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TABLE 1

OBSERVATION LOG

EXPOSURE TIME (s) FOR EACH FILTER

DATE F342W F342W ] F4ND

1994 Aug 04 . . . . . . 1911 1679
1995 Jul 05 . . . . . . . 2393 2066
1996 Jul 31 . . . . . . . 2502 2226
1997 Jul 14 . . . . . . . 2564 2227
1998 Jul 20 . . . . . . . 2563 2227

smaller pixels. We then aligned the F342W ] F4ND
images from the di†erent epochs using the nucleus as a
reference point. Finally, for each epoch we aligned the
F342W image with the F342W ] F4ND image using the
bright knot (knot L) approximately from the nucleus0A.16
as a reference point.

Position changes for jet features (Figs. 1È3) were mea-
sured using the two-dimensional cross-correlation tech-
nique described by BZO95. A small image region isolating
each jet feature was selected, and this region was cross-
correlated for a pair of adjacent epochs. The shift that maxi-
mized the cross-correlation was taken as the position
change, and in all cases the peak cross-correlation was 0.95
or greater, indicating good signal-to-noise ratios. The total
position change was then computed by summing the shifts
between adjacent epochs. Uncertainties were also estimated
with procedures similar to BZO95. Poisson noise was

added to each image whose variance was computed on a
pixel-by-pixel basis according to the image intensity. The
cross-correlation was then repeated, and a ““ perturbed ÏÏ
value of the position change was obtained. This procedure
was repeated for 10 di†erent noise models, and the uncer-
tainty was estimated as the rms variation in the 10 per-
turbed values. The relative positions were then plotted (Fig.
1 insets), and proper motions were derived by linear least-
squares Ðtting (Table 2). In all cases a straight line (constant
velocity) is a reasonably good Ðt to the observed positions
(reduced s2 ¹ 1.7). Apparent velocities were computed from
the proper motions assuming a distance of 15.9 ^ 0.9 Mpc
(Tonry 1991 ; Whitmore et al. 1995). While this distance
estimate is derived independently of it will still imposeH0,
some uncertainty on the overall velocity scale ; we have not
included this uncertainty in Table 2.

Herein we primarily discuss the radial components of
motion (i.e., parallel to the jet axis) ; for most features the
transverse motion is negligible. A future paper will present
details of the measurements and results for features beyond
6A, which require mosaicking of several images.

3. RESULTS

We discuss each jet region (Fig. 1) in turn, beginning near
the nucleus. Our images show a slow-moving, unresolved
knot about (12 pc) from the nucleus. It appears spa-0A.16
tially coincident with knot L seen in 1.66 GHz VLBI images
(Reid et al. 1989), and we have labeled it accordingly. The
speed we observe, 0.63c ^ 0.27c, is the slowest observed

FIG. 1.ÈLocations of jet features discussed herein. The top panel is the 1994 image in the F342W ] F4ND Ðlters, and the bottom panel is F342W alone.
Dark spots in the lower panel are Reseau marks on the photocathode. The image has been rotated from its normal appearance on the sky in such a way that
the X-axis is along P.A. 290¡. Inset plots show relative position vs. epoch for three representative features ; Ðtted proper motions (PMs) and derived speeds in
units of v/c are indicated.
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FIG. 2.ÈSequence of F342W images showing evolution of HST-1 region between 1994 and 1998. The dotted lines attempt to identify and track features
between epochs and are labeled with feature names and speeds derived herein.

herein and is consistent with the lack of motion for the
coincident VLBI feature (BJ95). While the low speed seems
surprising given results farther below, we note that the
bright VLBI features near the core also have very low
speeds (\0.03c ; BJ95 ; Junor & Biretta 1995).

The region we have named HST-1 appears as a linear
chain of compact components extending along the jet and
located D80 pc from the nucleus. HST-1 has a fascinating
evolution, showing both slow and fast features as well as the
birth of new components and the fading of older ones. The

TABLE 2

PROPER MOTIONS OF JET FEATURES

Distance from Nucleus a Feature Size b Proper Motion c
Feature (arcsec) (arcsec) (mas yr~1) v/c d

L . . . . . . . . . . . . . . . . . . 0.16 0.06 2.49 ^ 1.05 0.63 ^ 0.27
HST-1 East . . . . . . 0.87 ¹0.05 3.31 ^ 0.43 0.84 ^ 0.11
HST-1v . . . . . . . . . . 0.87 ¹0.05 23.6 ^ 1.9 6.00 ^ 0.48
HST-1d . . . . . . . . . . 0.94 ¹0.05 21.6 ^ 0.8 5.48 ^ 0.21
HST-1c . . . . . . . . . . 0.99 ¹0.05 24.2 ^ 2.3 6.14 ^ 0.58
HST-1a . . . . . . . . . . 1.16 ¹0.1 23.7 ^ 4.1 6.02 ^ 1.05
HST-2 . . . . . . . . . . . . 1.61 0.1 20.1 ^ 2.6 5.11 ^ 0.66
DE . . . . . . . . . . . . . . . 2.75 0.1È0.4 11.8 ^ 1.1 2.99 ^ 0.28
DE-W . . . . . . . . . . . . 3.1 0.2 17.9 ^ 2.7 4.54 ^ 0.69
DM . . . . . . . . . . . . . . 3.4 0.3 19.9 ^ 3.5 5.07 ^ 0.89
DW . . . . . . . . . . . . . . 4.0 0.6 10.5 ^ 3.7 2.66 ^ 0.94
E . . . . . . . . . . . . . . . . . . 6.3 0.4 15.4 ^ 3.2 3.92 ^ 0.80

a Approximate distance from nucleus for epoch 1994.
b Approximate feature size in direction parallel to jet axis. Feature DE contains multiple components

with a range of scale sizes.
c Component of motion parallel to jet axis. Positive values indicate motion away from the nucleus and

toward P.A. 290¡.5.
d Apparent velocity in units of c, the velocity of light, for an assumed distance of 16 Mpc.

Biretta et al. (1999)
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Massive galaxies often are the source of well collimated jets of
material that flow outwards for tens to hundreds of kiloparsecs
from the regions surrounding the presumed black holes at their
centres. The processes by which the jets are formed and collimated
have been important problems for many years1, and observations
have hitherto had insufficient spatial resolution to investigate the
length scales associated with these processes2,3. Here we report
observations at 43 GHz of the inner regions of the nearby active
galaxy M87. The data show a remarkably broad jet having an
‘opening angle’ of !60! near the centre, with strong collimation of
the jet occurring at !30–100 Schwarzschild radii (rS) from the
black hole: collimation continues out to !1,000 rS. These results
are consistent with the hypothesis that jets are formed by an
accretion disk around the central black hole, which is threaded by
a magnetic field4.

The E0 galaxy M87 at the centre of the Virgo cluster contains one
of the nearest5 (14.7 Mpc from Earth) extragalactic jets6–9. Hubble
Space Telescope spectroscopy of its nucleus has given strong
evidence for a rapidly rotating ionized gas disk at its centre10–12,
from which the presence of a central black hole is inferred, the
mass of which is about 3 ! 109 solar masses (for which
rS ¼ 2GM=c2 " 0:0003 pc, where G is the gravitational constant,

M is the black-hole mass, and c the speed of light; the Schwarzschild
radius is the radius of the event horizon, the ‘boundary’ of a black
hole. The proximity of M87, together with this large inferred black
hole mass (and hence large rS), make M87 an ideal target for studies
of the initial jet-formation process. We note that jets are also
associated with young stellar objects and stellar-mass black holes
within our own Galaxy13,14, but the small mass and small implied
physical scale makes their formation regions extremely difficult to
probe.

Centimetre-wavelengthvery-long-baselineinterferometry(VLBI)
has been used to study the M87 jet on parsec scales15–17. At these
resolutions the jet is quite narrow, and has an opening angle
comparable to that measured on kiloparsec scales. To investigate
the jet formation and to probe even finer scales, we have recently
made VLBI observations with a global array of radio telescopes at a
wavelength of 7 mm using the best available receivers and recording
equipment. The principal target, M87 (3C274, J1230 þ 1223), and a
number of calibrator sources were observed with a global array of
radio telescopes on 3 March 1999. The resulting image for M87 is
shown in Figs 1 and 2. This image has unprecedented resolution3,17,
particularly in the direction across the jet’s axis, thus allowing study
of the jet’s collimation.

The core of M87 is clearly detected, as well as jet emission
extending out to some 2 milliarcseconds (mas) from the core. The
jet appears to be strongly limb-brightened; most of the jet emission
of the inner 1 mas extends along ridgelines at position angles of
!315! and !256! relative to the core (Fig. 1). These smooth
ridgelines of emission extending directly away from the core
(especially the northwest limb) underscore interpretation of the
jet structure as a cone with a well defined opening angle. We have
found very good consistency between this new image and those
from the earlier 1.3-cm-wavelength17 observations with lower
resolution, and from an earlier 7-mm global VLBI programme
with poorer sensitivity (W.J., J.A.B. and M.L., manuscript in
preparation).

The most remarkable feature of the image we report here is the
rapid broadening of the jet opening angle as the core is approached
on scales below 1 mas (0.1 pc). The jet opening angle, as defined by
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Figure 1 Image of the nucleus of M87 at 43.237 GHz on 3 March 1999. The synthesized
beam is 0:33 mas ! 0:12 mas (1 mas is 0.071 pc at the distance of M87) with the major
axis in position angle −12.3!. The peak brightness in the image is 228 mJy per beam and
the r.m.s. noise in the image well away from the bright structure is 0.38 mJy per beam.
Contours are plotted at −1, 1, 2, 4, 8, 16, 32, 64 and 128 mJy per beam. The solid arrow
indicates the direction of the 20" jet, while the dashed lines indicate the position angles of
the limb-brightened structure within 1 mas of the core. The antenna array consisted of the
10 telescopes of the Very Long Baseline Array (VLBA), 13 telescopes of the Very Large
Array (VLA) phased together, and telescopes located at Effelsberg (Germany), Medicina
(Italy), Metasahovi (Finland), Onsala (Sweden) and Yebes (Spain). Left circular polarization
data were recorded at each telescope using 8 channels of 8 MHz bandwidth and 2 bit
sampling. The data were correlated at the VLBA correlator, and later transferred to the
AIPS package for calibration of the complex visibilities and imaging in a standard
manner25. The complex visibility data have been weighted by the inverse fourth power of
the signal-to-noise ratio of the complex visibility to improve the contribution of the higher
spatial frequencies to the image.
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Figure 2 Pseudo-colour rendition of the nucleus of M87 at 43 GHz on 3 March 1999. See
Fig. 1 for details. The filled white circle at lower right indicates 6rS, which is the diameter of
the last stable orbit around a non-rotating black hole. The inset (top left) is a 15-GHz VLA
image illustrating the large-scale jet.

© 1999 Macmillan Magazines LtdNATURE | VOL 401 | 28 OCTOBER 1999 | www.nature.com 891

letters to nature

.................................................................
Formation of the radio jet in M87
at 100 Schwarzschild radii
from the central black hole
William Junor*, John A. Biretta† & Mario Livio†

* Department of Physics and Astronomy, University of New Mexico,
800 Yale Boulevard, NE, Albuquerque, New Mexico 87131, USA
† Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,
Maryland 21218, USA
.................................. ......................... ......................... ......................... ......................... ........

Massive galaxies often are the source of well collimated jets of
material that flow outwards for tens to hundreds of kiloparsecs
from the regions surrounding the presumed black holes at their
centres. The processes by which the jets are formed and collimated
have been important problems for many years1, and observations
have hitherto had insufficient spatial resolution to investigate the
length scales associated with these processes2,3. Here we report
observations at 43 GHz of the inner regions of the nearby active
galaxy M87. The data show a remarkably broad jet having an
‘opening angle’ of !60! near the centre, with strong collimation of
the jet occurring at !30–100 Schwarzschild radii (rS) from the
black hole: collimation continues out to !1,000 rS. These results
are consistent with the hypothesis that jets are formed by an
accretion disk around the central black hole, which is threaded by
a magnetic field4.

The E0 galaxy M87 at the centre of the Virgo cluster contains one
of the nearest5 (14.7 Mpc from Earth) extragalactic jets6–9. Hubble
Space Telescope spectroscopy of its nucleus has given strong
evidence for a rapidly rotating ionized gas disk at its centre10–12,
from which the presence of a central black hole is inferred, the
mass of which is about 3 ! 109 solar masses (for which
rS ¼ 2GM=c2 " 0:0003 pc, where G is the gravitational constant,

M is the black-hole mass, and c the speed of light; the Schwarzschild
radius is the radius of the event horizon, the ‘boundary’ of a black
hole. The proximity of M87, together with this large inferred black
hole mass (and hence large rS), make M87 an ideal target for studies
of the initial jet-formation process. We note that jets are also
associated with young stellar objects and stellar-mass black holes
within our own Galaxy13,14, but the small mass and small implied
physical scale makes their formation regions extremely difficult to
probe.

Centimetre-wavelengthvery-long-baselineinterferometry(VLBI)
has been used to study the M87 jet on parsec scales15–17. At these
resolutions the jet is quite narrow, and has an opening angle
comparable to that measured on kiloparsec scales. To investigate
the jet formation and to probe even finer scales, we have recently
made VLBI observations with a global array of radio telescopes at a
wavelength of 7 mm using the best available receivers and recording
equipment. The principal target, M87 (3C274, J1230 þ 1223), and a
number of calibrator sources were observed with a global array of
radio telescopes on 3 March 1999. The resulting image for M87 is
shown in Figs 1 and 2. This image has unprecedented resolution3,17,
particularly in the direction across the jet’s axis, thus allowing study
of the jet’s collimation.

The core of M87 is clearly detected, as well as jet emission
extending out to some 2 milliarcseconds (mas) from the core. The
jet appears to be strongly limb-brightened; most of the jet emission
of the inner 1 mas extends along ridgelines at position angles of
!315! and !256! relative to the core (Fig. 1). These smooth
ridgelines of emission extending directly away from the core
(especially the northwest limb) underscore interpretation of the
jet structure as a cone with a well defined opening angle. We have
found very good consistency between this new image and those
from the earlier 1.3-cm-wavelength17 observations with lower
resolution, and from an earlier 7-mm global VLBI programme
with poorer sensitivity (W.J., J.A.B. and M.L., manuscript in
preparation).

The most remarkable feature of the image we report here is the
rapid broadening of the jet opening angle as the core is approached
on scales below 1 mas (0.1 pc). The jet opening angle, as defined by
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Figure 1 Image of the nucleus of M87 at 43.237 GHz on 3 March 1999. The synthesized
beam is 0:33 mas ! 0:12 mas (1 mas is 0.071 pc at the distance of M87) with the major
axis in position angle −12.3!. The peak brightness in the image is 228 mJy per beam and
the r.m.s. noise in the image well away from the bright structure is 0.38 mJy per beam.
Contours are plotted at −1, 1, 2, 4, 8, 16, 32, 64 and 128 mJy per beam. The solid arrow
indicates the direction of the 20" jet, while the dashed lines indicate the position angles of
the limb-brightened structure within 1 mas of the core. The antenna array consisted of the
10 telescopes of the Very Long Baseline Array (VLBA), 13 telescopes of the Very Large
Array (VLA) phased together, and telescopes located at Effelsberg (Germany), Medicina
(Italy), Metasahovi (Finland), Onsala (Sweden) and Yebes (Spain). Left circular polarization
data were recorded at each telescope using 8 channels of 8 MHz bandwidth and 2 bit
sampling. The data were correlated at the VLBA correlator, and later transferred to the
AIPS package for calibration of the complex visibilities and imaging in a standard
manner25. The complex visibility data have been weighted by the inverse fourth power of
the signal-to-noise ratio of the complex visibility to improve the contribution of the higher
spatial frequencies to the image.
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Figure 2 Pseudo-colour rendition of the nucleus of M87 at 43 GHz on 3 March 1999. See
Fig. 1 for details. The filled white circle at lower right indicates 6rS, which is the diameter of
the last stable orbit around a non-rotating black hole. The inset (top left) is a 15-GHz VLA
image illustrating the large-scale jet.
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the limb-brightened structures, is !60! on scales !0.5 mas
(0.04 pc). We believe this to be the broadest angle seen in any
extragalactic jet. The angular width of the jet on different size scales
has been plotted as a function of radial distance from the core in
Fig. 3. It is clear that the jet is progressively wider closer to the core,
and that the jet does not adopt its final configuration until a few
parsecs from the core. Apparently, there is strong collimation of the
jet occurring on scales " 0.04 pc from the central ‘engine’, which
corresponds to " 100 rS. The region in which the jet is first formed
cannot be much larger than our resolution diameter, or !30 rS. This
is within an order of magnitude of the innermost stable orbit radius
for a (non-rotating) black hole at 3 rS.

We note that the evidence for a rapid increase in the opening
angle near the core is independent of possible projection effects.
While the inclination angle, v, between the jet axis and the observer
will tend to broaden the apparent opening angle by !(sin v)−1

(where v lies between 10! and 40! in M8718,9), it does so similarly all
along the jet. Also, the ratios between the jet diameter (or width)
where it is being collimated and other relevant length scales (rS and
the size of the accretion disk) are also independent of v. It is unlikely
that the inclination angle v varies in M87 (that is, that the jet is bent)
as the projection of the jet on the sky appears remarkably collinear
from 0.02 to 2,000 pc.

The central ‘engine’ which powers active galactic nuclei (AGN) is
thought to be a super-massive black hole with an orbiting accretion
disk fed by material raining in from the host galaxy. Magneto-
hydrodynamic (MHD) models involving accretion disks are
currently favoured for the acceleration and collimation of jets4,19.
In these models, MHD ‘fluid’ from the accretion disk is accelerated
along poloidal magnetic field lines threading the disk to speeds
which are of order of the keplerian speeds. The outflow in these
models could also remove angular momentum from the accretion
disk20,21. Collimation of the MHD wind is achieved either through
‘hoop stresses’ where the field becomes predominantly toroidal, or
via poloidal collimation, if the magnetic flux is strongest at the disk’s
outer radius. Beyond the Alvén surface, as the gas is no longer
attached to the field lines, the field gets wound up by the rotation,
thus naturally generating a toroidal field.

These observations are, to our knowledge, the first to show
that jets in AGN do not reach their final collimated con-
figuration until a distance many tens of Schwarzschild radii
from the ‘engine’. On the smallest physical scales yet probed in this

AGN (!0.04 pc), the observed outflow already is weakly collimated
(opening angle " 1 rad) in the direction of the large-scale jet. This
gives the ratio of the collimation distance, rcoll, to the fiducial scale
rcoll=rS " 100. This is consistent with a picture in which the jet is
formed (that is, accelerated and collimated) by an accretion
disk22,23,4. In particular, our observations seem to favour MHD
models in which the jet originates from a disk outflow, rather
than emanating already collimated from the vicinity of the black
hole.

Evidence for limb-brightening in jets is relatively rare, and has
previously been detected only on larger scales15,24. We now consider
whether the strong limb-brightening on sub-parsec scales observed
here is related to the collimation process itself. Limb-brightening
suggests a high synchrotron emissivity, and hence higher magnetic
field, in the surface of the jet. This would be consistent with a large-
scale magnetic field (that is, from a disk) playing an important role
in the collimation process. In order to distinguish further among
different specific collimation models, we are currently investigating
the magnetic field geometry on these small scales with VLBI
polarimetry. !

Received 26 July; accepted 13 September 1999.

1. Begelman, M. C., Blandford, R. D. & Rees, M. J. Theory of extragalactic radio sources. Rev. Mod. Phys.
56, 255–351 (1984).

2. Zensus, A. J. Parsec-scale jets in extragalactic radio sources. Annu. Rev. Astron. Astrophys. 35, 607–636
(1997).

3. Tingay, S. J. et al. The subparsec-scale structure and evolution of Centaurus A: the nearest active radio
galaxy. Astron. J. 115, 960–974 (1998).

4. Livio, M. Astrophysical jets: a phenomenological examination of acceleration and collimation. Phys.
Rep. 311, 225–245 (1999).

5. Jacoby, G. H., Ciardullo, R. & Ford, H. C. Planetary nebulae as standard candles. V—The distance to
the Virgo Cluster. Astrophys. J. 356, 332–349 (1990).

6. Curtis, H. D. The planetary nebulae. Publ. Lick Obs. 13, 55–74 (1918).
7. Biretta, J. A. in Astrophysical Jets (eds Burgarella, D., Livio, M. & O’Dea, C.) 263–304 (Cambridge

Univ. Press, 1993).
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Figure 3 Jet full opening angle as function of distance from the core for M87. Results for a
gaussian full-width at quarter-maximum (FWQM) fit15 are given where jet width is not well-
resolved. Uncertainties reflect the effect of image noise on the width measurement. Data
are taken from references as follows: filled circles, this paper (r ¼ 0:1 pc point using
tapered image); open diamonds, ref. 17 FWQM; open inverted triangle, ref. 15 FWQM
(new fit assuming zero jet width at core); open triangle, VSOP satellite data plus VLBA data
at 5 GHz (W.J., J.A.B., F. Owen and M. Begelman, unpublished results); cross, VLBA
609 MHz FWQM (W.J. and J.A.B., unpublished results); open square, ref. 18.
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Fig. 3.— fpy values for the nucleus. The
larger open circles come from adjacent observa-
tions whilst the smaller squares are data pairs
formed by skipping the adjacent observation. First
panel: the period from 2000-2004 and 2008 when
the HST-I intensity was low (<2 keV/s). Second
panel: the period 2006-2007 when the intensity of
HST-1 was between 2 and 4 keV/s.

Fig. 4.— The X-ray, UV, and radio lightcurves of
HST-1. The intensity is plotted on a log scale
to demonstrate the overall conformity between
bands. Each curve has been normalized by setting
the peak value to unity so as to permit visual com-
parison of the decay. Peak values are 12.417 keV/s
(X-ray); 0.596 mJy (UV); and 0.084 Jy (15GHz).

6. Analysis of the Decay Phases of the
Lightcurves of HST-1

In this section, we analyze the decay of the light
curves of HST-1 at X-ray, UV, and radio wave-
lengths (fig. 4). We will not attempt to make a
parallel investigation of the nuclear emission be-
cause we have no information as to the size of the
emitting volume or its geometry, the interpreta-
tion of the UV data would be problematic, and al-
though likely, it remains to be demonstrated that
the nuclear X-ray emission is actually non-thermal
emission from the inner jet rather than from some
thermal process associated with the accretion disk
or its environs.

The decay of the light curve may be caused by
several effects but has the potential to reveal which
processes are dominant. If all bands have similar
rates of decreasing intensity, the most likely cause
is either a change in the beaming factor (as might
arise from a change in θ) or a general expansion
which reduces the energy of all electrons accord-

6
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an average g-ray flux of a factor of ~5 as high as
in 2004.

The total g-ray flux above 730 GeV (Fig. 3)
for the individual years from 2003 to 2006 in-
dicates variability on a yearly basis (14) corre-
sponding to a statistical significance of 3.2 SDs,
being derived from a c2 fit of a constant function.
The variability is confirmed by a Kolmogorov
test comparing the distribution of photon arrival
times to the distribution of background arrival
times, yielding a statistical significance for burst-
like (nonconstant) behavior of the source of 4.5
SDs. Unexpectedly, variability on time scales of
days (flux doubling) was found in the high-state
data of 2005 (Fig. 3A), with a statistical sig-
nificance of more than 4 SDs. This is the fastest
variability observed in any wave band from M87
and strongly constrains the size of the emission
region of the TeV g radiation, which is further
discussed below. No indications for short-term
variability were found in the data of 2003, 2004,
and 2006, which is not unexpected given the
generally lower statistical significances of the
g-ray excesses in those years.

These observational results (location, spec-
trum, and variability) challenge most scenarios
of very-high-energy g-ray production in extra-
galactic sources. Although the luminosity (≈ 3 ×
1040 erg/s) of TeV g rays is quite modest and
does not cause any problems with the global
energy budget of the active galaxy M87, several
models can be dismissed. The upper limit on the

angular size of ~ 3 arc min (13.7 kpc ≈ 4.3 ×
1022 cm) centered on the M87 nucleus position
already excludes the core of the Virgo cluster
(15) and outer radio regions of M87 as TeV g-ray
emitting zones. Further, the observed variability
on time scales of Dt ~ 2 days requires a very
compact emission region because of the light-
crossing time. The characteristic size is limited to
R ≤ c × Dt × d ≈ 5 × 1015 d cm ≈ 5 × d Rs, where
d is the relativistic Doppler factor (16) of the
source of TeV radiation and Rs ≈ 1015 cm is the
Schwarzschild radius of the M87 supermassive
black hole. For any reasonable value of the
Doppler factor (i.e., 1 < d < 50, as used in the
modeling of TeV g-ray blazars), this implies a
drastic constraint on the size of the TeV g-ray
source, which immediately excludes several
potential sites and hypotheses of g-ray produc-
tion. First of all this concerns the elliptical galaxy
M87 (15) and the g-ray production due to dark
matter annihilation (17). The most obvious
candidate for efficient particle acceleration (18),
namely the entire extended kiloparsec jet, is also
excluded. Although compatible with the TeV
source position, even the brightest knot in the jet
(knot A) appears excluded, with its typical size
on the order of one arc sec (about 80 pc ≈ 2.5 ×
1020 cm) resolved in the x-ray range (19).

An interesting possibility would be the
peculiar knot (HST-1) in the jet of M87 (see
supporting online text and fig. S2), a region of
many violent events, with x-ray flares exceeding

the luminosity of the core emission (20) and
superluminal blobs being detected downstream.
Modeling the high-energy radiation properties
of this region (by synchrotron and inverse-
Compton scenarios), several authors favor sizes
in the range of 0.1 to 1 pc (for moderate values
of the Doppler factor ranging between 2 and 5)
(20–22). Formally, though, there is no robust
lower limit on the size of HST-1; therefore, we
cannot exclude HST-1 as a source of TeV g rays.
However, it would be hard to realize the short-
term variability of the TeV g-ray emission in
relation to HST-1, at least within the framework
of current models. Because the size of the g-ray
production region does not exceed R ≤ 5 × 1015d
cm, the location of HST-1 along the jet at 0.85
arc sec from the nucleus, which corresponds to
d ≈ 65 pc ≈ 2 × 1020cm, implies that the energy
would be channeled from the central object into
the g-ray production region within an unrealis-
tically small opening angle ~ R/d ≈ 1.5 × 10−3 d
degree.

The only remaining and promising possi-
bility is to conclude that the site of TeV g-ray
production is the nucleus of M87 itself (23). In
contrast to the established TeV g-ray blazars, the
large-scale jet of M87 is seen at a relatively
large jet angle (q ~ 30°), which suggests a quite
modest Doppler boosting of its radiation.
Nevertheless, because of the proximity of M87,
both leptonic (24) and hadronic (5, 25) models
predicted detectable TeV g-ray emission. How-

Fig. 1. Shown are the sky map as well as the position and extension limit
of the TeV g-ray emission from M87. (A) Smoothed TeV g-ray excess map
(color coded, 0.1° integration radius) as measured by H.E.S.S. The size
(68% containment radius) of the H.E.S.S. point-spread function (PSF) is
also indicated. The red circle indicates the intrinsic extension upper limit
(99.9% confidence level) of 3 arc min of the TeV g-ray excess corre-
sponding to 13.7 kpc in M87. The contour lines show the 90-cm radio
emission (32). The white box marks the cutout shown in (B). (B) The 90-cm

radio data (32) measured with the Very Large Array, together with the TeV
position with statistical and 20′′ pointing uncertainty errors (white cross)
and again the 99.9% confidence level extension upper limit (red circle).
The size of the emission region deduced from the short-term variability is
smaller by a factor of ~106. The black cross marks the position and
statistical error of the g-ray source reported by HEGRA. The green ellipse
indicates the host galaxy seen in the optical wavelengths with an
extension of 8.3 × 6.6 arc min in diameter.
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ever, these scenarios typically produce a soft
energy spectrum of TeV g rays, clearly in con-
trast to the hard spectrum measured by H.E.S.S.
Leptonic models can be adapted in various
ways to match the new results. Within syn-
chrotron self-Compton (SSC) scenarios (26),
one method is to consider the possibility of
differential Doppler-boosting in the jet near the
core region, a phenomenon clearly expected
in the jet formation zone, which extends over
<0.1 pc from the nucleus (27). Emitting plasma
blobs of small sizes with Doppler factors
between 5 and 30 and magnetic fields well
below equipartition can account for the ob-
served TeV g-ray emission. An additional flux
contribution from inverse-Compton scattering
of background photons, coming from scattered
disk emission or from dust, can further reduce
the range of Doppler factors toward moderate
values.

The TeV g-ray photons (independent of their
production mechanism) might be absorbed by
the pair-absorption process gTeV + gIR → e+ e−

on the local infrared (IR) radiation field in the
TeV g-ray emission region. Because no signature
for an absorption can be identified in the energy
spectrum up to 10 TeV, one can derive an upper
limit on the luminosity of the infrared radia-
tion field at 0.1 eV (corresponding to a wave-
length of ~10 mm, most relevant for absorption
of 10 TeV g rays) to be L(0.1 eV) ≤ 3.6 × 1038

(R/1015 cm) erg/s, where R is the size of the
TeV g-ray emission region. Such a low central

IR radiation luminosity supports the hypothesis
of an advection-dominated accretion disk (i.e.,
an accretion disk with low radiative efficiency)
in M87 (28) and generally excludes a strong
contribution of external inverse-Compton emis-
sion on IR light to the TeV g-ray flux.

If one accepts the hypothesis that protons
can be accelerated as high as 1020 eV in jets of
radio galaxies, then (hadronic) proton synchro-
tron models (5, 25) cannot be excluded, con-
sidering the presented data. An alternative g-ray
production mechanism is curvature radiation of
ultra-high-energy protons in the immediate
vicinity of the supermassive black hole. This
novel mechanism can simultaneously explain
both the hard spectrum and fast variability of the
observed TeV g-ray emission. Rapidly rotating
black holes embedded in externally supported
magnetic fields can generate electric fields and
accelerate protons to energies up to 1020 eV
(29–31). Assuming that acceleration of protons
takes place effectively within 3 Schwarzschild
radii Rs, and if the horizon threading magnetic
field is not much below 104 G, one should
expect g-ray radiation due to proton curvature
radiation extending to at least 10 TeV. (The
electron curvature radiation is less likely be-
cause of severe energy losses even in a tiny

component of an irregular magnetic field.) No
correlation with fluxes at other wavelengths is
expected in this model. Although the size of
the g-ray production region, R ~ 3 Rs ~ 3 × 1015

cm, perfectly matches the observed variability
scale, and the model allows extension of the
g-ray spectrum to 10 TeV without any signif-
icant correlation at other wavelengths, the
main problem of the model is the suggested
magnetic field. It is orders of magnitude larger
than the B field expected from the accretion
process, given the very low accretion rate as it
follows from the bolometric luminosity of the
core as well as the estimates of the power of
the jet in M87.

The time scale of the short-term variability
of the TeV g rays is on the order of the light-
crossing time of the black hole (located at the
center of M87), which is a natural time scale of
the object. Therefore, the results reported here
give clear evidence for the production of TeV
g rays in the immediate vicinity of the black
hole of M87.

References and Notes
1. F. Macchetto et al., Astrophys. J. 489, 579 (1997).
2. H. L. Marshall et al., Astrophys. J. 564, 683

(2002).

Fig. 3. Gamma-ray flux above an energy of 730 GeV as a function of time. The given error bars
correspond to 1 SD statistical errors. (B) The average flux values for the years 2003 to 2006 as
measured with H.E.S.S., together with a fit of a constant function (red line). The flux reported by HEGRA
is also drawn (a systematic error must be taken into account when comparing results from the two
instruments). (A) The night-by-night fluxes for the four individual months (February to May) of the
high-state measurements in 2005, with significant variability on (flux doubling) time scales of ~2 days.
The green points in (B) correspond to the 0.2 − 6 keV x-ray flux of the knot HST-1 [solid, (20)] and the
nucleus [dashed, (33)] as measured by Chandra; the lines are linear interpolations of the flux points. No
unambiguous correlation between the flux of x rays and TeV g rays can be identified (the x-ray/TeV data
were not gathered simultaneously).

Fig. 2. The differential energy spectrum of M87
obtained from the 2004 and the 2005 data [using
standard event selection cuts (10)], covering a
range of ~400 GeV to ~10 TeV. Spectra for the
2003 and 2006 data sets could not be derived
because of limited event statistics. Flux points with
a statistical significance less than 1.5 SDs are given
as upper limits (99.9% confidence level). The
corresponding fits of a power-law function dN/dE =
I0 × (E/1 TeV)−G are indicated as lines. The photon
indices are G = 2.62 ± 0.35 (2004 data) and G =
2.22 ± 0.15 (2005 data). Aside from the
difference in the flux normalization by a factor
of ~5 [I0 = (2.43 ± 0.75) × 10−13 cm−2 s−1 TeV−1

in 2004 and I0 = (11.7 ± 1.6) × 10−13 cm−2 s−1

TeV−1 in 2005], no variation in spectral shape is
found within errors. The systematic error on the
photon index and flux normalization are estimated
to be DG = 0.1 and DI0/I0 = 0.2, respectively.
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Fig. 2.— Map of the kilo parsec scale M87 jet, with the main features (HST-1 and knots A, B, C, D, E) indicated. From top to bottom:
i) total intensity 8 GHz map. Contours start at 3×RMS with RMS=7.8×10−4 Jy/beam and increase in steps of (1, 2, 4, 8, 16, 32, 64, 128,
256, 512). ii) Magnetic vector polarization angle. Sticks indicate the Faraday corrected magnetic field direction with length proportional
to the degree of polarization as 1 arc sec=40 mJy/beam. iii) Rotation measure map, with the color scale shown on top of the color bar,
running from -500 to 1000 rad m−2. iv) Rotation measure errors map, with color scale shown on the bottom of the color bar, running from
0 to 100 rad m−2.

is shown in Figure 4. First, let us discuss how to in-
terpret this data. On one hand, it is clear that power
spectrum values associated with regions in the RM map
smaller than the beam size will not have a proper physical
meaning. Strictly speaking, the minimum resolvable size
will not be given only by the beam size, but will also be
dependent on the SNR of the map (see e. g., Lobanov
2005). Given the complexity of a variable SNR over dif-
ferent regions of the map, we will follow here the more
conservative approach and will consider that the power
spectrum is not physical on Fourier scales larger than
∼ 1/(2×beam size) ∼ 1.5 arcsec−1, given by the Nyquist

sampling. On the other hand, due to the limited exten-
sion of RM, the largest separation between RM points
gives us a lower limit of ∼0.3 arcsec−1 in the power spec-
trum.
In order to estimate the power spectral index accu-

racy, we performed a Montecarlo simulation, where we
took our initial RM map as our seed and pixel by pixel
added a random gaussian value with zero mean and stan-
dard deviation given by the RM error at the given point.
The final spectrum index error is given by the standard
deviation of all the indices obtained for 100 realizations.
We estimate it to be 0.12 for both cases (with or with-

magnetic ve
ctors, p

olarization degree

rotation measure

rotation measure error

VLA at 8-43 GHz 
Algaba et al. (2016)



JET OF M87: RADIO

magnetic field should show opposite directions. Since the
Faraday depth depends on the component of the magnetic field
parallel to the line of sight (see Equation (2)), a toroidal
magnetic field could be identified as a gradient of the Faraday
depth across the width of the jet. From these considerations, it
is clear that in order to discern the 3D configuration of the
magnetic field, it is essential to resolve polarization across the
jet width. However, one common problem is that the
polarization study should be performed at lower angular
resolution than the Stokes I image because, in order to
compare polarization images at several wavelengths, we need
to convolve all of them to the lower-resolution image, which is
defined by the longer-wavelength image. In our case, although
the Stokes I image has a resolution of 0 09, the polarization
study is limited to a resolution four times lower, ∼0 4, which
allows one to resolve the jet width with three beams. However,
in this particular case, thanks to the presence of the double-
helix morphology, we can better study the polarization
properties across the jet width. As we move along the jet
direction, regions where the emission is dominated by the
edges of the jet take turns with regions where most of the
emission is coming mainly from the projected jet axis. This

allows us to better resolve polarization properties across the jet
width as we move along the jet direction.
In Figures 2(b) and (c), we show a superposition of the LIC

map of the magnetic field projected to the plane of the sky over
the fractional polarization and the Faraday depth obtained from
our depolarization modeling. First, note that where the
filaments are well separated (e.g., between knots E and F and
between knots F and I), the magnetic field is well ordered,
reaching high fractional polarization values of ;0.5. Larger
values, almost ;0.7, are detected where the magnetic field lines
open like a funnel (between knots E and F) following the two
filaments. On the contrary, where the filaments intersect each
other, the emission suffers for strong depolarization effects, and
the fractional polarization drops to lower values of less than
;0.1 (e.g., at the positions of knots F and I). Second, note that
in the region between knots E and F, where the filaments are
well separated, we detect a Faraday depth gradient from
negative (red; B-line moving away from the observer) to
positive (blue; B-line moving toward the observer), evidencing
a toroidal component of the magnetic field (see Figure 2(c)).
We also analyzed in more detail the polarized emission at two
regions well separated in the filaments between knots E and F

Figure 1. The M87 VLA radio jet combining all of the available frequencies (from 4 to 18 GHz). The top of the image, a), with an angular resolution of 0 2
(robust = 1 weighted image), is sensitive to large-scale emission. It shows the well-known morphology consisting of a core, a highly collimated conical jet ending in a
series of bright knots, and large extended lobes. The bottom image, b), has a higher angular resolution of 0 09 (uniform weighted image), and it shows the structure of
the collimated jet in great detail. Several knots, previously identified in optical images, are labeled. This image shows a clear double-helix structure in the conical jet.
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(named the northern and southern filament, respectively). This
is shown in Figure 3, where we show the values of the
fractional polarization and the polarization angle as a function
of λ2 and two depolarization models. Dashed lines show the
result of the modeling considering a single internal Faraday
screen. This is the model used to generate the images of
fractional polarization, Faraday depth, and magnetic field (from
the polarization angle map). As can be seen, although this
model is able to represent the global variation of the
polarization parameters in the observed range of wavelengths,
their detailed spectral behavior is actually much more complex.
In particular, we note strong depolarization effects and complex
changes in the polarization angle across the spectrum (see
Figure 3). These effects strongly support the presence of
internal Faraday depolarization in the jet, and proper modeling
of the polarized spectrum requires a scenario more complex
than a simple internal Faraday screen. In Figure 3, we show

that a slightly more complex scenario consisting of two internal
Faraday screens could better represent the observed fine
structure in the spectrum. This ad hoc scenario could be the
consequence of changes in the physical conditions along the
line of sight or within the beam size. However, we emphasize
that these models are not a fit but rather an exercise to show
that a more complex scenario involving internal Faraday
screens is necessary. Actually, a more realistic, physically
based model of the jet emission should be performed.
Finally, in Figure 4, we present an analysis of the fractional

polarization and Faraday depth (resulting from our single
internal Faraday depolarization model fit) along the two
filaments. Note that we also found gradients of the Faraday
depth where the filaments are separated at the positions of knots
E and F. However, these gradients do not show a change in
sign between the two filaments; the Faraday depth values are all
negative in knot E and positive in knot F. This is still consistent

Figure 2. Analysis of the polarization properties in the conical jet of M87 revealing a helical magnetic field configuration. The central frequency is 11 GHz. At the top,
there is the high angular resolution (0 09) Stokes I image showing the double-helix structure between knots D and I. The two lines were obtained by fitting slices
perpendicular to the jet axis to two Gaussians. The middle image shows the LIC streamline image of the component of the magnetic field parallel to the plane of the
sky over the fractional polarization map. The magnetic field lines approximately follow the double-helix structure, which suggests we are observing the poloidal
component of the magnetic field in the jet. Note the increase of the fractional polarization when emission from the edges of the jet width can be well resolved. The
bottom image shows a close-up of the region enclosing knots E and F, the region where the filaments appear more separated. Again, we show the streamline image of
the magnetic field parallel to the plane of the sky, but now, the color scale shows the values of the Faraday depth obtained from our modeling of the Stokes parameters
Q(λ2) and U(λ2). The sign of the Faraday depth traces the direction of the magnetic field along the line of sight. Thus, it can be clearly seen that in the region where we
are able to separate emission from both edges of the jet, the magnetic field has opposite directions, strongly suggesting a toroidal component. All of these
characteristics are strongly supporting the presence of a helical configuration in the M87 jet.
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Fig. 1.—Multiscale images of the M87 jet. Our VLBA images cover the inner ∼1! of the jet, as indicated by the corresponding green box in our VLA 3.6 cm image
(from 2004 December; upper left inset) of the large-scale jet. The bottom right inset is a zoom-in of the HST-1 complex as imaged with the VLBA (1 pc p 13 mas);
the lowest contour is 0.3 mJy beam!1.

Fig. 2.—Light curves of the total TeV emission from M87 (taken from
Aharonian et al. 2006) and of the jet knot HST-1 (X-ray and two radio bands).
The 2 keV and 15 GHz data up to approximately 2005 August were previously
published in Harris et al. (2006). Our subsequent observations now show the
X-ray intensity of HST-1 declining steeply, similar to the total TeV emission
from M87. The 1.7 GHz VLBA points are integrated from the entire HST-1
complex.

Fig. 3.—Representative sequence of VLBA images of knot HST-1 (see Fig. 1)
restored with a 8.0 mas# 3.4 mas (0.62 pc# 0.26 pc) beam at P.A.p 3! (bottom
left). The vertical spacing is proportional to time elapsed, and straight lines trace
the motions of the different features (note the apparent deceleration of knot “a”).
The first epoch is a shorter 2.3 GHz data set resulting in the excess background;
subsequent ones are full track 1.7 GHz observations.

trailing feature (c2; ). Between the two years,0.47c" 0.39c
the location of HST-1d is basically stationary to within ∼2 mas
(i.e., its motion is !0.25c) at 860 mas from the core and is the
apparent point of origin of the superluminal ejections.
The most distant knot (HST-1a) is well isolated from the

other structures in every observation. We observe it moving
downstream at at P.A. p 295! " 8! (basically2.49c" 0.25c
radial) until 2005 December when it appears to decelerate to

at a smaller P.A. of 289! (although the P.A.1.41c" 0.49c
change is apparent in Fig. 4, it is not statistically significant).
A fainter feature (HST-1b), identifiable beginning 2005, trails
HST-1a at an identical speed ( ) with a nonradial2.52c" 0.14c
trajectory (a smaller P.A. of ). Feature c1 (see above)279! " 6!
actually ends up in 2006 July where HST-1b was first detected
in 2005 January.

Cheung, Harris & Stawarz (2007)

jet position angle ~ 288 deg 
jet viewing angle ~ 18 deg



M87: VLBI AT 7MM

Walker et al. (2016)
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J. -Y. Kim et al.: GMVA observations of M 87
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Fig. 4. Stacked M 87 jet images and transverse intensity profiles. Panel (a) : The image with a restoring beam of 0.3 ⇥ 0.1 mas. The core (C),
northern/southern limbs (NL/SL) of the jet (J), and the counter jet (CJ) are indicated by white arrows. Panel (b) : The same image but restored
with a smaller beam of 0.123 ⇥ 0.051 mas and zoomed in on the inner region. The colorbars indicate total intensities in units of Jy/beam. Contour
levels are (�1, 1, 1.4, 2, 2.8, ...) ⇥ 0.47 mJy/beam. The white bars indicate projected linear distance scales for M 87. The white dashed lines denote
the position of the slices in panel (c). The restoring beams are indicated by the cyan ellipses at the top left corner of each panel. Panel (c) : The
transverse jet intensity profiles measured by using the higher resolution image in Fig. 4b (starting from north to south). The dark solid/broken lines
are the measured intensity at ⇠ 0.8/0.6 mas core distance, respectively. The light gray line is the zero intensity level and the dark thick gray line
indicates the 5� level.

the intrinsic jet opening angle is �int = 63.6� ± 25.0� (90� ± 28�)
for a jet viewing angle ✓ = 18� (30�), respectively.

Asymptotic structure in the measured jet width W versus
the distance from the central engine z was fit with a power-law
model W(z) / z

k where k is a dimensionless index which pa-
rameterizes the jet expansion and acceleration within theoretical
models (e.g. Komissarov et al. 2007; Lyubarsky 2009). It is im-
portant to note that the core separation d is not necessarily the
same as the the distance from the central engine z because of the
jet opacity (e.g. Lobanov 1998). Hence, we associate the core
separation d to the distance from the central engine by z = ✏ + d

where ✏ is the unknown o↵set between the BH and the 86 GHz
core (see Fig. 7). We adopted ✏  41 µas based on the results

of Hada et al. (2011), where the authors performed astromet-
ric VLBA observations toward M 87 at 2.3 � 43.2 GHz and esti-
mated the distance between the intensity peak and the jet apex at
43 GHz. Then we obtained W as function of z and the power-law
model was fit to W(z).

We find a jet expansion rate of k = 0.469 ± 0.019 when we
ignore the core-shift at 86 GHz (i.e., ✏ = 0). With a non-zero
core-shift correction (✏ , 0), we find k ⇠ 0.47�0.51 with a mean
value of k = 0.498 ± 0.025 (the error represents uncertainties in
both the core position and the statistical fitting). Both fits have a
reduced chi square of �2

red ⇠ 0.51. This is in agreement with pre-
vious values of k = 0.56�0.60 (Asada & Nakamura 2012; Hada
et al. 2013; Mertens et al. 2016) within 3� uncertainty levels. To
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M87: EVENT HORIZON 
TELESCOPE: POLARIZATION

angle around the ring). We consider these two days because
they have the best (u, v) coverage and span the full observation
window; these results will thus include any effects of intrinsic
source evolution in the recovered parameters. From Figure 8, it
is evident that the difference in 〈p〉 between methods is larger
than the widths of the 〈p〉 histograms in each method. This
means that effects related to the residual instrumental
polarization, giving rise to the dispersion seen in the
histograms, are smaller than artifacts related to the deconvolu-
tion algorithms. In other words, the 〈p〉 images are limited by
the image fidelity due to the sparse (u, v) coverage rather than
by the D-terms.

Even though there are differences among methods in the p
azimuthal distribution, some features are common to all our
image reconstructions. The peak in the polarization brightness
is located near the southwest on 2017 April 5 (at a position
angle of 199° ± 11°, averaged among all methods) and close to
the west on 2017 April 11 (position angle of 244° ± 10°). That
is, the polarization peak appears to rotate counter-clockwise
between the two observing days (see the dotted lines in
Figure 8). On both days, the region of high polarization
brightness is relatively wide, covering a large fraction of the
southern portion of the image (position angles from around
100°–300°).

In the azimuthal distribution of 〈χ〉, all methods produce
very similar values in the part of the image with the highest
polarized brightness (the southwest region, between position
angles of 180° and 270°). The EVPA varies almost linearly,
from around 〈χ〉=− 80° (in the south) up to around 〈χ〉= 30°
(in the east). The EVPAs on 2017 April 11 are slightly higher

(i.e., rotated counter-clockwise) compared to those on 2017
April 5. This difference is clearly seen for eht-imaging,
polsolve, and THEMIS, though the difference is smaller for
DMC and LPCAL. We notice, though, that the differences in
the EVPAs between days could also be affected by small shifts
in the estimates of the image center on each day. Outside of the
region with high polarization, the EVPA distributions for all
methods start to depart from each other. There is a hint of a
constant EVPA 〈χ〉∼ 0° in the northern region (i.e., position
angles around 0°–50°) in polsolve and LPCAL on both
days, but the other methods show larger uncertainties in this
region.
The discrepancies in EVPA among all methods only appear

in the regions with low brightness (i.e., around the northern part
of the ring). Therefore, polarization quantities defined from
intensity-weighted image averages, discussed in the next
sections, will be dominated by the regions with higher
brightness, for which all methods produce similar results.
Image-averaged quantities are somewhat more robust to
differences in the calibration and image reconstruction
algorithms, though they are not immune to systematic errors.

5.3. Image-averaged Quantities

In comparing polarimetric images of M87, we are most
interested in identifying acceptable ranges of three image-
averaged parameters that are used to distinguish between
different accretion models in Paper VIII: the net linear
polarization fraction of the image |m|net, the average polariza-
tion fraction in the resolved image at 20 μas resolution 〈|m|〉,
and the m= 2 coefficient of the azimuthal mode decomposition

Figure 7. Fiducial M87 average images produced by averaging results from our five reconstruction methods (see Figure 6). Method-average images for all four M87
observation days are shown, from left to right. These images show the low-band results; for a comparison between these images and the high-band results, see
Figure 28 in Appendix I. We employ here two visualization schemes (top and bottom rows) to display our four method-average images. The images are all displayed
with a field of view of 120 μas. Top row: total intensity, polarization fraction, and EVPA are plotted in the same manner as in Figure 6. Bottom row: polarization “field
lines” plotted atop an underlying total intensity image. Treating the linear polarization as a vector field, the sweeping lines in the images represent streamlines of this
field and thus trace the EVPA patterns in the image. To emphasize the regions with stronger polarization detections, we have scaled the length and opacity of these
streamlines as the square of the polarized intensity. This visualization is inspired in part by Line Integral Convolution (Cabral & Leedom 1993) representations of
vector fields, and it aims to highlight the newly added polarization information on top of the standard visualization for our previously published Stokes ! results
(Papers I, IV).
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M87 CRESCENT ORIENTATIONNalewajko et al.: Orientation of crescent image of M87*

Fig. 1. Image of BH M87* at 1.3 mm wavelength obtained on
April 11, 2017 by the Event Horizon Telescope (adapted from
Fig. 3 in EHT Collaboration 2019a). The grey contour levels cor-
respond to brightness temperature values of (2, 2.5, 3, ..., 5.5) ⇥
109 K. The white dashed lines indicate a photon ring of diameter
42 µas equivalent to ' 11M , and the position angle of large-scale
jet PA = 288� (NWW). The units of the grid are the angular
size of the M87* gravitational radius ✓g ' 3.8 µas.

the average reconstructed EHT image of M87*, reproduc-
ing the observed closure phases with good accuracy. We
also simulated EHT observations of basic crescent images
in order to understand how the closure phases respond to
varying the crescent orientation.

The results of simulated EHT observations were com-
pared with the actual calibrated photometric EHT data on
M87* from the EHT Science Release 1 (SR1) package (EHT
Collaboration 2019g). We consider only the results obtained
in the higher-frequency band (centred at 229.1 GHz), since
the results obtained in the lower-frequency band (centred
at 227.1 GHz) are essentially the same for our purposes.
Individual measurements are grouped into scans, within
which the time separations between consecutive measure-
ments are < 36 s. For each scan, we calculate the mean
values of baselines (hui, hvi) and complex visibility hIi =
hIiamp exp(i h i), from which the mean values of visibil-
ity amplitude hIiamp and visibility phase h i are derived.
We attempted to evaluate the signal-to-noise values for the
photometric scans, we noticed however that the Isigma
values reported in the SR1 dataset appear to be under-
estimated. Instead, for each scan we evaluated the mea-
surement uncertainties as �I = rms(Isigma), and for the
calculation of significant closure phases we require that
minij{hIiamp,ij /�I,ij} > 0.15.

3. Results

Fig. 1 shows our rendering of the EHT image of M87* for
2017 April 11, adapted from Fig. 3 in EHT Collaboration
(2019a), that we use for reference. The peak flux density in
terms of brightness temperature is 5.7⇥ 109 K.

Fig. 2. Schematic geometry of the axially symmetric emitting
regions in the space of Boyer-Lindquist coordinates (r, ✓). The
emitting regions are limited to r < rmax = 6M and ✓min <
✓,⇡ � ✓ < ✓max. In the case of polar caps (TH1), we adopt
✓min = 0 and ✓max = 30�. In the case of equatorial disk (TH4),
we adopt ✓min = 75� and ✓max = 90�.

We first study the e↵ect of location of the emitting re-
gions in the ✓ space, considering the following four cases:
(TH1) ✓min = 0 and ✓max = 30� (polar caps); (TH2)
✓min = 30� and ✓max = 45�; (TH3) ✓min = 45� and
✓max = 75�; (TH4) ✓min = 75� and ✓max = 90� (equato-
rial ring). The results are shown in Fig. 3 for two extreme
values of BH spin: a = 0 and a = 0.9. We note that there is
only a mild e↵ect of BH spin on the images produced with
rmax = 6M .

In the case of polar caps (TH1), the image is dominated
by a single compact hot spot slightly o↵set from the image
centre along the jet direction, coinciding with the middle
of the shadow observed by the EHT. This is an image of
the front polar cap, while the image of the back polar cap
is smeared roughly uniformly along the photon ring. In the
case TH2, the image of the front cap becomes extended,
but remains centrally peaked. In the case TH3, the image
morphology turns into a ring of radius ⇠ 4Rg without a
deep shadow on top of a roughly uniform image of the back
ring spanning the entire photon ring. Finally, in the case
of equatorial ring (TH4), the size of the simulated image
becomes consistent with the size of the EHT image, but
the brightness distribution along the ring is fairly uniform.
The e↵ect of BH spin is that for a = 0 the brightest sector
of the ring is that opposite to the jet direction, while for
a = 0.9 it is rotated towards the southern side (CW in
the case of TH2 and CCW in the case of TH3). Without
additional Doppler beaming, there is too much emission
from the northern part of the ring.

We now consider the e↵ect of Doppler beaming due to
the motion of the emitting plasma. First, in the case of
polar caps (TH1), we study the e↵ect of radial infall with
fixed coordinate velocity �r. Fig. 4 shows that the image of
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spread represents the error in our approximations and should taken as the uncertainty in all our
calculated quantities due to the model. This figure also shows that βF > 1 (the analyzed region is
beyond the light cylinder). BP

anchor for a variety of different possible anchoring regions are indicated
in the middle right panel of Figure 3. High spin, a = 0.99 M, was chosen so we can explore the region
r < 3M and Ωkep in Equation (10) varies minimally with allowed spin values for r > 3M.

% Polarization

Black Hole
DISK

ANCHORING
PLASMA

Line of Sight

Small Faraday
Depolarization

Parker
Spiral

A Disk Geometry with Internal Faraday
Depolarization in the Middle and a Parker Spiral Near Faces

50 !as 

      April 11

Bright
Spot

Magnetic Field
Burried in 
Tubulent Disk Large Internal

Faraday 
Depolarizatiom

Figure 4. The top left insert shows the polarization pattern (see text for details) from
(EHT Collaboration et al. 2021a). We overlay some yellow Parker spiral type field lines to highlight a
possible connection. The dashed red curve indicates a region of high Faraday depolarization. The cartoon
in the lower right, shows the proposed connection between these features and the sources of the tubular jet
found in the middle right panel of Figure 3.

5. IS THERE A CONNECTION TO THE EHT POLARIZATION PATTERN?

The middle, right panel of Figure 3 indicates candidate anchoring sites within the EHT annulus.
In this section, we explore the compatibility of the tubular jet physical properties with the EHT
annulus. We consider these circumstances:

1. The extension of the luminous tubular jet is < 60M (de-projected) above the EHT annulus
(Hada et al. 2016; Kim et al. 2018; Punsly 2019).

2. The bilateral jet transports ≈ 1.2×10−4M"/yr and the inner disk is a large reservoir of protons.

Punsly & Chen (2021)








