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The detection of fast variations of the tera–electron volt (TeV) (1012 eV) g-ray flux, on time
scales of days, from the nearby radio galaxy M87 is reported. These variations are about 10 times
as fast as those observed in any other wave band and imply a very compact emission region with
a dimension similar to the Schwarzschild radius of the central black hole. We thus can exclude
several other sites and processes of the g-ray production. The observations confirm that TeV g rays
are emitted by extragalactic sources other than blazars, where jets are not relativistically beamed
toward the observer.

Sofar, the only extragalactic objects known
to emit g radiation up to energies of Tera
electron volts (1 TeV = 1012 eV) are

blazars. These are active galactic nuclei (AGN)
with a plasma jet emanating from the vicinity of
the black hole and pointing close to the observer’s
line of sight. Because of the bulk relativistic
motion of the plasma in the jet, the energy and
luminosity of emitted photons are boosted by
relativistic effects, making blazars detectable up
to TeVenergies.

The nearby radio galaxy M87 is located in
the Virgo cluster of galaxies at a distance of ~16
Mpc (z = 0.0043) and hosts a central black hole
of (3.2 ± 0.9) × 109 solar masses (1). The 2-kpc
scale plasma jet (2) originating from the center
of M87 is resolved at different wavelengths
(radio, optical, and x-ray). The observed incli-
nation of the jet, at an angle of ~30° relative to the
observer’s line of sight (3), demonstrates that
M87 is not a blazar and hence would represent a
new class of TeV g-ray emitters. M87 has also
been suggested as an accelerator of the enigmatic
ultra-high-energy (1020 eV) cosmic rays (4, 5).
Previously, weak evidence for E > 730 GeV g-ray
emission from M87 in 1998 and 1999 with a
statistical significance of 4.1 SDs was reported

by the High Energy Gamma Ray Astronomy
(HEGRA) collaboration (6). No emission above
400 GeV was observed by the Whipple col-
laboration (7) from 2000-2003.

The observations reported here were per-
formed with the High Energy Stereoscopic Sys-
tem (H.E.S.S.) located in Namibia. H.E.S.S. is
an array of four imaging atmospheric-Cherenkov
telescopes used for the measurement of cosmic
g rays of energies between 100 GeVand several
10 TeV [see (8) for more details]. The obser-
vations of M87 were performed between 2003
and 2006, yielding a total of 89 hours of data
after quality selection cuts. After calibration (9),
the H.E.S.S. standard analysis was applied to
the data using hard event selection cuts (10).
More information about the standard analysis,
as well as a more recent, alternative analysis
technique (11) which gives consistent results,
can be found in (12).

An excess of 243 g-ray events is measured
from the direction of M87 in the whole data set,
corresponding to a statistical significance of 13
SDs, establishing M87 as a TeV g-ray source
(Fig. 1). The position of the excess (right as-
cension, a; declination, d) was found to be a =
12h30m 47.2s ± 1.4s, d = +12°23′51′′ ± 19′′

(J2000.0). This is, within the quoted statistical
error and the systematic pointing uncertainty
of the H.E.S.S. telescopes (~20′′ in both the
right ascension and declination directions)
compatible with the nominal (radio) position
(13) of the nucleus of M87 (a = 12h30m 49.4s,
d = +12°23′28′′). Considering the angular res-
olution of H.E.S.S., the source is consistent with
a pointlike object with an upper limit for a
Gaussian surface-brightness profile of 3 arc min
(99.9% confidence level). At the distance ofM87
(16 Mpc), this corresponds to a radial extension
of 13.7 kpc, which can be compared with the
large-scale structure of M87 as seen at radio
wavelengths (Fig. 1). A constraint on the size of
the TeV emission region that is ~106 times as
strong is deduced from the observed short-term
flux variability, as shown below.

The differential energy spectra obtained for
the 2004 and 2005 data sets (Fig. 2) are both
well fit by a power-law function dN /dEº E−G.
The spectrum measured in 2005 is found to be
hard (G ~ 2.2) and reaches beyond 10 TeV, with
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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.
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Solid-State Qubits with
Current-Controlled Coupling
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The ability to switch the coupling between quantum bits (qubits) on and off is essential for
implementing many quantum-computing algorithms. We demonstrated such control with two flux
qubits coupled together through their mutual inductances and through the dc superconducting
quantum interference device (SQUID) that reads out their magnetic flux states. A bias current
applied to the SQUID in the zero-voltage state induced a change in the dynamic inductance,
reducing the coupling energy controllably to zero and reversing its sign.

The past few years have seen major ad-
vances in the field of superconducting
quantum bits (qubits). This family in-

cludes those based on electrical charge (1),
magnetic flux (2–4), charge and phase (5), and
the phase difference across a Josephson junction
(6). Arbitrary superpositions of the single-qubit
states can be prepared and manipulated by mi-
crowaves to produce Rabi oscillations, Ramsey
fringes, and echoes long-familiar in atomic
physics and nuclear magnetic resonance (7). The

prepared quantum states remain coherent for
times up to several microseconds (8). Coupling
two or more qubits together results in entangled
states (9–15) with energy spectra that exhibit the
avoided crossings (anticrossings) predicted by
quantummechanics (16). In addition to studying
quantum coherence in many-body systems,
there is considerable interest in arrays of qubits
for quantum computing. Because quantum com-
putation requires both the manipulation of single
qubits and the entanglement of many qubits, the
ability to switch the coupling (17–21) between
qubits on and off in a scalable architecture would
enable many quantum-computing algorithms.

We conducted experiments on two flux
qubits biased at the same frequency. In this re-
gime, the antiferromagnetic interaction between
the qubits produces an anticrossing and thus a
splitting in the energy spectrum of the first and
second excited states. By varying the bias cur-
rent in the zero-voltage state of the superconduct-
ing quantum interference device (SQUID) used

to read out the flux states of the coupled qubits,
we reduced the coupling energy and hence the
splitting of the two energy levels of the excited
states to zero. Indeed, as predicted, we can even
change the interaction from antiferromagnetic to
ferromagnetic. Furthermore, we showed that the
transition probability from the symmetric ground
state to an antisymmetric excited state vanishes at
the anticrossing, in qualitative agreement with
calculations.

Each flux qubit consists of a superconduct-
ing loop interrupted by three Josephson tunnel
junctions (2). When the applied magnetic flux
Fq is at the degeneracy point (n +½)F0 (where n
is an integer such that |Fq – nF0| ≤ F0/2, F0 ≡
h/2e is the flux quantum, h is the Planck constant,
and e is the electron charge), a screening current
Iq can flow around the loop in either direction,
represented by the states |↑> and |↓>. The ground
and first excited states of the qubit correspond to
symmetric and antisymmetric superpositions of
the two current states and are separated by an
energy D. When Fq ≠ (n + ½)F0, the energy
difference increases to n = (D2 + e2)½, where e =
2Iq[Fq – (n + ½)F0]. The state of the qubit is
measured by coupling the flux generated by Iq
to a dc SQUID. Two flux qubits are coupled
through their mutual inductances to each other
and to the SQUID. The interaction of two pairs of
states produces four new states: a ground state
|0> and three excited states |1>, |2>, and |3>.
Each of these states consists of a linear superpo-
sition of four basis states (22): the symmetric
triplet |↑↑>, |S> = (|↑↓> + |↓↑>)/2½, and |↓↓> and
the antisymmetric singlet |A> = (|↑↓> – |↓↑>)/2½.

The two qubits A and B and their readout dc
SQUID are shown schematically in Fig. 1A. The
qubits have loop inductances LqA and LqB and
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