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Holography

String Theory
_ gravity on AdS;

Quantum Field Theory
(no gravity) on R%2=9AdS,

Gravity is not only used to describe the gravitational force!
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Non-relativistic Holography

two approaches

o Keep general relativity in the bulk but take background geometry

with non-relativistic isometries

Christensen, Hartong, Kiritsis, Obers and Rollier (2013-2015)

e Take non-relativistic gravity in the bulk

Gomis, Ooguri (2001); Gopakumar, Bagchi (2009)
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Frames

e |nertial frames: Galilean symmetries

e Constant acceleration: Newtonian gravity/Newton potential ®(x)

e no frame-independent formulation

(needs geometry!)

Riemann (1867)
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Galilei Symmetries

e time translations: ot =¢&9 but not 5t = Nx'!
e space translations: oxl =¢ i=1,2,3
e spatial rotations: Sx' = Njxd

e Galilean boosts: Sx' = Nt
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‘Gauging’ Galilei
symmetry generators | gauge field | curvatures
time translations H Ty T = O™y
space translations PA EA R (P)
Galilean boosts GA wp? R.w™(G)
spatial rotations JAB w, B R."B(J)

Imposing Constraints

R..?(P)=0: does only solve for part of w,”,w,*"

Comments
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T = Oty = 0
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T
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From Galilei to Bargmann
the zero commutator
[Ga, Pg] = 0

implies that a massive particle with non-zero spatial momentum Pg

cannot by any boost transformation Gp be brought to a rest frame =

[Ga, Pg] = 6agM  —  extra gauge field m,
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The NC Transformation Rules

The independent NC fields {7, e,*, m,} transform as follows:

07, =0,
0E, A =N ES + 357,

5/77# = (9#0' + XA E/,,A

The spin-connection fields w,*® and w,” are functions of 7, , E,* and
my,



What about the dynamics?
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The NC Equations of Motion

The NC equations of motion are given by

ROCC(G) _ ROCCA(J) _ R(ACCB)(J) -0 Elie Cartan 1923

1 A (AB)

e there is no known action that gives rise to these equations of motion

see, however, Hartong, Obers (2018)

e after gauge-fixing 7, = 9,0, el,A = (5,/‘ and mg = ® the 4D NC
e.o.m. reduce to Ad =0



Newton-Cartan Gravity Non-relativistic String Theory T-duality Comments

O0000000e 000000000 000000 000

NC Gravity couples to particles

what about strings?
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Non-relativistic String Theory
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String Galilei Symmetries

2 longitudinal indices A
D + 1 flat indices —
D — 1 transverse indices A’

longitudinal translations Ha
transverse translations Pa
string Galilei boosts Gap/
longitudinal Lorentz rotations Mag

transverse spatial rotations Jargr



Newton-Cartan Gravity

000000000

Non-relativistic String Theory T-duality
0®0000000 000000
Two-dimensional Foliation
Dyr)* =0 with

A
Ty

generalized clock function
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String Newton-Cartan Geometry

The independent string NC fields {7,*, e,*", m,”} transform as follows:

A _ AA B
01, = N'g7,",
A A B’ A_ A
5Elt =A B’ E# —ZA T
A A A A’
dm,* = Dy,o” + X4 E,
B’ A B’

. . . ’ )
The spin-connection fields w, 8" ,w, A8 and w,A & are functions of

A g A A
7., E, and my,

_ A B’ A B A B
Hul/: Ep, E,® dap + (Tp, my,”~ + 71, my, )”AB
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Poyakov versus Nambu-Goto
Nambu-Goto formulation

T
Sng = —5/d2o V—G with G =detdox"Isx" Gu(x)

Polyakov formulation

.
Spo. =~ / B0/ h DaxIx” G (x)



Newton-Cartan Gravity Non-relativistic String Theory T-duality Comments
000000000 0000e0000 000000 [e]e]e)
The Nonrelativistic Polyakov Model
b
haB - eaaeﬁ Tab
en =0 + et & =6’ — eyt
— 0 1 = — 0 1
Ty =Tp +Tu s Ty =Ty — Ty
2 I - =
Spol. = —— / do haB 0, Xﬂagx HHV +e® ()\ €aTy + )\eaTM) ({9@X‘u}

T 1
- /d2aeaB8ax“8Bx”B,,,,, + 4—/d2m/—h R(h) ®
7
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The Nonrelativistic Polyakov Model
a, b
haB = €a €3 TMab
— 0 1 - 0 1
€q = €En +ea, Eq = €y — €y
— 0 1 = — 0 1
Ty =Tp +Tu s Ty =Ty — Ty
Spol. = —= [ d?0 |[V=hh*7 OoxtOpx" Huy + € (X eaty + N 8aTy) Opx”
Pol. — B nz € m aTu ) Op

T 1
- E/d2aeaB8ax“85x”BW + 4—/d2m/—h R(h) ®
7
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The Nonrelativistic Polyakov Model
b
haB - eaaeﬁ Tab
en =0 + et & =6’ — eyt
— 0 1 = — 0 1
Ty =Tp +Tu s Ty =Ty — Ty
5P01 = —— / d2 haB 0, Xﬂaﬁx H,uy + e” ()\ R +A éOﬂ_—M) aﬁX‘u:|

T 1
- E/d2aeaB8ax“8Bx”BW + 4—/d2m/—h R(h) ®
7
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has = €a’esnab

— 1 = 1
ea:ea0+ea, ea:eao—ea

__0 1 = _
TW=Ty +7Tu, Tu=Ty —Tp

Comments

000

T _
Spol. = Y / d*o [\/—h hoB Oax"0px" Hy + P ()x €Ty + A éaﬁt) 8Bx“}

T 1
- E/d2aeaﬂaax“8@X”Bwj + 4—/d2m/—h R(h) ®
s

rewrite 2w?X? as AX — 1, \?
2 2w
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The Nonrelativistic Nambu-Goto model

Integrating out Lagrange multipliers A and A\ = hag = Tap

Sne = __/d2 TT”Hﬁax‘uﬁgX Hu + € Bﬁaxl‘aﬁx BLW)

+ %/dza\/—_r R(r) ®

. ‘ L £ v
with Tap = OaX"0px" Ty (X)
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Relativistic Spatial T-duality

Buscher (1987,1988); Rotek, Verlinde (1992)

adapted coordinates:  x* = (y, x") k"0, =0,

Sparent — SPol.(aay — Va) -T / d20’€ﬂ3)70m Vi3
|y — i

quadratic in v !

55parent

5 =0 — v, issolved for in terms of dual coordinate y
Vo

[y

)
x|+

Yy
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Three Different T-dualities

e Longitudinal Spatial T-duality

e Longitudinal lightlike T-duality

e Transverse T-duality

Comments

000
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Longitudinal spatial T-duality
7,0k =0, T kR £ 0, E/Kk* =0

adapted coordinates:  x* = (y, x") k"0, =0,

Sparent = SPol,(aay — Va) _T/d20'€a8}78m Vi3
—_—

quadratic in vq!

55parent

Vg

=0 — v, issolved for (in terms of A\ and \!)

Comments
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Intermediate Dual Action

substituting the solution for v, back into Sparent leads to an intermediate

dual action l/ong with
1 1
! /
Hyy:H_yy’ d>:d>—§|ogHyy,
By H..
H/’ — y’ 5 B/’ = y’ ;
g Hyy g Hyy
H. = H; + B,iByj — HyiHy; 7 B = B; + ByiHy; — ByjHyi .
iy ) H ] ) H.
vy vy

we can integrate out the Lagrange multipliers A and X and substitute
back into S, . =
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Final Dual Action
< T 2 af S sy &~ af SHA SV P
Siong. = =5 [ o (VER ™ 0050557 Gy + € 005055 B )
1 . .
+ = / d’ovV/—hR® with %% = (¥,x"): Polyakov string!
™
o - 1
Gy, = 0: lightlike direction, & =& — 5 log 7y ,
G L TiATyBEAB é L i
yi — y i — )
Tyy Tyy
T (By,'TjA + Bij,'A) TyBGAB + Hyy7j — Hyity; — Hyj7yi
ij = Hij )
Tyy
B. = B; + Byity — Bytyi — (Hy 7% = Hyim,A1i® + HyyA7i%) eas
ij = Dij

Tyy
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Summary

o The longitudinal spatial T-dual of the NR string is the Polyakov
string moving in a GR background with a lightlike direction

e The longitudinal lightlike T-dual of the NR string is again a NR
string with a longitudinal lightlike direction

e The transverse spatial T-dual of the NR string is again a NR string
with a transverse spatial isometry direction a la Buscher

Buscher (1987,1988); Rotek, Verlinde (1992)
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Nonrelativitic String Theory

o Nonrelativistic String Theory can be defined independent of any

limit of relativistic string theory

e String NC Geometry is to NR string theory what Riemannian
geometry is to relativistic string theory

e nonrelativistic string provides first principles definition of Discrete
Lightcone Quantization of relativistic string?
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Open Issues
e Does [-function calculation leads to consistent backgrounds?

o Nonrelativistic holography?
Gopakumer, Bagchi (2009)
e Double Field Theory?
S. M. Ko, C. Melby-Thompson, R. Meyer and J.-H. Park (2005)
e NR superstrings
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Take Home Message

Nonrelativistic String Theory can be studied!

Gomis, Ooguri (2001)
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