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Blazars:
Jets from galactic centers moving towards us
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Blazars are variable on timescales: 
months, weeks, days, even minutes!

10 days

Aharonian et al. 2007; Albert et al. 2007

10 min Striani et al. 2010

Marti-Vidal 2013

100 days



Location of jet dissipation zone hotly 
debated: 0.01 pc ≲ zdiss≲ 10 pc!

Some big questions: 
Which process accelerates the 
particles that radiate?
What determines the distance & 
size of the emitting region?

Dermer & Schlickeiser 1994: zdiss ~ 1016-1017cm 
Sikora et al. 1994: zdiss < 1 pc 
Ghisellini & Tavecchio 2008: zdiss ≲ 1 pc 
Agudo et al. 2012: zdiss ~ 10 pc 



Flat Radio Spectrum
Blandford & Koenigl 1979 conical jet model
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quency ⌫obs. At ⌫obs the emission of the seg-
ment will dominate, whose spectrum peaks at
that frequency plus small contributions from
neighboring segments (see Fig.1 in Marko↵
(2010)). Daly & Marscher (1988) calculated
that changes due to the external pressure lead
the jet boundary to oscillate as the jet gas pe-
riodically overexpands and reconverges in its
attempt to match the ambient pressure. This ef-
fect of the boundary creates a network of waves
in the interior of the jet that, converging to-
ward the axis, may form a standing shock. Very
recently, Jorstad et al. (2010) established that
the millimeter-wave core in AGNs is a phys-
ical feature of the jet, i.e. coincident with the
standing shock, that is di↵erent from the ob-
served cm-wave core, the location of which is
determined by the above discussed jet opacity.

Models of the low/hard X-ray state for
X-ray binaries give a geometrically thin,
optically thick accretion disk truncated at
Rtr ' 100rg (McClintock & Remillard 2006;
Done & Diaz Trigo 2010). Following Meier
(2005), the terminal velocity of the steady jet
is approximately equal to the escape speed at
the footpoint of the magnetic field where the
jet is launched. For the large Rtr '100 rg the
escape velocity drops to values below 0.6 c in
agreement with the low velocities inferred for
steady jets. When a system is in a very low
low/hard state, the even larger truncated radius
may result in a very low velocity (e.g. 0.06 ±
0.01 for LS I +61�303, Peracaula et al. (1998);
Massi & Zimmermann (2010)). The steady jet
model therefore assumes that the flat/inverted
spectrum could be the result of the variation of
the magnetic field and the density of relativistic
particles along a conical jet; the velocity is low
for jets anchored at the large truncated radii as-
sociated to the low/hard state.

3.2. The shock-in-jet model

Fender et al. (2004) associate the change in the
radio spectrum - from optically thick to opti-
cally thin - to the parallel change that is ob-
served in the X-ray states of these sources,
when passing from the low/hard X-ray state to
the steep power-law state. Fender and collabo-
rators make the hypothesis that in such a pas-

Fig. 6. Composite flat spectrum as a result of super-
position of individual spectra associated at di↵erent
jet segments, each with a di↵erent ⌫break.

sage there is an increase in the bulk Lorentz
factor of the ejected material. This increase
gives rise to shocks where the new highly-
relativistic plasma catches up with the pre-
existing slower-moving material of the steady
jet. This model, the shock-in-jet model, was
originally derived by Marscher & Gear (1985)
for AGNs, then generalized by Valtaoja et al.
(1992); Türler et al. (2000), and introduced
in the context of X-ray binaries for GRS
1915+105 by Kaiser et al. (2000) (see the re-
view by Türler (2010)).

In the internal shock model, variations of
the jet velocity or pressure lead to the forma-
tion of shock waves and electrons are acceler-
ated. All frequencies will peak simultaneously.
However, the higher energy emission particles
die out first and the highest frequency emis-
sion remains confined to a thin layer behind
the shock front (Fig. 7) (Marscher 2009). The
width of the emission layer behind the shock
front, x, is inversely proportional to the square
root of the radiated frequency. As a result the
flare will dominate at lower frequencies result-
ing in the observed optically thin outburst.

4. Discussion

I comment here on three open questions.
1. The transient jet is associated to shocks

produced by di↵erences in flow speed. For
the internal shock scenario to be working and

8 Sera Markoff
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Fig. 2. Application of a mass-scaling jet model to the first quasi-simultaneous
multiwavelength data set of a BHB including UV data, for the Galactic source
XTE J1118+480. The smaller scales compared to AGN results in a prediction of the
jet synchrotron spectral break in the OIR band, and a significant contribution of jet
synchrotron to the X-rays (see [65] for details).

ate particles into power-laws with energy index 2-2.4) with conservative assumptions
about the acceleration rate (see, e.g., [53]), taken together with calculated cooling
rates from synchrotron and Compton processes, implies that it is very difficult to
suppress some level of synchrotron emission extending into the X-ray band for BHBs,
even for “low-luminosity” systems. For the case of XTE J1118+480 we showed an
extreme scenario, although not in conflict with the actual data set, which displays
no indications of disk reflection or spectral cutoff. There are good reasons, however,
to think that in general there is also a Compton scattered emission component (see
below).

3.3 Interpreting the correlations

Because the synchrotron jet model presents an obvious connection between emission
over decades in frequency, it seemed worth exploring its relevance for explaining the
radio/X-ray correlation. We decided to try fitting the same data that had established
the correlation, using a variation of this mass-scaling jet model, and interestingly
found that we could explain the correlation by only changing the power (as a fraction
of accretion energy) input into the jets [67]. The correlation suddenly presented itself

Image Credit: Massi

J1118; Markoff  2010; Giannios 2005

The model requires that electrons are 
re-accelerated over a broad range of  
scales



Blazar jet bulk acceleration: out to ~100 pc!

� Homan et al. 2015 report 
on the acceleration 
properties of  329 features 
in 95 blazar jets from the 
MOJAVE VLBA 
program 
� acceleration along the 

jet dominates
� Blazar jets reach their 

terminal speed at scales 
of  ~100’s pc

MOJAVE. XII. Acceleration of Blazar Jets 7

Figure 6. Histograms of projected linear distance for jet features
with positive parallel accelerations (panel (a)), negative parallel
accelerations (panel (b)), and no apparent acceleration (panel (c)).
Panels (a) and (b) only include features with parallel accelerations
significant at the ≥ 3σ level and with parallel to perpendicular
acceleration ratios ≥ 2.0. Panel (c) selects features with no sig-
nificant acceleration and robustly small parallel and perpendicular
accelerations defined by |η̇∥,⊥| + 2σ ≤ 0.1. Note that seven fea-
tures from NGC 1052 at projected linear distances < 1.0 pc are
not plotted in the above three panels for clarity; four of these have
positive acceleration, one has negative acceleration, and two have
no apparent acceleration. In Panel (d), solid diamonds show the
unweighted average of the relative parallel accelerations in each
projected distance bin for the features plotted in the above pan-
els. Open diamonds give the average acceleration in each projected
distance bin using all features in Table 1, regardless of significance
level of the acceleration measurement.

the optically thick core feature near the base of the jet.
This calculation was performed for all epochs, resulting
in a circular mean and standard deviation for the inner
jet position angle for each source. We note that, as de-
scribed in Paper X, mean inner jet position angles were
not available for all sources in our sample due to insuffi-
cient time coverage or number of epochs, core identifica-
tion uncertainty, counter-jet emission, or highly curved
jet structure within 1 mas of the core. Note that the
circular standard deviation in the jet position angle is
mainly due to the variability in jet position angle over
time as newly emitted jet features emerge at different
position angles (Paper X).
In Figure 9 we plot both non-radial motion mis-

alignment angle and relative perpendicular acceleration
against the offset between the first epoch structural po-
sition angle of a jet feature, ϑfirst, and the mean of
the inner jet position angle, JetPA. Our key question
is whether jet features that start out with a large off-
set between their structural position angle and the mean

inner jet position angle experience kinematics that tend
to bring them into better alignment with the inner jet
position angle. We define a ‘large offset’ to be a first
epoch structural position angle that is more than one
standard deviation from the mean inner jet position an-
gle, where the circular standard deviation is computed
for the set of inner jet position angles across all epochs
in which that source was observed. It is also important
that we only consider jet features with mean angular dis-
tance ⟨R⟩ ≥ 2.0 mas to avoid the possibility that the jet
feature we are studying contributes significantly to the
mean of the inner jet position angle16.
Both the observed non-radial motions and perpendic-

ular accelerations have a strong tendency to be in the
correct direction to move the jet feature toward the direc-
tion of the mean inner jet position angle, indicating some
sort of collimating effect prevents features from moving
along a ballistic trajectory. The odds of at least 35 out
of 46 non-radial motions and 16 out of 21 perpendicular
accelerations having this tendency by pure chance are
P = 0.00027 and P = 0.013, respectively.
As a diagnostic of this relationship, Figure 10 plots

each of the jet features in Figure 9(a) at their first epoch
position with an arrow indicating the direction of their
velocity vector. Jet features from different sources are
included on the plot by using projected linear distance
in parsecs and rotating the position angles to place the
mean inner jet position angle of each source along the
x-axis in the figure. The inset of Figure 10 clearly shows
that the tendency for jet features to experience motions
that move them toward better alignment with the mean
inner jet position angle is very strong for features at small
projected linear distance. Almost all (16 out of 17) fea-
tures plotted in the inset have this tendency; however,
for jet features first observed at larger distances, the
tendency is much weaker (19 out 29) and more consis-
tent with pure chance. At these larger projected dis-
tances, jets may have already experienced bends, and
those jet features may be following the bends as indi-
cated in Kellermann et al. (2004) and Paper VII.

4. DISCUSSION

We find that apparent accelerations in the motion of jet
features are common, with approximately half of the mo-
tions we studied showing significant accelerations parallel
and/or perpendicular to their velocity vector. We find
at least one significantly accelerating feature in three-
quarters of the blazar jets in our sample. Parallel ac-
celerations, indicating changes in apparent speed, are a
factor of two times larger on average than perpendic-
ular accelerations associated with changes in direction.
This confirms our result from Paper VII, also verified by
Piner et al. (2012), that parallel accelerations cannot be
the result of jet bending alone.
As demonstrated in Paper VII and summarized in §2,

changes in jet direction can change the apparent speed of
jet features; however, due to projection effects, we expect
to see even larger changes in velocity direction on the sky
(i.e. perpendicular accelerations). From the beaming
characteristics of a typical parsec-scale flux-density lim-

16 Including those features with ⟨R⟩ < 2.0 mas, strengthens the
statistical relationships we find, but this may be an artifact of those
features moving toward their own mean position.



A theorist’s view of jets

acceleration

Blandford & Znajek 1977
Begelman & Li 1992
Meier et al. 2001
Koide et al. 2001
Komissarov, Lyubarky, 
Barkov, Tchekhovskoy
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“blazar” zone

578 J. C. McKinney and D. A. Uzdensky

where the field collimates with 2 > ν > 0 out to rmono after which
it follows the ν = 0 type radial geometry on a particular field line
with fixed opening half-angle of θ f giving

θf ≈
(

rmono

rfp

)−ν/2 (
2 sin

θfp

2

)
, (10)

where the total jet opening angle (θ j) corresponds to the value of
θ f (θ fp) for the largest value of θ fp that is allowed by the presence of
a confining medium near the compact object.

For r ≥ rmono ≫ rfp, the radial field strength is

Br ≈ Br,fp

(
rmono

rfp

)ν−2 (
r

rmono

)−2

. (11)

The θ component is small and so can be neglected. The toroidal φ

component is

Bφ ≈ Br,fp

(−2rfp$F

c

) (
rmono

rfp

)ν−1 (
r

rmono

)−1

tan (θf/2), (12)

where for rapidly rotating BHs or neutron stars (NSs)
rfp$F ! 0.25c and $F is the field rotation frequency one can set
at each foot point. For a BH angular rotation rate of $ = $H =
(jc)/(2rH) with horizon radius rH and dimensionless BH spin j, the
value of the field line angular rotation rate is $F ≈ $H/2. For a
Lorentz factor of γ ≫ 1, one can show that b2 ≈ B2

φ /γ 2, which
allows one to obtain the electromagnetic pressure and energy den-
sity via pEM = uEM = b2/(8π), where |b| is the comoving field
strength. The baryonic rest-mass density is

ρb ∼ρb,fp

(
Br

Br,fp

) (
1
γ

)
, (13)

where γ is some estimate of the Lorentz factor for r ≥ rmono. We
define a magnetization parameter as

ζ ≡
B2

r,fp

8πρb,fpc2
, (14)

which is used to define ρb,fp from Br,fp. Near the compact object,
the value of ζ is similar to the electromagnetic energy per particle.

Overall, for a given ζ , Br,fp, rmono, θ fp and an estimate of γ , one can
determine the radial and angular dependence of b2, ρb, θ f and θ j, and
other quantities defined in Appendix A, such as the electromagnetic
energy per unit rest-mass energy (µ̃), the electromagnetic energy
flux per unit rest-mass flux (µ), the electromagnetic energy flux per
unit mass-energy flux (σ ) and the jet power (Pj). This MHD jet
solution only has to be applicable up to the radius where significant
dissipation occurs, because determining the dissipation radius is the
primary goal of this work.

For all models, we choose a rapidly rotating BH foot-point radius
of rfp ≈ 4.4 km(MBH/M⊙) (MBH is the BH mass) with a rapid rota-
tion rate such that rfp$F,fp = 0.25c. The collapsar case with a BH of
mass MBH = 3 M⊙ is chosen. For the collapsar model, rmono ≈ 3 ×
1010 cm is typically chosen (i.e. radius of the progenitor star), while
for the short-duration GRB compact object merger model, rmono ≈
1.2 × 107 cm = 120 km is chosen (i.e. extent of the newly formed
disc–corona–wind that helps collimate the jet; Tchekhovskoy et al.
2008, 2010b).

A BH is chosen instead of a NS because it is more likely to be a
generator of a powerful baryon-pure jet. First, the BH cleans mag-
netic field lines of mass (MacDonald & Thorne 1982; Levinson &
Eichler 1993), so the magnetization can be quite high in the BH
case. The magnetization µ could be limited by neutron diffusion
(Levinson & Eichler 2003), which still leads to quite high mag-
netizations of µ ∼103–104 (McKinney 2005a) (corresponding to

ζ ∼ 103–104). Secondly, a BH can produce a more powerful jet
since its Kerr parameter is j ∼1. For the magnetar case, the outflow
only becomes highly magnetized at late time when the power has
significantly diminished, and NSs have a Kerr parameter only up
to j ∼0.6 before break-up. These issues make it potentially more
difficult for the magnetar to operate as both an efficient and a pow-
erful engine of a highly magnetized ultrarelativistic jet (Metzger,
Thompson & Quataert 2007; Bucciantini et al. 2008b; Metzger et al.
2011).

One must use Appendix A to obtain an accurate dependence for
all MHD quantities (i.e. including γ ) within the jet as a function of
radius and angle. Consider typical collapsar model parameters that
would lead to an ultrarelativistic jet with γ ∼ 1000. If ζ = 104,
Br,fp = 3.2 × 1015 G, rmono = 3 × 1010 cm and θfp = π/2, then
µ ≈ 5400, γ (r = 1014 cm) ≈ 800, Pj(r = rfp) ≈ 2.2 × 1051 erg s−1,
(γ θ )(r = 1014 cm) ≈ 18 and σ (r = 1014 cm) ≈ 6. At r = 1014 cm,
there is about approximately six times less kinetic energy than elec-
tromagnetic energy, which can be tapped for prompt GRB emission
if there exists some mechanism to dissipate the energy.

4 J ET FIELD SUBSTRUCTURE:
GENERALI ZED STRIPED WIND

In this section, we consider the process whereby small-scale field
reversals and current sheets become embedded within the large-
scale jet structure. The comoving length-scale, )0, of these jet field
substructures plays a prominent role in later calculations because
the dissipation rate due to collisional reconnection is dominated by
the smallest value of )0.

Fig. 3 shows the different types of field geometries that are con-
sidered. All of these substructure types probably coexist to some
degree. The jet structure solution presented in Section 3 was for-
mally constructed with a single polarity for the electromagnetic

DepyTAepyT Type B & Type C

Figure 3. Generation of electromagnetic field reversals: different jet-field
geometries at the jet base lead to current sheets with different orienta-
tions. Type A corresponds to a time-dependent polarity for an axisymmetric
dipolar field. Type B corresponds to a time-independent non-axisymmetric
multipolar field. Type C corresponds to a time-independent axisymmetric
multipolar field. Near the jet base, types B and C are similar except that
the alternating field polarities are displaced either in the φ direction (type
B) or the θ direction (type C). Type D corresponds to a dipolar field that is
unstable at large radii. All types are expected to some degree.

C⃝ 2011 The Authors, MNRAS 419, 573–607
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Origin of  magnetic fields

Case I: carried in from large scales

Case II: amplified locally in the disk



Case I:
carried in from large scales
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MHD instabilities in jets: 
require 3-D studies

Magnetized jets may be prone to the kink instability 
Eichler 1993; Begelman 1998; Nakamura & Meier 2004; Giannios & Spruit 2006; Moll 2009; 
McKinney & Blandford 2009; Mignone et al. 2010; Porth & Komissarov 2015 

kink instability
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Inside the Bondi radius of M87 7
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Figure 5. Deprojected density profile. The nuclear flux contribution has
been subtracted off using a ChaRT simulation (solid circles). The open cir-
cles show the deprojected density profile if the nuclear flux was increased by
20%. The radial range for the Bondi radius is shown by the vertical dashed
lines.

(Young et al. 2002; Sparks et al. 2004). We have therefore calcu-
lated the radiative cooling time and dynamical time profiles to
determine if this observed structure is consistent with the devel-
opment of local thermal instabilities. The radiative cooling time,
tcool = (3/2)nkT/n2Λ, was determined from the single component
temperature and density profiles. For the two component spectral
model, the cooling time is approximately a factor of two longer
for the hotter component and a factor of 2− 3 shorter for the
colder component. The dynamical time was calculated using the
mass profile for M87 of Romanowsky & Kochanek (2001) (see
also Churazov et al. 2008). Fig. 6 shows the cooling time, the free-
fall time and the tcool/tff profiles for M87. The radiative cooling
time drops to 3± 2× 107 yr at 0.2 kpc and is even shorter for the
cool X-ray temperature component at (1.1±0.8)×107 yr. The ra-
tio reaches a minimum of tcool/tff = 16± 2 at a radius of 0.9 kpc
and is comparably low to a radius of ∼ 4 kpc.

3.4 Bondi radius and accretion rate

The SMBH should accrete from the surrounding hot atmosphere at
a rate determined by its mass and the gas density and temperature
at the radius where the SMBH’s gravitational influence dominates
(Bondi 1952). Under the assumptions of spherical symmetry and
negligible angular momentum, the Bondi accretion rate is given by

ṀB
M⊙ yr−1

= 0.012
(

kBT
keV

)−3/2( ne
cm−3

)(

MBH
109M⊙

)2
, (1)

where T the gas temperature, ne is the gas electron density and
MBH is the SMBH mass. An adiabatic index γ = 5/3 is assumed.
The Bondi radius can also be expressed as

tcool
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Figure 6. Upper panel: the radiative cooling time profile for a single tem-
perature component model and the dynamical free-fall time profile. Lower
panel: the ratio of cooling time to free-fall time.

rB
kpc

= 0.031
(

kBT
keV

)−1( MBH
109M⊙

)

. (2)

Recent gas-dynamical and stellar-dynamical black hole mass es-
timates for M87 differ by a factor of two from MBH = 6.6±
0.4× 109M⊙ (Gebhardt et al. 2011) to MBH = 3.5+0.9−0.7 × 10

9M⊙

(Walsh et al. 2013). Therefore, our estimates of the Bondi radius
and accretion rate are expressed as a range covering these two val-
ues of the black hole mass.

For a single temperature spectral model, the temperature
falls to 0.91+0.08−0.11 keV in the centre of M87 and therefore the
Bondi radius rB = 0.12− 0.22 kpc (1.5− 2.8 arcsec). The elec-
tron density at the Bondi radius ranges between 0.31±0.04 cm−3

and 0.62± 0.05 cm−3 , which gives Bondi accretion rates ṀB =
0.1− 0.2M⊙ yr−1 . Assuming a standard ∼ 10% efficiency and
accretion onto the SMBH at the Bondi rate, the Bondi accretion
power is PB = 0.5− 1× 1045 erg s−1 . Bondi accretion therefore
would be sufficient to fuel the mechanical power output from the
jet of Pjet = 8+7−3 × 10

42 erg s−1 (eg. Bicknell & Begelman 1999;
Di Matteo et al. 2003; Rafferty et al. 2006; Russell et al. 2013). If
we consider only the higher, volume-filling temperature compo-
nent of the two temperature spectral model, the Bondi accretion
rate would be a factor of ∼ 5 lower but still sufficient to power the
jet. For a nuclear bolometric luminosity Lbol ∼ 2× 1041 erg s−1 ,
the Bondi accretion power is also far greater than the nuclear ra-
diation losses (Reynolds et al. 1996; Di Matteo et al. 2003). Both
the accretion flow and the jets are therefore radiatively inefficient

c⃝ 0000 RAS, MNRAS 000, 000–000

M87 density profile 
Russel et al. 2015 

Jet acceleration and collimation: 
the role of  the surrounding gas



Barniol-Duran, Tchekhovskoy & Giannios 2017

Strong dissipation of  magnetic energy 
triggered by density changes



Strong dissipation of  magnetic energy 
triggered by density changes



Magnetic fields at progenitor are 
not always sufficient

Stellar Tidal Disruption Jets (J1644) 
Giannios & Metzger 2011; Bloom et al. 2011

binary neutron star mergers: 
Short GRBs 
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3.2. Vertically Extended Domains

Due to the low densities and high magnetic field
strengths near the vertical boundary that arise from
stratification, increasing the vertical extent of the do-
main is particularly computationally expensive. There-
fore, we performed our resolutions study in boxes with
four vertical scale heights, which seemed suitable to get a
separation between the midplane dynamics and the ver-
tical boundary. In order to confirm that our results are
not strongly dependent on this choice, we have repeated
our 32/H resolution run with six vertical scale heights
(hereafter S32R1Z6). As one can see in Table 1, the
resulting volume average of the stress in the two 32/H
simulations is in reasonable agreement, although slightly
smaller in the S32R1Z6 run.

Fig. 8.— Spacetime plot comparing the toroidal component of
the magnetic field in stratified shearing boxes with 32/H resolution.
The top and bottom panels show simulations with four and six scale
height vertical extent (respectively).

One downside to choosing vertically periodic bound-
ary conditions, is the buildup of strongly magnetized re-
gions with uniform By near the boundaries. Although
these regions don’t contribute significantly to the angu-
lar momentum transport, they are likely unphysical so
one might worry that they feedback on the dynamics
closer to the midplane. In order to get a better sense of
their effect on the flow, we have plotted spacetime dia-
grams comparing the S32R1Z4 and S32R1Z6 simulations
in Figures 8 and 9.
Figure 8 shows the y component of the magnetic field.

In a larger domain, there are still regions of rather uni-
form By near the vertical boundaries. They are some-
what more extended in height but with a slightly weaker
net field. The regions of net By generated near the mid-
plane can buoyantly rise to larger heights before inter-
acting with the boundary region. Since the horizontally
averaged field tends to increase as the fluid rises, this lead
to further enhancement of the field strength over those
found in the smaller domain.
Figure 9 shows the Maxwell stress in the two runs.

In the central four scale heights the two plots look very
similar, suggesting that the four scale height runs are
yielding a fairly robust estimate for the angular momen-
tum transport. Regions of enhanced Maxwell stress are

again correlated with regions of strong net By. Similarly,
the Maxwell stress is generally larger in the inner four
scale heights than in the S32R1Z4 run. Note that the
volume weighted average stresses in Table 1 are lower
for S32R1Z6 than for S32R1Z4 because we are averag-
ing over the whole box, including the regions of weak
stress near the boundaries. If we restrict the averaging
to the inner two scale heights for both the S32R1Z6 and
S32R1Z4 runs, the time averaged Maxwell stress in the
S32R1Z6 simulation is greater by about 10%.

Fig. 9.— Spacetime plot comparing the Maxwell stress in strat-
ified shearing boxes with 32/H resolution. The top and bottom
panels show simulations with four and six scale height vertical ex-
tent (respectively).

3.3. Radially Extended Domains

For the sake of computational expediency, we have per-
formed our resolution study on domains with only one
scale height in the radial direction. This has tradition-
ally been the box size employed in most shearing box
computations, mostly due to CFL constraints on the
timestep which are imposed by the background shear.
Using Athena’s orbital advection scheme (discussed in
§2), we can consider larger domains to examine the ef-
fect of this choice on our results. We have computed
shearing boxes with 4H × 4H × 4H domains at 32/H
and 64/H resolution (hereafter S32R4Z4 and S64R4Z4,
respectively).
We plot the evolution of the total stress in these two

simulations in Figure 10 and the normalized, time and
volume averaged stresses are listed in Table 1. The mean
values of the stress are very similar to each other and also
to those found at higher resolutions runs in the smaller
boxes (S64R1Z4 and S128R1Z4). This suggest that con-
vergence is occurring at even lower resolution than in
the smaller domain computations. The time evolution
differs from that seen in Figure 2 in that the amplitude
of fluctuations is much lower.
In Figure 11 we compare the PSDs from simulations

with different radial extent but the same resolution
(S64R1Z4 and S64R4Z4). The PSDs are very similar
at all but the lowest k. At low k the differences are ac-
counted for in part by our shell averaging scheme. Since

Case II: 
B-fields amplified locally at the disk

Davis et al. 2010

Accretion is likely to be driven by the 
magnetorotational instability (MRI) 

Balbus & Hawley 1992 

MHD simulations of  MRI dynamo in 
stratified disk show field reversals over  
trev ~10Torb ~ (100-1000)Rg/c 
for inner disk

Davis et al. 2010; O’Neil et al. 2011, Simon et al. 
2012+++



Case II: 
B-fields amplified locally at the disk

��

Parfrey, Giannios, Beloborodov 2015 

Step I
magnetic loop emerging 
from the disk
loop scale ~disk scale 
hight

Step II
Inner part of  the 
loop advected to the 
black hole Step III

Differential rotation 
inflates loop
à field lines open
à jet forms



General relativistic force-free simulations     
Parfrey, Giannios, Beloborodov 2015

��

Vaccrete



Retrograde disc

loop width = 2 rg

Colour: Hϕ
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negative

clockwise

anti-clockwise

loop direction

Parfrey, Giannios, Beloborodov 2015



A striped jet
Giannios & Uzdensky 2018

��

l ~ (100-1000) Rg

��

Reversing the magnetic 
polarity at the jet base 
over t ~ (100-1000)Rg/c

Gives stripes in the jet of  
width l ~ (100-1000) Rg



Peak dissipation distance in a striped jet

� Jet may contain field 
reversals on small scale  
l ~ (100-1000) Rg

� magnetic-reconnection  
becomes effective when

texp~ trec

where vrec= εc ~ 0.1c

~100Rg

zrec/ Γj c ~ Γj l /εc

zrec ~Γ2
j l/ε ~ 1pc 
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Striped jet with unique width l

o Magnetic field changes 
polarity on unique scale l and 
reconnects
Drenkhahn 2002 and Denkhahn & Spruit 2002;        
see also Lyubarsky & Kirk 2001 for pulsar 
winds

o Dissipation is gradual and 
leads to bulk acceleration of 
the flow and dissipation

o Dissipation rate rises slows 
for z < zrec and then drops 
steeply at larger scale

rsr

rph

Log(r [cm])

Γj ~ Γ∞ (texp/trec) ~ Γ∞ (z/zrec)1/3

Γ j



Striped jet with a 
distribution of  stripe widths
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Now, going back to the laboratory frame, we find that relativistic time dilation results in

trec = �jt
0
rec = ��1

rec�
2

j lrev/c . (5)

This gives trec ⇠ 103 lrev/c for blazars and trec ⇠ 106 lrev/c for GRBs. Similar arguments have been presented by Lyubarsky

& Kirk (2001) for pulsar striped wind and D02 and Drenhahn & Spruit (2002) for gamma-ray burst (GRB) jets. Thus, the

lab-frame length of the jet dissipation zone of primary magnetic irregularities associated with field reversals injected into the

jet at the base — which we associate with the size and location of the blazar zone — is

zrec = ctrec ' ��1

rec�
2

j lrev ⇠ 103��1

rec�
2

jRg ⇠ 104�2

jRg , (6)

where we assumed �rec = 0.1 for a rough estimate.

Applying this estimate for AGN/blazar jets with �j ⇠ 10, we get

zAGN

rec ⇠ 106Rg . (7)

Thus, for example, for a typical blazar-powering BH of M = 108M�, corresponding to Rg ' 1.5⇥ 108 km = 1.5⇥ 1013 cm =

1AU, we get lrev ' 1000AU, and zAGN

rec ⇠ 106 AU ' 5 pc.

In the case of a typical GRB jet with �j ⇠ 300, and M = 10M�, we get

zGRB

rec ⇠ 109Rg ⇠ 1015cm . (8)

Both of the above estimates are quite compatible with existing constraints on the blazar zone and GRB emission radius,

respectively.

2.1 A dissipation plateau over a broad range of scales

The above arguments provide an estimate of a characteristic distance from the black hole at which the dissipation rate peaks.

In fact, as we show qualitatively in this and quantitatively in the next Section, in the striped jet model the dissipation remains

substantial over a very broad range of scales, both smaller and larger than zrec.

At smaller scales z < zrec the dissipation is only partial. Since magnetic dissipation and bulk acceleration are closely

connected (D02; see also next Section), the fraction of the total Poynting flux that has been dissipated at a distance z

also provides an estimate for the bulk Lorentz factor of the jet as a fraction of its asymptotic value: � ' frec�1, where

frec ' t0exp/t
0
rec stands for the fraction of the total Poynting flux that has dissipated and t0exp ⇠ z/�c is the comoving

expansion time scale of the jet. Using eq. 4 for t0rec, we find that � ⇠ (�1z�rec/lrev)
1/3, consistent with the classic result of

Drenkhahn (2002), Drenkakhn & Spruit (2002). One can verify that � ' �1 for z ' zrec. The acceleration is very gradual

� / z1/3 and the same stands true for the z-profile of the dissipation rate (D02). The exact solutions derived in the next

section show an even flatter dissipation profile for z < zrec.

Our estimate (eq. 1) for lreversal ⇠ 103Rg corresponds to the shortest width lmin of the stripes, generated by the MRI

dynamo in the inner part of the accretion disc. In a more realistic picture, however, MRI turbulence is active over a broad

range of radii in the disc, thus introducing magnetic field reversals over a broad range of time-scales. To study the e↵ect of the

various time-scales injected into the jet, we introduce the concept of the normalized distribution of field-reversal time-scale.

The Fourier transform of the this quantity corresponds to the power-spectrum of the poloidal magnetic flux at the jet base.

For definiteness, in this paper we will assume that this distribution is a truncated power law:

P(⌧) ⌘ dP
d⌧

=
1

(a� 1)⌧min

✓
⌧

⌧min

◆�a

, ⌧ � ⌧min, (9)

with a constant power-law index a > 1. The index a could in principle be determined by global 3D disk simulations that

can properly resolve the MRI dynamo in the disk as well as in the accretion disk corona (Uzdensky & Goodman 2008). Our

rough guess for a is a = 5/3. This comes from associating the time-scales generated at distance R with the local orbital

period ⌧ / T / R3/2 and ascribing the power in proportion to the gravitational energy released locally P / 1/R. Therefore

dP/d⌧=(dP/dR)(dR/d⌧)/ ⌧�5/3.

As a result of the time-scale distribution of magnetic field reversals P(⌧) at the jet base, the jet is characterized by a

closely related distribution of stripe widths along its propagation axis P(l). To visualize this point, consider the case where

the polarity of the magnetic field threading the black hole changes periodically over a, well defined, time ⌧ . As a result, at

any fixed distance z from the black hole the magnetic field in the jet reverses polarity with a frequency 1/⌧ . Since the striped

structure travels with the jet, the stripe width in the lab frame is v(z)⌧ where v(z) is the speed of the jet. As long as the jet

has accelerated to a speed close to the speed of light, the relation between stripe with l and injection time ⌧ is, therefore,

simply l = c⌧ . We, therefore assume that the jet contains a distribution of stripe widths that extends to l � lmin = c⌧min (see

Fig. 1), following the same distribution as that describing the disc time-scales:

P(l) ⌘ dP
dl

=
1

(a� 1)lmin

✓
l

lmin

◆�a

, l � lmin. (10)
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Both of the above estimates are quite compatible with existing constraints on the blazar zone and GRB emission radius,

respectively.

2.1 A dissipation plateau over a broad range of scales

The above arguments provide an estimate of a characteristic distance from the black hole at which the dissipation rate peaks.

In fact, as we show qualitatively in this and quantitatively in the next Section, in the striped jet model the dissipation remains

substantial over a very broad range of scales, both smaller and larger than zrec.

At smaller scales z < zrec the dissipation is only partial. Since magnetic dissipation and bulk acceleration are closely

connected (D02; see also next Section), the fraction of the total Poynting flux that has been dissipated at a distance z

also provides an estimate for the bulk Lorentz factor of the jet as a fraction of its asymptotic value: � ' frec�1, where

frec ' t0exp/t
0
rec stands for the fraction of the total Poynting flux that has dissipated and t0exp ⇠ z/�c is the comoving

expansion time scale of the jet. Using eq. 4 for t0rec, we find that � ⇠ (�1z�rec/lrev)
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Drenkhahn (2002), Drenkakhn & Spruit (2002). One can verify that � ' �1 for z ' zrec. The acceleration is very gradual

� / z1/3 and the same stands true for the z-profile of the dissipation rate (D02). The exact solutions derived in the next

section show an even flatter dissipation profile for z < zrec.

Our estimate (eq. 1) for lreversal ⇠ 103Rg corresponds to the shortest width lmin of the stripes, generated by the MRI

dynamo in the inner part of the accretion disc. In a more realistic picture, however, MRI turbulence is active over a broad

range of radii in the disc, thus introducing magnetic field reversals over a broad range of time-scales. To study the e↵ect of the

various time-scales injected into the jet, we introduce the concept of the normalized distribution of field-reversal time-scale.

The Fourier transform of the this quantity corresponds to the power-spectrum of the poloidal magnetic flux at the jet base.

For definiteness, in this paper we will assume that this distribution is a truncated power law:
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with a constant power-law index a > 1. The index a could in principle be determined by global 3D disk simulations that

can properly resolve the MRI dynamo in the disk as well as in the accretion disk corona (Uzdensky & Goodman 2008). Our

rough guess for a is a = 5/3. This comes from associating the time-scales generated at distance R with the local orbital

period ⌧ / T / R3/2 and ascribing the power in proportion to the gravitational energy released locally P / 1/R. Therefore

dP/d⌧=(dP/dR)(dR/d⌧)/ ⌧�5/3.

As a result of the time-scale distribution of magnetic field reversals P(⌧) at the jet base, the jet is characterized by a

closely related distribution of stripe widths along its propagation axis P(l). To visualize this point, consider the case where

the polarity of the magnetic field threading the black hole changes periodically over a, well defined, time ⌧ . As a result, at

any fixed distance z from the black hole the magnetic field in the jet reverses polarity with a frequency 1/⌧ . Since the striped

structure travels with the jet, the stripe width in the lab frame is v(z)⌧ where v(z) is the speed of the jet. As long as the jet

has accelerated to a speed close to the speed of light, the relation between stripe with l and injection time ⌧ is, therefore,

simply l = c⌧ . We, therefore assume that the jet contains a distribution of stripe widths that extends to l � lmin = c⌧min (see

Fig. 1), following the same distribution as that describing the disc time-scales:
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A multi-width striped jet 
Giannios & Uzdensky 2018
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Some Math

� The single-width striped jet Drenkhahn & Spruit 2002

� The multi-width stripe jet Giannios & Uzdensky 2018
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where we assumed �rec = 0.1 for a rough estimate.
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zGRB

rec ⇠ 109Rg ⇠ 1015cm . (8)

Both of the above estimates are quite compatible with existing constraints on the blazar zone and GRB emission radius,

respectively.
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The above arguments provide an estimate of a characteristic distance from the black hole at which the dissipation rate peaks.

In fact, as we show qualitatively in this and quantitatively in the next Section, in the striped jet model the dissipation remains

substantial over a very broad range of scales, both smaller and larger than zrec.

At smaller scales z < zrec the dissipation is only partial. Since magnetic dissipation and bulk acceleration are closely

connected (D02; see also next Section), the fraction of the total Poynting flux that has been dissipated at a distance z

also provides an estimate for the bulk Lorentz factor of the jet as a fraction of its asymptotic value: � ' frec�1, where
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rec stands for the fraction of the total Poynting flux that has dissipated and t0exp ⇠ z/�c is the comoving
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1/3, consistent with the classic result of
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� / z1/3 and the same stands true for the z-profile of the dissipation rate (D02). The exact solutions derived in the next

section show an even flatter dissipation profile for z < zrec.

Our estimate (eq. 1) for lreversal ⇠ 103Rg corresponds to the shortest width lmin of the stripes, generated by the MRI

dynamo in the inner part of the accretion disc. In a more realistic picture, however, MRI turbulence is active over a broad

range of radii in the disc, thus introducing magnetic field reversals over a broad range of time-scales. To study the e↵ect of the

various time-scales injected into the jet, we introduce the concept of the normalized distribution of field-reversal time-scale.

The Fourier transform of the this quantity corresponds to the power-spectrum of the poloidal magnetic flux at the jet base.

For definiteness, in this paper we will assume that this distribution is a truncated power law:
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with a constant power-law index a > 1. The index a could in principle be determined by global 3D disk simulations that

can properly resolve the MRI dynamo in the disk as well as in the accretion disk corona (Uzdensky & Goodman 2008). Our

rough guess for a is a = 5/3. This comes from associating the time-scales generated at distance R with the local orbital

period ⌧ / T / R3/2 and ascribing the power in proportion to the gravitational energy released locally P / 1/R. Therefore

dP/d⌧=(dP/dR)(dR/d⌧)/ ⌧�5/3.

As a result of the time-scale distribution of magnetic field reversals P(⌧) at the jet base, the jet is characterized by a

closely related distribution of stripe widths along its propagation axis P(l). To visualize this point, consider the case where

the polarity of the magnetic field threading the black hole changes periodically over a, well defined, time ⌧ . As a result, at

any fixed distance z from the black hole the magnetic field in the jet reverses polarity with a frequency 1/⌧ . Since the striped
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has accelerated to a speed close to the speed of light, the relation between stripe with l and injection time ⌧ is, therefore,
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Acceleration/Dissipation
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A very extended jet dissipation 
zone

Extending 
from ~0.01 zrec to ~100 zrec

The smaller a the broader the 
dissipation zone
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Jet dissipation profile: very flat



Implications: Blazars
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From first principle simulations to lightcurves
Sironi, Giannios & Petropoulou 2016



From simulations to lightcurve: the whole 
reconnection layer

Christie et al. 2018, in prep.; Petropoulou et al. 2017
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Implications: GRBs
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Concluding 

v A change in the density profile of  the ambient gas 
maybe set the location for blazar jet emission

v The disk may amplify the jet driving B fields
v The polarity reverses on the inner disk time-scales à

à a striped jet

v Striped jets have an essentially flat dissipation profile 
extending over ~4 - 5 order of  magnitude in distance

v The model relates the timescales at the inner disk with the
length-scales of the jet dissipation zone


