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where θ is the angle from the map center, and θ2
halo is the mean of θ2 over this distribution

function, θ2
halo ≡ 〈θ2〉. We fit the histogram of photon counts as a function of θ2 read from

the maps by minimizing

χ2 =
∑

i

1
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2
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i |θ

2
halo) + Nbg,i − Ni

]2
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where Npsf , Nhalo, and θhalo are treated as free parameters. The index i refers to the i-th

bin, Ni is the total number of events in this bin, Ppsf is the normalized PSF, and Nbg,i is
the events due to diffuse backgrounds, for which we fix values at large θ2 assuming that the

background is homogeneous. (This is a very good approximation because we average the
background map over many AGN images.) Thus, Npsf and Nhalo are the total numbers of
photons in the map attributed to the point source and the halo, respectively, and θhalo is the

apparent angular extent of the halo component.

The inclusion of the halo component improves the fit significantly at high energies, but
not in the lowest 1–3 GeV band. The minimum χ2 over degree of freedom (ν) is χ2

min/ν =
18.8/19 and 13.3/12 for 3–10 GeV and 10–100 GeV, respectively. In contrast, the “best-fit”

point-source model gives χ2 % 69 and 140 for 3–10 GeV and 10–100 GeV, respectively. This
clearly shows that, even though we stack many AGN, this simple Gaussian halo model gives

a very good fit to the data. The surface brightness profiles dN/dθ2 of the best-fit halo model
are juxtaposed with the data points in Fig. 2.

In the upper panel of Fig. 3, we show the allowed regions of θhalo and fhalo at 68% and
95% confidence levels. Here fhalo is the fraction of the halo photons, i.e., fhalo ≡ Nhalo/(Npsf +

Nhalo). The best-fit values and 1σ errors for these parameters are θhalo = 0.49 ± 0.03◦ and
fhalo = 0.097 ± 0.014 for 3–10 GeV, and θhalo = 0.26 ± 0.01◦ and fhalo = 0.20 ± 0.02 for

10–100 GeV. For the lowest energy band, 1–3 GeV, only an upper limit on fhalo is obtained,
which is fhalo < 0.046 at 95% confidence level.

4. Implications for Intergalactic Magnetic Fields

We interpret the size of the halo θhalo shown in the top panel of Fig. 3, in terms of the
secondary photon model, especially parameters of IGMF. A simple analytic model gives the

following relation between these quantities (Neronov & Semikoz 2009):
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Search for gamma-ray halos

• Fermi LAT reported detection of ~700 AGN in its first point-
source catalog (Abdo et al. 2010)

• Number of photons detected is not great for individual AGN, 
especially for high energies

• If many AGN images are stacked on top of each other, one can 
improve statistics dramatically

• Pros: huge statistical advantage to beat the noise

• Cons: lose information on individual AGN



More details of analysis

• Select photons from “diffuse” class event file 
(LAT_allsky_239557417_272868753_v01_Diffuse.fits) around AGN found in 
point source catalog (gll_psc_v02.fit)

• We use three energy bands: 1–3, 3–10, 10–100 GeV

• 170 AGN are selected as they yielded more than 4.1σ (TS>25) detection in 
the highest energy band, 10–100 GeV

• Presumably these are hard AGN, producing lots of TeV photons that 
source halos

• We made both photon counts maps and expected model maps (using P6_v3 
IRF) for individual AGN, and then staked them to make one stacked counts 
map and one stacked model map



Stacked maps: 1–3 GeV
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Stacked maps: 3–10 GeV

Ando & Kusenko, arXiv:1005.1924 [astro-ph.HE]
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Stacked maps: 10–100 GeV

Ando & Kusenko, arXiv:1005.1924 [astro-ph.HE]
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Is there anomalous excess?  Yes!

χmin2 = 69; Nbin = 22 χmin2 = 140; Nbin = 15



Gaussian halo component

χmin2/DOF = 18.8/19 χmin2/DOF = 13.3/12

Ando & Kusenko, arXiv:1005.1924 [astro-ph.HE]



Halo properties and IGMF

• 68%, 95% CL contours 
for halo size θhalo and 
fractional number of halo 
photons fhalo

• The halo sizes and energy 
dependence imply BIGMF 
≈10−15 G

Ando & Kusenko, arXiv:1005.1924 [astro-ph.HE]



Are the halos physical or instrumental?



Four possibilities

1. Pre-launch PSF is right, there are no halos

2. Pre-launch PSF is right, there are halos

3. Pre-launch PSF is wrong, there are no halos

4. Pre-launch PSF is wrong, there are halos

You can ask (i) if pre-launch PSF is right or not, 
or instead (ii) if the halos are there or not.

We prefer to answer the latter question and 
leave the former to others (e.g., Fermi team)!



Dependence on redshifts

• 99 AGN (among 170 total) have measured redshifts

• 57 with z < 0.5; 42 with 0.5 < z < 2.5

• Instrumental effects should not make any difference 
between nearby and distant populations



Redshift dependence

• Nearby AGN are more extended -- as expected from the pair 
halo scenario, but not from instrumental effects

Ando & Kusenko, arXiv:1005.1924 [astro-ph.HE]



Four possibilities

1. Pre-launch PSF is right, there are no halos

2. Pre-launch PSF is right, there are halos

3. Pre-launch PSF is wrong, there are no halos

4. Pre-launch PSF is wrong, there are halos

Redshift tests imply either possibility 2 or 4
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FIG. 1: Comparison of the background subtracted angular distributions of 10 − 100 GeV γ-rays around the position of the
Crab pulsar (black) and around the stacked AGNs (red). Normalization of the distribution of γ-rays around AGN is scaled by
a factor 7 to match the γ-ray distribution around Crab.

We have checked that our estimate of the background level is self-consistent in the following way. The total
number of photons detected by Fermi in the energy band 10-100 GeV in the Galactic latitude range |b| > 10◦ is
Ntotal ! 5.6 × 104. Only a small fraction of these photons, Nsource ! 0.6 × 104 could be associated to the known
Fermi sources. The remaining photons contribute to the diffuse Galactic and extragalactic backgrounds. Dividing
the number of diffuse background photons by the solid angle Ω spanned by the considered part of the sky one finds
the surface brightness of the background dN/dθ2 ! (Ntotal − Nsource)/Ω ! 1.5 deg−2. Multiplying this number by
the number of AGN considered in the analysis one arrives at the background estimate consistent with the one shown
in Fig. 2.
The angular distributions of front and back photons separately are shown in Fig. 3, each with the corresponding

PSF. One can see that the front photons have more compact PSF which is reasonably compatible with the angular
distribution of the front photon part of the AGN signal. The fit of the data in the range 0 < θ < 2◦ by the PSF +
background gives χ2/dof = 125/98 (p ∼ 3%).
The back photons have wider PSF which does not reproduce the back part of the AGN signal at angles 0.2−0.9◦. The

fit of the data by the PSF + background gives in this case χ2/dof = 240/98 which shows that the PSF+background
model is inconsistent with the back photon data.
Adding front and back photon signals one could verify that most of the excess above the DIFFUSE P6 v3 PSF in Fig

2 is due to the back photons. There is no strong excess above the PSF in the front photon signal. This indicates that
the excess of the photons above PSF in the range 0.2◦ < θ < 0.5◦, reported in the Ref. [1] could not be attributed to
the presence of extended emission around AGN, because in this case equally strong excess should be detected both
in the front and back photon signals.
To quantify the excess in the front and back photon signals above the DIFFUSE P6 v3 PSF we have introduced,

following Ref. [1], an additional θ2-Gaussian component dN/dθ2 ∼ exp
(

−[θ/θhalo]4
)

in the model of the angular
photon distribution. This additional component depends on two parameters, fhalo (fraction of the source signal
contained in the additional component) and θhalo (angular size of the core). Fitting the angular photon distributions
with the improved model we have found the best-fit values and confidence regions for fhalo, θhalo separately for the
front and back photons. The result is shown in Fig. 4. The parameters of the additional components found for the
front and back photons are clearly different. This confirms our conclusion that the excess above the PSF is not due

Followup studies: More on instrumental effects

• Neronov et al. argue that Crab profile looks the same as AGN in 10–100 GeV band

• But in 3–10 GeV, where there are more photons, the Crab profile looks different 
from AGN

Neronov et al. (2010) Ando & Kusenko (2010)



Followup studies: Front vs back issue

• Excesses are identified in both front-converted and back-converted 
photons, but are different

• There is some inaccuracy in pre-launch calibration of PSF

Neronov et al. (2010)



Official statement by Fermi
• Fermi made an official statement on their pre-launch PSF:

* The LAT team confirms that the photon distributions in the stacked analysis of blazars that Ando & 
Kusenko performed are indeed broader than expected based on the P6_V3 Diffuse point-spread 
function (PSF), which is used in current team publications and released by the team via the FSSC

* We had recognized that the PSF in flight was broader than expected at high energies; this was 
suggested in the caveats posted at the FSSC and noted in the 1FGL catalog paper

* We are confident that the PSF at high energies is being mis-modeled in our Monte Carlo (MC) 
simulations of the LAT because we find similarly-broadened profiles in a stacked analysis of bright 
pulsars (Vela, Crab, and Geminga). The caveats posted on the FSSC page are being updated with this 
information

* We have recently uncovered a deficiency in our MC simulation that may explain most, if not all, of 
the mismatch. We are working to deliver rapidly an 'in-flight' PSF that corrects for the effect while we 
proceed to fix the MC issue. Further instrument performance improvements are also under 
development

* The redshift dependence of the photon distributions that Ando & Kusenko report can be 
understood in terms of spectral evolution of blazars (the z>0.5 blazars having softer spectra on 
average than for z<0.5), and the above-mentioned inaccuracy of the P6_V3 Diffuse PSF at high 
energies



Redshift/spectrum dependence

• Nearby AGN are harder (mostly BL Lac objects)

• No-halo scenario: PSF depends on energy, but PSF has to be increasing function of energy 
both in 3–10 GeV and 10–100 GeV bands

• Halo scenario: BL Lac emits more source (TeV) photons, thus making the image larger

Ando & Kusenko, arXiv:1005.1924 [astro-ph.HE]
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Conclusions

• Stacked 170 (hard spectrum) AGN images

• Found anomalous excess compared with the latest (P6_v3) 
PSF

• Can be interpreted as IGMF, with amplitude around 10−15 
gauss

• The image sizes are different for nearby/hard and distant/soft 
AGN populations (evidence against instrumental effects)

• This study triggered more careful calibration of LAT PSF, and 
P6_v3 PSF turned out to be mis-calibrated


