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ABSTRACT

Axions, or axion-like particles(ALPs), are a prime dark matter candidate motivated by the Strong
CP problem. A linearly polarized photon propagating in an ALP field can have induced periodic
oscillations about the electron vector position angle(EVPA). Thee changes to the polarization have
increased the interest of searching for axion signatures in astrophysical environments. A novel and
unique of searching polarimetric measurements for axion signatures has been to use the relatively
recent Event Horizon Telescope(EHT) array which recently produced images of the magnetic fields
lines around the supermassive black holes M87 and Sgr A*. However, much of the previous literature
on this study focuses on radiation coming from the accretion disk rather than a relativistic jet. In this
study, we investigate the effects of an axion cloud around M87 on the Stokes maps of relativistic jets
using a stationary, axisymmetric, self-similar model for the jet. We focus on the case of a soliton core
forming in the galactic center with and axion-photon coupling constant of g, followed by discussions of
the superradiance case to be done in the near future. We show that with a strong enough coupling, we
can see notable changes in the polarization maps of the jets with the maximal angle change increasing

with increasing mass.
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1. INTRODUCTION

The Event Horizon Telescope (EHT), which ushered
in the age of direct imaging of supermassive black holes
with the sources M87* in 2019 and Sgr A* in 2022 (Event
Horizon Telescope Collaboration et al. 2019, 2022),
opens a new era for probing physics in the extreme en-
vironment of a supermassive black hole(SMBH). This
level of unprecedented resolution has opened many av-
enues for exploring fundamental physics with the EHT
(Ayzenberg et al. 2023). While this allows to investi-
gate tests of general relativity, accretion disk physics,
and extreme electrodynamics in the strong gravity
regime, it offers new avenues to study Beyond Standard
Model(BSM) physics around compact objects. More re-
cently, the EHT has been able to resolve the polarized
images of both Sgr A* (Event Horizon Telescope Col-
laboration et al. 2024) and M87 (Collaboration et al.
2021), which has raised the interest of researchers look-
ing to study BSM phenomenology around black holes.
With the advantages of Very Long Baseline Intefer-
omtry(VLBI)and polarimetric measurements of the ra-
diation, the EHT serves as a unique probe to constrain
the existence of axion-like particles(ALPs) in astrophys-

ical environments. Many of these searches typically at-
tempt to search for axion effects on the electromagnetic
sector (Tobar et al. 2019).

The axion is a hypothetical BSM particle motivated
by being a solution to the strong CP problem (Wein-
berg 1978) in quantum chromodynamics(QCD). Quan-
tum field theory predicts that the QCD Largangian vi-
olates CP symmetry, yet, QCD seems to preserve it.
Beyond QCD, ALPs generically appear in fundamen-
tal theories and string theories, serving as a viable dark
matter candidate. There have been many proposed ways
to search for axion signatures including nuclear mag-
netic resonance (Arvanitaki & Geraci 2014), neutron
stars (Noordhuis et al. 2024), and gravitational wave
signatures (Gorghetto et al. 2021).

Ultralight axions may be treated as a classical wave
due to their exceptionally high occupation number (Hui
2021). An analytic model of a DM halo formed in this
regime can be described by a Schrodinger-Poisson sys-
tem (Manita et al. 2024) and a soliton core can form
in the galactic center due to the balance between grav-
itational interactions and the quantum pressure (Mocz
et al. 2023). The spatial mass and density distribution of
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such halos is often described by a Navarro—Frenk—White
(NFW) profile which is used in many cosmological sim-
ulations of cold dark matter(CDM) in galaxies, such as
effects on structure formation (Mina et al. 2022).

When the Compton wavelength of the axion field is
comparable to the size of the BH, the axion cloud can
be excited due to rotational superradaince (Teukolsky
1972). This is a generalized version of the Penrose pro-
cess (Lasota et al. 2014) which typically focuses on a
classical particle (Penrose & Floyd 1971). Historically,
searches for BH superradiance signatures have focused
on gravitational wave signals from bosenova (Arvanitaki
& Dubovsky 2011). More recently, it has been proposed
that the high spatial resolution and polarimetric mea-
surements of the EHT can be used to probe axion cloud
around an SMBH (Chen et al. 2020). This is because a
photon passing through an axion cloud can have axion-
induced time oscillations of the Electriv Vector Position
Angle(EVPA), similar to the classical Faraday rotation
effect.

In this paper, we propose searches for axions around
MS87 using polarimetric measurements of relativistic jets.
The analysis focuses on how ALPs could theoretically
affect the polarization maps of jets. This paper is struc-
tured as follows. In Section 2, we present the configura-
tion for an ambient DM cloud that forms a soliton core
in the galactic center of M87. This is well motivated and
is the simplest to work with. In Section 3, we briefly re-
view the superradiance mechanism and briefly discuss
its use in our polarization analysis. Section 4 reviews
the jet model found in (Anantua et al. 2020) followed
by Section 5 which discusses the interaction between ax-
ions and the Standard Model, particularly electromag-
netism. In Section 6 we present methods used to study
the polarization maps with and the axion-induced maps
generated for the soliton core model. We summarize in
Section 7 and present further analyses to be undertaken
in the near future.

2. COHERENT ALP FIELD

A linearly polarized photon traveling through an ALP
field can have periodic rotation of the Electron Vector
Position Angle(EVPA). The relevant Lagrangian for an
ALP field coupled to electromagnetism is the following;:
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were F,, = 0,A, — 0,A, and F* is the dual. The
equation of motion for the ALP field arising from this
is,

Oa +m2 = g, E - B (2)

By assuming that the source term is negligible com-

pared to m2a, we can ignore the back-reaction term.

The solution then becomes a coherently oscillating ALP
field,
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where 0(Z) is a position-dependent phase. For axion
experiments on Earth, the value of this tends to be in
the vicinity of ppar ~ 0.4GeV/ecm™3. This value tends
to be much larger in many astrophysical systems, in-
cluding near a Kerr black hole. It is valid to describe
such a field as a classical field since axions within this
mass range have exceptionally small interparticle sepa-
ration characterized by the de Brogile wavelength (Hui
2021). For ultralight axion DM, the balance between
quantum pressure and galactic interactions can give rise
to a soliton core near the galactic center. The radius of
the core is directly related to the de Brogile wavelength

of the ALP field, )
- (4)
mav
where v is the average velocity of the dark matter
within the specified galaxy. Within the solitonic core,
the radius is assumed to be coherent and homogenous
whereas outside the soliton core, the DM density follows
an NFW profile. Simulations from (Murphy et al. 2011)
suggest the mean velocity of dark matter in M87 to be
around SOOkTm corresponding to v ~ 2.66 x 10~ 3c. We
will use this value here. The relationship between mass
and core radius can be found in Fig. 1.
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Figure 1: Relationship between axion mass and soliton
core radius.

Simulations from (Schive et al. 2014) show that the
density profile can be parametrized as follows,
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DM density profile (m_a=1e-20 eV), r,=1.51 pc
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Figure 2: Density profile for dark matter with axion
mass of 1072%V. White circle highlights the radius of
the soliton core of which, density falls off as NF'W profile
outside this.

Additionally, from the Lagrangian, we get the equa-
tion of motion for the electromagnetic field,

A—-V?A =g, (aV x A+ A x Va) (6)

which when following in the temporal gauge and
Coloumb gauge, can be decomposed into two circular
polarization modes, A*.

d*k 7, ik-x—iwit
Ata) =3 / G AT R (R (26)

The equations of motion result in two different dis-
persion relations for each of the two different circularly
polarized modes.

wl — k? F gy (a+ K- Va)|k| =0 (2.7)

The misalignment of the ALP field causes spontaneous
breaking of the parity symmetry. Such an effect causes
birefringence, and for a linearly polarized photon, we
will see a change in the position angle in the polarization
plane.
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Since the strength of the axion field on Earth is neg-

ligible to the strength at the point of emission, we can
ignore the observation term.

3. SUPERRADIANCE

In the section, we briefly review the process of an ax-
ion cloud forming around an SMBH via rotational su-
perrdiance. This section only serves as an overview of
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the topic to introduce the basics of how such a process
occurs and should not be taken as a replacement for fur-
ther study. Further theory can be found in (Brito et al.
2020).

We now consider the Lagrangian of an axion field cou-
pled to electromagnetism in curved spacetime. Specifi-
cally, we will be working in Boyler-Lindquist(BL) coor-
dinates z# = [t, 7,0, ¢].

L= —%lFWF’“’ + %V“a Vta — %mz a? — % a F,, F*

(8)

The only difference here is the partial derivatives have

been promoted to covariant derivatives. Ignoring the

self-interaction term, the KG equation for a scalar field
with mass p is given as,

(9°"VaVs = 1) =0 (9)

The variables in his solution are separable under a
Kerr backgroud which allows us to take the following
ansatz,

a(t,r,0,0) = e “e™? Sy (6) Rem(r), m e Z
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where Ry, (r), is the radial function and Se,,(0) are
the spheroidal harmonics. Ingoing boundary conditions
are imposed on the outer horizon such that the radial
profile falls off exponentially after reaching its peak. The
radial function can only be evaluated numerically us-
ing Leaver’s nomenclature (Dolan 2007), starting with
a function of the form,
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Near the horizon(r — r), the dominant term in the
radial equation gives plane wave solutions,
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purely ingoing boundary conditions, so we exclude the
outgoing piece.

. Regularity at the horizon requires
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Here T is the *transmission amplitude* into the hole.
At spatial infinity (r — o00), for w? > p? the field is
oscillatory:
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Ain and Ay, are, respectively, the amplitudes of the
incident and reflected waves; R = Agut/Ain is the re-
flection coefficient. We can use the Wronskian to find
the relationship between the reflection and transmission
coefficients. For any solution to the radial ODE, the
quantity,

dR*
dr

is constant in r. The Wronskian near the horizon must
equal the one at infinity.

dR
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Set Wy = Wso and we get,
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Because k > 0 and |T|? > 0, if we have w —mQpg > 0,
this leads to |R|?> < 1 which is ordinary absorption.
However, if instead, 0 < w < mQy, then |R|> > 1
and we get amplification. In other words, we get su-
perradiance and an amplification of the bosonic field.
Superradiance takes place efficiently when the Compton
wavelength A\¢ of the axion field is comparable to the
BH size R; ~ A¢, within an order one factor. The ax-
ion field forms a bound state with the SMBH and the
configuration is often referred to as the ”gravitational
atom,” because of its analogous nature with the hydro-
gen atom solution.

Typically, the type of field configuration we are work-
ing with is tracked via the gravitational fin structure
constant, a = %7 and the quantum numbers n,l and m.
Since o o« m, and the mass is related to the occupation
number of the cloud, we can use the gravitaional fine
structure constant as a marker for the radial extent of
our cloud.

Higher values of a correspond to lower mass values and
a peak closer to the black hole. If one were to consider
radiation cases coming from accretion flows, it is favor-
able to choose values such that the axion field peaks close
to the disk and closer the SMBH. For relativistic jets,
this depends on the extent of the jet investigated. Gen-
erally, the superradiance model depends on the vicinity
of the black hole investigated.

Numerical simulations from (Dolan 2007) show that
the n=2, l=m=1 state has the highest superradiant
rate. Analogously to the hydrogen atom, the shape of
the cloud resembles p orbitals with its ”dumbbell-like”
shape. While other modes may coexist with the 211
state, the 211 state typically dominates near the black
hole. Previous analyses of searching for axions with the
EHT focuses on this region and often restricted their
axion field configuration to just the 211 state. However,
higher modes have more spatial extent and become more
important when looking at large-scale jet observables.
The higher modes may dominate in some of these cases,
but calculating the amplitude is more complicated since
relativistic effects are strong. Another caveat is that
since a o sin(#) where theta is the polar angle in Kerr
spacetime, the axion field is stronger near the equato-
rial plane where accretion flow is dominant. Since jets
tend to align with the spin axis, this could lead to sig-
nificant surpression of the axion-photon interactions un-
less the jet has a large opening angle. Additionally, one
would have to consider the effects of self-interactions
since it effects the evolution of the superradiant insta-
bility (Baryakhtar et al. 2021).

4. ANALYTIC RELATIVISTIC JET MODEL

To investigate axion signatures in the polarized emis-
sion from MS8T7’s relativistic jet, we employ the semi-
analytic jet model developed by (Anantua et al. 2020).
This model provides a computationally efficient frame-
work for generating synthetic polarimetric observations
while capturing the essential physics of magnetically
dominated jet flows. The advantage of this approach
is twofold: it enables us to explore parameter space sys-
tematically without the computational expense of full
general relativistic magnetohydrodynamic (GRMHD)
simulations, and its self-similar structure allows us to
model jet physics across a wide range of spatial scales—
from the black hole horizon (~ 10M) to large-scale jet
structures (~ 10°M), where M = G Mgy /c? is the grav-
itational radius.

4.1. Self-similar Stationary Semi-analytic Model

The jet model is based on force-free regions of rela-
tivistic GRMHD simulations and assumes the plasma
is stationary (0/0t = 0) and axisymmetric (0/0¢ =
0). These assumptions are well-justified for the time-
averaged structure of AGN jets and significantly sim-
plify the analysis while preserving the key electromag-
netic properties relevant for polarization studies.

The model employs cylindrical coordinates (s, ¢, z),
where s is the cylindrical radius and z is the height along
the jet axis. The self-similarity of the flow is character-
ized by the dimensionless variable:

§=— (20)
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Figure 3: Polar evolution of axion cloud in n=2, l=m=1 state over time. Due to the quantum numbers, the axion
field has a two-lobe shape, analogous to the p-orbitals of the hydrogen atom with the same quantum numbers. The

cloud rotates counterclockwise.
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Figure 4: Radial profiles for axion cloud with fine
structure constant values of 0.4 and 0.15.

This self-similarity allows the magnetic flux @, current
I, and field-line angular velocity 25 to be expressed as
functions of £ alone, rather than s and z independently.
The magnetic field components are then derived from
the flux function through:
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with the toroidal component given by:
I
By = (3) (22)
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For a force-free plasma, where the Lorentz force van-
ishes (pE + j x B = 0), the current satisfies:
1(§) = 3 (23)

where primes denote derivatives with respect to &.
The specific functional forms for ®(¢) and Qp(§) are
obtained by fitting to azimuthally averaged quantities

from GRMHD simulations of a magnetically arrested
disk around a spinning black hole (?). ? adopt:

®(¢) = tanh(0.3¢) (24)
Qp(€) = 0.15exp(—0.3¢?) (25)

These fitting functions capture the essential structure
of the jet: a highly magnetized spine near the axis (small
€) surrounded by return currents at larger radii (larger
€). The velocity field includes both poloidal compo-
nents derived from the electromagnetic structure and
a toroidal component from field-line rotation.

For application to M87, the model is scaled using a
black hole mass of Mpmms7r = 6.6 x 109 Mg, corre-
sponding to a gravitational radius r, ~ 10'®* m and
light-crossing time ~ 9 hours. The magnetic flux is nor-
malized to @, \s7 &~ 1026 Wh, consistent with estimates
for M87’s jet. The viewing angle is set to § = 20°,
matching observational constraints for M&7.



4.2. Constant B. Model for Plasma Emission

To convert the electromagnetic structure into observ-
able synchrotron emission, we require a prescription for
the particle energy distribution. The model employs
a “constant (.” prescription, where the partial pres-
sure P, of synchrotron-emitting relativistic electrons and
positrons is related to the local magnetic pressure:

- B2
Pe = BeOPB = ﬂeO? (26)

Here B, is a dimensionless parameter representing the
ratio of particle pressure to magnetic pressure. This
formulation is motivated by the expectation that a frac-
tion of the electromagnetic energy density is converted
to particle energy through processes such as magnetic
reconnection, shocks, or turbulent acceleration.

The subequipartition regime (8.9 < 1) is expected for
the highly magnetized inner jet regions that dominate
millimeter-wavelength emission. Based on observational
constraints from M87’s spectrum and jet geometry, char-
acteristic values are B9 ~ 10710 to 1076, with lower val-
ues corresponding to more magnetized plasmas closer to
the black hole.

The emitting particles are assumed to follow a power-
law energy distribution:

Ne(v) = Key™  for Ymin <9 < Ymax (27)

where -y is the particle Lorentz factor, p is the spectral
index (typically p ~ 2.5-3 for AGN jets), and Ypin = 10
represents the minimum energy of relativistic particles
contributing to synchrotron emission. This distribution
captures the non-thermal particle acceleration processes
operating in relativistic jets.

For plasmas containing a mixture of electrons,
positrons, and protons/ions, the model can be gener-
alized to account for composition. If we denote the ion
number density as n; and the total particle density as
n, the effective emitting particle pressure becomes:

~ n—mn;
P, = - BeoPn (28)

This modification reflects the fact that only electrons
and positrons contribute significantly to synchrotron
emission at observed frequencies—protons are too mas-
sive (by a factor of 1836) to emit efficiently at the same
energies.

4.3. Polarized Radiative Transfer

The polarized synchrotron emission is described using
the Stokes parameters (I,Q,U, V), which fully charac-
terize the intensity and polarization state of the radia-
tion. The evolution of these parameters along a photon
trajectory is governed by the polarized radiative transfer

equation:
I j[ ar  aQ oy ay I
d Q] _lie|_|ae ar pv —pu|]|@
ds | U Ju ay —pv ar  pQ U
14 Jv ay pu —pQ o1 v
(29)

where s is the affine parameter along the ray path. The
source vector components jr, jQ, ju, jv represent polar-
ized emission; az, ag, ay, oy are absorption coeflicients;
and py, pg, pu are Faraday rotation and conversion co-
efficients.

The emission and absorption coefficients are computed
from the synchrotron formalism for a power-law particle
distribution. These coefficients depend on the effective
magnetic field B, = |B x 1|, where 7 is the line-of-sight
direction, and on the partial pressure P. through the Beo
parameter. The key dependencies are:

g1 o ﬂeOB£p+1)/2V_(p_1)/2 (30)

ay o 5eoB£p+2)/2V*(z’+4)/2 (31)

with similar expressions for other Stokes components.
The linear polarization components Q and U reflect the
projected magnetic field orientation, while circular po-
larization V' arises from higher-order effects and asym-
metry in the particle distribution.

As polarized light propagates through magnetized
plasma, Faraday rotation causes the plane of linear po-
larization to rotate:

dx _

ds
where y is the electric vector position angle (EVPA).
The Faraday rotation coefficient is given by:

TLEBH
2

pv (32)

pv (33)
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where B) is the magnetic field component parallel to
the line of sight and n. is the electron density. Faraday
conversion (characterized by pg and pyr) couples circular
and linear polarization modes.

For the plasma compositions considered, both elec-
trons and positrons contribute to Faraday rotation, but
with opposite signs due to their opposite charges. In a
pure electron-positron plasma, these contributions par-
tially cancel, while in electron-proton plasmas, only elec-
trons contribute significantly.

The radiative transfer equation is solved by integrat-
ing along rays from the observer plane (X,Y") backward
through the jet to the far side. Special relativistic ef-
fects are incorporated through Doppler boosting factors
that depend on the bulk fluid velocity and viewing an-
gle. The observed frequency v relates to the comoving
frequency v/ through:

v=D/, D=—"— (34)
ra-pg-n)



where I' is the bulk Lorentz factor and 5 is the bulk
velocity in units of c.

The model produces synthetic Stokes maps at observ-
ing frequencies of 86 GHz and 230 GHz—the two pri-
mary frequencies of Event Horizon Telescope observa-
tions. These maps reveal characteristic patterns: bilat-
eral asymmetry in intensity I due to Doppler beaming,
symmetric/antisymmetric structures in ) and U reflect-
ing the helical magnetic field geometry, and varying de-
grees of circular polarization V depending on plasma
composition and magnetization.

This framework provides the baseline polarized emis-
sion against which axion-induced modifications will be
compared. As will be described in Section 5, the pres-
ence of an axion field introduces an additional contribu-
tion to the Faraday rotation coefficient, which alters the
evolution of the Stokes parameters along photon trajec-
tories and produces observable signatures in the polar-
ization maps.

5. AXION ELECTRODYNAMICS AND
RADIATIVE TRANSFER

Since the EHT can resolve electromagnetic signatures,
including the polarized images of M87, we consider how
these signatures would change in the presence of an ax-
ion field. While modified Maxwell equations help in-
tegrate the dynamics of axion-electromagnetic interac-
tions, for generating ray traced images, it is more im-
portant to couple the the field to the radiative transfer
equations to see how the photon polarization evolves as
it propagates through an ALP field. Here, we use the
geometric optics approximation of photons propagating
through an ALP field in curved spacetime (Schwarz et al.
2021). The radiative transfer model is identical to (Chen
et al. 2022) with main equations being pulled from it.
This is then followed with our own radiative transfer
model to align with the jet geometry.

5.1. Modified Maxwell Equations

When axions are coupled to electromagnetism,
Maxwell’s equations are modified in the presence of the
field (Sikivie 1983). The modifications come from the
interaction term in the Lagrangian.

g ~
Loy = %aFﬂuF’“’ (35)

The equations of motion for the axion and gauge fields
can be written as,

%a—V2a+m2a= _da p s
t a 4 ~H (36)
aMF/LV — _jl/7 8MF/U/ — 0

where j¥ = gavauﬁ #¥ From this, it is straightforward
to derive the axion-modified Maxwell equations,

V-E=p — g.yB-Va (37)
VxB=E +J + go, (e B-ExVa) (38)
VxE=-B (39)

V-B=0 (40)

Note, the axion-electromagnetic charge and current
are defined as follows.

Pa = — YaryB - Va, Jazgm(dB—ExVa) (41)
5.2. Radiative Transfer

For our radiative transfer analysis, we apply the geo-
metric optics approximation. In the Lorenz gauge, the
equation of motion for the electromagnetic field can be
written,

V. VFAY — REA, = —gany (V,a) FP (42)

which under the geometric optics approximation has
the following ansatz,

Ay (z) ~ R{ A, (z) e/, (43)

Here, we define the four-dimensional wave vector as
k, = 19,5(z). At leading order in £~!, photons follow
null geodesics (k*k,, = 0), and we require this condition
to be true along the path of the photons. At next order,
the vector potential expansion yields,

_ 1 - _
KV AY - S AR+ a7 AgkpVa = 0. (44)

This can be further simplified if we introduce a space-
like polarization vector £# that satisfies £,k* = 0. This
allows us to decompose the vector potential equation

into two equations, one for amplitude A and one for
polarization vector.

- 1-
WV, A+ SAV, R =0 (45)
MV 1€+ Garnry €7 K,V pa = 0 (46)

Note that the equation of motion for A does not con-
tain the axion field. This means that the intensity of
the light is not affected by the presence of the field.
Projecting onto circular polarization states and the ref-
erence frame of the observer, one can show that the left-
and right-handed modes acquire opposite phase shifts
proportional to the change in the axion field along the
ray. For a linearly polarized photon, this corresponds

to a net rotation of the electric-vector position angle
(EVPA)

AX A gay [a(observer) — a(emission)], (47)



It is usually best, and most convenient, to describe
photon propagation near the BH with the covariant,
polarized, radiative transfer equations, solving for the
Stokes vector I = (I, Q, U, V ). These include jg, ab-
sorption ag, as well as Faraday rotation/conversion co-
efficients pv, pg, pv. As stated before, the intensity of
the light is unaffected. The axion field can alter the
Faraday converseion coefficient term. Splitting contri-
butions from the plasma and the axions we can define
the projection matrix,

M == Mplasrna + Maxion (48)

where the first term is exactly the Muller Matrix in
the ordinary radiative transfer equations,

ar  aQ ay vy

Mplasma = e ar pv. —pU (324)
Qu —pv QA1 pQ
ay  pu —pP a1

The axion matrix is simply characterized as ,

0 0 0 0
da
Maxion = 0 0 d 2gav'\/ 0 (49)
0 294y g5 0 0
0 0 0 0

Hence we get the following correction to the Faraday
rotation,

da
p/V = Pplasma — 29aw£ (50)

where s is the afﬁne parameter of the photon trajec-
tory. The derivative 4 9%, which can be written as k*0,a,
can be interpreted as the change in the axion ﬁeld as
”seen” by the photon along its trajectory. This arises
from the parallel transport of the polarization vector in
the presence of the axion gradient(i.e. change in axion
field along the photon’s worldline). In other words, for
ray-traced images, the axion effect can be included by a
change to the Faraday rotation coefficient. This directly
affects the EVPA since,

X = %arg(QJriU). (51)

We can see this better by looking at the modified ra-
diative transfer equation in local tangent space.

I j] ar  oaQ ay oy I
dlQ|_|ide |_| @ ar py pu Q
ds | U Ju ay —py o1 pQ u

Vv Jv ay —pu —pq o1 Vv

(52)

5.3. Radiative Transfer Model

The Ambient dark matter model is the easiest to im-
plement due to the simplicity of its solution. For the
mass range we are concerned with, the extension of the
jet does not surpass the radius of the soliton core. Thus,
the NFW profile is not applied to the amplitude and the
spatial gradients of the axion field vanish.

da da

— 2, F
ar e

= 2gq, k" Opa = 2ga7kt i

(53)

The value of p, is lower for lower energy photons.
Thus, since F, o« v, we expect to see smaller angle
changes for the 86GHz case.

The superradiance case is much more complex since
not only do we have to deal with all spatial gradients,
we must make the geometry consistent with the jet and
the radial function can only be evaluated numerically.
Recall, we have the observer plane (X,Y), which are the
polarization axes. We can parametrize the coordinates
in terms of the self-similarity variable ¢ so that it be-
comes the affine parameter.

2

(== 5=V (54)

We then rotate the jet frame by 6 around the x’-axis
to align with the observer frame (X,Y,Z).

o =X (55)

y' = Ycos(0) + Zsin(0) (56)

2" = Zcos(0) — Ysin(6) (57)

s =/X2+ (Ycos(0) + Zsin(f))? (58)

With some more algebra, we derive the following
parametrizations of the cylindrical coordinates in terms
of the affine parameter.

= /X2 + ((sin(0) — Yeos(6))2 (59)
)

¢sin(0) — Ycos(0)

2(¢) =Ccos(0) +Y (61)

d(C) = ArcTan(

Thus, to get the spatial components of the four-
momentum, we differentiate each of these with respect
to the affine parameter.

. dz _
k= i cos(0) (62)

6. RESULTS AND ANALYSIS

The main analysis showed in this paper is that of
adding the soliton core model to the semi-analytic jet



model. We use Python to compute the correction to
the Faraday rotation coefficients and store it as a data
frame. The data frame is exported to Mathematica for
the semi-analytic computation of the relativistic jet’s
emission model, and solving the radiative transfer equa-
tions. Separate notebooks are used to study the 86GHz
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case and the 230GHz case, both frequencies the EHT
can observe at. Two main cases are studied: maximal
angle change for various masses and time oscillations.
We restrict our analysis to use the coupling constant
Gary = 5.0 x 10717GeV ™!, simply to highlight how the
maps are affected.

APPENDIX

A. WAVE DARK MATTER
B. BLANDFORD-ZNAJEK PROCESS
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