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Abstract: The majority of the known extragalactic sky from TeV gamma-ray energies consists of
blazars having plasma jets pointing in the direction of the line-of-sight, which results in a large
Doppler boosting of their emission. Up to now, only six galaxies with a larger viewing angle
have been detected in the TeV range. These objects also show fascinating properties, such as fast
variability or spectral features and are called “radio galaxies”. The TeV radio galaxies provide a
unique laboratory for studying key aspects of active galactic nuclei. This Special Issue of Galaxies
targets these exciting objects.

Keywords: active galactic nuclei; radio galaxies; emission: non-thermal; gamma-rays

1. Introduction

The jets of the majority of gamma-ray detected active galactic nuclei (AGN) are observed
under very small angles between the jet-axis and the line-of-sight. Those objects are called blazars,
an abbreviation for “blazing quasi stellar object”. Due to the motion of the particles in the jet close
to the speed of light, the radiation coming from blazars is strongly Doppler boosted. The frequently
observed rapid variations of the brightness of these objects are related to larger, time-dilated emission
regions. Instead, radio galaxies are being viewed under larger angles and the Doppler boosting
of the flux is only moderate or negligible. For this reason almost all detected gamma-ray AGN
are viewed under a small angle, because the amplification of the flux leads to a higher detection
probability. It is also the reason why it was originally believed that blazars are the only objects that are
detected in the gamma-ray band and which show flux variations. However, observations in recent
years with the Fermi Large Area Telescope and imaging air Cherenkov telescopes have revealed that
radio galaxies show similar variability time scales as blazars, which limit the theoretical models for
particle acceleration and the emission, e.g., [1–3]. Furthermore, in case of a weak Doppler-boosted
emission from an AGN jet with larger viewing angle, additional emission components may become
visible.

So far, 78 individual AGN were detected by ground-based gamma-ray instruments until December
2019 in the very-high-energy (VHE) gamma-ray range between a few tens of GeV up to about 100 TeV.
All but six of these objects are blazars. The non-blazar AGN are: Centaurus A, M 87, NGC 1275, IC 310,
PKS 0625−354, and 3C 264.

2. Summary of the Contributions

The present issue contains a general review by Rieger and Levinson with a summary of the
observed characteristics of all radio galaxies in the VHE band together with a recap of state-of-the-art
theoretical models for the gamma-ray emission in AGN [4]. A dedicated article by Hirotani reviews
the production of VHE emission in the magnetosphere close to rotating black holes [5]. Perucho
summarizes the conditions under which dissipative processes of magnetic or kinetic energy in
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Galaxies 2020, 8, 18

relativistic jets occur and describes their role in the evolution of AGN jets and propagation [6]. Rani
reviews combined radio and gamma-ray observations with special emphasis on the properties of TeV
detected radio galaxies [7]. Such studies are crucial for the understanding of the location of gamma-ray
emission sites jets of AGN in general.

Centaurus A is one of the best studied extragalactic objects in general and is located at a distance
of ∼3.7 Mpc. The energy spectrum in the GeV to TeV band of Centaurus A shows an usual hardening
at higher energies, indicating a new gamma-ray component connected with the high energy emission.
So far, no flux variations were measured from Centaurus A in the gamma-ray band. For this issue,
Davids et al. performed a correlation study of long-term light curves in the high-energy gamma-ray
and X-ray band using Fermi-LAT and Swift-BAT data [8].

NGC 1275, also known as 3C 84, is the central galaxy of the Perseus cluster of galaxies.
The sub-parsec radio jet shows a new component which appeared about ten years ago and keeps
growing in brightness as it moves along the jet. In late 2016 to beginning of 2017, NGC 1275 showed
an extremely bright and fast VHE outburst that was fifty times brighter than previously reported
measurements. One research article in this issue by Britzen et al. [9] investigates high-resolution
very-long-baseline-interferometry data of NGC 1275 and studies the correlation of the parsec-scale
images of the jet with the flaring VHE emission behavior.

All detected non-blazar AGN show a Faranoff–Riley type I (FR I) radio morphology on kilo-parsec
scales with jets ending in diffuse “edge darkened” plume-like structures. Baldi et al. examined for
this issue the possibility of the detection of FR 0 radio galaxies in the VHE band, low-power radio
galaxies with limited jet structures [10]. They review the results on the discovery of the FR 0 radio
galaxy Tol 1326−379 in the gamma-ray band with Fermi-LAT.

This special issue contains a sample of articles that effectively summarize the main aspects
of TeV detected radio galaxies from the observational, theoretical, as well as simulation point of
view, highlights some individual objects, and discusses a possible new class of gamma-ray loud
radio galaxies.

Funding: D.G. acknowledges the support through the grant 05A17VH5/BMBF/Wagner by the German Ministry
for Education and Research (BMBF).
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Abstract: Radio Galaxies have by now emerged as a new γ-ray emitting source class on the
extragalactic sky. Given their remarkable observed characteristics, such as unusual gamma-ray
spectra or ultrafast VHE variability, they represent unique examples to probe the nature and physics
of active galactic nuclei (AGN) in general. This review provides a compact summary of their observed
characteristics at very high γ-ray energies (VHE; greater than 100 GeV) along with a discussion of
their possible physics implications. A particular focus is given to a concise overview of fundamental
concepts concerning the origin of variable VHE emission, including recent developments in black
hole gap physics.

Keywords: gamma-rays; radio galaxies; emission: non-thermal; origin: jet; origin: black hole

1. Introduction

The current decade has seen a tremendous progress in the extragalactic Gamma-Ray Astronomy.
Numerous new sources have been discovered by the current generation of instruments, sometimes
with highly unexpected and extreme characteristics. More than 2900 of the identified or associated
high energy (HE, greater than 100 MeV) sources in the Fermi-LAT eight-year Point Source List (FL8Y)1,
are active galactic nuclei (AGN) of the blazar class. In the very high energy (VHE, greater than 100 GeV)
domain the detection of about 70 AGN is currently summarised in the TeVcat catalog2. Again, most of
these sources are of the blazar type, i.e., radio-loud AGN such as BL Lac objects where the jet is
thought to be inclined at very small viewing angles i to the line of sight. This results in substantial
Doppler-boosting of their intrinsic jet emission, S(ν) = DaS′(ν′) where D = 1/[Γb(1 − βb cos i)]
denotes the Doppler factor and Γb = (1 − v2

b/c2)−1/2 the jet bulk Lorentz factor and typically a ≥ 2,
privileging their detection on the sky. Nevertheless, non-blazar AGN such as Radio Galaxies (RGs),
while less occurrent, have in the meantime solidly emerged as a new gamma-ray emitting source class
as well. With their jets misaligned and associated Doppler boosting effects modest, they enable unique
insights into often hidden regions and processes. This review aims at a compact summary of their
properties and highlights their role in facilitating theoretical progress in AGN physics.

The unification model of radio-loud AGNs postulates that RGs are viewed at a substantial
inclination i to the jet axis so that the broad-line optical emitting regions become obscured by a dusty
component (“torus” or warped disk) in Narrow Line RGs (NLRGs) such as in Cen A or M87 [1,2].

1 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/.
2 http://tevcat.uchicago.edu.

Galaxies 2018, 6, 116; doi:10.3390/galaxies6040116 www.mdpi.com/journal/galaxies4
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Depending on their radio structure, RGs have early on been divided into Fanaroff-Riley I and II
sources (FR I, FR II) [3], the former one (FR I) encompassing lower radio luminosity, edge-darkened
sources and the latter one (FR II) higher luminous, edge-brightened sources where the radio lobes
are dominated by bright hot spots. Various considerations suggest that the high-power FR II sources
might be accreting in a “standard” (geometrically thin, optically thick) mode, while most FR I sources
are probably supported by a radiatively inefficient accretion flow (RIAF) [4,5].

The general relationship between the blazar and RG class is complex. Urry & Padovani (1995)
have described BL Lacs as beamed FR I RGs [6], though evidence exists that the parent population
of BL Lac objects contains both FR I and FR II sources [7,8]. A more detailed view might be to posit
that X-ray loud BL Lacs (mostly HBLs, peaking in UV/X-rays) are preferentially associated with FR I,
while radio-loud BL Lacs (mostly LBL, peaking in the infrared) could show a mixture of FR I and FR II
morphologies [9].

2. Radio Galaxies as VHE Emitters—Experimental Status

In the HE range Fermi-LAT has detected about 20 RGs e.g., [10]. Six of them are also known as
VHE emitters (see Figure 1), including M87 (d ∼ 16 Mpc), the first extragalactic source detected at
VHE energies, and Cen A, the nearest (d ∼ 4 Mpc) AGN to us.

radio (VLA)

Name Cross-ID Type Distance BH mass [108 Msun]

Cen A NGC 5128, FR 1 3.7 Mpc (0.5-1)

M87 NGC 4486,  Virgo A FR 1 16 Mpc (20-60)

NGC 1275 3C84, Perseus A FR 1 70 Mpc 3-4

IC 310 B0313+411 FR I/BL Lac 80 Mpc 3 [0.3?]

3C 264 NGC 3862 FR I 95 Mpc 4-5

PKS 0625-35 OH 342 FR I/BL Lac 220 Mpc ~10

Figure 1. Radio galaxies reported at VHE energies, including estimates for their black hole masses.
Cross-IDs give their alternative source identifications. Two sources, IC 310 and PKS 0625-35, may be of
a transitional type.

This emergence of RGs as a new VHE emitting source class is particularly interesting. Given the
substantial misalignment of their jets (i > 10◦), RGs are commonly thought to be characterized by
rather modest Doppler boosting only (bulk Doppler factor D ≤ a few). If, following simple unification
considerations, the nuclear emission of FR I type RGs is interpreted as “misaligned BL Lac type”
(i.e., of a jet-related, homogeneous synchrotron self-Compton (SSC) origin, yet with small Doppler
factor) [11], only a few sources should become detectable at GeV energies (which seems indeed to be
the case), and almost none at TeV energies. The discovery of RGs as a new VHE emitting source class
thus points to a more complex situation, and promises new insights into some of the fundamental
(and often hidden) non-thermal processes in γ-ray emitting AGN. The following aims to provide a
short summary of the experimental source characteristics:
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2.1. PKS 0625-354

The detection of VHE emission from PKS 0625-354 (z = 0.055) above 200 GeV (at a level of ∼6σ in
5.5 h of data) has been recently reported by H.E.S.S. [12]. No significant variability is found in the data.
The VHE spectrum extends up to ∼2 TeV and is compatible with a rather steep power law of photon
index Γγ ∼ −2.8 ± 0.5. The VHE power is moderate with an apparent isotropic luminosity of the order
of LVHE ∼ 5 × 1042 erg/s. Both leptonic and hadronic SED interpretations seem possible [12].

PKS 0625-354 is thought to harbour a black hole of mass MBH ∼ 109M� [13] that is probably
accreting in an inefficient mode. The source is known as a low excitation line radio-loud AGN, but being
a transitional FR I/BL Lac object its proper classification has been debated. Recent findings are
favouring its classification as a BL Lac object with non-modest Doppler boosting [14–16]. It inclusion in
the list of (misaligned) “radio galaxies” may thus have to be re-considered, limiting possible inferences
as to the physical origin of its non-thermal emission based on current data e.g., [12,17].

2.2. 3C 264

The most recent addition to the RG list has been the FR I source 3C 264 (d ∼ 95 Mpc) seen by
VERITAS (with a significance level of ∼ 5.4σ in 12 h of data) [18]. Given an estimated black hole mass
MBH ∼ 5 × 108M� [19], the VHE luminosity appears to be moderate (∼ 1% of the Crab Nebula) with
an isotropic equivalent L(>300 GeV) ∼ 1042 erg/s. 3C 264 has been included in the 3FHL catalog, that
lists Fermi-LAT sources which are significantly detected above 10 GeV [20]. The reported VHE flux
level seems roughly compatible with a simple power law extrapolation based on the 3FHL results
(FHL photon index of −1.65 ± 0.33). There are indications, though, that the VHE spectrum is relatively
hard (when compared to other VHE sources) with a photon index close to Γγ ∼ −2.3. The source
shows a low, weakly variable VHE flux along with some month-scale variations. While 3C 264 is
known for rapidly evolving knot structures in its jet up to some hundred of parsecs [21], no major knot
activity has been observed around the time of the VERITAS observations. Given the previously noted
unclear classification of PKS 0625-354, 3C 264 may be the most distant RG detected at VHE so far.

2.3. NGC 1275

NGC 1275 (3C 84), the central Perseus cluster RG at a distance of ∼70 Mpc, has been detected at
VHE energies above 100 GeV by MAGIC, initially (based on data between 2009–2011) at moderate flux
levels (∼3% of the Crab Nebula) and with a very steep VHE spectrum (photon index of Γγ ∼ −4.1
if characterized by a power law) extending up to ∼650 GeV [22,23]. When HE (Fermi-LAT) and
VHE data are combined, the average (“quiescent”) γ-ray spectrum appears compatible with either a
log-parabola or a power-law with a sub-exponential cut-off, suggestive of a common physical origin
and of a peak or cut-off around several GeV. More recently, MAGIC has reported the detection of
strong VHE activity with flux levels increased by up to a factor of 50 around 31 December 2016 and
1 January 2017 (reaching ∼1.5 of the Crab Nebula or an isotropic equivalent LVHE ∼ 1045 erg/s) [24].

Significant day-scale variability has been observed, with the flux doubling timescales as short as
Δtobs ∼ 10 h. The VHE SED measured up to >1 TeV shows a curved shape (cf. Figure 2), compatible
with an exponential cut-off around a few hundred GeV. The possibility of a joined HE-VHE fit along
with day-scale variability, suggests that the HE-VHE emission originates in a (possibly, single) compact
zone. The physical nature of this emission is not yet clear, though magnetospheric processes have been
favoured over mini-jets- and jet-cloud-interaction scenarios [24].

The central engine in NGC 1275 hosts a black hole of mass MBH ∼ (3 − 4) × 108M� [25,26]
and exhibits a pc-scale radio jet orientated at i ∼ 30–60◦ [27,28]. Its inferred jet power is of the
order of Lj ∼ (0.5 − 1)× 1044 erg/s [26,29]. The high ratio LVHE/Lj ∼ 10 thus raises questions for
a magnetospheric origin of the gamma-ray flare emission, cf. [30] (see also below), unless strong
short-term magnetic flux increase would occur. On the other hand, a homogeneous SSC interpretation,
assuming the sub-pc scale jet to be weakly misaligned (i <∼ 20◦), would be in tension with the inferred

6



Galaxies 2018, 6, 116

jet inclination on pc-scales. This could perhaps be alleviated if the emitting component would,
for example, follow a non-straight trajectory that relaxes with distances, or if the jet has some internal
structure (e.g., spine-shear) allowing for multiple contributions and a more complex inverse Compton
interplay [31]. Opacity constraints may pose a severe problem, though (see below). At the moment
detailed modelling seems required before firm conclusions can be drawn.

Figure 2. The VHE spectral energy distributions (SEDs) of NGC 1275 as measured by MAGIC during
different periods. Significant curvature is evident, suggestive of an exponential cut-off around a few
hundred GeV. For comparison the averaged spectrum based on observations in 2009 to 2014 is shown
in grey. From Ref. [24].

2.4. Centaurus A

As the nearest AGN (d 	 3.7 Mpc) Centaurus A (Cen A) belongs to the best studied extragalactic
sources. Its central engine hosts a black hole of mass (0.5 − 1)× 108M� e.g., [32] and emits (assuming
a quasar-type SED) a bolometric luminosity of Lbol ∼ 1043 erg/s [33]. This is much less than the
expected Eddington luminosity LEdd and suggests that accretion in its inner part might occur in a
radiatively inefficient mode [34,35]. At radio frequencies, Cen A has revealed a peculiar morphology
including a compact radio core, a sub-pc scale jet and counter-jet, a one-sided kpc-scale jet and inner
lobes, up to giant outer lobes with a length of hundreds of kiloparsec. VLBI observations indicate
that Cen A is a “non-blazar” source with its inner jet misaligned by i ∼ (12–45)◦ based on TANAMI
jet-counter jet flux ratio measurements, and characterized by moderate bulk flow speeds in the radio
band of uj < 0.5 c only e.g., [36].

At VHE energies Cen A has been the second RG detected by H.E.S.S. [37]. A recent,
updated analysis based on more than 200 h of data shows that the VHE emission extends from
250 GeV up to ∼ 6 TeV and is compatible with a single, rather hard power-law of photon index
Γγ 	 −2.5 ± 0.1 [38]. The source is relatively weak with an equivalent apparent isotropic luminosity
of L(>250 GeV) 	 (1 − 2)× 1039 erg/s. No significant VHE variability has been found, neither on
monthly or yearly timescales, so that an extended origin or contribution (i.e., within the angular
resolution ∼ 0.1◦ of H.E.S.S., corresponding to ∼5 kpc) of the VHE emission cannot per se be discarded.

At HE energies, both the core region (i.e., within ∼0.1◦) and the giant lobes of Cen A have
been detected by Fermi-LAT [39–42]. Results concerning the latter indicate that HE lobe emission
substantially extends beyond the radio maps. The HE emission of the lobes (most likely due to leptonic
IC-CMB and IC-EBL, possibly with some additional hadronic pp) is of a particular interest as it provides
model-independent information about the spatial distribution of the non-thermal electrons. Fermi-LAT
has by now reported extended HE emission from only two RGs, Cen A and Fornax A (d ∼ 20 Mpc) [43].
The core region of Cen A, on the other hand, was initially detected up to 10 GeV (at a level of 4σ) based
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on ten months of data, with the HE spectrum at that time seemingly compatible with a single power
law with photon index Γp = −2.67 ± 0.1. While this HE power index is very close to the VHE one,
a simple extrapolation of the HE power-law was soon found to under-predict the fluxes measured at
TeV energies. The comparison was based on non-simultaneous HE and VHE data, but the absence
of variability in both energy bands suggested that the discrepancy might be real. Refined analyses
based on larger data sets have in the meantime found intriguing evidence for an unusual spectral
hardening of the core spectrum by ΔΓ ∼ 0.5 around a few GeV [44,45]. The most recent analysis,
involving contemporary VHE and HE data, finds (at a level of 4σ) that the HE spectral index changes
around Eb 	 2.8 GeV from Γγ 	 −2.7 (below Eb) to about 	 −2.3 (above Eb), respectively [38],
see Figure 3.

Figure 3. The gamma-ray core spectrum of Cen A above 100 MeV based on 8 year of Fermi-LAT and
more than 200 h of H.E.S.S. data. The spectrum shows an unusual spectral hardening at Eb 	 2.8 GeV,
with photon index changing by ∼0.4 ± 0.1 (assuming a broken power law), see Ref. [38] for details.
This spectral feature is most naturally attributed to a second emission component that emerges towards
highest energies and that allows to smoothly connect the HE emission (above Eb) with the VHE one.

For AGN spectral steepening at gamma-ray energies is a familiar feature that can be related to
classical constraints on the acceleration and radiation efficiencies. The observed spectral hardening
in Cen A is unusual in this regard; in a “misaligned BL Lac approach” it is best understood as
related to the presence of an additional emission component beyond the conventional single-zone
SSC-contribution that often satisfactorily describes the SED in blazars. Apart from circumstantial
evidence for the blazar Mkn 501 [46,47], Cen A is the first source where spectral results provide clear
evidence for the appearance of a physically distinct component above a few GeV. Unfortunately, Cen A
is a rather weak γ-ray emitting source, which significantly limits the possibilities to further probe
its variability characteristics, particularly above the break. This makes it difficult to observationally
disentangle the true nature of the second component with current data.

In principle a variety of different (not mutually exclusive) interpretations as to its astrophysical
origin are conceivable. Related proposals in the literature operate on different scales (from a few
rg to several kpc) and include: (i) (rotational) magnetospheric models that are based on leptonic
inverse Compton (IC) processes in an under-luminous accretion environment [48,49], (ii) inner
(parsec-scale and below) jet scenarios that invoke differential IC scattering in a stratified jet [50],
multiple SSC-emitting components moving at different angles to the line of sight [51] or photo-meson
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(pγ) interactions of UHE protons in a strong photon field [52–54] along with lepto-hadronic
combinations [55,56]; alternatively, the hardening could be related to γ-ray induced pair-cascades in
a strong disk photon field [57], a dusty torus-like region [58] or the overall host photon field [59].
Moreover, the limited angular resolution of Fermi-LAT and H.E.S.S. (∼5 kpc), and the fact that no
significant statistical evidence for variability has been found so far, also allows for (iii) scenarios
where the emission arises on larger scales; extended scenarios in this context include the interaction of
energetic protons with ambient matter (pp) in its kpc-scale region [44], the overall γ-ray contribution
of a supposed population of millisecond pulsars [45], or the IC contribution by its kpc-scale jet
via up-scattering off various photon fields (e.g., host galaxy starlight or CMB) [60,61], up to more
extraordinary explanations invoking the self-annihilation of dark matter particles of mass ∼3 TeV
within a central dark matter spike [45].

While, given current knowledge, not all of these models are equally likely, and all of them come
with some challenges see e.g., [62], further observational input (such as evidence for VHE variability or
extension, the latter now possibly been seen [63]) is needed to better constrain them and help disclosing
the real nature of this new component.

2.5. IC 310

The Perseus Cluster RG IC 310, located at a distance of d ∼ 80 Mpc (z = 0.019), has received
particular attention in recent times. The source, originally detected by MAGIC during a campaign
in 2009–2010 [64], has shown extreme VHE variability during a strong flare in November 2012,
revealing VHE flux variations on timescales as short as Δt 	 5 min [65], see Figure 4. The 2012
VHE flare spectrum appears compatible with a single, hard power law of photon index Γγ

>∼ −2
(and possibly as low as ∼−1.5) over a range from 70 GeV to 8.3 TeV, with no indications of any
internal absorption see also [66]. The source can reach high VHE flux levels, corresponding to an
isotropic-equivalent luminosity of LVHE 	 2 × 1044 erg s−1. IC 310 is commonly believed e.g., [65]
to harbour a black hole of mass MBH 	 3 × 108M� but see also Ref. [67], for a ten times smaller
estimate and has for some time been classified as a head-tail RG. The apparent lack of jet bending
along with more recent indications for a one-sided pc-scale radio jet inclined at i <∼ 38◦ suggests,
however, that IC 310 is a transitional source at the borderline dividing low-luminosity RGs and BL Lac
objects [68].

The extreme VHE variability along with the high VHE power ( >∼ LEdd/200) and the hard γ-ray
spectrum are surprising findings for a misaligned source. Based on a variety of considerations,
including the orientation of its jet (probably i ∼ [10 − 20]◦) as well as kinetic jet power and timing
constraints, Aleksić et al. [65] have disfavoured several alternative models for rapid VHE variability
such as magnetic reconnection e.g., [69] or jet-cloud and star interaction e.g., [70]. This inference
is, however, less robust as has been shown later on cf. [71], for details. Nevertheless, the fact that
the VHE flux varies on timescales Δt much shorter than the light travel time across the black hole
horizon, rg(3 × 108M�)/c = 25 min, has been interpreted as evidence for the occurrence of gap-type
particle acceleration on sub-horizon scales, i.e., in unscreened electric field regions (“gaps”) of height
h 	 0.2rg e.g., [65,72]. Questions concerning such an interpretation are related to the fact that the
characteristic VHE power of a (steady) gap scales with the jet power, LVHE ∼ Lj(h/rg)a, a = 2 − 4 [30],
the latter of which is known to be rather modest on average for IC 310, i.e., Lj ∼ 1043 erg s−1

cf. also, [73]. Unless strong (short-term) magnetic flux increases would occur, the expected gap output
would under-predict the VHE fluxes measured during the flaring state. IC 310 has subsequently
(after November 2012) shown a rather low TeV emission state with a steeper spectrum (Γ ∼ −2.4)
measured up to ∼3 TeV and with little evidence for variability. The multi-wavelength SED during this
state appears to be satisfactorily reproducible with a one-zone SSC model using parameters that are
comparable to those found for other misaligned, γ-ray emitting AGN [66].
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Figure 4. VHE light curve of IC 310 above 300 GeV as observed by MAGIC during 12–13 November
2012. Rapid VHE variability on doubling timescale well below 10 min is apparent in the light curve.
The two gray lines indicate flux levels of 1 and 5 Crab units, respectively. From Ref. [65].

2.6. M87

The Virgo Cluster galaxy M87 (NGC 4486) has been the first extragalactic source detected at
VHE energies [74]. Classified as low-excitation, weak-power FR I source, M87 hosts one of the most
massive black holes of MBH 	 (2− 6)× 109 M� e.g., [75], and is thought to be accreting in a radiatively
inefficient (RIAF) mode [76]. Given its proximity at a distance of d 	 16.4 Mpc [77] and its large
mass-scale rg, M87 has become a prominent target to probe jet formation scenarios with high-resolution
radio observations down to scales of tens of gravitational radii e.g., [78–82]. Its sub-parsec scale radio
jet appears misaligned by an angle i ∼ (15–25)◦ and shows a rather complex structure, seemingly
compatible with a slower, mildly relativistic (β ∼ 0.5c) layer and a faster moving, relativistic spine
(Γb ∼ 2.5) see e.g., [82]. Indications of a parabolic jet shape suggest that the jet initially experiences
some external confinement as by a disk wind [83]. In general, the inferred jet seeds and inclinations
are consistent with rather modest Doppler factors D <∼ (for review, see e.g., [84]).

At VHE energies, M87 is well known for its rapid day-scale variability (flux doubling time scales
Δtobs ∼ 1 d) during active source states, and a rather hard, featureless photon spectrum compatible
with a single power law (of index Γγ = −2.2 ± 0.2 in high, and somewhat steeper Γγ ∼ −2.6 in low
states) extending from ∼300 GeV up to ∼10 TeV [85–89]. Both the observed rapid VHE variability and
the hard VHE spectrum are remarkable features for a misaligned AGN, and reminiscent of those seen
in IC 310. Based on the first 10 months of data, Fermi-LAT has reported HE gamma-ray emission from
M87 up to 30 GeV [90] with a photon spectrum then seemingly compatible with a single power-law of
index Γγ = −2.26 ± 0.13 and comparable to the one(s) in the VHE high states. Nevertheless, a simple
extrapolation of this HE power-law to the VHE regime turned out to be insufficient to account for the
flux levels measured during the TeV high states (up to equivalent levels of L(>350 GeV) ∼ 5 × 1041

erg/s, e.g., [88]), suggesting that the high states might be accompanied by the emergence of an
additional component [84]. No evidence for significant flux variations (down to timescales of 10 days)
has been found during these early HE observations, though on experimental grounds the occurrence
of shorter-timescale variations cannot per se be excluded. Similar spectral results have been reported
in the 3FGL catalog (4 yr of data), with the HE spectrum below 10 GeV compatible with a single
power-law of Γγ = −2.04± 0.07 [91], but with indications for a possible change above 10 GeV. The most
recent analysis based on ∼ 8 yr of Fermi-LAT data reports evidence for month-type HE variability
and indications for excess emission over the standard power-law model above ∼10 GeV, similar to
earlier findings in Cen A [92], see also Figure 5. When viewed in an HE-VHE context, these findings
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are most naturally explained by an additional emission component that dominates the highest-energy
part of the spectrum and allows for a smooth HE-VHE spectral connection. As the HE spectrum
extends to about 100 GeV without indications for a cut-off and the VHE thresholds reach down to
about 200 GeV, variability seen with high statistics at VHE can be used to constrain the nature of this
additional component. This contrasts with Cen A where no significant VHE variability has been found
yet. For M87 current findings do support proposals in which the emission arises on innermost jet
scales and below.

Figure 5. Gamma-ray SED for M87 based on ∼8 year of Fermi-LAT data including the different
observed VHE states. The average ("regular") spectrum shows a break in the SED around ∼10 GeV,
suggestive of an additional HE component. The break appears masked in the "high state" by flaring
above ∼10 GeV. The current situation now in principle allows for a smooth connection of HE and
VHE states. This suggests that the nature of this additional component is constrained by the observed
VHE variability. The light grey curves for the two components are intended to guide the eyes only.
Following Ref. [92].

Light travel time arguments in fact point to a compact VHE emission region (R < cΔtobsD) in
M87 of a size comparable to the Schwarzschild radius rs = (0.6 − 1.8)× 1015 cm of its black hole.
Similar as for Cen A, a variety of models have been introduced to account for this, cf. Figure 6 for an
exemplary illustration (see Refs. [51,55,70,93–98]). The interested reader is referred to Refs. [84,99] for
a more detailed description and discussion of them.

M87 has been repeatedly active over the past ten years, with VHE high states being detected
in 2005, 2008 and 2010, and an elevated one (flux levels 2–3 times higher than average) in 2012.
Interestingly, during all high states, day-scale VHE variability has been found. The 2012 monitoring
data by VERITAS do not reveal a bright flare, but the light curve indicates VHE variability on timescales
of (at least) weeks, suggesting that the often called "quiescent" state also shows some longterm
evolution [100], cf. also [92]. No major VHE flare has been seen since then, though hints for day-scale
variability in 2013 have been reported [101]. As the angular resolution of current VHE instruments
is limited (to scales of ∼ 25 kpc for M87), coordinated VLBI radio observations, capable of probing
down to scales of tens of gravitational radii, have been performed during the 2008, 2010 and 2012
high VHE states. These results indicate that the TeV emission is accompanied by (delayed) radio core
flux enhancements, supporting proposals that the VHE emission originate at the jet base very near to
the black hole [80,87,102,103]. The radio–VHE correlation along with the required compactness of the
VHE zone have served as a strong motivation to explore plasma injection via gap-type magnetospheric
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processes close to the black hole [98,104,105]. Concerning its rapid VHE variability, M87 shows some
similarities with IC 310, though its associated VHE luminosity output is more than 100 times smaller
than the one for IC 310.

leptonic
(IC)

hadronic

decelerating flow (upstream IC) (e.g. Georganopoulos+2000005)

spine-shear (IC interplayyy) (e.g. Tavecchio+2000008)

multiple SSC components/differential beaming (e.g. Lenain+ 20088)

reconnection & IC (e.g. Giannios+ 2010)

proton synchrotron & p--γ (e.g. Reimer+ 2000004)

jet-star interactions / pp (e.g. Barkov+ 20012)

combined lepto-hadronic (e.g. Reynoso+ 20011)

Inner JJet
(sub-parsec)

HST-1

BH vicinity
rotational acceleration & IC (e.g. Rieger & Aharonian 2000008)

gap-type particle acceleration & IC (e.g. Levinson & Rieger 20011)

EC starlight photons (e.g. Stawarz+20006)0

Figure 6. Possible scenarios for the origin of the variable VHE emission in M87 with exemplary
references. Day-scale variability favours models on scales of the inner jet and below. “IC” refers to
inverse Compton radiation.

3. Models for the HE-VHE γ-ray Emission

In the following we describe and comment on some recent theoretical trends and developments
concerning the origin of the VHE emission beyond conventional jet (one-zone) synchrotron
self-Compton (SSC) models. We distinguish between scenarios aimed at addressing the highly variable
VHE part (as in M87) and those focusing on an apparently steady VHE part (as for Cen A).

3.1. Variable VHE and Black Hole Gap Models

The activation of Blandford-Znajek (BZ) outflows requires continuous injection of plasma in the
magnetospheric region enclosed between the inner and outer light cylinders, the origin of which is yet
an open issue. To fully screen out the magnetosphere, the plasma injection rate must be sufficiently
high to maintain the density everywhere in the magnetosphere above the Goldreich-Julian (GJ) value.
Whether the dense accretion flow surrounding the black hole can provide sufficient charges for
complete screening is unclear at present; direct feeding seems unlikely, as charged particles would have
to cross magnetic field lines on a timescale much shorter than the accretion time in order to reach the
polar outflow. Plasma injection by virtue of macroscopic instabilities, that might lead to re-arrangement
of the magnetic field configuration, is a possibility, however, the growth time of such instabilities may be
much longer than the gap evacuation time, ∼rg/c, and it is quite likely that even if occasional injection
of plasma into the casual section of the magnetospheric does occur, the plasma density may not be
sustained above the required level at all times. An alternative charge supply mechanism is pair creation
on magnetic field lines via annihilation of MeV photons that emanate from a RIAF during low accretion
states, or from a putative accretion disk corona during intermediate states. To estimate the γ-ray
luminosity required for complete screening, we note that the density of pairs thereby created is roughly
n± 	 σγγn2

γrg/3 [98], where σγγ is the pair production cross section, nγ 	 1022 m−1R̃−2
γ lγ cm−3 is the

12



Galaxies 2018, 6, 116

density of MeV photons, lγ = Lγ/LEdd and R = R̃rg are, respectively, the Eddington ratio and radius
of the radiation source, and m = M/M� is the black hole mass in solar mass units. This should be
compared with the GJ density, nGJ = ΩB/(2πec) = 2 × 1011B8(Ω/ωH)m−1 cm−3, expressed here in
terms of the angular velocity of magnetic surfaces Ω, the angular velocity of the black hole ωH 	 c/2rg,
the strength of the magnetic field near the horizon B = 108B8 Gauss, and the magnitude of the electron
charge e > 0. The requirement n± > nGJ implies

lγ > 10−3B1/2
8 (Ω/ωH)

1/2(R̃/30)2. (1)

For sources accreting in the RIAF regime, the gamma-ray luminosity can be related to the accretion
rate, albeit with a large uncertainty, using an ADAF model. The strength of the magnetic field near
the horizon also scales with the accretion rate, roughly as B 	 109(ṁ/m)1/2 G, where ṁ = Ṁ/ṀEdd,
and ṀEdd = 10LEdd/c2. These two relations can be combined to yield the critical accretion rate below
which the magnetosphere is expected to be starved,

ṁ < 4 × 10−3m−1/7. (2)

For M87, where m = 6 × 109 (up to a factor of two), this implies starvation at ṁ <∼ 10−4,
which seems to be above its inferred accretion rate. In sources accreting well above the critical
ADAF rate, the accretion flow is anticipated to be cold, and the emission spectrum is unlikely to extend
to energies above the electron mass. Gamma-rays may, nonetheless, originate from a tenuous corona,
if present. No reliable constraints on the spectrum and luminosity of this coronal component have
been imposed thus far. In principle, it could be that in sources that accrete at relatively high rates the
magnetic field is much higher than in RIAF sources, while the gamma-ray luminosity (of the corona)
is smaller. If indeed true, it could mean that gap emission in such objects may be more intense than
in RIAF sources. Equation (2) has been employed to show [30,72,98] that under conditions likely to
prevail in many stellar and supermassive black hole systems, the annihilation rate of disk photons
is insufficient to maintain the charge density in the magnetosphere at the GJ value, giving rise to
formation of spark gaps [106–109]. It has been further pointed out [30,49,72,98,110–112] that the gap
activity may be imprinted in the high-energy emission observed in these sources, whereby the variable
TeV emission detected in M87 [85,87] and IC310 [65] was speculated to constitute examples of the
signature of magnetospheric plasma production on horizon scales [30,72,98,105,109,110]. In what
follows we provide a concise overview of recent black hole gap models.

3.1.1. Stationary Gap Models

Stationary models tacitly assume that a gap forms in a localized region of the magnetosphere
outside which the ideal MHD condition (that is, E · B = 0) prevails. To gain insight it is instructive to
derive the gap electrostatic equation in flat spacetime first. The generalization to Kerr spacetime then
readily follows. In general, the angular velocity of magnetic field lines, Ω = Ωẑ, is conserved along
magnetic surfaces only in regions where the ideal MHD condition is satisfied. However, under the
assumption that the gap constitutes a small disturbance in the global magnetosphere, the variation of
Ω across the gap (due to the finite potential drop) can be ignored. It is then convenient to transform
to a rotating coordinate system, t′ = t, r′ = r, θ′ = θ and ϕ′ = ϕ − Ω t, here in spherical coordinates,
in which the electric and magnetic fields are given by B′ = B, E′ = E + v × B in terms of their
components in the non-rotating frame (using geometric units, c = 1), where v = Ω × r is the tangential
velocity of the magnetic flux tube. It can be readily shown that in the rotating frame Gauss’s law takes
the form

∇ · E′ = 4π(ρe − ρGJ), (3)

where ρe is the charge density and ρGJ = −∇ · (v × B)/4π denotes the Goldreich-Julian (GJ) density.
In dipolar and split monopole geometries this simplifies to the well known result ρGJ = −Ω · B/2π.
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Equation (3) indicates that a charge density ρe = ρGJ is needed to screen out a parallel E||.
The generalization to Kerr geometry is straightforward. In Boyer-Lindquist coordinates, (t, r, θ, ϕ),
the electric field component in the rotating coordinate frame is F′

μt = Fμt + ΩFμϕ, where Fμν denotes
the electromagnetic tensor, and we henceforth adopt the metric signature (−,+,+,+). The GR
equations can be recast in a form similar to that in flat spacetime upon using quantities measured in
the local zero angular momentum observer (ZAMO) frame. For illustration, we adopt a split monopole
geometry, defined by the potential Aϕ = ΨH(1 − cos θ), with ΨH being the magnetic flux on the
horizon. The non-corotating electric field, measured by a ZAMO, is then given by E′

r =
√

AF′
rt/Σ in

terms of the metric functions (in geometric units) Σ = r2 + a2 cos2 θ and A = (r2 + a2)2 − a2Δ sin2 θ,
with Δ = r2 + a2 − 2Mr, M and a being the black hole mass and specific angular momentum
(spin parameter), respectively. The general relativistic Gauss’s law reads:

∂r(
√

AE′
r) = 4πΣ(ρe − ρGJ), (4)

where

ρGJ =
ΨH

4π
√−g

∂θ

[
sin2 θ

α2 (ω − Ω)

]
(5)

is the general relativistic (GR) version of the GJ density, α = (ΣΔ/A)1/2 is the lapse function and
ω = 2aMr/A is the ZAMO angular velocity. In flat spacetime

√
A = Σ = r2, and Equation (4) reduces

to Equation (3) in spherical coordinates. The charge density is related to the proper densities, n±,
and the time component of the four-velocities, u0±, of the e± pairs through ρe = e(n+u0

+ − n−u0−).
Equation (4) is subject to the condition E′ = 0 at the inner and outer gap boundaries, which follows
from the assertion that the flow outside the gap is in a force-free state. This implies that E′

r does
not change sign, and that |E′

r| has a maximum inside the gap (see inset in Figure 7). An immediate
consequence is that ρGJ must change sign inside the gap [72,113]. Thus, the gap should form around
the null surface on which ρGJ vanishes. Such a null surface is a distinctive feature of a Kerr black hole
that results from the frame dragging effect (see Figure 7)3.

Now, from the above it is seen that at the null surface the gap electric field scales as |E′
r| ∝ h2

with the gap width h, and the potential as V ∝ h3. The maximum electric current flowing through
the gap is limited by jr = |ρGJ(r1)|c ∼ |dρ/dr|0 h/2, where r1 is the outer gap boundary and the
subscript 0 designates values at the null surface. Thus, the maximum power that can be tapped,
Lgap 	 2πr2

H jV, and, hence, the maximum gamma-ray luminosity that can be emitted by the gap, scale
as h4. A more precise expression for Lgap is derived in Ref. [72], see also [30]. Since the gap closure
condition restricts the multiplicity inside the gap to unity, the gap width h increases with decreasing
pair production opacity. The salient lesson is that in steady gap models the output power of the gap
increases steeply with decreasing disk luminosity. Detectability of gap emission favours low luminosity
sources. We shall see shortly that this is not true in case of intermittent gaps. A quantitative treatment
of gap emission requires inclusion of plasma dynamics, radiation back-reaction, Compton scattering
and pair production. Details are given in Refs. [72,111,113,114]. It is found that the characteristic
spectrum produced in the gap consists of two components: curvature emission that peaks at sub-TeV
energies, and inverse Compton emission that peaks at 10 to 100 TeV, depending on the black hole mass.
Refs. [72,111,112,114] predict that gap emission from stellar and supermassive black holes should be
detected by upcoming experiments.

3 A null surface exists in a pulsar outer gap for other reasons.
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Figure 7. Contours of ρGJ for a split monopole geometry with a/M = 0.9, Ω = 0.5ωH . The numbers
that label the curves are values of ρGJ(r, θ), normalized by aBH/2π, where BH = ΨH/

√
AH is the

strength of the magnetic field on the horizon. The thick solid line corresponds to the null surface on
which ρGJ = 0. The black circle delineates the interior of the black hole, and the purple dashed-dotted
line marks the static surface. The inset shows solutions for the electric flux, ΦE =

√
AE′

r, computed from
Equation (4) with ρe << ρGJ along a magnetic surface inclined at θ = 30◦, in a magnetosphere of a
supermassive black hole of mass M = 109 M�, for BH = 104 G.

3.1.2. Time-Dependent Models

The main difficulty with steady gap solutions for the null surface is that they exist only under
highly restricted conditions, that may not apply to most objects [113]. The reason is that the gap
closure condition (i.e., unit multiplicity) imposes a relation between the global magnetospheric current
(through the gap width) and the pair production opacity, which in reality are two independent and
unrelated quantities. An exemplary illustration for the existence regime of steady gap solutions is
displayed in Figure 8, for a supermassive black hole of mass m = 109 and a power-law disk emission
spectrum. Similar results are obtained for stellar mass black holes. This example indicates that in practice,
steady gaps can form only in sources with extremely low Eddington ratios. Additional difficulty stems
from an inconsistency between the flow direction at the outer gap boundary and the ideal MHD flow
below the stagnation surface [113,115]. Finally, the stability of steady gaps is questionable. The main
conclusion is that sparking of starved magnetospheric regions is likely to be inherently intermittent.

Attempts to construct 1D time-dependent models have been reported recently [116,117].
The analysis described in Ref. [116] was performed using a newly developed, fully GR (in Kerr
geometry) particle-in-cell code that implements Monte-Carlo methods to compute the interaction
of pairs and gamma-rays with the soft photons emitted by the accretion flow. As in the steady
models mentioned above, the gap is assumed to be a small disturbance that does not affect the global
magnetospheric structure. The evolution of the electric field is governed by the equation

∂t(
√

AE′
r) = −4π(Σjr − J0), (6)

that generalizes the flat spacetime model derived in Ref. [118]. Here jr = e(n+ur
+ − n−ur−) is the

radial electric current density, expressed in terms of the proper electron (n−) and positron (n+)
densities and their four-velocities u− and u+, and J0 represents the global magnetospheric current,
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which is an input parameter of the model in addition to Ω. The initial condition, E′
r(t = 0, r),

is obtained upon solving Equation (4) at the beginning of each run. For details the reader is referred
to Ref. [116]. The analysis indicates that when the Thomson length for collision with disk photons
becomes smaller than the gap width, i.e., τ0 > 1, screening of the gap occurs, following a prompt
discharge phase that exhausts the initial energy stored in the gap, through low amplitude, rapid plasma
oscillations that produce self-sustained pair cascades, with quasi-stationary pair and gamma-ray
spectra. An example is exhibited in Figures 9 and 10. The gamma-ray spectrum emitted from the
gap peaks in the TeV band (Figure 10), with a total luminosity that constitutes a fraction of about
10−5 of the corresponding Blandford-Znajek power. This seems different than the spectrum predicted
by steady gap models. As those simulations are demanding, only a small range of parameters was
explored in [116]. Future studies should investigate how the emission properties depend on the black
hole mass, the target radiation spectrum and the magnetic field strength.

Figure 8. Maximum Eddington ratio below which local steady gap solutions exist, versus normalized
magnetospheric current, 2π J0/(ΣnullΩBH cos θ), where Σnull is the value of Σ on the null surface,
for a supermassive black hole of mass MBH = 109 M�, magnetic field B = 104 G, a radiation source
of size R = 30rg and a power law spectrum, Iν ∝ ν−2, with a low energy cutoff at νmin = 1012 Hz,
and inclination angle θ = 30◦. (See Ref. [113] for further details).

Figure 9. Evolution of the gap electric field in a magnetosphere of a supermassive black hole with the
same parameters as in Figure 8. The left panel shows the electric flux ΦE =

√
AE′

r at the initial time
t = 0. The right panel shows the electric flux at time t = 20rg/c, roughly the onset of the quasi-steady
oscillations. Note the change of scale on the vertical axis between the two panels. The amplitude
of E′

r during the quasi-steady oscillations is about 10−3 of its initial magnitude at the null surface.
The fiducial opacity in this case is τ0 = 10.

A caveat of the model described above is that it does not account for the effect of the ideal MHD
fields on the dynamics of the plasma. An attempt to include such additional forces has been made in
Ref. [117], where it has been argued that the gap dynamics is cyclic in nature rather than quasi-steady.
However, the analysis in this work is based on a mirror gap model in flat spacetime, that inherently
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assumes the presence of a current sheet (or current side flow) at the stagnation surface (by reversal of
the toroidal magnetic field there). Whether this model is a reasonable representation of a starved Kerr
black hole magnetosphere remains to be demonstrated. A cyclic behaviour is naively anticipated in
a global model that links the gap and the magnetosphere together [113]. How this would affect the
spectrum and light curves of the HE gap emission is yet an open issue that can only be studied using
2D simulations.

Figure 10. Evolution of the electron (blue), positron (red) and photon (yellow) spectra for the case
shown in Figure 9. The photon energy is given in mec2 units. The peak of the quasi-steady gamma-ray
spectrum in this example (rightmost panel) is at ∼ 1 TeV.

3.2. Variable VHE and Inner Jet Models

Rapid variability on timescales of days and below implies a compact emitting region, and is
often taken to indicate that this emitting region is located at sub-parsec jet scales (<104 rg) and
below. Promising jet-related proposals in this context (beyond black hole gaps) include the following
(cf. Figure 11).

Figure 11. Possible scenarios for the origin of rapidly variable VHE emission on scales of the inner
jet, i.e., beyond black hole magnetospheric emission. Left: Illustration of a stratified jet composed of
a fast spine - slow layer [93]. Radiative interplay (external IC) can increase the γ-ray luminosity of
each component. Middle: Illustration of a jets-in-jet model [94], where a variety of ’mini-jet’ features
(plasmoids) are triggered by magnetic reconnection events within the main jet flow. This could lead
to an additional velocity component relative to the main flow (Γr) and allow a favorable orientation
with respect to the observer. Right: Illustration of a hadronic model, where interactions of the jet with a
massive obstacle (star or cloud) facilitates shock-acceleration and introduces a sufficient target density
to allow for efficient pp-collisions [70].

3.2.1. Spine-Shear Scenarios

The complex interplay of black hole- and disk-driven outflows along with environmental
interaction (e.g., entrainment) is likely to give rise to a non-uniform flow topology where different
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jet layers possess different bulk flow speeds. In its simplest realization a fast (Γ1 � 1) spine is
taken to be surrounded by a slower-moving (Γ2 < Γ1) sheath or layer e.g., [50]. This is essentially a
two-zone model, yet with parameter-space constrained by the requirement of an efficient radiative
interplay. Depending on the viewing angle, we may see different parts of the jet (spine or sheath),
resulting in different emission characteristics for misaligned AGN when compared with those of
blazars. In particular, given their larger inclination angles, the VHE emission in RGs would usually be
dominated by the stronger Doppler-boosted emission from the layer. VHE variability then essentially
imposes constraints on the size of the layer. Spine-sheath models can in principle accommodate fast
variability and facilitate an increased gamma-ray luminosity as each component sees the (external)
radiation of the other amplified by the relative motion between them (Γrel = Γ1Γ2[1 − β1β2]), thereby
enhancing the IC contribution of both its spine and its layer [31,50,93]. In order for this interplay to work
efficiently however, the emitting zones need to be (quasi) co-spatial. This in turn leads to transparency
issues as long as one aims at a simultaneous reproduction of the infrared-optical part of the SED, since
the large gamma-ray opacity associated with the intense (weakly Doppler-boosted) radiation field of
the spine usually results in considerable γγ-absorption and a steep slope at TeV energies. Hard TeV
spectra thus cannot simply be accounted for with such models e.g., [24]. Nevertheless, an internal
velocity stratification (shear) bears the potential to solve several issues regarding the unification
of BL Lacs and RGs [119–121]. The noted emission models represent a simplified first approach,
that focus on the radiative interplay only and do not yet take any acceleration effects e.g., [122] nor
time-dependencies into account. Decoupling of the infrared and VHE emission parts would alleviate
some tensions, though it would leave a larger part of the parameter space unconstrained. Similar
to other two-zone approaches, the non-thermal emission can in many cases be reproduced under
equipartition conditions which may be counted in its favour [123]. Time-dependent extensions are
certainly needed to further assess its potential in the context of RG modelling.

3.2.2. Reconnection—Mini-Jets and Plasmoids

Relativistic jets are generally expected to be initially magnetically dominated (magnetization
σm � 1), and this has motivated studies where the field energy is released via collisionless magnetic
reconnection allowing for non-thermal particle acceleration and subsequent high energy gamma-ray
(IC) production e.g., [69,94,124–129]. An open question at present concerns whether formation of
current sheets on sufficiently small scales can result from current driven instabilities induced during
the propagation of the jet e.g., [130–132], or may inherently form during injection of the jet, e.g., due to
advection of asymmetric magnetic field or magnetic loops by the disk e.g., [133,134]. The observed
collimation profile of M87 seems to indicate that in this source the jet is kink stable [83]. Upcoming
Event Horizon Telescope (EHT) observations on horizon scale may shed more light on this issue.

Reconnection-related models of the type proposed in [94] assume that relativistic (Petschek-type)
reconnection occurs in the jets of RGs (taking them to be electron-proton dominated with σm ∼ 100),
leading to efficient electron acceleration and the generation of variable VHE gamma-rays via inverse
Compton (SSC and/or EC) scattering e.g., [135]. Moreover, efficient reconnection allows for an
additional relativistic velocity component of the ejected plasma (Γr 	 √

σm) relative to the mean
bulk flow of the jet, and directed at some angle to it. Given multiple, localised reconnection sites
(“mini-jets”) within the jet, strong differential Doppler boosting effects (D � 1) could become possible
even for RG sources whose main jet direction are substantially misaligned. This could then provide a
simple explanation for ultra-fast variability in misaligned AGN. Caveats concern whether such high
magnetisations should indeed be expected for electron-proton (disk-driven) jets, and whether the
impact of a magnetic guide field, that would lead to weak dissipation only [136], can be neglected
on the anticipated scale of VHE gamma-ray production. Nevertheless, reconnection is particularly
interesting as it could facilitate non-thermal particle energization in those magnetized part of the jets
where diffusive shock acceleration is inefficient e.g., [137], and ensure a rough equipartition between
magnetic fields and radiating particles in the reconnection downstream (emitting) region [128]. In the
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absence of a guide field, relativistic reconnection results in a flat (hard) power-law tail n(γ) ∼ γ−α with
slope α < 2 for σm > 10, most probably approaching α ∼ 1 in the extreme relativistic case [129,138,139].
For large Lundquist numbers the reconnection layer becomes unstable to resistive (tearing) instabilities,
causing its fragmentation into local magnetic islands or plasmoids. More recent studies have thus
concentrated on characterizing the (fractal-like nature of) plasmoid formation in relativistic pair
plasmas [140,141].

3.2.3. Jet-Star and Cloud Interactions

The ubiquity of stars and gas in the central region of the AGN host galaxy can lead to frequent
jet-star/cloud interactions, facilitate jet entrainment and mass loading by stellar winds e.g., [142],
and give rise to knotty X-ray structures as e.g., seen in the large-scale jet of Cen A [143]. Over the last
few years a variety of studies have explored its impact on the gamma-ray emission characteristics in
AGN, both for its steady and transient/flaring states e.g., [144–152]. In the RG context, one interesting
application concerns the possible contribution of inelastic proton-proton (pp) collisions in the
generation of variable VHE emission. While AGN jets are commonly considered not to carry enough
target matter (np) to allow for efficient pp-collisions (given its long timescale tpp 	 1015/np s),
interactions of a red giant star or a massive, dense gas cloud (size ro) with the base of the jet (radius rj)
could occasionally introduce a high amount of matter, trigger shock acceleration and potentially drive
rapid VHE activity [70,144]. Model calculations in the case of M87 [153] suggest that such a scenario
could account for the observed VHE characteristics (including day-scale variability) if the jet would be
powerful enough and a sufficiently large fraction (∝ r2

o/r2
j ) of it could be channeled into VHE γ-ray

production. Given the observed large opening angle and transversal dimension r of the milli-arcsec
radio jet in M87, the latter is not obvious. In fact, simple models of this type often need jet powers
in excess of current estimates. In principle, however, these power constraints could be somewhat
relaxed if the jets possess a spine-shear-type configuration with most of the energy flux concentrated
into a narrow core. This would then bear some similarities with the set-up discussed in Section 3.2.1.
In addition, the effective size r0 (if related to shocks at quite some distance from the star) could well
be larger than the initial size of the obstacle e.g., [148,149]. While the availability of suitable stellar
orbits on sub-parsec scales limits the possible recurrence (frequency) of short, star-driven VHE flaring
events, multiple collisions along the jet seem unavoidable. Depending on conditions in the host galaxy,
this could also result in a detectable, steady γ-ray contribution at VHE energies; a recent calculation of
the cumulative emission from multiple jet–stellar wind interactions in M87, however, suggests this to
be too low to account for its overall VHE flux levels [152].

3.3. Steady VHE and Extended Jet Models

The detection of extended X-ray emission from the large-scale jets in AGN by Chandra 4 has raised
the possibility that these jets are also steady sources of VHE γ-rays. Electron synchrotron radiation
is by now the favoured interpretation for the X-ray emission e.g., [154,155], indicating the presence
of highly energetic electrons with Lorentz factors up to γ ∼ 108(100μG/B)1/2D−1/2, where D is
the Doppler factor and B the large-scale magnetic field strength. While diffusive shock acceleration
in the jet could in principle facilitate such energies, localized (shock-type) acceleration at knots is
usually not sufficient given the fact that there is little evidence for e.g. the inter-knot regions to have
significantly steeper spectra than the adjacent knots as one would expect in the case of synchrotron
cooling. This may point to the operation of a continued or distributed acceleration mechanisms such a
stochastic or shear particle acceleration e.g., [156].

Figure 12 shows a SED result of a recent spectral analysis in M87 [157]. The difference of the radio
and X-ray spectral indices supports a synchrotron as opposed to an IC origin.

4 https://hea-www.harvard.edu/XJET/.
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The multi-TeV electrons in the jets will then also up-scatter the host starlight, dust, EBL or CMB
photons to γ-ray energies, resulting in a weak and steady VHE contribution that may become detectable
in nearby RG. IC up-scattering of CMB (uCMB = 4.2× 10−13 erg cm−3; νp 	 1.6× 1011 Hz), for example,
leads to a non-reducible multi-TeV contribution at flux levels of f IC ∼ (uIC/uB) fx ∼ 10−3 fx. For M87
however, the total X-ray flux of the knots is of the order fx ∼ 10−12 erg cm−2s−1 only, implying an
IC-CMB contribution at flux levels well below current detections. Up-scattering of dust or starlight
photons on the other hand, is expected to yield a much higher VHE contribution that could be probed
with CTA [61]. Given the (current) absence of VHE variability in Cen A, an extended (leptonic) origin of
its VHE emission certainly cannot be excluded. In addition, the cumulative IC emission from multiple
jet-star collisions in the kpc-scale jet [148] might further contribute. Evidence for a possible VHE
extension has in fact been recently reported for Cen A [63]. We note that an experimental verification
of extended VHE emission would support the notion that the large-scale jets in AGN could make a
relevant contribution to the TeV background when compared to the highly-boosted VHE emission
from blazar cores [155].

Figure 12. Representative multi-wavelength SED for the outer knot A in the kpc-scale jet of M87
including X-ray emission (red) based on 1.5 Msec of Chandra data. The emission is thought to be
synchrotron in origin, indicating the presence of electrons up to multi-TeV energies within the jet.
Inverse Compton up-scattering off various soft photon fields (starlight, dust, EBL, CMB) would result
in a steady VHE contribution. From Ref. [157].

4. Conclusions

The experimental progress over the last decade has led to the discovery of radio galaxies (RGs)
at γ-ray energies, revealing exceptional features such as spectral hardening or ultra-fast variability.
With their jets misaligned and related Doppler boosting effects only modest, RGs are offering unique
insights into physical mechanisms and environments (e.g., the plasma physics of jets or the black hole
vicinity) that are otherwise difficult to access.

The unexpected spectral hardening at gamma-ray energies seen in Cen A, for example, points to
the emergence of a new physical component beyond the conventional SSC-type one, with current
interpretations ranging from the smallest (sub-pc) to the largest (kpc) jet scales, up to extended dark
matter scenarios. On the other hand, rapid VHE variability on timescales shorter or comparable to the
light travel time across the horizon of the black hole, as e.g., seen in IC 310 and M87, provides evidence
for a highly compact emitting zone, probably at the very origin of the jet itself (black hole gaps),
or internally (reconnection) or externally (star collision) induced.

These and related experimental findings at gamma-ray energies have been vital in triggering
important conceptual progress in black hole–jet physics and generated a variety of promising research
avenues. Along with further theoretical efforts, dedicated observational studies are currently needed to,
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for example, clarify source classification and to better resolve their timing characteristics. The upcoming
CTA array [158] will have the potential to probe deeper into the spectral and variability characteristics
of RGs, and thereby allow to fundamentally advance our understanding of the AGN phenomena
in general.
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Abstract: When a black hole accretes plasmas at very low accretion rate, an advection-dominated
accretion flow (ADAF) is formed. In an ADAF, relativistic electrons emit soft gamma-rays via
Bremsstrahlung. Some MeV photons collide with each other to materialize as electron-positron pairs
in the magnetosphere. Such pairs efficiently screen the electric field along the magnetic field lines,
when the accretion rate is typically greater than 0.03–0.3% of the Eddington rate. However, when the
accretion rate becomes smaller than this value, the number density of the created pairs becomes less
than the rotationally induced Goldreich–Julian density. In such a charge-starved magnetosphere,
an electric field arises along the magnetic field lines to accelerate charged leptons into ultra-relativistic
energies, leading to an efficient TeV emission via an inverse-Compton (IC) process, spending a
portion of the extracted hole’s rotational energy. In this review, we summarize the stationary lepton
accelerator models in black hole magnetospheres. We apply the model to super-massive black holes
and demonstrate that nearby low-luminosity active galactic nuclei are capable of emitting detectable
gamma-rays between 0.1 and 30 TeV with the Cherenkov Telescope Array.

Keywords: gamma-rays: observation; gamma-rays: theory; general relativity; particle acceleration;
stars: black holes

1. Introduction

It is commonly accepted that every active galaxy harbors a supermassive black hole (BH),
whose mass typically ranges between 106 Mò and 109.5 Mò, in its center (e.g., [1–4]; see also [5,6] for
reviews). Compelling evidence of a supermassive BH was found by observing the line emission from
water masers around the central region of galaxy NGC 4258 [7]. Moreover, evidence of supermassive
BHs at individual galactic centers are shown by the tight correlation between the black hole mass and
the velocity dispersion or the bulge mass (e.g., [8–10]), which has been confirmed for the measurements
with reverberation mapping (e.g., [11]).

A likely mechanism for powering such an active galactic nucleus (AGN) is the release of the
gravitational energy of accreting plasmas [12] or the electromagnetic extraction of the rotational energy
of a rotating supermassive BH [13]. The latter mechanism, which is called the Blandford–Znajek
(BZ) mechanism, works only when there is a plasma accretion, because a BH cannot have its own
magnetic moment (e.g., [14]). As long as the magnetic field energy is in a rough equipartition with
the gravitational binding energy of the accreting plasmas, both mechanisms contribute comparably in
terms of luminosity. The former mechanism is supposed to power the mildly relativistic winds that
are launched from the accretion disks [15–17]. There is, however, growing evidence that relativistic
jets are energized by the latter BZ mechanism through numerical simulations [18–20] (see also [21]
for an ergospheric disk jet model). Indeed, general relativistic (GR) magnetohydrodynamic (MHD)
models show the existence of collimated and magnetically dominated jets in the polar regions [22–24],
whose structures are similar to those in the force-free models [25–27]. Since the centrifugal-force
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barrier prevents plasma accretion toward the rotation axis, the magnetic energy density dominates the
plasmas’ rest-mass energy density in these polar funnels.

Within such a nearly vacuum, polar funnel, electron–positron pairs are supplied via the collisions
of MeV photons emitted from the equatorial, accreting region. For example, when the mass accretion
rate is typically less than 1% of the Eddington rate, the accreting plasmas form an advection-dominated
accretion flow (ADAF), emitting radio to infrared photons via the synchrotron process and MeV
photons via free–free and inverse-Compton (IC) processes [28,29]. Particularly, when the accretion
rate becomes much less than the Eddington rate, the ADAF MeV photons can no longer sustain a
force-free magnetosphere, which inevitably leads to the appearance of an electric field, E||, along the
magnetic field lines in the polar funnel. In such a vacuum gap, we can expect that the BZ power
may be partially dissipated as particle acceleration and emission near the central engine, in the same
manner as in pulsar outer gap (OG) model. In what follows, we summarize this vacuum gap model in
BH magnetospheres.

2. The Pulsar Outer Gap Model

The Large Area Telescope (LAT) aboard the Fermi space gamma-ray observatory has detected pulsed
signals in high-energy (HE) (0.1 GeV–10 GeV) gamma-rays from more than 200 rotation-powered
pulsars [30]. Among them, 20 pulsars exhibit pulsed signals above 10 GeV, including 10 pulsars up
to 25 GeV and other 2 pulsars above 50 GeV. Moreover, more than 99% of the LAT-detected young
and millisecond pulsars exhibit phase-averaged spectra that are consistent with a pure-exponential
or a sub-exponential cut off above the cut-off energies at a few GeV. What is more, 30% of these
young pulsars show sub-exponential cut off, a slower decay than the pure-exponential functional form.
These facts preclude the possibility of emissions from the inner magnetosphere as in the polar-cap
scenario [31–35], which predicts super-exponential cut off due to magnetic attenuation. That is, we can
conclude that the pulsed gamma-ray emissions are mainly emitted from the outer magnetosphere
that is close to the light cylinder, whose distance from the rotation axis is given by the so-called
special-relativistic “light cylinder radius”, c/ΩF, where c denotes the speed of light and F the angular
frequency of magnetic field rotation.

In a pulsar magnetosphere, the rotational energy of the neutron star is extracted by the magnetic
torque and transferred outward as a Poynting flux. Most of such extracted energy is dissipated at
large distances such as in the pulsar wind nebula. However, a small portion (typically 0.1–20%) can be
dissipated as particle acceleration and resultant radiation in the outer magnetosphere, showing pulsed,
incoherent emissions. Thus, the luminosity of a magnetospheric particle accelerator (i.e., a gap) does
not exceed the neutron star’s spin-down luminosity.

One of the main scenarios of such outer-magnetospheric emissions is the OG model [36–47].
In an OG, an electric field, E‖, is exerted along the local magnetic field line near the null-charge
surface, on which the rotationally induced Goldreich–Julian (GJ) charge density vanishes due to the
convex geometry of the dipolar-like magnetic field of the neutron star. The E‖ accelerate electrons
and positrons into ultra-relativistic energies, leading to the emission of HE photons typically between
10 MeV and 10 GeV via the synchro-curvature process [48,49]. Electrons and positrons (which are
referred to as leptons in this review) are accelerated by the magnetic-field aligned electric field, E‖,
and saturate at Lorentz factors typically below 107.5 due to the radiation drag of the synchro-curvature
process. Because of a superposition of the synchro-curvature emission from different places in the gap,
a power-law spectrum can be obtained below the cut off, which appears typically at a few GeV [50].
In addition, if the system becomes non-stationary, the linear acceleration may play an important role,
provided that the acceleration takes place within a short length scale, Rc/γ, where Rc denotes the
curvature radius of the 3-D particle motion, and γ the lepton Lorentz factor. In this case, the resulting
spectrum will show a power-law energy dependence blow the cutoff [51], in the same manner as in
the jitter radiation in the synchrotron process.
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This successful pulsar OG scenario was applied to BH magnetospheres, which will be described
in the rest of this review.

3. The Black Hole Gap Model

3.1. Stationary Gap Models

Following the successful pulsar OG model, Beskin et al. applied it to BH magnetospheres for
the first time [52]. It was shown that an efficient pair-production cascade can take place near the
null-charge surface, where the GJ charge density vanishes due to the space–time frame-dragging
around a rotating BH. Then it was demonstrated that the stationary gap solutions can be obtained from
the set of Maxwell–Boltzmann equations in a consistent manner with the gap closure condition [53].
However, they considered mass accretion rates that are a good fraction of the Eddington accretion rate.
Thus, the solved gap width, w, along the magnetic field lines, became much less than the gravitational
radius, rg = GM/c2, where M designates the BH mass, c the speed of light, and G the gravitational
constant. In what follows, we adopt the geometrized unit, putting c = G = 1. Because of the small gap
width, w � M, the exerted E‖ is found to be very small compared to the magnetic-field strength, B, in a
Gaussian unit; as a result, the gap luminosity, Lgap, became negligibly small compared to the Eddington
luminosity. For a pure hydrogen gas, the Eddington luminosity becomes LEdd = 1.25× 1047M9 erg s−1,
where M9 ≡ M/109M�.

On these grounds, to achieve bright gap emissions, we began to consider spatially extended gaps,
which can be possible if the soft photon field is weak enough so that the photon–photon pair-production
mean-free path becomes comparable to or greater than the gravitational radius, rg = M. For example,
when the mass accretion rate is typically less than 1% of the Eddington rate, the accreting plasmas form
an ADAF, emitting radio to infrared photons via synchrotron process and MeV photons via free–free
and IC processes (§ 4). Under such a low accretion environment, gap-emitted TeV photons do not
efficiently collide with the soft photons, leading to an un-screened, spatially extended gap, which has
a much greater electric potential drop, and hence Lgap than the denser soft-photon-field case.

In this context, Neronov and Aharonian [54] examined a BH gap emission and applied it to the
central engine of M87, a nearby low luminosity AGN, which hosts a BH with mass M ≈ (3.2–6.6) × 109

Mò [55–58]. They assumed that the gap is extended, w ≈ 2M (= Schwarzschild radius), that the lepton
number density, N±, is comparable to the typical GJ number density, NGJ ∼ ΩFB/(2πce), where e
denotes the magnitude of the charge on the electron, and that the magnetic field strength B becomes
comparable to the equipartition value,

Beq ≈ 4 × 104 ·
m

1/2
M9

−1/2, (1)

which is obtained when the magnetic buoyancy balances the disk gravity;
·

m ≡ ·
M/

·
MEdd refers to

the dimensionless accretion rate near the horizon; and
·

M denotes the mass accretion rate. We have

LEdd = η
·

MEddc2, where the radiation efficiency can be estimated as η ≈ 0.1. They also assumed that
the magnetic-field-aligned electric field is comparable to the perpendicular component,

E‖ ≈ E⊥ ≈ �(ΩF − ω)

c
B ≈ aBH

2M
, (2)

where this denotes the distance from the rotation axis, with the spacetime dragging angular frequency
due to BH’s rotation, BH does the magnetic field strength evaluated at the horizon. In the right-most
near equality, we evaluate quantities near the horizon, where a gap is formed. Because of these four
assumptions (i.e., w ≈ 2M, N± ≈ NGJ, B ≈ Beq, E‖ ≈ E⊥), Lgap becomes comparable to the BZ
power, LBZ, which corresponds to the spin-down luminosity of pulsars. Under these assumptions,
they demonstrated that the observed very-high-energy (VHE) emission of M87 can be explained as the
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IC emission of ultra-relativistic leptons accelerated in a BH gap. See Section 7.1 for a brief summary of
the VHE observations of M87 and other a few non-blazer AGNs.

Subsequently, Levinson and Rieger applied the vacuum gap model to M87 and found that the
lepton density is strongly dependent on the accretion rate [59],

N± = 3 × 1011 ·
m

4
M9

−1 cm−3, (3)

and that Lgap ≈ LBZ holds if w is a good fraction of 2M. Considering the ADAF photon field near
the BH, and assuming w > 0.1 × 2M, N± ≈ NGJ, B ≈ Beq and E‖ ≈ (w/2M)2E⊥, they demonstrated
that the VHE luminosity observed with Imaging Atmospheric Cherenkov Telescopes (IACTs) (7.1)
can be reproduced by the BH gap model. They also argued that the gap activity may be intermittent,
because the strong dependence of N± on

·
m could lead to the disappearance of the gap due to moderate

changes in the accretion rate.
Then Brodrick and Tchekhovskoy [60] considered a thick gap, w ≈ 2M, and an equipartition

magnetic field strength, B ≈ Beq, but adopted N± ≈ 105NGJ and E‖ � E⊥. They showed that the
stagnation surface (§ 5.3) is a natural site of gap formation.

More recently, Hirotani and Pu [61] considered a one-dimensional BH gap, solving w, N±, and E||
from the set of the inhomogeneous part of the Maxwell equations (i.e., the Poisson equation) for the
non-corotational potential, lepton density and velocity at each position, and the radiative transfer
equation (i.e., instead of assuming w, N±, and E‖, adopting B ≈ Beq. Then Hirotani et al. (2016)
solved the same set of Maxwell–Boltzmann equations in the two-dimensional (2D) poloidal plane,
assuming a mono-energetic approximation for the lepton distribution functions [62]. Subsequently,
Hirotani et al. (2017) considered an inhomogeneous soft photon field to examine the γ-ray emission
properties of supermassive BHs, solving the distribution functions of the accelerated leptons explicitly
from their Boltzmann equations, discarding the mono-energetic approximation [63]. They showed that
the accelerated leptons emit copious photons via IC processes between 0.1 and 30 TeV for a distant
observer, and that these IC fluxes will be detectable with IACTs such as the Cherenkov Telescope
Array (CTA), provided that a low-luminosity active galactic nucleus is located within 1 Mpc for a
million-solar-mass central BH or within 30 Mpc for a billion-solar-mass central BH. Lin et al. then
applied this method to stellar-mass BHs and compare the prediction with the high-energy (HE)
observations, re-analyzing the archival Fermi/LAT data [64]. In addition, Song et al. demonstrated
that the gap emission of an aligned rotator is enhanced along the rotation axis if the BH is nearly
maximally rotating (i.e., a→M) [65], because the magnetic fluxes concentrate polewards as a→M
due to the magnetic pinch effect [24,66]. More recently, Hirotani et al. (2018a,b) investigated if
stellar-mass BHs can emit detectable HE and VHE emissions when they encounter dense molecular
clouds (6) [67,68]. In these stationary analysis [61–65,67,68], They found Lgap ≈ (10−1 − 10−4)LBZ,
depending on the accretion rate. The BZ power becomes [13,23]:

LBZ = ΩF(ωH − ΩF)B⊥2rH
4, (4)

where ωH denotes the BH’s rotational angular frequency, rH does the horizon radius, and B⊥ does the
strength of the magnetic field component perpendicular to the horizon. The BZ power maximizes when
ΩF = 0.5ωH . For a super-massive BH, the BZ power takes the typical value, LBZ ≈ 1045(a/M)2B4

2M9
2

erg/s, where B4 ≡ B/104G, and a/M denotes the dimensionless BH spin, which vanishes for
Schwarzschild BHs and becomes 1 for maximally rotating Kerr BHs. Exactly speaking, Equation (4) is
obtained in the slow rotating limit, a«M to the second order, (a/M)2. For rapidly rotating BHs, the BZ
power is obtained by Tanabe and Nagataki [69] to the fourth order, and by Tchekhovskoy et al. [24]
to the sixth order. The higher-order corrections suppress the BZ power and a flattening occurs as a
function of (a/M)2 for extremely rotating BHs: for example, Equation (4) over-predicts the BZ power
when a > 0.95M for geometrically thin disks.
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3.2. Force-Free Magnetosphere and the Necessity of a Gap

For the BZ process to work, there should exist a global electric current in the magnetosphere.
However, plasmas flow inwards inside the inner light surface and flow outwards outside the outer
light surface (e.g., [70]). Thus, plasmas should be continuously replenished between the two light
surfaces (see §5.2 for details) so that the BZ process may continuously work. If the created pair density,
N±, exceeds NGJ, E‖ will be quickly screened out by the charge redistribution and the magnetosphere
is kept force-free. For N± > NGJ to be realized, the soft photon density should be large enough near
the event horizon. In the case of an ADAF, the density of the pairs created via the collisions of the
ADAF-emitted MeV photons, becomes [59]:

N± = 3 × 1011 ·
m

4
M9

−1cm−3. (5)

Comparing with NGJ ∼ ΩFB/(2πce), we find [59]:

N±
NGJ

= 0.06

( ·
m

10−4

)7/2

M9
1/2 (6)

Thus, if the accretion satisfies:

·
m > 2.2 × 10−4M9

−1/7 (7)

the magnetosphere is kept force-free. In this case, there appears no gap. On the other hand, if the accretion
rate stays below this value, the charge-starved magnetosphere inevitably has a gap, which may be either
stationary or non-stationary.

Indeed, there is a growing consensus that the radio polarimetry in millimeter–submillimeter
wavelengths provides useful diagnostics to infer the accretion rate of ADAF near the central engine.
Through the Faraday rotation measure of the linear polarization, it is suggested that the dimensionless
accretion rate becomes

·
m = (1 − 10) × 10−6 within the radius r < 200 M (=100 Schwarzschild radii)

for Sgr A* [71–73] and
·

m < 10−4 within r < 42 M for M87 [74]. In addition, the jet luminosity
(~2 × 1042 ergs s−1) of radio galaxy IC 310 [75] shows that the time-averaged accretion rate is
·

m ~ 10−4 [76]. For low luminosity AGNs like M87 and IC 310 to sustain large-scale jets under
such small accretion rates, sufficient pair creation should be taking place by the other methods than
the collisions of ADAF-emitted MeV photons. As demonstrated in previous BH gap models, BH gaps
are indeed capable of supplying such plasmas in a charge-starved magnetosphere via the cascade of
the gap-emitted TeV photons into electron-positron pairs.

3.3. Detectability of Gap Emissions

As we have just seen, when the accretion rate becomes as small as:

·
m <

·
mup = 2.2 × 10−4M9

−1/7 (8)

the gap is ‘switched on’ and gamma rays are emitted by the gap-accelerated lepton. Let us examine if
we can detect such gamma-rays. First, to constrain the range of accretion rate in which a BH gap can
be activated, we plot the upper limit accretion rate,

·
mup =

·
mup(M) (Equation (8)) as the thick solid

line in Figure 1. Above this upper limit, the magnetosphere becomes force-free (blue shaded region).
Thus, only under this thick solid line, BH gaps can be formed (white region). The dotted lines denote
constant-LBZ lines as labeled.
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Figure 1. Gap formation region (white region) on the two-dimensional parameter space, (M,
·

m).
The thick solid line shows the upper limit of the dimensionless accretion rate,

·
m, above which the

copious pair production prevents the formation of a gap. The filled and open circles denote the lower
limits of

·
m (Section 5.4) for a stationary gap to exist in the case of a/M = 0.9 and 0.5, respectively.

The thin dashed line shows a linear fit of the filled circles. The dotted lines show the Blandford–Znajek
(BZ) power (Equation (4)) for an extremely rotating case, a = M. From [62].

Second, to examine the upper bound of the gap luminosity, we substitute B = Beq into Equation (4)
to obtain the BZ power,

LBZ = 1.7 × 1046
( a

M

)2 ·
mM9 erg s−1. (9)

Putting a = M, we obtain the dotted lines in Figure 1.
Third, substituting

·
m =

·
mup into Equation (9), we obtain the maximum gap luminosity (as the

cross section of the solid and dotted lines),

LBZ = 3.7 × 1042
( a

M

)2
M9

6/7 erg s−1. (10)

Assuming that 100% of this power is converted into radiation, we obtain the upper limit of the
gap flux at Earth, FBZ = LBZ/4πd2, where d is the distance to the BH. Thus, for supermassive BHs,
we obtain the following maximum flux,

FBZ = 3.0 × 10−10
( a

M

)2
M9

6/7
(

d
10 Mpc

)−2
ergs s−1 cm−2. (11)

It follows that the IC component, which appears in VHE, may be detectable with ground-based
IACTs. To quantify the actual flux as a function of the accretion rate, we must solve the gap
electrodynamics. We will describe this issue in Sections 5–7.

3.4. Criticism of the Stationary Black Hole (BH) Gap Model

Levinson and Segev revisited the one-dimensional stationary BH gap model and found that
the gap solutions are allowed only for small electric currents created within the gap [77]. They fully
incorporated the GR effects in their basic equations, and solved the set of 1D Poisson equation,
lepton Botzmann equations under mono-energetic approximation, and the radiative transfer equation,
approximating all the IC photons gain the initial lepton kinetic energy, assuming a homogeneous and
isotropic soft photon field (emitted by an ADAF). In their one-dimensional treatment, they found
that E‖ is proportional to w2, and the potential drop, Vgap, is proportional to w3 (because the Poisson
equation is a second-order differential equation), as Figure 2a indicates. They imposed a boundary
condition such that the created charge density matches the local GJ charge density at the outer
boundary; accordingly, jcr is proportional w (because of the Tayler expansion of ρGJ around the null
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surface). Thus, E‖ is proportional to jcr
2, and Vgap to jcr

3. As a result of this strong dependence of E‖
and Vgap on jcr, they found that stationary solutions can be found only for smaller current densities
(jLS < 0.15 in their definition) (Figure 2b), where jLS denotes the dimensionless current introduced by
Levinson and Segev,

jLS ≡ Jcr/2
ΩFBH cos θ/(2π)

=
jcr

2 cos θ

( rH

r

)2
(12)

On the other hand, in the present review, we introduce the electric current per magnetic flux
(Section 5.4),

jcr ≡ Jcr

ωH B/(2π)
, (13)

where Jcr denotes the actual electric current. Thus, at r ≈ 1.4rH and θ ≈ 0◦ for ΩF ≈ 0.5ωH, jLS = 0.15
corresponds to the conserved current of jcr ≈ 0.3 in our present notation (Section 5.4). Note that jcr is
conserved along the individual magnetic flux tube.

Figure 2. Stationary gap solutions for a billion solar-mass black hole (BH) for a split-monopole
magnetic field line. (a) Renormalized acceleration electric field as a function of the Boyer–Lindquist
radial coordinate. The three solid curves correspond to the solutions obtained for jLS = 0.005, 0.03,
and 0.1 (Equation (12)). The peak of the non-corotational electric field, ΦE, is proportional to the square
of the created current. (b) Maximum Eddington rate (i.e., maximum gap luminosity normalized by the
Eddington luminosity) that a stationary gap can attain for a fix magnetospheric current, jLS (abscissa).
Adapted with permission from [77].

It is worth noting, however, that the 2D screening effect of E‖ becomes important when w becomes
comparable to or greater than the trans-field (e.g., meridional) thickness, D⊥. In the case of pulsar OGs,
D⊥ becomes much less than the light cylinder radius, c/ΩF, for young pulsars like the Crab pulsar,
and comparable to c/ΩF for middle-aged pulsars like the Geminga pulsar (see §2 for references).
For BHs, D⊥ ∼ rg = M holds. Thus, in the present case, when w~M, E‖ saturates and suppressed
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when jcr > 0.3 (or jLS > 0.15 in the notation of [78]). In this section, we present the result of a pulsar
case, whose electrodynamics is essentially the same as BHs. In Figure 3, we show the pulsar’s E‖
solved for three discrete gap currents, jcr = 0.01 (dashed curve), 0.03 (solid curve), and 0.0592 (dotted
curve). As the gap width approaches D⊥ = 3 × 108 cm, E‖ is substantially suppressed by the 2D
screening effect. As a result, pulsar OG solutions exist in a wide range of jcr, namely 0 < jcr < 1. In the
same way, for BHs, a stationary gap solution exists in a wide, 0 < jcr < 1, by virtue of the 2D screening
effect, as will be demonstrated in §6.5. In another word, the difficulty of stationary BH gap model
pointed out by [77], can be solved if we consider the 2D electrodynamic structure.

Figure 3. Acceleration electric field in a pulsar outer gap. The dashed, solid, and dotted curves
correspond to the case of jcr = 0.01, 0.03, and 0.0592. From [78].

3.5. Background Space-Time Geometry

To examine the gap electrodynamics further quantitatively, let us describe the space time around
a rotating BH. Since the self-gravity of the accreting plasmas and the electromagnetic field is negligible
compared to the BH’s gravitational field, the spacetime around a rotating BH is well described by the
Kerr metric [79]. In the Boyer–Lindquist coordinate [80], it becomes:

ds2 = gttdt2 + 2gtϕdtdϕ + grrdr2 + gθθdθ2 + gϕϕdϕ2 (14)

where,

gtt = −Δ − a2 sin2 θ

Σ
, gtϕ = −2Mar sin2 θ

Σ
, gϕϕ =

A sin2 θ

Σ
, grr =

Σ
Δ

, gθθ = Σ, (15)

and,

Δ = r2 − 2Mr + a2, Σ = r2 + a2 cos2 θ, A =
(

r2 + a2
)2 − Δa2 sin2 θ. (16)

At the event horizon, Δ vanishes; thus, rH = rg +
√

rg2 − a2 gives the horizon radius. The Schwarzschild
radius is given by 2M. If the BH is maximally rotating, a → M gives rH → M ; that is, the horizon
radius becomes half of the Schwarzschild radius. The space-time frame dragging angular frequency is
given by:

ω ≡ − gtϕ

gϕϕ
=

2Mar
A

. (17)

which decreases as ω → 2Ma/r3 away from the BH, r � M. At the event horizon, r = rH, on the
other hand, becomes the BH’s spin angular frequency,

ωH ≡ a
2MrH

. (18)
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which does not depend on θ, as expected. To lower an index of a tensor, we can use the
following relations,

gtt = − gϕϕ

ρw2 , gϕϕ = − gtt

ρw2 , gtϕ =
gtϕ

ρw2 , grr =
1

grr
, gθθ =

1
gθθ

, (19)

where ρw
2 ≡ gtϕ

2 − gttgϕϕ = Δ sin2 θ vanishes at the horizon. We must choose appropriate vector and
tensor components that are well-behaved at the horizon, as briefly discussed below in Equation (30).

3.6. Non-Stationary BH Gap Model

The aforementioned BH gap scenarios, however, are based on the stationary assumption. Thus,
Levinson and Cerutti [81] examined the lepton acceleration and gamma-ray emission within a gap
around a rotating BH, performing one-dimensional particle-in-cell (PIC) simulations. From the
homogeneous part of the Maxwell equations (i.e., the Faraday law), one obtains:

∂tFrθ + ∂rFθt + ∂θ Ftr = 0, (20)

∂tFθϕ + ∂θ Fϕt + ∂ϕFtθ = 0, (21)

∂tFϕr + ∂ϕFrt + ∂rFtϕ = 0, (22)

where the electro-magnetic field strength tensor is related to the scalar and vector potentials by
Fμν = ∂μ Aν − ∂ν Aμ. They then investigated one-dimensional disturbances along the radial direction,
setting ∂θ = ∂ϕ = 0. Thus, they obtained:

∂tFrθ = −∂rFθt, (23)

∂tFθϕ = 0, (24)

∂tFϕr = −∂rFtϕ, (25)

It follows from ∂tFθϕ = 0 that the radial component of the magnetic field should be
time-independent. As an example, they assumed a split-monopole solution, fixing the magnetic
flux function to be Aϕ(r, θ) = C(1− cos θ), where C is a constant. This solution can be obtained around
a slowly rotating BH if we give the toroidal current by Jϕ = Cr−4 on the equatorial plane [13,26].
With this solution of Aϕ, the poloidal components of the magnetic field becomes time-independent
and radial, because one obtains Fθϕ = ∂θ Aϕ = C sin θ and Fϕr = −∂r Aϕ = 0. Accordingly, we obtain
Fϕt = ∂ϕ At − ∂t Aϕ = 0; thus, the toroidal electric field vanishes. The poloidal components of the
electric field are solved from the inhomogeneous part of the Maxwell equations (i.e., Amprere’s law),

∇μFνμ =
1√−g

∂μ

(√−gFνμ
)
= 4π Jν, (26)

where Jν refers to the electric four current. Putting ν = r and, and noting that

∂Frt

∂t
= grr(gtt∂tFrt + gtϕ∂tFrϕ

)
= − A

Σ2

(
∂Frt

∂t
+ ω

∂Frϕ

∂t

)
, (27)

and,
∂Fθt

∂t
= gθθ

(
gtt∂tFθt + gtϕ∂tFθϕ

)
= − A

ΔΣ2

(
∂Fθt
∂t

+ ω
∂Fθϕ

∂t

)
, (28)

holds, we obtain:

∂tFrt =
Σ2

A
∂θ

(
ln

√−g
)

Frθ − Σ2

A
· 4π Jr, (29)
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and,

∂tFθt = −ΔΣ2

A
∂r
(
ln

√−g
)

Frθ − ΔΣ2

A
∂rFrθ − ΔΣ2

A
· 4π Jθ , (30)

where Frθ = grrgθθ Frθ = (Σ2/Δ)Frθ ; also, ∂θ = ∂ϕ = 0 and ∂tFθϕ = ∂tFϕr = 0 are used. Thus,
they solve the time evolution of Frθ , Frt, and Fθt, all of which are well-behaved at the horizon,
from Equations (24), (29) and (30). The electric current density Jν in Ampere’s law is constructed from
the actual motion of the charged particles in the PIC scheme.

By this one-dimensional, general-relativistic (GR) PIC simulation scheme, they demonstrated that
E‖ is efficiently screened out by the discharge of created pairs within the duration that is comparable
to the dynamical time scale, rg/c = GM/c3 = M, that the residual E‖ leads to a strong flare of VHE
curvature radiation, which is followed by a state of self-sustained, rapid plasma oscillations, and that
the resultant quasi-stationary gamma-ray luminosity attains only about 10−5 of the BZ power; that is,
the time-averaged luminosity becomes less than the stationary analysis. See also Levinson et al.,
who semi-analytically found longitudinal oscillations in their two beam model [82].

Figure 4 exhibits the snapshots at four discrete simulation times. The upper panel shows the
variation of the pair and photon densities. Pair density increases due to pair production from zero
and saturates at about 10 times GJ value within t = 5 GM/c3 = 5 M, that is, within a few dynamical
time scales, where we may define the dynamical time scale to be 2 GM/c3 = 2 M. Accordingly, E‖ is
nearly screened out. The sporadic pair creation leads to rapid spatial and temporal oscillations of
E‖ (middle panel) and Jr (bottom panel). Above nearly 10 dynamical time scales, t > 20 M, pair and
photon distribution function attain quasi-stationary state.

Figure 4. Snapshots from a typical simulation of spark gap dynamics. Shown are the pair and photon
densities (upper panels), electric flux (middle panels), and radial electric current, ΣJr, normalized by the
global magnetospheric current J0. The leftmost panels delineate the initial state, at t = 0. The rightmost
panels show the relaxed state, following the prompt discharge. We note the scale change on the vertical
axis in the middle panels. Adapted with permission from [81].
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Figure 5 exhibits the light curve evolution. It follows that the gamma-ray luminosity approaches
the BZ power during the initial spike but decays to the terminal value as E‖ is screened out. It is
possible to argue that strong, rapid flares should be produced every time a magnetospheric gap is
restored. The flaring episode is then followed by quiescent emission with a luminosity, Lγ ∼ 10−5LBZ.

Figure 5. Gamma-ray light curve produced by the gap discharge. The red line corresponds to
inverse-Compton (IC) emission, the blue line to curvature emission, and the black dashed line to
the sum of both components. Adapted with permission from [81].

More recently, Chen et al. performed 1D PIC simulations on the BH gap model [83]. They assumed
a Minkowski spacetime in the Maxwell equations, lepton equation of motion, and radiative transfer
equation, except for the GJ charge density, whose GR expression is essential for the formation of a
null surface near the event horizon, whereas full GR expressions were implemented in all the basic
equations in [81]. Cheng et al. adopted a Newtorian split-monopole solution [84], and solved the
time evolution of E‖ = Er, Eθ , and Bϕ. It is found that a BH gap opens quasi-periodically and the
screening of E‖ creates oscillations. Eventually, when the created pairs escape across the light surfaces,
the charge-starved magnetosphere recur in the formation of a gap.

Figure 6 shows the third cycle of such a gap development. The middle panel in the top indicates
that E‖ arises around the null surface, which is shown in the third panels as the crossing of the GR
charge density (green curve in the orange band) and 0 (horizontal green line). However, the gap can
also appear at different positions, as the right two panels in the top row show. The gap (shown in the
top row) appears in the low multiplicity region, as indicated in the second row. Note that the green
curve in the bottom panels show the spectra of the photons that materialize within the simulation box;
thus, they do not show the gamma-ray spectra to be observed.

In short, time-dependent, one-dimensional GR PIC simulations revealed that gaps are unsteady
but tend to a quasi-steady state or a quasi-periodical state. The former, quasi-steady solution shows
that the time-averaged gap gamma-ray luminosity is of an order of magnitude smaller than stationary
analysis because of the efficient screening [81]. Nevertheless, in the present review we focus on the
stationary BH gap scenario in order to elucidate the detailed gap electrodynamics, which will be also
important to understand the time-dependent phenomena.
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Figure 6. Time evolution of the gap. From left to right are snapshots at labeled times, where L is the
size of the box. The panels from top to bottom are: (1) phase space plots for electrons (blue), positrons
(orange), and photons (black). The green line is electric field and its scale is on the right. (2) Pair
multiplicity M. Orange and green lines mark M = 1 and 2, respectively. (3) Current j (blue) and charge
density (orange) and their background values. (4) Spectrum of electrons (blue), positrons (orange),
and photons (green). Adapted with permission from [83].

4. Advection-Dominated Accretion Flow

Before moving onto the gap electrodynamics, let us briefly describe the radiatively inefficient
accretion flow in the lower latitudes (i.e., near the equator), because it is essential to quantify the
photon–photon pair production and IC scatterings taking place inside and outside the gap in the
higher latitudes (i.e., in the polar funnel). Since we are concerned with the soft photon field near the
BH, we do not consider the structure of accretion flows away from the BH, focusing on an ADAF,
a representative model of radiatively inefficient accretion flow. We consider that plasma accretion takes
place near the rotational equator with a certain vertical thickness (e.g., [20,85,86]). Such an accretion
cannot penetrate into the higher latitudes, that is, in the polar funnel because the centrifugal-force
barrier prevents plasma accretion toward the rotation axis, and because the timescale for magnetic
Rayleigh–Taylor instability or turbulent diffusion is long compared to the dynamical timescale of
accretion. In this evacuated funnel, the poloidal magnetic field lines resemble a split monopole in a
time-averaged sense [22]. The lower-latitude accretion emits MeV photons into the higher latitudes,
supplying electron–positron pairs in the funnel. If the pair density in the funnel becomes less than NGJ,
E‖ arises. Thus, a plasma accretion in the lower altitudes and a gap formation in the higher altitudes
are compatible in a BH magnetosphere.

Since the gap luminosity increases with decreasing accretion rate [61–63,67,68], we consider
a dimensionless accretion rate that is much small compared to unity. Such a low accretion status
corresponds to the quiescence or low-hard state for X-ray binaries, and low luminosity active galactic
nuclei for super-massive BHs. At such a low accretion rate, the equatorial accretion flow becomes
optically thin for Bremsstrahlung absorption and radiatively inefficient because of the weak Coulomb
interaction between the ions and electrons. Accordingly, the ions store the heat within the flow itself and
accretes onto the BH without losing the thermal energy as radiation. This radiatively inefficient flow
can be described by an ADAF [28,29,87–92], and provides the target soft photons for the IC-scattering
and the photon-absorption processes in the polar funnel. Thus, to tabulate the redistribution functions
for these two processes, we compute the specific intensity of the ADAF-emitted photons. For this
purpose, we adopt the analytical self-similar ADAF spectrum presented in [90]. The spectrum includes
the contribution of the synchrotron, IC, and Bremsstrahlung processes. These three cooling mechanisms
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balance with the heating due to the viscosity and the energy transport form ions, and determine the
temperature of the electrons in an ADAF to be around Te~109 K. In radio wavelength, the ADAF
radiation field is dominated by the synchrotron component whose peak frequency, νc,syn, varies with

the accretion rate as νc,syn ∝
·

m
1/2

. In the X-ray wavelength, the Bremsstrahlung component dominates

the ADAF flux at such a low
·

m. In soft gamma-ray wavelength, this component cuts off around the
energy hν ∼ kTe. These MeV photons (with energies slightly below kTe collide each other to materialize
as seed electrons and positrons that initiate a pair-production cascade within the gap. If the accretion
rate is as low as

·
m <

·
mup(M, a) < 10−2.5, the seed pair density becomes less than the GJ value [59],

thereby leading to an occurrence of a vacuum gap in the funnel.
It is noteworthy, however, that at low accretion rate, namely

·
m < 10−3, less efficient thermalization

may lead to a hybrid thermal-nonthermal energy distribution. Observationally, it is indeed known
that non-thermal electrons are needed to reproduce the quiescent low-frequency radio emission in
Sgr A* [93–95] and other low-luminosity AGNs [96]. Theoretically, the direct heating of electrons
(i.e., not via Coulomb collisions with ions) is proposed via several mechanisms, such as magnetic
reconnection [97–101], MHD turbulence [98,102–105], or dissipation of pressure anisotropy in a
collisionless plasma [106]. At the present stage, there is no consensus on the theory of electron
heating yet. In the present review, we neglect such direct heating of electrons and assume that only less
than 1% of the ions thermal energy is transferred to electrons. However, if more gravitational energy
is converted into electrons’ heat by direct heating (i.e., if the fraction of electron heating becomes »
0.01), the increased ADAF soft photon field would significantly reduce the gap luminosity at a fixed
accretion rate. We should keep this point in mind when we construct a BH gap model, irrespective of
whether the gap is stationary or non-stationary. We will present the input ADAF spectrum when we
show the predicted gamma-ray spectrum of the gap emissions.

5. Stationary, Two-Dimensional Gap Electrodynamics

Next, we formulate the BH gap, which will be formed when
·

m <
·

mup.

5.1. Poisson Equation for the Non-Corotational Potential

In a stationary and axisymmetric spacetime, Gauss’s law for the electrostatic potential gives

∇μFtμ =
1√−g

∂μ

[√−g
ρw2 gμν(−gϕϕFtν + gtϕFϕν)

]
= 4πρ, (31)

where ∇ denotes the covariant derivative,
√−g =

√
grrgθθρw2 = Σ sin θ, ρw

2 = Δ sin2 θ, and denotes
the real charge density; the Greek indices run over t, r, θ, ϕ. The electro-magnetic field strength tensor
Fμν is defined in Section 3.6.

In the present formalism, we assume that the electromagnetic fields depend on t and ϕ only
through ϕ − ΩFt, where ΩF denotes the angular frequency of the magnetic field rotation. Imposing
the ideal MHD condition (i.e., imposing a very large magnetic Reynolds number in the Ohm’s law,
which leads to a vanishing electric field in the co-moving frame of the fluid), we obtain Frt = ΩFFϕr

and Fθt = −ΩFFθϕ. Under this assumption of stationarity, Fμν = Fμν(r, θ, ϕ − ΩFt), we can introduce
the non-corotational potential such that:

Fμt + ΩFFμϕ = ∂μΦ(r, θ, ϕ − ΩFt), (32)

If FAt + ΩFFAϕ vanishes for A=r and θ, ΩF is conserved along the magnetic field line. However,
in a lepton accelerator, FAt + ΩFFAϕ deviates from 0 and the magnetic field lines do not rigidly rotate.
The deviation from rigid rotation is expressed by how Φ deviates from a constant value at each place
in the magnetosphere.
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We adopt the static observer whose four velocity is given by the Killing vector, ξμ = (1, 0, 0, 0).
Then the electromagnetic fields have the following components in the Boyer–Lindquist coordinates,
Er = Frt, Eθ = Fθt, Eϕ = Fϕt, and [107,108]

Br = − gtt + gtϕΩF√−g
Fθϕ, Bθ = − gtt + gtϕΩF√−g

Fϕr, Bϕ =
√−gFrθ . (33)

The acceleration electric field is given by E‖ = E · B/B = (Fit + ΩFFiϕ)Bi/B = (B/B) · (∇Φ),

where B ≡ |B|. Note that
(

E‖B
)2

= (E · B)2 = det(F) is a frame-independent scalar.
Substituting Equation (30) into (29), we obtain the Poisson equation for the non-corotational potential,

1√−g
∂μ

[√−g
ρw2 gμνgϕϕ∂νΦ

]
= 4π(ρ − ρGJ), (34)

where the general-relativistic Goldreich–Julian (GJ) charge density is defined by

ρGJ ≡ 1
4π

√−g
∂μ

[√−g
ρw2 gμνgϕϕ(ΩF − ω)Fϕν

]
, (35)

where ω ≡ −gtϕ/gϕϕ denotes the frame dragging angular frequency. Away from the horizon, r � M,
Equation (35) reduces to the standard, special-relativistic expression of the GJ charge density,

ρGJ = −Ω · B

2πc
+

(Ω × r) · (∇× B)

4πc
(36)

Not only Fμν and Φ but also ρ may depend on t and ϕ through ϕ − ΩFt. In this case, Equation (34)
gives “stationary” gap solution in the “co-rotational” frame, in the sense that Φ and ρ are a function of
r, θ, and ϕ − ΩFt. Note that such stationary solutions are valid not only between the two light surfaces
where k0 ≡ −gtt − 2gtϕΩF − gϕϕΩF

2 > 0, but also inside the inner light surface and outside the outer
light surface where k0 < 0 [109–111].

5.2. The Null-Charge Surface

Equation (34) shows that E‖ is exerted along B if ρ deviates from ρGJ. In a stationary gap,
the derivative of E‖ along B should change sign at the outer and the inner boundaries, where the outer
boundary is located at larger distance from the hole, while the inner boundary is located near the hole.
Thus, a vacuum gap (with ρ ≈ 0) is located around the null-charge surface, on which ρGJ changes sign.
If the gap becomes non-vacuum (i.e., |ρ| is slight smaller than |ρGJ|), the gap position is essentially
unchanged (6.6). Thus, the null-charge surface becomes the natural place for a gap to arise, in the same
way as the pulsar outer-gap model (for an analytic argument of the gap position, see 2 of [112]).

In the case of BHs, the null-charge surface appears near the surface on which ω coincides with
ΩF [52]. Since ω matches ΩF only near the horizon, the gap inevitably appears near the horizon,
irrespective of the BH mass. In Figure 7, we plot the distribution of the null surface as the thick
red solid curve. In the left panel, we assume that the magnetic field is split-monopole, adopting
Aϕ = C(1 − cos θ) as the magnetic flux function [13], where C is a constant. In the right panel,
on the other hand, we assume a parabolic magnetic field line with Aϕ = (C/2)r(1 − cos θ) on the
poloidal plane (i.e., r–θ plane). We adopt ΩF = 0.3ωH for both cases [20,113]. It follows that the null
surface distributes nearly spherically, irrespective of the poloidal magnetic field configuration. This is
because its position is essentially determined by the condition ω(r, θ) = ΩF(Aϕ), because ω has
weak dependence on θ, and because we assume ΩF is constant for Aϕ for simplicity. If ΩF decreases
(or increases) toward the polar region, the null surface shape becomes prolate (or oblate). The field
angular frequency ΩF is, indeed, deeply related to the accretion conditions. For instance, in order to
get adequate jet efficiency from the magnetic field in the funnel above the BH for a radio-loud active
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galactic nuclei (AGNs), one needs significant flux compression from the lateral boundary imposed by
the accretion flow and corona [114]. Although it is not a self-consistent solution, we adopt a constant
ΩF in the present review for simplicity.

Let us quickly take a look at the case of slower and faster rotations. Figure 8 shows the GJ
charge density and the null-charge surface distribution when the poloidal magnetic field line is radial
(i.e., split-monopole); the BH mass and spin are the same as Figure 7. The left panel corresponds to
the case of ΩF = 0.15ωH , while the right panel ΩF = 0.60ωH . It follows that the null-charge surface
approaches the horizon for as ΩF increases. In what follows, we adopt ΩF = 0.5ωH unless explicitly
mentioned, because the BZ power maximizes at this magnetic-field rotation.

Figure 7. Distribution of the null surface (red thick solid curve) on the poloidal plane in the
Boyer–Lindquist coordinates. The axes are in rg = GM/c2 = M unit. The black hole (filled black
region in the lower left corner) rotates rapidly with spin parameter a = 0.998 M around the ordinate.
The contours of the dimensionless Goldreich–Julian charge density are plotted with the red dashed
curves (for positive values) and the red dotted ones (for negative values as labeled). The black
dash-dotted curve denotes the static limit, within which the rotational energy of the hole is stored.
The black solid curves denote the magnetic field lines. (a) The case of a split-monopole magnetic field.
(b) The case of a parabolic field. From [61].

Figure 8. Similar to the left panel of Figure 7: both panels show the dimensionless Goldreich–Julian
charge density (red dashed, solid, and dotted contours) for a split-monopole magnetic field (black
solid lines). (a) The case of a slower field-line rotation, ΩF = 0.15ωH . (b) The case of a faster rotation,
ΩF = 0.60ωH . From [61].
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5.3. The Stagnation Surface

In a stationary and axisymmetric BH magnetosphere, an MHD fluid flows from a greater k0 region
to a smaller k0 one. It follows that both the inflows and outflows start from the two-dimensional
surface on which k0 maximizes along the poloidal magnetic field line. Thus, putting k0’ = 0, we obtain
the position of the stagnation surface (thick green solid curve in Figure 9), where the prime denotes
the derivative along the poloidal magnetic field line. The condition k0’ = 0 is equivalent to imposing a
balance among the gravitational, centrifugal, and Lorentz forces on the poloidal plane. In Figure 9,
we plot the contours of k0 for split-monopole and parabolic poloidal magnetic field lines.

It is clear that the stagnation surface is located at r < 5 M in the lower latitudes but at r > 5 M in
the higher latitudes. As the poloidal field geometry changes from radial to parabolic, the stagnation
surface moderately moves away from the rotation axis in the higher latitudes.

This analytical argument of the position of the stagnation surface [115], was confirmed by
general relativistic (GR) MHD simulations [60]. In these numerical works, the stagnation surface is
time-dependent but stably located at 5–10 M with a prolate shape, as depicted in Figure 9.

The two-dimensional surfaces on which k0 vanishes, are called the outer and inner light surfaces
(thick red solid curves in Figure 9). Outside the outer light surface (or inside the inner light surface),
plasma particles must flow outwards (or inwards).

Figure 9. Distribution of the stagnation surface (thick green solid curve) on the poloidal plane. Similar
to Figure 7, but equi-k0 potential curves are depicted with the dashed curves (for positive values) and
dotted ones (for negative values). The thick, red solid curves denote the outer and inner light surfaces
where k0 vanishes. (a) The case of a split-monopole magnetic field. (b) The case of a parabolic field.
From [61].

5.4. The Gap Position

To examine the Poisson Equation (34), it is worth noting that the distribution of ρGJ has relatively
small dependence on the magnetic field geometry near the horizon, because its distribution is
essentially governed by the space-time dragging effect, as indicated by the red solid, dashed, and dotted
contours in Figure 7 for split-monopole and parabolic fields. As a result, the gap solution little depends
on the magnetic field line configuration, particularly in the higher latitudes. In what follows, we thus
assume a split-monopole field and adopt a constant ΩF for Aϕ for simplicity, as described in the left
panels of Figures 7 and 9.

In a pulsar magnetosphere, the gap position is located around the null-charge surface if there
is no leptonic injection across either of the inner and outer boundaries, and that the gap position
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shifts outwards (or inwards) when leptons are injected into the gap across the inner (or the outer)
boundary [116,117]. Since the gap electrodynamics is essentially the same between pulsar outer gaps
and BH gaps, we can expect that the same conclusion holds in the case of BH magnetospheres.

In a BH magnetosphere, a gap indeed distributes around the null-charge surface, as will be shown
in Sections 6.3 and 7.2.

5.5. Advection-Dominated Accretion Flow (ADAF)-Emitted Soft Photon Field in the Magnetosphere

To quantify the gap electrodynamics, we need to compute the pair creation rate. To this end,
we must tabulate the specific intensity of the soft photons at each position in the polar funnel. In this
section, we therefore consider how the soft photons are emitted in an ADAF and propagate around a
rotating BH. We assume that the soft-photon field is axisymmetric with respect to the BH rotation axis.
When the mass accretion rate is much smaller than the Eddington rate, the accreting plasmas form an
ADAF with a certain thickness in the equatorial region. For simplicity, in this paper we approximate
that such plasmas rotate around the BH with the GR Keplerian angular velocity,

ΩK ≡ ± 1
M

1

(r/M)3/2 ± a/M
(37)

and that their motion is dominated by this rotation. That is, we neglect the motion of the
soft-photon-emitting plasmas on the poloidal plane, (r,θ), for simplicity.

Let us introduce the local rest frame (LRF) of such rotating plasmas. The orthonormal tetrad of
the LRF is given by [63],

e(t̂)
LRF =

(
dt
dτ

)LRF(
∂t + ΩK∂ϕ

)
, (38)

e(ϕ̂)
LRF =

gtϕ + gϕϕΩK

ρw
√

D
∂t − gtt + gtϕΩK

ρw
√

D
∂ϕ, (39)

e(r̂)
LRF =

√
grr∂r, e(θ̂)

LRF =
√

gθθ∂θ , (40)

where,
D ≡ −gtt − 2gtϕΩK − gϕϕΩK

2, (41)

and the redshift factor between the LRF and the distant static observer becomes:(
dτ

dt

)LRF
=

√
D. (42)

Note that the GR Keplerian angular frequency on the equator, ΩK, is different from the magnetic-field
angular frequency, ΩF. Thus, D is not k0. Note also that Equation (42) is the reciprocal of what appears
in Equation (38). For further details on how to compute the specific intensity of the ADAF soft photon
field, see [63].

Between the distant static observer (i.e., us) and the LRF, the photon energy changes by the
redshift factor,

ω∞

ωLRF
=

e(t)
∞ · k

e(t)
LRF · k

=

(
dt
dτ

)LRF −�ω∞

(e(t) + βϕe(ϕ)) · k
=

(
dt
dτ

)LRF 1
1 − βϕλ

, (43)

where λ ≡ kϕ/�ω∞ denotes the ratio between the photon angular momentum kϕ and energy −kt =

�ω∞, both of which are conserved along the ray.
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We tabulate the soft photon specific intensity at each position in the magnetosphere by the
ray-tracing method. The dispersion relation kμkμ = 0 gives the Hamiltonian,

H = −kt = − gtϕ

gϕϕ
kϕ ± ρw

gϕϕ

√
kϕ

2 + gϕϕ(grrkr2 + gθθkθ
2), (44)

Thus, the Hamilton–Jacobi relation gives dr/dt, dθ/dt, dkr/dt, and dkθ/dt in terms of (r,θ) and (kr,kθ)
for a fixed (−kt,kϕ), which enables us to ray-trace the soft photons in the Kerr space time [63].

In what follows, we compute the collision frequencies of two-photon pair creation and IC
scatterings in the frame of a zero-angular-momentum observer (ZAMO), which rotates with the
same angular frequency as the space-time dragging frequency, ω = −gtϕ/gϕϕ. Putting βϕ = ω,
we obtain the lapse (Section 3.3 of [63]):

dτ

dt
= α =

ρw√gϕϕ
=

√
ΔΣ
A

, (45)

Between the distant static observer and ZAMO, the photon energy changes by the redshift factor,

ω∞

ωZAMO
=

e(t)
∞ · k

e(t)
ZAMO · k

=
α

1 − βϕλ
, (46)

Combining Equations (46) and (58), we find that the photon energy changes from the LRF (in the
disk) to ZAMO (in the magnetosphere including the polar funnel) by the factor:

gs ≡ ωZAMO

ωLRF
= α−1

(
dτ

dt

)LRF 1 − ωλ

1 − ΩKλ
, (47)

By the ray-tracing technique described above (see also [118]), we can now compute the specific
intensity of the soft photons emitted from the ADAF at each place in the magnetosphere in the ZAMO
frame of reference. Integrating this ZAMO-measured specific intensity over the propagation solid
angle in each directional bin at each point in ZAMO, we obtain the soft photon flux at each point
in each direction. Finally, we use this flux to compute the IC optical depth and the photon–photon
collision optical depth in ZAMO.

Let us define (dFs/dEs)0 to be the differential soft photon flux that would be obtained if the specific
intensity were homogeneous and isotropic in a Minkowski space time within the radius 6M, and if the
total soft photon luminosity were given by radial flux at 6M multiplied by 4π(6M)2. Then, the photon
differential number flux at each place can be expressed as dFs/dEs = fADAF(r, θ)(dFs/dEs)0, where the
flux correction factor can be computed by summing up the ray-traced photons at each place by the
method described above. If the photon specific intensity were homogeneous and isotropic at r < 6M in
a flat spacetime, we would have fADAF(r, θ) = 1 at any r and θ within the radius 6M.

Figure 10 shows the flux correction factor, fADAF(r, θ). The top left, top right, bottom left and
bottom right panels show the results for colatitudes θ= 0◦, 15◦, 30◦, 45◦, respectively. The black solid,
red dashed, green dot-dashed, blue dotted, and cyan triple-dot-dashed curves denote fADAF at r = 2 M,
4 M, 6 M, 15 M, and 30 M, respectively. The results do not depend on the BH mass, because the
radius is normalized by the gravitational radius, rg = M. In each panel, the abscissa indicates the
photon momentum projected along the radial outward direction; thus, +1 means radially outward
propagation while −1 does radially inward one. It follows that the photon intensity decreases with
decreasing θ, because most of the photons have positive angular momentum λ and hence find it
difficult to approach the rotation axis, θ= 0. The solid curves (at r = 2M) in each panel show that the
radiation field becomes predominantly inward near the horizon due to the causality, where the horizon
is located at rH = 1.435M when a = 0.9M. However, at larger radius r, the radiation field becomes
outwardly unidirectional and its flux decreases by the r−2 law, as the blue (at r = 15M) and cyan
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(at r = 30M) curves indicate. This is because the ADAF photons are emitted only within rout = 10M
in the present consideration.

Figure 10. Advection-dominated accretion flow (ADAF) photon flux correction factor, fADAF, as a
function of the cosine of the propagation direction, cos θγ

ZAMO, with respect to the radially outward
direction, at five discrete radial positions at three latitudes, as labeled. BH spin is assumed to be 0.9 M.
The black solid, red dashed, green dot-dashed, blue dotted, and cyan triple-dot-dashed curves denote
fADAF at r = 2 M, 4 M, 6 M, 15 M, and 30 M, respectively. In each panel, the abscissa changes from
cos θγ

ZAMO = −1 to +1; −1 corresponds to the radially inward direction, whereas +1 does radially
outward direction in the zero-angular-momentum observer (ZAMO). From [63].

5.6. The Poisson Equation in the Tortoise Coordinate

To solve the radial dependence of Φ in the Poisson Equation (34), we introduce the following
dimensionless tortoise coordinate,

dη∗
dr

=
r2 + a2

Δ
1
M

, (48)

In this coordinate, the horizon corresponds to the “inward infinity,” η∗ → −∞ . In this paper, we set
η∗ = r/M at r = 25M. Note that the function η∗ = η∗(r/M) does not depend on θ. For a graph of
η∗ = η∗(r/M), see Figure 2 of [62].

Using the tortoise coordinate, the Poisson Equation (34) can be cast into the form

A
Σ2

(
r2+a2

Δ

)2
∂2Φ̃
∂η∗2 +

[
A
Σ2

2r(a2−Mr)
Δ2 + r2+a2

ΣΔ
∂
∂r

(
A
Σ

)]
∂Φ̃
∂η∗

+ A
Σ2Δ

∂2Φ̃
∂θ2 + 1

ΣΔ sin θ
∂
∂θ

(
A sin θ

Σ

)
∂Φ̃
∂θ = B(η∗ ,θ)

BH

[∫
(n+ − n−)dγ − nGJ

] (49)

The cscθ factor in the ∂θ term can be eliminated if we change the variable such as z = cosθ.
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The dimensionless lepton distribution functions per magnetic flux tube are defined by

n±(η∗, θ; γ) ≡ 2πce
ωHB(η∗, θ)

N±(η∗, θ; γ), (50)

whereas the dimensionless GJ number density is defined by:

nGJ(η∗, θ) ≡ 2πc
ωHB(η∗, θ)

ρGJ(η∗, θ), (51)

N± denotes the distribution function of positrons and electrons in ordinary definition. We have
introduced the dimensionless non-corotational potential,

Φ̃(η∗, θ) ≡ c
2M2ωHBH

Φ(r, θ), (52)

For a radial poloidal magnetic field, Aϕ = Aϕ(θ), we can compute the acceleration electric field by

E‖ ≡
∂Φ
∂r

=
2MωHB

c
r2 + a2

Δ
∂Φ̃
∂η∗

, (53)

Without loss of any generality, we can assume Fθϕ > 0 in the northern hemisphere. In this case,
a negative E|| arises in the gap, which is consistent with the direction of the global current flow pattern.

5.7. Boltzmann Equations for Electrons and Positrons

Next, let us describe the lepton Boltzmann equations. Imposing a stationary condition, ∂t +

ΩF∂ϕ = 0, we obtain the Boltzmann equations,

cos χ
∂n±
∂s

+
·
p

∂n±
∂p

= α
(
SIC,± + Sp,±

)
, (54)

where χ denotes the pitch angle (with χ = 0 for out-going leptons and χ = π for in-coming ones),
s and p show the position and dimensionless momentum along the magnetic field, SIC denotes the
rate of positrons or electrons transferred into Lorentz factor γ from another Lorentz factor via IC
scatterings, Sp refers to that which appeared into Lorentz factor γ via photon–photon and magnetic
pair production, and α refers to the lapse function, or equivalently, the gravitational redshift factor.
In the Boyer-Lindquist coordinate, we obtain

α =
ρw√gϕϕ

=

√
ΔΣ
A

, (55)

It follows that α = 0 at the horizon and α = 1 at infinity. We consider both photon–photon and
magnetic pair production process; however, only the former contributes in all the cases we consider.
The upper and lower sign of n, SIC, and Sp corresponds to the positrons (with charge q = +e) and
electrons (q = −e), respectively. The dimensionless momentum is related to the Lorentz factor by
p ≡ |p| = mec

√
γ2 − 1, where me shows the electron rest mass. The left-hand side is in dt basis,

where t denotes the proper time of a distant static observer. Thus, the lapse α is multiplied in the
right-hand side, because both SIC, and Sp are evaluated in ZAMO. It is convenient to include the
curvature emission as a friction term in the left-hand side. In this case, we obtain:

·
p ≡ qE‖ cos χ − PSC

c
, (56)

where the curvature radiation force is given by (e.g., [119]), PSC/c = 2e2γ4/(3Rc
2). The IC and

pair-production redistribution functions are given in [50,63].
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It is noteworthy that the charge conservation ensures that the dimensionless total current density
(per magnetic flux tube),

jtot(s) =
∫

[−n+(s, γ)− n−(s, γ)]dγ, (57)

is conserved along the flowline, where electrons migrate outwards while positron inwards. If we
denote the created current density as Jcr, the injected current density across the inner and outer
boundaries as Jin and Jout, respectively, and the typical GJ value as JGJ = ωHBH/2π, we obtain
jtot = jcr + jin + jout, where jcr ≡ Jcr/JGJ, jin ≡ Jin/JGJ, jout ≡ Jout/JGJ.

5.8. Radiative Transfer Equation

We assume that all photons are emitted with vanishing angular momenta and hence propagate
on a constant-θ cone. Under this assumption of radial propagation, we obtain the radiative
transfer equation:

dIω

dl
= −αω Iω + jω, (58)

where dl =
√

grrdr refers to the distance interval along the ray in ZAMO, αω and jω the absorption and
emission coefficients evaluated in ZAMO, respectively. We consider only photon–photon collisions
for absorption, pure curvature and IC processes for primary lepton emissions, and synchrotron and
IC processes for the emissions by secondary and higher-generation pairs. For more details of the
computation of absorption and emission, see Sections 4.2 and 4.3 of [61] and Section 5.1.5 of [62].

5.9. Boundary Conditions

The elliptic type second-order partial differential Equation (49) is solved on the 2-D poloidal plane.
We assume a reflection symmetry, ∂θΦ = 0, at θ = 0. We assume that the polar funnel is bounded at a
fixed colatitude, θ = θmax and that this lower-latitude boundary is equi-potential and put Φ = 0 at
θ = θmax = 60◦. Both the outer and inner boundaries are treated as free boundaries. At both inner and
outer boundaries, E‖ = −∂Φ/∂r vanishes. To solve the Boltzmann Equation (54), we need to specify
the particle injection rate across the inner and outer boundaries. Since the magnetospheric current
is to be constrained by a global condition including the distant dissipative region, we should treat
jcr, jin and jout as free parameters, when we focus on the local gap electrodynamics. For simplicity,
we assume that there is no electron injection across the inner boundary and put jin = 0 throughout this
paper. In what follows, we examine stationary gap solutions for several representative values of jcr

and jout. The radiative-transfer Equation (58), a first-order ordinary differential, contains no photon
injection across neither the outer nor the inner boundaries.

5.10. Gap Closure Condition

We compute the multiplicity (Equation (41) of [61]) of primary electrons, Mout, and that of primary
positrons, Min, summing up all the created pairs by individual test particles and dividing the result
by the number of test particles. With this modification, we apply the same closure condition that a
stationary gap may be sustained, MoutMin = 1.

6. Lepton Accelerator around Stellar-Mass Black Holes

Before we come to the main subject, the case of super-massive BHs, it is desirable to investigate
stellar-mass BHs, because important gap electrodynamics have so far been elucidated in this
case [67,68].

6.1. Black Hole Accretion in a Gaseous Cloud

When a BH moves in an ambient medium, accretion takes place onto the BH. Since the temperature
is very low in a molecular cloud, the BH’s velocity V becomes supersonic with respect to the gaseous
cloud. For a uniform medium, particles within the impact parameter rB ≈ GM/V2 will be captured by
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the BH with the hydrodynamical accretion rate [120,121]
·

MB = 4πλB(GM)2ρV−3, where we obtain
λB = 1.12 for an isothermal gas, and 0.25 for an adiabatic one; ρ denotes the mass density of the gas.
Thus, we obtain the dimensionless Bondi accretion rate:

·
mB = 5.39 × 10−9λBnH2

(
M

10M�

)( η

0.1

)−1
(

V
102km s−1

)−3
, (59)

for a molecular hydrogen gas, where nH2 denotes the density of H2 in the unit of cm−3, η ∼ 0.1

designates the radiation efficiency of the accretion flow. Representative values of
·

mB are plotted as the
five straight lines in Figure 11a. Since the accreting gases have little angular momentum as a whole
with respect to the BH, they form an accretion disk only within a radius that is much less than the
Bondi radius rB. Thus, we neglect the mass loss as a disk wind between rB and the inner-most region,
and evaluate the accretion rate near the BH,

·
m with

·
mB. In Section 6, we consider a 10-solar-mass BH,

which is typical as a stellar-mass BH [122,123].

6.2. Lepton Accelerator around Stellar-Mass Black Holes

In a vacuum, rotating magnetosphere, an acceleration electric field, E‖, inevitably arises.
Accordingly, leptons (red arrows in Figure 11b) are accelerated into ultra-relativistic energies to
emit high-energy gamma-rays (wavy line with middle wavelength) via the curvature process and
VHE gamma-rays (wavy line with shortest wavelength) via the inverse-Compton (IC) scatterings of
the soft photons (wavy line with longest wavelength) that were emitted from the ADAF. A fraction
of such VHE photons collide with the ADAF soft photons to materialize as e± pairs, which partially
screen the original E|| when they polarize. To compute the actual strength of E‖, we solve the e± pair
production cascade in a stationary and axisymmetric magnetosphere on the meridional plane (r,θ).
The magnetic field lines are twisted into the counter-rotational direction due to the poloidal currents,
and the curvature radius of such a toroidal field is assumed to be rg = M in the local reference frame.

Figure 11. (a) Luminosity of BH lepton accelerators when a 10-solar-mass, extremely rotating
(a = 0.99M) BH is moving with velocity V in a cloud whose molecule hydrogen density is nH2 . The five
straight lines correspond to the Bondi-Hoyle accretion rates, 10−2, 10−3, 10−4, 10−5, and 10−6, as labeled.
In the lower-right white region, the gap vanishes due to efficient pair production. In the upper-left
white region, stationary accelerators cannot be formed. Thus, stationary accelerators arise only in
the green-black region. (b) Schematic figure (side view) of a BH magnetosphere. The polar funnel is
assumed to be bounded from the ADAF, a kind of radiatively inefficient accretion flow (RIAF, cyan
region) at colatitude θ = 60◦ (dashed line) from the rotation axis (i.e., the ordinate). From [67].
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6.3. Results: Acceleration Electric Field

To estimate the maximum luminosity of a gap, we consider an extremely rotating case of a = 0.99
(Figure 4 of [68]). It follows from Figure 12a that E‖ peaks along the rotation axis, because the magnetic
fluxes concentrate towards the rotation axis as a→M. In what follows, we thus focus on the emission
along the rotation axis, θ = 0◦. E‖ decreases slowly outside the null surface in the same way as pulsar
outer gaps (e.g., Figure 12 of [124]). This is due to the two-dimensional screening effect of E‖.

Figure 12. Acceleration electric field, E‖, for M = 10Mò, a = 0.99M, and split-monopole magnetic field
lines rotating with angular frequency ΩF = 0.5ωH. (a) Distribution on the poloidal plane; both axes
are normalized by the gravitational radius, rg. Strong E|| appears only in the polar region. The mass
accretion rate is 10−4 in the Eddington unit. The null-charge surface distributes nearly spherically at
radis, r ≈ 1.73M. (b) E‖ as a function of distance from the null surface (abscissa) along the rotation
axis. The created current density is 70% of the Goldreich–Julian value, and the injected currents are
set to be zero. The red dashed, blue dotted, green dash-dotted, and black solid curves corresponds

to
·

m ≡ ·
M/

·
MEdd = 3.16 × 10−4, 1.77 × 10−4, 1.00 × 10−4, and 5.62 × 10−5, respectively. The vertical

dashed line shows the position of the null-charge surface. From [67,68].

In Figure 12b, we present E‖(s, θ = 0◦) at four dimensionless accretion rates (as indicated in the

box). We find that the potential drop increases with decreasing
·

m. However, if the accretion further
decreases as

·
m < 10−4.25, there exists no stationary gap solutions. Below this lower bound accretion

rate, the gap becomes inevitably non-stationary (Section 8.1).

6.4. Results: Ultra-Relativistic Leptons

Since E|| < 0, electrons (or positrons) are accelerated outward (or inward), the electrons’ Lorentz
factors, γ, gather around 3×106 due to the curvature-radiation drag (Figure 2 of [68]). At the same
time, γ distributes in lower values with a broad plateau in 6 × 104 <γ< 2 × 106 due to the IC drag.
Since the Klein–Nishina cross section increases with decreasing γ, such lower-energy electrons with
6 × 104 < γ < 2 × 106 efficiently contribute to the VHE emission via IC scatterings [68].

6.5. Results: Gamma-Ray Spectra

Let us examine the gamma-ray spectra. In Figure 13a, we present the spectral energy distribution
(SED) of the gap emission along five discrete viewing angles. It follows that the gap luminosity
maximizes if we observe the BH almost face-on, θ < 15◦, and that the gap luminosity rapidly decreases
at θ < 30◦.

51



Galaxies 2018, 6, 122

Figure 13. Spectral energy distribution (SED) of the gap-emitted photon for the BH whose mass and
spin are M = 10 M� and a = 0.99 M. The created and injected current densities are jcr = 0.7, jin = 0,
jout = 0. (a) SEDs along five discrete viewing angles with respect to the rotation axis; the black solid,
red dotted, blue dashed, green dot-dashed, and cyan triple-dot-dashed lines correspond to θ = 0◦,
15◦, 30◦, 35◦, and 36.25◦, respectively. The accretion rate is

·
m = 1.00 × 10−4. (b) SEDs at four discrete

accretion rate; the red dotted, blue dashed, black solid, and green dot-dashed lines correspond to
·

m
3.16 × 10−4, 1.77 × 10−4, 1.00 × 10−4, and 5.62 × 10−5, respectively. From [67,68].

In Figure 13b, we show the SEDs for a = 0.99M at
·

m = 10−3.50, 10−3.75, 10−4.00, and 10−4.25 along
θ = 0◦. It follows that the gap luminosity increases with decreasing

·
m. The VHE flux lies above the

CTA detection limit (dashed and dotted curves on the top right), provided that the distance is within
1 kpc and we observe it nearly face on (i.e., θ ∼ 0◦). Indeed, the VHE appears above the CTA detection
limit if a > 0.90 M (Figure 4 [68]). However, if the BH is moderately rotating as a = 0.50 M, it is very
difficult to detect its emission, unless it is located within 0.3 kpc [68]. It also follows that the spectrum
has two peaks. The curvature photons are emitted by the gap-accelerated primary electrons and
appear between 5 MeV and 0.5 GeV. The same electrons up-scatter the ambient soft photons, forming
the second peak between 0.5 GeV and 5 GeV. The latter IC photons suffers absorption above 0.1 TeV
(Figure 5 of [68]).

6.6. Results: Dependence on the Current Created in the Gap

Let us demonstrate that the gap solution exists in a wide range of the created electric current within
the gap, jcr ≡ Jcr/JGJ, and that the resultant gamma-ray spectrum little depends on jcr. In Figure 14,
we show the solved E‖(s) (left panels) and SEDs (right panels) for three discrete jcr’s: from the top,
they correspond to jcr = 0.3, 0.5, and 0.9. The case of jcr = 0.7 is presented as Figure 13b. It is clear that
the gap spectra modestly depend on the created current within the gap as long as the created current
is sub-GJ. There exist no stationary gap solutions if jcr > 1. Note that the maximum value of

∣∣∣E‖
∣∣∣

saturates below 4.5 × 105 statvolt cm−1 because of the 2D screening effect, which becomes important
when the gap width become comparable to or greater than the transverse thickness ~M (3.4).

It can also be shown that the SEDs depend little on the injected current across the outer boundary
(Figure 7 of [68]). For further details, including the authors’ comments to a criticism raised by [77]
regarding the locations of stationary gaps and the stagnation surface, see Section 6.2 of [68].

52



Galaxies 2018, 6, 122

Figure 14. Dependence of the magnetic field-aligned electric fields E‖(s) (left panels) and the SEDs
(right panels) on the created current within the gap. From the top, the created current density is 30%,
50%, and 90% of the GJ value. In all the three cases, the injected current density across the inner or
outer boundaries is set to be zero. The curves corresponds to the accretion rate of

·
m = 3.16 × 10−4 (red

dotted), 1.77 × 10−4 (blue dashed), 1.00 × 10−4 (black solid), and 5.62 × 10−5 (green dash-dotted).
From [68].

7. Lepton Accelerator around Super-Massive Black Holes

In this section, we apply the BH gap model to supermassive BHs.

7.1. Very High-Energy Observations of Active Galaxies

The High-Energy Stereoscopic System (H.E.S.S.), the Major Atmospheric Gamma Imaging
Cherenkov (MAGIC), and the Very Energetic Radiation Imaging Telescope Array System (VERITAS)
have so far detected 219 TeV sources [125]. Among them, 70 sources have been identified as
AGNs. Although most of them are blazer type, NGC 1275, 3C264, M87, and Cen A are classified
as Fanaroff–Riley (FR) I radio galaxies. In addition, another radio galaxy, IC 310 appears to be of a
transitional type between FR I and BL Lac. For these five non-blazer radio galaxies, their inner jet
(on parsec or sub-parsec scales) are moderately misaligned with respect to the line of sight. Thus,
their TeV emission from the jets will not be highly Doppler-boosted. Accordingly, the emission from
the direct vicinity of the central supermassive BH, if it exists, may not be hidden by the strong jet
emissioin. We are, therefore, motivated to study these non-blazer radio galaxies, comparing theoretical
predictions with VHE observations. See Rieger and Levinson [126] for a comprehensive review on the
VHE observations of these non-blazer radio galaxies, and associated theoretical arguments.

From NGC 1275, a TeV flare has been reported by MAGIC [127] with the shortest variation time
scale of Δtvar~10 h. Since the light crossing time of the event horizon is about 3 × 10 3 s for this source,
the dimension of the TeV emitting region should be less than 10 times Schwarzschild radii.
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M87 exhibited rapidly varying VHE flares that are observed in 2008 and 2010 [128–131], where the
shortest variation time scale was observed by all the three IACTs, and was found to be Δtvar~1 day [128].
Its horizon-crossing time scale, 4 × 10 4 s, indicates that the TeV emitting region should be less than a
few Schwarzschild radii. Also, VHE photons were detected during the other periods, including the
low-emission state [132–134]. Results of multi-wavelength observations of M87 were summarized
in [135].

IC 310 showed very rapid variabilities whose shortest time scale attained Δtvar~5 m = 300 s,
which was detected by MAGIC [77]. Compared with its horizon-crossing time scale of 3 × 10 3 s,
we find that the TeV photons should be emitted from a sub-horizon length scale, presumably from
the direct vicinity of the event horizon. For a comparison of representative emission models for such
rapidly varying extragalactic sources in the TeV sky, see [136].

In the rest of this review, we consider the BH gap model as a possible explanation of such
horizon-scale or sub-horizon-scale TeV flares observed from M87 and IC 310.

7.2. Results: Acceleration Electric Field

To investigate the VHE emission from the direct vicinity of a supermassive BH, we apply the
BH gap model, and comapre the results obtained for M = 109 Mò. and 106 Mò. Unless explicitly
mentioned, we adopt a = 0.90M, ΩF = 0.5ωH, jtot = 0.7, jin = jout = 0, and the curvature radius is RC
= M (due to toroidal bending of the magnetic field lines). To solve the Poisson Equation (49), we set
the meridional boundary at 60◦.

Let us begin with the E|| distribution on the poloidal plane (η∗, θ), where η∗ ≡ r∗/M denotes
the dimensionless tortoise coordinate (Section 5.4). In Figure 15, we plot E‖ (in statvolt cm−1) for
billion solar-mass BH (left panel) and for million solar-mass BH (right panel). For both panels, a
common accretion rate,

·
m = 1.77 × 10−5, is adopted. Near the lower-latitude boundary, θ = 60◦, a small

E‖ extends into higher altitudes, because a smaller E‖ requires a greater width for the gap closure
condition to be satisfied. This behavior is common with pulsar lower-altitude slot-gap models [137,138].
However, near the rotation axis, θ = 0◦, stronger E‖ arises, mainly because the polar region is far from
the meridional boundary at θ = 60◦, and partly because the magentic fluxes more or less concentrate
toward the rotation axis even for a non-extreme rotator with a = 0.90M. The strong E‖ distributes
relatively widely in the polar region within θ ≤ 15◦. E‖ decreases with increasing BH mass, because
the GJ charge density, ρGJ ≈ ΩB/2πc, decreases with increasing BH mass, where B = Beq (Equation
(1)).

Figure 15. Acceleration electric field (statvolt cm−1) on the poloidal plane. The abscissa denotes
the magnetic colatitudes, θ, in degrees, where 0 (i.e., the ordinate) corresponds to the magnetic axis.
The ordinate denotes the dimensionless tortoise coordinate, η∗ = r∗/rg, where -∞ corresponds to the

event horizon. BH spin is a = 0.9 M, and the accretion rate is set at
·

m = 1.77 × 10−5. (a) The case of M =
10 9 Mò. (b) The case of M = 106 Mò. From [68].
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7.3. Results: Gap Width

Let us briefly examine how the gap width, w, depends on the ADAF soft-photon field as the
accretion rate changes. In Figure 16, we plot the gap inner and outer boundary positions as a function
of

·
m, where the ordinate is converted into the dimensionless Boyer–Lindquist radial coordinate, r/M.

The left panel shows the result in the case of a billion solar-mass BH, while the right panel does that
in the case of a million solar-mass BH. It follows that the gap inner boundary (solid curve, r = r1)
infinitesimally approaches the horizon (dot–dashed horizontal line, r = rH), while the outer boundary
(dashed curve, r = r2) moves outward, with decreasing

·
m. At greater accretion rate,

·
m > 1.8 × 10−4

(for M = 109 Mò case), and
·

m > 10−3 (for M = 106 Mò case), we fail to find stationary solutions.
At smaller accretion rate, (

·
m < 5.6 × 10−6 for M = 109 Mò case, and

·
m < 2.3 × 10−5 for M = 10 6 Mò

case), there is no stationary gap solution, because the pair creation becomes too inefficient to create the
externally imposed current density, jtot, even with w»M. Note that jtot (along each magnetic flux tube)
should be constrained by a global requirement (including the dissipative region at large distances) and
cannot be solved if we consider only the gap region.

Figure 16. Spatial extent of the gap along the polar axis, θ = 0◦, as a function of the dimensionless
accretion; a = 0.9 M is assumed. Thick solid and dashed curves denote the position of the inner and the
outer boundaries of the gap, respectively, in units of the gravitational radius, rg = M. These boundary
positions (in the ordinate) are transformed from the tortoise coordinate into the Boyer–Lindquist
coordinate. The horizontal dot–dashed line shows the horizon radius, whereas the horizontal dotted
line shows the null surface position. (a) The case of M = 109 Mò. (b) The case of M = 10 6 Mò. From [68].

7.4. Results: Distribution Function of Electrons

Because E‖ is negative, electrons are accelerated outward while positrons inward. Thus, the outward
γ-rays, which we observe, are emitted by the electrons. Therefore, we focus on the distribution
function of the electrons created inside the gap. In Figure 17, we plot the electron distribution function,
γn−(r, γ), along the rotation axis, θ = 0◦, when the accretion rate is

·
m = 1.77 × 10−5. Note that γn−

denotes the electron phase space density per logarithmic Lorentz factor. The abscissa denotes the
Lorentz factor, γ, in the logarithmic scale. The ordinate denotes the distance s along the magnetic
field line from the null surface and converted into the Boyer–Lindquist radial coordinate. Note that
s ≈ r − r0 holds near the rotation axis. Electrons migrate outward from the lower part of this figure
to the upper part. In the case of a billion solar-mass BH (left panel), the accelerated electrons lose
energy via IC scatterings and distribute between 4 × 107 < γ < 1.5 × 108. Near and outside the outer
boundary, the decelerated electrons become nearly monoenergetic, forming a “shock” in the phase
space (due to the concentration of their characteristics) at r − r0 > 0.60 M. In the case of a million
solar-mass BH (right panel), electron’s distribution function has two peaks in the outer half of the gap,
r − r0 > 0.40M. The lower-energy peak appears in 107.2 < γ < 107.4 because of the radiation drag due
to IC scatterings. Below107.2, IC scatterings take place in the Thomson regime; thus, the scattering
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cross section is almost unchanged, while energy transfer per scattering decreases with decreasing
γ by γ2. Accordingly, the IC radiation drag works less effectively compared to the Klein-Nishina
regime, in which a substantial fraction of the electron’s energy is transferred to the photon. Thus, γn−
peaks slightly above γ~107.2. The higher-energy peak appears in 107.85 < γ < 108.25, because the lepton
Lorentz factors saturate in this range owing to the curvature radiation drag. Unlike the stellar-mass
cases (§6), however, the curvature component contributes only mildly for supermassive BHs even
when

·
m approaches its lower bound (

·
m = 2 × 10−5 in the present case), below which a stationary gap

ceases to exist. For the graph of the electron distribution functions at several positions in the gap,
see [68].

Figure 17. Electron distribution function, γn−(r, γ), of the electrons along the magnetic field line on the
polar axis, θ = 0◦, for a = 0.9 M and

·
m = 1.77 × 10−5. The abscissa denotes the electron Lorentz factor,

while the ordinate denotes the distance from the null surface, s ≈ r − r0, along the poloidal magnetic
field line, where the ordinate is converted into the Boyer–Lindquist radial coordinate. (a) The case of M
= 109 Mò. (b) The case of M = 106 Mò. From [63].

7.5. Results: Gamma-Ray Spectra

The predicted photon spectra are depicted in Figure 18 for six
·

m values. The thin curves on the
left denote the input ADAF spectra, while the thick lines on the right denote the output spectra from
the gap. The left panel shows the result in the case of a billion solar-mass BH assuming the distance
of d = 10 Mpc, while the right panel does that in the case of a million solar-mass BH with d = 1 Mpc.
In both cases, the emitted γ-ray flux increases with decreasing

·
m, because the decreased soft photon

field increases the photon–photon collision mean free path, and hence the gap width.
In the case of M = 109 Mò (left panel), the spectra peak between 1 and 30 TeV, because the IC

process dominates the curvature one. It is clear that the gap HE flux lies well below the detection limit
of the Fermi/LAT (three thin solid curves labeled with “LAT 10 year” [139]). Nevertheless, its VHE
flux appears above the CTA detection limits (dashed and dotted curves labeled with “CTA 50 h” [140]).
Is is possible to argue that such a large VHE flux will be detected within one night with CTA from a
nearby low-luminosity like M87, when the accretion rate coincidentally resides in the range, 6 × 10−6

<
·

m < 3 × 10−5.
In the case of M = 106 Mò (right panel), the spectra peak between 30 GeV and 10 TeV. The IC

process dominates the curvature one also for million solar-mass BHs. When the accretion rate is in the
narrow range 2 × 10−5 <

·
m < 3 × 10−5, the gap emission may be detectable with CTA, particularly if

the source is located in the southern sky.
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Figure 18. SED of the gap emission for a supermassive BH with a = 0.9 M. The thin curves denote
the input ADAF spectra, while the thick lines denote the output gap spectra. The thin solid curves
(with horizontal bars) denote the Fermi/LAT detection limits after 10 year of observation, while
the thin dashed and dotted curves (with horizontal bars) denote the CTA detection limits after
50 h of observation. (a) The case of M = 109 Mò. The distance is set to be 10 Mpc. The cyan
dot-dashed, blue dotted, green triple-dot-dashed, red dashed, black solid, and purple dotted curves
correspond to

·
m = 1.77 × 10−4, 1.00 × 10−4, 5.62 × 10−5, 3.16 × 10−5, 1.77 × 10−5, and 5.62 × 10−6,

respectively. Magnetic field strength is assumed to be the equipartition value with the plasma accretion.
(b) The case of M = 106 Mò. The distance is set to be 1 Mpc. The cyan dot-dashed, blue dotted, green
triple-dot-dashed, red dashed, black solid, and purple dotted curves correspond to

·
m = 3.16 × 10−4,

1.00 × 10−4, 5.62 × 10−5, 4.21 × 10−5, 3.16 × 10−5, and 1.77 × 10−5, respectively. From [63].

8. Discussion

8.1. The Case of Very Small Accretion Rate

Let us discuss the case of very small accretion rates,
·

m <
·

mlow(M, a). The ADAF photon field
peaks around eV for stellar-mass BHs and around meV for supermassive BHs. These photons are
emitted from the innermost region, r∼Rmin∼6M, which is located well inside the gap outer boundary
when

·
m ≈ ·

mlow; thus, pair production is sustained only marginally in an extended gap. However,
at

·
m <

·
mlow, stationary pair production can be no longer sustained and a vacuum region develops in

the entire polar funnel. In this vacuum region, migratory leptons are accelerated by the vacuum E‖ and
cascade into copious primary electrons and positrons that are accelerated in the opposite directions.
The resultant emission will become inevitably non-stationary.

8.2. Gap Emission Versus Jet Emission

Next, let us discuss how to discriminate the gap and jet emissions. As we have seen in
Sections 6 and 7, the gap gamma-ray luminosity increases with decreasing

·
m. Thus, we can predict

an anti-correlation between the ADAF-emitted infrared (IR)/optical and the gap-emitted HE/VHE
fluxes for stellar-mass BHs, and between the ADAF-emitted radio and the gap-emitted VHE fluxes
for supermassive BHs. This forms a contrast to the standard shock-in-jet scenario, whose natural
prediction will be a correlation between the radio/IR/optical and the HE/VHE fluxes (for reviews
or catalogues of gamma-ray observations of AGNs, see e.g., [126,141–145]). This anti-correlation or
correlation can be detectable both for stellar-mass and supermassive BHs. For stellar-mass BHs, BH
transients may exhibit a correlation between IR/optical and HE/VHE fluxes during quiescence or
low-hard state. For supermassive BHs, nearby low-luminosity AGNs may show an anti-correlation
between submillimeter wavelength and VHE. In X-rays, the gap emission is very weak. Thus, if X-ray
photons are detected, they are probably emitted from the jet or from the accretion flow.
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8.3. Comparison with Pulsar Gap Models

Let us compare the present BH gap model with the pulsar outer (OG) gap model. In both gap
models, the gap appears around the null-charge surface where the GJ charge density vanishes, as the
stationary solution of the Maxwell–Boltzmann equations. Moreover, the gap width, and hence the
γ-ray efficiency, which is defined by the ratio between the γ-ray and spin-down luminosities, increases
with decreasing soft-photon flux. This is because the pair-production mean-free path increases with
decreasing photon flux. For instance, the OG γ-ray efficiency increases with decreasing NS surface
emission, or equivalently with increasing NS age [45,146]. In the same manner, the BH gap γ-ray
efficiency increases with decreasing accretion rate of ADAF. In addition, electron–positron pairs are
supplied by photon–photon pair production in both pulsar and BH magnetosphere, although ions can
be drawn into the pulsar OG from the neutron-star surface as a space-charge limit flow [147], in the
same manner as in PC models (2).

However, there are differences, as described below.
First, in a pulsar magnetosphere, the null surface appears because of the convex geometry of a

dipole magnetic field. On the other hand, in a BH magnetosphere, a null surface appears due to the
frame-dragging effect around a rotating BH. Thus, for the same magnetic field polarity, the sign of E‖
is opposite.

Second, in the OG model, a soft-photon field is provided by the cooling NS thermal emission
and/or the heated polar-cap thermal emission. The NS surface emissions peak in the X-ray energies.
Thus, the curvature 1–10 GeV photons efficiently materialize as pairs within the gap, thereby
contributing to the gap closure. However, the thermal IR photon field is much weaker than the
thermal X-ray field; thus, the IC photons do not contribute to the gap closure in pulsars. On the
other hand, around a BH it is the ADAF that provides the soft-photon field. For a supermassive BH,
the ADAF spectrum peaks in submillimeter wavelengths. Thus, the photons having energies around
100 TeV or above efficiently materialize as pairs to close the gap. The 0.1–10 GeV curvature photons,
on the other hand, do not materialize efficiently because the IR photon number flux is five to six orders
of magnitude weaker than the submillimeter one.

Let us briefly compare the BH gap model with the pulsar polar-cap (PC) model. In a pulsar
magnetosphere, electrons may be drawn outward as a space-charge-limited flow at the NS surface
in the PC region. Thus, in a stationary gap [31,32] or in a non-stationary gap [34], γ-ray emission
could be realized without pair creation within the polar cap, although pairs are indeed created via
magnetic pair creation (e.g., at least at the outer boundary where E|| should be screened). However,
in BH magnetospheres, causality prevents any plasma emission across the horizon. Thus, a gap could
not be sustained without pair creation.

If we compare the stationary BH gap model with pulsar OG and PC models, it is possible to argue
for the stability of gaps in a qualitative manner (§6.3 of [68]). In this review, finally we discuss the fact
that the non-stationary nature of pulsar PCs [34] cannot readily be extended to the stability arguments
of stationary BH gap solutions. In a pulsar PC, there exists no null surface. Thus, if a three-dimensional
PC region is charge-starved in the sense |ρ − ρGJ| � |ρGJ|, a positive −ρGJ leads to a negative E‖.
Consider a small-amplitude pair production taking place near the upper boundary of a PC accelerator.
Created positrons migrate inwards while electrons outwards, resulting in an increased (or decreased)
ρ − ρGJ in the lower (or the upper) part of the pair-production site. Accordingly,

∣∣∣E‖
∣∣∣ increases (or

decreases) in the lower part (or the upper part). The increased
∣∣∣E‖

∣∣∣ in the lower part further enhances
pair production in the upper regions, because the electrons drawn from the neutron star surface will
gain more energy. As a result,

∣∣∣E‖
∣∣∣, and hence the pair production increases with time. Because of this

positive feedback effect, instability sets in, as demonstrated by PIC simulations [34]. In short, pulsar
PC accelerators are inherently unstable for pair production because of E‖ < 0, which stems from the
fact that there exists no null-charge surface in the PC region due to the relatively weak frame-dragging
effect (i.e., the Lense–Thirring effect [148]) around a rotating neutron star.
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On these grounds, we cannot readily conclude that the stationary BH gap solutions are unstable
because of the highly time-dependent nature of the pulsar PC accelerators. Careful examinations with
PIC simulations are needed for BH gaps, as performed recently by [81,83]. Since the saturated solution
in recent PIC simulation is much less violently time-dependent compared to pulsar PC cases [34,81],
it may be reasonable to start with stationary BH gap models as the first step.
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Abstract: Particle acceleration in relativistic jets, to very high levels of energy, occurs at the
expense of the dissipation of magnetic or kinetic energy. Therefore, understanding the processes
that can trigger this dissipation is key to the characterization of the energy budgets and particle
acceleration mechanisms in action in active galaxies. Instabilities and entrainment are two obvious
candidates to trigger dissipation. On the one hand, supersonic, relativistic flows threaded by
helical fields, as expected from the standard formation models of jets in supermassive black-holes,
are unstable to a series of magnetohydrodynamical instabilities, such as the Kelvin–Helmholtz,
current-driven, or possibly the pressure-driven instabilities. Furthermore, in the case of expanding
jets, the Rayleigh–Taylor and centrifugal instabilities may also develop. With all these destabilizing
processes in action, a natural question is to ask how can some jets keep their collimated structure
along hundreds of kiloparsecs. On the other hand, the interaction of the jet with stars and clouds of
gas that cross the flow in their orbits around the galactic centers provides another scenario in which
kinetic energy can be efficiently converted into internal energy and particles can be accelerated to
non-thermal energies. In this contribution, I review the conditions under which these processes occur
and their role both in jet evolution and propagation and energy dissipation.

Keywords: galaxies: active; galaxies: jets; X-rays: binaries; relativistic processes ISM: jets and
outflows; magnetohydrodynamics; radiation mechanisms: non-thermal

1. Introduction

Relativistic jets and outflows are a common feature in radio-emitting active galaxies, associated
with accretion processes onto supermassive black-holes (SMBH, [1–3]). According to the standard
picture of relativistic jet formation, they are formed due to the extraction of rotational energy from the
central hole by the magnetic field falling onto it along with the accreting gas [4–7]. After formation in
a very compact region of a few Schwarzschild radii (Rs = 3 × 1013 M8 cm, with M8 the SMBH mass
in units of 108 M�), the jets propagate through up to hundreds of kiloparsecs, showing remarkable
collimation at large scales in some cases, or plumed and irregular structure in others. A correlation
between the total jet radio luminosity and its large-scale morphology was found by Fanaroff and
Riley [8], who set a morphological division of radio galaxies between those that have outer regions
brighter than their centres, Fanaroff–Riley type II (FRII) radio galaxies, and those that are brighter
close to the nucleus (and show decollimation at kiloparsec-scales), Fanaroff–Riley type I (FRI) radio
galaxies. The former show collimation up to the interaction site with the ambient medium, where a
bright radio emission region, the hotspot, is interpreted as the terminal shock that the jet particles
cross. It is important to state that powerful X-ray binaries may share the formation mechanism with
powerful radio sources and also present a similar morphology [9,10].
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Jets can dramatically influence the evolution of the galactic environment, and thus probably
are crucial piece in the evolution of galaxies and the history of star formation in the universe.
Their relativistic propagation speeds make them supersonic, which results in the generation of shocks
that propagate through the interstellar medium (ISM), heating them and pushing ithemoutwards,
as revealed by the correlation between the radio-lobes and X-ray cavities that appear at kpc-scales in
radio galaxies (see, e.g., [11–20], and references therein).

The FRI/FRII morphological dichotomy has been related to different estimates of jet kinetic power,
with FRIIs corresponding to more powerful jets and FRIs corresponding to weaker jets. Although jet
kinetic power is a difficult magnitude to estimate, this seems to be a solid trend (e.g., [21]), with FRII
typical jet powers Lj ≥ 1045 erg/s, and Lj ≤ 1044 erg/s for FRIs. At the transition powers, the ambient
medium can play a role in the global morphology and this is probably the region where the hybrid
morphology sources can develop, in which one of the jets shows FRI morphology, whereas the second
jet is an FRII [22].

The remarkable symmetry observed between jets and counter-jets at the large scales in FRIs was
interpreted and modelled as caused by strong deceleration [23–27], as opposed to the expected jet to
counter-jet brightness asymmetry in the case of relativistic flows, which is caused by relativistic Doppler
boosting. This asymmetry is precisely observed in FRIIs. G. Bicknell [28–32], D. De Young [33,34]
and S. Komissarov [35–37] set the basis of the FRI jet evolution paradigm, which is grounded on the
transition from a supersonic flow to a transonic, turbulent flow, via entrainment and deceleration.
Since then, a large number of works tried to sort out what is the exact physical process that is
responsible for jet deceleration in low-luminosity radio galaxies. The proposed scenarios include
the development of long-wavelength (λ ≥ Rj, with Rj the jet radius) Kelvin–Helmholtz or kink
current-driven instabilities (KHI and CDI, respectively, [38–40]), strong recollimation shocks [41],
entrainment by stellar winds [42–44], or entrainment via turbulent mixing from the shear-layer
between the jet and its surrounding medium [28,34,45]. All these processes imply strong dissipation,
but they differ in the way this occurs. Long-wavelength instabilities and strong recollimation shocks
imply relatively fast dissipation, whereas entrainment caused by small-wavelength instabilities or
stellar-winds is a slower process that can thus extend the deceleration and dissipation along longer
distances. In [27,46], the authors used the modelling of radio images of several FRI radio galaxies to
conclude that the deceleration process is extended (in all but one of the studied cases) and, moreover,
coincides with a region in which the jets are X-ray bright. Altogether, this result favors the progressive
dissipation scenario.

Independently of their large-scale morphology, the radio galaxies emit radiation across the whole
electromagnetic spectrum, also at gamma-rays, as shown by the Fermi Large Area Telescope (see,
e.g., [47], and references therein). Interestingly, however, the number of detections is relatively larger
for FRIs than for FRIIs, which cannot be explained, unless it is caused by intrinsic differences between
the jets of both populations [48,49]. It was suggested that this could be due to different beaming and
jet structures [48]. Furthermore, it was shown that the gamma-ray emission from the FRI radiogalaxy
Centaurus A is extended (not localized at the core, but in the lobes) and diffuse [50]. Again, this requires
extended energy dissipation that can be invested in particle acceleration via different mechanisms.
Within the jet, both the acceleration at shearing layers [51–59] and at the interaction site with stars or
clouds (e.g., [60–66]) were invoked to explain high-energy (HE) and very-high-energy (VHE) from
radio galaxies, although at different positions along the jet.

In this contribution, I summarize the physical processes that represent possible ways to dissipate
energy in jets, namely the development of instabilities and mass entrainment. I also argue that the
conversion of the initial jet kinetic energy into internal energy via shocks and turbulent dissipation
at the mixing regions could favor particle acceleration. As a consequence, this could explain, at least
to some extent, the diffuse HE emission detected in FRI sources, because these processes are more
efficient in the case of decelerating jets.
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The paper is structured as follows: in Section 2, I focus on the instabilities that can arise
in relativistic jets, separating the linear and non-linear regime phases and I discuss the possible
explanation for the stability of FRII jets as compared to FRIs. Section 3 is devoted to jet-star/cloud
interactions. In Section 4, I discuss the global role of stellar mass-load in jet dynamics, and Section 5
includes the discussion, in which I develop the production of high-energy and very-high-energy
radiation.

2. Jet Stability

2.1. Why Are Jets Unstable?

In the same way that a kid tests if something may be broken by trying to break it, the way to
know whether a system is unstable is destabilizing it. This can be easily done by introducing a small
perturbation in the variables that govern it and linearizing the resulting equations. The equations that
we use to model the plasma forming the relativistic jets are the relativistic magnetohydrodynamics
(RMHD) equations. The stress-energy tensor for the magnetised plasma is Tμν = Tμν

G + Tμν
EM, with1

Tμν
G = ρhuμuν + pgμν, (1)

where the Greek indices μ, ν = 0, 1, 2, 3 denote the four dimensions of the Minkowski space-time, ρ is
the flow rest-mass density, h the gas specific enthalpy, u is the four-velocity, p is the gas pressure, and
g the Minkowski metric, and

Tμν
EM = Fμ

β Fνβ − 1
4

gμνFαβFαβ, (2)

with Fαβ = εαβμνbμuν the elements of the electromagnetic field tensor satisfying the Maxwell equations:

∂αFμν = 0 ∇μFμν = −Jν, (3)

where εαβμν is the Levi-Civita tensor, bμ is the magnetic field in the fluid rest-frame, and Jν is the charge
four-current. This results in the following expression for the stress-energy tensor of a magnetized,
perfect fluid:

Tμν = ρh∗uμuν + p∗gμν − bμbν, (4)

with h∗ = h+ |b|2/ρ the gas plus field enthalpy, p∗ the gas plus magnetic pressure (p∗ = pgas + |b|2/2),
and |b|2 = bαbα = B2/γ2 + (v · B)2. Please note that a

√
4π factor is embedded into the definition of

the magnetic fields (and this definition is used throughout the paper).
The equations that dictate the flow dynamics, according to our mathematical modelling are

derived from the following conservation laws:

∇μ Tμν = 0 ∇μ(ρuμ) = 0. (5)

The resulting equations (see [67]) are the conservation of mass

∂γρ

∂t
+∇i(γρvi) = 0, (6)

where v is the three-velocity vector (bold-faced variables express three-vectors) and γ is the Lorentz
factor. The conservation of momentum,

∂γ2ρh∗vi

∂t
+∇j(γ

2ρh∗vivj + p∗δij − bibj) = 0 (7)

1 I will use c = 1 throughout the paper.
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where i, j = 1, 2, 3 represent the spatial coordinates, vi are the components of the three-velocity vector,
and bi = Bi/γ + viγ(v · B) are the spatial components of the magnetic four vector, with B the magnetic
field in the observer’s frame. In addition, finally, the energy equation can be obtained from ∇μTμ0 = 0:

∂(ρh∗γ2 − p∗ − b0b0 − ργ)

∂t
+∇ · (ρh∗γ2v − b0b − ργv) = 0, (8)

with b0 = γ(v · B).
The field equations for ideal MHD are

∂B

∂t
+∇× E = 0, ∇ · B = 0. (9)

where E = −v × B is the electric field three-vector.
Equations (6)–(9) can be applied to the description of an infinite flow, initially axisymmetric,

embedded within a given ambient medium. The next step is to introduce a perturbation in each of the
physical variables in the observer’s frame, X, and linearize the equations (in cylindrical coordinates):

X(r) −→ X0(r) + X1(r, φ, z, t),

with X0(r) the equilibrium distribution of the variable X (with X = v, ρ, p, B) and X1 its perturbation.
The resulting set of linearized equations (see, e.g., [68]) that result after elimination of the terms that
reproduce the equilibrium configuration and higher-order terms are

∂

∂t
[γ0ρ1 + γ1ρ0] + ∇ · [γ0ρ1v + γ0ρ0v1 + γ1ρ0v] = 0, (10)

for the continuity equation,

∂

∂t

[
γ2

0(ρh)1 − P1 + 2γ4
0 (v · v1) (ρh)0

]
+∇ ·

[
γ2

0(ρh)1v + 2γ4
0 (v · v1) (ρh)0v + γ2

0(ρh)0v1

]
+

∂

∂t

[
B2

0(v · v1) + (1 + v2)B0 · B1 − (v · B1 + v1 · B0)v · B0/c
]

+∇ ·
[
2(B0 · B1)v + B2

0v1 − (v · B0)B1 − (v · B1)B0 − (v1 · B0)B0

]
= 0.

(11)

for the energy, and

γ2
0(ρh)0

[
∂v1

∂t
+ (v∇)v1

]
+∇P1 +

v

c2
∂P1

∂t
− (j0 × B1)− (j1 × B0) = 0, (12)

for the momentum. The linearized Maxwell equations are

∇ · B1 = 0

∇× E1 = −∂B1

∂t
,

(13)

with E1 = −v0 × B1 − v1 × B0.
Before solving these equations, different approximations/simplifications can be made (and have

been made by different authors) in order to study jet stability. The relevance of this selection lies on the
fact that different types of instability arise from the different terms, which leads to a selected study of
a given instability whereas those embedded in the neglected terms are obviated. According to [69],
where the non-relativistic regime was studied, the different terms arising from the linearized equations,
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in the cold limit, lead to the complete list of instabilities that can arise in jetted flows, namely the KHI,
CDI, centrifugal buoyancy (Parker instability) and magnetorotational instability (MRI, see also [70]).2

The instabilities that can arise in relativistic outflows have a range of causes:

• KHI arises due to transition layers (either contact discontinuities or continuous changes) in the
velocity component tangential to this layer;

• Rayleigh–Taylor instability (RTI) can grow in expanding/contracting jets, with the equivalent to
the gravity acceleration being given by the changes in the radial velocity;

• centrifugal instability (CFI) also grows in expanding jets with non-zero azimuthal velocities;
• CDI arises due to deformations in the toroidal component of the magnetic field, and the so-called

pressure-driven instability arises when the magnetic rings that constitute the magnetic structure in
the case of toroidal component dominated field are displaced from their equilibrium configuration
(under certain magnetic field radial distributions, [71]);

• centrifugal buoyancy is caused by rotation, when the centrifugal force is large enough to bend the
magnetic lines;

• MRI can develop in a magnetized, rotating jet with differential rotation (and decreasing angular
velocity with radius; see [69]).

The growth of these instabilities compared to the nonlinear regime could imply strong dissipation
of kinetic energy, and also magnetic energy via reconnection of magnetic lines (thus departing from
ideal MHD).

In the following list, I summarize the different approximations that have been studied in the case
of relativistic flows, adding some of the relevant references in which the priority is given to those
where the focus is on the linear regime:3

Non-magnetized jets (B = 0):

• No rotation (v = vzez):
- No expansion (∂vr/∂t = 0): KHI (e.g., [72–79]).
- Expansion (∂vr/∂t �= 0): RTI (e.g., [80–82]).

• Rotation (v = vφeφ + vzez):
- No expansion (∂vr/∂t = 0): KHI (e.g., [83,84]).
- Expansion (∂vr/∂t �= 0): CFI (e.g., [85]).

Magnetized jets (all non-expanding cases):

• No rotation (v = vzez):
- KHI (e.g., [68,86,87]).
- CDI + KHI (e.g., [88–91]).
- CDI/pressure-driven instability (e.g., [71,92,93]).

• Rotation(v = vφeφ + vzez):
- Centrifugal buoyancy ([94]).

An initial equilibrium state, consistent with the assumptions made, has to be considered prior
to solving the equations. The equilibrium state requires constant gas pressure alone if the magnetic

2 The short wavelength pressure-driven (or Z-pinch) instability, which can grow for a particular initial distribution of magnetic
field and gas pressure [71] can be taken as a particular type of CDI.

3 There are aspects relevant to the parameter space covered by each of the referred papers (e.g., magnetically versus particle
dominated, or hot versus cold jets, etc.) that are not taken into account in this list.
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fields and azimuthal velocity are neglected. The inclusion of the latter terms introduces complexity
in the initial radial configuration of the variables due to centrifugal motion in the case of azimuthal
velocity and also magnetic tension in the case of the field. These have to be compensated by specific
distributions of gas pressure that stabilize the radial structure of the jet, which requires solving the
transversal equilibrium equation for magnetized, relativistic jets (see, e.g., [95–98]). In the case in
which expansion is considered, equilibrium is applied only at the contact discontinuity (e.g., [80,81]).

The solutions for the perturbations of the variables are taken to have a wave-like form
X1(r, φ, z, t) = X1(r) exp(i(ωt ± mφ − kzz)), where the plus or minus sign that appear with the
azimuthal wave number indicate the sense of the wave in the azimuthal direction. The different types
of solutions are the result of the combination of the azimuthal and radial structure of the modes:

• If m = 0, there is no azimuthal dependence and the instability produces axisymmetric oscillations
of the jets; m = 1 produces antisymmetric distributions of the physical parameters that result in
helical oscillations; m = 2 produces elliptical deformations, etc.

• A radial structure with no zeros between the jet axis and its surface (i.e., global changes that do
not cross the equilibrium value X0 at any point) corresponds to the surface or fundamental modes,
whereas if the radial structure crosses the equilibrium value, the modes are called body or reflection
modes, with the number of zeros giving the order (one zero for the first body/reflection mode,
and so on).

Once the equilibrium is defined and thus the radial profiles of the variables are established,
the system can be solved either as a dispersion relation given by matching conditions at a discontinuity
between the jet and its environment, or, if the transition is continuous, solving the resulting differential
equations by setting boundary conditions on the axis and at r → ∞4.

In the case of sheared jets, when considering a purely hydrodynamical jet, a single second-order
differential equation can be derived for the pressure perturbation (e.g., [77,99–101]). However, when
a toroidal component of the magnetic field is considered, the system can only be reduced down
to a couple of differential equations, typically taken for the radial velocity and the total pressure
(p∗) perturbations. In both cases, the shooting method plus a complex-root finder (e.g, the Müller
method, [101]) are used. The derivation of these systems of equations can be lengthy and it is out of
the scope of this review. We refer the interested reader to, e.g., [88,89] for explicit derivations.

The solutions of the stability problem are usually given either taking real wavenumbers and
complex frequencies (temporal approach), or complex wavenumbers and real frequencies (spatial
approach). On the one hand, in the temporal approach, the instability is taken to grow in time at a
given location; the imaginary part of the frequency (ωi) represents the inverse of the time needed by
the instability to e-fold its amplitude and it is called growth-rate. On the other hand, in the spatial
approach, the imaginary part of the wavenumber (ki) represents the inverse of the distance it takes for
the instability to e-fold in amplitude. The inverse of ki is named growth-length or growth-distance.
In the rest of this paper, I will typically refer to growth-rates, but the reader has to keep in mind
that there is an inverse relation between this quantity and growth-lengths, so that an increase of the
growth-rate would imply a reduction of the length required to multiply the instability amplitude
by a factor e. Although this relation is only qualitative and the quantitative conversion from the
temporal to the spatial approach requires paying close attention to the group velocity (∂ωR/∂k, [102]),
the qualitative relation is sufficient for the purposes of this paper.

Independently of the type of instability that develops and the jet initial properties, and of the fact
that the jet is disrupted or not, the instabilities dissipate kinetic or magnetic energy and can thus act as
efficient particle-acceleration mechanisms (e.g., [103,104]).

4 Although there are other optionsi Istomin and Pariev (1994, 1996) [92] consider variations of the field up to the jet radius
and set the boundary condition at that point
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2.2. The Linear Regime

Out of all the aforementioned papers, several clear conclusions can be extracted regarding the
linear growth of jet instabilities. In this subsection, I summarize these ideas.

2.2.1. Hydrodynamical Jets

Relativistic hydrodynamic (B → 0) jets are KH unstable because they are typically supersonic
and present a velocity transition (either if it is modelled as a contact discontinuity or as a shear-layer)
with the ambient medium (e.g., [72–75,77,86,87]).

The growth rates of the KHI modes depend basically on the jet Lorentz factor, internal energy
density, transversal structure (sheared jets), and jet expansion (see, e.g., Hardee [78,102,105,106],
and references therein; Perucho et al. [79,100,101]). Typically, slower (smaller Lorentz factor) and
hotter (larger internal energy density) jets show larger values of the growth-rates [79,100]. In addition,
the introduction of a shear layer contributes to a reduction of the growth rates of modes with small
wavelengths (comparable to or smaller than the width of the layer), but for the case of faster jets, in
which fast-growing, short-wavelength resonant modes appear [99–101]. Interestingly, the resonant
modes reported in [101] grow fast enough in the shear region to generate a wide, hot shear-layer
around the jet spine, which remains basically untouched (see Figure 1). In the next section, I will
discuss the implications of this and other post-linear effects of unstable modes in relation to long-term
jet stability. Furthermore, jet expansion favours an increase of the mode wavelength with distance and
this typically implies a reduction of the KHI growth-rates [102,107].

Figure 1. Schlieren plots (enhanced rest-mass density gradients showing waves and shocks) from
numerical simulations of two jets at different times [101]. The left column shows the evolution of a jet
(fast and relatively cold) in which resonant modes develop at the shear-layer; as a result of the strong
dissipation caused by these modes, a thick, hot layer develops surrounding the collimated flow that
preserves basically unchanged properties [100]. The right column shows the evolution of a slower jet,
in which resonant modes do not dominate the growth rates at the linear regime; in this case, the jet is
disrupted by the long-wavelength helical mode.
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The Lorentz factor plays a dual role: in addition to smaller growth rates, the effective distances
over which the modes grow are also longer for higher Lorentz factors (≥ 10) [79,100]. This is the first
important stabilizing factor in relativistic jets when compared to sub-relativistic ones. In contrast,
low Lorentz factor jets present higher growth-rates and are thus more prone to the full development of
the instability to the nonlinear regime, mass-load and deceleration within relatively short length-scales.

The requirement of small-scale instabilities that can explain the way in which FRI jets decelerate
along the first kiloparsecs [27] has brought the attention of theorists to the possibility that the RTI or
the CFI develop in expanding jets. Different authors have studied the development of Rayleigh–Taylor
instability in jets undergoing expansion and recollimation ([80–82], see Figure 2). In particular, in
reference [81], the authors developed the linear analysis and confirmed the prediction given by [80]
about the stability condition

ρ1h′1γ2
1

ρ2h′2γ2
2
> 1, (14)

where subscripts 1 and 2 indicate the jet flow and the cocoon, respectively, ρ is the rest-mass density,
γ is the Lorentz factor and h′ is defined as

h′ := 1 +
Γ2

Γ − 1
p
ρ

, (15)

with Γ the adiabatic exponent of the fluids, assumed to be constant across the contact discontinuity.
Equation (14) states that the system is unstable when the inertia of the jet is larger than that of the
cocoon or surrounding medium. The authors concluded that this instability is thus mainly excited in
oscillating jets with high inertia, as opposed to KHI, where growth-rates are reduced by the jet inertia.
In [82], the authors have shown that the development of the RTI instability (or Richtmeyer–Meshkov
instability in the case of impulsive expansion) can be extended to different spine-sheath configurations.
This work shows that the spine does not necessarily need to be ’heavier’ than the cocoon for the RTI to
develop, because the acceleration vector is inverted in the reconfinement region with respect to the
expansion region and the roles of the jet and cocoon are thus interchanged, also producing small-scale
mixing at the jet boundary.
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Figure 2. The image shows panels of the logarithm of the effective inertia (γ2ρh in units of ambient
rest-mass energy density, ρa c2) along an expanding and recollimating jet from the simulations in [80].
The development of the RTI can be clearly observed (adapted from [80], courtesy of Jin Matsumoto).
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Meliani and Keppens [83,84] studied the development of instabilities in the shear between rotating
cylinders, and interpreted them as RTI developing due to centrifugal acceleration. Gourgouliatos and
Komissarov [85] showed that this is actually the relativistic version of the CFI and that it may grow in
flows with curved streamlines such as jets with oscillatory cross-sections caused by expansion and
recollimation (see Figure 3). The authors generalize the Rayleigh criterion to the relativistic case for a
discontinuity separating two rotating flows to

Ψ2 − Ψ1 < 0, (16)

with
Ψ = ρhγ2(ΩR2)2, (17)

where Ω is the angular velocity, for a ring of fluid pushed from medium 1 to medium 2 (which can be
identified with the jet and the cocoon, as above, in the expansion phase). The authors point out that
when Ω is constant across the discontinuity, this condition results in

ρ2h2γ2
2 − ρ1h1γ2

1 < 0, (18)

or ρ2 − ρ1 < 0 in the non-relativistic case, which is the RTI criterion given in Equation (14).

Figure 3. Rest-mass density contour (in arbitrary units) from a simulation in which the development of
RTI produces the decollimation and deceleration of a relativistic jet [108] (courtesy of Konstantinos
Gourgouliatos).

In [85], the authors also derive a criterion for the case of a continuous transition between the two
flows (shear). In this case, they derive

d lnΨ
d lnR

< M2, (19)

with M = γΩR/(γscs), and γs the Lorentz factor of the sound speed. This criterion is; however, still
to be tested by numerical simulations.

2.2.2. Magnetized Jets

KHI and CDI

The study of the stability of relativistic jets threaded by magnetic fields started from the relatively
easier configurations of purely axial magnetic field (e.g., [68,91]). In reference [68], P. Hardee studied
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the stability of magnetized jets with a spine-sheath structure5 and showed that this configuration
results in the stabilization of the flow with respect to ’naked’ jets, to the extent that trans-Alfvénic and
super-Alfvénic spines can become stable to the KH instability (unlike in the relativistic hydrodynamics,
RHD, case, where transonic spine-sheath configurations are still unstable), but for the fundamental
pinch mode. The development of the KH instability in planar flows with equal velocity modulus and
opposite sign, threaded by a uniform magnetic field parallel to the velocity direction was studied in [91],
where the conclusion that stronger magnetic fields and flow velocities stabilize this configuration was
also reached.

Bodo and collaborators [88] tackled the stability of relativistic, zero pressure (cold), magnetized
jets with different rotation and helical field configurations leading to different current distributions
within the jet, and return currents located outside the shear layer. They solved the linearized system of
equations by means of the shooting method with a complex secant root finder, setting appropriate
boundary conditions close to the jet axis and at radius r � Rj. A critical point that is stressed in
these works is the role played by the so-called resonant surfaces, where k · B = 0: the absence of the
magnetic tension in the plane perpendicular to the field line facilitates the development of the CDI in
that direction. Expressing this scalar product in terms of the pitch parameter (defined as P = rBz/Bφ),6

they obtain (see [88])

k · B = kzBz +
m
r

Bφ = 0, or kzP + m = 0. (20)

Interestingly, the wavenumbers larger than m/Pc (Pc is the value of P at the axis, which converts
to γ Pc in the bulk plasma reference frame) are stabilized, and only those values that are smaller show
unstable solutions (see Figure 4) for the magnetic field distributions considered. As a consequence, the
authors find that a purely longitudinal field is only KH unstable (the KHI growth rates do not depend
strongly on the pitch parameter).

Another relevant parameter is the ratio of total gas to magnetic energy densities, Ma (which
in the case of cold jets, as considered by Bodo and collaborators, reduces to the kinetic to magnetic
energy density ratio): for large values of this parameter, i.e., matter dominated flows, the jets are only
KH unstable; the jet is stable with respect to KHI below a certain value of Ma that depends on the
pitch parameter, with this threshold moving to larger values of Ma for larger values of Pc (i.e., smaller
toroidal fields). For dominating toroidal fields, this threshold moves to smaller values of Ma and
the KHI and CDI curves merge in the solution plane (see Figure 4). As a global conclusion, one can
state that a strong poloidal field stabilizes the jets, unless Ma is large, i.e., unless the plasma is highly
super-Alfvénic [88]. Irrespectively of the poloidal field intensity, the jet only becomes KH unstable in
the case it dominates the field structure. We have to note, nevertheless, that a strong poloidal field
would set demanding limits on the values of the field at injection (Bz ∝ R−2

j ).

5 Despite this structure is arbitrarilly introduced in the set-up of many simulations and stability analysis, a sheath is probably
surrounding the fast jet spines, either from the jet formation region, where a wind can be formed from the accretion
disk [109], or because of simple kinetic energy dissipation at the jet-environment shearing layer.

6 Please note that the definition of the pitch varies among papers and that it can also be found as ψ(r) = arctan
(

Bφ(r)/Bz(r)
)
.

75



Galaxies 2019, 7, 70

Figure 4. Growth-rate contours of instabilities in a zero pressure, magnetized, relativistic jet as a
function of the wavenumber, k, and the ratio of magnetic to kinetic energies, Ma, for a series of initial
jet structures [94]. In all the plots, the jets have Lorentz factor 10. The left column shows models with
no rotation, whereas the right column shows models with rotation (the parameter α gives a measure
of rotation speed, see [94]). The upper panels give the solutions for Pc = 10, i.e., with a dominating
poloidal field (see the text), the middle panels give the solutions for Pc = 1, and the bottom panels for
Pc = 0.1, i.e., dominating toroidal field. The region with Ma > 1 displays the KHI solutions, and the
CDI appears at low values of this parameter, i.e., for magnetically dominated jets, and mainly when
the toroidal component of the field is more important (courtesy of Gianluigi Bodo).

Unlike for the KHI, the CDI growth rates are basically independent of Ma, and increase with Bφ.
The resonant condition (k · B = 0) makes the CDI growth rates change according to the value of the
pitch parameter, which can vary across the jet, for instance, when the field distribution results in a
return current at the shear layer [88]. This situation results in a non-straightforward relation between
the growth rates of instabilities with different wavelengths at different radii, with the modes being
stabilized where the pitch parameter changes fast, i.e., in the region where the current is located, but the
modes can still grow inside and outside of this region. This is easily explained using Equation (20): if
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Bφ → 0 when r → 0, the resonance can only be obtained for small wavenumbers, whereas the opposite
is true for large values of Bφ (when r → Rj).

Kim et al. [89,90] have studied the stability properties of jets without current-sheets at the jet
boundary. The magnetic field distribution that these authors use is based on a tractable equilibrium
solution for a current-sheet free jet, extracted from the set of solutions derived in [96], with both
the axial and toroidal components becoming zero at the jet boundary. The distributions also imply
zero net poloidal current along the jet cross section. Their approach allows for non-zero pressure
plasmas, making it more general. The authors discuss the stability properties of such jets in the
linear regime, confirming the stabilizing role of the Lorentz factor, in terms of decreased growth
rates at all wavelengths, in agreement with the RHD case [79,100]. With the proposed magnetic field
configuration, increased magnetization stabilizes the pinching fundamental mode and the helical
(or kink) fundamental mode at short wavelengths. However, it does not affect the growth rates at long
wavelengths for the helical mode, leaving room for the growth of these disruptive modes. An extension
of their work to velocity-sheared jets showed that the presence of a shear layer causes a drop in the
growth-rates of the short-wavelength modes (as it is also the case in hydrodynamical jets), but again
it does not show a strong effect on the long-wavelength, fundamental kink modes [90]. In [110],
the authors claim that the magnetic field configuration given by Bodo et al. [88] implies a constant
value of the pitch parameter across the jet, which makes the CDI to become relevant according to
Equation (20) (see also Figure 4), and also to be suppressed from a given wavenumber (kz ∼ 1/P).
In contrast, if the pitch parameter changes across the jet, such a limit in the development of CDI at
high wavenumbers disappears, and the CDI modes show up at all wavenumbers, albeit less enhanced
than in the distributions used in [69,88,94].

Numerical simulations by Mizuno and collaborators for static columns [111] have shown that
CDI is stabilized by a dominating axial field and that the pitch angle profile can also change the growth
of the unstable modes: the growth rates of the kink mode are reduced by an increase of the pitch
parameter (defined as in [88]) with the radius (i.e., if the toroidal field becomes relatively weaker),
and they increase if the pitch parameter falls with the radius. In [112,113], the authors found that the
location of the velocity shear in a sub-Alfvénic jet can also determine the growth rates of CDI modes
and whether kinks are very slowly propagating or move downstream at faster speeds, with larger
velocity shear radii (with respect to location of the peak value of the toroidal field) reducing the mode
growth rates and also making the kinks slower.

The possible development of the pressure-driven or ‘Z-pinch’ instability in jets was also pointed
out in [71] (see also, e.g., [114], for rotating MHD jets, and [115]) with pressure and magnetic gradients
across curved magnetic lines as those in toroidal/helical configurations. The pressure gradient arises
naturally to generate equilibrium configurations when magnetic pressure and tension have to be
compensated (see, e.g., [97] and references therein). In such a situation, the displacement of a magnetic
loop can trigger the growth of the instability if the toroidal field increases with radius, consistently with
the conclusions derived for the CDI (see above). This instability can destroy the concentric structure
of the magnetic field close to the jet spine, endangering the possible collimating role of the magnetic
field. Maximum growth-rates correspond to small axial wavenumbers in this instability, so no global
(large-scale) effects would be visible in the jet structure, other than the probable radiative outcome of
dissipation. Nevertheless, it was pointed out [115] that a velocity gradient (in the region where the
instability develops) can be a compensating mechanism against the pressure-driven instability.

Stability of magnetized, rotating jets

The introduction of a rotation velocity in the flow represents a stabilization effect for CDI, mainly
for more magnetized jets [94], but does not strongly affect the KH unstable modes. For small values
of Pc (i.e., dominating toroidal field), the CDI instability appears at smaller wavenumbers (in other
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words, larger wavenumber are stabilized) with decreasing Ma, which means that rotating, strongly
magnetized jets are more stable against the CDI (see also [92,93,95,116]).7

In the case of rotating flows with helical fields, an equivalent to Parker instability arises in the
jets, where the role of gravity in that case is played by the centrifugal force (see [69,94] and references
therein). The growth rates of this instability increase with the square of rotation frequency, Ω, and are
independent of the wavenumber. The instability shows up at low wavenumbers for the toroidal
buoyancy mode and at large wavenumbers for the poloidal one. In [69,94], the authors conclude that
the modes are stabilized by large values of Ma (i.e., particle dominated) and also in the magnetically
dominated limit Ma → 0 (i.e., they only appear at intermediate values of Ma ∼ 1 − 10) for the studied
cases. Millas et al. [117] revisited the simulations of rotating cylindrical flows run in [83,84] and showed
that the inclusion of a toroidal component stabilized the development of RTI (or CFI) in rotating jets.

2.3. The Non-Linear Regime (or ’Then, Why Are (Some) Jets So Stable?’)

In the previous section, I have described the instabilities that grow on the configurations that have
been studied by different authors, and the conditions under which the unstable modes can have larger
or smaller growth-rates. In summary, from the studies performed so far we can state that RMHD jets
are more stable when (1) the toroidal component of the field is smaller, (2) the pitch parameter changes
within the jet, (3) the jet rotates with relatively small rotation frequencies, (4) in those parts of the jet
cross-section where the toroidal field falls with the radius, (5) the jets are surrounded by shear-layers
and/or expand, and (6) have more inertia. Table 1 summarizes these general trends for the KHI, CDI
and RTI/CFI.

Table 1. Summary of the stabilizing/destabilizing factors for each of the most relevant/studied
instabilities in relativistic jets so far. A �symbol indicates a stabilizing effect and × indicates a
destabilizing effect as the parameter grows. From left to right, the parameters are: jet radius (expansion),
jet inertia, poloidal field, toroidal field, shear-layer width, and toroidal velocity. The − sign indicates
that there is no effect or that it is ambiguous, depending on factors like radial distribution. The table
only pretends to give general and orientative trends but different radial distributions or combinations
can change the trends given (see the text).

Rj ρjγj Bz Bφ δs vφ

KHI � � � − � �
CDI � � � × � �
RTI/CFI × × − � − ×

However, from the description given, one can extract the (correct) impression that there is no
completely stable configuration and that jets are prone to destabilization under basically any initial
distribution of the physical parameters, the difference being the time/distance in which the unstable
modes grow to nonlinear amplitudes. In addition, we conclude that there is something that we do
not understand in jet physics because, according to linear theory, all jets should be destroyed by
instabilities at some point.

The incautious reader has to be thus warned about the limits of linear theory when applied to
extragalactic jets. The linear studies actually face the difficulty of having to impose very specific
initial configurations that equilibrate the transversal profiles of jets under several a priori assumptions
about the magnetic field distribution across the jet. This situation is forced by the impossibility to
get a clear picture of the magnetic field structure in jets from observations, due to relativistic and

7 Istomin & Pariev [92,93] studied the development of the CDI in a force-free jet. The authors found that the shear in the
toroidal field plays a strong stabilizing role both for axisymmetric and non-axisymmetric perturbations, in the absence of
gas pressure, by prohibiting radial convective motions.
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projection effects [118,119]. In addition, linear analysis is usually based on the consideration of infinite
jets. We have seen, within this assumption that even if an unstable mode has a large growth rate
under certain jet parameter configuration, this may rapidly change under changing conditions (see the
previous section), which might be the case either across an inhomogeneous jet (for short wavelength
modes), or along a jet with changing properties in distance (e.g., due to expansion, mild entrainment
..., see Section 3).

Moreover, there is possibly a generalized misconception caused by the extension of growth rates
in the linear regime to their destabilizing role: we tend to think that the most disruptive instability
modes are those showing larger growth rates and that the most unstable jets (and thus more prone
to disruption) are those for which the growth rates are larger. However, the link between the linear
and the non-linear regime was shown not to be straightforward by numerical simulations [39,100],
and even fast growing modes may be non-disruptive (e.g., see Figure 1, [101], and see also [120] for an
application to the radio galaxy 3C 111). Such fast-growing, non-disruptive modes are necessarily short
wavelength instabilities that induce small scale changes in the flow shear-layer. As a result, the jet
structure and properties (velocity, composition, magnetization, etc.) may change due to dissipation
and minor entrainment at the jet boundary, but the outcome would still be considered a collimated,
long-term-stable jet.

In this respect, the pressure-driven instability [71] could disrupt the toroidal structure of the flow,
possibly dissipating magnetic and kinetic energy, but if the jet retains (at least to some extent) the axial
field structure, this component can reduce the growth rates of the KHI and completely stabilize both
the CDI.8 However, it is implausible that the poloidal field dominates the jet dynamics at large scales
on the basis of magnetic flux conservation (see above).

Not all short wavelength instabilities are harmless to jet collimation. In fact, small-scale RTI or
CFI modes have been proposed as the cause of the progressive deceleration in FRI jets [81,108]. In this
case, the difference lies on the jet properties: both the RTI and CFI require jet expansion with relatively
large opening angles, i.e., slower, overpressured (hot) jets propagating in dilute media or through
steep pressure gradients.

Longer wavelength instabilities do develop in jets and we can explain the structures forced by
these growing large-scale perturbations, considering global jet properties and the small jet opening
angles (actually, jets can freely expansion and still have a small opening angle, ∼ 1/γ, to fulfill the
linear theory basic assumptions). This idea was successfully applied to several well-known radio
galaxies and quasar jets (e.g., [106,124–129]), typically for cases in which the observed wavelengths
are long enough, λ � Rj, not to depend critically on the jet internal fine structure. It was also shown,
by means of numerical simulations, that the instabilities can develop and show up only at given
regions of the jet cross-section and be detected only by observations at the frequencies that reveal those
regions [130].

Regarding long-term jet stability, I review and enlarge here the list of arguments that can make
jets stable for long distances. First of all, I would like to clarify the meaning of ’jet disruption’ or
’long-term stability’ in order to set the frame of the discussion. From this author’s point of view, a jet
is disrupted when it is strongly mass-entrained and decelerated, losing collimation and acquiring
plumed structure in radio images. Under this point of view, jets can develop instabilities reaching the
non-linear regime, and even be entrained and decelerated, without becoming a ’disrupted jet’. In other
words, a jet is not disrupted unless it is strongly decelerated and losses the inertia that contributes to its
collimation, even if its composition, transversal structure or magnetization change. Therefore, we have
to understand ’long-term stability’ as the ability of jets to reach hundreds of kiloparsecs without being
decollimated. We can think, for instance, about the prototypical jets in Cygnus A and consider them as

8 In fact, FRII jets show polarization structure at kpc scales that is compatible with a dominating axial component [121–123],
thought to be produced by shearing.
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long-term stable FRII jets. However, its jets show an obvious large-scale kink close to the hot-spots, so
’stability’ has to be taken as a relative term.

A very relevant, and stabilizing, difference of the growth of instabilities in relativistic flows was
pointed out by M. Hanasz [131], who predicted that the amplitude of the KH unstable wave would
cease to grow as soon as the amplitude of the velocity perturbation approaches the speed of light in the
jet reference frame. This was later confirmed by numerical simulations [79,100,132]. The physical limit
imposed by the speed of light shows to be efficient in avoiding the indefinite growth in amplitude
of the unstable modes, thus providing the flow with a chance to avoid disruption. Nevertheless,
the simulations also showed that for a large area of the parameter space (relativistic Mach number vs.
Lorentz factor, see [100]) the instabilities reach an amplitude that is enough to disrupt the flow before
the limit is reached.

Jet expansion can also represent a stabilizing mechanism [102]: the KHI modes grow when
reflected at the discontinuity/shear-layer between the jet and the ambient medium (with the jet acting
as a resonant waveguide, [133]), so the increased distance to be covered by the wave to reach that
boundary increases the growth-length of the mode. In [89,90], for instance, the authors compare the
growth time-scale of the unstable modes τ = 1/|ωi| with the propagation time-scale T = KRj/vg,
where K is a constant indicating the number of jet radii considered (for an instability to develop to
the nonlinear regime), and vg is the group velocity. The comparison between τ and T gives an idea
of the disruptive potential of a given mode (e.g., if τ < T, the growth rate of the mode is too slow to
destabilize the flow). Thus, we can also say that expansion increases τ, favoring jet stability. In fact,
expansion was even proposed as the main factor to explain jet collimation at large scales, via the loss
of causal connectivity across the jet if the ambient pressure, pext ∝ z−κ , falls with κ ≥ 2 [107].

Surrounding winds formed from the accretion disk [109] or thick shear layers can contribute to
reduce the growth of instabilities, as shown by linear analysis (see Section 2.2), and also numerical
simulations (e.g., [113,134,135]).

Finally, there is a key point in this discussion: jets gain stability with respect to the KHI,
for instance, as they evolve through an ambient medium that becomes more dilute (this also applies
to the cocoon, with a decreasing density as it expands, see, e.g., [102,107]). Therefore, those jets with
larger head advance speeds can reach large distances before any instability can trigger their disruption,
which has to be considered in parallel to the fact that larger bulk Lorentz factors result in smaller
instability growth-rates. Furthermore, a recent paper [20] showed that small-amplitude oscillations
of the jet head caused by linear helical unstable modes can cause accelerated head velocity down
density/pressure gradients across and out of active galaxies (see Figure 5). Therefore, the old Catalan
saying qui dia passa, any empeny, with approximate translation ’that who survives a day, pushes a whole
year’, can be applied to long-term-stable jets. In other words, jets are unstable systems but, in some
cases, manage to reach long distances before any growing instability endangers their collimation
(e.g., FRII sources), whereas others have enough inertia to develop to large scales (through a decreasing
density ambient medium) even if mass-loaded and decelerated, i.e., ’disrupted’. In this case, the jets
expand in the turbulent regime, but can still propagate to large distances in external density/pressure
gradients ([28], e.g., large-scale FRI sources as the radio jets in 3C 31, which reach ≥ 200 kpc).
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Figure 5. (a) The left panel shows the jet-mass fraction 50% isosurface for a 3D RHD simulation of
a powerful relativistic jet propagating through a density/pressure gradient typical of an elliptical
galaxy [20]. The jet collimation reminds that observed in FRII jets. (b) Jet head position versus time for
the 3D simulation shown in the left panel and a 2D axisymmetric simulation with the same injection
parameters, for comparison; the lines show polynomial fits to the data. The 3D jet propagates faster
due to head acceleration produced by the obliquity of the front shock as compared to the planar shock
typically observed in 2D simulations (see [20] for a detailed discussion).

3. Jet Star/Cloud Interactions

On top of instabilities, there is another efficient mechanism to convert magnetic or kinetic energy
into internal energy and particle acceleration,9 which is direct entrainment. It can be caused by the
growth of small-scale instabilities causing the formation of turbulent layers that propagate toward the
jet center, or by the direct impact of the jet with a stellar wind or a gas cloud. In the latter, the supersonic
nature of jets triggers shocks and turbulent mixing tails of shocked jet and wind plasma (see the left
panel in Figure 7). This scenario can thus also be a source of particle acceleration via first-order Fermi
acceleration in shocks, Fermi II acceleration in the turbulent mixing tails, or shear acceleration (e.g., [49]
and references therein).

It was first noted in [60] that the interaction between a star and the jet flow could be responsible
for gamma-ray production in extragalactic jets. Before, these interactions had been claimed to be
possibly responsible for the knotty structure of M87 [136]. Although this is not the most accepted
scenario for M87, the interaction was proposed to explain gaps in radio emission at the sub-parsec
scale in Centaurus A [137] and its knottiness at kiloparsec scales [138–140] (see Figure 6), and also
as an explanation for the gamma-ray emission ([61–66,141]) and flares recurrently observed in radio
galaxies (M87, [142–147]), or blazars (3C 454.3, [148], or CTA 102, [149]).

Numerical simulations of this scenario, in the context of relativistic flows, have only been
performed in the RHD limit [150–152]. These simulations were focused on the dynamical and energetic
impact of the interaction, plus the expected radiative output. In [150], the authors studied the evolution
of jet/star interaction where the star is surrounded by an envelope or wind before the system is
stabilized (see below). The simulations showed that these envelopes can be completely disrupted
before the star crosses the jet (see also [153] for relativistic flow-cloud interactions in X-ray binaries),
thus incorporating a large amount of hadronic material in the flow. The shock is stabilized at a

9 The direct conversion of magnetic energy into internal energy implies dissipative mechanisms beyond an ideal
MHD description.
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distance from the star that is given by the equilibrium between the jet and the stellar wind ram
pressures [42,151]:

Rs =

√√√√ Ṁw vw

4π ρj γ2
j v2

j
, (21)

where Rs provides the location of the contact discontinuity, Ṁw is the stellar wind mass flux, and vw

is the wind velocity, and the subscript j refers to jet values (note that the velocity is in physical
units in this expression). During the phase prior to equilibrium, the shocked stellar wind forms a
bow-shock structure and a cometary tail along which the shocked wind is accelerated (see Figure 7).
If the tail is destabilized, the shocked jet and shocked wind flows can eventually mix. As a result of
the jet-star/cloud interactions, the resulting jet transversal structure probably becomes significantly
irregular, with slower/colder streams of gas continuously flowing and mixing with the jet flow and
thus becoming an excellent location for particle acceleration. The key point is to know in which
scales and amounts we expect this to happen. On the one hand, the high mass and inertia of
the cometary tail provide it with remarkable stability [150,152], but 3D simulations show that the
asymmetric perturbations forced by the propagation of the star through the jet probably induce
non-linear oscillations that can already destroy the tail close to the interaction region [152] (see the
right panel in Figure 7). Therefore, turbulent mixing is expected to take place not far downstream from
the interaction site.

Figure 6. Centaurus A jet as observed by the VLA at 5 GHz and by Chandra at X-rays. Adapted
from [138] (courtesy of Martin Hardcastle). The X-ray knottiness of this jet was interpreted as possible
jet-massive star interactions. In the radio, the emission shows a diffuse structure.

A very detailed entrainment/deceleration model, based on a previous study of the stellar
population in Centaurus A, was developed by Wykes et al. [64], who estimated that there could
be 108–109 stars within the jet, entraining a total of ∼ 10−3 M�/yr, and could reproduce the spectral
distribution of the kpc-scale jet from radio to X-rays with this model by means of the synchrotron
emission produced by the interactions (via the Fermi I mechanism). The radiative output of the
interaction depends on the location along the jet, with close impacts to the SMBH possibly explaining
gamma-ray flares via proton-proton interactions, as proposed for M87 [147], but even with collective
downstream interactions underpredicting the steady gamma-ray flux detected from this galaxy [65].
Vieyro et al. [65] studied the collective synchrotron plus IC emission caused by jet-star interactions
(with the seed IC photons considered to be infrared photons in the case of starburst galaxies and
starlight plus CMB for galaxies with older stellar populations, e.g., M87). The authors applied their
model to different cases, including the FRI radiogalaxy M87, and concluded that the diffuse radiation
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emitted by these interactions can be strong at X-rays via synchrotron, although the X-ray emission is
more structured in the case of M87 (cf. other FRI jets showing diffuse emission [27,46]). Furthermore,
the gamma-ray emission produced via IC radiation could significantly contribute to the persistent
gamma-ray flux received from the studied galaxies. According to Torres-Albà and Bosch-Ramon [66],
the dependence of the radiative output with the jet power is relatively weak in the studied range
(1043 erg/s < Lj < 1045 erg/s), and synchrotron photons up to 100 MeV could be produced for
a weak magnetic field (with respect to equipartition) or by bright events added to the persistent
background in the case of stronger field intensities. The authors derived total emitted synchrotron
luminosities � 1040–1042 erg/s and inverse Compton ∼ 1039–1040 erg/s as a result of the collective
interaction of jets with a red-giant population. The role of Doppler boosting on the received flux
was also highlighted in these works (see [141] for the case of blazars), with the obvious result that
misaligned sources are more difficult to detect. A more exotic scenario is the interaction of the jet with a
supernova explosion [154], which could result in stronger gamma-ray emission (IC of infrared photons
or synchrotron self-Compton producing up to 10% of the jet power for jets in the range 1043–1044 erg/s)
collimated along the direction of the flow by Doppler boosting, if the jet-supernova interaction occurs
at tens of parsecs (the region where a larger number of explosions could be expected) and the ejecta is
accelerated downstream of the jet to a high Lorentz factor. This contribution could be steady in the
case of galaxies with high star formation rates and weak blazar jets. The model considers that the
shocked supernova remnant does not mix with the flow along a sufficient distance, so it obviates the
jet deceleration, which according to the authors, would eventually occur farther downstream from the
emitting region (∼kpc).

(a) (b)

Figure 7. (a) Schematic plot of jet-stellar wind interaction [42]. (b) Rest-mass density distribution from
a 3D RHD simulation of a star/wind bubble system entering into a jet [152]. The image shows three
cuts across the grid, displaying the position of the wind injector (star). The color scales indicate the
speed (top left) and the rest-mass density (top right). The star enters the jet from the right to the left,
which is occupied by the jet flow. The jet flow appears in blue color, with a velocity directed towards
the bottom of the image. The current lines show, on the one hand, the deviation and deceleration of
the jet flow as it crosses the bow-shock, and, on the other, the shocked wind material being dragged
downstream and forming an unstable tail.

Figure 8 shows different spectral energy distributions for a jet-red giant interaction at the
equilibrium stage (i.e., once all the outer wind layers have been eroded and the interaction is located
at Rs) as observed from different viewing angles (left panel) and at different locations along the jet
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(right panel, [151]). The radiative output is modest, but it has to be kept in mind that it is the collective
emission of all jet-star interactions that can be observed by our detectors. Altogether, the different
works coincide on the efficient local conversion of kinetic energy into internal energy at the interaction
region between the jet and red giants or massive stars and the plausibility of GeV-TeV radiation
generated from these regions. This scenario thus represents a possible explanation, along with (i.e.,
not excluding) the spine-sheath [155] or the jet-in-jet [156] models, for VHE emission from AGN
jets. Finally, the interaction scenario was also recently proposed as a plausible option to explain the
production of neutrinos in blazars via the hadronic processes following the entrainment of protons
from stellar winds [157–161].

(a) (b)

Figure 8. (a) Resulting spectral energy distributions (SED), including synchrotron and IC radiation, of
the equilibrium state in a jet-star (red giant, Ṁw = 10−9 M�/yr) interaction at 10 pc from the central
engine for a weakly magnetized jet, as derived from different viewing angles [151]. An increase of the
magnetization increases strongly the synchrotron flux but barely affects the IC radiation. (b) Same as
(a), but for a fixed viewing angle of φ = 0◦ and different interaction locations along the jet. The farther
from the central engine, the weaker the resulting emission.

4. Influence of Entrainment on Jet Evolution

In the previous sections, I focused on our current knowledge about the instabilities that can
develop in relativistic jets and jet-obstacle interactions, as possible frames in which VHE photons could
be produced. In this section, I summarize the global effect that either shear-layer entrainment or stellar
mass-load (or both) can have on jet dynamics and propagation.

In a series of papers, Bicknell [28–32], De Young [33,34] and Komissarov [35–37] explained the
transition from supersonic to transonic flows and the radiative properties of FRI jets at kiloparsec
scales by means of turbulent mixing at the jet shear layer, although using different approaches and
assumptions. De Young modeled entrainment and related the deceleration of jets to the properties
of the host-galaxy ambient medium, using conservation equations [34]. Komissarov modeled the
evolution of the post-deceleration (from relativistic to subrelativistic) flow in FRIs as a turbulent,
low Mach number flow with thermal and relativistic populations coexisting and evolving (two-fluid
model, [36,37]). The model allows for a conversion of thermal into relativistic particles via the coupling
provided by turbulent dissipation. Bicknell [28] considered that the entrainment into a jet dominated
by relativistic particles would convert it into a transonic, turbulent flow and applied this idea to derive
the evolution of the electron distribution and magnetic field, to ultimately calculate the evolution in
brightness of FRI radio-sources (assuming flux-freezing and adiabatic losses). The concept behind this
model is the dissipation of kinetic energy via weak shocks and particle acceleration, modeled by a
single losses term in the kinetic energy, plus a gain term in the heat equation. Later, the same author
used conservation laws plus the source terms required to account for mass entrainment to model jet
deceleration [31]. In the same way, Laing & Bridle [24] explained the jet deceleration via entrainment.
The models developed by [24,31] were later extended by Wang et al. [45] to study the development of
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the turbulent/shear layer towards the jet axis. In summary, the idea of entrainment, deceleration and
dissipation caused by turbulence lays behind the evolution of FRI jets.

I observed, in Section 2, that this entrainment could be caused by small-scale KH, RT or CF
instabilities developing at the contact discontinuity between the jet and its environment (either
a surrounding, slower and denser wind, or the backflow/cocoon generated by jet propagation).
However, Komissarov [42] also proposed the possibility of mass entrainment by turbulent mixing at
the cometary tails generated by jet-stellar wind interactions. The author also showed that the stellar
mass input scenario could be considered to be a hydrodynamical problem, given the large size of the
expected mixing region as compared to the particle gyroradii. Bowman, Leahy and Komissarov [43]
performed steady-state simulations of jet evolution including a source term in the conservation
equations to emulate the mass-load by stellar winds, considering an old, low-mass population, typical
of giant elliptical galaxies that are the usual hosts of jets, with stellar winds Mw ∼ 10−12 M� /yr.
The jets considered were very dilute (10−31–10−33 g/cm3) and hot (1011–1013 K). They found that these
low power jets (Lj ≤ 1042 erg/s) could be decelerated by stellar winds alone, and a dual behavior
in terms of internal energy/temperature: on the one hand, the hotter models cooled down as they
expanded and were mass-loaded, whereas, on the other hand, colder models could gain temperature
as they entrained and decelerated. The authors claimed that this was due to the dissipation caused by
the mass-load.

Later, in [24], the authors estimated that the entrainment needed by jet deceleration in the radio
galaxy 3C 31 (a powerful FRI jet, Lj ∼ 1044 erg/s could not be caused by stellar winds alone, but that
continuous mixing at the shear layer was necessary. In contrast, Hubbard and Blackman [44] showed
that a single, large star with a powerful wind, such as a Wolf-Rayet could possibly quench a low
power jet (1042 erg/s), as an extreme case, but that a collection of stars with weaker winds could
efficiently decelerate the jet. They also derived an estimate of the distance at which the initial jet power
is completely exhausted by the work done to push the entrained material, which can be expressed in
terms of the stellar density and typical wind mass flux as (Perucho et al., in preparation):

ld 	 1
γj

(
Lj

1043 erg s−1

)(
Ṁ

10−11 M�yr−1

)−1 ( ns

1 pc−3

)−1( Rj

10 pc

)−2

102 kpc, (22)

where γj is the jet Lorentz factor, Lj is its kinetic power, Rj is the jet radius, Ṁ is the mean mass-loss
rate of the stellar population in the galaxy, and ns is the number of stars per unit volume. This last
parameter is obviously a decreasing function of distance to the galactic nucleus, so the expression
stands as a lower limit of the deceleration distance if ns is kept at its value in the galactic core.

These results anticipated that jet deceleration by stellar mass-load is sensitive to both jet power
and the stellar population of the host galaxies. Perucho and collaborators [162] run RHD simulations
of leptonic jets evolving in a galactic ambient medium, using the parameters and set up proposed
in [43]. The results confirmed the general conclusions derived in the latter work, but also showed that
jet disruption by stellar winds is a very sensitive process to the mean stellar wind mass fluxes. In other
words, for each jet power there is a minimum mass-load rate required to produce a significant dynamic
effect. Figure 9 shows the different effect of mass-load rates differing in a factor 10 (10−11 versus
10−12 M�/yr, [16]) on jets with the same kinetic power. The figure also shows the role of jet power,
with jets of Lj = 1043 erg/s evolving without remarkable changes with or without mass-load (for the
considered stellar wind mass fluxes), as opposed to the low power jets, Lj ≤ 1042 erg/s.

It is relevant to remark that although these simulations introduce the mass-load by means of
a source term in the mass conservation equation, the jet/obstacle interactions will induce strong
inhomogeneities in jet pressure and velocity across it. The inhomogeneities will necessarily result in
changes in emissivity and introduce small-scale instabilities. In [66,152], the authors evaluated the
mass-load caused by the entrance of a star surrounded by its wind bubble into the jet, concluding that
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this process could cause enhanced entrainment at the jet shear-layer, if the wind bubble is destroyed
before the jet flow reaches equilibrium with the stellar wind at Rs (see Equation (21)).
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Figure 9. (a) Jet head position versus time for different mass-loaded jets. Pr, Po models correspond to
jets with power 1044 erg/s, model A0 is a low power jet (∼ 1042 erg/s) with no mass-load, used as a
fiducial simulation, models A, B, C and D have the same power as A0 but are mass-loaded by stars
with Ṁ 	 10−12 M�/yr (models A, B and C) or Ṁ 	 10−13 M�/yr (model D). Models A, B and C only
differ in the value of rest-mass density and temperature at injection, with increasing temperature and
decreasing density from A to C (ranging from 3 × 1011 to 3 × 1013 K and 3 × 10−33 to 3 × 10−35 g/cm3).
The expansion velocity is clearly conditioned by entrainment, with one order of magnitude changes in
mass-load implying critical changes in jet evolution. (b) Mean jet velocity along the first two kiloparsecs
of evolution for models A, B and C (mass-loaded and decelerated). The disruption distance predicted
by Equation (22) for these models is 200 pc. The difference between the prediction and the simulation
is caused by the drop in stellar density with distance [162].

Finally, Perucho et al. (in preparation) ran a series of steady-state RMHD simulations of initially
leptonic jets, making profit of a one-dimensional approximation to the RMHD equations developed
by Komissarov et al. [163], including different mass-load rates, ambient density and stellar number
distributions. This work confirms the possibility of efficient jet deceleration, even in the case of
typical FRI jet powers of Lj ∼ 1043 erg/s depending on the stellar population in the host galaxy
(Ṁ ≥ 10−11 M�/yr). Again, a dichotomy is found between jets that undergo heating and those that
are initially hotter, and cool down as they evolve. Another relevant conclusion of that work is that
loaded jets can significantly change their initial composition, and can even become proton dominated,
even if not strongly decelerated.

5. Discussion

5.1. Mass-Load and Dissipation

Bicknell [28] and Komissarov [36] related the dissipation of kinetic energy to turbulence. Later,
Bowman et al. [43] showed that entrainment could cause a drop in kinetic energy along with an
increase of internal energy. Figures 6 and 10 show the relation between the deceleration region of FRI
jets and diffuse emissivity that can be attached to dissipation of kinetic energy. In this section, I discuss
this idea in the context of the FRI/FRII dichotomy and the production of VHE radiation in radio
galaxies. The conservation Equations (6)–(8) that describe the evolution of a relativistic magnetized
flow can be simplified, in the case of a steady-state, axisymmetric, and entraining jet propagating out
of the galactic gravitational pull, with vφ = vr = 0 and Br = 0, to:
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Figure 10. Grey-scale plots of intensity (VLA) for the inner regions of NGC 315 (top left), 3C 296
(top right), 3C 31 (bottom left) and M84 (bottom right). The image shows the coincidence of the
deceleration region (as obtained from detailed modeling) and those of high-emissivity [27] (courtesy of
Robert A. Laing).

∂z(γρvz) = q,

∂z(γρh∗vzvz + p∗ − bzbz) = gz,

∂z(ρh∗γ2vz − b0bz − γρvz) = vzgz,

(23)

where ∂z is the partial derivative with respect to the axial coordinate, q is the mass-load per unit
volume and per unit area and time, and gz is the gravitational acceleration.

If we focus on the energy conservation along a portion of the jet with parameters ρ, vz, γ, and Bφ

at a given position z0, write the terms involving the magnetic field in the observer’s frame, neglect the
gravitational pull and discretize the equation, we find that the changes in the flow are given by:

Δ
[
(ργvz)(hγ − 1)R2

j

]
Δz

+
Δ
[
(Bφ)2vzR2

j

]
Δz

= 0. (24)
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Taking into account, from the mass-conservation equation, that Δ(ργvzR2
j )/Δz = qR2

j (for a small
opening angle), and neglecting the transfer of magnetic energy flux (once the jet expansion is conical
this can only occur via magnetic dissipation processes, which as stated above, are out of the ideal
MHD approximation; see, e.g., [6] and references therein), we can drop the magnetic term from the
equation and obtain:

(ργvz)0
Δ(hγ)

Δz
= (1 − (hγ)0)q (25)

which can be rewritten as

Δh
h0

=
qΔz

(ργvz)0

(
1

(hγ)0
− 1

)
− Δγ

γ0
. (26)

This expression gives us an idea about the changes in the jet enthalpy as the jet flow evolves.
We can now discuss the jet evolution in terms of q/(ργvz)0, taking into account that (Δγ)/γ0 is small
(∼1), and that q/(γρvz)0 can be arbitrarily large (see also [43]):

1. Strong relative mass-load (qΔz � (γρvz)0): in this case, Δh < 0 and the conservation equation
tells us that the initial jet enthalpy is transferred to the entrained flow.

2. Mild relative mass-load (qΔz ∼ (γρvz)0): in this case, Δh could be both smaller than or larger
than zero, depending on the value of the terms accounting for deceleration (so the initial jet
enthalpy can grow).

3. Small relative mass-load (qΔz � (γρvz)0): in this case, we could neglect the source term q in
the conservation equation above, and would be left with the Bernoulli expression for adiabatic
evolution: hγ = constant, where expansion of a hot jet flow translates into acceleration.

The third case could correspond to powerful jets, in which qΔz � (γρvz)0, i.e., this is probably
the case for FRIIs, as shown by numerical simulations of mass-entrainment by stellar winds in jets with
different power [162], where it was reported that relatively weakly loaded jets do not suffer relevant
dynamical effects (see Figure 9). In this case, dissipation of kinetic energy can occur at shocks (either
stationary recollimation shocks or at traveling shocks) and the amount of dissipated energy (which
is ultimately related to the emitted radiation) is regulated by the strength of these shocks, or by the
growth of instabilities. In the case of recollimation shocks, these are stronger for hotter and slower
flows, because the jet opening angle (determining the obliquity of the shock) increases with enthalpy
and decreases with the Lorentz factor. Case 3 could thus be the scenario in FRII, where dissipation of
kinetic energy occurs mainly at stationary shocks along the jet and at the interaction with the ambient
medium (hotspot), close to which instabilities may have developed (e.g., Cygnus A).

Case 2 is a plausible mechanism for kinetic energy dissipation as long as the Lorentz factor is
large enough to provide a significant contribution (in the terms that include Δγ). We could expect
this heating process to play a role at the beginning of jet deceleration in FRIs ([43], Perucho et al.,
in preparation). Furthermore, the extra heating provided by mass-load naturally contributes to jet
expansion, as observed in FRI jets from the so-called flaring point (e.g., [24]).

In case 1, there is no possible gain of internal energy (via entrainment). We have to take into
account that the jet is probably hot if the mass flux is small before entrainment begins ((ργv)0 �). As a
result of strong relative entrainment in a hot, dilute jet, it is rapidly cooled and decelerated (this is also
derived from simulations, [16,43], Perucho et al., in preparation). Dissipation and particle acceleration
must thus be triggered by turbulence and locally, at shocks. The question is whether the role played by
radiative output through this fast cooling is enough to break the assumption of adiabatic evolution or
not. It was actually reported that the flaring region in FRI jets differs from an adiabatic behavior [27].
Figure 11 shows the evolution of the energy fluxes (in logarithmic scale) for steady-state, axisymmetric
jet simulations for hot dilute, magnetized jets mildly and strongly entrained (from Perucho et al., in
preparation). These simulations show that entrainment always implies an increase of kinetic energy
flux in jets that have a very small percentage of kinetic energy flux at injection (i.e., hot and/or strongly
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magnetized) despite the deceleration, because of the increase of rest-mass density. Depending on the
relative role of entrainment, the kinetic energy can grow at the expense of internal energy flux alone
(relatively mild entrainment), or at the expense of both internal and magnetic energy fluxes (strong
entrainment). The authors reach the conclusion that jets are not heavily affected by mass-load as long
as the initial mass flux per unit area at z0 (with vz 	 c):

ρj,0 γj,0 > 6.7 × 10−28
(

Ṁ
10−11M�yr−1

) (
ns

1 pc−3

) (
Δz

1 kpc

)3 ( tan(α)
tan(1◦)

)2 ( Rj,0
1 pc

)−2 ( v
c
)−1 g cm−3, (27)

where α is the jet opening angle. This expression does not take into account the role of magnetic
tension, heating by dissipation of kinetic energy, the sudden increase of the jet opening angle once
mass-loading starts to be relevant (because of the increased pressure), or the drop in stellar density
along Δz. Nevertheless, it represents a good a priori estimate of the expected role that stellar mass-load
can play on jet dynamics for given initial conditions.
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Figure 11. Evolution of the energy fluxes (in logarithmic scale) for steady-state, axisymmetric jet
simulations for hot dilute, magnetized jets mildly (mean stellar mass-loss Ṁw = 10−11 M�/yr, upper
panels) and strongly mass-loaded (Ṁw = 10−9 M�/yr, lower panels). The jets also differ in the initial
Lorentz factors 10 (left and right) and 6 (centre), and mean pitch angle (defined as tan−1(Bφ/Bz)) of
45◦ (left and centre) and 75◦ (right). The red line indicates the total flux, the dotted line stands the
internal energy flux, the solid line the kinetic energy flux and the dashed line the magnetic energy flux.
Perucho et al. (in preparation).

Both for cases 1 and 2, a cooled and decelerated jet leads to hγ → 1, with the initial jet luminosity
invested into kinetic energy flux (dominated by the entrained particles) and a part radiated away.
In other words, the process of entrainment and deceleration leads to the depletion of the relativistic
reservoir of the jet from parsec to kiloparsec scales. Once the jet becomes decelerated to subrelativistic
speeds, the classical equations take over the description of jet evolution and the appropriate approach
then becomes the one described in [28] and/or [36], including relevant terms such as buoyant forces
and turbulent dissipation fed by further entrainment. Figure 12 shows a flow diagram of expanding jets,
where I have indicated the processes that would correspond to the three mass-loading cases described
here. Please note that this is independent from the origin of the entrainment. When following the
diagram, it has to be kept in mind that different processes can take place at the same time.
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Figure 12. Flow diagram of jet evolution as it propagates through a galactic atmosphere. The rhombi
indicate the bifurcations in the flow diagram depending on which processes dominate the dynamics,
and the squares indicate the result of those processes. I have indicated the possible evolutionary options
related to mass load in blue. Adapted from Perucho et al., in preparation (see also [164]). Please note
that where case 1 is indicated, the jet evolution can be non-adiabatic [27]. Case 2 may imply particle
acceleration and enhanced radiative output, still keeping an adiabatic behavior of the flow.

Finally, it is important to stress that independently from the dynamical role of entrainment, the
entrainment of protons in the jet can significantly change the jet composition along its propagation.

5.2. Jet Evolution: A Summary

Jets are probably magnetically dominated at the formation region, with their mass flux dominated
by pairs [4]. Magnetic acceleration and the Bernoulli effect convert part of the magnetic flux and
internal energy into kinetic energy from the inner parsec to possibly hundreds of parsecs [165]. After the
initial injection carves its way through the irregular inner galactic ambient medium, a channel forms
that allows the particles to propagate at relativistic speeds along it. The CDI and KHI are assumed to
develop at different scales along the jet, with the former acting while the jet is magnetically dominated
and the KHI downstream of the magnetic acceleration region. The CDI (including the pressure-driven
instability) could actually play a significant role in dissipating magnetic energy and trigger particle
acceleration to relativistic energies, feeding the non-thermal population. As the jets expand in the
external density/pressure gradients, the large-scale instabilities can be stabilized (see Section 2.3).

In parallel, as the jet flow propagates through the host galaxy, the interaction with stars and
clouds can mass-load the jet, introducing protons and forcing the jet deceleration and the conversion
of internal and/or magnetic energy flux into kinetic energy. In the case of fast jets, the deceleration
caused by mass-load can produce an increase in the internal energy flux (e.g., [43,162], Perucho et al.,
in preparation). Deceleration of jets by stellar winds was proven to be efficient in low-power jets,
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even for old stellar populations with weak winds [162]. Jet/obstacle interactions also probably generate
strong pressure and velocity inhomogeneities across the jet.

The expansion of a supersonic flow is followed by recollimation, a process that can trigger the
development of RTI/CFI. Taking into account that these instabilities are enhanced in the case of larger
opening angles [85,108], we expect them to develop in slower and hotter jets (i.e, jets with smaller
magnetosonic Mach numbers).

Although such short wavelength instabilities are favoured by the progressive deceleration that
starts at the jet boundaries [27], other mechanisms can act in parallel, contributing to the FRI jet
disruption process. Most FRI jets show a brightening region both in radio and X-rays, and, in some of
them (see Figure 10 and, in particular, the case of NGC 315, discussed in [166]), there are clear hints of
large-amplitude (i.e., probably disruptive) helical structures within the broader conically expanding
jet, beyond the brightening region. Whether these helices are revealing the development of instabilities
in the inner jet spine embedded within a broadening mixing layer is unclear, but it remains a plausible
option. The symmetric brightening of the jet and counter-jet, prior to geometrical flaring could also be
related a recollimation shock (e.g., [41]). The detection of high-energy emission from large-scales in
FRIs requires that the decelerating process is accompanied by particle acceleration, and turbulence
seems to be a good candidate to explain this.

Kinetically dominated jets (fast and cold) have smaller opening angles and dissipate kinetic energy
mainly at the recollimation shocks and at their hotspots, but also possibly due to the development
of small-scale instabilities in the boundary layer and at jet-obstacle interactions (see, e.g., [167] on
Pictor A, where the X-rays were proposed to be synchrotron emission from the jet boundary layer).
Although we do not observe clear hints of large-scale jet disruption at kpc-scales, we do observe helical
structures (probably coupled to KHI modes) indicating that dissipation can take place both along the
jet flow and at its head (via the dentist drill effect, [128,129,168,169]).

Recent simulations show that the propagation of FRII jets to hundreds of kiloparsecs can take
place in 1-10 Myr, aided by the development through a decreasing density atmosphere and small
scale oscillations of the jet head [20], until the oscillations grow to nonlinear amplitudes and then
the dentist drill mechanism comes into play, decelerating the advance of the jet head. This could
represent a transitory phase in the evolution of some FRII jets, most probably in those showing thin
lobes and remarkable collimation. Instabilities would take long enough to grow to allow for large-scale
jet propagation, and would start to contribute to strong kinetic energy dissipation only at those scales.
Finally, from the lack of strong jet deceleration to subrelativistic speeds in FRII jets, we can infer that
entrainment does not play a significant role in their evolution.

5.3. A Final Comment on FRI/FRII Dichotomy and VHE Emission

A conclusion that can be derived from this discussion is that dissipation is not acting as strongly in
FRII jets as in FRIs at large scales. The dissipation in FRIs happens via processes that can significantly
contribute to particle acceleration (e.g., strong shocks, shear, and turbulent mixing) and jet deceleration.
Furthermore, larger opening angles in FRI jets after the flaring (which coincides with the beginning
of deceleration, see, e.g., [24,27]) contribute to rapidly increase the entrainment rates and also the
number of stars embedded in the jet, thus favoring further investment of jet kinetic flux into particle
acceleration at interaction sites (e.g., [65]). Finally, deceleration can reduce the Doppler boosting and
favor the detection in misaligned sources. In contrast, in more powerful FRII jets, the number of
interactions is necessarily smaller because they are more collimated. Furthermore, the radiation that
they trigger at interactions can be boosted far from our view. Altogether, this could contribute to
explain why FRI radio galaxies are more numerous in the Fermi catalog than FRIIs, an observational
fact that cannot be explained by means of simple population numbers (e.g., [48]).

The previous argumentation is valid for the diffuse HE radiation from FRI jets, and mass-loading
was successfully used to reproduce the broad band synchrotron spectrum of radio galaxies from radio
to X-rays, such as Centaurus A [64]. In fact, evidence is being found that shows the lack of correlation
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between Doppler boosting and gamma-ray emission in radiogalaxies ([170] and references therein),
as opposed to blazars (see also [171,172]), where the fast variability of the detected VHE radiation
seems to imply that it is generated at the most compact scales, via IC or even proton-proton interaction
(see [49] for a recent review). This points towards a possible decoupling of the gamma-ray emission
from radiogalaxies and their parsec-scale jets.

In this review, I have summarized candidate scenarios for energy dissipation and particle
acceleration in radio galaxies. These scenarios are probably acting more efficiently in FRI jets,
but the exact way in which TeV photons are produced in these sources remains to be determined,
although it could be related to (1) enhanced efficiency (with respect to our current acceleration
models) of particle acceleration in any of the aforementioned scenarios (via acceleration in turbulent
flows), or (2) processes not taken into account in ideal RMHD, such as reconnection caused by
the development of instabilities or jet-star/cloud interactions. The detailed multi-wavelength
observational study and modeling of the dynamics of FRI radiogalaxies (e.g., [27,162], Perucho et al.,
in preparation) and nearby low-power, gamma-ray bright active galaxies like Centaurus A or NGC 1052
(e.g., [50,137–140,173–175]), plus particle-in-cell simulations (see, e.g., [176–178], and references
therein), set the path to understanding the relation between jet deceleration and high-energy emission.
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Abstract: Over the past decade, our knowledge of the γ-ray sky has been revolutionized by ground-
and space-based observatories by detecting photons up to several hundreds of tera-electron volt (TeV)
energies. A major population of the γ-ray bright objects are active galactic nuclei (AGN) with their
relativistic jets pointed along our line-of-sight. Gamma-ray emission is also detected from nearby
misaligned AGN such as radio galaxies. While the TeV-detected radio galaxies (TeVRad) only form a
small fraction of the γ-ray detected AGN, their multi-wavelength study offers a unique opportunity
to probe and pinpoint the high-energy emission processes and sites. Even in the absence of substantial
Doppler beaming TeVRad are extremely bright objects in the TeV sky (luminosities detected up to
1045 erg s−1), and exhibit flux variations on timescales shorter than the event-horizon scales (flux
doubling timescale less than 5 min). Thanks to the recent advancement in the imaging capabilities of
high-resolution radio interferometry (millimeter very long baseline interferometry, mm-VLBI), one
can probe the scales down to less than 10 gravitational radii in TeVRad, making it possible not only
to test jet launching models but also to pinpoint the high-energy emission sites and to unravel the
emission mechanisms. This review provides an overview of the high-energy observations of TeVRad
with a focus on the emitting sites and radiation processes. Some recent approaches in simulations
are also sketched. Observations by the near-future facilities like Cherenkov Telescope Array, short
millimeter-VLBI, and high-energy polarimetry instruments will be crucial for discriminating the
competing high-energy emission models.

Keywords: active galactic nuclei; radio galaxies; gamma-rays; jets

1. Introduction

An exciting discovery enabled by space- and ground-based high-energy observations is the
detection of γ-rays from over 3000 extragalactic sources. Active galactic nuclei (AGN, powered by
accretion onto a few million to several billion solar mass black holes) form a major population of the
γ-ray sky. AGN often produce collimated outflows, called relativistic jets (see Figure 1), whose beams
of radiation pierce through the Universe and reach us from the past, offering a unique opportunity to
study the Universe when it was an order of magnitude younger than today. Despite the intensive study
of AGN, the location and origin of their γ-rays remains a mystery. Some studies imply the emission
region is located close to the central black hole [1–5], while there are counterexamples which argue
for γ-rays coming from farther out in the jet [6–8]. Extremely bright γ-ray flashes in AGN on time
scales of minutes to hours have attracted the attention of the entire astronomical community, as this
suggests that the particles that produce γ-rays can be accelerated with enormous efficiency in tiny
regions within more extended sources. The question of what powers γ-ray AGN flares is ultimately
related to the energy dissipation mechanism at work in their relativistic jets.

AGN jets are among the largest and most efficient particle accelerators in the Universe. However,
where and how these particles produce high-energy radiation is still an open question. What are the
particle acceleration processes, which type of particles are the primary energy drivers, and what are
the high-energy interaction processes are key puzzles in high-energy astrophysics?
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Figure 1. Sketch representing the mis-aligned radio emitting bipolar jets of a radio galaxy (not to scale).
Jets typically extend up to a few hundreds of kilo-parsec to mega-parsec scales.

AGN having their jets pointed along our line-of-sight, called blazars, are the majority of the
sources detected by the high-energy ground- and space-based telescopes. This goes along with the
substantial Doppler boosting of their intrinsic emission. The radiation is beamed in our direction
making these sources appear to be extremely bright and detectable even at larger redshifts. Blazars
come in two flavors: BL Lacertae objects (BL Lacs) and flat spectrum radio quasars (FSRQs). In spite
of the dissimilarity of their optical spectra—FSRQs show strong broad emission lines, while BL Lacs
have only weak or no emission lines in their optical spectra—they share the same peculiar continuum
properties (strong variability and high polarization). Most of the radiation we observe from these
blazars is dominated by emission from the jet; however, characteristic signatures of emission from
the immediate vicinity of the central black hole (accretion disk or corona) have also been observed,
especially in FSRQs.

The radio to optical emission (and X-rays in some cases) from blazars is mostly synchrotron
radiation from the jet, produced by relativistic electrons interacting with the jet’s magnetic field.
High-energy emission, which often dominates the spectral energy distribution (SED), is from
inverse-Compton scattering of thermal photons (from the accretion disk, the broad-line region, or the
molecular torus) and/or non-thermal photons (synchrotron emission from the jet) by the jet’s relativistic
electrons in case of leptonic models [1,9–12]. Gamma-ray emission could also be produced via
photo–hadron interactions or hadron–nucleon (or proton–proton) collisions and subsequent cascades
in the framework of hadronic models [9,12–14]. Detailed investigations of multi-wavelength flux
and spectral variability of individual sources including cross-band (radio, optical, X-ray, γ-ray, and
polarization), relative timing analysis of outbursts, and/or very long baseline interferometry (VLBI)
component ejection/kinematics suggest that high-energy emission, especially γ rays, are associated
with the compact regions of relativistic jets energized by the central SMBHs (e.g., [1,2,6,15–22]).
However, many critical details of particle acceleration mechanisms and radiation processes are
still unknown.

Misaligned or non-blazar AGN, such as radio galaxies or Narrow line Seyfert 1 galaxies, although
representing a small fraction (<2%, [23]) of the γ-ray detected sources, have emerged as an interesting
class of γ-ray emitting AGN. Radio galaxies are a particularly interesting class of objects to understand
several aspects of AGN physics and high-energy emission, i.e., how the relativistic outflows are
launched and driven, what drives the particle acceleration, and how and where high-energy emission
is produced in jets. Several of these key questions can be addressed via studying the TeVRad.
This review paper summarizes the key observations of TeVRad, with an overview about the possible
particle acceleration processes and emission mechanisms, and concentrates on the jet structure and
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multi-wavelength variability rather than spectral modeling, which is a separate topic. The interested
reader is referred to the review article by Rieger and Levinson [24].

2. Observations of the TeV Emitting Radio Galaxies

Among the more than 30 radio galaxies observed by the Fermi/Large Area Telescope (LAT)
reported in the LAT 8-year Point Source List (FL8Y: https://fermi.gsfc.nasa.gov/ssc/data/access/lat/
fl8y/), six have also been detected at TeV energies (see Table 1). Most of these sources are relatively
nearby; the closest is Centaurus A at a distance of 3.7 mega-parsec, while PKS 0625-35 (The source
class for PKS 0625-35 is still under debate. The large-scale morphology of the source looks like that of
radio galaxies, while its optical spectrum indicates a BL Lac classification [25].) at 220 mega-parsec
distance is the farthest TeV-detected radio galaxy. The TeVRad, M87 and PKS 0625-35 have a black
hole mass of a few 109 M�, which is similar to the average black hole mass of beamed radio galaxies
a.k.a. blazars [26]. The other TeVRad host a smaller black hole, (MBH = a few ×108 M�). The radio
morphology of these sources resemble blazars when viewed at larger angles. The beaming effects are
fairly moderate in TeVRad (apparent speed less than a few times the speed of light [27–29]).

Table 1. Radio galaxies detected at TeV energies.

Source Type Redshift (Distance in Mpc) MBH (M�) LV HE (erg s−1)

Centaurus A FR1 0.00183 (3.7) [30] 5 ×107 [31] 1040

M87 FR1 0.0044 (16) [32] 6 ×109 [33] 1041

3C 84 FR1 0.0177 (71) [34] (3–8) ×108 [35,36] 1045

IC 310 FR1 0.0189 (80) [37] (1–7) ×108 [31,38] 1044

3C 264 FR1 0.0217 (95) [39] 2.6 ×108 [40] 6 × 1043

PKS 0625-35 FR1/BL Lac 0.05488 (220) [41] 3 × 109 [31] 5×1041

The detection of the nearest TeVRad, Centaurus A core, at TeV energies was first reported by
H.E.S.S. (High Energy Stereoscopic System) using more than 100 h of observations taken during
2004–2006 [42]. The source has been later detected also at GeV energies by the Fermi/LAT [43].
Fermi/LAT also discovered the spatial extension in the source, detecting γ-rays from both the core
and from the extended giant lobes [43]. The combined GeV-TeV spectrum of the source shows a clear
excess at TeV energies and cannot be fitted via a single zone emission model [44]. Moreover, the origin
of the extended γ-ray emission still remains an open question, although several models were proposed,
i.e., inverse-Compton scattering of relic radiation from the cosmic microwave background and the
infrared-to-optical extragalactic background light [43].

At a distance of ∼16 Mpc, M87 was the first TeV detected radio galaxy [45]. M87 is the brightest
galaxy in the Virgo cluster. The source has been detected on several occasions both in flaring and
quiescent states [46–48]. The fastest variability timescale observed in the source is ∼1 day [48].
Long-term variability on a few week timescales has also been reported for the source especially during
quiescent states [47,49].

The Fermi telescope has detected 3C 84 since the beginning of its operation [50]. Fermi observations
suggest that the GeV photon flux of the source has been continuously rising since then (see Section 4
for details). In 2009, the source was also detected at TeV energies [51,52]. In the end of 2016 and early
2017, the source has been through a dramatic flaring activity. During this epoch, the MAGIC telescopes
detected the brightest flare ever observed in the source (Lγ−ray ∼ 1045 erg s−1, [4]) with a flux doubling
timescale of ∼10 h.

The radio galaxy IC 310 was first detected at TeV energies in 2009–2010 by the MAGIC
telescope [53]. Variations on days to months timescales were observed in the source during this
period. On 12–13 November 2012, a dramatic flare was observed in the source. During this exceptional
variability phase, the observed flux doubling timescale of the observed TeV flares was as short as
5 min. This is the fastest variability timescale observed in a radio galaxy up to now [38]. This extreme
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flare is quite challenging to be explained within the framework of any existing theoretical mechanism
(see Section 6 for details).

At a distance of 95 Mpc, 3C 264 is rather a new member in the family. Nearly 12 h of VERITAS
observations of the source between 9 February 2018 and 16 March 2018 confirms its detection at ∼5σ

level [54]. TeV emission above 250 GeV from PKS 0625-35 was first reported in 2012 by H.E.S.S. [55].
Fermi observations of the source report variations on monthly timescales [56]. However, no variation
has been seen at TeV energies. The source belongs to the category of low excitation line radio-loud
AGN [57]. Radio observations find superluminal motion in the jet with apparent speeds up to ∼3 c [58].
The evidence of a one-sided jet and superluminal motion suggests the source to be more like a blazar.

3. Radio Properties

3.1. Parent Population

All TeVRad are Fanaroff and Riley type I (FR1) sources. Moreover, most of the TeV-detected
blazars (high-frequency peaked BL Lacs, HBL, in TeVcat: http://tevcat.uchicago.edu/) belong to
the parent population of FR1 sources. Radio galaxies are classified as FR1 and FR2 [59] sources on
the basis of their jet luminosity at 178 MHz radio frequency. It was found that the sources with
luminosity ≥5 × 1024 W Hz−1 Sr−1 belong to the FR2 class, while the rest were classified as FR1
type [59]. The key difference between the two populations is their radio morphology. FR2s are more
powerful radio galaxies, and their radio morphology is characterized by powerful edge-brightened
double lobes with prominent hot spots, while the FR1s are lower-power sources, which exhibit rather
diffuse edge-darkened lobes. Moreover, FR2s tend to be found in less dense environments compared
to FR1s. When seen at small inclinations, FR1 sources are BL Lacs while FR2s are radio-loud quasars
(an excellent discussion about AGN unification can be found in Urry and Padovani [60]).

It was found that at a given radio power, FR1s have fainter nuclear X-ray and ultra-violet (UV)
emission [61,62] compared to FR2s, which indicates that FR1s might have fainter accretion disks.
For instance, the accretion rate for the brightest TeVRad 3C 84 (LVHE = 1045 erg s−1) is well below
10% of its Eddington accretion rate (Eddington ratio ∼3 ×10−4, [63]). The key question to answer is
if this corresponds to different accretion modes in the two classes of sources [64]. If yes, it would be
interesting to assess how it correlates to their observed TeV luminosity. Moreover, FR2s may occupy
less dense environments, enabling lower γγ-pair production opacity for the TeV photons. In dense
environments, high-energy photons might get absorbed via a process called pair production when
they interact with lower-energy (optical/UV) photons by producing electron–positron pairs.

3.2. Jet Kinematics—Speeds on Parsec to Kilo-Parsec Scales

The TeVRad M87 is the best studied radio galaxy because of its extremely bright and spectacular
jet extending up to several hundreds of kilo-parsecs. Figure 2 depicts the kilo-parsec scale radio, optical,
and X-ray images (from top to bottom) of the M87 jet. The high-resolution VLBI observations show
very sub-luminal speeds (∼0.01 c) on tens of parsec scales [28,65,66], although recent higher-cadence
VLBI monitoring programs have started to find faster motions at the similar scales [67,68]. Later,
there is a sudden increase in the apparent speeds at a distance of ∼100 parsecs close to the location
of HST-1 feature (see Figure 3). Superluminal components with speeds up to 6c are detected after
that (see Figure 3), which is followed by a smooth deceleration [69–71]. A similar velocity pattern has
observed in 3C 264. The sub-luminal apparent speeds (≤0.5 c) seemingly receive a kick at a distance of
∼100 parsec where the jet has a stationary knot/feature. On kilo-parsec scales apparent speeds up
to 7 c have been observed in the source [29]. Downstream acceleration with a change in speeds from
0.1–0.3 to 0.5 c has also been observed in the kilo-parsec scale jet of Centaurus A [72–74]. How exactly
these velocity fields develop and evolve along the jet is still an open issue. The stationary features
are thought to be the sites of recollimation shocks, which might have a key role in accelerating the
sub-luminal motion to super-luminal speeds.
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Figure 2. Multi-wavelength view of the M87 jet. From top to bottom: radio jet imaged by Very Large
Array (VLA), optical jet seen by the Hubble Space Telescope, and X-ray image taken by the Chandra
X-ray Observatory. The optical image (middle) marks the position of various bright knots/stationary
features observed in the jet. (Credit: Marshall et al. [75], reproduced with permission c©AAS).

Figure 3. Velocity field measurements in the jet of M87 from parsec to kilo-parsec scales. The stationary
feature HST-1 is at a distance of ∼ 100 parsecs from the central engine. The highest speeds are measured
close to the position of HST-1. (Credit: Asada et al. [65], reproduced with permission c©AAS).
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There has been no dramatic change noticed in the apparent speed of the moving features in the
other TeVRad as a function of distance from the central engine. For instance, the observed speeds on
parsec and kilo-parsec scales are sub-luminal (∼0.2–0.9 c) in 3C 84 [8,76–78], suggesting a viewing
angle ≥45◦. The one-sided blazar like jet of IC 310 constrains the viewing angle to be ≤38◦ implying a
moderate beaming [79]. VLBI observations measure an apparent speed of ∼0.9–3 c in the PKS 0625-35
jet, which constrains the viewing angle in the source to be ≤13◦ (Angioni et al. 2018, submitted).

Structured and stratified velocity patterns have also been observed in the parsec-scale jets of some
of the TeVRad. For instance, a study by Mertens et al. [28] reports a stratification in the M87 jet with
three different velocity patterns. The jet flow in the source has a slow, mildly relativistic layer, sheath,
(apparent velocity ∼0.5 c) and a fast spine (apparent velocity ∼0.9 c). The study also discovered a
significant difference in the apparent speeds observed in the northern (0.5 c) and southern (0.2 c) limbs
of the jet (the bright limbs in the source can be seen in Figure 4). Likewise, limb brightening was
discovered in the 3C 84 jet using the space-VLBI observations [80]. Hints of differential motion were
also observed in Centaurus A [72].
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Figure 4. Stacked high-resolution radio image of M87 at 86 GHz frequency (Credit: Kim et al. [81],
reproduced with permission c©ESO). The high-resolution radio imaging technique allows a zoom up
to a scale of ≤10 gravitational radii in the source frame.

3.3. Zooming into the Event Horizon Scales

AGN jets are the most spectacular structures in the Universe and represent the “extreme” and
“largest” members of a wide family of jet-powered phenomena, including γ-ray bursts (GRBs),
X-ray binaries (XRBs), and young stellar objects (YSOs). Over the past few decades, there has
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been remarkable progress in our understanding of AGN jet physics especially because of the
development of high-resolution VLBI (for more details refer to the recent review on millimeter-VLBI
by Boccardi et al. [82]). Millimeter-VLBI observations offer an angular resolution of a few tens of
micro-arcseconds, which allows a probe of the inner jet region on scales ≤50 gravitational radii (Rg).

Given its proximity and fairly bright jet at millimeter radio frequencies, M87 is the best studied
source using high-resolution VLBI [28,65,81,83,84]. Global millimeter VLBI observations at 86 GHz
radio frequency resolve a limb-brightened outflow down to ∼15 Rg [81,85]. A high-resolution image
of M87 taken at 86 GHz radio frequency is illustrated in Figure 4. The Event Horizon Telescope (EHT)
observations at 230 GHz and 345 GHz frequencies constrain the size of the event horizon of the central
black hole to be less than 10 Rg [84,86]. These high-resolution images provided a unique tool to test
the different jet-launching models [83,84].

Another interesting study is made using the space-VLBI observations. The space-VLBI
observations of 3C 84 at 22 GHz radio frequency using the RadioAstron mission probed the inner
jet profile up to 100 Rg [80]. The study discovered a very broad jet base with a transverse radius
larger than about 250 Rg implying the jet to be more likely launched from the accretion disk.
More interestingly, Global millimeter VLBI Array (GMVA) observations at 86 GHz radio frequency
discovered a double-nuclear structure at the jet base (Oh et al. 2018, in preparation).

High-resolution VLBI observations therefore offer an unparalleled opportunity to probe and
pinpoint the high-energy emitting sites in the immediate vicinity of the central black hole. Moreover,
high-resolution polarization imaging is a unique technique to unravel the magnetic field topology on
scales less than a few hundreds of gravitational radii. The tiny magnetized regions in the extended jets
are the potential sites of high-energy emission [20,87,88].

4. TeV Variability

Like blazars, TeVRad exhibit variability on multiple timescales i.e., sub-hour to days timescale
flares are accompanied by long-term outbursts. For instance, multiple modes of flaring activity can
be seen in the γ-ray light curve of 3C 84 observed by the Fermi/LAT. Figure 5 presents the rapid
flares superimposed on top of the long-term rising trend in the Fermi photon flux light curve (in blue).
At the end of 2016, several extremely bright and rapid flares were observed by Fermi/LAT. The fastest
flares seen by Fermi/LAT have flux doubling timescale of 9–12 h. In 2016–2017, the source was also
detected multiple times at TeV energies by the MAGIC telescope (see Figure 6) [4]. During the course
of this period, MAGIC detected the fastest and most luminous flare from 3C 84. An extremely bright
(Lγ 	 1045 erg s−1) flare with a flux doubling timescale of ∼10 h was observed on 1 January 2017 [4].
Flux variations on multiple timescales were also observed in IC 310 and M87.
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Figure 5. Gamma-ray photon flux (blue) and radio 230 GHz (red) light curve of the TeVRad 3C 84 at E
= 0.1–300 GeV. The γ-ray light curve is produced by adaptive binning analysis method following Lott
et al. [89] using the Fermi/LAT data from August 2008 until September 2017 . The radio 230 GHz light
curve is from sub-millimeter array (SMA) AGN monitoring program (details are refereed to Hodgson
et al. [8]). Rapid flares superimposed on top of the long-term rising trend can be seen both at γ-ray and
radio frequencies.

Figure 6. TeV light curve of 3C 84 observed by the MAGIC telescope [4]. The fastest flare observed
around January 01, 2017 has a flux doubling timescale of ∼10 h. Long-term variations at γ-rays are
shown in Figure 5.

Extremely short variability timescales in TeVRad have attracted the attention of astrophysicists,
as the observed timescales can reach down to the light crossing time of the black hole event horizon,
tBH = rg/c, where rg is the gravitational radius of the black hole and c is the speed of light. For instance,
the observed variability timescale (tvar = 5 min) in IC 310 is much smaller than the event horizon
light crossing timescale, tBH = 25 min [38]. The fastest variability timescale observed in M87 (tvar ∼
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1 day) is comparable with the event horizon light crossing timescale (tBH ∼ 60–90 min). Variations on
sub-horizon scales have also been observed in blazars [90]. However, in case of blazars, one can always
argue that beaming effects make the observed timescale appear shorter. This requires the Doppler
factor to be greater than 50, which has rarely been observed [27,78].

Understanding the physical processes responsible for the origin of the ultra-fast TeV flares is a key
challenge in high-energy astrophysics. Sub-horizon scale variations and extremely luminous flares,
especially in the absence of strong beaming effects, require (i) emission regions of extremely high
electromagnetic energy of the emitting particles, (ii) efficient particle acceleration mechanisms which
could channel the electromagnetic energy to particle energy, and (iii) less-dense photon environments
so that the emitted TeV photons do not get self-absorbed by γγ-pair production.

5. High-Energy Emitting Sites

Locating the γ-ray emitting sites is a key challenge not only in case of radio galaxies but also
for blazars. When the emission region is closer to the central black hole, there is higher proportion
of electromagnetic energy available in the jet, making it easy to account for the observed extremely
bright γ-ray flashes. However, if the high-energy photons are produced too close to the black hole, the
chances for them to escape through the rich photon environments are low. Nevertheless, at least some
of these high-energy photons seem to survive even through dense environments. Photons produced
further down in the jet have higher chances of not being absorbed; however, accelerating particles to
extreme high-energy is a quite challenge there (see Section 6 for more details).

The sub-horizon scale emitting regions, detected in IC 310, 3C 84, and M87, could either be
very close to the black hole or further down in the jet. The TeV flare in IC 310 was interpreted as
originating from the magnetospheric gap of the black hole (see Section 6) as it is hard to achieve the
high luminosity and rapid variability further down in the jet. The rapid TeV flare in 3C 84 was also
proposed to be produced in the magnetospheric gap; however, achieving the extremely high luminosity
requires an extremely fast rotating black hole and magnetic field higher than its equipartition value [4].
However, these studies lack a conclusive observational evidence for the emission to be produced
close to the black hole. Multi-frequency observations of M87 during an episode of extremely rapid
flares provided an opportunity to study the TeV emitting regions in great detail. Strong TeV flares in
the source were accompanied by an increase of the flux from the nucleus observed at 43 GHz radio
frequency [5], suggesting the emission region to be located within the radio core (≤50 gravitational
radii). The extreme compactness of the TeV emission region and the observed TeV-radio connection in
M87 conclusively infer that the VHE emission is indeed produced very close to the black hole [5]. This
scenario has further been strengthened by more recent TeV-VLBI joint observations of M87 [91,92],
where the authors also found the flux increase of the 43 GHz core along with TeV flaring events.

Hints of multiple γ-ray emitting regions have also been observed in TeVRad. For instance, a study
performed using the KVN (Korean VLBI Network) and γ-ray observations indicate the presence of
multiple γ-ray emitting regions in 3C 84 [8]. Figure 5 presents a comparison of the flux variations
observed at γ-ray and 230 GHz radio frequencies. The long-term rising trend is present in the flux
variations seen both at radio and γ-ray frequencies. However, the rapid flares do not have a one-to-one
correspondence at the two frequencies. A formal cross-correlation analysis indicates two prominent
peaks at around −500 and +400 days, which implies that γ-rays variations lead those at radio by
−500 days and also lag behind by +400 days (see Figure 7). A detailed investigation of the flux density
variations in the spatially separated emission regions of the jet indicates the presence of multiple γ-ray
emitting sites in the source. The study reported that there are two active regions producing γ-rays in
the source, one very close to the black hole and another at a distance of ∼4 parsec in the source frame.
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Figure 7. Cross-correlation analysis curve of the γ-ray and radio flux variations observed in 3C 84 (see
Figure 5). The two peaks at −500 and +400 days (green arrows) imply γ-rays flux variations leading
and lagging those at radio. A detailed analysis suggests the presence of multiple γ-ray emitting sites in
the source [8].

Fermi has detected γ-rays both from the core and the extended lobes of the nearest TeVRad
Centaurus A [43]. The source has a spatial extension of about 9 degrees across the sky, which
corresponds to ∼600 kilo-parsec, and the γ-ray morphology (Magill et al. 2019, in preparation)
is quite similar to its radio jet morphology, which implies γ-rays coming from both the central AGN
core and extended kilo-parsec scale lobes. Given the detection of extended γ-ray emission at GeV
energies and the absence of TeV variability, the extension of TeV emission cannot be discarded. It is
important to note that Fermi/LAT has detected extended GeV emission also from Fornax A. It might be
interesting to see for how many of these sources spatial extension can be detected by using the future
Cherenkov Telescope Array.

6. Particle Acceleration Mechanisms

The observed extremely rapid variability and enormously high γ-ray luminosity are clearly
challenging to achieve in astrophysical jets as they require (i) particle acceleration to extreme high
energies in the presence of strong radiative loss (ii) variation on sub-horizon timescales, and (iii)
conversion of large volumes of electromagnetic energy with enormous efficiency. Several mechanisms
have been proposed to address the TeV challenge in astrophysical sources. Some recent ideas are
summarized below.

The most common mechanism is relativistic shock i.e., the flow is accelerated to supersonic speeds
and strong shocks are formed in the relativistic outflow because of (i) faster moving outflow runs
into slower flow resulting in the formation of internal shock, (ii) the outflow encounters an obstacle
(perhaps a molecular cloud) on its way, (iii) any other perturbation happening at the base of the jet
could also form a shock wave to form and propagate down the jet. Relativistic shocks [93] seem
to be effective in low-magnetization regimes and could explain the observed long-term variability
from AGN fairly well [1,20,87,88,94–96]. However, the luminous ultra-fast TeV flares observed from
a number of AGN [4,38,90,97] are difficult to explain via the relativistic shock model, especially in
the absence of substantial Doppler beaming, and therefore challenge our understanding of particle
acceleration processes.
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Magnetic reconnection, a process by which magnetic energy is transferred to particle heat,
bulk energy and non-thermal energy, is proposed to be an effective mechanism for energy
dissipation [98–102] in magnetically dominated relativistic outflows. During magnetic reconnection,
opposite polarity magnetic field lines exchange partners at “X-points” leading to breaking of flux
freezing and change in magnetic field topology, which results in an explosive release of energy. For
instance, solar flares seem to be powered by magnetic reconnection. However, this picture is far too
complex in case of relativistic outflows. Nevertheless, there has been great advancement in simulations
to understand the relativistic magnetic reconnection. The particle-in-cell (PIC) magnetic reconnection
simulations suggest that ultra-relativistic plasmoids generated by magnetic reconnection [99,100] can
power the ultra-fast flares observed from TeV AGN. An example γ-ray light curve (top) and snapshot
of relativistic magnetic reconnection (bottom) by an integrated modeling relying on first-principle PIC
kinetic simulation and an advanced polarized radiation transfer simulation from Zhang et al. [98] are
illustrated in Figure 8. The study reports that plasmoid coalescences in the magnetic reconnection
layer can produce highly variable multi-wavelength light curves, and also can explain polarization
degree and polarization angle variations.

Figure 8. Radiative signatures of relativistic magnetic reconnection by an integrated modeling relying
on first-principle particle-in-cell (PIC) kinetic simulation (Credit: Haocheng Zhang [98]). (Top) γ-ray
light curve in units of light crossing time scale. (Bottom) reconnection layer in the unit of ion skin depth.

A magnetospheric gap model was invoked to explain the sub-horizon scale flux variations in
TeVRad [4,38,103,104]. It has been proposed that a rotating black hole embedded in a strong magnetic
field (of the order of 104–105 G) will induce an electric field, E, corresponding to a voltage drop across
its event horizon, which facilitates an efficient electromagnetic extraction of the rotational energy of
the black hole (for more details, see the review by Rieger [104]), and could be an efficient mechanism
to power the TeV flares in AGN. The maximum extractable energy (Lmagnetosphere) from the black hole,
however, depends on the details of the gap configuration. For instance, Lmagnetosphere scales as the height

111



Galaxies 2019, 7, 23

of the magnetospheric gap (h) i.e., Lmagnetosphere ∼ LBZ(h/rg)β, where LBZ is the maximum power from
a fast rotating black hole [105] and β depends on the gap setup. The size of the gap can be constrained
by the observed TeV variations (c.δt ≤ rg), which further reduces the maximum Lmagnetosphere (details
are referred to [104,106]). Another important aspect of this model is the absorption of the emitted TeV
photons by the thermal photon environment of the black hole. In order for the TeV photons to survive
through the accretion disk environment, the magnetospheric gap model requires an under-luminous
or radiatively inefficient accretion flow to avoid γγ-pair production. This enforces accretion rates to be
below 1% of the Eddington scale. Putting this in the context of current observations, the model could
explain the observed TeV flares in M87 fairly well; however, the minute-scale TeV flare in IC 310 seems
less likely to have a magnetospheric gap origin. The observed TeV luminosity in 3C 84 is also hard
to match in the framework of the magnetospheric gap model unless the magnetic field threading the
accretion disk is a factor of 1000 greater than its equipartition value.

Magnetoluminescence [107,108] has been recently proposed to explain the observed TeV flares from
astrophysical sources. The basic idea is that rotating at the center of an AGN leads to writhing of
magnetic flux ropes resulting in tangled and knotted magnetic field lines. The tightly wound magnetic
flux ropes especially in the inner jet are highly dynamically unstable. The tangled/knotted flux lines
when opened up or untangled could produce rapid γ-ray flares. It has been suggested that this
phenomenon includes an implosion rather than explosion [108]. As a consequence, particles could be
accelerated to significantly higher energies as the dissipating and cooling volume could be re-energized
by the medium external to it. Electromagnetic detonation [108] is proposed as an alternative possibility,
which might accelerate particles at the transition of high-magnetized outflow into low-magnetized
outflow and energy-flux. Particles are subjected to unbalanced electric field at the transition and get
accelerated (positive and negative charged particles are accelerated in opposite direction) to produced
γ-rays. In comparison to magnetic reconnection, which requires a magnetic flux to channel into a small
volume, electromagnetic detonation will have a larger volume for the conversion of electromagnetic
energy into particle energy.

7. Future Directions

Pinpointing the sub-horizon scale γ-ray emitting sites in kilo-parsec to mega-parsec scales
AGN jets is a key challenge in high-energy astrophysics. A coordinated multi-wavelength and
multi-messenger effort is needed to better understand it. The TeV emitting radio galaxies (TeVRad) are
a particularly interesting class of AGN to unravel the mystery of the origin of γ-ray emission. Some
important considerations are:

• TeVRad are nearby AGN. The farthest detected TeVRad is at a distance of 220 Mpc. Using the
millimeter-VLBI observations, we can probe regions in the immediate vicinity of the central black
hole i.e., down to a scale of less than 50 gravitational radii in the source frame (for more details
about the imaging capabilities of the current and near-future high-resolution VLBI observations,
check Boccardi et al. [82]). The mm-VLBI observations will provide an ultimate opportunity to
probe the compact regions closer to the black hole, which are the potential sites of high-energy
emission. High-resolution polarization imaging will probe the magnetic field strength and
configuration of these compact emission regions, which is an essential piece of information in
order to understand the production mechanisms of high-energy emission.

• Being seen off-axis, TeVRad offers a unique opportunity to transversely resolve the jet. Using
high-resolution VLBI, one can transversely resolve the fine scale jet structure and can probe
their flux density and polarization variations. VLBI astrometry observations could provide the
exact location of the core. Having that, we could combine the high-resolution VLBI imaging and
multi-wavelength observations to exactly pinpoint the location of γ-ray emitting sites.

• There have been great advances in the theory and simulation front. Several details about
plasma physics under extreme conditions can be better understood via simulations i.e., radiative
signatures of relativistic magnetic reconnection [98–102], formation of jets and expulsion of
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magnetic flux from the central black hole [109–111], high-energy polarization signatures of shocks
and reconnection [98,112,113]. A comparison of predictions from simulations with measurements
will be crucial to understanding the physical processes happening around black holes.

• Cherenkov Telescope Array (CTA) [114] with its sensitivity better than the existing GeV/TeV
instruments and spatial resolution of the order of a couple of arc-minutes at TeV energies will
provide observations up to 300 TeV. CTA will detect many more misaligned AGN and will also
help us in separating nuclear and off-nuclear components especially for nearby sources. Having
the potential to probe deeper into the spectral and variability characteristics of AGN, CTA will
eventually revolutionize our understanding of the TeV sky.

• The question of what powers γ-ray AGN flares is ultimately related to the energy dissipation
mechanism at work. High-energy polarization observations will deliver an ultimate test for
probing the energetic particle-acceleration processes and emission mechanisms: (i) leptonic
versus hadronic models and (ii) shocks versus magnetic reconnection. High-energy polarimetry
missions are on their way to unravel how the most efficient particle accelerators in the Universe
work. For instance, the All-sky Medium Energy Gamma-ray Observatory (AMEGO: https://asd.
gsfc.nasa.gov/amego/) will offer MeV polarization observations of the γ-ray bright AGN. The
Imaging X-ray Polarimetry Explorer (IXPE: https://wwwastro.msfc.nasa.gov/ixpe/index.html)
will observe polarization signatures from X-ray bright AGN.

• The recent observations of coincidence of a high-energy neutrino event with a flaring AGN, TXS
0506+056 indicate AGN as potential sources of high-energy neutrinos [115]. Multi-wavelength
and multi-messenger observations of similar events will test if AGN jets are powerful sources of
extra-galactic neutrinos and put constraints on lepto-hadronic models.

Given the flood of high quality data from the current and upcoming missions and great advances
in theory/simulation, it is an exciting time for astronomers. There are several major discoveries to
be made.
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Abstract: Centaurus A, powered by a 55 million solar mass supermassive black hole, has been
intensively monitored in all accessible wavelength ranges of the electromagnetic spectrum. However,
its very-high energy gamma (γ) ray flux (TeV photons), obtained from H.E.S.S. is relatively faint,
hampering detailed light curve analyses in the most energetic energy band. Yet, the extensive
long-term light curve data from Fermi-LAT and Swift-BAT (hard X-rays) allows for cross-correlation
studies. We find a hint that X-ray emission from Centaurus A precedes the γ rays by 25 ± 125 days.
If this lag is real and related to a γγ absorption effect in the broad-line region (BLR) around the central
source, we can constrain the size of the BLR using light-travel time arguments. These are first results
of extended light curve correlation studies between high-energy γ rays and X-rays from Centaurus A.

Keywords: active galactic nucleus; radio galaxy; Centaurus A; GeV γ-rays; TeV γ-rays; light curve;
discrete correlation function

1. Introduction

Active galactic nuclei (AGN) are a type of galaxies hosting extremely luminous central regions
that can outshine the entire galaxy. It is customarily accepted that these active central regions are
powered by a super-massive black hole (SMBH). The SMBH accretes matter from its surroundings
through an accretion disk around it. AGN are known to feature a relativistic outflow, in the form of
jets, of charged particles traveling in a highly collimated flow that slams into the intergalactic matter
forming large radio lobes at the ends.

AGN can be classified based on the observer’s viewing angle [1] with respect to the AGN jet
orientation. Radio galaxies (RGs) belong to the type of AGN for which the jet viewing angle with
respect to our line of sight is relatively large in contrast to blazars for which this angle is small. A well
known radio galaxy is Centaurus A (Cen A), which is the source of interest in this study.

In general, radio-loud AGN feature a broadband (from radio to γ rays) emission spectrum which
is primarily attributed to non-thermal radiation. Two distinct peaks can be seen in such a spectral
energy distribution (SED) where the lower energy peak (extending from radio to X-rays) is traditionally
accepted as being due to synchrotron emission from relativistic electrons in the jets. In leptonic models,
the second hump (from X-rays to γ rays) in the SED is attributed to inverse-Compton upscattering of a
soft target photon field by the same relativistic jet electron population.

Amongst the basic components of the structure of a typical AGN, are the fast-moving high-density
clouds surrounding the central engine (but external to the jet) and located closer to the central SMBH
than the optically obscuring dust torus. Due to the broad emission lines from this region, observed
primarily in the optical and ultraviolet, these components are referred to as the broad line regions
(BLRs) of the AGN (see [2] for a discussion on the possible origins of the BLR). The location of the
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BLR can be measured by the reverberation method employing the light travel time, the width of the
emission line which in turn indicates the speed of the BLR clouds, and the observable temporal lag
between the ionizing continuum radiation from the accretion disk and the line emission. The intense
BLR radiation field is likely to be an efficient target photon field for γγ-absorption of high-energy (HE;
E ∼ 0.1− 100 GeV) and / or very-high energy (VHE; E � 100 GeV) γ-rays producing electron-positron
(e−e+) pairs [3,4].

In this work, we report results of the time-series study using the discrete cross-correlation of light
curves as applied to Swift-BAT X-ray and Fermi-LAT γ-ray long-term observations of the nearest radio
galaxy, Cen A.

2. Centaurus A

The massive elliptical galaxy NGC 5128 (discovered in 1826, and also known as Cen A), is the
closest radio galaxy, at a distance of 3.4 Mpc [5]. This source is centrally powered by a SMBH of mass
5.5 × 107 M� (see e.g., [6,7]). The giant radio lobes of Cen A subtend ∼ 10◦ on the sky due to its
proximity to Earth. This Fanaroff-Riley Type I [8] radio galaxy has been observed from radio to VHE γ

rays, and is an ideal target for studying radio lobes and relativistic outflows.
Long-term multi-wavelength observations of Cen A from various astronomical facilities lead to

high-quality long-term light curves in several wavebands across the electromagnetic spectrum.

The Spectral Energy Distribution of Cen A

Numerous extensive studies have so far been carried out on Cen A, aiming at characterizing
the SED of the source (see e.g., [5,9–12]). As is seen with other active galaxies, the SED of Cen A is
dominated by non-thermal radiative output originating mainly from synchrotron and inverse-Compton
emission mechanisms.

In [9], the broadband SED of Cen A is reported, ranging from radio to VHE γ-rays modeled
with various theoretical emission processes. A break in the γ-ray spectrum of the source indicating a
spectral upturn above 2.4 GeV has been established [10]. This break is not well modeled using a single
leptonic synchrotron self-Compton model. Recent results, from joint observations by H.E.S.S. and
Fermi-LAT [11], show that the VHE data points are consistently above the HE power-law extrapolation
of the γ-ray spectrum measured below the break. There is clear evidence for a second spectral
component in VHE γ rays in the SED.

In the so-called one-zone model, one considers a single emission region (say a relativistic blob
traveling along the jet) producing γ rays by electron-induced upscattering of low energy photons
through the inverse-Compton process. The target low energy photon populations can be internal or
external to the jet system. The single-zone models generally fail to reproduce the VHE γ ray data of
Cen A.

Also shown in [9,12], one can invoke a second emission zone with differing input parameters to
account for the VHE data points. Such a two-zone leptonic scenario has been recently employed by
the Fermi-LAT and H.E.S.S. collaborations to fully explain the entire γ-ray spectrum of Cen A [11].

Alternatively, the hadronic explanation of the HE peak uses energetic protons (interacting with
low-energy photons) that produce γ-rays after photo-pion production that leads to pion and muon
decay processes (or from proton-synchrotron radiation). These hadronic models will typically require
an input of rather large power in the proton population (see e.g., [13]), reaching 1047 − 1049 erg · s−1.
The corresponding luminosity estimates are much lower, by even two or more orders of magnitude for
leptonic models—this is essentially attributed to electrons radiating more efficiently.

A combination of leptonic and hadronic (leptohadronic) models has also been used in a successful
reproduction of the HE tail of the SED of Cen A where the TeV component is considered as the emission
from a relativistic proton population that interacts with the photons (photohadronic interaction)
produced by the primary leptonic component [12].
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γγ Absorption

The TeV photons that result from inverse-Compton scattering can again undergo interactions
with soft photons from various photon fields producing electron-positron pairs. The target photon
field can be external to the jet—in particular an intense photon population is provided by the BLR of an
AGN. Other external regions with soft photons include the accretion disk, the dusty torus, the cosmic
microwave background, and the extragalactic background light.

Due to the potentially large density of the BLR radiation field, it is possible that γγ absorption by
the BLR radiation field produces a discernible spectral signature. Indeed, γγ absorption in the BLR
of blazars has been considered by several authors, see e.g., [3,4,14], requiring that the γ-ray emission
region must be located outside or at the outer edge of the BLR, as significant γγ absorption by the BLR
can be avoided by having the γ-ray emission region outside the BLR.

3. Multi-wavelength Observations

To study the long-term activity of Cen A, we obtained contemporaneous data spanning about
6.8 years of hard X-rays and high-energy γ rays.

3.1. X-ray Data

Hard X-ray data (15–150 keV) from the Burst Alert Telescope (BAT) [15] on board the Neil
Gehrels Swift Observatory was used to obtain a 6.8-year span light curve. While primarily designed
for gamma-ray burst (GRB) detection and rapid triggering, BAT is an efficient hard X-ray monitor
instrument [16,17]. These data are readily available from the BAT transient source online repository1,
and have been used herein to produce the light curve binned in 14 day bins in the period from
MJD 54703.6 to MJD 57195.6 (i.e., between 8 August 2008 and 22 June 2015). The starting date of this
time window is set by the mission operation date of the Fermi-LAT, and the ending date by the time of
analyses in the year 2015.

3.2. HE Gamma-ray Data

High-energy γ-ray (100 MeV − 500 GeV) observations of Cen A that were contemporaneous to
the Swift-BAT data, from the Large Area Telescope (LAT), the primary instrument on board the Fermi
gamma-ray Space Telescope (Fermi) [18], were used to extract the γ-ray light curve. We employed the
publicly available event reconstruction tool (Fermi-LAT Pass 8 event-level analysis) [19], which has
been optimized for point-like sources after a comprehensive review of γ-ray event analysis. Released
in 2015, Pass 8 is considered to be the event reconstruction and analysis realizing the full scientific
potential of the instrument by increasing the effective area, improving the point spread function,
and widening the energy range to which LAT is sensitive. We performed unbinned likelihood analysis
(a maximum likelihood optimization technique) as described in the LAT Cicerone (see [20]) to obtain
the light curve in the energy range 0.1 to 500 GeV within a 10◦ region of interest centered at the position
of Cen A. The LAT science tools include all Pass 8 background models, such as the galactic diffuse
emission and the extragalactic isotropic diffuse emission models.

Figure 1 shows the X-ray and γ-ray light curves produced as described above. The light curves
span 6.8 years of observations, sampled in 14 day bins.

1 The publicly available monitor web page, http://swift.gsfc.nasa.gov/docs/swift/results/transients/, provides light curves
for astrophysical sources observed with Swift-BAT.
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Figure 1. The Swift-burst alert telescope (BAT) and Fermi-large area telescope (LAT) light curves spanning

6.8 years between 2008 and 2015 (at a 14 day sample rate) is shown here.

4. Time-lag Analysis

4.1. The Discrete Correlation Function

We now test for the presence of a correlation (or absence thereof) between the two observed
time varying signals from Cen A. For this purpose, we employ the discrete correlation function (DCF)
analysis developed by [21]. One of the advantages of the DCF is that it does not interpolate data and
can also handle sparse and / or unevenly sampled light curves.

Suppose we have recorded two time series of time-dependent data a(t) and b(t) (these can be in
the form of astronomical fluxes), then the mathematical description of the set of unbinned discrete
correlations is

UDCFij =
(ai − ā)(bj − b̄)

[(σ2
a − e2

a) (σ
2
a − e2

b)]
1/2

, (1)

where ai and bj are observed flux pairs, such that the corresponding pairwise lag is Δtij = tj − ti. The
averages of the series are denoted with ā and b̄, while σ2

a and σ2
b represent their variances. The errors

in these measurements are denoted by ea and eb. DCF values were computed for pairwise time-lags
(M pairs in total) where each time-lag is given by Δtij = tj − ti. The DCF that we make use of here was
then obtained through binning UDCFij in time and averaging over all M pairs of UDCFij for which
τ − Δτ/2 ≤ |Δtij| ≤ τ + Δτ/2 to get

DCF(τ) =
UDCFij

M
. (2)

As can be seen in [21], the uncertainty in the DCF is obtained by

σDCF(τ) =
1

M − 1

√
∑

(
UDCFij − DCF(τ)

)2

where the summation is over all series of unbinned discrete correlations obtained in Equation (1).
The algorithm employed progressively iterates through time-lags and computes a discrete

correlation coefficient for each lag. This enables an evaluation of the correlation between the two
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time series as a function of difference in arrival time of the signals. The result can be interpreted as
trailing or leading of the first input signal if the lag is positive or negative, respectively. The concept of
auto-correlation is achieved if a(t) = b(t).

4.2. Monte Carlo Simulation of Light Curves

In order to quantify the statistical significance of the DCF computed, we used the observed light
curve in each band to simulate, via a Monte Carlo approach, a set of 20, 000 artificial light curves.
To accomplish this, an algorithm proposed by [22] and later improved by [23], was used. A Python
implementation of this approach is published by [24].

For each observed light curve (the HE γ-ray and X-ray curves), we used the algorithm by [24]
to extract the underlying power spectral densities (PSDs) and probability density functions (PDFs).
These PSDs and PDFs are then used to simulate light curves that resemble the observations. At first,
to get a PSD, the algorithm derives the associated periodogram (the power as function of frequency)
which is in-turn fitted with a normalized (by A) smoothly bending power-law (around νlow and
νhigh) to which a constant c is added. Secondly, the PDF is obtained again from a best-fit (to its
histogram) of a superposition of two distributions (a gamma-distribution Γ(κ, θ) and log-normal
distribution ln N(μ, σ2)) whose contributions are weighted by ωΓ. The latter weighing takes care of the
ωln N = 1 − ωΓ partitioning of the mixing distributions towards the PDF. Table 1 shows the description
and the numerical values of the above-mentioned parameters as used in this work.

Table 1. An illustration of the parameter set for simulating the γ-ray light curves in the Python
implementation [24] of the algorithm by [23]. In this case, amongst others one, notes the over 80 %
contribution of the Γ-distribution to the probability density function (PDF) at the expense of the
log-normal component.

Parameter Symbol Numerical Value

PSD normalizer A 0.03 Hz−1

Bending frequency of PSD νb 2.3 × 10−4 Hz
Low frequency slope in PSD νlow 1.1
High frequency slope in PSD νhigh 2.2
Constant added for PSD c 0.009
Shape parameter of Γ-distribution for PDF κ 5.67
Scale parameter of Γ-distribution for PDF θ 5.96
Mean of the log-normal distribution for PDF ν 2.14
Variance of the log-normal distribution for PDF σ2 0.31
Weight between the Γ and log-normal distributions for PDF ωΓ 0.82

In this way, we simulated two pairs of 20,000 light curves resembling the γ-ray and the X-rays,
respectively. We then obtained correlation coefficients (using the [21] framework) by correlating each
of the 20,000 simulated light curves against the observed light curve in the other band. The simulated
light curves feature the same variability and statistical properties as the observed light curves. Using
the Monte Carlo simulated light curves, we sorted the lag-wise correlation coefficients and determined
the upper 5% of these, which is used then to define the upper boundary of the 95% confidence level
(CL). These limits derived from the contour boundaries of the CLs of the DCF process are used as a
statistical significance check of the peak of the DCF distribution obtained.

4.3. DCF Computation Result

Figure 2 shows the discrete correlation function between hard X-rays and HE γ rays from Cen A.
This is the correlation coefficient as a function of time-lag where the correlation was performed as
described in Section 4.1. The shape of the peak in Figure 2 is approximately Gaussian for which
the width is a measure of the uncertainty in the time lag. Overlaid on the correlation, is a band
delimiting the 95% confidence level (see Section 4.2) which is significantly surpassed by the peak of the
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correlation function. It can be noticed that the result hints to a scenario where the X-rays observed from
the Swift-BAT instrument lead the Fermi-LAT γ-rays by 25 ± 125 days (see the peak of the Gaussian
fit which has a standard deviation of 125 days). The correlation coefficient at the peak is 0.35 ± 0.14.
The result is established to have been significant above the 95% CL, but a correlation at a 99.7 CL
significance cannot be claimed due to the magnitude of the error bars.

Figure 2. Discrete correlation function (DCF) result: the solid blue curve denotes the DCF as a function
of time-lag (fitted with a Gaussian function in black), while the error bars on the correlation coefficients
are propagated from the errors on the flux measurements. The peak at 25 ± 125 day time lag (indicated
by the solid gray vertical line), is the deduced time-lag by which HE γ-rays trail behind the X-rays.
The solid dark green line traces out the upper 95% confidence level (CL), while light green solid line
marks the lower boundary of the 95% CL. Also shown are the upper and lower 99.7% CLs in dark
brown and light brown, respectively. The lag bin width of the shown DCF is 15 days, constrained by
the observation sampling rate and the duration of the observations. The latter also serves as a boundary
to the lag range tested. This presented choice of the lag bin width and its range were arrived at by
iterative visual inspection through these intervals. The correlation is insignificant on time scales larger
than the time scale in this window.

5. Summary and Discussion

Cen A, the closest radio galaxy to Earth, has been observed in various wavelength bands across
the electromagnetic spectrum over the years.

The light curve correlation between the 6.8 years of HE gamma-ray and the X-ray data of
Cen A considered here, resulted in a hint of a possible time-lag of about 25± 125 days of the gamma-ray
emission behind the X-rays. The discrete correlation function (DCF) associated with this lag peaked at
the value of 0.35 ± 0.14. Although the time-lag is a mere hint (due to the very broad Gaussian width of
the peak), the correlation is above the 95% CL as obtained from the correlation studies done on the
Monte Carlo simulated light curves.

In the event that further studies confirm a time-lag of this magnitude, then we can couple that to
arguments of light-travel time, to set a constraint on the size of the BLR of the system. This is based on
the argument that, while the emission region is within the BLR, X-rays produced by the relativistic
particles escape immediately while γ rays are γγ absorbed. The resulting lag (tlag) is then associated
to the size of the BLR (RBLR) through

Δ RBLR ∼ c Δ tlag

∼ (6.5 ± 32.4)× 1016 cm.
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This (25 light-day distance) would then indicate that the size of the BLR near the central engine is
about 0.02 parsec. In this estimate, we neglect relativistic beaming for a typical radio galaxy for which
the jet is largely misaligned to our line of sight.

Estimates of RBLR of AGN have been set through a relationship with the observed luminosity of
the accretion disk (see e.g., [25]) here written in the form of

RBLR ∼ 3 × 1017 (Ld45

)1/2 cm,

where Ld45 is the disk luminosity in units of 1045 erg/s. This relationship implies that AGN with
luminosities in the range 1043 erg/s � Ld � 1045 erg/s feature BLR of sizes in the range of 12 to
116 light-days. This is consistent with the hint from the current work of the BLR in Cen A to be about
25 light-days.
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The following abbreviations are used in this manuscript:

BAT Burst Alert Telescope (on-board Neil Gehrels Swift Observatory)
BLR Broad line region
CL Confidence level
DCF Discrete correlation function
HE High-energy (gamma-rays of energy ∼ 0.1–100 GeV)
H.E.S.S. High-Energy Stereoscopic System
IACT Imaging Atmospheric Cherenkov Telescope
LAT Large Area Telescope (on-board Fermi satellite)
RG Radio galaxy
SED Spectral energy distribution
VHE Very high-energy (gamma-rays of energy � 100 GeV)
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Abstract: 3C 84 (NGC 1275, Perseus A) is a bright radio source at the center of an ongoing merger,
where HST observations show two colliding spiral galaxies. 3C 84 holds promise to improve our
understanding about how of the activity of active galactic nuclei, the formation of supermassive
binary black holes, feedback processes, and galaxy collisions are interrelated. 3C,84 is one of only six
radio galaxies, which reveal TeV emission. The origin of this TeV emission is still a matter of debate.
Our present study is based on high resolution radio interferometric observations (15 GHz) of the
pc-scale jet in this complex radio galaxy. We have re-modeled and re-analyzed 42 VLBA observations
of 3C 84, performed between 1999.99 and 2017.65. In order to enable a proper alignment of the VLBA
observations, we developed a method of a “differential” alignment whereby we select one reference
point and minimize the deviations from this reference point in the remaining epochs. As a result, we
find strong indication for a precession of the 3C 84 jet—not only for its central regions, but also for
the outer lobe at 10 mas distance. These findings are further supported by our kinematic precession
modeling of the radio flux-density monitoring data provided by the University of Michigan Radio
Observatory and the Owens Valley Radio Observatory, which yields a precession time scale of about
40 yr. This time scale is further supported by literature maps obtained about 40 yr ago (1973 and
1974.1) which reveal a similar central radio structure. We suggest that the TeV flare detected by
MAGIC may correlate with the precession of 3C 84, as we disentangle a projected reversal point of
the precessing motion that correlates with the flaring time. This may physically be explained by a
precessing jet sweeping over a new region of so far undisturbed X-ray gas which would then lead to
shock-produced TeV-emission. In addition, we perform a correlation analysis between the radio data
and GeV data obtained by the Fermi Gamma-ray Space Telescope and find that the γ-ray data are
lagging the radio data by 300–400 days. A possible explanation could be that the radio and the GeV
data stem from different emission regions. We discuss our findings and propose that the detected jet
precession can also account for the observed cavities in the X-ray emission on kpc-scales.

Keywords: radio galaxies; 3C 84; radio interferometry; VLBA; TeV emission

1. Introduction

3C 84 has long been an enigmatic example of an AGN. The physical nature of this particular
AGN is of interest because of its very powerful radio jet. For some time it has been the brightest
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extragalactic radio source at high frequencies (e.g., [1]).The physical nature is also important with
regard to understanding the relationship between the radio jet and the feedback in the cluster cooling
flow (e.g., [2]). The classification of this AGN is still unclear. It has been classified as a broad emission
line Seyfert galaxy, an obscured Seyfert galaxy, a narrow line radio galaxy, or a BL Lac object (for an
overview please see [3]). Ref [3] showed that the ionizing continuum resembles that of a weak broad
line Seyfert galaxy but with the hard ionizing continuum somewhat suppressed. They also found
that the “innermost jet (within 0.1 pc from the source) is best interpreted as a slightly off-angle BL Lac
object jet”.

1.1. VLBI Observations of 3C 84

The complex pc-scale radio structure of 3C 84 has been investigated by many authors using VLBI
observations at different observing frequencies (e.g., [4–9]). The radio structure of 3C 84 does not
resemble the typical core-jet sources mapped with VLBI observations (e.g., [10]). The source structure
in early VLBI observations can be seen in Figure 1 in an image taken from [11]. The morphology
in the radio band can be nicely seen in the map by [12]. Highest resolution-observations with the
RadioAstron space telescope resolved the edge-brightened radio jet down to only 30 μ as from the core
and revealed the position of the core [13]. The core is also named “C1” in several papers.

Figure 1. Two maps of 3C84 observed at 6 cm wavelength and taken from [11]. The map on the left
shows the source structure in 1973.0 and the map on the right in 1974.1.

Nagai et al. [14] studied the sub-pc scale jet in 14 epochs of VLBI observations with the Japanese
VLBI Network and the VLBI Exploration of Radio Astrometry (VERA) array between 2006 and 2009.
They present evidence for a recurrence of jet activity and the emergence of a new component C3
associated with the radio outburst which started in 2005. Reference [15] perform a detailed analysis of
the kinematics and light curve of the central sub-pc scale structure using archival VLBA data obtained
at 43 GHz and covering the period between January 2002 and November 2008. They find that C3
(relative to C1) shows moderate acceleration from 0.10c to 0.47c. A very detailed investigation of the
motion in 3C 84 has been performed by [5]. The authors use VERA at 22 GHz and observed 3C 84 in
80 epochs between October 2007 and December 2013. They determine the averaged radial velocity of
component C3 relative to the radio core to be 0.27 ± 0.02c. They explain the constant velocity of C3
as due to the advancing motion of the head of a mini-radio lobe. In addition, they find a non-linear
component in the motion of C3 relative to the core. According to [5], C3 is the head of a radio lobe
including hot spots at an early stage of the evolution. This finding is based on VLBA images obtained
at 43 GHz which show that C3 is embedded in a very complex structure [9].

1.2. TeV Emission from 3C 84

TeV emission from AGN is mostly found from blazars (e.g., [16]). Only six radio galaxies so
far have been observed in the TeV regime (e.g., [17,18])—3C 84 being one of them. While beaming
is thought to play an important role with regard to the TeV energy production in blazars, the angle
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to the line of sight for radio galaxies seems to be unfavourable. The physical processes causing
very-high-energy (VHE) radiation in radio galaxies are thus still unclear. There have been various
attempts to investigate a possible connection and correlation between the radio emission sites and the
TeV emission (e.g., for M 87: [19,20]). Several authors presented direct evidence that the TeV emission
in the radio galaxy M87 originates from the core region [21–23]. The TeV emitting radio galaxy IC 310
is most likely a blazar (e.g., [24]) and HESS 0625-354 (e.g., [25]) as well.

In case of a blazar-like jet in the inner regions, TeV emission can be explained by Doppler boosting,
caused by relativistic beaming of Inverse Compton (IC) scattered synchrotron radiation (e.g., [26–28]).

In the case of 3C 84, several authors have studied and discussed possible mechanisms that might
explain the TeV emission. Reference [29] study multifrequency observations and modeled the overall
spectral energy distribution (SED). They find that a single-zone synchrotron-self-Compton model,
with an electron spectrum following a power-law with an exponential cutoff can explain the broadband
SED and the multifrequency behavior of the source. This model, however, suggests an atypical low
bulk-Lorentz factor or a velocity alignment closer to the line of sight than derived for the parsec-scale
radio jet. Reference [30] study different scenarios to explain the fast gamma-ray variability. The authors
prefer as the only plausible model the production of gamma rays in a magnetospheric gap around
the central black hole. In addition, an enhancement of the magnetic field threading the hole from its
equipartition value with the gas pressure in the accretion flow is required. The studies mentioned
before encounter discrepancies.

We investigate 3C 84 to understand better the physical processes producing the TeV emission in
this radio galaxy. Throughout the paper we adopt the following parameters: a luminosity distance
DL = 78.7 Mpc, at the source redshift of z = 0.0176 [31] with cosmological parameters corresponding to
a ΛCDM universe with Ωm = 0.308, Ωλ = 0.692, and H0 = 67.8 km s−1 Mpc−1 [32]. A proper motion
of 1 mas yr−1 corresponds to an apparent superluminal speed of 1.21c, while 1 mas = 0.368 pc.

2. Methods

This manuscript relies on a re-analysis of observational data observed in the low energy (radio)
and high energy (GeV-data) regime. In the following we describe the methods and tools used and
developed in our data analysis.

2.1. Re-Analysis of VLBA Data

The MOJAVE1 (Monitoring Of Jets in Active galactic nuclei with VLBA Experiments) Program
provides excellent VLBA monitoring data of pc-scale jets in AGN. We re-modeled 42 VLBA
observations (15 GHz) of 3C 84 performed between 1999.99 and 2017.65. Gaussian circular components
were fitted to the data to obtain the optimum set of parameters within the difmap-modelfit
programme [33]. Every epoch was fitted independently from all the other epochs. Thus,
the model-fitting procedure was performed blindly to not impose any specific outcome. We show
the central structure of all the images with Gaussian model fit components superimposed in the
Appendix A in Figures A1–A5.

Several authors (e.g., [4]) have mentioned that the well-known radio structure of 3C 84 contains
substructure. This substructure is usually not modeled. In our studies presented here, we also model
the substructure to trace the details of the radio structural evolution better.

3C 84 is a very complex radio galaxy with large-scale jet emission on pc-scales. In addition,
the source structure evolved significantly with time. The proper alignment of the individual
components within the central region would require phase-referencing observations since the
information about the absolute positions of the components is lost in the VLBI data reduction. However

1 https://www.physics.purdue.edu/MOJAVE/.

130



Galaxies 2019, 7, 72

and to our knowledge, phase referencing observations are not available for the time span analyzed in
this manuscript. What we can measure, are relative offsets with regard to a chosen reference point.

We used a similar approach as described in [5]. The structure of the central region in 3C 84
changes significantly between 1999.99 and 2017.65. The core has only been observed and identified
once in RadioAstron observations (in September 2013) [13]. We checked whether this core position
would be detectable in all the epochs and could serve as a reference point. However, this core position
could not be traced reliably across all the epochs and thus could not serve as a proper reference point.
For a very crude alignment we used the separation between the larger lobe-structures (at about 10mas
separation from the central structure) and the central part. Since the lobes were only detectable in a
subset of the data sets, this provided only a coarse first step in the alignment of the maps.

Therefore we chose as the reference point the central position at epoch 1999.99 and kept this
reference position through the epochs. This seemed to us the most promising and feasible approach
to trace the structural changes in the central region as reliably as possible. By doing this, we did not
impose any pre-knowledge and allowed an unambiguous analysis of the kinematics. Special care
has been taken to correctly align the maps from epoch to epoch in the time sequence. The reference
position (the core at (x,y) = (0,0)) has been chosen from the first epoch of the data we re-modeled and
re-analyzed. This reference position has been kept by a very careful alignment of all the data from all
the epochs and by checking the source evolution with time. The xy-positions of all jet components
have been compared to the xy-positions of those same components that had been modeled in the epoch
before and after. We aimed at minimizing the motion in x and y for each component across the epochs.

To summarize the basic procedure of our approach:

• We only use data from the MOJAVE survey to ensure comparing data obtained at the same
frequency and similar quality of the data sets regarding the number of data points and the
resolution of the observations.

• By fitting circular Gaussian components we model the details of the complex radio morphology
and the substructure, which is usually not modeled due to the complexity of the source structure.
Despite the complexity, our goal is to make robust component identifications which are not
artifacts of the modeling procedure and then to follow and cross-identify these same components
in the imaging time sequence. The model fitting has been performed blindly—each epoch
has been modeled independently of other epochs. This enabled an unambiguous analysis of
the kinematics.

• Since the “core” position determined in observations at 43 GHz by Giovannini et al. [13] could not
be identified unambiguously in all the epochs obtained at 15 GHz, we developed a “differential”
alignment method to analyse the complex kinematics in 3C 84. To our knowledge, this differential
analysis has not been applied in VLBI data analysis before.

• Within this differential alignment, the central position at epoch 1999.99 has been kept as reference
position through the epochs. The deviation in xy-positions of all jet components across the epochs
has been minimized.

Uncertainties of the modelfit component parameters were determined using bootstrap [34].
For bootstrap applications to estimate uncertainties of VLBI results see [35]. We bootstrapped the
adjusted residuals between self-calibrated interferometric visibilities and the best-fit difmap model.
The residuals were first filtered from outliers, centered and distributions of the adjusted residuals were
fitted using kernel density estimates (KDE). It was done independently for each baseline, correlation
and frequency sub-band. We then added samples of the residuals from the fitted KDE to the model
visibilities obtained from our best difmap model. The resulting bootstrapped visibility data sets were
fitted in difmap using original best-fit model as the initial guess. It was done 300 times for each epoch.
Thus we obtained a distribution for each parameter. The standard deviation was used for estimating
the corresponding uncertainty.
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2.2. Single-Dish Radio Flux-Densities

For the study presented here, we make use of the light-curves provided by the University of
Michigan Radio Observatory monitoring program (UMRAO) providing long-term single-dish radio
observations taken at three frequencies (4.8, 8.0, and 14.5 GHz). We combine the 14.5 GHz data from
the UMRAO with light-curve data obtained in 15 GHz radio observations by the Owens Valley Radio
Observatory (OVRO2).

2.3. Fermi-LAT Data Analysis

We compare the light-curve evolution of 3C 84 at low energies in the radio regime with high
energy GeV data provided by the Fermi Gamma-ray Space Telescope (Fermi-LAT). To generate the
GeV light curves we analyzed Pass 8 photon data3 using version v11r5p3 of the Fermi ScienceTools4,
including all photon data within 15◦ around the position of 3C84. We fit 3C84 with a log-parabola of
the form

dN
dE

= N0

(
E
Eb

)−(α+β log(E/Eb))

, (1)

with normalization factor N0, α, and β left free for the fit, while the scale parameter Eb was fixed to its
catalog value. The parameters of sources with a separation less than 3◦ from 3C84 where left free for
the fit as well. All parameters of all sources between 3◦ and 20◦ where included in the analysis with
their parameters fixed to their catalog values. Time epochs during which 3C84 was observed at a zenith
angle greater than 90◦ were excluded in order to avoid contamination from the Earth limb. The Galactic
diffuse emission was modeled using gll_iem_v06.fits and the template iso_P9R2_SOURCE_V6_v06.txt.
We performed an unbinned likelihood analysis, as described above, for every time bin of width 5 days
in the interval MJD 54683-58428 (2008-08-05 until 2018-11-06).

In the following, we discuss the results of the re-analysis of the VLBA observations of the jet
of 3C 84 (Section 3.1). We will present strong indication for precession based on the observations.
We find some indication for a correlation between the appearance of the TeV flare and the phase
of the precession. To check for further support of a precession, we apply a precession model to
single-dish radio light-curves (UMRAO + OVRO data) to test whether the radio flux-density evolution
is consistent with precession (Section 3.3). We compare the OVRO light-curve with GeV data obtained
by Fermi and perform a correlation analysis (Section 3.4). We briefly discuss the different time-scales
for precession found in observations at different wavelengths and spatial scales (Section 4.5). We
discuss the indications for precession in 3C 84 presented in this paper and in the literature. Finally
we consider possible implications regarding cosmological questions (Section 4.6) and present our
conclusions in Section 5.

3. Results

3C 84 reveals a complex radio structure on milli-arcsecond scales. In Figure 2a we show the radio
structure visible in 15 GHz observations with the VLBA. The central region reveals significant changes
of the radio structure between 1999.99 and 2017.65 (for comparison please see a map from Jan. 2000 in
Figure 2b and from Apr. 2017 in Figure 2c. At the same time, epochs close in time to each other reveal
comparable structure that confirms our modeling (see Figure 3). While the radio morphology in the
central region consists of one curved chain of jet components in 1999.99, about 18 yr later there are
components next to each other in a much broader jet.

2 https://www.astro.caltech.edu/ovroblazars.
3 available from the Fermi-LAT data server at https://fermi.gsfc.nasa.gov/ssc/data/access/.
4 https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/.
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(a)

(b) (c)

Figure 2. (a) A map of 3C 84 with the Gaussian components superimposed showing the structure in 15
GHz VLBA observations (January 2000). (b) a map of the central region of 3C 84 with the Gaussian
components superimposed ((January 2000). (c) 17 yr later the same central region is not one chain of
components any more but the overall structure is broader as the morphology has evolved (April 2017).
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Figure 3. All the jet component positions of all the re-analyzed epochs are shown. We mark with a
box (cyan) those components that belong to the upper lobe. The box in red marks the components that
belong to the central region (zoom-in in Figure 4). The blue box marks the region with the lower lobe
structure components.

-1.2-1-0.8-0.6-0.4-0.200.20.40.60.8

x [mas]
-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

y 
[m

as
]

1999.99
2000.08
2000.74
2001.21
2001.50
2001.84
2002.83
2002.95
2002.97
2003.16
2003.64
2004.41
2004.61
2005.18
2005.42
2005.88
2006.68
2007.17
2007.68
2008.65
2009.08
2009.41
2009.82
2010.60
2010.75
2010.89
2011.16
2011.48
2011.95
2012.17
2012.91
2013.56
2014.12
2014.58
2015.38
2015.68
2016.06
2016.44
2016.71
2016.99
2017.31
2017.65

Figure 4. Jet components within the central region of 3C 84 between 1999.99 and 2017.65 (those within
the red box in Figure 3.

3.1. Evidence for Jet Precession Based on VLBA Data Analysis

To determine the origin of these morphological changes, we studied the different parts of the
pc-scale structure. In Figure 3 we show the positions of all the jet components which have been derived
from the model-fitting of the VLBA data. The components are shown in an xy-plot and are displayed
with their error bars. In most cases, the error bar is smaller than the symbol used to display the
component. With boxes, we mark those components that will be discussed further within this paper.
The red box marks the central region of 3C 84, while the cyan box marks the jet features of the northern
lobe. The components of the southern lobe are marked with the blue box.

In Figure 4 we show the xy-coordinates of the jet components which were detected within the
inner region of 3C 84 (red box of Figure 3). The data points are displayed in 42 different colors and
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styles, marking the 42 epochs that were covered by the observations. The first epoch is shown in
yellow. Darker colors mark the data from later years. With time, a displacement of the jet components
relative to the early data is visible from this figure.

To trace the direction of the displacement, we calculate the arithmetic mean and uncertainty
for each yearly interval of the 18 year period in Figure 5a. In Figure 5b we show the same relation
but calculated based on two-year averaging. The “uncertainty” in both figures is a measure for the
angular distribution of the jet components and their motion within the one year of binning. Obviously,
the displacement follows a clear trend. The paths in Figure 5a,b are indicated by green arrows.
In addition, we performed a flux-density weighted averaging on yearly and bi-yearly timescale shown
in Figure 5c,d respectively. The dominant trend of motion on a curve remains. The displacement with
regard to the x-axis is similar as in the non flux-density weighted averaging. The main difference occurs
with regard to the y-coordinate of the distribution. The flux-density weighted curve is constrained to a
smaller range of (−0.3–0.6 mas) compared to (0.5–1) without flux-density weighting. At the end of this
curved displacement (corresponding to the turn of the year 2016/17), the direction of motion seems to
change (swings back). A similar motion and backswing is seen in the upper lobe in Figure 6.
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Figure 5. (a) Average values for the data in yearly intervals shown in Figure 4. To indicate the amount
of source structure that moved, we show the uncertainties as well. The green arrows indicate the
direction of the precessing motion. (b) The same relation as in (a) but averaged over two years in
time. (c) Flux-density weighted average values in yearly intervals and averaged in two years in (d).
The TeV flare observed by the MAGIC collaboration [30] occurs at the time of the projected reversal of
the precessing motion—between the last two data points (dark blue and black).
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Figure 6. A zoom into the cyan box from Figure 3. An arrow is superimposed which indicates the
general trend of motion (from grey to yellow). Again, there is some hint for the most recent data points
to move “backwards” (indicated by the small orange arrow).

3.2. VLBA Flux-Density Evolution of the Source Structure

Figure 7 shows the flux-density of the upper lobe (cyan), the lower lobe (blue), the central region
(red), and of the reference point/component (grey). The flux of the reference component is for most of
the time period analyzed much brighter than the upper lobe or the lower lobe. Most flux is contained
in the central region for the whole observing period. The flux-density of the central region reveals an
increase starting around 2006–2007 and so does the flux-density of the reference component. Around
2017, roughly 50% of the single-dish flux can be found within the reference component. At that time,
the lobes are not detectable and the central region contains the total flux. We interpret the observed
temporal and spatial structure of the jet evolution as clear evidence for a jet precession. In the following,
we will provide further tests and in Section 4 we will discuss our findings and further arguments that
this motion is consistent with precession.
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Figure 7. The flux-densities of the upper lobe, lower lobe, central region, and the reference component.
The flux density of the central region is the brightest part of 3C 84.
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The wealth of data observed for 3C 84 allows us to study the jet kinematics in great detail. This is,
however, still work in progress, and the presentation of the full kinematic analysis is foreseen for a
future paper.

3.3. Radio Variability Consistent with Inner Jet Precession on Time-Scales of ∼100 yr

The radio light curve based on the combined UMRAO (at 14.5 GHz) and OVRO data (monitoring
with 40 m telescope at 15 GHz, Figure 8) shows first a gradual decrease from the peak at ∼1981.7 to the
minimum at ∼2005 and a subsequent gradual increase [6]. Such a gradual, coherent change in flux
densities is qualitatively consistent with the precession of the jet bulk motion, where the underlying
non-thermal continuum of the jet can generally be expressed as Sjet(ν) ∝ ν−α with α being the spectral
index. The flux density is Doppler-boosted as the viewing angle decreases during the jet precession.
The time-dependent flux density in the observer’s frame can then be expressed as (see e.g., [36,37]),

Sobs(t, ν) = Sjet(ν)δ(γ, φ)ξ , (2)

where δ(γ, φ) is the time-dependent Doppler-boosting factor given by δ(γ, φ) = [γ(1 − β cos φ)]−1

with γ being the Lorentz factor, β the velocity of the moving jet components, and φ represents the
angle with respect to the line of sight. The ξ is the exponent of Doppler beaming and it is given by
ξ = p + α, where p is the factor expressing the geometry of the emission region: p = 2 corresponds to
the case of a continuous, cylindrical jet emission, while p = 3 expresses the contribution from discrete
spherical components [38,39]; see also the original derivation of Doppler-beaming by [40,41].

We fit the composite function of the flux variability caused by the precessing jet, see Equation (2),
to the combined radio light curve from UMRAO and OVRO monitoring. In total, we are searching
for eight parameters—Sjet, ξ, tref, Pprec, γ, Ω, φ0, η0—where tref is the reference epoch, Pprec is the
precession period in the observer’s frame, Ω is the half-opening angle of the precession-cone axis, φ0

is the viewing angle of the precession-cone axis, and η0 is the position angle of the precession axis
on the sky plane (for a detailed description of the precession model see [37]). Since we have eight
free parameters and we fit only the flux density evolution, the model is not constrained completely.
However, at this stage, we are primarily interested in the qualitative assessment whether the radio
variability is consistent with a realistic precession set-up. Further constraints on the model will come
in combination with a detailed component analysis, as was previously done for OJ 287 [37].

In the fitting procedure, we make use of previous indications that the jet in 3C 84 should be
precessing. This is based on the detection of colder bubbles or cavities that have different position
angles with respect to the Perseus cluster core. They were detected as X-ray depressions in surface
brightness maps [42]. Based on the position analysis and the estimates of the bubble buoyant rising
time and their expansion speed, reference [43] constrained the half-opening angle of the precession
cone, ΩDFS = 50◦, the viewing angle of the precession axis φDFS

0 = 120◦, and the position angle of the
precession axis ηDFS

0 = 10◦, and finally the jet precession period of PDFS
prec = 3.3 × 107 yr. We use these

constraints to restrict the initial bounds of the fitted parameters shown in Table 1.
Based on only the radio light curve, the precession model can only be weakly constrained.

However, the precession parameters obtained in this analysis can be used as initial values for a further
analysis with the support of the kinematics of jet components, which is in preparation. That is why
we decided, as a first approach, to limit the bounds of the basic precession angles based on the X-ray
model and search for the best fit within these constraints, see Table 1 for a summary. Alternatively,
one can fix the precession angles as well as the spectral index at specific values and search for the best
solution for the other parameters. Concerning the precession period, we obtained two solutions as was
already outlined and we summarize the best-fitted values in Table 1. The solution with a longer period
of Pprec 	 88 years (displayed in the top panel of Figure 8), with two different flux-density peaks,
and the solution with a shorter period of Pprec 	 40.5 years with two equal flux-density peaks (lower
panel of Figure 8). These two fits had a different upper bound for the searched precession period tmax
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in Table 1: tmax = 200 years for the obtained period of 88 years and tmax = 50 years for the obtained
period of 40.5 years.

(a)

(b)

Figure 8. The jet precession model with the initial parameter bounds according to X-ray data, see
also Table 1. (a) The model with two unequal flux-density peaks and the longer precession period
of ∼88 years. (b) The model with two equal flux-density peaks and the shorter precession period of
∼41 years. The goodness of fit is nearly identical for the two models.
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Table 1. Table of fitted parameters in the precession model with the initial parameter bounds as
indicated in the third column. The first column contains the parameter name, the second column lists
the notation, the third one contains the initial bounds for the Levenberg–Marquardt algorithm [44,45],
and the fourth and the fifth columns contain the fitted values for the longer and the shorter precession
periods, respectively.

Parameter Notation Initial Bounds Pprec � 88 yr Pprec � 41 yr

Intrinsic jet flux density Sjet (1, 100) Jy 17.8 Jy 19.3 Jy
Exponent of Doppler boosting ξ (0, 3) 3.0 ± 0.4 3.0 ± 0.6

Reference epoch tref (1900, 2020) yr 1958.8 ± 0.4 yr 1931.6 ± 0.3
Precession period Pprec (1, tmax) yr (88 ± 1) yr (40.5 ± 0.2) yr

Lorentz factor γ (1, 20) 1.09 1.05
Half-opening angle of the precession cone Ω (45◦, 55◦) 55.0◦ 45.0◦

Viewing angle of the precession axis φ0 (95◦, 130◦) 95.0◦ 130◦
Position angle of the precession axis η0 (−30◦, 30◦) −6.1◦ 30.0◦

Afterwards, we broadened the initial bounds significantly to include all physically plausible
values. The fitting procedure converged to the one with the precession period of Pprec 	 101 years.
The best-fit values converged to values within the initial bounds, not at their limits as for the cases
motivated by X-ray studies. Within the uncertainties, all the solutions can be considered consistent
and can be further constrained by the future flux-density evolution.

In all the fitted cases, we obtain fit residuals with the maximum value of ∼15 Jy. These residuals
could hint at a more complex kinematical model, for instance a smaller nutation-like motion as studied
in the case of the blazar OJ287 [37]. The model, by default, assumes the constant intrinsic jet emission
over the studied time interval Sjet(ν) ≈ const, which, if variable, could be another source of variability
in addition to the Doppler beaming effect.

The precession model with the initial bounds as listed in Table 1 converged with the precession
periods of Pprec 	 88 ± 1 yr and Pprec 	 40.5 ± 0.2 yr, respectively, the moderate Lorentz factor of
γ 	 1.1, the base jet flux of Sjet 	 18 − 19 Jy, and the Doppler boosting exponent of ξ 	 3.0, which
implies the radio spectral index of α = 1.0 (continuous jet) or α = 0 (discreet jet) representing a steep or
flat synchrotron spectrum, respectively. The precession angles are within the uncertainties consistent
with the values inferred by [43]. We also tried the fitting procedure with the precession period within
the interval (107, 108) yr, but the fit did not converge. The precession period is approximately 90 years
since the two flux-density peaks are not of the same amplitude—the earlier peak appears to be larger
than the following one based on observed data, see Figure 8 (upper panel). In case the two peaks would
be comparable, as may be refined by future radio observations, the precession period may be shortened
by approximately a factor of two to approximately 40 years, as shown in Figure 8 (lower panel).

In addition, we analyze the evolution of the viewing angle for the three precession models with
three different periods: 41, 88, and 101 years, see Figure 9 for the temporal evolution of the viewing
angle, the temporal evolution of the apparent velocity, and the temporal evolution of the Doppler
factor. Depending on the best-fit precession angles, the maximum viewing angle of the jet is close to
90◦. The minimum viewing angle is for the solution with the shortest precession period of 41 years,
φmin ∼ 5 degrees. This solution is also consistent with the viewing angle of ∼11 degrees as inferred by
Lister et al. [46] from the MOJAVE survey in the years 2002–2007. The precession period of 41 years is
also preferred due to the temporal evolution of the apparent velocity which remains below 0.4c (in
accordance with the results by [5,6]). According to this precession model, the viewing angle for the
epoch 2019 should be ∼70◦.
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Figure 9. (a) Temporal evolution of the jet viewing angle φ(t) based on three precession models labelled
according to different precession periods of 41, 88, and 101 years. The dotted horizontal line stands for
the viewing angle inferred by Lister et al. [46] from the MOJAVE survey (2002–2007). (b) Temporal
evolution of the apparent velocity which remains below 0.4c (for the precession model with 41 yr).
(c) Temporal evolution of the Doppler factor which is less than 1.5 for all the precession models.
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3.4. Correlation between Single-Dish Radio Flux-Density Data and Fermi Gamma-Ray Data

A correlation analysis has been performed between the OVRO radio data and the GeV data
observed by Fermi. For the Fermi data, 5-day binning was applied. The correlation analysis was
performed in different ways. One approach similar to that described in [47] was used. In Figure 10b we
show the normalized radio and GeV data, with the radio data shifted in time by +310 days (+meaning
that the radio leads the GeV emission). Please note the different time axes for radio (upper axis) and
GeV (lower axis). The data have been normalized by subtracting their average values and dividing
them by their standard deviation. In addition, we applied the DCF routine by [48]. We find a moderate
degree of correlation between the two light-curves with a peak value of ∼0.7 (Figure 10c) (1.0 would
be perfect correlation). We find a delay between 300 and 400 days and checked the significance of the
DCF peak using 3000 simulated noise-like light curves with the same probability density function
(PDF) and power spectral density (PSD) as the original gamma- and radio light curves according
to [49]. This method allows accounting for red-noise leakage and aliasing, see [49] for detail. Figure 10c
shows the DCF and the range of DCF values that are not significant at a 3σ level. We also fitted
the gamma- and radio light curves with Gaussian Processes (GP) accounting for uncertainty in the
parameters that determine the characteristic time scale and amplitude variation of the fitted function
(i.e., hyperparameters). We applied Rational Quadratic kernel [50] that can account for different time
scales of variability. An additional white noise kernel was used to describe the possible unaccounted
noise. The posterior distribution of hyperparameters was obtained using the Marcov chain Monte
Carlo (MCMC) method. For that purpose we applied an emcee sampler [51] and george Python
library [52]. For the gamma-ray light curve data points with test statistics value “ts” < 25 were filtered
out. This corresponds to a threshold in a detection significance equal to 5 [53]. Using realizations
of the fitted GPs with hyperparameters drawn from their posterior distribution (Figure 10f,g) it is
straightforward to calculate the uncertainty of the time lag. Both ordinal CCF (on a fine regular grid
interpolated by GP) and DCF were calculated. The result is that for ordinal CCF 68% the credible
interval is [−266, 234] d with median −251 d (Figure 10d. For DCF the conservative 68% confidence
interval is [−509, −249] d with median −395 d. The γ-rays are significantly delayed relative to the
radio data. We discuss this finding in Section 4.

In the following, we briefly summarize the content of this section. We presented first details of our
study of the long-term kinematic evolution of the central radio structure of 3C 84. We find evidence
for a smooth evolution with time which seems to be best described by precession. To our knowledge,
this is the first time that such a continuous displacement has been reported. The appearance of the
TeV flare reported by MAGIC seems to be correlated with a certain precession phase. In addition, we
present the results of fitting a precession model to the radio flux-density data and show that a simple
model fits the data. We derive a precession period in the range of ∼40–100 yrs, which depends on the
characteristics of the precession model, and compare this to the much longer precession period derived
earlier based on the observations of the X-ray cavities. A correlation analysis has been performed to
determine the lag between the radio data (OVRO) and the GeV-data observed by the Fermi satellite.
The GeV-data lag the radio data by 300–400 days.
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Figure 10. (a) OVRO monitoring data (green) and gamma-ray data from the Fermi satellite (violet).
The red vertical line marks the time of the TeV flare [30]. (b) Superposition of the OVRO and Fermi data
(mean-subtracted and time-shifted). (c) Significance analysis of the DCF results. The blue shaded region
corresponds to a range of the possible DCF-peaks that occur due to a chance at 3σ level. It was obtained
using realizations of the noise-like light curves according to [49]. Black points and error bars shows the
obtained DCF. (d) Distribution of the Cross-Correlation Function (CCF) peaks obtained using realizations of
the Gaussian Processes fitted to the radio and gamma data. (e) Mean DCF and corresponding simultaneous
68%-confidence band obtained using realizations of the Gaussian processes fitted to the original radio and
gamma data sets. Red lines describe the procedure used to obtain the uncertainty of the DCF maximum. (c–e)
show the results of a correlation analysis (based on the DCF-routine by [48]). (f,g) show the realizations of the
fitted Gaussian Processes obtained from the posterior distribution of the hyperparameters for radio (f) and
gamma (g) light-curves.
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4. Discussion

The radio structure of 3C 84 has long been a subject of debate. Reference [10] already discussed
that the radio structure differs significantly from other objects mapped with VLBI. The main difference
being that 3C 84 shows neither a linear structure nor the typical core-jet structure. The core has only
recently been detected in high resolution observations with RadioAstron [13] within the central region.

Our detailed study of almost 18 yr of high-resolution observations of 3C 84 reveals essentially
a smooth evolution of the radio structure. We do not find any evidence for dramatic changes in the
outflow kinematics. Instead, it seems that the different appearance of the source structure is due to a
change in the viewing angle—indicating that the source itself is moving or rotating with regard to the
observer. As a consequence, different parts of the source structure become visible and detectable to the
observer for different times of observation.

We therefore conclude, that the observed kinematic evolution provides a strong indication for
precession of the central region (and upper lobe) in the pc-scale radio jet of 3C 84—based on a first
analysis of the overall motion of all the jet features in 3C 84. Precession in 3C 84 has been claimed
before by several authors based on simulations (e.g., [43,54]) to explain the Chandra observations of
the X-ray cavities (e.g., [42]).

With the new results based on the long-term kinematics of the pc-scale jet, observational support
for the precession origin is provided. The precessing motion of the jet features also quite naturally
explains the long-term flux-density variations seen in the radio. Independent support for a scenario
with a varying viewing angle (thus supporting the precession model) comes from the detection of a
change in the γ-ray spectral properties for which variations in the Lorentz factor and/or the viewing
angle are required to explain the observed variability from February 2011 onwards [55].

4.1. Origin of Radio Variability in 3C 84: Variable Jet Activity or Variable Doppler Beaming?

Several authors discuss the physical origin of the long-term (decades) radio variability in 3C
84 (e.g., [14]). The standard interpretation so far is that this variability is due to a variation of the
jet activity or even restart of the jet activity. This interpretation is also based on the presence of the
multiple radio-lobe structures on 10 mas scale. The double lobes on the 10 mas scale might originate in
the 1959 outburst [56]. Nagai et al. [9] link the emergence of C3 with the outburst starting around 2005.
C3 has also been identified as a hotspot of the innermost radio structure [9]. The understanding of
these authors is, that the lobes account for most of the radio flux at centimeter wavelengths which is
not correct, as we showed in Figure 7. The flux-density is dominated by the flux of the central region
and the reference component contributes about 50% of the total flux. The general understanding is that
the lobes are decelerated components. According to this standard interpretation, 3C 84 should have
experienced several outbursts in its jet activity which lead to the formation of these lobes. Based on
this argumentation, the jet power is variable on the timescale of decades or longer. The long-term radio
light curve would then be explained by the variable jet activity alone. This standard interpretation
takes only the variations of the intrinsic jet activity into account but not changes due to a varying
Doppler factor that arise due to the bulk motion of the jet.

However, based on the data and analysis presented in this paper, we argue that the long-term
radio variability is most likely due to the changes in the Doppler factor δ. We further illustrate this
in Figure 11 where we plot the normalized Doppler factor δnorm = δmax/δmin as a function of the
precession phase for the three different precession solutions (see Tables 1 and 2 for details). The ratio of
the maximum to the minimum Doppler factor is relatively small ∼1.4–1.5, but it is sufficient to account
for the flux variability, with the variability amplitude given by A = Smax/Smin = (δmax/δmin)

p+α. We
do not exclude that the intrinsic jet activity is variable in addition and that the outer lobes might have
been created in outbursts. But the current radio variability on the timescale of 10 years seems to be
related to and caused by changes in the Doppler beaming and can be modeled as such. Our reasoning
is based on the kinematics presented in this paper, the radio variability which can be explained by
the precession model, the additional evidence for precession discussed and modeled for the X-ray
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emission, and to the SED modeling (discussed later in this paper) which requires a change in the angle
to the line of sight.

Table 2. Table of fitted parameters in the precession model with the broadened initial parameter bounds.
The first column contains the parameter name, the second column lists the notation, the third one
contains the initial bounds for the Levenberg–Marquardt algorithm, and the fourth column contains
the fitted values.

Parameter Notation Initial Bounds Fitted Value

Intrinsic jet flux density Sjet (1, 100) Jy 64.7 Jy
Exponent of Doppler boosting ξ (0, 5) 3.8 ± 0.7

Reference epoch tref (1900, 2020) yr 1954.3 ± 0.7 yr
Precession period Pprec (1, 200) yr (101 ± 2) yr

Lorentz factor γ (1, 20) 1.5
Half-opening angle of the precession cone Ω (5◦, 90◦) 24.2◦

Viewing angle of the precession axis φ0 (0◦, 180◦) 88.5◦
Position angle of the precession axis η0 (−180◦, 180◦) 54.5◦
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Figure 11. The normalized Doppler-beaming factor δnorm = δmax/δmin as a function of the precession
phase for three different precession solutions indicated in the key according to the precession period
(see Tables 1 and 2 for details).

4.2. Possible Causes of the Jet Precession in 3C 84

Two possible scenarios are usually invoked to explain the precessing motion (see also discussion
by [43]):

1 A binary black hole at the center of the NGC 1275 galaxy, which would cause a precession of the
primary black hole disc [57] is the first and most often suggested explanation.

2 An instability in the disc that could warp the disc and cause the precession [58].

Independent support for a binary origin of the precession comes from optical observations of
3C 84. For example, [59] have identified two spiral galaxy systems in the host galaxy of 3C 84 and
suggested that they are two colliding galaxies. Note however, that [60] have shown that one of the
two systems is probably an unrelated spiral galaxy seen in projection against NGC 1275. Detailed
observations of NGC 1275 with the HST reveal an ongoing collision between a spiral system seen
nearly edge-on and a giant elliptical with peculiar faint spiral structure in its nucleus [61], indicating
that both galaxies are colliding at over 2700 km/s. Theoretical modeling by [62] provides a general
explanation of jet precession as the result of the merger of two galaxies.

In a subsequent paper we will present a more detailed analysis of the overall kinematics, hopefully
being able to place constraints on the binary black hole system parameters of the system.
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4.3. GeV-Emission from 3C 84

Previous studies suggested that the increase in the γ-ray flux may be correlated with the radio
flux densities in 3C 84 [6,63]. We study in Section 3.4 a possible correlation between the GeV
light-curve obtained with Fermi and the radio light-curve observed within the OVRO monitoring
program including the most recent data (see Figure 10a–c). We confirm the earlier findings of a
correlated variability between the high energies (GeV) and low energies (15 GHz). In addition
we find that the γ-ray data lag the radio data by about 300–400 days. It is usually assumed in
models of fast particle acceleration (e.g., [64]) that the relation is the opposite: the radio data lag the
high-frequency data. Fuhrmann et al. [65] performed a cross-correlation analysis between radio and
γ-ray light-curves of 54 Fermi-bright blazars based on a source stacking analysis. They found an
evidence for the radio data lagging the γ-rays when averaging over the whole sample. Reference [66]
performed a cross-correlation analysis using discrete correlation functions between the radio and the
γ-ray light curves. They found 26 sources with significant correlations where in most of the sources
the γ-ray peaks lead the radio.However, this relation seems not to be consistently present even for
blazars, as a study shows [67]. The results of their investigation show that correlations between radio
and gamma-ray light curves of blazars are only found in a minority of the sources (over a 4 yr period).
The conclusion of this study is that most likely the connection between both frequency regimes is of
more complex nature. Currently there is no accepted explanation why the gamma-ray data lag the
radio data by a significant amount of time in 3C 84. We speculate that the lag could be related to the
precession reported in this current paper and the geometry of the system, e.g., the radio emission and
gamma-ray emission might be produced in different regions of the jet. Due to the precessing motion,
these regions would be detectable at different times.

3C 84 shows a significant brightness increase in the radio since 2005 [68]. The maximum of this
brightness increase seems to be reached in 2017 (Figure 10). The γ-ray flux has steadily increased
between 2008 and 2016. For the period between 2013 and 2015, a correlated brightening of the nucleus
in the X-rays and γ-ray regime has been reported [69]. Between 2016 and 2017 a dip in the γ-ray flux is
observed, which seems to follow a similar dip seen before in the radio light-curve. The γ-ray flux of
3C 84 is known to be highly variable on short (∼days to weeks) time-scales (e.g., [55]).

4.4. Potential Origin of the TeV Emission in 3C 84

3C 84 was detected in two observational campaigns by MAGIC between 2009 October and 2010
February and between 2010 August and 2011 February and by VERITAS in ToO observations between
2012 December and 2013 February as well as between 2013 October and November [29,70,71]. A
bright TeV flare has been observed in the night from 2016 December 31 to 2017 January 1 by [30].
The MAGIC collaboration has investigated different models to explain the TeV emission observed in
3C 84. According to these authors, the only mechanism to account for the observed luminosities in the
brightest TeV flare is the generation of gamma-rays in a magnetospheric gap around the central black
hole. In addition, an enhancement of the magnetic field threading the black hole from its equipartition
value with the gas pressure in the accretion flow is required. This explanation refers to the brightest
TeV-flare. In the following, we report on results from previous studies with regard to lower-level
emission. The TeV emission observed in 3C 84 before the 2016/17 event has been modeled by several
authors (e.g., [55,69]) within a one-zone synchrotron self-Compton model. A change in the spectral
behavior in the LAT energy band has been found around 2011 February [55]. The authors suggest
that at earlier times the flux changes were caused by high-energy electron injections into the jet. After
February 2011, the γ-ray flares were either caused by a changing Doppler factor due to variations of
the jet Lorentz factor and/or the angle to our line of sight. A precessing system leads to changes of the
angle to the line of sight.

The studies by [55,69] point towards a change in the γ-ray spectral properties which can be
explained (after February 2011) by a changing Lorentz factor and/or the viewing angle. This finding
supports our result of detecting precession for 3C 84.

145



Galaxies 2019, 7, 72

Interestingly, we find that the time of the TeV flare seems to correlate with the (projected) reversal
point of the precessing motion of the components. The flaring activity appears to have occurred over
only several days. Ahnen et al. [72] report on MAGIC telescope observations at very-high energies
for a total of 253 h from 2009 to 2014 and no flares seem to have occurred during this time. Also,
the complete data observed for the Perseus cluster by MAGIC between 2009 and 2017 are presented
by [73]. It seems that 3C 84 flared only once at TeV-energies. Our study and correlation analysis will
have to be continued in the future with more data.

In summary, we don’t know what the specific physical conditions at this position are, or whether
the flare is caused by intrinsic or environmental effects, or by a geometric effect. It is possible, that the
sites producing the radio, GeV, and TeV emission in 3C 84 are not cospatial. As already mentioned,
the precession has been invoked by simulations based on the X-ray data to explain the cavities. As [74]
have confirmed based on 900 ks Chandra X-ray observations, there is a strong hard X-ray excess
within the central region of the Perseus cluster. We suggest, that the precessing motion of the radio jet
might lead to an interaction with ambient X-ray gas. This could explain the TeV-flare. Especially, since
the TeV-flare seems to correlate with the projected turning point of the precessing motion. Another
possibility, which we will explore with the detailed kinematic analysis planned for a future paper,
whether the TeV-flare can be related to specific jet component behaviour. However, we may conclude
that the origin of the TeV emission in 3C 84 might be related to the jet precession. We assume—this
will have to be confirmed by modeling—that the source is pointing towards us with a smaller viewing
angle at that time. Further support for our findings stems from the studies of [3] who suggest that the
innermost jet resembles a slightly off-angle BL Lac object.

4.5. The Derived Time-Scales for Precession in 3C 84

With this paper, we provide strong indication for a precessing jet in 3C 84 based on almost 18
years of VLBA observations. This finding is based on the highest resolution observations discussed
for this source in this paper. This is a first analysis of the overall kinematics and most likely can be
improved by studying the detailed individual component motions.

4.5.1. Time-Scales for Precession in 3C 84: VLBI Maps

In case, precession plays an important role for the source structure of 3C 84, then older maps
should reveal a similar source structure as some of the maps we show in this manuscript. We searched
the archives for earlier maps of 3C84. In Figure 1 we show two maps obtained in 6cm VLBI observations
in 1973 (left) and 1974.1 (right). Both reveal a central structure which seems to consist of two features.
This is similar to what we find around the time of 2014 and later (see Figures A4). Although the
observation from 1973 and 1974.1 have been performed at a lower frequency, the basic central structure
looks similar. This finding provides an estimate for the precession time-scale of the order of about
40 years.

4.5.2. Time-Scales for Precession in 3C 84: Single-Dish Radio Flux Modeling

To check for consistency of the finding of precession based on the source kinematics, we fitted a
precession model to the so far available single dish radio observations (at 14.5 and 15 GHz). Indeed,
a precession model nicely reproduces the observed flux-density evolution and thus provides further
support for the precessing motion deduced based on the VLBA jet observations. Although we made
use of all radio data available since the beginning of UMRAO-monitoring, it is clear from Figure 8 that
we can not cover several cycles. This fit supports our finding from the morphological studies of the jet
but can not be regarded as a firm proof of the precession model. Several precession cycles will have to
be observed in order to establish the precession unambiguously. This, however, will most likely be the
work for future generations of astronomers given the precession period of ∼88–101 yrs. As discussed
before, a value of ∼41 yrs is also possible, which could be tested in the near future. Based on the
VLBA data analysis of the kinematics of 3C 84 presented in this paper, the precession time-scale seems
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to be shorter. From Figure 5b it seems that one half of an orbit (blue arrow from about 2007–2017)
takes about 10 yr. This VLBI precession period seems to be inconsistent with the precession fit to the
single-dish light curve. This inconsistency can be softened by considering the time after 2010 when the
radio curve rose more rapidly. From Figure 8 this seems to fit the OVRO data light-curve. This might
imply a change in the value of the precession period.

4.5.3. Time-Scales for Precession in 3C 84: X-Ray Cavity Simulations

Additional support for the precession model comes from the SED-modeling of the
multi-wavelength observations [55] and the simulations reproducing the X-ray cavities (e.g., [43,54]).
Several groups have nicely shown that precession is capable of reproducing the X-ray observations.
The modeling of the required precession based on the X-ray cavities leads to a different value for the
precession time-scale.

The apparent discrepancy between the precession time-scale of the inner jet, Pprec 	 40–90 yrs
based on our analysis of the kinematics, and the precession period based on the cavities,
PDFS

prec = 3.3 × 107 yr, implies a difference of five orders of magnitude. This difference can be explained
by one of the three following effects or by their combination,

• The longer precession period is based on the X-ray observations of larger, kpc structures
where cavities or bubbles can be resolved. These structures come from older times, when
the supermassive black holes of the merging two galaxies were further apart from each other.
The shorter precession period is related to the inner jet, which reflects the more recent activity.
In the meantime, the two black holes could have approached significantly. Typical orbital decay
time-scales from modelling are 107–109 yr for gas dynamical friction (e.g., [75]). The shortening of
the precession period depends on the merging time-scale of the binary system of 3C 84.

• The X-ray cavities could be created only occassionally during epochs of increased intrinsic
jet emission Sjet, which can be time-variable. The sparse ejection of rising bubbles, i.e., not
during every precession period, would prolong the periodicity in case the precession period
determination is based on the resolved pair of bubbles. In other words, smaller bubbles could be
beyond the detection threshold, or more bubbles could be blended into an apparent larger one.

• Faster precession motion may be superposed on the slower motion. Faster precession on the
time-scales of ∼100 yr could be driven by a secondary black hole, while the slower precession
could be due to the warped disc on larger scales, which leads to the misalignment of angular
momenta and the Lense-Thirring precession of either the inner portion of the disc and the black
hole [76] or the precession of an outer disc [54], which can affect the jet kinematics depending on
where it originates (Blandford-Znajek [77] or Blandford-Payne [78] process).

Dunn et al. [43] already discuss whether the different pairs of X-ray cavities/bubbles belong to
different “generations” and whether the precession is speeding up. A speeding up would explain
a decrease in the precession time scale. It seems likely that the precession angle is changing (from
kpc-scales to pc-scales). However, in the current modeling presented in this paper, the precession angle
is kept fixed to get a first rough idea on the parameters of the system. We plan to take care of this point
in the future kinematic study. More data and simulations are clearly needed to answer this question.

We want to stress, that the multi-wavelength observations performed with different telescopes
providing different resolutions all seem to come to the same conclusion, that precession seems to play
a dominant role in explaining the different physical phenomena which make 3C 84 so special. It is
not really a surprise that the shortest time-scale is found based on the highest resolution observations
(radio). This would have been expected since these observations probe the region of the most recent
and youngest activity. In case the precession model is correct and originates in a binary black hole
scenario of approaching black holes, the orbital evolution of the binary system should lead to changing
precession time-scales with time.
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Of course, much more data and detailed modeling of those is required to connect the different
spatial scales and the proper time-scales of precession potentially at work in 3C 84 to finally prove the
precession model and decode the dynamics of this source.

4.6. Implications for Cosmology

With this paper we present another important piece to understand the relation between galaxy
mergers and the triggering of AGN jet activity. It has long been derived (by analysis and numerical
modeling) that mergers of galaxies enable the removal of angular momentum and the transport
of material to the central engine within the hierarchical galaxy formation model (e.g., [79,80]).
The collision of galaxies can lead to the formation of binary black hole systems (e.g., [80]). The
so-called final parsec problem [81] results from an obvious conflict between the observational finding
that most supermassive binary black holes (SMBBH) in nearby galaxies seem to have coalesced quickly
and the theoretical expectation of a stall on a time-scale longer than the Hubble time. Unbound AGN
binary systems with separations of the order of kiloparsecs have been found (e.g., [82]). Many authors
have presented indirect evidence for supermassive binary black holes based on pc-scale jet precession
(e.g., OJ287: [37,38]; 1928+738: [83]; 3C 454.3: [84]; 3C 120: [36]; PG 1553+113: [85]).

NGC 1275—as Hubble observations show—is an ongoing merger of two spiral systems and
3C 84 seems to be precessing. This latter finding provides further strong support for the more
general hypothesis that AGN activity is related to galaxy mergers and the consequent formation of
supermassive black hole pairs (e.g., [86–88]). Precession is a fingerprint to discover these systems.
Precession is also a tool to derive information on the physical parameters of the binary system, e.g., as
was done for OJ 287 [37], for the other sources by the authors listed at the end of the previous paragraph
and for many more sources. X-ray cavities in addition provide an independent proof for the validity of
this concept and can help to study the long-time cosmic evolution of these systems.

More: In case our interpretation is correct and the flux-density evolution is due to precession,
then the claim of restarting activity [14] is probably not corret.

5. Conclusions

By re-modeling and re-analyzing 42 epochs of 15 GHz VLBA observations of 3C 84, we find
evidence for a long-term continuous displacement of the central radio structure. This long-term
variation has not been shown before and can best be explained by precession. We thus find clear
indication for precession of the jet source in 3C 84. The derived precession period (based on fitting
the UMRAO and OVRO radio data) is in the range of ∼41–101 yrs. A comparison with maps of 3C
84 taken in 1973 and 1974.1 which show a similar central readio structure support a value of 41 yrs
for the precession period. The derived values for the apparent speeds also seem to favor a precession
period of abour 40 yrs. This value differs from the precession period derived earlier to explain the
X-ray cavities, which is five orders of magnitude larger. We discuss several possible explanations.
The most plausible reason to explain the difference is the evolution of the merging process of a binary
black hole system. In this paper, we study the evolution of the inner jet, while the X-ray cavities most
likely provide information about an earlier phase of the approaching black holes. 3C 84 seems to show
a change in the precession period with time—this result and its implications should be studied in
more detail.

To our knowledge, this is the first time that observational evidence for precession is presented
in 3C 84. We tentatively suggest that the TeV-flaring coincides with a specific precession phase. Our
results indicate that the dynamical evolution of the jet (and the beaming factor) might play a role
in explaining the TeV emission in this source. SED-modeling of multi-frequency data (e.g., [55,69]
support our findings that the angle to the line of sight is changing. Beaming thus plays a role in this
AGN where the innermost jet resembles a slightly off-angle BL Lac object [3]. The accordance of the
direction of the precession with the sizes and shapes of the X-ray cavities supports our claims of the
reality of the three-dimensional motion of the radio jet in 3C 84.
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Appendix A. Difmap Model-Fitting Parameters

Figure A1. VLBA images superimposed by Gaussian circular components. Their parameters have
been derived within the difmap-modelfit programme. The epochs are: December 1999—February 2002.
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Figure A2. Same as Figure A1 for epochs: March 2003—March 2007.
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Figure A3. Same as Figures A1 and A2 for epochs: September 2007—February 2011.
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Figure A4. Same as Figures A1–A3 for epochs: June 2011—September 2015.
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Figure A5. Same as Figures A1–A4 for epochs: January 2016—August 2017.
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Abstract: A new class of low-power compact radio sources with limited jet structures, named FR 0,
is emerging from recent radio-optical surveys. This abundant population of radio galaxies, five times
more numerous than FR Is in the local Universe (z < 0.05), represent a potentially interesting target
at high and very-high energies (greater than 100 GeV), as demonstrated by a single case of Fermi
detection. Furthermore, these radio galaxies have been recently claimed to contribute non-negligibly
to the extra-galactic γ-ray background and to be possible cosmic neutrino emitters. Here, we review
the radio through X-ray properties of FR 0s to predict their high-energy emission (from MeV to TeV),
in light of the near-future facilities operating in this band.

Keywords: active galactic nuclei; radio galaxies; gamma-rays; jets; emission: non-thermal; GeV
γ-rays; TeV γ-rays

1. Introduction

Radio galaxies (RGs) associated with the most massive black holes (BHs) in the Universe,
are important laboratories to study the jet launching mechanism and the production of high and very
high energy (HE > 100 MeV; VHE > 100 GeV) radiation by Compton scattering due to the presence of
relativistic particles.

Although compact RGs were already known to be associated with massive early-type galaxies
(ETGs) since the early 1970s (e.g., [1–7]), studies of much brighter extended RGs prevailed because
of their more interesting and richer jetted structures. These RGs are classified based on their radio
morphology, distinguishing between edge-darkened (FR I type) and edge-brightened (FR II type)
sources [8] (Figure 1). Nevertheless, in the last decade, a renewed interest towards low-luminosity
RGs (e.g., [9]) is driven by the advent of large-area high-sensitivity optical and radio surveys:
the cross-correlation of the Sloan Digital Sky Survey (SDSS, [10]), the Faint Images of the Radio
Sky at Twenty centimetres survey (FIRST, [11]) and the National Radio Astronomy Observatory Very
Large Array (VLA) Sky Survey (NVSS, [12]) allowed unbiased statistical studies of the radio-AGN
activity at low luminosities. With this technique, the authors in [13,14] selected a sample of low-power
∼18,000 RGs up to z ∼ 0.3 with radio fluxes higher than 5 mJy at 1.4 GHz, covering the range of radio
luminosity L1.4GHz ∼ 1022–1026 W Hz−1. All radio morphologies are represented, including twin-jets
and core-jet FR Is, narrow and wide angle tails, and FR IIs. However, most of them (∼80%) appear
unresolved or barely resolved at the 5′′ FIRST resolution, corresponding to a size limit of ∼10 kpc.
This enormous population of low-luminosity compact RGs, different from FR I/IIs, are still virtually
unexplored. Recently, the authors in [15,16] concluded (confirmed later by other independent radio
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studies [17–19]) that this new population of RGs, characterized by a paucity of extended radio emission,
dominates over FR Is and FR IIs in the local Universe. For their radio morphological peculiarity, this
class of sources has been named as FR 0 in contrast to the classical Fanaroff–Riley classes [20–22].
This new class represents a radical change in our view of the radio sky because our past knowledge
about RGs was biased towards powerful extended (from hundreds of kpc to Mpc) radio sources,
as selected by low-frequency high-flux surveys (see e.g., the Third Cambridge (3C) catalogue1 [23]).
However, up to now, the paucity of detailed multi-band information on FR 0s limits our comprehension
on the origin of this class and the cause of their confined jet structures.

Figure 1. Multi-band composite panel of radio galaxies. On the top are two examples of radio
morphologies of a core-brightened FR I (Centaurus A [24] at 1.4 GHz) and an edge-brightened FR II
(3C 285, [25] at 1.4 GHz). On the bottom, we show an example of FR 0, J1559 + 2556. The left panel
displays the r-band SDSS image of the elliptical galaxy which hosts the FR 0 with the blue 4.5-GHz
radio contours from VLA taken from [26] (3 kpc scale set by the green arrow). The right panel represents
the high-resolution zoom on the radio core (on the scale of 3 pc) provided by the VLBI image from [27].

1 The 3C catalogue selects radio sources with flux densities higher than 9 Jy at 178 MHz.
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In this review, we summarize the state-of-the-art of multi-wavelength studies of FR 0s, lingering on
their emission at high energies from keV to TeV. In particular, we will focus on the FR 0 population
as possible γ-ray emitters based on one case of HE detection (Tol 1326-379, [28]), current models
and facilities, and how their limited jets could accelerate particles that up-scatter low-energy photons
or collide to eventually produce HE electromagnetic cascades.

2. Broadband Properties: From Radio to X-rays

These compact radio sources have been carefully selected and later included in a catalogue,
named FR0CAT [29]. The selected 104 FR 0s with z ≤ 0.05, live in red massive (� 1011 M�) ETGs
with large BH masses (∼107.5–109 M�), and are spectroscopically classified as Low Excitation Galaxies
(LEG) [16]: these host properties are similar to those seen for the hosts of 3C/FR Is, but they are on
average a factor ∼1.6 less massive [19,29]. The radio, optical line, X-ray luminosities of FR 0s generally
match those of the 3C/FR Is [21,26,30]. The only feature distinguishing the two classes is the paucity
of extended radio emission of FR 0s, which turns in a core dominance2 higher than classical FR Is
by a factor ∼30. They show a strong deficit of total radio emission with respect to the 3C sources,
being 100 times fainter at the same level of (O III) line luminosity, a proxy of the bolometric AGN
power [16] (Figure 2). A similar high core dominance has been also observed in nearby giant ETGs
that harbour low-power radio-loud AGN (1036–38 erg s−1 [15,22]), named Core Galaxies (CoreG [31]).
These CoreG are basically miniature RGs with nuclei that are the scaled-down version of those of FR Is
in terms of AGN bolometric luminosity, jet power and accretion rates [32,33].

Figure 2. FIRST 1.4-GHz radio vs. [O III] line luminosity (erg s−1). The small points correspond to
the low-luminosity RG sample selected by [14]. The solid line represents the correlation between line
and radio-luminosity derived for the 3CR/FR I sample (green stars). The dotted lines include the region
where radio-quiet Seyfert galaxies are found. The red points are the FR 0 included in the FR0CAT [29]
and the violet triangles are the CoreG.

However, the available multi-band data for FR 0s to study their nuclear activity are extremely
limited. In the radio band, generally only 1.4 GHz FIRST and NVSS images with shallow angular

2 The core dominance is the ratio between the emission from the unresolved radio core and the total radio emission of the RG.
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resolution (5′′ and 45′′, respectively) were available. Hence, in the last five years, several campaigns
with the VLA have been performed to zoom in the GHz-band emission at higher resolution,
reaching 0.2′′ [21,26]. At the kpc scale, the VLA analysis reveals that FR 0s remain compact below
�1 kpc, with only ∼25% of the sample able to emanate twin or one-sided jets extended for at most
a few kpc (Figure 1 as an example). At the parsec scale, higher-resolution radio observations with
the Very Large Baseline Interferometer (VLBI) [27] show resolved radio jets for 80% of the sample.
The VLBI multi-epoch data and the symmetry of the radio structures indicate that the jet bulk speed is
mildly relativistic (between 0.23 c and 0.49 c) with Doppler-boosting factors ranging from 1.7 to 6.

Including low-frequency radio data-points from the Low-Frequency Array (LOFAR) and the
Giant Metrewave Radio Telescope (GMRT) surveys, the FR 0 radio spectra from hundreds of MHz to
several GHz are typically flat ([21,26,34]). However, their SEDs can be generally described as a gentle
spectral curvature towards higher radio frequencies, broader than what is seen in young radio sources.
The flat-spectrum radio core powers tightly correlate with the AGN bolometric luminosities, following
the relation of FR Is and CoreG [21,26]: this clearly indicates a common central engine, where the jet is
the main contributor to the whole bolometric power. At higher radio frequencies, a survey at 15 GHz
has been planned with the Arcminute Microkelvin Imager (AMI) array.

In the optical band, the continuum and spectral information of the nuclei are limited to the SDSS
data, which yield to a low luminosity of the central source and a prominent radio loudness3.

2.1. X-ray Properties of FR 0s

At higher energies, the properties of FR 0s are almost unexplored. The authors in [30] performed
the first systematic study in the X-ray (2–10 keV) band of a sample of 19 FR 0 galaxies selected
from [14] on the basis of: (i) redshift z ≤ 0.15, (ii) radio size ≤10 kpc (in FIRST images); (iii) FIRST
flux >30 mJy; (iv) LEG optical classification; (v) having available X-ray data in the public archives
of the XMM-Newton, Chandra and Swift satellites. The aforementioned criteria guaranteed that
the considered objects are classified as FR 0s, although at higher radio flux densities than the FR0CAT
sources. Finally, Tol 1326-379, the first FR 0 radio galaxy detected in γ-rays (see Section 4), was added
to the sample. The principal results of this study are:

1. The X-ray spectra of FR 0s are generally well represented by a power-law absorbed by a Galactic
column density. An additional intrinsic absorber is not required by the data suggesting that, in
these sources, the circum-nuclear environment is depleted of cold matter (e.g., the dusty torus is
missing). In some cases, the addition of a thermal component is required by the data: this soft
X-ray emission could be related to extended intergalactic medium or to the hot corona typical of
ETGs [36]. The spectral slope of the power-law is generally steep, < Γ > = 1.9 ± 0.3. Only in two
cases, which includes Tol 1326-379, is the photon index flatter, ∼1.2;

2. FR 0s span a range in X-ray luminosity LX = 1040–1043 erg s−1, similar to FR Is. When the X-ray
luminosity is compared to the radio core one, a clear correlation is attested. This points towards
a non-thermal origin (i.e., the jet) of the X-ray emission in FR 0s as commonly believed in FR Is
(e.g., [32,37,38]) (Figure 3);

3. the central engine of FR 0s is probably powered by radiatively-inefficient accretion disc
(i.e., Advection Dominated Accretion Flow [ADAF] model, [39]), as suggested by the small
values of the Eddington-scaled luminosities, L̇ = Lbol/LEdd∼10−3-10−5.

3 Radio loudness, R, is defined as ratio between the flux densities in the radio (6 cm, 5 GHz) and in the optical band
(4400 Å) [35]; where radio-loud AGN have R > 10. Assuming the optical galaxy emission as an upper limit on the optical
nuclear component and 5 mJy as minimum radio flux, the radio loudness of FR 0s is at least >11.
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Figure 3. X-ray (2–10 keV) luminosity versus radio core (5 GHz) luminosity (in erg s−1) for FR 0s
(black circles) and FR Is (red squares). Upper limits are represented by arrows. The black solid line is
the linear regression for FR 0s + FR Is: log LX = (7.8 ± 0.6) + (0.8 ± 0.1)log L5 GHz. Black dashed lines
are uncertainties on the slope, taken from [30].

2.2. The Uniqueness of the FR 0 Class

What makes FR 0 class important is their large abundance, being five times more numerous
than 3C/FR Is at z <0.05. Even at low radio frequencies where optically-thin radio jet emission is
expected to dominate over the flat-spectrum core emission, in the LOFAR survey (the Low-Frequency
Array Two-Metre Sky Survey LoTSS, [40]), ∼70% of RGs appears to be low-luminosity unresolved
sources [41,42] at the same angular resolution of FIRST images (5”): about a few thousand of these
compact RGs are potentially FR 0 candidates with respect to a comparable number of extended FR Is
and FR IIs [43].

What makes this class of RGs unique is their lack of substantial extended radio emission
and consequent high core dominance although they harbour an FR I-like nucleus. Are they low-power
blazars? No, the more-preferentially symmetric jet structures of the FR 0s on a kpc scale rule out a
significant projection effect [21,26]. The similar radio core-bolometric luminosity correlations, derived
from [O III], X-ray, of FR 0s and FR Is yield to their common radio misalignment, since emission line
and HE emission are typically considered independent of orientation. Another proof of the misaligned
nature of FR 0s comes from the distribution of the ratio between [O III] and X-ray luminosities
(R[OIII]/X). While FR 0s and FR Is show similar values of R[OIII]/X ∼−1.7 (e.g., [38,44]), low-luminosity
blazars have R[OIII]/X ∼ −3.3 (e.g., [30,45]) as expected if the X-ray emission is beamed. Are they
small fading FR Is? A past FR I radio activity is ruled out by the non-detection of extended diffuse
emission at low radio frequencies and low angular resolutions (LOFAR and GMRT [34]. The FR 0
nuclear affinity with FR Is is, furthermore, downsized by the the mildly relativistic jet speed measured
from VLBI with respect to the still relativistic speeds at parsec scales of FR Is [46–48]. Are they young
FR Is? An age scenario, for which FR 0s are young RGs that will all eventually evolve into extended
radio sources cannot be generally reconciled with the larger space density of FR 0s than FR Is [26].
Nevertheless, a possible contribution of ∼10% of genuinely young radio sources cannot be excluded
among FR 0s (see [17]), based on the fraction of sources with inverted radio spectra [34]. Unlike FR 0s,
genuinely young radio sources show different multi-band characteristics: (i) GHz-peaked radio spectra
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due to strong synchrotron self-absorption [49]; (ii) typically brighter in radio and optical line due to
the enhanced emission caused by an expanding radio cocoon in a dense gas-rich environment [50];
(iii) FR II-like bolometric and HE powers associated with a radiatively efficient accretion disc
(e.g., [51–56]); (iv) often show signatures of intrinsic H I and X-ray absorption [56,57], which suggest
that these sources are typically embedded in a rich interstellar medium.

All these characteristics and differences with respect to the other FR classes, blazars, young
sources and radio-quiet AGNs point to FR0s as a stand-alone class, which does not fully fit in
a orientation-dependent AGN unification scheme [58] a priori, but does in a possible evolutionary
AGN scheme [59]. Furthermore, no clear incongruity in the nuclear and host properties of the FR 0s
with respect to the other RGs can account for the different radio properties.

A similar class of low-luminosity compact RGs (LLC) have been recently addressed by [60],
as kpc-scale radio sources with possibly fading steep-spectrum disrupted jets and short-lived activity
because of a lack of significant fuelling onto the BH [61,62]. These sources appear more consistent
with an interpretation of FR I/FR II short-lived progenitors, rather than an intrinsically different radio
class as it emerges from the multi-band studies of LCC. Nevertheless, a large overlap between the FR 0
and LLC populations cannot be excluded.

3. What Causes the Deficit of Extended Radio Emission in FR 0s?

While VLBI observations [27] and forthcoming enhanced Multi-Element Radio Linked
Interferometer Network (eMERLIN) [63] observations show a larger fraction of asymmetric pc-scale
radio structures, in JVLA maps [21,26], the jets appear more symmetric at larger scales. In addition,
the nuclear luminosities of FR 0s reconcile with those of FR Is, suggesting similar AGN energetics.
Hence, these results concur on the picture that FR 0 jets are probably launched relativistic at pc scale,
while, at a larger scale, they decelerate showing smaller Lorentz factors Γjet

4.
Assuming a stationary jet scenario, the idea of a jet stratification with different velocity

patterns [64] seems to better reproduce the general properties of the FR 0 class. The similarity of
the nuclear properties of FR Is and FR 0s suggests that, within a few parsecs, the jet physics of the two
FR classes need to be analogous. Therefore, as valid for FR Is, we speculate that a inner relativistic
spine is likely to be responsible to produce the multi-band properties of the unresolved radio core
and observed pc-scale jet asymmetry. However, to account for the confined jet capabilities of the FR 0s,
the inner spine should be limited in length along the jet (�1 kpc). The outer layer travelling with a mild
relativistic speed (∼0.3 c) will dominate on a kpc scale and will account for the observed extended jet
morphologies. The mild relativistic jet bulk speed and a possible intrinsic spine weakness together
with entrainment of the galaxy medium could concur to a possible loss of jet stability. In this scenario,
the jets would suffer from deceleration and premature disruption before escaping the host core radius,
slowly burrowing their way into the external medium. Nevertheless, the optical host magnitudes of
the FR 0s, a proxy for local density, comparable with those of FR Is, do not concur with the idea of
a dense galaxy-scale environment which could cause the jet frustration through the interaction with
interstellar density [65,66]. Alternatively, the scarcity of sites of plasma accelerations along the jet
could also account for their restrained jet capabilities.

In a time-dependent jet scenario, an intermittent nuclear activity injects sporadically relativistic
plasma in the jet and hence does not provide sufficient bulk flow to sustain the jet along large distances
from the BH. This lack of plasma injection might reduce the jet momentum and cause significant jet
deceleration within the galaxy. To infer the duty cycles of FR 0s by comparing the space densities of
FR 0s with respect to the extended FR Is, short active phases of a few thousands years are strongly
favoured with respect to longer ones [29]. Analogously to FR 0s, LLC have also been interpreted

4 The Lorentz factor for jets is Γjet = 1√
1−(vjet/c)2

where vjet is the jet speed.
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as powered by a short-lived outburst of the central activity, which may turn in compact radio jets [61].
Deep Low-frequency radio observations with LOFAR could reveal past radio activities of FR 0s
and measure their activity recurrence. Nevertheless, a preliminary analysis on a small number of
sources in the LoTSS survey seems to reject this hypothesis.

A further scenario proposes that FR 0s have low, prograde BH spin, which would limit
the extracting energy to launch the jet and eventually evolve into full-fledged FR Is thanks to
the increasing angular momentum of the accreting material [59]. Assuming a BH spin-Γjet dependence
(e.g., [67,68]), the low BH spin would be the ultimate reason for the lower bulk Lorentz factor,
reducing the ability of the FR 0s’ jets to penetrate the galaxy medium. The low BH spin could be
caused by a possibly poorer large-scale environment than that of FR Is [69], which sets (i) a less intense
accretion history than FR Is, or (ii) a less frequent merger history [70] to favor BH–BH coalescence,
which spins up the central BH, a condition required to produce extended relativistic jets.

4. High Energy (Gev-Tev) View of FR 0s

While the previous γ-ray mission, EGRET, detected a few RGs (e.g., [71,72]), the Fermi γ-ray space
telescope [73] has revolutionised our knowledge of the sky above 100 MeV. Among the outstanding
results reached in ten years of survey, there is certainly the discovery of RGs as an whole class of GeV
emitters [74]. Contrarily to blazars, where relativistic effects boost and blue-shift the emission of the jet
that is closely aligned to the observer’s line of sight, in RGs, where the viewing angle of the jet is
large (>1/Γjet), the detection of such sources at high energies is disfavoured. However, misaligned
RGs were also detected by Fermi-LAT in only 15 months of survey [74] and their number continues to
increase [75,76]. A few of them are also known as VHE emitters including M87 (d ∼ 16 Mpc), the first
extra-galactic source detected at VHE energies, and Centaurus A (CenA), the nearest (d ∼ 4 Mpc) AGN
to us5. Although misaligned RGs represent 2% of the entire extra-galactic γ-ray population that is
dominated by blazars [77,78], they are extremely relevant in addressing problems related to the jet
structure, the particle acceleration mechanism and the location of the acceleration sites. Moreover,
RGs have been known to significantly contribute to the extra-galactic diffuse γ-ray background [79,80]
and, interestingly, they are often invoked as possible sources of high-energy neutrinos and ultra-high
energy cosmic-rays [81,82].

Being an emerging class of low-luminosity RGs, so far, only a few studies have focused on FR 0s
in the GeV domain. Currently, only one FR 0 has been associated with a γ-ray counterpart by Fermi,
i.e., Tol 1326-379 [28]. The source is characterized by a GeV luminosity (L>1 GeV = 2 × 1042 erg s−1)
lower than blazars, consistent with FR Is but with a slightly steeper photon index (Γγ = 2.8) than
classical FR Is. The radio-GeV spectral energy distribution (SED) of the core is double-humped
(see Figure 4a) similar to other jet-dominated radio-loud AGN. Despite the similar radio luminosity,
M 87 is less luminous than Tol 1326-379 by a factor of 30 at 1 GeV and has a flatter SED in the γ-ray
domain. In contrast, the SEDs of CenA and Tol 1326-379 are quite similar in shape with a steep γ-ray
trend, but the former source is about two orders of magnitude fainter.

At low energies, the non-thermal synchrotron component of Tol 1326-379 dominates over
any accretion-related contribution, further supporting the case of an ADAF disc suggested by
the X-ray study (see [30] and Section 2.1). The peak at the high-energies (so-called Compton peak)
appears to be relatively prominent, comparable with or even higher than the synchrotron one,
differently from BL Lac sources. The whole SED can be consistently reproduced by a synchrotron
and synchrotron-self-Compton (SSC) model assuming either an aligned (θv < 1/Γjet) or a misaligned
(θv ∼ 30◦ [83]) jet, with a total jet energy flux of the order of few 1044 erg s−1 [83].

5 In addition to M 87 and CenA, there are other four radio galaxies detected at TeV energies, i.e., NGC 1275 (d ∼ 76.7 Mpc),
IC 310 (d ∼ 82.8 Mpc), PKS 0625-35 (d ∼ 245 Mpc) and 3C 264 (d ∼ 95.1 Mpc).
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Is Tol 1326-379 a unique γ-ray case? It has been estimated that core-dominated RGs nearby, i.e., FR0s
and Core Galaxies [31], can account for ∼4–18% of the unresolved γ-ray background below 50 GeV
observed by the LAT instrument on-board Fermi [84]. Unfortunately, no FR 0 is listed among the ∼37
non-blazar AGN in the recently released Fourth LAT AGN Catalog (4LAC, [76]). Nevertheless,
one should note that Tol 1326-379 was initially classified as a blazar and a careful analysis of its
multi-wavelength properties revealed its FR 0 nature [28]. Furthermore, the 4LAC includes a large
number (∼1090) of sources defined as blazar candidates of uncertain type (BCUs), which could hide
new γ-ray FR 0s. The range of γ-ray fluxes and photon indexes of BCUs (Γγ = 1.5–3.0) are also
compatible with those of Tol 1326-379, which can be taken as a reference for FR 0s at high energies.
The cross-correlation of the BCUs from the 4LAC with the FR0CAT did not return any match. However,
the FR0CAT selected only sources in the northern hemisphere, while more than 50% of the BCUs are in
the less explored southern sky, where Tol 1326-379 itself has been found. Thus, future efforts must be
devoted to extend the search for γ-ray FR 0 sources to this part of the sky (see [17]).

Interestingly, spectral fitting of the synchrotron peak of the SED of the BCUs in the 4LAC
reveals an emerging population of faint, BL Lac-like sources characterized by a low synchrotron
peak (1013–14 Hz, [76]). A fraction of these sources could be truly faint low-power BL Lacs (rather than
located at high redshift) and possibly represent the aligned counterparts of FR 0s. The joint study
of the two classes can be an effective way to explore the jet formation and the emission processes
at the lowest levels of accretion onto the supermassive BH (see [45]).

Finally, it is important to stress that the Fermi catalogues place a 5σ threshold to the detection of
a source, which might leave out inherently faint γ-ray emitters (see [85] for an example). Therefore,
progress in the characterization of the FR 0 class in the γ-ray window requires ad hoc analysis of
the individual targets, exploiting the whole Fermi dataset, the most up-to-date calibrations and data
selection, to look for sub-threshold emission. Besides the likelihood analysis of individual sources,
the γ-ray properties of FR 0s can also be studied collectively by means of techniques searching
for a signal in excess over the background in stacked data of a large sample (see [86] as example).
These procedures could unearth a non-negligible population of low-luminosity RGs and FR 0s emitting
at HE [87].
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Figure 4. (a) the SED of Tol 1326-379 (red points), the only FR 0 observed by Fermi so far, is modelled
with a one-zone synchrotron–SSC model (grey dashed line). Following the modelling presented in [83],
a moderate viewing angle (∼30◦) and bulk motion (Γjet ∼ 2) have been assumed. (b) the SED of
another FR 0, J160426.51 + 17 (blue points) with a model similar to that applied to Tol 1326-379 is
shown (data from [28]). The expected sensitivity curves of current and future instruments in the MeV
to TeV window are plotted (see the legend). While, in the framework of standard, one-zone leptonic
models, a detection in the VHE range seems unlikely, both sources could be detected at MeV energies
by future missions such as AMEGO [88] and e-ASTROGAM [89] (see Section 4.1).
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4.1. Perspectives with Upcoming MeV–TeV Observatories

Here, we test whether FR 0s could be detected by current and future generations of HE and VHE
telescopes. We use two FR 0s as reference (Figure 4): while one is Tol 1326-379, detected by Fermi,
the other source is a nearby (z = 0.04) FR 0 radio galaxy, J160426.51+17. It shows a flat X-ray spectral
index (ΓX = 1.1 ± 0.3) and X-ray luminosity similar to Tol 1326-379 (see [30]) that make it a potential
candidate for a γ-ray detection. As an exercise, we adjusted the model adopted for Tol 1326-379
to reproduce the SED of J160426.51+17 (Figure 4b): the output in the GeV window could be just
at the Fermi detection limit.

Of equal importance for the characterization of the HE output of these sources will be the synergies
between the VHE and the rest of the HE window. In particular, the Fermi observations have shown
that, in RGs, the 0.1–100 GeV band probes the Compton component beyond the peak, i.e., the decaying
tail, while the peak likely falls in the MeV energy range. Therefore, missions such as AMEGO [88]
and e-ASTROGAM [89], proposed with the goal of exploring the MeV sky, will be crucial to make
progress in our knowledge of the processes producing the most energetic radiation. As an example,
in Figure 4, we plotted the expected sensitivity curves for the two instruments on the SEDs of
Tol 1326-379 and J160426.51+17. In both cases, the two telescopes would detect the two FR 0s
at MeV energies. By filling the gap between the X-ray and GeV–TeV band, MeV measurements will
also play an important role to discriminate between leptonic and hadronic models (see, e.g., [90]).

In a TeV regime, we compare the flux sensitivity curves of current Cherenkov telescopes
(MAGIC [91], VERITAS [92], H.E.S.S. [93]) with the SEDs of the two FR 0s cases (Figure 4). The Inverse
Compton bump is modelled with a power-law component [28] that fits the measured points in the Fermi
band; above 1024 Hz the source is undetected. The predicted SED in the VHE regime is well below
the sensitivity of all the Cherenkov telescopes in 50 h of observation (see Figure 5 for a zoom of the SED
of Tol 1326-379 at VHE). A major step further will be possible thanks to the forthcoming Cherenkov
Telescope Array (CTA) [94]. Thanks to the improvement in sensitivity by a factor 5–20 (depending on
the energy range 10 GeV–300 TeV) with respect to current Cherenkov telescopes, CTA will enable
population studies and allow us to verify whether or not FR 0s are VHE emitters. Moreover, CTA will
work as an observatory in synergy with other HE facilities, providing simultaneous data from a few
MeV up to hundreds of TeV. This will guarantee the opportunity to test different mechanisms of VHE
photon production in RGs in general [95,96] and FR 0s in particular, as outlined in the next section.

Figure 5. SED of Tol 1326-379 in the high energy band. The red points are Fermi-LAT measurements
(with the corresponding sensitivity curve) fitted by a power-law component that reproduces the inverse
Compton bump. We plot the expected differential sensitivity curves for 50 h of exposure of MAGIC
(in green) [91], VERITAS (in brown) [92] and H.E.S.S telescopes (in blue) [93].
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5. Are FR 0s VHE Candidate Sources?

The lack of evident FR 0s in the Fermi/LAT catalogues and in the TeV catalogues (e.g., TevCat
and TeGeV catalogues6) is not surprising. However, it is worth noting that the current Imaging
Atmospheric Cherenkov Telescopes (IACT) operate in pointing mode, generally triggered by external
alerts (e.g., the observation of an optical, X-ray or γ-ray flare). Consequently, their TeV catalogues
might include a bias towards blazars.

The question is therefore whether these sources may or may not be considered candidate TeV
emitters, and which scenarios would imply their detection. In the case of Tol 1326-379, a detection
>100 GeV would indicate the presence of a distinct radiative component, with respect to the SSC one,
which should remain sub-dominant in the 0.1–10 GeV band. Thus far, indications that such components
could actually exist have been only found in the SED of the core of the radio galaxy Centaurus A [97,98].
Interestingly, its emission deviates from the simple extrapolation of the <3 GeV spectrum observed
by Fermi, displaying a clear hardening at <250 GeV ([99] and references therein). A comprehensive
discussion concerning the processes that could explain the origin of a TeV component is presented
in [96]. Here, we review the different models of VHE photon production in AGN in relation to
the FR 0 class.

The conventional leptonic jet (one-zone) SSC models predicts that X-ray-to-γ-ray part of the SED
originates from inverse Compton (IC) scattering of low energy photons by relativistic electrons in
a single emitting region within the inner jet. The scattered photons may have an internal origin,
produced by the synchrotron mechanism (SSC [100]), or external origin, i.e., seed photons coming
from the accretion disc, the broad line region, or the dusty torus (external Compton, EC, e.g., [101,102]).
Still in the framework of leptonic models, a jet with a stratified kinematic structure opens to multi-zone
emission models. In its simplest realisation, this could be a two-zone model with a inner fast spine
(Γ1 � 1) nested in a outer slower sheath (Γ2 < Γ1) [64]. Depending on the observer’s line of sight,
the emission of one of the two zones prevails, with the spine dominating at small angles (i.e., in blazars)
and the layer at larger angles (in misaligned AGN). The two emitting regions may radiatively interact,
by providing each other additional target synchrotron photons to be Compton scattered. Because of
the velocity gradient between the two emitting regions, the synchrotron emission coming from one
region is boosted in the other, making this an efficient way to produce HE emission.

Hadronic models, in which relativistic protons within the jet are ultimately responsible for
the observed emission, have been also proposed (e.g., [103,104]). These relativistic protons can interact
with the soft synchrotron radiation and produce electromagnetic cascades above several tens of TeV
and be responsible for the neutrino production. FR 0s have been recently proposed as cosmic neutrino
emitters because of their γ-ray emission [83,105].

In the BH proximity, the BH gap model predicts that particles streaming along the magnetic
field lines in the magnetosphere can be accelerated to very high energies due to the formation of
(partially) unscreened electric field regions (gaps) [106,107]. The width of the gap h and the BH
mass set the maximum γ-ray luminosity that can be emitted with Compton peaks in the range
10–100 TeV. In this gap model (stationary or time-dependent), very low accretion rates, or the presence
of a radiatively-inefficient disc, represent a necessary condition for the detectability of magnetospheric
VHE emission. This requires the accretion rate to be below a critical value, typically ∼0.01 (e.g., [108])
and in turn leads to a constraint on the average jet power. Assuming a rapidly spinning BH,
the constraints on the gap size and accretion rate thus translate into a characteristic upper limit
on the extractable VHE power of LVHE

gap ∝ 2 × 1046ṁE MBH(h/rg) [109] where ṁE is the accretion

rate scaled at the rate at the Eddington limit and rg is the gravitational radius. Assuming that
the gap width in FR 0s is consistent with the gravitational radius as found from the VHE variability

6 TevCat (http://tevcat.uchicago.edu/) and TGeVCat (https://www.ssdc.asi.it/tgevcat/) are online catalogues for
TeV astronomy.
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of M 87 (e.g., [110]) and assuming similar accretion rates to M 87 as supported by the results for
CoreG [33] and for FR 0s [30], the expected VHE luminosities for FR 0s from the gap models are
1042–43 erg s−1. For M87, the VHE luminosity is 3–10 × 1040 erg s−1 (e.g., [111]), which is three orders
below the expected VHE gap luminosity. Therefore, since FR 0s and M 87 have similar bolometric
AGN power, we could expect TeV luminosities for the FR 0s to be an order of magnitude lower because
of their on average one-magnitude lower BH masses (∼108M�) than M 87.

Relativistic jets are generally expected to be initially magnetically supported and models of
collisionless magnetic reconnection are known to accelerate non-thermal electrons and produce HE
photons by IC scattering (e.g., [112,113]) in the jets. Magnetic reconnection energy, when released,
may provide an additional relativistic velocity component of the ejected plasma relative to the mean
bulk flow of the jet, in any direction. This Doppler-boosted effect may lead to VHE emission even in
misaligned AGN, including FR 0s. If the released magnetic power is responsible for the acceleration
of the radiating relativistic particles, then the radio synchrotron radiation sets the minimum value
to this power. Figure 6 compares the magnetic reconnection power driven by turbulence derived
by [114] with the observed core radio luminosities of FR 0s taken from the FR0CAT [29]. We find that
the magnetic reconnection power extracted from reconnection of the magnetic lines in the inner coronal
region around the BHs of FR0s could be energetically sufficient to explain the core synchrotron radio
emission from them, as also found valid for low-luminosity AGN [114,115]. Figure 6 also includes
the γ-ray luminosity of Tol 1326-379, indicating that the magnetic reconnection produces enough
power to emit HE γ-ray radiation.

The scenario where γ-ray emission is produced by isotropically distributed relativistic electrons
in the kpc-scale jet [116] has been raised to reconcile with the extended HE detection from the jet lobes
of CenA [117] and with the possibility that X-ray jets could emit at VHE [118,119]. Relativistic electrons
in the extended jets or lobes could Comptonise soft non-thermal X-ray radiation and CMB photons,
which are beamed due to electron relativistic motion. The mild relativistic jet speed at a kpc scale
expected for the FR 0s and their limited jet sizes disfavour but do not fully reject the possibility of VHE
emission originated on a large jet scale from the FR 0 population.

Figure 6. Turbulent driven magnetic reconnection power (erg s−1) against BH masses (M�) compared
to the observed radio emission from FIRST catalogue for the 104 FR 0s from the FR0CAT (black
points). For Tol 1326-379, we also plot the high-energy (>1 GeV) luminosity (red diamond). The region
enclosed between the two dashed lines represents the maximum range of magnetic reconnection power
predicted for RGs for supermassive BHs with different internal conditions (see [114]).

On the whole, the VHE-emission models predict that FR 0s are TeV emitters with luminosities
comparable or within an order of magnitude less than those observed from the core of local FR Is
(i.e., M 87 and CenA). Nevertheless, the low brightness and further distance of the FR 0 population
than the known TeV-emitting misaligned RGs (at least a factor of 2 in distance) hampers their detection
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at VHE even with future sensitive instruments. All the more, because it is unexpected, the detection
of even a single FR 0 would open up interesting scenarios on the jet physics (radiative processes
and jet accelerations) in these peculiar RGs.

6. Summary, Conclusions and Future Perspectives

The ongoing progress over the last few decades with consecutive Fermi catalogues
and the upcoming advent of high-sensitivity MeV-TeV facilities make the HE astronomy accessible to
a large part of the community and these observatories play a unique scientific role in the comprehension
of the jet physics in radio-loud AGN. In such a framework, FR 0s, compact RGs with a substantial
deficit of extended radio emission [22], are catching the attention of the community because of their
large abundance with respect to the other FR classes and their potentiality of being HE emitters
as a new class.

In this work, we reviewed the multi-band properties of this class of RGs, from radio to X-rays.
Then, based on the unique Fermi detection of the FR 0 population (i.e., Tol 1326-379 [28]) so far,
we explored the possibility of GeV–TeV emission of this abundant class of RGs, considering current
(conventional and more exotic) models for γ-ray emission in AGN. Indeed, the Fermi detection of
an FR 0 has opened up several scenarios to interpret its multi-wavelength SED. Whereas the similar
broadband spectral nuclear properties of FR 0s and FR Is suggest common jet physics in the proximity
to the BH, the indisputable differences of the jet structures at large scales between the two classes might
imply intrinsic variations in the particle accelerations and in HE emitting processes. A weak/short fast
spine and the scarcity of sites of particle accelerations, limited to several pc along the jet, reconcile with
the global multiband properties of FR 0s, the confined jet structures and the kpc-scale jet symmetry.
In a time-dependent scenario, a nuclear recurrent activity could lead to a discontinuous plasma
injection in the jet and its possible deceleration. In the framework of HE emitting sites, the core region
appears to be most plausible scene where γ-ray radiation can be produced because of the dominant
role of the fast spine in the jet, which can relativistically accelerate particles.

Several mechanisms can be proposed to address the particle acceleration in the inner part of
the FR0 jets and their γ-ray production. Relativistic shocks between jet layers moving at different
speeds are responsible for accelerating particles along the shock front and could produce significant
γ-ray emission by IC. A magnetospheric gap model followed by a radiatively inefficient accretion flow
to avoid γγ-pair production seems to reconcile with the expected HE luminosities of FR 0s. Magnetic
reconnection, where magnetic energy is transferred to accelerating particles, predicts non-thermal
synchrotron powers that are sufficient to justify the observed radio core luminosities of FR 0s.

Detection of new FR 0s at HE and VHE bands in the next future or stringent upper limits could
help to set the jet parameter space of this peculiar class of RGs and constrain models on particle
acceleration and HE emission processes. In this framework, to test whether FR 0s could be detected
at HE, we compare the broadband SEDs of two cases of FR 0s with the sensitivity curves of MeV–GeV
satellites and TeV Cherenkov telescopes. At MeV energies, the possible detection of the FR 0s will
cover the gap between the X-ray and the VHE emission, crucial for having a comprehensive view of
the jet properties. Below a few GeV, the detection of new FR 0s appears to be feasible with current
and future γ-ray facilities, and more sources could possibly hide among the unknown blazar candidates
in the Fermi catalogue. At VHE, the steep GeV spectrum and low brightness of Tol 1326-379 make
a detection unlikely. However, our knowledge of this class at high energies is still very limited, hence
it will be important to investigate the FR 0s with more sensitive observatories, such as CTA in the
near future.

The FR 0 population, which outnumbers the FR Is, is expected to contribute up to ∼18% to
the extra-galactic γ-ray background [84]. Recently, TeV-emitting candidates associated with low-power
compact radio sources hosted in red ETGs have been selected by [120]. The authors predict that a few
hundred of these candidates will be detectable by new generations of Cherenkov telescopes in 50 h
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in the entire extra-galactic sky in the local Universe. We speculate that these TeV emitters could be
the parent aligned population of the FR 0s .

The optimal already-tested synergy between current radio, X-ray and γ-ray telescopes in the last
decade and the upcoming generations of high-sensitivity and high-resolution facilities in such bands
(i.e, SKA, LOFAR, ngVLA, eROSITA, Athena, Lynx, CTA) will offer unique insights into jet physics
and particle acceleration mechanisms in the vicinity of the BH. These new observatories will probe
the very low and high energy bands of the SEDs of the RGs which populate the low luminosity tail
of the local radio AGN luminosity [14]. In this very low-power regime, an enormous population of
compact radio sources, which generally includes all nearby giant elliptical galaxies [121–125] consistent
with an FR 0 classification, could accelerate jets and potentially be γ-ray emitters. CTA, which
will unearth such a population of low-power HE sources, will provide important progress in our
understanding of the AGN phenomena, by providing robust constraints on the BH-jet coupling
at a low-luminosity regime.
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