~

A
freroeese ‘m

LBNL-42424
Preprint

ERNEST ORLANDO LAWRENCE
BERKELEY NATIONAL LABORATORY

Large N QCD from Rotating Branes

Csaba Cséki, Yaron Oz, Jorge Russo, and John Terning

Physics Division

November 1998

Submitted to
Physical Review D

~
1] ———
£
® m
g '3 OO m
- 0 - O m
. ® 30 3
N 0O vwm
e @ c Z
::..\"-‘_m —'ZO
e 3 » O m
L - f:x o+ ct
;»h’.;i._o;ﬂ (1] @]
B '{ﬂ) o %
”_\.:: ._‘< — <
G 2 —
Lt I Q
N [
—de
g o
S &
.. o
{1
— o
I
B ) R |
o o
o 73
5 <
[+)]
o+ | (@]
Sz 8
< 0 <
-0
1 - ._‘

b2b2b-INAT



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



November 6, 1998 g UCB-PTH-98/52

* hep-th/9810186 LBNI1.-42424

CERN-TH/98-338
Imperial /TP/98-99/5

‘Large N QCD from Rbtating Branes

Csaba Csaki®®!, Yaron Oz¢, Jorge Russo®¢ and John Terning®® -

¢ Department of Physics
University of California, Berkeley, CA 94720, USA

b Theoretical Physics Group
Ernest Orlando Lawrence Berkeley National Laboratory
University of California, Berkeley, CA 94720, USA

¢ Theory Division, CERN
- CH-1211, Geneva 23, Switzerland

4 Theoretical Physics Group, Blackett Laboratory
Imperial College, London SW7 2BZ, U.K.

¢ SISSA, 1-34013 Trieste, Italy

csaki@thwk5.1bl.gov, yaron.oz@cern.ch, j.russo@ic.ac.uk,
terning@alvin.1lbl.gov

Abstract

We study large N SU(N) Yang-Mills theory in three and four
dimensions using a one-parameter family of supergravity models which
originate from non-extremal rotating D-branes. We show explicitly
that varying this “angular momentum” parameter decouples the Ka-
luza-Klein modes associated with the compact D-brane coordinate,
while the mass ratios for ordinary glueballs are quite stable against this
variation, and are in good agreement with the latest lattice results. We
also compute the topological susceptibility and the gluon condensate
as a function of the “angular momentum” parameter.

lResearch fellow, Miller Institute for Basic Research in Science.



1 Introduction

Generalizing the conjectured duality [1] between large N superconformal field
theories and superstring or M theory on anti-de Sitter (AdS) backgrounds,
Witten proposed an approach to studying large IV non-supersymmetric the-
ories such as pure QCD using a dual supergravity (string theory) description
[2]. The basic idea is to start with d + 1 dimensional superconformal field
theories at finite temperature — thus breaking the superconformal invari-
ance — and obtain a d dimensional non-supersymmetric gauge theory at zero
temperature by dimensional reduction in the Euclidean time direction. The
AdS space is then replaced by a certain limit of the Schwarzschild geometry
describing a black hole in an AdS space.

When the curvature of the space is small compared to the string scale (or,
in the case of M theory, Planck scale), supergravity provides an adequate ef-
fective description that exhibits a qualitative agreement with pure QCD in
three and four dimensions [2, 3]. The superg.avity limit of string theory (i.e.
infinite string tension, o’ — 0 limit) corresponds to the strong coupling limit
of the gauge theory (A = g%, N > 1), with 1/ playing the role of . In the
approach of [2], the gauge theory has an ultraviolet cutoff proportional to the
temperature 7'; the supergravity approximation should describe the large N
gauge theory in the strong coupling regime with a finite ultraviolet cutoff.
This is analogous to a strong coupling lattice gauge theory with lattice spac-
ing ~ 1/T [3]. In the limit that the ultraviolet cutoff is sent to infinity, one
has to study the theory at small )\, and the supergravity description breaks
down. To calculate the spectrum in this regime, a better understanding of
string theory with Ramond-Ramond (R-R) background fields is required.

Glueball masses in the supergravity approximation have been computed
in [4, 5]. The Witten model [2] contains in addition to the glueballs certain
Kaluza-Klein (KK) particles with masses of the order of the glueball masses.
These KK modes do not correspond to any states in the Yang-Mills theory,
and therefore they should decouple in the “continuum” limit. The KK states
do not decouple with the inclusion of the leading 1/\ corrections [6]. Al-
though such states can decouple in a full string theory treatment, there may
be generalizations of the Witten model that have a more direct connection
with the continuum gauge theory already at the supergravity level (at least
in the sector of states with spin < 2 that can appear in a supergravity de-
scription). A similar situation arises in lattice gauge theory. It is well known



that the action one starts with has a significant effect on the speed at which
one gets to the continuum limit. One can add to the lattice action defor-
mations which are irrelevant in the continuum and arrive at an appropriate
effective description of the continuum theory while having a larger lattice"
spacing (such a deformed action is called an “improved” lattice action). A
similar strategy in the dual supergravity picture would correspond to a suit-
able modification of the background metric, so as to have an appropriate
effective description of the gauge theory while still having a finite ultraviolet
cutoff. An important test of the proposal is to check that the KK modes
in the supergravity description that do not correspond to gauge degrees of
freedom are heavy and decouple, and at the same time the infrared physics is
not significantly altered. In this paper we make the first step in this direction
by examining a generalization of the Witten model that has an additional
parameter. -

A more general approach to the conjectured correspondence between
gauge theories and M-theory requires the investigation of supergravity com-
pactifications which asymptotically approach anti-de Sitter backgrounds, e.g.
AdSs x S® or AdSy x S* (see e.g. |7, 8]). There exist a few supergravity back-
grounds that generalize the Witten model and which are regular everywhere.
These are essentially obtained by starting with the rotating version of the
non-extremal D4 brane background (or rotating D3 brane background, in
the case of QCD;) and taking a field theory limit as in [1]. These models
were investigated in [9]. The deformation of the background proposed in [2]
is parameterized by an “angular momentum” parameter (the supergravity
background is actually static, with the Euclidean time playing the role of an
internal angle). In this paper we determine numerically the scalar and pseu-
doscalar spectrum of these models as a function of the angular momentum
parameter and compare the results to those obtained by lattice calculations.
We also compute the gluon condensate and the topological susceptibility

The paper is organized as follows: Section 2 is devoted to the study of
supergravity models for pure QCD in 3 + 1 dimensions. The models are
described in Section 2.1. In Section 2.2 we compute the scalar glueball mass
spectrum and analyze its dependence on the angular momentum. In Section
2.3 we calculate the mass spectrum of some KK modes. It will be shown that
the KK modes associated with the compact D-brane coordinate decouple
as the angular momentum parameter is increased. This, however, is not
the case for the SO(3) non-singlet KK modes with vanishing U(1) charge
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in the compact D-brane coordinate. In Section 2.4 we compute the gluon
condensate from the free energy associated with the supergravity background.
In Section 2.5 we compute the topological susceptibility and its dependence
on the angular momentum parameter. Section 3 contains an analogous study
for the case of QCD in 2+ 1 dimensions. The conclusions are similar in both
cases, and they are summarized in Section 4.

2 QCD in 3+ 1 dimensions

2.1 Supergravity Models for QCD,

One way to construct non-supersymmetric models of QCD based on super-
gravity is to start from the non-extremal D4 brane metric, and view the
Euclidean time coordinate as an internal coordinate compactified on a circle
of radius (2rTy)~! [2]. Possible generalizations of this proposal are con-
strained by the no-hair theorem, which implies that the most general regular
manifold with only D4 brane charges (and an isometry group containing R*)
is given by the rotating version of the non-extremal D4 brane, which has two
additional parameters representing angular momenta in two different planes.

The Euclidean version of this metric (related to the rotating M5 brane metric
by dimensional reduction) was used in [9] to construct models for QCD with
extra parameters. Here we investigate in detail the case when there is one
non-vanishing angular momentum, parametrized by a. The field theory limit
of the Euclidean rotating M5 brane with angular momentum component in
one plane is given by the metric [9]

2 . .
ds?, = A1/3[WN)1/3(Z‘1 +( UGA)d )

+ (aN)#3 (d02 + %sm 0do® + %cos2 0d3

2a*U3 ) 4(mN)3dU?
2t ) + . ey
TAGN)T ™ (1 g - )
where z,, ..., x5 are the coordinates along the M5 brane where the gaﬁge the-

ory lives, U is the “radial” coordinate of the AdS space, while the remaining
four coordinates parameterize the angular variables of S*, and where we have
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introduced o cos? 6 4

Azlv————U4 , A_:.l—-m. (2.2)
Dimensional reduction along x5 (which will play the role of the “eleventh” di-
mension) gives N rotating non-extremal D4 branes, which in the low energy
regime should be described by SU(N) Yang-Mills theory at finite tempera-
ture Ty, perturbed by some operator associated with the rotation. The 3+1
dimensional SU(N) Yang-Mills theory at zero-temperature can be described
by making x4 — —izg, and viewing 7 as parameterizing a space-like circle
with radius Ry = (27Ty)™!, where fermions obey anti-periodic boundary
conditions. At energies much lower than 1/Ry, the theory is effectively 3+ 1
dimensional. Because of the boundary conditions, fermions and scalar parti-
cles get masses proportional to the inverse radius, so that, as Ry — 0, they
should decouple from the low-energy physics, leaving pure Yang-Mills theory
as low-energy theory.

The gauge coupling g2 in the 3+ 1 dimensional Yang-Mills theory is given
by the ratio between the periods of the eleven-dimensional coordinates x5 and
T times 27. It is convenient to introduce ordinary angular coordinates 6,,
and 0, which are 27-periodic by

9 A
T=Rob,, z5= gRoal = N“Roel , (2.3)
3 A us
RO = (2’ITTH) 1_ 370 y A= -U%I—_—Qg , (24)

where uy is the location of the horizon, and we have introduced the ’t Hooft
coupling '
2 .
_ uN
A==— 2.5
i (25)
the coordinate v by U = 2(wN)"?u, and rescaled a — 2(7xN)Y2a. By

dimensional reduction in 6, one obtains the metric

2mAA
ds?, = —;r—u—o—uAlﬂ [4u2( — dz? + do? + da? + dz?)
4A? , ud 4 du?
+ %‘g‘u ( —UGA) 2 u2(1—%—2§)
A ! 4a® Au?
2 20 2 2 9102 0 ;2
+ df + 5 sin Ody + 5 cos 6d2; — oiA Sin 0dB,dy|,(2.6)
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with a dilaton background

e2¢ _ 8_7£A3/\3u3A1/2L (27)

27 ud N2
With this normalization, the metric reduces to Eq. (4.8) of ref. [2] after
setting @ = 0. The string coupling e? is of order 1/N, and the metric has
become independent of IV, which is consistent with the expectation that in
the large N limit the string spectrum should be independent of N. The
metric is regular, and the location of the horizon is given by

ul — a'uy —u =0, (2.8)
i.e.
. 1/3
4 12
2 a 1,2 1,1 / 4 ( a )

uy = —5 + 3 , =3ls+syl—=1|— . 2.9

Note that for large a, one has the approximate expressions

6 4

2~ 2 Ar 2.10
Ug a” + 2(1,4 ) 2a4 y ( . )

(u% is always real). This shows, in particular, that the radius Ry = A/(3uo)
can be made very small by increasing a/up. This is essentially the mechanism
that will make the corresponding KK modes decouple at large a/ug. At small
a, such KK states have masses of the same order as the masses of the lightest
glueball states.
The string tension is given by [9]
4 ud
4

o= g,\Aug =4\ (2.11)

—at’
3uy — a

String excitations should have masses of order o/2. The spin < 2 glueballs
that remain in the supergravity approximation — whose masses are deter-
mined from the Laplace equation — have masses which are independent of A.
The supergravity approximation is valid for AA > 1 so that all curvature
invariants are small [9]. In this limit the spin > 2 glueballs corresponding to
string excitations will be much heavier than the supergravity glueballs.
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2.2 Spectrum of glueball masses

The glueball masses are obtained by computing correlation functions of gauge
invariant local operators or the Wilson loops, and looking for particle poles.
Following [7, 8], correlation functions of local operators O are related at large
N and large g%,,N to tree level amplitudes of supergravity. The generating
functional for the correlation function of O is the string partition function
evaluated with specified boundary values ¢, of the string fields. When the
supergravity description is applicable we have

(e—fd4:l:<po($)o(z)> — e—Isc(<P0), (212)

where Is¢ is the supergravity action.

The spectrum of the scalar glueball? 07+ is obtained by finding the nor-
malizable solution to the supergravity equation for the dilaton mode ® that
couples to TrF2, which is the lowest dimension operator with 0t* quantum
numbers. -

The equation for ¢ reads

Ou[\/9¢ *%g"9,%] = 0, (2.13)

~ where guv is the string frame metric. ,
We look for #-independent solutions of the form & = x(u)e?**. One
obtains the equation

SO u(e® — ah? —uX(W)] = ~Mx(w),  MP=-K,  (214)

where the eigenvalues M are the glueball masses. The solution of this (ordi-
nary) differential equation has to be normalizable and regular both at u — ug
and u — oo. The eigenvalues of this equation can be easily obtained numer-
ically [4] by using the “shooting” method. One first finds the asymptotic
behavior of x(u) for large u, and then numerically integrates this solution
back to the horizon. The solutions regular at the horizon will have a finite
derivative at uy. This condition will determine the possible values of the
glueball masses M. The results of this numerical procedure are presented in
Table 2.1 and in Figure 2.1. One can see from Figure 2.1 that the ratios of

2In the following we will use the notation JFC for the glueballs, where J is the glueball
spin, and P, C refer to the parity and charge conjugation quantum numbers respectively.
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the masses of the excited glueball states compared to the ground state are
very stable with respect to the variation in the parameter a, even though
both quantities themselves grow like M? oc a? for large a. The asymptotic
value of the mass ratios is taken on very quickly, a/up =~ 2 is sufficiently
large to be in the asymptotic region. A priori one could have expected that
these mass ratios may change significantly when a is varied. This leads one
to suspect that there is a dynamical reason for the stability of the ratios of

- Inasses.
state | lattice, N =3 supergravity a =0 supergravity a — oo
o+t 1.61+0.15 1.61 (input) 1.61 (input)
O+ 2.8 2.55 ' 2.56
QtH* - 3.46 3.48
(| R - ‘ 4.36 4.40

- Table 2.1: Masses of the first few 017" glueballs in QCDy, in GeV, from
supergravity compared to the available lattice results. The first column
gives the lattice result [10, 11], the second the supergravity result for
a = 0 while the third the supergravity result in the a — oo limit. The
authors of ref. [11] do note quote an error on the preliminary lattice
result for 0***. Note that the change from @ = 0 to @ = oo in the
supergravity predictions is tiny.

Let us now consider the 0~* glueballs. The lowest dimension operator
with 0~ quantum numbers is Tr FF. On the D4 brane worldvolume, the
field that couples to this operator is the R-R 1-form A,. In order to find the
0~ glueball masses we have to solve its equation of motion

5y[\/§g“pgw(apAa - aaAp)] =0 y Mo,V = 1, ey 10 . (215)
Consider solutions of the form |
Ag, = x0,(u) €7, A, =0 if pu#6,. (2.16)

Plugging this into (2.16), we obtain
. au[\/ggh@zgl/oaaAaz] =0 , (217)

which reads
1 .
-u—s( ® —a'u? — uf)Buful(ut — a*)xp, (u)] = —M(u* — a*)xg, (u).  (2.18)
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1.594 |
1.592 |
. a
2 4 6 8 10
1.588 |
1.586 |-
Figure 2.1: The dependence of the ratio r = Mﬁ?i of the masses of the

first excited (01*+*) glueball state to the lowest 0++ glueball state on
the parameter a (in units where ug = 1). The ratio changes very little
and takes on its asymptotic value quickly. '

For a =0, it yields Eq. (2.9) of [12], as required. When a # 0 there are no
solutions of the form (2.16). The reason is that the gg,, component of the
metric (2.6) is non-vanishing for a # 0 and, as a result, the ¢ component
of the Maxwell equation is not satisfied automatically (solutions contain a
non-vanishing component A,).

We will work in the approximation a/ug > 1. In this approximation the
non-diagonal gg,, part of the metric can be neglected, and there are solutions
of the form (2.16). Effectively, we can solve (2.18) in the limit a > ug. We
must- however keep in mind that we need ug # 0 to regularize the horizon,
and the actual limit that is taken is a/ug large at fixed uo (so that curvature
invariants are bounded from above and they are small for sufficiently large
't Hooft coupling A). :

The mass spectrum from (2.18) can be obtained using a similar numerical
method as for the 0" glueballs. The dependence of the lightest 0™+ glueball
mass on a is presented in Figure 2.2, whereas the 0~ glueball mass spectrum
in Table 2.2. Note that while masses ratios are fairly stable against the
variation of a (they again grow like M? o a?), the actual values of the mass
ratios compared to 0** increase by a sizeable (~ 25%) value. The change
is in the right direction as suggested by recent improved lattice simulations
[13]. The mass of the second 0~ state also increases and is in agreement




with the new lattice results [13].

state | lattice, N =3 supergravity a =0 supergravity a — oo
o-+ 2.59 +£0.13 2.00 2.56
0+ 3.64 £0.18 2.98 - 3.49
0+ - 3.91 4.40
Qx> - 4.83 5.30
Table 2.2: Masses of the first few 0~ glueballs in QCDy, in GeV,

from supergravity compared to the available lattice results. The first
column gives the lattice result, the second the supergravity result for
a = 0 while the third the supergravity result in the a — oo limit. Note
that the change from a = 0 to a = oo in the supergravity predictions
is sizeable, of the order ~ 25%. '

We can directly compare the ratio of masses of the lowest glueball states
0~* and 0% with lattice results [10, 11, 13]. Since one of the largest errors
in the lattice calculation of glueball masses comes from setting the overall
scale® the ratios of masses are even more accurately known from the lattice
than the masses themselves Using the lattice results [11 13, 14] in the more
accurate “lattice units”

TOM0++ =4.33+ 005,

we find:

roMy-s = 6.33£0.07,

roMp-+« = 8.940.1, (2.19)

t

(3%+5)

g

R

t’

(35

R

supergravity

ot++ /lattice

(5e5)
o++

ot++ ) lattice

=124

supergravity
a—00

=1.59
'=1.46 £ 0.03

=1.85

supergravity

= 2.17

supergravity

= 2.06 £ 0.05

3We thank M. Peardon for emphasizing this point to us.
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1.6 ;

1.55 | /
1.5 ¢ /-
1.45 | /

14|

135 | /

125 /

Figure 2.2: The dependence of the ratio r = %’Jr— on the parameter a

(in units where up = 1). The change in the ratio is stable against the
variation of a, however it increases by about 25% while going to a = co.
The change is in agreement with lattice simulations. As explained in
the text, this figure is reliable only for the regions a < ug or a > g
which are shown in the plot with a solid line, while for the intermediate
region 'denoted by a dashed line there are corrections due to the non-
vanishing off-diagonal component of the metric g, .
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One can see that taking the a — oo improves the agreement between the
supergravity and lattice predictions significantly. One should however keep
in mind that the supergravity results presented here are for the limit N — oo
and A — oo, while the lattice results are for N = 3 and A small.* Direct
lattice calculations for the large N limit are have just started to become
available [15], however no reliable d1rect estimate for the mass of the 07+ is
known yet. '

2.3 Masses of Kaluza-Klein states

In the supergravity approximation the a = 0 model contains additional light
KK modes in the spectrum whose masses are of the same order as those of
the glueball states [6]. In this section we investigate whether the additional
parameter of the model considered here can be tuned to decouple the KK
modes already at the supergravity tree-level. In the following, it will be
“shown that this is indeed the case for the KK modes wrapped around the 6,
direction, which become very heavy for a/uy > 1. We thus look for solutions
of the dilaton equation (2.14) of the form

® = x(u) e | (2.22)
One finds the following equation:

Lo (u0 a2 —uipxw) = (-4 M) s oy

R0u4__a4 E(2)_

where Ry is given in Eq. (2.4). This generalizes (2.14) to the case n # 0. We
want to compare My = M(n = 0) with Mgk = M(n = 1). The question is
how M, /Mgxk behaves as a function of a (we can set ug = 1). The extra term
proportional to 1/R3 gives a posmve contribution to the mass, so that Mxxk
should increase as MZ, o a® as a is increased (the KK radius Ry = A/3uqg
shrinks to zero as a — 00). Thus one expects that My/Mgx o« 1/a® — 0
as a increases. The numerical values of the masses of these KK modes are
displayed in Table 2.3 and Figure 2.3. Note that the numerical evaluation of
the masses of these KK modes becomes more and more difficult as a increases.

“For example, in Ref. [11] the results are extrapolated to A = 0 from calculations in
the region 7.5 < >N < 10. :
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This is because the term with 1/R3 causes an overall shift of the masses, while
the splittings between the excited KK modes still remain of the same order as
for the ordinary glueballs. As a result, the solutions become more and more
quickly oscillating as a increases, making numerical treatments increasingly
difficult. For this reason we display only values up to a/uy = 3.

state value for a =0 value fora =3
KK 2.24 20.25
KK* 3.12 20.37
KK* 4.01 20.52
KK*** 4.89 20.72

Table 2.3: Masses of the KK modes which wrap around the 6, circle
and have no corresponding states in QCDy, in GeV. The first column
gives the masses for a = 0 while the second the masses for a = 3. Note
that even for a = 3 these states are heav'er by a factor of 10 than the
0** glueball mass and are effectively decoupled from the spectrum even
in the supergravity limit.

Above we have demonstrated that the KK modes which correspond to
states that wrap the 6, direction are effectively decoupled from the spectrum
even in the supergravity approximation. However, there are other KK modes
in this theory, and one would like to know whether these are decoupled as
well. The reason for the decoupling of the modes on 6, is clear: the radius of
this direction shrinks to zero when a — co. However, the radii of the other
compact directions do not behave similarly. Therefore it is reasonable to ex-
pect that these states will not decouple at the level of supergravity from the
spectrum (but they could decouple once string theory corrections are incor-
porated). We now demonstrate by explicit calculation of the corresponding
mass spectrum that this is indeed the case.

Consider non-singlet modes which are independent of 3, of the form
 f(u)e**®cos psin . This corresponds to spherical harmonics on S* with an-
gular momentum / = 1. Plugging this ansatz into the dilaton equation (2.13)

we find that f(u) satisfies the equation (ug = 1)

4u?(4 + 3a*u? — 4ub)
1+ au? — ub

130, [(u” — a*u® —u) f'(u)] —-‘f(u)v(lc2 + ) =0. (2.24)
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0.8

a

0.5 i 15 2 25 3

Figure 2.3: The dependence of the ratio r = Mﬂff}(i of the the lowest
0%+ glueball state compared to the KK mode wrapping the 6, circle on
the parameter a in units where uy = 1. This KK mode decouples very
quickly from the spectrum even in the supergravity approximation.

The results of the numerical analysis of the eigenvalues are presented in
Table 2.4 and Figure 2.4. One can see that these states do not decouple
from the spectrum at the supergravity level, instead their masses remain
comparable to the ordinary glueball masses.

state | value for a =0 value for a =+ oo
KK 2.30 2.84
KK* 3.29 3.80
KK* 4.23 4.74
KK** 5.15 5.65

Table 2.4: Masses of the KK modes corresponding to [ = 1 angular
momentum on the S, in GeV. The first column gives the masses for
a = 0 while the second the masses in the a — co limit. Note that the
change from a = 0 to @ = oo in the supergravity predictions is not
sufficiently large in order to decouple these particular states from the
spectrum in the supergravity limit.

13



175 |
1.7
1.65
1.6

1.55

2 4 6 8 10
145 .

Figure 2.4: The dependence of the ratio r = %ﬁ— of KK modes (cor-
0

responding to spherical harmonics with [ = 1 on $*) compared to the
lowest 07+ glueball state on the parameter a in units where uy = 1.
This KK mode does not decouple from the spectrum in the supergravity
approximation even in the a — oo limit.

2.4 Free energy and Gluon condensation

The standard relation between the thermal partition function and free energy
Z(T) = exp(—F/T) relates the free energy associated with the supergravity
background to the expectation value of the operator TrF 3,,. This relation
was exploited in [12] to obtain a prediction for the gluon condensate in the
Witten (¢ = 0) supergravity model. Let us now derive the corresponding
supergravity result for general a. From the rotating M5 brane metric (given
in Eq. (3.1) of [9]), one can obtain the following formulas for the ADM mass,
entropy and angular momentum (see also [16, 17]):

_ V() 3, _ 8n?
Muipym = G 2m(1 + Zsmh @), V()= 3 (2.25)
Q
S = %—3—)—2mrg cosha (2.26)
N ,
Q
Jy = %mlcosha , (2.27)
N
Gy =0 _ gt - (2.28)
8w P
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where G is Newton’s constant in 11 dimensions, and [p is the 11 dimensional
Planck length. The (magnetic) charge N is related to o and m by

2m cosh asinha = TNI3 . , (2.29)

The Hawking temperature and angular velocity are giveh by

37"%{'4‘ [2 Iry

EEGE : S = — 2.
_ Tu 8rmcosha ’ B~ 9mcosha (2.30)
These quantities satisfy the first law of black hole thermodynamics:
dMapy = TdS + QudJy . , (231)

We are interested in the field theory limit [p — 0, obtained by rescaling
variables as follows

1
r=u*l%(4nrN), m= Eugl%(47rN)3 ,  1=1id’l%(4nN) . (2.32)
~ We get . .
E = Mapm — Mexiremal = 3?‘/5]\[3“8 ) . (233)
3u 4
Ty = ﬁ , S= W%N%@ug : (2.34)
2a%u?, .2 -
Qp =i—52% Iy = i=—VsN°a’u} 2.35)
H Zug ) H =133Vl 0, ( )
with - ’ ' .
U U
A= 0 4 _at=-2 2.36
3uy —at’ u_H ¢ u? (2:36)

The free energy is given by

V. .
F=F-— THS - QHJH == —3—7:’3N3u8 . (237)

For a = 0 this reproduces the result of [18] (up = 2mrATx/3). The M5 brane
coordinate zs is compactified on a circle with radius RoA/N, given by Eq.

(2.4), so that

o Val ‘ |
Vi= 7% (2.38)
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The gluon condensate is then given by

1

F
(4 2
gym

VT = 7 ,\N2ugA2 (2.39)

Tr F,f,,(O)) =~

For a = 0 this reduces to the corresponding result in [12] (setting A = 1 and
uo = 27Ty /3). Expressing ug in terms of the string tension (2.11) we obtain

1N,

— A4
127 A ? (2.40)

{

Tr F2 0)) =
49YM ( )>

Note that this relation is independent of a (in particular, it applies to the
a = 0 case as well). It has the expected dependence on N, and a simple
dependence on .

2.5 Topological Susceptibility
The topological susceptibility x; is defined by

o = (@1}—2)‘2 [ (T PR T FE(0)) (2.41)

The topological susceptibility measures the fluctuations of the topological
charge of the vacuum. At large N the Witten-Veneziano formula [19, 20] re-
lates the mass m, in SU(N) with Ny quarks to the topological susceptibility
of SU(N) without quarks:

2 4N f

m._,

"2 Xt -
The effective low-energy four dimensional brane theory’contains the cou-
pling '

(2.42)

= / d*zd0y Ag, Tr FluFypet™ | (2.43)

where Ay, is the component along the coordinate @, of the R-R 1-form A,,. We
will consider zero mode (M? = 0) configurations where Ay, is independent
of the world-volume coordinates. Comparing to the standard Yang-Mills
coupling, '

- 67T2 / d*zf Tr FF (2.44)
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one obtains the relation
n 2m
0= dfy Ag, = 2T Ay, (2.45)
0 .
The action of the R-R 1-form is given by
1 7 1 oo
I=50r / d°0/55(uAs = 0,A) (D Av = 0s A)g™ g . (246)
As discussed in'Sect. 2.2, in the approximation that a/ug is either very large
or very small, the metric is diagonal and there are zero mode solutions of the
form Ag, = Ag,(u), Ay =0, p# 0;. The action reduces to

A |
O/dm d 02( ))2g“_"g"292 . (2.47)
Ky

Using Eq. (2.6) and integrating over the angular coordinates, this becomes

I= 22176—142&1/;/ du vd(u? —a )(%;(U))? - (2.48)
The equation of motion is then given by
| Bl (u* — a%)BuAg,] = 0 . (2.49)
Whence 6 :
Oy Ag, = 6A;;C(@W , (2.50)
Ag, = 3;’[1+60(a)(21162+£;—861 g%)} . (2.51)

The integration constant C(a) will be fixed by assuming that Ay, (u) vanishes
at the horizon [21]. This gives '

1 3uf +3u01 u? + a?

C(a)  a%u? ' 2aS °8 ud —a?’ (2:52)

The other integration constant Ag, is related to the f-parameter by (2. 45)
2 A = 0. Note that in the limit a = 0 one gets C(0) = 1 and Ay,(u) =

6 (1 — us)~
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Using k2, = k2, /2m = 2577 and ugy = 27 ATy /3, we obtain

CI=§ VZ;l—GZT-AGC(a)/\E"TfI : (2.53)
729 .
The topological susceptibility (2.41) can then be obtained by differentiating

twice with respect to 6:

_ s

=9 ASC(a)N*Ty, (2.54)

Xt

or, in terms of the string tension (2.11),

c .
Xt = S’Er(;) Ao . . (2.55)

The #-dependence of the vacuum energy of the form 6?2 is the result antici-
pated in [21] for the ¢ = 0 model, and Eq. (2.53) shows that it holds for large
a too. In the large N limit, this must be the case for consistency [21]. For
a =0, one has A =1 = C(a), and Eq. (2.54) reproduces the result obtained
in [12]. In the large a limit we have (see Eq. (2.10))

0,6

S — 2.56
9u810g;—0 ’ (2.56)

C(a)

so that
1 5 ud 1 a® 5

=~ = Ao“. 2.57
187" a?log 2  72m3 uflog & ¢ (257)
uo 0408 35

Xt

This decreases if we increase a/ug at fixed A and wuy.

3 QCD in 2_—F1 dimensions

3.1 Supergravity Models for QCDs -

Analogous models for QCD; can be obtained by starting with the Euclidean
rotating D3 brane (Eq. (3.16) in [9] with g — —ir, | — il) and taking
o' — 0 by rescaling variables as follows:

r=Ud, 2m=U", l=uad. (3.1)
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In the limit o/ — 0 at fixed U, a, Uy we obtain

\/j dmg,N dU?
\/————(hodT + dxl + d.'I/'Q + d.’l:3) Uz(l _ ﬁ _ U4)

U2 U4

dsipg = a'AW[

Ag 0 2aU2
+ \/4mgsN <d02 A, — sin® 8dy” + ccz d92> UZ Al sin? Od7dyp| ,

(3.2)
where
Ué a® cos® 0 ~ a?
ho 1— U4A0 Ng=1-— 2 , Ao-— 1- ‘[75 ’ ‘ (33)
d2 = dup? + sin® 1y dip? + cos® 1y dip? . (3.4)

The theory describes fermions with anti-periodic boundary conditions on
the circle parameterized by 7, which has radius (27Ty)~! with

. 2’LL3
Ty=2,  B=___"H
=B up(2u%, — a?)

1
uy = §(a2 +y/a* + 4ud) . (3.6)

For convenience, we have rescaled variables by U = (4wg,N)/? v , a —
(4wg,N)}? a. At energies much lower than Ty the theory should be effec-
tively 2 + 1 dimensional (with zo = ¢z3 playing the role of time). The gauge
couphng of the 2+1 dlmensmnal field theory is given by

, , (3.5)

Gom, = gYM4TH , gom, = 27 gs - | (3.7)

- =9s Y
2 mB
In this model Wilson loops exhibit an area-law behavior with string tension

= —\/47rgsN w2 =VAB ud* . (3.9)

This can be obtained by minimizing the Nambu-Goto action [22], and it is
essentially given by the coefficient of 3°2_; dz? at the horizon times 1/(27) [2,
23, 24]. In the limit of large 't Hooft coupling, the light physical states are the
supergravity modes, whose masses can be determined from the equations of
motion of the string theory effective action. In the next sections we calculate
the mass spectrum of the light physical states and of KK modes.

— gYM3N . N Ug (38)
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3.2 Spectrum of glueball masses

In order to find the spectrum of the 0™+ glueball states one has to consider
the supergravity equation for the dilaton mode ® that couples to the operator
TrF? : .
' 3,\/99"8,® = 0, | (3.10)
evaluated in the above background. For functions of the form ® = x(U) e,
we obtain

Ou(u* — uy — a*u®)ux' (u)] + M?ux(u) =0, M?=—k>. (3.11)

The eigenvalues of this equation can again be determined numerically. The
results are presented in Table 3.1 and Figure 3.1. Figure 3.1 gives the depen-
dence on a of the mass ratio of the first excited 0+ glueball state compared
to the ground state 0™*. One obtains a very similar behavior to the case of
QCDy, that is the mass ratio changes very little, and takes on its asymptotic
value quickly. The comparison to the available lattice results [25] are given
in Table 3.1

state lattice N — oo value for a =0 value for a — 00
ot+ 4.065 £+ 0.055  4.07 (input) 4.07 (input)

o++* 6.18 = 0.13 7.03 - 7.05
ot 7.99 = 0.22 9.93 9.97
IR B - 12.82 12.87

Table 3.1: Masses of the 07" glueballs and their excited states in QCDs.
The first column gives the lattice results extrapolated to N — oo, the
second column the supergravity results for ¢ = 0 and the third column
the supergravity limit a — oo. The lattice results are in the units of
the square root of the string tension. The error given is statistical and
does not include the systematic error. '

3.3 Masses of KK states

. Just like in the case of QCD,4, we would like to analyze the behavior of the
masses of the different KK modes: We will find very similar results: the KK
modes wrapping the coordinate 7 are decoupling (even though a bit slower
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1.732

1.731

1.729 |

1.728 |

1.727 |

Figure 3.1: The dependence on a of the ratio r = A—fdﬁﬁ in QCD3. One
. 0

can see that the ratio is very stable to changes in a, and reaches its

‘asymptotic value quickly. a is given in units of u,.

than in QCDy), while the other KK modes corresponding to states with
angular momentum on the S° are not decoupling in the supergravity limit.

First we consider the KK modes wrapping the compact 7 direction. Let
us consider solutions to the Laplace equation V2® = 0 of the form

& = y(u) eFTebT | (3.12)

The coordinate 7 is periodic with period Tj', where Ty is given in eq. (3.5). -
Therefore : :
p=2nTyn, (3.13)

where n is an integer. Using the metric (3.2) we find

T xw). (3.14)

u2—
u2—a2—j21

Ou((u? — uy — a*u?)ux/(u)) = u(—M? + n*4n*Th

One can see that just like in the case of QCD, there is an additional positive
“contribution to the masses, which grows like a*, therefore the masses of these
KK states should grow as M%, ~ a*. Thus these KK modes decouple from
the spectrum, but slower than the corresponding KK modes in QCD,4. The
results of the numerical analysis are summarized in Table 3.2 and Figure 3.2.

Next we analyze the KK modés which correspond to states with angular
momentum [ = 1 on S° in the @ = 0 case. For a = 0 these states have been
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state | value fora =0 value for a = 4
KK 5.79 23.77
KK* 8.64 24.63
KK* 11.50 25.78
KK** 14.36 27.19

Table 3.2: Masses of the KK modes wrapping the circle 7 in QCDs,
using the same normalization as in Table 3.1. The first column gives the
masses for a = 0 while the second the masses for a = 4. Note that these
states decouple quickly from the spectrum even in the supergravity
approximation. o

0.8

a

1 2 . 3 4
Figure 3.2: The dependence on a of the ratio r = —Mﬂﬁ{t of the lowest
0%+ glueball state compared to the KK states wrapping the 7 circle in
units where uy = 1. These KK modes decouple from the spectrum in
the supergravity approximation very quickly.
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examined in [6], and found to be non-decoupling in the supergravity limit
and including the lowest order o' corrections. Here we repeat this.analysis
and find (just like in the case of QCD,) them to be non-decoupling even in
the a — oo case, in the supergravity limit. '

In order to do the analysis of these KK modes one needs to find the ex-
plicit form of the spherical harmonics. The spherical harmonics on 5S¢ can
be constructed in the following way. One takes S¢ embedded in R%*!, and
expresses the Cartesian coordinates y; in terms of the angles. Then the spher-
ical harmonics are just the functions C%»*y; ....y; , where C is a symmetric
traceless tensor {26]. This way, the simplest non-trivial spherical harmonic is
just the coordinate y; itself. In the case of our QCDj3 theory, we actually have
to use the “spheroidal coordinates” y; given in [9] on page 9. Thus one looks
for solutions of the dilaton equation of the form f(u)e®*®y;, i=1,2,3,4,5,6.
For a = 0 the isometry group of S® is SO(6), and the | = 1 KK mode is in
the representation 6 of SO(6). Introducing the angular momentum a breaks
SO(6) to SO(4) x U(1) x U(1), and the 6 decomposes into 4 +1 + 1. These
states satisfy different eigenvalue equations. For i = 1,2 (the two singlets
are degenerate) the equation one gets is

5ud + 4a%u® — 5u’
1+ a?u? — ut

Bu[u.(u‘4 —a*u? - 1)f'(u)] - f(u) (kzu + ) =0. (3.15)

Note that for a = 0 this indeed reduces to the equation given in [6] for { = 1.
We have numerically solved this equation, and find that the mass of these KK
modes is growing slightly, until it becomes degenerate with the first excited
state of the 0T glueball. Thus it does not decouple from the spectrum in
the supergravity limit. The results are summarized Table 3.3 and Figure 3.3.

For the other 4 KK states which are in the 4 of SO(4) one finds the
equation

Ouu(u® — a®u® — 1) f'(u)] — f(u)(k*u + 5u® — 3a’u) =0 , (3.16)

which for a = 0 reproduces the equation in [6] with [ = 1. The additional
mass term is now negative, which actually makes these KK modes lighter in
the @ — oo limit than for a = 0. However, they are still of the same order
(and slightly heavier) than the 0** glueballs. The numerical results for this
state are summarized in Table 3.4 and Figure 3.4.
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state value for a = 0 value for a — oo
KK 5.27 - 7.05
KK* 8.29 9.97
KK* 11.23 12.87
KK*** 14.14 15.76

Table 3.3: Masses of the KK modes corresponding to the two degenerate
singlet pieces of the [ = 1 sextet of the original SO(6) isometry in
QCD;, using the same normalization as in Table 3.1. The first column
gives the masses for a = 0 while the second the masses in the a — oo
limit. Note that these states do not decouple from the spectrum in the
supergravity approximation.

r

a

2 4 6 8 10

Figure 3.3: The dependence of the ratio r = %ﬁﬁ— of the KK modes

corresponding to the two singlet [ = 1 states compared to the lowest 0+
glueball state on the parameter g in units where ug = 1. This KK mode
does not decouple from the spectrum in the supergravity approximation
even in the a — oo limit, even though it increases slightly and becomes
exactly degenerate with the first excited glueball state 0++*.
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state value for a = 0 value for a — oo
KK 5.27 o 4.98
KK* 8.29 8.14
KK* 11.23 11.15
KK** 14.14 14.10

Table 3.4: Masses of the KK modes corresponding to the quartet piece
of the | = 1 sextet of the original SO(6) in QCDj, using the same
normalization as in Table 3.1. The first column gives the masses for
a = 0 while the second the masses in the @ — oo limit. Note that these
states actually get lighter from a = 0 to @ = oo in the supergravity
approximation. ' '

1.3
1.28 |
1.26 |

1.24

1.22

a

2 4 6 8 10

Figure 3.4: The dependence of the ratio r = %ﬁ’f of the KK states

compared to the lowest 07t glueball state on the parameter a in units
where ug = 1. This KK mode does not decouple from the spectrum in
the supergravity approximation even in the ¢ — oo limit, they instead
get even slightly lighter than for ¢ = 0.
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3.4 Free energy and Gluon condensation

From the rotating D3 brane metric (see Eq. (3.16) in [9]), one can find the
following formulas for the thermodynamic variables:

_ VV(s)5 4 . o _ .3
Mapu = G 42m(1 + gsmh a), V)=, (3.17)
s = M%nrg cosha , : (3.18)
4Gy
Va3V (€2s)
Ju G ml cosha | (3.19)
_ra(2rg +17) _ Irg
Tu = drmcosha ’ O = 2mcosha ’ (3.20)
2
K10 2 6/ N4
— = 21
Gy =5~ =8¢, (&), (3.21)
where ,
2m cosh asina = 4rg,No'” | (3.22)

One can check that they satisfy the first law of black hole thermodynamics
Eq. (2.31). In the limit @' — 0 (rescaling variables as in (3.1) ), we get

3
FE = MADM — Mext = 8—7;5‘/3 N2 'U:g y (323)
Uo 1 AT2 2
Ty = — =—Va N 3.24
H B ) S 9 3 UHYg , ( )
2 _ ,
_ ,auy 1 2 2
QH = ’L‘u—%— , JH = 'lzlﬁ‘/?g N auy , (325)
4 3
2 2 _ Yo 2w
—at=-2 = : 2
b @ ul B uy (2u? — a?) (3-26)
The free energy is then given by
N2 4
F=E—TygS - QuJy = —V3——20 (3.27)
_ 8m?
This gives for the gluon condensate the following expression:

1 ! F 1
Tr F2,(0)) = — = —N?Buj . 3.28
(4g%M r #V(,)> ‘/;STH 87T uO ( )
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In terms of the Yang-Mills string tension, this is

2 oy LNV -
Tr F“"(O)>_87r e

1

(3.29)
49\2(M

{

We find again that supergravity predicts that the gluon condensate is pro-
portional to N2/X times the string tension squared. The result expressed in
terms of the string tension is thus independent of a. '

4 Conclusions

In this paper we investigated quantitative aspects of large N SU(N) Yang-
Mills theory in three and four dimensions using a one-parameter family of
supergravity models related to non-extremal rotating D-branes. The new
feature of this class of models is the decoupling of the KK modes associated
with the compact D-brane coordinate as the angular momentum parameter
is increased. The mass ratios for ordinary glueballs were found to be very
stable against this variation. While the mass ratios of the 07+ glueballs
change only slightly compared to the case with zero angular momentum,
there is a substantial change in the mass ratios of 0=, 0~** given in Egs.
(2.20), (2.21), which for large a are in better agreement with the lattice values
than for a = 0. '

It is worth emphasizing that the ratio a/ug should be large enough to
have Mgk > Mjgueban, but not infinite, since there are also string states
winding around the compact D-brane coordinate with masses of order o Ry
that should decouple, i.e. Myina > Mgueban. This requires Auj/a® > 1,
which is consistent with the condition that curvature invariants are small
compared to the string scale [9]. In general, for any given ratio a/ug which is
large enough to decouple KK states from the low-energy physics, it is possible
to choose A sufficiently large so that string winding states also decouple.

We have found that the (SO(3) or SO(4)) non-singlet KK modes with
vanishing U (1) charge in the compact D-brane coordinate do not decouple in
this class of models. One can hope that those KK modes may decouple in a
model with more angular momenta (since there is room to take other limits).
In this case the isometry group of the internal space is smaller. For example,
in QCD,, for a = 0 it is given by SO(6) x U(1), whereas for a # 0 it is
SO(4) x U(1) x U(1). The isometry group of the model with the maximum
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number of angular momenta only contains U(1) factors. This is consistent
with the fact that in pure QCD there can only be singlets of the original
R-symmetry.

We have also found some features which seem to be universal, i.e. which
do not depend on the extra supergravity parameter. In particular, both in
QCD; and QCD, supergravity gives a gluon condensate of the form NTZJQ,
with a coefficient which is the same for all models parametrized by a. Another
feature that seems to be common to all supergravity models is a topological
susceptibility of the form A\o?, with a coefficient which is independent of N
but depends on a/ug. This result suggests that in the regime A > 1 the
n' particle of QCD, with N = 3 is much heavier than other mesons (whose
masses are proportional to the string tension).
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