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Gravitational waves are a new 
window on the universe: 

insights on supermassive black holes, 
element formation,  …

What are neutron stars and what are they good for?
Black holes small and large

A symphony of  binary black holes using pulsars as 
gravitational wave detectors

Next steps
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Arecibo telescope
1963-2020



Pulsars are rapidly rotating neutron stars 
produced in supernova explosions
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JWST image
Messier 1

 The Crab nebula



Vela pulsar     P = 89 ms      8s averages ~ 100 pulses

6Data:  M.Kerr, Parkes Telescope           Animation:  Ross Jennings Ph.D. ‘21



Pulsars exert extreme gravity and electric fields on 
their surroundings
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Spinning NS
R ~ 10 km

M ~ 1.3 – 2.1 M⦿

Magnetic field
B ~ 1012 Gauss

(~ 108 Tesla)

Magnetosphere
Voltages ~ 1012 volts

Radio emission Spin period
1.4 ms to 20s

Density
1 teaspoon: 

~ 100 Million tons



• Neutron -
1932

• Neutron 
star concept 
– 1933

• Models 
(Oppenhei
mer-Volkoff) 
- 1939

• Discovery -
1967
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Low-mass stars à white dwarfs (Earth size, mostly carbon)
Medium-mass stars à neutron stars (Ithaca size)
High-mass stars à black holes (size ill determined)



Pioneer 10, 11 spacecraft plaques
Sagan and 

Drake
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1972, 1973 
launches



Voyager 1, 2 spacecraft gold records (1977 launch)
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Selling energy products
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Selling record albums and tshir ts
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As random number generators/cryptography
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For today:  tools for fundamental physics
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A short history of  black holes
• 1783   John Mitchell       Newtonian physics
• 1796  Pierre-Simon Laplace    ditto 
• 1915/16 Einstein + Schwarzschild 
• 1939  Oppenheimer-Snyder  (collapse of stars)
• 1963  Kerr (spinning black holes)
• 1963  Schmidt et al.  Discovery of quasars (3C 273)
• 1968  Wheeler coined ‘black hole’
• 1971  First identified stellar-mass black hole

» Cygnus X-1   (X-ray source + massive star)
» ~ 20 solar masses 

• 1964  Salpeter and Zeldovich 
» Active galactic nuclei as accreting supermassive black holes

• Present All galaxies have central black holes
» Some active, others inactive (fed by stars)
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Radio image: Galactic center of the Milky Way
2.5 deg across        radio image at 1.3 GHz  from MeerKAT (South Africa)
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Radio image: Galactic center of the Milky Way
2.5 deg across        radio image at 1.3 GHz  from MeerKAT (South Africa)
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Sgr A*   4 million solar mass black hole
(inside here)



Sources of  nanohertz GWs: supermassive 
black hole binaries

Kendall   2025 Oct 16

18



Gravitational lensing 
of the accretion disk 

around Sgr A*
(the 4.6 x106 M¤ 
black hole in the 

center of the Galaxy.)

Can be imaged with 
very long baseline 

interferometry
(radio telescopes)

Movie credit: Dolence

Simulation of  gravitational lensing around Sgr A*



Event Horizon Telescope = VLBI Array

Image of Sgr A*
4 million solar 

masses

Image of M87 black hole
9 billion solar masses 



Virgo A      Messier 87
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Hercules A
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Gravitational Waves
An animation of artist's concept of gravitational wave propagation (LIGO/Caltech)

A binary system is like a cosmic eggbeater that stirs spacetime



Gravitational waves move the goalposts
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A gravitational wave of 
strength h changes a 

distance L by an amount 
ΔL 

 ΔL/L~ h



LIGO = Laser interferometer GW observatory

25

LIGO Hanford, WA

LIGO Livingston, LA

First direct detection of GWs (2015)
Merger of two 30 solar mass BHs
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GW170817 – A Multimessenger Rosetta Stone
Breakthrough of the Year 2017 -- Science
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Merger of two neutron stars 
(NS + NS)

• GWs detected first
• Short gamma ray burst (< 1 sec)
• Optical detection + rest of  EM spectrum

• Initial state:  heavy NS  ➔ black hole
• Neutron-rich material à heavy elements
• Kilonova driven by radioactive decay of 

heavy elements (r-process)

• 16k Earth masses of heavy elements formed
• 10 Earth masses worth of gold and 

platinum
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Origin of  the elements
Our gold rings came from mergers of  neutron stars
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Colliding galaxies
NGC 5427 and 

NGC 5426

Their central black holes 
will form a binary and 

eventually merge

Andromeda and the 
Milky Way will collide 

eventually

[a few Gyr from now]
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From galaxy mergers to supermassive blackhole binary inspirals
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PTA Signal Detection 
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Pulsars as Gravitational Wave Detectors

Earth

pulsar

pulses
Gravitational wave 

background

Gravitational wave 
background

The entire universe is filled 
with gravitational waves



The NANOGrav pulsar gravitational wave detector
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☉

16 S.K. Ocker et al.
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Figure 12. Locations of pulsar LOSs, scattering screens inferred from scintillation arcs, and simple models of discrete ISM features based on continuum maps,
in heliocentric Galactic Cartesian coordinates looking down onto the Galactic plane. An inset shows a close-up of the region ±300 pc around the origin. A total
of 14 pulsars are shown, eight from this work (O23) and seven from previous studies noted in the legend. Pulsar names in the legend are ordered clockwise
starting from the LOS to B1508+55, which is located nearly parallel to the . -axis at - = 0 pc. Scattering screens shown for pulsars from this work correspond
to the near-pulsar solutions for k = 0� and +scr? ⌧ +obs?,+psr?, where relevant; these screen distances are thus notional and have formal uncertainties at least
as large as the uncertainties on the pulsar distances (which can be up to a few hundred parsecs). The screens shown from other pulsar studies are more precisely
determined from either arc curvature variations or VLBI scintillometry. Models for discrete ISM features include the Local Bubble, based on a spherical harmonic
decomposition of dust extinction boundaries (here we show the decomposition mode ; = 6 from Pelgrims et al. 2020), the superbubble GSH 238+00+09 (Heiles
1998; Lallement et al. 2014), and the Per-Tau Shell (Bialy et al. 2021). Local molecular clouds are also shown (Zucker et al. 2020). Three HII regions (Sh 2�7,
2�27, and 2�205) and one supernova remnant (S147, associated with pulsar J0538+2817) are shown. The spatial parameters used to model each ISM feature
are explained in Appendix B. A 3D interactive version of this figure is available at https://stella-ocker.github.io/scattering_ism3d_ocker2023.
The interactive version can be zoomed, rotated, and modified to only show specific legend entries.

extended medium made up of many screens (e.g. Stinebring et al.
2022). However, it remains possible that highly specific conditions
are needed to observe many arcs at once (e.g., some combination of
observing conditions including radio frequency and sensitivity, and
astrophysical conditions including screen strength and alignment).
One possibility is that packed distributions of screens only occur in
certain ISM conditions. For example, B0950+08, the other nearby,
weakly scintillating pulsar in our sample, shows only two arcs and
has an overall deficit of scattering compared to other pulsars at com-
parable distances, suggesting that its LOS may be largely dominated
by the hot ionized gas thought to pervade the Local Bubble. These
mixed findings imply a clear need for a uniform, deep census of
scintillation arcs towards pulsars within 500 pc of the Sun.

7.2 Origins of Scattering Screens

One of the core questions at the heart of scintillation arc studies
is to what extent arcs are produced by scattering through nascent

density fluctuations associated with extended ISM turbulence, or
through non-turbulent density fluctuations associated with discrete
structures. Both of these processes can produce arcs, albeit of differ-
ent forms. The variety of arc properties seen even within our sample
of just eight pulsars broadly affirms a picture in which pulsar scat-
tering is produced through a mixture of turbulence and refractive
structures whose relevance depends on LOS, and likely also observ-
ing frequency. Of the pulsars shown in Figure 12, there are few direct
and unambiguous connections between their scattering screens and
larger-scale ISM features, even for those pulsars with precise scat-
tering screen distances. To some degree this lack of association is to
be expected, as scintillation traces ISM phenomena at much smaller
spatial scales than typical telescope resolutions. In future work we
will expand upon the local ISM features shown in Figure 12 to ex-
amine a larger census of potential scattering media (e.g., the Gum
Nebula, known HII regions, etc.).

The ISM contains a zoo of structures that are not always readily
visible in imaging surveys and may not appear except in targeted

MNRAS 000, 1–20 (2023)

~10,000 light years 

The solar system is bathed in 
gravitational waves 

Pulses from all pulsars are 
affected similarly



Gravitational wave effect on pulsar timing
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´

later earlier 

Pulses arrive earlier for ½ cycle
and later for the other ½ cycle

Mission impossible? 
About 100 ns  over a 15 yr period



Image courtesy of NRAO/AUI and Joeri van Leeuwen (UC Berkeley) / ESO / AURA

~ 6000 yearsPulses are spread out 
over time (ms-sec) by 

interstellar plasma 
dispersion

Crab NebulaPulsar: 
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<  1 ms
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Measurements are sensitive 
enough to measure 1 

millionth of a drop of ionized 
water in this way

Drop of water ~ 0.05 g
~ 1.7 ⨉ 1021 molecules

Ionize and spread over cylinder

1 cm2

5000 light years

Causes an easily 
measured effect 

(dispersion)

𝛿DM(t) ~ few x 10-3  pc cm-3 ~  1016 cm-2 
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frequencies
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Early 
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To 
pulsar

Earth

Solar system barycenter is near the sun’s photosphere 
Known to up to ~100 ns

JPL Ephemerides: DE421, DE430, DE435, DE436
https://en.wikipedia.org/wiki/Jet_Propulsion_Laboratory_Development_Ephemeris

Roemer delay 500 s

Topocentric arrival times  
à solar system barycenter 

(SSBC)

evaluated at 

https://en.wikipedia.org/wiki/Jet_Propulsion_Laboratory_Development_Ephemeris


NANOGrav Announcement 2023 July
Based on the NANOGrav 15 yr Data Set

Coordinated with overseas groups: Australia, China, Europe, India

• Evidence for a Gravitational-wave Background 
• Observations and Timing of 68 Millisecond Pulsars
• Detector Characterization and Noise Budget  
• Constraints on Supermassive Black Hole Binaries 

from the Gravitational-wave Background 
• Search for Signals from New Physics 
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Five papers 
Astrophysical Journal Letters + press event at the NSF 



Figure by Thankful Cromartie
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Published by AAAS
C.-A.  Faucher-Gigure et al.,  Science  319, 52 -55 (2008)    

Goal: understand black-hole formation and evolution over cosmic time
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now

13.7 Gyr ago

First stars
after ~ 300 Myr



Published by AAAS
C.-A.  Faucher-Gigure et al.,  Science  319, 52 -55 (2008)    

Goal: understand black-hole formation and evolution over cosmic time
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now

13.7 Gyr ago

First stars
after ~ 300 Myr

Black holes grow in mass



• 2000 x 5m dishes (0.7 – 2 GHz) spanning 15 x 19 km 
• Will survey 34,000 deg2 to 500 nJy/beam (plus intermediate and deep tiers)

• Principal instrument for the North American pulsar timing array 
community (NANOGrav)   [200 MSPs]

Next step for NANOGrav = next generation telescope
Site in 

Nevada

FDR
2026

Antenna development funded by Schmidt Sciences

44

DSA-2000: A Radio Survey Camera
First light ~ 2028-2029



The end
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Extra slides
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Animation of  black hole merger

https://youtu.be/I_88S8DWbcU

https://youtu.be/I_88S8DWbcU


Pulsars are ideal probes of  interstellar plasma
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Individual pulses
(Hal Craft 1970 thesis)

Pulses affected by 
index of refraction of 
interstellar medium
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Figure 53. Narrowband and wideband timing residuals and DMX time series for J1909–3744. See Figure 8 for details.

60

The Astrophysical Journal Letters, 951:L9 (78pp), 2023 July 1 Agazie et al.

𝛿DM(t)

R(t)



A Galactic-scale GW detector: 
The Pulsar Timing Array

We observe an ensemble of MSPs to 
extract the correlated signal from the noise. Pulsar separation (degrees)
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REU Pulsars and GWs 50

GW perturbations are correlated among 
different pulsars.

This quadrupolar correlated signature is 
predicted exactly from General Relativity.



Evidence for the stochastic background
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shift technique, which removes interpulsar correlations by
adding random phase shifts to the Fourier components of the
common process (Taylor et al. 2017). We find false-alarm
probabilities of p= 10−3 and p= 5× 10−5 for the observed
Bayes factor and optimal statistic, respectively (see Figure 3).

For our fiducial power-law model ( f−2/3 for characteristic
strain and f−13/3 for timing residuals) and a log-uniform
amplitude prior, the Bayesian posterior of GWB amplitude at
the customary reference frequency 1 yr−1 is AGWB =
2.4 100.6

0.7 15´-
+ - (median with 90% credible interval), which is

compatible with current astrophysical estimates for the GWB from
SMBHBs (e.g., Burke-Spolaor et al. 2019; Agazie et al. 2023b).
This corresponds to a total integrated energy density of

9.3 10gw 4.0
5.8 9W = ´-

+ - or 7.7 10 ergs cmgw 3.3
4.8 17 3r = ´-

+ - -

(assuming H0= 70 km s−1Mpc−1) in our sensitive frequency

band. For a more general model of the timing-residual power
spectral density with variable power-law exponent −γ, we find
A 6.4 10GWB 2.7

4.2 15= ´-
+ - and 3.2 0.6

0.6g = -
+ . See Figure 1(b) for

AGWB and γ posteriors. The posterior for γ is consistent with the
value of 13/3 predicted for a population of SMBHBs evolving by
GW emission, although smaller values of γ are preferred;
however, the recovered posteriors are consistent with predictions
from astrophysical models (see Agazie et al. 2023b). We also note
that, unlike our detection statistics (which are calibrated under our
modeling assumptions), the estimation of γ is very sensitive to
minor details in the data model of a few pulsars.
The rest of this paper is organized as follows. We briefly

describe our data set and data model in Section 2. Our main
results are discussed in detail in Sections 3 and 4; they are
supported by a variety of robustness and validation studies,

Figure 1. Summary of the main Bayesian and optimal-statistic analyses presented in this paper, which establish multiple lines of evidence for the presence of
Hellings–Downs correlations in the 15 yr NANOGrav data set. Throughout we refer to the 68.3%, 95.4%, and 99.7% regions of distributions as 1σ/2σ/3σ regions,
even in two dimensions. (a) Bayesian “free-spectrum” analysis, showing posteriors (gray violins) of independent variance parameters for a Hellings–Downs-correlated
stochastic process at frequencies i/T, with T the total data set time span. The blue represents the posterior median and 1σ/2σ posterior bands for a power-law model;
the dashed black line corresponds to a γ = 13/3 (SMBHB-like) power law, plotted with the median posterior amplitude. See Section 3 for more details. (b) Posterior
probability distribution of GWB amplitude and spectral exponent in an HD power-law model, showing 1σ/2σ/3σ credible regions. The value γGWB = 13/3 (dashed
black line) is included in the 99% credible region. The amplitude is referenced to fref = 1 yr−1 (blue) and 0.1 yr−1 (orange). The dashed blue and orange curves in the

Alog10 GWB subpanel show its marginal posterior density for a γ = 13/3 model, with fref = 1 yr−1 and fref = 0.1 yr−1, respectively. See Section 3 for more details. (c)
Angular-separation-binned interpulsar correlations, measured from 2211 distinct pairings in our 67-pulsar array using the frequentist optimal statistic, assuming
maximum-a-posteriori pulsar noise parameters and γ = 13/3 common-process amplitude from a Bayesian inference analysis. The bin widths are chosen so that each
includes approximately the same number of pulsar pairs, and central bin locations avoid zeros of the Hellings–Downs curve. This binned reconstruction accounts for
correlations between pulsar pairs (Romano et al. 2021; Allen & Romano 2022). The dashed black line shows the Hellings–Downs correlation pattern, and the binned
points are normalized by the amplitude of the γ = 13/3 common process to be on the same scale. Note that we do not employ binning of interpulsar correlations in our
detection statistics; this panel serves as a visual consistency check only. See Section 4 for more frequentist results. (d) Bayesian reconstruction of normalized
interpulsar correlations, modeled as a cubic spline within a variable-exponent power-law model. The violins plot the marginal posterior densities (plus median and
68% credible values) of the correlations at the knots. The knot positions are fixed and are chosen on the basis of features of the Hellings–Downs curve (also shown as a
dashed black line for reference): they include the maximum and minimum angular separations, the two zero-crossings of the Hellings–Downs curve, and the position
of minimum correlation. See Section 3 for more details.

4

The Astrophysical Journal Letters, 951:L8 (24pp), 2023 July 1 Agazie et al.

Spectrum of GW timing signal 
Δtgw

Correlation of Δtgw between 
pulsars vs. angular separation
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RESPONSE OF DOPPLER SPACECRAFT TRACKING 
TO GRAVITATIONAL RADIATION? 

FRANK B. ESTABR00K and HUGO D. WAHLQUIST 

Jet Propulsion Laboratory, 
California Institute of Technology, 

Pasadena, California 91103 

Revised version received 16 January 1975 

ABSTRACT 

A calculation is made of the effect of gravity waves on 
the observed Doppler shift of a sinusoidal electromagnetic 
signal transmitted to, and transponded from, a distant 
spacecraft. We find that the effect of plane gravity 
waves on such observations is not intuitively immediate 
and in fact can have surprisingly different spectral sig- 
natures for different spacecraft directions and distances. 
We suggest the possibility of detecting such plane waves 
by simultaneous coherent Doppler tracking of several 
spacecraft. 

w 
A standard technique for tracking distant spacecraft is precise 

monitoring of the Doppler shift of a sinusoidal electromagnetic 
signal, continuously transmitted to the spacecraft and coherently 
re-transmitted back to earth. We have calculated the contribution 
to this Doppler shift expected from a passing train of plane grav- 
ity waves. The result is surprisingly different from one's first 
expectation, based on a picture of the passing waves of strain 
simply changing the separation of the freely falling earth and 
spacecraft. For gravity wave frequencies m rad sec -I which are 
high multiples of 2~/T (where T is the round-trip travel time of 
the electromagnetic signals) the effects of spatial strains, delay 
time effects, and propagation effects owing to the time varying 
metric along the signal path all seem to resonate. For plane wave 
trains incident from various directions the resulting 'Doppler' 
frequency shifts are so characteristic as to give hope that this 

T This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under Contract No. NAS7-100, sponsored by the National Aero- 
nautics and Space Administration. 

(~ 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No 
part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any 
form or by any means, electronic, mechanical, photocopying, microfilming, recording or other- 
wise, without the written permission of the publisher. 
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GRAVITY WAVE FRONTS (FREQUENCY ~ ) / 

I j L =cos-'o 

EARTH 

SPACECRAFT 

--X 

Figure i - Tracking Geometry. 

Refer now to the diagram figure i. A null vector at the origin 
z = y = z = 0 can be taken in the form 

~0 = ( -v0)( dt - (i +  89 - soda) (5) 

where ~02 + 802 = 1 and 

A 0 : A(t). (6) 

The null value of o0Uo0~gU ~ is immediately verified. We have ori- 
ented the polarization for maximum effectby taking this vector 
without y component. Considering the inertial observer at the ori- 
gin, whose+world line has unit tangent vector ~U = (i,0,0,0), we 
see that -~.o = ~0 is the observed frequency of a photon starting 
out along o. An orthonormal triad at the origin is 

ik~ : (o,i-  89 2~ ~ = (o,o,i +  89 3x~ : (o,o,o,i); 

The original idea concerned effects of  GWs on spacecraft uplink/downlink signals
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• 1979: the fastest known pulsar was the Crab pulsar 
– P = 33 ms … a lousy clock!

• We measure the spin rate of the crust
• The internal superfluid spins slightly faster
• `spin noise’ is from crust-superfluid interactions

• 1982: Millisecond pulsars discovered
• B1937+21 = 1.56 ms pulsar; much more spin stable (but still not 

good enough)
• Now: about 485 MSPs known (173 in globular clusters) 

with different spin qualities; some are excellent clocks
Kendall   2025 Oct 16 53

large h(t)!
Sazhin 1978

1979 ApJ



How well can a pulse arrival time be measured?
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Pulse width W

Pulse amplitude Speak

time synchronized 
to TT(BIPM) by 

GPS
(~10 ns) 

Noise from sky 
background + receiver

RMS noise 
𝜎

Δt
time samples < 1 𝜇s

TOA error
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Difficulties of  GW Detection ΔL/L~ h

Pulsar Timing Array
L ~ cT ~ 3 pc

hmin ~ 10-16 – 10-14

ΔL ~ 103 to 105 cm
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Ground-based Interferometer
L ~ 4 km x 50 reflections

hmin ~ 10-23

ΔL ~ 10-16 cm 

10-3 RNS 10-3 Rnucleus

PTA:  δt includes:
• Translational motion of the NS ~ 100 to 1000 km/s
• Orbital motions of the pulsar and observatory: 10s – 100s km/s
• Interstellar propagation delays: ns to seconds



Our Sources
NRAO                                                       Dusty Madison                                          Radio Futures II                  

Pulsar timing arrays: an international partnership
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Cygnus A
Radio image  VLA, NM





Fractional frequency stability
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Backer & Hellings 
ARAA, 1986
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