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On the origin of the outgoing black hole modes
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The question of how to account for the outgoing black hole modes without drawing upon a trans-Planckian
reservoir at the horizon is addressed. It is argued that the outgoing modes must arise via conversion from
ingoing modes. It is further argued that the back reaction must be included to avoid the conclusion that particle
creation cannot occur in a strictly stationary background. The process of “mode conversion” is known in
plasma physics by this name and in condensed matter physics as “Andreev reflection” or “branch conver-
sion.” Itis illustrated here in a linear Lorentz noninvariant model introduced by Unruh. The role of interactions
and a physical short distance cutoff is then examined in the sonic black hole formed with he[i80556-
2821(96)04012-X]

PACS numbg(s): 04.70.Dy, 04.62+v, 52.35~¢g, 67.40.Db

I. THE TRANS-PLANCKIAN RESERVOIR is generally believed that the short distance divergences of
quantum field theory are due to an unphysical assumption

A fundamental problem in black hole physics is to ac-about the short distance physics, namely, that there are an
count for the origin of the outgoing modes. In ordinary field infinite number of degrees of freedom localizable in any vol-
theory these modes arise from a reservoir of arbitrarily higthme, no matter how small that volume may be. The exist-
frequency, short wavelength, degrees of freedoma free-  ence of these degrees of freedom also leads in general to a
fall frame) propagating just outside the event horizon anddivergent contribution to the entropy of a black hole. This
exponentially redshifting until they finally escape. There arecan be viewed in terms of entanglement entr¢py5], or
good reasons to doubt the existence of such a trans-Plancki#ftermal entropy of acceleration radiati¢é], or simply in
reservoir, however. Yet without this reservoir to draw upon,terms of the renormalization of Newton's const&and the
it seems that a short time after the formation of a black hole&oefficients of curvature squared terms in the effective ac-
there would be a dearth of outgoing modé§ Perhaps this  tion) [7,8].* In this last guise it appears that the divergence of
is just what happens. But it would produce a catastrophi®lack hole entropy is merely one aspect of the divergence
breakdown of the usual vacuum structure outside a blacRroblem of quantum field theory. The cure for this problem
hole horizon, would preclude the existence of Hawking ra-S to reject the assumption that there exists an infinite density
diation, and would invalidate any semiclassical analysis oPf localizable states.
black holes. While this possibility can perhaps iipét) be
r_uled out Conc_lusive_ly by obs_ervations, it seems terribly un- Il. NONLOCALITY AND LORENTZ NONINVARIANCE
likely. Underlying this paper is the assumption that the out-
going modes do indeed exist, and the problem is to account Local Lorentz invariance requires that there be an infinite
for them without drawing upon a reservoir of trans-Planckiannumber of degrees of freedom in any volume, no matter how
degrees of freedom. small that volume may be. To evade the conclusion that the

It is easiest to describe the problem in free field termsdensity of states is infinite it seems that one must give up
where a “mode” of the field has an autonomous identity, buteither locality or Lorentz invariance. Perturbative string
the problem also exists for interacting fields. One way totheory is an example of a nonlocal theory in which Lorentz
describe it is to think of the interacting theory perturbatively.invariance is maintained but the the density of localizable
Then the issue is that, in ordinary field theory, the value ofstates is finite(in fact zerg [10]. As currently formulated,
low energy observables far from the hole at late times destring theory actually has manyore states than ordinary
pends on trans-Planckian features of the propagator near tlield theory (see, e.g.[11]); however, each state is funda-
horizon[2]. Nonperturbatively, one can view the field theory mentally completely nonlocalThere exist conjectures that
as a set of coupled equations for the correlation functions. lthis is a condensed phase of a more fundamental theory that
this framework, the operator equations of motion presumabljas a truly finite density of statgd2].) The role of this
still imply that such observables depend on the transnonlocality in accounting for the outgoing string states
Planckian structure of the correlation functions just outside
the horizon.

Two good reasons to doubt the existence of a trans-lin fact it seems that due to effects of “curvature coupling,” the
Planckian reservoir aré) field theory divergences ani) entanglement and thermal entropies are not identical. It is the “ther-
divergence of black hole entropy in ordinary field theory. It mal entropy” that appears more fundamental when it is recognized

as just one contribution to the total entropy expression resulting
from one piece of the low energy effective gravity actisee, e.g.,
“Electronic address: jacobson@umdhep.umd.edu [9]).
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around a black hole has not yet to my knowledge been clariwhich yields the usual spectrum of vacuum fluctuations pro-

fied (see howevef13,10,14). vided enough time passes. However this does not evade the
The other possibility is to abandon Lorentz invariancefirst objection.

rather than locality. It might be considered foolish to ques- How many outgoing modes must be accounted for? If the

tion Lorentz invariance. After all, we certainly have no ob- pjack hole background were static, the number would be

servations that challenge its validity, and indeed most physimfinite, since they could come out at any time. A black hole

cists seem inclineql to believe that it is aractsymmetry of |t alone would presumably evaporate in a time of order
nature. However, it should be remembered that the Lorentg,3 (in Planck unity, however one can in principle easily

group is noncompact, so it would take observations at arbi
trarily large boosts to confirm Lorentz invariancéeAt
present the upper bound to the boost factors that have be
probed is aroundy~ 10" in transforming to the center of
mass frame in cosmic ray collisiongOf course if Lorentz

invariance is only an approximate symmetry it will be nec- . . Lo
essary to explain why it appears to hold so well where it ha‘glollows that the modes must originate in an infinite volufne.

been tested. In this connection it is interesting to note that It s_eems that thgre are only two ways to account fqr these
effective field theories governed by a Lorentzian metric aré®ttg0ing modes without drawing upon a trans-Planckian res-
known to occur in many condensed matter systems wher@Voir: (1) modes may emerge from the singularity and
there is actually a preferred frame. If the spacetime metric iPropagate superluminally out across the horiz@ingoing
of this nature, and if the preferred frame is the cosmic resfnodes may be changed into outgoing ones.
frame, then it is clearly relevant that the Earth is essentially One can construct dispersive linear field theory models
at rest in this frame. However, one would still have to ex-[18—21 where either possibility occurs. The first possibility
plain why we do not see several different effective Lorentzwould require the specification of boundary conditions at the
metrics for different low energy fields. Of possible relevancesingularity, and does not seem as natural as the secisl.
is the observatior15,1€ that there is a tendency for the not appropriate to rejeet priori the first possibility, since we
effective metrics for different interacting fields to flow to a are questioning Lorentz invarianté&he second possibility
common metric in the infrared. probably occurs for a sonic black hdl22] constructed with

In this paper we will consider the consequences of Lorreal atomic fluid, as will be discussed below.
entz noninvariance for the issue of the origin of the outgoing  Conversion from ingoing to outgoing modes is a phenom-
modes. These considerations may also be relevant for a noBnon that is known in other areas of physics. In plasmas it is
local the_ory s_uch as _strlng theory, since nonlocglly realize¢alled “mode conversion,” which occurs when waves
Lorentz invariance r_mght look som_ewhat like plain old Lor- propagate in an inhomogenous plagi®d,24. In condensed
entz noninvariance in some domain. We shall see that therg tter it is called “Andreev relection,” or “branch conver-

is @ mechanism, operating within the Lorentz noninvarianisjon = which occurs in superfluid systems where the order
model theories considered, whereby the outgoing modeSarameter is position dependent, such as a normal-
originate frqm certain ingoing modes, by a Counte””t“'“Vesuperconducting interfad@5], or a superflow or other “tex-
but rather simple process. ture” in superfluid °He [26]. In fact, a simple analog of the
outgoing black hole modes is the quasiparticle modes with
IIl. CONVERSION OF INGOING TO OUTGOING MODES energye<A propagating in a normal conductor away from
an interface with a superconducting phase with energy gap
In this section we consider in general terms the questiorl\. The origin of these modes is to be found in ingoing quasi-
of how the outgoing modes could possibly be restored in dole modes which undergo Andreev reflection.
theory with a finite density of states. This question was In the black hole model to be discussed below, certain
raised in Ref[1], where it was proposed that a process ofingoing short wavelength modes are converted to outgoing
“mode regeneration” must take place, but the nature of thisshort wavelength modes just outside the horizon, which then
process remained obscure. It was conjectured that it necesdshift down to long wavelengths as they climb away from
sarily involvesinteractions and perhaps corresponds to thethe hole. These ingoing modes are actuadlytgoing as
time reverse of a decay process in which low frequency outviewed in the free-fall frame of the black hole. Thus, from
going modes fuse to form high frequency ones. Therdare
leas) two serious objections to this conjecture. First, one still
needs to account for the low frequency outgoing modes, so2Allowing the black hole to evaporate, the number is instead fi-
not much has been explained. The other objection, pointedite. Consider just the waves, and divide the frequency range into
out by Ford[17], is that the outcome of such a process wouldintervals of a small size. Below the Planck frequency there are
undoubtedly depend on the details of the interactions, foe ! frequency intervals, and each interval defines a wave packet
instance on the coupling constants. The regeneration of thgith time spread~e~ 1. In the evaporation timeM® there are,
outgoing modes would only be partial, which would be in- therefore, e 1(M3/e"1)=M?3 independents-wave modes that
consistent with the standard vacuum structure and woul@merge. Since the high angular momentum modes have little cross
lead to violation of the generalized second law because thsection for absorption by the hole, the total number of modes should
hole could not emit the full thermal spectrum of Hawking also be of ordeM3. Again assuming one Planck volume per mode,
radiation. The only counter argumegri] was to further con- this requires a total volum&i3. That is, the minimum distance
jecture that the regeneration is like an equilibration processrom the horizon at which the modes can originate is of oider

Mmaintain the static background by sending energy into the
hole at a rate equal to the Hawking luminosity. Thus it seems
¥hat one must be able to account for a truly infinite number
of independent outgoing modes. Supposing that the ultimate
density of states is no greater than one per Planck volume, it
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the viewpoint of a free-fall observer, the conversion does noincoming mode are presumably correlated to different states
lead to a deficit of ingoing modes. of the gravitational field at short distances, and these states
Mode conversion from ingoing to outgoing modes maylack the Killing symmetry of the background. Furthermore,
provide a satisfactory mechanism for the mode regeneratiothere is the effect of decoherence. Neglecting back reaction
outside black hole horizons. It can happen evefréefield  and self-interaction, an outgoing positive Killing frequency
theory, so it does not suffer form Ford’s objection, it presum-wave packet evolves backwards in time to a sum of ingoing
ably survives in the presence of interaction, and the mechawave packetsp, +¢_, where¢, and ¢_ have positive and
nism is sufficiently universal to account for the outgoing negative norms, respectivelialthough each has positive
modes in a wide range of theories. Killing frequency). If the back reaction is taken into account,
the states corresponding to these two wave packets are pre-
sumably correlated to different, perhaps orthogonal, states of
IV. THE STATIONARITY PUZZLE the gravitational field. In this case it would be incorrect sim-

If all outgoing wave packets can be traced backwards irPIy to sum them together in forming the qnnihilation operator
time to ingoing ones that have never encountered the coR(¢++#-)=(é.+¢_,®) [where (,) is the conserved
lapse process which formed the black hole, then for them the@orm and® is the field operatdr even if the Killing sym-
black hole spacetime appears stationary. Since Killing fremetry were pre;erved. . o
quency is conserved, particle creation for them appears im- It seems quite plausible that some combination of these

possible. How can particle creation occur in the presence dfvo effects of the back reaction can evade the stationarity
a conserved Killing frequency? paradox. Indeed there has already been much interesting

The mere existence of a conserved Killing frequency iswork on the consequences of the back reaction on the phase
not the problem. For instance in de Sitter space, a space 6f the Bogoliubov coefficients in the Hawking effect, and the
maximal symmetry, ordinary quantum fields are excited ever@xistence of the kind of decoherence effect being invoked
in the Killing vacuum[27]. This can happen because the here [28]. Particularly encouraging is Parentani's work
Killing frequency does not define the relevant notion of par-which establishes that decoherence due to the back reaction
ticle states. A black hole spacetime is asymptotically flatgives rise to an energy flux from a “uniformly” accelerated
however, and the Killing time agrees at infinity with the particle detectof29] or mirror [30], even though such sys-
relevant time for defining the asymptotic particle staes-  tems radiate no energy in the background field approxima-
suming any preferred frame at infinity is the one in which thetion [31,32. (It should be admitted however that in these
black hole is at regt It would therefore appear there can be Systems there is a number expectation value for the outgoing
no particle production by an eternal stationary black holemodes even in the background field approximation, whereas
The annihilation operatoa,,, for an outgoing positive Kill-  in our black hole scenario even the number vanigh@sir
ing frequency wave packet would be expressible in terms ofonclusion is that it seems possible in principle to produce
the annihilation operatoa;, for an ingoing positive Kiling the Hawking radiation even if outgoing modes arise from
frequency wave packet. With the standard in-vacuum boundModes that are ingoing after the collapse that formed the
ary condition,a )/ ¥')=0, the numbeN,,J¥) would there-  black hole.

fore vanish.
T_hree possible_ escape routes_from this no-creation_ con- V. DISPERSIVE MODELS
clusion might be imaginedz) the ingoing modes that give
rise to the outgoing modes duot originate at infinity,(2) In this section we discuss the process of mode conversion

quantum field theory breaks down at short distan¢@sthe  in a free field model that violates local Lorentz invariance on
back reaction destroys the Killing symmetry and decohereg@ccount of the presence in the action of higher spatial deriva-
positive Killing frequency superpositions. tive terms in the free-fall frame of a black hole. For simplic-
In the presence of a cutoff on the density of states, a#ly the model is restricted to two spacetime dimensions. The
argued above, the modes must originate in an infinite volimodel arose from considerations of Unruh’s sonic black hole
ume, so escape rouf#) is precluded due to an “overcrowd- analog[22], which we now briefly describe.
ing” problem (assuming the modes do not emerge from the In Unruh’s analogy, the perturbations of a stationary
singularity rather than coming in from infinityEscape route background fluid flow are quantized. If the background flow
(2) is that, as a wave packet is followed backwards in timegoes supersonic there is a “sonic horizon,” from beyond
out to infinity, it may blueshift so far that the field theory which sound cannot escape. Equating the sound field to a
description breaks down. After that, the connection betweemassless free field, Unruh argued that the sonic horizon will
“Killing frequency at infinity” and norm in Hilbert space emit thermal Hawking phonons at a temperatwré2m,
might dissolve. This escape route does not seem too promigvherev’ is the gradient of the background velocity field at
ing. While it is plausible that the field theory description the horizon. One can begin to take into account the atomic
breaks down, one would still expect to have a conservediature of a real fluid via the departure from linearity of the
Killing energy, and this may be sufficient for a no-creationdispersion relationn(k) for phonons[1]. The key point is
argument. that the slope, which gives the group velocity of wave pack-
Escape routé3) is by far the most promising. In the real ets, is not constant, and in fact initially decreasesk as-
problem the gravitational field is dynamical and couples tocreases. This dispersion relation holds in the comoving frame
all other fields. The quantum evolution of the coupled systenof the fluid, and leads to the phenomenon of mode conver-
does not preserve the Killing symmetry of the classical backsion from ingoing to outgoing modes as demonstrated by
ground. The high wave vector wave packets that form theéJnruh[18]. The model considered i8] is not a real fluid
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but rather free field theory with higher spatial derivative 1 .

terms designed to produce a nonlinear dispersion relation. S= Ef dtdx |9, +vdy) pl*—[F(dy) 1?1 ®)
Unruh’s model can be reinterpreted without the fluid flow

interpretation as a theory of a free quantum field in a blacks \ve further specify thaﬁe(&x) is an odd function of,

hole spacetime. Let us describe the model in a slightly geng,qon, integration by parts yields the field equation
eralized forni[20,21]. The model consists of a free, Hermit-

ian scalar field propagating in a two-dimensional black hole (9+ 0 ) (di+ v dy) p=F2(dy) b. (6)
spacetime. The dispersion relation for the field lacks Lorentz
invariance, and is specified in the free-fall frame of the black The behavior of wave packets in this model can be under-
hole, that is, the frame carried in from the rest frame atstood qualitatively as follows. Assume a solution to the field
infinity by freely falling trajectorieé‘. Let u* denote the unit  equation(6) of the form ¢:e—iwtf(x) and solve the result-
vector field tangent to the infalling worldlines, and k&t ing ordinary differential equatiofODE) for f(x) by the
denote the orthogonal, outward pointing, unit vector, so thafyKB approximation. That is, writé(x) = exdifk(X)dx] and
g*#=u“uP—ssP. The action is assumed to have the form assume the quantitiegv andd,k/k are negligible compared

to k. The resulting equation is the position-dependent disper-

1 . ;
S= Ef d®\=9g*#D,¢* Dy, (1)  sion relation

[o—v(x)k]*=F?(k), )
where the modified differential operatdr, is defined by A
whereF (k)= —iF(ik). This is just the dispersion relation in
the local free-fall frame, since the free-fall frequensy is
related to the Killing frequencw by

u*D,=u%d,, (2
s*D,=F(s%),). 3

The time derivatives in the local free-fall frame are thus left ©'=o-v(xk ®)
unchanged, but the orthogonal spatial derivatives are re- ne chojce of the functiofr (k) completes the definition
placed byF(sd,). The functionF determines the disper- of the model. The ordinary wave equation corresponds to
sion relation. Invariance of the actiofl) under constant £ (k)=k. Expanding ink, one has
phase transformations @b guarantees that there is a con-
served current for solutions and a conserved “inner product” F(k)=k—k3/k3+ - - - (9)
for pairs of solutions to the equations of motion.
The black hole line element we shall consider is static andassuming reflection invariancélhe wave vectok, charac-
has the form terizes the scale of “new physics.” The only qualitative
5 ) choice being made here is that the cubic term is negative. In
ds?=dt?—[dx—v(x)dt]?, (4) many condensed matter systems the dispersion relation be-
haves in this way, and it is necessary in order ftffiat an
interacting field the excitations be stable against decay into
longer wavelength ond83]. The group velocity in the free-
fall frame isdF/dk=1—3k?/k3+ - - -, which decreases ini-

wherev (X) is negative and increasing to the right, going to a
constantv <0 at infinity. The black hole is at rest in these
coordinates ifvy vanishes. This is a generalization of the

Li’.“";:‘fe I_me (lejlemeni io\r/%stchwz:zsch}:g t;paC(Et"TI“C‘\’tiaIIy (at least as the wave vector grows. This decrease in the
which is given byo(x) = x (together wi e usua group velocity is the essential feature for us.

angular pait ¢, is a Killing vector, of squared norm h's choice 18] for the functionF (k
1—v2, and the event horizon is located at=—1. The Unruh’s choice{18] for the functionF (k) was

curves given bydx/dt=v are timelike free-fall worldlines Funrur K) = Koftant (k/ko) "} (10)
which are at rest(tangent to the Killing vector where

v=0. Since we assume<0 these aréngoing trajectories. for various integers. For everyn this has the feature that

v is their coordinate velocityt measures proper time along the group velocity vanishes for large wave vectors and the
them, and they are everywhere orthogonal to the constantfrequency approaches a maximum. This dispersion relation

surfaces. We shall refer to the functioix) as thefree-fall  is in some ways like the dispersion relation for superfluid
velocity The asymptotically flat region corresponds to helium-4, with the roton minimum taken oliOther choices
X— 00, for F(k) are studied in Ref.21], but these will not be dis-

In terms of the notation above, the orthonormal basis veceussed her¢.This dispersion relation is plotted in Fig. 1
tors adapted to the free-fall frame are giveny d,+vd,  along with the dispersion relations for the ordinary wave
ands=4,, and and in these coordinatgss —1. Thus the equation and for quasiparticle excitations of superfluid
action (1) becomes helium-4.

The dispersion relation is useful for understanding the

motion of wave packets that are somewhat peaked in both

3All of my understanding of this model has been developed inposition and wave vector. The change in position can be
collaboration with Corley. found by integrating the group velocitydw/dk
4A related model was invented in RdfL9], which imposes the =uv(X)+ dF/dk while satisfying the dispersion relatiq).

altered dispersion relation in Eddington-Finkelstein coordinatesA graphical method we have employed is described in Refs.

rather than free-fall coordinates. [20,21. The same method was used by Brout, Massur,
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y wave
@ equation Unruh
wavepacket
Helium-II horizon
\
k rotons
FIG. 1. Sketch of dispersion relations (k) for the wave equa- FIG. 2. Sketch of the history of an outgoing wave packet propa-

tion, the Unruh model, and helium-II at zero temperature and presgated with the dispersion relation for helium-Il in Fig. 1.
sure.w’ is the frequency in the free-fall fram@).
Parentani, and SpinddBMPS) [19], who also found a VI HELIUM-II SONIC BLACK HOLE
Hamiltonian formulation for the wave-packet propagation For a physical model with a strict cutoff let us consider
using Hamilton-Jacobi theory. the behavior of liquid helium-4 at zero temperature. This is
The model with the dispersion relati¢hO) was solved in  of course an interacting system, so is not nearly as simple as
Ref.[18] by numerical integration of the partial differential the Unruh model. Nevertheless, is is possible to make some
equation(PDE) (6), and the results can be reproduced quali-reasonable conjectures based on the form of the quasiparticle
tatively by the WKB methods. Propagating a low wave-spectrum in Fig. 1(To avoid the need to consider interac-
vector outgoing wave packet backwards in time, the horizonions, one might study instead field theory on a lattice falling
is approached, the wave vector blueshifts to something dihto a black hole. In discussing the helium model, it is natu-
orderkq, and the group velocity drops to zero in the staticral to go back to Unruh’s original sonic analogy and think of
frame. Mode conversion occurs near the stopping pointhe free-fall velocityv (x) as the velocity of the background
[20,21, and the wave packet moves back away from thefluid flow. To begin with, let us ignore the existence of in-
horizon with large positive and negative wave vector com-teractions and just follow modes as if they were free.
ponents(Forwards in time these components are ingoing in  In [1] it was argued that in the helium model a long wave-
the static frame but outgoing in the free-fall frame. This hapHength outgoing wave packet, traced backward in time,
pens because their group velocity in the free-fall frame iswould come to rest at an “effective horizon” where the co-
smaller in magnitutde than(x) due to the flattening of the moving group velocity and fluid velocity are equal and op-
dispersion curve at large wave vectdrBhese have positive posite. For this part of the process, the difference between
and negative free-fall frequencies afithereforg@ positive  the helium dispersion relation and that of the Unruh model
and negative norms, respectively. The magnitude of the com-.0) is irrelevant, so Unruh’s resulid 8], as well as those of
ponent wave vectors grows without bound as the wav§19,21], show that this expectation is incorrect. Rather, the
packet moves outward whep€x) decreases, and the asymp- blueshifting continues, the group velocity continues to drop,
totic group velocity is jusb (x). Werev(x) to drop to zero, and the wave packet is swept back out away from the sonic
the wave vector would diverge. To avoid dealing with thishorizon as a superposition of positive and negative wave-
one can impose the in-vacuum in the free-fall frame at nonvector packets. Now let us continue to follow the progress
zerov(x). (This was done in18] and[21].) No matter how of, say, the positive wave-vector part, backward in time, us-
smallv gets, the same result is obtained for {megative  ing the dispersion relation of liquid helium. The idea is
norm of the negative wave vector piece, which is the Bogosketched in Fig. 2(The behavior of the negative wave-
liubov coefficient that determines the particle creation ampli-vector part is similay. The packet will go over the first maxi-
tude for the outgoing wave packet. Thus, even though thenum of the dispersion curve, at which point its comoving
difference between the free-fall and Killing frames is goinggroup velocity changes sign, which only pushes it away from
to zero asv goes to zero, the wave vector is diverging in the horizon even faster. Eventually, however, it approaches
such a way that the wave packet always maintains a negativanother turn around point, near the roton minimum, where
free-fall frequency part of the same, negative, norm. the free-fall frequency line becomes tangent once again to
From this analysis we see that the Unruh model, while itthe dispersion curve. It seems reasonable to suppose that
entails a strict cutoff in free-fall frequency, involves in an what happens here is another reversal of direction, with the
essential way arbitrarily high wave vectors, i.e., arbitrarilywave packet continuing along the dispersion curve and fall-
short wavelengths. Insofar as we wish to explore the conseng back towards the horizon. As the wave vector rises and
guences of a fundamental short distance cutoff, this is agroup velocity falls one more tangency point will be reached,
unsatisfactory feature of the model. The outgoing modesvhere there is presumably one final reversal of direction.
emerging from the black hole region still arise from arbi- After that (still backward in timeg, the wave packet heads
trarily short wavelength modes, albeit ingoing ones. back away from the horizon with still blueshifting wave vec-
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tor and finally runs off the end of the quasiparticle spectrumsonic horizon is complicated by the instability towards vor-
The quasiparticle spectrum terminates when a decay channix and roton creation. Even if vortex creation can somehow
into two rotons opens up, at twice the momentum and energlpe suppressed, a roton condensate will devé®f} when
of the roton minimun{33,34. Therefore, it appears that our the flow velocity exceeds the Landau velocity-60 m/s
outgoing mode originates as some two roton mdaéh  which is much less than the long wavelength velocity of
vanishing comoving group velocitythat is swept in by the sound(238 m/3 in helium-Il. This condensate depletes the
flow. That is, the number operator for outgoing long wave-superfluid componeritind alters the dispersion relatipand
length phonons is dynamically related to the four-point func-the superfluid component vanishes entirely well before the
tion for ingoing rotons. speed of sound is reached. It thus appears that a long lived
We were forced to incorporate the interactions when thesonic horizon cannot actually be established in helium-Il.
end of the quasiparticle spectrum was reached, but of courdeerhaps another condensed matter system can provide a
the interactions play some role all along that we have igphysically realizable black hole analog.
nored. One way to think about this is to ask about the stabil-
ity of quasiparticles. If other decay channels are kinemati- VIl. INFORMATION LOSS
cally available, then presumably these are mixed in to the
evolution of the vacuum correlation functions. There are in- Finally, we point out that in the models considered here, it
deed two regions of the quasiparticle spectrum that are ureppears that the presence of a cutoff and violation of Lorentz
stable in addition to the end point. First, there is “anomalousnvariance do not change the picture with regard to informa-
dispersion” at low wave vectors, whet¥w/dk? is actually  tion loss in black hole evaporation. The created particles still
positive rather than negativi85], which leads to a finite have a “partner”[19], which falls down into the singularity,
phonon lifetime[33,34. Second, past the roton minimum, to whom they are correlatedWe see no mechanism for
there is a region where the group velocity just reaches theecovering the information in those correlations based on
velocity of sound 36], leading to phonon emission. The ex- these models.
istence of these processes presumably implies a mixing of
Fhe multipoint vacuum corr_elation functions. Thu's' an outgo'- ACKNOWLEDGMENTS
ing phonon mode really arises from a superposition of vari-
ous numbers of phonon modes, each of which ultimately | am grateful to S. Corley for countless discussions that
arises from ingoing multiroton modes. have helped me in my effort to understand the problems
In summary, we thus conjecture the following forward in discussed here. | would also like to thank R. Brout, S. Mas-
time behavior. As particular superpositions of multirotonsar, M. Ortiz, R. Parentani, F. Skiff, Ph. Spindel, G. 't Hooft,
modes of the superfluid are swept in towards the horizon, th&/.G. Unruh, and G. Volovik for helpful discussions. This
interactions and velocity gradient conspire to turn tHafter ~ work was supported in part by NSF Grant No. PHY94-
some dancing around near the horigato outgoing phonon 13253, the University of Maryland, and the University of
modes which are iffior very nearly in their ground state. At Utrecht.
this point the Hawking effect is responsible for populating
them thermally as they climb away from the horizon. The
negative energy flux across the horizon which is required by °It should be noted that the usual partner, obtaiig] by reflect-
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