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Abstract

This is intended to be a pedagogical review of scalar field propagator on adS space
in view of adS/CFT correspondence. There no new results but instead it gathers ideas
from the literature and present them in a consistent way, with insights on some difficult
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1 Equations of motion

In this section we consider a scalar field ¢(X) on M = adSg; background.
The action for a scalar is

S = ‘% /dd+1x VI (g*P0ad 05 + m?¢?). (1.1)

Partial derivatives can be replaced by covariant derivatives D,, because they are acting on
scalar fields. An integration by part gives

S = ‘% /dd+1X VI O(— A+m?)p + %/ddﬂX 04(v/994" 6 959), (1.2)

where A is the laplacian on adS441. The second term can be rewritten as a surface integral [7,
app. EJ:

S, = /M A1 94(y/Gg S ) = /a A7 om0, (1.3)

where n? is the vector normal to M, v is the induced metric and y the coordinates on the
surface.
The first term in (1.2) gives the Klein-Gordon equation:

(—A+m?)¢ =0. (1.4)

Using the upper-half plane metric (B.17) one computes the laplacian:

A= jgaAWgABaB)

Zd+1 |:6 (Ld+1 252 5 ) N Ld+1 22 a2:|

~ a1 S+l 12 Y= a1 2
gives
2
A= % (zd—laz(z—dﬂaz) + ag) (1.5)
2
- % (af —(d—1)z"10, + ag). (1.5b)

If ¢ satisfies the equation of motion the action (1.2) reduces to the surface term (1.3)
only. Now let decompose the surface in two pieces with whose normal are in the z and x
directions respectively, i.e. split the sum in = and z: the first term will vanish if we assume
that the field vanishes for z# — oo (as is done usually because we don’t need boundary
data for Minkowski space — we refer to litterature for a proper handling of this), and only
the z boundary contributes:

S, = / Ao 7 om0
oM z=e

where OM is just Minkowski. We introduced a cut-off because the induced metric diverges
for z = 0 2. Note that if the space is bound for some reason (e.g. if there is a black hole in
the interior) then the integration should go from zmin t0 Zmax [32].

2Note that the precise value of the cut-off zeyt-of is not important since the adS metric is left unchanged
by a rescaling of coordinates, which might bring any value zcusof the € [17, p. 17]. We will thus do the
computation with £ and remove it at the end.



Assuming 3 an exponential decay for ¢ at z — oo gives finally

Sp = / d%z Az pn*o.6| . (1.6)
oM z=e
The induced metric and the normal vector are given in section B:
. 2 L?
n- = ’ Ye = §U~ (L.7)

2 Solutions

The solutions to the Klein—-Gordon equation (1.4) are discussed (for example) in [3], [1, sec.
4.4], [32, app. A.1].
2.1 Separation of variables and solution in z-direction

Now we will look for a solution to Klein-Gordon equation (1.4): write the fields ¢ as

P(z,x) = f(2)®(x) (2.1)

since we can hope to separate variables because of translation invariance in the x direc-
tion [19]. Then (1.4) becomes
22 _
—ﬁ(zd 19, (2~ 4+ ) @) + f82<1>) Fm2fo =0
where we noted 9% = 92 = A(g) (laplacian on Minkowski), and by dividing with f® one can
separate variables:

241 m2L? 9%
_ 9. (z 1 =27 - g2 2.2
— o)+ T = (22)
where k? is the norm of a d-dimensional vector k*. This gives the two equations:
(=02 — k*)®), =0, (2.3a)
[— 2910, (27419, ) + m?L? + k*22] f, = 0, (2.3b)

and we have added a k subscript since solutions now depends of this parameter. According
to the discussion of Wick rotation (appendix A.2), the expression in Euclidean space of the
first equation is

(—0% —k*)®p =0 (2.4)

The only difference here is that k% > 0 which justify the sign of the right hand side in (2.2).
Notice also that this equation is different from the one we got in the appendix (opposite
"mass"), which allow plane wave-like solutions: in euclidean space, plane waves are possible
for at most d — 1 directions.

Since one get modes depending on a parameter k, the full solution will be obtained by
superposing all of them *:

6(z,x) = / Ak fo(2)Bp (). (2.5)

Before solving explicitly the equations, let’s summary what are the consequences of the
k? sign, since solutions will depend on it [34, p. 16], [19, lec. 15], [29]:

3This will be shown in next section.
40ne could decide to write an overall coefficient ¢o(k) for each mode, as it is done in [32, app. A], but
we prefer to include it in fj.



e k? = p? > 0 (Euclidean): this will lead to the Euclidean Green function. In the z
direction this gives real exponentials.

o k? = —p? < 0 (timelike Minkowskian): the momentum satisfies the usual on-shell mass
condition and so p would be the mass in z-space. The z-equation leads to imaginary
exponentials, corresponding to retarded/advanced Green functions.

o k? = u? > 0 (spacelike Minkowskian): here the momentum is off-shell. The z solution
are again real exponentials.

If we wanted to interpret ;2 as the mass of a particle in d-dimensional space in the first two
cases °, then the second equation (2.3b) should give discrete value for k2 (i.e. a dispersion
relation). Sadly we will see that it is not the case, so the parameter p can not be interpreted
as a mass [9, sec. 2.1.1] ©.

We will work mostly in euclidean space but there is no great difference with Minkowski,
as explained for example in [27].

In (2.3a) (or its Euclidean version) one recognizes the Klein-Gordon equation in d-
dimensional spacetime, whose solutions are plane-waves:

ezkz

O(x) = Ok

(2.6)

So let’s superpose modes using equation (2.5):

d
(2, x) :/% fr(2) etk (2.7)

and we get that ¢(z,z) is the Fourier transform of fi, which is understable due to the
translation invariance in = direction. By inverting the transformation we see that fi(z) is
the solution in momentum space.

2.2 Solution for the radial direction (k* > 0) and scalings

Results are identical for spacelike Minkowskian and Euclidean cases, writing k for both [32,
app. A.2.1].
The z equation can be written

2 (A= 1)z ff — (M2 + B2 fy = 0, (2.8)
and it is almost the (modified) Bessel equation (D.6): let’s do the change of variable f; =
242, to get 7 [1, sec. 4.4]

d2
22g1 + 2g), — <4 + k222 + m2L2> gr = 0. (2.9)

Then one does not takes g as a function of z, but as a function of kz to get (due to
derivatives) ®

d2
(k2)2gy + (k2)gj, — <4 +m2L? + k222> gr = 0. (2.10)

5Indeed if k2 = —pu2? < 0, then the previous condition says that ® satisfies (—A+u?)® = 0 in
Minkowskian space.

SIf z is bound by above in the interior, then conformal symmetry is broken and p will take discrete
values [27].

"To find the power of z, write z* and choose a in order to have z as coefficient for 91,«

8Here we note k = |k| = p, which should not be confused with the vector k* itself; this should be clear
from the context.



And from the appendix D.3 on modified Bessel functions, one reads the solution for gy:
gk (k2) = ap K, (kz) + bp I, (kz), (2.11)

where we have defined the parameter v as
a2
vl +m2L2. (2.12)
Finally the solution for fj is

fr(2) = ag (k2)Y2K, (kz) + by (k2)Y21,(kz). (2.13)

We have to impose that solutions are regular everywhere in the interior, and more specif-
ically for z — oo. Using asymptotic form (D.7b) for the Bessel functions

I,(z) ~ e* K, (2) ~ ek, (2.14)
one sees that I, diverges so by = 0 and
fe(2) = ap (k2)Y*K, (kz). (2.15)

Using the asymptotic forms of the Bessel functions (D.10), one finds that near the bound-
ary z = 0 the solution behaves like

Ful(2) ~ ap, (kz)Y/? [F(;) (;Z)VJFF(;/) <k;>y]

and after simplication
fe(2) = go(k)z2~ + ¢ (k)25+ (2.16)

where we have defined
do(k) = ap 2" T (W) k2, ¢1(k) = ap 27D (=) K2+, (2.17)
The scaling exponents A are defined as

d d |
Ar=24,=%4 Y 4re, 2.1
S T g (2.18)

Note that the positivity of the square-root gives the Breitenlohner—Freedman bound [34,
p. 16]
d2
m?L? > - (2.19)

For future reference note that we have
$1(k) _T(=v) (k™ _ $1(=k)
_ L R (2.20)
¢o(k)  I(v) \2 bo(—F)
In position space (2.7) the asymptotic (2.16) becomes
B(2,2) m ¢o(x) 2%~ + ¢1(z)2%+ (2.21)

where ¢o(x) and ¢1(z) are the Fourier transform of ¢g(k) and ¢ (k).
Another way to deduce these scalings are to plug the ansatz f(z) = 22 into (2.3b) [27]:

(= A(A —d) +m?L? + k*2%) 22 = 0. (2.22)

Close to the boundary z ~ 0 and one can ignore the term in z? which otherwise spoils the
power-law solution, and then one finds again the two roots (2.18).



2.3 Solution for the radial direction (k* < 0) and scalings

For a timelike Minkowskian momentum all the previous results are found through the re-
placement p — ip [34, p. 16]. So the differential equation becomes the one for Bessel
functions (cf appendix D.2):

2
(k2)2g) + (k2)g), — (Ci +m2L? — k2z2> gr = 0. (2.23)

Note that here k = iu (doing the replacement does not change any sign in the first two
terms).

Solutions are Jy,(kz) ~ Ky, (ikz) if v is not an integer, J,(kz) and Y, (kz) other-
wise [3] ?. Using the previous solution one sees that

K., (ikz) ~ eFik= (2.24)

so both solutions are regular at z = co and we have to impose in-falling or outgoing boundary
solution, which are related to retarded/advanced Green functions [29], [32, sec. 3.2].

2.4 Asymptotic behavior and boundary field (k* > 0)

Now study in more details the asymptotic form (2.16) of the solution:
fie(2) = ¢o(k)z2~ + ¢1(k)=. (2.25)

Since Ay > 0 the solution 22+ —0> 0 is a normalizable solution and corresponds to a

z2—
bulk excitation which decays at the boundary [16, sec. 5.1] and [14, p. 6]. But the other
solution does not decay since A_ < 0 and it is said to be non-normalizable: it defines a field
on the boundary [8, p. 54] 1°

g0 (k) = lim =2~ fi (2), (2.26)

z—0

or written in position space through (2.7)

oo(x) = ;1_% 278 ¢(z,x) (2.27)
where 4
po(z) = /W bo(k) e (2.28)

Note that usually one defines the boundary field through (2.27) by using the trick at the
end of the subsection 2.2, just saying that since the divergences is only a power-law in z,
then there should be a z-field. Then later one identifies this boundary field with the one we
got in our development (2.16) 1.

In principle one asks only for normalizable modes in order to construct the Hilbert
space of the theory, since they corresponds to the physical modes which propagates in the
bulk [3, 4], [10, sec. 6]. On the other side, non-normalizable modes are necessary to specify
boundary conditions, and then these modes do not fluctuate and they provides the classical

9Hankel functions — the linear combinations J,, £ iY; — can be more suitable for some purposes, since
they describe in- and outgoing waves at z = oo [29, 32].

10Due to the fact that m? can be negative there is some subtleties with the normalizable states which
are not reviewed here.

' Moreover sometimes one uses the solution in terms of Bessel function (2.13) but before asking to
regularity and this leads to errors in the analysis since one uses only a part of the asymptotic of Bessel
functions, namely K, ~ 28— and I, ~ 28+,



background on which the normalizable modes propagate. Thus we should not throw away
the non-normalizable modes.

In the first case it is then necessary to obtain the full solution by using the method of
Green function, since the source gives a response.

Using a cut-off to remove the limit process, this relation can be inverted to give

o, x) = gl do(x), frle) = EA’(ﬁQ(k). (2.29)

This is simply what we have already written in the asymptotic expansion of f. This last
relation is useful when one wants to compute on the boundary in order to avoid divergences.
It is then possible to verify directly [25, p. 7][28, sec. 3.2] that ¢g is an operator with
conformal dimension A_:
do(Ax) = lin% 2R Bz, M) = A8 lim (AL 2) TR 6(z, )
z2—

z—0
= A2 1im (2) 2o\, Ax) = A8 1im (2)) 8- ¢(2, x)
z'—=0 2’—=0

i.e.
bo(z) = A2~ go(A). (2.30)

But now that there is on the boundary a field which acts as a source for the field in the
bulk, we have to propagates it using Green function (more specifically the bulk-to-boundary
propagator). This object will be computed in a later section and at this point we will come
back to the full solution. This will be quivalent to the full solution we derived in next section
(in fact we will identify the Green function using our solution, replacing the boundary field
by a point-like source).

2.5 Complete (free) solution

Plugging the explicit solution (2.15) for fi into the Fourier transform (2.7) gives the full
solution in position space:

d
oz, x) = / ((;W)kd ar, (k2)¥? K, (kz) ™=, (2.31)

The value of ay, is determined by boundary conditions at z = ¢ (the cut-off is necessary
to avoid divergences) [1, sec. 4.4] using the formula (2.26) 12

do(k) = e fule) = e 2 ay, (ke) V2K, (ke). (2.32)
which gives after inversion
_ e 2 2.33
ar = W,,(ka) bo(k). (2.33)
Then fj is given by )
/2 K, (k
Ao =< (2)" 20 o), (2:34)
Replacing ¢o(k) by (2.29) gives
a2 K, (k
1= (2" Fie 1) (2.35)

12Defining the boundary condition at z = ¢ instead of z = 0 is more logical because it will avoid many
€ factors in latter expression, but it is also necessary to get correct formula when evaluating the actions [4,

app. Al.



and one sees that taking z = ¢ gives the right answer.
An approximation of aj can also be found using (2.17):

po(k)

N 2.36
@ 1P () kA= (2:36)
Using (2.16) this also leads to the approximate form
k A k Ay
fulz) ~ QB2+ 01 (R)z2 (2.37)

T go(k)eB- + ¢ (k)el+

The final solution in position space becomes

2\ d/2 ik K,(kz T I
ey =< (2)7 [ater G5 T ey e (239)

where we recall that ¢g(x) is the Fourier transform of ¢o(k) (2.28):

d
po(z) = / % po(k) etk (2.39)

3 Another quantization scheme

There is a loophole in the previous discussion, where we considered only the case where z2+
is normalizable. In the mass range
d2 9 d2
- —< <-——+1 3.1
T <m T (3.1)

the action is also finite for 22~ (with adapted boundary conditions) [18, 3, 22], such that it
exists two different quantizations 3.
We reproduce the analysis from [18]: consider a field whose asymptotics is

¢~ 2241 () (3.2)

where A is a solution of the equation
A(d— A) +m? =0, (3.3)

ie.
d d?
Ap=_-+4/—+m?2 4
=5 T (3.4)
We inject this form into the action (1.1)
1

S1=—3 /dd+1X V3 (g2 P04 Opd +m2¢?) (3.5)

whose integrand is
Ly = 3 (57°(0-6)* + 6”m*?)
_ _Z—d+1 ((a ¢)2 + m72¢2 +Z2A /2) _ —Z_d+1 ((8 ¢)2+ m72¢2 +22A¢/2)
= o 22 1 = z 2'2 1

— _Z7d+1 (A222A72 4 m2z2A72)¢§ + Z2A¢/12 — _Z2A7d71 (AZ 4 m2)¢% + Z2A¢/12,

I3 Historically this was shown from energetic considerations, see e.g. [6].

10



(where ¢’ 0,,¢ and the square hides a g"”) and using the definition of A, the integrand is

L1 = ¢2 A(2A — d)2227971 4 228402, (3.6)
The last term is subleading and the integral will converge if
d

2A—d—1>—1<:>A>§. (3.7)

In this range we have 2A — d > 0 and the coefficient of L can never vanish. We conclude
that only A, is valid.
But we can also use the integrated form (1.2)

S, = —% /dd+1x JGb(— A+m?)e, (3.9)

then throwing the boundary term and using the expression for the laplacian (1.5) we have
the integrand

d—1 2
Ly=2"¢ <—6§+az —62+m2> ¢
z z
d—1
_ ZA—d-‘rl (_A(A _ 1)¢%2A—2 + Agb% . ZA—I + m2¢?2A—2 o ¢/1/ZA>
= A—dHl (o1 —AA-1)+A(d-1)+ mQ]zA_2 - qS’l'zA) )
The coefficient in front of 22~2 vanishes because of the definition of A, and thus
Ly = ¢ 22870+, (3.9)
The integral is convergent if
d
2A—d+1>—1<:>A>§—1. (3.10)

The divergent piece comes from the boundary as can be verified. In this context both A
are valid .
In order to translate these bounds on the mass, we write

d? d
& 2 _ _ ¢ _
4+m <A 2>> 1
2
\/dZ+m2<1

2

d
m2<—z+1<:>1/<1. (3.11)

Above this limit we can not use the boundary condition with A_.
In the rest of the text we focus on A boundary condition. We found that the asymptotic
field can be written

and thus

=22 ¢ + 25 ¢ (3.12)
and that ¢ is interpreted as a source on the boundary. But it is not necessary to do again
all the computations: as explained in [18, p. 11-12][22], ¢g and ¢; are related by a canonical
transformation and we can obtain the needed quantities by a Legendre transformation °.

The link between boundary terms, boundary conditions and the two quantization schemes
is further explored in [21].

14Tn view of the adS/CFT correspondence the bound A > d/2 is strange because we know that the
unitary bound for a scalar field in a CFT is A > d/2 — 1, exactly what is found here.
15Using an hamiltonian analysis we can show that ¢ is the canonical momentum associated to ¢g.

11



4 Bulk-to-bulk propagator

4.1 General properties

Now let’s look for propagators. The bulk-to-bulk propagator G(X; X') is defined by

(—A4+m?)G = \jg

and so it is ¢ times the Green function. The delta functions of the right hand side is defined
such that

SN (X — X (4.1)

[t s - X () = 6(x) (4.2)
(no metric determinant). And then Klein—Gordon equation with source J
(= Ay +m?)p=J (4.3)
is solved by the convolution of G with the source
H(X) = /dd“X’ G(X; X" J(X"), (4.4)
since
(— A, +m?)p = (— Ax +m?) /dd“X’ VIG(X; XN J(X)
= / dTIX §H(X - X G(X; X I (X)) = J(X).

By doing a Wick rotation we get (where X is now the euclidean time) [23]

1

(= A4+m?)G = N S (X — X7 (4.5)

because the delta function changes by —i and the metric determinant by —1. Beginning
from now we will use only euclidean time (and without writting differently quantities) 6.

Now for any solution ¢(X) of the homogeneous equation (1.4) we have the relationship [5,
p. 67]

6(X) = [ 41X 5 (60X) (- A +mG(X: X')

(4.6)
(~ Ay +m2)¢(X’)G(X;X’)).
Integrating by part gives (variables are omitted)
H(X)=— / AdX" /g0 (pOAG — GOag) (4.72)
M
= - / A%y’ /7 (094G — Gntoad). (4.7b)
oM

where again - is the induced metric and y the coordinates on M. From this last form we
can deduce that:

o if G vanishes on M then ¢(z) is given by Dirichlet conditions on ¢(y);

16The computation for Minkowski space are mostly the same: there are some modifications due to the
normalizable modes present in Minkowski space [4].

12



e if 494G vanishes on OM then ¢(z) is given by von Neumann conditions on n494¢(y);
o if none vanishes one has mixed boundary conditions.

Our interested will be in the first case since we found that for our solution ¢ approaches a
constant ¢ on the boundary (after a rescaling). If ¢ is given by Dirichlet data then the
solution is unique if x? > 0 [5] — see also [33].

4.2 Explicit form

Since we know the modes of the scalar fields in (2.13)
fi(2) = (h2)*{ K, (k2), I (k2) }, (4.8)
we can use them to construct the Green function [23, 24]

d ’
Go(X, X" = / (gﬂl;d (z2')4/2 gmip(@=2) (9(z — 2K, (k2)I,(k2)

(4.9)
+O(2 — z)I,,(k:z)Kl,(kz’)).

Although one should note that the boundary condition is at z = 0 instead of z = ¢.

Question 4.1 Why it is this specific order and why we have the non-normalizable
modes?

This last expression can be integrated to give the result in term of the hypergeometric
function [8, sec. 6.3]

20a. (ENY (A A 1
(X)) =20 (2 o4 Sv+182 1
G(X; X' V (2) F5 5 +giv+hg (4.10)
where 0y
zz
= 4.11
5 22 +Z/2 + (.1'—1‘/)2 ( )
(Ca, will be given later, see (5.18)).
Now we want to fix the boundary at z = ¢; we get
dk N 1, (ke)
X, X') = Go(X, X' N2 emr@=a) K (k2 K, (k2') 2. (412
G(X. X) = Go(X.X) + [ s (222 (b)) 7 s (412

5 Boundary-to-bulk propagator

We will be interested in the boundary-to-bulk propagator K(z,z;’) which happens when
a point source is located on the boundary. Due to the fact that /7 o< 2, the right hand side
of the Green equation vanishes, giving

(- A4+m*)K(z,z;2") = 0. (5.1)

The propagator should become a delta function when positions coincide and this will be
proven later.

13



Here again general solution is given by convolution with a source ¢g(x):

o) = [ A1 K (e (o), (5:2)
This convolution in position space becomes simply a product in momentum space:

fi(2) = Ky (2)o(F). (5-3)

5.1 Link to the bulk-to-bulk propagator

The formula (4.7) is helpful to get an expression depending of the bulk-to-bulk propagator,
because if we take M as the boundary of the adS, i.e. z =0, then the ¢(y) in the first term
is located on the boundary, and so ¢(z,x) is given by the convolution with the propagator.
Using (5.2) and changing the notations to y — 2/, é(y) — 2%~ ¢o(z') let us identify the
boundary propagator to be

K(z,x;2") = lim0 VAo ()2 17 0.G(z, ;2 2) (5.4a)
z'—
=14 Zl,h;no(z’)*A+ 210, Gz, x;2' 2, (5.4b)

using the normal vector (B.19), and the propagator vanishes for z — oco.
Now we wants to relate both propagators without derivatives using Green’s theorem [19]

[ a1 g (8- A4ty - (- AP o)
M

(5.5)
—~ [ty (00— vn-20)
oM
with ¢(X) = G(X; X'),v(X) = K(X; X"); with G normalizable:
20,G(X; X") = AL G(X; X (5.6)

(in the following it is understood that only the first argument of K has a z-dependence).
The left hand side gives

/ dd+ix” \/g(G (— A4m?)K —(— Axn +m?)G(X"; X) K(X"; X’))
N————’
=0
- _/ A4 x" /g sdtU(X — X"MK(X"; X') = K(X; X')
M
and the right hand side is:

- / da” (G(X”;X’)@ZNK(X”;X’) - K(X”;X’)&Z//G(X”;X’)>

z!"=0

— _ Ldfl /ddx” (Z//)—d (G(X”;X’)Z” Z//K(X”;X/) _ K(XN;X,)Z”@Z//G(X”;X’))

21"=0

. /ddx” (") (A-GX" X)K(X": X') = Ay K(X; X)G(X"; X)) s
—_—y / 4" (z”)’d<A, -~ A+)G(X”; XEA§ D@~ )|
using (5.20). Equalling both sides gives finally

K(z,x;2') = zl'iino %G(z’ x; 2 2. (5.7)

It is evident that generally one will use a cut-off € in the limit.
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Question 5.1 Why G is normalizable? Cf for example [28].

The last formula allows us to find directly the expression [27]

Ay
z
K(z,2;2") = Ca, (Z2 - x,)Q) (5.8)
from (4.10) using the limit of the hypergeometric function when 2’ goes to zero [30, p. 24]
A A 1
F(Z.2+2v+10) =1 .
(2,2+2,1/+ ,0) (5.9)

5.2 General expression

We can interpret the solution for ¢(z,z) (2.38) as given by a point source located at the
position &’ on the boundary, so we can infer the propagator [1, sec. 4.4]

NN AL z /2 ddk KV(kZ) ik(a:—w/)
K(z,z;2')=¢ <g> /W K, (ko) e . (5.10)

In the same way as the field, we have to rescale it as we approach the boundary, where the
propagator becomes a delta function:

e A K(e,x;a') = /ddk ethe—a) — 5(d)(z — /)
9 3 (271_)(1 *

To get the propagator in momentum space one has just to remove the field ¢g(k) from
the solution (2.34) in k-space (¢g(k) = 1 for point source):

E)d/Q K,(kz)

Ki(z) =% ( K, (ke)’

: (5.11)

We note that for z = ¢ it is equal to one, corresponding to a delta function.
It is possible to find the boundary behavior of K using the equation (5.3) and the
asymptotic form (2.16) of f(2):

W) _ s, ) s,

K@) =50m =% ¥ )

(5.12)

5.3 Witten’s method

Another simpler expression can be discovered thanks to a Witten’s trick 17 [33, sec. 2.4 and
2.5] and [19, lec. 14]: let’s pick the point at z = co. It is possible if we consider the space as
compactified, which means that it is just another point (as compactifying R? to S¢): then
the x part of the metric simplify since

L2

? 77#1/ z~>oo> 0, (513)

17We can summarized this method: 1. solve Laplace equation, 2. show it is singular at some points, 3.
singular means sources, 4. check what kind of sources it is and if they are physical. In the case of Witten’s
solution, we will see it is a point source.
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and the space shrinks to a point. For this reason the Green equation (5.1) becomes
[ = 29719, (279%10,) + m*L*| K (z) = 0. (5.14)

We recognizes the equation (2.3b) for the free scalar field but without the term k?z2. Then
we have seen that solutions are power-law.

Question 5.2 Do we take a neighbourhood of z = co and not strictly z = co? Because
it is weird to have derivatives if we take the function to be valued at one point.

We do the same ansatz as the one for fi and find that

d a2
K(z)=0a, 2%, Ay = 5t T mA (5.15)

keeping only the largest root A, from (2.18).

Question 5.3 Why are we keeping only the largest root? Further we find that
2~2~K — §, which is the same condition as for fields.

Now we can do an inversion followed by a z-translation (isometries of adS spacetime)

z— T —x—a, (5.16)

22 4+ 22’

where 22 = Nyt x”, to find the boundary propagator

K(z,2;2') = Ca, (Z)2>A+ . (5.17)

22+ (x—a!

Now we want to prove that K is singular only at the point 2 = 2’ on the boundary '® [1,
sec. 4.4], and thus approaches a delta function, so we computes the integral over x (and
setting ' = 0 due to translation invariance):

1
/ddx K(z,z) :CA+ZA+/ddx (

22 + x2)A+
,,,.dfl

_ Ay > -
_C'AJrZ Qd_l/o dr (Z2+T2)A+
$d—1

= =8e Qg Oodti
Ca,z d 1/0 1+ 25+

with the change of variables t = r/z,

1 e zi-t
=-C d—Am_/ de ————
9 A+E T A a)Ae

18This behavior is expected at first glance since K vanishes if z — 0, but it diverges if also (z — 2’) — 0.
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substituing = = ¢2,

= 1CA+zd*A+Qd_1B(d/2, A —d/2)

2
_ o Laas 21/ T'(d/2)T(A — d/2)
2 A I'(d/2) T'(A) '

So let’s choose the normalization constant Ca_ to be

I'(A)
= ) 1
OA+ 7Td/2 F(Z/) (5 8)
K is not exactly a delta function as z — 0 since
/ddx K(z,x) = 25, (5.19)
but z~4- K is:
lirr%) TAK(z, 7)) = 0D (x — o). (5.20)
z—r
So near the boundary K has the behavior [19, lec. 14]
B+
K(e,a;52") = 26 (x —2') + Ca, (5.21)

(Q? _ $/)2A+ :

The first term should be regarded as letting possible to connect the bulk to the boundary.
Note that for a massless field, A_ = 0 and K becomes really a delta function [33]. If we
Fourier transform the general expression (5.12) then we identify the same structure, and we
will see that coefficients agree exactly.

We can see that this propagator gives again the relation (2.29) between boundary and
bulk fields:

#(z,x) = Ca, /ddx’ K(z,z;2")o(z') = ¢(e,x) = 2~ go(x).

Now we have to derived the behavior of K under rescaling. Using the formula [11, sec.
23.5]

1 12,12
L — (5.22)
G-w? -
where w, z are adS coordinates and w’, 2’ their transformations, we find
K(z,x1;30) — (24?2 K (2,2 25). (5.23)

6 Boundary-to-boundary propagator

It is possible to define a boundary-to-boundary propagator 8(x;«’) which coincides with the
tree-level two-point function [28]. It is defined similarly as the bulk-to-boundary through a
double limit:

Blz;z') = (2v)? lim (22) 2+ Gz, 2; 2, 2). (6.1)

z,2'—0
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7 Full solution from Witten’s Green function

We have seen that near the boundary, the free field solution behaves as (2.27)
¢free(za$) ~0 ZA_¢0($), (71)

and we will do as if we were starting from this fact. Since this is equivalent to have a source
on the boundary, we have to use the propagator to find a particular solution ¢(z, ), using
here the Witten’s Green function: (5.17):

z

o) = [ da’ Kzymsayin(a') = [ ate (M)Qa:o(x') (7.2

which near the boundary behaves as

- A d $o(z')
(z,x) ~o Ca, 2 +/d x! [CEvIESE (7.3)
The complete solution of the Klein—-Gordon equation with source is then
¢(Za 3)) = ¢free(zv x) =+ Q_S(Zv J?) ~0 ZA_¢0(x) + ZA+ ¢1 (x) (74)

with bo()
_ d ./ o\T
Note that this last term, and then the complete solution, is not a local function of ¢g(x)
because of the integration. This asymptotic form is similar to the one discover computing
directly the solution (2.16).
Note that this relation can be rewritten
28+

(2, 1) ~q /ddx’ <2A‘ 6Dz — ')+ C’AJr(x_x%) do(x) (7.6)

and in the parenthesis we identify the form (5.21) of the propagator K near the boundary.

8 Witten’s diagrams

The computation of actions can be summarized by using Witten diagrams: as we have seen
the euclidean adS space is equivalent to a ball. With this last representation the boundary
of adS space maps to the boundary of the ball, and the bulk corresponds to its interior.
Lines between points give propagators (figure 1) [8, 11].

9 Evaluation of the action

Before evaluating the action using different methods, let’s pause a second to focus on a
potential problem: we have introduced everywhere a cut-off € and at the end we want to
take the limit € — 0. But this limit should be take in a consistent manner in all formula since
this limit and other expansions (e.g. of Bessel functions) do not commute [35]. Especially
we will see that one has to add counter-term to regulate divergences and if the limit is not
taken correctly then we get a wrong coefficient for the correlation function [12, 4, app. A],
[18, sec. 2.2], [19, lec. 17], [30, sec. 4] 9.
Basically there are two ways to take the limit:

9When using the adS/CFT conjecture one can relate 2- and 3-point functions, which determine the
"correct" coeflicient [12, end of sec. 3.2], which is otherwise not possible in "normal" adS.
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boundary of adS

(a) Empty adS. (b) Bulk-to-boundary (c¢) Bulk-to-bulk prop-
propagator. agator.

Figure 1: Witten’s diagram for empty adS and propagators.

o first expand all ¢ as ¢ ~ ¢ + ¢1 using (2.16), and then after taking the limit after
simplication (Witten’s and alternative momentum methods);

o or do simplifications and then take the limit ("Freedman’s" method).

9.1 Position space: Witten’s Green function

We will evaluate the scalar field action (1.1) using the second form (1.2): the first term
vanishes due to the equation of motion (1.4) and the second, as written in (1.3), reads

1
S. = 5/ dy VY entoue
oM

Ld—l
T2

/ A 2~ (2, 2)0,6(z, )

z=€

and using the expression (5.2) for then normal vector, and one introduces the boundary
propagator (2.27):

Ldfl

5=

/ddm d%zy ¢go(x1) Fe (21, 22)Po(22) (9.1)

where
Fe(zy,m0) = z_d/ddx K(z,xz;21) 20, K (2, x5 x2)

(9.2)
zZ=£
Using the asymptotic expression (5.21) one can compute this operator to subleading or-
der [19, lec. 14]:

Ap
Fe(x1,20) = z_d/dda: (zAé(d)(a: —x1)+ CA+Z>

(x — z1)28+

)

X (A_z2- 6D (z —20) + ALC L
_ 2 +Y AL (x—$2)2A+

zZ=€
and after simplication (the fourth term vanishes in the limit ¢ — 0) 2°

dCa,

Fe(z1,22) A E*Vé(d)(;zzl — o) + B3 (9.3)

(X1 — 22

20Note that McGreevy [19] has a factor A instead of d because he is taking the limit ¢ — 0 too soon,
approximating K (z1) by a delta function.
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remembering that Ay + A_ = d and d —2A_ = 2v. The first term is a contact term which
can be removed by renormalization, by adding a counter-term proportional to ¢2 on the
boundary [20, sec. 4.3], [19, lec. 14], [34, p. 19], [27]. Then the correct expression is 2!

Li-1A_
77/7 d%x ﬁqﬁ(z,x)z, (9.4)

Sct =

because we have to use 5-dimensional fields to respect covariance [30, sec. 5.3] 2.

Here the use of the Witten’s Green function is equivalent to first expanding field and
then taking the limit, so we have to do the same in S.;. Using the asymptotic expression
(2.16) (in position space) one gets

LA—1A

S =g [t (o) + 20(@)6n (o). (0

Using the expression (7.5) of ¢ in term of K we rewrite the second term as

LA-1A_ d d Ca
_T/z—ed z1d%z2 2¢O($1)¢0($2)m3

which results in the total action [34, p. 19]

Ld-1 .
S = 5 /ddﬂh A%z go(21)F (21, 22)do(22) (9.6)
where
. C
F(zy,w0) = Felzy, ma) — A_z7 26D (2 — 25) — 2A_ = (9.7a)

(.1‘1 — JI2)2A+

2v Ca
= oo m);m (9.7b)
is the renormalized kernel: it is independent of €.
The final renormalized action is then [26, sec. 4.2]
_,rd-1 d. .. $o(@1)¢o(z2)
S[(}So]—VL CA+/d Jfld i) W (98)

In section 3 we said that ¢y is the conjugate variable to ¢9. We are now able to prove
this assertion by computing the derivative of S[¢po] [22]

05[bo] _ a1 ay _$o@) _aay
5o(z) L CAJf/d (x — 2/)2B+ L o () (9.9)

using the relation (7.5).

9.2 Momentum space: Green function ("Freedman’s" method)

The previous method is not always available, for example when the interior is not adS
anymore. So we have to work in momentum space, using the expression (2.34) (as we note
earlier it is almost the propagator, so we will save some pain by using this expression instead

21Some people are using directly the boundary field, giving a different factor.
22Note also that this boundary term ensures stability[27].
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of the propagator). The insertion of the Fourier transform (2.7) in the action (1.3) gives [11,
sec. 23.10]

Ldfl

Slo] = / Az 2=z, 2)9,6(z, 2)

LY ok A%, e
— ix(k+k") ,—d+1 ,
2 / (27|')d (27T)d d z e z fk?(z)asz (Z) r—e

L1 [ qdk Al S .
5 / 2n) 2n)? A%z D o (k) po (k') 2~ T Ky (2)0, Ko (2) .

z=€

and using (5.3)

L=t o dk
5= 25 [ gt %ok F) (—F) (9.10)
where
Fo(k) = 279K _1(2) 20. Ky (2) B (9.11)
By plugging (5.11) this can be rewritten 23
d
_ oA _—d1 4 d/2
Felk) =™ T ((k:a) Kl,(kg)>. (9.12)

In the parenthesis we recognize fi(¢)/ay from (2.15) so we can use the asymptotic (2.16) to
compute the derivative 2%

6% In <5d/2Kl,(k6)) ~ 5% In ( <¢05A, + ¢16A+>>

1
ak

=e [lnak+ln¢0+A_ln€+ln (1+¢1€2”)}

de o
so expand the logarithm and take to zero the derivative of the two constants,
=A_+2v ﬁ52”

%o

The first term is analytic in k (if we were going further in the development, there would be
only integer power of k), so it corresponds to contact term and it is removed by renormal-
ization: the corresponding counter-term is the one written previously (9.4). Note that we
have to take the limit & — 0 directly, using the limit (2.27):

LA—TA
T/ Al /722 ¢o(z)2 (9.13)

The second term is non-analytic and it corresponds to the absorptive part of the two-

point function: ,
Fuolk) = 2w FF((_V? (;) (9.14)

where we used (2.20), and the £22- factor cancels the e 722~ appearing in the product 2°.
So finally the action is

Sct%_

.y d 2v
Sion) v 2 ) [ n-manto) (5) (915)

23We add a factor (k/k)%/2 for convenience.

24Freedman [11, p. 548] directly expands the Bessel function, the result is the same but our way avoid
expanding again.

25 As we said in section 2.5 most of people use the boundary condition at z = 0 instead of z = ¢, leading
to a factor e 722~ which they throw away saying that one has to rescale the field.
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Transforming this back to position space gives

_ d ‘
Slgo] =v L ;fr(”ﬁ) / dzy d%z; ¢o(x1)g0(w2) / (jﬂ’;d 20 gkl —z2)
L, T(-v) 2 (A, 1
= VLd ' 22VI‘(V) /ddxl ddﬂj? (;50(731)(;50(3:2) 7Td/2 F(—l/) (xl — {EQ)2A+ )
and finally
- Po (1)
Slgo] = v L' Ca, /dd$1 Az, M' (9.16)

We get the same result as in the previous section.
The computation for v integer will be multiplied by a logarithm.

9.3 Momentum space: Green function (alternative method)
If we compute the kernel F.(k) (9.11) without writing it as a log and use (5.12), then we
need to use the action (9.5) where ¢ is expanded [34, p. 19]:
Fo(k) = 27K _4(2) 20. K1, (2)
zZ=£

=274 <ZA + leAJr) 20, <ZA + zle+>

0 0

o1
=A_e¥4+d=.
o

Here the factor of the second term is d, so subtracting 2A_ gives the expected 2v.

zZ=£

10 Cubic interactions

To the free action (1.1) for three fields ¢;

1
So=—5 [AUX VG (@ D00,0 4 mEoi0)),  miy=midy, (10.1)

we add a cubic interaction
Sint = — / d™X /g Nijrdid; i (10.2)
This gives the equation of motion

(= A+m?)bi = Nijid;dn- (10.3)

The solution for ¢; is obtained perturbatively by introducing more and more source on the
boundary and interactions in the bulk:

¢i(z, ) Z/ddxl Ki(z,z521)pio(21)

+Z/\ijk/dd“X' Gi(z,2;2',2") %
" (10.4)

X /ddﬂﬁlddﬂfz K;(2,a'y21) Ky (2, 2'5 22) doj (1) ok (w2)
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Each term in this expansion can be represented as a Witten diagram.
Now we can compute the action, keeping only terms with three sources; the free action
part will not contribute and so only the first term in the ¢; expansion is needed:

51(33 = /ddxld%zddﬂﬁ:a Fiji(x1, 22, 23)Poi (1) Poj (22) por(x3) (10.5)

where
Fiji(x1, T2, x3) = )\ijk./derlX Ki(z,z;21)Kj (2, ; 22) Ki (2, x5 23) (10.6)

(no summation). Note that the interaction part can not give any contribution to the term
quadratic in the sources, so the result we found in the free theory for this quadratic part
is still valid. Moreover there are no € left so we do not need renormalization [23]. The
corresponding Witten’s diagram is given in figure 2 (bulk-to-bulk propagator appears with
four sources).

T

T2 I3

Figure 2: Witten’s diagram for cubic interaction.

Question 10.1 Check that the free part does not contribute. Add references. Cf
Kiritsis [15, p. 429, 551].

11 Comments

Generalization to the Lifschitz space corresponding to the metric

de?  dz? 1 _

2

dS = — 5z + ZT + ;&jdl‘zd.’ﬂj, (111)
where the symmetries on the boundary lie in the Schréodinger group (non-relativistic scale
invariant theory) can be found in [2, 31, 13]; z is the dynamical exponent which gives the
anisotropy between time and space under scale transformation

t— A\, rt — ' (11.2)

z =1 corresponds to full conformal symmetry and z = 2 to the Schrodinger equation.

Computations of n-point functions with arbitrary polynomial can be found in [23].

In all computations we used Poincaré coordinates as a vacuum. Global coordinates are
also often used, and sometimes more convenient. We know that the vacuum choice can have
an impact when quantizing a field theory on curved space; the authors of [3] relate modes
of different vacua (using adS/CFT) and show that the only difference is an energy shift of
the states.
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A Conventions

A.1 Basic

The metric signature is taken to be mostly plus.
We define by g the absolute value of the metric determinant:

g =|det g,| = —det g, (A1)
A.2 Wick rotation
The passage from Minkowski metric
ds® = nydatda” = —dt* + d=? (A.2)

to euclidean metric
ds% = Sdaday = dr? + da? (A.3)

is done through the substitution of the real time ¢ by the euclidean time 7 [36, sec. 3.4]

t = —it. (A.4)
Then the action becomes [32]
S:/ddxﬁz—i/ddazEL‘,:i/ddeL‘E:iSE (A.5)
so that
S=iSg, L=-Lp Z= /dd) e = /d¢ e 5E (A.6)

Since the Euclidean action is now positive definite, the minus sign in the partition function
gives exponential damping. In the case of curved spacetime the metric determinant simply
becomes

vV —9 =+\JE- (A?)
As an example look at the scalar lagrangian with potential:
Lo 2 2,2
£=—5(0"0) +m??) =V (9) (A.8)
which gives the equation of motion
(- A+m2)g = V'(9). (A.9)

Plugging plane-waves into the free equation (V' = 0) gives the mass-shell condition

p? = —m? (A.10)

and the Green function )
G(p) = A1l
0) = (A1)

has a singularity.
Applying the Wick rotation gives

Lr=2((020)2 +m2?) +V A2
b= 5 (05 +m?¢?) +V(9), (A12)
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which is positive definite, and the equation of motion
(—Ap+m?)g = -V'(¢). (A.13)

with Green function

- 1
CpL 4+ m?

G(p)

This function has no singularity since plane-waves are not anymore solutions of the Klein-
Gordon equation (said another way, there is no particle in Euclidean space).

(A.14)

B Anti de Sitter space

This apppendix mainly draw from [11, sec. 22.1], and [5] is another useful review.
In this chapter we will use as indices:

o A for (d + 1)-dimensional (adS);
e u for d-dimensional Minkowski;
e i for (d — 1)-dimensional spatial.
In some cases we will also consider the embedding into (d+2)-dimensional space with indices

a, and we will note a = {i}, d.

B.1 Action and equation of motion

Start with the Einstein—Hilbert action in vacuum with cosmological constant A in D = d+1
dimensions

S = %/dd“x vV—9(R—A). (B.1)
If we write 1
A= —ﬁd(d -1) (B.2)
the equation of motion reads
R, = f%gﬂy, R= f%d(dJr 1), (B.3a)

which means that the space is an Einstein manifold, and moreover it is maximally symmet-
ric [7, p. 141]:
1
R;u/po = _ﬁ(gupgua - guagup)- (BBb)

L will be the radius of the space (equivalently size of the throat).

B.2 Coordinates
B.2.1 Global

Let’s denote generically the metric by
ds* = g4pdX4dX?B (B.4)

where the A indices are splitten between a radial coordinate and d-dimensional 4 =0, ..., d—
1 (in some cases they will correspond to Minkowski indices).
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From the embedding into R%? with
Nap = diag(—1,1,...,1,-1), a=0,...,d+1, (B.5)
adSgy1 is defined as an hyperboloid of radius L
naﬁyayﬂ = 0, YPYY + (Yd)2 _ (Yd+1)2 — 12
— (Y9)2 4 (Y9)? — (Y4H)2 = _[2,

where we have denoted a = {i},d and as usual i = 1,...,d — 1.
The choice of parametrization

t t
Y% = /L2 4 r2sin T Y4t = /L2 + 72 cos T Y =ri¢ (B.7)

with
r>0, te0,2nL], (2%)? =1 (B.8)

gives the metric

r? r2\ 7!
ds? = — (1 + L2> dt® + (1 + LZ) dr? +r2d03_,. (B.9)
The time is periodic and closed time-like curved exists. To get rid of this unwanted feature
one can take the covering space where t € R — we do not use a new name but implictly we
use this covering space. In these coordinates the SO(d, 2) symmetry is manifest [27].

The change of radial variable

y _r y r?
hed == hZ =4/14+ — >0 B.10
al=l awlo\ie oy (B.10)
gives
ds? = — ch? % dt? + dy?® + L?sh® % d02_,. (B.11)
From this last coordinate system we can introduce again a new radial coordinates and a
rescaled time 1
Y
t=1L h = = 0,7/2 B.12
nooale—— pefn (B.12)
which gives the metric
ds? = L (—=dr? + dp® +sin® pdQF_) (B.13)
cos? p d-1/- '

This metric is a conformal factor times another metric known as the Einstein static universe,
which is R x S9~!; but since to cover the whole sphere one needs p € [0, [, only the upper
half plane is covered here.

The Cauchy problem is ill-defined in adS space because information from spatial infinity
can reach the origin in finite time: it will explain why in adS/CFT one needs to give
boundary conditions.
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B.2.2 Patches

Another set of very useful coordinates is the Poincaré patch, given by

ds? = L—z dr? + ﬁ dz#dz” r>0 (B.14)
- T2 L2 77;w ) bl .

or by rescaling r = Lu:

2 _ 12 d7u2 2 o v
ds* =1L 2 + un, datdz” | . (B.15)

Note that only a part of the adS space is covered by these coordinates, and the r — 0
limit is an horizon, not a singularity. For the euclidean version r = 0 shrinks to a point.
In the case og minkowskian signature we will need to consider ingoing or outgoing waves as
boundary conditions when solving the wave equations.

The change of variables

L 1

== == B.16
S U ( )

brings the metric to the form

L2
ds? = = (dz2 + Ny dx“dx”). (B.17)
The boundary is at z — 0.
Null geodesics are given by [27]

z=%(t —tp) (B.18)

for which the boundary z = 0 is reached in a finite time, while it takes an infinite time to
reach z = oo.
The normal vector to a surface z = cst is

n=-—20,=2>0, (B.19)

(normalized such that n? = 1) and the induced metric is

L2
Yuv = ? Nuv- (B20)

B.3 Properties

Given two points X = (z,z) and X' = (¢/, 2’), the unique conformal invariant that can be

constructed is [27]

222

&= 22422 4 (x —a')?’ (B.21)
B.4 Boundary
Consider the equation of embedding (B.6)
— (Y92 4 (Y*)? — (v¥)2 = 12 (B.22)
and introduce light-cone coordinates [1, sec. 4.1.1]
U=y yyd  y=yi _yd (B.23)
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The constraint equation becomes
~UV - (Y2 4+ (Y2 =~-L% i=1,...,d—1. (B.24)
If L = 0 then one can solve for V if U # 0 as

B _(YO)Z + (Ya)Z
V= — 7

(B.25)
Note that we also have the symmetry where Y* — AY % and we mod it out by using it
to fix one of the coordinates, say U = 1 (this is equivalent to identifying two points if they
differ by a rescaling). The induced metric is then d-dimensional Minkowski

ds® =1, dz*dz". (B.26)

However we can also include the point U = 0 by reversing the roles of U and V'; concretly
we have added the point at infinity and the space we get has not exactly the topology of
Minkowski but the one of (S* x S971)/Z,, or R x S9! if we consider the universal covering.

It is not possible to define directly the induced metric on the boundary z = 0 because it
is divergent, so we define it as the limit [1, sec. 5.2] (omitting the L? factor)

_f?
Y = Hm =7, (B.27)

z—0 2

for some function f such that f(z) ~o z. Thus the induced metric depends on f and is
defined up to a conformal transformation, which means that we have a conformal structure
on the boundary (i.e. we can measure angles but not distances) 26. Doing a conformal
transformation f — e f implies

Vi = €Y, (B.28)

so the metric has conformal weight —2.

C AdS/CFT correspondence

C.1 The dictionnary

The basic correspondence says that to each boundary field there is an associated boundary
operator from a CFT. The generating function is given by

Zerr = <exp ( /| ¢00)> (C1)

and one postulates that it is given by the extremum of the string theory action, i.e. at tree
level it corresponds to the action of supergravity evaluated with classical configuration:

Zcrr = exp(—S[¢o]) (C.2)

where the ¢ satisfy the asymptotic condition (2.27).
If ¢ couples to an operator O on the boundary, we can use the following trick to find the
scaling of this operator [19]:

S /Z_E A /e p(e, 2)O(e, ) = /Z:E d’z (?)daAq’)o(x)O(x)

26This is expected in context of adS/CFT, where the CFT lives on the boundary.
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where we used the boundary field (2.29)
e, x) = gh- oo(x), (C.3)
defined in the previous section, and so

O(e,z) = 2+ 0(x). (C.4)

C.2 Choice of coordinate systems

A question that can be asked concerns the choice between the global coordinate system
(B.9)

2 2\ 1
ds? = — (1 + 22) 2 + <1 + 22) dr? 41202, (C.5a)

and the Poincaré upper-half plane (B.17)
o L1
ds? = = (dz + n#ydm“dx”). (C.5b)

The later presents an horizon at z = oo, but we will study only systems with finite time
and length, so the horizon will never be crossed.
It is worth to note that the dual CFT is defined on S9! instead of R?~1 [27].

C.3 Correlation functions
C.3.1 1-point
C.3.2 2-point

Using (9.16) the 2-point function is given by

(O@)O@) = — 2 _Slp)| = -vLCn, —

do(r1) 6¢o(z2) a0 (@1 —22)5+ (C.6)

which agrees with the result one would expect from conformal invariance.

C.3.3 3-point

If we turn on a cubic interaction in the bulk for three fields ¢; as in (10.2), then the 3-
point function for the associated operators O; is given by deriving (10.5) with respect to the
sources:

(Oi(21)0;(22) Ok (x3)) = Fiji (1, 72, 73) (C.7)
with
Fiji(x1, T2, 23) = Nijik 4%ty Ki(z,z;21)Kj (2, x; 22) Ki (2, x5 23) (C.8)

Using the Witten’s expression for K; and the scaling relation (5.23)
K(z,m1;29) — (2)*2+ K (2, 27; o) (C.9)
one finds that
(Oi(21)O0;(2) O (w3)) — (1) ()27 (25)?2+ (O3 (24) O;(w5) Ok () (C.10)

which is the correct transformation for a conformal 3-point function.
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D Special functions

D.1 Gamma and beta functions

The beta function is

1
B(x,y):/ dt t* 11 —t)v! (D.1)
0
We can obtain the equivalent forms
- et L'(@)I'(y)
@)= [ O o = g (D.2)

D.2 Bessel functions
Bessel differential equation is
22f vaf — (2 —n?)f=0 (D.3)

admits Ji, (Bessel functions of first kind) as solutions if n ¢ N.
If n € N then Ji,(z) are not linearly independent since

Jon = (=1)"J,,. (D.4)

In this case one has to introduce Bessel functions of second kind Y,,(z) (denoted sometime

Ny (z
( )) Jn(x) Cos(nl’) — an(x)

Yo(z) = , D.5
(@) sin(nx) (D:5)
the limit where n is an integer being regular.
Asymptotic forms are pure imaginary exponentials.
D.3 Modified Bessel functions
Modified Bessel functions I,,(x) and K, (x) are solutions of the differential equation
22 f" +af — (22 +n?)f =0. (D.6)
The modified Bessel functions have exponential behavior.
One has the asymptotic forms
1 AN I'(n) /2\"
In(2) ~p ———— (f) . Ka(z) ~ ) D.
(@)~ 55y (3 n(®) ~0 = <x) (D-Ta)
L(2) ~oo ) K@) oo S (D.7b)
The derivative of the Bessel function is
dK,, (z 1
% = =5 (Ko-1(@) + Kuia(@))), (D.8)
and Ak
x d"x(“) = nKn(z) — 2 Kns1(@). (D.9)
The complete limits for K, is [8, p. 548§]
I'(n) (2\" T(-n) fz\"
K, (x) ~ = (5) - D.1
@~ (2) 552 (5 (D.10)
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If n is integer, then there is an extra factor lnz in the second term.
In terms of Bessel functions they are given as

I (z) =i " Jp(iz),
I_,(z)— In(x) (D.11)

Knlw) = g sin(nx)
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