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Gravitational-wave detectors

The road to detecting stochastic backgrounds with pulsar timing arrays

Testing general relativity with pulsar timing arrays
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Gravitational wave spectrum and sources
h

Moore et al. 2014
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Gravitational wave (GW) experiments 

The (detectable) gravitational wave spectrum 
Frequency (Hz)
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supermassive black hole 
binaries 

neutron star/black hole 
binaries

compact binary coalescence, 
supernovae, pulsars

LIGOLISAPTAs

e.g. : 
European Pulsar Timing Array  
Parkes Pulsar Timing Array 
North American Nanohertz GW Observatory (NANOGrav)  
All together: International Pulsar Timing Array
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Pulsar Timing Array

TEMPO(2)
A B C D

A: GWs from e.g. supermassive  
BH binaries (also cosmic strings)

B: GWs perturb space-time  
 at the pulsars as they transit

C: ionized gas in the interstellar medium 
          disperses & scatters the light from pulsars

D: GW perturb signals from all pulsars at Earth.   
Time of arrivals and residuals are calculated.

Science!

C. M. F. Mingarelli (2015)

Stochastic 
Background

Continuous 
Waves Bursts

Gravitational Waves

isotropic anisotropic

detect or limit

OutreachFunding

detect or limit

detect or limitScience!

memory unmodeled
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Pulsar timing preliminaries 

Millisecond Pulsars (MSPs) are used for 
GW detection because they are very 

stable (on the level of atomic clocks!!)

MSPs are thought to be “recycled” pulsars 
— spun up through accretion in binary 

systems
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pulse train

GW

A passing GW induces a redshift in the pulse train from the pulsar. This 
redshift can be calculated with the geodesic equation.

But important to note that the physical observable is not the redshift: is the 
timing residual 

r(t) = TOA
actual

� TOA
expected

r(t) =

Z t

0
z(t0) dt0

Pulsar timing preliminaries 
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Outline

Gravitational-wave detectors

The road to detecting stochastic backgrounds with pulsar timing arrays

Testing general relativity with pulsar timing arrays
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First showed by Hellings and Downs 
in 1983 that a GW produces uniquely 
correlated variations in the timing 
residuals of a set of pulsars

So can search for GWs by fitting this 
curve to the cross-correlated data 
(Jenet et al. 2005)

Or, find an optimized cross correlation that takes into account the GW 
spectrum and noise power spectra:

PTA experiments in strong-field situations [17, 18].

FIGURE 1. Correlation between timing residuals for pulsar pairs as a function of the angular separation
of the two pulsars for an isotropic GW background in the Galaxy under general relativity [3]. The
computations are based on the PPTA sample of 20 pulsars with a strong GW signal that dominates the
timing residuals [18].

PULSAR TIMING ARRAYS AND GW APPLICATIONS

Currently there are about 35 MSPs that are both sufficiently strong and have sufficiently
narrow pulse profile features to make them useful for PTA projects, i.e., to give ToA
precisions of <

∼ 1µs with observations times of an hour or so. Most of these are being
regularly timed by one or more of the three major PTA projects: the European Pulsar
Timing Array (EPTA), the North American pulsar timing array (NANOGrav) and the
Parkes Pulsar Timing Array (PPTA). The EPTA combines data from the four large radio
telescopes in Europe: at Nançay, Effelsberg, Westerbork and Jodrell Bank, with a fifth in
Sardinia soon to be added [20]. NANOGrav uses data from the Arecibo radio telescope
and the Green Bank Telescope [23]. The PPTA uses data from the Parkes 64-m radio
telescope in Australia [24, 25, 26]. A collaboration exists between these three projects
to form the International Pulsar Timing Array (IPTA) [27].
The PPTA project commenced in 2004 and regular timing of 20 MSPs commenced

in 2005 March. The project is a collaboration principally between the groups at CSIRO
Astronomy and Space Science (led by RNM and G. Hobbs) and Swinburne University
of Technology (led by M. Bailes and W. van Straten) with major contributions from
the University of Texas at Brownsville (F. A. Jenet) and the University of California
at San Diego (W. A. Coles). Observations are made at intervals of 2 – 3 weeks in
three bands: 10 cm (3100 MHz), 20 cm (1400 MHz) and 50 cm (700 MHz). The
10 cm and 50 cm observations use a dual-frequency coaxial receiver while the 20 cm
observations are generally made using the centre beam of the Parkes 20-cm 13-beam
receiver. A number of back-end systems have been used since the project commenced:
the Wide-Band Correlator (maximum bandwidth 1024 MHz), a series of Parkes Digital
Filterbanks PDFB1 (256 MHz) and PDFB2, 3 and 4 (1024 MHz), the Caltech-Parkes-
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Stochastic GW searches with PTAs

⇣IJ

GW source spectrum Hellings-Downs  
coefficient
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Stochastic GW searches with PTAs

Stochastic background generated by a large # of independent, individually 
unresolvable sources:

- cosmic string bursts

- colliding bubbles from CQD phase transitions

- supermassive black hole binaries

Sources provide spectrum for (isotropic) stochastic background:

GW source spectrum Hellings-Downs  
coefficient
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Correlated residuals

⌦gw(f) / A2
gw f2

✓
f

f1yr

◆2↵

<latexit sha1_base64="IWLfzNIDGoRVY7C7tUO09Q6wqAM="></latexit><latexit sha1_base64="IWLfzNIDGoRVY7C7tUO09Q6wqAM="></latexit>

How do we get timing residuals?
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Stochastic GW searches with PTAs

Such an optimized cross-correlation (or optimal statistic) first probed by Anholm 
et al. 2009, but focused on frequency domain implementation

But PTA data is very irregularly sampled…

… and we need a timing model to predict TOAs. 

Development of a pulsar-based time-scale 2785

Figure 5. Results obtained for all 19 PPTA pulsars, but with simulated
arrival times. In (a) only white noise and the clock error are simulated, in
(b) only white noise is simulated and in (c) only uncorrelated red noise is
simulated. In (d) the same simulations are carried out as in (c), but PSR
J0437−4715 is not included.

a generalized least-squares fitting procedure (Coles et al. 2011) to
account for the timing noise when fitting the pulsar timing model
and the !c(t) parameters. The bottom panel in Fig. 4 demonstrates
how the error bars on !c(t) significantly increase when the noise
for each pulsar is modelled as timing noise. If, as in this case, a sig-
nificant clock error is measured, then these errors can be included
in the timing procedure and the process is iterated to determine true
spectral models of the timing noise and hence the true error bars on
!c(t).

We emphasize that the !c(t) measurements and their uncertain-
ties are not necessarily independent. The effect of fitting, irregular
sampling, differing data spans and the linear interpolation between
adjacent grid points will all lead to correlated !c(t) values. The
amount of correlation can be determined from the covariance ma-
trix of the fit.

In order to test our algorithm with realistic data, we formed
simulated data with the exact sampling and ToA uncertainties as
in the observations of the 19 actual pulsars. Initially, we added no
timing noise, but as before, simulated the data using TT(BIPM11)
and formed timing residuals using TT(TAI). In the top panel of
Fig. 5 we demonstrate that our algorithm correctly recovers the
expected signal. This shows that the data sets and ToA uncertainties
are such that our algorithm should correctly recover the irregularities
in TT(TAI).

We wish to confirm that our method does not incorrectly lead to
an error in TT if none exists. In Fig. 5(b) we show the results after
forming the timing residuals using TT(BIPM11). In this case, no
clock error exists in the data (the timing residuals are purely white
noise). We correctly find no significant !c(t) values. In Fig. 5(c)
we have simulated white data and added uncorrelated red noise to
represent timing noise. The resulting clock function does not show
an unexpected large signal, but does show some correlated structure
in the resulting data points. As discussed in more detail below,
this is mainly caused by the timing residuals for PSR J0437−4715
dominating the fit. In Fig. 5(d) we reproduce the analysis, but do not
include PSR J0437−4715. The addition of timing noise therefore
increases the error bars on !c(t), but does not lead to an incorrect
measurement of a clock error.

Figure 6. The top panel shows the sampling for the 19 pulsars in our sample.
The lower panel shows the difference between TT(BIPM11) and TT(TAI) as
the solid line. The data points indicate the difference between TT(PPTA11)
and TT(TAI).

5 RES ULT S AND DI SC USS I ON

The top panel in Fig. 6 indicates the sampling for each of the 19
pulsars. The solid line in the lower panel is the difference between
TT(BIPM11) and TT(TAI). This has been obtained by (1) sam-
pling the expected signal at the same times as our measured clock
function, (2) fitting a quadratic polynomial using an unweighted
least-squares fit and (3) removing this quadratic polynomial from
the expected signal. The data points in the figure represent !c(t),
the difference between the pulsar-based time-scale TT(PPTA11)
and TT(TAI). All the recent data are consistent within 2σ with the
expectation from TT(BIPM11); however, some marginally signif-
icant differences are seen in the earlier data. A careful statistical
analysis is non-trivial as (1) the error bars on the data points are
correlated and (2) the clock errors are constrained so that they do
not include a quadratic polynomial. The reduced χ2 value obtained
by comparing the expected clock signal with our data is 2.7. This
simple statistical test assumes that each data point is independent,
but the value does indicate that there are no large discrepancies
between the expected clock errors and the measurements.

The most obvious discrepancies between our values and the ex-
pectation occur between the years 1995 and 2003. However, (1)
our pulsar data set has sparse sampling around this time and has
not been corrected for dispersion measure variations and (2) the
observed discrepancies would require an error in the frequency of
TT(BIPM11) of ∼10−14, whereas the uncertainty on this frequency
is thought to be ∼1 × 10−15 around the year 2003 (Petit 2003).
This suggests that the discrepancies result from the determination
of !c(t). There may be sufficient archival observations from other
observatories to improve the clock error estimates during this period
and thus to confirm or deny these possible errors in TT(BIPM11)
and its estimated uncertainty.

It is possible that errors in the Solar system ephemeris could lead
to correlated signals in the timing residuals. To see the maximum
size of any such signal in our data, we have simulated observations
using the same sampling and ToA uncertainties as the real data
using the JPL DE421 Solar system ephemeris, but without any clock
errors. We then processed the data using the earlier JPL DE414 Solar
system ephemeris. The resulting estimate of the ‘clock errors’ is
shown in the top panel of Fig. 7. The maximum deviation for recent
data is <100 ns. As we use the most recent ephemeris, DE421, for

C⃝ 2012 The Authors, MNRAS 427, 2780–2787
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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What follows will develop the optimal statistic in the time-domain
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Time-domain optimal statistic

At radio telescope, measure TOAs (essentially phase of pulsar)

TOAs contain many terms of known functional form: intrinsic pulsar 
parameters, pulse phase jitter, possible red noise from interstellar medium 
effects, stochastic GWB (?)... 

sky location terms + binary terms (if appropriate) + ...

Gaussian process: 
Intrinsic red and white 

noise + GWs +...

� = �0 + ⌫(t� t0) +
1
2
⌫̇(t� t0)2+

TOA
observed

= TOA
modeled

+ n

Timing model is projected out of TOA data with linear operator R

r = R(TOA
modeled

+ n) = Rn

all information about noise sources/stochastic GWB is contained in n, but we 
can’t actually measure n directly because we subtract out the timing model. 

Instead, work with observable quantity r. 
12
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Assume that we have a PTA with M pulsars, each with some intrinsic noise

Since we assumed that the intrinsic pulsar noise was Gaussian, the likelihood 
function for the PTA is just be a standard multivariate Gaussian

p(n|~✓) = 1p
det(2⇡⌃n)

exp

�
� 1

2n
T⌃�1

n n
�

where 

⌃n : pre-fit noise covariance matrix 
n =

2

6664

n1

n2
...

nM

3

7775 ~✓ : parameters that characterize the noise

Just one problem: we don’t measure n. The observable is r. 

Time-domain optimal statistic

13
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We want the likelihood for r. Some math happens...

⌃ = hrrT i =

2

6664

P1 S12 . . . S1M

S21 P2 . . . S2M
...

...
. . .

...
SM1 SM2 . . . PM

3

7775

... and we get the likelihood for our observable, r:

p(r|~✓) = 1p
det(2⇡⌃)

exp

�
� 1

2r
T⌃�1r

�

where now 

Diagonal terms depend on red noise power spectrum 
(pulsar’s intrinsic red noise + GW)

                             Pg(f) / A2
gwf

��PI(f) = P int
I (f) + Pg(f)

<latexit sha1_base64="MJD5zsqxLNboWINkBDR9WZntSLI=">AAACJXicbZDLSsNAFIYnXmu9RV26GSxCRSipiLpQKLjRXQVjC00Mk+mkHTqZhJmJUEKexo2v4sZFFcGVr+KkzaIXDwz8fP85zDm/HzMqlWX9GEvLK6tr66WN8ubW9s6uubf/JKNEYGLjiEWi7SNJGOXEVlQx0o4FQaHPSMsf3OZ+64UISSP+qIYxcUPU4zSgGCmNPPPGCZHqY8TSZubdV4OTWfCcOiKElKtMW6fTVk+DsmdWrJo1Lrgo6oWogKKanjlyuhFOQsIVZkjKTt2KlZsioShmJCs7iSQxwgPUIx0tOQqJdNPxmRk81qQLg0joxxUc0+mJFIVSDkNfd+aLynkvh/95nUQFV25KeZwowvHkoyBhUEUwzwx2qSBYsaEWCAuqd4W4jwTCSiebh1CfP3lR2Ge1i5r1cF5pXBdplMAhOAJVUAeXoAHuQBPYAINX8A5G4NN4Mz6ML+N70rpkFDMHYKaM3z/yNKT6</latexit><latexit sha1_base64="MJD5zsqxLNboWINkBDR9WZntSLI=">AAACJXicbZDLSsNAFIYnXmu9RV26GSxCRSipiLpQKLjRXQVjC00Mk+mkHTqZhJmJUEKexo2v4sZFFcGVr+KkzaIXDwz8fP85zDm/HzMqlWX9GEvLK6tr66WN8ubW9s6uubf/JKNEYGLjiEWi7SNJGOXEVlQx0o4FQaHPSMsf3OZ+64UISSP+qIYxcUPU4zSgGCmNPPPGCZHqY8TSZubdV4OTWfCcOiKElKtMW6fTVk+DsmdWrJo1Lrgo6oWogKKanjlyuhFOQsIVZkjKTt2KlZsioShmJCs7iSQxwgPUIx0tOQqJdNPxmRk81qQLg0joxxUc0+mJFIVSDkNfd+aLynkvh/95nUQFV25KeZwowvHkoyBhUEUwzwx2qSBYsaEWCAuqd4W4jwTCSiebh1CfP3lR2Ge1i5r1cF5pXBdplMAhOAJVUAeXoAHuQBPYAINX8A5G4NN4Mz6ML+N70rpkFDMHYKaM3z/yNKT6</latexit>

where

Time-domain optimal statistic

14
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⌃ = hrrT i =

2

6664

P1 S12 . . . S1M

S21 P2 . . . S2M
...

...
. . .

...
SM1 SM2 . . . PM

3

7775

We want the likelihood for r. Some math happens...

... and we get the likelihood for our observable, r:

p(r|~✓) = 1p
det(2⇡⌃)

exp

�
� 1

2r
T⌃�1r

�

where now 

Off-diagonal terms given by cross-covariance matrices, 
depend on Hellings & Downs curve and GW power spectrum

SIJ = SIJ(�IJ ,Pg(f))i.e.                                                      Pg(f) / A2
gw f��

<latexit sha1_base64="Of5Yxti5WOHZJD5RgsReu6/kBvs="></latexit><latexit sha1_base64="Of5Yxti5WOHZJD5RgsReu6/kBvs="></latexit>

,

Time-domain optimal statistic
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Since we are in the weak signal limit (noise > signal), we obtain the optimal 
statistic by maximizing the likelihood ratio over GW amplitudes (for a fixed GW 
spectral index    )

Â2 =

P
IJ rTI P

�1
I S̃IJP

�1
J rJ

P
IJ Tr

h
P�1
I S̃IJP

�1
J S̃JI

i

(want to quantify significance of the expected GW correlations between 
pulsars, but give larger weight to timing residuals with lower noise levels!)

The normalization factor is chosen so that the optimal statistic is also the maximum 
likelihood estimator for the amplitude of the stochastic GWB

↵

The SNR for this statistic is

⇢̂ =

P
IJ rTI P

�1
I S̃IJP

�1
J rJ

⇣P
IJ Tr

h
P�1
I S̃IJP

�1
J S̃JI

i⌘1/2

(strength of correlated signal compared to uncorrelated signal of same strength)

Time-domain optimal statistic

16
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Limitations and uses of this method
The time-domain implementation of the optimal statistic allows us to deal more 
naturally with irregular data sampling and noise modeling

17

But, it has some drawbacks: because we model the noise in individual pulsars, end 
up with potential biases in amplitude estimates 

So… not a substitute for more robust Bayesian analyses — but it still has some 
advantages

- Computationally inexpensive (esp. compared to Bayesian inference)

- SNR as defined here turns out to be an excellent approximation to the Bayes 
factor in Bayesian analysis

- Can use time-domain optimal statistic to probe scaling laws for PTAs

- Can also be used to create signal injections

For all the details, see Chamberlin et al. 2014, arXiv: 1410.8256
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Outline

Gravitational-wave detectors

The road to detecting stochastic backgrounds with pulsar timing arrays

Testing general relativity with pulsar timing arrays

18
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Alternative theories of gravity?

Direct observation of gravitational waves will provide mechanism to test GR 
against other viable theories 

- Other gravitational fields 
(besides the metric) can 
exist, but only the metric 
itself interacts with matter. 

By “viable”, mean theories that obey 
the Einstein Equivalence Principle:

Brans-D
icke

 the
ory

Bi
m

et
ric

 th
eo

ry

f(R)  

gravity

5D Kaluza Klein

Lovelock theory

Gauss-Bonnet gravity

Nordström’s theory

Ro
sen

(etc.)

metric theories of gravity

- Distinguish metric theories 
from one another by # and 
type of other fields involved 

19
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h(+)
ij = h+✏

(+)
ij h(⇥)

ij = h⇥✏
(⇥)
ij

h(b)
ij = hb✏

(b)
ij h(l)

ij = hl✏
(l)
ij

h(x)
ij

= h
x

✏(x)
ij

h(y)
ij = hy✏

(y)
ij

GWs in metric theories of gravity

What’s different from GR? Now (up to) six possible GW polarizations: 

ten
sor

scal
ar

vect
or

What happens to stochastic background analysis from earlier slides when 
other polarizations possible?

20
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Geometry of the pulsar-Earth system

GW

p̂
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Let’s begin by considering a single pulsar & GW propagating nearby

z

y

x
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GWs in metric theories of gravity

By definition, the redshift induced in the pulsar’s signal is:

z(t, ⌦̂) =
⌫p � ⌫e
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which ends up being (Detweiler, 1979):

z(t, ⌦̂) =
pipj

2(1 + ⌦̂ · p̂)

h
hij(tp, ⌦̂)� hij(te, ⌦̂)

i

<latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit><latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit>
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GWs in metric theories of gravity

By definition, the redshift induced in the pulsar’s signal is:

z(t, ⌦̂) =
⌫p � ⌫e

⌫e<latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit><latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit>

which ends up being (Detweiler, 1979):

Terms describing pulsar-Earth-GW geometry

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

pipj

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit><latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit>

z(t, ⌦̂) =
pipj

2(1 + ⌦̂ · p̂)

h
hij(tp, ⌦̂)� hij(te, ⌦̂)

i

<latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit><latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit>
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z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

GWs in metric theories of gravity

By definition, the redshift induced in the pulsar’s signal is:

z(t, ⌦̂) =
⌫p � ⌫e

⌫e<latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit><latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit>

which ends up being (Detweiler, 1979):

hij(te, ⌦̂)
<latexit sha1_base64="4qV4zqrc/607migj2qF8nlU0WhE=">AAACAXicdVDLSgNBEJz1GeMr6km8DAZBQcKsaEzAg+DFmwpGA0lYZiedZMzsg5leISzBi7/ixYOKV//Cm3/j5CGoaEFDUdVNd5cfK2mQsQ9nYnJqemY2M5edX1hcWs6trF6ZKNECKiJSka763ICSIVRQooJqrIEHvoJrv3sy8K9vQRsZhZfYi6ER8HYoW1JwtJKXW+94qbzpb6MHu7Te4ZjWzwJo8/6Ol8uzAhuCssIBc8tF15K9A1YuMeqOrTwZ49zLvdebkUgCCFEobkzNZTE2Uq5RCgX9bD0xEHPR5W2oWRryAEwjHb7Qp1tWadJWpG2FSIfq94mUB8b0At92Bhw75rc3EP/yagm2So1UhnGCEIrRolaiKEZ0kAdtSg0CVc8SLrS0t1LR4ZoLtKllbQhfn9L/SWWvUCywi/388dE4jQzZIJtkm7jkkByTU3JOKkSQO/JAnsizc+88Oi/O66h1whnPrJEfcN4+ATaVlto=</latexit><latexit sha1_base64="4qV4zqrc/607migj2qF8nlU0WhE=">AAACAXicdVDLSgNBEJz1GeMr6km8DAZBQcKsaEzAg+DFmwpGA0lYZiedZMzsg5leISzBi7/ixYOKV//Cm3/j5CGoaEFDUdVNd5cfK2mQsQ9nYnJqemY2M5edX1hcWs6trF6ZKNECKiJSka763ICSIVRQooJqrIEHvoJrv3sy8K9vQRsZhZfYi6ER8HYoW1JwtJKXW+94qbzpb6MHu7Te4ZjWzwJo8/6Ol8uzAhuCssIBc8tF15K9A1YuMeqOrTwZ49zLvdebkUgCCFEobkzNZTE2Uq5RCgX9bD0xEHPR5W2oWRryAEwjHb7Qp1tWadJWpG2FSIfq94mUB8b0At92Bhw75rc3EP/yagm2So1UhnGCEIrRolaiKEZ0kAdtSg0CVc8SLrS0t1LR4ZoLtKllbQhfn9L/SWWvUCywi/388dE4jQzZIJtkm7jkkByTU3JOKkSQO/JAnsizc+88Oi/O66h1whnPrJEfcN4+ATaVlto=</latexit>

“Earth” term: correlated for all pulsars, independent of pulsar-Earth distance

pipj

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit><latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit>

z(t, ⌦̂) =
pipj

2(1 + ⌦̂ · p̂)

h
hij(tp, ⌦̂)� hij(te, ⌦̂)

i

<latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit><latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit>

z(t, ⌦̂) =
pipj

2(1 + ⌦̂ · p̂)

h
hij(tp, ⌦̂)� hij(te, ⌦̂)

i

<latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit><latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit>
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pipj

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit><latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

GWs in metric theories of gravity

By definition, the redshift induced in the pulsar’s signal is:

z(t, ⌦̂) =
⌫p � ⌫e

⌫e<latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit><latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit>

which ends up being (Detweiler, 1979):

hij(te, ⌦̂)
<latexit sha1_base64="4qV4zqrc/607migj2qF8nlU0WhE=">AAACAXicdVDLSgNBEJz1GeMr6km8DAZBQcKsaEzAg+DFmwpGA0lYZiedZMzsg5leISzBi7/ixYOKV//Cm3/j5CGoaEFDUdVNd5cfK2mQsQ9nYnJqemY2M5edX1hcWs6trF6ZKNECKiJSka763ICSIVRQooJqrIEHvoJrv3sy8K9vQRsZhZfYi6ER8HYoW1JwtJKXW+94qbzpb6MHu7Te4ZjWzwJo8/6Ol8uzAhuCssIBc8tF15K9A1YuMeqOrTwZ49zLvdebkUgCCFEobkzNZTE2Uq5RCgX9bD0xEHPR5W2oWRryAEwjHb7Qp1tWadJWpG2FSIfq94mUB8b0At92Bhw75rc3EP/yagm2So1UhnGCEIrRolaiKEZ0kAdtSg0CVc8SLrS0t1LR4ZoLtKllbQhfn9L/SWWvUCywi/388dE4jQzZIJtkm7jkkByTU3JOKkSQO/JAnsizc+88Oi/O66h1whnPrJEfcN4+ATaVlto=</latexit><latexit sha1_base64="4qV4zqrc/607migj2qF8nlU0WhE=">AAACAXicdVDLSgNBEJz1GeMr6km8DAZBQcKsaEzAg+DFmwpGA0lYZiedZMzsg5leISzBi7/ixYOKV//Cm3/j5CGoaEFDUdVNd5cfK2mQsQ9nYnJqemY2M5edX1hcWs6trF6ZKNECKiJSka763ICSIVRQooJqrIEHvoJrv3sy8K9vQRsZhZfYi6ER8HYoW1JwtJKXW+94qbzpb6MHu7Te4ZjWzwJo8/6Ol8uzAhuCssIBc8tF15K9A1YuMeqOrTwZ49zLvdebkUgCCFEobkzNZTE2Uq5RCgX9bD0xEHPR5W2oWRryAEwjHb7Qp1tWadJWpG2FSIfq94mUB8b0At92Bhw75rc3EP/yagm2So1UhnGCEIrRolaiKEZ0kAdtSg0CVc8SLrS0t1LR4ZoLtKllbQhfn9L/SWWvUCywi/388dE4jQzZIJtkm7jkkByTU3JOKkSQO/JAnsizc+88Oi/O66h1whnPrJEfcN4+ATaVlto=</latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

“Earth” term: correlated for all pulsars, independent of pulsar-Earth distance

“Pulsar” term: not correlated for all pulsars, dependent on pulsar-Earth distance

hij(tp, ⌦̂)
<latexit sha1_base64="o68c+UmxtaTqidPfQyok+rNOxjI=">AAACAXicdVDLSsNAFJ3UV62vqCtxM1iEClJSEXXhouDGnRWMLTQhTKaTduzkwcyNUEJw46+4caHi1r9w5984fQj1deDC4Zx7ufcePxFcgWV9GIWZ2bn5heJiaWl5ZXXNXN+4VnEqKbNpLGLZ8oligkfMBg6CtRLJSOgL1vT7Z0O/ecuk4nF0BYOEuSHpRjzglICWPHOr52X8Jq+Al+xjp0cgcy5C1iX5nmeWa1VrBGz9Il9WGU3Q8Mx3pxPTNGQRUEGUatesBNyMSOBUsLzkpIolhPZJl7U1jUjIlJuNXsjxrlY6OIilrgjwSJ2eyEio1CD0dWdIoKd+ekPxL6+dQnDiZjxKUmARHS8KUoEhxsM8cIdLRkEMNCFUcn0rpj0iCQWdWmk6hP+JfVA9qlqXh+X66SSNItpGO6iCaugY1dE5aiAbUXSHHtATejbujUfjxXgdtxaMycwm+gbj7RMH1Ja4</latexit><latexit sha1_base64="o68c+UmxtaTqidPfQyok+rNOxjI=">AAACAXicdVDLSsNAFJ3UV62vqCtxM1iEClJSEXXhouDGnRWMLTQhTKaTduzkwcyNUEJw46+4caHi1r9w5984fQj1deDC4Zx7ufcePxFcgWV9GIWZ2bn5heJiaWl5ZXXNXN+4VnEqKbNpLGLZ8oligkfMBg6CtRLJSOgL1vT7Z0O/ecuk4nF0BYOEuSHpRjzglICWPHOr52X8Jq+Al+xjp0cgcy5C1iX5nmeWa1VrBGz9Il9WGU3Q8Mx3pxPTNGQRUEGUatesBNyMSOBUsLzkpIolhPZJl7U1jUjIlJuNXsjxrlY6OIilrgjwSJ2eyEio1CD0dWdIoKd+ekPxL6+dQnDiZjxKUmARHS8KUoEhxsM8cIdLRkEMNCFUcn0rpj0iCQWdWmk6hP+JfVA9qlqXh+X66SSNItpGO6iCaugY1dE5aiAbUXSHHtATejbujUfjxXgdtxaMycwm+gbj7RMH1Ja4</latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>
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GW redshift on the pulsar-Earth system

By definition, the redshift induced in the pulsar’s signal is:

z(t, ⌦̂) =
⌫p � ⌫e

⌫e<latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit><latexit sha1_base64="G+hwnSRAddeYaDg+4/wA9s1GJtk=">AAACGXicbVBNSwMxEM36bf2qevQSLEIFLbsi6kGh4MWbFawtdEvJprNtMJtdklmhLv0dXvwrXjyoeNST/8b046DVB2Ee780wmRckUhh03S9nanpmdm5+YTG3tLyyupZf37gxcao5VHksY10PmAEpFFRRoIR6ooFFgYRacHs+8Gt3oI2I1TX2EmhGrKNEKDhDK7Xy3n0R96jfZZj5lxF0WH+XnlE/1IxnvkpbCd2ngwr9bFRoK19wS+4Q9C/xxqRAxqi08h9+O+ZpBAq5ZMY0PDfBZsY0Ci6hn/NTAwnjt6wDDUsVi8A0s+FpfbpjlTYNY22fQjpUf05kLDKmFwW2M2LYNZPeQPzPa6QYnjQzoZIUQfHRojCVFGM6yIm2hQaOsmcJ41rYv1LeZTYWtGnmbAje5Ml/SfWgdFRyrw4L5dNxGgtki2yTIvHIMSmTC1IhVcLJA3kiL+TVeXSenTfnfdQ65YxnNskvOJ/f8zufxg==</latexit>

which ends up being (Detweiler, 1979):

pipj

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit><latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

hij(te, ⌦̂)
<latexit sha1_base64="4qV4zqrc/607migj2qF8nlU0WhE=">AAACAXicdVDLSgNBEJz1GeMr6km8DAZBQcKsaEzAg+DFmwpGA0lYZiedZMzsg5leISzBi7/ixYOKV//Cm3/j5CGoaEFDUdVNd5cfK2mQsQ9nYnJqemY2M5edX1hcWs6trF6ZKNECKiJSka763ICSIVRQooJqrIEHvoJrv3sy8K9vQRsZhZfYi6ER8HYoW1JwtJKXW+94qbzpb6MHu7Te4ZjWzwJo8/6Ol8uzAhuCssIBc8tF15K9A1YuMeqOrTwZ49zLvdebkUgCCFEobkzNZTE2Uq5RCgX9bD0xEHPR5W2oWRryAEwjHb7Qp1tWadJWpG2FSIfq94mUB8b0At92Bhw75rc3EP/yagm2So1UhnGCEIrRolaiKEZ0kAdtSg0CVc8SLrS0t1LR4ZoLtKllbQhfn9L/SWWvUCywi/388dE4jQzZIJtkm7jkkByTU3JOKkSQO/JAnsizc+88Oi/O66h1whnPrJEfcN4+ATaVlto=</latexit><latexit sha1_base64="4qV4zqrc/607migj2qF8nlU0WhE=">AAACAXicdVDLSgNBEJz1GeMr6km8DAZBQcKsaEzAg+DFmwpGA0lYZiedZMzsg5leISzBi7/ixYOKV//Cm3/j5CGoaEFDUdVNd5cfK2mQsQ9nYnJqemY2M5edX1hcWs6trF6ZKNECKiJSka763ICSIVRQooJqrIEHvoJrv3sy8K9vQRsZhZfYi6ER8HYoW1JwtJKXW+94qbzpb6MHu7Te4ZjWzwJo8/6Ol8uzAhuCssIBc8tF15K9A1YuMeqOrTwZ49zLvdebkUgCCFEobkzNZTE2Uq5RCgX9bD0xEHPR5W2oWRryAEwjHb7Qp1tWadJWpG2FSIfq94mUB8b0At92Bhw75rc3EP/yagm2So1UhnGCEIrRolaiKEZ0kAdtSg0CVc8SLrS0t1LR4ZoLtKllbQhfn9L/SWWvUCywi/388dE4jQzZIJtkm7jkkByTU3JOKkSQO/JAnsizc+88Oi/O66h1whnPrJEfcN4+ATaVlto=</latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

hij(tp, ⌦̂)
<latexit sha1_base64="o68c+UmxtaTqidPfQyok+rNOxjI=">AAACAXicdVDLSsNAFJ3UV62vqCtxM1iEClJSEXXhouDGnRWMLTQhTKaTduzkwcyNUEJw46+4caHi1r9w5984fQj1deDC4Zx7ufcePxFcgWV9GIWZ2bn5heJiaWl5ZXXNXN+4VnEqKbNpLGLZ8oligkfMBg6CtRLJSOgL1vT7Z0O/ecuk4nF0BYOEuSHpRjzglICWPHOr52X8Jq+Al+xjp0cgcy5C1iX5nmeWa1VrBGz9Il9WGU3Q8Mx3pxPTNGQRUEGUatesBNyMSOBUsLzkpIolhPZJl7U1jUjIlJuNXsjxrlY6OIilrgjwSJ2eyEio1CD0dWdIoKd+ekPxL6+dQnDiZjxKUmARHS8KUoEhxsM8cIdLRkEMNCFUcn0rpj0iCQWdWmk6hP+JfVA9qlqXh+X66SSNItpGO6iCaugY1dE5aiAbUXSHHtATejbujUfjxXgdtxaMycwm+gbj7RMH1Ja4</latexit><latexit sha1_base64="o68c+UmxtaTqidPfQyok+rNOxjI=">AAACAXicdVDLSsNAFJ3UV62vqCtxM1iEClJSEXXhouDGnRWMLTQhTKaTduzkwcyNUEJw46+4caHi1r9w5984fQj1deDC4Zx7ufcePxFcgWV9GIWZ2bn5heJiaWl5ZXXNXN+4VnEqKbNpLGLZ8oligkfMBg6CtRLJSOgL1vT7Z0O/ecuk4nF0BYOEuSHpRjzglICWPHOr52X8Jq+Al+xjp0cgcy5C1iX5nmeWa1VrBGz9Il9WGU3Q8Mx3pxPTNGQRUEGUatesBNyMSOBUsLzkpIolhPZJl7U1jUjIlJuNXsjxrlY6OIilrgjwSJ2eyEio1CD0dWdIoKd+ekPxL6+dQnDiZjxKUmARHS8KUoEhxsM8cIdLRkEMNCFUcn0rpj0iCQWdWmk6hP+JfVA9qlqXh+X66SSNItpGO6iCaugY1dE5aiAbUXSHHtATejbujUfjxXgdtxaMycwm+gbj7RMH1Ja4</latexit>

z(t, ⌦̂) =
p̂ip̂j

2(1 + ⌦̂ · p̂)

h
hij(te, ⌦̂)� hij(tp, ⌦̂)

i

<latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit><latexit sha1_base64="dJ1OHCIYiNncRCEvtEGsecgLwoc="></latexit>

z̃A(f, ⌦̂) = (
<latexit sha1_base64="UlGFRT56Krjus89VqNfGSO4ViEk=">AAACCHicbVDLSgNBEJyNrxhfqx69DAYhgoSNiHpQiHjxZgRjAtkQZie9yZDZBzO9Qlxy9eKvePGg4tVP8ObfOHkcNLGgoajqprvLi6XQ6DjfVmZufmFxKbucW1ldW9+wN7fudJQoDlUeyUjVPaZBihCqKFBCPVbAAk9CzetdDv3aPSgtovAW+zE0A9YJhS84QyO1bOqikG1IHwati4J/QN0uw9S9DqDDBvv0nBZadt4pOiPQWVKakDyZoNKyv9x2xJMAQuSSad0oOTE2U6ZQcAmDnJtoiBnvsQ40DA1ZALqZjj4Z0D2jtKkfKVMh0pH6eyJlgdb9wDOdAcOunvaG4n9eI0H/tJmKME4QQj5e5CeSYkSHsdC2UMBR9g1hXAlzK+VdphhHE17OhFCafnmWVA+Lx0Xn5ihfPpukkSU7ZJcUSImckDK5IhVSJZw8kmfySt6sJ+vFerc+xq0ZazKzTf7A+vwB6WWYsw==</latexit><latexit sha1_base64="UlGFRT56Krjus89VqNfGSO4ViEk=">AAACCHicbVDLSgNBEJyNrxhfqx69DAYhgoSNiHpQiHjxZgRjAtkQZie9yZDZBzO9Qlxy9eKvePGg4tVP8ObfOHkcNLGgoajqprvLi6XQ6DjfVmZufmFxKbucW1ldW9+wN7fudJQoDlUeyUjVPaZBihCqKFBCPVbAAk9CzetdDv3aPSgtovAW+zE0A9YJhS84QyO1bOqikG1IHwati4J/QN0uw9S9DqDDBvv0nBZadt4pOiPQWVKakDyZoNKyv9x2xJMAQuSSad0oOTE2U6ZQcAmDnJtoiBnvsQ40DA1ZALqZjj4Z0D2jtKkfKVMh0pH6eyJlgdb9wDOdAcOunvaG4n9eI0H/tJmKME4QQj5e5CeSYkSHsdC2UMBR9g1hXAlzK+VdphhHE17OhFCafnmWVA+Lx0Xn5ihfPpukkSU7ZJcUSImckDK5IhVSJZw8kmfySt6sJ+vFerc+xq0ZazKzTf7A+vwB6WWYsw==</latexit>

turns out to be more useful to work in frequency domain… 

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

1<latexit sha1_base64="84yRKmDeD/v3Wrw3HhPFOsR2Deg=">AAAB53icdVDLSgNBEJz1GeMr6tHLYBA8LbPBxAQ8BLx4TMA1gWQJs5PeZMzsg5lZISz5Ai8eVLz6S978GyfJCipa0FBUddPd5SeCK03Ih7Wyura+sVnYKm7v7O7tlw4Ob1WcSgYui0Usuz5VIHgEruZaQDeRQENfQMefXM39zj1IxePoRk8T8EI6injAGdVGajuDUpnYZAFM7CpxGjXHkEqVNOoEO7lVRjlag9J7fxizNIRIM0GV6jkk0V5GpeZMwKzYTxUklE3oCHqGRjQE5WWLQ2f41ChDHMTSVKTxQv0+kdFQqWnom86Q6rH67c3Fv7xeqoO6l/EoSTVEbLkoSAXWMZ5/jYdcAtNiaghlkptbMRtTSZk22RRNCF+f4v+JW7FrNmmfl5uXeRoFdIxO0Bly0AVqomvUQi5iCNADekLP1p31aL1Yr8vWFSufOUI/YL19Aie0jK0=</latexit><latexit sha1_base64="84yRKmDeD/v3Wrw3HhPFOsR2Deg=">AAAB53icdVDLSgNBEJz1GeMr6tHLYBA8LbPBxAQ8BLx4TMA1gWQJs5PeZMzsg5lZISz5Ai8eVLz6S978GyfJCipa0FBUddPd5SeCK03Ih7Wyura+sVnYKm7v7O7tlw4Ob1WcSgYui0Usuz5VIHgEruZaQDeRQENfQMefXM39zj1IxePoRk8T8EI6injAGdVGajuDUpnYZAFM7CpxGjXHkEqVNOoEO7lVRjlag9J7fxizNIRIM0GV6jkk0V5GpeZMwKzYTxUklE3oCHqGRjQE5WWLQ2f41ChDHMTSVKTxQv0+kdFQqWnom86Q6rH67c3Fv7xeqoO6l/EoSTVEbLkoSAXWMZ5/jYdcAtNiaghlkptbMRtTSZk22RRNCF+f4v+JW7FrNmmfl5uXeRoFdIxO0Bly0AVqomvUQi5iCNADekLP1p31aL1Yr8vWFSufOUI/YL19Aie0jK0=</latexit>e�2⇡ifL(1+⌦̂·p̂)
<latexit sha1_base64="sigUZWS1Kwn3fH6xS61IxMxOKag=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIFbHMFFEXLgpuXAhWsLbQqSWT3mlDMw+SO0IZ5ne48a+4caHiUlf+G6cPob4OBA7fuZckxwml0GiaH0ZmZnZufiG7mFtaXlldy69vXOsgUhxqPJCBajhMgxQ+1FCghEaogHmOhLrTPx3m9VtQWgT+FQ5CaHms6wtXcIYpauctuIn3y3YoqKAuPadFi+5Ru8cwti886LKE2rwT4BiFCd1N2vmCVTJHouYv8xUVyETVdv7N7gQ88sBHLpnWTcsMsRUzhYJLSHJ2pCFkvM+60EytzzzQrXj0tYTupKRD3UClx0c6otMbMfO0HnhOOukx7Omf2RD+lTUjdI9bsfDDCMHn44vcSFIM6LAn2hEKOMpBahhXIn0r5T2mGMe0zdx0Cf+bWrl0WDIvDwqVk0kbWbJFtkmRWOSIVMgZqZIa4eSOPJAn8mzcG4/Gi/E6Hs0Yk51N8k3G+yfJSJ50</latexit><latexit sha1_base64="sigUZWS1Kwn3fH6xS61IxMxOKag=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIFbHMFFEXLgpuXAhWsLbQqSWT3mlDMw+SO0IZ5ne48a+4caHiUlf+G6cPob4OBA7fuZckxwml0GiaH0ZmZnZufiG7mFtaXlldy69vXOsgUhxqPJCBajhMgxQ+1FCghEaogHmOhLrTPx3m9VtQWgT+FQ5CaHms6wtXcIYpauctuIn3y3YoqKAuPadFi+5Ru8cwti886LKE2rwT4BiFCd1N2vmCVTJHouYv8xUVyETVdv7N7gQ88sBHLpnWTcsMsRUzhYJLSHJ2pCFkvM+60EytzzzQrXj0tYTupKRD3UClx0c6otMbMfO0HnhOOukx7Omf2RD+lTUjdI9bsfDDCMHn44vcSFIM6LAn2hEKOMpBahhXIn0r5T2mGMe0zdx0Cf+bWrl0WDIvDwqVk0kbWbJFtkmRWOSIVMgZqZIa4eSOPJAn8mzcG4/Gi/E6Hs0Yk51N8k3G+yfJSJ50</latexit>

pipj

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit><latexit sha1_base64="3QxQZsHNdz5XNBMJv7Vk07xEgYU=">AAACF3icbVBNS8NAEN3Ur1q/oh69LBahItS0iHrwUPDizQrWFpq2bLabdu0mWXYnQgn5GV78K148qHjVm//G7Qei1QcDj/dmmJnnScE1OM6nlZmbX1hcyi7nVlbX1jfsza0bHcWKshqNRKQaHtFM8JDVgINgDakYCTzB6t7gfOTX75jSPAqvYShZKyC9kPucEjBSxz50fUVoItscy/ZtmpQLpQO3TyBxLwPWIyl2aTcCPJZkup927LxTdMbA36Q0S/JoimrH/nC7EY0DFgIVROtmyZHQSogCTgVLc26smSR0QHqsaWhIAqZbyfixFO8ZpYv9SJkKAY/VnxMJCbQeBp7pDAj09aw3Ev/zmjH4p62EhzIGFtLJIj8WGCI8Sgl3uWIUxNAQQhU3t2LaJyYpMFnmTAh/Xv5LauXicdG5OspXzqZpZNEO2kUFVEInqIIuUBXVEEX36BE9oxfrwXqyXq23SWvGms5so1+w3r8As22fvw==</latexit>
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GW redshift on the pulsar-Earth system

When GW direction      and pulsar direction      are anti-parallel, things get 
tricky…

p̂
<latexit sha1_base64="6mAU7Xp0/d16MhYlp3nvzMUDoto=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGMZwTOB5Ah7m02yZG9v2Z0TwpEfYWOhYuv/sfPfuEmu0OiDgcd7M8zMi7UUFn3/yyutrK6tb5Q3K1vbO7t71f2DB5tmhvGQpTI17ZhaLoXiIQqUvK0Np0kseSse38z81iM3VqTqHieaRwkdKjEQjKKTWt0RxVxPe9WaX/fnIH9JUJAaFGj2qp/dfsqyhCtkklrbCXyNUU4NCib5tNLNLNeUjemQdxxVNOE2yufnTsmJU/pkkBpXCslc/TmR08TaSRK7zoTiyC57M/E/r5Ph4CrKhdIZcsUWiwaZJJiS2e+kLwxnKCeOUGaEu5WwETWUoUuo4kIIll/+S8Kz+kXdvzuvNa6LNMpwBMdwCgFcQgNuoQkhMBjDE7zAq6e9Z+/Ne1+0lrxi5hB+wfv4BgzPj4s=</latexit><latexit sha1_base64="6mAU7Xp0/d16MhYlp3nvzMUDoto=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1MIiYGMZwTOB5Ah7m02yZG9v2Z0TwpEfYWOhYuv/sfPfuEmu0OiDgcd7M8zMi7UUFn3/yyutrK6tb5Q3K1vbO7t71f2DB5tmhvGQpTI17ZhaLoXiIQqUvK0Np0kseSse38z81iM3VqTqHieaRwkdKjEQjKKTWt0RxVxPe9WaX/fnIH9JUJAaFGj2qp/dfsqyhCtkklrbCXyNUU4NCib5tNLNLNeUjemQdxxVNOE2yufnTsmJU/pkkBpXCslc/TmR08TaSRK7zoTiyC57M/E/r5Ph4CrKhdIZcsUWiwaZJJiS2e+kLwxnKCeOUGaEu5WwETWUoUuo4kIIll/+S8Kz+kXdvzuvNa6LNMpwBMdwCgFcQgNuoQkhMBjDE7zAq6e9Z+/Ne1+0lrxi5hB+wfv4BgzPj4s=</latexit>

⌦̂<latexit sha1_base64="eVSoPSVbktbvHaasQxtX3zxtVtk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqaQi6sFDwYs3KxhbaELZbCft0t1N2J0IJfRvePGg4tVf481/47bNQVsfDDzem2FmXpQKbtDzvp3Syura+kZ5s7K1vbO7V90/eDRJphn4LBGJ7kTUgOAKfOQooJNqoDIS0I5GN1O//QTa8EQ94DiFUNKB4jFnFK0UBEOKeXAnYUAnvWrNq3szuMukUZAaKdDqVb+CfsIyCQqZoMZ0G16KYU41ciZgUgkyAyllIzqArqWKSjBhPrt54p5Ype/Gibal0J2pvydyKo0Zy8h2SopDs+hNxf+8bobxVZhzlWYIis0XxZlwMXGnAbh9roGhGFtCmeb2VpcNqaYMbUwVG0Jj8eVl4p/VL+re/XmteV2kUSZH5Jickga5JE1yS1rEJ4yk5Jm8kjcnc16cd+dj3lpyiplD8gfO5w+cc5GS</latexit><latexit sha1_base64="eVSoPSVbktbvHaasQxtX3zxtVtk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqaQi6sFDwYs3KxhbaELZbCft0t1N2J0IJfRvePGg4tVf481/47bNQVsfDDzem2FmXpQKbtDzvp3Syura+kZ5s7K1vbO7V90/eDRJphn4LBGJ7kTUgOAKfOQooJNqoDIS0I5GN1O//QTa8EQ94DiFUNKB4jFnFK0UBEOKeXAnYUAnvWrNq3szuMukUZAaKdDqVb+CfsIyCQqZoMZ0G16KYU41ciZgUgkyAyllIzqArqWKSjBhPrt54p5Ype/Gibal0J2pvydyKo0Zy8h2SopDs+hNxf+8bobxVZhzlWYIis0XxZlwMXGnAbh9roGhGFtCmeb2VpcNqaYMbUwVG0Jj8eVl4p/VL+re/XmteV2kUSZH5Jickga5JE1yS1rEJ4yk5Jm8kjcnc16cd+dj3lpyiplD8gfO5w+cc5GS</latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

Two physical scenarios that allow a Taylor series to be done on the pulsar term:

Long-wavelength limit: metric perturbation same at pulsar and EarthCase 1:

fL << 1
<latexit sha1_base64="dC5P760YKgedpYRAEnWPLAXztKc=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp2IWqQI2FhYRPBMIDnC3mYuWbK3d+zuCeHIj7CxULH1/9j5b9wkV2jig4HHezPMzAtTwbVx3W9nZXVtfWOztFXe3tnd268cHD7qJFMMfZaIRLVDqlFwib7hRmA7VUjjUGArHN1M/dYTKs0T+WDGKQYxHUgecUaNlVrRHanXiderVN2aOwNZJl5BqlCg2at8dfsJy2KUhgmqdcdzUxPkVBnOBE7K3UxjStmIDrBjqaQx6iCfnTshp1bpkyhRtqQhM/X3RE5jrcdxaDtjaoZ60ZuK/3mdzETXQc5lmhmUbL4oygQxCZn+TvpcITNibAllittbCRtSRZmxCZVtCN7iy8vEP69d1tz7i2qjXqRRgmM4gTPw4AoacAtN8IHBCJ7hFd6c1Hlx3p2PeeuKU8wcwR84nz/spo4l</latexit><latexit sha1_base64="dC5P760YKgedpYRAEnWPLAXztKc=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYhCswp2IWqQI2FhYRPBMIDnC3mYuWbK3d+zuCeHIj7CxULH1/9j5b9wkV2jig4HHezPMzAtTwbVx3W9nZXVtfWOztFXe3tnd268cHD7qJFMMfZaIRLVDqlFwib7hRmA7VUjjUGArHN1M/dYTKs0T+WDGKQYxHUgecUaNlVrRHanXiderVN2aOwNZJl5BqlCg2at8dfsJy2KUhgmqdcdzUxPkVBnOBE7K3UxjStmIDrBjqaQx6iCfnTshp1bpkyhRtqQhM/X3RE5jrcdxaDtjaoZ60ZuK/3mdzETXQc5lmhmUbL4oygQxCZn+TvpcITNibAllittbCRtSRZmxCZVtCN7iy8vEP69d1tz7i2qjXqRRgmM4gTPw4AoacAtN8IHBCJ7hFd6c1Hlx3p2PeeuKU8wcwR84nz/spo4l</latexit>

i.e.,

“Surfing”: metric perturbation at pulsar when pulse is emitted, and 
on Earth when pulse is received, also nearly the same

Case 2:

1 + ⌦̂ · p̂ <<
1

fL
<latexit sha1_base64="MJsuXR2IuWgleP5i9lnWI9GzS6A=">AAACFHicbVBNS8NAEN34WetX1KOXxSIISklEVKSHghcPghWMLTSlbDabdunmg92JUEL+hBf/ihcPKl49ePPfuE170NYHA4/3ZpiZ5yWCK7Csb2NufmFxabm0Ul5dW9/YNLe271WcSsocGotYtjyimOARc4CDYK1EMhJ6gjW9weXIbz4wqXgc3cEwYZ2Q9CIecEpAS13zyD50+wQy9yZkPZJjl/ox4EJKclyrYTeQhGZ2ngXXedesWFWrAJ4l9oRU0ASNrvnl+jFNQxYBFUSptm0l0MmIBE4Fy8tuqlhC6ID0WFvTiIRMdbLiqxzva8XHQSx1RYAL9fdERkKlhqGnO0MCfTXtjcT/vHYKwXkn41GSAovoeFGQCgwxHkWEfS4ZBTHUhFDJ9a2Y9omOAXSQZR2CPf3yLHGOq6dV6/akUr+YpFFCu2gPHSAbnaE6ukIN5CCKHtEzekVvxpPxYrwbH+PWOWMys4P+wPj8Ac03nic=</latexit><latexit sha1_base64="MJsuXR2IuWgleP5i9lnWI9GzS6A=">AAACFHicbVBNS8NAEN34WetX1KOXxSIISklEVKSHghcPghWMLTSlbDabdunmg92JUEL+hBf/ihcPKl49ePPfuE170NYHA4/3ZpiZ5yWCK7Csb2NufmFxabm0Ul5dW9/YNLe271WcSsocGotYtjyimOARc4CDYK1EMhJ6gjW9weXIbz4wqXgc3cEwYZ2Q9CIecEpAS13zyD50+wQy9yZkPZJjl/ox4EJKclyrYTeQhGZ2ngXXedesWFWrAJ4l9oRU0ASNrvnl+jFNQxYBFUSptm0l0MmIBE4Fy8tuqlhC6ID0WFvTiIRMdbLiqxzva8XHQSx1RYAL9fdERkKlhqGnO0MCfTXtjcT/vHYKwXkn41GSAovoeFGQCgwxHkWEfS4ZBTHUhFDJ9a2Y9omOAXSQZR2CPf3yLHGOq6dV6/akUr+YpFFCu2gPHSAbnaE6ukIN5CCKHtEzekVvxpPxYrwbH+PWOWMys4P+wPj8Ac03nic=</latexit>

i.e.,

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

p̂ip̂j

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="Lcy7oAOeYsUsIUR2IVC9mITLQeI=">AAACI3icbVDLSgMxFM3UV62vqks3wSJUhDItooIuCm7cWcHaQmcsmTTTxmYeJHeEMszHuPFX3LjQ4saF/2I6bUVbDwROzjmX5B4nFFyBaX4amYXFpeWV7GpubX1jcyu/vXOngkhSVqeBCGTTIYoJ7rM6cBCsGUpGPEewhtO/HPmNRyYVD/xbGITM9kjX5y6nBLTUzp9briQ0tnoE4jC553jKHpK4UiwfpVfr2mNdkmCLdgKYJg6Tdr5glswU+IeUZ0kBTVBr54dWJ6CRx3yggijVKpsh2DGRwKlgSc6KFAsJ7ZMua2nqE48pO06XTPCBVjrYDaQ+PuBU/T0RE0+pgefopEegp2a9kfif14rAPbNj7ocRMJ+OH3IjgSHAo8Zwh0tGQQw0IVRy/VdMe0S3BrrXnC5hbuV5Uq+UTkrmzXGhejFpI4v20D4qojI6RVV0hWqojih6Qi/oDb0bz8arMTQ+xtGMMZnZRX9gfH0DQDClWQ==</latexit><latexit sha1_base64="Lcy7oAOeYsUsIUR2IVC9mITLQeI=">AAACI3icbVDLSgMxFM3UV62vqks3wSJUhDItooIuCm7cWcHaQmcsmTTTxmYeJHeEMszHuPFX3LjQ4saF/2I6bUVbDwROzjmX5B4nFFyBaX4amYXFpeWV7GpubX1jcyu/vXOngkhSVqeBCGTTIYoJ7rM6cBCsGUpGPEewhtO/HPmNRyYVD/xbGITM9kjX5y6nBLTUzp9briQ0tnoE4jC553jKHpK4UiwfpVfr2mNdkmCLdgKYJg6Tdr5glswU+IeUZ0kBTVBr54dWJ6CRx3yggijVKpsh2DGRwKlgSc6KFAsJ7ZMua2nqE48pO06XTPCBVjrYDaQ+PuBU/T0RE0+pgefopEegp2a9kfif14rAPbNj7ocRMJ+OH3IjgSHAo8Zwh0tGQQw0IVRy/VdMe0S3BrrXnC5hbuV5Uq+UTkrmzXGhejFpI4v20D4qojI6RVV0hWqojih6Qi/oDb0bz8arMTQ+xtGMMZnZRX9gfH0DQDClWQ==</latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

e�2⇡ifL(1+⌦̂·p̂)
<latexit sha1_base64="sigUZWS1Kwn3fH6xS61IxMxOKag=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIFbHMFFEXLgpuXAhWsLbQqSWT3mlDMw+SO0IZ5ne48a+4caHiUlf+G6cPob4OBA7fuZckxwml0GiaH0ZmZnZufiG7mFtaXlldy69vXOsgUhxqPJCBajhMgxQ+1FCghEaogHmOhLrTPx3m9VtQWgT+FQ5CaHms6wtXcIYpauctuIn3y3YoqKAuPadFi+5Ru8cwti886LKE2rwT4BiFCd1N2vmCVTJHouYv8xUVyETVdv7N7gQ88sBHLpnWTcsMsRUzhYJLSHJ2pCFkvM+60EytzzzQrXj0tYTupKRD3UClx0c6otMbMfO0HnhOOukx7Omf2RD+lTUjdI9bsfDDCMHn44vcSFIM6LAn2hEKOMpBahhXIn0r5T2mGMe0zdx0Cf+bWrl0WDIvDwqVk0kbWbJFtkmRWOSIVMgZqZIa4eSOPJAn8mzcG4/Gi/E6Hs0Yk51N8k3G+yfJSJ50</latexit><latexit sha1_base64="sigUZWS1Kwn3fH6xS61IxMxOKag=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIFbHMFFEXLgpuXAhWsLbQqSWT3mlDMw+SO0IZ5ne48a+4caHiUlf+G6cPob4OBA7fuZckxwml0GiaH0ZmZnZufiG7mFtaXlldy69vXOsgUhxqPJCBajhMgxQ+1FCghEaogHmOhLrTPx3m9VtQWgT+FQ5CaHms6wtXcIYpauctuIn3y3YoqKAuPadFi+5Ru8cwti886LKE2rwT4BiFCd1N2vmCVTJHouYv8xUVyETVdv7N7gQ88sBHLpnWTcsMsRUzhYJLSHJ2pCFkvM+60EytzzzQrXj0tYTupKRD3UClx0c6otMbMfO0HnhOOukx7Omf2RD+lTUjdI9bsfDDCMHn44vcSFIM6LAn2hEKOMpBahhXIn0r5T2mGMe0zdx0Cf+bWrl0WDIvDwqVk0kbWbJFtkmRWOSIVMgZqZIa4eSOPJAn8mzcG4/Gi/E6Hs0Yk51N8k3G+yfJSJ50</latexit>

In the “surfing” regime, it is tempting to go back to the time domain and 
conclude that the effect of the GW cancels... but this is not correct!

z(t, ⌦̂) /
<latexit sha1_base64="xuhYn9SO1qCInnD97mp2vgTY2eA=">AAACAnicbVBNS8NAEN3Ur1q/ot70sliEClISERVPBS/erGBsoQlls920SzfZsDsRaih48a948aDi1V/hzX/j9uOg1QcDj/dmmJkXpoJrcJwvqzA3v7C4VFwurayurW/Ym1u3WmaKMo9KIVUzJJoJnjAPOAjWTBUjcShYI+xfjPzGHVOay+QGBikLYtJNeMQpASO17Z37Chxiv0cg969i1iXDA+ynSqYg23bZqTpj4L/EnZIymqLetj/9jqRZzBKggmjdcp0Ugpwo4FSwYcnPNEsJ7ZMuaxmakJjpIB//MMT7RungSCpTCeCx+nMiJ7HWgzg0nTGBnp71RuJ/XiuD6CzIeZJmwBI6WRRlAoPEo0BwhytGQQwMIVRxcyumPaIIBRNbyYTgzr78l3hH1ZOqc31crp1P0yiiXbSHKshFp6iGLlEdeYiiB/SEXtCr9Wg9W2/W+6S1YE1nttEvWB/fgRyW+A==</latexit><latexit sha1_base64="xuhYn9SO1qCInnD97mp2vgTY2eA=">AAACAnicbVBNS8NAEN3Ur1q/ot70sliEClISERVPBS/erGBsoQlls920SzfZsDsRaih48a948aDi1V/hzX/j9uOg1QcDj/dmmJkXpoJrcJwvqzA3v7C4VFwurayurW/Ym1u3WmaKMo9KIVUzJJoJnjAPOAjWTBUjcShYI+xfjPzGHVOay+QGBikLYtJNeMQpASO17Z37Chxiv0cg969i1iXDA+ynSqYg23bZqTpj4L/EnZIymqLetj/9jqRZzBKggmjdcp0Ugpwo4FSwYcnPNEsJ7ZMuaxmakJjpIB//MMT7RungSCpTCeCx+nMiJ7HWgzg0nTGBnp71RuJ/XiuD6CzIeZJmwBI6WRRlAoPEo0BwhytGQQwMIVRxcyumPaIIBRNbyYTgzr78l3hH1ZOqc31crp1P0yiiXbSHKshFp6iGLlEdeYiiB/SEXtCr9Wg9W2/W+6S1YE1nttEvWB/fgRyW+A==</latexit>

z(t, ⌦̂) =
pipj

2(1 + ⌦̂ · p̂)

h
hij(tp, ⌦̂)� hij(te, ⌦̂)

i

<latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit><latexit sha1_base64="fLpPdOCsI8GiVzsxNGSfM0Aij2w="></latexit>

pipj

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="kELtnKk4aArwkAFRU2OvhklfMSo=">AAACF3icbVA9SwNBEN2LXzF+RS1tFoMQEeJdELWwCNjYGcGYQC4Je5u9ZM3e3bI7J4TjfoaNf8XGQsVWO/+Nm49CEx8MPN6bYWaeJwXXYNvfVmZhcWl5JbuaW1vf2NzKb+/c6ShWlNVoJCLV8IhmgoesBhwEa0jFSOAJVvcGlyO//sCU5lF4C0PJWgHphdznlICROvlj11eEJrLNsWzfp0m56By5fQKJex2wHkmxS7sR4LEk08O0ky/YJXsMPE+cKSmgKaqd/JfbjWgcsBCoIFo3HVtCKyEKOBUszbmxZpLQAemxpqEhCZhuJePHUnxglC72I2UqBDxWf08kJNB6GHimMyDQ17PeSPzPa8bgn7cSHsoYWEgni/xYYIjwKCXc5YpREENDCFXc3Ippn5ikwGSZMyE4sy/Pk1q5dFqyb04KlYtpGlm0h/ZRETnoDFXQFaqiGqLoET2jV/RmPVkv1rv1MWnNWNOZXfQH1ucPsgCfvg==</latexit><latexit sha1_base64="kELtnKk4aArwkAFRU2OvhklfMSo=">AAACF3icbVA9SwNBEN2LXzF+RS1tFoMQEeJdELWwCNjYGcGYQC4Je5u9ZM3e3bI7J4TjfoaNf8XGQsVWO/+Nm49CEx8MPN6bYWaeJwXXYNvfVmZhcWl5JbuaW1vf2NzKb+/c6ShWlNVoJCLV8IhmgoesBhwEa0jFSOAJVvcGlyO//sCU5lF4C0PJWgHphdznlICROvlj11eEJrLNsWzfp0m56By5fQKJex2wHkmxS7sR4LEk08O0ky/YJXsMPE+cKSmgKaqd/JfbjWgcsBCoIFo3HVtCKyEKOBUszbmxZpLQAemxpqEhCZhuJePHUnxglC72I2UqBDxWf08kJNB6GHimMyDQ17PeSPzPa8bgn7cSHsoYWEgni/xYYIjwKCXc5YpREENDCFXc3Ippn5ikwGSZMyE4sy/Pk1q5dFqyb04KlYtpGlm0h/ZRETnoDFXQFaqiGqLoET2jV/RmPVkv1rv1MWnNWNOZXfQH1ucPsgCfvg==</latexit>
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GW redshift on the pulsar-Earth system
To see delicate interaction between pulsar term and geometric term, do series 
expansion in the frequency domain.

z̃A(f, ⌦̂) / fL pi pj ✏Aij h̃A
<latexit sha1_base64="u43PTiTKxE5ocAgrnYiRkhJJ/qM="></latexit><latexit sha1_base64="u43PTiTKxE5ocAgrnYiRkhJJ/qM="></latexit>

Let ⌦̂ · p̂ = �1 + �
<latexit sha1_base64="jhMUKQvA9RY09r3MhUY8xug7ACY=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoMQEMOuiIogCF68qWBUyIbQO9tJhsw+mOkVwpJf8OKvePGg4tWjN//GScxBjQUNRVU33V1BqqQh1/10ClPTM7NzxfnSwuLS8kp5de3aJJkWWBeJSvRtAAaVjLFOkhTephohChTeBL3ToX9zh9rIJL6iforNCDqxbEsBZKVWuep3gXL/PMIODLgvwoT4SEoH/JjveHyb+yEqgla54tbcEfgk8cakwsa4aJU//DARWYQxCQXGNDw3pWYOmqRQOCj5mcEURA862LA0hghNMx99NOBbVgl5O9G2YuIj9edEDpEx/SiwnRFQ1/z1huJ/XiOj9mEzl3GaEcbie1E7U5wSPoyHh1KjINW3BISW9lYuuqBBkA2xZEPw/r48Seq7tf2ae7lXOTkap1FkG2yTVZnHDtgJO2MXrM4Eu2eP7Jm9OA/Ok/PqvH23FpzxzDr7Bef9C693m8w=</latexit><latexit sha1_base64="jhMUKQvA9RY09r3MhUY8xug7ACY=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoMQEMOuiIogCF68qWBUyIbQO9tJhsw+mOkVwpJf8OKvePGg4tWjN//GScxBjQUNRVU33V1BqqQh1/10ClPTM7NzxfnSwuLS8kp5de3aJJkWWBeJSvRtAAaVjLFOkhTephohChTeBL3ToX9zh9rIJL6iforNCDqxbEsBZKVWuep3gXL/PMIODLgvwoT4SEoH/JjveHyb+yEqgla54tbcEfgk8cakwsa4aJU//DARWYQxCQXGNDw3pWYOmqRQOCj5mcEURA862LA0hghNMx99NOBbVgl5O9G2YuIj9edEDpEx/SiwnRFQ1/z1huJ/XiOj9mEzl3GaEcbie1E7U5wSPoyHh1KjINW3BISW9lYuuqBBkA2xZEPw/r48Seq7tf2ae7lXOTkap1FkG2yTVZnHDtgJO2MXrM4Eu2eP7Jm9OA/Ok/PqvH23FpzxzDr7Bef9C693m8w=</latexit>

� << 1
<latexit sha1_base64="1K1051Z4wvWMy0vePrz0/n5YoyY=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KomIivRQ8OKxgrGFNJTNZtMu3eyG3YlQQn+GFw8qXv033vw3btsctPXBwOO9GWbmRZngBlz321lZXVvf2KxsVbd3dvf2aweHj0blmjKfKqF0NyKGCS6ZDxwE62aakTQSrBONbqd+54lpw5V8gHHGwpQMJE84JWCloBczAQQ3m9jr1+puw50BLxOvJHVUot2vffViRfOUSaCCGBN4bgZhQTRwKtik2ssNywgdkQELLJUkZSYsZidP8KlVYpwobUsCnqm/JwqSGjNOI9uZEhiaRW8q/ucFOSTXYcFllgOTdL4oyQUGhaf/45hrRkGMLSFUc3srpkOiCQWbUtWG4C2+vEz888Zlw72/qLduyjQq6BidoDPkoSvUQneojXxEkULP6BW9OeC8OO/Ox7x1xSlnjtAfOJ8/ISGP/w==</latexit><latexit sha1_base64="1K1051Z4wvWMy0vePrz0/n5YoyY=">AAAB8XicbVBNS8NAEN34WetX1aOXxSJ4KomIivRQ8OKxgrGFNJTNZtMu3eyG3YlQQn+GFw8qXv033vw3btsctPXBwOO9GWbmRZngBlz321lZXVvf2KxsVbd3dvf2aweHj0blmjKfKqF0NyKGCS6ZDxwE62aakTQSrBONbqd+54lpw5V8gHHGwpQMJE84JWCloBczAQQ3m9jr1+puw50BLxOvJHVUot2vffViRfOUSaCCGBN4bgZhQTRwKtik2ssNywgdkQELLJUkZSYsZidP8KlVYpwobUsCnqm/JwqSGjNOI9uZEhiaRW8q/ucFOSTXYcFllgOTdL4oyQUGhaf/45hrRkGMLSFUc3srpkOiCQWbUtWG4C2+vEz888Zlw72/qLduyjQq6BidoDPkoSvUQneojXxEkULP6BW9OeC8OO/Ox7x1xSlnjtAfOJ8/ISGP/w==</latexit>

, :

p̂ip̂j

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="Lcy7oAOeYsUsIUR2IVC9mITLQeI=">AAACI3icbVDLSgMxFM3UV62vqks3wSJUhDItooIuCm7cWcHaQmcsmTTTxmYeJHeEMszHuPFX3LjQ4saF/2I6bUVbDwROzjmX5B4nFFyBaX4amYXFpeWV7GpubX1jcyu/vXOngkhSVqeBCGTTIYoJ7rM6cBCsGUpGPEewhtO/HPmNRyYVD/xbGITM9kjX5y6nBLTUzp9briQ0tnoE4jC553jKHpK4UiwfpVfr2mNdkmCLdgKYJg6Tdr5glswU+IeUZ0kBTVBr54dWJ6CRx3yggijVKpsh2DGRwKlgSc6KFAsJ7ZMua2nqE48pO06XTPCBVjrYDaQ+PuBU/T0RE0+pgefopEegp2a9kfif14rAPbNj7ocRMJ+OH3IjgSHAo8Zwh0tGQQw0IVRy/VdMe0S3BrrXnC5hbuV5Uq+UTkrmzXGhejFpI4v20D4qojI6RVV0hWqojih6Qi/oDb0bz8arMTQ+xtGMMZnZRX9gfH0DQDClWQ==</latexit><latexit sha1_base64="Lcy7oAOeYsUsIUR2IVC9mITLQeI=">AAACI3icbVDLSgMxFM3UV62vqks3wSJUhDItooIuCm7cWcHaQmcsmTTTxmYeJHeEMszHuPFX3LjQ4saF/2I6bUVbDwROzjmX5B4nFFyBaX4amYXFpeWV7GpubX1jcyu/vXOngkhSVqeBCGTTIYoJ7rM6cBCsGUpGPEewhtO/HPmNRyYVD/xbGITM9kjX5y6nBLTUzp9briQ0tnoE4jC553jKHpK4UiwfpVfr2mNdkmCLdgKYJg6Tdr5glswU+IeUZ0kBTVBr54dWJ6CRx3yggijVKpsh2DGRwKlgSc6KFAsJ7ZMua2nqE48pO06XTPCBVjrYDaQ+PuBU/T0RE0+pgefopEegp2a9kfif14rAPbNj7ocRMJ+OH3IjgSHAo8Zwh0tGQQw0IVRy/VdMe0S3BrrXnC5hbuV5Uq+UTkrmzXGhejFpI4v20D4qojI6RVV0hWqojih6Qi/oDb0bz8arMTQ+xtGMMZnZRX9gfH0DQDClWQ==</latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

z̃A(f, ⌦̂) = (e�2⇡ifL(1+⌦̂·p̂) � 1)
p̂ip̂j

2(1 + ⌦̂ · p̂)
✏Aij(⌦̂)h̃A

<latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit><latexit sha1_base64="8dIeLB10S5BlqiKRRjNLSLQC03I="></latexit>

p̂ip̂j

2(1 + ⌦̂ · p̂)
<latexit sha1_base64="iRqMox74N7O+TX1JjEXPs6lEE4o=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVocwUUUEXBTfurODYQqeWTJppYzMPkjtCGeZj3PgrblxocePCfzF9gbYeCJyccy7JPV4suALL+jIWFpeWV1Zza/n1jc2tbXNn915FiaTMoZGIZN0jigkeMgc4CFaPJSOBJ1jN610N/doTk4pH4R30Y9YMSCfkPqcEtNQyL1xfEpq6XQJpnD1wPGWPWVou2sejq3sTsA7JsEvbEUwTR1nLLFglawQ8T+wJKaAJqi1z4LYjmgQsBCqIUg3biqGZEgmcCpbl3USxmNAe6bCGpiEJmGqmoyUzfKiVNvYjqU8IeKT+nkhJoFQ/8HQyINBVs95Q/M9rJOCfN1MexgmwkI4f8hOBIcLDxnCbS0ZB9DUhVHL9V0y7RLcGute8LsGeXXmeOOXSacm6PSlULidt5NA+OkBFZKMzVEHXqIocRNEzekXv6MN4Md6MgfE5ji4Yk5k99AfG9w8+w6VY</latexit><latexit sha1_base64="iRqMox74N7O+TX1JjEXPs6lEE4o=">AAACI3icbVDLSgMxFM34rPU16tJNsAgVocwUUUEXBTfurODYQqeWTJppYzMPkjtCGeZj3PgrblxocePCfzF9gbYeCJyccy7JPV4suALL+jIWFpeWV1Zza/n1jc2tbXNn915FiaTMoZGIZN0jigkeMgc4CFaPJSOBJ1jN610N/doTk4pH4R30Y9YMSCfkPqcEtNQyL1xfEpq6XQJpnD1wPGWPWVou2sejq3sTsA7JsEvbEUwTR1nLLFglawQ8T+wJKaAJqi1z4LYjmgQsBCqIUg3biqGZEgmcCpbl3USxmNAe6bCGpiEJmGqmoyUzfKiVNvYjqU8IeKT+nkhJoFQ/8HQyINBVs95Q/M9rJOCfN1MexgmwkI4f8hOBIcLDxnCbS0ZB9DUhVHL9V0y7RLcGute8LsGeXXmeOOXSacm6PSlULidt5NA+OkBFZKMzVEHXqIocRNEzekXv6MN4Md6MgfE5ji4Yk5k99AfG9w8+w6VY</latexit>

e�2⇡ifL(1+⌦̂·p̂)
<latexit sha1_base64="sigUZWS1Kwn3fH6xS61IxMxOKag=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIFbHMFFEXLgpuXAhWsLbQqSWT3mlDMw+SO0IZ5ne48a+4caHiUlf+G6cPob4OBA7fuZckxwml0GiaH0ZmZnZufiG7mFtaXlldy69vXOsgUhxqPJCBajhMgxQ+1FCghEaogHmOhLrTPx3m9VtQWgT+FQ5CaHms6wtXcIYpauctuIn3y3YoqKAuPadFi+5Ru8cwti886LKE2rwT4BiFCd1N2vmCVTJHouYv8xUVyETVdv7N7gQ88sBHLpnWTcsMsRUzhYJLSHJ2pCFkvM+60EytzzzQrXj0tYTupKRD3UClx0c6otMbMfO0HnhOOukx7Omf2RD+lTUjdI9bsfDDCMHn44vcSFIM6LAn2hEKOMpBahhXIn0r5T2mGMe0zdx0Cf+bWrl0WDIvDwqVk0kbWbJFtkmRWOSIVMgZqZIa4eSOPJAn8mzcG4/Gi/E6Hs0Yk51N8k3G+yfJSJ50</latexit><latexit sha1_base64="sigUZWS1Kwn3fH6xS61IxMxOKag=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIFbHMFFEXLgpuXAhWsLbQqSWT3mlDMw+SO0IZ5ne48a+4caHiUlf+G6cPob4OBA7fuZckxwml0GiaH0ZmZnZufiG7mFtaXlldy69vXOsgUhxqPJCBajhMgxQ+1FCghEaogHmOhLrTPx3m9VtQWgT+FQ5CaHms6wtXcIYpauctuIn3y3YoqKAuPadFi+5Ru8cwti886LKE2rwT4BiFCd1N2vmCVTJHouYv8xUVyETVdv7N7gQ88sBHLpnWTcsMsRUzhYJLSHJ2pCFkvM+60EytzzzQrXj0tYTupKRD3UClx0c6otMbMfO0HnhOOukx7Omf2RD+lTUjdI9bsfDDCMHn44vcSFIM6LAn2hEKOMpBahhXIn0r5T2mGMe0zdx0Cf+bWrl0WDIvDwqVk0kbWbJFtkmRWOSIVMgZqZIa4eSOPJAn8mzcG4/Gi/E6Hs0Yk51N8k3G+yfJSJ50</latexit>

Does redshift diverge or remain finite as             ?� ! 0
<latexit sha1_base64="uio6PxWtkx4QCA1nocLmsceorZk=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCp5KIqAcPBS8eKxhbaELZbDbt0s0m7E6UGop/xYsHFa/+EG/+G7dtDtr6YODx3gwz88JMcA2O820tLC4tr6xW1qrrG5tb2/bO7p1Oc0WZR1ORqnZINBNcMg84CNbOFCNJKFgrHFyN/dY9U5qn8haGGQsS0pM85pSAkbr2vh8xAQT7ivf6QJRKH7DTtWtO3ZkAzxO3JDVUotm1v/wopXnCJFBBtO64TgZBQRRwKtio6ueaZYQOSI91DJUkYTooJteP8JFRIhynypQEPFF/TxQk0XqYhKYzIdDXs95Y/M/r5BBfBAWXWQ5M0umiOBcYUjyOAkdcMQpiaAihiptbMe0TRSiYwKomBHf25XnindTP6s7Naa1xWaZRQQfoEB0jF52jBrpGTeQhih7RM3pFb9aT9WK9Wx/T1gWrnNlDf2B9/gBrR5S4</latexit><latexit sha1_base64="uio6PxWtkx4QCA1nocLmsceorZk=">AAAB/HicbVBNS8NAEN34WetX/Lh5WSyCp5KIqAcPBS8eKxhbaELZbDbt0s0m7E6UGop/xYsHFa/+EG/+G7dtDtr6YODx3gwz88JMcA2O820tLC4tr6xW1qrrG5tb2/bO7p1Oc0WZR1ORqnZINBNcMg84CNbOFCNJKFgrHFyN/dY9U5qn8haGGQsS0pM85pSAkbr2vh8xAQT7ivf6QJRKH7DTtWtO3ZkAzxO3JDVUotm1v/wopXnCJFBBtO64TgZBQRRwKtio6ueaZYQOSI91DJUkYTooJteP8JFRIhynypQEPFF/TxQk0XqYhKYzIdDXs95Y/M/r5BBfBAWXWQ5M0umiOBcYUjyOAkdcMQpiaAihiptbMe0TRSiYwKomBHf25XnindTP6s7Naa1xWaZRQQfoEB0jF52jBrpGTeQhih7RM3pFb9aT9WK9Wx/T1gWrnNlDf2B9/gBrR5S4</latexit>

doesn’t vanish for non-
transverse polarizations!

When , redshift can increase monotonically 
(up to point some limiting frequency where 

Taylor series no longer valid)

⌦̂ · p̂ ⇡ �1
<latexit sha1_base64="sw/gwKGrBvJj4YKzbsMJUC8E7dc=">AAACDXicdVC7SgNBFJ2N7/iKWtoMhoCNYSOiFhaCjZ0RjAlkQ7g7mSRDZneGmbtiWPIFNv6KjYWKrb2df+PkIcTXgQtnzrmXO/eEWgqLvv/hZWZm5+YXFpeyyyura+u5jc1rqxLDeIUpqUwtBMuliHkFBUpe04ZDFEpeDXtnQ796w40VKr7CvuaNCDqxaAsG6KRmrhB0AdPgIuIdGNCAtRTSkaTdC7Q26pbulZq5fKnoj0D9X+TLypMJys3ce9BSLIl4jEyCtfWSr7GRgkHBJB9kg8RyDawHHV53NIaI20Y6OmdAC05p0bYyrmKkI3V6IoXI2n4Uus4IsGt/ekPxL6+eYPu4kYpYJ8hjNl7UTiRFRYfZ0JYwnKHsOwLMCPdXyrpggKFLMDsdwv+ksl88LPqXB/nTk0kai2Sb7JBdUiJH5JSckzKpEEbuyAN5Is/evffovXiv49aMN5nZIt/gvX0C/+KbmQ==</latexit><latexit sha1_base64="sw/gwKGrBvJj4YKzbsMJUC8E7dc=">AAACDXicdVC7SgNBFJ2N7/iKWtoMhoCNYSOiFhaCjZ0RjAlkQ7g7mSRDZneGmbtiWPIFNv6KjYWKrb2df+PkIcTXgQtnzrmXO/eEWgqLvv/hZWZm5+YXFpeyyyura+u5jc1rqxLDeIUpqUwtBMuliHkFBUpe04ZDFEpeDXtnQ796w40VKr7CvuaNCDqxaAsG6KRmrhB0AdPgIuIdGNCAtRTSkaTdC7Q26pbulZq5fKnoj0D9X+TLypMJys3ce9BSLIl4jEyCtfWSr7GRgkHBJB9kg8RyDawHHV53NIaI20Y6OmdAC05p0bYyrmKkI3V6IoXI2n4Uus4IsGt/ekPxL6+eYPu4kYpYJ8hjNl7UTiRFRYfZ0JYwnKHsOwLMCPdXyrpggKFLMDsdwv+ksl88LPqXB/nTk0kai2Sb7JBdUiJH5JSckzKpEEbuyAN5Is/evffovXiv49aMN5nZIt/gvX0C/+KbmQ==</latexit>
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What does this mean for PTA observations?

GW

p̂
<latexit sha1_base64="AEKY5TrESJsnTKLRAQfrbHQ8N3g=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnBM4HkCHubTbJkb2/ZnRPCkR9hY6Fi6/+x89+4Sa7Q6IOBx3szzMyLtRQWff/LK62srq1vlDcrW9s7u3vV/YMHm2aG8ZClMjXtmFouheIhCpS8rQ2nSSx5Kx7fzPzWIzdWpOoeJ5pHCR0qMRCMopNa3RHFXE971Zpf9+cgf0lQkBoUaPaqn91+yrKEK2SSWtsJfI1RTg0KJvm00s0s15SN6ZB3HFU04TbK5+dOyYlT+mSQGlcKyVz9OZHTxNpJErvOhOLILnsz8T+vk+HgKsqF0hlyxRaLBpkkmJLZ76QvDGcoJ45QZoS7lbARNZShS6jiQgiWX/5LwrP6Rd2/O681ros0ynAEx3AKAVxCA26hCSEwGMMTvMCrp71n7817X7SWvGLmEH7B+/gGDp2PkQ==</latexit><latexit sha1_base64="AEKY5TrESJsnTKLRAQfrbHQ8N3g=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnBM4HkCHubTbJkb2/ZnRPCkR9hY6Fi6/+x89+4Sa7Q6IOBx3szzMyLtRQWff/LK62srq1vlDcrW9s7u3vV/YMHm2aG8ZClMjXtmFouheIhCpS8rQ2nSSx5Kx7fzPzWIzdWpOoeJ5pHCR0qMRCMopNa3RHFXE971Zpf9+cgf0lQkBoUaPaqn91+yrKEK2SSWtsJfI1RTg0KJvm00s0s15SN6ZB3HFU04TbK5+dOyYlT+mSQGlcKyVz9OZHTxNpJErvOhOLILnsz8T+vk+HgKsqF0hlyxRaLBpkkmJLZ76QvDGcoJ45QZoS7lbARNZShS6jiQgiWX/5LwrP6Rd2/O681ros0ynAEx3AKAVxCA26hCSEwGMMTvMCrp71n7817X7SWvGLmEH7B+/gGDp2PkQ==</latexit>

Increasing redshift term for non-transverse GW polarizations suggests possible 
enhanced detector response to those polarizations

Let’s consider how this effect 
manifests with a PTA!

⌦̂<latexit sha1_base64="x0mU5NcL6aF4JD6RmMs/JeG2pzU=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBA8hY2Iegx68WYE1wSyIfROZpMhM7PLzKwQlvyGFw8qXv0ab/6Nk4cQXwUNRVU3XVSUCm6s7394C4tLyyurhbXi+sbm1nZpZ/fOJJmmLKCJSHQzQsMEVyyw3ArWTDVDGQnWiAaXY79xz7Thibq1w5S1JfYUjzlF66Qw7KPNw2vJejjqlMrVij8B8X+RL6sMM9Q7pfewm9BMMmWpQGNaVT+17Ry15VSwUTHMDEuRDrDHWo4qlMy080nmETl0SpfEiXajLJmo8xc5SmOGMnKbEm3f/PTG4l9eK7PxeTvnKs0sU3T6KM4EsQkZF0C6XDNqxdARpJq7rIT2USO1rqbifAn/k+C4clrxb07KtYtZGwXYhwM4giqcQQ2uoA4BUEjhAZ7g2cu8R+/Fe52uLnizmz34Bu/tE5/AkZk=</latexit><latexit sha1_base64="x0mU5NcL6aF4JD6RmMs/JeG2pzU=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBA8hY2Iegx68WYE1wSyIfROZpMhM7PLzKwQlvyGFw8qXv0ab/6Nk4cQXwUNRVU3XVSUCm6s7394C4tLyyurhbXi+sbm1nZpZ/fOJJmmLKCJSHQzQsMEVyyw3ArWTDVDGQnWiAaXY79xz7Thibq1w5S1JfYUjzlF66Qw7KPNw2vJejjqlMrVij8B8X+RL6sMM9Q7pfewm9BMMmWpQGNaVT+17Ry15VSwUTHMDEuRDrDHWo4qlMy080nmETl0SpfEiXajLJmo8xc5SmOGMnKbEm3f/PTG4l9eK7PxeTvnKs0sU3T6KM4EsQkZF0C6XDNqxdARpJq7rIT2USO1rqbifAn/k+C4clrxb07KtYtZGwXYhwM4giqcQQ2uoA4BUEjhAZ7g2cu8R+/Fe52uLnizmz34Bu/tE5/AkZk=</latexit>

29



February 17, 2015 California Institute of Technology

What does this mean for PTA observations?

For simplicity, assume equidistant pulsars, i.e. LI = LJ = L
<latexit sha1_base64="P/1HxMVZwkq7aWSz2qrn4UJNgBU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9KLSQwVjC20om+2mXbrZxN1NoYT+Di8eVLz6Z7z5b9ymOWjrgxke782ws8+POVPatr+twtLyyupacb20sbm1vVPe3XtUUSIJdUnEI9nysaKcCepqpjltxZLi0Oe06Q+vp35zRKVikXjQ45h6Ie4LFjCCtZG8evcWXaJ69y7r5YpdtTOgReLkpAI5Gt3yV6cXkSSkQhOOlWo7dqy9FEvNCKeTUidRNMZkiPu0bajAIVVemh09QUdG6aEgkqaERpn6eyPFoVLj0DeTIdYDNe9Nxf+8dqKDCy9lIk40FWT2UJBwpCM0TQD1mKRE87EhmEhmbkVkgCUm2uRUMiE4819eJO5J9axq359Wald5GkU4gEM4BgfOoQY30AAXCDzBM7zCmzWyXqx362M2WrDynX34A+vzBz2kj/s=</latexit><latexit sha1_base64="P/1HxMVZwkq7aWSz2qrn4UJNgBU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9KLSQwVjC20om+2mXbrZxN1NoYT+Di8eVLz6Z7z5b9ymOWjrgxke782ws8+POVPatr+twtLyyupacb20sbm1vVPe3XtUUSIJdUnEI9nysaKcCepqpjltxZLi0Oe06Q+vp35zRKVikXjQ45h6Ie4LFjCCtZG8evcWXaJ69y7r5YpdtTOgReLkpAI5Gt3yV6cXkSSkQhOOlWo7dqy9FEvNCKeTUidRNMZkiPu0bajAIVVemh09QUdG6aEgkqaERpn6eyPFoVLj0DeTIdYDNe9Nxf+8dqKDCy9lIk40FWT2UJBwpCM0TQD1mKRE87EhmEhmbkVkgCUm2uRUMiE4819eJO5J9axq359Wald5GkU4gEM4BgfOoQY30AAXCDzBM7zCmzWyXqx362M2WrDynX34A+vzBz2kj/s=</latexit>

GW ⌦̂<latexit sha1_base64="x0mU5NcL6aF4JD6RmMs/JeG2pzU=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBA8hY2Iegx68WYE1wSyIfROZpMhM7PLzKwQlvyGFw8qXv0ab/6Nk4cQXwUNRVU3XVSUCm6s7394C4tLyyurhbXi+sbm1nZpZ/fOJJmmLKCJSHQzQsMEVyyw3ArWTDVDGQnWiAaXY79xz7Thibq1w5S1JfYUjzlF66Qw7KPNw2vJejjqlMrVij8B8X+RL6sMM9Q7pfewm9BMMmWpQGNaVT+17Ry15VSwUTHMDEuRDrDHWo4qlMy080nmETl0SpfEiXajLJmo8xc5SmOGMnKbEm3f/PTG4l9eK7PxeTvnKs0sU3T6KM4EsQkZF0C6XDNqxdARpJq7rIT2USO1rqbifAn/k+C4clrxb07KtYtZGwXYhwM4giqcQQ2uoA4BUEjhAZ7g2cu8R+/Fe52uLnizmz34Bu/tE5/AkZk=</latexit><latexit sha1_base64="x0mU5NcL6aF4JD6RmMs/JeG2pzU=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBA8hY2Iegx68WYE1wSyIfROZpMhM7PLzKwQlvyGFw8qXv0ab/6Nk4cQXwUNRVU3XVSUCm6s7394C4tLyyurhbXi+sbm1nZpZ/fOJJmmLKCJSHQzQsMEVyyw3ArWTDVDGQnWiAaXY79xz7Thibq1w5S1JfYUjzlF66Qw7KPNw2vJejjqlMrVij8B8X+RL6sMM9Q7pfewm9BMMmWpQGNaVT+17Ry15VSwUTHMDEuRDrDHWo4qlMy080nmETl0SpfEiXajLJmo8xc5SmOGMnKbEm3f/PTG4l9eK7PxeTvnKs0sU3T6KM4EsQkZF0C6XDNqxdARpJq7rIT2USO1rqbifAn/k+C4clrxb07KtYtZGwXYhwM4giqcQQ2uoA4BUEjhAZ7g2cu8R+/Fe52uLnizmz34Bu/tE5/AkZk=</latexit>

L

L

Pulsar I

Pulsar J

⇣
<latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit><latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit>

Increasing redshift term for non-transverse GW polarizations suggests possible 
enhanced detector response to those polarizations when      is small ⇣

<latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit><latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit>
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Overlap reduction functions

Recall from earlier in talk: 

GW source 
spectrum

Hellings-Downs  
coefficient

⌦gw(f)
<latexit sha1_base64="PlX8POF5NfP/ESMpiN3NQo4T1aM=">AAAB+HicbVBNSwMxEJ31s9avVY9egkWol7IV0R4LXrxZwbWFdinZNLsNTbJLkq2Upf/EiwcVr/4Ub/4b0w9EWx8MPN6bYWZemHKmjed9OSura+sbm4Wt4vbO7t6+e3D4oJNMEeqThCeqFWJNOZPUN8xw2koVxSLktBkOrid+c0iVZom8N6OUBgLHkkWMYGOlruuizq2gMe7m8eO4HJ2hrlvyKt4U6IdUF0kJ5mh03c9OLyGZoNIQjrVuV73UBDlWhhFOx8VOpmmKyQDHtG2pxILqIJ9ePkanVumhKFG2pEFT9fdEjoXWIxHaToFNXy96E/E/r52ZqBbkTKaZoZLMFkUZRyZBkxhQjylKDB9Zgoli9lZE+lhhYmxYRRvC0svLxD+vXFa8u4tSvTZPowDHcAJlqMIV1OEGGuADgSE8wQu8Ornz7Lw577PWFWc+cwR/4Hx8A6LRkoM=</latexit><latexit sha1_base64="PlX8POF5NfP/ESMpiN3NQo4T1aM=">AAAB+HicbVBNSwMxEJ31s9avVY9egkWol7IV0R4LXrxZwbWFdinZNLsNTbJLkq2Upf/EiwcVr/4Ub/4b0w9EWx8MPN6bYWZemHKmjed9OSura+sbm4Wt4vbO7t6+e3D4oJNMEeqThCeqFWJNOZPUN8xw2koVxSLktBkOrid+c0iVZom8N6OUBgLHkkWMYGOlruuizq2gMe7m8eO4HJ2hrlvyKt4U6IdUF0kJ5mh03c9OLyGZoNIQjrVuV73UBDlWhhFOx8VOpmmKyQDHtG2pxILqIJ9ePkanVumhKFG2pEFT9fdEjoXWIxHaToFNXy96E/E/r52ZqBbkTKaZoZLMFkUZRyZBkxhQjylKDB9Zgoli9lZE+lhhYmxYRRvC0svLxD+vXFa8u4tSvTZPowDHcAJlqMIV1OEGGuADgSE8wQu8Ornz7Lw577PWFWc+cwR/4Hx8A6LRkoM=</latexit>

/<latexit sha1_base64="NyMrTjSYaMXgg6Cw/jYTUIzSsfg=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYRCswkVEUwZsLCN4JpAcYW+zlyzZ211254Rw5EfYWKjY+n/s/Ddukis08cHA470ZZubFWnCLQfDtra1vbG5tl3bKu3v7B4eVo+NHqzJDWUiVUKYTE8sElyxEjoJ1tGEkjQVrx+Pbmd9+YsZyJR9wolmUkqHkCacEndTuaaM0qn6lGtSCOfxVUi9IFQq0+pWv3kDRLGUSqSDWduuBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYdKIci51hkzSxaIkEz4qf/a7P+CGURQTRwg13N3q0xExhKJLqOxCqC+/vErCy9p1Lbi/qjYbRRolOIUzuIA63EAT7qAFIVAYwzO8wpunvRfv3ftYtK55xcwJ/IH3+QMKY4+G</latexit><latexit sha1_base64="NyMrTjSYaMXgg6Cw/jYTUIzSsfg=">AAAB7XicbVA9SwNBEJ3zM8avqKXNYRCswkVEUwZsLCN4JpAcYW+zlyzZ211254Rw5EfYWKjY+n/s/Ddukis08cHA470ZZubFWnCLQfDtra1vbG5tl3bKu3v7B4eVo+NHqzJDWUiVUKYTE8sElyxEjoJ1tGEkjQVrx+Pbmd9+YsZyJR9wolmUkqHkCacEndTuaaM0qn6lGtSCOfxVUi9IFQq0+pWv3kDRLGUSqSDWduuBxignBjkVbFruZZZpQsdkyLqOSpIyG+Xzc6f+uVMGfqKMK4n+XP09kZPU2kkau86U4MguezPxP6+bYdKIci51hkzSxaIkEz4qf/a7P+CGURQTRwg13N3q0xExhKJLqOxCqC+/vErCy9p1Lbi/qjYbRRolOIUzuIA63EAT7qAFIVAYwzO8wpunvRfv3ftYtK55xcwJ/IH3+QMKY4+G</latexit>�(f � f 0)
<latexit sha1_base64="Bnz8luStGg9t9ws9EHMHUJ73Gtg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBaxHiyJiPZY8OKxgrGFJpTNZtIu3XywOxFK6d/w4kHFq7/Gm//GbZuDVh8MPN6bYWZekEmh0ba/rNLK6tr6RnmzsrW9s7tX3T940GmuOLg8lanqBkyDFAm4KFBCN1PA4kBCJxjdzPzOIygt0uQexxn4MRskIhKcoZE8LwSJrB6dR6dn/WrNbthz0L/EKUiNFGj3q59emPI8hgS5ZFr3HDtDf8IUCi5hWvFyDRnjIzaAnqEJi0H7k/nNU3pilJBGqTKVIJ2rPycmLNZ6HAemM2Y41MveTPzP6+UYNf2JSLIcIeGLRVEuKaZ0FgANhQKOcmwI40qYWykfMsU4mpgqJgRn+eW/xL1oXDXsu8taq1mkUSZH5JjUiUOuSYvckjZxCScZeSIv5NXKrWfrzXpftJasYuaQ/IL18Q0XmZCP</latexit><latexit sha1_base64="Bnz8luStGg9t9ws9EHMHUJ73Gtg=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBaxHiyJiPZY8OKxgrGFJpTNZtIu3XywOxFK6d/w4kHFq7/Gm//GbZuDVh8MPN6bYWZekEmh0ba/rNLK6tr6RnmzsrW9s7tX3T940GmuOLg8lanqBkyDFAm4KFBCN1PA4kBCJxjdzPzOIygt0uQexxn4MRskIhKcoZE8LwSJrB6dR6dn/WrNbthz0L/EKUiNFGj3q59emPI8hgS5ZFr3HDtDf8IUCi5hWvFyDRnjIzaAnqEJi0H7k/nNU3pilJBGqTKVIJ2rPycmLNZ6HAemM2Y41MveTPzP6+UYNf2JSLIcIeGLRVEuKaZ0FgANhQKOcmwI40qYWykfMsU4mpgqJgRn+eW/xL1oXDXsu8taq1mkUSZH5JjUiUOuSYvckjZxCScZeSIv5NXKrWfrzXpftJasYuaQ/IL18Q0XmZCP</latexit>

Correlated 
residuals i

j

I

J

⇣
<latexit sha1_base64="p4CouIoN4SdwmzMcFmHY6Avmbpk=">AAAB63icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1IOHghePFYwttKFstpN26WYTdidCDf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0srq2vlHerGxt7+zuVfcPHkySaQ4+T2Si2yEzIIUCHwVKaKcaWBxKaIWjm6nfegRtRKLucZxCELOBEpHgDK3kd58AWa9ac+vuDHSZeAWpkQLNXvWr2094FoNCLpkxHc9NMciZRsElTCrdzEDK+IgNoGOpYjGYIJ8dO6EnVunTKNG2FNKZ+nsiZ7Ex4zi0nTHDoVn0puJ/XifD6CrIhUozBMXni6JMUkzo9HPaFxo4yrEljGthb6V8yDTjaPOp2BC8xZeXiX9Wv6i7d+e1xnWRRpkckWNySjxySRrkljSJTzgR5Jm8kjdHOS/Ou/Mxby05xcwh+QPn8wdSLI6G</latexit><latexit sha1_base64="p4CouIoN4SdwmzMcFmHY6Avmbpk=">AAAB63icbVBNS8NAEN3Ur1q/qh69LBbBU0lE1IOHghePFYwttKFstpN26WYTdidCDf0NXjyoePUPefPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0srq2vlHerGxt7+zuVfcPHkySaQ4+T2Si2yEzIIUCHwVKaKcaWBxKaIWjm6nfegRtRKLucZxCELOBEpHgDK3kd58AWa9ac+vuDHSZeAWpkQLNXvWr2094FoNCLpkxHc9NMciZRsElTCrdzEDK+IgNoGOpYjGYIJ8dO6EnVunTKNG2FNKZ+nsiZ7Ex4zi0nTHDoVn0puJ/XifD6CrIhUozBMXni6JMUkzo9HPaFxo4yrEljGthb6V8yDTjaPOp2BC8xZeXiX9Wv6i7d+e1xnWRRpkckWNySjxySRrkljSJTzgR5Jm8kjdHOS/Ou/Mxby05xcwh+QPn8wdSLI6G</latexit>

�IJ(⇣)
<latexit sha1_base64="N7gxbLZJyOUht6PTyZ55WH7ls/M=">AAAB+XicdVDLSgMxFM3UV62vVpdugkWomyFTbG13BTfqqoJjC51hyKSZNjTzIMkodeynuHGh4tY/ceffmD4EFT1w4XDOvdx7j59wJhVCH0ZuaXlldS2/XtjY3NreKZZ2r2WcCkJtEvNYdH0sKWcRtRVTnHYTQXHoc9rxR6dTv3NDhWRxdKXGCXVDPIhYwAhWWvKKJYcMmZedX0xgxbmjCh95xTIy0QwQmTVkNeuWJtUaajYQtBZWGSzQ9orvTj8maUgjRTiWsmehRLkZFooRTicFJ5U0wWSEB7SnaYRDKt1sdvoEHmqlD4NY6IoUnKnfJzIcSjkOfd0ZYjWUv72p+JfXS1XQcDMWJamiEZkvClIOVQynOcA+E5QoPtYEE8H0rZAMscBE6bQKOoSvT+H/xK6adRNdHpdbjUUaebAPDkAFWOAEtMAZaAMbEHALHsATeDbujUfjxXidt+aMxcwe+AHj7RPgHpNE</latexit><latexit sha1_base64="N7gxbLZJyOUht6PTyZ55WH7ls/M=">AAAB+XicdVDLSgMxFM3UV62vVpdugkWomyFTbG13BTfqqoJjC51hyKSZNjTzIMkodeynuHGh4tY/ceffmD4EFT1w4XDOvdx7j59wJhVCH0ZuaXlldS2/XtjY3NreKZZ2r2WcCkJtEvNYdH0sKWcRtRVTnHYTQXHoc9rxR6dTv3NDhWRxdKXGCXVDPIhYwAhWWvKKJYcMmZedX0xgxbmjCh95xTIy0QwQmTVkNeuWJtUaajYQtBZWGSzQ9orvTj8maUgjRTiWsmehRLkZFooRTicFJ5U0wWSEB7SnaYRDKt1sdvoEHmqlD4NY6IoUnKnfJzIcSjkOfd0ZYjWUv72p+JfXS1XQcDMWJamiEZkvClIOVQynOcA+E5QoPtYEE8H0rZAMscBE6bQKOoSvT+H/xK6adRNdHpdbjUUaebAPDkAFWOAEtMAZaAMbEHALHsATeDbujUfjxXidt+aMxcwe+AHj7RPgHpNE</latexit>

hr̃⇤I (f)r̃J(f 0)i
<latexit sha1_base64="bNxa3jogq8Hm/szbsLxZQhZRI28=">AAACGHicdVDLSgMxFM34rPU16tJNsIjVRZmKqAsXBTfqqoJjC51aMumdNjSTGZKMUIb+hht/xY0LFbfd+Tem0wr1dSBwcs653OT4MWdKO86HNTM7N7+wmFvKL6+srq3bG5u3KkokBZdGPJJ1nyjgTICrmeZQjyWQ0OdQ83vnI792D1KxSNzofgzNkHQECxgl2kgt2/E4ER0O2NOMtyGVg9bl3UEx2J8SrorBnrnLLNiyC+WSkwE7v8iXVUATVFv20GtHNAlBaMqJUo2yE+tmSqRmlMMg7yUKYkJ7pAMNQwUJQTXT7GcDvGuUNg4iaY7QOFOnJ1ISKtUPfZMMie6qn95I/MtrJDo4baZMxIkGQceLgoRjHeFRTbjNJFDN+4YQKpl5K6ZdIgnVpsz8dAn/E/ewdFxyro8KlbNJGzm0jXZQEZXRCaqgC1RFLqLoAT2hF/RqPVrP1pv1Po7OWJOZLfQN1vATa3KfeA==</latexit><latexit sha1_base64="bNxa3jogq8Hm/szbsLxZQhZRI28=">AAACGHicdVDLSgMxFM34rPU16tJNsIjVRZmKqAsXBTfqqoJjC51aMumdNjSTGZKMUIb+hht/xY0LFbfd+Tem0wr1dSBwcs653OT4MWdKO86HNTM7N7+wmFvKL6+srq3bG5u3KkokBZdGPJJ1nyjgTICrmeZQjyWQ0OdQ83vnI792D1KxSNzofgzNkHQECxgl2kgt2/E4ER0O2NOMtyGVg9bl3UEx2J8SrorBnrnLLNiyC+WSkwE7v8iXVUATVFv20GtHNAlBaMqJUo2yE+tmSqRmlMMg7yUKYkJ7pAMNQwUJQTXT7GcDvGuUNg4iaY7QOFOnJ1ISKtUPfZMMie6qn95I/MtrJDo4baZMxIkGQceLgoRjHeFRTbjNJFDN+4YQKpl5K6ZdIgnVpsz8dAn/E/ewdFxyro8KlbNJGzm0jXZQEZXRCaqgC1RFLqLoAT2hF/RqPVrP1pv1Po7OWJOZLfQN1vATa3KfeA==</latexit>

In general, the larger           is the more sensitive we are to the GW.�IJ
<latexit sha1_base64="1C0frYL3NO50UNDiDaax3fQSp5M=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1IOHggc/ThWMLaShbLabdunuJuxOhBL6M7x4UPHqv/Hmv3Hb5qCtDwYe780wMy9KBTfgut9OaWl5ZXWtvF7Z2Nza3qnu7j2aJNOU+TQRiW5HxDDBFfOBg2DtVDMiI8Fa0fBq4reemDY8UQ8wSlkoSV/xmFMCVgo610RK0s1v78bdas2tu1PgReIVpIYKNLvVr04voZlkCqggxgSem0KYEw2cCjaudDLDUkKHpM8CSxWRzIT59OQxPrJKD8eJtqUAT9XfEzmRxoxkZDslgYGZ9ybif16QQXwR5lylGTBFZ4viTGBI8OR/3OOaURAjSwjV3N6K6YBoQsGmVLEhePMvLxL/pH5Wd+9Pa43LIo0yOkCH6Bh56Bw10A1qIh9RlKBn9IreHHBenHfnY9ZacoqZffQHzucPbA2Q2w==</latexit><latexit sha1_base64="1C0frYL3NO50UNDiDaax3fQSp5M=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1IOHggc/ThWMLaShbLabdunuJuxOhBL6M7x4UPHqv/Hmv3Hb5qCtDwYe780wMy9KBTfgut9OaWl5ZXWtvF7Z2Nza3qnu7j2aJNOU+TQRiW5HxDDBFfOBg2DtVDMiI8Fa0fBq4reemDY8UQ8wSlkoSV/xmFMCVgo610RK0s1v78bdas2tu1PgReIVpIYKNLvVr04voZlkCqggxgSem0KYEw2cCjaudDLDUkKHpM8CSxWRzIT59OQxPrJKD8eJtqUAT9XfEzmRxoxkZDslgYGZ9ybif16QQXwR5lylGTBFZ4viTGBI8OR/3OOaURAjSwjV3N6K6YBoQsGmVLEhePMvLxL/pH5Wd+9Pa43LIo0yOkCH6Bh56Bw10A1qIh9RlKBn9IreHHBenHfnY9ZacoqZffQHzucPbA2Q2w==</latexit>

More generally, require overlap reduction function to characterize expected 
correlation:

General Relativity Metric Theories

�IJ(⇣)
<latexit sha1_base64="N7gxbLZJyOUht6PTyZ55WH7ls/M=">AAAB+XicdVDLSgMxFM3UV62vVpdugkWomyFTbG13BTfqqoJjC51hyKSZNjTzIMkodeynuHGh4tY/ceffmD4EFT1w4XDOvdx7j59wJhVCH0ZuaXlldS2/XtjY3NreKZZ2r2WcCkJtEvNYdH0sKWcRtRVTnHYTQXHoc9rxR6dTv3NDhWRxdKXGCXVDPIhYwAhWWvKKJYcMmZedX0xgxbmjCh95xTIy0QwQmTVkNeuWJtUaajYQtBZWGSzQ9orvTj8maUgjRTiWsmehRLkZFooRTicFJ5U0wWSEB7SnaYRDKt1sdvoEHmqlD4NY6IoUnKnfJzIcSjkOfd0ZYjWUv72p+JfXS1XQcDMWJamiEZkvClIOVQynOcA+E5QoPtYEE8H0rZAMscBE6bQKOoSvT+H/xK6adRNdHpdbjUUaebAPDkAFWOAEtMAZaAMbEHALHsATeDbujUfjxXidt+aMxcwe+AHj7RPgHpNE</latexit><latexit sha1_base64="N7gxbLZJyOUht6PTyZ55WH7ls/M=">AAAB+XicdVDLSgMxFM3UV62vVpdugkWomyFTbG13BTfqqoJjC51hyKSZNjTzIMkodeynuHGh4tY/ceffmD4EFT1w4XDOvdx7j59wJhVCH0ZuaXlldS2/XtjY3NreKZZ2r2WcCkJtEvNYdH0sKWcRtRVTnHYTQXHoc9rxR6dTv3NDhWRxdKXGCXVDPIhYwAhWWvKKJYcMmZedX0xgxbmjCh95xTIy0QwQmTVkNeuWJtUaajYQtBZWGSzQ9orvTj8maUgjRTiWsmehRLkZFooRTicFJ5U0wWSEB7SnaYRDKt1sdvoEHmqlD4NY6IoUnKnfJzIcSjkOfd0ZYjWUv72p+JfXS1XQcDMWJamiEZkvClIOVQynOcA+E5QoPtYEE8H0rZAMscBE6bQKOoSvT+H/xK6adRNdHpdbjUUaebAPDkAFWOAEtMAZaAMbEHALHsATeDbujUfjxXidt+aMxcwe+AHj7RPgHpNE</latexit>

�IJ(f, ⇣) = F (f)�IJ(⇣)
<latexit sha1_base64="0KhC32M738PlabaDBTgEuix76sU="></latexit><latexit sha1_base64="0KhC32M738PlabaDBTgEuix76sU="></latexit>
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smallest frequencies sensitive to 

f ⇠ 0.1yr�1
<latexit sha1_base64="6pkQNl/bzM1Y3F8g+fEGoRSJYEQ=">AAAB/3icbVA9T8MwEHX4LOUrwMDAYlEhsRAlCAEDQyUWxiIRWqkJleM6rVXbiWwHKYqy8FdYGACx8jfY+De4bQZoedJJT+/d6e5elDKqtOt+WwuLS8srq7W1+vrG5ta2vbN7r5JMYuLjhCWyEyFFGBXE11Qz0kklQTxipB2Nrsd++5FIRRNxp/OUhBwNBI0pRtpIPXs/hoGiHLqOBwPJi1yWD8WJV/bshuu4E8B54lWkASq0evZX0E9wxonQmCGlup6b6rBAUlPMSFkPMkVShEdoQLqGCsSJCovJAyU8Mkofxok0JTScqL8nCsSVynlkOjnSQzXrjcX/vG6m48uwoCLNNBF4uijOGNQJHKcB+1QSrFluCMKSmlshHiKJsDaZ1U0I3uzL88Q/dc4d9/as0byq0qiBA3AIjoEHLkAT3IAW8AEGJXgGr+DNerJerHfrY9q6YFUze+APrM8fXUCVJw==</latexit><latexit sha1_base64="6pkQNl/bzM1Y3F8g+fEGoRSJYEQ=">AAAB/3icbVA9T8MwEHX4LOUrwMDAYlEhsRAlCAEDQyUWxiIRWqkJleM6rVXbiWwHKYqy8FdYGACx8jfY+De4bQZoedJJT+/d6e5elDKqtOt+WwuLS8srq7W1+vrG5ta2vbN7r5JMYuLjhCWyEyFFGBXE11Qz0kklQTxipB2Nrsd++5FIRRNxp/OUhBwNBI0pRtpIPXs/hoGiHLqOBwPJi1yWD8WJV/bshuu4E8B54lWkASq0evZX0E9wxonQmCGlup6b6rBAUlPMSFkPMkVShEdoQLqGCsSJCovJAyU8Mkofxok0JTScqL8nCsSVynlkOjnSQzXrjcX/vG6m48uwoCLNNBF4uijOGNQJHKcB+1QSrFluCMKSmlshHiKJsDaZ1U0I3uzL88Q/dc4d9/as0byq0qiBA3AIjoEHLkAT3IAW8AEGJXgGr+DNerJerHfrY9q6YFUze+APrM8fXUCVJw==</latexit>

L ⇠ 100 ly
<latexit sha1_base64="cls79E4YLK6NHpArcFk2h9b5QW8=">AAAB/XicbVBNSwMxEM36WevXqnjyEiyCBylZEfXgoeDFg4cKri10l5JNs21okl2SrLAsBf+KFw8qXv0f3vw3pu0etPXBwOO9GWbmRSln2iD07SwsLi2vrFbWqusbm1vb7s7ug04yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vB77rUeqNEvkvclTGgrclyxmBBsrdd39WxhoJqCHEAxOYKBEwfNR162hOpoAzhOvJDVQotl1v4JeQjJBpSEca93xUGrCAivDCKejapBpmmIyxH3asVRiQXVYTM4fwSOr9GCcKFvSwIn6e6LAQutcRLZTYDPQs95Y/M/rZCa+DAsm08xQSaaL4oxDk8BxFrDHFCWG55Zgopi9FZIBVpgYm1jVhuDNvjxP/NP6eR3dndUaV2UaFXAADsEx8MAFaIAb0AQ+IKAAz+AVvDlPzovz7nxMWxeccmYP/IHz+QM6y5Pp</latexit><latexit sha1_base64="cls79E4YLK6NHpArcFk2h9b5QW8=">AAAB/XicbVBNSwMxEM36WevXqnjyEiyCBylZEfXgoeDFg4cKri10l5JNs21okl2SrLAsBf+KFw8qXv0f3vw3pu0etPXBwOO9GWbmRSln2iD07SwsLi2vrFbWqusbm1vb7s7ug04yRahPEp6odoQ15UxS3zDDaTtVFIuI01Y0vB77rUeqNEvkvclTGgrclyxmBBsrdd39WxhoJqCHEAxOYKBEwfNR162hOpoAzhOvJDVQotl1v4JeQjJBpSEca93xUGrCAivDCKejapBpmmIyxH3asVRiQXVYTM4fwSOr9GCcKFvSwIn6e6LAQutcRLZTYDPQs95Y/M/rZCa+DAsm08xQSaaL4oxDk8BxFrDHFCWG55Zgopi9FZIBVpgYm1jVhuDNvjxP/NP6eR3dndUaV2UaFXAADsEx8MAFaIAb0AQ+IKAAz+AVvDlPzovz7nxMWxeccmYP/IHz+QM6y5Pp</latexit>

nearest pulsar distances

) fL & 10
<latexit sha1_base64="BPqV4MBzy0X6WMRBKjLq4ICnOr0=">AAACAXicbVBNS8NAFNz4WetX1JN4WSyCp5KIqAcPBS8ePFQxttCEstlu2qWbbNh9UUooXvwrXjyoePVfePPfuG1z0NaBhWFmHm/fhKngGhzn25qbX1hcWi6tlFfX1jc27a3tOy0zRZlHpZCqGRLNBE+YBxwEa6aKkTgUrBH2L0Z+454pzWVyC4OUBTHpJjzilICR2vauf8O7PSBKyQccXWG/CyYcY9dp2xWn6oyBZ4lbkAoqUG/bX35H0ixmCVBBtG65TgpBThRwKtiw7GeapYT2SZe1DE1IzHSQj08Y4gOjdHAklXkJ4LH6eyInsdaDODTJmEBPT3sj8T+vlUF0FuQ8STNgCZ0sijKBQeJRH7jDFaMgBoYQqrj5K6Y9oggF01rZlOBOnzxLvKPqSdW5Pq7Uzos2SmgP7aND5KJTVEOXqI48RNEjekav6M16sl6sd+tjEp2zipkd9AfW5w94oZZZ</latexit><latexit sha1_base64="BPqV4MBzy0X6WMRBKjLq4ICnOr0=">AAACAXicbVBNS8NAFNz4WetX1JN4WSyCp5KIqAcPBS8ePFQxttCEstlu2qWbbNh9UUooXvwrXjyoePVfePPfuG1z0NaBhWFmHm/fhKngGhzn25qbX1hcWi6tlFfX1jc27a3tOy0zRZlHpZCqGRLNBE+YBxwEa6aKkTgUrBH2L0Z+454pzWVyC4OUBTHpJjzilICR2vauf8O7PSBKyQccXWG/CyYcY9dp2xWn6oyBZ4lbkAoqUG/bX35H0ixmCVBBtG65TgpBThRwKtiw7GeapYT2SZe1DE1IzHSQj08Y4gOjdHAklXkJ4LH6eyInsdaDODTJmEBPT3sj8T+vlUF0FuQ8STNgCZ0sijKBQeJRH7jDFaMgBoYQqrj5K6Y9oggF01rZlOBOnzxLvKPqSdW5Pq7Uzos2SmgP7aND5KJTVEOXqI48RNEjekav6M16sl6sd+tjEp2zipkd9AfW5w94oZZZ</latexit>

for PTA experiments, )
<latexit sha1_base64="RRyrPbtK5hOicgWWZXJVIS2PIvw=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1IOHghePFYwttqFstpN26WYTdidCCf0XXjyoePXnePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0srq2vlHerGxt7+zuVfcPHkySaQ4+T2Si2yEzIIUCHwVKaKcaWBxKaIWjm6nfegJtRKLucZxCELOBEpHgDK302MUhaIgSDb1qza27M9Bl4hWkRgo0e9Wvbj/hWQwKuWTGdDw3xSBnGgWXMKl0MwMp4yM2gI6lisVggnx28YSeWKVP7V5bCulM/T2Rs9iYcRzazpjh0Cx6U/E/r5NhdBXkQqUZguLzRVEmKSZ0+j7tCw0c5dgSxrWwt1I+ZJpxtCFVbAje4svLxD+rX9Tdu/Na47pIo0yOyDE5JR65JA1yS5rEJ5wo8kxeyZtjnBfn3fmYt5acYuaQ/IHz+QM3iZDI</latexit><latexit sha1_base64="RRyrPbtK5hOicgWWZXJVIS2PIvw=">AAAB8HicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1IOHghePFYwttqFstpN26WYTdidCCf0XXjyoePXnePPfuG1z0NYHA4/3ZpiZF6ZSGHTdb6e0srq2vlHerGxt7+zuVfcPHkySaQ4+T2Si2yEzIIUCHwVKaKcaWBxKaIWjm6nfegJtRKLucZxCELOBEpHgDK302MUhaIgSDb1qza27M9Bl4hWkRgo0e9Wvbj/hWQwKuWTGdDw3xSBnGgWXMKl0MwMp4yM2gI6lisVggnx28YSeWKVP7V5bCulM/T2Rs9iYcRzazpjh0Cx6U/E/r5NhdBXkQqUZguLzRVEmKSZ0+j7tCw0c5dgSxrWwt1I+ZJpxtCFVbAje4svLxD+rX9Tdu/Na47pIo0yOyDE5JR65JA1yS5rEJ5wo8kxeyZtjnBfn3fmYt5acYuaQ/IHz+QM3iZDI</latexit>

For PTA experiments,

Overlap reduction functions

GW ⌦̂<latexit sha1_base64="x0mU5NcL6aF4JD6RmMs/JeG2pzU=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBA8hY2Iegx68WYE1wSyIfROZpMhM7PLzKwQlvyGFw8qXv0ab/6Nk4cQXwUNRVU3XVSUCm6s7394C4tLyyurhbXi+sbm1nZpZ/fOJJmmLKCJSHQzQsMEVyyw3ArWTDVDGQnWiAaXY79xz7Thibq1w5S1JfYUjzlF66Qw7KPNw2vJejjqlMrVij8B8X+RL6sMM9Q7pfewm9BMMmWpQGNaVT+17Ry15VSwUTHMDEuRDrDHWo4qlMy080nmETl0SpfEiXajLJmo8xc5SmOGMnKbEm3f/PTG4l9eK7PxeTvnKs0sU3T6KM4EsQkZF0C6XDNqxdARpJq7rIT2USO1rqbifAn/k+C4clrxb07KtYtZGwXYhwM4giqcQQ2uoA4BUEjhAZ7g2cu8R+/Fe52uLnizmz34Bu/tE5/AkZk=</latexit><latexit sha1_base64="x0mU5NcL6aF4JD6RmMs/JeG2pzU=">AAAB8nicdVDLSgNBEOz1GeMr6tHLYBA8hY2Iegx68WYE1wSyIfROZpMhM7PLzKwQlvyGFw8qXv0ab/6Nk4cQXwUNRVU3XVSUCm6s7394C4tLyyurhbXi+sbm1nZpZ/fOJJmmLKCJSHQzQsMEVyyw3ArWTDVDGQnWiAaXY79xz7Thibq1w5S1JfYUjzlF66Qw7KPNw2vJejjqlMrVij8B8X+RL6sMM9Q7pfewm9BMMmWpQGNaVT+17Ry15VSwUTHMDEuRDrDHWo4qlMy080nmETl0SpfEiXajLJmo8xc5SmOGMnKbEm3f/PTG4l9eK7PxeTvnKs0sU3T6KM4EsQkZF0C6XDNqxdARpJq7rIT2USO1rqbifAn/k+C4clrxb07KtYtZGwXYhwM4giqcQQ2uoA4BUEjhAZ7g2cu8R+/Fe52uLnizmz34Bu/tE5/AkZk=</latexit>

L

L

Pulsar I

Pulsar J

⇣
<latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit><latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit>

Can plot overlap reduction 
functions to see what effects present 

when      small in this fL regime⇣
<latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit><latexit sha1_base64="l9D5s5XcpJGbnePJ54rhdUP9nR0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKxhbaUDbbTbt0swm7E6GG/gYvHlS8+oe8+W/ctjlo64OBx3szzMwLUykMuu63U1pZXVvfKG9WtrZ3dveq+wcPJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0M/Vbj1wbkah7HKc8iOlAiUgwilbyu08caa9ac+vuDGSZeAWpQYFmr/rV7Scsi7lCJqkxHc9NMcipRsEkn1S6meEpZSM64B1LFY25CfLZsRNyYpU+iRJtSyGZqb8nchobM45D2xlTHJpFbyr+53UyjK6CXKg0Q67YfFGUSYIJmX5O+kJzhnJsCWVa2FsJG1JNGdp8KjYEb/HlZeKf1S/q7t15rXFdpFGGIziGU/DgEhpwC03wgYGAZ3iFN0c5L8678zFvLTnFzCH8gfP5A1P6jow=</latexit>
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Overlap reduction functions for general relativity

fL ! 10
Pulsar timing experiments
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with frequency term

without frequency term

Anholm et al. (2009)

X�IJ(fL, ⇣) = F (fL)�IJ(⇣)
<latexit sha1_base64="A6O8VKWn1fUWcGSpd7bN17q1dpc=">AAACF3icbVDLSgMxFM34rPU16tJNsAgtSJ2KqAuFguALFxWsLXRKuZNm2tBkZkgyQh36GW78FTcuVNzqzr8xfSy09cCFk3PuJfceL+JMacf5tqamZ2bn5lML6cWl5ZVVe239ToWxJLRMQh7KqgeKchbQsmaa02okKQiP04rXOe37lXsqFQuDW92NaF1AK2A+I6CN1LB33XMQAhrJ5VUv61/vYPeBasjhE3xmnjnskjYbmkOjYWecvDMAniSFEcmgEUoN+8tthiQWNNCEg1K1ghPpegJSM8JpL+3GikZAOtCiNUMDEFTVk8FhPbxtlCb2Q2kq0Hig/p5IQCjVFZ7pFKDbatzri/95tVj7R/WEBVGsaUCGH/kxxzrE/ZRwk0lKNO8aAkQysysmbZBAtMkybUIojJ88Scp7+YO8c7OfKR6P0kihTbSFsqiADlERXaASKiOCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr8AT6tnZQ=</latexit><latexit sha1_base64="A6O8VKWn1fUWcGSpd7bN17q1dpc=">AAACF3icbVDLSgMxFM34rPU16tJNsAgtSJ2KqAuFguALFxWsLXRKuZNm2tBkZkgyQh36GW78FTcuVNzqzr8xfSy09cCFk3PuJfceL+JMacf5tqamZ2bn5lML6cWl5ZVVe239ToWxJLRMQh7KqgeKchbQsmaa02okKQiP04rXOe37lXsqFQuDW92NaF1AK2A+I6CN1LB33XMQAhrJ5VUv61/vYPeBasjhE3xmnjnskjYbmkOjYWecvDMAniSFEcmgEUoN+8tthiQWNNCEg1K1ghPpegJSM8JpL+3GikZAOtCiNUMDEFTVk8FhPbxtlCb2Q2kq0Hig/p5IQCjVFZ7pFKDbatzri/95tVj7R/WEBVGsaUCGH/kxxzrE/ZRwk0lKNO8aAkQysysmbZBAtMkybUIojJ88Scp7+YO8c7OfKR6P0kihTbSFsqiADlERXaASKiOCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr8AT6tnZQ=</latexit>

can toss this out

33



February 17, 2015 California Institute of Technology

Overlap reduction functions for other GW polarizations
LI = LJ = L
<latexit sha1_base64="PH5TJStg63ChmodehtaOBvMDUfM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INCwYtKDxWMLbShbLabdulmE3c3hRL6O7x4UPHqn/Hmv3Gb5qCtD2Z4vDfDzj4/5kxp2/62CkvLK6trxfXSxubW9k55d+9RRYkk1CURj2TLx4pyJqirmea0FUuKQ5/Tpj+8nvrNEZWKReJBj2PqhbgvWMAI1kby6t1bdIXq3buslyt21c6AFomTkwrkaHTLX51eRJKQCk04Vqrt2LH2Uiw1I5xOSp1E0RiTIe7TtqECh1R5aXb0BB0ZpYeCSJoSGmXq740Uh0qNQ99MhlgP1Lw3Ff/z2okOLryUiTjRVJDZQ0HCkY7QNAHUY5ISzceGYCKZuRWRAZaYaJNTyYTgzH95kbgn1bOqfX9aqV3maRThAA7hGBw4hxrcQANcIPAEz/AKb9bIerHerY/ZaMHKd/bhD6zPHzvWj/U=</latexit><latexit sha1_base64="PH5TJStg63ChmodehtaOBvMDUfM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INCwYtKDxWMLbShbLabdulmE3c3hRL6O7x4UPHqn/Hmv3Gb5qCtD2Z4vDfDzj4/5kxp2/62CkvLK6trxfXSxubW9k55d+9RRYkk1CURj2TLx4pyJqirmea0FUuKQ5/Tpj+8nvrNEZWKReJBj2PqhbgvWMAI1kby6t1bdIXq3buslyt21c6AFomTkwrkaHTLX51eRJKQCk04Vqrt2LH2Uiw1I5xOSp1E0RiTIe7TtqECh1R5aXb0BB0ZpYeCSJoSGmXq740Uh0qNQ99MhlgP1Lw3Ff/z2okOLryUiTjRVJDZQ0HCkY7QNAHUY5ISzceGYCKZuRWRAZaYaJNTyYTgzH95kbgn1bOqfX9aqV3maRThAA7hGBw4hxrcQANcIPAEz/AKb9bIerHerY/ZaMHKd/bhD6zPHzvWj/U=</latexit>

If , can write 

with frequency term

without frequency term

X

fL > 10
Pulsar timing experiments
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Chamberlin & Siemens (2012)

�IJ(fL, ⇣) = F (fL)�IJ(⇣)
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Overlap reduction functions for other GW polarizations
LI = LJ = L
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need this term for pulsars with small angular separation

Chamberlin & Siemens (2012)

order of magnitude 
gained in sensitivity

�IJ(fL, ⇣) = F (fL)�IJ(⇣)
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most interesting case is for 
coaligned pulsars

Overlap reduction functions for other GW polarizations
LI = LJ = L
<latexit sha1_base64="PH5TJStg63ChmodehtaOBvMDUfM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INCwYtKDxWMLbShbLabdulmE3c3hRL6O7x4UPHqn/Hmv3Gb5qCtD2Z4vDfDzj4/5kxp2/62CkvLK6trxfXSxubW9k55d+9RRYkk1CURj2TLx4pyJqirmea0FUuKQ5/Tpj+8nvrNEZWKReJBj2PqhbgvWMAI1kby6t1bdIXq3buslyt21c6AFomTkwrkaHTLX51eRJKQCk04Vqrt2LH2Uiw1I5xOSp1E0RiTIe7TtqECh1R5aXb0BB0ZpYeCSJoSGmXq740Uh0qNQ99MhlgP1Lw3Ff/z2okOLryUiTjRVJDZQ0HCkY7QNAHUY5ISzceGYCKZuRWRAZaYaJNTyYTgzH95kbgn1bOqfX9aqV3maRThAA7hGBw4hxrcQANcIPAEz/AKb9bIerHerY/ZaMHKd/bhD6zPHzvWj/U=</latexit><latexit sha1_base64="PH5TJStg63ChmodehtaOBvMDUfM=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1INCwYtKDxWMLbShbLabdulmE3c3hRL6O7x4UPHqn/Hmv3Gb5qCtD2Z4vDfDzj4/5kxp2/62CkvLK6trxfXSxubW9k55d+9RRYkk1CURj2TLx4pyJqirmea0FUuKQ5/Tpj+8nvrNEZWKReJBj2PqhbgvWMAI1kby6t1bdIXq3buslyt21c6AFomTkwrkaHTLX51eRJKQCk04Vqrt2LH2Uiw1I5xOSp1E0RiTIe7TtqECh1R5aXb0BB0ZpYeCSJoSGmXq740Uh0qNQ99MhlgP1Lw3Ff/z2okOLryUiTjRVJDZQ0HCkY7QNAHUY5ISzceGYCKZuRWRAZaYaJNTyYTgzH95kbgn1bOqfX9aqV3maRThAA7hGBw4hxrcQANcIPAEz/AKb9bIerHerY/ZaMHKd/bhD6zPHzvWj/U=</latexit>

If , can write 
cannot remove frequency dependence

�IJ(fL, ⇣) = F (fL)�IJ(⇣)
<latexit sha1_base64="A6O8VKWn1fUWcGSpd7bN17q1dpc=">AAACF3icbVDLSgMxFM34rPU16tJNsAgtSJ2KqAuFguALFxWsLXRKuZNm2tBkZkgyQh36GW78FTcuVNzqzr8xfSy09cCFk3PuJfceL+JMacf5tqamZ2bn5lML6cWl5ZVVe239ToWxJLRMQh7KqgeKchbQsmaa02okKQiP04rXOe37lXsqFQuDW92NaF1AK2A+I6CN1LB33XMQAhrJ5VUv61/vYPeBasjhE3xmnjnskjYbmkOjYWecvDMAniSFEcmgEUoN+8tthiQWNNCEg1K1ghPpegJSM8JpL+3GikZAOtCiNUMDEFTVk8FhPbxtlCb2Q2kq0Hig/p5IQCjVFZ7pFKDbatzri/95tVj7R/WEBVGsaUCGH/kxxzrE/ZRwk0lKNO8aAkQysysmbZBAtMkybUIojJ88Scp7+YO8c7OfKR6P0kihTbSFsqiADlERXaASKiOCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr8AT6tnZQ=</latexit><latexit sha1_base64="A6O8VKWn1fUWcGSpd7bN17q1dpc=">AAACF3icbVDLSgMxFM34rPU16tJNsAgtSJ2KqAuFguALFxWsLXRKuZNm2tBkZkgyQh36GW78FTcuVNzqzr8xfSy09cCFk3PuJfceL+JMacf5tqamZ2bn5lML6cWl5ZVVe239ToWxJLRMQh7KqgeKchbQsmaa02okKQiP04rXOe37lXsqFQuDW92NaF1AK2A+I6CN1LB33XMQAhrJ5VUv61/vYPeBasjhE3xmnjnskjYbmkOjYWecvDMAniSFEcmgEUoN+8tthiQWNNCEg1K1ghPpegJSM8JpL+3GikZAOtCiNUMDEFTVk8FhPbxtlCb2Q2kq0Hig/p5IQCjVFZ7pFKDbatzri/95tVj7R/WEBVGsaUCGH/kxxzrE/ZRwk0lKNO8aAkQysysmbZBAtMkybUIojJ88Scp7+YO8c7OfKR6P0kihTbSFsqiADlERXaASKiOCHtEzekVv1pP1Yr1bH8PWKWs0s4H+wPr8AT6tnZQ=</latexit>

a couple of orders of 
magnitude gained in 

sensitivity
Chamberlin & Siemens (2012)
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Implications and future work
Frequency-dependence in the overlap reduction functions for non-transverse 
GW polarizations comes with an increase in sensitivity:

for pulsars with small angular separations on the sky, PTAs will 
experience an enhanced response to non-transverse GWs  

(especially to scalar-longitudinal GWs)

Effect can be observed by plotting overlap reduction functions for current 
NANOGrav pulsars

Result in good agreement with other similar analyses in the literature:

Lee et al. (2008) -- computed cross-
correlation functions and observed 
frequency dependence in non-
transverse modes

Alves & Tinto (2011) -- computed 
antenna sensitivities for PTA, argue 
more sensitive to non-transverse 
modes

Future work will determine how feasible it will be to extract polarization 
content from stochastic GW observations
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Summary

There are many applications of this statistic, but it’s better used for quick estimates; 
full Bayesian analysis still preferable.

We have developed an optimal cross correlation that takes into account the GW 
spectrum and noise power spectra. 

For details, see Chamberlin et al. (2014), accepted to Physical Review D

Thank you!

PTAs are potentially much more sensitive to scalar longitudinal and transverse GW 
polarization modes than to those of GR. 

Optimal Detection Statistic in Stochastic GWB Searches

Tests of General Relativity with PTA Detection 

Details in Chamberlin & Siemens (2012), Physical Review D 85 (082001)

Future plans: disentangling GW polarizations from observed GWB
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Application to NANOGrav pulsars

Used pulsar distance data for 20 NANOGrav pulsars to calculate overlap reduction 
functions:
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J1903!0327, J1918"0642, 10.8212 °

J1853!1303, J1857!0943, 3.35341 °
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Application to NANOGrav pulsars

Used pulsar distance data for 20 NANOGrav pulsars to calculate overlap reduction 
functions:
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