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Holographic confinement in inhomogeneous
backgrounds

Donald Marolf and Jason Wien
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E-mail: marolf@physics.ucsb.edu, jswien@physics.ucsb.edu

ABSTRACT: As noted by Witten, compactifying a d-dimensional holographic CFT on
an S' gives a class of (d — 1)-dimensional confining theories with gravity duals. The
prototypical bulk solution dual to the ground state is a double Wick rotation of the
AdSg41 Schwarzschild black hole known as the AdS soliton. We generalize such ex-
amples by allowing slow variations in the size of the S!, and thus in the confinement
scale. Coefficients governing the second order response of the system are computed
for 3 < d < 8 using a derivative expansion closely related to the fluid-gravity corre-
spondence. The primary physical results are that i) gauge-theory flux tubes tend to
align orthogonal to gradients and along the eigenvector of the Hessian with the lowest
eigenvalue, ii) flux tubes aligned orthogonal to gradients are attracted to gradients for
d < 6 but repelled by gradients for d > 7, iii) flux tubes are repelled by regions where
the second derivative along the tube is large and positive but are attracted to regions
where the eigenvalues of the Hessian are large and positive in directions orthogonal
to the tube, and iv) for d > 3, inhomogeneities act to raise the total energy of the
confining vacuum above its zeroth order value.
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1 Introduction

The AdS/CFT correspondence [1-3] provides elegant geometrizations of many aspects
of quantum field theory, including the phenomenon of confinement [4]. In gauge the-
ories, an order parameter for confinement is the expectation value of a “temporal”
Wilson loop around a Euclidean time circle:

(I Te(W)]) = <%Tr (Pe—fAde)> . (1.1)

The expectation is of the form e #%¢ where E, is the energy of a probe quark. In a
confining phase this energy diverges, and so the expectation value (1.1) vanishes. But a
non-zero expectation value requires a finite probe quark energy and implies the theory
to be in a deconfined phase [5-7].

The holographic prescription [8] for computing the expectation value of a Wil-
son loop C involves considering a fundamental string in the bulk which intersects the
asymptotically AdS conformal boundary on the curve C defined by the Wilson loop.
Here we identify the (conformal) boundary of the bulk with the gauge theory space-
time. At small bulk string coupling, the semi-classical approximation to the associated
worldsheet path integral gives

(Te(W)|) ~ e™5, (1.2)

where S, is the classical string action of Euclidean worldsheet. As we focus on the
vanishing or non-vanishing of (1.2), we need only determine if any worldsheets have



finite action. When there is no bulk worldsheet with boundary C, expression (1.2)
vanishes and the theory is confined.

The bulk topology associated with the Euclidean time circle is thus of critical
importance. When this circle is non-contractible, there can be no worldsheet with
boundary C having the topology of a disk. Since other topologies are allowed only in
special cases!, it is of great interest to construct asymptotically locally AdS spacetimes
with non-contractible Fuclidean time circles.

The prototypical example of a bulk geometry dual to a confining vacuum is the AdS-
soliton [4, 9]. The solution may be constructed by Wick-rotating the Schwarzschild-AdS
black hole and involves an arbitrary constant b > 0. In Fefferman-Graham gauge and
Euclidean signature the metric may be written

/2 L 4/d LA 4/d . L 2 LN a2

ds® = = dz* + (1 + ﬁ> dr? + (1 + ﬁ) dx;dz’ + a3b? (1 — b_d) (1 + b_d) do*|
(1.3)
where 1 = 1,...d — 2 and ag = 21;/0[ We take 6 to be dimensionless and to have

b-independent period 27 (as required by regularity at z = b). The conformal boundary
may be taken to have metric

dSppgy = d7° + dz;da’ + ob® d6?, (1.4)

so that b controls the size of the #-circle on the boundary.

Below, we generalize this solution by allowing the size of the S' — and thus the
confinement scale — to vary slowly along the boundary. We work in Euclidean signature,
but our results define Lorentz-signature solutions via a trivial Wick rotation of 7,
or equivalently by evolving the associated initial data at ¢ = 0. We construct the
bulk geometries in section 2 using an adiabatic expansion. Section 3 then extracts
predictions for Wilson loops and the stress tensor in the dual gauge theory. Readers
most interested in such results may skip directly to this section. Numerical results
for interesting coefficients are given for 3 < d < 8. The special case d = 2 is solved
analytically in appendix A and used to check our numerical codes.

2 Adiabatically Varying Confining Vacua

In any local theory, one may use a solution with continuous free parameters to build
new solutions by promoting constant such parameters to slowly varying functions. The

"When the bulk has additional boundaries not associated with the original CFT spacetime. Such
boundaries typically lie at the end of an infinite throat related to an extreme horizon in the bulk



explicit functional form will then require corrections, but these may be found by solving
the equations of motion in an adiabatic expansion. In particular, this procedure has
been used extensively in the fluid-gravity correspondence [10] to construct holographic
duals of conformal fluids near thermal equilibrium; see [11, 12] for reviews. Indeed,
because (1.3) is the double-Wick rotation of an AdS-Schwarzschild black hole, our so-
lutions below could have been constructed as double Wick-rotations of appropriately
static and symmetric instances of the fluid-gravity correspondence that satisfy certain
regularity conditions. However, we nevertheless find it useful to construct the rele-
vant equations and study regularity directly in terms of coordinates adapted to our
symmetries (as opposed to the ingoing Eddington-Finkelstein black hole coordinates of
[10-12]).

To be more explicit, suppose that we begin with a bulk geometry having free
parameters {c,}. We promote each constant to a slowly varying function by making
the replacement ¢, — c4(€x) to define a new metric gﬁ%. Here € is a dimensionless
book-keeping parameter that controls the adiabatic expansion.

Our f]g% no longer solves Einstein’s equation exactly, but we can use it to construct
a solution by considering the ansatz

ds* = gﬁ% dxtdz? + egfﬁg detda? + € §Ef])3 dztdz? + - - . (2.1)

Inserting (2.1) into the Einstein equation gives, at each order n, a set of equations for
the metric correction Qgg. In general, at each order n there may also be consistency
conditions that impose relations between the ¢, and their derivatives. However, no
such conditions will arise in the setting studied below.

We will use this method to construct a class of confining geometries which approach
the AdS-soliton (1.3) in the limit as e — 0. Our solutions are constructed in Euclidean
signature and have a 7 translation symmetry. As a result, they are bulk stationary
points of the path integral that computes the vacuum of the dual gauge theory. As in
the discussion of [4, 9] we assume this saddle to dominate. Wick rotating to Lorentz
signature or evolving initial data from ¢ = 0 will then give Lorentz-signature solutions

dual to the gauge theory vacua.

2.1 Ansatz and boundary conditions

We begin with the AdS-soliton (1.3) and promote b to a slowly varying function of a
single spatial coordinate z, i.e. b — b(ex). The effect on the boundary metric is to
make the size of the S! fibers vary with z. Although for simplicity we will allow this
size to vary only along a single coordinate direction, we describe at the end of section
2.2 below how at order €2 this seemingly-special case in fact suffices to determine the
response to completely general slow variations of b in the (d — 1) directions (7, z").



Since the dual CF'T will have a ground state on any static spacetime, one expects
no restrictions on the functional form of b(ex). We will verify below that no constraints
arise within the adiabatic expansion. A key point will be that adding z-dependence
in the above way will allow us to preserve regularity everywhere in the bulk, and in
particular at the fixed points of the rotational Killing field Jj.

It will be convenient to let z = !, ' = 7, and y* = 2! for i > 2. With these
definitions, the boundary coordinates are given by z* = (0, z,y’) where again i =
1,...,d — 2. Below, we use rotational invariance among the g’ to write Gyiyi = Gyylij-
Working in Fefferman-Graham gauge, we consider solutions of the form

2 ?

ds* = —gapdetda? = )
z

3 <g£% drdx® + 691(411)9 dr’dx® + 91(421)3 de?da® + - ) :
z

(2.2)

so that in the notation of (2.1) we have f]%} = ﬁ—z giﬁ%. The explicit form of our zeroth

order ansatz is

0 dtda? —a+ o2t (1- 1) (1+2) as
gapdr”dr” =dz" + ay T +ﬁ

L Vd L Vd o
+(1+ﬁ) da:2+(1+b—d) > dy'dy'. (2.3)

Using the Fefferman-Graham gauge condition ggnz) = 0 for n > 1 as well as reflection

symmetry in both @ and 3¢, shows that all 91(4"; remain diagonal. Similarly, only the 2z,

zx, xx, yy, and #6 components of the Einstein tensor can be non-zero.
We wish to satisfy the vacuum Einstein’s equation with a negative cosmological
constant:

1
0= FEup:=Rap — §R9AB +Agap . (2.4)

As in [10], at each order in the adiabatic expansion we have @ equations E,(jf,) =0

involving second derivatives with respect to z; we refer to these equations as dynamical.
Here p, v range over all boundary coordinates. We also obtain d+ 1 equations involving

no more than first derivatives in z, and which we call constraints. The latter divide

themselves into F iﬁ)

EW = éz)&j, so at each order we have only three distinct dynamical equations

yiyd
Egﬁ’;), Eég), and EéZ) for the three undetermined metric functions gg;), gg(cnx), and gg;).

= 0 and EY = 0. Rotational symmetry in the y’ requires

Moreover, each derivative 0, adds another factor of €, so the dynamical equations for

gg"l); are ultra-local in the boundary directions. We are left with three coupled second

order ordinary differential equations in z.



The dynamical equations require two boundary conditions to fix the solution uniquely.
The first is given by fixing the induced metric on the boundary to be given by (1.4)
with b — b(z). The zeroth order ansatz satisfies

lim g0 dadz” = da® + aJb*d6® + dydy’, (2.5)

z—0

and so gives the correct boundary metric to all orders. We therefore impose
)
lim g% = 0 (2.6)
for all n > 0.
The second boundary condition is determined by regularity at the fixed points of
Jp. This occurs at some z = b(x) where the associated S* shrinks to zero size. At
zeroth order one finds b = b, though there are corrections at higher orders. To impose
regularity, it suffices to construct coordinates R(z, z) and X (z, ) such that ggy vanishes
at R = 0 and the metric takes the form
d—2
d82 = gRR|R:0 (dR2 + R2d02> + gX)(|R:0dX2 + gyy|R:() Z dYZdYZ + O(RQ) (27)
i=1
where grr|r=0, 9x x|rR=0, 9vy|R=0 are positive (and thus non-vanishing) functions of X.
Expanding the zeroth-order ansatz (2.3) in powers of z —b(x) shows that it satisfies
regularity as previously claimed. One may then check that the full ansatz (2.2) satisfies
(2.7) to order €* with

1 2
_ 2 -1/d 2 2 (2) 4
=(1—-Rb—ce¢ 516 /dp (b' + PYRE 0 9oy Lb> + O(€")
1 1

z=X+el6"VipY <R + 5R2 — 6(d - 2)R3> +O(e*, RY), (2.8)
so long as we impose the boundary conditions

0 — g(l)

z=b
0= azgxff)‘z =b
0= azgz(/y)‘ =b
1
0= 8Zgé§) T Eb (aflde’Q +2 83g§3) Z:b)

0=2dbg?| _, +2a;%d.g5)

AR 0.g2 2
dv? 9.9@| _, +2db* "

0=2dbg?| _, +2a;° 0.9 ‘ - di o), —2dbb”, (2.9)

We emphasize that we have chosen the period of § to remain precisely 27 at all = at
each order in e.



2.2 Adiabatic solutions

We have now specified two boundary conditions at each order for each of the dynami-

cal variables g;gx), 95(97;), and Q?SZ)-

This is enough to uniquely determine solutions to the
dynamical equations F,, = 0 at each order. It turns out that any such solution auto-
matically satisfies the constraints E,4 = 0 or, equivalently, Erq = 0. For A = 0,Y"
this is clear from the reflection symmetries § — —0 and Y — —Y*. For A = X, R, we
proceed by noting that the Bianchi identities V4 E4? imply first order evolution equa-
tions for the constraints E®#4. Using (2.7), one finds that imposing E*” = 0 requires

B = CRRE(R™1 4+ ...)) and E*¥Y = CBX (R71 4+ ...) where C®E CEX are constants
and the dots (...) represent terms that vanish as R — 0. But regularity requires?
Err, Erx to be finite at R = 0. This sets Crr = 0 = C'rx, so that the constraints hold
identically everywhere in the bulk. It thus suffices to solve the dynamical equations
E,, = 0 alone subject to (2.5) and (2.9). At least in the adiabatic expansion, this
verifies the expectation that bulk solutions exist for all profiles b(ex).

Let us now examine in more detail the equations E,([VL) = 0 that result from expand-
ing F,, in powers of € . In general, the lower order terms gﬁ{% in (2.2) lead to sources
for the higher order terms. As noted above, each boundary derivative contributes an
explicit power of €. Covariance requires each term in F,, to contain an even number of
such derivatives, so evaluating E,, on the zeroth-order ansatz (2.3) alone can provide
source terms only for gﬁ,”; with n even.

In particular, there can be no source terms at order € so that the dynamical equa-

(1)

tions for ¢, are homogeneous. Since the boundary conditions (2.5) and (2.9) are also

homogeneous at this order, the unique solution is 9,(411)9 = 0.
The story is more interesting at second order. Explicit computation gives the
following lengthy dynamical equations:

0 =4(d — 2)242 ((d + )b + (d — 2)2%) b* — 4b(d — 2)22 (b? + 29) V"’
— 4% (d — 4)2*g2) — 40*(d — 4)(d — 2)2¢()
+ 0%z (b4 2%) ((d = 7)2" = (d — 1)b7) 0,92
+ 03 (d—2)z (0" + 27) ((d = 7)z% — (d — 1)b7) 0.9
+ %27 (b7 + zd)2 9?g\%) + b*(d — 2)2? (b + 2 ) 82gyy ,

0 =4(d—2)2" (2 = 1")° (P! + (d+ b’ + (d — 2)2*) b
— 40?22 (b7 + 2N (= (2d® — 5d + )b — 2(3d — A)b 27 + (d — 4)2*) g2

2 A simple argument notes that TrE? := EABECP g1 4gpc is a positive definite quadratic form that

must be finite at R = 0. Explicitly, the leading terms at R = 0 are (9rr E®*)? + 29rpgx x (EFX)2.



—4B(d =22 (21 = b ((d + b+ (d - )2 off)

—ag?z (b7 — 29) (b + 29)® ((d — 1)B2 — 2(3d — )b + (d — 7)22) D02
F0(d = 2)z (b = =) (= 6) ((d = DY+ 862" + (d — 7)=*") g
+ a2 (b — 220 4 ) 022 + 8 (d - 2)27 (0 — 29 (b4 ) 922,

0 =422 (b7 — 297 (2% = b)) (db* + ((d — 2)d — 6)b%27 + (d — 3)(d — 2)2*%) b
+ 2027 (5 — 2N (b7 4 27) (077 4 4727 + (2d — 5)22) b’
—da? 22 (b7 4 2N (= (2d? = 5+ )b — 2(3d — A)b27 + (d — 4)22) ')
— 45222 (27— b ((d + Db+ (d — 4)2%) g2
—40%(d — 3)22 (2 — b)) ((d+ 4 + (d — 4)27) g2
— ;% (= 20 (07 + 2N ((d = D0 = 2(3d — )b + (d — 7)2*) D.g50)
+ b7 (b7 — zd)2 (2% = 0™ ((d — )6 + 82 + (d — 7)2*") 0,9
+ B3 (d — 3)z (b7 — %) (22 — ) ((d — )0 + 8024 + (d — 7)2*7) 0,912
+ ay?2? (bd — zd)2 (bd +z ) 82999 + b22? (bd )4 (bd + zd)2 9292
+ 52 (d - 3)22 (b7 — 29" (b7 + 2%)" 92g 2. (2.10)

As a check, we can use (2.10) to analytically compute the asymptotic expansion of
g&?, géz), gz(fy) in powers of z. Solving (2.10) via the Frobenius method near z = 0, for

d > 3 we find

bb"
gé,? —add 12 + coz? + O (24,

bl/
(2) _ d+1
gys = —b(d—l)z + ¢ 2%+ Oz,
b//
(2) — 2 d d+1 211

where the coefficients of 2% are determined by the boundary conditions at the horizon.
On the other hand, for any boundary metric 7}3), it is known (see e.g. [13]) that
for d > 3 the 2? coefficient in the expansion of g, is given by

0? 1
(2) — R, —— R~ 2.12
i d—2( 2(d—1) 7‘“’)’ (2.12)

where R, is the Ricci tensor of fy,s(,),) Furthermore, the terms z"fy,(ﬁ) with 3 <n <d

involve higher numbers of derivatives and so vanish to order ¢* (and similarly for the



2%log 22 term for even d > 2; for d = 2 the 2%log z? term vanishes identically). As the
boundary curvature is given by

b
Rog = —€2a2bb", Ryp= -2 —, R=-2— (2.13)

we see that (2.12) agrees with (2.11).

While the equations (2.10) are highly coupled, they are also linear and can be
solved numerically using the collocation methods described in [14]. By linearity, and
dimensional analysis the solutions take the form

9D (z,0) = V() g b’>2< /b) + (b >b"<x>>g$;fjj(/b>,
g <z,x> V(x)’g </b> () (@) g (/1)
gy (z.) = a2 | (b(a) V' (2))" gl (2/b) + b(@)* V() gl (z/0) |, (2.14)

where the functions g%’ (z /b), etc have no further dependence on b(x). Results for
these dimensionless coefficient functions are shown in figures 1 - 3.

g(bb')2 66

01 -

-01f 5

=02

-03F

-041

(a)

Figure 1: (Color online) Numerical solutions for (a) gg‘;’”Q and (b) géz?)bﬁ) as functions
of z/b for d = 3 to d = 7 using the notation (2.14). In each case the left endpoint is
the asymptotic boundary z = 0 and the right endpoint is the fixed point of Jp (where

goo = 0).

Although we have thus far allowed dependence only on a single coordinate x, the
results above in fact determine the O(e?) response of our system to general slow vari-
ations of b in the (d — 1) directions (z,y'). In particular, since the metric at each
order €" and each bulk point (z,z,y’, 0) is locally determined by the boundary metric
at (z,9',0), in computing the response to gradients we are free to simply define x at
each such boundary point to run in the direction of any gradient of b, so long as we
then take the 3’ to label the orthogonal directions. We may then separately consider
the response to the matrix of second derivatives of b (the Hessian). Here it is useful
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Figure 2: (Color online) Numerical solutions for (a) g%ﬁ and (b) g for d = 3
to d = 7 using the notation (2.14). In each case the left endpoint is the asymptotic
boundary z = 0 and the right endpoint is the fixed point of Jy (where ggy = 0).

b')? bb"
g( )yy g( )yy
=== = z/b
----- S ~zb s i, R
0251 4 -02f \\\ 4
5 E 5
0.5 — 6 — 5
4 041 4
0.75 \
Ll \‘ -0.6
(a) (b)

Figure 3: (Color online) Numerical solutions for (a) g?%)Q and (b) gyy ) for d = 3
to d = 7 using the notation (2.14). In each case the left endpoint is the asymptotic
boundary z = 0 and the right endpoint is the fixed point of Jy (where ggy = 0).

to choose coordinates that diagonalize the Hessian. Furthermore, since the O(€?) re-
sponse to second derivatives is linear, it suffices to separately compute the response
to each eigenvalue )\, of the Hessian. And for studying any particular eigenvalue, we
can choose the z coordinate to run in the corresponding direction. As a result, letting
a, B run over directions corresponding to eigenvectors of the Hessian and denoting the

the second order response to the Hessian of g4p in the direction associated with some
(2,Hess)

particular eigenvalue Ag by g4 , we have
g5 =0 g (/0)As + g2 (2/0) S A (2.15)

a#f

in terms of the functions gl (z /b), gyy (z /b) computed above.



3 Gauge Theory Implications

We now use the above solutions above to extract physical data about the confining
gauge theory. In particular, the quark/anti-quark potential V' (x4, z,,) can be studied
by computing the expectation value of rectangular Wilson loops extending along e.g.
z and 7 =y'. For AT > Ax =z, — x,4, one expects from (1.1) that

W(C) ~ e V(Eaea) AT, (3.1)

Using the holographic prescription (1.2), we see that V(x,, x4,) is proportional to the
(renormalized) area of the string world-sheet per unit time A7. If we further take
Az (and thus also A7) much larger than the scale b, this renormalized area can be
approximated by that of the corresponding rectangle on the hypersurface where 9y = 0;
we follow standard practice in referring to this surface as the IR floor. In the coordinate
system (2.7), the IR floor lies at R = 0. Transforming to Fefferman-Graham coordinates
using (2.8) and taking into account (2.9), it also lies at z = b with

2

b=b— % b o 8Zg(g? . + O(e). (3.2)

Here we assume d > 3 so that there is at least one y direction. The special case d = 2
is discussed separately in appendix A, where it is solved analytically and used to check
our numerical codes.

We denote by Cyioor the corresponding rectangular loop on this IR floor. Since
7 =y, the loop Cjpr has area

1 €2
~ )2 1 1/d 2 2
Acfloor ~ g /d.’I} dy <ﬁ16 / + 2_b2 (h($$) + hqu))) ) (33)
where ¢*h,,, is the induced metric on the IR floor. Similarly, for loops extending along
7 and a y direction, we have

1 €
Acy,, ~ 2 / dy? dy’* (b—2161/d + 3 hg)) : (3.4)

The second order contributions to h,, are listed in the table in figure 4 using notation
analogous to (2.14). Here we extend the calculations to d = 8 due to an interesting
change of sign for hg%)Q between d = 6 and d = 7.

The factors in parentheses in (3.3), (3.4) describe an effective tension for the gauge-
theory flux tube whose stretching between the quark and anti-quark provides the con-
fining potential. Supposing for the moment that we allow b to vary only in spatial
directions (z and y’ for 7 > 2), the spacetime remains static and any flux tube will tend

— 10 —



h" | a0 | nG” | G
-0.333 | 1.06 -1.06 | -0.667
0.00 | 0.673 || -0.571 | -0.551
0.200 | 0.475 || -0.272 | -0.468
0.333 | 0.358 || -0.0688 | -0.406
0.429 | 0.282 || 0.0778 | -0.358

0.500 | 0.231 || 0.189 | -0.320

0 1 O Ot = W| X

Figure 4: The coefficients h;(m ) hé’?f"), hg;l)Q, and hg;b”) for the induced metric on
the IR floor for various dimensions. Though we display only a few significant figures,
estimating the numerical precision by comparing results for 100 and 150 lattice pomts
suggests that our numerics are accurate to around a part in 10%*°. We note that h(b)

agrees with (d — 4)/d to the stated precision.

to orient itself to minimize this effective tension. As described at the end of section
2.2, the coefficients above can be used to deduce the O(e?) response to general slow
variations of b across (z,y"). The fact that NCREES h%)Q for all d in the table in figure
4 thus implies that the flux tube tends to orient itself orthogonal to gradients. In the
same way, using (2.15) and comparing directions associated with different eigenvalues
of the Hessian, one sees that flux tubes also tend to align themselves with the lowest
eigenvalue of the Hessian.

Interestingly, the change of sign of h%)Q between d = 6 and d = 7 means that a
flux tube that succeeds in aligning itself orthogonal to gradients is attracted to strong
gradients for d < 6 but repelled from strong gradients for d > 7. In all dimensions,
flux tubes are repelled by regions where the second derivative along the tube would be
large and positive but are attracted to regions where the eigenvalues of the Hessian are
large and positive in orthogonal directions.

Another interesting piece of physics concerns the gravitational potential (or red-
shift) on the IR floor. This is encoded in f,, = hy, = (5249 + €2 h2) +0(e*). Again

assuming a static spacetime one finds
h? = h®10,b2 + ") Tr (b9,0,b) (3.5)

where |9,b* and Tr (9,0,b) respectively denote that norm of the gradient of b and the
trace of its Hessian. It is interesting that the table in figure 4 shows gradients to lower
the potential for d < 6 but to raise the potential for d = 7,8 (and presumably for
higher dimensions as well).

Note that the value of h,, at an extremum (where d,b = 0) is unaffected by
hg(f;/)z. The fact that hl%b”) < 0 in figure 4 thus means that the O(e?) corrections act to

- 11 -



reduce the height of local maximum of h,, and to reduce the depth of local minima.
This should be no surprise, as at this order the response of the system is linear in
b” while on general grounds linear perturbation theory about the AdS soliton should
describe the change in h,, as a smeared version of the boundary perturbation (i.e.,
given by convolution with some appropriate kernel) over a scale ~ b. The point here
is that smearing a maximum necessarily reduces its height, while smearing a minimum
decreases its depth. Indeed, all adiabatic coefficients associated with b” can in principle
be calculated from the associated linear-response Green’s functions.

Finally, we can also compute coefficients for corrections to the boundary stress

2

tensor. Since at order €~ we may neglect quadratic and higher powers of boundary

curvatures, our boundary stress tensor takes the form
dﬁd_l

T = =5 + O(e) (3.6)

for both odd and even d > 3. Here x = 87TGN/€d_1 in terms of the bulk Newton

constant Gy and 7/37,) is the 2™ coefficient of the Fefferman-Graham expansion (not to

be confused with the g,(f,ﬁ) in the adiabatic expansion). We expand the stress tensor as
TMV — TMV(O) + ETuu(l) + €2 le(z) 4+ (37)

The zeroth order result is standard with

d—1
o_ 71
e 47TGN bd ’
d—1
o_ 7 1
vy 47TGN bd ’
71 a2(d—1)
7O _ d .
v Gy b12 (38)

Since g,(j,) vanishes, so does T, W(l). The second order contributions can be extracted

from the numerical solutions for gﬁ) The results are summarized in figure 5 using the

notation

¢a-1 (b/>2 —dp2 b’ —(d—1)pr
T(2) — T %) — )T v")
T e b TT + pd—1 Tx )

Kd_l (b/)2 —dpr2 b/, —(d—=1)p/
(2) — (b79"%) (b ")
Tyy o 87} b Tyy + ( bd—1> Tyy

-1 v)? (a2 b s
7% (W)" ) po-ta-2w) ( >T§Z o )] . (3.9)

Y

~ 3G |\ b2 | oo pi—3
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d Téz;%dfz)b&) Tg;(dfs)b//) _I_g;—db/z) ngj(dfl)bu) T?(f;;dbﬂ) TZ(/I;;(dfl)b//)
3 0.00 0.00 0.00 0.00 0.00 0.00

4 —0.375 0.250 1.00 0.00 1.00 —1.00

) —0.844 0.422 2.30 0.00 2.30 —1.53

6 —1.32 0.529 3.78 0.00 3.78 —1.89

7 —1.77 0.591 2.38 0.00 2.38 —2.15

8 —2.19 0.625 7.07 0.00 7.07 —2.36

Figure 5: The coefficients of the second order contributions to the boundary stress
tensor for 3 < d < 8. Estimating the numerical precision by comparing results for 100
and 150 lattice points suggests that our numerics are accurate to around a part in 108.

db/2) bf(d—l)b//)

_ —dpr2 —dp/2
To this accuracy our results satisfy Téz = —%T y(y and T ) =T, y(z "9,

—(d—=3)p!
As in our discussion of the potential on the IR floor, the signs of Tg; 7Y and

Tg;i(dil)bﬁ) are in all cases consistent with the idea that linear response tends to simply
average over a scale of order b. As a result, the O(e?) correction to the (negative) energy
density of the confining vacuum makes this energy less negative at a local minimum of
b but more negative at a local maximum. On the other hand, gradients always make
this energy density even more negative when the second derivatives are held fixed.

Of particular interest is the O(e?) shift £ in the total energy of the vacuum. This
is given by integrating — y(f,) over the boundary at 7 = 0. The interesting point here
is that first and second derivatives are often related when averaged over this surface.
Indeed, imposing either a boundary condition b — constant as x — 400 or periodic

boundary conditions in z, integrating by parts gives

2md—1 (b/)2 —dps2 b’ —(d—1) 1
2 _— _ d—2 \V /) (b=%') o (b b))
E® — /bndy@To Vo Ty === dzd*2y aqb [( el I ( bd_l) T

Oédgd_l d—2 (b/>2 bp—dp'2 p—(d=1)pr
T /dxd v\ s [T;y '+ (d-2)T¢ >],

where /o = agb is the volume element on the 7 = 0 slice of the boundary. As shown
in figure 6, the factor in square brackets is negative in all cases. So the net effect of
spatial variations is in fact to make E®) positive, shifting the energy of the confined
vacuum toward zero from its negative zeroth-order value.

It would be interesting to perform a similar analysis of the deconfined state. Com-
puting the second order shift in its free energy and comparing with (3.10) would then
determine whether the net effect of gradients is to increase the deconfinement temper-
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dll E®

31 0.00

4 || —1.00
5| —2.30
6| —3.78
71 —5.38
8| —7.07

Figure 6: The coefficient E? = Téby_deQ) + (d — 2)T3%_(d_l)b“) of the second order

contribution to the vacuum energy for 3 < d < 8. The numerical precision is as in
figure 5.

ature Tp at O(€?), or to decrease T as our results would appear to suggest. Other
interesting extensions would be to add additional curvature on the boundary. Note
that the particularly simple class of boundary metrics of the form

dspg, = dz® + K (ex)dyidy’ + ajb* (ex) dO?, (3.11)

is related to those studied here by a combination of a conformal transformation and
a change of coordinates in the = direction (associated with dz — dx/k), so that the
adiabatic coefficients associated with (3.11) can be computed analytically from the
results given above.
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A 241 Dimensional Bulk

Due to the lack of local gravitational degrees of freedom in 2+1 dimensions, all com-
plete asymptotically locally AdS spacetimes are diffeomorphic to global AdS; (or to a
quotient thereof). We can use this fact to analytically perform the d = 2 analogue of
the construction in section 2, which we can then use to check our numerical code. The

- 14 —



d = 2 version of the Euclidean metric (2.3) is obtained by simply deleting the 3" terms:

b2 2 , 2
dz* + 4(1—§> do —i—( b2) da?| . (A.1)

The adiabatic expansion proceeds just as in section 2. We need only set d = 2 in

ds® = 62

(2.10) to find the dynamical equations

0= (> +2%) (2 (b* + 2%) 292 — (2 — 3b?) 0.9'2)) — 8b*2 g2,

0= (b"—2% (z (07 — 22) 02957 + (22 + 3b%) D.g5s ) +80%z gl (A.2)
We again have the boundary conditions

l«i—r}(l] zzg/(ﬁ,) — (A.3)

at the asymptotic boundary, and regularity at fixed points of 9y requires
2 NS 2
0= gty | —=b(% + ks

3 b) ’

0=2b92|_,+40.9 | V0.2, + 267 . (A4)

Solving (A.2), (A.4) yields
@ 52 (b2 . Z2) b/2
oo = Y
22 (07 +2%) (200" — b7)
2b4

9t =

(A.5)

Setting d = 2 in our numerical code gives solutions to (A.2), (A.4) that agree with
(A.5) to one part in 102!,

— 15 —



References

1]

J. M. Maldacena, The Large N limit of superconformal field theories and supergravity,
Int. J. Theor. Phys. 38 (1999) 1113-1133, [arXiv:hep-th/9711200]. [Adv. Theor.
Math. Phys.2,231(1998)].

S. S. Gubser, I. R. Klebanov, and A. M. Polyakov, Gauge theory correlators from
noncritical string theory, Phys. Lett. B428 (1998) 105-114, [arXiv:hep-th/9802109].

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998)
253-291, [arXiv:hep-th/9802150].

E. Witten, Anti-de Sitter space, thermal phase transition, and confinement in gauge
theories, Adv. Theor. Math. Phys. 2 (1998) 505-532, [arXiv:hep-th/9803131].

A. Polyakov, Compact gauge fields and the infrared catastrophe, Physics Letters B 59
(1975), no. 1 82 — 84.

A. M. Polyakov, Thermal Properties of Gauge Fields And Quark Liberation, Phys.
Lett. 72B (1978) 477.

L. Susskind, Lattice Models of Quark Confinement At High Temperature, Phys. Rev.
D20 (1979) 2610.

J. M. Maldacena, Wilson loops in large N field theories, Phys. Rev. Lett. 80 (1998)
4859-4862, [arXiv:hep-th/9803002].

G. T. Horowitz and R. C. Myers, The AdS/CFT Correspondence and a New Positive
Energy Conjecture for General Relativity, Phys. Rev. D59 (1998) 026005.

S. Bhattacharyya, V. E. Hubeny, S. Minwalla, and M. Rangamani, Nonlinear Fluid
Dynamics from Gravity, JHEP 02 (2008) 045, [arXiv:0712.2456].

V. E. Hubeny, S. Minwalla, and M. Rangamani, The fluid/gravity correspondence, in
Black holes in higher dimensions, pp. 348-383, 2012. arXiv:1107.5780.

M. Rangamani, Gravity and Hydrodynamics: Lectures on the fluid-gravity
correspondence, Class. Quant. Grav. 26 (2009) 224003, [arXiv:0905.4352].

D. Marolf, W. Kelly, and S. Fischetti, Conserved Charges in Asymptotically (Locally)
AdS Spacetimes, arXiv:1211.6347.

0. J. C. Dias, J. E. Santos, and B. Way, Numerical Methods for Finding Stationary
Gravitational Solutions, arXiv:1510.02804.

— 16 —


http://arxiv.org/abs/hep-th/9711200
http://arxiv.org/abs/hep-th/9802109
http://arxiv.org/abs/hep-th/9802150
http://arxiv.org/abs/hep-th/9803131
http://arxiv.org/abs/hep-th/9803002
http://arxiv.org/abs/0712.2456
http://arxiv.org/abs/1107.5780
http://arxiv.org/abs/0905.4352
http://arxiv.org/abs/1211.6347
http://arxiv.org/abs/1510.02804

	1 Introduction
	2 Adiabatically Varying Confining Vacua
	2.1 Ansatz and boundary conditions
	2.2 Adiabatic solutions

	3 Gauge Theory Implications
	A 2+1 Dimensional Bulk



