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Motivation

special feature FQH Effect: existence of a gapped collective
non-relativistic massive spin-2 excitation, known as the GMP mode

Girvin, MacDonald and Platzman (1985)

recent proposal for a non-relativistic spatially covariant bimetric EFT

describing non-linear dynamics of this massive spin-2 GMP mode

Gromov and Son (2017)

proposal is reminiscent to non-relativistic and massive gravity

Cartan (1923); de Rham, Gabadadze, Tolley (2011)

see also lectures by Hassan and De Felice

Can EFT be obtained by some limit of Relativistic Massive Graviy?



Outline

Newton-Cartan Gravity

«O>r «F»r <

i
v

DA



Newton-Cartan Gravity

0000000

Massive Gravity

Non-relativistic Limits
0000000

0000000000 00O0000000

Outline
Newton-Cartan Gravity

Massive Gravity

Conclusions

[e]e]e}



Newton-Cartan Gravity
0000000

Massive Gravity

Non-relativistic Limits
0000000

0000000000 00O0000000

Outline
Newton-Cartan Gravity

Massive Gravity

Non-relativistic Limits

Conclusions

[e]e]e}



Newton-Cartan Gravity Massive Gravity Non-relativistic Limits Conclusions

0000000 0000000 0000000000 00O0000000 [e]e]e}

Outline

Newton-Cartan Gravity

Massive Gravity

Non-relativistic Limits

Conclusions



Outline

Newton-Cartan Gravity

Massive Gravity

Non-relativistic Limits

Conclusions

«O>r «F»r <

i
v

DA



Newton-Cartan Gravity Massive Gravity Non-relativistic Limits

®000000 0000000 0000000000 00O0000000

Condensed Matter

Effective Field Theory (EFT) coupled to NC background fields

serve as response functions and lead to restrictions on EFT

compare to

Coriolis force

Luttinger (1964), Greiter, Wilczek, Witten (1989), Son (2005, 2012), Can, Laskin, Wiegmann (2014)
Jensen (2014), Gromov, Abanov (2015), Gromov, Bradlyn (2017)

Conclusions

[e]e]e}
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NC Gravity in a Nutshell

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 = \x'!
e space translations: oxl =¢ i=1,2,3
e spatial rotations: Sx' = N xd
o Galilean boosts: ox' =Nt

[Jaby Pc] = _25c[apb] ’ [Jab7 Gc] = _25c[aGb] ’

[G37 H] =-P,, [Jab7ch] = 5c[an]d - 5a[ch]b7 a=1,23
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‘Gauging’ Galilei
symmetry generators | gauge field | curvatures
time translations H Ty R (H)
space translations P2 e,’ R.2(P)
Galilean boosts G? w,,? Ru°(G)
spatial rotations Jab w, R, ()

Imposing Constraints

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

R#V(H) = 8[/,1,7-111 =0 — absolute time T:/ dX'“'T“ e /dT
c c



Newton-Cartan Gravity

0O000@00

Massive Gravity

0000000

Non-relativistic Limits

0000000000 00O0000000

‘Gauging’ Bargmann

symmetry generators | gauge field | curvatures
time translations H Ty Ruv(H)
space translations p? eu? Ru2(P)
Galilean boosts G? w,? R.°(G)
spatial rotations J2b wy,?P Ruw(J)
central charge transf. V4 my, R (2)

Conclusions

[e]e]e}

Imposing Constraints

solve for spin-connection fields

Ruw(H) = 0,7, =0 — absolute time (‘zero torsion’)
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The NC Transformation Rules

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

07, =0,
Se,” = Npe,” + A7,

omy, = 0,0 + Ase,°

The spin-connection fields w,#® and w,,? are functions of e, 7 and m

Conclusions

[e]e]e}
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The NC Equations of Motion

The NC equations of motion are given by

e’ ;R ?(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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What is Massive Gravity ?

Massive Gravity is the name we have given to the attempt to
understand what the gravitational force would be like if the
graviton, the carrier of the gravitational force, has a small, but

non-zero, mass
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1939: Fierz-Pauli

o the free massive graviton, with mass m, is a spin-2 particle

described by a symmetric tensor field hy,, (x)

e for m = 0 this tensor can be viewed as the linearized

approximation to a metric tensor g, (x):

g;w(X) = N + hHV(X) + O(hz)

e the Fierz-Pauli kinetic term is the linearization of the

Einstein-Hilbert term of general relativity
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The Fierz-Pauli mass term
Lep(mass) ~ m? (h* hyy — h2) h=n""h,,
The Fierz-Pauli mass term

e breaks the linearized g.c.t. of the kinetic term:

5h,u1/ = ,ué.z/ + 81/€[L

e contains a reference metric g, = 1

e requires fine-tuning

Conclusions

[e]e]e}
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New Developments

First proposals for a non-linear mass term date back to

Salam, Strathdee (1969); Isham, Salam, Strathdee (1970); Zumino (1970)

e recent proposal in 4D by

de Rham, Gabadadze, Tolley (2011), Hassan, Rosen (2012)

e use Vierbeins e,? instead of metric g,

Hinterbichler, Rosen (2010)

e 3D: Chern-Simons formulation in terms of (e,?,w,?)

Deser, Jackiw, 't Hooft (1984)
Achucarro, Townsend (1986); Witten (1988)
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The 3D dRGT Chern Simons Model

,CdRGT(e,(JJ; é) = —Mp{ea N Ra(w) + €3¢ (al e;N\epNec+

PreaNep A e+ ﬁ2ea/\éb/\éc)}
1
R?(w) = dw? + Eeabcwb Awe :  curvature tensor

e reduces to Fierz-Pauli in linearized approximation

Conclusions

[e]e]e}
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The 3D dRGT CS model can be obtained as a scaling limit of an

underlying 3D “ZDG model” containing zwei Dreibeine
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Zwei-Dreibein Gravity

4D : Hassan, Rosen (2012); de Haan, Hohm, Merbis, Townsend (2013)

we introduce two (“zwei”) Dreibeine €;,? and two independent
spin-connections wy,? (I =1,2)
Lzpc(e® wi®) = _MP{ela A Rf + e2a N RS

+63bc (Ozl eiaNepN\eic+ aren, N\ ep e+

51 €1a A e1p A €2c + 2 €15 N €25 A e2€)}
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From General Relativity to NC gravity

Poincare ® U(1) FUES GRplus 9, M, — 9, M, =0
contraction |} J the NC limit
‘gauging’

Bargmann Newton-Cartan gravity
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Contraction Poincare

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

1
PO = ZH7 'Da:'D27 A:(O7a)
M = Jap, Mao = w G,

Taking the limit w — oo gives the Galilei algebra:

[Py, Gy] =0

Conclusions

[e]e]e}
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Contraction Poincare ® U(1)

[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
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The NC Limit |

Dautcourt (1964); Rosseel, Zojer + E.B. (2015)

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 NC 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

Conclusions

[e]e]e}
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Real Representations

consider a real scalar field with mass M

M2

1
Ei1 »Crel = —E g;,w 8H¢8,,¢ - T ¢2

Rescale ® = %¢ and take non-relativistic limit w — oo  —
w

_ 1 > M?
€ 1fcnon—rel. = _E (8a¢) - 7 ¢2
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Complex Representations: from KG to Schrodinger

Jensen, Karch (2014), Rosseel, Zojer + E.B. (2015), Fuini, Karch, Uhlemann (2015)

‘limit’

Klein-Gordon 4+ GR = Schrédinger + NC

general frames 1} { inertial frames

Klein-Gordon — Schrédinger
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The Schrodinger Limit |

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

-1 1 nv * M2 * .
E »Crel = _Eg DM(D qu) — 7 o*d  with

D,® =08, —iMM,o, 5O =iMA®

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

e M, couples to the current that expresses conservation of

# particles — # antiparticles
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The Schrodinger Limit I

Take non-relativistic limit extended with M =wm & = \/>¢ —

i

2 (606~ 6D00") — 5 [Daof ] with

—1
€ »CSchroedinger = [

Dyp=0,0+imm,¢, 0p=¢€"0p—imo o

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

e going to inertial frames gives Schrodinger equation
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Massive Particle

complex helicity mode < Schrodinger
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The Massive Spin 1 Case

J. Rosseel, P. Townsend + E.B., in preparation

consider a complex Proca field in D dimensions with mass M:

1 1
E™ Lo = —7 878" F i Fog — 5 M g" AL A, with

Fuw = 2 DAy = 20,A, — 21 M My,A,, SAL, =i MAA,

Take non-rel. limit extended with M = wm and go to inertial frames —

1 1 1
e Lnon—xel = = ;bFab_EimA;Fao+21mA Fio+ = m2|Ao|
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Three Dimensions

flat background : Q=A;+iA,, Q=A;—iA,

e @ and @ transform under spatial rotations and @ (E) Q
solve for Ay : mAy = i0Q + idQ =

Q+5-30Q=0 and Q+,-000=0
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Alternative Limit Real Proca

2 complex helicity modes < 2 x Schrodinger

but also

2 real P even helicity modes < P odd Schrodinger

Q = A1 + iAg, Al, Ag real
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Proca — Proca

ﬁ\/m = EHVPA;&,AP + MA;AP’

non rel. limit
Proca = Q + Q

‘truncation’ |} |l truncation

‘special’ limit
v/Proca e, ™ Q
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Proca — Proca

v * M L
£ proca = " A0 A, + MALA! — 2B B!

non rel. limit =
Proca = Q + @

‘truncation’ |} |l truncation

‘special’ limit
v Proca Pes, Q
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e there is an interesting relation with Scherk-Schwarz null
reductions and 4D complex self-dual Maxwell

e consider NR limit of v Proca — TME

e spinning article
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A Road Map for Non-relativistic Massive Spin-2

e extend Proca to Fierz-Pauli (FP) and v/Proca to vFP

e Take non-relativistic limit of Zwei-Dreibein Gravity

e two NC metrics — bimetic NC Gravity

e one NC metric and one complex ‘matter’ metric

— 2 x Schrodinger

e one NC metric and one real ‘matter’ metric

— P odd Schrédinger

® no action!
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3D Gravity is not unique!

e 3D Galilei Algebra allows two central extensions. The second central
extension is related to anyons
Jackiw, Nair (2000)

e limit of 3D General Relativity plus term with two auxiliary vector

fields of the form ¢**”M,,0, S, gives 3D Extended Bargmann Gravity
Rosseel + E.B. (2016)

e consider limit of Zwei-Dreibein Gravity with extra vector fields =

e Bimetric Extended Bargmann Gravity

e EFT describing non-linear dynamics of massive spin 27
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Open questions

e Does non-relativistic limit of some 3D Massive Relativistic Gravity
model give the fully-covariant completion of the proposal of the
EFT for the GMP mode in the FQE Effect?

Gromov and Son (2017)

e |f so, can you also construct extensions involving
e higher derivatives?

e higher spins?
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Take-Home Message

Conclusions

oeo

Taking non-relativistic limits is non-trivial!
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