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* Step 1: Galaxy merger forms 
a supermassive black hole 
binary via dynamical friction

Far apart

Closer together

* Step 3: Gravitational Waves 
merge the supermassive 
black holes

* Step 2: ???

Open Question  
(Final Parsec Problem):  

Do supermassive black hole binaries 
merge? What mediates these mergers?

GALAXIES MERGE, BUT DO THE BLACK HOLES (AND HOW)?
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* Step 1: Galaxy merger forms 
a supermassive black hole 
binary via dynamical friction

Far apart

Closer together

* Step 3: Gravitational Waves 
merge the supermassive 
black holes

* Step 2: ???
Understand binary  

interactions with environment

HOW DO WE FIND OUT?



GALAXIES MERGE, BUT DO THE BLACK HOLES (AND HOW)?
HOW DO WE FIND OUT?

How does gas affect the orbit 
and drive the black holes to merge? 

Step 1 Step 2? Step 3

Population Predictions 
How does the accretion of gas  
make the binary discoverable?

Discovery: Take a Census

20 M. J. Graham et al.

Figure 8 – continued

c� 2011 RAS, MNRAS 000, 1–??
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 * Numerical Calculations 
Physics of gas response, 


orbital evolution, obs. signature

 * Pen & Paper Theory
Interpretation of, and insight 

beyond, numerics

Negative frequencies (light brown lines) correspond to waves approaching
for r ∫ 1, reflecting on r ¥ 2.2a (the only barrier for a wave of negative
frequencies), and go back to r ∫ 1. These states are not trapped.

Positive frequencies (dark brown lines) that do not satisfy the quantization
condition correspond to closed lines. These states are trapped but are not
steady.

Figure 8.3.: Eccentricity potentials and allowed frequencies (left) and dispersion
relation maps (right) for [q, h] = [0.9, 0.1] (upper panels) and [q, h] =
[0.9, 0.03] (lower panels).

8.5 The quantization condition 69

 * Application
*To population models
*To SBHB searches          

Martin PessahMarcela GrcicChris Tiede 
Lorenz ZwickDavid O’NeillDavid O’NeillMSc: Phillip 

Kirkeberg

BINARY+GAS DYNAMICS AND SUPERMASSIVE BLACK HOLES
OVERVIEW OF WORK AT NBIA

Focus Areas

People



RESEARCH HIGHLIGHTS
* How does the binary orbit evolve?

BINARY+GAS DYNAMICS AND SUPERMASSIVE BLACK HOLES

x

V* What electromagnetic signatures result from binary accretion?

Has been disagreement on if gas 
causes binary to inspiral or outspiral 
Founding members of field-wide code 
comparison project 
Recent advances in orbital response for 
range of binary and disk parameters 
Applications to newly discovered 

    observations of GWs with PTAs

2 B. X. Hu, D. J. D’Orazio, Z. Haiman, K. L. Smith, B. Snios, M. Charisi, R. Di Stefano

able accretion because the former, without introducing extra model
parameters, provides a unique signature when combined with the
lensing flares (see D18 and D’Orazio & Di Stefano 2019). Addi-
tionally, in the case of favorably aligned systems, both effects are
required to occur via relativity alone.

We initially searched ⇠35,000 light curves from Palomar
Transient Factory (PTF; those analyzed in Charisi et al. 2016) and
⇠1,000 light curves from the Catalina Real-Time Transient Survey
(CRTS; Djorgovski et al. 2011), for lensing flares. We binned each
light curve, with each bin containing ⇠10 points, and flagged light
curves that had a large standard deviation in flux in at least one bin
compared to the average standard deviation in flux across all bins.
However, due to insufficient sampling and large error bars on the
data, it was difficult to determine if the flagged light curves could
fit our Doppler + lensing flare model or if this method was just
detecting noise or outliers.

We did, however, identify two Doppler + lensing candidates
outside of the PTF and CRTS databases, one the result of long term
optical monitoring, and the other a by-product of the Kepler mis-
sion. We find that our Doppler + lensing model provides an excel-
lent fit for the light curve of an active galactic nucleus (AGN) iden-
tified in Kepler’s data. We use our best-fit model to predict when
the putative next lensing flare will occur, providing us with a clear
test of the binary hypothesis for the Kepler AGN.

2 CANDIDATE BINARIES

We first consider Arakelian 120 (hereafter Ark 120), a nearby radio-
quiet type 1 active galactic nucleus (AGN) at a distance of 143 Mpc
(z = 0.03271). Spectroscopic and photometric data of this source
exists from 1974 up to 2017. As reported in Li et al. (2017), long-
term variations in the light curves of V -band flux densities, 5100 Å
flux densities, and H� integrated fluxes exhibit a sinusoidal pat-
tern with a ⇠ 20 year period. In addition, the binned, merged light
curve of V -band and 5100 Å flux densities, shown in Figure 3,
show two significant peaks around 1982 and 1997 (MJD ⇠ 45,000
and 51,000, respectively), which we considered to be suggestive
of binary self-lensing. While by eye, the orbit would look to be of
modest eccentricity, the first peak around 1982 being located near
the mean of the sinusoidal portion of the light curve as would be
expected from a nearly circular orbit, the location of the second
peak below the mean motivates us to consider eccentric orbits.

We next considered KIC 11606854 (hereafter "Spikey"), the
rare case of a type 1 AGN identified in Kepler’s high-quality, high-
cadence photometric data. Kepler was launched by NASA to detect
Earth-sized and smaller exoplanets in or near habitable zones by
searching for transits in stellar light curves. Although only 7 AGN
were known to be in Kepler’s field of view (FOV) prior to the start
of the mission, in recent years, efforts by various groups (Carini &
Ryle 2012; Edelson & Malkan 2012) have led to dozens of AGN
being discovered in the Kepler FOV. 1 Spikey was identified in
Smith et al. (2018) by its striking symmetric flare in the center of
a rising continuum (Figure 4). By eye, the non-sinusoidal shape of

1 Analysis has also been done on these Kepler AGN in recent years: Kasli-
wal et al. (2015) tests the popular damped random walk (DRW) model of
AGN variability (MacLeod et al. 2010; Kozłowski et al. 2010) and finds that
less than half the objects considered are consistent with a DRW, and Smith
et al. (2018) offers a comprehensive analysis of 21 light curves, power spec-
tral density functions (PSDs), and flux histograms, examining the data for
correlations with various physical parameters.

line of nodes
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Y<latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit><latexit sha1_base64="45RxAjus7J8fHMzWOdPWZptgqnI=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY9OKxBfshbSib7aRdu9mE3Y1QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKXjVDFssljEqhNQjYJLbBpuBHYShTQKBLaD8e2s3n5CpXks780kQT+iQ8lDzqixVuOhX664VXcusgpeDhXIVe+Xv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtShphNrP5otOyZl1BiSMlX3SkLn7eyKjkdaTKLCdETUjvVybmf/VuqkJr/2MyyQ1KNniozAVxMRkdjUZcIXMiIkFyhS3uxI2oooyY7Mp2RC85ZNXoXVR9Sw3Liu1mzyOIpzAKZyDB1dQgzuoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/kfP4Atz+M3Q==</latexit>

I<latexit sha1_base64="za3LcNaufcV3ZPCmez/pR3wPric=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuCoztfayK7rRXQu2FtqhZNJMG5vJDElGKKVP4MaFIm59JHe+jZlpBRX9IfDxn3PIOb8Xcaa0bX9YmZXVtfWN7GZua3tndy+/f9BRYSwJbZOQh7LrYUU5E7Stmea0G0mKA4/TW29ymdRv76lULBQ3ehpRN8AjwXxGsDZW63qQL9jFcum8VimjBEp1p5pC5axeQ07RTlWApZqD/Ht/GJI4oEITjpXqOXak3RmWmhFO57l+rGiEyQSPaM+gwAFV7ixddI5OjDNEfijNExql7veJGQ6Umgae6QywHqvftcT8q9aLtV9zZ0xEsaaCLD7yY450iJKr0ZBJSjSfGsBEMrMrImMsMdEmm5wJ4etS9D90SkXHcKtcaFws48jCERzDKThQhQZcQRPaQIDCAzzBs3VnPVov1uuiNWMtZw7hh6y3TxtGjSM=</latexit><latexit sha1_base64="za3LcNaufcV3ZPCmez/pR3wPric=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuCoztfayK7rRXQu2FtqhZNJMG5vJDElGKKVP4MaFIm59JHe+jZlpBRX9IfDxn3PIOb8Xcaa0bX9YmZXVtfWN7GZua3tndy+/f9BRYSwJbZOQh7LrYUU5E7Stmea0G0mKA4/TW29ymdRv76lULBQ3ehpRN8AjwXxGsDZW63qQL9jFcum8VimjBEp1p5pC5axeQ07RTlWApZqD/Ht/GJI4oEITjpXqOXak3RmWmhFO57l+rGiEyQSPaM+gwAFV7ixddI5OjDNEfijNExql7veJGQ6Umgae6QywHqvftcT8q9aLtV9zZ0xEsaaCLD7yY450iJKr0ZBJSjSfGsBEMrMrImMsMdEmm5wJ4etS9D90SkXHcKtcaFws48jCERzDKThQhQZcQRPaQIDCAzzBs3VnPVov1uuiNWMtZw7hh6y3TxtGjSM=</latexit><latexit sha1_base64="za3LcNaufcV3ZPCmez/pR3wPric=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuCoztfayK7rRXQu2FtqhZNJMG5vJDElGKKVP4MaFIm59JHe+jZlpBRX9IfDxn3PIOb8Xcaa0bX9YmZXVtfWN7GZua3tndy+/f9BRYSwJbZOQh7LrYUU5E7Stmea0G0mKA4/TW29ymdRv76lULBQ3ehpRN8AjwXxGsDZW63qQL9jFcum8VimjBEp1p5pC5axeQ07RTlWApZqD/Ht/GJI4oEITjpXqOXak3RmWmhFO57l+rGiEyQSPaM+gwAFV7ixddI5OjDNEfijNExql7veJGQ6Umgae6QywHqvftcT8q9aLtV9zZ0xEsaaCLD7yY450iJKr0ZBJSjSfGsBEMrMrImMsMdEmm5wJ4etS9D90SkXHcKtcaFws48jCERzDKThQhQZcQRPaQIDCAzzBs3VnPVov1uuiNWMtZw7hh6y3TxtGjSM=</latexit><latexit sha1_base64="za3LcNaufcV3ZPCmez/pR3wPric=">AAAB6HicdZDLSgMxFIbP1Futt6pLN8EiuCoztfayK7rRXQu2FtqhZNJMG5vJDElGKKVP4MaFIm59JHe+jZlpBRX9IfDxn3PIOb8Xcaa0bX9YmZXVtfWN7GZua3tndy+/f9BRYSwJbZOQh7LrYUU5E7Stmea0G0mKA4/TW29ymdRv76lULBQ3ehpRN8AjwXxGsDZW63qQL9jFcum8VimjBEp1p5pC5axeQ07RTlWApZqD/Ht/GJI4oEITjpXqOXak3RmWmhFO57l+rGiEyQSPaM+gwAFV7ixddI5OjDNEfijNExql7veJGQ6Umgae6QywHqvftcT8q9aLtV9zZ0xEsaaCLD7yY450iJKr0ZBJSjSfGsBEMrMrImMsMdEmm5wJ4etS9D90SkXHcKtcaFws48jCERzDKThQhQZcQRPaQIDCAzzBs3VnPVov1uuiNWMtZw7hh6y3TxtGjSM=</latexit>

�
<latexit sha1_base64="wzP+K2WbiMr0RGu37DSxcHqSY5M=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTDu2y6MZlBVsL7VAyaaaNzSRDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57opQzbRD6cApr6xubW8Xt0s7u3v5B+fCoo2WmCG0TyaXqRlhTzgRtG2Y47aaK4iTi9DaaXM7923uqNJPixkxTGiZ4JFjMCDZW6vRlQkd4UK4gtxrUfb8OkeshH3mBJUHQqNWq0HPRAhWwQmtQfu8PJckSKgzhWOueh1IT5lgZRjidlfqZpikmEzyiPUsFTqgO88W1M3hmlSGMpbIlDFyo3ydynGg9TSLbmWAz1r+9ufiX18tM3AhzJtLMUEGWi+KMQyPh/HU4ZIoSw6eWYKKYvRWSMVaYGBtQyYbw9Sn8n3R817P8ulZpXqziKIITcArOgQfqoAmuQAu0AQF34AE8gWdHOo/Oi/O6bC04q5lj8APO2yfss49b</latexit><latexit sha1_base64="wzP+K2WbiMr0RGu37DSxcHqSY5M=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTDu2y6MZlBVsL7VAyaaaNzSRDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57opQzbRD6cApr6xubW8Xt0s7u3v5B+fCoo2WmCG0TyaXqRlhTzgRtG2Y47aaK4iTi9DaaXM7923uqNJPixkxTGiZ4JFjMCDZW6vRlQkd4UK4gtxrUfb8OkeshH3mBJUHQqNWq0HPRAhWwQmtQfu8PJckSKgzhWOueh1IT5lgZRjidlfqZpikmEzyiPUsFTqgO88W1M3hmlSGMpbIlDFyo3ydynGg9TSLbmWAz1r+9ufiX18tM3AhzJtLMUEGWi+KMQyPh/HU4ZIoSw6eWYKKYvRWSMVaYGBtQyYbw9Sn8n3R817P8ulZpXqziKIITcArOgQfqoAmuQAu0AQF34AE8gWdHOo/Oi/O6bC04q5lj8APO2yfss49b</latexit><latexit sha1_base64="wzP+K2WbiMr0RGu37DSxcHqSY5M=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTDu2y6MZlBVsL7VAyaaaNzSRDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57opQzbRD6cApr6xubW8Xt0s7u3v5B+fCoo2WmCG0TyaXqRlhTzgRtG2Y47aaK4iTi9DaaXM7923uqNJPixkxTGiZ4JFjMCDZW6vRlQkd4UK4gtxrUfb8OkeshH3mBJUHQqNWq0HPRAhWwQmtQfu8PJckSKgzhWOueh1IT5lgZRjidlfqZpikmEzyiPUsFTqgO88W1M3hmlSGMpbIlDFyo3ydynGg9TSLbmWAz1r+9ufiX18tM3AhzJtLMUEGWi+KMQyPh/HU4ZIoSw6eWYKKYvRWSMVaYGBtQyYbw9Sn8n3R817P8ulZpXqziKIITcArOgQfqoAmuQAu0AQF34AE8gWdHOo/Oi/O6bC04q5lj8APO2yfss49b</latexit><latexit sha1_base64="wzP+K2WbiMr0RGu37DSxcHqSY5M=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLTDu2y6MZlBVsL7VAyaaaNzSRDkhHK0H9w40IRt/6PO//G9CGo6IELh3Pu5d57opQzbRD6cApr6xubW8Xt0s7u3v5B+fCoo2WmCG0TyaXqRlhTzgRtG2Y47aaK4iTi9DaaXM7923uqNJPixkxTGiZ4JFjMCDZW6vRlQkd4UK4gtxrUfb8OkeshH3mBJUHQqNWq0HPRAhWwQmtQfu8PJckSKgzhWOueh1IT5lgZRjidlfqZpikmEzyiPUsFTqgO88W1M3hmlSGMpbIlDFyo3ydynGg9TSLbmWAz1r+9ufiX18tM3AhzJtLMUEGWi+KMQyPh/HU4ZIoSw6eWYKKYvRWSMVaYGBtQyYbw9Sn8n3R817P8ulZpXqziKIITcArOgQfqoAmuQAu0AQF34AE8gWdHOo/Oi/O6bC04q5lj8APO2yfss49b</latexit>

f
<latexit sha1_base64="9A4MbFpSfWa3/AM4To1GOThnoPM=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSDMkx6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqenwiuNCEfVm5jc2t7J79b2Ns/ODwqHp90VJxKBm0Wi1j2fKpA8AjammsBvUQCDX0BXX96vfC79yAVj6NbPUvAC+k44gFnVBupFQyLJWJX3Fq5XMPEdkiZOK4hrluvVivYsckSJbRGc1h8H4xiloYQaSaoUn2HJNrLqNScCZgXBqmChLIpHUPf0IiGoLxseegcXxhlhINYmoo0XqrfJzIaKjULfdMZUj1Rv72F+JfXT3VQ9zIeJamGiK0WBanAOsaLr/GIS2BazAyhTHJzK2YTKinTJpuCCeHrU/w/6ZRtx/BWtdS4WseRR2foHF0iB9VQA92gJmojhgA9oCf0bN1Zj9aL9bpqzVnrmVP0A9bbJyeCjSo=</latexit><latexit sha1_base64="9A4MbFpSfWa3/AM4To1GOThnoPM=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSDMkx6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqenwiuNCEfVm5jc2t7J79b2Ns/ODwqHp90VJxKBm0Wi1j2fKpA8AjammsBvUQCDX0BXX96vfC79yAVj6NbPUvAC+k44gFnVBupFQyLJWJX3Fq5XMPEdkiZOK4hrluvVivYsckSJbRGc1h8H4xiloYQaSaoUn2HJNrLqNScCZgXBqmChLIpHUPf0IiGoLxseegcXxhlhINYmoo0XqrfJzIaKjULfdMZUj1Rv72F+JfXT3VQ9zIeJamGiK0WBanAOsaLr/GIS2BazAyhTHJzK2YTKinTJpuCCeHrU/w/6ZRtx/BWtdS4WseRR2foHF0iB9VQA92gJmojhgA9oCf0bN1Zj9aL9bpqzVnrmVP0A9bbJyeCjSo=</latexit><latexit sha1_base64="9A4MbFpSfWa3/AM4To1GOThnoPM=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSDMkx6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqenwiuNCEfVm5jc2t7J79b2Ns/ODwqHp90VJxKBm0Wi1j2fKpA8AjammsBvUQCDX0BXX96vfC79yAVj6NbPUvAC+k44gFnVBupFQyLJWJX3Fq5XMPEdkiZOK4hrluvVivYsckSJbRGc1h8H4xiloYQaSaoUn2HJNrLqNScCZgXBqmChLIpHUPf0IiGoLxseegcXxhlhINYmoo0XqrfJzIaKjULfdMZUj1Rv72F+JfXT3VQ9zIeJamGiK0WBanAOsaLr/GIS2BazAyhTHJzK2YTKinTJpuCCeHrU/w/6ZRtx/BWtdS4WseRR2foHF0iB9VQA92gJmojhgA9oCf0bN1Zj9aL9bpqzVnrmVP0A9bbJyeCjSo=</latexit><latexit sha1_base64="9A4MbFpSfWa3/AM4To1GOThnoPM=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GnqSDMkx6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhZBRR8UPN6roqqenwiuNCEfVm5jc2t7J79b2Ns/ODwqHp90VJxKBm0Wi1j2fKpA8AjammsBvUQCDX0BXX96vfC79yAVj6NbPUvAC+k44gFnVBupFQyLJWJX3Fq5XMPEdkiZOK4hrluvVivYsckSJbRGc1h8H4xiloYQaSaoUn2HJNrLqNScCZgXBqmChLIpHUPf0IiGoLxseegcXxhlhINYmoo0XqrfJzIaKjULfdMZUj1Rv72F+JfXT3VQ9zIeJamGiK0WBanAOsaLr/GIS2BazAyhTHJzK2YTKinTJpuCCeHrU/w/6ZRtx/BWtdS4WseRR2foHF0iB9VQA92gJmojhgA9oCf0bN1Zj9aL9bpqzVnrmVP0A9bbJyeCjSo=</latexit>

ri
<latexit sha1_base64="oI29nmKD+AgjkybMtjqXgOBckLE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfdF3236tW8ucgq+AVUoVCj7371BgnLYq6QSWpM1/dSDHKqUTDJp5VeZnhK2ZgOedeiojE3QT5fdUrOrDMgUaLtU0jm7u+JnMbGTOLQdsYUR2a5NjP/q3UzjK6DXKg0Q67Y4qMokwQTMrubDITmDOXEAmVa2F0JG1FNGdp0KjYEf/nkVWhd1HzL95fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cj5/AFdujdI=</latexit><latexit sha1_base64="oI29nmKD+AgjkybMtjqXgOBckLE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfdF3236tW8ucgq+AVUoVCj7371BgnLYq6QSWpM1/dSDHKqUTDJp5VeZnhK2ZgOedeiojE3QT5fdUrOrDMgUaLtU0jm7u+JnMbGTOLQdsYUR2a5NjP/q3UzjK6DXKg0Q67Y4qMokwQTMrubDITmDOXEAmVa2F0JG1FNGdp0KjYEf/nkVWhd1HzL95fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cj5/AFdujdI=</latexit><latexit sha1_base64="oI29nmKD+AgjkybMtjqXgOBckLE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfdF3236tW8ucgq+AVUoVCj7371BgnLYq6QSWpM1/dSDHKqUTDJp5VeZnhK2ZgOedeiojE3QT5fdUrOrDMgUaLtU0jm7u+JnMbGTOLQdsYUR2a5NjP/q3UzjK6DXKg0Q67Y4qMokwQTMrubDITmDOXEAmVa2F0JG1FNGdp0KjYEf/nkVWhd1HzL95fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cj5/AFdujdI=</latexit><latexit sha1_base64="oI29nmKD+AgjkybMtjqXgOBckLE=">AAAB6nicbZBNS8NAEIYn9avWr6hHL4tF8FQSEfRY9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOsLCw/vzLAzb5hKYdDzvp3S2vrG5lZ5u7Kzu7d/4B4etUySacabLJGJ7oTUcCkUb6JAyTup5jQOJW+H49tZvf3EtRGJesRJyoOYDpWIBKNorQfdF3236tW8ucgq+AVUoVCj7371BgnLYq6QSWpM1/dSDHKqUTDJp5VeZnhK2ZgOedeiojE3QT5fdUrOrDMgUaLtU0jm7u+JnMbGTOLQdsYUR2a5NjP/q3UzjK6DXKg0Q67Y4qMokwQTMrubDITmDOXEAmVa2F0JG1FNGdp0KjYEf/nkVWhd1HzL95fV+k0RRxlO4BTOwYcrqMMdNKAJDIbwDK/w5kjnxXl3PhatJaeYOYY/cj5/AFdujdI=</latexit>

ṙi
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Figure 1.

Orbital parameters as described in section 3.1, with the Z-axis oriented
towards the observer. ri is the vector from the center of mass to the i-th
mass, ṙi the velocity vector, ! the argument of periapse, f the true anomaly,
and I the inclination.

the light curve and location of the flare imply a high-eccentricity or-
bit within the Doppler + lensing model. Spikey is a high-z source,
at z = 0.918.

3 MODEL DESCRIPTION

3.1 Model Components

In addition to a steady mean flux F0, we consider four components
in our light curve model: the Doppler shift, gravitational microlens-
ing, stochastic noise described by the damped random walk (DRW)
model, and photometric noise,

Fobs = F0 ⇥ (1 +�Doppler)⇥ (1 +�lensing)

⇥ (1 +�DRW) +�Fphotometric.
(1)

For small �, we can ignore second and third-order terms, giving:

Fobs = F0 +�FDoppler +�Flensing

+�FDRW +�Fphotometric.
(2)

A widely used model for stochastic quasar variability in the
optical wavelength range is the damped random walk (DRW)
model (Kozłowski et al. 2010; MacLeod et al. 2010). DRW vari-
ability follows correlated random Gaussian fluctuations that can
be described by two scales: ⌧ , the damping or characteristic time
scale, and �, the long-term standard deviation of variability. The
asymptotic value of the structure function SF1, which measures
the mean value of the flux variance for measurements x(t) sepa-
rated by a given time interval �t (Hughes et al. 1992), at large �t,
is related to the � parameter as SF1 =

p
2�. We adopt ⌧ and SF1

as the two main stochastic quasar variability model parameters. The
power spectral density (PSD) for the DRW is then given by,

PSD(f) =
⌧
2SF2

1
1 + (2⇡f⌧)2

. (3)

The DRW has a PSD / f
�2, corresponding to red noise at high
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