Prospects for testing GR
with pulsar-timing gravitational-wave detection
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pulsars: Nature’s precision clocks

[Manchester 2015]
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Postfit Residual (us)
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Shapiro delay in PSR J1713
as a function of orbital phase [Splaver et al. 2005]



Cumulative shift of periastron time (s)

of zero orbital decay

30 General Relativity prediction _—

35 |-

~40 |

_45 _I I 1 | 1 | I | 1 1 1 I 1 | 1 1 l | 1 | 1 I 1 | 1 1 I 1 1 | 1 I 1 l_
1975 1980 1985 1990 1995 2000 2005
Year

Orbital period variation in B1913+16
[Weisberg et al. 2010]

Companion mass (M)

N

[a—y

Pulsar mass (M)

Tests of GR with B1534
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Residuals [pus]

Spectral Index, Ypqg

21 years timing of PSR J1713+0747.
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Testing GR: the standard hierarchy of theories of gravitation

WEP Newton’s equivalence principle

10-1 M =mag

EEP  Einstein’s equivalence principle

= WEP + local Lorentz invariance 1022
+ local position invariance 10-5

metric theories (what fields?)

SEP  EEP, but also for gravitational

The Confrontation between General Relativity
and Experiment

Clifford M. Will

104 experiments

For permi

Dicke: test of EPs + PPN tests of metric theories

1981 —2006




the PPN formalism: metric and potentials
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the PPN formalism: parameters

Parameter What it measures relative Value in Value in semi- Value in fully
to GR GR conservative conservative
theories theories

vy How much space-curvature 1 0% Y 10-°
produced by unit rest mass?

B How much “nonlinearity” in 1 B B 104
the superposition law for
gravity?

'3 Preferred-location effects? 0 13 13

o Preferred-frame effects? 0 o 0

(s} 0 (0 2) 0

Q3 0 0 0

Q3 Violation of conservation 0 0 0

¢1 of total momentum? 0 0 0

2 0 0 0

€ 0 0 0

Ca 0 0 0




Gravitational radiation...

...Is predicted In virtually any metric theory of gravity that embodies
Lorentz invariance, but it may differ from GR in:

polarizations
speed of waves

radiation reaction  \[ested atlow v

with binary pulsars)

Unfortunately, no simple, principled framework like PPN exists for
describing radiative systems or systems containing strong internal
fields.

S0 we must consider individual alternative theories, or perform
null tests of consistency.



Nalve and sentimental tests of GR consistency

In order of difficulty and un-likelihood:

If we divide the waveform in segments, do individual SNRs pass a x?
test”

Is there a coherent residual?

What about the source parameters determined from each segment—are
they consistent (within estimated errors) with the parameters determined
from the entire waveform?

Is the shape of the likelihood surface consistent with what’s expected for
this waveform family”?

Oh

a)\physical

iInstrument systematics, modeling, data

But before we suspect general relativity: <
analysis, physical environments...

oh
~ (
a)\non—GR >
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Tests of General Relativity with GW150914

B.P. Abbott et al.”

(LIGO Scientific and Virgo Collaborations)

SNRos

SNR in coherent burst analysis of
data residual after subtracting
best-fit GW150914 waveform

If we assume that SNR,., is entirely due to the mismatch
between the MAP waveform and the underlying true signal,
and that the putative violation of GR cannot be reabsorbed
in the waveform model by biasing the estimates of the
physical parameters [54,55], we can constrain the mini-
mum fitting factor (FF) [56] between the MAP model and
GW150914. An imperfect fit to the data leaves SNRZ, =
(1 — FF?)FF2SNR3, [57,58], where SNR,, = 25.37( is
the network SNR inferred by LALINFERENCE [3].
SNR,.. < 7.3 then implies FF > 0.96. Considering that,
for parameters similar to those inferred for GW150914, our
waveform models have much higher FFs against numerical
GR waveforms, we conclude that the noise-weighted
correlation between the observed strain signal and the true
GR waveform is >96%. This statement can be read as
implying that the GR prediction for GW150914 1s verified
to be better than 4%, in a precise sense related to noise-
weighted signal correlation, and, conversely, that effects
due to GR violations in GW150914 are limited to less than
4% (for effects that cannot be reabsorbed in a redefinition

of physical parameters).



GW polarization and pulsar-timing array antenna patterns
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Pulsar-timing-array overlap reduction functions
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Speed of waves by dephasing in GW150914
(in future systems with counterparts: compare with EM!)
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Radiation reaction by waveform coefficients in GW150914
and GW151226 (in NS binaries: dipolar radiation)
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For comparison: the timing of NS-NS pulsars allows accurate
tests of GR In terms of easily interpreted parameters
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