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ABSTRACT

Title:

Timing Properties of Active Galactic Nuclei

Author:

Evan Arnold Smith

Major Advisor:

Eric Perlman, Ph.D.

Timing properties of Active Galactic Nuclei (AGN) are investigated primarily using

archival data from the Rossi X -ray Timing Explorer (RXTE ) satellite collected

between 1996 and 2011. The main emphasis is to search for quasi-periodic oscil-

lations (QPOs). This search was motivated by the uniqueness of the RXTE AGN

database, which contains a gold-mine of information on the long-term light curves

of AGN, as well as the fact that QPOs are a common feature in the light curves

of stellar mass black hole (BH) and neutron star (NS) X-ray Binaries (XRBs).

In stellar mass systems, QPOs have been used as strong diagnostics about the

environment around the collapsed central object, and it is generally believed that

super-massive (SM) BHs behave similarly, proportionally to their mass. To date,

only a very few QPOs have been found in AGN light curves, with the RXTE AGN

database having previously been almost completely unexplored. The few AGN

QPOs detected to date have tended to be high frequency (HF). The RXTE AGN

light curves offer a unique chance to find low-frequency (LF) QPOs at periods

that could not be searched in other data sets. We searched 76 AGN from the

RXTE archive and found 22 AGN with QPOs. Thus, we find that AGN LFQPOs

not only exist, but are a common feature of AGN. We compare these results with

similar phenomena in stellar-mass BH XRBs, finding that the LFQPO periods

iii



fit with the hypothesis of being modulated by Lense-Thirring precession, as has

been suggested for some LFQPOs in XRBs. QPOs in x-ray binaries have been

extensively studied and several models have been developed. Our timing analy-

sis of RXTE AGN light curves uses the Lomb-Scargle periodogram, a technique

suited for unevenly spaced data. We sometimes compare our RXTE Proportional

Counter Array (PCA) results with results from other AGN observations, including

the RXTE All-Sky Monitor (ASM) and Swift Burst Alert Telescope (BAT).
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Chapter 1

Introduction

Radiation from Active Galactic Nuclei (AGN) is generated by accretion onto a

supermassive black hole (SMBH) with mass typically between a million and a

billion solar masses (M⊙). The gravitational potential energy of infalling matter

is converted to kinetic energy as it accelerates toward the black hole, and then

converted to heat by viscosity within the accretion disk. The disk heats up and

radiates. Static accretion models are based on the assumption that mass flow

into the disk is exactly balanced by accretion to the compact object [211]. Time

variation in the energy observed from AGN can be used to probe the structure and

environment around the SMBH. Thick accretion disk models [163, 118] explain

many of the observed properties.

Shortly after Einstein introduced the theory of general relativity, the effect of

a rotating body on the gravitational field was studied assuming that an analog

of a “centrifugal force” produces an effect that would become known as “frame

dragging” [109]. Theorists developed a picture that the x-rays are produced in

binary star systems where one of the stars has collapsed into a compact object –

1



neutron star (NS) or black hole (BH) – with the two stars so close together that gas

flows from the “donor” star to the compact object. The captured material forms

an “accretion disk”, whirling around the compact object, truncated at a distance

predicted by general relativity – the “innermost stable circular orbit”, or ISCO.

Energy is dissipated by friction or viscosity within the disk, and matter accretes

onto or into the compact object, releasing torrents of energetic x-rays.

The environment near a compact object is characterized by extreme gravity,

rapidly orbiting matter and large x-ray flux. Time variations in the x-ray intensity

serve as a key probe of the properties of these systems. Cyclic changes in x-ray

intensity can indicate the Keplerian motion of the two orbiting stars. Certain

values of inclination make mutual eclipses possible. X-ray pulses likely originate

on the neutron star surface, in the presence of strong magnetic fields. Intermittent

bursts indicate enormous thermonuclear explosions on the neutron star surface.

Galactic x-ray binaries (XRBs), both BH and NS systems, exhibit quasi-periodic

oscillations (QPOs), which offer strong diagnostics about the environment around

the collapsed central object. A QPO is an oscillation that is not strictly coherent,

yet exhibits a peak in the Fourier power spectrum distributed around a given

frequency. A possible explanation is that QPOs result from the combined rotation

of the matter in the disk and the rotation of the collapsed star, yet many details

remain to be explained and there are several different theories.

Figures 1.1 and 1.2 present the standard models for black hole candidates

(BHC) and AGN, respectively. In XRBs, the standard model is that accretion

is fed by Roche lobe overflow from a companion star. In AGN, the standard model

has a dust torus surrounding the SMBH. Between the torus and the accretion disk,

lies a broad-line region (BLR), so-called because emission lines were measured with
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Doppler widths greater than 103 km/s. The velocity dispersion (V) is related to

the SMBH mass (M) and radius (R) of the BLR by the virial theorem, GM=R|V|2.

Another feature of the AGN model is a narrow-line region (NLR), where spectral

lines are not significantly broadened. The orbital velocity is much lower, indicat-

ing greater distance from the SMBH. And forbidden line transitions are detected,

indicating a very low gas density. The absence of broad forbidden lines in the BLR

implies that gas density there is high enough to collisionally de-excite those lines,

implying a density greater than ∼108 cm−3. For a SMBH of mass 5 x 107 M⊙,

the Schwarzschild or gravitational radius (Rg) is about 1 AU, the accretion disk

lies between about 3 to 100 AU, and the radius of the BLR is on the order of 0.1

parsec, or 20,000 AU. The NLR is another 100 or so times further out [17].

AGN exhibit variable flux over the entire range of the electromagnetic spec-

trum, thus offering important clues about their physical properties. Early evidence

for active galaxies [210] came from observations of broad spectral lines in several

galaxies. Widths of emission lines increased with AGN luminosity, and also with

the percentage of luminosity coming from the nucleus. It was also found that some

galaxies had wide emission lines, but others showed only narrow lines. Prior to

the space age, flux variations on time scales of months to years were measured

in the optical and radio AGN light curves, constraining the size of the emitting

regions. X-rays don’t reach the Earth’s surface, so x-ray observations had to wait

for the dawn of the Space Age. The science discipline of x-ray astronomy was born

with sounding rocket payloads that discovered Scorpius X-1 in 1962 and Cygnus

X-1 in 1964, followed by the development of increasingly capable x-ray observato-

ries in space. Rapid (∼25-minute) variability was detected in the X-ray emission

of some local Seyfert galaxies [179], tightening the constraint on the size of the
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x-ray emitting region. In the optical-UV band, we likely see a combination of

thermal emission from the accretion disk, plus scattered x-rays by the inner disk

and corona. The variability amplitude is often greater for the higher frequency

bands, supporting a picture that lower frequency emission originates from larger

radii where the disk temperature is lower. Comparing variation observed in dif-

ferent regions of the electromagnetic spectrum (particularly lags between line and

continuum emission) offers the opportunity to map out the structure of the AGN.

Timing properties of AGN have been investigated all along the electromagnetic

spectrum. In the gamma-ray band, the Fermi satellite scans the entire sky ap-

proximately 8 times a day, providing uniform, multi-year AGN light curves. A

variation with period 34.5±1.5 days is apparent in the AGN, PKS 2247-131, from

observations in 2016 and 2017 [263]. The oscillation is seen to persist for ∼6 cy-

cles. Other examples are detected with optical or gamma-ray periods of a few

years, and a plausible mechanism is suggested to be a close binary of two SMBH,

a likely result of galaxy mergers [69]. The possibility of red noise masquerading as

a periodic signal is a serious concern, and it is important to properly calibrate the

false positive rate when analyzing a database with a large number of targets [251].

In a recent study using data from the Kepler mission, a 44-day periodicity was

found in the optical light curve of the narrow-line Seyfert 1 galaxy, KIC 9650712

[220].

A central theme of the dissertation is to compare phenomena between AGN

and stellar-mass black holes. Details of QPO models for stellar-mass compact ob-

jects are explored further in chapter 2. Chapter 3 describes the search for QPOs

in AGN up through the present time. Chapter 4 describes the related topic of

black hole spin. Chapter 5 describes reverberation mapping and other techniques
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for measuring the sizes of AGN features. Chapter 6 summarizes the RXTE obser-

vations and their reduction. Chapter 7 describes timing analysis techniques and

the procedures we used in the QPO searches. Chapters 8 and 9 give the object-

by-object summaries for Blazars and Seyferts, respectively. And chapter 10 gives

the summary, conclusions and recommendations for future work.

Preliminary results have been presented at meetings of the American Astro-

nomical Society (AAS), including the initial report of a 42-day QPO in NGC 4945

[217], other candidate QPOs in 3C 111 and MKN 110 [78], and additional results

for PKS 1510-089, BL Lac and Cen A [158]. QPO periods together with previously

published mass estimates for these AGN are used to make educated guesses about

the physical dimensions of the accretion disk and location of the emitting matter.

Modulation by the slower Lense-Thirring (LT) precession is favored over Keplerian

motion of matter in the disk. The former gives a radial distances from the SMBH

of order 10 RS, while the latter suggests radii of order 1000 RS. X-ray emission is

expected to occur deep in the gravity well at higher temperatures [215].
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Figure 1.1: (top) Geometry of a black hole x-ray binary

Figure 1.2: (bottom) Geometry of an active galactic nucleus
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Chapter 2

QPOs in X-ray Binaries

2.1 QPO models

While flux variability in AGN occurs all along the electromagnetic spectrum, it is

the analysis of x-ray QPOs that offers the best chance of probing the physics within

a few Schwarzschild radii of the central compact object. BHC in our own galaxy

have a typical mass of ∼10 M⊙. The scenario of accretion-powered radiation is

believed to be similar for AGN and BHC, and BHC have been much better-studied

due to having much larger photon fluxes. X-ray observations of BHC have revealed

many QPOs. QPOs have been studied extensively in both NS and BH XRBs.

Many models to explain QPOs have been proposed, and the main emphasis will

be examining QPO models applicable to BHC sources, which are the direct analog

to AGN. Galactic XRBs with a NS as the central object behave in fundamentally

different ways than those with a BH as the central object. A NS has a surface

where accreting matter can accumulate, while accreting matter passes through the

event horizon of a BH. However, much of the early work examined NS systems, so

7



presentation of the history of QPO models begins there.

Possible explanations for QPOs include various combinations of the Keplerian

motion of matter in the disk, rotation of the central compact object, general rel-

ativistic effects, or beat frequencies between two of the above. Keplerian orbital

motion in the accretion disk is truncated at the ISCO, 3 Schwarzschild radii. This

distance varies for Kerr (spinning) black holes, a factor that can complicate mass

determination for the central black hole. QPO models often work with some ra-

dius outside the ISCO, some preferred radius or “hot spot” where x-ray emission

is maximized. This so-called magnetospheric or sonic radius is the place where

the radial inflow velocity becomes supersonic. The transition is believed to be

caused by a drag force from radiation emitted by the compact object, removing

angular momentum from the orbiting gas in the accretion disk and causing it to

fall from orbit. The Keplerian orbital frequency of accreting matter at the sonic

radius is often identified with the dominant QPO frequency for the system. Spin

frequency of the compact object (NS or BH) can also be important, as well as

orbital precession frequencies of the disk.

The spin frequency of the compact object is an important component in many

models. For NS systems, the spin frequency of the compact object can sometimes

be directly measured, such as with pulsars that are believed to have hot spots on

the surface and vary in brightness, much as a lighthouse. Also in burst systems, a

thermonuclear explosion occurs on the neutron star surface. RXTE observations

showed brief decreases in QPO frequency for some sources during bursts [229].

The interpretation of the spin-down episode was conservation of angular momen-

tum within the thermonuclear shell, which had expanded above the neutron star

surface. So, the QPO frequency in this case was identified as the NS spin pe-
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riod. For black holes, rotation of the event horizon is described by the Kerr metric

and possible observables include nodal precession (frame dragging) and general

relativistic periastron precession.

A variety of theoretical models have been applied to the study of QPOs discov-

ered in XRBs. Beat frequencies between two of the above have also been proposed

as a possible model to explain QPOs. QPOs are often found in pairs with an up-

per peak at ν2 and a lower peak at ν1. The beat-frequency model [144] describes

ν2 as the Keplerian orbital frequency (νorb) of accreting matter at some preferred

radius (e.g. the magnetospheric radius or the sonic radius) in the accretion disk,

or ν2 = νorb. The lower peak frequency ν1 is interpreted as the beat frequency

between ν2 and the spin frequency of the compact object νs, or ν1 = νorb − νs.

However, this model is often inconsistent with observations, where ∆ν = ν2 − ν1

changes with either ν1 or ν2. It is also not expected to apply to BH XRBs since

the sonic point model relies on collision of the accretion flow with the NS surface.

The relativistic precession disk model [226] suggests that inclined eccentric

free-particle orbits around a spinning neutron star would show nodal precession

both due to relativistic frame dragging and relativistic periastron precession. The

upper QPO frequency ν2 is still the orbital frequency νorb of accreting matter at

some preferred radius. The lower QPO frequency ν1 is the periastron precession

frequency of the orbit.

∆ν = ν2

√
1 − 6GM

rc2
. (2.1)

Assuming a circular orbit, the Lense–Thirring nodal precession rate is given by:

dΩ

dt
=

2GJ

c2r3
=

2G2M2a

c3r3
=

2π

PLT

, (2.2)
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where in the last step, we integrate around one cycle. M and J are the mass

and angular momentum, respectively, of the rotating compact object, and a is a

dimensionless spin parameter given by:

a =
cJ

GM2
, (2.3)

Solving for PLT and expressing r in terms of the the Schwarzschild radius:

rs =
2GM

c2
, (2.4)

the Lense–Thirring precession period becomes:

PLT =
8πGM

c3a

(
r

rs

)3

. (2.5)

Solving for the radius, expressed in multiples of the Schwarzschild radius:

r

rs
=

3

√
PLT c3a

8πGM
. (2.6)

Finally, parameterizing PLT in terms of days, and the black hole mass in terms of

107 M⊙, M7, we can express the radius of the hot spot as:

r

rs
= 4.117 3

√
PLT (days) a

M7

. (2.7)

It has also been suggested that a peak frequency arises from the Keplerian

frequency at the outer edge of a viscous transition layer between the disk and

neutron star surface. The two-oscillator model [233] suggests that the lower peak

frequency ν1 is the Keplerian frequency at the outer edge of a viscous transition
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layer between the disk and neutron star surface. A blob propelled from this layer

into the magnetosphere would exhibit oscillations both radial and perpendicular

to the disk, producing two harmonics of another low-frequency (LF) QPO as well

as the upper kHz peaks. For magnetospheric orbital frequency, νs, the upper kHz

peak is at

ν2
2 = ν2

1 + (2νs)
2. (2.8)

The observation that QPO frequencies can evolve during the course of the outburst

is consistent with such a model. A higher luminosity for the central source pushes

the sonic radius further away, decreasing the Keplerian frequency at that point.

Another possible model to explain QPOs is magnetohydrodynamic (MHD) loop

oscillations at the inner edge of the accretion disk, similar to those seen in the Sun’s

corona. In the MHD oscillation model [212], the upper and lower (ν2 & ν1) kHz

QPO frequencies are identified to be the rotational frequencies and the MHD loop

oscillations, respectively, at the inner edge of the accretion disk. The frequencies

are related by:

ν2
νs

= ξ
ν1
νs

+ 1, (2.9)

where ξ is a parameter determined from the pressure and energy balance at the

magnetosphere boundary. An issue is whether the magnetic axis is aligned with

the spin axis, or whether there is at least somewhat of a tilt. If the latter, then the

magnetic field is no longer a strict function of radius, inducing an eccentricity in

the orbit of plasma at the inner region of the disk. Additionally, the magnetic field

can induce disc warping and precession. The magnetic inclination is believed to

be small enough that any change it might cause in the QPO frequencies would be

difficult to distinguish, given the current uncertainties in the measured frequencies.
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Detailed simulation of oscillation modes [191] were used to assess two classes

of models for high-frequency (HF) QPOs: parametric resonance instabilities and

global oscillation modes, or diskoseismology. The simulations failed to reproduce

high frequency QPO observational results, such as HFQPO pairs with small-integer

ratios (e.g., 3:2), and they suggest the possibility of an origin at the base of the

jet in the black hole magnetosphere. While there are clearly defined frequencies

(orbital, plus radial and vertical oscillation) at any given radius in the accretion

disk, these are functions of radius. It’s fair to ask why the frequencies of any

one particular radius are preferentially seen in the power spectrum. Three classes

of diskoseismic modes are used in the models: pressure modes (p-modes), inertial

modes (g-modes), and warping/corrugation modes (c-modes). In a study of models

versus observations [113], there were 11 classes of models with 20 total variants.

Among their list of conclusions are: that models including magnetic effects tend

to have better fits, and that the sonic point and spin resonance models work only

for Z sources (neutron star systems where the evolution in x-ray color-color space

maps out a Z pattern).

Some galactic BH XRBs, termed microquasars, appear to be scaled-down ver-

sions of AGN. GRS 1915+105 (Galactic coordinates: L = 45.37◦, B = -0.22◦) is

highly variable in x rays and exhibits flares in the radio, infrared and x-ray bands.

Discovered in 1992 by the GRANAT satellite (Russia), subsequent Very Large

Array (VLA) observations showed relativistic jets of material emerging from the

object [197]. Coordinated radio and x-ray observations showed a correlation be-

tween hard x-ray events and plateau radio states, with new radio flares lagging

the x-ray flares [57]. RXTE observations showed a variety of features: repeat-

ing patterns of brightness sputters, large-amplitude oscillations, flares following
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lulls, brief flares in prolonged lulls, and fast oscillations – QPOs in the range 20

mHz to 67 Hz [71]. Further analysis [147] provided a preliminary estimate of the

BH mass (33 M⊙) for a Schwarzschild BH, with ISCO at 3 Schwarzschild radii.

This work also suggested that, if the high energy photons are derived from inverse

Compton scattering, then the energy distribution of energetic electrons would also

oscillate at the QPO frequency. With very strong likelihood, this system is a BH

binary. Estimates of the BH mass have varied depending on whether one assumes

a Schwarzschild BH (non-rotating) or a Kerr BH (rotating).

A model involving radial oscillations in the accretion disk [157] was used to

explain the 67-Hz QPO in GRS 1915+105. The modes of disk oscillations have an

azimuthal and time dependence that are proportional to: exp [i(σt + mϕ)], and

with disk angular velocity Ω(r), the co-rotating frequency is, ω(r) = σ + mΩ. For

radial g-modes (m=0), the frequencies are:

f = 714 (M⊙/M) F (a) (1 – ϵnj) Hz, (2.10)

where F(a) is a known function of the dimensionless BH angular momentum pa-

rameter (a) ranging from F(0) = 1 to F(0.998) = 3.443. The quantities ϵnj are

given by:

ϵnj =

(
n + 1

2

j + δ

)(
h

r

)
, (2.11)

and represent small correction terms involving the disk thickness, 2h, the radial

(n) and vertical (j) mode numbers, and δ ≈ 1. Disk properties enter only in the

small correction term, ϵnj. For thin-disk models in which h/r ∼ 0.1L/LEdd (in

the mode-trapping region), the ϵnj are typically on the order of 1% for the lowest

modes (n ∼ j ∼ 1). The mode frequency is mostly independent of disk luminosity,
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matching a feature of the high-frequency QPOs in GRS 1915+105.

QPOs were detected within spectrally hard dips during flaring states of GRS

1915+105, with frequency varying between 1 to 15 Hz [128]. The QPOs have a

hard spectrum, suggesting oscillations in the power-law component. Above 4 Hz,

the QPO frequency is linear in relation to the flux of the thermal component. At

the lowest thermal flux, a weak correlation is detected between QPO frequency

and power-law flux. Coming out of the dips, the power-law flux drops, and the

QPO disappears. These observations suggest that the QPOs are not created solely

by a disk or solely by a corona.

2.2 Micro-Quasars

Reanalysis of archival RXTE data of GRS 1915+105 [228] found a second high

frequency QPO at ∼40 Hz. On two occasions, the 67-Hz and 40-Hz QPOs were

present in the same observation. If the 67-Hz QPO is interpreted as a diskoseismic

g-mode, it implies a BH mass of ∼10 M⊙ for a nonrotating BH or ∼34 M⊙ for

a maximally rotating BH. Another possibility is to interpret the 40-Hz QPO as a

“corrugation” or c-mode, and if this is correct, then paired QPOs can be used to

constrain both mass and spin of a black hole.

A systematic examination of archival RXTE observations of GRS 1915+105

catalogued 51 observations with high-frequency QPOs [20]. They found that QPOs

were detected only when GRS 1915+105 was in a specific region of the color-color

diagram. The soft color index is the 6 – 16 keV count rate divided by the 2 –

6 keV count rate; the hard color index is the 16 – 20 keV count rate divided by

the 2 – 6 keV count rate. The region of the color-color diagram containing QPOs
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corresponds to a state where the energy spectrum is dominated by the bright

accretion disk component.

A model for the large amplitude changes in x-ray flux observed in GRS 1915+105

[19] suggests that a section of the inner accretion disk is emptied and replenished

by viscous-thermal instability, and that this occurs on timescales of around a half

hour. The small radius is identified with the ISCO, and the somewhat larger ra-

dius is identified with that of the emptied part of the disk. Smaller oscillations are

identified with failed attempts to empty the inner disk. A cycle can be pictured

as follows. As a quiescent period begins, the inner part of the disk is gone, out

to a radius Rmax. The disk is slowly re-filled from outside by a steady accretion

flow. During this time, no change is observed in the inner radius of the disk, since

matter inside is not radiating in the observed X-ray band. At some point, accret-

ing matter will reach the unstable point and switch to the high-state, where the

accretion rate is significantly larger, causing a chain-reaction that will “switch on”

the inner disk. A smaller, hot radius is now observed, at or near the ISCO. As

the outburst ends, the inner disk runs out of fuel and switches off, either jumping

back to the lower accretion rate or emptying completely. A new hole is formed in

the accretion disk and a new cycle starts. The more “normal” state is the one at

high flux, where the disk extends all the way to the ISCO.

Harmonics of QPOs have been reported for moderate source strengths [36] with

weaker harmonics seen at higher source intensity. A transient outburst generally

evolves through various spectral states, usually characterized as: “low, hard” – less

luminous, but higher energy; and “high, soft” – more luminous, but lower energy.

On the hard branch, GRS 1915+105 exhibits narrow QPOs. On the soft branch,

narrow QPOs are absent and the low-frequency component of the power density
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spectrum is approximated by a power law.

Another transient source, IGR J17091-3624, was detected by the INTEGRAL

satellite in 2003 and again in 2007. Archival data from different missions showed

that this transient had also been active in 1994, 1996 and 2001. A new outburst

was detected in February 2011 by the Swift satellite, leading to many observations

by RXTE . Observers quickly noticed that IGR J17091-3624 showed wild variations

in count rate, and several classes of behavior were recognized as ones previously

detected only in GRS 1915+105. With a second source for comparison, it was

natural to investigate whether the complex light curves were being produced by

the same physical mechanisms [9]. Investigators assigned Greek letters to specify

several classes of behavior in GRS 1915+105, such as: ρ, ν, α, β, λ, µ and χ. The ρ

class is referred to as the “heart-beat” mode, featuring sharp drops and exponential

rises. Rapid bursts seen in some neutron star systems show the opposite: rapid

rise and exponential tail. In heartbeat mode, both sources traverse a loop on

a hardness-intensity plot, but while GRS 1915+105 circles clockwise, the circuit

for IGR J17091-3624 is counterclockwise. Later work [43] found loops in both

directions for a single source! RXTE observations of IGR J17091-3624 showed

HFQPOs at 66 Hz, nearly an exact match to the 67-Hz feature in GRS 1915+105.

(See Figure 2.1.)

The distance to IGR J17091-3624 and the mass of its BH are poorly constrained.

GRS 1915+105 has a much higher x-ray flux, but this could be because IGR

J17091-3624 has a much lower luminosity, or it could be because it is at a further

distance – likely greater than 20 kpc. If the sources are at comparable distances,

the BH mass in IGR J17091-3624 needs to be slightly less than 3 M⊙, which would

make it one of the least massive BH known. Most models for the variation seen in
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these two sources require nearly Eddington luminosity, so it is a problem for the

models if one source is much more luminous. So, an independent determination for

the BH mass, luminosity and distance for IGR J17091-3624 is an important next

step. Another outburst of IGR J17091-3624 occurred in 2016, and was observed

by Swift and NuSTAR [260].

2.3 Fundamental Plane

Much work continues in the effort to better understand XRBs. IGR J17480-2446,

in the globular cluster Terzan 5, was observed to have QPOs between 35 and 50

Hz, plus HFQPOs between 800 and 920 Hz [10]. A 48-Hz QPO seen near the

peak of the outburst shows a power spectrum resembling QPOs seen in other NS

systems. These QPO features have been identified as Lense–Thirring precession

around a spinning neutron star and can be parameterized as:

νLT = 13.2 Hz I45 (M⊙/M)
( νφ

1000Hz

)2 ( νspin
300Hz

)
, (2.12)

where νφ is the orbital frequency, I45 is the NS moment of inertia measured in

units of 1045 g-cm2, M is the neutron star mass, and νspin is its spin frequency.

Depending on whether the neutron star equation of state is soft or stiff, the quantity

I45 (M⊙/M) could be between 0.5 and 2. Assuming it to be less than 2, and that

the 815-Hz QPO frequency is νφ, with νspin = 11 Hz, then νLT ≤ 0.82 Hz. This is

much less than the observed value of 48 Hz, indicating that the QPOs between 35

and 50 Hz are not explained by frame dragging.

A theoretical study [80] further develops models of the Power Spectral Density

(PSD) of x-ray variability. Their method fits multiple Lorentzian profiles for both
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the QPO and broad band noise. Their model uses a truncated disk with hot

inner flow, where the broad band noise is associated with fluctuations in mass

accretion rate in the hot flow, while the QPO is associated with Lense–Thirring

precession of the hot flow. The surface density of the disk is refined using numerical

simulations of tilted, precessing accretion flows. Splitting the data into many

shorter bins allowed for better statistical fits, as consistency between bins could

be verified. Re-analysis of data from a 1998 outburst of XTE J1550-564 confirmed

the dimensions of the hot flow as varying between 13 – 68 Rg, while also providing

useful constraints on the scale height of the hot flow. Other uncertainties remain,

such as the exact nature of the coupling between the disk and hot flow, or the lack

of real stability in the disk.

A recent study suggests another avenue for measuring BH mass [262]. The

typical method focuses on the companion star, where its light curve and velocity

profile as functions of orbital phase lead to determination of the “mass fraction”

by Kepler’s 3rd law.

f(M) =
PorbK

3
C

2πG
=

MBHsin
3i

(1 + q)2
, (2.13)

where Porb is the orbital period, KC is the semi-amplitude of the velocity curve of

the companion star, MBH is the BH mass, i is the orbital inclination angle, and

q = MC

MBH
is the mass ratio, with MC the mass of the companion star. Only Porb

and KC are directly observable, so indirect determinations of both MC and i have

been needed to reliably estimate the black hole mass. A reliable estimate of MC

can usually be found based on the observed spectral type of the companion star,

while the inclination is generally harder to estimate. The new method is to observe
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the Doppler velocity of the absorption lines produced in the accretion disk wind.

Assuming the accretion disk wind moves with the BH, then the BH orbital motion

can now be directly measured. Thus, the companion-to-BH mass ratio is known,

and the BH mass can now be determined independently of any need to know the

orbital inclination. The method was applied to GRO J1655-40 (using Chandra

data) and LMC X-3 (using HST data).

Another recent study uses the relativistic precession model to set up a system

of three equations in three unknowns that can be solved simultaneously to obtain

the BH mass, BH spin and orbital radius at which the QPOs are produced [149].

In this model, the upper HFQPO is matched to the orbital frequency (νϕ), the

lower HFQPO to the periastron precession frequency (νper) and the LFQPO to the

nodal precession frequency (νnod). Assuming these three frequencies all arise at

the same radius, the following system of equations follow from the model.

νϕ = ± 1

2π

√
M

r3

[
1 ± a

(
M

r

)3/2
]−1

(2.14)

νper
νϕ

= 1 –

[
1 –

6M

r
– 3a2

(
M

r

)2

± 8a

(
M

r

) 3
2

] 1
2

(2.15)

νnod
νϕ

= 1 –

[
1 + 3a2

(
M

r

)2

∓ 4a

(
M

r

) 3
2

] 1
2

(2.16)

The plus sign is used for prograde orbits; the minus sign is used for retrograde

orbits. Note that the authors also used a convention where G = 1 and c = 1.

To solve these equations, they used a large grid of values for a & M, and solved

each of the three equations for r using Newton’s method. So, simultaneous mass-
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spin-radius solutions were obtained by trial and error. They then used Monte-

Carlo simulations of the QPO frequencies, based on the QPO centroid frequencies

and their error widths, and repeated the earlier analysis for the sets of simulated

frequencies. For the microquasar, GRO J1655-40, the end result was tight error

bars on each parameter:

M = (5.31 ± 0.07) M⊙, a = 0.290 ± 0.003 and R = (5.68 ± 0.04) Rg. Another recent

use of the relativistic precession model [183] includes jet emission by including

wavelength bands from optical to γ-ray.

Evolution through a variety of spectral states has been reported in extragalac-

tic sources as well [234]. Swift and Chandra observations of M101 ULX-1 show

transitions from the low/hard state to the high/soft state. The central object in

the Ultra-Luminouus X-ray (ULX) source appears to have intermediate BH mass

on the order of 104 M⊙.

A fundamental question in astrophysics is whether accretion disks in BHXRB

and AGN are governed by a common set of physical processes. The disk-jet con-

nection in stellar mass BH and SMBH was investigated using a sample of AGN and

galactic BHs [140]. All had measurements of their masses, 5-GHz core emission,

and 2-10 keV luminosities. The degree of correlation was investigated between the

radio (LR) and X-ray (LX) luminosities and the BH mass (M), finding that LR is

correlated with both M and LX , at a highly significant level. This finding is re-

ferred to as a ‘Fundamental Plane’ in the three-dimensional (logLR, logLX , logM)

space. This result supports the theory of scale invariance in disk-jet coupling [73],

capturing the main physical properties of such systems. LR and LX are proxies

for the jet and disk power, respectively, and the tight correlation over many orders

of magnitude in M highly suggests a commonality in the physics underlying disk-
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accretion and the jet-launching mechanism for the broad class of radio-loud AGN

and BHXRB.

XRB QPO models exhibit differences based on whether the central object is a

NS or BH. However, there is reason to believe that study of BHXRB and AGN

can benefit from cross-comparison of data analysis techniques, models and results.
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Figure 2.1: QPOs in Galactic Black Hole Candidates
The averaged power spectra for IGR J17091-3524 (upper panel) and GRS
1915+105 (lower panel). The insets show a zoom to the 66-Hz high-frequency
quasi-periodic oscillation (HFQPO) seen in IGR J17091-3524 and 67-Hz QPO in
GRS 1915+105. Both plots also show a low-frequency quasi-periodic oscillation
(LFQPO) at ∼1 Hz, a strong broad bump at low frequencies that is typical for
this class of objects.[8]
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Chapter 3

QPOs in AGN

3.1 Disk dynamics and thermal structure

QPOs are an important observable in accretion disk systems, and have been exten-

sively studied in both NS and BH XRBs. In these stellar-mass systems, kilohertz

(kHz) or high-frequency (HF) QPOs are believed to probe the motion of matter

in strong gravity, within a few kilometers of the NS surface or BH event horizon.

There is every indication that we are observing orbits limited by the ISCO, as

predicted by general relativity (GR), and Lense-Thirring precession of these orbits

caused by frame dragging associated with the central object’s spin. The history

of models to explain these QPOs is rich and varied [244, 245]. Scaling the QPO

frequency by the mass of the central black hole provides the potential for fresh

diagnostic techniques.

Based on the concept of the fundamental plane, it is likely that accretion disks

in BHXRB and AGN are governed by a common set of physical processes. If

so, then observational evidence of the common processes would appear on vastly
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different time scales, due to the different physical sizes of the objects. The most

important characteristic timescales present in these sources are [52]:

1. the light-crossing time: tlc = 0.011 ( MBH

107M⊙
)( R

10Rs
) days;

2. and the orbital timescale: torb = 0.33 ( MBH

107M⊙
)( R

10Rs
)1.5 days.

MBH is the BH mass, R is the distance from the BH system barycenter, and

Rs = 2GM
c2

is the Schwarzschild radius. The mass ratio expressing MBH in terms

of 107M⊙ is often used with AGN and called M7.

The equation for the Keplerian orbital timescale can be inverted to get the

distance from the BH system barycenter (R) in units of RS:

r

rs
= 21

(
Pkep(d)

M7

)2/3

. (3.1)

P(d) is the QPO period measured in days and M7 is the BH mass in units of 107

M⊙.

The ISCO for matter in the accretion disk around a black hole has radius

RISCO = 3RS =
6GM

c2
, (3.2)

for a non-spinning or Schwarzschild black hole. In the previous section, we en-

countered many different physical frequencies within the accretion disk system

(Keplerian orbital frequencies, precession, etc) as possible explanations of QPOs.

All of these frequencies become much lower when the BH mass is many orders of

magnitude higher.

For the rotating or Kerr black hole,

GM

c2
≤ RISCO ≤ 9GM

c2
, (3.3)
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where the upper and lower limits are for maximally-rotating BH in the counter-

rotating and co-rotating cases, respectively [86]. Spin-orbital coupling has an at-

tractive character when the total angular momentum J and BH spin are parallel,

and repulsive when they are anti-parallel. BH mass estimates are available from

more than one technique, but the BH spin can have a large effect on the result.

Further discussion of BH spin will be deferred to the following chapter, but it is

worth noting that efforts to “propagate” measured QPOs to corresponding values

between AGN and BHXRB are complicated by uncertainties in the mass of either.

The thermal structure of an accretion disk can be determined under the as-

sumption that power radiated by the disk is balanced by the release of gravita-

tional binding energy. From the virial theorem (2K + U = 0), it follows that half

the gravitational potential energy goes into heating the gas. For a thin disk, the

disk height hd ≪ r for any radius r. The potential energy released at r is:

U =
GMBHṀ

r
. (3.4)

Assuming constant mass accretion rate (Ṁ), the change in gravitational potential

energy across a ring of thickness dr, is:

dU =
−GMBHṀ

r2
dr, (3.5)

and from the virial theorem, dL = -dU/2. Letting the disk ring radiate like a black

body, its luminosity, dL (upper and lower surfaces) is, by Stefan’s Law:

dL = 2 × 2πr dr σT 4, where σ = 5.6 × 10−8Wm−2K−4. (3.6)
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So, substituting into dL = -dU/2:

4πrdr σT 4 =
GMBHṀ

2r2
dr, (3.7)

or solving for T gives:

T =

(
GMBHṀ

8πσr3

)1/4

, (3.8)

i.e., T ∼ r−3/4. The disk temperature can be expressed in terms of the Eddington

accretion rate,

ṀEdd =
LEdd

ηc2
, (3.9)

where the Eddington luminosity

LEdd =
4πGcmp

σe

M (3.10)

is reached when the radiation pressure force balances the gravitational force. The

inner edge of the disk is at the ISCO, r0 = 3rs, and the temperature at the ISCO

is:

TISCO = 2.1 × 105M
−1/4
7 η−1/4

(
Ṁ

ṀEdd

)1/4(
r

r0

)−3/4

K. (3.11)

For r = r0 and η = 0.1, this becomes:

T0 = 4 × 105M
−1/4
7

(
Ṁ

ṀEdd

)1/4

K. (3.12)

The disk temperature at ISCO follows the form

T 4 ∼ MṀ

R3
, (3.13)
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and RISCO ∼ M . The accretion rate (Ṁ) and Eddington luminosity (LEdd) also

follow Ṁ ∼ LEdd ∼ M . So, the disk temperature, TISCO, varies as ∼ M−1/4.

Wien’s displacement law can be used to determine the peak wavelength corre-

sponding to the temperature at which the inner edge of the disk radiates. Using

M7 = 1 and Ṁ = ṀEdd, we get

λmax =
2898µm

T
= 8nm, (3.14)

corresponding to a photon energy of 160 eV. Thus, the inner edge of the accretion

disk emits ionizing radiation that peaks in the extreme UV/soft X-ray part of

the electromagnetic (EM) spectrum. For a 10-M⊙ BHXRB, the photon energy

is increased by 101.5, to about 5 keV. So while galactic BH accretion disks emit

ionizing radiation that peaks in the X-ray part of the EM spectrum, AGN (at a

typical mass of 106–109 M⊙) have a disk temperature at ISCO that corresponds

to thermal emission in the ultraviolet. The generally accepted model to explain

detection of X-rays in AGN involves inverse Compton scattering by electrons in

a hot corona of about 100 keV. The effects of absorption and reflection on the

X-ray spectrum are varied [238], but it is generally accepted that the seed photons

emanate from the accretion disk.

Especially in blazars, emission from the jet is stronger than emission from the

disk, and models have been developed where quasi-periodic behavior is modulated

in the jet. If the early spectral evolution of a flare is explained as a compact

radio source that is expanding, then the subsequent evolution of the burst is well-

explained as disturbances in the flow of an adiabatic, conical, relativistic jet, caus-

ing a shock wave to propagate along the jet [129]. Radio QPOs were reported
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in the 15-GHz light curve of the flat spectrum radio quasar J1359+4011. The

strong and persistent QPO had a period that varied between 120 and 150 days

over about 4 years. Possible explanations include an AGN mass-scaled analog of

LFQPOs seen in microquasars, or modulation of the accretion flow by thermal

instabilities in the inner accretion disk [97]. In the first case, a precessing thick

torus could be imparting a slight precession to the direction of the blazar jet, thus

modulating the radio light curve.

How jets form in accretion flows, particularly their relationship to BH spin, is

an active area of research. A review of recent advances in numerical simulation

demonstrates the complex interplay between hydrodynamics, magnetic fields, radi-

ation transfer, and curved spacetime. General relativistic magnetohydrodynamics

(MHD) simulation results show both disks and jets are sensitive to the magnetic

flux threading the accretion flow and misalignment between its angular momentum

and the black hole spin. There is general agreement that jet-launching requires

accretion, but the various roles of BH spin and disk rotation are less clear [47].

For our purposes this may be a distinction without a difference, or at least a way

to measure a difference. If a QPO is indicating a periodic behavior in a jet, this

behavior may be an echo of a behavior that started in the disk.

3.2 History of AGN QPO searches

The central BH in XRB, along with its jets, is similar to extragalactic quasars

powered by SMBH with masses in excess of 107 M⊙. These galactic sources that

exhibit jets, but much less massive than AGN, have been called “microquasars.”

Discovery of QPOs in galactic sources was possible because there were enough
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photons to look for oscillations at very short timescales. Galactic sources are

much closer than extragalactic sources, and even though the distant sources tend

to be more luminous, the closer ones have higher flux, as flux falls off as distance

squared. So, signal-to-noise (S/N) ratio explains much of why QPO in AGN have

been harder to study. Study of microquasars can give valuable insight into the

behavior of extragalactic quasars. Timescales for the motion of matter near the BH

scale as the mass of the BH, and the matter in motion gives rise to x-ray intensity

variations. For instance, a 10-minute variation in a 10-M⊙ BHXRB would translate

to a 106-minute variation (∼20 years) in a 107-M⊙ AGN. Thus, study of variations

in microquasars over hours can provide insight into the processes in extragalactic

quasars extending potentially over centuries. The Schwarzschild radius and ISCO

are both linear functions of BH mass. The orbital frequency at the ISCO is also a

linear function of BH mass. The radius of maximum x-ray emission is also linear

with BH mass, assuming it is at the same number of Schwarzschild radii from the

central BH. Even if the sonic radius is at a bit different number of Schwarzschild

radii for the heavier black hole, the general scaling argument is valid as long as the

AGN accretion disk is not dramatically different than the BHC accretion disk.

LFQPOs (0.1 – 30 Hz) have been detected in virtually all galactic BHC. HFQ-

POs (30 - 450 Hz) have been detected in several galactic BHC. Models based on

galactic BHC can be applied to QPOs found in AGN. Finding QPOs at similar

frequencies for AGN does not really seem possible for extragalactic sources, since

they are much further away and have much lower count rates. However, AGN,

being much more massive, have much larger sizes, and any corresponding types

of oscillations would be far slower. This factor should rejuvenate the search for

QPOs in AGN. Since the variability time scale for AGN is expected to be longer
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by several orders of magnitude than that for BHXRB, the AGN will actually have

more photons per cycle of the QPO.

The search for QPOs in AGN has, however, not been an easy one. Some QPO

detections have later been found dubious. The research that is the subject of this

dissertation uses RXTE observations of AGN. This dataset spans a sufficiently

long interval, has sufficient density, and sufficient S/N to support a search for

oscillations. These observations won’t be sensitive to the timescales that worked

for galactic sources, hertz (Hz) and kilo-hertz (kHz). But the data support a quest

for oscillations in AGN with periods of months, weeks, days or even hours. And

this is exactly the region of the temporal spectrum where we would expect to find

any AGN counterpart to the oscillations discovered in galactic sources.

One of the earliest reports of an AGN QPO was found with the European X-

ray Observatory Satellite (EXOSAT ). EXOSAT operated from 1983-1986 and was

placed in a 4-day, highly-eccentric orbit, allowing continuous observing of a source

for up to 80 hours, thus providing the most useful AGN light curves for spectral

analysis up until that time. Power spectrum analysis performed on EXOSAT

observations of the bright Seyfert galaxy, NGC5548, found a potential QPO at

∼2 mHz, or period of ∼500 s [169]. Follow-up investigation [230] suggests this

result was most likely due to detector malfunction in one of the eight proportional

counters making up the EXOSAT medium-energy (ME) experiment.

Another candidate QPO was reported in a 5-day ASCA observation with ∼200 kilo-

seconds (ks) live observing time of the Seyfert galaxy IRAS18325-5926 [83]. Anal-

ysis of the power spectrum showed a spike at 1.73×10−5 Hz, or period of 58 ks (16

hours) in the 0.5-10 keV X-ray light curve. A folded light curve showed sinusoidal

modulation with amplitude of ∼15%. Scaling to QPOs in BHXRB suggested a
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SMBH mass for IRAS18325-5926 of ∼(6 – 40) ×106 M⊙ This result is obtained

by matching up the AGN QPO with a much faster BHXRB QPO, then making

the argument that the mass ratio of the BH is the same as the ratio of the QPO

frequencies. In such arguments, the mass of GRS 1915+105 is often taken to be

10 M⊙, though this measurement has its own uncertainty. Attempts to confirm

this finding with additional data have been unsuccessful. RXTE observations from

1997 December (131 ks) and 1998 February (134 ks) showed no significant periodic

signals in the light curves [84]. We also attempt a crude re-analysis of the 1998

February IRAS18325-5926 data in section 9.1.6.2.

The best AGN QPO candidate detection to date was reported in the narrow-line

Seyfert 1 galaxy, REJ 1034+396, detected in an uninterrupted 91-ks XMM -Newton

observation from 2007, binned at 100-s intervals [141]. The QPO frequency was at

2.7×10−4 Hz, or a period of 3733 ± 140 s. Using scaling arguments to compare this

QPO with the 67-Hz QPO in the BHXRB GRS1915+105 (again assuming mass of

10 M⊙) gives a mass estimate for REJ 1034+396 of ∼ (1 − 4) × 106 M⊙. Directly

scaling the feature at 2.7 × 10−4 Hz using the AGN-to-BHXRB mass ratio gives a

range of 27 to 108 Hz for the corresponding feature in a 10-M⊙ BHC. The 67-Hz

feature in GRS1915+105 falls within this range. Interpreting either the BHXRB

or AGN QPO as a Keplerian orbit implies a radial distance in the range of 20 - 25

Schwarzschild radii, with an orbital tangential velocity of about 4.5 × 107 ms−1,

or 15% of the speed of light (c). For the 10-M⊙ BHXRB, this orbital radius is

about 600 km or light travel time of 2 ms; for an AGN of mass 2.5 × 106 M⊙, the

orbital radius is just over 1 Astronomical Unit (AU) or light travel time of 500 s.

This is a good picture to keep in mind: the AGN is a dramatically scaled-up and

slowed-down version of the well-studied galactic BHXRB.
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A later study using older data, an uninterrupted 70-ks XMM -Newton observa-

tion from 2005, detected a 0.15-mHz QPO (∼2-hr) in another narrow-line Seyfert

1 galaxy, MS 2254.9–3712 [7]. A coherent soft lag seen in this source is suggestive

of a harmonic QPO component in a 3:2 frequency ratio, a feature seen in several

BHXRB sources. An iron Kα lag is seen at the harmonic frequency, and a re-

cent study [92] found iron K reverberation signatures in about half of the Seyfert

galaxies in the XMM -Newton archive with sufficient variability and duration. See

chapter 5 for more about reverberation mapping.

A Tidal Disruption Event (TDE) occurs as tidal forces close to a SMBH rip

apart stars that get too close. The stellar debris then spirals toward the BH, heats

up and emits X-rays. A stable 131-s QPO has been independently detected by

Swift , Chandra and XMM -Newton and associated with a TDE [173]. The transient

event ASASSN-14li was detected on 22 November 2014 by the All-Sky Automated

Survey for Supernovae (ASASSN). The study of the extreme TDE phenomenon

is at a relatively new stage and the underlying physics is only beginning to be

understood as more sensitive observations become available. This ASASSN-14li

event represents a new probe into the complex accretion physics of a star being

disrupted by a SMBH.

BH mass estimates are available from more than one technique, but the BH

spin can have a large effect on the result. For the well-studied QPO in the micro-

quasar GRS1915+105, the frequency is 67 Hz. The black hole mass is estimated

as ∼10 M⊙ for a non-rotating black hole, but as high as 34 M⊙ for a maximally

rotating black hole, or as low as 3 M⊙ for a maximally rotating retrograde black

hole. For AGN, SMBH mass estimates have also been made using more than one

technique. A canonical number is about 107 M⊙, but individual values might vary
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from 105 to 109 M⊙. For an individual AGN where we might detect a QPO, a

more precise mass estimate is often available. If we just use a canonical mass ratio

of 106, the 450-Hz feature in the BHC light curve translates to one with about a

6-hour period in the AGN light curve. At the other extreme, a BHC feature at 0.1

Hz translates to an AGN feature with about a 3-year period. These uncertainties

open up the discovery space in the time domain where AGN QPOs can reasonably

be expected to be found. In our preliminary reconnaissance of the UCSD RXTE

AGN database, we see a number of potential QPOs in this range.

The present analysis makes use of archival data from the Rossi X − ray Timing

Explorer (RXTE ) satellite collected between 1996 and 2011. AGN monitoring on

a regular cadence was performed for many sources, and reduced 3-color light curves

have been prepared and archived at University of California, San Diego (UCSD)

[195]. There are 124 AGN in the UCSD database, but around half of these have

too few separate observations to support the search for QPOs. Each individual

observation, typically 1 to a few ks, represents a single data point in the light curve.

And the campaign length, as long as 15 years in some cases, provides time series

sensitive to QPOs of longer duration than could be detected in other datasets. See

chapter 6 for further details of the data reduction.

A 2005 study [250] questioned whether QPOs in AGN should be detectable

with data existing at that time. In one simulation, they sampled a dataset from

GRS1915+105 that had a clear signal at 2.26 Hz, scaled the time by a factor of 106,

and superimposed the sampled light curve on the sampling pattern of NGC4051

archival data in the RXTE AGN database. (NGC4051 was selected because it

has more observations than any other AGN in the database, and without any

significant gaps.) Using this scaling, there should have been about a 5-day period
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detected, but no detection was made. Possible issues include: (1) the observations

of ∼1 - 2 ks are short compared to the observation frequency of 0.25 – 4 days; (2)

the span of the observations (weeks to years) doesn’t always cover enough cycles

of the suspected variability. It is suggested that ideally the data span should cover

greater than ∼100 cycles of the suspected variability. The “duty cycle”, or live

observation percentage, does not need to be very high, as long as the sampling

pattern is adequate. Finally, S/N is not a big problem. An AGN with mass

106 M⊙, has a typical X-ray flux only a factor of about 103 smaller than that of

a typical galactic BHC. However, it is expected to have a variability time scale

about 105 times longer than the BHC. Therefore, the AGN can actually provide

about 102 more photons per characteristic time scale bin. And if detected, the

AGN QPO should allow direct observation of the waveform in the time domain,

with far greater precision than is possible for a BHC. This could allow details of

the X-ray emitting region to be constrained in a similar manner to modeling of

neutron star hot spots.
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Chapter 4

SMBH Spin in AGN

4.1 The Kerr metric and BH spin kinematics

The Kerr metric [96] describes the geometry of spacetime in the vicinity of a mass

M rotating with angular momentum J:

c2dτ 2 =
(

1 − rs r

Λ2

)
c2dt2 − ρ2

r2 + a2
dr2 − ρ2dθ2

−
(
r2 + a2 +

rs r a
2

ρ2
sin2θ

)
sin2θ dϕ2 +

2rs r a c sin
2θ

ρ2
dϕ dt,

(4.1)

where rs = 2GM
c2

is the Schwarzschild radius, a = J
Mc

, ρ2 = r2 + a2cos2θ, and

Λ2 = r2 – rsr + a2. A limiting case with rs = 0, is the orthogonal metric for oblate

spheroidal coordinates:

c2dτ 2 = c2dt2 − ρ2

Λ2
dr2 − ρ2dθ2 −

(
r2 + a2

)
sin2θ dϕ2. (4.2)
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The Kerr metric is a co-rotating reference frame, rotating with angular speed

Ω(r, θ) with r the radial coordinate and θ the colatitude. The angular velocity is:

Ω(r, θ) =
rs a r c

ρ2(r2 + a2) + rsa2rsin2θ
. (4.3)

In the equatorial plane of the BH (θ = 90◦), this simplifies to:

Ω(r) =
rs a c

r3 + a2r + rsa2
. (4.4)

For frame-dragging around a rotating BH, the Kerr metric is singular at two

radii:

2 rinner = rs +
√

r2s − 4a2 (4.5)

and

2 router = rs +
√

r2s − 4a2cos2θ. (4.6)

The inner surface is the event horizon of the BH (as in the Schwarzschild metric).

The outer surface is an oblate spheroid touching the inner surface at the poles of the

rotation axis where the colatitude θ equals 0 or π. Frame-dragging is experienced

by anything orbiting around a spinning BH, causing precession of the ascending

node (Ω) at a rate:

dΩ

dt
=

2GJ

c2a3(1 − e2)
3
2

=
2G2M2χ

c3a3(1 − e2)
3
2

, (4.7)

where a is its semimajor axis, e is its eccentricity, M is the BH mass, and χ is a
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dimensionless spin parameter (0 < χ < 1) defined by

χ =
cJ

GM2
. (4.8)

A precessing star also exerts a torque back onto the BH, causing its spin axis

to precess, at a rate:

dJ⃗

dt
=

2GJ

c2

∑
j

L⃗j × J⃗

a3j(1 − e2j)
3/2

, (4.9)

where Lj is the angular momentum of the j’th star. An accretion disk inclined to

a spinning BH experiences Lense–Thirring precession at different rates at different

distances from the BH. So the disk winds up like a spring until friction herds the gas

into the equatorial plane of the BH. Through this process, the Bardeen-Petterson

effect [16], accretion disks tend to have inclination, i = 0◦, in the coordinate system

of the BH. Disks also tend to be circular, e = 0 [58].

Precession of the accretion disk requires a non-zero inclination to the equatorial

plane of the spinning BH. However, the Bardeen-Petterson effect should cause the

inclination of the innermost part of the disk to tend towards zero. This would halt

the precession for the X-ray emitting region, and may explain why many QPOs

only occur sporadically [44]. The QPOs occur during transitional or unstable

periods, when the inner disk experiences major changes. Also, while disk precession

provides a natural frequency for QPOs, a physical mechanism is still required to

induce X-ray modulations. Modulations could be caused by any kind of asymmetry

or inhomogeneity in a precessing disk, or by a varying projected area of the disk,

or occultation by the disk of a central hard X-ray emitting region. Discovery

of a 450-Hz QPO in another microquasar, GRO J1655-40, strengthened the case

for a spinning BH [227]. Interpreting the 450-Hz feature as Keplerian motion at
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the ISCO makes this faster than is possible for a non-rotating BH. A significant

positive spin is required.

4.2 Methods of BH spin determination

Four methods have been pursued to measure BH spin: X-ray polarimetry, X-ray

continuum fitting, Fe K line profiles, and high-frequency QPOs [189]. Polarization

of BH disk radiation is strongly affected by general relativistic bending of light rays

by gravity. Gradual change of the plane of polarization with energy is a purely

relativistic effect, and the magnitude of the change can give a direct measure of

the BH spin parameter. XSPEC is an X-ray spectral fitting package widely used in

X-ray spectral analysis. An XSPEC model exists that computes Stokes parameters

of a polarized accretion disk spectrum. More than one X-ray polarimetry satellite

has been proposed, but none has yet survived to launch, so this capability is not

currently available. The Gravity and Extreme Magnetism SMEX (GEMS ) would

have provided X-ray polarimetry data on compact objects, but it was cancelled

while still in development. The Imaging X − ray Polarimetry Explorer (IXPE ) is

scheduled to launch in April 2021.

X-ray continuum fitting [136] may currently be the most productive method

for measuring BH spin and has been used to estimate the spin of GRS 1915+105.

However, its use requires accurate estimates of the black hole mass (M), disk in-

clination (i), and distance (D) to the source. Also, the method requires the x-ray

flux and spectral temperature, which are known if the disk radiates as a blackbody.

Disk emission is more accurately a modified blackbody with a spectral hardening

factor, but disk atmosphere models are available for computing the spectral hard-
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ening factor as a function of the Eddington-scaled luminosity of the disk. To apply

this technique, one determines the radius of the inner edge of the accretion disk

and assumes that this is RISCO. The ratio, RISCO/RS, is a monotonic function of

the spin parameter, χ, given directly by measurement of RISCO and M. An XSPEC

model (KERRBB) exists for thin accretion disks including all relativistic effects,

allowing a fit for the spin parameter [112].

The Fe K fluorescence line is believed to be generated through the irradiation

of the cold (weakly-ionized) accretion disk by a source of hard X-rays, likely from

an optically thin, comptonizing corona. Relativistic beaming and gravitational

redshifts in the inner disk can create an asymmetric line profile. The Fe K line has

been modeled for several BH binaries, some consistent with an inner disk radius

of 3 Rs (RISCO for a Schwarzschild BH), while others yield inner disk radii in the

range of 1 to 1.5 Rs, implying a Kerr BH with spin 0.8 to 0.9 [142]. Sources of

uncertainty in the method include: placement of the continuum, the model of the

fluorescing source, and the ionization state of the disk.

Using high-frequency QPOs may offer the most reliable measurement of BH

spin, but this method depends on the application of the proper model. For

Schwarzschild BH with masses of 15 to 5 M⊙, QPOs ranging from 150–450 Hz

correspond to frequency at the ISCO, closely matching existing mass determina-

tions by other methods for these objects. The QPO frequencies don’t vary much

with changes in the X-ray luminosity, suggesting that they’re primarily depen-

dent on mass and spin of the black holes. A few sources exhibit harmonic pairs

with frequencies in a 3:2 ratio, suggesting that these QPOs arise from a resonance

mechanism. Resonance models include: radii where particle orbits have oscillation

frequencies in general relativity, oscillations with coupling between the radial and
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polar coordinate frequencies, or coupling between azimuthal and radial coordinate

frequencies. Additional models use variations in the geometry of the accretion

flow, such as a spiral wave in the inner accretion disk, or thickening of the inner

disk into a torus. This research has been in a developmental state, since these are

dynamical models lacking a radiation mechanism that fully considers the spectral

properties of the QPOs. Theoretical work has been based on a very small sam-

ple, but QPO frequencies do appear to scale inversely with mass, as expected for

general relativistic oscillations or diskoseismic modes in the inner accretion disk.

It would be of great importance to confirm this result by obtaining spin and mass

measurements for additional sources.

BH spin is such a vital parameter, it is important to measure it by as many

of these techniques as possible. Ongoing work using the x-ray continuum fitting

method [135] uses general relativistic magnetohydrodynamic (GRMHD) simula-

tions of thin accretion disks in the Kerr metric. Radial luminosity profiles based

on these simulations are then compared with radial luminosity profiles predicted

using the Novikov-Thorne disk model [156]. Another GRMHD study [138] uses

variable disk thickness and spin vector, as black hole systems with jets can have

non-zero inclination, and concludes that electromagnetic torques exceed Lense-

Thirring torques for both thin and thick disk models, with scaling arguments for

both torques and their ratio.

Two methods are widely used to measure the inner disk radius with X-ray

spectral modeling: (1) estimating the disk emission area from its thermal disk

blackbody component; or (2) estimating the relativistic distortion effects on the

disk reflection features. In BH binary accretion disks, it is believed that the inner

disk radius extends to the ISCO in the soft state, but is truncated at a greater
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radius during the hard state. The radius of the ISCO depends on the BH spin,

decreasing monotonically from 4.5 rs for an extreme retrograde spinning black hole

to 0.62 rs for a black hole with a maximum positive spin. These techniques applied

to IGR J17091-3624 showed a lower limit of the inner disk radius in excess of 5

rs at a 90% confidence level, which supports the truncated disk scenario [260].

BH spin measurement using the continuum-fitting method assumes that the BH

spin axis and binary orbital plane are aligned. X-ray and radio jet data for the

microquasar XTE J1550-564 were used to test this assumption by measuring the

inclination angle of the jet axis, assumed to be aligned with the BH spin axis [225].

4.3 Recent developments

SMBH spin and its evolution have been modeled using growth via gas accretion

and/or binary coalescence. Coalescence of two comparable-mass SMBHs increases

the spin, while capture of much smaller companions in randomly-oriented orbits

tends to spin down the SMBH. Accretion tends to dominate spin evolution, even if

the angular momentum of accreting matter is not constant. This occurs because,

for a thin accretion disk, the SMBH becomes aligned with the outer disk on a

timescale much shorter than the timescale for the mass of the SMBH to increase

via accretion [253]. So, the SMBH will align itself with the outer disk before it

accretes much mass, and most of the accreted mass will act to spin it up, even

if the direction of the spin axis changes over time. Most of their simulations

produced rapidly-rotating SMBH via accretion, independent of initial spin. With

both accretion and coalescence turned on, the resulting spin distribution is heavily

skewed toward fast-rotating Kerr SMBHs, with the spin already in place at early
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epochs.

An XSPEC model called kerrdisk [28] simulates line emission from accretion

disks, allowing BH spin as a free parameter to the fit, enabling the user to formally

constrain the BH angular momentum, among other physical parameters of the

system. It synthesizes fluorescent emission lines, is a fully relativistic model, and

enables the disk emissivity index to be modeled with greater precision as a broken

power law. They used the model to constrain the spin for the SMBH in MCG

6-30-15 (a Seyfert AGN) to be a > 0.987. This approach has also been applied to

BH with negative spin, where the BH and accretion disc angular momentum are

antiparallel [46].

A toy model [114] was constructed to examine observational and theoretical re-

sults and probe various aspects of blazar jets usually inaccessible to observations.

The model was used to seek constraints on the BH spin and external pressure

gradient distributions of blazars. The model matches results for M87 inferred in-

dependently by observations, and suggests that rapidly-spinning SMBHs are nearly

ubiquitous for BL Lac objects. Flat-spectrum radio quasars were seen to have spins

a > 0.6 in ∼80% of cases, a dichotomy with BL Lacs likely attributed to their re-

spective accretion rates. Using the toy model, they go on to estimate the spin and

external pressure gradient for 75 blazars.

A recent review [190] covers results to date in determination of BH spin, plus a

look to future missions. There may be a selection bias in favor of finding high-spin

SMBH in AGN, since they are generally chosen from flux-limited samples. For

given Ṁ , the accretion disk around a more rapidly spinning SMBH will release

more energy, so be over-represented in any sample based on brightness thresh-

olds. The next generation X-ray observatories, especially the Advanced Telescopy
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for High-ENergy Astrophysics (ATHENA) will allow further refinement of X-ray

reflection and thermal continuum techniques, and provide sensitivity to observe

AGN at cosmological distances when the Universe was significantly younger. Hav-

ing the ability to measure the spin distribution of SMBH as the Universe ages will

strongly constrain models for the formation and evolution of SMBH. To comple-

ment this ESA mission, NASA is also developing the Spectroscopic Time-Resolving

Observatory for Broadband Energy X − rays (STROBE − X ) mission [185]. Ad-

vances will also be possible using a space-based gravitational wave observatory,

such as the Laser Interferometer Space Antenna (LISA), which will be immune

from the Earth-bound noise that limits today’s ground-based detectors. High-

precision measurement of spin for the Milky Way SMBH can be done, if we discover

a radio pulsar in a bound orbit. Orbital parameters of the pulsar and the SMBH

spin parameter could both be determined with superb accuracy and precision. The

Square Kilometer Array (SKA) offers the chance to detect such a pulsar.

It is generally believed that a BH can be completely described by just its mass

and spin (and charge), the so-called “no-hair conjecture”. Determination of spin

is vital for testing models of BH formation, relativistic jets, GRBs, et cetera.

In both the ”continuum-fitting” and “reflection” methods, spin is determined by

measuring the inner radius of the accretion disk, corresponding to the ISCO. In

this dissertation research, we do not expect to constrain the SMBH spin state with

RXTE monitoring observations of the selected AGN. But knowledge of the spin is

needed in the process of determining the SMBH mass (and galactic BH mass for

comparison QPOs in microquasars) to seek direct comparisons between the two

classes of objects.

In a recent study of a binary system containing a white dwarf (WD) and a
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neutron star (NS), relativistic effects were used to determine the WD and NS

masses and the orbital inclination. Temporal evolution of the inclination is caused

by a combination of Newtonian quadrupole spin-orbit coupling and Lense-Thirring

(LT) precession (frame-dragging) predicted by general relativity (GR). Study of

this binary pulsar system allowed accurate decoupling of these two effects [252].
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Chapter 5

Reverberation Mapping

5.1 The technique and examples

AGN spectra show a strong continuum, believed to be produced in the accretion

disk near the central source; and broad emission lines, believed to arise from gas

clouds at a larger distance and Doppler broadened by orbital motion in the strong

gravitational field. Variations in the continuum flux drive variations in the broad

line region, but with time lags that suggest the size of the AGN system. The lines

are induced in the gas by photoionization or excitation from the continuum radi-

ation. Reverberation mapping requires sampling the variability in the continuum

and emission line fluxes on a time scale less than the light travel time between the

central BH and the broad-line clouds. When the continuum radiation varies, we

can search for corresponding changes in the line emission. A cross-correlation of

the continuum and emission line light curves, together with a continuum-to-line

response function and proper geometric considerations, leads to a time lag that

provides the radial distance from the BH to the broad-line cloud. From the broad
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line velocity dispersion, the BH mass can be estimated using the virial theorem.

Thus, reverberation mapping can map out the geometry of the AGN, and allow

determination of the mass of the central BH.

Reverberation mapping can provide information about the structure, geometry

and kinematics of AGN. The size of the BLR in a typical AGN is believed to be

∼100 times larger than the size of the accretion disk. The light-travel time is the

distance from the SMBH to the BLR, divided by the speed of light, or: τLT = r/c.

Another important timescale is the recombination time scale is, τrec = (neαβ)−1,

where αβ is the radiative recombination coefficient, αβ =
∑

< σnve >, the product

of the electron capture cross-section and the electron velocity, averaged over a

thermal distribution and summed over all atomic levels n. Another important

time scale is the dynamical time scale, τdyn = r/∆VFWHM , the time scale on which

significant geometrical changes can occur in the BLR. The delta-V, full-width-half-

maximum, is measured in the spectrum of the emission line.

A reverberation mapping campaign needs observations covering a span signif-

icantly shorter than the dynamical time scale (typically a few weeks), to avoid

smearing the results with light travel-time effects. The dynamical time scale is

often in the range of 3 - 5 years. The ratio of the dynamical to light-travel time

scales as,

τdyn
τLT

≈ c

∆VFWHM

≈ 102. (5.1)

Reverberation mapping is based on the assumption that continuum emission

at the BLR is related to the continuum emission we observe, so absorption along

the SMBH-BLR line-of-sight can be a complication. A linearized response model
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can be written as:

∆L(V, t) =

∫
Φ(V ; t) ∆C(t− τ) dτ, (5.2)

where ∆L(V, t) is the emission-line light curve relative to its mean and as a function

of the line-of-sight Doppler velocity V. Φ(V;t) is the velocity-delay map, or BLR re-

sponsivity to changes in the continuum as mapped into line-of-sight velocity/time-

delay space. ∆C(t) = C(t) − C̄ is the continuum light curve relative to its mean

value C̄. Figure 5.1 shows a standard geometry for the technique of reverberation

mapping.

The continuum light curve and the emission-line light curve can then be de-

convolved to give a line-of-sight Doppler velocity-delay map. In an idealized case,

∆C is a δ-function, and observations are made of the broad emission-line flux

variations to find the response to the spike from the central source. The observed

time-delay yields the radius of the BLR. The width of each line scales with the

mean time delay consistent with the virial theorem, and the mass of the central

BH is:

MBH ≈ fRBLR
∆V 2

G
≈ c τLC

G
f∆V 2. (5.3)

A scaling factor (f), of order unity, depends on the presently unknown geometry

and kinematics of the BLR.

One of the earliest reverberation mapping campaigns was conducted in the late

1980’s using the International Ultraviolet Observatory (IUE ) satellite to observe

NGC 5548 [40]. Evenly spaced observations every 4 days were carried out over an 8-

month period, covering a spectral range of ∼1200 - 3300 Angstrom (Å). Variations

in the continuum emission were observed to be in phase across the spectral region
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with lags between bands of no more than a day or two. However, the higher

energy emission lines responded more rapidly to continuum variations than the

lower energy lines. This finding demonstrates stratification within the BLR, with

higher energy photons being re-processed closer to the central source than lower

energy photons. This could be due to a thermal gradient within the BLR, with

each line being preferentially re-radiated at a characteristic temperature that most

favors its creation. These early reverberation mapping results established strong

constraints on existing and future models of the broad emission line region in AGN

and quasars, particularly on the geometry and the ionization structure of the BLR.

Reverberation mapping campaigns tend to need a carefully orchestrated ob-

serving program. Lag times can be weeks to months, and continuum variations

are sporadic, thus unpredictable. Campaigns need to cover very long baselines, and

uniform sampling is preferred to allow for time series analysis, or cross-correlation.

The spacing between observations translates into resolution in the time-delay do-

main. The duration of the campaign should be a few multiples of the maximum

timescale being probed. Far UV or soft X-ray observations are only possible from

outside the Earth’s atmosphere, meaning reverberation mapping campaigns must

compete for large blocks of time, with complicated satellite scheduling constraints,

making them a harder sell to review panels for oversubscribed space observatories.

There is also the risk that there might be no intrinsic continuum variation during

the campaign.

Reverberation mapping has become part of the standard toolkit for investi-

gating AGNs. Where multiple lines have been measured, the anti-correlation of

Doppler line width ∆V and response time τ matches the virial prediction τ ∼ v−2.

Yet, the original design goal of determining the actual geometry and velocity field
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of the BLR remains largely unaddressed. There is no widely accepted paradigm

for the nature of the BLR, and its origin remains a mystery.

Observational requirements to produce high-fidelity velocity-delay maps are:

1. High time resolution, less than 0.2 - 1 day, depending on the emission line;

2. Long duration, several months or at least 3 times the maximum timescale

being probed;

3. Moderate spectral resolution, ≤ 600 km/s;

4. High homogeneity and signal-to-noise (S/N) ratios, S/N ≈ 100 [76].

Maximum time lags of ∼30 days have been detected, so ∼90 days would be the

desired minimum timescale. However, experience showed that using ∼180 days was

a better option, in case the source did not cooperate, and there was a need to wait

for a strong continuum change. AGN emission lines show little additional structure

below spectral resolution of about 600 km/s, but a significant advance could make

it possible to detect gravitational redshift. S/N ≈ 100 is unlikely to be achieved

from the Earth’s surface, so space observations are strongly suggested. Proper

instrument calibration and background subtraction are necessary. A proposed

medium explorer (MIDEX) mission called Kronos incorporated these features into

a dedicated mission, but this mission was not selected for flight.

More than 40 AGN have BH mass determinations by reverberation mapping

[22]. Mass estimates are also available with other methods for some sources,

allowing cross-calibration and checking self-consistency. Another technique uses

narrow-line widths to determine the bulge velocity dispersion [72]. Reverberation

or echo mapping techniques have also been applied to galactic sources. Sco X-1

is the brightest of the low-mass X-ray binaries (LMXB). Echo mapping with the

Hubble Space Telescope (HST) and RXTE showed a stratification of the emission-
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line region similar to that seen in AGN [90]. Another LMXB, 4U 1636-536, is a

prodigious burster. The thermodynamic bursts represent strong and short delta

functions, and the re-processing response is more obvious to pick out than when

variability is a small perturbation [79].

There have been efforts to extend the reverberation mapping technique into the

x-ray domain [143]. Here the continuum and reprocessed signals can be detected

from separate energy channels within the bandpass of a single x-ray detector (or co-

aligned instruments on a single spacecraft). Cross-correlation of these two signals

can provide reverberation results from a single long observation or well-sampled

monitoring sequence.

5.2 Efforts to map AGN Coronae

Some details about the geometry and kinematics of the broad-line region (BLR) are

supported by observational evidence. A few AGN show double-peaked Balmer-line

emission profiles, which are usually associated with rotating Keplerian accretion

disks. Many AGN show blue-shifted absorption and emission lines with blue-ward

asymmetries, suggesting an out-flowing component preferentially observed on the

near side of the AGN. Direct observation of AGN inner regions has not seemed

likely due to their micro-arc-second size, but a first detection was recently reported

[33]. Another recent study [49] measured the relativistic redshift of a star orbiting

the Milky Way SMBH, clearly distinguishing it from the gravitational redshift.

More detailed work could determine the fine structure of the BLR, the kine-

matics of the gas cloud and help distinguish between various possible explanations

and models [177]. It has been suggested that the clouds could be the cooler and
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denser component of a two-phase medium in pressure and virial equilibrium [104].

Another model suggests that the broad-line clouds could be in virial motion, but

confined by magnetic fields [187]. Another explanation is that the broad-line emis-

sion could arise from a massive outflow [37]. It has even been suggested that the

broad-line emission could be produced in the extended atmospheres of stars [5].

The broad-line emission has also been explained as arising from, at least in part,

the surface of the accretion disk [41].

Accreting BH are powerful sources of radiation. Conversion of gravitational

potential energy into radiation is believed to take place in an accretion disk/corona

system just outside the BH. The inner accretion disk produces UV emission which is

Compton upscattered by hot coronal electrons, which in turn have been energized

by the disk magnetic field. The primary power-law, X-ray continuum emission

originates from this corona, a hot cloud situated above the accretion disk, close to

its center. The nature of this Comptonizing corona remains a key open question

in astrophysics, though new insights have been gained from recent observations of

galactic BH XRB and AGN coronae.

Rapid variability of the 2–10 keV X-ray emission seen in many AGN indicates

that the corona is physically small. X-ray spectral-timing and reverberation anal-

yses of AGN strongly support this conclusion, typically requiring the corona to

lie 3 to 10 Rg above the central BH. Many coronae lie in a region where general

relativistic effects, such as gravitational redshift and light-bending, are important.

Gravitational redshift produces a shift in temperatures. Light bending, where

strong gravity bends radiation from the corona down towards the disk, requires

another temperature correction that is inclination dependent. The net effect is

to boost the intrinsic values of ℓ by factors of around 2–10 above the observed
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estimates [55]. The parameter, ℓ, is a dimensionless compactness parameter given

by

ℓ =
L

R

σT

mec3
. (5.4)

The Thomson cross-section, σT , for electrons is 6.652 × 10−25cm2, or 0.6652

barns, using a unit favored by atomic physicists (1 barn = 10−24cm2). The Thom-

son cross-section is derived by using the classical electron radius,

r0 =
q2

mc2
, (5.5)

and the differential cross section

dσ

dΩ
=

1

2
(1 + cos2θ)r20, (5.6)

where the first term is for tangentially polarized light and the second term is for

radially polarized light. Thus,

σT = 2π

∫ π

0

dσ

dΩ
sinθ dθ = πr20

∫ π

0

(sinθ dθ − cos2θ dcosθ) =

πr20 [−cos θ − 1

3
cos3θ] |π0 = πr20

[
1 + 1 +

1

3
+

1

3

]
=

8

3
πr20 =

8π

3

(
q2

mc2

)2

.

(5.7)

The power-law X-ray continuum tends to have a high-energy turnover in the

range of 30 keV to 1 MeV, which is generally interpreted as the temperature of the

corona. The continuum tends to be the most variable part of the spectrum, showing

rapid changes which can be interpreted using X-ray reflection and reverberation

signatures, indicating that the corona has a relatively small size of less than a

few tens of Rg. The fraction of the bolometric power passing through the corona
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ranges from about 10% to 50%. The compact corona in a luminous accreting BH

system must be a dynamic structure since the heating and cooling timescales for

the hot electrons are less than the light crossing time of the corona. There isn’t

enough time for equilibrium to be established [54].

X-ray reflection is an important property of the accretion disk, depending on

such factors as the degree of ionization of the gas and the elemental abundances.

Earlier reflection models provide angle-averaged solutions for the flux reflected at

the surface of the disk, but the emission angle of the photons changes over the

disk due to relativistic light bending. General relativistic ray-tracing codes can

be used to determine the BH spin and the system inclination. By combining an

angle-dependent reflection model with a relativistic blurring model [62], the new

model can calculate the proper emission angle of the radiation at each point on the

accretion disk and construct the corresponding reflection spectrum. From a sample

of 17 Seyfert 1 galaxies in the XMM-Newton archive, a high-density disk reflection

spectral analysis was performed at various SMBH mass values and accretion rates

(Ṁ) [87]. For 11 of 17 sources (65%), disk density in excess of ne = 1015cm−3

was measured, higher than in previous reflection-based spectral analyses. The

best-fit disk densities showed an anti-correlation with BH mass and Ṁ . The high-

density disk reflection model matched results for disk inclination and BH spin

from previous analyses, while also better matching the soft excess emission and

iron abundance.

Reverberation lags are measured in AGN caused by the additional light travel

time between the corona and reflecting disk. X-ray reverberation detected in a

number of Seyfert galaxies show several common properties, such as an energy-

dependence in the lag time, and a dip in the lag time near 3 keV. These features
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are not trivially explained by X-ray reverberation originating from point sources,

so models have been developed from general relativistic ray tracing simulations

[256] to explain X-ray reverberation from extended coronae. The corona extends

radially, close to the surface of the disk, with a bright central region where fluctua-

tions propagate up the rotation axis of the BH driven by the rapid variability in the

innermost regions of the accretion flow. Long time-scale variability in X-ray rever-

beration observations of Seyfert galaxies is explained as viscous propagation of the

fluctuations through the corona. Using relativistic reflection models and simulta-

neous data from two X-ray instruments on the AstroSat satellite, the transient BH

XRB, MAXI J1535-571, was studied during its 2017 outburst [224]. Fitting the re-

flection spectrum allowed constraints on the BH spin, mass and distance. The soft

X-ray spectrum by itself cannot fully characterize the Comptonizing component

from the corona, so broad-band spectral analysis is required.

The Neutron star Interior Composition Explorer (NICER) is an X-ray instru-

ment deployed to the International Space Station (ISS). The Monitor of All -sky

X -ray Image (MAXI ) is an X-ray all-sky monitor also deployed on the ISS. A new

BH transient, MAXI J1820+070, emerged from quiescence on March 11, 2018, and

became one of the brightest sources in the X-ray sky. NICER observations followed

its transition from hard coronal-dominated emission to soft thermal-dominated

emission, and back. NICER observations revealed reverberation lags 6 to 20 times

shorter during the luminous hard state, suggesting that the state transition is

driven by a change in the vertical extent of the corona. The shape of the broad

iron K emission line remains quite constant, suggesting that the spatial extent of

the corona is reduced, rather than the inner edge of the accretion disk [93].

Many questions remain about the geometry, power source and non-thermal
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electron fraction of coronae. Reprocessing of the primary X-ray continuum in the

accretion disk produces lags that are powerful tools to map the close environments

of accreting BH. X-ray reverberation lags have been measured in radio quiet AGN,

constraining the distance between the corona and the accretion disk to be a few Rg.

But, determining the disk-corona geometry requires data of much better quality.

The Athena X-ray observatory can be expected to make a breakthrough in this

field. Its time lag measurements will allow us to distinguish among different corona

geometries, and to provide independent constraints on the BH spin [48]. Advances

in simulations of AGN X-ray data [201] have been used to forward model light

curves covering over 1 Myr with a roughly weekly cadence. These simulations are

calibrated against AGN variability observed in the Palomar Transient Factory sur-

vey, and the framework will be highly valuable for upcoming time-domain surveys,

such as the Large Synoptic Survey Telescope (LSST) main survey.

So, recent advances have begun to map out the geometry of the accretion

disk/corona system in the vicinity of the BH. The reverberation lags in these

studies are shorter than we can expect to successfully measure using the archival

RXTE light curves, so this was not an emphasis of the current study.
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Figure 5.1: Reverberation Mapping Geometry

The light-travel time is the distance from the SMBH to the BLR, divided
by the speed of light, or τLT = r/c. The observed time delay yields the radius of
the BLR.

(upper panel) An isodelay surface is given for an arbitrary time. The dot-
ted line shows the additional light-travel time for the reprocessed emission-line
photons.

(lower panel) The ring of clouds projected into the line-of-sight velocity/time-delay
plane.[177]
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Chapter 6

Observations

6.1 RXTE Overview

Around 1980, an idea was hatched that would eventually become the Rossi X -ray

Timing Explorer (RXTE ). Since X-rays do not penetrate the Earth’s atmosphere,

they are only visible from space. To further the study of cosmic X-ray sources,

observations would be made with millisecond time resolution, requiring a large

collecting area to have a sufficient count rate in each time bin. The general scientific

objectives were:

1. measurement of physical parameters of compact objects;

2. physics of accretion disks, plasmas, and stellar magnetospheres;

3. geometries of source emission regions;

4. the nature of bursters, transients and compact extragalactic objects.

The R in RXTE was appended after launch, in honor of Bruno Rossi, an early

pioneer in X-ray astronomy. RXTE would also include an All-Sky Monitor (ASM)

to record long-term light curves of bright X-ray sources, and detect new or return-
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ing transient sources, triggering Target-of-Opportunity (TOO) observations with

pointed observations by the primary instruments. It took roughly 16 years for the

RXTE idea to culminate in its launch in late 1995.

RXTE had a lifetime goal of 5 years, but operated for 16 years before being

decommissioned in early 2012. The mission orbit was a compromise: high enough

to assure a 5-year orbital lifetime, but lower orbits meant less time lost observing

due to passages through the South Atlantic Anomaly (SAA), a region of higher

charged particle flux in places where the Van Allen radiation belts dip to lower

altitudes because of Earth’s magnetic field is inclined and somewhat off-center.

Orbital decay caused by atmospheric drag occurs at a rate that is highly dependent

on the Sun’s 11-year sunspot cycle. Heating of the upper atmosphere increases its

scale height, resulting in substantially higher number density at higher altitudes.

The trade-off strategy worked fine, as RXTE orbited until its ultimate re-entry

in 2018, 6 years after it was turned off. A plane-change maneuver at deployment

reduced the RXTE orbital inclination from 28◦ to 23◦. The inclination is limited

to be greater than or equal to the latitude of the launch site, which was 28◦ for

Kennedy Space Center. The lower inclination decreases the amount of time lost

to observing while crossing the SAA.

RXTE opened a new window into the workings of neutron stars and black

holes. Using RXTE data, x-ray astronomers established the existence of highly

magnetized neutron stars (known as magnetars) and discovered the first accret-

ing millisecond pulsars, a previously unseen stage in the formation of ”recycled”

millisecond radio pulsars. A prestigious annual award of the High Energy Astro-

physics Division (HEAD) of the American Astronomical Society (AAS) also carries

the Bruno Rossi name. The Rossi Prize was awarded to the following RXTE teams:
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• 1999: Jean Swank and Hale Bradt, for key roles in developing RXTE , and

its resulting key discoveries related to high time resolution observations of

compact astrophysical objects.

• 2003: Robert Duncan and Christopher Thompson for predicting, and Chryssa

Kouveliotou for observational confirmation, of the existence of magnetars:

neutron stars with extraordinarily strong magnetic fields.

• 2006: Tod Strohmayer, Deepto Chakrabarty, and Rudy Wijnands for pio-

neering research revealing millisecond spin periods and establishing the pow-

erful diagnostic tool of kilohertz intensity oscillations in accreting neutron

star binary systems.

• 2009: Charles D. Bailyn, Jeffrey E. McClintock, and Ronald A. Remillard

for their measurement of masses of Galactic black holes.

A prime goal of RXTE was to search for, and to study, if found, temporal

variations on time scales of milliseconds, i.e., with kilohertz frequencies. Burst

oscillations in a neutron star system were found to persist only during the rise and

decay of the X-ray burst, and were identified as the rotational frequency of the

underlying neutron star. Millisecond accreting pulsars were found, and the orbital

period of the compact object with the companion star was determined with great

precision from the Doppler delay modulation of the pulsed light curve. QPOs

in BHCs were found and identified as intensity changes at indicated frequencies.

These oscillations, arising from the hot X-ray emitting gases in the near vicinity

of the black hole, are strong diagnostics of those regions. They could be either hot

spots orbiting the black hole, or oscillations of the accretion disk, or both.

The proportional counter technology used on RXTE had a heritage to several

earlier x-ray astronomy satellites, such as Uhuru (1970-1973), EXOSAT (1980-
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1983), Ginga (1987-1991) and ROSAT (1990-1999). RXTE did not carry an x-

ray imaging telescope, as is found on other missions such as Chandra (1999-),

XMM -Newton (1999-) and NuSTAR (2012-). Proportional counters detect X-

rays with high-voltage (HV) wires as they travel through a gas, commonly xenon

or propane. Charged particles are also detected and various designs are used to

screen for these, and the HV generally needs to be turned down or off during

spacecraft passages through the SAA to avoid damage from the increased particle

flux. As an X-ray photon passes through the gas, it produces a photo-electron with

strength proportional to the energy of the photon, providing spectral capability.

The proportional counters used on RXTE had five layers of anodes, four immersed

in xenon gas and a top layer filled with propane gas. The propane layer and the

bottom xenon layer act as veto layers to reject background events. The other three

xenon layers have anodes interconnected in an alternating fashion, with electronics

to read out a signal. On-board electronics convert the analog signal from each event

into a digital measurement of the photon’s energy, expressed as a pulse height

analysis (PHA) channel number.

RXTE lacked focusing X-ray optics, and relied on a hexagonal grid collimator

to block X-rays from outside a 1◦-circle of the boresight. As a result, source confu-

sion was always a risk, and care was needed to avoid contaminating sources. Also,

this design did not allow separation of source and background inside the instru-

ment, and there was a substantial amount of work needed to properly account for a

large background contribution to the signal. (A higher-energy, solid state detector

on RXTE chose to address this situation by rocking on and off the source. Still,

it was necessary to check the ±1.5◦ or ±3◦ background fields for contaminating

sources.) RXTE was designed for fast slews to desired targets in the sky, allow-
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ing for sequential observation of a large number of objects. Since the EXOSAT

mission in its 4-day orbit, X-ray satellites had been deployed to low-Earth orbits

(LEO), where Earth occultation blocked observations for typically 36 minutes out

of each 96-minute orbit. The additional loss of time to SAA was one of the major

constraints for LEO observational scheduling. (Earth occult occurs in an inertial

reference frame, while SAA passage occurs in an Earth-rotating reference frame.

So the ∼15 occultations per day and ∼14 SAA passages per day undergo a beat

pattern in each day!) RXTE had fast slewing and flexible scheduling, allowing

for even sampling on long timescales. RXTE also had a sizeable continuous view-

ing zone (CVZ), a region of the sky near the orbital pole where a source has no

interruption due to Earth occultation for as long as 16 days. (Regression of the

ascending node of the RXTE orbit took ∼53 days to complete one cycle; CVZ op-

portunities repeat with this cycle.) Since a few RXTE orbits miss the SAA each

day, a CVZ target is visible for a few consecutive orbits each day, typically about

a 7-hour uninterrupted block. The RXTE solar avoidance pointing constraint was

that the angle from the Sun to the RXTE boresight must be > 30◦. This meant

that targets with an ecliptic latitude < 30◦ could not be observed year-round.

Gaps of about 2 months occur in the light curves of sources near the ecliptic.

6.2 The RXTE AGN archive and source selec-

tion

To search for AGN QPOs, we have investigated archival RXTE data. RXTE

operated from 1996-2011, was sensitive to changes in X-ray emission on timescales

ranging between microseconds and years, and across an energy spectrum from 2 to
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250 kilo-electron volts (keV). AGN monitoring on a regular cadence was performed

for many sources, and reduced 3-color light curves have been prepared and archived

at University of California, San Diego (UCSD) [194]. There are 124 AGN in the

UCSD database, but around half of these have too few separate observations to

support the present analysis. AGN have been selected from the UCSD RXTE

archive if they have both a large quantity of observations and appropriate spacing

to support the search for QPOs and time lags. AGN selected for this analysis are

loosely separated into two categories: blazars and Seyferts. Selected blazars are

listed in table 6.1, together with their detailed AGN type and the number of good

RXTE observations. Results of our timing analysis for blazars are presented in

chapter 8. Selected Seyferts, with their precise type and observation count, are

listed in table 6.2. Timing analysis results for Seyferts are presented in chapter 9.

The UCSD database was initially constructed with an emphasis on spectral

analysis. Long-term average values were obtained for absorption, Fe line equiva-

lent width (EW), Compton reflection, photon index, and flux/luminosity for the

100 AGN that are sufficiently bright and had sufficient overall observation time.

These parameters were also compared across different classifications of Seyferts

and blazars. There had been several previous spectral surveys of AGNs. A Ginga

study [154] used data for 27 Seyferts in the 1.5–37 keV range to derive values for

the continuum photon index (Γ) and the Compton reflection strength (R). Combin-

ing EXOSAT , Ginga, and CGRO/OSSE data from different epochs [68], stacked

Seyfert 1 spectra were obtained with average Γ and R values consistent with the

previous result. A BeppoSAX study [45] did a survey on 105 Seyferts with data in

the 2–100 keV range, finding average values of Γ and R, plus a high energy rollover

(Eroll) ≈ 290 keV. A Swift/BAT survey [258] determined average Γ values for a
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sample of 102 selected AGNs, but did not model Compton reflection. A survey of

Seyferts at high X-ray energies [192] used stacked INTEGRAL/ISGRI data in the

17–250 keV range to obtain bulk spectral properties for different classes of Seyferts.

A sample of 46 Seyfert 1s observed with Suzaku and Swift/BAT [174] was studied

and found to have 39 out of 46 Seyfert 1s showing a significant Compton reflection

hump (CRH). The RXTE results are largely consistent with these previous analy-

ses and this sample has some advantages over previous surveys. PCA and HEXTE

always operated simultaneously, so there is no ambiguity from source variability

that can otherwise arise when combining non-simultaneous soft and hard X-ray

data sets from different missions to obtain broadband coverage. Many sources

were monitored over very long periods of time, and the spectral parameters can

be taken as good long-term average baselines. The large effective area of the PCA

allowed RXTE to observe many more AGN than previous studies which had been

limited to a small number of bright sources.

RXTE conducted numerous AGN observations over its 16-year lifespan, on a

total of 153 sources. These include: 54 Seyfert 1s, 47 Seyfert 2s, and 52 blazars,

where Seyfert 1s include subtypes Seyfert 1.2 and 1.5, and Seyfert 2s include sub-

types Seyfert 1.8 and 1.9. For many of these AGN, long-term monitoring programs

were proposed, accepted and observed. The sampling strategies vary with different

groups of proposers and for a variety of scientific aims. Examples include: multi-

timescale monitoring of Seyferts for power spectral density (PSD) measurements,

long-look stare observations for tens of ks at a time, and target-of-opportunity

(TOO) observations on flaring blazars, often as part of multi-wavelength cam-

paigns. The strategy in assembling the RXTE AGN archive at UCSD was simply

to use all available data. For the present analysis, each individual observation
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represents a single data point in the light curve, regardless of length. The archived

value is the mean flux over the whole observation, and the time tag is the observa-

tion midpoint. Longer observations could be re-processed to give time series with

much shorter bins, but this was not the primary aim. In preparing the UCSD AGN

database, some sources were too faint to provide an adequate detection and/or they

accumulated very little observing time. Of the 124 AGN included in the UCSD

archive, about half had too few separate observations to support the search for

low-frequency QPOs. The campaign lengths, as long as 15 years in some cases,

provide time series sensitive to QPOs of longer duration than could be detected

in other datasets. We selected AGN for study if they have both a large quantity

of observations and appropriate spacing to support the search for QPOs. For the

spectral analysis, it was OK to have a few longer observations (∼40,000 total net

counts were enough to provide <10% error bars on spectral parameters). But for

timing analysis, it was best to have many shorter observations, and these sorts of

monitoring campaigns were prevalent with RXTE .

RXTE had an All-Sky Monitor (ASM) for continuously monitoring brighter

(mostly galactic) X-ray sources, and these AGN data provide a similar long-term

history of AGN variation. For some of the brightest AGN, the RXTE ASM light

curve can also be studied, though most AGN are likely to be below the sensi-

tivity limit of the ASM. ASM light curves (http://xte.mit.edu/ASM_lc.html)

are available at a database maintained by Massachusetts Institute of Technology

(MIT) and available in two formats: dwell-by-dwell and one-day averages. An

ASM dwell is 90 seconds, and a source would typically be sampled 5–10 times a

day. A number of selection criteria were routinely applied for generating ASM light

curves. In a detailed study [39], careful binning was used to obtain data at longer
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intervals (like 10, 20 or 40 days) for about 35 AGN. We have attempted to analyze

RXTE ASM data in a few select cases, like the few brightest AGNs, or where we

seek confirmation of a detection in the archive of pointed monitoring observations.

Similarly, Swift BAT data [103] were looked at for a number of sources. We believe

that further work with the combined Swift BAT and RXTE databases could be

very valuable. RXTE extends about a decade earlier, there are at least 6 years of

overlap for cross-calibration, and Swift is rapidly approaching 10 years post-RXTE

or 25 years of combined total coverage. We expect that some concerted effort, like

the ASM study, is needed to arrive at proper binning and/or filtering of the Swift

data to achieve optimal results.

6.3 Data extraction and reduction

For each AGN pointed observation, the RXTE AGN archive at UCSD makes

available the mean count rate in the 2-10 keV spectral range, and for three sub-

bands (2-4 keV, 4-7 keV and 7-10 keV). Instrument calibration and background

model for the Proportional Counter Array (PCA) were used to make standard data

products [85]. The RXTE PCA contained five collimated proportional counter

units (PCUs), each with a collecting area of 1300 cm2. Numbered PCU 0 through

4, PCUs 1, 3, and 4 suffered from repeated electrical breakdown, and were actively

scheduled off and on for various observation types. Additionally, PCU 0 lost its

propane veto layer on 2000 May 12. The best calibrated of the PCUs, PCU 2,

maintained consistent functionality for the duration of the RXTE mission. The

vast majority of RXTE AGN monitoring observations after 2000 May 12 were

conducted with PCU 2 only.
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The PCA has two standard modes, Std1 with 0.125-s time resolution and a

single energy bin, and Std2 with 16-s time resolution and 129 energy channels.

The standard modes do not contain PCU ID, and an individual observation may

contain data from any combination of the PCUs. Standard mode count rates

are normalized to 1 PCU (i.e., given in units of c/s/PCU). PCU 0 rates are not

included in Standard mode average after the loss of the propane layer. All AGN

observations also include the Guest Observer (GO) modes Good Xenon, paired

modes with either 2s or 16s readout. Good Xenon modes do contain information

about PCU ID and the individual anode within the PCU. Good Xenon1 2s and

Good Xenon2 2s were used predominantly, not because the AGN observations were

likely to saturate in 16 seconds, but because it allowed more flexibility to re-point

to a brighter Target-of-Opportunity (TOO).

Data reduction for PCA data followed standard extraction and screening pro-

cedures. To achieve maximize signal-to-noise (S/N) ratios, only events from the

PCU top Xenon layer were used. Data gathered within 10◦ of the Earth limb were

excluded, as well as data within 20 minutes of RXTE passage through the SAA.

RXTE attitude data were used to verify that the pointing position was within the

0.01-degree requirement. The PCU propane layer anticoincidence rate was used to

identify anomalous electron events.

The PCA background was estimated using the “L7-240” background model, ap-

propriate for faint sources when the total count rate was below 40 counts s−1PCU−1.

The three primary contributors to the PCA background are: (1) diffuse sky X-rays,

(2) sporadic electron events measured by the particle anticoincidence rates, and

(3) electron events induced by the SAA. Models are based on analysis of dedicated

sky background position data from a number of positions in regions believed to be
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free of bright X-ray sources. The original model, “SKY–VLE”, estimates particle

background using the PCA Very Large Event (VLE) rate. Most RXTE orbits pass

through the SAA, inducing background terms that decay exponentially. Orbits

without SAA passage were assumed to be unaffected by previous passages, valid

as long as the background decay timescale is shorter than an orbit. For these or-

bits, a background model was fit to the VLE rate, and then applied to SAA orbits,

with residual flux then assumed to be that induced in the SAA. The L7 model

uses other PCA event rates that are directly related to both the particle and acti-

vation rates. A residual term in the background is then modeled as flux induced

by the SAA undergoing exponential decay with an e-folding time of 240 minutes

(longer than the 96-minute RXTE orbital period). The amplitude for this term

is determined by integrating the rates from particle monitors on the RXTE High

Energy X-ray Timing Experiment (HEXTE). HEXTE particle monitor data has

also been used for the purpose of mapping the long-term history and intensity of

the SAA [60].

The large field-of-view (FOV) of the PCA results in a background count rate

as large as or even higher than the net source count rate for many AGN. Typical

AGN count rates are in the range of a few to 20 counts per second, while the

background count rate is around 10 counts per second in both the 2–10 keV and

8–30 keV bands. The PCA background model is able to estimate the expected

background rate with sufficient precision that variations in the net AGN count

rate can be confidently extracted. Investigations of possible systematic effects in

background subtraction (such as un-modeled variability in the background) reveal

little or no contamination of the results [241]. The PCA background model was

calibrated through extensive blank-sky observations at various locations in the
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celestial sphere and orbit of the spacecraft. There were two components to this

calibration campaign: (1) a short observation of ∼8 minutes, twice a day; (2)

a dedicated day of background observations, about once a month. The model

makes use of these background calibration observations to estimate the expected

background count rate at any time during a PCA observation. Data needed to

estimate the background events over any given time period can then be extracted

from the PCA housekeeping data.
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Table 6.1: Quantity of RXTE Observations for Selected blazars

#Obs Type Source

23 BL Lac RGB J0152+017
58 BL Lac 3C 66A
205 BL Lac 1ES 0229+200
20 BL Lac 1ES 0647+250
231 BL Lac S5 0716+714
20 BL Lac 1ES 0806+524
99 BL Lac 1ES 1101-232

1182 BL Lac Mkn 421
169 BL Lac H 1426+428
496 BL Lac Mkn 501
147 BL Lac 1ES 1959+650
158 BL Lac PKS 2005-489
454 BL Lac PKS 2155-304
1384 BL Lac BL Lac
53 BL Lac 1ES 2344+514

1004 BLRG/Sy1 3C 111
1335 BLRG/Sy1 3C 120
23 BLRG/Sy1 3C 382
332 BLRG/Sy1 3C 390.3
37 FSRQ 1H 0323+342
99 FSRQ PKS 0528+134
87 FSRQ PKS 0829+046
207 FSRQ 4C 71.07
45 FSRQ 4C 29.45

1960 FSRQ 3C 273
1987 FSRQ 3C 279
1317 FSRQ PKS 1510-089
48 FSRQ PG 1553+113
79 FSRQ PKS B1622-297
72 FSRQ NRAO 530
43 FSRQ CTA 102
59 FSRQ 3C 454.3
455 NLRG Centaurus A
24 QSO PKS 0537-286
640 Sy1.5/QSO MR 2251-178
137 Sy1/QSO PDS 456
148 Sy2/Radio NGC 1052
819 Sy1.5/Radio NGC 7213
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Table 6.2: Quantity of RXTE Observations for Selected Seyferts

#Obs Type Source

191 NLSy1 Mkn 335
416 NLSy1 TONS180
1012 NLSy1 PKS 0558-504
42 NLSy1 PG 1211+143
768 NLSy1 Mkn 766
569 NLSy1 Ark 564
1555 NLSy1.2 MCG-6-30-15
1432 NLSy1.5 Mkn 110
2125 NLSy1.5 NGC 4051
707 Sy1 Fairall 9
197 Sy1 Ark 120
264 Sy1 PG 0804+761
1719 Sy1 NGC 3783
371 Sy1 NGC 3998
1329 Sy1 NGC 4593
153 Sy1.2 PG 0052+251
37 Sy1.2 Mkn 590

1646 Sy1.2 Mkn 79
581 Sy1.2 IC 4329A
364 Sy1.2 Mkn 509
818 Sy1.2 NGC 7469
1078 Sy1.5 NGC 3227
628 Sy1.5 NGC 3516
509 Sy1.5 NGC 4151
63 Sy1.5 Mkn 279

1015 Sy1.5 NGC 5548
31 Sy1.5 MCG-2-58-22
651 Sy1.9 NGC 5506
140 Sy1.9 NGC 7314
22 Sy1.9/NELG NGC 526A
308 Sy2 Mkn 348
24 Sy2 NGC 2992
95 Sy2 NGC 6251
24 Sy2 IRAS 18325-5926
27 Sy2/C-thick NGC 2110
533 Sy2/C-thick NGC 4945
23 Sy2/C-thick NGC 7582

1243 Sy2/LINER NGC 4258
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Chapter 7

Data Analysis

7.1 Development of the Lomb-Scargle Periodogram

To look for QPOs in unevenly-sampled AGN data, we used the Lomb-Scargle

periodogram (LSP). The LSP has important differences from the classical Fourier

power spectrum. While it is motivated by Fourier analysis, it can also be viewed

as a least-squares method [117]. The LSP also has similarities to bin-based phase-

folding techniques, and can be derived using Bayesian probability theory. Thus, the

LSP occupies a unique point of correspondence between many classes of methods,

and bears on considerations involved in all of these methods. The LSP works for

arbitrary sampling.

Fortran code for the LSP is contained in the first of a 6-paper series [202]

“Studies in Astronomical Time Series Analysis”. Two random variables (X,Y)

are said to be independent if their joint probability distribution function (PDF) is
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equal to the product of their individual PDFs:

PXY (x, y) = PX(x)PY (y), (7.1)

for all (x,y). The random variables are uncorrelated if the expected value of their

product is equal to the product of their expected values:

<XY > = <X><Y > . (7.2)

A process is said to be autoregressive (AR) if it can be written:

A0Xn = Rn −
∑
i ̸=0

AiXi, (7.3)

where R is an uncorrelated white noise process and the Ai are constants satisfying

∑
i

A2
i < ∞. (7.4)

A moving average (MA) process is one that can be written in the form:

Xn =
∞∑

i=−∞

CiRn−i. (7.5)

The uncorrelated white noise process R can in general have nonzero mean:

< (Rn −R)(Rm −R) >= σ2δn,m, (7.6)

with constants Ci satisfying ∑
i

C2
i < ∞. (7.7)
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A process R is said to be white noise when it satisfies all three of these conditions:

1. < Rn > = 0 (zero mean value),

2. < R2
n > < ∞ (finite variance),

3. < RnRm > = 0 for m̸=n (uncorrelated).

Paper 2 [203] gives additional details about the statistical properties of the LSP

and covers some practical issues in its implementation. Mathematical appendices

show how: (1) the statistical behavior of the periodogram for uneven spacing is

essentially identical to that for the case of even spacing; (2) periodogram analysis

is exactly equivalent to least-squares fitting of sinusoids to the data; and (3) time-

translation invariance is retained. Practical problems when applying the LSP

include noise and spectral leakage. For a sinusoidal signal at a given frequency,

ω0, the power in the periodogram appears not only at ω0, but also leaks to other

frequencies. This problem is inherent to frequency analysis with a finite amount

of data, i.e., always. Leakage to nearby frequencies (sidelobes) is due to the finite

total interval over which the data is sampled. Leakage to distant frequencies is

due to the finite size of the interval between samples. Even when the data are

only slightly noisy, the periodogram P(ω) can be very noisy. This noise does not

diminish in amplitude with increasing sample size.

If X is a normally distributed noise process, the relative variance, σP/P̄ , is of

order unity, regardless of the number of data points. Adding more data increases

the number of available frequencies, in proportion, so the noise is not averaged

out. However, the periodogram works well in problems involving superposition of

a few simple periodic phenomena (common in astronomy), since as more data are

acquired, even though the size of the noise remains large, S/N increases. If the
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observed process is

X(ti) = X0 sin(ω0ti + ϕ) + R(ti), i = 1, 2, ..., N0, (7.8)

then the expected value of the power due to the signal, at the signal frequency, is

PX = N0

(
X0

2

)2

, (7.9)

and the expected value of the power due to the observational errors is

PR =<R2>= σ2
0. (7.10)

So the signal-to-noise ratio (S/N),

P =
PX

PR

= N0

(
X0

2σ0

)2

, (7.11)

increases proportionally to the number of samples, N0. The power per unit band-

width of a monochromatic signal, in the passband containing the signal frequency,

increases because the bandwidth is a decreasing function of N0, whereas the noise

power is constant per unit bandwidth. For signals with a continuous spectrum,

this same argument leads to a constant signal-to-noise ratio, as alluded to above.

Paper 3 [204] develops techniques to evaluate the discrete Fourier transform

(DFT), the autocorrelation function (ACF), and the cross-correlation function

(CCF) of time series which are not evenly sampled. Autocorrelation is a mea-

sure of the degree to which the behavior of the light curve at one point in time

influences the behavior at other times. The ACF expresses the amount of overlap
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between the signal and the same signal shifted in time by τ , as a function of the

time lead/lag τ . It is a global measure of the variability since it averages contri-

butions from localized variations over the full time span of the measurement, just

as with the power density spectrum.

The Discrete Correlation Function (DCF) method [51] is an established method

to look for cross correlations between X-ray light curves in different energy bands.

For unevenly-sampled light curves, the Interpolated Correlation Function (ICF)

method [255] represents an alternate means of analysis. The ICF uses linear in-

terpolation between data points and then re-samples the data to obtain evenly-

sampled light curves. While the ICF can yield misleading results if the interpola-

tion does not well represent the intrinsic red-noise behavior, it also has the advan-

tage of an associated program for estimating uncertainties in the ICF-estimated

lags due to flux errors and/or sampling effects [178]. A possible improvement on

these methods is the z-transformed Discrete Fourier Correlation Function (zDCF)

method [4]. The zDCF does not assume that the light curves are smooth and pro-

vides errors on its estimates. It corrects biases of the DCF method by using equal

population binning, and using a Fisher’s z-transform of the r-correlations into an

approximately normal distribution.

Paper 4 [205] develops techniques for analyzing data from chaotic processes.

The aim is to detect both chaos and randomness, distinguish them from each

other, and separate them if both are present. While chaos arises only in nonlinear

systems, standard linear time series models are useful in their analysis. These are

the basic properties of a chaotic process.

1. Disorder : while the process obeys deterministic dynamics and is seen as quite

ordered when viewed in its state space, it masquerades as disordered when
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viewed (filtered) via the time series.

2. Determinism means that if the initial conditions are precisely repeated, the

system evolution over time is identical.

3. Sensitivity to initial conditions means that as long as there is some differ-

ence between two initial values, no matter how small, eventually the two

corresponding solutions radically diverge from each other.

4. Random initial conditions ensure this divergence.

5. The correlation function vanishes as the lag goes to infinity, ensuring that the

solutions are truly disordered and diverge from each other never to return.

6. Aperiodicity is important because even for parameter values which place a

system in its chaotic regime, the dynamical equations have periodic solutions

for special initial values.

7. Stationarity means that the statistical properties are independent of time.

The fact that dynamical evolution leaves the probability distribution (invari-

ant measure) unchanged, plays an important role in chaos theory. Initial

conditions satisfy this same probability distribution. One cannot separate

disorder due to the random initial conditions from that due to the convo-

luted way in which the past determines the future—they are manifestations

of the same phenomenon, linked together by stationarity.

Paper 5 [206] covers Bayesian blocks. This method is most applicable to event

data, where every individual photon gets a time tag. Binning event data throws

away a considerable amount of information and introduces dependency of the re-

sults on the sizes and locations of the bins. Another issue is that many analysts

routinely average over the observation interval or sub-segments. Although good for

some problems, such global methods dilute short bursts or other local signals. An-
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other shortcoming can be incorrect error models. Observational errors, or counting

fluctuations, are neither additive nor normally distributed (χ2). Photon detection

has a nearly ideal Poisson nature, providing the rare advantage of knowing sta-

tistical properties of the noise with great confidence, completeness, and precision.

The major way that the data depart from ideal is through lack of independence.

In particular, detectors have a dead time - arrival of a photon momentarily in-

hibits detection of subsequent photons. This new method for pure event mode

data exploits the full time resolution of the data, makes explicit use of the correct

statistical distribution, avoids arbitrary binning, and operates in the time domain

- focusing on local structures. Raw photon counts are converted into the most

probable segmentation of the observation into piecewise constant blocks in which

the source exhibits no statistically significant variations. Assuming that overlap of

individual pulses can be neglected, this decomposition gives simple estimates of the

width, location, and amplitude of pulses, together with the background level. The

relative intensity between blocks then expresses the structure of the variations over

time, without the need to invoke parametric or other explicit pulse-shape models.

In paper 6 [208], Scargle presents an improved and generalized version of

Bayesian blocks. A nonparametric method is used to globally analyze timing fea-

tures that persist only over limited sub-segments. This can effectively automate

the task of studying many different time intervals, removing the need to make

many separate runs. A recent advance is a Python-based program to calculate a

Bayesian Generalized Lomb-Scargle (BGLS) periodogram of time-series [148]. The

usual LSP has a few drawbacks. It does not include weights for the data points,

but in real observational data, some points may be more precise than others due

to many possible causes. Also, the LSP doesn’t have a constant offset in the data,
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where the zero point of the data is typically not precisely known, which can be

very important in the case of irregularly sampled data. After generalizing the

LSP by including weights and an offset, an additional drawback remains. The

periodogram is still expressed in an arbitrary power, making it difficult to directly

compare two peaks. To better assess the relative probability between two peaks,

the use of Bayesian probability theory results in a periodogram with probability

values that are much more informative than the arbitrary power in the LSP.

In estimating the high-frequency behavior of the periodogram, it matters whether

the data values are individual points or the average amplitude over a finite inter-

val, i.e., binned. For AGN X-ray monitoring observations, data are often binned.

Binning of data is a nearly universal practice. For the analysis presented in this

dissertation, each monitoring observation stands alone, effectively as a bin, much

like in the case of ground-based visual photometry of an eclipsing binary or other

variable star. Each individual observations of ∼20-30 minutes spaced by ∼2-4 days

are considered as a single point. Since QPO detections of interest are in the range

of days to months, we argue that this is OK for the present case. We also use data

that is clearly averaged over the single observations. But again, we average flux

values obtained over a few minutes, and use that average value to represent the

source flux at that epoch. We are not averaging observations taken today together

with widely separated observations from a different epoch. Finally, dead time was

definitely an issue with RXTE , but only for very bright sources, on the order of

or greater than 1 Crab. Nearly all AGN have fluxes of 1 to a few mCrab, so dead

time is not expected to be an issue with the AGN data used in our research.
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7.2 Practical usage of the Lomb-Scargle Periodogram

Detecting QPOs in X-ray data requires the use of Fourier techniques. The X-

ray signals are at high frequencies (ν) with low fractional amplitudes (r) and at

limited count rates (I). So, the Poisson noise of the data exceeds the amplitude of

the oscillations: √
I

ν
>

rI

ν
. (7.12)

The Power Density Spectrum (PDS) of a light curve is a function of frequency

measuring the contributions of the various frequencies to the overall variability.

The PDS can be used to study broadband noise processes in the data, but we

focus on its use in the study of periodic (and quasi-periodic) signals, and their

presence or absence in the data. The PDS is the squared amplitude of the Fourier

transform in the ideal case of a continuous signal over an infinite time interval. The

signal in the time domain and the PDS in the frequency domain both represent

the information content of the data, but phase information disappears when squar-

ing the Fourier transform. In practice, neither a continuous, nor infinite signal is

possible. The observation interval must be finite, and measurements are generally

not continuous. The periodogram then represents the mathematical approxima-

tion of the PDS for any real set of measurements. The prevalence and suitability

of the LSP for astronomy is well covered in a recent review [246]. It is important

to keep in mind that the periodogram and the power spectrum are conceptually

different things. There may be a tendency in the astronomy community to use

the terms interchangeably, but to be precise, the periodogram — i.e., the statistic

we compute from our data — is an estimator of the power spectrum — i.e., the

underlying continuous function of interest. The classical periodogram and its ex-
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tensions (including the Lomb-Scargle) are not consistent estimators of the power

spectrum. The periodogram has unavoidable intrinsic variance, even in the limit

of an infinite number of observations.

Formally, we denote the power spectral density as: Pg ≡ | F (g) |2 and the

Fourier periodogram is

Ps(f) =
1

N

⏐⏐⏐⏐⏐
N∑

n=1

gne
−2πiftn

⏐⏐⏐⏐⏐
2

. (7.13)

The Lomb-Scargle periodogram is:

Ps(f) =
1

N

⎡⎣{∑
n

gncos(2πftn)

}2

+

{∑
n

gnsin(2πftn)

}2
⎤⎦ (7.14)

and with the Scargle generalization, it is:

P (f) =
A2

2

{∑
n

gncos(2πf [tn − τ ])

}2

+
B2

2

{∑
n

gnsin(2πf [tn − τ ])

}2

, (7.15)

where

A2 =
1∑

n gncos
2(2πf [tn − τ ])

, B2 =
1∑

n gnsin
2(2πf [tn − τ ])

, (7.16)

and τ is specified for each f to ensure time-shift invariance:

τ =
1

4πf
tan−1

(∑
n sin(4πftn)∑
n cos(4πftn)

)
. (7.17)

A remarkable feature of Scargle’s modified periodogram is that it is identical to

the result obtained by fitting a model consisting of a simple sinusoid to the data at
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each frequency f and constructing a “periodogram” from the χ2 goodness-of-fit at

each frequency. The τ shift serves to orthogonalize the normal equations used in

the least squares analysis [246]. With these values, the pattern of multiple peaks

revealed by the LSP:

1. reduces to the classical form in the case of equally-spaced observations,

2. has statistics that are analytically computable, and

3. is insensitive to global time-shifts in the data.

For detecting a signal in a power spectrum, we must have a good idea of the

contribution to the power spectrum from the noise. We can use this to calculate

the probability that a value in the power spectrum could be attained solely by

chance. If this probability turns out to be low, then the QPO detection is likely to

be real [75]. A useful way to formulate this quantity is the False Alarm Probability

(FAP), defined as

FAP (z) ≈ 1 −
[
1 − e−z

]Ni . (7.18)

The z values are the normalized maximum power values, normalized by their total

variance, i.e., the z-score of the maximum power value. The Ni values represent

the number of independent frequencies, which were related empirically to the total

number of frequencies (N0) by:

Ni = −6.362 + 1.193N0 + 0.00098N2
0 . (7.19)

The value for No is found by assuming that the periodogram of each data set was

evaluated for frequencies

2π

T
< ω <

πN0

T
, (7.20)

81



where T is the total time interval. If the mean separation between data points is

t, then No can be approximated in the Nyquist limit as

N0 ≈
T

2t
. (7.21)

This applies in the case of even spacing, but for uneven spacing, the corresponding

Nyquist-like limit for the LSP requires more thought.

So, what is the largest frequency, analogous to the Nyquist limit, for Lomb-

Scargle analysis? For evenly spaced data, the Nyquist frequency is the smallest

frequency we can hope to detect in a data set, and is equal to half the sampling

frequency. For instance, if we hope to detect a 1-Hz signal, we would need to

sample at ≥ 2 Hz. For unevenly-sampled data, the “Nyquist limit” may not even

exist, and even if it does, it will likely be far larger (and thus far less relevant) than

in the evenly-sampled case. Many Nyquist-like limits have been tried for irregular

sampling [246]:

1. the mean of the sampling intervals,

2. the harmonic mean of the sampling intervals,

3. the median of the sampling intervals, or

4. the minimum sample spacing.

Each of these “pseudo-Nyquist” limits can be tempting, since they are easy to

compute, and reduce to the classical Nyquist frequency for evenly spaced data;

yet, none is correct. Unevenly-sampled data can generally probe frequencies far

larger than any of these supposed limits. Let p be the largest value such that each

observation separation (ti) can be written:

ti = t0 + nip, (7.22)
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for integers ni. The Nyquist frequency is then:

fNy =
1

2p
. (7.23)

In other words, computing the Nyquist limit for unevenly-spaced data requires

finding the largest factor p, such that each spacing ti is exactly an integer multiple

of this factor. For large numbers of observations, the factor p could become nearly

infinitesimally small [246]. The practical limiting consideration then becomes the

S/N ratio, or having enough photons in each bin for statistical analysis. There

is also a frequency limit due to windowing, or the finite length of the individual

observations. (Many of the RXTE AGN observations used in the dissertation

analysis have windows of 1000-2000 seconds.)

While the Nyquist frequency of irregularly sampled time-series can, in theory,

be very high, a practical limiting formula for the Nyquist frequency can be ob-

tained. There is an upper limit of 0.5/∆, where ∆ is the limiting accuracy to

which time is recorded [98]. As above, where the data separation intervals can

be represented by ti = t0 + nip, for integers ni, the Nyquist limit is given by

fNy = 0.5/p. This limit will always apply in practice, since time is recorded to

some finite precision, ∆. For example, if MJD is recorded to five decimal places,

then fNy = 5 × 104 day−1 or 0.58 Hz. For our case, a more practical limit is ∆ =

1 ks, or a limiting frequency of 5 × 10−4 Hz. The value of p, as calculated above,

is not likely to be larger than this because our RXTE data are time-tagged to an

accuracy of six decimal places in MJD.

A relevant theorem to think about these considerations regarding the Nyquist

limit in unevenly-sampled data is: F̂obs = F̂true ∗ Ŵ , where F̂ is a Fourier transform,
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∗ is the convolution operator, and W is the window function. If we observe at times

ti, W(t) =
∑

i δ(t− ti). Working this out for even-sampling, we find that Ŵ has a

minimum at f = 1
2∆t

, the classic Nyquist frequency, and a spike at f = 1
∆t

, which

means that the highest frequency whose Fourier transform you can measure cleanly

is 1
2∆t

. However, for uneven-sampling, Ŵ is more complicated, and typically has

large amplitude out to frequencies ∼ 1
∆t

. This results in a lot of power-mixing,

making it hard to measure cleanly the Fourier amplitude at any frequency (Krolik,

private communication).

For unevenly spaced data, various avenues for assessing the statistical signifi-

cance of candidate periodicities found using the LSP have been considered. Im-

proved analytic estimations of the FAP, including an upper limit are obtained using

a ‘Rice method’, where we consider an integer random variable, and the number of

up-crossings of a given level, by a given random process, within a specified domain.

Numerical testing of various estimations has been performed to establish their re-

gions of practical applicability [13]. The region of validity is often large, with no

sharp boundaries. Even in cases with strong aliasing, errors in the FAP analytic

estimation do not favor false alarms, though slight decreases in the sensitivity to

low-amplitude signals have been observed.

Returning to practical matters, how should we choose the spacing of the fre-

quency grid for the periodogram? If observations span a length of time T, then

a signal with frequency 1/T completes exactly one oscillation cycle. So, this is a

suitable low frequency limit. In some cases, it may be more convenient to just set

the minimum frequency to zero, which neither adds any significant computational

burden, nor adds significant spurious peaks to the periodogram. For the high-

frequency limit, it is important to guard against missing relevant information. So,
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it is important to compute the periodogram up to some well-motivated limiting

frequency fmax. This could be a true Nyquist limit, a pseudo-Nyquist limit based

on careful scrutiny of the window function, a limiting frequency based on the inte-

gration time of individual observations, or even a limit based on prior knowledge

of the kinds of signals one expects to detect [246].

The choice of how finely to sample the frequencies between the limits turns out

to be quite important. Too fine a grid can lead to unnecessarily long computation

times that can add up quickly in large surveys. Too coarse a grid risks entirely

missing narrow peaks that fall between grid points. It is important to choose the

grid spacing to be smaller than the expected widths of the periodogram peaks.

Because of windowing, data observed through a rectangular window of length T

will have sinc-shaped peaks of width ∼1/T. To ensure that the grid sufficiently

samples each peak, it is prudent to over-sample by some factor — say no samples

per peak — and use a grid of size ∆f = 1/noT . The total number of periodogram

evaluations becomes Neval = noTfmax. So what is a good choice for no? Common

values in the literature range from no = 5 to no = 10 [246].

Although it is often easier to interpret and visualize periodograms as a function

of period rather than a function of frequency, keep in mind that the peak widths are

not constant in period. Setting up a regular grid in period, rather than frequency,

will tend to over-sample at large periods and under-sample at small periods. So, it

is highly preferable to set up a regular grid in frequency; though graphs can still be

labeled in period (or both), as long as the grid spacing is determined in frequency.

We often have the need to detect the presence and characteristics of an unknown

periodic signal in irregularly spaced data. In some cases, the signal we are looking

for in the data may not be sinusoidal [209]. If the observation consists of the
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sum of a signal and noise, although the signal and noise each individually satisfy

a χ2 distribution, they cannot be directly compared with an F test. Both need

to be normalized by the total variance of the observation. A more complicated

Analysis of Variance (ANOVA) approach has been used in these cases. A general

approach to detect periodicity is to compare measurements phased at each of a set

of trial frequencies to a model periodic phase function, and select the frequency

yielding the highest value for a quality function. Techniques vary in the form

and parameterization of the phase function, the evaluation of the quality of fit

between model and data, the set of frequencies searched, and the methods used

for computational efficiency [165]. One algorithm, called Fast χ2, finds a periodic

signal in data that may have irregular sampling and non-uniform errors. It is

also sensitive to power in the harmonics above the fundamental frequency, to any

arbitrary order. A recent review [14] covers advances the period search problem

using general statistical likelihood ratio tests and variants, including the LSP.

Special emphasis is on the techniques for estimating the statistical significance of

detected periodicities, including a method where the periodogram is regarded as a

random process.

The variability properties of AGN have been characterized as red noise [249],

meaning that it is the result of a stochastic, rather than deterministic, process.

Each individual light curve is merely one realization out of an ensemble of random

light curves that might be generated by the underlying stochastic process. Other

realizations will look different due to the statistical fluctuations inherent in any

stochastic process. Two light curves will have different characteristics (e.g., mean

and variance) even when they are realizations of the same process. However, data

from a deterministic process (e.g., the light curve of a strictly periodic source)
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should be repeatable within the limits set by the measurement errors. The au-

thors describe simulations to study properties of the variance of red noise data.

Random artificial light curves were generated from power-law (AGN-like) PSDs.

The algorithm [232] generates random time series with arbitrary broad-band PSD,

correctly accounting for the intrinsic scatter in the powers. The large scatter in

such periodograms is an intrinsic property of stochastic processes. It does not

depend on the number of data points, and is not related to the Poisson noise

in the data. A relatively simple procedure [247] is available to assess the signifi-

cance of peaks in a periodogram when the underlying continuum noise has a power

law spectrum. However, it is only applicable in the case of evenly spaced data.

Markov Chain Monte Carlo (MCMC) simulations have also been employed, but

these are only as good as the model they assume. Bayesian statistics are used to

approximate the posterior distribution of the model parameters, which constitutes

a complete summary of our inference about the parameters given the data x, model

H and any prior information [248]. The method is applied to the QPO detected in

XMM–Newton observation of RE J1034+396.

It is fair to ask what assumptions, if any, the LSP makes regarding the form

of the unknown signal. An important caveat is that statistical guarantees apply

only when the observations have uncorrelated white noise. Data with more com-

plicated noise characteristics need to be treated more carefully, and red noise is

nearly ubiquitous in AGN X-ray light curves. Failure modes of the LSP approach

result from aliasing or pseudo-aliasing effects rooted in the structure of the window

function. Due to the interaction of the signal, the convolution due to the survey

window, and noise in the data, it is quite common for the largest LSP peak to

correspond not to the true frequency, but some alias of that frequency.
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For an observed peak at fpeak from a survey whose window has strong power

at δf, a process such as the following is recommended [246].

1. Check for a peak at fpeak/m for at least m ∈ {2, 3}. If a significant peak is

found, then fpeak is probably an order-m harmonic of the true frequency.

2. Check for peaks at | fpeak ± n δf | for at least n ∈ {1, 2}. Here, δf is

determined from plotting the survey window power (generally 1 day−1 for

ground-based surveys). If these aliases exist, then it is possible that you

have found a peak on the sequence of expected aliases - though keep in mind

that there is no way to know from the periodogram alone whether or not this

is the “true” peak!

3. For each of the top few of these aliases, fit a more complicated model (such as

a multi-term Fourier series, template-based fit, etc.) to select among them.

For noisy observations, this procedure cannot generally guarantee that you have

found the correct peak, but it is far preferable to the simplistic approach of blindly

trusting the highest peak in the periodogram!

Now, how should we understand and report the uncertainty of the determined

frequency? For periods derived from the LSP, the uncertainties cannot meaning-

fully be expressed as an error bar. The concern for periodograms is more often a

disjointed inaccuracy associated with false peaks and aliases, rather than a more

smooth imprecision in location of a particular peak. In the Fourier view, the preci-

sion with which a peak’s frequency can be identified is directly related to the width

of this peak; often the half-width at half-maximum f1/2 ≈ 1/T . This is formalized

in the least squares interpretation of the LSP, where the inverse of the peak cur-

vature is identified with the uncertainty. In the Bayesian view, this amounts to

fitting a Gaussian curve to the peak. This introduces dependence on the number
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of samples (N) and their average signal-to-noise ratio (Σ2). The scaling is:

σf ≈ f1/2

√
2

NΣ2
. (7.24)

The Bayesian uncertainty is related to the width of the exponentiated periodogram,

which depends on Pmax, the height of the peak [246].

A more relevant quantity for expressing uncertainty of periodogram results is

the height of the peak, particularly in comparison to spurious background peaks

that arise in the periodogram. The typical approach to quantifying the significance

of a peak is the FAP, measuring the probability that a dataset with no signal would

— due to coincidental alignment among the random errors — lead to a peak of a

similar magnitude. Scargle showed that for data consisting of pure Gaussian noise,

the values of the unnormalized periodogram follow a χ2 distribution with 2 degrees

of freedom. At any given frequency f0, if Z = P(f0) is the periodogram value, then

Psingle(Z) = 1 - exp(-Z) is the cumulative probability of observing a periodogram

value less than Z, in data consisting only of Gaussian noise. A common approach

to estimating the distribution of P(Z) has been to assume it can be modeled on

some “effective number” of independent frequencies Neff , so that the FAP can be

estimated as:

FAP (z) ≈ 1 – [Psingle(z)]Neff . (7.25)

In summary, VanderPlas offers several recommendations [246].

1. Choose an appropriate frequency grid (as discussed above).

2. Compute the LSP using gn = 1 uniformly for all tn. Examine the window

function for dominant features, such as daily or annual aliases or Nyquist-like

limits.
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3. Compute the periodogram using the floating-mean model, as it is more robust

and has few if any disadvantages. Avoid multi-term Fourier extensions when

the signal is unknown, because the main effect will be to increase periodogram

noise.

4. Plot the periodogram, and identify any patterns that may be caused by

features you observed in the window function power. Plot reference lines

showing some FAP levels to understand whether periodogram peaks are sig-

nificant enough to be labeled detections. Keep in mind exactly what the

FAP measures, and don’t be tempted to misinterpret it.

5. If the window function shows strong aliasing, locate the expected multiple

maxima and plot the phased light curve at each. If there is indication that

the sinusoidal model under-fits the data, then consider re-fitting with a multi-

term Fourier model.

6. If you have prior knowledge of the shape of light curves you are trying to

detect, consider using more complex models to choose between multiple peaks

in the periodogram. This type of refinement can be quite useful in building

automated pipelines for period fitting, especially in cases where the window

aliasing is strong.

7. If you are building an automated pipeline based on Lomb-Scargle for use

in a survey, consider injecting known signals into the pipeline to measure

your detection efficiency as a function of object type, brightness, and other

relevant characteristics.
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7.3 Our analysis method and procedures

We adopted the following standard procedure for analysis of RXTE AGN data

selected from the UCSD database. For each selected AGN, the light curve files

were copied from the UCSD site to a mirror site at Florida Tech. Each of the 2-10

keV light curves was passed through a program to calculate the LSP, and display

it together with the light curve. Power spectrum analysis of archival RXTE AGN

light curves was performed with a Python program, readily available in the Astropy

module. The input data are loaded into three arrays:

1. x (the MJD midpoint of observation),

2. y (the flux from 2-10 keV),

3. and dy (the uncertainty in the flux).

Light curves are plotted as crosses with error bars. Visual inspection of the light

curve determines whether the observations are well distributed throughout its cov-

erage. Where there are noticeable gaps, decisions are made to skip data from the

beginning, end, or both, to obtain a light curve that is well sampled. Also, in some

cases, there are periods of data with much denser sampling, and these intervals

are studied independently. For each AGN, at least one, and often several, intervals

are chosen for further analysis. Once the individual intervals are established in

this manner, each power spectrum is analyzed. When there are noticeable peaks

in the LSP, then that case is considered to be an object of interest. Even when no

QPO was apparent, it was also good to note intervals with substantial variation,

as these could be useful for lead/lag analysis (reverberation mapping).

In many cases, there are some smoothly-varying broad peaks at the very low-

frequency end of the periodogram. Sometimes, these reflect the entire window

of the selected interval or harmonics thereof, and can be ignored, but some low-
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frequency QPOs look significant in the preliminary results. Often, there is a linear

trend to the envelope of the power spectrum. The frequency axis uses a logarithmic

scale, so this represents a power-law dependence of power on frequency in the LSP.

Many of the cases show breaks in the power law (“knees” or “elbows”). This aspect

of the data has been previously investigated, and much has already been published

about break frequencies detected in RXTE AGN light curves [126, 125]. Another

area for further study is to investigate candidate QPOs behavior in the three

spectrally resolved sub-bands (2-4 keV, 4-7 keV and 7-10 keV). We have explored

this possibility in cases where the 2-10 keV light curve showed QPOs for an object

with reasonable certainty.

Several qualitative techniques were used to follow up cases exhibiting possible

QPOs. Two of these techniques were recommended to us, early on, by Dr. Dave

Thomas, and turn out to be identical to recommendations 2 and 7 from VanderPlas,

listed above. First, replace the flux values in the light curve with a constant number

(in our case, 1) while keeping the time axis of the light curve at the same times

represented in the actual observations. In this run, we see that the light curve is

a straight line, but there can still be features in the LSP. These can’t be due to

variation in the flux, since there isn’t any, and means that some of the structure

in the original periodogram results solely from the uneven time spacing of the

actual observations! The second recommendation was to replace the data with a

sinusoidal variation of arbitrary period, again retaining the time tags of the actual

observations. Then, see if your LSP detects that period.

On a first run, when peaks are evident in the LSP, we could make a crude

estimate of the QPO frequency directly from the LSP graph, using a straight edge.

More accurate QPO frequency estimates are found by dumping the LSP file, and
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locating the peak near the frequency value obtained in the first estimate. To further

refine the QPO frequency estimate, we could interpolate or ideally, fit a Gaussian

profile to the peak, which has the added benefit of supplying both the frequency at

mid-peak, plus a measured uncertainty. Peak profiles determined in this way are

symmetrical in terms of frequency, but when inverted to express as a period, the

error region is larger on the plus side than on the minus side. Later, our software

was expanded to directly find the peak power and its associated frequency, and

works well in cases where the detected QPO is the highest LSP peak in the survey

frequency interval. In these cases, the FAP is also calculated by the program.

However, the finite frequency grid spacing near the QPO results in an imprecision

in the determined QPO frequency. The bin-to-bin difference in the QPO period

is often measured in days. Using frequency and power values out to the first local

minimum on each side of the QPO peak, a Gaussian fit was used to more accurately

estimate the frequency at mid-peak and its uncertainty.

Another valuable technique for following up cases with possible QPOs is folding

the light curve on the frequency of the QPO that we want to verify. There are

some promising results in the folded light curves, while they can also point out

problems with the QPO interpretation. In early runs, the zero phases were just

assigned arbitrarily to the first data point, but an offset was later added so the

user can obtain a standard sine or cosine curve. Another good check on the folded

light curves is to make a histogram of how many of the data points fall in each

tenth of the phase in the folded light curve. In one case, most of the data were

located in only 2 of the 10 tenths of the phase coverage, and these were the phases

where the flux was higher. Essentially, the sampling frequency was detected as

a false QPO, something that we must use care to avoid. However, in most cases
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where folded light curves show a pattern, the data are spread evenly across all 10

tenths, so the phase coverage was uniform.

As light curve folding is used in several different applications, we want to further

clarify our uses. For instance, popular applications have been for exoplanet transit

finding [91], and eclipsing binary research [88]. In the TESS era, more and more

exoplanet transit searches are using machine learning or neural networks [184].

Eclipsing binary research often uses the Wilson-Devinney program [257] to find

physical elements of the system from observations. RXTE had a pulsar fold mode

for data analysis that was often used with observations of the Crab pulsar. Data

could be binned by phase and then downlinked much more economically. There

was a different Doppler shift at different times of the year due to Earth’s motion

around the Sun, so pulsar fold modes designed around slightly different frequencies

were needed to maintain coherence [199]. For this analysis, we considered a scheme

where the folded light curves would be generated for a family of values near the

centroid QPO frequency. However, it was difficult to come up with a quantitative

goodness-of-fit criterion.

We found that most of the benefit of the folded light curve was qualitative. In

addition to weeding out aliases of the sampling interval, these plots also helped

assess the stationarity and repeatability of candidate QPOs. As these are quasi-

periodic, we did not see the types of sharp, crisp edges that can come up in

some other applications, but seeing a smooth variation was a positive indicator.

Horizontal spreading of the waveform indicates a lack of stationarity, or the very

nature of the pseudo-period which is not truly constant. Vertical spreading of

the waveform indicates a lack of repeatability, or secular rises and/or falls in the

overall count rate over the several cycles used in the fit. Whatever is left over, the

94



morphology of the common variation, is where we hope to achieve the promise of

more photons per cycle, revealing detail about the AGN wave forms.

In chapter 10, we categorize these folded light curves. A few appear quite

random, as would be expected for an incorrect period (though these are in a

few special cases). Many appear rather inconclusive, while others show a strong

indiaction of a cyclic behavior. It is these that we believe are worth further study as

possible AGN wave forms. Animations based on Lense-Thirring precession models

[122] show cyclical variations in the line-of-site projected cross sectional area that

could be a mechanism to explain such variations.

For a few AGN, we have attempted to use these same analysis techniques for

other sources of data, such as RXTE ASM data and Swift BAT data. Most AGN

are expected to be too weak to be detected by the ASM. By far the highest flux

was detected for Mrk 421, and we looked at both daily averages and dwell-by-

dwell ASM data. When we initially looked for HFQPOs, there were no clear

detections of oscillations in either the ASM or PCA light curves of Mrk 421. The

PCA monitoring observations were often TOOs triggered by the detection of flaring

activity in the source, so the data distribution is extremely non-uniform and biased

to times of greater flux. However, see also the detailed results for Mrk 421 in section

8.1.2. Matching LFQPOs are found in the ASM and PCA light curves of Mrk 421,

and are under further analysis. We have also obtained the MAXI 2-20 keV light

curve for Mrk 421.

Correlation analysis between spectral channels was attempted in a few select

cases, since the UCSD RXTE AGN database contains 3-color data. For a few

RXTE AGN light curves, we attempted lead/lag analysis (reverberation mapping)

to compare and contrast the methods (DCF, ICF, zDCF). We thank Dr. Alex
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Markowitz for sharing some of his code. NGC 3783 is one of the sources in our

survey, and investigation of its coherence and phase lag/lead has previosly been

performed [123]. XMM -Newton data, rather than the archival RXTE PCA data,

were used for that cross-correlation analysis, as the possible lag detections tended

to be far shorter than the RXTE monitoring interval. RXTE observations of

PKS1510-089 [130] were used to check for leads or lags in a study we presented

as a poster at the 2016 AAS HEAD meeting [216]. In a few select intervals for

some sources, the RXTE monitoring frequency was 4 per day, or more. We flag

these intervals for further work; however, even with denser sampling, we expect

that the sought leads or lags are likely to be outside of the timescales that could

be measured with this data. A further issue is that the sub-bands are quite close

together in energy.
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Chapter 8

Timing Analysis of Blazars

8.1 BL Lacertae Objects

8.1.1 BL Lac

There are 1384 RXTE observations of BL Lac, spanning nearly the entire mission,

1997 to 2011 (Figure 8.1). For this data span of 5281 days, the mean observation

spacing is 3.8 days. Between MJD 50645-55926, the Lomb-Scargle periodogram

shows a broad peak at 4.164 nHz or a period of 2800 days (Figure 8.2). The LSP

of the window function is included in red. The average percent error for these

observations was ∼5%. The frequency grid contains 6921 points. While this is a

28-σ detection, with FAP ≈ 10−8, it also equals about half of the data span, so we

do not consider this a strong QPO candidate.

As the coverage is very sparse until 2005, we made another run using only the

1140 BL Lac observations spanning from 2005 to 2012 (RXTE proposals 91127,

92103, 93135, 94135, 95135 & 96135, PI - A. Marscher). For this span of 2493 days,
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Figure 8.1: (left) The 2-10 keV BL Lac light curve of all RXTE observations

Figure 8.2: (right) The RXTE Power Spectrum for BL Lac, MJD 50645-55926

the mean observation spacing was 2.2 days (Figure 8.3). Between MJD 53433-

55926, the Lomb-Scargle periodogram shows a peak at 14.95 nHz or a period of

774 days (Figure 8.4). This timing feature is detected at significance 15-σ and

with FAP of 0.7%. A quadratic fit to the LSP around the QPO peak (to the

first local minimum on both sides of the peak) gives an uncertainty in the QPO

frequency of 1.366 nHz, or a QPO frequency in the range of 709 to 852 days. A

folded light curve for BL Lac on the period of 774 days showed that the data are

well distributed across all phase bins.

Figure 8.3: (left) The RXTE 2-10 keV BL Lac light curve (2005-2011)

Figure 8.4: (right) The RXTE Power Spectrum for BL Lac, MJD 53433-55926
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Using the earlier RXTE data (1997-2001), analysis of the X-ray spectral prop-

erties [235] provided strong observational evidence that BL Lacertae undergoes

X-ray spectral transitions from the low hard state (LHS) through the intermediate

state (IS) to the high soft state (HSS). During this interval, it was estimated that

the source spent approximately 75% of the time in the IS, 20% in the LHS and

only 5% in the HSS. They also found values of MSMBH ≥ 3 ×107M⊙, in agreement

with previous BL Lac mass estimates of 0.3 ≤ M7 ≤ 17. Most BL Lac objects are

believed to be more massive by at least an order of magnitude, and we decided

to use an older value for the BL Lac SMBH mass based on fundamental plane

assumptions [259].

The most common models to explain QPOs are Keplerian orbital freqency

and Lense-Thirring precession. For the Keplerian case, the distance from the BH

system barycenter (R) in units of RS is given by equation 3.1. In the case of Lense-

Thirring precession, the radial distance from the BH system barycenter in units of

RS is given equation 2.7. P(d) is the period of the QPO in days and M7 is the BH

mass in units of 107 M⊙. Lense-Thirring precession depends on the dimensionless

spin parameter (a) of the AGN. It is rare to find spin determinations for AGN, so

we often calculate R for two limiting cases, a=1 and a=0.1. Technically, a=1 is

impossible, but it is a limiting value, and spin has been measured for some galactic

BHC at values close to 1. Since the cube root of 0.1 is almost a half (0.464) this

lower value of R for slow spin is roughly half of the limiting case. Note that while

it is also possible to have negative spin, which would yield negative radius, it is

the absolute value of the radius that would be important.

Using M7 = 17 for the mass of the SMBH in BL Lac, a QPO period of 774 days

gives a radial distance from the BH system barycenter of 268 RS if we interpret
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the QPO as a Keplerian orbital freqency. On the other hand, interpreting the

QPO as a Lense-Thirring precession frequency, gives a radial distance from the

BH system barycenter of 14.7 RS for a value of the dimensionless spin parameter

(a) near 1. For a=0.1, the radial distance is roughly half this value. For most

low-frequency QPOs, the keplerian orbital frequency is not an attractive model

because the R value is too far from the SMBH for significant heating to occur.

Lense-Thirring precession represents a more probable cause for the detected QPOs

in these cases.

8.1.2 Mkn 421

There were 1182 RXTE observations of Mkn 421 spread across the entireRXTE

mission, 1996 to 2011 (Figure 8.5). The distribution is not uniform, with lots of

gaps, primarily because many of the proposals were Target-of-Opportunity (TOO)

campaigns, triggered by Mkn 421 going into a flaring state. This also imposes

a systematic bias in the data, since they are not randomly sampled. Let us give

thanks to the large number of Principal Investigators (PIs) who were awarded time

on this source (Akerlof, Von Montigny, Madejski, Remillard, Sambruna, Fossati,

Krawczynski, Edelson, Cui, Paneque and Benbow), plus some additional Public

TOO time triggered by a Request for Observation (RFO). The data cover a span of

5783 days, MJD 50143-55926 (1996 March 1 - 2011 December 31), with an overall

mean spacing of 4.9 days. The mean percent error of all of the observations was

0.6%. The LSP for this interval (Figure 8.6), shown together with the window

LSP in red, has a series of low-frequency peaks: 0.0044 µHz (period = 2630 days),

0.0066 µHz (period = 1750 days), 0.012 µHz (period = 960 days), 0.018 µHz

(period = 640 days). These peaks all have favorable FAP, but that can sometimes
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be artificially low. Because we are disproportionately including data when Mkn

421 is flaring, we proceed with caution.

Figure 8.5: (left) The 2-10 keV Mkn 421 light curve of all RXTE PCA observations

Figure 8.6: (right) Power Spectrum for Mkn 421, MJD 50143-55926

Data from the last couple of years have nearly contiguous coverage. These 379

observations cover a span of 777 days, MJD 55149-55926 (2009 November 14 - 2011

December 31), with an overall mean spacing of 2.05 days (Figure 8.7). The LSP for

this interval (together with the window LSP in red) shows a peak at 0.0417 µHz

(period = 277 days). While this is a 17-σ detection, with FAP of 0.03%, this

period does not look stable in the light curve. The two short flares are separated

by about 320 days, a period not obviously consistent with the spacing of the longer

flare (Figure 8.8). A 320-day period is however half that of the 640-day peak noted

above, and there is another peak in that PDS at 0.036 µHz. This behavior with

one or more short outbursts sandwiched between two long outbursts is suggestive

of the accretion disk limit cycle model [30, 31] where the relative frequency of

long versus short outbursts, both recurrence times and durations, are influenced

by changes in the accretion disk viscosity and mass transfer rate.

Mrk 421 is one of the few sources where data from the RXTE All-Sky Monitor
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Figure 8.7: (left) The 2-10 keV Mkn 421 light curve for 2009-2011

Figure 8.8: (right) Power Spectrum for Mkn 421, MJD 55149-55926

(ASM) might be expected to give useful results. Most AGN are very weak sources

viewed by the ASM, but Mrk 421 is nearly an order of magnitude brighter than

any other AGN in the 2-10 keV bandpass shared by the PCA and ASM. The

ASM scans 80% of the sky every RXTE orbit, and has a collecting area of 90

cm2 (compared to 1300 cm2 for a single PCU; most AGN monitoring observations

were performed with a single PCU) and a sensitivity of 20 mCrab. A Crab is

the flux of the Crab Pulsar/Nebula and about 2000 counts/s/PCU observed with

the RXTE PCA. Taking into account the ratio of areas, the sensitivity of the

ASM is about 2.8 counts/s. ASM light curves can be obtained from the website,

http://xte.mit.edu/asmlc/ASM.html, in two formats. The Dwell-by-Dwell format

includes every ASM dwell for the given object. The 1-Day Average format gives

the average of all dwells on the given MJD, usually 15 [110].

Using ASM 1-Day Averages, we obtained a light curve for Mrk 421 spanning

5837 days, MJD 50091-55928 (1996 January 9 - 2011 December 29). There were

4861 data points and the mean spacing was 1.2 days (Figure 8.9). The mean

percent error for these daily averages was 43%. The LSP for this interval (Figure
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8.10), with the window LSP in red, shows a very strong peak at 0.001804 µHz

(period = 641.5 days). This is a 37-σ detection, with FAP ≈ 0%. A peak just to

the left is nearly as high and is at the 3:2 resonance. It has frequency 0.00121 µHz

(period = 957 days). Note that these values are in good agreement with 2 peaks

observed using the PCA data. The PCA data have a very low uncertainty (high

S/N) but with sparse coverage and a selection bias. The ASM data have much

higher uncertainty (lower S/N) but with very uniform coverage and no selection

bias. However, both are giving similar results.

Figure 8.9: (left) The RXTE ASM light curve for Mkn 421, 1-day averages

Figure 8.10: (right) Mkn 421 Power Spectrum, MJD 50948-50962, ASM averaged

Using the ASM Dwell-by-Dwell data, The Mrk 421 light curve spans the same

5837 days, but now there are 86935 data points and the mean spacing was 0.067

days or about 15 points a day (Figure 8.11). The mean percent error using the

individual dwells is 167%. The LSP for this interval (Figure 8.12), with the window

LSP in red, shows the same identical strong peak at 0.001804 µHz (period = 641.5

days). This is a 153-σ detection, with FAP ≈ 0%. The same peak is noted at the

3:2 resonance, with frequency 0.00121 µHz (period = 957 days).

A detailed study of ASM data available up until that time [39] discusses
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Figure 8.11: (left) Mkn 421 RXTE ASM light curve, dwell by dwell

Figure 8.12: (right) Mkn 421 Power Spectrum, MJD 50948-50962, ASM all dwells

methodologies for dealing with the weak flux of most AGN, using careful binning

to light curves averaged on over more than 1 day (10, 20 or 40 days for selected

AGN). They use M7 = 19.5 [254] for the mass of the SMBH in Mrk 421. Using a

period of 641.5 days, interpreting the QPO as a Keplerian orbital freqency gives

a radial distance from the BH system barycenter of 216 RS. On the other hand,

interpreting the QPO as a Lense-Thirring precession frequency, gives a radial dis-

tance from the BH system barycenter of 13.2 RS for a value of the dimensionless

spin parameter (a) near 1. For a=0.1, the radial distance is roughly half this

value. Using a period of 957 days, interpreting the QPO as a Keplerian orbital

freqency gives a radial distance from the BH system barycenter of 281 RS. On

the other hand, interpreting the QPO as a Lense-Thirring precession frequency,

gives a radial distance from the BH system barycenter of 15.1 RS for a value of the

dimensionless spin parameter (a) near 1. For a=0.1, the radial distance is roughly

half this value.
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8.1.3 Mkn 501

There were 496 RXTE observations of Mkn 501 widely spread across the RXTE

mission, 1996 to 2011 (Figure 8.13). We looked at the LSP across this entire

interval, but it was not particularly useful. While the source flux was quite variable

in most subsets of the data, there were no clear periodicities noticed in the light

curves and no meaningful peaks in the power spectrum. To give a feel for the

types of flux variations, we show several expanded scale light curves of Mkn 501,

concentrating on the behavior over 1 or 2 years. The mean percent error of all of

the observations was 0.7%.

Figure 8.13: (left) The 2-10 keV Mkn 501 light curve of all RXTE observations

Figure 8.14: (right) The 2-10 keV Mkn 501 light curve for 1997

Data from 1997 (RXTE proposal 20340, PI - M. Catanese) cover MJD 51305-

51364 (1997 April 3 - May 15) and were coordinated with optical and TeV (Whip-

ple) observations. There were 55 observations, with a mean spacing of 0.78 days

(Figure 8.14). In 1998, several proposals combined to provide the best RXTE cov-

erage seen for Mkn 501 (proposals 30249, 30250, 30259 & 30260, PIs - J. Kataoka,

S. Wagner, R. Sambruna & M. Catanese). There were 108 observations, cover-

ing 50869-51086 (1998 February 25 - September 30), with a mean spacing of 1.1
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days (Figure 8.15). A high-density segment for the Catanese proposal is analyzed

separately below.

Figure 8.15: (left) The 2-10 keV Mkn 501 light curve for 1998

Figure 8.16: (right) The RXTE light curve for Mkn 501 (1999-2000)

Figure 8.17: (left) The RXTE light curve for Mkn 501 (2008-2009)

Figure 8.18: (right) The RXTE light curve for Mkn 501 (2011)

Data from 1999 and 2000 (RXTE proposal 40182, PI - R. Sambruna) cover

MJD 50541-50583 (1999 May 7 - June 18) and MJD 51745-51811 (2000 July 20 -

September 24). There were 108 total observations, 54 in each year (Figure 8.16).

Data from 2008 and 2009 (RXTE proposals 93130 & 94345, PI - D. Paneque) cover

MJD 54554-54601 (2008 March 29 - May 15) and MJD 54907-55041 (2009 March

17 - July 29). There were 59 total observations, 30 in 2008 and 29 in 2009 (Figure
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8.17). The data from 2011 (RXTE proposals 95380 & 96387, PIs - D. Paneque

and W. Benbow) cover MJD 55628-55922 (2011 March 8 - December 27). There

were 54 observations, with a mean spacing of 5.5 days (Figure 8.18). There is a

hint of a period that would be more than half of the 294-day data interval, but

just not enough contiguous data for a more definitive assessment.

Figure 8.19: (left) Mkn 501 2-10 keV light curve from RXTE high density data

Figure 8.20: (right) Power Spectrum for Mkn 501, MJD 50948-50962, 2-10 keV

We see substantial variation in each of the major subsets of the RXTE light

curves for Mkn 501, but very little evidence for periodic variation. During the

one high-density period, MJD 50948-50962 (1998 May 15 - 29), there were 88

observations over 14 days, with a mean spacing of 0.16 days (Figure 8.19). The

mean percent error for this interval was only 0.6%. The Lomb-Scargle periodogram

for this interval (Figure 8.20) shows a peak at 1.99 µHz or a period of 5.81 days.

This is a 5.6-σ detection, with FAP of 67%. The LSP of the window function is

included in red.
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8.1.4 H1426+428

RXTE conducted 169 observations of H1426+428 between 2000 and 2004. The

2-10 keV light curve for H1426+428 over MJD 51665-53223 (Figure 8.21) has very

erratic spacing and we found no useful results in the LSP. Between 2002 March 7

and 2002 June 15 (MJD 52340-52440), intensive RXTE observations of H1426+428

were carried out (RXTE proposal 70154, A. Falcone), all simultaneous with TeV

observations at either Whipple (Arizona) or HEGRA (La Palma, Canary Islands).

The difference in longitude meant that observations could take place at separate

windows during the day. The TeV observing constraints (no Sun or Moon in the

sky) meant that no TeV observations could be conducted within a few days of Full

Moon, and that nightly observing windows were longest near New Moon, and also

best in the months when the source was near opposition. Coordinated multiwave-

length campaigns were a priority for RXTE and coordination with Cherenkov

telescopes (TeV) provided a promising technique for studying acceleration pro-

cesses in blazars [56]. H1426+428 (also known as 1ES 1426+42.8) was the most

distant known TeV emitter (z=0.129).

Figure 8.21: (left) The 2-10 keV RXTE H1426+428 light curve (2000-2004)

Figure 8.22: (right) The 2-10 keV RXTE H1426+428 light curve (2002)
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Figure 8.23: (left) The RXTE Power Spectrum for H1426+42, MJD 52340-52440

Figure 8.24: (right) The RXTE Folded Light Curve for H1426+428

As the coverage was much denser in Spring 2002 for this coordinated TeV

campaign, we looked for timing features in that 100-day interval (Figure 8.22), 133

observations with a mean observation spacing of 0.76 days. The detailed spacing

was very uneven, with a minimum of 1.5 hours (1 RXTE orbit) and a maximum of

∼10 days. The average percent error for these observations was ∼3%. The Lomb-

Scargle periodogram shows a peak for this interval (MJD 52340-52440) at 11.6 ±

0.341 µHz or a period of 0.99 ± 0.09 days (Figure 8.23). This is a 5.7-σ detection,

with FAP ≈ 98.5%. This was one of the first candidate QPOs uncovered in this

entire project, a HFQPO no less, and visually impressive in the power spectrum.

However, the LSP of the window function (in red) shows a maximum around this

same value, and the high FAP meant this was not really a strong QPO candidate.

For the peak analyzed in the power spectrum, there arose several questions
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about the validity of the peak with respect to possible variability, but no instru-

mental or environment explanation could explain it. The FAP value created more

of an argument that the signal found wasn’t a real one. Further analysis was done

on the data via epoch-folding, shown in Figure 8.24. The red-to-purple-to-blue

points are the 100 day intensive monitoring campaign, which dominates the sig-

nal. The points near the beginning (end) of the intensive monitoring are clustered

around a low (high) flux value, and the way the points were observed in time cre-

ates a slow secular drift in folded flux with respect to the 0.99 period for one cycle.

From this, we determined that the ”waveform” does not exist continuously for 100

cycles, meaning that the signal is not a real QPO [196]. We thank Alex Markowitz

for this figure.

8.1.5 1ES 0229+200

There are 205 RXTE observations of 1ES 0229+200, all in 2010 and 2011 (RXTE

proposals 95387 & 96389, PI - L. Costamante, and proposal 96387, PI - W. Ben-

bow). The combined data span 728 days, with two gaps of about 2 months due to

Sun angle constraints, for a mean spacing of 3.6 days (Figure 8.25). The average

percent error for these observations was 5%. For this interval, MJD 55197-55926

(2010 January 1 - 2011 December 31), we obtained the LSP plotted together with

the window LSP in red (Figure 8.26). The maximum power is located at 0.0699 µHz

or a period of 166 days. The significance of 12-σ and FAP of about 1% are favor-

able. The flaring in the 2011 data and the partial correspondence of the data and

window LSPs cast some doubt. A folding of the light curve on this period is also

unimpressive.

We did another run excluding the third (flaring) interval. This interval includes
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Figure 8.25: (left) The RXTE light curve for 1ES 0229+200 (2010-2011)

Figure 8.26: (right) Power Spectrum for 1ES 0229+200, MJD 55197-55926

142 observations over 728 days, MJD 55197-55653 (2010 January 1 - 2011 April 2),

with a mean spacing of 3.2 days (Figure 8.27). The LSP together with the window

LSP (in red) has maximum power at 0.163 µHz or a period of 71 days (Figure 8.28).

The significance of 8.2-σ gives a FAP of about 30%. The ∼70-day candidate QPO

is also visible in the previous light curve, at lower significance. In both runs, the

data and window LSPs are very similar for this feature, meaning that it is probably

an artifact of the data distribution. Multi-wavelength observations, including x-

ray data from XMM -Newton, Swift , and RXTE [94] show variations in the 2–10

keV x-ray flux by a factor of ∼2 within timescales of ∼20 days.

8.1.6 S5 0716+714

Although there were 231 total RXTE observations of S5 0716+714, two small

groupings in 1996 and 2004 were too disjoint to analyze, so we concentrate on

the large campaign of 203 observations in 2009 and 2010 (RXTE proposals 94339

and 95377, A. Marscher). This data interval spans 689 days (MJD 54869 - 55558;

2009 February 7 - 2010 December 28). The 2-10 keV S5 0716+714 light curve
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Figure 8.27: (left) The light curve for 1ES 0229+200, shorter interval

Figure 8.28: (right) Power Spectrum for 1ES 0229+200, MJD 52811-52812

(Figure 8.29) has an average spacing of 3.4 days. The average percent error for

these observations was ∼9%.

For this interval, the Lomb-Scargle periodogram (Figure 8.30) is displayed to-

gether with the LSP of the window function. There appears to be break frequency

at ∼0.7 µHz or a period of ∼16 days. Other possible excesses at 55 nHz (period =

210 days) and 75 nHz (period = 154 days) appear at significance of approximately

5-σ, but with FAP greater than 99.9999%.

Figure 8.29: (left) The RXTE 2-10 keV S5 0716+714 light curve (2009-2010)

Figure 8.30: (right) Power Spectrum for S5 0716+714, MJD 54869-52771
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8.1.7 1ES 1959+650

There are 147 RXTE observations of 1ES 1959+650, spread widely into a few

groups (Figure 8.31). This type of data distribution has not generally given useful

results, but we did attempt a fit to the entire data span. Data from 2000 (RXTE

proposal 50190 & 50200, PIs - R. Remillard & M. Urry), 2002 & 2003 (RXTE

proposals 70161 & 80174, PI - H. Krawczynski), 2008 (RXTE proposals 93130, PI

- D. Paneque) and 2011 (RXTE proposals 96387, PI - W. Benbow) combine to

span 4108 days with a mean spacing of 28 days, but of course, very non-uniform.

The LSP for this interval is plotted together with the window LSP in red (Figure

8.32). The maximum power is located at 0.137 µHz or a period of 84.5 days,

though the significance of 2.8-σ leads to a FAP of essentially 100%.

Figure 8.31: (left) The RXTE light curve for 1ES 1959+650 (2003)

Figure 8.32: (right) Power Spectrum for 1ES 1959+650, MJD 52811-52812

The 2008 (8 pointings) & 2011 (14 pointings) campaigns were coordinated

with groundbased TeV observations at MAGIC and VERITAS, respectively. The

2003 data consist of clusters of 15 & 6 pointings, both covering about 5 days and

separated by 30 days. None of these subsets showed any promising results. Both

the 2002 and 2003 datasets resulted from TOO triggers on increased source activity
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and were coordinated with TeV observations at Whipple and HEGRA [101]. Using

both the 2002 and 2003 data together gives results similar to those in the previous

paragraph.

The 2002 data alone includes 83 of the 147 total observations. Covering MJD

52412-52498 (2002 May 18 - August 12) is an organized monitoring campaign with

daily and twice daily segments. The mean spacing over the 86 days is 1.06 days, but

substantially non-uniform (Figure 8.33). The LSP for this interval (Figure 8.34)

plotted together with the window LSP (red) has maximum power at 0.293 µHz or

a period of 39.5 days. Its significance is σ=8.7 and the FAP was a modest 10%.

The feature is not mimicked by the window LSP, but at about 1/2 of the data

interval, is not very robust.

Figure 8.33: (left) The RXTE light curve for 1ES 1959+650 (2003)

Figure 8.34: (right) Power Spectrum for 1ES 1959+650, MJD 52811-52812

With some gaps included in the previous interval, we also analyzed the segment

consisting of only the twice daily observations. For the 63 observations covering

MJD 52412-52445 (2002 May 18 - June 24), the mean spacing was 0.54 days

(Figure 8.35). The LSP for this period (Figure 8.36) shows a peak at 11.4 µHz

(period = 1.01 days) appearing to match a feature in the window LSP (red). With
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significance 6.1-σ and FAP of 64%, this is not a prominent feature. Also, as was

evident in the analysis of H1426+428, care must be taken when there is a secular

trend in the light curve, like in this case with 1ES 1959+650 declining from a flare.

Figure 8.35: (left) The RXTE light curve for 1ES 1959+650 (2001)

Figure 8.36: (right) Power Spectrum for 1ES 1959+650, MJD 52059-52065

8.1.8 PKS 2005-489

There were 158 RXTE observations of PKS 2005-489 widely spread between 1997

and 2009 (Figure 8.37). There were short concentrations in those years and 2005,

but the bulk of the observations took place in 1998 and 2000. The overall average

percent error of these observations was ∼2.5%, but there was variation due to both

observation length and source flux.

The 1998 data (RXTE proposals 30257 & 30258, PIs - R. Sambruna & and

E. Perlman) cover 51073-51178 (1998 September 17 - December 31). During this

interval, PKS 2005-489 underwent a spectacular flare, with a peak on November 10

in the 2–10 keV flux of over 30 times brighter than in quiescence [175]. The mean

percent error was only 0.5% for this interval. The light curve for this interval, 50

pointings over 105 day (Figure 8.38) has mean spacing of 2 days. We detected no
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signal in the Lomb-Scargle periodogram. The long observations over September 17

- 20 total over 150 ks of on-source time and would be worth a look in a follow-up

study.

Figure 8.37: (left) The RXTE 2-10 keV PKS 2005-489 light curve (1997-2009)

Figure 8.38: (right) The 2-10 keV PKS 2005-489 light curve for flare in Fall 1998

The 2000 data (RXTE proposals 50185 & 50200, PIs - E. Perlman & M. Urry)

cover 51775-51790 (2000 August 19 - September 3). Simultaneous observations

were performed with groundbased optical, submillimeter and TeV (CANGAROO-

II) [186]. PKS 2005-489 transitions from a quiescent state into the early stages

of a flare, followed by a dramatic increase in the 2-10 keV flux over the last 2

days (Figure 8.39). For these 60 observations over 15 days, the mean observation

spacing was 0.25 days. The Lomb-Scargle periodogram for this interval shows a

peak at 1.382 µHz or a period of 8.37 days (Figure 8.40). This is also about a

6-σ detection, with FAP ≈ 60%. The period is about 1/2 of the data span, and

matches fairly closely to a peak in the window LSP, so we don’t consider this a

strong QPO candidate.
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Figure 8.39: (left) The RXTE 2-10 keV PKS 2005-489 light curve (2000)

Figure 8.40: (right) Power Spectrum for PKS 2005-489, MJD 51775-51790

8.1.9 PKS 2155-304

There were 454 RXTE observations of PKS 2155-304 widely spread across the

RXTE mission, 1996 to 2010 (Figure 8.41). The LSP across this entire interval

was not useful. The mean percent error of all of the observations was 1.7%, but

there was variation due to both observation length and source flux.

Data from 1996 (RXTE proposals 10356 & 10357, PIs - M. Urry & and W. T.

Vestrand) cover 50219-50231 (1996 May 16 - May 28). There were 79 observations

over 12.6 days, with a mean spacing of 0.16 days (Figure 8.42). The mean percent

error for this interval was only 0.8%. The Lomb-Scargle periodogram for this

interval (Figure 8.43) shows a peak at 4.04 µHz or a period of 2.86 days. This

is about a 6-σ detection, with FAP ≈ 60%. The LSP of the window function is

included in red.

The 2004 data (RXTE proposals 80184 & 90137, PIs - B. Giebels & S. Wagner)

cover MJD 53222-53264 (2004 August 5 - September 16), 101 observations over

42 days, with a mean spacing of 0.42 days (Figure 8.44). We also looked at the

shorter interval, MJD 53222-53243 (2004 August 5 - August 26), 81 observations
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Figure 8.41: (left) The RXTE 2-10 keV PKS 2155-304 light curve (1996-2010

Figure 8.42: (right) The 2-10 keV PKS 2155-304 light curve for May 1996

over 20 days, with a mean spacing of 0.25 days. Substantial variation occurs, but

it does not look periodic, and no feature of interest was detected in either of the

power spectra.

Figure 8.43: (left) Power Spectrum for PKS 2155-304, MJD 50219-50231

Figure 8.44: (right) The 2-10 keV PKS 2155-304 light curve (2004)

Data from 2008 (RXTE proposals 93146 & 93153, PI - B. Giebels) cover 54681-

54714 (2008 August 3 - September 5). There were 70 observations over 33 days,

with a mean spacing of 0.48 days (Figure 8.45). The mean percent error for this

interval was only 1.8%. The LSP for this interval was not interesting, but we also

looked at the shorter interval (right side) covering 54703-54714 (2008 August 25 -
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September 5), where there were 44 observations over 10 days, with a mean spacing

of 0.24 days. The LSP for this interval (Figure 8.46) shows a peak at 2.27 µHz or

a period of 5.10 days. This is about a 5-σ detection, with FAP of 88%. The LSP

of the window function is included in red.

Figure 8.45: (left) The RXTE light curve for PKS2155-304 (2008)

Figure 8.46: (right) Power Spectrum for PKS2155-304, MJD 54703-54714

The 2009 data (RXTE proposals 94336, PI - B. Giebels) cover MJD 54897-

55193 (2009 March 7 - December 28), 111 observations over 296 days, with a mean

spacing of 2.7 days (Figure 8.47). The LSP for this interval (Figure 8.48) shows

a peak at 0.0782 µHz or a period of 148 days. This is about a 6.5-σ detection,

with FAP of 61%. The LSP of the window function is included in red. In the end,

we find no meaningful QPO candidate, being somewhat hampered by the data

distribution.

8.1.10 Miscellaneous

8.1.10.1 RGB J0152+017

There were only 23 RXTE observations of RGB J0152+017. All were in 2007 as

part of a Target-of-Opportunity coordinated campaign with Cherenkov telescopes
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Figure 8.47: (left) PKS2155-304 2-10 keV light curve, high density

Figure 8.48: (right) Power Spectrum for PKS2155-304, MJD 52830-52864

observing at TeV wavelengths [155]. The first month involved only the High Energy

Stereoscopic System (HESS) experiment (RXTE proposal 93141, L. Costamante),

while in the second month HESS was joined by the Very Energetic Radiation

Imaging Telescope Array System (VERITAS), and additional matching RXTE

observations were requested by H. Krawczynski.

The 2-10 keV RGB J0152+017 light curve for the 32-day span (Figure 8.49) has

an average spacing of 1.5 days. Between MJD 54417-54450 (2007 November 13 -

December 16), the Lomb-Scargle periodogram shows a weak feature at 1.824 µHz

or a period of 6.34 days (Figure 8.50). We could not compute the LSP of the

window function. The average percent error for these observations was ∼12%.

This is about a 3-σ detection, with FAP ≈ 99.9%, so not a particularly strong

QPO candidate.

As the coverage was much denser in the second month, we made another run

using only those 19 observations spanning 16 days (Figure 8.51), with a mean

observation spacing of 0.90 days. Between MJD 54434-54450 (2007 November 30

- December 16), the Lomb-Scargle periodogram shows a peak at 1.938 µHz or a
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Figure 8.49: (left) RXTE light curve for RGB J0152+017 (2007)

Figure 8.50: (right) Power Spectrum for RGB J0152+017, MJD 54417-54450

period of 5.97 days (Figure 8.52). Again, we could not compute the LSP of the

window function. This is also about a 3-σ detection, with FAP ≈ 99.8%, so not a

particularly strong QPO candidate. However, the QPO periods from the two runs

do agree with each other.

Figure 8.51: (left) RXTE light curve for RGB J0152+017 (2007 December)

Figure 8.52: (right) Power Spectrum for RGB J0152+017, MJD 54434-54450

8.1.10.2 3C 66A

3C 66A was observed 58 times by RXTE between 2003 September 19 and Decem-

ber 27 (MJD 52901-53000), coordinated with VERITAS (TeV) and radio (VLBA)
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(RXTE proposal 80166, PI - M. Böttcher). There was potential source confusion

from another galaxy 3C 66B at about 6 arc minutes away but with a typical flux of

about 2% that of 3C 66A, and a pulsar PSR J0218+4232 at a source separation of

58 arc minutes. This is very near the edge of the PCA 1-degree field-of-view where

the PCA response is very low, and it was concluded that neither source would

make a significant contribution [26]. No significant flux or spectral variations were

detected. A similar campaign was conducted a few years later, but those observa-

tions were not included in the UCSD database. 3C 66A is a fairly weak source in

the 2-10 keV x-ray band, near the detection limit for the RXTE PCA.

Figure 8.53: (left) The RXTE light curve for 3C 66A

Figure 8.54: (right) Power Spectrum for 3C 66A, MJD 52901-53000, 2-10 keV

There were 58 RXTE observations of 3C 66A covering MJD 52901-53000 (2003

September 19 - December 27), a 98-day span with a mean spacing of 1.7 days

(Figure 8.53). The mean percent error is 8%, with most individual flux values under

10−11erg-cm−2s−1. There is a hint of a variation during this interval showing about

3 cycles, so it might not be a total surprise that the LSP has a peak at 0.340 µHz

or a period of 34.1 days (Figure 8.54). This potential QPO is at significance z=3.6

and FAP=99.998%. The LSP of the window function (in red) also shows a nearby
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peak at 1/3 of the total data span. Periodic features of 0.4 to 3 years have been

reported in the optical light curve of 3C 66A [162], but the RXTE data arc is not

long enough to examine features of this length.

8.1.10.3 1ES 0647+250

There are only 20 RXTE observations of 1ES 0647+250. All are in late 2010

and early 2011 and could be analyzed together. The short campaign (RXTE

proposal 96396, PI - D. Paneque) covers MJD 55506-55620 (2010 November 6 -

2011 February 28). The mean spacing is 6 days and the mean percent error is 4%

(Figure 8.55). Variation seen during this interval is not strongly periodic, but the

LSP does suggest a timing feature at 0.172 µHz or a period of 67.2 days (Figure

8.56), at significance z=3.4 and FAP=98.5%. The LSP for the window function

could not be computed.

Figure 8.55: (left) The RXTE light curve for 1ES 0647+250 (2010-11)

Figure 8.56: (right) Power Spectrum for 1ES 0647+250, MJD 55506-55620
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8.1.10.4 1ES 0806+524

There are only 20 RXTE observations of 1ES 0806+524. Two widely separated

observations in 1997 are not analyzed. The remaining observations make up two

short TOO campaigns in 2007 and 2008 (RXTE proposal 92099-04 and 93132-07,

PI - H. Krawczynski). As TOO observations, this means that they triggered on

an increased level of activity in the source. A run with all data did not produce

useful results and is not pictured.

For the 11 observations covering MJD 54172-54181 (2007 March 13 - 22), the

mean spacing is 0.93 days and the percent error is 16% (Figure 8.57). The double

peak seen during this interval is not real convincing, but the LSP does suggest a

possible timing feature at 2.36 µHz or a period of 4.87 days (Figure 8.58). The

possible detection is at significance z=3.3 with a calculated False Alarm Probability

of 91%. The LSP for the window function could not be computed.

Figure 8.57: (left) The RXTE light curve for 1ES 0806+524 (2007)

Figure 8.58: (right) Power Spectrum for 1ES 0806+524, MJD 54172-54181

For the 7 observations covering MJD 54532-54538 (2008 March 7 - 13), the

mean spacing is 1.0 days and the percent error is 24% (Figure 8.59). No obvious

variation is seen in the light curve. The LSP for this interval has a few peaks, the
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most significant (z=1.8) appears at 10.2 µHz or a period of 1.13 days (Figure 8.60)

with FAP = 99.86%.

Figure 8.59: (left) The RXTE light curve for 1ES 0806+524 (2003)

Figure 8.60: (right) Power Spectrum for 1ES 0806+524, MJD 52811-52812

8.1.10.5 1ES 1101-232

There are 99 RXTE observations of 1ES 1101-232, divided between campaigns in

2005 and 2010 (Figure 8.61). The 2005 observations (RXTE proposal 91123, PI

- G. Puḧlhofer) were coordinated with HESS (TeV). These data, spanning 53434-

53445 (2005 March 5 - 16), had a mean spacing of ∼0.5 days and a mean percent

error is 1.6% (Figure 8.62). Neither of these runs produced a meaningful LSP.

The 2010 data (RXTE proposal 95387-02, PI - L. Costamante) were designed

as a year-long monitoring campaign and thus were much better suited for our

purpose. For the 79 observations covering MJD 55197-55443 (2010 January 1 -

September 4), the mean spacing is ∼0.5 days and the percent error is 3% (Figure

8.63). We see no peaks of any significance. A possible break frequency appears

at ∼1.7 µHz or a period of about a week (Figure 8.64). The LSP for the window

function was determined and is displayed in red.
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Figure 8.61: (left) The RXTE light curve for 1ES 1101-232

Figure 8.62: (right) The RXTE light curve for 1ES 1101-232 (2005)

Figure 8.63: (left) The RXTE light curve for 1ES 1101-232 (2010)

Figure 8.64: (right) Power Spectrum for 1ES 1101-232, MJD 55197-55443

8.1.10.6 1ES 2344+514

There were 53 RXTE observations of 1ES 2344+514, all part of a Target-of-

Opportunity coordinated campaign with TeV observations by VERITAS (RXTE

proposal 93132, PI - H. Krawczynski). The observations cover MJD 54380-54476

(2007 October 7 to 2008 January 11), with a mean spacing of 1.8 days and a mean

percent error of 2.7% (Figure 8.65). Like other TeV coordinated campaigns, the

4 months were broken up by gaps of 1.5 to 2 weeks, around each full moon. A

correlation between the X-ray and TeV flux was reported [1]. The LSP for these
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observations is plotted along with the LSP for the window function. There are

really no peaks of note, and a hint of a break frequency around 2 µHz (6 days) is

very tentative (Figure 8.66).

Figure 8.65: (left) The 2-10 keV RXTE light curve for 1ES 2344+514

Figure 8.66: (right) Power Spectrum for 1ES 2344+514, MJD 54380-54476
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8.2 Flat-Spectrum Radio Quasars

8.2.1 PKS 1510-089

There are 1317 RXTE observations of PKS 1510-089, uniformly covering nearly the

entire RXTE mission from 1997 to 2011. With an ecliptic latitude of 8.5 degrees,

PKS 1510-089 spends about 2 months out of each year within 30 degrees of the Sun

and no RXTE observations can be performed under those conditions. Although

it made little difference in the outcome, we did not use the final 10 RXTE obser-

vations of PKS 1510-089 that came after a 2-month Sun break. Except for a few

longer pointings in 2009, the entire 15 years consists of regular monitoring, weekly

at first (RXTE proposals 20345, 30264, 40174 & 50181, PI - A. Marscher), then

twice a week (proposals 60144, 70153, 80149, 90142 & 91127, PI - A. Marscher),

and three times a week (proposals 92103, 93135, 94135, 95372 & 96386, PI - A.

Marscher). We analyzed the interval MJD 50430-55846 (1996 December 13 - 2011

October 12), 1307 observations spanning 5416 days with an overall mean spacing

of 4.15 days (Figure 8.67). The overall mean percentage error of the flux values

was 7%. The LSP (Figure 8.68) for this interval (plotted together with the window

LSP in red) shows a peak at 0.0346 µHz or period of 334 days. It has significance

σ=18 and FAP = 0.1%.

We did numerous runs for various intervals, quantizing these in years by split-

ting at the times of the 2-month gaps. One case of particular interest comes from

omitting the first 4 years, the weekly monitoring data. For this interval, MJD

52617-55846 (2002 December 9 - 2011 October 12), 924 observations spanning

3229 days with a mean spacing of 3.5 days (Figure 8.69). The mean percentage

error of the flux values remains 7%. The LSP (Figure 8.70) for this interval (plot-
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Figure 8.67: (left) The RXTE light curve for PKS 1510-089

Figure 8.68: (right) Power Spectrum for PKS 1510-089, MJD 50430-55846

ted together with the window LSP in red) shows a peak at 0.0530 µHz or period

of 218 days. It has significance σ=14 and FAP = 2.2%. These two results, 334

and 218 days, are in a 3:2 resonance.

Figure 8.69: (left) The RXTE light curve for PKS 1510-089 (2002-2011)

Figure 8.70: (right) Power Spectrum for PKS 1510-089, MJD 52617-55846

The mass of the SMBH in PKS 1510-089 has been recently estimated as M7 =

5.71 [182], with uncertainties of about ±10%. Interpreting the 334-day period as a

Keplerian orbital frequency gives a radial distance from the BH system barycenter

of 316 RS. On the other hand, interpreting the QPO as a Lense-Thirring precession

frequency, gives a radial distance from the BH system barycenter of 16.0 RS for a
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value of the dimensionless spin parameter (a) near 1. For a=0.1, the radial distance,

would be roughly half of the value obtained for a=1. For the 218-day period, a

Keplerian interpretation gives a radial distance from the BH system barycenter

of 238 RS. A Lense-Thirring interpretation gives a radial distance from the BH

system barycenter of 13.9 RS for a value of the dimensionless spin parameter (a)

near 1, or again about half that for a=0.1.

8.2.2 3C 273

There are 1960 RXTE observations of 3C 273, covering the entire RXTE mis-

sion from 1996 to 2011. With an ecliptic latitude of about 2 degrees, 3C 273

spends about 2 months out of each year within 30 degrees of the Sun and no

RXTE observations can be performed under those conditions. There were breaks

in the regular monitoring in 1998 and 2001, which were partially filled with longer

observations (proposals 40177 & 50183, PI - W. Collmar; 50184 & 80165, PI -

R. Staubert; 30805, 91421 & 93407, Public TOO). The regular monitoring was

typically 3 pointings a week (RXTE proposals 10354, 20349 & 40176, PI - I. M.

McHardy; 60144, 70153, 80149, 90142, 91127, 92103, 93135, 94135, 95135 & 96135,

PI - A. Marscher). The light curve for this interval, MJD 50115-55926 (1996 Febru-

ary 2 - 2011 December 31), 1906 observations spanning 5811 days with an overall

mean spacing of 2.97 days (Figure 8.71). The overall mean percentage error of the

flux values was 1.1%. The LSP (Figure 8.72) for this interval (plotted together

with the window LSP in red) shows a peak at 0.0478 µHz or period of 242 days.

It has significance σ=13.7 and FAP = 10.8%. We tried a run starting in March

2001, after the gaps in regular monitoring. The results were very similar, but with

somewhat reduced significance.
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Figure 8.71: (left) The RXTE light curve for 3C 273

Figure 8.72: (right) Power Spectrum for 3C 273, MJD 50115-55926, 2-10 keV

There is a period of high-density monitoring covering MJD 54770-54869 (2008

October 31 - 2009 February 7), 239 observations spanning 99.5 days with a mean

spacing of 0.42 days (Figure 8.73). The mean percentage error of the flux values is

1.2%. The LSP (Figure 8.74) for this interval (plotted together with the window

LSP in red) shows a peak at 0.34870 µHz or period of 33.2 days. It has significance

σ=9.7 and FAP = 16%. For both this and the previous result, the FAP is a bit

high, but the light curves exhibit variations at the frequencies. Folded light curves

also support both results. In the high-density case, there is a broad double-lobed

peak in the power spectrum that stretches to the next harmonic at 16.6 days.

The mass of the SMBH in 3C 273 has been estimated as M7 = 88.6 ± 18.7

[176] based on a reverberation mapping study using Balmer lines. There are other

estimates in the literature including a value of M7 = 659 (-90 to +168) based

on Lyman alpha and carbon IV emission lines using archival IUE observations

[167]. A more recent estimate is M7 = 245 as an upper limit based on a relation

with the minimum timescales of jet emission [116]. There are uncertainties in this

method related to SMBH spin. We will use the first value to estimate the size
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Figure 8.73: (left) The RXTE high-density light curve for 3C 273

Figure 8.74: (right) Power Spectrum for 3C 273, MJD 54770-54869, 2-10 keV

scale corresponding to our QPO periods, but recognize that higher mass values are

possible.

Using M7 = 88.6, and interpreting the 242-day period as a Keplerian orbital

frequency gives a radial distance from the BH system barycenter of 41 RS. In-

terpreting the QPO as Lense-Thirring precession gives a radial distance from the

BH system barycenter of 5.8 RS for a value of the dimensionless spin parameter

(a) near 1. For a=0.1, this radial distance is reduced by about half. For the 33.2-

day period, a Keplerian interpretation gives a radial distance from the BH system

barycenter of 11 RS. A Lense-Thirring interpretation gives a radial distance from

the BH system barycenter of 3.0 RS for a value of the dimensionless spin parameter

(a) near 1, or again about half that for a=0.1.

For this mass value, it is not possible to identify the 242-day period as Lense-

Thirring, and the 33.2-day period as Keplerian, and reach agreement at the same

radius. However, this could be possible for a substantially higher mass. For M7 =

659, a 242-day period in the Lense-Thirring model gives a radius of 2.9 RS, and

a 33.2-day period in the Keplerian model gives a radius of 3.0 RS. For a slightly
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lower mass value, the radius in the Lense-Thirring model from the longer period

could be fine tuned to match the Keplerian radius for the shorter period, thus

providing a technique to measure the SMBH spin.

8.2.3 3C 279

There are 1987 RXTE observations of 3C 279, covering the entire RXTE mission

from 1996 to 2011, with the exception of 2000 when none were proposed. With

an ecliptic latitude of 0.2 degrees, 3C 279 spends a full 2 months out of each year

within 30 degrees of the Sun and no RXTE observations can be performed under

those conditions. In fact, this target had one of the lowest ecliptic latitudes of any

target observed by RXTE , causing problems once a year due to a ”keyhole” in

the attitude control law when observing a target at a Sun angle near 180 degrees.

There were a few coordinated (proposals 40177 & 50183, PI - W. Collmar; 93128,

G. Madejski) and Target of Opportunity (proposals 40175 & 50191, PIs - A. Lawson

& R. Miller) campaigns, but most of the sequence consists of regular monitoring,

typically 3 pointings a week (RXTE proposals 10354, 20349, 30256 & 40174, PI -

I. M. McHardy; 60144, 70153, 80169, 90142, 91127, 92103, 93135, 94135, 95135 &

96135, PI - A. Marscher). The light curve for this interval, MJD 50104-55925 (1996

January 22 - 2011 December 30), has 1987 observations spanning 5821 days with

an overall mean spacing of 2.93 days (Figure 8.75). The overall mean percentage

error of the flux values was 5.8%. The LSP (Figure 8.76) for this interval (plotted

together with the window LSP in red) shows a peak at 0.004772 µHz or period of

2426 days. While this peak has significance σ=37 and FAP of 0, it does not match

any obvious feature in the light curve, where the most prominent features are the

two large flares separated by about 1750 days. The wide peak encompasses a peak
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in the window LSP at half the data span, and is near the top of an upslope in

the power spectra. The power-law variation at low frequencies can exaggerate the

significance which is calculated using a flat, white-noise type assumption. For all

of these reasons, we do not consider this peak to be a candidate QPO.

Figure 8.75: (left) The RXTE light curve for 3C 279

Figure 8.76: (right) Power Spectrum for 3C 279, MJD 54869-55558, 2-10 keV

We looked at several other intervals, including year-by-year. A few years have

a couple of peaks, thus giving a period detection at their separation interval. But

these are not consistent from year-to-year. The entire light curve resembles that

of a BHXRB in the low, hard state. So, it seems fair to consider the 15-year light

curve of 3C 279 to be highly suggestive of ”shot noise”. The SMBH mass in 3C 279

is estimated to be M7 = 80 [213]. For this mass, BHXRB canonical periodicities

of 1 second and 67 Hz would appear in 3C 279 at periods of 925 days and 14 days,

respectively.

8.2.4 4C 71.07

There are 207 RXTE observations of 4C 71.07 (0836+710), covering 2009 and 2010

(RXTE proposals 94338 and 95377, PI - A. Marscher and 94337, PI - S. Jorsted).
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The overall mean percentage error of the flux values was 5%. There is clearly a lot

of variation in the x-ray light curve (Figure 8.77), but less clear that the variation

is periodic. There is also a segment of high-density data (Figure 8.78) covering

MJD 54964-54984 (2009 May 13 - June 2), 35 observations over 20 days for a mean

spacing 0.6 days. No signal is evident in these data.

Figure 8.77: (left) The RXTE light curve for 4C 71.07

Figure 8.78: (right) The RXTE light curve for 4C 71.07 (2009)

For the entire data span, MJD 54869-55558 (2009 February 2 - 2010 December

28) has a mean spacing of 3.3 days. The LSP (Figure 8.79) shows a few peaks.

The window LSP is plotted together, in red. A peak at 0.0319 µHz or period of

363 days has significance σ=10.8 and FAP = 4.7%. Another peak at 0.0672 µHz

or period of 172 days has significance σ=9.1 and FAP = 22%. Another peak at

0.0907 µHz or period of 128 days has significance σ=9.2 and FAP = 19%. The

most obvious feature in the light curve are the two high flux points separated by

∼248 days, a period which does not show in the power spectrum.

Because there was a 48-day gap in the coverage (not related to the RXTE

Sun angle constraint), we also considered only the data interval after the gap.

The light curve is not pictured separately, but the LSP for this period spanning
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MJD 55136-55558 (2009 November 1 - 2010 December 28) is plotted together with

the window LSP (Figure 8.80). A peak at 0.0577 µHz or period of 201 days has

significance σ=11.5 and FAP = 1%. Another peak at 0.148 µHz or period of 78

days has significance σ=8.7 and FAP = 14.5%. Despite some low FAP values for

this source, it is hard to trust these results on so few repetitions of the cycle, and

especially when the indicated period is not evident in the light curve.

Figure 8.79: (left) Power Spectrum for 4C 71.07, MJD 54869-55558, 2-10 keV

Figure 8.80: (right) Power Spectrum for 4C 71.07, MJD 55136-55558, 2-10 keV

8.2.5 PKS 0528+134

There are 99 RXTE observations of PKS 0528+134, divided between campaigns

in 1996, 1999 and 2009 (Figure 8.81). The 1996 segment (RXTE proposal 10359,

PI - G. Madejski) consisted of 7 2-ks pointings at 3-day intervals and was too brief

for meaningful timing analysis. The 1999 segment (RXTE proposal 40177, PI - W.

Collmar) was a compact, deeper observation. It was not suitable for the present

analysis because it was not set up as a monitoring campaign. The overall mean

percentage error of the flux values was 12%.

The 2009 data are from a year-long monitoring campaign, coordinated with
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Figure 8.81: (left) The RXTE light curve for PKS 0528+134

Figure 8.82: (right) The RXTE light curve for PKS 0528+134 (2009)

ground-based radio and optical observations and γ-ray monitoring with Fermi

(RXTE proposals 94339 and 94337, PIs - A. Marscher and S. Jorstad). These

data span from MJD 54862-55194 (2009 January 31 - December 29) but with

about a 9-week gap due to the RXTE Sun avoidance constraint (Figure 8.82).

The team noticed that the RXTE fluxes were systematically higher than nearly

contemporaneous XMM -Newton values. They attribute this to an uncertainty in

the background model for PKS 0528+134, which is near the Galactic anti-center.

This would cause a constant offset of the RXTE flux levels, but not affect the

variability [164]. The LSP for this period, with the window LSP in red, shows a

peak at 0.274 µHz or period of 42.2 days (Figure 8.83). The possible detection is

at significance σ=5.2 with FAP = 97%. The window LSP also has a corresponding

large peak at this value, which is very nearly 1/8 of the data span. The propagation

across a gap of this size tends to introduce complications.

Eliminating the gap, the two segments were also analyzed separately. The data

from early 2009 consisted of 30 pointings over 102 days with a mean spacing of 3.5

days. Spanning MJD 54862-54964 (2009 January 31 - May 13), there is a weak
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Figure 8.83: (left) Power Spectrum for PKS 0528+134, MJD 54862-55194

Figure 8.84: (right) Power Spectrum for PKS 0528+134, MJD 54862-54964

peak at 0.478 µHz or period of 24.2 days (Figure 8.84). The significance is σ=2.5

with FAP = 99.9%. The window LSP could not be calculated for this interval. The

remaining data from later in 2009 consisted of 52 pointings over 167 days with a

mean spacing of 3.3 days (Figure 8.85). For these data covering MJD 55027-55194

(2010 July 15 - December 29), there is a peak at 0.276 µHz or period of 41.9 days

(Figure 8.86). This peak has significance σ=3.5 and FAP = 99%. This peak is

however in close agreement with the one reported for the full 11-month interval.

Figure 8.85: (left) The RXTE light curve for PKS 0528+134 (2009)

Figure 8.86: (right) Power Spectrum for PKS 0528+134, MJD 55027-55194

138



8.2.6 Miscellaneous

8.2.6.1 1H 0323+342

There were only 37 RXTE observations of 1H 0323+342, all within a brief cam-

paign in 2011 (RXTE proposal 96395, PI - M. Hayashida). The observations cover

MJD 55564-55672 (2011 January 3 - April 21), with a mean spacing of 3 days

and a mean percent error of 3.3% (Figure 8.87). The interval is long enough to

show two sharp peaks, and these show up in the LSP as a possible timing feature

at 0.290 µHz or a period of 39.9 days (Figure 8.88). The possible detection is at

significance z=4, with FAP of 98.7%. The LSP for the window function could not

be computed.

Figure 8.87: (left) The 2-10 keV 1H 0323+342 light curve of RXTE observations

Figure 8.88: (right) RXTE Power Spectrum for 1H 0323+342, MJD 52751-52771

8.2.6.2 PKS 0829+046

There were 87 RXTE observations of PKS 0829+046 (RXTE proposals 94339 and

94337, PIs - A. Marscher and S. Jorsted). The campaign was interrupted for 60

days near the midpoint due to the RXTE solar angle constraint of 30 degrees. This

dataset offers a good opportunity to explore the effects of gaps in the light curve,
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and we analyze all data together, and then separately analyze data both before

and after the gap. The 2-10 keV PKS 0829+046 light curve (Figure 8.89) for all

observations between 2009 February 8 to December 30 (MJD 54870-55195) spans

325 days with mean spacing of 3.8 days and mean percent error of ∼13%. For

the total interval, the Lomb-Scargle periodogram is plotted along with the window

LSP in red (Figure 8.90). The highest peak in the LSP is at 0.395 µHz or a period

of 29.3 days, a 4.4-σ signal at FAP=99.99%. Other lower-frequency peaks are seen

at similar significance, and a possible break frequency is evident at ∼1.3 µHz or a

period of ∼9 days.

Figure 8.89: (left) The RXTE 2-10 keV light curve for PKS 0829+046

Figure 8.90: (right) Power Spectrum for PKS 0829+046, MJD 54870-55195

Concentrating on the interval prior to the 2-month gap, the observation span

is 144 days with mean spacing of 2.5 days. The LSP for MJD 54870-55015 (2009

February 8 to July 3) has its highest peak at 0.408 µHz or a period of 28.4 days,

a 5.2-σ signal at FAP=90.6% (Figure 8.91). The window LSP could not be cal-

culated. This peak is very near the one seen in the entire data span, and stands

out quite a bit more. However, it is at about 1/5 of the data span, and does not

show up as an obvious fluctuation in the light curve. A possible break frequency
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is evident at ∼1.6 µHz or a period of ∼7 days.

Turning now to the interval after the 2-month gap, the observation span is 144

days with mean spacing of 2.5 days. The LSP for MJD 54870-55195 (2009 August

31 to December 30) has its highest peak at 1.25 µHz or a period of 9.3 days, a 4-σ

signal at FAP=96% (Figure 8.92). The window LSP again could not be calculated.

A broad sub-harmonic at 1/3 this frequency is a close match to the peak seen in

the other 2 runs. A possible break frequency is evident very close to the highest

peak at 1.25 µHz.

Figure 8.91: (left) RXTE Power Spectrum for PKS 0829+046, MJD 54870-55015

Figure 8.92: (right) Power Spectrum for PKS 0829+046, MJD 54870-55195

8.2.6.3 4C 29.45

There were 45 RXTE observations of 4C 29.45 (also known as 1156+295), but these

were widely separated into 3 short campaigns and not particularly useful for timing

analysis. The first grouping in March 1998, consisting of 10 observations spanning

11 days, was a public TOO (requested by B. Hartman and N. Gehrels) to observe

the source in a flaring state, coordinated with γ-ray observations by the Compton

Gamma-Ray Observatory (CGRO). The last grouping, a 2-week daily monitoring
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campaign (RXTE proposal 95375, P.I. - S. Jorstad), was coordinated with γ-ray

observations by FERMI and ground-based optical and radio observations.

The 2-10 keV 4C 29.45 light curve for all RXTE observations (Figure 8.93)

illustrates the difficulty in trying to combine such distant segments. The center

grouping from 2000 (RXTE proposal 40187, P.I. - P. Coppi) contains 21 individual

pointings over 6 days, or mean spacing of 0.3 days (Figure 8.94). This is the largest

of the three groupings, but no interval available for 4C 29.45 gave useful results in

the LSP. The average percent error for all observations was ∼10.5%.

Figure 8.93: (left) The 2-10 keV 4C 29.45 light curve of all RXTE observations

Figure 8.94: (right) The RXTE 2-10 keV light curve for 4C 29.45 (2000)

8.2.6.4 PG 1553+113

There were only 48 RXTE observations of PG 1553+113, with 2 widely sepa-

rated in 1997. We utilized data from April and May 2003 that was part of a

Target-of-Opportunity coordinated campaign with ground-based radio and optical

observations [159]. A significant X-ray flare was observed during the second half

of this campaign (RXTE proposal 80179-02, H. R. Miller). An optical flare was

observed following the end of the X-ray campaign.
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The 2-10 keV PG 1553+113 light curve for the 20-day span (Figure 8.95) has

an average spacing of 0.45 days. Between MJD 52751-52771, the Lomb-Scargle

periodogram shows some structure (Figure 8.96), which we plot along with the

LSP of the window function. The average percent error for these observations was

∼3.5%.

There appears to be break frequency at ∼5.2 µHz or a period of ∼2.2 days.

Other possible excesses at 3.3 µHz (period = 3.5 days) and 1.6 µHz (period = 7

days) appear to match some bumps in the flare. This is a feature that looks more

significant in our analysis for 3C 111.

Figure 8.95: (left) The RXTE 2-10 keV light curve for PG 1553+113 (2003)

Figure 8.96: (right) RXTE Power Spectrum for PG 1553+113, MJD 52751-52771

8.2.6.5 PKS B1622-297

There were 79 RXTE observations of PKS B1622-297, 30 in 1997 (RXTE proposal

20348, J. R. Mattox) and 49 in 2006 (RXTE proposal 92106-02, H. R. Miller).

These were far too widely separated to analyze together. The 2-10 keV PKS

B1622-297 light curve (Figure 8.97) for the observations between 1997 August

18 to 27 (MJD 50678-50687) spans 9 days with an average spacing of 0.34 days
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and mean percent error of ∼4%. For this interval, the Lomb-Scargle periodogram

shows some structure (Figure 8.98), but we were unable to calculate the window

LSP. The highest peak is at ∼8.7 µHz or a period of ∼1.3 days, a 3.7-σ signal at

FAP=99.27%. A nearby, slightly lower peak is at 7.3 µHz (period = 1.6 days),

while a broad lower peak is at 3.6 µHz (period = 3.2 days) or sub-harmonic of the

previous one.

Figure 8.97: (left) The RXTE 2-10 keV light curve for PKS B1622-297 (1997)

Figure 8.98: (right) Power Spectrum for PKS B1622-297, MJD 50678-50687

For the 2006 data, it was necessary to strip off the 2 pointings on May 31,

about a month before the main campaign. The observations between 2006 June

27 to July 26 (MJD 53914-53943) span 28 days with an average spacing of 0.63

days and mean percent error of 5.75% (Figure 8.99). These data, part of a Target-

of-Opportunity coordinated campaign with ground-based radio and optical obser-

vations [161], track the decline from a significant X-ray flare. The Lomb-Scargle

periodogram for this interval (Figure 8.100) shows a weak peak (σ ≈ 2) at ∼4.5 µHz

or a period of ∼2.6 days. A broad peak at ∼0.83 µHz (period = 14 days) is half

the data span. A curious sequence of elbow-knee-elbow frequencies has not been

seen in other sources.
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Figure 8.99: (left) The RXTE 2-10 keV light curve for PKS B1622-297 (2006)

Figure 8.100: (right) Power Spectrum for PKS B1622-297, MJD 53914-53943

8.2.6.6 NRAO 530

There were 72 RXTE observations of NRAO 530, all in 2009 as part of a co-

ordinated campaign with ground-based radio and optical observations and γ-ray

monitoring with Fermi (RXTE proposals 94339 and 94337, PIs - A. Marscher and

S. Jorstad). The 2-10 keV NRAO 530 light curve spans from 2009 March 13 to

November 16 (MJD 54903-55151), a total of 247 days with a mean spacing of 3.5

days (Figure 8.101). The average percent error for these observations was ∼15%

as the flux was close to the PCA detection limit. The Lomb-Scargle periodogram

shows some structure (Figure 8.102). The LSP of the window function could not

be computed. Two peaks are noted at significance of about 3.7-σ and FAP above

five 9s. A broad one at 0.14 µHz (83 days) is very close to 1/3 of the data interval.

The other at 0.89 µHz (13 days) is similarly unimpressive.

8.2.6.7 CTA 102

There were 43 RXTE observations of CTA 102, including 1 in 1999 and 3 in

2006. We used the remaining data from 2005 September 24 to October 16 (MJD
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Figure 8.101: (left) The 2-10 keV NRAO 530 light curve of RXTE observations

Figure 8.102: (right) RXTE Power Spectrum for NRAO 530, MJD 54903-55151

53638-53659) to search for periodic timing variation. These observations were part

of a Target-of-Opportunity coordinated campaign with ground-based radio and

optical observations [160]. Optical monitoring extended back to May, and RXTE

observations triggered when the R magnitude reached 16 (RXTE proposal 91130,

PI - H. R. Miller). The RXTE campaign follows the decline from a large flaring

event. An optical flare began in late September and declined in a similar fashion,

but no clear lag time was detected with an ICF analysis. Radio flaring extended

into 2006, peaking in early February, and the final 3 RXTE observations were

requested to check the flux level which had declined to the post-flare level.

The 2-10 keV CTA 102 light curve for the 20-day span (Figure 8.103) has an

average spacing of 0.54 days, and the average percent error for these observations

was ∼7%. Between MJD 53638-53659, the Lomb-Scargle periodogram shows some

structure (Figure 8.104). The LSP of the window function could not be computed.

The 3 peaks: 1.6 µHz (7.2 days), 2.1 µHz (5.4 days) and 3.2 µHz (period = 7.2

days) are harmonics and at significance less than 2σ.

146



Figure 8.103: (left) The 2-10 keV CTA 102 light curve of RXTE observations

Figure 8.104: (right) The RXTE Power Spectrum for CTA 102, MJD 53638-53659

8.2.6.8 3C 454.3

3C 454.3 was observed 59 times by RXTE between 2005 May 11 to September

5 (MJD 53503-53619). These were public TOO observations (RXTE ID 91415).

The source was proposed and observed several other times, but most of these ob-

servations were not included in the final UCSD database due to contamination

from a cataclysmic variable, IM Peg, located about 0.72 degrees to the northwest

of 3C 454.3. An offset pointing position 0.52 degrees to the southeast of 3C 454.3

excluded any contribution from IM Peg, while reducing the PCA collimator ef-

ficiency to 45% for 3C 454.3. Correction for this effect was implemented when

generating the PCA response matrices [89].

The 59 RXTE observations of 3C 454.3 over a 116-day span had a mean spac-

ing of 2.0 days (Figure 8.105). The mean percent error is 4%. Other than the

downward trend, no variation jumps out during this interval. A peak in the LSP

has a peak at 0.35 µHz (33 days) has significance z=3.6 and FAP above 6 9’s.

Possible break frequencies are evident, both an ”elbow” at 1 µHz (11.5 days) and

a ”knee” at 1.8 µHz (6.4 days). The LSP of the window function is also included
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in red (Figure 8.106).

Figure 8.105: (left) The RXTE light curve for 3C 454.3

Figure 8.106: (right) Power Spectrum for 3C 454.3, MJD 55506-55620, 2-10 keV

148



8.3 Broad- & Narrow-Line Radio Galaxies

8.3.1 3C 111

Although the 1004 RXTE observations of 3C 111 span the entire mission, 1997 to

2012, the coverage is very sparse until 2004. For our timing analysis, we concen-

trate on the 970 observations (Figure 8.107) spanning from 2004 to 2012 (RXTE

proposals 90152, 91146, 92102, 93137, 94137, 95137 & 96137, PI - A. Marscher).

The observation cadence has multiple components. There are two periods of higher

density coverage. Between MJD 54054 and 54113, designed as a 60-day campaign

spaced at 4 observations per day, the actual observation spacing varied between 2.5

and 11 hours. And between MJD 54714 and 54803, designed as a 90-day campaign

with daily observations, the actual observation spacing varied between 10 and 45

hours. Outside of these two high-density campaigns, the design goal was for obser-

vations twice a week, or an average spacing of 3.5 days. The typical observation

spacing varied between 2 and 5 days, but each year there was a gap of about 56

days when the Sun passed within 30 degrees of 3C 111.

Figure 8.107: (left) The RXTE 3C 111 light curve (2005-2011)

Figure 8.108: (right) Power Spectrum for 3C 111, MJD 53065-55924
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Between MJD 53065-55924, the Lomb-Scargle periodogram shows a candidate

QPO for 3C 111 at 0.0232 µHz or a period of 499.1 days (Figure 8.108). The

LSP of the window function is included in red. This QPO was also apparent in

the sub-bands (7-10 keV, 4-7 keV, 2-4 keV). A folded light curve for 3C 111 on

this period shows that the data are well distributed across all phase bins, leading

us to believe that the 56-day gaps are of little consequence across the 7 years of

data. This QPO for 3C 111 has significance σ=14.7 and a calculated False Alarm

Probability of 1.2%. The average percent error for these observations was < 3%.

For the high-density interval MJD 54054-54113 (2006 November 15 - 2007 Jan-

uary 13), there were 240 observations over a 60-day span for a mean spacing of

0.25 days (Figure 8.109). The LSP for this interval (Figure 8.110) shows a peak at

0.368 µHz or a period of 31.5 days, with significance σ=15.6 and FAP of 0.05%.

The 2nd and 3rd harmonics are also present. The window LSP (in red) does not

duplicate the data LSP for these peaks. The light curve shows a large upward

trend in the flux over the 60 days that somewhat obscures the variations. Peaks

at intervals of about 10 days are noted, matching up with the 3rd harmonic at

1.123 µHz or a period of 10.3 days.

Figure 8.109: (left) RXTE 3C 111 high-density light curve (2006-2007)

Figure 8.110: (right) Power Spectrum for 3C 111, MJD 54054-54113
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For the high-density interval MJD 54714-54802 (2008 September 5 - December

2), there were 88 observations over an 87-day span for a mean spacing of 1.0 days

(Figure 8.111). The LSP for this interval (Figure 8.112) shows a peak at 0.726 µHz

or a period of 15.9 days, with significance σ=7.4 and FAP of 36%. There is a smaller

peak at about 12 days. The window LSP (in red) shows some similarity to the

data LSP for these peaks, but at much lower power. The 15.9-day interval is a

close match to half of the 31.5-day feature found in the earlier high-density data,

where it was also detected as a harmonic.

Figure 8.111: (left) 3C 111 high-density light curve (2008)

Figure 8.112: (right) Power Spectrum for 3C 111, MJD 54714-54802

The mass of the SMBH in 3C 111 has been a subject of some debate, and there

do not appear to be any values for this source determined from reverberation

mapping. A technique involving Hα and Hβ line widths was used to estimate

the 3C 111 mass as M7 = 18, with a range of 14 to 23 [34]. With P=499.1 and

M7 = 18, the hot spot radius in the accretion disk would be 192 rs if the QPO

is interpreted as the keplerian orbital period. If interpreted as a Lense-Thirring

precession period, however, the radial distance would be 12.5 rs for a≈1, or 5.8 rs

for a=0.1.
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For the possible oscillations in the high-density regions, the 31.5-day period has

less than 2 cycles and the 15.9 and 10.3-day periods have lower significance. In the

longer, sparser period of intense monitoring, only the 15.9-day period is detected.

If a shorter period QPO can be confirmed for this source, it may allow a similar

analysis as we suggested for 3C 273. If the 499-day cycle is the Lense-Thirring

precession period, and the keplerian orbital period is in the range of 10 - 30 days,

it may be possible to use this information to constrain the SMBH spin.

8.3.2 3C 120

There were 1335 RXTE observations of 3C 120. Although they cover from 1996

through early 2008, the bulk of the observations are in 2002 - 2008 (Figure 8.113).

Covering 4068 days, MJD 50153-54221 (1996 March 11 - 2007 May 1), the LSP

across this entire interval was not particularly useful, showing a peak at 2034 days,

or half the data span. The 1996 data (proposal 10339, PI - R. Mushotzky) was a

brief compact observation. The 1997 data (proposal 20333, PI - R. Remillard) is

made up of 52 observations over 57 days (Figure 8.114), MJD 50458-50515 (1997

January 10 - March 8). The LSP for this interval is uneventful.

The data from 1998 and 1999 (RXTE proposals 30241 & 40166, PI - A.

Marscher) cover MJD 50844-51563 (1998 January 31 - 2000 January 20), 133 ob-

servations spanning 718 days, for a mean spacing of 5.4 days (Figure 8.115). With

an ecliptic latitude of -16 degrees, close to 2 months of each year were lost due

to Sun angle constraints. The Lomb-Scargle periodogram for this interval (Figure

8.116) shows a peak at 0.0676 µHz or a period of 171 days. This is a 7.8-σ detec-

tion, with FAP of 39%. The LSP of the window function is included in red, and

shows that this peak is largely present in the window LSP. Another peak at about
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Figure 8.113: (left) The 2-10 keV 3C 120 light curve of all RXTE observations

Figure 8.114: (right) The 2-10 keV 3C 120 light curve for 1997

0.13 µHz is consistent with being the 2nd harmonic.

Figure 8.115: (left) The 2-10 keV 3C 120 light curve for 1998

Figure 8.116: (right) The RXTE light curve for 3C 120 (1999-2000)

For the period 2002 - 2008, there are some groups of longer observations (pro-

posals 70162, 70163 & 80176, PIs - PI - H. R. Miller, T. Yaqoob & D. Ballan-

tyne) embedded in the every-2-day monitoring sequences (RXTE proposals 70164,

80175, 90152, 91146 & 92102, PI - A. Marscher). The light curve includes 1135

observations, covering 52347-54221 (2002 March 14 - 2007 May 1), a span of 1874

days with a mean spacing of 1.65 days (Figure 8.117). The average percent error

is 2%. A high-density segment is analyzed separately below. The LSP for this
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interval (Figure 8.118) has maximum power at 0.0123 µHz or a period of 937 days.

The LSP of the window function is included in red. While this peak has high

significance (σ=20) and low FAP (0.0035%), it is also half the data span. Another

peak at 0.0358 µHz (period = 323 days) also has high significance (σ=20) and low

FAP (0.6%). Folded light curves for both these cases show some structure, and

variations at the 2 periods are evident in the light curve.

Figure 8.117: (left) The RXTE light curve for 3C 120 (2002-2008)

Figure 8.118: (right) Power Spectrum for 3C 120, MJD 52347-54221, 2-10 keV

High-density monitoring covers MJD 54054-54114 (2006 November 15 - 2007

January 14), 249 observations over 60 days with mean spacing of 0.242 days (Figure

9.119). The average percent error is 2.8%. The LSP for this interval (with the

window LSP plotted in red) peaks at a frequency corresponding to the entire data

span, 60 days (Figure 9.120). Additional peaks are detected at 0.425 µHz (period

= 27.3 days) and 2.01 µHz (period = 5.8 days). Both peaks have significance

σ=9.4 and FAP = 22%.

Analysis of 2002-2008 data by the proposing team [133] compared these X-

ray observations with coordinated optical observations, finding both to be highly

variable and strongly correlated, with X-ray emission leading the optical by 28
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Figure 8.119: (left) 3C 120 2-10 keV light curve from RXTE high density data

Figure 8.120: (right) Power Spectrum for 3C 120, MJD 54054-54114, 2-10 keV

days. Presence of a strong Fe Kα line and a power spectrum similar to Seyferts

supports the idea that most X-ray emission originates from the disk, not the jet.

Another analysis of this time span including radio data [35] finds that X-ray and

37 GHz VLBA data are anti-correlated with the X-ray emission leading radio by

about 120 days.

The mass of the SMBH in 3C 120 has been determined from reverberation

mapping [21] as M7 = 5.559, with an uncertainty of about ±9%. For the period

of 937 days, the hot spot radius in the accretion disk would be 641 rs if the

QPO is interpreted as the Keplerian orbital period. If interpreted as a Lense-

Thirring precession period, however, the radial distance would be 22.7 rs for a≈1,

or about half that for a=0.1. For the period of 323 days, the hot spot radius

in the accretion disk would be 315 rs if the QPO is interpreted as the Keplerian

orbital period. If interpreted as a Lense-Thirring precession period, however, the

radial distance would be 15.9 rs for a≈1, or about half that for a=0.1. For most

low-frequency QPOs, the keplerian orbital frequency is not an attractive model

because the R value is too far from the SMBH for significant heating to occur.
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Lense-Thirring precession represents a more probable cause for the detected QPOs

in these cases.

8.3.3 3C 390.3

There are 332 RXTE observations of 3C 390.3, with the vast majority covering

1999 through early 2001 (RXTE proposals 40170 and 50178, PI - K. Leighly). We

don’t analyze the deep observation, 100 ks over 2 days, in 2005 (RXTE proposal

90130, PI - R. Sambruna). The segment from 1996 (RXTE proposal 10340, R.

Remillard), is excluded from the main analysis, though we did look at a run with

it included. The entire RXTE light curve (Figure 8.121) shows the relation of the

various segments. The 1996 segment is long enough to show substantial variation,

which is also very evident in the 2-year campaign. In an analysis of these data [65]

the investigators describe 3C 390.3 as one of the most variable AGN on time-scales

of days and months.

Figure 8.121: (left) The 3C 390.3 light curve of RXTE observations (1996-2005)

Figure 8.122: (right) The RXTE 3C 390.3 light curve (1999-2001)

For our main timing analysis, we concentrate on the 264 observations (Figure

8.122) spanning MJD 51186-51964 (1999 January 8 - 2001 February 24). The
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observation cadence was every 3 days and the average percent error was 2%. The

Lomb-Scargle periodogram for this interval spanning 778 days shows a candidate

QPO at 0.0476 µHz or a period of 243 days (Figure 8.123). The LSP of the window

function is included in red. The peak on the far right at ∼3 days is the dominant

sampling frequency. A harmonic is evident at 0.0982 µHz or a period of 118 days.

The power slopes upwards on the far left, approaching the entire sampling interval.

The False Alarm Probabilities are estimated as 2.5% and 9% for the 243-day and

118-day peaks, respectively.

Figure 8.123: (left) Power Spectrum for 3C 390.3, MJD 51186-51964, 2-10 keV

Figure 8.124: (right) The RXTE 3C 390.3 light curve (10/1999-2/2001)

When we included the 1996 data in the fit, the power spectrum shows peaks

at ∼500 and ∼250 days. When we looked at shorter intervals, excluding some of

the 1999 data when the source was less variable, peaks near 250 and 125 days are

evident. The light curve appears to be consistent with alternating high-low peaks,

and the 250-day period would be the full period, if this is truly the case. Ultimately,

we settled on a shorter interval covering MJD 51465-51964 (1999 October 14 - 2001

February 24), which includes 171 RXTE observations over 498 days with a mean

spacing of 2.93 days (Figure 8.124). The LSP for this interval shows a peak at
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0.09755 µHz or a period of 118.6 days (Figure 8.125). The LSP of the window

function is included in red. The significance of the detection is σ=10.3, and the

calculated False Alarm Probability is 5.8%. A broad but weaker peak encompasses

the sub-harmonic at approximately the doubled period, the opposite of what was

seen in the earlier case.

The separation between the two highest peaks in the light curve is 258 days.

A folded light curve for 3C 390.3 using the 243-day period shows some stability in

what could be the pulse profile for this QPO. We think that the alternating high-

low peaks argue for the longer period to be the dominant feature. The mass of the

SMBH in 3C 390.3 as determined from reverberation mapping [21] is M7 = 43.45,

with an uncertainty of about 10%. Using P=243, and interpreting the QPO as a

Keplerian orbital freqency gives a radial distance from the BH system barycenter

of 66 RS. On the other hand, interpreting the QPO as a Lense-Thirring precession

frequency, gives a radial distance from the BH system barycenter of 7.3 RS for a

value of the dimensionless spin parameter (a) near 1. For a=0.1, a lower value of R

is obtained, roughly half the value for a=1. (Using the 119-day period, the radial

distances are 41 and 5.8 RS for the Keplerian and Lense-Thirring interpretations).

Figure 8.125: (left) Power Spectrum for 3C 390.3, MJD 51465-51964, 2-10 keV

Figure 8.126: (right) The 2-10 keV 3C 382 light curve of RXTE observations
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8.3.4 3C 382

There were only 23 RXTE observations of 3C 382, and these were widely separated

into 3 groups. The 2-10 keV 3C 382 light curve (Figure 8.126) shows clusters in

1997 (RXTE proposal 10339, R. Mushotzky), 1999 and 2004 (RXTE proposals

40167 and 80189, respectively, R. Sambruna). These segments are far too sepa-

rated to combine into a single run, and each individual segment was too short to

analyze alone. The longest single segment was the 2004 set, 12 observations over

4 days (Figure 8.127). The average percent error for these observations was ∼1%.

The 2004 campaign was coordinated with the Chandra High-Energy Transmission

Grating (HETG), allowing a more detailed assessment of the soft X-ray continuum,

the Fe K line and the hard X-ray continuum [67].

Figure 8.127: (left) RXTE 2-10 keV 3C 382 light curve (2004)

Figure 8.128: (right) The Cen A light curve of all RXTE observations

8.3.5 Centaurus A

Although the 455 RXTE observations of Centaurus A span the entire RXTE

mission, 1996 to 2011 (Figure 8.128), there is no dedicated monitoring coverage

until the last 2 years (RXTE proposals 95385 & 96383, PI - A. Markowitz). For
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our timing analysis, we concentrate on the 324 observations (Figure 8.b) spanning

MJD 55197-55921 (2010 January 1 - 2011 December 26). For this interval covering

724 days, the mean observation spacing was 2.24 days and the average percent

error was 0.6% (Figure 8.129). The Lomb-Scargle periodogram for this interval

shows a candidate QPO at 0.0575 µHz or a period of 201 days (Figure 8.c). The

LSP of the window function is included in red. The significance of the detection

is σ=12, and the calculated False Alarm Probability is 1.1%. A folded light curve

for Cen A on this period (Figure 8.130) shows that the data are well distributed

across all phase bins, and that the variation is reasonably stable across 3.5 cycles.

Figure 8.129: (left) The RXTE Cen A light curve (2010 - 2011)

Figure 8.130: (right) Power Spectrum for Cen A, MJD 55197-55921, 2-10 keV

An analysis of the RXTE data prior to the large campaign in 2010-2011 sug-

gested a break frequency at 0.64 µHz or a period of 18 days [198] and this seems

consistent with the power spectrum from our analysis. The mass of the Cen A

SMBH was estimated to be M7 = 5.5 ± 3.0 [32], using near IR observations with

the Very Large Telescope (VLT). Interpreting the QPO as a Keplerian orbital fre-

qency gives a radial distance from the BH system barycenter of 231 RS. On the

other hand, interpreting the QPO as a Lense-Thirring precession frequency, gives
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a radial distance from the BH system barycenter of 13.7 RS for a value of the di-

mensionless spin parameter (a) near 1. For a=0.1, a lower value of R is obtained,

roughly half the value for a=1.

Another interpretation of the variations in X-ray flux could be an occultation

event by a discrete clump of material transiting the line of sight to the central

illuminating source. Comparing the 2-4 keV and 7-10 keV sub-bands gives in-

formation about the hydrogen column density, and the proposer team used this

technique to determine an increase of up to 35% in nH [193]. A more precise model

of this so-called ”clumpy torus” is being assembled based on recent Chandra and

ALMA observations [24].
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Chapter 9

Timing Analysis of Seyferts

9.1 Seyfert 2 Galaxies (including Sy1.9)

9.1.1 NGC 4945; Compton-thick

We detect a ∼6-week QPO in the RXTE NGC 4945 light curve. The UCSD

database contains a total of 533 RXTE observations between 1997 and 2007 (Figure

9.1). Notable clusters of observations are found spanning November and December

2002 (183 observations) and January 2006 to April 2007 (200 observations). The

remaining observation clusters (42 in 1997, 18 in 1998, 10 in 2000, 3 in January

2001, 73 in November 2001, and 4 in 2004) were too brief for meaningful analysis,

and the large gaps between clusters precluded combining segments in a single run.

The 1997 and November 2001 segments both had 4 observations per day, however,

and would have been sensitive to QPOs down to about a 12-hour period.

The largest clustering is in 2006-2007, spanning 396 days (MJD 53797-54193;

2006 March 3 - 2007 April 3). During this interval (Figure 9.2), the spacing
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between observations varied from a minimum of 1.17 days to a maximum of 4.27

days. The mean spacing was 2.05 days, and the median spacing was 1.96 days. The

vertical scale is expanded, excluding the outlier on 2006 May 20 visible in figure 9.1.

This high point was analyzed thoroughly when the database was compiled [194],

and discussed further below. Ultimately, we analyzed several intervals within this

cluster, and found the best fit when starting at MJD 54003. The fluctuations are

clearly evident, and look periodic in this restricted interval, after the outlier point.

Figure 9.1: (left) NGC 4945 light curve of all RXTE observations (1997-2007)

Figure 9.2: (right) The RXTE NGC 4945 light curve (01/2006 to 04/2007)

Figure 9.3: (left) RXTE 2-10 keV Light Curve, NGC 4945, MJD 54000-54200

Figure 9.4: (right) 3-Color Light Curve for NGC 4945; violet (7-10 keV), green
(4-7 keV, +1×10−12 ergs/cm2/s), red (2-4 keV, +4×10−12 ergs/cm2/s).
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Figure 9.5: (left) Power Spectrum for NGC 4945, MJD 54000-54200, 2-10 keV

Figure 9.6: (right) NGC 4945 2-10 keV light curve from RXTE 2002 data

Figure 9.3 shows the RXTE NGC 4945 light curve for the time interval be-

tween MJD 54003-54193 (RXTE proposal 60139, PI - Greg Madejski). The ap-

proximately 6-week cycles appear prominently in the light curve. Error bars on

the individual observations were < 10%. Figure 9.4 shows the 3-color NGC 4945

light curve for this time interval, where the flux values have been offset as indicated

to aid in visibility. We analyzed the 3 sub-bands individually for timing features.

Variations near the reported QPO period are seen in each of the sub-bands, but

at much lower significance. The hard band (7-10 keV) had the highest significance

of these three.

Figure 9.5 shows the power spectrum for NGC 4945 determined using the Lomb-

Scargle periodogram and based on the RXTE observations between MJD 54003-

54200 in the 2-10 keV bandpass. A candidate QPO is located at 0.274 µHz,

corresponding to a period of 42.3 ± 3 days. The LSP of the window function is

included in red. The QPO has significance 10.2 σ, and false alarm probability,

FAP = 2.87%. A folded light curve for NGC 4945 on the candidate QPO period

of 42.3 days shows that the variation is relatively smooth, and the data are well
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distributed across all phase bins.

An earlier segment of RXTE monitoring observations for NGC 4945 (MJD

52580.6 - 52634.8; 2002 November 2 - December 26) contains 183 observations

spanning 54 days. This was the second longest interval of NGC 4945 data obtained

by RXTE . During this interval (Figure 9.6), the spacing between observations

varied from a minimum of 1.5 hours (1 RXTE orbit) to a maximum of 1 day.

The mean spacing was 0.30 days. Cycles are clearly visible in the light curve,

though the observations cover only ∼1.5 cycles. The LSP returns a QPO (Figure

9.7) with period 36.2 days (+9.5 days, -6.1 days) based on these RXTE NGC

4945 observations between MJD 54580-52635 in the 2-10 keV bandpass. There is

a broad peak close to the value obtained with the longer data arc in 2006-2007,

however it does appear to mimic a peak in the window transform (red). The QPO

significance is 12.7 σ, and FAP = 0.57%.

Figure 9.7: (left) NGC 4945 power spectrum from RXTE 2002 data

Figure 9.8: (right) NGC 4945 LSP from Swift/BAT 2006-2007 data

The folded light curve helps evaluate the stationarity of the QPO, while also

checking that the data distribution covers the entire phase interval of the candidate

QPO. The latter helps assure that we are not essentially detecting the sampling
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frequency, a value that would cause the data to cluster around a single bin of the

folded light curve. (Some RXTE campaigns are more evenly sampled than others.)

Another useful quality assurance technique is to replace all flux values in the light

curve with a constant value, but keep the time values from the actual observations,

thus creating the window function for the data. Applying this technique to the

analysis of NGC 4945 results in another LSP, the window LSP, which we routinely

display in red for most of the power spectra generated for this project. There is

significant structure in this power spectrum, but no peak at 0.274 µHz. So, this

test helps establish that the ∼6-week period does not result from the time spacing

of the RXTE observations.

It was also worth investigating the Swift/BAT data [103] for NGC 4945. The 1-

day averages show significant systematic differences. The average percentage error

for the RXTE data was under 10%, but exceeded 100% for the Swift/BAT data.

Without making any attempt to filter or further bin the Swift/BAT data, which

included some negative and some statistically very high flux values, we made runs

covering the time periods of Figure 9.3 (MJD 54000 - 54193), Figure 9.2 (MJD

53798 - 54193) and using all available Swift/BAT data for NGC 4945 (2005 - 2019).

The shorter runs showed timing features at 84 and 84.5 days, or about twice the

period of the RXTE QPO. Using all Swift/BAT 1-day averages for NGC 4945,

we detected a rather broad peak at 43.6 days (+11.6 days, -7.6 days). Figure 9.8

shows an example LSP based on Swift/BAT 1-day averages.

The additional RXTE case (from 2002) and Swift/BAT results, while not as

convincing, do yield QPOs within the quoted uncertainty of the primary result,

adding credence to the idea that there is some fundamental time scale in NGC

4945 on the order of 6 weeks. For the primary result, a 42.3-day QPO based on
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the RXTE 2-10 keV light curve covering MJD 54000-54200, we determined a false

alarm probability [75] following the Horne & Baliunas method. The z-score of the

QPO power value was 10.2, the number of independent frequencies Ni was 773,

based on a number of observed frequencies No of 471. The FAP was 2.87%.

For the very high data point on 2006 May 20, the possibility of a transient

(galactic or extragalactic) was considered [194]. No instrumental issues were logged

for that day, and there was no indication of extreme solar or geomagnetic activity

within a few days of the observation. Excess soft flux (<12 keV) and a possible

line at 6 keV were detected. The PCA field of view (FOV) is 1◦ radius, and

contained no ASM sources, but there were several soft X-ray sources from other

catalogs. Times of the surrounding observations would limit the duration of any

flare from a transient source to no more than 44 hours. The galactic coordinates

of NGC 4945 (B=305◦, L=+13◦) do not argue strongly for or against a galactic

origin for this excess. If located in our Galaxy (distance 2-15 kpc), then the 2-

10 keV luminosity is (0.7-40) × 1034erg/s, consistent with many types of galactic

compact accreting sources. If the source in the host galaxy of NGC 4945 (distance

11.1 Mpc), its 2-10 keV luminosity would be 2.2 × 1041erg/s, about 2/3 that of

the NGC 4945 nucleus, and much higher than typical X-ray luminosities of ULX

sources (∼1037 − 1039erg/s). A ULX origin then seems unlikely. Suzaku observed

NGC 4945 in 2006 January, discovering a transient ULX source Suzaku J1305-4931

a few arcmin to the SW of the NGC 4945 nucleus. Its reported 0.5-10 keV flux

was ∼2×10−12erg-cm−2s−1. There were no further Suzaku observations in Spring

2006 that might have helped identify the soft excess emission from 2006 May 20

with the Suzaku ULX source.

The large flare on MJD 53875 is about 120 days prior to the period when the
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QPO reported here is clearest. While it may be tempting to consider the possibility

that this flare may have really occurred at NGC 4945, exciting a disturbance that

we detect as this QPO, this would be mere conjecture. Also, the 2002 RXTE

data and Swift/BAT data suggest that the ∼6-week feature may also be present

at other epochs. A 6-week period does not match other periodicities of the RXTE

orbit such as the ∼53-day nodal regression cycle.

A linear trend in the envelope of the power spectrum (with frequency axis on a

log-scale), shows a power-law dependence of power spectrum power on frequency.

Many cases show breaks in the power law (”knees” or ”elbows”), features that have

been extensively studied [123] in RXTE AGN light curves. Although we did not

attempt to formally fit for a knee or break frequency in the smoothly broken power

law, figure 9.5 appears to generally agree with earlier published break frequency

values of ∼1 µHz [150].

NGC 4945 contains an H2O maser which has been used to constrain the SMBH

mass to about 1.4 ×106M⊙ [70]. NGC 4945 is one of the brightest Seyferts at 100

keV, but is largely absorbed below 10 keV with an absorption column of 4.5 ×

1024cm−2 [119]. The total bolometric luminosity of ∼2 × 1043erg/s, ∼10% of the

Eddington luminosity. Circumnuclear gas has been modeled as a reflector at a

distance ≥ 30 pc, and Chandra images revealed a resolved, flattened, ∼150-pc-

long clumpy structure, with a spectrum consistent with cold reflection of the AGN

emission [121]. NuStar observed NGC 4945 three times in 2013 for about 50 ks each

time. These data were used [181] to analyze the power spectrum in the spectral

range 10-79 keV, but only for frequencies above ∼10−5 Hz.

Using the concept of the fundamental plane, the detection of a ∼42-day QPO

in NGC 4945 scales to ∼26 seconds for a mass of 10 M⊙. This is outside of the
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range where QPOs have generally been observed in BHXRB. If the ∼42-day period

is a keplerian orbital frequency, then any hot spot would be at nearly 1000 RS,

considering the well-constrained NGC 4945 mass. Such material would be well

outside the accretion disk and not expected to emit X-rays, so we consider other

mechanisms.

For the Keplerian case, the distance from the BH system barycenter (R) in units

of RS is given by equation 3.1. For Lense-Thirring precession, the radial distance

from the BH system barycenter in units of RS is given equation 2.7. P(d) is the

period of the QPO in days and M7 is the BH mass in units of 107 M⊙. Since

Lense-Thirring precession also depends on the dimensionless spin parameter (a)

of the AGN, and very few AGN spin rates have been measured, we calculate R

for two limiting cases, a=1 and a=0.1. While a=1 is an asymptotic case, spin has

been measured for some galactic BHC at values close to 1. Since the cube root of

0.1 is almost a half (0.464) this lower value of R for slow spin is roughly half of the

limiting case. Note that a finite spin is required to have Lense-Thirring precession.

So, for this QPO at 42.27 days, and M7 = 0.14 for NGC 4945, the hot spot

radius would be 27 rs for a dimensionless spin parameter of a ≈ 1. The SMBH

spin for NGC 4945 does not appear to be well constrained. The radius would be

22 rs for a = 0.5, or 13 rs for a = 0.1. Based on the quoted QPO width of ± 3

days, the radial full width of the feature would be ∼5% of that radius [218].

9.1.2 NGC 4258; LINER

There were 1243 RXTE observations of NGC 4258 (Figure 9.9) covering most of

the mission, 1997 to 2011, but with a substantial gap covering 2000 to 2004 and also

a gap during the latter half of 1997. There are monitoring sequences on different
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cadences - every 3 days (RXTE proposals 20326 & 30236, PI - J. Cannizzo),

every 2 days (proposal 40161, PI - J. Cannizzo), precise monitoring at 4.267 days

(proposals 91141, 92117, 93134, 94134, 95134 & 96134, PI - A. Markowitz). Also

the early observations used a 2-ks duration and this was cut to 1 ks for the later

observations. These data span 5503 days, MJD 50420-55924 (1996 June 6 - 2011

December 29) with a mean spacing is 5.6 days and have an average percent error

of 7.9%. The LSP (Figure 9.10) is fairly well behaved for a light curve with a large

gap. There are a series of peaks but the highest is at 0.0345 µHz (336 days). While

it has significance σ=14 and FAP of 2.6%, there are several peaks with comparable

power, and the light curve does not show consistent variations. The window LSP

is included in red.

Figure 9.9: (left) NGC 4258 light curve of all RXTE observations (1996-2011)

Figure 9.10: (right) RXTE Power Spectrum for NGC 4258, MJD 50420-55924

We next concentrated on the later segment of data alone. These 797 observa-

tions span 2487 days, MJD 53436-55924 (2005 March 7 - 2011 December 29), with

a mean observation spacing of 3.125 days (Figure 9.11). The average percent error

was 12.2%, higher than the overall average since the observation length is halved,

plus the average source count rate had declined. These data include a high-density
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segment which we consider separately below. The LSP for this interval (with the

window function included in red) shows a peak at 0.0400 µHz or a period of 289

days (Figure 9.12). This peak has significance σ=7.6 and FAP of 99.99%. There

are several other comparable peaks and the light curve does not show consistent

variations.

Figure 9.11: (left) RXTE 2-10 keV Light Curve for NGC 4258 (2005-2011)

Figure 9.12: (right) RXTE Power Spectrum for NGC 4258, MJD 53436-55924

We looked at the earlier data with and without the first year. Including all

data prior to the 5-year gap, MJD 50420-51604 (1996 June 6 - 2000 March 1), the

data span 1183 days with a mean spacing is 2.7 days and have an average percent

error of 4%. There is a peak in the LSP at 0.0342 µHz (338 days) with significance

σ=11 and FAP of 10.5%, which agrees closely with the peak when using all data.

Removing the first year from the run gives the shorter interval, MJD 50809-51604

(1997 December 27 - 2000 March 1), 446 observations spanning 794 days with a

mean spacing is 2.1 days (Figure 9.13). There is a peak in the LSP at 0.0364 µHz

(317 days) with significance σ=13 and FAP of 1%. The window LSP is included

in red (Figure 9.14).

Looking at the high-density monitoring campaign, there were 253 observations
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Figure 9.13: (left) RXTE 2-10 keV Light Curve for NGC 4258 (1997-2000)

Figure 9.14: (right) RXTE Power Spectrum for NGC 4258, MJD 50809-51604

over 134 days, MJD 53661-53796 (2005 October 18 - 2006 March 2), with a mean

spacing of 0.53 days and average percent error of 11% (Figure 9.15). The LSP for

this interval (with the window function included in red) shows a peak at 0.223 µHz

or a period of 51.8 days (Figure 9.16). This peak has significance σ=11 and FAP

of 4.4%. The first week of this segment had significantly lower flux, so we did a

separate run without it. This led to a an LSP over MJD 53668-53796 that has

a peak at 0.252 µHz or a period of 45.9 days. This peak has significance σ=10.5

and FAP of 6.8%. This is a fairly large change from a fairly small change in initial

conditions, which does not make us very confidant in this result.

The period of 338 days when using all data prior to the multiyear gap looks

favorable since it is also seen in a run with all data. A folded light curve also shows

coherence. The mass of the SMBH in NGC 4258 has been estimated as M7 = 3.9

based on observations of H2O masers [146], with uncertainties of about ±2.5%.

Interpreting the QPO as a Keplerian orbital freqency gives a radial distance from

the BH system barycenter of 411 RS. On the other hand, interpreting the QPO as

a Lense-Thirring precession frequency, gives a radial distance from the BH system
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Figure 9.15: (left) NGC 4258 2-10 keV light curve from high-density data

Figure 9.16: (right) RXTE NGC 4258 power spectrum, MJD 53661-53796

barycenter of 18.2 RS for a value of the dimensionless spin parameter (a) near 1.

For a=0.1, the radial distance, would be roughly half the value for a=1.

9.1.3 NGC 5506; Sy1.9

There were 651 RXTE observations of NGC 5506. The final 20 of these in 2004

were widely separated from the rest, and we excluded these from the analysis. The

remaining 631 observations cover 1996 to 2002 without any significant interruption

other than the fact that NGC 5506, like many other sources with ecliptic latitude

within ±30 degrees, was only observable with RXTE for 10 months out of the year.

These observations were on a variety of different cadences: every 2 weeks, weekly,

every 4 days, every 2 days, and even 4 per day (RXTE proposals 10301, 20318,

20319, 30219, 40151, 50153 & 60133, PI - I. McHardy; plus 60135, PI - J. Lee).

These observations cover MJD 50159-52414 (1996 March 17 - 2002 May 20), with

an overall mean spacing of 3.6 days, but significant non-uniformity as indicated

above (Figure 9.17). The mean percent error was 1.1%. The LSP for this interval

(with window LSP in red) has a peak at 0.0205 µHz or a period of 564 days (Figure
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9.18). This peak has a significance of 12-σ and FAP of 4.5%. However, the signal

is partially mimicked by the window transform, and is very nearly 1/4 of the data

interval. There is also no clearly visible cyclic variation in the light curve, and a

folded light curve on this period did not show a clear pattern.

Figure 9.17: (left) The RXTE light curve for NGC 5506 (1996-2002)

Figure 9.18: (right) Power Spectrum for NGC 5506, MJD 50159-52414, 2-10 keV

The high-density part of the monitoring campaign consisted of 247 observations

covering MJD 51620-51686 (2000 March 17 - May 22) with a mean spacing is 0.267

days and mean percent error of 1.1% (Figure 9.19). The LSP for this 66-day interval

(with window LSP in red) has a peak at 0.951 µHz or a period of 12.2 days (Figure

9.20). Its significance is σ=5.6 and the FAP is 99.997%.

Analysis of the first 3 years by the proposing team [105] compared the contin-

uum flux with the reflected fraction and Fe line flux. Variations in these indicated

the presence of two reflectors. One reflector is close to the central source and

responds rapidly to changes in the primary X-ray source. The second reflection

component is constant on the observed time scales. It arises from matter more dis-

tant from the central source, possibly a torus component, while the first reflector

is likely the accretion disk.
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Figure 9.19: (left) The RXTE light curve for NGC 5506 (2003)

Figure 9.20: (right) Power Spectrum for NGC 5506, MJD 52811-52812, 2-10 keV

9.1.4 Mkn 348

There were 308 RXTE observations of Mkn 348, most of these in 2011 (RXTE

proposal 96384, PI - A. Markowitz). A few observations in 1996 and 1997 were not

useful for timing analysis, but the source was observed to quadruple in brightness

over about 3 weeks, accompanied by softening of the X-ray spectrum. This was

interpreted as a decrease in the line-of-sight column density, suggesting that the

SMBH is surrounded by patches of absorbing material. Random movement of

individual clouds produce the observed X-ray flux and spectral variability [214, 3].

For the 271 observations covering MJD 55562-55920 (2011 January 1 - De-

cember 25), the mean spacing is 1.3 days, but this consists of 2.4-day spacing for

most of the year and then 0.2-day spacing for the last month (analyzed separately

below). The percent error is 4.6% (Figure 9.21). The LSP for this interval (with

window LSP in red) has a peak at 0.110 µHz or a period of 105 days (Figure 9.22).

Its significance is σ=8.6 and the FAP is 45%.

The high-density monitoring consisted of 142 observations covering MJD 55890-

55920 (2011 November 25 - December 25) with a mean spacing is 0.2 days and
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Figure 9.21: (left) The RXTE light curve for Mkn 348 (2001)

Figure 9.22: (right) Power Spectrum for Mkn 348, MJD 52059-52065, 2-10 keV

percent error of 4.2% (Figure 9.23). The LSP for this interval (with window LSP in

red) has a peak at 1.485 µHz or a period of 7.79 days (Figure 9.24). Its significance

is σ=10.7 and the FAP is 3%. This seems to be a borderline QPO candidate. Many

bumps are evident in the light curve. The larger secular variation could be due to

the variable column density from occulting clouds, as discussed above. There is

evidence for a break frequency at about 10 µHz or a period near a day. We could

not find a mass estimate for the SMBH.

Figure 9.23: (left) The RXTE light curve for Mkn 348 (2003)

Figure 9.24: (right) Power Spectrum for Mkn 348, MJD 52811-52812, 2-10 keV
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9.1.5 NGC 7314; Sy1.9

There are 140 RXTE observations of NGC 7314, mostly in 1999-2000 but with

another small cluster in 2002 (Figure 9.25). The 2002 data, 13 pointings over 3

days totalling 100 ks (RXTE proposal 70163, PI - T. Yaqoob) was coordinated

with Chandra. The principal aim of the RXTE data was to measure the hard X-ray

continuum, though 128-s binned light curves showed X-ray variation on timescales

of less than 1 ks, faster than the hydrostatic timescale in even the innermost region

of the accretion disk, implying that the disk is not in hydrostatic equilibrium [261].

Figure 9.25: (left) The RXTE light curve for all observations of NGC 7314

Figure 9.26: (right) Power Spectrum for NGC 7314, MJD 52811-52812, 2-10 keV

The remaining 127 observations covering MJD 51179-51747 (1999 January 1 -

2000 July 22) are organized into a monitoring campaign with nested segments of

weekly, daily and twice daily cadences (RXTE proposal 40151, PI - I. McHardy).

The overall mean spacing is 4.5 days and the percent error is 2% (Figure 9.26).

The LSP for this interval (Figure 9.27) plotted together with the window LSP

(red) shows no remarkable features. The maximum power is seen at 0.273 µHz or

a period of 42.4 days. Its significance is z=3.4 and the FAP was essentially 100%.

We wanted to check for additional results by concentrating on just the higher
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Figure 9.27: (left) The Power Spectrum for NGC 7314, MJD 51179-51747

Figure 9.28: (right) RXTE high-density light curve for NGC 7314

density portion of the campaign. For the 63 observations covering MJD 51413-

51450 (1999 August 23 - September 29), the mean spacing was 0.6 days (Figure

9.28). The LSP for this period (Figure 9.29) shows two peaks with nearly identical

maximum power. A broad peak at 1.3 µHz (period = 8.9 days) is close to 1/4 of

the data span of 37 days. A narrow peak at 11.4 µHz (period = 1.01 days) appears

to match a feature in the window LSP (red). Both peaks have significance 4.5-σ

and FAP of 99%.

Figure 9.29: (left) Power Spectrum for NGC 7314, MJD 51413-51450

Figure 9.30: (right) Power Spectrum for NGC 7314, MJD 51423-51441

We also further limited the data span to the central portion of Figure 9.28 where
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the observations were spaced at 2/day. For MJD 51423-51441 (1999 September 2

- 20), the mean spacing is 0.43 days (no separate figure). The LSP (Figure 9.30)

for this 18.5-day interval has the broad peak at 1.4 µHz (period = 8.4 days), very

close to the one seen in the 37-day data span. The significance of 3.5-σ and FAP

of 99.98% are not convincing.
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9.1.6 Miscellaneous

9.1.6.1 NGC 526A; Sy1.9/NELG

There are only 22 RXTE observations of NGC 526A, and these were subdivided

into two separate short campaigns in 2001 (RXTE proposal 60137, PI - R. Roth-

schild) and 2003 (RXTE proposal 80159, PI - T. J. Turner). A run with all data

did not produce useful results and is not pictured.

For the 12 observations covering MJD 52059-52065 (2001 May 30 - June 5), the

mean spacing is 0.53 days and the percent error is 1.1% (Figure 9.31). A possible

variation of about 1.5 cycles is discernible, and the LSP for this interval suggests

a possible feature at 2.56 µHz or a period of 4.52 days (Figure 9.32). This timing

feature has significance z=2.4 and a calculated False Alarm Probability of 99.86%.

The LSP for the window function was not able to be computed.

Figure 9.31: (left) The RXTE light curve for NGC 526A (2001)

Figure 9.32: (right) Power Spectrum for NGC 526A, MJD 52059-52065, 2-10 keV

For the 10 observations covering MJD 52811-52812 (2003 June 21 - 22), the

mean spacing is 3.6 hours and the percent error is 2.5% (Figure 9.33). No obvious

variation is seen in the light curve. The LSP for this interval has a few peaks, the

most significant (z=3.2) appears at 12.8 µHz or a period of 0.90 days (Figure 9.34)
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with FAP = 91%.

Figure 9.33: (left) The RXTE light curve for NGC 526A (2003)

Figure 9.34: (right) Power Spectrum for NGC 526A, MJD 52811-52812, 2-10 keV

9.1.6.2 IRAS 18325-5926

There were 24 RXTE observations of IRAS 18325-592 from 1996 to 1998 (RXTE

proposals 10328 & 30229, PIs - W. Brandt & A. Fabian, respectively). These

observations were all designed to be continuous over a short total period of time

(Figure 9.35) and were distributed between MJD 50113 (1996 January 21) and

50868 (1998 February 24). We pay special attention to the final cluster (Figure

9.36) 10 pointings observed over the interval MJD 50865-50868 (1998 February 21-

24). For this span of about 2.5 days with mean spacing of 0.27 days, these data were

not useful for timing analysis, as is. This represents one of the biggest limitations

of the present analysis. It works well for designed monitoring campaigns. But for

a strategy using long (more compact) observations, a total re-analysis of the data

would be required. We, in fact, suggest that such an effort could likely produce

many additional QPO detections with shorter periods than typically examined

here, but the level of effort to re-examine all deep RXTE AGN observations would
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be immense.

We were able to take advantage of the work published on this observation by

the proposing team [84]. In the middle panel of their figure 1, a detailed light

curve for the 1998 February 21-24 observations shows what appear to be cyclical

variation. We contacted the paper authors, and while the processed data from

their published light curve were no longer available, we were able to approximate

the light curve using an online web plot digitizer (Figure 9.37). The extraction

appears to be less than perfect, as a magnified view of the original and extracted

data shows that they agree only to within a certain error circle. However, the

reconstructed light curve retains the overall structure of the original light curve

from the published paper.

Figure 9.35: (left) The RXTE light curve for IRAS 18325-5926

Figure 9.36: (right) The RXTE IRAS 18325-5926 light curve, 1998 February

The detailed data consist of 313 points derived from the binned PCA data.

These data cover 2.7 days with a mean spacing of about 12.5 minutes. The LSP

for this interval, MJD 50865-50868 (1998 February 21-24) - same as the previous

interval - shows a couple of significant peaks (Figure 9.38). There is still a window

LSP (in red), though here the data have uniform spacing within an individual
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Figure 9.37: (left) Reconstructed IRAS 18325-5926 light curve, 1998 February

Figure 9.38: (right) Power Spectrum for IRAS 18325-5926, MJD 50865-50868

pointing, or good-time interval, but with SAA and Earth occult gaps, the spacing

is not completely uniform. There is a peak in the LSP at 25.19 µHz or a period

of 11.03 hours. Its significance is σ=7.5 and the FAP is 85%. This is not a

particularly strong QPO candidate, though it would be interesting to investigate

this more using the actual data after reprocessing.

There is also a high-frequency peak at 160.2 µHz, corresponding to a period of

104 minutes. Its significance is σ=7.7 and the FAP is 84%. Though there was a

slight change over the course of the RXTE mission due to orbital decay, there were

very nearly an exact number of 15 orbits per day, meaning that the RXTE orbit

is 96 minutes. This is close to the peak at 104 minutes. Furthermore, the most

likely artificial perturbation to the light curve would be due to passages through

the South Atlantic Anomaly (SAA), an area of high electron density that causes

high background in the PCA data. Because the SAA is fixed in the Earth-rotating

reference frame, there is one less passage of that longitude each day than the

number of orbits, since the Earth has rotated once underneath. Using 14 as the

number of orbits in the rotating frame, this period between passages of the SAA
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mid-longitude is 1440/14 = 102.857 minutes, a closer fit to the observed peak.

Observations made when RXTE was near the SAA could be expected to stand

out from other observations since, even if the background model is very good,

observations with higher background count rate will also have a larger uncertainty

in the background count rate.

9.1.6.3 NGC 2992

There were only 24 RXTE observations of NGC 2992, an approximately year-

long campaign designed to have a 3-ks observation every 2 weeks (RXTE proposal

91136, PI - Y. Terashima). The observations cover MJD 53433-53763 (2005 March

4 - 2006 January 28), with a mean spacing of 14.3 days and a mean percent error

of 2% (Figure 9.39). The LSP shows some structure but nothing of meaningful sig-

nificance (Figure 9.40). The peaks at approximately 0.07 and 0.14 µHz correspond

to around 1/2 and 1/4 of the overall data span of 330 days. The detailed analysis

of these observations by the proposers [152] did not concentrate on a search for

periodicity in the x-ray light curve.

Figure 9.39: (left) The 2-10 keV NGC 2992 light curve of RXTE observations

Figure 9.40: (right) RXTE Power Spectrum for NGC 2992, MJD 53433-53763

184



9.1.6.4 NGC 6251

There are 95 RXTE observations of NGC 6251, all part of a year-long monitoring

campaigns (RXTE proposal 91132, PI - M. Gliozzi). For these observations cov-

ering MJD 53433-53793 (2005 March 5 - 2006 February 27), the mean spacing is

3.8 days and the average percent error is 18% (Figure 9.41). The mean flux was

about 4.5 x 10−12erg-cm−2s−1 with flux variation by about a factor of 2 [66].

The LSP for this 360-day interval, together with the LSP for the window func-

tion, show some structure but none that is particularly significant (Figure 9.42).

A peak at 0.23 µHz (period ≈ 50 days) has significance z=5.5 and FAP = 96%. It

also matches a peak in the window transform at about 1/7 of the data span.

Figure 9.41: (left) The RXTE light curve for NGC 6251

Figure 9.42: (right) Power Spectrum for NGC 6251, MJD 53433-53793, 2-10 keV

9.1.6.5 NGC 2110; Compton-thick

There were only 27 RXTE observations of NGC 2110. Due to the data distribution,

no meaningful timing analysis could be performed. A series of longer observations

were made in 1997-1998 (RXTE proposal 30233, PI - P. Blanco) and 2003 (RXTE

proposal 80159, PI - T. J. Turner). These observations averaged about 8 ks in
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length, and had a mean percent error of 1% (Figure 9.43). The campaign design

was optimized for spectral studies.

Figure 9.43: (left) The 2-10 keV NGC 2110 light curve of RXTE observations

Figure 9.44: (right) The 2-10 keV NGC 7582 light curve of RXTE observations

9.1.6.6 NGC 7582; Compton-thick

There were only 23 RXTE observations of NGC 7582. Due to the data distribution,

no meaningful timing analysis could be performed. A series of longer observations

were made in 2003-2004 (RXTE proposals 80163, PI - R. Rothschild and 80162,

PI - M. Elvis). These observations averaged about 9 ks in length, and had a mean

percent error of 3% (Figure 9.44). The campaign design was optimized for spectral

studies.
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9.2 Seyfert 1 Galaxies (including Sy1.2 & Sy1.5)

9.2.1 NGC 3783

There were 1719 RXTE observations of NGC 3783, nearly all during 1999 to 2011.

A short cluster of 9 observations in 1996 (proposal 10297, PI - I. George) were

excluded from this analysis. The remaining observations have a gap in 2003 and

2004, and we looked separately at each section (before and after the gap) but

saw results similar to the entire data set. The early observations were primarily

sampled at an interval of 4.266667 days or 64 RXTE orbits (proposals 40152, 50155

& 60131, PI - R. Edelson) plus some high-density monitoring (proposal 60132, PI -

I. George) which is analyzed separately below. The later observations were sampled

at 2-day intervals (proposals 90160, 91140 & 92113, PI - I.M. McHardy) or 4-day

intervals (proposals 94127, 95127 & 96127, PI - I.M. McHardy) plus some high-

density monitoring (proposal 93127, PI - I.M. McHardy), also analyzed separately

below. The light curve of the remaining 1710 RXTE observations of NGC 3783

(Figure 9.45) covers MJD 51180-55928 (1999 January 2 - 2012 January 2), a span

of 4748 days with mean spacing of 2.8 days and average percent error of 1.7%.

The LSP for this interval (Figure 9.46) has the highest peak at 0.00390 µHz or

a period of 2967 days, with significance σ=15 and FAP of 3.1%. However, this

period is over half of the data span, so not well constrained. The LSP for the

window function (in red) is plotted together with the data LSP.

The first period of high-density monitoring covers MJD 51960-51980 (2001

February 20 - March 12), 150 observations over 20 days with mean spacing of

0.134 days (Figure 9.47). The LSP for this interval (with the window LSP plotted

in red) shows a peak at 3.136 µHz or a period of 3.69 days (Figure 9.48). Its
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Figure 9.45: (left) The RXTE NGC 3783 light curve for all data

Figure 9.46: (right) Power Spectrum for NGC 3783, MJD 51180-55928, 2-10 keV

significance (σ=7) gives a FAP = 77%.

Figure 9.47: (left) The RXTE light curve for NGC 3783 (2001)

Figure 9.48: (right) Power Spectrum for NGC 3783, MJD 51960-51980, 2-10 keV

The other period of high-density monitoring covers MJD 54501-54617 (2008

February 5 - May 31), 337 observations over 116 days with mean spacing of 0.345

days (Figure 9.49). The LSP for this interval (with the window LSP plotted in

red) shows a few peaks (Figure 9.50). The highest is equivalent to the data span,

so not useful. Another peak at 0.02795 µHz or a period of 116 days has significance

σ=9 and FAP = 39%. There is also a peak at 0.04592 µHz or a period of 25.2

days, with significance σ=4 and FAP of 100%.
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Figure 9.49: (left) The RXTE light curve for NGC 3783 (2003)

Figure 9.50: (right) Power Spectrum for NGC 3783, MJD 52811-52812, 2-10 keV

9.2.2 NGC 4593

There were 1329 RXTE observations of NGC 4593, mostly during 2004 to 2011.

Two brief coordinated campaigns were conducted in 2001 (proposal 60134, PI - T.

Yaqoob) and 2002 (proposal 70145, PI - J. Wilms). We looked at these seperately

and together with all the data, but saw nothing interesting in the LSP and excluded

them from subsequent runs. The light curve of all RXTE observations of NGC 4593

(Figure 9.51) shows the overall data distribution covering MJD 52089-55926 (2001

June 29 - 2011 December 31), with mean spacing is 2.9 days and average percent

error of 3%. With an ecliptic latitude of -5 degrees, NGC 4593 was not observable

by RXTE for approximately 2 months out of each year due to the 30-degree Sun

angle constraints. The deep observation in 2002 covers a total of 15 days, and

its light curve (Figure 9.52) shows substantial structure. With 34 observations

covering MJD 52450-52465 (2002 June 25 - July 10), the mean spacing is 0.45

days.

For the 8 years of monitoring (RXTE proposals 90160, 91140, 92113, 93127,

94127, 95127 & 96127, PI - I. M. McHardy), there are 1282 observations covering
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Figure 9.51: (left) The RXTE NGC 4593 light curve for all data

Figure 9.52: (right) The NGC 4593 light curve for a 16-day isolated campaign

Figure 9.53: (left) The RXTE light curve for NGC 4593 (2004-2011)

Figure 9.54: (right) Power Spectrum for NGC 4593, MJD 53063-55926, 2-10 keV

MJD 53063-55926 (2004 February 28 - 2011 December 31), a span of 2863 days with

mean spacing of 2.2 days (Figure 9.53). The LSP for this interval (Figure 9.54)

has a broad peak at 0.00808 µHz or a period of 1431 days, with significance σ=15

and FAP of 1.6%. However, this is exactly half of the data span, so probably an

alias. The LSP for the window function (in red) is plotted together with the data

LSP. Additional peaks are noted at 0.0558 µHz or a period of 207 days (significance

σ=13.4, FAP 6.8%) and 0.137 µHz or a period of 84 days (significance σ=9.4, FAP

98%).
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High-density monitoring covers MJD 53701-53766 (2005 November 27 - 2006

January 31), 247 observations with mean spacing of 0.265 days (Figure 9.55). The

LSP for this interval (with the window LSP plotted in red) shows a few peaks

(Figure 9.56). The most significant (σ=15) appears at 0.284 µHz or a period of

40.8 days with FAP = 0.1%. This one is very broad, and at over half the data span,

can not be well determined. Two more peaks, 0.993 µHz (period = 11.7 days) and

0.73 µHz (period = 16 days), are at considerably lower significance. There is a

substantial variability, and with the peak of the light curve near the exact center

of the data span, it looks like we may have just missed having a second peak that

would have provided better constraints. Also, note the substantial variability back

in the 15-day campaign in 2002. Finally, note the wide spread in flux values during

the 8 years of monitoring. We believe that a cadence of every 2 days was just not

enough to pick up on the variations that appear during the two brief intervals, and

thus QPOs in the range of 10 - 40 days might be detectable with a longer sequence

of high-density monitoring.

Figure 9.55: (left) The RXTE light curve for NGC 4593 (2005-2006)

Figure 9.56: (right) Power Spectrum for NGC 4593, MJD 53701-53766, 2-10 keV
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9.2.3 Fairall 9

There were 707 RXTE observations of Fairall 9 (Figure 9.57) covering from 1996

to 2003. The year of 1998 was skipped, but we still were able to analyze the entire

data set. The data from 1996-97 (RXTE proposal 20313, PI - K. Leighly) plus

the remaining data (40152, 50155, 60131 & 70144, PI - R. Edelson) cover MJD

50390-52699 (1996 November 3 - 2003 March 1) and have an average percent error

of about 4%. These data span 2309 days and the mean spacing is 3.27 days. There

appears to be a long-term variation in the light curve, but the year gap in the

data makes this ambiguous. No feature at 3 to 5 years is found in the LSP (Figure

9.58). There is an excess at about 0.16 µHz (72 days). This is at low significance

using all the data, but we made several runs to find a segment of the data where

this signal is prevalent.

Figure 9.57: (left) The Fairall 9 light curve of all RXTE observations

Figure 9.58: (right) Power Spectrum for Fairall 9, MJD 50390-52699

First, taking a look at the high-density monitoring campaign, there were 241

observations over 34 days, MJD 52144-52178 (2001 August 23 - September 26),

with a mean spacing of 0.14 days (Figure 9.59). The LSP for this interval (with

the window function included in red) shows a peak at 1.7 µHz or a period of 6.8
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days (Figure 9.60). While this peak has significance σ=12.5 and FAP of 1%, there

is no obvious 1-week variation in the light curve. There is a lot of structure in

this 5-week segment of the light curve, and we see a lot of structure in the LSP.

However, when we constructed a folded light curve on this period, we just saw

random scatter.

Figure 9.59: (left) The RXTE high-density Fairall 9 light curve (2001)

Figure 9.60: (right) Power Spectrum for Fairall 9, MJD 52144-52178

Figure 9.61: (left) Fairall 9 RXTE 2-10 keV light curve (1997)

Figure 9.62: (right) Power Spectrum for Fairall 9, MJD 50537-50807, 2-10 keV

After a bit of trial and error, we found the following interval, MJD 50537-50807

(1997 March 30 - December 25). These observations span 270 days and the mean

spacing is 3.0 days (Figure 9.61). The average percent error was 2.2%. The LSP
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has a peak at 0.1626 µHz, or a period of 71.2 days (Figure 9.62), in close agreement

with the excess spotted when using all Fairall 9 data. This peak has significance

9.9-σ and FAP=2.9%. The window LSP is included in red.

The mass of the SMBH in Fairall 9 as determined from reverberation mapping

[21] is M7 = 19.9, with uncertainties of about +20% and -30%. Interpreting the

QPO as a Keplerian orbital freqency gives a radial distance from the BH system

barycenter of 49 RS. On the other hand, interpreting the QPO as a Lense-Thirring

precession frequency, gives a radial distance from the BH system barycenter of 6.3

RS for a value of the dimensionless spin parameter (a) near 1. For a=0.1, the

radial distance, if roughly half the value for a=1, would be very near the ISCO.

9.2.4 NGC 5548; Sy1.5

There were 1015 RXTE observations of NGC 5548 (Figure 9.63) covering the entire

mission, 1996 to 2011. There are gaps in year 2003 and 2008-2010. There are long

observations and micro-campaigns (RXTE proposals 10297, 30218 & 30220, PIs -

I. George, J. Chiang & O. Blaes) and monitoring on a variety of cadences - every

4 days (proposals 10301 & 96390, PI - I. McHardy), weekly (proposals 90153,

91144 & 92113, PI - I. McHardy), every 2 weeks (proposals 20319 & 30219, PI - I.

McHardy) and then the precise monitoring at 4.267 days (proposals 40152, 50155,

60131 & 70144, PI - R. Edelson). The data span MJD 50208-55925 (1996 May 5

- 2011 December 30) and have an average percent error of 2.4%. These data span

5717 days with a mean spacing is 5.6 days. The LSP (Figure 9.64) is fairly typical

of others where the light curve has sizeable gaps. There are waves in the PDS at

high frequencies. Peaks are evident at 0.013 µHz (∼900 days), 0.019 µHz (∼600

days), 0.029 µHz (∼400 days), 0.045 µHz (∼260 days), 0.19 µHz (∼60 days) and
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0.38 µHz (∼30 days), all at low significance. The window LSP is included in red.

Figure 9.63: (left) NGC 5548 light curve of all RXTE observations (1996-2011)

Figure 9.64: (right) RXTE Power Spectrum for NGC 5548, MJD 50208-55925

Removing the two later blocks (one at a time) did nothing to improve the fit,

so we next concentrated on the Edelson data alone which meant also trimming the

first 3 years. These observations span 1566 days (MJD 51183-52749; 1999 January

5 - 2003 April 20). During this interval (Figure 9.65), the mean observation spac-

ing was 2.65 days, including a high-density segment which we consider separately

below. The LSP for this interval (with the window function included in red) shows

a peak at 0.0148 µHz or a period of 783 days (Figure 9.66). This peak has signifi-

cance σ=12.8 and FAP of 3.3%, but it is also about exactly half of the observation

span. That alone makes it suspect, and there is also no obvious variation at this

period in the light curve.

We looked at several shorter intervals and one that proved of some interest

was the final year (2011) which was isolated in time from any other observations.

These observations span 364 days (MJD 55561-55925 (2010 December 31 - 2011

December 30). During this interval (Figure 9.67), the mean observation spacing

was 4.1 days. The LSP for this interval (with the window function included in
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Figure 9.65: (left) RXTE 2-10 keV Light Curve for NGC 5548 (1999-2003)

Figure 9.66: (right) RXTE Power Spectrum for NGC 5548, MJD 51183-52749

Figure 9.67: (left) RXTE 2-10 keV Light Curve for NGC 5548 (2011)

Figure 9.68: (right) Power Spectrum for NGC 5548, MJD 55561-55925

red) shows a peak at 0.14 µHz or a period of 83 days (Figure 9.68). This peak

has significance σ=7.4 and FAP of 35%. The adjacent peak at 0.094 µHz (period

of 124 days) is a 3:2 resonance peak, and is more readily identifiable in the light

curve.

Taking a look at the high-density monitoring campaign, there were 257 obser-

vations over 34 days, MJD 52091-52125 (2001 July 1 - August 4), with a mean

spacing of 0.13 days (Figure 9.69). The LSP for this interval (with the window

function included in red) shows a peak at 1.128 µHz or a period of 10.26 days
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(Figure 9.70). This peak has significance σ=13.3 and FAP of 0.5%. A folded light

curve was not very useful to the large magnitude variation within the month, but

the three low points fit well with this period, and there are other similarities in

the light curve.

Figure 9.69: (left) NGC 5548 RXTE high-density light curve (2001)

Figure 9.70: (right) NGC 5548 power spectrum, MJD 52091-52125

1E 1415.6-2557 is a BL Lac AGN about 0.5 degrees from NGC 5548. The

PCA collimator response for a source at this distance off-axis is about 0.33. Some

special scanning and off-source pointed observations were performed to calibrate

the contamination to the NGC 5548 light curves. One third of the 1E 1415.6-2557

PCA count rate was 2 ± 0.8 counts/s, while the count rate for NGC 5548 was 20

- 25 counts/s. So, this is a 4% uncertainty and not expected to complicate our

variability analysis [38].

The NGC 5548 X-ray light curve was compared to optical & UV light curves

and found to be highly correlated in their long-term features. This has not been

the case with many other AGN, which either were not well correlated or the optical

light curves were variable at much lower amplitude than the X-ray light curves.

One may expect that optical emission from reprocessed X-rays exists together with
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a non-reprocessed component due to intrinsic thermal emission from the disk. NGC

5548 is a relatively high-mass Seyfert AGN, thus should have a lower temperature

disk than a low-mass Seyfert AGN. This could mean that the optical-emitting

region of the accretion disk would be more centrally concentrated, thus closer to

the X-ray–emitting region [242].

The mass of the SMBH in NGC 5548 as determined from reverberation mapping

[21] is M7 = 5.224, with uncertainties of about ±4%. Interpreting the 10.26-day

QPO as a Keplerian orbital freqency gives a radial distance from the BH system

barycenter of 33 RS. On the other hand, interpreting the QPO as a Lense-Thirring

precession frequency, gives a radial distance from the BH system barycenter of 5.2

RS for a value of the dimensionless spin parameter (a) near 1. For a=0.1, the

radial distance, if roughly half the value for a=1, would be very near the ISCO.

9.2.5 Mkn 79; Sy1.2

There were 1646 RXTE observations of Mkn 79, all but a few from 2003 to 2011

(RXTE proposals 80154, 90160, 91140, 92113, 93127, 94127, 95127 & 96127, PI -

I. M. McHardy). A short segment of 38 observations from 2000 (proposal 50172,

PI - M. Malkan) was not used in our analysis. The 9-year campaign covers MJD

52720-55925 (2003 March 22 - 2011 December 30). With 1608 observations over

3205 days, the mean spacing was 1.99 days and the percent error was 5% (Figure

9.71). NGC 3227 is far enough from the ecliptic plane that it was viewable by

RXTE on any day of the year. There is an embedded high-density segment which

we isolate and consider next. The LSP for this interval (Figure 9.72), with the

window transform in red, shows several peaks. The highest one is at 0.004333 µHz

(period = 2671 days). It has high significance and low FAP, but it is over 80%
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of the data interval and matches closely with the window LSP. The next peak

at 0.007222 µHz, or period of 1603 days, has significance σ=9.7 and FAP 98.6%.

Other peaks are evident at 0.01228 µHz (period 943 days, σ=9.3 and FAP 99.8%)

and 0.03466 µHz (period 334 days, σ=7.8 and FAP ≈ 100%). None of these periods

look evident in the light curve. In fact, the most prominent event is the pronounced

dip covering most of 2008, which is termed as a secure eclipse event supporting

the clumpy torus model [127].

Figure 9.71: (left) The RXTE light curve for Mkn 79 (20003-2011)

Figure 9.72: (right) Power Spectrum for Mkn 79, MJD 52720-55925, 2-10 keV

The high-density portion of the campaign covers MJD 53691-53755 (2005 Novem-

ber 17 - 2006 January 20). With 247 observations over 64 days, the mean spacing

was 0.26 days (Figure 9.73). The LSP for this interval, again with the window

LSP in red, shows a peak at 0.7973 µHz or period of 14.52 days (Figure 9.74).

It has significance σ=11 and FAP 4.3%. There is some indication of variation on

this period in the light curve, and a folded light curve shows some semblance of

coherency. Furthermore, a small peak in the previous power spectrum (9 years of

data) corresponds to this one.

The mass of the SMBH in NGC 5548 as determined from reverberation mapping
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Figure 9.73: (left) The RXTE high-density light curve for Mkn 79 (2005-2006)

Figure 9.74: (right) Power Spectrum for Mkn 79, MJD 53691-53755, 2-10 keV

[21] is M7 = 4.093, with uncertainties of about ±28%. Interpreting the 14.52-day

QPO as a Keplerian orbital freqency gives a radial distance from the BH system

barycenter of 49 RS. On the other hand, interpreting the QPO as a Lense-Thirring

precession frequency, gives a radial distance from the BH system barycenter of 6.3

RS for a value of the dimensionless spin parameter (a) near 1. For a slower spin

of a=0.1, the radial distance would be roughly half this value.

9.2.6 NGC 3227; Sy1.5

There were 1078 RXTE observations of NGC 3227, all but a few from 1999 to

2005 (RXTE proposals 40151, 50153, 60133, 70142, 80154 & 90160, PI - I. M.

McHardy). A coordinated observation of 160 ks covered about 4 days in 1996

(proposal 10292, PI - T. Yaqoob), but was not used in our analysis. Reprocessing

of the 1996 data could make a good extension of this work, however, looking for

HFQPOs. The 7-year campaign covers MJD 51180-53708 (1999 January 2 - 2005

December 4). With 1063 observations over 2528 days, the mean spacing was 2.38

days and the percent error was 2.6% (Figure 9.75). With an ecliptic latitude of ∼9
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degrees, NGC 3227 was not viewable due to the RXTE Sun avoidance constraint

for about 2 months out of each year. There is also an embedded high-density

segment which we isolate and consider next. The LSP for this interval (Figure

9.76), with the window transform in red, shows no peaks of interest. The double-

lobed peaks near the two sharp window LSP peaks correspond to 2 and 1 year

periods.

Figure 9.75: (left) The RXTE light curve for NGC 3227 (2011)

Figure 9.76: (right) Power Spectrum for NGC 3227, MJD 51180-53708, 2-10 keV

The high-density portion of the campaign covers MJD 51636-51702 (2000 April

2 - June 7). With 251 observations over 66 days, the mean spacing was 0.26 days

(Figure 9.77). The LSP for this interval, again with the window LSP in red, shows

little of interest (Figure 9.78). The maximum power is at the data span of 66 days.

This could be considered to be consistent with the light curve; however, no such

cycle is evident on either side of the intensive monitoring period in the data spaced

at 2 days. A small peak in the first power spectrum (7 years of data) at 0.163 µHz

(period of 71 days) could correspond to this one, but has high FAP.

201



Figure 9.77: (left) The RXTE light curve for NGC 3227 (2003)

Figure 9.78: (right) Power Spectrum for NGC 3227, MJD 51636-51702, 2-10 keV

9.2.7 NGC 3516; Sy1.5

There were 628 RXTE observations of NGC 3516 (Figure 9.79) covering from

1997 to 2011. The bulk of the observations were conducted prior to 2002, and we

concentrate most of the analysis on these data. The short patches in 2005 and 2006

are too brief to give meaningful results. The 2011 data (RXTE proposal 96390, PI

- I. McHardy) cover MJD 55561-55925 (2010 December 31 - 2011 December 30).

There is clear variation in the light curve (Figure 9.80), but nothing that looks

cyclical and no features of interest were found in the LSP.

Figure 9.79: (left) The NGC 3516 light curve of all RXTE observations

Figure 9.80: (right) The RXTE NGC 3516 light curve (2011)
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The remaining 502 observations of NGC 3516 cover MJD 50523-52331 (1997

March 16 - 2002 February 26). These include several proposals (20316, 30223,

40223 & 60131, PI - R. Edelson; 30224, K. Nandra; 50159, S. Vaughan). A 20-

week gap separates the final 45 observations of this grouping. There is a similar

feature in the LSP with or without the extra 45 observations, but the significance is

a bit higher without them. These 457 observations cover MJD 50523-51593 (1997

March 16 - 2000 February 19). The average percent error for these data was 1.7%.

The data span 1070 days and the mean spacing is 2.35 days (Figure 9.81). The

LSP has a peak at 0.0649 µHz (178 days). The peak has significance 8.3-σ with

FAP=85% (Figure 9.82). The window LSP is included in red. (The longer interval

shows a peak at 0.0659 µHz (176 days), with significance 7.9-σ and FAP=96%.)

A high-frequency peak at 2.7 µHz matches the dominant sampling interval of 4.3

days.

Figure 9.81: (left) The RXTE NGC 3516 light curve (1997-2000)

Figure 9.82: (right) Power Spectrum for NGC 3516, MJD 50523-51593

The high-density monitoring campaign covers MJD 50523-50657 (1997 March

16 - July 28). There were 240 observations over 135 days, with a mean spacing of

0.56 days (Figure 9.83). The campaign design was for an observation every ∼12.8
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hours (eight RXTE orbits). There was also a nearly continuous observation near

the midpoint of this campaign that was split into several pieces for operational

reasons, such as to fit in other short observations. The LSP for this interval (with

the window function included in red) shows a peak at 0.266 µHz or a period of

43.5 days (Figure 9.84). This peak has significance σ=7.9 and FAP of 65%. There

is another peak, with nearly identical σ and FAP, at 0.266 µHz or a period of 20.4

days. Both peaks are largely duplicated in the window transform, and with the

relatively large FAP, we don’t consider these to be strong QPO candidates.

Figure 9.83: (left) Power Spectrum for NGC 3516, MJD 51870-51904, 2-10 keV

Figure 9.84: (right) NGC 3516 light curve from RXTE high density data

NGC 3516 was the prototype source for this group of proposers, which favored

a very regular time spacing. NGC 3516 was chosen since it was in the RXTE

continuous viewing zone (CVZ), ensuring that it would always be visible. The

actual observation scheduling deviated from the requested ephemeris by a mean

of 0.36 hours (2.8%) for the 12.8-hour sampling and 0.98 hours (1.0%) for the

4.3-day sampling. For NGC 3516, one year of observations was also conducted

with a dedicated 8-minute background sky observation both immediately before

and after the source observation. Analysis by the proposing team also reported a
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break frequency in the range of 5 to 700 µHz (2.3 days to 24 minutes). Additionally,

the data well fit a power-law slope of -1.76, with a cutoff frequency of 0.4 µHz (29

days). They also reported no evidence for strict or quasi-periodicity in the power

density spectrum [52].

9.2.8 NGC 7469; Sy1.2

There were 818 RXTE observations of NGC 7469 (Figure 9.85). A 7-year monitor-

ing campaign covers 2003-2009. We detail and analyze this data separately below,

but a full 40% of the observations take place in 1996, including the most intensive

monitoring of any source observed by RXTE . Despite the gap of over 6 years

between these two segments, the LSP for the full interval is more interesting than

is usually the case with large gaps (Figure 9.86). Between MJD 50185-55194 (1996

April 12 - 2009 December 29), 5010 days with an average spacing of ∼6 days, the

overall mean percent error is 2.5%. Despite the rather wild gyrations in both the

data and window (red) LSP, the highest peak in the PDS occurs at 0.584 µHz or

a period of 19.8 days. While this peak has low significance (σ=3.4) and the FAP

is essentially 100%, comparable values show up in further analysis of this object.

There were a total of 329 observations of NGC 7469 in 1996 (Figure 9.87). The

first 22 (RXTE proposal 10293, PI - R. Cameron) occur about 2 months before the

intensive monitoring campaign (proposal 10315, PI - K. Nandra) and we analyzed

the data both with and without the data from the Cameron proposal. With this

data included, the interval spans MJD 50185-50275 (1996 April 12 - July 11). The

LSP for this 90-day interval with mean spacing of ∼0.277 days (Figure 9.88), with

the window LSP in red, shows a peak at 0.587 µHz or a period of 19.7 days. This

peak has significance σ=12.8 and FAP of 1.2%, and matches closely to the value
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Figure 9.85: (left) The NGC 7469 light curve of all RXTE observations

Figure 9.86: (right) Power Spectrum for NGC 7469, MJD 50185-55194

seen in all of the NGC 7469 data.

Figure 9.87: (left) The RXTE NGC 7469 light curve (1996)

Figure 9.88: (right) Power Spectrum for NGC 7469, MJD 50185-50275

During MJD 50244-50275 (1996 June 10 - July 11), there were 307 observations

over 32 days, for a mean spacing of 0.104 days (Figure 9.89). The campaign design

was for an observation every ∼5.76 ks (one RXTE orbit), nearly continuous RXTE

monitoring, coordinated with the International Ultraviolet Observer (IUE ). After

about 11 days, the observation frequency was reduced to one observation every

other orbit due to concerns about the satellite power constraints [153]. A limit of

400 minutes a day spent in spacecraft slew mode was imposed for the remainder of
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the mission. Interestingly, the culprit wasn’t that the attitude maneuvering directly

consumed battery power. Instead, the solar arrays did not track the sun during a

slew, but remained locked in the position that was optimal at the starting position.

So, charging of the batteries was impacted during slews, often severely, until the

completion of the slew when the solar arrays could once again be positioned for

optimal battery charging. The mean percent error for this intensive campaign is

1.4%. The LSP for this 32-day interval (Figure 9.90), with the window LSP in red,

shows a peak at 0.607 µHz or a period of 19.1 days. This peak has significance

σ=17 and FAP of 0.04%, and again matches closely to the values seen the other

NGC 7469 runs. High-frequency peaks show up in the noise on the right-hand side

of the PSD associated with the two monitoring frequencies of 96 and 192 minutes.

Figure 9.89: (left) NGC 7469 2-10 keV light curve from RXTE high density data

Figure 9.90: (right) Power Spectrum for NGC 7469, MJD 50244-50275, 2-10 keV

Turning now to the 7 years of monitoring from 2003-2009 (proposals 80152, PI

- R. Edelson; proposals 90154, 91138, 92108, 93144 & 94144 - PI - A. Markowitz),

these data cover MJD 52826-55194 (2003 July 6 - 2009 December 29). There are

469 observations over 2368 days, for a mean spacing of 5.06 days (Figure 9.91).

With an ecliptic latitude of about 9 degrees, about 2 months of observations are
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lost each year while the Sun is within 30 degrees of NGC 7469. The LSP for this

interval (with the window function included in red) shows a peak at 0.0371 µHz

or a period of 312 days (Figure 9.92). This peak has significance σ=13 and FAP

of 1.6%, but we see no clear variations in the light curve, and a folded light curve

on this period looks like random scatter. Interestingly, a small bump in the PSD

occurs at 0.644 µHz or a period of 18.0 days. During this 7-year campaign, the

design spacing is 4.267 days between observations, and thus the coverage of a period

in the range of 18 or 19 days is pretty sparse. Indeed, the vertical spread of the

light curve is pretty high, especially compared to the 3.3% estimated instrumental

uncertainty, which would be consistent with sparse sampling of a light curve with

substantial variation. Note also that, unlike the other intervals considered, this

span does not include the high-density campaign.

Figure 9.91: (left) The RXTE NGC 7469 light curve (2003-2009)

Figure 9.92: (right) Power Spectrum for NGC 7469, MJD 52826-55194, 2-10 keV

We will use the 19.1-day period from the high-density campaign for purposes

of interpretation. The mass of the SMBH in NGC 7469 as determined from re-

verberation mapping [21] is M7 = 0.90, with an uncertainty of about 11%. Inter-

preting the QPO as a Keplerian orbital freqency gives a radial distance from the
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BH system barycenter of 161 RS. On the other hand, interpreting the QPO as a

Lense-Thirring precession frequency, gives a radial distance from the BH system

barycenter of 11.4 RS for a value of the dimensionless spin parameter (a) near 1.

For a=0.1, the radial distance, if roughly half the value for a=1.

9.2.9 NGC 4151; Sy1.5

There were 509 RXTE observations of NGC 4151 (Figure 9.93). We concentrate

most of the analysis on the data from 1999 through 2001. The remaining data

before and after were not designed with the aim of monitoring the source.

The remaining 426 observations of NGC 4151 (Figure 9.94) cover MJD 51179-

51964 (1999 January 1 - 2001 February 24). These observations (proposals 40152

& 50155, PI - R. Edelson) were designed to have an observation every 64 RXTE

orbits (4.266667 days) but also contained 34 days of intensive monitoring. For

the total campaign spanning 785 days, the mean spacing turned out to be 1.85

days. The peak detected at 0.0442 µHz (262 days) is 10-σ with FAP=23%, but is

also 1/3 of the data span (Figure 9.95). The window LSP is included in red. A

substantial peak is also evident at the exact design spacing of 4.266667 days, and

half that at 2.1333 days. As there is also no sign of periodic oscillations in the

light curve itself, we conclude that none of these features is significant and move

on to the analysis of the high-density portion of the campaign.

During MJD 51870-51904 (2000 November 22 - December 26), there were 254

observations over 34 days, for a mean spacing of 0.133 days (Figure 9.96). The

campaign design was for an observation every ∼11.52 ks (two RXTE orbits). The

average percent error for these data was 1.7%. The LSP for this interval shows

a peak at 0.483 µHz or a period of 24 days (Figure 9.97). While this peak has
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Figure 9.93: (left) The NGC 4151 light curve of all RXTE observations

Figure 9.94: (right) The RXTE NGC 4151 light curve (1999-2001)

Figure 9.95: (left) Power Spectrum for NGC 4151, MJD 51179-51964

Figure 9.96: (right) The RXTE NGC 4151 high-density light curve (2000)

significance σ=13 and FAP of 0.8%, it spans most of the data range and is not

a strong candidate QPO. Oscillations in the light curve at about 4 or 5 days are

evident, and there is a smaller peak in the LSP at about 2.4 µHz that corresponds.

As the oscillations are more obvious in the first half of the intensive campaign, we

did an additional run with a more restricted data span.

Using the part of the high-density campaign covering MJD 51870-51891 (2000

November 22 - December 13), there are 155 observations over 21 days, for a mean

spacing of 0.135 days. The LSP for this restricted interval (with the window
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function included in red) shows a peak at 2.56 µHz or a period of 4.52 days (Figure

9.98). This peak has significance σ=12 and FAP of 0.7%. A folded the light curve

on this period shows good data distribution and a smoothly varying profile.

Figure 9.97: (left) Power Spectrum for NGC 4151, MJD 51870-51904, 2-10 keV

Figure 9.98: (right) Power Spectrum for NGC 4151, MJD 51870-51891, 2-10 keV

The mass of the SMBH in NGC 4151 as determined from reverberation mapping

[21] is M7 = 3.59, with an uncertainty of about 12%. Interpreting the 4.52-day

QPO as a Keplerian orbital freqency gives a radial distance from the BH system

barycenter of 24 RS. On the other hand, interpreting the QPO as a Lense-Thirring

precession frequency, gives a radial distance from the BH system barycenter of 4.4

RS for a value of the dimensionless spin parameter (a) near 1. For a=0.1, the

radial distance, if roughly half the value for a=1, would be inside the ISCO. The

ISCO radius is 3 RS for a=0, but 0.5 RS for a=1 and 4.5 RS for a=-1.

9.2.10 IC 4329A; Sy1.2

There were 581 RXTE observations of IC 4329A (Figure 9.99). We concentrate

most of the analysis on the data from 2003 through 2007, but there is also a

meaningful grouping in 1997 (proposal 20315, PI - G. Madejski). This monitoring
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campaign covers MJD 50665-50723 (1997 August 5 - 2011 October 2). There were

61 observations spanning 57 days (Figure 9.100). The mean spacing was 0.96

days and the average percent error was 0.6%. The LSP for this interval (with the

window function included in red) detects a peak at 0.642 µHz or a period of 18.0

days (Figure 9.101). This peak has significance σ=6.3 and FAP of 51%.

Figure 9.99: (left) The IC4329A light curve of all RXTE observations

Figure 9.100: (right) The RXTE IC4329A light curve (1997)

Figure 9.101: (left) Power Spectrum for IC4329A, MJD 50665-50723

Figure 9.102: (right) The RXTE IC4329A light curve (2003-2007)

The remaining 513 observations of IC 4329A (Figure 9.102) cover MJD 52737-

54319 (2003 April 8 - 2007 August 7). These observations (proposal 80152, PI

- R. Edelson; proposals 90154 & 91138, PI - A. Markowitz) were designed to
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Figure 9.103: (left) Power Spectrum for IC4329A, MJD 52737-54319, 2-10 keV

Figure 9.104: (right) IC4329A folded light curve, MJD 52737-54319, P=4.2667 d

have an observation every 64 RXTE orbits (4.266667 days) but also contained 34

days of intense monitoring. There were also four ∼50-day gaps due to sun-angle

constraints in October–November of each year. For the total campaign spanning

1582 days, the mean spacing turned out to be 3.09 days. A sizeable peak is evident

at 2.7 µHz, which turns out to be the exact design spacing of 4.266667 days (Figure

9.103). We have learned to be skeptical of high-frequency (HF) QPOs from LSP

analysis of the UCSD archive. The folded light curve (Figure 9.104) shows another

signature of a bad fit - most of the data points are piling up in a narrow phase

range. So, this run merely detected the dominant observation spacing.

The high-density portion of the campaign covers MJD 52830-52864 (2003 July

10 - August 13). With 172 observations over 34 days, the mean spacing was 0.20

days (Figure 9.105). The campaign design was for an observation every ∼17.1

ks (three RXTE orbits). The LSP for this interval (with the window function

included in red) detects a peak at 1.63 µHz or a period of 7.10 days (Figure 9.106).

This peak has significance σ=8.1 and FAP of 36%.

Examination of the previous light curve shows that oscillations at about a
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1-week interval are clearly evident, but more obvious in the second half of the

intensive campaign, so we did an additional run with a more restricted data span.

The restricted high-density campaign covers MJD 52844-52864 (2003 July 24 -

August 13). With 104 observations over 20 days, the mean spacing was still 0.2

days (Figure 9.107). The LSP for this interval (with the window function included

in red) detects a peak at 1.597 µHz or a period of 7.25 days (Figure 9.108). This

peak has significance σ=9.7 and FAP of 4.58%. The average percent error for these

data was 1.3%.

Figure 9.105: (left) IC4329A 2-10 keV light curve from RXTE high density data

Figure 9.106: (right) Power Spectrum for IC4329A, MJD 52830-52864, 2-10 keV

Figure 9.107: (left) RXTE IC4329A light curve - high density subset

Figure 9.108: (right) Power Spectrum for IC4329A, MJD 52844-52864, 2-10 keV
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The observing team also had time on XMM -Newton that helped determine

the PSD at even higher frequencies [124]. They report a mass estimate for IC

4329A of M7 = 13, with a possible range from 10 to 23. The technique relies

on a strong correlation between permitted optical emission line widths and the

characteristic X-ray timescale, which depends on the AGN black hole mass and

accretion rate [137]. This correlation was measured in both broad-line AGN and

narrow-emission-line Seyfert 1 galaxies.

So, for this QPO at 7.25 days, and M7 = 13 for IC 4329A, the hot spot radius

would be at 14 RS if this is a keplerian orbital frequency. If instead we were to

assume Lense-Thirring precession, the radius would be 3.4 RS for a ≈ 1. Lower

spin values could yield values for the radius inside the ISCO, but remember that

RISCO also varies with spin. Lower values for the SMBH mass in IC 4329A would

also relieve this conundrum.

9.2.11 NGC 3998

RXTE observed NGC 3998 370 times (proposal 96398, PI - I. M. McHardy).

Analysis of these data was performed by the proposing team [42] and in the C.

J. Skipper 2003 dissertation. There were only a few Swift data available for NGC

3998, as NGC 3998 is a very faint source, and even the RXTE data had quite

low S/N. Their spectral analysis supports the notion that the X-ray variability is

caused by changes in photon index and not changes in absorption.

The year-long campaign covers MJD 55561-55921 (2010 December 31 - 2011

December 26). The initial observations were each separated by roughly 2 days,

but the campaign concluded with observations spaced by about 6 hours. With 370

observations over 360 days the mean spacing was 0.97 days and the percent error
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was 12% (Figure 9.109). The LSP for this interval suggests a possible feature at

0.0863 µHz or a period of 13.4 days (Figure 9.110). Another peak is at 0.023 µHz

or a period of about 50 days. Both features have significance z=4.6 and FAP above

6 9’s. The LSP for the window function is included in red.

Figure 9.109: (left) The RXTE light curve for NGC 3998 (2011)

Figure 9.110: (right) Power Spectrum for NGC 3998, MJD 55561-55921, 2-10 keV

Figure 9.111: (left) The RXTE high-density light curve for NGC 3998

Figure 9.112: (right) Power Spectrum for NGC 3998, MJD 55861-55921, 2-10 keV

The high-density portion of the campaign covers MJD 55861-55921 (2011 Oc-

tober 25 - December 26). With 228 observations over 60 days the mean spacing

was 0.26 days (Figure 9.111). The LSP for this interval suggests a possible feature

at 5.87 µHz or a period of 1.97 days (Figure 9.112). Another peak is at ∼8 µHz or
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a period of about 2 weeks. Both features have significance z=3.5 and FAP above

11 9’s. Again, the LSP for the window function is included in red.

9.2.12 Mkn 509; Sy1.2

There were 364 RXTE observations of Mkn 509. All but a few were during 2003-

2006, a 3.5-year X-ray and optical monitoring campaign on Mrk 509 (RXTE pro-

posals 80157, 90147 & 91129, PI - H. R. Miller). We concentrate on these obser-

vations for the timing analysis, and ignore a pair of deep, concentrated proposals,

160 ks in 1996 and 60 ks in 2001. Analysis by the proposing team concentrated on

the cross-correlation of the X-ray and optical light curves [132].

The light curve for this interval, MJD 52726-53945 (2003 March 18 to 2006 June

29), 335 observations over 1219 days, has a mean spacing of 3.65 days and mean

percent error of 1.6% (Figure 9.113). The LSP for this time interval (Figure 9.114),

together with the window LSP (in red), shows a peak at 0.08542 µHz (period =

135.5 days). The significance is σ=10.4, corresponding to a FAP of 13%.

Figure 9.113: (left) The 2-10 keV RXTE Mkn 509 light curve (2003-2006)

Figure 9.114: (right) The RXTE Power Spectrum for Mkn 509, 52726-53945

This false alarm probability value is close to what might be expected for a
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true QPO candidate. However, we note the complete absence of any apparent

signal at this period in the Mrk 509 light curve. While Mrk 509 clearly is variable

in the 2-10 keV X-ray band, the variations do not appear to be periodic at any

frequency. Finally, folding the light curve on the 135.5-day period showed no

structure, whatsoever. For all of these reasons, we do not consider this a strong

QPO candidate.

9.2.13 PG 0804+761

There were 264 RXTE observations of PG 0804+761. These were distributed as

follows: a 60-ks deep observation over a few days in 1999 January (RXTE proposal

40157, PI - A. Koratkar); a year-long monitoring campaign in 2000-2001 (RXTE

proposal 50164, PI - K. Nandra); and a 2-month intensive monitoring campaign in

2004 (RXTE proposal 90157, PI - I. Papadakis). The light curve for the combined

data (Figure 9.115) illustrates this data distribution. The mean percent error was

about 5%, and pretty much the same over all data subsets. The LSP for such

sparse data is often not very useful, but we include it since both peaks seen in the

individual monitoring sequences below are also evident here. We see that there

is structure in the overall envelope of the varying power spectrum (Figure 9.116).

The highest peak is at 0.0932 µHz (period = 124 days). The significance is σ=6,

and FAP above 99.93%. Another peak at 0.55 µHz (period = 21 days) is nearly

as high.

Focusing on the data from 2000-2001, the light curve (Figure 9.117) covers

MJD 51610-51971 (2000 March 7 - 2001 March 3). With 125 observations over

361 days, the mean spacing is 2.9 days. The LSP (Figure 9.118), together with

the window LSP (in red), has the highest peak at 0.0897 µHz (period = 129 days).
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Figure 9.115: (left) The 2-10 keV PG 0804+761 light curve of RXTE observations

Figure 9.116: (right) The RXTE Power Spectrum for PG 0804+761, all data

Figure 9.117: (left) The RXTE PG 0804+761 light curve (2000-2001)

Figure 9.118: (right) RXTE Power Spectrum for PG 0804+761, MJD 51610-51971

The significance is σ=7.9, corresponding to a FAP of 33%. In the proposing team’s

write-up of the analysis of these data [170], a break frequency is reported at about

1 µHz (10 days) and we also detect this.

Focusing now on the data from 2004, the light curve (Figure 9.119) covers

MJD 53330-53362 (2004 October 22 - December 23). With 131 observations over

62 days, the mean spacing is 0.5 days. The LSP (Figure 9.120), together with the

window LSP (in red), has the highest peak at 0.555 µHz (period = 20.9 days).

The significance is σ=7.5, corresponding to a FAP of 49%. As mentioned, both
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Figure 9.119: (left) The RXTE PG 0804+761 light curve (2004)

Figure 9.120: (right) RXTE Power Spectrum for PG 0804+761, MJD 53330-53362

the 21- and 129-day peaks match peaks seen in a run with all available data for

PG 0804+761. However, the significance and false alarm probability values do not

make these strong QPO candidates.

9.2.14 Ark 120

There were 197 RXTE observations of Ark 120, mostly in 1998-2000 (RXTE pro-

posals 30232 and 40160, PI - H. R. Miller) but with a few in 2003 (RXTE proposal

80160, PI - T. Yaqoob). The remaining 11 pointings in 2003 total 130 ks over about

2 days, and could be useful for a follow-up search for HFQPOs. Data from the

main grouping was used to estimate the mass of Akn 120 [131]. This interval has

two gaps of about 2 months due to Sun angle constraints. We investigated a few

subsets of this interval, but found nothing beyond the results presented here.

For this interval covering MJD 50868-51662 (1998 February 24 - 2000 April 28),

the mean spacing was 4.3 days (Figure 9.121). The design spacing was 3.5 days

(twice weekly) but increased due to the Sun gaps. The mean percent error was 2%.

The LSP, together with the LSP of the window function (red), are plotted (Figure
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9.122) and show fairly weak timing features. A peak at 0.0466 µHz (period = 248

days) has significance 4.8-σ and FAP of 99.8%.

Figure 9.121: (left) Ark 120 light curve of RXTE observations (1998-2000)

Figure 9.122: (right) RXTE Power Spectrum for Ark 120, MJD 50868-51662

9.2.15 Miscellaneous

9.2.15.1 PG 0052+251; Sy1.2

There were 153 RXTE observations of PG 0052+251, but a few were isolated in

1997 (RXTE proposal 20338-05, PI - F. Fiore) and 1999 (RXTE proposal 40157-03,

PI - A. Koratkar). The remaining 145 observations are in 2004-2005, a year-long

monitoring campaign (RXTE proposal 90157-02, PI - I. Papadakis). It is these

observations that we analyze, covering MJD 53140-53432 (2004 May 15 - 2005

March 3), with a mean spacing of 2.0 days and a mean percent error of 10.5%

(Figure 9.123).

The LSP, together with the LSP of the window function, are plotted (Figure

9.124) and show no strong timing features. A peak at ∼0.08 µHz (period ≈ 140

days) has significance 4.3-σ and FAP above 8 9’s. This is also at about half of

the 291-day data span, but there are (two) visible peaks in the light curve at this
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∼20-week period. Harmonics at ∼0.16 µHz (period ≈ 70 days) and ∼0.33 µHz

(period ≈ 35 days) are also visible.

Figure 9.123: (left) RXTE PG 0052+251 light curve (2004-2005)

Figure 9.124: (right) RXTE Power Spectrum, PG 0052+251, MJD 53140-53432

9.2.15.2 Mkn 590; Sy1.2

There were only 37 RXTE observations of Mkn 590, all within a brief campaign in

2011 (RXTE proposal 50172, PI - M. Malkan). The observations cover MJD 51684-

51975 (2000 May 20 - 2001 March 7), with a mean spacing of 8 days and a mean

percent error of 3% (Figure 9.125). The campaign design was for observations

spaced at about 10 days, but with a few observations spaced at 2-day intervals

near the midpoint. The higher-density coverage also encompasses the highest flux

interval, and there are two other periods of somewhat higher flux. These excesses

are enough to show up in the LSP as a possible timing feature at ∼0.1 µHz or a

period of 116 days (Figure 9.126). The possible detection is at significance z=3.7,

with FAP of 99.8%. The LSP for the window function could not be computed.
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Figure 9.125: (left) The Mkn 590 light curve of RXTE observations (2003)

Figure 9.126: (right) RXTE Power Spectrum for Mkn 590, MJD 52751-52771

9.2.15.3 Mkn 279; Sy1.5

The 63 RXTE observations of Mkn 279 were spread across 3 seperate years: 1996

(RXTE proposal 10326, PI - R. Rothschild) 10 pointings in 8 days; 1999 (RXTE

proposal 40154, PI - K. Weaver) 30 pointings in 4 days; and 2002 (RXTE proposal

70163, PI - T. Taqoob) 23 pointings in 6 days (Figure 9.127). We tried runs

using each of the 3 sets of data individually, and all of the data together, but no

meaningful timing results were found for any of these cases. A series of longer

observations were made in 1997-1998 (RXTE proposal 30233, PI - P. Blanco) and

2003 (RXTE proposal 80159, PI - T. J. Turner). These observations averaged

about 3.6 ks in length, and had a mean percent error of 1.3%.

9.2.15.4 MCG-2-58-22; Sy1.5

There were 31 RXTE observations of MCG-2-58-22 (RXTE proposal 20320 &

40154, PI - K. Weaver). We excluded the AO-2 observations (4 pointings from

1997) which were too few to analyze separately and too far away to combine with

the AO-4 observations in a single run. The 27 observations averaged about 7.4
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Figure 9.127: (left) The 2-10 keV Mkn 279 light curve of RXTE observations

Figure 9.128: (right) 2-10 keV MCG-2-58-22 light curve of RXTE observations

ks in length, and had a mean percent error of 1.6% (Figure 9.128). Covering 160

days, these observations were still split into 3 short clumps (12 in 12 days, 5 in 4

days, 10 in 2 days). These again were too few to analyze separately and too far

away from each other to combine into a single run.
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9.3 Narrow-Line Seyfert 1 Galaxies

9.3.1 NGC 4051; Sy1.5

There were 2125 RXTE observations of NGC 4051, the most for any AGN in

our sample. The ecliptic latitude was high enough that no time was lost to Sun

angle constraints. There were proposals for every year of the mission, all for

the same proposing team (RXTE proposals 10301, 20319, 30219, 40151, 50153,

60133, 70142, 80154, 90160, 91140, 92113, 93127, 94127, 95371 & 96390, PI - I. M.

McHardy). The monitoring was typically at a frequency of every 2 days, but there

was a high-density segment sampled 4 times a day (analyzed separately below).

The light curve of all NGC 4051 observations (Figure 9.129) covers MJD 50196-

55925 (1996 April 23 - 2011 December 30). Over this 5729-day interval, the mean

spacing is 2.7 days, and the mean percent error is 4%. The LSP (with window LSP

in red) peaks at 0.004445 µHz (period = 2604 days). The significance for this peak

is σ=4.2, corresponding to a FAP of ∼100% (Figure 9.130). In addition to having

low significance, this peak closely matches with one seen in the window LSP.

Figure 9.129: (left) The 2-10 keV NGC 4051 light curve of RXTE observations

Figure 9.130: (right) The RXTE Power Spectrum for NGC 4051, all data
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Figure 9.131: (left) The 2-10 keV NGC 4051 RXTE light curve (2000)

Figure 9.132: (right) RXTE Power Spectrum for NGC 4051, MJD 51665-51730

The light curve for the high-density campaign (Figure 9.131) covers MJD 51665-

51730 (2000 May 1 - July 5). There are 246 observations over 64.7 days, for a mean

spacing is 0.264 days. The LSP for this interval (Figure 9.132) shows a peak at

0.215 µHz (period = 53.9 days), with significance σ=12 and FAP 1%. The peak

is again similar to one in the window LSP, and this period is well over half of the

data interval. Also, no clear periodicity is evident in the light curve.

9.3.2 MCG-6-30-15; Sy1.2

There were 1555 RXTE observations of MCG-6-30-15, spread through most of

the mission, 1996 to 2010, but with gaps covering most of 2006 and 2008. Also,

with an ecliptic latitude of -22.5, about 6 weeks were lost each year due to Sun

angle constraints. There were also a mixture of observing strategies: compact

coordinated campaigns (RXTE proposals 10299, 20310, 40155 & 80153, PI - A.

Fabian, plus 50161 & 91703, PIs - J. Wilms & T.J. Turner) and monitoring (RXTE

proposal 10301, 20319, 30219, 40151, 50153, 60133, 70142, 80154, 91140, 93127,

94341 & 95371, PI - I. M. McHardy). The monitoring was typically at a frequency
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of every 2 days, but there were also sections sampled every 4 days. A high-density

segment with 4 pointings a day is also included, and analyzed separately below.

Some of the compact coordinated campaigns were broken up into enough pieces to

allow for useful analysis. The light curve of all MCG-6-30-15 observations (Figure

9.133) covers MJD 50159-55559 (1996 March 17 - 2010 December 29). Over this

5400-day interval, the mean spacing is 3.5 days, and the mean percent error is 2%.

The LSP (with window LSP in red) peaks at 0.00857 µHz (period = 1350 days).

The significance for this peak is σ=10, corresponding to a FAP of ∼100% (Figure

9.134). This peak is precisely 1/4 of the data span, so an obvious alias.

Figure 9.133: (left) The 2-10 keV MCG-6-30-15 light curve of RXTE observations

Figure 9.134: (right) The RXTE Power Spectrum for MCG-6-30-15, all data

We looked at several shorter intervals and did not see any credible evidence

for long-period oscillations. Most of the concentrated campaigns were similarly

uninteresting, but the ones in 1997 and 1999 show some promise. The proposing

team reported the hint of a 33-hour periodicity in the 1997 data [106]. Keeping

in mind that large multi-RXTE-orbit pieces of this observation are still going to

contribute only one data point to the light curve, we studied this interval. The

light curve (Figure 9.135) covers MJD 50664-50672 (1997 August 4 - 12). There
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Figure 9.135: (left) The 2-10 keV MCG-6-30-15 RXTE light curve (1997)

Figure 9.136: (right) RXTE Power Spectrum for MCG-6-30-15, MJD 50664-50672

Figure 9.137: (left) The 2-10 keV MCG-6-30-15 RXTE light curve (1999)

Figure 9.138: (right) RXTE Power Spectrum for MCG-6-30-15, MJD 51378-51388

are 40 separate observations over this 8-day interval for a mean spacing is 0.2 days.

We could not calculate the window LSP, but the data LSP (Figure 9.136) shows

a peak at 8.99 µHz, corresponding to a period of 1.287 days or 30.9 hours. The

significance for this peak is σ=2.7, corresponding to a FAP of ∼100%. There is

another peak of comparable power at 13.5 µHz, corresponding to a period of 20.5

hours, which would be in a 3:2 resonance with the first peak.

Turning to the 1999 data, the light curve (Figure 9.137) covers MJD 51378-

51388 (1999 July 19 - 29). There are 95 separate observations over this 10-day
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interval for a mean spacing is 0.11 days. The LSP (Figure 9.138) shows a peak at

2.75 µHz (period = 4.2 days). The significance for this peak is σ=3.8, correspond-

ing to a FAP of 95%. The window LSP is included in red. Several other peaks are

noted. There is a peak at 8.95 µHz, or a period of 1.293 days or 31.04 hours. This

is consistent with the peak in the 8-day interval well within the width of the peaks.

A possible peak at the 3:2 resonance is seen centered at 13.1 µHz, or a period of

0.884 days or 21.2 hours. This is somewhat weaker and the frequency is midway

between the values that would be consistent with 33- and 31.5-hour periods for

the fundamental of the 3:2 resonance. Another peak is at 16.5 µHz, or a period of

0.701 days or 16.8 hours. This is close to being a half period of the fundamental,

but more consistent with the original 33-hour period than the shorter 30.5-hour

period suggested in this analysis.

There is a designed high-density segment (Figure 9.139) covering MJD 51622-

51688 (2000 March 19 - May 24). There are 263 observations over this 66-day

interval for a mean spacing is 0.25 days. There are no significant signals in this

data, including any ∼33-hour periodicity discussed in the past two paragraphs.

Figure 9.139: (left) The 2-10 keV high-density MCG-6-30-15 light curve (2000)

Figure 9.140: (right) Detailed MCG-6-30-15 Power Spectrum, MJD 50159-55559
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A promising feature of the Lomb-Scargle Periodogram is its ability to probe

frequencies well above a Nyquist-like limit based naively on the mean observation

interval. In the original 5400-day interval of all 1555 RXTE observations of MCG-

6-30-15, we know that the mean spacing is 3.5 days, but we looked at sequences

with observation frequencies of 5/day and 9/day. Few other AGN in our sample

have had this type of data distribution, and returning to the original run, we aim

to see whether analysis of this large data set can contribute to the puzzle of the

possible QPO around 33 hours. Extending the original LSP to higher frequencies

and expanding scale gives a look at several peaks in the power spectrum (Figure

9.140). Depicted with black vertical lines are peaks at 2.9 µHz (4 days), 5.8 µHz

(2 days) and 11.6 µHz (1 day). The dominant observation cadence is every 2 days,

and these peaks are strongly duplicated in the window LSP. Depicted with green

vertical lines are peaks at 8.42 µHz (33 hours) and a 3:2 pair at 12.63 µHz (22

hours). The magenta vertical lines indicate peaks at 9.062 µHz (30.65 hours) and

a 3:2 pair at 13.59 µHz (20.44 hours). We used a Gaussian fit to refine the detected

period as 30.65 +/- 1.23 hours. The main peak at 9 µHz is not symmetric, such

that the 30.65-hour peak is a better fit to the highest portion of the peak, but the

33-hour peak fits OK with the total peak. But for the possible 3:2 resonance peaks,

the 22-hour value misses the peak, while the 20.44-hour value is well centered.

The mass of the SMBH in MCG-6-30-15 has been estimated using reverberation

mapping [21].. A best current mass estimate is M7 = 0.197, with an uncertainty of

about 40%. With P = 1.277 days, the hot spot radius in the accretion disk would

be 73 rs if the QPO is interpreted as the keplerian orbital period. If interpreted

as a Lense-Thirring precession period, however, the radial distance would be 7.7

rs for a≈1, or about half this for a=0.1.
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9.3.3 Mkn 110; Sy1.5

The UCSD database contains a total of 1432 RXTE observations of Mkn 110 be-

tween 2000 and 2012. After an initial cluster of observations in 2000, there is a

large gap until 2005, after which regular monitoring continued for the remainder of

the RXTE mission. We concentrate this analysis on this large cluster (1394 obser-

vations) spanning 2492 days, MJD 53433-55925 (2005 March 4 - 2011 December

30). During this interval (Figure 9.141), the spacing between observations varied

from a minimum of 2 hours to a maximum of 2 weeks. The mean spacing was 1.79

days, and the median spacing was 1.96 days. The average percent error for these

observations was 3.5%.

Figure 9.141: (left) The RXTE Mkn 110 light curve (2005-2012)

Figure 9.142: (right) Power Spectrum for Mkn 110, MJD 53433-55925, 2-10 keV

The Lomb-Scargle periodogram (LSP) for this interval shows a candidate QPO

for Mkn 110 at 0.01115 µHz or a period of 1038 days (Figure 9.142). The LSP

of the window function is included in red. This QPO was also apparent in the

sub-bands (7-10 keV, 4-7 keV, 2-4 keV). A folded light curve for Mkn 110 on this

period shows smooth variation, with data uniformly distributed across all phase

bins. A calculated significance for this QPO is 30-σ and False Alarm Probability
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(FAP) is incredibly low, about 3.4 x 10−8. Despite the high significance and low

FAP, there are only about 2.4 cycles of this QPO within the data span. Another

peak at 0.0474 µHz (period 244 days) is also evident at significance 12-σ and FAP

= 30%.

Figure 9.143: (left) The RXTE Mkn 110 light curve (2007-2011)

Figure 9.144: (right) Power Spectrum for Mkn 110, MJD 54369-55737

We looked at several subsets of this data interval and found one that seems to

emphasize the 244-day period QPO. The light curve (Figure 9.143) covers MJD

54369-55737 (2007 September 26 - 2011 June 25). There are 668 observations over

this 1368-day interval for a mean spacing is 2.05 days. The LSP for this interval,

with the window LSP in red, shows a peak at 0.04737 µHz, corresponding to a pe-

riod of 244.3 (Figure 9.144). The significance for this peak is σ=18, corresponding

to a FAP of 0.01%.

There is a high-density sequence for MKN 110, and we looked at it separately.

The light curve (Figure 9.145) covers MJD 53696-53760 (2005 November 22 -

2006 January 25). There are 240 observations over 64 days, for a mean spacing

is 0.27 days. The LSP for this interval, with the window LSP in red, shows a

peak at 0.3620 µHz, corresponding to a period of 31.97 days (Figure 9.146). The
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significance for this peak is σ=17, corresponding to a FAP of 0.01%. Despite the

high significance and low FAP, this peak is close to half the data span. Since the

variations are evident in the light curve, and appear to continue for a few cycles

after the end of the high-density segment, we analyzed another longer interval.

Figure 9.145: (left) The high-density MKN 110 light curve (2005-2006)

Figure 9.146: (right) RXTE Power Spectrum for MKN 110, MJD 53696-53760

Figure 9.147: (left) Extension of high-density MKN 110 light curve

Figure 9.148: (right) RXTE Power Spectrum for MKN 110, MJD 53696-53997

For the extension of the high-density interval, the light curve (Figure 9.147)

covers MJD 53696-53997 (2005 November 22 - 2006 September 19). There are 351

observations over 300 days, for a mean spacing is 0.86 days. The LSP for this

interval, with the window LSP in red, shows a peak at 0.3852 µHz, corresponding
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to a period of 30.05 days (Figure 9.148). The significance for this peak is σ=11.7,

corresponding to a FAP of 3.9%. This peak is close to the value from the previous

run. The somewhat lower significance and higher FAP is compensated by the

longer data interval, giving about 10 cycles of the QPO.

The mass of the SMBH in Mkn 110 has been estimated using reverberation

mapping. Quite a bit of data have been collected for this source over multiple

campaigns, and analysis techniques have also been refined. A best current estimate

of the Mkn 110 mass was obtained from the AGN Black Hole Mass Database [21],

as M7 = 1.961, with a quoted range of 1.569 to 2.477. With P = 1038 days and

M7 = 1.961, the hot spot radius in the accretion disk would be 1374 rs if the QPO

is interpreted as the keplerian orbital period. If interpreted as a Lense-Thirring

precession period, however, the radial distance would be 33.3 rs for a≈1, or 15.7

rs for a=0.1.

For P = 244.3 days, a keplerian interpretation implies a radius of 524 rs, while

a Lense-Thirring interpretation implies a radial distance of 20.6 rs for a≈1, or

about half that for a=0.1. For P = 30.05 days, a keplerian interpretation implies a

radius of 130 rs, while a Lense-Thirring interpretation implies a radial distance of

10.2 rs for a≈1, or about half that for a=0.1. Interpreting a QPO as the keplerian

orbital frequency is often not an attractive model, as the radius is too far from

the SMBH for significant heating to occur. Lense-Thirring precession represents a

more probable cause for the detected QPOs in this case.

9.3.4 PKS 0558-504

There were 1012 RXTE observations of PKS 0558-504, all but 3 of which took place

between 2005 and 2011. We ignore the 1997 observation, 70 ks over about 1.5 days
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(RXTE proposal 20307, PI - K. Leighly) since it is so widely separated from the

long campaign. This 7-year monitoring campaign (RXTE proposals 91128, 92123,

93152, 94152, 95374 & 96391, PI - M. Gliozzi) primarily used a cadence of every

2 days, but ends with weekly observations over the last 2 years. PKS 0558-504

has a high enough ecliptic latitude to avoid the RXTE Sun constraint, but there

is about a 70-day period in 2006 with only sporadic observations. We tried runs

before and after this gap, but found little of interest. The light curve for the 7-

year monitoring campaign (Figure 9.149) covers MJD 53433-55923 (2005 March

4 - 2011 December 28). Over this 2489-day interval, there are 1009 observations

with a mean spacing of 1.94 days, and the mean percent error is 5.7%.

Figure 9.149: (left) The 2-10 keV PKS 0558-504 light curve of RXTE observations

Figure 9.150: (right) RXTE Power Spectrum for PKS 0558-504, MJD 53433-55923

The LSP for this interval (Figure 9.150), with the window LSP added in red,

shows a 3 low-frequency peaks, the lowest at 0.01209 µHz (period = 957.6 days).

The significance for this peak is σ=14.3, with a FAP of 2%. The peak is similar to

one in the window LSP, but is a bit offset. The period is not evident in either the

actual or folded light curve. The second peak from the left is at about 0.015 µHz

(period = 770 days) and matches closely with the window LSP, though at higher
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power. The third peak at 0.04091 µHz (period = 282.9 days) is nearly as high as

the first, significance σ=14.0, with a FAP of 2.5%, and the least similarity to the

window LSP of the three. We considered one other interval as a check, shaving off

the data prior to the gap and the 7-day spaced data at the end. Over this 1322-day

interval, MJD 53873-55195 (2006 May 18 - 2009 December 30), a similar peak is

seen at 0.03851 µHz (period = 300.6 days) with significance σ=11.6, with a FAP

of 13.7%

There are two high-density sequences embedded within the previous interval.

For the first, the light curve (Figure 9.151) covers MJD 53761-53792 (2006 January

26 - February 26). There are 57 observations over 31 days, for a mean spacing is

0.55 days. The light curve of the second high-density sequence (Figure 9.152) covers

MJD 54419-54449 (2007 November 15 - December 15). There are 59 observations

over 30 days, for a mean spacing is 0.52 days. Both intervals show variation way

in excess of their uncertainty, but there were no features of interest in either LSP.

These intensive campaigns were actually shorter in span and lower in frequency

than those performed for several other sources.

Figure 9.151: (left) PKS 0558-504 high-density light curve, MJD 53761-53792

Figure 9.152: (right) PKS 0558-504 high-density light curve, MJD 54419-54449
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The proposing team did a detailed analysis of the RXTE data in conjunction

with a long stare by XMM -Newton from 2008 September [168]. They mention a

break frequency at 7 µHz (period = 1.7 days) which is less than the dominant

observation spacing of 2 days, and was not evident in our two brief high-density

runs. They also examine the possibility of a QPO around 82 µHz (period = 12

ks) which is well beyond the capability of this study, but could be examined by

reprocessing of the 1997 RXTE data. In separate XMM -Newton observations,

X-ray flares were seen to recur on a timescale of ∼24 ks, which would be about

double of the possible QPO period found in the long stare. The emission region

would be just outside the ISCO, if interpreted as the Keplerian orbital period in

the disk [29].

9.3.5 Mkn 766

There were 768 RXTE observations of Mkn 766, but we ignored the first few from

2001 that made up an 80-ks concentrated observation over 5 days. The remaining

observations (RXTE proposals 90154, 91138, 92108, 93144, 94144, 95144, 96144,

PI - A. Markowitz) make up an 8-year monitoring campaign that covers 2004

through 2011. Mkn 766 has an ecliptic latitude of ∼29 degrees, so barely skims

through the edge of the 30-degree Sun cone each year, but this still causes a gap of

∼20 days each year. The proposal calls for use of a strict 4.266667-day ephemeris

(64 RXTE orbits) throughout the multi-year campaign. The light curve for the

8-year monitoring campaign (Figure 9.153) covers MJD 53065-55924 (2004 March

1 - 2011 December 29). Over this 2858-day interval, there are 754 observations

with a mean spacing of 3.8 days, and the mean percent error is 3.7%. The LSP for

this interval (Figure 9.154), with the window LSP added in red, shows a peak at
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0.01377 µHz (period = 840.8 days). The significance for this peak is σ=12.5, with

a FAP of 3.9%. The peak shows some similarity to one in the window LSP, but

is somewhat offset. The 841-day period is visible in the light curve, and a folded

light curve on this value shows a reasonable level of stationarity.

Figure 9.153: (left) The 2-10 keV Mkn 766 light curve of RXTE observations

Figure 9.154: (right) The RXTE Power Spectrum for Mkn 766, MJD 53065-55924

Figure 9.155: (left) The 2-10 keV Mkn 766 light curve of RXTE observations

Figure 9.156: (right) The RXTE Power Spectrum for Mkn 766, MJD 54068-54102

There is a high-density campaign embedded within the previous interval. Con-

centrating only on these data, the light curve (Figure 9.155) covers MJD 54068-

54102 (2006 November 29 - 2007 January 2). There are 130 observations over 34.4

days, for a mean spacing is 0.267 days. The LSP for this interval (Figure 9.156)
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shows a peak at 0.874 µHz (period = 13.2 days). The significance for this peak is

σ=7, with a FAP of 45%. The peak is similar to one in the window LSP, though

slightly offset. The 13-day period is hinted at in the light curve, but a folded light

curve on this value was not impressive, and a 45% FAP is too high for serious

consideration.

A mass estimate for the SMBH in Mkn 766 is M7=0.126 [63]. For the 840.8-

day period and this value for M7, identifying the QPO as a Keplerian orbital

freqency gives a radial distance from the BH system barycenter of over 7400 RS.

On the other hand, identifying the QPO as a Lense-Thirring precession frequency,

gives a radial distance from the BH system barycenter of 77.5 RS for a value

of the dimensionless spin parameter (a) near 1. For a=0.1, the radial distance, if

roughly half the value for a=1. A non-zero spin is required to cause Lense-Thirring

precession.

9.3.6 Ark 564

There were 569 RXTE observations of Ark 564, with all but 5 of these concen-

trated into a 4-year monitoring campaign from 1999 through 2003. The earlier

1996 observation consisted of 50 ks, nearly uninterrupted, and is not used in this

analysis. The remaining observations (RXTE proposals 40158 & 50165, PI - K.

Pounds; proposal 70144, PI - R. Edelson). Ark 564 skims through the edge of the

30-degree Sun cone each year, causing a gap of 17.2 days. (The proposers asked

us to stay on the same 4.3-day ephemeris throughout the 4-year campaign.) The

light curve for the 4-year monitoring campaign (Figure 9.157) covers MJD 51179-

52702 (1999 January 1 - 2003 March 4). Over this 1523-day interval, the mean

spacing is 2.7 days, and the mean percent error is 5%. The LSP for this interval
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(Figure 9.158), with the window LSP added in red, shows very weak power. The

phenomenon of the data LSP being significantly lower than the window LSP at low

frequencies is not seen in other sources. The peak at 2.7 µHz (period = 4.3 days

or 64 RXTE orbits) is the dominant sampling frequency used for this campaign.

The significance is 5-σ, and the FAP was identically 100%.

Figure 9.157: (left) The 2-10 keV Ark 564 light curve of RXTE observations

Figure 9.158: (right) The RXTE Power Spectrum for Ark 564, MJD 51179-52702

Figure 9.159: (left) The 2-10 keV Ark 564 light curve of RXTE observations

Figure 9.160: (right) The RXTE Power Spectrum for Ark 564, MJD 51694-51726

There is a high-density campaign embedded within the previous interval. Con-

centrating only on these data, the light curve (Figure 9.159) covers MJD 51694-

51726 (2000 May 30 - July 1). There are 220 observations over 31.6 days, for a
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mean spacing is 0.144 days. The LSP for this interval (Figure 9.160) shows a peak

at 1.54 µHz (period = 7.53 days). The significance for this peak is σ=10, with a

FAP of 11%. No periodicity of around a week is evident in the light curve.

9.3.7 TONS180

There were 416 RXTE observations of TONS180, all part of a high-density cam-

paign in 1999 (RXTE ID 50171, PI - T.J. Turner). The bulk of these observations

were concentrated into 34 days with roughly 12 observations per day. There was a

continuation of the monitoring into early 2000 with a spacing of about 4 days, and

also a single, Public pointing about 6 months before the high-density campaign.

We excluded these observations from the analysis.

Figure 9.161: (left) The RXTE light curve for TONS180 (1999)

Figure 9.162: (right) RXTE Power Spectrum for TONS180, MJD 51494-51528

There were 398 observations covering 34 days, MJD 51494-51528 (1999 Novem-

ber 12 - December 16). The mean spacing was 2.06 hours and the mean percent

error was ∼10% (Figure 9.161). The LSP (Figure 9.162), with window LSP in red,

shows some structure. The highest peak is at 0.885 µHz (period = 13.1 days), at

significance 10-σ and FAP = 24%. Because this peak mimics one in the window
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LSP, it is not considered reliable. A weaker peak at ∼2 days has FAP = 62%.

We find no evidence for periodic oscillations in the TONS180 RXTE light curve

over the available time span. The source was fairly weak and the S/N ratio was

fairly low. In the write-up by the proposer’s team [53], it is explained that RXTE

and ASCA data did not show good agreement. RXTE is generally considered

superior to ASCA due to its large collecting area, but RXTE has a harder spectral

response than ASCA, thus getting lower count rates for soft Seyfert galaxies. And

because RXTE is non-imaging, the background is high and must be accurately

modeled. They concluded that the estimated background level was higher than the

mean count rate for soft Seyfert galaxies, and that small errors in the background

model would cause proportionally larger problems. In the end, they decided that,

because of this problem, the RXTE data were not sufficiently reliable, and instead

used only the ASCA data.

9.3.8 Mkn 335

There were 191 RXTE observations of Mkn 335, concentrated into widely sepa-

rated groupings in 2000 (RXTE proposal 50172, PI - M. Malkan) and 2010 (RXTE

proposal 95382, PI - A. Markowitz). The light curve (Figure 9.163) for the com-

bined data shows the 2 approximately year-long segments separated by about a

decade. The mean percent error is 9%. Typically, the Lomb-Scargle periodogram

for such sparse data is not very useful, but in this case we see structure in the

overall envelope of the varying power spectrum (Figure 9.164). The highest peak

is at 0.2197 µHz (period = 52.7 days). The significance for this peak is σ=4.5,

corresponding to a FAP above 8 9’s.

Looking at the 2000 data alone, the light curve (Figure 9.165) covers MJD
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Figure 9.163: (left) The 2-10 keV Mkn 335 light curve of RXTE observations

Figure 9.164: (right) The RXTE Power Spectrum for Mkn 335, all data

Figure 9.165: (left) The RXTE Mkn 335 light curve (2000)

Figure 9.166: (right) The RXTE Power Spectrum for Mkn 335, MJD 51661-51951

51661-51951 (2000 April 27 - 2001 February 11). Over this 290-day interval, the

mean spacing is 8 days, and the mean percent error is 5%. We could not cal-

culate the window LSP, but the data LSP (Figure 9.166) shows a broad peak at

0.1119 µHz (period = 103.4 days). The significance for this peak is σ=3.6, corre-

sponding to a FAP of 95.5%. This is about double the value from the first run.

There is a sharper peak at about the same power for a period of ∼33 days, or

about a third of the other peak. The two peaks in between these two do not line

up with ∼50-day peak. These data were used in the collective study of Seyfert-1
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AGN [125] based on the partial RXTE mission archive.

Figure 9.167: (left) The RXTE Mkn 335 light curve (2010)

Figure 9.168: (right) The RXTE Power Spectrum for Mkn 335, MJD 55199-55559

Figure 9.169: (left) Mkn 335 light curve of RXTE 2010 observations

Figure 9.170: (right) The RXTE Power Spectrum for Mkn 335, MJD 55313-55559

Concentrating on the data from 2010, the light curve (Figure 9.167) covers

MJD 55199-55559 (2010 January 3 - December 29). The mean spacing is 2.4 days,

with a ∼2-month gap caused by the RXTE Sun constraint, and the mean percent

error is 11%. The LSP (Figure 9.168) shows a peak at 0.2251 µHz (period = 51.4

days). The significance for this peak is σ=4.7, corresponding to a FAP of 99.5%.

Excluding the data before the gap, the resulting light curve (Figure 9.169) covers

MJD 55313-55559 (2010 April 27 - December 29). Over this 245-day interval, the
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mean spacing is 2 days, and the mean percent error is 11%. The LSP (Figure

9.170) shows a peak at 0.2164 µHz (period = 53.5 days). The significance for this

peak is σ=4.8, corresponding to a FAP of 96.5%.

So for Mkn 335, multiple results indicate a period of about 52 days. However,

the false alarm probability is high in all of these cases. Another factor is that the

nodal precession period of the RXTE orbit is also about 52 days.

9.3.9 PG 1211+143

There were 42 RXTE observations of PG 1211+143 in 1997 and 1998. The 1997

data (RXTE proposal 20338, PI - F. Fiore) was a short campaign of a few days (8

pointings over 5 days) and too brief for meaningful timing analysis. The 1998 data

(RXTE proposal 30246, PI - G. Madejski), covering about 6 months, made up the

bulk of the observations. The separation between these two components at ∼130

days, seemed short enough to make an attempt at analyzing all data together.

The light curve of all RXTE observations of PG 1211+143 (Figure 9.171)

covers MJD 50676-50999 (1997 August 16 - 1998 July 5). The mean spacing

of 7.9 days includes a 131-day gap, and the mean percent error is 4.8%. We could

not calculate the window LSP, but the data LSP (Figure 9.172) shows a broad

peak at 0.0680 µHz (period = 170 days). The significance for this peak is σ=5.9,

corresponding to a FAP of 54.4%.

Concentrating on the period after the gap, this light curve (Figure 9.173) covers

MJD 50812-50999 (1997 December 30 - 1998 July 5). The mean spacing is 5.7

days, and the mean percent error is 4.4%. We could not calculate the window LSP

for this interval either, but the data LSP (Figure 9.174) shows a similar broad

peak at 0.0682 µHz (period = 170 days). The significance for this peak is σ=3.8,
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Figure 9.171: (left) The 2-10 keV PG 1211+143 light curve of RXTE observations

Figure 9.172: (right) RXTE Power Spectrum for PG 1211+143, MJD 50676-50999

Figure 9.173: (left) The 2-10 keV PG 1211+143 light curve of RXTE observations

Figure 9.174: (right) RXTE Power Spectrum for PG 1211+143, MJD 50812-50999

corresponding to a FAP of 99.5%.

The two results substantially agree, and it is possible that the separate data

before the gap helped to improve the fit. This is a result predicted by theory, but

seldom seen in our analysis of the RXTE AGN archive. The variation is actually

evident in the light curve, but amounts to just slightly over one cycle. So, it would

require substantially more data to confirm this detection as a true QPO.
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9.4 Other

9.4.1 NGC 7213; Sy1.5/Radio

There were 819 RXTE observations of NGC 7213, all within the period of 2006-

2009 (RXTE proposals 92119, 93139 & 94342, PI - P. Uttley). The light curve

for the 4-year monitoring campaign (Figure 9.175) covers MJD 53797-55195 (2006

March 3 - 2009 December 30). Over this 1398-day interval, the mean spacing is 1.7

days, and the mean percent error is 5%. The LSP for this interval (Figure 9.176),

with the window LSP added in red, shows a peak at 0.0257 µHz (period = 451

days. The significance of this peak is calculated as 26-σ, and the FAP is calculated

to be 1e−7. These were determined with the Horne-Baliunas prescription [75] as

has been used throughout this survey. Despite these numbers, there are reasons

to be wary of this result. The peak is close to 1/3 of the data span. It appears

to be on a plateau covering the region from 10−8 to 10−7 Hz, and doesn’t stand

out particularly high from the rest of the plateau. However, despite the overall

declining light curve, and a large dip-like feature between approximately MJD

54600-54700, there are three higher flux regions in the light curve, at about the

451-day period, and a hint that another one is starting up at the very end.

There is a high-density campaign embedded within the previous interval. Con-

centrating only on these data, the light curve (Figure 9.177) covers MJD 54983-

55074 (2009 June 1 - August 31). There are 183 observations over 91.6 days, for a

mean spacing is 0.50 days. The LSP for this interval (Figure 9.178) shows a peak

at 0.265 µHz (period = 43.6 days). The significance for this peak is σ=12.7, with

a FAP of 0.6%. We have some of the same concerns as in the previous run. The

peak is close to 1/2 of the data span. It appears that there is a break frequency
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Figure 9.175: (left) The NGC 7213 light curve of all RXTE observations

Figure 9.176: (right) RXTE Power Spectrum for NGC 7213, MJD 53797-55195

at about 1.6 µHz (1 week) and the slope is nearly zero towards high frequencies.

The 43.6-day peak is on the upslope, and doesn’t stand out particularly high in

reference to this. However, there is a central peak that is apparently being picked

up by the LSP.

Figure 9.177: (left) The RXTE NGC 7213 light curve (2009)

Figure 9.178: (right) RXTE Power Spectrum for NGC 7213, MJD 54983-55074

Folded light curves for each of these intervals generally support these QPO

candidates. For the 4-year data set and a period of 451 days, structure is evident,

though there are only about 3 cycles of the QPO. Similarly, for the 3-month data

set and a period of 43.6 days, there is only about 2 cycles of the QPO. A write-up
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by the proposing team [18] describes the RXTE campaign and coordinated radio

observations which revealed a time lag, radio lagging X-ray. They also report

sub-Eddington X-ray luminosity and compare NGC 7213 to a hard-state BHXRB,

exploring its fit to the Fundamental Plane for BH accretion. A mass estimate for

NGC 7213 comes from an earlier study [23] based on radio observations from 2000

February using the Australian Long Baseline Array. Based on velocity dispersion,

they calculate M7=9.6, +6.1 or 4.1.

For the 451-day period and M7=9.6, a Keplerian interpretation for the QPO

means that the emitting region would be at a radial distance from the BH system

barycenter of 273 RS. On the other hand, a Lense-Thirring interpretation for the

QPO means that the emitting region would be at a radial distance from the BH

system barycenter of 14.9 RS for a value of the dimensionless spin parameter (a)

near 1. For a=0.1, the radial distance, if roughly half the value for a=1. The

corresponding numbers for the 43.6-day period are 58 RS for Keplerian and 6.8 RS

for Lense-Thirring (a=1).

9.4.2 MR 2251-178; Sy1.5/QSO

There were 640 RXTE observations of MR 2251-178. All but 7 of these occurred

during 2004-2011, a period of nearly continuous monitoring interrupted only by 2-

month gaps each year when the Sun passed within 30 degrees of MR 2251-178. The

7 observations from 1996 were part of a concentrated 100-ks coordinated campaign

and were not used in this analysis. The 8 years of RXTE monitoring (RXTE

proposals 90156, 91145, 92114, 93136, 94136, 95136 & 96136, PI - P. Uttley) were

designed to have a 1-ks exposure every 4.3 days (64 RXTE orbits) and also had 3

months of daily snapshots which we analyze separately below.
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The 8-year light curve (Figure 9.179) covers MJD 53091-55924 (2004 March 27 -

2011 December 29). Over this 2833-day interval, the mean spacing is 4.5 days, and

the mean percent error is 2.4%. The Lomb-Scargle periodogram for this interval

(Figure 9.180) shows a peak at 0.01798 µHz (period = 643.8 days). The window

LSP is included in red. The significance for this peak is σ=16, corresponding to a

FAP of 0.03%. There is another peak at 0.0405 µHz (period = 285.6 days). The

significance for this peak is σ=11, corresponding to a FAP of 4.7%.

Figure 9.179: (left) The 2-10 keV MR 2251-178 light curve of RXTE observations

Figure 9.180: (right) RXTE Power Spectrum for MR 2251-178, MJD 53091-55924

A folded light curve can help evaluate the stationarity of a QPO, and also check

that the data distribution covers the entire phase interval of the candidate QPO.

(There are cases where a HFQPO candidate turns out to be the most common

sampling frequency. This causes the data to cluster around a single bin of the

folded light curve.) Folding on the value of 643.8 days gave a smooth variation,

with data well distributed across all phase bins. However, folding on the value

of 285.6 gave a considerably more random picture. For this reason, we feel that

the 643.8-day period is a more solid QPO candidate. We also note that these two

periods are in a 9:4 ratio.
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Concentrating on the data from the intensive monitoring campaign, the light

curve (Figure 9.181) covers MJD 54314-54405 (2007 August 2 - November 1).

There are 90 observations covering 90 days, and the mean spacing is 1.0 days. The

LSP (Figure 9.182) shows a peak at 0.230 µHz (period = 50.3 days). The window

LSP is again included in red. The significance for this peak is σ=8, corresponding

to a FAP of 9.3%. This period is over half the data interval. While the flux has

a decreasing trend during this interval, there are two peaks separated by about

50 days. However, the second peak is a double, a feature not present in the first

cycle. The peak at 50 days also is largely mimicked in the window LSP. For these

reasons, we don’t consider this to be a solid QPO candidate.

Figure 9.181: (left) The RXTE MR 2251-178 light curve for intensive monitoring

Figure 9.182: (right) RXTE Power Spectrum for MR 2251-178, MJD 54314-54405

The write-up by the proposer team [11] is based on the first 4 years of these data,

and includes coordinated ground-based optical observations. They determined that

the X-ray and optical flux were well-correlated with any lags consistent with 0, but

no larger than 4 days. They found that a set of model parameters could fit short-

term behavior, but varied between segments of the light curve. This suggests that,

short-term fluctuations may be caused by reprocessing, but long-term variability
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likely has a separate origin, intrinsic accretion rate fluctuations. They also discuss

that there is no published determination of the BH mass for MR 2251178. In their

models, they used a value of M7=80, which is based on a lower limit of the PSD

break frequency and its relation to the BH mass [137].

For the 643.8-day period and M7=80, identifying the QPO as a Keplerian

orbital frequency gives a radial distance from the BH system barycenter of 84 RS.

On the other hand, identifying the QPO as a Lense-Thirring precession frequency,

gives a radial distance from the BH system barycenter of 8.3 RS for a value of

the dimensionless spin parameter (a) near 1. For a=0.1, the radial distance, if

roughly half the value for a=1. A non-zero spin is required to cause Lense-Thirring

precession.

9.4.3 PDS 456; Sy1/QSO

There are 137 RXTE observations of PDS 456, divided between campaigns in

1998, 2001 and 2008-2009 (Figure 9.183). The overall mean percentage error of the

flux values was 6%. The 1998 segment (RXTE proposal 30247, PI - P. O’Brien)

consisted of 8 pointings spread over 3 days for a total time of ∼100 ks. This

segment was not suitable for timing analysis based on the UCSD database alone

which contains only the mean flux for each of the 8 separate pointings. In their

analysis of this data [188] MJD 50879-50982 (1998 March 7 - 10), a light curve

binned on individual RXTE orbits (5.76 ks) is presented. Variation, including a

flare, is evident, and additional discussion is included in the paper. This segment

would be worth revisiting in any expanded analysis to include concentrated (non-

monitoring) RXTE observations.

The 2001 data (RXTE proposal 50193, PI - J. Reeves) are from an intensive
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Figure 9.183: The RXTE light curve for
PDS 456

Figure 9.184: The RXTE light curve for
PDS 456 (2001)

monitoring campaign, 80 observations over 16 days (Figure 9.184). The mean

spacing of 0.2 days offers the chance to study a portion of candidate QPO frequency

space that is not possible with many other objects in the UCSD archive. The LSP

for this interval, MJD 51963-51979 (2001 February 23 - March 11), shows a peak at

2.75 µHz or period of 4.21 days (Figure 9.185). The significance is σ=5.6 with FAP

= 89%. The window LSP could not be calculated for this interval. Noticing that

the sampling rate is less over the last 5 days, and the variation in the light curve

is also less obvious, we did a separate run trimming the end of the data interval.

For the shortened interval (not separately pictured), 69 observations over 11 days

with a mean spacing of 0.16 days, the LSP shows a peak at 4.12 µHz or period

of 2.81 days (Figure 9.186). The significance is σ=5.0 with FAP = 96.7%. The

window LSP could be calculated for this interval and is included in red. These two

results are in a 3:2 resonance, which has been reported before in both BHXRB and

AGN. However, the significance is not high (and FAP not low) and the window

LSP shows a feature near the one reported here.

The 2008-2009 data are from a monitoring campaign exceeding 1 year that

began as a public TOO campaign (RXTE 93428) and then continued (RXTE
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Figure 9.185: Power Spectrum for PDS
456, MJD 54862-55194, 2-10 keV

Figure 9.186: Power Spectrum for PDS
456, MJD 54862-54964, 2-10 keV

Figure 9.187: The RXTE light curve for
PDS 456 (2009-2010)

Figure 9.188: Power Spectrum for PDS
456, MJD 55027-55194, 2-10 keV

proposals 94335, PI - E. Behar). Spanning MJD 54518-55016 (2008 February 22

- 2009 July 4), the mean spacing was 10 days (Figure 9.187). The LSP for this

period shows a peak at 0.544 µHz or period of 21.3 days (Figure 9.188). The

possible detection is at significance σ=3.5 with FAP = 99.995%. The window LSP

could not be calculated for this interval.

9.4.4 NGC 1052; Sy2/Radio

There were 148 RXTE observations of NGC 1052 from 2005 through 2009, without

major interruptions. The source is not observable with RXTE for about 2 months
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of each year due the 30-degree Sun angle constraint, but otherwise the NGC 1052

data is continuously sampled over 4.5 years (1665 days). For about the first half of

this interval the data consists of a 2-ks pointing every 3 weeks (RXTE public TOO

proposals 91416 and 92413). The remaining data consists of weekly 3-ks pointings

(RXTE proposal 93148, PI - M. Kadler). The RXTE monitoring shows that the

source varies strongly on time scales of weeks to months, with the 2-10 keV flux

varying between ∼4 - 9×10−12erg-cm−2s−1, with a mean percent error of ∼7%.

The full light curve of all RXTE observations of NGC 1052 (Figure 9.189)

covers MJD 53527-55192 (2005 June 6 - 2009 December 27). The mean spacing

of 11.3 days includes a combination of 7-day and 21-day spacing, as described

above, plus ∼60-day gaps each year between mid-March and mid-May. The LSP

for this interval plotted together with the window LSP in red (Figure 9.190) shows

a peak at 0.0403 µHz (period = 287 days). The significance of this peak is σ=9.1,

corresponding to a FAP of 14%. Variation is clearly evident in the light curve,

though the period looks more uniform in the latter part of the interval. We did

another run with just the weekly data, and the results were pretty similar (no

separate figure). Starting at MJD 54253 (2007 June 2), the data cover 939 days

with mean spacing of 8 days. A peak at 0.0394 µHz (period = 293 days) has

significance σ=8.8 and FAP of 13% and is in general agreement with the previous

result.

Following the light curve by eye, we did an additional run starting after the

2-month gap in Spring 2008. We also tried the run with and without the final

4 points which are significantly higher. The source may have been transitioning

into a different state, and we found a better fit when excluding those points. For

this interval, the light curve (Figure 9.191) covers MJD 54604-55156 (2008 May
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Figure 9.189: (left) The 2-10 keV NGC 1052 light curve of RXTE observations

Figure 9.190: (right) RXTE Power Spectrum for NGC 1052, MJD 53527-55192

18 - 2009 November 21), or 552 days at mean spacing 7.9 days. The LSP for

this interval plotted together with the window LSP in red (Figure 9.192) shows a

peak at 0.0503 µHz (period = 230 days). The significance of this peak is σ=9.6,

corresponding to a FAP of only 3.45%. While only 2.4 cycles of this candidate

QPO are observed, we proceed to calculate its implications.

Figure 9.191: (left) The RXTE NGC 1052 light curve (2008-2009)

Figure 9.192: (right) RXTE Power Spectrum for NGC 1052, MJD 54604-55156

These RXTE observations together with a Suzaku observation from 2007 July

16-18 are summarized [27] and an estimate of the SMBH mass is M7=15.4. VLBI

studies constrain the jet inclination angle between 57 and 72 degrees, which implies
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that the jet emission is de-beamed, and that the bulk of the X-ray emission is not

produced by the jet. For P = 230 days, the radial distance of the emitting region is

127 RS for a Keplerian model, or 10.2 RS for a Lense-Thirring model with maximal

spin (a ≈ 1) or about half that for a ≈ 0.1.

9.4.5 PKS 0537-286; QSO

There were 24 RXTE observations of PKS 0537-286, all over a 6-day span in 2006

(Public TOO, RXTE ID 92419). These observations were requested to support

a larger multi-wavelength effort [25]. For this interval covering MJD 54036-54041

(2006 October 28 - November 2), the mean spacing was 0.26 days and the mean

percent error of ∼20% (Figure 9.193). Most of the measured 2-10 keV flux were ≤

5×10−12erg-cm−2s−1, so the source was close to the PCA detection limit. The LSP

(Figure 9.194) shows some structure. The window LSP could not be determined.

The highest peak is at 17.3 µHz (period 0.669 days = 16.8 hours), at significance

3-σ and FAP = 99.88%.

Figure 9.193: (left) The PKS 0537-286 light curve of RXTE observations (2003)

Figure 9.194: (right) RXTE Power Spectrum for PKS 0537-286, MJD 54036-54041
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Chapter 10

Summary, Conclusions and

Recommendations

10.1 Summary

10.1.1 Tables of Results

We have examined the RXTE archive of AGN monitoring observations in a sys-

tematic search for QPOs. We find 22 AGN with QPOs, 6 with a pair of QPOs and

one AGN with 3 QPOs. The initial criteria for inclusion in this survey was at least

100 observations, of which there were 50 candidates. (We included 3C 454.3 in

this subset, even though many observations were rejected over a source confusion

issue.) To be very thorough, we added 26 additional AGN with between 20 and

100 observations, but no QPOs were found in these additional AGN. So, we found

QPOs in 44% of the AGN with significant amounts of data. This percentage was

nearly constant in both Blazars and Seyferts. We studied 33 Blazars, 18 of which
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with greater than 100 observations, with 8 having QPOs (and 6 having 2 QPOs).

We studied 43 Seyferts, 32 having greater than 100 observations, and 14 had QPOs

(plus 1 having 2 QPOs and 1 having 3 QPOs).

QPOs were found in all types of AGN, not just the major divisions (Blazars

and Seyferts) but in various sub-types, BL Lacertae objects, flat-spectrum radio

quasars, broad- and narrow-line radio galaxies, quasars, Seyfert 1, Seyfert 2 and

intermediate Seyfert 1.2 and 1.5. Table 10.1 gives a summary of the QPO detec-

tions from this analysis. Columns are: (1) the AGN name; (2) the frequency of

the detected QPO in micro-Hertz (µHz); (3) the period of the measured QPO in

days; (4) the false alarm probability (see chapter 7, equation 7.18); (5) the number

of observations used in the run that detected the QPO, which may be different

than the total number of observations in the archive; (6) the data span used in

the run that detected the QPO; (7) the mean spacing of the time grid, or the data

span divided by the number of observations (data spacing is not uniform); (8) the

number of cycles of the QPO period contained in the data span, or how many

repetitions of the QPO were observed.

Table 10.2 provides a physical interpretation of each QPO. Columns are: (1)

the AGN type; (2) the AGN name; (3) the QPO period in days; (4) M7, the

SMBH mass in terms of 107 M⊙; (5) calculated radius (in RS) if the QPO is the

Keplerian orbital period (see equation 3.1); (6) calculated radius (in RS) if the

QPO is the Lense-Thirring precession period (see equation 2.7); (7) reference for

the SMBH mass. The dimensionless spin parameter (a) is between 0 and 1. The

given radius in column 5 is for a maximally spinning SMBH (a ≈ 1). The actual

radius has an a1/3 dependence, so even for a=0.1, the radius is reduced by about

half. Lense-Thirring precession only occurs for finite values of a.
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Table 10.1: Summary of QPOs from RXTE AGN Archive

name f(µHz) P(d) FAP #Obs span(d) grid(d) cycles

BL Lac 0.01495 774 0.7% 1140 2493 2.2 3.2
Mkn 421 0.01804 641.5 0.0% 86935 5837 0.067 9.1

0.0121 957 0.0% 4861 5837 1.2 6.1
PKS1510-089 0.0346 334 0.1% 1305 5416 4.15 16.2

0.053 218 2.2% 923 3229 3.5 14.8
3C 273 0.0478 242 10.8% 1906 5811 2.97 24.0

0.3487 33.2 16.6% 239 99.5 0.42 3.0
3C 111 0.0232 499.1 1.2% 970 2845 2.94 5.7

0.368 31.5 0.1% 240 60 0.25 1.9
3C 120 0.0123 937 0.0% 1135 1874 1.65 2.0

0.0358 323 0.6% 1135 1874 1.65 5.8
3C 390.3 0.09755 118.6 5.6% 171 498 2.93 4.2

0.0476 243 2.5% 264 778 3.0 3.2
Centaurus A 0.0575 201 0.0% 323 724 2.24 3.6

NGC 4945 0.274 42.2 2.9% 94 190 2.05 4.5
NGC 4258 0.0342 338 10.5% 446 794 2.1 2.3
Fairall 9 0.1626 71.2 2.9% 90 270 3.0 3.8

NGC 5548 1.128 10.26 0.5% 257 34 0.13 3.3
Mkn 79 0.7973 14.52 4.3% 247 64 0.26 4.4

NGC 7469 0.607 19.1 0.2% 307 31.9 0.104 1.7
NGC 4151 2.56 4.52 0.7% 156 21 0.135 4.6
IC 4329A 1.597 7.25 4.6% 102 20 0.197 2.8

MCG6-30-15 9.062 1.277 100% 1555 5400 3.5 4229
Mkn 110 0.01115 1038 0.0% 1392 2492 1.79 2.4

0.04737 244.3 0.0% 668 1368 2.05 5.6
0.3852 30.05 3.9% 351 300 0.86 10.0

Mkn 766 0.01377 840.8 3.9% 752 2858 3.8 3.4
NGC 7213 0.0257 451 0.0% 819 1398 1.7 3.1

0.265 43.6 0.6% 183 91.6 0.5 2.1
MR2251-178 0.01798 643.8 0.0% 630 2833 4.5 4.4
NGC 1052 0.0503 230 2.8% 70 552 7.9 2.4
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Table 10.2: Summary of Physical Parameters for RXTE QPOs

type name P(d) M7 R-K R-LT source for mass
(RS) a≈1

BL Lac BL Lac 774 17 268 14.7 Woo 2002
BL Lac Mkn 421 641.5 19.5 216 13.2 Wang 2004

957 19. 281 15.1
FSRQ PKS1510-089 334 5.71 316 16.0 Rakshit 2020

218 5.71 238 13.9
FSRQ 3C 273 242 88.6 41 5.8 Peterson 2004

33.2 88.6 11 3.0
BLRG/Sy1 3C 111 499.1 18 192 12.5 Chatterjee 2011

31.5 18 30 5.0
BLRG/Sy1 3C 120 937 5.559 641 22.7 Bentz 2009

323 5.559 315 15.9
BLRG/Sy1 3C 390.3 118.6 43.45 41 5.8 Bentz 2009

243 43.45 66 7.3
NLRG Centaurus A 201 5.5 231 13.7 Cappellari 2009

Sy2/C-thick NGC 4945 42.2 0.14 944 27.6 Greenhill 1997
Sy2/LINER NGC 4258 338 3.90 411 18.2 Hiyoshi 1995

Sy1 Fairall 9 71.2 19.9 49 6.3 Bentz 2009
Sy1.5 NGC 5548 10.26 5.22 33 5.2 Bentz 2009
Sy1.2 Mkn 79 14.52 4.09 49 6.3 Bentz 2009
Sy1.2 NGC 7469 19.1 0.90 161 11.4 Bentz 2009
Sy1.5 NGC 4151 4.52 3.59 24 4.4 Bentz 2009
Sy1.2 IC 4329A 7.25 13 14 3.4 Markowitz 2009

NLSy1.2 MCG-6-30-15 1.277 0.197 73 7.7 Bentz 2009
NLSy1.5 Mkn 110 1038 1.961 1374 33.3 Bentz 2009

244.3 1.961 524 20.6
30.05 1.961 130 10.2

NLSy1 Mkn 766 840.8 0.126 7443 77.5 Giacchè 2014
Sy1.5/Radio NGC 7213 451 9.60 273 14.9 Blank 2005

43.6 9.60 58 6.8
Sy1.5/QSO MR2251-178 643.8 80 84 8.3 Arévalo 2008
Sy2/Radio NGC 1052 230 15.4 127 10.1 Brenneman 2009
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10.1.2 Folded Light Curves

A number of criteria are used to assess the validity of each candidate QPO.

1. There should be a cyclical variation evident in the light curve.

2. There should be a distinct peak in the Lomb-Scargle periodogram (LSP).

3. The peak should not match with a corresponding peak of the window LSP

(the LSP of the window function or light curve of constant flux using the

data time stamps).

4. The false alarm probability (FAP) for the peak should be a low percentage.

(The Horne-Baliunas formulation, equation 7.18, has some peculiarities, as

implemented. Significance is being calculated using the overall mean and

standard deviation of the power spectrum. This essentially assumes a ”white

noise” background, so some interpretation is recommended for power spectra

with clear power law dependence.)

5. Folding the light curve on the QPO period also helps in quality assurance.

The data should be well-distributed across all phase bins. Bunching up of

data in a small part of the phase interval is a strong indication of aliasing. A

smoothly varying folded light curve suggests stationarity and repeatability of

the variation. A randomized folded light curve argues against a true QPO.

One other attribute of folded AGN light curves was discussed at the end of

chapter 3. Due to the much longer period of AGN QPOs, despite the much

smaller flux, AGN QPOs provide ∼100 times more photons per phase bin

than BHXRB QPOs. Thus, direct observation of the waveform is possible,

with far greater precision than for a BHXRB. In this gallery of AGN folded

light curves, some may be seeing the pulse profile well enough to constrain

details of the X-ray emitting region.
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Figure 10.1: (left) Folded light curve of BL Lac, MJD 53433-55926, P=774 d

Figure 10.2: (right) Cen A folded light curve, MJD 55197-55921, P=201 d

Figure 10.3: (left) MKN 421 folded light curve, MJD 50143-55926, P=641.5 d

Figure 10.4: (right) MKN 421 folded light curve, MJD 50143-55926, P=957 d

The folded light curve for BL Lac on a period of 774 days (Figure 10.1) shows 3.2

cycles of the QPO, and is likely dominated by the one large flare. The folded light

curve for Cen A on a period of 201 days (Figure 10.2) shows 3.6 cycles of the QPO,

and shows a more distinct and repeating variation. The folded light curves for Mrk

421 on periods of 641.5 and 957 days (Figures 10.3 and 10.4, respectively) show

about 9 and 6 cycles of the QPO, respectively. This is a more complicated case, not

clearly supported by these folded light curves. The variation was detected in both

PCA data (high S/N, but with gaps) and ASM data (low S/N, but continuous).
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Figure 10.5: (left) PKS1510-089 folded light curve, MJD 50430-55846, P=334 d

Figure 10.6: (right) PKS1510-089 folded light curve, MJD 52617-55846, P=218 d

Figure 10.7: (left) 3C 273 folded light curve, MJD 50115-55926, P=242 d

Figure 10.8: (right) 3C 273 folded light curve, MJD 54770-54869, P=33.2 d

The folded light curves for PKS 1510-089 on periods of 334 and 218 days

(Figures 10.5 and 10.6, respectively) show about 16 and 15 cycles of the QPO,

respectively. These are based on a lot of data over a lot of cycles, and show a

modest degree of coherency. The folded light curves for 3C 273 on periods of 242

and 33.2 days (Figures 10.7 and 10.8) show 24 and 3 cycles of the QPO, respectively.

The 24 cycles for the 242-day period is the most for any of the LFQPOs in this

survey. The 33.2-day QPO shows a distinct profile. Taken together, these two

QPOs may represent a Keplerian/Lense-Thirring pair at the same radius.
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Figure 10.9: (left) 3C 111 folded light curve, MJD 54054-54113, P=31.5 d

Figure 10.10: (right) 3C 111 folded light curve, MJD 53065-55924, P=499.1 d

Figure 10.11: (left) 3C 120 folded light curve, MJD 52347-54221, P=937 d

Figure 10.12: (right) 3C 120 folded light curve, MJD 52347-54221, P=323 d

The folded light curves for 3C 111 on periods of 31.5 and 499.1 days (Figures

10.9 and 10.10) show 2 and 6 cycles of the QPO, respectively. The 31.5-day graph

is complicated by the large secular increase in the light curve. The 499-day cycle

is modestly supported. For these two QPOs to be a Keplerian/Lense-Thirring pair

at the same radius, the 3C 111 mass would need to be higher, or the 31.5-day

period be a double or triple of the actual QPO period. The folded light curves

for 3C 120 on periods of 937 and 323 days (Figures 10.11 and 10.12, respectively)

show 2 and 6 cycles of the QPO, modestly supporting the QPO.
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Figure 10.13: (left) 3C 390.3 folded light curve, MJD 51186-51964, P=243 d

Figure 10.14: (right) 3C 390.3 folded light curve, MJD 51465-51964, P=118.6 d

Figure 10.15: (left) NGC 4945 folded light curve, MJD 54000-54200, P=42.3 d

Figure 10.16: (right) NGC 4258 folded light curve, MJD 50809-51604, P=338 d

The folded light curves for 3C 390.3 on periods of 243 and 118.6 days (Figures

10.13 and 10.14) show 4.2 and 3.2 cycles of the QPO, respectively. The 243-day

version shows a double-peaked profile and the 119-day version shows a single-

peaked profile, as in their respective light curves. Turning to the Seyferts, the

folded light curve for NGC 4945 on a period of 42.3 days (Figure 10.15) shows 4.5

cycles of the QPO, with decent cycle-to-cycle agreement. The folded light curve

for NGC 4258 on a period of 338 days (Figure 10.16) shows 2.3 cycles of the QPO,

with some scatter, but still a smooth variation.
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Figure 10.17: (left) Fairall 9 folded light curve, MJD 50537-50807, P=71.2 d

Figure 10.18: (right) NGC 5548 folded light curve, MJD 52091-52125, P=10.26 d

Figure 10.19: (left) MKN 79 folded light curve, MJD 53691-53755, P=14.52 d

Figure 10.20: (right) NGC 7469 folded light curve, MJD 50244-50275, P=19.1 d

The folded light curve for Fairall-9 on a period of 71.2 days (Figure 10.17)

shows 3.8 cycles of the QPO. A profile is apparent, with a hint of a secondary

maximum. The folded light curve for NGC 5548 on a period of 10.26 days (Figure

10.18) shows 3.3 cycles of the QPO. There are large magnitude variations within

the month, but still similarities in the folded light curve. The folded light curve

for MKN 79 on a period of 14.52 days (Figure 10.19) shows 4.4 cycles of the QPO,

with some agreement. The folded light curve for NGC 7469 on a period of 19.1

days (Figure 10.20) shows 1.7 cycles of the QPO, with decent agreement.
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Figure 10.21: (left) NGC 4151 folded light curve, MJD 51870-51891, P=4.52 d

Figure 10.22: (right) IC 4329A folded light curve, MJD 52844-52864, P=7.25 d

Figure 10.23: (left) MCG-6-30-15 folded lightcurve, MJD 50159-55559, P=1.277 d

Figure 10.24: (right) Mkn 766 folded light curve, MJD 53065-55924, P=840.8 d

The folded light curve for NGC 4151 on a period of 4.52 days (Figure 10.21)

shows 4.6 cycles of the QPO. A profile is quite evident. The folded light curve for

IC 4329A on a period of 7.25 days (Figure 10.22) shows 2.8 cycles of the QPO,

exhibiting a more complex profile. The folded light curve for MCG-6-30-15 on

a period of 1.277 days (Figure 10.23) shows over 4000 cycles of the QPO. For

this short period, the time has significant uncertainty due to the finite observation

length. The folded light curve for Mkn 766 on a period of 840.8 days (Figure 10.24)

shows 3.4 cycles of the QPO, showing some smooth variation.
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Figure 10.25: (left) NGC 1052 folded light curve, MJD 54604-55156, P=230 d

Figure 10.26: (right) Mkn 110 folded light curve, MJD 53433-55925, P=1083 d

Figure 10.27: (left) Mkn 110 folded light curve, MJD 54369-55737, P=244.3 d

Figure 10.28: (right) Mkn 110 folded light curve, MJD 53696-53997, P=30.05 d

The folded light curve for NGC 1052 on a period of 230 days (Figure 10.25)

shows 2.4 cycles of the QPO. Smooth variation is quite evident indicating repeata-

bility and stationarity of the QPO. The folded light curves for Mkn 110 on periods

of 1083, 244.3 and 30.05 days (Figures 10.26, 10.27 and 10.28, respectively) show

2.4, 5.6 and 10 cycles of the QPO, respectively. Each shows some degree of vari-

ation that appears phase-dependent. Each shows some deviation from a smooth

profile, especially for the 30-day period, which shows sort of a main sequence with

significant stragglers.
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Figure 10.29: (left) NGC 7213 folded light curve, MJD 53797-55195, P=451 d

Figure 10.30: (right) NGC 7213 folded light curve, MJD 54983-55074, P=43.6 d

Figure 10.31: (left) MR 2251-178 folded light curve, MJD 53091-55924, P=644 d

Figure 10.32: (right) MR 2251-178 folded light curve, MJD 53091-55924, P=286 d

The folded light curves for NGC 7213 on periods of 451 and 43.6 days (Figures

10.29 and 10.30, respectively) show 3.1 and 2.1 cycles of the QPO, respectively.

Longer term variations in both light curves add scatter to the folded light curves.

The folded light curves for MR 2251-178 on periods of 644 and 286 days (Figures

10.31 and 10.32, respectively) show 4.4 and 9.9 cycles of the QPO, respectively.

Smooth variation is quite evident for 644 days, indicating repeatability and sta-

tionarity of the QPO. For the 286-day case, smooth variation is absent, and we in

fact excluded this case from the list of QPOs.

270



10.2 Conclusions

10.2.1 Principal Results

In a survey of this size, there tend to be some close calls where a timing feature

barely misses being labeled as a candidate QPO. And, of the ones that we label

as candidates, some will be stronger cases than others. For the AGN that had less

than 100 total observations in the RXTE archive (ranking from 50th to 76th in

number of observations), most were severely limited by the number of individual

pointings. In other cases, the total span was too short, or other problems with

the data distribution were evident. Some AGN are near the PCA detection limit,

where problems with S/N start to be apparent. For some AGN, the observations

were not really organized into a monitoring sequence, while others consisted of

relatively short segments separated by relatively long gaps. In some cases, the

proposer’s science goals required a single deep observation, or at least a mainly

deep observation split into a cluster of individual pointings over as small a total

baseline as possible. This was common when the scientific goal was chiefly to

assemble a spectrum including HEXTE data up to 250 keV. There are much fewer

photons at these higher frequencies, requiring a much longer integration time. To

guard against smearing due to a time-varying spectrum, it was desirable to limit

the total observation span as much as possible. This goal is largely antithetical to

our goal of a well-sampled light curve.

For these data-limited cases, it is fair to mention three somewhat close calls.

The light curve for 3C 66A, with 58 observations (8.1.10.2), shows some variation,

with a modest peak in the LSP. The peak was near to 1/3 of the data span, and the

FAP was very high. For 1ES 2344+514, with 53 observations (8.1.10.6), monthly
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variations in the light curve are evident, but the observing plan is split into monthly

segments to accommodate coordinated TeV observations. Secular changes in the

count rate from month-to-month disguise any actual signal that might have been

present. For 1H 0323+342, with 37 observations (8.2.6.1), there are 2 cycles of a

variation that looks periodic, but the LSP peak had low significance.

Looking at the well-sampled AGN with over 100 observations in the RXTE

archive (ranking from 1st to 49th in number of observations), we report a total

of 9 candidate QPOs that were detected in high-density sampling segments of

the monitoring campaign. In some cases, the periodic behavior persists for the

entirety of the high-density segment, so a QPO turn-on and turn-off time are not

well constrained. Examples of this are 3C 273 (8.2.2), 3C 111 (8.3.1), NGC 5548

(9.2.4), Mkn 79 (9.2.5), NGC 7469 (9.2.8) and NGC 7213 (9.4.1). In other cases,

the start and/or end of an active QPO apparition is seen within the high-density

segment, so a QPO turn-on or turn-off time can be constrained. This occurs for

NGC 4151 (9.2.9) and IC4329A (9.2.10). For Mkn 110 (9.3.3), the full segment of

high-density data produced a borderline candidate QPO detection. Extending the

data arc to include some data outside the high-density part of the campaign (with

a longer sampling interval) resulted in an improved fit.

In the folded light curves, we note that several cases exhibit a very positive

result, that not only argues in favor of the validity of those reported candidate

QPOs, but also may be picturing the AGN waveform that would be very useful in

theoretical studies of these objects. These best folded light curves are for Cen A, 3C

390.3, NGC 4945, NGC 4258, Fairall-9, NGC 4151, IC4329A, NGC 7213 (not the

high-density case mentioned in the previous paragraph), MR 2251-178 and NGC

1052. Many other folded light curves give rather inconclusive results. They do

272



not look purely random, as one would expect if the period was completely invalid.

In some cases, the number of cycles of the QPO is high enough that substantial

smearing is not unexpected. The three worst folded light curve results are seen

for both Mrk 421 cases and for MCG 6-30-15, and these are special cases with

extenuating circumstances. Mrk 421 is using very noisy ASM data that also has a

huge number of observations. For MCG 6-30-15, we are operating in a regime well

above the mean sampling frequency, counting on a promise of the Lomb-Scargle

periodogram: sensitivity above any obvious pseudo-Nyquist frequency.

10.2.2 Some Promising Cases

Chapters 8 and 9 give individual results for each AGN, mainly the presence or

absence of QPO detections, but a few special results are worth reiterating.

1. Mrk 421 - Both the ASM and PCA light curves show a QPO at 641.5 days.

Mrk 421 is the only AGN bright enough to give reliable S/N in the ASM.

Its ASM LC is very continuous, but with high percent errors of 43% for

daily averages and 167% for dwell-by-dwell. The PCA LC has percent errors

averaging 0.6%, but is not only full of substantial gaps, a lot of the data were

for TOOs in the flaring state, meaning a serious selection bias. Yet, both

agree on a 641.5-day QPO. Also, late in the mission is a solid 777-day stretch

of data that shows a long flare followed by two short flares, the flare spacing

is consistent with 320 days (or half the QPO period).

2. MCG-6-30-15 - Illustrates the possibility of detecting a QPO above the

(psuedo-)Nyquist limit, which is supposed to be possible with unevenly-

spaced data using the Lomb-Scargle periodogram. In one of the concentrated

campaigns, the proposers reported a possible 33-hour QPO. Investigating
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this region of frequency-power space, there is a distinct (but otherwise low-

significance) feature near 33 hours, but actually at 30.6 hours, so it is not an

exact match. A 3:2 resonance peak at 20.4 hours is also evident.

3. 3C 273 (and maybe 3C 111) have QPOs differing by roughly an order of

magnitude, so that if the short one is identified as a Keplerian orbital period

and the long one as the Lense-Thirring precession period, both may be con-

sistent with the same radial distance. For this to work, a higher SMBH mass

is required, but for 3C 273 there are substantially higher masses suggested in

the literature. Since the LT period depends on the SMBH spin parameter,

there is the potential to use these data to constrain the spin.

10.3 Limitations

10.3.1 No Subdividing of Individual Observations

Use of the RXTE AGN archive, as is, meant that we were accepting the limitation

of one data point for each RXTE observation of the source. For designed monitor-

ing campaigns, this was not much of a limitation. Each observation was proposed

to be of a compact length, often 1 to 2 ks, a value carefully chosen by the PIs to

ensure a high S/N data point for the expected count rate. For a typical spacing

of 1 ks every 2 days, this results in an on-source percentage of about 0.5%. The

assumption of no change in the source count rate over the short duration of the

individual observation is not too limiting, as is the time assignment at the mid-

point of that observation. In many AGN, there is a mixture of longer individual

observations, and for these longer observations, both assumptions – constant flux

and precise time assignment – are less valid. We decided to live with this limita-
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tion and not to exclude these longer observations. In our analysis, we are mainly

sensitive to long-period variations in the AGN light curves, weeks to months to

years, so variations taking place over a half day are not considered that much

more significant than variations taking place over 15-30 minutes. Likewise, a time

assignment of ±12 hours in some of the points, compared with ±15 minutes for

most of the points, was not expected to significantly alter the LSP fit.

So, the decision was made to explore the RXTE AGN database, as it is, and

not reprocess longer observations to further subdivide the data and produce many

additional points in the light curve. HFQPO searches seem better fit to the data

available through XMM -Newton. There are many short segments of RXTE AGN

data, with a span of around a day to a week, that can be reprocessed to have

nearly continuous data with an on-source percentage approaching 50%. These

data represent a great opportunity to look for new HFQPOs or confirm XMM -

Newton detections, but we decided against tackling this project at this time. It

remains a high-priority task as a next step.

10.3.2 Noise Model

Another limitation comes in the handling of stochastic and deterministic noise in

the LSP fit to the AGN light curve. We plot the LSP on a log-log plot, with log

frequency on the x-axis and log power on the y-axis. If there is a resulting slope on

the log-log plot, this suggests a “power-law” dependence of Fourier power versus

frequency. A power law slope of -2 suggests “red noise”.

In deciding whether a linear trend is a good fit to an x-y plot, it is common to

calculate Pearson’s product moment correlation coefficient (r), a measure of the

linear association between two variables. The square of the correlation coefficient,
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r2, is also a useful value in linear regression, representing the fraction of the varia-

tion in one variable explained by variation in the other variable. It is common to

construct confidence limits for r using a Fisher’s z transformation. The values of

r vary from 1 to -1, with 1 being an ideal correlation (data all lie along a straight

line) and -1 representing an ideal inverse correlation (y goes down as x goes up).

An r value of 0 indicates no correlation, and any value of r sufficiently close to 0

indicates an unreliable correlation. The boundary limit on acceptable values of r

come from the confidence limits.

In the absence of a strong linear correlation (indicated by a correlation coeffi-

cient within the confidence limit or critical region), the usual practice is to consider

all y-values as coming from a single population characterized by a population mean

and population variance, estimated using the sample mean and sample variance

of all y-values. It is for this reason that we adopted a false alarm probability test

using a significance based solely on the “Z-score” of the QPO power at its highest

peak, i.e., we calculated both the mean and standard deviation of all power val-

ues in the LSP, and then determined the number of standard deviations by which

the highest power peak exceeds the mean power value. This is an assumption of

uncorrelated, or “white” noise.

The importance of “red” noise in AGN power spectra has a long history [247,

248, 251]. A common technique is the Timmer-Koenig [232] algorithm, which

explores the full variety of possible light curves that yield the same power spectrum.

In cases where the first frequency bin dominates the variance, a TK process helps

assure that it does not also dominate the time series. There are many common

models for the overall shape of the power spectral density in AGN: unbroken power

law, sharply broken power law, bending power law, or even a very slow bend
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without an obvious power law.

We found that in some cases (such as NGC 4945) the claimed QPO is the

most obvious disruption in the PSD. In this case, a “white noise” assumption

does not appear to be bad. Other cases probably fit one of the TK models, but

exactly where to make the breaks was not often obvious. In the end, we decided

that much work had already been done on break frequencies in AGN based on

the RXTE archive, including their interpretation as a geometric limit on the disk

emission (perhaps the ISCO) which also led to a method for estimating the SMBH

mass [137]. For our study, the decision was made to concentrate on a relatively

unpainted canvas, the search for longer period light curve variations in yet another

uncharted territory explored by RXTE.

The choice of noise model also affects the calculation of the false alarm proba-

bility (FAP). Much of the uncertainty in the formulation of the FAP arises from the

quantity: number of independent frequencies (Ni). Horne & Baliunas [75] relied

on an empirical relation between the number of frequencies (N0) and Ni. For data

evenly spaced in time, Ni = N0/2 [59], but it can be argued that the independent

frequencies are essentially lost in the unevenly spaced case. Since the effective

Nyquist frequency becomes miniscule, the number of sampled frequencies becomes

immense, though none is well-sampled for finite count rates! Using the HB formula

for Ni, we consistently found Ni > N0, often by a factor of 2 or more. So, this

seemed a conservative option, sufficient for our purposes. Other options exist. The

analysis of variance (ANOVA) approach [209] is especially well suited for variation

profiles that are decidedly non-sinusoidal. A method based on Kuiper’s test [166]

is especially useful for event mode data.
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10.3.3 Uncertainty of the QPO Period

In several cases, we generated a continuum of runs with different data arcs, looking

for the best fitting QPO detection. High significance and low false alarm proba-

bility were used as the indicators of the quality of a fit. This method was used

most extensively for NGC 4945 and PKS 1510-089. We understand that it can be

argued that one can virtually find a QPO in any time series by carefully isolating

a portion of it. This is, however, a feature of the wavelet sonogram method, which

simultaneously solves for a frequency and the sub-segment of data where that fre-

quency is detected. Since we encounter periods of variability that begin and/or

end during intervals that are bounded by data where that variation is absent, we

believe that the trial-and-error method we employed is valid, often guided by care-

ful examination of the light curve. It appears that QPOs persisting for only a

few cycles may well be a feature of their phenomenology, rather than a bug in the

analysis process. In the next section, we discuss possible mechanisms to explain

the actuator process that starts and ends periods of quasi-periodic variation in

AGN.

For LFQPO candidates at the lowest end of the frequency spectrum (corre-

sponding to the longest periods), it is evident that the grid spacing is coarse enough

that if the detected peak moves by just 1 bin, it is enough to change the value of the

period by a non-trivial amount. We implemented a method to use the LSP points

for several bins before and after the detected peak (ideally, including data out to

the first local minimum on each side), and calculate a Gaussian fit. This method

returns a value of the mean (X̄) of a Gaussian profile simulating the QPO shape,
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which we interpret as an interpolated value of the true QPO centroid frequency.

X̄ =

∑
XiYi∑
Yi

, (10.1)

The Gaussian fit also returns the sample variance (s2), square of the sample stan-

dard deviation (s), of a Gaussian profile simulating the QPO shape.

s2 =

∑
Yi(Xi − X̄)2∑

Yi

, (10.2)

This can be interpreted as an uncertainty in the QPO centroid frequency, a sort

of full width at half maximum (FWHM) analog, with the understanding that this

width is instead the usual definition of the plus-or-minus bound that contains 68%

of the area under the curve. (The uncertainty in the QPO centroid period is not

symmetrical since the bounds expressed as periods are reciprocals of the bounds

expressed as frequencies.) Ultimately, we did not make this a routine step in the

analysis, since it is suggested [246] that for periods derived from the LSP, the

uncertainties cannot meaningfully be expressed as an error bar.

10.4 QPO interpretation

10.4.1 Ideal Case: Point Mass, Circular Orbit

During the RXTE mission, X-ray Binary data were universally searched for QPOs.

The same courtesy was not generally extended to AGN data. It had been argued

that QPOs would be exceedingly difficult to detect in AGN with similar shapes

and strengths to those observed in XRB [250]. Most prior searches for QPOs in
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AGN have concentrated on HFQPOs. With lower frequencies than their XRB

counterpart, commensurate with larger BH mass, these QPOs of an hour or 2 up

to a day or 2 have chiefly been found in data from XMM -Newton. A very recent

study [12] finds candidate QPOs in the 10 - 20 minute range using XMM -Newton

data for some of the AGN in our study. Our study moves in the opposite direction,

toward LFQPOs. The long baselines available in the RXTE archive are perfect

for this search.

The concept of scale invariance in the accretion process is supported by a cor-

relation between QPO frequency and BH mass across many orders of magnitude

[140]. One of the principal contributions from RXTE research on AGN was the re-

lation between power spectrum break time-scale and SMBH mass. An important

result was that AGN with higher accretion rates have shorter break time-scales

(for their SMBH mass) than those with lower accretion rates [243]. Furthermore,

RXTE spectral power-law slopes were also found to be correlated with the char-

acteristic time scales in AGN. This can be explained if increasing accretion rate

causes both the spectrum to steepen and the break frequency to increase [172].

A very recent study [222] finds that HFQPO models from stellar mass BH are

less than ideal fits for SMBH. In addition to BH mass and spin, an additional

dimensionless parameter like the Eddington ratio seems to be required.

So, our main finding is that AGN QPOs exist, and researchers should look for

them when analyzing their data. But, we do make one comment on the relative

merits of the Keplerian and Lense-Thirring precession interpretations for a given

LFQPO. Interpreting the QPO as the Keplerian orbital frequency is often not

an attractive model, since this results in the hot spot radius being too far from

the SMBH for significant heating to occur. Lense-Thirring precession represents a
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more probable cause for the detected QPOs in this case, as it results in a radial

distance much closer to the SMBH. It is worth mentioning that for QPO research

in XRB, it has been common to link HFQPOs to the Keplerian orbital frequency

and LFQPOs to the Lense-Thirring precession frequency. Finally, the transient

nature of AGN QPOs is an expected feature of Lense-Thirring precession, where

Bardeen-Petterson alignment of the SMBH spin and accretion disk orbital axes

acts to stop the precession [115].

10.4.2 Lense-Thirring Precession Detailed Models

AGN are powered by the accretion of magnetized plasma. Friction in the accre-

tion disk causes orbiting material to spiral inward towards the central SMBH. The

accretion disk transports matter inwards and angular momentum outwards. The

disk temperature increases, and a corona forms above the disk. Inverse-Compton

scattering in the corona excites photons to X-ray energies. This an overview of our

current understanding, but what are the key features that a satisfactory model of

the AGN central engines must explain? How are matter and magnetic fields trans-

ported towards the accretion disk? What types of accretion disks occur in nature

and how do they work? What physical mechanisms cause accretion disk state tran-

sitions and flares? How are the individual emission components produced? How

do jets form, transform, accelerate and/or decelerate at different distances from

the SMBH? How do AGN interact with their environment [102]?

QPOs have been explained as a geometric effect of LT precession, particularly

the solid-body precession of the hot inner flow [81]. Solid-body precession is one of

the most promising explanations for the origin of QPOs [82]. Through the Bardeen-

Petterson effect, it is generally believed that the inner regions of an accretion flow
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become aligned with the BH spin. However, the timescales, circumstances, and

mechanisms of this alignment are less well understood.

Lense-Thirring precession rates decline sharply with radius, and at small radii,

the orbital angular momentum should align with the BH spin. Disk warps induce

radial flows that mix angular momenta of different orientation. The torque grows

rapidly with smaller radius, and strong differential precession induces internal disk

friction, such that the inner part of the disk settles into the BH equatorial plane (the

Bardeen-Petterson effect). Induced radial fluid motions act to mix the differently

oriented angular momenta of adjacent rings. The radial flow appears not due to

an isotropic viscosity acting in the disks, but rather to MHD turbulence driven by

the magneto-rotational instability (MRI). A pair of matched simulations (MHD vs

HD) were used to clarify specific mechanisms [223], seeking to better understand

angular momentum flows during the process of inner-disk alignment.

If LT-induced angular momentum remained with the torqued material, that

matter would just precess around the BH spin axis and gradually drift inward. If

hydrodynamic effects redistribute the angular momentum, where does it go? To

align a ring at a given radius, angular momentum needs to be transported from a

different region with a different precession phase. Averaged over many precession

periods, the net integrated angular momentum due to LT torque goes to zero.

While qualitatively, the MHD and pure HD simulations have strong resemblance,

the MHD system is turbulent, while the HD system is laminar.

MHD effects appear to be secondary to hydrodynamic effects, and magnetic

energy drops sharply over a few orbits before leveling off. Alignment has been

described as due to dissipation associated with angular momentum diffusion, but

more exactly, new angular momentum introduced into the system must be trans-
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ported to a location where it cancels the misaligned angular momentum. Besides

an external torque, angular momentum of a specific disk region can also be changed

by a divergence of either a Reynolds or Maxwell stress. LT torques cannot change

at the location where they act, since it is always exactly perpendicular in direction.

While it is possible for angular momentum transport to be accomplished by

diffusive mixing, there could be other alternatives. Whatever the process, it must

satisfy certain conditions. The mixed region must contain a range of precession

phase large enough that a portion has a torque that can cancel the original torque,

but not so large that mixing causes complete cancellation of the net torque. Be-

cause magnetic forces are small compared to hydrodynamic forces, divergences in

the Reynolds stress should dominate over Maxwell stress divergences. The inter-

esting gradients are in the radial direction, so it makes sense to concentrate on

radial angular momentum flows.

The models [223] assume that the LT-induced angular momentum is instan-

taneously mixed radially across the entire transition region. However, the mixing

speed is roughly the radial flow speed, which is roughly the sound speed in the

presence of nonlinear warps. The Mach number of radial motions does appear

sensitive to the radial width of the warp, so this is but an approximation. A slower

sound speed might lead to a narrower transition region.

In the HD simulation, the misalignment diminishes but plateaus at about 40%

of the original inclination, but the MHD case continuously eliminates inclination,

achieving essentially complete alignment throughout its inner radii. How is this ex-

plained, given that pressure forces dominate over magnetic forces? Essentially, the

hydrodynamic forces bring substantial alignment so that the inner disk precesses

nearly as a solid body. Then the magnetic forces take over to lock in the final state.
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This makes a lot of sense. Think of rotating magnets, initially at such a high speed

that the opposite effects are averaged out and little slowing is achieved. But at a

much slower speed, the magnets will quickly align in the preferred orientation.

These simulations showed that there is an inclination transition radius in an

accreting disk. The zero-inclination disk does not extend to the outer edge. There

is a reservoir of matter with inclined angular momentum at large radii, and new

unaligned matter is continually fed from the outside, while matter already in the

disk gradually moves inward toward the BH. The alignment speed slows as the

torques weaken, such that an outwardly moving alignment front would eventually

balance with the inward flow of misaligned angular momentum, and motion relative

to the central mass would be reduced to zero. For a constant accretion rate, the

disk bends from its initial orientation to align with the BH rotation axis at a fixed

transition radius where these two speeds cancel.

A recent paper [120] tackles the connection between LT precession and QPOs,

further quantifying various causes and effects. Considering a disk that transitions

from a cold outer flow to a hot inner flow at some transition radius, LT torques

excite waves in the hot inner flow that can be damped by viscous torques. For the

underdamped case, an extended annulus precesses as a solid body with a frequency

significantly lower than a point particle estimate. For the overdamped case, the

flow is diffusive, and the annuli precess locally and independently. The flow will

align with the BH spin wherever the LT torque exceeds the viscous torque. This

ratio scales as r−3/2, so LT precession occurs only at small r, and there must be

a radius where the viscous torque overtakes the LT torque. The flow aligns with

the BH spin inside this break radius, and with the orbital plane outside it: the

Bardeen-Petterson configuration.
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This paper also estimates the Mach number in the hot flow, showing that the

accretion speed is expected to reach supersonic values. The accretion timescale is

expected to be shorter than the orbital period everywhere in the hot flow, thus

exerting a strong influence on the propagation of fluctuations, warps, and insta-

bilities in the accretion flow. At the break radius, there is warping or even tearing

of the disk. This radius is parameterized in the paper, and they obtain a warping

radius exceeding 5 RS only for an orbital inclination greater than 1.5 degrees.

Bardeen-Petterson alignment has been demonstrated mathematically using gen-

eral relativistic magnetohydrodynamic (GRMHD) code for viscosity self-consistently

generated by magnetized turbulence [115]. For even a very thin disk, the vertical

magnetic flux on the BH is sufficient to launch powerful relativistic jets that carry

20-50% of the accretion power along the angular momentum vector, providing a

potential explanation for the origin of jets in radio-loud quasars. Another recent

advance is the calculation of alignment and precession time-scales for both per-

sistent and transient accretors, finding that the alignment time-scale is inversely

correlated with the BH spin parameter, and that time-scales are generally longer

for intermittent transience than for persistent accretion [15].

There are web-adapted motion pictures depicting numerical computations of

Lense-Thirring precession for geometrically thin accretion disks that are avail-

able at http://research.physics.illinois.edu/cta/movies/lt/. These use

a Newtonian approximation for the physics of the accretion disk [122], and the

Pringle approximation [180] for the radiation torque.
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10.4.3 Oscillation Models for Jets

Since blazar emission is jet-dominated, brightness variations also likely emerge from

jets. However, non-axisymmetric variations arising in the disk could propagate into

a jet, instigating jet variations. As a shock propagates outward along a jet, a helical

structure could result in anisotropic flux variations. Recurring flux enhancements

will produce a periodic signal if the jet is cylindrical, and the shock velocity is

constant. A quasi-periodic signal is more likely if the jet has a finite opening

angle, or its shock speed changes between one wind of the helix and the next. In

this scenario, the fluctuation would last for the period of time that the shock passes

through the helical structure. Also, if a QPO recurs in a particular source, we can

expect its period to be nearly identical for a later apparition. If a long-lived or

repetitive signal can be observed, evolution of the QPO strength and timing could

provide powerful diagnostics about the jet’s structure [?].

MHD simulations of relativistic jet production suggest that differential rota-

tion can create a magnetic coil that expels some and pinches other infalling ma-

terial. The model explains basic features of jets, such as their speed and degree

of collimation[139]. Electromagnetic launching of astrophysical jets is believed to

generate helical magnetic fields, which propagate outward with the jet plasma.

The opportunity to test this idea should arise with upcoming polarization obser-

vations, which can provide direct information about the magnetic field structures

in the synchrotron-emitting radio jets [61].

Fitting intensity and polarization profiles in VLBI jet images helps to pin down

their origin from a helical magnetic field. Some observational results are key to this

understanding. Polarization angles tend to lie either parallel or perpendicular to

the jet. Transverse Faraday rotation gradients are reported for several AGN jets,
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suggesting the existence of a toroidal magnetic field component. Also, many AGN

jets have asymmetries in total intensity and linear polarization. The asymmetry of

the transverse intensity and polarization profiles can distinguish between the case

of a helical field with an ordered poloidal field component, or the case of a toroidal

field with a disordered poloidal field component [151].

Fermi γ-ray observations show a variation with period 34.5 ± 1.5 days in the

AGN, PKS 2247-131, persisting for ∼6 cycles. The QPO is explained in terms of

a helical structure in the jet, where the viewing angle to the dominant jet emission

region undergoes periodic changes [263].

10.5 Recommendations for Future Work

10.5.1 Expanding the search to other databases

We believe that these results demonstrate the value of AGN QPO searches in

archival data. We have exhausted only one small avenue, the RXTE 2-10 keV

light curves based on one data point per observation. Re-processing of RXTE

AGN data (particularly for long staring observations and compact campaigns)

allows for much more time resolution, limited only by the data S/N. This is a

region of frequency space that has been thoroughly searched with XMM -Newton

data, but comparing and contrasting RXTE and results is still a valuable endeavor.

Another source for timing analysis are RXTE 10-18 keV PCA light curves, courtesy

of Alex Markowitz, which are a higher energy version of the files used in the present

analysis. These are available for a number of AGN, and we did some work with

these files before they became difficult to access during the pandemic.

A final use of RXTE data is to investigate time lags or leads between differ-
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ent energy sub-bands. We also did some preliminary work in this area, before

concentrating our effort on QPO searches. Again, courtesy of Alex Markowitz,

we were gifted software to implement the Discrete Correlation Function (DCF)

method [51] and the Interpolated Correlation Function (ICF) method [255]. We

also installed software for the z-transformed Discrete Fourier Correlation Function

(zDCF) method [4]. A recent study using the NGC 4051 light curves from the

RXTE archive [171] estimates the 2–4 vs 4–7 keV and 2–4 vs 7–10 keV time lags.

Archival data from other past X-ray missions can also be searched for AGN

QPOs. The Advanced Satellite for Cosmology and Astrophysics (ASCA) was an

X-ray astronomy satellite by Japan, operated from 1993 to 2000. ASCA AGN data

have been archived in the Tartarus database [239]. An extensive study of Seyfert

1 AGN [237] utilized these data. Going further back, the ROentgen SATellite

(ROSAT ) was an X-ray astronomy satellite by Germany, operated from 1990 to

1999. The ESA X-ray Observatory, EXOSAT operated from 1983 to 1986, and

made substantial contributions to the study of AGN. Its 90-hour, highly-eccentric

orbit allowed for long uninterrupted stretches of data.

The most efficient type of observatory to support AGN QPO searchs would be

an X-ray All-Sky Monitor (ASM). A sufficiently sensitive ASM would be ideally

suited to detect AGN LFQPOs [250]. The RXTE ASM was used in this analysis

for one AGN (Mrk 421) but we found that other AGN were too faint to adequately

utilize ASM data. With some substantial filtering and binning, one group published

useful results using RXTE ASM data [39]. The Swift BAT light curves [103] are

available at https://swift.gsfc.nasa.gov/results/transients/. We looked

at these data for a few sources, and while they lacked the same level of sensitivity

as pointed observations, we feel that a dedicated examination of Swift BAT AGN
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light curves remains a very worthwhile endeavor. Swift is also actively scheduling

new proposals and has the capability to implement AGN monitoring campaigns of

the type performed with RXTE .

The Monitor of All -sky X -ray Image (MAXI ) mission [134] is an X-ray ASM

installed on the International Space Station (ISS). MAXI scans the full sky every 96

minutes (one ISS orbit) searching for variations in X-ray sources. Data are available

at http://maxi.riken.jp/. The Hard X -ray Modulation Telescope (HXMT ) is

China’s first X-ray astronomy satellite. We investigated HXMT but found no

emphasis on AGN observations. The Indian X-ray astronomy satellite, AstroSat ,

is another currently operating mission that observes AGN.

Expanding the QPO search to other wavelengths is also an active area of re-

search. In γ-ray energies, the Fermi Large Area Telescope (LAT) scans the entire

sky about 8 times a day. A recent contribution [2] finds several blazars with quasi-

periodic variations in their Fermi -LAT γ-ray light curves on the order of a year

or 2. Compared to X-ray QPOs, γ-ray variations are more often linked to jets.

Binary SMBHs are one possibility, but not in strong favor. Another possible model

is that non-thermal jet emission is modulated by quasi-periodic changes in the ac-

cretion flow that are effectively transmitted to the jet. Or the variations might

trace plasma motion in the jet close to its outer radius. They note that care is

needed to properly account for random variations that can produce intervals of

seemingly periodic behavior [251]. Similar variations on year-like timescales have

been reported in optical/near-IR light curves of blazars [200].

Using data from the Kepler mission (whose primary mission was the search for

exoplanets), a peak was found in the power spectrum of the optical light curve of

KIC 9650712 (a narrow-line Seyfert 1 galaxy). The QPO is reported at log ν =
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-6.58 Hz, corresponding to a period of 44 days [220]. For the quoted mass (logM

= 8.17), this feature would be at ∼6 RS if caused by Lense-Thirring precession. A

5-day feature in the Kepler light curve of Zw 229-15 [50] could also be identified

with Lense-Thirring precession. For M7 ≈ 1, this feature would be at ∼7 RS.

Optical AGN light curves have been searched for QPOs over very long baselines

using ground-based observations, but the recent exoplanet missions, Kepler and

TESS , have contributed very well-sampled light curves that are ideal for this pur-

pose. A systematic study of Kepler AGN data [221] shows the usefulness of this

domain. The Transiting Exoplanet Survey Satellite (TESS ) offers significant op-

portunities beyond the Kepler survey. Unlike Kepler which was limited to a study

of a small section of the sky, TESS can observe the full 4π steradians. TESS also

offers a quicker cadence for increased time-resolution in the AGN light curves. On

the other hand, sensitivity to fainter AGN is somewhat reduced for TESS , and its

larger pixel size increases the potential for source confusion [219].

10.5.2 Additional analysis techniques

There are a number of additional techniques that could be implemented to apply

to the analysis of AGN light curves. Several of these techniques are compared in a

recent analysis of Fermi -LAT blazar light curves. Wavelet scalograms offer some

advantages for QPO searches over the Lomb-Scargle periodogram. AGN QPOs are

often transient in nature, and wavelet scalograms extract both a frequency and a

time localization of the transient oscillation. A good primer [236] offers a practical

step-by-step guide to wavelet scalogram analysis. It’s a general framework for

the frequency analysis of irregularly sampled time series, based on the LSP, but

extended to account for a polynomial trend in the data model, plus a periodic
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component and a background noise. It is especially sensitive to the correlation

between the trend and the periodic component, and is available in the Python

package WAVEPAL [107, 108].

Another option is Stingray [77], a suite of Python tools to perform time series

analysis and related tasks on astronomical light curves. Another recent advance

is the Bayesian Generalized Lomb-Scargle (BGLS) periodogram [148], a Python-

based tool that includes the capability for data weights and a constant offset.

Singular Spectral Analysis (SSA) [99, 100] is a method of gap-filling popular in

analysis of geophysical, solar-wind and interplanetary magnetic field (IMF) data.

The continuous-time auto-regressive moving average (CARMA) method [95] is

another very popular tool for power spectral density analysis. In the recent 7th

installment of “Studies in Astronomical Time Series Analysis” [207], there is a

good summary of the history of time series analysis tools.

10.5.3 Theory versus Observation

A current campaign observes Fairall 9 with both the Swift satellite and ground-

based observatories. A network of three 1-meter robotic telescopes (Australia,

Chile, South Africa) is used to help mitigate the effects of adverse weather. At

-59 south declination, Fairall 9 is a target that is visible all year. Swift data from

both the X-Ray Telescope (XRT) and UltraViolet/Optical Telescope (UVOT) were

used. This intensive disk reverberation mapping allowed measurement of the cross-

correlation function between bands. They found evidence that the lag spectrum is

consistent with the τ ∼ λ4/3 scaling expected for an optically thick, geometrically

thin blackbody accretion disk [74].

The Neutron star Interior Composition Explorer (NICER) is an X-ray astron-

291



omy payload deployed to the International Space Station (ISS) in 2017. NICER

is also participating in the 2-year, multi-wavelength echo-mapping campaign to

study the accretion disk in Fairall 9. NICER observes Fairall 9 approximately

every other day, tracking not just flux variations, but also changes in its X-ray

spectrum. This ongoing campaign is a perfect example of the type of proposal

that is possible with the current fleet of X-ray astronomy spacecraft, addressing

such key questions as: where the X-rays originate, and what drives the variability.

Detection of QPOs in AGN strengthens the AGN-XRB connection (Funda-

mental Plane), and serve as powerful diagnostics of the BH mass and the structure

of the X-ray emitting region in AGN [250]. However, QPOs in SMBH show im-

portant discrepencies from models developed for XRB [222]. Oscillations for tidal

disruption events (TDE) are consistent with oscillations near the frequency of the

innermost stable circular orbit (ISCO). If AGN QPOs do not match existing phys-

ical models, then this suggests that they may be generated by completely different

physical mechanisms, complicating the paradigm of accretion scale-invariance.

While the astrophysical community mainly considers QPOs to be the province

of the central accretion disk, some variability in RXTE AGN light curves has been

attributed to a clumpy-torus model [127]. Comparable to dips in an XRB light

curve, there is variability because something is in the way, a variation in the line-

of-sight column density of X-ray-absorbing gas. Their estimated range of 1500 to

700,000 RS includes a canonical value for the broad-line region (BLR) radius of

20,000 RS.

We have also become aware of a phenomenon being called quasi-periodic erup-

tions (QPE) that have recently been observed in a few AGN. XMM -Newton obser-

vations of the Seyfert 2 galaxy GSN 069 beginning in December 2018 show QPEs
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lasting about 1 hour with a recurrence time of about 9 hours. During the erup-

tions, the X-ray count rate increases by up to two orders of magnitude. A possible

explanation for QPEs is a fast spectral transition between cold and warm phases

in the accretion flow. The QPEs are reminiscent of the X-ray variability pattern of

the micro-quasars GRS 1915+105 and IGR J17091-3624 in their heartbeat state

[145]. A second detection of QPEs was made in May 2019 XMM -Newton obser-

vations of RX J1301.9+2747. Three strong QPEs lasting about half an hour were

detected with separations of about 20 and 13 ks [64]. It will be useful to examine

some of our blazar QPO detections (especially the flares in MRK 421) in light of

these new developments.
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McHardy, Omar Kurtanidze, Maria G. Nikolashvili, Givi N. Kimeridze, and

Lorand A. Sigua. Probing the Inner Jet of the Quasar PKS 1510-089 with

Multi-Waveband Monitoring During Strong Gamma-Ray Activity. Astrophys-

ical Journal Letters, 710(2):L126–L131, February 2010.

[131] K. Marshall, E. C. Ferrara, H. R. Miller, A. P. Marscher, and G. Madejski. X-

ray/Optical Variability of Akn 120 and 3C 120. In Philip Kaaret, Frederick K.

Lamb, and Jean H. Swank, editors, X-ray Timing 2003: Rossi and Beyond,

volume 714 of American Institute of Physics Conference Series, pages 182–

185, July 2004.

[132] Kevin Marshall, Wesley T. Ryle, and H. Richard Miller. Correlated X-

Ray and Optical Variability in Markarian 509. The Astrophysical Journal,

677(2):880–883, April 2008.

[133] Kevin Marshall, Wesley T. Ryle, H. Richard Miller, Alan P. Marscher, Svet-

lana G. Jorstad, Benjamin Chicka, and Ian M. McHardy. Multiwavelength

Variability of the Broad Line Radio Galaxy 3C 120. The Astrophysical Jour-

nal, 696(1):601–607, May 2009.

318



[134] Masaru Matsuoka, Kazuyoshi Kawasaki, Shiro Ueno, Hiroshi Tomida, Mit-

suhiro Kohama, Motoko Suzuki, Yasuki Adachi, Masaki Ishikawa, Tatehiro

Mihara, Mutsumi Sugizaki, Naoki Isobe, Yujin Nakagawa, Hiroshi Tsunemi,

Emi Miyata, Nobuyuki Kawai, Jun Kataoka, Mikio Morii, Atsumasa Yoshida,

Hitoshi Negoro, Motoki Nakajima, Yoshihiro Ueda, Hirotaka Chujo, Kazutaka

Yamaoka, Osamu Yamazaki, Satoshi Nakahira, Tetsuya You, Ryoji Ishiwata,

Sho Miyoshi, Satoshi Eguchi, Kazuo Hiroi, Haruyoshi Katayama, and Ken

Ebisawa. The MAXI Mission on the ISS: Science and Instruments for Monitor-

ing All-Sky X-Ray Images. Publications of the Astronomical Society of Japan,

61:999, October 2009.

[135] J. E. McClintock, R. Narayan, L. Gou, J. Liu, R. F. Penna, and J. F. Steiner.

Measuring the Spins of Stellar Black Holes: A Progress Report. In A. Comastri,

L. Angelini, and M. Cappi, editors, X-ray Astronomy 2009; Present Status,

Multi-Wavelength Approach and Future Perspectives, volume 1248 of American

Institute of Physics Conference Series, pages 101–106, Jul 2010.

[136] Jeffrey E. McClintock, Rebecca Shafee, Ramesh Narayan, Ronald A. Remil-

lard, Shane W. Davis, and Li-Xin Li. The Spin of the Near-Extreme Kerr Black

Hole GRS 1915+105. The Astrophysical Journal, 652(1):518–539, Nov 2006.

[137] I. M. McHardy, E. Koerding, C. Knigge, P. Uttley, and R. P. Fender. Active

galactic nuclei as scaled-up Galactic black holes. Nature, 444(7120):730–732,

December 2006.

[138] Jonathan C. McKinney, Alexander Tchekhovskoy, and Roger D. Bland ford.

Alignment of Magnetized Accretion Disks and Relativistic Jets with Spinning

Black Holes. Science, 339(6115):49, Jan 2013.

319



[139] David L. Meier, Shinji Koide, and Yutaka Uchida. Magnetohydrodynamic

Production of Relativistic Jets. Science, 291(5501):84–92, January 2001.

[140] Andrea Merloni, Sebastian Heinz, and Tiziana di Matteo. A Fundamental

Plane of black hole activity. Monthly Notices of the Royal Astronomical Society,

345(4):1057–1076, Nov 2003.

[141] Matthew Middleton and Chris Done. The X-ray binary analogy to the first

AGN quasi-periodic oscillation. Monthly Notices of the Royal Astronomical

Society, 403(1):9–16, Mar 2010.

[142] J. M. Miller, A. C. Fabian, C. S. Reynolds, M. A. Nowak, J. Homan, M. J.

Freyberg, M. Ehle, T. Belloni, R. Wijnands, M. van der Klis, P. A. Charles,

and W. H. G. Lewin. Evidence of Black Hole Spin in GX 339-4: XMM-

Newton/EPIC-pn and RXTE Spectroscopy of the Very High State. Astro-

physical Journal Letters, 606(2):L131–L134, May 2004.

[143] L. Miller and T. J. Turner. X-ray reverberation in NLS1. In Narrow-Line

Seyfert 1 Galaxies and their Place in the Universe, page 19, Jan 2011.

[144] M. Coleman Miller, Frederick K. Lamb, and Dimitrios Psaltis. Sonic-Point

Model of Kilohertz Quasi-periodic Brightness Oscillations in Low-Mass X-Ray

Binaries. The Astrophysical Journal, 508(2):791–830, Dec 1998.

[145] G. Miniutti, R. D. Saxton, M. Giustini, K. D. Alexander, R. P. Fender,

I. Heywood, I. Monageng, M. Coriat, A. K. Tzioumis, A. M. Read, C. Knigge,

P. Gandhi, M. L. Pretorius, and B. Aǵıs-González. Nine-hour X-ray quasi-
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[164] N. I. Palma, M. Böttcher, I. de la Calle, I. Agudo, M. Aller, H. Aller, U. Bach,
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