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Close supermassive binary black holes (SMBBHs) with separations less than ∼ 0.1 parsec

are expected to be Nano-Hertz gravitational wave sources1. SMBBH systems should exhibit

periodic variability2. However, periodic variability in radio-loud quasars may be interpreted

with the jet model3. Here we report the detection of a robust periodic signal in the optical

variability of the radio-quiet quasar PG 0923+201 with an observed period of 726.8 ± 4.7

days, obtained from the sinusoid-like light curve of a temporal baseline of about 9 years.

This periodicity is probably from a close SMBBH with a total mass of 109.3 solar masses and

a separation of ∼ 0.01 parsec, implying relativistic orbital speeds. Such a system has passed

through the well-known “final parsec problem” of SMBBH systems4, and the Nano-Hertz

gravitational wave radiation becomes significant. The ratio of the separation between these

two black holes to the broad-line region size is ∼ 0.1. A close SMBBH is also suggested by this

small ratio and the spectral properties of Balmer broad lines in this quasar. This radio-quiet

quasar is a candidate emitter of Nano-Hertz gravitational waves at a frequency of about 30

Nano-Hertz.

The existence of black hole had been confirmed by event-horizon-scale images of supermas-

sive black hole (SMBH, with mass & 106M⊙, M⊙ is the solar mass) in the center of the elliptical
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galaxy M875 and the first direct detection of gravitational waves of a binary black hole merger

(with masses of about thirty to forty M⊙)6. Searching for close supermassive binary black holes

(SMBBHs) and observational identification are big challenges. The hydrodynamic and magneto-

hydrodynamic simulations show that streams of gas are efficiently peeled by an SMBBH off the

inner edge of a circumbinary disk, and rapidly traverse the central cavity in the circumbinary disk,

forming individual mini disks surrounding each SMBH 7–12.

The SMBBH accretion from circumbinary disk can produce a more bursty and sawtooth

pattern of the optical-ultraviolet light curves of active galactic nuclei and quasars9, 10, 12, 13. The

relativistic Doppler boosting due to the orbit motion of the secondary SMBH in a circular orbit

can produce the sinusoidal light curves2, 14, 15. The first order approximation in β = v/c of the

relativistic Doppler boosting is equivalent to a sinusoid model that is favored by the sinusoid-like

variability of the light curve of PG1302-102, and is strongly preferred over other models, such as

the Doppler boosting model of SMBBH with non-zero eccentricity orbits, the accretion model of

SMBBH, and the pure noise model14.

Figure 1 shows the optical light curve of the Sloan Digital Sky Survey (SDSS)16 radio-quiet

quasar PG 0923+201 (=SDSS J092554.72+195405.1) at a redshift of z = 0.192. The light curve is

compiled from photometry data of the All-sky Automated Survey for Supernovae (ASAS-SN)17, 18

V, ASAS-SN g, Zwicky Transient Facility (ZTF)19 g, and ZTF r. The photometry data are cali-

brated to the ASAS-SN V band. After de-trending of the light curve, a sinusoid-like light curve

emerges. The generalised Lomb-Scargle periodogram (GLS)20 of the sinusoid-like light curve

shows a strong and smooth periodic signal, corresponding to an observed period of Pobs = 726.8

± 4.7 days. The total mass M and the orbital period of SMBBH in a circular orbit Porb give

an SMBBH separation of d = 7.89M
1/3
9 (Porb/1.6yr)

2/3 lt-days (M9 = M/109M⊙). From M9 =

2.0 (see Methods) and Porb = 1.67 years, we obtain d = 10.2 lt-days = 0.009 parsec(pc) for PG

0923+201. As d . 200 rg (rg = GM/c2 is the gravitational radius, G and c are the gravitational

constant and the speed of light, respectively), the shrinking binary/circumbinary disk system even-

tually reaches a state in which the disk has decoupled from the rapidly shrinking binary21, 22. For

PG 0923+201, 200 rg = 22.7 lt-days and then d < 200 rg. Thus, the close SMBBH in PG 0923+201
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is in the gravitational wave driven regime, where the SMBBH orbital shrink is driven by its grav-

itational wave emission. The rest-frame gravitational wave frequency f of a close SMBBH on

circular orbits equals two times the orbital frequency, and f ≈ 2.7 × 10−8 Hertz for PG 0923+201.

Thus, PG 0923+201 is a candidate of Nano-Hertz gravitational wave source, which is expected to

be detected by pulsar timing arrays.

The optical spectrum of PG 0923+201 in the SDSS shows the redward asymmetric profiles

of the broad emission lines Hβ and Hα (Figures 2 and 3). A large number of active galactic nuclei

(AGNs) show asymmetric profiles of broad emission lines, which are regarded as evidence of close

SMBBHs23. The asymmetric profiles of broad emission lines of PG 0923+201 obviously differ

from the double-peaked ones produced by the relativistic Doppler effects due to the orbital motion

of individual BLRs of each SMBH in an SMBBH. Asymmetric line profiles are probably a far more

common signature of SMBBHs than double-peaked broad line profiles that may be generated by

SMBBHs with both distinct BLRs and only a narrow window of d24. This narrow window needs

d & 0.14 pc for PG 0923+201, which is not consistent with d = 0.009 pc we obtained. This

implies why the Hβ and Hα broad emission lines only have the redward asymmetries rather than

the double-peaked profiles for PG 0923+201.

Broad emission lines Hβ and Hα in PG 0923+201 have a radius of broad-line region (BLR)

RBLR ≈ 115 lt-days, and have full width at half maximum (FWHM) of FWHM ≈ 7700-8500

km s−125. RBLR ≈ 115 lt-days is much larger than d = 10.2 lt-days. However, d & 2RBLR is

required in order to have a distinct BLR of each SMBH. Thus, the broad emission lines come

from a much larger system enveloping the SMBBH in PG 0923+201, i.e, the SMBBH only has a

circumbinary BLR and each SMBH should not have a distinct BLR. The low density central cavity

would emerge because the circumbinary disk could be truncated by the central SMBBH’s torques.

The central cavity radius (the inner radius of the circumbinary disk) is about two times separation

of SMBBH9, 26. The cavity radius is about 20 lt-days for PG 0923+201, and the cavity is well

within the circumbinary BLR.

The sinusoid fitting gives a variability amplitude of 0.301 ± 0.006 mJy. The average flux

of the sinusoid-like variability is . 2.6 mJy, because the long-term 3rd-order polynomial is ∼ 2.6
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mJy at the beginning and this value is a sum of these two component contributions. We have ∆Fν

≈ 0.3 mJy and Fν . 2.6 mJy for the sinusoid-like variability. Thus, ∆Fν/Fν is & 0.12. ∆Fν/Fν =

±(3 - αν) β cos ϕ sin i, where i and ϕ are the inclination and phase of the orbit, respectively14. The

optical continuum spectrum of PG 0923+201 can be well described by a broken power-law with

αν = 0.557 at the blue side25. The 0.3 mJy variability can be attributed to the relativistic Doppler

boosting for a line-of-sight velocity amplitude of v×sin(i) & 0.05c = 15000 km s−1. This velocity

amplitude is much higher than FWHM ≈ 7700–8500 km/s of the broad emission lines Hβ and Hα,

i.e., the FWHM is not produced by the orbital velocity of the secondary SMBH of the SMBBH in

PG 0923+201 and there should not be individual BLR for the secondary SMBH.

The profiles around Hβ and Hγ regions are very similar to each other in two observational

periods: 1990.02.17 and 2005.12.01 (see Methods). This indicates the long-term stability of the

hydrogen Balmer broad emission lines and the BLR in PG 0923+201. So, the ionizing continuum

driving the broad emission lines is required to be long-lived. Simulations show that the two mini

disks in an SMBBH can be long-lived9. A hotspot in accretion disk also may give rise to the

periodic variability. If that is the case, the hot spot is at the distance of about 90 rg from the

central black hole. The hot spot is at the distance from 355 to 485 rg for the broad-line radio

galaxy Arp 102B with M = 108.3 M⊙
27. Thus, it will be impossible for the existence of the hot

spot at such a close distance for PG 0923+201. The jet precession could generate the variability

with periods of larger than about several hundred years3, which are much longer than the temporal

baseline of about 9 years. Quasi-periodic variability in jetted AGNs can be caused due to orbiting

blobs along helical trajectories28. The helical jet model predicts damping amplitude and increasing

period of quasi-periodic variability for a few cycles in the light curve. However, this predicted

variability does not emerge in the light curve of PG 0923+201. In addition, the jet in PG 0923+201

is excluded due to no detection of radio radiation25. A periodic variability of the optical luminosity

will be expected from a warped disk. However, the precession timescale of a warp in accretion disk

is too long to account for the observed optical variability of AGNs on timescales of a few years,

e.g., Arp 102B27. Therefore, the SMBBH model is a robust interpretation of the periodic variability

in PG 0923+201. The broad emission line profile variability may test the SMBBH hypothesis, e.g.,

double-peaked broad emission line variability of Arp 102B and 3C 390.329.
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Figure 1: Light curve and search for periodicity (see Methods for details). Panel (a): the light curve of PG

0923+201, panel (b): the detrended light curve, panel (c): the bolded light curve, and panel (d): the GLS of the light

curve in panel (b). Red curve in panel (a) denotes the third-order polynomials used to detrend the light curve. Red

curves in panel (b) and (c) are the best-fit sinusoid. Red line in panel (d) denotes the GLS power at the confidence

level of 99.999%.
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Figure 2: Red line: 1990.02.17 (KPNO), black line: 2005.12.01 (SDSS). There is no evidence of

broad double-peaked profiles of the Balmer lines.
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Figure 3: The optical spectrum PG 0923+201: simultaneous fitting of the continuum and emission lines. Top

panel: the observed SDSS spectrum (black), the overall model (red), the AGN continuum (orange), and the Fe II

multiplets (green). Bottom left panel: emission line profile fit to the Hβ+[O III] region. Bottom right panel: emission

line profile fit to the Hα+[N II]+[S II] region. Bottom panels: the SDSS spectrum (black), the overall model (red), the

fitted broad Hβ and Hα lines (blue), and the narrow lines (magenta).
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Methods

Photometric and spectroscopic data. The All-sky Automated Survey for Supernovae (ASAS-

SN) data are downloaded from http://www.astronomy.ohio-state.edu/asassn while the Zwicky Tran-

sient Facility (ZTF) data are downloaded from https://www.ztf.caltech.edu. We first remove some

(9 ASAS-SN data points and 26 ZTF data points) outliers using a Gaussian filter. Then we convert

all the magnitude into flux densities, and average the multiple observations within one night de-

pending on their errors. Finally, the flux density in each individual band is scaled to ASAS-SN V

band via Fsca = C × Fobs. The scale factor C of every two bands can be calculated from the tem-

poral overlap. We adopt a interval of 3 days for ASAS-SN V and ASAS-SN g and 1 day for other

data sets. The intercalibrated light curve consists of 795 data points in a total temporal baseline

of ∼ 9 years. To avoid introducing false period in our analysis, a low-order polynomial is used to

subtract the long-term trend. We found that the detrended light curves from different polynomial

degree (2-8 orders) are consistent with each other. A 3rd-order polynomial is adopted to detrend

the intercalibrated light curve because of the minimum χ2 in sinusoid fitting.

Figure 2 shows a comparison between two historical spectroscopic data taken on 1990 Febru-

ary 17 and 2005 December 01. The former spectrum is obtained from KPNO 2.1 m telescope30,

and the latter spectrum is from SDSS archival data. In order to extract valuable information from

the spectrum, we employ the spectral fitting technique described in Ref.25 to decompose the SDSS

spectrum. The best-fit result is shown in Figure 3.

System parameters. For the black hole mass of this source, we adopted the results obtained

in Ref.25, who used the standard method of single epoch virial black hole estimation from the

SDSS optical spectrum in Figure 3. The profiles of broad Hβ and Hα are common in AGNs, and

obviously differ from the double-peaked broad emission lines produced by the Doppler effects due

to the orbital motion of the individual BLR of each SMBH in the SMBBH. Hβ gives log(MHβ/M⊙)

= 9.31 and Hα gives log(MHα/M⊙) = 9.27. Hα and Hβ jointly give log (M/M⊙) = 9.29. These

estimates are subject to an intrinsic scatter of 0.35 dex. Here, we adopt log (M/M⊙) = 9.3 as

the total mass of the SMBBH in PG 0923+201. The optical continuum luminosity at the rest-

frame wavelength 5100Å is L5100 ≈ 1045 ergs s−1, and the bolometric luminosity Lbol = 9.8 ×
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1045 ergs s−1 (Lbol = 9.8L5100)
31. The Eddington ratio of Lbol/LEdd is ∼ 0.04 (the Eddington

luminosity LEdd = 1.26 × 1038M/M⊙).

Statistical significance. For the generalised Lomb-Scargle (GLS) periodogram, there is a statisti-

cally significant peak of Pobs = 726.8 ± 4.7 days. The Baluev33 estimate shows that the false alarm

probability of this peak is ≪ 10−10– the 10−10 level is the power p = 0.1 and the observed peak

is at p = 0.642. For the GLS periodogram, the bootstrap method34 (implemented in astroML32)

shows the false alarm probability of 10−5 corresponds to the power p = 0.13, i.e., p = 0.13 is at

the confidence level of 99.999%. In order to remove artifacts due to seasonal gaps and cadences

aliasing, Pobs < 400 days is excluded from our periodicity detection. To minimize false period-

icity from stochastic quasar variability35, we remove any periodicity with 3Pobs > the total time

baseline, i.e., Pobs > 1100 days. The reliability of the strongest peak is tested by the Monte Carlo

simulation of 1000 realizations of the light curves generated with the model-independent random

subset selection method, i.e., a randomly chosen subset of the detrended data points 36(Figure 4).

About 63% (∼ 1 - 1/e) of the data of the detrended light curve is randomly sampled in each real-

ization.. Thus, the periodicity between 400 and 1100 days is not the false one resulting from the

uneven sampling of the light curve.
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Figure 4: The GLS of the light curve of PG 0923+201 (red line). Gray lines are the GLS of the 1000 simulated

light curves. Simulations show the reliability of the highest peak matching 400 < Pobs < 1100 days.
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Figures

Figure 1

Light curve and search for periodicity (see Methods for details). Panel (a): the light curve of PG
0923+201, panel (b): the detrended light curve, panel (c): the bolded light curve, and panel (d): the GLS of
the light curve in panel (b). Red curve in panel (a) denotes the third-order polynomials used to detrend the
light curve. Red curves in panel (b) and (c) are the best-�t sinusoid. Red line in panel (d) denotes the GLS
power at the con�dence level of 99.999%.



Figure 2

Red line: 1990.02.17 (KPNO), black line: 2005.12.01 (SDSS). There is no evidence of broad double-peaked
pro�les of the Balmer lines.



Figure 3

The optical spectrum PG 0923+201: simultaneous �tting of the continuum and emission lines. Top panel:
the observed SDSS spectrum (black), the overall model (red), the AGN continuum (orange), and the Fe II
multiplets (green). Bottom left panel: emission line pro�le �t to the Hβ+[O III] region. Bottom right panel:
emission line pro�le �t to the Hα+[N II]+[S II] region. Bottom panels: the SDSS spectrum (black), the
overall model (red), the �tted broad Hβ and Hα lines (blue), and the narrow lines (magenta).



Figure 4

The GLS of the light curve of PG 0923+201 (red line). Gray lines are the GLS of the 1000 simulated light
curves. Simulations show the reliability of the highest peak matching 400 < Pobs < 1100 days.


