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Fermi-LAT updates in 2015

Figure 3.1: Schematic view of the Large Area Telescope onboard Fermi. Calolimeters are

put below Silicon-strip layers and the overall detector system is surrounded by plastic

scintillators to reject particles. The telescope’s dimensions are 1.8 m×1.8 m×0.72 m.

The power required and the mass are 650 W and 2789 kg, respectively (Hays (2010)).

Figure 3.2: Zoomed-up schematic view of pair conversion and propagation processed

within the TKR layers in the LAT Hays (2010).
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MOTIVATION: PASS 8

• Improved Performance above 50 GeV

• Improved PSF and Acceptance (factor of 50 - 200%)

• Low background and constant PSF (0.1 deg at 68%)
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MOTIVATION: PASS 8

• Improved Performance above 50 GeV

• Improved PSF and Acceptance (factor of 50 - 200%)

• Low background and constant PSF (0.1 deg at 68%)

• Pass8: Major update on instrument response function. 
    Effective area and PSF has been significantly improved.

• All the 7.5-year data has been reprocessed with Pass8 and 
available now. 

<0.1deg PSF(68%) above 50 GeV

>30% increase

Wood+15
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Fig. 1.— Adaptively smoothed count map in the 50GeV–2TeV band represented in Galactic coordinates
and Hammer-Aitoff projection. The image has been smoothed with a Gaussian kernel whose size was varied
to achieve a minimum signal-to-noise ratio under the kernel of 2. The color scale is logarithmic and the units
are counts per (0.1 deg)2.
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E>50 GeV sky observed by Fermi-LAT
• 2FHL catalog (Ackermann+15)  based on Pass8 reprocessed 80-month data. 
   61,000 photons in 50 GeV < E < 2 TeV 
   360 sources detected  
• 90% of the 2FHL sources (excluding un IDs) are extragalactic sources, and most of 

them are blazars or blazar candidates.

50 GeV - 2 TeV

Ackermann+15



Blazars

Figure 2.4: Broadband Spectral Energy Distribution (SED) for blazars (Ghisellini 2013).

Solid lines represent the phenomenological models presented in Fossati et al. (1998).
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Fig. 10.— Photon index versus frequency of the synchrotron peak νSpeak,rest. Red: FSRQs, green:

LSP-BL Lacs, light blue: ISP-BL Lacs, dark blue: HSP-BL Lacs.
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Fig. 11.— Photon index versus frequency of the synchrotron peak νSpeak,obs for blazars of unknown

types (BCUs). For comparison, the orange bars show the average index for different bins in νSpeak,rest
for blazars with known types as displayed in Figure 10.
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• Blazar : Radio galaxy with a relativistic jet direct toward the earth. 
   FSRQs   … emission line of EW>5Å, mass accretion rate of >1% Eddington limit 
   BL Lacs …  no emission line, low mass accretion rate

Synchrotron
inverse Compton

FSRQ

BL Lacs



Source population

3FGL catalog (Acero+15)
100 MeV - 300 GeV

50 GeV - 2 TeV
2FHL catalog (Ackermann+15)
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Fig. 15.— Photon flux distributions of the 2FHL population that has been detected already by IACTs
(purple) and that has not yet been detected (green). The medians of the distributions are shown with
vertical lines.

37

50 GeV - 2 TeV (360 sources)

• 282 (78%) of 2FHL sources have not been detected yet with IACTs.
   → promising targets for CTA.



What can we infer from gamma-ray observations of AGNs?

• Locating blazar zone and inferring underlying particle acceleration in relativistic 
AGN jets.

   — Simultaneous broadband observations (e.g. 3C279; Hayahida+15) 
   — Time-dependent modelling of flares (Asano+15, Saito+15) 
   — Gamma-ray / VLBA observation of a radio galaxy (3C120; Tanaka+15, Casadio+15) 

• Extragalactic gamma-ray background (EGB)
   — Resolving EGB into individual components (Ajello+15) 
   — Constraints on cross section of dark matter annihilation (Ajello+15) 
   — Constraints on TeV gamma-ray background (Inoue+15) 

• EBL / intergalactic conditions 
  — Testing EBL models (Atwood+13, Ackermann+15) 
  — Constraints on inter galactic magnetic field (IGMF) (Finke+15)

Recent works with Fermi-LAT

Physics of AGN jets

Cosmological measurements



Constraining emission zone 
in AGN jets
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Fig. 2.— PKS1222+21 light curve above 100GeV, in 6 minutes bins (black filled circles).

The observation was carried out on MJD 55364. The black solid line is a fit with an ex-

ponential function and the black dotted line a fit with a linear function. The grey open

squares denote the fluxes from the background events and the grey dashed line is a fit with

a constant function to these points.

Aleksic+11: 4C 21.35

J. Aleksić et al.: PKS 1510-089
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Fig. 3. Fermi-LAT >100MeV light curve in the three hour bins
for the first MAGIC observing period. The vertical lines rep-
resent the MAGIC observing times (all shorter than 3 hours in
duration) showing that the MAGIC observation windows missed
the times of the fastest HE γ-ray variability.

MAGIC observations. Apparently the MAGIC observations also
missed the highest peaks of the HE γ-ray light curve. The maxi-
mum flux measured simultaneous to the MAGIC observations is
F (>100MeV)∼ 8 · 10−6 cm−2 s−1 and the average of the strictly
simultaneous bins is F (>100MeV)∼4.4·10−6 cm−2 s−1.

For the second MAGIC observation window in March-April
(from 56001 to 56020), fast variability could not be investigated
because of the lower HE γ-ray state of the source. After March
23 (MJD 56009), the source was no longer detected on daily
scales in HE γ rays, the daily upper limits being below 1.0 · 10−6
cm−2 s−1. Therefore, in total, the HE γ-ray flux variability am-
plitude, within the windows strictly simultaneous to the MAGIC
observing windows, was ∼ 8 on nightly scales, which could go
undetected in the MAGIC light curve given the overall low flux
as discussed in section 2.2. It is therefore not possible to con-
clude if the lack of significant variability in the VHE γ-ray band
has a real physical origin or if it is simply an observational bias
(either due to unfortunate sampling or due to low photon statis-
tics).

The SED of PKS 1510-089 from ∼100MeV to ∼400GeV
is presented in Fig. 4. The HE γ-ray data from AGILE-GRID
and Fermi-LAT cover slighly different periods (AGILE from
MJD 55977.5 to 55991.5 and Fermi-LAT from MJD 55976 to
55991 and from 56001 to 56020). The AGILE-GRID data con-
sist of flaring state data only while the Fermi-LAT spectrum
summarizes all events of the time intervals coincident with the
MAGIC observation window. As suggested by AGILE and con-
firmed by Fermi-LAT, the brighter states are characterised by a
hardening of the HE spectrum, and therefore the higher flux ob-
served by AGILE at 2GeV is expected. The peak of the SED is at
∼ 100MeV. The log parabola fit and the errors of the Fermi-LAT
spectra have been extrapolated to the MAGIC energy range. We
also show the extrapolation taking into account the EBL absorp-
tion using the model of Dominguez, et al. (2011). The VHE γ-
ray spectrum observed by MAGIC connects smoothly with this
extrapolation suggesting that the emission originates from the
same region.

4. Swift X-ray observations, data analysis and
results

The Swift satellite (Gehrels et al., 2004) performed 23 ToO ob-
servations on PKS 1510−089 between 2012 February 2 and
April 5 (MJD 55959-56022), triggered by the strong activity
of the source detected first by AGILE (Lucarelli et al., 2012)
and Fermi-LAT at HE γ-ray energies, and then by MAGIC at
TeV energies (Cortina, 2012). The observations were performed
with all three onboard instruments: the X-ray Telescope (XRT;
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Fig. 4. The γ-ray SED constructed fromAGILE, Fermi-LAT and
MAGIC data. The AGILE-GRID data (grey filled squares) cor-
respond to the data of Flare-II (from MJD 55977.5 to 55991.5).
The Fermi-LAT spectrum (black open circles) combines all
events of time intervals coincident with the MAGIC observa-
tion window (MJD 55976 to 55991 and from 56001 to 56020)
with the blue lines showing the log parabola fit to the data and
its statistical uncertainty (the thinner lines). The fit and the errors
of the Fermi-LAT spectra have been extrapolated to MAGIC en-
ergy range. The dashed blue lines show the extrapolation with
the EBL absorption effects included. The MAGIC data points
are shown with black filled squares (observed) and red filled
circles (de-absorbed). The corresponding shaded region indi-
cates the statistical uncertainty of the spectral fitting (same as
in the Fig. 2). The grey data shows, for the comparison, the
low-intermediate state spectrum of the source as measured by
AGILE-GRID (triangles) and Fermi-LAT (open triangles) and
high state SED as measured by Fermi-LAT (open squares).

Burrows et al. (2005), 0.2–10.0 keV), the Ultraviolet Optical
Telescope (UVOT; Roming et al. (2005), 170–600 nm), and the
Burst Alert Telescope (BAT; Barthelmy et al. (2005), 15–150
keV).

For the Swift-XRT data analysis, we considered observations
with exposure time longer than 500 seconds, including 20 ob-
servations. In addition we summed the data of the three observa-
tions performed on February 19 in order to have higher statis-
tics. The XRT data were processed with standard procedures
(xrtpipeline v0.12.6), filtering, and screening criteria by
using the Heasoft package (v6.11). The source count rate was
low during the entire campaign (< 0.5 counts s−1), so we only
considered photon counting data and further selected XRT event
grades 0–12. Pile-up correction was not required. Source events
were extracted from a circular region with a radius of 20 pix-
els (1 pixel ∼ 2.36”), while background events were extracted
from a circular region with radius of 50 pixels away from the
source region. The spectral redistribution matrices v013 in the
Calibration database maintained by HEASARC were used.

The adopted energy range for spectral fitting is 0.3–10keV.
When the number of counts was less than 200 the Cash statistic
(Cash , 1979) on ungrouped data was used. All the other spectra
were rebinned with a minimum of 20 counts per energy bin to al-
low χ2 fitting within XSPEC (v12.6.0; Arnaud , 1996). We fitted
the individual spectra with a simple absorbed power law, with a
neutral hydrogen column density fixed to its Galactic value (6.89
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• Smooth connection of GeV and TeV spectra during GeV flare.
   →Suggesting co-spatiality of GeV/TeV emission zone locating outside BLR; >1017 cm, 
since VHE photon is absorbed in BLR due to γγ→e+e− .

• Variability of several minutes in TeV range

Fermi MAGIC MAGIC

Location of Emission Zone in Blazars
• Kinetic luminosity of FSRQs is comparable to accretion power during flares.
• The site and structure of the emission region is controversial.
• Variability of a few hours is observed with Fermi-LAT. (Foschini+11, Saito+13, Brown +13, Rani+13, Hayashida+15)
   → Location of emission site: R < cδΓΔt/(1+z) ≒ 1016 cm ~ 100 RG (Δt=2hours, Γ=10 )

10 min



Time-dependent modeling of FSRQ flares

Flare1 Flare2

Flare3

Figure 5.6: Fermi -LAT light curves of PKS 1510−089 around the three major γ-ray

outburst, binned in the intervals of 12 h, 6 h, and 3 h (upper, middle, and lower panels,

respectively).

54

PKS1510-089 
(Fermi-LAT)

Constraining emission zone of FSRQs by modeling time evolution of SEDs during 
flares and fitting the simulated GeV gamma-ray light curves to observed ones.  
  (Saito+15)

• “Finer time resolution” is required to the data 
since an apparently coherent flare would be 
resolved into superposition of sub-flares with 
better resolution.

Saito+13



Constraints on the geometry of emission zone

4 Saito et al.
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Fig. 1.— Simulated profiles of the analyzed Flare 1 and Flare 2 in PKS1510–089 within the 0.1–300GeV range (left and right panels,
respectively), superposed on the 3-hour binned LAT light curve of the source taken from Saito et al. (2013). Simulations denoted in the
figure by various color curves were performed for different locations of the emitting region along the free-expanding outflow, as explained
in the text (see § 4.1). The χ2 values for the corresponding model fits to the decaying phases of the flares are inserted as small figures in
the panels. The resulting best-fit parameters are given in Table 2. The broad-band emission spectra presented in Figure 3 below coincide
with the instants marked as “1”, “2”, and “3” in the panels.

broken power-law

Qγ = Ke γ
−p

[
1 +

(
γ

γbr

)4
] 1

4 (p−q)

, (3)

where Ke is the normalization parameter, p and q are the
low- and high-energy injection indices, respectively, and
γbr is the criticial/break electron Lorentz factor. The
injection function is defined within the range of γmin ≤
γ ≤ γmax.
After simulating the evolution of the electron energy

distribution while the shell propagates along the jet
based on the equation of balance (1), the observed SED
at a given instance of time is calculated by integrating ra-
diative contributions from all the cells located at different
radial distances within the shell over the viewing angle
θobs. The corresponding γ-ray light curve is obtained by
extracting the γ-ray flux at each step of the simulation
(see Moderski et al. 2003, for the full description).

4. TIME-DEPENDENT MODELING

Several input parameters for the time-dependent sim-
ulations of the analyzed flares were selected based on
the recent broad-band fitting of the PKS1510–089 spec-
trum during the 2009 flaring state by Barnacka et al.
(2014). The main characteristics of the external photon
fields (BLR and HDT, in particular) were fixed follow-
ing the detailed studies of the accretion disk emission in
the source by Nalewajko et al. (2012). All of these are
are summarized in Table 2. The jet opening and viewing
angles were at first assumed as θjet = θobs = 1/Γ, where
Γ is the bulk Lorentz factor of a moving shell (§ 4.1); in
the following steps of the modeling we also considered

smaller values of θjet (see § 4.2), in accord with the most
recent results of the high-resolution radio observations of
blazar jets.

4.1. “Free-Expanding Jet” Model

The critical distances along the outflow marking the
onset and the termination of the electron injection, Rstart
and Rstop, respectively, i.e. the two crucial free pa-
rameters of our modeling, were constrained under the
condition of a free-expanding outflow θjet = θobs =
1/Γ = 2.6 deg in the following way. First, the inter-
val ∆R = Rstop − Rstart was determined from the ob-
served rising time of the flare τfl using the general rela-
tion ∆R = cΓδ τfl/(1+z). Next, for a given fixed ∆R we
varied Rstart and Rstop together with the normalization
of the injection function Ke, evaluated the resulting γ-
ray fluxes within the 0.1− 300GeV range for each set of
the model parameters (up to the distance Rend > Rstop),
and fitted the observed Fermi-LAT light curves with the
simulated profiles. The final values of the free parame-
ters were then chosen based on the χ2 of the model fits
to the decaying phases of the flares. The results of the
simulations are presented in Figure 1.
In the case of the Flare 1, the best model fit to the data

returns Rstart = 0.7×1018 cm and Rstop = 0.9×1018 cm,
with the γ-ray emission settling down around Rend =
2.3×1018 cm with the uncertainty of 0.1×1018 cm. Sim-
ilarly, for the Flare 2 we obtain Rstart = 2.3 × 1018 cm,
Rstop = 3.4 × 1018 cm, and Rend = 6.9 × 1018 cm, with
the uncertainty of 0.3 × 1018 cm. Overall, the studied
γ-ray flare light curves can be fitted reasonably well un-
der all the model assumptions specified above, although
the well-resolved rising profiles of the flares (especially

PKS1510-089 γ-ray flare
(θobs=θjet = 2.6°)

Rs = 0.1x1018 cm

Rs = 1.5x1018 cm

Rs = 0.7x1018 cm

• Time dependent single-zone model with given electron injection spectra.

• Distance of gamma-ray emission zone from the SMBH:
   0.7x1018 cm (0.2pc) ; Γθjet =1
   4.5x1018 cm (1.5pc) ; Γθjet =0.1 (e.g. Jorstad+05, Clausen-Brown+13)

• Low magnetic luminosity is implied.

8 Saito et al.
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Fig. 5.— The best-fit location of the onset of the flaring zone
(upper panels) and the corresponding normalization of the electron
injection function (lower panels) for the Flare 1 and Flare 2 (left and
right panels, respectively), as functions of the jet opening angle
θjet = θobs (see § 4.2 for the discussion).

Quantifying next the energy dissipated per proton in the
mpc2 units as

κ ≡ E′
diss

Np mpc2
, (14)

and keeping in mind that E1 = 1
2Γ1 Npmpc2, E2 =

1
2Γ2 Npmpc2, and E′

diss = Ediss/Γ, one can find

κ ≃ 1

2

(Γ2/Γ − 1)2

Γ2/Γ
. (15)

And since ⟨γinj⟩Ne mec2 = ηe E′
diss, where ηe is the effi-

ciency of the energy transfer to relativistic electrons at
the shock front, the composition of the jet can be finally
estimated as

Ne

Np
≃ ηe κ

mp/me

⟨γinj⟩
(16)

(see, e.g., Moderski et al. 2004). The typically consid-
ered value of ηe ≃ 0.5 and a pure electron-proton jet
composition Ne/Np ≃ 1 imply therefore Γ2 ≃ 35 with
the corresponding ηdiss ≃ 0.1. Any larger amount of
electron-positron pairs in the jet would increase both the
bulk Lorentz factor of the faster shell (for the given Γ),
and the overall energy dissipation efficiency; for example,
Ne/Np ≃ 3 (meaning the pair content Ne+/Ne− ≃ 0.5)
would require a still reasonable value of Γ2 ≃ 50, with
the corresponding ηdiss ≃ 0.25. Note in this context that
the outflows remains dominated dynamically by protons,

Lp

Le
=

1

Ne/Np

mp/me

⟨γinj⟩
> 1 (17)

as long as Ne/Np < 10. In particular, with Ne/Np ≃
1− 3 adopted hereafter, one has Lp/Le ∼ 10.
The total luminosity of the accretion disk in PKS 1510–

089 was estimated by Nalewajko et al. (2012a) as Ldisk ≃

5× 1045 erg s−1, meaning the accretion power in the sys-
tem of the order of Lacc ∼ 1047 erg s−1 (for the assumed
the standard, 10% radiative efficiency factor). The model
parameters evaluated above under the Γ θjet ≃ 1 con-
dition, imply therefore an extreme efficiency of the jet
production, with the total jet kinetic power Lj ≃ Lp ∼
10Lacc. In the case of a highly collimated jet, this ef-
ficiency may be decreased quite significantly (see Fig-
ure 5). On the other hand, the jet magnetic field within
the blazar emission zone, which is rather weak already
in the free-expanding jet case, becomes even less rele-
vant dynamically with the decreasing product Γ θjet. In
particular, with θjet ≃ 2.6 deg, the ratio of the electron
kinetic energy and Poynting fluxes,

Le

LB
=

2mec2

cβ′
sh

×
∫
dγ γQγ

[R θjet B′(R)]2
, (18)

reads as Le/LB ∼ 60 and ∼ 20 for the Flare 1 and the
Flare 2, respectively. Assuming instead θjet ≃ 0.26 deg,
but keeping a comparably large Compton dominance in
the source (i.e., the ratio of the high-energy and syn-
chrotron peak luminosities ∼ 10 − 100), we obtain wor-
risomely small jet magnetization of Le/LB ! 100.
It is interesting to note in this context that the

model fit to the average/quiescence broad-band spec-
trum of PKS1510–089 using the BLAZAR code, presented
in Kataoka et al. (2008), indicates Lp ≃ 2× 1046 erg s−1

and Le ≃ LB ≃ 0.6 × 1046 erg s−1. This, together with
the results of our simulations, may suggest that while
during the extended source quiescence the outflow is in
equipartition between the relativistic electron and mag-
netic field energy fluxes, with the total jet kinetic lu-
minosity dominated only slightly by cold protons and
constituting only some smaller fraction of the available
accretion power (Lacc ∼ 10Lp with Le ∼ LB ∼ 0.3Lp),
dramatic though relatively rare flaring events consist of
an excess energy flux carried out predominantly by the
jet particles, and exceeding the mean accretion power in
the source (Lp ∼ 10Lacc and Lp ∼ 10Le ≫ LB).
The above considerations should be taken with ex-

treme caution, however, since in the modeling presented
here no synchrotron data concurrent with the analyzed
γ-ray flares could be utilized. Any robust estimation of
the magnetic field within the emitting region would, in
fact, require exactly simultaneous infrared and GeV flux
measurements. At the same time, we note that small jet
opening angle Γ θjet < 1 implies higher number density
of the radiating electrons when compared with the case
of a free-expanding jet, regardless on the jet magneti-
zation, and therefore an elevated SSC spectral compo-
nent (which may dominate the entire X-ray domain, up
to even the soft γ-ray regime). Hence, high-quality X-
ray data simultaneous with the GeV flaring events, when
modeled as presented in this paper, could, in principle,
constrain robustly the jet opening angle in the source.

6. CONCLUSIONS

In this paper we presented a new approach for con-
straining luminous blazars, incorporating fully time-
dependent and self-consistent modeling of particularly
bright and well-resolved γ-ray flares of PKS 1510-089 de-
tected with Fermi -LAT. The two flares selected for the
analysis, studied before by Saito et al. (2013), consti-
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MWL observation of 3C279 huge flare 

(covering the same period as in Figure 1). The γ-ray light curve
measured by Fermi-LAT is plotted using 1 day time bins. The
X-ray fluxes were measured by Swift-XRT in the 0.5–5 keV
band. The third panel shows fluxes in the optical V-band
measured by Swift-UVOT, SMARTS, and Kanata as well as
the R-band data measured by SMARTS and Kanata. The
optical polarization data were measured by Kanata in the
RC-band. The 230 GHz fluxes were based on the results from
SMA and also included results by ALMA.36 In the plot, the
periods (A–D) as defined in Table 2 are also indicated.

Generally, the source showed the most active states in the
γ-ray band at the beginning (including Period B, Flare 1) and
the end (including Period D, Flare 3) of the epoch considered
in this paper. In the X-ray band, we also see two high-flux
states, in the first half and in the second half of this epoch.
While in the first active phase the flux variation was not
apparently well correlated between the γ-ray and the X-ray
bands, we can see flaring activities in both the γ-ray the X-ray
bands around Period D (∼MJD 56750).

During the epoch considered here, the optical flux showed
significantly different behavior than that in the γ-ray and the
X-ray bands. In the beginning of this epoch, the measured
fluxes were relatively low with relatively high polarization
degrees, of ∼20%. Around period B, the γ-ray showed a very
rapid flare with a hard photon index, but the source did not

show any enhanced optical fluxes. After that, the optical fluxes
started increasing gradually, with a drop of the polarization
degree to ∼5% after Period C. The γ-ray and X-ray band fluxes
dropped, but the optical flux still continued increasing, and
peaked at ~MJD 56720. In the largest flaring event in Period
D, where the γ-ray (>100 MeV) and X-ray fluxes were highest,
the optical flux showed only minor enhancement, and had
already started decreasing from its peak value. The optical
polarization angle did not show any rotation throughout the
observations considered here, and remained rather constant
around °50 with respect to the jet direction observed by Very
Long Baseline Interferometry observations at radio bands (e.g.,
Jorstad et al. 2005).
The 230 GHz flux was less variable compared with other

bands, varying by about 50%, from ∼8 to ∼12 Jy. Even though
the amplitude of the variation was much smaller, the general
variability pattern of the 230 GHz band followed a similar
pattern to that seen in the optical; a low state in the beginning
of the epoch, followed by increased activity in the middle, and
a decrease toward to the end of the interval. No prominent
millimeter-wave flares corresponding to the large γ-ray flaring
events (Flares 1–3) were observed.

3.2. Spectral Energy Distributions

Figure 8 shows broadband SEDs for each period as defined
in Table 2 (see also Figure 7 in the light curves). The data sets
include Fermi-LAT (see also Figure 3), NuSTAR (for Periods

Figure 8. Broadband spectral energy distributions of 3C 279 for the four observational periods defined in Section 2.1 (see also Table 2 and Figure 7). The vertical bars
in data points represent 1σ statistical errors and the down arrows indicate 95% confidence level upper limits. The plot includes historical SEDs of 3C 279 in a low state
(in 2008 August) and in a flaring state (in 2009 February) from the 2008–2010 campaign (Hayashida et al. 2012). The measured spectral fluxes by MAGIC in 2006
are also plotted (Albert et al. 2008).

36 Taken from the ALMA Calibrator Catalog, https://almascience.eso.org/sc/.
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• Prominent gamma-ray flare with Γ~1.7 and fine variability profile. (Hayashida+15) 
• One zone model could not explain X-ray spectrum. 
• Low jet magnetisation; LB/Lj<10-4 
• Acceleration by turbulence with varying magnetic field could explain time evolution of 

broadband SED during the flare. (Asano+15)

the emission zones of the intense flare in 2013 and the active
period in 2009 may be located at similar distances from the
central engine. The observed asymmetric profile in the light
curve is favorable for our simple one-shell emission-zone
model. The strong cooling due to the external IC yields the
rapid decay of the light curve. The evolutions of energy
densities in Figure 4 clearly show the energy input by the SA
and rapid cooling just after the end of the acceleration. At
R R2 0= , the energy density ratio of the magnetic field to
electrons is quite low as U U 4 10B e

5¢ ¢ ~ ´ - .
The observational constraints, of course, do not determine the

model parameter uniquely. However, the essential parameter for
determining the gamma-ray spectral shape is only K′ in our
model (the role of Ṅe

¢ is just normalizing the flux level, and the
value of B0 does not affect the gamma-ray spectral shape). In
Figure 5, we compare several photon spectral models derived
with different parameter sets. When we reduce K′ by a factor of
two from the fiducial model (“Low-K” model: K K 0.5¢ l ¢ ´ ,
N N˙ ˙ 4.8e e
¢ l ¢ ´ , the others are the same), the peak photon

energy does not reach 10 GeV. Conversely, we increase the
diffusion coefficient as shown in the “High-K” model
(K K 1.5¢ l ¢ ´ , N N˙ ˙ 0.038e e

¢ l ¢ ´ , B B 0.40 0l ´ , the
others are the same). In this case, we need an even weaker
magnetic field. The peak time of the light curve is delayed due to
the lower Ṅe

¢ compared to the fiducial model. In Figure 3, we
shift the light curve by 1.5 hr earlier. Other physical parameters
(Γ, etc.) of the jet were derived from the steady model. However,
as H15 supposed, we also try to increase Γ in our model. The
initial radius should be increased as 2µG to keep the variability
timescale. Such an example (“High-Γ” model: 2G l G ´ ,
R R 40 0l ´ , N N˙ ˙ 0.039e e

¢ l ¢ ´ , B B 0.160 0l ´ , K′ is the
same) is shown in Figure 5. Due to the relatively short tacc
( W c0.18= ¢ ), the maximum electron energy grows as high as

10e
13e ¢ ~ eV. A very low magnetic field (U U 6 10B e

51¢ ¢ ´ - )
is necessary again to suppress the synchrotron flux in the X-ray
band. The strong cooling due to the higherUUV

2¢ µ G makes the
GeV spectrum too soft compared to the observed gamma-ray
spectrum.

5. DISCUSSION

The simple SA model can reasonably explain the very hard
spectrum and short variability in the intensive flare in 2013.
The turbulence driving the particle acceleration may be
generated by the hydrodynamical instability or the magnetic
reconnection.
Compared to the steady model for the active period in

2009, the drastic alteration we need is the decrease of the
magnetic field. The other parameters have almost similar
values. The absence of the optical flare implies the weak
magnetic field ( 0.25< G). The requirement of the magnetic
field decrease at gamma-ray flare stages was suggested by
Asano et al. (2014) as well. The required low magnetic field
seems irrelevant to the energy source for the particle
acceleration. Therefore, a hydrodynamical instability is
responsible for driving the SA.

Figure 3. Gamma-ray light curve of period B in 2013 with the flare model
(solid black) and “High-K” model (dashed orange). The original data were
obtained from H15. In the model light curves, the underlying gamma-ray level
is the same as in Figure 2 (0.19 10 5´ - photons cm s2 1- - ).

Figure 4. Evolution of the energy densities in the shell frame for the flare
model. The solid black, blue, and red lines show the value of electrons,
magnetic fields, and photons produced in the shell, respectively. The red
dashed line denotes the value of the external photons.

Figure 5. Comparison of the model spectra at t 6.2obs = hr: the same model as
in Figure 2 (solid red), “High-K” model (dashed orange), “Low-K ” model
(dashed blue), and “High-Γ” model (dashed green). The steady underlying
component is included as in Figure 2. The thin lines show the flare
component only.
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Radio galaxies

sources that can be used as millimeter and submillimeter
wavelength calibrators (Gurwell et al. 2007). The observations
were obtained in the “compact” array configuration with typical
3″ resolution. Data from this program are updated regularly and
are available on the SMA website.10

2.3. Radio

We retrieved all available 43 GHz VLBA data from the
Boston University Monitoring Program from 2012 January to
2013 December and analyzed the calibrated (u, v) data using
DIFMAP. The intensity of the core was measured in images
convolved with a common Gaussian beam of ´0.45 0.20 mas
to avoid resolution effects. We found a clear enhancement at
epoch =MJD 56307, which was followed by an ejection of a
new jet component and decreasing core intensity in subsequent
epochs. Using the visibility-based model-fitting program in
DIFMAP to model the intensity structures, we found the new
component was unresolved from the core on =MJD 56307,
but was clearly identified on the subsequent two epochs

( =MJD 56349, 56398). This suggests its epoch of zero
separation was around =MJD 56307 or slightly later.

3. γ-RAY AND RADIO CORRELATION

Figure 1 shows the 30-day bin 0.5–100 GeV flux of 3C 120,
together with the 1-day bin 230 GHz and VLBA 43 GHz core
flux light curves. Here we assume that the SMA fluxes are
dominated by the core. Fermi-LATmeasured a >TS 9 from
3C 120 during the two most recent years, while the 230 GHz
light curve indicates an enhanced activity of the source in the
second half of the analyzed 6 yr. In Figure 2, we display
enlarged views of the Fermi-LAT 0.5–100 GeV and VLBA
43 GHz light curves between MJD 56100 and 56500. In the
5-day binned Fermi-LAT light curve (see top panel), the
largest values of =TS 7.4 and 7.5 are found in two bins, MJD
56247.7–56252.7 and 56272.7–56277.7, respectively.
Figure 3 shows the 43 GHz VLBA images at three epochs

obtained after the Fermi-LAT detection of MeV/GeV γ rays. A
bright radio knot clearly emerged from the core and propagated
down the jet. The 43 GHz light curves of the core and the knot
are shown in Figure 2 along with the separation of the knot
from the core as a function of time. We derived an apparent

Figure 2. Top: Fermi-LAT 0.5–100 GeV fluxes of 3C 120 calculated in 5-day bins with 90% confidence level flux upper limit shown by the black triangle when
<TS 4. Gray squares and triangles are the 30 day binned Fermi-LAT data shown in the top panel of Figure 1. Middle: light curves of VLBA 43 GHz core (blue

circles) and jet knot (orange squares). Bottom: angular separation of the jet knot from the core as a function of time. The orange dashed line shows the best-fit for the
two data points. The black arrow and black dashed line indicate the time when the knot passed through the core, and the yellow hatched area is the associated error
(MJD 56311 ± 13).

10 http://sma1.sma.hawaii.edu/callist/callist.html
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velocity of the knot as o c3.5 0.9 by fitting the first and second
data points, because the low fluxes in the third and fourth
points did not allow us to precisely determine the knot position.
The apparent speed derived here is similar to past VLBA
measurement of o c4.0 0.2 estimated from moving compo-
nents with well-determined motions (Jorstad et al. 2005, Table
5 therein). Extrapolating the motion of the ejected knot
linearly, we infer that it passed through the core at MJD 56311
± 13, after the MeV/GeV flare occurred (see Figure 2). During
the passage, the 43 GHz core flux reached a maximum.
Detailed VLBA analysis results will be reported elsewhere
(A. Doi et al. 2015, in preparation).

4. DISCUSSION

Although we can not rule out coincidence, the fact that the
γ-ray flares on MJD 56247.7–56252.7 and 56272.7–56277.7
were followed in close temporal proximity by the radio core
brightening and superluminal radio ejection on MJD 56311 ±
13 leads us to assume that they are physically related. In this
regard, we also note that the 43 GHz core flux again increased
after the third γ-ray flare occurred around MJD 56560 (see the
lower panel in Figure 1). This implies that a knot, responsible
for the second γ-ray flare, was passing through the core and
hence the 43 GHz core flux increased around MJD 56600,
further supporting the physical connection between the γ-ray

and radio phenomena. The distance from the central BH to the
VLBA core was estimated to be ∼0.5 pc by using the time lag
between the X-ray dip and radio jet ejection (Chatterjee
et al. 2009). The apparent speed of the knot of o c3.5 0.9
derived here and the time lags of ∼60 and ∼35 days between
the γ-ray and VLBA core brightenings allow us to infer the
position of the γ-ray emission region under the assumption that
these two phenomena are physically related. The knot moves a
projected distance of ∼0.18 and ∼0.11 pc in the ∼60 and
∼35 days, respectively, while Chatterjee et al. (2009) derived a
projected distance of 0.22 pc from the central BH to the
43 GHz VLBA core. Given the angle of~ ◦20 . 5 between the jet
axis and our line of sight (Jorstad et al. 2005), we found that
the γ-ray emission region is located at ∼0.1 and ∼0.3 pc from
the central BH. Here we assumed that the knot velocity is
constant and if the acceleration of the knot takes place between
the BH and VLBA core, as speculated by e.g., Marscher et al.
(2008), the distance from the BH becomes larger, but still on
the order of sub-parsecs.
It is difficult to precisely determine a source variability

timescale from the Fermi-LAT data due to the relatively low
flux. But since the Fermi-LAT sporadic detections are
dominated by several 5-day bins (see top panel of Figure 2),
we assume here that the variability timescale is 5–10 days. The
derived distance between the BH and γ-ray emission region,
together with the assumed variability timescale of 5–10 days
and previously measured beaming factor d = 2.4 (Jorstad
et al. 2005), allow us to estimate the jet opening angle. The
radius of the emission region is estimated as

d = ´1R c t 4.7 10var
16 d ( )t( 2.4) 7.5 dayvar cm. By assum-

ing a simple conical shape for the jet structure, the jet half
opening angle (q jet) is estimated as q ~ ~ ◦R r 4 . 5jet , where
the distance from the BH to the γ-ray emission region,
r = 0.2 pc is assumed by taking the average of the two
distances derived above. This is consistent with the past
estimate of the jet half opening angle of 3.8 ± 1.3 degree based
on sequential VLBA observations (see Table 11 of Jorstad
et al. 2005). The bulk Lorentz factor G ~ 4 is estimated from
the apparent speed of the knot of c3.5 and viewing angle of
20◦. 5. Hence, combined with q ~ ◦4 . 5jet (or 0.078 rad) derived
here, we obtain qG ~ 0.3jet , which is similar to the recently
claimed result of qG » 0.2jet from the MOJAVE study
(Clausen-Brown et al. 2013).
Figure 4 shows the Fermi-LAT spectrum of 3C 120 during

the 60 days (MJD 56242.7–56302.7) γ-ray flaring period. The
temporally closest measurements of the 43 GHz VLBA core
and 230 GHz fluxes measured on MJD 56283 and 56280.2 are
also plotted, together with the Swift/UVOT and XRT fluxes on
MJD 56276. Note that this is the first truly simultaneous
broadband spectrum for this source. The disk emission of 3C
120 is known to be bright (e.g., Kataoka et al. 2007) and the
accretion rate is estimated to be as large as ∼10% of its
Eddington luminosity (e.g., Chatterjee et al. 2009). This
implies a possible contribution of an external photon field as
targets for the inverse-Comptonization process. In the follow-
ing, we constrain the possible target photon field through
energetic arguments. The ratio between the external-radiation
Compton (ERC) luminosity to SSC luminosity is

d= G ¢ ¢L L u u( ) ( )ERC SSC
2

ext syn , where ¢uext and ¢usyn are the
external and synchrotron photon energy density in the jet
comoving frame, respectively (Stawarz et al. 2003). Here we
consider only the circumnuclear hot dust region (HDR) as an

Figure 3. Sequence of 43 GHz VLBA images of 3C 120 at epochs MJD
56307, 56349, and 56398. The vertical axis shows the epoch in linear scale.
The dashed line indicates the trajectory of the ejected knot.
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Tanaka+15
Tanaka+15

• ~15 radio galaxies has been detected by Fermi-LAT, which realize complementary study 
of AGN jets. (e.g. propagation of radio knots, monitoring physical change in jet and disk) 

• Gamma-ray/radio observation of FR1 radio galaxy 3C120 (Tanaka+15, Casadio+15) 
• Radio knot emerged 60 days after the gamma-ray brightening.  Based on the time lag, 
gamma-ray emission site is estimated around ~0.1-0.3 pc from the central BH.

43GHz
Knot position

43GHz Core flux

Knot flux

Fermi-LAT
0.5-100GeV



Blazars as a probe for 
cosmological measurements



Extragalactic gamma-ray background

yielding valuable information about the dark sector. No hints of
a DM detection have been claimed up to now using the EGB.
However, competitive limits on the DM annihilation cross
section have been derived in several studies relying on the EGB
intensity (e.g., Abdo et al. 2010a; Bringmann et al. 2014;
Cholis et al. 2014) or the anisotropy level (Gómez-Vargas
et al. 2014).

Here, we use the main result of this analysis—that most of
the EGB emission is produced by known source classes—to
constrain the DM annihilation cross section. We rule out DM
models that, together with point-like sources, overproduce the
EGB emission at s⩾2 level. This is achieved by defining
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where the sum runs over the N bins of the EGB spectrum.
F F F, ,i i AST RO i,EGB , ,DM are the intensities of the EGB, point-like
sources, and DM,  is a renormalization constant of the
nominal integrated source intensity and s =

sá ñF/ ,i ASTRO i ASTRO, , its average uncertainty. In Equation (13),
si is the sum (in quadrature) of the uncertainty on the
unresolved EGB and the systematic uncertainty on the Galactic
foreground (AC14). We use the uncertainties on the unresolved
EGB because the uncertainties on the resolved source intensity
are already taken into account in s . The 2s limits are found
when the DM signal worsens the c ⩾by 42 with respect to the
optimized c2 with a free DM signal normalization (and a free
). Following Ackermann et al. (2014b), predictions of the
cosmological annihilation signal were obtained using both the
halo model (Ullio et al. 2002; Fornasa et al. 2013) and the
power spectrum approach (Serpico et al. 2012; Sefusatti et al.
2014). Though Equation (13) neglects bin-to-bin correlations,
we verified that our DM limits are within 10% of those
obtained if we adopt the foreground model (from AC14) that
gives the most conservative upper limit for each DM signal.
An example of a ruled-out DM signal is reported in Figure 3,

while Figure 4 shows the limits for DM annihilating to
t t+ -bb̄ and channels, including their uncertainties due to the

level of subhalos in our Galaxy and in all DM halos (Sánchez-
Conde & Prada 2014; Ackermann et al. 2014b). Our limits are
compared to the conservative and sensitivity-reach limits
reported in Ackermann et al. (2014b). The former assumes
that the unresolved EGB is entirely due to DM annihilations,

Figure 3. Top panel: integrated emission of blazars (with and without EBL
absorption), compared to the intensity of the EGB (data points from AC14).
Lower panel: as above, but including also the emission from star-forming
galaxies (gray band; Ackermann et al. 2012b) and radio galaxies (black striped
band; Inoue 2011) as well as the sum of all non-exotic components (yellow
band). An example of DM-induced γ-ray signal ruled out by our analysis is
shown by the solid pink line and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as
the ratio of the summed contribution to the EGB spectrum, as a function of
energy as well as the uncertainty due to the foreground emission models
(see AC14).

Figure 4. Upper limits on the self-annihilation cross section for the bb̄ (top)
and t t+ - (bottom) channels as derived in this work (see Section 3) compared
to the conservative and sensitivity-reach limits reported in Ackermann et al.
(2014b). The blue band reflects the range of the theoretical predicted DM
signal intensities due to the uncertainties in the description of DM subhalos in
our Galaxy as well as other extragalactic halos, adopting a cutoff minimal halo
mass of 10 -

:M6 . For comparison, limits reported in the literature are also
shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).
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intensity (e.g., Abdo et al. 2010a; Bringmann et al. 2014;
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sources, and DM,  is a renormalization constant of the
nominal integrated source intensity and s =

sá ñF/ ,i ASTRO i ASTRO, , its average uncertainty. In Equation (13),
si is the sum (in quadrature) of the uncertainty on the
unresolved EGB and the systematic uncertainty on the Galactic
foreground (AC14). We use the uncertainties on the unresolved
EGB because the uncertainties on the resolved source intensity
are already taken into account in s . The 2s limits are found
when the DM signal worsens the c ⩾by 42 with respect to the
optimized c2 with a free DM signal normalization (and a free
). Following Ackermann et al. (2014b), predictions of the
cosmological annihilation signal were obtained using both the
halo model (Ullio et al. 2002; Fornasa et al. 2013) and the
power spectrum approach (Serpico et al. 2012; Sefusatti et al.
2014). Though Equation (13) neglects bin-to-bin correlations,
we verified that our DM limits are within 10% of those
obtained if we adopt the foreground model (from AC14) that
gives the most conservative upper limit for each DM signal.
An example of a ruled-out DM signal is reported in Figure 3,

while Figure 4 shows the limits for DM annihilating to
t t+ -bb̄ and channels, including their uncertainties due to the

level of subhalos in our Galaxy and in all DM halos (Sánchez-
Conde & Prada 2014; Ackermann et al. 2014b). Our limits are
compared to the conservative and sensitivity-reach limits
reported in Ackermann et al. (2014b). The former assumes
that the unresolved EGB is entirely due to DM annihilations,

Figure 3. Top panel: integrated emission of blazars (with and without EBL
absorption), compared to the intensity of the EGB (data points from AC14).
Lower panel: as above, but including also the emission from star-forming
galaxies (gray band; Ackermann et al. 2012b) and radio galaxies (black striped
band; Inoue 2011) as well as the sum of all non-exotic components (yellow
band). An example of DM-induced γ-ray signal ruled out by our analysis is
shown by the solid pink line and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as
the ratio of the summed contribution to the EGB spectrum, as a function of
energy as well as the uncertainty due to the foreground emission models
(see AC14).

Figure 4. Upper limits on the self-annihilation cross section for the bb̄ (top)
and t t+ - (bottom) channels as derived in this work (see Section 3) compared
to the conservative and sensitivity-reach limits reported in Ackermann et al.
(2014b). The blue band reflects the range of the theoretical predicted DM
signal intensities due to the uncertainties in the description of DM subhalos in
our Galaxy as well as other extragalactic halos, adopting a cutoff minimal halo
mass of 10 -

:M6 . For comparison, limits reported in the literature are also
shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).
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• Blazars constitute ~50% of extragalactic gamma-ray background (EGB) above 100 MeV. 
• TeV background was constrained by Fermi-LAT/ VHE data (Inoue+15, Inoue+12) 
•  Dark matter annihilation cross section could be constrained within unresolved EGB and 

uncertainty of EGB estimation. (Ajello+15)

 EBL attenuation of VHE photons from BL Lacs

Ajello+15
Ajello+15



Testing EBL models through high-z blazars
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Fig. 13.— The highest photon energy versus source redshift. The symbols are color coded by the optical
depth, τ , estimated from the EBL model by Domı́nguez et al. (2011b). Different estimates of the cosmic γ-
ray horizon are plotted as well, which are derived from the EBL models by Finke et al. (2010, dotted orange
line), Domı́nguez et al. (2011b, solid black line, with its uncertainties as a shaded band) and Gilmore et al.
(2012, dashed red line). We note that several photons are from near and beyond the horizon.
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Ackermann+15

Blazar Spectra 

•  Being sensitive over ~4 decades in energy, the LAT resolves the 
high-energy peak 
–  Sources become softer at higher energies 
–  Sources becomes softer at high redshift 

14 

Photon index distribution vs redshift 

Ackermann+15

photon index 
(E>50 GeV )

• VHE photons interact with EBL photons through pair 
production.   
→Softer VHE spectral index at higher redshifts. 

• Detection of VHE photons from high redshift objects 
gives a test for current EBL models. 

  E>100GeV photons from high-z blazars 
 e.g.) 
 PKS0426+380(z=1.1) Tanaka+13 
 PKS1441+25 (z=0.94)  Ahnen+15(MAGIC) 

CTA will provide a more extensive test of EBL models. 

γTeV + γeV → e+ + e-



Constraints on intergalactic magnetic field

Finke+15

IGMF Constraints from Gamma Ray Observations 9
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Fig. 4.— The values of parameter space of B and LB ruled out
for the combined conservative results of Section 4.1 for all of our
objects. The contours represent the significance a particular region
of parameter space is ruled out, in number of sigma, as indicated
by the bar. These constraints assume the Finke et al. (2010) EBL
model and θj = 0.1 rad.

There is a strange shape in the contours at 1 − 10 Mpc
due to this transition region, and due to the coarseness
of our grid, which is one order of magnitude in both B
and LB.
Low magnetic field values are inconsistent with the

data at > 5σ. We consider this quite a significant con-
straint. Since many authors (e.g., Neronov & Vovk 2010;
Dermer et al. 2011) have ruled out low B values if the
cascade component is above the LAT 2σ upper limits,
those authors are implicitly ruling out the B values at the
2σ level. The high magnetic field values are not signifi-
cantly ruled out. The most constraining sources in our
sample for low B values turned out to be 1ES 0229+200,
1ES 0347−121, and 1ES 1101−232, all of which individ-
ually ruled out low B values at ! 4.5σ.
Our lower limits on B are lower than what many

previous authors have found in a similar fashion, but
assuming tblazar = 1/H0 (e.g. Neronov & Vovk 2010;
Tavecchio et al. 2010, 2011; Dolag et al. 2011). We com-
pute a constraint with this less conservative assumption
on tblazar below in Section 4.3 for comparison. Several
authors have constrained the IGMF to be B ! 10−18 G
for LB = 1 Mpc by using a shorter tblazar as we do (e.g.,
Dermer et al. 2011; Taylor et al. 2011; Vovk et al. 2012).
Our lower limits are generally consistent with these au-
thors, although slightly lower (B > 10−19 G). The minor
difference could be due to the fact that we assume a sharp
cutoff at high energies in the intrinsic spectrum at the
maximum VHE energy bin observed from a source, while
other authors extrapolate above this energy in some way,
typically with an exponential form. This makes our re-
sults more conservative.

4.2. Robustness

In general, we consider our assumptions, and the re-
sults found in Section 4.1 quite reasonable, and indeed
quite conservative. However, to be thorough, we have
tested the robustness of these results by varying some of
the assumptions, particularly those that would weaken
the constraints, and seeing if this made a significant dif-
ference in our results.
The first item we explored is the EBL model. One

would expect that the parameter space will be ruled out
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Fig. 5.— The same as Figure 4, only with the EBL model of
Kneiske & Dole (2010).
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Fig. 6.— The same as Figure 4, only without the results from
the source 1ES 0229+200 and 1ES 1218+304, which have shown
evidence for γ-ray variability.

with greater significance if a more intense and absorb-
ing EBL model is used, while it would be ruled out with
lesser significance if a less intense EBL model is used.
We performed simulations for a less intense EBL model,
namely the model of Kneiske & Dole (2010). This model
was designed to be as close as possible to the observed
lower limits on the EBL from galaxy counts; however,
note that for some regions of parameter space, other EBL
models predict less absorption. The results can be seen
in Figure 5. The low B values are ruled out at 5.5σ, while
the high B values are still unconstrained. We also per-
formed simulations with the model of Franceschini et al.
(2008), which has a similar overall normalization as the
Finke et al. (2010) model, but its SED has a bit different
shape. With this model we found that low B values are
ruled out at 6.7σ, and high B values are again uncon-
strained.
There is some evidence in recent years that the source

1ES 0229+200 is variable at VHE energies (Aliu et al.
2014), as is 1ES 1218+304. We have therefore computed
our constraints leaving out these sources, and the results
can be seen in Figure 6. Similar regions of parameter
space are ruled out, but at much less significance; low
values of B are ruled out at 6.0σ.
We performed simulations with both larger (θj = 0.2

rad) and smaller (θj = 0.05 rad) values of the jet opening
angle. A Larger value of θj led to larger cascades, and
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Fig. 8.— The cascade spectrum of 1ES 0229+200, calculated with parameters similar to those of the calculation shown in Fig. 7, first
panel of Taylor et al. (2011). The HESS spectrum (Aharonian et al. 2007d) is shown as the diamonds, the primary, unabsorbed spectrum
is shown as the dashed line, and the primary absorbed spectrum as the solid line going through the HESS data points. The cascade spectra
are labeled by the IGMF strength used in the calculation. Other parameters are shown in Table 2.

the agreement is less good. In general, our calculation predicts lower emission at the lower energies than the MC of
Taylor et al. (2011). We conclude that our results are thus very conservative, since they under-predict the cascade
from more detailed calculations.
In Figure 10 we produce a cascade calculation with the same parameters as those from the right panel of Figure 3 of

Kachelrieß et al. (2012). Again, our calculation under-predicts the lower energy emission compared to their detailed
calculations, which implies that our results are very conservative.
In Figure 11 we reproduce Figure 9 from Arlen et al. (2014), who test B = 0. Our cascade calculation is similar to

theirs, but a bit lower by a factor of ≈ 1.4.

B. PROPERTIES OF PDF

In this appendix, we explore two properties of the PDF given by Equation (2),

p(x, y) =
xαx−1e−x/βx

Γf (αx)β
αx
x

1

σy

√

2π(1− ρ)
(B1)

× exp

{

−
(y − µy)2

2(1− ρ2)σ2
y
+

ρ(x− µx)(y − µy)

(1− ρ2)σxσy
−

ρ2(x− µx)2

2(1− ρ2)σ2
x

}

,

where the notation has been simplified by letting FLAT → x and Γ → y.
First we show that Equation (B1) reduces to a bivariate normal distribution for αx = (µx/σx)2 ≫ 1 and x is close

to µx. We begin by making use of the Sterling Approximation,

Γ(α) ≈

√

2π

α

(α

e

)α
, α ≫ 1 (B2)

１ES 0229+200, z=0.139 
Finke+15

significance for ruling out the parameter set (σ)

cascade

• Cascade emission 

• Intergalactic magnetic field (IGMF) deflects e+/e- pairs and suppress the cascade emission 
component. 

• HE/VHE observations of BL Lacs at known redshifts constrain IGMF strength and 
coherence length since the expected cascade should be below the observed GeV flux.  

• B <10-19 G is ruled out for various EBL models. (Finke+15)

γTeV + γEBL → e+ + e-

e+/- + γCMB → γGeV

unabsorbed



Summary
• Fermi-LAT detects 360 sources above 50 GeV, where ~80% of them has not been 

detected yet by any IACTs. The number of the Fermi-LAT samples will gradually 
increase as statistics increases. Catalogs like 2FHL will provide a promising target 
list for future CTA observations. 

• Emission zone in AGN jets has been a long lasting problem, while recent studies 
with different approaches (e.g. time dependet modelling, MWL fitting) suggests  
blazar zone be locating at sub-pc distance from the SMBH. Future MWL 
observations including CTA with excellent photon statistics would remove 
degeneracy of jet models. 

• Extragalactic gamma-ray background from 0.1GeV to ~ 1TeV is mostly resolved 
into blazars, radio galaxies, and star forming galaxies. Small room of unresolved 
EGB and uncertainty of the EGB estimation gives a tight constraint for annihilation 
cross section of the dark matter. 

• CTA can test various EBL models through observations of high-z blazars. 


