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Abstract

With unprecedented angular resolution, the Event Horizon Telescope (EHT) has opened a

new era of black holes. We have previously calculated the expected polarization images of

M87* with the EHT observations in mind. There, we demonstrated that circular polarization

(CP) images, as well as the linear polarization (LP) maps, can convey quite useful information

to us, such as the flow structure and magnetic field configuration around the black hole. In

this paper, we make new predictions for the cases in which disk emission dominates over jet

emission, bearing Sgr A* in mind. Here we set the proton-to-electron temperature ratio of

the disk component to be Tp/Te ∼ 2 so as to suppress jet emission relative to emission from

accretion flow. As a result, we obtain ring-like images and triple-forked images around the black

hole for face-on and edge-on cases, respectively. We also find significant CP components in

the images (>
∼

10% in fraction), both with positive and negative signs, amplified through the

Faraday conversion, not sensitively depending on the inclination angles. Furthermore, we find

a “separatrix” in the CP images, across which the sign of CP is reversed and on which the LP

flux is brightest, that can be attributed to the helical magnetic field structure in the disk. These

results indicate that future full polarization EHT images are a quite useful tracer of the magnetic

field structure. We also discuss to what extent we will be able to extract information regarding

the magnetic field configurations, under the scattering in the interstellar plasma, in future EHT

polarimetric observations of Sgr A*.
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1 Introduction

In April 2019, Event Horizon Telescope (EHT) observations

of the supermassive black hole (SMBH) M87* at the center

of the giant elliptical galaxy M87 in Virgo cluster presents

a scenario in which radiation from the plasma near a black

hole is bent by strong gravity and is seen as a “photon ring”

(Bardeen 1973; Takahashi 2004) or “black hole shadow”

(Hilbert 1917; von Laue 1921; Falcke et al. 2000), provid-

ing a strong observational evidence for general relativity (EHT

Collaboration et al. 2019a). This marks the opening of the new

era of black hole research through direct imaging observations

with superb angular resolution. More abundant data of the same

or other sources, including those of polarimetry, are expected to

be obtained in near future and will stimulate not only multi-

wavelength observations but also theoretical research.

In Tsunetoe et al. (2020), hereafter Paper I, we performed

general relativistic (GR) polarimetric radiation transfer simu-

lations to calculate the expected polarization image of M87*

and found that the black hole shadow can be reproduced by the

high black hole spin, and that linear polarization (LP) vectors

are disordered by the strong Faraday rotation near the black

hole, while the circular polarization (CP) can be amplified by

the Faraday conversion in the well-ordered magnetic field in the

jet base. Surprisingly, the CP components are rather strong,

comparable to the LP components, although the CP should be

negligible in the original synchrotron emission. This is due to

the significant Faraday conversion that occurs when the rays

pass through hot material threaded with well-ordered magnetic

fields. In a model with hot disk, by contrast, the CP images are

faint and turbulent, since the hot region occupied with chaotic

magnetic fields are Faraday thick so that the Faraday conversion

cannot be efficient. These results imply that it will be feasible to

investigate the magnetic structure, temperature distribution and

coupling between proton-electron near the black hole in M87*

through the combination of LP and CP in future observations.

It is well known that M87 belongs to the group of low-

luminosity active galactic nuclei (LLAGNs; Nagar et al. 2000),

which are thought to be a sort of AGNs that run out of plasma

fuel to accrete onto the black hole over long time, and that still

exhibit various astronomical phenomena such as jets. However,

there are also many LLAGNs that do not have powerful jets.

Our Galactic Center, Sgr A*, is a good example and has

the measured bolometric luminosity of Lbol ∼ 10−(7−9)LEdd

where LEdd is the Eddington luminosity, which is much lower

than the typical values (Lbol ∼ 10−(3−5)LEdd) for LLAGNs in-

cluding M87 (Narayan et al. 1998; Baganoff et al. 2003). By

comparing these LLAGNs with those exhibiting clear jet im-

ages, we expect to find the key factors that determine the exis-

tence of jets, and the underlying evolutionary scenario of AGNs.

We know that Sgr A* is also another promising target

of the EHT for horizon-scale imaging of a black hole with

mass of ≈ 4× 106M⊙, distance of ≈ 8 kpc (Gillessen et al.

2017; GRAVITY Collaboration et al. 2019), and the largest an-

gle on the sky of known black holes (rS ≡ 2GMBH/c
2, which

corresponds to the angle of ≈ 10 µas on the sky). Because

of its proximity, Sgr A* has been actively observed at vari-

ous wavelengths (e.g. Aitken et al. 2000; Baganoff et al.

2003; Ghez et al. 2003; Eisenhauer et al. 2005; Daylan et

al. 2016). Recent observations are particularly remarkable in

many respects. Especially, very long baseline interferometry

(VLBI) observations in the millimeter and submillimeter bands

and GRAVITY at the Very Large Telescope Interferometer

(VLTI) in the near-infrared have provided essential informa-

tion on the central massive black hole and the accretion flow

with high resolution of sub-mas (<∼ 100rS) scale (Bower et al.

2003; Bower et al. 2004; Marrone et al. 2006; Doeleman et

al. 2008; Broderick et al. 2011; Fish et al. 2011; Johnson et

al. 2015; Brinkerink et al. 2016; GRAVIITY Collaboration

et al. 2017; 2018a; 2020; Issaoun et al. 2019). The ac-

cretion rate near the black hole has been estimated to be ∼

10−6−10−9M⊙yr
−1 from interferometric polarimetry (Bower

et al. 2003; Marrone et al. 2006; 2007). Although Sgr A* is a

LLAGN that no clear visual evidence for a jet is known, some

intermittent flares and the jet-like shape of the SED have been

observed (Baganoff et al. 2001; Genzel et al. 2003; Porquet et

al. 2003; Eckart et al. 2006; Marrone et al. 2008; Eckart et al.

2012; Mościbrodzka & Falcke 2013; GRAVITY Collaboration

et al. 2018b). Thus the comparison between these two main

EHT targets will provide a detailed understanding of the jet for-

mation scenario.

There are several previous studies of polarimetric radia-

tive transfer simulations near the black hole in Sgr A*

(e.g. Broderick & Loeb 2006a,b; Shcherbakov et al. 2012).

Gold et al. (2016) compared polarization images for mag-

netically arrested disk (MAD; Narayan, Igumenshchev, &

Abramowicz 2003; Tchekhovskoy et al. 2011) and standard

and normal evolution (SANE; Narayan et al. 2012; Sädowski

et al. 2013) models based on general relativistic magneto-

hydrodynamics (GRMHD) simulations, considering the scat-

tering effects in interstellar medium. The MAD (SANE) is

defined by φ ∼ 15 (∼ 1) with the absolute magnetic flux

ΦBH = (1/2)
∫

θ

∫

ϕ
|Br|dAθϕ threading a hemisphere of the

event horizon and its dimensionless form φ ≡ ΦBH/
√

Ṁr2gc

(Tchekhovskoy et al. 2011). They concluded that models with

ordered magnetic fields, such as MADs, are favored by com-

parison with visibilities from early EHT observation in 2013

(Johnson et al. 2015). Jiménez-Rosales & Dexter (2018) sur-

veyed the electron temperature distributions and the mass accre-

tion rates onto the black hole. There, the net linear polarization

fraction of Sgr A* favored models with the hot disk and low ac-

cretion rate rather than ones with significant jet emission. Most
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recently Dexter et al. (2020) calculated GRMHD modeling the

electron thermodynamics and polarimetric radiative transfer for

MAD and SANE models. They also favored the MAD models

in terms of spectrum and variability in mm to NIR, source sizes

at 230 GHz and 86 GHz, and polarization fraction at 230 GHz,

while the SANE models are excluded by low polarization flux

due to the strong Faraday rotation and depolarization.

In this study, we calculate polarized radiative transfer of

‘semi-MAD’ models, with the dimensionless magnetic flux of

φ∼10 (Nakamura et al. 2018), for disk dominant case, whereas

in Paper I we studied the magnetic structure in the base region

of M87 jets using jet dominated models. We use the parame-

ters of Sgr A* and test the validity of the models by comparing

it with polarization observations. Further, we will discuss the

morphology of the LP and CP images due to the dominant disk

through the Faraday effects (rotation and conversion) and will

investigate what and to what extent we can constrain through fu-

ture polarimetries, considering the interstellar scattering effect

unique to Sgr A*.

The plan of this paper is as follows: we will explain meth-

ods to obtain polarization images in section 2. Resultant images

for three models will be shown in section 3, and remarkable

features on them and physical processes involved there are de-

scribed there. We will discuss possible effects of the interstellar

scattering in future observations with EHT in subsection 4.1 and

4.2, and comparison with past observations and with other mod-

els with different inclinations and black hole spin in subsection

4.4 and in subsection 4.5 and 4.6, respectively.

2 Methods

Numerical procedures of our study are in two parts: (1)

GRMHD simulations with data taken from Nakamura et

al. (2018), (2) polarized GRRT calculations.

2.1 GRMHD models of LLAGNs with weak jet

Our code developed in Paper I performs three dimensional

general relativistic ray-tracing in Boyer-Lindquist coordinates,

and transfers the full Stokes parameters (I,Q,U,V ) along the

light rays from object to the screen. We adopted the distri-

butions of particle density, proton temperature, magnetic field,

and velocity field obtained in axi-symmetric GRMHD simula-

tions by Nakamura et al. (2018) for our code to calculate po-

larized radiative transfer. The synchrotron electron tempera-

ture Te is determined from the proton temperature Tp, using

the proton-to-electron temperature ratio relationship by plasma-

β(≡ 2Pgas/B
2) and two parameters Rhigh and Rlow introduced

in Mościbrodzka et al. (2016),

Tp

Te
=Rhigh

β2

1+β2
+Rlow

1

1+β2
, (1)

as in Paper I. Since the factors to convert the density and mag-

netic field from the GRMHD simulation’s unit to the cgs unit

depend on the black hole mass MBH and mass accretion rate

onto the black hole Ṁ , in this study we use a commonly adopted

value of MBH = 4.5× 106M⊙ and the distance of 8.1 kpc for

Sgr A*, and scale Ṁ to reproduce its total flux of ∼ 3 Jy.

The purpose of the present study is to study the polariza-

tion properties of the LLAGNs which show no visible jets, in

the context of disk dominant case for semi-MAD models with

strong and ordered magnetic field. For this reason, we relatively

suppress the jet emission (compared with the disk emission) by

assigning a low value for Rhigh. The BH spin is a = 0.9MBH

(and 0.5MBH, see subsection 4.6,) and the temperature ratios

in the disk and jet region are Rhigh = 2 and Rlow = 1. Typical

electron temperature is ∼ 1010 K in the inner disk region while
<
∼ 109 K in the jet region, as seen in the left panel of figure

1. These parameter values are fixed in this study unless noted.

Since full-array EHT data for Sgr A* are not yet available, we

do not restrict ourselves to Sgr A* only, but present a typical pa-

rameter case of disk dominance and investigate to what extent

the results are similar and what differences they exhibit, com-

pared with the previous ones (Paper I). The disk-dominated

emission model is also motivated by a possible inefficient in-

jection of the plasma inside the jet funnel in Sgr A*, which is

suggested by Broderick & Tchekhovskoy (2015).

2.2 Polarized radiative transfer calculation

The method of full-polarimetric radiative transfer calculation is

the same as that in Paper I. We adopted the viewing angles of

the spin axis of i = 30◦, 60◦, 90◦, as seen in table 1, and the

observational frequency of 230 GHz.

Here, we note about the numerical setting. In the GRMHD

model, some remnant features of the initial torus, which was

introduced for the sake of calculation convenience, are left in

the outer part of the simulation box. In Paper I, they do not

affect the results, since the disk temperature was low and the

inclination angles were mostly large (i=160◦) except for some

special cases. In the present case with hot disk and small incli-

nation angles, however, the calculated images are significantly

affected or sometimes dominated by such artificial features, as

long as the synchrotron emission, the self-absorption effect or

the Faraday effects in the initial torus are not ignored. In order

to avoid this, we calculate the radiative transfer only in the lim-

ited range of rsinθ ≤ 10rg. We confirmed that the total flux did

not significantly change (≈ 8% for Model i30) from the case

in which the calculation was performed for the whole region

r ≤ 100rg, the values of polarization fraction and rotation mea-

sure (RM) varied only by a small factor (≈ 1.2 for Model i30).

We thus safely conclude that the omission of the outer zone in

the transfer simulation does not change the main outcomes of



4 Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0

Reference name i LP230 CP230 RM∼230 [rad/m2] Remarks Figures

i30 30◦ 4.0% 0.8% 1.4× 105 Face-on model 2, 6 top

i60 60◦ 5.8% 0.6% −1.4× 105 Intermediate model 5, 6 bottom

i90 90◦ 2.1% −0.8% −3.2× 104 Edge-on model 4, 6 center

i120 120◦ 4.6% 0.4% −1.2× 105 Intermediate from below -

i150 150◦ 2.0% −3.3% 1.4× 106 Face-on from below 9

a05-i60 60◦ 0.6% −1.5% −7.2× 105 Slow spin case -

a05-i120 120◦ 2.6% −0.9% 5.4×105 Slow spin from below 11

Table 1. Calculated models and calculated mass accretion rate, Ṁ , total LP fraction, LP =
√

Q2 +U2/I, total CP fraction with

sign,CP = V/I, where (I,Q,U,V ) are the Stokes parameters, and rotation measure (RM) calculated from 230 & 235 GHz simula-

tions. In all models we fix the black hole mass and spin to be MBH = 4.5× 106M⊙ and a = 0.9MBH. In determination of electron

temperature, we set Rhigh = 2 and Rlow = 1 in the relation with proton temperature. Only free parameter is inclination angle i, for the

top five models. We take a parameter set of aBH = 0.5 and Rhigh = 1 for the slow-spin model in the bottom row. The mass accretion

rate Ṁ of 4.0× 10−10M⊙/yr (3.5× 10−8M⊙/yr) for models with a = 0.9MBH (a = 0.5MBH) is a scaling parameter to the 230 GHz

observed flux of Sgr A*, ≈ 3Jy.

this paper.

3 Results

In this section, we will show our results of polarimetric transfer

simulations. We will show that the appearance of the LP vector

maps and the CP images, as well as the total intensity maps, are

sensitive to the inclination angle; that is, they look distinctively

for edge-on and face-on observers.

3.1 Face-on model

Figure 2 shows the total intensity map, the LP vector fields, and

the CP image for Model i30 from the left to the right, respec-

tively. We take a small inclination angle, i=30◦; that is, we see

the equatorial plane or accretion disk from nearly the face-on di-

rection. The total intensity image is similar to those seen in the

previous calculation for M87* (see, e.g., figure 2 of Paper I),

showing a photon ring of a diameter of ∼50 µas formed by light

rays passing through close proximity of the black hole horizon,

and multiple ring-like features besides the photon ring due to

emissions from axi-symmetric intermittent components in the

inner disk. Especially, the innermost ring-shaped feature corre-

sponds to emission frrom the inner boundary of the disk, i.e. the

innermost stable circular orbit of the particle (ISCO; Bardeen et

al. 1972). The left side of the multiple rings corresponds to the

approaching side of the rotational disk, and therefore is brighter

than the other side because of relativistic beaming effects.

The LP image is vertically elongated and much brighter on

the left side. The contrast between the left and right parts is

much more enhanced in the LP image than in the total intensity

image. Such a different tendency from the total intensity is due

to the results of significant Faraday rotation. The LP vectors

are very well ordered locally, compared with those in Paper I

(see their figure 2). The CP image is also characterized by a

ring-like feature, as seen in Paper I. However, there is a sign

change across the line of ximage (Relative RA) ∼ 30 µas. We

will discuss these features in detail below.

3.1.1 Sign reversal in the CP image

In equation (24) of Paper I, we demonstrated that, CP compo-

nent can be linearly amplified in synchrotron emitting, Faraday

thick and optically thin plasma with ordered magnetic field as

V (s)∼
1

2

ρQρV
ρ2Q + ρ2V

jQs, (2)

where ρQ and ρV are coefficients of the Faraday conversion and

rotation, and jQ is emissivity of LP component. As shown in

the central and right panels of figure 1, the region where syn-

chrotron emission and well-balanced Faraday effects occurs are

distributed in the inner disk near the black hole (<∼ 5rg), more

widely than in Paper I. Thus the CP amplification significantly

occurs here. In a previous work, Homan et al. (2009) in-

troduced a combination of Faraday rotation and conversion to

model the CP observed in a quasar 3C 279, mentioned it as

‘rotation-driven conversion’. Equation (2) is an approximate

form, ignoring oscillation terms, of the one derived by Dexter

(2016) (see their appendix C).

Since the CP is amplified through the relation, V (s)∝ ρV ∝

cosθB , an important key factor of amplification is θB, angle be-

tween the line of sight and the direction of magnetic field lines.

This means that the sign (or direction) of the CP amplification

depends on whether the line of sight and the direction of mag-

netic field line are close to parallel (0 ≤ θB < π/2) or anti-

parallel (π/2<θB ≤π). In the present model, magnetic field in

the amplification region (i.e., the inner disk) is toroidally domi-

nated, so that the sign of cosθB should be positive (or negative)

on the left (right) side of the observational screen. Here, we de-
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cess in the bottom row of figure 7. The good agreement between

in the top and bottom row implies that even the refractive ef-

fect, which is not invertible with deblurring (Johnson & Gwinn

2015), is faint and compact enough to significantly affect the

polarimetric images in the observations at present, although it

may be problematic and require the direct modeling of refrac-

tive phase screens (Johnson 2016) in future observations with

higher resolutions.

4.3 Polarimetric images at 345 GHz

With future observations at higher frequency in mind, we also

present polarimetric images at 345 GHz for Model i30 in figure

8. The raw images in the top row show the more compact emis-

sions near the black hole in the left, more ordered LP vectors

in the center, and weaker CP components in the right than the

raw images at 230 GHz in figure 2, because both of the syn-

chrotron self-absorption and the Faraday effects (rotation and

conversion) are weaker at shorter wavelengths. That is, the pho-

tosphere of synchrotron emissions locates near the black hole

and the LP vectors can keep the original information about the

magnetic fields in the emission region, although the amplified

CP components with the separatrix of their sign can be seen to

some extent.

We can see that these polarimetric features survive from the

interstellar scattering in the images in the central row, because

both diffractive and refractive scattering effects are also weaker

at shorter wavelength (e.g. blurring kernel size ∝ λ2 at submil-

limeters; Johnson et al. 2018). Further, since the resolution is

improved at short wavelengths, we can expect that the directly-

interpretable images will be obtained at 345 GHz, as in the ob-

servational (deblurred after scattered and convolved with beam

of 11 µas) in the bottom row.

4.4 Comparison with existing observations

Here we test the validity of the models by comparing them with

existing observations. There have been many polarimetric ob-

servation of Sgr A* at 230 GHz mainly since 00s (Aitken et

al. 2000; Bower et al. 2003). During about twenty years,

the LP fraction of ∼ 10% (Bower et al. 2018) and CP frac-

tion of <
∼ 1% (Munõz et al. 2012) have been detected with

some long-term variabilities. On the basis of these observa-

tions, a previous study Dexter et al. (2020) imposed constraints

of LP = 2− 8% and |CP |= 0.5− 2% on their radiative trans-

fer models. Checked by their criteria for polarization fractions,

our three models of i30, i60 and i90 pass the tests for both

of the LP and CP, as seen in table 1. In addition, Sgr A* at

around 230 GHz has shown the RM of about 105 − 106rad/m2

(Marrone, et al. 2007). This RM has been thought to origi-

nate in the extended accretion flow up to the scale of ∼ 105rg

(‘external’ RM), while RMs obtained from our models in table

1 are due to the Faraday rotation within ∼ 10rg near the emis-

sion region (‘internal’ RM). Thus we use the observational RM

value as a rough upper limit estimated in order of magnitudes.

In this sense, all the three models also pass the limitation test,

and are consistent with the RM observations. In this way, we

demonstrated that our three models can reproduce the features

in polarimetric observations at 230 GHz, whereas some models

additionally introduced below violate these constraints.

4.5 Comments on possible asymmetric structure

During the course of the present simulation study, we noticed an

asymmetric structural features above and below the equatorial

plane in the GRMHD model (in both of gas dynamics and field

configurations). This means, the images may differ, if we see

the disk from the totally opposite direction. We thus repeated

the same calculations but with the inclination angle of i = 120◦

and 150◦, instead of 60◦ and 30◦, respectively. As a result,

we found a different feature on the CP image between Model

i150 and i30, while no large differences on the images between

Model i120 and i60. In figure 9 we plot the images for the

former i150, the counterpart of those in figure 2.

The CP image in the right of figure 9 shows the same ten-

dency as in the right of figures 2, not the opposite to them, al-

though the direction of toroidal-dominant magnetic fields are

opposite on the two sides of the equatorial plane, as mentioned

in subsection 3.2. To survey the apparently inconsistent result,

we investigate where the Faraday conversion and rotation occur

in the left and central panel of figures 10. Here we see that these

Faraday effects are stronger on the north side than on the south

side, as well as the synchrotron emission mentioned above. This

is because the magnetic field strengths near the black hole are

larger in the north at the moment of our plasma models (see

the right panel of figures 10). As a result, observed polariza-

tion components reflect the magnetic field configuration in the

north side, even when observing from the below (south side of)

the equatorial plane, and gives the same sign reversal as in the

case observing from the above (north side). Nevertheless, the

right image of figures 9 for Model i150 has a feature that nega-

tive components are stronger around the border of sign change

(the separatrix of ximage ≈ 40 µas), different from Model i30,

implying the Faraday effects on the south side and the gravita-

tional lensing effect. In addition, Model i150 gives CP much

higher than Model i30 in total polarization fraction, shown in

table 1, reflecting the stronger Faraday effects in the dense disk

to polarization components from the north side.

Model i120 and i60 give similar values of rotation measure

(RM) with the same sign (see table 1). This also reflects the

fact that the Faraday effects mainly occur on the north side.

By contrast, Model i150 and i30 show RMs with the same
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near future, we can expect to capture a smaller-scale struc-

ture and to directly interpret the polarimetric images in rela-

tion to the magnetic field configurations, because all of the

synchrotron self-absorption, the Faraday effects, and the in-

terstellar scattering effects are weaker at higher frequency.
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