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The origin of the EGB in the LAT energy range.

4

Unresolved sources Diffuse processes
Blazars

Dominant class of LAT extra-
galactic sources. Many estima-
tes in literature.  EGB contribu-
tion ranging from 20% - 100% 

Non-blazar active galaxies
27 sources resolved in 2FGL 
~ 25% contribution of radio 
galaxies to EGB expected. 
(Inoue 2011)

Star-forming galaxies
Several galaxies outside the 
local group resolved by LAT. 
Significant contribution to EGB 
expected. (e.g. Pavlidou & Fields, 
2002)

GRBs
High-latitude pulsars

small contributions expected. 
(e.g. Dermer 2007, Siegal-Gaskins et al. 

2010) 

Intergalactic shocks
widely varying predictions of 
EGB contribution ranging from 
1% to 100% (e.g. Loeb & Waxman 
2000, Gabici & Blasi 2003)

Dark matter annihilation
Potential signal dependent on 
nature of DM, cross-section and 
structure of DM distribution 
(e.g. Ullio et al. 2002)

Interactions of UHE cosmic 
rays with the EBL

dependent on evolution of CR 
sources, predictions varying from 
1% to 100 % (e.g. Kalashev et al. 2009)

Extremely large galactic 
electron halo (Keshet et al. 2004)
  

CR interaction in small solar 
system bodys (Moskalenko & Porter 
2009)

Main aims of AGN studies
• Blazar (~0.1% of AGNs) 

• Jet property 

• Radio galaxy (~10% of AGNs) 

• Link between accretion and jet 

• Seyfert (~90% of AGNs) 

• Accretion process

Blazar

Seyfert 
(no jet)

Black Hole

©NASA

Accretion Disk

imaginary picture of AGN

Radio 
Galaxy
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Figure 6. Left: The new analytic, phenomenological blazar sequence. It is constructed with a power

law in the radio band, connecting with the the sum of two smoothly broken power laws, characterized

by 4 spectral indices and 2 peaks (described by the peak flux and peak frequency). The radio spectral

index is kept fixed (Fν ∝ ν−0.1) and the high energy index of both the synchrotron and the Compton

components (α2) are assumed to be equal. Furthermore, we assume two exponential cut–offs at the

end of the synchrotron (assumed to be fixed at νcut,S = 1020 Hz) and the Compton spectrum. Right:

the new phenomenological sequence, obtained for different bins of γ–ray luminosities, superimposed

on all blazars of the sample.

Figure 7. Left: The peak frequencies of the synchrotron and the Compton components of the SED as

a function of the γ–ray luminosity. Note that, for low Lγ, the peak frequencies are double valued,

according to whether the blazar is a BL Lac or a FSRQs (as classified in the 3LAC catalog). Note also

that, at νS ∼ 1012 Hz, the most compact component of the jet self–absorbs, possibly hiding the real

synchrotron peak. In this case we expect the existence of sources with a real νS < νt. Correspondingly,

their Compton peak is at frequencies νC at or below 1 MeV, with a steep spectrum above. This implies

that these sources are faint in the 0.1–100 GeV band, and are undetected by Fermi/LAT. Right: The

SED of 5 blazars not detected by Fermi/LAT, but detected by Swift/BAT, superimposed on the collection

of SED of the most luminous Fermi/LAT blazars (adapted from Ghisellini et al. (2010).

Blazars
Jet pointing toward the Earth

• Highly variable  

• Non-thermal emission from radio to gamma 
• Two spectral bumps 
• Luminous blazars tend to have lower peak 

energies (Fossati+’98, Kubo+’98, Donato+’01, Ghisellini+’17)

Δt ∼ 1 day
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Figure 8. Spectral energy distribution of Mrk 421 averaged over all the observations taken during the multifrequency campaign from 2009 January 19 (MJD 54850)
to 2009 June 1 (MJD 54983). The legend reports the correspondence between the instruments and the measured fluxes. The host galaxy has been subtracted, and the
optical/X-ray data were corrected for the Galactic extinction. The TeV data from MAGIC were corrected for the absorption in the EBL using the prescription given
in Franceschini et al. (2008).

with previous works. The one-zone homogeneous models are
the most widely used models to describe the SED of high-peaked
BL Lac objects. Furthermore, although the modeled SED is av-
eraged over 4.5 months of observations, the very low observed
multifrequency variability during this campaign, and in particu-
lar the lack of strong keV and GeV variability (see Figures 1 and
2) in these timescales, suggests that the presented data are a good
representation of the average broadband emission of Mrk 421
on timescales of a few days. We therefore feel confident that the
physical parameters required by our modeling to reproduce the
average 4.5 month SED are a good representation of the physical
conditions at the emission region down to timescales of a few
days, which is comparable to the dynamical timescale derived
from the models we discuss. The implications (and caveats) of
the modeling results are discussed in Section 7.

Mrk 421 is at a relatively low redshift (z = 0.031), yet the
attenuation of its VHE MAGIC spectrum by the extragalactic
background light (EBL) is non-negligible for all models and
hence needs to be accounted for using a parameterization for
the EBL density. The EBL absorption at 4 TeV, the highest
energy bin of the MAGIC data (absorption will be less at lower
energies), varies according to the model used from e−τγ γ = 0.29
for the “Fast Evolution” model of Stecker et al. (2006) to
e−τγ γ = 0.58 for the models of Franceschini et al. (2008) and
Gilmore et al. (2009), with most models giving e−τγ γ ∼ 0.5–0.6,
including the model of Finke et al. (2010) and the “best fit”
model of Kneiske et al. (2004). We have de-absorbed the TeV
data from MAGIC with the Franceschini et al. (2008) model,
although most other models give comparable results.

6.1. Hadronic Model

If relativistic protons are present in the jet of Mrk 421,
hadronic interactions, if above the interaction threshold, must

Figure 9. Hadronic model fit components: π0-cascade (black dotted line), π±

cascade (green dash-dotted line), µ-synchrotron and cascade (blue triple-dot-
dashed line), and proton synchrotron and cascade (red dashed line). The black
thick solid line is the sum of all emission components (which also includes the
synchrotron emission of the primary electrons at optical/X-ray frequencies).
The resulting model parameters are reported in Table 3.

be considered for modeling the source emission. For the present
modeling, we use the hadronic Synchrotron-Proton Blazar
(SPB) model of Mücke et al. (2001, 2003). Here, the relativistic
electrons (e) injected in the strongly magnetized (with homoge-
neous magnetic field with strength B) blob lose energy predomi-
nantly through synchrotron emission. The resulting synchrotron
radiation of the primary e component dominates the low energy
bump of the blazar SED, and serves as target photon field for
interactions with the instantaneously injected relativistic pro-
tons (with index αp = αe) and pair (synchrotron-supported)
cascading.

Figures 9 and 10 show a satisfactory (single zone) SPB model
representation of the data from Mrk 421 collected during the

14

Abdo+’10

Multi-Wavelength Blazar Spectra
Radio to Gamma-ray (and even neutrino) data is available now
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Table 2. Periods selected for the SED modeling (the colors of the period
tag correspond to colors used in the figures).

Period MJD Comment

A 58846.5–58853.5 Pre-flare
B 58867–58868 Optical flare
C 58868.3–58870.3 VHE flare
D 58873.5–58880.5 Post-flare
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Fig. 2. MWL SED of QSO B1420+326 in 2020 January and February.
Points follow the colors of the shaded regions in Fig. 1. In addition we
show XMM points taken on 2020 January 24 (MJD= 58872) in black.
MAGIC points are not corrected for the EBL absorption. Gray points
show archival data (most from the ASI Space Science Data Center, but
also including low-state Fermi-LAT spectrum and lowest and highest
X-ray spectrum from Swift-XRT).

of 1.72± 0.08, a flux of (1.2± 0.2)⇥ 10�6 cm�2 s�1 , and a TS of
496. We also note that the photon index was consistently harder
than the 4FGL catalog value (2.38 ± 0.07) during most of the
time range shown in Fig. 1.

The adaptively binned light curve is shown in Fig. 5. The
shortest adaptive bin is centered on 2020 January 19, 00:17:45
(MJD= 58867.012), and has a width of ⇠6 h. The highest flux
is recorded in the same bin, reaching a value of (3.6 ± 0.5) ⇥
10�6 cm�2 s�1, i.e., 400 times higher than the 4FGL value. We
note that a test for spectral curvature was performed in all time
bins of all light curves, and a power-law spectrum was found to
be the best representation in all time intervals.

Additionally, we performed a likelihood fit over the full time
interval included in Fig. 1 to characterize the average source
properties in the HE band in this flaring state. For this time
interval, the LogParabola model is preferred (TScurv = 3615)
with respect to a simple power law to describe the gamma-ray
spectrum of the source. It yields a photon flux (1.09 ± 0.02) ⇥
10�6 cm�2 s�1, and spectral parameters ↵ = 1.97 ± 0.02, and
� = 0.07 ± 0.0116. We also verified that there are no new signif-

15 TScurv = 2(ln LLP � ln LPL) is used to check whether or not a statisti-
cally significant curvature is detected using a LogParabola model com-
pared with the PowerLaw model, where ln L indicates the logarithm of
the likelihood for each model. A source is considered to have a statisti-
cally significant curvature if TScurv > 25.
16 The functional form of the LogParabola spectral model is dN/dE =
N0(E/Eb)�[↵+� log(E/Eb)], where N0 is the normalization, Eb is the refer-
ence energy at which N0 is measured, ↵ is the slope, and � is the curva-
ture parameter.
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Fig. 4. SED of QSO B1420+326 observed by MAGIC in periods A,
C, and D (see legend): observed (filled circles) and corrected for EBL
absorption (empty circles).

icant point sources in addition to the initial 4FGL model during
this period.

Finally, as mentioned in Sect. 2, we performed separate like-
lihood fits corresponding to the periods used to build time-
resolved SEDs. The results of these fits are summarized in
Table 3, together with the fits for the quiescent state.

3.3. X-ray

There is no strong variability of the X-ray flux in the inves-
tigated period with an increasing trend from 2020 January 05
(MJD= 58853) to 2020 January 25 (MJD= 58873), where a fac-
tor of two higher peak flux is observed. However, there is clear
variability of the X-ray spectral index from hard values before
the flare to much softer values at the time around the optical and
gamma-ray flares, and then back to hard values. This indicates a
shift of the synchrotron peak of the source, and connected with it
the shift of the crossing point between the synchrotron and the IC
component. This is clearly visible in the X-ray spectra during the
flare and during XMM-Newton observations (see Fig. 2). Results
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Why Gamma-ray for Blazars?
Energetic, Variable, Highest energy

• Energetic 

• Dominated by gamma-ray 

• Variable 

• >x10 variability 

• Highest energy 

• Energy frontier in photons

The Astrophysical Journal, 754:114 (22pp), 2012 August 1 Hayashida et al.

Figure 15. Time-resolved broadband spectral energy distributions of 3C 279 measured in Periods A–H (as defined in Table 1) and on 2008 July 31 (MJD 54678),
covered by our observational campaigns in 2008–2010. X-ray, UV–optical–near-IR data are corrected for the Galactic absorption. Five-digit numbers in the panel
indicate MJD of the periods. For comparison, the gray open circles in the very high energy γ -ray band represent measured spectral points by MAGIC in 2006 February
(Albert et al. 2008).

Furthermore, we note that there are some optical and γ -ray
peaks that might well be associated with the second X-ray flare.
Hence, it is possible that the two prominent γ -ray/optical flares
(Periods B and D), together with the subsequent two X-ray flares
(Periods F and G), form a sequence of four events separated by
a similar time intervals. Those intervals, in turn, can be possibly
determined by instabilities in the jet launching region. Here, the
different broadband spectra during these events may result from
small changes of parameters, such as the jet direction, Lorentz
factor, and/or location and geometry of the dissipation event.

A weak (and sporadically almost absent) correlation be-
tween X-rays and other spectral bands can also result from
such processes that preferably contribute to radiation in the
X-ray band. They can be related to the following three
mechanisms/scenarios.

1. Bulk-Compton process. This involves Compton-scattering
of ambient optical/UV light by the cold (non-relativistic)
electrons in the jet. This mechanism is most efficient close
to the accreting black hole where the processes responsible
for the variability of X-rays may operate independently of
those at larger distances and producing there variable non-
thermal radiation (Begelman & Sikora 1987). A drawback
of this scenario can be that the bulk-Compton spectrum is
predicted to have a similar shape as the spectrum of the
external radiation field (Ackermann et al. 2012), which sig-
nificantly differs from what we observe in the X-ray band.

2. Inefficient electron acceleration. Acceleration of the rel-
ativistic electrons at proton-mediated shocks is likely to
proceed in two steps: in the first one low-energy electrons
may be pre-accelerated via, for example, some collective
processes involving protons; in the second step, they may
participate in the first-order Fermi acceleration process. If
under some conditions the electron–proton coupling is inef-
ficient, the fraction of electrons reaching the Fermi phase of
acceleration will be small. In this case the X-rays, originat-
ing from lower energy electrons, are produced efficiently,
while the γ -rays and optical radiation that involve more
relativistic electrons are not.

3. The X-rays can be also contributed by hadronic processes,
specifically by the pair cascades powered by protons losing
their energy in the photo-mesonic process (Mannheim &
Biermann 1992). For this process to be efficient, it requires
extreme conditions (Sikora et al. 2009; Sikora 2011);
however, operating in the very compact central region, at
distances less than few hundred gravitational radii, it may
occasionally dominate in the X-ray band.

4.2. Broadband Spectral Energy Distribution

Figures 15 and 16 show broadband SEDs of 3C 279 in all
periods as defined in Table 1. In addition, we also extracted an
SED using data taken on 2008 July 31 (MJD 54678), which has
a good energy coverage of the synchrotron emission component

16
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Blazar Gamma-ray Emission Mechanism
Leptonic? Hadronic?

• Leptonic scenario 

• Synchrotron Self-Compton (SSC) 

• Jones, O’Dell, & Stein ’74; Maraschi, Ghisellini, 
& Celotti ’92 

• External Compton (EC)  

• Dermer & Schlickeiser ’93; Sikora, Begelman, & 
Rees ‘94 

• Hadronic scenario 

• Proton synchrotron, Photomeson 

• Mannheim ’93; Aharonian ’00; Mücke & 
Protheroe ‘01

Buckley ‘98



Smoking Gun Event: TXS 0506+056
Discovery of the first ever neutrino associated blazar

• “A” ~300 TeV neutrino 

• “3”-sigma association
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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IceCube 2018

Figure 4: Broadband spectral energy distribution for the blazar TXS 0506+056. The SED
is based on observations obtained within 14 days of the detection of the IceCube-170922A
event. The E

2
dN/dE vertical axis is equivalent to a ⌫F⌫ scale. Contributions are provided

by the following instruments: VLA (38), OVRO (39), Kanata Hiroshima Optical and Near-
InfraRed camera (HONIR) (52), Kiso and the Kiso Wide Field Camera (KWFC) (43), South-
eastern Association for Research in Astronomy Observatory (SARA/UA) (53), ASAS-SN (54),
Swift Ultraviolet and Optical Telescope (UVOT) and XRT (55), NuSTAR (56), INTEGRAL (57),
AGILE (58), Fermi-LAT (16), MAGIC (35), VERITAS (59), H.E.S.S. (60) and HAWC (61).
Specific observation dates and times are provided in (25). Differential flux upper limits (shown
as colored bands and indicated as “UL" in the legend) are quoted at the 95% C.L. while mark-
ers indicate significant detections. Archival observations are shown in gray to illustrate the
historical flux level of the blazar in the radio-to-keV range as retrieved from the ASDC SED
Builder (62), and in the �-ray band as listed in the Fermi-LAT 3FGL catalog (23) and from an
analysis of 2.5 years of HAWC data. The �-ray observations have not been corrected for ab-
sorption owing to the EBL. SARA/UA, ASAS-SN, and Kiso/KWFC observations have not been
corrected for Galactic attenuation. The electromagnetic SED displays a double-bump structure,
one peaking in the optical-ultraviolet range and the second one in the GeV range, which is char-
acteristic of the non-thermal emission from blazars. Even within this 14-day period, there is
variability observed in several of the energy bands shown (see Figure 3) and the data are not all
obtained simultaneously. Representative ⌫µ + ⌫µ neutrino flux upper limits that produce on av-
erage one detection like IceCube-170922A over a period of 0.5 (solid black line) and 7.5 years
(dashed black line) are shown assuming a spectrum of dN/dE / E

�2 at the most probable
neutrino energy (311 TeV).

11
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Theoretical Interpretation
Hard X-ray Constrains Hadronic Component

• Pure hadronic model is ruled out because too much X-rays 

• Hadronic component is subdominant (e.g., Keivani+’18;Cerruti+’18;Gao+’18,,,,). 

• Hard X-ray and MeV gamma-ray data will be also important.

16

expectation of an associated HE neutrino detection by
IceCube.

3.3. Hadronic Models (HMs)

In hadronic scenarios, while the low-energy peak in the
blazar’s SED is explained by synchrotron radiation from
relativistic primary electrons, the HE peak is explained
by EM cascades induced by pions and muons as de-
cay products of the photomeson production (Mannheim
1993; Mücke et al. 2003), or synchrotron radiation from
relativistic protons in the ultrahigh-energy range (Aha-
ronian 2000; Mücke et al. 2003). We coin this scenario
“HM”, which stands for Hadronic Model, in reference
to the hadronic origin of the �-rays. The synchrotron
and IC emission of secondary pairs may have an im-
portant contribution to the bolometric radiation of the
source. In contrast to the leptonic scenario (Sec. 3.2),
the parameters describing the proton distribution can be
directly constrained from the NuSTAR and Fermi LAT
data. For the TXS 0506+056 flare, in the hadronic sce-
nario, the SED can be fully explained without invoking
external radiation fields.
There are di↵erent combinations of parameters that

can successfully explain the SED in the HM sce-
nario (Böttcher et al. 2013; Cerruti et al. 2015). As
a starting point, we search for combinations of � and
B0 that lead to rough energy equipartition between
the magnetic field and protons, since the primary elec-
tron energy density is negligible in this scenario. With
analytical calculations we derive rough estimates of the
parameter values for equipartition: �eq ⇠ 5, B0

eq
⇠ 80 G,

R0
eq

⇠ 1016 cm, and "0p,max
⇠ 109 GeV (Petropoulou &

Dermer 2016).
The parameter values obtained by numerically mod-

eling the SED (see Fig. 6) are summarized in Table 8
and are similar to the estimates provided above. The
jet power computed for this parameter set (HM1) is
close to the minimum value expected in the hadronic
scenarios. More specifically, the absolute power of a
two-sided jet inferred for these parameters is Lj ⇡
2⇡cR02(�/2)2(u0

p + u0
e + u0

B) ⇠ 4 ⇥ 1047 erg s�1, with
u0
p ⇡ 2u0

B ⇠ 500 erg cm�3, where u0
p, u

0
e, u

0
B are comov-

ing energy densities of relativistic protons, electrons, and
magnetic fields, respectively. As demonstrated in Fig. 6,
the emission from the EM cascade forms a “bridge” be-
tween the low-energy and high-energy peaks of the SED
for � = �eq (gray dotted line). Despite minimizing the
power of the jet, the adopted set of parameters for HM1
cannot explain the SED due to the associated significant
EM cascade component.
The EM cascade emission can be suppressed if the

source becomes less opaque to the intra-source �� ab-

Table 8. Parameter values for hadronic models (HMs) for
TXS 0506+056 discussed in the text and presented in Fig. 6.

HM1 HM2 HM3

B0 [G] 85

R0 [in 1016cm] 2 3 4.5

� 5.2 10 15

L0
e [in 1043 erg s�1] 9.3 0.6 0.06

se,1 1.8

se,2 4.2 3.6 3.6

�0
e,min [in 102] 6.3 1 1

�0
e,br [in 102] 7.9 6.3 5

�0
e,max 104

L0
p [in 1046 erg s�1] 2.7 0.1 0.01

sp 2.1

�0
p,min 1

�0
p,max 2⇥ 109

Note—Parameter definitions are provided in Table 5.
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Figure 6. Hadronic Model (HM3) for the SED of
TXS 0506+056 flare (Ep. 1), as computed for di↵erent values
of the Doppler factor (gray curves), together with resulting
all-flavor neutrino fluxes (red curves) and electromagnetic
observations (colored points, showing allowed ranges at 90%
confidence). Photon attenuation at "� ⇠> 3⇥ 1011 eV due to
interactions with the extragalactic background light is not
included here.
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Figure 3: Energy flux from TXS0506+056 across the electromagnetic spectrum and for
neutrinos. Data are representated with their uncertainties as colored bow-ties or as sensitivity
curves in the TeV band. Here the energy spectrum is modeled in our hybrid scenario with both
leptonic and hadronic contributions. High-energy photons are absorbed during propagation by
extragalactic background light, here indicated by the blue shaded region and modeled as in (14).

tirely be reproduced with a hadronic model, see Fig. 2, right panel; an in-depth investigation on

hadronic models is available in the Supplementary Information. This leaves the question what

the maximal neutrino flux during the flare can be, and what the photon signature of a hadronic

model actually is. The same constraint applies to the quiescent state, although it is weaker there.

Instead, both the quiescent and the flare state are easily described by a leptonic scenario (see

Fig. 2, left panel, for an example).

We propose the hybrid model displayed in Fig. 3, in which the bulk of photon emission

is of leptonic origin, and hadronic contributions are as strong as permitted by the X-ray data.

Modeling the flare on the basis of an increase in the particle-acceleration power alone will

5

Lepto-hadronic single-zone models for the γ and ν emission of TXS0506+056 3
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(b) Lepto-hadronic modeling of TXS0506+056

Figure 1. Modeling of TXS0506+056 for the proton synchrotron
(1a) and lepto-hadronic (1b) scenarios. Black points are data
from IceCube Collaboration et al. (2018b), while gray points are
archival data. For each model, bold lines represent the total emis-
sion in photons (E < 100 TeV) and neutrinos (single flavour, E
> 100 TeV); dashed lines the emission from pion cascades; dot-
ted lines the emission from Bethe-Heitler cascades; dotted-dashed
lines the proton synchrotron emission. Colours from red to blue
represent increasing values of R.

discussed here due to synchrotron self absorption, and are
likely associated with more extended regions in the jet.

The neutrino spectrum is extracted for each (anti-
) neutrino flavor and propagated to the observer frame.
It is assumed that the total neutrino flux is distributed
equally among the three flavours due to neutrino oscil-
lations. The estimated muon neutrino flux is then con-
volved with the effective areas for the IceCube EHE trig-
ger (IceCube Collaboration et al. 2018b) and the IceCube
point-source search (PS in the following, Aartsen et al.
2017) to estimate the detection rates.

2.1 Proton synchrotron solutions

In a first approach, we ascribe the high-energy peak of the
SED to proton-synchrotron emission, with sub-dominant
contributions from synchrotron-pair cascades. As γp,max is
defined by equating the acceleration and cooling time-scales,
there exists a maximum proton-synchrotron peak frequency
νmax, for a given choice of δ and η. We initially set η = 10

as in Cerruti et al. (2015). For the maximum allowed value
of νmax, the energy of the proton-synchrotron peak is too
high compared with the data. Lowering νpeak,p leads to a
denser emission region with a larger contribution from cas-
cades. Adjusting the peak energy to agree with the data,

Table 1. Parameters used for the hadronic models

Proton-synchrotron Lepto-hadronic

δ 35−50 30−50

R [1016 cm] 0.1−9.7 0.2−1.5
!τobs [days] 0.01−1.0 0.02−0.3

B 0.8−32 0.13−0.65
!uB [erg cm−3] 0.02−0.16 6.5×10−4 −0.017

γe,min 500 500

γe,break = γe,min = γe,max

γe,max [104] 0.6−1.0 0.8−1.7
αe,1 = αp,1 2.0 2.0
αe,2 = αp,2 3.0 3.0
Ke [cm−3] 6.3−9.1×103 9.5×103 −2.6×105

!ue [10−5 ergcm−3] 0.4−15.1 2.2×103 −43×103

γp,min 1 1
γp,break[109] = γp,max = γp,max

γp,max[109] 0.4−2.5 0.06−0.2
η 20−50 10

Kp [cm−3] 10.4−2.0×104 3.5×103 −6.6×104

!up [erg cm−3] 0.7−45 100−1400

!up/uB 1.0−89 3.9×104 −79×104

!L [1046 erg s−1] 0.8−170 35−350

!νEHE [yr−1] 5.7×10−3 −0.16 0.11−3.0
!νEHE,(0.183−4.3)PeV [yr−1] 2.4×10−5 −1.7×10−3 0.008−0.11
!νPS [yr−1] 0.011−0.32 0.3−6.9

The luminosity of the emitting region has been calculated as
L = 2πR2cΓ2

bulk
(uB +ue +up), where Γbulk = δ/2, and uB, ue, and

up, the energy densities of the magnetic field, the electrons, and
the protons, respectively. The quantities flagged with a star (!)
are derived quantities, and not model parameters. The full set of

parameters is available as online material.

without over-predicting the VHE and hard X-ray emission
due to the cascade component, requires an increase in the
value of η, i.e. a lower efficiency of the acceleration process.

The transition between the low-energy and high-energy
component in the SED is well constrained by the combi-
nation of the Swift/XRT and NuSTAR data. A large con-
tribution of the cascade component to the NuSTAR band
is disfavoured, as it would invariably overproduce the VHE
emission due to its broad spectral coverage. The only alter-
native is to adjust the spectral slope of the primary particle
spectrum so that the proton-synchrotron component domi-
nates the SED from theNuSTAR band up to the high-energy
peak. The index of the primary particle distributions is thus
fixed to a value of 2.0.

In this scenario, the electrons are in the fast-cooling
regime. Given the constraint on the co-acceleration of lep-
tons and hadrons, the large value of the spectral index for
particle injection leads to strong electron-synchrotron flux
in the optical and infrared range.

These various constraints imply a well defined region
in the parameter space. We scanned the following range of
parameters: δ ∈ [20− 50], with seven bins linearly spaced;
R ∈ [1015cm−Rmax], with ten bins logarithmically spaced;
νpeak,p ∈ [νmax/1000,νmax] with ten bins logarithmically
spaced; η ∈ [10,50], with five bins linearly spaced; and Kp ∈

[K!/3,3K!], with five bins logarithmically spaced, where K!

MNRAS 000, 1–6 (2018)
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Where is the Gamma-ray Emission Region?
Toward the understanding of the energy dissipation process

Ramos-Almeida & Ricci ‘17

• Dust torus 

• > pc scale 

• BLR region 

• > sub-pc scale 

• Accretion disk 

• < sub-pc scale



DISSECTING THE AGN WITH VLBI & GAIA 3

Figure 3. Pairwise distribution of VLBI-Gaia offset direction and length in projected angular (left) and linear (right) units. Here and below we show a weighted
linear kernel density estimate (GuillamÃşn et al. 1998).

jets, leaving less than 27 % with randomly oriented offset di-
rections. Petrov et al. (2019) have modeled this distribution
differently, under stronger model assumptions, but achieved
similar results. We propose extended optical jets as the expla-
nation of the 0�-offsets downstream the jet. See also discus-
sion in Kovalev et al. (2017) who analysed Gaia DR1 data.
Host galaxy and dusty torus effects are discussed in section 6.

As the GDR2 contains more sources and their coordinates
are more accurate compared to GDR1, we can analyze the
joint distribution of offset-jet angle Y and the offset length
|V G| (Figure 3). Note that instead of filtering sources using
a sY threshold, we apply an error-based weighting while in-
cluding all the sources. Specifically, each source has a weight
w = 1/

q
s2

Y + (5�)2 where the 5� term is chosen empirically
and accounts for jet direction uncertainty as well as other
sources of error.

As one can see, sources with the Gaia position further down
the jet from the VLBI one, are present for basically any offset
length up to 50 mas or ⇠ 200 pc projected distance. There are
365 sources with significant offsets in this direction longer
than 1 mas, and they constitute 9.1 % of our sample. These
position differences are consistent with our interpretation that
0�-offsets are primarily caused by bright and extended optical
jets (Kovalev et al. 2017; Petrov & Kovalev 2017a). Lengths
of offsets in the Y = 0� directions imply that 20-50 pc opti-
cal jets are quite common while some of them extend even
beyond 100 pc.

Sources with the 180�-offsets are concentrated at smaller
|V G|, less than 2 mas or 20 pc. This requires that the
VLBI position is shifted downstream from the central engine.
The unaccounted source structure contribution to group de-
lay and frequency-dependent synchrotron opacity (core-shift)
may cause a shift in the estimates of radio positions towards

that direction. However, the typical magnitude of this shift
is estimated to be at a level of 0.2 mas (Kovalev et al. 2008;
Porcas 2009; Petrov & Kovalev 2017a), i.e. about one order
of magnitude smaller than observed by us. A large fraction
of AGNs is expected to have upstream VLBI-Gaia offsets
which are not seen at the current level of positional preci-
sion. We expect that they will appear in the next VLBI and
Gaia data releases. Note that 138 sources with significant up-
stream VLBI-Gaia DR2 offsets longer than 1 mas constitute
only 3.4 % of our sample, so they certainly do not represent
the typical case. We surmise that offset values about 1.5 mas
might represent the tail of their distribution partly affected by
the core shift variability (Plavin et al. 2018) and/or the mag-
nitude of the contribution of source structure and core-shift is
significantly underestimated and/or there is another, yet un-
known, cause of the offsets at the 180� direction. We plan to
investigate these hypotheses in detail in the future. Addition-
ally, the Gaia centroid of these objects should point close to
the central engine position either due to the dominance of the
accretion disk or the optical jet base. These scenarios will be
examined in the next section in detail. Since the radio sky is
dominated by one-sided jets due to Doppler boosting, we do
not consider counter-jets.

Since almost all images were generated using VLBA obser-
vations, their resolution along the declination axis is usually
poorer than along the right ascension axis. VLBI coordinates
also tend to have higher uncertainty along the declination axis.
To ensure that the offset-jet alignment is not due to this dis-
parity in resolution, we repeated our analysis by dropping the
sources with jet position angle withing ±20� of the declina-
tion and right ascension axes separately. Plots and results of
the analysis do not differ qualitatively from the full sample
presented in the paper. The RFC catalogue was formed to be
complete down to at least 200 mJy at 8 GHz (Kovalev et al.

Blazar Emission Region?
>pc region???

• Gaia (optical) emission 
locates ~20-50 pc away 
from the VLBI (radio) 
core ? (Plavin, Kovalev, Petrov ‘19) 

• Lack of broad-line 
region photon 
attenuation signature in 
GeV ?  
(Costamante+’18)

Gamma rays from Fermi blazars: beyond the BLR 13

Figure 3. Left: lightcurve of 3C 454.3 in 1-day bins, from the automatic quick-look analysis of the LAT monitored bright source list. This lightcurve is used
only to show the chosen cuts, with different colors if the bin belongs to the “High” (in red) or “Low” (black) flux state. The dividing line chosen for the
extraction of the spectra is 6× 10−6 cm−2 s−1 . The blue dashed line marks the epoch of the ∼ 13-hr flare reported in Pacciani et al. (2014) as “Period A”,
whose spectrum is shown in Fig. 4. Center and Right: SED of the Low and High states, at rest-frame energies. In both cases the spectrum extends up to
∼100 GeV, with no sign of strong BLR cut-off. Full lines correspond to the best fit of the spectrum below 13 GeV. Dashed lines correspond to the BLR-
absorbed spectrum, with two different path lengths inside the BLR: a) assuming the emitting region is deep within the BLR (at RBLR/2), and b) at the value
from the best fit of the spectrum (7 and 6 ×1015 cm). The blue dot-dashed line shows how a power-law model with under-exponential high-energy cut-off
(βc = 1/3), corresponding to an intrinsic cut-off in the particle distribution with emission in the Thomson regime (Lefa et al. 2012), can provide an excellent
fit, reproducing all the properties of the LAT spectra (see text).

above 20 GeV (Abdo et al. 2011; Britto et al. 2016) and by the hard
spectrum with no steepening (Pacciani et al. 2014).

Our analysis of the average gamma-ray spectrum confirms an
emitting region beyond the BLR in high state. Remarkably, it re-
veals that the spectrum extends with a smooth shape up to ∼100
GeV rest-frame also in the low state, with a slight steepening be-
yond 30 GeV which leaves room only for a small amount of pos-
sible γ-γ absorption (see Fig. 3). The allowed photon path inside
the BLR is only != (0.74±0.28) and (0.55±0.17) ×1016 cm, for
low and high states respectively, corresponding to a τmax = 1.4 and
1.1. These values are incompatible with a dissipation region well
within the BLR.

The shape of the spectrum, however, is better reproduced by
a power-law model with under-exponential cut-off rather than the
log-parabolic model with free BLR absorption (see Fig. 3, χ2

r $ 1.3
vs 2.4−4.0). With βc ≡ 1/3 (see Eq. 2), the model fits the gamma-
ray spectrum very well with a photon index Γ = 1.83± 0.02 and
Ecut-off = 0.14± 0.02 GeV for the low state, and Γ = 1.82± 0.02
with Ecut-off = 0.30±0.05 GeV for the high state. Together, these
two results (spectrum extending to 100 GeV and better fitted with-
out BLR absorption) indicate that the steepening seen in 3C 454.3
is most likely intrinsic, related to the end of the emitting particle
distribution rather than due to γ-γ interactions with BLR photons.

If this scenario is correct, we can expect that under the right
acceleration conditions 3C 454.3 could become a strong VHE emit-
ter and detectable by present air-Cherenkov telescopes. Indeed this
seems to have been the case during a relatively low-flux flare of
3C 454.3 in 2009, reported by Pacciani et al. (2014). During a 13-
hours timespan (“period A” in Pacciani et al. 2014, marked by the
dashed line in Fig. 3), the gamma-ray spectrum was hard (power-
law photon index Γ < 2), namely rising with energy in the SED.
We have re-analyzed this flare with Pass 8 data (using in this case
an unbinned maximum likelihood fit to the LAT event data, given
the low counts) and can confirm the result, obtaining Γ = 1.8±0.1.
This means that 3C 454.3 in that circumstance was behaving like

an high-energy-peaked BL Lac object (HBL), with the gamma-ray
emission in the SED peaking around or above 100 GeV (Fig. 4).

Given the flux measured by Fermi-LAT and the emission be-
yond the BLR, Fig. 4 shows that 3C 454.3 can be easily detected
at VHE in less than an hour with the present generation of air-
Cherenkov telescopes, and up to 300-400 GeV despite the large
redshift and EBL attenuation. This makes 3C 454.3 an excellent
and important target for VHE observations during such flares,
which can reveal the spectral evolution of the freshly accelerated
particles near the cut-off region (Lefa et al. 2012; Romoli et al.
2017).

5 DISCUSSION

The Fermi-LAT spectra indicate that for 2/3 of our FSRQ sample
there is no evidence of BLR absorption (τmax < 1), while for the
remaining 1/3 of the objects the possible optical depths are a factor
30-100× lower than expected in EC(BLR) models.

To keep a low optical depth consistent with a gamma-ray emit-
ting region well inside the BLR, one can envisage two possibilities:
1) to decrease the photon densities by enlarging the size of the BLR,
or 2) to shift the γ-γ threshold at higher energies by selecting pre-
ferred angles of interaction.

In the first case, since the optical depth τ ∝ 1/RBLR, a factor
100× less in τ means that the size of the BLR should be 100×
larger than it appears from reverberation mapping, in fact close to
the torus location. This is much larger than the scatter on the rever-
beration mapping relation (2 vs 0.13 dex, e.g. Bentz et al. 2013).
However, this size would imply that the energy density UBLR avail-
able for the external Compton process is lower as well, and by a fac-
tor 10−4 given that UBLR ∝ LdR−2

BLR. Such low values would make
the EC process highly inefficient, requiring a much larger jet power
to compensate, and would put the energy density of BLR photons
well below the other local energy densities in the jet comoving
frame (Ghisellini & Tavecchio 2009; Sikora et al. 2009). These ar-
guments hold also considering a wide stratification of the BLR (e.g.

MNRAS 000, 1–17 (2018)
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Spectral determination by LST will pin down the emission region.



Blazar Emission Region?
<pc region???

• Fast variabilities ~200 s 
(Aharonian+’07, Albert+’08) 

• Very compact emitting region? 

• Closer region? 

• Jet-in-Jet (Giannios+’09) ? 

• Jet-Star interaction 
(Khangulyan+’13)?
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Fig. 1.—Integral flux above 200 GeV observed from PKS 2155!304 on
MJD 53,944 vs. time. The data are binned in 1 minute intervals. The horizontal
line represents I(1200 GeV) observed (Aharonian et al. 2006) from the Crab
Nebula. The curve is the fit to these data of the superposition of five bursts
(see text) and a constant flux.

Fig. 2.—Fourier power spectrum of the light curve and associated mea-
surement error. The gray shaded area corresponds to the 90% confidence in-
terval for a light curve with a power-law Fourier spectrum . The!2P ∝ nn

horizontal line is the average noise level (see text).

AGNs known as blazars. As a result, blazar variability studies
are crucial to unraveling the mysteries of AGNs. Over a dozen
blazars have been detected so far at very high energies (VHEs).
In the southern hemisphere, PKS 2155!304 is generally the
brightest blazar at these energies and is probably the best studied
at all wavelengths. The VHE flux observed (Aharonian et al.
2005a) from PKS 2155!304 is typically of the order ∼15% of
the Crab Nebula flux above 200 GeV. The highest flux previously
measured in one night is approximately 4 times this value, and
clear VHE-flux variability has been observed on daily timescales.
The most rapid flux variability measured for this source is 25
minutes (Aharonian et al. 2005b) occurring at X-ray energies. The
fastest variation published from any blazar, at any wavelength, is
an event lasting ∼800 s, where the X-ray flux from Mrk 501 varied
by 30% (Xue & Cui 2005),30 while at VHEs doubling timescales
as fast as ∼15 minutes have been observed from Mrk 421 (Gaidos
et al. 1996).

The High Energy Stereoscopic System (H.E.S.S.; Hinton
2004) is used to study VHE g-ray emission from a wide variety
of astrophysical objects. As part of the normal H.E.S.S. ob-
servation program, the flux from known VHE AGNs is mon-
itored regularly to search for bright flares. During such flares,
the unprecedented sensitivity of H.E.S.S. (5 standard deviation,
j, detection in ∼30 s for a Crab Nebula flux source at 20!
zenith angle) enables studies of VHE flux variability on time-
scales of a few tens of seconds. During the 2006 July dark
period, the average VHE flux observed by H.E.S.S. from PKS
2155!304 was more than 10 times its typical value. In par-
ticular, an extremely bright flare of PKS 2155!304 was ob-
served in the early hours of 2006 July 28 (MJD 53,944). This
article focuses solely on this particular flare. The results from
other H.E.S.S. observations of PKS 2155!304 from 2004
through 2006 will be published elsewhere.

2. RESULTS FROM MJD 53,944

A total of three observation runs (∼28 minutes each) were
taken on PKS 2155!304 in the early hours31 of MJD 53,944.

30 Xue & Cui (2005) also demonstrate that a 60% X-ray flux increase in
∼200 s observed (Catanese & Sambruna 2000) from Mrk 501 is likely an
artifact.

31 The three runs began at 00:35, 01:06, and 01:36 UTC, respectively.

These data entirely pass the standard H.E.S.S. data-quality se-
lection criteria, yielding an exposure of 1.32 hr live time at a
mean zenith angle of 13!. The standard H.E.S.S. calibration
(Aharonian et al. 2004) and analysis tools (Benbow 2005) are
used to extract the results shown here. As the observed signal
is exceptionally strong, the event-selection criteria (Benbow
2005) are performed using the “loose cuts,” instead of the
“standard cuts,” yielding an average postanalysis energy thresh-
old of 170 GeV. The loose cuts are selected since they have a
lower energy threshold and higher g-ray and background ac-
ceptance. The higher acceptances avoid low-statistics issues by
estimating the background and significance on short timescales,
thus simplifying the analysis. The on-source data are taken from
a circular region of radius centered on PKSv p 0.2!cut

2155!304, and the background (off-source data) is estimated
using the “Reflected-Region” method (Berge et al. 2007).

A total of 12,480 on-source events and 3296 off-source
events are measured with an on-off normalization of 0.215.
The observed excess is 11,771 events (∼2.5 Hz), corresponding
to a significance of 168 j calculated following the method of
equation (17) in Li & Ma (1983). It should be noted that use
of the standard cuts also yields a strong excess (6040 events,
159 j) and results (i.e., flux, spectrum, variability) consistent
with those detailed later.

2.1. Flux Variability

The average integral flux above 200 GeV observed from PKS
2155!304 is I(1200 GeV) p (1.72 " 0.05 " 0.34 ) #stat syst

cm s , equivalent to ∼7 times the I(1200 GeV) observed!9 !2 !110
from the Crab Nebula ( ; Aharonian et al. 2006). Figure 1ICrab

shows I(1200 GeV), binned in 1 minute intervals, versus time.
The fluxes in this light curve range from to ,0.65I 15.1ICrab Crab

and their fractional rms variability amplitude (Vaughan et al.
2003) is . This is ∼2 times higher than ar-F p 0.58 " 0.03var

chival X-ray variability (Zhang et al. 1999, 2005). The Fourier
power spectrum calculated from Figure 1 is shown in Figure 2.
The error on the power spectrum is the 90% confidence interval
estimated from simulated light curves. These curves are410
generated by adding a random constant to each individual flux
point, where this constant is taken randomly from a Gaussian
distribution with a dispersion equal to the error of the respective
point. The average power expected when the measurement error
dominates is shown as a dashed line (see the Appendix in

L30 D. Giannios, D. A. Uzdensky and M. C. Begelman

θ ∼ 1/"j. The blob moves with "em " "j provided that the motions
within the jet are relativistic. Such fast internal motions are possible
in a PDF where magnetohydrodynamics (MHD) waves approach
the speed of light.

2.1 The jet

For more quantitative estimates, we consider a jet with (isotropic)
luminosity Lj that moves with the bulk "j. The jet is assumed to
be strongly magnetized with Poynting-to-kinetic flux ratio (mag-
netization) σ " 1. As reference values, we use "j = 10 and σ =
100. The Poynting luminosity of the jet may be inferred from the
flaring isotropic luminosity of PKS 2155−304 and is set to Lj =
1047 erg s−1.

The energy density in the jet is (as measured in a frame comoving
with the jet)

e′
j = Lj/4πr2c"2

j = 12Lj,47r
−2
2 "−2

j,1 erg cm−3, (3)

where A = 10xAx and the spherical radius is R = rRg with Rg = 1.5
× 1014 cm, corresponding to the gravitational radius of a black hole
of 109 solar masses. The magnetic field strength in the jet is

B ′
j =

√
4πe′

j = 12L
1/2
j,47r

−1
2 "−1

j,1 Gauss. (4)

For a proton-electron jet, the particle number density in the jet is

n′
j = B2

j /4πc2σmp = 80Lj,47r
−2
2 "−2

j,1 σ−1
2 cm−3. (5)

2.2 The emitting blob

We assume that a fraction of the magnetic energy of the jet is oc-
casionally dissipated through reconnection. In the PDF considered
here, current-driven instabilities are the most relevant ones in trig-
gering the dissipation (e.g. Eichler 1993; Begelman 1998; Giannios
& Spruit 2007; see, however, McKinney & Blandford 2009). Al-
ternatively, reversals in polarity of the magnetic field that threads
the black hole can lead to magnetic reconnection in the jet (see also
Section 5).

Our picture for relativistic reconnection is the following
(Lyubarsky 2005). High-σ material is advected into the reconnec-
tion region where the release of magnetic energy takes place. Part
of the dissipated magnetic energy serves to give bulk acceleration
of the ‘blob’ (in the rest frame of the jet) and the rest to heat the
outflowing material to relativistic temperature. We explore the pos-
sibility that emission from the outflowing material produces the
TeV flares, and refer to it as the ‘emitting blob’ or simply ‘blob’
(see Fig. 1).

For our quantitative estimates that follow, we adopt the rela-
tivistic generalization of Petschek-type reconnection worked out by
Lyubarsky (2005; see also Watanabe & Yokoyama 2006 for rela-
tivistic MHD simulations that support this picture). In this model,
the material leaves the reconnection region with bulk "co close to
the Alfvén speed of the upstream plasma "co ∼

√
σ ' 10σ

1/2
2 in the

rest frame of the jet (Petschek 1964; Lyutikov & Uzdensky 2003;
Lyubarsky 2005). For the last expression to be valid, we assume
that the guide field (i.e. non-reversing field component) is not strong
enough to affect the reconnection dynamics (i.e. B ′

guide!B ′
j/

√
σ ;

see also Section 5 for when this condition may be satisfied). As seen
in the lab frame, plasma is ejected from the reconnection region with
"em ∼ "j"co = 100"j,1σ

1/2
2 . The ratio of the thermal energy to rest

mass in the blob frame is ẽem/ρ̃emc2 ∼
√

σ , and reconnection leads

Figure 1. Schematic representation of the geometry of the ‘jets in a jet’
shown in a frame comoving with the jet. Right: the reconnection region en-
larged. Plasma heated and compressed by magnetic reconnection leaves the
reconnection region at relativistic speed "co " 1 within the jet in the form
of blobs. Each blob emits efficiently through synchrotron-self-Compton in
a narrow beam within the jet emission cone, powering a fast evolving soft
X-ray and TeV flare. The sequence of flares seen in PKS 2155−304 may be
the result of multiple reconnection regions or intrinsic instabilities (e.g. tear-
ing) of one large reconnection region.

to compression of the outflowing material ρ̃em ∼
√

σρ ′
j . The energy

density in the blob is (Lyubarsky 2005)

ẽem ∼
√

σ ρ̃emc2 ∼ σρ ′
jc

2 = 12Lj,47r
−2
2 "−2

j,1 erg cm−3. (6)

The fact that this is similar to equation (3) is just a consequence of
the pressure balance across the reconnection region.

Even though we consider a PDF jet, the emitting (downstream)
region is not necessarily magnetically dominated since a large part
of the magnetic energy dissipates in the reconnection region. This
has important implications for the radiative processes discussed
below. On the other hand, the blob material may remain strongly
magnetized. Any guide field in the reconnection region will be
amplified by compression and will not dissipate. Lyubarsky (2005)
shows that for a guide field B ′

guide!B ′
j/

√
σ , the magnetization of

the blob (downstream plasma) is σ em ! 1. The magnetic field in the
blob rest frame is roughly estimated to be

B̃em !√
4πẽem = 12L

1/2
j,47r

−1
2 "−1

j,1 Gauss. (7)

If electrons receive an appreciable fraction of the released energy
f ∼ 0.5, they are heated to characteristic

γe ∼ f
√

σmp/me ∼ 104f1/2σ
1/2
2 , (8)

assumed to be isotropic in the blob rest frame.

2.2.1 The blob size

From the observed energy of the TeV flares, we can estimate the
energy contained in each blob. Combined with the energy density
(6), we derive an estimate of the size of the blob.

The TeV flares have observed (isotropic equivalent) luminosity
Lf ∼ 1047 erg s−1 (allowing for a few times the observed energy
to be emitted below ∼200 GeV, the low-energy threshold of the
observations) and duration of tf ∼ 300 s. The associated energy is
then Ef = Lf × tf ' 3 × 1049Lf,47 tf,300 erg.

In the model discussed here, the source of the flare moves with a
bulk "em " 1. Its emission is concentrated in a cone that corresponds

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 395, L29–L33
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Photon statistics by LST will probe the smallest scale in the jet

One specific CTA lightcurve realization is shown in Fig. 16. Pro-
vided the red noise behavior extends to higher frequencies, addi-
tional substructures which could not have been resolved by
H.E.S.S. are revealed by the peak finding and fitting procedure. Dur-
ing such an event, the shortest significant rise time accessible to
CTA would be sr ¼ 25" 4 s (second peak on Fig. 16), which is
approximately seven times smaller than sr H:E:S:S: ¼ 173" 28 s. Such
an upper limit on the smallest variability time scale constrains the
ratio of the size of the emission region over the Doppler factor to
Rd#1 6 csr=ð1þ ZÞ ' 6:7( 1011 cm, implying e.g. an emission re-
gion smaller than 1 AU for a Doppler factor of 20, an unusual value
in the current acceleration models used for AGN. The detection of
such short time scale events would be a real challenge for jet for-
mation models.

This first example illustrates the great CTA timing capabilities
which could detect events almost ten times shorter than the short-
est ones detected by current IACT. This temporal resolution, below
the minute time scale under exceptional circumstances, could im-
pose severe constraints on acceleration mechanisms and raise the
question of the maximal Fourier frequency accessible to very high
energy sources. However, such events are relatively rare and will
require long term monitoring of large samples of AGN and the trig-
gering of observations under alarm to be efficiently detected. Be-
low we present a more general statistical study which aims at
assessing the typical gain in terms of temporal resolution of flaring
events that CTA could monitor.

To perform this statistical study, we chose to adopt unbinned,
non-parametric methods, in order to take into account all the
available timing information present in the light-curves and allow
to probe for short variability events in a model-independent way.
We generated a family of light-curves [180], with an empirical
PSD index b ' 2, which are independent realizations of the process
describing the H.E.S.S. observations of 2006. A second group of
light-curves was also generated, extending the PSD to the higher
frequencies which would be accessible by CTA, as described in
our first example. These unbinned sequences of time-tagged
events were further analyzed for variability using the Bayesian
Blocks algorithm [181–183], which aim at finding the best parti-
tion of a sequence of events in a non-parametric fashion. The opti-
mization of the Bayesian priors of the analysis is described in
Appendix B.

Two groups of 1,000 light-curves were derived for H.E.S.S. and
for the CTA extrapolation. Observe that the power law describing
the PSD being essentially the same for both groups, the only differ-
ence between the two data sets is the sampling provided by the
instrument. The distribution of flare doubling times sd for both

samples is shown in Fig. 17. Many of the light-curve features not
resolved in the H.E.S.S. sample can be separated in different events
with the CTA resolution, shifting the peak of the distribution to-
wards shorter duration events and thus revealing additional infor-
mation about the timing structure of the source which was
previously unnoticed. In particular, the most probable flare sd de-
rived for H.E.S.S. is of the order of 5 min, a typical value for the
H.E.S.S. light-curve of PKS 2155-304 in 2006. With CTA, this value
is expected to shift to 100 s, a factor of 3 shorter than H.E.S.S.

The probability of occurrence and detection of a given ultra-fast
flare as presented in the beginning of this section can be assessed
by comparing the cumulative distribution of the flare durations as
derived from our MC simulations (Fig. 18). If short events are pres-
ent in PKS 2155-like light-curves, these will be better sampled by
CTA, up to the high resolution limit of the instrument. In the PKS
2155-304 light-curve as seen by H.E.S.S. in 2006 [2], the shortest
variability event was of 173 s, which from simulations has an esti-
mated probability of occurrence and detection by an instrument
like H.E.S.S. of '13% (a rare event). With the improved capabilities
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Fig. 16. Simulated integral flux of PKS 2155-304 above 50 GeV as CTA would monitor it. This simulation relies on an extension of the red noise behavior to high frequencies,
generating the short time scale structures (second and fourth peaks). The data are binned in 7.5 s intervals.

Fig. 17. Kernel density estimates for the distributions of the sizes of variability
features detected from the H.E.S.S. and CTA simulated light-curve samples. The
most probable typical flare size as seen with CTA, of the order of 100 s, is
approximately 1r from the typical values of 5 min observed today.
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Gamma-ray Emission from Large-Scale Jets
Spatial Extension of Cen A Seen by Fermi and H.E.S.S.
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Gamma-ray Emission from Large-Scale Jets
Spatial Extension of Cen A Seen by Fermi and H.E.S.S.
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Figure 1: Multiwavelength image of Centaurus A. The color map represents the radio (21 cm)
VLA map of Centaurus A 31, after convolution with the H.E.S.S. PSF and an additional over-
sampling with a radius of 0.05�. Contours of the unconvolved VLA map, with levels adjusted
to highlight the core (corresponding to 4 Jy/beam) as well as the kpc-scale jet (0.5 Jy/beam),
are drawn in black. The VHE gamma-ray morphology of Centaurus A is represented by a white
dashed contour which is derived from the 5� excess significance level of the H.E.S.S. sky map,
also after oversampling with a radius of 0.05�. The result of the best fit of an elliptical Gaussian
to the H.E.S.S. measurement is shown in blue by its 1� contour which corresponds to a model
containment fraction of 39%. The 1� statistical uncertainties of the fitted position are drawn as
black arrows, and the estimated pointing uncertainties with a red circle. The dashed green line
denotes the 68% containment contour of the H.E.S.S. PSF.

4

NOTE: Color scale is radio!  
HESS region is WHITE circle.
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Unusual Spectral Hardening in the Cen A Spectrum
LST/MST mapping would help us to understand jet kinematics.

• Spectral hardening by the kpc jet? 

• Diffuse jet should be weakly 
magnetized  (Sudoh, 
Khangulyan, & YI ’20)

ηB ∼ 10−2

Figure 2: Spectral energy distribution of Centaurus A. Observed and modelled spectral en-
ergy distribution (SED) from radio to gamma-ray energies for the inner, kpc-scale jet of Centau-
rus A. The VHE emission is dominated by relativistic electrons with Lorentz factor � � 107 IC
upscattering dust photons to high energies (solid/blue curve). This emission from the kpc-scale
jet makes a major contribution to the unexpected spectral hardening above a few GeV as seen
by Fermi-LAT (red points) 16. The lower-energy part of the gamma-ray spectrum (red points) is
attributed to emission from the core (dashed line referring to a core model fit from 16). The green
curve designates the synchrotron emission of the inferred broken power-law electron distribu-
tion in a magnetic field of characteristic strength B = 23µG. The blue butterfly corresponds
to the H.E.S.S. spectra, while green data points mark radio, infrared and X-ray measurements
and reported uncertainties from the inner region of the Centaurus A jet (see Methods II). A
breakdown is provided of the full inverse Compton contribution, from the scattering of: Cosmic
Microwave Background (CMB), the low-energy synchrotron jet emission, infrared emission
from dust, and the starlight emission of the host galaxy. Data are from 16 and 37, see Methods II
for further details.
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Figure 3. Gamma-ray spectrum for the core of Cen A from high (Fermi/LAT, this work) to very high (H.E.S.S., blue squares) energies. The blue bowtie represents a
power law with photon index 2.74, and the red bowtie a power law with photon index 2.09. The dashed lines show extrapolations of these models to higher energies.
The power-law extrapolation of the low-energy component (blue lines) would underpredict the fluxes observed at TeV energies.
(A color version of this figure is available in the online journal.)

4. DISCUSSION AND CONCLUSION

In the case of high-frequency-peaked BL Lac objects, homo-
geneous leptonic synchrotron self-Compton (SSC) jet models
often provide reasonable descriptions of their overall spectral
energy distributions (SEDs). For Cen A, however, classical one-
zone SSC models (under the proviso of modest Doppler beam-
ing) are unable to satisfactorily account for its core SED up to the
highest energies (cf. Chiaberge et al. 2001; Lenain et al. 2008;
Abdo et al. 2010b). It seems thus well possible that an additional
component contributes to the observed emission at these ener-
gies (e.g., Lenain et al. 2008; Rieger & Aharonian 2009). The
results presented here indeed provide support for such a consid-
eration. Our analysis of the 4 yr data set reveals that the HE core
spectrum of Cen A shows a “break” with photon index changing
from !2.7 to !2.1 at an energy of Eb ! 4 GeV. This break is un-
usual in that the spectrum gets harder instead of softer, while typ-
ically the opposite occurs. For a distance of 3.8 Mpc, the detected
photon flux Fγ = (1.68±0.04)×10−7 photons cm−2 s−1 for the
component below 4 GeV corresponds to an apparent (isotropic)
gamma-ray luminosity of Lγ (0.1–4 GeV) ! 1041 erg s−1. The
component above 4 GeV, on the other hand, is characterized by
an isotropic HE luminosity of Lγ (>4 GeV) ! 1.4×1040 erg s−1.
This is an order of magnitude less when compared with the first
component, but still larger than the VHE luminosity reported
by H.E.S.S., Lγ (>250 GeV) = 2.6 × 1039 erg s−1 (Aharonian
et al. 2009).

Figure 3 shows the gamma-ray spectrum for the core of Cen
A up to TeV energies. As one can see, the flux expected based
on a power-law extrapolation of the low-energy component
(below the break) clearly falls below the TeV flux reported
by H.E.S.S. Although the uncertainties in the photon index
are large, it is clear that the spectrum becomes harder above
4 GeV. Remarkably, a simple extrapolation of the second (above
the break) HE component to TeV energies could potentially
allow one to match the average H.E.S.S. spectrum. These
spectral considerations support the conclusion that we may
actually be dealing with two (or perhaps even more) components
contributing to the HE gamma-ray core spectrum of Cen A. Our

analysis of the HE light curves provides some weak indication
for a possible variability on 45 day timescale, but the statistics
are not sufficient to draw clear inferences.

The limited angular resolution (∼5 kpc) and the lack of sig-
nificant variability introduce substantial uncertainties as to the
production site of the HE gamma-ray emission. In principle, the
hard HE component could originate from both a very compact
(subparsec) and/or extended (multi-kpc) region(s). The double-
peaked nuclear SED of Cen A has been reasonably well modeled
up to a few GeV in terms of SSC processes occurring in its in-
ner jet (e.g., Chiaberge et al. 2001; Abdo et al. 2010b). In this
context, the hardening on the HE spectrum above 4 GeV would
indeed mark the appearance of a physically different compo-
nent. This additional component could in principle be related to
a number of different (not mutually exclusive) scenarios, such as
(1) non-thermal processes in its BH magnetosphere (Rieger &
Aharonian 2009), (2) multiple SSC-emitting components (i.e.,
differential beaming; Lenain et al. 2008), or (3) photo–meson in-
teractions of protons in the inner jet (Kachelrieß et al. 2010; Sahu
et al. 2012), (4) gamma-ray-induced pair-cascades in a torus-
like region (at ∼103 Schwarzschild radii; e.g., Roustazadeh &
Böttcher 2011), (5) secondary Compton upscattering of host
galaxy starlight (Stawarz et al. 2006), or (6) inverse-Compton
(IC) processes in the kpc-scale jet (e.g., Hardcastle &
Croston 2011). What concerns the more compact scenarios
(1)–(4) just mentioned: opacity considerations do not a pri-
ori exclude a near-BH origin, but could potentially affect the
spectrum toward highest energies (e.g., Rieger 2011). An SSC
multi-blob VHE contribution, on the other hand, requires the
soft gamma-rays to be due to synchrotron instead of IC pro-
cesses, in which case correlated variability might be expected.
Photo–meson (pγ ) interactions with, e.g., UV or IR background
photons (nγ ) require the presence of UHECR protons, which
seems feasible for Cen A. However, as the mean free paths of
protons through the relevant photon fields are comparatively
large, usually only a modest fraction of the proton energy can
be converted into secondary particles. Models of this type thus
tend to need an injection power in HE protons exceeding the
average jet power of ∼1043–44 erg s−1 (e.g., Yang et al. 2012).
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Unjetted AGN Science



Multi-wavelength spectrum of Unjetted AGNs 
Thermal emission dominates.

• If unjetted AGNs are  
gamma-ray/neutrino sources, 

• we should see non-thermal EM 
emission. 

• BUT, in unjetted AGNs, 

• thermal emission is everything 
“so far”. 

• Where is non-thermal signature?

Hickox & Alexander+’16

Dust Disk Corona  
+ Disk



ALMA observations toward nearby Seyferts

• Clear excess in nearby Seyferts  
(YI & Doi ’18; YI, Khangulyan, & Doi ’20; Kawamuro+’22; Michiyama+in prep.) 

• Flux ~ 1-10 mJy peaking @ a few tens GHz 

• Some shows time variability ~1 week  
(Michiyama,YI+ in prep., see also Behar+’20) 

• Correlation b/w mm and X-ray luminosities (Kawamuro+’22) 

• Size : < 10 pc → Nucleus
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Figure 12. Correlation of mm-wave and 14–150 keV luminosities, derived by using ALMA and BAT, respectively. AGNs with

upper limits are shown as black circles. The black dashed line indicates the best-fit linear regression line, while the gray region

denotes the ±1�scat range.

We study the relations of the nuclear peak mm-wave
luminosity with representative AGN ones: 14–150 keV,
2–10 keV, 12µm, and bolometric luminosities, and also
their flux relations. For quantitative discussions, we cal-
culate the p-value (Pcor) and the Pearson correlation co-
e�cient (⇢P) by using a bootstrap method (e.g., Ricci
et al. 2014; Gupta et al. 2021; Kawamuro et al. 2021).
This method draws many datasets from actual data,
considering their uncertainties, and we derive the sta-
tistical values for each drawn dataset. For actual data
with upper and lower errors, we randomly draw values
from a Gaussian distribution where the mean and stan-
dard deviation are the best value and the 1� error, re-
spectively. For data with only an upper limit, we use a
uniform distribution between zero and the upper limit.
For each draw, we also derive a regression line of the
form logY = ↵⇥ log X+�, based on the ordinary least-
squares bisector regression fitting algorithm (Isobe et al.

1990). Moreover, an intrinsic scatter (�scat), considering
the uncertainties in actual data, is derived. By drawing
1000 datasets, we adopt the median value of the distri-
bution for a parameter (i.e., Pcor, ⇢P, ↵, �, or �scat) as
the best and their 16th and 84th percentiles as its lower
and upper errors, respectively.
Figures 12 and 13 show the correlations of the peak

mm-wave luminosity for L14�150, L2�10, �LAGN
�,12µm, and

Lbol. All are found to be significant as quantified by
very low p-values (Pcor ⌧ 0.01; Table B). Also, for the
fluxes, significant correlations are confirmed. These are
supplementarily shown in Section B of the appendix.
Among the intrinsic scatters of the four luminos-

ity correlations, that for the 14–150 keV luminosity
(0.36 dex) is the smallest compared to the others (i.e.,
0.48 dex for L2�10, 0.59 dex for �L

AGN
�,12µm, and 0.44 dex

for Lbol). The smaller scatter compared with that for

Kawamuro+’22



cm-mm spectrum of AGN core
A case of IC 4329A

• Hybrid (thermal + non-thermal) corona 
model (YI & Doi ’14) 

• Non-thermal electron fraction 

• 0.03 (fixed) 

• Consistent with the MeV gamma-ray 
background spectrum  
(YI, Totani, & Ueda ’08; YI+’19) 

• Non-thermal photon index: 2.9 

• Size: 40 rs 

• B-field strength : 10 G
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High energy emission from AGN coronae

• MeV emission 

• but, no GeV emission 

• Protons would be 
accelerated simultaneously 

• Generation of high 
energy neutrinos 

• See also Begelman+’90; 
Stecker+’91, ’92, ’05, ’13; 
Kalashev+’15; Murase+’20; 
Gutiérrez +’21; Kheirandish+’21YI +’19

Multi-messenger Signature: MeV Gamma-ray & TeV Neutrinos
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Evidence for neutrino emission from NGC 1068

Global significance 4.2σ

At the NGC 1068 location:
Astrophysical neutrino events = 79  
Spectral index = 3.2 ± 0.2
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How can we test the model?
ALMA? ngVLA? FORCE? COSI-X? GRAMS? AMEGO? CTA? IceCube-Gen2? KM3Net? XRISM?

• mm-excess 

• MeV PL tail 

• TeV ν without GeV-TeV γ 

• Nuclear spallation in X-ray
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Figure 5. Left: The reflection spectrum from neutral material with solar abundances (red, dashed curve) compared to spectra with modified abundances
predicted by different spallation models. The abundances from Skibo (1997, S97) are shown as the black, dotted curve while those from this work (Sect. 2)
are shown as the blue, solid curve. Right: The reflection spectrum from ionised material (⇠ = 100 erg cm s�1 ) using the spallation abundances calculated in
this work (Sect. 2). Note, that the adopted ionisaton model (XILLVER), currently does not include the neutral stages of these Fe-peak elements, therefore only
He- and H-like transitions are evident in the figure.

table differences in the spallation elements in question by adopting
Anders & Grevesse (1989).

One important caveat is that XILLVER includes only He- and
H-like ions of the Fe-peak elements. Measuring or calculating the
atomic data for the neutral stages of these elements is difficult and
not yet incorporated in XILLVER. The models presented here are
currently the best approximation of the ionisation scenario.

In Fig. 5 (right panel), the effects of spallation on ionised
(⇠ = 100 erg cm s�1 ) material is shown. Several emission lines
from He- and H-like species of Ti, V, Cr, and Mn become signifi-
cant. Neutral stages of these elements are likely important, but not
included in the current model. Ionisation generates a multitude of
emission lines and modifies the energies that specific species are
observed at.

In Fig. 6 a simulation of a typical type-I AGN spectrum as
would be observed with XMM-Newton is shown. The model con-
sists of a power law continuum and reflection with abundances
modified for spallation according to Sect. 2. The parameters of both
components are as described above and no broadening of the re-
flection spectrum is considered. This would be consistent with the
reflection originating in distant material like the torus. The power
law and reflection spectrum have the same luminosity over the
0.1 � 100 keV band (i.e. the reflection fraction is unity) and the
2� 10 keV flux is ⇠ 10�11 erg cm�2 s�1 . The simulation is for a
100 ks exposure with the EPIC-pn.

Skibo (1997) suggested the red wing of the relativistically
broadened Fe K↵ emission line in AGN could be attributed to
the enhancement of the sub-iron spallation elements observed with
CCD resolution. As seen in the second panel of Fig. 6, fitting a
power law and narrow Gaussian profile at 6.4 keV describes the
simulated spectrum well, but leaves residuals between 5 � 6 keV
where the enhanced Cr K↵ and Mn K↵ emission appear. The ad-
dition of a single broad Gaussian profile improves these residuals
(Fig. 6, lower panel). If considered a priori, the spallation features
are detectable with current CCD instruments. However, a single
broad profile may be considered a simpler model in such cases.

Figure 6. An XMM-Newton (pn) simulation of a power law continuum
(� = 1.9) being reflected from a medium with enhanced abundances of
sub-iron elements from spallation as calculated in this work. The reflection
spectrum is not broadened (only narrow lines) and the reflection fraction is
unity. The 2� 10 keV flux is ⇠ 10�11 erg cm�2 s�1 and the simulation
is for 100 ks. Top panel: The remaining residuals in the 4.3 � 7.5 keV
band after fitting the 2.5 � 5 and 7.5 � 10 keV bands with a power law
(as might be done with real data). Middle panel: The remaining residuals
after adding a narrow 6.4 keV Gaussian profile to the power law model.
Lower panel: The residuals that remain in the middle panel can be fitted
with a broad Gaussian profile centred at ⇠ 5.8 keV. There are residuals
remaining where Cr K↵ (5.4 keV) and Mn K↵ (5.9 keV) emission would
occur that could be overlooked when modelling.

The same simulation is carried out for a 250 ks Hitomi SXS
observation to examine the appearance of spallation with high spec-
tral resolution (Fig. 7, top panel). All four of the spallation features
between ⇠ 4.5� 6 keV are detectable. The calorimeter resolution
could also discern ionised spallation features (Fig. 7, lower panel).

c� 2010 RAS, MNRAS 000, 1–6

Gallo+’19

mm-band MeV & TeV ν X-ray
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We see GeV-TeV gamma rays from NGC 1068
Simultaneous obs. of ALMA, Fermi, CTA, & IceCube will be the key

• We can not expect GeV-TeV 
gamma from AGN corona 

• because of internal γγ 
attenuation 

• GeV - TeV gamma rays should be 
from outside of corona 

• starburst activity or disk wind
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AGN Failed Wind? (S. Inoue+’22)
Interaction between Accretion Flows and Disk Winds

• Two wind components may 
explain both gamma-ray and 
neutrino data.

2

level associated with star formation in the host galaxy
(i.e. pp π0-decay gamma rays from interaction of cosmic
rays from supernovae and interstellar gas) [39, 40].
Neutrino observations by IceCube [30] reveal that the

most significant position in the northern hemisphere in
a full-sky scan is coincident with that of NGC 1068. In-
dependently, a 4.2σ excess over background expectations
is found at its position in a source catalog search. The
spectrum is quite soft, with muon neutrino flux best fit
as fνµ ∝ ε−3.2

ν at energies εν ∼ 1.5-15 TeV, and inferred
luminosity ενdLνµ/dεν ∼ 3 × 1042 erg/s in this range.
Meanwhile, upper limits for gamma rays above 0.2 TeV
[41] rule out models in which TeV gamma rays and neu-
trinos escape the source with similar flux [42]. Some re-
cent proposals invoke proton acceleration and neutrino
production in hot coronal regions near the BH where X-
rays are emitted via thermal Comptonization, either ac-
cretion disk coronae [43, 44] or accretion shocks [45, 46],
o that accompanying gamma rays would be significantly
absorbed via γγ interactions with AGN photons [10].
Here we propose an alternative picture where protons

are accelerated in the inner regions of the wind relatively
near the BH in NGC 1068, which has various advantages
over the coronal region models [10]. DSA, a well estab-
lished mechanism for particle acceleration, is assumed.
This region may be identified with a “failed” wind that is
plausibly expected in radiative, line-driven wind models
for the conditions corresponding to NGC 1068 [47]. Neu-
trinos are mainly generated via pγ interactions with the
AGN radiation, while γγ interactions mediate the associ-
ated pair cascade emission, which we evaluate across the
full EM spectrum. For the GeV gamma rays, we invoke a
separate region where the wind interacts with the torus,
accelerates protons via DSA and induces pp interactions
with the torus gas. This allows GeV photons to escape,
while TeV photons are γγ-absorbed by IR photons from
the torus. All relevant emission processes are modeled
self-consistently with a detailed numerical code. We use
the notation Xa = X/10a for normalized variables.
Formulation. DSA at collisionless shock waves with

sufficiently high Mach numbers can convey a sizable frac-
tion of the energy of bulk plasma motion into that of non-
thermal particles [16, 17]. In the inner regions of AGN
winds near the BH, shocks may naturally form [48] in
failed winds that are robustly expected in models of line-
driven winds from the accretion disk [49–53], particularly
for the BH mass MBH and λEdd inferred for NGC 1068
[10, 47]. Such flows are initially launched from the inner
parts of the disk (typically at radii R <

∼ 100Rs, where
Rs = 2GMBH/c2 is the Schwarzschild radius), but do
not reach the escape velocity vesc = (2GMBH/R)1/2 due
to overionization [10] and eventually fall back, thereby
interacting with gas flowing out subsequently . Hence-
forth we assume that protons are accelerated by DSA in
the inner regions of the wind, with the total proton power
Lp as a parameter.

At the same time, a successful wind exceeding vesc can
be line-driven from the outer parts of the disk, mainly in
the equatorial direction that is shielded from ionization
[10]. This outer wind can propagate farther and impact
the torus [37, 54], potentially inducing strong shocks and
DSA of protons [55], for which we assume a total proton
power Lp,o. The model geometry is illustrated in Fig.1.

FIG. 1. Schematic sketch of the model. The accretion disk
around the black hole (BH) drives an outflowing wind. In-
ner region: winds from the inner disk dissipate their kinetic
energy via shocks near the BH, caused by failed line-driven
winds that fall back. Protons undergo diffusive shock acceler-
ation (DSA) and pγ interactions with photons from the disk
and corona, inducing neutrino and electromagnetic cascade
emission, modulated by γγ interactions. Outer region: suc-
cessful winds from the outer disk propagate farther, partially
impact the torus and trigger shocks. Protons undergo DSA
and pp interactions with the torus gas, inducing gamma-ray
emission, affected by γγ interactions with photons from the
torus. Indicated scales are only approximate.

Employing a numerical code that builds on previous
work [56, 57], we model the multi-messenger (MM) emis-
sion induced by a population of high-energy protons in-
teracting with magnetic fields, radiation and/or gas [10].
For either the inner region of the failed wind or the outer
region of the wind-torus interaction, the emission region
is a uniform, stationary sphere of radius Rx with a tan-
gled magnetic field of amplitude Bx, through which all
charged particles are advected with the bulk flow velocity
vr,x. The index x is denoted o for the outer region, while
it is dropped when referring to the inner region.
The inner region is permeated by radiation from the

AGN that are the dominant targets for pγ and γγ in-
teractions as well as seed photons for inverse Comp-
ton (IC) processes. Adopting D = 14 Mpc, its spec-
trum is of a standard, geometrically thin accretion disk
[12, 58] around a BH with MBH = 3 × 107M" [59, 60],
peaking in the optical-UV at εdisk $ 32 eV with to-
tal luminosity Ldisk $ Lbol = 1045 erg/s [61] (implying
λEdd $ 0.27), plus an X-ray emitting corona with photon
index Γcor = 2, exponential cutoff energy εcor = 128 keV
[31] and 2-10 keV luminosity Lcor,2−10 = 7 × 1043 erg/s
[32], adopting parameters consistent with observations
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[47] [71]. Approximating Lp ∼ Lp ln(Ep,max/Ep,min), to
reproduce Lνµ(εν = 1TeV) ∼ 1042 erg/s as observed,
Lp ∼ 8f−1

pγ,netLνµ ln(106) ∼ 1044 erg/s, which is some-
what optimistic but within a plausible range, as discussed
above. With other parameters fixed, εν,max is plausibly
highest when εB = 0.5 and ηg = 1. Somewhat lower
εB and/or higher ηg give lower εν,max that may be more
compatible with the current IceCube data [44].

The optical depth for γγ interactions with corona pho-
tons τγγ,cor(ε) " 410 (ε/1GeV) R̄−1

1 [10], so gamma rays
co-produced with neutrinos are attenuated above a few
MeV, similar to the coronal region models.

For the outer torus region, Ep,max,o ∼
460TeVη−1

g,o(Bo/1mG)(Ro/0.1 pc), imited by tdyn,o =
Ro/vo " 6.2×108 s(Ro/0.1 pc). The pp gamma-ray lumi-
nosity per log ε is Lγ(ε) ≈ (1/3)2fpp,netLp(Ep = 10ε) [10]
where the net pp efficiency fpp,net = t−1

pp (t
−1
pp +t−1

dyn)
−1 and

the pp loss timescale tpp " 1.6 × 109 s(no/106 cm−3)−1

[72]. Reproducing Lγ(ε = 1GeV) ∼ 3 × 1040 erg/s
as observed [28] is feasible with e.g. Ro = 0.1 pc,
no = 106 cm−3 and Lp ∼ 3f−1

pp,netLνµ ln(106) ∼
2.5 × 1042(fpp,net/0.5)−1 erg/s. An ambient blackbody
radiation field with Ttor = 1000 K and Rtor = 0.1 pc
implies τγγ,tor >∼ 1 for ε >

∼ 0.2 TeV [10], consistent with
TeV observations [41] [73].

Numerical results. Numerical calculations gener-
ally confirm our analytic estimates for the neutrinos, and
also allow detailed studies of the broadband EM emission
caused by complex hadronic cascade processes. Guided
by the estimates above, we fiducially adopt for the in-
ner region R = 10Rs " 0.89 × 1014 cm, vr = 1000 km/s,
B = 510G (εB = 0.1) and ηg = 4, the latter two im-
plying Ep,max " 97 TeV [74]. We also study other sets
of R and vr that keep εν,br ∝ Rvr constant as well as a
range of B and ηg, as εν,max is observationally less con-
strained. Comparison with MM data then sets Lp, which
is fiducially Lp = 1044 erg/s; much higher values will be
energetically demanding. For the outer region, we choose
Ro = 0.1 pc and no = 106 cm−3, and adjust Bo and Lp,o

to be consistent with the EM data.

Fig.2 presents the fiducial numerical results compared
with the available MM data for NGC 1068. As analyt-
ically estimated, pγ neutrinos from the inner region ex-
hibit a spectral break at εν,br ∼ 1 TeV and a cutoff at
εν,max ∼ 5 TeV, generally consistent with the current
IceCube data. Values of ηg ∼ 1-40 may be compati-
ble (Fig.6) [10]; improved constraints are anticipated via
future measurements with higher statistics by IceCube-
Gen2 [75]. There is also a sub-dominant contribution of
pp neutrinos from the outer region.

EM emission from the inner region is dominated by
the BeH cascade [79]. Despite considerable γγ atten-
uation above a few MeV as expected, it is luminous
enough to contribute significantly to the observed sub-
GeV emission, mostly via IC upscattering of AGN pho-

FIG. 2. Model vs. observations of the multi-messenger
spectrum of NGC 1068 for fiducial parameters. Inner region:
R = 10Rs, vr = 1000 km/s, B = 510G (εB = 0.1), ηg = 4,
Lp = 1044erg/s. Outer region: Ro = 0.1 pc, no = 106 cm−3,
Bo = 7mG, Lp,o = 1.3 × 1042 erg/s. Total emission from
the inner (red solid), outer (blue solid), and both (black
solid) regions shown. Left: Electromagnetic spectrum. Com-
ponents dominating each band highlighted: total pγ Bethe-
Heitler (BeH) cascade (ochre dashed), external inverse Comp-
ton (EIC) from first-generation BeH pairs (ochre dot-dashed),
pp π0 decay (green dotted), pp π± decay pair synchrotron
(cyan double-dot-dashed). Assumed disk+corona (cyan thin)
and torus (magenta thin) components overlaid. Data plotted
for radio to X-rays on sub-pc scales [76] (black circles), distin-
gushing bands affected by obscuration (empty circles), high
resolution ALMA (ochre diamonds) [46], Fermi-LAT [77, 78]
(black and magenta squares) and MAGIC [41] (blue trian-
gles). Intrinsic X-ray flux (gray box) indicated [32]. Right:
Muon neutrino spectrum. Best fit line (thick), 1- (medium)
and 2- (light) σ error regions from IceCube denoted [30].

tons by first-generation BeH pairs [80]. At higher en-
ergies, pp gamma rays from the outer region take over,
where Lp,o = 1.3× 1042 erg/s [81]. Above ∼0.1 TeV, the
pp gamma rays are severely γγ-attenuated by the torus
IR radiation, in agreement with the current upper limits.

The cascade emission from the inner region extends
down to the radio-far IR bands, but this may be currently
unobservable due to synchrotron self absorption (SSA)
below a few THz for the fiducial case [82]. More observa-
tionally relevant may be GHz-band synchrotron emission
from the outer region by secondary pairs from pp-induced
π± decay [83]. For consistency with the current upper
limit at a few GHz, we choose Bo = 7mG, within the
range inferred from independent polarization measure-
ments for the inner torus of NGC 1068 [84]. This implies
Ep,max,o = 300 TeV, set by tacc,o = tdyn,o if ηg,o = 10.

Keeping Rvr constant, for larger R, the EM emission
is more luminous at both <

∼THz and >
∼GeV, affected by

SSA and γγ, respectively. This makes a consistent de-
scription of the MM data including neutrinos more diffi-
cult (Fig.7) [10], disfavoring R & 10Rs [85].

S. Inoue +’22
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Reconnection Driven Flare (Takasao Flare) ?
A possible scenario for the radio galaxy IC 310 flare event?

• 3D MHD simulation reveals a large 
reconnection flare for protostars 
(Takasao+’19) 

• Later, confirmed for SMBH systems 
(Porth+’21) 

• Rough energetics estimate 
 
Eflare ≈ f

B2L3

8π

≈ 1047 erg ( f
0.1 ) ( B

104 G )
2

( L
3Rs(108M⊙) )

3

tenuous hot void in this figure (see the region indicated by the
dashed curves in the left panel). The void corresponds to a
cross-section of the bundle of reconnected magnetic fields. The
void carries strong magnetic fields away (orange-colored field
lines in Figure 2), removing large-scale poloidal fields from the
protostar. This is why the plasma β in the void is much lower
than unity. The density is small because the reconnected field
lines come from the tenuous protostellar corona.

The magnetic fields in the void diffuse out as time progresses
because of the magnetic interchange instability. The right panel
of Figure 3 shows the result 0.8 days after the time in the right
panel. We can find that finger-like structures are developing in
the void (indicated by arrows), which are manifestations of the
instability. The instability can appear only in regions where the
Lorentz force is operating significantly against gravity (Stehle
& Spruit 2001). In fact, in the ejecta the plasma β is much
smaller than unity and the magnetic energy density is larger
than the gravitational energy density (indicated by the ratio of
the Alfvén speed to the local Keplerian velocity, the bottom
right panel). We also confirmed that the instability condition is
satisfied by checking the gradient of the magnetic field strength
divided by the surface density. The accretion is initially driven
by magnetorotational instability (MRI Balbus & Hawley 1991),
but MRI is suppressed later due to strong magnetization. The
accretion rate around the protostar seems to be sustained by a
combination of the magnetic interchange instability and the
disk outflow (not shown here).

Why do magnetic fields that accumulate around the protostar
overflow into the disk? We describe the process with a
schematic diagram in Figure 4. The protostar acquires large-
scale magnetic fields from the disk by accretion (stage 1).
When the stellar magnetic fields become strong enough, the
stellar fields expand toward the disk. Since the stellar rotation is
slower than the Keplerian rotation in this study, the stellar
fields remove the angular momentum of the disk gas and
accelerate the disk surface accretion near the protostar (stage 2).
Once the inner disk is cleared up, magnetic fields of the stellar
north and south poles contact to reconnect around the

equatorial plane, producing a flare (stage 3). In this way, a
fraction of the stellar fields is removed and goes into the disk.
We will describe why protostellar flares repeatedly occur.

Although the flare drives an outgoing ejection, the ejection is
spatially limited in the azimuthal direction (Figure 3) and
therefore the accretion continues. In addition, the magnetic
fields ejected by reconnection are moving radially, and
therefore they behave as an obstacle for surrounding rotating
disk materials. Disk materials lose their angular momenta when
interacting with the magnetic fields. The disk accretion is
enhanced as a result (see the correlation between the magnetic
energy and the accretion rate in Figure 1). Thus, the inner
density gap is filled up and the disk accretion can accumulate
magnetic fields around the protostar again.
We investigated the size of the influence region of the stellar

fields. The stellar fields are confined in the polar regions by the
sum of the gas and magnetic pressures of the disk (see Takasao
et al. 2018), which means that the opening angle of the stellar
magnetic funnel is determined by the pressure balance in the
latitudinal direction. If the balance point reaches close to or
inside the disk, the stellar fields have significant impact on the
disk accretion. Figure 5 shows the angle of the balance point,
where the angle is measured from the equatorial plane. We also
measured the disk opening angle numerically (see the caption
in Figure 5). The figure shows that in this simulation (solid line,
the initial plasma β=102) the balance point comes into or
close to the disk within the radius of 1.5–2 R*. Therefore, the
stellar fields significantly affect the disk within this radius. In a
weaker field case, on the other hand, the balance point is
located well above the disk surface, and we do not observe
strong flares.

4. Summary and Discussion

We presented the results of a global 3D MHD simulation of
protostellar flares under the assumption that the protostar does
not have a magnetosphere initially. We found that protostellar
flares repeatedly occur even in the absence of a stellar
magnetosphere. The protostar accumulates huge magnetic
energy by getting large-scale magnetic fields from the disk.

Figure 2. 3D images of a protostellar flare that occurred at t∼68 days. The protostellar surface is colored by the value of the radial component of magnetic fields. In
the left panel (side view), the density is shown by the poloidal slice. The blue isosurface in the right panel (top view) indicates the density of 3×10−11 gcm−3. A hot
plasma ejection is indicated by the isosurface of the temperature (yellow, the temperature is ∼5 × 106 K). Reconnected magnetic field lines are colored in orange,
while the stellar and disk field lines are yellow and purple, respectively. Arrows denote velocity vectors.
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also leads to the redistribution. Protostellar flares will largely
affect the disk magnetic field evolution in the innermost region.
Reconnection similar to this but around a black hole is also
discussed by Komissarov (2005).

Less attention has been paid to the flaring activity in the
context of the protostellar evolution. However, our results
suggest that the disk material can be significantly heated up by
protostellar flares before accreting onto the star, which may
affect the stellar evolution through the change in the entropy
carried into the protostar (e.g., Hosokawa et al. 2011;
Kunitomo et al. 2017). The heating may also contribute to
the formation of chondrules, which are believed to be the
building blocks of planets (see also Nakamoto et al. 2005). The
magnetic flux removal will be important for the transition of the
stellar magnetic structure; the stellar magnetic fields should be
dominated by fossil, open poloidal fields in the protostellar
phase. However, the magnetic fields of evolved stars like

CTTSs are dominated by multipolar, dynamo-generated fields.
Our results indicate that protostellar flares can occur even
before the stellar dynamo starts. Therefore, studying proto-
stellar flares may enable us to probe the very initial state after
the birth of protostars. We will explore the impact on star and
planet formation in the future.
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Figure 4. Schematic diagram of the newly found mechanism of the protostellar flares.

Figure 5. Radial distribution of the angle of the pressure balance point. The
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the simulation of this study. For comparison, we also plot the result from the
weaker field case in Takasao et al. (2018; β=104, dashed line). We also plot

H R2 tan 1
d

- ( ) as an indication of the disk opening angle, where Hd is the width
of the fitting Gaussian profile (dashed–dotted line). The fitting is performed at
each radius up to the heights at which the density is 10% of the midplane gas.
Note that the initial disk opening angle is ∼16°.
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Probing Magnetically-Arrested Disks (MAD) by CTA ?
Gamma-ray emission from MAD in nearby radio galaxies

• MAD accumulates B-field for jet launch (e.g., 
Narayan+’03) 

• RIAF-type MAD may produce hadronic signatures 
(Kimura & Toma ’20; Kuze+’22) 

• How to discriminate from jet / wind / corona ?

the primary electrons and the secondary electron–positron pairs
via the two-photon interaction emit X-rays (yellow dashed and
green dotted–dashed lines, respectively), as seen in Figure 1.

Both of the most efficient energy-loss timescales of
nonthermal protons at the highest energy range, tsyn and tdiff,
have the same dependence, µ -Ep

1, so that either of the energy-
loss processes dominates over the other in the entire proton
energy range. The equality tsyn= tdiff gives the critical mass:
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Synchrotron cooling is dominant if M>Mcrit for a given m ,
while diffusion loss is dominant if M<Mcrit. For a fixed value
of M, the magnetic field is stronger for higher m , which leads to
higher synchrotron power. The diffusive escape timescale is
longer for higher m due to a smaller Larmor radius. For the
example shown in Figure 1, synchrotron cooling is dominant,
i.e., M>Mcrit. We find that this is also the case for the vast
majority of radio galaxies in our sample (see Figures 2 and 3).

Analytical estimates of the peak energy and luminosity of the
proton synchrotron spectrum in the synchrotron-cooling case
are given as follows. Because of the hard spectral index of
protons, the proton synchrotron spectrum has a peak at the
synchrotron frequency for Ep= Ep,cut. Balancing the synchro-
tron cooling and acceleration timescales, we obtain Ep,cut as
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We obtain the peak frequency of the synchrotron spectrum by
the nonthermal protons as

s h

b h

=

»

g

-
-
- -

E
e h
m c

V
c

m

m
3

46 GeV. 5

p
T p

A p

e
, ,peak

2 2 2

1
1

1
1

0.5
1

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠
( )

Since the synchrotron cooling is the dominant energy-loss
timescale, we can approximate that all the energies used for
nonthermal proton acceleration are converted to the synchro-
tron photon energy. Then, the photon luminosity for the proton
synchrotron process is estimated to be
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We should note that this estimate provides the integrated
photon luminosity. The differential photon luminosity given in
Figure 1 is lower than Lγ,psyn because of bolometric correction.

3.2. Application to the Various Radio Galaxies

We search for bright radio galaxies in the GeV gamma-ray
band from The Fourth Catalog of Active Galactic Nuclei
Detected by the Fermi Large Area Telescope, Data Release 2
(Fermi 4LAC-DR2; Ajello et al. 2020). We pick up the 15

Figure 1. A typical broadband photon spectrum in the MAD model for
= =-m M M10 and 103 9 . The thick and thin lines are the photon spectra

after and before internal attenuation by the two-photon interaction, respec-
tively. The solid black, red dashed, green dotted–dashed, yellow dashed, blue
dotted, and purple dotted lines are the total luminosity by the MAD model,
thermal electrons synchrotron and Comptonization, synchrotron by the
secondary electron–positron pairs by the two-photon interaction, primary
electrons synchrotron, primary protons synchrotron, and synchrotron by the
secondary electron–positron pairs via the Bethe–Heitler process, respectively.

Table 1
Our Fiducial Parameter Set, from Kimura & Toma (2020)

 α β òNT òdis η sinj

10 0.3 0.1 0.33 0.15 5 1.3

Figure 2. Scatter plot of our sample in the -M m plane. The red stars, green
circles, and blue crosses indicate the “Excellent,” “Good,” and “Bad” objects,
respectively. The solid and dashed lines indicate Mcrit, given by Equation (3),
for = 10 and = 30 , respectively.

Figure 3. Same as Figure 2, but with the electron-heating rate given by Chael
et al. (2018).
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Probing MAD by XRISM and Athena
Zeeman Splitting Effect on the Fe Kα Line

• Emission line will be split under strong 
magnetic field. 

• MAD will split the Fe Kα line.
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Fig. 1. Fe Ka line splitting by the Zeeman Effect for various masses and accretion rates as indicated in the figure. We set fBH = 30, p = 2, and r = 2. The

horizontal dashed and dotted line represents the energy resolution of XRISM and Athena, respectively.

with the inner edge of the disk of ⇠ 1.6Rg (Fabian et al. 2012). Although the accretion rate90

depends on the states, it is about 1% even in the low/hard state (Yamada et al. 2013). The91

expected DEsplit is 2.7 and 8.5 eV for ṁ = 0.03 and 0.3, respectively. Therefore, XRISM and92

Athena would see the Zeeman effect on MAD even for a relatively massive stellar BH object93

Cyg X-1.94

3 Discussions95

The Fe Ka lines appear broadened and skewed by the Doppler effect and gravitational red-96

shift (Fabian et al. 1989; Laor 1991). Those relativistic effects would blur the Zeeman split97

lines. Figure 2 shows a simulated Fe Ka line in the MAD. We apply the kerrdisk code98

(Brenneman & Reynolds 2006) with emissivity indices of a1=a2=0, inclination of i=30�, di-99

mensionless spin parameter of a= 0.9, inner and outer radii of rmin = rms and rmax = 100 rms,100
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Summary

• Gamma-ray production processes in blazars are well understood now. 

• Leptonic dominant & hadronic sub-dominant for the TXS 0506+056 case 

• Low-energy threshold, Large collection area, Fast slewing capability of LST will probe 

• Energy dissipation region in the jet 

• Jet energy distribution process in a galaxy 

• Origin of high-energy emission in unjetted AGNs 

• Disk accretion dynamics through reconnection process


