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Abstract: We present here the detection of a possible quasi-periodic oscillation (QPO) signal in the
X-ray light curve of the active galactic nucleus 3C 120, a broad line radio galaxy at z = 0.033. The hint
of a QPO at the 3¢ level at 7.1 x 10~° Hz (~1.65 days) was detected based on the analysis of X-ray
data acquired in the 3-79 keV band by the Nuclear Spectroscopic Telescope Array (NuSTAR). The data,
when processed separately in the soft (3—10 keV), hard (10-79 keV) and the total (3-79 keV) bands
using four different techniques, namely discrete correlation function, Lomb Scargle periodogram,
structure—function, and power spectral density indicated the presence of a QPO. 3C 120 very well fits
in the negative correlation in the frequency of the QPO versus the black hole mass (Fgpo versus Mpp)
diagram known for stellar-mass and supermassive black hole sources. Considering the observed
signs of QPO to represent the innermost stable orbit of the accretion disk, we found a black hole
mass of 1.9 x 10° Mg, for a Kerr black hole and 3.04 x 108 M, for a Schwarzschild black hole. This
deduced black hole mass from QPO measurement is a few times larger than the black hole mass
obtained from reverberation mapping observations.

Keywords: galaxies; active-galaxies; individual-3C 120-galaxies-X-rays: galaxies

1. Introduction

Active Galactic Nuclei (AGNs) are among the brightest persistent sources in the sky
with characteristic bolometric luminosity ranging between 10*1-10*8 erg s~1. They are
believed to be powered by an actively accreting and possibly spinning central supermassive
black hole (SMBH) [1] with typical masses of 10°-10'9 M. This process of accretion leads
to the formation of an optically thick, geometrically thin accretion disc (AD) due to the
loss of angular momentum through viscous and turbulent processes [2]. AD emits mainly
in the optical, UV, and soft X-ray bands of the electromagnetic (EM) spectrum. In the
unified model of AGN, the AD is surrounded by the doughnut-shaped dusty torus away
from the central region, and a minor fraction of AGN is also characterized by relativistic
bipolar outflows [3,4]. One of AGN’s defining characteristics since their discovery is that
they display strong, aperiodic flux variability across the EM spectrum [5,6]. Rapid flux
variations observed in the X-ray band on timescales of a day or less support the idea that
X-rays originate close to the central SMBH [7]. In addition, in the broadband X-ray spectra
of a few AGN, high energy cut off (E.,;) has been observed, which is attributed to thermal
comptonization [8-10] .

The prevailing notion that AGNs show that only random flux variations over a range
of time scales from low energy radio to high energy y-ray bands have been challenged since
the last decade, with the first detection of a highly significant quasi-periodic oscillation
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(QPO) of about 1 h in the X-ray light curve of the narrow-line Seyfert 1 (NLSy1) galaxy
RE J1034+396 [11,12]. Since then, QPOs in AGNs have been detected in the radio ([13-15]
and references therein), optical ([16,17] and references therein), X-rays [11,18,19] and -
rays ([20] and references therein). Thus, it is now evident that AGNs do show QPO similar
to what is seen in galactic compact X-ray sources that include white dwarfs, neutron stars,
and X-ray binaries (XRBs) [21]. In the plot of QPO frequencies against black hole (BH)
masses, AGNs lie in the high mass end of the extrapolated anti-correlation trend known in
X-ray binaries [22,23] which extends additional support to the notion of AGNs being the
scaled-up version of XRBs.

QPOs are known in a large number of Galactic XRBs [24-26]. There have been a few
works quantifying the QPOs in AGNss, giving us more cause to explore this study through
this work. Detection of more AGN with significant QPOs will also enable one to better
constrain some of the models available in the literature to explain QPOs observed in AGN,
such as the orbiting hot spot on AD [27], turbulence behind shock in relativistic jet [28] and
the swinging jet model [29]. In this paper, we present the detection of a possible QPO in 3C
120 in the X-ray band.

3C 120 (a2000.0 = 04 h 33 m 11.1s, dg90.0 = +05°21'15") has been identified as a broad-
line radio galaxy at a redshift (z) = 0.033 [30] powered by a BH of mass (5.7 +2.7) x
107 Mg, [31]. It has a one-sided low inclination superluminal jet detected in the opti-
cal, radio, and X-ray bands (e.g., [32] and references therein). It is very bright (~5 X
10-11 erg s~ 1em™2 at 2-10 keV) and variable in X-rays [33]. It is also found to be a -
ray source from the Large Area Telescope (LAT) onboard the Fermi Gamma-ray space tele-
scope [34]. Broadband X-ray spectral fits revealed the presence of a high energy cut-off at
Ecur = 8373 keV [10]. Analysis of the same timing data presented by [35] hinted towards
the presence of a QPO. Therefore, the goal of this study is to confirm the presence of QPO
using well-established methods. This paper is organized as follows: In Section 2, we present
the NuSTAR data analysis. In Section 3, we describe the various methods used to search
periodicity in the light curve and also discuss the results obtained, while in Section 4 we
discuss the results and draw our conclusions.

2. NuSTAR Observations and Data Analysis

We used the archival data of 3C 120 observed by NuSTAR [36]) in the 3-79 keV
band on 6 February 2013 (ObsID 60001042003). We reduced the data using the NuSTAR
Data Analysis Software Package NuSTARDAS v1.6.0 distributed by the High Energy
Astrophysics Archive Research Center (HEASARC). Taking into account the passage of the
satellite through the South Atlantic Anomaly, and using CALDB 20161207, we generated
a cleaned and screened events file using the task nupipeline. For generating the source
light curve, we used a circular region of 60" radius centered at the peak brightness of the
source. Similarly, for the background light curve, we used a circular region of 60" much
farther from the source. We generated light curves separately for both the focal plane
modules FPMA and FPMB in the 3-79 keV band with a binning of 300 s. We generated
the final light curve by combining the count rates in both the modules using the Icmath
task available in FTOOLS V4.0. The light curve in the 3-79 keV band for a total duration of
about 250 ksec is shown in Figure 1 (lower Panel). A visual inspection of the light curve
hints at a possible presence of a periodic signal. To confirm the presence of the periodic
signal in 3C 120 unambiguously, we carried out the discrete correlation function (DCF),
lomb-scargle periodogram, structure-function and power spectral density analyses. To get
rid of undesired noise, we removed data points with uncertainty more than two times the
standard deviation of the data points’ errors. We then averaged the resultant light curve
over 3600 s to get an evenly sampled data set. The error in each point of the binned light
curve is standard deviation of the flux values over the 3600 s bin. The averaged light curve
is displayed in the upper panel of Figure 1. In all further analyses, the averaged light curve
having a uniform time resolution of 1 h was used.
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Figure 1. Light curve in counts/sec for 3C 120 in the 3-79 keV band (bottom panel) while the one
hour binned light curve is shown in the upper panel.

3. Analysis and Results
3.1. Discrete Correlation Function

To quantify the presence of a periodic signal in the light curve of 3C 120 if any, we first
used the DCF technique proposed by [37]. It permits to study the correlation relationship
between any two data sets. For two discrete data sets (a;, b;), we first calculated the
unbinned DCF (UDCF) as:

(a; —a)(b; — b)
\/(ffaZ —e2) (0 —ep2)

where 4, b are the mean values of two data sets, 0, 0}, are their standard deviation and e,
ep are measurement errors of data points in the two data series. Each value of UDCF is
associated with time delay At;; = (ty]- —ty).

DCEF is obtained by averaging the UDCF values for each time lag T over the interval
T— % <tj<t+ % as follows:

UDCF(t) = (1)

Y UDCF,

DCF(t) i ,

@

where M is the number of pairs with time lag values lying in the T interval. Errors in DCF
are calculated using the formula:

\/EM, (UDCF, — DCF(1))?
ODCF(t) = M1 : ®3)

With only one light curve, the DCF method becomes a discrete auto-correlation
function (DACF), which can be utilized to detect the periodicity in the light curve. This is
done by comparing the light curve with itself shifted by a delta in time. We used a 7 of
4700 s. If the DACEF reveals the detection of strong peaks apart from the one close to zero
time lag and at multiples of the period, it accounts for the presence of a possible QPO [38].
A detailed description of ACF is given in [39].
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DACF

The essence of DACEF is that, for clear correlation, the DACF peaks at time lag equal to
zero, and the presence of periodicity in the light curve will appear as secondary peaks in
DACEF. Our DACEF analysis revealed a signature of a periodic component for the source
at a possible period of ~156,250 £ 2350 s in the 3-79 keV. Figure 2a shows the DACEF for
3C 120.
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Figure 2. (a) DACEF of the source; (b) LSP with a peak at a period of 156,250 s; (c) SF curve showing period at ~154,800 s.
The corresponding 1o, 20 or 3¢ confidence contours (see Section 3.5) are also added in the respective plots.

3.2. Lomb-Scargle Periodogram

Lomb-Scargle Periodogram (LSP) is a powerful tool widely used to search for period-
icities in time series data (e.g., [17,40,41] and references therein). It was proposed by [42]
and extended by [43]. LSP has been generalized for more practical use by [44]. We obtained
the LSP using the following form of periodogram:

2
Prs(f) = ;{ (Zn gncos(27f(t, — T])) /Zn cos? (27t fty — 7))

2
+ (Lugusin@nfl ~ 7))/ £, sint(2refle, — ) } @
where 7 is specified for each f to ensure time-shift invariance:

1 1 [ Lysin(4mfty)
e g (B ) ®

More details are outlined in [45] and references therein. We computed LSP on the
time series data of 3C 120 and the periodogram is shown in Figure 2b. A prominent peak
(with significance greater than 3¢; Figure 2b) is seen in the periodogram with a period of at
149,200 £ 11,550 s. As our data are uniformly sampled, the aliasing problem associated
with LSP [45] is mitigated. In addition, the period obtained from our LSP analysis matches
within 1 o of that obtained from the DACF analysis.
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3.3. Structure Function

Structure function (SF) is well adapted to quantitatively estimate periodicity and
timescales that contribute to fluctuations. Therefore, it also sheds light on the underlying
cause of variability. SF has been introduced and discussed by [46]. The biggest advantage
of this method is that it remains unaffected by any data gaps in the light curves and can be
applied to unevenly sampled data.

First order SF for a data series is defined as:

1
N(T1)

1=

SE(tj) = w(iw(i+7)[a(i) — ali + )] (6)

—_

where 7 is the time lag. The weighting function w(i) is 1 if we have observation for ith
interval else it is 0. Further details of SF can be found in [47] and references therein. For a
sinusoidal time series with period P, the SF curve has minima at 7 equal to the period (P)
and its sub-harmonics (e.g., [18]. The SF evaluated for 3C 120 for the light curve in 3-79 keV
is shown in Figure 2c. The first dip clearly indicates a possible period of ~154,800 £ 1760 s.
This is also in good agreement with the value of P obtained from LS periodogram and
DACEF analyses.

3.4. Power Spectral Density

The periodogram sheds light on the physical process contributing to the source
variability. Moreover, it also aids in detecting and characterizing the QPOs. The presence
of QPOs will be evident as peaks in the power spectral density (PSD). To estimate the
period more precisely, we adopted the methodology proposed by [48,49]. PSD is a very
promising tool to differentiate the random fluctuations from the real variations in AGN
light curves. It is also widely accepted and used to search for periodic variations in
AGN light curves ([11,50] and references therein). The steps followed in this method
include measuring the periodogram, dividing the periodogram by the best-fitted power
law, and then estimating the significance of the observed peak above the continuum.
PSD is computationally one of the simplest techniques with the only limitation of being
applied to evenly sampled data. Additional advantage of PSD is that, since all sources
of intrinsic noise present in the target are accounted for, the noise due to external sources
can be identified and studied. PSD describes the amount of variability power, i.e., average
squared amplitude, as a temporal frequency function (1/timescale). This method involved
first measuring periodogram of an evenly sampled time series as below:

) = o %57 )

where X(f;) is the discrete Fourier transform at each n = K/2 Fourier frequencies. The
computed periodogram using the above equation follows a y2-distribution with two
degrees of freedom (DOF). The power-law component in an AGN spectrum sheds light on
the power distribution as a function of frequency and is formulated as:

P(f) o fo" ®)

where « is the PSD slope, representing red noise spectra (¢« > 1). When the power spectrum
follows a power-law model, then the best way to plot is in log space and the logarithmic
of the power-law becomes a linear function. The expectation value of the logarithm of
the observed periodogram offsets the PSD by —0.250682 i.e., —0.57721466/1n10 where
the numerator is the Euler-Mascheroni constant. Finally, the unbiased estimate of the
logarithmic periodogram is computed by adding 0.250682 to the periodogram [51] obtained
using Equation (7). We fit our calculated PSDs with a single Power-law model of the
form given in Equation (8) using the least squares method and estimate the slope « and
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normalization (N). In the logarithmic scale, the slope of the linear fit (y = mx + c) gives us
a as —m and the intercept tells log(N) = ¢ + 0.250682.

We also tested the significance of the frequency peak detected above the power
spectrum using the Vaughan recipe [49]. To perform an estimation of the peak significance
against the red noise is of extreme importance (see Section 3.5). Using our values of & and
N, we can formulate our null hypothesis that any peak is generated by a non-periodic
process. We then define the significance level for a given number of frequencies (M) of the
periodogram as:

Ye/2 = —In[l - (1—e)"/M] ©)

where € gives the ‘false alarm probability and therefore (1 — €)100 percent is the confidence
limit for a detection. Thus, to define our 95 (¢ = 0.05) and 99 (e = 0.01) per cent confidence
limits on our computed log-log periodogram, we add the logarithm of 7, /2 to the model.
If a periodogram point deviates from the red-noise model, i.e., exceeds the 3¢ limit, we
assume the presence of a QPO in the source.

Periodogram evaluated for 3C 120 light curve in the 3-79 keV energy range is shown
in Figure 3. Here, the spectrum steepens at low frequencies due to the red noise variability
that characterizes most of the AGN, while the spectrum flattens (‘white noise”) at high
frequencies due to Poisson Noise. Analysis of the PSD indicates the presence of a possible
QPO signal at ~143,000 s. A 3C 120 light curve averaged over 3600 s folded with a period
of 143,000 s is displayed in Figure 4. The best-fitted sinusoidal model is also plotted over
the folded light curve.

10%F — T —————T

¢ 3-79 keV §

—_

o
w
T

2/Hz

—_

o
N
T

Power (rms/mean)

10°° 107° 10
Frequency (Hz)
Figure 3. Fourier spectrum of 3C 120 in the 3-79 keV band. The red curve (dotted line) represents the
best-fit power-law model, pink line (dash-dot) denotes the expected Poisson level, black line (solid
line) gives the 95% confidence level while green (dashed line) represents the 99.73% confidence level.
The arrow points towards the QPO signal.
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Figure 4. Folded 3-79 keV light curve with a period = 143,000 s and the best-fit sinusoidal curve in
red solid line.

3.5. Significance and Uncertainty Estimation

Astronomical sources show random and chaotic variability, which is considered as
red noise (larger amplitude variations at larger time scales) in their power spectrum.
Sometimes, in the periodogram, the larger amplitude peaks can be misunderstood as a
periodic signal, especially in the lower frequency regime [52]. In addition to the red noise
processes, the periodogram tends to be biased due to the finite period of the observations
(causing red noise leak) in unevenly sampled light curve. Thus, the need arises to account
for the above-mentioned distortions. In addition, as discussed in [53], the spectral window
function applied on the uneven sampled light curve shows considerable power at all
frequencies because of the uneven sampling of the light curve, which could be misleading
in detecting the actual periodicity. In our case, we carried out our analysis on the evenly
sampled light curve, and hence our results are free from the spurious detection caused by
the uneven sampling and the spectral window function.

To have a robust detection of possible QPO in any method, a significance correspond-
ing to the QPO should be estimated. In general, this can be done by simulating a large
number of red-noise light curves of the source. To simulate a large number of light curves,
we have followed the well-accepted procedure by [54], which fully randomizes the phase
and amplitude of the Fourier components of the light curves. To have the exact form of
the red noise, we used the procedure of Vaughan [49], and the power spectral density was
fitted with power-law. The best slope was found to be 1.45, and this slope was used to
simulate a large number of red noise light curves for the significance estimation.

The simulated light curves were then used to estimate the significance of the QPO
detected using the three methods, viz. DACF, LSP, and SE. The secondary peak of the
DACEF is found to be above 2¢ significance, as shown in Figure 2a. Similarly, significance
in the LSP method and SF method is found to be above 3¢ as shown in Figure 2b,c. Our
analysis indicates that the QPO signal found in 3C 120 is unlikely to be spurious.

4. Discussion

By analyzing the 3-79 keV X-ray data from NuSTAR, we found a possible imprint
of the QPO signal in 3C 120. The possible existence of the QPO signal was confirmed by
four independent analysis methods. Though X-ray QPOs are widely known in Galactic
sources, their detection in AGN is very limited. As of today, X-ray QPOs are known in
only half-a-dozen AGN such as (a) ~1-h QPO in RE J1034+396 [11] (b) two transient QPO
signals in 1H 0707-495 [55], (c) 3.8 h QPO in 2XMM ]123103.2+110648 [56], (d) ~2 h QPO



Galaxies 2021, 9, 20

8 of 12

in MS2254.9-3712 [57], (e) ~1.8 h QPO in Mrk 766 [23] and (f) a twin QPO with period
of 23.82 + 0.07 h in XMMUJ134736.6+173403 [58]. A look into these AGNs’ long-term
optical light curves indicates that they are generally non-variable and, if variable, they
are either in the faint or intermediate brightness levels during the period when QPO was
detected. This clearly indicates that the jet’s contribution to the observed X-ray emission in
them was insignificant during the epoch when QPO was detected. The period of QPOs
in the X-ray band in AGNs known till today is lesser than 5 h and, among them, about
50% (3/6) are NLSy1 galaxies. However, the X-ray QPO for 3C 120 has a period of about
1.65 days, the highest known in an AGN till today in the X-ray band. With a possible
detection reported in this work, the number of AGNs with X-ray QPOs has increased to
seven. We note here that all four analysis methods show signs of the presence of QPO in
3C 120. However, the length of the data are not long enough to unambiguously claim the
detection of QPO. Further analysis with longer duration light curves are of substantial
importance to confirm or reject the presence of QPO in 3C 120.

The observed X-rays in AGN are related to processes happening close to their central
regions [7]. In the AGNs with weak radio jets ([59] and references therein), the X-ray
emission is likely to be dominated by thermal processes close to the AD [60-62], while,
for the AGNss with strong radio jets, the observed X-ray emission in addition to the disk
emission is likely to be contaminated by emission from the jet. However, in general,
in addition to X-ray flux variations, the QPOs seen in X-ray wavelengths in compact
sources is widely believed to be related to the innermost stable circular orbit around
BHs [26]. In the case of AGNs with weak jets, the observed QPOs can be explained
by a variety of theoretical models such as instabilities in the AD [63], hot spots in the
AD [27] or the disk precision [64]. Alternatively, the AGNs with strong jets such as blazars,
the observed QPO in all likelihood is dominated by processes related to the jet itself, such
as the precession of the jet (e.g., [65-67] and references therein) or to the processes that feed
the jet such as pulsational accretion flow instabilities [20].

The source 3C 120, though classified as a Seyfert 1 galaxy [30], is a y-ray source [68]
with a one-sided jet. It is thus likely that the observed X-ray emission is dominated by
emission from the jet. However, during the epoch of NuSTAR data analyzed in this work,
3C 120 was in a relatively faint state. Its NuSTAR spectrum has a prominent weak Fe K,
line [10] and it was also not detected by Fermi [69] during the epoch of NuSTAR observation.
This clearly indicates that the X-rays from 3C 120 observed by NuSTAR has negligible/no
contribution from the jet and thus the observed QPO could be ascribed to processes related
to the AD. This inference could indeed be used to estimate the mass of the SMBH in 3C 120.
The minimum size of an emitting region is closely related to the gravitational radius of BH,
R >R;=GM/ c2 [70]. Taking the redshift and SMBH spin into account, we estimated the
mass of SMBH using [71]:

323 x 104P

M/Mg = ((r32+ (a/M))(1 +2z)’

(10)

where P is a periodicity (in seconds), r is the radius of the emitting region (in GM/c?),
a/M is the BH angular momentum parameter, and z is the redshift. In case of non rotating
Schwarzschild BH, for the last stable circular orbit of the disc, we haver =6 and a/M =0,
whereas, for a rapidly rotating Kerr BH, we have r = 1.2, the last stable circular orbit for a
co-rotating disk around a maximum rotating BH, along with a/M = 0.9982 [72].

For an a of 143,000 s, we found BH masses of 1.9 x 10° M and 3.04 x 10® M,
for a rapidly rotating and non-rotating SMBH, respectively. These SMBH mass values
correspond to a Lggy value of 2.5 x 10# ergs~! and 3.9 x 10 ergs~!, respectively, where
Lrgy4 is given as:

Lpgg = 1.3 % 1038%ergs*1 (11)
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It is theoretically expected in strong gravity that the QPO frequency inversely scales
with the mass of the source [18]. From three micro-quasars with known mass, [26] found
the QPO frequency to inversely scale with mass as:

M
Frigh = 2793 ( zfo

) (12)
©

For 3C 120 with a BH mass of 6.7 x 107 M, from reverberation observations [31], we
expect to have a QPO frequency (Fgpp) of 4.2 x 10> Hz. The observed QPO frequency
in 3C 120 is about an order of magnitude smaller than what is expected from the scaling
relations of galactic BH systems. However, given that 3C 120 is a y-ray emitting source
and the jet seen in 3C 120 is at very close angle to the line of sight, the BH mass estimated
from reverberation mapping observations is likely to be affected due to the contribution
of jet to the optical continuum emission in 3C 120. In support of the expectation from
gravity theories, observationally, it has been noticed that the Fopo-Mpy anti-correlation is
universal [22] that covers a wide range of masses from stellar mass BHs to SMBHs. The
signs of QPO-like behavior found in 3C 120 in this work and the BH mass calculated using
this frequency (Mpy = 1.9 x 10° My,) for a kerr BH also nicely fits in the already known
negative correlation between Fopp and BH mass [73]. Detailed X-ray spectral analysis
by [74] indicates 3C 120 to have a rapidly spinning BH with the spin factor a >0.95. Shown
in Figure 5 are the galactic sources in blue solid circles and AGN sources in black open
triangles. For AGNs, we re-calculated their BH masses in a homogenous way using their
reported QPO frequencies culled from literature and our Equation (7) for a non-rotating
case. However, for 3C 120, we show in Figure 5 its position with filled green squares both
for the Schwarzschild and Kerr BH case.

Suggestions do exist in literature of a connection between AGN and Galactic BHs
and detection of QPOs in a large number of AGN will indeed strengthen this connection.
In addition, the detection of QPO signals in more and more AGN is needed, which, in
addition to constraining the available models of QPOs, will help in establishing a firm
footing for the inverse correlation that is observed between QPO frequency and mass over
a wide range of masses.

104
CRO J1655

20
10 GRS 1915

Swift J1644+57

RE J1034
1H 0707 (1) RK 766
04t MS 2254, 15 0707 (2)

J123103

QPO Frequency (Hz)

J134736+173

o
=3
T

KIC 9650712

108 ‘ : ‘ ‘
10° 102 104 108 108 10"

Black Hole Mass (M)
Figure 5. Updated version of Figure 1 from [22] describing relationship between QPO frequency
and BH mass. The solid line represents the model f(Hz) = 1862(Mpy /M) given by [26]. Non-AGN
sources are displayed with blue circles, and AGN sources with significant QPOs are shown with
black triangles. Two significant QPOs for 1H 0707495 [55] are displayed as (1) and (2). The position
of 3C 120 in this diagram is shown as filled green square (A) with BH mass estimated assuming a
Kerr BH, and (B) with BH mass estimated assuming a Schwarzschild BH.
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