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at 100 Schwarzschild radii

from the central black hole
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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 years’, and observations
have hitherto had insufficient spatial resolution to investigate the
length scales associated with these processes>. 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 field*.

The EO galaxy M87 at the centre of the Virgo cluster contains one
of the nearest® (14.7 Mpc from Earth) extragalactic jets*™. Hubble
Space Telescope spectroscopy of its nucleus has given strong
evidence for a rapidly rotating ionized gas disk at its centre'®™"?,
from which the presence of a central black hole is inferred, the
mass of which is about 3 X 10° solar masses (for which
rs = 2GM/c* = 0.0003 pc, where G is the gravitational constant,
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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 X 0.12mas (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
manner®. 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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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 Galaxy™", 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 scales””™7. 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 + 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 resolution™",
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-wavelength' observations with lower
resolution, and from an earlier 7-mm global VLBI programme
with poorer sensitivity (W.J., J.LA.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

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 65, 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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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) fit'® 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 (- = 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 5GHz (W.J., J.AB., F. Owen and M. Begelman, unpublished results); cross, VLBA
609 MHz FWQM (W.J. and J.A.B., unpublished results); open square, ref. 18.

the limb-brightened structures, is ~60° on scales <0.5mas
(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, 6, between the jet axis and the observer
will tend to broaden the apparent opening angle by ~(sin 6)™'
(where 6 lies between 10° and 40° in M87'*), 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 6. It is unlikely
that the inclination angle 6 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 jets*".
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
disk***'. 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
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AGN (~0.04 pc), the observed outflow already is weakly collimated
(opening angle = 1rad) in the direction of the large-scale jet. This
gives the ratio of the collimation distance, r,, to the fiducial scale
r./ts = 100. This is consistent with a picture in which the jet is
formed (that is, accelerated and collimated) by an accretion
disk?***, 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 scales'>**. 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. O
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