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CGW170817 wwecuoon

B Nearly simultaneous detection of GWs and gamma-
ray burst from binary neutron star merger

g w1 <o

B Tight constraint on modified gravity (scalar-tensor,
vector-tensor, Horava gravity, ...)

Creminelli & Vernizzi; Sakstein & Jain; Ezquiaga & Zumalacarregui; Baker et al.;
Gumrukcuoglu et al., Gong et al.; Oost et al.; Kase & Tsujikawa; ... (2017, 2018)

> A. Nishizawa’s talk yesterday

B Caveat: This talk concerns modified gravity in the low-
redshift Universe (z < 0.01); modification in the early
Universe is free from this constraint



. Talk plan

B Horndeski theory and beyond after GW170817
B \ainshtein mechanism after GW1 /70817

B Relativistic stars in Vainshtein-breaking theories after
GW170817

TK & T. Hiramatsu
Phys.Rev. D97 (2018) no.10, 104012
B Summary [1803.10510]



B Horndeski theory and beyond after GW170817



Horndeski (1974)

H O r n d e S k I t h e O ry [T)lf,ﬁc\e(lg/ritagji/l.\i(,2\2)1k1o)ayama (2011)

B [he most general scalar-tensor theory with 2nd-
order EOMs (= trivially Ostrogradsky stable)
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Horndeski after GW170817

> A. Nishizawa’s talk yesterday

B Speed of GWSs

2 b Gqu)?

CGW B el e

B .y =1 scalar-tensor theory within Horndeski

________________________________________________________

Creminelli & Vernizzi; Sakstein & Jain; Ezquiaga & Zumalacarregui; Baker et al. (2017)

[See however de Rham & Melville (2018)]

B But, this is not the end of the story;
Go beyond Horndeski!



Evading Ostrogradsky instability

Horndeski (2+1 dofs)

2nd-order EOMSs

G2 dols)i=—> *

Higher-order EOMs, but degenerate
—> 2+1 dofs, Ostrogradsky stable

% Langlois & Noui (2015); Crisostomi et al. (2016); Ben Achour et al. (2016) 4

~ -
------------------------------------------------------------------------

Higher-order EOMs, non-degenerate ==> More than 3 dofs, Ostrogradsky unstable



Viable class before GW170817

------------------------------------------------------------------------
N

Ostrogradsky stable, but
no stable FRW solutions
(in all known theories)

- Horndeski (2+1 dofs) \

2nd-order EOMs
> K. Takahashi’s talk yesterday

de Rham & Matas (2016);
Takahashi & TK (2017);
Langlois et al. (2018)

- Stable FRW solution

GR (2 dofg) —> e J

\_

Disformally related to Horndeski
:(j,uu — Q(¢7 X)g,ul/ =+ P(Qba X)VM¢VI/¢

~ >
------------------------------------------------------------------------

Only Horndeski and its disformal relatives admit stable FRW solutions



. Viable class after GW170817

4 B

- Horndeski (2+1 dofs) B
2nd-order EOMs

o

Disformall relatgd to Horndeski
& Y ),
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Viable class after GW170817

4 N

. Horndeski (2+1 dofs) -
2nd-order EOMSs

. GR (2 dofs) —> e 3 L=G4P)R+ Ga(¢, X)
: l _G3(¢7X) ¢

-----------------------------

Disformall relaté‘d to Horndeski
& Y Y,
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Viable class after GW170817

4 N

. Horndeski (2+1 dofs) -
2nd-order EOMSs

-----------------------------

. GR (2 dofs) —> o !
U . .

: J
< This talk:
Quadratic DHOST

Disformall relaté‘d to Horndeski
& Y Y,
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Quadratic DHOST i

B Generalization of “G4” (Gg, Gz + 6 functions)

o G2(¢7X) i GS(QS?X) ¢ T EQDHOST

s
Loprost = f(¢, X)R + Z L= ~ (36¢)2
Ji=1
El s Al (Qba X)qbw/qb'uy
B Degeneracy conditions Lo = As(o, X)(Oo)?
—> 3 conditions on f, A; Ly = Aa(d, X) D" Pppd™ by
Ls := As(¢, X)(¢" b ®”)’

B .. | constraint

Creminelli & Vernizzi;

— 6 -3 -1 =2 free functions (+ Go, G3) Sakstein & Jain;

Ezquiaga & Zumalacarregui;
Baker et al. (2017)




Quadratic DHOST

B Speed of G\Ws: de Rham & Matas (2016)

(Hereafter X := ¢"0,¢0,¢)

B Degeneracy conditions + ¢Z,y = 1 constraint

A, = —A =0
1
Ay = &7 (8Asf —48f% — 8Asfx X + A3X7)
As
A (4fx + A3X)

2



Quadratic DHOST

4 N

. Horndeski (2+1 dofs) -
2nd-order EOMSs

-----------------------------

. GR (2 dofs) —> o !
\_ | -/
+ LDHOST
Disformally related to Horndeski | @ Ao
& Y Y, !

2 free functions

f(§b7 X)7A3(¢7 X)



Summary so far

Viable scalar-tensor theories after GW170817

4 N L = Gy4(¢9)R + G2(9, X)
. (2+1 dofs) B / — Gs(¢, X)Uo
2nd-order EOMs / f = G4(0), A3 = 0]
\_
L =Gy — G3llg
| | + LqDHOST
KDlsformally related to Horndeski y T

2 free functions

f(¢7 X)7A3(¢7 X)



B \ainshtein mechanism after GW1/70817



Vainshtein mechanism ‘eswenon

—

\_

(2+1 dofs) B

//

2nd-order EOMs

GR (2 dofs)

-----------------------------

u')isformally related to Horndeski

—

_

L =GR+ Ga(¢, X)
T Gg(ﬁb, X) ¢

~ cubic Galileon
(~ (0¢)°0g)

Vainshtein mechanism works,
recovering GR near the source

De Felice et al. (2012); Narikawa et al. (2013)
Koyama et al. (2013) ...




Breaking of Vainshtein

mechanism
4 N
. (2+1 dofs) -
2nd-order EOMs
. ;’&;E{é'a;;f;j"";;";"g
D

\_

isformally related to Horndeski y

Interesting theories to test!

gDHOST + matter

~ Horndeski + disformally
coupled matter

Partial breaking of
Vainshtein mechanism:
gravity is modified only
inside matter (such as
astrophysical bodies)

TK, Watanabe, Yamauchi (2015);
Crisostomi & Koyama (2017);
Langlois et al. (2017);

Dima & Vernizzi (2017)



Testing Vainshtein-breaking
theories in weak gravity regime

B Partial breaking of Vainshtein screening beyond Horndeski

ds? = —(1 +2®)dt? + (1 — 20)(dr? + r2dO?)

d® GyM GnyM"

T o - < Newtonian
& oM 5T, O M o Sost-Newtonian
o A H Mir i e— e ’
i dr e 4 r taos ; relativistic

(87TGN)_1 - 2f T 2XfX R gXQAg, Tz — Tz[f, Ag]

M(r) : enclosed mass

: TK, Watanabe, Yamauchi (2015);
Successful screening Crisostomi & Koyama (2017);
Langlois et al. (2017);
Dima & Vernizzi (2017)

M = const




Testing Vainshtein-breaking
theories in weak gravity regime

___________________________________

S o il 1 . «—  Newtonian
B o oG M oM .« Post-Newtonian,
s i 4 T |

relativistic

____________________________________

Koyama & Sakstein (2015); Jain et al. (2015);

B Constraints on T;: NOT SO SIrONQ saistein et a. (2016, 2017): Salzano et al. (2017);

Saltas et al. (2018)

.

e i et
B otmotve 28 < 11 <16 . < Mass of observed red dwarfs

.

Saito et al. (2015) g Sakstein (2015)

B X-ray + lensing profiles of galaxy clusters ( Y5 = 0 theories)

d = —().111'8:22’ e —()22_1'133 Sakstein et al. (2016)

| | it bichev et al. :
[Strong gravity regime: Relativistic stars?j Seheais o




B Relativistic stars in Vainshtein-breaking theories after
GW170817

TK & T. Hiramatsu
Phys.Rev. D97 (2018) no.10, 104012
H [1803.10510]



TK & Hiramatsu (2018)

TOV system in gDHOST

; Cf. Chagoya & Tasinato (2018); De Felice et al. (2015);
_ Lagranglaﬂ: Kase et al. (2016) > angular deficit

/
LGy Gillo+ Lopmost 200

LapHOST = s 12 +ea@e 100" 00" + -
Shift-symmetric gDHOST

B Ansatz:

ds? = —Pd¢? + APdr? + r2d0?

¢ = vt +ah(r)
T, = dia’g(—pa P7 P7 P)



TOV system in gDHOST

B Field equations: &, =T, &,=0, V,7,=0

.,
Er=cv + X"+ =P
&l :dlyﬂ dQX// e Chill

/__V_, Ci R T — A (1]
B 2(,0—|—P)ﬁX— e v + e (w)z]

B X is more convenient than 1)’

B Higher derivatives can be eliminated in the end by
combining the equations (because the system is
degenerate)



TOV system in gDHOST

B [inal form of the field equations:
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B EXplicit expressions of the right-hand sides are messy



Appendix A: Explicit form of Fi, F2, and F3

Here we present the explicit expression for Fi, F», and F3 that appear in Egs. (30) and (31):

Uy U, Us

f1=7, ]:227, ]:3=W’ (A1)
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Boundary conditions

B [Exact exterior solution: Schwarzschild

2G
= N'LL, (U = const

B Center

TN 0 oyt (<0 =0
- shooting parameter

B Matching at the surface »r = R

X(R) o _,02, €V(R) s QGNILL

R
o iIntegration const
determined



Concrete model

B Model: = FaX? As;—-80— 8 [5G I

B \able self-accelerating cosmology  crisostomi & Koyama (2017)

B [Dimensionless parameters

- av? B Bu?
g2 T yro
Mg, Mg,

Vainshtein-breaking in weak gravity regime
L a8 50010

Beltran Jimenez et al. (2015);

Hulse-Taylor pulsar constraint  pima & vernizzi 2017)

Gow /Gy —1~a,B < O(107°)
‘G’ for GWs



Results
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---------------
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Central density
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TK & Hiramatsu (201 8)



Results
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TK & Hiramatsu (201 8)



Results
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TK & Hiramatsu (201 8)



Results
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B Summary



. Summary

B gDHOST survived after GW170817
B Partial breaking of Vainshtein screening inside matter
B Constraints in weak gravity regime still not so strong
B Relativistic stars in gDHOST

B | arge modification to M-R relation even It parameters
are small and only tiny corrections are expected in weak

gravity regime
B Maximum central density

B [0 what extent model-dependent results”?
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The 28th Workshop on General Relativity and Gravitation in Japan - JGRG28
Tachikawa Memorial Hall, Rikkyo University
5-9 November 2018

Home Important Dates Registration Programme Participants Venue & Maps

28th Workshop on General Relativity and Gravitation
(JGRG28) 5-9 November 2018 @ Rikkyo University
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