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Abstract: <span>On de

Sitter space, there exists a special value for the mass of a graviton for which

the linear theory propagates 4 rather than 5 degrees of freedom. If afully non-linear version of the theory
exists and can be coupled to known matter, it would have interesting properties

and could solve the cosmologica constant problem. | will describe evidence for and obstructions

to the existence of such atheory.</span>
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Partially massless gravity (7)

Kurt Hinterbichler (Perimeter Institute)

Perimeter, Dec. 11, 2013

Review of massive gravity: arxiv:1105.373!

Partially massless: arxiv:1302.0025 w/ Clandia de Rham. Rachel Rosen, Andrew Tolley
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The cosmological constant problem
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The cosmological constant problem
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The cosmological constant problem
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The cosmological constant problem
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Old CC problem: why is the CC zero and not large (i.e. planck or electroweak scale?)

New CC problem: why is the CC non-zero and ~ matter density today
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Modifying gravity

A theory proposing to solve the CC problem should have something to say

on two [ronts:

1) Why is the universe accelerating at such a small rate?

2) Why does a large CC not curve the universe?
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Modifying gravity

(= =

o Should be an infrared modification. to sav something about the cosmological
constant without messing up solar system tests of gravity

« GR is the unique theory of an interacting massless helicitv-2 at low energies —

to modify gravity is to change the degrees of freedom

First thought: make the graviton massive
IR modification scale
M 1

LA 7

. ~~ 11

Extra DOF: 5 massive spin states as opposed to 2 helicity states
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Massive graviton: linear theory

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless

helicity 2)

Fierz-Pauli action:

= | : 9 . : - 1 L . " | o
L= ‘)U.\hm.()’\h”' t O hunO R d,h""9,h 4 I)H,\hf’)'\h I)m“(hm,h“' h*) 4 (PO o

2 2 Mp
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Massive graviton: linear theory

Massive spin 2 particle: 5 degrees of freedom (as opposed to 2 for massless

helicity 2)

Fierz-Pauli action:

» I 3 L/ 7 ‘ 2 i I [ ) l 2 J 9 ! y ;
L= ‘)r').\hm.()'\h”' t O, hy 20 R d, W'Y o, h 4 I)(),\hr)’\h I)m“(hm,h’” h=)|4 v Ry T
& F | ]’

/ !

Einstein-Hilbert (massless) part. Mass term breaks gauge symmetry.
Gauge symmetry: dh,,, = J,&, + €, Fierz-Pauli tuning ensures 5 D.O.F.

Pirsa: 13120005 Page 10/53



Helicity analysis

Introduce Stiikelberg fields:  h,,, = h,, + 9, A, 4 0,A, +20,0,¢

h‘,”, ~ helicity =+ 2 2 DOF

O —_— A, ~ helicity +1 2 DOF

= = elativistie limit v = 0
5DOF ' — ‘
¢ ~ helicity 0 | DOF
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Helicity analysis

Introduce Stitkelberg fields: h.f“' - h“,, | (')“ A, +0,A, + 2(')‘,('),,1',’)

M

b, ~ helicity +2 2 DOF

h,ﬂw —_—e ."1“ ~ ]I(‘“('if‘.\’ =1 2 DOF

relativistie limit s = 0
5 DOF . :
¢ ~ helicity 0 | DOF
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Helicity analysis

Introduce Stitkelberg fields: h.f“’ - h{,,, o,

i A, + U,,.-\I, +20,0,9

b ~ helicity +2 2 DOF

Ry —_— A, ~ helicity +1 2 DOF

5 DOF relativistico limit . |
¢ ~ helicity 0 L DO

Canonically normalize A, ~ —A,, - —¢ massless limit
- (il

. |
Lm 0

O e = (fr W o ho* ,) |
9 M e ‘ ] Mp

L
P

3 . This is the vDVZ discontinuity:
Diagonalize kinetic terms h,”, = T @ Nuv scalar fifth force

'l;ui J

le 7 | t
[-:m— I’ — . ]'1“1 F*¥ —3 '); ¢ ¥ P — ‘}f ,FIW'H 4 - oy h
=alltd =2 Cup T @+ g™ + 49
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Interaction terms

I) i ] L ]
/n’l.f' [[\." gR) — / ;,'lm“l'['_q.h_] ,

Vig,h) = Va(g, h) + Vi(g. ) + Vilg.h) + Vs(g. h) 4

= (h®) - (h)?,

= +er(h*) + 2 (h*)(h) + es(h)’,
ke (h*) + da(h?)(h) + dy(h®)* + do(h%) (h)* + d5(R)",
FARY + fa(ht)(R) + fs(h®) (R + fi(h*) (%) + f5(h®)
Ffo (B2 (h)* + fr(h)?,
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The effective field theory

After t't‘]llelt'l'lllt‘m h;,,, + hy,y + U',, A, + {)r._-l” t '_’()”U,,‘;} -+ -+ there are interaction terims:

mEMER™ (DA)"A (0P g)" ~ Ay TEATI (A A (92 )™
7

,'//

.. . N—13 1/A 3ng + 2na + ny, |
Varionus strong coupling scales: Ay = (Mpm S -
= Na +TA+ N 2
I'he larger A, the smaller the scale
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The effective field theory

\“('1 !'(‘])Iil('l‘]lli‘]lf h;”, 7 h'”, f l“j“ .']j, { (‘)r..'l’” | -_)(‘}“(.}‘,(,'} + L3 R t]”\“\ are “11('1(“1 i(,” I{'[l”‘\

l—np—2n4—3n,

m? MER™ (DA)" 4 (0¢)™ ~ A R (DA)™ (929)™
by

’

, /A In 2na +m |
Various strong coupling scales: Ay = (Mpm? 1} ; ' - -
= , 4 114+ Ny .
T'he larger A, the smaller the scale :

The smallest scale is carried by a cubic scalar interaction:

(020)°

T As (Mpml)ur.

~

This is the (UV) strong coupling scale of the theory
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The effective field theory

After t‘t‘pl;lt'vlllt‘m hm' h.,,. 0, A, 4 (i,._-l!, f '_’i}“{},,u -+ -+ there are interaction terms:

—Np—2n4—3M4 1 A A a2 '
mamanaste fna(GA (5% 6)"

m*Mph™ (0A)" A (9* )™ ~ A

’/
/
Various strong coupling scales: Ay = (Mpm? 1}L W dng +2na +np — 4
The larger A, the smaller the scale % A e =i

The smallest scale is carried by a cubic scalar interaction:

((')2(7‘_:)).'5

T \'J (ﬂ]‘r:”“]lf'ﬁ

~

This is the (UV) strong coupling scale of the theory
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The effective field theory

As = (Mpm? \1/5
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The effective field theory

(‘}l_}{-:f 3 =
w% ‘-‘\_',_l.'\[[’”)])le

o Scalar self-interactions responsible for Vainshtein radius:

Source of mass M

) :
€ . >

. . /A2 ' /
I'Schwarzschild ™ .-\[,’ “”f' PVainshteln ~ | = "Yukawa ™~ ];’!H
plnsuiein

Pirsa: 13120005 Page 19/53



The eftective field theory

.}-_1‘.') 3 )
m% ';I\‘.’_f(*'\][’”fl}l*d

o Scalar self-interactions responsible for Vainshtein radius:

Source of mass M

>

. {1 2 f 1/5 /
I'Schwarzschild ™ A l," *‘l[;’ e o {\/[ ) rvVikawa ™~ 1 /m
\ AP

e Scalar self-interactions display the Boulware-Deser ghost

Kev insight: Can choose the interactions, order by order in A, so that the scalar

self-interactions appear in total derivative combinations.
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The A3 theory

j!i"l‘!“
MM pang2

!

T : e ] A T
I'he leading operators now carry the scale Az = (Mpm~©)'/
Explicitly:

l ' l 1" . - Ill = 1[{\ ].’. - 'j',] - 123 l
—hi,,,t"”'"”h,..u = ;fl"“’ —1.\““4_'1)—{— (b€ X\ () 4 oy e .\I"'[f_'n] + v

0 o \ < \!'. ja
= e 23
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The A3 theory

- . e 211/
The leading operators now carry the scale Az = (Mpm?*)'/3
Explicitly:

H(6ez — 1) (19, 16(8ds + ¢3) .3y, 2, l
{1 T.\;”,“-” + T-\:f"[t” - m

. - 1
_"rﬂ['t’”...}h,._l_ _h;u _1.\I|t|(.,
2 A

X tensors:

\-[r‘l —

“% i

—\‘,.IJ‘,“ | |N , = 0,,d,0
at
X ) 5, - M.

X5 = (I - [0%]) e = 2[11] Ty, + 20T,
X = ([0 - 310 [11*] + 2 [1%]) mp, = 3 (1% = [11%]) I0,,, + 6 {11 112, — 6112,

They have the following properties, which ensures that the decoupling limit is ghost free

14 {7 r{n) . . .
oM X ,,(HI,) =) X, has at most two time derivatives,
X, has at most one time derivative,

X, has no time derivatives.
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The Aj theory re-summed (dRGT theory)

The theory with this choice can be re-summed

2

MP-? 2 —
{) /(I“.f' \//__f/ fg= %Z{nsn( .(filfl)
; 0 4

=

/
(Characteristic Polvnomials

|
S LV = €A,
n'(D—n)! :

Sul M) 1.
Si(M) \/

1

Sa( M) — ((M]2 - (M),

Sy(M) — ([M]* = 3[M)[M?] + 20ArY)

Sp(M) =det M .

« Full theory has no Boulware-Deser ghost (propagates 5 DOF non-linearly)

BBy Bp P | n+l
Ltk & MG - MZog
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Vielbein formulation of ghost-free massive gravity

> . - = 1 B
Or in terms of vierbeins 9w = €, ¢, NAB

/eflj.r € ]Ru — e E G / (_ll,.,““f"‘] Ao Aedn Al1dnet AL A 140

r

(host-free mass terms are simply all possible ways of wedging a vierbein and

background vierbein:

€A AsAua e A e A 63 A e
“l[.-l‘_:.\‘(,l.f"\“ Ae?2 A es A 1M
f.-\,.\g.-ul.f"\] A ez A 143 A 144
€A Az Az A€ A 142 A 143 A 144

;\|--\z,-‘..;.\|l;h A l‘\u’ A l‘.\:i A l’“
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Some features of the theory

Theoretical

o Consistent, ghost free effective field theory propagating a single massive graviton

o Issues with superluminal propagation of the scalar mode (no standard, weakly
coupled Lorentz invariant UV completion?)

CC problem

o Exist sell accelerating solutions, in the absence of a CC (acceleration is caused by
New (¢ ) graviton mass m ~ H) .
problem

o A small graviton mass is protected from large quantum corrections (diff invariance

restored as m — 0)

Old ¢ [

l 1 o Screening of a large CC (works for linear theory, non-linear (7))
!)IHIIIH
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Some features of the theory

Theoretical

« Clonsistent, ghost free effective field theory propagating a single massive graviton

o Issues with superluminal propagation of the scalar mode (no standard, weakly
coupled Lorentz invariant UV completion?)

CC' problem

o Exist sell accelerating solutions. in the absence of a CC (acceleration is caused by
New CC graviton mass m ~ H) .
problem

o A small graviton mass is protected from large quantum corrections (diff invariance

restored as m — 0)

Old ¢ J

l ¢ Screening of a large CC (works for linear theory, non-linear (7))
;”“"TI!
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Massive gravity on (A)dS

| 1
£-—\CTkszNVWW+TwWV%W—vam”+;ﬁﬁ?%

!J f l 92 l » = I ‘
'T} (h;” hp.' - E;JH) — Ef!i“”!,,,,hm‘ — ff”) - ﬁh,wllwl
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Massive gravity on (A)dS

| | 1
L = /=9 [—.—,T‘,h,,,.T"h"“ + Vah V' h =V, hV, b + =V, hV"h

l; : | l | .' I |
'k*;" (hmhw' - 3"3*) — jm"{h WY — b3 4+ —h. T .

e ] jris
2 Mp

P
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Massive gravity on (A)dS

| 1
L = =g [—;T‘,h,,,,\_"h"” + Vahyu VYR = V0V, 0 + =V, hV"h

R ( . L 5 : I ‘
b1 (h"' huw — Eh”) - Tn"{hp,,h’”' — h*) + ‘Tl;h,,,,!"”'

Introduce Stiikelbergs:  h,, — h, +V, A, +V, A, +2V,V,06

Conformal transformation: — h,,, — hy, + 0 g

: S I b (O P
L=CL,oh) + Ir,r\ '.'rr“l‘h”_‘_h“‘ =y qru"/-,,..f"" ",nw"h’_\".l,,

2m* (H'r;”_\“".l"' h'V,A") 4 m® (.'i.u"‘

L S » 9
((dp)™ — =7

o

)1'_’“\_“.\” - H o)

——
,\!,,/"" ™ 4

Scalar disappears when R = 6m°
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Partially massless point

o Scalar disappears when R = 6m”
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Partially massless point

o Scalar disappears when R = 6m”

¢ This means we have a gauge synnnetry: M"JW = \_'“T“{ 4 -

Scalar gauge parameter: &(x)

Removes the longitudinal degree of freedom

e Exotic representation of dS group with 4 DOF

o Fluctuations propagate on the light cone

IHH1F|Il]1'UII|_\'H!]tll‘Hil“‘l h, > 0 ‘ 4,__11”‘.{.«.|.u‘.-|;.r\1m LNIVerSsI
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Massive gravity on (A)dS

Take a limit m* =0, R- 0, Ha‘.",/[l’ fixed

: n , R 5
Y _m* (."nu“ = s ()=
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Massive gravity on (A)dS

Take a limit m* =0, R— (0, Ha‘{/h’ fixed

R

- - I D gy T ) ] )
L=Ln0h) + V- _:/[ - jim'f'!,,‘l‘ B —m* | 3m* — = (Dp)*

]
}F 'lwr' 1
Mp
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Massive gravity on (A)dS

Take a limit m*—0, R—0, Hi:/[l’ fixed

- - ' / I D = ST 2 ) h’ 2
L=Lupat(l)] + _l/[ - .",””-!',n‘!‘ H — m* (iim‘ - ) (p)*

1 m?*
W, T + ——6T|.
Mp ™ Mp W

R

A
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Partially massless gravity and the CC

The partially massless symmetry fixes the curvature of dS relative to the graviton mass

Svmmetry forbids a bare CC: v—g~h+:

dh #0
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dRGT theory on dS

[s there a non-linear, interacting theory propagating a partially massless graviton?
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decoupling limit on dS
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decoupling limit on dS

Action in the decoupling limit:

( )_\'I:”i(‘:i)

v

- s \ /4 ), I
Shu e Chag — ShH* {( ) X/ (0) + 75 () X (0) +

v A \[

. Hl:
Coefficients depending on the parameters of the theory - . s R
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Candidate partially massless theory

. l 2
8= / dz = NS, [H — E;‘\-S': (\/."!7 1.'])]
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Candidate partially massless theory

S = / dx : 1 — é.\.ﬁl_g (-\/..f] }.f])

T

Mass term has a Z; symmetry interchanging dynamical and background metric
In vierbein form: V2
T l ! pal ¢ {
~ / AT €ped( R — R™) A € A €

- A B
Mass term ~ €qped € A\ @

9
r b,

If the scalar is absent bevond the decoupling limit:

This theory has a scalar gauge symmetry

= (Fla)"

2 Predicts neutrino sci

They carry the scale Ao ~ (;\]f,m)] /4 A, (A.U]J]--])l-'ll

The leading interactions are now

&

Degrees of freedom are precisely those observed in nature, below the neutrino scale
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Candidate partially massless theory

. .)
3 = /r/".r - i~ %J\S‘_’ (\/.“I I.'l)

T

g dynamical and background metric

o

Mass term has a Z2 symmetry interchangir

In vierbein form: A
M7

- -

Hih e
/ r/lJ'r,:;,,.d( R R ) A e° / e

2 il b "
Mass term ~ € peq € AE A

If the scalar is absent bevond the decoupling limit:

This theory has a scalar gauge symimetry

l 1 nH
A2n—4 (Fyuv)

p- i)\"l|f[" neuLrin

Thev carry the scale Ao ~ ( J\l,un)]""'u ~ (;"H';J‘])l";'3 ol

The leading interactions are now

Degrees of freedom are precisely those observed in nature, below the neutrino scale
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Coupling to matter

Gauge symmetry should be preserved by matter coupling
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Coupling to matter
Gauge symmetry should be preserved by matter coupling

At linear order: ~ h‘,,,,'f‘“”

‘ A
VNV, T + q'l‘ = ()

[f this can be done consistently to all orders:
e No scalar mode introduced Il_\' matter sector
« No fifth force. no Vainshtein mechanism needed

» No issues with superluminality. strong
coupling. etc. generally associated with

derivative interactions in the scalar sector.
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Mini-superspace analysis (cosmology)

. i |
S = /(/-1_,. 5V =4 [Rh!, 2\52 (\/U'_'!I”

Flat-slicing FRW ansatz:

)

Guv = .\’(f)er-" f u(f)'“’rf.r':. Juv = dt* + e*Htdz?

Mini-superspace action:

g ' H 3 aa’
S d ;
: N

Eliminate N through its equation of motion:

2

S = / clt .'i\[.).\r ”!(_ H V’/\)H'
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Another consistency check

Add a CC source so that the background dS metric is parametrically different
from the reference dS metric:

.‘hn' i !’:’;u'

Look at the kinetic term of the scalar perturbations around 9.

"0

- (_.[]."?5 + "1-"\-‘2 + Az 4 ‘l) (f;')“ 4

t

Cubic polynomial, all terms must separately vanish — 4 conditions

Pirsa: 13120005 Page 45/53



Pirsa: 13120005

Order by order check

Look for the symmetry by brute force: enforce the Noether identity order by

order in h.
(General mass term, expand in powers of h around the background: guv

L — Li'l'?|| 1 EIJI
| S S . 5 o
= vV—9 (R[g] — 2A) V=0 (b [h°] + ba[h]* + 1 [R7] + 2 [h7][R]

2 |

"'"H’|ih ;] fl"_}ih::l.}ﬂj T tf,.;[hl”‘:: o J;'hzl h|l’l +d;, /:‘I 2 i )J -
Expand the unknown symmetry generator in powers of h:
)/ L4 L=L94 LM 4...
( 'i“' .‘”,U_ J J l# 1
Expand the statement of gauge invariance in powers of h:

“L: l f "‘L‘n
e = Ly |~ /=5(C* + AgH) + ==
H ()h““ i ..!\/ } } J ﬂh

s

Guv + h;w

T (';jhlli
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quadratic order

Statement of gauge invariance at order h

. l ’ ‘ J '\-L:IJ.!J
e V=g (G* + Ag"™)| p, + ——
- ' e r\/.i’,,_‘

117

(0

Most general possible transformation L,/ ¢

l']”:'” -— /)’I TP\—J,{J | [))_‘ Gy P } [)),'_’..“!;urE lop

gy
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cubic order

Statement of gauge invariance at order h*;

11, | | , oLy
LEO) | ==v=g (G* + Ag"™)|, V=9 (G* + Ag")|y, 4 = ().

‘s F . {2) : “ 0 . FIl) >
Z " s (\!.’F,;,

3 coeflicients in cubic mass term: ¢;. ¢ ¢
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cubic order

The miracles oceur:
2
me

L i — 2 2 .
£ = 5 | V=3 (Rls) - 20) = T3 (188 = 6 = 1) + 310400 - 5

)
- —
/

C'ubic terms are fixed to ghost free dRGT values

Transformation law at cubic order:

’5 ||h;r|“ == 0
| A
+( 3 V”T,, | h‘-.j) B ,—,,’I;Hf {"“--):

]

| 1 1 A
h( Vi) Vad = =V hn V0 + SV VA6 4 =Py

For D # 4 all the miracles don’t occur. there is an obstruction:

oL D-4 — =
JUL e = - '.“ ot ' - ‘j... y
“ Oy S0 122 VIt —H)

(2)
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quartic order D =4
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Ways out

e The two derivative interaction terms may not be those of Einstein-Hilbert
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Ways out

e The two derivative interaction terms may not be those of Einstein-Hilbert

« Higher derivative interaction terms may be required

o Additional degrees of freedom may be required to consistently interact

(Yang-Mills like theory?)
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Kaluza Klein

Can a partially massless graviton be found in a KK tower?

Try pure gravity plus a CC on M x N D=d+ N
d \

Ry + Ry = Rip).

" " 4 . ‘ " 9
Graviton masses given by spectrum of ordinary Laplacian: m* =,
h’l' N N l’)': 1)

(

Lichnerowicz bound on lowest eigenvalue: A > — ,
N-1 » 1
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