
ABSTRACT

The optical polarization of the blazar PKS 2155–304 during an optical flare in 2010 (Peceur et al. 2020, MNRAS 495, 2162)
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An analysis of the optical polarimetric and multi-color photometric (BVRJ) behaviour of the blazar PKS 2155-304 
during an outburst in 2010 is presented. The flare develops over roughly 117 days and is associated with a flux 
doubling time of 11 days, which increases from blue to red wavelengths. The polarization angle is initially aligned with 
the jet axis but rotates by roughly 90 degrees as the flare grows. Two distinct states are evident at low and high 
fluxes. Below 18 mJy, the polarization angle takes on a wide range of values, without any clear relation to the flux. In 
contrast, there is a positive correlation between the polarization angle and flux above 18 mJy, with a correlation 
coefficient r = 0.84. The polarization degree does not display a clear correlation with the flux. We find that the 
photopolarimetric behaviour for the high flux state can be attributed to a variable component with a steady power-law 
spectral energy distribution and high optical polarization degree (13.3 %). These properties are interpreted within the 
shock-in-jet model, which shows that the observed variability can be explained by a shock that is seen nearly edge-
on. Some parameters derived for the relativistic jet within the shock-in-jet model are the magnetic field strength, 
Doppler factor and viewing angle of the jet. 

INTRODUCTION

Blazars are a subclass of radio-loud active galactic nuclei, where the 
relativistic jet is closely aligned to the line of sight of the observer (Urry & 
Padovani 1995) and for which the most extreme observational properties are 
detected (Aharonian et al. 2007). The observed radiation spans the entire 
electromagnetic spectrum, from radio to γ-ray wavelengths, and is 
dominated by non-thermal emission from a relativistic jet, as well as the 
presence of polarization at radio and optical wavelengths. The magnetic field 

of the jet therefore underlies the 
physical processes that produce 
the observed emission. 

The spectral energy distribution 
(SED) consists of two broad emission features. The 
low-energy peak is located at optical to soft X-ray 
energies and is due to synchrotron emission. The high-energy peak is 
located at hard X-ray to γ-ray energies and is attributed to Inverse 
Compton emission of the relativistic electrons (Aharonian et al. 2009, 
HESS 2020). 

The polarization is a direct observable of the magnetic field and can 
provide useful information on the geometry and degree of order of the 

magnetic field of the jet. The polarization degree (PD) could be related to the level of ordering of the 
magnetic field or to the electron energy distribution within the emission region, while the position angle of the 
polarization (PA) could be related to the direction of the magnetic field along the line of sight. 

1. Introduction 3

An illustration of the physical attributes of AGN within this framework is presented

in Fig. 1.1.
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Fig. 1.7 Schematic illustration of the current paradigm of radio-laud AGN. At the center
of the galaxy there is a supermassive black hole (∼106 to ∼1010 M!) the gravitational
potential energy of which is the ultimate source of power of the system released in
different forms – through the thermal emission of the accretion disk, as well as through
nonthermal processes in the relativistic jets that emanate perpendicular to the plane of
the accretion disc. Particle acceleration takes place throughout the entire jet extending
up to 1024 cm, i.e. well beyond the host galaxy. These particles interact with the
ambient photon and magnetic fields,and thus result in nonthermal (synchrotron and
inverse Compton) emission components observed on different (sub-pc, kpc, and multi-
hundred kpc) scales. Broad emission lines are produced in clouds orbiting above the
accretion disc. They are located typically within the zone between 0.01 to 0.1 pc. The
accretion disk and the broad-line region is surrounded by a thick dusty torus. Narrow
emission lines are produced in clouds located much farther from the central engine,
typically between 0.3 and 30 pc. (from Urry and Padovani, 1995).

that particles in these objects are accelerated to very high energies, but
also provides the strongest evidence in favour of the commonly accepted
paradigm that the nonthermal radiation is produced in relativistic outflows
(jets) with Doppler factors Dj ≥ 10.

Presently, the leptonic (basically, inverse Compton) models of TeV emis-
sion represent the preferred concept for TeV blazars. These models have two
attractive features: (i) capability of the relatively well developed model of
shock waves to accelerate electrons to multi-TeV energies, (ii) effective pro-
duction of tightly correlated X-ray and TeV emission components via syn-

Figure 1.1: Schematic of the components of an active galactic nucleus. of the galaxy
there is a supermassive black hole (≥ 106 to ≥ 1010) the gravitational potential energy of
which is the ultimate source of power of the system released in di�erent forms – through
the thermal emission of the accretion disk, as well as through nonthermal processes
in the relativistic jets that emanate perpendicular to the plane of the accretion disc.
Particle acceleration takes place throughout the entire jet extending up to 1024 cm,
i.e. well beyond the host galaxy. These particles interact with the ambient photon and
magnetic fields,and thus result in nonthermal (synchrotron and inverse Compton) emission
components observed on di�erent (sub-pc, kpc, and multi- hundred kpc) scales. Broad
emission lines are produced in clouds orbiting above the accretion disc. They are located
typically within the zone between 0.01 to 0.1 pc. The accretion disk and the broad-line
region is surrounded by a thick dusty torus. Narrow emission lines are produced in clouds
located much farther from the central engine, typically between 0.3 and 30 pc. (from
Urry and Padovani, 1995).

Since the composition of AGNs are highly asymmetric, the detected properties

will vary with the viewing angle of the observer. This includes the detection of

radio emission, which determines if an AGN is classified as radio-loud (Radio-loud
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Fig. 3. Spectral energy distribution of PKS 2155�304 for each epoch considered in this work. For epoch 0, the red points are directly extracted
from Madejski et al. (2016). In the other plots, the purple points are UVOT data, orange are XRT data, and yellow are the NuSTAR data. In �-rays,
the green points and contours are the Fermi-LAT results and H.E.S.S. results are in blue. The black upper limits refer to the hard-tail component
(see text) and are used to constrain the inverse-Compton part of the SSC model (black line). The grey points are the data from the 2008 observation
campaign (Aharonian et al. 2009) shown for comparison. Black points are the radio data from Abdo et al. (2010) and Liuzzo et al. (2013). The
dashed blue line is the synchrotron emission and the orange line is the IC emission. Both are from the SSC calculation, and the black dashed line
is the sum of both.

contamination of the synchrotron spectra by inverse-Compton
emission.

More recently, and with the increased energy range provided
by NuSTAR, Madejski et al. (2016) also measured a hard tail in

the X-ray spectrum of PKS 2155�304 (April 2013 observations,
epoch 0). Using a broken power-law model, they found a flat-
tening spectrum with a spectral break of �� > 1 around 10 keV.
During that observation, the source was found in a very low flux
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POLARIZATION AND SED PARAMETERS OF THE VARIABLE COMPONENT

Hagen-Thorn & Marchenko (1999) showed if the observed emission is decomposed as the superposition of a variable 
component and a constant component then if,
 – The variable component has constant polarization properties 

➞ A linear relationship will be observed in the Stokes planes  (Q vs I and U vs I ) 
and if,

– The relative SED of the variable component remains steady
➞ A linear relationship will be observed for the flux–flux 

         diagrams for several bands 

STOKES PARAMETERS:
• For IR > 18 mJy: Q ∝ I and U ∝ I, with rQ−I = −0.82 and rU−I = 
−0.72 (shown on the left)
• Slope of each line gives relative Stokes parameters of 
variable component 
   ➞ Pvar  = 13.3 ± 2.8 % and θvar = 116° ± 6

POLARIZATION
Various models have been proposed to explain the observed polarization of blazars. Here, we consider the 

polarization due to a large-scale helical magnetic field (Lyutikov et al. 2005), velocity shear (Laing 1980; D’Arcangelo 
et al. 2009), or the compression of an initially tangled magnetic field by shock waves in the jet (Marscher & Gear 
1985; Cawthorne & Cobb 1990). 

  – HELICAL MAGNETIC FIELD: Net magnetic field (B-field) seen by the observer can appear to be either transverse 
        or longitudinal

  – VELOCITY SHEAR: Aligns the B-field of a turbulent magnetic field along the flow direction, leading to transverse 
  PA

  – TRANSVERSE SHOCKS: Partially orders a turbulent magnetic field by compressing the B-field component 
  parallel to the shock front. The shock front is oriented transverse to the jet axis, 
  resulting in PA aligned with the jet axis.

  – CONICAL SHOCKS: PA can be either parallel or transverse to the jet axis. Largest possible PD for transverse PA 
   is ∼10 %. 

  – TWO COMPONENT MODELS: Polarization due to a variable component of higher PD plus a constant component
   with lower PD. Constant component identified with quiescent jet emission. 

 Variable component attributed to shock.

MULTIWAVELENGTH LIGHT CURVES

POLARIZATION: R-band polarization measurements from the Steward 
Observatory (SO)1

PHOTOMETRY: B, V, R & J-band measurements 
from Small and Moderate Aperture Research 
Telescope System (SMARTS)2

The resulting light curves between 2009 Apr and 
2014 Dec are displayed on the leftmost figure and 
show:
– Presence of multiple flares 
– Most prominent flare occurs in 2010 

2010 FLARE

Simultaneous photopolarimetric measurements of 
PKS 2155–304 in 2010 (figure on the left) shows:
– Erratic variability for PD (P), while PA (θ) 
appears to follow an overall decreasing trend, 

changing by ∼90°. 
– At flare onset, PA is aligned with the jet (θ = 150°–160°; Piner et al. 2008, 
2010), thereafter PA roughly transverse to the jet as flare grows. 

Relationship between the R-band flux (IR ) and PD and PA is displayed 
on the right and shows:
  – Existence of two distinct states at low and high flux for PA vs flux 
  – Below 18 mJy, θ takes on a range of values (∼75°–150°) without   
     any clear relation to the flux
  – Above 18 mJy, a positive correlation is seen with r = 0.84 and
  – PA oriented roughly transverse to the jet (60°–70°) for epoch of 
     highest polarization. 
  – PD, in contrast, no clear correlation with flux, although maximum PD 
     is detected during the high-flux state. 

TWO DISTINCT STATES? Photopolarimetry of PKS 2155–304 during a flare 2165
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Figure 3. Left-hand panel: Dependence between the polarization degree and R-band flux. Right-hand panel: Dependence between the polarization angle and
R-band flux. Note two distinct states above and below Ic = 18 mJy (dashed line). The dot–dashed line represents the jet direction. Colour indicates the date of
the observation, with the scale given by the colour bar.
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Figure 4. Comparison of the absolute Stokes parameters during the optical flare seen in 2010. The linear fit to the data for all I > 18 mJy is indicated by the
solid line. The dashed line represents Ic = 18 mJy. Colour indicates the date of the observation, with the scale given by the colour bar.

3.2 SED of the variable component

For photometry, the flux ratio for different pairs of spectral bands
is (Hagen-Thorn & Marchenko 1999)
(

Iν

Iν0

)var

= ανν0 , (2)

where the superscript refers to the variable emission component and
ν0 is the reference spectral band. If the spectral index of the variable
emission does not change with frequency, then these flux ratios are
constant and

Iν = ανν0Iν0 +
(
I cons
ν − ανν0I

cons
ν0

)
. (3)

Equation (3) shows that a linear relationship will be observed for Iν
versus Iν0 for multicolour observations. Hence, a linear relation in
the flux–flux diagrams for several bands indicates that the relative
SED of the variable component remains steady. The spectral index
of the variable emission can then be derived from the slope of the
best-fit line for log ανν0 versus log ν.

The B-, V- and J-band fluxes relative to the R-band flux is
displayed in Fig. 5, with the best-fit lines calculated using the
orthogonal regression method. The slopes of the fitted lines rep-
resent the flux ratio between the given pairs of bands. Since a linear
relationship is observed, it can be inferred that the relative SED
of the variable component remains steady during the observation
period. The variable emission spectrum of the source is displayed in
Fig. 6, which shows that the SED is well described by a power-law
Fν∝ν−α with slope α = 1.12 ± 0.07, consistent with emission from
a synchrotron source.

3.3 Variability time-scale

Following Burbidge, Jones & Odell (1974), the time-scale of vari-
ability for the multiband light curves is defined as τ = dt/ln (I1/I2),
where dt is the time interval between flux measurements I1 and
I2, with I1 > I2. All possible time-scales τ ij are calculated for any
pair of observations for which |Ii − Ij | > σIi + σIj . The minimum
variability time-scale is then given by τ = min{τ ij}, where i = 1,
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VARIABLE EMISSION PARAMETERS

SHOCK-IN-JET MODEL
Observed flux of shock moving through turbulent plasma with constant bulk 
Lorentz factor Γ:

     ,

where F is the flux scaling factor, δ is the Doppler factor of the jet in the 
observer’s frame, and the PD for a shocked plasma (Hughes & Miller 1991): 

                                       ,

 where η = nshock/nunshocked is the density of the shocked region relative to the 
unshocked region and ψ ︎ is the viewing angle of the shock in the observer’s 
frame. The evolution of the shock parameters are derived by adopting α = 1.12 
(spectral index of the variable component) and ︎Γ ∼ 20 (Foschini et al. 2007; 
Reynoso et al. 2012). 

The results are displayed on the left and show that:
 − Small changes in jet’s viewing angle (Φ < 1°)  and plasma compression (︎η =  
    0.10) produce large variations in flux and PD
 − Peak flux is reached when the viewing angle of the jet is minimum ( ︎Φ = 2.6°) 
 − Max δ = 22.3
 − No systematic trends for the plasma compression η

− Shock is seen nearly edge-on throughout flare (ψ ︎ ∼ 91°), varying by <12°
➞ Implies that shock is seen at oblique angle to jet axis (see figure below) 

Compression of the magnetic field by the shock yields a net B-field 
parallel to the shock front yielding electric field (E-field) 
components E⊥ ≈ E and E︎∥≈ 0 for the small angle approximation.    
  ➞ PA for edge-on shock is expected to lie transverse to the jet  
      axis. Observations during peak polarization epoch is consistent   
      with this, with θ ∼ 60°–70°. 

MAGNETIC FIELD

For shock-in-jet, the variability timescale relates to the thickness of the shock front, which is determined by the lifetime of 
the relativistic electrons accelerated at the front. The lifetime of synchrotron electrons for a given frequency ν in the 
observer’s frame is (Hagen-Thorn et al. 2008):                                    

 ,

, where BG is the magnetic field in Gauss and z is the redshift. Adopting the maximum derived Doppler factor for the 
observations (δ = 22.3) and τ = 10.75 d in the R-band yields B = 0.06 G.

2166 N. W. Peceur, A. R. Taylor and R. C. Kraan-Korteweg

Figure 5. The B-, V- and J-band fluxes relative to the R-band flux during
the 2010 optical flare of PKS 2155–304. The best-fit lines are superimposed.

Figure 6. Relative SED of the variable emission component of PKS 2155–
304 during its 2010 outburst. The best fit line is superimposed, with slope
α = 1.12 ± 0.07.

Table 1. Variability time-scales of PKS
2155–304 during its 2010 outburst.

(1) (2) (3)
Band N τmin

(d)

B 49 8.38
V 49 9.09
R 49 10.75
J 42 9.16
IP 21 0.68

..., N −1, j = i + 1, ..., N, and N is the number of observations. The
results are listed in Table 1. The columns are (1) the observation
band, with IP being the polarized flux in the R band, (2) the number
of observations N, and (3) the variability time-scale τ (days). Table 1
indicates that the time-scale of variability during the flare is on the
order of a few days and that light curves with similar sampling
display an increase of time-scale with wavelength.

The shortest time-scale, τ ∼ 0.7 d, occurred in the polarized flux.
Comparison of the variability time-scales of the total and polarized
R-band fluxes implies that the polarized emission originates in a
subsection (∼one-sixteenth) of the optical emission region.

4 D ISCUSSION

Simultaneous polarimetric and photometric observations of PKS
2155–304 show that the optical flare seen in 2010 can be attributed
to a single variable component with the following properties:

(1) a steady spectral shape;
(2) a high degree of polarization;
(3) a correlation between the flux and polarization angle;
(4) a tendency of the magnetic field to be transverse to the jet

direction during the epoch of highest polarization; and
(5) an increase in the time-scale of variability with wavelength.

These characteristics are consistent with a shock propagating in
a relativistic jet with a turbulent magnetic field (Hughes et al. 1985;
Marscher & Gear 1985), with synchrotron radiation losses leading
to larger variability time-scales at longer wavelengths. The shock
orders the turbulent magnetic field along the shock front, leading to
a change in the polarization angle. Since transverse shocks lead to
polarization angles oriented parallel to the jet axis, it is more likely
that an oblique shock is responsible for the observed emission.

4.1 Shock-in-jet model

The observed flux of a shock moving through a turbulent plasma
with constant bulk Lorentz factor # is

F = F0ν
−αδ(3+α)δ′(2+α), (4)

where F0 is the flux scaling factor, δ = [#(1 − βcos ')]−1 is the
Doppler factor of the jet in the observer’s frame, β =

√
1 − #−2 is

the speed of the shock normalized to the speed of light, and ' is the
viewing angle of the jet in the observer’s frame. The factor δ

′
is the

Doppler factor of the shocked plasma in the rest frame of the shock.
Without loss of generality, it can be assumed that the velocity of
the shocked plasma in the frame of the shock is %c, where c is the
speed of light and δ

′ ≈ 1 (Hagen-Thorn et al. 2008).
From Hughes & Miller (1991), the polarization degree of the

shocked plasma is

p ≈ α + 1
α + 5/3

(1 − η−2) sin2 ψ

2 − (1 − η−2) sin2 ψ
, (5)

where η = nshock/nunshocked is the density of the shocked region
relative to the unshocked region and * is the viewing angle of
the shock in the observer’s frame, which is subject to relativistic
aberration and is defined as:

* = tan−1
{

sin '/
[
#
(

cos ' −
√

1 − #−2
)]}

. (6)

Typical bulk Lorentz factors derived from emission models of the
VHE emission of PKS 2155–304 during the high state seen in
2006 yield # = 25–50 (Foschini et al. 2007; Begelman, Fabian &
Rees 2008; Narayan & Piran 2012), while Reynoso et al. (2012)
showed that the observed VHE emission could also be explained
by multiple shocks with # = 10.5–13. The Doppler factor δ(t) can
then be determined from equation 4 by adopting α = 1.12, the
spectral index of the variable component, and an average value
of # ∼ 20. The scaling factor F0 = Fmaxν

α/δ
(3+α)
0 , with Fmax the

observed flux in the R band at peak polarization. The δ0 factor is
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Figure 7. Derived values for the Doppler factor δ, jet viewing angle ",
viewing angle of the shock #, and compression factor of the shocked plasma
η for PKS 2155–304 during its 2010 optical outburst.

calculated from "0 = 2.9◦, which is determined from equation 6
for # = 90◦, corresponding to the maximum polarization degree
due to the shock. The evolution of the shock parameters are found
by using δ(t) to solve for "(t), which is then used to solve for
the viewing angle of the shock, #(t), through equation (6). The
shock compression factor, η(t), can then be derived by substituting
#(t) and the observed polarization degree into equation (5). The
resulting shock parameters are displayed in Fig. 7 and demonstrate
that, for constant bulk Lorentz factor, small changes in the viewing
angle (<1◦) and plasma compression factor (%η = 0.10) produce
large variations in the flux and polarization degree. The peak flux is
reached when the viewing angle of the jet is a minimum (" = 2.6◦).
The plasma compression reaches its highest value during the rising
phase of the flare, roughly 30 d before the total brightness reaches
its peak value. However, η does not appear to have any systematic
trends.

The shock is seen nearly edge-on throughout the flaring period
(# ∼ 91◦), varying by <12◦, which implies that the shock is seen
at an oblique angle to the jet axis (see Fig. 8). Compression of the
magnetic field by the shock yields a net magnetic field component
parallel to the shock front. The parallel and perpendicular magnetic
field components with respect to the jet axis are then given by
B! = Bcos " and B⊥ = Bsin ", respectively. The corresponding
electric field components perpendicular and parallel to the jet axis
are E⊥ = Ecos " and E! = Esin ", respectively (see Fig. 8). For

the small angle approximation relevant for blazars, the electric field
components reduce to E⊥ ≈ E and E! ≈ 0. Hence, the polarization
angle for an edge-on shock is expected to lie transverse to the jet axis,
as demonstrated in Fig. 2, which shows that the polarization angle
lies roughly transverse to the jet axis during the peak polarization
epoch (θ ∼ 60◦–70◦).

For the shock-in-jet scenario, relativistic electrons are injected
into the emitting region by the shock, leading to a steady spectral
shape and short time-scale of the variability in the optical bands. A
steady spectral shape implies a quasi-steady state of the emission
between the rate of injection and radiative losses, which is re-
established every eight to eleven light-days. The time-scale of
variability relates to the thickness of the shock front, which
is determined by the lifetime of the relativistic electrons being
accelerated at the front. The lifetime of the synchrotron electrons for
a given frequency ν in GHz in the observer’s frame is (Hagen-Thorn
et al. 2008)

tsync = 4.75 × 102
(

1 + z

δνGHzB
3
G

)1/2

d, (7)

where BG is the magnetic field in Gauss. Adopting the maximum
derived Doppler factor for the observations (δ = 22.3) and τ =
10.75 d in the R-band yields B = 0.06 G, in agreement with other
estimates of the typical magnetic field in blazars (e.g. Marscher &
Gear 1985; Hagen-Thorn et al. 2008; Barres de Almeida et al. 2010;
Sorcia et al. 2013). Equation (7) also implies that the time-scale of
variability in the R -band should be a factor of 1.2 greater than the
B -band, which is consistent with what is observed (see Table 1).
Therefore, the polarimetric and multicolor photometric behaviour
of PKS 2155–304 during its 2010 outburst is consistent with the
characteristics of the shock-in-jet model.

4.2 Helical magnetic field

An alternative interpretation for the photopolarimetric behaviour of
PKS 2155–304 during its 2010 optical flare is that the observed
variations are due to changes in the bulk Lorentz factor and viewing
angle of a jet with a helical magnetic field geometry.

For a jet pervaded by a helical magnetic field, the observed
polarization for optically thin synchrotron emission3 can be ap-
proximated as (Lyutikov et al. 2005)

P = Pmax sin2 φ, (8)

with Pmax ≈ 20 per cent and φ the viewing angle in the rest frame of
the jet, which is related to the observed angle " through the Lorentz
transformation:

sin φ = δ sin ", (9)

where δ is the Doppler factor of the jet in the observer’s frame.
The Doppler factor can be obtained from the observed flux due
to a relativistic plasma with bulk Lorentz factor * for a smooth,
continuous jet:

Fν = δ2+aF ′
ν, (10)

where F ′
ν ∝ ν ′−α is the flux in the rest frame of the jet, ν

′
the

frequency in the rest frame of the jet, and α is the spectral index.
Adopting α = 1 (comparable to value derived for the variable

3For the diffuse and reverse-field pinch cases of a filled jet, where the number
density of relativistic particles is proportional to the square of the magnetic
field (see figs 11c and 12c in Lyutikov et al. 2005).
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Figure 8. Electric field arising from shock compression of a tangled magnetic field for an edge-on shock (! = 90◦) for a blazar with viewing angle ".

Figure 9. Top panel: the Doppler factor δ (red dashed line) and viewing
angle θ (green dot–dashed line) characterizing the optical emission region
according to a geometrical interpretation of the optical flux variability for a
bulk Lorentz factor % = 20. The observed polarization degree is represented
by the black circles, while the polarization degree as predicted by the helical
magnetic field model is indicated by the blue filled squares. The % = 10.5
case is shown in the bottom panel for comparison. Note that models of the
quiescent emission yield % = 10 (Reynoso et al. 2012).

component) yields δ = δmax(F/Fmax)1/3, where δmax is determined
from the definition of the Doppler factor for "min = 2.6◦ and % =
20 and Fmax is the maximum observed flux in the R-band, and
the viewing angle through the definition of the Doppler factor.
The polarization degree for a helical magnetic field can then be
recovered by substituting δ and " into equations (8) and (9). The
results are displayed in Fig. 9 and demonstrate that the helical
magnetic field model overestimates the observed polarization de-
gree. Adopting a lower value for the bulk Lorentz factor (% =
10.54; Reynoso et al. 2012) yields a similar result, although the
resulting polarization degree is closer to the observed level of
polarization. Hence, it is unlikely that the observed polarization of
PKS 2155–304 during its 2010 outburst is due to a helical magnetic
field.

5 C O N C L U S I O N S

The BL Lac PKS 2155–304 experienced a prominent optical
outburst in 2010, increasing by a factor of 3.7 over roughly four

4Compare with models of the quiescent emission, which yield % = 10
(Reynoso et al. 2012).

months. Analysis of multicolour photometric measurements and
R-band polarization measurements indicate the following:

1. The existence of two distinct states at low and high fluxes.
Below 18 mJy, the polarization angle and photometric flux is
not correlated, while there is a positive correlation between the
polarization angle and flux above 18 mJy (r = 0.84).

2. During the high-flux state, the polarization angle during the
epoch of highest polarization tends to be oriented transverse to the
jet direction.

3. The variable emission can be attributed to a variable compo-
nent with high polarization degree (13.3 per cent) and a constant
power-law SED with α = 1.12 ± 0.07.

4. Variations on time-scales of days are present for all observation
bands, with the minimum time-scale of variability increasing with
wavelength.

These properties are consistent with the shock-in-jet model,
which shows that the observed variability can be explained by an
edge-on shock (assuming constant bulk Lorentz factor % = 20).
Some parameters derived for the relativistic jet within the shock-in-
jet model are B = 0.06 G for the magnetic field, δ = 22.3 for the
Doppler factor, and " = 2.6◦ for the viewing angle.
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HELICAL MAGNETIC FIELD MODEL
 The observed polarization for a jet pervaded by a helical magnetic field is 

(Lyutikov et al. 2005): 
 

, with Pmax ≈ 20 % and φ the viewing angle in jet’s rest frame (related to  
observed angle ︎through sinφ = δ sin ︎Φ). Doppler factor is obtained from the 
observed flux due to a relativistic plasma for a smooth, continuous jet Fν = 
δ2+αFν′ , where Fν

′  denotes the flux in the jet’s rest frame. The results show (see 
figure on the right):
  − The helical magnetic field model overestimates the observed PD 
  − Unlikely that the observed polarization of PKS 2155–304 during the 2010 
     flare is due to a helical magnetic field. 

Photopolarimetry of PKS 2155–304 during a flare 2167

Figure 7. Derived values for the Doppler factor δ, jet viewing angle ",
viewing angle of the shock #, and compression factor of the shocked plasma
η for PKS 2155–304 during its 2010 optical outburst.

calculated from "0 = 2.9◦, which is determined from equation 6
for # = 90◦, corresponding to the maximum polarization degree
due to the shock. The evolution of the shock parameters are found
by using δ(t) to solve for "(t), which is then used to solve for
the viewing angle of the shock, #(t), through equation (6). The
shock compression factor, η(t), can then be derived by substituting
#(t) and the observed polarization degree into equation (5). The
resulting shock parameters are displayed in Fig. 7 and demonstrate
that, for constant bulk Lorentz factor, small changes in the viewing
angle (<1◦) and plasma compression factor (%η = 0.10) produce
large variations in the flux and polarization degree. The peak flux is
reached when the viewing angle of the jet is a minimum (" = 2.6◦).
The plasma compression reaches its highest value during the rising
phase of the flare, roughly 30 d before the total brightness reaches
its peak value. However, η does not appear to have any systematic
trends.

The shock is seen nearly edge-on throughout the flaring period
(# ∼ 91◦), varying by <12◦, which implies that the shock is seen
at an oblique angle to the jet axis (see Fig. 8). Compression of the
magnetic field by the shock yields a net magnetic field component
parallel to the shock front. The parallel and perpendicular magnetic
field components with respect to the jet axis are then given by
B! = Bcos " and B⊥ = Bsin ", respectively. The corresponding
electric field components perpendicular and parallel to the jet axis
are E⊥ = Ecos " and E! = Esin ", respectively (see Fig. 8). For

the small angle approximation relevant for blazars, the electric field
components reduce to E⊥ ≈ E and E! ≈ 0. Hence, the polarization
angle for an edge-on shock is expected to lie transverse to the jet axis,
as demonstrated in Fig. 2, which shows that the polarization angle
lies roughly transverse to the jet axis during the peak polarization
epoch (θ ∼ 60◦–70◦).

For the shock-in-jet scenario, relativistic electrons are injected
into the emitting region by the shock, leading to a steady spectral
shape and short time-scale of the variability in the optical bands. A
steady spectral shape implies a quasi-steady state of the emission
between the rate of injection and radiative losses, which is re-
established every eight to eleven light-days. The time-scale of
variability relates to the thickness of the shock front, which
is determined by the lifetime of the relativistic electrons being
accelerated at the front. The lifetime of the synchrotron electrons for
a given frequency ν in GHz in the observer’s frame is (Hagen-Thorn
et al. 2008)

tsync = 4.75 × 102
(

1 + z

δνGHzB
3
G

)1/2

d, (7)

where BG is the magnetic field in Gauss. Adopting the maximum
derived Doppler factor for the observations (δ = 22.3) and τ =
10.75 d in the R-band yields B = 0.06 G, in agreement with other
estimates of the typical magnetic field in blazars (e.g. Marscher &
Gear 1985; Hagen-Thorn et al. 2008; Barres de Almeida et al. 2010;
Sorcia et al. 2013). Equation (7) also implies that the time-scale of
variability in the R -band should be a factor of 1.2 greater than the
B -band, which is consistent with what is observed (see Table 1).
Therefore, the polarimetric and multicolor photometric behaviour
of PKS 2155–304 during its 2010 outburst is consistent with the
characteristics of the shock-in-jet model.

4.2 Helical magnetic field

An alternative interpretation for the photopolarimetric behaviour of
PKS 2155–304 during its 2010 optical flare is that the observed
variations are due to changes in the bulk Lorentz factor and viewing
angle of a jet with a helical magnetic field geometry.

For a jet pervaded by a helical magnetic field, the observed
polarization for optically thin synchrotron emission3 can be ap-
proximated as (Lyutikov et al. 2005)

P = Pmax sin2 φ, (8)

with Pmax ≈ 20 per cent and φ the viewing angle in the rest frame of
the jet, which is related to the observed angle " through the Lorentz
transformation:

sin φ = δ sin ", (9)

where δ is the Doppler factor of the jet in the observer’s frame.
The Doppler factor can be obtained from the observed flux due
to a relativistic plasma with bulk Lorentz factor * for a smooth,
continuous jet:

Fν = δ2+aF ′
ν, (10)

where F ′
ν ∝ ν ′−α is the flux in the rest frame of the jet, ν

′
the

frequency in the rest frame of the jet, and α is the spectral index.
Adopting α = 1 (comparable to value derived for the variable

3For the diffuse and reverse-field pinch cases of a filled jet, where the number
density of relativistic particles is proportional to the square of the magnetic
field (see figs 11c and 12c in Lyutikov et al. 2005).
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Figure 5. The B-, V- and J-band fluxes relative to the R-band flux during
the 2010 optical flare of PKS 2155–304. The best-fit lines are superimposed.

Figure 6. Relative SED of the variable emission component of PKS 2155–
304 during its 2010 outburst. The best fit line is superimposed, with slope
α = 1.12 ± 0.07.

Table 1. Variability time-scales of PKS
2155–304 during its 2010 outburst.

(1) (2) (3)
Band N τmin

(d)

B 49 8.38
V 49 9.09
R 49 10.75
J 42 9.16
IP 21 0.68

..., N −1, j = i + 1, ..., N, and N is the number of observations. The
results are listed in Table 1. The columns are (1) the observation
band, with IP being the polarized flux in the R band, (2) the number
of observations N, and (3) the variability time-scale τ (days). Table 1
indicates that the time-scale of variability during the flare is on the
order of a few days and that light curves with similar sampling
display an increase of time-scale with wavelength.

The shortest time-scale, τ ∼ 0.7 d, occurred in the polarized flux.
Comparison of the variability time-scales of the total and polarized
R-band fluxes implies that the polarized emission originates in a
subsection (∼one-sixteenth) of the optical emission region.

4 D ISCUSSION

Simultaneous polarimetric and photometric observations of PKS
2155–304 show that the optical flare seen in 2010 can be attributed
to a single variable component with the following properties:

(1) a steady spectral shape;
(2) a high degree of polarization;
(3) a correlation between the flux and polarization angle;
(4) a tendency of the magnetic field to be transverse to the jet

direction during the epoch of highest polarization; and
(5) an increase in the time-scale of variability with wavelength.

These characteristics are consistent with a shock propagating in
a relativistic jet with a turbulent magnetic field (Hughes et al. 1985;
Marscher & Gear 1985), with synchrotron radiation losses leading
to larger variability time-scales at longer wavelengths. The shock
orders the turbulent magnetic field along the shock front, leading to
a change in the polarization angle. Since transverse shocks lead to
polarization angles oriented parallel to the jet axis, it is more likely
that an oblique shock is responsible for the observed emission.

4.1 Shock-in-jet model

The observed flux of a shock moving through a turbulent plasma
with constant bulk Lorentz factor # is

F = F0ν
−αδ(3+α)δ′(2+α), (4)

where F0 is the flux scaling factor, δ = [#(1 − βcos ')]−1 is the
Doppler factor of the jet in the observer’s frame, β =

√
1 − #−2 is

the speed of the shock normalized to the speed of light, and ' is the
viewing angle of the jet in the observer’s frame. The factor δ

′
is the

Doppler factor of the shocked plasma in the rest frame of the shock.
Without loss of generality, it can be assumed that the velocity of
the shocked plasma in the frame of the shock is %c, where c is the
speed of light and δ

′ ≈ 1 (Hagen-Thorn et al. 2008).
From Hughes & Miller (1991), the polarization degree of the

shocked plasma is

p ≈ α + 1
α + 5/3

(1 − η−2) sin2 ψ

2 − (1 − η−2) sin2 ψ
, (5)

where η = nshock/nunshocked is the density of the shocked region
relative to the unshocked region and * is the viewing angle of
the shock in the observer’s frame, which is subject to relativistic
aberration and is defined as:

* = tan−1
{

sin '/
[
#
(

cos ' −
√

1 − #−2
)]}

. (6)

Typical bulk Lorentz factors derived from emission models of the
VHE emission of PKS 2155–304 during the high state seen in
2006 yield # = 25–50 (Foschini et al. 2007; Begelman, Fabian &
Rees 2008; Narayan & Piran 2012), while Reynoso et al. (2012)
showed that the observed VHE emission could also be explained
by multiple shocks with # = 10.5–13. The Doppler factor δ(t) can
then be determined from equation 4 by adopting α = 1.12, the
spectral index of the variable component, and an average value
of # ∼ 20. The scaling factor F0 = Fmaxν

α/δ
(3+α)
0 , with Fmax the

observed flux in the R band at peak polarization. The δ0 factor is
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PKS 2155–304 experienced a prominent optical flare in 2010, increasing by a factor of 3.7 over ∼4 months. The 
multicolour photometric measurements and R-band polarization indicate:  
  1. The existence of two distinct states at low and high fluxes      
   2. During the high-flux state, the PA at the epoch of highest polarization tends to be oriented transverse to the jet 
   3. The variable emission can be explained by a single variable component with PD = 13.3 % and a constant 
        power-law SED with α = 1.12 ± 0.07
These properties are consistent with the shock-in-jet model, which shows that the observed variability can be 
explained by an edge-on shock. Some parameters derived for the relativistic jet within the shock-in- jet model 
are B = 0.06 G for the magnetic field, δ = 22.3 for the Doppler factor, and Φ = 2.6° for the viewing angle. 

CONCLUSIONS

1The Steward Observatory archive can be found at http://james.as.arizona.e du/∼psmith/Fermi/ 
2The SMARTS archive can be found at http://www.astr o.yale.edu/smarts/glast/home.php 

Derived values for the Doppler factor δ, jet viewing angle Φ ︎, 
viewing angle of the shock ψ ︎, and compression factor of the 
shocked plasma η for PKS 2155–304 for the 2010 flare. 

Doppler factor δ (red) and viewing angle θ (green) for the 
optical flux variability for bulk Lorentz factor ︎Γ = 20 & 10.5. 
The polarization degree for the helical magnetic field model is 
shown in blue, while the observations are shown in black.

It is not clear which model best describes the photopolarimetric behaviour of flaring blazars. Here, we present quasi-
simultaneous multiband photometric and polarization observations of the archetypal blazar PKS 2155–304 during a 
prominent optical flare in 2010, in an effort to understand the origin of the observed variability. 

OBJECTIVE
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Figure 3. Left-hand panel: Dependence between the polarization degree and R-band flux. Right-hand panel: Dependence between the polarization angle and
R-band flux. Note two distinct states above and below Ic = 18 mJy (dashed line). The dot–dashed line represents the jet direction. Colour indicates the date of
the observation, with the scale given by the colour bar.
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Figure 4. Comparison of the absolute Stokes parameters during the optical flare seen in 2010. The linear fit to the data for all I > 18 mJy is indicated by the
solid line. The dashed line represents Ic = 18 mJy. Colour indicates the date of the observation, with the scale given by the colour bar.

3.2 SED of the variable component

For photometry, the flux ratio for different pairs of spectral bands
is (Hagen-Thorn & Marchenko 1999)
(

Iν

Iν0

)var

= ανν0 , (2)

where the superscript refers to the variable emission component and
ν0 is the reference spectral band. If the spectral index of the variable
emission does not change with frequency, then these flux ratios are
constant and

Iν = ανν0Iν0 +
(
I cons
ν − ανν0I

cons
ν0

)
. (3)

Equation (3) shows that a linear relationship will be observed for Iν
versus Iν0 for multicolour observations. Hence, a linear relation in
the flux–flux diagrams for several bands indicates that the relative
SED of the variable component remains steady. The spectral index
of the variable emission can then be derived from the slope of the
best-fit line for log ανν0 versus log ν.

The B-, V- and J-band fluxes relative to the R-band flux is
displayed in Fig. 5, with the best-fit lines calculated using the
orthogonal regression method. The slopes of the fitted lines rep-
resent the flux ratio between the given pairs of bands. Since a linear
relationship is observed, it can be inferred that the relative SED
of the variable component remains steady during the observation
period. The variable emission spectrum of the source is displayed in
Fig. 6, which shows that the SED is well described by a power-law
Fν∝ν−α with slope α = 1.12 ± 0.07, consistent with emission from
a synchrotron source.

3.3 Variability time-scale

Following Burbidge, Jones & Odell (1974), the time-scale of vari-
ability for the multiband light curves is defined as τ = dt/ln (I1/I2),
where dt is the time interval between flux measurements I1 and
I2, with I1 > I2. All possible time-scales τ ij are calculated for any
pair of observations for which |Ii − Ij | > σIi + σIj . The minimum
variability time-scale is then given by τ = min{τ ij}, where i = 1,
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Absolute Stokes fluxes during 2010 optical flare of PKS 2155−304.The solid line gives 
the fit to the data for all I > 18mJy. The dashed line represents Ic = 18 mJy. Colour 
indicates the date of the observation, with the scale given by the colour bar. 

The B-, V- and J-band fluxes relative to the R-band flux during the 2010 
optical flare of PKS 2155–304. The best-fit lines are superimposed. 

Relative SED of the variable emission component of PKS 2155– 304 during its 2010 
outburst. The best fit line is superimposed, with slope α = 1.12 ± 0.07. 

FLUX−FLUX DIAGRAMS:
• Linear relationship seen in flux−flux diagrams displayed on the left
• Slopes of best-fit lines give flux ratio (Iν / IR) between the given 
pairs of bands

➞ Relative SED (displayed above) well described by 
    power-law with slope α = 1.12 ± 0.07, consistent with   
    synchrotron emission

Electric field from shock compression of a tangled magnetic field for edge-on shock (︎ψ 
= 90°) for a blazar with viewing angle︎ Φ


