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We consider field theories with sixteen supersymmetries, which indll(@ Yang-Mills theories in vari-
ous dimensions, and argue that their lakgémit is related to certain supergravity solutions. We study this by
considering a system of D-branes in string theory and then taking a limit where the brane world volume theory
decouples from gravity. At the same time we study the corresponding D-brane supergravity solution and argue
that we can trust it in certain regions where the curvatang the effective string coupling, where appropriate
are small. The supergravity solutions typically have several weakly coupled regions and interpolate between
different limits of string M theory[S0556-282(98)01916-X]

PACS numbgs): 11.25.Mj, 04.65+e, 04.70.Bw

[. INTRODUCTION The aim of this paper is to explore analogous connections
in the more general case of non-conformal field theories. The
String theory contains D-branes which are solitonic ob-supergravity solutions corresponding po+1 super-Yang-
jects[1]. When we consider the full theory in the presence ofMills theory are blackp-brane solutions. They are extended
these solitons we have modes that propagate in the bulk anglong p+1 spacetime dimensions. We interpret the radial
modes that propagate on the solitons. The modes on the soljariable as being related to the energy scale of the process
ton interact with each other and with the bulk modes. It isinyolved. One of the reasons for this interpretation is the fact
po;sible, however, to define a limit of the full the_ory N that a Dp-brane sitting at some positioncorresponds to
which the bulk modes decouple from the modes residing oRyiying a Higgs expectation value to some fields which break
the D-brane. ThIS.IS typically a low energy limit, in Wh!Ch the gauge group)(N+1)—U(N)XU(1). Large values of
we tune the coupling constant so as to keep only the mte_rr- correspond to very large Higgs expectation values, which

actions among the modes residing on the D-brane. In thi . .

limit the D-brane theory becomes super-Yang-Mills theoryii\e/? dlzsglzgnﬁgsgsr?g; aem\j/;rueer::z:&%ﬁggessgnii ttc;]Iearge
(for p=3). Separating the branes by some distance corr ield gt?;eor to. the UV’ re gi]on and small vaIEes to the IR
sponds in the field theory to giving Higgs expectation value eqion Thy urvature andgth value of the dilaton depend on
to some fields. Since we want to keep these expectation vajfgion. The cu € € ep N
ues finite when we take the limit, we should consider thethe radial variabler. The radial dependence of the dilaton

branes at substringy distande. represents the running of the effective coupling constant

Since D-branes carry some mass and charge, they excifwhich in these theories is simply given by dimensional
the bulk gravity modes and we can find supergravity solu@nalysi$. For p<3 the solutions have large curvatures for
tions carrying the same mass and charges. Naively the supd@rge values of, and we cannot trust them in this region.
gravity solution describes only the long range fields of theThis is not a problem since in the UV we can trust the per-
D-branes, since we do not expect supergravity to be valid aurbative description and we do not expect perturbation
short distances. General covariance, however, tells us that wbeory and gravity to be valid at the same time. As we move
can trust the supergravity solution as long as curvatures at® smaller values of, i.e. lower energies, we find a region
locally small compared to the string scaler the Planck with small curvature and small string coupling. In this region
scalg. A more careful analysis shows that for a system withwe can trust a string theory description of the corresponding
a large number of branes, lar§g the curvatures are small background. All Yang-Mills theories considered here contain
and we can trust the supergravity solutions even at the sulstrings in this senséas in thep=3 case[3]). These ex-
stringy distances involved in the decoupling limit describedamples realize the general description of lakggauge theo-
above. The situation is similar to the one studied3hfor  ries proposed by Polyakop6]. In the language of6] the
conformal field theoriegsee alsd4,5]). In particular for the radial variable is related to the Liouville field. This string
4D N=4U(N) super-Yang-Mills theory associated wiltth  theory description is valid for intermediate valuesrofin
D3-branes, it has been argued 8] that it is “dual” to type ~ some cases we can use a dual description for the small
lIB string theory onAdS;x S° in the largeN limit. region. In general we have a reliable supergravity description

in the largeN limit only for certain energy scale@vhich is
to be expected since the coupling depends on the ehergy

*Email address: sanny@post.tau.ac.il For p>3 we have a similar situation with the coupling
TEmail address: malda@pauli.harvard.edu running in the reverse direction: small corresponds to
*Email address: cobi@post.tau.ac.il weakly coupled super-Yang-Mills theory and for langeve
SEmail address: shimonya@post.tau.ac.il will have to use dual descriptions.
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Since the conformal cage=3 is the borderline case, we When we take the limi{1l) we are interested in finite
shall discuss first thp<3 theories and then the>3 theo-  energy configurations in the field theory. This corresponds to
ries. The paper is organized as follows. In Sec. |l we describéinite Higgs expectation values. We are, therefore, consider-
some general properties which are common to all Dp-branesng the limit
In Sec. Il we consider D2-branes and obtain a relation with
the 2+ 1 conformal field theory a’g low energies. In_ particu- U= — =fixed, a’—0, )
lar, the flow of the super-Yang-Mills theory in+21 dimen- a
sions to a superconformal field theory with @D R- i ) )
symmetry is realized by the supergravity solution of the D2In terms of the field theory is the expectation value of the
branes. We also relate the super-Yang-Mills theory withHiggs field. Note that in this limit/l;—0 which means that
small temperature to the near extremal M2-branes solutiondve study the system at substringy distances. At a given en-
In Sec. IV we discuss D1-branes. We show that for laige €rgy scalel, the effective dimensionless coupling constant
there is an intermediate region between perturbative supeid the corresponding super-Yang-Mills theory g5
Yang-Mills theory in the UV and the orbifoldR®)N/Sy con-  ~g{yNUP 3. Thus, perturbative calculations in super-
formal field theory (CFT) with the Dijkgraaf-Verlinde- Yang-Mills theory can be trusted in the region
Verlinde vertex operatorg7] in the IR. This intermediate ) 13-p)
region is described by type 1B string theory on a non-trivial 2 U>(gymN) ' p<3,
background. In Sec. V we study DO branes and the relation Gerr<l= U<1/(g2yN)¥P=3  p>3,
to black holes in matrix theory8,9,10,11. In Sec. VI we
consider D4 branes and the relation with the six-dimensional The type Il supergravity solution describifgcoincident
(0,2 field theory compactified on a circle. The flow of the extremal Dp-branes ifin the string framg[17]

(0,2 theory on a circle to the (#1)-dimensional super-

Yang-Mills theory in the IR has a counterpart in the super- ds?=f, YA —dt?+dx§+ ... +dx5)

gravity solution. In Sec. VII we briefly discuss the case of
D5 branes and their relation to type 1B Neveu-Schwi3)
5-brenes and we r_nake, i_n Sec. VI, a digres_sion to type IIA o206~ d.) _ §(p-3)12
NS five-branes. Finally, in Sec. IX we consider D6-branes p '
where we concludéas in[12,13,14) that the theory does not 1
decouple from the bulk. We show that a finite temperature Ay ,=—=(f-1=1),
configuration is described by a Schwarzschild black hole in P 2°°

five dimensions. To make the outcome of the analysis of heref  is a h ic functi fthe t dinat
each case clearer, we give a short summary of the conclfY1€r€Tp IS a harmonic function ot the transverse coordinates

()

120 42 2
+ o (dxgt . +dXg),

4

sions at the end of each section. Xp+1y - Xo,

The connection between Yang-Mills theories and super- d.g2 N 7-p
gravity solutions was explored following a different method a'pr: a'?+ % dp:27297793p/2r<7) )
in [15].

&)
In the field theory limit of Eqs(1), (2) the solution is
Il. GENERALITIES
(7-p)/2 f
We study Op-branes in the field theory linti{16,13,14: d<2= o' U d ||2 gY'V'7_dp/’2\' du2
gYM /de U( p)
2 _ P—24 1 (p—3)2_ ¢ ,
gYM (277) gsa flxedv o _)Ov (l) +gYM\/dp_NU(p_3)/2dQ§p)a
where g;=e?=, andgyy i_s th_e Yang-Mills coupling con- ’ 2o 2 Q\Z(Mde (3-p)4 ggff—p)/z

stant. We keep the energies fixed when we take the limit. For  e%=(2m)*"Pgy | —57=5 ~~—N - ©

p=<3 this limit implies that the theory decouples from the
bulk since the ten dimensional Newton constant goes to zergyote that the effective string coupling?, is finite in the

It also suppresses higher order correctionsrinto the ac-  decoupling limit. In terms ofe¢s the curvature associated
tion. Forp>3 we havegs— < which implies that we should \yith the metric(6) is

use a dual description to analyze the decoupling issue.
'R 1 /Ugfp @)
64 ~ -~ N
e gymN
We use conventions in whics— 1/g under S-duality for type . . _ .
IIB. The type IIA conventions are such that the radius of the elev-From the field theory point of view is an energy scale.

enth circle isR,;=gs\a'. The eleven dimensional Planck length is Thus, going to the UV in the field theory means taking the
defined ad,=g**/a’. limit U—cc. In this limit we see from Eq(6) that for p
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<3 the effective string coupling vanishes and the theory beHere € is the energy density of the brane above extremality
comes UV free. Fop>3 the coupling increases and we and corresponds to the energy density of the Yang-Mills
have to go to a dual description before we can investigate itheory. With these formulas one can calculate the entropy
reliably. This property of the supergravity solution is closely per unit volume and we find

related to the fact that fop>3 the super-Yang-Mills theo-

ries are non-renormalizable and hence, at short distances, 9-P\% 7o 1o g P
new degrees of freedom appear. S r o 2 Par==P
We further note that, as i8], we havea’ in front of the s=y= =517 P(9—5)° P
metric, which might lead to the incorrect conclusion that one (7=p)"""(9-p)
should only consider the zero modes of the fields. However, X g\fy DT P) N PI7—P) (10)
a field theory quantum of energy will have proper energy
The temperature follows from the first law of thermodynam-
o L, SN cs Y
proper Ja'  UUPE In order to trust the type Il supergravity soluti¢é) we

need both the curvatur@) and the dilaton6) to be small.
which remains finite in string units. Therefore we can con-This implies

sider excitations which have proper energies comparable to
the string mass. 1<g2<N¥7=P), (1D
Consider the case that we bredd(N+1)—U(N)

xU(1) by a Higgs expectation valug. In the supergravity \ye see that, as expected, the perturbative super-Yang-Mills

description we get a Dp-brane sitting at the corresponding,,q supergravity descriptions do not overfage Eq.(3)].

position U. The mass of a string stretched between the \ye il |ater see that the supergravity description can be
branes and the probe im=U/2m from the gauge theory . ianded to the regioN4’(7*p)<g§ff but in terms of a dual

pgliant of view.h This is a Eogomol’élyi-Prgsad-ﬁommerlfield Itheory. In particular, we see that we can trust the entropy
(BPS state whose mass does not depend on the coupling. IG5 ation(10) as long as the energy density above extre-

the supergravity side this state is represented by a string] lity i h th Eq(11) with ;
stretched between the probe and the hori@im =0). If we E(?Slj[{g)l_s such thager(Uo) obeys Eq.(11) with U as in

calculate its “gauge theory” energy from supergravity, we

find that it is againU, since in curved space this energy X SO(9—p) (for p#3). From the super-Yang-Mills point
contains a factor of/g,, (due to the fact that we should ¢ \icwy the ISO(1p) symmetry is the Poincareymmetry
consider the proper distancenhich is canceled by the/gy andSO(9— p) is the R-symmetry. It is an R-symmetry since
factor needed to convert from local proper energies t0 gauggninors on the world volume of the Dp-branes transform also
theory energiegcanonically conjugate tb). as spinors in the directions transverse to the brane, and thus

We will also consider near extremal configurations WhiChunderSO(Q— p), whereas the brane scalars transform in the
correspond to the decoupled field theories at finite tempergsgior representation O(9—p).

ture. On the supergravity side we start from a near extremal
black p-brane solution and we take the linflt), keeping the

The isometry group of the metri¢6) is 1SO(1,p)

energy density on the brane finite. In this limit only the met- IIl. 2 +1 SUPER-YANG-MILLS THEORY
ric is modified: AND D2-BRANES
UT-p)2 U P2 We start by considering a collection &f D2-branes in
_ 2 the super-Yang-Mills limit,
ds?=a gYM—d\/_N[—<l—U(7—_p)/2 dtz—l—dyu p g
P
U=~ —fixed 92y= % _fixed, a'—0 (12)
- 7 I YM__, - [ )
gymVdpN 2 “ Vo'
7—prz AU
U(7‘p)’2(1—ﬁ) where gs=e%=, gy is the Yang-Mills coupling constant
utP which has dimensions of (enerd{f)andU is the expectation

value of the Higgs boson. After taking the limil2) we
+ [A-NUP-37240)2 _ 8 decouple the bulk from the theory on the D2 branes which
GvmvCo 8-p ® turns out to be dJ(N) super-Yang-Mills theory in 21
dimensions, with 16 supersymmetries. At a given energy
scale,U, the dimensionless effective coupling of the gauge

The dilaton is the same as in Ed§) and theory is g2~g2,N/U and, hence, perturbative super-
Yang-Mills theory can be trusted in the UV region where
F( 9- p)2112pﬂ_(133p)/2 et is small:
7T-p_ 4 —
Uy apdyme, 3y (9-p) - (9 g\Z(MN<U. (13
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The supergravity solution dff D2-braneg17] yields, in this  more explicit. The M2 brane solution is characterized by an

limit, harmonic functiorH and is given by
ys? JymV6m°N dsfy=H"?%dxt +H"dx¢ (18
ds’=a’ —d ] 512 ?
OymV67°N U and there is also a four-form field strength given in terms of
H. When we takeH~N/x® we have a solution where the
i 672N/UdO2 M2 branes are localized in j[he elght transverse non-compact
gymvoT 6) dimensions. If one of the dimensions is compdet us say

the 11th dimension we can takeH~N/r° where nowr
gl 6m2N| V4 denotes the radial distance in the seven transverse non-
YM . . .. . .
d’:( 5 ) (14 compact dimensions. This is the solution we get from uplift-
U ing Egs.(14). We will later see that this solution is unstable

when we raise the temperature a little bit. The more physical
%olution is the one in which we take the M2 branes to be
localized in the compact dimension so that the harmonic
function is

2 / 2
gouNP<U<g{yN. (15) y = 25772,\“2
e = 2 0 273
We see that a necessary condition is to hakel. In the n==e [+ (Xg1— X33+ 27NRyy) 7]
regiongesi~1 we have a transition between the perturbative )
super-Yang-Mills description and the supergravity descrip\ith X11~Xu1+27Ry,. For distances much larger th&t,
tion. we can Poisson resum this expression to

In the regionU<g2,,N'® the dilaton becomes large. In

The type Il supergravity description can be trusted when th
curvature(7) in string units and the effective string coupling
are small:

(19

2 o0
other words the local value of the radius of the eleventh |’;‘H: 6775N + > Ne MU/ghy cogmxX/Ry) O(U®)
dimension,R;,(U), becomes larger than the Planck scale U m=1
sinceRy;=e?*7|,,. Even though the string theory is becom- (20

ing strongly coupled we will be able to trust the supergravityWhere we have used thR,—g2a’. ForgZ,<U we can
17 YYM . YM ’

solution if the curvature is small enough in eleven dimen-

sional Planck units. The relation between the eleven dimeniherefore, use the uplifted solution to describe the physics

sional metric and the ten dimensional type IIA string metric, Wil for smaller values ot we should use Eq19). Note
dilaton and gauge field is that for such small energy scales it becomes necessary to

specify the expectation value @f''=g32,,x3,/R;; which is
ds?,= e4¢/3(dX11+AMdXM)2+ e 2%%ds2, (16)  the new scalar coming from dualizing the vector if-2
dimensions. In fact it was shown [18] that thev* term in

which implies that the curvature in 11D Planck units is the effective action of a D2-brane probe receives instanton
contributions which produce the whole seri@§). For very

2 \13 | .
|2R~ @24/3 1 1 [Gywm L ow energies
pn € NMEANTE 17 ,

eff U<gYM1 (21)

For largeN, in the regiong§y<U, the curvature in 11D we are very close to the M2 branes and we can neglect the
Planck units is small. We show below that in the regidn  “images” in Eq. (19). Thus, the solution will resemble that
<g$,\,I we should use a different solution corresponding toof M2 branes in non-compact space and we have the confor-
M2-branes localized on the circle associated with the 11tlmal field theory with S@) symmetry, which is the case
dimension. The curvature ®f M2-branes in the field theory described if3]. We note that the physical size of the elev-
limit is |§R~ 1/NY [3]. Note that the curvature does not enth circle at the point of the transition between the localized
depend onU since the theory is conformal in the IR limit. and the delocalized solutiot) ~g%,,, is much larger than
We conclude, therefore, that for lardé the supergravity the Planck Iengtmﬁfyﬂu:gmﬂle’? Hence, we can trust

description is valid in the regiold <g§yN"~. the supergravity solution whenever we have some non-trivial
The 11 dimensional solution that we get by uplifting the dependence of the solution o, and we have a smooth

D2 brane solutior(14) using Eq.(16) is not exactly the M2 transition to the type IIA supergravity regime when the

brane solutiorf. The uplifted solution is the M2 brane solu- physical size oR;; becomes small. In other words, starting

tion averaged over one of the transverse directions. Let us figom the IR and flowing to the UV the eleven dimensional
supergravity solution becomes independentxgf before
RPIYYU) becomes smaller than the eleven dimensional

24yplifting” means that we find the eleven dimensional metric Planck length.
and four-form field strengtifindependent o) which give the We would like to consider now finite temperature con-
solution (14) upon Kaluza-Klein reduction. figurations in the super-Yang-Mill§SYM) theory. We al-
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ways take the energy above extremality and the temperasition one should find supergravity solutions which are local-
ture to be finite in the decoupling limifl2). The supergrav- ized in the compact dimensions. These solutions would look
ity solution corresponding to a near extremal D2 brane irlike an infinite array of Schwarzschild black holékey do
type IlA string theory has one more harmonic function not collapse on each other because of the periodicity condi-
h=1—Ug/U5 as in Eq.(8). The parametel is finite in the  tions). Some solutions of this type were found in-3 di-
decoupling limit and is given by mensions with one compact spatial dimendid@]. After we
do the boosts and U-duality transformations to produce M2
5 2407 4 brane charge we see that the point where the Schwarzschild
Uo= 7 gy me; (22) radius is comparable to the radius of t8& corresponds, in
the new solution, to the point where

wheree is the energy density. This is the energy density of
the field theory, and it corresponds to the energy density of Uo~9$|v|- (29
the brane above extremality. This solution describes the

physics appropriately as long bk> g%M (although it might
be necessary to uplift the solution to eleven dimengions
WhenU,<g3,, the uplifted solutionwhich is a valid solu-
tion of the equations of motigrbecomes unstabld.9]. This

is just a classical instability associated with non-extremal
black p-branes. There is an easy way to understand it. Let
first remember how the delocalized solution is generated. Wi
start with M-theory oriT?x S and we take the radius &

In summary, forU,> g\Z,M we have a translational invariant
solution (alongx;4) while for Uy< g%M we have a localized
solution. WhenU,<g?,, we can find an approximate near
xtremal solution by considering a linear superposition of
chwarzschild black holes and performing the above proce-
re. The thermodynamics for this solution will be, by con-
gtruction, the same as the one for the near extremal M2 brane

in non-compact 11 dimensions. This is what we expect for

to he much. larger than the P!anqk length. We consider 311 sYM theory at low energy, i.e. that the results should
Schwarzschild black hole solution in thetZd non-compact be those of the corresponding IR superconformal field
dimensions. Then we apply a boost along one of the direct'heory

tiorjs of theT? (a symmetry of the.supergravity equatipns Conclusions. We are always considering (21)-
which generates some Kaluza-Klein momentum charge ang .o nsional super-Yang-Mills theory. This theory has a

then v(\j/e U-d_ualize it ilnt? M2 E_rarr]]eds wrappteg oh '(I;his thIarge N dual which is the supergravity solution described
procedure gives a soiution which does not depend on gy, 1pig supergravity solution has various regions. The

coordinate alongs!, which we call the “eleventh” dimen- . - . o2
sion. This can actually be done fany supergravity solution SLZJpergravny description requires thaf<gyyN (when

of M-theory onT?, regardless of whether it is localized on gYMN<U perturbative Yang-Mills theory is a good descrip-

AN L5 2
the extraS! or not. More explicitly, if we start from an o). In the regionN'><U/gyy<N we have a type IIA
uncharged static solution in 81 dimensions ds2,,  String theory description; we expect to have strings, etc., as

) . H 2 1/5 H
=godt?+g;;dx'dx) (whereggo, gi; depend orx;), then the in [3]. WhenU/g4,,<N*> we should use an eleven dimen-

solution with M2 brane charge obtained after performing thisSiona! supiergrﬁlvit); solut(ijqn. The tralnsitlion from the tinf di-
orocess, “uplifted” o eleven dimensions, will be mensional to the eleven dimensional solution is smooth from

the point of view of supergravity and the gradient of the

. . 2
ds?,= (cosFa+ sinfPagoy) ~ 2 good t2+ dy2+ dy?] dilaton remains always smalfor large N). WhenU <g%,
1 % ° o ! 2 the geometry becomes that AidS,x S’ which is the one
+(cosFa+ sintfago) *3g;;dx dx! (23)  that corresponds to the low energy conformal field theory

with SO(8) R-symmetry.
wherey; are the two spatial coordinates along the brane and  Similarly when we consider a near extremal configuration
the periodic coordinate is among tke. Therefore, proper- we see that for very low temperatures the behavior is that of
ties of the uncharged solution will translate into properties ofthe M2 brane conformal field theory. One could, in principle,
the near extremal M2 brane configuration. Consider the unfollow the transition between the near extremal M2 brane
charged Schwarzschild solution in+7 non-compact di- and the near extremal D2 brane behavior if one knew more
mensions described above. It is translational invariant alongrecisely the localized supergravity solutitsee Fig. L
S. It is, therefore, a black string. This black string is un-

stable when the Schwarzschild radius of the string become&/ 1 +1 SUPER-YANG-MILLS THEORY AND D1-BRANES
smaller than the radius & [19]. It seems plausible to think " + ) ) )

that the solution decayS into a solution which is localized Next we turn our attention to a collection Nf D1-branes

along the circle, which looks like a black hole i+& di- Corresponding to the Ca$e:1 in Sec. ID The decoup”ng
mensions(though we have not shown this explicklf19].  |imit now takes the form

This is supported by the observation that the entropy of the

8+1 black holes is bigger than the entropy of the black r 19

string when their Schwarzschild radii are smaller than the U= — =fixed, g$M:——f=fixed, a’'—0. (25
radius of the circle. Of course, in order for the supergravity o 2m a

analysis to be valid all these radii should be much bigger

than the Planck length. To describe more precisely this tranfhe supergravity solution in this limit yields
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log g2
@'R~ Uvz“f (28)

@ and does not depend dh The reason is that the dependence
of the metric onN drops out after the coordinate change
—>xH/\/N. Note that there is a curvature singularity in the IR
limit. This means that the supergravity description breaks
dowr? for smallU. In fact the IR limit of super-Yang-Mills
theory is a trivial orbifold [(R®)"N/Sy] conformal field
theory. Furthermore, the first irrelevant operator that appears
FIG. 1. The D2-brane map: The horizontal dashed line separatds this theory was found ifi7]. We could now consider the
between the smalN region and the largeN region. The other theory at finite temperature and ask when the orbifold CFT is
dashed line separates the IR region from the rest. The UV descripy valid description. The orbifold is characterized Nyfields
tion is via perturbative super-Yang-Mills theofs). In the IR the  gnd the first correction is given by the twist operator
theory flows to a super-conformal regidthe marked regionwith (1/gy ) V;; wherei, j label the two fields on which the twist
SQ8) R-symmetry{21]. For largeN we have a region described by g acting[7]. The power ofgy follows from dimensional
type IIA supergravity(b), a region described by the periodic array 5,5y sis We compute the partition function for the orbifold
of M2-branes solution in eleven d7imensid|u$and finally in the IR and we see at which temperature the correction due to the
we have M-theory on théd$,x S backgroundd). twist operator becomes large. We find that the free field
theory will be a good approximation if the temperature sat-

Perturbative

log(g,,)

, us » . GymV2°mN isfies T<gyu/NY2 This in turn translates into a parameter
ds’=a deww + BE du U, of the near extremal solutiof8) which is Uy<gyy.* It
Gymverm implies that the point where the supergravity solution breaks
V257N down is related to the point where the free conformal field
+gYMTdQ§) , theory takes over. Notice that it would have been impossible
to have a free field theory dual to a supergravity system.

Conclusions.The (1+1)-dimensional super-Yang-Mills
g% ,28 N | 12 theory under consideration flows for ahy both in the UV
e‘f’z(T) (26)  and IR to free field theories. The largedual of these theo-
ries is a supergravity solution that is valid in the intermediate
regiongyy<U<gyyyN. At both ends of this limit the cur-
Super-Yang-Mills theory in +1 dimensions is super- Vature grows and the solution breaks down. Furthermore, for
renormalizable and it can be trusted at high energie§vm<U<gyuN'®the proper description is through the fun-
gymyVN<U. The curvature in string unit§7) is small for ~damental string solution while f(E!Y|§/|’\|1/6<U_<9\(M_\/N we
U<gyuy/N. From Egs.(26) we see that the expansion in should use the D-string supergravity soluti@ee Fig. 2

string coupling is valid in the regiogyyNY®<U. There-

fore, the type 1IB supergravity solutidi26) can be trusted in
the region gyyN6<U<gyyyN. In the region U V. DO-BRANES AND SUPER QUANTUM MECHANICS

1/6 5 H H
<gymN™" the string coupling is large. To get a more accu- | this section we consider the super quantum mechanical
rate description we need to apply S-duality, which takes theory associated with DO-branes in the limit

——¢ and henceys—gs=1/gs. Since the ten dimensional
Newton constantGr'=8m%g2a’*, is invariant, S-duality
also takese' —a’ =g.a’. Note that in the decoupling limit

- U=— =fixed, g%y=-—3 —ap="fixed, a’—0.
we considered’ — 0. S-duality, therefore, maps Ed&6) to a' M= 72 o “

the smallr region of the fundamental string soluti¢pd?2]: (29
ey u® " U2 u? 40?2 Notice thatU/gZ§~r/l, as in[2]. Perturbation theory in
T 9¢M277T4N X+ 2779\2(M + 2779\2(M ' guantum mechanics can be trusted at high enegigs<1

which givesU>gZ3N~,

6 585N~ 12 The supergravity solution in the decoupling limit gives
o_|9yme T
e =<T) (27)

3This breakdown of the fundamental string solution was also stud-
In the IR limit (U—0) the string coupling vanishes. The ied by Ser(23].
curvature in the new string units is “The same conclusion was reached 24].
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log(N) log(N}
ot IF ITA
. Do / M-theory
a (b) © . @ a ¢ Matrix @
Perturbative | /.~ Free Orbifold Pertlir)bative ” Y Bl:crli)Loles
SYM CFT SQM ””””””””””””””””””””””””

log(g,.)
B log(g,,)

FIG. 2. The D1-brane map: The horizontal dashed line separates
between the smalN region and the largdN region. The other
dashed line separates between the IR region and the rest. Fbr any
the UV region is described by perturbative SYM theéay and in
the IR by a free orbifold CFT(d). WhenN is large there is an
intermediate regiortb),(c) which is described by a type 1IB super-
gravity solution interpolating between the D1 brane solutimrand
the F-string solutior(c).

FIG. 3. The DO-brane map: The horizontal dashed line separates
between the smal region and the larg&l region. For anyN the

UV description is via perturbation theory in super quantum me-
chanics(a). For largeN we have a regioifb) which is described by

the type IIA DO brane solution, which for smaller energies becomes
a gravitational wave background in eleven dimensi@sFinally,

at very low energiesd) we enter into the matrix black hole region.

Un~ 2/3 N1/9 33
= - 72
472Gy V157N U which is the “correspondence” point 425,26. Of course
2 J15aN this localization makes sense only in the laiéimit where
+ 4m°gymv1S7N ) we keep a fractiolM <N of the total momentum as gravi-
ﬁ— ’ . ..
U= tons so that the total system of gravitons plus black hole is in

a momentum eigenstate.
2407592 N | ¥ For Uy<gZ3NY°® we have a Schwarschild black hole
T) (30) boosted along the eleventh direction. It is interesting to note
that the Schwarschild radius of the black hole in Planck units

For this solution the effective string coupling and the curva-iS given by
ture in string units are small in the region

e¢:47729\2(1v|(

gZ3NYV<U<g23NY3 (31) i - (39

( rs) 8 gplN12 U 8/2N 12
g\lflf/l Oym

p

Thus, in this region one can trust the type |IA description. . o _
g YP b So that we trust the gravity description lfy>gZ3N~".

Now we would like to study the low energy region. To I | £ th hat th
this end we need to uplift the solution to eleven dimension 0" lower values of the energy we expect that the system
This solution can be generated by starting with an unchargeﬁhOUId start to behave more as a single graviton. Notice that

black string alongx;; and then boosting it along,; while if we keep the ratio s/, fixed, then the energy above extre-

taking the limit mality goes a€£~1/N as we expecf8] (see Fig. 3.
. B fixed 32 VI. D4-BRANE, 4+1 SYM THEORY AND THE (0,2 6D
L SUPER-CONFORMAL FIELD THEORY
ON A CIRCLE

where u is the mass per unit length of the black string in its

rest frame. As we show below this plane wave description

cannot be trusted folJ<gZ3NY®. This region is closely

Let us consider now a system NfD4 branes in the limit

related to the matrix model black holgk0,11]. U= L,zfixed, 9\2(M=(277)2gs\/?=fixed, o' —0.
The eleven dimensional solution which corresponds to the a
uplifted near extremal DO brane solution is translational in- (39

variant along the circle. This solution is unstable for small

enough energies above extremality. In the D2-M2 case wahis system is better described by considering a system of
estimated the energy scale at which this instability was hapM5-branes wrapped on the eleventh dimensional circle in
pening by starting from the neutral black string solution andM-theory and taking the limitl ,—0 while keepingRy;
tracing through the steps in the solution generating tech=gs\/?=g$,v,/(27r)2 fixed. So we have th€0,2) six di-
nique. In this case we do the same. The solution is gotten bgnensional conformal field theory on a circle, which, at low
performing a boost along an uncharged black string. As exenergies, reduces to {4l)-dimensional super-Yang-Mills
plained in[11] the instability appears when theory[25].
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The supergravity description involves a type lIA super- o)

gravity region and an M-theory region. The type IIA solution
'S A

2\/—U3/2 gymVN gymVN
ds?=a dx + 3/sz +— , @

gym\N 2ymU 2 ‘/— Perturbative.

SYM
U3g$|\/| 1/4
= 2109\ (36)

log(g,,)

The “perturbative” super-Yang-Mill3 description can be

trusted in the IR region where the effective coupling is small, FIG. 4. The D4-brane map: The horizontal dashed line separates
ggff=g$MNU<l. In the region WherN_l<g$MU the cur- petweeq the smaN region and the largdl region. The UV region
vature (7) is small in string units. The dilaton is small for 'S described by a super-conformal theory on a cirthe marked
g\Z(MU<N1’3. Therefore the type IIA supergravity solution region (c),(d), which is dual for largeN to M-theory on a back-

. G 3 . groundAdS;x S’ (c) (with an identification. In the IR the theory is
can be trusted in the regid “<gyyU<N"". In the region described by “perturbative” super-Yang-Mills theo(g). For large

N®<g{ U the dilaton is large and the description is via N we have the intermediate regiéb) described by the type lIA D4
11D supergravity. Using Eq16) we find the 11D solution prane solution.

of N NS5-branes wrapped along tke, direction,

In this limit the supergravity solution gives
W du?
ds’=13 I ———dx +4(7TN)2’3U—+( 7N)2dQz |,

49— o (277)3/2U gYM\/— qu?

(37) gYM\/— (2 )¥U
where U2=(27)2U/g2,,=U/Ry;. This describes an M- gymy/NU 402
theory background oAdS,x S* [3] with an identification (2m)37 ’
along a circle. The radius of the anti—de Sitter space and the
radius of the sphere are largie eleven dimensional Planck U
units) for large N. Hence, the solution can be trusted for edz:gY—M_ (39
largeN, as long as the physical length of the circle that we (2m)%¥%N

are identifying is large enough.

Note that thegy,, dependence drops out in E®7). This  The super-Yang-Mills can be trusted in the IR region
is a result of the theory being conformal at the UV ajfd,  gymU<1/YN. In the region L{N<gyuyU<+N the string
having dimensions of length. coupling and the curvature in string units are small, and so

Conclusionsin the present case we are dealing with theone can trust the type D5-brane supergravity solution. For
(0,2 theory compactified on a circle, which becomes (4.[N<gyyU the string coupling is large and we have to go to
+1)-dimensional Yang-Mills theory at low energies. This the S-dual system dfl NS5-branes where
theory is free in the IR. For largll we have a dual super-
gravity description. It involves a type A supergravity solu- o' =g’ :giM/(Zw)3 (40)
tion in the regionN~*<g2,U<N'® and M-theory on
AdS;x $* with identifications in the regioN3<g%,U (see  and, therefore, it remains finite in the linf88). The solution
Fig. 4. for the NS5-branes is

VII. D5-BRANES AND TYPE IIB NS FIVE-BRANES 5~
ds?= dx;+a’ ¥

N

—dU2+ Ndﬂz),
For the system ofN D5-branes the relevant decoupling
limit is

3 1/2
e¢:((27‘r) N) )

U= r =i 2 _ 3 r—fi ’ g\z(MU2
== ixed, gyu=(27)°gsa’=fixed, a'—0.
(38 The curvature in string units is' R~ 1/N, and, therefore, it
is small in string units for largdl and hence the supergravity
description is valid for largé\ [26]. It is, however, possible
SWe have put “perturbative” in quotes because the theory is nont0 have an exact conformal field theory description of this
renormalizable. In principle we could use perturbation theory tobackground as a classical solution of string the@vhich is
calculate diagrams which are finite. Examples of finite diagrams ar@ppropriate in this region where the dilaton is becoming
thev* terms[8] (and, of course, all tree level diagrams smal)) [27]. This case is different from other field theory
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log(N) ds?=H —1/3dxﬁ+ H2/3dxl
” aNI3
1IB = p
D5 H n;w [r2+(X11+27TR11n)2]3/2
©}
(@} (b) Na’
Perturbative | ... 1B ~—+N Y e MRuO(r-?) (43)
SYM NS5 r m=>1
@ where r/R;;=Ua’. Hence, forU<1/\Ja' we are very

close to one of the centers in Eq43) and we flow into the
(0,2 conformal field theory. Again as in the case of the D2
FIG. 5. The D5-brane map: The horizontal dashed line separatdgrane we see that we first go into the eleven dimensional
between the smalN region and the larg®l region. In the IR the description and then into the localized descripti@nN is
theory is described by “perturbative” SYM theofg). For the UV sufficiently large. These localized solutions were analyzed
the description is via type 1B on NS backgroutel,(d) which has  in detail in [29], but for the present discussion it is very
a supergravity description for large (c). For largeN there is an  important thatN be large; otherwise we cannot trust the su-
intermediate region described by the D5 brane backgrgbnd pergravity solutions. Notice that even though the radius of
the eleventh dimension seems to go to zero very far away
cases because massive particles can propagate all the wayftgm the NS brane, it becomes large close to the NS brane. It
|nf|n|ty along the throat. The throat is infinite in the limit is so |arge that we are arguing that we should use a super-
(38). gravity solution that explicitly depends on the eleventh di-
Conclusions.We have the theory defined as tge—~0  mension. If we heat up the system, considering it at a finite
limit of NS type 1B five-braneg28]. This theory is charac-  temperature, we expect to have a localized solution for small
terized by a scalg?,~a’. For largeN we can analyze energy densities €<1/a’%), with the thermodynamic be-
properties of the theory using supergravity. This theory flowshavior of the(0,2) theory. An approximate solution can be
in the IR, gyyU<N~%2 to super-Yang-Mills theory. For found as for the D2-M2 brane case. For larger energy densi-
scalesN ™ Y?<g, U <NY2 we should use the D5 brane su- ties we expect to have a solution that is translational invari-
pergravity solution. Finally foN?<gy U we should use ant along the eleventh dimension.
the NS five-brane solution. This solution involves an infinite
throat region(for largeU) which does not decouple from the IX. D6-BRANE AND 6 +1 SUPER-YANG-MILLS THEORY
physics[26] and should therefore be included in the descrip-
tion (see Fig. 5.

log(g,)

The last system we analyze in this paper is the system on
N D6-branes. The candidate decoupling limit in this case
VIIl. TYPE IIA NS FIVE-BRANES seems to be
; ; ; r
‘This system was studied [26] for high temperatures. In |, _ — =fixed, g2y=(2m)%g.a’32="fixed, a'—0,
this section we add some comments which are relevant for a
the description at lower temperatur@sd largeN). We ob- (44)

serve that in the region where the dilaton is large we can go hich is bett vzed b ina to M-th ircl
to an eleven dimensional description where nothing singuIaYV. Ich 1S better analyzed by going to Vi-theory on a circie

happens(for largeN), and we flow in the IR toAdS, x S with 'N Kaqua—KIein.monopoIes. The limit @s now simply
which is the largeN dual of the(0,2) conformal field theory, v fX€d, Ryy— e which leaves an asympitotically local Eu-

H H H : _~213 4/3
so that things work as expected. We are interested in th§1dean (ALE) singularity with |, =gyy/(2m)™. The type
system ofN NS five-branes in the limit [IA supergravity solution in the limi{44) gives

. r _ [@m? 20, gym N 5
gs—0, a'=fixed, U= o =fixed. (42 ds’=a ( Svm VN dXN'W >y 4y
Notice the additional factor ajg in the definition ofU; this Ovm
ensures that the tension of D2-branes stretched between dif- + —(27)2‘@ \/NUE’/ZGQ2 '

ferent five-branes is constant. The supergravity solution is
the same as Eq$41). This system was analyzed [i@6] for

2 3/4
large temperature. For low energies it is more appropriate to e¢:gY_M(2_2U_) ) (45)
go to eleven dimensions and, therefore, consider M5 branes 27 | gyuN

transverse to a compact circle. An instability of the type _ ) o 5
described for the M2 branes will lead us to consider M5The super-Yang-Mills effective coupling & =g3NU>.
branes localized on the circléThe instability would be Thus, super-Yang-Mills theory is a good approximation
present only for non-zero temperatyreThe supergravity at low energiesU<1/gZ%NY3 The curvature(7) is small

solution is then in string units in the region §£3NY3<U. The dilaton is
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small in the region U<N/gZ3. Thus the type IIA log(»
supergravity solution can be trusted in the region
1/g$’,?,,N1’3<U<N/g$’f,|h. In the regionN/gZ¥<U we get 1A
from Egs.(45) that RP;Y{U)>1,; hence we should lift up D6
the type IIA solution to eleven dimensions. Using Ef6)
we get, for the 11D metric,

@ (b)

. (c)
Perturbat
_pé%r_Ma_lyg """""""""" M:theory
3 3 on Ay, space

| I3NU
ds?=dx?+ 2"—Udu2+ pT(dt92+sin20dcp2)

) log(g,,)

2ul3
p
TN do+ E(COS 6—1)de (46) FIG. 6. The D6-brane map: The horizontal dashed line separates
between the smalN region and the largéN region. The IR is
where¢=x;,/Ry; has periodp~ ¢+ 2. Defining the new ges&”?hed by SYM th:fga)- For a“}{m the UV relglo_tn '(5 ;jelsc';'r?ed
. 5 3 5 ~ ~ y M-theory on an space Wwitl_, singularity (c). In the
varlqblesy _ZI.\”PU’ 0=0/2, ¢=¢+$IN, ¢=4IN we largeN limit there is a region described by the type IIA D6 brane
obtain the metric solution (b).

ds?=dx{+dy?+yA(d6?+sifddp?+ cos 0d ¢?), for any N in the UV. Starting with the near extremal D6
(47)  brane solution8) and “uplifting” it, as we did for the ex-

_ o tremal one, we find a metric which corresponds to the metric
where O< §<m/2 and O<¢, ¢=<27 with the identification  of an uncharged Schwarzschild black hole sitting at the ALE
(9,9)~ (9, %)+ (27/N,27/N). This identification leads to singularity. More explicitly we get the metric
an asymptotically locally Euclidean ALE space with an

An_1 singularity[30]. Note that we are saying that an ALE d= | 1- y_g di2+ dy?
singularity in M-theory has, for largdl, a region which is y? yg
properly described by a type IlIA solution. Y

The Riemann curvature tensor of E@.7) vanishes and
the identifications involve circles of large proper lengtly if +y?2(d6?+sirfd e+ cog8d$?) +dx? (49
>I,N (i.e.g75U>N). This means that unlike the cases ana-
lyzed so far the 11D supergravity solution can be trusted irwherei=1,...,6 and the angles have the same identifications
the UV for any N. Since the largdJ solution is just flat that they had before. The parameygris related to the en-
eleven dimensions, we do not expect to find any seven diergy above extremality via the formu}ézZNIgUo with Uy
mensional field theory in the UV which flows, in the IR, to given in terms of the energy density as in E¢8). The
super-Yang-Mills theory in 6 1. In particular, this implies Hawking temperature i~ 1/\/NI3e. We find, therefore,
that discrete light cone quantizatiéLCQ) of M-theory on  that we have Hawking radiation into the asymptotic region
T® is as complicated as M-theofy3,14. where we have bulk eleven dimensional supergravity. Thus

Another way to state the difference between this case angle conclude as ifil4,13 that there is no decoupled limit for
the previous ones is to observe that, in the present casghe D6 brane theory.
massive geodesics can escape all the way to infinity. There is The main difference between the discussion in this sub-
a second asymptotic region which is eleven dimensional andection and26] is that here the supergravity description can
is described by M-theory itself. For other brariegcept for  pe trusted for any\ while the supergravity solution found in
NS 5 branepall massive geodesics either fall back into the[2¢] is valid only for largeN (and large energy density as in
smallU region(IR) or the supergravity solution is invalid for oyr casg
large U and is replaced by perturbative super-Yang-Mills  conclusions.For anyN the UV region is described by
theory(for p<3). In the anti—deSitter cases the only geode-\M-theory on a flat backgrountan Ay_; singularity. Note
sics that reach infinity are the massless geodesics. In th@at there is no field theory description in the UV for avy
quantum description one sees that only s-waves can propghis theory flows in the IR to super-Yang-Mills theory. For
gate to infinity. large N there is an intermediate region which can be de-

In order to analyze this decoupling problem more closelyscribed by the type IIA D-six-brane solutideee Fig. 6.
we consider a near extremal configuration. We consider a

system of D6 branes at finite temperature in the litdi4)

and analyze the corresponding supergravity solution. For
small energy densities above extremality we are in the super- J.M. would like to thank N. Seiberg, A. Strominger and E.

Yang-Mills regime. For intermediate energy densities weWitten for discussions. J.M. was supported in part by DOE
have a description involving the type IIA supergravity solu- grant DE-FG02-96ER40559. The work of N.1., J.S. and S.Y.
tion (8). However, if the energy densities above extremalitywas supported in part by the U.S.-Israel Binational Science
are Iarge,e>NI;7, we should use the eleven dimensional Foundation, by GIF, the German-Israeli Foundation for Sci-
description. As we saw the 11D supergravity can be trusteéntific Research, and by the Israel Science Foundation.
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