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Why modifying gravity?

® Phenomenological side:
 Modified gravity theories provide alternatives to explain the early and late
accelerated expansion of our universe;

e Gravitational waves provide new tools to test gravitation interactions.

® Theoretical side:
To check the conditions that GR is based on, so that we can understand if and

why GR is the correct theory of gravity in nature.



Unigueness of GR

4 A

Lovelock theorem [Lovelock, J.Math.Phys. 12 (1971) 498]

4d + metric theory + diffeomorphism + 2"d derivatives + local Lagrangian

k - Q{Guy -+ Agﬂy =0

Any metric theory of gravity alternative to GR must satisfy (at least):
 extra degrees of freedom (e.g., scalar-tensor theory),
» extra dimensions (e.g., brane world),
* higher derivative terms (e.g., f(R)),
* non-Riemannian geometry (e.g., f(T), f(Q)),
* giving up locality.



Evolution of scalar-tensor theories




Evolution of scalar-tensor theories with 3 DOFs

[ L=g(6)R+F($,Ve) ]

Th ¢ | — 1999 k-essence
€ MOsS genera [Chiba, Okabe, Yamaguchi, astro-ph/9912463]
theories Wlth 1St Order — [Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]

[Brans & Dicke, Phys. Rev. 124 (1961) 925] Qb

derivatives. _ 1961 Brans-Dicke theory [ L =¢R— o (V) }




Evolution of scalar-tensor theories with 3 DOFs

With 2" order derivatives?  ??7?? ® L=L(R,o,Vo,VV)

Th ¢ | — 1999 ’ k-essence
€ MOsS genera [Chiba, Okabe, Yamaguchi, astro-ph/9912463]

theories Wlth 1St Order — [Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]
derivatives. 1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]




Evolution of scalar-tensor theories with 3 DOFs

/ Ostrogradsky instability  [Ostrogradsky, Mem. Acad. St. Petersbourg 6 (1850) 385.]\

Higher order time derivatives in EoMs (non-degenerate)

l

Additional DoFs with a linear instability in Hamiltonian (unbounded)

With 2" order derivatives?  ??7?? ® L=L(R,o,Vo,VV)

Th ¢ | — 1999 ’ k-essence
e mosS genera [Chiba, Okabe, Yamaguchi, astro-ph/9912463]

theories Wlth 15t Order — [Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]
derivatives. 1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]




Evolution of scalar-tensor theories with 3 DOFs

The most general theories
with 2" order derivatives.

The most general
theories with 1St order

2011 ’

~ 1999 ’

derivatives.

_ 1961 @

-
L =Gy(X,9) + Gs(X, ¢)Up
0G4

+Gua(X,0) R+ Yord [(ng)2 — (v,u,v,,cb)z} SR

o

~

)

Horndeski theory

[Horndeski, Int.).Theor.Phys. 10 (1974) 363]
[Deffayet, XG, Steer & Zahariade, 1103.3260]
[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

k-essence

[Chiba, Okabe, Yamaguchi, astro-ph/9912463]
[Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]

Brans-Dicke theory
[Brans & Dicke, Phys. Rev. 124 (1961) 925]



Evolution of scalar-tensor theories with 3 DOFs

Higher derivatives & higher 7777

Beyond Horndeski
curvature terms?

The most general theories 2011 Horndeski theory

. d . . [Horndeski, Int.).Theor.Phys. 10 (1974) 363]
with 2"¢ order derivatives. [Deffayet, XG, Steer & Zahariade, 1103.3260]

[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

Th ¢ | — 1999 ’ k-essence

€ Mos genera [Chiba, Okabe, Yamaguchi, astro-ph/9912463]
theories Wlth 1St Order — [Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]
derivatives. 1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]



Evolution of scalar-tensor theories with 3 DOFs

\
disformal transformation [Bekenstein, gr-qc/9211017]

2013 Disformal transformation -
f [Zumalacarregui & Garcia-Bellido, g[,u/ — g[u/ — C (¢7 X) g/,w -I_ D (Qb, X) VM¢VV¢

1308.4685]

" J
2011 ; Horndeski theory

[Horndeski, Int.).Theor.Phys. 10 (1974) 363]
[Deffayet, XG, Steer & Zahariade, 1103.3260]
[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

1999 ’ k-essence

[Chiba, Okabe, Yamaguchi, astro-ph/9912463]
[Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]

1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]




Evolution of scalar-tensor theories with 3 DOFs

2021 2 Higher derivative disformal trans.

[Takahashi, Motohashi and Minamitsuji, 2111.11634]
[Takahashi, Minamitsuji and Motohashi, 2209.02176,

2304.08624]
4 [Takahashi, 2307.08814] )

Juv — guu — ngm/ + flvu¢vu¢

2013 ’ Disformal transformation

[Zumalacarregui & Garcia-Bellido,

1308.4685] k X = (ng)2 : = (VX)2 e /
2011 ;

Horndeski theory

[Horndeski, Int.).Theor.Phys. 10 (1974) 363]
[Deffayet, XG, Steer & Zahariade, 1103.3260]
[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

1999 ’ k-essence

[Chiba, Okabe, Yamaguchi, astro-ph/9912463]
[Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]

1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]




Evolution of scalar-tensor theories with 3 DOFs

2021 2 Higher derivative disformal trans.

[Takahashi, Motohashi and Minamitsuji, 2111.11634]
[Takahashi, Minamitsuji and Motohashi, 2209.02176,

2304.08624]
2015 2 DHOST

[Langlois & Noui, 1510.06930]
[Crisostomi, Koyama & Tasinato, 1602.03119]
[Ben Achour et al, 1602.08398, 1608.08135]

2013 ’ Disformal transformation

[Zumalacarregui & Garcia-Bellido,
1308.4685]

2011 ’ Horndeski theory

[Horndeski, Int.).Theor.Phys. 10 (1974) 363]
[Deffayet, XG, Steer & Zahariade, 1103.3260]
[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

1999 ’ k-essence

[Chiba, Okabe, Yamaguchi, astro-ph/9912463]
[Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]

1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]




Evolution of scalar-tensor theories with 3 DOFs

2021 2 Higher derivative disformal trans.

[Takahashi, Motohashi and Minamitsuji, 2111.11634]

[Takahashi, Minamitsuji and Motohashi, 2209.02176,

2304.08624]

2015 DHOST
[Langlois & Noui, 1510.06930]
[Crisostomi, Koyama & Tasinato, 1602.03119]
[Ben Achour et al, 1602.08398, 1608.08135]
20 :
Degenerate Higher Order Scalar-Tensor theory

1 5
Kap = §£nhab Qb — £3L¢

LD Aqbz -+ QBabéKab + Cab’CdKachd

cd
H = ( B’ib Cfb,cd ) to be degenerate




Evolution of scalar-tensor theories with 3 DOFs

2021 2 Higher derivative disformal trans.

[Takahashi, Motohashi and Minamitsuji, 2111.11634]

[Takahashi, Minamitsuji and Motohashi, 2209.02176, 2018 ’ U(n |ta ry)'DHOST
2304.08624] [De Felice, Langlois, Mukohyama, Noui
2015 2 DHOST and Wang, 1803.06241]
o _ [De Felice, Mukohyama, Takahashi,
[Lahg ois &. Noui, 1510.06930] 2110.03194]
[Crisostomi, Koyama &
Tasinato, 1602.03119]
_ . [Ben Achour et al, 2014 @ GLPV theory
2013 ’ D|Sf0 rmal tra nSformat|On 1602.08398, 1608.08135] [Gleyzes, Langlois, Piazza and Vernizzi,
[Zumalacarregui & Garcia-Bellido, 2013] 1404.6495]

2011 ’ Horndeski theory

[Horndeski, Int.).Theor.Phys. 10 (1974) 363]
[Deffayet, XG, Steer & Zahariade, 1103.3260]
[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

1999 ’ k-essence

[Chiba, Okabe, Yamaguchi, astro-ph/9912463]
[Armendariz-Picon, Damour, Mukhanov, hep-th/9904075]

1961 @ Brans-Dicke theory

[Brans & Dicke, Phys. Rev. 124 (1961) 925]




Scalar-tensor theory v.s. Spatially covariant gravity

Uy XV, 0

¢(t, ) = constant

spacelike hypersurfaces




Scalar-tensor theory v.s. Spatially covariant gravity

Gauge fixing: ¢(t,7) — t aslongas V¢ istimelike
(unitary gauge)

N

4 . I 4 . . I
Generally covariant Spatially covariant
Scalar-tensor theories gravity theories

£(¢7 g,u,wR,qucrav,u,) ‘C'(taNa hijaRijaKijavi)
% N /

~_., ~

Gauge recovering: ¢t — ¢(t, )
(Stueckelberg trick)
[Motohashi, Suyama, Takahashi, 1608.00071]

[De Felice, Langlois, Mukohyama, Noui & Wang, 1803.06241]
[De Felice, Mukohyama, Takahashi, 2110.03194]



The correspondence

[P R8N & XG, 2004.07752, 2111.08652]

* From scalar-tensor theory (4D) to spatially covariant gravity (3D)

Vo — 0,
1

1 . :
V6 = —0000~ (N = N'ON ) = 200,a,) —

N K;u/

* From spatially covariant gravity (3D) to scalar-tensor theory (4D)
1
— — V2X
N

1 1
A = =3 [VM In X + ﬁvugb (VYoV, 111X)]

1 1
K = == [vﬂvygb ~ V@V InX — = V,0V,6 (V,6V" In X)




The correspondence

* Horndeski theory
= Gy +GsOo

0G4 2 2
+G4*R + X {(D@ — (Va Vi) ]
054GV, Vg — = 52 [(06)° ~ 306 (VaVid)? +2(Va¥40)°

 Horndeski theory in unitary gauge (with ADM coordinates)
£H,unitary ~ N\/E(CLO K+ aq SRK + as BRZ_jK?Zj + bl K2 4+ bQKin’ij
o1 K%+ oo KKK + ey KIK]KE +do + dy *R)

[Gleyzes, Langlois, Vernizzi, 1411.3712]
[Gleyzes, Langlois, Piazza, Vernizzi, 1404.6495]



Spatially covariant gravity

[XG, et al: 1406.0822 , 1409.6708, 1806.02811, 1902.07702, 1910.13995,
2004.07752, 2006.15633, 2111.08652, 2405.20158, 2410.12680]

Spatially covariant gravity

P N
S = /dtd?’xN\/E[l(t,N, hij, Rij, Kij, Vi)
L y,

Gauge-fixed version (viewed in a special coordinate system) of a generally covariant
scalar-tensor theory (with a single scalar field).

2 tensor + 1 scalar DoFs with higher derivative EoMs, as long as the Lagrangian is
generally nonlinear in the lapse function N.



U-DHOST v.s. Spatially covariant gravity

correspondence

A

U-DHOST
/2018 ’ U-DHOST \

[De Felice, Langlois, Mukohyama, Noui &
Wang, 1803.06241]

2014 2 GLPV theory
[Gleyzes, Langlois, Piazza and Vernizzi,
1404.6495]

2011 @ Horndeski

o

[Horndeski, Int.).Theor.Phys. 10 (1974) 363]
[Deffayet, XG, Steer & Zahariade, 1103.3260]

[Kobayashi, Yamaguchi, Yokoyama, 1105.5723]

%

—

Spatially covariant gravity

-~

o

2009 2

2007 @

2014 2 Spatially covariant gravity

[XG, 1406.0822, 1409.6708]

Horava gravity
[Horava, 0901.3775]

EFT of inflation

[Cheung, Creminelli, Fitzpatrick, Kaplan &
Senatore, 0709.0293]

2004 @ Ghost condensation

[Arkani-Hamed, Cheng, Luty &
Mukohyama, hep-th/0312099]

%




U-DHOST v.s. Spatially covariant gravity

correspondence

V'l A




U-DHOST v.s. Spatially covariant gravity

correspondence

Vel A




U-DHOST v.s. Spatially covariant gravity

correspondence

Vil A

k-essence

Scalar-tensor theories



U-DHOST v.s. Spatially covariant gravity

correspondence

V'l A

k-essence

Scalar-tensor theories



U-DHOST v.s. Spatially covariant gravity

correspondence

Vel A




U-DHOST v.s. Spatially covariant gravity

correspondence

V'l A

k-essence

Scalar-tensor theories Spatially covariant gravity



U-DHOST v.s. Spatially covariant gravity

correspondence

Vel A




U-DHOST v.s. Spatially covariant gravity

correspondence

Vel A




Developments of SCG

2-DOF (TTDOF) theories

____________________________________________________________

i 2023 Multiple auxiliary constraints
| (13K 2B, Oliosi, XG, Mukohyama, 2302.02090]

. 2020 TTDOF with auxiliary constraints

[WkEFE, Oliosi, XG, Mukohyama, 2011.00805]

2019 2 TTDOF theory

[XG, WkEF, 1910.13995]
[HA5EEY, XG, 2104.07615]
[Lin, Gong, Lu, Zhang, 2011.05739]

-
7

____________________________________________________________

2014 l Spatially covariant gravity

[XG, 1406.0822, 1409.6708]

\5——————————————————————————————-f,



Developments of SCG

e e —
~

-
7

3-DOF theories

o e e e e e e e e e

2024 2 Multiple fields ‘
[F17, BR1E, BAFESN, XG, 2410.12680]

2-DOF (TTDOF) theories

____________________________________________________________

i 2023 Multiple auxiliary constraints
| (13K 2B, Oliosi, XG, Mukohyama, 2302.02090]

2024 x Parity violation GST

[#AEER, XG, 2405.20158]

. 2020 TTDOF with auxiliary constraints

Lo [k EFR, Oliosi, XG, Mukohyama, 2011.00805]

2019 2 Parity violation SCG

[XG, 712EPH, 1906.07131]

2019 2 TTDOF theory

[XG, WkEF, 1910.13995]
[HA5EEY, XG, 2104.07615]
[Lin, Gong, Lu, Zhang, 2011.05739]

2018 2 Dynamical lapse function

[XG, WkEFB, 1806.02811]

____________________________________________________________

______________________________________________________

2014 @ Spatially covariant gravity

[XG, 1406.0822, 1409.6708]

\5——————————————————————————————-f,



Parity violating scalar-tensor theory




Gravity theories with parity violation

Axion fields [Phys. Rev. D 41,1231 (1990)], [0808.0673], [0802.4210]

1 y g . uvpo
Ly = —ZFWF“’ -3 (86)” — V (¢) — Zgbe” S P o

Chern-Simons modified gravity [Annals Math. 99, 48 (1974)], [gr-qc/0308071], [0907.2562]

Los = f(6) " RyppapR™

j18%

Parity violating scalar-tensor theory [1710.04531], [2405.20158]

Parity violating Horava-Lifshitz gravity/spatially covariant gravity [1111.5345],[1208.5490],
[2112.06446], [1906.07131]

Nieh-Yan (NY) gravity [J. Math. Phys. 23 (1982) 373] [2007.08038], [2012.14423], [2105.06870], ...
C
Ly = ZqﬁewﬁprT@ 5
Parity violating non-metricity theory [1908.04313],[2108.01337],[2212.14362], ...
Parity violating metric-affine gravity [2112.09154], [1506.02882], [1810.12276], ...



Chiral scalar-tensor theory

“Chiral scalar-tensor theory” with 3 DoFs [Crisostomi et al, 1710.04531]
4
Lpyvi = Z an (¢, X)A, A = gadeRCdefRabeg(bf(bg,
n=1 A, = gobed Redes R fb 5 b,
Ay = gabed Redes Ry, ! by,
Ay = e RegerRY 007,

The combination is ghost-free (in unitary gauge) when coefficients satisfy the condition:

4a1+a2+2a3+8a420



Chiral scalar-tensor theory

“Chiral scalar-tensor theory” with 3 DoFs [Crisostomi et al, 1710.04531]

6 C s abcdR e .f g
EPVS — Z cn(qb,X)Cn 1 = ¢ cdef¢a¢b Cbggb )
n=1 Co = e™Regerdtolo! ¢y,
CS _ EadeRcefgqbg ¢g¢e¢d,
Co = ™ Regerdsd! dro?,

Cs = e RSl deddy,
Cs = ePRegesdpad] .

The combination is ghost-free (in unitary gauge) when coefficients satisfy the conditions:

4cq + 2¢9 + 2¢3 — c5 = 0, 2c1 +co+cq4 =0



U-DHOST v.s. Spatially covariant gravity

correspondence

Vel A




Playing with monomials

* A general generally covariant scalar-tensor (GST) monomial

AR VﬂRnxnvwﬂR”; ...... \VAVZ I \VAVAVZ RRRRUS \VAVAVAV/ R
Co C1 Co ;Z; ;; ‘d:

abcd

with indices contracted by g*? and/or ¢

* A general spatially covariant gravity (SCG) monomial

with indices contracted by hY and/or k.

(A stands for both spatial/temporal derivatives)



Parity-violating SCG monomialsup tod = 4

[HB5EET & XG, 2405.20158]

Category Form Irreducible Reducible Number
(0;1,1) [KVK] i KiVIKH - 1
(0;0,2) | [£KVK] — cijk £ KVIK] 0

[VaV K] — giikVia'VIKF
(0;2,1) [aKVal) ijka'Via K —
laaV K] — eijrala’ VI K}
[KKVK] | e K] KLV™KM, e, KIK™VIKE ;. KK/ VI K™ - §
laK £K] i KL K _
[FKVK] i FK}VIKHR -
(1;2,0) [RKa] gija KIPRY — 1
(1;0,1) [RVK] ijk"RUYNI K] — |




Parity-violating SCG monomialsup tod = 4

[HB5EET & XG, 2405.20158]

Category Form Irreducible Reducible Number
(0;1,1) [KVK] i KiVIKH - 1
(0;0,2) | [£KVK] — ijk Lu K" VIK] 0

[VaV K] — giikVia'VIKF
(0;2,1) [aKVal) ijka'Via K —
laaV K] — eijrala’ VI K}
[KKVK] | e K] KLV™KM, e, KIK™VIKE ;. KK/ VI K™ - §
laK £K] i KL K _
[FKVK] i FK}VIKHR -
(1;2,0) [RKa] gija KIPRY — 1
(1;0,1) [RVK] ijk"RUYNI K] — |




Parity-violating SCG monomialsup tod = 4

[HB5EET & XG, 2405.20158]

Category Form Irreducible Reducible Number
(0;1,1) [KVK] i KiVIKH - 1
(0;0,2) | [£KVK] — cijk £ KVIK] 0

[VaV K] — giikVia'VIKF
(0;2,1) [aKVal) ijka'Via K —
laaV K] — eijrala’ VI K}
[KKVK] | e K] KLV™KM, e, KIK™VIKE ;. KK/ VI K™ - §
laK £K] cijna K £, KF _
[FKVK] ik FK}IVIKF -
(1;2,0) [RKa] gija KIPRY — 1
(1;0,1) [RVK] ijk"RUYNI K] — |




Parity-violating SCG monomialsup tod = 4

[HH5EE] & XG, 2405.20158]

Category Form Irreducible Reducible Number
(0;1,1) [KVK] gijk K} VI K" - 1
(0;0,2) | [£KVK] — ik LuKIVIKF 0

[VaV K] — giikVia'VIKF
(0;2,1) [aKVal) gijka'Via K —
laaV K] — eijrala’ VI K}
[KKVK] | eijr K] KL VKR ¢ KIK™NIKE e KKIVI K — §
[aK £K] cijna K £ KF _
[FKVK] i FK}VIKHR -
(1;2,0) [RKal] eija’ KI3RY - 1
(1;0,1) [RVK] eijk " RYVIK] - |




Parity-violating scalar-tensor theoryup tod = 4

[HB5EET & XG, 2405.20158]

i 1 cd ja se
d=3 El = ggabcdRef d¢ ¢ ¢bfa }
4 1 I
£2 = _4€abcdRede¢a¢€¢?n¢fm,
o
1 cd ;m n je ja
I —— FgabcdRef d¢ ¢ P Qb{ndb?w
__ 1 amen b f 1c 1d 1
J— 4 Ly = JZiﬁ':abcdR O° Qbeqﬁf (an =+ QXanqu) ;
_ 1 cm ya e  bf dn 1
J— FgabcdRef OO0 (gmn + ﬁqﬁmén) ;
Lo = —eareaRo 0" 6" 6™ ( G + == b
o ef 2X ’
1 C amen 1
Lr = —eavcaly RS | gn + s bmon | -
L o 2X Y




Multiple scalar-tensor theories




Evolution of multi-field scalar-tensor theory

a " I
p—l—l dA

S = /dD:C e W, wap. (OpwSs. ) (Oewgy. o)

2010 @ Mixed combinations of p-form fields

[Deffayet, Deser and Esposito-Farese, 1007.5278]



Evolution of multi-field scalar-tensor theory

/
Ew,& = Z (Oém,nﬂ- + Bm,n&.)gm,n

0<m+n<4

Emm = (mAn)ISLL . GEm 2L 50 (0,07 . .. (O 07 7) (8, 0718) ... (8, O7E)

\_

~

%

2010 Bi-galileons

[Padilla, Saffin, Zhou, 1007.5424, 1008.3312]

2010 Mixed combinations of p-form fields

[Deffayet, Deser and Esposito-Farese, 1007.5278]



Evolution of multi-field scalar-tensor theory

e

\

8G4 (Xa Cb)
0X

(oo — V,V,oVHEVY ¢) X = .

£4,single — G4 (Xg Qb) R+ — _5

8G4 (XIJ,CbI)
oX1J

Lamuttiple = G4 (X', ¢") R+ (Op'0¢” — V.V, ¢' VIV e

1
I,J=1,2,-- X”:—§VM¢IV“’¢J

V,.oVHE

~

v

2012 2 Multi-galileons

[Padilla & Sivanesan, 1210.4026]
[Sivanesan, 1307.8081]

2010 2 Bi-galileons

[Padilla, Saffin, Zhou, 1007.5424, 1008.3312]

2010 @ Mixed combinations of p-form fields

[Deffayet, Deser and Esposito-Farese, 1007.5278]



Evolution of multi-field scalar-tensor theory

[Renaux-Petel, 1105.6366]
[Renaux-Petel, Mizuno, Koyama, 1108.0305]

§— / d*z (MTI% vV—gRlg] + MTQx/—_’yR ]+ x/—_gﬁbmne)

/multi—field DBI-type Galileon

Yur — h_1/2 (guu + hGIJvugvaud)J)

Lbrane = — ! (\/det (65 T fGIJvuquvabJ) o 1) -V (gbI)

\ f (")

2012 2 Multi-galileons

v

[Padilla & Sivanesan, 1210.4026] 2011 PrObe brane methOd
[Sivanesan, 1307.8081]
[de Rham & Tolley, 1003.5917]
2010 ’ Bi-galileons [Trodden & Hinterbichler, 1104.2088]
[Van Acoleyen & Van Doorsselaere, 1102.0487]

[Padilla, Saffin, Zhou, 1007.5424, 1008.3312]

2010 @ Mixed combinations of p-form fields

[Deffayet, Deser and Esposito-Farese, 1007.5278]



Evolution of multi-field scalar-tensor theory

/0 =Gy = Asp + |[-2F 1 — W1 +2(Dykr +8J k1) X5 — 8E kL X/ E XM ] 5§§¢I|d \

le

+ (_ Q‘FJ,J — 4W,I,J + A,IJ + QDIKJ’LXKL — 16EKIMNJ,LXKLXMN — 16JK[I,L],JXKL)Q5(IIG'¢|{))

le Tle

ace K ace M|h 1 ace ace I\d J
+ Drroiss o o” 100 + By byt ofo71 ok 61 611" + (§f + W) spss RY 4+ Fpyo05e 619l

K|f ,L|h Ild 2 Ild ,J|f K|k
+ Trabhind1.0” R, + 201550l 01 6" + KiSiril o RLY + S K1 kbt a6 o)

k g | 3 lg /

2015 ’ The most general 2"%-order EOM for bi-scalar—tensor theory

[Ohashi, Tanahashi, Kobayashi & Yamaguchi, 1505.06029]

2012 2 Multi-galileons

[Padilla & Sivanesan, 1210.4026] 201 1

[Sivanesan, 1307.8081] Probe brane method

[de Rham & Tolley, 1003.5917]

2010 2 Bi-galileons [Trodden & Hinterbichler, 1104.2088]
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Evolution of multi-field scalar-tensor theory
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Evolution of multi-field scalar-tensor theory

The most general ghost-free multi-scalar-tensor theory is still missing.
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U-DHOST v.s. Spatially covariant gravity

correspondence
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Multiple foliations of hypersurfaces
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Multiple foliations of hypersurfaces
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Building blocks

(Geometric quantities

w.r.t. qu

w.r.t. E¢

Normal vectors

Ug ‘= —NV 0

Vg = —MV

Induced metrics

hab = (Jab T UgUp

lab = Gab + Vg Up

Normalization factors

N :=1/v2X

Accelerations

a, = D,In N

Extrinsic curvatures

Kab = %fuha,b

Ricci tensors

BRab p— SRab (h)




Healthiness of the construction

Spatial tensors w.r.t. one foliation (e.g., Z4) will
not be spatial w.r.t the other foliation (e.g., Z).

Spatial derivative D, contains temporal parts w.r.t. X,.
Higher time derivatives (extra modes)? == Superficial instantaneous/shadowy modes

As long as operators are safe in their own unitary gauge, they are always safe.

[De Felice, Langlois, Mukohyama, Noui, Wang, 1803.06241]
[De Felice, Mukohyama, Takahashi, 2110.03194]



The action

The most general action describing two foliations of hypersurfaces:

S = /d4$\/§£ (¢3N;uaaha,b73RabaDa;£u§¢aMavaalab73Rabaf)aa£v)

] | J
\ Y Y

I Sy

An analogue of 3-DOF SCG:

S = [ @ y/GL (6, V.t han. Kty “Rats Dai M, vl L, R Do)

Temporal derivatives enter only through extrinsic curvature.



Monomials

d=1
B.b. | Monomials
K K], [Kvv]
L L], [Luu]
a lav]
b [bu

d=2

B.b. | Unfactorizable monomials Factorizable monomials
KK [KK]|, [KvKv] K2, [Kvv]?, [K|[Kvv]
LL [LL), [LuLu] [L)?, [Luul]?, [L][ Luu)
KL (K L], [KvLu] (K][L], [Kvv][L], [K][Luu], [Kvv][ Luu]
Ka [Kval [K][av], [Kvv][av]
Kb [ Kvb] [K][bu], [Kvv][bu]

La | Lual [L][av], [Luu][av]

Lb [fU? [LHmﬂJﬁgUHmd

ab [ab] lav][bu]

bb bb] [bu]?

°R SR|, [PRov B

R R|, |PRuu
DK | [vDK], [DKv], [vDKwvv]

DL uDL : DLu|, |uDLuu

Da [Dal, [vDav]

Db Db|, |uDbu




Correspondence

Examples of correspondence:

1 1 1 1
ab i ab a b c a b 2 = a
K Kab % 2X ¢ab¢ _|_ 2X2¢ ¢ ¢a ¢bc _I_ 8X3 (¢ ¢ @ab) X - 2va¢v ¢
LLap — le p )™ + . AP e + . (W9 Yap)? Y = _lvfﬂpvaw
“ 2y "¢ 2Y 2 @ D 2
Mixing derivative terms:
1 Z X 1
a v* — — “— —“ a Z = —=V,oVY
o ,—QY(@O ch)aﬁcbb 5

a,b 1 a Za, b Za,
Kapv™v %—\/ﬁﬂ,%b(?ﬁ —§¢>(w —fﬁb)



A concrete model

A simple model of d = 2

Lo = K pK® 4+ coK?+ 3K, LY + ca KL+ 5Ly L% + cgL?
+era,a® + cgagh® + cob,b® + c19°R + c11 R

This model is already far beyond previous results of multi-scalar-tensor theories.

Scalar perturbations:

i —€2A + 5”8@BajB a@zB {A7B7C9%7 6/57 5w}
g,,w — aé?jB azeQCd,;j

2 dynamical DoFs

LQS

2

CCCC2 + CC(M,C(SZD + 668236823 + Cé¢5¢5¢2 + Caé¢85¢815¢315¢
+Cs a0V A + Co5940"0100; A + Cy 9o g0V B + Cp55 00 + Copo 5,07 OV

+terms without time derivatives



Summary

1. The spatially covariant gravity theory is an efficient method to generate scalar-
tensor theories ghost-free in unitary gauge.

2. We construct the most general (unitary-gauge) ghost-free parity-violating scalar-
tensor theory up to d = 4 by employing the correspondence between scalar-
tensor theory and spatially covariant gravity.

3. We propose a novel method to construct (unitary-gauge) ghost-free multiple
scalar-tensor theories by generalizing the single-field spatially covariant gravity.



Thank you for your attention!
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