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Quantum metric fluctuations and Hawking radiation
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In this Rapid Communication we study the gravitational interactions between outgoing configurations giving
rise to Hawking radiation and in-falling configurations. We exploit the fact that the fluctuations of the in-falling
flux of energy across the horizon do not vanish in the vacuum state. This leads to interactions with outgoing
guanta which grow near the horizon and prevent the appearance of trans-Planckian frequencies. These inter-
actions express themselves in terms of metric fluctuations and lead to a description of Hawking radiation which
is similar to that obtained from sound propagation in condensed matter models.
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In his original derivatiorf1], Hawking assumed that grav- where\ is the asymptotic energy of the quantum. This im-
ity can be treated classically; i.e. the metric was determineglies that a wave packet centered along the null outgoing
by the energy of the collapsing star but was unaffected by thgeodesicu=t—r* had a frequencyw=xre " when it
qguantum processes under examination. In this approximasmerged from the collapsing staw 1/4M is the surface
tion, the radiation field satisfies a linear equationthe ab-  gravity and fixes Hawking temperatufie,= «/2.) Unlike
sence of matter interactionand the in-falling and outgoing processes characterized by a typical energy scale, the relation
field configurations are completely uncorrelated near the,s)\e*“ shows that black hole evaporation rests on arbitrary
black hole horizon. In fact the pairs of quanta generated byigh frequencies.
its formation are composed of two outgoing quanta, one on As emphasized by 't Hooft4], this implies that the gravi-
each side of it. The external ones form the asymptotic fluxtational interactions between these configurations and in-
whereas their partners fall towards the singularity a0.  falling quanta cannot be neglected, thereby questioning the
Upon tracing over these inner configurations one gets awalidity of the semi-classical description. In questioning this
outgoing incoherent flux described by a thermal density mavalidity, two issues should be distinguishéske Sec. 3.7 in
trix. [3]). First, there is the question of the low frequer@y«)

There is nevertheless a precise relationship between thghanges which can be measured asymptotically, and second,
expectation values of the in-falling and the outgoing energythat of the high frequency modifications of the near horizon
fluxes. Indeed, the asymptotic thermal flux is accompanieghysics. Since all thermo-dynamical reasonings indicate that
by a negative in-falling fluXT,,) which has, on the horizon, the asymptotic propertis@amely thermality governed by
exactly the opposite value. Moreowg, ) drives black hole  and stationarityshould be preserved, the problem is to con-

evaporation according to ciliate their stability with the radical change of the near ho-
rizon physics which is needed to cure the trans-Planckian
dM 1 problem. Indeed, a perturbative analysis indicates that near
E_<Tvv>|r=rhonzon=2"4:_ Ve (@) horizon interactions lead to recoil effects proportionaktp
which seem incompatible with the stationarity of the fl6%
We work with Planck unitsc=%=M pjane=1. v=t+r* is A novel approach to this problem is provided by the anal-

the advanced null time andt =r+2M In(r/2M — 1) is the 09y with condensed matter physics pointed out by Urifijh

tortoise coordinateM (v) is the time dependent mass ap- He noticed that sound propagation in a moving fluid obeys a
pearing in the Vaidya metric d’Alembertian equation which defines an acoustic metric.

Therefore, when the acoustic metric corresponds to that of a
) o o ) collapsing star, thermally distributed phonons should be
dv?+2dvdr+r?(d6*+sir® 6d¢?) emitted.(The formation of an acoustic horizon occurs when
(2)  thefluid velocity reaches the speed of soumtbwever, con-
trary to photons the dispersion relation of phonons is not
which  describes the near horizon  geometrylinear for frequenciegmeasured in the rest frame of the
(Jr—2M|<2M) of an evaporating black hole,3]. fluid) higher than a criticalv.. Nevertheless, whew > «,
This semi-classical description would be perfectly valid if the asymptotic properties of Hawking phonons are unaf-
another feature of black hole physics wasn't present, namelyfected[7] in spite of the fact that frequencies> w. which
the field configurations giving rise to Hawking quanta pos-were solicited in Hawking's derivation are no longer avail-
sess arbitrary higltrans-Planckianfrequencies near the ho- able.

dsz=—(1—@

rizon: When measured by in-falling observersrathe fre- This insensitivity suggests that something similar might
guency grows as apply to black holes. The aim of this Rapid Communication
is to show that this is the case: The gravitational interactions

o A 3) between outgoing configurations giving rise to Hawking ra-

1-2M/r diation and in-falling configurations in their ground state
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lead to collective effects which dissipate the trans-Planckian Our aim now is to describe how the gravitational interac-
modes near the horizon, but without affecting the asymptotitions betweenp_ and ¢, modify the semi-classical descrip-
properties of Hawking radiation. These collective effects extion of Hawking radiation. The generating functional of the
press themselves in terms of a stochastic ensemble of metnighole system is

fluctuations. The specification of the vacuum state at early
times determines the statistical properties of this ensemble
and this in turn fixes the cut-ofb, (in terms ofx) and the
frame which breaks the 2D Lorentz invariar{&9].

For 5|mp||c|ty we shall consider 0n|$.wa\/es propagat- In this equationh is the Change of the metric with respect to
ing in spherically symmetric space times. The backgroundhe backgroung discussed above arg} g is the act|on oh
metric results from the collapse of a null shell of madg  obtained from the Einstein-Hilbert actloﬁ(i)h ands{}}, are
which propagates along=0 [10]. Inside the shell, fow the actions of¢, and ¢_ propagating in the quctuatmg
<0, the geometry is Minkowski and described by Eg.  geometryg+h.
with M=0. Outside, the metric is also static and given by ~When the metric fluctuations are spherically symmetric,
Eq. (2) with M =M. is characterized by two functions of andr which are de-

When studying masslesavaves in this background, they termined by the matter stress tensor. The line element in the
fall into two classes according to their support gim, the  fluctuating metric can be written §$0]
light-like past infinity. The waves in the first class have sup-
port only forv <0 and will be noted¢$ . They propagate ds?=(1+ )
inward in the flat geometry tili =0, where they bounce off
and become outgoing configurations. This first class is itself
divided in two: Forv < —4M, the reflected waves cross the whereM =Mq+ u(v,r). In this metric, the matter action is
in-falling shell withr >2M and reach the asymptotic region
[11], whereas those forBv>—4M cross it withr <2M, S .= _J dvdr 1— _) (9 ¢) } ®)
and propagate in the trapped region till the singularity. The 2
separating light ray = —4M, becomes the future horizon _ )
u=c after bouncing off ar =0. The configurations which It is independent ofj, thereby showing a 2D conformal in-
form the second class have support only §or0 and are variance(cf. [9,11]). _ o . .
noted¢ . . They are always in-falling and cross the horizon I the Ieadlng order in grawtatlpnal interactions, 'only
towards the singularity. quadratic terms irh should be kept ir§, ;. The Gaussian

In the standard derivation of black hole radiation, the conJntegration ovet gives
figurations forv<v, give rise to the asymptotic quanta,
those forvy<v <0 to their partner§l2], whereasp, plays fD¢+ is(" )f Do oSS ) +iSing 9)
no role in the asymptotic radiation. The correlations between

the asymptotic quanta and their partners follow from the fact
that, on.7~ and in the vacuum, the rescaled figd=r y whereS;,,; is a quadratic form of the stress tensor. It contains

(where y is the 4Ds-wave satisfies self-interaction terms depending @n. or ¢, separately as
well as a cross term. In the leading order, only the latter

1 should be considered. Indeed, because of the 2D conformal
e io—v)= _ —y! invariance, the self-interaction terms vanish on-sh#8].
(d(v) (v Injv—v’]. selr-
047w Am The cross term is given bisee Eq(8)],
4

Since this equation is valid for alh,v’ there also exists _GJ er du ((9 ¢-)? (10
correlations betweerb_ and ¢, . However, they become

negligible for late Hawking quanta since these emerge frO”WhereM+(v r) is the mass fluctuation driven by, andG
configurations which are characterized by frequenaies js Newton’s constant. We have introduced it in the front of
=\e*>« and are localized very close tq,. This follows ;. to more easily read the order of the interactions between
from the asymptotic ku>1) behavior of the relation be- ¢_ and ¢, . Since on-shell ¢ ¢_)2=(d,¢_)?/(r/2M
tween the value ofi of the geodesic which originates from  —1)2, the dominant contribution &, is governed byu .

onJg : evaluated on the horizon:

dv?+2dvdr |+r2dQ3 (7)

2M
—[1-==
r

d,dd, dp+

_ x@ kU v
Vi Tonee T © )= 0= [ 0,6.07
As shown in[1], this exponential value induces both thermal
radiation at temperature/27 and the necessity of consider- In short, Eq.(10) represents thed_ ¢, interactions mediated
ing trans-Planckian frequencies @i~ . In the absence of by gravity. They have already been consideref4iji5,16.
gravitational interactions, it also tells us that and¢, are  The novelty of this Rapid Communication lies in their col-
effectively two independent fields. lective treatment when the state ¢f. is the vacuum.
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Before proceeding, let us first relate Ef) to [1] and the Keeping only this term in the IF is equivalent to work
semi-classical treatment. Hawking’s approach is recoverewith a stochastic Gaussian ensemble of metric fluctuations
by puttingGu, =0. Theng_ is a free field propagating in [19]. Then, the conformal invariance of E@) allows us to
the background geometry and ¢ drops out from all ma- obtain the non-linear effec{d 0] induced by these fluctua-
trix elements built with the operatap_ . In this treatment tions from the characteristics of the equation #r ,
one finds that matrix elements such as the in-out Green func-
tion are characterized by trans-Planckian frequencies when _(1_ 2Mo+2Gu, (v)
one of the operators approaches the horizish10. r

The semiclassical treatment is obtained from Ej.by
integrating overg, and retaining only the meafu . (v)) These are the outgoing null geodesigs,r), solutions of
driven by the(properly subtracted3]) expectation ofT,,  ds°=0 of Eq.(7). The background solution isy=v —2r*.
=(d,¢+)%, The first order changéu=u—ug is

) hd_=2d,6_. (15

2 ’
* +(v")
<Tvv<v>>|r=2M=—112(—2fT) (12 u(w)l,=26 | do' 8
Yo

evaluated in the unperturbed vacuu#. This flux has the . . . . o oex
opposite value of a 2D thermal flux and drives black hoIeWher_e r(U)|“q 1S ob.talned by 'nvertngO(lf’r) v .2r '
evaporation according to EL). Since one simply replaces The integral is domln:z\tgg) by the near horizon _reglon_where
Mg by Mg+ G(u ) in the former treatment the matrix ele- r(v)u,~2Mo=2Mge - Thls.depende.nce v will
ments of¢_ are hardly affected2] by the evaporation as tame the UV content of the metric fluctuations.

long as it is slow, i.e. as long &8 (v)>Mp,nck. Therefore, To determine the physical effects of these fluctuations, let
the trans-Planckian problem stays as such in the semMs analyze the asymptotic plane waves representing Hawking
classical scenario. guanta since they govern the properties of the in-out Green

To solve this problem clearly requires taking into accountfunction. In the absence of metric fluctuations the plane
the fluctuatingcharacter of the interactions betwe¢n and  wave e '™ behaves as
¢ , which is encoded in the momentsBf, higher than its
mean(12). Upon considering matrix elements af_, the

integration overg. in Eq. (9) will determine the influence It vanishes for <2Mg and possesses an infinite number of

functional(IF) [17] governing the effective dynamics ¢f_ . oscillations asr—2Me with increasing. momentunp. —
To perform exactly this integration is out of reach since the ™", g 0 . 9 P =
—id,. This is the trans-Planckian problem.

final state of¢. will be correlated to that of_ . However, When considering the Green function obtained from Egs.

in the lowest order irG, this entanglement can be neglected. .
Indeed the back-reaction effects occurring through the modigg)’ (10) and(13) {and with one operator at,r and the other

P o . )
fication of ¢, are of higher order. This approximation is a on J7), its behavior inv,r is determined10] by the en-
common procedure both in quantum field theory where itsemble average waves
gives the vacuum contributiosee Chap. 9 if17]), and in \2
statistical mechanicg.g. thepolaron, Chap. 11 if17]). In (e NNy =g NN g™ Z (U)oU) (18
our case the IF gives rise to a non-local action which is a

sum of terms containing# ¢_)? and kernels given by the Using Egs.(14) and(16), one obtains

Wick contractions ofT,, evaluated with Eq(4). The first

term is quadratic in 4,¢_)? and the kernel is thécon- do Ko 1

—n2 _
nected two-point function (u(0)]u,u(0)lu) =G" | 3 Wt 02 (112Mg—1)2

e Mol =g(r—2Mg)e M (r—2Mg)'**.  (17)

- (13) _ 1
1672 (v—v')* —U%m (19

<TUD(U)TUU(UI)>C:

Using Eq.(11), one obtains .
9 Eq.(1D where the spreadr, is equal toGk+/In(A/x)/3. We have

introduced the UV cut-offA to define the integral oves.
_ Notice thatA is a Lorentz scalafsince it is the energy of an
967 (v—v')? s-wave in its rest frameand that its value is hardly relevant
sincea,_y=+20,_1.

1 (= , The main result of Eq(19) is thato, is not proportional

- 96772f0 do o codw(v—v")]. to A even though u2 )=AZ2. This is because high frequen-
(14) cies (w>«) are damped by the integration ovef in Eq.
(16). The frequencies =« dominate in Eq(19).

This equation gives the mean metric fluctuations driven by Since(suédu) diverges as —2M,, Eqg. (18) tells us that
¢, in the unperturbed@=0) vacuum stat¢18]. the correlations between asymptotic quanta and early con-

(ms(@pp(v'))=
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figurations, which existed in a given background as shown iyular momentum modes; will be larger than our estimate

Eq. (17), are washed out by _the metric quctu_atlons omce [16],) (I) When propagated backwards in time, outgoing
—2Mo=0,=1/M,. The physical reason for this loss of co- q,anta are scattered by the metric fluctuations induced by
herence is that the state gf. becomes correlated to that of i, ta|ling matter fields in their vacuum stat@l) These in-

¢ [4,15. Phenomenologically this loss can be viewed as g4 tions grow so strongly near the horizon that the quanta
d'ss'p’?‘“"” of out_gomg waves. Then, as in co_ndensed matt%{re completely scatteredll ) The in-falling vacuum fluctua-
[6.8], it can be included in the wave equation through oo oot a5 a reservoir of modes. This invites us to describe

non-trivial dispersion relation. the interactions in terms of stochastic metric fluctuations.

Besides the dissipation of trans-Planckian correlations, WE\/) Even though the spectrum of the latter contains all fre-

can verify that the gravitational interactions do not affect thequencies(up to a UV cut-off, their impact on outgoing con-

asymptotic_properti_es.of Hawking raqiatiqn. This is_ ac.hievedfigurations is governed by frequencies=«. (V) The sta-
by.cor_nputlng t_he_ In-in Green function in the Cc)'nc'd‘:"r‘(;‘:"tionarity of the vacuum[i.e. the fact that Eq(13) is a
point limit. In this limit, one sees that the shift6) drops out function of v—uv’ only] leads to stationary metric fluctua-

since it affectsboth points coherently. This cancellation tions (14) and this, combined with the stationarity of the

guarantees that the asymptotic properties are unaff¢t@d S Lo
In conclusion, we have studied the effects induced by thé:)ackground metric, gives a spreaq , which is independent

gravitational interactions governed by E@0). Even though of v

we worked out only the lowest ordewr(>=G) we believe | wish to thank Robert Brout for very useful discussions.
that the following results are robugiVe see no reason for | also thank the organizers of the 5th Peyresq meeting, where
higher order terms to give , =0, thereby recovering trans- some of the ideas presented here crystallized. This work was
Planckian correlations. Indeed, when considering higher arsupported by the NATO Grant CLG.976417.
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