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Talk plan

@ Beyond General Relativity (GR): why and how?

@ Violations of the equivalence principle and
gravitational wave (GW) generation from binary
compact objects, in "plain vanilla” extensions of GR

@ Collapse and binary neutron-star binaries in “non-
linear” effective field theories of dark energy

@ Lessons for the future
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Beyond GR in cosmology?
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@ GR now testable in highly relativistic AND strong-field regime

@ Evidence for Dark Sector from systems with a < ap ~ 10-10© m/s2:
need screening (if modified GR is to explain cosmology)
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Beyond GR: how?

Lovelock’s theorem

In a 4-dimensional spacetime, the only divergence-free symmetric rank-2 tensor constructed only from the
metric guv and its derivatives up to second differential order, and preserving diffeomorphism invariance, is
the Einstein tensor plus a cosmological term, i.e. Gy + A guy

Higher dimensions |
Higher derivatives 4 Gauss-Bonnet, WERP violations I .
9 \Ka)uz:-l(leln Branes o Flgure Gddpfed

Chern-Simons,

&‘:ﬁ{ﬂ”ﬂ?&;‘.?ﬁ?ﬂ".‘) ‘ T'%';”:&iﬁfﬁ? from Berﬁ, EB et al 2015
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Extra fields " ~ invariance
| violations
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Dynamical fields Lorentz-violations |
(SEP violations) in gravity

Palatini f(R) dRGT theory, Einstein-Aether,

Eddington-Born-Infeld Massive bimetric gravity, Khronometric theory,
Massive Lorentz- n-DBI.
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n-DBI, TeVes, theory, TeVeS
khronometric theory,
dilatonic Gauss-Bonnet,
Chern-Simons

’ Massive gravity I

Nondynamical fields |

Pirsa: 24070040 Page 6/29



Pirsa: 24070040

How to couple extra fields?

@ Satisfy weak equivalence principle (i.e. universality of free
fall for bodies with weak self-gravity) by avoiding
coupling extra fields to matter (i.e. no fifth forces at tree
level)

Sm(qybmattera guu)

@ But extra fields usually couple non-minimally to metric, so
gravity mediates effective interaction between matter and
new field in strong gravity regimes (Nordtvedt effect)

@ Equivalence principle violated for strongly gravitating
bodies
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Strong EP violations

For strongly gravitating bodies, gravitational binding energy gives large
contribution to total mass, but binding energy depends on extra fields!
Examples:
@ Brans-Dicke, scalar-tensor theories: S = / d4a:2£ﬁg [(pR — L%@ugoa“cp]
Geff ¢ GN/ g, but ¢ in which star is immersed depends on
cosmology, presence of other star

o Lorentz-violating gravity (Einstein-aether, Horava):
preferred frame exists for gravitational physics
gravitational mass of strongly gravitating bodies depends on
velocity wrt preferred frame

If gravitational mass depends on fields, deviations from GR motion
already at geodesics level

S =08 /mn(tp)ds ub VvV, (mpu”) ~ O (sp)
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Strong EP violations and GW emission

Whenever strong equivalence principle is violated, monopole and dipole
radiation may be produced

In electromagnetism, no monopole radiation because electric charge
conservation is implied by Maxwell egs

In GR, no monopole or dipole radiation because energy and linear
momentum conservation is implied by Einstein egs

eg. M, N/pa:":d%: h ~

GM; GP
red. wedve’
In GR extensions, effective coupling matter-extra fields in strong

gravity regimes energy and momentum transfer between
bodies and extra field, monopole and dipole GW emission, modified

quadrupole formula

G d
~ ) E(ml((p)xl o mz((p)XZ) X E(Sl — 5‘2)
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Tests of dipolar emission with GWs

@ Scalar charges/sensitivities can be extracted from scalar
graviton fall off at infinity:

Spp = _;fmA[l + 0489 + 0(89)%)ds,

00 =0 — ¢y, = O =

@ Calculation needs to be done exactly (no extrapolation of
weak field approximation) and (for NS) for different EOS's
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Strong EP violations and GW emission

Whenever strong equivalence principle is violated, monopole and dipole
radiation may be produced

In electromagnetism, no monopole radiation because electric charge
conservation is implied by Maxwell egs

In GR, no monopole or dipole radiation because energy and linear
momentum conservation is implied by Einstein eqs

eg. M, N/pa:":d% h ~

GM; GP
rcd. geive’
In GR extensions, effective coupling matter-extra fields in strong

gravity regimes energy and momentum transfer between
bodies and extra field, monopole and dipole GW emission, modified

quadrupole formula
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Tests of dipolar emission with GWs

@ Scalar charges/sensitivities can be extracted from scalar
graviton fall off at infinity:

Spp = _;fmA[l + 0489 + 6(89)%)d,

S(PE‘I)*%:

@ Calculation needs to be done exactly (no extrapolation of
weak field approximation) and (for NS) for different EOS's
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(Absence of) dipole emission in binary pulsars

General Relativity predicljon/

Cumulative shift of periastron time (s)

Q
1975 1980 1985 1990 1995 2000 2005
Year

Credits: Joeri van Leeuwen

Constraints e.g. on BD-like theories, on Lorentz-violating gravity, etc
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(Absence of) dipole emission in binary pulsars

An example: Lorentz-violating gravity

Khronometric theory 0.
(= IR limit of Horava)

0.05

Stability/Cherenkov

B Binary pulsars
= BBN

+BBN

Yagi, Blas, EB & Yunes 2014
Ramos & EB 2018, EB 2019,
Gupta+EB+2021
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EFTs of Dark Energy

Lo = LK X) - Gs(6, X)0p + Ga(6, )R + 0xGa(9, X) [(09)° - (V,Vu9)’]

+G5(8, X)CuVH V"6 — <0xGs(d, X)[(09)° — 3(06) (VuV8)® +2(V,V,9)°]}

X = -V, dVFe/2  (VuVug)? = V. VeV, VEg  (VuVid)’ = V,.VP6V, V¢V, V"¢

@ Horndeski class; can be generalized to DHOST

@ Model for Dark-Energy like phenomenology: screening mechanism
(Vainshtein, K-mouflage, etc), self-accelerating solutions

@ Constraints from GW170817, decay of propagating GWs into scalar,

and scalar instabilities induced by GWs: only viable model is k-
essence models with a possible conformal coupling with matter
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K-essence screening
(AKA K-mouflage, kinetic screening)

M2
S f d*z/—g [%R os K(X)l 1B, [e“ ¢/Merg . 111]
1 RS, AL ©
K(X) = —=X 4 -Sanadis S8k X X =V, ¢VHe

2 4A4 8A3

A~ (HoMP1)1/2 ~5x1073 eV

A ~ 107! in units G=c =M, =1 0000 00 0w

K(X)/GR
FIBD/GR
| ===+ FIBD\cax/GR

‘dU“DnGR/d?‘" ) |dUCR/dr|41

Ter Haar, Bezares,
Crisostomi, EB &
Palenzuela 2020
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Compact object binaries
(analytic treatment, Boskovic & EB 23)

Guy = T + T;fV) ’

o
M2
2 0Sm
T,u,u =7 )
v —4g (Sgu.u
T, = K(X)gu, — 2Kx0,90,¢p,
1l «

KxV#typ)=-——T

OB* — R B” = JH,
Jju, = 2V”[KXXV[,,XV”](,0]
V,JE =0
BD mode,

but scalar charges = 0 Transverse ("B“) mode

For BHs, both modes are exactly zero
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Compact object binaries
(analytic treatment, Boskovic & EB 23)

1
Gy-v 0 F}gl(Tuu + T;fu) )
2 0Snm
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v —4g 5gu.u
Tfu = K(X)g;w — 2Kx aju.(aoau(no )
1 «

KxV#typ)=-——T

OB* — R4 B” = JH,
Jju, = 2V”[KXXV[,,XV”](,0]
V,JE =0
BD mode,

but scalar charges = 0 Transverse ("B“) mode

For BHs, both modes are exactly zero
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Neutron star binaries: = e |

—— approximate

to B or not to B

@ B=0 in spherical & static
symmetry and for plane

waves 10716 10712 1078 107*  10°
"/R:;t

@ B subdominant in non-
relativistic binaries
(Boskovic & EB 2023) and
in spherical collapse
(Bernard+2019)
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How about GW-emitting binaries?

: If sensitivities suppressed, deviations
from GR at OPN (quadrupole), but no -1PN/ dipole

n;

OB* — R*,B” = J* By(t.@) = 1 [0t —r.e) & -m) @i’ =
Ju =2V [KxxV, XV 0] B, (t,x) = %/.f‘(tfr. z')d%’

f._ii(t —r,2')d%" = n; B}, (¢, @)

Bdip ®= O when ml = m2

Can we check this with numerical relativity?

UNeed to tackle well-posedness of Cauchy problem and
separation of scales (screening radius >> binary separation)
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K-essence screening
(AKA K-mouflage, kinetic screening)

M2
S = fd4:z:—g {%R-l—K(X)] + S [eaWMP‘gW,‘I‘]
1 Bis i My oy il ©
K(X) = 22X gl neais ey X = V,¢V+¢

2 4A4 8A3

A~ (HoMP1)1/2 ~5x1073 eV

a, 8,7 ~ O(1) * /

A ~ 10—11 |n uni.‘.s G = g M@ iy 10-2 10-15 10-10 ]/OU. 10°

K(X)/GR
FJBD/GR
|---- FIBD,ear/GR

‘dU“DnCR/d?"‘ ) |dUCR/dT|41

Ter Haar, Bezares,
Crisostomi, EB &
Palenzuela 2020
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The Cauchy problem in a nutshell

,}.‘.,r,.z.rxvyvu@ =

2 K"( X)V“' - V is the characteristic matrix
K'(X) GO Sufficient condition for stable evolution
oU + VOU = S(U) is to have a complete set of
' ' eigenvectors and real eigenvalues
U = (8t¢)7 6’:‘¢)

cs = +/1+2XK"/K’

reduces to usual sound speed

in flat space
2 K"(X)
K'(X) X >0
If y*¥ changes signature, system becomes parabolic/elliptic (Tricomi behavior): avoided
if K(X) includes X> (Bezares, Crisostomi, Palenzuela, EB 2020)

When 7" — 0 characteristic speeds diverge (Keldysh behaviour); avoided by “fixing
the equations” (a la Cayuso & Lehner) or by choosing gauge with non-zero shift

Pirsa: 24070040 Page 22/29




Binary neutron star mergers

CCZ4 3+1 formulation of the Einstein equations (with 1+log
slicing and Gamma-driver shift condition) leads to finite
characteristic speeds (no Keldysh), no need of “fixing”

Bezares, Crisostomi, Palenzuela, EB 2021 rio/ri ~ 1.5
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Binary neutron star mergers

CCZ4 3+1 formulation of the Einstein equations (with 1+log
slicing and Gamma-driver shift condition) leads to finite
characteristic speeds (no Keldysh), no need of “fixing”

DB: summary.samrai
Cycle: 27726 Time:170

Bezares, Crisostomi, Palenzuela, EB 2021 r‘lafl"k ~ 1.5
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Descreening at saddle point

1
6
a

Boskovic & Barausse 23
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Binary neutron star mergers

=== FJBD
A =T72MeV
A =54MeV
— A =40MeV

10 s 0 5 0 T 5 0
t — Linorger 3] t — tyerger (M) t — terger (M)

Fic. 3 — Tensor (1
FJBD.

m

2) and scalar ({ = m = 1 and | = m = 2) strain for a NS merger with ¢ = 0.91, in k-essence and

0.0041

T 0.0031 -
\"I_‘-_'_-’,__d\_l
& goe{ === ¢! FIBD
— T A=4.0MeV
=== ¢'="=? FIBD
QU0 —— glom=2 A = 4.0 MeV

-
>

0,000 = - — -
7 -100 -75 =50
— tmerger (3] t — buerger (8] t — Eierger [5]

F1G. 4 - Dipole (I = m = 1) and quadrupole (I

2) scalar strain for merging NS binaries of varying mass ratio, in
k-essence and FIBD.

Bezares+2022

- Dipole is suppressed, but quadrupole is not (?)
- If quadrupole not screened, strong constraints from binary pulsars
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Kinetic screening in dynamical settings:
neutron star collapse

— A =4.04MeV
—— A =718 MeV
— A =12.8MeV

Collapse radiates
away scalar charge
(cf BH no hair
theorem)

—~
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Scalar charge

0.5

tret /mS

Bezares, ter Haar, Crisostomi EB and Palenzuela 2021
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Kinetic screening in dynamical settings:
neutron star collapse

— A =4.04MeV
— A = 7.18 MeV

e
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Observable by LISA
for a supernova
explosion in Milky
Way (a few/century)

Eeoxt DU = Paxt)

Bezares, ter Haar, Crisostomi EB and Palenzuela 2021
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Conclusions

@ GR extensions with no screening tightly constrained by
solar system/binary pulsars/inspiral of LVK binaries

@ Theories without screening are perturbative, i.e. “easy” to
make predictions

@ Screening needed to have viable EFT of Dark Energy

@ Non-perturbative physics important for screening, but that
makes calculations of GW generation difficult (Cauchy
problems well-posedness, breakdown of standard PN
expansion and BH perturbation theory)

@ Collapse and NS late inspiral (?) break screening:
constraints from LISA and (possibly) binary pulsars

@ Similar issues for self-interacting vectors
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