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On the hologram of de Sitter
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A careful reduction of three-dimensional gravity to the Liouville description is performed, where all gauge
fixing and on-shell conditions come from the definition of asymptotic de Sitter spaces. The roles of both past
and future infinities are discussed and the conditions space-time evolution imposes on both Liouville fields are
made explicit. Space-times which correspond to nonequivalent profiles of the Liouville fiEld andZ © are
shown to exist. The qualitative implications of this for any tentative dual theory are presented.

DOI: 10.1103/PhysRevD.66.124011 PACS nunifer04.20.Ha, 04.20.Gz, 11.25.Hf

[. INTRODUCTION jected” to either infinity by a gauge choice. We will also
consider instances where such a projection fails.

The importance of understanding quantum gravity in de The paper is organized as follows. In Sec. Il a reduction
Sitter space can hardly be overstressed. Touching on physicpm the Chern-Simons formulation to Liouville theory is
problems such as the dynamics of inflation and the eventu&arried out. We choose a different “gauge fixing” from pre-
fate of the universe, the question is in itself a necessary steyjous work[7] in order to keep the space-time picture ex-
toward a background-free formulation of the quantum theonyplicit. In Sec. Ill we are able to give a simple interpretation
of gravity and quantum cosmology. for the Liouville field, and then state the generic conditions

Not having a precise string theory background in which tounder which an asymptotically de Sitter space-time will be
embed the space, our understanding relies on extrapolatiofgscribed by it. In Sec. IV we discuss the Strominger map-
of ideas gathered in the study of black holes and anti—d@ing and problems arising from cosmological singularities.
Sitter (AdS) spaces. A particularly useful idea is holography We then conclude with a prospectus of what else classical de
[1], which found a realization for AdS backgrourf@j. With ~ Sitter gravity could say about holography.
this in mind, Strominger gave a prescriptif8] to recover
data pertaining to the space-time based on a hypothetical Il. CHERN-SIMONS AND WESS-ZUMINO
dual (holographig theory. The arguments in support of this EORMULATIONS REVISITED
prescription are numeroy4,5], although few seem to tackle
properties of dS space which do not parallel those of AdS Three-dimensional gravity has been the subject of exten-
space. sive research over the past two decaflgs The Chern-

The properties of dS space which make the formulation ofSimons formulation9,10] makes explict the role of local
holography particularly difficult are the existence of a hori-isometry invariance and also the fact that the theory is lo-
zon and the compactness of spatial slices. The former pos&@lly trivial. Sticking to the positive cosmological constant
problems for unitary evolutions of Hilbert spaces assigned t¢ase, we can write the action in terms of an SCOZCOH-
Cauchy surfaces and the latter makes unclear the procedupection, defined asA,=w,+i¢ '€}, where €, is the
to define conserved charges. Horizons are in fact alreadgreibein andw!, is the Lorentz dual to the spin connection.
known to cause problems in AdS space, where the formulafhen the properties above are readily seen by direct inspec-
tion of (perturbative string theory in, say, Bados- tion of the action,

Teitelboim-Zanelli(BTZ) backgrounds is an open problem.

Also, if one chooses to think about holography in a cova- ¢
riant way[6], the boundary theory seems to live in two dis- S=1.-G7 f Trl AAdA+ A/\A/\A
joint codimension 1 surfaces, the past and future infinities,
I~ andZ', respectively. Strominger gave some arguments +B(AA) 1)

in favor of a reduction which would map states from one to
the other. Those were based on the initial value formulation

which would determine the final state. Whether this can bdVhere A= A'y;, A is the complex conjugate té, and J
brought forward to the full quantum theory is unclear. denotes the imaginary parf; can be though of as a repre-

The aim of this article is to give an alternative way of Sentation of the SL(Z) algebra in three dimensions, satis-
regarding this map, at least for three-dimensional spacd¥ing 2 T y;y;1=n;; and 2 Tf vy, ] =€ijx - B(AA) is a
times. The arguments presented here imply that the mappir@)ljndary term required to continue interior solutions to the
is a truncation. One can argue that the full theory does live irfausal boundary of space-time. The properties of isometry
both infinities, but some statéwhich we will call stati¢ on invariance and local triviality translate, respectively, to trivial
it corresponding to singularity-free solutions can be “pro-facts about Chern-Simons fornig they are gauge invariant

and(ii) their variation with respect té is a closed form. The
dynamics is then determined by the boundary d&(ta,A),
*Electronic address: bcunha@theory.uchicago.edu namely, which particular space the dynamic space-time ap-
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proaches asymptotically. In the case at hand the sensibterms of the unphysical or fiducial variables, the Einstein
choice is to have the metric approach the de Sitter metric a@quations im dimensions read
past and future infinity.

In the spirit of classical general relativity, one should
strive to give a coordinate independent formulation of an
asymptotic de Sitter space. The main advantage of this ap-
proach is to make a clear distinction between what is consid- —(n—1)g édei@ Ly Q:ﬂ i(j @)
ered “gauge choice” in the Chern-Simons language and acd 2 Pt T n o 2Tac
what is considered “on shell.” Following Shiromizet al.

[11] (after similar work done for AdS space by Hawking and Since the unphysical Ricci tensor is regular, the terms diverg-
by Ashtekhar and Magnoi12]), we will say that an ing with some power of) must vanish avM. The term
n-dimensional space-time with metri,, is asymptotically  proportional toQ ~? yields

de Sitterwhen the following conditions hold.

(1) The causal boundary of space-timeZis UZ ™~ [13].
Specifically, there are two functio3™ andQ* which van-
ish at past and future infinities, respectively, but not their
derivatives; also, the corresponding unphysical or fiduciaBack in three dimensiong3) means that one can define a
metric §2,=(Q%)2g,y is regular there. timelike vector fleldga_zmabvblogﬂ, with A=¢"2, which

(2) The geometry is asymptotically trividhe space-time chomes'normal|zed in the physmal space as one Qpproaches
(M,g) is a solution of the equationByp— :Rgap+ AJas Z . The |r_1tegral curves of_ this ve_ctor are parametrized by a
—87GT,,, where @) "*T2 has a smooth limit to the time function, which we will callt=¢ log (). One can actu-

boundary ally use part of the gauge symmetry Qf and eliminate the
The firét item above tells us thé&k is a nonsingular coor- order{} carrections tof® [14]. With this provision, the sub-

dinate near eitheZ ~ or Z". Furthermore, its gradient is leading term implies
normal to the boundary and hence timelike. So one is natu-
rally led to thegauge choicevhere the time function is given
by t~logQ)™ nearZ . Whether or not one can stick to this

: - i .
choice up toZ depends on global issues “k? the causala remnant gauge condition, which allows it to be multiplied
structure of space-time and whether .the functidhus de- . by a generic nonvanishing function of the transverse coordi-
flned can be extendgd globaIIy: We will address these POINtRates. Since the spatial slices are topologically spheres, one
in Sec. lll. Assuming that this is a good gauge choice;an yse up the reparametrization invariance and write the
throughout the evolution of space-time amounts to assumingpatia| metric as conformally flat. The conformal factor can

that the spatial slices will not undergo topology change. Inhen pe absorbed by a redefinition tofThe fiducial metric
fact, the assumption already furnishes us with a Morse funcegn then be considered flat.

tion, if we see time evolution as a cobordism. There is more |t is a straighforward exercise to compute the physical
to say about the instances when such gauge fixing breakfreibein and spin connection given their fiducial counterparts

1

Ract(N=2) 5

N ~ oA 1
VaVcQ + gacgdeﬁvd VeQ

ApaA a 2
ab — _ —
G0N0 = - A atT )

VY0 + 0,09V, V.0=0at7 - (4)

which in turn means that,V.Q = 0. On top of those, there is

down, but we will postpone it for now. and the functiont:
The second item in the list relates to solving the equations
of motion near past and future infinity. Here we will be el—e ¢ Mgl (5)
mostly interested in the case of pure gravity,lsg=0 and
the metric is locally the de Sitter vacuum. It is interesting to T S J.
note that if one takes holography as a property of quantum Wa= Wa™ gfijeteaa (6)

gravity, the latter will be represented in de Sitter back-
grounds as a transfer matrix interpolating betweenyhere e;=¢%),,. Using local Lorentz invariance, one can
asymptotic de Sitter spaces at past and future infinity. Theyrite el = 5 atZ~. Also, given that the fiducial metric is flat
requirement that these_ spaces satisfy item 2 :_:Ibove echoes thtez,, oX=0 there, and as a result the corresponding com-
Lehmann-Symanzik-ZimmermarhSZ) reduction between a ) I
a general Green'’s function of any quantum field theory ancponent of the gauge field satisfies
its Smatrix elements. Since the latter are defined for on-shell At=AlLiA2=0
elements, it is unclear at this point how the quantum fluctua- a "a a B
tions of the bulk fields would be encoded in the dual theory. 6 .0 at 7-, (7)
As it stands, even in the AdS conformal field thedGFT) A;=A,=0
these are encoded in a complicated way in the boundary
theory. Only gauge-invariant observables have a clear-cifto We can choose
correspondence in terms of bulk fields.

In the following we will apply the conditions above to the A0
metric atZ~ (and as such we will drop the superscyigh t

()

i
¢
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as a gauge fixing for Eq1). As said before, we will see Eq.
(7) as the on-shell condition, to be imposedzat, and Eq.
(8) as a gauge choice.

The variation of the the actiofl) gives[15,16

k
6S=—J
™

f Tr(6AAA) +2 f Tr(&A/\F)}
oM M

8
+ 6B 9

where F=dA+AAA and the “level” of the model isk

PHYSICAL REVIEW [®6, 124011 (2002

Changing variables in Eq11), and using the fact that the
resulting action depends only on the boundary value§, of
one arrives at

k~ -1 -1, 2
S[g]=—EJ fTr(g dgg”~dg)dx

+ 6 (12

f Tr[(g‘ldg)“]]
M

where we usecﬂ2x=(i/2)dz/\d7 as the measure of the

— ¢/2G. One sees that the stationary points of the actiorPoundary. One notes thgtactually gives information about
correspond to flat connections. The allowed solutions ardh® spatial slices of the metric, or the fiducial metric, since
those which can be continued to the boundary, i.e., whos#ith it one can recover the physical metric At by the
boundary variation vanishes. This of course depends on tHePnditions(7) and(8). Itis also clear by these conditions that

exact form ofB. With our conditions(7) and (8) above, we Mot all g will give _rise to an acceptable metric. First and
can see that the boundary term in E9). foremost, the metric on the sphere has to be conformally flat,

that is to say, we have already made a choice for thield¢a
structure on the spatial slices. However, by inspecting the
form of A nearZ

Tr(SA/A)

1
-3 SAONAAC+ SATAAT+SATAAT,

(10) i P .
A= Zdtyo—e*'f "rogdggtelt Mo, (13
vanishes identically for connections giving rise to asymptoti-
cally de Sitter spaces. AT~ we can see it directly from the we see thaA* vanishes at=—« independently ofy and
conditions(7), (8). First, one sees that™ is fixed at zero, then it only makes sense to impose the flat condition through
and then the corresponding term vanishes, along with the on&™. By implementing the first-class constraint on E#2)
containing SA*. Furthermore, A° is orthogonal to the via the usual Lagrange multiplier, one arrives at the im-
boundary, by Eq(7). At Z* one can parallel the argument to proved action
i

t=—+¢logQ" in order to haveZ * att=o0. Then, by setting e
B=0, we make sure that only connections which give rise to

: ; . (14)
asymptotically de Sitter spaces are singled out.
in Eq. (1). The discussion above implies thaf is not a 1 1
dynamical variable but rather a Lagrange multiplier. In fact, ®—h®h™"—dhh
decomposingl=dtd/dt+d andA=A,+A, we can write the

k
S[g9,0]1=99]+ Ejf d?xTr ®(aggl—

find that the condition§7) hold with A~ instead ofA™*. This
comes about because we need to define the time function as

Considering the on-shell and gauge fixing conditions, ond'here®=6y_ and 6 is a scalar function. It is well known
may ask what is the resulting action after these are enforced /) that the action above has a gauge symmetry
g—h(z,2)g, (15)

for h in the lower triangular subgroup of SL@). The in-

action as variance whenh is a function ofz stems from the usual
. left-right symmetry of EQ.(12). Parametrizingg by the
S= 8—3{ f Tr(AARAdL) + 2 f TIAAE] Gauss product
m M M g=eX7-e?'Proge7+ (16)
- f MTr[a(Z/\At)]]; (1)  we can write Eq(14) as
- - - S 0]——£3 d2x| dpap+€?*dpa)
the last term vanishes due to the choice of coordinates. Now, L9, 0= =5 pop pIx
seeingA; as a Lagrange multiplier, we can integrate over it _
and then enforce the constraint tiiatdA+A/\A=0. For 2, L
! . : . + 60| ePdp . (17
simply connected manifolds, the solution of the constraint is 4
A=-dgg ! with ¢ an SL(2C)-valued function of the . . . .
manifold. If the spatial slices have punctures, we will have toThe solution of the equation of motion f@ris then
deal with holonomies off. We will postpone this discussion i
to the next section. The on-shell condition now translates e2”=z(acp)*1 (18

into A;=—GG *=i¢ 'y, meaning that we can writ¢

—e ¢ 'g(z,7), with g independent of. and one can use the gauge freedd®) to set
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it o the reason for picking Eq19): it cancels the factor of the
X=— % Ery (19 current proportional tay, and thus maintains the former on-
shell condition(7).
We will see later why this is a natural choice. The resulting It is also transparent from the previous discussion that, if
action is then one is able to stick to the gauge choi® throughout time
evolution, the single Liouville mode found above will give
Redde g rise to a globally defined metric. Fdr(z) defined on a
2 255 (200 sphere with two single poles, these solutions have been dis-
(9¢) ¢ cussed beforg19,25, and have been found to be in the
which can be seen to be equivalent to the Liouville action if<err—de Sitter class. The Brown-Henneaux transformation
we write its stress tensor, using thé tNer procedure, discussed above generates all such solutions for meromor-
phic coordinate transformations. Even more generically, one
k [0%0 3[d%p)\? k can create higher genus space slices in this manner.
CA4w| de 2( de )

S=L7 d?x
' 87

mpatards (21 However, the effect of the Liouville field in the metric is
not felt until one leaved ~, and in the bulk of space-time
or, in other words, théunrestrictedl stress tensor encodes the any metric is locally gauge equivalent to the trivial metric.
Virasoro currents’ Poisson brackets, which is a universallhen, if one is to assign a gauge-invariant meaning to the
characteristic of the Liouville field. In the equation above Liouville field, one is forced to see a profile of it as just some
{¢;z} denotes the Schwarzian derivative. This hardly comegarametrization of the conserved charges of the reduced sys-
as a surprise since Eq20) is reminiscent of the natural tem, which includes the holonomies of the gauge field as its
geometrical action for a particular coadjoint orbit of the Vi- simple poles. Echoing the study of Riemann surfaces, it is
rasoro grougwhen the symmetry group is real and compactthe uniformizing coordinate which encodes the properties of
andb,=0 in the notation of18]). The fact that the orbit in the spatial slices. Being a coordinate choice, it only fails to
that case is equivalent to a highest weight representation h&s a well-defined gauge transformation because it lives natu-
led to many conflicting arguments about the entropy of deally at the boundary.
Sitter spaces. We will have nothing further to say about this If we consider as an example the Kerr—de Sitter class, one

thorny question here. could have performed the same reduction as in last section
for Z*. One would then find another Liouville profile there,

ll. THE BROWN-HENNEAUX “SYMMETRY” which would encode the same conserved charges. In particu-
AND THE MAPPING lar, the positions of the simple poles for both Liouville

modes would be related by a global SLC2,transformation.

A useful way to think about the actiail2) is to consider  As such the Liouville profiles are essentially equivalent,
two separate actions, depending @andg, and to impose amounting just to a global frame in which the global
the reality condition on the equations of motion. The solu-quantities—like mass and angular momentum—are mea-
tions of Eg.(12) for g can then be seen as holomorphic sured. This is realized in the discussion of the last section by
currents. The action of SL(2) which brings one solution of the fact that, if one is able to fix the gau@® throughout the
Eq. (17) into another is evolution of space-time, the gauge connection, and conse-
quently the metric, would be globally written a&=
—dgg 1, with G=e ¢ 'ig(z,2), and then the reduced ac-
tion (12) would be the same for both pieces of the boundary.

For generic configurations, the requisition that the gauge
One can see directly from E18) that this maintains the IS fixed once and for all seems excessive. Stable causality
Kahler structure of the spatial slicesAt . Since it amounts Implies only that there is a globally well-defined time func-
to a would-be “pure gauge” transformation, it can be real-1ti0n, in fact it is equivalent to it, but it does not imply that
ized by a coordinate transformation, which involves redefinNis time function is such that its vector field is geodesic and
ing the time functiont to arrive at another metric which €verywhere normalized, which are the hidden assumptions

asymptotes to the de Sitter metric &t [19]. The current Pehind Eqs(7) and(8). Topologically, one can see time evo-
coming from the gauge-fixed is lution as a cobordism, and this time function as a Morse

function. The mere existence of this Morse function then
i i implies that the degrees and number of poles in the Liouville
= —399_1d2=z v+dzt 5 7L(2)y-dz (23)  field, as well as their residues, have to be conserved during
time evolution. When this happens, we will say that the
So the actior(22) is to transformlL(z) into Liouville profiles atZ~ andZ ™" are in the same homotopic
class. This is how the intuition of separated worldlines of
point particles is imprinted in the Liouville fields. Generi-
cally, lifting this condition would give rise to time evolutions
where the particles could join or split as time progresses,
We recognize above the anomalous transformation law of thalthough one would like at least to enforce conservation of
stress tensor, with central chargk=83¢/2G. One then sees total mass and angular momentum to talk about reasonable

g— ei log(aw) yOe(i €12)0 log(aw) y_ g,

z—W(Z). (22

-2

- ow
L(w)=

37 . (24

k
L(2) = z{w;z}
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spaces. In fact, in this case the condition to enforce on théhe description in terms of the Liouville fields found in the
space-time seems to be strong causality, for splittings or joinpreceding section will be valid.

ings which involve small enough point masses would still  One notes that, if the dS/CFT correspondence is imple-
respect the condition that there are no closed timelike curvesnented in the same manner as in AdS spaces, the space-time
At any rate, the point here is that the relation between pashformation is recovered from the holographic theory via the
and future Liouville profiles is tied to the time evolution of renormalization grougRG) flows. These are first order in

the system. Solutions which have been considered so fahe scale parameter and hence are determined by the initial
have the property that time evolution is geodesic and normalq,y) value of the couplings. By the de Sitter version of the
ized. They correspond to equal profiles of the Liouville field )/ r correspondence, this initial value would be naively

atZ” and atZ”. L . . __set at eitheZ * or Z~. The question that poses itself now is:
hoﬂehcallj' get_”an |n]§||ght Into what.artla theb SOIUtI(.)nsh”ﬁ'how exactly is one supposed to tell the static from the
which the Liouville profiles are not equivalent but are in t €hoosted solutions found in the above discussion if a single
Tiouville field is blind to them? The aforementioned argu-
ment points to the fact that there awo sectors in the ho-
lographic theory, which arsndependenin the UV limit, but
whose RG flow induces correlations. One could think of the

“Static” solutions like the Kerr—de Sitter have the property
that the matter current found via the equations of mofton
=*J is an sl(2C)-valued one-form which is zero almost

everywh_ere, but otherwise orthogonalag). SinceJ is basi- two Liouville fields found above as parametrizing tlspace-
cally defined to be the Lorentz dual of the stress-energy tefyme) \irasoro current sector of the full quantum theory, its
sor, this latter fact confirms our intuition of noninteracting UV fixed point corresponding to both* andZ~. The so-
point particles, or, in other words, a configuration of dUSt'Iutions considered so far, in which the gauge fixit@) is

However, if one makes a Sle(Q) transformation in théth 5jig globally, correspond to “diagonal” states which are the
of those part|cles,]0i—>UJiU , the current may no longer yansor products of equivalent states in each sector of the
be orthogonal toe,, or even its transformed counterpart. po|ographic theory. Although the particular field representa-
This comes about because the triad dependsAcand it tjon of the asymptotic symmetries will change with different

complex conjugate, so its transformation will dependn  gimensions, it seems plausible to expect that these generic
and its complex conjugate, whereas the matter current trangpnsiderations will still be valid.

forms byU alone.
Now consider the quantitg®/\de®. By some manipula-

H H 0 A * 10.
tion one can relate it te"/\* J": IV. THE ROLE OF COSMOLOGICAL SINGULARITIES

e%\de’=(J(e?\dA°) In the last section we showed that there are space-time
OA 1A A2 solutions corresponding to different states in the seciors
=—{I(e"NA\AY) andZ*. However, this is not how the known example of
~(aO A * 10 holography is implemented. In fact, in AAS/CFT the UV
+43(e°A\*J3°) \ e . L
fixed point is obtained by a limiting process where degrees
— —eONelA p2— A w2 el of freedom i.n. the interior of thg AdS space are integratgd
out. The limiting process effectively gives the asymptotic
+€3(e%/\* 3°) value of the fields near, sa§,” and then there is enough
information to reconstruct the whole of space-time. This, of
=—e%A\de+ €e?A3(*J9), course, assumes that time evolution can indeed provide the

form of the field in the bulk of space.

in which we used the definition of the connection in the first  This assumption was hidden in the gauge ch¢®edur-
and third lines and the equations of motion in the seconding the preceding discussion. As we saw in the preceding
The fourth line is the condition of zero torsion. 8%\de”  section, the assumption amounts to the constraints between
=(€/2)3(e°\*J°% and thus it is zero when the matter cur- the past and future profiles discussed in the last section, as
rent corresponds to a distribution of dust. As we discussedictated by stable causality. Extending what was discussed in
above, generically this will not be the case and this quantitythe last section, let us consider where cases the spatial slices
will be nonzero. can undergo topology changing. We can have disassociation

The quantitye®/\de® measures the failure of the fore?  of punctures, as in a single puncture dividing into two or
to be hypersurface orthogonal. By Frobenius’ theorem, thisnore, or even the formation of handlgz0] and the genera-
means, among other things, that the space-time does not alen of nonconnected componenl]. In the case of disas-
low a foliation in which the vector fielde®)? is everywhere sociation and joining of punctures, one is naturally led to
orthogonal to the hypersurfaces. The latter fact forbids us tassociate them with Liouville profiles with different numbers
choose the gaugé) globally. So boosted source solutions of poles, but with the same total residue to preserve the con-
will not be described by a single Liouville mode, but ratherserved charges. As in flat spaf22], there is a danger of
both field profiles, aZ ~ andZ ™", will be needed to recon- clashing punctures creating closed timelike curves and thus
struct the space-time. Because asymptotically all matter beriolating strong causality. We will see that, also paralleling
haves as dust, the gauge choice is appropriate for generihe flat space scenarf@3], there is a mass bound for these
matter configurations only &~ and Z*. Asymptotically, types of processes over which a cosmological singularity
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will be generated. One can then obtain the “big bang” sce-equation to predict the appearance of the singularity. In fact,

nario by a time reversal. a simple calculation shows that, when the energy distribution
We can see how the classical process of cosmologicalf a perfect fluid whose equation of stateHs-wp satisfies

collapse evolves by considering the initial value problem.

The matter considered will be an arbitrary distribution of

stationary dusb(z,;). This can be seen as a distribution of
punctures, arranged so that the total mass is finite. The cal-

culation is similar to the one done for AdS sp42é]. Aswe  the expansion parameter will diverge to= at finite proper
saw in the second section, the time evolution néaris  time forw<1. With all this in mind, one is then tempted to

87Gp> (30)

(1—-w)¢?’

given by a pure contraction: associate operators in CFT with compléspace-timg scal-
ing weights to space-times with cosmological singularities
Va§b=—3(9ab+§a§b)atf_- (25) [25]. Having no further description of the full quantum
4 theory, one can only hope that the singularity is resolved
L there[26].
So the natural ansatz for the solution is At any rate, the same considerations of the last section
d2= —d2+[a(t)]2h,,dx3dxP, (26) apply here: the pagand future Liouville mode cannot see

the difference between different space-time configurations,
whereh,, is a Riemannian two-dimensional metric. In the such as, for instance, those of a gas of moving particles and
language of the second section, it is the induced unphysicdhe dust configuration above. As in the case with punctures,

spatial metric. In these variables the equations of motiorfletails like relative velocities and local interactions are over-
read whelmed by the fact that distances between distinct points

are growing exponentially with proper time. The question is
1, ., then how this information is encoded in the boundary theory.
ﬁa —a?|h, As in the previous section, one is tempted to propose that the
full Hilbert space of the theory is more than just the modes
responsible for the Virasoro currentsZat. If the singularity
27) is resolved, there may be a way to understand the final state
as some “bounced” configuration &*, if the space-time

picture is recovered eventually.
The second equation means that the left hand side of the first

1
8wGat\Jhp— E\/F(Z)R= —

1

a— ﬁa=0.

equation is a constant of motion. Callity= ¢ ~2a%—a? and V. WHITHER THE CORRESPONDENCE?
integrating the first equation over the spatial coordinates, we _ _ o
find One of the big puzzles about holography is that it is

deeply hidden in the classical theory, but it is manifest in the
T working quantum theories with gravitation that we have at
B=35(x—8GM) (28 the moment. The little we can infer about its properties is
construed from extrapolations of ideas coming from the
where S is the area of the spatial slice in the unphysicalstudy of black holes an@)dS (semjclassical dynamics, as
metric andM is the total mass of the dust configuratignis  in the preceding discussion. As limited as it is, general cova-
the Euler-Poincareharacteristic of the spatial slices, which riance allows us to make some statements about generalities
is 2 for the sphere. One sees that, wheBM>1, g is  of any prospective quantum theory.

negative. When that happersis given by In the present case, the most curious point is that the
particular quantum theory which gives rise to a de Sitter
. [t—tg background “lives” in disjoint regions of space-time. This
a(t)=sm%(7) (29 fact comes about because the positions of the punctures at

I~ andZ* are independent. In CFT dual language, by the
with t, depending orM. Hence the “size of the universe” state-operator correspondence, this means that the state at
vanishes at some finite global time. 7~ may not be the same as ti#&t . In fact, as argued in the

This shows that there are states in the boundary theorlast section, one would generically like to specify those two
which correspond to space-times with cosmological singuindependent states in the dual theory and then ask questions
larities. It is interesting to note that this bound resembles thabout space-time behavior. This also has some echoes of the
bound of masses which corresponds to operators in CFT withtudy of quantum fields in an eternal black hole background
real scaling weighf3]. For fields whose mass is greater than[27] and more recently in global de Sitter spa¢ék where
the de Sitter mass, the natural Compton wavelength ishere is a distinction between the Schwarzschild Fock space
smaller than the de Sitter length, so the dust approximation iand the Kruskal Fock space. Locality tells us that the former
expected to hold well at large times since then interactionsplits into two subsets, corresponding to the visible and not
and movements will be swamped by the cosmological convisible exterior regions of the extended space-time. The
stant. At small distances when the pressure begins to be nomacuum of the quantum field is a pure state in the Krughal
negligible, one can resort to the study of the RaychaudhuriHartle-Hawking Fock space, but expectation values of local
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operators in either exterior can only see the projection of theetting up a quantum theory of gravity in de Sitter back-
state into the corresponding Schwarzschild Fock spacerounds with a finite number of degrees of freed@4].

Some arguments have been put forward to extend this point As is customary, there are more questions raised than an-
of view to gravity itself[28,29. The results presented here swers. The particularly hard question is to understand those
point to the fact that this may be even more generic, in thaEFT states corresponding ®<0 in Eq. (28). Or, in other
regions separated by a horizon, be it of a black hole or of th&ords, how can we make sense of operators with complex
observable universe, are described by a theory whose Fo&€aling dimension in such a CFT. In gSpace one can create
space naturally decomposes into an enumerable set of suBS type of background by a suitable identification of global
spaces(assuming that such a description is indeed valid af® Sitter space with an element of the isometry group. In this
the UV fixed poini. In this theory the existence of a horizon €2S€ the identification is obviously singular but this particu-
is encoded by correlations between the distinct subspace%‘,r type of singularity merited some attent.|on receliﬂﬁ].

e.g., theZ = correlators found i4], and locality outside the hother, perhaps more amenable, question deals with the

horizon is translated to the fact that observable quantities, thghtropy of these baqurounds. As in the AdS case, the Liou-
ville mode is the simple result of global covariance and

gwerefore cannot distinguish between quantum states giving
defined in the whole of space-time are the metaobservabld§® tp the same geometry. This fact is encodgd by semr-
of [30]. qassmal calculations showmg_ thegﬁzl for the L|0L_JV|IIe

In the ADS/CFT case these subtleties could be overlookeHeld [36]. On the other hand, it is extreme_ly confusing how
in simple deformations of the background since its holo-£xactly the won_JId-be gauge symmetridghe  Brown-
graphic screen is connected, for in global AdS space there {denneaux type discussed in Seg.dhould act on .the quan-
no horizon. For dS/CFT, even in the simplest case, global d m states. !t IS uncleqr vyhether one can °°”“T‘“e tackl!ng
Sitter space, our naivets exposed. In the AdS case, even in (Nese questions by thinking in terms of classical gravity
the presence of a horizon one could consistently truncate tH&°N€: . . L -
full spectrum of the theory into those states seen by the vis- When this manuscript was in its final phase (.Df revision,
ible spatial infinity. The horizon is then seen as an impen-the wqu of Balasubramgnlaet al. [37] appeared, n which
etrable membrang31]. For de Sitter space, this line of rea- there is some overlap with the points discussed in Sec. I
soning leads to a parad$82]. The discussion in this paper and V.
implies that the kernel of the problem is in the truncation,
which cannot be done consistently for generic perturbations
of the global de Sitter background. Recently, this fact has | would like to thank especially Emil Martinec and Glic-
been stressed by Bousstal. [33], who tried to carry out éria Carneiro da Cunha for discussions, guidance, and sup-
this truncation for theories with interacting form fields. Al- port during this project. | would also like to acknowledge
though such fields are nonlocal excitations in the boundaryuan Maldacena, Li-Sheng Tseng, Will McElgin, and Andrei
CFT, and in this sense complementary to what has been dorarnachev, whose help was precious during the time this
here, both results agree in casting doubt on the program afork was maturing.

ACKNOWLEDGMENTS

[1] G. 't Hooft, “Dimensional Reduction in Quantum Gravity,”
gr-qc/9310026; L. Susskind, J. Math. Phg$, 6377 (1995.

[2] L. Susskind and E. Witten, “The Holographic Bound and
Anti-de Sitter Space,” hep-th/9805114.

[3] A. Strominger, J. High Energy Phy&0, 034 (2001).

[4] R. Bousso, A. Maloney, and A. Strominger, Phys. Rev6®)
104039(2002.

[5] Boussoet al. [4], and references within; M. Spradlin and A.
Volovich, Phys. Rev. D65, 104037 (2002; A.J. Medved,
Class. Quantum Graw.9, 2883(2002; A.M. Ghezelbash, D.
Ida, R.B. Mann, and T. Shiromizu, Phys. Lett. 85 315
(2002; E. Halyo, J. High Energy Phy€6, 012 (2002; Y.S.
Myung, “Absorption Cross Section in de Sitter Space,”
hep-th/0201176; J.w. Ho, “Rotational Dragging Effect on Sta-
tistical Thermodynamics of (21)-Dimensional Rotating de
Sitter Space,” gr-qc/0201084; S. Nojiri and S.D. Odintsov,
Phys. Lett. B531, 143 (2002; A.J. Medved, “AdS Hologra-
phy and Strings on the Horizon,” hep-th/0201215; S.R. Das,
Phys. Rev. D66, 025018(2002; F. Leblond, D. Marolf, and
R.C. Myers, J. High Energy Phy86, 052(2002; S. Ness and

124011-7

G. Siopsis, Phys. Lett. B36 315(2002; F. Larsen, J.P. van
der Schaar, and R.G. Leigh, J. High Energy PHy4. 047
(2002; L. Andersson and G.J. Galloway, “dS/CFT and Space-
time Topology,” hep-th/0202161; R. Argurio, “Comments on
Cosmological RG Flows,” hep-th/0202183; A.J. Medved,
Phys. Rev. D66, 064001(2002; A.M. Ghezelbash and R.B.
Mann, Phys. Lett. B537, 329 (2002; A.J. Medved, Class.
Quantum Gravl9, 4511(2002; G. Siopsis, Phys. Lett. B44,

346 (2002; T.R. Govindarajan, R.K. Kaul, and V. Suneeta,
Class. Quantum Gravl9, 4195 (2002; E. Halyo, “Holo-
graphic Inflation,” hep-th/0203235; D. Klemm and L. Vanzo,
J. High Energy Phy94, 030(2002; Z. Chang and C.B. Guan,
“Dynamics of Massive Scalar Fields in dS Space and the dS/
CFT Correspondence,” hep-th/0204014; E. Abdalla, B. Wang,
A. Lima-Santos, and W.G. Qiu, Phys. Lett.538 435(2002);
K.R. Kristjansson and L. Thorlacius, J. High Energy PI05.
011 (2002; S. Nojiri and S.D. Odintsov, Phys. Rev. 65,
044012(2002.

[6] R. Bousso, J. High Energy Phy@g6, 028(1999; Class. Quan-

tum Grav.17, 997 (2000.



BRUNO CARNEIRO da CUNHA

[7] S. Cacciatori and D. Klemm, Class. Quantum Gr&®, 579
(2002.

[8] S. Deser and R. Jackiw, Ann. Phyal.Y.) 153 405(1989); S.
Carlip, “Lectures on (2-1) Dimensional Gravity,”
gr-qc/9503024.

[9] E. witten, Nucl. PhysB311, 16 (1988.

[10] A. Achucarro and P. Townsend, Phys. Lett2B9, 383(1989.

[11] T. Shiromizu, K.-I. Nakao, H. Kodama, and K.-I. Maeda, Phys.

Rev. D47, 3099(1993.
[12] S. Hawking, Phys. Lettl26B, 175(1983; A. Ashtekar and A.
Magnon, Class. Quantum Gral;,. L39 (1984.

[13] One may prefer the term “weak asymptotic simplicity” in-

PHYSICAL REVIEW 66, 124011 (2002

[24] M. Welling, Nucl. Phys.B515, 436 (1998.
[25] V. Balasubramanian, J. de Boer, and D. Mjnithys. Rev. D

65, 123508(2002; M.-I. Park, Phys. Lett. B140, 275(1998.

[26] T. Banks, M. Douglas, G. Horowitz, and E. Martinec, “AdS

Dynamics from Conformal Field Theory,” hep-th/9808016.

[27] N. D. Birrel and P. C. W. DavieQuantum Fields in Curved

Space (Cambridge University Press, Cambridge, England,
1982, Chap. 8.

[28] B. Carneiro da Cunha, Phys. Rev.d5, 026001(2002.
[29] J. Maldacena, “Eternal Black Holes in AdS,” hep-th/0106112.
[30] E. Witten, “Quantum Gravity in de Sitter Space,”

hep-th/0106109.

stead. All the conditions for asymptotic simplicity are met ex- [31] L. Susskind, L. Thorlacius, and J. Uglum, Phys. Rev4®

cept those pertaining to flat space. See, for instance, S. Hawk-
ing and G. F. R. EllisThe Large Scale Structure of Space-Time

(Cambridge University Press, Cambridge England, 1938c.
6.9.

[14] R.M. Wald, General Relativity(University of Chicago Press,

Chicago, 1984 Sec. 11.1.
[15] G. Moore and N. Seiberg, Phys. Lett. 220 422 (1989.

3743 (1993; C.R. Stephens, G. 't Hooft, and B.F. Whiting,
Class. Quantum Grawl, 621 (1994.

[32] L. Dyson, J. Lindesay, and L. Susskind, J. High Energy Phys.

08, 045(2002.

[33] R. Bousso, O. de Wolfe, and R.C. Myers, “Unbounded En-

tropy in Spacetimes with Positive Cosmological Constant,”
hep-th/0205080.

[16] S. Elitzur, G. Moore, A. Schwimmer and N. Seiberg, Nucl. [34] T. Banks, “Cosmological Breaking of Supersymmetry or Little

Phys.B326, 108 (1989.

Lambda Goes Back to the Future II,” hep-th/0007146; W. Fis-

[17] V.G. Drinfeld and V.V. Sokolov, VINITI USSRB24, 81 chler(unpublishegt T. Banks and W. Fischler, “M-Theory Ob-
(19849. servables for Cosmological Space-Times,” hep-th/0102077.

[18] A. Alekseev and S. Shatashvili, Nucl. Ph¥323 719(1989. [35] L. Cornalba and M.S. Costa, Phys. Rev6B 066001(2002);

[19] B. Carneiro da Cunha, Phys. Rev.@5, 104025(2002. N.A. Nekrasov, “Milne Universe, Tachyons, and Quantum

[20] R.D. Sorkin, inTopological Properties and Global Structure of Group,” hep-th/0203112; J. Simon, J. High Energy P36&.
Space-Timgedited by P. G. Bergmann and V. de Sabbata, 001(2002; A.J. Tolley and N. Turok, Phys. Rev. 86, 106005
NATO Advanced Study Institute, Series B: Physics, Vol. 138 (2002; H. Liu, G. Moore, and N. Seiberg, J. High Energy
(Plenum Press, New York, 1986. 19. Phys.06, 045 (2002; B. Craps, D. Kutasov, and G. Rajesh,

[21] P. Ginsparg and M.J. Perry, Nucl. Ph222 245(1983; R. ibid. 06, 053 (2002; H. Liu, G. Moore, and N. Seiberghid.
Bousso and S.W. Hawking, Phys. Rev.58, 6312(1996. 10, 031(2002.

[22] J.R. Gott IIl, Phys. Rev. Let66, 1126(199J). [36] D. Kutasov and N. Seiberg, Nucl. PhyB358 600 (1991).

[23] S. Deser, R. Jackiw, and G. 't Hooft, Phys. Rev. L68, 267 [37] V. Balasubramanian, J. de Boer, and D. MjriiExploring de
(1992. Sitter Space and Holography,” hep-th/0207245.

124011-8



