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Figure 4. Left-hand side panel: mid-IR (12 µm) rest-frame luminosity, νLν12 µm, versus low-frequency radio luminosity, Lν151 MHz. Symbols are as in Fig. 1.
The solid black line is the best-fitting line given by log10(νLν12 µm) = (0.47 ± 0.13) log10(Lν151 MHz) + 25.0 ± 3.6. The Spearman correlation coefficient is
ρ = 0.48 with a Spearman rank correlation probability of 98.8 per cent. Righthand side panel: same plots as on the left-hand side panel overlaid with a sample of
bright optically selected quasars (OSQs) with 0.9 < z < 1.1 (blue cicles) from Falder et al. (2010). The top x-axes show the corresponding jet power, estimated
using Qjet ≃ 3×1038f 3/2(Lν151 MHz/1028)6/7 W (Willott et al. 1999), the left-hand y-axis shows bolometric luminosity, estimated using Lbol ≃ 8.5×νLν12 µm
(Richards et al. 2006). The fact that these objects all lie above log10(νLν12 µm) ∼ 37.5 is due to the minimum IR luminosity corresponding to the optical
sensitivity limit of the Sloan Digital Sky Survey (SDSS). The vertical dot–dashed line shows the radio luminosity emitted by a starburst-forming massive stars
(M ≥ 5 M⊙) at a rate of 1000 M⊙ yr1 (Condon 1992), equivalent to a total star formation rate of ∼4000 M⊙ yr−1 assuming a Salpeter initial mass function.
The vertical dotted line shows the radio luminosity emitted by a starburst-forming massive stars at a rate of 250 M⊙ yr−1, equivalent to a total star formation
rate of ∼1000 M⊙ yr−1 assuming a Salpeter initial mass function. All quasars with flux < 2σ are represented as limits. The blue filled star represents the
average of the stack of all the OSQs with limits. The red dashed line represents the maximum jet efficiency found for η ∼ 2.5.

cross-referenced with the Very Large Array (VLA) Faint Images
of the Radio Sky at Twenty-cm (FIRST) survey (Becker, White &
Helfand 1995) and the Westerbork Northern Sky Survey (WENSS;
Rengelink et al. 1997). The RQQs were required to be undetected
by the FIRST survey at the 5σ level, whereas the RLQs were hand-
picked to have a low-frequency WENSS (325 MHz) flux density
greater than 5σ the limit of the survey. More details about the sam-
ple selection can be found in Jarvis et al. (in preparation) and Falder
et al. (2010).

The full sample of objects scatters on the top and to the left of
our initial sample of radio galaxies. However, gap A is still present
with the radio galaxies from the original sample delimiting a lower
envelope to the rest of the sample. The objects fill up gap B, indeed
showing it is the result of selection effects.

Some of the objects were not detected with the FIRST survey at
a 2σ level and these are represented as limits. To determine where
approximately these non-detections lie, we have used a stacking
analysis (yielding statistical detections) to determine that they do
not lie more than about an order of magnitude away from the FIRST
flux density limit. We stacked together the radio images from FIRST
of all the non-detections at their known position and obtained a
detection at a 2.2σ level. The blue-filled star represents the average
luminosities of the stack of all the quasars with limits.

4.4 Physical interpretation

Radio luminosity traces the jet power and, in particular for
FR II, Willott et al. (1999) have shown that the jet power,
Qjet, scales with Lν151 MHz through the relation Qjet ≃ 3 ×
1038f 3/2(Lν151 MHz/1028)6/7 W, where 1 ≤ f ≤ 20 represents sev-
eral uncertainties associated with estimating Qjet from Lν151 MHz. We
chose f = 10 as this is the expectation value of a flat prior in natural
space.

At the same time, the re-radiated mid-IR emission probes the
radiation emitted by the accretion disc and hence the bolometric
luminosity Lbol. In turn, Lbol is directly linked to the accretion rate,
Ṁ , by Lbol = ϵṀc2, where ϵ is the radiative efficiency of the accre-
tion process. Therefore, a significant correlation between Lν151 MHz

and νLν12 µm over a wide range of radio luminosities indicates that
there is a physical relationship between jet power and accretion rate
(Rawlings & Saunders 1991).

Indeed, if we assume the radiative efficiency to be approximately
constant with a value of ϵ = 0.1 (consistent with theoretical sim-
ulations, such as Beckwith, Hawley & Krolik 2008, and observa-
tional constrains, for example Martı́nez-Sansigre & Taylor 2009),
then the bolometric luminosity is proportional to the accretion rate,
Lbol ∝ Ṁ .

C⃝ 2010 The Authors, MNRAS 411, 1909–1916
Monthly Notices of the Royal Astronomical Society C⃝ 2010 RAS
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In Fig. 3 the upstream end of the jet corresponding to the dashed line
in Fig. 2 is overlaid on the 43-GHz intensity image as the shaded area. By
specifying the position angle of the M87 jet, we can also evaluate the
amount of the core shift in declination. On the basis of the 43-GHz image
of M87 in previous work that discusses the large direction uncertainty of
the inner jet region3, we set the allowed range of the jet position angle
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Figure 3 | VLBA image of M87 at 43 GHz
superimposed on the measured core-shift
positions. a, Global view of the radio jet on a
subparsec scale. b, Close-up view of the region
enclosed by the rectangle in a. The synthesized beam
of the VLBA is 0.22 mas3 0.46 mas at 25u (bottom
right in the upper image). The peak brightness and
1s noise level are 724 mJy and 1.1 mJy per beam,
respectively. Contours are (21, 1, 2, 2.8 and
4)3 3.3 mJy per beam and thereafter increase by
factors of 21/2. Two broken red lines represent the
maximum possible range of the inner jet direction
centred on the 43.2-GHz core. A solid red arrow
represents the larger-scale jet direction. Red circles
indicate the core positions at 2.3, 5.0, 8.4, 15.2, 23.8
and 43.2 GHz relative to the 43.2-GHz core (the
higher the frequency of the core, the closer it
approaches the central engine). Core positions at
each frequency are averaged over two epochs. We
assume that the core shift occurs along the larger-
scale jet direction. The positional uncertainties in
declination are due to uncertainties in the direction
of the inner jet, which are shown by the vertical
broken arrows threading each core position. The
shaded area at the east of the 43.2-GHz core
represents the upstream end of the jet derived from
the core-shift measurements. This area is enclosed
by the 1s error in the core-shift value in RA, and the
direction of the inner jet defines uncertainties in
declination. A black circle (top left in b) shows the
diameter 6Rs of the innermost stable orbit around a
non-rotating black hole. Inset in a, a 15-GHz Very-
Large-Array image showing kiloparsec-scale
structure. (Copyright National Radio Astronomy
Observatory/Associated Universities, Inc./National
Science Foundation).

Figure 2 | Plot of the core-shift measurements in right ascension for M87 as
a function of observing frequency. The data sets of filled and open circles are
results for 8 and 18 April, respectively. Both observations were made at 2.3, 5.0,
8.4, 15.4, 23.8 and 43.2 GHz. The origin of the vertical axis is referenced to the
weighted-mean position of the 43.2-GHz core over the two epochs. This plot
shows that the measured core positions for the two epochs are consistent within
1s error bars, indicating that the systematic errors are effectively cancelled out
through the quasi-simultaneous multifrequency observations (see also
Supplementary Information for details of the data analysis and error
estimations). The solid curve represents the best-fit solution, with rRA(n) 5
A2a 1 B (a 5 0.94 6 0.09, A 5 1.40 6 0.16 and B 5 20.041 6 0.012), which is
derived from the weighted least-square method to the entire data set. The dashed
horizontal line represents the asymptotic line of the solid curve, which is located
at 41mas eastwards from the 43.2-GHz core in RA. At the distance of M87 of
16.7 Mpc and the mass of the black hole of 6.0 3 109 solar masses, 1 mas
corresponds to a length of 0.08 pc or 140Rs projected on the plane of the sky.
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The peak luminosity–peak energy correlation L47

Figure 1. Rest-frame peak energy E peak = Eobs
peak(1 + z) versus bolometric

peak luminosity. Samples: GRBs with measured z listed in Table 1 (blue
symbols) – upper/lower limits are excluded except for the two X-ray flashes
(stars), shown for comparison with fig. 1 of GGL04; 16 GRBs with known
jet break time (from table 2 of GGL04) and hence jet opening angle θ j
(open orange circles); same 16 GRBs once corrected for the (1 − cos θ j)
collimation factor (red filled circles). Fits: best power-law fit to the Epeak–Liso
correlation (dashed blue line); best-fitting Epeak–Lγ correlation (dashed red
line); the Amati correlation from 27 GRBs in GGL04, GGF05 and Ghirlanda
et al. (2005a) (long-dashed blue line); and the Ghirlanda correlation from
GGL04 and Ghirlanda et al. (2005a) (dot–dashed blue line).

16 GRBs. The distribution of the scatter measured along the corre-
lation (i.e. the distances of the data points from the fitting line) of the
25 GRBs is shown in Fig. 2 (red-hatched histogram). A Gaussian
fit (red solid line) to the distribution yields a scatter comparable to
that of the 27 GRBs in the Epeak–E iso plane (Ghirlanda et al. 2005b,
hereafter GGF05; and black dashed line in Fig. 2; see also Ghirlanda
et al. 2005a). For 16 out of the 25 GRBs listed in Table 1 we can
correct their isotropic luminosity Liso for the jet opening angle θ j

(table 2 in GGL04), i.e. L γ = L iso(1 − cos θ j), with a corresponding
error given by
(

σLγ

Lγ

)2

=
(

σL iso

L iso

)2

+
(

σθ sin θj

1 − cos θj

)2

. (1)

The red symbols in Fig. 1 define the Lγ –Epeak correlation. Again
all the statistical parameters are reported in Table 2. The scatter of
the best-fitting correlation (dashed red line in Fig. 1) decreases with
respect to that using Liso – a trend similar to that found going from
E iso to E γ (GGL04 and GGF05). As discussed by GGF05 in relation

Table 2. Statistical results. N: number of objects; rs: Spearman correlation coefficient; P: chance probability; rz: Partial correlation coefficient subtracting
the effect of z (e.g. Wall & Jenkins 2003); A, S0 and δ: linear fit normalization, scaling and slope, i.e. (E peak/100 keV) = A (S/S0)δ ; µ and σ : Gaussian fit
parameters.

Correlation N rs P rz A S0 δ χ2/d.o.f. µ σ

Epeak–Liso 25 0.83 2.4 × 10−7 0.81 2.04 ± 0.05 7.5 × 1051 0.50 ± 0.02 158/23 0.04 0.25
Epeak–Lγ 16 0.83 5.6 × 10−5 0.84 2.23 ± 0.13 4.3 × 1049 0.56 ± 0.03 50/14 −0.004 0.21
Epeak–Eγ 17 0.93 3.2 × 10−8 0.92 2.52 ± 0.15 3.8 × 1050 0.69 ± 0.04 20/15 0.01 0.11
Epeak–Liso 442 0.71 1.6 × 10−69 0.7 4.88 ± 0.06 1.9 × 1052 0.48 ± 0.01 1595/440 −0.04 0.25
Ep

peak–Lp
iso 424 0.66 5.1 × 10−65 0.65 3.37 ± 0.06 2.0 × 1052 0.49 ± 0.01 1776/422 0.04 0.26

Figure 2. Distribution of the scatter of data points around their best-fitting
correlations. Blue filled histogram: 442 GRBs with pseudo-z (black crosses
in Fig. 3) around their best power-law fit (solid blue line in Fig. 3), and
Gaussian fit to this distribution (solid black line). Red hatched histogram:
scatter of the 25 GRBs (blue symbols in Fig. 1) around their best-fitting line
(long-dashed blue line in Fig. 1), and the best Gaussian fit (red solid line).
Also reported are the distributions of the scatter of the 27 and 442 GRBs of
GGF05 with respect to their correlation in the Epeak–E iso plane.

to the Amati correlation, also the scatter of the Yonetoku correlation
found here can be interpreted as being due to the distribution of
jet opening angles. Note, however, that the scatter in the Epeak–Lγ

correlation is larger than that of the Ghirlanda correlation E peak–E γ .
This fact will be discussed in Section 5.

3 T H E P S E U D O - R E D S H I F T S S A M P L E

The original Amati correlation was found with nine BeppoSAX
GRBs with known z. Through a redshift-independent method, Nakar
& Piran (2004) and Band & Preece (2005) claimed that 40 and
88 per cent, respectively, of BATSE GRBs are inconsistent with the
original Amati correlation. However, GGF05 (see also GGL04) have
confirmed the above correlation (but finding a larger scatter) using
a sample of 27 bursts with measured z as well as using a sample of
hundreds of GRBs with pseudo-z. An even more general conclusion,
i.e. the consistency of the above correlations with the entire BATSE
long-bursts sample, has been derived by Bosnjak et al. (2005).

The same test of GGF05 can be performed for the Epeak–Liso

correlation found in Section 2. More importantly, it is worth investi-
gating if its scatter and slope change using this much larger sample.

C⃝ 2005 RAS, MNRAS 360, L45–L49
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2

LEM ! Lth

�Ṁjc
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2 + Lth + LEM ⇠ const.

BH+��� �	�
���� ���������

� Ṁjc
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Fig. 3.—Initial (left) and final (right) distribution of A!. Level surfaces coincide with magnetic field lines, and field line density corresponds to poloidal field
strength. In the initial state field lines follow density contours if "0 > 0 :2 "0 ; max .

e.g. Koide et al. 2000; Komissarov 2001; 
McKinney & Gammie 2004; 
Barkov & Komissarov 2008; Tchekhovskoy
et al. 2011; Ruiz et al. 2012; Contopoulos
et al. 2013 
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3.1 The 3+1 decomposition of space–time

The space–time metric can be generally written as

ds2 = gµνdx µdx ν = −α2dt2 + γij (β idt + dx i)(βj dt + dx j ),

(12)

where α is called the lapse function, β i the shift vector and γ ij the
three-dimensional metric tensor of the space-like hypersurfaces.
The hypersurfaces are regarded as the absolute space at differ-
ent instants of time t (cf. Thorne et al. 1986). For Kerr space–
time, ∂t gµν = ∂ϕgµν = 0. These correspond to the existences of
the Killing vector fields ξµ and χµ. In the coordinates (t, ϕ, r, θ ),
ξµ = (1, 0, 0, 0) and χµ = (0, 1, 0, 0).

The local fiducial observer (FIDO; Bardeen et al. 1972; Thorne
et al. 1986), whose world line is perpendicular to the absolute space,
is described by the coordinate four-velocity

nµ =
(

1
α

,
−β i

α

)
, nµ = gµνn

ν = (−α, 0, 0, 0). (13)

The angular momentum of this observer is n · χ = gµνnµχν =
nϕ = 0, and thus FIDO is also a zero angular momentum observer
(ZAMO; Thorne et al. 1986). Note that the FIDO frame is not
inertial, but it can be used as a convenient orthonormal basis to
investigate the local physics (Thorne et al. 1986; Punsly & Coroniti
1990; Punsly 2008).

In the Boyer–Lindquist (BL) coordinates (t, ϕ, r, θ ) (see
Appendix A), FIDOs rotate with the coordinate angular velocity

) ≡ dϕFIDO

dt
= −βϕ > 0, (14)

which is in the same direction as the BH. The BL coordinates
have the well-known coordinate singularity (grr = ∞) at the event
horizon. The radius of the event horizon is rH = 1 +

√
1 − a2.

The Killing vector ξµ is space-like in the ergosphere, where
ξ 2 = gtt = −α2 + β2 > 0. The radius of the outer boundary of the
ergosphere (i.e. the stationary limit) is res = 1 +

√
1 − a2 cos2 θ .

At infinity, this space–time asymptotes to the flat one. The shapes
of the event horizon and the ergosphere are shown in Fig. 1 .

The Kerr–Schild (KS) coordinates have no coordinate singular-
ity at the event horizon. However, the KS spatial coordinates are no
longer orthogonal (γ rϕ ̸= 0; see Appendix A), and then one should
be cautious for examining the spatial structure of the electromag-
netic field by using the KS coordinates.

3.2 The 3+1 electrodynamics

In order to study the test electromagnetic field in Kerr space–time,
we adopt the 3+1 electrodynamics of the version which was de-
veloped by (Komissarov 2004a, see also Landau & Lifshitz 1975;
Komissarov 2009, and references therein).2 The covariant Maxwell
equations ∇∗

ν Fµν = 0 and ∇νF
µν = 4πIµ are reduced to

∇ · B = 0, ∂t B + ∇ × E = 0, (15)

∇ · D = 4πρ, −∂t D + ∇ × H = 4π J, (16)

where ∇ · C and ∇ × C denote (1/
√

γ )∂i(
√

γCi) and eijk∂jCk , re-
spectively, and eijk = (1/

√
γ )ϵijk is the Levi-Civita pseudo-tensor

2 Thorne & MacDonald (1982) and Thorne et al. (1986) developed the 3+1
electrodynamics of the version without introducing E or H , and showed
some of the expressions in this paper, such as equations (22) and (29).

Figure 1. The event horizon (inner thick line) and the outer boundary of
the ergosphere (outer thick line) of Kerr space–time. The thin lines represent
) − α/

√
γϕϕ = 0.2, 0.1,−0.1,−0.14,−0.17,−0.2 in the BL coordinates

in the order of increasing r. The line of ) − α/
√

γϕϕ = 0 is identical to the
outer thick line. The spin parameter is set to be a = 0.9.

of the absolute space. The condition of zero electric and magnetic
susceptibilities for general fully ionized plasmas leads to following
constitutive equations:

E = α D + β × B, (17)

H = αB − β × D, (18)

where C × F denotes eijkCjFk . At infinity, α = 1 and β = 0,
so that E = D and H = B. Here, D, B and ρ are the electric
field, magnetic field and charge density as measured by FIDOs,
respectively (see Appendix A for more details). The current J is
related to the current as measured by FIDOs, j , as

J = α j − ρβ. (19)

The covariant energy–momentum equation of the electromag-
netic field ∇νT

ν
µ = −FµνI

ν gives us the energy equation as

∂t

[
1

8π
(E · D + B · H)

]
+ ∇ ·

(
1

4π
E × H

)
= −E · J, (20)

where C · F denotes CiFi, and the angular momentum equation as

∂t

[
1

4π
(D × B) · m

]
+ ∇ · 1

4π

[
−(E · m)D − (H · m)B

+1
2

(E · D + B · H)m
]

= −(ρ E + J × B) · m, (21)

where m = ∂ϕ . From these equations, one can find the energy den-
sity, energy flux, angular momentum density and angular momen-
tum flux.

3.3 Steady axisymmetric electromagnetic field in the vacuum

Before investigating the plasma-filled magnetosphere in Kerr
space–time, the properties of the electromagnetic field in the vac-
uum (i.e. no plasma) are summarized. Wald (1974) derived the
solution of a steady, axisymmetric, vacuum test electromagnetic
field in Kerr space–time for which the magnetic field is uniform,

MNRAS 442, 2855–2866 (2014)
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3.1 The 3+1 decomposition of space–time

The space–time metric can be generally written as

ds2 = gµνdx µdx ν = −α2dt2 + γij (β idt + dx i)(βj dt + dx j ),

(12)

where α is called the lapse function, β i the shift vector and γ ij the
three-dimensional metric tensor of the space-like hypersurfaces.
The hypersurfaces are regarded as the absolute space at differ-
ent instants of time t (cf. Thorne et al. 1986). For Kerr space–
time, ∂t gµν = ∂ϕgµν = 0. These correspond to the existences of
the Killing vector fields ξµ and χµ. In the coordinates (t, ϕ, r, θ ),
ξµ = (1, 0, 0, 0) and χµ = (0, 1, 0, 0).

The local fiducial observer (FIDO; Bardeen et al. 1972; Thorne
et al. 1986), whose world line is perpendicular to the absolute space,
is described by the coordinate four-velocity

nµ =
(

1
α

,
−β i

α

)
, nµ = gµνn

ν = (−α, 0, 0, 0). (13)

The angular momentum of this observer is n · χ = gµνnµχν =
nϕ = 0, and thus FIDO is also a zero angular momentum observer
(ZAMO; Thorne et al. 1986). Note that the FIDO frame is not
inertial, but it can be used as a convenient orthonormal basis to
investigate the local physics (Thorne et al. 1986; Punsly & Coroniti
1990; Punsly 2008).

In the Boyer–Lindquist (BL) coordinates (t, ϕ, r, θ ) (see
Appendix A), FIDOs rotate with the coordinate angular velocity

) ≡ dϕFIDO

dt
= −βϕ > 0, (14)

which is in the same direction as the BH. The BL coordinates
have the well-known coordinate singularity (grr = ∞) at the event
horizon. The radius of the event horizon is rH = 1 +

√
1 − a2.

The Killing vector ξµ is space-like in the ergosphere, where
ξ 2 = gtt = −α2 + β2 > 0. The radius of the outer boundary of the
ergosphere (i.e. the stationary limit) is res = 1 +

√
1 − a2 cos2 θ .

At infinity, this space–time asymptotes to the flat one. The shapes
of the event horizon and the ergosphere are shown in Fig. 1 .

The Kerr–Schild (KS) coordinates have no coordinate singular-
ity at the event horizon. However, the KS spatial coordinates are no
longer orthogonal (γ rϕ ̸= 0; see Appendix A), and then one should
be cautious for examining the spatial structure of the electromag-
netic field by using the KS coordinates.

3.2 The 3+1 electrodynamics

In order to study the test electromagnetic field in Kerr space–time,
we adopt the 3+1 electrodynamics of the version which was de-
veloped by (Komissarov 2004a, see also Landau & Lifshitz 1975;
Komissarov 2009, and references therein).2 The covariant Maxwell
equations ∇∗

ν Fµν = 0 and ∇νF
µν = 4πIµ are reduced to

∇ · B = 0, ∂t B + ∇ × E = 0, (15)

∇ · D = 4πρ, −∂t D + ∇ × H = 4π J, (16)

where ∇ · C and ∇ × C denote (1/
√

γ )∂i(
√

γCi) and eijk∂jCk , re-
spectively, and eijk = (1/

√
γ )ϵijk is the Levi-Civita pseudo-tensor

2 Thorne & MacDonald (1982) and Thorne et al. (1986) developed the 3+1
electrodynamics of the version without introducing E or H , and showed
some of the expressions in this paper, such as equations (22) and (29).

Figure 1. The event horizon (inner thick line) and the outer boundary of
the ergosphere (outer thick line) of Kerr space–time. The thin lines represent
) − α/

√
γϕϕ = 0.2, 0.1,−0.1,−0.14,−0.17,−0.2 in the BL coordinates

in the order of increasing r. The line of ) − α/
√

γϕϕ = 0 is identical to the
outer thick line. The spin parameter is set to be a = 0.9.

of the absolute space. The condition of zero electric and magnetic
susceptibilities for general fully ionized plasmas leads to following
constitutive equations:

E = α D + β × B, (17)

H = αB − β × D, (18)

where C × F denotes eijkCjFk . At infinity, α = 1 and β = 0,
so that E = D and H = B. Here, D, B and ρ are the electric
field, magnetic field and charge density as measured by FIDOs,
respectively (see Appendix A for more details). The current J is
related to the current as measured by FIDOs, j , as

J = α j − ρβ. (19)

The covariant energy–momentum equation of the electromag-
netic field ∇νT

ν
µ = −FµνI

ν gives us the energy equation as

∂t

[
1

8π
(E · D + B · H)

]
+ ∇ ·

(
1

4π
E × H

)
= −E · J, (20)

where C · F denotes CiFi, and the angular momentum equation as

∂t

[
1

4π
(D × B) · m

]
+ ∇ · 1

4π

[
−(E · m)D − (H · m)B

+1
2

(E · D + B · H)m
]

= −(ρ E + J × B) · m, (21)

where m = ∂ϕ . From these equations, one can find the energy den-
sity, energy flux, angular momentum density and angular momen-
tum flux.

3.3 Steady axisymmetric electromagnetic field in the vacuum

Before investigating the plasma-filled magnetosphere in Kerr
space–time, the properties of the electromagnetic field in the vac-
uum (i.e. no plasma) are summarized. Wald (1974) derived the
solution of a steady, axisymmetric, vacuum test electromagnetic
field in Kerr space–time for which the magnetic field is uniform,

MNRAS 442, 2855–2866 (2014)
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Figure 5. Schematic picture of a time-dependent process evolv-
ing towards the steady state. The plasma particles keep injected
between the inner and outer light surfaces, and the vacuum is
being filled with those plasma. This picture focuses on the inflow.
The inner boundary of the force-free region propagates towards
the event horizon, producing the steady poloidal current structure
and the outward AM and Poynting fluxes.

agate into the vacuum, i.e. the radius of the outer bound-
ary r → ∞ for t → ∞. In the BL coordinates, the inflow
also continues to propagate towards the horizon, r → rH
for t → ∞. In the KS coordinates, the inflow can pass the
horizon in a finite time of t = tH. In both of the coordi-
nates, when the inner boundary approaches the horizon, the
outward signal from it becomes slower and slower and it
can hardly affect the force-free region. This will lead to the
steady state.5

Although such a time-dependent state should be ana-
lyzed numerically, we try to illustrate essential physics and
concept analytically by using a toy model. This model as-
sumes that (1) Bp is fixed to be split-monopole

∂r(
√
γBr) = 0, Bθ = 0 (55)

in the whole region, and that (2) the Kerr BH magneto-
sphere is separated into the force-free region and the vac-
uum by geometrically thin boundaries moving radially. For
further simplicity, (3) we assume that the force-free region
and the vacuum have their steady-state structures, but the
values of the physical quantities, particularly ΩF and Hϕ,
keep updated as determined by the varying conditions of
the inner and outer boundaries.

Some of these assumptions would be violated in realistic
experiments. Nevertheless we consider that our toy model
is sufficient to show the concept for resolving the issue on
the causality in the coordinate basis, which also allows us
to understand how the steady state is maintained, and to

5 In some MHD simulations, a static plasma (not a vacuum) is
initially given and then a central star starts rotating (Bogovalov
& Tsinganos 1999) or a BH starts rotating (Komissarov 2004b).
They show that a switching-on wave propagates outward and that
the outflow region settles down to the steady state after it passes
the outer fast magnetosonic point (Beskin 2010).

propose a framework for studies on more detailed plasma
physics.

5.1 Analysis in the BL coordinates

5.1.1 The force-free and vacuum regions

The electromagnetic quantities in the force-free region are
given as follows. The condition D · B = 0 and ∇ × E = 0
lead to

Eff
ϕ = Eff

r = 0, Eff
θ = −√

γΩFB
r, (56)

where

∂rΩF = 0. (57)

Hereafter we will put the subscript and superscript ‘ff’ on
the quantities in the force-free region. Equations (11) and
(12) give us

Dff
ϕ = Dff

r = 0, Dff
θ =

√
γ

α
(Ω− ΩF)B

r, (58)

Hff
ϕ = αBff

ϕ , Hff
r = αBr −

√
γΩDθ

ff , Hff
θ = 0. (59)

Equation ∇×H = 4πJ and the force-free condition lead to

∂rH
ff
ϕ = −4π

√
γJθ

ff = 0, (60)

∂θH
ff
ϕ = 4π

√
γJr

ff , (61)

These twe equations imply that ∂r(
√
γJr

ff) = 0. We focus on
the northern hemisphere, where Jr

ff < 0 and Hff
ϕ < 0. The

return current Jr
ff > 0 is assumed to be concentrated on the

equatorial plane. The poloidal AM and Poynting fluxes are

Lr
ff =

−Hff
ϕ

4π
Br, Sr

ff = ΩF
−Hff

ϕ

4π
Br, (62)

which satisfy ∂r(
√
γLr

ff) = 0 and ∂r(
√
γSr

ff) = 0.
In the vacuum region, one has ρ = J = 0. Equations

∇×E = 0 and ∇×H = 0 lead to

Evac
ϕ = 0, Hvac

ϕ = Bvac
ϕ = 0, (63)

which indicates

Lr
vac = Sr

vac = 0. (64)

Hereafter we will put the subscript and superscript ‘vac’ on
the quantities in the vacuum region.

5.1.2 The inner boundary of the force-free region

Let us focus on the inner boundary of the force-free (in-
flow) region, and derive the conditions on the boundary,
i.e. the junction conditions between the force-free and vac-
uum regions. The similar analysis can be done for the outer
boundary. For equation

−∂tD
r +

1
√
γ
∂θHϕ = 4πJr, (65)

we substitute

Dr = Dr
vacH(−R), (66)

Hϕ = Hff
ϕH(R), (67)

Jr = Jr
ffH(R) + ηrδ(R), (68)

where H(R) and δ(R) are the Heaviside step function and
the Dirac delta function, respectively, and

c⃝ RAS, MNRAS 000, 1–14

K. Thorne et al. 1986; see also Okamoto 2006

KT & Takahara 2016

r · Sp = �@te�E · Jp

Kinoshita & Igata 2018
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FIG. 15.— Distribution of the jet radius R as a function of the jet axial distance z (de-projected with M = 6.2⇥ 109M� and ✓v = 14�) from the SMBH in
units of rg (cf. Asada & Nakamura 2012; Nakamura & Asada 2013; Hada et al. 2013, labeled as AN12, NA13, and H13, respectively). Additional data points
are taken from Doeleman et al. (2012); Akiyama et al. (2015); Hada et al. (2016) (labeled as D12, A15, and H16, respectively). The (vertical) dashed-dotted
line denotes the Bondi radius rB, located at ' 6.9⇥105 rg and the HST-1 complex is around 106 rg. Filled black region denotes the black hole (inside the event
horizon), while the hatched area represents the ergosphere for the spin parameter a = 0.99. The light gray area denotes the approximate solution (e.g. NMF07,
TMN08) of the FFE genuine parabolic jet (outermost BZ77-type streamline: z / R2 at R/rg � 1), while the dark gray area is the case of the parabolic jet
(outermost BP82-type streamline: z / R1.6 at R/rg � 1), respectively. In both of the outermost streamlines, which are anchored to the event horizon with
✓fp = ⇡/2, a variation from a = 0.5 (upper edge) to a = 0.99 (lower edge) is represented as a shaded area.

Poynting flux is generally non-zero (i.e., the BZ77 process
generally works) along open magnetic field lines threading
the ergosphere (Toma & Takahara 2014; Komissarov 2004).
Thus our findings support the existence of the ergosphere. We
note, however, that there is an alternative suggestion that the
jet sheath is launched in the inner part of the Keplerian disk at
R ⇠ 10 rg (Mertens et al. 2016).

4.2. Jet Kinematics
Figure 16 overviews the jet kinematics by compiling the

data in the literature (see the caption for references). Multi-
wavelength VLBI and optical observations reveal both sub-
luminal and superluminal features in proper motion, provid-
ing a global distribution of the jet velocity field V in M87.
We display the value of �� in Figure 16 by using simple alge-
braic formulas with the bulk Lorentz factor � ⌘ (1��

2)�1/2

and � = �app/(�app cos ✓v + sin ✓v), where � = V/c, and
�app is the apparent speed of the moving component in units
of c, respectively. The value of �� approaches � in the non-
relativistic regime (� ! 1) and represents � in the relativistic
regime (� ! 1), thereby representing simultaneously the full
dynamic range in velocity over both regimes.

Superluminal motions (�app > 1) have been frequently ob-
served at relatively large distances beyond rB. Furthermore,
these components seem to originate at the location HST-1
(Biretta et al. 1999; Cheung et al. 2007; Giroletti et al.
2012). On the other hand, no prominent superluminal fea-
tures inside rB have been confirmed in VLBI observations
over decades (Reid et al. 1989; Kellermann et al. 2004; Ly
et al. 2007). Instead, sub-luminal features are considered as
non-bulk motions, such as growing instability patterns and/or
standing shocks (e.g. Kovalev et al. 2007). Thus, this discrep-

3.3.2. Gaussian Fitting with Two Components

In Figure 2, we estimate the correlated flux density of this
SSA-thick region based on the EHT data. The observed flux

data, plotted as a function of baseline length, are adopted from
Doeleman et al. (2012). The black solid curve is the best-fit
circular Gaussian model by Doeleman et al. (2012). The red
solid curve is the best-fit model. The red dashed and dot-dashed
curves represent the SSA-thick and the SSA-thin components,
respectively.
Below, we explain the details of the Gaussian fitting. To

determine the correlated flux density for the compact SSA-thick
region with its lower limit size,q = =μ μ21 as 1.8 11.1 as,FWHM
we conduct the two-component (SSA-thick and thin components)
Gaussian fitting to the EHTdata. First, we obtain the upper limit
of the correlated flux density for the SSA-thick component as

=nS 0.27 Jy. Next, we perform the the two-component (SSA-
thick and thin components) Gaussian fitting by fixing
q = =μ μ21 as 1.8 11.1 asFWHM and =nS 0.27 Jy. Then, we
obtain the corresponding size and flux of the extended SSA-thin
component, =nS 0.75 Jy and q = μ60 asFWHM .

4. RESULTS

Here, we limit on Btot, qthick, andU UB, in the EHTregion
without assuming plasma composition. The critical value,
g ,,min is derived by the combination of the jet power limit
(Equation (6)) and the synchrotron emission limit (Equa-
tion (7)). By eliminating Btot, we obtain

g ´

´
æ
è
ççç ´

ö
ø
÷÷÷

æ

è
çççç ´

ö

ø
÷÷÷÷-

-

⩽

R L

1.2 10

2

1.8 10 cm 5 10 erg s
, (14)

,min
2

16

1 2
jet

44 1

1 4

where n = 230 GHzssa is used. Becauseg ,min has R depen-
dence, larger R allows slightly larger g ,min.
In Figure 3, we show the value of U Ulog ( )B in the

allowed ranges of g ,min and Btot with = ´ -L 5 10 erg sjet
44 1

and =p 3.0. It is essential to note that the maximum value of
Btot is determined by the condition ⩽L Lpoy jet whereasthe

Figure 1. Illustration of the jet base of M87 down to the EHTregion scale. The
right panel shows the actual image of M87 with VLBA at 43 GHz adopted
from Hada et al. (2013). The yellow–green circle shows the one-zone region
with its diameter, μ110 as, which is investigated in K14. The EHTregion
detected by Doeleman et al. (2012) is shown as the blue circle. BecauseHada
et al. (2011) indicate that the central engine of M87 is located at ∼41 μas
eastward of the radio core at 43 GHz, we put the EHTregion around there. The
left panel shows the illustration of the internal structure inside the EHTregion.
The red-colored region represents an SSA-thick compact region inside the
SSA-thin region. The black-colored region conceptually shows a possible BH
shadow image. According to the smallness of the closure phase reported in
Akiyama et al. (2015), a certain level of symmetry is kept in this picture.

Figure 2. Gaussian fittings to the correlated flux density of the M87 core
obtained by EHT at 230 GHz. The flux density data, plotted as a function of
baseline length, are adopted from Doeleman et al. (2012). The black solid
curve is the best-fit circular Gaussian model with =nS 0.98 Jy and
q = μ40 asFWHM obtained by Doeleman et al. (2012). The red solid curve is
the best-fit two-component model. The red dashed and dot-dashed curves
represent the SSA-thick and the SSA-thin components, respectively. The SSA-
thick component is expressed as the Gaussian with
q = =μ μ21 as 1.8 11.1 asFWHM and =nS 0.27 Jy. The size and the flux
density of the extended SSA-thin component are q = μ60 asFWHM and

=nS 0.75 Jy. The blue-shaded region represents the range which contains
the baseline length between the Hawaii/Arizona/California and Chile stations.

Figure 3. Allowed region of g ,min and Btot (the red cross points enclosed by
the black trapezoid). The colored contour lines show the allowed U Ulog ( )B .
The tags =U Ulog ( )B −4, −4.4, −5, and −5.4are marked as reference values.
The physical quantities and parameters adopted are = ´ -L 5 10 erg sjet

44 1

and =p 3.0. The minimum g is limited by nsyn,obs at 230 GHz.
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183C273 43 GHz RMc c cD ~ D + D ~ . Regarding M87, its
EVPA uncertainty in 86 GHz images would be somewhat
larger than this value, since the lower S/N of polarization
signals (S/N∼4.5; see Section 3.4) from this source gives
another non-negligible thermal error term. This can be
estimated as Pradian 2therm p( )c sD ~ where ps and P are
rms noise level and polarized intensity in the polarization
map(e.g., Roberts et al. 1994). With S/N=P ps ∼4.5, we
obtain 6therm,M87cD ~ . Assuming that 3C273cD and

therm,M87cD are statistically independent, we estimate a total
error budget for M87 to be M87cD ∼± 20°.

2.3. Lower-frequency Data

As supplementary data sets, we additionally made VLBA-
only observations of M87 at 24 and 43 GHz close in time with
the 86 GHz sessions. The observations were carried out on
2014 March 8, 26, and May 8, where both 24 and 43 GHz were
used quasi-simultaneously by alternating the receivers quickly.
On March 26 and May 8, all the VLBA stations were present,
while on March 8 the antennas at Mauna Kea and Fort Davis
were absent. We received only RR polarization signals with a
total bandwidth of 128MHz (on March 8) or 256MHz (on
March 26 and May 8). Among these sessions, the data on
March 26 were the best in overall quality, while the data on
March 8 were relatively poor. The initial data calibration
(a priori amplitude correction, fringe-fitting, and bandpass) was
made in AIPS, and the subsequent image reconstruction was
performed in Difmap based on the usual CLEAN/self-

calibration procedure. The basic information of these data is
also tabulated in Table 1.

3. RESULTS

3.1. New 86 GHz Images

In Figure 3 we show a representative 86 GHz image of the
M87 jet obtained by our VLBA+GBT observations. For a
better visualization, the image is produced by combining the
visibility data over the two epochs, and restored with a
convolving beam of 0.25 mas ×0.08 mas at a position angle
(PA) of 0°. A contour image with a natural weighting scheme is
also displayed in the top panel of Figure 4.
Thanks to the significant improvement in sensitivity, a

detailed jet structure was clearly imaged down to the weaker
emission regions. The resulting image rms noise of the
combined image was ∼0.28 mJy beam−1. In this period the
extended jet was substantially bright down to ∼1 mas from the
core. The weak emission was detected (particularly in the
southern limb) down to ∼3 mas from the core at a level of 3σ,
and another ∼1–2 mas at 2σ. The peak surface brightness of the
image was 500 mJy beam−1 at this resolution, corresponding to
an image dynamic range greater than 1500 to 1 (the detailed
value varies slightly as a function of the weighting scheme and
convolving beam). This is the highest image dynamic range
obtained so far at 86 GHz for this jet, and is quite comparable
to typical dynamic ranges in VLBA images at 43 GHz(e.g., Ly
et al. 2007). We describe a comparison of our 86 and 43 GHz
images in the next subsection.

Figure 3. VLBA+GBT 86 GHz false-color total intensity image of the M87 jet. The image is produced by combining the visibility data over the two epochs on 2014
February 11 and 26. The restoring beam (0.25 mas ×0.08 mas at PA 0°) is shown in the bottom-right corner of the image. The peak intensity is 500 mJy beam−1 and
the off-source rms noise level is 0.28 mJy beam−1, where the resulting dynamic range is greater than 1500 to 1.
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(nonthermal) electrons and positrons, respectively. Although
electrons and positrons may have a different heating/accelera-
tion process in - +e e p mixed plasma (e.g., Hoshino &
Arons 1991), here we assume that minimum energies of
electrons and positrons are the same for simplicity. By
evaluating the emission at the SSA frequency, we obtain
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where b p( ) is tabulated in Marscher (1983), Hirotani (2005),
and K14. The term K is given by
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where k p( ) is tabulated in K14. The cgs units of K and k p( )
depend on p: erg -p 1 cm−3. It is useful to show the explicit
expression of the ratio U U B as follows:
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From this, we find that nssa,obs and qobs have the same
dependence on p. Using this relation, we can estimate U U B
without the minimum energy (equipartition B field) assump-
tion. It is clear that the measurement of qobs is crucial for
determining U U B.

We further impose two general constraint conditions.

1. Time-averaged total power of the jet (L jet) estimated by
jet dynamics at large scale should not be exceeded by the
one at the jet base

b
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4
3
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, (6)B

jet poy

2 2

poy
2 2

where L , Lpoy, G, and bc areelectron/positron kinetic
power, Poynting power, bulk Lorentz factor, and bulk
speed of the jet at the EHT region, respectively. Note that
UB, U ,andR are directly constrained by the VLBI
observations.

2. The minimum Lorentz factor of the relativistic electrons
and positrons (g ,min) should be smaller than the ones
radiating the observed synchrotron emission (nsyn,obs); for
example, 230 GHz. Otherwise, we would not be able to
observe the synchrotron emission at the corresponding

frequency. This is generally given by

n g
d

´
+

^⩾ B
z

1.2 10
1

. (7)syn,obs
6

,min
2

These relations significantly constrainthe allowed values
of g ,min and Btot.

In the next section, we will add another constraint condition
(i.e., minimumsize limit).

3. APPLICATION TO THE EHT REGION

Here we apply the method to the EHT region in M87.

3.1. On the Basic Physical Quantities

Here we list the basic physical quantities of the M87 jet.

1. The total jet power,L ,jet can be estimated by considering
jet dynamics at well-studied bright knots (such as knots
A, D, and Hubble Space Telescope-1) located at the
kiloparsecscale (e.g., Bicknell & Begelman 1996; Owen
et al. 2000; Stawarz et al. 2006). Based on the
literatureon these studies, here we adopt

´ ´- -⩽ ⩽L1 10 erg s 5 10 erg s , (8)44 1
jet

44 1

(see also Rieger & Aharonian 2012 for review). We note
that Young et al. (2002) indicate ~ ´ -L 3 10 erg sjet

42 1

based on the X-ray bubble structure, which is signifi-
cantly smaller than the aforementioned estimate. The
smallness of L jet estimated by Young et al. (2002) could
be attributed to a combination of intermittency of the jet
and an averaging of L jet on a long timescale of the X-ray
cavity age. In this work, we do not utilize this small L jet.

2. We would assume that the bulk speed of the jet is in a
nonrelativistic regime at the jet at the EHT region
becauseboth theory and observations currently tend to
indicate slow and gradual acceleration, so that the flow
reaches the relativistic speed around - R10 s

3 4 (McKin-
ney 2006; Asada et al. 2014; Hada et al. 2014). The
brightness temperature of the 230 GHz radio core is
below the critical temperature ∼1011 K limited by the
inverse-Compton catastrophe process (Kellermann &
Pauliny-Toth 1969). When the 230 GHz emission
originates from the SSA-thick plasma, the characteristic
electron temperature is comparable to Tb (e.g., Loeb &
Waxman 2007), and Tb at 230 GHz is in a relativistic
regime. Therefore, we set

bG = =c
1
3

, (9)sound

where csound is the sound speed of relativistic matter. This
will be used in Equation (6) as bG = 1 32 .

3. Last, we summarize three differences between this work
and Doeleman et al. (2012) in terms of the assumptions
on basic physical quantities. In this work, we attempt to
reduce assumptions and treat the EHTregion in a more
general way. (1) Doeleman et al. (2012)assume that the
EHTregion size is identical to the ISCO size itself, which
reflects the degree of the black hole spin. In this work, we
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Black Hole Shadow in M87 7

50 µas

M87* April 11, 2017
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Brightness Temperature (109 K)

Figure 3. Top: EHT image of M87* from observations on
April 11, 2017 as a representative example of the images col-
lected in the 2017 campaign. The image is the average of
three di↵erent imaging methods after convolving each with
a circular Gaussian kernel to give matched resolutions. The
largest of the three kernels (20µas FWHM) is shown in the
lower right. The image is shown in units of brightness tem-
perature, Tb = S�2/2kB⌦, where S is the flux density, �
is the observing wavelength, kB is the Boltzmann constant,
and ⌦ is the solid angle of the resolution element. Bottom:
Similar images taken over di↵erent days showing the stabil-
ity of the basic image structure and the equivalence among
di↵erent days. North is up, East to the left.

Gammie 2018; Bronzwaer et al. 2018; Younsi et al.
2019). We limit ourselves to providing here a brief de-
scription of the initial setups and the physical scenar-
ios explored in the simulations; see Paper V for details
on both the GRMHD and GRRT codes, which have
been cross-validated for accuracy and consistency (Porth
et al. 2019; Gold et al. 2019).
A typical GRMHD simulation in the library is char-

acterized by two parameters: the dimensionless spin
a⇤ ⌘ Jc/GM2, where J and M are the spin angular mo-
mentum and mass of the black hole, respectively, and the
net dimensionless magnetic flux over the event horizon
� ⌘ �/(ṀR2

g)
1/2, where � and Ṁ are the magnetic flux

and mass flux (or accretion rate) across the horizon, re-
spectively. Since the GRMHD simulations scale with the
black-hole mass, M is set only at the time of producing
the synthetic images with the GRRT codes. The mag-
netic flux is generally non-zero because magnetic field
is trapped in the black hole by the accretion flow and
sustained by currents in the surrounding plasma.
These two parameters allow us to describe accretion

disks that are either prograde (a⇤ � 0) or retrograde
(a⇤ < 0) with respect to the black hole spin axis, and
whose accretion flows are either “SANE” (from “Stan-
dard and Normal Evolution”, Narayan et al. 2012) with
� ⇠ 1, or “MAD” (from “Magnetically Arrested Disk”,
Narayan et al. 2003) with � ⇠ 15. 2 In essence, SANE
accretion flows are characterized by moderate dimen-
sionless magnetic flux and result from initial magnetic
fields that are smaller than those in MAD flows. Fur-
thermore, the opening angles of the magnetic funnel in
SANE flows are generically smaller than those in MAD
flows. Varying a⇤ and �, we have performed 43 high-
resolution, three-dimensional and long-term simulations
covering well the physical properties of magnetized ac-
cretion flows onto Kerr black holes.
All GRMHD simulations are initialized with a weakly

magnetized torus orbiting around the black hole and
driven into a turbulent state by instabilities, includ-
ing the magnetorotational instability (Balbus & Hawley
1991), rapidly reaching a quasi-stationary state. Once
a simulation is completed, the relevant flow properties
at di↵erent times are collected to be employed for the
further post-processing of the GRRT codes. The gener-
ation of synthetic images requires, besides the proper-
ties of the fluid (magnetic field, velocity field, rest-mass
density), also the emission and absorption coe�cients,
the inclination i (the angle between the accretion flow
angular-momentum vector and the line of sight), the po-
sition angle PA (the angle East of North, i.e., counter-
clockwise on our images, of the projection on the sky of
the accretion-flow angular momentum), the black hole
mass M and distance D to the observer.
Because the photons at 1.3mm wavelength observed

by the EHT are believed to be produced by synchrotron
emission, whose absorption and emission coe�cients de-
pend on the electron distribution function, we consider
the plasma to be composed of electrons and ions that
have the same temperature in the magnetically dom-
inated regions of the flow (funnel), but a substantially
di↵erent temperature in the gas dominated regions (disk
midplane). In particular, we consider the plasma to be

2
We here use Heaviside units, where a factor of

p
4⇡ is absorbed

into the definition of the magnetic field.
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Figure 5. Photon rings around Kerr black holes with different spins aand observer inclinations i. The left, central, and right panels show the photon rings for i = 30◦,
60◦, and 90◦, respectively. In each panel, different colors represent different spins—from black being a= 0 to red being a = 0.999. For each inclination, the size of
the photon ring depends very weakly on the black hole spin. Moreover, the photon ring retains its nearly circular shape even at high black hole spins; a significant
distortion appears only for a ! 0.99 and at large inclination angles.
(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)

0 20 40 60 80
Inclination angle i (degree)

4.6

4.8

5.0

5.2

5.4

A
ve

ra
ge

 ra
di

us
 <

R
>

   
 (M

)

a = 0

a = 0.999

0 20 40 60 80
Inclination angle i (degree)

0.0

0.5

1.0

1.5

2.0

2.5

H
or

iz
on

ta
l d

is
pl

ac
em

en
t D

 ( M
)

a = 0

a =
 0.

99
9

0 20 40 60 80
Inclination angle i (degree)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
sy

m
m

et
ry

 A
 ( M

)

a 
= 

0.
99

9

Figure 7. Photon-ring properties for Kerr black holes with different spins aand different inclinations i. The left, central, and right panels show the average radius ⟨R⟩,
the horizontal displacement D, and the asymmetry parameter A of the rings, respectively. In each panel, the horizontal axis is the inclination i and different colors
represent different spins—from black for a= 0 to red for a = 0.999. In the leftmost and rightmost panels, the solid curves show the analytic fits discussed in the text.
(A color version of this figure is available in the online journal.)

with

A0 = (0.332a3 + 0.176a21.7 + 0.0756a195)M

n = 1.55(1 − a)− 0.022 + 1.3(1 − a)0.98. (14)

In all relations, the arguments of the trigonometric functions are
in degrees. The above empirical relations are shown as solid
curves in the leftmost and rightmost panels of Figure 7.

In Figure 8, we provide a different representation of the above
results, by plotting contours of constant average radius ⟨R⟩ and

asymmetry parameter A on the parameter space of black hole
spin aand observer inclination i. The Event Horizon Telescope
(Doeleman et al. 2009) aims to perform imaging observations
of the inner accretion flows around the black holes in the center
of the Milky Way and of M87, in order to measure these two
parameters of the black hole shadows. (The displacement D
cannot be readily measured, since there is very little indication
of the geometric center of the spacetime that can be obtained
from the images.) The spin of the black hole and the inclination
of the observer can be independently determined based on where

7
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SANE, a� = 0, Rhigh = 10

GRMHD models

Simulated EHT observations

Figure 4. Top: Three example models of some of the best-fitting snapshots from the image library of GRMHD simulations
for April 11 corresponding to di↵erent spin parameters and accretion flows. Bottom: The same theoretical models, processed
through a VLBI simulation pipeline with the same schedule, telescope characteristics, and weather parameters as in the April
11 run and imaged in the same way as Fig. 3. Note that although the fit to the observations is equally good in the three cases,
they refer to radically di↵erent physical scenarios; this highlights that a single good fit does not imply that a model is preferred
over others (see Paper V).

composed of non-relativistic ions with temperature Ti

and relativistic electrons with temperature Te. A sim-
ple prescription for the ratio of the temperatures of the
two species can then be imposed in terms of a single pa-
rameter Rhigh (Mościbrodzka et al. 2016), such that the
bulk of the emission comes either from the accretion disk
(small Rhigh, Te ' Ti) or from the jet (large Rhigh,
Te ' Ti/Rhigh) . While this prescription is not the only
one possible, it has the advantage of being simple, su�-
ciently generic, and robust (see Paper V for a discussion
of non-thermal particles and radiative cooling).
Since each GRMHD simulation can be used to de-

scribe several di↵erent physical scenarios by changing
the prescribed electron distribution function, we have
used the Simulation Library to generate more than 420
di↵erent physical scenarios. Each scenario is then used
to generate hundreds of snapshots at di↵erent times in
the simulation leading to more than 62 000 objects in
the Image Library. From the images we have created
model visibilities that correspond to the EHT observ-
ing schedule and compared them to the measured VLBI
visibilities as detailed in Paper VI.

As an example, the top row of Fig. 4 shows three
GRMHD model snapshots from the Image Library with
di↵erent spins and flow type, which fitted closure phases
and amplitudes of the April 11 data best. For these mod-
els we produced simulated visibilities for the April 11
schedule and weather parameters, and calibrated them
with a synthetic data generation and calibration pipeline
(Blecher et al. 2017; Roelofs et al. 2019a). The simulated
data were then imaged with the same pipeline used for
the observed images. The similarities between the sim-
ulated images (bottom row of Fig. 4) and the observed
images (Fig. 3) are remarkable.
Overall, when combining all the information contained

in both the Simulation Library and Image Library, the
physical origin of the emission features of the image ob-
served in M87* can be summarized as follows.
First, the observed image is consistent with the hy-

pothesis that it is produced by a magnetized accretion
flow orbiting within a few rg of the event horizon of a
Kerr black hole. The asymmetric ring is produced by
a combination of strong gravitational lensing and rela-
tivistic beaming, while the central flux depression is the
observational signature of the black hole shadow. Inter-
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can reach a statistically steady state. It is therefore possible to
compute predictive radiative models for this compact comp-
onent of the source without accurately representing the
accretion flow at all radii.

We note that the current state-of-the-art models for M87 are
radiation GRMHD models that include radiative feedback and
electron-ion thermodynamics (Ryan et al. 2018; Chael et al.
2019). These models are too computationally expensive for a
wide survey of parameter space, so that in this Letter we
consider only nonradiative GRMHD models with a parameter-
ized treatment of the electron thermodynamics.

3.1. Simulation Library

All GRMHD simulations are initialized with a weakly
magnetized torus of plasma orbiting in the equatorial plane of
the black hole (e.g., De Villiers et al. 2003; Gammie et al.
2003; McKinney & Blandford 2009; Porth et al. 2017). We do
not consider tilted models, in which the accretion flow angular
momentum is misaligned with the black hole spin. The
limitations of this approach are discussed in Section 7.

The initial torus is driven to a turbulent state by instabilities,
including the magnetorotational instability(see e.g., Balbus &
Hawley 1991). In all cases the outcome contains a moderately
magnetized midplane with orbital frequency comparable to the
Keplerian orbital frequency, a corona with gas-to-magnetic-
pressure ratio p p 1p gas magb º ~ , and a strongly magnetized
region over both poles of the black hole with B c 12 2r � . We
refer to the strongly magnetized region as the funnel, and the
boundary between the funnel and the corona as the funnel wall
(De Villiers et al. 2005; Hawley & Krolik 2006). All models in
the library are evolved from t=0 to t r c104

g
1= - .

The simulation outcome depends on the initial magnetic field
strength and geometry insofar as these affect the magnetic flux
through the disk, as discussed below. Once the simulation is
initiated the disk transitions to a turbulent state and loses
memory of most of the details of the initial conditions. This
relaxed turbulent state is found inside a characteristic radius
that grows over the course of the simulation. To be confident
that we are imaging only those regions that have relaxed,
we draw snapshots for comparison with the data from

t r c5 10 103
g

1 4´ £ £- .
GRMHD models have two key physical parameters. The first

is the black hole spin a*, a1 1*- < < . The second parameter is
the absolute magnetic flux BHF crossing one hemisphere of the
event horizon (see Tchekhovskoy et al. 2011; O. Porth et al.
2019, in preparation for a definition). It is convenient to recast

BHF in dimensionless form Mr cBH g
2 1 2f º F -( ˙ ) .110

The magnetic flux f is nonzero because magnetic field
is advected into the event horizon by the accretion flow
and sustained by currents in the surrounding plasma.
At 15maxf f> ~ ,111 numerical simulations show that the
accumulated magnetic flux erupts, pushes aside the accretion
flow, and escapes (Tchekhovskoy et al. 2011; McKinney et al.
2012). Models with 1f ~ are conventionally referred to as
Standard and Normal Evolution (SANE; Narayan et al. 2012;
Saḑowski et al (2013a)) models; models with maxf f~ are

conventionally referred to as Magnetically Arrested Disk
(MAD; Igumenshchev et al. 2003; Narayan et al. 2003)
models.
The Simulation Library contains SANE models with

a 0.94* = - , −0.5, 0, 0.5, 0.75, 0.88, 0.94, 0.97, and 0.98,
and MAD models with a 0.94* = - , −0.5, 0, 0.5, 0.75, and
0.94. The Simulation Library occupies 23 TB of disk space and
contains a total of 43 GRMHD simulations, with some repeated
at multiple resolutions with multiple codes, with consistent
results (O. Porth et al. 2019, in preparation).

3.2. Image Library Generation

To produce model images from the simulations for
comparison with EHT observations we use GRRT to generate
a large number of synthetic images and derived VLBI data
products. To make the synthetic images we need to specify the
following: (1) the magnetic field, velocity field, and density as
a function of position and time; (2) the emission and absorption
coefficients as a function of position and time; and (3) the
inclination angle between the accretion flow angular momen-
tum vector and the line of sight i, the position angle PA, the
black hole mass M , and the distance D to the observer. In the
following we discuss each input in turn. The reader who is only
interested in a high-level description of the Image Library may
skip ahead to Section 3.3.
(1) GRMHD models provide the absolute velocity field of

the plasma flow. Nonradiative GRMHD evolutions are
invariant, however, under a rescaling of the density by a factor
M. In particular, they are invariant under Mr r, field
strength B B1 2M , and internal energy u uM (the
Alfvén speed B 1 2r and sound speed u rµ are invariant).
That is, there is no intrinsic mass scale in a nonradiative model
as long as the mass of the accretion flow is negligible in
comparison to M .112 We use this freedom to adjust M so that
the average image from a GRMHD model has a 1.3 mm flux
density ≈0.5 Jy (see Paper IV). Once M is set, the density,
internal energy, and magnetic field are fully specified.
The mass unitM determines Ṁ . In our ensemble of models

Ṁ ranges from M2 10 7
Edd´ - ˙ to M4 10 4

Edd´ - ˙ . Accretion
rates vary by model category. The mean accretion rate for
MAD models is M10 6

Edd~ - ˙ . For SANE models with a 0* > it
is M5 10 ;5

Edd~ ´ - ˙ and for a 0* < it is M2 10 4
Edd~ ´ - ˙ .

(2) The observed radio spectral energy distributions (SEDs)
and the polarization characteristics of the source make clear
that the 1.3 mm emission is synchrotron radiation, as is typical
for active galactic nuclei (AGNs). Synchrotron absorption and
emission coefficients depend on the eDF. In what follows, we
adopt a relativistic, thermal model for the eDF (a Maxwell-
Jüttner distribution; Jüttner 1911; Rezzolla & Zanotti 2013).
We discuss the limitations of this approach in Section 7.
All of our models of M87 are in a sufficiently low-density,

high-temperature regime that the plasma is collisionless (see
Ryan et al. 2018, for a discussion of Coulomb coupling in
M87). Therefore, Te likely does not equal the ion temperature
Ti, which is provided by the simulations. We set Te using the
GRMHD density ρ, internal energy density u, and plasma pb

110 f is determined by the outcome of the simulation and cannot be trivially
predicted from the initial conditions, but by repeated experiment it is possible
to manipulate the size of the initial torus and strength and geometry of the
initial field to produce a target f.
111 In Heaviside units, where a factor of 4p is absorbed into the definition of
B, 15maxf � . In the Gaussian units used in some earlier papers, 50maxf � .

112 For a black hole accreting at the Eddington rate, the ratio of the accreting
mass onto a black hole mass is M M10 ;22~ -

:( ) in our models mass accretion
rate is far below the Eddington rate.
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This prescription has one parameter, Rhigh, and sets T Te i� in
low pb regions and T T Re i high� in the midplane of the disk. It
is adapted from Mościbrodzka et al. (2016) and motivated by
models for electron heating in a turbulent, collisionless plasma
that preferentially heats the ions for 1p 2b (e.g., Howes 2010;
Kawazura et al. 2018).

(3) We must specify the observer inclination i, the
orientation of the observer through the position angle PA, the
black hole mass M , and the distance D to the source. Non-EHT
constraints on i, PA, and M are considered below; we have
generated images at i 12 , 17 , 22 , 158 , 163= , and 168°
and a few at i=148°. The position angle (PA) can be changed
by simply rotating the image. All features of the models that we

have examined, including Ṁ , are insensitive to small changes
in i. The image morphology does depend on whether i is
greater than or less than 90°, as we will show below.
The model images are generated with a 160 160 asm´ field

of view and 1 asm pixels, which are small compared to the
20 asm~ nominal resolution of EHT2017. Our analysis is

insensitive to changes in the field of view and the pixel scale.
For M we use the most likely value from the stellar

absorption-line work, M6.2 109´ : (Gebhardt et al. 2011). For
the distance D we use 16.9 Mpc, which is very close to that
employed in Paper VI. The ratio GM c D 3.62 as2 m=( )
(hereafter M/D) determines the angular scale of the images.
For some models we have also generated images with
M M3.5 109= ´ : to check that the analysis results are not
predetermined by the input black hole mass.

3.3. Image Library Summary

The Image Library contains of order 60,000 images. We
generate images from 100 to 500 distinct output files from each of
the GRMHD models at each of R 1, 10, 20, 40, 80high = , and
160. In comparing to the data we adjust the PA by rotation and
the total flux and angular scale of the image by simply rescaling
images from the standard parameters in the Image Library (see
Figure 29 in Paper VI). Tests indicate that comparisons with the

Figure 2. Time-averaged 1.3 mm images generated by five SANE GRMHD simulations with varying spin (a 0.94* = - to a 0.97* = + from left to right) and Rhigh
(R 1high = to R 160high = from top to bottom; increasing Rhigh corresponds to decreasing electron temperature). The colormap is linear. All models are imaged at
i=163°. The jet that is approaching Earth is on the right (west) in all the images. The black hole spin vector projected onto the plane of the sky is marked with an
arrow and aligned in the east–west direction. When the arrow is pointing left the black hole rotates in a clockwise direction, and when the arrow is pointing right the
black hole rotates in a counterclockwise direction. The field of view for each model image is 80 asm (half of that used for the image libraries) with resolution equal to
1 asm /pixel (20 times finer than the nominal resolution of EHT2017, and the same employed in the library images).
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data are insensitive to the rescaling procedure unless the angular
scaling factor or flux scaling factor is large.113

The comparisons with the data are also insensitive to image
resolution.114

A representative set of time-averaged images from the Image
Library are shown in Figures 2 and 3. From these figures it is
clear that varying the parameters a*, f, and Rhigh can change
the width and asymmetry of the photon ring and introduce
additional structures exterior and interior to the photon ring.

The location of the emitting plasma is shown in Figure 4,
which shows a map of time- and azimuth-averaged emission
regions for four representative a 0* > models. For SANE
models, if Rhigh is low (high), emission is concentrated more in
the disk (funnel wall), and the bright section of the ring is
dominated by the disk (funnel wall).115 Appendix B shows
images generated by considering emission only from particular
regions of the flow, and the results are consistent with Figure 4.

Figures 2 and 3 show that for both MAD and SANE models
the bright section of the ring, which is generated by Doppler
beaming, shifts from the top for negative spin, to a nearly

symmetric ring at a 0* = , to the bottom for a 0* > (except the
SANE R 1high = case, where the bright section is always at the
bottom when i>90°). That is, the location of the peak flux in
the ring is controlled by the black hole spin: it always lies
roughly 90 degrees counterclockwise from the projection of the
spin vector on the sky. Some of the ring emission originates in
the funnel wall at r r8 g1 . The rotation of plasma in the funnel
wall is in the same sense as plasma in the funnel, which is
controlled by the dragging of magnetic field lines by the black
hole. The funnel wall thus rotates opposite to the accretion flow
if a 0* < . This effect will be studied further in a later
publication (Wong et al. 2019). The resulting relationships
between disk angular momentum, black hole angular momen-
tum, and observed ring asymmetry are illustrated in Figure 5.
The time-averaged MAD images are almost independent of

Rhigh and depend mainly on a*. In MAD models much of the
emission arises in regions with 1pb ~ , where Rhigh has little
influence over the electron temperature, so the insensitivity to
Rhigh is natural (see Figure 4). In SANE models emission arises
at 10pb ~ , so the time-averaged SANE images, by contrast,
depend strongly on Rhigh. In low Rhigh SANE models, extended
emission outside the photon ring, arising near the equatorial
plane, is evident at R 1high = . In large Rhigh SANE models the
inner ring emission arises from the funnel wall, and once again
the image looks like a thin ring (see Figure 4).
Figure 6 and the accompanying animation show the

evolution of the images, visibility amplitudes, and closure
phases over a r c5000 5 yrg

1 »- interval in a single simulation
for M87. It is evident from the animation that turbulence in the
simulations produces large fluctuations in the images, which

Figure 3. Same as in Figure 2 but for selected MAD models.

113 In particular the distribution of best-fit M/D, which is defined in Section 4,
have mean and standard deviation of M D 3.552 0.605 asm= when the
images are made with an input M D 3.62 asm= , and 3.564 0.537 asm
when the images are made with an input M D 2.01 asm= . We have also
checked images made with an input 1.3 mm flux ranging from 0.1 to 1.5 Jy and
find relative changes in M/D and PA of less than 1%.
114 In particular, doubling the image resolution changes the mean best-fit M/D
by 7 nano-arcsec, and the best-fit PA by ∼0°. 3.
115 In GRMHD models the jet core is effectively empty and the density is set
by numerical “floors.” In our radiative transfer calculations emission from
regions with B 12 r > is explicitly set to zero.
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Ongoing work
• Polarization: further constraints on ne, B

• Combination of EHT data and lower freq. VLBI data 
(Nakamura+18; Chael+19; Kino+14, 15; K. Takahashi+18)

• EHT 2020: more stations
• imaging extended component
• time variability?

• Future EHT 345 GHz campaigns
• Green Land Telescope constructed by ASIAA, Taiwan
• Lower optical depth & higher spatial resolution

-> Kawashima+2019; Nakamura+2019 in prep.



Based on our numerical results up to rout/rg=100, we find
no relevant evidence of a concentration of the poloidal
magnetic flux at the funnel edge (Gracia et al. 2009) and/or
a pileup of the material along the funnel edge (Zakamska et al.
2008), which might be related to a funnel-wall jet (De Villiers
et al. 2003, 2005), as a possible mechanism of a limb-
brightened feature. Note that these may conflict with the
physical conditions necessary to accelerate MHD jets, e.g., a
high ratio of magnetic to rest-mass energy density and the
magnetic nozzle effect. It would, however, be necessary to
conduct a further investigation of this issue at the corresp-
onding scale (z/rg103).

We comment on the power-law acceleration (see footnote
24) in the jet sheath (possibly a less-collimated parabolic
stream than the genuine parabolic one). As is shown in
Figure 16, steady axisymmetric FFE jet solutions for
streamlines of z∝R1.8 (a=0.5–0.99) with θfp=π/3 (as
the jet sheath) do not exhibit a transition from the linear to
power-law acceleration at <z r 10g

5 (it takes place at
z/rg>1010 for a=0.99). Thus, the outer jet sheath is always
faster than the inner jet spine, even if the jet spine is launched
with a sufficiently high value of b2/ρ at the jet stagnation
surface and Γ follows the linear acceleration due to an efficient
magnetic nozzle effect. Both of these factors, however, are not
supported by our GRMHD simulations. Therefore, we suggest
that the limb-brightened feature in M87 may be associated with
the intrinsic property of an MHD parabolic jet powered by the
spinning BH, rather than the result of a special viewing angle as
is previously discussed in Hada et al. (2016).

Finally, as is mentioned in Section 4.1, the radius of the jet
sheath starts to deviate slightly (becoming narrower) from
the outermost BP82-type streamline z∝R1.6 at 2z r 10g

4 (see
also Figure 15). If the jet sheath follows the linear acceleration
up to this scale, as is examined in Figure 16, the underlying
flow would reach Γβ;30 (a=0.9–0.99) and result in a
weaker Doppler deboosting (Figure 18). Furthermore, it is
interesting to note that the emission of the parabolic jet sheath
farther downstream disappears at z/rg4×105 (Asada et al.
2014), where θj;0°.5 is obtained (Figure 15). If the empirical
relation Γθj∼0.1–0.2 (Clausen-Brown et al. 2013) is applied,
Γ;11–22 would be expected. This is close to the velocity
range at which a Doppler deboosting may arise.

5.3. VLBI Cores in M87

We now discuss the (sub)millimeter VLBI cores in M87,
which are considered the innermost jet emission—at the given
frequencies—in the vicinity of the SMBH (see also Figure 15).
Figure 19 shows the radius and location of VLBI cores at
millimeter bands (43, 86, and 230 GHz) and their expectation at
submillimeter bands (345 and 690 GHz), by an extrapolation of
the VLBI core at frequencies higher than 43 GHz (Hada et al.
2013; Nakamura & Asada 2013) and utilizing the frequency-
dependent VLBI core shift (Blandford & Königl 1979) in M87
(Hada et al. 2011). Our GRMHD simulation result for a=0.9
is overlaid for reference. What we currently know about the
(sub)millimeter VLBI cores of M87 from observations are the
size, the flux density, the brightness temperature (Doeleman
et al. 2012; Akiyama et al. 2015), and the energetics (Kino
et al. 2014, 2015).

5.3.1. (Sub)millimeter VLBI Core as a Neighborhood of the Jet Origin

The synchrotron self-absorption (SSA) theory is applied in
order to examine the energy balance between electrons (Ue)
and magnetic fields (UB) for the VLBA core at 43 GHz; it can
be highly magnetized or at most roughly in equipartition
(10−4Ue/UB0.5; Kino et al. 2014). Furthermore, Kino
et al. (2015) derived the energy balance of electrons and
positrons (U± ) and UB in the EHT core at 230 GHz as
8×10−7�U± /UB�2×10−3. These constraints, together
with their locations (R/rg, z/rg) in the funnel, may provide
some hint for how to discriminate between the (sub)millimeter
and millimeter cores as is shown in Figure 19.
Under the hypothesis that (sub)millimeter VLBI cores

consist of the optically thick (against SSA) nonthermal
synchrotron emission from the innermost jet, millimeter VLBI
core emission (�86 GHz) may be dominated by the jet sheath
close to the funnel edge (b2/ρ;1 and βp;1). The (sub)
millimeter VLBI core emission (�230 GHz) may be dominated

Figure 19. Innermost jet radii displayed as the FWHM/2 of millimeter VLBI
cores at 43, 86, and 230 GHz, by utilizing the VLBI core shift. Our GRMHD
simulation result (a=0.9) in the quasi-steady phase (t/tg=11,000) is
overlaid. Expected positions of submillimeter VLBI cores at 345 and 690 GHz
are also indicated with a horizontal dashed line. A color-filled contour of the
Lorentz factor Γ (only where >u 0r ) is shown, as well as βp=1 (green solid
lines), the jet stagnation surface =u 0r (navy solid line; only inside the PFD
funnel), and b2/ρ=1 (orange solid line). Other components are identical to
those in Figure 1, but the BH spin is adjusted. The size of the BH shadow is
indicated with the dotted circle with an average radius of ∼5rg for our
reference. See also Figures 5, 12, and 15 for details.
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where the equality holds for g(✓, ⌫) = 1 and R|⌦F|/c = 1. We also note that the azimuthal speed is bound by c/2,
which can be shown in the same manner.
Equations (A19) and (A20) give the asymptotic relations of the fluid velocity for R|⌦F|/c ⌧ 1 as follows:
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where �p := |vp|/c and �� = |v�|/c are the normalized poloidal and toroidal speeds, respectively. That is, the fluid
velocity is non-relativistic and dominated by the toroidal component. For R|⌦F|/c � 1, on the other hand, the
following relations are obtained:
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That is, the fluid velocity is dominated by the poloidal component, which becomes relativistic as g(✓, ⌫) approaches
unity. We note here that, as g(✓, ⌫) ! 1, the leading terms in Eqs. (A25) and (A26) approach those in the asymptotic
relations in steady axisymmetric cold outflows in ideal MHD (Toma & Takahara 2013):
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which holds for R|⌦F|/c � 1 and �� �̃ ⇠ 1, where the letters with tilde denote quantities at the inlet.

A.4. Non-thermal Electrons

The number density of the non-thermal electrons, n, is assumed to be given by the continuity equation for fluid,
r · (nv) = 0, by following BL09, although it is not so obvious whether the non-thermal electrons obey the equation.
For RB�⌦F 6= 0, the continuity equation is reduced to

B ·r
⇣ n

B2

⌘
= 0, (A30)

which means that n scales with B2 along a given magnetic field. In this paper, we assume the following ring-shaped
distribution of the non-thermal electrons on the planes z = ±z1 (z1 � 0):

n(R,±z1) = n0 exp


� (R�Rp)2

2�2

�
, (A31)

where Rp is the radius where n have the peak on the plane and � gives the width of the ring while n0 is the number
density at the peak. We note that BL09 considered only Rp = 0, where the non-thermal electrons are concentrated
on the jet axis at z = ±z1.
Equations (A30) and (A31) give the number density of the non-thermal electrons at a given point on a magnetic

field labeled by  0 as follows:

n(R, z) = n0
B2(R, z)

B2(R1, z1)
exp


� (R1 �Rp)2

2�2

�
, (A32)

where R1( 0) denotes the radial coordinate of the intersections of  =  0 and z = ±z1. We omit an artificial factor
of (1� exp[�r2/z21 ]) in Eq. (A32) that was introduced in BL09 to reduce plasma in the innermost region r < z1. Our
results are not qualitatively di↵erent, however, even if the factor is taken into account.
We assume that the distribution of the non-thermal electrons is isotropic in the fluid rest frame and the energy

distribution is described by a single power law with an index p:
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z = 5mas z = 15mas z = 30mas

Continuing triple-ridge structure

we normalize the intensity by the value at X=0 of each line in
Figure 3. The upper left panel represents the intensity profiles
in the case of Θ=7°, 10°, 15°, 20°, and 75°, with the
other parameters unchanged. For smaller Θ, the relation
z Y sin= Q for a fixed value of Y means that the line of
sight passes points farther from the BH, and the jet width
appears to be larger. For larger Θ, the outer ridges are
debeamed because the line of sight and the beaming cone of the
outer ridges are misaligned, while the inner ridge remains.

The upper right panel of Figure 3 shows the intensity profiles
in the case of ν=0.7, 0.75, and 0.8 with the other parameters
unchanged. When ν increases, the field lines and density
concentrate on the axis. This leads to an image shaped like a
candle flame. On the other hand, when ν decreases, the field
lines and density distribution expand. This results in the bright
outer ridges, which dominate the inner-ridge component.

As for the dependence on the parameters related to the
density distribution, we examine only the dependence on Δ
and z1 because the dependence on Rp was discussed in T18. As
Δ increases or z1 decreases, the density in the jet edge increases
and the outer ridges become brighter, as shown in the lower
panels in Figure 3. The positions X of the outer ridge peaks do
not change between the cases of Δ=2 RS and Δ=3 RS, and
between the cases of z1=2.5 RS and z1=5 RS because the jet
width is limited by the outermost magnetic field line threading
the BH. Although our setup for the electron density distribution
is a toy model, this analysis indicates that the observed image
structure can strongly constrain the spatial electron density
distribution when Θ and ν are estimated by other observational
information such as the blob pattern speed, the brightness ratio
between the approaching and counter jets, and the width profile
of the jet.

Figure 1. Left panel: the computed image with the computational resolution of 3 RS. Right panel: the image convolved with the beam size (1.14 mas×0.55 mas),
where the beam size is plotted as the gray circle in the bottom left corner. The intensity is normalized by each maximum value, and the contours represent the intensity
at 2−k (k=1, 2, 3, K, 27 for the left panel and k=1, 2, 3, K, 21 for the right panel). The number of contour lines is not the same as in T18. Note that 1 mas
corresponds to ≈136 RS.
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4. Discussion

4.1. Valleys between Ridges

As seen in Figures 1 and 3, the inner ridge and outer ridges
produced by our model are not so clearly separate as reported
in Hada (2017). This is because the jet edges have a sheath-like
three-dimensional structure and the emission from the sheath
enhances the brightness of the valleys between the ridges.

For more details, we show jω distributions along lines of
sight passing (X, Y)=(± 0.5 mas, 25 mas), (± 1 mas, 25 mas),
and (± 2 mas, 25 mas) as functions of z in Figure 4 to examine
which parts of the jet contribute to the transverse intensity
profile I X Y, 25 mas=w ( ) (the black lines in Figure 3). The jet
emission is composed of the sheath-like jet-edge component
and the beamed inner-ridge component. For the line of sight of
(X, Y)=(−0.5 mas, 25 mas), the inner-ridge component
appears in addition to the jet-edge component, while for the
line of sight of (X, Y)=(0.5 mas, 25 mas), the emission around

the axis is debeamed. This leads to the asymmetry of the inner
ridge in our computed image, which we have pointed out for
the left panel of Figure 1 in Section 3.
The lines of sight passing (X, Y)=(± 1 mas, 25 mas) and

(± 2 mas, 25 mas), for which the valleys and outer ridges are
seen, respectively (see Figures 1 and 3), penetrate only the jet
edge. Interestingly, jω at the rear part of jet edge z 
1.25×104 RS is comparable to that at the front part of jet edge
z  1.4×104 RS for each of these sight-lines. That is because
the fluid motion at the rear part directs away from the line of
sight and then the emission is debeamed, but n′ and B′ are
larger there than those at the front part with higher z. Figure 4
implies that the intensities I j dZò=w w for (X, Y)=(± 1 mas,
25 mas) and (± 2 mas, 25 mas) should be comparable, which
means that the valleys are not deep.
The observed deep valleys may indicate more complex

structure of the jet. For example, if the non-thermal electrons
distributed separately at the spine and a thin layer of the jet

Figure 2. Spatial distribution of B′, n′, vp/vf, and 1 12 3bmG -( ) for Θ=15° in the northern hemisphere. B′ and n′ are normalized by each maximum value. The
white solid lines are the z axis, and the gray dashed lines represent the field lines passing through the BH horizon at the equatorial plane. The dotted lines are the
contours of 10−2, 10−2.5, 10−3, and 10−3.5 in the upper left panel, 10−4, 10−5, and 10−6 in the upper right panel, 1 and 10 in the lower left panel, and 1000, 2000,
3000, and 4000 in the lower right panel. Note that 1 RS corresponds to ≈7.3μas.
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GMVA + ALMA 2020 forecast

• EHT Collaboration, ALMA Cycle 7 + GMVA Proposal
• GMVA = Europe telescopes + VLBA & more [at 86 GHz]
• Bright counter-jet emission & asymmetric limb-brightening 

in the small f model 

Fig. 2: GRMHD+GR Ray-Tracing (GRRT) images and simulated GMVA(+ALMA) observations of the M 87

jet. Top and bottom: jet formation with high [22,14] and low [21,8] magnetic flux � (BH spin a ⇠ 0.9).

From left to right: Simulated jet emission, simulated observation with GMVA+ALMA, and without ALMA.

2 Immediate Objectives :
• Proving high-/low-magnetization jet launching via imaging the jet base : New state-of-the-art nu-
merical simulations predict bright ring-like synchrotron emission at the jet base (Fig. 2). Standard jet
formation theory posits that these outflows are collimated and launched by magnetic fields, which extract
angular momentum from the spinning BH [3]. From this it follows that a stronger e↵ective magnetic flux2

� near the BH horizon will produce a more powerful jet (see [5] for a review). Therefore high � jets are
particularly fast and should exhibit strongly Doppler (de-)boosted (counter-)jet emission on near horizon
scales. The base of an approaching hollow jet then creates a ring-like structure (see Fig. 2, top-left) with an
expected diameter of ⇠ 40 � 50 µas. Low � jets, on the other hand, create much larger rings of ⇠ 100 µas
diameter (at 86 GHz) because of gravitational lensing of the bright counterjet emission (Fig. 2, bottom-left).
Therefore, VLBI imaging at 86 GHz is best suited to distinguish between these scenarios.

Previous GMVA observations without ALMA constrained the 3 mm VLBI core sizes to be ⇠ 100µas
(⇠ 14rs) in the E-W direction ([11,15]). In particular, the amplitudes of the long E-W baselines were
consistently high (⇠ 50 � 100 mJy at ⇠ 3G�; [15]), which hints at the presence of sub-structure in the
core region, but at low significance. Our dedicated imaging simulations of the two jet formation scenarios
(Fig. 2) demonstrate that, only with the addition of ALMA to the GMVA, the elusive sub-structure in the
3 mm VLBI core can be unambiguously imaged. We also emphasize that, while such ring-like features (if
present) might be already visible in our Cycle 5 observations, Cycle 7 is crucial to confirm its perpetual
presence or absence (as expected from steady jet formation in M 87 on timescales of years) and measure
structural variability (if any).
• Determining the BH spin in a co-rotating jet: A notable feature in recent numerical simulations of
horizon-scale structures in M 87 is that the ring brightness shows a time-stable asymmetry [7,24]. This
may be associated with the edge-brightness asymmetry in the M 87 jet ([11,15,26]) due to co-rotations of
the BH/disk and jet and di↵erential Doppler-boosting of the jet edges. The inner M 87 jet, however, shows
time-variable edge-brightness ratios [15,26]. This cannot be easily explained by jet rotation due to the
BH/disk alone, unless the BH spin/disk rotation abruptly changes within yearly timescales. Instead, the
edge-brightness ratio may be more dominated by jet-intrinsic e↵ects (e.g. magnetohydrodynamic (MHD)
instabilities; [13,22]) and thus vary in time. In this regard, it is crucial to : (i) robustly image the edge-
brightened jet in the innermost region, (ii) measure its transverse emission profile, and (iii) associate it
with the co-rotating central engine, because the jet will rotate faster closer to the central engine (angular
momentum conservation) and since MHD instabilities have not much time to build up.

2� = �BH/(ṀG
2
M

2
BH/c

3)1/2 where �BH and Ṁ are the magnetic flux and mass accretion rate at the horizon, respectively.

2
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dt ¼ "dz=½ð1þ zÞH ' and H 2 ¼ H 2
0½!m ð1þ zÞ3 þ!"',

the rotation angle during the propagation from the
redshift z to the present is expressed as

#!ðk; zÞ ’ "
k2FðzÞ
MPlH 0

;

FðzÞ ¼
Z z

0

ð1þ z0Þdz0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!m ð1þ z0Þ3 þ!"

p :

(2)

Here, k is the comoving momentum, H 0 ¼ 1:51 (
10"42 GeV, !m ¼ 0:27, and !" ¼ 0:73.

If the rotation angle differs bymore than#=2 over a range
of momenta (E1 < k < E2) in which a certain proportion of
the total number of photons in a signal are included, then the
net polarization of the signal is significantly depleted and
cannot be as high as the observed level. This is the case,
unless the momentum dependence of the intrinsic polariza-
tion direction of the source is fine-tuned to cancel the
momentum-dependent rotation of the polarization vector
induced by quantum gravity. Such an accidental cancella-
tion is rather unnatural, and thus we shall not consider
this possibility. Hence, the detection of highly polarized
$-ray photons by the GAP implies that j#!ðE2; zÞ "
#!ðE1; zÞj ) #=2. In order to obtain an upper bound on
j"j from this inequality, we set E1 ¼ Emin and determine
E2 by

RE2
Emin

E%dE=
REmax
Emin

E%dE ¼ $, where $ is the net

polarization degree over the GAP energy rangeEmin ) k )
Emax and we have adopted the power law / k% with %< 0
for the photon number spectrum. This prescription for E1;2

corresponds to an ideal situation in which the detected
signal has 100% of the polarization degree and uniform
polarization direction over the range Emin ) k < E2, but
has no polarization in the rangeE2 ) k ) Emax . With more
realistic momentum-dependencies of the polarization
degree and direction, E2 would be higher and, hence, the
bound on j"j would be tighter. Without specifying the
nature of the intrinsic polarization of the source, we adopt
the one that gives theweakest bound on j"j among those that
do not exhibit the accidental cancellation mentioned above.

For GRB 110721A, the 2& lower limits %>"0:98 and
$> 35% in the whole energy band (Emin ¼ 70 keV,
Emax ¼ 300 keV) lead to E2 ’ 120 keV. Setting z > 0:45
in j#!ðE2; zÞ " #!ðEmin ; zÞj ) #=2, we obtain the con-
straint from GRB 110721A as j"j< 7 ( 10"15.

More accurate constraints are obtained by requir-

ing that
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2þU2

p
=N>$, where N ¼ REmax

Emin
E%dE,

Q¼ REmax
Emin

E%$i cos½2#!ðE; zÞ', and U ¼ REmax
Emin

E%$i(
sin ½2#!ðE; zÞ' with the intrinsic polarization degree
$i ¼ 1. Using $> 0:35 and %>"0:98, we obtain the
constraint from GRB 110721A as

j"j< 2 ( 10"15; (3)

which is tighter than the above rough estimate.
Alternatively, wemay assume that the intrinsic polarization

degree is not as high as 100% but given by the maximum
level in the synchrotronmechanism, i.e.,$i ¼ "%=ð"%þ
2=3Þwith% ¼ "0:98. This leads to themore stringent limit
j"j< 8 ( 10"16. Generically speaking, if we assume a
lower intrinsic polarization degree, then the bound on j"j
becomes tighter.
From the other GRBs, we obtain weaker constraints.

GRB 100826A has 2& limits as $> 6%, %>"1:41
[11], and z > 0:71. Setting $i ¼ 1 (or $i ¼ "%=½"%þ
2=3'), we obtain the constraint j"j< 2 ( 10"14 (or j"j<
1 ( 10"14). GRB 110301A has 2& limits as $> 31%,
%>"2:8 [20], and z > 0:21. Setting $i ¼ 1 [or $i ¼
"%=ð"%þ 2=3Þ], we obtain the constraint j"j< 2 (
10"14 (or j"j< 1 ( 10"14).
One may consider a more direct constraint from the

difference of the polarization angles in the two energy bands
for GRB 110721A, say #!ðE ¼ 170 keV; zÞ "#!ðE ¼
80 keV; zÞ< 64 degree at 2& confidence level. This pro-
vides j"j< 2 ( 10"15. If polarization angles are measured
more accurately as a function of energy for GRBs in the
future, a more stringent limit would be obtained.
Comparison with other limits.—Our bound (3) is the

strictest limit on the CPT invariance posed by directly
observing the photon sector, and it is about 8 orders better
than the previous limit j"j< 10"7 [4]. (As already
explained, we consider the limit claimed in Ref. [5] unreli-
able.) The constraint from nondetection of ultrahigh-energy
photons (E> 1019 GeV), j"j< 10"14 [21], appears to be
closer to our bound. However, the constraint from ultrahigh-
energy photons relies on the assumption that the dimension-5
LVoperator in the electron sector is sufficiently suppressed
[22]. On the other hand, the previous bound in Ref. [4] and
our bound do not depend on such an assumption.
The dimension-5 LVoperator in the photon sector indu-

ces dimension-3 CPT-odd LV operators in the fermion
sector by radiative corrections due to particle interactions.
Assuming supersymmetry [23] above Msusy ð>TeVÞ, the
radiatively generated dimension-3 CPT-odd LV operators
generically have coefficients of order b ’ M2

susy =MPl.

Hence, existing experimental bounds on b can be reinter-
preted as bounds on ". For example, the bound jbj<
10"27 GeV from the Xe/He maser [24] implies j"j<
10"14. Our bound (3) is slightly stronger than this. On the
other hand, the bound jbj< 10"33 GeV from the K/He
magnetometer [25] corresponds to the stronger bound j"j<
10"20. Note, however, that these bounds inferred from
radiatively generated dimension-3 CPT-odd LV operators
are indirect and rely on supersymmetry. Our bound (3), on
the contrary, does not rely on supersymmetry and is direct.
In the effective field theory approach [18], there is only

one operator that leads to a linear energy dependence of the
speed of light in vacuum, and it is the dimension-5
CPT-odd LV operator considered in the present Letter.
Constraints on the same operator from observation of
energy dependence of GRB light curves [26] are not as
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rent high-quality polarimetric observations of PPDs can
be used to diagnose the photon birefringence during its
propagation.

With our new approach the best constraint on gaγ for
m ∼ 10−22eV without the uncertainty of magnetic fields
is obtained, and we open a fresh new possibility of PPD
observations as dark matter search.

II. ROTATION OF POLARIZATION PLANE

In this section, we show that the linear polarization
plane of a propagating photon rotates under the back-
ground of the ADM. It can be shown that the equation
of motion for the photon field (i.e. the vector potential)
A(t,x) gains additional terms from the coupling to the
axion φ(t,x) as

Ä−∇2A = gaγ
(
φ̇∇×A+ Ȧ×∇φ

)
, (1)

where gaγ is the coupling constant of the photon-axion
coupling Laγ and dot denotes partial derivative with re-
spect to time. Here, we chose the temporal gauge A0 = 0
and the Coulomb gauge ∇ ·A = 0. Note that the cosmic
expansion is ignored because the time scale in interest is
much shorter than the Hubble time.

Considering that the correction from the photon-axion
coupling is tiny, if any, we study the deviation from the
normal plane wave solution of photon by neglecting the
time evolution of its amplitude. We decomposes A into
the circular polarization modes in the Fourier space,

A(t,x) =
∑

p=±

∫
d3k

(2π)3
Ap

ke
p(k̂)eik·x−i

∫
dtωp , (2)

where we introduced the time integral of ω± instead of
the plane wave solution e−iω±t, since ω± depends on time
for fixed k as we will see below. The circular polarization
vector satisfies ep(k̂) = ep∗(−k̂), ep(k̂) · e∗p′

(k̂) = δpp
′
,

and ik × e±(k̂) = ±ke±(k̂). Then, at the leading order
of gaγ , the dispersion relation is given by [23]

ω± ≃ k ± δω, (3)

δω = −gaγ
2

[
φ̇+ k̂ ·∇φ

]
= −gaγ

2

dφ

dt
, (4)

where we assume k ≫ |δω| and k ≫ ∂t ln |dφ/dt|, and
d/dt is the total derivative along the light path with
∂x/∂t = k̂. Therefore under the ADM background,
the phase velocities of the left/right-handed modes are
different. This is because the parity symmetry is spon-
taneously broken by the axion field. This photon bire-
fringence caused by the axion background leads to the
rotation of the linear polarization plane.

Provided that a photon propagating along the z-axis is
linearly polarized into the x-direction at the initial time

t, its polarization components can be decomposed into
the circular ones,

(
1
0

)
=

1

2

(
1
i

)
+

1

2

(
1
−i

)
, (5)

where we suppress the z-component which is always zero.
When this photon with wave number k travels under the
axion background from t till t+ T , the evolved polariza-
tion components can be calculated as

e−ikT

2

[
e−i

∫ t+T
t δωdt

(
1
i

)
+ e+i

∫ t+T
t δωdt

(
1
−i

)]

= e−ikT

(
cos(

∫ t+T
t δω dt)

sin(
∫ t+T
t δω dt)

)
. (6)

The rotation angle of the linear polarization plane is
given by

θ(t, T ) =

∫ t+T

t
δω(t) dt = −gaγ

2
[φ(t+ T )− φ(t)] , (7)

where the spatial argument of the ADM field is omitted
while φ should be evaluated at the both ends of the light
path, φ(t) = φ(t,x(t)) and φ(t+T ) = φ(t+T,x(t+T )).
It is interesting to compare this polarization rotation

due to the ADM with Faraday rotation. Faraday rotation
refers to an astrophysical phenomenon that the linear po-
larization plane of a photon propagating in a magnetized
plasma rotates. Its rotation angle is written as [26]

θFaraday =
2πe3

m2
ek

2

∫
dx ·B(x)ne(x), (8)

whereme is the electron mass, ne andB are and the mag-
netic field of the plasma, respectively, and

∫
dx denotes

the line integral along the light path. If the magnetic field
could be described by a potential B = ∇Φ and ne was
homogeneous, the Faraday rotation would be determined
only by the boundary condition like Eq. (7). However,
since B = ∇×A and ne is inhomogeneous in reality, the
evaluation of θFaraday depends on the light path.
The present background ADM field is well approxi-

mated by

φ(t,x) = φ0 cos(mt+ δ(x)) , (9)

with the constant amplitude φ0, the axion mass m and a
phase factor δ(x) whose spatial dependence will be dis-
cussed soon. In the case of homogeneous δ, we can eval-
uate the rotation angle as

θ(t, T ) ≈ 2× 10−2 sinΞ sin(mt+ Ξ+ δ) g12 m
−1
22 , (10)

where g12 ≡ gaγ/(10−12GeV−1), m22 ≡ m/(10−22eV)
and we used the dark matter density around us,
ρDM = m2φ2

0/2 ≈ 0.3 GeV/cm3 [27]. Ξ ≡ mT/2 ≈

!± ' k ± �1

2
ga� �̇
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Figure 3. Polarization vector pattern of AB Aur. Left: polarization vectors superposed on the PI image of AB Aur in the H band. The plotted vectors are based on
6 × 6 pixel binning which corresponds to the spatial resolution and have a polarized intensity larger than 50σ . Not all the vectors are plotted and their lengths are not
to scale for the purposes of presentation. Right: histogram of angles between polarization vectors and lines from the mask center to the vector position. As a result of
Gaussian fitting, the central position and FWHM are 90.◦1± 0.◦2 and 4.◦3± 0.◦4, respectively.
(A color version of this figure is available in the online journal.)

The presence of unseen planets in the disk can also result
in perturbations which extend over the disk scale even in the
absence of GI. A low-mass planet in a disk excites a spiral
density wave that co-rotates with the planet (Goldreich &
Tremaine 1979; Tanaka et al. 2002), while a high-mass planet
opens a gap in addition to the excitation of a spiral (Lin &
Papaloizou 1986), thereby inducing a more significant, globally
extended perturbation in the disk (see Papaloizou et al. 2007,
for the review of disk–planet interaction). The gap opens when
the amplitude of the perturbation caused by the embedded
planet exceeds the order of unity. Since the amplitude of the
perturbation scales with q/h3, where qis the mass ratio between
the planet and the central star and h = H/r is the disk aspect
ratio (Tanaka et al. 2002), a crude estimate of the gap-opening
mass is q > h3. For the disk around AB Aur, the temperature
of the disk at the location of the ring gap (∼ 80 AU) is 20–30 K
(Piétu et al. 2005; Lin et al. 2006), and therefore, the disk aspect
ratio is expected to be ∼ 0.1. Therefore, a planet with a mass of
only ∼ 1 MJ (consistent with the fact that we detected no point
sources) situated in the ring gap in the vicinity of Dip A can
form a gap at these distances. Such a planet cannot be directly
seen if it is embedded in the disk equatorial plane; however,
its perturbation can induce the observed structures such as
the ring gap and the largest Dip A and is seen as “shadows”
(Jang-Condell & Kuchner 2010), while other peaks and small
dips might be due to small perturbations. Furthermore, a warp
in the inner region may be explained by the gravitational
perturbation from unseen planets (Mouillet et al. 1997). It is also
noted that there is a possibility that the inner ring is intrinsically
elliptical due to the influence of an unseen gravitating object,
which could be another indication of the presence of a planet
(Kley & Dirksen 2006). From the present data, it is rather
difficult to distinguish the cause of the elliptical shape of the
inner ring: either a warped circular ring or an intrinsically
elliptical ring. However, we consider that both possibility may
be accounted for by at least one gravitating object embedded in
a disk.

The perturbation caused by an embedded planet generally
tends to co-rotate with the planet, and therefore the deviation
of the pattern speed from the local rotation speed would be
smoking-gun proof of the existence of the planet. The pattern

speed of the spiral structure is given by

ω = 0.78
(

M
2.4 M⊙

) 1
2 ( rp

80 AU

)− 3
2
(deg yr−1),

where M is the mass of the central star and rp is the orbital
radius of the planet. Such time variability can be observed for
the next several years. We note that the existence of a planet
in the AB Aur system, whose age is only 3–5 Myr, may pose
a unique constraint on the planet formation timescale because
their formation via gas accretion have been considered to take
about 10 Myr (e.g., Pollack et al. 1996).

Another intriguing explanation for the observed structure is
magneto-rotational instability (MRI; Balbus & Hawley 1998).
Although global numerical simulations of MRI are numerically
challenging, some MRI calculations show that perturbation may
extend over the disk (Steinacker & Papaloizou 2002). It is also
shown that MRI drives the disk wind which causes a significant
perturbation at the disk surface (Suzuki et al. 2010). In this case,
the timescale of variability is on the order of the local rotation
timescale, which is longer than that caused by the inner unseen
planet.

In summary, the fine structures including the double ring
structure with a warp as well as the ring gap detected by our ob-
servations most likely have an origin in planetary perturbation,
but GI or MRI can also be a promising cause of the detailed
structure. A key future investigation would be the detection of
the time variability of the structures, which can provide clues
for understanding the formation mechanisms of the wide-orbit
companions discovered by direct imaging observations around
A stars (Marois et al. 2008; Kalas et al. 2008) and a G star
(Thalmann et al. 2009; Janson et al. 2011) as well as a number
of physical processes ongoing in the active protoplanetary disk.

We are grateful to the anonymous referee for providing many
useful comments leading to an improved paper. This work is
partly supported by a Grant-in-Aid for Science Research in a
Priority Area from MEXT and by the Mitsubishi Foundation.
We also acknowledge support from AST-1008440 (C.A.G.),
AST-1009314 (J.P.W.), and a Chretien International Research
Grant (J.P.W.).

5

AB Aurigae

q

Axion effect?

The Astrophysical Journal Letters, 729:L17 (6pp), 2011 March 10 Hashimoto et al.

80        85 90   95       100
Angle (degree)

1″

N
um

be
r

0 
   

   
   

  2
00

   
   

   
  4

00
  6

00
Figure 3. Polarization vector pattern of AB Aur. Left: polarization vectors superposed on the PI image of AB Aur in the H band. The plotted vectors are based on
6 × 6 pixel binning which corresponds to the spatial resolution and have a polarized intensity larger than 50σ . Not all the vectors are plotted and their lengths are not
to scale for the purposes of presentation. Right: histogram of angles between polarization vectors and lines from the mask center to the vector position. As a result of
Gaussian fitting, the central position and FWHM are 90.◦1± 0.◦2 and 4.◦3± 0.◦4, respectively.
(A color version of this figure is available in the online journal.)

The presence of unseen planets in the disk can also result
in perturbations which extend over the disk scale even in the
absence of GI. A low-mass planet in a disk excites a spiral
density wave that co-rotates with the planet (Goldreich &
Tremaine 1979; Tanaka et al. 2002), while a high-mass planet
opens a gap in addition to the excitation of a spiral (Lin &
Papaloizou 1986), thereby inducing a more significant, globally
extended perturbation in the disk (see Papaloizou et al. 2007,
for the review of disk–planet interaction). The gap opens when
the amplitude of the perturbation caused by the embedded
planet exceeds the order of unity. Since the amplitude of the
perturbation scales with q/h3, where qis the mass ratio between
the planet and the central star and h = H/r is the disk aspect
ratio (Tanaka et al. 2002), a crude estimate of the gap-opening
mass is q > h3. For the disk around AB Aur, the temperature
of the disk at the location of the ring gap (∼ 80 AU) is 20–30 K
(Piétu et al. 2005; Lin et al. 2006), and therefore, the disk aspect
ratio is expected to be ∼ 0.1. Therefore, a planet with a mass of
only ∼ 1 MJ (consistent with the fact that we detected no point
sources) situated in the ring gap in the vicinity of Dip A can
form a gap at these distances. Such a planet cannot be directly
seen if it is embedded in the disk equatorial plane; however,
its perturbation can induce the observed structures such as
the ring gap and the largest Dip A and is seen as “shadows”
(Jang-Condell & Kuchner 2010), while other peaks and small
dips might be due to small perturbations. Furthermore, a warp
in the inner region may be explained by the gravitational
perturbation from unseen planets (Mouillet et al. 1997). It is also
noted that there is a possibility that the inner ring is intrinsically
elliptical due to the influence of an unseen gravitating object,
which could be another indication of the presence of a planet
(Kley & Dirksen 2006). From the present data, it is rather
difficult to distinguish the cause of the elliptical shape of the
inner ring: either a warped circular ring or an intrinsically
elliptical ring. However, we consider that both possibility may
be accounted for by at least one gravitating object embedded in
a disk.

The perturbation caused by an embedded planet generally
tends to co-rotate with the planet, and therefore the deviation
of the pattern speed from the local rotation speed would be
smoking-gun proof of the existence of the planet. The pattern

speed of the spiral structure is given by

ω = 0.78
(

M
2.4 M⊙

) 1
2 ( rp

80 AU

)− 3
2
(deg yr−1),

where M is the mass of the central star and rp is the orbital
radius of the planet. Such time variability can be observed for
the next several years. We note that the existence of a planet
in the AB Aur system, whose age is only 3–5 Myr, may pose
a unique constraint on the planet formation timescale because
their formation via gas accretion have been considered to take
about 10 Myr (e.g., Pollack et al. 1996).

Another intriguing explanation for the observed structure is
magneto-rotational instability (MRI; Balbus & Hawley 1998).
Although global numerical simulations of MRI are numerically
challenging, some MRI calculations show that perturbation may
extend over the disk (Steinacker & Papaloizou 2002). It is also
shown that MRI drives the disk wind which causes a significant
perturbation at the disk surface (Suzuki et al. 2010). In this case,
the timescale of variability is on the order of the local rotation
timescale, which is longer than that caused by the inner unseen
planet.

In summary, the fine structures including the double ring
structure with a warp as well as the ring gap detected by our ob-
servations most likely have an origin in planetary perturbation,
but GI or MRI can also be a promising cause of the detailed
structure. A key future investigation would be the detection of
the time variability of the structures, which can provide clues
for understanding the formation mechanisms of the wide-orbit
companions discovered by direct imaging observations around
A stars (Marois et al. 2008; Kalas et al. 2008) and a G star
(Thalmann et al. 2009; Janson et al. 2011) as well as a number
of physical processes ongoing in the active protoplanetary disk.
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FIG. 2: Constraint on the coupling constant gaγ for varying
mass of the axion dark matter m. The black solid line indi-
cates the upper bound derived in eq. (14), whereas the gray
solid line is the conservative upper bound. Blue, green, and
red regions are rejected by the experiment (CAST [14]) and
astronomical observations (SN 1987A [17] and Quasor polar-
ization [18]). Black broken lines are the expected sensitivities
of future projects (ALPS-II [16] and IAXO [15]) and red bro-
ken lines are presumptive lower limits from observations (Soft
X-ray [19] and γ-ray transparency [20]).

angle θ may be seen and it can be a smoking-gun evidence
for the ADM. This property should be useful to distin-
guish the ADM signature from the other potential effects
which also modify the polarization pattern of PPDs. It
should be noted that the distance between source and
earth L = c T varies in time due to the relative motion
and it might distort the predicted oscillatory behavior of
θ. However, we can measure the relative motion through
the Doppler effect and correct its influence.

While the rotation angle of the photon linear polariza-
tion plane highly depends on the photon energy and the
propagation distance for the Faraday effect under magne-
tized plasmas and for the CPT -invariance violation effect
[29, 30], those dependences are quite weak for the ADM
effect as we showed above. Furthermore, the polarization
of purely scattered radiation in PPDs can be observed in
only optical and near-infrared wavebands, and most of
well-observed PPDs are clustered in several star-forming
regions in our Galaxy so that they are at similar dis-
tances. Then in order to put more stringent constraint on
(or detect) the ADM effect with our method, one should
keep increasing the sensitivity of polarimetic measure-
ments of PPDs. In particular, detailed analysis of po-
larization angles considering full error budget is critical,
which is becoming available by the state-of-the-art obser-
vations and data reduction techniques. Even re-analyses
of the current polarization angle data for well observed
PPDs may also be useful.
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BHs with largest angular sizesRadio galaxy M87 (Virgo A, 3C274)

1kpc (2×106Rs)

HST Object MBH
(108 Msun)

d 
(Mpc)

1Rs
(μas)

SgrA* 0.04 0.008 10
M87 60 16.7 7

Sombrero 10 9.0 2.2
M84 8.5 17 1
Cen A 0.5 3.8 0.3

• 1mas = 0.08pc = 140Rs

• “The Rosetta Stone of 
AGN jets”

Event horizon apparent radius ranking

VLBA 7mm
(Junor+1999)

0.06pc = 100Rs

(30?)

(= 2rg = 2GM/c2)

Stellar dynamics  (gas dynamics)



Location of the engineWhere is the central engine?
(Hada et al. 2011)

• High-accuracy core-shift measurement suggests the central 
engine resides very close to 7mm core
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Image models
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• Standard disk model
Luminet 1979; Bardeen 1973

• RIAF + jet models (GRMHD simulations + GRRT calculations)
Falke, Melia & Agol 2000; Dexter+2012; Moscibrozka+2016

General relativistic disc/jet models of M87 1523

Figure 5. Images from total (top row), disc (middle row) and jet (bottom row) components for the two fiducial models (left two columns and right two
columns) at 1.3 mm (first and third columns) and 0.87 mm (second and fourth columns). The colours are scaled linearly from blue to red to yellow to white,
with a dynamic range of 60. The panel size is 100 × 100 µas. The images are taken from the same time step used for the spectra in Fig. 4, and have been
rotated 90◦ to roughly align with the position angle of the large-scale jet at 7 mm. Both fiducial model images are crescents from the combined effects of light
bending and Doppler beaming. The disc component of DJ1 is similar to previous models of Sgr A*. The jet component in J2 is dominated by the counter-jet,
while in DJ1 the jet component comes from the forward jet since the counter-jet emission is absorbed by the disc.

Figure 6. Jet images at observer inclinations ranging from edge-on (top-left panel) to face-on (bottom-right panel). The colours are scaled linearly from blue
to red to yellow to white, with a dynamic range of 60. The panel size is 100 × 100 µas. The arrow shows the orientation of the black hole spin axis, and the
grid is the xy-plane. For edge-on viewing there is strong asymmetry from Doppler boosting and no distinction between the jet/counter-jet, but as the inclination
decreases the image becomes circularly symmetric and the counter-jet becomes more prominent as more of the forward jet emission is captured by the black
hole.

hole (r ∼ 10M) than is found from the simulation assuming that
nnth ∝ b2. When the jet is launched farther from the black hole, the
forward jet dominates the images at 1.3 mm. For this reason, the jet
images discussed here are sensitive to the uncertain mass loading
in ultra-relativistic jets. Jet particle density profiles for M87 found

from pair production calculations are qualitatively similar to those
used here (Mościbrodzka et al. 2011).

In both the disc and jet models the circular photon orbit produces
a black hole shadow at 1.3 mm. At 0.87 mm, both images are more
compact. The jet component in DJ1 is less significant, and the J2

C⃝ 2012 The Authors, MNRAS 421, 1517–1528
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

A&A 586, A38 (2016)

Fig. 8. Intensity maps of model RH100 for i = 20◦ (upper left panel) and i = 160◦ (lower left panel) at λ = 1.3 mm (ν = 230 GHz). The total
fluxes (at 1.3 mm) in these models are 1 Jansky. The position angle of the black hole spin is set to PA = 290◦ E of N for all models. The image size
is 40 × 40 GMBH/c2 in the plane of the black hole, which at a distance of D = 16.7 Mpc, corresponds to an angular size of about 140 × 140 µas.
Middle panels: the corresponding visibility amplitude on a u − v plane in units of Jy. Right panels: the visibility phase map in degrees. The arrows
in the left and middle panels indicate the orientation of our coordinate system.

The visibility phase and, in particular, the so-called closure
phase, which contains information on the source structure, can
also constrain the model. The closure phase is the sum of visi-
bility phases for a triangle of interferometric baselines:

φclosure = φSMT−CARMA + φCARMA−H + φH−SMT. (3)

For a symmetrical Gaussian intensity distributions on the sky,
the visibility phase is expected to be zero and so is the closure
phase. Any deviation from a zero closure phase will indicate the
source deviation from a Gaussian or point-like structure, and this
observable can in principle be used to compare the model and
observed emission shape without reconstructing the radio maps.

We have calculated the theoretical visibility closure phases.
For the model with i = 20◦, which shows the crescent on the
N side of the BH (see Fig. 8), the closure phases are positive;
φclosure = 11◦,19◦,11◦,11◦, where the four values correspond to
different time moments of the observation. The φclosure evolution
is caused by the rotation of the Earth, and it is probing slightly
different u − v values. A typical observation duration is two to
three hours. This is about three times shorter than the dynamical
time scale of the source (8.5 h) with its BH mass, 6.2 × 109 M⊙ .
For i = 160◦, for which the crescent is on the S side of the BH
(Fig. 8), the closure phases are negative: φclosure = −21◦, −21◦,
−12◦, −9.5◦. In both cases, the values are consistent with the
observed value: φclosure ≈ ±20◦ (Akiyama, priv. comm.).

In summary, for the fiducial model RH100 (for both viewing
angles of i = 20◦ and 160◦), visibility amplitudes and closure

phases are roughly consistent with the preliminary observations
of the M 87 core obtained by the EHT (visibility amplitudes and
closure phases on a single VLBI triangle).

4. Discussions
Deriving the appearance of a jet in the direct vicinity of a SMBH
is not straightforward. The jet formation mechanism, as well as
particle acceleration in jets, is generally not understood well.
Moreover, one has to take spacetime curvature into account,
which affects the plasma dynamics and light propagation. Using
GRMHD simulations of a weakly magnetized accretion flow,
a jet appears naturally, and we calculate the appearance of the
M 87 jet base at radio and millimeter wavelengths. For the elec-
tron heating, we assume that the electrons are weakly coupled
to protons in the accretion disk and strongly coupled in the jet
– a simple, but crucial concept that we have already used suc-
cessfully to explain the appearance of the SMBH in the center
of the Milky Way. Below we discuss our results in a context of
observational constraints. We also discuss the model limitations.

4.1. Mass-accretion rate

The accretion rate onto M 87 is estimated by fitting the GRMHD
model SED to the observed data points. The resulting best fit
Ṁ will vary depending upon the underlying electron distribu-
tion functions in the accretion disk and jet. They typically vary

A38, page 8 of 15



Photon ring

• Photons which are seen near the critical curve will have orbited 
the BH many times and then pick up extra brightness on their way 
to the observer

• Photon ring (+ lensing ring) is bright in the optically-thin case
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Rough estimates
Ti ⇠ 0.3 Ti,vir ' 1012

⇣rg
r

⌘
K

<latexit sha1_base64="PtyyT/6rhxEwIQFit+T4l4J+D4Y="></latexit>

nikBTi + nekBTe = �pB
2/8⇡

<latexit sha1_base64="KZqPywVaEv8hSTYDUIsh9GRDOKg="></latexit>

F⌫ =
4⇡r3ne

3D2

p
2⇡

e2⌫s
6⇡⇥2

ec

✓
⌫

⌫s

◆
e�(

⌫
⌫s
)

1
3

�

<latexit sha1_base64="PThna78iCtIpNDYlQxKOYIkAeIg="></latexit>

⌫s =
eB

9⇡mec
⇥

2
e ⇠ 0.3

✓
⇥e

10

◆2

GHz

<latexit sha1_base64="o+z+hNW6XDIPGJPJ8LmzJOzq3Uk="></latexit>

Optically-thin 
thermal e synchrotron 
(Leung+2011)

ne ' 3⇥ 104
✓

r

rg

◆�1.3

�0.62
p

✓
Ti

3Te

◆�0.47 ✓ Te

10Tb

◆�2.4

cm�3

<latexit sha1_base64="X+w72LVRkSpAyWaOnwpZhX9zpGk="></latexit>

~ 0.5 Jy

B ' 5

✓
r

rg

◆�0.63

��0.19
p

✓
Ti

3Te

◆0.14 ✓ Te

10Tb

◆�0.71

G
<latexit sha1_base64="BImJBPWV3IN50BzS69tdb9n1Sfo="></latexit>

Tb ~ 6 x 109 K



GRMHD simulation library
• Kerr BH with fixed M & a*

• 3D ideal MHD models
• Codes: BHAC (Porth+17), H-AMR (Liska+18), 

iharm (Gammie+03), KORAL (Sadowski+13)

• Initial condition: hydrodynamically static torus 
+ poloidal B field
• Accretion flow AM || BH spin

• Outflow-only boundary condition
• Density floor

• Quasi-steady state at r <~ 10 rg:   5000 <~ t/rg c-1 <~ 104

• 2 key parameters: normalized magnetic flux & BH spin
• SANE models (f ~ 3): a* = -0.94, -0.5, 0, 0.5, 0.75, 0.88, 0.94, 0.97, 0.98
• MAD models (f > 50): a* = -0.94, -0.5, 0, 0.5, 0.75, 0.94 

can reach a statistically steady state. It is therefore possible to
compute predictive radiative models for this compact comp-
onent of the source without accurately representing the
accretion flow at all radii.

We note that the current state-of-the-art models for M87 are
radiation GRMHD models that include radiative feedback and
electron-ion thermodynamics (Ryan et al. 2018; Chael et al.
2019). These models are too computationally expensive for a
wide survey of parameter space, so that in this Letter we
consider only nonradiative GRMHD models with a parameter-
ized treatment of the electron thermodynamics.

3.1. Simulation Library

All GRMHD simulations are initialized with a weakly
magnetized torus of plasma orbiting in the equatorial plane of
the black hole (e.g., De Villiers et al. 2003; Gammie et al.
2003; McKinney & Blandford 2009; Porth et al. 2017). We do
not consider tilted models, in which the accretion flow angular
momentum is misaligned with the black hole spin. The
limitations of this approach are discussed in Section 7.

The initial torus is driven to a turbulent state by instabilities,
including the magnetorotational instability(see e.g., Balbus &
Hawley 1991). In all cases the outcome contains a moderately
magnetized midplane with orbital frequency comparable to the
Keplerian orbital frequency, a corona with gas-to-magnetic-
pressure ratio p p 1p gas magb º ~ , and a strongly magnetized
region over both poles of the black hole with B c 12 2r � . We
refer to the strongly magnetized region as the funnel, and the
boundary between the funnel and the corona as the funnel wall
(De Villiers et al. 2005; Hawley & Krolik 2006). All models in
the library are evolved from t=0 to t r c104

g
1= - .

The simulation outcome depends on the initial magnetic field
strength and geometry insofar as these affect the magnetic flux
through the disk, as discussed below. Once the simulation is
initiated the disk transitions to a turbulent state and loses
memory of most of the details of the initial conditions. This
relaxed turbulent state is found inside a characteristic radius
that grows over the course of the simulation. To be confident
that we are imaging only those regions that have relaxed,
we draw snapshots for comparison with the data from

t r c5 10 103
g

1 4´ £ £- .
GRMHD models have two key physical parameters. The first

is the black hole spin a*, a1 1*- < < . The second parameter is
the absolute magnetic flux BHF crossing one hemisphere of the
event horizon (see Tchekhovskoy et al. 2011; O. Porth et al.
2019, in preparation for a definition). It is convenient to recast

BHF in dimensionless form Mr cBH g
2 1 2f º F -( ˙ ) .110

The magnetic flux f is nonzero because magnetic field
is advected into the event horizon by the accretion flow
and sustained by currents in the surrounding plasma.
At 15maxf f> ~ ,111 numerical simulations show that the
accumulated magnetic flux erupts, pushes aside the accretion
flow, and escapes (Tchekhovskoy et al. 2011; McKinney et al.
2012). Models with 1f ~ are conventionally referred to as
Standard and Normal Evolution (SANE; Narayan et al. 2012;
Saḑowski et al (2013a)) models; models with maxf f~ are

conventionally referred to as Magnetically Arrested Disk
(MAD; Igumenshchev et al. 2003; Narayan et al. 2003)
models.
The Simulation Library contains SANE models with

a 0.94* = - , −0.5, 0, 0.5, 0.75, 0.88, 0.94, 0.97, and 0.98,
and MAD models with a 0.94* = - , −0.5, 0, 0.5, 0.75, and
0.94. The Simulation Library occupies 23 TB of disk space and
contains a total of 43 GRMHD simulations, with some repeated
at multiple resolutions with multiple codes, with consistent
results (O. Porth et al. 2019, in preparation).

3.2. Image Library Generation

To produce model images from the simulations for
comparison with EHT observations we use GRRT to generate
a large number of synthetic images and derived VLBI data
products. To make the synthetic images we need to specify the
following: (1) the magnetic field, velocity field, and density as
a function of position and time; (2) the emission and absorption
coefficients as a function of position and time; and (3) the
inclination angle between the accretion flow angular momen-
tum vector and the line of sight i, the position angle PA, the
black hole mass M , and the distance D to the observer. In the
following we discuss each input in turn. The reader who is only
interested in a high-level description of the Image Library may
skip ahead to Section 3.3.
(1) GRMHD models provide the absolute velocity field of

the plasma flow. Nonradiative GRMHD evolutions are
invariant, however, under a rescaling of the density by a factor
M. In particular, they are invariant under Mr r, field
strength B B1 2M , and internal energy u uM (the
Alfvén speed B 1 2r and sound speed u rµ are invariant).
That is, there is no intrinsic mass scale in a nonradiative model
as long as the mass of the accretion flow is negligible in
comparison to M .112 We use this freedom to adjust M so that
the average image from a GRMHD model has a 1.3 mm flux
density ≈0.5 Jy (see Paper IV). Once M is set, the density,
internal energy, and magnetic field are fully specified.
The mass unitM determines Ṁ . In our ensemble of models

Ṁ ranges from M2 10 7
Edd´ - ˙ to M4 10 4

Edd´ - ˙ . Accretion
rates vary by model category. The mean accretion rate for
MAD models is M10 6

Edd~ - ˙ . For SANE models with a 0* > it
is M5 10 ;5

Edd~ ´ - ˙ and for a 0* < it is M2 10 4
Edd~ ´ - ˙ .

(2) The observed radio spectral energy distributions (SEDs)
and the polarization characteristics of the source make clear
that the 1.3 mm emission is synchrotron radiation, as is typical
for active galactic nuclei (AGNs). Synchrotron absorption and
emission coefficients depend on the eDF. In what follows, we
adopt a relativistic, thermal model for the eDF (a Maxwell-
Jüttner distribution; Jüttner 1911; Rezzolla & Zanotti 2013).
We discuss the limitations of this approach in Section 7.
All of our models of M87 are in a sufficiently low-density,

high-temperature regime that the plasma is collisionless (see
Ryan et al. 2018, for a discussion of Coulomb coupling in
M87). Therefore, Te likely does not equal the ion temperature
Ti, which is provided by the simulations. We set Te using the
GRMHD density ρ, internal energy density u, and plasma pb

110 f is determined by the outcome of the simulation and cannot be trivially
predicted from the initial conditions, but by repeated experiment it is possible
to manipulate the size of the initial torus and strength and geometry of the
initial field to produce a target f.
111 In Heaviside units, where a factor of 4p is absorbed into the definition of
B, 15maxf � . In the Gaussian units used in some earlier papers, 50maxf � .

112 For a black hole accreting at the Eddington rate, the ratio of the accreting
mass onto a black hole mass is M M10 ;22~ -

:( ) in our models mass accretion
rate is far below the Eddington rate.

4
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GR Ray-Tracing calculations
• Thermal electrons assumed, with one parameter Rhigh

(cf. Howes 2006; Kawazura+2018)

• Emission from regions with B2 > rc2 (i.e. funnel region) is set to zero
• 100-500 images from each GRMHD models, 

each of Rhigh = 1, 10, 20, 40, 80, 160
inclination i = 12�, 17�, 22�, 158�, 163�, 168� (not highly affect image)

• Various codes that include RAIKOU (Kawashima+)

• MHD velocity field is invariant under scaling r -> Cr, B -> C1/2B, u -> Cu 
• C is adjusted for Fn ~ 0.5 Jy, then M determines ring size & 

R ⌘ Ti

Te
= Rhigh
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Howes 2010

Fig. 1. The ion-to-electron heating ratio Qi/Qe vs. �i (left) and Ti/Te (right). We take the time average in the steady state for a period & 5tA, where tA is Alfvén time at the box
scale. The error bars show the standard deviation of the time series. The dotted lines in the right panel show the fitting formula (2). The inset in the left panel is Qi/Qe vs. �i

calculated via the model proposed in [7], based on linear theory: note the much lower ion heating at low �i, absence of a “ceiling” at high �i and a more dramatic deviation of
the case of cold ions (low Ti/Te) from the general trend.

are ordered out). We also assume that ions and electrons individually
are near Maxwellian equilibria, but at di↵erent temperatures. This ex-
cludes any heating mechanisms associated with pressure anisotropies
[21–23] or significant non-thermal tails in the particle distribution
functions [24, 25]. Furthermore, it can be shown that in such a tur-
bulence, Alfvénic and compressive (slow-wave-like) perturbations
decouple energetically in the inertial range [6]. In the solar wind,
the compressive perturbations are energetically subdominant in the
inertial range [17], although it is not known how generic a situation
this is. At low �i, it can be shown rigorously that the energy carried by
the compressive cascade will always end up as ion heat [26]. Here we
shall ignore this heating channel and focus on the Alfvénic cascade
only.

Numerical Approach

An Alfvénic turbulent cascade starts in the magnetohydrodynamic
(MHD) inertial range, where ions and electrons move in concert.
Therefore, it is not possible to determine the energy partition between
species within the MHD approximation. This approximation breaks
down and the two species decouple at the ion Larmor scale, k?⇢i ⇠ 1,
where k? is the wave number perpendicular to the mean field. At this
scale, a certain fraction of the cascading energy is converted into ion
heat (via linear and/or nonlinear phase mixing; see below) and the rest
continues on as a cascade of “kinetic Alfvén waves” (KAW), which
ultimately heats electrons [6]. The transition between these two types
of turbulence is well illustrated by the characteristic shape of their
spectra, familiar from solar-wind measurements at �i ⇠ 1 [17]: see
Fig. 2 (middle panel).

Thus, the energy partition is decided around the ion Larmor scale,
where the electron kinetic e↵ects are not important (at least in the
asymptotic limit of small electron-to-ion mass ratio). We may there-
fore determine this partition within a hybrid model in which ions are
treated gyrokinetically and electrons as an isothermal fluid [6]. Our
numerical implementation of this approach [12] substantially reduces
the cost of nonlinear simulations. It has allowed us to compute the
turbulent heating in a proton-electron plasma over a broad parameter
range, varying �i from 0.1 to 100 and Ti/Te from 0.05 to 100 (see

Methods for details of the numerical setup). Most space and astro-
physical plasmas have �i and Ti/Te within this range. Previous GK
simulations of this problem [5, 9–11] were limited to a single point
in the parameter space, viz., (�i,Ti/Te) = (1, 1), because of the great
numerical cost of resolving both ion and electron kinetic scales.

Energy Partition

The main result of our simulations is given in Fig. 1, which shows
the dependence of the ratio of the time-averaged ion and electron
heating rates Qi/Qe on �i and Ti/Te. The left panel shows that Qi/Qe

increases as �i increases regardless of Ti/Te. When (�i,Ti/Te) =
(1, 1), we find Qi/Qe ⇡ 0.6, in good agreement with the result found
in the full GK simulation studies that resolved the entire range from
MHD to electron kinetic scales [10, 11]. We find that ions receive
more energy than electrons when �i & 1 while electron heating is
dominant in the low-�i regime.

Low Beta. In the limit �i ! 0, our results suggest Qi/Qe ! 0, which
is physically intuitive: in this regime, the ion thermal speed is much
smaller than the Alfvén speed, so ions cannot interact with Alfvénic
perturbations and so the cascade of the latter smoothly turns into a
sub-Larmor KAW cascade, without any energy being diverted into
ions [26, 29]. This “smooth” transition is manifest when one examines
the energy spectra in this regime (Fig. 2, left panel).

High Beta. In the opposite limit of high �i, simulations show that
Qi/Qe increases and appears to tend to a constant ' 30 for �i & 10.

The physics behind this result is more complicated. In a high-�i

plasma, Alfvén waves (AW) are damped at a rate that peaks around
k?⇢i ⇠ ��1/4

i , where it is comparable to their propagation frequency:
namely, in the limit �i � 1, the complex frequency is [4, 23, 26]

! = |k|| |vA

h
±
p

1 � (k?⇢⇤)4 � i(k?⇢⇤)2
i
, [1]

where ⇢⇤ = (3/4⇡1/4
p

2)�1/4
i ⇢i. At k?⇢⇤ > 1, AW can no longer

propagate and at k?⇢⇤ � 1, damping peters out for magnetic per-
turbations (! ⇡ �i|k|| |vA/2k

2
?⇢

2
⇤), but becomes increasingly strong

2 | www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Kawazura et al.



Photon orbits光子リングと円盤内縁リングの中心のズレ：光子軌道から

•光子リングは大きさはスピンに依存しない
が、位置はスピンに依存(横にシフト)。
これは光子球軌道はスピンに対して順回
転、逆回転で大きく半径が変わるため。
•円盤内縁リングを形成する光子は光子球に
乗る必要がないので角運動量の正負にあま
り依存しない。
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using a simple model:
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where we have assumed that the plasma is composed of
hydrogen, the ions are nonrelativistic, and the electrons are
relativistic. Here R T Ti eº and
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This prescription has one parameter, Rhigh, and sets T Te i� in
low pb regions and T T Re i high� in the midplane of the disk. It
is adapted from Mościbrodzka et al. (2016) and motivated by
models for electron heating in a turbulent, collisionless plasma
that preferentially heats the ions for 1p 2b (e.g., Howes 2010;
Kawazura et al. 2018).

(3) We must specify the observer inclination i, the
orientation of the observer through the position angle PA, the
black hole mass M , and the distance D to the source. Non-EHT
constraints on i, PA, and M are considered below; we have
generated images at i 12 , 17 , 22 , 158 , 163= , and 168°
and a few at i=148°. The position angle (PA) can be changed
by simply rotating the image. All features of the models that we

have examined, including Ṁ , are insensitive to small changes
in i. The image morphology does depend on whether i is
greater than or less than 90°, as we will show below.
The model images are generated with a 160 160 asm´ field

of view and 1 asm pixels, which are small compared to the
20 asm~ nominal resolution of EHT2017. Our analysis is

insensitive to changes in the field of view and the pixel scale.
For M we use the most likely value from the stellar

absorption-line work, M6.2 109´ : (Gebhardt et al. 2011). For
the distance D we use 16.9 Mpc, which is very close to that
employed in Paper VI. The ratio GM c D 3.62 as2 m=( )
(hereafter M/D) determines the angular scale of the images.
For some models we have also generated images with
M M3.5 109= ´ : to check that the analysis results are not
predetermined by the input black hole mass.

3.3. Image Library Summary

The Image Library contains of order 60,000 images. We
generate images from 100 to 500 distinct output files from each of
the GRMHD models at each of R 1, 10, 20, 40, 80high = , and
160. In comparing to the data we adjust the PA by rotation and
the total flux and angular scale of the image by simply rescaling
images from the standard parameters in the Image Library (see
Figure 29 in Paper VI). Tests indicate that comparisons with the

Figure 2. Time-averaged 1.3 mm images generated by five SANE GRMHD simulations with varying spin (a 0.94* = - to a 0.97* = + from left to right) and Rhigh
(R 1high = to R 160high = from top to bottom; increasing Rhigh corresponds to decreasing electron temperature). The colormap is linear. All models are imaged at
i=163°. The jet that is approaching Earth is on the right (west) in all the images. The black hole spin vector projected onto the plane of the sky is marked with an
arrow and aligned in the east–west direction. When the arrow is pointing left the black hole rotates in a clockwise direction, and when the arrow is pointing right the
black hole rotates in a counterclockwise direction. The field of view for each model image is 80 asm (half of that used for the image libraries) with resolution equal to
1 asm /pixel (20 times finer than the nominal resolution of EHT2017, and the same employed in the library images).
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data are insensitive to the rescaling procedure unless the angular
scaling factor or flux scaling factor is large.113

The comparisons with the data are also insensitive to image
resolution.114

A representative set of time-averaged images from the Image
Library are shown in Figures 2 and 3. From these figures it is
clear that varying the parameters a*, f, and Rhigh can change
the width and asymmetry of the photon ring and introduce
additional structures exterior and interior to the photon ring.

The location of the emitting plasma is shown in Figure 4,
which shows a map of time- and azimuth-averaged emission
regions for four representative a 0* > models. For SANE
models, if Rhigh is low (high), emission is concentrated more in
the disk (funnel wall), and the bright section of the ring is
dominated by the disk (funnel wall).115 Appendix B shows
images generated by considering emission only from particular
regions of the flow, and the results are consistent with Figure 4.

Figures 2 and 3 show that for both MAD and SANE models
the bright section of the ring, which is generated by Doppler
beaming, shifts from the top for negative spin, to a nearly

symmetric ring at a 0* = , to the bottom for a 0* > (except the
SANE R 1high = case, where the bright section is always at the
bottom when i>90°). That is, the location of the peak flux in
the ring is controlled by the black hole spin: it always lies
roughly 90 degrees counterclockwise from the projection of the
spin vector on the sky. Some of the ring emission originates in
the funnel wall at r r8 g1 . The rotation of plasma in the funnel
wall is in the same sense as plasma in the funnel, which is
controlled by the dragging of magnetic field lines by the black
hole. The funnel wall thus rotates opposite to the accretion flow
if a 0* < . This effect will be studied further in a later
publication (Wong et al. 2019). The resulting relationships
between disk angular momentum, black hole angular momen-
tum, and observed ring asymmetry are illustrated in Figure 5.
The time-averaged MAD images are almost independent of

Rhigh and depend mainly on a*. In MAD models much of the
emission arises in regions with 1pb ~ , where Rhigh has little
influence over the electron temperature, so the insensitivity to
Rhigh is natural (see Figure 4). In SANE models emission arises
at 10pb ~ , so the time-averaged SANE images, by contrast,
depend strongly on Rhigh. In low Rhigh SANE models, extended
emission outside the photon ring, arising near the equatorial
plane, is evident at R 1high = . In large Rhigh SANE models the
inner ring emission arises from the funnel wall, and once again
the image looks like a thin ring (see Figure 4).
Figure 6 and the accompanying animation show the

evolution of the images, visibility amplitudes, and closure
phases over a r c5000 5 yrg

1 »- interval in a single simulation
for M87. It is evident from the animation that turbulence in the
simulations produces large fluctuations in the images, which

Figure 3. Same as in Figure 2 but for selected MAD models.

113 In particular the distribution of best-fit M/D, which is defined in Section 4,
have mean and standard deviation of M D 3.552 0.605 asm= when the
images are made with an input M D 3.62 asm= , and 3.564 0.537 asm
when the images are made with an input M D 2.01 asm= . We have also
checked images made with an input 1.3 mm flux ranging from 0.1 to 1.5 Jy and
find relative changes in M/D and PA of less than 1%.
114 In particular, doubling the image resolution changes the mean best-fit M/D
by 7 nano-arcsec, and the best-fit PA by ∼0°. 3.
115 In GRMHD models the jet core is effectively empty and the density is set
by numerical “floors.” In our radiative transfer calculations emission from
regions with B 12 r > is explicitly set to zero.
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• Time-averaged images
• i = 163 deg (Accretion 

disk angular momentum)

• Arrows: BH spin vector 
projected onto the sky

• Asymmetry is controlled 
by the BH spin (except 
the SANE Rhigh < 10)

• Much emission comes 
from the funnel wall that 
rotates in a similar way 
as the BH

• Doppler beaming

SANE
M
AD



imply changes in visibility amplitudes and closure phases that
are large compared to measurement errors. The fluctuations are
central to our procedure for comparing models with the data,
described briefly below and in detail in Paper VI.

The timescale between frames in the animation is
r c50 18g

1- � days, which is long compared to EHT2017
observing campaign. The images are highly correlated on
timescales less than the innermost stable circular orbit (ISCO)
orbital period, which for a 0* = is r c15 5g

1-� � days, i.e.,
comparable to the duration of the EHT2017 campaign. If drawn
from one of our models, we would expect the EHT2017 data to
look like a single snapshot (Figures 6) rather than their time
averages (Figures 2 and 3).

4. Procedure for Comparison of Models with Data

As described above, each model in the Simulation Library
has two dimensionless parameters: black hole spin a* and
magnetic flux f. Imaging the model from each simulation adds
five new parameters: Rhigh, i, PA, M , and D, which we set to
16.9 Mpc. After fixing these parameters we draw snapshots
from the time evolution at a cadence of 10 to r c50 g

1- . We then
compare these snapshots to the data.
The simplest comparison computes the 2cn (reduced chi

square) distance between the data and a snapshot. In the course
of computing 2cn we vary the image scaleM/D, flux density Fν,
position angle PA, and the gain at each VLBI station in order to

Figure 4. Binned location of the point of origin for all photons that make up an image, summed over azimuth, and averaged over all snapshots from the simulation.
The colormap is linear. The event horizon is indicated by the solid white semicircle and the black hole spin axis is along the figure vertical axis. This set of four images
shows MAD and SANE models with R 10high = and 160, all with a 0.94* = . The region between the dashed curves is the locus of existence of (unstable) photon
orbits (Teo 2003). The green cross marks the location of the innermost stable circular orbit (ISCO) in the equatorial plane. In these images the line of sight (marked by
an arrow) is located below the midplane and makes a 163° angle with the disk angular momentum, which coincides with the spin axis of the black hole.
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• Prograde models: a* > 0
• Location of the origin for 

all photons that make up 
an image

• Emission at 1 < r/rg < 4 
(unstable photon orbit 
region) dominant

• The funnel wall is bright 
for high Rhigh cases

• Funnel is wider for MAD 
than for SANE

a* = +0.94
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• Retrograde models: a* < 0

• ISCO radius is much 
larger

• MAD funnel widths are 
similar in pro- and retro-
grade cases 
(cf. Tchekhovskoy & McKinney 
2012)

• Even in SANE models, 
funnel is wide



Model fitting
• Probability distribution of parameters M/D, C, 

and PA via MCMC method
• Each simulation code derive similar 

distribution

Because the emission is produced in front of the black hole,
lensing is weak and it appears at small angular scale. The inner
ring is absent in MAD models (see Figure 3), where the bulk of
the emission comes from the midplane at all values of Rhigh
(Figure 4).

We now ask whether or not the PA of the jet is consistent
with the orientation of the jet measured at other wavelengths.
On large (∼mas) scales the extended jet component has a PA of
approximately 288° (e.g., Walker et al. 2018). On smaller
( 100 asm~ ) scales the apparent opening angle of the jet is large
(e.g., Kim et al. 2018) and the PA is therefore more difficult to
measure. Also notice that the jet PA may be time dependent
(e.g., Hada et al. 2016; Walker et al. 2018). In our model
images the jet is relatively dim at 1.3 mm, and is not easily seen
with a linear colormap. The model jet axis is, nonetheless, well
defined: jets emerge perpendicular to the disk.

Figure 9 shows the distribution of best-fit PA over the same
sample of snapshots from the Image Library used in Figure 7.
We divide the snapshots into two groups. The first group has
the black hole spin pointed away from Earth (i>90° and
a 0* > , or i<90° and a 0* < ). The spin-away model PA
distributions are shown in the top two panels. The second
group has the black hole spin pointed toward Earth (i>90 and
a 0* < or i>90° and a 0* < ). These spin-toward model PA
distributions are shown in the bottom two panels. The large-
scale jet orientation lies on the shoulder of the spin-away
distribution (the distribution can be approximated as a Gaussian
with, for THEMIS (GENA) mean 209 (203)° and PAs =
54 55 ;( ) the large-scale jet PA lies 1.5 PAs from the mean)
and is therefore consistent with the spin-away models. On the
other hand, the large-scale jet orientation lies off the shoulder
of the spin-toward distribution and is inconsistent with the spin-
toward models. Evidently models in which the black hole spin
is pointing away from Earth are strongly favored.

The width of the spin-away and spin-toward distributions arises
naturally in the models from brightness fluctuations in the ring.
The distributions are relatively insensitive if split into MAD and
SANE categories, although for MAD the averaged PA is
PA 219á ñ = , 46PAs = , while for SANE PA 195á ñ = and

58PAs = . The a 0* = and a 0* > models have similar
distributions. Again, EHT2017 data strongly favor one sense of
black hole spin: either a*∣ ∣ is small, or the spin vector is pointed

away from Earth. If the fluctuations are such that the fitted PA for
each epoch of observations is drawn from a Gaussian with

55PAs � , then a second epoch will be able to identify the true
orientation with accuracy 2 40PAs � and the Nth epoch with
accuracy NPAs . If the fitted PA were drawn from a Gaussian of
width 54PAs = about PA 288= , as would be expected in a
model in which the large-scale jet is aligned normal to the disk,
then future epochs have a >90% chance of seeing the peak
brightness counterclockwise from its position in EHT2017.
Finally, we can test the models by asking if they are consistent

with the data according to THEMIS-AIS, as introduced in
Section 4. THEMIS-AIS produces a probability p that the 2cn
distance between the data and the average of the model images is
drawn from the same distribution as the 2cn distance between
synthetic data created from the model images, and the average of
the model images. Table 1 takes these p values and categorizes
them by magnetic flux and by spin, aggregating (averaging)
results from different codes, Rhigh, and i. Evidently, most of the
models are formally consistent with the data by this test.
One group of models, however, is rejected by THEMIS-AIS:

MAD models with a 0.94* = - . On average this group has
p = 0.01, and all models within this group have p 0.04- .
Snapshots from MAD models with a 0.94* = - exhibit the
highest morphological variability in our ensemble in the sense that
the emission breaks up into transient bright clumps. These models
are rejected by THEMIS-AIS because none of the snapshots are as
similar to the average image as the data. In other words, it is
unlikely that EHT2017 would have captured an a 0.94* = -
MAD model in a configuration as unperturbed as the data seem
to be.
The remainder of the model categories contain at least

some models that are consistent with the data according to the
average image scoring test. That is, most models are variable and
the associated snapshots lie far from the average image. These
snapshots are formally inconsistent with the data, but their distance
from the average image is consistent with what is expected from
the models. Given the uncertainties in the model—and our lack of
knowledge of the source prior to EHT2017—it is remarkable that
so many of the models are acceptable. This is likely because the
source structure is dominated by the photon ring, which is
produced by gravitational lensing, and is therefore relatively
insensitive to the details of the accretion flow and jet physics. We

Figure 7. Distribution ofM/D obtained by fitting Image Library snapshots to the 2017 April 6 data, in asm , measured independently using the (left panel) THEMISand
(right panel) GENA pipelines with qualitatively similar results. Smooth lines were drawn with a Gaussian kernel density estimator. The three lines show the best-fit 1%
within each model (solid); the best-fit 10% within each model (dashed); and all model images (dotted). The vertical lines show M D 2.04= (dashed) and 3.62 asm
(solid), corresponding to M=3.5 and M6.2 109´ :. The distribution uses a subset of models for which spectra and jet power estimates are available (see Section 6).
Only images with a 0* > , i>90° and a 0* < , i<90° (see also the left panel of Figure 5) are considered.
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• M ~ 6.5 +0.7
-0.6 x109 Msun (derived in paper VI)

• Consistent with the previous estimates based on stellar dynamics

GRMHD fitting to mm-VLBI data of Sgr A* (e.g., Dexter et al.
2010; Kim et al. 2016). We further develop and apply a method
for testing the consistency of the M87 data with the simulation
models (Section 6.4) and find that the majority of the simulation
library models is consistent with the data. We use the results to
estimate physical parameters, including the black hole angular
radius GM Dc2 (Section 6.5). The implications of our results
for the physical properties of the emission region are discussed
in more detail in Paper V. From EHT data alone it is difficult to
rule out many of the broad range of possible models for the
black hole and plasma properties. However, in combination
with other data (especially the observed jet power), ultimately
more than half of the models can be excluded.

6.1. Summary of Simulations

As described in detail in Paper V, we have constructed a
large image library of horizon-scale synchrotron emission
images at 230 GHz computed from GRMHD simulations. We
summarize the broad features of this library here and direct the
reader to Paper V for more information. The GRMHD
simulations cover a wide range of black hole spins as well as
initial magnetic field geometries and fluxes. These result in
images associated with a variety of accretion flow morpholo-
gies and degrees of variability. The magnetic flux controls the
structure of the accretion flow near the black hole. Low
magnetic fluxes produce the standard and normal evolution
(SANE) disks characterized by low-efficiency jet production.
In contrast, magnetically arrested disks (MAD) are character-
ized by large magnetic fluxes, set by the ram pressure of the
confining accretion flow.

From these models, families of between 100 and 500
snapshot images were produced assuming synchrotron emis-
sion from an underlying thermal electron population (see
Section 3.2 of Paper V). The snapshot image generation
introduces additional astrophysical parameters associated with
the intrinsic scales in the radiative transfer. These parameters
include the black hole mass, the viewing inclination, i, and
a model for the electron thermodynamics: Ti/Te≈Rhigh in
gas-pressure dominated regions and is unity otherwise
(Mościbrodzka et al. 2016), where Ti and Te are the ion and
electron temperatures.

The number density of emitting electrons is scaled
independently for each simulation such that the typical

230 GHz flux density is ∼0.5Jy. The temporal separation
between snapshots is selected such that adjacent snapshots are
weakly correlated.

6.2. Single Snapshot Model (SSM)

Each snapshot image generates a three-parameter SSM
defined by the total compact flux (CF), angular scale (θg), and
orientation (defined to be the position angle of the forward jet
measured east of north, PAFJ). Variations in these parameters
approximately correspond to variations in the accretion rate,
black hole mass, and orientation of the black hole spin,
respectively. Variations in mass are associated with changes in
the diameter of the photon ring, a generic feature found across
all of the images in the GRMHD image library.
Each snapshot image is characterized by a nominally scaled,

normalized intensity map of the image, ˆ ( )I x y, , with a
corresponding nominal total intensity ĈF, gravitational radius
q̂g, and forward jet position angle PAFJ= 0°; associated with
the intensity map are complex visibilities ˆ ( )V u v, . The SSM is
then generated by rescaling, stretching, and rotating ˆ ( )V u v, :

I Im m m= ¢ ¢( ) ˆ ( ) ( )V u v V u v, ; , , PA , 28SSM FJ

whereI º ˆCF CF, m q qº ˆ
g g, and (u′, v′) are counter-rotated

from (u, v) by the angle PAFJ. This procedure is illustrated in
Figure 9.
We show in Paper V that these approximations generally

hold for flux and mass for rescalings by factors of 2 from
their fiducial values.

6.3. Fitting Single Snapshots to EHT Data

For both model selection and parameter estimation, the first
step is fitting an SSM model to the EHT data set described in
detail in Section 2.1. The only difference here is that intra-site
baselines are excluded. These probe angular scales between
0 1 and 10″, at which unmodeled large-scale features, e.g.,
HST-1, contribute substantially (see Section4 of Paper IV). We
verify after the fact that the reconstructed compact flux
estimates are consistent with the upper limits necessarily
implied by these baselines. The fitting process is complicated
by large structural variations between snapshots resulting from
turbulence in the simulations (see Section 6.4).

Figure 9. Illustration of the parameters of the SSM described in Section 6.2. Both the original GRMHD simulation (left) and the corresponding SSM for an arbitrary
set of parameter values, (flux rescaling, stretching of the image, and rotation; right) are shown. In both panels, the gray arrow indicates the orientation of the
forward jet.
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turbulent dissipation, and Coulomb heating, which transfers energy
from the hot ions to the cooler electrons. In our suite of simulations
the parameter Rhigh can be thought of as a proxy for the sum of
these processes. In a fully self-consistent treatment, some models
would rapidly cool and settle to a lower electron temperature (see
Mościbrodzka et al. 2011; Ryan et al. 2018; Chael et al. 2019). We
crudely test for this by calculating the radiative efficiency

L Mcbol
2� º ( ˙ ), where Lbol is the bolometric luminosity. If it is

larger than the radiative efficiency of a thin, radiatively efficient
disk,117 which depends only on a* (Novikov & Thorne 1973),
then we reject the model as physically inconsistent.

We calculate Lbol with the Monte Carlo code grmonty
(Dolence et al. 2009), which incorporates synchrotron emission,
absorption, Compton scattering at all orders, and bremsstrahlung.
It assumes the same thermal eDF used in generating the Image
Library. We calculate Lbol for 20% of the snapshots to minimize
computational cost. We then average over snapshots to find Lbolá ñ.
The mass accretion rate Ṁ is likewise computed for each snapshot
and averaged over time. We reject models with òthat is larger
than the classical thin disk model. (Table 3 in Appendix A lists
òfor a large set of models.) All but two of the radiatively
inconsistent models are MADs with a 0* . and R 1high = .

Eliminating all MADmodels with a 0* . and R 1high = does not
change any of our earlier conclusions.

6.2. X-Ray Constraints

As part of the EHT2017 campaign, we simultaneously
observed M87 with the Chandra X-ray observatory and the
Nuclear Spectroscopic Telescope Array (NuSTAR). The best fit
to simultaneous Chandra and NuSTAR observations on 2017
April 12 and 14 implies a 2 10 keV– luminosity of LXobs =
4.4 0.1 10 erg s40 1´ - . We used the SEDs generated from
the simulations while calculating Lbol to reject models that
consistently overproduce X-rays; specifically, we reject models
with L L Llog log 2 logX X Xobs s< á ñ - ( ). We do not reject
underluminous models because the X-rays could in principle
be produced by direct synchrotron emission from nonthermal
electrons or by other unresolved sources. Notice that LX is highly
variable in all models so that the X-ray observations currently
reject only a few models. Table 3 in Appendix A shows LXá ñ as
well as upper and lower limits for a set of models that is
distributed uniformly across the parameter space.
In our models the X-ray flux is produced by inverse Compton

scattering of synchrotron photons. The X-ray flux is an increasing
function of TT e

2t where τT is a characteristic Thomson optical
depth ( 10T

5t ~ - ), and the characteristic amplification factor for
photon energies is Te

2µ because the X-ray band is dominated by
singly scattered photons interacting with relativistic electrons (we

Figure 9. Top: distribution of best-fit PA (in degree) scored by the THEMIS(left) and GENA (right) pipelines for models with black hole spin vector pointing away
from Earth (i>90° for a 0* > or i<90° for a 0* < ). Bottom: images with black hole spin vector pointing toward Earth (i<90° for a 0* > or i>90° for a 0* < ).
Smooth lines were drawn with a wrapped Gaussian kernel density estimator. The three lines show (1) all images in the sample (dotted line); (2) the best-fit 10% of
images within each model (dashed line); and (3) the best-fit 1% of images in each model (solid line). For reference, the vertical line shows the position angle
PA 288~ of the large-scale (mas) jet Walker et al. (2018), with the gray area from (288 – 10)° to (288 + 10)° indicating the observed PA variation.

117 The thin disk radiative efficiency is 0.038 for a 1* = - , 0.057 for a 0* = ,
and 0.42 for a 1* = . See Equations (2.12) and (2.21) of Bardeen et al. (1972);
the efficiency is E1 pm- , where pm is the rest mass of the particle. The
rejected model list is identical if instead one simply rejects all models
with 0.2� > .
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i < 90�, a* < 0
i > 90�, a* > 0

These cases are 
more likely

i < 90�, a* > 0
i > 90�, a* < 0

PA ~ 288�, large-scale jet orientation

i < 90�

J



• Overall, the observed image is consistent with expectations for the 
shadow of a Kerr BHs predicted by general relativity

• So many models are acceptable. This is likely because the source 
structure is dominated by the photon ring

• If the BH spin and M87’s large scale jet are aligned, then the BH 
spine vector is pointed away from Earth

8 Event Horizon Telescope Collaboration
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Figure 4. Top: Three example models of some of the best-fitting snapshots from the image library of GRMHD simulations
for April 11 corresponding to di↵erent spin parameters and accretion flows. Bottom: The same theoretical models, processed
through a VLBI simulation pipeline with the same schedule, telescope characteristics, and weather parameters as in the April
11 run and imaged in the same way as Fig. 3. Note that although the fit to the observations is equally good in the three cases,
they refer to radically di↵erent physical scenarios; this highlights that a single good fit does not imply that a model is preferred
over others (see Paper V).

composed of non-relativistic ions with temperature Ti

and relativistic electrons with temperature Te. A sim-
ple prescription for the ratio of the temperatures of the
two species can then be imposed in terms of a single pa-
rameter Rhigh (Mościbrodzka et al. 2016), such that the
bulk of the emission comes either from the accretion disk
(small Rhigh, Te ' Ti) or from the jet (large Rhigh,
Te ' Ti/Rhigh) . While this prescription is not the only
one possible, it has the advantage of being simple, su�-
ciently generic, and robust (see Paper V for a discussion
of non-thermal particles and radiative cooling).
Since each GRMHD simulation can be used to de-

scribe several di↵erent physical scenarios by changing
the prescribed electron distribution function, we have
used the Simulation Library to generate more than 420
di↵erent physical scenarios. Each scenario is then used
to generate hundreds of snapshots at di↵erent times in
the simulation leading to more than 62 000 objects in
the Image Library. From the images we have created
model visibilities that correspond to the EHT observ-
ing schedule and compared them to the measured VLBI
visibilities as detailed in Paper VI.

As an example, the top row of Fig. 4 shows three
GRMHD model snapshots from the Image Library with
di↵erent spins and flow type, which fitted closure phases
and amplitudes of the April 11 data best. For these mod-
els we produced simulated visibilities for the April 11
schedule and weather parameters, and calibrated them
with a synthetic data generation and calibration pipeline
(Blecher et al. 2017; Roelofs et al. 2019a). The simulated
data were then imaged with the same pipeline used for
the observed images. The similarities between the sim-
ulated images (bottom row of Fig. 4) and the observed
images (Fig. 3) are remarkable.
Overall, when combining all the information contained

in both the Simulation Library and Image Library, the
physical origin of the emission features of the image ob-
served in M87* can be summarized as follows.
First, the observed image is consistent with the hy-

pothesis that it is produced by a magnetized accretion
flow orbiting within a few rg of the event horizon of a
Kerr black hole. The asymmetric ring is produced by
a combination of strong gravitational lensing and rela-
tivistic beaming, while the central flux depression is the
observational signature of the black hole shadow. Inter-

include all scattering orders in the Monte Carlo calculation).
Increasing Rhigh at fixed F 230 GHzn ( ) tends to increase Ṁ and
therefore τT and decrease Te. The increase in Te dominates in our
ensemble of models, and so models with small Rhigh have larger
LX, while models with large Rhigh have smaller LX. The effect is
not strictly monotonic, however, because of noise in our sampling
process and the highly variable nature of the X-ray emission.

The overluminous models are mostly SANE models with
R 20high - . The model with the highest L 4.2Xá ñ = ´
10 erg s42 1- is a SANE, a 0* = , R 10high = model. The
corresponding model with R 1high = has L 2.1Xá ñ = ´
10 erg s41 1- , and the difference between these two indicates the
level of variability and the sensitivity of the average to the brightest
snapshot. The upshot of application of the LX constraints is that LX
is sensitive to Rhigh. Very low values of Rhigh are disfavored. LX
thus most directly constrains the electron temperature model.

6.3. Jet Power

Estimates of M87ʼs jet power (Pjet) have been reviewed in
Reynolds et al. (1996), Li et al. (2009), de Gasperin et al.
(2012), Broderick et al. (2015), and Prieto et al. (2016). The
estimates range from 1042 to 10 erg s45 1- . This wide range is a
consequence of both physical uncertainties in the models used
to estimate Pjet and the wide range in length and timescales
probed by the observations. Some estimates may sample a
different epoch and thus provide little information on the
state of the central engine during EHT2017. Nevertheless,
observations of HST-1 yield P 10 erg sjet

44 1~ - (e.g., Stawarz
et al. 2006). HST-1 is within 70 pc~ of the central engine and,
taking account of relativistic time foreshortening, may be
sampling the central engine Pjet over the last few decades.
Furthermore, the 1.3 mm light curve of M87 as observed
by SMA shows 50%1 variability over decade timescales
(Bower et al. 2015). Based on these considerations it seems
reasonable to adopt a very conservative lower limit on jet
power P 10 erg sjet,min

42 1º = - .
To apply this constraint we must define and measure Pjet

in our models. Our procedure is discussed in detail in Appendix A.
In brief, we measure the total energy flux in outflowing regions
over the polar caps of the black hole in which the energy per unit
rest mass exceeds c2.2 2, which corresponds to βγ=1, where

v cb º and γ is Lorentz factor. The effect of changing this cutoff
is also discussed in Appendix A. Because the cutoff is somewhat
arbitrary, we also calculate Pout by including the energy flux in all
outflowing regions over the polar caps of the black hole; that is, it
includes the energy flux in any wide-angle, low-velocity wind. Pout
represents a maximal definition of jet power. Table 3 in
Appendix A shows Pjet as well as a total outflow power Pout.

The constraint P P 10 erg sjet jet,min
42 1> = - rejects all a 0* =

models. This conclusion is not sensitive to the definition of Pjet:
all a 0* = models also have total outflow power Pout <
10 erg s42 1- . The most powerful a 0* = model is a MAD
model with R 160high = , which has P 3.7 10 erg sout

41 1= ´ -

and Pjet consistent with 0. We conclude that our a 0* = models
are ruled out.

Can the a 0* = models be saved by changing the eDF?
Probably not. There is no evidence from the GRMHD simulations
that these models are capable of producing a relativistic outflow
with 1bg > . Suppose, however, that we are willing to identify the
nonrelativistic outflow, whose power is measured by Pout, with the
jet. Can Pout be raised to meet our conservative threshold on jet
power? Here the answer is yes, in principle, and this can be done

by changing the eDF. The eDF and Pout are coupled because Pout is
determined by Ṁ , and Ṁ is adjusted to produce the observed
compact mm flux. The relationship between Ṁ and mm flux
depends upon the eDF. If the eDF is altered to produce mm
photons less efficiently (for example, by lowering Te in a thermal
model), then Ṁ and therefore Pout increase. A typical nonthermal
eDF, by contrast, is likely to produce mm photons with greater
efficiency by shifting electrons out of the thermal core and into a
nonthermal tail. It will therefore lower Ṁ and thus Pout. A thermal
eDF with lower Te could have higher Pout, as is evident in the large
Rhigh SANE models in Table 3. There are observational and
theoretical lower limits on Te, however, including a lower limit
provided by the observed brightness temeprature. As Te declines,
n e and B increase and that has implications for source linear
polarization (Mościbrodzka et al. 2017; Jiménez-Rosales &
Dexter 2018), which will be explored in future work. As Te
declines and n e and n i increase there is also an increase in energy
transfer from ions to electrons by Coulomb coupling, and this sets
a floor on Te.
The requirement that P Pjet jet,min> eliminates many models

other than the a 0* = models. All SANE models with
a 0.5* =∣ ∣ fail to produce jets with the required minimum
power. Indeed, they also fail the less restrictive condition
P Pout jet,min> , so this conclusion is insensitive to the definition
of the jet. We conclude that among the SANE models, only
high-spin models survive.
At this point it is worth revisiting the SANE, R 1high = ,

a 0.94* = - model that favored a low black hole mass in
Section 5. These models are not rejected by a naive application of
the P Pjet jet,min> criterion, but they are marginal. Notice, however,
that we needed to assume a mass in applying the this criterion. We
have consistently assumed M M6.2 109= ´ :. If we use the
M M3 109~ ´ : implied by the best-fit M/D, then Ṁ drops by

Table 1
Average Image Scoringa Summary

Fluxb a*
c pá ñd Nmodel

e pMIN( )f pMAX( )g

SANE −0.94 0.33 24 0.01 0.88
SANE −0.5 0.19 24 0.01 0.73
SANE 0 0.23 24 0.01 0.92
SANE 0.5 0.51 30 0.02 0.97
SANE 0.75 0.74 6 0.48 0.98
SANE 0.88 0.65 6 0.26 0.94
SANE 0.94 0.49 24 0.01 0.92
SANE 0.97 0.12 6 0.06 0.40
MAD −0.94 0.01 18 0.01 0.04
MAD −0.5 0.75 18 0.34 0.98
MAD 0 0.22 18 0.01 0.62
MAD 0.5 0.17 18 0.02 0.54
MAD 0.75 0.28 18 0.01 0.72
MAD 0.94 0.21 18 0.02 0.50

Notes.
a The Average Image Scoring (THEMIS-AIS) is introduced in Section 4.
b
flux: net magnetic flux on the black hole (MAD or SANE).

c a*: dimensionless black hole spin.
d pá ñ: mean of the p value for the aggregated models.
e Nmodel: number of aggregated models.
f pMIN( ): minimum p value among the aggregated models.
g pMAX( ): maximum p value among the aggregated models.

13

The Astrophysical Journal Letters, 875:L5 (31pp), 2019 April 10 The EHT Collaboration et al.

c2
1    obs.

c2 dist. of snapshots p
Average of snapshot images



Other constraints

• Radiative efficiency
• Lbol/Mdot c2 < thin disk radiative efficiency

• Simultaneous X-ray observation (2-10 keV)
• Single IC scattering of synchrotron photons

• Pjet ~ 1042 – 1045 erg/s
• Conservative lower limit: 1042 erg/s
• All a*=0 models rejected
• SANE models with |a*|=0.5 rejected

PBZ ⇡ 2.8f(a⇤)(�/50)
2Ṁc2

<latexit sha1_base64="odQsJErxXmIa2nnkDOp2/mNB9u8="></latexit>

f(a⇤) ⇡ a2⇤(1 +
p
1� a2⇤)

�2
<latexit sha1_base64="e37W8XAsplDMrUes1IlXXlv+7JA="></latexit>

(for a* < 0.95)



Other constraintsResults: SANE model

a/Rhigh 1 10 20 40 80 160

-0.94 -+++ ++++ ++++ ++++ ++++ -+++
-0.5 ++- - ++- - +++- +++- -++- ++-+
0 +++- +++- ++- - +++- ++- - ++- -
0.5 +++- +++- +++- +++- +++- +++-
0.94 +-+- +-+- +++- +++- ++++ ++++

Constraint: data fitting, radiative efficiency, X-ray, jet power• SANE models: EHT image, radiative efficiency, X-ray, jet power

Mdot/MdotEdd ~ 10-5 – 10-4



Other constraints
• MAD models: EHT image, radiative efficiency, X-ray, jet power

Results: MAD model

a/Rhigh 1 10 20 40 80 160

-0.94 - -++ -+++ -+++ -+++ -+++ -+++
-0.5 +-+- +++- ++++ ++++ ++++ ++++
0 +-+- +++- +++- +++- +++- +++-
0.5 +-+- ++++ ++++ ++++ ++++ ++++
0.94 +- -+ +-++ ++++ ++++ ++++ ++++

Constraint: data fitting, radiative efficiency, X-ray, jet power

Mdot/MdotEdd ~ 10-6



Discussion

• Radiative effects: GRMHD vs radiation GRMHD
• Non-thermal electrons
• Analysis limitations
• Fast light approximation
• Untilted disks
• Pair production
• Floors

• Alternatives to Kerr BHs



EHT data + EAVN data

, (, ),  

• High cadence observations of M87/SgrA*
• Data quality comparable to VLBA
• 22/43 GHz à spectral index



EHT 2020 forecast

• EHT Collaboration, ALMA Cycle 7 M87 Proposal
• 3 more telescopes including Green Land Telescope will 

make it so sensitive as to detect extended component



Event Horizon Telescope

• Angular resolution q ~ 1.3 mm/104 km ~ 25 µas

(Greisen 2003; Whitney et al. 2004; McMullin et al. 2007, I. M.
van Bemmel et al. 2019, in preparation).

Data from the fringe-fitting pipelines were scaled from
correlation coefficients to a uniform physical flux density scale
(in Jansky) by using an independent apriori estimate of the
sensitivity of each telescope. The accuracies of the derived
station sensitivities were estimated to be 5%–10% in amplitude,
although certain uncharacterized losses (e.g., from poor
pointing or focus) can exceed the error budget. By assuming
total flux density values derived from ALMA interferometric
data (Goddi et al. 2019) and utilizing array redundancy via
network calibration (Paper III), we refined the absolute
amplitude calibration of telescopes that are colocated and have
redundant baselines, i.e., ALMA/APEX and JCMT/SMA.

The median scan-averaged signal-to-noise ratio for M87*

was > 10 on non-ALMA baselines and > 100 on baselines to
ALMA, leading to small statistical errors in visibility amplitude

and phase. Comparisons between the three independent
pipelines, the two polarizations, and the two frequency bands
enabled estimation of systematic baseline errors of around 1° in
visibility phase and 2% for visibility amplitudes. These small
limiting errors remain after fitting station sensitivities and
unknown station phases via self-calibration (Pearson & Readhead
1984) and affect interferometric closure quantities (Rogers et al.
1974; Readhead et al. 1980). Following data validation and
pipeline comparisons, a single pipeline output was designated as
the primary data set of the first EHT science data release and used
for subsequent results, while the outputs of the other two pipelines
offer supporting validation data sets.
The final calibrated complex visibilities V(u, v) correspond to

the Fourier components of the brightness distribution on the
sky at spatial frequency (u, v) determined by the projected
baseline expressed in units of the observing wavelength (van
Cittert 1934; Thompson et al. 2017). Figure 2 shows the (u, v)
coverage and calibrated visibility amplitudes of M87* for
April11. The visibility amplitudes resemble those of a thin
ring (i.e., a Bessel function J0; see Figure 10.12 in Thompson
et al. 2017). Such a ring model with diameter 46 μas has afirst
null at 3.4 Gλ, matching the minimum in observed flux density
and is consistent with a reduced flux density on the longest
Hawai’i–Spain baseline (JCMT/SMA-PV) near 8 Gλ. This
particular ring model, shown with a dashed line in the bottom
panel of Figure 2, is only illustrative and does not fit all features
in the data. First, visibility amplitudes on the shortest VLBI
baselines suggest that about half of the compact flux density
seen on the ∼2 km ALMA–APEX baseline is resolved out by
the interferometer beam (Paper IV). Second, differences in the
depth of the first minimum as a function of orientation, as well
as highly nonzero measured closure phases, indicate some
degree of asymmetry in the source (Papers III, VI). Finally, the
visibility amplitudes represent only half of the information
available to us. We will next explore images and more complex
geometrical models that can fit the measured visibility
amplitudes and phases.

5. Images and Features

We reconstructed images from the calibrated EHT visibi-
lities, which provide results that are independent of models
(Paper IV). However, there are two major challenges in
reconstructing images from EHT data. First, EHT baselines
sample a limited range of spatial frequencies, corresponding to
angular scales between 25 and 160 μas. Because the (u, v)
plane is only sparsely sampled (Figure 2), the inverse problem
is under-constrained. Second, the measured visibilities lack
absolute phase calibration and can have large amplitude
calibration uncertainties.
To address these challenges, imaging algorithms incorporate

additional assumptions and constraints that are designed to produce
images that are physically plausible (e.g., positive and compact) or
conservative (e.g., smooth), while remaining consistent with the
data. We explored two classes of algorithms for reconstructing
images from EHT data. The first class of algorithms is the
traditional CLEAN approach used in radio interferometry (e.g.,
Högbom 1974; Clark 1980). CLEAN is an inverse-modeling
approach that deconvolves the interferometer point-spread function
from the Fourier-transformed visibilities. When applying CLEAN, it
is necessary to iteratively self-calibrate the data between rounds of
imaging to solve for time-variable phase and amplitude errors in the
data. The second class of algorithms is the so-called regularized

Figure 2. Top: (u, v) coverage for M87*, aggregated over all four days of the
observations. (u, v) coordinates for each antenna pair are the source-projected
baseline length in units of the observing wavelength λ and are given for
conjugate pairs. Baselines to ALMA/APEX and to JCMT/SMA are
redundant. Dotted circular lines indicate baseline lengths corresponding to
fringe spacings of 50 and 25 μas. Bottom:final calibrated visibility amplitudes
of M87* as a function of projected baseline length on April 11. Redundant
baselines to APEX and JCMT are plotted as diamonds. Error bars correspond
to thermal (statistical) uncertainties. The Fourier transform of an azimuthally
symmetric thin ring model with diameter 46 μas is also shown with a dashed
line for comparison.
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The array has a nominal angular resolution of λ/L, where λ is the
observing wavelength and L is the maximum projected baseline
length between telescopes in the array (Thompson et al. 2017). In
this way, VLBI creates a virtual telescope that spans nearly the
full diameter of the Earth.

To measure interferometric visibilities, the widely separated
telescopes simultaneously sample and coherently record the
radiation field from the source. Synchronization using the
Global Positioning System typically achieves temporal align-
ment of these recordings within tens of nanoseconds. Each
station is equipped with a hydrogen maser frequency standard.
With the atmospheric conditions during our observations the
coherent integration time was typically 10 s (see Figure 2 in
Paper II). Use of hydrogen maser frequency standards at all
EHT sites ensures coherence across the array over this
timescale. After observations, recordings are staged at a central
location, aligned in time, and signals from each telescope-pair
are cross-correlated.

While VLBI is well established at centimeter and millimeter
wavelengths (Boccardi et al. 2017; Thompson et al. 2017) and
can be used to study the immediate environments of black holes
(Krichbaum et al. 1993; Doeleman et al. 2001), the extension of
VLBI to a wavelength of 1.3 mm has required long-term
technical developments. Challenges at shorter wavelengths
include increased noise in radio receiver electronics, higher
atmospheric opacity, increased phase fluctuations caused by
atmospheric turbulence, and decreased efficiency and size of
radio telescopes in the millimeter and submillimeter observing
bands. Started in 2009 (Doeleman et al. 2009a), the EHT began
a program to address these challenges by increasing array
sensitivity. Development and deployment of broadband VLBI
systems (Whitney et al. 2013; Vertatschitsch et al. 2015) led to
data recording rates that now exceed those of typical cm-VLBI
arrays by more than an order of magnitude. Parallel efforts to
support infrastructure upgrades at additional VLBI sites,
including the Atacama Large Millimeter/submillimeter Array
(ALMA; Matthews et al. 2018; Goddi et al. 2019) and the
Atacama Pathfinder Experiment telescope (APEX) in Chile
(Wagner et al. 2015), the Large Millimeter Telescope Alfonso
Serrano (LMT) in Mexico (Ortiz-León et al. 2016), the IRAM
30m telescope on Pico Veleta (PV) in Spain (Greve et al. 1995),
the Submillimeter Telescope Observatory in Arizona (SMT;
Baars et al. 1999), the James Clerk Maxwell Telescope (JCMT)
and the Submillimeter Array (SMA) in Hawai’i (Doeleman et al.
2008; Primiani et al. 2016; Young et al. 2016), and the South
Pole Telescope (SPT) in Antarctica (Kim et al. 2018a), extended
the range of EHT baselines and coverage, and the overall
collecting area of the array. These developments increased the
sensitivity of the EHT by a factor of ∼30 over early experiments
that confirmed horizon-scale structures in M87* and Sgr A*

(Doeleman et al. 2008, 2012; Akiyama et al. 2015; Johnson et al.
2015; Fish et al. 2016; Lu et al. 2018).

For the observations at a wavelength of 1.3 mm presented
here, the EHT collaboration fielded a global VLBI array of
eight stations over six geographical locations. Baseline lengths
ranged from 160 m to 10,700 km toward M87*, resulting in an
array with a theoretical diffraction-limit resolution of ∼25 μas
(see Figures 1 and 2, and Paper II).

4. Observations, Correlation, and Calibration

We observed M87* on 2017 April 5, 6, 10, and 11 with the
EHT. Weather was uniformly good to excellent with nightly

median zenith atmospheric opacities at 230 GHz ranging from
0.03 to 0.28 over the different locations. The observations were
scheduled as a series of scans of three to seven minutes in
duration, with M87* scans interleaved with those on the quasar
3C 279. The number of scans obtained on M87* per night
ranged from 7 (April 10) to 25 (April 6) as a result of different
observing schedules. A description of the M87* observations,
their correlation, calibration, and validated final data products is
presented in Paper III and briefly summarized here.
At each station, the astronomical signal in both polarizations

and two adjacent 2 GHz wide frequency bands centered at
227.1 and 229.1 GHz were converted to baseband using
standard heterodyne techniques, then digitized and recorded
at atotal rate of 32 Gbps. Correlation of the data was carried
out using a software correlator (Deller et al. 2007) at the MIT
Haystack Observatory and at the Max-Planck-Institut für
Radioastronomie, each handling one of the two frequency
bands. Differences between the two independent correlators
were shown to be negligible through the exchange of a few
identical scans for cross comparison. At correlation, signals
were aligned to a common time reference using an apriori
Earth geometry and clock model.
A subsequent fringe-fitting step identified detections in

correlated signal power while phase calibrating the data for
residual delays and atmospheric effects. Using ALMA as a highly
sensitive reference station enabled critical corrections for iono-
spheric and tropospheric distortions at the other sites. Fringe
fitting was performed with three independent automated pipelines,
each tailored to the specific characteristics of the EHT
observations, such as the wide bandwidth, susceptibility to
atmospheric turbulence, and array heterogeneity (Blackburn et al.
2019; Janssen et al. 2019, Paper III). The pipelines made use of
standard software for the processing of radio-interferometric data

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual
visibility on M87* (+ 12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).
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Parametrize electron distribution
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where the equality holds for g(✓, ⌫) = 1 and R|⌦F|/c = 1. We also note that the azimuthal speed is bound by c/2,
which can be shown in the same manner.
Equations (A19) and (A20) give the asymptotic relations of the fluid velocity for R|⌦F|/c ⌧ 1 as follows:
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where �p := |vp|/c and �� = |v�|/c are the normalized poloidal and toroidal speeds, respectively. That is, the fluid
velocity is non-relativistic and dominated by the toroidal component. For R|⌦F|/c � 1, on the other hand, the
following relations are obtained:
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That is, the fluid velocity is dominated by the poloidal component, which becomes relativistic as g(✓, ⌫) approaches
unity. We note here that, as g(✓, ⌫) ! 1, the leading terms in Eqs. (A25) and (A26) approach those in the asymptotic
relations in steady axisymmetric cold outflows in ideal MHD (Toma & Takahara 2013):
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which holds for R|⌦F|/c � 1 and �� �̃ ⇠ 1, where the letters with tilde denote quantities at the inlet.

A.4. Non-thermal Electrons

The number density of the non-thermal electrons, n, is assumed to be given by the continuity equation for fluid,
r · (nv) = 0, by following BL09, although it is not so obvious whether the non-thermal electrons obey the equation.
For RB�⌦F 6= 0, the continuity equation is reduced to

B ·r
⇣ n

B2

⌘
= 0, (A30)

which means that n scales with B2 along a given magnetic field. In this paper, we assume the following ring-shaped
distribution of the non-thermal electrons on the planes z = ±z1 (z1 � 0):

n(R,±z1) = n0 exp


� (R�Rp)2

2�2

�
, (A31)

where Rp is the radius where n have the peak on the plane and � gives the width of the ring while n0 is the number
density at the peak. We note that BL09 considered only Rp = 0, where the non-thermal electrons are concentrated
on the jet axis at z = ±z1.
Equations (A30) and (A31) give the number density of the non-thermal electrons at a given point on a magnetic

field labeled by  0 as follows:

n(R, z) = n0
B2(R, z)

B2(R1, z1)
exp
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2�2

�
, (A32)

where R1( 0) denotes the radial coordinate of the intersections of  =  0 and z = ±z1. We omit an artificial factor
of (1� exp[�r2/z21 ]) in Eq. (A32) that was introduced in BL09 to reduce plasma in the innermost region r < z1. Our
results are not qualitatively di↵erent, however, even if the factor is taken into account.
We assume that the distribution of the non-thermal electrons is isotropic in the fluid rest frame and the energy

distribution is described by a single power law with an index p:
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where the equality holds for g(✓, ⌫) = 1 and R|⌦F|/c = 1. We also note that the azimuthal speed is bound by c/2,
which can be shown in the same manner.
Equations (A19) and (A20) give the asymptotic relations of the fluid velocity for R|⌦F|/c ⌧ 1 as follows:
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where �p := |vp|/c and �� = |v�|/c are the normalized poloidal and toroidal speeds, respectively. That is, the fluid
velocity is non-relativistic and dominated by the toroidal component. For R|⌦F|/c � 1, on the other hand, the
following relations are obtained:
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That is, the fluid velocity is dominated by the poloidal component, which becomes relativistic as g(✓, ⌫) approaches
unity. We note here that, as g(✓, ⌫) ! 1, the leading terms in Eqs. (A25) and (A26) approach those in the asymptotic
relations in steady axisymmetric cold outflows in ideal MHD (Toma & Takahara 2013):
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which holds for R|⌦F|/c � 1 and �� �̃ ⇠ 1, where the letters with tilde denote quantities at the inlet.

A.4. Non-thermal Electrons

The number density of the non-thermal electrons, n, is assumed to be given by the continuity equation for fluid,
r · (nv) = 0, by following BL09, although it is not so obvious whether the non-thermal electrons obey the equation.
For RB�⌦F 6= 0, the continuity equation is reduced to
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which means that n scales with B2 along a given magnetic field. In this paper, we assume the following ring-shaped
distribution of the non-thermal electrons on the planes z = ±z1 (z1 � 0):

n(R,±z1) = n0 exp


� (R�Rp)2

2�2

�
, (A31)

where Rp is the radius where n have the peak on the plane and � gives the width of the ring while n0 is the number
density at the peak. We note that BL09 considered only Rp = 0, where the non-thermal electrons are concentrated
on the jet axis at z = ±z1.
Equations (A30) and (A31) give the number density of the non-thermal electrons at a given point on a magnetic
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where R1( 0) denotes the radial coordinate of the intersections of  =  0 and z = ±z1. We omit an artificial factor
of (1� exp[�r2/z21 ]) in Eq. (A32) that was introduced in BL09 to reduce plasma in the innermost region r < z1. Our
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We assume that the distribution of the non-thermal electrons is isotropic in the fluid rest frame and the energy
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Turbulence cascade

• Alfven turbulent cascade
• MHD inertial range 

-> ion Larmor scale 
(conversion to ion heating) 
-> kinetic Alfven waves 
(ultimately heating electrons)

• For low beta, ion thermal 
speed << Alfven speed, so 
that ions cannot interact with 
Alfvenic perturbations 

DRAFT

Howes 2010

Fig. 1. The ion-to-electron heating ratio Qi/Qe vs. �i (left) and Ti/Te (right). We take the time average in the steady state for a period & 5tA, where tA is Alfvén time at the box
scale. The error bars show the standard deviation of the time series. The dotted lines in the right panel show the fitting formula (2). The inset in the left panel is Qi/Qe vs. �i

calculated via the model proposed in [7], based on linear theory: note the much lower ion heating at low �i, absence of a “ceiling” at high �i and a more dramatic deviation of
the case of cold ions (low Ti/Te) from the general trend.

are ordered out). We also assume that ions and electrons individually
are near Maxwellian equilibria, but at di↵erent temperatures. This ex-
cludes any heating mechanisms associated with pressure anisotropies
[21–23] or significant non-thermal tails in the particle distribution
functions [24, 25]. Furthermore, it can be shown that in such a tur-
bulence, Alfvénic and compressive (slow-wave-like) perturbations
decouple energetically in the inertial range [6]. In the solar wind,
the compressive perturbations are energetically subdominant in the
inertial range [17], although it is not known how generic a situation
this is. At low �i, it can be shown rigorously that the energy carried by
the compressive cascade will always end up as ion heat [26]. Here we
shall ignore this heating channel and focus on the Alfvénic cascade
only.

Numerical Approach

An Alfvénic turbulent cascade starts in the magnetohydrodynamic
(MHD) inertial range, where ions and electrons move in concert.
Therefore, it is not possible to determine the energy partition between
species within the MHD approximation. This approximation breaks
down and the two species decouple at the ion Larmor scale, k?⇢i ⇠ 1,
where k? is the wave number perpendicular to the mean field. At this
scale, a certain fraction of the cascading energy is converted into ion
heat (via linear and/or nonlinear phase mixing; see below) and the rest
continues on as a cascade of “kinetic Alfvén waves” (KAW), which
ultimately heats electrons [6]. The transition between these two types
of turbulence is well illustrated by the characteristic shape of their
spectra, familiar from solar-wind measurements at �i ⇠ 1 [17]: see
Fig. 2 (middle panel).

Thus, the energy partition is decided around the ion Larmor scale,
where the electron kinetic e↵ects are not important (at least in the
asymptotic limit of small electron-to-ion mass ratio). We may there-
fore determine this partition within a hybrid model in which ions are
treated gyrokinetically and electrons as an isothermal fluid [6]. Our
numerical implementation of this approach [12] substantially reduces
the cost of nonlinear simulations. It has allowed us to compute the
turbulent heating in a proton-electron plasma over a broad parameter
range, varying �i from 0.1 to 100 and Ti/Te from 0.05 to 100 (see

Methods for details of the numerical setup). Most space and astro-
physical plasmas have �i and Ti/Te within this range. Previous GK
simulations of this problem [5, 9–11] were limited to a single point
in the parameter space, viz., (�i,Ti/Te) = (1, 1), because of the great
numerical cost of resolving both ion and electron kinetic scales.

Energy Partition

The main result of our simulations is given in Fig. 1, which shows
the dependence of the ratio of the time-averaged ion and electron
heating rates Qi/Qe on �i and Ti/Te. The left panel shows that Qi/Qe

increases as �i increases regardless of Ti/Te. When (�i,Ti/Te) =
(1, 1), we find Qi/Qe ⇡ 0.6, in good agreement with the result found
in the full GK simulation studies that resolved the entire range from
MHD to electron kinetic scales [10, 11]. We find that ions receive
more energy than electrons when �i & 1 while electron heating is
dominant in the low-�i regime.

Low Beta. In the limit �i ! 0, our results suggest Qi/Qe ! 0, which
is physically intuitive: in this regime, the ion thermal speed is much
smaller than the Alfvén speed, so ions cannot interact with Alfvénic
perturbations and so the cascade of the latter smoothly turns into a
sub-Larmor KAW cascade, without any energy being diverted into
ions [26, 29]. This “smooth” transition is manifest when one examines
the energy spectra in this regime (Fig. 2, left panel).

High Beta. In the opposite limit of high �i, simulations show that
Qi/Qe increases and appears to tend to a constant ' 30 for �i & 10.

The physics behind this result is more complicated. In a high-�i

plasma, Alfvén waves (AW) are damped at a rate that peaks around
k?⇢i ⇠ ��1/4

i , where it is comparable to their propagation frequency:
namely, in the limit �i � 1, the complex frequency is [4, 23, 26]

! = |k|| |vA

h
±
p

1 � (k?⇢⇤)4 � i(k?⇢⇤)2
i
, [1]

where ⇢⇤ = (3/4⇡1/4
p

2)�1/4
i ⇢i. At k?⇢⇤ > 1, AW can no longer

propagate and at k?⇢⇤ � 1, damping peters out for magnetic per-
turbations (! ⇡ �i|k|| |vA/2k

2
?⇢

2
⇤), but becomes increasingly strong
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Figure 3. Intensity for each image pixel originating from below (blue) and
above (red) the mid-plane for the RH40 (left) and BL09 (right) models. Each
image is scaled linearly to its maximum intensity. The forward jet, above
the mid-plane, produces most of the observed emission in the BL09 case.
In the RH40 case, the bulk of the flux density originates in the counter jet,
with a contribution from the forward jet.

Figure 4. Intensity (colours) and polarization maps (ticks) for model RH40
(left) and a semi-analytic force-free jet model (right, Broderick & Loeb 2009;
hereafter BL09). Each image is scaled linearly to its maximum intensity.
The strong Faraday rotation through the accretion disc leads to a scrambled
polarization pattern in the RH40 case, while the force-free jet shows coherent
polarization that traces its helical magnetic field structure. The BL09 model
has a much higher net polarization (≃15 per cent compared to ≃1 per cent for
RH40), which is not seen in SMA observations of M87* (Kuo et al. 2014).

Synchrotron radiation is intrinsically highly polarized (up to
100 per cent, e.g. Pandya et al. 2016), but in our images the bright-
est regions (in Stokes I) are depolarized to 10 per cent and the total
linear polarization degree is 1 per cent on average (in all models ex-
cept in model RH1, see the last column in Table 1). What is causing
the strong depolarization? We recompute model RH40 using lower
and upper hemispheres of the GRMHD simulations to investigate
the polarimetric properties of light coming from the counter jet and
forward jet, respectively. Fig. 5 shows the structure of linear po-
larization intensity and orientation of the polarization plane of the
counter jet and forward jet. In Fig. 5, the counter-jet polarization
(first panel) is evidently significantly scrambled compared to the
coherent signal from the forward jet (second panel). The total LP
degree from the counter jet is 1 per cent. This is smaller than the
total polarization degree of the forward jet which is 3.1 per cent.
The forward to counter jet LP flux ratio is about 2.2. In the third and
fourth panels of Fig. 5, both models are then recomputed assuming
zero Faraday rotation and conversion ρQV = 0 in equation (A1).
Note that if ρQV = 0, the polarization ticks are organized in both
counter- and forward jets. Without Faraday effects, the forward to
counter jet LP flux ratio is 1.1 indicating that indeed the Faraday
effects depolarize the counter-jet emission and scramble its polar-
ization structure. Here, the total LP degree is 3 and 6 per cent for
counter and forward jet, respectively. Total low polarization degree
in models with ρQV = 0 is due to a varying magnetic field structure
across the image (‘beam depolarization’).

If the majority of the observed LP in model RH40 is produced
by the forward jet (because the counter jet is depolarized), then
the observed RM is probing the plasma conditions in the forward
jet. The effect is illustrated in Fig. 6. The left-hand panel in Fig. 6
shows the total intensity maps (orange) with linear polarization
ticks at 230 GHz. The middle panel in Fig. 6 show maps of RMs
computed using equation (1). The values of RM in the middle panel
are up to about 107 rad m−2. In Fig. 6 (right-hand panel), we show
the RM map weighed with LP to show how the observed linearly
polarized emission is affected by Faraday rotation effects. This
indicates that the polarized emission that is supposed to be strongly
Faraday rotated is depolarized, and we pick up signals only from
the polarized emission in front of the accretion disc that experiences
a much weaker Faraday rotation. As a consequence, the measured
RM is fairly independent of the disc density (Ṁ) or temperature
(Rhigh).

Figure 5. First and second panels: polarized emission
√

Q2 + U2 for each pixel originating from below (blue) and above (red) the mid-plane together with
polarization ticks for model RH40. Third and fourth panels: same as first and second panels but with Faraday effects switched off. The model without Faraday
effects shows coherent polarization signals from both counter and forward jets.
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above (red) the mid-plane for the RH40 (left) and BL09 (right) models. Each
image is scaled linearly to its maximum intensity. The forward jet, above
the mid-plane, produces most of the observed emission in the BL09 case.
In the RH40 case, the bulk of the flux density originates in the counter jet,
with a contribution from the forward jet.

Figure 4. Intensity (colours) and polarization maps (ticks) for model RH40
(left) and a semi-analytic force-free jet model (right, Broderick & Loeb 2009;
hereafter BL09). Each image is scaled linearly to its maximum intensity.
The strong Faraday rotation through the accretion disc leads to a scrambled
polarization pattern in the RH40 case, while the force-free jet shows coherent
polarization that traces its helical magnetic field structure. The BL09 model
has a much higher net polarization (≃15 per cent compared to ≃1 per cent for
RH40), which is not seen in SMA observations of M87* (Kuo et al. 2014).

Synchrotron radiation is intrinsically highly polarized (up to
100 per cent, e.g. Pandya et al. 2016), but in our images the bright-
est regions (in Stokes I) are depolarized to 10 per cent and the total
linear polarization degree is 1 per cent on average (in all models ex-
cept in model RH1, see the last column in Table 1). What is causing
the strong depolarization? We recompute model RH40 using lower
and upper hemispheres of the GRMHD simulations to investigate
the polarimetric properties of light coming from the counter jet and
forward jet, respectively. Fig. 5 shows the structure of linear po-
larization intensity and orientation of the polarization plane of the
counter jet and forward jet. In Fig. 5, the counter-jet polarization
(first panel) is evidently significantly scrambled compared to the
coherent signal from the forward jet (second panel). The total LP
degree from the counter jet is 1 per cent. This is smaller than the
total polarization degree of the forward jet which is 3.1 per cent.
The forward to counter jet LP flux ratio is about 2.2. In the third and
fourth panels of Fig. 5, both models are then recomputed assuming
zero Faraday rotation and conversion ρQV = 0 in equation (A1).
Note that if ρQV = 0, the polarization ticks are organized in both
counter- and forward jets. Without Faraday effects, the forward to
counter jet LP flux ratio is 1.1 indicating that indeed the Faraday
effects depolarize the counter-jet emission and scramble its polar-
ization structure. Here, the total LP degree is 3 and 6 per cent for
counter and forward jet, respectively. Total low polarization degree
in models with ρQV = 0 is due to a varying magnetic field structure
across the image (‘beam depolarization’).

If the majority of the observed LP in model RH40 is produced
by the forward jet (because the counter jet is depolarized), then
the observed RM is probing the plasma conditions in the forward
jet. The effect is illustrated in Fig. 6. The left-hand panel in Fig. 6
shows the total intensity maps (orange) with linear polarization
ticks at 230 GHz. The middle panel in Fig. 6 show maps of RMs
computed using equation (1). The values of RM in the middle panel
are up to about 107 rad m−2. In Fig. 6 (right-hand panel), we show
the RM map weighed with LP to show how the observed linearly
polarized emission is affected by Faraday rotation effects. This
indicates that the polarized emission that is supposed to be strongly
Faraday rotated is depolarized, and we pick up signals only from
the polarized emission in front of the accretion disc that experiences
a much weaker Faraday rotation. As a consequence, the measured
RM is fairly independent of the disc density (Ṁ) or temperature
(Rhigh).

Figure 5. First and second panels: polarized emission
√

Q2 + U2 for each pixel originating from below (blue) and above (red) the mid-plane together with
polarization ticks for model RH40. Third and fourth panels: same as first and second panels but with Faraday effects switched off. The model without Faraday
effects shows coherent polarization signals from both counter and forward jets.
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