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Compact galactic and extragalactic radio sources can be imaged with an unsurpassed angular

resolution of a few ten micro-arcseconds, adopting the observing technique of global millime-

ter VLBI. Here, we present the Global Millimeter VLBI Array (GMVA) and discuss its present

performance. We show and discuss new results obtained with the GMVA for individual and par-

tially archetypal radio sources with prominent VLBI jets (e.g. 3C 120, Cygnus A, M 87, 3C 454.3,

NRAO150). The variety of observed effects range from jet propagation and bending, partial fore-

ground absorption in the nucleus, and jet component ejection after major �ares to new and very

small (15 � 20 Schwarzschild radii) upper limits to the jet base of M 87. We also discuss the fu-

ture development of mm-VLBI at 3 mm and towards shorter wavelengths, and make suggestions

for possible improvements.
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1. Introduction

VLBI studies at centimeter wavelengths have already revealed a wealth of details about the
morphology and propagation of the powerful AGN radio jets. The detailed understanding of their
physical origin, however, is still limited and it is very unclear, how these jets are launched and accel-
erated and how the jet base is connected to the ‘central engine’. The recent development in black
hole theory and computer simulations suggest that general relativistic magneto-hydrodynamical
(GR-MHD) processes, i.e., the interplay of matter accretion, magnetic �elds a nd space-time cur-
vature, eventually modi�ed by black hole rotation (Kerr metric), may play an impo rtant role (see
[15], [10], [19]). However, not many observational constraints to the physical parameters of these
models are yet available. It is also unclear, if GR-MHD-driven jet acceleration occurs in all classes
of radio-loud AGN, or is present in only some objects. It is hoped that VLBI studies of AGN at
short millimeter wavelengths (λ � 3 mm, mm-VLBI) can contribute to answering these questions.
Depending on the physical details of the jet acceleration and collimation processes, the compact-
ness and brightness temperatures of the radio cores must change with distance from the center.
Similarly, the morphological, spectral and kinematical properties of the innermost jet regions will
change, depending on the nature of the ‘central accelerator’. Therefore, VLBI imaging at the
highest possible frequencies should be used to determine/measure the variation of observational
parameters, like i.e., the brightness temperature, jet velocity and jet spectrum along the jet, and as
close as possible down to the jet origin. Since at cm-wavelengths the jet base appears self-absorbed
and unresolved, the highest possible observing frequencies and angular resolutions are required to
image and study these regions.

2. Present-day Global Millimeter VLBI

We will now focus on some new results obtained with the Global mm-VLBI Array (GMVA)1.
The GMVA is open to the scienti�c community, offering global VLBI observing in the 3-mm band
on a regular basis. At present, two observing sessions per year, each of up to 5 days duration,
are carried out. More frequent observations are in principle possible, if the demand for this (via
proposal pressure) increases. Proposal calls are synchronized with the annual February 1st and
October 1st NRAO deadlines. The GMVA combines the European antennas (the 100-m Effelsberg
(EB), Germany, the 30-m Pico Veleta (PV), Spain, the phased 6 � 15-m Plateau de Bure Interfer-
ometer (PdB), France, the 20-m Onsala (ON), Sweden, and the 14-m Metsähovi (MET), Finland)
with the VLBA, of which eight antennas are presently equipped with 3-mm receivers.

In Figure 1, we show some typical uv-coverages for the GMVA for sources at four different,
representative declinations. Mainly due to the participation of the two very sensitive IRAM tele-
scopes (PV & PdB) and the 100-m Effelsberg telescope, the array sensitivity is improved by a factor
of 3�4, when compared to the VLBA alone. In the standard observing mode with Mark 5 recording
at 512 Mbit/s, the single baseline 7σ �detection threshold on the most sensitive PV�PdB baseline is
30-40 mJy, and from the IRAM antennas to one of the VLBA antennas it is 50-100 mJy (assuming
100 s integration and 20 s coherence time). This has to be compared with a 200�300 mJy detection
level, which is reached between two VLBA antennas. The intra-American sensitivity will improve,

1web link: http://www.mpifr-bonn.mpg.de/div/vlbi/globalmm
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Figure 1: Typical uv-coverages for the VLBI array of the 13 radio telescopes presently participating in
the global 3-mm VLBI with the GMVA. For each observation, a duration of 12 h and a duty cycle (VLBI
time over total time) of � 50 % was adopted. >From top left to bottom right, uv-coverages for a source at
declination δ = 70�, 40�, 10�, and �10� are shown.

when the 100-m Green Bank telescope (GBT) becomes available for 3-mm VLBI. The quality of
present-day 3-mm VLBI maps and their rms noise level is mainly determined by the atmospheric
conditions during the observations. As a compromise for good observing conditions at all VLBI
stations, observations in spring (April, May) and autumn (October) are performed. It is frequently
discussed if mm-VLBI observations during winter time (January, February) might be better suited.
However, cold periods of low humidity appear often only locally and are neither well predictable
nor long enough in present European climate. With up to 13 stations participating in a GMVA
observation, images with a dynamic range of up to a few hundred can be obtained, reaching a rms
noise level of � 0:5 � 2 mJy/beam for a 12-hour full uv-coverage observation (at 512 Mbit/s, 50 %
duty cycle). In mm-VLBI the short coherence time and the atmospheric opacity variations require
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the heavy use of closure amplitudes and amplitude self-calibration down to the time scale of atmo-
spheric �uctuations. Therefore it is vital for mm-VLBI that the number of pa rticipating telescopes
is as large as possible (N � 10).

For compact galactic and extragalactic radio sources, the GMVA provides VLBI images with
an angular resolution of up to 40 µas. For a source at redshift z = 0:1, this corresponds to a linear
scale of 2:2 �1017 cm (or 0.07 pc or 85 light days)2. When expressed in terms of Schwarzschild radii
of a black hole of mass 109 M� (R9

S := RS(109M� )), a linear size of 740 R9
S is obtained, comparable

to the expected size of an accretion disk. Mainly technically-driven VLBI pilot experiments, per-
formed at 2 mm and 1 mm have recently revealed �rst transatlantic fringes at a world record fringe
spacing of up to � 6 Gλ (30 � 35µas) (for details see [23], [24], [12]). This demonstrates the
principal feasibility of global VLBI at wavelengths shorter than λ � 2 mm and shows that VLBI
imaging with 15 � 20 µas resolution is within reach. Depending on source distance and central
black hole mass, this corresponds to sizes ranging from a few to a few hundred gravitational radii
(or Schwarzschild radii). This resolution is so high that future and more sensitive mm-VLBI ex-
periments at λ � 1 mm, should facilitate the observation of direct signatures of General Relativity
(GR) effects near super massive black holes (SMBH).

2.1 Examples of radio jets studied with 3-mm VLBI:

In the following section we highlight some new and partly still preliminary results obtained from
recent global 3-mm VLBI observations. The results of a more statistically oriented new 3-mm
VLBI detection survey are presented by Lee et al. (this conference).

3C 120: In Figure 2, we show two VLBI maps of 3C 120 obtained with the GMVA in April 2003
(10 stations, mode: 256-8-2, 11 h) and in October 2004 (12 stations, mode: 512-8-2, 12 h). The
dynamic ranges of the two maps are 200:1 and 300:1, respectively. At the redshift of z = 0:033, the
observing beam size of � 0:25 � 0:06 mas corresponds to a spatial resolution of 0:16 � 0:04 pc, or
in terms of a 3 �107 M� black hole to a linear scale of 4:1�104 R7

S for the minor beam axis. At and
below the 0.5 mas scale, structural differences and a misalignment of the orientation of the inner jet
between both epochs are visible. Much more densely time-sampled observations will be necessary
to follow the expected motion of � 2 mas/yr ([17]). A slightly super-resolved map of April 2003,
reveals an ‘S-shaped’ structure on the 0:1�0:2 mas scale. This and the change of the position angle
of the sub-mas jet on a 1.5-year time scale support the idea of helical Kelvin-Helmholtz instabilities
that may be induced by some sort of ‘rotation’ at the jet base ([9], [18]).

Beyond the 0.5 mas scale, the 3-mm-VLBI jet fades and breaks into �lamentary sub-components.
A demonstration of the reality of this weak and extended jet emission is obtained from the inspec-
tion of the right panel of Figure 2. Here, we show uv-tapered VLBI images observed within a
16-day interval at 43 GHz (VLBA) and 86 GHz (GMVA). Both maps are convolved with the same
CLEAN-beam of size 0:3 � 0:1 mas and show weak jet emission at corresponding locations on the
mas-scale. Future, more detailed analysis will be necessary to �nd out if the partial misalignment
of the jet ridge-line in 0:2 � 0:5 mas region can be interpreted by transverse opacity effects and jet

2Through out this paper we adopt the following cosmological constants: H0 = 71 km/s/Mpc, Ωm = 0:27, ΩΛ = 0:73.
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Figure 2: Left: Clean maps of 3C 120 observed at 86 GHz with the GMVA in April 2003 (top) and October
2004 (below). Contours and peak �uxes are shown below each ma p. Right: 3C 120 observed at 43 GHz with
the VLBA (top) and at 86 GHz with the GMVA (below). The 86-GHz image is from October 12, the 43-GHz
image is from October 28, 2004 (Marscher et al., [28]). Contour levels are at -0.3, 0.3, 0.6, 1.2, 2.4, 4.8, 9.6,
19.2, 38.4, and 76.8 % of peak �ux densities of 0.73 Jy/beam at 43 GHz and 0.46 Jy/beam at 86 GHz. For a
better comparison, both maps are convolved with the same elliptical beam of size 0:3 � 0:1 mas.

strati�cation.

M 87: The nearby radio galaxy M 87 (Virgo A, 3C 274) is one of the closest (z = 0:00436, D =

16:75 Mpc) radio galaxies with a prominent radio jet. It is an ideal object for high spatial resolution
VLBI studies that address the question how the powerful and relativistic jets in AGN are formed.
For the assumed black hole mass of 3 � 109M� , the Schwarzschild radius is R9

S = 8:9 � 1014 cm,
which translates for a GMVA observing beam of 50�60 µas to an exceptionally high spatial reso-
lution corresponding of only 14 � 17 Schwarzschild radii for this source.

We note that a similar spatial resolution in terms of Schwarzschild radii is obtained for the
3:6 � 106 M� black hole in the center of our Galaxy (Sgr A*) at a shorter wavelength of 1.3 mm
(for details see [22], [25] and references therein). The low declination of Sgr A* and the lack of
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Figure 3: Preliminary 86-GHz VLBI images of M 87 (3C 274) obtained with global 3-mm VLBI in
April 2002, 2003, and 2004 (from left to right). The contour levels are at -0.3, 0.3, 0.6, 1.2, 2.4, 4.8,
9.6, 19.2, 38.4, and 76.8 % of the peak �ux density of 0.52 Jy/b eam (2002), 0.73 Jy/beam (2003), 0.35
Jy/beam (2004). In the map of 2002, the lowest contour level is omitted. The restoring beam sizes are
0:23 � 0:057 mas (2002), 0:31 � 0:062 mas (2003), and 0:20 � 0:054 mas (2004), respectively.

sensitive millimeter antennas in the Southern Hemisphere, however, will most likely not permit to
image Sgr A* at 1 mm with suf�ciently high dynamic range (and a not too elongate d observing
beam) for the next 5 � 10 years. In this context, the mm-VLBI observations of M 87 are more
promising for the search of GR-effects in the vicinity of a SMBH.

Since the mid 1990’s, several attempts have been made to obtain a reliable image of M 87
with global 3-mm VLBI. With a correlated �ux density of only � 300 � 600 mJy at the longest
uv-spacings (� 3 Gλ ), the nucleus of M 87 is relatively weak and fringe detection requires a high
sensitivity, which is now provided by the GMVA. The preliminary maps presented in Figure 3
show the structure of the inner jet at three epochs: April 2002, 2003, and 2004, respectively. The
observations in 2002 and 2003 were made at 256 Mbit/s, while in 2004 the recording rate was
increased to 512 Mbit/s. The amount of visibility data with the three most sensitive telescopes (EB,
PV, PdB) largely determines the quality of the maps.

In April 2002, the source was observed with 12 VLBI stations (8 � VLBA, EB, ON, PV,
HSTK). Unfortunately, bad weather at EB and PV limited the dynamic range of the resulting map
(Fig. 3, left). Tapering this image with a larger beam (not shown here), however, shows an edge-
brightened, transversely resolved and conical jet with similar opening angle as seen in the 43-GHz
images of the VLBA ([20], [26]) and also in the later 3-mm map of April 2004 (Figure 3, right).

In April 2003, the source was observed with participation of the phased IRAM interferometer
on Plateau de Bure. The combination of this sensitive telescope with the other VLBI stations
(EB, PV, ON, 8 � VLBA), resulted in a better map (see Fig. 3, center). The source exhibits
a core-jet structure and embedded several distinct emission features aligned at a position angle of
PA � �(110�120)�, which coincides with the orientation of the southern border of the jet cone (cf.
Fig. 3, right). The two times higher brightness of the VLBI core in this epoch (peak �ux densities
of 0.52 Jy/beam in 2002, 0.73 Jy/beam in 2003, and 0.35 Jy/beam in 2004) and the dynamic range
limitations may explain the lack of faint jet emission, seen at larger core separations in the 2002
and 2004 image. In 2002 and 2004, the jet appeared one-sided with all of the extended jet emission
located west of the brightest component. In 2003, however, a partially resolved component located
� 0:2 mas east to the � 4 times brighter central and more compact component was seen. At present,
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it is unclear if this eastern component should be identi�ed with the jet base (wh ich then must vary in
compactness considerably), or if it is part of a counter-jet. More evidence for a counter-jet comes
from a new 43-GHz VLBA map obtained by Ly et al., [26], but is not seen at cm-wavelengths
([11]).

In April 2004, M 87 was observed with 10 stations (EB, ON, PV, 7 � VLBA). Due to the
failure of its H-maser, the PdB interferometer was not available (a new H-maser is now delivered).
Because of the now increased recording rate of 512 Mbit/s, the imaging sensitivity was improved
and the source could be reliably imaged. The map in Figure 3 (right) shows again the known Y-
shaped (conical) jet expansion, most of which takes places on the � 0:3 � 0:5 mas scale. Thus,
the linear size of the region of jet collimation is � (85 � 140) Schwarzschild radii. The transverse
width of the jet at r = 0:5 � 2 mas is of the order of 0:5 � 0:7 mas, corresponding to � 140 � 200
Schwarzschild radii, showing clear signs of edge-brightening and a ‘hollow’ or at least faint central
jet body. If this central jet region would contain a fast electron population (fast spine), the �

20�40� jet inclination relative to the observer could lead to Doppler de-boosting that would reduce
its observable brightness. In 2004 (and in 2002) the jet base appeared unresolved, with an upper
limit to its size determined by the actual synthesized beam. If we assume that the minor axis
of the beam is a measure of the underlying size of the foot-point of the jet, we obtain an upper
limit of 54µas, corresponding to a spatial scale of only � 15 R9

S. The lower limit of the brightness
temperature of the core component is then TB � 2 �1010 K. No �rm statement can yet be made with
regard to the distance of the jet base relative to the central SMBH. The back-extrapolation of the jet
cone to its vertex, however, indicates that this distance is small and of the order of � 0:1�0:3 mas,
or � 30 � 90 R9

S.
We �nd it very remarkable that the size of the VLBI core, which should be id enti�ed with the

region of the jet, where it �rst becomes radiative, is so small. The existence of a fully developed jet
on such small spatial scales will give important new constraints for the theory of jet formation. Jet
models based on the magnetic sling shot mechanism (Blandford & Payne, [7], [8]) assume ef�cient
particle acceleration along the S-shaped magnetic �eld lines up to Lorentz fac tors of γ = 10 � 20.
The �eld lines are anchored to the inner part of the rotating accretion disk a nd probably form heli-
cal magnetic �ux tubes, which may explain the observed bent and sometimes ed ge-brightened jet
morphology (core-sheath structure). In these models, the diameter of the jet base is de�ned by the
transverse width of the jet after initial acceleration, being of the order � γ �2RL, where γ is the bulk
Lorentz factor and RL is the radius of the light cylinder ([8], [33]). The light cylinder should have
a radius of typically (10 � 50)RS ([8],[13]). If we assume for the Lorentz factor 2 � γ � 3 (as de-
rived from the motion seen on pc scales), one would expect a size of the jet base of � (40�300)R9

S,
which is at least 3 times larger than the measured size. One way out of the problem is to assume
that the central BH is rotating (Kerr BH). This would reduce the radius of the light cylinder and the
width of the jet base by up to a factor of 3 (e.g. [30]). In this case, the observed small size of the
VLBI core would favor jet models, in which the jet gains energy directly from BH-rotation ([6],
[29], [19]).

Cygnus A: Another argument for the relevance of magnetic acceleration in radio jets comes from
multi-frequency studies of the kinematics in the jet and counter-jet of Cygnus A. In Figure 4 (left),
we show some VLBI maps of the source at 15�86 GHz (data: Bach et al., see [4], [5]). At 86 GHz,
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