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plan of today’s talk

* introduction
- cosmic acceleration, dark energy, massive gravity
- degenerate theory/degenerate kinetic matrix

“* case of spin-1 in degenerate theory
[1608.07066 & 1803.10876]

“* case of spin-2 in degenerate theory
[1812.10886]

* summary



Introduction

cosmic acceleration, dark energy, massive gravity



universe Is accelerating !

Vv’ the current universe is accelerating !

Cosmic Pie
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Nobel prize in 2011

for the discovery of the accelerating
expansion of the Universe




cosmological constant or ??

V' to understand/explain primordial and current
accelerated expansion of the universe

a ,0—|—3P 0
— = > () < —=
a 6 - m P< 3

exotic matter ? change of law of gravity ?7?
MDA ?? (why so small ? why that value ?)

@ AN[D, A 72?7 = /vector-tensor theory

e.g. canonical, k-essence, Horndeski, ... Proca, ...

©), ?? (change of gravity’s law) = theory
e.g. (dRGT) , bi-gravity...



FIERZ-PAULI THEORY

e Fierz-Pauli theory (Fierz, Pauli, 1939)

1 1
(e MP2>1 /0343j {[—_éhﬂygﬁyﬁha%[_ Zmz(hl“/hm} Al h23]

Linearized Only allowed mass term
Einstein-Hilbert term which does not have ghost at linear order

Juv — Nuv = h,uu
Il

G oo — — 5 (Ol = 0u0ahiy — 0,00 hi; + 0,0, hG — Ny DG + Ny OaOsh)

(1) Lorentz invariant theory
(2) No ghost (5 DOF = 2 tensor + 2 vector + 1 scalar)

(3) Simple nonlinear extension contains ghost at nonlinear level
(Boulware-Deser ghost, 6th DOF) (Boulware, Deser, 1971)



dRGT MASSIVE GRAVITY

* dRGT massive gravity (de Rham, Gabadadze, Tolley 2011)

m2

d4l‘\/ =0 [R B T (UQ + asls + 0541/{4)] + S [gul/a w]

H HV:gV_nu
EER—)" — 5#1/ . HMV — oF — ( ~1 ) H K K
v 1% \/ v g T] v L/Xﬂa /X%ZX”V

M

Smc = 5

Up = 2€0p08"PP7KH K% = 4 ([K?] - [K]?)
Us = Eparpe” PP K K%K = —[K]® + 3[K][K?] — 2[K?]
Us = €parpe”P7KH K%K KR, = —[K]* + 6[K)%[K?] — 3[K%)? — 8[K][K?] + 6[K]

cosmological solution is unstable...

instabilities in perturbations...
st

No BD ghost at full order (5 DOF) (Hassan, Rosen, 2011)



NON-CANONICAL KINETIC TERM

(Kimura & Yamauchi, 2013)

* dRGT mass term is uniquely determined

e [s dRGT theory a unique theory describing massive graviton without introducing
other fields ?

]\/[1:2>1 = /—l-“ m2 - iy -.\-Ii a A

Pl

.. really impossible to extend the kinetic term 7%

M2/ =gV V. H H MJ/—gVV.H H H,--

e No-go theorem - no derivative interaction cannot be introduced in dRGT theory
(de Rham et al. 2013)



Introduction

degenerate theory & degenerate kinetic matrix



degenerate theory
or
degenerate kinetic matrix

& magic to introduce a kinetic term

for non-dynamical d.o.f.(s)



Ostrogradsky instability

v’ reminder :
1, 1 o
[,_2q o 7'[2529 >0 :p=gq
V' system with higher derivatives < 2 dofs : Q=
1 1 :
£:§ij2 * HziPQ—pQ P =0 =g

= energy is not bounded below & unstable



non-degenerate system

v two fields without degeneracy

1 . 1 . .
£:§gb%+§¢§ d1 e ¢ or A0, ©2 & gyv, Al

v conjugate mom. (4, 12) (<5i1 : qbz)
0L : 0L :
™= =¢1, M= —_—— =2,
01 02

(¢1> with  det |IC| # 0

() -
2 P2

& no primary constraint in the language of Hamiltonian analysis



degenerate system

v two fields with degeneracy o) &%

AD, 92

1., 1. o 1 .
£=§¢§+§¢§+¢1¢2 >2<I>2 ® =1+ @2

v conjugate mom. (11, T2) \ (41, &2) non-invertible !!

oL . L.

W1—5¢1_¢1+¢27 W2—5¢2_¢1+¢2_ %]
(m) (¢1) with det ‘/C‘
2 ¢2 _ ()

& a primary constraint in the language of Hamiltonian analysis



question

can we construct new massless/massive

spin-1 & 2 theories with degenerate kinetic matrix ??



~ case of spin-1 ~



Maxwell & Proca

Vv’ Ay has 4 components = (in maximum) 4 d.o.f.s

Vv In Maxwell, (no kinetic term)
y 22 B2 {2 2 1 2

(gauge sym. Kills longitudinal mode — 2 d.o.f.s)

V' Proca theory (+m2A2, no gauge sym.) & 3 d.o.f.s

In Maxwell & Proca,

— with magic (degeneracy), kinetic term for



Kimura, AN, Yoshida [1608.07066 (2010)]

Extended vector-tensor

Vv’ action w/ 2 derivatives of Ay & 4D general covariance

L=[fY)R+C"(V,A)(V,As)

i | sym.
CHvPo — ,upau_i_a /u/po_{__a A“AV'OU—{—A'DAG“V
199 29"9" + 5 as( g g*) — asym.
+%a4(AuA(pga)v i AVA(pga)u) + asAPAYAPAC + a6gu[pgalv
+507(AM AP — AV APgoI) & Zag(AMAPGYT — AVATGHP) + Cage P

f, ai : functions of Y = A JAH
& not symmetric under p & v (p & o) [cf. VA, — ]

& for general ai, 6 = 1 (A0) + 3 (Ai) + 2 (GW) d.o.f.s



degeneracy condition

v’ degeneracy cond. & making

0 = |Myin| = Do + Do AZ + Dy A;

/ A1+ 2 =0

0="Dp ox (a1 + a2) Flag, f) —» - F=0 (t=0)

\ - F=0 (t=0)

Vv’ an example of dofs = GW & vector (massive/less)

—8(2042 + Y()ég) — Y ag (4 +4Y ay — Yz()ég)
2Y2Oé8

] = 041[04270437048] —



cosmology
N degenerate theory



no-go for degenerate theory ??

V' In degenerate Scalar-Tensor theory with qb , there Is
no Ostrogradsky instability by construction.. but..

v/ de Rham & Matas found
in a class of degenerate Scalar-Tensor theory

3

;- 2%((? — XA (3453 - 2i‘fjl> ®? — 20GPV?D, (B.6)
0 1 2

and that branch of solutions always exhibits a gradient instability (if G > 0, the insta-
bility is in the scalar mode and had we taken G < 0, the instability would have been in
the tensor modes).

V' instability in theory as well ??



Kase, Kimura, AN, Yoshida [1803.10876]

cosmology in EVT1
v

v’ cosmology in extended vector-tensor theory
BG: FLRW + A, =(A(),0)

Vv’ There is parameter space in which all the perturbations
do not suffer from ANY instabilities (even with c? =7).

= nstability in scalar theory Is |

V' inflation in EVT (ongoing with )



~ case of spin-2 ~



spin-2

V' fluctuations around Minkowski spacetime

huv =10 components

Juv = Muv + Ny in 4D

v GR [massless spin-2] = 2 dynamical dofs =2 GW
10 4 4 2
huv gauae const GW

.
--------------------------------------------------------

v | spin-2] = no gauge
10-0-4 - 1 (ghost) = 5 dofs == GW + S&V



AN, Kimura, Yamauchi [1812.10886]

Lorentz-invariant spin-2

V' generic spin-2 action with Lorentz invariance
S = / A4 (=K By o = MPP Ty g )

Kzaﬁmupa _ Iilnaﬁny,pnl/a + Rzn,uanpﬁnl/a + Iignaunl/ﬁnpa + /@lnaﬁn,uunpa

MHPPPT = P n” 4+ om0 Ki & Mi : (constant) free parameters

\/GR: Ko = —RK3 = 2Kk4 = —2K1 & pi=0
gauge symmetry = h,, — hy + 0,80 +0,€,

v  FP: kisame as GR & p1 =-p2 (FP mass tuning)



action under SVT decom.

v’ generic (massive) spin-2 = + +

hoo = h"°’ = —2a,, hoi = —h"" = B+ Bi
hii =h" =2R6;; +2E;; + F; ; + F; ; +2H;;
Vv’ tensor mode (in Fourier space) :
STH;;] = 4/dt d%[mﬁfj — (k1K + m)HEj]
- tensor exist iff

- ghost & tachyon free iff



vector mode

Vv’ vector mode =4d.o.f.s © 2inBi+2inFi:

SV[BZ ,Fz] — /dt dgk[—(Qﬁll -+ HLQ)B,L-Q — QIilFZ-Q — QKQkBZF/L

+ 2 (/11/{2 + ,Lél) B,L-2 — (/{2(2/431 -+ /432) — Q,LL1) FE]

(D case V1 [u1 = 0] : 0 dof
(include GR, w/ gauge symmetry ~ dif. inv.)

(@ case V2 [u1 = 0] : 2 dofs
(include FP, )



scalar mode

V' scalarmode =4d.o.f.s & a,B, R, E

S B is non-dynamical when 2k1+k2=0

{ case 1 = 1 primary constraint

case 2 = 2 primary constraints

(D case 1 & = 3 dofs with ghost..

@ case 1 & = 1 dof



2 primary constraints

Vv case?2 =
£:&1@2—|—CL2R2—|—0/3£2—|‘"'
detlai] =0 =
@ = 0 dof
(include GR, w/ gauge symmetry ~ dif. inv.)

@ & = 0 dof
(no gauge symmetry, extra constraints, only tensor)

3 & = 1 dof
(include FP [u1=-u2], but more general)



new & relatives

V' linear Lorentz-invariant field transformation :
huy — hy, + (const.) x tr|h] n,,

= preserve classifications (casel — casel)

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

0000000
----------------------------------------------------------------------------

v’ massive gravity with new matter coupling ??

~

FP + L™h,¢] — FP"" + L™[g,¢] =FP + L™ [h 9]



summary



summary of spin-1

v We have constructed degenerate vector-tensor theory
that includes two first derivative of vector field.

v New theory for massless/massive vector field includes
4/5 (#6) d.o.f.s = 2/3 massive vector & 2 GW

v Applying transformations of metric & vector field,
we have investigated the stability of classification

v There exist healthy cosmological solutions finding
no instabilities in perturbations < scalar theory



summary of spin-2

V' considered generic spin-2 theories applying the idea of
degenerate theory to spin-2 field for the first time.

v’ uncovered new theories with 2 and 3 (and 5) dofs

Vv’ considered a field transformation : hyy = hyy + Tr[h] Nuv
all theory with 5 dofs — Fierz-Pauli theory

v new matter coupling in massive gravity ??

FP[h] + L™[h] # FP[h]+ L™[h] = FP[h] + L™

>




Thank you very much
for your attention






