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ABSTRACT

Context. Very-high-energy (VHE; E > 100 GeV) y-ray emission from blazars inevitably gives rise to electron-positron pair production through
the interaction of these y-rays with the extragalactic background light (EBL). Depending on the magnetic fields in the proximity of the source, the
cascade initiated from pair production can result in either an isotropic halo around an initially beamed source or a magnetically broadened cascade
flux.

Aims. Both extended pair-halo (PH) and magnetically broadened cascade (MBC) emission from regions surrounding the blazars 1ES 1101-232,
1ES 02294200, and PKS 2155-304 were searched for using VHE y-ray data taken with the High Energy Stereoscopic System (H.E.S.S.) and
high-energy (HE; 100 MeV < E < 100 GeV) y-ray data with the Fermi Large Area Telescope (LAT).

Methods. By comparing the angular distributions of the reconstructed y-ray events to the angular profiles calculated from detailed theoretical
models, the presence of PH and MBC was investigated.

Results. Upper limits on the extended emission around 1ES 1101-232, 1ES 0229+200, and PKS 2155-304 are found to be at a level of a few
per cent of the Crab nebula flux above 1 TeV, depending on the assumed photon index of the cascade emission. Assuming strong extra-Galactic
magnetic field (EGMF) values, >107'2 G, this limits the production of pair haloes developing from electromagnetic cascades. For weaker magnetic
fields, in which electromagnetic cascades would result in MBCs, EGMF strengths in the range (0.3—3) x10~!° G were excluded for PKS 2155-304
at the 99% confidence level, under the assumption of a 1 Mpc coherence length.

Key words. gamma rays: galaxies — galaxies: magnetic fields — intergalactic medium — BL Lacertae objects: individual: PKS 2155-304 —
BL Lacertae objects: individual: 1ES 1101-232 — BL Lacertae objects: individual: 1ES 0229+200
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1. Introduction

About 50 active galactic nuclei'(AGN) with redshifts ranging
from 0.002 to 0.6 have so far been detected in very-high-energy
(VHE; E > 100 GeV) y-rays. Significant emission beyond TeV
energies has been measured for half of them. The spectra of
such TeV-bright AGN with redshifts beyond z ~ 0.1 are sig-
nificantly affected by the extragalactic background light (EBL;
Nikishov 1962; Jelley 1966; Gould & Schréder 1966), with the
y-rays from these sources interacting with the EBL and generat-
ing electron-positron pairs. The pairs produced, in turn, are de-
flected by the extra-Galactic magnetic field (EGMF) and cooled
by interacting both with the EGMF via the synchrotron effect
and with the cosmic microwave background (CMB) via the in-
verse Compton (IC) effect. Thus, cascades can develop under
certain conditions, with the emerging high-energy photons be-
ing unique carriers of information about both the EBL (Stecker
& de Jager 1993) and EGMF (Neronov & Semikoz 2009).

Should the electron-positron pairs pass the bulk of their en-
ergy into the background plasma through the growth of plasma
instabilities (Broderick et al. 2012), a high-energy probe of the
EGMF could be invalidated. The growth rate of such instabili-
ties, however, remains unclear and is under debate (Schlickeiser
et al. 2012; Miniati & Elyiv 2013). This work is conducted under
the premise that the IC cooling channel of the pairs dominates
any plasma cooling effects.

The strength of the EGMF has a major impact on the devel-
opment of the cascades. To explain its effects, three regimes of
EGMF strength are introduced in Table 1. For strong magnetic
fields (>10~7 G, regime I), synchrotron cooling of pair-produced
electrons becomes non-negligible, suppressing the production of
secondary y-rays (Gould & Rephaeli 1978). For such a scenario,
the observed, Jops,, and intrinsic, Jy, y-ray fluxes are related
as Jops.(E) = Jo(E) exp[—7y,(E, 2)]. Here, 7,,(E, z) is the pair-
production optical depth, which depends on the photon energy
E and the redshift of the source z, as well as on the level of the
EBL flux F(4, z), where A is the EBL wavelength.

A weaker EGMF assumption removes the simple relation be-
tween the observed and intrinsic energy spectra. For magnetic
field strengths between 10~ G and 10~!% G (regime II), the elec-
tron pairs produced are isotropised and accumulate around the
source, eventually giving rise to a pair halo of secondary y-rays
(Aharonian et al. 1994). Since the isotropisation takes place on
much smaller scales than the cooling, the size of this pair halo
depends mainly upon the pair-production length, with very little
variation being introduced by the actual strength of the EGMF
in the above-mentioned range. The observed flux thus consists
of both primary and secondary high-energy y-rays, and its re-
lation to the intrinsic spectrum cannot be reduced to the sim-
ple effect of absorption described by the optical depth (e.g.,
Taylor et al. 2011; Essey et al. 2011). Furthermore, the level
of secondary y-rays emitted by the population of accumulated
pairs within the halo is able to provide a natural record of the
AGNs past activity (Aharonian et al. 1994).

Unfortunately, owing to the low y-ray flux of the sources,
and/or a possible cut-off in the spectra below 10 TeV, com-
bined with the limited sensitivity of current-generation y-ray
telescopes, the detection of these haloes in VHE y-rays cannot
be guaranteed. Because of strong Doppler boosting, the apparent
y-ray luminosities of AGN can significantly exceed the intrin-
sic source luminosity (Lind & Blandford 1985). Furthermore,

! See http://tevcat.uchicago.edu for an up-to-date list.
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leptonic models for many of the currently observed blazars do
not require high photon fluxes beyond 10 TeV.

For even weaker magnetic field values (regime III, B <
1074 G), no pair halo is formed, and the particle cascade con-
tinues to propagate along the initial beam direction, broadening
the beam width. The angular size of this magnetically broad-
ened cascade (MBC) is dictated by the EGMF strength, and a
measurement of the broadened width can provide a strong con-
straint on the EGMF value. Complementary to this probe, the
combined spectra of the TeV and GeV y-ray emission observed
from a blazar can also be used as a probe of the intervening
EGME, as demonstrated in Neronov & Vovk (2010), Taylor et al.
(2011), and Arlen et al. (2012). Although generally the inter-
galactic magnetic field is expected to have a much higher value,
current observations and cosmological concepts cannot exclude
that in so-called “voids”, with sizes as large as 100 Mpc, the
magnetic field can be as small as 1077 G (Miniati & Bell 2011;
Durrer & Neronov 2013). In the case of such weak “void” fields,
instead of persistent isotropic pair halo emission, the observer
would see direct cascade emission propagating almost rectilin-
early over cosmological distances.

As for the case of pair haloes, the arriving flux in MBCs is
also naturally expected to consist of a mixture of primary and
secondary y-rays. For flat or soft intrinsic spectra (i.e., photon
indices I' > 2), cascade photons are expected to constitute a
sub-dominant secondary component, making measurements of
the EBL imprint in blazar spectra possible (Aharonian et al.
2007a; H.E.S.S. Collaboration 2013; Meyer et al. 2012). If, in
contrast, the primary spectrum of y-rays is hard and extends be-
yond 10 TeV, then, at lower energies, the secondary radiation can
even dominate the primary y-ray component. Thus, in this case,
the deformation of the y-ray spectrum due to absorption would
be more complex than in the case discussed above.

In a very small magnetic field, cascades initiated at very high
energies lead to the efficient transfer of energy back and forth
between the electron and y-ray components, effectively reduc-
ing the y-ray opacity in the energy range of secondary particles
(Aharonian et al. 2002; Essey et al. 2011). As a result, the ob-
server is able to see y-rays at energies for which 7,,, > 1.

On the other hand, deflections in the EGMF mean that
the original y-ray beam is broadened, and even extremely low
EGMF values (~10715 G) are expected to produce detectable
extended y-ray emission. This radiation should be clearly dis-
tinguished from that of pair haloes. The origin of the extended
emission in these two cases is quite different, with pair haloes
producing extended emission isotropically and MBCs produc-
ing extended emission only in the jet direction.

The radiation from both pair haloes and MBCs can be recog-
nised by a distinct variation in intensity with angular distance
from the centre of the blazar. This variation is expected to de-
pend weakly on the orientation and opening angle of the jet, and
more on the total luminosity and duty cycle of the source at en-
ergies >10 TeV (Aharonian et al. 1994). To a first-order approx-
imation, the radiation deflection angles remain small in compar-
ison to the angular size of the jet. Since the observer remains
“within the jet”, the angles (relative to the blazar direction)
from which the observer can receive the magnetically broadened
emission remain roughly independent of the observer’s exact po-
sition within the jet cone. This result, however, only holds true if
the observer is not too close to the edge of the jet.

The preferred distance for observing both pair haloes and
MBCs with the H.E.S.S. experiment is in the range of hundreds
of mega-parsecs to around one giga-parsec, i.e. in the range
of ~0.1 to ~0.24 in redshift. The far limit is set by the reduction
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Table 1. EGMF strength regimes for no-cascade, pair-halo, and MBC development.

Regime number I
characterised by synchrotron losses

EGMF strength B>3x10"°G
Synchrotron losses dominate over IC losses
Electromagnetic cascades no cascade

I 111
2rry < Aic 2nrg > cTic
107G>B>10"2G B<107*G
negligible negligible

pair haloes magnetically broadened cascades

Notes. The effects of synchrotron losses for multi-TeV electrons in different EGMF strengths are summarised. A;c and 7ic represent the mean free
path and cooling time for inverse Compton interactions with the CMB, respectively.

in flux with distance down to a limit that is only just sufficient
for detection. The near limit for pair haloes results from the fact
that for sources that are too close, it becomes impossible to dis-
tinguish between their halo photons and background radiation,
since the halo would take up the entire field of view of the ob-
serving instrument, i.e. 5° for H.E.S.S. For MBCs, similar near
and far limits are found. In this case, however, the near limit
comes purely from a lack of cascade luminosity: it only becomes
significant for distances beyond several pair production lengths.

A first search for pair-halo emission was conducted by the
HEGRA collaboration (Aharonian et al. 2001) using Mkn 501
observations (z = 0.033). This yielded an upper limit of
(5—10)% of the Crab nebula flux (at energies >1 TeV) on an-
gular scales of 0.5° to 1° from the source. The MAGIC collab-
oration performed a similar search for extended emission using
Mkn 421 and Mkn 501 (Aleksi¢ et al. 2010). Upper limits on the
extended emission around Mkn 421 at a level of <5% of the Crab
nebula flux were obtained and a value of <4% of the Crab nebula
flux was achieved for Mkn 501, both above an energy threshold
of 300 GeV. These results were used to exclude EGMF strengths
in the range of a few times 10713 G. Since both Mkn 421 and
Mkn 501 are very close by, the extension of the halo emission is
expected to be large. There are therefore no ideal candidates for
this work.

More recently, a study was performed using data from the
Fermi Large Area Telescope (LAT) (Ando & Kusenko 2010).
Images from the 170 brightest AGN in the 11-month Fermi
source catalogue were stacked together. Evidence has been
claimed for MBCs in the form of an excess over the point-
spread function with a significance of 3.50. However, Neronov
et al. (2011) show that the angular distribution of y-rays around
the stacked AGN sample is consistent with the angular distri-
bution of the y-rays around the Crab nebula, (which is a point-
like source for Fermi) indicating systematic problems with the
LAT point spread function (PSF).

In the latest publication on this topic (Ackermann et al.
2013), pair-halo emission around AGN detected with Fermi-
LAT was investigated with an updated PSE. A sample
of 115 BL Lac-type AGN was divided into high- (z > 0.5) and
low-redshift (z < 0.5) blazars, and their stacked angular profiles
were tested for disk and Gaussian-shaped pair-halo emission
with extensions of 0.1°, 0.5°, and 1.0° by employing a maximum
likelihood analysis in angular bins. No evidence of pair-halo
emission was found in contrast to the results presented in Ando
& Kusenko (2010), and upper limits on the fraction of pair-halo
emission relative to the source flux are given for three energy
bins in the stacked samples. Additionally, for 1ES 02294200 and
1ES 0347-121, two BL Lac objects that show y-ray emission at
TeV energies, upper limits on the energy flux assuming different
pair-halo radii are given for energies between 1 and 100 GeV.

In this paper, a search for TeV y-ray pair haloes and MBCs
surrounding known VHE 7y-ray sources is presented. This study

utilises both Fermi-LAT and H.E.S.S. data from three blazars.
The three AGN selected, 1ES 1101-232, 1ES 0229+200, and
PKS 2155-304, were observed between 2004 and 2009 with
H.E.S.S. These AGN are in the preferable redshift range and
have emission extending into the multi-TeV energy domain, thus
making them ideal candidates for this study.

2. Data sets and analyses
2.1. H.E.S.S. observations and analysis methods

The H.E.S.S. experiment is located in the Khomas Highland
of Namibia (23°16’18"”S, 16°30’0”E), 1835 m above sea level
(Hinton 2004). From January 2004 to July 2012, it was operated
as a four-telescope array (phase-I). The Imaging Atmospheric
Cherenkov Telescopes (IACT) from this phase are in a square
formation with a side length of 120m. They have an effective
mirror area of 107 m?, detect cosmic y-rays in the 100 GeV
to 100 TeV energy range and cover a field of view of 5° in diam-
eter. In July 2012, a fifth telescope, placed in the middle of the
original square, started taking data (phase-II). With its 600 m?
mirror area, H.E.S.S. will be sensitive to energies as low as sev-
eral tens of GeV.

For this analysis, only data from H.E.S.S. phase-I were used.
To improve the angular resolution, only observations made with
all four phase-I telescopes were included. Standard H.E.S.S. data
quality selection criteria (Aharonian et al. 2006) were applied to
the data set of each source. All data passing the selection were
processed using the standard H.E.S.S. calibration (Aharonian
et al. 2004). Standard cuts (Benbow 2005) were used for the
event selection and the data was analysed with the H.E.S.S. anal-
ysis package (HAP, version 10-06). The reflected region method
(Aharonian et al. 2006) was used to estimate the y-ray like back-
ground. Circular regions with a radius of V0.22° around the
sources were excluded from background estimation in order to
avoid a possible contamination by extended emission from pair
haloes or MBCs.

The significance (in standard deviations, o) of the observed
excess was calculated following Li & Ma (1983). All upper lim-
its are derived following the method of Feldman & Cousins
(1998).

Using the stereoscopic array of four IACTs, the PSF is
characterised by a 68% containment radius of ~0.1 degrees
(Aharonian et al. 2006). The distribution of the squared angu-
lar distance between the reconstructed shower position and the
source position (6%) for a point-like source peaks at 6 = 0 and
displays the PSF width. The PSF is calculated from Monte-Carlo
simulations, taking the observation conditions (e.g. the zenith
angle and the optical efficiency of the system) of each observa-
tion into account, as well as the photon index of the source.

Three VHE 7y-ray sources, 1ES 1101-232, 1ES 0229+200,
and PKS 2155-304, have been chosen for this study due to their
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Table 2. Summary of the H.E.S.S. analysis results for 1ES 1101-232, 1ES 02294200 and PKS 2155-304.

Source name Distance Tiive Non Norr  Excess 0 Znean  Wmean ~ MID-50000 r
(z) (hours) (deg.) (deg.) (days)

1ES 1101-232 0.186 62.9 79426 78636 790 10.8 22 0.6 31104482 3.1

1ES 0229+200 0.140 72.3 39569 38752 817 6.6 45 0.56 3316-5150 2.6

PKS 2155-304 10y state 0.117 164.5 200374 168685 31689 522 19 0.56 3199-5042 3.4

PKS 2155-304 ¢ 0.117 5.6 17 440 6041 11399 78 21 0.56 3945-3947 34

Notes. The redshift, live-time, number of ON and OFF source events, y-ray excess and significance (0-), mean zenith angle (Ze.n), mean offset
(Ymean), the range of the Modified Julian Date (MJD) for the observations and the photon index I for each source are reported.

strong emission in the >TeV energy range and their location in
the suitable redshift range. With ~170 hours of good quality
data, PKS 2155-304 is a particularly well suited candidate for
this investigation. A summary of the results from the analyses
can be found in Table 2. The results presented below have been
cross-checked with an independent analysis, the Model Analysis
(de Naurois & Rolland 2009), which yields consistent results.

1ES 1101-232 The blazar 1ES 1101-232 was first discovered
with H.E.S.S. in 2004 at VHE +y-ray energies (Aharonian et al.
2007c). It resides in an elliptical host galaxy at a redshift of
7z =0.186 (Falomo et al. 1994). A total of ~66 h of good quality
data, taken between 2004 and 2008, have been analysed, result-
ing in a detection significance exceeding 100

1ES 0229+200 This source was first observed by H.E.S.S. in
late 2004 and detected with a significance of 6.60- (Aharonian
et al. 2007a). This high-frequency peaked BL Lac is hosted
in a elliptical galaxy and is located at a redshift of z = 0.140
(Woo et al. 2005). A total of ~80 h of data taken between 2004
and 2009 were used for this analysis. 1ES 02294200 is a prime
source for such studies due to its hard intrinsic spectrum reach-
ing beyond 10 TeV (Aharonian et al. 2007a; Vovk et al. 2012;
Tavecchio et al. 2010; Dolag et al. 2011).

PKS 2155-304 Located at a redshift of z = 0.117, PKS 2155-
304 was first detected with a statistical significance of 6.8 by
the University of Durham Mark 6 Telescope in 1999 (Chadwick
et al. 1999). The H.E.S.S. array detected this source in 2003
with high significance (~450°) at energies greater than 160 GeV
(Aharonian et al. 2005). For this study, approximately 170 hours
of good quality data, taken between 2004 and 2009, have
been analysed. In 2006, this source underwent a giant out-
burst (Aharonian et al. 2009a), with an integrated flux level
(>200 GeV) about seven times that observed from the Crab
nebula. This value is more than ten times the typical flux of
PKS 2155-304 and the flux varied on minute timescales. In the
following, this exceptional outburst is treated separately from the
rest of the data, creating two data sets: high state (i.e., the flare)
and low state. Since the pair-halo flux is not expected to vary on
the timescales of the primary emission, events in the flare data
are mostly direct emission from PKS 2155-304. Removing the
flare from the main data set allows us to focus on this source in
a low state, where the contrast in flux levels between primary
and pair-halo emission is smaller, facilitating an easier detec-
tion. The data set for the low state amounts to ~165 h, only in-
cluding data of good quality. Focusing solely on the exceptional
flare from 2006, a data set corresponding to ~6 h of observations
was obtained during the nights of July 29th to 31st 2006. As de-
scribed in Aharonian et al. (2007b), the short timescale (~2005s)
of the y-ray flux variation during the flare requires that the radius
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Fig. 1. Angular distribution of the PKS 2155-304 flare data set fitted
with the H.E.S.S. point spread function (blue) from Monte Carlo sim-
ulations, resulting in a y*/ngor. = 91/72, with a P(y?) of 0.06. The fit
residuals are shown in the lower panel.

of the emission zone was R~™' < 4.65 x 10'2cm in order to
maintain causality, 6 being the Doppler factor. Considering the
distance of the source, the angular size of the emission region
is therefore <8 x 107 deg even with a minimal Doppler factor,
making it a point-like source for H.E.S.S. The squared angular
distribution of the flare data set can be seen in Fig. 1. It has been
fitted with the H.E.S.S. PSF from Monte-Carlo simulations re-
sulting in a ,\(2/nd_0_f, = 91/72, and a chance probability P(,yz)
of 0.06. As can be seen from the residuals in the lower panel of
Fig. 1, the Monte-Carlo PSF describes the data well, demonstrat-
ing that the flaring state is truly consistent with being a point-like
source for the instrument.

2.2. Fermi-LAT analysis

The Fermi Gamma-ray Space Telescope, launched in 2008,
observes the sky at energies between 20 MeV and 300 GeV
(Atwood et al. 2009). The Fermi data analysis performed in
this work used the LAT Science Tools package v9r23p1 (up-
dated on 1st August 2011 to include the new PSFs) with
the P7SOURCE_V6 post-launch instrument response function?.

2 Seehttp://fermi.gsfc.nasa.gov/ssc/data/ for public Fermi
data and analysis software.
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The standard event selection for a source well outside the galac-
tic plane was applied. The analysis was performed for SOURCE
event class photons. The analysis was further restricted to the
energy range above 100 MeV, where the uncertainties in the ef-
fective area become smaller than 10%.

The data used for this analysis corresponds to more
than 4 years of observations (4 August 2008—1 March 2013)
for all three sources. To produce the spectra and flux upper
limits, binnedAnalysis and UpperLimits Python modules were
used, described in detail in the Fermi data analysis threads.
As is the standard procedure, in order to take into account
the broad Fermi PSF at low energies, all sources from the
Second Fermi-LAT Catalog (2FGL, Nolan et al. 2012) within
a 10-degree radius to the source position were included. The
energy range of 100 MeV-300GeV was split into logarithmi-
cally equal energy bins and in each bin a spectral analysis
was performed, fixing the power law index of each source to
be 2, and leaving the normalisation free. The normalisations
for Galactic and extragalactic backgrounds were also left free
in each energy bin. PKS 2155-304 and 1ES 1101-232 are de-
tected in the dataset above an energy threshold of 100 MeV with
significances of >1000 and 8.8c, respectively. 1ES 0229+200
yields a TS value of 31.7 which corresponds to a significance of
about 5.60. The recent results on 1ES 02294200 presented by
Vovk et al. (2012) are in agreement with the results presented in
this paper.

The spectra of the sources can be well fitted with a sin-
gle power law model with an index of ' = 1.9 = 0.2 for
1ES 1101-232, I' = 1.5 = 0.3 for 1ES 0229+200 and I' =
1.85 +0.02 for PKS 2155-304, with only statistical errors given.
These spectral indices are in good agreement with results from
the 2FGL except for 1ES 0229+200, which was not listed in the
catalogue.

3. Pair-halo constraints

Two separate techniques have been used to calculate pair
halo (PH) upper limits from H.E.S.S. data: a model-dependent
method and a model-independent method. With each method,
upper limits for two different values of the photon index, 1.5
and 2.5, were calculated. These values were chosen to illustrate
the expected range of indices of cascade emission at H.E.S.S. en-
ergies. A general model for the shape of cascade spectra was de-
veloped in Zdziarski (1988). A more recent model can be found
in Eungwanichayapant & Aharonian (2009) and is depicted as
the grey curve in Fig. 3. Although predictions at the high-energy
end of the cascade strongly depend on the cut-off energy of the
injection spectrum, an index of ~2 is expected in the energy
range just before the secondary flux drops rapidly. The values 1.5
and 2.5 represent a broader range of possibilities. In addition,
flux upper limits have been derived from Fermi-LAT data.

Model-dependent  constraints In  the  publication by
Eungwanichayapant & Aharonian (2009), a study of the
formation of PHs was conducted. In particular, the authors
investigated the spectral and angular distributions of PHs in
relation to the redshift of the central source, the spectral shape
of the primary y-rays, and the flux of the EBL. In the results
used here from their study, the Primack et al. (2001) EBL model
was adopted. In addition, the effects of the Franceschini et al.
(2008) EBL model were investigated — these two models
bound the present uncertainties in the EBL in the relevant
wavelength range to some extent. Since the (1-10) um EBL in
the former model is ~40% larger than in the latter, the upper

limits on a possible PH flux obtained with the Primack et al.
(2001) EBL model are more conservative. On the other hand,
recent independent studies of the EBL carried out by H.E.S.S.
Collaboration (2013) suggest an EBL level between those
motivated by the two EBL models considered.

For the Primack et al. (2001) EBL model, the differential an-
gular distribution of a PH at z ~ 0.13 and E, > 100 GeV, which
best suits our data, was taken from Fig. 6 of Eungwanichayapant
& Aharonian (2009) and is used here to derive limits on a pos-
sible PH flux. The effect of the slight differences between the
assumed redshift in the model and the actual redshifts of the
analysed sources is less than the effect of different EBL mod-
els and will therefore be neglected. The profile is based on cal-
culations employing mono-energetic primary y-rays with an en-
ergy Eo = 100 TeV. Provided the cut-off energy is high enough
(>5 TeV), the differences in results for hard power-law and
mono-energetic injection scenarios are minor (Aharonian et al.
2009a; Neronov et al. 2011). The resulting angular distribution
follows a profile of dN/d6 o« 6=/, The angular distribution for
the Franceschini et al. (2008) EBL model was generated by ap-
plying a scaling relation. Though such a simple relation is not
sufficient to describe the effect of different EBL models on the
angular shape of a PH in general, it is appropriate for the energies
and redshifts discussed here (Eungwenichayapant & Aharonian,
priv. comm., September 2013).

Using these spatial models, “halo functions” were created
for the measured 6> distribution consisting of the PSF and the
PH angular profiles, convolved with the PSF: N(6%) = N(6°)psr +
N(6*)py. The PSF normalisation was left free and the number
of excess events in the PH model was increased until the fit
had a probability <0.05. With this method, it was estimated
how much of a halo component can be added to the overall
shape without contradicting observations at a 99% confidence
level (C.L.). In Fig. 2, the model-dependent analysis results
are shown, under the assumption of the Primack et al. (2001)
EBL model. For each of the three sources, the maximum pos-
sible halo component allowed by the observational data is de-
picted. As can be seen in the two upper panels of Fig. 2, due
to low statistics, the total emission for both 1ES 1101-232 and
1ES 0229+200 can be fitted with the halo function. Therefore,
the present angular profile data is unable to significantly con-
strain a PH component. In contrast, a strong constraint for a
PH component of PKS 2155-304 could be derived. Relative
to the central sources’ flux, which is about five times higher
than the flux of 1ES 1101-232 and 1ES 0229+200, the upper
limit on a pair halo around PKS 2155-304 is the lowest. This
is clearly visible in the bottom panel of Fig. 2. For the lower
EBL fluxes predicted by the Franceschini et al. (2008) model, the
upper limits in the PKS 2155-304 case are even more constrain-
ing. Furthermore, although the flux’s upper limits presented in
Table 3 seem high in comparison to the level of central point-
like source fluxes, one has to keep in mind that the limits derived
here apply to a comparatively large solid angle. The regions con-
sidered for the upper limit calculation are 2.1 x 10~ sr (model-
dependent) or 1.99 x 107* sr (model-independent), while more
than 75% of the flux from a point source as seen by H.E.S.S. are
detected in a region of 1.2 x 107 sr, marked at #* = 0.0125 deg?
in Fig. 2.

To determine the differential flux limit, the maximum num-
ber of halo events was divided by the overall exposure, assuming
a given photon index. This method was repeated for two different
values of the photon index, 2.5 and 1.5. The resulting flux limits
for both EBL models are listed in Table 3. The upper limits on
the PH emission assuming the Primack et al. (2001) EBL model
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Table 3. Pair halo flux upper limits for 1ES 1101-232, 1ES 0229+200, and PKS 2155-304 at a 99% C.L.

Model-dependent

Model-independent

Source name Franceschini EBL
r=15 I=25
1ES 1101-232 2.3 2.1
1ES 0229+200 1.2 2.0
PKS 2155-3040y state 1.3 1.1

Primack EBL

r=15 I=25 TI=15 T=25
2.1 2.0 0.6 0.6
0.8 1.4 0.5 0.9
2.3 2.0 2.9 2.6

Notes. All values are limits on the differential flux at 1 TeV given in units of 1072 TeV~'cm™2s7!.
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Fig. 2. Angular distribution of excess events of 1ES 1101-232 (top),
1ES 02294200 (middle) and the PKS 2155-304 low state (bottom). The
blue line is the H.E.S.S. PSF and the green line is the maximum al-
lowed halo component. The model-independent limit on the pair-halo
excess is calculated between the vertical dashed lines at 0.0125 deg?
and 0.02 deg?.

are shown in Fig. 3, together with the spectral energy distribution
(SED) of the sources. The H.E.S.S. spectral data are previously
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published H.E.S.S. data taken from Aharonian et al. (2007c¢),
Aharonian et al. (2007a), and Aharonian et al. (2009b), respec-
tively. Model-dependent upper limits on the pair-halo flux are

depicted for an assumed photon index of 2.5 and for an assumed
index of 1.5.

Model-independent constraints. In the model-independent ap-
proach, the residual emission after point source subtraction was
used to derive an upper limit on the PH contribution. The ex-
pected contamination from the point-like source was calculated
by taking the integral of the PSF in the region 0.0125deg® <
6% < 0.2 deg? (see Fig. 2), where the halo is expected to dominate
the most. The lower limit is chosen according to the standard se-
lection cut for point-like sources used by H.E.S.S. The Feldman
Cousins Confidence Intervals (Feldman & Cousins 1998) were
used to calculate the maximum halo excess ata 99% C.L. Similar
to the model-dependent case, the differential limit was calculated
by dividing the maximum possible number of halo events by the
overall exposure, and the method was repeated for two different
values of the photon index (Fig. 3). In several cases, unlike what
is typically expected, the model-independent limits are more re-
stricting than the model-dependent ones. This result is simply
due to the poor statistics presently available for the 1 ES objects.

Constraints from Fermi-LAT data Since the pair halo is ex-
pected to be a diffuse source for Fermi, a spatial model (67>/3)
based on theoretical estimations of the halo angular profile
(Eungwanichayapant & Aharonian 2009) was used. The binned
Fermi analysis was performed at energies 300 MeV-300 GeV for
the models with and without a halo component. In all considered
cases, the models with a halo have similar log-likelihood values
to the models without the halo contribution, thus no significant
indications for pair-halo emission are found. The upper limits on
the fluxes at a 99% C.L. were calculated with the UpperLimits
Python module of the Fermi software and are shown in Fig. 3.

4. Magnetically broadened cascade constraints

In this section a model-dependent approach was applied in or-
der to investigate whether evidence is found for a MBC in
the angular event distribution of blazar fluxes observed with
H.E.S.S. A 3D Monte-Carlo description of MBCs developed in
Taylor et al. (2011) was utilised here to determine the expected
angular profile of this emission for different EGMF strengths.
For these calculations, both the Franceschini et al. (2008)
and the Primack et al. (2001) EBL models were used. Using
this description, the range of EGMF values excluded by the
present H.E.S.S. results was investigated. A method similar
to the model-dependent approach described in Sect. 3 was
used to obtain these constraints: a spatial MBC model function
N(6?) = N(6®)psp + N(0*)mpe was created, N(6?)mpe being the
MBC model from simulations convolved with the H.E.S.S. PSE.
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Fig.3. Spectral energy distribution of 1ES 1101-232 (rop),
1ES 02294200 (middle), and PKS 2155-304 low state data sets
(bottom). The H.E.S.S. data (green circles) and the Fermi data (empty
circles) are shown. The upper limits on the flux contribution from a PH
for the H.E.S.S. data are shown by blue and red arrows (dashed lines are
model-dependent and solid lines are model-independent). The Fermi
upper limits are shown as black squares. The grey line corresponds to
the Halo Model taken from Eungwanichayapant & Aharonian (2009).

In the same manner as for the model-dependent PH limits, the
PSF normalisation was left free and the number of MBC events
was increased until it contradicted the observational results at
a 99% C.L. The ratio of maximum allowed MBC events was
then compared to the ratios predicted by the Monte-Carlo sim-
ulations for different magnetic field strengths. In the simula-
tions, photon indices of 1.9, 1.5, and 1.9 for 1ES 1101-232,
1ES 02294200, and PKS 2155-304, respectively, were moti-
vated from the Fermi analysis of their GeV spectra. The spec-
tra of all three of the blazars used in this study are consistent
with a power-law spectrum with a cut-off at multi-TeV energies.

Therefore, for each of the sources an injection spectrum of the
form dN/dE o« ETe E/Em with a cut-off Emax = 10TeV was
adopted to ensure that a sufficient amount of the cascade compo-
nent lies in the H.E.S.S. energy range (see Eungwanichayapant
& Aharonian 2009).

For the MBC scenario, both the observed SED and angular
spread of the arriving flux depend significantly on the EGMF.
The angular spreading effect is seen explicitly in Fig. 4, for
which the effect of 1074 G, 1071 G, and 10~'° G EGMF val-
ues are considered. A 1 Mpc coherence length is adopted as a
fiducial value, although higher values have been discussed re-
cently (Durrer & Neronov 2013). Essentially, the effect of the
coherence length can be neglected if it is more than the cooling
length of the multi-TeV cascade electrons of relevance here. In
contrast, the choice of the EBL model plays an important role.
Again, the Primack et al. (2001) EBL model is expected to result
in more conservative bounds on the maximum cascade contribu-
tion since it is about 40% higher than the Franceschini et al.
(2008) EBL model at the wavelengths of interest here.

In Fig. 4, the angular profiles of the MBCs resulting from
calculations with the Franceschini et al. (2008) model are shown.
Though the comparably low statistics for both 1ES 1101-232
and 1ES 02294200 limit any constraint from their measured
angular profiles, a strong constraint is provided by the angular
profile of PKS 2155-304. For this object, a mild cascade con-
tribution was found to be expected in the arriving VHE pho-
ton flux. As can be seen in Fig. 6, for PKS 2155-304 the maxi-
mum ratio of MBC events in the H.E.S.S. data conflicts with the
expected ratio of cascade photons introduced by field strengths
of ~10715 G or a factor of a few stronger. Assuming the Primack
et al. (2001) EBL model, the range of excluded EGMF strengths
is (0.3—10) x 10715 G. On the other hand, the Franceschini et al.
(2008) EBL model is the conservative choice when excluding
EGMF strengths. Since it predicts a much lower cascade frac-
tion for B = 10~'* G, such a magnetic field strength regime can
not be ruled out when assuming this EBL model. For stronger
fields the cascade contribution’s fraction to the overall arriving
flux, relative to that of the direct emission component, reduces
significantly due to isotropisation. Consequently, the subsequent
angular spreading for higher EGMF values becomes indistin-
guishable from the H.E.S.S. PSE. Thus, for EGMF values, such
as those present in the PH scenario discussed in Sect. 3, the
angular profiles can be significantly smaller than those found
for the case of a 10~ G EGMF value. This strong EGMF sup-
pression effect explains why the above derived 99% C.L. on the
EGMF value constrains only a decade of the EGMF range. In ad-
dition, all bounds depend on whether the intrinsic cut-off energy
is high enough. For the two EBL models considered, Primack
et al. (2001) and Franceschini et al. (2008), a minimum cut-off
above 3 TeV is required such that some constraint is obtainable.
For a higher cut-off energy than the value adopted in this study,
the range of excluded EGMF would be a few times larger.

5. Discussion and conclusions

The search for a pair-halo component in the H.E.S.S. and Fermi-
LAT data from regions surrounding the VHE +y-ray sources
1ES 1101-232, 1ES 0229+200, and PKS 2155-304 shows no
indication of such emission. From our analysis, flux upper lim-
its on the extended VHE y-ray emission from the three sources
analysed have been found to be at the level of a few percent-
age points of the Crab nebula flux. For example, the model-
independent upper limits on the pair-halo flux for an assumed
photon index of 2.5 are <2%, <3%, and <8% of the integrated
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Fig.4. Angular distribution of excess events of 1ES 1101-232 (rop),
1ES 02294200 (middle) and the PKS 2155-304 low state (bottom). The
H.E.S.S. data (black points) are plotted against the angular distribution
of the MBC model for varying magnetic field strengths. The red, violet,
and cyan lines correspond to the maximum cascade flux for magnetic
field strengths of 1074, 10~'° and 107!'® G, simulated under the assump-
tion of the Franceschini et al. (2008) EBL model.

Crab nebula flux above 1 TeV? for 1ES 1101-23, 1ES 0229+200,
and PKS 2155-304, respectively, adopting the Primack et al.
(2001) EBL model. Also with the analyses of Fermi-LAT data,
no significant pair-halo emission was detected and energy-
binned flux upper limits for a /3 profile were calculated.
Though these limits are comparable to previously obtained val-
ues by other instruments for other blazars, the detailed angular
modelling from recent theoretical work on the topic, adopted by
this study, marks a significant improvement over previous limits.

3 (226 £0.03) x 107" cm™! 57!, see Aharonian et al. (2006).
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Fig.5. 1ES 1101-232 (top), 1ES 02294200 (middle) and PKS 2155-
304 (bottom) spectral energy distributions (I' = 1.9, 1.5, and 1.9 re-
spectively), including Fermi data (empty blue circles) and the H.E.S.S.
results (solid green circles). The dotted grey line shows the expected
cascade SED assuming the EGMF strength is O G, and the solid grey
line shows this component added to the attenuated direct emission SED
(dashed red line).

While the most constraining upper limit values in Aharonian
et al. (2001), Aleksic et al. (2010), and Ackermann et al. (2013)
were derived by varying the angular size of the extended emis-
sion model, the analysis at hand gives all limits with a physically
motivated fixed size. However, with the method presented here,
upper limits would become more constraining the less the ex-
pected extended emission is similar to the PSE. The constraints
obtained from this pair-halo analysis can be used to set limits on
the y-ray output from these AGN over the past ~10° years. If any
of these AGN had been more active in the past, more pairs would
have been subsequently produced. Consequently, for sufficiently
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Fig. 6. EGMF constraints on PKS 2155-304. The dashed blue line de-
picts the expected fraction of MBC events in the VHE data depend-
ing on the EGMF strength, assuming the Franceschini et al. (2008)
EBL model. Blue arrows are the maximum fractions of MBC events
for the EBL model not to contradict the angular profile data of
PKS 2155-304 at a 99% C.L. The expected cascade fraction and the
corresponding upper limit from H.E.S.S. data under the assumption of
the Primack et al. (2001) EBL model are depicted in red.
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strong EGMF values (>107!2 G), increased activity in the past
would strengthen the constraint on the extended emission com-
ponent. Since the EGMF strength required for the pair-halo sce-
nario leads to the isotropisation of the cascade emission, the
observed luminosity of this secondary component may be sig-
nificantly reduced compared to the apparent luminosity of the
primary beamed component. Not detecting the secondary com-
ponent, therefore, means we are unable to place constraints on
the EGMF strength.

The limits of the PH 7y-ray energy flux for the three
blazars may be converted into limits on the accumulated elec-
tron energy density in the surrounding regions. As an ex-
ample case, 1ES 02294200 is considered, whose energy flux
at 0.5 TeV is ~10""?ergecm™ s~!. Assuming that the corre-
sponding photons result from a pair-halo cascade with strong
EGMF (>107'2G), the parent ~15TeV electrons and positrons
will both be born into and isotropised within a region ~10 Mpc
from the blazar. For this strong field case, an upper limit on the
TeV y-ray luminosity from these regions is ~4 x 10*? ergs~!.
Since the electron IC cooling time on the CMB is £ (15 TeV) =

10° yr, a limit on the total energy content of the parent electrons
is ~10% erg.

A search for MBC emission in the arriving flux from
the three blazars was also carried out. The datasets for both
1IES 1101-232 and 1ES 0229+200 are found not to be sta-
tistically constraining at present. However, a constraint was
found to be obtainable using the PKS 2155-304 observa-
tional results. From H.E.S.S. observations of the angular pro-
file for PKS 2155-304, EGMF values were excluded for the
range (0.3-3) x 107> G (for a coherence length of 1 Mpc), at
the 99% C.L. This range is excluded for both EBL models
adopted here, the Primack et al. (2001) and the Franceschini
et al. (2008) model. For a coherence length scale Ap shorter
than the cascade electron cooling lengths, the lower EGMF limit
scales as /11_31/2, as demonstrated in Neronov et al. (2013).
Conversely, for Ag longer than these cooling lengths, the con-
straint is independent of 1. As shown in Fig. 6, stronger mag-
netic fields than the upper limit result in the cascade component
dropping below the direct emission contribution, reducing the
overall angular width below the H.E.S.S. resolution limits.

Furthermore, our bound on the EGMF is compatible with the
analytic estimates put forward in Aleksi¢ et al. (2010), although
the analysis presented here is the most robust to date due to the
theoretical modelling that has been employed.

Interestingly, the success proven by this method demon-
strates its complementarity as an EGMF probe in light of the
multi-wavelength SED method employed in previous studies
(Neronov & Vovk 2010; Dolag et al. 2011; Tavecchio et al.
2011; and Taylor et al. 2011). These studies probed EGMF
values for which no notable angular broadening would be
expected. Instead, the effect of the EGMF was to introduce
energy-dependent time delays on the arriving cascade. Ensuring
that the source variability timescale sits at a level compati-
ble with what is currently observed, i.e. the sources are steady
on 3 yr timescales, placed a constraint on the EGMF at a level
of >107'7 G (Taylor et al. 2011; Dermer et al. 2011). In contrast
to this time delay SED method, our angular profile investigations
are insensitive to the source variability timescale. In this way, the
constraints provided by the angular profile studies of blazars of-
fer a complementary new probe into the EGMF that allows field
strengths with values > 10~ G to be investigated.

The future prospects for observing both extended halo emis-
sion and MBCs are promising. In the near future, H.E.S.S.
phase-1I offers great potential with its ability to detect y-rays
in the energy band between Fermi-LAT and H.E.S.S. phase-I.
In the longer term, the Cherenkov Telescope Array (CTA; see
e.g. CTA Consortium et al. 2013), with a larger array size, a
wider field of view, improved angular resolution along with
greater sensitivity, will allow for a deeper probing of these elu-
sive phenomena.
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