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The formation and evaporation of two-dimensional black holes are discussed. It is shown that if the
radiation in minimal scalars has positive energy, there must be a global event horizon or a naked singu-
larity. The former would imply loss of quantum coherence while the latter would lead to an even worse
breakdown of predictability. CPT invariance would suggest that there ought to be past horizons as well.
A way in which this could happen with wormholes is described.
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I. INTRODUCTION

The discovery that black holes emit radiation [1] sug-
gests that they will evaporate and eventually disappear.
In this process it seems that information and quantum
coherence will be lost and the evolution from the initial
to final situation will be described not by an S matrix act-
ing on states, but by a superscattering operator § acting
on density matrices [2]. This proposal of a nonunitary
evolution evoked howls of protest when it was first put
forward, and three possible ways of maintaining the puri-
ty of quantum states were put forward.

(1) The apparent horizon eventually disappears and al-
lows the information that went into the hole to return.

(2) The back reaction to the emission of radiation in-
troduces subtle correlations between the different modes.
These allow the information to come out continuously as
the black hole evaporates.

(3) The black hole does not evaporate completely, but
leaves some small remnant that still contains the informa-
tion.

The first possibility, that the information comes out at
the end of the evaporation, has the difficulty that energy
is required to carry the information remaining in the
black hole. However, there is very little rest mass energy
left in the final stages of the evaporation. The informa-
tion can therefore be released only very slowly, and one
has a long-lived remnant, as in possibility (3).

The second possibility, that the information comes out
continuously during the evaporation, has problems with
causality. The particles falling into the hole would carry
their information far beyond the horizon before the cur-
vature would become strong enough for quantum gravita-
tional effects to be important. Yet the information is sup-
posed to appear outside the apparent horizon. If one
could send information faster than light like that, one
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could also send information back in time, with all the
difficulties that would cause.

The third possibility, black hole remnants, has prob-
lems with CPT if black holes could form but never disap-
pear completely. Consider a certain amount of energy
placed in a box with reflecting walls [3]. The energy can
be distributed in a large number of microscopic
configurations, but one of two situations will correspond
to the great majority: either just thermal radiation or
thermal radiation in equilibrium with a black hole at the
same temperature. Which possibility has more phase
space depends on the energy and volume of the box.

Suppose the energy is sufficiently low and the volume
sufficiently large that just thermal radiation, with no
black hole, corresponded to more states. Then for most
of the time there would be no black hole in the box.
However, occasionally a black hole would form by
thermal fluctuations and then evaporate again. By CPT
one would expect this process to be time symmetric.
That is, if you took a film, it would look the same running
forwards and backwards. But this is impossible if black
holes can form from nothing but leave remnants when
they evaporate. One cannot even restore CPT and get a
sensible picture by supposing there is a separate species of
white holes that would have existed from the beginning
of time. The number of white holes would always be go-
ing down, and the number of black hole remnants would
be going up; so one could never have a statistical equilib-
rium in the box. We shall have more to say about CPT
later. It is difficult to see how information and quantum
coherence could be preserved in gravitational collapse.
However, because general relativity is nonrenormalizable,
it is not clear what will happen in the final stages of black
hole evaporation. Thus the question of whether quantum
coherence is lost is still open. For this reason there has
recently been interest in two-dimensional theories of
quantum gravity which show an analogue of black hole
radiation and which have the great advantage of being re-
normalizable.

The first two-dimensional theory that could describe
the formation and evaporation of black holes was put for-
ward by Callan, Giddings, Harvey, and Strominger
(CGHS) [4]. It contained a metric g and a dilaton ¢ cou-
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pled to N minimal scalar fields f;. In the classical theory
a black hole can be created by sending a wave of one of
the scalar fields. Quantum theory on this classical black
hole background then predicts that the black hole will ra-
diate at a steady rate indefinitely. CGHS hoped that the
inclusion of the back reaction would cause the field
configuration that initially resembled a black hole to
disappear without a singularity or a global event horizon.
Thus they hoped there would be no loss of information
and hence no loss of quantum coherence.

However, the most straightforward inclusion of the
back reaction in the semiclassical equations did not real-
ize this hope. There was necessarily a singularity where
the dilaton had a certain critical value [5,6]. This singu-
larity could either become naked, that is, visible from fu-
ture null infinity at late retarded times [7-9], or it could
be a thunderbolt that cut off future null infinity at a finite
retarded time [10,11]. In either case part of the informa-
tion about the initial quantum state would be lost on the
singularity, which would be spacelike for at least part of
its length, and so one might expect loss of quantum
coherence. The back reaction used in these calculations
is based on the obvious and unambiguous measure for the
path integral over the minimal scalars and ghosts, but it
is not so clear what measure to use for the dilaton and
conformal factor. In the large-N limit, this ambiguity in
the measure should not matter, but the main hope of
would-be defenders of quantum purity was that the large
quantum fluctuations when the dilaton was near its criti-
cal value would cause the large-N approximation to break
down and that higher-order quantum corrections might
prevent the occurrence of singularities and preserve
quantum coherence. However, in this paper it will be
shown that if the emission in scalar has positive energy,
then there must be either naked singularities or event
horizons or both. This argument depends only on the
known measure for the minimal scalars and is indepen-
dent of any corrections to the equations of motion that
may arise from the measure on the dilaton and conformal
factor or from higher-order quantum effects. And it will
still hold for the case where there is a limited region of
finite outgoing negative flux, such as is observed in the
model of Russo, Thorlacius, and Susskind [8].

II. CONSERVATION EQUATIONS

The argument is based on the fact that the conserva-
tion equations and the trace anomaly of the scalar fields
determine their energy-momentum tensor up to constants
of integration which can be fixed by boundary conditions.
In the conformal gauge in which the metric is

ds’=—e%dx .dx _ , (1)

the energy-momentum tensor of each of the minimal sca-
lars is

1 [ | 3%
T:t:t=—-1—2— ax:t —ax:zt +ti(x:t) , (2)
T, =—}0,9_p, (3)

where t (x ) are constants of integration.

5253

Consider a situation in which the spacetime is flat, so
that the conformal factor is of the form
p=InF(x_)+InG(x,) and the energy-momentum is
zero before some null geodesic ¥. This would be the case
if the initial state was the linear dilaton solution. On the
null geodesic ¥, one can change the coordinate x_ to
fx_dex'_, so that p=0 on y. The range of x _ will be
(—o,o). From the assumption that the energy-
momentum tensor is zero initially, it then follows that
t_(x_)=Oforallx_.

Suppose now that a wave with positive energy is sent in
from the asymptotic region of weak coupling at an ad-
vanced time x , later than y and creates some black-
hole-like object which radiates energy in the N minimal
scalar fields. By Eq. (2) the outgoing energy flux in the
minimal scalar fields will be

N

G=T2—

% _ :

ax2

O

3% 4)

Let A be an ingoing null geodesic at late advanced time.
If the outgoing energy flux crossing A is non-negative,
2

izﬂ> % (5)
ax% ~ | ox_

To integrate (5) along A, one needs to know the initial
value of dp/0x_. Let u be an outgoing null geodesic
from a point p on y to a point g on A. We shall choose p
to lie in the asymptotic region, that is, at early retarded
times. One can choose the x , coordinate along u so that
p=0 on pu. This fixes the coordinates up to a Poincaré
transformation. With this choice of coordinates,

O

_ 1 prq
ax_ —Eprdx+ . (6)

9

One would expect the curvature R on p to be positive and
exponentially decreasing if the Bondi mass measured at
infinity,

M<e ™ ™R|, ., @)
on u is positive. Thus, if one takes the null geodesic u to
be sufficiently far out in the asymptotic region, the in-
tegral (6) will be positive.

Suppose now that the outgoing energy flux T__ is
strictly positive on some interval of A around a point 7 to
the future of g. Then it follows from (5) and (6) that, to
the future of r on A,

pZIn(c —b)—In(c —x_), (8)

where b is the value of x _ at 7 and c is some finite quanti-
ty greater than b. From (8) it follows that p will diverge
at some point s on A where x _ =a <c¢. The point s may
or not be singular in the sense of the curvature R being
unbounded, but it will necessarily be at an infinite affine
parameter distance along A. It will, however, be at a
finite retarded time x_ (Fig. 1). This means that the
original hope of CGHS, that the black hole would evapo-
rate without global horizons or singularities, cannot be
realized in any two-dimensional quantum theory in which
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matter wave in
after null line

FIG. 1. Physical spacetime.

the energy emission is positive.

Let A be the portion of A up to s. Then J (1), the past
of A, will not include the whole of the null geodesic y in
the initially flat region. It is this kind behavior that gives
rise to thermal radiation. Let h(x_) be a wave packet
that is zero for x _ >a and is a purely positive frequency
with respect to the affine parameter on the late time null
geodesic A. Then A (x_) is not a purely positive frequen-
cy with respect to the affine parameter on y (which
is proportional to x_) because it is zero in a semi-
infinite range. Instead, there will be some wave packet
h(x_) which is zero for x_ <a and which is such
that & +h is a purely positive frequency on y. This will
mean that the initial vacuum state in each of the minimal
scalar fields f; will appear to contain pairs of particles,
one in the & mode and the other in the # mode. The h
mode will appear to contain a particle on the null geo-
desic A. But the & will not cross A, and so an observer in
the asymptotic region will not see this particle. This
would mean that the quantum state would appear to be a
mixed state, described by a density matrix obtained by
tracing out over the modes for x _ >a. Thus there will be
loss of quantum coherence.

In the above we have implicitly assumed that every
outgoing null geodesic that intersects A also intersects y.
This allows us to deduce that the constant of integration
t _(x_)=0 on each outgoing null geodesic. However, if
there was a singularity that was naked in the sense that it
was visible from A, it would not follow that, on A.

2

_a_zﬂ.> _Op
axr | ox_

Thus the requirement that the radiated energy is positive
implies either that there is an horizon and associated loss
of quantum coherence or there is a naked singularity. In
our opinion this would be much worse.

The discussion so far has been in terms of a semiclassi-
cal metric. However, it should also apply to each indivi-

dual metric in a path integral over all metrics and dilaton
field because our conclusions depend only on the asymp-
totic form of the metric in the far future and past. Thus
we would expect loss of quantum coherence or naked
singularities, or both, in the full quantum theory.

III. CONFORMAL TREATMENT OF INFINITY

In the previous discussion, the null geodesic ¥ was at
early advanced time, the null geodesic A was at late ad-
vanced time, and the null geodesic u that connected them
was at early retarded time. To make the arguments
about the positive mass and energy of the emitted radia-
tion, one wants to take the limit that these three null geo-
desics are at infinitely early or late advanced or retarded
times. A precise and elegant way of doing this is to use
the concept of conformal infinity that was introduced by
Penrose [12] in the four-dimensional case. One takes the
spacetime manifold and metric M, 8uv to be conformal to
a manifold with boundary and conformal metric M,g v
where

8un=078,.
Q=0 on oM .

The curvature scalars of the two metrics are related by
R =Q*R+2000-2(VQ)*, 9)

where the covariant derivatives are with respect to the
conformal metric g,,. The physical curvature R will go
rapidly to zero in the weak coupling region. It then fol-
lows from (9) that the boundary dM will be null where
V,.Q70. The boundary in the weak coupling region can
be divided into future and past weak null infinities J.
They will be joined by the point I° representing spatlal
infinity. The conformal factor {1 will not be smooth at
I°. One cannot say anything in general about the part of
the dM that lies in the strong coupling region because one
does not know how R will behave there. However, in the
case that spacetime is flat before some ingoing null geo-
desic y, one will have a past strong null infinity J, , but
one cannot assume that there is necessarily a future
strong null infinity.

One can take the conformal metric g, to be flat. Then
one can take M to be the region in two-dimensional Min-
kowski space bounded by three null geodesics J;, J,,
and J, (Fig. 2). One does not know the form of the
boundary on the fourth side, but this does not matter for
the problem under consideration.

The quantity 5= — InQ} will differ by a solution of the
wave equation from the p used in the previous section
since it will obey different boundary conditions: §= o on
OM, while p=0 on ¥ and A. In order to identify the
coordinate-independent part of p and g, we shall intro-
duce a field Z with the coupling

0OZ=-—vR , (10)
0Z=—vQ ’R . (11)

We shall assume that the physical curvature goes to zero
fast enough that Q2R is bounded on J;" and J]. One
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FIG. 2. Conformal spacetime.

can then solve the wave equation (3) on the conformal
spacetime (M ,8,) with the boundary conditions that
Z=0on J,; and J,. The field Z on M obtained in this
way will correspond to 2vp where p is the conformal fac-
tor in the previous section in the limit that the null geo-
desic u is taken to infinity.

The energy-momentum tensor of the Z,

T, =iV, ZV,Z—1g,,(VZ?]+WV,V Z—g,0Z),
(12)

will correspond to the energy momentum of the radiation
in the N minimal scalar fields if v*=N /24. Thus the en-
ergy outflow across J,, is

E=T,,n*n"=LV,Zn*P+vV,V Zntn" (13)
_ifaz |, [dz_ az| .
2 | dt dr? dr |’

where n#=dx" /dt is the tangent vector to J, t is a pa-

rameter along J;, and n*V n#=gn".

Define a metric §,,= exp(—Z v"‘)g,w. This metric is
flat and corresponds to the flat background metric in Sec.
II in the limit that the null geodesic u is taken to
infinitely early retarded times. Let ¢ be an affine parame-
ter with respect to the metric £ on ingoing null geodesics.
Because £ is flat, one can choose ¢ to be constant on each
outgoing null geodesic.

Near J;, Z =0 and the range of ¢ will be (— 0, ).
At later advanced times, Z%0 and

=.V_1.d_z. .

q i (15)
Thus the energy flux across J; is
1 [az |*, a%z
=—— |22 | 4025 1
6 2 | v i (16)

If one replaces Z with 2vp, (16) becomes the same as (4).

If the mass measured on J, is positive, R =20 near J, .
If v> 0, this implies Z >0 and dZ /dt =20 near J, .

The argument is now similar to that in Sec. II. If & is
non-negative on J;' and is strictly positive on some inter-
val, then, by (16), Z will diverge at a point s on J, at a
finite value of the parameter ¢. But the range of t on J;
is infinite. Thus there will be a part of J; which is not in
the past of s which is the future end point of J, because
it is at infinite distance in the natural affine parameter. In
other words, the spacetime has a global event horizon.

Again, there is the alternative of a naked singularity.
In claiming that the energy-momentum tensor of the Z is
equal to the radiation in the N minimal scalars, we have
implicitly assumed that the radiation is uniquely deter-
mined by the conservation equations, the trace anomaly,
and the boundary conditions at infinity. This will not be
the case if there is a singularity visible from J;. So again
the requirement that the radiation have positive energy
implies that there is either an event horizon or a singular-
ity. The arguments about loss of quantum coherence are
then the same as in Sec. II.

IV. CONCLUSIONS

It is possible that two-dimensional black holes are not
a good model for the four-dimensional case. The fact
that the field equations of the CGHS model with back re-
action become singular at a critical value of the dilaton
field suggests that this may be the case. However, if two-
dimensional models are any guide to the real world, our
results indicate that any Lorentzian description of black
hole evaporation must have horizons or naked singulari-
ties, or both. Of the two possibilities, naked singularities
would seem the worse. Unless one has some boundary
condition at a naked singularity, one cannot predict what
will happen. There is no obvious candidate for such a
boundary condition: The boundary conditions that have
been proposed seem rather ad hoc.

By contrast, in a Euclidean treatment, there is a natu-
ral boundary condition, namely, the no-boundary condi-
tion, which says that there are no singularities and no
boundaries in the Euclidean domain other than asymp-
totically flat space. This boundary condition of no boun-
daries should mean that asymptotic Green functions are
defined by a path integral over all fields and Euclidean
metrics that are asymptotically flat. These Green func-
tions can then be used to calculate how ingoing particles
evolve to outgoing particles, maybe with loss of quantum
coherence. It is not obvious that this process will have a
Lorentzian description, but if it does, our results suggest
that it will contain horizons. By CPT symmetry one
might expect that there would be past horizons as well as
future horizons. It is bad enough to lose quantum coher-
ence, but to lose CPT symmetry as well seems like care-
lessness. This leads to a picture in which particles would
fall into a hole that was already existing in the vacuum.
The hole would grow in size and mass and then evaporate
down to a hole such as those in the vacuum. One might
claim that the information about the particles that fell in
was not lost, that it was still contained in the residual
black hole. But if this residual hole was indistinguishable
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from holes in the vacuum, the information is effectively
lost, and the outgoing radiation will be in a mixed state.

This picture is similar to that of scattering off an ex-
treme magnetically charged black hole: The hole grows
in mass and then evaporates back to the original zero-
temperature black hole. One can see that the information
is contained in the residual black hole, but that is just
words. The amount of information that can be fed in is
infinite, and there is no way the information can be
recovered. Moreover, as the radiation is emitted in a
weak field region, there is no reason to distrust the semi-
classical calculations that indicate that it is in a mixed
state. It is this effective loss of quantum coherence that is
the physically important result, rather than any seman-
tics about whether the information can be thought of as
being contained in some remnant.

The only difference between the picture being suggest-
ed here and the magnetically charged case is that one
would have to imagine that the ground state with zero
mass and conserved charge also contained objects with
zero-temperature future and past horizons. But this is
just what there is in the Lorentzian section of a Euclidean
wormhole [13]. Consider the Euclidean metric
2

2
a
dx? .

1+

ds*= 3
x

This corresponds to two asymptotically Euclidean re-
gions connected by a wormhole or throat of size a. How-
ever, the Lorentzian section obtained by x*ix* looks
rather different. Its Penrose diagram is shown in Fig. 3.
It has an outer null infinity J, like flat Minkowski space,
but now the light cone of the origin has also been sent to
infinity to become an inner null infinity J;. The two null
infinities intersect in two spheres I * and I ~. This is the
four-dimensional analogue of the Penrose diagram for the

FIG. 3. Conformal diagram of wormhole.

linear dilaton solution, which also has two infinities. This
supports the idea that there is a close connection between
wormholes and the formation and evaporation of black
holes. Particles and information falling into black holes
pass into another universe, and particles from that
universe enter ours in the form of black hole radiation.
Further developments of this idea will be published else-
where.
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