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Abstract: In massive gravity the so-far-found black hole solutions on
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Motivation:

Construct a classical ghost-free massive extension of General
Relativity (fundamental question of Field Theory)

Cosmic self-acceleration due to graviton mass

Screening of the large scale sources such as vacuum energy, the
cosmological constant problem; evades Weinberg's no-go theorem

Pirsa: 11120043 Page 4/33



History of the subject

A linear theory of massive spin-2 with 5 dof ( )

No continuous limit of FP to massless theory (

)

Continuity can be restored due to nonlinearities ( )
Nonlinearities introduce the sixth dof (ghost) ( )

Recent context:

Dvali, Gabadadze, Porrati '00

Deffayet, Dvali, Gabadadze, Vainshtein '01
Arkani-Hamed, Georgi, M. Schwartz '02
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Result:

L = Mlz)l\/—g (R + m? (Us + a3 Uz + (g U4))

U, = [K]? —[K?]

Us = [K)? = 3[K][K?] + 2[K3)]
U, = [K]* —6[K?|[K]? + 8[K3][K] + 3[K?]* — 6[K*]
KL (8. ¢) = 0l — /8100020, 0bnab
»? — scalar fields. unitary gauge — ¢? = x?
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Result:

L = Miv/—g(R+m?(Us+ a3 Uz + g Uy))

pl
Z/IQ —  €ura i({m”'ikjﬁj,\ji;
Us = €euuare” KL K
Us = eupoe P KEKEKPKS

/\ﬂ(g.r'i) — rﬁ: - \/g/m“n‘-"a‘.):»”b’lab

¢»? — scalar fields, unitary gauge — ¢? = x?
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Derivation:
A Toy Model: Massive Abelian Vector Field

1 1
L=-2F, — -mA;
4 Jil 2 M

To identify degrees of freedom we use the Stiickelberg
decomposition:

1
=a, — —o,m

m
This makes the gauge invariance manifest: the simultaneous
transformation of the a, and 7 leaves the Lagrangian invariant.
The simplest way to account for all dof is to take the decoupling
limit:

: 1
m—0, " _ fixed —> E——4Fﬁ,,(a)—
o
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To identify degrees of freedom we use the Stiickelberg
decomposition:

1
= a, — —0,m

m
This makes the gauge invariance manifest: the simultaneous
transformation of the a,, and 7 leaves the Lagrangian invariant.
The simplest way to account for all dof is to take the decoupling
limit:

: 1
m—0, " _fixed = L= —4Fﬁ,,(a) -
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Derivation:
The Boulware-Deser ghost — simplified,

Considering decoupling limit
My — oo, m—0, A— fixed

The ghost manifests itself in helicity-0 mode;
e.g. the Lagrangian for the pion, leading to the ill-defined Cauchy
problem (e.g. GR+FP mass)

(Or)?

mUm +
A2

A2 = Mpm®*
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Derivation:
The Boulware-Deser ghost — simplified,

Considering decoupling limit
My — oo, m—0, A— fixed

The ghost manifests itself in helicity-0 mode;
e.g. the Lagrangian for the pion, leading to the ill-defined Cauchy
problem (e.g. GR+FP mass)

(Or)?

mUm +
A2

A2 = Mpym®*
Terms with well-defined Cauchy problem (e.g. DGP, nonlinear
completion of FP)

(Om)?0Om

3 _ 2
e A3 = M,im
3

U +
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Derivation:
The Boulware-Deser ghost — simplified,

Considering decoupling limit
My — oo, m—0, A— fixed

The ghost manifests itself in helicity-0 mode;
e.g. the Lagrangian for the pion, leading to the ill-defined Cauchy
problem (e.g. GR+FP mass)

(Or)?

mUm +
A2

A2 = Mpym®*
Terms with well-defined Cauchy problem (e.g. DGP, nonlinear
completion of FP)

(Om)?Om

U +
A3

/\g = M, m?
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Constructing Massive Gravity

g”/ — !/‘}'I _+_ h”/
/ / /
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Constructing Massive Gravity

o 4an b
gff]l — !/I‘}'I _+_ h/”/ _> g}”/ — ()‘”()a();.rf.) f/ab + Hff]l

L= M/~g (R—m*(H;, — H?))

L

It admits the Minkowski background
Euv = Nuw ¢ = Xﬂ{)‘fa’
The ‘pion’ fields are determined as
0? =x? -7, with 7= A%+ 0%

ill-defined Cauchy problem in the decoupling limit
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Constructing Massive Gravity

L= My/—g(R

pl
—m?(H?, — H?> + aH3, + oHH?, + aH> +..)))

JLv JLv Jv

The construction is pursued in the decoupling limit

My — oo, m—0, A— fixed
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Constructing Massive Gravity

L= MI%I\/—g(R
—m?(H?, — H? + aH3, + oHH?, + aH> +..)))

JLv Jv Jv

The construction is pursued in the decoupling limit
My — oo, m— 0, A — fixed

Taking ¢ = 2¢c3 +1/2 and ¢ = —3¢3 — 1/2 leads to the well
behaved 7 dynamics at cubic order; however in 4th order the
Cauchy problem is still ill-defined and requires the addition of terms
O(H,) ..

This procedure can be extended to all orders in H,,,,.
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Decoupling Limit of the Theory

1 2a 3 O (3
pv fof3 jw (1) (2) (3)
L —2h Enp hap + W [ X)) + /\3X’”’ B A6Xm,
3 3
1
X;(”;) e (/.rupr‘r(fhipr'rﬂn.f
2
X;(m) (,{m;r‘,’w.)’rrj.ﬂ.q.irl,m
3
X;(I.H) — (jfflfl‘,(V.)'rTril_If}.)‘ﬂ/JrTl—I‘..(\-
rll'”].r (')’[(‘),,;T

The Lagrangian is invariant under the linear diffeomorphisms as
well as under the Galilean transformation of the pion.
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Result:

L = M3/—g(R+m*(Uz+ a3 Us+ s Us))

U, = [KJ*—[K?]
U = [KJ - 3[K][K?] + 2[K7]
Us = [K]* = 6[C*][K]? + B[KZ]IK] + 3[K?)? — 6[K"]

Ki(g, H) = 6" — \/8!' — HY!

unitary gauge — H,,, = h,
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Result:

L = M3y/—g(R+m*(Uz+ a3 Us+ g Us))

U, = [K]*—[K?]
U = [K] - 3[K][K?] + 2[K7]
Us = [K]* = 6[C*][K]? + BIKCZ]IK] + 3[K?)? — 6[K"]

K'(g, H) = 6" — \/8!' — HY!

unitary gauge — H,, = h.,
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Horizons in Massive Gravity

Can the metric be of the Schwarzschild-type in the unitary gauge?

2

ds? = —(1 — f)dt® + ldr £t r’dQ?, eg. f=ry/rorf=m’r
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Horizons in Massive Gravity

Can the metric be of the Schwarzschild-type in the unitary gauge?
2 2 dr? 2 102 2.2
ds® = —(1 — f)dt +l f+rdQ. eg. f=rg/rorf=mr

The answer is No; g, is a physical field.

In the covariant formalism there exists the reparametrization
invariant quantity

g,rw”“ (_'Ja('),,(_')b

This must be nonsingular.
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Nonsingular Background

There is no physical singularity at the horizon if the unitary gauge
metric is well behaved, e.g. describes horizon in Gullstrand-Painlevé
coordinates

ds? = —dt? + (dr + Vfdt)? + r?dQ?,

In unitary gauge
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Exact Schwarzschild-de Sitter Background

r 3¢

2
2
ds? = —dt? + (dr + \/rg + n12r2dt> + r2dQ?
|
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Static Slicing
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Static Slicing
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Fluctuations in the Decoupling Limit

All the 5 degrees of freedom of the massive graviton on Minkowski
space are governed by

. 1, 4 DOT\" 1 5 =~ .., (007"
L:—zhg,h+z:lh ) —3F +ZlaAuA ~3
n

The fluctuations around our background for both the vector and
the scalar mode have vanishing kinetic terms
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Reissner-Nordstrom solution on de Sitter

r 30 r2

2
2
ds® = —dt? + (dri \/’g + 2 m2r2 — Q dt) + r?dQ?

Q)

|
>
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Reissner-Nordstrom solution on de Sitter

r 3a r2

2
2
ds® = —dt? + (dri \/’g + 2 m2r2 — @ dt) + r?dQ?

(‘)a — Xa
In static slicing it becomes
r 2 Q> dr?
ds? = —(1 — & — = m?r? + = )dt? + 5
r 3(| r2 1_ g — 32 m2r2 + Q2
r Oy r

+r2dQ?

with ¢? # x? and E = Qg’r2. B=0
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Some recent results:
Vainshtein mechanism of recovering GR:
de Rham, Gabadadze (in the decoupling limit)
Koyama, Niz, Tasinato (exact theory)
Chkareuli, Pirtskhalava (decoupling limit)
LB, Chkareuli, Gabadadze (work in progress)
Interesting cosmological solutions:
de Rham, Gabadadze, Heisenberg, Pirtskhalava (decoupling limit)
Koyama, Niz, Tasinato (exact theory)
T. Nieuwenhuizen (exact theory)

and further works
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Concluding remarks:

Strong theoretical evidence that Massive Gravity exists as a
consistent ghost-free classical covariant theory (decoupling limit,
Hamiltonian constraint )

Interesting mathematical structure of the lagrangian

Stable self-accelerated solution in decoupling limit; also
degravitating solution

Possesses the exact solutions with horizons, free of physical
singularity; except at the center of the black-hole

The dynamics of the fluctuations requires further investigation
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