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QUESTIONS ON THE NATURE
OF POLARIZATION ROTATIONS

are polarization rotations coherent or stochastic?

what is polarization degree doing during the rotations?

how does relativistic aberration affect the rotations?

could kink instability explain the largest rotations?

is there a connection with gamma-ray flares and radio activity?



MATTER-DOMINATED  
BLAZAR JETS?

Compton dominance 
q = LIC/Lsyn  
probes jet magnetization

preference for matter-dominated 
jets, even not including protons 
(cf. Tavecchio & Ghisellini 2016)

caveat: radiative efficiency of 
electrons ~50%

magnetically dominated with 
total radiative efficiency 95%?  
(Potter 2016)

A&A proofs: manuscript no. wise_fermi_blazars_v1

Fig. 3. Distribution of infrared photon index ΓW12 vs. gamma-ray photon index Γ1−100GeV for blazars. FSRQs (red) and BL Lacs
(blue).

Fig. 4. Distribution of Fermi+WISE blazars in the parameter space of synchrotron luminosity Lsyn and Compton dominance
qFW = Lγ/Lsyn, where Lγ = LSSC +LERC (FSRQs - red, BL Lacs - blue). Thick solid lines show our reference model of the blazar
sequence for Γj = 15, PB/Pe = 0.2, Γjθj = 0.3, and ϵem = 0.5. Left panel: dependence of the model on the jet magnetisation
PB/Pe = 0.05 (dashed), 1 (thin solid). Middle panel: dependence of the model on the jet Lorentz factor Γj = 7.5 (dashed), 30 (thin
solid). Right panel: dependence of the model on the jet collimation factor Γjθj = 0.15 (dashed), 0.6 (thin solid). The black stars
along each track indicate the lepto-magnetic jet power values log10 PeB = 42, 43, 44, 45.
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Fig. 2. Left: V-band flux and polarimetric data for 3C 279 as observed with KANATA tele-
scope. A model for polarization swing from the bent jet for observed maximum PA rotation
rate (dχ/dt)

obs,max

= 20◦/d, time elapsed between PD minimum and maximum ∆t
Πobs,max

=
t
1

− t
0

= 20 d and bulk Lorentz factor Γ
jet

= Γ
blob

= 15 is shown with a solid line. Vertical
dashed lines mark the moment of PD minimum t

0

= MJD 54888 and the moment of PD max-
imum t

1

= MJD 54908. Horizontal dotted lines mark asymptotic PA values of −117◦ and 63◦.
Right: distance travelled by the blob between t

0

and t
1

, as calculated from Eq. (3) for Γ
jet

= Γ
blob

.

We propose a scenario, in which there is a major bending in the jet at some r
bend

.
The high flux state was dominated by emission from the inner jet (r < r

bend

) and the
flux state transition was caused by a sudden decrease in the central engine activity.
Then the last portion of strongly emitting plasma travelled down the bent outer
jet, producing a coherent PA swing with the successive PD maximum. We can thus
use the bent-trajectory model to estimate r

bend

. We adopt ∆t
Πobs,max

= t
1

− t
0

=
20 d and (dχ/dt)

obs,max

= 20◦/d. Assuming the Lorentz factor Γ
blob

� Γ
jet

=
15, consistent with VLBI measurements of the superluminal motions14, one can
uniquely determine the orientation (θ

min

� 0.7◦) and curvature radius (R � 85 pc)
of the blob trajectory and calculate the Stokes parameters and the Doppler factor
as a function of observed time. We plot calculated polarization parameters and flux
in Fig. 2. PA has been shifted by a constant value to obtain asymptotic values of
−117◦ and 63◦. Note that the observational data matches the simulated curve with
exception of small departures just before and after the swing. The observed PD
has been scaled down by a constant factor to match the maximum value to the
observed peak of ∼ 28%. In this scaling the minimal value of ∼ 2% at t

0

roughly
agrees with the observations. The curve shown on the flux plot is the Doppler
boosting factor D3+α, where α = 1.75 is the optical spectral index (Fν ∝ ν−α).

beaming in the opposite direction. The stationary core lies at the
northern end of the visible jet. Bright ‘knots’ emerge from the core
at a rate of 1–2 per year and move south at apparent superluminal
speeds, an illusion caused by their relativistic motion6.

The radio, optical, and X-ray light curves in Fig. 2 indicate a double
flare in late 2005. The highly significant detection7 of .0.2 TeV c-rays
from 2005.819 to 2005.831 during the first X-ray flare implies that
acceleration of electrons with sub-TeV energies was particularly effi-
cient at this time. These electrons can both produce X-rays from
synchrotron radiation and scatter the X-ray photons to GeV c-ray
energies that are boosted to the TeV range by relativistic motion of
the jet plasma. The location of such flares has been controversial:
some observations8,9 indicate that they occur downstream of the core,
whereas most theoretical models require that they take place well
upstream of this region, where the plasma is more compact. As we
explain below, our data indicate that the first flare in late 2005 corre-
sponds to a disturbance passing through the zone upstream of the
core, where the jet flow is still accelerating, and that the second occurs
as the disturbance crosses a standing shock system in the core.

The identification of the location of the initial flare within the
acceleration and collimation zone is significant, since previous obser-
vations of jet collimation are quite limited. For example, an image10 at
7-mm wavelength of the radio galaxy M87 appears to reveal an ini-
tially broad outflow that narrows into a nearly cylindrical jet. This is
consistent with gradual collimation by either a toroidal magnetic
field4 or external confining gas pressure that decreases with distance
from the black hole11. The flow seen in M87 could include a ‘sheath’
that moves more slowly and is less focused than the ‘spine’12. In the

case of BL Lac, the high apparent superluminal motions of bright
knots in the jet and the pronounced variability at all wavelengths
imply that the observed radiation arises exclusively from the spine,
where special relativistic effects dominate.

The primary observational indicator of magnetic collimation
requiring a coiled magnetic field in the spine of the jet is the evolution
of the polarization. When observed at an angle to its axis, synchro-
tron radiation from a circularly symmetric jet with a helical field
displays a net polarization oriented either parallel or perpendicular
to the projected jet axis13. Such parallel and perpendicular polariza-
tions can be confused with shock waves and velocity shear, respec-
tively, which can produce the same polarization patterns. However,
in a model where magnetic forces gradually accelerate and focus the
jet, the flow velocity is directed along streamlines that follow a helical
trajectory with a different, wider, pitch angle than that of the mag-
netic field5. The rotation of the flow can be traced back to the base of
the jet in the orbiting accretion disk or differentially rotating ergo-
sphere, where the spin of the black hole drags the inertial frames. A
shock wave or other compressive feature propagating down the jet
traces a spiral path that follows a streamline and cycles through the
orientations of the helical field (see Fig. 3 and ref. 5). This should
manifest itself as a rotation of the position angle of linear polarization
as the feature moves outward. The degree of polarization should drop
to a minimum in the middle of the rotation, when the mean magnetic
field in the flaring region is transverse to that of the previously exist-
ing emission14. As Fig. 2g, h demonstrates, we see both effects.

The optical EVPA shown in Fig. 2g rotates steadily by about 240u
over a five-day interval before settling at a value of ,195u. The
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Figure 2 | Flux density at various wavebands and optical polarization of BL
Lac, as functions of time. a–d, Dependence on time of the flux of radiation
from BL Lac over a two-year interval at the indicated wavebands. The X-ray
measurements in a are of photon energy flux F integrated over photon
energies of 2–10 keV. Error bars represent 61 s.d. uncertainties in the values
plotted. The exponent of the power-law dependence of X-ray flux density on
frequency is denoted by 2ax. e–h, Enlargements of the 0.25-yr time interval
marked by vertical dotted lines in panels a–d, but with optical R-band EVPA
(g) and degree of polarization P (h) respectively replacing X-ray spectral
index (b) and radio flux density (d) (whereas e and f respectively show the
magnified intervals in a and c). Error bars represent 61 s.d. The interval of
highly significant detections7 at photon energies .0.2 TeV is indicated by
the width of the head of the arrow in e. The rotation in optical R-band EVPA
near the time of the peak of the first optical and X-ray flare is apparent.
Because there is an ambiguity of 6180u in the value of the EVPA, we have
selected the quadrant of each value that provides a consistent overall trend of

rotation between 2005.81 and 2005.83. The solid curve in g corresponds to
the pattern predicted by the model shown in Fig. 3 when relativistic
aberration is included. The vertical arrow (with error bar) in h indicates the
time at which the superluminal knot is coincident with the stationary core
seen in the images displayed in Fig. 1. Optical polarimetric data were
obtained from Steward Observatory and the Crimean Astrophysical
Observatory. Optical flux density points were obtained from photometry at
these two sites plus Lowell Observatory, Perugia University Astronomical
Observatory and the Abastumani Astrophysical Observatory. All of the
optical telescopes are equipped with charge-coupled-device cameras.
Measurements of X-ray flux and the continuum spectrum were obtained
from a monitoring program with the NASA Rossi X-ray Timing Explorer.
Measurements of radio flux density were obtained from the University of
Michigan Radio Astronomy Observatory and the Metsähovi Radio
Observatory. Descriptions of telescopes and data analysis are available in the
Supplementary Information.
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Figure 4. R-band flux density and degree P and electric-vector position angle χ
of optical polarization in early 2009. Filled black circles: R band; filled triangles:
V band; open squares: λ = 500–700 nm. Multiples of 180◦ are added to χ as
needed to minimize jumps in consecutive values of χ or, after JD 2454990, so
the values of χ can be compared with the end of the first rotation. The curve fits
the χ data with the model discussed in the text. Highest amplitude optical flare
peaked on JD 2454962 (2009 May 10).

loss rate for all of the events, we first calculate the ratio of γ -ray
(>100 MeV) to synchrotron luminosity (which equals the ratio
of inverse-Compton to synchrotron loss rate), ζgs, of the peak of
flares 1–8 to be 70, 30, 40, 40, 30, 10, 40, and 9, respectively.
We estimate the luminosity of the synchrotron radiation, whose
spectral energy distribution peaks at infrared wavelengths, as
the R-band flux density multiplied by νR = 4.7 × 1014 Hz,
by 1.27 to correct for extinction (Schlegel et al. 1998), and
then by 6 to convert roughly to bolometric luminosity (see
Kataoka et al. 2008). We then derive that the magnetic field
B ∼ [(6 × 106s)(Γ/20)c/(0.3ξpc)]2/3(δ/40)1/3 ∼ 0.4ξ−2/3 G
during flare 8, where ξ ≡ (uB + uphot)/uB, ξζgs ∼ 9 if the seed
photons originate from outside the emission feature, ξ ∼ 1 for
mainly first-order synchrotron self-Compton scattering (SSC)
and ξ ∼ ζ

1/2
gs ∼ 3 for combined first- and second-order SSC.

We therefore obtain B ∼ 0.1–0.4 G, with the highest value for

the first-order SSC case. The (toroidal) magnetic field at the
start of the rotation of χ was then ∼1 G.

The 50 day rotation of χ implies that a single moving emission
feature was responsible for the entire outburst encompassing
flares 3–8. We identify this feature as the superluminal knot seen
later in the VLBA images (Figure 3), whose polarization vector
lies in the same direction as in the optical shortly after flare 8.
Our observations therefore demonstrate that the high-energy
emission from the jet of PKS 1510−089 is quite complex,
arising from different regions and probably by multiple emission
mechanisms as a single disturbance propagates down the jet.
Both the γ -ray and optical emission are highly variable, but not
always in unison. This is unexpected, since when B ∼ 0.1–1
G, electrons with the same energies, γe ∼ 103.5±0.3 in rest-mass
units, should be involved in optical synchrotron radiation and
inverse Compton scattering of optical or IR photons to γ -ray
energies.

Close to the base of the jet, relativistic electrons in the jet
could have scattered. At this location, electrons with γe ∼ 500,
nearly ten times lower than those emitting R-band synchrotron
radiation, could have scattered the BLR or accretion disk
photons to γ -ray energies as the disturbance first became
optically thin to photon–photon pair production (see, e.g.,
Ghisellini & Tavecchio 2009; Dermer et al. 2009). We speculate
that this could correspond to flares 1 and 2. In this case, the
subsequent quiescent period would imply that there is a section
of the jet where neither seed photons nor electrons with γe ! 103

are abundant.
We conclude that some or all of γ -ray flares 1–4 and 7, with

very weak optical counterparts, were caused by sudden increases
in the local seed photon field at optical or IR wavelengths rather
than by increased energization of electrons. The timescales of
variability limit the size of each source of seed photons to
a " 1 pc—not much larger than the cross-sectional radius of
the jet, ∼0.1 pc—while the luminosity of each would need to be
∼3 × 1043(ζgs/60)(Γ/20)−2(B/0.4G)2(a/0.1 pc)2erg s−1 if the
source lies at the periphery of the jet, and higher if more remote.
This luminosity is too high for any commonly occurring cosmic
object located parsecs from the central engine, but could be
obtained in a relatively slow sheath surrounding the ultra-fast
spine of the jet responsible for the high superluminal motion
(Ghisellini et al. 2005). Moving knots or standing shocks in
the sheath could produce the requisite number of seed photons
while being too poorly beamed to contribute substantially to the
observed flux. The relatively slow motion and gradual evolution
of such features implies that they should persist for years, in
which case another series of flares in the near future should
exhibit a similar pattern of variability and appearance of a
superluminal knot.

Flares 5 and 8 included rapid optical flaring that required
sudden energization of electrons to γ ∼ 103.5±0.3. This suggests
that the flaring γ -rays could have been created by the SSC
process, an inference that is supported by the lower value of
ζgs than for the other flares. This ratio was, however, much
greater than unity, which implies that second-order scattering
contributed significantly to the γ -ray flux (e.g., Bloom &
Marscher 1996). We should therefore expect a different slope
of the γ -ray photon spectrum for these flares than for flares 1–4
and 7. There are a sufficient number of photon counts to measure
the slopes for flares 5, 7, and 8: −2.36 ± 0.09, −2.73 ± 0.17,
and −1.92 ± 0.21, respectively. The probability that these are
the same is ∼0.2%. Detailed modeling is needed to determine
the slopes expected for the different radiation mechanisms.

Marscher et al. (2010)

PKS 1510-089polarization swing of 180 deg
with simultaneous optical flare 

and polarization minimum?

high polarization degree 
bracketing polarization 

swing?

X



COHERENT PATTERNS OF 
POLARIZATION DEGREE?

there appears to be no 
universal behavior of 
polarization degree

most polarization rotations 
could be stochastic (supported 
by matter domination)

hard to explain large smooth 
rotations by stochastic process 
(Kiehlmann et al. 2016)

there are also interesting cases

4 D. Blinov et al.

Figure 3. Evolution of polarization degree, polarization position angle and R-band magnitude for blazars with a detected rotation in
the first RoboPol season. Periods of rotations are marked by filled black points.

MNRAS 000, 1–12 (2016)

Blinov et al. (2016a)



EFFECT OF RELATIVISTIC ABERRATION 
ON POLARIZATION ROTATIONS?

Robopol 
found certain 
blazars to be 
rotators 
(Blinov et al. 
2016b)

intrinsic 
viewing angle 
(Savolainen 
et al. 2010)



BLAZAR FLARE CONNECTIONS
A&A 532, A146 (2011)
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Fig. 6. The maximum γ-ray flux density versus the radio flare phase
(0, beginning; 1 peak; 2 end of the flare). The bottom panel shows the
distribution of the flare phases in a boxplot, with the median located at
early stages of the flare. Quasars, BLLacs, and radio-galaxies are shown
by triangles, circles, and asterisks, respectively.

between 30–70 days from the onset of a millimeter flare to the
γ-ray flare, and Jorstad et al. (2001) found a mean time lag from
the VLBI ejection time to the γ-ray flare to be 52± 76 days. In
the bottom panel of Fig. 7, we show the distribution of the delays
in the source frame, with a median delay of 30 days.

To locate the maximum γ-ray production region, we can con-
vert the time delays to linear distances from the region where the
mm outburst begins (i.e., the radio core, as we argue below) to
the region of the γ-ray production by using the expression (e.g.,
Lähteenmäki & Valtaoja 2003; Pushkarev et al. 2010)

∆r =
βappc(tmm

0 − tLAT
peak)

sin θ (1 + z)
, (4)

where θ and βapp are the jet viewing angle and the apparent
jet speed, respectively. By taking the latter values from the
MOJAVE website2 and using the delay computed in this work,
we were able to compute the linear distance from the radio core
to the region of the γ-ray production for 30 sources in our sam-
ple. These values are given in Table 1.

If we consider only those sources for which the γ-ray peak
occurs when a mm flare is rising or peaking (0 ≤ phase ≤ 1.25),
then an outlier-resistant determination of the mean leads us to
conclude that in our sample the average location of the γ-ray
emission site is ⟨Rγ⟩ = 7.4 ± 1.3 pc downstream from the
radio core, which places the γ-ray emission site well outside
the canonical BLR (≤1 pc), even without taking into account
that the radio core itself is at a considerable distance from the
black hole. A contemporaneous estimate of the location of the
γ-ray emission site for 3C 279 (about 105 gravitational radii,

2 http://www.physics.purdue.edu/MOJAVE/index.html
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Fig. 7. Top panel: the distribution of the observed delays between the
beginning of a mm flare (tmm

0 ) and the peak in the 1FGL light curves
(tLAT

peak). The mean observed delay is about 70 days, with radio leading the
γ-rays. The delays for each individual source have also been estimated
in the source frame and the distribution is shown in the bottom panel.
The mean value of the delay in the source frame is roughly one month.

Fermi-Lat Collaboration et al. 2010) is in good agreement with
the distance reported in Table 1 (13.4 pc∼ 2 × 105 RS, assuming
a black hole mass of 6 × 108 M⊙). Furthermore, Agudo et al.
(2011) found that the γ-ray emission in OJ 287 is generated in
a stationary feature located at a distance >14 pc from the cen-
tral engine, which is also consistent with the distance derived in
this work (∼12 pc). For 3C 345, Schinzel et al. (2010) find that
γ-rays are produced up to 40 pc from the engine, which is again
consistent with our finding of an emission site downstream of a
radio core, itself at a considerable distance from the black hole.

A146, page 8 of 11

Leon-Tavares 
et al. (2011)
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Figure 4. R-band flux density and degree P and electric-vector position angle χ
of optical polarization in early 2009. Filled black circles: R band; filled triangles:
V band; open squares: λ = 500–700 nm. Multiples of 180◦ are added to χ as
needed to minimize jumps in consecutive values of χ or, after JD 2454990, so
the values of χ can be compared with the end of the first rotation. The curve fits
the χ data with the model discussed in the text. Highest amplitude optical flare
peaked on JD 2454962 (2009 May 10).

loss rate for all of the events, we first calculate the ratio of γ -ray
(>100 MeV) to synchrotron luminosity (which equals the ratio
of inverse-Compton to synchrotron loss rate), ζgs, of the peak of
flares 1–8 to be 70, 30, 40, 40, 30, 10, 40, and 9, respectively.
We estimate the luminosity of the synchrotron radiation, whose
spectral energy distribution peaks at infrared wavelengths, as
the R-band flux density multiplied by νR = 4.7 × 1014 Hz,
by 1.27 to correct for extinction (Schlegel et al. 1998), and
then by 6 to convert roughly to bolometric luminosity (see
Kataoka et al. 2008). We then derive that the magnetic field
B ∼ [(6 × 106s)(Γ/20)c/(0.3ξpc)]2/3(δ/40)1/3 ∼ 0.4ξ−2/3 G
during flare 8, where ξ ≡ (uB + uphot)/uB, ξζgs ∼ 9 if the seed
photons originate from outside the emission feature, ξ ∼ 1 for
mainly first-order synchrotron self-Compton scattering (SSC)
and ξ ∼ ζ

1/2
gs ∼ 3 for combined first- and second-order SSC.

We therefore obtain B ∼ 0.1–0.4 G, with the highest value for

the first-order SSC case. The (toroidal) magnetic field at the
start of the rotation of χ was then ∼1 G.

The 50 day rotation of χ implies that a single moving emission
feature was responsible for the entire outburst encompassing
flares 3–8. We identify this feature as the superluminal knot seen
later in the VLBA images (Figure 3), whose polarization vector
lies in the same direction as in the optical shortly after flare 8.
Our observations therefore demonstrate that the high-energy
emission from the jet of PKS 1510−089 is quite complex,
arising from different regions and probably by multiple emission
mechanisms as a single disturbance propagates down the jet.
Both the γ -ray and optical emission are highly variable, but not
always in unison. This is unexpected, since when B ∼ 0.1–1
G, electrons with the same energies, γe ∼ 103.5±0.3 in rest-mass
units, should be involved in optical synchrotron radiation and
inverse Compton scattering of optical or IR photons to γ -ray
energies.

Close to the base of the jet, relativistic electrons in the jet
could have scattered. At this location, electrons with γe ∼ 500,
nearly ten times lower than those emitting R-band synchrotron
radiation, could have scattered the BLR or accretion disk
photons to γ -ray energies as the disturbance first became
optically thin to photon–photon pair production (see, e.g.,
Ghisellini & Tavecchio 2009; Dermer et al. 2009). We speculate
that this could correspond to flares 1 and 2. In this case, the
subsequent quiescent period would imply that there is a section
of the jet where neither seed photons nor electrons with γe ! 103

are abundant.
We conclude that some or all of γ -ray flares 1–4 and 7, with

very weak optical counterparts, were caused by sudden increases
in the local seed photon field at optical or IR wavelengths rather
than by increased energization of electrons. The timescales of
variability limit the size of each source of seed photons to
a " 1 pc—not much larger than the cross-sectional radius of
the jet, ∼0.1 pc—while the luminosity of each would need to be
∼3 × 1043(ζgs/60)(Γ/20)−2(B/0.4G)2(a/0.1 pc)2erg s−1 if the
source lies at the periphery of the jet, and higher if more remote.
This luminosity is too high for any commonly occurring cosmic
object located parsecs from the central engine, but could be
obtained in a relatively slow sheath surrounding the ultra-fast
spine of the jet responsible for the high superluminal motion
(Ghisellini et al. 2005). Moving knots or standing shocks in
the sheath could produce the requisite number of seed photons
while being too poorly beamed to contribute substantially to the
observed flux. The relatively slow motion and gradual evolution
of such features implies that they should persist for years, in
which case another series of flares in the near future should
exhibit a similar pattern of variability and appearance of a
superluminal knot.

Flares 5 and 8 included rapid optical flaring that required
sudden energization of electrons to γ ∼ 103.5±0.3. This suggests
that the flaring γ -rays could have been created by the SSC
process, an inference that is supported by the lower value of
ζgs than for the other flares. This ratio was, however, much
greater than unity, which implies that second-order scattering
contributed significantly to the γ -ray flux (e.g., Bloom &
Marscher 1996). We should therefore expect a different slope
of the γ -ray photon spectrum for these flares than for flares 1–4
and 7. There are a sufficient number of photon counts to measure
the slopes for flares 5, 7, and 8: −2.36 ± 0.09, −2.73 ± 0.17,
and −1.92 ± 0.21, respectively. The probability that these are
the same is ∼0.2%. Detailed modeling is needed to determine
the slopes expected for the different radiation mechanisms.

Marscher et al. (2010)
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Figure 1. Sequence of 7 mm VLBA images of 0235+164 convolved with an FWHM = 0.15 mas circular Gaussian beam. Images in our program before 2008 June
12 and after 2009 July 27, containing only a single emission feature (i.e., the core), are not displayed. Contour levels represent total intensity (levels in factors of two
from 0.4% to 51.2% plus 90.0% of peak = 4.93 Jy beam−1), color scale indicates polarized intensity, and superimposed sticks show the orientation of χ .
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Figure 2. Left: light curves of 0235+164 from γ -ray to millimeter wavelengths. Vertical dotted lines mark the three most prominent 08opt optical peaks. The yellow
area represents the time of ejection of feature Qs within its uncertainty. RJD = Julian Date − 2400000.0. Right: same as left panel for RJD ∈ [54500, 55000].

Qs, whose fluxes reached maximum on 2008 October 20
and November 16, respectively. Their contemporaneous co-
evolution suggests that the disturbance responsible for the
ejection of Qs extended from the location of the core to Qs in
the frame of the observer, which could have resulted from light-
travel delays (e.g., Gómez et al. 1997; Agudo et al. 2001). Qs is
the brighter 7 mm superluminal knot ever seen in 0235+164, and

flares 08rad and 08mm are the only outbursts that occurred after
the ejection of Qs. The rarity of such events strongly implies
that they are physically related.

The jet half-opening-angle of 0235+164 (αint/2 ! 1.◦25)
and the average FWHM of the core measured from our 31
VLBA observing epochs in [2007, 2010] (⟨FWHMcore⟩ =
(0.054 ± 0.018) mas) constrain the 7 mm core to be at

3

radio/mm emission:  
jet calorimeter?

optical/gamma flares: 
non-linear dissipation?  

criticality? trigger?

Agudo et al.
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sequence of images in Fig. 1 shows a bright, superluminal knot that
first appears upstream of the core. It subsequently moves past the
core and proceeds down the jet at a position angle of ,190u and with
an EVPA that is parallel to the jet to within the observational uncer-
tainty. The close correspondence between the optical and 7-mm
EVPAs after 29 October implies that the knot is the emitter of the
polarized optical emission during the flare.

Previous authors14–16 have suggested that rotations of the polariza-
tion vector occur in BL Lac and the similar active galactic nucleus
OJ 287. Their observations, which were more poorly sampled than
ours, allowed multiple interpretations owing to the 6180u ambiguity
of the EVPA. Despite this, the model that we advocate is quite similar
to one of those proposed previously14,15, with the location of the
emission region and connection with high-energy flares now spe-
cified by our sequences of Very Long Baseline Array images and
multiwaveband light curves.

We interpret the event in the following manner (see Fig. 3).
Explosive activity at the inlet of the jet near the black hole injects a
surge of energy into the jet across part of its cross-sectional area. This
disturbance appears as a knot of emission as it propagates along a
subset of streamlines through the acceleration and collimation zone.
Doppler beaming of radiation emitted by high-energy electrons in
the disturbance increases as the knot accelerates along its spiral path,
which stretches out with distance down the jet. These effects cause the
flux of synchrotron radiation from the knot to rise until it dominates
the optical, X-ray and (through inverse Compton scattering) c-ray
emission from BL Lac as the disturbance exits the zone of helical
magnetic field. Maximum beaming—and therefore the peak in the
light curve of the first flare—occurs during the last spiral, when the
Lorentz factor of the jet is near its asymptotic value and the velocity
vector of the knot points most closely towards our line of sight. The
peak can be quite sharp5, as observed. At the point when the flare
dominates the optical flux, we see the optical polarization vector
rotate before the shock exits the acceleration and collimation zone.
This zone is opaque at radio wavelengths, owing to synchrotron self-
absorption; hence, the first flare is absent in the radio light curves.

Beyond the acceleration and collimation zone, the disturbance
forms a moving shock wave that encounters a region of turbulence,
which is possibly driven by velocity shear across the jet6 downstream
of the point at which the magnetic and particle energy densities reach
rough equipartition4. The ambient magnetic field in the jet has a
chaotic structure in this region. Because the shock front amplifies
only the component of the field that is parallel to the front, the
EVPA becomes transverse to this direction and therefore essentially

parallel to the velocity vector of the knot at a position angle of ,190u.
During this phase, the flux lessens as the knot continues down the
broadening jet, where the magnetic field strength and electron den-
sity decrease.

According to the model we propose here, the variation of EVPA
with time should deviate from a strict linear dependence owing to
projection effects, because the circular cross-section has an elliptical
shape from our viewpoint. We have calculated this effect, including
relativistic aberration, and show in Fig. 2g that the optical EVPA data
do follow the predicted curve. The small number of brief excursions
of the EVPA from the curve, the deviations from the mean EVPA
before and after the rotation, and irregularities in the light curves can
all be explained by local flare-ups of emission that briefly amplify
both the polarization along a particular direction and the flux at
various wavebands.

The smoothness of the plot of EVPA versus time eliminates
the possibility16,17 that the rotation is actually a random walk of the
polarization vector due to a chaotic magnetic field. If this were the
case, our numerical simulations (see ref. 17) indicate that the curve
would be much more jagged than is observed when the degree of
polarization is ,5%. In the simulations, this level of polarization
corresponds to synchrotron emission from ,200 independent cells,
each with a randomly oriented magnetic field. Apparent rotations by
,240u are very rare in such simulations, whereas they are common
during flares of BL Lac and similar objects14.

Both synchrotron radiation and inverse Compton scattering con-
tribute to the X-ray emission from BL Lac, with synchrotron radi-
ation dominating when electrons are accelerated to energies in the
TeV range18,19. This generally causes the plot of flux density (Fn)
versus frequency (n) to steepen in the X-ray range in such a way that
the spectral index a is greater than one, where Fn / n2a. Such X-ray
spectral steepening occurs during the first flare. In contrast, the X-ray
spectrum becomes harder (a , 1) during the second flare, as is
expected if the X-rays are mostly generated by inverse Compton
scattering of optical and infrared photons.

The second flare, which started at 2005.89, is simultaneous with
the passage of the knot through the core seen on the Very Long
Baseline Array images. If the core were a standing conical shock, as
has been determined from simultaneous radio and optical polariza-
tion variability in the case of the quasar PKS 04202014 (ref. 18), the
emission would increase as the knot undergoes compression by the
shock front. The flare dies down at optical and X-ray frequencies as
the knot propagates away from the core down the expanding jet.
However, it lasts much longer at 43 GHz, at which frequency the
synchrotron radiation requires lower-energy electrons that have
longer energetic lifetimes than those emitting at higher frequencies.

In the Supplementary Information we relate the angular velocity of
the feature, inferred from the rotation of the optical polarization
vector, to the rotational velocity of the base of the magnetic field near
the black hole. We find that the rotational velocity thus obtained is
consistent with the predictions of models in which the jet is driven by
twisting magnetic fields from either the accretion disk1,3,4,5 or the
ergosphere of the black hole2,3,20,21.

The combination of densely sampled sub-milliarcsecond imaging
using the Very Long Baseline Array, polarimetry, and multiwaveband
flux measurements has allowed us to explore the inner jet of BL Lac.
Future data from more sensitive c-ray Cherenkov detectors and the
NASA Gamma-ray Large Area Space Telescope will soon allow more
refined analyses. The ability to detect emission upstream of the core
at 7-mm wavelength indicates that increasing the resolution of very-
long-baseline interferometry by adding antennas in high Earth orbits
will provide more detailed direct imaging of the inner jets of active
galactic nuclei.

Received 17 January; accepted 6 March 2008.
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Figure 3 | Proposed model for the inner jet of BL Lac. A shock propagates
down the jet along a spiral streamline. The first flare occurs during the last
240u twist of the streamline before the flow straightens and becomes
turbulent. The passage of the feature through the millimetre-wave core
stimulates the second flare. A logarithmic scale of distance from the black
hole, shown in terms of the Schwarzschild radius (RS), is used to illustrate
phenomena on various scales.
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Figure 5. Schematic of the helical distortion model illustrated with toroidal
loops of magnetic field. As shown by the velocity vectors (labeled by v), the
velocity field is uniformly directed despite the kinked jet. As the kinked region
of the jet propagates through the standing shock’s emission region (gray region),
the orientation of the magnetic field with respect to the line of sight changes
with time. This change in orientation is parameterized as θ ′(t) in Equation (7).
The effects of shock compression, the poloidal magnetic field, and the change
in the magnetic pitch angle, ψ ′(t), are not shown.

of the m = 1 kink mode. The jet’s magnetic symmetry axis
(parallel to the Bz direction) will then deform into a large-scale
helix that is carried with the jet’s velocity field (Mizuno et al.
2011), which we assume to be uniform in this work. If the
helical deformation passes through a standing shock, as shown
in Figure 5, then the magnetic structure of the post-shock region
will change in time, thereby producing fluctuations in the post-
shock synchrotron emission. Let us further assume that the ratio
of B ′

φ/B ′
z varies in time in the post-shock flow. Kink-mode

simulations have found that, to avoid total jet disruption, B ′
φ/B ′

z
dynamically relaxes to ∼1 (Nakamura et al. 2007), while, in
competition with this process, jet conical expansion always
increases the ratio. Therefore, this competition will produce
fluctuations in B ′

φ/B ′
z at the standing shock.

Within this scenario multiple types of disturbances can be
envisioned. Herein we consider two. First, we may introduce
sinusoidal variations both in the jet frame magnetic pitch angle
ψ ′ = tan−1(B ′

φ/B ′
z) and in the angle between the magnetic

symmetry axis and the jet frame line of sight, θ ′, as shown

in Figure 5:

ψ ′(t) = A′
ψ sin (ωψ t − φψ ) + ψ ′

0 (6)

θ ′(t) = A′
θ sin (ωθ t − φθ ) + θ ′

ob, (7)

where t is time and (A′
θ , A

′
ψ ,ωθ ,ωψ ,φθ ,φψ , θ ′

ob,ψ
′
0) are pa-

rameters of the model. The jet frame viewing angle, θ ′
ob, is

actually set by the relation to the observer frame viewing angle
by sin θ ′

ob = δ sin θob. However, as the Doppler factor for the
inner jet is unconstrained, θ ′

ob is treated as a free parameter as
long as the required Doppler factor is within reasonable bounds.
It should be noted that when the magnetic field passes through
the standing shock, the field components lying in the shock
plane will be amplified by shock compression. However, this
only modifies the form of ψ ′(t) and θ ′(t); it does not prevent
quasi-periodic variations from occurring.

To calculate the total intensity and fractional polarization
from the standing shock, the emission region electron distribu-
tion function is assumed to be a power law, dn = KeE

−pdE,
where the spectral index is related to the electron distribution
function by p = 2α + 1. We assume that the jet is unresolved
and the emission is mostly concentrated in a cylindrical shell
centered on the local symmetry axis so that the total intensity
and fractional polarization are (Lyutikov et al. 2005)

I ≈ K(cos2 ψ ′ + cos2 θ ′ − 3(cos θ ′ cos ψ ′)2 + 1) (8)

P ≈ 3 + 3α

5 + 3α

−2(1 + 3 cos 2ψ ′) sin2 θ ′

5 − cos 2θ ′ − cos 2ψ ′ − 3 cos 2θ ′ cos 2ψ ′ , (9)

where θ ′ and ψ ′ are the variables defined in Equations (7)
and (6), respectively, and K is an arbitrary constant that depends
on emission region details such as the beaming factor, emission
region size, relativistic particle density, and magnetic field
strength (Lyutikov et al. 2005). The sign of P indicates whether
the EVPA is parallel (P > 0) or perpendicular (P < 0) to the
jet frame local magnetic symmetry axis in the standing shock.
At any time t ′, the values of θ ′ and ψ ′ represent the particular
orientation of the kinked magnetic field and the value of the
magnetic pitch angle in the standing shock, respectively. (See
the appendix for a derivation of Equations (8) and (9).)

5.2. Polarization and Spectral Behavior
of HST-1: Interpretation

We believe that the most consistent explanation for the
variability observed in HST-1 is that the flare occurred in a
shock within the jet, with the maximum polarization coming
at the time of maximum compression and also maximum
optical flux. The high polarization (P at maximum in excess
of 40%) and alignment of the EVPA with the jet axis in
HST-1, rules out the conical reconfinement hydrodynamic shock
model of Nawalejko (2009; see also Bromberg & Levinson
2009). Assuming that the jet magnetic field is weak and
tangled, such models cannot produce a polarization higher than
∼30%. Furthermore, such a model would predict a substantially
different orientation of EVPA for small and intermediate jet
inclinations. The EVPA we observe in HST-1 is very nearly
perpendicular to the jet, and nearly constant, so a more consistent
explanation for the data is that the non-thermal activity is
restricted to a localized, perpendicular (possibly stationary)
strong shock within the interior of the flow, as envisioned in
Section 5.1 (see Equation (1)), which is also more in line with
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Figure 1. Optical R-band observations of BL Lac as functions of time: (f)
flux density, (g) degree of polarization and (h) EVPA. Figure 2 of Marscher
et al. (2008).

to explain smooth variations of other parameters, like the EVPA).
For example, Kiehlmann et al. (2016) concluded that during the
flare state a deterministic process governs the polarization varia-
tion, while at low-brightness state polarization is more random.
The models of Nalewajko (2010); Bjornsson (1982) are, perhaps,
the closest to the present model.

2 THE MODEL: JET WITH HELICAL MAGNETIC
FIELD PROPAGATING ALONG A VARIABLE
DIRECTION

In this paper we present a model, showed in Fig. 2 - a jet prop-
agating along a smoothly variable direction carrying helical mag-
netic field - which is able to reproduce large smooth variations of
the EVPA, yet allow for occasional sudden jumps in EVPA. In ad-
dition - and most importantly - the intensity and polarization frac-
tion, though produced by a highly deterministic process, show large
non-monotonic variations that can be mistaken for a random pro-
cess. Thus, a highly deterministic set-up of the model produces
both smooth variation of EVPA and yet allows for some proper-
ties of the emission to vary in a non-monotonic way, which can be
interpreted as stochastic variation.

We model the emitting element as a jet carrying helical mag-
netic field with internal pitch angle  , propagating with Lorentz
factor �

j

. The jet produces polarized synchrotron emission. We
concentrate on the optically thin region, su�ciently far downstream
of the place, where jet originates. In terms of physical location the
model is applicable to on sub-parsec to parsec scale regions of the
jet. In the present paper we do not make a separation between the
di↵erent parts of the spectrum, e.g. optical and radio, but outline
the general properties of polarized synchrotron emission expected
from a jet with variable direction.

Calculations of polarization produced by relativistically mov-
ing sources is somewhat complex (Blandford & Königl 1979; Lyu-

Figure 2. Schematic representation of the model. The jet is emitted along a
variable direction (defined, e.g. by the opening angle of the planar motion,
jets’ oscillation angle). The internal helical structure of the magnetic field
within the jet is aligned with the local jet direction and changes with time.

tikov et al. 2003, 2005). Conventionally (and erroneously for a rel-
ativistically moving plasma!), the direction of the observed polar-
ization for optically thin regions and the associated magnetic fields
are assumed to be in one-to-one correspondence, being orthogonal
to each other, so that some observers choose to plot the direction of
the electric vector of the wave, while others plot vectors orthogonal
to the electric vectors and call them the direction of the magnetic
field. This is correct only for non-relativistically moving optically-

thin sources, and thus cannot be applied to AGN jets. Since the
emission is boosted by the relativistic motion of the jet material,
the EVPA rotates parallel to the plane containing the line of sight

and the plasma velocity vector, so that the observed electric field

of the wave is not, in general, orthogonal to the observed magnetic

field, (Lyutikov et al. 2003, 2005).
We consider the synchrotron emission of an unresolved, thin,

circular cylindrical shell populated by relativistic electrons with a
power law distribution and moving uniformly in the axial direction
with constant velocity. The properties of the synchrotron emission
are then determined by three parameters: the internal pitch angle of
the magnetic field  0, Lorentz factor of the shell in the laboratory
frame �

j

and the viewing angle, ✓, which the line of sight to the
observer makes with the jet axis in the observer reference frame.
Thus, even for fixed internal parameters of the jet, the resulting
polarization signature strongly depends both on the viewing angle
and the jet Lorentz factor (Lyutikov et al. 2005), Fig. 3.

As a novel feature, we allow parameters of the model (the
viewing angle and the Lorentz factor) to vary smoothly with time
and we analyze the resulting correlations. As a result of relativistic
boosting, at di↵erent moments in time the jet is seen from highly
variable directions in the jet’s frame. The observed intensity, po-
larization and EVPA then experience large variations. Even though
these variations are highly correlated, the observed properties show

MNRAS 000, 1–11 (2017)

Polarization swings in blazars 3

Figure 3. Polarization fraction ⇧ for a jet carrying helical magnetic field as function of viewing angle in comoving (left panel) and observer frames (right
panel, � = 10) for di↵erent pitch angles (Lyutikov et al. 2005). Positive values correspond to average polarization along the jet, while negative correspond to
polarization perpendicular to the jet. Pitch angels are 0,⇡/16/⇡/8...⇡/2. These values of the pitch angles are used in all the plots below.

large, seemingly random changes. We consider several types of jet
variations: planar oscillating motion, circular motion, jet accelera-
tion and combinations thereof.

The polarization direction from an unresolved jet can be ei-
ther along the projection of the jet onto the plane of the sky, or
perpendicular to it. Thus, as a jet’s direction changes with time,
the direction of polarization will also change. Most of the time, the
EVPA will either be always along or across the jet. In addition, for
a fairly narrow range of internal pitch angles and lines of sight a
given jet can show 90� EVPA flips.

Importantly, in this paper we do not address the physical ori-
gin of the emission features. Qualitatively, we image that the jet
motion is ballistic, but along time-dependent trajectories/velocities,
determined by the changing condition at the location of the jet ac-
celeration, like jet from a firehose. Emission is then produced by a
feature moving along the jet. These emission features, propagating
along changing direction, then can be modeled as a jet with variable
direction.

2.1 Planar motion of the jet direction

Let us consider how apparent brightness, polarization fraction and
EVPA change with time if the jet’s direction executes a regular mo-
tion. First, consider planar motion of a jet, so that a jet oscillates
with amplitude �

j,max

= ±⇡/2 making the minimum angle with the
LoS ✓

ob,0, Fig. 4.
The angle ✓

ob

between the LoS and the jet direction is cos ✓
ob

=

cos ✓
ob,0 cos �

j

. The angle between a fixed direction and the projec-
tion of the jet on the plane of the sky is

sin �
PA

=
sin �

jq
1 � cos ✓2

ob,0 cos2 �
j

(1)

(the EVPA can be di↵erent from (1) by ⇡/2). The rate of change of
�

PA

is:

�̇
PA

=
sin
�
✓

ob,0
�

1 � cos2
⇣
�

j

⌘
cos2 �✓

ob,0
� �̇ j

(2)

Thus, the fastest rate of EVPA swing occurs at �
j

= 0. (This
reasoning excludes possible fast ⇡/2 polarization jumps associated
with transitions through ⇧ = 0, see below.) Also, the rate of EVPA
swing (2) is expressed in terms of the coordinate time (and the co-
ordinate rate �̇

j

). In terms of the observer time these rates will be
modified by the time-of-travel e↵ects. In the present paper we con-
centrate on the overall properties of intensity and polarization and

�ob,0

line of sight
�ob

Planar motion of the jet

Circular motion of the jet

�j

Center of the

circular motion

�j

Projection of a jet on a plane of the sky

Figure 4. Geometry of the model in the plane of the sky. Direction of the
jet changes with time executing planar or circular motion. Solid blue arrows
represent the projection of the jet on the plane of the sky. At each point
EVPA is either along or perpendicular (dotted arrows) to the projection of
a jet on the plane of the sky. Fastest rate of EVPA change occurs near the
closest approach between the line of sight and the jet direction. Depending
on the parameters EVPA can flip by 90�. During such flips polarization will
pass through zero.

neglect these e↵ects. They will be addressed in a forthcoming pa-
per.

In Figs. 5-6-7, we plot the polarization signatures assuming
that the motion of the jet is symmetric with respect to the line of
sight and that oscillations occur between angles �⇡/2 < �

j

< ⇡/2.
We note, for ⇧ > 0 the polarization is along the jet, while the po-
larization is orthogonal to the jet for ⇧ < 0. In Fig. 8 we plot the
observed intensity as a function of the oscillation angle and as a
function of the EVPA of polarization.

There are two types of fast EVPA variation: (i) when the jet
passes close to the line of sight, EVPA experiences fast smooth
variations that can approach ⇡ radians; (ii) occasionally EVPA ex-
periences sudden jumps by ⇡/2 radians (Fig. 9). During such jumps
the polarization fraction passes through zero.

MNRAS 000, 1–11 (2017)

Marscher et al. (2008)

Perlman et al. (2011)Figure 4. (a) Sketch of the interaction between the emission region and the disturbance in the comoving frame of the emission region, at different epochs. The
emission region is pervaded by a helical magnetic field and a turbulent component (only the helical component is sketched). The disturbance is stationary in the
observer’s frame, but in the comoving frame of the emission region the disturbance is then moving up with Lorentz factor G. The part of the disturbance that first
encounters the emission region (shaded ellipses, the “front”) is the location of the injection of relativistic particles. The orange, red, green, and blue regions refer to the
locations of the disturbance before the flare (t0), the rising phase (t1), peak (t2), and declining phase (t3), respectively. (b) The red, green, and blue shapes indicate the
shape and location of the flaring region, corresponding to the disturbance at ~t t1 3, respectively, observed simultaneously, taking into account the LTTEs. (c) Sketch
of the projection of the helical magnetic field onto the plane of sky in the comoving frame. The upper panel illustrates the quiescent state, the lower panel the active
state. The cyan, dark green, and maroon arrows represent the left side, center, and the right side of the emission region shown in (a), corresponding to the color regions
in Figure 1, respectively. ^&( ) denotes components parallel (perpendicular) to the bulk motion direction. The two dashed lines indicate ±45°.

Figure 5. Case 2: a moderate change in magnetic field in Geometry II. Panels and line styles are as in Figure 2.
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break out of the star, a necessary condition to form a GRB. There-
fore, it would mean that GRB jets have to be created unmagnetised,
making it impossible to power them by the electromagnetic spin-
down of the central object. However, the observed properties of
relativistic jets suggest otherwise. For example, the high power ob-
served in GRB and AGN jets significantly challenges the known
non-magnetic energy extraction mechanisms available in these ob-
jects (e.g. Phinney 1982; Kawanaka et al. 2013; Leng & Giannios
2014). Moreover, a recently discovered correlation between the jet
magnetic field strength and the accretion disc luminosity in AGN
(Zamaninasab et al. 2014), and several surprising features that are
seen in GRB lightcurves and can be naturally produced by mag-
netic jets (Tchekhovskoy & Giannios 2014) strongly support the
magnetic origin of the jet power.

On the other, hand if the magnetic jets were mostly stable it
would be di�cult to explain the high energy emission radiated from
them (see, e.g., McKinney & Blandford 2009; Narayan et al. 2009).
In a stable jet about half of the energy remains locked in the mag-
netic form, out to very large distances (Tchekhovskoy et al. 2010b).
In such a case internal shocks, which are commonly invoked to ex-
plain the observed high energy emission, are weak (Kennel & Coro-
niti 1984) and cannot accelerate e�ciently the radiating electrons
(e.g., Mimica et al. 2010; Narayan et al. 2011). Various alternative
dissipation mechanisms have been discussed in this context, includ-
ing striped wind like magnetic field configurations, which are sus-
ceptible to reconnection (e.g., Drenkhahn & Spruit 2002; Giannios
& Spruit 2005; Metzger et al. 2011; McKinney & Uzdensky 2012),
microphysical energy dissipation mechanisms (e.g., Beloborodov
2010; Mészáros & Rees 2011), and e↵ects from intermittent engine
(e.g. Granot et al. 2011). To date, no universally-accepted mecha-
nism that is capable of e�ciently converting jet magnetic energy
into radiation exists. The presence of a local current-driven insta-
bility in a mildly unstable jet could be su�cient for triggering mag-
netic dissipation and powering the observed GRB emission (Lyu-
tikov & Blandford 2003; Giannios 2008, 2012). This motivates a
focused, high-resolution study of jet stability in the context of core-
collapse GRB jets.

Current-driven instability is mainly a 3D e↵ect and can be
highly non-linear. Thus 3D simulations are needed to study it. The
standard approach for simulating magnetic jets is sending loops of
magnetic field into the computational domain at a fixed rate (e.g.,
Mignone et al. 2010; Guan et al. 2014). In this case, the strengths of
the poloidal magnetic field component, Bp (i.e., lying in the plane
passing through the jet axis), and azimuthal component, B� (per-
pendicular to the plane), are arbitrary. However, jet stability de-
pends sensitively on the ratio between the two (Appl et al. 2000;
Narayan et al. 2009; Mizuno et al. 2012). Thus, the results of such
jet “injection” simulations reflect a particular (arbitrary) choice
for the injection boundary condition, making it di�cult to inter-
pret them. Lately, Bromberg et al. (2014) showed analytically that
Poynting-dominated jets that form at the center of collapsing stars
are at least marginally stable and can punch through the stellar en-
velope without being disrupted by magnetic instability. However,
in the absence of a full 3D numerical simulation, they had to as-
sume a ratio between B� and Bp, and did not address the question
of magnetic energy dissipation.1

1 They employed a linear analysis and assumed that the strengths of the
toroidal and poloidal field components are comparable (in the fluid frame).
Such an assumption is usually attributed to jets that propagate through a
pre-evacuated funnel and is commonly used in the studies of jet stability
(e.g., Narayan et al. 2009; McKinney & Blandford 2009).
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Figure 1. A schematic view of a headed jet (panel a) that propagates in an
ambient medium, and a headless jet (panel b) that propagates in a preexist-
ing evacuated funnel. As the headed jet runs into the ambient gas, it slows
down, its toroidal magnetic flux accumulates and grows in strength, and
its outermost parts form a head (shown in dark blue), a working surface at
which the jet drills through the ambient gas and in which the magnetic field
strength is enhanced. This causes the formation of a bow shock (shown with
the dark green line), and the shocked ambient gas forms the cocoon (shown
in green) that collimates the jet into a cigar-like shape. In contrast, a head-
less jet has no ambient gas to push through and is free to propagate along a
pre-evacuated funnel. It propagates faster than headed jets and assumes the
shape dictated by the funnel and/or ambient pressure profile. Because head-
less jets do not have to push through the ambient gas, their toroidal field is
weaker and they are more stable to kink instabilities than headed jets.

In nature, the strengths of the poloidal and toroidal magnetic
field components are tightly connected. This is because the jets
are produced by the rotation of magnetised compact objects, so
B� emerges from the winding of Bp. The winding creates an out-
ward Poynting flux. In the presence of an ambient medium, which
confines the electromagnetic outflow, the magnetic tension of the
azimuthal field builds up, until it focuses the outflow into twin po-
lar collimated jets (Lynden-Bell 1996), as illustrated in Fig. 1(a).
These jets start propagating once their pressure becomes high
enough to push the ambient medium aside. As the jet propagates, it
develops a slow-moving “head”: a working surface at which the jet
drills through the ambient material and which is shown in Fig. 1(a)
in dark blue. The head blocks the free expansion of the toroidal
magnetic flux in the jet and keeps the jet toroidal magnetic pres-
sure high. As a result, the jet pushes against the head with a greater
force. We term this type of jets headed jets. The relative strength
of toroidal and poloidal fields in the jet is therefore linked with
the properties of the ambient medium that collimates it. Thus, any
attempt to analyse jet stability should take into consideration the
presence of the ambient medium and its e↵ect on the jet magnetic
field configuration.

Jets that expand into a pre-existing, evacuated funnel are
of di↵erent nature. They are free to accelerate to super fast-
magnetosonic velocities, as illustrated in Fig. 1(b). The tip of
the latter jets cannot communicate backward, and the jet mate-
rial behaves as if it were part of an infinite jet. In these jets, the
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Figure 2. Time evolution of three-dimensional density isosurfaces with a transverse slice at z = 0 for case CPs2a. The time, t, is in units of tc = L/c. Color shows
the logarithm of the density with solid magnetic field lines. Velocity vectors are shown by the arrows.
(A color version of this figure is available in the online journal.)

Table 1
Models and Parameters

Case α vj /c Rj /a Pitch

CPsa/2 1.0 0.2 0.5 Constant
CPsa 1.0 0.2 1.0 Constant
CPs2a 1.0 0.2 2.0 Constant
CPs4a 1.0 0.2 4.0 Constant
CPfa/2 1.0 0.3 0.5 Constant
CPfa 1.0 0.3 1.0 Constant
CPf2a 1.0 0.3 2.0 Constant
CPf4a 1.0 0.3 4.0 Constant
CP0 1.0 0.0 0.0 Constant
DPsa/2 2.0 0.2 0.5 Decrease
DPsa 2.0 0.2 1.0 Decrease
DPs2a 2.0 0.2 2.0 Decrease
DPs4a 2.0 0.2 4.0 Decrease
DP0 2.0 0.0 0.0 Decrease

3. RESULTS

3.1. Constant Helical Pitch: vj = 0.2c

Figure 2 shows the time evolution of a density isosurface for
constant helical pitch with vj = 0.2c and Rj = 2a (CPs2a)
where the time, t, is in units of tc ≡ L/c = 4a/c (light
travel time across the largest velocity shear surface radius,
Rj = 4a, considered in this study). Displacement of the initial
force-free helical magnetic field by growth of the CD kink
instability leads to a helically twisted magnetic filament wound
around the density isosurface. In the nonlinear phase, helically
distorted density structure shows continuous transverse growth
and propagates in the flow direction. This propagation of the
helical kink structure does not occur for a static plasma column
(Mizuno et al. 2009a).
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Figure 9. Magnetic field contours for the fiducial FF model at four different times (specified in units of ⌧
A

). Unlike the PB/RPB models, the
FF models are merely deformed, rather than completely disrupted. Although the system continues to evolve slowly after t ⇠ 100 ⌧

A

, the gross
morphology does not change dramatically after this time.

field structure in model RPB does not appear to have accessed
as large a range of spatial scales as model PB. This is again
likely to be a result of the slower evolution of this system.

Finally, Figure 9 illustrates that the FF model is deformed
but not completely disrupted. Specifically, it is clear that the
column reacts to the initial perturbation, but it is equally ob-
vious that no smaller scales develop appreciable power as the
system evolves. Furthermore, there is very little morpholog-
ical change in the system after t ⇠ 100 � 200 ⌧

A

, especially
where the strongest field is located. This is obviously a com-

pletely different regime of behavior from what was seen in
those models that achieved initial force balance through a
combination of magnetic and pressure forces. Whereas model
PB becomes largely disrupted by 20 ⌧

A

, model FF continues
to be dominated by the |m| = 1 large-scale deformation even
after evolving for 600 ⌧

A

and shows no sign of turbulence.

To demonstrate that we are in fact seeing these systems
respond to the applied perturbation, we show in Figure 10
the relationship between the deformation of the column and
the direction of the applied perturbation as a function of the
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MODEL OF LARGE ROTATIONS  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SIMULATED SYNCHROTRON POLARIZATION 
FROM ABC RECONNECTION WITH 3D PIC
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CLUES ON THE NATURE
OF POLARIZATION ROTATIONS

are polarization rotations coherent or stochastic? 
blazar emitting regions are likely matter dominated 
which supports stochastic models

what is polarization degree doing during the rotations? 
hard to identify any consistent pattern 
coherent polarization degree essential for coherent nature of rotation

can relativistic aberration explain rotators vs. non-rotators? 
observational evidence suggests rotations at large co-moving viewing angles

could kink instability explain the largest rotations?  
very difficult to reproduce smooth polarization rotations 
highly variable depolarization due to light-travel effects

is there a connection with gamma-ray flares and radio activity? 
increasing jet power (radio/mm outburst) could trigger kink instability and non-linear 
dissipation (optical/gamma flare + polarization rotation)

Thank you!


