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The Holographic Principle

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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Effective Field Theory

Examples: liquid helium, cold atomic gases and quantum Hall fluids

Effective Field Theory (EFT) coupled to NC gravity = universal features

compare to

Coriolis force

Greiter, Wilczek, Witten (1989), Son (2005, 2012), Can, Laskin, Wiegmann (2014), Jensen (2014), Gromov, Abanov (2015)
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Supersymmetry

supersymmetry allows to apply powerful localization techniques to exactly
calculate partition functions of (non-relativistic) supersymmetric field

theories

Pestun (2007); Festuccia, Seiberg (2011),

This should also apply to the non-relativistic case !
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Non-relativistic Gravity

o Free-falling frames: Galilean symmetries

e Earth-based frame: Newtonian gravity/Newton potential ®(x)

e no frame-independent formulation (needs geometry!)



Galilei Gravity: {7, ,e,?} Newton-Cartan Gravity: {7, ,e,%; m,} 3D Extended Bargmann Gravity: {7

000000 000000000 [e]e]e}

General Frames

o {1,,6,°} a=1,2,3;4=0,1,2,3

° {r.,&°} and m,

e 3D: {7,,e,°} and m,,s,

zero torsion : Oty — 0y, =0 — 7, =0,T

()=t — Tu=0du0

T s

a.
ep?imy s
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Take Home Message

Taking the non-relativistic limit is non-trivial and not unique!
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Galilei Symmetries

e time translations: ot =¢0
e space translations: oxl =¢ i=1,2,3
e spatial rotations: Sx' = N xd
e Galilean boosts: ox' = Nt
[ab, Pl = —20¢[2Ps) » [ab, G| = =20, Gy ,

[Ga, H] = —Pa, [Jab, Jed] = Ocfadbjd — Oajcda)p » a=123
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‘Gaugings’, Contractions and Non-relativistic Limits

. ‘gauging’ ..
Poincare == General relativity
contraction |} U non-relativistic limit
. ‘gauging’ . .
Galilei =" Galilei Gravity
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Inonu Wigner Contraction

[Pa, Mgc| =2na5 Pcj, [Mas, Mcp] = 4 njac Mpjs)

1
Py = ZH’ P,=P,, A=(0,a)

M = Jap, Mao = w G,

Taking the limit w — oo gives the Galilei algebra:

[P, Gp] =0

{Tu >

ep?imy
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The Galilei Limit

Our starting point is the Einstein-Hilbert action in first-order formalism:
S= —;/EE“E”R AB(M)
167Gy ATB

ES = wTy, Q?f = wlwl, Gy =wGg =

1
= —_—— M
SGaI 167TGG/ ee; ebij (J)

accidental local scaling symmetry

(D-3)

Tu — A(x)~ Ty, e, = A(x)e,?
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Constrained Geometry

For D > 3 the e.o.m. for w,?" can be used to solve for w, "
ab __ ab abc
wu® =T, AT + eucw® (e, 7)
except for an antisymmetric tensor component A?® = —Ab? of w2

Furthermore, the e.o.m. lead to the following restriction on the geometry:

Tap = €40, =0 1 twistless torsion  (ef'7, = 0)

Using a second-order formalism the field A?® acts as a Lagrange

multiplier enforcing the constraint 7., = 0
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Carroll versus Galilei Gravity
Gomis, Rollier, Rosseel, ter Veldhuis + E.B. (2017)

Carroll gravity is the ultra-relativistic limit of Einstein gravity

The Carroll algebra is similar to but

not the same as the Galilei algebra

e The Carroll action contains both a R,,,*(J) and a R,,,(G) term
e Symmetric Lagrange multiplier S(?) and constraint Kby =0

e relation with strong coupling limit of Henneaux?

Henneaux (1979)
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Newton-Cartan Gravity:  {7,,e,% m,}
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Bargmann Symmetries

s
XXt. § g7 i=1,2,3

. m
Snon—relativistic(maSSIVG) = 3/

Lagrangian is not invariant under Galilean boosts dx’ = \'t:

. N
oL non—relativistic(massn/e) = E(mx’Aj 511) =
modified Noether charge gives rise to central extension:

[Paa Gb] =022
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‘Gaugings’, Contractions and Non-relativistic Limits

Poincare ® U(1) e GR plus 9,M, — ,M, =0
contraction |} J non-relativistic limit
Bargmann R Newton-Cartan gravity
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Inonu Wigner Contraction

[Pa,Mgc| =2nag Pcj,  [Mag, Mcp] = 4mjaic Mpjgp  plus 2

1 1
P = —H  Z Z=—H-wZ A=
0 7 +wZ, o wZ, (0,a)
P, = P, Map = Jap , Mao = w G,

Taking the limit w — oo gives the Bargmann algebra including Z:

[Pa7 Gb] =0apZ

ep?imy
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The Newton-Cartan Limit |

Dautcourt (1964)

STEP |: express relativistic fields {E/,A, M,,,} in terms of non-relativistic

fields {7,,, e,?, m,}
El=w +im M, = -——m,, Ef=¢e’ =
p = WTy 20 Muo p=wWTy 50 Mo En = €&y

1
EHF, =el, — 57 T#e?,m, + O (w ") and similar for E¥g
w
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The Newton-Cartan Limit Il

STEP Il:  take the limit w — oo in e.o.m. =

e the NC transformation rules are obtained

e the NC equations of motion are obtained (but no action!)

Note: the standard textbook limit gives Newton gravity
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The NC Equations of Motion

The NC equations of motion are given by

e, Ru(G) = 0 1
e .RL"(J) = 0 a + (ab)
e after gauge-fixing and assuming flat space the first NC
e.o.m. becomes A® =0

e there is no known action that gives rise to these equations of motion
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Coupling Newton-Cartan to Matter
Jensen, Karch (2014), Fuini, Karch, Uhlemann (2015)

matter couplings (without torsion) from arbitrary contracting backgrounds

Rosseel, Zojer 4+ E.B. (2015)

Klein-Gordon + GR g’ Schrodinger + NC

general frames 1} | free-falling frames

Klein-Gordon == Schrédinger
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From Klein-Gordon to Schrodinger |

we consider a complex scalar field with mass M
Lévy Leblond (1963,1967)

-1 1 g * M2 * .
E »Crel = _Eg DM(D qu) — T o*d  with

D,® =08, —iMM,o, 5O =iMA®

e M, is not an electromagnetic field (M # g)!

e M, couples to the current that expresses conservation of

# particles — # antiparticles

e going to free-falling frames gives Klein-Gordon
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From Klein-Gordon to Schrodinger |l

Take non-relativistic limit extended with M = wm, ® = \/%o —
-1 . _ l * M AP ARY) i M 2 .
€ »CSchroedmger - [2 (¢ DO¢ ¢DO¢ ) m ‘Da¢| :| with
Dy = 0up+imm, o, 3¢ = E"dup—imo ¢

e m, couples to the current that expresses conservation of # particles

e going to free-falling frames gives Schrodinger
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Outline

3D Extended Bargmann Gravity:  {7,,e,%; m,,s,}
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Extended Bargmann Symmetries

Papageorgiou, Schroers (2009); Rosseel + E.B. (2016); Hartong, Lei, Obers (2016)

‘Mass’ ‘Spin’

Galilei = Bargmann = Extended Bargmann
Lévy-Leblond (1972), Jackiw, Nair (2000)

[Ja, Pl = —eagcPS, [Ja,Jg]l = —€agctC vplus 21,2,

[H7 Ga] = _eabe7 [J7 Ga] - —€abi, [J7 Pa] = _Gabe,

[Ga, Pb] = €anM, [Ga, Gp] = €abS
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The 3D Extended Bargmann Limit

k
S= g [ Ex(@EARG )+ 20702,,0,2,)

Einstein +  extra term

1
El=wr,+—m Z1, = wry, — —m
Iz w5 M I3 w5 M
Q°=wr, + —s 2>, = WTy, — —=S
3 CREEWORTE w BT 5 2
E’=¢,’ Qa*l ?
w = €u > u—wwu

plus k — kw

a.
{Tn en®imu s
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3D Extended Bargmann Gravity

3D extended Bargmann has invariant, non-degenerate bilinear form:

<Jé,,:Db>:(5é,b7 </\//7J>:_1’ <H’S>:_1 =

k 174 a a 174 174
S= E/d‘?'x (w re,°R,,°(G) — e"Pm,R,,(J) — ¢ pT#Ryp(5)>

e more general curved background solutions than Newton Cartan

SUSY extension exists
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Condensed Matter Physics

Use Effective Field Theory (EFT)

Son, Wingate (2006)

Gravitational response gives information about geometric quantities such

as the Hall viscosity

Coupling NC gravity to EFT leads to less free parameters than physical

quantities =

Relation between Hall conductivity and Hall viscosity
Hoyos, Son (2012)
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March 6-10, 2017: Save the Date!

Simons Workshop on Applied Newton-Cartan Geometry

organized by Gary Gibbons, Rob Leigh, Djordje Minic, Dam Thanh Sen + E.B-
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