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Abstract Primary gamma rays emitted from extragalactic very-highrgy (VHE)
sources, such as blazars, will generate cascade radiatintergalactic space with a
scale of~ 100 Mpc, for z ~ 0.1 andE, ~ 1TeV. These cascades proceed through
electron-positron pair production and inverse Comptor) f€attering in the cosmic
background radiation fields, mainly cosmic microwave backgd (CMB) radiation
and extragalactic background light in the voids of the ursge The existence of an
intergalactic magnetic field (IGMF) would deflect paths &atton-positron pairs that
scatter CMB photons, causing some observable effects, asidime delay, an ex-
tended halo, and a spectral change. Here we reanalyze thsidlif of an electron jet
deflected by IGMF and propose a unified semi-analytical mdgiglusing publicly
available data from the Fermi/LAT detector and contempeoais TeV observations,
we find that the cascade photon flux is not significantly aéfédty the IGMF strength
for non-variable blazars when the IGMF is weaker thanl0~'6 G. This result is
clearly different from previous works that analyzed theeexted halo and time de-
lay separately for non-variable blazars and flaring blazysapplying our model to
two extreme blazars (1ES 0229+200 and 1ES 1218+304), wahdb&alGMF lower
limit of order > 10~ ~ 10~'*G in the non-variable case, which is a stronger
constraint on the IGMF strength than previous works [0-'¢ ~ 10~'¥G), and

> 10718 ~ 107 G in the case of flaring blazars. Furthermore, we study the ligh
curves and extended halo of the cascade photons by comgjdae effects of the
IGMF.
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1 INTRODUCTION

The measurement of the intergalactic magnetic field (IGMH)dlpful for understanding the large
scale structure of the universe and the origin of the galantignetic field. The magnetic fields
of galaxies and galaxy clusters in the range~ofl0 uG are measured via recent observations of
Faraday rotation (Kronberg 1994; Han et al. 2006; Bonafeds. 2009; Jansson & Farrar 2012).
Theoretically, the observed galactic magnetic field is galhebelieved to result from ther — w
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amplification mechanism of weaker seed fields (Widrow 2002iskKid & Zweibel 2008), simi-
lar to the explanation of the origin of other strong magnetigects (e.g., magnetars). Kulsrud &
Zweibel (2008) proposed that the seed fields could be gestkxaa the Biermann battery mecha-
nism (Biermann 1950), Harrison mechanism (Harrison 193i3pme others. The Biermann battery
mechanism emphasizes that the seed fields are generatemtagalaxies following the condition
of a finite angle between density gradients and pressureegtadresulting from first supernovae,
activity of active galactic nuclei (AGN), gravitational ltapse, turbulence, and so on. However, it is
hard to know whether such processes in protogalaxies cffidibatly make magnetic fields fill the
voids (Zweibel 2006). On the other hand, the Harrison meishaimvokes rotating structures in the
early universe, in which the differential rotation of rélédtic electrons and non-relativistic protons
produces the earlier magnetic fields of the universe (Wid26@2). Because of the development of
~-ray astronomy, the detection of the IGMF has provided va@kiasights for understanding signif-
icant problems in the origin of the IGMF and associated ptalgirocesses in the early universe.
The existing measurements of cosmic microwave backgroOMB( anisotropies, Faraday ro-
tation of the radio emission of quasars, Zeeman splittind, dtrahigh energy cosmic rays indicate

that the upper limit of the IGMF isBIGMF/\iC/j < 1072 ~ 1079 Mpc!/2G, for Aeon < 1Mpc
(Neronov & Semikoz 2009). In the past decades, no method daget measurements or lower
limits of IGMF. Until recently, more and more extragalaot&ry high energy (VHE) sources could
be used to detect the IGMF. In principle, the IGMF could be sneed by cascade radiation from
extragalactic TeV sources, including blazars and a feworgdiaxies and starburst galaxies (Plaga
1995; Dai et al. 2002; Fan et al. 2004; Razzaque et al. 2004aséuet al. 2008; Ichiki et al. 2008;
Takahashi et al. 2008, 2011; Neronov & Semikoz 2009; Takaleasl. 2012). TeV photons from an
extragalactic source interact with infrared (IR)/ulti@eit (UV) photons of the extragalactic back-
ground light (EBL), which generate"e~ pairs, losing their energy through inverse Compton (IC)
scattering in the CMB. In this process, if the primary spattextends up to a VHE band, a fraction
of the reprocessed emission will still be above the paidpotion threshold, leading to the second
generation of pairs. However, if the cascade process dev@iahe void of the universe, the IGMF
that deflects the paths of cascading electron-positros paiuld modify the properties of the sec-
ondary radiation, causing some observable effects, sutmasielay (Plaga 1995; Dai et al. 2002;
Takahashi et al. 2008; Murase et al. 2008; Takahashi et &2,2D13) and extended gamma-ray ha-
los (Dolag et al. 2011; Tavecchio et al. 2010; Neronov & Vo@d @; Tavecchio et al. 2011), which
can be used to infer the bounds of the IGMF strength.

In order to detect the IGMF via the cascade radiation of VHHErees, we should know the
properties of the primary radiation of the VHE sources. Tédzbrs, as extragalactic VHE sources,
are often treated as a probe of the IGMF and the EBL. Blazartharmost extreme kind of AGN,
which are characterized by a relativistic jet closely adigrwith the observer’s line of sight. The
spectral energy distribution (SED) with two broad peakfiesmost outstanding feature of blazars,
which extends from radio tg-ray energies. The first peak in the IR/UV or even X-ray banatis
tributed to synchrotron emission by ultra-relativistiegtons in the jet, and the second peak, mainly
covering X-ray ory-ray energies, is generally proposed to be produced thriftighattering by the
same electrons responsible for the synchrotron emissibichwis the synchrotron-self-Compton
(SSC) mechanism. However, for some hard TeV blazars, sutE&9229+200 or 1ES 1101-232,
the external-Compton (EC) mechanism (Bottcher et al. 200&roton-induced cascade emission
(Essey et al. 2010; Essey & Kusenko 2010; Essey et al. 201iaddiet al. 2012) are proposed to
explain these hard TeV observations well. Fossati et aB&)Lfirst indicated that there is an inverse
relation between the frequencies of both peaks and the hsitjrfor blazars. The high-energy bump
of high-frequency peak blazars (also called high-freqyéicLacs or HBLS), withv,, > 10'"Hz,
can reach the TeV band, although theiray luminosity is much smaller than the synchrotron lu-
minosity. However, there are two special cases for TeV bfafast, some HBLs show a-ray
dominated SED during their strong flares, and second, soewadfeV blazars appear to have non-
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variable and high TeV flux during observations that spanrs¢years. Both kinds of TeV blazars
with high v-ray luminosity are useful for constraining the EBL and IGMF

The properties of the cascade emission spectrum are theokeynstraining the IGMF. Dai
et al. (2002), Murase et al. (2008) and Takahashi et al. (PfatZsed on the discussion of variable
GeV emission, a byproduct of the cascade emission of thegpyiffeV emission of a rapidly flar-
ing blazar. A similar method has been applied to the emismm ~-ray bursts (Dai & Lu 2002;
Razzaque et al. 2004; Takahashi et al. 2008). For non-\arf@y blazars, such as 1ES 0229+200,
Neronov & Vovk (2010), Tavecchio et al. (2010) and Tavecdial. (2011) considered that the low
energy GeV cascade photons, along the direction of deftgetattron-positron pairs, would not be
included in the point spread function (PSF) of Fermi/LATdaterived the lower limit on the IGMF
strength to be on the order 616 G. In fact, the observed flux at the GeV band consists of the
primary flux and the cascade flux. If the intrinsic spectrumdsso hard, the cascade flux would be
lower than the primary flux, even ignoring the IGMF. Vovk et@012) analyzed the spectral index
of the primary emission and the EBL uncertainty for consiraj the IGMF.

In previous works, it was assumed that the observed TeV pbtpening anglé; of blazars is
much smaller than the electron deflection artgle Here,0; = max(6,0,1/T'5), whered, ¢ is the
initial bulks’ jet angle and" g is the Lorentz factor of the bulk of the blazar. In this cabe,dascade
flux would be effectively diffused due to the deflection ofatten-positron pairs in IGMF. However,
for 6; > 0p, the diffusion of the observed cascade flux would not be &¥fecThis is because alll
of the observed cascade photons are produced by the elguisinon pairs that are emitted from
the angledg. The electron-positron pairs outsiélg would be deflected within the observed angle.
In this case, the suppression of IGMF would be weaker, legitim stronger lower limit of IGMF.

In this paper, we reanalyze the diffusion of an electron ggtedted by IGMF and find that the
cascade photon flux is not significantly affected by the gfiteiof IGMF for non-variable blazars
when the strength of IGMF is so weak that the jet opening-aisglarger than the deflection angle,
as shown in Figure 1 and discussed in the next section. Thushéan a stronger constraint on
the strength of IGMF than previous works, e.g. a lower linfipader 10713 ~ 10~ G for 1ES
0229+200. This result is different from the previous woltkattanalyzed the extended halo and time
delay separately for non-variable blazars (Tavecchio @l0, 2011) and flaring blazars (Takahashi
etal. 2012, 2013). Here, we provide a unified interpretafdorthe time delay and extended halo in
a semi-analytical model. We constrain the IGMF strengtimfimoth the measurement of the SED
and the light curve of TeV blazars. For non-variable hard B&zars, such as 1ES 0229+200, there
are no models that unequivocally explain the recent obtens We constrain the IGMF in a long
range of lifetimes of TeV blazars, by assuming that their T@vinosities are slowly varying during
their lifetimes. We also analyze the VHE flare of 1ES 1218+8842009 January 30. This TeV
blazar has a hard index by considering the EBL absorptiomeyer, the observation of Fermi/LAT
did not show a remarkable flare in the GeV band, which couldXptaed by the suppression of
the IGMF. For 1ES 0229+200, we use the data of three-yeamnaditans of H.E.S.S. (Aharonian
et al. 2007) in the VHE band and the Fermi/LAT observationrfrdanuary 2009 to May 2013.
According to the VHE observations, 1ES 0229+200 shows af&ignt feature associated with non-
variable hard TeV blazars, considering the absorption efEBL. Dermer et al. (2011) obtained
the IGMF lower limit to be of ordet0~'8 G, based on an assumption that TeV emission should be
persistent for at least the past million years. In fact, tWb$E sources are highly variable, with their
TeV flux fluctuates by several orders of magnitude over tirmlescof a few years and less. Murase
et al. (2012) proposed that fast variability should be pomdlin/near the blazar region, while for
no rapid variability, the observed component may come fronexdended jet, such as in the EC
model. For 1ES 1218+304, we analyze the VHE flare on Janu&¥ @8cciari et al. 2010) and use
contemporaneous Fermi/LAT data. Usually, VHE flares aréequgdmmon in many nearby blazars,
such as Mrk 501 and Mrk 421, but the case of 1ES 1218+304 (ifedsk- 0.182) is particularly
interesting since it is a blazar that exhibits unusual\dNAAE spectra considering its redshift. The



2176 Y.P.Yang & Z. G. Dai

Fig.1 A schematic diagram for an electron jet deflected by IGMF. fiiek lines represent the
intrinsic TeV photons, the dashed lines represent the dasekectrons (not including positrons,
because their deflections are symmetrical in IGMF), and tteaa represent the GeV cascade pho-
tons. The gray area represents the deflection ahglé which only the TeV photons could produce
the observed cascade photons. The gray area represenefldwtion angles, (a)0; > 0z, the
photon flux emitted by electron-positron pairs with the samergies does not diffuse by the IGMF,
because all observed cascade photons come from the grayaacethe other electrons outsidg
would be deflected into it for the duration of the jet; ¢h)< 05, the cascade flux would be diffused
by a factor,f; /05, due to the fact that the jet angle of the blazar is diffused@WF to a larger
anglefp.

day-scale flare of 1ES 1218+304 may imply shock acceleratienarios in relativistic jets and in
particular for the viability of kiloparsec-scale jet enmi@sscenarios (Acciari et al. 2010).

This paper is organized as follows. In Section 2, we desdhibephysical process of cascade
emission. In Section 3, we describe the data utilized in piaiger. In Section 4, we present our
numerical results. Section 5 presents some discussionsoatlisions.

2 BLAZARS'S LIFETIMES AND THE IGMF

Primary high-energy-rays are emitted by charged particles via the SSC or EC méxrhaand a
fraction of them can be absorbed in EBL as they travel towiedabserver. Interactions of these
TeV photons with EBL photons lead to the depositioned:~ pairs in the voids, on a scale of
2> 100 Mpc. Thesee™e™ pairs emit secondary-rays via IC scattering off CMB photons. If an
IGMF, which deflects electron and positron paths, is nelglégivhen its strength is less thai2°G,
then the IC photons from the cascade radiation would cartiibo the primary GeVy-ray flux.
Otherwise, if the magnetic field along the path of the casalelopment is strong enough to
deflect the paths of the pairs, the cascade emission appears extended emission around the
initial point source, leading to some low energy cascadegtsothat could not enter the detector’s
PSF. On the other hand, these deflecting paths lead to a loegitcay for cascade photons, which
would change the shape of the observed SED.

At first we summarize the basic physical process of the caseatssion. If primary photons of
energyL,, are absorbed by EBLE! ¢’ 2 2(mec?)?, the resulting:* e~ pairs have Lorentz factors
Yo = E. /2mcc® = 10°(1 + 2)(E,/TeV) wherem, is the electron mass. Due to the absorption of
EBL, this attenuation is above the criticgray energyE” .. ~ 170(1 + 2)~2:38 GeV (Ackermann

crit

et al. 2012). Then the pairs will subsequently Compton scatt the ambient CMB photons. As
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a result, the initial energy of a CMB photod, is upscattered to an average value via IC. In the
observer framey y2¢ ~ 0.63(E./1TeV)? GeV, wheree’ = 2.7(1 + z)kT is the mean energy of
the CMB photons witll" =~ 2.7 K.

Define the flux variation of blazars &s,.. For fast variable blazars, such as 1ES 1218+304, the
duration of a flare is a few days, but some extreme blazarbixtun-variable flux in observations
that span several years, such as 1ES 0229+200. Afteylmllision, relativistic electrons scatter
the CMB photons to the GeV band. The IC cooling timescaleéxtbserver frame is

tic

2
e

Atie = (14 2) ~ 40s(1 + 2) 3(7./10%) 71, (1)
wheret;c is the IC cooling timescale in the source frame ~ 3mecc/(4v.0rUcmp) =~ 7.7 X
1053s(1 + 2)~*(7./10%) L andUcyp = aT* is the CMB energy density. Because of the deflection
effect of the IGMF, these cascade photons would reach obisealter a time delay

/\V762B Mo\ 1 /\weg
Atp (1427522 (1= 5 ) = (14 2) 25, @)
where\¢ = ctic is the IC cooling distance of electron-positron pairs in CMBd0., is the source
emitting anglen = max(1 — 1/7,,,0"), whenr,(E,) — 1 and\,,(E,) — D. Only a few
cascade photons along the line of sight can be observed, astl gascade photons from other
directions would never be detected, thhigg — . 05 is the deflection angle

0 ~ Aic /L if Are < Acoh, 3)
VAcon/A1c Are /11, if Aie > Acons

where .o, characterizes the typical distance over which the magfietat direction makes a no-
table changery, = yemec?/eB =~ 550 Mpc(v./10°)(B/107¥G)~! is the Larmor radius of the
electrons, an@® is the strength of the IGMF. In this paper, we assume the latiova length is larger
thanl Mpc, thatisAic < Acon-

For a blazar flare during,.;, we can treat the cascade photons as a photon shell witmtggsk
ctvar- Because of the time delay effect, at some tinide observed cascade photons from one flare
can be detected in the extended angle rddgef..), where

{ eout(t) = \/M’ (4)

Oin(t) = \/2776(t — tvar)/Ayy -

Here0 < 6in(t) < Oous(t) < max(6;,0p). We assume that; = max(,,0,1/I's) = 0.1rad in
this paper. Note that the photon flux emitted from electroeipon pairs would not be diffused when
0p < 0;, because all the observed cascade photons are emittedHeanmier part of the deflection
anglef g, and the electrons outsidg would be deflected into this observable angle.

For smallz, the pair-production distance,, ~ D/, whereD is the distance from the VHE
source to the Earth, and the optical depth gty photon at an observed enetfy, emitted by a
source at redshift, is given by

2oodl (Y 1—p
T’Y'Y(E’sz)—/o dzlw 71dHT

X / denc(e,2)(1+ 2') %0, (3,2,

th

(5)

wheren. (e, z) = dn(e, z)/de is the specific comoving number density of background photaith
energye at redshift:. The pair-production threshold energyjs = 2(mec?)?/Ey (1—p)(142). 0
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is the cross-section for the— ~ interaction. The parametgt = (1 — ¢}, /e)'/2. dl/dz = c|dt/dz|,
wherel is the proper distance. Thus we can calculate the opticahdeith respect to TeV photons
from cosmological distant sources via the comoving spegpificton number density. (¢, z), as
a function of redshift. This is related to the EBL intensity(v, z) given by the EBL models and
observations, that is

4m
nele) = 7VL,(V, z). (6)

In this paper, we adopt the EBL model reported by Francesehad. (2008). The recent report
of Ackermann et al. (2012) analyzed 150 blazars observe@hyiA_AT, and their detected energies
are above 3GeV, covering a redshift range of 0.03 to 1.6.rAfssuming that, - (E,,z) = b x
T;“;’del(Ev, z), it gave the maximum likelihood values ané confidence ranges for the opacity
scaling factorp = 1.02 + 0.23, for the EBL model of Franceschini et al. (2008).

For ultra-relativistic electrons from &~ collision with the distributiond N, /d~., the time-
dependent scattered photon spectrum can be given by

dNSC max(05,08) / gN, dN, dt
T (t) = de/ S(t— At € ) —df 7
= [ (G w)(dtdw)d@ | ™)

wheredt/df = ~v.mec/eB, corresponding to the differential deflection angteof the electrons
moving during differential timeit in the IGMF, andE?>* is the externally scattered photon energy.
For the variable flux of a blazar flare,

mex(@.08) 4N, AN, .\ dt
St — At € ) 2246
/o < e | B)> ot <dtdE;c> 0
Pone(®) (N, dN,. \ dt
:/ < > < > " (8)
Oin (1) Ve ) gare \dtdESS ) d6

max(05,08) / gN, dN,. \ dt
(). ) G
0 d’}/e continuity dtdE’bYC do

where the total electron spectrum consists of the flare compicthat could be treated as a shell
and the continuous component. For the flare component, dilre tiime delay effect, the observed
cascade flux of the flare component comes from a ring of thedlas. After the flare “trigger,” the
cascade flux from high latitudes gradually grows and reaith@saximum flux at the minimum time
the occurs at the end of the flare afAdg. After the flare ends, the cascade flux from low latitudes
reduces, and finally it terminates on the edgenak(¢;, 6 ). On the other hand, for the continuous
component, i¥; < 6p, the cascade flux would be diffused by a factyr,6z, due to the fact that
the jet angle of the blazar is diffused by IGMF to a larger arfig}, shown in Figure 1. Note that
the diffused deflection angle is proportional@g rather tharg%, since the deflection caused by
the IGMF is in the plane of the magnetic field and the electreloaity. However, ifd; > 6p, the
electron flux with the same energy does not diffuse by the IGGME to all observed cascade photons
coming from thed g emission angle. The single electron spectrum of the IC m®oe(Blumenthal

& Gould 1970),

sc sc2

SC ol sC 2 b
2E7 In (4%26> + B+ dyge — e | 9)

dN,...  wricn(e)de

dtdE® ~ 298 &

which is the spectrum of photons scattered (using the Thomsss-section formula) by an electron
with a Lorentz factor ofy,, and the differential number density of the CMB photon gas is
n(e) = 1 €2
= 7w2(he)3 exp(e/kT) —1°

(10)
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The spectrum of the electron-positron pairs can be evaluasefollows. For a primary fluence
dN., /dE.,, the associated flux of secondary pairs is

dN,
dve

dN.
27777 _ *T’W(Emz):|
dmec iz, [1 e . (12)
Due to the IGMF deflecting the paths of the pairs, the cascatsseon appears as an extended
emission around the initial point source. The observed@tmofrom cascade emission should be
produced at (Dermer et al. 2011)

Ay < Apsk =~ D Opsr/0p, (12)

wherefpgr is the PSF of Fermi/LAT. Only the electrons satisfying thewabequation contribute to
the cascade flux in the PSF of LAT.

3 PRIMARY EMISSION SPECTRUM

In this work, we use the publicly available data of the Fekwil/, contemporaneous with TeV
observations, as mentioned by Sentirk et al. (2013). Veetlis instrument response functions
P7SOURCE_V6 and analyze these data via the Fermi Science Tabi87p1 software package,
adopting the class 2 events. We select photons with endrgitee 0.1 — 300 GeV range for the
analysis. During the spectral fitting, we analyze all thersesi listed in the Fermi two-year catalog
and fit them via the software packagé’ D.,.,ts-v13.1, using the current Galactic diffuse emis-
sion modelyal 2yearp7v6_v0 and the isotropic modeéko_pTv6source in a likelihood analysis. As
pointed out by Senturk et al. (2013), seven cases (RGBQ¥EAL, 1ES 1218+304, PKS 1222+21
(4C +21.35), PKS 1424+240, PKS 2155-304, and two differezasnrements of 3C 66A) were the
VHE data found during the first 27 months that Fermi collectath, and the remainder of the VHE
data were taken before the Fermi mission (Sentirk et 483R0n this paper, we consider two cases,
non-variable extreme blazars, e.g. 1ES 0229+200, anddlatarars, e.g. 1ES 1218+304.

The TeV blazar 1ES 0229+200 & 0.14) was observed with H.E.S.S. in 2005 and 2006, and
with VERITAS (Perkins & VERITAS Collaboration 2010) in 20@®d 2010 (Vovk et al. 2012), and
the VHE flux of the source has been observed to be stable fag than three years, which presently
provides the strongest constraints on the lower limits efltBMF. The observed highest energy is
EL.x = 15 TeV. No evidence for variability of the TeV flux has been repoytalthe observations
give an average TeV flux from this source on timescales Gfyr, though with poor sampling. On
the other hand, correcting the observed TeV spectrum4fabsorption, even by the lowest plausi-
ble level of the EBL, provides evidence for a very hard (phatpectral index',;, < 1.5) intrinsic
source spectrum outto TeV energies, which is contrary t&®@ radiation mechanisii, > 1.5).
One way to overcome this problem could be that there is artiaddl and very hard spectral com-
ponent emerging above the SSC emission at those photonemneBgttcher et al. (2008) proposed
that a component could be produced through CMB photons Gamygiscattering in the extended re-
gion of a blazar jet, and obtained the radiative cooling icadet 4., ~ 750/[('/10)%\/E(TeV)] yr
(Dermer et al. 2011; Bottcher et al. 2008). Such a timesoalg explain the non-variable TeV emis-
sion for 1ES 0229+200. For these non-variable hard TeV bdarnge assume that their TeV luminos-
ity varies slowly during their lifetimes, in which their imsic photon spectral indeX ~ 1.5. 1ES
0229+200 is not in the Fermi two-year catalog. Some papersged upper limits in the LAT band.
In this paper, we use publicly available data over the pefriaeh January 2009 to May 2013, and a
region of interest with a%radius was selected. The light curve did not display an alws/itare, and
the test statistic (TS) value found in the likelihood anaysTS = 31.3.

The TeV blazar 1ES 1218+304 = 0.182) was one of the extreme blazars that exhibits un-
usually hard VHE spectra considering the EBL absorptiomesally, TeV flares are quite common
in many nearby blazars, such as Mrk 501 and Mrk 421. VERITAS devealed a prominent flare
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from 1ES 1218+304, with the flux reachi2g% of the Crab during 2009 January 30 (Acciari et al.
2010). However, the Fermi/LAT data did not show an obviouseflaontemporaneous with TeV
observations (Sentirk et al. 2013). Both high state amdsiate spectra could be described by a
power law. The observed VHE spectral indeX'is- 3 in the high state and the low state, and the
flux of the high state is twice that in the low state. Here, we psblicly available data over the
period from 2008 December 29 to 2009 April 23, which were eomgoraneous with the TeV flare
via the VERITAS observation. We consider a region of inteoé45°, and the TS value found in the
likelihood analysis id['S = 91.4.

In our calculations we consider the suppression of the dasemission by the time delay effects
(Plaga 1995; Dai et al. 2002) and the extended halos (Ner&ridemikoz 2009; Neronov & Vovk
2010) in our unified semi-analytical model. For 1ES 0229+206 TeV emission was observed to
be stable on a timescale of 3 yr, thus the suppression of the cascade flux is led by the exdende
halos. For 1ES 1218+304, a TeV flare appears with a duratienfedv days (Acciari et al. 2010),
so that the time delay effect also makes a contribution tcsthppression of the cascade flux. The
details will be discussed in Section 5.

4 RESULTS

The SED of these TeV blazars found from the LAT data is showetiver with the VHE spectrum
at higher energies. Generally, for extragalactic TeV hiszhe source spectrum in the Fermi/LAT
GeV energy band has two contributions: the primasay emission from the extreme blazar and
the cascade radiation developing in intergalactic spake.different possibilities for which one of
the two components in the spectrum is dominant can be #tesdrfor different intrinsic spectrum
indexes. These extreme blazars exhibit unusually harid&itrpower-law energy specti@y /dE
E~T, after correcting for the cascade absorption by the EBL. &l@r, as pointed out by Acciari
et al. (2010), the measured spectral indi¢gs, of these extreme blazars range from 2.5to 3.1, and
the absorption-corrected spectral indices suggest vedyihainsic spectra in the VHE regime with
I'; < 1.3. Due to the cascade photons mainly being dominantin the G@ lihe assumption of the
intrinsic index would affect the constraint on the IGMF, wéé¢he GeV flux with a harder intrinsic
index needs more contributions from the cascade, leadiagnteaker strength for the IGMF. Both
1ES 0229+200 and 1ES 1218+304 are considered in the sofandgsbe hard case. In the soft case,
the intrinsic GeV spectrum dominates, and in the hard cheesdscade GeV spectrum dominates.

The SED of 1ES 0229+200 found from the LAT data is shown in Fégtitogether with the
H.E.S.S. spectrum at higher energies. We assume that ttiesiotsource spectrum has a high-
energy cutoff atF.,,, = 5TeV, for different intrinsic spectral indices, e.§j. = 1.5 in the soft
case and’ = 1.2 in the hard case. Note that in order to minimize the cascadssem, aimed
at derivation of constraints on the IGMF, we have assumetithigaintrinsic highest energy is the
observed highest energy, .. = 15 TeV.

In the left panel of Figure 2, for the soft case with= 1.5, the main contribution to the
Fermi/LAT GeV flux is given by the primary flux of 1ES 0229+200 sufficiently strong IGMF
would suppress the cascade component. If the IGMF is weh&ai 612 ~ 10~!* G, then the flux
of the cascade emission will be larger than that of the piyneanission. In this soft case, IGMF
with > 10713 G is needed to effectively suppress the cascade emissiontiaive level of the LAT
measurements in the 0.1-300 GeV range. On the other hahd,iBMF is weaker than 10~ 3 G,
then the flux of the cascade emission will be the dominantrimriion to the observed spectrum,
instead of the primary emission of the source in the soft,asshown in the right panel of Figure 2.
If the observed GeV photons mainly come from the cascades@nisthe intrinsic spectrum of the
source has to have a slope harder thar 1.5, the same as in Vovk et al. (2012). Here we assume
I" = 1.2. In order to make the cascade emission consistent with wdisems, we change the strength
of IGMF to fit the observed data, and obtain some allowed ramféGMF strengths in the hard



Constraints on the Intergalactic Magnetic Field 2181

-10.0 T T T T -10.0 T T T T

105k int.spec. ; e HESS ] 105k int.spec. e HESS ]
obs.B=10"°G v FermilLAT —— 0bs.B=10"G v FermilLAT

----0bs.B=10"G [ JFermiLAT | 1oL ----obsB=10"G [ JFermiLAT |

-11.0 |

~~~~~~ 0bs.B=10"°G ------ 0bs.B=10"G

Log(E*dN/dE/(TeV cm?s™))
Log(E*dN/dE/(TeV cm?s™))

log(E/TeV) log(E/TeV)

Fig.2 The GeV-TeV SED for 1ES 0229+200 for different indexkst(panel: T' = 1.5 andright
panel: T' = 1.2) of an intrinsic source spectrum. Lines for different valw# the IGMF strength
represent the sums of the intrinsic spectrum and the camelspgy predicted cascade emission. We
plot the Fermi/LAT data from January 2009 to May 2013. Thedsily plot was fit withT'S = 31.3.

We assume that the duration time of these extreme blazangirlthan 0° yr with the non-variable
intrinsic flux.

-12.00
-11.7

-11.43
-11.14
-10.85
-10.56
-10.27
-9.987
-9.700

O/rad

Log(E/TeV)

Fig.3 The extended halo of the cascade photons for 1ES 0229+20@ifferent values of the
cascade photon energy. We assume that the duration timess# txtreme blazars 197 yr. With
the non-variable intrinsic flux, the IGMF strengthli8—** G and the intrinsic index i§ = 1.5.
This extended halo shows that the cascade photons from kweggy electrons would come from
a larger extended angle. The transparent gray area refgdéberPSF of Fermi/LAT, and we do not
consider the upper limit of flux in this figure. The valuesresponding to different colors indicate
the fraction of the logarithmic intensity emitted in thifléetion angle.

case. On the other hand, the lower limit of the IGMF can alsodestrained by the extended halo
(Neronov & Vovk 2010; Tavecchio et al. 2010; Dolag et al. 2DHere, we also obtain the extended
halo of the cascade photons as shown in Figure 3. Note thafr#lyearea is limited by the PSF of
Fermi/LAT, and the upper limit of the Fermi/LAT is only codsired in the SEDs. In fact, all the
data are the upper limits of the GeV band, thus the extendied $tzown in Figure 3, could not be

imaged by Fermi/LAT.
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Fig.4 The GeV-TeV SED for 1ES 1218+304 for different strengthshaf tGMF with intrinsic
indexT" = 1.76. Lines for different values of the IGMF strength represém $ums of the intrin-
sic spectrum and the corresponding predicted cascadeiemi¥ge plot the Fermi/LAT data from
December 2008 to April 2009. The butterfly plot was fit WitS = 91.4. This result represents the
suppression of the IGMF. The time delay effect changes tHe &@&n 10~ '® ~ 1072° G and the
extended halo effect changes the SED frin* ~ 10~ 1G.
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Fig.5 The GeV-TeV SED for 1ES 1218+304 for a different strengthhaf IGMF with intrinsic
indexI" = 1.5. Lines for different observed times represent the sumsefrtrinsic spectrum and
the corresponding predicted cascade emission. We plotaimifEAT data from December 2008 to
April 2009. The butterfly plot is fit withi['S = 91.4. Left panel: the strength of IGMF i40~® G.
Right panel: the strength of IGMF id0~%° G.

For 1ES 1218+304, the SED is found from the LAT data over thimdeeontemporaneous with
the VERITAS observations. We calculate the time-averaded 8om MJD 54829 to MJD 54944,
shown in Figure 4. The suppression of the IGMF could congistvo components: the flux of the
flare, from10~'% ~ 10720 G, and the flux of the nonflare state, fram—'* ~ 10~'6 G. The details
are discussed in Section 5. After assuming the index of thie $tate is equal to that in the low state,
we can calculate the SED at different times, shown in Figy@n8l the integral flux, obtaining the
light curve shown in Figure 6 and Figure 7. Figure 5 shows HoevSEDs evolve during the high
state of this flare for different IGMF strengths after assugrthat the index of the intrinsic spectrum



Constraints on the Intergalactic Magnetic Field 2183

8.00E-011 T T 80x10° T T
® FermilAT
" VERITAS B=10%G: I,,,~1.5

i Fiting LN —intlc.
& 600011 & 60071 ——sca.lc. 1
5 E — btlc.
1%} w0
c c —
L2 £
2 400e-011 2 soxi0*t 1
= =
3 3
é 2.00E-011 §> 20x10° |- 1
A v ——
: s J g

0.00E +000 00 L

54855 54860 54865 54870 54855 54860 54865 54870
MID MID

Fig. 6 Left panel: the light curve of VERITAS for 1ES 1218+304 from MJD54855MdD54870.
The observed data represent the integrated flux above 200TGe\flux variations for the flare can
be described by an exponential functiesp(— | ¢t — MJD54861.3 | /1day). Right panel: the
light curve for 1ES 1218+304 for IGMF strengif® = 10~ 2° G. Fermi/LAT data represent the
integral flux from 0.1 GeV to 300 GeV, and the intrinsic indeX'i= 1.5. The solid line represents
the intrinsic GeV light curve. The red line represents thecade GeV light curve. The blue line
represents the total GeV light curve. The strength of the Fd$too low for the light curve of the
cascade photons to show the time delay effect.
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Fig. 7 Left pandl: same as Figure 6 but fot = 1.76 andB = 10~ 2° G. Right panel: same as Figure
6 butforl' = 1.5 andB = 10~ G.

did not change. The GeV flux would be larger than that in theaye state, but as the event rate is
low over the period, we cannot exactly obtain the high statedbserved by Fermi/LAT. As shown
in the left panel of Figure 7, if the strength of the IGMF is lmthan10~2° G and the SED is
soft (" 2 1.76), the cascade flux could be ignored, so that the observeddlmainly equal to the
primary flux. However, if the strength of IGMF is almost zeralghe SED is hardl{ < 1.5), then
the cascade flux plays the same role in the primary flux, as showhe right panel of Figure 6.
Alternately, if the strength of the IGMF is larger tha6—2° G and the SED is hard( < 1.5), the
time delay effect of the cascade flux would become obvious.

5 DISCUSSIONS AND CONCLUSIONS

Both the time delay and extended halo contribute to supjoess$ the cascade emission. For non-
variable TeV sources, we need not consider the time delagtdfecause the extended halo leads to a
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cascade flux lower than that in a zero magnetic field situaG@mpared to Tavecchio et al. (2010);
Dermer et al. (2011), we give a larger lower limit for the IGMf the order ofB > 10713 ~
10~1* G after considering the diffusion of electron flux. As showrFigure 1, here we emphasize
that the cascade photons emitted from electron-positroa péth the same energies do not diffuse
by the IGMF wherd; > 6, because all observed cascade photons come frorfigramission
angle, and the other electrons outséigewould be deflected into it for the duration of the flare; that
is, the cascade flux would not be effectively diffused. Hoereif 6, < 63, the cascade flux would
be diffused by a facto#); /6, due to the fact that the jet angle of the blazar is diffuset3iMF to a
larger angléz. Note that the diffused deflection angle is proportiondltaather thard?, since the
deflection caused by the IGMF is in the plane of the magnetid &ad the electron velocity. Note
that we assume that the primary luminosity has a uniform Emglistribution, or more accurately, it
should be multiplied by a factor @f for the integrated flux, wher&is the beaming Doppler factor
of the blazar.

Generally, the suppression of the cascade flux caused byME& Ihas two components: The
first one is the flare flux suppression. Due to the time delaly, e cascade photons in the ob-
served time could be detected (Dai et al. 2002; Fan et al.)2@d4 the recent works also report
the constraint on the IGMF via a flare that lasts several days from a TeV blazar, such as Mrk
501 (Takahashi et al. 2012) and Mrk 421(Takahashi et al. 0¥ second one is the stable flux
suppression caused by the extended halo. The non-variebdere blazar 1ES 0229+200 gives the
strongest constraints (Neronov & Vovk 2010; Tavecchio eR@l0; Vovk et al. 2012; Dolag et al.
2011). In this paper, we described a unified interpretatioritfe time delay and extended halo in a
semi-analytical model, and obtained a stronger constrainthe order ofl0~'3 ~ 10~!* G, after
considering the electron flux diffusion. In order to make i@fuiscussion, here we assume that the
non-variable flux of 1ES 0229+200 is observed during a higteghat lasts 100 days As shown in
Figure 8 during the flare period, there are two contributjding first one changes the cascade flux
from10~16 ~ 10~ !® G and the second one changes it beldw '*> G. On the other hand, during the
low state period after the flare, the suppression of the flakaiglnot so obvious, so only the second
one should be considered. Due to the time delay, the casaad&din the halo at high latitudes
gradually grows after the flare “trigger” and reaches its imasn flux at the minimum time of the
end of the flare and\t 5, and after the flare, the cascade flux from low latitudes reglLend finally
it terminates on the edge of the extended halo, as shown uré-&

As pointed out by Vovk et al. (2012), we also emphasize trattnstraint on the IGMF is in the
“Breur — ' — EBL” parameter space, which is determined by the intrinsic erigs of extreme
blazars. If the intrinsic index of the GeV flux is hard, 1.5, then the flux of the cascade emission
will be the dominant contribution to the observed spectrinstead of source primary emission in
the soft case. In fact, we could not distinguish between éseade photons and the intrinsic photons
from the observed GeV flux, but the simultaneity of the VHEaations and the HE observation
would help us to understand the composition of the GeV flux tdude time delay shown in the
light curves. For most GeV flares observed by Fermi/LAT with@eV observations, one way to
analyze the IGMF is calculating the time delay for differenergy channels via the autocorrelation,
which would be more direct evidence of the time delay. In thesfcase, if the intrinsic SED is soft
(' = 1.76 for 1ES 1218+304), the observed GeV flux is much less thanntnmsic flux so that
the total flux would be variable contemporaneous with the \ldk, without an obvious time delay
effect. However, in the hard cask & 1.5), the cascade flux would be larger than the intrinsic flux.
In order to fit the observed GeV flux, the cascade componentidho® suppressed by the IGMF,
on an order of> 10~ '8 G. If the strength of the IGMF is larger, the suppression ofdhscade flux
would be led by the extended halo effect.

For these extreme blazars, the EC model (Bottcher et aB)2®(lains well their hard TeV in-
dexes and non-variable fluxes that last a few years. Howéveg,could find the TeV flux evolution
from high state to low state or a flare, then the Fermi/LAT obestions would give us a better chance
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Fig. 8 The light curve of the cascade energy flux for 1ES 0229+20@iftarent values of the IGMF
strength. We assume that the high state with non-variablddiuithese extreme blazars is 100 days,
and the intrinsic index i§' = 1.5. The cascade energy flux is integrated from 0.1 GeV to 300 GeV.
This result also represents the suppression of the IGMFtimith delay and extended halo.
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Fig. 9 The extended halo of the cascade photons for 1ES 0229+2d(ffment values of energy for
the cascade photon. We assume that the duration time of ékeene blazars is 100 days with the
non-variable intrinsic flux. The IGMF strength 1978 G and the intrinsic index i§ = 1.5. The
values corresponding to different colors indicate thetfomcof the logarithmic intensity emitted
in this deflection angleLeft panel: the observed time is assumed to be 50 d&yght panel: the
observed time is 150 days.

to study the IGMF. On the other hand, the proton-inducedgatlectic cascade emission could also
be responsible for the observed hard TeV emission (Esséy28t1d); Essey & Kusenko 2010; Essey
et al. 2011), which is different from the physical procescdssed in this paper.

Our results are only valid for a large correlation lengi.f, > 1Mpc) of the IGMF. For

Acoh < 1 Mpc, which scales approximately a\g_olh/ ? as illustrated in Equation (3), because electron-
positron pairs would randomly walk through the IGMF domaamsl the deflection angle would
become smaller, a larger cascade flux and a more stringeat lowit on IGMF would appear.
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