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Supermassive black holes (SMBHs; M > 10° M,) are known to exist at the center of
most galaxies with sufficient stellar mass. In the local Universe, it is possible to
infer their properties from the surrounding stars or gas. However, at high redshifts
we require active, continuous accretion to infer the presence of the SMBHSs, often
coming in the form of long-term accretion in active galactic nuclei. SMBHs can also
capture and tidally disrupt stars orbiting nearby, resulting in bright flares from
otherwise quiescent black holes. Here, we report on a ~200-s X-ray quasi-periodicity
around a previously dormant SMBH located in the center of a galaxy at redshift z=
0.3534. This result may open the possibility of probing general relativity beyond our

Periodic Oscillation (QPO) component
near SmHz (Fig. 2). This feature has a
centroid frequency of v ~ 4.8 mHz and
frequency width (full-width at half-
maximum) of vy, < 0.4 mHz and
WVemm=0.3 mHz (quality factor O =
v/dv = 12 and ~ 15 for Suzaku and
XMM #1 respectively). The fractional
root-mean-squarte (r.m.s.) variability in
the QPO is 22.8% and ~4% for Suzaku
and XMM #1, respectively (fig. S2).
Assuming the signal is on top of a
purely Poisson-noise time series, the
limit on the r.m.s. variability found
here results (/4) in a single-trial signif-
icance in the Gaussian limit of 3.8¢ for
Suzaku and 2.2¢ for XMM #1. Howev-
er, in order to rigorously quantify the
strength of the signal outside of the
Gaussian regime and fully account for
the presence of missing and unequally
spaced data (Fig. 1), we conducted
Monte Carlo simulations. The method
we adopted is based on well estab-
lished procedures in timing studies of

local Universe.

Tidal disruption of stars as a means to fuel active SMBHs was originally
proposed in 1975 (J) but it was not until over a decade later that the
possibility of using the expected electromagnetic flares to study non-
active SMBHs was proposed (2). Since then, various candidate tidal
disruption flares (TDFs) have been identified based on luminous flares
observed from optical to X-rays (3-7), but it is only in recent years that
such objects have been confirmed through the observation of relativistic
flares (8-12).

Swift J164449.3+573451 (hereafter Sw J1644+57) was detected (8)
by the Swift Burst Alert Telescope (BAT, 15-150 keV) on 28 March
2011 as it reached X-ray luminositics greater than ~ 10® erg s\
Prompt, multi-wavelength observations spanning from radio to y-rays
(9, 11) confirmed the position of the source to be coincidental with the
nucleus of an inactive galaxy and showed the presence of rapid time
variability (=10° s) at high energies (8, 10), indicative of a highly com-
pact source of emission (~30 million km or ~0.2 AU). Furthermore, the
detection of a relativistic and highly collimated radic jet, for the first
time associated with a TDF (10, /1), makes Sw J1644+57 analogous to a
small-scale blazar (10). Following the identification of this source as a
tidal disruption candidate (TDC), we initiated a series of twelve, bi-
weekly observations with the large X-ray satellite XMM-Newton, starting
approximately 19 days after the BAT ftrigger (Fig. 1), together with a
further Suzaku pointing ~ 10 days earlier (/3). The long-term evolution
in the X-ray (C.2-10 keV; observed frame) luminosity followed roughly
the expected rete of mass return to the black hole [« 73° for TDFs (2)]
and the short-term, rapid variability was also apparent.

We produced light curves for all observations of Sw J1644+57 over
the 0.2-10.0 keV energy band and Fourier transformed these in order to
obtain various power density spectra. A least-squares fits to the soft
energy band (<2 keV) power spectrum for the Suzaku observation is
consistent with a band-limited (red) noise component, described by aT' =
—1.8 power-law plus Poisson (white) noise (fig. S1 and table S1). How-
ever, the 2-10 keV power spectra of both the Suzaku and first XMM-
Newton observations (hercafter XMM #1) displayed a potential Quasi-

compact objects (I4-16). A series of

50,000 light-curves with the same av-

erage intensity, standard deviation, and

number of bins as the original data
were produced, and the noise power distribution was found at all Fourier
frequencies and compared to the real observations (fig. $4). In this man-
ner, we found that the chance that the individual detections at ~ 5 mHz
are due to random 10ise to be Pejuaic= 1.4 X 107 and Ppepmm < 5 *
107 for Suzaku and XMM #1-respectively (fig. S7). After correcting for
the initial “blind-search” of the Suzaku data and accounting for the fact
that the QPO was detected in two independent observations, with differ-
ent telescopes, the probability of two chance 3¢ detections arising from
random noise alone was found to be 1.52x107. The observed quasi-
periodic signal at ~ 5 mHz in Sw J1644+57 is statistically highly signif-
icant (4.330 assuming Gaussianity in the probability).

QPOs are regularly seen in stellar mass black holes. Recently, QPOs
have also been observed in a single AGN (/7), and in a couple of poten-
tial intermediate-mass black holes (~ 10° Mo) (I8, 19). Despite the lack
of a unique physical explanation, most models (20-24) strongly link the
origin of QPOs with orbits and/or resonances in the inner accretion disc
close to the black hole. The detection of a QPO approximately 10 days
after Sw J1644+57 became active requires that an accretion disc was
formed shortly after the start of the initial TDF. The characteristic time
(2, 25), ts, it takes for material from the disrupted star to fall back to-
ward the black hole in Sw J1644+57 from a pericenter distance of R, ~
13(Mgi/10° Mo)™® Rg (I1) (where the Schwarzschild radius Rg =
2GM/e?) is tey = 1 day. This is consistent with the formation of an accre-
tion disc due to stream-stream collision (2) after a small multiple of the
try- The Keplerian frequency at the radius of the innermost stable circu-
lar orbit (ISCO = 0.5 — 3R, depending on whether the black hole is
spinning or not), just short of the black hole's event horizon, is generally
the highest characteristic variability frequency. If the 5 mHz QPO cen-
troid frequency is set by orbits at the ISCO, it would imply a black hole
mass between ~ 4.5 x 10° and 5 x 10° Mo - for a non-rotating and max-
imally rotating black hole, respectively. This is in line with predictions
based on sirultaneous X-ray and radio observations (26) (~ 3.2 x 10°
Mc) as well as the-upper limit imposed by the M—-L relation (<2 x 107
Mvo) (8, 10). Keplerian frequencies at the ISCO scale inversely with
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black hole mass; assuming a ~10° Mo black hole, the ~ 5 mHz QPO
would correspond to a frequency of ~ 500 Hz around a ~ 10 Mo black

hole. This is remarkably similar to the 450 Hz oscillation found for GRO

J1655-40 (27). Our results thus confirms a fundamental aspect of
disc/disruption theory {2) and highlights the scale invariant nature (28—
31) of the underlying physics governing the accretion flow onto super-
massive (~ 10°° Mo) and stellar-mass (~ 10 Ms) black holes, several of
which have displayed similar X-ray periodicities (32).

Moreover, the Eddington limit for this black hole is <6 x 10* erg
5!, making the peak luminosity where the QPO is observed highly su-
per-Eddington (Fig. 1). Thus, quasi-periodicities should be preserved in
not onty mildly super-Eddington accretion flows, as is the case for the
only other supermassive black hole RE J1034+396 (17, 33) showing a
QPO, and the stellar-mass black hole GRS 1915+105 (34), but also in
potentially highly beamed, anisotropic sources. Recent numerical simu-
lations have began to examine the role of relativistic jets in the produc-
tion of QPOs (24, 35), however, even in this scenario, it is the
connection between the accretion disk and the base of the jet that give
rise to the quasi- periodic signal.

Although we have drawn from a rich literature that has ensured a
high standard of robust techniques, there is still the concern that other
uncertainties in the theoretical framework of accretion flows could be at
play and result in unaccounted systematic errors in the absolute noise
model around black holes. Noise may not be purely white, purely red or
a simple combination of the two, resulting in a smooth, featureless con-
tinuum. Indeed, (36), using general relativistic, magnetohydrodynamic
simulations of the accretion flow onto a Schwarzschild black hole
showed possible high frequency quasi-periodic features which were
identified with properties of the turbulent flow. If this turns out to be the
general case, QPOs similar to the one detected here would still be highly
useful in determining the physics of the accretion flow, but might not be
trivially related to the fundamental properties of the black hole, i.¢., mass
and spin.

References and Notes

1. J. G. Hills, Possible power source of Seyfert galaxies and QS8Os. Nature 254,
295 (1975). doi:10,1038/254295a0

2. M. J. Rees, Tidal disruption of stars by black holes of 106—108 solar masses in
nearby galaxies. Nature 333, 523 (1988). doi:10.1038/333523a0

3. S. Komossa, J. Greiner, Astron. Astrophys. 349, L45 (1999).

4, ]. Greiner, R Schwarz, 8. Zharikov, M. Orio, Astron. Astrophys. 362, 1L.25
(2000).

5. S. Gezari et al., Ultraviolet Detection of the Tidal Disruption of a Star by a
Supermassive Black Hole. Astrophys. J. 633, L25 (2006). doi:10.1086/509918

6. S. Gezari et al., UV/Optical Detections of Candidate Tidal Disruption Events
by GALEX and CFHTLS. Astrophys. J. 676, 944 (2008). doi:10.1086/529008

7. S. van Velzen et al, OPTICAL DISCOVERY OF PROBABLE STELLAR
TIDAL DISRUPTION FLARES. Astrophys. J. 741, 73 (2011).
doi:10.1088/0004-637X/741/2/7

8. D. N. Burrows et al,, Relativistic jet activity from the tidal disruption of a star
by a massive black hole. Nature 476, 421 (2011). doi:10.1038/nature10374
Medline

9. A J. Levan et al., An extremely luminous panchromatic outburst from the
nucleus of a distant galaxy. Science 333, 199 (2011).
doi:10.1126/science.1207143 Medline

10. J. S. Bloom et al., A possible relativistic jetted outburst from a massive black
hole fed by a tidally disrupted star. Science 333, 203 (2011).
doi:10.1126/science.1207150 Medline

11. B. A. Zauderer ef al., Birth of a relativistic outflow in the unusual y-ray
transient  Swift = J164449.3+573451. Nature 476, 425 (2011).
doi:10.1038/nature10366 Medline

12. S. B. Cenko ef al, Astrophys. J. 753, 77 (2012). doi:10.1088/0004-
63TX/753/11T7

13, Materials and methods are available as supplementary materials on Science
Online,

14. W, H. G. Lewin, J. van Paradijs, M. van der Klis, A review of quasi-periodic

15.

16.

17.

18.

19.

20.

21.

22.

23,

24,

25,

26.

27.

28.

29.

30.

3L

32,
33

34,

35,
36.

37.

38.

39
40.

oscillations in low-mass X-ray binaries. Space Seci. Rev. 46, 273 (1988).
doi:10.1007/BF00212
M. van der Klis, Timing Neutron Stars, H. Ogelman & E. P. J. van den
Heuvel, ed. (1989), p. 27.
P. Uttley, I. M. McHardy, 1. E. Papadakis, Measuring the broad-band power
spectra of active galactic nuclei with RXTE. Mon. Not. R. Astron. Soc. 332,
231 (2002). doi:10.1046/j.1365-8711,2 5298 x

M. Gierlifiski, M. Middleton, M. Ward, C. Done, A periodicity of
approximately 1 hour in X-ray emission from the active galaxy RE
J1034+396. Nature 455, 365 (2008). doi:10.1038/nature07277 Medline

T. E. Strohmayer, R. F. Mushotzky, Discovery of X-Ray Quasi-periodic
Oscillations from an Ultraluminous X-Ray Source in M82: Evidence against
Beaming,. Astrophys. J, 586, L61 (2003). doi:10.1086/374732

T. E. Strohmayer et al, Quasi-periodic Variability in NGC 5408 X-1.
Astrophys. J. 660, 580 (2007). doi:10.1086/512723

M. A. Nowak, R. V. Wagoner, M. C. Begelman, D. E. Lehr, The 67
H[CLC]z[/CLC] Feature in the Black Hole Candidate GRS 1915+105 as a
Possible “Diskoseismic” Mode. Astrophys. J. 477, L91 (1997).
doi:10,1086/310534

W. Cui, S. N. Zhang, W. Chen, Evidence for Frame-Dragging around
Spinning Black Holes in X-Ray Binaries. Astrophys. J. 492, L53 (1998).
doi:10.1086/311092

D, Psaltis, T. Belloni, M. van der Klis, Correlations in Quasi-periodic
Oscillation and Noise Frequencies among Neutron Star and Black Hole
X-Ray Binaries. Astrophys. J. 520, 262 (1999). doi:10.1086/307436

L. Stella, M. Vietri, S. M. Morsink, Correlations in the Quasi-periodic
Oscillation Frequencies of Low-Mass X-Ray Binaries and the Relativistic
Precession Model: Astrophys. J. 524,1.63 (1999). doi:10.1086/312291

J. C. McKinney, A. Tchekhovskey, R. D. Blandford, e-prints
ArXiv:1201.4163 (2012).
L. E. Strubbe, E. Quataert, Optical flares from the tidal disruption of stars by
massive black holes. Mon, Not R. Astron. Soc. 400, 2070 (2009).
doi:10.1111/4.1365-2 2009.15599.x
J. M. Miller, K. Giiltekin, X-RAY AND RADIC CONSTRAINTS ON THE
MASS OF THE BLACK HOLE IN SWIFT J164449.3+573451. Astrophys. J.
738, L13 (2011). do 8/2041-82 8/1/L1

T. E. Strohmayer, Discovery of a 450 H[CLCJz[/CLC] Quasi-periodic
Oscillation from the Microquasar GRO J1655—40 with the [ITAL]Rossi X-
Ray Timing Explorerff/ITAL]. Astrophys. J. 552, 149 (2001).
doi:10.1086/320258
A. Merloni, 8. Heinz, T. di Matteo, A Fundamental Plane of black hole
activity,. Mon. Not. R. Astron. Soc. 345, 1057 (2003). doi:10.1046/j.1365-
2966.2003.07017.x
H. Falcke, E. Kording, S. Markoff, dstron. Astrophys. 414, 895 (2004)
doi:10.1051/0004-6361:20031683
I. M. McHardy, E. Koerding, C. Knigge, P. Uttley, R. P. Fender, Active
galactic nuclei as scaled-up Galactic black holes. Nature 444, 730 (2006).
doi:10.1038/nature05389 Medline
K. Gilltekin ef al., THE FUNDAMENTAL PLANE OF ACCRETION ONTO
BLACK HOLES WITH DYNAMICAL MASSES. Astrophys. J. 706, 404
(2009). doi:10.1088/0004-637X/706/1/404
M. van der Klis, Rapid X-ray Variability (2006), pp. 39-112.

Downioaded from www.sciencemag.org on August 7, 2012

. M. Middleton, C. Done, The X-ray binary analogy to the first AGN quasi-

periodic * oscillation. Mon. Not. R Astron. Soc. 403, 9 (2010).
doi:10.1111/§.1365-2966.2009,15969.x

R. A. Remillard, J. E. McClintock, X-Ray Properties of Black-Hole Binaries.
Arnnu, Rev. Astron. Astrophys. 4, 49 (2006),
doi:10.1146/annurev.astro.44.051905.092532

W.-H. Lei, B. Zhang, H. Gao, eprint arXiv:1202.4231 (2012).

J. D. Schnittman, J, H. Krolik, J. F. Hawley, Light Curves from an MHD
Simulation of a Black Hole Accretion Disk. Astrophys. J. 651, 1031 (2006).
doi:10.1086/507421

P. A. Evans et al., An online repository of Swift /XRT light curves of y-ray
bursts. Astron. Astrophys. 469, 379 (2007). doi:10.1051/0004-6361:20077530
P. A. Evans et al., Methods and results of an automatic analysis of a complete
sample of Swif? -XRT observations of GRBs. Mon. Not. R. Astron. Soc. 397,
1177 (2009). doi:10,1111/1.1365-2966.2009.14913 x

K. Koyama ef al., Publ, Astron. Soc. Japan 59,23 (2007).

Y. Uchiyama et al., Publ. Astron. Soc. Japan 60, 35 (2008).



41. J. E. Davis, Event Pileup in Charge-coupled Devices. 4strophys. J. 562, 575
(2001). doi;10.1086/323488

42, L. Striider ef al., Astron. Astrophys. 365, L18 (2001). doi:10.1051/0004-
6361:20000066

43. M. J. L. Turner et al., The European Photon Imaging Camera on XMM-
Newton: The MOS cameras. Astron. Astrophys. 365, L27 (2001).
doi:10.1051/0004-6361:20000087

44, K. A. Amnaud, Astronomical Data Analysis Software and Systems V, G. H.
Jacoby & J. Barmes, ed. (1996), vol. 101 of Astronomical Society of the
Pacific Conference Series, pp. 17-+.

45. 1. 8. Bloora, N. R. Butler, S. B. Cenko, D. A. Perley, GRB Coordinates
Network 11847, 1 (2011).

46, J. Crummy, A. C. Fabian, L. Gallo, R. R. Ross, An explanation for the soft X-
ray excess m active galactic nuclei. Mon, Not. R Astron. Soc. 365, 1067
(2006). doi:10.1111/j.1365-2966.2005.09844 x

47. M. Gierlinski, C. Done, Is the soft excess in active galactic nuclei real? Mon.
Not. R. Astron. Soc. 349, L7 (2004). doi:10.1111/.1365- .2004 07687 .x

48. M, A. Nowak, Are there three peaks in the power spectra of GX 3394 and
Cyg X-1? Mon. Not. R. Astron. Soc. 318, 361 (2000). doi:10.1046/j.1365-
8711.2000.03668.x

49. J. Homan ¢f al., High-Frequency Quasi-periodic Oscillations in the Black
Hole X-Ray Transient XTE J1650-500. Astrophys. J. 586, 1262 (2003).
doi:10.1086/367699

50. J. Homan et al., High- and Low-Frequency Quasi-periodic Oscillations in the
X-Ray Light Curves of the Black Hole Transient H1743-322. Astrophys. J.
623, 383 (2005). doi:10.1086/424994

51. M. Middleton, P. Uttley, C. Done, Searching for the trigger of the active
galactic nucleus quasi-periodic oscillation: 8 years of RE J1034+396. Mon.
Not. R. Astron. Soc. 417, 250 (2011). doi:10.1111/j. -2966.2011.19185.x

52. B. Efron, R. J. Tibshirani, An Introduction to the Bootstrap (1994), pp. 1-456.

53. M. Stamatikos et al., American Institute of Physics Conference Series, C.
Meegan, C. Kouveliotow, & N. Gehrels, ed. (2009), vol. 1133 of Admerican
Institute of Physics Conference Series, pp. 356~361.

54, J. P. Norris, G. F. Marani, J. T. Bonnell, Connection between
Energy-dependent Lags and Peak Luminosity in Gamma-Ray Bursts.
Astrophys. /. 534, 248 (2000). doi:10,1086/308725

55. 8. Vaughan, A Bayesian test for periodic signals in red noise. Mon. Not. R.
Astron. Soc. 402, 307 (2010). d0i:10.1111/1,1365-296 15868 x

56. J. Timmer, M. Koenig, Astron. Astrophys. 300, 707 (1995).

Acknowledgments: RR. thanks the Michigan Society of Fellows and NASA for
support throngh the Einstein Fellowship Program, grant number PF1-120087.
R.R. also wish to thank C. Reynolds and R. Mushotzky for comments on our
early work. We all thank N. Schartel and the XMM-Newion staff for
executing monitoring observations of Swift J164449.3+573451, This work is
based on observations made with XMM-Newton, a European Space Agency
(ESA) scienze mission with instruments and contributions directly funded by
ESA member states and the USA (NASA) and the Suzaku satellite, a
collaborative mission between the space agencies of Japan (JAXA) and the
USA (NASA). This work also made use of data supplied by the UK Swift
Science Datz Centre at the University of Leicester.

Supplementary Materials
www.sciencemzz.org/cgi/content/full/science.1223940/DC1
Materials and Methods

Figs. 8110 89

Table S1

References (37-36)

27 April 2012; zccepted 23 July 2012
Published online 2 August 2012
10.1126/science. 1223940

Downloaded from www.sciencemag.org on August 7, 2012



Flux (* 10" ergem? s™")

Normalized power

Normalized power

0.5

z T
HMM-Newton

5 M‘% #6 g:"l lsgﬁ:ﬁli%ﬂ} #{2

P _
|s| r
. 3
Do

1o¥

.
P H
I | |
i o I
| ]

250 300

350

Luminosity (erg s”)

*a ¥ !
.“,“;;-"'"_- *- *. ;10‘“

i ...--l—'l—.l_.l. G | SRS _.....j
50 100 150 200

Time (days since March 28" 2011)

H
i
o
e
Nl
Y]
-4
)
aaaal

YRR, PP 0 T Y

(b) XMM #1.

-........-?.m..r--i-{---—:-—-99.99%
X A

Frequency (Hz)

Fig. 1. XMM-Newton and Suzaku light curve of Sw J1644+57
together with the SWIFT-XRT 0.3-10 keV light curve for
reference (grey) (37, 38). For twelve XMM-Newifon
observations (XMM #1-12) we extracted 0.2-10 keV source
and background light curves from the PN camera, using 40-
arcsec circular regions. After accounting for the flaring
background, a substantial fraction of the data in XMM #2, 3
and 12 had to be excluded. For Suzaku, we used a box
region of 250-arcsec to extract the source light-curve from
the two front-lluminated cameras and 150-arcsec for the
background. Every observation had a background level
significantly less than 5% of the total flux. For each
observation we created an energy spectrum to which we
fitted a model consisting of an absorbed power-law and used
this to obtain a conversion factor between the count-rate and
fluxes in physical units. The average flux levels in each
observation are shown in real time in the main axis (stars,
where the one s.d. error bars are smaller than the symbol
size) and the inset compares each observation with data
points binned in"32-s intervals. The vertical lines separate the
various observations. The right-hand axis gives the
conversion to luminosity of the source assuming isotropic
radiation and the dashed curve shows a £>° relation with ¢
being the time since March 28 2011.

Fig. 2. (A) Power spectra for Suzaku and (B) for XMM #1, in
the 2-10 keV energy range. The power spectra are
normalised such that their integral gives the squared r.m.s.
fractional variability. The Poisson noise level expected from
the data errors is shown as the dashed horizontal line. We
checked that the peak is robust to a variety of frequency and
time resolutions. The arrow in both panels mark the presence
of a QPO with a centroid frequency of Veuzaku ~ 4.8 mHz. The
solid curves enclose the range of the best fit to the underiying
continuum as described in Table S1 (Model 2). The dotted
curves show the 99.99% and 99.73% (30) threshold for
significant detection.
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