
EF and kF feature in the geometry. An early
indication of such scales was seen in (24, 36) in a
variant of the story that geometry is not universal
in string theory: The geometry depends on the
probe used, and different probes experience
different geometric backgrounds. The absence
of these scales in the general relativistic descrip-
tion of the AdS black hole could thus be an
artifact of the Riemannian metric description of
space-time.

Regardless of these questions, AdS/CFT has
shown itself to be a powerful tool to describe
finite-density Fermi systems. The description of
the emergent Fermi liquid presented here argues
that AdS/CFT is uniquely suited as a computa-
tional device for field theory problems suffering
from fermion sign problems. AdS/CFT repre-
sents a rich mathematical environment and a new
approach to qualitatively and quantitatively in-
vestigate important questions in quantum many-
body theory at finite fermion density.

References and Notes
1. M. Troyer, U. J. Wiese, Phys. Rev. Lett. 94, 170201

(2005).
2. S. Sachdev, Quantum Phase Transitions (Cambridge Univ.

Press, Cambridge, 1999).
3. J. Zaanen, Science 319, 1295 (2008).
4. D. van der Marel et al., Nature 425, 271 (2003).
5. J. Zaanen, Nature 430, 512 (2004).
6. T. Senthil, Phys. Rev. B 78, 035103 (2008).
7. F. Krüger, J. Zaanen, Phys. Rev. B 78, 035104 (2008).

8. D. T. Son, A. O. Starinets, Annu. Rev. Nucl. Part. Sci. 57,
95 (2007).

9. S. S. Gubser, A. Karch, http://arxiv.org/abs/0901.0935
(2009).

10. C. P. Herzog, P. Kovtun, S. Sachdev, D. T. Son, Phys. Rev. D
75, 085020 (2007).

11. S. A. Hartnoll, P. K. Kovtun, M. Muller, S. Sachdev,
Phys. Rev. B 76, 144502 (2007).

12. S. S. Gubser, Phys. Rev. D 78, 065034 (2008).
13. S. A. Hartnoll, C. P. Herzog, G. T. Horowitz, Phys. Rev.

Lett. 101, 031601 (2008).
14. S. A. Hartnoll, C. P. Herzog, G. T. Horowitz, J. High Energy

Phys. 0812, 015 (2008).
15. D. T. Son, Phys. Rev. D 78, 046003 (2008).
16. K. Balasubramanian, J. McGreevy, Phys. Rev. Lett. 101,

061601 (2008).
17. A. Adams, K. Balasubramanian, J. McGreevy, J. High

Energy Phys. 0811, 059 (2008).
18. S. A. Hartnoll, Science 322, 1639 (2008).
19. S. A. Hartnoll, http://arxiv.org/abs/0903.3246 (2009).
20. M. Kulaxizi, A. Parnachev, Nucl. Phys. B 815, 125 (2009).
21. A. Karch, D. T. Son, A. O. Starinets, Phys. Rev. Lett. 102,

051602 (2009).
22. M. Kulaxizi, A. Parnachev, Phys. Rev. D 78, 086004

(2008).
23. L. Brits, M. Rozali, http://arxiv.org/abs/0810.5321 (2008).
24. H. H. Shieh, G. van Anders, J. High Energy Phys. 0903,

019 (2009).
25. See supporting material on Science Online.
26. ARPES Fermi-surface measurements assume that

electrons are the only relevant charged objects. If this
is so, then it measures the electron (i.e., fermion) spectral
function. This spectral function is what we compute here,
even though in our AdS setup the fermions are almost
certainly not the only charged objects.

27. H. Liu, J. McGreevy, D. Vegh, http://arxiv.org/abs/
0903.2477 (2009).

28. S. S. Lee, Phys. Rev. D 79, 086006 (2009).
29. E. M. Lifshitz, L. P. Pitaevskii, Statistical Physics, Part 2

(Pergamon, Oxford, 1980).
30. H. J. Schulz, G. Cuniberti, P. Pieri, in Field Theories for

Low-Dimensional Condensed Matter Systems, G. Morandi,
P. Sodano, A. Tagliacozzo, V. Tognetti, Eds. (Springer,
Berlin, 2000), chap. 2.

31. M. Randeria, A. Paramekanti, N. Trivedi, Phys. Rev. B 69,
144509 (2004).

32. Note that the m = 0 spectral peak discussed in
(27) is therefore not the peak we identified with the
quasi-particle state. See (25).

33. M. J. Lawler, V. Fernandez, D. G. Barci, E. Fradkin,
L. Oxman, Phys. Rev. B 73, 085101 (2006).

34. P. K. Kovtun, A. O. Starinets, Phys. Rev. D 72, 086009
(2005).

35. H. T. Cho, A. S. Cornell, J. Doukas, W. Naylor, Phys. Rev. D
77, 016004 (2008).

36. M. Rozali, H. H. Shieh, M. Van Raamsdonk, J. Wu, J. High
Energy Phys. 0801, 053 (2008).

37. We thank F. Denef, S. Hartnoll, H. Liu, J. McGreevy,
S. Sachdev, D. Sadri, and D. Vegh for discussions.
Supported by a VIDI Innovative Research Incentive Grant
(K.S.) from the Netherlands Organization for Scientific
Research (NWO) and by a Spinoza Award (J.Z.) from NWO
and the Dutch Foundation for Fundamental Research on
Matter (FOM).

Supporting Online Material
www.sciencemag.org/cgi/content/full/1174962/DC1
SOM Text
Fig. S1
References

14 April 2009; accepted 16 June 2009
Published online 25 June 2009;
10.1126/science.1174962
Include this information when citing this paper.

REPORTS

Radio Imaging of the Very-High-Energy
g-Ray Emission Region in the
Central Engine of a Radio Galaxy
The VERITAS Collaboration, the VLBA 43 GHz M87 Monitoring Team,
the H.E.S.S. Collaboration, the MAGIC Collaboration*

The accretion of matter onto a massive black hole is believed to feed the relativistic plasma jets
found in many active galactic nuclei (AGN). Although some AGN accelerate particles to energies
exceeding 1012 electron volts and are bright sources of very-high-energy (VHE) g-ray emission, it is
not yet known where the VHE emission originates. Here we report on radio and VHE observations of
the radio galaxy Messier 87, revealing a period of extremely strong VHE g-ray flares accompanied
by a strong increase of the radio flux from its nucleus. These results imply that charged particles
are accelerated to very high energies in the immediate vicinity of the black hole.

Active galactic nuclei (AGN) are extra-
galactic objects thought to be powered
by massive black holes in their centers.

They can show strong emission from the core,
which is often dominated by broadband con-
tinuum radiation ranging from radio to x-rays
and by substantial flux variability on different
time scales. More than 20 AGN have been es-

tablished as very-high-energy (VHE) g-ray emit-
ters with measured energies above 0.1 TeV; the
jets of most of these sources are believed to be
aligned with the line of sight to within a few de-
grees. The size of the VHE g-ray emission region
can generally be constrained by the time scale of
the observed flux variability (1, 2), but its location
remains unknown.

We studied the inner structure of the jet of the
giant radio galaxy Messier 87 (M87), a known
VHE g-ray–emitting AGN (2–5) with a (6.0 T

0.5) × 109 solar mass black hole (6) (scaled by
distance), located 16.7 Mpc (54 million light
years) away in the Virgo cluster of galaxies. The
angle between its plasma jet and the line of
sight is estimated to lie between 15° and 25°
[see supporting online material (SOM) text].
The substructures of the jet, which are ex-
pected to scale with the Schwarzschild radius
Rs of the black hole (7), are resolved in the
x-ray, optical, and radio wave bands (8) (Fig. 1).
High-frequency radio very-long-baseline inter-
ferometry (VLBI) observations with resolu-
tion under a milli–arc second (milli–arc sec)
are starting to probe the collimation region of
the jet (9). With its proximity, bright and well-
resolved jet, and very massive black hole, M87
provides a unique laboratory in which to study
relativistic jet physics in connection with the
mechanisms of VHE g-ray emission in AGN.

VLBI observations of the M87 inner jet
show a well-resolved, edge-brightened structure
extending to within 0.5 milli–arc sec (0.04 pc or
70 Rs) of the core. Closer to the core, the jet has
a wide opening angle, suggesting that this is the
collimation region (9). Generally, the core can
be offset from the actual location of the black
hole by an unknown amount (10), in which case
it could mark the location of a shock structure or
the region where the jet becomes optically thin.
However, in the case of M87, a weak structure

*The full list of authors and affiliations is presented at the
end of this paper.
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is seen on the opposite side of the core from the
main jet, which may be the counter-jet, based on
its morphology and length (11, 12). Together
with the observed pattern in opening angles, this
suggests that the black hole of M87 is located

within the central resolution element of the VLBI
images, at most a few tens of Rs from the radio
core (see SOM text). Along the jet, previous mon-
itoring observations show both near-stationary
components (12) (parsec scale) and features that

move at apparent superluminal speeds (13, 14)
(100 pc scale). The presence of superluminal mo-
tions and the strong asymmetry of the jet bright-
ness indicate that the jet flow is relativistic. The
near-stationary components could be related to
shocks or instabilities that can be either stationary
(for example, if they are the result of interaction
with the external medium) or slowly moving (if
they are the result of instabilities in the flow).

A first indication of VHE g-ray emission
from M87 was reported by the High Energy
Gamma-Ray Astronomy (HEGRA) Collabora-
tion in 1998/1999 (3). The emission was con-
firmed by the High Energy Stereoscopic System
(H.E.S.S.) in 2003 to 2006 (2), with g-ray flux
variability on time scales of days. M87 was de-
tected again with the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) in
2007 (4) and, recently, the short-term variabil-
ity was confirmed with the Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC) tel-
escope during a strong VHE g-ray outburst (5)
in February 2008. Causality arguments imply
that the emission region should have a spatial
extent of less than ≈5dRs, where d is the rela-
tivistic Doppler factor. This rules out explana-
tions for the VHE g-ray emission on the basis of
(i) dark matter annihilation (15), (ii) cosmic-ray
interactions with the matter in M87 (16), or (iii)
the knots in the plasma jet (Fig. 1C). Leptonic
(17, 18) and hadronic (19) VHE g-ray jet emis-
sion models have been proposed. However, the
location of the emission region is still unknown.
The nucleus (20, 21), the inner jet (22), or larger
structures in the jet, such as the knot HST-1
(Fig. 1C), have been discussed as possible sites
(14). Because the angular resolution of VHE ex-
periments is of the order of 0.1°, the key to
identifying the location of the VHE g-ray emis-
sion lies in connecting it to measurements at other
wave bands with considerably higher spatial
resolutions. An angular resolution more than six
orders of magnitude better (less than 6 × 10−8

degrees, corresponding to approximately 30Rs
in the case of M87) can be achieved with radio
observations (Fig. 1).

We used the H.E.S.S. (23), MAGIC (24), and
VERITAS (25) instruments to observe M87 dur-
ing 50 nights between January and May 2008,
accumulating over 95 hours of data (corrected
for the detector dead times) in the energy range
between 0.1 TeVand several 10s of TeV. Simul-
taneously, we monitored M87 with the Very Long
Baseline Array (26) (VLBA) at 43 GHz with a
resolution of 0.21 × 0.43 milli–arc sec (27), cor-
responding to about 30 × 60 Rs. During the first
half of 2008, three x-ray pointings were per-
formed with the Chandra satellite (28). Our light
curves are shown in Fig. 2.

We detected multiple flares at VHE in Feb-
ruary 2008 with denser sampling, following a
trigger sent by MAGIC [~23 hours of the data
published in (5)]. The short-term VHE variability,
first observed in 2005 (2), is clearly confirmed
and the flux reached the highest level observed

Fig. 1. M87 at different photon frequencies and length scales. (A) Comparison of the different length
scales. (B) 90-cm radio emission measured with the VLA. The jet outflows terminate in a halo that has a
diameter of ~80 kpc (15′). The radio emission in the central region is saturated in this image. [Credit:
F. N. Owen, J. A. Eilek, and N. E. Kassim (32), NRAO/Associated Universities Incorporated/NSF] (C)
Zoomed image of the plasma jet with an extension of 2 kpc (20′′), seen in different frequency bands:
x-rays (Chandra, top), optical (V band, middle), and radio (6 cm, bottom). Individual knots in the jet and
the nucleus can be seen in all three frequency bands. The innermost knot HST-1 is located at a
projected distance of 0.86 arc sec (60 pc, ≈105Rs) from the nucleus. [Credit: x-ray, NASA/Chandra X-Ray
Observatory Science Center/Massachusetts Institute of Technology/H. Marshall et al.; radio, F. Zhou,
F. Owen (NRAO), J. Biretta (Space Telescope Science Institute); optical, NASA/STScI/University of Maryland
Baltimore County/E. Perlman et al. (8)] (D) An averaged, and hence smoothed, radio image based on 23
images from the VLBA monitoring project at 43 GHz. The color scale gives the logarithm of the flux density
in units of 0.01 millijansky per beam. The indication of a counter-jet can be seen, emerging from the core
toward the lower left side. mas, milli–arc seconds.
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so far from M87, amounting to more than 10%
of that of the Crab Nebula. At x-ray frequencies
the innermost knot in the jet (HST-1) is found in
a low state, whereas in mid-February 2008, the
nucleus was found in its highest x-ray flux state
since 2000 (28). This is in contrast to the 2005
VHE g-ray flares (2), which happened after an
increase of the x-ray flux of HST-1 over several
years (29), allowing speculation that HST-1 might
be the source of the VHE g-ray emission (14); no
43 GHz radio observations were obtained at that
time. Given its low x-ray flux in 2008, HST-1 is
an unlikely site of the 2008 VHE flaring activity.

Over at least the following two months, until
the VLBA monitoring project ended, the 43-
GHz radio flux density from the region within
1.2 milli–arc sec of the core rose by 30%, as
compared with its level at the time of the start of
the VHE flare, and by 57%, as compared with
the average level in 2007 (Fig. 2). The resolu-
tion of the 43-GHz images corresponds to 30 ×
60 Rs, and the initial radio flux density increase
was located in the unresolved core. The region
around the core brightened as the flare pro-
gressed (Fig. 3), suggesting that new components
were emerging from the core. At the end of the
observations, the brightened region extended
about 0.77 milli–arc sec from the peak of the
core, implying an average apparent velocity of
1.1c (where c is the speed of light), well under
the approximately 2.3c seen just beyond that
distance in the first half of 2007. Astrometric
results obtained as part of the VLBA moni-
toring program show that the position of the
M87 radio peak, relative to M84, did not move
by more than ~6Rs during the flare, suggesting
that the peak emission corresponds to the nu-
cleus of M87.

Because VHE, x-ray, and radio flares of the
observed magnitude are uncommon, the fact
that they happen together (chance probability of
P < 0.5%, SOM text) is good evidence that they
are connected. This is supported by our joint
modeling of the VHE and radio light curves: The
observed pattern can be explained by an event
in the central region causing the VHE flare. The
plasma travels down the jet, and the effect of
synchrotron self-absorption causes a delay of
the observed peak in radio emission because the
region is not transparent at radio energies at the
beginning of the injection (SOM text, section 3).
The VLBI structure of the flare, along with the
timing of the VHE activity, imply that the VHE
emission occurred in a region that is small when
compared with the VLBA resolution. Unless a
source of infrared radiation is located very close
to the central black hole, which is not supported
by current observations (30), teraelectron volt
g-ray photons can escape the central region of
M87 without being heavily absorbed through
e+e− pair production (20, 21).

The light curve might indicate a rise in radio
flux above the range of variations observed in
the past, starting before the first VHE flare was
detected. This could imply that the radio emis-

sion is coming from portions of the jet launched
from further out in the accretion disk than that
responsible for the VHE emission. However, it
is difficult to derive a quantitive statement on this,
because no VHE data were taken in the week
previous to the flaring. Thus, an earlier start of the
VHE activity cannot be excluded either.

A possible injection of plasma at the base of
the jet observed at optical and x-ray energies,
with a delayed passage through the radio core
~104Rs further down the jet—interpreted as a stand-
ing shock and accompanied by an increase in
radio emission—has been discussed in the case of
BL Lac (10) (with evidence for VHE emission,

Fig. 2. Combined M87 light curves from 2007 to 2008. (A) VHE g-ray fluxes (E > 0.35 TeV, nightly
average), showing the H.E.S.S., MAGIC, and VERITAS data. The fluxes with statistical errors (1 SD) were
calculated assuming a power-law spectral shape of dN/dE º E−2.3. Monthly binned archival VERITAS data
taken in 2007 are also shown (4). The systematic uncertainty in the flux calibration between the ex-
periments was estimated to be on the order of 20%, based on Crab Nebula data. The regular gaps in the
light curve correspond to phases of full moon during which no observations were possible. The inlay shows
a zoomed version of the flaring activity in February 2008; the time span is indicated by the gray vertical
box in all panels. (B) Chandra x-ray measurements (2 to 10 keV) of the nucleus and the knot HST-1 (28).
(C) Flux densities from the 43-GHz VLBA observations are shown for (i) the nucleus (circular region with
radius r = 1.2 milli–arc sec = 170Rs centered on the peak flux), (ii) the peak flux (VLBA resolution
element), and (iii) the flux integrated along the jet between distances of r = 1.2 to 5.3 milli–arc sec
(compare with Fig. 3). The error bars correspond to 5% of the flux. The shaded horizontal area indicates
the range of fluxes from the nucleus before the 2008 flare. Whereas the flux of the outer regions of the jet
does not change substantially, most of the flux increase results from the region around the nucleus.
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see SOM text for more details). M87 is much
closer than BL Lac and has a much more massive
black hole, allowing the VLBA to start resolving
the jet collimation region whose size, from gen-
eral relativistic magnetohydrodynamic simulations
(31), is thought to extend over ~1000Rs. In the
case of M87, the radio core does not appear to be
offset by more than the VLBA resolution of
~50Rs from the black hole (see SOM text), and
the jet has a larger angle to the line of sight than
in BL Lac. Thus, the coincidence of the VHE
and radio flares (separated in photon frequency
by 16 orders of magnitude), constrains the VHE

emission to occur well within the jet collimation
region.
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10, 14.3, and 20 mJy per beam and increase from there by factors of
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. The restoring beam used for
all of the images is 0.21 × 0.43 milli–arc sec (30 × 60 Rs) elongated in position angle −16°, as shown
by the ellipse in the upper left corner. (B) Image from 5 April 2008, with the same contours and colors
as in (A). The linear scale in light days and Schwarzschild radii is also shown. (C to F) Difference images
for observations during the period of the radio flare, showing its effects. These were made by
subtracting the average image (A) from the individual epoch images. The contours are linear with 10
(white) at intervals of 7 mJy per beam, followed by the rest (black) at intervals of 70 mJy per beam;
negative contours are indicated by dashed lines. At the time of the VHE flare, the core flux density was
already above the average, but the region of the jet between −0.5 and −1.0 milli–arc sec RA offset was
below average, suggesting that there had been a period of below-normal activity leading up to the flare
and that the radio flare may have begun before the VHE flare. The sequence shows the substantial rise
in the core flux density and the appearance of enhanced emission along the inner jet.
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findings imply that the highest energy emission from active galaxies has its origin in the immediate vicinity of the black
87, revealing very-high-energy flaring activity accompanied by a radio flare originating from the core of the galaxy. The 

-ray observations of the nearby active galaxy Messierγ) present simultaneous radio and very-high-energy Begelmanby 
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but it is not known where this emission originates. These galaxies are part of a class of active galactic nuclei believed to 
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