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the number of states). For a typical asro-

physical black hole, the Bekenstein—
ervably

small, whereas the Bekenstein~Hawking

Hawkicg temperature IS UDODS

eqrrapy IS huge — much bigger than the

enrropy of an ordinary siar, for instagce

— and difficult to Interpret.

While Hawiing’s result perhaps elimi-
pated the most naive paradox posed by
hanical black holes, many ap-

quanrum-mec.
parent conradictons remain. Speculations

about how the puzzies will ultimately De re-

solved have ranged all over the map. Az the
risk of some oversimplificadon, two main
competing points of view are as fcllows:

(1) Quantum mechanics as we kncw 1t
does not work for black holes. Some mod-
ification of quantum mechanics will be
necessary to understand them.

(2) Black holes will ultimately rurn out
10 obey the standard laws of quantum me-
chanics. The Bekenstein—Hawking entropy
of a black hole — like the entropy of any
other quanturn-taechanical system — will

turn out to equal the [ogarithm of the num-

ber of quantum states of the black hole.

To make progress on these questions,
one needs a theory that consistently com-
bines quantum mechanics and general rel-
ativity, because the whole issue CONCerns
the application of quanfum mecianlcs o a
ceneral-relativistic object, the black hole.
The only real cancidate for reconciling
quanmm mechanics and general relauvity
is string theory, which has been intensively
developed in recent decades with the hope
of obtaining a more unified understanding
of natural law. In this framework, the fun-
damental objects are tiny strings, whici da
not praoduce the awkward infinities thrown
up by the point-iike particles of conven-
tional physics. Surprisingly, when partcies
are replaced by strings, gravity is an in-
evitable consequence.

In practics, though, the development of

string theory has shed very little light on
black holes until the past few months.
String theory is very imperfeculy under-
stood, and until recently it has oaly besn
possible to caiculate quanium gravity ef-
fects when thase effects are small, which is
ot the case in the context of black holes.
But since the spring of last year, 1o an
upheaval somermes called ‘the second
superstring cevolution’, physicists have
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begun to learn what happens in sming
theory when the quanmm gravity efecs
are big. It turps out that ‘dualides’ —
mysterious svmumetries thar generalize
the relatonship berween elecmicity and
magnetism tc other forces—play an
‘mportant role here. Perhaps the biggest
resulting surprise has been that, as we
now understand it, there is anly one string
theory. The five or six different theortes
that have besn developed and studied
independently are — it is now clear —all
equivalent. They are different formulanons
of the same, still rather mysterious tfedry,
aach formulation being most useful in its
OWT} regime, |

Lately, the new tecfniques have been
appiied to black holes, shedding at [east 2
bit of light on the ol mysteries. In a paper
published in June, Andrew Strominger
and Cumcun Vafa’® succeeded in counting
the number of quantum states of certain
lack holes {carrying appropriate electrc
and magnetic charges) using string theory.
String theory is crucial because without a
microscopic theory of quantum gravity,
one would have no idea where to begin
in order to count the quantum states of
a black hole. Technically, the Stromunger—
Vafa compuration depended on the fact
that, without changing the number of
quanrum states, a black bole can be
deformed into a collection of ‘D-branes’,
exotic objects that we mow understand
have an important role in string-theory
dualities®. Counting of D-brane states
is a well-honed art, and the relaton
of biack holes to D-brames made the

counting of black-hole states possivle.
The main result of the Strominger-
Vafa computation was that the logarithm
of the number of gquanmum states did
cincide with the Bekenstemm-Hawkinge
ntropy — as it should, & conventional
quanmum mecdanics applies to Elack
hales. The Strominger-Vafa computation
was soan followed by a variety of others
(refs 3-8, for exampie) 1 which the
Bekenstein—Hawking entropy was com-
pared with the number of quanrum
states for black holes with different
anguiar momentum or charge, or in dif-
ferent dimensions of space-time. In many
of these instances the classical black-hole
solution was not known before the sining
theory computation was periormed, bur
uitimately one finds agreement berween
the Bekenstein—-Hawking entrepy and the

counting of quantum states.

ese computations have given striking
suppart to the view that black holes obey
the standard general principles of quan-
tum mechanics. But quantum black holes
remain extraordinary and mysterious in
many ways. Ambitious proposals concern-
ing a new kind of black-hole ‘complemen-
tarity’”” (echoing the more familiar com-
plementarity of quantum and classical
physics) and a holographic interpretation

of the Universe'*!! give hints of how little

we understand, even now. )

Edward Witten is in the iInstitute for Ac-
vanced Study, School of Natural Sciences,
Oiden tLane, Princeton, New Jersey 03540,
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NEUROPSYCHOLOGY

Pictures, words

Alfonso Caramazza

QvER the past few years cognitive neurc-
scientists have made great strides in chart-
ing the functional orgapization of the
human brain. These developments have
heen made possible by increasingly
sophisticated functional neuroimaging
techniques, such as positron-emission
tomography and functional magnetic-res-
onance imaging, which provide an index
of neural activity in different areas of the
brain during the performancs of a cog-
nitive task. Several nctable contributions
have been made by scientsts at the
National Institute of Neurology, London,
who have coacentrated largely on the
neural representation Of Ianguage
pracesses. On page 254 of this issue they
describe their latest result, and it is an
important one —a map of the areas of
the brain that are involved in procsssing
the meaning of words.

Until recently, virtually all that was
lmewn about the neural basis of language
came from the study of nevrologicaily

and the brain

impaired patients. By investigating the
disorders in language and cognition that
are associated with specific forms of bran
damage, neurologists and neuropsycioio-
gists have been able to chart the func-
tional organization of the human brai.
For example, it has been shown that dam-
age to specific regicns of the [eft frootal
lobe frequently resuits in a deficit re-
stricted to processing the syntactc struc-
ture of sentences™ and that damage to te
medial and inferior parts of the left tem-
poral labe is often associated with deficit
in retrieving words but 0ot in processing
syntactic structure’. These and other such
aphasic disorders hlave oeen used to chart
the functional orgamization of syntactic
and lexicai processes in the bram.

The performance of neurologically
impaired patients has also been psed 1o
inform theories of the representarion of
word meaning in the brain. Study of 2
disorder kncwn as optic apbasia, which
was first described pear the end of the last
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