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of three inactivating mutations (13). Although
highly conserved in gene organization, as well as
primary amino acid sequence of the predicted
TDH open reading frame, the human TDH gene
carries AG-to-GG splice acceptor mutations in
exons 4 and 6, as well as a nonsense mutation
within exon 6 wherein arginine codon 214 is re-
placed by a translational stop codon.Whereas poly-
morphic variation within the human population
has been observed for the exon 4 splice acceptor
mutation, with some individuals carrying the
normalAG splice acceptor dinucleotide and others
carrying the GG variant, all individuals genotyped
to date carry both the splice acceptor and nonsense
mutations in exon 6. Reverse transcriptase–PCR
analysis of TDH transcripts expressed in human
fetal liver tissue showed complete skipping of
exon 4 and either complete skipping or aberrant
splicing of exon 6 (fig. S8). Given that exons 4
and 6 encode segments of the enzyme critical to its
function and that truncation via the nonsense
codon at amino acid 214 would also be predicted
to yield an inactive variant, it appears that the
human gene is incapable of producing an active
TDH enzyme. Remarkably, all metazoans whose
genomes have been sequenced to date, including
chimpanzees, appear to contain an intact TDH
gene (14). Unless humans evolved adaptive ca-
pabilities sufficient to overcome three mutational
lesions, it would appear they are TDH deficient.

Human ES cells grow at a far slower rate than
mouse ES cells, with a doubling time of 35 hours
(15). Whether the slower growth rate of human
ES cells reflects the absence of a functional TDH
enzyme can perhaps be tested by introducing,
into human ES cells, either a repaired human
TDH gene or the intact TDH gene of a closely
related mammal. That this strategy might work is
supported by the expression in human cells of a
functional form of the 2-amino-3-ketobutyrate-

CoA ligase enzyme that converts the short-lived
product of TDH-mediated catabolism of threo-
nine into acetyl-CoA and glycine (Fig. 1B). It is
possible that the culture conditions used to grow
human ES cells do not match the ICM environ-
ment of the human embryo, in which the cell
division cycle is more rapid than the 35-hour
doubling time of cultured human ES cells (16). If
human ES cells do not use the TDH enzyme to
acquire an advantageous metabolic state for rapid
growth, and if conditions can be adapted to facil-
itate the rapid proliferation of human ES cells in
culture, the tools and approaches that we describe
here may prove useful. As often happens in sci-
ence, findings made in one experimental system

can open avenues of investigation useful for
other matters of inquiry. Finally, it is important to
consider whether humans benefit from some
form of selective advantage as a consequence of
mutational inactivation of the TDH gene.
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String Theory, Quantum Phase
Transitions, and the Emergent
Fermi Liquid
Mihailo Čubrović, Jan Zaanen, Koenraad Schalm*

A central problem in quantum condensed matter physics is the critical theory governing the zero-
temperature quantum phase transition between strongly renormalized Fermi liquids as found in
heavy fermion intermetallics and possibly in high–critical temperature superconductors. We found
that the mathematics of string theory is capable of describing such fermionic quantum critical
states. Using the anti–de Sitter/conformal field theory correspondence to relate fermionic quantum
critical fields to a gravitational problem, we computed the spectral functions of fermions in the
field theory. By increasing the fermion density away from the relativistic quantum critical point, a
state emerges with all the features of the Fermi liquid.

Quantum many-particle physics lacks a
general mathematical theory to deal
with fermions at finite density. This is
known as the “fermion sign problem”:

There is no recourse to brute-force lattice mod-
els because the statistical path-integral methods
that work for any bosonic quantum field theory
do not work for finite-density Fermi systems.
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Fig. 6. Effects of cysteine deprivation on the growth of ES, MEF, and 3T3 cells. Cocultures of ES/MEF or ES/3T3
cells were subjected for 2 days to media containing varying amounts of supplemented cysteine. Cysteine
deprivation severely impeded MEF cell growth at 10 and 3 mM and 3T3 growth at 3 mM (see also fig. S5).
Although colony morphology was altered under the most severe conditions of cysteine deprivation, ES
cell colonies were observed under all culture conditions tested.

www.sciencemag.org SCIENCE VOL 325 24 JULY 2009 439

RESEARCH ARTICLES



The nonprobabilistic fermion problem is known
to be of exponential complexity (1), and in the
absence of a general mathematical framework,
all that remains is phenomenological guesswork
in the form of the Fermi-liquid theory describing
the state of electrons in normal metals and the
mean-field theories describing superconductivity
and other manifestations of spontaneous sym-
metry breaking. This problem has become par-
ticularly manifest in quantum condensed matter
physics with the discovery of electron systems
undergoing quantum phase transitions that are
reminiscent of the bosonic quantum critical sys-
tems (2) but are governed by fermion statistics.
Empiricallywell-documented examples are found
in the “heavy fermion” intermetallics, where the
zero-temperature transition occurs between dif-
ferent Fermi liquids with quasi-particle masses
that diverge at the quantum critical point [(3) and
references therein]. Such fermionic quantum
critical states are believed to have a direct bearing
on the problem of high–critical temperature
(high-Tc) superconductivity because of the ob-
servation of quantum critical features in the
normal state of optimally doped cuprate high-Tc
superconductors [(4); (5) and references therein].

A large part of the fermion sign problem is
to understand this strongly coupled fermionic
quantum critical state. The emergent scale invari-
ance and conformal symmetry at critical points is
a benefit in isolating deep questions of principle.
The fundamental problem is: How does the
system get rid of the scales of Fermi energy
and Fermi momentum that are intrinsically
rooted in the workings of Fermi-Dirac statistics
(6, 7)? From another perspective, how can one
construct a renormalization group with a rele-
vant “operator” that describes the emergence of
a statistics-controlled (heavy) Fermi liquid from
the critical state (3), or perhaps the emergence
of a high-Tc superconductor? Here, we show
that a mathematical method developed in string
theory has the capacity to answer at least some
of these questions.

String theory for condensed matter. Our
analysis makes use of the AdS/CFT correspon-
dence: a duality relation between classical gravi-
tational physics in a d + 1–dimensional “bulk”
space-timewith an anti–de Sitter (AdS) geometry
and a strongly coupled conformal (quantum
critical) field theory (CFT), with a large number
of degrees of freedom, that occupies a flat or
spherical d-dimensional “boundary” space-time.
Applications of AdS/CFT to quantum critical sys-
tems have already been studied in the context of
the quark-gluon plasma (8, 9), superconductor-
insulator transitions (10–14), and cold atom
systems at the Feshbach resonance (15–17), but
so far the focus has been on bosonic currents
[see (18, 19) and references therein]. Although

AdS/CFT is convenient, in principle the ground
state or any response of a bosonic statistical field
theory can also be computed directly by averag-
ing on a lattice. For fermions, statistical averaging
is not possible because of the sign problem.
There are, however, indications that AdS/CFT
should be able to capture finite-density Fermi
systems as well. Ensembles described through
AdS/CFT can exhibit a specific heat that scales
linearly with the temperature characteristic of Fermi
systems (20), zero sound (20–22), and a mini-
mum energy for fermionic excitations (23, 24).

To address the question of whether AdS/CFT
can describe finite-density Fermi systems and the
Fermi liquid in particular, we compute the single
charged fermion propagators and the associated
spectral functions that are measured experimen-
tally by angle-resolved photoemission spectrosco-
py (“AdS-to-ARPES”) and indirectly by scanning
tunneling microscopy. The spectral functions con-
tain the crucial information regarding the nature
of the fermion states. These are computed on the
AdS side by solving for the on-shell (classical)
Dirac equation in the curved AdS space-time
background with sources at the boundary. A tem-
perature T and finite U(1) chemical potential m0
for electric charge is imposed in the field theory
by studying the Dirac equation in the background
of anAdSReissner-Nordstrom black hole.We do
so with the expectation that the U(1) chemical
potential induces a finite density of the charged
fermions. The procedure to compute the retarded
CFT propagator from the dual AdS description is
then well established (8, 19). Relative to the
algorithm for computing bosonic responses, the
treatment of Dirac waves in AdS is more delicate
but straightforward; details are provided in (25).
The equations obtained this way are solved
numerically and the output is the retarded single
fermion propagator GR(w, k) at finite T. Its
imaginary part is the single fermion spectral
function A(w, k) = –(1/p) Im Tr[ig0GR(w, k)] that
can be directly compared with ARPES experi-
ments (26).

The reference point for this comparison is
the quantum critical point described by a zero
chemical potential (m0 = 0), zero temperature
(T = 0), and conformal and Lorentz invariant
field theory. (Below, we use relativistic notation
where c = 1.) Here the fermion propagators
〈YY〉 ≡ G(w, k) are completely fixed by sym-
metry to be of the form

GCFT
DY

ðw, kÞ ∼ 1

ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−w2 þ k2
p Þd−2DY

ð1Þ

where DY is the scaling dimension of the fer-
mion field. Through the AdSd+1/CFTd dictio-
nary, DY is related to the mass parameter in
the d + 1–dimensional AdS Dirac equation.
Unitarity bounds this mass from below in units
of the AdS radius mL = DY – d/2 > –1=2 (we set
L = 1 in the remainder). The choice of which
value to use for m will prove essential to show
the emergence of the Fermi liquid. The lower
end of the unitarity-bound m = –1=2 + d, d << 1,
corresponds to introducing a fermionic confor-
mal operator with weight DY = [(d – 1)/2] + d.
This equals the scaling dimension of a nearly
free fermion. Even though the underlying CFT
is strongly coupled, the absence of a large
anomalous dimension for a fermion with mass
m = –1=2 + d argues that such an operator fulfills
a spectator role and is only weakly coupled to
this CFT. We therefore use such values in our
calculations. Our expectation is that the Fermi
liquid, as a system with well-defined quasi-
particle excitations, can be described in terms
of weakly interacting long-range fields. As we
increase m from m = –1=2 + d, the interactions
increase and we can expect the quasi-particle
description to cease to be valid beyond m = 0.
For that value m = 0, and beyond m > 0, the
naïve scaling dimension DO of the fermion-
bilinear ODO

= YY is marginal or irrelevant,
and it is hard to see how the ultraviolet con-
formal theory can flow to a Fermi-liquid state,
assuming that all vacuum state changes are
caused by the condensation of bosonic oper-

Institute-Lorentz for Theoretical Physics, Leiden University,
P.O. Box 9506, Leiden, Netherlands.

*To whom correspondence should be addressed. E-mail:
kschalm@lorentz.leidenuniv.nl

Fig. 1. (A) The phase diagram near a quantum critical point. Gray lines depict lines of constant m0/T;
the spectral function of fermions is unchanged along each line if the momenta are appropriately
rescaled. As we increase m0/T we cross over from the quantum critical regime to the Fermi liquid. (B)
The trajectories in parameter space (m0/T, DY) studied here. We show the crossover from the quantum
critical regime to the Fermi liquid by varying m0/T while keeping DY fixed; we cross back to the critical
regime varying DY→d/2 for m0/T fixed. The boundary region is not an exact curve but only a qualitative
indication.
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ators. This intuition is borne out by our re-
sults: When m ≥ 0, the standard Fermi liquid
disappears. A similar approach to describing
fermionic quantum criticality (27) discusses
the special case m = 0 or DY = d/2 in detail; an
early attempt to describe the m = 0 system is
(28).

The emergent Fermi liquid. With an eye
toward experiment, we consider the AdS4 dual
to a relativistic CFT3 in d = 2 + 1 dimensions
(25). We do not know the detailed microscopic
CFT, nor do we know whether a dual AdS with
fermions as the sole U(1) charged field exists as
a fully quantum-consistent theory for all values
of m = DY – d/2, but the behavior of fermion
spectral functions at a strongly coupled quantum
critical point can be deduced nonetheless. Aside

from DY, the spectral function will depend on
the dimensionless ratio m0/T as well as the U(1)
charge g of the fermion; we set g = 1 from here
on, as we expect that only large changes away
from g = 1 will change our results qualitatively.
We therefore study the system as a function of
m0/T and DY. Our approach is sketched in Fig.
1B. We first study the spectral behavior as a
function of m0/T for fixed DY < 3=2; then we
study the spectral behavior as we vary the scal-
ing dimension DY from 1 to 3=2 for fixed m0/T
coding for an increasingly interacting fermion.
Note that our setup and numerical calculations
necessitate a finite value of m0/T; all our results
are at nonzero T.

Our analysis starts near the reference point
m0/T → 0, where the long-range behavior of

the system is controlled by the quantum critical
point (Fig. 1A). Here we expect to recover con-
formal invariance, as the system forgets about
any well-defined scales, and the spectral func-
tion should be controlled by the branchcut at
w = k in the Green’s function (Eq. 1): (i) Forw < k
it should vanish. (ii) At w = k we expect a sharp
peak, which for w >> k scales as w2DY−d . Figure
2A shows this expected behavior of spectral
function for three different values of the mo-
mentum for a fermionic operator with weight
DY = 5/4 computed from AdS4 following the
setup in (25).

Turning on m0/T while holdingDY = 5/4 fixed
shifts the center location of the two branchcuts to
an effective chemical potential w = meff; this bears
out our expectation that the U(1) chemical po-
tential induces a finite fermion density. Although
the peak at the location of the negative branchcut
w ~ meff – k stays broad, the peak at the other
branchcut w ~ meff + k sharpens distinctly as the
size of m0/T is increased (Fig. 2B). We identify
this peak with the quasi-particle of the Fermi
liquid and its appearance as the crossover be-
tween the quantum critical regime and the Fermi-
liquid regime. The spectral properties of the
Fermi liquid are very well known and display
a number of uniquely identifying characteris-
tics (29, 30). If this identification is correct, all
these characteristics must be present in our spec-
tra as well.

1) The quasi-particle peak should approach
a delta function at the Fermi momentum k =
kF. In Fig. 2B we see the peak narrow as we
increase k, then peak and broaden back out as
we pass k ~ kF (recall that T = 0 is outside our
numerical control and the peak always has some
broadening). In addition, the spectrum should
vanish identically at the Fermi energy A(w = EF,
k) = 0, independent of k (Fig. 2C).

2) The quasi-particle should have linear dis-
persion relation near the Fermi energy with a
renormalized Fermi velocity vF different from
the underlying relativistic speed c = 1. In Fig. 3
we plot the maximum of the peak wmax as a
function of k. At high k we recover the linear
dispersion relation w = |k| underlying the
Lorentz invariant branchcut in Eq. 1. Near the
Fermi energy and Fermi momentum, however,
this dispersion relation changes to a slope vF ≡
limw→EF,k→kF (w – EF)/(k – kF) clearly less than
unity.

Note that the Fermi energy EF is not lo-
cated at zero frequency. Recall, however, that
the AdS chemical potential m0 is the bare U(1)
chemical potential in the CFT. This is con-
firmed in Fig. 3 from the high-k behavior: Its
Dirac point is m0. On the other hand, the chem-
ical potential felt by the IR fermionic degrees of
freedom is renormalized to the value mF = m0 –
EF. As is standard, the effective energy w~ = w –
EF of the quasi-particle is measured with re-
spect to EF.

3) At low temperatures, Fermi-liquid theory
predicts the width of the quasi-particle peak to

Fig. 2. (A) The spectral function A(w,k) for m0/T = 0.01 and m = –1/4. The spectral function has the
asymptotic branchcut behavior of a conformal field of dimension DY = d/2 +m = 5/4: It vanishes for w <
k, save for a finite T tail, and for large w it scales asw2DY−d. (B) The emergence of the quasi-particle peak
as we change the chemical potential to m0/T = –30.9 for the same value DY = 5/4. The three displayed
momenta k/T are rescaled by a factor Teff/T for the most meaningful comparison with those in (A) (25). The
insets show the full scales of the peak heights and the dominance of the quasi-particle peak for k ~ kF.
(C) Vanishing of the spectral function at EF for DY = 1.05 and m0/T = –30.9. The deviation of the dip
location from EF is a finite temperature effect; it decreases with increasing m0/T.
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grow quadratically with temperature. Figure 4,
A and B, shows this distinctive behavior up to a
critical temperature, Tc/m0 ~ 0.16. This temper-

ature behavior directly follows from the fact that
the imaginary part of the self-energy S(w, k) =
w – k – [Tr ig0G(w, k)]–1 should have no linear

term when expanded around EF: Im S(w, k) ~
(w – EF)

2 + ... This is shown in Fig. 4, C and D.
These results give us confidence that we

have identified the characteristic quasi-particles
at the Fermi surface of the Fermi liquid emerg-
ing from the quantum critical point.

We now discuss how this Fermi liquid
evolves when we increase the bare m0 (Fig. 5).
Similar to the fermion chemical potential mF, the
fundamental control parameter of the Fermi
liquid, the fermion density rF, is not directly
related to the AdS m0. We can, however, infer it
from the Fermi momentum kF that is set by the
quasi-particle pole via Luttinger’s theorem rF ~
kF
d–1. The more illustrative figure is therefore

Fig. 5B, which shows the quasi-particle charac-
teristics as a function of kF/T. We find that the
quasi-particle velocities decrease slightly with
increasing kF, rapidly leveling off to a finite
constant less than the relativistic speed. Thus,
the quasi-particles become increasingly heavy as
their mass mF ≡ kF/vF approaches linear growth
with kF. The Fermi energy EF also shows linear
growth. Suppose the heavy Fermi–quasi-particle
system has the underlying canonical nonrel-
ativistic dispersion relation E = k 2/(2mF) =
kF
2/(2mF) + vF(k – kF) + ...; in that case, the
observed Fermi energy EF should equal the
renormalized Fermi energy EF

(ren) ≡ kF
2/(2mF).

Figure 5B shows that these energies EF and EF
(ren)

Fig. 3. Maxima in the spectral function as a function of k/m0 for DY = 1.35 and m0/T = –30.9.
Asymptotically for large k the negative-k branchcut recovers the Lorentz-invariant linear dispersion with
unit velocity, but with the zero shifted to –m0. The peak location of the positive-k branchcut that
changes into the quasi-particle peak changes noticeably. It gives the dispersion relation of the quasi-
particle near (EF, kF). The change of the slope from unity shows renormalization of the Fermi velocity.
This is highlighted in the inset. Note that the Fermi energy EF is not located at wAdS = 0. The AdS
calculation visualizes the renormalization of the bare chemical potential m0 = mAdS to the effective
chemical potential mF = m0 – EF felt by the low-frequency fermions.

Fig. 4. (A) Temper-
ature dependence of
the quasi-particle peak
forDY =5/4 and k/kF≈
0.5; all curves have
been shifted to a com-
mon peak center. (B)
The quasi-particle peak
width d ~ Re S(w, k =
kF) for DY = 5/4 as a
function of T 2; it reflects
the expected behavior
d ~ T 2 up to a critical
temperature Tc/m0, be-
yond which the notion
of a quasi-particle be-
comes untenable. (C and
D) The imaginary part of
the self-energy S(w, k)
near EF, kF forDY =1.4,
m0/T = –30.9. The defin-
ing Im S(w, k) ~ (w –
EF)

2 + … dependence
for Fermi-liquid quasi-
particles is faint in (C)
but obvious in (D). It
shows that the inter-
cept of ∂w Im S(w, k)
vanishes at EF, kF.
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track each other remarkably well. We therefore
infer that the true zero of energy of the Fermi
quasi-particle is set by the renormalized Fermi
energy as deduced from the Fermi velocity and
Fermi momentum.

Although the true quasi-particle behavior
disappears at T > Tc, Fig. 5A indicates that in
the limit kF/T → 0 the quasi-particle pole
strength vanishes, Zk → 0, while the Fermi ve-
locity vF remains finite; vF approaches the bare

velocity vF = 1. This is seemingly at odds with
the heavy Fermi liquid relation Zk ~ mmicro/mF =
mmicrovF/kF. The resolution is the restoration of
Lorentz invariance at zero density. From gen-
eral Fermi liquid considerations it follows that
vF = Zk (1 + ∂k Re S|EF,kF) and Zk = 1/(1 – ∂w Re
S|EF,kF), where ∂k,w Re S refers to the momen-
tum and energy derivatives of the real part of the
fermion self-energy S(w, k) at kF, EF. Lorentz
invariance imposes ∂wS′ = – ∂kS′, which allows

for vanishing Zkwith vF→ 1. Interestingly, the case
has been made that such a relativistic fermionic
behavior might be underlying the physics of cuprate
high-Tc superconductors (31).

Finally, we address the important question of
what happens when we vary the conformal di-
mension DY of the fermionic operator. Figure 6
shows that the Fermi momentum kF stays con-
stant as we increase DY. This completes our
identification of the new phase as the Fermi
liquid: It indicates that the AdS dual obeys
Luttinger’s theorem, if we can interpret the con-
formal dimension of the fermionic operator as a
proxy for the interaction strength. We find fur-
thermore that the quasi-particle pole strength
vanishes as we approach DY = 3=2. This confirms
our earlier assumption that it is essential to study
the system for DY < d/2 and that the point DY =
d/2, where the naïve fermion bilinear becomes
marginal, signals the onset of a new regime.
Because the fermion bilinear is marginal at that
point, this ought to be an interesting regime in
its own right, and we refer to (27) for a discus-
sion thereof (32). Highly remarkable is that the
pole strength vanishes in an exponential fashion
rather than the anticipated algebraic behavior
(6, 7). This could indicate that an essential singu-
larity governs the critical point at DY = d/2, and
we note that such a type of behavior was iden-
tified by Lawler et al. in their analysis of the
Pomeranchuk instability in d = 2 + 1 dimen-
sions using the Haldane patching bosonization
procedure (33). Note that this finite m0/T tran-
sition as we vary DY has no clear symmetry
change, similar to (7). However, this may be an
artifact of the fact that our theory is not quan-
tummechanically complete (25). Note also that
the quasi-particle velocity and the renormalized
Fermi energy EF = vF(k – kF) – E stay finite at the
DY = 3=2 transition with Z → 0, which could in-
dicate an emergent Lorentz invariance for the
reasons discussed above.

Concluding remarks. We have presented
evidence that the AdS dual description of
strongly coupled field theories can describe the
emergence of the Fermi liquid from a quantum
critical state, as a function of both density and
interaction strength, as encoded in the conformal
dimension of the fermionic operators. From the
AdS gravity perspective, it was unclear whether
this would happen. Sharp peaks in the CFT
spectral function correspond to so-called quasi-
normal modes of black holes (34), but Dirac
quasi-normal modes have received little study
[see, e.g., (35)]. It is remarkable that the AdS
calculation processes the Fermi-Dirac statistics
essential to the Fermi liquid correctly. This is
manifested by the emergent renormalized Fermi
energy and the validity of Luttinger’s theorem.
The AdS gravity computation, however, is com-
pletely classical without explicit quantum statis-
tics, although we do probe the system with a
fermion. It would therefore be interesting to
fully understand the AdS description of what is
happening, in particular how the emergent scales

Fig. 5. The quasi-particle
characteristics as a func-
tion of m0/T for DY = 5/4.
(A) The change of kF, vF,
mF, EF, and the pole
strength Z (the total weight
between half-maxima) as
we change m0/T. Beyond
a critical value (m0/T)c we
lose the characteristic T2

broadening of the peak
and there is no longer a
real quasi-particle, although
the peak is still present.
For the Fermi liquid, kF/T
rather than m0/T is the
defining parameter. (B)
We can invert this rela-
tion, and (B) shows the
quasi-particle characteris-
tics as a function of kF/T.
Note the linear relation-
ships of mF and EF to kF
and that the renormal-
ized Fermi energy E (ren) ≡
kF
2/(2mF) matches the em-
pirical value EF remark-
ably well.

Fig. 6. The quasi-particle
characteristics as a func-
tion of the Dirac fermion
mass –1/2 < m < 0 cor-
responding to 1 < DY <
3/2 for m0/T = –30.9. The
upper panel shows the
independence of kF of
the mass. This indicates
Luttinger’s theorem if the
anomalous dimensionDY

is taken as an indicator of
the interaction strength.
Note that vF and EF both
approach finite values as
DY → 3/2. The lower panel
shows the exponential
vanishing pole strength Z
(the integral between the
half-maxima) as m → 0.

www.sciencemag.org SCIENCE VOL 325 24 JULY 2009 443

RESEARCH ARTICLES



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.
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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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