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Abstract. VHE y-rays from distant blazars several hundred Mpc away arausted through pair
production interactions on extragalactic backgroundtligBL). Subsequent to their generation,
electron/positron pairs proceed to prodyeeys through IC interactions leading to the develop-
ment of an electromagnetic (EM) cascade. Due to the defteofitYHE cascade electrons by extra-
galactic magnetic fields (EGMF), the spectral shape of thiigiag y-ray emission is dependent on
the strength of the EGMF. The GeV-TeV spectral shape of bédzas, thus, the potential to probe
the EGMF strength along the line of sight to the object. Fausn the specific example cases of
the blazar 1ES 0229+200 and PKS 2155-304, bounds on the E@6bsained using both the
spectral and angular observational information from tleséhtwo blazars.
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1. INTRODUCTION

Magnetic fields in galaxies and galaxy clusters play a key impresent day astrophys-
ical studies. However, the origin of these fields remaingdrunknown (see [1, 2, 3, 4]

for reviews). The current working hypothesis, howeverhat relatively strong galactic

and cluster magnetic fields result from the amplification efchhnweaker pre-existing

“seed” fields via compression and turbulence/dynamo arogtitin in the course of the

structure formation process [5]. The present uncertamtye strength of these extra-
galactic magnetic fields remains significant.

In this proceeding we investigate a promising new probe@gttiragalactic magnetic
field (EGMF) utilising the phenomena of electromagnetic {Eddscades. Focusing
specifically on two architypal blazars as examples, theggnand spatial distribution
of their very high energy-ray emission is analysed. The results from this analysis is
used to derive interesting new constraints on the EGMF, lwpr@or to the use of this
effect had been left almost wholly unconstrained.

The layout of this proceedings is the following. In sectioraZzummary of the
observational status of the EGMF is briefly reviewed. Inis&c8 a description of the
physics behind EM cascades in discussed. Following thisnpliied “2 generation”
model of these cascades which incorporates the key physiiscussed in section 4.
In section 5.1, the spectral shape of the blazar 1ES 0229i280alysed to look for
evidence of cascade spectrum signatures in the SED. Lastgction 5.2, the angular
profile of the blazar PKS 2155-304 is studied to look for emitkeof angular broadening
by the EGMF. A summary of our conclusions are given in sediion
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FIGURE 1. A Ag-B diagram showing the regions of EGMF parameter space extlogepresent
observational constraints. The white regions in the plghlight the regions still allowed whilst the blue
regions highlight those that are excluded.

2. EXTRAGALACTIC MAGNETIC FIELDS

The measurement of extremely weak magnetic fields in thesvoidhe Large Scale
Structure (LSS) is a challenging task and up until recently apper bounds have been
derivable using various techniques. Of these technighegightest upper bounds come
from the search for the Faraday rotation of polarised radigsgion from distant quasars
[6, 7, 8] and from the effect of magnetic fields on the anigogrof Cosmic Microwave
Background radiation [9, 10]. A plot summarising the obseoveal status of the EGMF
from the discussion above is provided in Fig. 1.

However, in recent years a new handle on the EGMF, using theada emission
from blazars, has started to emerge as an alternative drotheés method, multi-Te\W-
rays from distant¥ 100 Mpc) blazars attenuate through pair production inteéyas on
the extragalactic background light (EBL), and lead to theettgyment of EM cascades
[11, 12, 13, 14, 15, 16, 17, 18, 19]. The energy spectrum aliiffeyent lines of sight to
the blazar produced by the secondary casedde pairs deposited in the intergalactic
medium through pair production interactions depends orE@B®F strength. The de-
tection (non-detection) of the cascade emission signat known TeVy-ray emitting
blazars could result in the measurement of (lower bound lomstrength of magnetic
field pervading intergalactic space along the line of sightard these blazars. The first
application of this new method for deriving lower bounds ba EGMF have been car-
ried out [20, 21, 22, 23], suggesting that a measure of the EGMYy finally soon be
within reach.



An important ingredient in these calculations is the levad apectral shape of the
EBL. The uncertainty in this quantity, however, is consitidyamaller than that of the
EGMF. As a fiducial model, we adopt the spectral shape of théetout forward in
ref. [24], altering the normalisation of this model in orderinvestigate the subsequent
effect this has on the EGMF bound obtained.

As well as altering the energy spectrum of particles in an Ed¥cade, the presence
of the EGMF can also effect the angular profile of the cascélde.charged component
in the cascade respond to the presence of the EGMF and gyoatedathe field lines.
Since the particles subsequently pass their energy bapktiten population, the overall
cascade subsequently becomes broader, an effect whicargyahependent.

3. ELECTROMAGNETIC CASCADES

Frequently, for EBL studies, the assumption that the mudi-J-ray flux from distant
blazars is attenuated following the simple relation,

ﬁ/ — —T X %’
dEVarr dEVsource

wheredN,/dE, describes thg-ray flux andr is they-ray photon optical depth between
the source and Earth.

This simple attenuation expression, however, is only apple if the subsequent en-
ergy flux, once passed on to the electron/positron pairspeasafely neglected there-
after. Though this is expected to be the case for sufficietttyng EGMF, which would
sweep the low energy electrons out of the line of sight, mereegally such an assump-
tion is unjustified. Indeed for weak EGMFs, the energy fluxspasonto the electrons
(and positrons) will continue to propagate in the forwangdiion, and may thus pro-
ceed to feed back into theray population through IC interactions. Consequently, for
the general case of weak EGMF values, a pair of coupled difteal equations describ-
ing both the photon and electron populations must be coresidef the form

1)

dNV(EY) + NV(EV> Ne(Ee)

dt Tyy B Tey @
dNe(Ee) n Ne(Ee) _ Ny(Ey) n Ne(Ee) 3)
dt Tey Tyy Tey

The frequency with which very high energy (VHE) electronsl ginotons interact
with the background radiation fields is dictated by the cspoading cross-sections for
these two processes shown in Fig. 2. From this plot two distanter-of-mass regions

are observed to exist for EM cascade development. Well alhwogshold 1h/‘2/2mec2 =

1) the IC and pair-production cross-sections start to hageseame functional form
and for the same center-of-mass energy?j their respective normalisations are only
separated by a factor of two in value. Below threshold, howewe pair-production
process switches off and the IC cross-section asymptoti® tdhomson cross-section
value.
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FIGURE 2. The inverse Compton and pair production cross-sectionspgpte for very high electron
and photon propagation respectively.

Considering the two center-of-mass regions, above and kel@shold, the develop-
ment of an EM cascade can be explained through a simple 2nregoalel. Assuming
that the photons which initiate the cascade are well abaesiiold, the center-of-mass
energies probed by the proceeding cascade particlesr(@ecind photons) lie to the

right of s.tlh/z/Zmecz =1 in Fig. 2. However, as the number of particles in the cascade
increases, the energy per particle decreases (energy filgx the conserved quantity).
Eventually, the photons start to interact close to threkshenhd the subsequent electrons

(and positrons) produced begin to probe the cross-secé 1h/ 2/2mec2 =1. The
IC photons produced by these electrons now have insufficenter-of-mass energy
to pair-create, and the energy flux in the cascade is pass&doyahe electrons (and
positrons) to photons.

In order to track the development of the photon and electrgoulations for the
calculations carried out in this work, we employ a Monte-Gatéscription of the EM
cascade development in order to determine the arrivingigpebserved for the case of
a given strength EGMF (see [25] for more details). For thedeutations, the shape of
the EBL spectrum was assumed to follow that derived by [24]lenthe normalization
of the EBL was left free in order that the dependence of the E®bInd on the EBL
normalisation could be investigated. With regards the adisation range probed in this
work, a lower bound on the normalization of the EBL from theedirsource counts (as
summarized by [26]) i~ 15% lower than the normalization of the EBL model of [24].
Recent analysis of GeV to TeV spectra of sevearal blazarg)([BR@wever, suggested
that the EBL level is somewhat higher, reachin@0% of the EBL model of [24] at the
20 confidance level. In this work we thus scanned over the EBL absation in the
range 0.85-1.6.

In our calculaitons for obtaining a bound on the EGMF stringte consider sup-
pression of the cascade emission by the time delay of thadasignal ([12]). The TeV



FIGURE 3. A depiction of the “2 generation” model, taken from [28].

y-ray emission from the source (1ES 0229+200) is observect tstdble on the time
scale of> 3 yr, from the initial HESS observations of the source ([2Bl]jhe recent re-

observation by the Veritas telescope ([30]). We thus adgpalility timescale of 3 yrs
for the blazar in our EGMF bound calculations.

We note, however, that an alternative possibility for thpmassion of the cascade
flux is that the suppression comes about from the cascadsiemizecoming extended
in nature. As was discussed in [25, 31], such a possibiliguires stronger EGMF
values (by about 2 orders of magnitude) than those requaratié temporal suppression
effect. Interestingly, such a scenario would itself alspiimt a unique signature on the
observed cascade through a dependence of the angularientefshe blazar on the
y-ray energy. In this way a search for such a signature in tgelaninformation from
the blazar may be used to constrain the EGMF strength inexrdiit region of parameter
space to that probed by the temporal suppression effeaistied previously.

4. SSIMPLIFIED 2 GENERATION MODEL

The Monte Carlo description of EM cascades through a nongitdgiEGMF described
in the previous section provides a complete descriptiohesé phenomenon. However,
in anticipation of the benefits provided by a simplified pretto facilitate an under-
standing of the results obtained from the Monte Carlo, a cemphtary analytic model
encapsulating the essence of the Monte Carlo descriptiautlised below.

For such a toy model, we discuss here a simplified “2 generatiascade, in which
primary VHE photons interact close to threshold with EBL mms, producing sec-
ondary electron/positron pairs which themselves intendttt CMB photons generating
secondary photons which can contaminate the primary beadiagkam depicting this
simplified set-up is shown in Fig. 3, in which the blazar is ba far left of the image
and the observer is on the far right.

Using Fig. 3, a useful expression for the typical secondangidelay that cascade
photons can be expected to arrive with relative to that ofpiti@ary photons may be
derived,

d
tdelay ~ 52 (_y) ) (4)

c

for dg > d, and & < 1. Sinced ~ ct§®!/Riamon it follows thatd 0 Eg2 O E, ..
Numerical verification of this dependency, obtained by ihaliaation of the full Monte
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FIGURE 4. \Verification of relation (4) for the case a blazar at redghift3. This result has been taken
from [25].

Carlo description, is shown in Fig. 4. An understanding o tihe-delay effect will be
of benefit for the proceeding section.

5. RESULTS

5.1. 1ES 0229+200

Constraints on the intrinsic slope of the spectra of blazarshe obtained from the
observations by the Fermi Large Area Telescope (LAT) ([#2ihe energy band below
~ 100 GeV, where the effect of absorption on the EBL becomesgiklgl. However,
the blazars used for the derivation of constraints on the ElLcharacterized by hard
spectra, which makes it difficult to observe their flux beld@15eV. In fact, the blazar
1ES 0229+200, which provides the tightest constraints erfeBL ([29]) was not listed
in the two-year exposure catalogue of sources detected BY([38]), with only upper
limits on the source flux derived from the LAT data ([20, 25hdaa weak detection
reported by [27].

The blazar 1ES 0229+200, however, was eventually detectedAd in the 1-
300 GeV energy band with a significance’/o after three years of exposure. The test
statistics (TS) value found in the likelihood analysis W&&—= 45. Modeling the source
spectrum as a powerlaw we find the slope of the specfruail.36+ 0.25 and normal-
ization at 20 GeM1.4+0.5) x 1071 (MeV-cn?-sec)* (at the 68% confidence level).
The spectrum of the source found from the LAT data is showngn3~together with the
HESS spectrum at higher energies. The source was not ditaeslimv~ 3 GeV, with
only an upper limit on the source flux being derived in thisrggdoand.

Employing our simplified “2 generation” picture discussedsection 4, the source
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FIGURE 5. Left-hand panel: the GeV-TeV SED under the assumption offa(§o= 1.5) intrinsic
source spectrum. Right-hand panel: the GeV-TeV SED uné@esdhumption of a hardl (< 1.2) intrinsic
source spectrum. In both cases the Fermi/LAT flux “butteriifbwn corresponds to the 68% confindence
region. These results have been taken from [34].

spectrum in the 3-300 GeV energy band can have two possihtelmations: the direct
y-ray signal from the primary source and emission from the Egcade developing in
the IGM. It is not clear a-priori if the measured spectrapslpoconsistent witli ~ 1.5,
characterizes the intrinsic source spectrum, the spectrfuthe cascade component,
or comprises an average spectrum of the two (similar in gtigrcontributions. The
different possibilities for the dominance of one of the tvaonponents in the spectrum
are illustrated in the two panels of Fig. 5. In both models wsuae that the intrinsic
source spectrum has a high-energy cut-ofEgt = 5 TeV. It was shown by [25], that
this choice minimizes the strength of the cascade contobuh the Fermi/LAT energy
band.

In the left-hand panel of Fig. 5 the main contribution to th8® GeV source flux
is given by the direct flux of the primary source, shown by thi& solid line. This
Is possible only if the cascade component is suppressedebintinence of a strong
enough EGMF. If the EGMF is negligible, the flux of the cascadenponent (thick
solid line) will largely dominate over the direct emissianthis energy range. Strong
EGMF (> 10 17 G) is needed to sufficiently suppress the cascade emissiom ticthe
level of the errorbars of the LAT measurements in the 3-300 age.

If the EGMF is weaker thanv 3 x 1018 G, the cascade emission provides the
dominant contribution to the source spectrum, as is ilistt in the right-hand panel of
Fig. 5. The only possibility to make the LAT measurement cstest with observations
is to assume that the intrinsic spectrum of the primary sohas a slope harder than
I = 1.5. The hardness of the intrinsic source spectrum dependsedB@MF strength.
For the particular example shown in the right-hand paneligf B, the assumption
that the EGMF strengtB < 3 x 10718 G imposes a constraint on the intrinsic source
spectruml” < 1.2. In fact, if the intrinsic source spectrum is still hardée intrinsic
source flux contribution to the 3-300 GeV band flux becomedigibie and the flux is
completely dominated by the cascade emission.

The overall normalization of the cascade emission is detertnby the density of
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FIGURE 6. GeV-TeV SED under the assumption of a sdft=£ 1.5) intrinsic spectrum for different
EBL normalisations. The reference EBL scale is that of [Z4is result has been taken from [34].

the EBL. An increase of the EBL density leads to stronger abisorpf multi-TeV
y-rays and, consequently, to stronger cascade emissiorheloantrary, reducing the
EBL normalization down to the level of the lower bound from theect source counts
opens up the possibility of a somewhat weaker EGMF, down 18 G. The effect

of changing the EBL normalization is illustrated in Fig. 6.tlis figure a spectral slope

of I = 1.5 and EGMF of 10 G have been adopted, and the level of EBL has been
altered.

The maximal normalization of the EBL which can still be cotesis with the data
depends on the EGMF strength. Too strong an EBL can resultarga bver-prediction
of the strength of the cascade emission, even after takinguotount the suppression of
this emission by the EGMF effects. Thus, the upper bound elBMF derivable from
the y-ray observations of 1ES 0229+200 is strongly EBL dependent.

The EGMF dependent EBL upper bound is shown in Fig. 7 in whiehhatched
region depicts the excluded region found in this work. The &xclusion fronts shown
are for the 99.7% and the 95% C.L respectively (from left tdiigOne can see from
this figure that for EGMF strengti® ~ 10~/ G the upper bound sits at the level of
[24]. If the EGMF is at the level of- 1071° G, the allowed EBL normalization is by a
factor of 2 higher than that of the [24] and [26] models.

An asymptotic trend of the exclusion boundary is noted touodor strong ¢
10~17 G) EGMF values, as can be seen in Fig. 7. The origin of thisdtneay be
understood through an application of the “2 generation” ehagscribed in section 4.
As was mentioned in section 3, our bound on the EGMF follownfrihe observed
constraint that the blazar is approximately steady on a Bngdcale. An expression for
the dependence of this time delaydyandd was given in eqn (4). Thus, the time delay
depends both on the EGMF and EBL strengths, and for a givendatay a stronger
EBL requires a stronger EGMF. This (qualitatively at leas@plains the asymptotic
nature of the bound for strong EGMFs.
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FIGURE 7. An EBL normalisation/EGMF strength exclusion plot. Theareince EBL scale is that of
[24]. The two exclusion bands, from left to right, are for 8%7% and 95% C.L. respectively. This result
has been taken from [34].

5.2. PKS2155-304

One of the brightest known blazars, PKS 2155-304 has beeenad in the>
300 GeV range by the HESS Cherenkov telescope array for mare dhtotal of
150 hours. Such a large accumulationyafays from one particular blazar provides an
ideal opportunity for angular distribution studies.

Employing the simplified “2 generation” model discussedent®n 4, the degree of
angular spread expected to be introduced via the presemmnaiegligible EGMF is,

E- \°/ B
~ | ~ o €
d =~ ctg®/Riarmor~ 0.3 (m) (m) : (5)

This estimated value for the deflection, in fact, agrees wely with the more detailed
Monte Carlo result. This result indicates that for Cherenladdcopes with an angular
resolution of~ 0.1°, EGMF strengths in the fG range can be expected to be prabeabl
through angular broadening studies.

Utilising our Monte Carlo description of EM cascades devetbm [25], the expected
angular profile of the cascade emission from PKS 2155-304etesmined for different
EGMF strengths.

In Fig. 8 the 03 — 1 TeV angular profiles of the resultant beam broadeneddasc
are shown for the case of PKS 2155-304. As seen from this figieelarge number
of statistics available for PKS 2155-304 provide some thsicration power for EGMF
constraints to be made from the angular information.

For this object, a significant cascade contribution restdta the required high energy
cutoff for which a conservative value of 10 TeV was adoptaditiermore, a relatively
soft spectral index of = 1.8 was used in order to find consistency with recent Fermi
measurements and at the same time minimise the energy flestedj into the EM
cascade. For this case, the beam broadening introducedlthy diestrength 10 G
or a factor of a few stronger is in conflict with the H.E.S.S asgrements, at the 99.5%
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FIGURE 8. The angular profile of the blazar PKS 2155-304 observed dwilow-state by the HESS
Cherenkov telescope array. Due to the strong energy depeedé electrons in an EM cascade, opty
rays in 300 GeV-1 TeV band have been selected. The lines shmwihe MC calculated angular profiles
of EM y-rays expected for their respective EGMF strengths, assymtoherence lengths of 1 Mpc.

C.L. However, for sufficiently strong fields; 3 x 101° G, the cascade component
becomes significantly reduced by spatial suppressiontsffeach that it sits below the
level of that expected from the direct emission componerducing the subsequent
angular spreading back to that of the H.E.S.S. PSF. Thusguke angular profile of
the blazar PKS 2155-304, an EGMF in the range 3x 10~ 1° G is excluded at the
99.5% C.L. We note that for a larger cutoff energy than the envaive value considered
here, the range of excluded EGMF would be a few times larger.

6. CONCLUSION

Our knowledge as the presence of the EGMF remains a highlynstiained domain in
astrophysics, as indicated by Fig. 1. Only in recent yearsugh the development of
ground-based and space-bagewy astrophysics has new light begun to be shed onto
this long standing problem.

For very high energy-ray photons produced by AGN several hundred Mpc away,
the extragalactic space between these blazars and Eagtidally thick. EBL photons
pervading this space provide the dominant target and hitiepropagation of multi-
TeV photons through pair production interactions.

For the case in which no significant EGMF fields exists, theodiesd component of
the injected spectrum photons, through their pair prodaatiteractions with EBL pho-
tons, is reprocessed through the development of an EM casieemligh the repetition of
pair production and inverse Compton scattering interastidihe development of such
a cascade leads to the production a relatively flat (when inetlve energy flux repre-
sentation) spectrum at energies below 200 GeV. Examplegisyhis result are shown
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FIGURE 9. An updated version of thég-B diagram showing the excluded EGMF regions subsequent
to these blazar studies. The white regions in the plot tghiilthe regions still allowed whilst the blue
regions highlight those that are excluded. The additionaéig regions indicate the new excluded regions
following the electromagnetic cascade studies carriednothis work.

as theB = 0 G line in both plots of Fig. 5. The observation of blazars sdepectra
show little evidence of a cutoff up to the highest energiewlath they are observed,
therefore, suggest the EGMF present exists at a non-nielgliggvel. At such values,
the EGMF can lead to an energy dependent broadening of tired jet beam. With the
lower energy cascade electrons being more strongly dedlégtéhe EGMF, this beam
broadening is largest for these electrons. Through thacgtign of theoretical EM cas-
cade models to the particular blazar 1ES 0229+200, an EGKRgih stronger than
10~17 G is suggested to be necessary in order to prevent conflibtheith theHESS
andFermi blazar flux measurements, as has been noted previously]in [25

Furthermore, following a relaxation of the EBL normalisatiput into this calcula-
tion, the excluded EGMF strength was found to vary signifigaA lower (higher) EBL
normalisation lead to a reduced (increased) EGMF constrEough all EBL normal-
isations within the range best motivated by recent obsensiallow the EGMF to be
bound, reducing the EBL normalisation by a factor of 0.85 eatuce the bound on the
EGMF down to 1018 G, as shown in Fig 7.

Such considerations provide new insights into the EGMF aatilice dramatically
the availableAg — B parameter space. However, our limited knowledge in the teaip
activity of these blazars to only the past several yeargsbueestricts the use of spectral
information in inferring EGMF constraints due to time de&ffects.

Time delay limitations, however, do not plague angular prafivestigations, for
which ~300 GeV y-rays can allow an EGMF probe two orders of magnitude below



those reachable by spectral studies. In this way, the @ngrmprovided by the angular
profile studies of blazars offer a complimentary new prolie the EGMF. We inves-
tigate whether signatures of blazar angular broadeningt &éxi the particular case of
PKS 2155-304, the blazar for which the highest number of@ieare presently avail-
able. Preliminary results from this study indicate that adeiw in theAg — B parameter
space is excluded by the lack of any angular broadeningrieatuhese energies. A plot
summarising our new bounds on the EGMF utilising EM cascéaes two architypal
blazars is shown in Fig. 9.
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