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Pulsars
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Pulsar Timing Arrays

Gravitational waves induce correlated
changes in the pulse times of arrival.

- ~
A\ | .\
NP - R
g %
T iR =
L 5 5 f‘; :VO:-‘ \: | 3 3 - ) - - 3 ) B B B
~ ¥ o &
//// Clservatony, \\\\ f
(4 (4 (4 (4
4 4 4 4

[ S S S <

- ~
N\ ~
- i
\ b e ~~ p 7/
N »
K ek ,
~ N 3
r = B &
E Tl ‘:"’ 29 3
E e g ™ . 3
T R = -
- % > N |
P ¥ o o ~
i e
\ - LY Pyt Oarvatry, NS P :
/ N \ \
\ ey

Image credit: S. Chatterjee

Image credit: J. Hazboun; NASA




Pulsar Timing

Observed times of arrival are fit to a
timing model to produce residuals.
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Supermassive Black Hole Binaries
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Stochastic GW Background

The GWB from supermassive binary
black holes is predicted to have a power-
law power spectrum (Phinney, 2001):

A2 —13/3
Pgw(f) — 123:72 (fiyr)

This assumes circular binaries evolving
only due to GW emission.




GWB Signal Model

Gravitational waves induce correlated

changes in the pulse times of arrival
(Hellings & Downs, 1983).
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GWB Signal Model

We can search for the GWB in a couple of different ways:

e Search for a common red process in all of the pulsars that has the same
power spectrum, ignoring the cross-correlations

e Search for a common red process in all of the pulsars and look for the
Hellings-Downs correlations

Auto-correlations only Auto-correlations and cross-correlations
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The International Pulsar Timing Array
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The International Pulsar Timing Array

The IPTA has released two data sets that o7

combine observations made by the EPTA,
PPTA, and NANOGrav:

Q: QQ‘.
I . o 0 o o& @ o o
- DR1: 49 millisecond pulsars, observed for © Sglys 230 200" 27020 2K

up to 27 years (J. Verbiest et al. 2016) 15°

» DR2: 65 millisecond pulsars, observed for

-60°
up to 29.4 years (B. Perera et al. 2019) 75°
B. Perera et al. 2019
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NANOGrav 12.5-yr Data Set
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NANOGrav 12.5-yr GWB Search
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NANOGrav 12.5-yr GWB Search
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NANOGrav 12.5-yr GWB Search

Is there evidence Is there evidence for a spatially
for a common-amplitude correlated y = 13/3 process?

y = 13/3 process? No strong evidence for HD

Yes, strong evidence. correlations, moderate evidence

against monopole and dipole.
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NANOGrav 12.5-yr GWB Search

Is there evidence
for a common-amplitude
y = 13/3 process?

Yes, strong evidence.
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correlations, moderate evidence
against monopole and dipole.

Little evidence either way.
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NANOGrav 12.5-yr GWB Search

1 GWRB (cross-correlations only)
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Assessing Spatial Correlations

Some noise sources can induce a
common spatially-correlated signal
(clock error, ephemeris error, etc.)
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Phase Shifts and Sky Scrambles

We can calculate the false alarm probability using sky scrambles 0.6

= NMeasured S/N

and phase shifts (Cornish & Sampson 2016; Taylor et al. 2017) to 1 Phase Shifts
compute the SNR distribution when we break the spatial 0.4 Sky Scrambles
correlations. 2
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Figure credit: N. Cornish
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NANOGrav 12.5-yr GWB Search
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Population Inference

The GWB from supermassive binary black holes is predicted to have a
power-law power spectrum (Phinney, 2001):

Apw (LSNP R
Palf) = 5. (fyr> ~ 12723

d*n
dz dM

5/3
W2(f) = f_4/3/d/\/l/dz (1+2)" /3 M5/

- 3mwl/3¢2

number density of sources
per unit redshift per chirp
mass interval

24



Population Inference

The number density of SMBHBs can be related to the merger rate:
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Other PTAs are also see a similar common spectrum process in their recent data sets.
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What to Expect When You’re Expecting a GWB

If what we are seeing is the GWB, we expect 10
the signiticance of the spatial correlations to
increase over the next several years ol
(Siemens et al. 2013)

Nopsrs T7 (weak signal regime)
p) = 1/2  (; : : :
Nosrs T (intermediate signal regime) Slice [

10 12 14 16 18 20

yr]
N. S. Pol et al., ApdL 911, 34 (2021)
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What to Expect When You’re Expecting a GWB

If what we are seeing is the GWB, measurement of the amplitude and
spectral index of the GWB will improve as the SNR increases.

Analytical fit
NANOGrav 12.5-yr

Analytical fit
NANOGrav 12.5-yr

Fractional error
(Amplitude)
Fractional error
(Spectral index)

N. S. Pol et al. (2021) 28



Individual SMBHBs

Binary candidates can be identified
\ by looking for light curve periodicities

Hydrodynamic Variability
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streams

Doppler Variability
Kelley et al. (2018), arXiv:1809.02138

Figure credit: NANOGrav (modified) 29
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Individual SMBHBs (“Continuous Waves”)
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Individual SMBHBs (“Continuous Waves”)

“Figure credit: NANOGrav (modified)



Limits on Individual SMBHBs
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Limits on Individual SMBHBs

There are no SMBHBs in the Virgo Cluster
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Constraints on Galaxy Mergers

Major mergers involve two galaxies of

similar masses. The resulting SMBBH
4C22.25 : : —
oo os7 will have a large mass ratio (g > 0.25).
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Conclusions

ASK ME. \JHAT THE SECRET . !DTAS arelsensmve to nanohertz GWs
TO DETECTING GRAVITATIONAL Inaccessible to ground-based or space-based

WAVES USING PULSARS 1S. Interferometers.

WHAT'S THE SECRET
TO DETECTING GRAV—  PTAs are already putting constraints on the

TIMING! / astrophysical properties of nearby SMBBHS.

\

* The most recent data from NANOGray, the
PPTA, and the EPTA show evidence for a
common stochastic signal; however, there is
not yet evidence for the spatial correlations
characteristic of the GWB.

Figure credit: xkcd "



