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ABSTRACT

3C 84 is the brightest cluster galaxy in the Perseus Cluster. It is among the closest radio-loud active
galaxies and among the very few that can be detected from low frequency radio up to TeV ~-rays. Here
we report on the first X-ray polarization observation of 3C 84 with the Imaging X-ray Polarimetry
Explorer, for a total of 2.2 Msec that coincides with a flare in y-rays. This is the longest observation for
a radio-loud active galaxy that allowed us to reach unprecedented sensitivity, leading to the detection
of an X-ray polarization degree of IIx = 4.2 + 1.3% (~ 3.20 confidence) at an X-ray electric vector
polarization angle of ¢x = 163° 4+ 9°, which is aligned with the radio jet direction on the sky. Optical
polarization observations show fast variability about the jet axis as well. Our results strongly favor
models in which X-rays are produced by Compton scattering from relativistic electrons — specifically
synchrotron self-Compton — that takes place downstream, away from the supermassive black hole.

Keywords: black hole physics — polarization — galaxies: active — galaxies: jets — radiation mechanisms:

non-thermal

1. INTRODUCTION

3C 84 (also known as NGC 1275) is among the near-
est and brightest radio galaxies, located in the Perseus
Cluster. It is an FR-I, Seyfert-2 type galaxy (E. Y.
Khachikian & D. W. Weedman 1974) that would be
equivalent to a BL Lacertae-type object according to
the active galactic nuclei (AGN) unification scheme (R.
Antonucci 1993). At radio wavelengths it shows a spine-
sheath morphology (e.g., H. Nagai et al. 2014; G. Gio-
vannini et al. 2018; G. F. Paraschos et al. 2024a) with a
magnetic field of a few gauss at parsec scales (J. Y. Kim
et al. 2019; G. F. Paraschos et al. 2021, 2023) potentially
driving Kelvin-Helmoltz instabilities (G. F. Paraschos &
V. Mpisketzis 2025). Recent Event Horizon Telescope
observations at 228 GHz showed regions with highly or-
dered magnetic fields reaching a polarization degree of
~ 17% (G. F. Paraschos et al. 2024b).

Despite showing a low jet speed and Doppler factor
(e.g., I. Liodakis et al. 2018a; G. F. Paraschos et al.
2022; Z. R. Weaver et al. 2022) its multiwavelength be-

havior is quite intriguing. Unlike other radio galax-
ies, 3C 84 has variable high-energy emission (e.g., B.
Rani et al. 2018; F. Imazato et al. 2021; Y. Fukazawa
et al. 2018), shows bright v-ray behavior at GeV energies
(A. A. Abdo et al. 2009), and has even been detected in
TeV ~-rays (J. Aleksi¢ et al. 2014; Z. Cao et al. 2024).
The origin of the high-energy emission in radio galax-
ies in general, and 3C 84 in particular is still a matter
of debate. If the emission is dominated by the jet, it
will originate either from relativistic electrons upscat-
tering low-energy photons to X-rays and ~-rays (e.g., J.
Poutanen 1994; A. Mastichiadis & J. G. Kirk 1997; M.
Bottcher et al. 2013), or proton processes that include
proton synchrotron and pair cascades from secondary
particles created in proton-photon interactions (e.g., K.
Mannheim 1993; A. Mastichiadis 1996; H. Zhang & M.
Béttcher 2013; A. Mastichiadis & M. Petropoulou 2021).
On the other hand, if the emission is dominated by the
accretion disk the high-energy emission will be domi-
nated by the hot corona (e.g., F. Haardt & L. Maraschi



1991; E. Kara et al. 2016). Depending on the inclination
of the source the emission will be either direct corona
emission or reflection from Compton-thick material sur-
rounding the accretion disk (e.g., V. Singh et al. 2011).
Recent X-ray observations from the Imaging X-ray Po-
larimetry Explorer (IXPE, M. C. Weisskopf et al. 2022;
P. Soffitta et al. 2023) have confirmed this picture (V. E.
Gianolli et al. 2023; A. Ingram et al. 2023; D. Taglia-
cozzo et al. 2023; F. Ursini et al. 2023; F. Marin et al.
2024; S. Chakraborty et al. 2025).

Previous studies on 3C 84 suggest that the X-ray emis-
sion is dominated by the jet (B. Rani et al. 2018), while
~-rays could originate from multiple emission sites (J. A.
Hodgson et al. 2018, 2021; G. F. Paraschos et al. 2023;
V. G. Sinitsyna & V. Y. Sinitsyna 2025). The high-
energy emission is thought to originate from synchrotron
self-Compton from relativistic electrons (e.g., K. Tanada
et al. 2018; J. Aleksié¢ et al. 2014; Z. Cao et al. 2024)
that are likely accelerated in shocks (Y. Fukazawa et al.
2018). IXPE observations of low-synchrotron (S. R.
Ehlert et al. 2022; R. Middei et al. 2023a; H. L. Mar-
shall et al. 2023; P. M. Kouch et al. 2025; I. Agudo et al.
2025) and high-synchrotron peak blazars (I. Liodakis
et al. 2022; S. R. Ehlert et al. 2023; L. Di Gesu et al.
2023; C.-T. J. Chen et al. 2024; R. Middei et al. 2023b;
P. M. Kouch et al. 2024; S. Capecchiacci et al. 2025) are
also consistent with such scenarios.

Apart from 3C 84 discussed here, IXPE has observed
two more radio galaxies. Centaurus A (S. R. Ehlert et al.
2022) that showed low X-ray polarization (<8% at 99%
confidence), and Pictor A focusing on the western hot
spot (S. Tugliani et al. 2025). Here we report on the first
X-ray polarization observation of 3C 84 aiming to un-
derstand the origin of its X-ray emission. In section 2 we
describe the novel X-ray polarization observations and
the multiwavelength campaign that accompanied them,
and in section 3 we discuss our findings and present our
conclusions. Additional details on our analysis are given
in Appendices A and B.

2. MULTIWAVELENGTH POLARIZATION
OBSERVATIONS

2.1. X-ray polarization observations

The IXPE observations of 3C 84 were taken in five sep-
arate segments between 26 January 2025 and 26 March
2025. The total exposure before filtering for flares is
2.19 Ms (Fig. 1). We perform good time interval (GTI)
filtering of the light curve in the 8 — 10keV band (where
the mirrors have no effective area) to identify time inter-
vals where solar flares may dominate the astrophysical
X-ray signal. We also exclude 59 ks (see Appendix for
more details). A small enhancement in the IXPE count
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rate is observed during this time period, and although
the duration and the intensity of the flare correspond to
only a small perturbation to the integrated signal, we
conservatively exclude this time period out of an abun-
dance of caution. After all filtering, the total exposure
time is 2.13 Ms. For all subsequent results, all events
identified as background using the algorithm of A. Di
Marco et al. (2023) have been filtered out a priori. All
results presented, unless otherwise noted, are for the en-
tire 2-8 keV IXPE bandpass.

Time-resolved spectroscopy of the IXPE data within a
1’ radius aperture centered on 3C 84 during the cleaned
GTT’s shows no evidence of additional variability in the
overall flux or power-law photon index with time. As
measured by IXPE, the overall flux of 3C 84 in this
aperture is ~ 1.5 x 10~ ergem™2s7 and I ~ 1.8.

We measure the polarization of 3C 84 by performing
a spectropolarimetric fit to the IXPE data in the 2-8
keV band alongside Chandra, Swift XRT, and NuSTAR
observations of the Perseus Cluster. This joint fit is
required to separate the polarized power-law emission
from the expected thermal emission from the ICM, and
the details for how the spectra are extracted and mod-
eled can be found in the Appendix. For the IXPE data,
we use a source aperture of 30” in radius (see Appendix
for details and justification). From this fit, we find a
polarization degree of IIx = 4.18 £ 1.31% and an an-
gle of ¥x = 162.8° £+ 9.2°, consistent with the simpler
model-independent value. The corresponding 2-8 keV
Minimum Detectable Polarization at 99% (MDPgg), ex-
cluding the diffused background, is 2.39%. The polar-
ization contours for this model fit are shown in Figure
2. Extensive testing and analysis using data from Chan-
dra, NuSTAR, and Swift alongside the extracted IXPE
Stokes I/Q/U spectra have shown that these significance
of the detection is robust to a large range of assumptions
regarding the thermal emission of the Perseus Cluster
and the non X-ray background in the IXPE data. An
image of the Perseus Cluster as observed by IXPE as
well as the X-ray polarization vector superimposed on
the Very Long Baseline Array (VLBA, MOJAVE) ob-
servations can be found in Figure 1.

2.2. Radio and optical polarization observations

Contemporaneous to the IXPE observation, we ini-
tiated a multiwavelength campaign that included sev-
eral ground-based optical and radio telescopes. We
also conducted several Very Long Baseline Interferome-
try (VLBI) observations using the VLBA through the
MOJAVE (M. L. Lister et al. 2018)* and BEAM-

46 https://www.cv.nrao.edu/MOJAVE /index.html
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Figure 1. Left: IXPE counts image of the Perseus Cluster overlaid with surface brightness contours from Chandra, showing
that many of the substructures clearly apparent in the higher angular resolution Chandra data are also visible at lower resolution
in IXPE. The black X corresponds to the position of 3C 84. Right: Cleaned 15 GHz Stokes I VLBA image of the parsec-scale jet
of 3C 84, observed as part of the MOJAVE program on February 21st 2025, in units of Jy beam~!. Notice that the angular scale
of this radio image is approximately three orders of magnitude smaller than the IXPE image. Overlaid in green is the X-ray
polarization vector with the 1o confidence interval of the polarization angle denoted by the two dashed lines. The polarization
vector’s direction is fully consistent with the direction of the radio jet.

We also take advantage of the Fermi gamma-ray space
telescope light curve repository (S. Abdollahi et al. 2023)
to extract the 3-day binned light curve. The R-band,
millimeter radio (225.5 GHz), and ~-ray observations
are shown in Fig. 3. We focus on the highest avail-
able radio frequency since that is the least affected from
Faraday effects and is likely in the optical thin regime

as the optical and X-rays.
The optical, broadband, linear polarization shows
90° rapid variability between ~2 - 4% about the jet axis
0.00 0.02 0.04 0.06 0.08 0.10 (175410 degrees, T. P. Krichbaum et al. 1992; H. Na-
. o ] gai et al. 2010; K. Suzuki et al. 2012; G. F. Paraschos
tFri)guTe ,2' tPOIa“Zdatll(E c%ri‘lcoursd f(;r 33 84t us1tILg isff; et al. 2022). At the same time, the millimeter ra-
pofanmierric Moaes AL, AAe A Stal Cenotes BAc bes dio (225.5 GHz) shows milder variability at ~ 1% also

value, while the blue, orange, and green contours correspond ) ] : . )
to 10,20 , and 3o confidence intervals. The dashed line cor- aligned with the jet axis. We find a strong correlation

0°

responds to the position angle of the radio jet. between the optical and v-ray variability with a time lag
about zero (see Appendix B.2), consistent with typical
ME (S. Jorstad & A. Marscher 2016)*7 programs that behavior of blazars that indicates Compton scattering

from relativistic electrons in the jet (I. Liodakis et al.

will be discussed separately in an upcoming publication
2018b, 2019; T. de Jaeger et al. 2023).

(Paraschos et al., in preparation). The optical and radio

observations are discussed in more detail in Appendix B.
3. DISCUSSION & CONCLUSIONS

We presented novel multiwavelength polarization ob-

47 https: .bu.edu/bl BEAM-ME.html
ps://vwww.bu.edu/ blazars/ " servations of 3C 84 during a bright -ray flare. The
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Figure 3. Multiwavelength brightness and polarization observation during the IXPE observations. The top panel shows the flux
density in optical (R-band), the second panel from the top the host-corrected optical (R-band) and milli-meter radio (225.5 GHz)
polarization degree (%), the third panel from the top the optical and radio polarization angle (degrees), and the bottom panel
the v-ray photon flux 3-day binned light curves. The grey shaded areas mark the IXPE exposures over the entire observation.
The horizontal red shaded area marks the projected direction of the jet. The error bars correspond to the 68% (1o) confidence

interval.

unprecedented sensitivity of the IXPE observation al-
lowed us to detected an X-ray polarization degree of
IIx = 4.2 + 1.3% that is aligned with the jet axis. Pre-
vious IXPE observations of Seyfert 2 type galaxies such
as 3C84, show the opposite polarization behavior, i.e., a
high ITx that is perpendicular to the jet axis (F. Ursini
et al. 2023; F. Marin et al. 2024). There is in fact now an
emerging X-ray polarization unification picture where
both stellar and supermassive obscured black holes show
the same behavior (M. L. Saade et al. 2024). The ten-
dency of 3C 84 to behave more like BL Lac type objects
has been already noted (P. Veron 1978) and was also
found in our spectropolarimetric observations (F. Marin
et al. 2025). This strongly rejects scattering on the dusty
torus or on the polar winds as the origin of the X-ray
polarization.

We also find a low yet strongly variable optical
(Ilp ~2-4%) and radio (IIg ~1%) polarization degree
that is also aligned with the jet. Given the orienta-
tion of the jet and the limited resolution of the optical
and single-dish radio telescopes, the polarization degree
is averaged over the entire jet with multiple emission
regions with different magnetic field orientations likely
depolarizing the observed emission. It is also likely that
there is a minor contribution from the polar-scattered,
inner thermal emission in the optical bands. How-
ever, the strong polarization variability, and the overall
blazar-like behavior lead us to conclude that the opti-
cal and radio emission are dominated by the jet yet the
intrinsic polarization is significantly depolarized in our
limited resolution. This would suggest that the intrinsic
radio and optical polarization degree (see also Paraschos
et al., in preparation) is higher than the X-ray polariza-
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tion degree. For flaring jets as is the case for 3C 84,
proton processes are expected to produce X-ray polar-
ization at a similar level as the optical polarization (H.
Zhang et al. 2024) in tension with our observation. Fi-
nally, we find a strong correlation between optical and
~y-rays with a time lag of about zero as is typically ex-
pected from Compton scattering from relativistic elec-
trons. That is true for both the long-term behavior but
also the flare in 2025 contemporaneous to our multi-
wavelength campaign (see Appendix B.2).

All of the above strongly point to Compton scattering
from relativistic electrons in the jet as the origin of the
X-ray emission. The fact that we detect any polarization
is contrary to the expectations from external Compton
scattering where the target photon field is coming from
structures external to the jet (e.g., accretion disk, broad-
line region, torus, etc. H. Zhang & M. Bdottcher 2013;
H. Zhang et al. 2024). Instead, it suggests synchrotron
self-Compton likely taking place at parsec-scales down-
stream from the black hole. A similar conclusion was
reached for Cen A through multiwavelength modeling
(F. Marin et al. 2023) suggesting that similar to blazars
(I. Liodakis et al. 2025), X-rays in radio galaxies are
dominated by Compton scattering of seed photons com-
ing from the jet.
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APPENDIX

A. X-RAY POLARIZATION DATA ANALYSIS

Although the X-ray emission from 3C 84 itself is point-like, the thermal X-ray emission from the surrounding
intracluster medium (ICM) is an astrophysical background that greatly complicates the analysis. Even in the case
where the X-ray polarization of the ICM can be assumed to be exactly equal to zero a priori, properly disentangling
the flux of the thermal and non-thermal AGN components is crucial for properly measuring the polarization degree and
its statistical significance. Unfortunately, IXPE has neither the spatial nor spectral resolution to decisively separate
these two components. The polarization signal we measure from 3C 84 over the course of these 2.5 Ms could also
be contaminated by variations in the background, the AGN flux, or even changes in its polarization state. In this
appendix, we describe the results of an extensive battery of tests to which the 3C 84 data were subject to that quantify
the potential contribution of these intervening signals. All analysis of the IXPE data uses a combination of izpeobssim
version 31.1.0 (L. Baldini et al. 2022) and the IXPE analysis tools included with HEASoft v6.35.1 ( Nasa High Energy
Astrophysics Science Archive Research Center (Heasarc) 2014).

A.1. Astrophysical and Non X-ray Backgrounds

The long duration of this observation (approximately 2 months of wall clock time from beginning to end) and the
fact that these observations occurred near the peak of the solar cycle demand extra scrutiny for periods of high non
X-ray background (NXB) event rates. The NXB component is independent of the astrophysical background and can
vary strongly with time. This component is particularly important for IXPE data, for which the background has been
shown the presence of spurious polarization signals (N. Bucciantini et al. 2025, S. Silvestri et al in prep). We perform
additional good time interval (GTI) filtering of the IXPE observations using light curves measured in the 8-10 keV
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Figure 4. Example of a flare in the IXPE data, with DU3 light curve as a reference. Panel (a) shows the 2-8 keV light curve
from a 1 arcmin circle centered around 3C 84. The flare is not obvious. Panels (b) and (c) show the light curve from the same
time frame, but from the Perseus cluster from annular regions between 3-5 arcmin and 6-8 arcmin, respectively. The flare is
much more prominent in the absence of 3C 84. Panel (d) the 3-5 arcmin light curve in 2-8 keV, outside the science window.
The flare is still visible, indicating a likely nonastrophysical origin. In our subsequent analysis, we reject the flare times.

band (i.e. outside the effective area bandpass of the IXPE mirrors). From these light curves (see Fig. 4), we further
filter out times of high activity. As this figure shows, the high rates observed in the 8-10 keV band correspond to
similar flaring behavior in the 2-8 keV band. The first segment of the IXPE observation of Perseus also coincided with
a period of enhanced ~y-ray activity from 3C 84 (ATel 16998,17020). We detect a flare in the 2-8 keV IXPE light curve
in the first segment of observation, concurrent with a similar flare in 3-8 keV NuSTAR data (see Fig. 5) and coincident
with the period of renewed v-ray activity. While there is little indication of significant spectral change during this
flare and the total counts gathered during this flare are only a small fraction of the integrated signal, we nevertheless
exclude it from our subsequent analysis.

In order to compare the relative contributions of the astrophysical background and NXB, we compare the surface
brightness profile (see Fig. 6 of the Perseus Cluster with an archival IXPE observation of a brighter point source
MCG-5-23-16 (Obs ID 02003299) as well as a fainter source NGC 2110 (Obs ID 03008799).

In the 8-10 keV band (where the mirrors have no effective area to X-ray photons), we find that the average count
rates of both the Perseus cluster and the point sources are similar outside of the central ~ 1’, showing that their NXB
count rates are consistent with each other. When we instead consider the 2-8 keV band, we find that Perseus’s surface
brightness is at least a factor of 2 larger than the point sources at a distance of 6’ from 3C 84. From these calculations
we conclude that the astrophysical background dominates over the NXB throughout the entire usable field of view for
the IXPE data. Near 3C 84 the astrophysical background is expected to be at least an order of magnitude higher than
the inferred NXB.
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Figure 5. IXPE DUI light curve of 3C 84 (in gray). The flare, shaded yellow, is observed simultaneously in all IXPE DUs
(orange, green, and magenta light curves in the inset), as well as the simultaneous NuSTAR observation (blue light curve in the
inset). This part of the light curve coincides with the period of enhanced activity from 3C 84.

N #— Perseus N #— Perseus
£ MCG 5-23-16 £ MCG 5-23-16
IS 4 NGC 2110 € Q & NGC 2110
o o
ey by
© © -1
. o 10
7)) ) w0 ° o
i b e} ha Y
c I\ c .
= > ..
o L] o S
L ) -
s
wn wn — S
8 § 107 >
2 10744 c Y o o oo
e ; =
o L =
_ % I —
o ® ; P 3 g LS = o \
9 LY N\ A . g
© | [ Y ©
© | e £ 10734 ® &
5 I 5 9o 6 88 o & 5 & & ®
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Radius (arcmin) Radius (arcmin)

Figure 6. Surface brightness profiles of Perseus (blue) and two example point source of different brightness, MCG 5-23-16
(orange) and NGC 2110 (green). Left panel: 8-10 keV surface brightness profiles. It demonstrates that the non-X-ray background
levels are the same in all three IXPE observations. Right panel: the corresponding 2-8 keV surface brightness profiles. Even
at distances as far away as 6 arcminutes, Perseus is at least a factor of ~6 brighter than the point sources. Together, these
two panels imply that the cluster is observed throughout and the non-X-ray background is much less than the astrophysical
background.

Before we further test the spectropolarimetric fit for 3C 84, we have also performed a simple model-independent test
of the polarization in the 2’ — 3’ annular region just outside of 3C 84 using izpeobssim 31.1.0 *® (L. Baldini et al. 2022).
In this region, we find from Fig. 7 that our polarization degree is ~ 0.9% and a value of MDPgg = 1.8%. This provides
strong and precise evidence that any polarization signal we measure for 3C 84 is not associated with the astrophysical
background or NXB. A second model-independent test was performed after rotating the Stokes parameters for each
event in this annulus with respect to its position relative to 3C 84. This rotation enables the possible detection of
radial or azimuthal polarization structure that would otherwise average to zero net polarization geometrically. Similar

48 https://ixpeobssim.readthedocs.io/en/latest/


https://ixpeobssim.readthedocs.io/en/latest/

10

to the first case, we find a polarization degree of 0.4% and MDPgg = 1.6%. When combined with the fact that the
astrophysical background count rate in this region is more than an order of magnitude larger than the NXB count
rate, we conclude that the NXB can be safely neglected in our spectropolarimetric fit.

Performing a similar model-independent polarization cube analysis for the 1’ radius circular region around 3C 84
results provides the first evidence of a statistically significant detection of X-ray polarization for this AGN. The
resultant polarization cube measures a polarization degree of I1x = 2.42 + 0.79%, corresponding to a ~ 3o detection.
The polarization angle for this simple analysis is ¥ x = 164.5° 4 9.3°, which is consistent with being parallel to the
radio jet.
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Figure 7. Q-U plot (green) for 2-3 arcmin region of Perseus cluster in 2-8 keV, along with the corresponding values for Stokes
rotation along the radial (orange) and azimuthal (blue) directions. This annular region is dominated by thermal emission from
the ICM. The error bars are at 1o level. For all three cases, there is no evidence of significant polarization of the ICM photons.

A.2. Spectral Modeling for 8C 84 and the ICM

No single X-ray telescope can provide a complete and unambiguous spectral model for both 3C 84 and the surrounding
ICM. In order to construct the most accurate model of the AGN plus ICM during our IXPE observations, we leverage
existing observations of the Perseus Cluster with multiple X-ray telescopes to develop our joint model. After describing
our rigorously derived spectral model for 3C 844ICM as observed with IXPE, we will discuss the sensitivity of the
resultant polarimetric measurement to possible systematic errors arising from modeling deficiencies by considering a
few extreme cases when compared to our fiducial model. These will ultimately show that measured polarization signal
is robust to systematic uncertainties in our joint model.

A.2.1. Chandra Observations

Our best constraints on the thermal properties of the ICM surrounding 3C 84 come from Chandra observation ID
#4952 (carried out on 2004-10-14, with an exposure of 164.2 ks). This particular observation of the Perseus Cluster
uses the ACIS-S detector, which minimizes systematics associated with the ACIS-I chip gaps that would be located in
the regions of interest here. Unfortunately, Chandra observations show that 3C 84 itself suffers from pileup, making
it impossible to extract an accurate spectrum of the AGN. We perform our analysis of the thermal spectrum using
an annular region of 5 — 30" centered on 3C 84, where we expect point-like emission from 3C 84 to be negligible
even in the presence of pileup?. All of our thermal models assume the abundance model of Wilms (J. Wilms et al.
2000), consistent with the study of the Perseus Cluster using Hitomi data Hitomi Collaboration et al. (2017). Unless
otherwise noted, all spectral fits are performed in the 0.5-7 keV band. The spectral and subsequent spectropolarimetric
analyses are carried out with HEASoft v6.35.1, and errors are stated at 1o confidence level.

49 See Figures 6.12 and 6.23 of the Chandra Proposer’s Observatory Guide (https://cxc.harvard.edu/proposer/POG /html/chap6.html) for
discussion for the Chandra on-axis PSF and how it varies with pileup.
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Figure 8. Chandra ACIS spectrum of the Perseus Cluster’s thermal emission. We find a two-temperature model with low-tem-
perature (1.65 keV) and high-temperature (4.39 keV) temperature VAPEC components to be the best description of the 0.5-7
keV spectrum.

Because this annular region is significantly larger than the Chandra point spread function (PSF) and the annular
binning used in past studies of the Perseus Cluster that study this same region (e.g. R. W. Schmidt et al. 2002; A. C.
Fabian et al. 2006, 2011, 2017), we fit its spectrum using several models of varying complexity to account for possible
multiphase emission. Past studies using Chandra observations have shown that subregions of our annular aperture are
well described by a single thermal component with a temperature of kT ~ 3keV (R. W. Schmidt et al. 2002; A. C.
Fabian et al. 2006, 2011, 2017), but the additional photon statistics gained by our larger region may provide evidence
of additional components. We find that a simple absorbed thermal model (tbabs * apec in XSPEC nomenclature)
does not result in a formally acceptable fit to the data (x> = 1038 for 437 degrees of freedom). For this assumed
emission model, clear residuals are seen around the emission lines at 1.2 and 2.3 keV. Motivated by the spectral model
fit of a larger region of the Perseus Cluster with the Hitomi data ( Hitomi Collaboration et al. 2017), we also consider
a more complex two-component thermal model with free elemental abundances and intrinsic absorption ( tbabs *
(vapec + vapec)). We allow the abundances of Si, S, Ar, Ca, and Fe to vary freely with respect to the solar model,
which are all free parameters in the Hitomi fit. Hitomi also allowed the Ni abundance as a free parameter, but given
that these lines are predominantly above 8.0 keV we do not allow it to vary freely here. The abundance values are tied
to equal values for the two temperature components. The best-fit model has temperatures of kT = 1.65J_r8:83 keV and
kT = 4. 39+8 gg keV, respectively, along with supersolar abundances of Si, Ar, and Ca. These parameters are broadly
consistent with the values measured in Hitomi and XMM-Newton, and we attribute the detailed differences between
these parameters to the different spectral extraction regions and cross-calibration uncertainties associated with these
two telescopes®® The addition of a second temperature and free elemental abundances greatly improves the overall
quality of the fit with a best-fit value of x? = 498 and 434 degrees of freedom (see Fig. 8 for the Chandra spectrum,
along with the best-fit model). For completeness, we also consider a model where the thermal emission is a cooling
flow from its upper temperature, again with free elemental abundances (tbabs* (vapec + mkcflow)) where the upper
temperature of the cooling flow component is tied to the primary apec component, the metallicities of both components
are tied to one another, and the normalization corresponds to a residual X-ray cooling flow. For this model, we find
that the total cooling flow rate is M = 22 + 1.3Mg yr~=! and the fit statistic is x? = 664 for 438 degrees of freedom.
We therefore conclude that this model fits the data significantly worse than our two-temperature model. Since this
two-temperature model corresponds to a better overall fit and is further supported by the study of Hitomi, we choose
the free elemental abundance model as our baseline for the spectropolarimetric fit. This model, whose parameters are
described in Chandra column of Table 1, represents our fiducial thermal model.

50 For context, the Chandra region we have chosen is smaller than a single Hitomi SXS pixel (1’ x 1’), while the Hitomi result uses all of
its 25 pixels for three overlapping but slightly offset pointings.
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A.2.2. NuSTAR and Swift Observations

While the Chandra observations are able to provide a clear measurement of the ICM’s thermal properties without
contamination from 3C 84, the presence of pileup makes it unable to characterize the emission of the AGN itself. To
model the AGN’s spectrum, we instead use Swift XRT + NuSTAR calibration observations of the Perseus Cluster
taken simultaneously with the IXPE observations to characterize the flux and spectrum of 3C 84. Although the Swift +
NuSTAR observations do not suffer the same limitations as Chandra for modeling the spectrum of 3C 84, we do expect
the observed spectrum in our source aperture to include photons from the ICM and the AGN. The use of data from
all three telescopes is therefore crucial for characterizing the AGN spectrum but also the relative flux contributions of
the two components.

We reduce the NuSTAR data using NUSTARDAS v2.1.4 using default parameters, in conjunction with CALDB
v20250224. We create a GTI file by weeding out the previously mentioned flare using XSELECT. Then, we extract
the source photons using NUPRODUCTS task from a 1 arcmin region centered on the AGN, and use a separate 1
arcmin region far away from the source as the background region. We bin the spectrum to a minimum of 25 counts per
bin for further XSPEC analysis. The effective NuSTAR exposure time was 45.3 ks for FPMA and 45.0 ks for FPMB.

Swift/XRT observed Perseus multiple times during the IXPE observation. Since all but one of these observations
were carried out in WT mode, we exclusively use all the WT mode data during the span of the IXPE observation.
We follow the standard extraction method from P. A. Evans et al. (2007, 2009) and use the automated XRT product
generation service®'. In this, the cleaned event lists and exposure maps per observation are using XRTPIPELINE, a box
of 1 arcmin length is selected around the source, and the entire window excluding a 120-pixel (283 arcsec) wide box
centered on the source is designated as the background region. For each of the observations an appropriate ancillary
response file (ARF) is generated using XRTMKARF and the corresponding exposure map. The cleaned event lists are
then combined, and the combined source and background spectra are generated using XSELECT. ARFs are added
using the ADDARF tool, and BACKSCAL keyword is set appropriately. 3C 84 is not piled up in WT mode; hence
we do not need any further correction. The combined XRT spectrum had an exposure time of 2.4 ks.

We fit the Swift + NuSTAR data to our fiducial thermal model (two temperatures with free elemental abundances),
a power-law component, and a redshifted Gaussian Fe Ka emission line. This emission line was found in E. Churazov
et al. (2003) to be associated with 3C 84 itself, and while not visually obvious in our spectra, its inclusion nevertheless
makes a significant improvement to the fit. Both the temperatures for our two thermal components are fixed to their
Chandra-derived values, but their normalizations were allowed to be free parameters in the fit. This step is required
to account for the fact that our NuSTAR + Swift data will inevitably sample different physical regions of the cluster
given the variations in the PSF between these three telescopes.

Due to the much lower angular resolution of Swift/XRT and NuSTAR, contributions from farther out gas could
change the abundances relative to the Chandra values. That apart, the much lower spectral resolution in this case
renders the fit relatively insensitive to the abundances except the Fe abundance. Therefore, for the Swift+NuSTAR fit,
we freeze the other abundances to the solar value, keeping only the Fe abundance free. We restrict our fit to 0.5 — 10
keV band for the Swift data and 3 — 50 keV for the NuSTAR data. Our best-fit power law model has I" = 1.64 4 0.04,
broadly similar to many values measured in the past. This model has a x? value of 1387 for 1357 degrees of freedom.
We tried a variation of this model by including a second redshifted neutral hydrogen absorption component with
zTBabs, but found that the second component attains values similar to Ny as the Galactic component with little
improvement to the overall fit and leads to degeneracies with the Galactic TBabs component. Therefore, we chose a
single TBabs as our preferred model. We find the best-fit Ny of (1.887012) x 102! cm™2 to be consistent with the total
Galactic hydrogen column density derived using the method of R. Willingale et al. (2013) 52. We also find a best-fit
Fe abundance of 0.50 & 0.02. The fluxes of 3C 84 and the ICM in the 2-8 keV band are 6.6 x 10! and 7.5 x 10~
erg cm~2 s~ ! respectively, suggesting that the ICM should contribute ~ 53% of the photons observed in the IXPE
aperture. The equivalent width of the Gaussian line is found to be 77.7 eV.

A.3. Spectropolarimetric fit with IXPE

Based on the surface brightness profiles mentioned in Appendix A.1, we take an average average 2-8 keV surface
brightness profiles of MCG 5-23-16 and NGC 2110, scaled to match the on-axis count rate of Perseus, as a template

51 https://www.swift.ac.uk/user_objects/
52 https://www.swift.ac.uk/analysis/nhtot /
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for a point source at this flux level, and compare it with the 2-8 keV surface brightness profile of Perseus. This gives
us an idea of the relative contribution between the power law component from 3C 84 and the thermal components
from the cluster gas, as a function of the off-axis radius. We find that beyond ~ 40", the cluster dominates over the
AGN contribution, thereby diluting the 3C 84 polarization and adding degeneracies.

We therefore chose a source extraction region below this value, 30" in radius or about two times the in-orbit half-
power diameter of IXPE to be precise. We keep the normalizations of the power-law and vapec components free in
the subsequent spectropolarimetric fits to account for a different AGN/cluster flux ratio.

The combination of Chandra, Swift, and NuSTAR, observations provides us with a complete spectral model that we
will use to measure the polarization of 3C 84. The full spectral model is found in Table 1, includes both our fiducial
thermal model from the Chandra observations and our power-law + Gaussian model from the Swift + NuSTAR fit.
We fit the IXPE, NUSTAR, and Swift data simultaneously in our spectropolarimetric fit (see Fig. 9). To maximize
polarization sensitivity, we use the Neg weighting for the polarimetric data. None of the key free parameters of this
complex model fit differ significantly from their best-fit values to the Swift+ NuSTAR fit described above, with all
parameter values within 1o of one another. We find that the best-fit polarization degree is Iy = 4.18 + 1.31%, and
the best fit angle is ¢ x = 162.8 4+ 9.2°. This corresponds to a detection at the ~ 3.20 level and a polarization angle
approximately parallel to the jet.

Further testing of this spectropolarimetric fit shows that this polarization degree is not sensitive to the particulars
of the thermal background model. If we instead choose a simpler single-temperature thermal model for the ICM, we
get similar fit quality to the Swift + NuSTAR + IXPE spectra and a polarization degree of Iy = 3.51 & 1.12% and
¥Yx = 162.4+9.3°. Even under the extreme and absurd assumption that the entire IXPE spectrum originates from a
single power-law component, we measure a polarization degree of IIx = 3.1 +0.88% and ¢ x = 165 & 7°. With these
tests, we have shown that our measured polarization degree is robust to the full range of physically feasible thermal
emission models.

The Gaussian line is found to be faint in IXPE, with an equivalent width of ~7 eV. If we fix the equivalent width
of the Gaussian line in IXPE to the NuSTAR+XRT equivalent width, the fit quality remains relatively unchanged,
with a x2/d.o.f.=2741/2690, x = 4.2 + 1.3%, 1x = 162.8 & 9.2°. The origin of the Gaussian line, however, is
debated. Hitomi Collaboration et al. (2018) argues that the Gaussian might be coming from scattering off of a torus.
Irrespective of the origin, though, as the gaussian is rather weak in the IXPE data, assigning a polarization of 0 to it
does not change our results. We still get a x?/d.o.f.=2737/2690, IIx = 4.16 + 1.31%, 1x = 162.8 & 9.2°. This further
demonstrates the robustness of our polarization measurement to any systematic uncertainty in the emission line.

Although we find that our Swift + NuSTAR spectrum is well fit by a single power-law, we further test the possible
presence of Compton scattering from a corona by fitting these spectral data to a non-thermal coronal Compton
scattering (specifically the Nthcomp model in XSPEC, A. P. Lightman & A. A. Zdziarski 1987). We fix the seed
photon spectrum to a disk blackbody spectrum with k7T, = 100 eV. We find that the best-fit Nthcomp model has
a power-law index of I' = 1.67 £ 0.03, similar to what we measure for our simple power-law model. These data
cannot directly measure the corona electron temperature, finding a lower limit of k7, > 455keV . Just as importantly,
the overall fit statistic between the best-fit power-law and Nthcomp models practically indistinguishable (y?/d.o.f. of
1387/1357 for the power-law vs 1386/1356 for Nthcomp). The spectral data are therefore unable to favor either the
jet-dominated or corona-dominated origins for the X-rays. This is not surprising, as past studies have argued for both
origins (e.g. V. Chitnis et al. 2020; C. S. Reynolds et al. 2021). The nearly identical predictions between the two
models further emphasize the power of X-ray polarimetry to break the long-standing degeneracy between these two
different physical models for the X-rays.

A.4. Tests for Polarization Variability

With a ~ 30 detection of X-ray polarization over such a long exposure, we further investigate the polarization data
to see whether there is any evidence for time variability in the polarization signal. We calculate the average Stokes
parameters for each of the five observation segments and perform the same analysis as in L. Di Gesu et al. (2023);
S. R. Ehlert et al. (2023) to test the null hypothesis that the average Stokes parameters in each observation segment
are consistent with the time-integrated average. The y? value for the time-resolved Stokes parameters is 11.5 with
2N —2 = 8 degrees of freedom. This x? value is not large enough to reject the null hypothesis of the Stokes parameters
being constant throughout the entire exposure. We therefore conclude that the IXPE data are consistent with a
constant polarization degree and angle throughout the exposure.
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Table 1. Best-fit spectral parameters for 3C 84 and the surrounding ICM using a combination of X-ray telescopes. Chan-
dra observations are used to constrain the two thermal components of the ICM, while the NuSTAR + Swift data are in-
cluded to constrain 3C 84’s power-law emission in conjunction with the Chandra-derived thermal emission model. Model:
tbabs* (polconst*(powerlaw+zgauss) + polconstg(vapec; + vapeca)).

Model Parameters Chandra  Swift/XRT+NuSTAR IXPE
tbabs  Nx (x 10*2 cm™2) 0.17675 501 0.18875:912 0.18475:81%
polconst IT (%) - - 418 £1.31
T (°) - - 162.8752
powerlaw r - 1.6479:0% 1.66170:03
Norm - 9.2 x 1073 3.6 x 1072
zgauss Line energy (keV) - 6.47 6.47
Line width (keV) - o’ (0
Norm - 1.6 x 107* 2.2 x 107°
polconstg IT (%) - - o/
v (®) - - o
vapec; ET (keV) 1.6579:9% 1.657 1.657
Norm 4.15 x 1073 5.56 x 1072 6.55 x 102
vapecs ET (keV) 4397095 4.397 4.397
Si L6710 00 1.07 1.07
S 0.9916-9¢ 1.07 1.07
Ar 1.167917 1.0f 1.0f
Ca 1.3079-18 1.0f 1.0f
Fe 0.8779:52 0.5079:52 0.507
Norm 1.93 x 1072 1.29 x 1071 1.29 x 1071
x?/d.o.f 498/434 1387/1357 2737/2690

A.5. Test for energy-dependence of polarization

We further investigated the energy dependence of the polarization using the energy bands of 2 — 4keV, 4 — 6keV,
and 6 — 8keV. We carried out a methodology similar to the variability mentioned above by comparing the average
polarization degree across the integrated 2 — 8keV to those measured in these smaller energy bands. We find that
the Stokes Q-U parameters for an assumed constant value with energy give a x? of 4.66 with 2N — 2 = 4 degrees of
freedom.

As a second independent test, we have also fit the IXPE4+NuSTAR+Swift/XRT spectra with pollin model in
XSPEC, which assumes a constant + linear polarization degree and angle as a function of energy. We assume no
change of the PA with energy, fixing that slope to be 0. Our best-fit value for the polarization degree slope is A =
0.0140.01, consistent with a constant polarization degree. The overall fit quality (pollin model, x?/d.o.f.=2736/2689)
is nearly identical to the fit quality of the model where we assume a constant polarization degree (polconst model,
x?%/d.o.f.=2737/2690). With these two results, we conclude that there is no statistically significant evidence that the
polarization degree changes with energy.

B. RADIO & OPTICAL OBSERVATIONS

Here we further discuss the contemporaneous radio, optical, and archival optical observations.

B.1. Polarization observations

Optical observations covering the IXPE observation were taken using multiple telescopes across Europe and the
United States. Those were namely the Belogradchik Observatory in Bulgaria (R. Bachev et al. 2023), the Calar
Alto Observatory (J. Escudero Pedrosa et al. 2024a,b) and Sierra Nevada Observatory (J. Otero-Santos et al. 2024)
in continental Spain, the Nordic Optical Telescope (K. Nilsson et al. 2018; MAGIC Collaboration et al. 2018) in La
Palma, Spain, the LX-200 in Russia, and the Perkins Telescope (S. G. Jorstad et al. 2010) in the United States. All the
observations were reduced following standard polarimetric procedures and corrected for instrumental polarization using
unpolarized and polarized standard stars. More details on the observations, data reduction, and observing strategies
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Figure 9. Spectropolarimetric fit between Swift/XRT, NuSTAR and IXPE. Left panel shows the 0.5-50 keV spectral fit, with
XRT in gray, IXPE DUs in magenta, blue, and green, and NuSTAR FPMA and FPMB in red, and cyan, respectively. The
best-fit model consists of an absorbed power law, a narrow gaussian at Fe K energies, as well as two-temperature thermal model
based on our Chandra fit. The right panel shows the corresponding fit for the Q and U spectra. We have shown the fit for only
the DU for greater clarity. We assumed a constant polarization model for the fit.

of the individual observatories can be found in previous IXPE-collaboration-led publications (e.g., I. Liodakis et al.
2022; L. Di Gesu et al. 2022; A. L. Peirson et al. 2023; P. M. Kouch et al. 2024).

3C 84 has a prominent host galaxy that contributes a significant fraction of unpolarized light. This depolarizing
effect is taken into account in broadband measurements by making a model of the host galaxy light distribution (as
in K. Nilsson et al. 2007) and estimating the flux density contribution of the host and H, line (see J. Aleksi¢ et al.
2014) to the aperture used for the individual observatories. That contribution is then subtracted from the total light,
and the observed polarization degree is corrected following T. Hovatta et al. (2016). The intrinsic R-band polarization
degree is plotted in Figure 10. Spectropolarimetry taken with the Nordic Optical Telescope are presented in an
accompanying publication (F. Marin et al. 2025). In addition, we obtained archival optical polarization data from the
Boston University monitoring program (now called BEAM-ME) to compare with the measurements obtained during
the IXPE observation. We find a consistent behavior where the polarization degree varies from 2% to 4%, aligned
with the jet direction (Fig. 11).

In radio, 3C 84 was observed in nine frequencies from 2.5 to 225.5 GHz using the Effelsberg 100-m telescope as
part of the Monitoring the Stokes @, U, I and V Emission of AGN jets in Radio (QUIVER) program (2.5, 4.8, 8.3,
10.4 GHz, A. Kraus et al. 2003; I. Myserlis et al. 2018, 2025), the Korean VLBI Network (S. Kang et al. 2015) in single
dish mode (22, 43, 86, 129 GHz), the IRAM-30m telescope through the Polarimetric Monitoring of AGN at Millimeter
Wavelengths (I. Agudo et al. 2018) program (86, 225 GHz) and by the SMA Monitoring of AGNs with Polarization
(SMAPOL) program (225 GHz, I. Myserlis et al. 2025) using the Submillimeter Array. The radio observations are
shown in Figure 12.

B.2. Cross-correlation analysis

To probe the optical-y-ray connection, we use contemporaneous and archival data from the Tuorla Monitoring
program (K. Nilsson et al. 2018) °3. The observations are taken in the R-band and are corrected for the host galaxy
contribution revealing a blazar-like light curve with several flares that appear to be well aligned with the y-ray flares
observed by Fermi. To better quantify the optical-y-ray connection, we use the Discrete Correlation Function (DCF,
R. A. Edelson & J. H. Krolik 1988). We find a strong correlation between the long-term optical and v-ray light curves
with a time lag that is consistent with zero (847 days, Fig. 13 - top panel). We repeated the analysis considering only
the observations of the flare in 2025 that was contemporaneous to the IXPE observation. Similar to the long-term

53 https://tuorlablazar.utu.fi/
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Figure 10. Optical brightness and polarization measurements during the IXPE observations. The top panel shows the
brightness in magnitudes for different optical bands (BVRI), the middle panel the host-corrected polarization degree (%, R-band),
and the bottom panel the polarization angle (degrees, R-band). The grey shaded areas mark the IXPE exposures over the entire
observation. The different optical bands are marked with different symbols and colors as shown in the legend. The horizontal
red shaded area marks the projected direction of the jet. The error bars correspond to the 68% (1o) confidence interval.

behavior, we also find the time lag to be consistent with zero (1046 days, Fig. 13 - top panel), suggesting that optical
and ~-rays are emitted cospatially in both cases as expected from inverse Compton scattering.
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