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My last Sakharov mee1ng (1996)
• Title The Stochas+c Gravity Wave Background: 
Sources and Detec+on 

•  At that 1me, large‐scale gravita1onal wave 
detectors were ‘under construc1on’

• A lot has happened in the past 13 years, but have 
not yet made a direct gravita1onal wave detec1on

• In 13 MORE years (2022)
many things I discuss
today will be complete

• My new home (since
January 2007)
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What are gravita1onal waves?
• Predicted by general 
rela1vity, Einstein, 1915‐7

• Consequence of ‘nothing 
can go faster than light’

• Very weak, except for very 
compact massive objects 
undergoing large 
accelera1ons

• Effect: differen1al 
accelera1on in freely‐falling 
test masses
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A “new window” on the universe
• Get informa1on about the very early universe (10‐22 to 10‐14 s)

• Tes1ng strong‐field gravity and dynamic gravity near black 
holes and compact objects

• Popula1on studies and stellar evolu1on

• Neutron star structure (eccentricity, glitches)

• Supernova mechanisms

• Origins of gamma‐ray bursts

• The unexpected ...
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Detector Development History

• 1918: Einstein, too weak to detect

• late 1960s: Weber, bar detector, U. 
Maryland

• 1970s: Second genera1on (cryogenic) 
bars at LSU, Stanford, Rome, Maryland

• 1970s:  first ‘detec/on’ in PSR 
B1913+16 (Hulse‐Taylor binary pulsar)

• 1980s: First genera1on of ‘broadband’ 
laser interferometer detectors at MIT, 
Caltech, Glasgow, Hughes

• 1990s: Development LIGO (USA), 
VIRGO (France/Italy), GEO‐600 (UK/
Germany), TAMA (Japan), Dulkyn 
(Russia)

• 2005‐7: LIGO + VIRGO completed first 
joint science run
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How do laser interferometers work?
• Lasers measure distance to test‐mass mirrors

• Differen1al mo1on cases shij in fringe pakern

• Detected via error signal in locked loop
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Most sensi1ve detectors

7

VIRGO

GEO-600 (Ruthe)
Operated by AEI

LIGO H

LIGO L



Laser Interferometer Space Antenna
• LISA joint 
NASA/ESA 
mission

• Launch 2020

• 3 spacecraj, 
5 Gm arms

• Sensi1ve 
band 10‐4 to 
10‐1 Hz
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Toward Direct Detection

Rotating
Neutron Stars



Data sharing
• LSC (LIGO Scien1fic Collabora1on) has a data‐
sharing agreement with VIRGO and GEO600.

• improved sensi1vity for weak signals

• detec1on
confidence

• posi1on
reconstruc1on
(triangula1on)

• waveform
reconstruc1on
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LIGO S5 (completed October 2007)
• Gravita1onal‐wave 
stochas1c background 
Ω(100 Hz) < 5 x 10‐5

• Gravita1onal wave energy‐
loss from Crab pulsar < 10% 
electromagne1c energy‐loss

• Gravita1onal waves from 
gamma‐ray burst 070201: if 
in Andromeda, not due to 
coalescing NS/NS or NS/BH

• Upper limits on rates of 
binary inspiral
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Current status (LISA)
• History/Evolu1on of super 

massive black hole 
binaries (to z=20!)

• Normal stars falling into 
massive black holes 

• Completely characterize 
compact binary popula1on 
of our Galaxy

• Measure cosmological 
parameters

• Test GR in strong field limit

• 105 + 106 binary merger at 
z=1 has amplitude 
SNR=3000
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LISA Pathfinder
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• Take one spacecraj

• Take one LISA 
Geodesic Doppler 
Link

• Squeeze it into the 
spacecraj

• Launch: 12. 2011



Gravitational Wave Astronomy Using Pulsars:
Massive Black Hole Mergers & the Early Universe

A White Paper for the Astronomy & Astrophysics Decadal Survey
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• Network of very stable pulsars: 
nHz gravita1onal wave detector

• NANOgrav, Parkes Pulsar Timing 
Array (PPTA), European Pulsar 
Timing Array (EPTA).In future: 
IPTA

• Typical goal: 20 pulsars, Δt < 100 
ns over 10 years

• “Given sufficient telescope 
1me ... expect to make a GW 
detec1on within the next five 
years.” (NANOgrav decadal 
survey white paper)

• Broad‐band observa1ons to 
model/remove ISM dispersion

Pulsar 1ming
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with,

(ij)ΓΩ̂ =
3
4π

∑

A

FA
i (Ω̂)FA

j (Ω̂). (92)

Figure 2 shows two examples of the sky location depen-
dent overlap reduction function. The top panel shows
|ΓΩ̂| from Eq. (92) for two pulsars with ξ = π/2 located
at 0◦ Dec and 9h and 15h RA respectively. The bottom
panel shows the same quantity for two pulsars with ξ = π
located at 0◦ Dec and 6h and 18h RA respectively.

One could also imagine computing the overlap reduc-
tion function for each term in a multipole expansion of
P (Ω̂). The overlap reduction function for the monopole
term in the expansion (appropriate for an isotropic
stochastic gravitational wave search) is the Hellings-
Downs curve given by Eq. (39) in Section III. Surpris-
ingly, the dipole overlap reduction function is given by a
similarly simple equation. We find

Γdip = (cos α1 + cos α2)

×
(

2− 3
2

cos ξ + 6 tan2 ξ

2
ln

(
sin

ξ

2

))
, (93)

where as before ξ is the angle between the two pulsars,
and α1 and α2 are the angles each of two pulsars make to
the direction of the dipole. A detailed derivation of this
result is given in Appendix C 2. This result is relevant to
searches for a dipole anisotropy in the gravitational wave
sky using pulsar timing data.

The sky-dependence of the sensitivity of a pulsar net-
work can be estimated by computing the signal to noise
for sources at the sky locations of interest. We start
by taking the expectation value of the optimal statistic,
Eq. (66), using the optimal filter for a sky location Ω̂ as-
suming the redshift data contain a stochastic signal from
that location. We then divide by the square root of the
variance given in Eq. (68). The result is proportional to

G(Ω̂) =




l∑

i=1

l∑

j<i

(ij)Γ2
Ω̂




1/2

(94)

where we have assumed (for illustrative purposes) that
the noise spectra of all pulsars is the same, the obser-
vation times for all pairs is the same, and nij = 1 for
all pulsar pairs. Figure 3 shows the Eq. (94), for the
20 pulsars of the Parkes Pulsar Timing Array [35, 36].
Since most of the pulsars are in the Southern hemisphere
the Parkes Pulsar Timing Array is most sensitive in that
region.

Another quantity of interest is the point spread func-
tion, which measures the intrinsic spatial correlation of
the skymap, or equivalently, the ability of a pulsar net-
work to locate a stochastic source of gravitational waves.
We construct the point spread function by computing
the signal to noise for a source at some sky location that
we search for using the optimal filter for some other lo-
cation. In particular, we take the expectation value of

FIG. 3: Skymap of the sensitivity, Eq. (94), for the Parkes
Pulsar Timing Array.

the optimal statistic, Eq. (66), using the optimal filter
for a sky location Ω̂ assuming the redshift data contain
a signal from another location Ω̂′, then we divide by the
square root of the variance given in Eq. (68). The result
is proportional to

A(Ω̂, Ω̂′) =

l∑

i=1

l∑

j<i

(ij)ΓΩ̂
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
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


1/2

(95)

where we have again assumed that the noise spectra of all
pulsars is the same, the observation times for all pairs is
the same, and nij = 1 for all pulsar pairs. Figure 4 shows
the point spread function, Eq. (95), for the 20 pulsars of
the Parkes Pulsar Timing Array [35, 36] for a source at
6h RA 45◦ Dec (top panel) and another at 18h RA -45◦
Dec (bottom panel).

The point spread function can be understood in terms
of the likelihood ratio of Sec. III D: Suppose that the
likelihood ratio is computed using the overlap reduction
function ΓΩ̂ appropriate for a stochastic signal coming
from direction ΓΩ̂ when the true signal is in fact coming
from direction ΓΩ̂. The the expectation value of the log-
likelihood ratio is [cf. Eq. (80)]

〈ln Λ〉 = ε2ε2true

l∑

i=1

l∑

j<i

(ij)ΓΩ̂
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− 1
2ε4
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(ij)C

+O(ε6) (96)

with

(ij)C =
(

3H0

32π3

)2

T

∫ ∞

−∞
df

Ω̂2
gw(|f |)

f6Pi(|f |)Pj(|f |) . (97)

If (ij)C is approximately the same for all pulsar pairs

Anholm, Ballmer,  Creighton, Price,
Siemens, arXiv:0809.0701v2 [gr‐qc]



Pulsar 1ming: no SBBH in 3C66B

• Proposed SBBH 
had period ~ 1 
year and total 
mass

• Ruled out based 
on 7 years of 
pulsar 1ming 
data
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Fig. 2.— Top Panel: Timing residuals for B1855+09. Bottom Panel: The corresponding
normalized Lomb periodogram.

B1855+09 (Jenet, Lommen, Larson, & Wen 
(2004), ApJ 606:799)
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Constraining the properties of the proposed supermassive black

hole system in 3c66b: Limits from pulsar timing

Fredrick A. Jenet 1, Andrea Lommen2, Shane L. Larson3, Linqing Wen 3

ABSTRACT

Data from long term timing observations of the radio pulsar PSR B1855+09

have been searched for the signature of gravitational waves (G-waves) emitted by
the proposed supermassive binary black hole system in 3C66B. For the case of
a circular orbit, the emitted G-waves would generate detectable fluctuations in

the pulse arrival times of PSR B1855+09. General expressions for the expected
timing residuals induced by G-wave emission from a slowly evolving, eccentric,

binary black hole system are derived here for the first time. These waveforms are
used in a Monte-Carlo analysis in order to place limits on the mass and eccentric-

ity of the proposed black hole system. The reported analysis also demonstrates
several interesting features of a gravitational wave detector based on pulsar tim-
ing.

Subject headings: pulsar:general - pulsar:individual (B1855+09) - gravitational
waves - black hole physics

1. introduction

This letter reports on the search for gravitational wave (G-wave) emission from the

recently proposed Supermassive Binary Black Hole (SBBH) system in 3C66B (Sudou et al.
2003, S03 hereafter) using 7 years of timing data from the radio pulsar PSR B1855+09.

Given the length of the available data set and this pulsar’s low root-mean-square timing
noise (1.5 µs), these data are well suited for this analysis. The proposed binary system
has a current period of 1.05 years, a total mass of 5.4 × 1010M!, and a mass ratio of 0.1.

1California Institute of Technology, Jet Propulsion Laboratory
4800 Oak Grove Drive,Pasadena, CA 91109

2Franklin and Marshall College, Department of Physics and Astronomy, PO Box 3003, Lancaster, PA
17604

3California Institute of Technology, 1500 California Blvd. , Pasadena CA, 91125

– 6 –

Fig. 1.— Top panel: Theoretical timing residuals induced by G-waves from 3C66B. The

timing points are chosen to coincide with the actual timing residuals of B1855+09. Bottom
panel: The corresponding normalized Lomb periodogram.
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Figure 1: Comparison of current and planned GW detectors, showing characteristic strain
(hc) sensitivity versus frequency along with expected source strengths. The Laser Interfer-
ometer Gravitational Wave Observatory (LIGO), the Laser Interferometer Space Antenna
(LISA) and PTAs occupy complementary parts of the GW spectrum.

main contributors to this nHz GWB signal are MBH systems of mass M > 108 M!. Current
pulsar timing experiments limit the GWB spectral amplitude to ∼< 7 × 10−15, depending
somewhat on the value of α (Hobbs 2005; Jenet et al. 2006; Lommen et al. 2009). With
longer spans of data, PTA experiments become sensitive to lower GW frequencies, where the
expected signal is stronger. The ongoing NANOGrav pulsar timing program will achieve a
GW sensitivity well into the predicted hc amplitude range in the next 3–5 years (Figures 1
and 2).

As these limits improve, and ultimately progress to a detection, they provide a new view
of the history of MBH mergers throughout the Universe. Furthermore, measurements of
the GWB spectral shape near 10 nHz could distinguish between various models of MBH
binary formation (Sesana et al. 2008). LISA will be sensitive to the final MBH-MBH coa-
lescence events for systems with M < 107 M!. Pulsar timing arrays and LISA thus provide
complementary views of these sources, encompassing the full range of MBH masses.

2.2 Gravitational Wave Bursts and Individual Sources
Pulsar timing has already been used to constrain GW emission from individual sources. For
example, a proposed MBH binary within the radio galaxy 3C 66B (Sudou et al. 2003) was
ruled out when its GW signature was not detected in existing millisecond pulsar data sets
(Jenet et al. 2004).

GW bursts (events lasting less than a few years) are also potentially detectable. Sources
might include highly eccentric systems near periapsis or the final inspiral of merging black

3

• Massive black hole 
mergers (B0402+769, 
7pc)

• Resul1ng stochas1c 
background

• Other possible sources 
include cosmic string 
networks, other 
sources of stochas1c 
background

• ~ 500 hours/month of 
1me required on 100m 
equivalent telescope

Pulsar 1ming sources
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Figure 2: PTA sensitivity versus times for several scenarios: The current NANOGrav ob-
serving program, and potential future PTAs of 3 and 10 times better GW sensitivity. The
shaded area shows the expected amplitude range of the MBH-MBH GW signal (see §2.1).

holes (Lommen et al. 2009). GW waveforms of such events would encode detailed information
about the burst source, such as the masses and spins of the inspiraling black holes.

2.3 Cosmic Strings and Exotica
Pulsar timing experiments may provide a unique window into particle physics at the high-
est energy scales. Cosmic strings, theorized line-like topological defects, may form during
phase transitions in the early Universe, due to the rapid cooling that took place after the
Big Bang (Kibble 1976). Recently it was shown that cosmic string production is generic in
supersymmetric grand unified theories (Jeannerot et al. 2003). Furthermore, string theoret-
ical cosmology predicts the formation of so-called cosmic superstrings, different from regular
field theoretical cosmic strings (Polchinski 2005).

Cosmic strings and superstrings are expected to produce a stochastic GWB analogous
to the cosmic microwave background, as well as bursts of GWs (Damour and Vilenkin 2001,
2005; Siemens et al. 2006). Because of their sensitivity at very low frequencies, pulsar timing
arrays place the best constraints on viable cosmic string models (Siemens et al. 2007). With
increased sensitivity, PTAs could detect cosmic (super)strings.

Pulsar timing experiments could result in the detection of other exotica. Gravitational
waves are a means for probing the fundamental structure of the space-time of the Universe.
With less than 20% of the matter in the Universe emitting electromagnetic radiation, we are
likely to be surprised by what we “see” in GWs, the generation of which is caused directly
by the movement of mass, not the coupling to the electromagnetic force.

3 Key Advances For A Pulsar Gravitational Wave Observatory
The sensitivity of a PTA is determined by the number and distribution of the pulsars under
observation, the cadence with which they are observed, and the precision with which the
pulse times of arrival are measured.

Pulsar timing precision is quantified by the root-mean-square (RMS) residual pulse arrival

4

NANOgrav Decadal Survey White Paper



Detec1on needs waveforms
• Recent advances in numerical rela1vity now allow strong‐field 

gravity regime to be accurately modeled

• Many new results:  UK: Cambridge, Southampton. Ireland: 
Cork. Germany: AEI, Jena. Japan: Osaka. Canada: UBC, Guelph/
Perimeter, CITA. USA: Caltech/Cornell, Princeton, Chicago, 
Maryland, Oakland, RIT, UT Aus1n, LSU, Goddard, Penn State, 
Georgia Tech, U. Illinois ‐ Urbana, FAU,...

•  Ac1ve research group ‘NINJA’ working on incorpora1on of the 
latest numerical results and catalogs into the data analysis for 
gravita1onal wave searches.

• Following simula1on shows 16 orbits of two non‐spinning black 
holes, followed by coalescence and merger.  Caltech/Cornell 
collabora1on [Kidder, Lindblom, Pfeiffer, Scheel, Teukolsky, ...]
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Future prospects and plans
• 2009: LIGO/VIRGO will start S6/VSR2. 

Sensi1vity increase ~ 2 (30 Mpc for 
NS/NS inspiral), event rate increase ~ 
10

• 2011: Planck CMB polariza1on data 
(no 0me in this talk for this topic!)

• 2014: Advanced LIGO, Advanced 
VIRGO. Sensi1vity increase ~5 (150 
Mpc), rate increase ~100

• 2015: Large Cryogenic Gravita1onal 
Telescope (Japan)

• 2015: Pulsar 1ming arrays

• 2020: LISA

• 2025: Einstein Telescope.  Sensi1vity 
increase ~40 (6000 Mpc, z=1), see all 
NS/BH inspirals in Hubble radius

20

First detec0on 


