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Electromagnetic  
Surveys

Gravitational Wave 
Observatories

Pan-STARRS: 
•Running 
•4 skies per month

Large Synoptic Survey Telescope (LSST): 
•2021-2032 
•1 sky every 3 days

Multimessenger Synergy

• GW Detection/Localization  <--->  EM Detection/Localization;	


• GW and light are connected theoretically but originate in wholly different mechanisms 	


• --> independently constrain models;	


• Either GW or EM observations of close supermassive BH binaries would be the first of its kind!	


• Follow up (X-ray, sub-mm) observations can often be made via coordinated alert systems; 	


•Cosmological “Standard Sirens”:  New Distance vs. Redshift Measurement	

     Schutz 1986,  Chernoff+Finn 1993, Finn 1996,  Holz & Hughes 2005 

eLISA/NGO



Supermassive Black Hole Binaries

flux density of 0402+379 at 5 GHz is 1.1 Jy (Pauliny-Toth et al.
1978; Becker et al. 1991), which is a radio luminosity of 7;
1031 ergs s!1 Hz!1. This is in agreement with the X-ray to 5 GHz
radio luminosity correlation of Brinkmann et al. (2000).

The ROSAT archive also contains two HRI pointings of this
source for a combined exposure of 27 ks. These show that the
X-ray source is largely resolved, extending over a radius of"1500

and appears to follow the faint diffuse emission surrounding the
galaxy core. The bulk of the X-ray flux lies between the elliptical
and its companion, further supporting the interaction hypothesis.
The X-ray luminosity for this diffuse emission is comparable to
the AGN estimate above, e.g., L0:1!2 # 3 ; 1043 ergs s!1 for a
1 keV Raymond-Smith plasma and likely dominates the flux of
the ROSATAll-Sky Survey source.

We find that the X-ray emission of 0402+379 is unique; of
the 35 known CSOs (Compact Symmetric Objects) this is the
only source detected in the ROSATAll-Sky Survey. Thus, further
X-ray observations could abet optical data in probing the nature
of this emission and the connection with recent merger and/or
nuclear activity.

3. RESULTS

3.1. Radio Continuum

Figure 2 shows naturally weighted 0.3 and 5 GHz images
from the 2005 VLBA observations. The structure of the source
at 5 GHz reveals the presence of two diametrically opposed jets,
as well as two central strong components, one directly between

Fig. 3.—Naturally weighted 2005 VLBA images of 0402+379 at 8, 15, 22 and 43 GHz. Contours are drawn beginning at 3 ! and increase by factors of 2 thereafter.
The peak flux density and rms noise for each frequency are given in Table 1. The labels shown in the 5 GHzmap indicate the positions of the two strong, compact, central
components derived from model fitting.
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image is pointing in the northeast direction, suggesting that at
some point the jet changes direction and starts moving northward,
probably as a consequence of interactions with the surrounding
medium.TheVLA1.5GHz image (Maness et al. 2004) also shows
the extended emission going northward. The southern jet seen in
our 5 GHz image is pointing in the southwest direction, which is
consistent with both the 1.5 GHz and the 5 GHz VLA images.

Figure 3 shows naturally weighted 8, 15, 22, and 43 GHz im-
ages from the 2005VLBAobservations. For both the 8 and 15GHz
images, the overall structure of the source is similar to that at 5GHz,
both jets are present as well as the two central components (C1
and C2).

It is clear that for higher frequencies the two central compo-
nents are easily distinguished and remain unresolved, while both
jets become fainter and are heavily resolved. At 22 GHz these ef-
fects are readily apparent, and becomemore prominent at 43GHz,
where the jets can barely be detected. Before these observations
were made, the highest frequency for which data had been taken
for this source was 15 GHz.

Elliptical or circular Gaussian components were fitted to the
visibility data using Difmap.We obtained an estimate for the sizes
of C1 and C2 based on our 15, 22, and 43 GHz model fits. In this
case, we fit circular Gaussian components for both C1 and C2,
obtaining an average value of 0:173 ! 0:045 mas or 0:183 !
0:048 pc for C1, and 0:117 ! 0:033mas or 0:124 ! 0:035 pc for
C2.

3.2. Component Motions and Variability

In order to explore questions pertaining to motion and variabil-
ity in 0402+379, we obtained fully calibrated 5 GHz VLBI data
taken in 1990 (Xu et al. 1995), as well as 5 GHzVLBA data taken
in three epochs (1994, 1996, and 1999) of the CJ Proper Motion
Survey (Britzen et al. 2003) and in 2003 (Maness et al. 2004).
Combining these data with our 2005 observations at 5 GHz, we

were able to probe motion and variability in this source over a
time baseline of 15 yr.
Motion and variability studies were performed by fitting eight

elliptical Gaussian components in Difmap to the 2003 visibility
data. Then we used this model to fit the 5 GHz data correspond-
ing to the 1990, 1994, 1996, 1999, and 2005 epochs. We let only
position and flux density vary; all other parameterswere held fixed
at the 2003 values. Results from our fits are listed in Table 2, and
Figure 4 shows the components model, where we have labeled
each of them and also added arrows showing the direction of mo-
tion of each component, as explained below.
To study component variability in 0402+379, we compared

the flux density for components C1 and C2, the mean flux den-
sity of the southern components (S1, S2, S3, and S4), and the
mean flux density of the northern components (N1 and N2) over
each of our six epochs at 5 GHz. The above regions were chosen
primarily on the basis of their isolation relative to other compo-
nents in the source. Errors for each region were computed on the
basis of the rms noise and our estimated absolute flux calibration
errors ("20% for the 1990 and 1994 Mk II VLBI epochs and
"5% for the 1996, 1999, 2003, and 2005VLBA epochs). The re-
sulting fractional variation light curves are shown in Figure 5.
These light curves were created by dividing each region’s flux
density at each epoch by themean region flux density found from
averaging all epochs. To aid the readability of our graph, the aligned
component (C2), the northern lobe, and the southern lobe are dis-
placed on the y-axis by 1, 2, and 3 units, respectively.
From Figure 5 and Table 2 we find that component C1 sub-

stantially increases in flux over the 15 yr baseline, starting from
18 mJy in 1990 and increasing in brightness to 59 mJy in 2005.
We also find that component C2 is variable, ranging from less
than 10 mJy in 1990, to 24 mJy in 1996, and 20 mJy in 2005.
Because our 1990 epoch was observed with Mk II VLBI, this

Fig. 4.—Components model for the VLBA observations of 0402+379 at
frequencies of 5 GHz and above. The arrows shown represent the direction of
motion found for each component, relative to the position of C1, obtained from
a time baseline of 15 yr. Arrow lengths have been multiplied by a factor of 200.
See x 3.2 for more details. Note that we placed arrows even for those compo-
nents for which we are not claiming motion. The specific model shown corre-
sponds to a frequency of 5 GHz.

Fig. 5.—Light curves of the different components of 0402+379 at 5 GHz.
The flux densities that produced this graph were taken from Table 2 and are dis-
cussed in x 3.2. The displayed light curves were created by dividing each region’s
flux at each epoch by the mean region flux found from averaging all observed
epochs. The aligned core candidate, the northern lobe, and the southern lobe are
displayed on the y-axis by 1, 2, and 3 units, respectively. Errors are estimated from
the rms noise and the absolute flux calibration errors for each epoch.
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NGC 6240: (Komossa et al. 2003)  	

• Optical ID: (Fried & Schulz 1983) 	

• Separation = 0.5 kpc

No. 1, 2003 KOMOSSA ET AL. L17

Fig. 2.—X-ray image of NGC 6240 in the energy range of 2.5–8 keV,
zoomed on the two nulcei. The circles mark the optical positions of the nuclei.

Fig. 3.—Multicolor image of NGC 6240. Red p soft (0.5–1.5 keV), green p medium (1.5–5 keV), and blue p hard (5–8 keV) X-ray band. The right image
shows contour plots using the same color coding.

one X-ray source is detected within the optical confines of NGC
6240. Its spectrum is rather hard. The source could be a back-
ground AGN. In particular, the following features stand out in
energy images of NGC 6240:
The 0.1–3.0 keV band.—Below 0.5 keV, barely any X-ray

photons are detected. This can be traced back to the high ab-
sorption toward NGC 6240. Above 0.5 keV, extended looplike
emission and several knots appear. They are prominent below
2.5 keV. Of special interest is the “blob” southwest of the south-
ern nucleus, which appears above 1 keV (see Figs. 1 and 2). It
is the strongest feature between 1.0 and 1.5 keV and is spatially
extended. Inspecting HST images of Gerssen et al. (2001), we
find that it correlates with a region of increased Ha emission
and may correspond to a more recent superwind outflow than
the more widely extended structures. Above 1.5 keV, X-ray emis-

sion from the direction of the northern nucleus of NGC 6240
starts to emerge.
The 5.0–8.0 keV band.—The hard X-ray image is dominated

by emission from two compact sources (see Figs. 2 and 3) that
are spatially coincident within the errors with the IR position
of the two nuclei of NGC 6240. With a distance of 1!.4, the
X-ray nuclei are slightly closer together than the optical nuclei
(Fig. 2), consistent with the previous interpretation that ex-
tinction causes a wavelength-dependent shift in the flux cen-
troids of the nuclei (Schulz et al. 1993). Both nuclei show
emission from the neutral iron line. The southern nucleus is
more prominent in this line than the northern nucleus. Running
a standard source detection routine, both nuclei are detected as
sources in the energy interval 5–8 keV with signal-to-noise
ratios of 9.9 (southern nucleus) and 3.5 (northern nucleus).
We do not detect any X-ray emission from the location of

the steep off-nuclear velocity gradient (Bland-Hawthorn, Wil-
son, & Tully 1991; Gerssen et al. 2001), which was recently
suggested to be possibly due to a kinematic gradient in a star-
burst wind. No correlation of X-ray emission with the radio
arm west of the nuclei, described by Colbert, Wilson, & Bland-
Hawthorn (1994) and suggested to be linked to superwind ac-
tivity, was found. Finally, no X-ray point source was detected
from the direction of the supernova SN 2000bg.

4. X-RAY SPECTROSCOPY

4.1. Extended Emission
Representative of the extended emission, we report here re-

sults of spectral fits to the northeastern loop extended emission
(Fig. 1). Source photons were extracted from an elliptical region
centered at R.A. p 16h52m59s.3, decl. p 02!24"08!.1 (ellipse
radii: 8!.9 and 10!.6, angle p 45!). We find that the X-ray
spectrum is well described by a MEKAL model (Mewe, Kaas-
tra, & Liedahl 1995) with keV and absorp-kT p 0.81" 0.05
tion with column density cm21 !2N p (3.1" 0.4)# 10H

Chandra/Komossa et al. 2003

0402+379: 	

(Xu et al. 1994, Maness et al. 2004, Rodriguez et al. 2006):  	


• Radio observation	

• Separation = 5 pc 	

• M ⇠ 108M�
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Figure 1. HST WFPC2/PC images of J1536+0441. North is at the top. The upper-left panel shows the central 4′′ × 4′′ of the F675W up-sampled summed image. A
linear stretch has been used. The companion is left of the QSO. The upper-right panel is the central 2′′ × 2′′ of same image, but with a logarithmic stretch to show
the inner structure of the QSO core. The lower-left panel shows a 2′′ × 2′′ patch of the F675W image centered between the QSO and companion after a PSF scaled
to the peak of the QSO has been subtracted. The bright residuals are artifactual. The lower-right panel shows the central 4′′ × 4′′ of the F439W image. The stretch is
identical to that in the upper-left panel.

1989; Wrobel & Heeschen 1991)—it is well above the typical
power seen in galaxies close to the estimated absolute magnitude
given above.

Despite its strong radio emission, the companion shows no
obvious nuclear point-source component in the optical. This is
consistent with the analysis shown in the next section that shows
that the companion is not the source of the optical emission
lines. Decarli et al. (2009) assert that the companion does have
a point source component in contradiction of the present results.
However, they present no analysis or figures to support this
claim, and the spatial resolution of their K-band image appears
to be at least an order of magnitude poorer than that of the HST
images.

There are no other obvious sources associated with either
the QSO or companion. The reference PSF and QSO core have
identical morphologies within their half-light radii. In particular,
we can easily rule out the presence of an additional point
source having a flux exceeding 10% of the QSO centered at
any distance greater than 0.′′1 from the QSO. At slightly larger
radii, the residuals of the PSF subtraction show a largely dipole
pattern, with excess light seen to the northwest of the QSO
in Figure 1. While, as noted earlier, there is very little recent
stellar imaging available in the F675W filter, examination of

standard stars observed in the F555W or F547M filters a few
months prior to execution of the present program show this
pattern to be common; it is consistent with a small amount of
comatic aberration. We thus conclude that the residual pattern
is artifactual. The residuals also make it difficult to set any
constraints on the properties of the QSO host galaxy. On the
assumption that the QSO subtraction residuals are largely due
to a host galaxy, rather than a miss-match between the PSF and
QSO core, the implied host luminosity is less luminous than
Mg ∼ −22.

3. THE SPECTROSCOPY

3.1. Observations and Their Reduction

Spectra of J1536+041 were obtained on the night of April 22
(UT) with the RC spectrograph on the Mayall 4 m telescope
at Kitt Peak. The BL 420 grating provides a 1.5 Å pixel−1

dispersion; in combination with a 1.′′5 wide slit, the resulting
resolution is between 3.0 Å and 3.6 Å over the wavelength
ranges covered. Two grating tilts were used, a blue setting to
cover the region from 5000 Å to 7600 Å and a red setting to
cover the region from 7000 Å to 9500 Å. The slit was 49′′

long and was oriented east–west to capture the companion seen

(Lauer & Boroson 2009)

Separation = 0.1pc

SDSS J153636.22+044127.0

1pc = 1 parsec = 3.26 light-years	

       = 1.9 x 1013  miles

X-rays
Not close enough to make detectable gravitational waves!
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images of PG 13022102, such as the small radio core and sharp bends
in the radio structure very close to the central source, correspond with
features seen in the optical19. An interpretation is that the host galaxy is
a fairly old merger, but that there might be more recent activity, with
the radio source just turning on and possible radio jets just emerging
from the host galaxy. There may also be some indication of relativistic
beaming connected with a jet. It should be noted that OJ 287 also ex-
hibits a similar radio and optical morphology20.

PG 13022102 was spectroscopically monitored over a six-month pe-
riod in 199021 and showed no detectable (greater than 5–10%) change in
any component of its spectrum over that time. This lack of variation is
not inconsistent with the ,60 month period that we have identified. A
SMBH binary may also exhibit double-peak broad line profiles in its spec-
trum for a small window of separation between the pair22 (although disk
emission from an accretion disk around a single source may also produce
the same effect23). At closer distances, the two black holes dynamically
affect the broad-line region clouds as a single complex entity producing
single-peaked spectral lines with asymmetric line profiles. The Balmer

and Paschen series spectral lines in PG 13022102 do not show a dou-
ble peak profile but are consistently asymmetric (Fig. 4). In particular,
a small bump on the red wing of Hb has been reported21, implying a
velocity shift of the order of 200 km s21 between the narrow and broad
components of Hb. One proposed explanation for this is a binary system.
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Figure 2 | The composite light
curve for PG 13022102 over a
period of 7,338 days ( 20 years).
The light curve combines data from
two CRTS telescopes (CSS and
MLS) with historical data from the
LINEAR and ASAS surveys, and
the literature15,16 (see Methods for
details). The error bars represent one
standard deviation errors on the
photometry values. The red dashed
line indicates a sinusoid with period
1,884 days and amplitude 0.14 mag.
The uncertainty in the measured
period is 88 days. Note that this
does not reflect the expected shape
of the periodic waveform, which
will depend on the physical
properties of the system.
MJD, modified Julian day.
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Figure 3 | The composite spectrum for PG 13022102. This combines an
archival GALEX spectrum (ultraviolet) with optical/near-infrared spectra
taken with the Keck and Palomar 200 inch telescopes in April and June 2014.
Fl, flux density. The prominent emission lines are indicated. The median
flux errors are 5.6 3 10216 erg s21 cm22 for the GALEX data (l , 0.3mm),
4.5 3 10216 and 7.6 3 10217 erg s21 cm22, respectively, for the blue
(0.3mm , l , 0.5mm) and red (0.5mm , l , 0.9mm) optical spectra from
Palomar, and 4.6 3 10218 erg s21 cm22 for the Keck near-infrared
(l . 0.9mm) spectrum.
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Figure 4 | The profiles of the Balmer and Paschen series lines of PG
13022102. The data have been modelled with a multi-component line fitting
technique (see Methods for details). a, b, Balmer Hb (a) and Ha (b) have been
fitted using a narrow component (dashed blue line) and a broad Gaussian
(solid orange line). The dashed green line shows the linear continuum
component, and the total fitted profile is shown as a solid red line. Hb requires a
single Gaussian offset from the narrow component but Ha requires two
components—a central Gaussian plus a red wing. c, d, The Paschen lines (Pab
(c) and Paa (d)) also show a consistent small asymmetry on the red side.
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Catalina Real-Time Transient Survey

“…[LSST will find] potentially 1000s of 
SMBHBs periodically varying on the 
timescale of years, fated to coalesce.”

Liu, Gezari,++2015, APJL
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detecting the decay of the orbital period P( ˙) with future
monitoring, as well as providing a promising target for direct
GW detection for pulsar timing arrays (Sesana et al. 2009).

8. DISCUSSION AND CONCLUSIONS

We present the most statistically significant periodically
variable quasar candidate from our search in PS1 MD09,
PSO J334.2028+01.4075, a radio-loud quasar at z = 2.060. We
combine an estimate of its black hole mass with its variability
timescale (assuming _P trest orb) to find orbital parameters

consistent with model predictions of a stable accreting SMBHB
system with a � �q0.05 0.25 in the GW-driven regime
(Haiman et al. 2009).
The redshift of this SMBHB candidate coincides with the

peak epoch for SMBHB mergers (Volonteri et al. 2003), and
its large mass ( x :M M1010 ) makes it favorable for detection
in the GW-driven regime due to the strong dependence on M of
the residence time at a given orbital separation in units of Rs

(Haiman et al. 2009). Like the CRTS SMBHB candidate PG
1302-102 reported by Graham et al. (2015), our SMBHB
candidate is also a radio-loud quasar. However, given the
shorter rest-frame period of our candidate of 0.5 yr (versus 4 yr
in PG 1302-102), it is even more unlikely for its variability to
be driven by jet precession, either originating from a single

Figure 3. Upper panels: sinusoidal fit to the folded PS1 light curve of PSO J334.2028+01.4075 in four filters, with the error bar indicating the typical photometric
error for an object of similar brightness in that filter. The period corresponding to the peak of the periodogram and its error bar, the amplitude of the fitted sine wave,
and the signal-to-noise ratio of the peak power are each labeled. Lower panel: sinusoidal fit plotted over the complete PS1 light curves in the g ,P1 rP1, i ,P1 and zP1bands.
The data used to create this figure are available.
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Figure 1. Color–color diagrams used to select point sources in MD09 for the 8158 point sources in the reference star sample (red) and 316 point sources in the quasar
sample (blue). Photometry is measured from the CFHT+PS1 catalog and converted to the SDSS system. Dashed lines show the color selection boundaries. The stellar
color–color selection box was chosen to avoid RR Lyrae stars, which are intrinsically variable. Bottom right panel: observed standard deviation of the reference
sample of non-variable stars before and after applying the technique of ensemble photometry (open circles and filled squares, respectively), compared to the Poisson
error expected from the reported PS1 flux errors (black dashed lines).

Figure 2. Our automated LS periodogram routine selects periodically variable candidates by requiring that the strongest peak is detected at the same frequency in at
least three filters. This quasar candidate, PSO �J334.2028 01.4075, was selected through this method and had the periodogram peak with the highest signal-to-noise
ratio of all of our candidates. The dashed lines mark the strongest peak in each filter. The dotted line corresponds to a false-alarm probability of q �1.5 10 23, or 10σ.
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images of PG 13022102, such as the small radio core and sharp bends
in the radio structure very close to the central source, correspond with
features seen in the optical19. An interpretation is that the host galaxy is
a fairly old merger, but that there might be more recent activity, with
the radio source just turning on and possible radio jets just emerging
from the host galaxy. There may also be some indication of relativistic
beaming connected with a jet. It should be noted that OJ 287 also ex-
hibits a similar radio and optical morphology20.

PG 13022102 was spectroscopically monitored over a six-month pe-
riod in 199021 and showed no detectable (greater than 5–10%) change in
any component of its spectrum over that time. This lack of variation is
not inconsistent with the ,60 month period that we have identified. A
SMBH binary may also exhibit double-peak broad line profiles in its spec-
trum for a small window of separation between the pair22 (although disk
emission from an accretion disk around a single source may also produce
the same effect23). At closer distances, the two black holes dynamically
affect the broad-line region clouds as a single complex entity producing
single-peaked spectral lines with asymmetric line profiles. The Balmer

and Paschen series spectral lines in PG 13022102 do not show a dou-
ble peak profile but are consistently asymmetric (Fig. 4). In particular,
a small bump on the red wing of Hb has been reported21, implying a
velocity shift of the order of 200 km s21 between the narrow and broad
components of Hb. One proposed explanation for this is a binary system.
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Figure 2 | The composite light
curve for PG 13022102 over a
period of 7,338 days ( 20 years).
The light curve combines data from
two CRTS telescopes (CSS and
MLS) with historical data from the
LINEAR and ASAS surveys, and
the literature15,16 (see Methods for
details). The error bars represent one
standard deviation errors on the
photometry values. The red dashed
line indicates a sinusoid with period
1,884 days and amplitude 0.14 mag.
The uncertainty in the measured
period is 88 days. Note that this
does not reflect the expected shape
of the periodic waveform, which
will depend on the physical
properties of the system.
MJD, modified Julian day.
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Figure 3 | The composite spectrum for PG 13022102. This combines an
archival GALEX spectrum (ultraviolet) with optical/near-infrared spectra
taken with the Keck and Palomar 200 inch telescopes in April and June 2014.
Fl, flux density. The prominent emission lines are indicated. The median
flux errors are 5.6 3 10216 erg s21 cm22 for the GALEX data (l , 0.3mm),
4.5 3 10216 and 7.6 3 10217 erg s21 cm22, respectively, for the blue
(0.3mm , l , 0.5mm) and red (0.5mm , l , 0.9mm) optical spectra from
Palomar, and 4.6 3 10218 erg s21 cm22 for the Keck near-infrared
(l . 0.9mm) spectrum.
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Figure 4 | The profiles of the Balmer and Paschen series lines of PG
13022102. The data have been modelled with a multi-component line fitting
technique (see Methods for details). a, b, Balmer Hb (a) and Ha (b) have been
fitted using a narrow component (dashed blue line) and a broad Gaussian
(solid orange line). The dashed green line shows the linear continuum
component, and the total fitted profile is shown as a solid red line. Hb requires a
single Gaussian offset from the narrow component but Ha requires two
components—a central Gaussian plus a red wing. c, d, The Paschen lines (Pab
(c) and Paa (d)) also show a consistent small asymmetry on the red side.
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Catalina Real-Time Transient Survey

“…[LSST will find] potentially 1000s of 
SMBHBs periodically varying on the 
timescale of years, fated to coalesce.”

Liu, Gezari,++2015, APJL
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, opening up the possibility for

detecting the decay of the orbital period P( ˙) with future
monitoring, as well as providing a promising target for direct
GW detection for pulsar timing arrays (Sesana et al. 2009).

8. DISCUSSION AND CONCLUSIONS

We present the most statistically significant periodically
variable quasar candidate from our search in PS1 MD09,
PSO J334.2028+01.4075, a radio-loud quasar at z = 2.060. We
combine an estimate of its black hole mass with its variability
timescale (assuming _P trest orb) to find orbital parameters

consistent with model predictions of a stable accreting SMBHB
system with a � �q0.05 0.25 in the GW-driven regime
(Haiman et al. 2009).
The redshift of this SMBHB candidate coincides with the

peak epoch for SMBHB mergers (Volonteri et al. 2003), and
its large mass ( x :M M1010 ) makes it favorable for detection
in the GW-driven regime due to the strong dependence on M of
the residence time at a given orbital separation in units of Rs

(Haiman et al. 2009). Like the CRTS SMBHB candidate PG
1302-102 reported by Graham et al. (2015), our SMBHB
candidate is also a radio-loud quasar. However, given the
shorter rest-frame period of our candidate of 0.5 yr (versus 4 yr
in PG 1302-102), it is even more unlikely for its variability to
be driven by jet precession, either originating from a single

Figure 3. Upper panels: sinusoidal fit to the folded PS1 light curve of PSO J334.2028+01.4075 in four filters, with the error bar indicating the typical photometric
error for an object of similar brightness in that filter. The period corresponding to the peak of the periodogram and its error bar, the amplitude of the fitted sine wave,
and the signal-to-noise ratio of the peak power are each labeled. Lower panel: sinusoidal fit plotted over the complete PS1 light curves in the g ,P1 rP1, i ,P1 and zP1bands.
The data used to create this figure are available.
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Figure 1. Color–color diagrams used to select point sources in MD09 for the 8158 point sources in the reference star sample (red) and 316 point sources in the quasar
sample (blue). Photometry is measured from the CFHT+PS1 catalog and converted to the SDSS system. Dashed lines show the color selection boundaries. The stellar
color–color selection box was chosen to avoid RR Lyrae stars, which are intrinsically variable. Bottom right panel: observed standard deviation of the reference
sample of non-variable stars before and after applying the technique of ensemble photometry (open circles and filled squares, respectively), compared to the Poisson
error expected from the reported PS1 flux errors (black dashed lines).

Figure 2. Our automated LS periodogram routine selects periodically variable candidates by requiring that the strongest peak is detected at the same frequency in at
least three filters. This quasar candidate, PSO �J334.2028 01.4075, was selected through this method and had the periodogram peak with the highest signal-to-noise
ratio of all of our candidates. The dashed lines mark the strongest peak in each filter. The dotted line corresponds to a false-alarm probability of q �1.5 10 23, or 10σ.
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Pan-STARRS1

tinspiral ' 7(1 + z)yr



The Name of the Game

Rare !
Events

Degeneracy !
of !

Interpretations

More Data!
PTAs,  

Pan-STARRS,  
LSST, CRTS,  
PTF/ZTF…

Better Models!
+MHD 
+3-d 
+GR 

+Radiation Cooling 
+Radiation Feedback

+

+



Motivation

Better Models!
+MHD 
+3-d 
+GR 

+Radiative Cooling 
+Radiation Feedback

• MHD turbulence = Ang. Mom. transporter;!
• Field dissipation and growth cannot be modeled w/ 

2-d hydrodynamics;

• Inclusion of buoyancy requires including disk’s 
vertical extent;!

• Cowling’s Thm:  no sustained turbulence in 2-d;
• Post-Newtonian (PN) accuracy required for binary 

separations below ~100M;!
• Necessary to self-consistently include binary inspiral 

from GW loss rate;!
• We know that significant mass can follow binary 

through much of this period (Noble++2012);!
• NR needed for merger proper;

• Cooling required to regulate vertical thickness;!
• Cooling provides a way to include more realistic 

thermodynamics consistent with its luminosity 
predictions; !

• No longer have to rely on L ~ Mdot ;!
• Eventually radiation feedback important in regions of 

non-smooth optical depths (e.g., “gap”)



Hopkins, Hernquist, Di Matteo, Springel++ 

Noble++2012
Gold++2014

Strategy

Galactic Merger Binary Formation Inspiral Merger Re-equilibration

Physical Time (not to scale)

Newtonian Gravity

Post-Newtonian

Numerical Relativity

Harm3d

Static GR

Harm3dDATA
DATAEulerian, high-resolution/shock-

capturing, 3-d, ideal MHD, 
dynamical GR, HLL fluxes, parabolic 

reconstruction, dynamical FMR

FIG. 13 (color online). Contours at select times of rest-mass density normalized to the initial maximum ρmax (log scale) in the
equatorial plane. The plot corresponds to the q ¼ 0.25 cooling case. Here ρmax ≃ 3.75 × 10−11ð _M

2.27M⊙=yr
Þð M

108M⊙
Þ−2 g cm−3≃

3.75 × 10−11ð Lb
LEdd

Þð M
108M⊙

Þ−1 g cm−3.

FIG. 14 (color online). Contours at select times of rest-mass density normalized to the initial maximum ρmax (log scale) in the

equatorial plane. The plot corresponds to the q ¼ 0.1 no-cooling case. Here ρmax ≃ 6 × 10−11ð _MBHBH
11M⊙yr−1

Þð M
108M⊙

Þ−2 g cm−3.

FIG. 15 (color online). Contours at select times of rest-mass density normalized to the initial maximum ρmax (log scale) in the
equatorial plane. The plot corresponds to the q ¼ 0.1 cooling case. Here ρmax ≃ 3.5 × 10−11ð _M

2.85M⊙=yr
Þð M

108M⊙
Þ−2 g cm−3≃

3.5 × 10−11ð Lb
LEdd

Þð M
108M⊙

Þ−1 g cm−3. The gas is denser everywhere compared to mass ratios closer to unity; compare to Figs. 8–13.

GOLD et al. PHYSICAL REVIEW D 89, 064060 (2014)

064060-16



Approximate Two Black Hole Spacetimes
Yunes++2006, Noble++2012, Mundim++2014

• Solve Einstein’s Equations approximately, 
perturbatively to orders of 2.5 Post-Newtonian 
order;	


• Used as initial data of Numerical Relativity 
simulations;	


• Black hole orbits include radiation-reaction 
terms;	


• BH event horizons are included! 	


• Closed-form expressions allow us to discretize 
the spatial domain best for accurate matter 
solutions and is much simpler to implement; 

Metric Analytic Approximation: Initial Data

Global, analytic approximation for the metric describing the late
quasi-circular inspiral of two comparable black-holes (Yunes et al.
(2006a, 2006b); Johnson-McDaniel et al. (2009)).

Inner Zone (ri << b): well described by black-hole perturbation
theory (expansion parameter �i = ri/b). Use Detweiler’s
Schwarzschild perturbed metric in Cook-Scheel (harmonic)
coordinates. Electric and magnetic multipoles encode the external
tidal field e�ects.

Near Zone (ri >> mi and r � ⇥/2⇤): (slow-motion/weak field:
�i = mi/ri ⇤ (vi/c)2) post-Newtonian theory of point-particles in
harmonic coordinates (Blanchet-Faye-Ponsot (1998)). Gravitational
radiation contents are treated perturbatively.

Far Zone (r ⇥ ⇥/2⇤): post-Minkowskian theory. Harmonic
coordinates. Expansion in terms of radiative multipole moments.
Non-perturbative gravitational radiation treatment.

Bruno C. Mundim Approximate Black Hole Binary Spacetimes 2012-06-20

Ricci Scalar      0



Log Density

• “Excise” BBH to afford 
O(100) orbits;!

• Simulation bank will be 
critical to initialize future 
inspiral studies w/ 
resolved BH’s;!

• Disk starts in 
“equilibrium”, threaded by 
poloidal magnetic field;



Periodic Signal

!peak = 2 (⌦bin � ⌦lump)

⌦K(rlump)
rlump ' 2.5a

1.47⌦bin

Surface Density

MHD Simulations with Unresolved BHs:
Noble++2012



Hydrodynamic Response to PN-Order and Binary Separation

a = 100M 30M 20M

2.
5 

PN
1.

5 
PN

Tori of gas in orbit of the 
binary responds in different 
ways at closer separations 
between the two orders of 
Post-Newtonian accuracy;

Implies that ~20M is a good  
starting point for our runs 
with the 2.5PN spacetime, 
but 1.5PN is valid for larger 
separations.  

Differences seen between 
PN orders are because 
circular orbits are less 
stable in the 2.5PN 
spacetime and its higher-
order terms result in a 
greater gravitational torque 
on the gas;

Relative deviations of density from initial conditions 
averaged in azimuth, plotted versus radius and time:Zilhao++2015



• Turn off highest order PN terms in metric and use the 
“same” matter initial data;  

• Initial Data = Pressure+Rotation Equilibrium; 
• —> Disk = Disk(gab) 
• —> Disk(gab[2.5PN])  != Disk(gab[1.5PN])  

• Use two strategies for 1.5PN disk: 
• Disk1: Use same orbital parameters as 2.5PN disk, 

though it has different H/R;  
• Disk2: Use different orbital parameters as 2.5PN disk, 

so that disk has same H/R;

Zilhao++2015

MHD Response to PN-Order and Binary Separation



•Fraction of accretion rate through “gap” is approximately the same;	

•All other runs we have done also show significant “leakage” rates;

Variabality vs. Post-Newtonian Accuracy:
2.5PN 	


(Original)
1.5PN 	

(Disk1)

Zilhao++2015

1.5PN 	

(Disk2)

Less accurate metrics result in:



•Stronger variability at lump’s orbital frequency, similar power at beat freq.;	

•Power at beat frequency spread to larger range of frequencies;	

•More complex lump/binary modulation; 

Variabality vs. Post-Newtonian Accuracy:
2.5PN 	


(Original)
1.5PN 	

(Disk1)

Zilhao++2015

1.5PN 	

(Disk2)

Less accurate metrics result in:

Apologies for mismatched scales!



•Weaker build-up at gap’s edge;	

•Less secular evolution of edge’s peak density;

Variabality vs. Post-Newtonian Accuracy:
2.5PN 	


(Original)
1.5PN 	

(Disk1)

Zilhao++2015

1.5PN 	

(Disk2)

Less accurate metrics result in:

Early Times  —>  Late Times 



•Slightly weaker m=1 mode or over-density feature;	

•Likely explains the weaker role of the beat mode in the power spectrum;

Variabality vs. Post-Newtonian Accuracy:
2.5PN 	


(Original)
1.5PN 	

(Disk1)

Zilhao++2015

1.5PN 	

(Disk2)

Top-down view of Surface Density

Less accurate metrics result in:



•Slightly less loss of magnetization;	

•Possibly due to weaker torque, less dissipation of field from flung out material;	


•Weak torques from “weaker” quadrupole potential;	

•Note thicker disk leads to less loss of magnetization; 

Variabality vs. Post-Newtonian Accuracy:
2.5PN 	


(Original)
1.5PN 	

(Disk1)

Zilhao++2015

1.5PN 	

(Disk2)

Side view of   Beta = Pgas / Pmag

Less accurate metrics result in:



Mass Ratio Noble++in-prep
q=1

q=10q=5

q=2



Mass Ratio Noble++in-prep
q=1

q=10q=5

q=2

Early Times  —>  Late Times 



Mass Ratio Noble++in-prep
q=1

q=10q=5

q=2

Top-down view of Surface Density



Mass Ratio Noble++in-prep
q=1

q=10q=5

q=2

Top-down view of Surface Density

Mass ratio results are similar to other 
mass ratio surveys: 
!
• Newtonian MHD: Shi & Krolik 2015 
• NR GRMHD:        Gold++2014



Disk’s State Noble++in-prep

• Bigger disk:   
• “Center” moved from 5a to ~6a; 
• Large extent increases reservoir of magnetic flux and mass; 

!
• Injected flux:  

• Magnetic flux from t=0 added to late-time snapshot of original run; 
• Net “vertical flux” can amplify other components and MRI;  
• Increases local magnetic energy density by only a few percent; 



Disk’s State Noble++in-prep

Original Flux-InjectedBigger Disk

•Bigger disks achieve steady accretion for longer and at higher levels;	

•Injected flux able to “reignite” accretion—-forcing existing material to accrete;	


•Side effect: drains the available mass faster;	

•Common model for state transitions often seen in galactic binaries; 



Disk’s State Noble++in-prep

Original Flux-InjectedBigger Disk

•Less coherent temporal power spectrum;	

•Spectra resembling more a slightly bent power law; 	

•Spectra resembling more spectra from simulations of single black hole disks;	

•Is there no over-density?

More magnetic flux led to:

Again, please note different scales



Disk’s State Noble++in-prep

Original Flux-InjectedBigger Disk

•Less pile-up at the inner edge of the gap;	

•Material flowed more easily through to binary;	

•Therefore, less material for binary to “beat” against;

More magnetic flux led to:

Early Times  —>  Late Times 



Disk’s State Noble++in-prep

Original Flux-InjectedBigger Disk

Top-down view of Surface Density

•Much weaker m=1 mode, if any. 	

•Therefore, no means of developing coherent beat;  	

•Fluctuations arise just from turbulence;

More magnetic flux led to:



Disk’s State Noble++in-prep

Original Flux-InjectedBigger Disk

Side view of   Beta = Pgas / Pmag

•Injected flux led to sustained magnetization throughout over-density region;	

•Larger reservoir of flux and mass seems to hinder development of the lump;



Summary & Conclusions

•Our 3-d MHD simulations in the PN-regime develop a high-Q signal that is 
non-trivially connected to the binary’s orbit;	


•We have unexpectedly seen how MHD dynamics can affect the quality of 
this signal and quash the development of the overdensity; 	


•At a separation of 20M, with equal-mass binaries, differences in the metric 
at 1.5PN and 2.5PN orders are insignificant compared to stochastic error;	


•The PN-accuracy effects will likely be even smaller for smaller mass ratios;	


•Overdensity and the “beat signal” disappear  somewhere  2 < q < 5;	


•No coherent signal of any kind seen at q=10;
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