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Blazars are a class of active galactic nuclei that host relativistic jets oriented close to the observer’s line of
sight. Blazars have very complex variability properties. Flares, namely flux variations around the mean
value with a well-defined shape and duration, are one of the identifying properties of the blazar
phenomenon. Blazars are known to exhibit multiwavelength flares, but also “orphan” flares, namely flux
changes that appear only in a specific energy range. Various models, sometimes at odds with each other,
have been proposed to explain specific flares even for a single source, and cannot be synthesized into a
coherent picture. In this paper, we propose a unified model for explaining orphan and multiwavelength
flares from blazars in a common framework. We assume that the blazar emission during a flare consists of
two components: (i) a quasistable component that arises from the superposition of numerous but
comparatively weak dissipation zones along the jet, forming the background (low-state) emission of the
blazar, and (ii) a transient component, which is responsible for the sudden enhancement of the blazar flux,
forming at a random distance along the jet by a strong energy dissipation event. Whether a multiwavelength
or orphan flare is emitted depends on the distance from the base of the jet where the dissipation occurs.
Generally speaking, if the dissipation occurs at a small/large distance from the supermassive black hole, the
inverse Compton/synchrotron radiation dominates and an orphan y-ray/optical flare tends to appear. On the
other hand, we may expect a multiwavelength flare if the dissipation occurs at an intermediate distance. We
show that the model can successfully describe the spectral energy distribution of different flares from the

flat spectrum radio quasar 3C 279 and the BL Lacertae object PKS 2155-304.

DOI: 10.1103/PhysRevD.105.023005

I. INTRODUCTION

Blazars are the most extreme subclass of active galactic
nuclei (AGN) with a relativistic jet closely aligned to the
observer’s line of sight [1,2]. Blazars are divided into flat-
spectrum radio quasars (FSRQs) and BL Lacertae (BLL)
objects based on the presence or not of strong broad
emission lines in their optical-ultraviolet spectra [2]. The
spectral energy distribution (SED) and multiwavelength
flux variability of blazars are important tools for studying
the physics of extragalactic relativistic jets.

The SED of a blazar is dominated by the nonthermal
radiation of the jet and exhibits a characteristic double-
hump structure [3]. The low energy component is believed
to arise from the synchrotron radiation of relativistic
electrons in the magnetic field, while the high-energy
component is probably produced by inverse Compton
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(IC) scattering of relativistic electrons off low-energy target
photons. These could be synchrotron photons produced by
the same electron population in the jet (synchrotron self-
Compton (SSC) model, e.g., [4,5]), or could be external
photons (external Compton (EC) model, e.g., [6-8]).

A significant enhancement of a blazar’s flux, usually
considered to be a factor of 2-3 above its average value, is
referred to as a blazar flare. During flares the polarization
and the spectral index of a blazar’s emission may also
experience dramatic variability (e.g., [9]). Blazar flares
have been commonly observed at different energy bands
(e.g., from radio wavelengths to very high-energy y rays)
with different duration timescales ranging from several
years to a few minutes (e.g., [10-19]). Based on their
duration, one can roughly define three types of blazar
flares, namely year-long flares (e.g., [20]), day-to-month-
long flares (e.g., [21]) and intraday flares (e.g., [22]).
Different duration timescales may relate to different
aspects of blazar physics. For instance, year-long flares
are thought to be related to the orbital motion of a binary
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or jet precession [23,24], or instabilities in the accretion
flow [25,26]. Day-to-month-long and intraday flares are
thought to be related to processes taking place in the jet
itself, and can be reasonably explained by models involving
one or more compact dissipation zones in the jet (e.g.,
[27,28]). Therefore, measurements of day-to-month-long
and intraday flares, including their temporal variability and
spectrum, could constrain the physical parameters of the
dissipation zone, such as size, location, geometry, bulk
Lorentz factor, particle acceleration, and cooling processes.

One of the most peculiar aspects of blazar variability are
the so-called orphan flares. These are flares that occur in a
specific energy band without correlated variability in other
bands, and have been discovered in many blazars (orphan x-
ray flare, e.g., [29]; orphan optical flare, e.g., [30-33];
orphan GeV flare, e.g., [33-38]; orphan TeV flare, e.g.,
[35]). Interestingly, different types of flares, i.e., orphan
flares and multiwavelength flares, have been observed to
occur in the same blazar from time to time. For instance, the
FSRQ PKS 0208-512 exhibited three flares at optical and
near-infrared wavelengths within three years, with the
second one having no y-ray counterpart. Reference [39]
found that the Compton dominance (g), which is defined as
the luminosity ratio between the IC component and syn-
chrotron component, was different for the three flares. This
was interpreted as evidence for a varying magnetic field and/
or varying soft photon field during these optical outbursts.

Various models have been proposed to explain the origins
of orphan flares. For example, Ref. [36] proposed that the
orphan y-ray flare of PKS 1222 + 21 can be explained when
relativistic blobs in the jet encounter luminous stars.
Ref. [37] suggested that the ring-of-fire model (a blob
propagates relativistically along the fast-moving spine of
a blazar jet and passes through a synchrotron-emitting
ring of electrons from the slow-moving sheath of the jet)
can reproduce the orphan y-ray flare of PKS 1510-089.
Reference [40] suggested that the orphan optical flare of
PKS 0208-512 can be explained by different allocations of
energy between the magnetization of the emitting region and
particle acceleration. Reference [41] showed that the ori-
entation of the magnetic field might be associated with
orphan flares. Reference [42] argues that an orphan y-ray
flare from FSRQs is likely to arise if the particles are
accelerated in magnetically dominated pair plasmas. The
synchrotron emission is suppressed since the particles are
accelerated nearly along the direction of the local magnetic
field (small pitch angles), while the y-ray flare is produced
by inverse Compton scattering on an external radiation field.
Reference [43] explained an orphan TeV flare of 1ES
1959 + 650 with a hadronic model in which relativistic
protons interact with the photon field supplied by electron
synchrotron radiation reflected off a dilute reflector. While
all these models are viable and can reproduce the spectral
features of an orphan flare, one may wonder if there is a
single scenario that can apply to all orphan flares. More

importantly, if both orphan and multiwavelength flares are
observed from the same blazar, do we have to apply different
models to explain different types of flares or can a single
scenario account for both?

In this work, we attempt to establish a connection
between orphan and multiwavelength flares occurring in
a certain blazar, and search for a theoretical interpretation of
the spectral variety of blazar flares in a unified physical
picture. In general, the nonthermal blazar emission is
produced when the jet’s energy (magnetic or kinetic) is
dissipated and transferred to relativistic particles. The
properties of the resulting nonthermal emission may
strongly depend on the distance of the dissipation site
from the central supermassive black hole (SMBH), since
the physical environment can experience a pronounced
change along the jet (e.g., [39,44-46]). However, the
location of the dissipation zone in blazar jets remains
uncertain (e.g., [47-49]). In some previous studies, it was
suggested that dissipation may occur stochastically along
the jet of a blazar (e.g., [50-52]). In this framework, the
nonflaring emission of a blazar results from the super-
position of radiation produced in numerous dissipation
zones. If additional energy dissipation takes place in one (or
a few) of them, so that its (their) emission outshines the rest
of the jet, then the blazar is expected to flare. Therefore,
there may be no essential difference between the nonflaring
state and the flaring state of a blazar, except that the flaring
state is related to a much stronger dissipation event. The
distance of the flaring zone to the SMBH can then
determine the spectral and temporal properties of the flare.
In this paper, we explore in detail such a scenario.
Hereafter, we refer to it as the stochastic dissipation model.

The rest of the paper is organized as follows. The model
setup is introduced in Sec. II. In Sec. III, we apply the
model to two well-known blazars, namely the FSRQ 3C
279 and the BLL PKS 2155-304. In Sec. 1V, we study the
applicability of the model to the general blazar population.
The discussion and conclusions are given in Secs. Vand VI,
respectively. In this work, we use the following cosmo-
logical parameters, H, = 68 kms~! Mpc~!, Q, =0.7,
and Qy; = 0.3.

II. MODEL SETUP

We assume that the emission of the blazar jet in a flaring
state is composed of at least two emission components. One
component arises from a flaring zone that dominates the
flare emission. The appearance of such components may
be related to magnetohydrodynamic instabilities [53,54]
or magnetic reconnections in the jet [55-59]. The other
component is the superposition of emission from numerous
but comparatively weak dissipation zones along the entire
jet. The latter can be regarded as a background emission to
the flare (e.g., [60]) and might describe the nonflaring
blazar emission. The two emission components are
assumed to be decoupled from each other. Since we focus
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Schematic view (not to scale) of the stochastic dissipation model. DT and BLR represent dusty torus and broad-line region,

respectively. The background radiation comes from numerous but relatively weak dissipation zones (not shown here). The flaring zone
(indexed blobs) occurs at a random distance from the base of the jet. We argue that the orphan y-ray flares are more likely to arise if the
flaring zone occurs in location A. The orphan optical flares may arise if the flaring zone occurs in location C, while multiwavelength

correlated flares are expected in location B.

primarily on the former component in this work, the
modelling of the background radiation spectrum is simply
characterized with a polynomial function.

In Fig. 1 we show a sketch of the considered scenario.
Since the ratio between the power of the synchrotron
radiation and the power of the IC radiation is roughly
proportional to the ratio between the energy density of the
magnetic field ug and that of the target radiation field u,yy,
the emission from the flaring zone will be dominated
by the IC process if it occurs relatively close to the
SMBH, given the presence of the broad line region (BLR)
and/or the dusty torus (DT). As a result, the y-ray emission
from the flaring zone may exceed that of the jet’s back-
ground emission, while the synchrotron radiation of the
flaring zone at lower frequency could still be subdomi-
nant. In this case, the blazar’s emission is enhanced
specifically at the y-ray band, and the blazar appears to
be experiencing an orphan y-ray flare. As the distance of
the flaring zone to the SMBH increases, the synchrotron
radiation becomes increasingly important with respect to
either SSC or EC radiation. The synchrotron process
could dominate if the dissipation takes place beyond a
certain distance and an orphan optical flare may then be
expected.

For a quantitative description, we assume that electrons
are continuously injected into the flaring zone (as long as
this remains active) with a broken power-law energy
distribution (e.g., [61,62])

inj }/_pl s Y min < 14 < Y break
o’ Cm

Ybreak y_pzv Yoreak <7 < Y max

where ¥mins Ymax are the minimum and maximum Lorentz
factors of the distribution, and yy.. 1S the break Lorentz
factor, which is not related to radiative cooling, p; and p,
are, respectively, the low-energy slope and the high-energy
slope of the broken power-law spectrum. Assuming a
spherical dissipation zone with radius R in the comoving

frame and given the electron injection luminosity Lénj, the

steady-state electron density distribution can then be
written as [51]

- 3L (y)
AaR3mec® [ynd (y)dy

Ne(7)

min(tcool (}/) ’ [650) ’ (2)

where t,. = R/c is the electron escape timescale,
teool = 3mec/ (4ory(ug + fKNuph))l is the electron radia-
tive cooling timescale, ot is the Thomson scattering cross
section, and fxy is the factor accounting for Klein-Nishina
(KN) effects [64]. The synchrotron and IC emission from
the relativistic electrons can be then calculated given the
magnetic field and the radiation field. High-energy pho-
tons from the IC process can be absorbed by soft photons
via photon-photon pair production. We consider the
absorption of y-ray photons due to the synchrotron
radiation of the flaring zone, the BLR radiation, and the
DT radiation, as well as the extragalactic background light
(model C in Ref. [65]) during the propagation in the
intergalactic space.

The magnetic field strength in the dissipation zone may
vary with the distance to the SMBH, r. Considering a
truncated conical jet and assuming that the radius of the
dissipation zone R is comparable to the transverse radius of
the jet at its location, we may write

RO =Ro(5) 3

luph here does not count in the density of the synchrotron
radiation. Taking it into account makes the calculation become
nonlinear [63]. Although it may be dealt with iteratively, it will
lead to an excessively expensive computation when we apply the
Markov chain Monte Carlo method to the spectral fitting later. To
evaluate the influence, we have recalculated the model flux for
the best-fit parameters shown in Table I, after including the
synchrotron radiation in up, when calculating the cooling of
electrons. The difference is 10% at most (for flare 1 of PKS 2155-
304 without external radiation field) for £, < 1 TeV.
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where Ry is the transverse radius of the jet at 0.1 pc. If we
assume a constant magnetic luminosity along the jet, which
is consistent with some results of the VLBA survey (e.g.,
[66,67]), the magnetic field strength can also be para-
metrized as a function of r

Ry
B(r>_BOR<r)7 (4)
where B is the magnetic field strength of the dissipation
zone for r = 0.1 pc.

The target radiation field for the IC process consists of
the synchrotron radiation of the electrons in the dissipation
zone and the external photon field. Both radiation fields
depend on the distance r of the flaring zone to the SMBH.
The energy density of synchrotron photons (as measured in
the comoving frame of the dissipation zone) is given by
Usyn(r) = Lgyn/ (4mcR(r)?T™*), where Ly, is the luminosity
of synchrotron emission in the observer’s frame and I is the
bulk Lorentz factor of the jet. The energy density of
external photons, i.e., from the BLR and DT, in the jet
comoving frame can be written as [68]

EprI? L gisk
= s 5
“sLx(7) 3rrgirell + (r/rpir)/ox] ©)
L
Upr (l") é:DT disk (6)

" 3ardeell + (r/ron)P)”

where &g r = 0.1 and &pp = 0.1 are the fractions of the
disk luminosity reprocessed into BLR and torus radiation,
respectively, rgir = 0.1(Lgig/10* ergs™)/2 pc  and
ror = 2.5(Lgig/10% ergs™)!/2 pc denote the character-
istic distances of the BLR and torus from the SMBH in
the AGN frame. We assume that the radiation energy
density drops steeply with distance beyond the character-
istic distance rpir(pr), adopting fpr =3 [69] and
Ppr = 4 [68]. The spectral shape of the radiation fields
is assumed to be that of a gray body peaking at a
frequency 4.5 x 10'“TI" Hz for the BLR [50] and at 3 x
101" Hz for the DT [61], both measured in the jet’s
comoving frame. Note that the background emission of
the jet (or the nonflaring emission) may also serve as a
target photon field for the IC process. Its influence is,
however, minor as will be shown in Sec. V. For simplicity,
we ignore it as a target photon field in the following
calculations.

There have been suggestions that the jet decelerates from
highly relativistic speeds to mildly or subrelativistic speeds
on kiloparsec scales [70-73]. Continuous jet models
involving decelerating flows have been used to fit the
SEDs of AGN [74-76]. Following Ref. [76], we assume the
jet’s bulk Lorentz factor remains constant up to 0.1 pc as
I’y > 1, and decelerates beyond this distance as a function
of log(r), reaching 'y, = 2 at 100 pc. We approximate

the Doppler factor by ép ~ I'. Then the Doppler factor for
r > 0.1 pc can be given by [76]

5D.0 -2 r
p(r) =dpo " Jog (100 log (O 1 pc)’ (7)
0.1 pc :

where Jp o & Iy is the Doppler factor at 0.1 pc, noting that
other forms of 5, (r) may also be possible. In fact, some
observations (e.g., Refs. [77-81]), numerical simulations
(e.g., Ref. [82]) and theoretical studies (e.g., Ref. [83])
show that the jet may still accelerate from subparsec up to
tens of parsec scales. We will discuss a constant-speed jet
case and an accelerating jet case in Sec. IV.

In total, there are ten free parameters for one dissipation
zone. Among them, six parameters are related to the
spectrum of electron injection, i.e., three for the character-
istic electron Lorentz factors (¥ min» ¥break> a0d ¥max)> two for
the power-law slopes of the electron spectrum (p; and p,),

and one for the electron injection luminosity (Le"). The
remaining four parameters are related to the physical
properties of the flaring zone, namely the distance of the
flaring zone from the SMBH r, the radius of the flaring
zone R, the magnetic field strength B, and the Doppler
factor 6p. For the modeling of multiple flares from the same
source, the last three parameters are not independent of
each other, but are related to their distance from the black
hole r and their values at 0.1 pc (R, By, dp o). To reduce the
number of free parameters, we fix the values of py, ¥min
and y., in different flares of a given blazar.

To summarize, for the modeling of multiple flares from
one source, our model has six parameters (Ry, Bo, P1»> ¥mins
Ymax» and Op o) that are common among different dissipation

sites, and four parameters (Le", P2, Ybreak» and r) that are
unique to each dissipation site. Thus, if we apply the
stochastic dissipation model to explain, for instance, three
flares from a blazar, we have to specify in total 18
parameters.

III. APPLICATION TO 3C 279 AND PKS 2155-304

Blazars are historically divided into two classes, namely
FSRQs and BLL objects, according to their optical spectra.
The former display strong, broad emission lines, while the
latter show at most weak emission lines, and in many cases
are completely featureless [2]. These sources are thought to
be powered by accretion disks with different mass accretion
rates and radiative efficiencies (for a review, see Ref. [84]).
As a result, the strength of ambient photon fields in these
blazar subclasses is expected to be very different.

3C 279 is a very bright and highly variable blazar at all
wavelengths. It is classified as an FSRQ at redshift of
0.536. An orphan y-ray flare was reported on December 20,
2013 [34]. PKS 2155-304 is a well-known blazar in the
southern hemisphere and also has bright and variable
emissions, particularly in y-ray energies. It is a relatively
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TABLE L.
correspond to the 1o uncertainties.

Best-fit parameters for three flares of 3C 279 and PKS 2155-304 modeled with the stochastic dissipation scenario. Errors

3C 279 PKS 2155-304
Leig (10%% ergs™") 2000* 1°
Ry (10' cm) 0.91§67¢ 341508

B (G) 0.45709
Ymin (10%) 5.0759%
Vanax” (10°) 9.6870%5
P 1.801 090
dp,o 70.6133
Flare state Flare 1 Flare 2

L™ (10% ergs™) 80.014% 94353

P2 3.75501e 3.37:109
Voreak (10%) 0.3470:02 0.4350%7
r (107" pe) 2.01°0% 30.8%)4

0.02
0.14700
101594}

0.78
1.561045

0.03
1.63100

53.67%]
Flare 3 Flare 1 Flare 2 Flare 3
31475 0.324007 0.2179% 8.7415353
3.291022 3.7270 11 3.24799 4.2775:06
4155157 2.50%04 3.88%)73 6.5510:S8
125122 0.12759! 0.517549 39.2133

“The disk luminosity of 3C 279 is 2 x 10% ergs~'[87].

PReference [88] has measured and found no emission line is observed in the spectrum of PKS 2155-304. According to their analysis,
the BLR luminosity upper limit of PKS 2155-304 is 1.1 x 10*! ergs™'. So we set the BLR luminosity of 10*' ergs~! and calculate

the corresponding disk luminosity of 10> ergs~!.

“This corresponds to a half-opening angle of for ~1.7° the truncated conical jet.
This corresponds to a half-opening angle of for ~6.3° the truncated conical jet.
“The theoretical limit of y,,, can be obtained by equating the acceleration and the cooling or escape timescales, i.e.,
tace = MiN(teqo, fese), Where t,.. ~ E/ecB can be given in the limiting case following Ref. [89]. We obtain y., = 9.9 x 10°
for 3C 279 and y,,,, = 7.9 x 107 for PKS 2155-304 based on the best-fit parameters. The best-fit values of y,,,, given by the MCMC

method are consistent with these theoretical limits.

nearby high synchrotron-peaked BLL object at redshift of
0.116. An orphan optical flare lasting a few months was
reported for PKS 2155-304 in 2016 [31]. In addition to the
orphan flares, many multiwavelength correlated flares are
observed in both sources. Thus, they are ideal test beds for
our model.

First, in order to define a low state for each blazar, we
search the archival data of each blazar for a period with
simultaneous multiwavelength data of the lowest flux level.
We fit the SED of this nonflaring period phenomenologi-
cally with a polynomial function and regard it as the
background emission component. Then, we choose three
flaring states for each blazar that are characterized by
different multiwavelength spectral properties. One of the
three flaring states is an orphan optical or y-ray flare, and
the other two are multiwavelength flares with different
Compton dominance (g). It is worth noting that the
definition of the orphan flare strongly depends on how
the referenced nonflaring SED of the blazar is chosen. For
example, Refs. [31,34] define the orphan flares by compar-
ing the SED of the flaring state with that of the preflare
state. We here choose the historically lowest-state SED of
the blazar as the background emission. Therefore, the
reported orphan flares may appear as multiwavelength
flares when compared with the SED of our chosen non-
flaring emission.

We search the parameter space, which is composed of
18 parameters, to find the best-fit values of the model
parameters for the three flaring states at once. Note that
the multiwavelength SED of a flare is the superposition
of the background component and the flare component,
as mentioned in the previous section. The synchrotron
radiation and the IC radiation are calculated using the
NAIMA PYTHON package [85]. The best-fit model param-
eters for each flaring state are obtained with a Markov chain
Monte Carlo (MCMC) method (1o error bars are also
obtained with the MCMC method). We use the EMCEE
PYTHON package (version 3.0.2) [86] that is based on the
chi-squared statistics. To save computation time and ensure
faster convergence, we firstly perform an “eye-ball fitting”
to the SED and exclude some inappropriate parameter
space. We fit the data with 150 parallel walkers for 1000
steps each with a burn-in phase of 300 steps. The
parameters and best-fit parameter values including their
lo error bars can be found in Table I and the details of the
fitting results of the two blazars will be detailed, respec-
tively, in the following two subsections.

A. 3C 279

Figure 2 shows the data and best-fit models of four
different states of 3C 279. The gray points are historical
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FIG. 2. The fitting results for 3C 279. The black solid lines represent background radiation from many dissipation zones, and the
orange solid lines are total radiation including background radiation and the emission from a flaring zone. The blue solid lines represent
the total emission from the flaring zone. The dashed, dot-dashed, and dotted lines are IC emission from the flaring zone for different seed
photon fields (see inset legends). The gray points show archival data, and the colored symbols show the data points that correspond to the
three different states of 3C 279. The references for the data can be found in Sec. III.

data that come from the SSDC SED builder.” The blue
points in the first panel are low-state data collected from
February to May of 2010 (period H in Ref. [68]). The violet
points in the second panel show the SED of the orphan
y-ray flare (flare 1) in 2013 as reported by Ref. [19]. The
cyan and pink points in third and fourth panels are
multiwavelength flaring state data collected on 16 June
2015 (flare 2) and June 1-8, 2011 (flare 3), respectively
[90]. The optical flux of the latter two flares is comparable
but the y-ray flux of flare 3 is significantly lower than that
of flare 2. The black curve in each panel is the polynomial
function characterizing the background emission (low
state) component. The solid blue curve shows the flare
emission (high state) component. The solid orange curve
represents the sum of these two components. The best-fit

“https://tools.ssdc.asi.it/SED/.

parameters of 3C 279, which are listed in Table I, are within
a reasonable range, except for the large Doppler factor
Spo = 70.6733. Nonetheless, this value is consistent with
other studies. For instance, Ref. [91] suggested that the
Doppler factor of 3C 279 was at least 39 close to the SMBH
by analyzing the observation results from the Very Long
Baseline Array (VLBA). Reference [92] found that a very
high bulk Lorentz factor (>50) at the jet base was required
to explain the minute-scale variability of 3C 279 by
considering a standard EC model with conical jet geom-
etry. Recently, Ref. [93] found that the bulk Lorentz
factors of some moving emission features of 3C 279
should exceed 37 by analyzing VLBA images at 43 GHz.
These authors argue that turbulent motions at the relativ-
istic sound speed could boost the Doppler factor up to ~70
when such turbulent velocities are directed toward the line
of sight relative to the systemic flow. As expected, the
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FIG. 3.

position of the flaring zone for the orphan y-ray flare is the
closest to the SMBH with r = 0.2 pc, while the ratio
between the synchrotron flux and the EC (y-ray) flux
increases as the distance r increases. A recent paper
studied three orphan y-ray flares from three FSRQ sources
including 3C 279 [52]. Using a two-zone leptonic model,
these authors showed that the orphan y-ray flare of 3C 279
might have originated from the region close to its SMBH.
Even though the flare reported in that paper is not the
same as the one studied here, their conclusions about the
production site of the orphan y-ray flare are consistent
with ours.

For FSRQs, the y-ray emission mainly arises from the
EC process if the flaring zone is relatively close to the
SMBH. While the energy density of the magnetic
field (ug(r) o< B?(r)) decreases along the jet as r~2, the
energy densities of external photons drop more quickly
(i.e., ug r(r) « r383, upyp(r) « r~463) once the distance
is beyond the characteristic radius of BLR or DT
(r > rpir (pr))- Therefore, the Compton dominance,
considering the BLR and DT components separately,

1021 1024 1027
v [HZ]

Same as Fig. 2 but for PKS 2155-304.

reads gpir(r) = upr(r)/up(r) < r~'6p, and gpr(r) =
upr(r)/ug(r) « r=26%, with 8y being constant or decreas-
ing with radius. The KN effect would slightly modify the
expressions of the Compton ratio but it would not alter
the radial dependence of the trend. Such a result suggests
that the y-ray emission is more intense when the dis-
sipation zone is located closer to the BLR (e.g., [69]), and
verifies our speculation that orphan y-ray flares tend to
appear when dissipation occurs comparatively close to
the SMBH. Although no orphan optical flare has been
discovered from 3C 279 yet, we may expect to observe
orphan optical flares from the source if the flaring zone is
located far from the SMBH.

B. PKS 2155-304

Figure 3 shows the data and our best-fit models of four
different states of PKS 2155-304. The gray points are the
sum of historical spectral data. The blue points in the first
panel are nonflaring data collected in 2013. The violet and
cyan points in the second and third panels show the spectra
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FIG. 4. Same as Fig. 3 for PKS 2155-304 but without external photon field. The common parameters for all flares are
Ry =7.873d x 10" cm, By = 0.387007 G, ypmin = 21575, ¥imax = 1.097027 x 10°, p; = 1.67)1, and 8p o = 1367,5. The parameters
for each flare read Le” = 1.15103¢ x 10% ergs™, py = 3.7103, Yprea = 1.561033 x 10* for flare 1; Le" = 3.331]57 x 10* ergs™!,
P2 = 33502, Vorear = 749758 x 10% for flare 2; Le¥ = 5.7725 x 10" ergs™', py = 37507, Ve = 6.127215 x 10% for flare 3.

during a multiwavelength flare reported in 2014 (flare 1)
and 2015 (flare 2), respectively. The pink points in the
fourth panel give the spectrum measured during an orphan
optical flare in 2016 (flare 3) [31]. Note that the very high
energy data of PKS 2155-304 are extragalactic background
light corrected, so we only consider the y-ray opacity due to
the radiation of the blazar jet.

As a BLL object, PKS 2155-304 is not expected to have
strong BLR and DT radiation. Indeed, no emission line is
observed in its spectrum, posing an upper limit of 1.1 x
10*! ergs~! on its BLR luminosity. Therefore, we consider
two cases for the external radiation field in the modeling of
PKS 2155-304. In the first case, we assume the presence of
the BLR with the luminosity equal to the measured upper
limit, leading to a characteristic BLR radius rgig =
1073 pc and a small dust torus in this case. In the second
case, we simply do not take into account any external

radiation field. The results are shown in Figs. 3 and 4,
respectively. All displayed curves are the best-fit models
and have the same meaning as those in Fig. 2.

In both cases, the multiwavelength SEDs in all three
flaring states can be satisfactorily reproduced. In the case
with external radiation fields, we find a similar trend of the
ratio between the synchrotron flux to the IC flux as a
function of r as in 3C 279. The orphan optical flare (flare 3)
arises when the flaring zone occurs at a distance (i.e.,
r = 3.92 pc) far beyond the BLR, the characteristic radius
of which is rg; g = 107 pc. The obtained Doppler factor
(Opo = 53.6780) is a bit larger but still consistent with
other studies. For instance, Refs. [14,94] suggest that a bulk
Lorentz factor above 50 is necessary to explain the minute-
scale TeV variability of PKS 2155-304.

However, when no external radiation fields are taken into
account, the trend breaks down because the y-ray emission
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in this case is produced by the SSC process that depends on
the intensity of the synchrotron radiation and the size of the
dissipation zone. The KN effect also plays an important
role in the SSC-dominated case. As a result, an extremely
large Doppler factor op o = 136.43;56 is inferred by the fit.
Hence, we do not consider this case as a reasonable
solution, at least for the flares of PKS 2155-304. The
best-fit results do not correspond well to the observed data,
which also brings a very large uncertainty. For a detailed
analysis, we refer readers to Appendix A.

IV.INFLUENCE OF THE COMPTON DOMINANCE
ON THE TYPES OF BLAZAR FLARES

To produce an orphan flare in a certain energy band
within our model, the flux of the flaring zone in that
energy band should significantly exceed the flux of the
background emission, while the flux in any other energy
band should remain below the background emission by
definition. Therefore, the key to producing an orphan
flare, provided a sufficient flux from the flaring zone can
be produced, is the comparison between the shape of the
flaring zone’s SED and that of the background emission’s
SED. The main feature of the double-humped-shaped
SED is the relative amplitude of the two humps, which can
be described by the Compton dominance g. The ratio
between the Compton dominance of the flaring zone ¢ and
that of the jet’s nonflaring emission, which we hereafter
denote as y, determines the type of the blazar flare.
Blazars tend to present an orphan y-ray flare if y > 1.
On the contrary, an orphan optical flare would appear if
y < 1. If the Compton dominance of the flaring and quiet
state is comparable, then a multiwavelength flare is most
likely to be produced within our model. We therefore
conduct a more general study of the influence of model
parameters on the Compton ratio of the flaring zone and
the multiwavelength properties of a blazar flare in this
section.

For this purpose, we consider three generic scenarios.
The first one is the same as the model introduced in
Sec. 11, and is referred to as scenario A. In addition, we
consider an accelerating jet case (scenario B) in which
the Doppler factor increases along the jet and we employ
Sp(r) = 6po(r/0.1 pc)®1®, following the observation of
MS87 jet [81]. In scenario C, the magnetic field strength B
and the Doppler factor Jp are assumed independent of the
jet radius. For each scenario, an FSRQ (including the so-
called masquerading BLL objects, i.e., [95]) and a true
BLL object (without external radiation fields) will be
studied, with the location of the flaring zone being located
at 0.1, 2.0, and 40.0 pc away from the SMBH, respec-
tively. The results are displayed in Fig. 5 and the
parameters can be found in Table II for BLL objects
and Table III for FSRQ. For this example, we intentionally
choose the Compton dominance of the jet’s background

emission to be unity so that y = ¢g. The parameters in
Tables IT and III are selected to ensure that all three types
of flare (multiwavelength flare and orphan optical/y-ray
flare appear as much as possible when the flare region is
located in three different positions. For example, a smaller
Opo may cause the orphan y-ray flare to be unable to
appear for FSRQs in all of three scenarios.

In scenario A, the orphan y-ray flares in an FSRQ source
are more likely to show up when the location of the flaring
zone is comparatively close to the SMBH, while the orphan
optical flares are apt to appear far away from the SMBH
(see second row from top in Fig. 5). For a BLL object, the
results in scenario A show the opposite trend (see first row
from top in Fig. 5): the higher intensity y-ray flare arises
when the flaring zone is located far away from the SMBH.
The reason is the same as discussed for PKS 2155-304 (see
also Appendix A).

In scenario B, the situation for BLL objects is opposite
to those in scenario A and is more akin to the situation of
FSRQs in scenario A. The orphan gamma-ray flares tend
to occur at small distance while the orphan optical flares
can be found at large distances from the SMBH. On the
other hand, the orphan optical flares are hard to appear in
FSRQs, which is different from that in scenario A.
The Compton dominance (g) is still the key to under-
standing the difference. Contrary to the decelerating
jet case, the increasing Doppler factor in scenario B
can slow down the decrease of the Compton dominance
along the jet. Therefore, it is necessary that the dissipation
occurs at a distance very far from the SMBH to produce an
orphan optical flare with the Compton dominance much
less than unity. A detailed analysis can be found in
Appendix B.

The results in scenario C are similar to that in scenario
B except that the orphan y-ray flare can appear at a
medium distance (r = 2 pc) in scenario B. It can also be
explained by considering the Compton dominance. The
energy density of the magnetic field is fixed in scenario C.
So, the Compton dominance ¢(r) decreases with distance
as = (or r~*) for the BLR (DT) if the flaring zone is
located beyond the characteristic distances of the BLR
(DT) in an FSRQ. For a BLL object, the high-energy
emission arises from the SSC process. To focus on the
influence of the flaring zone’s position (i.e., ) on the
Compton dominance, let us assume a fixed synchrotron
luminosity for the flare. In this case we can obtain the
energy density of the synchrotron radiation ugy, o r2.

Thus, the Compton dominance ¢(r) decreases as r~2. The
factor of KN effect (fxy) remains unchanged given a fixed
magnetic field strength and Doppler factor. If the syn-
chrotron luminosity of the flaring zone also decreases with
increasing distance, it would lead to a faster decline of
the Compton dominance g(r) with respect to r. As a
result, it becomes more difficult to generate y-ray flares at
a larger distance.
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FIG. 5. Results for three toy scenarios for orphan and multiwavelength flares from a fiducial BLL and FSRQ source. In scenario A
(decelerating jet case) and B (accelerating jet case), the magnetic field strength and Doppler factor vary along the jet, while in scenario C
both parameters are considered constant. The black solid lines describe the low state SEDs of PKS 2155-304 and 3C 279 that are used as
reference for the fiducial BLL object and FSRQ, respectively. All lines have the same meaning as in Fig. 3.

TABLE II. Indicative parameters for the three illustrative scenarios considered for BLL objects.

Scenario A Scenario B Scenario C

0.1 pc 2.0 pc 40.0 pc 0.1 pc 2.0 pc 40.0 pc 0.1 pc 2.0 pc 40.0 pc
Lgigc (10™ ergs™)
R, (10 cm) 1 1 1
B,(G) 0.3 2 0.05
50" 60 5 25
)2 1.5 1.5 1.5
)2 4.8 4.8 4.8
Ymin 10 10 10
Voreak (10%) 7.0 41.0 348.3 20.0 70.4 247.7 26.6
Yimax (10%) 2.0 11.7 99.5 2.0 7.0 24.8 7.6
L (10 ergs™) 4.1 48.1 267.5 0.7 0.7 0.35 43.1 43.1 2.2

’B(r) = By is employed in scenario C.

®55(r) = bp o is employed in scenario C.
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TABLE III. Indicative parameters for the three illustrative scenarios considered for FSRQ.
Scenario A Scenario B Scenario C

0.1 pc 2.0 pc 40.0 pc 0.1 pc 2.0 pc 40.0 pc 0.1 pc 2.0 pc 40.0 pc
Laig. (10% ergs™!) 8 8 8
Ry (10'® cm) 5 1 5
By (G) 1.8 0.16 0.05
Op.o 60 15 25
)2 1.5 1.5 1.5
D> 4.8 4.8 4.8
¥ min 10 10 10
Yoreax (10%) 0.2 1.2 10.0 1.0 35 12.4 1.9
Ymax (100) 2.0 11.7 99.5 20.0 11.7 99.5 18.6
LM (108 ergs™!) 0.07 27.3 211.4 0.3 0.3 15 1.4 42.1 1.4

V. DISCUSSION

A. Duration of blazar flares

Although we mainly focus on the SED of blazar flares in
the present work, the flare duration is another important
property. We here briefly discuss the expectations in our
model. The duration timescale of a flare cannot be shorter
than the light-crossing time of the dissipation zone in the
observer’s frame, ie., fi, ~ (14 2z)R(r)/(cdp), which
depends on the size of the dissipation zone R or its distance
r from the SMBH. In reality, the particle radiative cooling
timescale 7., adiabatic timescale t,4 or the escape time-
scale 7., may determine the flare duration if they are longer
than ;.. Similarly, the particle acceleration timescale 7,.. or
the injection timescale 7, of accelerated particles into the
radiation zone could affect the flare duration. These time-
scales depend on the mechanism that triggered the dis-
sipation, which is not specified in our work. Hence, for the
following discussion, we focus on the radiative loss and
escape timescales. According to our setup in Sec. II, all
these timescales are shorter for smaller R, thus the light-
crossing time can be used as a proxy for the flare duration.

In the stochastic dissipation model, orphan optical flares
may arise if the flaring zone occurs at a distance far from
the SMBH, and the range of distances is from a few parsecs
to hundreds of parsecs. On the contrary, orphan y-ray flares
arise for a small range of distances comparatively close to

the SMBH for FSRQs in both scenarios A and B, as well as
for BLL objects in scenario C. As a consequence, we may
expect that the duration of orphan optical flares is generally
longer than that of orphan y-ray flares, regardless of
whether the duration is determined by #,. or the other three
timescales. We calculate ¢, for each flare studied in Sec. III
using the best-fit parameters shown in Table I and compare
it with the observed duration of the flaring state Az,
which is approximated by the time span between the time a
flare’s flux rises and drops to half of the peak value (i.e., full
width at half maximum of the flare’s light curve). The
results are shown in Table IV and we can see that £, < Aty
is generally satisfying for all flares. Also, the observed flare
duration increases with the size of the dissipation zone
derived in our model as expected. Observations of other
blazar flares are also consistent with the expectation. For
example, the duration of all the other reported orphan
optical flares are of month-long scales: about three months
for PKS 0208-512 [30] and a few months for PKS 2155-
304 [31]. In contrast, some of the reported orphan y-ray
flares show intraday duration: 12 h for 3C 279 [34] and
about 5 h for PKS 1222 + 21 [36]. In contrast, scenario A
for BLL objects suggests that the duration for orphan y-ray
flares could be longer than that of orphan optical flares for
BLL objects. This is consistent with the reported orphan
y-ray flare for the blazar 1055 + 018, the duration of which
is above 100 days [38]. Note that this object could be

TABLE IV. The light-crossing times and observed duration of flaring states for 3C 279 and PKS 2155-304.

3C 279

PKS 2155-304

PKS 2155-304 (no BLR/DT)

hie Algur he Algyr he Algyr
Flare 1 0.171003 days 0.5 days* (G)” 0.03190% days ~20 days (X/G) 0.0810,3 days ~20 days (X/G)
Flare 2 4557098 days ~2 days (G) 0.131042 days ~20 days (T) 0.03100; days ~20 days (T)
Flare 3 3048 days ~23 days (G) 22412 days ~108 days (0)  0.05:0% days ~ ~108 days (O)

*The observed duration of flare 1 for 3C 279 is reported by Ref. [34]. The others are the approximate duration estimated from light

curves of the flares.

G denotes that this duration is estimated from the GeV band, “O” from the optical, “X” from the x ray, and “T” from the TeV band.
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classified as a quasar [96] based on the rest-frame equiv-
alent width (8 A) of C III 11909 emission line, but in some
literature it is referred to as a BLL object because of its
relatively weak emission lines (e.g., [97,98]).

B. Orphan flare rate

Reference [33] suggested that the true orphan flare rates
were 54.5% and 20% for optical and y-ray flares, respec-
tively, by analyzing a sample with 107 BLL objects, 64
FSRQs, 4 radio galaxies, and 3 unclassified sources. In the
stochastic dissipation model, the volume of the jet more
likely to produce an orphan optical flare is much larger than
that to produce an orphan y-ray flare, at least for FSRQs or
BLL objects with weak BLR radiation. The model would
predict a much larger intrinsic rate of orphan optical flares
than that of orphan y-ray flares, if, for example, dissipation
takes place in the jet with an equal probability per unit
distance or per unit volume. However, since the magnetic
field strength and the radiation field intensity are weaker
(i.e., lower radiation efficiency of electrons) at larger
distance, only very strong dissipation forming at large
distance could manifest itself as a distinct flare. This may
explain why the observed rate of orphan optical flares is
only ~2.5 times greater than that of orphan y-ray flares, and
is also consistent with the large electron injection lumi-
nosity for flares occurring at large r as shown in Table I. In
addition, the observed rates of orphan flares might also
imply that the dissipation process tends to occur at smaller
distance over larger distance in our model. This is not
unreasonable because we may generally expect the jet to be
more magnetized at a small distance [84,99], and hence
instabilities or magnetic reconnection may be better devel-
oped, while the magnetic energy might have been already
(partially) consumed at large distance due to radiation or
adiabatic expansion of the jet.

From Sec. IV we see that the scenario A for BLL objects
suggests an opposite preference of the location for orphan
optical flares and orphan y-ray flares with respect to FSRQs
and the scenarios B and C for BLL objects. Such a
difference arises from the different spatial evolution of
the jet’s parameters. Therefore, if the orphan flare rate can
be obtained from a sample composed only of BLL objects,
it may be possible to distinguish these three different
scenarios for BLL objects and study the parameter evolu-
tion along the jet.

It is worth noting that the rates of orphan flares quoted
above have been determined after accounting for sampling
and instrumental sensitivity limitations. To determine the
fraction of observed true orphan flares, one must estimate
the fraction of observed orphan events which are simply
due to limited sensitivity of the telescopes used to monitor
the sources in various wavelengths. In the analysis of [33]
the true fraction of orphan y-ray flares was estimated by
assuming that the true fraction of multiwavelength (non-
orphan) flares is constant as a function of the brightness of

the source, and by comparing the expected number of
multiwavelength flares at infinite instrumental sensitivity to
that observed.

C. Jet’s background emission

In our model, we consider that dissipation may occur
along the entire jet and form numerous emitting blobs. The
sum of the emission from those blobs that are not under-
going intense dissipation constitute the background emis-
sion of the jet, which may represent the low-state emission
of the blazar. The envisaged scenario somewhat resembles
the conical jet model which has been proposed by Ref. [44]
and further developed in many studies (e.g., [45,100-103]),
in that both models consider the jet as an extended emission
region. The difference lies in the particle injection process:
in the conical jet model, particles are injected at the jet base
and advected to a larger distance. Reacceleration of the
particles along their propagation is needed in order to
compensate for the severe radiative cooling and adiabatic
energy loss [104,105]. In our model instead, relativistic
particles are injected locally at both small and large
distances instead of being injected at the jet base and
transported to larger distances.

In the previous sections, we ignored the jet’s background
emission as a target photon field for the IC process of
electrons in the flaring zone and for the yy absorption
process. To accurately evaluate its contribution, we need to
model the distribution of emissivity of the background
component along the entire jet, which is beyond the scope
of this work. However, it may be safe to ignore their
influence in the model. Taking the flares of 3C 279 and
PKS 2155-304 for example, we consider the background
emission as a target photon field for Compton scattering.
For simplicity, we assume that the entire background
emission is emitted from the same region of the flaring
zone, which significantly overestimates the number density
of the background radiation field. We find that the resulting
fluxes have little change compared to those shown in
Figs. 2—4 for E, < 1 TeV for the same parameters listed in
Table I. The most significant change is found in the case of
PKS 2155-304 without external photon fields: the flux
increases by 30% around 10 MeV for flare 3 (where no data
is available) and 20% around 100 GeV for flare 1 (only one
data point from HESS is influenced), and hence does not
influence our conclusion. In the presence of an external
photon field, which would then dominate the IC process,
the influence of the background emission is negligible.

D. Observational tests of the stochastic
dissipation model

1. Absorption of the y-ray emission

High-energy y-ray photons may not be able to escape
from their production site because of the absorption caused
by the BLR and the DT radiation via the Breit-Wheeler pair
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FIG. 6. Optical depth, 7,,, and Compton dominance, ¢, as a
function of distance from the jet base, r. This result is parameter
dependent, and here we calculate it with the best-fit parameters
for 3C 279. For a much stronger initial magnetic field g = 1 even
inside the BLR.

production process. The cross section of the process peaks
at 1 MeV in the center-of-momentum frame. Since the
typical photon energy of the BLR radiation is about 10 eV
(i.e., the Lyman-a emission) and the DT radiation is at the
infrared band, the absorption is particularly important for
photons of energy =100 GeV. Therefore, the location of
the emission zone can be determined by searching for the
absorption features in the very-high-energy (VHE, energy
above 100 GeV) y-ray spectrum. For example, Ref. [106]
found that the MAGIC observations of the FSRQ PKS
1222 + 21 show no spectral cutoff, and concluded that the
y-ray emission region is located outside the BLR.

The y-ray opacity is related to the density of the target
radiation field, which is also relevant for the IC emission.
We show the opacity 7,, and the Compton dominance as a
function of distance r in Fig. 6 with the best-fit parameters
for 3C 279. It can be seen that the Compton dominance
approaches unity at jet distance r = 10 pc, where the VHE
y-ray opacity is much smaller than unity. This implies that
there should not be an absorption feature at the VHE band
in the spectrum of a multiwavelength flare which has
comparable synchrotron flux and IC flux. This is consistent
with previous studies (e.g., [107,108]) reporting that there
is no such absorption feature during multiwavelength
blazar flares. Furthermore, Ref. [109] suggested that the
emission zone is confidently beyond the BLR and placed it
at r > 1.7 x 10'7 cm by fitting the y-ray data of 3C 279
observed in June 2015, which corresponds to flare 2 of
3C 279 in this paper. This is consistent with our fitting
results. Although a clear absorption feature in the VHE
spectrum of blazar flares has not been reported, our model
predicts that such a feature could appear in orphan gamma-
ray flares with a high Compton dominance g > 1. Future
observations with next-generation VHE gamma-ray tele-
scopes such as Cherenkov Telescope Array will thus be in a
position to test the stochastic dissipation model.

In addition to the VHE y-ray photons, even 210 GeV
photons may be absorbed by the BLR radiation for

high-redshift sources, given favorable conditions (e.g., a
very compact radiation zone and intense BLR radiation).
Many studies tested this scenario and found no evidence for
the expected BLR absorption in the Fermi-LAT spectra
(e.g., [60,110-113]). On the other hand, there are studies
suggesting that the y-ray emission must arise within the
BLR, because the y-ray spectra cannot be described by a
simple power law for some FSRQ sources (e.g., [114,115]),
although this feature may also be related to the maximum
energy of electrons or the KN effect. In any case,
observations in dozens of sources in the GeV band is
probably also a promising way to study the position of
blazars’ y-ray flares and test the stochastic dissipa-
tion model.

2. Shift of the radiation center

The stochastic dissipation model suggests that different
types of flares can arise when strong energy dissipation
occurs at different distances from the base of the jet. Thus,
we may expect the shift of the radiation centroid of the jet
during the flaring state. Instruments with high spatial
resolution may resolve the flaring zone. The very long
baseline interferometry (VLBI) technique in the radio band
(i.e., ~1-40 GHz) may reach a submilliarcsecond resolu-
tion and could provide a decisive test of the model.
Reference [116] found that a flare of an AGN induces a
change of distance between the apparent jet base and the
absolute radio VLBI reference point. In the framework of
the stochastic dissipation model, the number of electrons in
the strong dissipation zone must be significantly enhanced
in order to produce the blazar flare. On the other hand,
however, the synchrotron self-absorption (SSA) may be
strong and severely attenuate the radio emission of the
flaring zone. To be more quantitative, we can write
the synchrotron luminosity from a spherical dissipation
zone as [117]:

— 42 2w [ 2 e —
L) =Rt 1= - el @

where j(v) is the synchrotron emission coefficient, k(v) is
the absorption coefficient and 7 is the opacity of the SSA
effect. The ratio of j(v) and k(v) is independent of the
electron injection luminosity. So the synchrotron luminos-
ity is proportional to

Lssa(v) o« R*B 7203 9)

in the case of 7 > 1. Therefore, the radio emission may not
be sensitive to the enhanced electron injection luminosity
during strong flares for a given R and B. This can be seen in
Fig. 7, which shows the relation between the electron
injection luminosity and the radio flux of the flaring region
at different radii. We see that at a comparatively low
frequency such as 8 GHz, a huge electron injection
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FIG. 7. Synchrotron radio flux from the flaring region
as a function of electron injection luminosity assuming dissipa-
tion at different jet distances. The solid lines represent results at
230 GHz, and the dotted lines represent results at 8§ GHz.
The parameters are z = 0.536, B, =03 G, Ry = 10'° cm,
5D.0 = 60, P1= 15, P2 = 48, Ymin = 10, Ybreak — 1.6 x 103,
and y,,, = 10°.

luminosity does not significantly enhance the radio flux at
small radii (e.g., at 0.01 pc), but may be revealed when
the intense dissipation occurs at a large distance with
r > 10 pc. Therefore, we may expect an orphan optical
flare accompanied by the brightening or emergence of a
radio knot at a large distance of the jet. Of course, this also
depends on the ratio of the radio flux during the flare to that
in the low state. If the low-state radio emission is already
quite strong, then the shift of the radio center during the
flare may not be easy to confirm.

Observations at a higher frequency can alleviate the SSA
effect. At 230 GHz, as shown in Fig. 7, the SSA effect is
already unimportant at r > 0.1 pc. The Event Horizon
Telescope can work at this frequency and resolve the
innermost jet of 3C 279 at 230 GHz with an angular
resolution of ~20 pas [118], which corresponds to a
physical length of about 3.7 pc for a viewing angle of
2° [119]. With this resolution, it may resolve the dissipation
zones of orphan optical flares and even some multiwave-
length flares in 3C 279. A closer blazar would be a better
target for such a study. Note that, even at small radii with
r = 0.01 pc where orphan y-ray flares more likely take
place, the 230 GHz radio flux can be increased by about a
factor of 3 during the flare. Although the Event Horizon
Telescope cannot spatially resolve the flaring zone at such a
small distance, it is possible to observe a moderate
enhancement of the radio flux in the innermost core during
an orphan y-ray flare. Again, this depends on the radio flux
ratio of a flaring state to the low state.

The space mission Gaia provides highly accurate optical
centroid positions for AGN with (sub)milliarcsecond accu-
racy. Based on Gaia, a number of publications found that
there are significant radio-optical offsets for AGN by
analyzing VLBI positions and Gaia photocenter (e.g.,
[116,120-124]). We can also try to measure the shift of
the Gaia optical photocenter during the flare state to test

the stochastic dissipation model. For example, let us
assume that the optical photocenter of 3C 279 in the
low state is located 12 pc away from the SMBH. In flare 1,
which occurs at 0.2 pc away from the SMBH based on our
fitting, the optical flux is about ten times higher than that in
the low state (see Fig. 2). This translates to a shift of the
optical photocenter by ~(0.2 mas (given the source redshift
and the viewing angle (2.1° from Ref. [68]). Such a shift
exceeds the pointing accuracy of Gaia for a bright source
and hence is measurable by Gaia [125].

VI. CONCLUSIONS

In this paper, we have succeeded in interpreting the
spectral variety of blazar flares in a unified physical picture.
In the considered framework, dissipation events may take
place and accelerate particles along the jet at random
distances from the SMBH where the electromagnetic
environments can be quite different. As a result, different
spectral shapes of the emergent radiation can arise from
these dissipation zones at different distances. Our model,
which is coined the “stochastic dissipation model,” and the
main conclusions of the paper are summarized below.

(1) In our stochastic dissipation model, there are at least
two emission components during a blazar flare. One
component is the jet’s background emission, which
can be thought of as a superposition of radiation
from numerous but comparatively weak dissipation
zones along the jet. The other component originates
from a flaring zone (with stronger dissipation) that is
responsible for the flare.

(ii)) We assume that the flaring zone may randomly
appear at different positions along the jet. The
physical quantities describing flares from the same
blazar, such as the radius of the flaring zone, the
magnetic field strength, and Doppler factor, are not
independent, but are intrinsically related to each
other through the distance of the flaring zone to
the SMBH.

(iii) We have applied our model to explain the SEDs of
three flaring states of 3C 279 and PKS 2155-304.
The SEDs of different flaring states can be explained
by our model with six common parameters and four
separate parameters for both PKS 2155-304 and 3C
279. Our model for PKS 2155-304, which is
categorized as a BLL object, strongly favors the
presence of a weak BLR radiation of luminosity
~10*" ergs~!, which is consistent with the reported
upper limit to the BLR luminosity of this source.

(iv) The ratio y between the Compton dominance of the
flaring zone and that of the jet’s background emis-
sion determines the spectral feature of the blazar
flare. If the ratio is much larger than unity, the blazar
tends to present an orphan y-ray flare; on the
contrary, if the ratio is much smaller than unity,
an orphan optical flare is more like to occur.
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(v) For FSRQs including “masquerading” BLL objects,
the Compton dominance ratio y would be much
larger than unity (corresponding to orphan y-ray
flare) when the dissipation occurs comparatively
close to the SMBH (e.g., r <1 pc), while the ratio
would be much smaller than unity (corresponding to
orphan optical flare) when the dissipation occurs far
away from the SMBH (e.g., r = 10 pc).

(vi) For (true) BLL objects, the situation is similar to that
of FSRQs, if the model parameters such as the
magnetic field and the Doppler factor do not vary
with the distance of the dissipation zone from the
SMBH (r). On the other hand, if these parameters
decrease with r, the situation becomes more com-
plex due to the KN effect. A dedicated study is
needed to elucidate the influence of the KN effect in
the latter case.

(vii) The flare duration and the orphan flare rates ex-
pected in the model are consistent with orphan flare
observations made to date.

In this work, we only consider the radiation of electrons
in the jet. In principle, protons can also be accelerated in the
dissipation zone and radiate neutrinos via the hadronic
interactions with the radiation field in blazars. Indeed, an
orphan neutrino flare from TXS 0506 + 056 was reported
by the IceCube Neutrino Observatory [126]. In the work of
Ref. [127], it was shown that the neutrino flare may have
been produced by a dissipation event occurring at the jet
base where the external radiation field is dominated by the
x-ray corona of the SMBH. This interpretation is consistent
with our model.
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APPENDIX A: THE INFLUENCE OF KN EFFECT
TO THE COMPTON DOMINANCE

In this appendix, we will give an analytical discussion
about why the model without external radiation field for
fitting the SEDs of PKS 2155-304 needs such a large
Doppler factor.

For the case without external photon field, the y-ray
emission arises from the SSC process. We discuss an

indicative case, in which the synchrotron luminosity is
fixed along the jet, and the energy density of synchrotron
photons decreases along the jet uy,(r) o R™(r)8p*(r)
r~2652(r). (The synchrotron luminosity may also have
other forms of evolution along the jet. There is no
observational signature to distinguish.) We take the KN
effect into account to calculate the Compton dominance.
We assume that the energy distribution of soft photons
is a power law uy, (1) ~ 7% and vy, and vy, are the
minimum and cut off frequency, respectively. The peak
Compton dominance is approximately the ratio of the
luminosity of the SSC peak to that of the synchrotron

peak () & fIX gn(r)/up(r) = FRN552(r). where
the factor /% is defined as

(1 + bgn) 32, if a < —0.5

R (r) o { e it —05<a<1, (Al
(14 bgn)2, ifa>1
where I;KN :4'7/breakhl/max/’/nec2 and Z’KN :47/breakhymin/

m,c? [64].

We now apply Eq. (A1) to the case of PKS 2155-304. It
can be seen in the second and the third panels of Fig. 4 that
these two synchrotron components are similar, but the data
show that the flux of the IC component in the second panel
is more than twice as high than that in the third panel. Due
to the presence of background radiation, the flux around the
IC peak produced from the flaring zone in the second panel
is more than five times higher than that in the third
panel. To find out how can the peak Compton dominance
differ so much, we use the synchrotron peak frequency as

the characteristic frequency of soft photons, and the

. K k.ob
KN suppression factor, by (1) = 47preaciWiyn

which can be approximated by

/mec?,

DRRN(r) & 1.7 x 1073 (W5 o) 325532 (r) B=1/2 (1)

o« 6572 (r)r'/2, (A2)
where 15a"% 7 3.7 x 1002, B(r)8p(r)/(1 + z) is the
synchrotron peak frequency in the observer frame
[128]. As mentioned above, we ignore the background
radiation of the jet as the target photon field of the IC
process, so the synchrotron photons from the flaring zone
are the only considered soft photons. As can be seen in
Fig. 4, the spectrum of the synchrotron component can be
well described as a broken power law (vF, « vPr). The

Flarel __ —0. 3 pFlareZ =0. 3 and

slopes are pfire! = 0.4, prire! =
2% —0.2, respectlvely We are focusing on the pho-

Flare2 __
tons near the peak (Ui1¢! = 3.4 x 10'5 Hz, Fl4e? = 5.7 x

105 Hz), so we treat the spectrum around the peak as a

single power law with slope pf™©!'* ~ 0 for simplicity.
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Then we can calculate that the index a is approximately
equal to 1. We substitute Eq. (A2) into Eq. (A1) and thus
we may write
() & 85 PP () 5. (A3)

So the five times IC peak flux difference between the
second and the third panels requires a significant difference
between 65! and 65*°2, which favors a larger Doppler
factor at 0.1 pc. And in this case, the higher intensity y-ray
flare will arise when the location of the flaring zone is far
away from the SMBH. This is consistent with the fitting
result derived by the MCMC method.

For comparison, we may also compare to the Compton
dominance in the EC-dominated case, i.e.,

geirkn(r) o« (1 + BKN,BLR)_B/Zélzj(r)V_l’ (A4)

for EC/BLR-dominated case and where BKN,BLR ~1.4x
lo_sybreak(SD(r)'

gorin(r) o (14 bgnpr) /283 (r)r 2, (AS5)
for EC/DT-dominated case and where l;KN‘DT ~ 9.6 x
107 ¥1rearOp (7). Substituting the best-fit parameters of
3C 279 into Egs. (A4) and (AS), we find that the KN
effect would only slightly modify the Compton dominance.

APPENDIX B: INFLUENCE OF THE
FORM OF &, (r)

According to the discussion in Appendix A, we see that
the influence of the Doppler factor on the Compton
dominance is important. Although we employ Eq. (7) to
describe the spatial evolution of the Doppler factor, we note
that this form is simply an assumption. While our model
is flexible so that other forms of &,(r) can be easily
substituted into, the realistic form of &,(r) depends on
detailed modeling/simulations of jet’s dynamics from small

to large scales. So we here briefly discuss the influence of
the form of 6, (r) on the production of orphan flares, which
basically boils down to the impact of () on the Compton
dominance gq.

For an EC-dominated case, the Compton dominance of a
y-ray flare will depend quadratically on &y, as Eqs. (A4)
and (A5) show. Thus, the choice of a p(r) decreasing
faster with r than the adopted one [see Eq. (7)] would result
in a faster decrease of the Compton ratio than the one found
in our results (see e.g., Fig. 5). In this case, the region of the
jet being suitable for the production of orphan y-ray flares
would shrink, while that of orphan optical flares would
enlarge. On the other hand, if the SSC process dominates
the y-ray emission, the situation becomes quite compli-
cated. In this case, the dependence of the Compton ratio ¢
on the Doppler factor is less straightforward due to the
impact of KN effects and the dependence on the spectral
shape of the synchrotron photons [see Eqgs. (A1) and (A3)].
More specifically, depending on the spectral index of the
target photon field, the relation between g(r) and &p(r)
could be either positive or negative. As a consequence, the
influence of the form of 5, (r) depends on specific circum-
stance of the source. For the case of PKS 2155-304, as
shown in Eq. (A3), a faster decreasing 6, with r would lead
to the opposite trend expected for the EC-dominated case:
the region suitable for the production of orphan y-ray flares
would enlarge at the expense of the orphan optical flare
region.

The Doppler factor can also increase as r increases in the
case of an accelerating jet. As shown in Fig. 5, the orphan
y-ray flare tends to appear at a smaller distance in both the
SSC-dominated case and the EC-dominated case. Another
point worth emphasizing is that, if the EC process dominates
the y-ray emission, then the region viable for the production
of orphan y-ray flares is larger than that in the decelerating
jet case. This is consistent with Eqs. (A4) and (AS), the
Compton dominance tends to decrease more slowly or even
increase if the Doppler factor increases along the jet.

[1] M.C. Begelman, R. D. Blandford, and M. J. Rees, Rev.
Mod. Phys. 56, 255 (1984).

[2] C.M. Urry and P. Padovani, Publ. Astron. Soc. Pac. 107,
803 (1995).

[3] G. Fossati, L. Maraschi, A. Celotti, A. Comastri, and G.
Ghisellini, Mon. Not. R. Astron. Soc. 299, 433 (1998).

[4] S.D. Bloom and A.P. Marscher, Astrophys. J. 461, 657
(1996).

[5] A.P. Marscher and J. P. Travis, Astron. Astrophys. Suppl.
Ser. 120, 537 (1996), https://ui.adsabs.harvard.edu/abs/
1996A%26AS..120C.537M/abstract.

[6] C.D. Dermer, R. Schlickeiser, and A. Mastichiadis,
Astron. Astrophys. 256, L27 (1992), https://ui.adsabs
harvard.edu/abs/1992A%26A...256L..27D/abstract.

[7] C.D. Dermer and R. Schlickeiser, Astrophys. J. 416, 458
(1993).

[8] M. Sikora, M. C. Begelman, and M. J. Rees, Astrophys. J.
421, 153 (1994).

[9] M. Pasierb, A. Goyal, M. Ostrowski, L. Stawarz, P.J.
Wiita, Gopal-Krishna, V. M. Larionov, D. A. Morozova, R.
Itoh, F. Alicavus et al., Mon. Not. R. Astron. Soc. 492,
1295 (2020).

023005-16


https://doi.org/10.1103/RevModPhys.56.255
https://doi.org/10.1103/RevModPhys.56.255
https://doi.org/10.1086/133630
https://doi.org/10.1086/133630
https://doi.org/10.1046/j.1365-8711.1998.01828.x
https://doi.org/10.1086/177092
https://doi.org/10.1086/177092
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1996A%26AS..120C.537M/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://ui.adsabs.harvard.edu/abs/1992A%26A...256L..27D/abstract
https://doi.org/10.1086/173251
https://doi.org/10.1086/173251
https://doi.org/10.1086/173633
https://doi.org/10.1086/173633
https://doi.org/10.1093/mnras/stz3533
https://doi.org/10.1093/mnras/stz3533

UNIFIED MODEL FOR ORPHAN AND MULTIWAVELENGTH ...

PHYS. REV. D 105, 023005 (2022)

[10] P. Giommi, P. Barr, B. Garilli, D. Maccagni, and A. M. T.
Pollock, Astrophys. J. 356, 432 (1990).

[11] E. Nieppola, M. Tornikoski, A. Léhteenméki, E. Valtaoja,
T. Hakala, T. Hovatta, M. Kotiranta, S. Nummila, T. Ojala,
M. Parviainen, M. Ranta, P.-M. Saloranta, I. Torniainen,
and M. Troller, Astron. J. 133, 1947 (2007).

[12] S. Soldi, M. Tiirler, S. Paltani, H. D. Aller, M. F. Aller, G.
Burki, M. Chernyakova, A. Lihteenméki, I. M. McHardy,
E. 1. Robson, R. Staubert, M. Tornikoski, R. Walter, and T.
J.-L. Courvoisier, Astron. Astrophys. 486, 411 (2008).

[13] G. Fossati, J. H. Buckley, I. H. Bond, S. M. Bradbury,
D. A. Carter-Lewis, Y. C. K. Chow, W. Cui, A. D. Falcone,
J.P. Finley, J. A. Gaidos et al., Astrophys. J. 677, 906
(2008).

[14] M. C. Begelman, A. C. Fabian, and M. J. Rees, Mon. Not.
R. Astron. Soc. 384, L19 (2008).

[15] I. Donnarumma, V. Vittorini, S. Vercellone, E. del Monte,
M. Feroci, F. D’Ammando, L. Pacciani, A. W. Chen, M.
Tavani, A. Bulgarelli et al., Astrophys. J. Lett. 691, L13
(2009).

[16] A.A. Abdo, M. Ackermann, M. Ajello, E. Antolini, L.
Baldini, J. Ballet, G. Barbiellini, D. Bastieri, K. Bechtol, R.
Bellazzini et al., Astrophys. J. 722, 520 (2010).

[17] V. A. Acciari, E. Aliu, T. Arlen, T. Aune, M. Beilicke, W.
Benbow, D. Boltuch, S.M. Bradbury, J. H. Buckley, V.
Bugaev et al., Astrophys. J. 738, 25 (2011).

[18] E. Bonning, C.M. Urry, C. Bailyn, M. Buxton, R.
Chatterjee, P. Coppi, G. Fossati, J. Isler, and L. Maraschi,
Astrophys. J. 756, 13 (2012).

[19] M. Hayashida, K. Nalewajko, G. M. Madejski, M. Sikora,
R. Itoh, M. Ajello, R. D. Blandford, S. Buson, J. Chiang, Y.
Fukazawa et al., Astrophys. J. 807, 79 (2015).

[20] X. Chen, J. P. Rachen, M. Lépez-Caniego, C. Dickinson,
T.J. Pearson, L. Fuhrmann, T.P. Krichbaum, and B.
Partridge, Astron. Astrophys. 553, A107 (2013).

[21] D. Impiombato, S. Covino, A. Treves, L. Foschini, E. Pian,
G. Tosti, D. Fugazza, L. Nicastro, and S. Ciprini,
Astrophys. J. Suppl. Ser. 192, 12 (2011).

[22] S.J. Wagner and A. Witzel, Annu. Rev. Astron. Astrophys.
33, 163 (1995).

[23] L. Ostorero, M. Villata, and C.M. Raiteri, Astron.
Astrophys. 419, 913 (2004),

[24] S.Britzen, C. Fendt, G. Witzel, S. J. Qian, I. N. Pashchenko,
0. Kurtanidze, M. Zajacek, G. Martinez, V. Karas, M. Aller
et al., Mon. Not. R. Astron. Soc. 478, 3199 (2018).

[25] C. Villforth, K. Nilsson, J. Heidt, L. O. Takalo, T. Pursimo,
A. Berdyugin, E. Lindfors, M. Pasanen, M. Winiarski, M.
Drozdz et al., Mon. Not. R. Astron. Soc. 402, 2087 (2010).

[26] A. Tchekhovskoy, R. Narayan, and J. C. McKinney, Mon.
Not. R. Astron. Soc. 418, L79 (2011).

[27] H. Gaur, A. C. Gupta, and P.J. Wiita, Astron. J. 143, 23
(2012).

[28] B. Rani, B. Lott, T. P. Krichbaum, L. Fuhrmann, and J. A.
Zensus, Astron. Astrophys. 557, A71 (2013).

[29] B. Rani, T.P. Krichbaum, L. Fuhrmann, M. Béttcher, B.
Lott, H. D. Aller, M. F. Aller, E. Angelakis, U. Bach, D.
Bastieri et al., Astron. Astrophys. 552, A11 (2013).

[30] R. Chatterjee, G. Fossati, C. M. Urry, C.D. Bailyn, L.
Maraschi, M. Buxton, E. W. Bonning, J. Isler, and P.
Coppi, Astrophys. J. Lett. 763, L11 (2013).

[31] A. Wierzcholska, M. Zacharias, F. Jankowsky, and S.
Wagner, Proc. Sci., HEPROVII2020 (2020) 027 [arXiv:1912
.01880].

[32] A. Wierzcholska, M. Zacharias, F. Jankowsky, S. Wagner
(H. E. S. S. Collaboration), Galaxies 7, 21 (2019).

[33] I Liodakis, R. W. Romani, A. V. Filippenko, D. Kocevski,
and W. Zheng, Astrophys. J. 880, 32 (2019).

[34] T.R. Lewis, J. D. Finke, and P. A. Becker, Astrophys. J.
884, 116 (2019).

[35] A.U. Abeysekara, S. Archambault, A. Archer, W. Benbow,
R. Bird, M. Buchovecky, J. H. Buckley, V. Bugaev, K.
Byrum, M. Cerruti et al., Astrophys. J. 836, 205 (2017).

[36] P. Banasinski, W. Bednarek, and J. Sitarek, Mon. Not. R.
Astron. Soc. 463, L26 (2016).

[37] N.R. MacDonald, A.P. Marscher, S. G. Jorstad, and M.
Joshi, Astrophys. J. 804, 111 (2015).

[38] N.R. MacDonald, S.G. Jorstad, and A.P. Marscher,
Astrophys. J. 850, 87 (2017).

[39] R. Chatterjee, K. Nalewajko, and A. D. Myers, Astrophys.
J. Lett. 771, L25 (2013).

[40] X. Chen, R. Chatterjee, G. Fossati, and M. Pohl, Int. J.
Mod. Phys. Conf. Ser. 28, 1460180 (2014).

[41] M. Joshi, A. Marscher, and M. Bottcher, Galaxies 4, 45
(2016).

[42] E. Sobacchi, J. Nittild, and L. Sironi, Mon. Not. R. Astron.
Soc. 503, 688 (2021).

[43] A. Reimer, M. Béttcher, and S. Postnikov, Astrophys. J.
630, 186 (2005).

[44] R.D. Blandford and A. Konigl, Astrophys. J. 232,34 (1979).

[45] A.P. Marscher, Astrophys. J. 235, 386 (1980).

[46] G. Ghisellini and L. Maraschi, Astrophys. J. 340, 181 (1989).

[47] E. Tavecchio, J. Becerra-Gonzalez, G. Ghisellini, A.
Stamerra, G. Bonnoli, L. Foschini, and L. Maraschi,
Astron. Astrophys. 534, A86 (2011).

[48] G.G. Madejski and M. Sikora, Annu. Rev. Astron.
Astrophys. 54, 725 (2016).

[49] B. Rani, M. Petropoulou, H. Zhang, F. D’Ammando, J.
Finke, M. Baring, M. Boettcher, S. Dimitrakoudis, Z. Gan,
D. Giannios et al., Bull. Am. Astron. Soc. 51, 92 (2019),
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/
abstract.

[50] R.-Y. Liu, K. Wang, R. Xue, A. M. Taylor, X.-Y. Wang, Z.
Li, and H. Yan, Phys. Rev. D 99, 063008 (2019).

[51] R. Xue, R.-Y. Liu, M. Petropoulou, F. Oikonomou, Z.-R.
Wang, K. Wang, and X.-Y. Wang, Astrophys. J. 886, 23
(2019).

[52] S.R. Patel, D. Bose, N. Gupta, and M. Zuberi, J. High
Energy Astrophys. 29, 31 (2021).

[53] D. Giannios and H. C. Spruit, Astron. Astrophys. 450, 887
(2006).

[54] K. Nalewajko and M. C. Begelman, Mon. Not. R. Astron.
Soc. 427, 2480 (2012).

[55] M. C. Begelman, Astrophys. J. 493, 291 (1998).

[56] J. C. McKinney and R. D. Blandford, Mon. Not. R. Astron.
Soc. 394, L126 (2009).

[57] D. Giannios, D. A. Uzdensky, and M. C. Begelman, Mon.
Not. R. Astron. Soc. 395, L29 (2009).

[58] D. Giannios, Mon. Not. R. Astron. Soc. 431, 355 (2013).

[59] M. Petropoulou, D. Giannios, and L. Sironi, Mon. Not. R.
Astron. Soc. 462, 3325 (2016).

023005-17


https://doi.org/10.1086/168851
https://doi.org/10.1086/512609
https://doi.org/10.1051/0004-6361:200809947
https://doi.org/10.1086/527311
https://doi.org/10.1086/527311
https://doi.org/10.1111/j.1745-3933.2007.00413.x
https://doi.org/10.1111/j.1745-3933.2007.00413.x
https://doi.org/10.1088/0004-637X/691/1/L13
https://doi.org/10.1088/0004-637X/691/1/L13
https://doi.org/10.1088/0004-637X/722/1/520
https://doi.org/10.1088/0004-637X/738/1/25
https://doi.org/10.1088/0004-637X/756/1/13
https://doi.org/10.1088/0004-637X/807/1/79
https://doi.org/10.1051/0004-6361/201220517
https://doi.org/10.1088/0067-0049/192/1/12
https://doi.org/10.1146/annurev.aa.33.090195.001115
https://doi.org/10.1146/annurev.aa.33.090195.001115
https://doi.org/10.1051/0004-6361:20035813
https://doi.org/10.1051/0004-6361:20035813
https://doi.org/10.1093/mnras/sty1026
https://doi.org/10.1111/j.1365-2966.2009.16133.x
https://doi.org/10.1111/j.1745-3933.2011.01147.x
https://doi.org/10.1111/j.1745-3933.2011.01147.x
https://doi.org/10.1088/0004-6256/143/1/23
https://doi.org/10.1088/0004-6256/143/1/23
https://doi.org/10.1051/0004-6361/201321440
https://doi.org/10.1051/0004-6361/201321058
https://doi.org/10.1088/2041-8205/763/1/L11
https://arXiv.org/abs/1912.01880
https://arXiv.org/abs/1912.01880
https://doi.org/10.3390/galaxies7010021
https://doi.org/10.3847/1538-4357/ab26b7
https://doi.org/10.3847/1538-4357/ab43c3
https://doi.org/10.3847/1538-4357/ab43c3
https://doi.org/10.3847/1538-4357/836/2/205
https://doi.org/10.1093/mnrasl/slw149
https://doi.org/10.1093/mnrasl/slw149
https://doi.org/10.1088/0004-637X/804/2/111
https://doi.org/10.3847/1538-4357/aa92c8
https://doi.org/10.1088/2041-8205/771/2/L25
https://doi.org/10.1088/2041-8205/771/2/L25
https://doi.org/10.1142/S201019451460180X
https://doi.org/10.1142/S201019451460180X
https://doi.org/10.3390/galaxies4040045
https://doi.org/10.3390/galaxies4040045
https://doi.org/10.1093/mnras/stab562
https://doi.org/10.1093/mnras/stab562
https://doi.org/10.1086/431948
https://doi.org/10.1086/431948
https://doi.org/10.1086/157262
https://doi.org/10.1086/157642
https://doi.org/10.1086/167383
https://doi.org/10.1051/0004-6361/201117204
https://doi.org/10.1146/annurev-astro-081913-040044
https://doi.org/10.1146/annurev-astro-081913-040044
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://ui.adsabs.harvard.edu/abs/2019BAAS...51c..92R/abstract
https://doi.org/10.1103/PhysRevD.99.063008
https://doi.org/10.3847/1538-4357/ab4b44
https://doi.org/10.3847/1538-4357/ab4b44
https://doi.org/10.1016/j.jheap.2020.12.001
https://doi.org/10.1016/j.jheap.2020.12.001
https://doi.org/10.1051/0004-6361:20054107
https://doi.org/10.1051/0004-6361:20054107
https://doi.org/10.1111/j.1365-2966.2012.22117.x
https://doi.org/10.1111/j.1365-2966.2012.22117.x
https://doi.org/10.1086/305119
https://doi.org/10.1111/j.1745-3933.2009.00625.x
https://doi.org/10.1111/j.1745-3933.2009.00625.x
https://doi.org/10.1111/j.1745-3933.2009.00635.x
https://doi.org/10.1111/j.1745-3933.2009.00635.x
https://doi.org/10.1093/mnras/stt167
https://doi.org/10.1093/mnras/stw1832
https://doi.org/10.1093/mnras/stw1832

ZE-RUI WANG et al.

PHYS. REV. D 105, 023005 (2022)

[60] M. Meyer, J. D. Scargle, and R. D. Blandford, Astrophys.
J. 877, 39 (2019).

[61] G. Ghisellini and F. Tavecchio, Mon. Not. R. Astron. Soc.
397, 985 (2009).

[62] G. Ghisellini, F. Tavecchio, L. Foschini, G. Ghirlanda, L.
Maraschi, and A. Celotti, Mon. Not. R. Astron. Soc. 402,
497 (2010).

[63] M. Zacharias and R. Schlickeiser, Astron. Astrophys. 524,
A31 (2010).

[64] R. Moderski, M. Sikora, P. S. Coppi, and F. Aharonian,
Mon. Not. R. Astron. Soc. 363, 954 (2005).

[65] J.D. Finke, S. Razzaque, and C. D. Dermer, Astrophys. J.
712, 238 (2010).

[66] S.P. O’Sullivan and D. C. Gabuzda, Mon. Not. R. Astron.
Soc. 400, 26 (2009).

[67] K. V. Sokolovsky, Y.Y. Kovalev, A.B. Pushkarev, and
A.P. Lobanov, Astron. Astrophys. 532, A38 (2011).

[68] M. Hayashida, G.M. Madejski, K. Nalewajko, M.
Sikora, A.E. Wehrle, P. Ogle, W. Collmar, S. Larsson,
Y. Fukazawa, R. Itoh er al, Astrophys. J. 754, 114
(2012).

[69] M. Sikora, t.. Stawarz, R. Moderski, K. Nalewajko, and
G. M. Madejski, Astrophys. J. 704, 38 (2009).

[70] J. F. C. Wardle and S. E. Aaron, Mon. Not. R. Astron. Soc.
286, 425 (1997).

[71] M.J. Hardcastle, P. Alexander, G.G. Pooley, and J. M.
Riley, Mon. Not. R. Astron. Soc. 304, 135 (1999),

[72] Z. Meliani, R. Keppens, and B. Giacomazzo, Astron.
Astrophys. 491, 321 (2008).

[73] M. Perucho, J. M. Marti, R. A. Laing, and P. E. Hardee,
Mon. Not. R. Astron. Soc. 441, 1488 (2014).

[74] M. Georganopoulos and D. Kazanas, Astrophys. J. Lett.
594, 1.27 (2003).

[75] A.A. Abdo, M. Ackermann, M. Ajello, K. Asano,
L. Baldini, J. Ballet, G. Barbiellini, D. Bastieri, B. M.
Baughman, K. Bechtol et al., Astrophys. J. 699, 31 (2009).

[76] W.J. Potter and G. Cotter, Mon. Not. R. Astron. Soc. 429,
1189 (2013).

[77] D.C. Homan, M. Kadler, K. I. Kellermann, Y. Y. Kovaleyv,
M. L. Lister, E. Ros, T. Savolainen, and J. A. Zensus,
Astrophys. J. 706, 1253 (2009).

[78] B. G. Piner, A. B. Pushkarev, Y. Y. Kovalev, C. J. Marvin,
J. G. Arenson, P. Charlot, A. L. Fey, A. Collioud, and P. A.
Voitsik, Astrophys. J. 758, 84 (2012).

[79] S.D. Bloom, C. M. Fromm, and E. Ros, Astron. J. 145, 12
(2013).

[80] D. C. Homan, M. L. Lister, Y. Y. Kovalev, A. B. Pushkareyv,
T. Savolainen, K.I. Kellermann, J. L. Richards, and E.
Ros, Astrophys. J. 798, 134 (2015).

[81] J. Park, K. Hada, M. Kino, M. Nakamura, J. Hodgson, H.
Ro, Y. Cui, K. Asada, J.-C. Algaba, S. Sawada-Satoh et al.,
Astrophys. J. 887, 147 (2019).

[82] S.S. Komissarov, M. V. Barkov, N. Vlahakis, and A.
Ko6nigl, Mon. Not. R. Astron. Soc. 380, 51 (2007).

[83] D. Giannios and D. A. Uzdensky, Mon. Not. R. Astron.
Soc. 484, 1378 (2019).

[84] R. Blandford, D. Meier, and A. Readhead, Annu. Rev.
Astron. Astrophys. 57, 467 (2019).

[85] V. Zabalza, Proceedings of the International Cosmic Ray
Conference, The Hague, The Netherlands, 2015 (2015),

p. 922, https://ui.adsabs.harvard.edu/abs/2015ICRC...34.
.9227/abstract.

[86] D.Foreman-Mackey, D. W. Hogg, D. Lang, andJ. Goodman,
Publ. Astron. Soc. Pac. 125, 306 (2013).

[87] E. Pian, C. M. Urry, L. Maraschi, G. Madejski, I. M.
McHardy, A. Koratkar, A. Treves, L. Chiappetti, P. Grandi,
R. C. Hartman, H. Kubo, C. M. Leach, J. E. Pesce, C.
Imhoff, R. Thompson, and A. E. Wehrle, Astrophys. J.
521, 112 (1999).

[88] J. T. Stocke, C. W. Danforth, and E. S. Perlman, Astrophys.
J. 732, 113 (2011).

[89] F. A. Aharonian, A.A. Belyanin, E. V. Derishev, V. V.
Kocharovsky, and V. V. Kocharovsky, Phys. Rev. D 66,
023005 (2002).

[90] N. Fraija, E. Benitez, D. Hiriart, M. Sorcia, J. M. Lopez, R.
Mujica, J. I. Cabrera, and A. Galvan-Gamez, Astrophys. J.
Suppl. Ser. 245, 18 (2019).

[91] S. G. Jorstad, A. P. Marscher, M. L. Lister, A. M. Stirling,
T. V. Cawthorne, J.-L. Gémez, and W. K. Gear, Astron. J.
127, 3115 (2004).

[92] M. Hayashida, G. Madejski, R. Blandford, K. Asano, S.
Larsson, K. Nalewajko, and M. Sikora (Fermi-LAT Col-
laboration), in 6th International Symposium on High
Energy Gamma-Ray Astronomy, Heidelberg, Germany,
American Institute of Physics Conference Series Vol. 1792
(2017), p. 050015, https://ui.adsabs.harvard.edu/abs/
2017AIPC.1792e0015H/abstract.

[93] V.M. Larionov, S. G. Jorstad, A.P. Marscher, M. Villata,
C. M. Raiteri, P. S. Smith, I. Agudo, S. S. Savchenko, D. A.
Morozova, J. A. Acosta-Pulido et al., Mon. Not. R. Astron.
Soc. 492, 3829 (2020).

[94] G. Ghisellini and E. Tavecchio, Mon. Not. R. Astron. Soc.
386, .28 (2008).

[95] P. Giommi, P. Padovani, and G. Polenta, Mon. Not. R.
Astron. Soc. 431, 1914 (2013).

[96] L. Maraschi, G. Fossati, G. Tagliaferri, and A. Treves,
Astrophys. J. 443, 578 (1995).

[97] K. E. Williamson, S.G. Jorstad, A.P. Marscher, V.M.
Larionov, P.S. Smith, I. Agudo, A.A. Arkharov, D. A.
Blinov, C. Casadio, N. V. Efimova et al., Astrophys. J. 789,
135 (2014).

[98] S. Jorstad, Astron. Telegram 7114, 1 (2015), https://ui
.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract.

[99] H. Zhang and D. Giannios, Mon. Not. R. Astron. Soc. 502,
1145 (2021).

[100] A. Konigl, Astrophys. J. 243, 700 (1981).

[101] G. Ghisellini, L. Maraschi, and A. Treves, Astron. As-
trophys. 146, 204 (1985), https://ui.adsabs.harvard.edu/
abs/1985A%26A...146..204G/abstract.

[102] C.R. Kaiser, Mon. Not. R. Astron. Soc. 367, 1083 (2006).

[103] W. . Potter and G. Cotter, Mon. Not. R. Astron. Soc. 423,
756 (2012).

[104] W.I. Potter and G. Cotter, Mon. Not. R. Astron. Soc. 453,
4070 (2015).

[105] A. A. Zdziarski, L. Stawarz, and M. Sikora, Mon. Not. R.
Astron. Soc. 485, 1210 (2019).

[106] J. Aleksi¢, L. A. Antonelli, P. Antoranz, M. Backes, J. A.
Barrio, D. Bastieri, J. Becerra Gonzalez, W. Bednarek, A.
Berdyugin, K. Berger et al., Astrophys. J. Lett. 730, L8
(2011).

023005-18


https://doi.org/10.3847/1538-4357/ab1651
https://doi.org/10.3847/1538-4357/ab1651
https://doi.org/10.1111/j.1365-2966.2009.15007.x
https://doi.org/10.1111/j.1365-2966.2009.15007.x
https://doi.org/10.1111/j.1365-2966.2009.15898.x
https://doi.org/10.1111/j.1365-2966.2009.15898.x
https://doi.org/10.1051/0004-6361/201015284
https://doi.org/10.1051/0004-6361/201015284
https://doi.org/10.1111/j.1365-2966.2005.09494.x
https://doi.org/10.1088/0004-637X/712/1/238
https://doi.org/10.1088/0004-637X/712/1/238
https://doi.org/10.1111/j.1365-2966.2009.15428.x
https://doi.org/10.1111/j.1365-2966.2009.15428.x
https://doi.org/10.1051/0004-6361/201016072
https://doi.org/10.1088/0004-637X/754/2/114
https://doi.org/10.1088/0004-637X/754/2/114
https://doi.org/10.1088/0004-637X/704/1/38
https://doi.org/10.1093/mnras/286.2.425
https://doi.org/10.1093/mnras/286.2.425
https://doi.org/10.1046/j.1365-8711.1999.02298.x
https://doi.org/10.1051/0004-6361:20079185
https://doi.org/10.1051/0004-6361:20079185
https://doi.org/10.1093/mnras/stu676
https://doi.org/10.1086/378557
https://doi.org/10.1086/378557
https://doi.org/10.1088/0004-637X/699/1/31
https://doi.org/10.1093/mnras/sts407
https://doi.org/10.1093/mnras/sts407
https://doi.org/10.1088/0004-637X/706/2/1253
https://doi.org/10.1088/0004-637X/758/2/84
https://doi.org/10.1088/0004-6256/145/1/12
https://doi.org/10.1088/0004-6256/145/1/12
https://doi.org/10.1088/0004-637X/798/2/134
https://doi.org/10.3847/1538-4357/ab5584
https://doi.org/10.1111/j.1365-2966.2007.12050.x
https://doi.org/10.1093/mnras/stz082
https://doi.org/10.1093/mnras/stz082
https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1146/annurev-astro-081817-051948
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://ui.adsabs.harvard.edu/abs/2015ICRC...34..922Z/abstract
https://doi.org/10.1086/670067
https://doi.org/10.1086/307548
https://doi.org/10.1086/307548
https://doi.org/10.1088/0004-637X/732/2/113
https://doi.org/10.1088/0004-637X/732/2/113
https://doi.org/10.1103/PhysRevD.66.023005
https://doi.org/10.1103/PhysRevD.66.023005
https://doi.org/10.3847/1538-4365/ab3f28
https://doi.org/10.3847/1538-4365/ab3f28
https://doi.org/10.1086/420996
https://doi.org/10.1086/420996
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792e0015H/abstract
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792e0015H/abstract
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792e0015H/abstract
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792e0015H/abstract
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792e0015H/abstract
https://ui.adsabs.harvard.edu/abs/2017AIPC.1792e0015H/abstract
https://doi.org/10.1093/mnras/staa082
https://doi.org/10.1093/mnras/staa082
https://doi.org/10.1111/j.1745-3933.2008.00454.x
https://doi.org/10.1111/j.1745-3933.2008.00454.x
https://doi.org/10.1093/mnras/stt305
https://doi.org/10.1093/mnras/stt305
https://doi.org/10.1086/175550
https://doi.org/10.1088/0004-637X/789/2/135
https://doi.org/10.1088/0004-637X/789/2/135
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://ui.adsabs.harvard.edu/abs/2015ATel.7114....1J/abstract
https://doi.org/10.1093/mnras/stab008
https://doi.org/10.1093/mnras/stab008
https://doi.org/10.1086/158638
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://ui.adsabs.harvard.edu/abs/1985A%26A...146..204G/abstract
https://doi.org/10.1111/j.1365-2966.2006.10030.x
https://doi.org/10.1111/j.1365-2966.2012.20918.x
https://doi.org/10.1111/j.1365-2966.2012.20918.x
https://doi.org/10.1093/mnras/stv1657
https://doi.org/10.1093/mnras/stv1657
https://doi.org/10.1093/mnras/stz475
https://doi.org/10.1093/mnras/stz475
https://doi.org/10.1088/2041-8205/730/1/L8
https://doi.org/10.1088/2041-8205/730/1/L8

UNIFIED MODEL FOR ORPHAN AND MULTIWAVELENGTH ...

PHYS. REV. D 105, 023005 (2022)

[107] J. Aleksi¢, S. Ansoldi, L. A. Antonelli, P. Antoranz, A.
Babic, P. Bangale, U. Barres de Almeida, J. A. Barrio, J.
Becerra Gonzalez, W. Bednarek et al., Astron. Astrophys.
569, A46 (2014).

[108] H. Abdalla, R. Adam, F. Aharonian, F. Ait Benkhali,
E.O. Angiiner, C. Arcaro, C. Armand, T. Armstrong,
H. Ashkar et al. (H. E. S. S. Collaboration), Astron.
Astrophys. 648, A23 (2021).

[109] H. Abdalla, R. Adam, F. Aharonian, F. Ait Benkhali, E. O.
Angiiner, M. Arakawa, C. Arcaro, C. Armand, H. Ashkar
etal. (H. E. S. S. Collaboration), Astron. Astrophys. 627,
A159 (2019).

[110] L. Pacciani, I. Donnarumma, K. D. Denney, R. J. Assef, Y.
Ikejiri, M. Yamanaka, M. Uemura, A. Domingo, P.
Giommi, A. Tarchi et al., Mon. Not. R. Astron. Soc.
425, 2015 (2012).

[111] F. Tavecchio, L. Pacciani, I. Donnarumma, A. Stamerra, J.
Isler, E. MacPherson, and C.M. Urry, Mon. Not. R.
Astron. Soc. 435, L24 (2013).

[112] L. Pacciani, F. Tavecchio, I. Donnarumma, A. Stamerra, L.
Carrasco, E. Recillas, A. Porras, and M. Uemura,
Astrophys. J. 790, 45 (2014).

[113] L. Costamante, S. Cutini, G. Tosti, E. Antolini, and A.
Tramacere, Mon. Not. R. Astron. Soc. 477, 4749 (2018).

[114] J. Poutanen and B. Stern, Astrophys. J. Lett. 717, L118
(2010).

[115] A. Acharyya, P. M. Chadwick, and A. M. Brown, Mon.
Not. R. Astron. Soc. 500, 5297 (2020).

[116] Y.Y. Kovalev, L. Petrov, and A.V. Plavin, Astron.
Astrophys. 598, L1 (2017).

[117] K. Katarzyfski, H. Sol, and A. Kus, Astron. Astrophys.
367, 809 (2001).

[118] J.-Y. Kim, T. P. Krichbaum, A. E. Broderick, M. Wielgus,
L. Blackburn, J. L. Gomez, M. D. Johnson, K. L. Bouman,
A. Chael, K. Akiyama et al., Astron. Astrophys. 640, A69
(2020).

[119] S.G. Jorstad, A.P. Marscher, D.A. Morozova, I.S.
Troitsky, I. Agudo, C. Casadio, A. Foord, J.L. Gémez,
N.R. MacDonald, S.N. Molina, A. Lihteenmiki, J.
Tammi, and M. Tornikoski, Astrophys. J. 846, 98
(2017).

[120] L. Petrov and Y. Y. Kovalev, Mon. Not. R. Astron. Soc.
467, L71 (2017).

[121] L. Petrov and Y. Y. Kovalev, Mon. Not. R. Astron. Soc.
471, 3775 (2017).

[122] L. Petrov, Y. Y. Kovalev, and A. V. Plavin, Mon. Not. R.
Astron. Soc. 482, 3023 (2019).

[123] A. V. Plavin, Y. Y. Kovalev, and L. Y. Petrov, Astrophys. J.
871, 143 (2019).

[124] Y. Y. Kovalev, D. 1. Zobnina, A. V. Plavin, and D. Blinov,
Mon. Not. R. Astron. Soc. 493, L54 (2020).

[125] D. Blinov, S.G. Jorstad, V.M. Larionov, N.R.
MacDonald, T. Grishina, E. Kopatskaya, E. Larionova,
L. Larionova, D. Morozova, A. Nikiforova, S Savchenko,
Y Troitskaya, and I Troitsky, Mon. Not. R. Astron. Soc.
505, 4616 (2021).

[126] M. G. Aartsen, M. Ackermann, J. Adams, J. A. Aguilar,
M. Ahlers, M. Ahrens, I. A. Samarai, D. Altmann, K.
Andeen et al. (IceCube Collaboration), Science 361, 147
(2018).

[127] R. Xue, R.-Y. Liu, Z.-R. Wang, N. Ding, and X.-Y. Wang,
Astrophys. J. 906, 51 (2021).

[128] F. Tavecchio, L. Maraschi, and G. Ghisellini, Astrophys. J.
509, 608 (1998).

023005-19


https://doi.org/10.1051/0004-6361/201423484
https://doi.org/10.1051/0004-6361/201423484
https://doi.org/10.1051/0004-6361/202038949
https://doi.org/10.1051/0004-6361/202038949
https://doi.org/10.1051/0004-6361/201935704
https://doi.org/10.1051/0004-6361/201935704
https://doi.org/10.1111/j.1365-2966.2012.21540.x
https://doi.org/10.1111/j.1365-2966.2012.21540.x
https://doi.org/10.1093/mnrasl/slt087
https://doi.org/10.1093/mnrasl/slt087
https://doi.org/10.1088/0004-637X/790/1/45
https://doi.org/10.1093/mnras/sty887
https://doi.org/10.1088/2041-8205/717/2/L118
https://doi.org/10.1088/2041-8205/717/2/L118
https://doi.org/10.1093/mnras/staa3483
https://doi.org/10.1093/mnras/staa3483
https://doi.org/10.1051/0004-6361/201630031
https://doi.org/10.1051/0004-6361/201630031
https://doi.org/10.1051/0004-6361:20000538
https://doi.org/10.1051/0004-6361:20000538
https://doi.org/10.1051/0004-6361/202037493
https://doi.org/10.1051/0004-6361/202037493
https://doi.org/10.3847/1538-4357/aa8407
https://doi.org/10.3847/1538-4357/aa8407
https://doi.org/10.1093/mnrasl/slx001
https://doi.org/10.1093/mnrasl/slx001
https://doi.org/10.1093/mnras/stx1747
https://doi.org/10.1093/mnras/stx1747
https://doi.org/10.1093/mnras/sty2807
https://doi.org/10.1093/mnras/sty2807
https://doi.org/10.3847/1538-4357/aaf650
https://doi.org/10.3847/1538-4357/aaf650
https://doi.org/10.1093/mnrasl/slaa008
https://doi.org/10.1093/mnras/stab1484
https://doi.org/10.1093/mnras/stab1484
https://doi.org/10.1126/science.aat2890
https://doi.org/10.1126/science.aat2890
https://doi.org/10.3847/1538-4357/abc886
https://doi.org/10.1086/306526
https://doi.org/10.1086/306526

