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Motivations

® Holographic principle was first formulated between type IIB
superstring in AdSsxS® and N' =4 SYM on flat spacetime.

J. Maldacena (1997)

¢ Extensively studied, both for BPS and non-BPS operators

(1nt6grab1ht}’)~ Reviews: O. Aharony, S. Gubser, J. Maldacena, H. Ooguri, Y. Oz (1999)
Integrability - Beisert et al. (2010)

Generalisations:

4 Ade/CFTdfl, with d = 3, 4.
Review: T. Klose (2010)
G. Arutyunov, S. Frolov (2008)
B. Stefanski (2009)
O. Aharony, O. Bergman, D. Jafferis, J. Maldacena (2008)
Review: A. Sfondrini (2014)
S. Gukov, E. Martinec, G. Moore, A. Strominger (2005)
L. Eberhardt, M. Gaberdiel, W. Li (2017)

¢ (deformed AdS,)/(deformed CFT,4_1), with d = 5.

F. Delduc, M. Magro, B. Vicedo (2013)
O. Giirdogan, V. Kazakov (2015)



® We do not know much about non-AdS holography \ aton (3016)
. Taylor

R.N. Caldeira Costa, M. Taylor (2011)

M. Guica, K. Skenderis, M. Taylor, B.C. van Rees (2011)
J. Hartong, B. Rollier (2014)

M.H. Christensen, J. Hartong, N. Obers, B. Rollier (2014)
J. Hartong, E. Kiritsis, N. Obers (2015)

V.K. Dobrev (2014)

M. Sakaguchi, K. Yoshida (2008)

® Non-relativistic strings propagate on String Newton-Cartan /

Torsional Newton-Cartan spacetimes (therefore non-AdS)

J. Gomis, H. Ooguri (2000)

J. Gomis, J. Gomis, K. Kamimura (2005)

T. Harmark, J. Hartong, N. Obers (2017)

T. Harmark, J. Hartong, L. Menculini, N. Obers, Z. Yan (2018)
T. Harmark, J. Hartong, L. Menculini, N. Obers, G. Oling (2019)
E. Bergshoeff, J. Gomis, Z. Yan (2018)

E. Bergshoeff, J. Gomis, J. Rosseel, C. Simsek, Z. Yan (2020)

J. Gomis, J. Oh, Z. Yan (2019)

® NR strings potentially interesting for new examples of non-AdS
holography!



Relativistic AdSsxS® holography

Focus on the string side of relativistic AdSs/CFTy
AdS5xS® string action is highly non trivial

However, it is classically integrable (i.e. its e.o.m. admit a Lax pair)
I. Bena, J. Polchinski, R. Roiban (2004)

The perturbative (T > 1) world-sheet S-matrix is known

T. Klose, T. McLoughlin, R. Roiban, K. Zarembo (2006)

Quantum integrability of the model is hard to prove

Top-down approach:
- assume the model is quantum integrable.
- Compute the exact S-matrix. N. Beisert (2005), R. Janik (2006)

- At perturbative level, check it matches the known result.
G. Arutyunov, S. Frolov (2006)

With exact S-matrix, compute the string spectrum (via Bethe
ansatz) <= scaling dimensions of operators on dual CFT



In this talk:

Focus on the string side of NR AdS/CFT duality, in particular on
the topic of perturbative S-matrix

NR strings in AdS5xS®: review the action construction, Zs orbifold
symmetry

Classical NR string solutions (BMN- , GKP-like, with closed and
Zs twisted b.c.)

Light-cone gauge fixing and semiclassical expansion in T > 1



Review NR action construction

Relativistic strings in flat spacetime

T
=73 / Loy 0 X 05X" 7 = VR

NR limit:

X0 5 XY, Xt ext, X' 5 X' (i=2,..,D—-1)
J. Gomis, H. Ooguri (2000)

instead of X', can pick any other spatial direction, and get same answer.
Relativistic strings in curved spacetime
S= L [ 2oy g0, 51057
- _5 07" GuvOa o]

which directions X* need to be rescaled for the NR limit?



For AdS5xS® (but works also for other coset spaces)

SO(4,2) 5 S0(6) 5_ G
AdSy = —( 5% = oo AdSs x 5" = 5
SO(5) SO(5) i T H
String action on this coset R. Metsaev, A. Tseytlin (1998)
T 2 ap -1
§=-5 [ @07 Au45) . Au=g'0g, g€G

A specific choice of g corresponds to a choice of coordinates
Lie(G) has generators Py, Juy, Py, Jary, where a € AdSs, a’ € S°.
Take e.g. GGK coset representative

J. Gomis, J. Gomis, K. Kamimura (2005)

z' Py emOPo emum ya/Pa/

9 = gAdSsYs gAds = € ) gs =¢€
Coordinates <=  Generators
NR limit: contraction so(4,2) — 5d Newton-Hooke

This gives us a recipe how to rescale coordinates



However, sometimes this is not enough.
Contraction requires Py — ¢Py, P; — ¢P;, any i € {1,2,3,4}.
In GGK coset representative, only ¢ = 1 gives known GGK theory.
In this talk, we use a different coset representative. Coordinates:
AdSs : l, 21, 22, %3, 24
5% ®s Y1, Y2, Y3, Ya
t time-like isometry (non-compact), ¢ space-like isometry

NR algebra contraction implies rescaling of coordinates:

1 1 1
t_>t; 21— 21, Zm 7 " Zm ¢_>7¢7 Yi = ~Yi, T—>02T
& C C

longitudinal
transverse

® Assuming c large, expand relativistic vielbeine E‘HA

® Read off SNC vielbeine from the power series expansion

1 .
EA=cr, A+ Em#A +0(c™?) B, =e,"+0(c™)



Take the ¢ — co and neglect O(c™1) terms

2

® the term 7,7, %045 needs to be eliminated from the action

® fine tune a closed B-field: B, = ¢?7,47,Pecap

total divergent term is a perfect square = finite 4 subleading.
Price: introduce 2 extra world-sheet scalar fields (A, A_).

T
SNR = -5 /d% (’yaﬁaaX"agX”HW +eP(Apea T T+ A_eaT#)aﬁX“>

et =€l te,t [hap = *€(a+€5)7] =70t 7,0

E. Bergshoeff, J. Gomis, Z. Yan (2018)

Comments:

¢ Local symmetry: string Newton-Cartan algebra (= Galilei + n.c.

extensions). Requires a torsion-free constraint
E. Bergshoeff, J. Gomis, J. Rosseel, C. Simsek, Z. Yan (2019)

® Map to strings on TNC background from null-reduction.

T. Hartmark, J. Hartong, L. Menculini, N. Obers, Z. Yan (2018)
T. Hartmark, J. Hartong, L. Menculini, N. Obers, G. Oling (2018)

® New reformulation of SNC strings, no torsion constraint required
L. Bidussi, T. Hartmark, J. Hartong, N. Obers, G. Oling (2021)



7 orbifold symmetry

Observation 1
* Bergshoeff, Gomis, Yan action is not invariant under e, — e, ¥

® GGK action is invariant (depends only through hag)
® they are equivalent under the condition: e; Teg™ —egTe;™ >0

® Bergshoeff, Gomis, Yan action is invariant under

eat = enT Ar = A, .t =T

Observation 2
o {r,4,m," e,} depend quadratically on z; (invariant z; — —z;)
* term linear in derivative 7, 0, X* — 7,7 0o X*
® 7, symmetry: 21— —21 , eat — el T, Ax = Ag

® use it to construct string solutions with twisted b.c.



Classical string solutions
* Fix conformal gauge (with e, satisfying positivity constraint)
® Solve e.o.m. for the fields (¢, z;, ¢, y;, Ax) + Virasoro constraints

e Tmpose b.c. to cancel surface term (closed / twisted).

A4+ e.o.m.

<i+zi)_0 <t’+731>_0
1+ (5%5)? 1+ (22)?
change of variable z; = 2R tan(%)

t+2' =0 t'+72=0
= t, Z satisfy a wave equation

folr+0)+ f-(r—0)

t=f(r—0)— fe(r+0) z1 = 2Rtan +c

2R



Residual Diff; @Diff_ symmetry acting on 7 + o

Fix it by choosing f, f- linear in their arguments

K
t=kKT z1 = 2Rtan [fﬁ(a —09)

Should be general behaviour for all NR strings in AdS;xS®
winding around z; though the Tangent: go to 400, back from —oo
get solutions with non-trivial spectrum. Exception/different

realization of Gomis-Ooguri statement?

[Gomis-Ooguri (2000): In flat space, NR strings can have
non-trivial spectrum only if they have non-zero winding around a
spatial longitudinal compact direction.]



Closed string solutions

XH(r,0) = XH* (1,0 + 27) Ai(1,0) = Ai(1,0 + 27)

® BMN-like (k =nR, n € Z)

n w?
t=nRT z1 = 2R tan (750) ¢ =wr Atr = iﬂ cos(no)

other coords = 0.

Noether charges J = —wnT, E = fWZET, dispersion relation
E-——J=0 E-—*_r—g
——J= or — =
nR mnRT

To compare with the BMN of relativistic theory:
t=nRT ¢=nRT other coords = 0

Dispersion relation: £ —J =0



¢ Generalised BMN-like: static profile on AdS z,, = z,,(0)
® 2., (o) must satisfy a generalised Lamé equation, solution: z,, x z;

® same conserved charges as for the BMN-like

e GKP-like: spinning string on AdS

zo = p(0) cos(wT) zg = p(0) sin(wT) 24 =0
® p(o) must satisfy an equation which is not a generalised Lamé
® Dispersion relation is more complicated to write in a closed form

BMN-like solution has also been confirmed by studying the recent new
formulation of the NR action i. kiuson (2021)



Twisted string solutions
twisted b.c.

z1(1,0) = —z1 (1,0 + 27) Ai(1,0) = =M (7,0 + 2m)

+ closed (or also twisted) b.c. on other X* fields.
Twisted BMN-like: when o € [0, 27]

K
t=KT z1 = 2R tan [—ﬁ(a—w)} ¢ =wr
2

Ar = ilQUT{ cos [%(0 - 77)}

when o € R: glue many copies of the above

ALAC
A




® Linearisation in large R expansion:

K3

z1 = 2Rtan —%(O’ — 7T):| =—k(oc—m) —

® this does not happen for the BMN-like with closed b.c.

® 1 twisted version of generalised BMN-like and GKP-like

AF, J. Nieto (2021)



Uniform light-cone gauge fixing

This has been studied for NR strings in ;. iuson (2017, 2018)

In first-order formalism

. 01
R:/dzg(puxu+%vl+ 2700 ) /d2 o(pu X" —H)

conjugate momenta p, = §SNVE/ §X*, Virasoro constraints:

Vl pILX/p'
Vo = Hp'pupy +T*HuW X" X" +TAar, p,H,,}
T2

+ AT A P H L = TP e npor, S X

Observation: H,,, needs to be invertible.

Need two isometry directions (time + space). For us: ¢, ¢



Introduce light-cone coordinates (0 < a < 1)

Xy = (1-a)jt+agp, X_=¢—t,
py = (I1—a)pg —ap; , P— =Dg + Dt

Fix light-cone gauge
Xy =71, py = const
The model now has d.o.f. (p_, X_,pr, X1,\4). px, = O0:
Orprs = A{prs, H} =Ga(Ap) =0 - 2 eqn. to solve for A4

Solve Vi = 0 and V5 ~ 0, the model reduces to
Sl]\/:qR:/dQJ(pleiH) Hzip—(XIaxljvpl) XI:(Zv7y1)

‘H is a very complicated expression!
Advantage: this is a complicated dynamics, but on a cylinder (flat)

It may be expanded about free fields in flat spacetime



Semi-classical expansion

Expand fields about twisted BMN-like solution in large T’
L1 N
VT VT ™"

pZi — \/szi pyi — \/pri

z1 — 2R tan [—i(a — w)} Zm — Yi —

1
o°R ﬁyz

After expanding also in large R

1 4 1 1 A
SNE — /deo—(c + Lo+ —=Ls+ ——L3+ )
lg. 2t k2 JT 3 REVT 3
® [o: 8 free massless scalar fields on cylinder
e [, with n > 3: corrections independent of o.

e [, with any n: corrections dependent of o.



Decompactification limit

To define asymptotic states for S-matrix:

® take the cylinder radius to be infinite

® cut the cylinder

= theory on 2d Minkowski (now o € R)
Obstacle: correction terms £,, contains terms e.g.

2
ag — T
%F(vaxll,m)

In decomp. limit: o ~ R == L, becomes leading



Static gauge

Take the Bergshoeff, Gomis, Yan action, e.o.m. for Ay
e, Fryt =0 = et =9(r,0)at = V-hh* =11

where 748 = 7,0, X* 0 X", and 7, is the AdS, metric

Fix static gauge:

Action becomes:

Sﬁ\_]f =-— /dza\/ < B DpxOga + 2

aﬂa mE L™
RLI’ + 7 oY ﬁy>

Simple dynamics: 8 free fields (%, y™), £* massive, y™ massless

Disadvantage: they live in AdSs, difficult to define asymptotic states



Summary

Focused on classical string solutions of the GGK theory

E.o.m. for A4 impose non-trivial profile on both longitudinal coords
(t7 Zl)

Found NR analogue of BMN, GKP solutions with closed and
twisted b.c.

Fixed uniform light-cone gauge
Expanded about twisted BMN-like solution (7" > 1, R > 1)

Expansions about solutions with closed b.c. (or around z; = 0) not
meaningful



Open questions

for a full understanding of NR AdS/CFT, role of supersymmetry?
dual field theory on the boundary? “NR limit” of A/ =4 SYM?

Interpretation of BMN-like dispersion relations for operators on
dual field theory?

connection between our solutions and the spinning strings for NR
limit in target + world-sheet (~Landau-Lifshitz)? o. roychowanury

(2019-2020)
classical integrability?

connection with leading term in the expansion of relativistic string
action about AdS; minimal surfaces of straight Wilson lines?

S. Giombi, R. Roiban, A. Tseytlin (2017)



Thank you for your attention!



