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Why alternative gravity theories?

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

http://map.gsfc.nasa.gov/
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Three conditions for good

alternative theories of gravity
(my personal viewpoint)

1. Theoretically consistent
e.g. no ghost instability

2. Experimentally viable
solar system / table top experiments

3. Predictable
e.g. protected by symmetry
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Some examples

Ghost condensation
IR modification of gravity
motivation: dark energy/matter

Nonlinear massive gravity
IR modification of gravity
motivation: “Can graviton have mass?”

. Horava-Lifshitz gravity

UV modification of gravity
motivation: quantum gravity

. Superstring theory

UV modification of gravity
motivation: quantum gravity, unified theory
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A motivation for IR modification

Flattening galaxy rotation curves
extra gravity

Dimming supernovae
accelerating universe




A motivation for IR modification

Flattening galaxy rotation curves
extra gravity

Dimming supernovae
accelerating universe

« Usual explanation:
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G

which people tried to
explain with a “dark
planet”, Vulcan,
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Can we change gravity in IR?

»Change Theory?
Massive gravity Fierz-Pauli 1939
DGP model Dvali-Gabadadze-Porrati 2000
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Can we change gravity in IR?

»Change Theory?
Massive gravity Fierz-pauli 1939
DGP model bvali-gabadadze-Porrati 2000

»Change State?
Higgs phase of gravity
The simplest: Ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004.
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Simple question: Can spin-2 field have mass?
L=Lgylh] +
g},w = n].w M h;.w

Unique linear theory without ghosts

Broken diffeomorphism
- no momentum constraint
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Simple question: Can graviton have mass?

Fierz-Pauli theory (1939)
Unique linear thgory
wi.t(rl\out instabilities
(ghosts)
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* van Dam-Veltman-Zhakharov (1970)
Massless limit # Massless theory = GR
5 d.o.f remain =2 PPN parametery=%#1
* Vainshtein (1972)
Linear theory breaks down in the limit.

Continuity is not uniform w.r.t. distance.
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* van Dam-Veltman-Zhakharov (1970)
Massless limit # Massless theory = GR
5 d.o.f remain > PPN parametery=%#1
* Vainshtein (1972)
Linear theory breaks down in the limit.

Continuity is not uniform w.r.t. distance.
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Simple question: Can graviton have mass?

Nonlinearity =

van Dam-Veltm:

Fierz-Pauli theory (1939) .,hf;;\',‘l_;?;jij“_ iy
Unique linear theory (1970)

Massless limit S

without instabilities
(ghosts) General Relativit
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* FP theory with n*v - gtV
L = Lgy[h] + m*[g*g¥°h ,,h o-(8"Vh,,,)%]
Buv = My + Py

* Vainshtein effect (1972)

* Boulware-Deser ghost (1972)

No Hamiltonian constraint @ nonlinear level
9
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Simple question: Can graviton have mass?

Nonlinearity =

\ 7
By
(Fierz—PauII theory (1939)

Unique linear theory
without instabilities

(ghosts)

~
Boulware-Deser ghost
(1972)

7z
<\

\,

4 YERRPEINRCUER]

rd | - P + $\7

Zhakharov discontinuity
(1970)

Massless limit #

\_General Relativity J
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First example of fully nonlinear massive
gravity without BD ghost since 1972!

Purely classical
Properties of 5 d.o.f. depend on background

4 scalar fields ¢2 (a=0,1,2,3)

Pomcare symmetry in the field space:
a _|_ (1(1 u _> Aguqb
Pullback of

9 fLW — na, uﬁba I/qbb Minkowski metric in field space
to spacetime
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First example of fully nonlinear massive
gravity without BD ghost since 1972!

Purely classical
Properties of 5 d.o.f. depend on background

4 scalar fields ¢2 (a=0,1,2,3)

Pomcare symmetry in the field space:
a _|_ (1(1 r: _> Ag,qb
Pullback of

9 fLW — na, uﬁba I/qbb Minkowski metric in field space
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Ima.s‘s [g,u,ya fu,u} — M?’ﬂnfﬁ / d4$ vV — 4 (["’2 + a3£’3 + (14£4)

fuv = Nap0u®” ¢ Ky =0, = ( g_lf) Mu

L, = 5 (K" = [£%])
.; | N Al =TrA
L ([K)° = 3[K] [K*] +2[K?])

Ly = 5 ([K]" = 6 (K] [K?] +3 [K*)" +8[K] [K*] -6 [K*])

No helicity-0 ghost, i.e. no BD ghost, in decoupling limit
K. =0,0,m Ly 34 = (total derivative)

No BD ghost away from decoupling limit (Hassan&Rosen)
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Imas.s‘ [g,u,ya f‘u,z/} — M?’ﬂn_‘(z] / d4$ VvV —9g ([-"2 + a.‘i[-"ii + a4£4)

fuv = Nap0u®” V¢ Ky =0, = ( g_lf) Mu

L, = 5 (K] = [K*])
,3 | . A=TrA
Ly = - (K]’ - 3[K] [K*] +2 [K?])

Ly = o ([K]" = 6 [K] [K?] +3 [K*)" +8[K] [K*] -6 [K*])

No helicity-0 ghost, i.e. no BD ghost, in decoupling limit
K. =0,0,m Ly 34 = (total derivative)

No BD ghost away from decoupling limit (Hassan&Rosen)
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Imass [g;u/a f‘u,z/} — M?’ﬂnfﬁ / d4$ VvV — g ([-"2 + Of.%[-"ii + Of4£'4)

fuv = Nap0u®” V¢ Ky =0, = ( g_lf) Mu

L, = 5 (K" = [£%])
.; | N Al =TrA
L ([K)° = 3[K] [K*] +2[K?])

Ly = o ([K]" = 61K [K?] +3 [K*]* +8[K] [K*] -6 [K*])

No helicity-0 ghost, i.e. no BD ghost, in decoupling limit
K. =0,0,m Ly 34 = (total derivative)

No BD ghost away from decoupling limit (Hassan&Rosen)
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Si .
imple question: Can graviton have mass?

Yes?

de Rham-Gabadadze-
Tolley (2010)
Boulware-Deser ghost
(1972)
Nonlinearity =

van bam Veltman
Zhakharov wh:t[.-::lmlm"l\,-‘

Fierz-Pauli theory (1939)
Unique linear theory (1970)
Massless limit +

without instabilities
(ghosts) General Relativit
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* Flat FLRW ansatz in “Unitary gauge”
g,vdxtdx¥ = -N#(t)dt + a*(t)(dx*+dy*+dz?)
d)a = X fpv =1 [TAY

2 0l I ol
v“ - - _._” l)p/ -I “
C.fl ( / — I{; E)!jj”’) | I(}. ()(‘F)N ¢ ®

- no non-trivial flat FLRW cosmology

* “Our conclusions on the absence of the homogeneous
and isotropic solutions do not change if we allow for a
more general maximally symmetric 3-space”
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* Flat FLRW ansatz in “Unitary gauge”
g, dxtdx¥ = -N#(t)dt + a*(t)(dx*+dy*+dz?)
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2 ol l ol
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Consistent Theory
found in 2010 but




* f spontaneously breaks diffeo.

30

* Need FLRW coordinates of Minkowski f

» NoO closed FI RW chart \/l FIK (22 4 y? + 22),

N \/m;

Open FLRW ansatz Q. TR
JIKIF(t)2

fudxtdx” = —()‘(f))“) dt* + | K| (f(t))* Sl,‘.,-(.I:‘L')d:r:’-d:n"

gudrtdz’ = —N(t)*dt* + a(t)*$y;dx'dz’
|[\ \(uh + ydy + zdz)?

O detdy’ = dz? + dy?® + dz? — :
/ g L+ [K|(22 + ¢ + 22)
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* EOM for ¢? (a=0,1,2,3)

(a \;"'|f\'|.\')[(.'§ \‘\ 1) F oy (3 \|\|’() (] \;‘“) |(11(l \|\'.,f) j| 0
a a " -

* The first sol a = \/[K|N implies g, is Minkowski

a ) 1 4+ 2a3 + g4 £ /1 + a3 + o3 — ay
= — Xy, Xi=- \’/ :
/| K| 3 + vy

* Latter solutions do not exist it K=0

* Metric E‘OI’VI w4
:SH'“’+'”\ =

f
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* EOM for ¢? (a=0,1,2,3)

/ 20/|K|f # KIf K| f It 2
(a \/‘s|’(\'|»\') |\(3 v ‘ l) b vy (.'ﬁ ! | “) (] V ‘ “) Foug (l \ | A .f) j| 0
a a p p

* The first sol a = \/|K|N implies g, is Minkowski

f a v ¥ 1l 4+ 203 + a4 £ \/1 + g + n-';“; —
J =~ Adt, Ap ="
\/“\'I 3 +

* Latter solutions do not exist if K=0

* Metric E‘OI’VI w 4
3[—['“’+'”\ =
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* EOM for ¢? (a=0,1,2,3)

/ 2/|K|f N\K|f [IK|f NKIF\"
(flf \,|!\|\) [(.; \J ‘ II) } vy (.‘; \ | Il) (] \f ‘ \|/) |(11 (l \/ | \I.,f) j| ”
(l (1l a P

* The first sol a = \/[K|N implies g, is Minkowski

a 1 + 203 + aqg £ /1 + a3 + o — oy
= — Xy, Xi=- \/ i
/| K| 3 +

* Latter solutions do not exist it K=0

* Metric E‘OI’VI -
3?4 28

f
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+ Branch Branch

B I + 203 + ay £ V/I‘l + g+ af — oy

3 + vy
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Our recent contributions

Cosmological solutions of nonlinear massive gravity

More general fiducial
iets
allowed
GLM (2011b)

D'Amico, et.al. (2011)
Non-existence of flat
FRW (homogeneou;s

isotropic) universe:

GLM = Gumrukcuoglu-Lin-Mukohyama
DGM = DeFelice-Gumrukcuoglu-Mukohyama
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Nonlinear massive gravity

FLRW background
No closed/flat universe

More general fiducial metric f

closed/flat/open FLRW universes allowed
Friedmann eq does not depend on f,

Cosmological linear perturbations
Scalar/vector sectors =2 same as in GR
Tensor sector = time-dependent mass
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Nonlinear massive gravity

FLRW background
No closed/flat universe

More general fiducial metricf

closed/flat/open FLRW universes allowed
Friedmann eq does not depend on f,

Cosmological linear perturbations
Scalar/vector sectors =2 same as in GR
Tensor sector =2 time-dependent mass

Page 35/47




Pirsa: 13070002

de Sitter or FLRW fiducial metric
Pure gravity + bare cc = FLRW sol = de Sitter

Bianchi | universe with axisymmetry + linear
perturbation (without decoupling limit)

Small anisotropy expansion of Bianchi | + linear
perturbation

- nonlinear perturbation around flat FLRW
Odd-sector:

Even-sector:

This is not BD ghost nor Higuchi ghost.
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de Sitter or FLRW fiducial metric
Pure gravity + bare cc = FLRW sol = de Sitter

Bianchi | universe with axisymmetry + linear
perturbation (without decoupling limit)

Small anisotropy expansion of Bianchi | + linear
perturbation

- nonlinear perturbation around flat FLRW
Odd-sector:

Even-sector:

This is not BD ghost nor Higuchi ghost.
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Our recent contributions

Cosmological solutions of nonlinear massive gravity

(" More general fiducial NEW
metric fu, Nonlinear instability of
FRW solutions

allowed | DGM@012)

 GLM (2011b)
>

oy
<

4 N\
D'Amico, et.al. (2011)
Non-existence of flat
FRW (homogeneous

isotropic) universe!

GLM (2011a)

GLM = Gumrukcuoglu-Lin-Mukohyama
DGM = DeFelice-Gumrukcuoglu-Mukohyama
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Healthy regions with (relatively) large anisotropy
Are there attractors in healthy region?
Classification of fixed points

Local stability analysis

Global stability analysis

At attractors, physical metric is isotropic but
fiducial metric is anisotropic.

statistical anisotropy expected
(suppressed by small m?)
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Anisotropy in fiducial metric
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Our recent contributions

Cosmological solutions of nonlinear massive gravity

Statistical anisotropy

(suppressed by tininess of graviton mass)

with

Isotropic expansion




D’Amico, Gabadadze, Hui, Pirtskhalava, 2012

* New nonlinear instability [DeFelice, Gumrukcuoglu,
Mukohyama 2012] - , Or

* Quasidilaton: scalar o with global symmetry:

o _> o __|_O-O qba _> e—O'()/]\/fpl gba

. Action

/d T/ —¢ [ — 2\ — ]\[ (),,(7()”
Pl
+2m (Eg + a3Lls + ayLy)
L
| ( -qlf) .f/u/ — "]uh(.)/:.(‘x‘f‘)”(‘)u(f)}

(H = const > 0 with A = 0)
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arXiv: 1306.5502 [hep-th] /w A. De Felice

* Self-accelerating solution in the original
quasidilaton theory has ghost instability

[Gumrukcuoglu, Hinterbichler, Lin, Mukohyama, Trodden
2013; D’Amico, Gabadadze, Hui, Pirtskhalava 2013]

f :u. v - f .p, 4

B . Xy 90/ Mp, : .

uw = Juw = g e Ou0 D0

* Self-accelerating solution is stable if
0 o, H? 9

0<w<6 X% <« —— < r°X*®
Hi;;

(r=1)X°m;  wH?(rX 471 -2)
(X —1)(r—1)

>0
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arXiv: 1306.5502 [hep-th] /w A. De Felice

* Self-accelerating solution in the original
quasidilaton theory has ghost instability

[Gumrukcuoglu, Hinterbichler, Lin, Mukohyama, Trodden
2013; D’Amico, Gabadadze, Hui, Pirtskhalava 2013]

f :u. v - f .p, 4

s : Ny 90 /Mpy A

o = Juw = g e Ou0 D0

* Self-accelerating solution is stable if
0 o, H? 9

0<w<6 X% <« —— < r*X*®
Hi;,

(r=1)X°m;  wHA(rX 4+r-2)
(X —1)(r—1)

>0
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Nonlinear massive gravity

FLRW background
No closed/flat universe

More general fiducial metric f

L

closed/flat/open FLRW universes allowed
Friedmann eq does not depend on f

Cosmological linear perturbations
Scalar/vector sectors = same as in GR
Tensor sector = time-dependent mass

All homogeneous and isotropic FLRW solutions

have ghost

—> statistical anisotropy

(suppressed by small m_?
Analogue of Ghost Condensate!
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Why alternative gravity theories?

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

g i ! 8 AR A Y e
[ rEERRCTs

1st Stars
about 400 million yrs.

Big Bang Expansion

13:7 billion.yenrs http://map.gsfc.nasa.gov/
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* Poincare symmetry in the field space
-> f = (Mink()wls*ki)uh(':?#¢”8‘_¢”

* de Sitter symmetry in the field space
2 [, =(deSitter) ,0,¢°0,¢"

* FRW symmetry in the field space
-> fo =(FLRW) 0,40 ¢"

J uv

Flat/closed/open FLRW cosmology allowed
if “fiducial metric” f, is de Sitter (or FRW)

9
s 3K 1
3 H? — = AL + —
+ a? + JW,Z,I P

As = - Yy [([ +ag) (2 Fag+2a; —3ay) £2 (14 a3 + aj - H.]):U‘J]
(g + ay)”
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