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A causally connected region is...

...a volume of space that a disturbance can propagate 
across
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Why is causality 
important?



of the jet axis, rotation of the accretion disk,
or motion of the base of the jet) providing the
initial perturbation of the jet plasma and driv-
ing the basic instability modes. Propagation
and growth or damping of individual insta-
bility modes can be described by the disper-
sion relation constructed for a random, linear
perturbation, !(", v, P), of the jet density ",
velocity v, and pressure P (21–24). Each
mode of the instability is characterized by
one longitudinal (k) and two azimuthal (n, m)
wave numbers. The latter two numbers deter-
mine the wavelength of a mode and whether
the corresponding perturbation affects the
surface (m # 0) or the interior (m $ 0) of the
jet. The pinch (n # 0), helical (n # 1), and
elliptical (n # 2) modes are expected to be
most prominent in supersonic, relativistic
flows (24, 25). Each mode reaches the max-
imum growth rate at its respective resonant
wavelength, %nm*. The body modes are effec-
tively damped at wavelengths larger than the
longest unstable wavelength, %nm

l ! 2%nm*.
The surface modes do not have the longest
unstable wavelength, and they can be driven
externally at arbitrarily long wavelengths.
Several modes of K-H instability may be
operating simultaneously in a jet, modulating,
and interacting with each other. For such a
case, the wavelengths (and to a lesser extent,
also the phases and amplitudes) of surviving
modes in the jet in 3C273 can be recovered
from fitting the observed positions of the
threads P1 and P2 by a number of generic
sinusoidal modes with amplitude growth and
damping terms incorporated.

We approximate the positions of the
threads P1 and P2 by the sum of several
sinusoidal modes and determine their wave-
lengths, phases, and amplitudes (36). Each
individual sinusoidal mode, ri, is described
by a set of four parameters: wavelength %i,
phase &i, maximum amplitude ai, and dis-
tance zi at which the maximum amplitude is
reached (37). We find that five modes are
required to represent the positions of P1 and
P2 (Fig. 2 and Table 1). The parameters of
the fitted modes are correlated (Table 1). The
first two fitted modes of P1 are identical to
the respective modes of P2. Modes 4 and 5 of
P1 differ only in their phases from the respec-
tive modes of P2. The offset between the
respective phases of the third, fourth, and
fifth modes of P1 and P2 is 180°. In addition
to that, the third and fourth modes in each
thread are also offset by 180° from each
other. Preserving these phase offsets is need-
ed to fit the observations: Changing any of
them by as much as 5° degrades the goodness
of the fit ('2 parameter) by a factor of 2.5.
Another critical condition is the closeness of
the wavelengths of the third and fourth modes
in both threads. No good fit can be achieved
whenever the relative ratio of these wave-
lengths is increased by more than 10% (im-

plying that the third and fourth modes must
not interfere destructively with each other).
These relations between different modes re-
duce the effective number of free parameters
to 16, providing an additional assurance that
the fits are not overdetermined. We conclude
therefore that P1 and P2 must be produced by
essentially the same set of five sinusoidal

modes. The first and second fitted modes
may represent two different surface modes of
K-H instability [because the surface modes
should have the same effect on both threads
(25)]. The other three fitted modes may cor-
respond to the body modes of the instability
[thus producing two threads inside the jet
propagating with a 180° phase offset (25)].

Fig. 1. Parsec-scale radio jet in 3C273 imaged at 5 GHz by the VSOP. The image is restored with
a Gaussian point-spread function (beam), which has major and minor axes of 2.1 mas and 0.5 mas,
oriented at a position angle of 12.9°. The peak brightness in the image is 4.52 Jy/beam ( Jy #
jansky # 10(23 erg cm(2 s(1 Hz(1), and the noise level is ) # 2.1 mJy/beam. The dot-dashed
white lines denote the locations of the four flux density profiles shown in the inset. A total of 240
such profiles have been measured along the jet. Each of these profiles is centered on the smoothed
ridge line (the dashed black line) and oriented orthogonally to it. Each of the measured profiles is
fitted by two Gaussian components designated as P1 and P2. The locations of the peaks of P1 and
P2 are marked in the image by the light gray and dark gray lines. The double helical pattern formed
by P1 and P2 suggests that they result from K-H instability developing in the jet. Dec., declination;
R.A., right ascension.

Table 1. Measured parameters of the modes contributing to P1 and P2. Columns of the table represent
the following: Mode, mode number; %i, fitted wavelength; ai, amplitude; *i, phase; zi, peak distance; K-H
mode, K-H mode identified with the fitted wavelength; ε%i

, discrepancy between the measured and
theoretical wavelength of the corresponding K-H mode; and %*, characteristic wavelength.

Mode

%i
(mas)

ai
(mas)

*i
(deg)

zi
mas

K-H
mode ε%i

%*
(mas)

P1 P2 P1 P2 P1 P2 P1 P2 P1,2 P1,2 P1,2

1 18.0 1.5 180 40 Hs 27.0
2 12.0 1.4 260 40 Es* 7% 15.0
3 3.9 4.1 2.2 1.5 315 135 20 Hb1* 4% 14.4
4 3.8 1.2 135 315 20 Eb1* 15% 16.0
5 1.9 0.25 175 355 20 Eb2* 10% 12.4
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of the jet axis, rotation of the accretion disk,
or motion of the base of the jet) providing the
initial perturbation of the jet plasma and driv-
ing the basic instability modes. Propagation
and growth or damping of individual insta-
bility modes can be described by the disper-
sion relation constructed for a random, linear
perturbation, !(", v, P), of the jet density ",
velocity v, and pressure P (21–24). Each
mode of the instability is characterized by
one longitudinal (k) and two azimuthal (n, m)
wave numbers. The latter two numbers deter-
mine the wavelength of a mode and whether
the corresponding perturbation affects the
surface (m # 0) or the interior (m $ 0) of the
jet. The pinch (n # 0), helical (n # 1), and
elliptical (n # 2) modes are expected to be
most prominent in supersonic, relativistic
flows (24, 25). Each mode reaches the max-
imum growth rate at its respective resonant
wavelength, %nm*. The body modes are effec-
tively damped at wavelengths larger than the
longest unstable wavelength, %nm

l ! 2%nm*.
The surface modes do not have the longest
unstable wavelength, and they can be driven
externally at arbitrarily long wavelengths.
Several modes of K-H instability may be
operating simultaneously in a jet, modulating,
and interacting with each other. For such a
case, the wavelengths (and to a lesser extent,
also the phases and amplitudes) of surviving
modes in the jet in 3C273 can be recovered
from fitting the observed positions of the
threads P1 and P2 by a number of generic
sinusoidal modes with amplitude growth and
damping terms incorporated.

We approximate the positions of the
threads P1 and P2 by the sum of several
sinusoidal modes and determine their wave-
lengths, phases, and amplitudes (36). Each
individual sinusoidal mode, ri, is described
by a set of four parameters: wavelength %i,
phase &i, maximum amplitude ai, and dis-
tance zi at which the maximum amplitude is
reached (37). We find that five modes are
required to represent the positions of P1 and
P2 (Fig. 2 and Table 1). The parameters of
the fitted modes are correlated (Table 1). The
first two fitted modes of P1 are identical to
the respective modes of P2. Modes 4 and 5 of
P1 differ only in their phases from the respec-
tive modes of P2. The offset between the
respective phases of the third, fourth, and
fifth modes of P1 and P2 is 180°. In addition
to that, the third and fourth modes in each
thread are also offset by 180° from each
other. Preserving these phase offsets is need-
ed to fit the observations: Changing any of
them by as much as 5° degrades the goodness
of the fit ('2 parameter) by a factor of 2.5.
Another critical condition is the closeness of
the wavelengths of the third and fourth modes
in both threads. No good fit can be achieved
whenever the relative ratio of these wave-
lengths is increased by more than 10% (im-

plying that the third and fourth modes must
not interfere destructively with each other).
These relations between different modes re-
duce the effective number of free parameters
to 16, providing an additional assurance that
the fits are not overdetermined. We conclude
therefore that P1 and P2 must be produced by
essentially the same set of five sinusoidal

modes. The first and second fitted modes
may represent two different surface modes of
K-H instability [because the surface modes
should have the same effect on both threads
(25)]. The other three fitted modes may cor-
respond to the body modes of the instability
[thus producing two threads inside the jet
propagating with a 180° phase offset (25)].

Fig. 1. Parsec-scale radio jet in 3C273 imaged at 5 GHz by the VSOP. The image is restored with
a Gaussian point-spread function (beam), which has major and minor axes of 2.1 mas and 0.5 mas,
oriented at a position angle of 12.9°. The peak brightness in the image is 4.52 Jy/beam ( Jy #
jansky # 10(23 erg cm(2 s(1 Hz(1), and the noise level is ) # 2.1 mJy/beam. The dot-dashed
white lines denote the locations of the four flux density profiles shown in the inset. A total of 240
such profiles have been measured along the jet. Each of these profiles is centered on the smoothed
ridge line (the dashed black line) and oriented orthogonally to it. Each of the measured profiles is
fitted by two Gaussian components designated as P1 and P2. The locations of the peaks of P1 and
P2 are marked in the image by the light gray and dark gray lines. The double helical pattern formed
by P1 and P2 suggests that they result from K-H instability developing in the jet. Dec., declination;
R.A., right ascension.

Table 1. Measured parameters of the modes contributing to P1 and P2. Columns of the table represent
the following: Mode, mode number; %i, fitted wavelength; ai, amplitude; *i, phase; zi, peak distance; K-H
mode, K-H mode identified with the fitted wavelength; ε%i

, discrepancy between the measured and
theoretical wavelength of the corresponding K-H mode; and %*, characteristic wavelength.

Mode

%i
(mas)

ai
(mas)

*i
(deg)

zi
mas

K-H
mode ε%i

%*
(mas)

P1 P2 P1 P2 P1 P2 P1 P2 P1,2 P1,2 P1,2

1 18.0 1.5 180 40 Hs 27.0
2 12.0 1.4 260 40 Es* 7% 15.0
3 3.9 4.1 2.2 1.5 315 135 20 Hb1* 4% 14.4
4 3.8 1.2 135 315 20 Eb1* 15% 16.0
5 1.9 0.25 175 355 20 Eb2* 10% 12.4
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3D stability of relativistic jets from black holes L129

Figure 2. For dipolar model, shows accreting BH generating relativistic jet
(only one side shown) vertically out to 103M within ! ! ±20" (350M #
350M) at t = 4000M. Shown are outskirts of disc and wind (log internal
energy density, cyan volume rendering), outer/inner boundary of perturbed
jet and fragments of disc wind (RB" , blue isosurface) and relativistic jet
(Lorentz factor of # ! 10, orange volume rendering) collimated within
half-angle !j ! 5". Despite perturbations, the jet is a stable structure.

Now, we discuss our fiducial large-scale quadrupole model.
GRMHD simulations show that no strong jet emerges due to the
accretion of higher multipole moments put initially within the
disc (McKinney & Gammie 2004; McKinney & Narayan 2007a,b;
Beckwith et al. 2008). In our fully 3D simulations, even putting
in an initial large-scale quadrupolar field leads to no strong jet
once equatorial symmetry is broken by t $ 2500M. While the
polar field strength is similar to that in the dipole model when
the field threads the horizon, the polar regions are mass loaded
when tearing coronal current sheets eject polar field to slightly
larger radii. Then, magnetic pressure no longer balances against the
low angular momentum disc material that moves into the polar re-
gion. The coronal polar field is accreted and ejected throughout the
simulation, which leaves no time allowed for the funnel to drain.
This leads to order unity magnetic/internal energy per particle rest-
mass energy, which is insufficient to generate a highly relativistic
(# ! 3) jet. Similar results by Beckwith et al. (2008) using a non-
energy-conserving code suggest detailed thermodynamics do not
control this process. At late times, (total and polar) BH electromag-
netic powers are negative. The polar regions have both inflows and
outflows, and there is only a disc-mass-loaded wind with an electro-
magnetic power output per pole at large radii of Lw ! 0.002Ṁc2,
which is significantly less powerful than the dipole model. Similar
as the disc wind in the dipolar model, the outflow has a weak disor-
ganized poloidal field and a more organized toroidal field stronger
by factors of typically 10–40 both near the BH and at large radii.

Corresponding 2D simulations show less drastic, but comparable,
degradation of the jet. A thinner disc may not allow as much mass
transfer to the poles, but thinner discs have weaker turbulent fields
and inward advection of strong ordered field may not be possible
for thin discs. Also, higher resolutions may lead to less vigorous
reconnection or may show a more narrow, polar jet still emerges.

4 D ISCUSSION

We have performed fully 3D global GRMHD simulations of accret-
ing, rapidly rotating BHs and found that dipolar fields near BHs can
launch magnetically dominated, relativistic (# ! 3) jets that survive
to 103M without significant disruption or measurable dissipation.
Disc turbulence appears to be the primary cause of jet substruc-
ture that is dominated by the m = 1 mode, which has no measurable
growth within the jet. Prior work applying a form of the KS criterion
(solution for non-relativistic, cylindrical equilibria) to highly mag-
netized relativistic flows (e.g. Lyutikov 2006; Giannios & Spruit
2006) needs to be re-evaluated to consider the stabilizing effects of
field rotation, gradual shear, a surrounding sheath, sideways expan-
sion and non-linear saturation as present in the simulations. Unlike
dipolar fields, quadrupolar fields near BHs lead to only weak, turbu-
lent outflows and negligible magnetically dominated polar regions
and no relativistic (# ! 3) jets. Since our simulations with rela-
tivistic jets have no current sheets within the jet, reconnection may
not be an important source of dissipation unlike assumed by some
models (e.g. Drenkhahn & Spruit 2002.)

These and prior GRMHD simulation results suggest that a ro-
tating (a/M ! 0.4) BH is a necessary, but not sufficient, condition
to produce a highly relativistic (# ! 3) jet. In addition, one re-
quires the accreted magnetic field to be mostly dipolar, rather than
higher order, so a dipolar field threads the region near the BH (see
also Narayan, Igumenshchev & Abramowicz 2003). This might ex-
plain various observations, such as the dichotomy of FRI and FRII
systems. FRIs are found in rich clusters, are two-sided so weakly
relativistic and have dissipative emission near the core. FRIIs are
found in poor groups or isolated, are one-sided so more relativistic,
are more powerful and dissipate little till the radio lobe (Owen &
Ledlow 1994). The FRI/FRII dichotomy may then be due to the
complexity of the environment (e.g. through hierarchical merging)
controlling the field multipole structure. Then, FRII systems are
primarily BH driven able to pierce through an ambient medium,
while FRI systems are those mostly driven by the broader, dissipa-
tive, magnetically disordered disc wind with # " 3 that one expects
to be more easily entrained, slowed, and disrupted, as consistent
with observations (Laing et al. 2006). Radial structure (e.g. arcs
and knots) could be due to accretion switching between dipolar and
higher order multipoles. For M87, there could be a dark or boosted
relativistic spine with the slower, dissipative disc wind producing
emission on scales within several parsecs (Kovalev et al. 2007).
For SrgA*, no jet may emerge because of accretion from various
stellar clusters generating a dominant non-dipolar field (Nayakshin,
Cuadra & Springel 2007). For X-ray binaries, jets in the low-hard
states could be driven by dipolar fields that could even accumulate
to the point of lowering accretion rates (Igumenshchev, Narayan &
Abramowicz 2003), intermediate to soft states could involve higher
order multipole moments and transient jets from the hard-to-soft
transitions could occur due to dissipation of the dipolar compo-
nent. For GRBs, the BH-disc system may be required to be highly
symmetric to maintain a strong dipolar field to produce an ultrarel-
ativistic jet. That ordered poloidal field must be accreted assumes

C% 2009 The Authors. Journal compilation C% 2009 RAS, MNRAS 394, L126–L130
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How to empirically 
constrain causality?
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Derive P.D.F. for apparent opening angles, and fit it to 
MOJAVE data
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Derive P.D.F. for apparent opening angles, and fit it to 
MOJAVE data
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1) First we find viewing angle probability of jet

2) viewing angle prob. density app. opening angle density

4(�) = sin � JSV�YRFMEWIH�VERHSQ�WEQTPI

4(�) = ((STTPIV�FIEQMRK�FMEW) � sin �

But: flux-limited samples are highly biased towards blazars

4(�app) = 4(�(�app))

����
H�

H�app

����

8LISVIXMGEP 4(�app)

Cohen (1989), Vermeulen & Cohen (1994)



simplifying assumption:
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E. Clausen-Brown et al.: Causal connection in relativistic jets

fast spine
slow sheath � � JI[

� � �

Fig. 1. Meridional slice of a jet illustrating two cases: (i) jets
aligned close to the line of sight where emission is dominated
by the fast inner spine, and (ii) more misaligned jets where the
emission from outer slower layers contributes as well.
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Fig. 2. Plots of Doppler factor and ⇢e↵ as a function of a jet’s ap-
parent half-opening angle, ✓app. The semi-logarithmic Doppler
factor plot in the upper panel is for a jet with � = 10 and
⇢ = 0.21, and uses equation (6) to convert ✓app to ✓

ob

. The
lower panel plot shows ⇢e↵ as a function of ✓app from equation
(11), using ⇢ = 0.21 and fsh = 0.33, best fit values found in §3.2.

factor as a function of ✓
app

in Fig. 2 . Thus, the e↵ect of
velocity shear on jet appearance should be strongest for
✓

app

= 0 to ⇢. To reproduce this behavior, we choose the
following arbitrary function,

⇢

e↵

⇢

= (1 � f

sh

) exp

 
�

✓
✓

app

arctan(⇢)

◆
b

!
+ f

sh

, (11)

where b = 2 unless otherwise stated. We plot this function
in Fig. 2. This equation can easily be inserted into our the-
oretical PDF described in equation (5), which can then be
evaluated numerically, where ⇢ and f

sh

are free parameters
to be found in the fit. If this model is correct, then the best
fit value of f

sh

should be less than unity. In the case of no
shear, then f

sh

= 1 and ⇢

e↵

= ⇢.

3. Data analysis & Results

3.1. Apparent opening angles

The apparent opening angles used here are derived from
stacked images of 133 sources from the MOJAVE I cat-

alogue of 135 sources. ( For two sources opening angles
could not be derived.) This opening angle data originates
from Pushkarev et al. (2012), who took the median value
of

✓

app

= arctan

0

@

q
d

2

� b

2

�

2r

1

A
, (12)

where “d is the full width half maximum (FWHM) of to the
Gaussian transverse profile, r, is the distance to the core
along the jet axis, b

�

, is the beam size along the position
angle � of the jet-cut, and the quantity (d2 � b

2

�

)1/2 is the
deconvolved FWHM transverse size of the jet.” For more
details, readers should consult Pushkarev et al. (2012).
Note that in this work we use half opening angles, while
Pushkarev et al. (2012) used full opening angles, which
merely di↵er by a factor of 2.

3.2. Best fits and model selection

We compare the opening angle data to equation (5), where
P (�) / ��1.5 with �

min

= 2 and �
max

= 50. Recall, how-
ever, that equation (5) is insensitive to the form of P (�) as
we demonstrated in equation (9).

We find the best fits using maximum likelihood estima-
tion (MLE) and compute the confidence intervals and as-
sess the goodness of fit using the nonparametric bootstrap
simulations. With this method, we calculate the best fit pa-
rameters and resulting Kolmogorov-Smirnov (KS) statistic
for each bootstrap realization to find the probability den-
sity of the KS statistic and the best fit parameters. The
KS statistic is useful as it quantifies the distance between
the empirical cumulative distribution function (CDF) and
the theoretical CDF (bias is taken into account as well,
see Feigelson & Babu, 2012, p. 58). Performing boot-
strap simulations is necessary here because the traditional
Kolmogorov-Smirnov test and its associated distribution
are invalid since our theoretical distribution’s parameters
have been estimated from the data (Lilliefors, 1969). To
obtain confidence intervals, we simply analyze the spread
of best fit parameters obtained from each bootstrap real-
ization and directly compute the confidence intervals (see
Table 1) and error contours (Fig. 4). Regarding goodnes of
fit, our Monte Carlo-generated distribution of the KS statis-
tic allows the calculation of p-values, which represent the
probability that one observes a KS statistic as extreme or
more extreme than the one we actually observe, assuming
that our data is truly drawn from our theoretical distribu-
tion and its associated MLE best fit parameters. We adopt
a conventional significance level of 0.05, such that we reject
any model that has p < 0.05.

No shear model: Three cases are considered for our
model with no shear, i.e. f

sh

= 1, depending how the pa-
rameter a is treated: (i) a is set to 2, (ii) a = 3, (iii) and
a is a free parameter found in the best fit. As it turns out,
case (iii)’s best fit value of a, 6.3, is much higher than the
expected fiducial value of 2, and the distribution of best
fit values of a in bootstrap simulations is routinely ranges
much higher (several tens). In addition, the best values of
⇢ in the boot strap simulations is tightly correlated with a,
and also ranges widely, suggesting that a and ⇢ are highly
degenerate.

4

Next assumption: 
velocity shear + Doppler beaming affect jet appearance
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Either the signal speed is slow, or AGN 
jets are causally connected

Comparison
causal connection criterion for

relativistic sound speed:
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and equipartition Alfven speed:
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Different physics for AGN & GRBs?  
GRB jet break-out?
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%+2 NIXW�LEZI ��NIX � �.�
Clausen-Brown  et al. (2013, in prep)

Pushkarev et al. (2009)
Jorstad et al. (2005)

Tchekhovskoy et al. (2010)
Komissarov et al. (2010)
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Jet parameters!

� =
�ETT tan �ETT

�(��NIX)

� �
�ETT(�+ (��NIX)� cot� �ETT)

�(��NIX) cot �ETT

�SF =
�(��NIX)� cot� �ETT

�ETT(�+ (��NIX)� cot� �ETT)



Conclusion

• Jets are likely causally connected, as 
predicted by magnetic launching scenarios

• GRB jets have value of       100 times 
greater than AGN jets, suggesting different 
physics at work
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extra slides:



• MOJAVE (Monitoring Of Jets in Active galactic 
nuclei with VLBA Experiments) is a long-term 
program to monitor radio brightness and 
polarization variations in jets associated with 
active galaxies visible in the northern sky


