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Electromagnetic radiation: 
Our main window to the universe  

o  Until 1950’s we had only 
access to optical and radio 
wavelengths 
n  Limited by our atmosphere 

o  Satellites opened new 
exciting windows filling    
the gaps in the ’60s 

o  In X-rays/γ-rays many, many 
extreme objects appeared Higher Energies 

VHE emission photons of E > GeV - TeV 
 



gamma-ray bursts  

Relativistic jets: the big, the small, the strong 

jets in galactic centers X-ray binaries 

M87; NASA/Hubble 

MBH~109M¤ ~10M¤ ~3M¤ 

Power~1044...1049erg/s           ~1038erg/s                       ~1052erg/s 



How relativistic are jets?  

Rees 1966 
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Biretta, Moore, Cohen 1986; 
   Wehrle et al. 2001 

Γ~10 in jets from SMBHs 
Γ~a few in binaries 
Γ~100-1000 in GRBs 
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Basics: radiative processes 
o  TeV radiation requires at least E~TeV particles e.g.    
γ ~ E/mec2 ~ 106 for electrons  

o  fast particles + B-fields give 
n  Synchrotron emission 

 
n  Inverse Compton scattering  
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Basics: variability and source size 

o  The variability constrains the 
size of the source 
n  a source with typical scale of 

Rem cannot vary faster that 
timescales tvar ~ Rem/c 

o  For material moving with bulk 
Γ, the variability time is   

tvar ~ Rem /(2· Γ2·c) 

 f(t) 

t Rs/c 

Observer 

Rem 
1/Γ 



Relativistic effects preserve variability from the 
central engine but do NOT shorten it  

! 

tvar ~
Rem
"2c

~ #tbh $
Rs
c

1/Γ	


RS 

Rem ~ 102-103 RS ~ Γ2 RS 

Blob 

2Γ	

 Γ	



Rs   Rs  Rs 

Rem~Γ2RS 

Rs 
Internal shocks 



Focus: why and how do jets radiate? 

Internal 
dissipation 

Central 
engine 

Acceleration  External 
interactions 

jet emission 

Observations: What do we see? 



Blazars: bright at all energy bands 

e.g., Fossati et al. 1998 

synchrotron 

Inverse Compton 
scattering 

Very-High-Energy
Gamma-Ray
Astronomy with
VERITAS
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VHE emission 

M. Boettcher, D. E. Harris, & H. Krawczynski, eds.: Relativistic Jets from Active Galactic Nuclei —
Chap. 8 — 2011/5/7 — 18:14 — page 234
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Figure 8.4 Sketch of the central region of an active galaxy, illustrating the various external
radiation fields that may be Compton scattered to form the high-energy emission observed
from AGNs.

line region, (d) infrared emission from warm dust (often believed to form a dust torus
around the central engine), and (e) the cosmic microwave background (CMB) radia-
tion, to name just the most commonly considered contributions.

Since we usually assume that the electron distribution is isotropic in the co-moving
frame of the emission region, so is the synchrotron radiation and, hence, also the SSC
emission, which corresponds to (a) above. Therefore, the simple flux boosting laws
of Eq. 2.41 and 2.44 apply.

However, the situation is somewhat more complicated when we consider external
radiation fields. Due to relativistic aberration, external radiation fields will generally
not be isotropic in the frame of the emission region. The angle-dependent external
photon density then needs to be evaluated according to Eq. 2.54 for the transformation
of the radiation energy densitiy uν(Ω). In the case (b) above, this transformation can
become quite cumbersome, in particular close to the accretion disk, where there is
already a strong intrinsic angular dependence of the spectral shape and intensity of
the disk radiation in the rest frame of the AGN [e.g. 46, 27, 49].

In cases of more extended sources of external radiation fields, for example, the
broad-line region, the dust torus, or, in particular, the CMB, the intrinsic angular de-
pendence of the field is typically rather weak. Therefore, the angular characteristics
of the external radiation field in the co-moving frame of the emission region will be
dominated by relativistic aberration due to the relativistic bulk motion with Lorentz
factorΓ. In that case, Eq. 2.57 for the transformation of an isotropic external radiation
field can be considered an appropriate approximation. Hence, the energy density of
the external radiation field will be boosted by aproximately a factor (4/3)Γ2 into the



Recent Developments 
o  ultra-fast varying TeV 

blazars (eg. PKS 2155-304; 
Mrk 501) 

o  multi-wavelength 
campaigns (e.g. 3C 66A) 

Aharonian et al. 2007; Albert et al. 2007; 
Aleksic 2011 

Abdo et al. 2011; Agudo et al. 2011 … 
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Gamma-ray bursts: spectra and variability 
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GeV emission: peaking with (late) MeV but lasts longer! 
Abdo et al. 2009; Ghisellini et al. 2009 … 

Recent Developments: GeV emission 
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focus: why and how do jets radiate? 

Internal 
dissipation 

Central 
engine 

Acceleration  External 
interactions 

jet emission 

Some big questions:  
Which process accelerates the particles that radiate? 
Where the dissipation takes place? How do they radiate? 



  
  
 Most of the energy initially stored in the magnetic field!  

Blandford & Znajek 1977 
Begelman & Li 1992 
Meier et al. 2001 
Koide et al. 2001 
van Putten 2001 
Barkov & Komissarov 2008 
… 

B-fields extract rotational energy from the compact 
object/inner accretion disk at a rate  
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The Central Engine 



Acceleration of jets 
o  Recent progress in 2D axisymmetric 

relativistic MHD simulations & theory                    
Vlahakis & Koenigl 2003; Komissarov et al. 2009; 2010; 
Tchekhovskoy et al. 2009; 2010; Lyubarsky 2009; 2010 

n  High magnetization flows accelerate to 
Γ>>1 , But most of the energy remains in 
the B field 

n  No clear mechanism to power the 
emission; shocks are weak! 

 

o  After acceleration: internal 
dissipation responsible for the 
emission 



Jet radiation: 
Internal shocks vs Magnetic dissipation 

o  Internal shocks 
n  Unsteady flow composed by 

shells  
n  A fast shell with Γ2 > Γ1 collides 

with a slower one dissipating their 
relative kinetic energy  

o  Magnetic dissipation  
n  Magnetic fields carry most of the 

energy of the flow 
n  The magnetic energy is dissipated 

internally through, e.g., magnetic 
reconnection  

γ-rays 
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Internal shocks or Magnetic dissipation? 
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The reconnection model for GRBs 
o  The field is in general not 

axisymmetric at the central engine 
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o  Model for GRBs: Magnetic field 
changes polarity on small scales 
and reconnects vrec=εc                          
Drenkhahn 2002 and Denkhahn & Spruit 2002;         
Lyubarsky 2011 

o  Dissipation is gradual and leads to 
acceleration of the flow and 
heating of plasma 

o  The model predicts a strong 
photospheric component and 
optically thin dissipation  



Radiative transfer study in the magnetic 
reconnection model 

η=590 

η=1000 

typically 
observed 

Swift 
Fermi 

Robotic 
telescopes 

Giannios 2006; Giannios & Spruit 2007; Giannios 2008 

τ~1 

τ<<1 

E (MeV) 

Compton scattering 

synchrotron emission 

η=350 

η=460 

η=250 
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more “dissipative photospheres”: Thompson 1994; Pe’er et al. 2006; Ioka et al. 2007; Ioka 2010;  
 Lazzati & Begelman 2010; Beloborodov 2010; Ryde et al. 2011; Vurm et al. 2011… 



From GRBs to blazars? 

GRBs 52 

Blazars 



Hints for reconnection: ultrafast TeV blazars 

PKS 2155-304  (Aharonian et al. 2007); see also Mrk 
501 (Albert et al. 2007); PKS 1222+21 (Aleksic et al. 2011) 

vary on timescales as sort as tv ~3 min << Rs/c ~ 3 hours!!! 
time 



Implications from ultrafast TeV flaring 

o  Models that associate the variability to 
black hole activity do not work  

  
Strongly indicates variability originating 

from the jet Tavecchio & Ghisellini 2008 

 

o  We see small-scale, fast moving regions!         
Ghisellini et al. 2009; Giannios, Uzdensky & Begelman 
2009; 2010; Nalewajko et al. 2011 … 

 

Fast TeV variability in blazars L17

Figure 1. Schematic representation of the proposed scenario. At some dis-
tance from the black hole and accretion disc, part of the jet power is dissipated
in a region moving with a bulk Lorentz factor of 10–30, producing radia-
tion through ‘standard’ synchrotron and self-Compton emission. Magneto-
centrifugally accelerated electrons are bound to stream along magnetic field
lines, initially oriented with different directions. They would reach the light
cylinder at different locations where the electrons reach their maximum en-
ergy. Beyond the light cylinder field lines wound-up since they cannot move
rigidly any longer. Occasionally, magnetic field lines close to the light cylin-
der would point towards the observer. In these cases, one can then detect
the relativistically boosted radiation resulting from the IC scattering by the
magneto-centrifugally accelerated electrons off the seed photons produced
by the ‘normal’ jet and/or by the accretion flow.

whether there is any robust physical limit to the observed duration
and luminosity of flares.

In this work, we tackle this question in the context of leptonic
emission models, i.e. the observed high-energy radiation is pro-
duced, via inverse-Compton (IC), by relativistic leptons. We first
consider a completely ideal case which maximizes the effects of
relativistic beaming showing that, under particular conditions in-
volving beams of highly relativistic emitting particles, no observa-
tionally interesting limit holds. Then, the astrophysical feasibility
of such an ideal case is examined and we propose a more specific
setting which seems an ideal environment to produce such narrow
beams.

2 A N IDEALIZED LIMIT TO FA ST TEV
VARIABILITY

Relativistic amplification of the emitted radiation is the key physical
process on which the standard model for blazars is based. Typically,
it is postulated that high-energy electrons (γ > 105) move with
random directions within the emitting region which, in turn, is

propagating with a bulk Lorentz factor of " ∼ 10 at a small angle
with respect to the line of sight.

However, if the highly relativistic electrons were almost co-
aligned in a narrow beam (as considered by, e.g., Aharonian,
Timokhin & Plyasheshnikov 2002 and Krawczynski 2008), we can
achieve a more efficient situation – in terms of detected emission –
for observers aligned with the beam. Before assessing the physical
feasibility of such a configuration, let us consider the consequences
on the observed emission.

The energy loss for (standard) IC scattering of an electron with
Lorentz factor γ = (1 − β2)−1/2 embedded in a radiation field of
energy density Ur is (e.g. Rybicki & Lightman 1979)

P = γ̇mec
2 = 4

3
σTcγ 2Ur, (1)

where σ T is the Thomson cross-section, and the seed photon field
is assumed isotropically distributed. In equation (1), P represents
the power emitted by the electrons, while the power received by
an observer depends on the viewing angle: within the cone 1/γ
time is Doppler contracted by the factor (1 − β) and the isotropic
equivalent power Piso is enhanced by the factor (1 − β)−1, as the
radiation is collimated in a solid angle %& = 2π(1 − β). The two
effects combine to yield a maximum observed power

Piso,max = (1 − β)−2P = (1 + β)2γ 4P ∼ 16
3

σTcγ 6Ur. (2)

If the electron and the observer remain ‘aligned’ for a time longer
than the radiative cooling time tc, radiation will be seen for

tr = (1 − β)tc = 3mec

4σT(1 + β)γ 3Ur
. (3)

Let us estimate how many electrons N are required in order to
observe Piso,max ∼ 1047L47 erg s−1 in the TeV range.2 For simplicity,
we first consider the case where the source has no bulk motion
and the seed photons are isotropically distributed. This requires
γ ≥ 106, in order to produce TeV photons. Then,

N = 1047L47

Piso,max
= 9.4 × 1059 L47

γ 6Ur
= 9.4 × 1023 L47

γ 6
6 Ur

, (4)

corresponding to a mass Nme ∼ 0.85L47/(γ 6
6 Ur) mg and an energy

E = γ Nmec2 = 7.7 × 1023L47/(γ 5
6Ur) erg.

Emission would be observed for a mere tr = 1.5 × 10−11/

(γ 3
6Ur) s, during which an electron would travel for a cooling dis-

tance %Rc = βct c = 9 × 1011 cm towards the observer.
This idealized limit to the shortest time variability observable

in the TeV range, even thought unrealistic, shows that high am-
plitude, apparent luminosity variability is physically possible even
over subnanosecond time-scales.

In the sketched scenario, the variability time-scales – unrelated
to the size of the emitting region – may reflect how long a beam
maintains its coherence and alignment with the observer’s line of
sight and/or the duration of the process responsible to produce such
a beam.

2.1 Energy requirements

The first issue to be discussed in relation to the idealized case
concerns the feasibility of attaining realistic configurations which
allow this ‘streaming scenario’ without requiring a large amount of
energy.

2 We adopt the notation Q = 10xQx , with cgs units.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 393, L16–L20



Prediction: flares from jets viewed off axis 

Γj 

θ’ 

Γj 
Jet axis Off-jet axis 

Rest frame of jet Rest frame of black hole 

flares from 
Mrk 501    
PKS 2155-304 
PKS 1222-21  

infra-day M87 flaring 

Radiative properties of minijets 11

Figure 8. SEDs of the minijet models matching the TeV spectrum of the
flaring state of PKS 2155−304, compared with 2006 July simultaneous
observations by HESS and Chandra (thick black lines). Red lines (black
in print version) show models with no guide field (case I), blue lines (grey
in print version) models with significant guide field (case II), solid lines
models of isolated minijets and dashed lines models with radiation from an
opposite minijet system (‘OPP’).

Figure 9. SEDs of a system of Nring = 30 minijets evenly spaced around
the jet axis, so that only one is directed close to the line of sight. Individual
minijet spectra are shown with dashed lines, summed spectrum with a solid
line. Red lines (black in print version): minijets calculated with model
including Comptonization of radiation from the opposite minijet for case I.
Blue lines (grey in print version): minijets calculated for case II (only first
three minijets and the sum off all 30 are shown for clarity).

of both spectral components. We study this effect in the class of
models including opposite minijet radiation, trying to match the
TeV luminosity of PKS 2155−304 or, if impossible, calculating a
model of maximum luminosity.

In Fig. 10 we compare the SEDs for three values of σ 1. The
value σ 1 = 100 (solid lines) has been used in Giannios et al. (2009)
and in previous paragraphs σ 1 = 50 (dashed lines) corresponds to
l2 = 6.4 × 1014 cm and "2 = 7.1, while σ 1 = 25 (dotted lines) to
l2 = 4.5 × 1014 cm and "2 = 5. We were able to fit HESS data for
PKS 2155−304 for σ 1 = 50, but not for σ 1 = 25, where opacity
limits TeV luminosity below the observed level. Keeping "jet = 10,
the last case corresponds to effective Lorentz factor of the minijet
plasma "2"jet ∼ 50, the minimum value derived by Begelman et al.
(2008). Thus, our model confirms that prediction, even though it
has been derived within a single-zone framework.

6 D ISCUSSION

Our calculations show that it is much easier to obtain a high Comp-
ton dominance for minijet models based on relativistic magnetic
reconnection with no guide field (case I). Inspection of Table 1

Figure 10. SEDs of minijets calculated for σ 1 = 100 (solid lines; same
as the dashed lines in Fig. 8), 50 (dashed lines) and 25 (dotted lines). The
models have been calculated for cases of no (red; black in print version) or
weak (blue; grey in print version) guide field, including radiation from the
opposite minijet.

reveals that this is related to two factors. First is a significantly
lower magnetization of the minijet region plasma σ 2, which reg-
ulates the ratio of magnetic to electron pressure. For roughly the
same thermal energy carried by particles in both cases, the magnetic
energy density is 2 orders of magnitude lower in case I, and so is
the synchrotron emissivity. The second reason is the much stronger
compression of plasma crossing the stationary shock into the island
region, leading to higher particle and magnetic pressure and thus
higher synchrotron emission which is more strongly boosted back
into the minijet region comoving frame O2.

On the other hand, relativistic current sheets with no guide field
have been found to develop a RDKI, which can disrupt the sys-
tem before the particles can be non-thermally accelerated (Zenitani
& Hoshino 2008). To explain TeV spectra in the flaring state of
PKS 2155−304, a non-thermal power-law tail is needed in the elec-
tron distribution. A guide field has the effect of suppressing RDKI,
allowing for efficient particle acceleration. Models with a signifi-
cant guide field (case II) can satisfy observational constraints, when
radiation by an opposite minijet is taken into account. In fact, this
effect is much more pronounced in case II, increasing the Comp-
ton dominance by 2 orders of magnitude. Note, however, that these
numerical studies were done for pair plasma, while in our model
electron–proton plasma is required.

The amount of guide field in the minijets affects the spectrum in
the soft X-ray band. This is independent of the slope of the non-
thermal power-law tail (it is also true with no tail), but is related to the
ratio between synchrotron components produced in the minijet and
island regions. In case I, the spectrum is hard, because emission from
the island region is stronger due to stronger plasma compression. In
case II, the spectrum is soft, but still slightly harder than Chandra
spectrum of PKS 2155−304. In the flaring state of this object, a
harder-when-brighter behaviour has been observed in both X-ray
and TeV bands (Aharonian et al. 2009b). This can be understood if
the brighter flares are produced by the unguided minijets, while the
fainter flares (and some part of the quiescent emission) come from
the guided ones.

An isolated event like a TeV flare in PKS 2155−304 should be as-
sociated with a significant, brief and temporary change in jet physi-
cal parameters. A single disturbance comoving with the bulk jet flow
would cover a distance #r ∼ "2

jetc #t ∼ 0.08("jet/10)2(#t/1 d) pc.
Thus, a ∼4-d-long period of high activity would be related to a
single global reversal of jet magnetic field travelling about 0.3 pc.

C© 2011 The Authors
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Nalewajko et al. 
2011  

Giannios, Uzdensky & Begelman 2010 



Outlook - How should we proceed? 
o  Relativistic jets: a multi-scale problem of many physical 

processes  
and be used to extract the physics from the terabytes of a meaningful simulation 
 central engine         jet structure         dissipation zone         
particle heating          radiative transfer         observations  

GRBs 52 

blazars 

    
  



(instead of) Summary: why I like jets 
o  Exciting (extreme) physics 

n  (general) relativity, MHD, plasma physics, radiative transfer…  

o  Can accelerate UHECRs  
n  shocks or magnetic reconnection may be efficient accelerator  

o  May reveal tidal disruptions of stars in galactic centers 

o  Provide EM counterparts to future GW detections  
o  Produce TeV photons that may probe the extragalactic light, 

B-fields  
o  Deposit energy/momentum at large scales (AGN feedback) 
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Giannios 2010; Metzger & Giannios 2011 Giannios & Metzger 2011; Bloom et al. 2011 
Black Hole Universe



Recent Developments: GeV emission 
GeV emission: peaking with (late) MeV but lasts longer! 
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