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Abstract: The constantly improving sensitivity of ground-based and space-borne observatories
has made possible the detection of high-energy emission (X-rays and gamma-rays) from several
thousands of extragalactic sources. Enormous progress has been made in measuring the
continuum flux enabling us to perform imaging, spectral and timing studies. An important
remaining challenge for high-energy astronomy is measuring polarization. The capability to
measure polarization is being realized currently at X-ray energies (e.g. with IXPE), and sensitive
gamma-ray telescopes capable of measuring polarization, such as AMEGO, AdEPT,
e-ASTROGAM, etc., are being developed. These future gamma-ray telescopes will probe the
radiation mechanisms and magnetic fields of relativistic jets from active galactic nuclei at spatial
scales much smaller than the angular resolution achieved with continuum observations of the
instrument. In this white paper, we discuss the scientific potentials of high-energy polarimetry,
especially gamma-ray polarimetry, including the theoretical implications, and observational
technology advances being made. In particular, we will explore the primary scientific
opportunities and wealth of information expected from synergy of multi-wavelength polarimetry
that will be brought to multi-messenger astronomy.



1 Background and Introduction

Advances in high-energy (X-ray to ~y-ray) spectral and timing studies in the past few decades have
revolutionized our understanding of the Universe. In particular, active galactic nuclei (AGN) with
their relativistic jets pointing along our line-of-sight, called blazars, are found to be among the
most violent objects in the Universe and also the most numerous objects in the extragalactic y-ray
sky [5]. A regime yet to be explored is the high-energy polarization. High-energy polarimetry
provides two additional observables, i.e. polarization fraction (PF) and polarization angle (PA),
adding invaluable constraints and insights on the extreme physical processes and morphology of
AGN jets.

Blazar double-hump shaped spectral energy distributions (SEDs) are characterized by a low-
energy component spanning from radio to soft X-ray and a high-energy component from X-rays up
to TeV v-rays [31, 56]. They exhibit intense variability across the entire SED time scales as short
as a few minutes, implying violent particle acceleration [2, 6, 31, 56]. Given their luminous ~y-ray
emission and fast variability, blazars have long been suspected as the prime extragalactic acceler-
ators of cosmic rays. The recent very high energy neutrino event, IceCube-170922A, coincident
with the flaring ~-ray blazar, TXS 0506+056, strongly supports that AGN jets are extragalactic
sources of neutrinos [33]. This novel discovery marks the beginning of multi-messenger astron-
omy of AGN jets, which will be a top priority in the next decade. 7o leverage the multi-messenger
observations and explore the extreme physics in AGN jets, we need to understand both electro-
magnetic and neutrino signatures from blazars: What makes the high-energy radiation and
neutrinos from blazars? How do blazar jets accelerate particles?

Radio and optical polarimetry have been successful in understanding the low-energy blazar
spectral component. The observed high PF has unambiguously pinpointed the non-thermal elec-
tron synchrotron emission to be the dominant radiation mechanism in the low-energy spectral
component [10, 12, 39, 43, 54]. Very long baseline interferometry (VLBI) has delivered high res-
olution polarized radio images of AGN jets very close to the central engine, revealing the overall
jet structure and evolution [13, 16, 43, 57]. These observations have found that blazars can be-
come very active when a powerful radio outburst emerges, often with significant radio polarization
variations [7, 34, 49, 50, 53, 55, 57, 60], indicating the location of efficient energy dissipation and
the magnetic field evolution therein. In the last decade, simultaneous optical polarization moni-
toring with ~y-rays has became mature. Violent optical polarization variations, in particular the PA
swings, are often accompanied by intense multi-wavelength flares [1, 11, 12, 44], implying that the
magnetic field is also involved in particle acceleration processes. Radio to optical polarimetry has
since unveiled unique information about the magnetic field that cannot be obtained with continuum
observations and light curves. The observed polarization can be explained by intense particle ac-
celeration processes in the jet emission region, such as shock [19, 20, 72], magnetic reconnection
[76], kink instability [47, 75], or turbulence [37, 41], or global jet structure and evolution, such as
a bending jet [1] or helical magnetic field structure [43, 44].

High-energy (X-ray to y-ray energies) polarimetry will open up a new window and play a
crucial role in exploring the extreme physics of high-energy radiation, neutrino production,
and cosmic ray acceleration in AGN jets. High-energy polarimetry can pinpoint the various
radiation mechanisms in the high-energy blazar SED via the PF observations. Synergizing with the
neutrino observation, high-energy polarimetry can probe the hadronic interactions and cosmic rays
in AGN jets, which give rise to the electromagnetic counterparts of neutrinos. In particular, if ultra-



high-energy cosmic rays (UHECRS) are accelerated in AGN jets, high-energy polarimetry provides
exclusive information on the acceleration mechanism and physical conditions by unveiling the
magnetic field structure and evolution. Supports in the next decade on high-energy missions
with dedicated polarimetry capability and theoretical studies on high-energy polarization
will add invaluable insights on the multi-messenger AGN jet studies.

2 Key Scientific Questions
2.1 High-Energy Radiation and Neutrinos
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and IC efficiency, inferring a magnetic field

strength on the order of 0.1 G in the blazar emission region [15]. Generally a pure leptonic IC
model can successfully reproduce the blazar SED, but it may still include a subdominant hadronic
component due to non-thermal protons, with neutrino counterparts [17, 35, 58]. Current particle
acceleration theories typically find that the acceleration mechanism that makes the non-thermal
electrons can also accelerate non-thermal protons to very high energies [30, 64]. Interacting with
the dense photon field in the emission region via photomeson processes, these protons can produce
very high energy neutrinos and cascading pairs; the latter then results in secondary synchrotron
emission from X-ray to MeV ~-rays [15, 18, 52]. If the blazar emission region has a strong mag-
netic field (typically 10 — 100 G), the efficient proton synchrotron (PS) process can make X-rays
and ~y-rays [15, 46]. The high magnetic field in the PS scenario diminishes the IC efficiency of
non-thermal electrons, so that the high-energy spectral component is mostly dominated by the
PS and secondary synchrotron emission from hadronic cascading pairs [25]. The observed GeV-
TeV ~-rays imply the acceleration of UHECRS in the PS scenario [15, 18, 73]. Both scenarios
can successfully reproduce blazar SEDs. Although neutrinos can pinpoint the hadronic interac-
tions, spectral modeling of the recent TXS 0506+056 event has found that the IC scenario with
a subdominant hadronic component produces similar SEDs to those of the PS scenario [17, 35].
Nonetheless, the drastically different magnetic field strengths in the two scenarios give rise to dis-
tinct radiation mechanisms, especially in the y-rays. We need additional observational constraints



to distinguish between the different high-energy radiation mechanisms and probe the acceleration
of cosmic rays and neutrino production.

High-energy polarimetry can disentangle the ambiguity in the radiation mechanism and under-
lying magnetic field strength. This is because in the blazar emission environment, the PS scenario
intrinsically predicts considerably higher PF than the IC scenario [14, 51, 70]. Figure 1 shows
the PF in the high-energy component based on TXS 0506+056 model parameters [74]. Assuming
that the high-energy spectral component is produced co-spatially with the optical counterpart at
10% PF, the PS scenario predicts a high PF at = 10% in X-ray and MeV ~-ray bands, because of
the synchrotron emission by either primary protons or secondary cascading pairs. A pure leptonic
IC model predicts only ~ 5% PF in both energy bands, because the IC process generally makes
negligible PF (EC) up to half of the synchrotron PF (SSC). In the case of an IC scenario with a sub-
dominant hadronic contribution, the X-ray bands present a => 10% PF similar to the PS scenario,
due to the strong secondary pair synchrotron, but the MeV bands still show a much lower PF at
~ 5%. Therefore, while the X-ray PF can probe the secondary pair synchrotron contribution com-
plementary to the neutrino detection, MeV -ray polarization is key to unambiguously distinguish
the IC and PS scenarios.
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2.2 Particle Acceleration
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) Figure 2: MeV ~-ray polarization variability of a PS domi-
magnetic field structure [37, 42, 64]. On the nated blazar, based on the shock and magnetic reconnection

other hand, magnetic reconnection usually re- models. The shock model predicts a stronger polarization
quires the magnetic energy dominating over the variability than the reconnection model [73].

kinetic energy. It generates magnetic plasmoids at the reconnection site, which are small chunks of
plasma with high magnetic energy density [27, 29, 63]. This leads to efficient acceleration of non-
thermal electrons and protons, and enhances the turbulence at the reconnection site. Nonetheless,
although the two mechanisms involve very distinct physical conditions and evolution, both can
reasonably explain the observed blazar SEDs and light curves [9, 21, 23, 28, 41, 42, 59, 65, 67].
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Figure 3: Left: Spectral energy distribution blazar 3C 279 during a typical bright state [31] used for the simulations
of polarization sensitivity for AMEGO (blue) and AdEPT (red). Right: Predicted minimum detectable polarization
(MDP) for AMEGO (blue) and AJEPT (red) for a 20-day on-source integration time.

High-energy polarimetry can unveil the magnetic field evolution and disentangle the two par-
ticle acceleration mechanisms. This is particularly important in exploring the cosmic ray acceler-
ation, if the blazar high-energy spectrum is dominated by the PS scenario. Figure 2 compares the
temporal polarization signatures of the shock and magnetic reconnection under a PS blazar model,
based on consistent numerical simulations of particle and magnetic field evolution [73]. The large
change in the magnetic field morphology in the shocked plasma can lead to drastic MeV ~-ray
polarization variation, such as a PA swing. However, magnetic reconnection only leads to more
turbulent magnetic field, resulting in a moderate drop in the PF and minor variations in the PA.
Future v-ray polarimetry can examine the predictions of self-consistent first-principle simulations
to disentangle the particle acceleration mechanisms in the blazar emission region, thus unveil the
mystery of cosmic ray acceleration and neutrino production in AGN jets.

3 Required Instrumental and Theoretical Advances

3.1 High-energy polarimetry - a window about to open
Addressing the science goals above requires multi-wavelength and multi-messenger observations
with wide field of view, good energy resolution, and high sensitivity. In particular, future high-
energy missions with dedicated polarimetry capability will be optimal. Several missions, e.g.
XPP, IXPE! [68], e-ASTROGAM? [22], AMEGO? [45], and AdEPT [32], are planned in the
next decade with great polarization sensitivity over the energy range from 2 keV to 500 MeV.
Figure 3 illustrates the polarization detection capabilities in the keV and MeV energy range.
The polarization detection capabilities of the future MeV missions AMEGO and AJdEPT were
calculated on the assumption of blazar, 3C 279, with a degree of polarization of 20% and broken
power-law energy flux spectrum during a typical bright state, energy-flux at 100 MeV i.e. Figp arev
=107 erg cm2 s7! [31]. The AMEGO minimum detectable polarization (MDP) in the 100 keV
to 5 MeV energy range was simulated using the MEGALIB tool*. The AdEPT MDP in the 5-
200 MeV energy range was calculated using the instrument parameters given by Hunter et al. [32].
Simulations predict that we will be able to achieve MDP as low as 5% for both missions, making
the detection of high-energy polarization signals from many AGN very promising.

' https://ixpe.msfc.nasa.gov/ 2 http://eastrogam.iaps.inaf.it/science.html
3 nttps://asd.gsfc.nasa.gov/amego/ * http://megalibtoolkit.com/home.html
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Simulations imply that AMEGO will be able to de-
tect polarization signals from blazars with a flux above
Fioo pev. In four years of Fermi/LAT observations 55
blazars were detected with a peak energy-flux above
Fioo mev [3], extrapolating this indicates that ~68
blazars would be detected during the 5-year mis-
sion. These calculations also predict that during flaring
states of bright blazars, i.e. an increase in flux by an e L
order of magnitude, we will be able to not only detect Time (days)
more sources but also probe temporal polarization vari- .Figure 4: Predicted Changes_;n PF d“ri‘;g ityp'

. . . . .. . ical flare, energy flux = 107 ergecm ™" s™ ", at
ations. Figure 4 displays the predicted variations in PF 5 5oy (blue) and 0.5-1.0 MeV (black) en-
on day scale during a typical flaring state of the blazar ergies. The red diamonds are the input data.
3C 279 (energy flux >107? erg cm=2 s71) at 0.2-0.5 MeV (in blue) and 0.5-1.0 MeV (in black)
energies (the input data is shown in red). The simulated temporal polarization sensitivity is very
appealing to diagnose the cosmic ray acceleration mechanisms as shown in §2.2.
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3.2 Theoretical advances

In order to leverage the multi-messenger observation and multi-wavelength polarimetry in the next
decade to study the AGN jet physics and potential cosmic ray and neutrino production, we need
to achieve a through physical understanding of the plasma jet dynamics, particle acceleration, and
radiation processes. The highly variable and complex nature of AGN jets prevents the use of
simple analytical models with many free parameters, as they will diminish the model prediction
power. Instead, we need comprehensive models based on first principles theories and numerical
simulations to minimize the parameter freedom and reveal the dynamical fluid and particle co-
evolution, as well as the radiative transfer and feedback.

Full particle-in-cell (PIC) simulations have been successful in studying the particle acceler-
ation processes during shocks and magnetic reconnection events [29, 48, 62, 63, 66, 69]. This
approach can self-consistently evolve both fluid and particle physical quantities, at the cost of high
computational power. However, PIC can only simulate evolution on particle kinetic scale, which
is much smaller than the blazar emission region [30, 63, 69]. Several multi-scale approaches have
been developed, where some kinetic effects are removed to reduce the computational cost and push
simulations to larger scales [e.g., 4, 8, 26, 38]. For example, some models treat thermal electrons
as a fluid and only retain non-thermal electrons and protons. Much further studies are needed to
determine the necessary kinetic physics for understanding the particle acceleration processes. Sup-
ports on development and applications of multi-scale numerical simulations and high-performance
computing in astrophysics will extend our understanding to multi-messenger astrophysics.

The ultra-relativistic electrons and cosmic rays in the blazar emission region mostly lose energy
through radiation. Therefore, we need to study radiation transfer for both electromagnetic and
neutrino signatures, as well as radiative feedback on non-thermal particles. A couple of radiation
transfer codes are advancing in this direction, using Monte-Carlo and/or ray-tracing methods [20,
41, 71]. Given that the blazar emission region can be highly inhomogeneous and fast evolving, the
radiation transfer simulations need to consider anisotropy and spatial inhomogeneity effects and be
fully coupled with fluid and particle dynamics. Supports on numerical methods on first-principle
integrated radiative transfer simulations will play a central role in the multi-messenger astronomy.
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