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Breakdown of predictability in gravitational collapse*
S. W. Hawking'
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, Cambridge, England

and California Institute of Technology, Pasadena, California 91125
(Received 25 August 1975)
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discovery by this author*? !3 that black holes create
and emit particles at a steady rate with a thermal
spectrum. Because this radiation carries away
energy, the black holes must presumably lose mass
and eventually disappear. If one tries to describe
this process of black-hole evaporation by a classi-
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to be very different from that of Minkowski space.
For example, in the case of gravitational collapse
which produces a black hole there is an event hori-
zon which prevents observers at infinity from mea-
suring the internal state of the black hole apart
from its mass, angular momentum, and charge.
This means that measurements at future infinity
are insufficient to determine completely the state

of the system at past infinity: One also needs data
on the event horizon describing what fell into the
black hole. One might think that one could have
observers stationed iust outside the event horizon
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An operator @ which corresponds to an observable
at future infinity will be composed only of the {b.;

and the {5} and will operate only on the vectors

]A,). Thus the expectation value of this operator

will be
(0.|Q|0)= Z Z Pacca (3.4) .

where @.,=(C,|Q|A4,) in the matrix element of the

operator @ on the Hilbert space of outgoing states
and p,.=2sX,a\.p iS the density matrix which com-

pletely describes all observations which are made
only at tuture infinity and do not measure what
went into the hole. The components of p,., can be
completely determined from the expectation values
of polynomials in the operators {».} and {b'}. Thus
the density matrix is independent of the ambiguity

in the choice of the {g.} which describes particles
going into the hole.

As an example of such a nolvnomial consider
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therefore
<nj>= ltw ’2(6211‘60!(-1 =1} -1 (3.10)

This is precisely the expectation value for a body
emitting thermal radiation with a temperature
T=k/27. To show that the probabilities of emitting
different numbers of particles in the jth mode and
not just the average number are in agreement with
thermal radiation, one can calculate the expectation

values of #,°, n,°, and so on. For example,

{n;?=40.]0%b,b%0,]0.)

= (n )+ (0| (B])%(5,;)| 0.) . (3.11)

One can evaluate the second term on the right-hand
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One therefore has to introduce a hidden surface
around each of these holes and apply the principle
of ignorance to say that all field configurations on
these hidden surfaces are equally probable pro-
vided they are compatible with the conservation of
mass, angular momentum, etc. which can be mea-

hole.

Let H, be the Hilbert space of all possible data
on the initial surface, H, be the Hilbert space of
all possible data on the hidden surface, and H, be
the Hilbert space of all possible data on the final
surface. The basic assumption of quantum theory
is that there is some tensor S,5c whose three in-
dices refer to H,, H,, and H,, respectively, such
that if

Ec€H,, pEH,, XsEH,,
then

3 3 Y Sanckatate

is the amplitude to have the initial state &, the
final state x4, and the state ¢, on the hidden sur-
face. Given only the initial state &, one cannot de-
termine the final state but only the element
23S pckc of the tensor product H, ®H,. Because
one is ignorant of the state on the hidden surface
one cannot find the amplitude for measurements on
the final surface to give the answer x, but one can
calculate the probability for this outcome to be

2P opXcXpy Where

Po=3 D 2 ScanSparkstr

is the density matrix which
observations made only on the future surface and

density matrix from 2/S,,5E4 b: ing with

“hidden” surface.
One can see from the above that there will not
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formation in the final stages of the evaporation.
However, information like baryon number requires

energy and there is simply not enough energy
> available in the final stages of the evaporation.

To carry the large amount of information needed
would require the emission in the final stages of
about the same number of particles as had already
been emitted in the quasistationary phase.
Because one ends up with a density operator
rather than pure gquantum space. the process of
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