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A concrete proposal

A stack of IV D3-branes in |IB string theory:

Sbulk + Sbrane + Sint

in the low energy limit decouples into

+ SYM on brane

The same physics from |IB supergravity at low-energies:

+ IIB supergravity near brane horizon
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Subtracting [Maldacena (1997)]

N=4 SU(N) Yang—Mills at lIB string theory at g, on
gym on R x S AdSs x.S° with radii R

12

where
R4

e perturbative Yang—Mills requires A\ < 1

e gravity approximation is valid for R* > /¢
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Many tests of the conjecture have been performed:

e symmetries (and supersymmetries)

Group 1IB SYM
SO(4,2) | Isometry AdS5 | Conformal Group
X
SO(6) lsometry S° R-symmetry
X
SL(2,7) S-duality EM duality

e spectrum of, say, single trace operators; e.g., chiral primaries (in
short multiplets)

Tr’¢®...®¢
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But...further checks are hindered by lack of clear dictionary between
massive string modes and gauge invariant operators in the strongly
coupled gauge theory:

e unprotected single trace operators (in long multiplets) have
divergent anomalous dimensions at strong coupling

e all massive string states have divergent mass

However...recent progress in this direction has been made using a
different large N limit, the so-called plane wave limit.
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The plane wave limit in gravity

A nontrivial approximation to a spacetime in the neighbourhood of
a null geodesic. [Penrose (1976)]

e (M, g) a lorentzian manifold

e v C M a null geodesic

Boost along v and zoom in on v while rescaling g.
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e rescale

YJplane wave — {121510 Q_2Q(Q)
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Therefore...
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The plane wave limit extends to supergravity theories. [Giiven (2000)]

e.g., AP): p-form gauge potential

e ‘“lightlike gauge”
@a/aUA(p) —0
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e parabolic blow-up and rescale

AP lim QP AP(Q)

plane wave Q0

In Brinkmann coordinates

(p) -
Aplane wave Z A’L122 zp dﬂle /\ -

. field strength is null:

Fplane wave — dAplane wave — dx—i_ N\ @(CIZ‘

N

")
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The plane wave limit in supergravity exploits invariances of field
equations:

e diffeomorphisms

® gauge Invariance

e rescalings (homotheties,...)
As a result, again

PWL : Solutions — Solutions
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Properties of plane wave limits

It depends on 7, but only up to isometry.

If v/ = vy, where
w0 g =g A=A etc

then the plane wave limits along + and ~’ are physically equivalent.
We call this the covariance property. [Blau et al. (2002)]

It is useful in classifying the different plane wave limits of a given
background.
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The plane wave limit is a special case of Geroch's [imits of
spacetimes. [Geroch (1969)]

In this way, one can prove that Killing vectors and Killing spinors
are preserved under plane wave limits... but their (super)algebras
get contracted. [Blau et al. (2002)]

(Super)symmetry can also be enhanced.

In fact, plane wave limits preserve at least one half of the
supersymmetry.

A plane wave limit of a maximally supersymmetric solution is also
maximally supersymmetric, so

PWL : Vacua — Vacua
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Vacua of the form AdS, x5 have two possible plane wave limits:

WaVve

AdS, x 51

flat

depending on whether or not the component of 7 tangent to 59
vanishes. [Blau et al. (2002)]
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Some examples

Eleven-dimensional supergravity vacua:

KG

N

AdS4 X 57 54

NS

flat

KG: 11-dimensional symmetric plane wave

[FO—Papadopoulos (2002)]

X AdS7

[Kowalski-Glikman (1984)]

16



In ten-dimensional |IB supergravity: [FO—Papadopoulos (2002)]



In ten-dimensional |IB supergravity: [FO—Papadopoulos (2002)]

AdS5 X S5



In ten-dimensional |IB supergravity: [FO—Papadopoulos (2002)]

BFOHP

/

ACIS5 X S5



In ten-dimensional |IB supergravity: [FO—Papadopoulos (2002)]

BFOHP

/
\

ACIS5 X S5

flat



In ten-dimensional |IB supergravity: [FO—Papadopoulos (2002)]

BFOHP

ACIS5 X S5

/
\

flat



In ten-dimensional |IB supergravity: [FO—Papadopoulos (2002)]

BFOHP

AdS5 X S5

/
\

flat

BFOHP: 10-dimensional symmetric plane wave

[Blau et al.(2001)]
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In six-dimensional (1,0) supergravity: [Chamseddine et al]

P

Ang X SS

flat

M: 6-dimensional symmetric plane wave [Meessen (2001)]

All solutions are Lie groups and all plane wave limits are group
contractions. [FO-Stanciu]
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A word on the wave geometry

Symmetric plane waves are lorentzian symmetric spaces with
solvable “transvection” groups. [Cahen—Wallach (1970)]

They are examples of “Hpp-waves.” [FO—Papadopoulos (2001)]

In Brinkmann coordinates
2dx " dxt + Zwa mj dxT)? + Z daz
7]

where A;; is constant, and is determined by its eigenvalues, up to
order and scale.
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lIB string theory on a symmetric plane wave

3 3
g =2dx"dat — ) (2')’(daT)? + ) (da')?
1=1 1=1
F=—E _dot A (2" + da™8)
4m3gsa’
e” = 9s

e all other fluxes vanish

e /1 inessential, but 1 — 0 recovers flat solution
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e associated symmetry superalgebra is a contraction of su(2,2[4)
[Blau et al. (2001,2002), Hatsuda et al. (2002)]

e J/0x~ is a parallel null vector = natural light-cone gauge

e gauge-fixed Green—Schwarz action is quadratic ~ [Metsaev (2001)]

2ma’ p

dr

— do [40% — Ya® — JuPa® + (@ + uM )

where 2 : TV — R® and ¢ € C*>°(2*ST @ %) with ST the positive
chirality spin bundle on R® and X the bundle of Majorana spinors
on the worldsheet 11/

e fermion mass matrix puM is only remnant of RR flux
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this theory describes 8 massive bosons and 8 massive fermions
quantise by expanding in Fourier modes with period 2ma/p™
light-cone hamiltonian

n2
S M4

nez

N,, the total occupation number of nth mode:

n > 0 left-movers, n < 0 right-movers
and n = 0 zero modes but still oscillatory (1 # 0)
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subject to momentum conservation

ZnNn:O

nez

e /1 — 0 recovers the flat space spectrum

We will now see that the spectrum can be recovered from the gauge
theory but we will first need to understand how the plane wave limit
Is manifested in the gauge theory.
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How can we implement the plane wave limit?

v C AdSs x5°: null geodesic giving rise to plane wave limit
Y = Yads + Vs

and "}/5 # 0

A null Killing vector v is automatically geodetic:
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Plane wave limit in the gauge theory

How can we implement the plane wave limit?

v C AdSs x5°: null geodesic giving rise to plane wave limit
Y = Yads + Vs

and "}/5 # 0

A null Killing vector v is automatically geodetic:

(Vsy, X) = = (Vx7,9) = 35X |4 =0

24



So we can choose

e Yaqs: a timelike Killing vector on AdSs



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations — energy



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e 5: a Killing vector on S°



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e 7s: a Killing vector on S° = R-charge J



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e 7s: a Killing vector on S° = R-charge J

Under the parabolic blow-up



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e 7s: a Killing vector on S° = R-charge J

Under the parabolic blow-up (R playing the role of ()



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e Yg: a Killing vector on S° = R-charge J
Under the parabolic blow-up (R playing the role of ()

® Yaas + s — 0/0x™



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e Yg: a Killing vector on S° = R-charge J
Under the parabolic blow-up (R playing the role of ()

® jads +9s — 0/0xT = pT ~A—-J



So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e Yg: a Killing vector on S° = R-charge J
Under the parabolic blow-up (R playing the role of ()
® jaas +¥s — 0/0zT = pT ~A—J
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So we can choose

e Yaqs: a timelike Killing vector on AdSs, generating time
translations = energy or conformal dimension A

e Yg: a Killing vector on S° = R-charge J
Under the parabolic blow-up (R playing the role of ()
® jaas +¥s — 0/0zT = pT ~A—J

* (Yaas —Ys)/R* — 0/0x~ = p" ~ (A+J)/R?

25



Notice: BPS condition A > |J| = p* >0



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oc



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oo: [Berenstein et al. (2002)]

take N — o0



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oo: [Berenstein et al. (2002)]

21

take N — o0 while keeping



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oo: [Berenstein et al. (2002)]

21

take N — o0 while keeping
gym



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oo: [Berenstein et al. (2002)]

21

take N — o0 while keeping
gym

A—J



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oo: [Berenstein et al. (2002)]
o
VN
take N — o0 while keeping fixed
gym

A—J



Notice: BPS condition A > |J| = p* >0

To keep p™ finite in the limit R — oo: [Berenstein et al. (2002)]

21

take N — o0 while keeping fixed
gym

A—J

Notice: As NV — oo we focus on states with larger and larger J.
Thus observables are not held fixed in this limit.

26



The precise dictionary is



The precise dictionary is

J
o —



The precise dictionary is

J
o —



The precise dictionary is

J

el == Po= AT gy = .



The precise dictionary is

J

=
mﬁo‘/:ﬁ e gom = 4mgs

Now...

e one focuses on a subset of “nearly BPS" operators



The precise dictionary is

J

=
mﬁo‘/:ﬁ e gom = 4mgs

Now...

e one focuses on a subset of “nearly BPS" operators (BMN
operators)



The precise dictionary is

J

=
mﬁo‘/:ﬁ e gom = 4mgs

Now...

e one focuses on a subset of “nearly BPS" operators (BMN
operators) having finite conformal dimension in the limit



The precise dictionary is

J [
mﬁo‘/:ﬁ e gom = 4mgs

Now...

e one focuses on a subset of “nearly BPS" operators (BMN
operators) having finite conformal dimension in the limit

e they are dual to the free string excitations on the plane wave
background
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The BMN operators

Gauge theory scalars:

o /: complex field with J =1

e ¢, neutral complex fields with J =0

BMN operators are single trace operators consisting in a string of .J
Z's and a finite number of impurities.
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Impurities are in one-to-one correspondence with string excitations:

1
Vv (N/2) 7+

1
N
1

V(N/2)7

1
TrDZZ’
V(N/2)7+1

Tr 7/

Tr Z7¢

etc...

)

|

O‘o‘p+>

|

O‘o‘p+>

|

O‘o‘p+>
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The conformal dimensions of BMN operators agree with the mass
formula for the string excitations
[Berenstein et al., Gross et al.,Santambrogio—Zanon (2002)]

In other words...

there is a kinematical correspondence

free string on plane wave (and

BMN t =
OPETators flat space) background

How about interactions?
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Interacting string theory

A detailed study of BMN correlators shows:
[Kristjansen et al., Gross et al., Constable et al. (2002)]

e theory develops a different effective coupling constant

)\/ _ g%I\/IN 1

J? (upta’)?
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e a different genus-counting parameter

2 J2 ’ 2 2 4
g5 = (W) = 167792 (pup™a)

e a different effective string coupling

g. = gaV N
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This means:
e )\ and ¢, are independently tunable, so both can be small

e but nonplanar diagrams are not necessarily ignorable

There has been much work on extending the correspondence to
Interacting strings:

e string bit formalism
[Verlinde, Zhou, Vaman—Verlinde, Pearson et al. (2002)]

e string field theory
[..., Chu—Khoze, Gomis et al. (2003)]
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all calculations thus far support the validity of the
correspondence...

but many more checks still need to be done

holography suggests that the BMN operators are described by a
quantum mechanical system:
conformal boundary of plane wave is a null line

[Berenstein—Nastase, Papadopoulos, Marolf-Ross (2002)]

the correspondence has been extended to theories with less
supersymmetry; but as usual QCD remains elusive.
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Thank you.



