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Dynamical Chern-Simons Gravity

Lagrangian L~ R V ?9 V“ﬁ —|— agos UV R*R
Density /
[e.g. Jackiw & Pi, PRD 68 (2003), T | |
Alexander & Yunes, Phys. Rept 480 (2009)] Einstein-
Hilpert  dynamical pseudo- non-minimal
scalar field Pontryagin coupling
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”; Gap + agosCyap = 87TTmat —+ SWbe
— XqdCS R*R
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Field Equations

= @ ———=— = —_ ——

Cop = (vcﬁ) ECde(av|e|Rb)d - (vcdﬁ) *Rd(ab)c -_— Cab = 3T (Vcﬁ> €Cde(av|e|fz_jb)d T (vcdﬁ) >kRal(a,b)c

TY = (Va0) (Vp0) — ! Gap (V) (V09) well-posed as 1nitial value problem

2 upon EFT order-reduction [Delsate, et al PRD 91 (2015)]
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Who ordered that?

10D heterotic string theory

(in Einstein frame) / \

dilaton
Kalb-R d 3-f
(assumed stabilized) d amon orm

4D compactification ., o
(to N=1 SUGRA) dsj, = dsj + gmady™dy l \ l
Kalb-Ramond |
(2-form) field Chern-Simons
3-form

Simplify and Integrate by Parts

',

(dB2 4 Q23) A (%dBy + #(23) ~ dBy A *dBy + dBy A +{d3 + ... ~ ’/

dHs = dfl3 = RN R

[ TT—— e —— \]

| |

! Sad ~ /d4x[724—|—>x<d6’/\d9—|— 0 RAR| | —
[Alexander & Gates, JCAP 06 (2006), i | |

Alexander & Yunes, Phys. Rept 480 (2009)] - I
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Who ordered that? (cont’d)

Effective Field Theory of Inflation £ = L [gab, (5’90)2] + Aﬁ[ga,b, (590)4] T O[gabv (890)6]

[Weinberg, PRD 77 (2008)] / \

single-field inflation sum of all generally covariant terms
172 172 " with up to 4 spacetime derivatives

Lo=1/g R (0ap)(0%¢) — MU ()
/

2 2
A derivative expansion (in powers of

M), so correction must be order-
reduced through background EOM

AL = \/gf1(0)[(0a9)(0°©)])* + /5[0 () CabeaC?* + /g fr0(0) R*R

Taylor expanding fi0(¢) = fi0(¢0) + fio(¥0) (¢ — o) + - ..
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Who ordered that? (cont’d”"2)

Loop quantum gravity (by promoting the Barbero-Immirzi parameter to a field and adding fermions)

[Taveras & Yunes, PRD 78 (2008),
Mercuri, PRL 103 (2009)]

Particle Physics (e.g. gravitational ABJ anomaly, loop corrections in gravity + fermion qft, Yang-Mills theories)

[Mariz et al, PRD 70 (2004),
Gomes, PRD 78 (2008)]

EFETs of Gravity (e.g. quadratic gravity, parity-violating gravity)

[Yunes & Stein, PRD 83 (201 1),
Crisostomi et al, PRD 97 (2018)]

e —— e —

For the rest of this talk, we focus on dynamical 1 . ) l
Chern-Simons gravity as an EFT L~ R 9 (Va?) (VD) + aacs ¥ ™R
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Spherically Symmetric Black Holes

EFT treatment —> GR Deformations Jab = G,p ) T @(21(3559@ U = agqesot

I Statlc + Vacuum + Spherical Symmetry Schwarzschlld

— = ———— e e e ——— _ _ I—

[Jacklw & Pi, PRD 68 (2003) Grumiller & Yunes, PRD 77 (2008)]

ﬁ:@dCsx — Y =vg+vp =0
G ab Oédcsx SWx 8

C ab — = &7 V ?9 (C,V‘ |Tb)d -+ (vcdﬁ> >l<Rd(ab)c

Birko eorem = Vacuum + Spherical Symmetry = Schwarzschild

[Alexander & Yunes, Phys. Rept 480 (2009)]
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Axially Symmetric Black Holes

EFT treatment —> GR Deformations gab = G, =~ T gcs0Yab U = agqesot

' Stationary + Vacuum + Axially Symmetric # Kerr ‘
T 8 [Yunes & Pretorius, PRD 79 (2009)]

— e — e e ——— e e — e ——

alM?r
(r? + a® cos? 0)

arY = aqcs (R*R)agr = 96aqcs — COS 0 (7”'2 — 3a? cos? 9) (37“2 — a” cos? 9)

a n
Slow Rotation expansion ¢(7,60) = Z (M> gn(r,0)
n=>0
D cos 0 2M  18M* 3
— gadcs > (1 | 7“ | m ) + O(adCSa )

Gap + odeSCéSR) — SWX -+ 871'ij
< a 12M  27M?
=A% 5

d32 — dS%{ 207—‘-&(2168 ) Sin2 9dtd¢ O(O&?icsCLQ)

‘r 107
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Axially Symmetric Black Holes (cont’d)

Higher-order in spin solutions in slow-rotation expansion
[Hartle & Thorne,Ap] 153 (1968)]

v/ Second-order in rotation
[ Yagi, Yunes, Tanaka, PRD 86 (2012)]

v/ Fifth-order in rotation
[Maselli, et al Ap) 843 (2017)]
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Axially Symmetric Black Holes (cont’d)

Higher-order in spin solutions in slow-rotation expansion — Hairy black hole solutions
[Hartle & Thorne,Ap] 153 (1968)]

Properties:
v/ Second-order in rotation

(magnetic, i.e.1/r?) scalar hair
[Yagi, Yunes, Tanaka, PRD 86 (2012)]

Perturbed horizon and ergosphere

: : : No naked singularities or closed time-like curves
v/ Fifth-order in rotation e
Petrov type I, no Killing tensor

[Maselli, et al Ap) 843 (2017)]
< [Owen, Yunes, Witek, PRD 103 (202|)]
i‘

Could there be chaos in geodesw motlon for

V¢ Extremal solutions test particles in orbit around dynamical 1
b

[McNees, Stein,Yunes, CQG 33 (2016)] | Chern-Slmons black hOlesq

v/ Numerical solutions for arbitrary rotation

[Delsate, Herdeiro, Radu, Phys Lett B 787 (2018),
Sullivan, Yunes, Sotiriou, PRD (2020)]
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Black hole stability and hair loss

]

Non-rotating case Polar and Axial sectors decouple ;- —— e

[Cardoso & Gualtieri, PRD 80 (2009), | Quasi-normal modes of black
Molina, et al PRD 81 (2010)] Scalar couples to Axial sector only ‘ holes carry a dynamlca]

| | Chern-S1m0ns s1gnature
Breakage of 1sospectrality I —

Slowly-Rotating case
[Woagle, Yunes, Silva, PRD (2021)]

* __ | % ____ —

|
[

l All dynam1cal Chern Slmons grav1ty compact objects have no “halr”

— —— D — S— — ——

[Yagi, Stein, Yunes, Tanaka, PRD 87 (201 3), Wagle Yunes, Garfinkle, Bieri, CQG 36 (2019)]

No-hair Theorem: Scalar hair (1.e. a monopole 1/r scalar) is not sourced 1n stationary, asymptotically flat, axially-
symmetric (vacuum/punctured or non-vacuum/non-punctured) spacetimes of dynamical Chern-Simons gravity.

l 'Dynamical Chern-Slmons grav1ty evades all Solar System and binary pulsar constraints |

L S _ — — — i — - —

_ i ——————————————
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How do you build a gravitational wave model of coalescence?
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Gravitational wave perturbations 1n dCS gravity

Newman-Penrose analysis [Animations by O
Kristen Schumacher]
[Wagle, Safer, Yunes, PRD 100 (2019)]

Only ¥, and @, are excited so

X A
Class N3 X \Ifg — \1’3 — O, \I]4 75 O, (I)QQ 75 0. 1
y
B,‘t,\_J l/r’ hile ®OO' s 1] @
Amplitude Birefringence X 4
[Alexander, Finn,Yunes, PRD 78 (2008), Yunes, et al, PRD 82 (2010)]
y
Use a plan wave ansatz
—>
Field equations lead to i¢r 1. + 3iHor 1 + df.1, — kik’ = idr.L ér,L 9(9, )
T ] X
a< {é
— B EEEEE————— e s —— e ——— >Z
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Gravitational waves generation in dCS gravity

I. Series expand field equations in weak-field, slow-motion (PN). Solve! V. From E and Edot, find the equations of motion with dissipation
[Yunes & Pretorius, PRD 79, 20009; b d [ Yagi, Yunes, Tanaka, PRL 109 (2012)]
Yagi, Yunes, Tanaka, PRD 86, 2012] 7719 ~ Oéea we had,gb hv [g’ ] u B S2

| | N » p11/3 2 4/3
(Cannot use point-particle approx; U~ agiipV 2 (U imVik.im) f~1r 1+1PN+...+ 35PN+ 0 (O‘ 2 )

spinning CS BHs have scalar charge) -

II. Calculate effective GW stress-energy. VI. Understand the propagation of metric perturbations.

[Stein & Yunes, PRD 83, 2011] [Sopuerta & Yunes, PRD 84, 2011]

T ~ (hea,h b)) By = P,

sSwa

VII. Construct the response function and Fourier transform it.

[II. From the near-zone solution, construct the Hamiltonian. .
[Yagi, Yunes, Tanaka, PRL 109 (2012)]

- = _— e —— — — = —_— e — —

— = = = —_ —— = = —

[Yagi, Yunes, Tanaka, PRL 109 (2012)] o T 5/’6 S/ = * ; 2 /3 1
| =~ _ - - ...+3. =
e A f 7/661{ i35 (M) T3 [141PN+.. +3.5PN+0 (0?5 f )]

M? | S22 m?\ | | " :
E = ' 1+1PN +...+3PN + O (a2 : W; > L ﬁ -
le i T 7’12 |
IV. From the far-zone solution, construct the RR force (fluxes). ‘&‘ Y
[ Yagi, Stein, Yunes, Tanaka, PRD 85, 2012] % 7
.32/ M\°T S2 m2\’ @7*7
E=—-—(—) |[1+1PN+...4+35PN+ 0| a’— — (A
5 \ 7o i m2ri, | "
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Main effects of dCS gravitational waves

T Spmmng BHs are not Kerr because they excite a scalar ﬁeld '

I e —— e — S — —

[Yunes & Pretorlus PRD 79 (2009), Yagl Yunes & Tanaka PRD 86 (2OI2) Maselll et aI Apj 843 (20I7) McNees Steln & Yunes, CQG 33 (2016)]

]

| II Bmary BH spacetime has two scalar fields anchored with each black hole

_ e e —— __ ———— — —_— — - J—

[Yagl Stein, Yunes & Tanaka, PRD 85 (20 12), Yagl Stein,Yunes & Tanaka PRD 87 (201 3)]
IIa. Modified spacetime leads to modified Hamiltonian (and thus orbital energy)

IIb. Anchored scalar fields move with the black holes and emit scalar waves that
remove energy from the system.

‘ | 111 Dynamlcal Chern-Simons induces a 2PN correction to the orbital evolution and GWs'

_— e ——— — —_— ———  ———— — — — - — — — S — —

[Yagi, Yunes & Tanaka, PRL 109 (2012)]

dCS Gravity Binaries and GWs Yunes 21



Main effects of dCS gravitational waves

1 I. Spmmng BHs are not Kerr because they excite a scale Ee?? d ' 1/re

D iR~ e —

[Yunes & Pretorlus PRD 79 (2009), Yagl Yunes & Tanaka PRD 86 (2OI2) Maselll et aI Apj 843 (20I7)

cNees Steln & Yunes, CQG 33 (2016)]

e —— —— _ N _ : — "“[

| II Bmary BH spacetime has two scalar fields anchored with each black hole !

_ e —— — ———— — —_— _ J—

[Yagl Stein, Yunes & Tanaksa ‘ (20I2) Yagl Stein, Yunes & lan p 87 (2013)]

Not
Kerr

Not
Kerr

[Ta. Moditied spacetime leads to moditied Hamiltonian (and tee*orbital energy)

IIb. Anchored scalar tields move with the black holes and emit ${alar waves that

remove energy from the system.

B —— — — — — — — P— 3 ) — = == —

111 Dynamical Chern-Simons induces a 2PN correction to the orbital evolution and GWs

- _ e — e — — ———— — _— — — — [ — — _ I S —

[Yagi, Yunes & Tanaka, PRINYO9 (2012)]
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Gravitational wave signatures of dCS gravity

[Yagi, Yunes & Tanaka,
Phys.Rev.Lett. 109 (2012)
J—— S I — 251105,
( ) ] Nair, Perkins, Silva & Yunes,

Gravitational waves can Phys.Rev.Lett. 123 (2019) 19,

= = -

)

191101.]

| encode dynamical Chern-
|

Simons signatures!

\ =
N ¥ ‘*3# = e —— — - ———
e ——

—————

- —— e — _ —_—— - —— ——— = —
 —— . —= _ —_— ==

Movies by S. Perkins:
(m1,m2) = (2.8,7.2) Msun
(c1,c2) = (0.9,-0.9)
z=0.1
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Conclusions

Dynamical Chern-Simons
gravity cannot be
constrained by Solar
System or binary pulsars

Dynamical Chern-Simons
gravity compact binaries
inspiral and ringdown
faster than in GR

Dynamical Chern-Simons
osravity black holes are
(inearly) stable but not Kerr

Gravitational waves from coalescing black holes may
detect or constrain dynamical Chern-Simons gravity

= -

== — ——————— e~ -
- —

//‘ —~— = = ——— _ - = = — “‘\ \

fw R
\!

) !

But what’s next?

-2 — . - —

\ e - . — o=

— —_ —
— s ===
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Outlook: The data angle

Spin-precessing binaries

Many more detections constraining dCS gravity?
Detectors with (stacking)

higher sensitivity Quasi-normal ringdown tests?

(2022-2025) A few very loud detections

(SNRs in low 100s) GW polarization tests
(LISA needed for full test)

New detectors EMRIs 1n dCS?

(3G and LISA) New tests of GR

(2035-2045) Super-radiance in dCS?

Yunes 25



Outlook: The theory angle

Gravitational Collapse in dCS? Singularity theorems?

Theory

Area theorem 1n dCS? Black hole thermodynamics?
Concerns

Exact rotating black hole solution? AdS black holes?

Quasinormal frequencies for moderate or large spin black holes?
Modeling

Spin-precessing inspiral model?
Concerns e & 5P

Merger model? Will this matter?

26



“On[y put cﬁ until tomorrow what you

are wi[ﬁ’ng to die ﬁcwing [eﬁ undone”
Pablo PicCATso

Thank You

27




What are gravitational waves and how are they generated?

eXtreme Gravity: where gravity 1s
(a) very strong,
(b) non-linear
(c) dynamical

|[RIT Group]

Gravitational Waves (GWs): Wave-like perturbation
of the grav. field.

Generation of GWs: Accelerating masses
(t-variation 1n multipoles)

Propagation of GWs: Light speed, weakly
interacting, 1/R decay.

GW Spectrum: Kepler 3rd Law: Jo_ m;"t ~ . Frag ~ % miot  in about 1079 gravitons
27T le Mot

Example: Binary BH merger,
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How do you extract information from gravitational waves?

Modelling 1. Create template “filters”

Gravitational Wave
Physics requires
accurate models!

P — Se— —— —

Data 2. Cross-correlate filters & data

Analysis 3 Find filter that maximizes the likelihood function.

Fourier
transform \
of data

_template param that
characterize system

5—h
Likelihood | _ _—i(s=h|s=h) _ —2/ ‘ df
function g
template (projection of
inner product | detector noise (spectral noise density) GW metric perturbation)

[LIGO, LRR 23 (2020)]
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Gravitational Wave Constraints on scalar Gauss-Bonnet Gravity

| First LIGO constraints
| on quadratic gravity!

_ == —— e

———a 2= — — — = _ = —— = - — =

|

!

4

\
u

1

)
|
‘1
|
]

/

\/@EdGB S 1.7 km

[Nair, Perkins, Silva & Yunes,
Phys.Rev.Lett. 123 (2019) 19, 191101,
Nair, Perkins, Silva & Yunes,
Phys.Rev.D 104 (2021) 2,024060 ]
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Multi-Messanger Constraints on dynamical Chern-Simons Gravity

= ___—o

// _ — 7 —— -r-e

e A x1.- N

1 First Multi-Messenger
| constraints on dynamical 1‘
| - - i
- Chern-Simons gravity! !

\ — —
Nt - = = e _— - - -
—— —— T P — — = = _

\/OédCS S 8.5 km

[NICER + Miller, et al, Astrophys.|.Lett. 887 (2019)]

[Yagi & Yunes, Science 341 (2013) 365-368.
Silva, Holgado, Cardenas-Avendano & Yunes,
accepted in Phys. Rev. Letts (Editor’s suggestion)]
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Multi-Messanger (I-Love-Q) Tests of General Relativity

potential for
constraints
100- 108 times
better than
Solar System
bounds!!

\ &

-
R

Il = = Il I = = == =E = =
L

Il I = = ¥ =N N =N =N =N =

1
N
I 9

H E H H HEH HE HE B Y, E HE HE E EHE B E HE B >S\=E B =H =H H\=I=lI = = = S

------l

Pl I = = = = = = = = = == = = = = = = = = = = = = = = = =

o I

H I I Bl B B = LY I IHE =B = w =

| I-Love test could lead to strong tests of General Relatwlty W

L RS A .

[Yagi & Yunes, Science 341 (201 3),
Gupta, Yagi & Yunes, CQG+ 35 ('17)]
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Parameterized post-Einsteinian test

The parameterized post-Einsteinian Framework

— — = —— = e e ———— —_— —_—— ==
— e — — — —— =S ———— e =

i =
i
1

= 7 ay iBf° |
| h(f) :hGR(f) (1 T Oéf ) € P {1 [ Yunes & Pretorius, PRD 80 (°09)]

[ _ _ ) ) S ' E—
e ———— e ——— e e — — — = == — D S —

[IMSU: Cornish et al PRD 84 (’11), Sampson et al PRD 87 (°13), Sampson, et al PRD 88 (’13), Sampson et al PRD 89 (°14),
Nikhef: Del Pozzo et al PRD 83 (°11), Li et al PRD 85 (°12), Agathos et al PRD 89 (°14), Del Pozzo et al CQG (’14).]
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ppE constraints

/ /N | l

[LIGO, PRD 100 *(19/f\nomalous Scalar Dipole Lorentz Parity [Yunes, Yagi, Pretorius, PRD
Acceleration Radiation Violation Violation 94 °(16), Editor’s suggestion]

dCS Gravity ‘ Black Holes ‘ Yunes 34



And one more thing, the speed of gravity

[Nishizawa & Nakamura,
PRD 90 (’14)]
[LIGO ApJ L 848 (’17)]

GW detection gives you distance D (~26Mpc) Short GRB + galaxy i1dentification (w/LIGO+Virgo)
and thus, an arrival time 7T, = D/v, gives you distance D, so T, = D/c + iy
GW travelled faster than g D D Yg € Atops
= S — At = —— ~1
=0 to arrive 1.7 s before g obs C Vg C l D
D D v c (Tint — At
[ft = 10 secs GW travelled slower than g to allow Atop. = T Yg (Tint obs)
' g to catch up to a 1.7 sec delay Vg C C D

—_—

§ \\16 “Dead" Theories: Quartic/
91 < 7x%x 107161 @ Quintic Galileon, Fab Four,
R . .
/\ quadratic/cubic DHOST, etc.

|[Ezquiaga & Zumalacarregui PRL 119 (°17)]

Caveats: [de Rham & Melville PRL 121 (°18)] + [Alexander & Yunes, PRD 97 (*18)] [Baker, Bellini, Ferreira, Lagos, Noller, Sawicki, PRL 119 (*17)]

dCS Gravity Black Holes Binarie Yunes 35



The future of 2G detectors

Early mss=Mid Late  smDesign
60-80 60-100 120-170 190
Mpc Mpc Mpc
LIGO O1 03
25-30 65-85 65-115 125
Mpc Mpc Mpc

Virgo oz 0s

25-40 40-140
Mpc  Mpc Mpc

KAGRA |

I I I I I I I I I
2015 2016 2017 2018 2019 2020 2021 2022 2023

Abbott, B.P. et al. Living Rev Relativ (’18)

dCS Gravity Black Holes Binaries and GWs Yunes 36



—
2021 2025 2029 2033 2036

alLIGO
aVirgo A+ LIGO-India Voyager Cosmic
KAGRA Explorer
improved quantum noise silicon mirrors and suspensions Einstein
improved thermal coating low temperature (120K) Tel
increased range to 140% wrt aLIGO increased range to 200% wrt aLIGO CIESLOpe
LISA, DECIGO

Moderate Improvements

P ey 0 S e e e
e o e e - S —=

New physics

dCS Gravity Black Holes Binaries and GWs Yunes 37



Black Holes outside General Relativity

G,ul/ - &O,uv [97 ¢] — T/Sf) ¢ — OéS[g, ¢]

Analvtic Solutions Numerical Solutions

0.001 | I I I | | | | |
Use perturbation theory (EFT) techniques to find v
closed-form, analytic solutions for vacuum, stationary, 2 0.0005 F 3 _
. . : ] g
axisymmetric spacetimes S i
o
& 0
. . U
Small-coupling + small spin S
';L‘j -0.0005 =
dCS: Yunes & Pretorius PRD 79 (°09), Yagi, Yunes & Tanaka PRD 86 (’12), ... 2
7 Ott
EdGB: Yunes & Stein PRD 83 (‘11), Ayzenberg & Yunes PRD 90 (°14), ... g 0.001 F Numerical * N
Fit = = =
Analytical ==+
_00015 | | | | | | | | |

Small-coupling + extremal spin 0 01 02 03 04 05 06 07 08 09 1

dCS: Stein, Yunes & McNees CQG 33 (*16) EdGB: Sullivan, Yunes & Sotiriou, to appear soon
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| The GW models are

® numerical and analytic
l ® highly accurate |
|

® took over 50 years to develop f'«
® But only for simple orbits )i

’Q:—V' —_— - = — pc — e — p— el

— -~ — - ~ - — ———— —

[see e.g. Blanchet, Liv. Rev. in Rel. ]
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Mapping ppE constraints to theoretical physics

[ Yunes, Yagi, Pretorius, PRD 94 °(16), Editor’s suggestion]

dCS Gravity Black Holes Binaries and GWs Yunes 40



What are the sources of gravitational waves?

1076 Hz 100 years year aays hours seconds milliseconds

1076 Hz 109 Hz 107" Hz 106 Hz 104 Hz 10" Hz 108 Hz
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