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IXPE observation of PKS 2155-304 reveals the most highly
polarized blazar
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ABSTRACT

We report the X-ray polarization properties of the southern, high-synchrotron-peaked (HSP) blazar PKS 2155-304 based on observations with the
Imaging X-ray Polarimetry Explorer (IXPE). We observed the source between October 27 and November 7, 2023. We additionally conducted an ex-
tensive contemporaneous multiwavelength campaign to place the X-ray polarization results into a broader context. We find that during the first half
(T,) of the IXPE pointing, the source exhibited the highest X-ray polarization degree (Ilx) detected for an HSP blazar thus far, (30.7+2.0)%, which
dropped to (15.3+2.1)% during the second half (7). The X-ray polarization angle (¥x) remained stable during the IXPE pointing at 129.4°+1.8°
and 125.4°+3.9° during T and T, respectively. Meanwhile, the optical polarization degree (Ilp) remained stable within the uncertainties during
the IXPE pointing, with average host-galaxy-corrected values of (4.3+0.7)% and (3.8+0.9)% during T, and T, respectively. The optical polariza-
tion angle (Wo) changed achromatically from ~140° to ~90° during the IXPE pointing, and subsequently rotated back to ~130°. Despite several
attempts to observe the source in the radio band, the faintness and the weakly polarized nature of the source in the radio band resulted in only one
detection (99.7% confidence) of the polarization at 225.5 GHz during 7>, with degree IIg=(1.7+0.4)% and angle Wg=112.5°+5.5°. The direction
of the broad parsec-scale jet is rather ambiguous and has been found to point to the east and to the south at different epochs; however, on somewhat
larger scales (> 1.5 pc) the jet points toward the southeast (~135°), similar to all of the multiwavelength polarization angles. Moreover, the X-ray
to optical polarization degree ratios (Ilx/Tlp) of ~7 and ~4 during 7 and T, respectively, are similar to previous IXPE results for several HSP
blazars. These findings, combined with the lack of correlation of temporal variability between the polarization properties at different wavelengths,
agree with an energy-stratified shock-acceleration scenario in HSP blazars.

Key words. BL Lacertae objects: HSP, —Galaxies: jets —Polarization —Relativistic processes —Magnetic fields
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1. Introduction

The supermassive black holes in the centers of active galactic
nuclei (AGN) sometimes (in 5-10% of AGN) launch highly rel-
ativistic plasma jets that emit extremely luminous non-thermal
radiation. These jets serve as laboratories for studying acceler-
ation, cooling, and interactions of particles in some of the most
energetically extreme environments in the Universe, involving
ultra-relativistic electrons with Lorentz factors 210°. A partic-
ularly prominent subclass of AGN for studying such phenom-
ena is blazars, whose plasma jets are well aligned with our
line of sight (e.g., Blandford et al. 2019; Hovatta & Lindfors
2019). Blazars appear exceptionally luminous due to relativis-
tic beaming and exhibit a Doppler-boosted double-hump spec-
tral energy distribution (SED) that stretches from the radio to y-
ray bands. The first hump is generally attributed to synchrotron
emission of charged particles accelerating in the magnetized jet.
The origin of the second hump is not yet fully understood, al-
though Compton up-scattering of lower-energy photons is likely
to contribute significantly to it (e.g., Paliya et al. 2018). Blazars
are commonly categorized based on their synchrotron peak fre-
quency into low, intermediate, and high-synchrotron peaked
sources: LSP (vsynch<1014 Hz), ISP (1014<vsynch<1015 Hz), and
HSP (Vgynen>10'> Hz). As such, HSP blazars have synchrotron
peaks that correspond to the UV/X-ray photon energy range
(20.01 keV).

Multiwavelength polarization measurements of blazar emis-
sion is a vital research tool to distinguish among the predictions
of different particle acceleration and emission models. The po-
larization degree (IT= 4/Q? + U2 + V2/I, where Q, U, V, and I are
the Stokes parameters), which measures the fraction of polarized
radiation, reveals the level of order of the magnetic field lines
in the emission region. The polarization angle (‘I’:% arctan [%])
which refers to the direction of the electric vector of the lin-
early polarized emission, indicates the orientation of the mean
magnetic field in the emission region when the synchrotron-
emitting particles are distributed isotropically in the jet frame.
Moreover, comparing the magnitude and the temporal variabil-
ity of the multiwavelength polarization measurements (IT and V)
can determine whether the emission at different wave bands is
co-spatial. Radio and optical polarization measurements in the
past have been used to constrain emission models in LSP and
ISP blazars (e.g., Marscher et al. 2008). However, in the case of
HSP sources, whose peak luminosity lies in the UV/X-ray do-
main, polarization measurements at higher photon energies are
more advantageous as research tools.

Since the first observation of Cen A in early 2022 (Ehlert
et al. 2022), the Imaging X-ray Polarimetry Explorer (IXPE,
Weisskopf et al. 2022) has opened a new window to the extra-
galactic Universe by obtaining polarization measurements in the
medium-energy X-ray range (2-8 keV). For HSPs, this range
means that IXPE probes their synchrotron dominated emissions.
The first blazar observations, of the HSPs Mrk 501 and Mrk 421,
found that the synchrotron X-ray polarization degree (Ilx) is a
factor of a few times higher than the contemporaneous radio and
optical values (Liodakis et al. 2022b; Di Gesu et al. 2022a). Ob-
servations of other HSP sources (e.g., Ehlert et al. 2023; Kim
et al. 2023) have revealed that the ratio can be up to a factor of
seven. The polarization angle ¥ tends to be aligned with the jet
axis on the plane of the sky, although large rotations up to 400°
have been observed at both X-ray and optical wavelengths dur-
ing the IXPE observations (Di Gesu et al. 2023; Middei et al.
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2023). The wavelength dependence of II, where [1x>I1p>I1R,
and the lack of correlation between the polarization patterns
at different wavelengths, have been interpreted as evidence for
an energy-stratified shock-acceleration scenario (Liodakis et al.
2022b; Ehlert et al. 2023). In this scenario, a compact shock
front, possibly swirling down a helical magnetic field in the jet,
accelerates particles away from it. The particles lose energy (e.g.,
via synchrotron emission) as they move farther away into more
turbulent regions. As a result, the higher energy emission origi-
nates from closer to the shock front where the magnetic field is
more ordered, leading to the higher energy emission being more
polarized. On the other hand, the lower energy emission origi-
nates from magnetically more turbulent regions, leading to them
being less polarized. However, other IXPE observations (e.g.,
1ES 1959+650;Errando et al. 2024) have shown comparable po-
larization degrees in the X-ray and optical bands. This would
suggest that a significant turbulent component could be present,
even in the X-ray emission region closer to the shock front.

In this paper we present a study of the sixth HSP
blazar observed by IXPE, PKS 2155-304 (a=21:58:52.065,
0=-30:13:32.118). It is one of the brightest extragalactic UV
and X-ray sources in the southern sky, with a redshift of 0.117
(Bowyer et al. 1984). Since its detection in the keV X-ray band
(Schwartz et al. 1979; Griffiths et al. 1979) where it exhibits
extreme variability, PKS 2155-304 has been the target of sev-
eral multiwavelength campaigns from radio to very high-energy
(VHE; E>100 GeV) y-rays (see, e.g., H. E. S. S. Collaboration
et al. 2012 and references therein). It has shown intra-night vari-
ability in the optical (Carini & Miller 1992), X-ray, and VHE
bands, with its spectrum showing a harder-when-brighter be-
havior (Aharonian et al. 2005). While a temporal correlation
of flux variations in the optical and VHE bands has been sug-
gested, a lack of such correlation between the X-ray and VHE
bands challenges the commonly favored one-zone synchrotron
self-Compton (SSC) acceleration mechanism used to explain the
second SED hump of HSP blazars (Aharonian et al. 2009). The
extremely short variability timescales in the higher-energy bands
suggest a much larger Doppler factor (Aharonian et al. 2007)
than implied by VLBI observations of the parsec-scale jet (Piner
& Edwards 2004; Piner et al. 2008). This may be partly due
to the radio and higher-energy emission originating from differ-
ent parts of the jet. Nevertheless, this issue has prompted the
consideration of jet-in-jet models involving magnetic reconnec-
tion (Giannios et al. 2009), spine-sheath models (e.g., Ghisellini
et al. 2005), and decelerating flow models (Georganopoulos &
Kazanas 2003).

As observed with very long-baseline interferometry (VLBI)
in 2000 at 15 GHz, the projected direction of the jet on
PKS 2155-304 into the plane of the sky appeared to point due
east of the compact core at the smallest scales, < 1.5 pc (Piner &
Edwards 2004). However, higher-resolution VLBI images taken
in 2009 at 43 GHz revealed that the jet at these smallest scales
is oriented southward (Piner et al. 2010). In the images at both
frequencies, the jet points in the southeast direction (~135°) at
distances > 1.5 pc (in projection on the sky) from the compact
"core". Due to this ambiguity, we approximate the general di-
rection and opening angle of the jet to encompass the south-
eastern quadrant between 90°—180°. Given that the aforemen-
tioned VLBI images are not contemporaneous, and that Doppler
effects can cause rapid apparent position angle variation of the
highly aligned inner jets of blazars, as well as that the jet could
have physically changed direction (as many blazars do; see, e.g.,
Lico et al. 2020), we consider the average jet direction to be bet-
ter represented by the more stable position angle at the larger
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scale (> 1.5 pc). Thus, we estimate the jet position angle to be
~135°with an uncertainty of £30°, which is similar to the broad
jets found in other HSP sources (Weaver et al. 2022).

In the optical band, the linear polarization of PKS 2155-304
was tracked for around 10 years at Steward Observatory (Smith
et al. 2009). The polarization degree I1p was typically around
2-6% and the position angle W ranged from 60° to 120° ; see
Appendix A.

In §2 we present the observations with IXPE and other X-
ray observatories, describe the X-ray data analysis, and report
the results. In §3 we present the data from our contemporaneous
multiwavelength campaign. We discuss our findings in §4 and
present our conclusions in §5.

2. X-ray polarization observations & analysis
2.1. IXPE

IXPE, a joint space mission of NASA and the Italian Space
Agency (ASI), comprises three identical X-ray telescopes de-
signed for X-ray polarimetry in the 2-8 keV energy range (Weis-
skopf et al. 2022). For each photon, the detectors generate an
electron track from which the Stokes Q, U, and I parameters can
be estimated'. After correcting for instrumental effects (modu-
lation factor, boom motion, etc.), the Stokes parameters are ex-
tracted as a function of energy for a given region of interest.
Then, the polarization properties (degree and angle) are mod-
eled and estimated using standard X-ray analysis procedures in
XSPEC.

IXPE targeted PKS 2155-304 from UT 2023-10-27T16:31
to 2023-11-07T00:08. The total exposure time of the observa-
tions was 476 ks. The spectra for the Stokes parameters I, Q, and
U were derived using a circular region with a radius of 0.95 ar-
cmin centered on the source. An annulus with an inner ring ra-
dius of 1.2 arcmin and an outer ring radius of 3.5 arcmin was
used to extract the background. The adoption of these regions led
us to a total count of around 10° (summing those collected in the
three distinct Detector Units). The background contribution is of
the order of 2.5%. Finally, the Stokes I spectra were grouped in
order to ensure a signal-to-noise ratio (S/N) of at least 7 in each
energy bin, while for the Stokes Q and U spectra we adopted a
uniform bin width of 280 eV.

2.2. XMM-Newton

On 2023-11-01, XMM-Newton (with a sensitivity range of
0.3-10 keV; Jansen et al. 2001) observed PKS 2155-304 quasi-
simultaneously with IXPE for ~50 ks. Using the standard Sys-
tem Analysis Software (SAS, version xmmsas_20230412_1735-
21.0.0) and the updated current calibration files, we extracted
the event lists of the European Photon Imaging Camera (EPIC;
Striider et al. 2001). Since the observation was performed in
Timing mode, we extracted the source spectrum using a box of
27 pixels centered on the source. The standard SAS commands
rmfgen and arfgen were used to generate the response and aux-
iliary matrices. The spectrum was subsequently binned so as to
avoid oversampling the spectral resolution by a factor greater
than 3, and to have at least 30 counts per bin. The obtained spec-
trum has 2.1 x 10° counts, with the background being around
4.5%.

! Current technology to measure X-ray polarization does not permit
measurements of the circular polarization component (Stokes V). Nev-
ertheless, intrinsic circular polarization in blazars should be low (<«1%),
and has yet to be confidently detected (Liodakis et al. 2022a, 2023).

Article number, page 4 of 18

2.3. Swift-XRT

The Neil Gehrels Swift X-Ray Telescope (Swift-XRT; sensi-
tive range of 0.2-10 keV; Burrows et al. 2005), observed
PKS 2155-304 daily from one day before to one day after the
~ 10-day IXPE exposure, and less frequently before then, start-
ing in 2023 September. The information from Swift enables us
to monitor the evolution of the flux level and the spectral shape
of the source. To derive third-level science products, we used
the XRT Data Analysis Software with the most recent (2023
July 25) calibration files found in the Swift-XRT CALDB. Swift
observed our source both in window timing (WT) and pho-
ton counting (PC) modes. For each observation performed in
WT observing mode, we computed the XRT spectrum using
the cleaned event files, adopting an extraction region of circular
shape with a 47 arcsec radius. The background was then obtained
using a blank sky WT observation available in the Swift archive.
No pile-up issues affect these observations. To mitigate any pos-
sible pile-up issues of the PC exposures, the source spectrum
was extracted using an annular region with a fixed outer radius
of 47 arcsec and a variable inner radius. To mitigate any spectral
hardening due to the pile-up, we selected the radius based on Ta-
ble 2 of Middei et al. (2022b). The background was instead ex-
tracted using a circular region (r~47 arcsec) centered on a black
area of the detector. The resulting spectra were subsequently
binned, requiring at least 25 counts per bin. The Swift-XRT ob-
servations presented here are all snapshots of ~1 ks in duration.
As a result, each spectrum has a few thousands of counts with a
background of the order of ~1% of the total counts.

We then performed a standard spectral analysis with the
XSPEC software (Arnaud 1996) by testing each of the resulting
spectra using a (tbabs X logpar) model. This model accounts for
a fixed Galactic column density and a logarithmic parabola com-
monly used to model the continuum spectrum of HSP objects
(see §2.4). The two-month long Swift-XRT X-ray light curve of
PKS 2155-304 is presented in Appendix A. According to this
light curve, PKS 2155-304 was in a typical flux state in the X-
ray band during the IXPE pointing.

2.4. X-ray spectro-polarimetric analysis

We derived the X-ray polarimetric properties by perform-
ing a spectro-polarimetric analysis using XSPEC. The X-
ray spectra of HSP sources are commonly fit with a log-
parabola model (e.g., Massaro et al. 2004; Giommi et al.
2021; Middei et al. 2022a), hence we modelled the I, Q,
and U IXPE spectra as well as the EPIC-pn spectrum using
a tbabs X const X logpar X polconst model. The first
component, tbabs, accounts for the Galactic hydrogen column
density, which was set to a fixed value of Ny=1.29x10?° cm~
(HI4PI Collaboration et al. 2016). The following component,
const, is a multiplicative constant needed to take into account
the inter-calibration among the different detector units (DUs)
and the EPIC-pn camera spectrum. The component logpar
is used when fitting the curved photon-flux continuum with a
logarithmic-parabolic equation: ®(E) = K (E/E,) *PloeE/E),
where E), is a scaling factor referred to as the pivot energy, K
is a normalization factor, « is the slope at the pivot energy, and
B is the curvature term (e.g., Massaro et al. 2004). Finally, the
last model component, polconst, accounts for the polarimet-
ric properties of the Q and U spectra, thus returning I1x and WPx
fits under the assumption that both of these quantities remained
constant over the IXPE operating energy range.
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Table 1. Best-fit parameters from the spectro-polarimetric analysis of
PKS 2155-304. The results refer to the joint fit to the IXPE and XMM-
Newton data. Fluxes are given in units of 107! erg cm™2 s~!, while the
logarithmic parabola has a normalization of 1072, All errors are given at
68% confidence for one parameter of interest (i.e., Ay?>=1). The symbol
T indicates those parameters that were kept frozen during the model
fitting.

Component Parameter Time-averaged Units
polconst Ilx 23.3+1.5 (%)

Yy 128+1.8 (°)
tbabs ngt 1.29 10 cm™2
log-par « 2.71+0.02

pn 2.569+0.08

EpT 3 keV

B 0.078+0.012

K 32+0.1
const kpuz 0.96+0.01

kpus 0.89+0.01

kpn 0.96+0.01
Fr_gkev 2.63+0.01 107 ergcm™2 571

During the fitting procedure, we initially computed both «
and B of logpar while assuming that they do not vary be-
tween the IXPE and XMM-Newton exposures. Similarly, we
fitted the normalization of the continuum (K) and the different
cross-calibration constants (kpyz, kpus, and kp,). Additionally,
E, was set to 3 keV. However, this approach does not return a
good fit, as a preliminary analysis revealed the IXPE and XMM-
Newton slopes (@) to differ by ~0.1. This can be either due to
spectral calibration issues, intrinsic changes of the spectral shape
of PKS 2155-304 (e.g., Middei et al. 2022a), or the lack of truly
simultaneous data. To account for this, we fit @ separately for the
IXPE and XMM-Newton data.

These steps yield a logarithmic parabola best-fit with
x?/d.0.f.=596/538, i.e., the chance probability for the data to
have been drawn from the model is 0.04. Despite several stud-
ies discussing the importance of modelling the spectra of HSP
sources with a logarithmic parabola model (e.g., Massaro et al.
2004), we additionally checked the goodness-of-fit of our IXPE-
XMM-Newton data with an absorbed power-law model. We
did this by replacing the logarithmic parabola component in
our model with a new free parameter (tbabs) plus a power-
law. For the last component we calculated the photon index
(') of the IXPE and XMM-Newton datasets separately. The y?>
goodness-of-fit test for the absorbed power-law model results in
x*/d.o.f.=626/538 (with a 0.005 chance probability of the data
having been drawn from the model), which is a worse fit than
the logarithmic parabola model.

In Figure 1, panel (a), we show how the logarithmic parabola
model fits the data and the corresponding residuals for the I
Stokes parameters. The best-fit Q and U Stokes parameters are
shown in panel (b) of Figure 1. Table 1 gives the inferred param-
eters and their uncertainties.

The results obtained from the spectro-polarimetric modelling
are in agreement with a typical HSP spectrum with « in the
range 2.55-2.7 and $=0.078+0.012. We find that both IIx and
Y are significantly constrained, with values of (23.3+1.5)% and
128°+1.8°, respectively, in agreement with Hu et al. (2023). In
Figure 2, we show the corresponding confidence regions derived
for these two parameters. We do not see significant flux variabil-
ity during the IXPE pointing (Figure A.2). Nevertheless, we per-
formed the analysis using the IXPE and XMM-Newton datasets

Table 2. Time-resolved IXPE polarization results of PKS 2155-304.

Period Polarization degree (Ilx) Polarization angle (Wx)

T (30.7£2.0)% 120.4°+1.8°
T (15.3+2.1)% 125.4°+3.9°

separately. We do not find any difference in the derived polariza-
tion parameters.

2.5. Time- and energy-resolved analysis

We additionally investigated the possibility of polarization vari-
ability over time and energy using the x test for a fit of a con-
stant model to the normalized q = Q/I and u = U/I Stokes pa-
rameters, as implemented in Di Gesu et al. (2023) and Kim
et al. (2023). We calculated the null-hypothesis probability of the
constant model considering the degrees of freedom and y? val-
ues from the result of each fit. First, time variability was tested
for by dividing the entire observation period into 2-15 sub-
periods. For all subdivisions, except 11, 13, and 15, we found
that the null-hypothesis probability of the u Stokes parameter
being constant throughout the observation was <1%. The low-
est null-hypothesis chance probability found was <0.000127,
which occurred when dividing the IXPE pointing into two equal
time bins. As shown in Table 2, we obtained I1x=(30.7+2.0)%,
Yx=129.4°+1.8° for the first period, Ty, and [1x=(15.3+£2.1)%,
Wx=125.4°+£3.9° for the second period, T, as shown in Fig-
ure 3. The polarization angle was essentially stable, within the
1o uncertainty, from T to T,, while the polarization degree var-
ied markedly between the two time bins.

The above time-resolved analysis included data over the
entire 2-8 keV IXPE high-sensitivity energy range. We also
performed an energy-resolved analysis integrated in time over
the entire IXPE pointing. We subdivided the 2—-8 keV sensitiv-
ity range into multiple energy bins: two 3 keV bins (2-5 keV
and 5-8 keV) up to twelve 0.5 keV bins (2.0-2.5 keV, ...,
7.5-8.0 keV). A x? test finds no significant difference in po-
larization properties across the subdivided energy bins. Addi-
tionally, we performed a test where the energy and time are di-
vided simultaneously (7, with 2-5 keV, T| with 5-8 keV, T,
with 2-5 keV, and T, with 5-8 keV), we found that there is no
significant difference in polarization properties across the sub-
divided energy bins within the uncertainty of each polarization
measurement.

3. Contemporaneous multiwavelength observations

Contemporaneous to the IXPE observation, PKS 2155-304 was
observed in radio and optical bands. Here we provide a brief
description of the observations and data analysis procedures.
More details about data reduction can be found in Liodakis et al.
(2022b) and Di Gesu et al. (2023).

At radio frequencies, observations were provided by the
Effelsberg 100-m radio telescope and the Korean VLBI Net-
work (KVN). Effelsberg observations were performed within the
QUIVER (Monitoring the Stokes Q, U, I and V Emission of
AGN jets in Radio) program at 4.85, 10.45, and 13.8 GHz. The
KVN observations were performed using the Yonsei and Tamna
antennas in single-dish mode (Kang et al. 2015) at 25, 43, 86,
and 129 GHz. Millimeter-wave radio (mm-radio) observations
were provided by the SubMillimeter Array (SMA) polarimeter
(Marrone & Rao 2008) within the SMAPOL (SMA Monitoring

Article number, page 5 of 18

282
283

284

285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333



334
335

336
337
338
339
340
341
342
343
344
345
346
347

A&A proofs: manuscript no. output

ERRI Y  XMM-Newton -
= 10—4? : , ; :
Eoof

:é O'Jf Jf ! ‘ |'-W,,ill”"“"p 4“'“!': i ‘ww i
3 =F (TR

2
Energy (keV)

Counts keV-!

-1000

X2 = 596 for 538 dof

T
”+“+ T

Energy (keV)

-2000

(data-model)/error
o

-_H‘ “‘T—’H u
.l +

3

Fig. 1. Top panels display the best fits to the IXPE and XMM-Newton spectra, while the bottom panels show the corresponding residuals. Left:
model tbabs X const X polconst X logpar fit to the Stokes I spectra; right: best-fit Stokes Q and U spectra.
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Fig. 2. Confidence regions for the time-averaged polarization degree
(IIx) and angle (Wx) obtained from the joint IXPE and XMM-Newton
fit. The contours are shown at 68%, 90%, and 99% confidence levels.

of AGNs with POLarization) program at 225.5 GHz (Myserlis et
al., 2024 in preparation).

We have found that the source was weakly polarized across
all radio bands. At frequencies lower than 129 GHz, we are only
able to obtain upper limits. In the 4.85-13.8 GHz regime, the
polarization degree is < 3% (99.7% C.I.). At KVN frequen-
cies, the most constrained upper limit estimate is < 4.4% (99.7%
C.L.), found at 43 GHz. At 225.5 GHz, we observed the source
on 2023 October 27, November 4, and November 6. The first
two observations yielded 99.7% C.I. upper limits of < 2.61%
and < 0.81%. In the third observation, we measured the radio
(225.5 GHz) polarization degree to be [Ig=(1.7+0.4)%, along a
polarization angle of WYr=112.5°+5.5°. The polarization results
in the radio band are summarized in Table 3.
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Fig. 3. Polarization contours for time periods 7; (blue) and 7T, (red),
obtained when performing a time-resolved analysis. The contours are
shown at confidence levels of 68.27%, 90.00%, and 99.00%.

We conducted contemporaneous optical observations at the
Calar Alto Observatory using the Calar Alto Faint Object Spec-
trograph (CAFOS), the 60 cm telescope at Belogradchik Obser-
vatory, the Kanata telescope using the Hiroshima Optical and
Near-InfraRed camera (HONIR, Kawabata et al. 1999; Akitaya
et al. 2014), the Liverpool Telescope using the Multicolour OP-
Timised Optical Polarimeter (MOPTOP), the Boston University
Perkins Telescope Observatory using the PRISM instrument, and
the South African Astronomical Observatory using the HIgh-
speed Photo-POlarimeter (HIPPO, Potter et al. 2010). HIPPO
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Fig. 4. IXPE and contemporaneous multiwavelength polarization of PKS 2155-304. Panels from top to bottom are optical brightness, multiwave-
length polarization degree, and multiwavelength polarization angle. Vertical gray shaded area demarcates the duration of the IXPE observation.
Horizontal lavender shaded area in the bottom panel denotes the approximate position angle of the extended (> 1.5 pc) VLBI jet (see §1). The
symbol T refers to host-galaxy-corrected values. To calculate ITx/I1o, we used the average host-galaxy-corrected Il in each of the two IXPE time

bins.

uses two contra-rotating 1/2 and 1/4 wave-plates and can simul-
taneously measure linear and circular polarization by fitting the
amplitude and phases of the 4th, 8th (linear), and 6th (circu-
lar) harmonic (Potter et al. 2008, 2010). The 60 cm telescope
at Belogradchik observatory uses a set of three polarizing fil-
ters, oriented at 0, 60, and 120 degrees, and standard photo-
metric procedures. Details on the analysis and calibration for
these observations can be found in Bachev et al. (2023). MOP-
TOP features a dual-beam configuration, with a pair of fast-

readout, very low-noise CMOS cameras, and a continuously ro-
tating half-wave plate. These allow for high-sensitivity observa-
tions while minimizing systematic errors. MOPTOP has a FOV
of 7x7 arcsec? (Shrestha et al. 2020). Quasi-simultaneous obser-
vations were taken in filters B (380-520 nm), V (490-570 nm),
and R (580-695 nm). The observations were carried out in slow
mode with 16 X 4 s integrations per camera being used to cal-
culate four sets of Stokes IQU parameters. These were averaged
before calculating the photopolarimetric data for further mini-
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Fig. 5. The X-ray to optical polarization degree ratio (Ilx/I1p) of the six
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degree (I1x). In the case of PKS 2155-304, the two time bins (7} and
T,) are presented separately (see §2.5), while for the others the detected
(>99.7% confidence) values are averaged over the IXPE pointing.

Table 3. Linear polarization results of PKS 2155—-304 in the radio band.

The upper limit values of Ilg, shown using "<", correspond to 99.7%
C.L

Program Frequency (GHz) MID Ilg

Yr

QUIVER 4.85
QUIVER 10.45
QUIVER 13.85
KVN 23
KVN 43
KVN 86
KVN 129
SMAPOL 225.5
SMAPOL 225.5
SMAPOL 225.5

60254 <2.13%
60254 < 3.33%
60254 < 2.76%
60261 < 8.8%
60261 < 4.4%
60261 < 16.6%
60261 < 13.0%
60244 < 2.6%
60252 < 0.8%

60254 (1.7£0.4)% 112.5°+5.5°
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Fig. 6. Multiwavelength time-averaged polarization degree of HSP
blazars observed by IXPE. Only polarization detections (>99.7% con-
fidence) were used to calculate the I1 time-averages.

mization of the uncertainties. The photometric data were calcu-
lated via standard differential photometry techniques with the
astropy and photutils packages in Python, using a calibra-
tion star with known BVR magnitudes. The polarimetric data
were calibrated using zero-polarized and polarized standard stars
to characterize the instrumental polarization, position angle, and
depolarization values.

In HSP sources the unpolarized starlight from the host-
galaxy has a depolarizing effect on the raw measurements of the
optical polarization degree (Ilp). To correct for this, the host-
galaxy flux density (/) contribution within the aperture used in
the polarization measurements is needed. We have carefully es-
timated 7, for different aperture sizes by convolving the known
surface brightness measurement of PKS 2155-304 (14.8 R-band
magnitudes, equivalent to 3.70 mly, at an effective radius of
4.5 arcsec; Falomo et al. 1991) to different seeing and subtracting
the blazar contribution from it. The modeled host-galaxy magni-
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tude (m) against the aperture radius (r) can be mathematically
represented as m = p, — 5Slog(R,) — 2.5log[27n - el [(by)?" -
I'(2n, x)-y(2n)], where x=b,(r/R,)™", T is the incomplete gamma
function, and vy is the gamma function (e.g., Graham & Driver
2005). For the host-galaxy of PKS 2155-304, we obtained the
fit parameters n=1.507, b,=2n—-0.324, R,=2.87, and u,=21.03.
For example, when using an aperture of 7.5 arcsec in radius, the
host-galaxy flux density contribution is 1.27 + 0.13 mJy in the
R-band. The intrinsic polarization degree (II;) is then estimated
asIl; = o - I,/(I; — I), where [, is the total flux density (Hovatta
et al. 2016). This approach allows for the host-galaxy-correction
of all R-band polarization measurements that are accompanied
by a photometric image. This was performed for several R-band
data sets, whose host-galaxy-corrected I1o? values are shown in
Figure 4, labeled as R-band’. We note that the host-galaxy con-
tribution is dependent on the wavelength. For example, the host-
galaxy is brighter in IR bands, while dimmer in higher energy
optical bands. Unfortunately, the aforementioned modeling of
the host-galaxy was only possible in the R-band. Therefore, we
can only correct for the host-galaxy contribution in the R-band.

Table 4 summarizes the optical observations of
PKS 2155-304. During the IXPE pointing (between MJD
60244 and 60255), we find that IIo was rather stable, with
average host-galaxy-corrected R-band values of (4.3+0.7)% and
(3.8£0.9)% for the first and second halves of the pointing, re-
spectively. We measure W to be in the 90°-140°range. We note
that while we were only able to perform host-galaxy-correction
in the R-band (which is rather narrow), the host-galaxy con-
tribution in the B and V bands is usually negligible. In the I
and J bands the contribution is expected to be greater, which
would shift their corrected polarization degrees closer to the
corrected R-band values. Due to the high density of data points
in the optical and near-IR bands (see Figure 4), in Appendix
B (Figure B.1) we plotted zoomed-in light curves to allow for
a better analysis of the color-dependent properties of these
bands. We find that while Il underwent rather achromatic
variations, the simultaneous polarization degrees at B-band
were consistently higher than those of the host-galaxy-corrected
R-band, with an average ratio around 1.2 (see Figure B.1). In
Appendix B, we additionally visualize the chromatic intra-night
variations observed during the IXPE pointing. The polarization
angle Wo exhibited a continuous and achromatic rotation from
~140° to ~90° between MJID 60244 and 60251, after which
the value increased to ~130° (at MJD 60257 and staying
roughly the same during the following three nights). While the
average source brightness differed strongly with color in the
optical bands, with the source being brighter in the redder bands
due to stronger host-galaxy contamination, the time-resolved
brightness of all the colors showed little variability during
the IXPE pointing. Overall, these values were comparable to
the typical ones seen in the decade-long monitoring results
of PKS 2155-304 at Steward observatory (see Appendix A),
indicating that the source was in an average optical state when
IXPE observed it. We note that I1p was a factor of ~2 greater
than the polarization degree in the radio band (Ilg) and Yo was
consistent with the simultaneous radio band polarization angle
(PRr); see Figure 4.

Optical (R-band) circular polarization observations of the
source using HIPPO yielded an upper limit of <0.87% at 99.7%
C.I. during the IXPE observation.

2 Throughout this paper the subscripts O and R refer to the generic op-
tical (including near-IR) and radio bands, respectively. Any filter spe-
cific information then follows the generic subscript in parentheses.

Table 4. Linear polarization results of PKS 2155-304 in the optical and
near-IR bands. "O" represents the optical band of the measurement. "In-
str." represents the instrument used to make the measurement. Note that
"Belogr." refers to Belogradchik Observatory. "First" and "Last" repre-
sent the first and last MJDs on which data from the given instrument
was recorded, respectively. "#" represents the number of data points
taken via each instrument within the given the time window. "m", ”ﬁ",
"g1i", and "P" give the average magnitude, average polarization degree,
median standard deviation of the polarization degree, and average po-
larization angle within the time window, respectively. Note that some T
values are host-galaxy corrected (represented by the symbol 7).

O Instr. First Last # m 11 o b

B PRISM 60253 60254 2 14.5 4.6% =+0.4% 100.2°
B MOPTOP 60244 60256 5 144 47% +0.5% 108.9°
V PRISM 60252 60254 3 14.1 4.1% +0.2% 101.5°
V MOPTOP 60244 60256 6 14.0 3.7% +0.4% 111.2°
R PRISM 60226 60257 13 13.7 5.2%" +0.4% 123.7°
R MOPTOP 60244 60256 7 13.6 3.5%" +0.4% 117.1°
R HONIR 60245 60251 109 13.7 4.1%" +0.2% 113.7°
R CAFOS 60249 60253 11 13.7 3.2%" +0.2% 101.9°
R Belogr. 60254 60255 2 13.8 6.7%" +0.9% 127.9°
R HIPPO 60251 60260 254 — 2.8% +0.3% 114.7°
I PRISM 60252 60254 3 134 3.4% +0.6% 107.2°
J HONIR 60245 60251 99 — 3.1% +0.4% 113.4°

4. Discussion

Several particle acceleration mechanisms have been suggested
to explain how electron populations in HSP blazar jets can reach
the energies needed for their synchrotron luminosity to peak in
the X-ray regime. Diffusive shock acceleration in weakly mag-
netized jets is one such mechanism (e.g., Blandford & Eich-
ler 1987). For example, Marscher (2014) considered a scenario
where a conical standing shock energizes turbulent plasma as
it crosses the shock front, with some regions being accelerated
more effectively due to favorable orientation of their magnetic
field lines relative to the front. The particles lose energy by radi-
ating as they advect farther from the shock, hence there is a gra-
dient in maximum particle energy in the emitting region. This
multi-zone emission model can explain the general nature of
temporal variations observed in the flux and polarization. In the
case of an HSP blazar, this model predicts a higher mean value of
ITx with higher-amplitude variations than at longer wavelengths
(Marscher & Jorstad 2022; Peirson & Romani 2018). It addition-
ally predicts random rotations of ¥ with varying rate, magnitude
AY, and direction (clockwise or counterclockwise).

Particle acceleration in a shock or compressed plasmoid
moving down a jet with a partially ordered or helical mag-
netic field has also been suggested (e.g., Blandford & Konigl
1979; Marscher & Gear 1985; Sikora et al. 1994; Marscher
et al. 2008). If the plasmoid has uniform physical conditions,
the multi-frequency emission is co-spatial, hence the polariza-
tion patterns across different frequencies are expected to be sim-
ilar (Di Gesu et al. 2022b). In contrast, a moving shock should
have similar multiwavelength properties as described above for
a standing shock, with stratification of the maximum energy, and
therefore frequency, profile. The volume occupied by the lower-
energy particles is greater, hence vector averaging of the disor-
dered, or otherwise multi-directional, magnetic field lowers the
polarization at longer wavelengths. This leads to wavelength de-
pendence of II, whose mean value is expected to decrease to-
ward longer wavelengths (e.g., Angelakis et al. 2016; Tavecchio
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et al. 2018). Furthermore, as the flow crosses the shock front,
the component of the internal magnetic field that is parallel to
the shock front becomes more ordered, which results in ¥ at
the synchrotron peak frequency (Wx for HSP blazars) to align
with the jet direction. In the case of a helically twisted mag-
netic field structure in the jet (evidence for which is found in
parsec-scale VLBI observations; e.g., Hovatta et al. 2012), ¥
at the synchrotron SED peak frequency is expected to exhibit
non-stochastic rotations resulting from the passage of the shock
front through the jet. In blazars whose SED peaks in the optical
regime, systematic Wq rotations have been observed, with some
being temporally correlated with GeV y-ray flares (Blinov et al.
2015, 2018). Additionally, a harder-when-brighter spectral be-
havior can be expected in the case of shock front acceleration
(Kirk et al. 1998).

If the jets are highly magnetized, shock acceleration is not
effective. Instead, magnetic reconnection could efficiently con-
vert magnetic energy into particle energy (Sironi & Spitkovsky
2014; Sironi et al. 2015). For example, this can involve current
sheets generated by kink instabilities (Bodo et al. 2021). Further
stochastic acceleration can follow injection of particles into tur-
bulent regions (Comisso & Sironi 2018). The expected observed
polarization resulting from magnetic reconnection scenarios, av-
eraged over the IXPE ~10-100 ks integration times, would cor-
respond to IIx<Ilp and a different temporal evolution for Wx
than W (Di Gesu et al. 2022b).

Alternatively, Zhang et al. (2020) considered a striped-jet
scenario where more antiparallel magnetic field lines are ex-
pected to form than in the kink instability/turbulent scenarios,
leading to the production, merger, and acceleration of plasmoids.
Their observational predictions include a harder-when-brighter
behavior and more temporal variability of ITx than IIp as Wx
undergoes significant 90°-180° rotations along the anti-parallel
field lines. Integrated over an IXPE pointing, this is expected to
yield ITx <IIp.

In the case of PKS 2155-304, we find that ¥ at all wave-
lengths is in the general direction of the parsec-scale jet seen
in the VLBI images (which is generally southeast at ~135°; see
§1). Our single significant radio detection of polarization mea-
sured Wr ~110°, which is roughly aligned with the jet direc-
tion. In the X-ray band, we find no evidence that Wx changed
during the IXPE pointing, while in the optical band it rotated
from Wo ~140° at the beginning to ~90° at around MJD 60251,
then up to ~100° at the end of the IXPE pointing, and further
up to ~130°at MID 60257. We note that such ~ +25° fluctua-
tions about a mean value of Wg is typical of PKS 2155-304 as
tracked by Steward observatory (see Appendix A). However, the
mean value gradually drifted from ~ 80° to ~ 40° in around
10 years ending in 2020. This is quite different in both rate and
range of values from the rotation on a timescale of days seen in
our data set, throughout which ¥ at all wavelengths is roughly
aligned with the VLBI jet direction. This is a strong indication of
particle acceleration occurring in regions with a magnetic field
predominantly oriented orthogonally to the jet axis, as expected
in the shock acceleration scenario or for a jet with a dominant
toroidal field. Additionally, the discrepant behavior between Wx
and Wo indicates that at least part of their emission arises in sep-
arate regions in the jet. Furthermore, the lack of evidence for any
fast changes in W strongly disfavors particle acceleration mech-
anisms resulting from magnetic reconnection or large-scale tur-
bulence.

Regarding the polarization degree, we find that [Tx>I1o>IIg
held true throughout the IXPE pointing, with IIx/TIlp being ~7.2
and ~4.0 in the first and second halves of the pointing, respec-
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tively (see Figure 4). The former (during 7') is the most extreme
X-ray-to-optical polarization degree ratio found in a blazar to
date, as seen in Figure 5 (also see Figure 6): more than twice
that measured for Mrk 421, Mrk 501, and 1ES 1959+650. More-
over, we note that PKS 2155-304 has historically had the soft-
est X-ray spectrum as compared with the others (according to
the ROSAT all-sky survey; Boller et al. 2016), which held true
during the IXPE pointing. A softer X-ray spectrum is indica-
tive of the X-ray emission originating farther above the syn-
chrotron peak frequency. The particles radiating at X-ray ener-
gies in PKS 2155-304 have shorter cooling times and therefore
occupy smaller volumes than in the other HSP blazars, according
to our interpretation. Emission from such particles would result
in a higher mean value — as well as higher-amplitude variability
— of Iy, as the averaging effects due to randomly-oriented mag-
netic fields would be reduced (Peirson et al. 2023). On the other
hand, being farther above the synchrotron peak frequency may
result in contribution by the high-energy component of the SED
in the 2-8 keV band (e.g., Madejski et al. 2016). If that contri-
bution is significant, it may result in somewhat underestimating
the measured I1x.

Interestingly, the more-polarized-at-higher-frequencies be-
havior, observed when comparing the X-ray to the optical band
results, also occurred within the optical band: the average ra-
tio of the simultaneous B-band to host-galaxy-corrected R-band
polarization degrees was 1.2 (see Appendix B). As discussed
above and more extensively in Liodakis et al. (2022b) and Di
Gesu et al. (2022b), for example, this behavior is expected in the
scenario where a compact shock front accelerates particles and
partially orders the magnetic field. However, the ratio is substan-
tially larger than predicted by the basic model (see Appendix B).

Notably, we find that, while there were no temporal varia-
tions in the optical polarization degree I1p, there was a signifi-
cant drop in the X-ray polarization degree IIx during the IXPE
pointing. This reaffirms that the X-ray and longer-wavelength
emissions at least partly arose from different regions of the jet.
It also indicates that the magnetic field in the X-ray emission
region became significantly more disordered over a few days,
despite its average orientation remaining constant, as indicated
by the constant polarization angle. The X-ray flux also remained
steady within the uncertainties; see Appendix A. Such a decrease
in order of the magnetic field lines could be caused by a sig-
nificant strengthening of turbulence in the close vicinity of the
shock front (where the high-energy electrons emitting in the X-
ray band lose their energy; Angelakis et al. 2016). As discussed
in Liodakis et al. (2022b) and Marscher & Jorstad (2022), the
polarization of the turbulent component of the field is expected
to vary with an amplitude equal to the square-root of the mean
polarization degree. While this could explain the change in Ilx
from T to T, a strong variation of W¥x would also be expected,
but was not observed. Instead, as mentioned above, the emission
region during 7 may have been relatively small, i.e., a few ac-
celeration zones were dominating, resulting in a high value of
IIx. If more acceleration zones were boosted into the emission
range detectable by IXPE, then a drop in the mean Ilx during T,
would be expected.

Alternatively, in the framework of the stratified shock model
of Tavecchio et al. (2018), a lower polarization degree can be
related either to a more rapid decay of the partially ordered mag-
netic field with distance from the shock (related to the micro-
physics of the shock) or by a strengthening of the poloidal field
carried by the pre-shocked plasma. Detailed modeling of the
multiwavelength data is required to extract more precise infor-
mation and to effectively test the different theoretical scenarios.
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To demonstrate the similarity of the radio through X-ray po-
larization behavior of the six HSP targets observed by IXPE thus
far, we plot their average polarization degree (IT) at each gen-
eral wave band from multiwavelength observations in Figure 6.
It is apparent that, on average, [Ix is several times greater than
ITp, which is a natural prediction of the energy-stratified shock-
acceleration scenario. If this scenario is at play, then the fairly
good agreement between the lower energy multiwavelength po-
larization degrees (<Ilp> and <IIg>) over the different HSP
blazars implies that, at a given frequency, their emission regions
have similar sizes as well as structure/ordering of the magnetic
field. However, the significant scatter in the observed X-ray po-
larization degree (<IIx>) of the HSP blazars suggests that shock
properties may be prone to greater variability at higher energies.

5. Conclusions

IXPE observations of PKS 2155-304 have revealed the high-
est X-ray polarization yet detected among the six similarly ob-
served HSP blazars. During the ~10-day IXPE pointing, the X-
ray polarization degree (Ilx) decreased from ~30% during the
first half to ~15% during the second half. Meanwhile, the opti-
cal polarization degree (Ilp) remained stable at ~4%. The X-ray
to optical ratios of ~7 and ~4 in the first and second halves,
respectively, are similar to the previous results obtained for
HSP blazars (summarized in Figure 6). This consistency disfa-
vors reconnection-based and stochastic turbulent (second-order
Fermi) mechanisms for explaining the high energies of particles
needed to produce X-ray synchrotron emission in HSP blazars.

During the IXPE pointing, the polarization angle (¥) of
PKS 2155-304 at all monitored wavelengths was roughly
aligned with the direction of the parsec-scale jet. This general
alignment of the multiwavelength ¥ with the jet direction in-
dicates that the magnetic field in the particle acceleration re-
gion was partially ordered along a direction transverse to the
jet. While the X-ray polarization angle remained stable during
the IXPE exposure, a clear change in the optical polarization
angle was observed. This, combined with the lack of temporal
correlation between I1x and [1p, suggests that the X-ray and op-
tical emission regions are not completely co-spatial. These find-
ings, well in line with those of previous studies of HSP polar-
ization involving IXPE, can be qualitatively explained by the
energy-stratified shock-acceleration scenario. However, the ob-
servations executed thus far have sampled only a small range of
time intervals, leaving the temporal behavior of the X-ray polar-
ization rather poorly studied. Future X-ray and multiwavelength
polarization measurements of HSP blazars are needed in order
to determine whether the particle acceleration and other physi-
cal characteristics change with time.
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Appendix A: Long-term variability of PKS 2155-304

It is interesting to place the behavior of PKS 2155-304 during
the IXPE pointing in the context of the longer-term variations.
In Figure A.1 we present the light curve from 10 years of opti-
cal polarization monitoring at Steward observatory (Smith et al.
2009). Additionally, in Figure A.2, we present the two-month-
long X-ray flux versus time as measured by Swift-XRT (see
§2.3).

The Steward optical data clearly show that the average flux
state of the source in the V-band is between 13—14 magnitudes.
It additionally shows that the optical polarization degree (mea-
sured in the wavelength range of 500-700 nm) typically varies
between 2%—-10%, while its polarization angle seems to gener-
ally vary between 60°—120°. The observed optical brightness and
polarization properties of PKS 2155—-304 during the IXPE point-
ing fall well in line with these typical values (see §3). This im-
plies that the source was in an average optical state when IXPE
observed it. Likewise, the two-month long Swift-XRT data, al-
though much shorter than 10 years, suggests that PKS 2155-304
was also in an average flux state in the X-ray band.

Appendix B: Detailed optical and near-IR light
curves of PKS 2155-304

The light curves of the optical and near-IR brightness, polariza-
tion degree, and polarization angle of PKS 2155-304 are plotted
in Figure B.1, which is a zoomed-in version of Figure 6. The po-
larization properties are averaged within bins that are separated
by the daily optical gaps. Additionally, to show the level of intra-
night variability in the optical and near-IR bands, in Figure B.2
we have zoomed-in (without performing any temporal rebin-
ning) to three example nights with good time coverage, namely
MIJDs 60245, 60247, and 60248.

Figure B.1 shows that, during the IXPE pointing, the optical
brightness behavior was chromatic, with higher fluxes at longer-
wavelength bands. Although this could be partly caused by the
unknown host-galaxy-contributions, especially in case of the
near-IR bands for which the host-contamination is expected to be
most prominent, it is normal for the flux to be an increasing func-
tion of wavelength in blazars. Otherwise, we find that the opti-
cal and near-IR band polarization properties varied rather achro-
matically. However, the polarization degree at B band, Ilog),

was consistently greater than that of the host-galaxy-corrected

. 11 . .
R-band, TTggt. Measuring =2 for simultaneous data points
O(R")

and averaging its value results in 1.2 + 0.2. To compare this ra-
tio to a theoretical prediction, we use the turbulence-plus-shock
model that theoretically predicts the average polarization degree

to be <IT> = 0.75 \/f2. + (1 = ford)?>/N(A), where fq refers to

ord
the fraction of the magnetic field that is well ordered, and N(1)
refers to the number of turbulent cells as a function of wave-
length, A, which can be estimated as N(1) o A2 (Marscher
& Jorstad 2022). For the two optical bands, R (median wave-
length of 640 nm) and B (450 nm), we find Ng/Ngr = 0.8. As-
suming fo:q & 0.05 and Ng ~ 1000 for the R-band, as estimated
by Marscher & Jorstad (2022), we derive <Ilor)> = 4.4%.
In case of the B-band, where Ny is estimated to be around
1000 x 0.8 = 800, we obtain <IIpr)> = 4.5%. Therefore,

the theoretical model results in <E§—Zl‘:> ~ 1.03. Although this is

much smaller than the measured ratio, it is still compatible with
the observed value within the estimated uncertainty. If such a
discrepancy is shown to be statistically significant with future
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high-cadence optical polarization observations of HSP blazars, 1032
it would signal an underlying discrepancy with the turbulence- 1033
plus-shock model. 1034

Figure B.2 shows clear signs of intra-night variability in the 1035
optical band of PKS 2155-304. Although a detailed analysis of 1036
these is beyond the scope of this paper, such densely sampled 1037
optical polarization light curves can be instrumental in under- 1038
standing the underlying mechanisms at play in blazar jets (e.g., 1039
Marscher & Jorstad 2021). 1040
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Fig. A.1. Decade-long flux and polarization monitoring of PKS 2155-304 in the optical band at Steward observatory (Smith et al. 2009). Top:

brightness in magnitudes; middle: polarization degree; bottom: polarization angle.
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Fig. A.2. Two-month long Swift-XRT X-ray light curve of PKS 2155-304. The best-fit parameters of the logarithmic parabola spectral model,
as well as the X-ray fluxes (in the units: 10" erg cm™2 s7!) in different bands and their ratio (0.5-2/2-10), are shown as a function of time. Gray
shaded area identifies epochs of the IXPE observation. PKS 2155-304 was in an average X-ray flux state during the IXPE pointing.
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Fig. B.1. Optical and near-IR light curves of PKS 2155-304 during and after the IXPE pointing. Using the largest daily gaps, we binned the data
points of each filter. We note that only some of the optical R-band data points are host-galaxy-corrected, which are labeled as R". The average,
simultaneous ratio of the polarization degree of the B-band (380-520 nm, i.e., 2.4-3.3 eV), Ilom,, to the polarization degree of the host-galaxy-
corrected R-band (580-695 nm, i.e., 1.8-2.1 eV), I+, is around 1.2 + 0.2. The gray shaded area shows the IXPE pointing time window. Top:
brightness in magnitudes; middle: polarization degree; bottom: polarization angle.
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Fig. B.2. Zoomed-in optical and near-IR light curves of PKS 2155-304 on the four indicated example nights. The red data points (R") are those
of the host-galaxy-corrected optical R-band, and the cyan ones are those of the near-IR J-band (not host-galaxy-corrected).
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