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The North American Nanohertz Observatory for Gravitational Waves:  
about 120 students and scientists in the US and Canada working to characterize 
the gravitational wave universe at low frequencies using pulsar timing. Part of a 

world-wide effort including European and Australian partners. 

NANOGrav became an NSF Physics Frontiers Center in 2015 (for $14.5M)



The Arecibo Observatory and the Green Bank Telescope

Green Bank TelescopeArecibo Observatory

Our measurements are made with the two most 
sensitive radio telescopes in the world

Both face budget challenges



The International Pulsar Timing Array (IPTA)
Relationship between PTAs is one of cooperative competition. Data are shared six months after 
they are taken and analyzed through organized IPTA-wide projects.



The big picture of gravitational wave astronomy
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The spectrum of gravitational wave astronomy

All three experiments measure 
changes in light travel times 
between objects due to GWs.
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Gravitational wave sources

The most promising sources are supermassive binary black holes (SMBBHs):

Other sources at nanohertz frequencies include 
cosmic strings, inflation, and phase transitions in 
the early universe.

Stochastic background (binary ensemble)

Continuous wave (single binary)
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Effect of a gravitational wave on radio pulses
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Effect of a gravitational wave on radio pulses

By keeping track of every rotation of the pulsar over the course of years, we can 
predict when a particular pulse from a pulsar will arrive at our radio telescope.  
The error in our prediction is called the pulsar timing residual.

Arrival of pulse

A year later

Predicted arrival Actual arrival

Timing residual = Actual arrival - Predicted arrival

Train of pulses 1 year ago Train of pulses today

Gravitational waves change the time of arrival of pulses so we can look for 
gravitational waves in the timing residual data
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A galactic-scale GW detector: the Pulsar Timing Array

Need to observe an ensemble of 
MSPs to extract the correlated 

signal from the noise.

GW perturbations are 
correlated among different 
pulsars.

Pulsar angular separation (degrees)

Hellings-Downs curve
Credit: Bill Saxton (NRAO)



• Can do these measurements very accurately, a few times a month 
for a few years

Jenet, Lommen, Larson, and Wen (2004)

• Lowest frequency GW we’re sensitive to set by observation length T


• Highest frequency by Nyquist theorem


• Data is irregularly sampled, has different size error bars... time domain 
methods better suited to analyze this type of data

Pular timing experiments

P. Demorest



P. Demorest et al. 2009

White timing 
residuals

Timing 
model 

subtraction

Sky location terms + binary terms (if appropriate) + ...⇤ = ⇤0 + 2⇥�(t� t0) + ⇥�̇(t� t0)
2+
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Where does                   come from?

• Pulsar timing experiments measure residuals not redshifts. 
Residuals induced by GWs are the integral of the redshift:

R(t) ⌘
Z t

0
dt0 z(t0)

R ⇠ h

f

R ⇠ 100 ns

f ⇠ 10�8 Hz

h ⇠ 10�15

• In the frequency domain

• Current RMS of timing residuals

• At GW frequencies ! h ⇠ Rf ⇠ 10�15



NANOGrav Observing Strategy

We currently observe 67 MSPs at the GBT and Arecibo, roughly every three 
weeks, at two radio frequencies. High cadence program for 5-6 MSPs.  Add ~4 
MSPs per year.

We use roughly 10%-20% of the time on each telescope.

GW data analysis is a challenging astrostatistics problem.

P. Demorest



Haven’t you found all the pulsars already?

Radio searches (aided by Fermi 
gamma-ray identifications) have more 
than doubled the Galactic MSP 
population since 2010. Ongoing 
searches with the world’s largest 
telescopes should reveal an 
additional 100 over the next several 
years. 

Many bright and nearby MSPs 
remain to be found, meaning 
increases in our sensitivity are 
still possible.

M. McLaughlin

M. McLaughlin



NANOGrav Activities/Goals

GW detector construction and 
characterization

• Find additional MSPs to 
increase our sensitivity

• More efficient/sensitive pulsar 
searches

• Fully characterized low-
frequency GW detector

GW data set generation and 
curation

• Regular (18 month) open data 
releases

• New pulsar timing packages

• Cyber-I data curation system

GW detection and 
characterization

• First detection of low-
frequency GWs or tightest 
constraints to date

• Comprehensive open-source 
GW data analysis suite



About our work

Work is truly interdisciplinary. Requires detailed understanding of: 

• GW signals and their sources

• properties of neutron stars, our celestial clocks

• propagation of pulses through the interstellar medium

• characteristics of the radio telescopes 

• software designed to make the measurements

• algorithms for GW searches 

• searching for additional pulsars

• the long term curation of the data products 

work requires close 
collaboration of:
• theorists
• data analysts
• cosmologists 
• SMBBH astrophysicists 
• NS astrophysicists
• radio astronomers
• cyber-I experts

This makes the work a lot of fun!



Data analysis

I.e.  the probability that there’s a signal in the data, is the probability that what 
you’re left with when you’ve subtracted the signal off is consistent with the noise 
process 

For a Gaussian (noise) process y

If we make a measurement r = s+ y

The probability obtaining    given a signal    is present in our data iss

p(r|s) = 1⇥
det 2��

exp

✓
�1

2

(r� s)T��1
(r� s)

◆
(y = r � s)

r

p(y) =
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exp(�1

2
yT��1y)

y

⌃ = hyT yi is the covariance matrix, typically computed from inverse 
Fourier transform of power spectrum



Data analysis

In pulsar timing experiments we use pulsars as clocks, keeping track of the 
rotational phase for many years. Residuals are generated by starting with times of 
arrival TOA (the phase of the pulsar) of pulses and subtracting out a model

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

TOA = model + y

This model subtraction can be performed by projecting out the model piece 
of the TOA with a linear operator R (see Numerical Recipes -- least squares 
fitting chapter)

Gaussian process: Intrinsic red and white 
noise + GWs +...

⇤ = ⇤0 + 2⇥�(t� t0) + ⇥�̇(t� t0)
2+

r = RTOA = R(model + y) = Ry



Data analysis
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The projector is constructed from the basis functions of the model being fitted out:

For example for quadratic subtraction (fitting for initial phase, 
frequency, and spindown):

R = I �A(ATA)�1AT

Since y is a Gaussian process we can write the standard likelihood for a Gaussian:

y ! r = RyCan perform the transformation

⌃r = RT⌃yR
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Continuous wave (or other templated) searches

p(r|s) = 1p
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OPTIMAL STRATEGIES FOR CONTINUOUS WAVE DETECTION 3

residuals for pulsar � in the following form

r�(t, ⇤̂) = s�(t, ⇤̂) + n�(t) = se
�(t, ⇤̂) + sp

�(t, ⇤̂) + n�(t)

=
4↵

i=1

�
ai(⇤, ⇧,⌥0,�)Ai

�(t,⌅,⌦, 0)
⇥

+ sp
�(t,⇤, ⇧,⌥0,�,⌅,⌦, 0,L�) + n�(t),

(16)

where ⇤ =M5/3D-1, n�(t) is the noise for each pulsar and

sp
� = F+(⇤̂)s+(tp) + F�(⇤̂)s�(tp). (17)

Hereon we will refer to the summation term as the Earth term
and sp

� as the pulsar term. We write the combination of chirp
mass and luminosity distance to the binary as one parameter
because the two can not be disentangled unless there is a mea-
surement of ḟ , which we do not consider here. It is customary
to label the parameters (⇤, ⇧,⌥0,�) and (⌅,⌦, 0) extrinsic and
intrinsic parameters (Jaranowski et al. 1998), respectively. We
then define the amplitudes and time dependent basis functions

a1 = ⇤
�
(1 + cos2 ⇧)cos2⌥0 cos2� + 2cos ⇧sin2⌥0 sin2�

⇥

a2 = -⇤
�
(1 + cos2 ⇧) sin2⌥0 cos2� - 2cos ⇧cos2⌥0 sin2�

⇥

a3 = ⇤
�
(1 + cos2 ⇧)cos2⌥0 sin2� - 2cos ⇧sin2⌥0 cos2�

⇥

a4 = -⇤
�
(1 + cos2 ⇧) sin2⌥0 sin2� + 2cos ⇧cos2⌥0 cos2�

⇥

(18)

and

A1
� = F+

�(⇤̂) (t)-1/3 sin(2⇥⇥(t))

A2
� = F+

�(⇤̂) (t)-1/3 cos(2⇥⇥(t))

A3
� = F�

� (⇤̂) (t)-1/3 sin(2⇥⇥(t))

A4
� = F�

� (⇤̂) (t)-1/3 cos(2⇥⇥(t)),

(19)

where ⇥⇥(t) = ⇥(t)-⇥0. Throughout this work we assume that
the source is slowly evolving (i.e. the phase is independent of
the chirp mass) and  (t) �  0 and ⇥⇥(t) �  0t.

3. THE LIKELIHOOD FUNCTION AND THE F -STATISTIC

Here we will introduce our formalism and derive the like-
lihood function and F-statistic (the log-likelihood ratio max-
imized over extrinsic parameters) for PTAs. We will also dis-
cuss the statistical properties of the F-statistic in the presence
and absence of a signal and show that we obtain the expected
behavior for PTA data.

3.1. Likelihood
For a pulsar timing array with M pulsars we define the prob-

ability distribution function of the presumed Gaussian noise
as multivariate Gaussian

p(n) =
1⌥

det2⌃⌃n
exp

⇤
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2
nT ⌃-1

n n
⌅

, (20)
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Figure 1. SMBHB waveforms in two different regimes. Each plot shows the
waveform before (dotted blue) and after fitting (solid green) for a full timing
model including spin-down, astrometeric and binary parameters. Top Panel:
The Earth and pulsar term modulations lie within the same frequency bin.
Bottom Panel: The Earth term and pulsar term modulations are in different
frequency bins.

is the vector of the noise time-series, n�(t), for all pulsars,

⌃n =

⇧

  ⌥

�n,1 S12 . . . S1M
S21 �n,2 . . . S2M
...

...
. . .

...
S1M S2M . . . �n,M

⌃

⌦⌦� (22)

is the multivariate covariance matrix, and

�n,� = ⌅n�nT
�⇧ (23)

S�⇥ = ⌅n�nT
⇥⇧|�⇤=⇥ (24)

are the auto-covariance and cross-covariance matrices of the
pulsar noise for pulsar � and pulsar pair (�,⇥), respectively.
It is important to note that in the case of uncorrelated noise,
the off-diagonal cross covariance matrices, S�⇥ , vanish. In
practice, we do not know the auto-covariance matrices a priori
and we must estimate them from our data, r�. The details of
this procedure will be discussed in another paper (Ellis et al.
2012b). For this work, we note that in the small signal regime
(which is almost certainly the case for our real PTA data sets)
the auto-covariance matrix of the data is

�r,� = ⌅r�rT
�⇧ = ⌅s�sT

�⇧+ ⌅n�nT
�⇧

� ⌅n�nT
�⇧ = �n,�,

(25)

since the amplitude of the signal is much smaller than the
noise. Therefore, it is possible to make an estimate of the
auto-covariance matrix of the noise, �n,� from our observable
data r�(t).

In order to time pulsars, a timing model is fit out of the pul-
sar TOAs via a weighted least squares fitting routine (Hobbs
et al. 2006). This procedure can be expressed via a data-
independent linear operator R (see Demorest et al. 2012 for
details) so that4

r̃ = Rr, (26)

4 Henceforth we will use a tilde to denote the pulsar timing model fit.

post-fit
pre-fit

Effects of fitting on the template are important:

Vector of vectors: Matrix of matrices:

Arzoumanian et al., ApJ 2014



Continuous wave (or other templated) searches

Exciting 
multi-
messenger 
astronomy 
potential

VLBA
doppler

Credit: Joe Simon, 
Sarah Burke-Spolaor



Stochastic backgrounds
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Covariance matrix for residuals

Residuals

The signal in this case is in the covariance matrix
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Stochastic backgrounds

Simulated data set: 
15 pulsars, 100 ns white noise 
A=4e-15 

⇥� = (GWBAmplitude, Spectral Index)

p(r|⇤�) = 1q
det 2⇥�(

⇤�)
exp

✓
�1

2

rT��1
(

⇤�)r

◆

Ellis, van Haasteren, XS, ApJ 2014



Latest observational results



NANOGrav data releases

17 pulsars

RMSs between 40 ns 
and 1 us

No significant GW 
signal. Set upper limit:

hc < 7⇥ 10�15

2004 2006 2008 2010 2012 2014 2016

Date [yr]

AO/430
AO/1400 J0030+0451

GBT/800
GBT/1400 J0613�0200

GBT/800
GBT/1400 J1012+5307

GBT/800
GBT/1400 J1455�3330
GBT/800
GBT/1400 J1600�3053

AO/430
AO/1400 J1640+2224
GBT/800
GBT/1400 J1643�1224
GBT/800
AO/1400
GBT/1400
AO/2100

J1713+0747

GBT/800
GBT/1400 J1744�1134

AO/430
AO/1400 B1855+09

GBT/800
GBT/1400 J1909�3744
AO/1400
AO/2100 J1910+1256

GBT/800
GBT/1400 J1918�0642

AO/1400 B1953+29

GBT/800
GBT/1400 J2145�0750

AO/327
AO/430 J2317+1439

5-yr: 2005-2010

2004 2006 2008 2010 2012 2014 2016

Date [yr]

AO/430AO/430
AO/1400AO/1400 J0023+0923
AO/430AO/430
AO/1400AO/1400 J0030+0451
GBT/800
GBT/1400 J0340+4130
GBT/800GBT/800
GBT/1400GBT/1400 J0613�0200

GBT/800
GBT/1400 J0645+5158

GBT/800
GBT/1400 J0931�1902
GBT/800GBT/800
GBT/1400GBT/1400 J1012+5307
GBT/800GBT/800
GBT/1400GBT/1400 J1024�0719

GBT/800GBT/800
GBT/1400GBT/1400 J1455�3330
GBT/800GBT/800
GBT/1400GBT/1400 J1600�3053
GBT/800GBT/800
GBT/1400GBT/1400 J1614�2230
AO/430AO/430
AO/1400AO/1400 J1640+2224
GBT/800GBT/800
GBT/1400GBT/1400 J1643�1224
GBT/800GBT/800
AO/1400AO/1400
GBT/1400GBT/1400
AO/2100AO/2100

J1713+0747
AO/1400AO/1400
AO/2100AO/2100 J1738+0333
AO/430AO/430
AO/1400AO/1400 J1741+1351
GBT/800GBT/800
GBT/1400GBT/1400 J1744�1134
GBT/800
GBT/1400 J1747�4036
GBT/800
GBT/1400 J1832�0836
AO/430AO/430
AO/1400AO/1400 J1853+1303
AO/430AO/430
AO/1400AO/1400 B1855+09
AO/1400AO/1400
AO/2100AO/2100 J1903+0327
GBT/800GBT/800
GBT/1400GBT/1400 J1909�3744
AO/1400AO/1400
AO/2100AO/2100 J1910+1256

GBT/800GBT/800
GBT/1400GBT/1400 J1918�0642
AO/430AO/430
AO/1400AO/1400 J1923+2515
GBT/800GBT/800
AO/1400AO/1400
GBT/1400GBT/1400
AO/2100AO/2100

B1937+21
AO/430AO/430
AO/1400AO/1400 J1944+0907
AO/430AO/430
AO/1400AO/1400 B1953+29
GBT/800GBT/800
GBT/1400GBT/1400 J2010�1323
AO/430
AO/1400
AO/2100 J2017+0603

AO/430AO/430
AO/1400AO/1400 J2043+1711
GBT/800GBT/800
GBT/1400GBT/1400 J2145�0750
AO/1400AO/1400
AO/2100AO/2100 J2214+3000

GBT/800
GBT/1400 J2302+4442
AO/327AO/327
AO/430AO/430
AO/1400 J2317+1439

Credit: David Nice

37 pulsars

Improved instrumentation, 
RMS improvement a factor 
of 2–3 for most pulsars.

New upper limit:

hc < 1.5⇥ 10�15

9-yr: 2005-2014 11-yr: 2005-2016

2004 2006 2008 2010 2012 2014 2016

Date [yr]

AO/430AO/430
AO/1400AO/1400 J0023+0923
AO/430AO/430
AO/1400AO/1400 J0030+0451
GBT/800
GBT/1400 J0340+4130
GBT/800GBT/800
GBT/1400GBT/1400 J0613�0200
GBT/800
GBT/1400 J0636+5128
GBT/800
GBT/1400 J0645+5158
GBT/800
GBT/1400 J0740+6620
GBT/800
GBT/1400 J0931�1902
GBT/800GBT/800
GBT/1400GBT/1400 J1012+5307
GBT/800GBT/800
GBT/1400GBT/1400 J1024�0719
GBT/800
GBT/1400 J1125+7819
AO/430
AO/1400 J1453+1902
GBT/800GBT/800
GBT/1400GBT/1400 J1455�3330
GBT/800GBT/800
GBT/1400GBT/1400 J1600�3053
GBT/800GBT/800
GBT/1400GBT/1400 J1614�2230
AO/430AO/430
AO/1400AO/1400 J1640+2224
GBT/800GBT/800
GBT/1400GBT/1400 J1643�1224
GBT/800GBT/800
AO/1400AO/1400
GBT/1400GBT/1400
AO/2100AO/2100

J1713+0747
AO/1400AO/1400
AO/2100AO/2100 J1738+0333
AO/430AO/430
AO/1400AO/1400
AO/2100 J1741+1351
GBT/800GBT/800
GBT/1400GBT/1400 J1744�1134
GBT/800
GBT/1400 J1747�4036
GBT/800
GBT/1400 J1832�0836
AO/430AO/430
AO/1400AO/1400 J1853+1303
AO/430AO/430
AO/1400AO/1400 B1855+09
AO/1400AO/1400
AO/2100AO/2100 J1903+0327
GBT/800GBT/800
GBT/1400GBT/1400 J1909�3744
AO/1400AO/1400
AO/2100AO/2100 J1910+1256
AO/430
AO/1400 J1911+1347
GBT/800GBT/800
GBT/1400GBT/1400 J1918�0642
AO/430AO/430
AO/1400AO/1400 J1923+2515
GBT/800GBT/800
AO/1400AO/1400
GBT/1400GBT/1400
AO/2100AO/2100

B1937+21
AO/430AO/430
AO/1400AO/1400 J1944+0907
AO/430AO/430
AO/1400AO/1400 B1953+29
GBT/800GBT/800
GBT/1400GBT/1400 J2010�1323
AO/430
AO/1400
AO/2100 J2017+0603
AO/430
AO/1400 J2033+1734
AO/430AO/430
AO/1400AO/1400 J2043+1711
GBT/800GBT/800
GBT/1400GBT/1400 J2145�0750
AO/1400AO/1400
AO/2100AO/2100 J2214+3000
AO/430
AO/1400 J2229+2643
AO/430
AO/1400 J2234+0611
AO/430
AO/1400
AO/2100 J2234+0944
GBT/800
GBT/1400 J2302+4442
AO/327AO/327
AO/430AO/430
AO/1400 J2317+1439

45 pulsars (IN PROGRESS)

Preliminary upper limit shows 
no improvement over the 9-
year data:

hc < 1.5⇥ 10�15

What’s going on here???



Isotropic stochastic backgrounds (9-yr data set)

0 20 40 60 80 100 120 140 160 180

⇣ [deg]

�8

�6

�4

�2

0

2

4

6

8

A
2 g
w
�

a
b
(⇣

)
[1

0�
3
0
]

vs

Cross-correlated power vs. angular separation. 

The dashed red curve shows the maximum likelihood 
amplitude mapped onto the Hellings and Downs 
coefficients. SNR of cross-correlation is 1.5

Did not make a significant detection, so we set upper 
limits.

Arzoumanian et al. 2015

NANOGrav postdocs 
and students involved:

Sarah Burke-Spolaor
Justin Ellis
Chiara Mingarelli
Laura Sampson
Joe Simon
Steve Taylor
Rutger van Haasteren
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• High frequencies (when black 
holes are close) dominated by 
GW emission so spectrum 
determined by:
• Galaxy Merger Rates
• Stalling fraction
• Black hole-host correlations 

(i.e., M-sigma, M-M_bulge)

Stochastic backgrounds—astrophysical inference 
Arzoumanian et al. 2015

10-9 10-8 10-7

Frequency [Hz]

10-15

10-14

10-13

10-12

C
ha

ra
ct

er
is

tic
St

ra
in

[h
c(

f)
]

f 3/2

McWilliams et al. (2014)
Ravi et al. (2014)
Sesana et al. (2013)



Stochastic backgrounds—astrophysical inference
Arzoumanian et al. 2015

Rich astrophysics!
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• Low frequency part of spectrum 
(when black holes are further away) 
possibly determined by 
environmental effects (solution to last 
parsec problem):

• Stellar Hardening (stellar density 
in galactic cores)

• Circumbinary disk interaction 
(mass accretion rate)

• Orbital eccentricity (effects of 
stars/gas)

stellar scattering circumbinary disk interaction

hardened SMBHB
(inspiral phase)



 Stochastic background: preliminary 11-yr data release results
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(1) individual red and white noises, 
(2) individual red and white noises and 

uncorrelated common red noise, 
(3) individual red and white noises and 

correlated common red noise (=GWs)

(1)

(2)

(3)
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 Stochastic background: preliminary 11-yr data release results
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Sensitivity and detection projections
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Summary

? 

Individual 
supermassive 
black hole 
inspirals and 
their collective 
“chorus”: physics 
of accretion, late 
inspiral dynamics

Black hole merger 
“memory”:  a 
surprising prediction 
of strong field 
general relativity.

Cosmic strings: 
early universe 
physics/high 
energy physics

?New physics: 
expect to be 
surprised

As the low-frequency GW sky comes into focus, it will offer a novel view of 
unique and groundbreaking astrophysics.


