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Introduction

Non-Lorentzian geometry not exotic alternatives to relativistic geometry
in General Relativity and String Theory:
= naturally appears in controlled singular limits

- Many physical limits destroy the invertibility of the spacetime metric
* instead of a single non-degenerate metric: separate temporal and spatial structures
* simplest cases: Newton-Cartan/Carroll geometry

- String theory naturally produces such geometries and brane-like generalization
* brane structure: temporal - longitudinal/ spatial - transverse

NL geometries/sym. precisely appear in interesting and important limits:
- PN expansion, horizons, singularities, null infinity, ...

- (near-BPS) decoupling limits in ST = AdS/CFT (and generalizations)



Larger landscape of non-Lorentzian (NL) theories

besides the “standard” large speed of light limit:

many other interesting corners:

- small speed of light (¢ = 0) = Carrollian theories

- more general limits in string theory (related to NR physics by dualities)

- limits vs. expansions

-

o

common feature: described by some type of NL. geometry:
* background for relevant probes
* dynamical: non-Lorentzian (super)gravity

* NL symmetries can also appear on world-volume of extended probes/




Carrollian corners in string theory

* do Carrollian string theories naturally appear in \
top/down string theory ?

* can these strings probe Carrollian target spacetimes ?

* how do these (and Newton-Cartan cousins) arise from limits

of Type II/M-theory ?

* what is their role in holography ?
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Carrollian worldsheet models

* building blocks are electric and magnetic scalar theories:

1 1 )
S = 2falzofe(v“’“ w$) S$ = 2/d¢do¢>2
1 1 .
Sees = 5 / Poe|—(e"0a0)" + 220009 Smas = 5 f drdo |~¢” + 22|
curved worldsheet flat worldsheet
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a worldsheet action for superstring: N

take 10 scalars X and distribute over electric/ magnetic parts -
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—> couple this covariantly to a NC/Carroll type background metric




(p-brane) Newton-Cartan/Carroll geometry

* start with flat relativistic metric (in 10D)

A =0..p longitudinal directions

2 _ A B -1 A’ A’
[ ds* =wdz”dz” nyp +w™ dz” dz J A= p+1,..9-p transverse directions

w— 00/0 —> p-brane Newton-Cartan/Carroll geometry

A _ A 4 A A
= local SO(1,p) and SO(9-p) geometry ocz™ =0, ogz” = A" 4z

& p-brane Gal/Car boost symmetry 5,4 — A4, 24" Sez? =0

* generalize to curved bgrs. dz# — 7,4dz#  dz? - E, A da¥
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notation below for Carroll: Buclidean g-brane with: p =9 —¢q i1




Worldsheet-models with NC target spacetime

- (tlat) p-brane NC target spacetime (flat Carrollian worldsheet)
T " Al .
Shet = 5 / drdo [5AIB,XA XB —papX'"X'B 42 AXA}
A=0,...,p, A=p+1,...,9

" = 8 X"7, %, * on curved WS & curved background:
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* ftlat WS & curved p-brane Newton-Cartan background:
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Swpr = 5 / drdo [EW(X)X*LXV — T (X)X X" + 2 ATMA(X)X#]

- longitudinal to Dp: magnetic
- transverse to Dp: electric
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Worldsheet-models with Carroll target spacetime

- (tlat) p -brane Carroll target spacetime (flat Carrollian worldsheet)

T . o .
ngt =3 / drdo [ X*X? —6;; X" X7 42X, X"]
p=9—g¢q i=1,...,q, a=0,q+1,...,9.

* flat WS & curved p-brane Carroll background:
4 N

SEq — %qu‘dg [Tpu(X)X“X” _ E#U(X)X’#Xfu _|_2)\¢'E#‘5(X)X#:|

longitudinal to Eq: magnetic
\_transverse to Eq: electric -




Remarks

* these two classes of Carrollian worldsheet models arise precisely from
F1-strings in 2 distinct decoupling limits in type 1I/M-theory (rest of talk)

—> special cases for p-brane Carroll target spacetime

p=0 (q=9): string probing particle-Carroll geometry
- BRST quantization

p=1 (q=8): string probing string-Carroll geometry
also in: “electric/magnetic Carroll string’ (strings near BH hotizons)

- forp=-1 (in NC case): tensionless string

- original Gomis/Ooguri non-relativistic string has relativistic worldsheet
but string Newton-Cartan target spacetime

- Galilean wotldsheets dual to Carroll by interchanging worldsheet time/space



NL geometry in String Theory

/ new geometric viewpoint on AdS/CFT.: (N ewton—Cartany
& (hypothetical) dS/CFT . (Carroll)

- leads also to novel holographic dualities

_ involving NL geometry in bulk spacetime )

related work on holography
and NL geometries:



Decoupling limits in string theory

* progress in understanding microscopics of spacetime
- AdS/CFT correspondence (dual descriptions of D-branes)
- matrix theory proposal (large N limit of D-brane wv. theory)

= based on decoupling limits
- simplification by removing part of spectrum
- access to non-perturbative regimes/BH microstate counting

[revisit decoupling limits: }
y

shows that they correspond to non-Lorentzian corners of string theor

- ct. NRST as a simpler corner of (relativistic) ST

- new boostrap techniques/revival of studies of BFSS matrix model



Anatomy of BPS decoupling limits
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pZLlll E
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me non-relativistic spectrum
2
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E = \/ (mc?) — ®q = \/(mc )2+ (pc)? — 1-mec o
[- same for spectrum near a BPS (supersymmetric) state:}
L \
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| l
""" near-BPS spectrum
_ M?
BPS state (charge = mass) E = \/ M} + M2 — A M, ~
2M;
My > wM-oww—oo0o , A —1

- scale to supersymmetric background, cancel divergence with critical electric field



Matrix DO-brane theory (MOT)

lightlik
e 1 MOT: BFSS Matrix theory

compactification

DLCQ M-Theory

* BFSS beyond the limit in flat space: near-critical DO-brane limit

4 curved space of MOT W — 00. N
Gpvsznv+w_lEpv? @:g_j—%lnw? B(E)zb(g)?
W = 2970 4 D) C@ =@ ifg£1.
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Matrix theory of DO-branes (MOT) couples to non-Lorentzian 10D geometry:
MOT target space = Newton-Cartan geometry + other string fields

1 Xt X"E 1
Spo = /d're_"" . . /Cm-
2V Xur,0 Vo

- as opposed to earlier work: now applied to the full type II string theory
containing all possible extended objects & in general backgrounds
- F1-string: Carroll worldsheet coupling to NC target spacetime



Dp-branes in MpT

* MpT from MOT by T-duality:
e.g. Dp-branes fundamental dof in Mp'T:

T,
S]‘ggT = —Ep/dﬁlae_f’o —r 7P Eaﬁ—I—Tpfc(erl).

[1-string: Carroll worldsheet coupling to p-brane NC

- wrapped Dp-branes behave like NR particles, experiencing Newton-like forces

instortooreous
Newton-[ike
gra tactional force.

- especially interesting 1s p=3:
M3T =2 N=4 SYM sees 10D non-Lorentzian spacetime



Vanilla AdS/CFT is a hon-relativistic limit

LS —> O

non~ Lotertzian spacetime

T = (dt, d«/, dx”, d«)

dr? + r2dQO2_ e
rar 8—p ﬂ(T)z(?’)zi

2 _ A 4. .B
ds® = O(r)dz”dz” nap + n(r) ,.

- 3-brane Newton Cartan-in asymptotic region () — 00



Through looking glass via time-like T-duality

-DO0 = D(-1) brane = D-instanton: IKKT matrix model
F1-string = tensionless string

* further space-like T-dualities generate Euclidean Eq-branes of type II*
(wrong sign kinetic terms for RR fields)
- closely related to S-branes

—> gives rise to Eq-brane worldvolume theoties coupling to:
p (=9-q) -brane Carroll geometry
& Carollian F1l-strings on the same Carroll geometry
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Example: E4-brane

- decoupling limit corresponding to E4-brane:

wotldvolume theoty couples to Sga = Ty / dto tr(% D;X*D;X, + } F;; FV
5-brane Carroll geometry
(contains ghosts) — 11X X [ X, Xb]) + fermions,

* Fl-string: Carroll worldsheet with (flat) 5-brane Carroll target spacetime

- bulk geometry: dSs x Hjp

—dz? +dz2 + .- + dx?
ds? = 0 E&’) 2 + 0 (dx? + -+ +dz3)

\2
DZ(E)’ =xr -1 rP=zi4--+z5. (

* Carroll-like very far away from the lightcone 25 = r*
(0 — oo



- E9-brane and particle Carroll geometry
~

- E9-brane couples to particle Carroll geometry = space-filling brane

* obtained from a ’near-BPS” E9-brane:
kdivergence cancelled via coupling to RR 9-form

- finite part of RR 9-form is dual to contravariant vector in 10D -

/

string theory origin of vector field introduced in
(Carroll from projection on null hypersurface)

- ST algebraic origin: central charge corresponding to spacefilling brane

* relations to Carroll fluids ?

- gas of interacting instantonic space-filling branes



Summary overview

asymptotic Galilei-like IKKT matrix theory Carroll-like asymptotic
infinity spacetime on instantons spacetime infinity
Anti-de Sitter |  timelike flat space pacelike de Sitter
r T-dual T-dual r
A<0 A=0 A>0
hori Carroll-like Galilei-like .
orizon ) . horizon
spacetime spacetime
string (Carroll ws) on NC tensionless strings strings (Carroll ws) on Caroll

- novel perspective on Matrix theory and AdS/CFT via NL geometry
- IKKT, Carrollian string theory, lessons for flat space/dS holography ?

- multi-critical limits (via sequences of dualities or BPS bound states)
holography with bulk NL gravity, incl. Carroll (super) gravity theories.



From NL geometry back to the relativistic bulk

2 I i § - new Dp-brane TTbar deformations
i
O
VDLCQ" é * deformations that induce a
closed string § flow from SYM to DBI action
B (so far: abelian)
% e (Sr
<", 5
®
oL —det 7 —
s {tr(]l—tT) ~(p—1)[det(1—¢7)] _2}




Main take-aways

« Non-Lorentzian geometry is controlled degeneration of relativistic
geometry

- metric replaced by Newton-Cartan/Carrollian structures (incl. brane generalizations
p y g

* String theory/holography naturally generates non-Lotrentzian
(incl. Carrollian) geometries as well as Carroll worldsheet theories

- arise in near-BPS decoupling limits: e.g. BESS Matrix-theory
and E-brane avatars

- non-Lorentzian geometry provides an underlying geometry for vanilla AdS/CFT
& language for non-AdS holography & novel Carroll structures

—> many interesting open questions and avenues



The end
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Extra slides after this



Boosting and anti-boosting

the BPS deocupling limits associated to Dp-branes (and F1-string) are related
via U-dualities to DLCQ of M-theory

-Seiberg/Sen (1997):
light like circle as
infinite boost of spacelike circle

T coshw —sinhw 20
719) |\ —sinhw coshw i

= %(5:10_‘%0) ot — %(5:0_'_5:10) - £, \
usually: W — 400 W — 00

alternative (non-BPS) W — —00 w— 0




AdS/CFT

Bulk Geometry Asymptotic Infinity

[D?)—brane supergravity snlution} [ D3-brane worldvolume theory }

l near-horizon limit M3T limit J

[IIB string theory on AdSs x S 5} [ N = 4 super Yang-Mills }

-
-
- —_—
= -
- e = - = -

holographically dual

- applies to general Dp-brane solutions as well as F-string (IMSY)

* near-horizon geometries themselves asymptotically approach an MpT limit
- yields back NL geometry seen by SYM at asymptotic infinity
* geometrically explains:
relationship between matrix theory & AdS/CFT decoupling



Matrix Theory: A BPS perspective

Matrix theory arises from BPS decoupling limit of D0-brane wwv.
= relies on fact that tension=charge & fine tuning RR gauge field

_ 1 FH Y 1 (1) _
SDD—_gS\/{?de\/—X Xﬂ—l_ﬁfc y H—U,,g

take limit:

gs—}w_‘gfggs, XD—}\/u_JXG, Xi—};)/(—} C{l)—}rwzgs_ldXD,
W
W — O
glV@S NR aCtl.Oﬂ. S — /d’T (% Xt Xt + 21’[)1' 1)[)) }
(including fermions) gs Vo




BFSS

non-abelian (& SUSY) generalization 1s BESS:

SBFSS = %detr[%Xi X'+ X', X7 [X;, X +2(WT/5 — T [, XZD] :

- BESS (1996) conjecture: N,R to infinity = M-theory on flat spacetime
- Susskind (1997) fixed N: DLCQ of M-theory

-Seiberg/Sen (1997):
light like circle as
infinite boost of spacelike circle




Example of multi-critical BPS limit

Bulk Geometry Asymptotic Infinity

[Dﬁlbrane supergravity solution} { D4-brane worldvolume theory }

l near-horizon limit M, T limit l
{ 1A strl.ng theory on J [ 5D super Yang-Mills }
near-horizon geometry

lM{JT limat MoT Eimitl

{ MOT on background (3.24) } { QM on instanton moduli space }
X

-
-
-

-
-
-
-
= - - -
e e o s o ome wm ==

holographically dual
Newton-Cartan bulk background = MOT limit of Ang x S4.

[ many more duals can be generated: involving NI geometﬁes mJ the bulk !
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