
essed emission in TeV dete
ted blazars.The ideal 
andidates for this study are blazars dete
ted in the TeV band atredshifts z>0.1, that do not show any emission in the Fermi -LAT band. These
ondary emission is due to CMB photons ups
attered by ele
tron/positronpairs generated by primary TeV photons absorbed by the EBL. The possiblepresen
e of an IGMF de�e
ts pairs away from the line of sight, resulting in asuppression of the se
ondary emission. Therefore the dete
tion or upper lim-its in the GeV band obtained with Fermi -LAT 
an in prin
iple 
onstrain theintensity of any IGMF. In this framework I 
omputed the 
as
ade emissionfrom the TeV sour
e 1ES 0229+200 with a semi-analyti
 model by taking intoa

ount the e�e
t of the time delay between primary and se
ondary emis-sion, whi
h plays a very signi�
ant role in assessing the value of the IGMF.Assuming that 1ES 0229+200 has been 
onstantly a
tive during the periodof 3-4 years of TeV observations, we 
ould obtain a lower limit for the IGMFof BIGMF ≥ 10−18G. This value results to be lower than similar previous esti-mates obtained without taking into a

ount the e�e
t of time delay (Neronov& Vovk; Tave

hio et al. 2010; 2011). Finally I have presented a new theo-reti
al model for the EBL, from UV to FIR band. The model is based on asemi-empiri
al approa
h. I 
onvolved the syntheti
 galaxy spe
tra, obtainedwith STARBURST99 (Leitherer et al. 1999) with the redshift dependentstar formation rate (see e.g., Li 2008), adopting the redshift-metalli
ity lawproposed by Kewley & Kobulni
ky (2005). As opti
al-UV radiation is ab-
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lusions 89sorbed and re-emitted by dust in the interstellar medium, I used a metalli
itydependent extin
tion law for absorption, and then modeled the re-emissionby dust as the sum of three bla
k-bodies at di�erent temperatures (Kneiskeet al. 2002). The resulting 
omoving emissivity has been integrated over theredshift with the 
ode CUBA (Haardt & Madau 1996; 2011). Our modelresults to be in agreement with EBL observations at redshift z=0 and withthe luminosity density data at 1500Å and 2800Å. The main un
ertainties
on
ern on the modeling of dust absorption of opti
al-UV radiation, and re-emission in the IR band.In the next years a substantial improvement on our knowledge of the EBL,IGMF and EGB is expe
ted. In parti
ular, the next generation of Cherenkovground-based teles
opes (CTA) should be able to perform simultaneous ob-servations in the GeV and TeV bands. This will produ
ing more a

uratelower limits on the IGMF also will permit improved studies of the γ-rayopa
ity of the Universe. New observations of EGB at energies up to 300 GeVare expe
ted from Fermi -LAT. These new data 
ould give new informationon the role played by DM annihilation in our Galaxy. Furthermore, deter-mination of the γ-ray LF of FSRQs and BL-La
s will 
onstrain the blazar
omponent of the EGB.The Thesis work produ
ed so far the following papers:
• Cavadini M., Salvaterra R., Haardt F., 2011, arXiv, arXiv:1105.4613
• Dermer C. D., Cavadini M., Razzaque S., Finke J. D., Chiang J., LottB., 2011, ApJ, 733, L21A third paper fo
used on EBL and γγ opa
ity is in preparation.
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