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Why alternative gravity theories?

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

Few

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years http://mapjésfc_ nasa.gov/



* Experimentally, we do not know

as Blackbody radiation & Hydrogen atom



A motivation for IR modification

Flattening galaxy rotation curves
extra gravity

Dimming supernovae
accelerating universe

* Usual explanation:
(DARK MATTER) (DARK
ENERGY).



Dark component in the solar system?

which people tried to i

explain with a “dark y
planet”, Vulcan,






* What are the physical d.o.f.?
 How they interact?
* What is the regime of validity?



* What are the physical d.o.f.?
 How they interact?
* What is the regime of validity?

If two or more theories give the same
answers to the there guestions above then
they are the same even If they look different.



EFT of inflation/DE

Time diffeo Is broken by the background
but spatial diffeo Is preserved

All terms that respect spatial diffeo must
ne included in the EFT action

Derivative & perturbative expansions

Diffeo can be recovered by introducing NG
DOSOoN




Simplest: ghost condensation

Arkani-Hamed, Cheng, Luty and Mukohyama, JHEP 0405:074,2004

Backgrounds characterized by
< <aﬂ¢> + (0 and timelike

<-Background metric is maximally
symmetric, either Minkowski or dS.



Gauge choice: @(t, X) =t.

Residual symmetry: X — X'(t, X)

mmp \Write down most general action invariant under
this residual symmetry.

( = Action for w: undo unitary gauge!)

Start with flat background g, =77, +h,,
5hw = (%é‘v + 8V§ﬂ
Under residual é:i
5hoo = O’éhOi = @Ofi,él‘lij — aié:j +8j§i



Action invariant under &
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Leading nonlinear operator in infrared j dtd>x ﬂ(l\/lf )’

has scaling dimension 1/4.



 The structure of low-E EFT is determined
by the symmetry breaking pattern!

* Would end up with the same EFT,
iIndependently from starting Lagrangian.



Extension to FLRW background

Creminelli, Luty, Nicolis, Senatore 2006
Cheung, Creminelli, Fitzpatrick, Kaplan, Senatore 2007

 Action invariant under X' 2 x!(t,x)
* Ingredients

0., 9" R,.cV, | t&itsderivatives
 1st derivative of t

w0 B Oyt 0
Ot =0, /g to,t /g0
0]0)
g h;u/ — Guv + My

« 2nd derivative of t

K,, = hﬁvpn,,




Unitary gauge action

/d4x'\/ L(t 50 uwgw/ag‘uy v,ua R/u/pa)
‘ derivative & perturbative expansions

I = Ml%l/da:‘l\/*{ R+ c1(t) 4 c2(t) g™

—I—L(z) (5900, 5K/u/7 5R/u/pa; ta Juv, gliV7 VM)]

2 e < 00\2 < 00,\3 T 00F¢
L® = X(£)(69%)* + X2(t)(69™)* + A3(t)5g* 0 K/
+AL () (OKE)? + A5 (£)S KL 0K, +



NG boson
» Undo unitary gauge t —t =t — (¢, T)
H(t) — H(t+mw), H(t)— H(t+7),
N = NE+T), alt) = alt+ ),
0, — (L+m)d,+ 0,0,
* NG boson in decoupling (subhorizon) limit

H im)?
I, = M?)l/dtd3:z?a3{——2 (fr?—ci 0 Z) )
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GLPV theory
ds® = —N?dt* + h;;(dz* + N'dt)(dz’ + N’dt)
5
S = / d*zdtNVhy Ly
n=2
Lo = AZ(taN) Ly = AB(taN)K
Ly = A4(t7 N)KZ =+ B4(ta N)R
Ls = As(t,N)Ks+ Bs(t, N)K” G,
K = K, Koy = Kz—Kinjz’
K; = K* - 3KK"K;; +2K', K’ K"



Questions

» Covariant version of GLPV theory Is more
general than Horndeski theory

» Horndeski theory is the most general
scalar tensor theory in 4 dim with 2"9 order
HOLYS

* Theories with higher derivative EOMs
usually suffer from Ostrogradski’'s ghost

* Does GLPV include more than 3 dof?

Hamiltonian analysis for the case with A =0
Lin, Mukohyama, Namba, Saitou 2014



Primary constraints

* N.and N are non-dynamical
T, — 0

— primary constraints
oy =0

* No more primary constraints

il = g [Ash¥ +2A44(h9 K — K) + BsG¥]

1 1 1 As Bs 1
K;; = — — —hy hi — — | Ry — = Rhy;
2 g (o)« =g (o)




Secondary constraints

e Hamiltonian

J 2 2
T T Asm JA3
— — — 2 4+ Ay + B4R
4( h ) 2VhA, 84y T

B: ’ 1 A Bs B2 3
_ iR, — =R R+ =5 (RUR,. — 2R
A/h (W iy >+ sA, T 1A, 778

e Secondary constraints

= —NVh
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H., =~ (O is not first class

« Usual algebra
(HIf) Hlgl}p = H[f, 9]l =0 for Vfi, Vg

HI = [ @af@hila)  [f.g) = [109 — g0, f
 However,

¥ 2] 3 0°H 0
{(Hf.Clel}p ~ — [ dagof' N
does not vanish weakly...

* This Is actually expected, since the scalar
dof should contribute to T, .




H' = H,; + mnO; N is first class
HY [ fl, 7nlel}p = an[fop] =0,
(R11,Clel}p ~ Clio) ~ 0,
{7__[13013 7__[13013[ '}P ~ 7_213013 [[f, g]] ~ O 7
(mi(a), H (5) ), = 0
Hrot ] = / Pof @i @) malo] = / Boo(z)mn ()
* m;, ~ (0 Is also first class
{mi(z), mj(y)}p =0, {mi(z), 75 (y)}p =0,
{mi(z),C(y)}p =0

* No further secondary constraints
VRS, Hp = H[f, NI + 7n[fOAN] = 0




mny ~ 0 & C =~ 0 are second class
* The determinant

{mn(z), 7N (y)tp {mn(x),C(y)}p
det( {C(z),mn(y)tp  {C(x),C(y)}p )

does not vanish since
{rn(z), 8 (y)}p = O 2H

{C@),mvWlp = ~5750" (@ —v)
* The consistency conditions
s,
{WN('/L.)) Htot}P ~ ( aC(iU) —+ {C(.CU), Htot}P ~ ()

just determines Ay & Ac.
Heot = / &’z [H+ N"H; + n*H° + N + Anmy + AcC|



Number of degrees of freedom

20-dim phase space (N, N, h;;, nn, 7, )
6 first class constraints
each of them reduce phase space dim by 2

2 second class constraints
each of them reduce phase space dim by 1

Physical phase space dim:
This corresponds to 3 degrees of freedom
2 In tensor sector + 1 in scalar sector




Gauge fixing

» Gauge fixing function for m; ~ 0 & H** =~ 0
G'(x) ~ 0 Fi(x) ~ 0
{mn (@), v (W) ip AN (2),C(y)}p
det( {C(x),nn(W)ip 1C(2),C(y)}p )¢O

* We end up with
- 6-dim - 3 dof

 Total Hamiltonian

H , = / &Px [H+ NH; +n'HE + N + MG+ A FL+ Aty + AcC]



Simple gauge fixing
» Gauge fixing function for m; ~ 0 & H!°* =~ 0
G'=N" Ft=FYN, hij,mn, 75 t)

det ({Hi°"(z), F/(y)}5) #0

+ (N*, m;) fully eliminated

{Gi(z), H{o }p = 0
8 ’L ’I, /
8—F +{F Htot}P 2 ()

A" =0
)

N = —H,
* Instead of N, n' plays the role of the shift

H| = / &Px [H+n"HP + X F' + Anmy + AcC)



Conclusion

We performed the Hamiltonian analysis for
GLPV theory with A;=0 and confirmed that
the number of degrees of freedom is 3.

How general Is this conclusion for theories In
which the absence of higher time derivatives
IS guaranteed only in the unitary gauge?

How to prove the same statement without
fixing the gauge? (In progress with Ryo&RI0)

Applications? (inflation, dark energy,
Vainshtein, emergent time, etc.)






preliminary results on
New matter coupling in

massive gravity
&
new gquasidilaton theory

Shinji Mukohyama
(Kavli IPMU, U of Tokyo)



Effective metric

* Recent proposal of an effective metric in

massive gravity  de Rham, Heisenberg, Ribeiro 2014

P
g;i% — 0429;u/ QOéﬁgup ( g_lf)

|74

B fuuw

* Claim: BD ghost shows up only above the cutoff
scale of the theory and thus can (and should) be
integrated out, i.e. we don’t worry about it

* BD ghost does not show up in linear
perturbations around FLRW background.

Gumrukcuoglu, Heisenberg, Mukohyama arXiv:1409??7?



QuaS|d |Iat0n D’Amico, Gabadadze, Hui, Pirtskhalava, 2012
 New nonlinear instability [DeFelice, Gumrukcuoglu,

Mukohyama 2012] =2 (i) new backgrounds, or

* Quasidilaton: scalar ¢ with global symmetry:

oc—0+09 ¢ — e 70/ Mrrya
e Action

S — Ml?’l

d*z\/—¢ [R _9A — —=_9,00"
2 / M3 "

—I—ng(f,g + a3 L3 + 054[:4)
ik
Kr, = 8t — e?/Mm ( glf) fuv = Nab0u 9" 0,¢"

(H = const > 0 with A =0)



Extension of quasidilaton

arXiv: 1306.5502 [hep-th] /w A. De Felice
* Self-accelerating solution in the original

guasidilaton theory has ghost instability

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

fur>  fuw

fuv = fuv — Mg" e 20/Mry 50,0
e Self-accel solution is stable within 5 d.o.f. if
2 o} Pl
0<w<6 X2<%H < rix? Xze/M
’m,g a

(r—1)X°m?  wH?*(rX +r—2) >0 R
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2 _
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New quasidilaton theory?

IneWQD[guua flu/a U] — M]_’—Q)lmg f d43}v —g [£2(}C) + 053£'3(]€) + O{4£4(]€)]
/d4 T\ — Qoft g 70,00,0
p
=+ 20y (VT 4 5

e Quasidilaton kinetic term is now defined on the
effective metric > new parameter 3



No conclusion vet...

New matter coupling opens up new
nossibilities
How heavy is the would-be BD ghost?

UV sensitivity of quasidilaton theory? Can it
oe ameliorated by the new coupling?

many questions



