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seconds hours-days weeks-decadesMovements take:

Mass scale: ~100 Msun 104-107 Msun 108-1011 Msun



A Galactic-scale 
Gravitational Wave 

Observatory!

Pulsar Timing Arrays

PSR B1937+21:
P = 1.5578064688197945 ms 
+/- 0.0000000000000004 ms 



Strain variations
3 pulsars shown

Can detect binaries with P=few weeks to decades!
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[LISA]“Last parsec problem”
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Deep within a 
merger remnant . . .
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Aggarwal et al. (2019)

Madison et al. (2016)
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Current state-of-art: 
testing “weird AGN”



3C66B: Early Multi-Messenger Astronomy

Simulated signal… Actually saw…

Jenet et al (2004)Sudou et al (2003) 

Galaxy
3C66B

ranging from 1/27.8 yr!1 to 19.5 yr!1, with a resolution of
1/27.8 yr!1. This corresponds to a frequency-oversampling
factor of 4. There are no significant peaks in this LP. For the
purposes of this paper, a significant peak has less than a 0.1%
chance of occurring in purely random data assuming Gaussian
statistics. Harmonic summing was performed up to the sixth
harmonic. Again, no significant features were found.

Since the LP analysis was unable to detect the presence of
G-waves in the timing residuals, limits can be placed on the
possible chirp mass and eccentricity of the system. Since the
general waveform given by equations (5)–(7) depends on
various unknown quantities that specify the orientation of the
orbit and the viewing geometry, a Monte Carlo simulation was
performed in order to determine the probability of detecting a
SBBH system in 3C 66B with a given chirp mass and eccen-
tricity. Aside from Mc and e, the general waveform depends on
six angles: two angles specify the plane of the orbit, two de-
termine the orbital phase of binary at the beginning of each of
the two relevant epochs, and two determine the initial location
of the line of nodes at the start of each epoch. For a givenMc and
e, the initial eccentricities and periods were determined using
equations (11) and (12). An orbital period of 1.05 yr at
MJD ¼ 51981 was chosen for the initial parameters in order to
match the observations of S03. The distances to 3C 66B and
PSR B1855+09 were taken to be 80 Mpc and 1 kpc, respec-
tively. The six unknown angles were chosen at random from
a uniform distribution that ranged from 0 to 2!, and a cor-
responding waveform was generated using equations (5)–(14).
The waveform was then added to the residual data. When
processing the timing data, the program TEMPO will remove
the effects of the Earth’s orbit and parallax together with a linear
trend. In order to simulate the effects of removing these com-
ponents from the data, various functions were subtracted from
the simulated data. A 1 yr periodicity was removed by sub-
tracting a function of the form y ¼ acos (!t)þbsin (!t) where
t is time, ! ¼ 2!=1 yr, and aand bare determined by a least-
squares fit to the simulated data. A 6 month periodicity was
removed in a similar fashion. A best-fit first-order polynomial
was also removed. This combination of data plus simulated
signal minus various fitted functions was then analyzed using
the LP method described above. If a significant peak was found
(see above), then the signal was considered to be detected. A
total of 1000 waveforms were tested for eachMc and initial e. It
was found that there is a 98% chance of detecting a system like
that adopted by S03, if it has an eccentricity less than 0.03. As
the eccentricity increases above 0.03, the system is evolving
rapidly enough to make the period at the earlier epoch (i.e., the
period in the pulsar term), much longer than the observation
length. Hence, for eccentricities between 0.03 and 0.49, the
probability drops to about 95%. The detection probability starts
falling off again above eccentricities of 0.49. At this point, the
period of the binary system at the start of the observations is
longer than the observing time. The results for this and other
chirp masses are summarized in Table 1. The first column lists
the chirp mass in 1010 M$, the next four columns list the lim-
iting eccentricities at the 98%, 95%, and 90% probability
levels. For example, with Mc ¼ 1:0, if the eccentricity at the
epoch of the S03 observations was less than 0.03, then there
was at least a 95% chance of detecting the system.

6. DISCUSSION

The signature of G-waves emitted by the proposed system
in 3C 66B was not found in the analysis of the pulsar-
timing residuals of PSR B1855+09. The system adopted by

S03 has a total mass of 5:4 ; 1010 M$ and a chirp mass of
1:3 ; 1010 M$. The confidence with which such a system
can be ruled out depends on its eccentricity, which is not
constrained by the S03 observations. It is generally accepted
that the eccentricity of a system near coalescence will be
small, but exactly how small depends on many unknown
aspects of the system’s formation and evolution. If the ec-
centricity is less than 0.03, then the adopted system may be
ruled out at the 98% confidence level. As the assumed ec-
centricity of the system increases, its expected lifetime will
decrease. Given that the system had to exist for longer than
1 yr and assuming that it will merge when it reaches the
last stable orbit, it can be shown that the eccentricity must
be less than 0.3 for a black hole binary system with neg-
ligible spins. In this case, the system can be ruled out at the
95% confidence level.
Even though the pulsar data show that the adopted system is

highly unlikely, it is possible that the system has a lower chirp
mass. Mc < 0:7 ; 1010 M$ cannot be ruled out regardless of e.
For the case of e ¼ 0, a lower bound of 12 yr can be placed on
the lifetime of the system. Systems with Mc ¼ 1:0 ; 1010 and
0:8 ; 1010 M$ are allowable when e is larger than 0.18 and
0.03, respectively.
The above discussion assumed a value of 75 km s!1 Mpc!1

for the Hubble constant when calculating the distance to 3C
66B. For other values, the chirp masses listed in Table 1 need
to be multiplied by a factor of (H=75)!3=5, where H is the
desired Hubble constant in units of km s!1 Mpc!1. For Hubble
constants within the range of 65 to 85 km s!1 Mpc!1, the chirp
masses listed in Table 1 are valid to within 10%.
This analysis can be applied to any SBBH candidate, the list

of which is growing. It is generally accepted that most galaxies,
both active (Wandel 1999; Kaspi et al. 2000; Ferrarese et al.
2001; Merritt & Ferrarese 2001) and nonactive (Richstone
et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002) contain supermassive black holes. The
current debate centers on how best to measure their masses.
The range of masses, however, is not debated. For active gal-
axies, Ferrarese et al. (2001) use stellar velocity dispersions to
substantiate the masses found via reverberation mapping
(Kaspi et al. 2000; Wandel 1999). These authors find about
three dozen massive black holes with masses up to 5:5 ;
108 M$. However, none of these are closer than 3C 66B. For
nonactive galaxies, Ferrarese et al. (2001), Merritt & Ferrarese

TABLE 1

Detection Limits

Maximum Eccentricity
Mc

(1010 M$) 98% 95% 90%

1.3.................... 0.03 0.49 0.51

1.2.................... 0.02 0.49 0.51

1.1.................... 0.02 0.16 0.23

1.0.................... . . . 0.03 0.18

0.9.................... . . . 0.02 0.04

0.8.................... . . . 0.01 0.03

0.7.................... . . . . . . . . .

Note.—Maximum eccentricity given a chirp
mass, Mc, for the proposed system at the epoch of
the S03 observations for 98%, 95% and 90%
minimum detection probabilities. The ellipses
mean that the probability of detecting the system
never reached the specified value.
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“Weird AGN”

Emission line velocity oscillations; 
NGC 4151 (Bon et al. 2012)

Periodic flares; OJ287 (Valtonen et al. 1988)

Sinusoidal light curves: PG1302-102
(Graham et al. 2015)
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Fig. 1. Geometry of the precession model, adopted and generalized
from Qian et al. (1991, 2017, 2018). Five coordinate systems are intro-
duced. In the observer’s system (Xn,Yn,Zn), the knot motion is defined
by parameters (✏,  , !, a, and x) or (✏,  , !, r0, and z0).

s0 along the jet axis:

s0 =

Z
z0

0

p
1 + (dr0/dz0)2dz0. (2)

The axial distance z0(=Z) and A(s0) are measured in units of mil-
liarcseconds (mas) and the phases ! and � are measured in units
of radians. In this paper we do not consider the helical motion of
the superluminal components and thus we assume A⌘ 0 and only
consider their motion along the precessing jet axis (parabolic tra-
jectory pattern).

In this simplified case, knots move along the jet axis, and
their coordinates (X,Y,Z)⌘(Xj,Yj,Zj) and the coordinates of the
precessing jet axis (Xj,Yj,Zj) are

Xj(r0,!) = r0cos!, (3)
Yj(r0,!) = r0sin!, (4)
Zj = z0. (5)

When the parameters ✏,  , a, x, and � (bulk Lorentz factor of
the knot) are set, the kinematics of the knot (projected trajectory,
apparent velocity, Doppler factor, and viewing angle as functions
of time) can then be calculated. The formulas are described as

Xn(z0,!) = Xj(z0,!)cos � [z0sin✏ � Yj(z0,!)cos✏]sin , (6)
Yn(z0,!) = Xj(z0,!)sin + [z0sin✏ � Yjcos✏]cos , (7)

introducing the functions
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We can then calculate the viewing angle ✓, apparent transverse
velocity �a, Doppler factor �, and the elapsed time T (at which
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Fig. 2. Sketch of the double-jet scenario: the projected cone of the pre-
cessing jet-A (northern jet; solid lines) and the projected cone of the
precessing jet-B (southern jet; dashed lines). Numbers denote the corre-
sponding precession phases for the trajectories. ! = 6.0 rad and 3.0 rad
approximately denote the edges of the cones. Red circles and violet
squares are the data points for knots C31 and C7a, respectively.

the knot reaches distance z0) as

✓ = arccos[cos�(cos ✏ + sin ✏ tan�p)], (11)

� =
1

�(1 � � cos ✓)
, (12)

�a =
� sin ✓

1 � � cos ✓
, (13)

T =

Z
z0

0

1 + z

��v cos�s

dz0, (14)

z is redshift, � = v/c, v is the spatial velocity of knot, and � =
(1 � �2)�1/2 is the Lorentz factor.

We note that in the scenario of the precessing jet noz-
zle model described above, the precessing common trajectory
is defined in the coordinate system (X,Y,Z,) and is described
by the parameters a, x, and !. With respect to the observer’s
system (Xn,Yn,Zn) the trajectory is defined by the parameters
(a, x,!, ✏, ). Generally, changes in any parameter or their com-
bination will introduce the change of the trajectory pattern in the
observer’s system. In particular, in the following model-fitting
of the kinematics of the superluminal components, changes in
parameter  will be applied to study the knots’ trajectory cur-
vatures in their outer jet regions, while in their innermost jet
regions parameter  will be assumed to be constant to demon-
strate their motion following a precessing common trajectory. In
these cases the changes in  imply their outer trajectory rotating
about the viewing axis Yn. We note that angle ✏ is assumed to be
a constant.

It is emphasized here that our precession model is mainly
used to fit the innermost trajectory of the knots and their ejec-
tion position angles. Due to non-ballistic motions near the core
their ejection position angles are quite di↵erent from the average
position angles measured within ⇠1 mas of core separation (e.g.,
Lister et al. 2013; Chatterjee et al. 2008).

As we have argued, 3C279 may have a double-jet structure
and the source kinematics may be explained in terms of a double-
jet precession scenario. A sketch is shown in Fig. 2 to describe
the assumed double-jet structure that contains two jets desig-
nated as jet-A and jet-B. We give the model-fitting results for
the superluminal components of jet-A and those of jet-B.

In this paper we adopt the concordant cosmological model
(⇤CDM model) with ⌦m = 0.27, ⌦� = 0.73, and Hubble con-
stant H0 = 70 km s�1 Mpc�1 (Spergel et al. 2003). Thus, for
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“Weird AGN”
Helical radio jets, 

e.g. Kun et al. (2013)

Multiple jets/outflows e.g. Qian et al. 
(2019)

3C279

Jet A

Jet B

Double-peaked/offset emission lines 
(Eracleous, Runnoe, Bogdanovic et al.)



Caveat…
◇ Period: 

◇ 1 week - 30 years

◇ Distance (Aggarwal et al. 2019): 
◇ z <= 2.2 for 1010 M⦿ 

◇ z <= 0.04 for 109 M⦿
◇ z <= 0.0005 for 108 M⦿



Offset broad lines
Helical radio jets

3C66B

OJ287

NGC4151

4C22.25

Nearby Galaxy Mergers
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Testing abnormal emissions

c.f. Burke-Spolaor (2013)
Source references:
Sundelius+97, Britzen+10, Decarli+10, Kudryavtseva+11, Eracleous+12, Carpineti+12, Bon+12, Ju+13, Sudou+03, 
Iguchi+10, Graham+15, Liu+15, Graham+15, Runnoe+15/17, d’Ascoli+18, Kelley+18, D’Orazio+18, and more!

PG 1302-102

Optical 
periodicities



NANOGrav 2018 

(Aggarwal et al.)Yardley+2010

Future timing array with 

Square Kilometre Array

(2030+)
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Testing abnormal emissions

c.f. Burke-Spolaor (2013)
Source references:
Sundelius+97, Britzen+10, Decarli+10, Kudryavtseva+11, Eracleous+12, Carpineti+12, Bon+12, Ju+13, Sudou+03, 
Iguchi+10, Graham+15, Liu+15, Graham+15, Runnoe+15/17, d’Ascoli+18, Kelley+18, D’Orazio+18, and more!



Future state-of-art:
Multi-messenger

AGN/circumbinary disk physics



Future Multi-messenger TargetsIndividually Resolvable Sources

PTA sensitivity will 
improve over the next 
decade to allow 
detection of single 
sources

Electromagnetic 
counterparts could assist 
in detection of CW, 
understanding of 
background

JS & Burke-Spolaor (in prep)

Weak Environmental Coupling Strong Environmental Coupling

“Double-
peaked/offset 
emission line” 

sources

Simon & Burke-Spolaor (in prep)



PTA Parameter estimation

Orbital Frequency: +/-10%

Inclination, phase: +/- 20 deg

Sky location: 10’s of deg2 

Mass/Distance: Degenerate.

Sesana & Vecchio (2010)
CBD image: Cuadra et al. (2009)



Low-hanging fruit
◇ Do orbits and jets align?

◇ Are two jets possible in a binary (geometries, scale sizes)?

◇ How does light variability compare with orbital period (disk 
resonances; variable heating; accretion dynamics)?

◇ Do we see expected BLR flux and velocity variability given 
measured orbital inclination?

◇ Is emission correlated between two SMBHs?



BURST
(“memory”)

Continuous 
Waves

GW Signals

Stochastic
Background

Images: NASA

Ensemble signal 
from all binaries

Arzoumanian et al. (2018)

Aggarwal et al. (2019)

Madison et al. (2016)

(e.g.)



The Strain Spectrum
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Do binaries 
stall at 
>1pc?

Is inspiral
“over-efficient” 
 due to disk or 

stellar 
interactions?

PTA 
memory; 
LISA ring-

down

PTA
continuous-wave

[LISA]“Last parsec problem”

10pc 0.1pc 0.0001pc 0 pc 
Approximate binary separation



“Stalled” SMBHBs 

Binaries driven by environment
• Extended stellar interactions 
• Gas-driven inspiral 
• Circumbinary torques

Best limit

Gravitational-wave driven inspiral

Understanding the GW Background
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Eccentric binaries

High eccentricity & 
Over-efficient evol.

Over-efficient gas/
star driven evolution

No interaction

Understanding the GW Background

Taylor, Simon, & Sampson (2017)



Constraining Binary Inspiral!

NANOGrav 11-year data set.  [Arzoumanian et al. 2018, led by Steve Taylor and others] 

analysis uses BAYESEPHEM, and (ii) the simulation advances
of Blanco-Pillado & Olum (2017) with respect to Blanco-
Pillado et al. (2014) impede a direct comparison. However, the
additional ∼2 years of data in the new NANOGrav data set, the
new SSE uncertainty modeling, and the improved end-to-end
analysis with simulated cosmic-string spectra all combine to

increase NANOGrav’s sensitivity to the cosmic-string para-
meter space.

5.3. Primordial Gravitational Waves

According to the theory of inflation, quantum fluctuations in
the spacetime geometry of the early universe are amplified to
cosmological scales. Inflation leaves a background of relic
primordial GWs that may be observable today (Grishchuk
1976, 1977; Starobinsky 1980; Linde 1982; Fabbri & Pollock
1983). Studies of the cosmic microwave background (CMB)
that attempt to observe these GWs indirectly through their
imprint of tensor-mode CMB polarizations are limited to
probing the surface of last scattering, roughly 300,000 years
after the big bang (Kamionkowski et al. 1997; Seljak &
Zaldarriaga 1997; BICEP2/Keck et al. 2015). By contrast, GW
observations can in principle observe a much earlier epoch in the
history of the universe, extending back to as soon as 10−32 s
post-big bang. Indeed, the spectral index of the primordial GWB
is determined by the equation-of-state parameter w in the
immediate post-inflation, pre-Big Bang nucleosynthesis uni-
verse, and by the tensor index nt, which depends on the detailed
dynamics of inflation (see Grishchuk 2005 and references
therein). The primordial spectral dependencies are typically
stated in terms of GWB-α as in Lasky et al. (2016) and NG9b.
We can express GWB-γ (see Equation (4)) for a primordial

Figure 11. Top (a): posteriors for ρstars and e0 at different values of αBH, as computed for the NANOGrav 11year data set. Bottom (b): marginalized spectral densities
computed from those posteriors. Each column of plots corresponds to a different value of αBH with values decreasing from right to left. The center and left columns
correspond to the measured values from Kormendy & Ho (2013) and McConnell & Ma (2013), respectively, while the right column corresponds to a larger value, for
comparison. The solid (dashed) line in (a) corresponds to the 68% (95%) contour, and the blue shading is consistent across all of the plots. The dashed and solid lines
in (b) are identical to those shown in Figure 9, where the dashed line indicates our upper limit on AGWB of 1.34(1)×10−15 on a power-law GWB (f−2/3), and the
solid lines show the 2.5%, 50%, and 97.5% confidence levels. As αBH increases, so too does the overall level of the background, and the spectral shape of the GWB is
more constrained by the data.

Figure 12. Constraints on cosmic-string tension, Gμ/c2, as a function of
reconnection probability, p , with the NANOGrav 11year data set. The
excluded region of parameter space is bounded by a solid black line. The
corresponding excluded region for the NANOGrav nine-year data set (NG9b)
is bounded by a dashed black line, while the EPTA constraints (Lentati et al.
2015) are shown for p =1 only.

18

The Astrophysical Journal, 859:47 (22pp), 2018 May 20 Arzoumanian et al.

analysis uses BAYESEPHEM, and (ii) the simulation advances
of Blanco-Pillado & Olum (2017) with respect to Blanco-
Pillado et al. (2014) impede a direct comparison. However, the
additional ∼2 years of data in the new NANOGrav data set, the
new SSE uncertainty modeling, and the improved end-to-end
analysis with simulated cosmic-string spectra all combine to

increase NANOGrav’s sensitivity to the cosmic-string para-
meter space.

5.3. Primordial Gravitational Waves

According to the theory of inflation, quantum fluctuations in
the spacetime geometry of the early universe are amplified to
cosmological scales. Inflation leaves a background of relic
primordial GWs that may be observable today (Grishchuk
1976, 1977; Starobinsky 1980; Linde 1982; Fabbri & Pollock
1983). Studies of the cosmic microwave background (CMB)
that attempt to observe these GWs indirectly through their
imprint of tensor-mode CMB polarizations are limited to
probing the surface of last scattering, roughly 300,000 years
after the big bang (Kamionkowski et al. 1997; Seljak &
Zaldarriaga 1997; BICEP2/Keck et al. 2015). By contrast, GW
observations can in principle observe a much earlier epoch in the
history of the universe, extending back to as soon as 10−32 s
post-big bang. Indeed, the spectral index of the primordial GWB
is determined by the equation-of-state parameter w in the
immediate post-inflation, pre-Big Bang nucleosynthesis uni-
verse, and by the tensor index nt, which depends on the detailed
dynamics of inflation (see Grishchuk 2005 and references
therein). The primordial spectral dependencies are typically
stated in terms of GWB-α as in Lasky et al. (2016) and NG9b.
We can express GWB-γ (see Equation (4)) for a primordial

Figure 11. Top (a): posteriors for ρstars and e0 at different values of αBH, as computed for the NANOGrav 11year data set. Bottom (b): marginalized spectral densities
computed from those posteriors. Each column of plots corresponds to a different value of αBH with values decreasing from right to left. The center and left columns
correspond to the measured values from Kormendy & Ho (2013) and McConnell & Ma (2013), respectively, while the right column corresponds to a larger value, for
comparison. The solid (dashed) line in (a) corresponds to the 68% (95%) contour, and the blue shading is consistent across all of the plots. The dashed and solid lines
in (b) are identical to those shown in Figure 9, where the dashed line indicates our upper limit on AGWB of 1.34(1)×10−15 on a power-law GWB (f−2/3), and the
solid lines show the 2.5%, 50%, and 97.5% confidence levels. As αBH increases, so too does the overall level of the background, and the spectral shape of the GWB is
more constrained by the data.

Figure 12. Constraints on cosmic-string tension, Gμ/c2, as a function of
reconnection probability, p , with the NANOGrav 11year data set. The
excluded region of parameter space is bounded by a solid black line. The
corresponding excluded region for the NANOGrav nine-year data set (NG9b)
is bounded by a dashed black line, while the EPTA constraints (Lentati et al.
2015) are shown for p =1 only.

18

The Astrophysical Journal, 859:47 (22pp), 2018 May 20 Arzoumanian et al.

50%

97.5%

2.5%

Kormendy & Ho MBH-MbulgeMcConnell & Ma MBH-Mbulge



Pulsar Detection of Binary SMBHs

PTA 
memory

PTA
continuous-wave

[LISA band for 
lower-mass BHs]

10pc 0.1pc 0.0001pc 0 pc 
Approximate binary separation

It appears likely that something 
drives efficient progression 

through to PTA band.



Summary
◇ Pulsar Timing can test AGN binary models!

◇ Contact or join NANOGrav if interested.
◇ http://nanograv.org

◇ Few MM sources can assess:
◇ AGN geometries.
◇ Circumbinary dynamics.

◇ GW Background AMPLITUDE and SLOPE will 
measure “last parsec” efficiency!

http://nanograv.org

