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Thermal instability for positive brane cosmological constant in the Randall-Sundrum cosmologies
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We describe a novel dynamical mechanism to radiate away a positive four dimensional cosmological con-
stant, in the Randall-Sundrum cosmological scenario. We show that there are modes of the bulk gravitational
field for which the brane is effectively a mirror. This will generally give rise to an emission of thermal radiation
from the brane into the bulk. The temperature turns out to be nonvanishing only if the effective four dimen-
sional cosmological constant is positive. In any theory where the four dimensional vacuum energy is a function
of physical degrees of freedom, there is then a mechanism that radiates away any positive four dimensional
cosmological constant.
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. INTRODUCTION of the effective 4D cosmological constarf) .

We note that so long as the approximations we employ are

In this paper we describe a new dynamical mechanisnvalid, these results mean that any positive value of the cos-
which, in the context of the Randall-Sundrum cosmologicalmological constant can be radiated away, with a temperature
scenario[1—4], renders unstable solutions described by thegoverned by\/)\_éle.2
embedding of a four dimensional de Sitter universe in the In the next section we display the existence of linearized
five dimensional AdS spacetime. This mechanism is closelynodes of the bulk gravitational field which see the brane as
related to the Unrul5] effect and, more directly, to the a mirror. In Sec. Ill we apply to this known results on Unruh
effect whereby accelerated mirrors radifi6s7]. When the radiation in AdS spacetime and moving mirrors to deduce the
four dimensional vacuum energgr cosmological constant conclusions just mentioned. In the concluding section we
is a function of dynamical degrees of freedom, such as whediscuss the range of parameters in which our approximations
the vacuum energy depends on the value of a scalar field, omay be considered valid.
result implies that positive vacuum energy density may be
radiated into the bulk, resulting in a decrease of the effective Il. THE BRANE AS A MIRROR
four dimensional cosmological constant.

More particularly, we describe here three results of an Randall and Sundrum and others have studied modes of
investigation into the possible role of Unruh and movingthe linearized bulk Einstein equations which are, in the sense
mirror acceleration in the context of the Randall-Sundrumdescribed iff3], bound to the brane. In this section we dem-
(RS cosmologies. onstrate the existence of other linearized bulk modes, for

There are modes of the linearized bulk gravitational fieldwhich the brane functions as a mirror. We begin with the five
which, rather than being bound to the brane, see the brane gdénensional action for the RS scenario:

a perfectly reflecting mirror.
Given plausible physical assumptions, this implies that

the brane does radiate into the AdS bulk spacetime. How- 1 5 5 4
ever, when the effective four dimensional cosmological con- S~ G_sf d°x/—gs(R )—A)—f A"\ =9a( T+ Linatted

stantA,. vanishes, or is negative, the temperature is zero. (1)
Thus, the original RS scenario in whiety,=0 is in fact
stable and does not Unruh radiate into the bulk. where R ©® is the five dimensional Ricci scalags and g,

When A\ is strictly positive, the temperature is non- are the five and four dimensional metrics respectively,
vanishing. The temperature is proportional to the square root

2Chambilinet al.[9] previously discussed moving mirror radiation

*Email address: s.alexander@ic.ac.uk from branes and its interaction with Hawking radiation from black

TEmail address: ling@phys.psu.edu holes in the bulk. A related idea, studied previously by Deffayet

*Email address: smolin@phys.psu.edu et al. [10] and Levin[11], is that de Sitter radiation in the brane

Earlier proposals for dynamical decay of the cosmological con-might leak into the bulk, resulting in decay of the cosmological
stant in de Sitter spacetime were describefi8ih constant.
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=12 Ris the five dimensional Newton’s constant anib the We choose a flat brane locatedzat zo=R with R>= A
brane tension. The bulk space is a piece of anti-de Sitteand then linearize the field equations arising from the action
space described by (2). It is sufficient for our purposes to go directly to a trace-

less, transverse gauge, where we find,
d?=dy?*+e MRy dx dx, )

boundary conditions for gravitational modes at the brane. s 2
Hence, we begin by linearizing the Einstein equations. (@)

We begin by noting t_hat It is p_053|b|e to COT‘S'de_f_ WO Since the brane tension is non-vanishing, all solutions to
classes of bulk perturbations. The first are those identified b%is equation in the absence of matter on the brane must
Randall-Sundrum as those bound to the brigie satisfy

1
and the brane resides g=0. We are interested in the \/:c?pgé”ﬁu\/—gshwz 78(2,20)h,,, + THa"'8(2,20).

ds?=dy?*+e MRy, +v,,]dx*dx", ©) h,,.(26)=0. ®)

whereyw i_s assumed.to b@_ at the brane. This means that This is simply the Dirichlet boundary condition. Thus, we
the de_rlvatlves of the linearized _modes actually have singulagi  that type Il modes which satisfy the linearized Einstein’s
b;ahawor near the brane, coming from tefmsawyl and equations exist, but they are not free on the brane, instead, in
‘9y|y|_ aty=0. The behavior of these modes is by now well ihe ahsence of matter, the brane acts as a mirror for these
studied to linearized order. Let us call these type | modes. poded
These are not the only linearized modes of the metric in - Thjs result is not special to the flat embedding; it applies
the spacetime. Consider perturbations of the form to all fluctuations around brane embeddings which extremize
the action(1) of the form
ds?=dy?+[e W'Ry,,+h,,ldx“dx", (4) )
ds?=dy?+[g%,+h,,Jdx“dx", 9
where nowh,,,(y,x) is considered to be non-singular at the Y10t Nl ©
brane. Let us call these type Il modes. To study them it i%herego is the metric for an embedding of a brane.
Qgre %c.mr\l/ ‘?“'elr_“ tct)hsvilelt>c£ to cc:r?rtlehateAg dl;eV’R,t for_ y f TypeMIIV modes were considered also by Randall and Sun-
t?] f(W ich implies thaz=R), so that the MENC 1S O 4rum [3], who argued that they interact very weakly with
e form matter on the brane. While this is true, we will show below

) that the fact that they see the brane as a mirror has conse-

_R 2 quences due to the quantum effect that accelerated mirrors in
ds’ 72 (d22+dx4), ® some circumstances radiate.
Before going on to understand what the consequences of
and the linearized metric is of the form, the type Il modes are for the RS cosmological scenarios we
should comment on the existence of two kinds of modes of
R2 the linearized metric: type |, bound to the brane and type II,
dsz=¥(d22+ dx§)+ h,.(z,x)dx“dx". (6) which are reflected by the brane. How can we tell if either, or

both are true modes of the gravitational field? The point is
) ) . . that not any solution to the linearized Einstein’s equation
Againh,, is assumed to be non-singuiat the position of represents an actual linearization of a full solution to the full
the brane, which is noa=R. Einstein’s equations. What is required is mgt€]: h,,, is a
genuine linearization of a full solution to Einstein's equa-
3Note that while the background RS solution is invariant under tlons 1f there Is a one parameter family of exact solutions
parity transformation in whicly— —y, the same is not required to aﬁ’é'é(é\o)r}](ﬁ(};)u’c\;]vr]?g:g gre[();\e)slzr)lﬁs i:lzt?]e rhag?]redi?r:]epel: of
be true of the linearization of solutions close to the RS solution. The.p ol isyto carry out aﬁljexpansié\)r; of tl,’]‘é’ Einstein equations

point is that while a particular solution to Einstein’s equations may, higher order, to show that a solution can be generated

have an isometry, no isometry can be imposed on the whole space .
of solutions to the Einstein’s equatior(fn fact, only a set of mea- Urder by order. In the case of type | modes these equations

. _ 2
sure zero of metrics in the space of solutions have any isometriesmay be singular as a result of th@M ~6(y) and ayM

Thus, if we consider linearizing the Einstein's equations around &~ 9(Y) behavior of the derivatives of the modes at the loca-

given solution with an isometry, the isometry cannot be imposedion of the brane ay=0. This is a question that deserves
also on the linearized modes. The reason is that to be physicallpvestigation.

meaningful the linearized modes must span the space of lineariza-

tions of exact solutions close to the original one. Were we to impose

a symmetry of the background on the linearized modes we might *Note that for type | modes the dangerots(z,z,) term is can-
miss some modes which are linearizations of full solutions. Thus weeled by a delta function coming from the temﬁ|y|/R which
must consider all type Il modes which satisfy the boundary condicomes from the five dimensional wave operator applied to the per-
tions, without regard to symmetry. turbatione™ M"Rn .
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lll. THE BRANE MIRROR AND THERMAL RADIATION lowed by freely falling worldlines of an RS brane. By the
The problem of moving mirror boundary conditions in results of[1.3—.13 thgy would see themselves immersed in a
.~ . bath of radiation with temperatur@dl). Now suppose they
Convert some sand they are carrying into mirrors that totally
reflect the quanta in question. Then those mirrors must also
come to equilibrium at the same temperat(k®, otherwise
§he second law is violated. Thus, an external observer, mov-
ing inertially in the AdS spacetime will see the mirrors radi-
ha ate a flux of quanta at the same temperature.
Tom=Tunun=5—>- (10 Of course the energy must come from the observers, who
2mcC . . . .
require energy to both continue their motion and construct
the mirrors. The energy drained by the radiation created rep-

It is important to note that this is a nontrivial observation, as , . e
a moving mirror is a different physical system than the defesents a kind of purely quantum _mechanlcal radla'u_on reac-
In the case that the brane itself acts as a mirror, the

tectors first studied by Unruh and others. However it is eaS)t/'O”' : :
to make a thermodynamic argument for it. If | am in a bath€N€rdy must come from energy density stored in the vacuum
of thermal radiation at temperatufeand | uncover a mirror, ©f the quantum field theory on the brane. .

or take one out of my pocket, that mirror will interact with In the previous section we showed that the RS brane is

the radiation and come to equilibrium at the same temperaQreCisely a mirror for a certain set of modes in the bulk five

ture. Any other behavior would contradict the second law ofdimensional AdS spacetime, which we called type Il modes.
thermodynamics. But since an accelerating observer in thd/e then have a prediction that the RS brane will radiate into
vacuum is known to observe a thermal bath of radiation, thdhe bulk a gas of thermal type Il gravitons

same must apply to this case, otherwise an accelerated ob-
server could violate the laws of thermodynamics.

The problem of Unruh radiation has also been studied in
AdS spacetimes, by Deser and Leyit8,14), and Jacobson
[15], following a seminal work on quantum field theory
(QFT) in AdS spacetimes by Avis, Isham and Stofd].

They find that there are several natural choices of vacua, We need now only look at the details to find out what this
corresponding to the fact that AdS spacetime is not gIOba||¥mplies for RS cosmologies

hyperbolic. The specification of the vacuum state then de- The RS brane is embedded in Ad@hich is an embed-
pends on boundary conditions imposed at timelike infinity.ding into a flat six dimensional space

Ishamet al.and Deser and Levin study three natural choices
of vacua, corresponding to reflected or transmitted boundary A2 Y2 U2 T2 G2 T2
conditions at the timelike infinity. They find that a particle dso=—dyo+dyi+dys+dys+dyi—dys, (13
detector following a timelike worldline in d spacetime di- \ith constraint

mensional AdS spacetime will in some cases detect a flux of

particles with a thermal or modified thermal spectrum. They _§g+§,§+§,g+§,§+§,§_§§= —R2, (14)
further find that there are simple criteria to determine

whether the temperature is non-vanishing, and compute it§he coordinates can be parametrized by defining
value. These have to do with the embedding of the acceler-
ating trajectory in the flatd+1 dimensional spacetime
within which the AdS spacetime is embedded. First, the tem-
perature is only non-vanishing when the trajectory in ¢he

the 19709 6,7]. The conclusion in Minkowski spacetime is
that a moving mirror with a constant acceleration will radiate

Unruh radiation associated to its value of accelerat&n,

hag

RST5 (12

whereag is the acceleration of a freely falling particle in the
RS brane measured in the six dimensional embedding space-
ime.

~ 1
Yo= Z(zz+xi2—t2+ R?),

+1 dimensional spacetime is hyperbolic, so it has horizons ~ Rx
in the embedding spacetime, analogous to the Rindler hori- Yi= Tz
zon. Then, when the temperature is non-vanishing it is in fact (15)

proportional to thed+1 dimensional acceleration of the

worldline in thed+ 1 dimensional flat embedding spacetime: V= — Z(ZZ+Xi2_t2_ R?).
hag, g
Tunuh=—7 = (11 Rt
Y5= ?1

The moving mirror problem has not, to our knowledge,
been studied in an AdS spacetime. But by making a similagych that the metric can be written as,
thermodynamic argument we can arrive at the conclusion
that a moving mirror in AdS spacetime will radiate quanta in R? 5 5 5
a thermal or modified thermal spectrum at a temperature d§=?(dz +dx—dtY), (16)
given by Eq.(11). Suppose a family of observers in ordinary
AdS spacetime follows the trajectories that would be fol-where index runs from 1 to 3. If we define,

083503-3



STEPHON ALEXANDER, YI LING, AND LEE SMOLIN

z=Re'R, (17

then it takes the form,

dst=dy?+e Y/Rdx?—dt?). (18)

PHYSICAL REVIEW D65 083503

2_

1
_lay0|2+|ay4|2: 7. (23

s LYY
R? sint? =

|ag

Thus, by combining this with the results (13,14 we con-

To consider thelS embedding, let us introduce a positive clude that an observer gt =const andk;=x/ =y;=0 on a

constantA 4, and take the following coordinate transforma-

tion [17-19

y=—JA,Rt —R Iog( sinh%),

t=—R coth% e VA, (19

Xi:A4R2Xi/.
The metric becomes
d2=d?y’ 2 gjr? YV ot 2 2
=dy' +| A4R%si hT (esvihat dx{ —d“t'),
(20)

wherey is related to the brane tension by,

_ 3 u 21
T= G—SRCOH"E. ( )

It is evident that, aly’ =const, the metric of the brane de-

scribes the standard de Sitter spacetiriiée also see that a
de Sitter embedding is only possible for 3/G5R. However
as can be seen from E®8), below, this does not restrict the
effective four dimensional cosmological constant.

Now suppose a graviton detector is setxgE0 on the

brane. Despite being static with respect to the brane world,

is accelerated in both AdSand the six-dimensional flat
spacetime. Furthermore, the trajectory of the detector can
identified with the trajectory of the brane in Ag8r Mg. We

de Sitter brane will detect thermal radiation with the tem-
perature

hag h

E (24)
Yy
27rcRsth

To find the effective four dimensional cosmological constant
N 4e We must renormalize the coordinates so that the metric is
in the form of

AS2 o= €2 Vhaely )32 — ds. (25)
This requires new coordinates,
Y=Y
ds=(\/A_4Rsth)dt , (26)
Y
dw,= \/A_4Rsth dx/ . (27)

The effective cosmological constant for a brane positioned at
y' is then

1
Nge= (28

s o VY
R S|n2h—R
it

We see then that at fixed the temperature is related to the

b%ﬁective cosmological constant by the usual de Sitter rela-

are particularly interested in the six-dimensional acceleration % \/—
’ r_ }\46
as. Wheny' =const andk;=x/ =y;=0, T= e (29

Y=y’
R

By the above thermodynamic argument we then expect
that the brane itself will radiate into the modes for which it

) L _ serves as a mirror, with the same temperature. These are our
whereag is the constant acceleration in six dimensional flat,,5in results

spacetime. We see that the trajectory is indeed hyperbolic in' \ve now make several comments on these results.

the six dlmensmnal spacetime, which means that the tem- \we note that Eq(29) is the same as the de Sitter tempera-

perature will be non-zero. We can also compute the magnig,re of de Sitter radiation internal to the brane, which is a

tude of the six dimensional acceleration directly by mak'”gconsequence of the existence of horizons in the de Sitter

2_ "2
_R =a6 )

—~y2+y3i=R?cosi (22

use of Eqs(15), (17) and(19) to computedzgl"/dsz, where
s is the proper time of the detector. A3=dx/ =0 andy’
=const, s=A4Rsin{(y—Yy')/R]t'. It is straightforward to
obtain the magnitude of acceleration which is,

SWe emphasize that E€0) is indeed a solution to the actid).
For details, se¢17,19; for de Sitter embeddings with two rather
than one brane, s¢é8].

spacetime. However the moving mirror radiation radiates
into the five dimensional AdS spacetime. As the brane is the
source of that radiation it must result in energy loss from the
brane.

If we consider the Minkowski and AdS embeddings,
which have vanishing or negative cosmological constant, re-
spectively, we can easily show that there is no thermal radia-
tion in these cases. To see this, we consider the flat brane
which is obtained by fixingy to be constant in Eq18), and
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a quick calculation shows that the acceleration in six dimen- R:Cﬁ—‘lTSQ)\ig. (33
sional spacetime is zefamplying a vanishing temperature.
As far as the AdS brane is concerned, we have the followin

choice[18], % is not difficult to see that this effect may be significant for

the evolution of the early universe. Let us consider a stan-

y—y' dard inflationary model in whiclr=)Y(¢) where ¢ is the

y=—J—A4Rx5— Rlog( coshT), inflation field and)(¢) its potential. Leth ,o=1/L? and de-
fine the evaporation time scale by

Xg= Rtanh%e‘ VFhag, (30)

1dr\ 71t
) (34)

tevap: ( ; d_S
X]_,z: _A4R2X:,L2, t= _A4R2tl,
Then an adiabatic approximation, in which the solution can
such that the metric has the form, be approximated by a series of de Sitter embeddings with
slowly decreasing\ 4., will be valid so long as

ds2=d?y’ +| —A,R? cosﬁ% [ 2V=Raxs(dx; 2+ dx}2

tevap

>1, (35)
—dt'?)+dx}?]. (31) L

From Egs.(15), (17) and (30), we find the six-dimensional But it is then not difficult to see that
acceleration of a detector at a fixed spatial position on the

brane is also zero. Thus, the temperature of the brane is tevap L\2/L\?
given by L (E R (36)
hag _ 7O (Nge) VA ge

(32 so that ifR~=TeV ™! to solve the hierarchy problem then an
adiabatic approximation is good so longlas 10’1 . At the

It of course follows from Eq(24) that, if the effective same time, we see that the eyplution of an_inflationary solu-
cosmological constant of our universe is positive, all thellon may be significantly modified at early times.
fields we observe are very weakly coupled to a five dimen- 1he rate of decay may be slowed by suppression factors
sional thermal bath of type Il gravitons with a temperaturec®Ming from the fact that the coupling of type Il modes to
given by Eq.(29). Of course, the coupling is extremely the vacuum energy is weak and grawtatllonal.. But thg effgct
weak, as has been discussed Byand other authors. But it ©f these will be to increase the evaporation time, which in-
is not impossible that there may be observable consequencE€ases the regime in which an adiabatic approximation is
of this prediction. vali

2mcC 2mcC

We note that the effect is present so long »ag>0,
which means that>3/GgR. Thus this effect may radiate
away all contributions to the effective cosmological constant,
including those that result from matter falling onto the brane
from the bulk, such as described[i20,21. In principle, the

The results just described imply that the embedding of @adiation continues untik ,o=0, at which pointr decreases
four dimensional de Sitter universe as a brane in the fivdéo the value necessary to stabilize the embedding of the flat
dimensional Randall-Sundrum cosmology is unstable. Thé&kS brane. However the evaporation time becomes much
exact channel that the instability goes through depends olonger tharL as\ 4, decreases. More work is then needed to
the coupling of the quantum fluctuations of the vacuum tounderstand whether this effect may be significant for obser-
the type Il modes and hence on the model used for th&ational astronomy.
vacuum energy. Of course, as noted[& the coupling of In closing we remark on several checks of our reasoning
matter degrees of freedom living on the brane to the type Ithat should be carried out. First, the thermodynamic argu-
modes may be suppressed by various factors. Let us firghent we rely on here should be checked by doing a first
consider the case where the suppression is insignificant, qrinciples calculation of radiation from a moving mirror in a
that the radiation may be considered to be blackbody. In thifive dimensional AdS spacetime. These calculations are in
case the energy radiated into the bulk per unit time and uniprogresg§22]. Given these results one may investigate, in the
brane volume is given by the usual formula, context of particular models of the inflation, whether the ef-

fective cosmological constant is in fact sent to zero and how
the transition from an inflating universe to a FRW universe
®Even so, note the five dimensional acceleration over the Ad$akes place. Finally, the question of whether both type I and
background is not zero. The brane is accelerated with respect to tfi¥pe || modes are genuine linearizations of full solutions to
bulk at the rate of &, wherez,(<R) is the transverse position of the Einstein equations should be investigated by carrying out
the brane. the linearizations to higher order.

IV. CONCLUSION: A POSSIBLE DYNAMICAL
MECHANISM FOR RADIATING AWAY
POSITIVE COSMOLOGICAL CONSTANT
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