Linear growth of structure In

Projected Massive Gravity
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Based on on-going work with Rampei Kimura(WIAS)
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Massive gravity

Massive spin 2 field theory

l

Light mass modifies the law of gravity at long distances

l

Accelerated expansion without dark energy?
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Mass term % = 2B R + L

. Linear massive gravity [Fierz, Pauli (1939)]

linear with respect to &, :== g, —1,, In EOM

2 .2

o — o MM g, = hhog)
grav GR 2 }7 }7 U CZ,B

@( Conflict with the test of gravity in solar system [van Dam, Veltman, Zakharov (1970)]



Mlass term

. LInear massive gravity
linear with respect to &, :== g, —1,, In EOM

2 .2

M,
S/pgrav = T\/ —gR + gmass

[Fierz, Pauli (1939)]

Mpm
_ 2) Pl U, U
L oy = L " (hyghys — by o)

grav GR 2

@( Conflict with the test of gravity In solar system

. Non-linear massive gravity [ Nducial metric
non-linear with respect to 4, := g, - f,, In EOM
M?
P
ggrav — TR[gﬂy] o MI%I mass[gﬂya ‘][/:ty]

@( Most non-linear massive gravity are ghostly:-:

[van Dam, Veltman, Zakharov (1970)]

[Boulware, Deser (1972)]



dRGT massive gravity
& dRGT theory is the first proposed ghost-free

non-linear massive gravity. de Rham, Tolly & Gabadaze, (2010)]
P asslf> 81 = Mgmg |UNF) + azUs(K) + auUy(F)
U,: Symmetric polynomials of ## = §¥ — <\/g—1f>ﬂy a,. constant parameters

Uy = ~(HP — [H]), Uy = ~(HT - AHNH] + 207
275 36 ’

Uy = %([%]4 — OLF V[ H°] + 3[H T + 8[HH] — 6[F ™)
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dRGT massive gravity

& dRGT theory is the first proposed ghost-free
non-linear massive gravity. de Rham, Tolly & Gabadaze, (2010)]

&9 No viable solution for FLRW cosmology in dRGT

. Strongly coupling problem
[GUmruoltoglu, Lin & Mukohyama, (201 1)]

- Non-linear instabllity
[GUmruoltoglu, Lin & Mukohyama, (2012)]



Extension of dRGT

$“. Stuckelberg fields.

. Assumptions of dRGT 4 scalar like NG boson.
1. It has Minkowski solution as vacuum solution. b — A% PP
b ’
2. No Boulware-Deser ghost at the decoupling Iimit. b — B9+ ¢
3. tholdsinternal-Poincare-symmetry. — Removel

It's not necessary for general massive gravity.

</\>

Internal Larenatzsym. Internal Translatierrsym.

¢a S Aabgbb, ¢a N ¢a+ca ¢a N Aabqbb, ¢a — ¢a+ca

Phase of massive gravity [Dubovsky (2004)] Generalized massive gravity [De Rham, Keltner, Tolly(2014)]
Minimal theory of massive gravity Projected massive gravity [Gumrikctoglu, Kimura, Koyama(2020)]
[de Felice, Mukohyama(2015)] etc

No strong coupling problem in FLRW!



PrOjeCted m aSSive g raVity [Gumrikciioglu, Kimura & Koyama(2020)]

Assumption P° — N P°,  Pp* — P+ 5dof (No BD ghost)

(e —Ms 6G'(X)" ) 0 173
Seray = Jd W8 G(X)R + GX) [Y]+m UX, [£].1£7],[£°])

Non-minimal

coupling Counter term New graviton mass

£9 = b0 0,8", f = ( oty '

Projection op.

Where,  X=n,¢%", Y, = (¢ 'f9),. z¢

Y 0,4°0,¢"
Generalized Massive Gravity

de Rham, Keltner & Tolly, (2014)]
- —>
also holds the assumption.

GUmrdkcloglu, Kimura & Koyama(2020)]
Kenna-Allison, Gumrukcuoglu & Koyama(2020)]
Kenna-Allison, Kimura, Gumrukc¢loglu & Koyama(2021)]
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Our goal

We Investigate the linear growth of density fluctuations
atter matter dominance with projected massive gravity.

M2 / 2
S = Jd4x\/—g 2P1 [G(X)R + 62 ((;(()) [Y1+ m*UX, [Z],[Z°],[Z°]) | + S,[g v,

Non-minimal

coupling Counter term New graviton mass CDM
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Back ground equations

: K x'x/ .
. Open FLRW metric ds® = — di* + a()*( o, dx'dx
1 + x xkxk
. Stlckelberg fields PO =FON1+KG7+y2+20), =[x,
. Background equation
DN 2
G K P pg Where,
3G || HH vl i "z | M2 Friedmann equation 2 S
. Effective energy-momentum tensor
, G ) . for the mass term
p,+3H (pg +pg> e <pg - 3p, + p) =0 Stlckelberg equation
rmter .= diag. (,0,0,0)
p+3Hp =0 Conservation of CDM Energy-momentum tensor for the CDM.
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Linear perturbations

. Gauge fixing 5¢p* =0

. Metric perturbation ds* = g, dxtdx" = — (1 + 2¢)dt* + 2a0;Bdtdx' + a*(Q;; + h;)dx'dx’ ,

1
— [

. Matter perturbation T0=—(p+68p), TO=ap(0B+ady), T'y=—pdv, T =0

. Gauge Iinvariants
' _ L o 1. op — pé "
(D=¢—C, ‘P—I/I—HZ:—EDDZ-S, V_V+ES, A = 3a2Hv,
p
1 .
where, (= —-aB+ EazS. Density perturbation

. Linear EOM can be expressed only with these gauge invariants.
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(0,0)

(0,1)

(i, j) trace

(i, j) traceless

Linear Equation of motion

. 2 . . .

G 3 G\ (6, G » ,G; 4(k? 4+ 3k) , , 6(pg + py)

— 2H + — i _ - a2 _ g g

0 SG( +G) P 2G<2H+G) (4\1!-|—2Ga,B aGS) ( G+ v

P . L 2PgtDPgq ., 20 2 . 02Pt PP G\ (& B
6a’H -0+ k S+ A k — =
+ 6a M1:2>1U+ M2, + MZ, + (( + 3k)G + 3a M G S

3, G\ | G G G2\ . G2 G\B
° oH+ ~ | [d2|HZ+2) -3 T o7 )2
-I—4aG( +G> { ( G+G) 3G2}S+2<3G2 2G)a |

[ : ] 2 P .2 o oo .
0= —4G (H+ 5)@—\11 2a p6+2aGB+a(2G—£>B—aQGS—a2pg+pgS

e - M3, G M2,
. . 3G2)\ .
— 2 e ———
a (G—l—HG QG)S’
G\ . G\ . k2 —3k  12p k2 + 3k .
— OH+ 2 |d—12G(3H+Z |- (4 9 )@ — _ _
0 GG( +G) G(S +G> (G = +M31) (4@ - GA)\I! 12G¥
— k2 = Gl4Z +12H- -3 | S - A~ + 8H— —3—
AS + 2G(G—I— e 3G2>S 3aG(G+8 e 3G2>B
2 2
_a(3CB+4Gk ;3K)B+a2 (CS--|-2Gk :23K>S+3aG(a'S'—2B),
G a®, »
0= 22+ V)~ 2B+ 5(MwS +GS),
— 3a2 p+py+p G 362 G | .. .
_ 2 g g 2 2 et = = = 211~
0= |2(k"+3k) + G MZ, 3a (4H +GH+2G2 cl|? 2(3a“Hv+ A+ 39),

0=+ a?(2HD +7),
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Linear Einstein equation

Conservation law of CDM



Models

G(X)R +

6G'(X)?

. In order to solve, we specity arbitrary functions.

Non-minimal coupling

[Y]+m*UKX, [Z],(2°],[2°])

Mass potential

G=1

. The model has a stable parameter regions

U

(a; + aym*X)[Z] + b[Z)* + c[Z7]

without ghosts, tachyons, and gradient instability!

a, <0 A a, <0
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Result



Background solution: Stuckelberg field

. Background eqguation

3G (H"'%) _% = pﬁl + 151; Friedmann equation
) . _ VS
| Stlckelberg equation ¢ =
G
pe+3H(p,+p, ) — == \p,—3p,+p) =0 Stuckelberg equation -
ren) =35 ) > &+ HO)ak + 2(—aym®a® + (3b + )Q)EH =0
p+3Hp=0 Conservation of CDM

v

. Solutions

£ = const. £ = 41K
c=0 g 2a,m?a* — 2k(3b; + ¢y)
const.  const. Ba%szék
/Og =0 ,Og — > + 1 P, =
a a *  8(3b + ¢)x — 8a,m?a?

radiation+curvature dynamical A
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Hubble parameter and equation of state

The solution of the Stuckelberg ea.

. a,K
B \/2a2m2a2 — 2k(3b; + ¢y)

\ 4

Friedmann equation where

H(a) ’ _ 8a’au”Q, + a’(af — 8a)u’Q, + 8(3b + c)Q, + 8a(3b + 0)Q;

H, - 8ar,u?a’ — 8(3b + ¢c)Q a3 n = //tHO ,

g2
Equation of state for mass term k= Hyl,,
_ 2 2 2042
b Py 3Q0b +¢) —aa 3H0Mp1Qm
Py 3Q(3b; + ¢|) — 3ayu*a* p =
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Normalization

A ' Ll VTP
ap = — C
T present time, 14 I+ 3w
Ha)| _, = H,,
E ; =1 = Hy * 30w, I)Q(3b+ )
w(a)| . = wp, a = y %
a=1 0 U 3W() )

& The mass parameter u Is canceled.

Equation of state

Background Is parametrized only by {w,, H,, Q. , Q. }.

P  14+3wy—(l + wy)a’

w(a) 1=
for graviton mass term

p,  —1="3wy+3( + wya?

parameters
m = uH,,

k= HjQ,,

3HM;Q,,
p —

a’
Q,=1-Q —Q

2
H(Cl) . £2m | QK‘ | 2ng
Hubble parameter Hy | &  a = +3wy) +a2(1 + wy)




Self-acceleration

P, 1+ 3wy — (1 + wy)a?

P, —1—=3wy+3(1 +wya?

w(a) 1=

acceleration
without DE!

EOS of graviton mass

1074 0.001 0.010 0.100 1 10
a

Scale factor
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Linear growth (quasi-static-limit)

sub-horizon behavior

Linear Equation of motion

o\ 2 : : !
G 3 G . G - G 4(k? + 3k) 6(pg + pg)

0,0 = &L= == 4+ = ZaB—a22§ | - g T Pg

0,0) 0=3G (2H G) ® 2G <2H ) (4\Il+ 2—~aB—a ) ( 2 G+ 2} v

o+
Mg

P~ 2P
+ 6a’H i+ k
M2,

Pg 2p 2 : 2P+ pg+py G : B

A+ PP tP ) (6 o2
1 S+ Mz + (( +3k)G + 3a M, G) (S .
G

3, a &\ ¢ . ¢ &\ B
G .
(H—F%)@—\II

.. . 3G2)\ .
— 2 — —
a <G+HG 2G>S’

)

2a2p . 20 . 3G2 By 2P +Dg &
— L9 +2aGB+a|2G—- — | B—a*GS — a*=_28
M, ( G) 7

- _ G\ G\ . k2 -3k  12p, k2 + 3k .
(i,j) trace 0—6G<2H+5>¢—12G<3H+5)\P—(4G p +M_F2,1)(I>_(4G o —6A)\Il—12G\II

3a? G G _G?\ - G G _G?)\ .
— 2 — — — — — — — —
k2AS + 2G<4G+12HG 3G2>s 3aG<4G+8HG 3G2>B
. 2 . 2 . . ves .
4 (3cB +ack :'23”) B +a? <cs~ Pl ;3"“> $ + 3aC(a — 2B),

2 . .
(i,j) traceless 0=-2(®+ %) — 2agB + %(ME;WS + GS),

: A -
3a? <4H2+9H+£—9) ¥ —2(3¢>Hv + A + 30),

3a®p+py+py
2 G Tar @

G M3
0=®+a?(2H +7),

0= |2(k% + 3k) +

Linear Einstein equation

Conservation law of CDM

guasi-static limit

k>H

§=0

No additional dof!

P
2M3,

Same as ACDM!

A + 2HA —

A

0

&% At sub-horizon, GR recovers even without non-linear screening!

22



Linear growth (full numerical)

2.0+ il
i super-horizon \ i
S 1.5 |
e _ _
(©
=
S  Model Parameter
' N
S _ k=10"2 hMpc™’ N\ j
_Z\ ) : WO — ()9
B : k=10"> hMpc™’ -
S 9or - b=1,c=-1
A ‘ k=10"* hMpc™ :
| ————— quasi-static sub—horizon/ _
0.0 - |
1074 0.001 0.010 0.100 1 10 100

a
Scale factor

Super-horizon—Gravitational modification is appeared.

Sub-horizon—Gravitational modification is suppressed.
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Current constraint

0.40 -

0.20

0.10 |-

wo in Qh: 08

—0.9781%297 0.280 %175 0.025579-579 0.789 F 268

0.35

0.30 |-

0.25 -
G

0.15

IIIIIIIIIIIIIIIIIIIIIII

unstable

11111111111111111111111

_ foy data (63 data)
Redshift distortion dataset

| region | ™ fo, +SuUpernova

supernova data (1048 data)

Pantheon dataset

&% There exists a theoretically and observationally consistent parameters!
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Non-minimal coupling model

Model2 G = (1 +m’gX) U= a)[Z] + bIZ]* + c[Z*]
Model3 G = (1+m%X)" U= a)[Z] + bIZ] + c[Z°]
. Model2

nere are no parameters that are stable for all a(r) > 0 .
ne same behavior is observed when higher order terms are included. (We didn't cover all models.)

- Model3
There are parameter regions that are stable at least in the IImit of ¢ - 0 and a - .

We examine the middle region numerically, but no stable region was found. (We didn't cover all
models.)
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sub-horizon behavior of G # 1 model

Linear Equation of motion
¢\ 3 el el ( ) . 6( )
G G G
3G<2H+G> P 2G<2H+G> <4lIl—|-2GaB a > ( M )
- +p 2p :
+6a2H-L 54+ k2Pe T Pag A+ | (k* + 3K)G + 3a? ( )
Mg, Mg, Mg, M,
3, G GG G2\ '
+ZGG(2H+§) [{2<H§+5> —2}S+2<3— ) ]
e . 2a°p _
oA ._ﬁ .
a <G+HG °C S,
G\ . G\ . -3k 12p k% +3
) = <2H+5><1>—12G<3H 5)@—(4G—2+M—§)¢—(4GT )
1245+ 326 (48 119G 3G\ 5 G anC &\ ¢
AS+=-G |45 +12H 5 —375 | §-3aG 45 +8H 5 —3 5 | B
. 2 . . ees .
3CB+4Gﬂ B +a? -+2Gu S +3aG(aS — 2B),
a2 S a2
G 2 ..
—2(® + ) EB+%(M§;WS+GS),
! oy A
2 3¢ p+pg+Pg oo 2 3GT G |-
l2(k 3k) e ME, 3a <4H + ~H szl l|? 2(3a“H )
+ a?(2Hv + )

Conserva tion law of CDM

Is the Iimit taken correctly?

guasi-static limit

k>H

Quasi-static-limit for non-minimal coupling model

No structure”

It should be easy to find out by numerical calculations, but we can't be sure

because we haven't found a stable parameter region yet...
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Summary



Summary

We Investigate the linear growth of structure In
self-accelerating solution of Projected Massive Gravity.

& Background Is parametrized only by {w,, H,, Q. , Q. }.

& At sub-horizon, GR recovers even without non-linear screening.

& There exists a theoretically and observationally consistent parameters.
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