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Introduction and motivation
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Gravitational waves have arrived

® Sep 14, 2015 at 09:50:45 UTC: SNR ~ 24
Abbott et al. PRL 1602.03837,

@ BBH inspiral, merger and ringdown: m; = 3573 mg,

Strain (10~%%)

Frequency (Hz)

Hanford, Washington (H1)

Abbott et al. PRL 1606.01210

Livingston, Louisiana (L1)
1 1 1

== H1 observed

H === |1 observed
H1 observed (shifted, inverted)
i | i |

WW

wwv\/\/ (\ﬂ

— N merical rclativn:y
nstructed (wavelet)
t t d (te mpl te )

= Numerical relativity
Reconstructed (wavelet)

IReconstructed (template)

= Residual

/

0.30 0.35

Time (s)

0.40 0.45

0.30

0.35
Time (s)

0.40 0.45

o N B~ O ©

Normalized amplitude

Mo — S0 L

- TPy 7 TR,

v

~ v~

T T o



Al _Wwa..‘.m‘_-.:-.,..W%,w_ i ‘--"""~"~§-‘.~ AL DT LT R 5

LS Sl gl ol v aganliy 3

© GWI50914 compatible with GR

Here we perform several studies of GW150914, aimed
at detecting deviations from the predictions of GR. Within
the limits set by LIGO’s sensitivity and by the nature of
GW150914, we find no_statistically significant evidence
against the hypothesis that, indeed, GW150914 was emitted
by a binary system composed of two black holes (i.e., by the
Schwarzschild [17] or Kerr [18] GR solutions), that the bi-
nary evolved dynamically toward merger, and that it formed a
merged rotating black hole consistent with the GR solution.

Taken from Abbott et al. PRL 2016 1602.03841 “Testing GR”

® GR waveform templates work stunningly well!

® So why bother looking for something other than GR?
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Do we need a theory beyond GR?

® When asked what he would do if Eddington’s mission failed...

Then | would feel sorry for the good Lord. The
theory is correct anyway.

(Albert Einstein)

izquotes.com

® But we have reasons to search for "beyond GR"
¢ Renormalization: Requires, e.g., higher curvature terms.

— GR is low-energy limit of more fundamental theory
& Dark energy: Why is A so small and why Pdark ~ Pmat

& Dark matter: "Neptune” or “"Vulcan” ?
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A hard task

(Weak) Gravity well tested on length scales 1 um < ¢ < 10! m

A modified theory needs to be consistent with these tests!

How to interpret constraints?

Strong vs. weak field tests

There's a zoo of theories!

Berti et al CQG 1501.07274

Full modeling requires a

well-posed formulation

€.g. Delsate et al PRD 1407.6727
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' , Predictions for GW tests: 2 approaches

® Parameterized post Newtonian / Einsteinium (PPN, PPE)

¢ Introduce “phenomenological” extra terms to the theory

; and quantify these through extra parameters
1

¢ No specific theory in mind

(©

Very general

e.g. Will ApJd 1971, Yunes & Pretorius PRD 0909.3328

4 ® Smoking gun effects

Choose specific theory

(O ©

Model physical systems; look for deviations from GR

©

Very concrete
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Mb-Rair Theorciit

Stationary BHs are the same in ST theory as in GR

(-

Q)
®

-

For Brans-Dicke: Hawking ‘72, Thorne & Dykla ‘71, Chase ‘70
For Bergmann-Wagoner, f(R): Sotirou & Faraoni 1109.6324

Supp'orted by numerics of grav.collapse: e.g. Scheel et al '95

How about BH binaries is ST theory?

78

In Brans-Dicke to leading PN order: Will & Zaglauer ‘89
No dipolar radiation in EMR limit: Yunes et al 1112.3351

Generalized no-hair theorems rely on 4 assumptions

(C)

(€ ) (C)

(C)

No matter
Vanishing scalar potential
Action truncated at second derivatives

Metric is asymptotically flat, scalar field assympt. constant
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Part A: Black hole binaries

Berti, Cardoso, Gualtieri, Horbatsch & Sperhake PRD 1304.2836
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Circumventing the no-hair theorems
Berti, Cardoso, Gualtieri, Horbatsch & Sperhake PRD 1304.2836

® Here focus on 4th item: asymptotic flatness, constancy

® E.g.time varying BCs as in cosmological expansion

— Induces scalar charge. Binary may emit dipole radiation
Jacobson 9905303; Horbatsch & Burgess 1111.4009

® Non-uniform scalar fields: = non-asymptotically flat BCs

E.g. through
& Scalar fields that are anchored on galactic matter
-

~ Supermassive boson stars

Length scale of scalar profile > size of BH binary
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Theoretical framework

Jordan frame: Physical metric gags

@ Action | — / 42t Y0 [F(6)R — 87G2(8)i 0,0 006 — U(9)]

® GWs: 3 degrees of freedom

@ Matter couples to Gug

Einstein frame: Conformal metric gas = F(@%ﬁ

3 F'(9)° | 81GZ(9)
2 F(¢)2 ' F(9)

1/2

® Scalar field: ¢(¢) = /dgb[

® Action = 1N -
S / 452 [R— g0, 0,0 - W ()

@ Price: Matter couples to gag/F

e’ - - ——— —
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A choice of frames
Pro Einstein

® Minimally coupled scalar field = Numerics straightforward

® F, 7 notexplicitly present in evolutions

— Evolve entire class of theories at once

Pro Jordan

® Strongly hyperbolic formulations also available

Salgado gr-qc/0509001; Salgado et al 0801.2372

® Matter couples to the evolved metric gag

Here: Einstein frame more suitable.




Gravitational waves in the 2 frames

@® Evolution egs. (Einstein): G,3 = 0,9 0pp — %gaﬂguyaugp 0,
= U
® Perturbations: gng = §((XOB) + 00ap JapB = 9&05) + 090
¢:¢(0)+5¢ 90:90(0)+590
= 1 ~(0) 1~ 1 (0)
1 ( (0))2 el
si . [3E@OPR GO
2 F(¢O)2 "~ F(p©)

® Newman-Penrose scalar: W, = h, — ihy

@ Jordan version ¥4 from %4, ©: e.g. Barausse et al 1212.5053
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A2. Analytic solutions
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Single black holes

® Linearize Eqs. in @

Rapg =10,

w =0

Laplace Eq. on BH background

® Schwarzschild in isotropic coordinates

.

(27 — M)

(27 + M)

:>...:>g0:27ra<1

2
th2+ (1+

M 4
2A> (dP? + P2dQ?)
r

M2

| 4A2) # cos = 2mo(r — M) cosl ~ 2moz |
i

Asymptotically: constant gradient in z dir.

® Kerr BH; cf. Press ‘72

gp:27m(fr—M){

Z

X

s —fasin’y} e
-

r

v = Angle between BH spin and z axis
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® Coordinates: y = rsinf cos ¢ X
z =17rsinf sin ¢

r = rcosf

Orbital plane: (y, 2)

" BH Binaries: what would we expect?

@ Scalar background @ext = 2morsing sing Y

® Consider source rotating with frequency ()

= Modulation in © = @ext|1 + f(@d — Q)]

= @ =270 sinf sing |1+ Z oo

= [6—i(m—|—1)§2t i e—i(m—l)Qt}

® Monopole: Oscillation with {2

Dipole: Oscillation with 2€2 plus non-oscillating part




A3. Numerical framework
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Evolution system

“3+1"” formalism using BSSN

Baumgarte & Shapiro gr-qc/9810065; Shibata & Nakamura PRD '95

1
- Oy — Lg)p

Matter variables ¢, K, =—

1 .
Matter source terms 8mp = 2K920 = 5(%0 0'p,

8" = 2K 0%,
1 m
87’(’37;]' = igpajgo— 5’77;3’8 g&@mQO—I—Q’%‘ng,

1 m

Straightforward to add to LEAN code Sperhake gr-qc/0606079

Moving puncture technique for BHs

Campanelli et al gr-qc/0511048; Baker et al gr-qc/0511103
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Initial data
Black holes: Puncture data from Ansorg et al gr-qc/0404056

Scalar field: Initialize as ¢ = 270 2
Brror: Olos, Mofn)

— Brief transient at early times

Limits on o

3

¢ Scalar field energy ~ (V)2 ~ g2 ~ const

L Total scalar energy M ~ o?R?

¢ Horizon if M/R ~ g~ =g B 0(10_3 M]ill)
& Conservative choice: Mgyo =10""...10~*

10—15
& Realistic values probably smaller o ~

10 Mg




L b it b M it o Rl iy i Sy T el it Sl o PR S e LS S el i o RN D S N Rl [y PRI e SIRNE VERRV PN MRS TR e v SRRTIUE SRR

A4. Numerical results
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BH binary: Animation of 70;¢

DB: deb .file_0.n5

Cycle: 256000 Time:2000
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BH binary GW signal: Mo = 0

qgq=1/3, S§=0, yz-plane; Multipoles of W,
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BH binary GW signal: Mo =2 x 10~

gq=1/3, S=0, wyz-plane; Multipoles of W,
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: Features oF the fadiafion

® Ringdown ofa a/M = (0.543 black hole

S GWs: Mwiy 1in = 0.476 — 0.084%, Mwi1, num = 0.48 — 0.0814 |

¢ Scal: Mwiy, 1in = 0.351 — 0.0936i, Mwi1 pnum = 0.36 — 0.0703

® Driftin vi11

& Effective-field theory predicts some drift

& Contribution from BH kick expected but should be very small

s

"
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& Frame dragging: order of magnitude ok, but 7 dependence not

& Injection of scalar field energy through BCs

Probably combination of all (+ more?) effects
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Part B: Supernova core collapse

Gerosa, Sperhake & Ott CQG 1602.06952
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The end point of stellar evolution
® Nuclear fusion above iron requires energy

@ Stars with Mzams = 8 Mg explode as SN — BHs, NSs

Superqgiant s N
(massive star) g

. Star

Supernova

, MNeutron

Planetary
nebula

"~ Protostar

! | White dwarf
e 3. e

-
w .
. P, N E * Black dwarf
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Core-collapse scenario to Oth order

® Nickel-iron core reaches Chandrasekhar mass — Collapse

® EOS stiffensat p = pnue — Bounce

® Outgoing shock, reinvigorated by v,

— Outer layers blast away
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Core-collapse scenario to Oth order
Massive stars: Mzams = 8...100 Mg

Core compressed from ~ 1500 km to ~ 15 km

~ 10" g/ecm® to > 10* g/cm?®

Released gravitational energy: 0(1053) erg

~ 99 Y% in neutrinos, ~ 10°1 erg in outgoing shock, explosion

Explosion mechanism: still uncertainties...

Failed explosions lead to BH formation

“Collapsar”: possible engine for long-soft GRBs
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Field equations

]
"(TFTé L

® Jloidanframe @ F( sl e

IR
5 U VR VY
T?, = 8,09,6 — gwap(baqu
1
p - D
VPV,p=——RF,
Vo

dp \/3 B
® Scalar field: Use ¢ with 96 1z o 2l

® Line element for spherical symmetry ;

o

ds® = g, dx*dz” = —adt® + X?dr® + %(d92 + sin” 0 dp?)

e T e TR T e A P T T T NI R R " —_— _— - g 2 - v




Evolution variables

r 1
Metric: & = In(V F = g

Matter: Ty = phugug + Pgag

. L

1 s
o 0, 0
U \/1_/02 |:C\{7 X? Y] :|

Primitive versus conserved variables (p, h, v) <« (D, S", 7)

s 0
- FVFEV1 =2
phv
5
F?(1 —v?)
ph P
- s
. v = oam e
Scalar field: 7= ;;0 =
8%
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Evolution equations in spherical symmetry

W liethc. oo b
o=

| @ Scalar field: dyp = o)

at??b:
| 1
:z ® HRSC for matter: 9,D + T—Zar (T2%fp) =
|
. 1 5 OV - 2 P
1 atS +T—2(9r(7“ str)—SSr, fSr:SU_'_ﬁ)
‘ 8t7+,,a_28"“(r ffT)ZSn =0 -

; ® Flux conservative form: NO derivatives in Sp, Ssr, St

® Use extension of GR1D code O’Connor & Ott CQG 0912.2393
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Equation of state
Pressiire: - cold +-thermal contributiot- P B £ B &

:
K Fl f < nu
Hybrid EOS for cold part: P, = { = 1F I P < Pnuc

KQ,OFQ if P > Pnuc

\

K4

B
ER I

if p < Pnuc
Internal energy from 1st law: €. = ¢ = :
Tflﬂ o +E3 if /0> Pnuc

Thermal pressure: Py, = (I'th — 1)p(€e — 1)

Batameters: 1, L3 < 15— 25 1l —1as
R — 49345 < 10" Jegs]. poee =2 < 108 oenie

Ko, FE3 from continuity at P = Pnuc




PSRJ0348+4-0432

PSR J17384-0333

Cassini

Runs
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Static models: Spontaneous scalarization
@ Spontaneous scalarization: Non-linear effect for 5y < —4.35

Damour & Esposito-Farese PRL '93

@ N —21M.,,  HKE—131km Modelwith oy =0 0= 6
Novak PRD gr-qc/9707041
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® Baryon density, metric functions, scalar field

6y [0.1 fm™%]
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B4. Results
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B4. Results
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Conclusions
® BH binaries
& Circumvent the no-hair theorems with a scalar gradient
¢ Dipole radiation is emitted at twice the orbivtal frequency
& Effect Very likely too small for LIGO: Mo < g7

¢ For SMBHs Mo ~ 10~ may be possible

® Core collapse

& Collapse dynamics as in GR, but scalar radiation generated

& Collapse to NSs: Compactness too low for spontaneous scal.

& Most promising source: BH formation (high compactness!)

& Optimistic cases detectable in galactic events

® Still a lot of uncharted territory! Much understanding lacking...
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