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stochastic GW background coalescence timescale can be Myrs
L L signal is present in entire data stream
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Dedispersion Folding
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Pulsar-timing Data Model

random Gaussian processes

B “
t TOA — t det T t stoch

A — 7det(FO) <€ Timing residuals

Deterministic Stochastic

timing ephemeris per-pulsar achromatic red noise
per-pulsar white noise
transient noise features per-pulsar chromatic red noise

single resolvable GW signals interpulsar-correlated achromatic processes | <= (G\\/B




Sources of noise
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Sources of noise
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Pulsar-timing Data Model

5t — 5ttm + 5tWhit€ + 5tred
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J o Intrinsic low-frequency processes
e Deviations around best-fit of timing » Rotational instabilities lead to random
ephemeris walk in phase, period, period-derivative
» Radio-frequency dependent dispersion-
e White noise ¢+—F 4—mm—r= measure variations
« TOA measurement uncertainties
« Extra unaccounted white-noise from o Spatially-correlated low-frequency
receivers processes
» Pulse phase “jitter” » Stochastic variations in time standards

» Solar-system ephemeris errors
» Gravitational-wave background
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Timing Ephemeris
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Timing Ephemeris

Temporal behavior of
timing ephemeris basis
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White Noise (1/2)

- Flat power-spectral density across all sampling frequencies
« No inter-pulsar correlations
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EQUAD = Extra QUADrature
“Radiometer noise”—
pulse template fitting
uncertainties




White Noise (2/2)

» Fitting a template to a finite-pulse tfolded Radiometer, EFAC, EQUAD

observation can give “jitter” errors 5 ECORR
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- Simultaneous observations across many
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Red Processes (1/5)
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- Time-domain covariance matrix is large and dense <5tlél}> — C( | ti IR t] | )

- But we only care abut the lowest frequencies 5 > F_>
» Use a rank-reduced formalism for covariance tred T d
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Red Processes (3/5)

O o = Fa

Fourier design matrix over small number of modes
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Red Processes (4/5)
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Fourier coefficients
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Red Processes (9/5) - powsrlaws
hc(f)2 1 / e GP emulators
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The PTA Likelihood

St=Me¢+Fa+Uji+7
< | N

small linear perturbations low-freauency brocesses tor white noise
around best-fit timing solution w=irequency p J

in Fourier basis

[M] = Nroa X M [F] = Npoa X 2N freqs [U; | = Npoa XN, epochs
[?] — Ntm [7] = 2N, freqs [] ] =N, epochs
“M” is matrix of TOA derivatives “F” has columns of sines and “U” has block diagonal structure,
wrt timing-model parameters cosines for each frequency with ones filling each block
~ few tens ~ few tens ~ couple of hundred

Lentati et al. (inc Taylor) (2013)
van Haasteren & Vallisneri (2014a,b)
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Start with Gaussian white noise likelihood p(ﬁ*) _
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The PTA Likelihood

But we’re describing all stochastic terms as random Gaussian processes...
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The PTA Likelihood

C =N + 1B TT what are we actually doing here?
Ny

[TBTT] (ab)r = Z [¢]abcos(2ﬂkT/T) this is just the Wiener-Khinchin theorem!
k

Woodbury lemma

C'=W"'+1BT""!
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\_V_.J

Much easier and faster than N;5, X Nygs iNnversion




The PTA Likelihood
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The NANOGrav 12.5-year Data Set:
Search For An Isotropic Stochastic Gravitational-Wave Background
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NANOGrav 12.5yr Dataset Search (arXiv:2009.04496),
corresponding author: Joe Simon (JPL | CU-Boulder)




NANOGrav [2.5yr Dataset Search

A Common-spectrum ProCess  axwamsouss
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|2.5yr Dataset Search

(arXiv:2009.04496),
corresponding author: Joe Simon (JPL / CU-Boulder)
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Dropout factor = cross-validation probability

.e. how much does each pulsar support what is found by all other pulsars?
S. Vigeland, S. Taylor, M. Vallisneri




NANOGrav [2.5yr Dataset Search

A Common-spectrum ProCess  axwamsouss
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using techniques from
Taylor, Gair, Lentati (201 3)

Inter-pulsar correlations remain insignificant.

Odds ratios for Hellings & Downs correlations
~2-4 depending on ephemeris modeling.



NANOGrav [2.5yr Dataset Search

A Common-spectrum Process  xwamsosuss,
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corresponding author: Joe Simon (JPL / CU-Boulder)

Assess the significance of spatia
correlations by constructing nul
distribution.

LIGO-Virgo-KAGRA use time slides...
we use phase shifts (Taylor et al.
2017) and sky scrambles (Cornish &
Sampson 2016; Taylor et al. 2017).
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The Road To & Beyond Detection
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...Or "what to expect when you're expecting to detect a signal

Simulate up to 20 years of PTA data, forecasting from the 45 pulsars in the NG 12.5yr data

x 10~

£ (deg)

p = total S/N (from full log-likelihood ratio)
pHD — CI’OSS—COI’re\a’[iOﬂ S/N Full team: Nihan Pol, Stephen Taylor, Luke Kelley,

Joe Simon, Sarah Vigeland, Siyuan Chen
&
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Ihe Road lo & Beyond Detection

...Or "what to expect when you're expecting to detect a signal”.

e HD
Monopole

=== Dipole
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Probe the multipolar structure of the inter-pulsar correlations

AGWB = 2 X 10~ 1 0

_ 0.6 — Theoretical power spectrum 10 12 14. 16 18 20
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Gair, Romano, 2(l 2) :
Taylor, Mingarelli (2014) (l + 2)!
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"Astrophysics Milestones

The Road To & Beyond Detection _asmmwes s

Pol, Taylor et al., arXiv:2010.11950

...Or "what to expect when you're expecting to detect a signal

Analytical fit
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AAGWB / AGWB

parameter uncertainty scaling laws

Analytical fit
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Summar

. Pulsar Tlm /gArrays are sensitive to nan

;'_?iatlonal wayes.

qn’ ‘
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. We use rank-reduced time- domaln modellng c?f‘é\

If the NANOGrav result hints at a GWB then detectlon and -
characterization could be within a few years (expedlted by fusmg
datasets together in the IPTA) NN

~» The road beyond detection will inform demographics anr;l fnal parsec blnary . ==
dynamical interactions of supermassive binary black holes.
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