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Isaac Newton: the first successful gravity theory

Philosophiae Naturalis Principia Mathematica (1687)
Establishes classtcal mechantces

Three Laws of motion

universal gravity theory

Derives Kepler's Laws
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Newton’s gravity theory: strengths and limitations

Strengths:

unigue Logical framework for both
the celestial and everyday life
motions

Poweful tool, allowing Le Verrier to
predict the planet Neptune from
the motion of the planet Uranus

RemarkaabLg precise own the Earth

(for weak gravity
and slow motlons)

Stmple: one single scalar field

Limitations:

Assumes aether

The wmotion of the planets deviates
from the Newtonian prediction
(excess in the perihelion shift)

Not precise enough even on the Earth if one

desires to use GPS ‘
its accuracy of 15 w requires y
50 ns temporal precision

SR: time dilation ;f’

GR: gravitational blueshifc Distance > Ll

-7 us / day
45 us / day
Combined naccuracy of /’
" m

11.4 kwm / olag

nfinite Propagatiow speed



General relativity, Einstein’s gravity theory

1. Matter tells spaoe—ti,me how to curve
(Elnstein equation)

Exact Space-Times
in Einstein’s
e General Relativity
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2. SPace—timc tells matter, how to move
(geodetic equation)
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The success of General Relativity

Solar System § other tests
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Fig 1: Tests of General Relativity on various
scales. The vertical axis is the spacetime
curvature and the horizontal axis is the
gravitational potential. The blue dotted lines
indicate typical length scales. Modified from
Psaltis arXiv:0806.1531. GR is well tested at
solar system scales and also by binary pulsars

(within the purple box). However, outside this
region, gravity is not tested by conventional
methods.

www.icg.port.ac.uk/cosmological-tests-ot-gravity/
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‘Comparison between observations of the binary pulsar
PSR1913+16, and the prediction of general relativity based on
loss of orbital energy via gravitational waves
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The success of General Relativity

Network of second generation gravitational wave observatories
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The success of General Relativity: Gravitational waves
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FIG. 10. Time-frequency maps and reconstructed signal waveforms for the ten BBH events. Each event is represented with three panels
showing whitened data from the LIGO detector where the higher SNR was recorded. The first panel shows a normalized time-frequency
power map of the GW strain. The remaining pair of panels shows time domain reconstructions of the whitened signal, in units of the standard
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GWTC-1: A Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by
LIGO and Virgo during the First and Second Observing Runs

The LIGO Scientific Collaboration, the Virgo Collaboration: B. P. Abbott, R. Abbott, T. D. Abbott, S. Abraham, F. Acernese, K. Ackley, C. Adams, R
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The success of GR
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Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial plane. Solid baselines represent mutual
visibility on M87" (+12° declination). The dashed baselines were used for the
calibration source 3C279 (see Papers III and IV).

The Universe under the Microscope — Astrophysics at High Angular Resolutj
Journal of Physics: Conference Series 131 (2008) 012053

IOP Publishing
doi:10.1088/1742-6596/131/1/012053

1 2 3 4 5 6
Brightness Temperature (10 K)

Figure 3. Top: EHT image of M87" from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 as FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, 7}, = SA?/2kp(2, where S is the flux density,
A is the observing wavelength, kg is the Boltzmann constant, and (2 is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

https://iopscience.iop.org/article/
10.1088/1742-6596/131/1/012053/pdf?

fbclid=IwAR258WA80fbOCkeFwO3HuaD9yZQ0V
4ENEOMGCsmij1r_y229EuuqggtJnbNul

MILLIJY-/EEAN

Figure 2. A composite VLBA image of M87 at 43 GHz made by summing the images from the
first 9 epochs of the movie project. The resolution is 0.43 x 0.21 mas elongated along position
angle —16°. The image peak is 643 mJy beam™! and the off-source rms is 0.18 mJy beam™!
Because this image is the sum of several images made at different times, individual features will
be blurred out and the jet will appear smoother than it actually is, much like what is seen in a
long-exposure photograph of moving water.
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What is the problem with GR then?

Dark Matter

Dark Energy

After Planck

No dark matter detected:

2000 - MACHO (microlensing)

2014, 2016 - WIMP particles (LUX, PandaX-Il,
Xenon100)

2015 - Axions (Axion Dark Matter Experiment,
Centre for Experimental Nuclear Physics
and Astrophysics (CENPA), University of
Washington)

2016 - Sterile neutrinos (lceCube)

2016 - Extra dimensions (LHC)

2016 - Supersymmetric particles (LHC)

2019 - stau, Higgsino not found (ATLAS, LHC)

Dark energy: Cosmological constant?
But this vacuum energy density is 60 orders of

magnitude smaller than the theoretical prediction
of zero-point energy in quantum field theory

—> Both PM and DE interact only gravitationally Quantum gravity: several attempts, no

—> Hope to test EFT in the near future

—> Need for modifying Gr |

established final theory

lts low energy (infrared) limit should give GR and
corrections at first order —> effective field theory
(EFT)



What else is the problem with GR?

4 ) H‘L@l’lLa non-remormalizable,
can not be formulated as a FT as for the other fundamental forces,
can not directly be embedded into the standard wodel of particle physics

5) early universe tnflation regquires additional fielo (s),
best fit with CMB data given by Binstein gravity with an inflaton field
(slow-roll modlel with a concave potential)

Y. Akrami et al. [Planck Collaboration], “Planck 2018 results. X. Constraints on inflation,” arXiv:1807.06211 [astro-ph.CO].

&) Tensions in the determination of the Hubble-parameter

CMB measurements from Planck:
RESEARCH
67.74 £0.46 km/s/Mpc
SNIla measurements from SHoES21: | | panck
7324 £ 1.74 kwm/s/Mpe g 1 /\ |
QW170g17 luminosity distance and optical transient: Toof ]
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Figure 1 | GW 170817 measurement of Hy. The marginalized posterior

#) Problems in defining gravitational
energy-mo mentum, null bouwdarg EEYMAS LA ENE it iuier siading) and 2o (ightes shding) fom Plancis and

SHOES?! are shown in green and orange, respectively. The maximum a
posteriori value and minimal 68.3% credible interval from this posterior

’ ’ ,. 2’
a c‘tLo [/\,’ Oacurre V\,ce O‘f SLV\IQ IA_La YL‘tLes o density function is Ho= 70.0f§?6°k1!1 s~'Mpc. The 68.3% (10) and 95.4%
(20) minimal credible intervals are indicated by dashed and dotted lines,

respectively.



How to go beyond GR?

® By relaxing one of the fundamental hypotheses of the Lovelock
theorem that makes Einstein theory unigue:

- bwvariance under diffeomorphisms,
(ex: Lorentz-tnvariance breaking, massive gm\/zﬁtg)
- LocaLL’cg,
- pure metric formulation in four space-time dimensions
(add wew fields, representing gravity, ex: scalar-tensor theories)
® n general thegd CONLALN ONE OF MOYE extra ol.o.f—s, used to
- desceribe darke energy (fifth force)
- make the theory renorma Lizable (cwre the LV problem of GR)
@ Requirements:

- compatibLLLtg with observations (Solar System, ete...)

- sta b'LLLtg > perturbatiows this talk



Various techniques for discussing perturbations

A) Newman-Penrose formalism (1+1+1+1 decomposition)
pros: first order diff. egs,

cons: myriad of variables, 4 types of non-commuting derivatives
- ex: black hole perturbations (Chandrasekhar): 70 coupled diff. eqs. for 50 indep. vars.
- ex: Vacuum Kerr-Schilo space-times (mg PhD thests)

B) 2+1+1 decomposition based on Rinematic gquantities (optical scalars)
+ electric and magnetic projections of the Weyl tensor

pros: generically applicable
cons: still many variables

[}

'1

C) wetric perturbations
pros: only 10 metric functions
cons: requires full gauge fixing
Verslons: B |
2+1 decomposition, ADM variables

2+1+1 decomposition, orthogonal double foliation B

L.A. Gergely, Z. Kovacs, Phys. Rev. D 72, 064015 (2005)
Z. Kovacs, L.A. Gergely, Phys. Rev. D 77, 024003 (2008)

2+1+1 decomposition, nonorthogonal double foliation

C. Gergely, Z. Keresztes, L. A Gergely, Universe 4, 9 (2018)
C. Gergely, Z. Keresztes, L. A. Gergely, Phys. Rev. D 99, 124019 (2019)




(

2+1+1 decomposition, orthogonal double foliation

L.A. Gergely, Z. Kovacs, Phys. Rev. D 72, 064015 (2005)
Z. Kovacs, L.A. Gergely, Phys. Rev. D 77, 024003 (2008)

two 3D hypersurfaces: S_(constant time parameter: t)

M, (constant spatial parameter: y )
intersection 2D surface: X, with induced metric: hab

2+1+1 decomposition of 4D metric:

gab = hgp — NNy + lalp "
evolution vectors: y
(E)Q = Nn*4+N* nn, = -1
ot

o \“ .
_) — ME M 9, = 1
Ix

due to co-dimensions 2, the embedding of ;. is complicated:

extrinsic curvatures: Kapy = héhiVeng || Lay = hShiV 1y
normal fundamental forms: K, = hgldvcnd L, = —hgndvdlc = IC,
normal fundamental scalars: | K = 141V .ny L =n%nV. ly
accelerations: 0q = h9n°V.ng by = hIV Iy




Gravitational dynamics with orthogonal double foliations

4D line-element in ADM-like variables (adapted to the 2+1+1 decomposition):

—N? + N_N¢ N.M*€ Ny, dt
ds®> = (dt dx dy*) NMe  M?+M.M® My dx
N, M, Rab dy®
gravitational variables: {hap, M*, M} (3+2+1 = 6 metric variables)
generalised velocities: {Ka, K% K}

(extrinsic curvature, normal fundamental form, normal fundamental scalar)

non-dynamical metric variables: {N, N“‘} ( 1+2 = 3 metric variables)
(lapse, shift: — Lagrange-multipliers in the action
— coordinate system choice / diffeomorphism / gauge freedom)

- only 9 metric variables
one of the gauge degrees of freedom was consumed by orthogonality!

This a problem, it hampers unambiquous gauge fixing!
J 4 (4 (4 [ (4




Lie-brackets

Nonorthogonal foliations

from the duality relations:

— Nn®+ N®* HNms|

= Mm*+ M* T

the 10th metric variable!

na vorticity-free, orthogonal to §_ (Frobenius-theorem)

[n, m)* . BN | [, F°
n® L [0y (InN) — = Mig; (In N)] J; (InN) B0
me m [~OM + AN + £ NIGM — MIGN] /[ Yo ()| | o (In 1)
Ft | o (oM + N + NIGM' — MIgNYA L [N — Mo mi] | AT

ma has vorticity




The geometrical quantities of normals

Decomposition of the covariant derivatives:

Vanb =

Geometrical quantities involved:

Kap + 2m Kypy + mompKC — ngay + ngmp L
Lap + 2k (o Loy + kakp £ + labp + 1ok KT

K+ 1K 4+ Ly + L KT — kg (ap —1,L)
Lo+ 1Ly + Ko + ngnp L 4+ mg (b, + npK)

Kab = 9592V cng

Lab = 9595V cl4

’Ca — ga, dvcnd

L —gade ld

K =m%mV.ny || L=k%V,l,

a, = ¢inV.nq by = ¢%I°V . 1y
Ko = 9a95Vecka || Ly, = ga,gzilV M
/C* = galCV kd E; — a chmd
ICr =190V kg LY = ncndvcmd
af = g%k°V kyq bX = g¢mV.my




The 10th metric variable gives vorticity to the basis vectors
& is related to the Lorentz-rotation of the bases

lh — ID”_(,":) — -)ic (a” + bu)

= 3D, + £ (a, + by)

=
I
2
=
-

-



The velocity phase space

Generalised coordinates: {g,,, M, M}

Generalised velocities: {Kab, /Ca, /C}

1 [1 s [1
Koy = — |=0,9ap — D(aNpy| — — | =0s9a — Do M,
b leatg” ( b)] Mec [2 xJab = ”)]
a 1 a a b a b a M a N
K* = s (0, M* — O,N* — N°D,M +MDbN)——2ND (M)
1
M — N°D,M + M°D,
K= MN[at ON — + N]

?

time derivatives!
Variables expressing gauge freedom: ]\77 Na‘, @

Non-dynamical geometrical quantities:

. 1 |1
Loy = i liaxgab - D(aMb)]

£ = —% 9, (In N) — M*D, (In N)]



2+1+1 form of the gravitational action in GR

Gauss identity:
(th projection of the Riemann-tensor in the n4,me basis):

Rabcd — g;gégfg(lié%jkl + 2 (LZ[CLZ]E) o Ka[ch]b)

Einstein-Hilbert action: Sppy = /d%v—éé

2+1+1 decomposition of the metric determinant: /—g = NM,/g

2+1+1 decomposition of the curvature scalar (twice contracted Gauss-identity):
R = R+ K2+ K K +2KK, +2K (K —K)+2¢, (K +K)
—(L*)? = LY, L**® — 2L* (L* — L*) — 28 (L* — L)

D,D*N N D, D*M  D*MD,N |[#=D-derivatives

N M + NM x-derivatives
R+time-derivatives

—2




Legendre transformation
Lagrangian density: £ = 1%y, + p,M® + pM — HE + LT + LS + L§
Boundary terms: L8 =20, [\/gM (K + K)]
LS =20, [\/g(NL* — N,K* — NK)]
LG = —2,/gD, [MD*N + NM°L* + N* (MK" — M®Ky)

+N (MK® — M°K)]

Hamiltonian density: HY = NH$ + N*HE + NHS, < new
Hamiltonian and momentum constraints:

HE =g {—M (R+3L*"L;, — L**) + 2¢® (9, — £m) L,
+2D°D M + M [KpK® + 2K,K* — K* — 2KK] }
HE = —2./g{Dy [K®,M — Mg®, (K + K)] + (0, — £m) K
+K.ML* + KD, M}

HY=—2g{M [L*K — L5, K®] — (8, — £m) K
nem/ 1

+—D, (M?K?) }

M



Hamiltonian dynamics

Generalised momenta expressed with

ab __ M Kab_ ab K
generalised velocities { K, K¢, K} n V9 [ g” (K + ’C)}

pa — 2\/§ICCL
p= =29k
Boundary terms: £& = —9, <7r - ?)
(in terms -
of momenta) Lf = 0, [2\/§N£* — Nop* + N (M — g)}
M
LS = -D, {2\@ (MD®N + NM°L*) + N® [27r“b - <7r + TP) g% — M“pb]

N e (57 5)])

Hamiltonian and momentum constraints (in terms of momenta):
HS =g [-M (R+3L**L%, — L**) + 29™ (8, — &m) L, +2D*D,M |

N M1 b T N 1 - 1, 7

Hg = —2Dymy + pDaM — (9y — £m) Pa
HS = 215,71 — 2p* Dy M — MDop® — (0, — £m) P <€—— new




Poisson brackets

Poisson brackets of two functionals:

" s 0f (xy)  Sh(X,Y) of (x,y) Oh(X,y') )
d d
{f (X’ X y } / X / y ( X” y//) 57TC (X// y//) 57TC (X//, y//) 590 (X//, y//)

with:  fOGy) = 06y9 0w),ms(0y) ¢ = {gay, M*, M}
hOGy) =h Gy 9" GY) . 78 (GY)  ma = {7, pa,p)
y=1{y"v'}
Poisson brackets of canonical pairs: {g* (x,v), 75 (X,v)} = 056(x —X) 5 (y— ¥
Smeared Hamiltonian density: Canonical equations:
HE [N, N*,N] = N]+HS [N +H G a
[ ) ] [N®] + M5 (V] = {gA(X,y),HG}Z(SH [N, N N
HT[N] = /dx/dyN X:9) HS (x, ) 0T A (X, Y)
. SHE [N, N¢,
H [N] = /dX/dyNa v H ey Fa = {maloy) WO} = - 59[A (x y)N]

HY V] = /dX/dyN(x,y)’Hf\’} (X, )

new



Explicit form of canonical equations

Canonical coordinate evolutions:

. JHY[N,N*N] N [1 1 ]
Jed = TGy g [M (27cd — Geam) — §9cdp] + 2D Ngy + 2N Ly,
: SHE [N, N¢ N M
Ne o = M N2 e 4 (8, — £3) NC — NDM + MDN
0pe (X, y) NG, (O = )
: SHY [N,N*,N] N (1 )
M = ——— = _— | -Mp—7 |+ E~nM+ (0 — L£m)N
p (X, y) 2 g \2" " NM A+ (O — Cu)
Canonical momenta evolutions: /new
. ed (SHG [.iV] . . a .
7 = — - = known terms with (N, N®) + new terms with A/
09cd (X, Y)
MOV . a |
Pe = —=——>——— = known terms with (N, N*) 4+ new terms with N/

= known terms with (N, N%) + new terms with N/




Gravitational scalar-tensor theories

Horndeski-theory: the most general scalar-tensor theory with at

most second order dynamties for both the scalar and the wetric

G.W. Horndeski, Int. J. Theor. Phys. 10, 363 (1974)
C. Deffayet, G. Esposito-Farese, A. Vikman, Phys. Rev. D 79, 084003 (2009)
C. Deffayet, S. Deser, G. Esposito-Farese, Phys. Rev. D 80, 064015 (2009)

ncludes: GR, quintessence, kR-essence, Brans-bicke, £(R), galileow ...

The effective field theory (EFT) approach: action depending of
geowetric scalars, second order dynamies, space derivatives could
be of higher order: GLPV theories / beyond Horndeski theories

J. Gleyzes, D. Langlois, F. Piazza, F. Vernizzi, J. Cosmos. Astropart. Phys. 08 (2013) 025.

Kinetic braiding subclass of Horndeski and beyond Horndeski theories:
X = §70.00¢ ,

LEET = Go(X,¢) + G (X,0)06 + By (X, 6) R b = Vub=0ub,
) Va?
_XB&X (X, ) (¢°0"Pap 0 — ¢* Doy 0.0°) P = Va¥o0
D¢ — vaV(ba

Properties: Second order dynamics both for the tensor and scalar
GWs (tensor perturbations) propagate with the speed of light



Constraints on Horndeski theory from GW170817

qw propagation speed agrees with the

speed of Light at the order of one part

tn guadrillionth at Low redshifts

1. Theories with dependence of the
linetic term X in the coupling of
the Ricel curvature R and
Elnsteln tensor G b Ly and Ls
are disruled

2. Ls does not depend on @ either
(except through its derivatives)

2. due to the Blanchi Ldewntities, the
whole Ls vantshes

Kobayashi, T.; Yamaguchi, M.; Yokoyama, J., Prog. Theor.
Phys. 2011, 126, 511-529.

De Felice, A.; Tsujikawa, S., JCAP 2012, 007.

Baker, T.; Bellini, E.; Ferreira, P.G.; Lagos, M.; Noller, J.;
Sawicki, |., Phys. Rev. Lett. 2017, 119, 251301.

Ezquiaga, J.M.; Zumalacarregu, M., Phys. Rev. Lett. 2017,
119, 251304.

Creminelli, P.; Vernizzi, F. Phys. Rev. Lett. 2017, 119,
251302.

where

"= i LY, (4.4)
LY = Gy(¢,X), (4.5)
LY = G;(¢. X)Oép, (4.6)
LY = G4(.X)R ~2GaeldrX)
Sy =V Vit (4.7)
LY = ax7h I 3

(4.8)
LIGO, Virgo, and partners make first detection of
gravitational waves and light from colliding neutron stars




Stability analysis example: perturbations of spherically
symmetric static BHs in scalar-tensor gravity

EFT action: SEFT — / dx*\/—gL¥" T (N, M, K, R, K, 3, L*, L*, \*, R.r)
Scalars from embedding variables: "radial unitary” gauge

RA=KK,, K=K*, »=K%K’ , L*=1L*

a?

)\* = L*abL*ba

Variations to second order:

55E'FT _ 515EFT+5QSEFT
_ /daz4 (51\/T§LEFT+\/T§51LEFT
+51\/j§51LEFT+52\/j§LEFT+\/j§52LEFT>

variation of the metric determinant: conformal transformation
— — — between the 2-dimensional metrics:
0/—g = 01/—g+d2/—g
_ (6N 6 M 2 =
— — il _ 9 —
\/ g(N+M+C> Gab Gab

1Mo N 0N 61 M
+\/—§[1_K17 +2§(}V + =i >+2g2]
conformal-factor



First order variation

Line element:
(]\7“ =M*=N = (D—) ds* = —N?dt* + M?*dr® + r* (d6* + sin® 0dp?)

Background values of the variables in the action:

o _ . N’ _ 2 —x 2 _ 2
K=K=»x=8=0, C*:—m, L*:M—r’ A = 372,2 R:T—2
Nonvanishing first order variations (4 independent):

S\M, 51N, 1R = —2(R—25" DuDyC , 6:1K = K :ﬁ 9, (51M) — 0y (5:A)]
Vanishing ones (second order variations only): d;2c = 018 =0

Other (dependent) first order variations:

- N/ 2 ~
51L* = mt — = = 5L 01K = K=V.n"— 5K
1 V,.m VN M + 01 1 1




Equations of motion for the background

First order variation of the EFT action:
018 = / d'z\/—g { [LNFTON + LEfT60 M + LEFT6K + LEF o, K

EFT(SlL* +LEFTS [ 4 LEFTg )\ 4 LgFleR] FLEFT S, In \/jg}

= ... cumbersome calculations ......

5 SEFT 5 SEFT 5 SEFT 5 SEFT
B 4 —— (%1 1 1 1
= /d T/ g( ST N Oln N + ST T dln M + SN dIn N + 5C 5C)

+ total covariant divergencies

Equations of motion:

ngfj;T — LEFT+NLJ’-3FT+% (%‘l— ]]VV, 8>LEFT 0
515EFT — LEFT-FMLEFT—i—f—f— N/ LEFT 0
0ln M M rM MN P (TQLEFT) _ 9 [EFT
5, SEFT 1 T . IC - K
T = WA [a LEFT 4 (LEFT L}E{FT)] =0 <€ arising from the

EFT : non-orthogonality

915 Ry +£ o, ) F— 2 LEFT| —g

¢ M N ) of the employed

double foliation



Scalar perturbations for GLPV black holes: gauge fixing

Unambiguous gauge-fixing for scalar perturbations of both the metric
tensor and scalar field on a spherically symmetric, static background.

C. Gergely, Z. Keresztes, L. A. Gergely, Gravitational dynamics in 2+1+1 decomposed space-time along nonorthogonal double foliations. Hamiltonian

evolution and gauge fixing, Phys. Rev. D 99, 104071 (2019)

Perturbed metric (overbar = unperturbed quantities):
ds® = — (N?+2NON) dt® + 2M N dtdy + 26 N, dtdz®

+ (Gab + 0gap) dz®da’® + 20 Madx®dy + (M? + 2M M) dx”
R. Kase, L. A. Gergely, S. Tsujikawa, Effective field

M® = 0)
theory of modified gravity on the spherically

symmetric background: Leading order dynamics N — O

and the odd-type perturbations Phys. Rev. D 90, (perpendicular double foliation)
124019 (2014)

=)
|

Choices on the background: (evolutions perpendicular to ;)

Hh = _f -
LQ P) J (constant scalar field on 9, )




Even/odd decomposition and transformation

Helmholz-type decomposition of the shift vectors and metric tensor into
scalars (even), curl-free (even) and divergence-free (odd) parts:

5 =8¢ — ¢ X

6N, = D,P+ E’D,Q
M, = D,V + E’D,W
5gab — gabA + DanB +

~ (BiD.Dy + E§D.D,) C

Eap = \/§5ab ) Ehp — 1

Transformations of the metric and scalar
under diffeomorphisms: 9

L
(overhat = perturbation after diffeomorphism) A

Sﬁgab — 5§ab — @9
Lep = 0 —0¢
(€',6%,¢* = D"+ E*Dyn)

SN

<) Q) M §> %

ny =)

Qy o

SN — Net — Nvex |
N2 v
SN — %gt’ + %g&
SM + M'eX + MeX,
P—N%*'+¢,
Q-+,
V+MQ§X+§'%§,



Gauge choice

— thOﬁX%:O
— ¢ to fix B =0\
— ntoﬁx6:O/

perturbation of 2D-metric = conformal rescaling

=@\ab — (l"l_ﬁ)gaD

Choice of St . (1) for orthogonal foliation —  to fix W =0
2M M .
i X

contains an arbitrary function,
hampering the physical interpretation of perturbations

(2) for non-orthogonal foliations — to fix P=0
unambiguous gauge-choice:

P+¢ 5 B
gt: YR é‘X:__,, é-:__: n
N b 2
After gauge-fixing the discussion of perturbations possible
even sector: 17? g, ON,ON,0M odd sector: Q, W
Zerilli-type T Regge-Wheeler-type

(only they have first order contributions)
F. Zerilli, Phys. Rev. D 9, 860 (1974) T. Regge, J. A. Wheeler, Phys. Rev. 108, 1063 (1957)



Comparison of gauge choices

T. Regge, J. A. Wheeler, Stability of a Schwarzschild Singularity, Phys. Rev. 108, 1063 (1957).

RW GR, time-independent Schrédinger-equation with an effective potential
—> Stable w.respect to perturbations
KMS T. Kobayashi, H. Motohashi, T. Suyama, Black hole perturbation in the most general scalar-tensor theory with second-order
field equations I: The odd-parity sector, Phys. Rev. D 85, 084025 (2012) [arXiv:1202.4893 [gr-qc]].
T. Kobayashi, H. Motohashi, T. Suyama, Black hole perturbation in the most general scalar-tensor theory with second-order
field equations II: the even-parity sector, Phys. Rev. D 89, 084042 (2014) [arXiv:1402.6740 [gr- gc]].
Horndeski, stability analysis, only 3 RW variables
KGT R. Kase, L. A. Gergely, S. Tsujikawa, Effective field theory of modified gravity on spherically symmetric background:
leading order dynamics and the odd mode perturbations, Phys. Rev. D 90, 124019 (2014) [arXiv:1406.2402 [hep-th]].
EFT, odd sector stability analysis, nonphysical variables in the even sector
GKG C. Gergely, Z. Keresztes, L. A. Gergely, Gravitational dynamics in 2+1+1 decomposed space-time along nonorthogonal
double foliations. Hamiltonian evolution and gauge fixing, Phys. Rev. D, megjelenés alatt (2019).
EFT, 4 RW variables + 1 d.o.f. due to the scalar
odd perturbations even perturbations
vanishing | physical || vanishing physica.l nonvanishing, nonphys:
RW ||[C =0 Q. II B=P=
KMS ||C' =0 Q. W ||[B=P=
KGT||C =0 Q. W ||[B=dp=0
GKG|C =0 Q. W ||[B=P=06p=0




Odd sector analysis: Q, W

odd sector unaffected ba the arbi‘cmrg function F, has been
discussed tn the framework of the orthogonal doulble foliation:

R. Kase, L. A. Gergely, S. Tsujikawa, Effective field theory of modified gravity on the spherically symmetric background:
Leading order dynamics and the odd-type perturbations Phys. Rev. D 90, 124019 (2014)

4th order equations for the evolution of perturbations:

o ) 2 o, A
D*v'l) =, o) =g, % (W Q' + ?) + (a3 D — ay )W,
. . 1 0 . 2 _, 2
Do) =0, w0 = |y (V-2 o) | -a(2+ )0
where: |
LEFT LT Ly 2
1 :%, a = =5, a; = =4 H4=L%1FT — a;
4N-M~ 2N~ 2M- re



Multipolar decomposition

Decomposition in terms of spherical harmonies:

VO (1,r,0,0) =y Wy (1,7)Y7]

[.m

rReduce the differential order to 2 by exploring the tdentities:
2D (¢, F) Y™ + 11+ DT (2, ) YT = 0.

Im Im

— Fid
24 order system for each mode: 1= 2mfin¥i
2nd order timee derivative -> 0[5 namical eq.

[

| o | ) I(1+1
>+ <o, wgl-]sa,é( —Qits Qf)‘ {“3 = )““]W"’
[

| R Y 1 0 ll 1) —2
)

Vgor ﬂ -

1st order timee dertvative —> Lagrangian constraint



Monopolar, dipolar, higher-order modes

Mownopolar mode: trivial, appear only in total divergences in Lag.
Di‘poLar mode: non-d Y namtical, constant Ln tlme
Higher oroer mode solutions parametrically givew as:
alr?‘ .
| 7,
(13[(1 -+ ]) + a4r‘!

L ') .
Q= - . .( (vV—ga:Z;) W, =

Second-order correction in the Lagrangian:

I(1+ a? a?
5 L399 = V=0 'z —L 77
R +2)(z—1) a

—dy (I__)Zg)z - UH(?’)Z‘} + H_;L%FTWIZI

Lust term is L-dependend
—> LEFT —(, to avoid

where the potential UY(r) is given by propagation speed to be

dependent (holds tn

-- ( —f}ﬂ1)] - —, both Horndeskt and
V=gay Or=" o GLpv)

I




Ghost modes, stability analysis

- Condition to avold scalar ghosts: LY < 0.
- Dispersion relations i the radial direction and along the sphere tn
the high-frequency / geometrical optics / Large wave number Limit

3
w* +—=k% =0, w? +—kﬁ—0
s dj

- Souwnd veLoci’cg—squur&s :

4212
(defined as chawnge of tortoise ¢z Ex kr _ _
“w
coordinate Ln proper time)
2 —
c N?*ru?*

- CondLitlons to avold LaPLacLaw nstabilities:

LET >0,  LET>o0. R=OR, ~ M=MM',  K=KK"=LL
K =K‘, x =K K", L=1¢4,
A=L4LY, (3.2)

- was applied to both covariantized and covariant galileon wmodels



Summary

We reestablished the full gauge invariance, by exploring a non-orthogonal double
foliation. Generic discussion of perturbations is now possible.

We geometrically interpreted the 10th metric variable as
(1) the angle of the Lorentz-rotation of the basis vectors,
(2) the measure of the vorticity of the basis vectors.

We identified those geometrical quantities characterising the embedding, which
bear dynamical role (they contain time-derivatives).

For scalar-tensor gravitational theories we worked out an unambiguous gauge
fixing for spherically symmetric static black hole perturbations, applicable for
both the even and odd sectors.

We derived the first order variations of an EFT action for spherically symmetric
static background and obtained the equations of motion for the background

We completed the discussion of the odd modes of perturbations, including
stability analysis

Full second order variation and discussion of the even modes — in progress



Prospects

Could the Event Horizon Telescope distinguish between general relativistic and
modified gravity black holes?

Not yet. (Cannot distinguish various black holes / accretion parameters in uas
resolution not even in general relativity)

THE ASTROPHYSICAL JOURNAL LETTERS, 875:L1 (17pp), 2019 April 10 The EHT Collaboration et al.

GRMHD models

SANE, ay, = -0.94, Rhigh = 80 SANE, Ay, = 0, Rhigh =10 I\/IAD, a, = 0.94, Rhigh =10

htness Temperature (10° K)

=
Brig

Simulated EHT observations

vlvlv]

Figure 4. Top: three example models of some of the best-fitting snapshots from the image library of GRMHD simulations for April 11 corresponding to different spin
parameters and accretion flows. Bottom: the same theoretical models, processed through a VLBI simulation pipeline with the same schedule, telescope characteristics,
and weather parameters as in the April 11 run and imaged in the same way as Figure 3. Note that although the fit to the observations is equally good in the three cases,
they refer to radically different physical scenarios; this highlights that a single good fit does not imply that a model is preferred over others (see Paper V).

Brightness Temperature (10° K)
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Prospects

2. Can distinguish gravitational wave detection between general relativistic and
modified gravity black holes?

In the future yes. (Third generation detectors)

PHYSICAL REVIEW LETTERS P‘H‘YVS,ICA‘L‘ REVIEW D

Highlights Recent Accepted Collections Authors Referees Search Press About Highlights Heeenl Accepted P TheTs Tt St Treae About

Quasinormal modes of black holes in Horndeski gravity
Is the Gravitational-Wave Ringdown a Probe of the Event Horizon? . | 1.iersall and Pedro G. Ferreira

Vitor Cardoso, Edgardo Franzin, and Paolo Pani Phys. Rev. D 97,104047 - Published 25 May 2018

Phys. Rev. Lett. 116, 171101 — Published 27 April 2016; Erratum Phys. Rev. Lett. 117, 089902 (2016) With detections ofjust the ﬁl’St few
‘least damped’ modes in a ringdown signal, one could place
bounds on the effective mass y of the scalar field.
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