
THE EXTRAGALACTIC 𝛾-RAY BACKGROUND: 

CONTRIBUTION FROM HSP BLAZARS
Bruno Sversut Arsioli :  Postdoc Ciência Sem Fronteiras 
Coop: Prof. Paolo Giommi & PhD student Yu Ling Chang



OUTLINE

SED Background Radiation

𝛾-ray component - FermiLAT

Extragal. Iso./Diffuse 𝛾-Component

Improvements: Identification of 
New 𝛾-ray sources (Fermi-LAT & 
2WHSP catalog)

HSP dominance in the VHE domain 
(E>100GeV)

5th Fermi Symposium : Nagoya, Japan : 20-24 Oct, 2014 1

Cosmic Gamma-ray Background Radiation
Yoshiyuki Inoue

JAXA International Top Young Fellow, Institute of Space and Astronautical Science JAXA, 3-1-1 Yoshinodai,

Chuo-ku, Sagamihara, Kanagawa 252-5210, Japan

⇤

The cosmic gamma-ray background radiation is one of the most fundamental observables in the gamma-ray
band. Although the origin of the cosmic gamma-ray background radiation has been a mystery for a long time,
the Fermi gamma-ray space telescope has recently measured it at 0.1–820 GeV and revealed that the cosmic
GeV gamma-ray background is composed of blazars, radio galaxies, and star-forming galaxies. However, Fermi
still leaves the following questions. Those are dark matter contribution, origins of the cosmic MeV gamma-ray
background, and the connection to the IceCube TeV–PeV neutrino events. In this proceeding, I will review the
current understandings of the cosmic gamma-ray background and discuss future prospects of cosmic gamma-ray
background radiation studies. I also briefly review the current status of cosmic infrared/optical background
radiation studies.

1. Introduction

The cosmic background radiation is one of the most
fundamental observables from the sky. It is the result
of integrated emission from its origins over the cosmic
history. Figure. 1 shows the measured cosmic back-
ground radiation spectrum from microwave to gamma
rays.
The origins of cosmic background radiation from

microwave to X-ray are well understood. For exam-
ple, the cosmic X-ray background (CXB) has been
conclusively shown to be the integrated light pro-
duced via the accretion process of active galactic nu-
clei (AGNs), in particular Seyferts, hosting supermas-
sive black holes [e.g. 1]. By contrast, the origin of the
cosmic gamma-ray background (CGB)1 has been an
intriguing mystery for these forty years since its dis-
covery by the SAS-2 satellite [2, 3]. Moreover, gamma-
ray signatures from dark matter particles are expected
to be buried in the CGB. The CGB has drawn a lot
of attention from the community for a long time.
Before the Fermi gamma-ray space telescope (here-

inafter Fermi) era, neither spectrum nor origins of
the cosmic GeV gamma-ray background were not well
understood. Although EGRET onboard the CGRO
satellite reported the spectrum at 0.03–50 GeV [4, 5],
an anomaly was known to exist at GeV energies, the
so-called EGRET GeV anomaly [6]. Regarding the
origins of the background, blazars were expected to
explain it. However, due to small EGRET samples,
it was predicted that blazars’ contribution is at the
level of 20-100% depending on models [see e.g. 7,
and references therein]. More accurate determination
of the CGB spectrum and more extragalactic source
samples were required to understand the nature of

⇤Electronic address: yinoue@astro.isas.jaxa.jp
1The cosmic gamma-ray background (CGB) is also called as

the extragalactic gamma-ray background (EGRB or EGB) or
the isotropic gamma-ray background (IGRB).
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Figure 1: The cosmic background radiation spectrum
from microwave to gamma-ray energies. Contribution
from galaxies [8], Pop-III stars [8], Seyferts [9], blazars
[7], radio galaxies [10], and all AGNs is shown by purple,
cyan, red, green, blue, and black curve, respectively. The
references for the measurements are in [8, 11].

the CGB. Fermi has recently reported a broadband
CGB spectrum and the large Fermi source catalog
has enabled us to unveil the origins of the CGB at
the GeV gamma-ray band. At the same time, the
current Fermi measurement still leaves the following
unanswered problems. First, the signature of dark
matter annihilation/decay has not yet observed in the
CGB. Second, the origins of the cosmic MeV gamma-
ray background are not understood at all. Lastly, the
cosmic TeV gamma-ray background has not been ex-
plored yet. Especially understanding of its connection
to the recent IceCube neutrino events will be an im-
portant key in this multi-messenger astronomy era.

In this paper, I review our current understand-
ings of the cosmic GeV gamma-ray background ra-
diation in §.2. Then, future prospects of the cosmic
gamma-ray background studies will be discussed in
§.3. I also briefly review the current status of cosmic
infrared/optical background radiation studies in §.4.
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BLAZARS: HSP

HSP:  νSync-peak > 1015Hz

0.1-100GeV band:

<𝚪>  ≈ 1.8

HESS, Magic, Veritas: ≈150 VHEsrc

Most of Extragal. VHEsrc are HSPs

Still many blazars are not 
detected in 𝛾-rays …  



EGB MEASURED BY FERMI-LAT

Fermi-LAT: Sky-Survey 0.1-500GeV 

EGB: Total Extragalactic 𝛾-ray 
component:  [All 𝛾 we see] - 
[Galactic Component] (Model Dependent)

Yellow strip: EGB  

Gray strip: Resolved Sources

EGB - Resolved = Isotropic 𝛾-ray 
background   (IGRB)

Fermi Collaboration: arXiv:1410.3696v1



IGRB: ISOTROPIC 𝛾-RAY BACK 

IGRB: Extragalactic and Isotropic 
Component 

PwLw 𝚪=2.38 , Ecut~270 GeV

"Diffuse": True Diffuse + 
Unresolved point-like sources 

True Diffuse: Chocks, CR, DM?

Unresolved: Blazars? AGNs?

Fermi Collaboration: arXiv:1410.3696v1



PREDICTIONS: SIMULATION

From Simulations: "Simplified 
view” model  for blazars

Integral emission from Blazars 
may dominate HE domain

Blazars are Expected to explain 
most of the HE  IGRB (~100%)

…Still, point-like sources are not 
resolved

P. Giommi; P. Padovani: MNRAS-2015, 
arXiv:1504.01978



2WHSP
~1692 HSP blazars
only ~440 with 𝛾-ray counterpart (from 1/2/3FGL catalogs) 

Yu-Ling Chang, B. Arsioli, P. Giommi; P. Padovani; 2016
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ABSTRACT

Aims. High Synchrotron Peaked blazars (HSPs) dominate the TeV and VHE sky; however, there are only ⇡ 1000
cataloged HSPs now. HSPs are extremely important to VHE astrophysics, thus in this paper we present the 2WHSP
catalog, the most complete list of HSPs to date. 2WHSP is an extension of the 1WHSP sample of �-ray source candidates
out of the Galactic plane, and extends the coverage down to |b| > 10�.
Methods. We cross-matched a number of multi-wavelength catalogs (in the infrared, radio, and X-ray bands) and
applied selection criteria based on the spectral slope between di↵erent energy bands: radio to IR and IR to X-ray. We
examined the SED of each candidate to select genuine HSPs by fitting the Synchrotron emission peak with a third
degree polynomial with the ASDC SED tool.
Results. We have built the largest and most complete catalog of HSP blazars to date, containing approximately1700
objects. A series of population properties were probed to characterize the sample in an e↵ort to increase completeness,
IR-colours, synchrotron peak and redshift distributions, and �-ray spectrum properties. We have placed our 2WHSP
sources in the Luminosity vs. ⌫peak plot, reinforcing the evidence that the blazar sequence is a selection e↵ect. The
blazars in our catalog may be used as seeds for searching sources in future VHE surveys
Conclusions. .

Key words. galaxies: active – BL Lacertae objects: general – Radiation mechanisms: non-thermal – Gamma rays:
galaxies

1. Introduction

Blazars are a class of radio-loud Active Galactic Nuclei
(AGN) characterised by rapid and large amplitude spectral
variability, assumed to be due to the presence of a relativis-
tic jet pointing very close to the line of sight (Blandford &
Rees 1978; Antonucci 1993; Urry & Padovani 1995). The
emission of these objects is non-thermal over most or the
entire electromagnetic spectrum, from radio frequencies to
hard �-rays. Usually the observed radiation shows extreme
properties, mostly coming from relativistic amplification ef-
fects. The observed Spectral Energy Distribution (SED)
presents a general shape composed of two bumps, one in
the infrared (IR) to soft X-ray band and the other one
in the hard X-ray to �-rays. If the peak frequency of the
synchrotron bump (⌫

peak

) in ⌫ - ⌫F⌫ space is larger than
1015 Hz, a blazar is usually called High Synchrotron Peaked
(HSP) (Padovani & Giommi 1995; Abdo et al. 2010). HSP
blazars are also considered to be extreme sources since the
Lorentz factor of the electrons radiating at the peak of
the synchrotron SED �peak are the highest ones within the
blazar population. Considering a simple SSC model where
⌫peak = 3.2⇥106�2

peakB� (Giommi et al. 2012a), assuming
B = 0.1 Gauss and Doppler factor h�i = 10, an HSP charac-
terized by ⌫peak = 1015�1017Hz demands �peak ⇡ 104�105.

Apart from the typical two-bump SED of blazars, an-
other salient feature of these sources is the slope between
the fluxes in di↵erent wavebands, as blazars are known to
occupy a distinct position in the optical to X-ray spectral
index (↵

ox

) versus the radio to optical spectral index (↵
ro

)
color-color diagram (Stocke et al. 1991). Considering the
distinct spectral properties of blazars over the whole elec-
tromagnetic spectrum, selection methods based on ↵

ox

and
↵

ro

are a proven e�cient way to find more blazars. For ex-
ample, Schachter et al. (1993) discovered 10 new BL Lacs
via a multi-frequency approach with radio, optical and X-
ray data. They selected the new BL Lacs using X-ray/radio
versus X-ray/optical color-color diagram and confirmed the
BL Lac sources with the optical spectra.

HSP blazars are very important for very high energy
(VHE) astronomy. Observations have shown that HSPs are
bright and variable sources of high energy �-ray photons
(TeVCat)1 and that they are likely the dominant compo-
nent of the extragalactic VHE background (Padovani et al.
1993; Giommi et al. 2006; Di Mauro et al. 2014; Giommi &
Padovani 2015; Ajello et al. 2015). In fact, most of the extra-
galactic objects already detected above a few GeV are HSPs
(Giommi et al. 2009; Padovani & Giommi 2015; Arsioli
et al. 2015; Ackermann et al. 2015, see also TeVCat); how-

1 http://tevcat.uchicago.edu

1



¡13:0 ¡12:5 ¡12:0 ¡11:5 ¡11:0 ¡10:5 ¡10:0 ¡9:5
Log(ºfº) [ergs=cm

2=s]

0

20

40

60

80

100

120

140

N
u
m
b
e
r
o
f
S
o
u
r
c
e
s

2WHSP¡ FGL
2WHSP no FGL Counterpart

GAMMA-RAY  DETECTION 

Most of Synchrotron-bright HSPs 
have been 𝛾-ray detected. 

Intermediate region with 𝛾-ray 
detections and non-detections  

Those are promising 𝛾-ray 
candidates  
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DIRECT SEARCH FOR 𝛾-RAY 
SIGNATURES          

We select ~400 brightest sources 
not yet observed in gamma-rays

Direct search within raw-data 
from Fermi-LAT (7 yrs - Pass 8) 

Goal: Evaluate potencial of direct 
source-search based on samples 
with promising 𝛾-ray candidates

Goal: Potential for solving the 
IGRB   (Diffuse => Point-Like)

Select 𝛾-ray Candidates Based on Brightness of the 
Synchrotron Component   
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COMPLEMENTARY APPROACH

Currently Fermi-LAT catalogs are based on 
𝛾-ray data only.

Meaning: Gamma-ray data alone has to 
trigger the detection

Complementary: Trigger the 𝛾-ray 
detection based on the position from HSP 
blazars . 

Likelihood analysis: Test Point-like source is 
compatible with observed counts. 

𝛾-ray Counts Map:  Fermi-LAT
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RESULTS

150 new 𝛾-ray signatures 
significance >3 sigma (TS>10)

TS map: Source emerge as point-
like signature: not an artefact 

𝛾-ray signal has high significance 
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SED PARAMETERS

Model as PowerLaw: 0.3-500 GeV band

dN/dE = N0 ( E / E0 )
-𝚪 

85 high-significance: TS>25

65 low-significance: 10<TS<25

Resolving the IGRB (diffuse) into point-
like sources 

Unveiling candidates for VHE 
observations 
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LOW-SIGNIFICANCE 
SIGNATURES

Few examples TS maps for low-
significance 𝛾-ray signatures

Emerge as point-source 

Not an artefact from 
overestimate background in the 
input model. 
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LIKELIHOOD OF DETECTION

FOM = brightness of synchrotron 
peak (UV to X-ray range)

Direct source search to improve 
de description of the 𝛾-ray sky

MESSAGE: 𝛾-ray Detections  
Driven by multi-frequency data 
[Radio to X-ray]  

Complementary Method 
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LOWER FLUX THRESHOLD

Red: flux-limit from 3FGL cat.

Blue: improved flux-limit 

Intersection: where methods 
complement each other

We go down to lower flux threshold

Improve ability to unveil faint 𝛾-ray 
sources.…

better use of data we already have on 
hands
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Comparing Photon Index 
distribution: New vs. FGL 
detections

New 𝛾-ray HSPs: similar Photon 
Index distribution as FGL-HSPs 
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TOTAL EGB

The 𝛾-ray LogN-LogS: 1-100 GeV

Extrapolate to lower measured 
fluxes 6E-11 ph/cm^2/s

~9% of total extragalactic 𝛾-ray 
content (EGB) in 1-100 GeV band 
is due to HSP blazars

A Lower Limit…
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MEASURED FLUXES 

3FGL sources (red)

New 𝛾-ray detections (indigo)

If we consider now only the 150 
new 𝛾-ray detections…



% OF IGRB SOLVED
Dependence on Energy :  Dominance of HSP blazars Increase with Energy.
                                      The order of impact from direct source-search to resolve the IGRB.  
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ABSTRACT

Aims. A direct search of �-ray emission centred on multi-frequency selected candidates is a valuable complementary
approach to the blind search adopted in all current �-ray Fermi-LAT catalogs. Our sources are part of the 1WHSP
and 2WHSP samples, which were assembled with the aim of providing targets for Imaging Atmospheric
Cherenkov Telescopes (IACT). A likelihood analysis based on their position allowed us to detect 150
�-ray excess signal not yet reported in previous �-ray catalogs (1FGL, 2FGL, 3FGL). By identifying new
sources, we could solve a fraction of the extragalactic isotropic �-ray background (IGRB) composition,
improving the description of the �-ray sky.
Methods. We perform data reduction with the Fermi Science Tools using positions from 400 high syn-
chrotron peaked (HSP) blazars as seeds of tentative �-ray sources; none of them have counterparts from
previous 1FGL, 2FGL and 3FGL catalogs. Our candidates are part of the 1WHSP and 2WHSP samples
(currently the largest sets of HSP blazars). We focus on HSPs characterised by bright synchrotron
component ⌫f(⌫) � 10�12.1 ergs/cm2/s, testing the hypothesis of having a �-ray source in correspondence
to the WHSP positions. Our likelihood analysis considers the 0.3-500 GeV energy band, integrating
over 7.2 yrs of Fermi-LAT observation and making use of Pass 8 data release.
Results. From the 400 candidates tested a total of 150 WHSPs showed excess �-ray signature: 85 high-
significance detections with TS>25, and 65 low-significance detections with TS in between 10 to 25. We
list the parameters describing all 150 �-ray sources assuming a power law spectrum in the 0.3-500 GeV
band. We study the �-ray photon spectral index distribution, the likelihood of detection according to
the synchrotron peak brightness (figure of merit parameter), and plot the measured �-ray LogN-LogS
of HSP blazars, also discussing the portion of the IGRB that has been solved by the present work. We
also report on cases where we could solve source confusion and find counterparts for unassociated 3FGL
sources with the help of high-energy TS maps in the 3-500 GeV band, which showed very powerful to
improve source localisation of current FGL sources.

Key words. galaxies: active – BL Lacertae objects: general – Radiation mechanisms: non-thermal – Gamma rays: di↵use
background – Gamma rays: General

1. Introduction

Catalogs of �-ray sources currently compiled by the Fermi-
LAT team are based on �-ray data only, and their detec-
tion method is blind with respect to information coming
from other wavelengths. This approach is clean and unbi-
assed with respect to any class of potential �-ray emitters.
However, there are populations of astrophysical objects
that are now known to emit �-rays, and the knowledge of
their position in the sky can be used to facilitate the detec-
tion and identification of new �-ray sources.Based on this
idea, we select a sample of candidates to be used as
seeds for a direct search of �-ray signatures using
likelihood analysis with the Fermi Science Tools.

Blazars are the most abundant �-ray sources in the lat-
est Fermi-LAT 3FGL catalogue, being 1147 (660 BL Lacs
and 487 Flat Spectra Radio Quasars - FSRQ) of the to-
tal 3034 (Acero et al. 2015). Still one third of the know

blazars from 5BZcat1 are not confirmed as a �-ray emit-
ter. Probably many of them are faint �-ray sources, hard
to identify by automatic search methods only based on
Fermi-LAT data. The blazar population has been exten-
sively studied by means of multi-frequency approach con-
sidering dedicated databases on radio, microwave, infra-red
(IR), optical, ultra-violet (UV), and X-ray, since they are
characterised by emitting radiation along the whole
electromagnetic spectrum, up to TeV energies.

A particular family of extreme sources with the syn-
chrotron component peaking at frequencies ⌫peak

larger than 1015 Hz is classified as high synchrotron
peak blazar (HSP, Padovani & Giommi 1995; Abdo et al.
2010) and is the dominant population associated to ex-

1 The 5BZcat (Massaro et al. 2015) is a large sample of 3561
identified blazars. Multi-frequency data for the 5BZcat is avail-
able at http://www.asdc.asi.it/bzcat with direct link to the
SED-builder tool.

1



PERSPECTIVES: 2WHSP  & FERMI

Successful approach: 400 2WHSPs 
leading to 150 𝛾-ray

We are now searching 𝛾-ray 
counterparts for all the 2WHSP 
sources. 

Preliminary results: ~200 extra 𝛾-
ray source.   

440 2WHSP-FGL => +350  
sources characterised in 𝛾-rays 
(+80%)



IMPACTS

440 2WHSP-FGL + 350 New sources 
characterised in 𝛾-rays.

IMPACTS

Better description of 𝛾-ray sky Resolving 
Diffuse component into point-like 
sources 

Constrain models DM annihilation / decay     

New Elements in framework of CTA ;   
Enriching expectations for TeV-sky



THANK YOU!



FERMI:  PASS7  /  PASS8

Fermi new data release:

Improved PSF

Number of Photon Events:

2.30 x at Low Energy (100MeV)

1.25 x at High Energy (10GeV)



BLAZARS

AGN  

Energetic: Powered SMBH

Jets

jets pointing to us : rare Blazars

5BZB ≈ 3560 objects 
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SENSITIVITY:  FERMI & CTA 
faint for Fermi, but still well within reach of the CTA
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LOOKING FOR HSP BLAZARS: 
EXPLORING THE VHE DOMAIN (E>100GEV)
we can rely on the synchrotron component parameter
to select VHE targets



HOW TO FIND HSP BLAZARS? 



HSP BLAZARS
…in the vast oceans of data



MULTI-FREQUENCY DATA

Radio:  NVSS  FIRST  SUMMS  ( 2.9 Mi detections )

InfraRed:  WISE  ( 750 M objects )

X-ray: Rosat Swift IPC XMM Chandra etc… ( 900k detections) 



1WHSP 
B. Arsioli, B. Fraga, P. Giommi, P. Padovani, P. M. Marrese
A&A, 2015, 579, 34  DOI: 10.1051/0004-6361/201424148 



IR COLORS
Data from ALLWISE catalog: ≈ 750 Million
Color-Color Selection: Subsample 5 Mi
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1WHSP
bright sources in red (potentially detectable by current IACT) ≈ 110
Total of 982 HSP/Candidates Blazars



2WHSP
YL. Chang, B. Arsioli, P. Giommi, P. Padovani
Expanding the1WHSP sample



2WHSP 

Expanding 1WHSP

Lower Gal. Lat.  |b|>10˚

Radio: NVSS, FIRST, SUMSS (updated)

X-ray: ROSAT B/F

IPC & IPC Slew (7.000)

3XMM DR4 & XMM Slew DR6 (570.000)

1SWXRT & XRT Deep (94.000) 

WGACAT2 , BMWcat (88.000 , 30.000)

Chandra (100.000)
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