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Scalar-tensor theories of gravity

« Scalar-tensor (ST) theories are popular alternatives to general relativity (GR).
« Simple modification
- Well-motivated:
* Possible low-energy limit of string theory

- f(R) theories designed to explain cosmic acceleration can be
recast as ST

« Constrained by solar system and binary pulsar tests, but not in strong-field,
dynamical regime (e.g., coalescing compact binaries made of neutron stars
and/or black holes)

- Can be tested by gravitational-wave (GW) detectors!

« Goal: Calculate highly accurate waveforms for inspiral of nonspinning
compact binaries in scalar-tensor theories
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The starting point: ST field equations

8 1 1
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1 T dw, |,

* Assumptions:
- No potential/mass for the scalar field.
» Coupling w(¢) is not limited to a constant (i.e., not Brans-Dicke).

* To solve: Redefine variables.

¢ [N % v =~ v ~
™ " =" —/—gg" Ouv = P9uv
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» Gauge condition: h*¥ , =0
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The starting point: ST field equations

* The “relaxed” field equations:
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- What about the source T, ? We can consider the compact bodies (NS, BH)

to be point masses, with each mass a function of ¢. Key quantity: sensitivity
of a body’s mass to variations in the scalar field.

- For weak fields, proportional to gravitational binding energy per unit mass.

* For black holes, sa = 0.5 and all derivatives are zero.
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Fundamental parameters

Parameter Definition

Scalar-tensor parameters

G 5 (4 + 2wo)/(3 + 2wo)

¢ 1/(4 + 2wo)

A1 (dw/dp)oC* /(1 = ()

A2 (d°w/dp®)oC?/(1 - ()
Sensitivities

SA dln Ma(¢)/dIn¢lo
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Ryan Lang - GR21 - July 13, 2016



Solving the field equations

* The “relaxed” field equations:
El,,iz‘“’ = —1677H" O, = —8nT,

- Flat-spacetime wave equations can be Field point Field point
. (far zone) (near zone)

solved formally using a retarded
Green’s function:

G

v (!, x)S( — t+ |x — X/|)

d*z’
x — x|

RV (£ x) = 4/

o(t. x) = 2/ To(t', X0t —t + |x — x,|)d4a:’

x — x|

* Practical solution method differs for
near zone and radiation zone
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Pleces of the calculation |

 Equations of motion to 2.5PN order (Mirshekari and Will 2013)
- Evaluate integrals in near zone.

- New terms include dipole radiation reaction at 1.5PN order.

 Tensor gravitational waves to 2PN order (Lang 2014)
- Evaluate h*” in radiation zone.
+ Key piece: “Epstein-Wagoner moments” Iy, = [ 729z + Iy
- Quadrupole: Generates OPN+ GWs "

* Octupole: Generates 0.5PN+ GWs...
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Tensor waves: OPN, 0.5PN, 1PN
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Tensor waves: 1.5PN (near zone)
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Tensor waves: 1.5PN (radiation zone)
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Tensor waves: 2PN (near zone)
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Tensor waves: 2PN (near zone)
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Tensor waves: 2PN (near zone)
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Tensor waves: 2PN (radiation zone)
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Parameters in these equations

* Only a limited number of combinations of the fundamental parameters:

Parameter Definition
Equation of motion parameters

Newtonian
o 1—(¢+¢(1—2s1)(1—2s2)
post-Newtonian
5 —2a " ¢(1 — 2s1)(1 — 2s2)
B a ?¢(1 —2s2)% (A1(1 — 2s1) + 2(s})
B2 a ?¢(1 —2s1)% (A1(1 — 2s2) + 2¢sh)
2nd post-Newtonian
61 a* (1= ¢)(1 —2s1)°
82 a_2C(1 — C)(]. — 282)2
X1 a ?¢(1 — 2s2)° [()\2 —AX 4+ ) (1 —2s1) — 6CA s + 2(23'1']
X2 a 3¢(1 —2s;)° [()\2 —4AT 4+ ¢ (1 — 2s2) — 6C 185 + 2(23'2']

S, =a 21— 51 — s9)
S_ = a—1/2(32 — 31)
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Pleces of the calculation |

 Scalar gravitational waves to 1.5PN order (Lang 2015)
- Evaluate ¢ = 1 + V¥ in radiation zone.
- Why only 1.5PN order?
- Key piece: “scalar multipole moments” I *a(t) = / To(t,x)a'* . ka3
* Monopole: Generates (-1PN)+ scalar field (OPN+ j\\/Avaves)
 Dipole: Generates (-0.5PN)+ scalar waves

- Quadrupole: Generates OPN+ scalar waves...

WV _os5+Yo+Vos+VYin+VienNy+Visnv+Viscn]
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Scalar waves: -0.5

°N, OPN, 0.5PN
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Pleces of the calculation |l

* Total energy flux to 1PN order
- Why only 1PN order???

dET B R? Tij Tij 42 dbs - R? 12,72
U=t f i T = gl +6) § W

* Flux at Nth PN order requires (N+1/2)th order scalar waves and (N+1)th
order equations of motion

B .. | |
E - E_l + EO+EO.5,C + EO.S,(,’._J\.’ 4+ E].

B, = %Hl} (Gam)3 (52
3 .
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—nergy flux: OPN
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Special cases

* For two BHSs, identical to GR except for rescaling of masses by (4 + 2wo)/(3 + 2wo)
- But this rescaling is unmeasurable!

- Hawking: Single BHs have no scalar hair.

* Now seen for binaries (2.5PN motion, 2PN tensor waves,
1.5PN scalar waves)

- Conjecture: True to all PN orders (with no scalar potential, no matter, ¢o
constant). Supported by EMRI studies (Yunes et al.), NR results (Healy et

al.).

* For BH-NS (mixed) system, things also simplify.

- Most deviations depend only upon a single parameter.

Ryan Lang - GR21 - July 13, 2016 20



Sennett, Marsat, & Buonanno (arXiv:1607.01420)

- Calculated ready-to-use (tensor) waveforms for quasicircular orbits

* Time and frequency domain

- Two regimes: quadrupole overpowers dipole when 15 (52;1,2 ) (GaMnf)*/?
- BNS/NSBH: 100pHz , NS-IMBH: 51, Hz
* Quadrupole-driven: systems studied by GW observatories

 Dipole-driven: low frequency, large separation (binary pulsars) OR large
sensitivities (spontaneously scalarized)

- Dynamical scalarization: both!

* For100 — 1.4M system over
f € (0.065Hz, 1Hz)

Leading-order ST correction: -600 cycles

{Newtonian GR term: 7.7 x 10%cycles
Next corrections: 2, 3, 0.1 cycles
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Conclusion

 Large-scale effort to determine analytic waveforms for nonspinning compact
binary inspiral in a class of scalar-tensor theories of gravity

* Next steps:

- Anna Heffernan and CIiff Will: Extend scalar waves and energy flux to 2PN
order

- 3PN equations of motion by Blanchet et al.

Scalarization (see talk by Sennett)

Parameter estimation studies

Test with real data?

Other theories: multiple scalars, nonzero potential, beyond ST
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Parameter Definition

Scalar-tensor parameters

¢ b ' (4 +2w0)/(3 + 2wo) S Gpr—

¢ 1/(4 + 2wo) ¢ — 1 — ypPN

A1 (dw/dp)oC*/(1 =) 2

A2 (d°w/de®)o¢®/(1 ) %, = 2V2(Bren — D)do.
Sensitivities v1+9yppN .

sA dln Ma(¢)/dIn dlo %o _ (e(yppn — 1)1‘:—24(,3PPN —1) )%,

s'a d? 1In M (¢)/d1In ¢, VPPN

s'A d®In Ma(¢)/dIn ¢%)o

Constraints from Sennett et al.

TABLE II. Constraints on the weak-field parameters in
Egs. (7)—(10) set by solar-system and binary-pulsar obser-
vations. As discussed in the text, we set ¢o = 1 for simplicity.

Parameter Constraint Reference CB_SSl N |
yppN — 1 2.3 x107° [38] A/
BppNn — 1 7.8 x 107° (15, 39]
. 7 x 1072 17 k
G-1 1.2 x 107?

< 1.2 x107°
A1 1.6 x 107*
A2 8.8 x107"

Mercury perinelion

binary pulsars + helioseismology

Scalar charge:
o 1— 25A

=4 —\/3 + 2wo

|aA| ,‘S 6 x 10_3
(PSR J0348+0432)

laa] $ 1072
(Global)

apg ~ 1
(Scalarization?)



