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The radiation-dominatett=0 FRW cosmology emerges as the induced metric on a codimension one
hypersurface of constant extrinsic curvature in the five-dimensional AdS-Schwarzschild solution. That we
should get FRW cosmology in this way is an expected result from AdS/CFT in light of recent comments
regarding the coupling of gravity to “boundary” conformal field theories. | remark on how this calculation
bears on the understanding of the Randall-Sundrum “alternative to compactification.” A generalization of the
AdS/CFT prescription for computing Green’s functions is suggested, and it is shown how gravity emerges
from it with a strengthG,=2G5/L. Some upper bounds are set on the radius of curvatafeAdS;. One of
them comes from estimating the rate of leakage of visible sector energy into the CFT. That rate is connected
via a unitarity relation to deviations from Newton’s force law at short distances. The best bolnobtained
in this paper comes from a match to the parameters of string theoryL # lksnm if the string scale is 1 GeV.
Higher string scales imply a tighter bound bn
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. INTRODUCTION spherical boundary of a given copy of AdSAn illustration
of this can be found 6], where a single copy of AdSs
The correspondence known as AdS/CHF-3| (see[4]  obtained as part of a type IIB string compactification on an
for a review relates a quantum field theofgommonly a  orientifold of T, The relevant point is that for a vacuum
conformal field theory, henceforth CFTo a theory includ-  state of the theory, the extrinsic curvature of the boundary
ing gravity in a curved backgroung@gommonly anti—de Sit-  should be proportional to the induced metric:
ter space, henceforth Agf one higher dimension. The
primary dimension ilV'=4 super-Yang-Mills theory in 31 )
dimensions, which is related to the dimensional reduction of 0=— Egi(j'”duce"). 2
type 1IB string theory onS® to the five-dimensional non-
compact geometry AdS(anti—de Sitter spageThe bound- _ . .
ary of the Poincargratch of AdS is simply Minkowski Regardmg the boundary as a pos_|t|ve te.nS|on
space, except that the metric on the boundary is only spec‘-3+ 1)-dimensional brane separating two sliced copies of

fied up to a conformal transformation. This is okay becauséa‘dsfi’ this amounts to the statemgnt thgt the str(.ass,e.nergy of
N=4 super Yang-Mills theory is conformal, even at thethe brane should respect 3)-dimensional Poincar@-

guantum level. The correspondence is usually studied in ariance. The constant of proportionalityl. 14s r.equired SO
strong coupling region for the gauge theory, where it is farthat there_|s a balance between the brane tension and the_bulk
cosmological constant. More generally, a codimension

from classical, but the dual gravity picture is classical in the ' . ; . o
sense that curvatures are small on the Planck and strif’€ Poundary of a five-dimensional space with no excitations
n it should have the same property thdd;=

scales. _ _ —(1L) (induced)

In [5] it was proposed that slices of Ag$ould serve as gij : ) ) .
an alternative to compactification manifolds. It was shown_The authors of5] termed their construction an “alterna-
that when the near-boundary region of AdS cut away and tive to compactlflcathn,. WhICh sgemgd approprlate becguse
the bulk spacetime simply ends on a wall of constant extrin®N€ can travel an infinite spatial distance into the five-
sic curvaturea horosphere of AdSto be precisg there is a dimensional bulk. Efforts such 48] to realize the construc-
normalizable graviton mode which has zero mass in the foulfOn in string theory, using coincident D3-branes to produce

dimensions of the boundary. The metric of AdS the AdS background, represent strong-coupling extrapola-
tions of perturbative string compactifications, where the
dst=e?'(—dt?+d5?) +dr? (1)  massless four-dimensional graviton is the usual zero-mode of

the spin 2 closed string state. In such a picture, the Kaluza-
whereX is an ordinary 3-vector. This metric is a solution to Klein gravitons of{5] are interpreted as the strong-coupling

sz—(4/L2)gM. Hypersurfaces of constamtare horo-  description of open string excitations on the D3-branes, in
spheres. The part of the metric that is cut away5his r line with the extensive literature on absorption by D3-branes
>r, for some giverr,, . [7-9].

In fact the proposal df5] was to glue two identical copies It was suggested by Maldacef0] that this “alternative
of the sliced anti—de Sitter space together along theXB  to compactification” should properly be viewed in light of
dimensional boundary. However the four-dimensional gravithe AdS/CFT correspondence as a coupling of gravity to
ton is quite a general phenomenon, and there is a large fregshatever strongly coupled conformal theory the Ad@om-
dom in what one might have on the other side of the horoetry is dual to. This view was also taken by Verlinde in
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[6,11]. A convincing statement of the case was made byable graviton, the terms responsible for the Einstein action
Witten [12] in response t$13,14). were removed using local counterterfi38]. Corrections to
From now on | will restrict myself to a minimal scenario Newton's force law are discussed from the CFT perspective,
where a single copy of AdSis cut off by an end-of-the- but Il avoid presenting details since the idea of the calculation
universe brane. Such objects are well known in typstling i not original to me. . _
theory[15] and in Horava-Witten theorf16], so there is no Mat_ter on the cutoff brane is mcorporated_ n_aturally in the
problem of principle in having a true end of the universe.formalism. Although I do not propose a definite model, the
However my comments basica”y app|y to any CompactiﬁcaJdea IS to ha\{e V|S|b!e sector .matter on the cutoff brane,
tion geometry which involves the near-horizon part of AdS SOmewhat as in certain heterotic M-theory mod@i. Ex-
The idea that the scenario §8] is best viewed in the C|tat|pns_of that matter would have. to dominate over the
context of AJS/CFT has not been universally embraced, pesolution in Sec. Il at least for=10" in order for the cos-
haps partly because it is hard to see what to do witfiitat ~ Mology to be realistic. . _
difficulty is not usually regarded as fatal, but it does seem to N Sec. IV, | make some rough numerical estimates. One
have held up progress on the current isliée goal of Sec. IS t0 check the cosmological effects of visible sector matter
Il is to make the idea seem more definite by using it to derivdosing its energy to the CFT. In AdS language this corre-
the radiation-dominated ~ Friedmann-Robertson-WalkegPONds to absorption of bulk gravitons by the horizon of the
(FRW) cosmology. The approach is to change the pulkPoincarepatch, as |r{7—9]. The rate of energy loss is di-
spacetime from AdSto AdS-Schwarzschild, but not to ex- rectly re!ated to the deviations from Newton’s force law.
cite any matter on the cutoff brane. The Hawking temperaA”Other is to estimate parameters of string theory that would
ture of the AdS-Schwarzschild geometry, measured with rePermit the deviations from Newton’s force law to be ob-
spect to time on the cutoff brane, can be interpreted as thgerved experimentally, assuming that AdSnerges from a
temperature of the CFT which the bulk spacetime is dual toString theory construction. To obtain deviations at the scale
Readers determined to understand the construction from @ even a nanometestill three orders of magnitude below
brane-world perspective may find it most useful to think ofthe sensitivity of proposed experimentsn extremely low
the bulk as the background of near-extremal D3-branesString scale is required—approximately 1 GeV. | make some
However, AdS/CFT allows us to reinterpret the entire AdS-sPeculative remarks regarding low string scales at the end of
Schwarzschild geometry as a manifestation of the dynamicS§ec- V. . ) ) )
of a four-dimensional conformal field theory at finite tem-  Throughout the papey. will denote a five-dimensional
perature. With the CFT interpretation in mind, it is easier toPulk spacetime index andis a four-dimensional index. In
understand why the radiation-dominated FRW geometnfases Wwhere precision is required, | will denote five-
emerges: all CFT’s have the same equation of state up t@imensional ~ coordinates asx“=(t,x,r) and four-
numerical factors, so the FRW equations take the same formimensional coordinates @s= (7,£). Throughout the paper,
as they do in the radiation-dominated era of our universe. |y will denote the four-dimensional Planck lengthg,
The literature on brane-world cosmology is large and=./G,~1.6x10 33cm in units whereh=c=1.
somewhat scattered; indeed | became aware of some recent
overlapping papers only after this work was completed. II. A COSMOLOGICAL SOLUTION
Early work on supergravity domain walls in Ag®as been
reviewed in[17]. Cosmological solutions to Horava-Witten  Let us start purely from a four-dimensional point of view,
theory compactified on a Calabi-Yau manifold were investi-and turn on a finite temperature for the conformal field
gated in[]_B]; see a|sc[]_9] for Subsequent deve|opment, and theory which is small in Planck units. If we calculate the
[20] for an analogous treatment of type The works[21—  corresponding energy densipy use the trivial equation of
24] include constructions equivalent to Eq®8)—(11), al-  Statep=p/3, and apply the standard equation
though the CFT interpretation was not offered. Reference 2
[25] includes some formal developments and presents equa- a| 8wGy
tions equivalent to Eq(16). Discussions of cosmological al 3
constraints 23,26/ have some overlap with Sec. IV. And
there are a number of papd&7—3]] that use similar brane- what must result is the standard radiation-dominated FRW
world techniques. A more extensive list of references oncosmology,
brane-world cosmology can be found [B0]. The whole
approach is rather different from the older string cosmology ds*=—dr*+a(7)?dx, (4)
literature; se¢32] for references. . o )
Section Ill consists of some remarks on the generafVherea(r) is linear in 7. | will always user for four-
framework of AJS/CFT with a cutoff brane. A generalization dimensional cosmological time; will be reserved for the
of the prescriptior{2,3] for computing Green’s functions is Poincaretime in AdS;. The only difficulty is finding the
suggested at the level of effective field theory. The four-
dimensional Einstein action can be derived in this formalism,
with the resultG,=2Gg/L. This relation obtains regardless IThere is probably no obstacle in principle to extending the cal-
of the location of the cutoff brane in AdSIn standard AdS/  culation to positive spatial curvature. However for negative spatial
CFT, where there is no cutoff brane and hence no normalizeurvature the pathology observed[86] might emerge.

P (3
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constant of proportionality ipeT#: if the conformal field  which it pointg, the extrinsic curvature can be defined as
theory is interacting, it could be a non-trivial exercise even in® ,,= — (52— n,n")V,n,. We will follow [38] in takingn,,

the limit T<1/lp; where gravity loops should not matter. to be the outward unit normal, which points toward the true
However if the theory in question has an AdS dual where thdoundary of Adg. There is a set of solutions to E(R)
supergravity approximation is good, then the study of blackvhich form a foliation of the coordinate patch in question:
holes in AdS guarantees the relation

t er/L 1 4

37? = 4=
pZ%CT“, (5) L p2 4bi=

t
Mog(1-ikbe ™+ 2, (®)
wheret, is a constant of integration specifying a particular
leaf. All leaves have the same induced metric since they are

Mills theory 2 In this normalization, a single Abelian photon related by trans_latlor_1 'l Using _Eq.(2) with _the same con-
stant of proportionality, 1/, avoids a four-dimensional cos-

hasc=1/10. There is a standard relation in AdS/CF3g] mological constant—more about this later. It proves most

- L3 convenient to parametrize a particular leaf by (X), where
8 G. (6) r=r, is a solution of Eq(8) for r in terms oft. Then the
5 induced metric is

wherec is the coefficient for the trace anomaly in a normal-
ization wherec=(N?—1)/4 for N=4 SU(N) super Yang-

C

It should be remarked that fok'=4 gauge theory at weak ar. L
coupling, Eq.(5) becomegp=272cT*. This is the 4/3 prob- d< __&r dr? + e 'Lqs2 9
lem, first noted in[36,37], and now understood as being a (induced) 4 T '
result of strong interactions.
So far we have employed the AdS/CFT correspondencé we define
merely as a tool for determining a detail of the strong-

coupling thermodynamics. However the calculation can be e2rx /L

done entirely on the AdS side if we take seriously the idea =L b2 (10

that the cutoff brane is no more nor less than a coupling of

gravity to the conformal field theory. It seems inevitable . )

from a string theory perspective that the gravity would bethen the metriq9) assumes the standard FRW form:
uantized, and that the detailed “structure” of the cutoff -

N A o= — d72+a( )20 (11)

brane encodes the details of the quantum gravity; but by
taking T<1/lp; we should be able to ignore this issue. The
cutoff brane, or “Planck brane,” controls gravity, while the a(r)=b \E’

bulk of AdS; controls the conformal field theory. By as- L’

sumption, the Planck brane is not appreciably influenced by

finite temperature, but the conformal field theory is; so weThus we do indeed observe the linea(r)? that we ex-
should retain Eq(2), but change the bulk background from pected. This behavior is strictly a consequence of conformal
AdS; to AdS-Schwarzschild. The metric of AdS- invariance: any conformal field theory provides a source

Schwarzschild is term for Einstein’s equations just like a bunch of massless
. photons.
dr We can be a little more quantitative and rederive the co-
— 2r/L 2 32
dsi=e?"(=h(r)dt*+dx*)+ h(r) efficient in Eq.(5) from the new perspective. In the late time

limit, we can use the relation

h(r)=1-b%e *"t (7
i:i r*drez(rfr*)”-:—l— (12)
b:WLTO G4 G5 — 2G5

HereT, is the Hawking temperature associated with the timeactually this relation comes from a Kaluza-Klein reduction
coordinate t. It is a constant parameter of the AdS- of five-dimensional gravity to four for a horospherical
Schwarzschild solution. The calculation will deal only with pjanck brane in pure AdS It should be okay to leading
the coordinate patch covered biyX.r). . order for a brane in an asymptotically Agdgegion of bulk
Given an orientable surface with unit normg| (which  spacetime, provided the brane is only slightly curved on the
specifies a notion of outside and inside by the direction inscaleL. Such a brane is locally like a horosphere of AdB
is perhaps more common in the literature to see a modifica-
tion of Eq. (12) that arises from removing the factor of
2The calculation of33] shows that in the limit where classical € >'* 't from inside the integrgl. Th? discrepancy is mgrely
gravity is applicable to the AdS black holes there is in fact only onedue to the fact that our four-dimensional metric is precisely
independent coefficient in the trace anomaly. This and(Bgare ~ the induced metric, whereas more commonly the four-
non-trivial constraints on theories which can have AdS duals.  dimensional metric on a horosphere is taken to be
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e 2% /Ldsﬁnduced) The form of Eq.(12) is forced on us by (12). It seems like a massive conspiracy that the physics of
the ChOicajstzlzds(zinduced) which does seem the natural one €arly times would arrange for the cosmology to remain ex-
in the present context. actly radiation-dominated FRW. There are limits to what we
Combining the relation can assert about physics at early times without specifying the
nature of the Planck brane. It seems inevitable however that
1 a\?2 87G, Eq. (2) will receive corrections at higher orders in deriva-
F = ( a = 3 p (13 tives.

Is this real cosmology? Not as it stands: nucleosynthesis
would be dramatically spoiled if the “hidden CFT” that
AdS; represents had any sizable effect on the radiation-

4 5 dominated era of our universe. However it is straightforward
3b 3 - . .
= = ¢c(e "+ 'Tp* (14)  to extend the discussion by adding matter to the brane, and
167Ggle* /- 2 its stress tensofl """, could take over fronT{*"" at late
times. (If all we are worried about is nucleosynthesis, then

Now, the temperaturé, measured with respect to the time  |ate times meang=<10°.) The AdS/CFT equation relevant
is not the same as the temperatlinmeasured with respectto 5 sych a scenario is

the timer; rather,

with Egs.(12) and(6) leads to

p

T dt T eIl (15 Gi(jinduced)—87TG4Ti(jCFT)—87TG4Ti(jmatter)
= — =e *
dr © 01
3\ .
=——|0.—| O+ _) g_(_mduced)} — 887G, T(matter) (16)
where we have used the relatios 2L 7/b. So Eq.(14) is J ! L)~ 4l

indeed identical to Eq(5), coefficient and all.

The foregoing calculation is more than a formal manipu-js equation is a rearrangement of a formula obtained in
Iguon. it is an |IIust.rat|on.thastr|ng theory on AdSis iden- [38] in the course of deriving quasi-local stress-energy ten-
tical to a (3+1)-dimensional conformal field theorylVe — go5 for AdS/CFT in various dimensiofs. have used Eq.
wanted our cosmology to be driven by the conformal field(; 9 15 defineG,. It is necessary to check that visible matter
theory dual to the bulk AdS geometry rather than by any-yses not lose energy to the CFT fast enough to spoil the
thing on the Planck brane. So we left the Planck brane in 't%osmology. Since the CFT's couplings are essentially of
ground state and made the bulk AdS geometry thermal byayitational origin, this is perhaps plausible. An estimate
adding a black hole horizon. will be presented in Sec. IV.

It is worth remarking that no stabilization mechanism was Actually, Eq. (16) is only an approximate statement of
employed because none was needed. From a brane-wordyngjation, via AdS/CFT, from purely four-dimensional

point of view, the worst has already happened: the negativg aniities to quantities which constrain how the Planck brane
tension brane of39] has retreated to infinityand the deli- it in the five-dimensional spacetime. Equations with physi-

cate near-horizon cusp has been cut off by a finite tempergsy| meaning arise from setting either side equal to zero. In
ture horizon. The effect of that horizon is most transparentyis section we considered a case Wha(prane)zo. then
when viewed in light of the AdS/CFT correspondence: it ’

) : . . “setting the right hand side equal to zero amounts to requirin
means that the (8 1)-dimensional conformal field theory is 9 g g d 9

fini Eg. (2). Solving Eq.(2) gave us back radiation-dominated
at l'n'te temperal';urli. v, the retreating Planck brand RV, cosmology, which perhaps sounded surprising; but the
N a generic bulk geometry, the retrealing Flanc ranE?dentity (16) makes it inevitable, because if the right-hand

would cause the four-dimensional Newton constant to. vanishes, so must the left-hand side.

change. In this regard, an asymptotically AdS space is very Suppose now we knew all about the matter on the brane,

zpeaal: ptré)VId?g we use the md_uced frn(?;[rlc cf[ﬂ th? F>Ianc%md discovered that it generated a positive cosmological con-
rane (rather than some warping of)itas the four- stant: —87rG4Ti(jma“er)=Agi(j'”duced) with A>0. Assuming

dimensional metric, Eq(.12) W'” hold asymp_totlcally When_ the AdS part to be at zero temperature, we would then reduce
the Planck brane is moving in the asymptotically AdS reglonEq (16) to

with curvatures which are small comparedLto

That ds{jnguceq) turned out to beexactly the radiation- ‘ '
dominated FRW metric should excite some suspicion. Might ~ G{["%® A g{{nduced)
there not be quantum gravity effects at sufficiently early
times which modify the picture? We derived the agreement __ E[@)
between Eqs(5) and (14) using a late-time relation, Eq. Ly

3 L2A\
—| O+ E+ T>gi(j|nduced)} (17)

3The reality of such a negative tension object is something | am “Only | have changed the sign of the Einstein tensor. This is
only provisionally willing to allow for the sake of argument, since | necessary because of a difference in sign conventions. The deriva-
am aware of no fully satisfactory string theory construction of it astion in Sec. Il will serve as a check that the signs in ELf) are
yet in an AdS background. consistent.
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It is straightforward to show that setting the right hand side 1 ,

equal to zero leads to a hypersurface in Ad#ose induced extremuntS— i—|09f [Dg]e'®, (19
metric is dg. Approximately this calculation has appeared
elsewhere in the literature, for instan@r—29,3]. A direct
analog in lower dimensions was treated [ii7], where a
fairly general discussion of induced metrics on codimensio
one domain walls in AdSwas also given.

where[[ Dg] represents path integratidiath integration in
r}he sense of Eq(19 would amount to closed string field
theory—a subject where our understanding is incomplete.
We might however imagine some other way of improving
Ill. THE GENERAL FRAMEWORK the saddle point approximatidnin a real string theory
model, there would probably be many more bulk fields be-
sides the metrig,,, that S, would depend on, and they
would also have to have their boundary values specified in
the extremum(or path integral Wegr would depend on

Equation(16) is an approximate first variation of a more
general relation, which is the natural extension of the pre
scriptions of[2,3]:

— those boundary values, and there would also be new terms
Setl Vi ¥]1=S il Vi 1 +S i+ W, . ' :
el iy + 1= Sad gravd 7151+ Saa mateek 715 ¥ . crtl %3] added t0S,p graviyy fOr the dynamics of the zero modes of the
= extremun Spuid 9., ]+ Sprand 91"°?, 41). extra fields. How much of a problem all this extra junk is
gfjraucedl depends on the couplings to the standard model fields. The

optimistic view is that such couplings are about as important
in particle physics contexts as the coupling of electrons and
quarks to gravity. The zero modes of extra bulk fields would
modify long-distance four-dimensional gravity if they re-

ained massless, but any sort of confinement or mass gen-
eration mechanism could prevent this problem.

Like all of AAS/CFT, Eq.(18) is a claim to be substanti-
ed rather than an assumption. However, it is difficult to
ve a complete proof becau$¥.rr is a complicated non-
cal functional of y;; whose exact form is independently
accessible only through a strong coupling QFT computation.
If one takes the boundary to be the true boundary of AdS
the evidence is compellinf4] that the extremum on the
right-hand side of Eq.18) does indeed lead to the generating
functional of connected Green’s functions for a CFT.
Through the UV-IR relation we understand that cutting off a
%ortion of AdS should change physics in the ultraviolet
only. Thus Eq.(18) is true insofar as it is well-definedhat
is, on the level of an effective field theory on energy scales
much lower than the cutofiA) provided we can show that
Sup gravityt Sap matter €Merges from the extremum on the

(18

The metricy;; is the metric on the Planck brane, afdare
the extra matter fields which live on the Planck brane. Th
first equation indicates a natural way of splitting up the four-
dimensional effective action into four-dimensional gravity,
the CFT, and the four-dimensional matter which comes fro”}at
excitations on the Planck brane. The second equation is t
actual statement of AdS/CFT, which in this case incIudes%q
; ) . ) . > o
“brane reduction” of five-dimensional gravity to four di-
mensions, as envisaged j89,5. Wcer is the generating
functional of connected Green’s functions of the conformal
field theory, with a cutoff imposed at some energy scile
See[40] for an early discussion of cutoffs in AdS/CFT.
One way to define the cutofA is as the energy of a
fundamental string stretched from the Planck brane all th
way to the horizon of AdS This givesA~L/«a' if we mea-
sure energies with respect to a timeon the Planck brane
such thaty,.=—1. There can however be ambiguities in
normalizing A, depending on the physical question one is

gSkilfg' asdex;f)Iained iﬁ{l]. g AdSD53i?) generatﬁd as the right-hand side. That is what | will actually demonstrate con-
ackground of many coincident D3-branes, then we Calqiqy |n the process | will derive Eq12) in a general

imagine peeling one of them off gnd bringing it close 'FO thesetting, and also check that the sign that seemed worrisome
Planck brane. A fundamental string stretched from this D35 Eq. (16) is okay
brane back to the main cluster has the interpretation of a Thé proof is piégy—backed on the calculations[88]. In
g]asswe\1v bqson. In t?‘e supe;]gre;wty descfr |pt|onr,] thlshfun- order to keep the presentation self-contained, | will recapitu-
amenta strmglstretc es to the horizon o _'g‘d$ us the |ate parts of that work. The setting is a foliation of a five-
relation /}N.L/a has a S|mpl_e motivation n terms of a dimensional Einstein manifold (for instance, Ad$ or
Bogomol'nyi-Prasad-SommerfieldPS quantity, namely  yqs_schwarzschild whose boundary has a metric in the

the mass for the heaviegf boson which can be included in conformal class of a specified metijgo), and whose metric

the effective theory by breaking the gauge group by th ; :
Higgs mechanism in the CFT. A comprehensive discussioer(1:an be written in the forn42]

of interactions might require a more precise specification of

how a geometric cutoff in Adstranslates into a cutoff in the 1 1

four-dimensional theory. _ _ _ dé:guvdxﬂdXV:Af_ZdPZ’L —@jdgidgj. (20)
The extremum on the right-hand side of E#8) is taken p P

subject to the boundary condition that the metric induced

from g,, on the cutoff brane isy;;. It is the saddle-point

approximation to quantum gravity in the bulk. If we wanted 5A conformal transformation ony; is needed as the cutoff is

to do quantum gravity in some more complete w@g., removed to keepy; finite. However,Wcer without a cutoff only

string theory, we would make the replacement depends on the conformal class gf .
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In Eqg. (20) and the following equation, has been set to 1. dp
The metricg;; can depend op, but according td33,42 it £:4j ng|deﬁ[+
has an expansion €

1 —
?(—8+4p(9p+a) g
p=¢

a—6 « o
_ . — — 11— ..
=00y PGy + pA0G p Mgy + p2Geay+ -+ (21) = V|de'9(0)|[7 +5t1dy 92— log € a4 + (finite)

_ — _ 26
Here g() and h(4 are tensors constructed frogyg) using (28

two and four derivatives, respectively. The expansion breakslere we have defined

down after the logarithmic term, in the sense thatdpg are 1 1

no longer covariant tensors. Fortunately the first two terms of an=——-RIR +—R2. (27)
. h (4) 8 i o9

Eq. (21) are all that we will need. Explicitly,

This quantity was identified in[33] as the conformal
a1 R — Ef’q—(o) 22) anomaly of the CFT. The AdS/CFT prescription as detailed
9 = Mgt g ) there is simply to remove the terms that divergesas0 via
local counterterms. This is the only sensible course if the
ultimate goal is to takee—0 so that the cutoff boundary
becomes the true boundary. Instead we want to keep the
cutoff boundary at a finite, arbitraryand regard the induced
metric y;; on dM, as the Einstein metric of the four-
dimensional world. Rewriting E¢26) in terms of ;;, one

Wherefzij is the Ricci tensor oﬁfjo) andR is the associated
Ricci scalar.
The action under the extremum in E48) is

Soutd 9]+ Sorand 9" °?, 4] finds
I f d® Jg[R+20] _ Jidet] 1
167Gs ) p L=+/|dety|| a—6+ ER—Iog €as+---|, (28
4 7_"_"7['“ Goedy where nowR is the Ricci scalar of the metrig;; anda, is
+ 167765J’3M Ed £\9 20 +a]. defined as in Eq(27), only using curvature tensors pertain-

ing to ;; rather than tagf’. One might fear that the loga-
rithmic term in Eq.(21) would contribute to the log term in
Eq. (28). It does not because@r@%h@):O. o
Because powers of cancel in Eq.(28) (and € is finite
anyway there is no longer an expansion parameter in Eq.
(28). The expansion can only be justified as a derivative
expansion, provided that the embedding of the cutoff brane
in the five-dimensional Einstein space involves only curva-
tures which are slight on the length scaleCombining Egs.
(24) and(25) with Eqg. (28), settingag=6, and repristinating
Powers ofL, we find

(23

We have located the cutoff brane on the hypersurfaté,
defined by the equatiop= €. We have also defined

1677G5 (induced) l//) (24)

a=apt W)Ematte(gij

The constant, is what we will adjust to balance the tension
of the Planck brane against the bulk cosmological constan
An imperfect adjustment would lead to the, d8duced met- extremun Syuid 9,1+ Soran E{gfji”duced),lp])
ric, as commented on after E(L.7). Thus we are not claim- glinduced_
ing to make headway on the cosmological constant problem; ! :
rather, we are pushing it into the Planck brane. The extrinsic L 4 4
curvature term in Eq(23) is necessary in order to have a - 327TGSJ d¢ \/;’R”Lf d*¢ \/;»Cmatten(')’ij )
well-defined variational principle. ‘

Extremizing Eq.(23) subject tog|"**®=y; can be +Werd v (29
achieved by lettinglsZ have the form(20) and then setting
gij=€vij atp=e (this is at least true up to errors which will

whereWc¢gr includes the log term in Eq.(28) plus all the

o o ) other terms which we indicated with *.."". We indeed
be subleading in a derivative expansiofihen|[cf. (10) of verify the relationG,=2Gg/L. Also, since the Ricci scalar
[33]] came in with the right sign in Eq29), the signs of Eq(16)
(induced) are consistent. The calculation leading to E2f) is similar
extremun Syuil 9,.v]+ Sprand ij ) to Kaluza-Klein reduction, the main difference being that the

gruced y, relationG,=2Gs/L does not involve the total length of the
1 fifth dimension(which could be infinite, but rather the cur-
= f &L (25)  Vature scale of the five-dimensional geometry. This makes
167Gy the current scenario rather different from those [48],
where the circumference of the extra dimensions does affect

where the four-dimensional Planck length.
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g, wherea; is a dimensionless number on the order of unity. In
sssszszsszzzzzzzzz ::::::::::@:::::::::: Eq. (3 | have used EQi-G) and (12 to combinec |§| into

A T T wL2/4. 1 do not claim any originality for the computation in

13 1_ cp'logp 17 Egs.(30) and (31). The only further addition | would make

to the recorded comments [A2] is that the coefficient of
leading correction is indeed computable from the CFT side:
a) b) up to factors of order unity it i€, times the central charge
of the CFT.

Clearly, by differentiating Eq(18) and keeping track of
Lj’#l the Lorentz structure we could obtain the corrected propa-
gator in complete detail and extract the exact valuaofl
will refrain from entering into this computation here because

Extremizing Eq.(23) with respect tog,,, without requir- another group is pursuing similar ling$5]. It was important

ing gi(jinduced): ¥; would amount, at leading order in deriva- howevgr tp present the. genergl outline of thg analysis be-
cause it will figure prominently in the next section.

tives, to setting the right-hand side of E@.6) to zero, as
well as satisfying the bulk equations of motion. Given some
information regarding the structure of the Planck brane, IV. BOUNDS AND ESTIMATES

h_igher derivative corrections to EdZ) and to the right-han.d Note that Eqs(6) and(12) together imply that the central
side of Eq.(16) would be accessible through a more met|cu—Charge isc=(7-r/4)(L2/I§|), where as usudl, is the four-

lous treatment of this unrestricted extremization problem. . . L
. . o . : dimensional Planck length. For Agd$®ackgrounds arising
The trick of Eq.(18) is to extremize first with the induced from type IIB geometries including D3-branes- N2 where

metric held fixed af?d then argue that the extremization tha& is the number of D3-branes. $~L/Ip. To be definite,
remains to be carried out gives us the equations of four;

. . : . ; let us suppose thdt is on the order of a micron. Direct
dimensional gravityand brane matter if we want)jtplus measurements of aravity already restiict 1 mm. and pro-
something nonlocal which we calla¥crr. The claim that 9 Y Y ' P

this something arises equivalently by integrating out a CF.[posed experiments might probe Newton's force law to dis-

; . tances as small as a micrdn~1 um meansN~ 10?°. This
below a cutoffA is the substance of AdS/CFT and the b"’\S'Snumber seems on the high side for a string compactification:

for the suggestions ifl0,6,1. . . something has to soak up all the five-form flux. D3-brane
The argument20)—(29) stands in relation to the observa- . . .
charge is conserved, so it is true that if we managed to set

tion [5] of a normalizable graviton approximately as the den—N: 107 through some arcane string theory construction, we

vation of the low energy eﬁecu.ve action of string t.heory V12 \would not worry about it wiggling. As disciples of AdS/CFT
beta-functions stands in relation to the calculation of the : . : i

. we would also be relieved that five-dimensional quantum
massless string spectrum.

It should be possible to relate corrections to Einstein’ gravity effects are not an immediate problem. However, a

equations and hence Newton’s force law directly to thzIarge hidden CFT is very dangerous in cosmology. Nucleo-

anomaly e, proceeding along the lines g, How-  JEREe: G BRem e o Helds
ever it is more transparent to follow the analysis[&g], Let usp;’élsume then %K <y around the time of Nu- '
where we merely differentiaté/ce{ ;] twice with respect AkET<psm

) ) . : cleosynthesis. Because the CFT has a large number of de-
to ;; to obtain the first correction to the graviton propagator L
(see Fig. 1 The position space two-point function of the grees of freedom as compared to the standard model, this is

8 possible only if the CFT is much colder than standard model
CFT stress tensor h"’.‘S the fOW(X)T(O)2~C/X - In-mo- excitations. Suppose that the standard model and the CFT are
mentum space this i$T(p)T(—p))~c p*logp. The cor- ¢ q imation d led. T d do-
rected graviton propagator is 0 a good approximation decoupied. hegkr andpsy de
crease in fixed ratio during the radiation-dominated era, up to
1 1 1 factors of order unity associated with freezing out the various
G@(p)~ =+ —lp(c p*logp)lp— (300 massive fields of the standard model. In the matter-
p= P P dominated erapcer andpcgr decrease in fixed ratio. So we
can guarantee that nucleosynthesis is unaffected by the CFT
Clp if we demandpcrr<<pcgr today. This translates roughly to
N Terr=Tepr/cY*~10 K today if we wantL on the order
of a micron® To summarize,
where the factors of the four-dimensional Planck length are
vertex factors for the coupling of the stress tensor to the c~N?%  L~Nlp, Teer=Tcgr/\N. (32
graviton. The altered propagator gives rise to deviations from
Newton’s 12 force law, estimated already from the AdS

FIG. 1. Contributions to the graviton propagator, follow[dg)]:
(a) free graviton propagatiorib) leading CFT correction. The blob
between the stress tensor insertions is intended to denote the f
(TT)cgr correlator.

side in[5]: %We have used the AdS/CFT predictipn-cT*. Naively count-
2 ing flat directions inA’=4 super Yang-Mills theory suggesfs
_ Gmm, 1+a L_+ . ) (31) ~\cT% Even if this were somehow true for a special CFT, it
re L2 ’ would only soften Eq(32) to Tepr=< Tcar/NY4
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where we have dropped factors of order unity. One such

2 L5 factor is the central charge of the standard model fields
T which are light compared to the temperature at any given
CFT time. Approximately this same factor appears in both terms

- on the right-hand side of E¢34), so it does not matter much

for the relative size of the terms. Howevas does matter,
and it should be computed if a more accurate estimate than

2 o | the one presented here is desired. We have also suppressed a
b) E rasseas = gDise pe term in Eq.(34) for CFT energy leaking back into visible
CFT T ! fields, but that is OK since we are operating on the assump-
SM ¢ SM ' SM

tion that the CFT is cold.
To determine whether the CFT is appreciably affecting

FIG. 2. (a) Standard model particles losing energy via graviton the cosmology, one should compare the two terms in Eq.
exchange to CFT excitationgh) The inclusive rate is given by a (34). Their ratio is

unitarity cut of the first correction to the graviton propagator.

k=13 L2T3yH ! (35)

Suppose the CFT is cold enough at some early time to

satisfy pcrr<psw.’ Cosmology at later times could still be whereH 1=a/a is the inverse Hubble timéa function of
spoiled if energy leaks too quickly from visible matter into 7). The CFT will not appreciably affect cosmology as long
the CFT. The analogous problem in theories with compachs p 1< pgy and« is small. What small means in this con-
extra dimensions is cooling by emission of bulk gravitonstext depends on all the “factors of order unity” that we have
[46]. To evaluate whether there is a problem in our case, wgjropped. All these factors are calculable: once we have Egs.
must investigate the mechanisms of thermal equilibration be) and (12) the rest is essentially kinematics. In order to
tween the CFT and the other matter in the universe, operainake some preliminary estimates | will assume that the

ing on the assumption that the CFT is very cold. Fortunately{ubble expansion term in E¢34) dominates over the en-
the tools are already partly in hand. Standard model particlegrgy loss term whem<1.
can lose energy to the conformal field theory through pro- The state of the universe today does not lead to a dramatic

cesses controlled by the graph in Figa2 The inclusive  pound onL: for instance, estimating for the rate of energy
rates from these graphs are related to thé tbrrection to  |oss from the CBR to the CFT gives

Newton’s law through the unitarity relation illustrated in Fig.

2(b). In particular, the inclusive rate goes EsL2. By di- 1

mensional analysis the contribution they make to the loss of L?< ————~10%cn?, (36)
standard model energy density over time is leiHo "Tear

which is easily passed by any realistic theory. However the
bound tightens as one goes back in time. Tracing the matter-
dominated cosmology back to the time of last scattez at

d
(—p) ——a,I2L2TY,, (33)
lost ~10%, one obtains roughly

dr

wherea, is a dimensionless number of order unity ahgl,
is the temperature of standard model excitations. From an L?<10%3cn?
AdS point of view, Eq.(33) is literally the rate at which
energy density falls across the horizon to be absorbed by the a 712
D3-branes. Three powers df,),, come from the absorption :1033(:”]2(M) =10%cn?, (37)
cross sectiorf7—9]; also there are powers dfg), from the A
finite temperature kinematics of the standard model particles.,. _ - . -

il not meaningfully restrictive. Tracing the radiation-

Energy density also decreases because of Hubble expansiotl. . .
in tot?l/ Y P ominated cosmology back to nucleosynthesisz-atl0%,

5 -1
Qjast scatte) H o

(0]

-1
H last scatter

one obtains
dgiM _ gTéM—léleTgsM, (34) L2<109cn? anucleosynthesj;5 |:|:ILaS‘,lt scatter
Qast scatter |  H nucleosynthesis
1 nucleosynthesi ’
o o =107 c:mz(—)5 =10cnt. (39
Section |l treated the opposite limit. One should be able to use last scatter

Eq. (16) with T{T"P=0 to find a hypersurface in AdSwhose in- o _ o _ _
duced metric is real-world cosmology. But this is only an equiva-Still this bound is satisfied with four orders of magnitude to
lent means to find what we already know by solving Einstein’sspare(in L) if we supposd. to be on the order of a micron.
equations. In this section we will “cast down the ladder” and work | emphasize the extreme simple-mindedness of the estimates:

directly in four dimensions whenever possible. all I have done in Eq(398) is to write
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, 1 z,~10' T,~100 TeV forya’'~1 Tev 1.
L=« 1275 H-1
PI' SM
1 1 7 To get the numbers in Eq42) we have combined several
last scatter . . . " .
~K——¢ — (z ); , (39 approximations and assumptions. The “error in the expo-
I5iTeerHo ~ Ziast scatter: Znucleosynthes nent” should probably be taken to be abau®. It is some-

what suggestive that the valuesTf we found are “within
errors” of the boundary of our direct knowledge of particle
physics. If the string scale is at a TeV, then physics changes
sufficiently there that we can no longer have any confidence
that the radiation-dominated FRW cosmology is relevant.
Sfhus the second line of E€42) only shows that there are no
cosmological problems as far back as we can trace the
theory. Strings at a GeV are a different matter, and we will
return to them shortly.

Although type I1IB string theory provides the best-
Uinderstood vacua involving AdS it is conceivable that
Qome other type of string theory, even a non-critical string,

and then deman@<1. The powers of in Egs. (37)—(39)
arise from the relationsi ~*~a®? for the matter-dominated
cosmology andH '~a? for the radiation-dominated cos-
mology. In view of the actual number obtained in E88), a
more accurate estimate would be desirable. One can al
attempt to trace cosmology back to largeand tighten the
bound onlL further, if one feels convinced thatmust still be
small forz>10'°.

An independent bound oh could obtained by checking

[46]. The energy scales here are on the order of 30 MeV, s

a slightly_better bound than E¢B8) might be _expected. could have an AdSvacuum: see for examplgl8]. For a

A Thﬁre is yet another way to Sft a boundLonhwe.aSSl;]me non-critical string, Eq(40) would not be the right estimate,
that the Adg geometry comes from type IIB string theory gjnce some or all of the five compact dimensions simply are
through some Freund-Rubin ansatz or related compactificg;,; there. Suppose the non-critical string livesniimen-
tion. In such compactifications, the extra five dimensionssions withn=5. Assume also that it exhibits some form of

5 .
have the same length scdl@s Ad3. Suppose AdSXS’is g gality, so that the coupling cannot be parametrically
the relevant geometry. Then the standard string theory rela}érge_ Then

tion 167Gyo=(27)"g2a’* combined with Eq.(12) and
Vol S°=73L°® leads us to

Y
) Ja' (43)

Ls(—
ey

16773(1'4 1/6
1’3<—) : (40)

L=gs G,

Type 1IB theory has an S-duality symmetry which takges
—1/gs. Thus we can assume thgt=<1. A conventional
value of Vo' would be only a few times the four-
dimensional Planck lengttg,. This results in a bound on
which is also a few timek,. In order to makd. observably

big,,we would have t_o m?ké“__/ big too. What is the bigge;t could pertain if some of the branes had more thahl3
Ja” we could possibly imagine? In the old days of string ord volume dimensions. | am not currently aware of any

theory the answer would have beeqla’~1 GeV completely well-defined, non-critical string theory other than
~0.2fm: this is literally the Regge slope of observed had-he c<1 toys. Nor can | give a string theoretic example of
ronic spectra. In recent literatufd7], values of\/a’ as big intersecting branes with an Ad®ear-horizon geometry. Be-

as 1 Tev' have been regarded as acceptable. Pluggingides, if the extra dimensions of the intersecting branes are

wherey=2/(n—4). If we allownto range from 10 to 5, the
corresponding range of is from 1/3 to 2. It is also conceiv-
able that some intersecting configuration of branes in critical
string theory could have an AgSomponent in its near-
horizon geometry, and a different relation from Ed0)

these numbers into E¢40) leads to larger thanL, then the salient physics of extra dimensions
would be more along the lines p43] than[5]. For the sake
L=<107cm forya'~1 GeV! of a concrete discussion, let us stick to E40), with Eq.
(42) (43) as a possible alternative.
L<10cm forya'~1 Tev i Once we have ventured to s¢tr’ ~1 GeV !, the burn-

ing question is why all collider physics from a GeV up to a
The bad news is that deviations from Newton’s force law onTeV is not dramatically different. The simplest answer is
length scales this small will not be detected any time soontather iconoclastic. It is that from a four-dimensional point of
The good news is that standard cosmology is no problem, agiew, strings are nothing more than QCD flux tubes. For
far back as nucleosynthesis and further. If we assume that trenergies well above 1 GeV, but below the cutoff scale
radiation-dominated FRW solution still pertains, we can es—~L/a’, a better set of variables is the particles of the stan-
timate the redshifz, and the thermal energids, at which  dard model, plus a massless propagating graviton. In the

k=1. The result is low-energy regime where strings are the good variables,
there is a massless graviton in the closed string spectrum.
z,~10% T,~100 GeV forJa'~1 Gev'! The graviton must be present in a description of the theory at

(420  any scale: on very general grounds] it is impossible for
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the graviton to be a composite parti€l@he spectrum could ous: there are as many of them as there are D3-branes. Their
also include massless open strings if the Planck brane irmass is bigger if Eq(43) applies:L/a’ ~10"% GeV. Fourth
volves D-branes. The gluons in the standard model Lagranggnd finally, if flux tubes are long strings ending on the
ian might be represented in this way at low energies. IntuPlanck brane, then what are quarks?

itively, the reason why a disk diagram with two gluon  As observed in Sec. lll, there is a precise way of charac-
boundary insertions and one bulk insertion of a gravitont€rizing the strings stretched from the Planck brane to the
would not couple gluons to gravity on the scale of femtom-horizon of AdS: they are the massivé/ bosons associated
eters is that the wave function overlap is small. This is theVith the separation of the Planck brane from thi¢p D3-
magic of extra dimension@xploited similarly in[43]); Eq.  branes that create the Adgeometry. The scale of these
(40) is roughly a condition on how big the extra dimensionsMasses could be lowered, say to 30 TeV Liffalls suffi-
have to be in the well-understood type IIB string theory ex-ciently short of saturating the_ bound in the first line of Eg.
amples to make low-energy strings consistent with gravity af+1): Or we could retum to strings at a TeV and get approxi-

4 ; . . _mately the same 30 TeV Higgs scale by saturating the bound
the four-dimensional Planck scale. The modified relation the second line of Eq41). Either way, we are left with a

(43) could be pertinent for alternative models, as d|scusseversion of[51], only with an enormous hidden sector gauge

n t_pﬁ p\:ie\cvoyskpr?riigtrﬁph.r vi ragraoh is distinct from3™UP and strings at a GeV or a TeV. [I51], it seemed like
€ View fake NE previous paragrapn 1S distinct fro coupling the CFT to gravity might resurrect the hierarchy

those 0f[5(.)] or [6]. Wilson IO.OP.S in AJS/CFT usually seek problem. This is less of a problem if the string scale is
out a location of large redshift in the bulk geometry in order g aiier than or comparable to the scale of soft breakings of
to lower their tension to the scale of confinement. The curine cET: one may hope that stringy “softness” ameliorates
rent scenario has Wilson loops terminating on the Planckne givergences of gravity already at the string scale. There is
brane, and the relevant geometry is the geometry near the, clear microscopic picture of what the theory is without
Planck brane. | 'would not exclude scenarios where a Iarggpecifying the nature of the Planck brane. However, the re-
redshlft o_loes exist near the I_3Ian_ck brane, _and the paramet%rtion (40) between Newton’s coupling and other low-energy
entering into the Regge relation is a redshifted If thatis  quantities should not depend on the detailed properties of the
the way we think QCD strings are realized, then once agaip|anck brane.
the bound orL_ is tighter than_l_sl nm, smce_th&v' that In conclusion, insisting that AdShas to come from string
enters Eq(40) is the un-redshifted string tension. theory provides a bound dnwhich is sharper than we were

Strings at a GeV seem like a natural apotheosis of thgple to obtain from nucleosynthesis, and which appears to
proposals 0f43,47. We do not have to “get rid” of the e out experimental observation of E&1). There are two
graviton if there are extra dimensions on the scale of a Narggsons why string theory demands a smallFirst, L/l p,
nometer.[Significantly smallerL would work in a model ~N, whereN is the number of units of Ramond-Ramond
where Eq.(43) pertains] We do not have to worry about fiye.form flux. It is hard to make this number really big in
nucleosynthesis if the estimat88) bears out. But we do string compactifications. Secon@,L®<a'*, so we can
have to face some hard questions. FII’SL#% nm, how do only get bigL if we allow big a’. In an attempt to be maxi-
we manage to accommodafé=L/lp~ 10°° D3-branes? mally optimistic about the size df, we have reconsidered
Something has to soak up all the Ramond-Ramond flux, angtrings at a GeV. Even this radical step only gavelus
that sounds like an impossible stretch for string compactifi<q nm. If we makea’ even bigger, it only heightens the
cations(see for examplg6]). N comes out somewhat smaller yisiculties we encountered trying to make sense of GeV
if g is small, or in models where E@43) pertains withn  qings. The strategies proposed in AJS/CFT contexts to re-
<10. Second, string theory would have to face up to hadrofy;e strings to QCD flux tubes generally have the property

physics in the energy range between pions and partongsat the fundamentat’ is smaller than 1 GeV?, implying a
Regge trajectories are as suggestive as they always were, lﬂt}hter bound orL.

there is much more to be explained. Processes where some or
all of the final energy winds up in CFT excitations are likely
to be a problem. However the relevant branching ratios typi- V. DISCUSSION
cally depend ort rather thane’, and amount to yet another e FRw cosmology found in Sec. Il is an interesting
way of setting an upper bound dn Third, strings could  chack of the claim that the “alternative to compactification”
stretch from the Planck brane all the way into the A#8IK 056564 in[5] is equivalent to a cutoff conformal field
(to connect with a D3-brane if one wants to think in thoseieqry coupled to four-dimensional gravity. However, as em-
terms at only a f|n|,te cost in energy. The mass of such aypagized in Sec. IV, the CFT should not make any sizeable
string is roughlyL./a’, which comes out to be approximately ¢qoniripution to the actual cosmology of our universe at times
3000 TeV if we useL~1nm. This is out of the range of |yier thanz=10'. Before that time, one is entitled to specu-
colliders, but it is nevertheless a dangerous number for anjyte apout the physical relevance of the solution of Sec. II.
sort of loop computation because these strings are so numegynnose that the CFT and the visible sector matter on the
Planck brane were in thermal equilibrium at some early time.
Assuming that the CFT has a much larger central charge, we
8 thank M. Strassler and R. Sundrum for discussions on this poinflave pcrr> pmager, @nd the solution found in Sec. Il should
and related issues. approximately describe the cosmology. At late times one
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needspcrr<pmater IN parallel with[46], we might imagine  flow corresponds to gravity coupled to that same QFT. The
an inflationary scenario where the inflaton lives on theproposal of[39] is to put the standard model not on the
Planck brane. Then reheating directly affects only the visiblecutoff brane, but rather on some brane far from the boundary,
sector, and if« is small by the time of reheating there is Wheregy, is very small. There are several ways that such a
substantially no thermal equilibration with the CFT. construction could be realized in string theory. First, if the
In a scenario with GeV strings, thermalization with the five-dimensional space-time ends at a finite minimung,pf
CFT sets in significantly around 100 Ge&lthough we must then one can show that the end-of-the-world brane must have
recall that the estimates here were extremely crufieat  Nnegative tension. The best-understood constructions in the
alone might lead us to rule this case out unless a reheatirggrrent literature which admit negative tension end-of-the-

mechanism could be proposed at a lower scale. world branes are typé€ ktring theory and certain Calabi-Yau
In known string compactifications, the numkérof D3- compactifications of Horava-Witten theory. At the classical
branes is typically on the order of 10. As many as D(- level, these constructions do not allow an Adfilk: there is

branes were claimed to be attainable in certain orbifold exalways some scalar that evolves across the five-dimensional

ampleg6]. If we take this as a strict bound, then the relationbulk. There is not yet compelling evidence that all scalars
L/lp~N puts our entire discussion at an inaccessibly smalfould be held fixed and an Ag®ulk obtained. It would be
length scalel. ~10"°cm for N=10°. (As usual,lp is the  possible to develop a formalism similar to the one in Sec. Il
four-dimensional Planck scaleThe formalism developed in for type I' or Horava-Witten constructions, but it would have
Sec. IIl could still be useful for extracting a “low-energy” more the flavor of an ordinary Kaluza-Klein reduction,
effective theory—"low-energy” being interpreted now as Where heavy fields are integrated out and light fields are
much less than #6GeV. Standard inflation occurs around kept. The distinctive feature of E¢L8) is that it enables us
10*GeV, so it is possible one might embed a “conven-to obtain a non-local functional which summarizes the dy-
tional” inflationary model in Ad$ using the d$ solution  hamics ofinfrared degrees of freedom.
discussed after Eq17). The amusing aspect of such a model  If there are no negative tension branes, the only option is
is that there is a natural candidate for the pre-inflationaryfor the five-dimensional space-time to continue all the way to
universe: it is the radiation-dominated FRW solution foundgy=0. If there are scalars involved, the generic behavior is
in Sec. Il. for curvatures to become strong gg—0. AdS/CFT has
There are two solid conclusions to be drawn from thelimited computational power in such circumstances. The best
estimates of Sec. IV. First, our present understanding of nthope is that string theory provides a resolution of the strong
cleosynthesis would not be threatened if deviations fromcurvatures. If visible sector fields live on branes at strong
Newton’s force law of the fornt31) were found. We already curvatures, then we are not in a position to say much about
know that such deviations cannot be present on scales MugRe physics. It is also conceivab|&8] that visible sector
Iarger.than a millimeter, and this is enough to suppress theelds live on a probe brane at small but nonzgfa There
associated loss of energy to the conformal field theoryzfor 5.q hotential phenomenological virtues to such a model, but
as large as 1’6. Second, string theory as we understand itj; saeams somewhat contrived.
seems to forbid an AdSspace large enough to cause mea-  gying theory and string dualities have taught us that extra

jvlijlﬁbletg?;g'?ﬁz fsrtorm Nse:(g\fg‘[lc;n dsofl%cteolalwélez\\//e:ng VrV: Z:gdimensions are theoretically inexpensive. But the view of the
9 9 98%tth dimension espoused in the current paper is not exces-

strings as collective effects of QCI, still cannot be larger sively literal: rather than making the claim that there is ac-

than 1 nm. tually a large extra dimension of space waiting to be discov-
There is nothing sacred about an Adsilk spacetime: it y 9 . pac thg :
ered, the statement is that an extra dimension is a convenient

has been the focus of so much recent literature in part be: d 0 llecti h f | led
cause it is simple. Practically any string theory realization ofV&Y t0 describe collective phenomena of a strongly couple

AdS; will include scalar fields, and if they have a non-trivial duantum field theory—in the present case, a conformal field
profile, large deviations from AdSare the generic behavior th€ory coupled to gravity. To make this seem more definite,
far from the boundary. The literature on renormalizationSUPPOSe measurements of gravity at a micron did after all
group in AdS/CFT flows provides ample evidence of thistUrn up deviations from Newton’s law of the for(81). The
(see for examplE52—57)). Only a subset of these geometries “AdS” interpretation would be that gravitons are propagat-
can support finite temperature, due to boundary condition#g in the fifth dimension, while the “CFT” interpretation
on the scalars at the black hole horizon. A felicitous featuravould be that a loop of gauge bosons in a purely four-
of AdS;, which will not be shared by generic “RG flow” dimensional theory had contributed. Which interpretation we
geometries, is that the relati@y=2G;/L obtains no matter prefer is a matter of ontology: if AdS/CFT is right then they
where the Planck brane is in the bulk geometry. The formalare absolutely indistinguishable on experimental grounds.
ism worked out in Sec. Il will still retain its general features My current ontology is not very happy either with a CFT
in a more generic bulk geometry, but details will be ratherwith c~10°® or with a fifth dimension with curvatures on the
different: for instance, it is no longer clear that the inducedscale of a micron. But it is in the subtle guises of string
metric on the cutoff brane will be the Einstein frame metric.duality and string compactification that | suspect extra di-

A cutoff brane in a bulk geometry whose AdS/CFT dual mensions have the best chance of improving our understand-
is a quantum field theory undergoing renormalization grougng of the physical world.
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