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ABSTRACT

Accretion Driven Outflows From Black Holes Across the Mass Scale

by

Ashley L. King

Chair: Jon M. Miller

Accretion driven outflows in the form of highly collimated jets and wide-angle winds

carry away immense amount of material and energy from the accretion disks surround-

ing black holes. During my thesis, I examine the connection between the accretion

onto black holes and the resulting outflows that are produced. I begin with two case

studies of a supermassive and stellar-mass black hole. In the former, I examine the

disk-jet connection, while in the later, I examine the accretion driven winds from the

system. Both studies indicate that much can be learned from studying the sources in

great detail as well as from comparing the results to other black holes, including their

low or high mass counterparts, respectively. As a result, my final study examines

both winds and jets across the mass scale. My study indicates that by comparing the

outflows across such a large mass range, there is a common dependence of outflow

power on bolometric luminosity, i.e., mass accretion rate. Consequently, this relation

suggests that winds and jets may be regulated by a common mechanism. In the con-

clusion of my thesis, I briefly discuss future work that is left to be done in order to

understand accretion driven outflows from black holes.
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CHAPTER I

Introduction

1.1 Large Scale Interactions

Supermassive black holes in the center of every galaxy (Richstone et al., 1998)

have masses that span from a million solar masses to ten billion solar masses (Gültekin

et al., 2009b). Though extreme in many ways, a black hole’s gravitational “sphere

of influence” only extends to a small fraction of its host galaxy, RSoI = GMBH/σ∗ =

1.1
(

MBH

109M⊙

)(
200km/s

σ∗

)
pc, where σ∗ is the velocity dispersion of the host galaxy. Out-

side of this radius, the self-gravitating force of the bulge of the host galaxy dominates.

But there is substantial evidence that the central black holes still interact with their

galactic surroundings, despite their small gravitational reach.

Figure 1.1(a) depicts supermassive black hole masses as a function of host galaxy

luminosity (Gültekin et al., 2009b). This relation illustrates that the mass of central

black hole is not arbitrary when comparing to that of its host galaxy. In fact, the more

stellar-light in a galaxy (L), the higher the black hole mass (MBH ∝ L1.1, Gültekin

et al., 2009b). As the stellar-light in each galaxy is a function of the number of stars,

and thus the total mass of the galaxy, this relation indicates that the most massive

galaxies have the most massive black holes. Though intuitive, the particular slope of

this relation is quite informative. It signals that there is a specific coupling in galaxy

and black hole formation, whereby the ratio between their masses is well regulated.
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Not only does the stellar-light of a galaxy correlate with black hole mass, but the

stellar-velocity dispersion does as well. (See Figure 1.1(b), Gültekin et al., 2009b) This

illustrates the kinematics is also well coupled to the mass of the central black hole.

Energetically, only a small fraction of the black holes rest-mass energy is needed to

match the energy in the velocity dispersion of the galaxy, where ηMBHc
2 ≈ MGalaxyσ

2
∗.

Typical parameters are MBH ∼ 0.001MGalaxy and σ∗ ≈ 0.001c. Therefore η only

needs to be η ≈ 0.001 for the energetics to be comparable. Feedback, in the form of

radiation, winds and jets from the accreting black holes has been invoked to explain

these couplings, as the radiation and outflows carry energy away from the vicinity of

the black hole that can reach much greater extents than the gravitational influence

of the black hole.

Feedback from the accreting black holes affects extra-galactic structure as well.

This is witnessed in “cool core clusters”. In these massive clusters with hundreds of

galaxies, the X-ray gas suggests that there should be large cooling flows with massive

star forming rates in the center of these clusters. This is due to the vast radiative

losses and short cooling time scales (Fabian et al., 1994). However, the star formation

rates are only on 10-100’s of M⊙ yr−1, suggesting that there is a mechanism that is

preventing the rapid star formation (e.g., Peres et al., 1998). In order to resolve this

discrepancy, feedback from the central black hole is again invoked.

Simple estimates suggest that the feedback required to produce the M − σ and

M−L relations or to stop cooling flows in the center of galaxies is viably attainable by

either radiation or mechanical feedback (Fabian et al., 2014). However, it is not clear

how these mechanisms couple to both the stellar and gaseous components in the bulge

and intra-cluster medium. Therefore, in order to better understand how feedback

from accreting black holes couples to its surrounds, we first need to understand the

physical nature of the feedback mechanisms themselves.

During my thesis, I have focused on the accretion-driven outflows from black holes.

2
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Figure 4. M–L relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams) and
gas dynamical (circles). Arrows indicate upper limits for BH mass. Squares are galaxies that we omitted from the fit. The color of the error ellipse indicates the Hubble
type of the host galaxy (elliptical (red) and S0 (green)) and the saturation of the color is inversely proportional to the area of the ellipse. The line is the best-fit relation
for the sample without upper limits: MBH = 108.95 M!(LV /1011 L!,V )1.11.

Figure 5. Histogram of residuals from best-fit M–L relation.

when using three-integral models. This, however, contrasts with
claims commonly made in other works: that strict resolution of
the sphere of influence is required for credible MBH determi-
nations and, more importantly, that MBH determinations made
from observations that do not resolve the sphere of influence
will be biased. Given the strong prevalence of this viewpoint,
and prompted by comments from the referee, we review its de-
velopment and application in the literature. We find, in fact, that
there is little or no support for the conclusion that MBH determi-
nation becomes increasingly biased with decreasing resolution.
It appears that the common but uncritical application of sphere-

of-influence-resolution as a way to cull MBH determinations
cannot be justified by careful reading of the very works often
cited in its support.

In their review article, Ferrarese & Ford (2005, page 539)
write, “All studies which have addressed the issue [of BH mass
determination and resolution level] . . . have concluded that re-
solving the sphere of influence is an important (although not
sufficient) factor: not resolving [Rinfl] can lead to systematic er-
rors on MBH or even spurious detections,” and cite the following:
Ferrarese & Merritt (2000); Merritt & Ferrarese (2001b, 2001a);
Graham et al. (2001); Ferrarese (2002); Marconi & Hunt (2003).
We consider each of these in turn.

Ferrarese & Merritt (2000) found that the ground-based MBH
measurements by Magorrian et al. (1998) were higher for fixed
velocity dispersion than the predictions of their empirical M–σ
relation and judged them to be therefore biased. The discrepancy
with their M–σ relation increased with increasing distance.
While discrepancy with the M–σ relation is not a justifiable
reason for excluding MBH measurements from the relation (the
argument is circular), the masses from Magorrian et al. (1998)
were, in fact, biased to high values by roughly a factor of 3.
The reason for the bias, however, is that they came from two-
integral, isotropic, axisymmetric models, not because they were
more poorly resolved (Merritt & Ferrarese 2001a; Gebhardt
et al. 2003b).

Merritt & Ferrarese (2001b) present similar arguments as
do Merritt & Ferrarese (2001a) who also go on to describe
the reason two-integral models yield masses that are biased
somewhat high. Merritt & Ferrarese (2001a) do mention that

(a)
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Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M!(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

(b)

Figure 1.1 The top panel shows the mass of the central black hole versus versus the
luminosity of its host galaxy Gültekin et al. (2009b). The bottom panel shows the
mass of the central black hole versus the velocity dispersion of the bulge component of
galaxies Gültekin et al. (2009b). These panels demonstrate the connection between
the mass of the central black hole and its host properties. Feedback in terms of
radiation and mechanical outflows have been invoked to explain these correlations.
However, the exact coupling is still being investigated.
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Quantifying the nature of these outflows is required to determine how black holes

couple to their surroundings, as well as how efficiently a black hole can grow. There

is mounting evidence that only a few million years after the Big Bang, there were

already extremely large black holes with masses of a few billion solar masses (Mortlock

et al., 2011). It is extremely hard to grow a black hole to this size by conventional

(sub-Eddington) accretion methods and with accretion driven outflows that remove

material from the accretion disk. These outflows not only remove material, but can

also heat and ionize the surrounding gas, preventing further accretion onto the black

hole. Understanding the exact nature of these outflows is then necessary to determine

how efficiently a black hole is fed and precisely how massive a seed is needed to

produce a supermassive black hole. This is especially important when determining

whether a stellar-remnant or “heavy seed” is required to grow a supermassive black

hole (Volonteri , 2012).

In the following sections, I will briefly discuss the observational and theoretical

constraints we have on the accretion driven outflows from black holes in an aim to

characterize the known properties of these power outflows and what is left to be

explored.

1.2 Jets

Jets from accreting black holes are highly collimated, bi-polar outflows with rel-

ativistic velocities. Structurally, these outflows are typically millions to billions of

gravitational radii in length. The collimation of the jets must occur within a few tens

to hundreds of gravitational radii (Doeleman et al., 2012), while the acceleration of

the jet can occur at much larger radii (Asada et al., 2014). With less than a handful

of objects that have resolved jet structures at small scales, the exact nature of the

acceleration and collimation of the jets is not well understood. Theoretically, mag-

netic fields are invoked to collimate and accelerate the jets. In Lovelace (1976) and

4



Blandford and Znajek (1977) magnetic dynamos – generated and driven by the accre-

tion disk – are used to produce a current from which ionized material is accelerated

along the jet. The model put forth by Blandford and Znajek (1977) taps the angular

momentum of the black hole to power the jets. A different jet model has magneto-

centrifugal forces accelerate particles along magnetic field lines that are anchored in

the accretion disk (e.g., Blandford and Payne, 1982). However, in this model, a colli-

mation mechanism is still needed to generate the small opening angles on order of a

few degrees that are observed. External pressure gradients in the inter-stellar medium

could collimate the outflow, which is suggested by Heinz and Begelman (2000), who

also suggest jets could be accelerated by small-scale, disordered magnetic fields in the

accretion disk.

Though the acceleration and collimation regimes are still observationally under in-

vestigation, large-scale structures are well studied. Active galactic nuclei (AGN) jets

are divided into two classes: radio-loud and radio-quiet (McLure and Jarvis , 2004).

Radio-loudness is defined as the ratio between B band and 5 GHz flux densities. Ex-

amining the radio-loud class of jets, there is a second morphological division: Fanaroff-

Riley I jets are core dominated, low surface brightness jets with edge-brightened

flows; Fanaroff-Riley II jets are lobe-dominated and edge-darkened (Fanaroff and Ri-

ley , 1974). The division between the two morphological regimes tends to occur at

an accretion luminosity of ∼ 10−3LEdd (Ghisellini and Celotti , 2001; Meyer et al.,

2011), where LEdd is the Eddington luminosity, LEdd = 1.8 × 1038(MBH

M⊙
). Interest-

ingly, stellar-mass black holes show qualitatively the same structure as AGN in that

at low Eddington fractions the jets are unresolved and core-dominated (e.g., Gallo

et al., 2003; Cadolle Bel et al., 2011), and at high Eddington fractions, the stellar-

mass jets show knot ejections with little to no core emission (e.g., GRS 1915+105

Mirabel et al., 1998; Mirabel and Rodŕıguez , 1999).

The spectral energy density of the emission from these jets generally has a power-
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law dependence in the radio band, indicating a non-thermal origin. The core jet

emission is believed to be composed of a superposition of self-absorbed synchrotron

spectra that peak at different frequencies along the jet Blandford and Konigl (1979).

The resulting composite spectrum is roughly constant in the radio band i.e., Fν ∝

να; α ≈ 0 where these self-absorbed spectra overlap. At longer wavelengths, the

jet spectrum follows Fν ∝ ν5/2, corresponding the the tail of the last self-absorbed

spectrum. At shorter wavelengths and in the extended jet structures, the emission

becomes optically-thin and goes as Fν ∝ ν−(p−1)/2, where p describes the electron

distribution. As is shown in Figure 1.2(a) & 1.2(b), this qualitative behavior of the

jet spectrum is observed in both stellar-mass and supermassive black hole jets (Maitra

et al., 2011; Migliari et al., 2007). As the mass of the central black hole increases, one

can see that the optically thin transition occurs at smaller frequencies (Falcke et al.,

2004a).

The jet luminosity not only scales with mass of the black hole, but also with X-ray

luminosity. Depicted in Figure 1.3(a) is the radio luminosity of the jet as compared to

the X-ray luminosity and mass of the black hole, known as the “fundamental plane of

black hole activity” (Merloni et al., 2003). The exact scaling of the radio luminosity

goes as logLR = (0.60 ± 0.11) logLX + (0.78+0.11
−0.09) logMBH + 7.33+4.05

−4.07, where LR is

the radio luminosity at 5 GHz, LX is the 2–10 keV X-ray luminosity and MBH is the

black hole mass (Merloni et al., 2003). The radio emission is thought to trace the jet

power, where as the X-ray luminosity is thought to trace the accretion luminosity from

the disk, which is ultimately set by the accretion rate onto the black hole (Merloni

et al., 2003; Falcke et al., 2004b; Gültekin et al., 2009a). The fact that the slope of

this relation with respect to both the mass and X-ray luminosity is less than unity,

implies that as the black hole accretes at a higher Eddington fraction, i.e., LX/LEdd,

the jet is less efficient at producing radio luminosity in the jet.

It is important to also note that the universality of the relation in Figure 1.3(a),
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Figure 1. Broadband SED of NGC 4051. Chandra/ACIS (solid black lines) and VLA 8.4 GHz (red points) data taken from King et al. (2011). Suzaku/PIN data
(magenta points connected by lines) from Miller et al. (2010). Swift/BAT data (brown points connected by line) from publicly available NASA archives. EUVE data
(violet) from Uttley et al. (2000), FUSE data (blue points) are from Kaspi et al. (2004), HST/STIS fluxes (magenta line) from Collinge et al. (2001), and 5100 Å
continuum data point (orange) from Denney et al. (2009). The Gemini/NIFS data (Riffel et al. 2008) and the Spitzer/IRS data (Sani et al. 2010) are shown in cyan
and green, respectively. The SED was corrected for Galactic absorption assuming a column density of E(B − V ) = 0.013 and NH = 1.3 × 1020 cm−2 in the direction
of NGC 4051 (Elvis et al. 1989), and assuming the extinction law of Cardelli et al. (1989). The fits to high-resolution Chandra spectra discussed in King et al. (2011)
suggest that intrinsic absorption is negligible. The thick solid lines show the various model components as well as the total model predicted SED.
(A color version of this figure is available in the online journal.)

Section 4, the hard X-ray (>10 keV) variability may be smaller
than the soft (2–10 keV) X-ray variability. Therefore, we have
also added two Suzaku/PIN spectra of NGC 4051 from the data
presented by Miller et al. (2010). While NGC 4051 has not
been detected in the Fermi/LAT data so far (0.1–100 GeV;
Abdo et al. 2010), it has been detected in the time averaged
Swift/BAT (14–195 keV) data. The BAT spectrum3 is also in-
cluded in Figure 1. Fits to the high-resolution Chandra HETGS
spectra of NGC 4051 (A. King et al. 2011, in preparation) sug-
gest that any absorption intrinsic to the source is negligible,
therefore to correct for absorption we use a column density of
NH = 1.3×1020 cm−2 in the direction of NGC 4051 (Elvis et al.
1989).

2.2. UV

The Extreme Ultraviolet Explorer (EUVE) data are from
Uttley et al. (2000), and the corresponding error bar represents
the EUV variability range (also see Figure 7 of Kaspi et al.
2004). Uttley et al. (2000) noted that the EUV variability is
comparable to the X-ray variability, and that the EUV and
X-rays were simultaneous to within 1 ks, which suggests a
common origin for both EUV and soft X-ray emission.

The far-ultraviolet data in the wavelength range of
900–1180 Å are taken from the Far Ultraviolet Spectroscopic
Explorer (FUSE) observations presented by Kaspi et al. (2004).
Even though the three FUSE observations were separated by
as much as ∼1 year, the analysis by Kaspi et al. (2004) sug-
gests little or no (<10%) variation in the FUSE spectra. As
discussed above, we are interested in the continuum emission
only, and therefore use the average flux-density measurements

3 Obtained from http://heasarc.gsfc.nasa.gov/docs/swift/results/bs9mon/
bs_ind.php?number=85.

in wavelength ranges that are free from emission and absorption
as presented in Table 2 of Kaspi et al. (2004).

We have also included Hubble Space Telescope (HST)/Space
Telescope Imaging Spectrograph (STIS) data of NGC 4051
published by Collinge et al. (2001). The binned STIS spectrum
presented in their work shows that the continuum flux is roughly
constant at ∼2 × 10−14 erg cm−2 s−1 Å−1 over the observed
wavelength range of 1200–1700 Å. These HST observations
were made simultaneously with Chandra, and even though the
Chandra light curve showed large variations in the X-ray flux
(see, e.g., Figure 2 of Collinge et al. 2001), no variability could
be detected in the STIS data. The lack of UV variability strongly
contrasts with the high X-ray variability and suggests that the
UV and X-rays are most likely coming from different emission
mechanisms.

2.3. Optical

Contribution of non-AGN components, e.g., light from stars
as well as dust, starts becoming important in optical and IR,
and extreme caution must be taken not only to use the highest
resolution available to observe the nuclear region, but also
to model and subtract the non-AGN contributions within the
aperture. Readily available optical and IR fluxes listed, e.g.,
in the NED, are therefore not usable for this work since the
apertures listed in NED are typically large and there is no easy
way to estimate the non-AGN contribution. Instead we use
the results obtained by Denney et al. (2009), who presented
new, optical spectroscopic and photometric observations of
NGC 4051 from a densely sampled reverberation mapping
campaign, using data from five different observatories (1.3 m
McGraw-Hill telescope at MDM Observatory, 0.7 and 2.6 m
telescopes of the Crimean Astrophysical Observatory (CrAO),
2 m MAGNUM telescope at the Haleakala Observatories, and

3

(a)

– 29 –

Fig. 7.— Jet model fits with residuals of the radio-to-X-ray (upper panel) and X-ray (lower

panel) spectrum of the March 10 observation of GRO J1655-40, with the jet inclination angle
fixed to 75◦. Model components as in Fig. 5.

(b)

Figure 1.2 The top panel shows the broadband SED of AGN, NGC 4051 (Maitra
et al., 2011), while the In this model, the bottom panel shows an SED of the stellar-
mass black hole, GRS J1655−40(Migliari et al., 2007). The green and orange line in
the top panel (green dashed lines in the bottom) show synchrotron emission from the
jet. The red line (purple dotted line) is the thermal emission from the accretion disk
(and companion), and the blue (orange dotted-dashed) is inverse-Compton from the
synchrotron and soft disk photons. The black is the total of all of these components.
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as it utilizes both stellar-mass and supermassive black holes, both of which accrete

at a range of different Eddington rates. A universal trend need not necessarily be the

case, as the local characteristics of the accretion disk vastly vary between stellar-mass

and supermassive black holes. For instance, assuming a standard thin-disk (Shakura

and Sunyaev , 1973), the temperature in the accretion disk scales inversely with mass

as T ∝ M
−1/4
BH . This is primarily a result of the surface area increasing with mass,

allowing for a less dense and cooler accretion disk to surround the most massive black

holes. Because there is a universal trend despite these physical differences, it indicates

that the relation is set by global processes that regulate the accretion driven jets, i.e.,

the macro-physics of the system, not the microphysics in the accretion disk.

This is not to say micro-physical properties intrinsic to the accretion disk, like

temperature, density or even type of accretion flow, cannot have an influence on this

fundamental plane. Figure 1.3(b) depicts the X-ray−radio plane for only stellar-

mass black holes (Gallo et al., 2012). Instead of showing a universal trend, Gallo

et al. (2012) show there are two different X-ray−radio tracks that are statistically

significantly separated from each other. The upper track follows a relation that is

consistent with the fundamental plane across the mass scale and scales as LR
∝∼ L0.6

X ,

while the lower track is much steeper at LR
∝∼ L1.0

X (Gallo et al., 2012). Even more

interesting is the fact that sources can move from one track or the other. Though

the exact nature of the differences between the tracks is still yet to be resolved,

speculations on types of accretion flow or jet production may be responsible for the

diversity of behavior observed in this LR − LX plane. In fact, separate “tracks” or

relations may occur in supermassive black holes and could explain some of the large

scatter associated with the fundamental plane when including black holes from across

the mass scale.

Though the radiation from these jets is easily detectable and gives a rough estimate

of the radiative energy that is liberated in these outflows, the total energy loss –
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A fundamental plane of black hole activity 11

Figure 4. The edge-on view of the “fundamental plane of black hole activity”. The solid line shows the best fitting function (5).

ψB(R/Rg, a), where φB = B0 = B(R0) is the value of the field
at the base of the jet R0. As a geometric quantity, the jet diame-
ter D should be directly proportional to the characteristic scale Rg

such that φD = D0 = D(R0) ∝ RG ∝ M . Scale invariance also
implies that dynamical time scales are proportional to Rg/c ∝ M ,
and thus that characteristic velocities are scale invariant.

Using the standard formulae for synchrotron emission
(Rybicki & Lightman 1979), Heinz & Sunyaev (2003) showed that
the synchrotron luminosity Lν at a given frequency ν emitted by
the jet must then depend non-linearly onM and ṁ, following

∂ ln (Lν)

∂ ln (M)
=

2p + 13 + 2α
p + 4

+
∂ ln (φB)

∂ ln (M)

(

2p + 3 + αp + 2α
p + 4

)

+
∂ ln (φC)
∂ ln (M)

(

5 + 2α
p + 4

)

≡ ξM (7)

and
∂ ln (Lν)

∂ ln (ṁ)
=

∂ ln (φB)

∂ ln (ṁ)

(

2p + 3 + α(p + 2)

p + 4

)

+
∂ ln (φC)

∂ ln (ṁ)

(

5 + 2α
p + 4

)

≡ ξṁ (8)

where α is the spectral index at frequency ν.
Note that the model dependent structure functions

ψf (R/Rg, a) scale out from these expressions. Only the

spectral indices (α and p) and the boundary conditions φB and φC

for the magnetic field B and the electron power-law distribution
normalization C, respectively, remain. α and p are observables:
the electron spectral index p can be deduced from the optically
thin synchrotron spectral index at high frequencies. The functions
φB and φC , on the other hand, need to be provided by accretion
disc theory. It is reasonable to assume that the relativistic particle
pressure at the injection radius is a fixed fraction (i.e., independent
of M and ṁ) of the total pressure at injection, φC ∝ φ2

B . This
leaves φB as the only model dependent parameter of the theory.
Given a prescription for φB , we can predict how the synchrotron
luminosity of jets should scale withM and ṁ.

Since ξM and ξṁ are constants, we have in general (with
Lν = L5 GHz = LR)

log LR = ξM log M + ξṁ log ṁ + K1, (9)

where K1 is a normalization constant6. Variations in other param-
eters, such as the viewing angle or the black hole spin, will only

6 We note here that for flat spectrum jets with αR ∼ 0, the canonical
value of p ∼ 2, and φ2

B ∝ M−1ṁ, the dependence of LR on M and
ṁ follows LR ∝ (Mṁ)17/12 = Ṁ17/12 , as had been found by Fal-
cke & Biermann (1996) for the specific case of the “canonical conical”
(Blandford & Königl 1979) jet model.

(a)

BHBs dual radio/X-ray tracks 3

Figure 1. The full dataset includes 165 hard-state observations of 18 different XRBs, with radio and X-ray luminosities as indicated. Cygnus X-1, GRS
1915+105, along with the radio upper limits (combined with strictly non-simultaneous X-ray detections) by Miller-Jones et al. (2011) are plotted for illustrative
purposes but are not included in our analysis (see text). � denotes log luminosities in units of erg s−1 . For the 18 sources under analysis, the inset illustrates
luminosities for the sources with secure distance measurements, in red, vs. uncertain distance measurements, in blue.

Migliari et al. 2007 & Calvelo et al. 2010); IGR J17177−3656
(data from Paizis et al. 2011); Swift J1753.5−0127 (data from
Cadolle-Bel et al. 2007 & Soleri et al. 2010); H1743−322 (data
from McClintcok et al. 2009, Jonker et al. 2010, Coriat et al. 2011);
IGR J17091−3624 (data from Rodriguez et al. 2011). In addition,
new data points are included for 4U 1543−47 (data from Kalemci
et al. 2005) and V404 Cygni (data from Corbel et al. 2008). A
plot of radio luminosities (calculated by integrating up to the ob-
served frequency and assuming a flat spectrum) versus 1-10 keV
X-ray luminosities2 for the 18 hard state BHBs under consideration
is shown in Figure 1, whose label also includes the adopted dis-
tances. Data points from Cygnus X-1 and GRS 1915+105 are also
included for comparison, along with the radio upper limits from a
recent deep survey of quiescent BHBs carried out by Miller-Jones
et al. (2011, M-J11 hereafter), but for which simultaneous X-ray
counterparts are based on archival X-ray detections, often from ob-
servations that were taken several years prior to the radio survey.

Several authors (e.g. Rushton et al. 2010, Jonker et al. 2010,
Coriat et al. 2011, Ratti et al., submitted) have suggested that
there appears to be dual upper and lower luminosity tracks in this
domain, particularly when compared against figure 2 of GFP03,

2 For consistency with GFP03, unabsorbed luminosities quoted in dif-
ferent energy bands have been converted to 1-10 keV luminosities using
WebPimms and assuming a power law spectrum with index Γ = 2.

where a single correlation was identified. For descriptive purposes,
the divide can be loosely set by the �r = �x − 7 line, where �
denotes log luminosities in units of erg s−1 . We investigate the
effective validity of such a split classification in the following sec-
tions.

When available, luminosities have been updated based on re-
cent and or more accurate distance measurements (based on the
references in Table 2 of Fender et al. 2010 and Jonker & Nelemans
2004, except for the distance to XTE J1550-564 which has been
recently revised to 4.4 kpc; cf. Orosz et al. 2011). Seven of out
the 18 sources considered here (i.e. H1743−322, XTE J1650−500,
XTE J1720−318, XTE J1908+094, Swift J1753.5−0127, IGR
J17177−3656 and IGR J17091−3624) have less than reliable dis-
tance values, in that their distance determinations are based on
loose absorption arguments, or, in some instances, on their very lo-
cation on the radio/X-ray luminosity plane investigated here. We
refer to this subsample as ‘uncertain distance’ sample (vs. ‘se-
cure distance sample’). The inset of Figure 1 illustrates the loca-
tions of the two samples: note that culling objects with uncertain
distance measurements removes the majority of the lower track
data points (71 out of 77), although those six points that remain
come from 3 distinct objects with secure distances (GRO 1655−40,
XTE 1550−564 and GRS 1758−258).

c� 0000 RAS, MNRAS 000, 000–000

(b)

Figure 1.3 The top panel shows the “fundamental plane of black hole activity” that
plots the radio luminosity versus the mass and X-ray luminosity of black holes across
the mass scale Merloni et al. (2003). The bottom panel shows the X-ray versus radio
luminosity for only stellar mass black holes. The top panel shows the universality of
this relation suggesting jet production is set by global properties rather than local
gas characteristics in the accretion disk. However, the lower panel demonstrates that
though there is a universal correlation, there are several individual sources that follow
a distinctly separate relation. Studying the similarities and differences between these
two tracks may help to understand the broader physical mechanisms at work.
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radiative plus kinetic – is harder to measure. As the mass loading of jets is quite

uncertain, it is not a straightforward measurement to calculate the kinetic energy from

a jet. However, Allen et al. (2006) and Merloni and Heinz (2007) have used the radio

and X-ray cavities that are carved out by the most massive jets as a calorimeter for the

kinetic energy. This method uses the energy needed to inflate these cavities divided

by an inflation timescale to estimate the kinetic power of the jets. Though it relies

on a time averaged calculation, it is the most direct method available for measuring

the kinetic power in jets. Merloni and Heinz (2007) found using this method that

the kinetic energy of the jets exceeds the radio luminosity by orders of magnitude.

(See Figure 1.4). The one stellar-mass black hole where this same method has been

utilized has shown a similar trend where the kinetic power is vastly greater than the

radiative power. Interestingly, when looking at the sample of AGN, the kinetic power

versus radio luminosity relation indicates that more radio luminous a jet has, the less

(relative) kinetic energy it puts out, i.e., logLK = (0.81± 0.11) logLR + 11.9+4.1
−4.4, i.e.,

the jets are becoming less kinetically dominated (Merloni and Heinz , 2007).

Understanding these relations between X-ray luminosity and radio luminosity in

the “fundamental plane” as well as the kinetic power and radio luminosity relation,

is vital to uncovering the of physics of jet production. Moving forward, we will need

to better constrain these trends with more observations and sources. As in the dual

tracks seen in the stellar-mass black holes (Gallo et al., 2012), compiling samples

with the best data quality and monitoring campaign has revealed clear structure in

the LX − LR relation. Determining the differences between sources in each track

and why sources switch between tracks will allow us to better constrain the physical

processes that are producing this relation (e.g., H 1743−322, Coriat et al., 2011).

Further observations of AGN are waiting to reveal structure in these relations that

will be vital in determining the mechanisms that generate jets.
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6 Merloni & Heinz

Figure 3. Bottom panel: probability density of the observed slopes of the
LKin - LR,obs relation (colored contours): For each value of the mean jets
Lorentz factor, Γm, the intrinsic correlation has a slope Bint determined
from the best estimate of the beaming correction of the fundamental plane
relation used as estimator of the intrinsic radio core luminosity (see text for
details). The dot-dashed line in the lower panel shows this Bint, while the
solid line shows the observed slope of the real data set with its uncertainty
(dashed lines). The upper panels show then the integrated probability of
observing 0.45 < Bobs < 0.63, given Bint and Γm.

the intrinsic radio core luminosity picking Γ from a normal dis-
tribution with mean Γm and variance σΓ = 0.1Γm. Fits of the
Lkin-LR,obs correlation for the 104 simulated samples result in a
distribution of slopes Bobs as a function of Γm (shaded areas in
the lower panels figure 3). We can now assess the probability of
observing Bobs = (0.54 ± 0.09) for any value of Γm, by simply
integrating these (properly normalized) distributions in the range
0.54±0.09. The result of such an integration is shown in the upper
panel of Figure 3.

The distribution of the simulated sources in the LR,obs/LR

vs. Lkin plane shows tantalizing evidence of a discrepancy with the
observed sample, with a slight deficit of luminous, de-boosted (i.e.
seen at large angles with respect to the line of sight) objects. Sta-
tistically, we found that this discrepancy mainly effects the normal-
ization of the intrinsic Lkin-LR relation, rather than its slope. The
reason for such a discrepancy is not clear at this point, but we be-
lieve it may signal a problem in the modellization of the selection
criteria of the sample, rather than a problem with the FP scaling.
This is by no means surprising, in particular given the lack of any
realistic constraint on the distribution and selection functions of the
kinetic power measurements.

From this Monte Carlo test, we can reach the following con-
clusions:

(i) For any given Γm, the beaming-corrected FP relation (4) can
be used to derive the intrinsic radio core luminosity of the jets,
LR,FP;
(ii) The correlation between Lkin and LR,FP in our sample has
a slope Bint(Γm), that is an increasing function of the mean jet
Lorentz factor;
(iii) The relation between Lkin and observed radio core luminosity
is flattened with respect to the intrinsic one (i.e. Bobs < Bint) be-
cause of the unaccounted-for Doppler boosting in the small sample
at hand. We have corrected for such an effect statistically: Figure 3

Figure 4. Kinetic power, as measured from estimates of pV work by the
jet on its surrounding hot, X-ray emitting, atmosphere versus radio core lu-
minosity of the jets at 5 GHz. Red open circles show the observed radio
luminosity (not-corrected for relativistic beaming), while the blue filled cir-
cles refer to the radio luminosity estimated through the “fundamental plane”
relation derived from the KFC sample, and corrected for relativistic beam-
ing, with a mean Lorentz factor of the jets of Γm ∼ 7 (see text for details).
Thick (and thin) solid lines show the best fit to this latter relationship, with
1-σ uncertainty; dashed lines show the best fit linear relation when the ob-
served radio luminosity is considered. The value of the intrinsic scatter for
the two cases is reported.

shows that a fully consistent interpretation of the data can be given
for a broad range of mean Lorentz factors, with a broad probability
distribution that peaks at Γm ! 7, corresponding to the following
intrinsic correlation:

log Lkin = (0.81 ± 0.11) log LR + 11.9+4.1
−4.4 (6)

Reassuringly, the probability distribution of mean Lorentz factors,
although broad, clearly excludes low values of Γm. More detailed
studies of the relativistic speeds of Blazars emitting regions give
similar results (see e.g. Cohen et al. 2007).

Interestingly, the relationship between kinetic power and ra-
dio luminosity gets tighter if one uses the FP relation as an estima-
tor of the un-boosted radio flux, as shown in Figure 4: the intrin-
sic scatter is reduced from 0.47 dex to 0.37 dex. This is expected
if this steeper correlation reflects more directly the intrinsic rela-
tion between jet kinetic and radiative power, and lends support to
our statistical method to correct for the bias induced by relativistic
beaming.

Finally, we note that the slope of the correlation between
LR,FP and Lkin is consistent with the predictions of syn-
chrotron models for the flat spectrum jet cores according to which
(Heinz & Sunyaev 2003) LR ∝ L(17+8αν )/12

kin M−αν , where αν

is the radio spectral index. For flat spectrum cores, like the ones
we are considering here, αν ∼ 0 and the logarithmic slope of the
Lkin − LR correlation is expected to be ∼ 12/17 = 0.71, within
1-σ from our estimate.

Figure 1.4 This figure shows the jet kinetic energy measured from radio and X-ray
cavities versus the radio luminosity Merloni and Heinz (2007). The red points are
the observed radio luminosity, and the blue data points are the de-beamed.

1.3 Winds

Outflows from accreting black holes are not always as collimated as those observed

in relativistic jets. Winds are outflows with a much wider opening angle; they are

observed as absorption features against the continuum of the accretion disk in ultra-

violet (UV) and X-ray bands (e.g, Crenshaw and Kraemer , 2012). They too can span

a wide range in scales, from galactic-sized outflows on kpc scales to unresolved flows

on sub-pc scales.

Theoretically, winds can be driven by a number of different mechanisms. Radia-

tion from the accretion disk can push on the gas in bound−bound and bound−free

transitions. This is most effective when there is a strong UV continuum and the gas

is only moderately ionized, so the UV resonance line transitions are accessible (Proga

et al., 2000). UV line driving predominantly happens in AGN because the radiation

from accretion disk tends to peak in the optical and UV. The X-ray radiation must be

weak to prevent over ionization of the gas. However, if the wind is overly ionized, then
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radiation can accelerate the gas via pressure from electron-scattering, though this is

only efficient if the radiative luminosity is above the Eddington limit. Conversely, if

the gas is sufficiently cool and dust can form in the gas, then the radiation pressure

on dust can be more efficient due to the increased opacity and cross section at short

wavelengths. In general, radiation pressure on the gas and dust can be responsible

for driving AGN winds, especially the large scale winds observed on kpc scales (Proga

et al., 2000). The spectral energy distribution from stellar-mass black hole accretion

disks peaks in the X-ray with little contribution at UV wavelengths. This serves to

ionize the gas, making radiation pressure an unviable source for driving these winds.

Thermal pressure can also drive winds from an accretion disk, especially in stellar-

mass black hole accretion disks. A corona or atmosphere above an accretion disk that

is in hydro-static equilibrium will have a thermal distribution of particle velocities.

A small portion of these particles will have velocities greater than the local escape

velocity and form a wind. X-rays from the continuum will also Compton heat the

gas, increasing the particle velocity and generate a stronger outflow from these system

(Begelman et al., 1983; Woods et al., 1996). Because high temperatures and X-ray

heating are needed to generate a thermal wind, it is predominantly viable in the

accretion disks that surround stellar-mass black holes and only in the outskirts of

AGN accretion disks where the escape velocity is lowest.

A third pathway for generating accretion driven winds is via magnetic mechanisms,

which includes both magneto-centrifugal forces and magnetic pressure. Magneto-

centrifugal winds rely on poloidal magnetic field lines that are anchored in the accre-

tion disk, using the disk’s rotation to generate the centrifugal force that accelerates

the wind (e.g., Blandford and Payne, 1982). Toroidal magnetic field lines dominate

in magnetic pressure driven winds, accelerating particles as the toroidal field lines are

wrapped up because of the rotation of the disk (e.g., Lovelace, 1976). Winds from

both stellar-mass and supermassive accretion disks can be accelerated via magnetic
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processes.

Observationally, winds are observed as absorption features from a range of different

elemental species, e.g., C, N, O, Ne, S, & Fe. They range in ionization from log ξ ∼

0 − 2, which are observed in the UV, to log ξ ≳ 5, which are observed in the X-ray

(Crenshaw and Kraemer , 2012), where ξ = Lion

nr2
, and Lion is the ionizing luminosity,

n is the wind number density, and r is the radius from the ionizing source to the

absorbing cloud. The ionization is determined by comparing the relative strengths

of the absorption lines to each other as well as to predictions from self-consistent

photoionization models (Ferland et al., 1998; Bautista and Kallman, 2001). The

strength of the absorption also varies between sources from very narrow features in

warm-absorbers to broad absorption features that have widths of 1000’s km s−1 in

broad-absorption line (BAL) quasars. BAL quasars are typically observed at very high

Eddington fractions, and the winds are thought to be driven by radiation pressure

on kpc scales (Gibson et al., 2009). Warm-absorbers are observed in Seyfert galaxies

(Reynolds , 1997), and are located on pc scales. Warm-absorbers could be driven by

radiation pressure or from magnetic processes depending on their launching radius

and the geometry of the outflow.

The column density inferred from the absorption lines is associated with an in-

crease in the ionization of the absorbing gas. Figure 1.5 shows this relation from

Crenshaw and Kraemer (2012), which plots column density versus ionization. An

increase in the column density as a function of ionization suggests that the highest

ionized gas is removing more material. It also suggests that the wind is being emitted

at smaller radii when both the ionization and column density increases, as the ion-

ization scales as ξ ≃ Lion

NHr
, if the size of the absorbing cloud is on order of the radius

of the cloud from the ionizing continuum, i.e. NH = n∆r, where ∆r ≈ r.

Winds not only vary in size and strength between sources but also in individual

sources as well. Variability is observed on timescales as short as days, but on average
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The Astrophysical Journal, 753:75 (11pp), 2012 July 1 Crenshaw & Kraemer

Figure 2. Ionization parameter vs. radial-velocity centroid for the UV (open
circles) and X-ray (filled circles) absorbers.

Figure 3. Ionization parameter vs. column density (cm−2) for the UV (open
circles) and X-ray (filled circles) absorbers.

the X-ray absorbers). There is no apparent correlation between
the two parameters. The absorbers in these Seyfert 1s span the
velocity range −2000 to +200 km s−1 with respect to the sys-
temic velocity of the host galaxy (with the exception of two
X-ray absorbers given in the Appendix) and the FWHM range
is 20–500 km s−1 (with one exception).

In Figure 2, we plot log (U) versus vr for both UV and
X-ray absorbers. The X-ray absorbers tend to have higher U, as
expected. Again, there is no correlation, despite a few claims
in the literature of trends in individual AGNs. There is a huge
range in ionization parameter: log(U) ≈ −2 to 4.

In Figure 3, there appears to be a positive correlation between
log (U) and log (NH). The lack of high-ionization columns at
low column densities can be explained by the sensitivity limits
of current X-ray missions. It is not clear why there are no large-
column, low-ionization components detected in the UV—this
may represent a real physical constraint. There is a gap around
log (U) = 0 in this plot, also seen in Figure 2. This gap may
represent the manner in which absorbers are typically identified,
which is from the presence of C iv absorption in the UV, and
O iv or O viii absorption in the X-rays, and could potentially
be filled in with photoionization models of AGNs observed by
FUSE, which provide access to O vi at low redshift. To test

Figure 4. Radial location (or limit) vs. radial-velocity centroid (km s−1) for the
UV (open circles) and X-ray (filled circles) absorbers.

this notion we ran a photoionization model with log(U) = 0,
log(NH) = 21.0, and the above SED, and found N(C iv) =
3.8 × 1013 cm−2, which can be difficult to detect in HST spectra
(Crenshaw et al. 1999), and N(O vi) = 1.2 × 1016 cm−2, which
would be strong in FUSE spectra (Dunn et al. 2007). Note that
the extreme point in Figure 3 at log(U) =−0.39, log(NH) =
22.93 is the “D+Ea” component in NGC 4151 (see Table 3),
which may result from a special line of sight near the edge of
the NLR bicone (Crenshaw & Kraemer 2007).

We plot the values or limits for the radial location r (in pc)
along with vr for each absorber in Figure 4. There is no apparent
correlation between the two. Compared to the UV absorbers, the
X-ray absorbers tend to be concentrated toward smaller r, but
there is no preference in terms of vr . The main result from this
figure is that the vast majority of UV and X-ray absorbers lie
between 0.01 and 100 pc from the central SMBH, outside of the
BLR and inside much of the classic NLR (i.e., in the inner NLR
(Crenshaw & Kraemer 2005) or the “intermediate-line region”
(Crenshaw & Kraemer 2007; Crenshaw et al. 2009)). The issue
of where the absorbers actually originate, in contrast to where
they are currently located, is discussed in the next subsection
and Section 5.

4.2. Feedback Parameters

In Table 2, we give the range in feedback parameters Ṁout
and LKE for each AGN from the minimum and maximum
values summed over all absorbers. We also give the ratio of
outflow to accretion rate Ṁout/Ṁacc and the ratio of kinetic to
bolometric luminosity LKE/Lbol for each AGN. As discussed
in the Appendix, we were unable to obtain reliable limits for
Mrk 279, Mrk 509, and Akn 564, due primarily to the lack of
constraints on radial locations for most of their absorbers. Thus,
we have feedback values for 7 of the 10 Seyfert 1 galaxies in
our original sample.

We plot the range in log(Ṁout/Ṁacc) against Lbol in Figure 5.
For five of the seven Seyfert 1 galaxies in our sample, the mass
outflow rate exceeds the mass accretion rate by a factor of 10 to
1000 (NGC 7469 provides only an upper limit and NGC 4395
is a low-luminosity Seyfert). Thus, the vast majority of this
type of outflow in moderate-luminosity AGNs must originate
outside of the inner accretion disk, where most of the AGN’s lu-
minosity is generated; otherwise, the inner accretion disk would
likely quickly dissipate. There may be a slight correlation of

4

Figure 1.5 This figure taken from Crenshaw and Kraemer (2012) shows the ionization,
logU ≃ log ξ − 1.5, versus column density from AGN warm-absorbers. The plot
indicates a positive correlation between ionization and column density, suggest that
the more ionized material carries away more material as is located at smaller radii,
i.e.,ξ ≃ Lion

NHr

variability occurs on weekly to monthly timescales (Krongold et al., 2007; King et al.,

2013b; Miniutti et al., 2014). The variability in each source may be the result of

dissipation of the absorbing cloud, response to the ionizing continuum or motion

across our line-of-sight. The later is supported by the velocities of the winds that

are detected as blue shifts from the rest frame energy of each line species. The

line-of-sight velocities range from a few 100 km s−1 (King et al., 2013c; Crenshaw

and Kraemer , 2012) to a few percent of the speed of light (Tombesi et al., 2013;

King et al., 2012b). The highest velocities are typically associated with the highest

ionization and therefore closest to the black holes (Tombesi et al., 2013).

1.4 Relationship Between Winds and Jets

Though wide-angle winds and highly collimated jets can be found in the same

source, they are not necessarily observed at the same time. This is especially true
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of stellar-mass black holes. Winds and jets appear to be mutually exclusive (Miller

et al., 2006b; Neilsen and Lee, 2009; Miller et al., 2012) and associated with par-

ticular accretion states. Jets in stellar-mass black holes are associated with very

sub-Eddington accretion, i.e., low luminosity. This type of accretion is usually asso-

ciated with an advection dominated accretion flow (ADAF) that has a geometrically

thick structure (e.g., Narayan and McClintock , 2008). In addition, a thick disk is

thought to be necessary to anchor sufficiently strong magnetic fields to generate and

collimate jets (Reynolds et al., 2006). This accretion state is typically referred to as

the “low/hard” state as the luminosity is relatively low and the X-ray spectral index

is hard at Γ ≲ 2.

During this low/hard state, the jet emission and accretion luminosity follow the

aforementioned fundamental plane of black hole activity. The jet emission is typi-

cally unresolved compact radio emission that is optically thick. When the accretion

rate rises and approaches the Eddington limit (though still spectrally hard), the jet

emission becomes optically thin and discrete knots are ejected (Fender and Belloni ,

2012). This X-ray state is known as the “very high state” and is associated with rel-

ativistic and even apparently superluminal jet emission (Mirabel et al., 1998; Mirabel

and Rodŕıguez , 1999).

At high Eddington fractions, when the spectra is no longer hard and becomes

dominated by the thermal component from the accretion disk instead of a hard power-

law, winds are observed in the X-ray band. This state is denoted as the “high/soft”

state and is thought to have accretion via a “standard” optically thick, geometrically

thin accretion disk (Shakura and Sunyaev , 1973). A typical transient X-ray binary is

shown to traverse these three different accretion states in Figure 1.6(a) (Fender and

Belloni , 2012). The associated outflows are denoted in the bottom three panels.

We have yet to observe both winds and jets simultaneously in a stellar-mass

black hole. This suggests the two outflows are integrally related due to their mutual
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at a certain point, much of the broadband noise drops away to be replaced by a single QPO, indicating 
strong oscillations in a relatively narrow range of frequencies (a few hertz). 
During this phase, the behavior of the jet, revealed by infrared and radio observations, also begins to 
change. The infrared emission drops almost as soon as the state transition begins (14), indicating a change 
in the jet properties (density and magnetic field) close to the black hole. 
The radio emission begins to vary more dramatically, showing oscillations and flare events superposed on 
an overall decline (8, 15). At a certain point, there are one or more large radio flares, which can be two or 
more orders of magnitude more luminous than the previous existing, steadier jet in the hard state. In 
several notable cases, high-resolution radio observations after such flares have directly resolved radio- or 
even x-ray–emitting blobs moving away from the central black hole (16, 17), which can be kinematically 
traced back to the time of the state transition. It has been recently shown that in some cases, the ejection is 
coincident in time with the appearance of the strong QPOs (15). 
 

 
The soft state (D ! E). As the spectral transition continues, these strong QPOs disappear, and the over- 
all level of x-ray variability drops as the soft state is entered. The radio emission also fades away in most 
cases, probably indicating a cessation of core jet activity (18, 19). 
The x-ray spectrum is now dominated by the accretion disc component, although there is a weak (a few 
percent of the total luminosity) high-energy tail (probably of nonthermal origin) to the spectrum that 
extends to megaelectron volt energies. The soft state is generally the longest lasting phase of an outburst, 
often persisting for a weeks at a more or less constant luminosity before beginning a slow decline. This 
marks the point at which the accretion rate onto the central accretor starts to drop. In the hardness-

Fig. 2. The HID. The horizontal axis represents 
the “hardness” or color of the x-ray emission 
from the system, which is a crude but effective 
measure of the x-ray spectrum. The vertical axis 
represents the x-ray luminosity. BY analogy 
with the Hertzsprung-Russell diagram, in which 
the lifetime of a star can be tracked, in the HID 
the evolution of a black hole outburst can be 
tracked. Each point corresponds to a single 
observation. Observations on the right hand side 
of the HID are considered to be in “hard” x-ray 
states, and those on the left are in “soft” states. 
Although the detailed patterns of individual 
outbursts (including in some cases multiple 
outbursts from the same source) differ, one of 
the major steps of the past decade was the 
realization that the overall picture outlined 
below turns out to be applicable to essentially 
all BHXRB outbursts. (Bottom) Illustrations of 
likely geometries in the soft, intermediate/radio 
flaring, and hard states. 
 

(a)

Accretion states and radio loudness in AGN 1371

Figure 5. Limits to average radio loudness and percentage of radio-loud sources (R > 10) as function of disc luminosity. Left-hand panel: all 64248 SDSS

quasars in the redshift range 0.2 ! z ! 2.5. Right-hand panel: only the 4963 X-ray detected sources. The error bars give the uncertainty of the mean in each of

the bins.

Figure 6. Projection parallel to the black lines in the DFLD shown in the

inset (with the chosen scaling of the coordinate axes, the line on to which

objects are projected is not perpendicular to these lines). We project on to

the line defined by λ = (0.93ex + 0.36ey ). This projection includes only

sources with measured X-ray fluxes.

be seen in the full sample. We show the upper and lower limit to

the radio loudness as well as the fraction of radio-loud objects as

defined by R > 10. The trend can be seen in all three quantities.

We can also find a clear trend in the radio loudness if we project

the DFLD on to an axis roughly corresponding to the diagonal. In

Fig. 6, we show such a projection for the SDSS sample (compare

Shen et al. 2006, fig. 11).

3.2 Hard-state objects: LLAGN

So far, we have only considered the SDSS quasars. All quasars are

thought to be strongly accreting objects with a standard geomet-

rically thin, optically thick disc. To obtain information about the

shape of the DFLD at lower luminosities, which may be in a dif-

ferent, radiatively inefficient accretion mode, we now include the

sample of Ho et al. (1997). Due to the small number of sources we

now show every cell for this sample, even if it includes only one

source. Hence, for the LLAGN, the plotted ‘mean’ R may just be

Figure 7. DFLD showing the average radio loudness for SDSS quasars and

LLAGN from the Ho (1999) sample. Note that the gap between LLAGN and

quasars is an artefact of our sample selection.

a single measurement that could be substantially different from the

true mean R.

In Fig. 7, we show the joint DFLD for the SDSS quasars and the

LLAGN sample. Not surprisingly, the LLAGN lie at lower luminosi-

ties than the SDSS quasars. However, except for a few outliers they

all lie at the right-hand side of the DFLD. This is also not surprising,

as Ho (1999) already noted that LLAGN are less optically bright

for a given X-ray luminosity than strongly accreting AGN (Seyfert

galaxies and quasars). Furthermore, the LLAGN in our DFLD seem

to be more radio-loud on average than SDSS quasars. As mentioned,

we have to plot every cell for the LLAGN even if it only contains one

object, so the mean value of R for any given cell may not be close

to the true mean. But already Ho & Peng (2001) have shown that

the average low-luminosity Seyfert galaxy is more radio-loud than

the average ‘radio-loud’ PG quasar if only the nuclear luminosity

is considered (i.e. removing the contribution of starlight). Thus, we

find that LLAGN populate the bottom right-hand side of the DFLD

and are – on average – more radio-loud than the SDSS quasars.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 372, 1366–1378

(b)

Figure 1.6 a)The top panel shows the hardness intensity diagram for a stellar-mass
black hole. It plots the hardness ratio which denotes the contribution from the phe-
nomenological powerlaw component (hard) to the thermal disk component (soft) ver-
sus the luminosity of the source. The three lower panels indicate the type of outflows
associated with each hardness regime, with jets being at hard to intermediate range
and winds being at soft spectral types. (Fender and Belloni , 2012) b) This figure is
qualitatively the same as the top panel, but shows the radio-loudness of AGN as a
function the hardness intensity diagram. The darker the color the more radio-loud
and prominent the jet is in this diagram. One can see that AGN generally fill out the
same qualitative parameter space as stellar-mass black holes. (Körding et al., 2006)
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exclusiveness. Neilsen and Lee (2009) suggest that winds quench the jets by removing

material from the most inner parts of the accretion disk that fuel the jets. In such

a scenario, we might be able to observe both outflows at the same time when winds

first initiate. Conversely, winds and jets could be one and the same and simply a

function of collimation, where changes in accretion geometry and flow brings about

changes in collimation and funneling ability of the magnetic fields. This is assuming

the winds and jets are both generated via magnetic mechanisms, where the former

scenario does not assume anything about the outflow generating mechanism.

In supermassive black holes, winds and jets generally follow this same trend,

where winds are observed in AGN with softer X-ray spectra and at a relatively high

Eddington fraction, i.e., Seyferts (e.g, Crenshaw and Kraemer , 2012). Conversely,

compact jets are observed in low Eddington sources (Körding et al., 2006). Jets

with discrete knots are observed in the highest Eddington fractions, also similar to

stellar-mass black hole jet activity. Figure 1.6(b) shows a hardness intensity diagram

for AGN for comparison to stellar-mass black holes. This figure shows that AGN

follow the same spectral (i.e., accretion) behavior as stellar-mass black holes and

their respective outflows occur in qualitatively the same regions as denoted in stellar-

mass black holes in Figure 1.6(a). The color bar denotes radio loudness, indicating the

strongest jets occur when the power-law component dominates. The main difference

in AGN outflows is that winds and jets can co-exist (e.g., King et al., 2011, 2012a),

albeit one outflow is generally more dominant than the other. This could be a result of

physically different launching mechanisms on the different black hole scales or simply

a sensitivity limit that biases detections against stellar-mass black holes.

1.5 Overview of the Thesis

In my thesis, I examine the nature of accretion driven outflows with a focus on

determining the underlying physics at work. In Chapter II, I examine the disk-jet
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connection in Seyfert NGC 4395. This study is aimed at understanding the interplay

between the material and energy that is accreted into the black hole and how it

correlates to the jet that is produced. It utilizes X-ray and radio observations in

order to examine the mass accretion rate and jet power, respectively. This type

of case-study has been undertaken in many stellar-mass black holes, but the same

accessible timescales are too long in most supermassive black holes. NGC 4395 is

the smallest black hole hole with a robust mass measurement, making it the ideal

candidate for this study. The goal of the study is to examine whether supermassive

black holes follow the same fundamental plane in individual sources as do stellar-mass

black holes.

In Chapter III, I examine the accretion driven winds in the stellar-mass black

hole, IGR J17091−3624. In this work, the goal is to examine and test the accretion

state dependence of outflows in stellar-mass black holes. I discover winds during

the “high/soft” state which gives support to the current paradigm. These winds

are located within a few thousand gravitational radii, and are outflowing at a few

percent of the speed of light. The winds also place strong constraints on the launching

mechanisms, delving into the physics behind the disk-wind connection in stellar-mass

black holes. In addition, the high velocity winds resemble those of several AGN’s,

and suggests a connection between wind production across the mass scale.

In Chapter IV, I examine the accretion disk outflows across the mass scale. This

builds off a number of different studies that examine jet production as a function

of mass and mass accretion rate, but takes the relations one step further to include

wind production as well. This work begins to reveal the importance of examining

both types of outflows, as the connection between them and their environment is

crucial to understanding accretion driven feedback.

Finally, in Chapter V, I will briefly summarize these studies in the context of

disk-jet-wind couplings. I will then discuss where the current field is headed and
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what major questions need to be answered. I will discuss how current and future

instruments and observations can answer these open questions.
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CHAPTER II

A Distinctive Disk-Jet Coupling in the

Lowest-Mass Seyfert, NGC 4395

Ashley L. King1, Jon M. Miller1, Mark T. Reynolds1, Kayhan Gültekin1, Elena Gallo1,

Dipankar Maitra1

1Department of Astronomy, University of Michigan, 500 Church Street, Ann Arbor, MI 48109-1042, ashk-

ing@umich.edu

2.1 Abstract

Simultaneous observations of X-rays and radio luminosities have been well studied

in accreting stellar-mass black holes. These observations are performed in order to

understand how mass accretion rates and jetted outflows are linked in these individual

systems. Such contemporaneous studies in supermassive black holes (SMBH) are

harder to perform, as viscous times scale linearly with mass. However, as NGC 4395

is the lowest known mass Seyfert galaxy, we have used it to examine the simultaneous

X-ray (Swift) and radio (VLA) correlation in a SMBH in a reasonably timed observing

campaign. We find that the intrinsic X-ray variability is stronger than the radio

variability, and that the fluxes are only weakly or tentatively coupled, similar to prior

results obtained in NGC 4051. If the corona and the base of the jet are one and

20



the same, this may suggest that the corona in radio-quiet AGN filters disk variations,

only transferring the strongest and/or most sustained variations into the jet. Further,

when both NGC 4395 and NGC 4051 are placed on the stellar-mass LX-LR plane,

they appear to reside on the steeper LX-LR track. This suggests that SMBHs also

follow two distinct tracks just as stellar-mass black holes do, and supports the idea

that the same physical disk-jet mechanisms are at play across the mass scale.

2.2 Introduction

Observations have revealed a plane connecting the X-ray and radio luminosity of

black holes that spans the mass scale: the fundamental plane of black hole activity

(Merloni et al., 2003; Falcke et al., 2004a; Gültekin et al., 2009a; Plotkin et al., 2012).

This plane suggests there is an underlying physical mechanism driving the relation,

which acts across the mass scale (A similar relation across the mass scale is also seen

in black hole disk-winds and is consistent with disk-jet power relations, King et al.,

2013c). In the fundamental plane of black hole activity, the black hole mass is thought

to set a limit to the amount of power that can be extracted from the system. The

radio luminosity is taken to be a rough proxy for the jet power as the emission is

thought to be synchrotron emission along the jet. Finally, the X-ray luminosity is

either directly associated with accretion rate (e.g., Merloni et al., 2003) or with the

base of the jet (e.g., Falcke et al., 2004a; Plotkin et al., 2012).

In stellar-mass black holes one can examine how individual sources move across

this fundamental plane, as the timescales for variations are particularly short (e.g.,

Corbel et al., 2003; Gallo et al., 2003, 2012; Corbel et al., 2013). However, the viscous

times on which stellar-mass black holes have been probed scale with mass, resulting

in relatively long observing campaigns for all but the smallest of SMBHs.

Fortunately, there are a select few low-mass SMBHs with short enough viscous

timescales for a simultaneous observing campaign. In particular, the Seyfert NGC
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4395 is the smallest mass SMBH whose mass has been measured with reliable, rever-

beration mapping techniques. NGC 4395 has a mass of MBH = (3.6 ± 1.1) × 105M⊙

(Peterson et al., 2005) and is accreting at <0.1% of its Eddington luminosity (e.g.,

Shih et al., 2003). It has a very variable X-ray flux (e.g. Nardini and Risaliti , 2011)

and harbors a compact, non-thermal radio source (Wrobel and Ho, 2006), making it

ideal for a simultaneous campaign aimed to examine the disk-jet connection in an

SMBH.

We present the results of a nearly-simultaneous Swift X-ray and Karl G. Jansky

Very Large Array (VLA) radio observing campaign. We begin with a brief description

of the observations taken, followed by a discussion of the correlation between the two

bands. We end by discussing the relation of NGC 4395 with other Seyferts as well as

its stellar-mass counter parts.

2.3 Observations

2.3.1 Radio

As part of our radio-X-ray monitoring campaign, 16 radio observations were taken

with the VLA from 11 June 2011 to 06 August 2011 with an average spacing of 3.7

days. The data were taken at 8.4 GHz with 256 MHz bandwidth in the A config-

uration. This gave a beam size of ∼ 0.29 arcsec×0.26 arcsec. 3C 286 was used as

the flux calibrator and J1242+3720 was used as the phase calibrator. We adopted

the flux scale Perley-Butler 2010. Approximately 15 minutes were spent on source,

NGC 4395, during each observation. The residuals reached an rms of approximately

2 × 10−5Jy/beam. We used CASA version 3.4.0 (McMullin et al., 2007) to perform

standard flagging, and to create a primary beam corrected image. We utilized the

clean routine with natural weighting of the visibilities. The images showed unresolved

point sources and were fit with imfit. The errors reported include the observational
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errors and a 3% systematic error added in quadrature. Although, this systematic

error is relatively small, we note that the phase calibrator in Figure 2.1(a) shows a

vary stable flux density, with an rms at < 3%⟨Fν⟩. In addition, the flux calibrator 3C

286 is known to be extremely stable (Perley and Butler , 2013), which is a necessity

for this study. The flux-densities are shown in Figure 2.1(a), divided by the mean

flux-density, which for NGC 4395 is ⟨FR⟩ = 5.6 × 10−4 Jy.

2.3.2 X-rays

The 50 X-ray observations were taken with Swift in the photon counting mode on

5 June 2011 to 9 August 2011 with an average spacing of 1.3 days. The observations

had approximately 1 ks exposures, and an average count rate of 0.13 cts s−1, with a

minimum count rate of 0.016 cts s−1, and a maximum count rate of 1.08 cts s−1 in

the 0.3-10 keV band. See Figure 2.2(a).

To analyze the data, we used XSPEC (v. 12.8.0) (Arnaud et al., 1999) and FTOOLS

(v. 6.13) (Blackburn, 1995). We used the standard xrtpipeline with the current

response files from CALDB (v. 4.5.1). Exposure maps were generated with xrtexpomap

and ancillary response matrices were made with xrtmkarf. The ungrouped spectra

were fit to a phenomenological power-law and two absorption components (tbabs ×

tbabs × power-law) in XSPEC using cstat statistics (Cash, 1979). The average cstat

per degree of freedom is cstat/dof = 0.40. The background was included as an

annulus around the point source with inner radius of 140” and outer radius of 210”,

but in general the position and size of the background did not strongly affect our

fits. The first absorption component was frozen at NH=1.85×1020 cm2 (Kalberla

et al., 2005), the Galactic column density, while the second absorption component

was allowed to vary to model the neutral absorption within NGC 4395 (See Figure

2.2(b)). Although the neutral absorption is highly variable, it primarily affects the

low energy part of the spectrum, thus limiting the impact in the unabsorbed flux
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(a)

(b)

Figure 2.1 a) This plot shows the radio variability of NGC 4395 (red) at 8.4 GHz. The
flux calibrator (3C 286) is shown in black, and the phase calibrator (J1242+3729) is
shown in blue. The flux densities are divided by the mean (⟨FR⟩ = 5.6 × 10−4 Jy)
for easy comparison with the X-ray variability shown in Figure 2.1(b). b) This plot
shows the X-ray variability light curve for the unabsorbed 2–10 keV Swift band. The
X-ray flux is also divided by the mean of the observations, ⟨FX⟩ = 8.2 × 10−12 ergs
cm−2 s−1.
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measurements in the 2–10 keV range we are concerned with.

We froze the power-law spectral index at Γ = 1.8 due to the small number of

counts, while still varying the normalization. Although some of the literature on

NGC 4395 finds a much lower spectral index of Γ ≲ 1.5 (e.g., Lira et al., 1999;

Shih et al., 2003; Moran et al., 2005; Iwasawa et al., 2010), a higher spectral index,

Γ ≈ 2.0 ± 0.2, was found by Nardini and Risaliti (2011) when fitting an averaged

Swift/BAT spectrum above 10 keV. This suggests that the hard spectral index at

low X-ray energies is partly due to absorption and not intrinsic. Further, in Figure

2.2(c) we show the confidence contours when we allow the spectral index and column

density to both vary in one particular observation. The power-law index is consistent

with a wide range of values, including Γ = 1.8 at better than 1σ confidence, and the

column density is constrained to a high column, i.e. > 1 × 1022cm−2. Finally, we

note that when we fit our Swift data with Γ = 1.5, the resulting variability analysis

does not change within 1 σ statistical errors, as we are mainly concerned with the

unabsorbed flux between 2–10 keV.

Important to our campaign is the unabsorbed continuum flux which is shown in

Figure 2.1(b), as the flux divided by the average flux. This shows the amount of

intrinsic variability of the X-ray emission, which can be easily compared to the radio

variability shown in Figure 2.1(a).

2.4 Analysis

2.4.1 Cross-Correlation Timing Analysis

The variability in this data set is primarily seen in the X-ray and has a standard

deviation, σ, divided by the mean, ⟨FX⟩, of σ/⟨FX⟩ = 0.51 (Figure 2.1(b)) The

radio observations are less variable but do show statistically significant fluctuations.

Three data points are above 2σ deviations from the mean, with the very last data
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Figure 2.2 a) This plot shows the total (absorbed) count rate from the Swift obser-
vations. An increase in total count rate is observed throughout the campaign. This
is consistent with the total column density changing by nearly two order of magni-
tude (See Figure 2.2(b)), rather than the intrinsic continuum changing by the same
order of magnitude (See Figure 2.1(b)). b) This plot shows the column density (NH)
varying throughout the course of the observations. c) This plot shows the confidence
contours when the column density and spectral index are allowed to vary in one par-
ticular observation (mjd=55740.2), with contours at 1, 2, & 3 σ confidence levels.
The column density is constrained to be a relatively high column density.
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point deviating from the mean by over 3.3σ. See Figure 2.1(a). Using a normal

distribution of fluctuations, one would expect only one data point to be above a 2σ

deviation out of 16, suggesting the fluctuations we do see are real. In the radio data,

the standard deviation divided by the mean flux-density is σ/⟨FR⟩ = 0.12. These

standard deviations are each dominated by the intrinsic variability rather than the

measurement uncertainties.

We also checked for any apparent time-lags between the X-ray flux and the radio

flux-density variability, which could influence our correlation analysis. We used the

z-transformed discrete correlation function with a minimum of 11 data points per bin

to determine a time lag (Alexander , 2013). See Figure 2.3. We find no evidence of

a time lag, as there were no statistically significant correlation coefficients different

from zero at a 5σ confidence level. This was determined by dividing each correlation

coefficient by its minus side error.

2.4.2 X-ray vs. Radio Correlation

Because the data are consistent with no time lag, we used the nearly simultane-

ous X-ray and radio observations in our correlation analysis. The average temporal

separation between the X-ray and radio observations was 0.55 days, with a maximum

separation of 1.6 days. When correlating the data, we find a Spearman’s ρ correla-

tion coefficient of ρ = 0.18 with a null probability of p = 0.51, and a Kendall’s τ

correlation coefficient of τ = 0.15 with a null probability p = 0.42. The correlation

test indicates that the weak correlation is not statistically significant.

The X-ray flux versus the radio flux-density is plotted in Figure 2.4(a). As the

ranking correlation suggested only a weak correlation, we fit the data with a linear

relation. We found that the data are consistent with a flat relation but were also

consistent with the fundamental plane given by the red dashed line. We used a

bootstraping analysis to determine the linear-fit coefficients. Figure 2.4(b) shows the
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Figure 2.3 This plot shows the z-transformed discrete correlation function for the X-
ray fluxes versus radio flux-densities (Alexander , 2013). We do not find any evidence
of a statistically significant (> 5σ) delay in the times series.
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(a) (b)

Figure 2.4 a) This plot shows the X-ray flux versus the radio flux-density. The red
dashed line has a slope of the fundamental plane of black hole activity (Gültekin et al.,
2009a). b) This is a histogram of the slopes from a bootstrap of N=104 resampling
of the data shown in Figure 2.4(a). The peak is at m =0.06. The slope is driven
by the the lowest X-ray flux at logFX−ray = −11.61 and the highest X-ray flux at
logFX−ray ≈ −10.84 as shown in Figure 2.4(a). This is evidenced by the two main
peaks at m = 0.06 and m = 0.60 and the small tail at m < 0. The red dashed line is
the slope 0.67 of the FP (Gültekin et al., 2009a).
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normalized histogram of the 104 bootstrap re-samplings of the data, and the resulting

slope, m, from these linear fits. There is a peak in the distribution at m = 0.06, a

second broad peak at m = 0.6, and a small tail of the distribution at slopes less

than 0. This shows that the data favor a flat slope, but are also consistent with the

fundamental plane slope, m = 0.67 (Gültekin et al., 2009a).

2.5 Discussion

The goal of this study was to examine the disk-jet coupling in an accreting SMBH.

We chose to probe the viscous timescale of the inner accretion disk, as jets are thought

to be launched within this region (eg., Doeleman et al., 2012). In SMBHs, this

timescale is on the order of a few days to months, making a simultaneous X-ray

and radio observing campaigns feasible. Conversely, in stellar-mass black holes, this

timescale is only a few 10’s of seconds.

In particular, we chose NGC 4395 because it is a bright, nearby Seyfert with the

lowest known mass, making the appropriate cadence of such a campaign only a few

days. We used Swift and the VLA to monitor both the X-ray from 2–10 keV and

radio at 8.4 GHz over a two month period.

In detail, we found that the X-ray variability was dominated by neutral absorption,

but both the intrinsic X-ray continuum and compact radio emission did show variabil-

ity. There was no statistically significant time delay between the X-ray and radio vari-

ability. We also correlated the nearly simultaneous X-ray and radio observations using

a Spearman’s ranking correlation test and found a weak positive correlation, τ = 0.15.

Further, a linear fit to the data gave the relation log(LR) = 0.06 log(LX) + 32.6, but

the data were also consistent with the fundamental plane of black hole activity with

a slope of m = 0.67. See Figures 2.4(a) & 2.4(b). This is consistent with the idea

that the amplitude of the X-ray variability is greater than the radio variability, and

the latter is responsible for driving NGC 4395 horizontally in the LX-LR plane.
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(a) (b)

Figure 2.5 a) The above plot shows both NGC 4395 and NGC 4051 as they lie on
the fundamental plane of black hole activity measured by Gültekin et al. (2009a).
The solid line in both Figure 4.8 & 2.5(b) shows the plane derived by Gültekin et al.
(2009a), log(νLν,5GHz) = 4.8 + 0.78 log(MBH) + 0.67 logLX . The radio observations
were converted to 5 GHz assuming Fν ∝ ν−1. The dashed line shows the best fit lines
to each of the Seyferts. In general NGC 4395 and NGC 4051 lie on the fundamental
plane but move out of it when looking at simultaneous X-ray and radio observations
on viscous timescales of the inner disk. b) This plot shows NGC 4395 and NGC
4051 plotted against the stellar-mass black holes as described in Gallo et al. (2012).
The plot shows the Eddington ratio versus the radio luminosity corrected by the mass
term, which is derived from the fundamental plane relation (black line, Gültekin et al.,
2009a). NGC 4395 and NGC 4051 appear to lie on the second, steeper track, which is
suggestive that SMBH follow two distinct tracks just as stellar-mass black holes do.
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NGC 4395 is not the only Seyfert that shows this general behavior. In our previous

work, we show that NGC 4051 has higher variability in the X-ray as compared to

its simultaneous radio observations (King et al., 2011). NGC 4051 is slightly larger

at 1.73+0.55
−0.52 × 106M⊙ (Denney et al., 2010), and the simultaneous X-ray and radio

observing campaign of NGC 4051 probed the same viscous times as in NGC 4395

(King et al., 2011).

Shown in Figure 4.8 are both NGC 4395 and NGC 4051, as they move out of the

fundamental plane as given for Seyferts by Gültekin et al. (2009a). Both sources are

fairly constant in the radio, while the X-ray drives them out of the plane. Each of

their respective best fit slopes are plotted as the dashed lines on Figure 4.8. As the

two sources do lie on the plane, the X-ray variability may be partially responsible for

the observed scatter of the fundamental plane.

In Figure 2.5(b), the two Seyferts are now plotted against the fundamental plane

of stellar-mass black holes taken from work by Gallo et al. (2012). All the black holes

have been corrected for mass using the fundamental plane derived from Gültekin et al.

(2009a), and a mass of 10M⊙ has been assumed for the stellar-mass black holes. As

noted in Gallo et al. (2012), the stellar-mass black holes occupy two different tracks:

1) the typical “fundamental plane” track that scales a s LR ∝ L0.63±0.03
X , and 2) a

second track that is steeper that scales as LR ∝ L0.98±0.08
X . NGC 4395 and NGC 4051

do lie on and may follow this steeper LX-LR relation. If some SMBH also follow a

second, steeper LX-LR relation, it would imply that two distinct modes of accretion

and jet production occur in both stellar-mass and SMBHs, and gives rise to a picture

that the underlying physical mechanisms in disk-jet coupling scale across the black

hole mass scale.

Further, the flat slope in the LX-LR plane traced by NGC 4395 and NGC 4051

suggests they are tracing a branch between the two tracks. This would be similar

to the behavior of H1743-322, which jumps between the two tracks (Coriat et al.,
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2011; Gallo et al., 2012). However, the slope of NGC 4395 is also consistent with a

steeper slope. In addition, as the amplitude of the X-ray variability is more variable

than the radio variability, it is possible that strong variations in the disk or corona

may get washed out when transferred to the jet on larger scales (e.g., Maitra et al.,

2009). In essence, the base of the jet might act as a low-pass filter for transferring

only sufficiently large or sustained variations to the jet. This would imply that on

short timescales and any Eddington ratio, a source would follow a flat relation and

move out of the LX-LR relation in Figure 2.5(b). On longer timescales variations the

SMBH may trace out the fundamental plane, LR
∝∼ L0.7

X or the steeper relation of

LR
∝∼ L1

X . This is interesting because jets are known to be launched within 10’s of

gravitational radii (Doeleman et al., 2012), which would correspond to viscous times

of the inner disk. Yet our study points to longer timescales for disk-jet couplings,

indicating global effects that propagate from further out in the accretion disk are

vital to the disk-jet coupling.

Additional tracks in the LX-LR plane have also been seen in not only stellar-

mass black holes, but also in a few samples of low excitation galaxies (LEG) and

Fanaroff-Riley I (FR I) galaxies (e.g., Chiaberge et al., 2002; Hardcastle et al., 2006;

Evans et al., 2006; Hardcastle et al., 2009; de Gasperin et al., 2011). These sources

generally fall above the conical “fundamental plane”, i.e. are radio bright or X-ray

dim (Hardcastle et al., 2009; de Gasperin et al., 2011). It has been suggested that

the discrepancy between these sources is due to the LEG and FR I jet-dominated X-

ray emission, while sources on the fundamental plane from (e.g., Merloni et al., 2003)

have accretion dominated X-ray emission (Chiaberge et al., 2002; Evans et al., 2006; de

Gasperin et al., 2011). Interestingly, NGC 4395, NGC 4051 and the second stellar-

mass track do the opposite and lie below the “fundamental plane”, i.e. are X-ray

bright and radio dim. This would argue that unlike the LEG and FR I sources whose

X-ray emission is jet-dominated, that the X-ray emission is accretion-dominated like
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the fundamental plane sources but more efficiently radiating. This argument has also

been suggested for AGN by Wu et al. (2013), who find low luminosity AGN form

a second track as well, but in the LB-LR plane where LB is the B band luminosity,

another accretion disk proxy.

2.6 Conclusion

In this study, we have observed NGC 4395 for approximately two months with

nearly simultaneous 8.4 GHz radio observations with the VLA and 2–10keV Swift X-

ray observations. We find that the X-ray flux has large variability that is dominated

by variable neutral absorption. When we correlate the unabsorbed continuum X-ray

variability with the radio variability, we find that the data are consistent with no time

delay between the two bands and that the X-ray variability dominates over the radio

variability. In addition, the data are consistent with the slope of the fundamental

plane but also with a flat slope in the LX-LR plane.

The average X-ray and radio luminosity of NGC 4395 as well as NGC 4051 are

consistent with lying on the fundamental plane of black hole activity, and the X-ray

variability driving some of the observed scatter. Furthermore, both Seyferts appear

to lie on the “second” LX-LR stellar-mass black hole track discussed in Gallo et al.

(2012). These sources may be probing a second, distinct disk-jet coupling, which is

also seen in stellar-mass black holes. Our future work will be to probe higher accretion

regimes in SMBHs to see if at higher Eddington ratios the SMBHs follow one of the

two tracks or still move out of the plane like NGC 4395 and NGC 4051. In addition,

longer timescales will be examined in order to assess global accretion affects.
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3.1 Abstract

Chandra spectroscopy of transient stellar-mass black holes in outburst has clearly

revealed accretion disk winds in soft, disk–dominated states, in apparent anti-correlation

with relativistic jets in low/hard states. These disk winds are observed to be highly

ionized, dense, and to have typical velocities of ∼1000 km/s or less projected along

our line of sight. Here, we present an analysis of two Chandra High Energy Trans-

mission Grating spectra of the Galactic black hole candidate IGR J17091−3624 and
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contemporaneous EVLA radio observations, obtained in 2011. The second Chandra

observation reveals an absorption line at 6.91±0.01 keV; associating this line with

He-like Fe XXV requires a blue-shift of 9300+500
−400 km/s (0.03c, or the escape velocity

at 1000 RSchw). This projected outflow velocity is an order of magnitude higher than

has previously been observed in stellar-mass black holes, and is broadly consistent

with some of the fastest winds detected in active galactic nuclei. A potential feature

at 7.32 keV, if due to Fe XXVI, would imply a velocity of ∼ 14600 km/s (0.05c),

but this putative feature is marginal. Photoionization modeling suggests that the

accretion disk wind in IGR J17091−3624 may originate within 43,300 Schwarzschild

radii of the black hole, and may be expelling more gas than accretes. The contempo-

raneous EVLA observations strongly indicate that jet activity was indeed quenched

at the time of our Chandra observations. We discuss the results in the context of disk

winds, jets, and basic accretion disk physics in accreting black hole systems.

3.2 Introduction

A detailed observational account of how black hole accretion disks drive winds

and jets remains elusive, but the combination of high resolution X-ray spectroscopy,

improved radio sensitivity, and comparisons across the black hole mass scale hold

great potential. The broad range in X-ray luminosity covered by transient stellar-mass

black holes makes it possible to trace major changes in the accretion flow as a function

of the inferred mass accretion rate; this is largely impossible in supermassive black

holes. Disk winds and jets, for instance, appear to be state-dependent and mutually

exclusive in sources such as H 1743−322 (Miller et al., 2006b; Blum et al., 2010),

GRO J1655−40 (Miller et al., 2008; Luketic et al., 2010; Kallman et al., 2009), and

GRS 1915+105 (Miller et al., 2008; Neilsen and Lee, 2009). This may offer insights

into why many Seyfert AGN, which are well known for their disk winds, are typically

radio–quiet (though not necessarily devoid of jets; see King et al., 2011; Jones et al.,
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2011; Giroletti and Panessa, 2009).

The proximity of Galactic black hole binaries (BHB) ensures a high flux level

and spectra with excellent sensitivity in the Fe K band. This is of prime importance

because He-like Fe XXV and H-like Fe XXVI lines can endure in extremely hot, ionized

gas (see, e.g. Bautista and Kallman, 2001), and therefore trace the wind region closest

to where it is launched near the black hole. Studies of some stellar-mass black hole

disk winds find that the gas is too ionized, too dense, and originates too close to the

black hole to be expelled by radiative pressure or by thermal pressure from Compton

heating of the disk, requiring magnetic pressure (Miller et al., 2006b,a; Kubota et al.,

2007). Winds that may originate close to the black hole and carry high mass fluxes

are also observed in AGN (e.g., Kaspi et al., 2002; Chartas et al., 2002; King et al.,

2012a; Tombesi et al., 2010).

In this Letter, we present evidence of a particularly fast disk wind in the black

hole candidate IGR J17091−3624. The current outburst of IGR J17091−3624 was

first reported on 2011 January 28 (Krimm et al., 2011). Our observations caught

IGR J17091−3624 in the high/soft state, but it is important to note that the source

has also showed low/hard state episodes with flaring and apparent jet activity in

radio bands (Rodriguez et al., 2011). X-ray flux variations in IGR J17091−3264 bear

similarities to the microquasar GRS 1915+105 (e.g., Altamirano et al., 2011a).

3.3 Observation and Data Reduction

IGR J17091−3624 was first observed with Chandra on 2011 August 1 (ObsID

12405), starting at 06:59:16 (UT), for a total of 30 ksec. The High Energy Trans-

mission Gratings (HETG) were used to disperse the incident flux onto the Advanced

CCD Imaging Spectrometer spectroscopic array (ACIS-S). To prevent photon pile-

up, the ACIS-S array was operated in continuous clocking or “GRADED CC” mode,

which reduced the nominal frame time from 3.2 seconds to 2.85 msec. The zeroth
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Figure 3.1 The second Chandra/HETG spectrum of IGR J17019−3624 is shown
above, fit with a simple disk blackbody plus power-law continuum. The continuum
fit excluded the Fe K band to prevent being biased by line features. The line at
6.91 keV is clearly apparent in the data/model ratio. Associating this line with He-
like Fe XXV implies an outflow velocity of 9300+500

−400km/s. Weak evidence of a line
at 7.32 keV, plausibly associated with Fe XXVI, would imply an even higher outflow
velocity. The data were binned for visual clarity.

order flux is incident on the S3 chip, and frames from this chip can be lost from the

telemetry stream if a source is very bright. We therefore used a gray window over the

zeroth order aimpoint; only one in 10 photons were telemetered within this region.

For a longer discussion of this mode, please see, e.g., Miller et al. (2006) and Miller et

al. (2008). The source was observed for a second time on 2011 October 6, starting at

11:17:02 (UT), again for a total of 30 ksec. The relatively low flux observed during the

first observation indicated that the ACIS-S array could be operated in the standard

“timed event” imaging mode during this second observation.

Data reduction was accomplished using CIAO version 4.1 (Fruscione et al., 2006).

Time-averaged first-order High Energy Grating (HEG) and Medium Energy Grating

(MEG) spectra were extracted from the Level-2 event file. Redistribution matrix

files (rmfs) were generated using the tool “mkgrmf”; ancillary response files (arfs)

were generated using “mkgarf”. The first-order HEG spectra and responses were
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Figure 3.2 The second Chandra/HETG spectrum of IGR J17019−3624 is shown
above, fit with a simple disk blackbody plus power-law continuum. A self-consistent
photoionization model, generated using XSTAR, was used to model the absorption
in the Fe K band. The data were binned for visual clarity.

combined using the tool “add grating orders”. The spectra were then grouped to

require a minimum of 10 counts per bin. All spectral analyses were conducted using

XSPEC version 12.6.0. All errors quoted in this paper are 1σ errors.

Nearly simultaneous radio observations were made with the EVLA at each Chan-

dra pointing. The first radio epoch included a two hour integration at 8.4 GHz on

2011 August 2 (MJD 55776) at 1:01:04 (UT), while the second was a two hour inte-

gration at both 8.4 and 4.8 GHz on 2011 October 6 (MJD 55841) at 22:10:16 (UT).

The flux and bandpass calibrator was 3C 286. The phase and gain calibrators were

J1720-3552 and J1717-3624, for the first and second observations, respectively. The

data are reduced using CASA version 3.2.1 (McMullin et al., 2007).

3.4 Analysis and Results

A black hole mass has not yet been determined for J17091−3624; a value of

10 M⊙ is assumed throughout this work. Preliminary fits to the HETG spectra of

IGR J17091−3624 suggested a relatively high column density, in keeping with values

40



predicted from radio surveys (e.g. NH = 7.6×1021 cm−2; Dickey and Lockman, 1990).

Due to this high column that predominantly affects lower energies, the MEG spec-

tra have comparatively low sensitivity as compared to the HEG, and were therefore

excluded.

The limitations of the HEG and our instrumental configuration enforce an ef-

fective lower energy bound of 1.3 keV. In the second observation, the instrumental

configuration served to enforce an upper limit to the fitting range of 7.6 keV. This

limit was adopted for the first observation as well.

3.4.1 The Spectral Continuum

The HEG spectra were fit with a fiducial spectral model including an effective H

column density (TBabs), a disk blackbody component, and a power-law component.

The first observation (MJD 55775) is well described by column density of NH=9.9±0.1×

1021 cm−2, and a disk blackbody temperature of 1.3±0.1 keV. The resulting fit gave

a χ2/ν = 2657/3156 = 0.84. This spectrum is dominated by the disk black body

component, typical of the high soft state of BHB. A power-law continuum compo-

nent is not statistically required. An unabsorbed flux of F2−10keV = 1.5±0.1 × 10−9

ergs cm−2 s−1 was measured.

The second observation (MJD 55841) also had a consistent flux, F2−10keV =

1.9 ±0.5 × 10−9 ergs cm−2 s−1. Again, the column density was large, at NH=

1.22±0.07 × 1022 cm−2. A power-law photon index of Γ= 1.7+0.07
−0.09 and a disk black-

body temperature of 2.3±0.3 keV were measured. This disk temperature is high but

common in GRS 1915+105 (see, e.g., Vierdayanti et al., 2010). The resulting χ2/ν

was 2754/3414=0.81.
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3.4.2 The Line Spectra

In the second HEG spectrum, absorption features are noted in the Fe K band (See

Figure 1), and these were initially fit with simple Gaussians. The two strongest lines

are found at energies of 6.91±0.01 keV and 7.32+0.02
−0.06. Via an F-test, (see Protassov

et al., 2002, for some cautions), these lines are significant at the 99.94% and 99.67%

confidence levels respectively. Dividing the flux normalization of each line by its

minus-side error suggests that the feature at 6.91 keV is significant at the 4σ level of

confidence, while the 7.32 keV line is marginal at a 2σ confidence level.

We also modeled the second observation continuum with a Comptonization model

(compTT) instead of the disk blackbody and power-law. In general, this gave a

reasonable fit at χ2/ν =2884/3414 = 0.84. This model also showed residual absorption

features at high energy, which again we modeled with Gaussian functions. Relative

to this continuum, the features at 6.91 keV and 7.32 keV are detected at a higher

level of significance (6σ).

It is reasonable to associate the line at 6.91 ± 0.01 keV with He-like Fe XXV,

which has a rest energy of 6.70 keV (Verner et al., 1996). This translates into a

blue-shift of 9300+500
−400 km/s. This feature clearly signals an extreme disk wind in IGR

J17091−3624. Typical velocities in X-ray Binaries are < 1000 km/s (Miller et al.,

2006b,a). If the feature at 7.32+0.02
−0.06 keV is real and can be associated with H-like Fe

XXVI at 6.97 keV, it would correspond to a blue-shift of 14600+2500
−800 . For additional

details, see Table 3.1. Although less likely, the 6.91 keV line could also be associated

with a redshift from the H-like Fe XXVI line. The corresponding inflowing velocity

would be 2600±400 km/s. If this is due to gravitational redshift, the corresponding

radius would be 1.7+0.3
−0.2 × 108 cm (60±10 RSchw).

The absence of emission lines in the second spectrum of IGR J17091−3624 is

notable, but is only suggestive of an equatorial wind. Given that disk winds have only

been detected in sources viewed at high inclination angles, and given the similarities
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between IGR J17091−3624 and GRS 1915+105, it is likely that IGR J17091−3624

is also viewed at a high inclination. However, there is no evidence of eclipses in this

source, so inclinations above 70◦ can be ruled out.

Absorption lines like those detected in the second observation of IGR J17091−3624

are absent in the first observation. Fits to the Fe K band using a local continuum

model, and narrow Gaussian functions with FWHM values corresponding to those

measured in the second observation give 1σ confidence limits of 3 eV or less on lines in

the 6.70–7.32 keV band. This is significantly below the equivalent widths measured in

the second observation. (see Table 1) This may simply be due to a variable absorption

geometry in IGR J17091−3624; this has previously been observed in H 1743−322 and

GRS 1915+105 (Miller et al., 2006b,a, 2008; Neilsen and Lee, 2009).

3.4.3 Photoionization Modeling

To get a better physical picture of the absorption in the second observation of IGR

17091−3624, we also fit the data with a grid of self-consistent photoionization models

created with XSTAR (Kallman and Bautista, 2001). The ionizing luminosity for

this model was derived from extrapolating the unabsorbed spectrum from the second

observation to 0.0136–30 keV, ensuring coverage above 8.8 keV, which is required

to ionize Fe XXV. A distance of 8.5 kpc is first assumed to derive this luminosity

(Lion=3.5×1037 ergs/s), owing to the location of J17091−3624 within the Galactic

bulge. However, Altamirano et al. (2011b) also suggest the possibility that this source

could be accreting at high Eddington fractions but further away, and a distance of

25 kpc was also adopted in a second XSTAR grid (Lion=3.5×1038 ergs/s).

The density of the absorbing material was chosen to be log(n) = 12.0. This is a

reasonable assumption based on the modeling of similar X-ray binaries: GX 13+1,

n = 1013 cm−3(Ueda et al., 2004), GRO J1655-40, n = 1014 cm−3(Miller et al., 2008),

H1743-322, n = 1012 cm−3 (Miller et al., 2006b). A turbulent velocity of 1000 km/s
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was found to provide the best fit after various trials. A covering factor of 0.5 was

chosen as the absence of emission lines suggests an equatorial wind. Finally, the Fe

abundance was assumed to be twice the solar value after initial fits; this characterizes

the Fe K lines but does not predict absorption lines, e.g. Si, that are not observed.

The initial, lower luminosity grid was fit to the data in XSPEC as a multiplicative

model; free parameters included the column density, ionization, and velocity shifts of

the absorbing gas (see Table 3.1 and Figure 2). For the disk blackbody and power-law

continuum, an ionization parameter of log ξ = 3.3+0.2
−0.1 is required, as well as a wind

column density of N = 4.7+1.7
−1.9 × 1021 cm−2. Velocity shifts consistent with simple

Gaussian models are found using the XSTAR grid.

To fit the putative higher energy absorption, a second outflow component is re-

quired. An additional, lower luminosity XSTAR component is significant at the

3σ level, relative to both continua. The wind column density was higher at N =

1.7+1.2
−0.8 × 1022 cm−2, and the log ξ = 3.9+0.5

−0.3. This system is moving even faster at

15400±400 km/s = 0.05c. (See Table 3.1 and Figure 2)

Repeating this analysis, but utilizing the higher luminosity XSTAR grid, we find

that the two components are again required. In fact, the values of the column density,

ionization and velocity shifts are nearly identical and well within 1σ of the previous

model.

To derive one estimate to the radius where these winds are launched, we can

estimate the radius at which the observed velocity equals the escape velocity. This

constrains the radius to be at r ≃ 2.9 × 109 cm (970 RSchw). Using ξ = L/(nr2)

and N= nrf , where f is the 1-dimensional filling factor, we can then derive the filling

factor and density of the region. Assuming the ionizing luminosity is 3.5 × 1037

erg/s, the resulting filling factor is f ≃ 0.0008, and the density is n ≃ 2 × 1015 cm−3.

However, if the luminosity is higher (Lion=3.5×1038 erg/s), the filling factor decreases

to f ≃ 8 × 10−5, and the density increases to n ≃ 2 × 1016 cm−3.
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These density estimates are quite high when compared to other X-ray binaries

(e.g., Ueda et al., 2004; Miller et al., 2006b, 2008). However, we can invert the

previous argument and instead derive the filling factor and radius from an assumed

density, i.e. n = 1012cm−3. We find a larger filling factor, (f ≃ 0.04), and radius,

(r ≃ 1.3 × 1011 cm, 43,300 RSchw), if we require a luminosity of 3.5 × 1037 erg/s. A

larger luminosity, i.e. Lion=3.5 × 1038 erg/s, reduces the filling factor, (f ≃ 0.01)

but increases the radius (r ≃ 3 × 1011 cm, 100,000 RSchw). At these radii the escape

velocity is much lower than the observed velocity.

Finally, we can estimate the mass outflow rate (ṁwind) using a modified spherical

outflow, which can be approximated as ṁwind ≃ 1.23mpLionfvΩ/ξ. Here, we assume

a covering factor Ω/4π = 0.5, and an outflowing velocity of v = 9, 600 km/s. A

luminosity of Lion = 3.5 × 1038 erg/s and filling factor of f = 8 × 10−5, gives a lower

limit of ṁwind ≃ 3.5 × 1016 (104/ξ) g/s. However, a much larger outflow rate of

ṁwind ≃ 1.7 × 1018 (104/ξ) g/s is found, if we assume Lion = 3.5 × 1037 erg/s and

filling factor of f = 0.04

For comparison, L = ηṁaccc
2, where η is an efficiency factor typically taken to be

10%. For IGR J17091−3624, ṁacc = 3.8 × 1017 g/s. Using log ξ = 3.3 from the disk

blackbody and power-law model, we find that the observed portion of the outflow is

likely to carry away 0.4–20 times the amount of accreted gas. Unless a geometrical

consideration serves to bias our estimates, a high fraction of the available gas may

not accrete onto the black hole. This trend is not only seen in BHB but in Seyferts

as well. Blustin et al. (2005) note that more than half of their observed Seyferts show

Ṁout/Ṁacc > 0.3 .

3.4.4 Radio Non-Detections

The EVLA radio observations at 8.4 GHz were made nearly contemporaneously

with their X-ray counterparts. Both radio observations were nearly two hours in
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duration. Neither observation detected a source at the location of IGR J17091−3624.

The RMS noise level for each observation was 0.02 mJy and 0.07 mJy for the two

epochs, respectively. The second observation had extended coverage to 4.8 GHz that

also had a non-detection. The RMS for this frequency was 0.13 mJy. In contrast, IGR

J17091−3624 was detected at the 1–2 mJy level during the low/hard state (Rodriguez

et al., 2011). This supports prior findings that the radio jet is absent during the

periods when winds are seen in BHB (Miller et al., 2006b, 2008; Neilsen and Lee,

2010).

3.5 Discussion and Conclusions

At ionizations above 103, radiation pressure is inefficient, and it is not able to

drive these winds (e.g., Proga, 2000). Thus, although the UV components of disk

winds in AGN are driven at least partially by radiation pressure, the wind in IGR

J17091−3624 likely cannot be driven in this way. A thermal wind can arise at radii

greater than 0.2 RC (Woods et al., 1996), where RC = (1.0×1010)× (MBH/M⊙)/TC8,

where TC8 is the Compton temperature of the gas in units of 108 K. The spectrum

observed in the second observation gives RC ≃ 5 × 1012 cm. Therefore, if we assume

our conservative estimate of the launching radius, it is possible for IGRJ17091−3624

to have a thermally driven wind. However, if the wind originates closer to the black

hole, then it is likely that magnetic processes – either pressure from magnetic vis-

cosity within the disk (e.g., Proga, 2003) or magneto-centrifugal acceleration (e.g.,

Blandford and Payne, 1982) – must play a role in launching the wind observed in

IGR J17091−3624.

Fast X-ray disk winds are not only seen in BHB like IGR J17091−3624, but also

in AGN and quasars (e.g., King et al., 2012a; Chartas et al., 2002). The fastest UV

winds observed in AGN are pushed to high velocities by radiation pressure. It remains

to be seen whether a common driving mechanism works across the black hole mass
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scale to drive fast, highly ionized X-ray disk winds. Chartas et al. (2002) show that

in the quasar APM 08279+5255 there are broad absorption features, which are likely

highly relativistic Fe XXV and/or Fe XXVI lines. In these regards, it bears some

similarities to the most extreme winds in BHB’s.

Observations of BHB point to an anti-correlation of wind and jet outflows from

accretion disks (Miller et al., 2006b, 2008; Blum et al., 2010; Neilsen and Lee, 2010).

Winds appear to only be detected, or at least are considerably stronger, in soft, disk–

dominated states, and absent in hard states where compact, steady jets are ubiquitous

(Fender et al., 2006). In H 1743−322, in particular, there is evidence that the absence

of winds in hard states is not an artifact of high ionization hindering the detection

of absorption lines, but instead represents a real change in the column density (and

thus the mass outflow rate) in any wind (Blum et al., 2010).

It appears that our coordinated Chandra and EVLA observations of IGR J17091−3624

support this anti-correlation. The EVLA observations place very tight limits on the

radio flux when the disk wind is detected, orders of magnitude below the level at

which IGR J17091−3624 was detected in radio during its low/hard state only a few

months prior (Rodriguez et al., 2011).

Neilsen and Lee (2009) suggested that the production of winds may be responsible

for quenching jets in GRS 1915+105. It might then be the case that jets should be

observed whenever winds are absent. In our first observation of IGR J17091−3624,

however, neither a wind nor a jet is detected, with tight limits. Instead, the apparent

dichotomy between winds and jets may signal the magnetic field topology in and

above the disk is state-dependent. This is broadly consistent with multi-wavelength

studies suggesting synchrotron flares above the disk, but only in the hard state (e.g.

GX 339−4, XTE J1118+480, Di Matteo et al., 1999; Gandhi et al., 2010). It is

interesting to speculate that the magnetic field might be primarily toroidal in the soft

state, where a Shakura-Sunyaev disk is dominant, but primarily poloidal in the hard
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state, when the mass accretion rate is lower (e.g., Beckwith et al., 2008). The type of

outflow that is observed may also depend greatly on how much mass is loaded onto

magnetic field lines; that could depend on variables including the mass accretion rate

through the disk.
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Table 3.1. Spectral Modeling Parameters of the 2nd HEG observation

Parameter Model 1 Model 2 Model 3 Model 4
diskbb + po (diskbb + po) comptt (comptt)
+ Gauss + Gauss × Xstar × Xstar + Gauss + Gauss × Xstar × Xstar

NH (1022 cm−2) 1.14±0.06 1.13±0.06 0.475 +0.017
−0.018 0.558+0.025

−0.028
-

Tin (keV) 1.53 ±0.09 1.51 +0.11
−0.09 - -

Norm 13.1+3.6
−2.5 13.8+4.0

−1.7 - -

Γ 1.93 +0.15
−0.16 1.91 ±0.17 - -

Norm 0.35 +0.07
−0.08 0.34 ±0.08 - -

-
T0 (keV) - - 0.58±0.01 0.59 ±0.01

kT (keV) - - 10.5+30
−1.7 9.8 ±0.02

τplasma - - 2.24±0.01 2.28 ±0.01

Norm - - 0.0584±0.0001 0.062+0.002
−0.05

-

EFeXXV (keV) 6.91±0.01 - 6.91+0.02
−0.01 -

FWHM (keV) 0.091+0.022
−0.049 - 0.13+0.19

−0.04 -

EW (keV) 0.021+0.005
−0.002 - 0.040+0.007

−0.009 -

Norm (10−4) 3.5 +0.8
−0.6 - 6.0+1.1

−1.3 -

v (km/s) 9300+500
−400 - 9300+400

−800 -

-

EFeXXV I (keV) 7.32+0.02
−0.06 - 7.30±0.02 -

FWHM (keV) 0.081+0.079
−0.027 - 0.25 +0.13

−0.01 -

EW (keV) 0.032 +0.018
−0.004 - 0.089+0.013

−0.014 -

Norm (10−4) 3.4+1.9
−0.4 - 11.8+1.7

−1.6 -

v (km/s) 14600+2500
−800 - 13800±800 -

-

N (1022 cm−2) - 0.47+0.17
−0.19 - 0.45+0.33

−0.17

log ξ(ergs cm s−1) - 3.3 +0.2
−0.1 - 3.4 +0.2

−0.1

v (km/s) - 9600+400
−500 - 9600±300

-

N (1022 cm−2) - 1.66 +1.18
−0.83 - 1.97+1.26

−0.51

log ξ(ergs cm s−1) - 3.9+0.5
−0.3 - 3.7 +0.3

−0.1

v (km/s) - 15400±400 - 15400 +400
−300

-
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Table 3.1 (cont’d)

Parameter Model 1 Model 2 Model 3 Model 4
diskbb + po (diskbb + po) comptt (comptt)
+ Gauss + Gauss × Xstar × Xstar + Gauss + Gauss × Xstar × Xstar

χ2/ν 2725/3408 = 0.80 2731/3408 = 0.80 2793/3408 = 0.82 2761/3408 = 0.81

Note. — This Table lists the line detections using Gaussian functions as well as more self-
consistent, photoionization components created with XSTAR, assuming two different continuum
models. TBabs is applied to all the models and the errors are 1σ confidence level.
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4.1 Abstract

We present a study of the mechanical power generated by both winds and jets

across the black hole mass scale. We begin with the study of ionized X-ray winds

and present a uniform analysis using Chandra grating spectra. The high quality
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grating spectra facilitate the characterization of the outflow velocity, ionization and

column density of the absorbing gas. We find that the kinetic power of the winds, de-

rived from these observed quantities, scales with increasing bolometric luminosity as

log(Lwind,42/Cv) = (1.58± 0.07) log(LBol,42)− (3.19± 0.19). This suggests that super-

massive black holes may be more efficient than stellar-mass black holes in launching

winds, per unit filling factor, Cv. If the BHB and AGN samples are fit individually,

the slopes flatten to αBHB = 0.91 ± 0.31 and αAGN = 0.63 ± 0.30 (formally con-

sistent within errors). The broad fit and individual fits both characterize the data

fairly well, and the possibility of common slopes may point to common driving mech-

anisms across the mass scale. For comparison, we examine jet production, estimating

jet power based on the energy required to inflate local bubbles. The jet relation is

log(LJet,42) = (1.18± 0.24) log(LBondi,42)− (0.96± 0.43). The energetics of the bubble

associated with Cygnus X-1 are particularly difficult to determine, and the bubble

could be a background supernova remnant. If we exclude Cygnus X-1 from our fits,

then the jets follow a relation consistent with the winds, but with a higher intercept,

log(LJet,42) = (1.34 ± 0.50) log(LBondi,42) − (0.80 ± 0.82). The formal consistency in

the wind and jet scaling relations, when assuming LBol and LBondi are both proxies for

mass accretion rate, suggests that a common launching mechanism may drive both

flows; magnetic processes, such as magneto-hydrodynamics and magnetocentrifugal

forces, are viable possibilities. We also examine winds that are moving at especially

high velocities, v > 0.01c. These ultra-fast outflows tend to resemble the jets more

than the winds in terms of outflow power, indicating we may be observing a regime

in which winds become jets. A transition at approximately LBol ≈ 10−2LEdd is ap-

parent when outflow power is plotted versus Eddington fraction. At low Eddington

fractions, the jet power is dominant, and at high Eddington fractions, the wind power

is dominant. This study allows for the total power from black hole accretion, both

mechanical and radiative, to be characterized in a simple manner and suggests pos-
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sible connections between winds and jets. X-ray wind data and jet cavity data will

enable stronger tests.

4.2 Introduction

Both winds and jets are thought to be driven by accretion disks; jets may be

launched from the innermost regions, while winds may originate further out in the

accretion disk (e.g., Blandford and Payne, 1982; Proga, 2003). It remains to be seen

just how winds and jets relate. Are winds and jets driven by similar mechanisms?

Does one quench the other? What role does the geometry of the magnetic field lines

play? One might expect the same physical launching mechanisms across the mass

scale. Jet production is predominantly ascribed to magneto-hydrodynamics (MHD)

across all mass scales; whether it is purely through MHD in the disk (e.g., Lovelace,

1976; Blandford and Payne, 1982), or through the disk and black hole (e.g., Blandford

and Znajek , 1977; Krolik and Hawley , 2010). However, it has yet to be shown how

wind properties scale with mass. Does radiation driving, thermal driving or magnetic

processes drive these winds?

“Warm-absorbing” winds detected as X-ray absorption features are seen in up to

50% of Active Galactic Nuclei (AGN) (Reynolds , 1997; George et al., 1998) and in

the soft spectral state in stellar-mass black holes (Miller et al., 2006a,b, 2008; Ueda

et al., 2009; Neilsen and Lee, 2009; King et al., 2012b; Ponti et al., 2012). These

blue-shifted absorption features are highly ionized and can potentially probe regions

close to the black hole and basic disk physics.

The winds observed in both black hole binaries (BHB) and supermassive black

holes (SMBH) are capable of removing enormous amounts of material, even exceeding

the mass accretion rates (e.g., Blustin et al., 2005; King et al., 2012b). They are

typically wide angle outflows moving at a few hundreds of km s−1. Jets, on the

other hand, are highly collimated and have a much higher outflowing velocity, i.e.
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near the speed of light. Consequently, the mechanical energy in these jets can be

much higher than in winds. In addition, using only the radiative luminosity in jets

severely underestimates the power released in these systems because a majority of

the energy is mechanical (e.g., Gallo et al., 2005; Churazov et al., 2005; Allen et al.,

2006; Merloni and Heinz , 2007). More importantly, strong mechanical feedback from

a black hole can have a significant impact on its surroundings, including galactic

formation, structure and co-evolution (e.g., Haehnelt and Kauffmann, 2000; Churazov

et al., 2002; Croton et al., 2006; Ostriker et al., 2010; Gaspari et al., 2011; Fabian,

2012).

On the low end of the black hole mass scale, the driving mechanisms of BHB X-

ray winds are generally ascribed to either thermal pressure or magnetic mechanisms

(Begelman et al., 1983; Woods et al., 1996; Proga, 2003). Absorption features of

highly ionized Fe XXV and Fe XXVI are the most commonly detected, implying

the ionization parameters of the gas in BHB are very high, i.e. log ξ > 3 (Miller

et al., 2006b; King et al., 2012b; Ponti et al., 2012). At such high ionization states,

line driving from the radiation field is inefficient at accelerating the winds to high

velocities (e.g., Proga and Kallman, 2002). On the high mass end, X-ray winds from

SMBH systems span a larger range in ionization (0 < log ξ < 5). Therefore, not

only are Compton heating and magnetic mechanisms plausible driving mechanisms,

but radiation pressure at low ionizations is also a plausible driving mechanism (Proga

et al., 2000).

In this paper, we begin to examine the mechanical outflow power released in both

winds and jets. In addition, we examine the outflow power across the mass scale,

including stellar-mass and supermassive black holes. This will permit a complete

characterization of the output of black holes: both radiative and mechanical. Char-

acterization of the mechanical power can be particularly important on larger scales

with respect to AGN feedback. AGN outflows, both jets and winds, may be respon-
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sible for shaping their environment, whether providing a source of hot ionized gas or

by influencing the stellar velocity dispersion as evidenced by the M −σ relation (e.g.,

Gültekin et al., 2009b). These outflows may also play a vital role in the growth of

black holes (e.g., Hopkins et al., 2005; Loeb, 2005).

We describe how we derive the samples in Section 4.3. Then, we estimate the

kinetic power generated by winds and jets in these systems in Section 4.4. Next,

in Section 4.5, we describe the results for both the wind and jet relations, while in

Section 4.6 we present the conclusions as well as context for this study. We assumed

H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, ΩM = 0.3 throughout this work. All errors are 1σ

statistical uncertainties unless otherwise stated.

4.3 The Mechanical Outflow Sample

4.3.1 X-ray Winds

The central goal in assembling this wind sample is to create a uniform, unbiased

and cohesive set of standards to ensure high quality spectra and rigorous results.

These requirements are: (1) blue-shifted X-ray absorption features, (2) Chandra grat-

ing spectra, (3) photoionization modeling, (4) at least a 3σ significant detection, and

(5) velocity outflows of less than 3,000 km s−1.

Wind and jet launching mechanisms are of prime interest in this analysis, so it

is important to probe the wind regions that are likely to be closest to the base of

the flow, and closest to the black hole. This points to a comparison of X-ray winds

across the mass scale. Pragmatic considerations also make this the only consistent

comparison that can be drawn. In AGN, UV radiation pressure may help to accelerate

winds (but radiation pressure may not be sufficient to lift gas off of the disk in the

first place); however, UV winds are not observed in BHB’s, likely owing to the high

ionization parameters found in these winds (3 ≤ log ξ ≤ 5). Fortuitously, restricting
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our analysis to X-ray winds in AGN captures the bulk of the mass outflow rate. Prior

treatments of “warm absorbers” in AGN have found that the mass outflow rate scales

with the ionization parameter estimated in different components (e.g., Blustin et al.,

2005; Crenshaw and Kraemer , 2012). We also require that observations of the X-

ray winds be made with the gratings spectrometers aboard Chandra. Although the

XMM-Newton reflection grating spectrometer (RGS) is similar in many respects, it

covers a narrower energy range, and it has a lower spectral resolution. The higher

resolution of the Chandra gratings means that it is more sensitive to lines that are

intrinsically narrow and weak, because more line flux is concentrated in fewer spectral

bins. Thus, this selection criterion serves the aim of not biasing our result against

weak or slow X-ray winds. Similarly, we do not consider CCD spectra of X-ray winds

in our initial analysis since the modest resolution of such data inhibits the detection

of weak lines and modest velocity shifts.

In addition, we require that the winds be observed as blue-shifted absorption fea-

tures with respect to the host. A significance of at least 3σ for each component after

fiducial fits with a canonical Galactic absorption and a power-law is also required.

Further, to quantify these particular features, we demand that self-consistent pho-

toionization modeling be performed to determine the gas parameters: the outflowing

velocity, vout, and the ionization parameter, ξ. The ionization parameter is defined as

ξ = Lion(nr2)−1, where Lion is the ionizing luminosity, n is the density, and r is the

distance from the warm absorber to the ionizing source. There are also references in

the literature to the ionization parameter U , which is defined as U = Q(4πnr2c)−1,

where Q is the number of ionizing photons and c is the speed of light. We use

nr2 = Q(4πUc)−1 = Lionξ
−1 to convert to the ionization parameter ξ. It should be

noted that ξ depends on the X-ray continuum which is well constrained by observa-

tions, where as U depends on the number of ionizing photons, which is very model

dependent. The physical characterization of ionization in the spectra relies on multi-
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ple lines to determine the column density, ionization state and velocity shifts of the

wind components. We include fits published in the literature. A majority of those

fits were obtained with XSTAR grids (Bautista and Kallman, 2001), which mainly

use ξ to characterize the ionization of the gas. However, some fits were also obtained

with CLOUDY grids (Ferland et al., 1998), which mainly use U to characterize the

ionization of the gas.

Finally, we restrict the outflowing velocity to be less than 3,000 km s−1 (0.01c).

We reserve outflows with a velocity faster than this for a sub-sample of tentative

ultra-fast outflows. As these fast winds approach such velocities they may resemble

jets more so than the typical lower velocity outflows.

As a result of these criteria, we select thirteen AGN and ten BHB observations.

Table 4.1 lists the ionization, velocity and kinetic power for each observed outflowing

component that is used in this work. Table 4.2 reports the total kinetic luminosity

from each observation, summing over all the outflowing components. Figure 4.1 plots

the observed velocity shift as compared to the ionization parameter, and Figure 4.2

plots each individual absorption component’s kinetic luminosity per filling factor, Cv,

versus bolometric luminosity. We note here that our sample may suffer from a few

selection biases. The first being that we may be biasing ourselves to high luminosity

sources for which we get the best signal to noise. However, our sample does not

necessarily include just the brightest sources, but also sources that are relatively faint

and have long exposures in order to increase their signal to noise. (See the following

sections for details of particular observations.) Therefore, a luminosity bias should

not play a major role in our data. In addition, as will be shown in Section 4.4, the

kinetic wind luminosity does not directly depend on the column density, i.e. signal

to noise, but instead on the velocity and ionization of the gas. Therefore, as long as

a significant detection is made, the depth of the absorption features will not serve to

bias our samples. Another bias could be the exclusion of XMM-Newton data because
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Table 4.1. Individual X-ray Wind Components

Object Type C log ξ Velocity Lwind/Cv Reference
ergs cm s−1 (km s−1) (ergs s−1)

SMBH
Akn 564 S1 1 0.40 ± 0.25 140 ± 62 42.52 ± 0.63 McKernan et al. (2007)

2 2.60 ± 0.20 140 ± 62 40.32 ± 0.62
IC 4329a S1 1 0.20 ± 0.10 100 ± 65 42.14 ± 0.85 McKernan et al. (2007)

2 2.20 ± 0.10 100 ± 47 40.14 ± 0.63
IRAS 18325 S2 1 1.58 ± 0.09 340 ± 110 41.82 ± 0.43 Zhang et al. (2011a)

2 2.35 ± 0.25 460 ± 220 41.45 ± 0.67
MCG -6-30-15 S1 1 3.70 ± 0.20 1555 ± 105 40.89 ± 0.22 McKernan et al. (2007)
Mrk 290 S1 1 1.62 ± 0.15 540 ± 150 42.53 ± 0.39 Zhang et al. (2011b)

2 2.42 ± 0.04 450 ± 30 41.50 ± 0.11
Mrk 509 S1 1 2.26 ± 0.07 196 ± 80 41.93 ± 0.54 Ebrero et al. (2011)
NGC 3516 S1 1 2.40 ± 0.15 950 ± 147 41.55 ± 0.26 McKernan et al. (2007)
NGC 3783 S1 1 2.90 ± 0.10 505 ± 15 41.02 ± 0.12 McKernan et al. (2007)

2 2.10 ± 0.10 515 ± 15 41.85 ± 0.12
3 0.40 ± 0.10 545 ± 25 43.62 ± 0.12
4 3.00 ± 0.10 1145 ± 42 41.99 ± 0.12

NGC 4051 S1 1 1.00 ± 0.30 520 ± 82 41.26 ± 0.37 McKernan et al. (2007)
2 2.60 ± 0.25 600 ± 77 39.85 ± 0.30
3 3.80 ± 0.10 2230 ± 55 40.36 ± 0.11

NGC 4051 S1 1 4.50 ± 0.90 680 ± 40 37.81 ± 0.91 King et al. (2012b)
2 3.28 ± 0.04 640 ± 45 38.95 ± 0.11
3 1.00 ± 0.11 400 ± 325 40.62 ± 1.06

NGC 4151 S1 1 3.58 ± 0.30 491 ± 8 40.30 ± 0.30 Kraemer et al. (2005)
2 2.26 ± 0.30 491 ± 8 41.62 ± 0.30

NGC 4593 S1 1 2.61 ± 0.90 400 ± 121 40.47 ± 0.98 McKernan et al. (2007)
2 0.50 ± 0.30 380 ± 137 42.51 ± 0.56

NGC 5548 S1 1 2.20 ± 0.20 560 ± 77 41.77 ± 0.27 McKernan et al. (2007)
2 3.90 ± 0.15 830 ± 172 40.59 ± 0.31

BHB
4U 1630 1 4.90 ± 0.40 300 ± 200 32.68 ± 0.96 this paper
GRO 1655−40 1 4.90 ± 0.20 500 ± 200 32.31 ± 0.56 Miller et al. (2008)
GRO 1655−40 1 4.20 ± 0.15 470 ± 230 33.42 ± 0.66 Neilsen and Homan (2012)
H 1743−322 a 1 5.50 ± 0.10 670 ± 170 33.43 ± 0.35 this paper

of its poorer resolution. However, as noted previously, the lower resolution of the RGS

would serve to bias the sample against weak features. Further caveats are discussed

in Section 4.6.3.
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Table 4.1 (cont’d)

Object Type C log ξ Velocity Lwind/Cv Reference
ergs cm s−1 (km s−1) (ergs s−1)

H 1743−322 b 1 5.60 ± 0.10 340 ± 170 32.32 ± 0.66 this paper
GRS 1915+105 s1 1 4.30 ± 0.20 300 ± 200 33.42 ± 0.89 Ueda et al. (2009)
GRS 1915+105 s2 1 5.60 ± 0.20 1000 ± 200 34.09 ± 0.33 Miller et al. (2006b)
GRS 1915+105 s3 1 5.50 ± 0.50 1400 ± 300 34.35 ± 0.57 this paper
GRS 1915+105 s4 1 6.00 ± 0.40 1100 ± 400 33.68 ± 0.62 this paper
GRS 1915+105 s5 1 6.20 ± 0.70 900 ± 400 33.22 ± 0.91 this paper

Note. — The above table lists all the components that are considered in this analysis. S1 stands for
Seyfert 1 and S2 stands for Seyfert 2. C is the component number. The kinetic luminosity from the AGN
that have more than one component for a single observation are summed and included as total kinetic
luminosities in Table 4.2
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4.3.2 Supermassive Black Holes

This sample, seen in Table 4.1, is predominately derived from the work by McK-

ernan et al. (2007), which is comprised of 15 nearby AGN that were all observed

with Chandra High Energy Transition Grating Spectrograph (HETGS) before July 1,

2003. The summed MEG first-order spectra were used. For further details of the data

reduction, we refer the reader to McKernan et al. (2007) and Yaqoob et al. (2003).

Owing to the observational selection criteria, only 7 of the 15 AGN show sta-

tistically significant blue-shifted absorption features. McKernan et al. (2007) per-

form a uniform analysis with XSTAR models, which characterizes the absorption and

emission features seen in the sampled spectra. The XSTAR models were generated

assuming an individual SED for each AGN. Each grid of models had an assumed

density of ne = 108 cm−3 and a turbulent velocity of 170 km s−1. These AGN span a

redshift range of z=0.003 to z = 0.046, a mass range of 6×105− 108 M⊙, and a range

of environments from centers of clusters to field galaxies.

A majority of these AGN had more than one out-flowing component. See Ta-

ble 4.1. These components were separated not only in velocity space but in ionization

parameter as well. In these cases, we took the sum of all the components to evaluate

the mass outflow rate, Ṁwind, and kinetic wind luminosity, Lwind, so as to compare

the total out-flowing material and consequently the total power generated by these

winds. See Section 4.4 for details. The values for the kinetic wind power and bolo-

metric luminosities are given in Table 4.1 for individual components and Table 4.2

for the summed components. We have assumed a covering fraction, Ω, of Ω = 2π,

and given the results per filling factor, Cv.

In addition, six other AGN observations are included in our sample: NGC 4051,

NGC 4593, Mkn 509, IRAS 18325−5926, NGC 4151 and Mrk 290. These are all

relatively nearby AGN, z = 0.002 – 0.034, with comparable masses spanning M =

2 – 160 ×106M⊙. King et al. (2012a) report observations of the nearby, Seyfert-1
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Figure 4.1 The above figure plots the observed velocity components versus ionization,
for the slow and “ultra-fast” winds in our black hole sample. In black are the AGN
winds, in blue are the BHB winds and in red are the ultra-fast winds. The points
with arrows denote lower limits to the ionization state, as the actual state for these
ultra fast winds was not analyzed with a photoionization model.
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Figure 4.2 The plot above shows the correlation between bolometric luminosity and
kinetic wind luminosity in individual outflowing components. The line represents the
best fit to the total kinetic luminosities which are plotted in Figure 4.3, while the
yellow line is the best fit to the individual components with log ξ > 2. The high
ionization parameters are described by the following form log(Lwind,42) = (1.42 ±
0.06) log(LBol,42) − (3.73 ± 0.14), with an intrinsic scatter of σlog ξ>2

0 = 0.57
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AGN, NGC 4051 which show evidence of warm-absorbers. They coadded 12 Chandra

HEG and MEG spectra from November 2008 for a total exposure time of 308 ksec.

Although, McKernan et al. (2007) report detections of warm-absorbers in NGC 4051,

the work by King et al. (2012a) uses a different data set which was observed over

5 years later. King et al. (2012a) use both XSTAR and Cloudy photoionization

codes to create grids of models to fit to the data. By modeling the spectra with

two separate photoionization codes, they were able to determine that three different

ionization components were required by the data, independent of the model used. For

this analysis, we use the three components that were determined using the XSTAR

photoionization grids, which span a wide range in ionization and velocity, i.e. log ξ =

1, 3.4,& 4.5 and v = 400, 630,& 680.

We also used the work by Steenbrugge et al. (2003), who observed NGC 4593,

both with Chandra LETGS and XMM-Newton. We used only the 108 ksec LETGS

spectrum that was analyzed with an XSTAR model. The XMM-Newton observation,

taken 7 months later, could not constrain the absorption component ionization; how-

ever, it was consistent with the LETGS observation. The statistically significant ab-

sorption component in the LETGS observation had an ionization of log ξ = 2.61±0.09

with an outflowing velocity of 400±121 km s−1.

Ebrero et al. (2011) also used the Chandra LETGS to observe the AGN Markarian

509. This 180 ksec observation was modeled with xabs, created using Cloudy. The

fit to the spectra resulted in 3 components, one of which was significant at the 3σ

confidence level. This had an ionization of log ξ = 2.26±0.07 and a velocity of v =

196+87
−73 km s−1, and is included in our sample.

In addition, we used the work by Zhang et al. (2011a), who observed IRAS

18325−5926 . The authors coadd two exposures from March 2003 to get a total

Chandra HETG spectrum of 108 ksec. Using a grid of XSTAR models, they find

two outflowing absorption components with typical warm absorbing parameters of
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log ξ = 1.58 ± 0.09 and log ξ = 2.35 ± 0.25 and vout = 340±110 km s−1 and vout

= 460±220 km s−1, respectively. We note that Mocz et al. (2011) also get results

consistent with the higher velocity component.

Kraemer et al. (2005) describe an analysis of NGC 4151, a nearby Seyfert-2 (it is

more like a Seyfert-1 in X-rays), using two coadded Chandra HETG spectra from May

2002. The total exposure time was 250 ksec. The focus of their work was to describe

the absorption features seen in both the X-ray and UV using Cloudy models. Kraemer

et al. (2005) do not quote the significance of the detection of these features; however,

the individual lines are detected at several times their minus-side errors, and modeled

together, should be quite significant. The X-ray absorption components taken from

Kraemer et al. (2005) that are included in our study have ionization parameters of

logU ≈ −0.27 and logU ≈ 1.05 and outflowing velocities of vout ≈ 500 km s−1.

Finally, the last AGN in our sample, Markarian 290, is taken from Zhang et al.

(2011b). We note these authors use both Chandra and XMM-Newton grating spectra

in their analysis. However, we only include the Chandra HETG spectra in our anal-

ysis. This particular spectrum had three coadded observations giving an exposure

time of 166 ksec. The two XSTAR grid components that were statistically significant

spanned a range of ionization states from log ξ = 1.62 ± 0.15 to log ξ = 2.45 ± 0.04

and a range of velocities from vout = 450±30 to vout = 540±150 km s−1, respectively.

4.3.3 Stellar-Mass Black Holes

To the greatest extent possible, values in the literature were used to estimate the

kinetic power in winds observed in stellar-mass black holes. As with supermassive

black hole winds, only observations obtained with high resolution gratings spectra

and some level of photoionization modeling are included. As a result of these con-

siderations, only Chandra/HETG spectra were selected. In total, ten observations

from four stellar-mass black holes and black hole candidates are included in our ini-
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tial analysis. It should be noted that many more HETG observations are available –

GRS 1915+105 has been observed regularly – but we have only included prominent

low- and high-flux spectra from GRS 1915+105 in order to represent the properties

of the group rather than just one source. The winds in X-ray binaries have only been

detected in the “high/soft” X-ray spectral state (e.g., Ponti et al., 2012). We do not

include upper limits when the sources are in the “low/hard” state. See Section 5.2

for more discussion of spectral state dependence.

GRO J1655−40: This is a famous and recurrent transient, and its mass and

distance are well-determined (M = 7.0± 0.2 M⊙ and d = 3.2± 0.2 kpc Hjellming and

Rupen, 1995; Orosz and Bailyn, 1997). The presence of density-sensitive Fe XXII

absorption lines in a Chandra spectrum (ObsID 5461) of GRO J1655−40 allowed

for direct constraints on the density of the disk wind in this source (log(n) = 14;

Miller et al., 2008). Fits with an independent photoionization code, grids of Cloudy

models, and grids of XSTAR models are reported in Miller et al. (2008). Based

on that work, we have used values of L = 5.0 ± 0.1 × 1037 ergs s−1, an outflow

velocity of v = 500 km s−1, log(ξ) = 4.9 ± 0.1, and Ω = 2.5 in estimating the kinetic

power of the wind in GRO J1655−40. The wind observed in GRO J1655−40 is

particularly complex, and no single velocity characterizes all of the lines observed;

v = 500 km s−1 is a representative value that is used throughout Miller et al. (2008)

because it captures the outflow well. The resulting kinetic power is broadly consistent

with numbers given in Miller et al. (2008) estimated using the wind density. We note

that Neilsen and Homan (2012) also model a Chandra observation (ObsID 5460) that

was made a month prior to this observation (ObsID 5461). We find evidence for an

absorption feature at 6.97 keV, which is consistent with no outflow, and therefore do

not include it in this analysis.

H 1743−322: This source is also a well-known and recurrent transient (see,

e.g., Homan et al., 2005; Corbel et al., 2005; Miller et al., 2006b; Miller-Jones et al.,
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2012). The high column density along the line of sight to H 1743−322 has permitted

the detection of a counterpart (Steeghs et al., 2003) but has not permitted a radial

velocity measurement. In this work, we have assumed a distance of 8.5±0.8 kpc

(Steiner et al., 2012), and a fiducial mass of 10 M⊙. During its 2003 outburst, a disk

wind was clearly detected in thwo Chandra/HETG observations (Miller et al., 2006b);

parameters obtained from photoionization modeling of each spectrum are used in this

analysis.

In particular, the broadband X-ray spectral fits in table 2 of Miller et al. (2006b)

were used to derive bolometric luminosities, and the ionization parameters given in

table 5 in Miller et al. (2006b) are used. The first observation included has an

outflowing velocity of 670±170 km s−1, while the second observation included has an

outflowing velocity of 340±170 km s−1. The ionization of the two observations are

roughly the same at log ξ = 5.5±0.1 and log ξ = 5.6±0.1, respectively. Less is known

about the binary parameters of H 1743−322 than e.g. GRO J1655−40, and a larger

value of Ω = 2π was adopted in calculating the photoionization models (the package

used was an update of the code described in Raymond , 1993).

GRS 1915+105: This is an extremely well-known microquasar. The mass of the

black hole and its distance have been determined (M = 14 ± 4 M⊙; d = 12.5 kpc;

Greiner et al., 2001). A long Chandra/HETGS observation of GRS 1915+105 in a

soft phase was analyzed in detail by Ueda et al. (2009); some simple photoionization

modeling techniques were applied to describe the disk wind that was detected. The

broadband spectral fits detailed in that work were used to calculate a bolometric

luminosity for this observation (L = 7.5 ± 0.8 × 1038 ergs s−1). As with the HETGS

observation of GRO J1655−40 reported in Miller et al. (2008), this spectrum of

GRS 1915+105 is particularly rich, and no single velocity can describe all of the

ions observed. In this work, we adopt a value of v = 300 km s−1 because it is

consistent with many ions and achieves a balance between the most and least ionized
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components of the flow. The line properties and analysis reported in Ueda et al.

(2009) are consistent with Ω = 2.5 and log(ξ) = 4.3 (errors are not reported). We

have used these values in calculating the kinetic power of the wind in this observation.

Neilsen and Lee (2009) treat a number of Chandra/HETGS observations of GRS

1915+105. Ueda et al. (2009) focused on the observation called “S1” in the Neilsen

and Lee (2009) scheme; it is the lowest luminosity of five “soft” observations consid-

ered in their work. In each soft observation, an ionized X-ray disk wind is detected

at high significance. To understand the range of wind properties in this important

source, then, we have included observations S2–S4 in this analysis.

Reduced and calibrated spectral and response files for each observation were ob-

tained through the Chandra “tgcat” facility (for details of the observations, please

consult Neilsen and Lee, 2009). The combined first-order HEG spectrum from each

observation was fit in the 2.3–9.0 keV band with a simple phenomenological model

consisting of disk blackbody and power-law components. The lower energy bound

was set by the high column density along the line of sight to GRS 1915+105 (NH

was fixed at 5.0 × 1022 cm2 in each case); the upper bound was set by the likely cal-

ibration residuals in the high energy portion of the spectra. This continuum model

is not unique, but it allows for a simple and accurate characterization of the flux in

the observed energy band, and gives reasonable basis for extrapolating to the 0.5-10.0

keV band.

We then calculated and applied grids of XSTAR models. A customized grid was

made for each observation, using the observed spectral continuum and the unabsorbed

0.5–10.0 keV luminosity as the spectral input (the power-law was truncated below

1 keV to prevent unphysical results). Again, additional details of this procedure can

be found in Miller et al. (2006a, 2008) and King et al. (2012a,b). In all cases, a

turbulent velocity of 500 km/s, an iron abundance of 2.0 times the solar value (e.g.

Ueda et al., 2009), a density of log(n) = 12.0, and a covering factor of Ω = 2.5 were
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assumed. In estimating the kinetic power in the wind for observations S2–S5, we used

the velocity shifts reported by Neilsen and Lee (2009), and the ionization parameters

measured through direct fits to the Chandra spectra with the XSTAR models. The

values for all relevant parameters are given in Table 4.2.

4U 1630−47: Last, we considered an archival Chandra HETG observation of

the black hole candidate 4U 1630−47. Observation 4568 started on 2005 August 9 at

20:16:02 (UT), with a duration of 50 ksec. The instrumental configuration and modes

used were the same as those described in Miller et al. (2008). We again downloaded

the calibrated first-order gratings spectra and responses using the Chandra “tgcat”

facility, and generated a combined first-order HEG spectrum.

Fits to the continuum with an absorbed disk blackbody plus power-law model give

a high column density (NH = 7.8×1021 cm−2), a fairly hot disk (kT = 1.36 ± 0.01

keV), and a power-law index of Γ = 2.00 ± 0.02. (The power-law index was checked

by making fits to a simultaneous RXTE PCA spectrum over the 3–30 keV band.)

Assuming a distance of 8.5 kpc, this continuum model gives a bolometric luminosity

of 2.2 ± 0.2 × 1038 ergs s−1. We further assume a mass of 10 M⊙ for 4U 1630−47 in

this work.

Again as per the procedure in Miller et al. (2008), this spectrum was used to

illuminate gas in a grid of XSTAR models. Solar abundances were assumed, and

a turbulent velocity of 500 km s−1 was found to give the best fits to the data. As

with H 1743−322, the parameters of the binary system are not well known, and a

covering factor of Ω = 2π was assumed in the generating the photoionization models.

A fiducial density of log(n) = 12 was also assumed in generating the models. As per

the high luminosity observation of GRS 1915+105, only an H-like Fe XXVI line was

detected, immediately indicating a high ionization. Direct fits with the XSTAR grid

give an ionization of log(ξ) = 4.9 ± 0.4, and a blue-shift of v = 300 ± 200 km s−1.

71



4.3.4 Jet Power

In collecting a jet sample, we also wanted to create a set of uniform standards and

conditions that would ensure high quality and rigorous results just as we had done for

the wind sample. Jets are found in the radio as a result of synchrotron radiation, so

it is tempting to utilize the radiative portion of the energy as an estimate for the jet

power (e.g., Merloni and Heinz , 2007). However, the majority of the energy carried

off by the jets appears to be mechanical, not radiative (Heinz et al., 2002; Di Matteo

et al., 2003; Gallo et al., 2005; Allen et al., 2006; Taylor et al., 2006). We note that

Merloni and Heinz (2007) and Cavagnolo et al. (2010) do find a relation between

radio emission and mechanical power in jets, but a direct determination of the power

is preferred over a proxy such as radio luminosity. In addition, Cavagnolo et al. (2010)

report the jet power relation to have a scatter of 0.70 dex and to be calibrated to

high luminosity sources. It is unclear if extrapolation to lower luminosity sources

is applicable. Likewise, the radio luminosities of jets are also subject to Doppler

boosting (Urry and Padovani , 1991), which can be difficult to de-project, since the

intrinsic spectrum must be known. We therefore restrict ourselves to only the most

tentative of comparisons to radio luminosity via the fundamental plane of accretion

onto black holes (Merloni et al., 2003; Falcke et al., 2004a; Gültekin et al., 2009a).

This plane relates the radio luminosity of SMBH to the accretion rate (via X-ray

luminosity) and mass of the black hole. See Section 4.5.5 for further discussion.

For a more stringent comparison with our wind sample, we require that the jet

power be a direct estimate of the mechanical energy, not an indirect estimate using

the radiative luminosity as a proxy for jet power. One way of quantifying the amount

of mechanical power released via jets is to look at the volume they carve out in the

form of “cavities” or “bubbles”. These cavities are seen in both the radio and X-

ray wavelengths. The energy (EJet) is then estimated to be the sum of the internal

energy and the PdV work done to inflate the bubble. The time needed to carve out
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such a region is estimated at tage=R/cs, where tage is the age of the bubble, R is the

distance from the black hole to the center of the cavity and cs is the sound speed,

typically estimated using X-ray observations. There are a number of different ways

to estimate the age of the bubble, but using sound speed and bubble radius is a fine

approximation as long as the bubble is still “attached” and is not buoyantly rising

(Dunn and Fabian, 2004). Therefore, the power of the jet is PJet = EJet/tage. We

note here that this estimate is a long term average and is not sensitive to discrete

episodes of jet emission, which would serve to increase the jet power estimate.

For this work, we draw directly from the sample described in Allen et al. (2006),

who use this prescription to analyze a sample of nine elliptical galaxies that display

such X-ray and radio cavities. They also estimated the Bondi mass accretion rates

by constructing radial temperature profiles close to the black hole from Chandra

X-ray observations. As the Allen et al. (2006) is a study of elliptical galaxies at

low accretion rates, spherical accretion, i.e. Bondi accretion, is assumed with an

efficiency conversion between mass accretion rate and luminosity (η = 0.1 as given in

Allen et al., 2006). Conversely, in the wind sample, the accretion rates are typically

higher at a few percent of Eddington, and the accretion is assumed to be through

a standard thin disk. We use both the jet power and Bondi luminosities reported

in Allen et al. (2006). We used the Bondi luminosities instead of the bolometric

luminosities because each is an appropriate estimate for the mass accretion rate in

these particular systems. Merloni and Heinz (2007) report analysis of the same nine

AGN as Allen et al. (2006) as well as six additional sources. We do not include

these extra sources in our sample as the temperature inside the Bondi radius was not

measured directly but extrapolated from much further, outside regions. However, as

will be shown in Section 4.5.2, Merloni and Heinz (2007) report consistent analysis

and results with Allen et al. (2006).

At the low mass end, it is much more difficult to use the same methods to estimate
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the jet power from bubbles and cavities. This is because most of the black hole

candidates are not in regions with dense gas, making the bubbles hard to observe.

The few that are embedded in dense clouds happen to also be in star forming regions.

This means that the observed cavities can be carved out not only by their jets, but

also by their high mass companion star’s winds or even the supernovae associated

with the black holes themselves. One such candidate is BHB, Cygnus X-1. This is a

stellar mass black hole with an associated radio bubble that is thought to be created

by its jet (Gallo et al., 2005; Russell et al., 2007). This is evidenced by the fact

that the long axis of the bubble is aligned with the jet axis. However, there is no

counter-jet seen, and the bubble may also be associated with a supernova remnant

(Russell et al., 2007).

Gallo et al. (2005) and Russell et al. (2007) have both used the observed cavity

to estimate the power of the jet, employing similar techniques as Allen et al. (2006).

We note that in making density estimates of the emitting region, both Gallo et al.

(2005) and Russell et al. (2007) assume the emission is Bremsstrahlung radiation.

However, as Marti et al. (1996) show, the radio emission in the limb brightened areas

have steep spectra, which implies the regions are non-thermal in nature. Moreover,

Russell et al. (2007) find that the emitting loop is not visible in the R band, indicating

that the emission detected with an Hα filter, is in fact Hα rather than Bremsstrahlung

emission, as assumed by Gallo et al. (2005).

One can use the observed Hα flux to estimate the average density of ionized gas

(about 6 cm−3) and follow the method of Gallo et al. (2005) to determine the jet

power, PJet = 1034 − 1038 ergs s−1. As is obvious by the four orders of magnitude,

there are large uncertainties that go into this calculation. Clumpiness of the emitting

gas would give an overestimate of the average density, and if the ionized gas is indeed

produced by a 100 km s−1 shock, it occupies a very thin sheet compared to the

apparent size of the emitting region. Second, the neutral fraction in the emitting
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region, taken to be 98% by Gallo et al. (2005) and zero by Russell et al. (2007), is

not well known. Finally, when shocked gas has cooled to the point that Hα emission

is efficient, its pressure is probably dominated by the magnetic field, so the sound

speed should be replaced by the fast mode speed, which is several times larger.

Instead, if we combine the intensity measurements of Russell et al. (2007) with the

shock wave models of Raymond et al. (1988) and the theory of interstellar bubbles

blown by a continuous energy input (Castor et al., 1975; Weaver et al., 1977), we

can get a tighter constraint on the power estimate. Russell et al. (2007) measured an

intensity in the [O III] λλ5007, 4959 lines of approximately 1.5× 10−15 ergs cm−2 s−1

per square arcsec after correction for extinction, in a 2’ section of a cut through

the NE part of the shell. They also measured [O III] to Hα + [N II] ratios that

indicate shock speeds of 90-200 km s−1 (their figure 7). Shock waves in that range

produce 0.87±0.2 photons in the [O III] lines per H atom that passes through the

shock (Raymond et al., 1988). The shell is limb-brightened, and comparison of the 2’

thickness with the 5’ radius indicates an enhancement factor of 2.4. Thus

1.7 × 107 = 2.4 ∗ 0.87 ∗ n0Vs/(4π)photons cm−2 s−1 sr−1 (4.1)

where n0 is the pre-shock density and Vs is the shock speed in units of cm s−1.

Thus n0Vs = 1.0 × 108. The expression for the radius of a wind-blown bubble in the

intermediate stage (when the shock is radiative as in the Cygnus X-1 bubble; equation

21 of Weaver et al., 1977) can be converted to

L37 = 7.7 × 10−8n0VsV
2
100R

2
5 (4.2)

where L37 is the jet luminosity in units of 1037 erg s−1, n0Vs is in units of cm s−1,

V100 is the shock speed in units of 100 km s−1 and R5 is the bubble radius in units of

5 pc. For a shock speed of 90-200 km s−1 and an average bubble radius of 4 pc, this
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impies a jet luminosity of 4 − 20 × 1037 erg s−1.

There are two important caveats to keep in mind, both of which could lead to a

severe overestimate of the jet luminosity. First, O stars in the region, including the

companion of Cyg X-1 itself, might contribute ionizing flux that we are assuming to

come from the bubble shock. Second, the shell could be a result of the explosion

that created the Cyg X-1 black hole, rather than the jet. The alignment of the shell

with the jet direction suggests, however, that the jet plays a significant role in the

energetic of the bubble. In addition, there is some uncertainty involved with the

reddening correction. In view of the uncertainties in the relevant quantities, in the

best method of estimating the power required to inflate the bubble, and the origin

of the bubble itself, we use the full range of power estimates noted above. We note

there are tighter constraints if the bubble is only associated with inflation by the jet

and reddening is unimportant.

4.3.5 Ultra-Fast Outflows

Finally, we also defined a smaller subsample of winds that are moving faster than

3,000 km s−1 (0.01c) relative to the systemic velocity. For this sample, we relax our

standards for the AGN and include both Suzaku and Chandra imaging spectrometers.

As we only discuss four examples of these outflows, (one BHB, one nearby quasar and

two gravitationally lensed, higher redshift quasars), this additional data set is only

meant to be illustrative not exhaustive. This sample still requires that the absorption

features be at least 3σ significance.

The first of these ultra fast outflows is the BHB J17091−3624. King et al. (2012b)

discus two Chandra HETG observations, one of which has clear absorption features

above 6.9 keV. Using XSTAR photoionization grids, they model these features self-

consistently and find an ionization of the absorbing gas to be log ξ = 3.3+0.2
−0.1, moving

at vout = 9600+400
−500 km s−1. We also use the second component at a slightly higher
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ionization state log ξ = 3.9+0.5
−0.3 and velocity, vout = 15, 400 ± 400 km s−1. These are

the fastest outflows observed from a BHB candidate, and they bear resemblance to

some of the outflows seen in quasars (e.g., Chartas et al., 2002, 2007; Tombesi et al.,

2011).

Tombesi et al. (2011) used the Suzaku X-ray Imaging Spectrometer (XIS) to ob-

serve 3C 111, an AGN at z = 0.0485. Of the three observations in their study, one

showed evidence of an absorption line in the Fe K band. This observation had an

exposure of 59 ksec. Using XSTAR grids with turbulent velocity of 3000 km s−1,

this one feature was fit with an ionization parameter of log ξ = 4.32 ± 0.12 and an

outflowing velocity of vout = 0.106 ± 0.006c.

Chartas et al. (2002) observed the quasar APM 08279+5255 with the Chandra

Advanced CCD Imaging Spectrometer (ACIS) and noted outflows in the absorption

spectra. By using lensed quasars, one is able to probe outflows which would otherwise

be too faint to observe. This quasar is at a redshift of z = 3.91. The spectra of APM

08279+5255 shows two features at 8.05 keV and 9.79 keV in the rest frame of the

host galaxy (Chartas et al., 2002). If these correspond to Fe XXV then the outflowing

velocities would be 0.2c and 0.4c, respectively. We utilized both components in this

analysis.

Finally, Chartas et al. (2007) described a gravitationally lensed quasar PG 1115+080,

which is at a redshift of z = 1.72. The authors also used ACIS and notice absorption

features in the host Fe K band. PG 1115+080 has prominent absorption features at

rest frame energies of 7.27 keV and 9.79 keV; both of which are used in our analysis.

Associating these features with Fe XXV gives velocities of 0.09c and 0.40c. These

features were not modeled with a photoionization model, but an assumed ionization

of log ξ = 3.5 is taken as an estimate for the ionization parameter from XSTAR

models (Chartas et al., 2007). Bolometric luminosities are taken from Chartas et al.

(2007), while estimates of the ionizing luminosities were taken as the rest frame X-ray
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luminosity from 0.2–10 keV from Dai et al. (2004).

4.4 Methods

After acquiring the sample, we calculate the mass outflow rate in the wind systems.

This is done using simplified, order of magnitude estimates based on the expression

for spherical wind. It is modified by both covering and filling factors to account for

the fact that winds are not spherical outflows:

Ṁout = Ωρr2vCv (4.3)

where, Ω is the covering factor ( 0 < Ω < 4π), ρ is the mass density (ρ = µmpne), µ

is the mean atomic weight assumed to be µ = 1.23, mp is the mass of a proton, ne

is the electron density, r is the radius from the ionizing source, v is the out-flowing

velocity, and Cv is the line of sight global filling factor. As the winds may be clumpy

and filamentary, they are likely to have a small filling factor. This expectation is

based on the observed variability of the absorption lines (e.g., Crenshaw et al., 2003;

Elvis et al., 2004; Risaliti et al., 2009) as well as density diagnostics (e.g., King et al.,

2012a). We note that variability can be due to both motion along our line-of-sight

as well as the duty cycle of the wind. The short timescales of variability suggest that

the variability is likely due to small filling factor and clouds moving across our line

of sight rather then dissipation of the wind itself. Further, there is an inconsistency

in the literature as to the actual filling factors, as there are few direct constraints

on this quantity. This factor should vary between different sources as well as with

ionization, ξ, but a range from 10−5 to 1 is seen in the literature across the full mass

scale (e.g., Miller et al., 2008; Mocz et al., 2011; Zhang et al., 2011b; King et al.,

2012a,b). Finally, as shown in Giustini and Proga (2012), the exact nature of the

wind may depend on the ionization, velocity and density of the wind, and may be

78



quite uncertain. Therefore, we do not assume a value for the filling factor for any

of the measurements but leave the kinetic energy luminosity in terms of the filling

factor.

Equation 4.3 can be rewritten in terms of observable quantities from the X-ray

absorption features using ξ = Lion/ner
2, where ξ is the ionization parameter and Lion

is the ionizing luminosity between 1 – 1000 Ryd (1 Ryd = 13.6 eV).

Ṁout =
µmpΩLionvCv

ξ
(4.4)

For consistency, we use Ω = 2π for all the AGN sources, based on findings by Reynolds

(1997) who found half of all Seyferts show evidence for warm absorbers. We have

not assumed a filling factor, Cv, but have reported our results of kinetic luminosity

per filling factor. To convert the mass outflow rate to the kinetic energy carried away

by the warm absorbing winds, i.e., power or kinetic luminosity, we use the following

relation,

Lwind =
1

2
Ṁoutv

2 =
µmpΩLionv

3Cv

2ξ
. (4.5)

The total kinetic luminosity is the amount of mechanical energy that is carried away

by the wind. It is important to understand this in the context of the total escaping

energy of the black hole and accretion disk. This can be done via comparison to

the radiative power released, i.e., the bolometric luminosity. Further, the bolometric

luminosity is often considered a proxy for the mass accretion rate by assuming an

efficiency conversion, LBol = ηṀc2. The efficiency, η, is usually assumed to be 10%

(e.g., Allen et al., 2006; Vasudevan and Fabian, 2009; Fabian et al., 2009), which is

consistent with the Soltan’s argument (Soltan, 1982). However, in reality it is likely

to vary between sources and with Eddington fraction. In our study, the bolomet-

ric luminosities for the AGN are taken from broad-band spectral energy distribution

(SED) fitting performed by Vasudevan and Fabian (2009). In the few instances that
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the AGN lack a bolometric luminosity, we used the conversion LBol ≈ 20L2−10keV (Va-

sudevan and Fabian, 2009). For the stellar-mass black holes, their SED peaks in the

X-ray. Therefore, the bolometric luminosities are taken from the X-ray observations

as the luminosity between 0.5-10.0 keV. Where values in the literature were quoted

for different energy bands, the luminosity was converted to the 0.5-10.0 keV band for

consistency by extrapolating the given models within Xspec. We also note that any

uncertainty in distance, which could effect the bolometric and ionizing luminosities as

well as estimates of the outflowing velocity, are small as compared to the uncertainties

in these measured quantities.

The jet power is calculated using the energy estimates of radio and X-ray cavities

and age of the bubble as described in Section 4.3.4, PJet = EJet/tage. We again note

that this estimate is a long term average and short, discrete episodes of jet emission

would increase the jet power estimates.

4.5 Analysis and Results

4.5.1 Bolometric Luminosity versus Wind Power

After acquiring a sample of BHB and AGN with estimates for the wind power, we

begin to analyze how LBol relates to the total kinetic outflowing power in each system.

In this initial analysis, we only include the lower velocity winds (not the jets, which

we consider in Section 4.5.2, or the ultra-fast outflows, which we consider in Section

4.5.4). Figure 4.1 shows the distribution of velocities and ionization parameters that

are included in the kinetic power of the winds. Figure 4.2 shows the kinetic wind

luminosity as compared to the source bolometric luminosity for individual components

in each observation, while Figure 4.3 shows the same plot but for the total kinetic

wind luminosity for each observation. The stellar-mass black holes cluster at the

lower luminosities, while the SMBH are found at the higher luminosities as expected.

80



Figure 4.3 The plot above shows the correlation between bolometric luminosity and
kinetic wind luminosity. The black line is described by log(Lwind,42) = (1.58 ±
0.07) log(LBol,42) − (3.19 ± 0.19), with an intrinsic scatter of σ0 = 0.68. The blue
dashed region is the 1σ confidence region including the scatter of the relation. The
solid region is the 1σ confidence region excluding the scatter. The wind kinetic lu-
minosity is plotted per filling factor. The plot shows a simple regulation of wind
production across a large mass scale, and the slope indicates that the SMBH winds
are more efficient then the stellar-mass black holes.

A positive correlation is apparent in the data set.

In Figure 4.2 (as well as the following figures), we plot the kinetic luminosity per

filling factor, Cv, versus the bolometric luminosity. Further, Figure 4.3 shows the total

kinetic power for each observation, which uses the sum of the individual components

plotted in Figure 4.2. We begin our analysis with the total kinetic power for each

observation. Initially, we assume that there is a common relation between both the

AGN and BHB. In Section 4.5.5, we relax this assumption and characterize the two

groups separately.

To first characterize the trend given in Figure 4.3, we utilize two correlation tests:

a Spearman’s rank test and a Kendall’s τK test. We find a Spearman’s rank coefficient
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ρS = 0.89, with a null hypothesis probability (i.e., no correlation) at p = 1.8 × 10−8,

indicating a strong and positive correlation. The value for Kendall’s coefficient is τK

= 0.72 with p = 1.4 × 10−6, also indicating a strong, positive correlation.

Following this, we assume that the data can be described by the linear relation,

y = αx + β (4.6)

where, y = log(Lwind,42/Cv), x = log(LBol,42), and the subscript “42” denotes the

units 1042 erg s−1. We then minimize the function,

χ2 ≡
N∑
i=1

(yi − β − αxi)
2

α2σ2
xi + σ2

yi + σ2
0

(4.7)

to estimate α and β (e.g., Press et al., 1992; Tremaine et al., 2002). Here σyi and

σxi are the errors associated with the kinetic wind luminosity and the bolometric

luminosity, respectively. The quantity σ0 is the intrinsic scatter in the relation and is

determined by ensuring the reduced χ2 is close to unity. We obtain α = 1.58 ± 0.07,

β = −3.19 ± 0.19 and σ0 = 0.68, such that,

log (Lwind,42/Cv) =

(1.58 ± 0.07) log (LBol,42) − (3.19 ± 0.19). (4.8)

These parameters are listed in Table 4.3. The large σ0 implies that the intrinsic

scatter in these measurements is dominant over the measurement errors. We can

expect a high intrinsic scatter due to the high variability of each of these sources,

especially because the observations used to derive the AGN bolometric and wind

luminosities of individual sources were not made simultaneously. Environment may

also play a large role in driving this scatter, evidenced by the fact that the larger

scatter is associated with the SMBH measurements, which are located in dense groups
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Table 4.3. Individual X-ray Wind Components

Data Set α β γ σ0

Winds
ALL 1.58±0.07 -(3.19±0.19) 0.68
BHB 0.91±0.31 -(5.58±1.68) 0
AGN 0.63±0.30 -(1.24±0.63) 0.58
log ξ > 2 1.42±0.06 -(3.73±0.14) 0.56
ALL 0.2±0.4 1.2±0.3 24.5±0.2 0.68

Jets
ALL 1.18±0.24 -(0.96±0.43) 0
AGN 1.34±0.50 -(0.80±0.82) 0

Note. — These are the best fit parameters for each of our
linear models. The α parameter describes the coefficient of
the bolometric or Bondi luminosity, β is the normalization of
each linear fit except for the last wind fit. In that case it is
the coefficient of the mass term and γ is the normalization of
the fit. Finally, σ0 is the intrinsic scatter of each fit.

and clusters to open field environments. This scatter may also be attributed to the

bolometric correction applied to the X-ray luminosities of the AGN and not to the

BHB which peak in luminosity in the X-ray band.

Finally, the scatter may be due to the inclusion of a range of ionization parame-

ters, especially in the AGN. There appears to be a stratification in the power which

may depend on the ionization parameters. This is shown in Figure 4.2 as the low

ionization components tend to have higher powers as compared to the higher ioniza-

tion parameters. Therefore, we also examine only the high ionization, i.e. log ξ > 2,

components with an aim to better compare the same sample in both AGN and BHB.

We fit the individual components with high ionization and find the slope flattens to

αlog ξ>2 = 1.42± 0.06, βlog ξ>2 = −(3.73± 0.14) and a scatter of σlog ξ>2
0 = 0.57. These

results are given in Table 4.3 and shown in Figure 4.2.

4.5.2 Jet Power

We next include the relation between the Bondi luminosity and jet power as

estimated via the radio bubbles seen in elliptical galaxies and Cygnus X-1 (See Figure
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Figure 4.4 The plot above depicts the wind power versus the bolometric luminosity,
just like Figure 4.3, but this figure includes the jet power as red data points. The red
line describes all the jet points as log(LJet,42) = (1.18 ± 0.24) log(LBondi,42) − (0.96 ±
0.43). The yellow line describes the data set if Cygnus X-1 is excluded from the fit is
given as log(LJet,42) = (1.34± 0.50) log(LBondi,42)− (0.80± 0.82). The dashed regions
are the 1σ confidence regions. The orange line and dashed region is the best fit line
and 1σ confidence region when excluding Cygnus X-1 from the fit. One can see that
the normalization of the jets is higher, demonstrating that for a given bolometric
luminosity they are more powerful. One can also see that the slope between the two
relations is quite similar, perhaps indicating a common launching mechanism

4.4 and Table 4.2). Again, the Bondi luminosity is used for the ellipticals instead of

bolometric luminosity as in the wind sample, but can be thought of as a proxy for

mass accretion rate just as the bolometric luminosity is at high accretion rates. For

the jet sample, a high degree of correlation between the Bondi luminosity and the jet

power is indicated, as initially noted by Allen et al. (2006). We find a Spearman’s

rank coefficient of ρS = 0.95 with probability p = 2.3 × 10−5, and a Kendall’s τK

coefficient of τK = 0.87 with probability p = 4.9 × 10−4. Clearly, there is a positive

correlation for this data set as well.

As a correlation is quite apparent in this jet sample, we fit the data using the same
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technique as was used for Sections 4.5.1. We find a αjet = 1.18±0.24, βjet = −(0.96±

0.43), and a intrinsic scatter consistent with zero (σjet
0 = 0). These parameters are

listed in Table 4.3 for comparison with the wind parameters. This relation is also

shown in red in Figure 4.4. The reduced χ2 is quite small at χ2/ν = 0.11. This

is a result of the large uncertainty estimates on the Bondi luminosities. The error

in Bondi luminosity is estimated using the uncertainty given in Allen et al. (2006)

as well as the uncertainty derived from the scatter in the M − σ relation given by

Gültekin et al. (2009b). These two uncertainties are added in quadrature, resulting

in an uncertainty of approximately 0.62 dex.

As Allen et al. (2006) and Merloni and Heinz (2007) perform similar fits to ex-

clusively the elliptical galaxies, we next exclude Cygnus X-1 from the fit and find

αjet = 1.34 ± 0.50, βjet = −(0.80 ± 0.82) and an intrinsic scatter also consistent

with zero. See the orange line in Figure 4.4. Our analysis is able to reproduce the

results by Allen et al. (2006), who first published this sample. Allen et al. (2006)

find B = 0.77 ± 0.20, which is equivalent to αjet = 1.30 ± 0.34 in our nomenclature.

Our results are also consistent with Merloni and Heinz (2007) who find a slope of

αjet = 1.6+0.4
−0.3 when correlating  LKin/LEdd to LBondi/LEdd.

We note here that Cygnus X-1 nominally lies one or two orders of magnitude

above the elliptical jet relation but is consistent within its large uncertainty. This

begs the question whether the radio bubble seen around Cygnus X-1 is truly related

to the black hole jet or in fact a chance alignment. Cygnus X-1 is located in a fairly

active star forming region where massive young stars may be responsible for such a

structure (Reid et al., 2011). In fact, there have been X-ray winds associated with

the Cygnus X-1 system, whether from the accretion disk or the companion O star is

unclear. These may also have an effect on inflating the bubble, which would bring the

power estimate down. In addition, as previously discussed, we do not see a counter

bubble from the presumed counter-jet.
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If we include Cygnus X-1 in the jet relation, then the slope of the jet relation is

inconsistent with the wind relation by only 1.6σ. However, when we exclude Cygnus

X-1 (as it is plausibly associated with a supernova remnant Russell et al., 2007) the

slopes of the jet and wind relations are consistent within errors. Although the nor-

malizations are different, a common slope might imply a shared driving mechanism.

In Figure 4.4, it is apparent that the jet and wind power normalizations are within

a few orders of magnitude, especially at high luminosity. However, correcting for the

filamentary and geometric structure of the winds via the filling factor will decrease

the wind power normalization by 3 to 4 orders of magnitudes, demonstrating the

greater efficiency of the jet power.

4.5.3 Spectral State Dependence

It is also interesting to compare how jet and wind power scale in terms of Ed-

dington fraction to examine the accretion rate dependence. Figure 4.5 shows both

the wind and jet power per Eddington luminosity as compared to their Eddington

fraction (i.e., bolometric luminosity or Bondi luminosity per Eddington luminosity).

The AGN jet power is denoted in red, Cygnus X-1 jet power is denoted in orange,

the AGN winds are denoted in black, and the BHB winds are denoted in blue. The

solid lines are taken from Churazov et al. (2005) and describe the outflow mechani-

cal power (thick line) and radiative power (thin line) for AGN. They postulate that

AGN should follow a similar evolution to their stellar-mass counterparts, in that they

should have a strong jet dominated phase at low accretion rates, and little-to-no jet

production at high accretion rates. This allowed them to present a model for AGN

feedback and co-evolution with the host galaxies as a function of mass accretion rate.

We assume an efficiency of η = 0.1 to compare our bolometric luminosity to their

mass accretion rate.

A division in the outflow power is seen at approximately 10−2LEdd in our data
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Figure 4.5 The above plot shows the power emitted either from the jet power
(AGN:red and BHB:orange) or wind power (AGN:black and BHB:blue) as a com-
pared to the mass accretion rate, which is approximated by the bolometric luminosity
on the x axis. A clear turnover at Ṁacc ≈ 10−2ṀEdd indicates where the power emit-
ted is becoming less efficient. Interesting is the dichotomy between where the jets lie
at lower mass accretion rates and where the winds lie at higher accretion rates. The
thick black line denotes the output power by outflows, where as the thin line is the
power generated by radiation as described by Churazov et al. (2005)
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set. See Figure 4.5. Below this Eddington fraction, jets dominate and increase in

power with bolometric luminosity. At higher Eddington fractions, the wind power

dominates but decreases with Eddington fraction. We note that there is an observed

dichotomy between the type of outflows seen in stellar mass black holes and their

X-ray spectral state already described in the literature. In particular, winds are

found in the “high/soft” state, i.e., high mass accretion rate and Eddington fractions

(≳ 10−2LEdd), and radio jets are observed in the “low/hard” state, i.e. low mass

accretion rates and Eddington fractions (Miller et al., 2006a, 2008; Neilsen and Lee,

2009). Although our sample is not exhaustive, we do see illustration of a similar trend

in the AGN sample where jets persist at low Eddington fractions and winds persist

at high Eddington fractions. We note that in one AGN source, NGC 4051, there is

evidence for simultaneous winds and jets (King et al., 2011). However, the winds may

very well dominate at this high Eddington fraction in NGC 4051. Regardless of the

particular outflow seen, Figure 4.5 allows for the prediction of the outflow power as a

function of Eddington fraction. This will be vital to simulations of AGN feedback and

co-evolution; both for matching predictions to observations as well as implementing

sub-grid physics in cosmological simulations.

4.5.4 Ultra-Fast Outflows

There are a few wind sources that lie well above the wind relation in Figure 4.3 and

much closer to the jet relation in Figure 4.4. This is primarily because of their high

velocities, i.e., v > 0.01c, as Lwind ∝ v3/ξ, which increases their power to lie near the

jet relation. In Figure 4.6, we include four ultra-fast outflows mentioned in Section

4.3.5. These are denoted in the black squares. The upper squares assume a global

filling factor of unity. For comparison, we include estimates of the wind luminosity if

the filling factor were as low as Cv = 10−4 connected by a dashed line to the original

higher estimate. Such a small filling factor is reasonable as it is consistent with their
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Figure 4.6 This plot is the same as Figure 4.4 but now includes UFO’s in black squares
(v > 0.1c). The upper square is the power estimate with a filling factor of unity. The
bottom square connected by the dashed line is the lower estimate of the wind power if
the filling factor is as low as Cv = 10−4. Even with a smaller filling factor, the UFO’s
resemble the jet relation more so then the wind relation. Perhaps this is indicated
that the winds are reaching a phase where they are being accelerated into jets.

potential transient nature (Tombesi et al., 2011) as well as density diagnostics (King

et al., 2012a). We note that variability of these sources can be attributed to both

movement across our line-of-sight as well as duty cycle. However, the timescales for

variability are short compared to dissipative timescales, and are generally ascribed to

filling factor and not duty cycle (e.g., Elvis et al., 2004; Crenshaw and Kraemer , 2012;

Risaliti et al., 2009). Regardless of the filling factor, these high velocity outflows tend

to be much more efficient at their given bolometric luminosity as compared to the

other winds. Therefore the ultra-fast outflows may resemble the jet relation, which

is plotted in Figure 4.6. As the ultra-fast outflow power approaches that of jets, it

suggests that we are seeing the transition from winds as they are being accelerated

into jets.
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4.5.5 Distance and Mass Dependence Diagnostics

When examining broad relationships, it is important to be wary of a rising trend

with a slope of unity; this can indicate that a relation that is driven by a mutual

dependence of a third, shared parameter. For example, in the wind relation, both

the bolometric and ionizing luminosity are both proportional to the square of the

distance, which may have an influence in driving the observed trend. However, we find

evidence to the contrary. Not only is the observed slope in the wind relation is greater

than unity, but a partial correlation test, described by Akritas and Siebert (1996),

gives a low probability of p = 0.035 that the wind relation is driven by a mutual

dependence on distance. This estimate is derived from Kendall’s partial τK,p, which

gives the Kendall’s τ holding the third parameter, distance, constant. The values we

find for the wind relation are τK,p = 0.270, with an estimated variance, σK = 0.128.

Further, the rising trend in the winds is therefore dominated by the velocity and

ionization as Lwind ∝ v3/ξ, both of which are directly and independently constrained

by observations. We also note that the jet sample is not driven by distance. This

sample has an even smaller probability of p < 10−6 that distance is needed as a third

parameter. This is derived from a Kendall’s partial correlation test where τK,p=0.86

and σK=0.13.

Similarly, we tested whether the relations are driven by the mass of the black hole.

A partial correlation test of the wind sample using mass as a third variable gives a

probability of p = 0.034 that the relation is driven by a mutual dependence on mass.

This probability was derived from a Kendall’s partial correlation test where we found

τK,p is 0.436 with σK = 0.206. The jet sample is even less dependent on mass with

a probability of p = 1.8 × 10−3 (τK,p = 0.73 and σK = 0.24), likely the result of the

sample including only 1 BHB and massive ellipticals (M ∼ 109MBH).

Although the probability in the wind sample is small, it does not rule mass out as

a third parameter at a 3σ level like the jet sample does. The nature of these winds
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Figure 4.7 This figure shows the best fit linear regressions when the AGN and
BHB samples are fit separately. The BHB are described by log(LBHB

wind,42) = (0.91 ±
0.31) log(LBHB

Bol,42) − (5.58 ± 1.68) with scatter consistent with zero. The AGN are
described by log(LAGN

wind,42) = (0.63 ± 0.30) log(LAGN
Bol,42) − (1.24 ± 0.63) with scatter

σAGN
0 = 0.58.

across such a large mass scale has not been studied before. Consequently, we explore

the potential for mass dependence in this data set.

We separately fit a linear relation to both the BHB and AGN data sets. We

used the same linear regression as in Sections 4.5.1 & 4.5.2, minimizing the χ2 for

the best fit parameters. We find the BHB sample had the best fit parameters of

αBHB = 0.91 ± 0.31, βBHB = −(5.58 ± 1.68) and an intrinsic scatter consistent with

zero (σBHB
0 =0). The AGN sample had the best fit parameters of αAGN = 0.63 ± 0.30

and βAGN = −(1.24±0.63) with an intrinsic scatter of σAGN
0 = 0.58. Figure 4.7 depicts

the best fit relation for the BHB and AGN, and Table 4.3 lists these parameters for

comparison with previous results.

The slopes of the two individual fits are consistent with each other, although

inconsistent with the initial fit to the wind sample at the 2.4σ and 3.1σ level for the

91



BHB and AGN samples, respectively. However, in order to evaluate whether these

parameters are truly inconsistent with the initial fit, we used a bootstrap method

to resample the data and estimate the number of trials we would expect with slope

α ≥ 1.58. Using N=104 trials, we found that in the BHB sample, 3.1% of the trials

gave a slope α ≥ 1.58. Similarly, in the AGN sample, 1.7% of the trials gave a slope

α ≥ 1.58. Although these parameters are formally inconsistent with the initial fit

using the 1 σ error bars, we can not rule them out at more than a 98.3% confidence

level. In addition, by fitting the data separately, we are introducing an additional

three free parameters and thereby doubling the parameter space. Because we can not

directly compare the ∆χ2, as the χ2/ν is fit to be unity, we used a Bayesian analysis

to determine which model better describes the data.

The advantage to using Bayesian statistics is that it allows us to compare two

different models of the same data without a reduced χ2 and without the same number

of degrees of freedom. This is done via a Bayesian odds ratio, which compares the

likelihood of each model over the entire parameter space. In our analysis, we assume

a uniform prior distribution in slope (α ∈ [−10, 10]), intercept (β ∈ [−12, 2]), and

scatter (σ0 ∈ [0, 3]). We find that when comparing the likelihood of the single fit, L1,

to the two individual linear fits, L2, the odds ratio was O1,2 = L1

L2
= 0.17. This means

that the two linear fits are slightly favored over the single linear fit, suggesting that

mass may have a role in this relation. In Section 4.6.3 we suggest further observations

that would also help to distinguish between the two models.

We next fit a plane to the data, which included mass as an additional parameter.

A similar linear regression to that used in Section 4.5.1, is used to fit a plane to the

entire wind data set. The plane is described by,

Z = αpX + βpY + γp (4.9)
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Figure 4.8 The above plot shows the best fit plane of our wind sample when including
mass as a third parameter with bolometric luminosity and wind power. The plane is
described by log(Lwind) = (1.2 ± 0.3) log(MBH) + (0.2 ± 0.4) log(LBol) + (24.5 ± 0.2)
with scatter σ0 = 0.68.

where X = log(LBol), Y = log(MBH), Z = log(Lwind/Cv), and γp is the intercept. In

order to find the best fit parameters, we minimized the function,

χ2 ≡
N∑
i=1

(Zi − γp − βpYi − αpXi)
2

α2
pσ

2
X,i + β2

pσ
2
Y,i + σ2

p,0

(4.10)

where σX,i is the log(LBol) scatter, σY,i is the log(MBH) scatter, and σp,0 is the intrinsic

scatter of the plane in the Z direction. This is further discussed in Merloni et al.

(2003) and Gültekin et al. (2009a)

We found the data set is best fit by the parameters are αp = 0.2±0.4, βp = 1.2±0.3

and γp = 24.5± 0.2 with an intrinsic scatter of σp,0 = 0.68. Figure 4.8 shows the best

fit plane.

Ideally, we would like to compare this plane to a plane that describes the jet

cavities while including mass. However, the jet cavities are dominated by ellipitical

93



galaxies with masses of approximately MBH ≈ 109M⊙, and as demonstrated by the

partial correlation test, the data show a relation that is independent of mass at the

99.82% confidence level. Although mass may be an important variable, the data may

not span a wide enough parameter space to deduce its effects. However, previous

studies that have used radio luminosity instead of X-ray cavities to study jet char-

acteristics, have shown a mass dependence (e.g., Merloni et al., 2003; Falcke et al.,

2004a; Gültekin et al., 2009a). As we noted in Section 4.3.4, using radio luminosity

to study jet properties involves some uncertainties when converting between radio

flux density to jet power (e.g. Merloni and Heinz , 2007), and should be treated with

caution.

Therefore, we proceed with only a tentative comparison of our relation to the

fundamental plane of accretion onto black holes. The wind plane parameters, α and

β, are formally consistent with the fundamental plane parameters given by Gültekin

et al. (2009a), although the overall normalizations differ. See Figure 4.9. The plane

given by Gültekin et al. (2009a) relates the accretion rate of low-luminosity black holes

via the X-ray luminosity and the mass of the central black hole to the radio luminosity

of the compact radio source in the host galaxy. We note that we do not include a

conversion between radio luminosity and jet power in this comparison, which may be

necessary for comparison with our wind sample. In addition, the work by Gültekin

et al. (2009a) uses X-ray luminosity and does not include the bolometric correction

factors that we have used in our work. Both of these caveats should be examined

in the future to better understand the connection and consistency between these

two relations. Finally, we note that our wind coefficient describing the bolometric

luminosity, αp, is consistent with the coefficient given by Merloni et al. (2003), and

our mass coefficient, βp, is only inconsistent with the Merloni et al. (2003) coefficient

at the 1.3 σ level. Again, Merloni et al. (2003) describe a similar plane between the

mass, X-ray luminosity and compact radio emission in both stellar- and supermassive
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Figure 4.9 This plot shows our wind data plotted against the fundamental plane of
black hole activity described by Gültekin et al. (2009a). The solid line is used to
show the one-to-one correspondence in this plane cross section. ν=5GHz. Although
the intercepts are different, the coefficients of mass and X-ray/Bolometric luminosity
are consistent between our sample and Gültekin et al. (2009a), which may tentatively
suggest a common driving mechanism.

black holes.

4.6 Discussion

We have compiled samples of both X-ray winds and relativistic radio jets that

span eight orders of magnitude in black hole mass. Each sample has uniform, rigorous

selection criteria to ensure consistent comparisons between the various sources. In

particular, we demand that the winds be detected through significantly blue-shifted

absorption features seen in the X-ray band, and the jets be seen as X-ray bubbles or

cavities. By including only the X-ray winds and jets, we aim to probe the outflows

associated with the inner accretion disk. These flows may be driven by the accretion

disk, and jetted outflows may also tap the spin of the black holes.
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For comparison, we also examine the bolometric or Bondi luminosity of each

source. In doing so, we find a relation that describes the entire black hole X-ray winds

sample as log(Lwind,42/Cv) = (1.58 ± 0.07) log(LBol,42) − (3.19 ± 0.19) and jet sample

as log(LJet,42) = (1.18 ± 0.24) log(LBondi,42) − (0.96 ± 0.43). If we exclude Cygnus

X-1 the relation becomes log(LJet,42) = (1.34 ± 0.50) log(LBondi,42) − (0.80 ± 0.82).

These relations suggest a common regulation scheme for winds and jets across the

mass scale. We also find that when fit individually, the BHB and AGN wind samples

have shallower slopes of αBHB = 0.91 ± 0.31 and αAGN = 0.63 ± 0.30, which are also

consistent with each other within errors. Although, the two wind fits are preferred

slightly over the entire sample fit, a common slope between the BHB and AGN is

required by the data regardless of the procedure used.

4.6.1 Plausible Outflow Driving Mechanisms

Examining winds specifically, thermal, radiative and magnetic mechanisms are

viable methods of driving winds. However, it is not clear that these mechanisms

would collectively drive this relation in the same way as required by the data. We

now turn to whether radiative, thermal or magnetic processes can drive the observed

X-ray wind correlation individually.

First we examine whether radiation pressure, and more specifically UV line driv-

ing, has enough force to launch winds. If we assume this occurs when the force from

the lines, Flines, exceeds that of gravity, Fgrav, i.e. Flines > Fgrav, it yields the following

UV luminosity, LUV , criterion that LUVM(t) > LEdd (See equation 8 in Proga and

Kallman, 2002). Here M(t) is the force multiplier (Castor et al., 1975), and LEdd is

the Eddington luminosity. The force multiplier allows us to quantify the contribution

of line driving in addition to electron scattering and is a function of the optical depth

t = σTρvth
∣∣dv
dr

∣∣−1
, ρ is the density, vth is the thermal velocity and

∣∣dv
dr

∣∣ is the velocity

gradient along the flow (Castor et al., 1975). For most BHB, the strong X-ray ra-
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diation can highly ionize the gas, driving the M(t) to 1 at log ξ ≈ 2, and M(t) to

0.1 at log ξ ≈ 3 (Proga et al., 2000). In addition, the BHB spectrum does not have

a large relative contribution from the UV, due to the high disk temperatures. This

also hinders line-driving of winds consistent with Proga and Kallman (2002); Proga

(2002). On the other hand, AGN spectra peak in the UV, and the AGN winds span

a wider range of ionization parameters, suggesting that at low ionization parameters,

log ξ < 2, line-driving may be important, which is also consistent with the work by

Proga (2002). This may partially account for the index of 1.58±0.07 in the initial fit

that makes AGN more efficient wind producers. However, it still remains to be seen

what drives the higher ionization states found in a majority of the AGN listed here.

Thermal pressure is another plausible driving mechanism. Winds can be driven

by thermal pressure if the temperature of the gas is higher than the local escape speed

(e.g., Begelman et al., 1983; Woods et al., 1996). It has been shown that thermal winds

arise at 0.1–0.2 RC , the Compton radius. RC is defined to be RC ≃ 1010(M/M⊙)T−1
C8

cm, where TC8 is the Compton temperature in terms of 108 K (Woods et al., 1996).

Therefore, to launch a thermally driven wind, we require the launching radius, Rlaunch,

be located at greater than 0.1 RC . If we then assume that the observed velocity is

equal to the local escape velocity, we can solve for the corresponding radius,

R′
launch ≃2GM

v2out
(4.11)

=1011

(
M

M⊙

)( vout
300km s−1

)−2

cm. (4.12)

Setting this radius to be greater than or equal to the launching radius, which is
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required if the wind is to be thermally driven, we find,

R′
launch ≳ Rlaunch (4.13)

10

(
M

M⊙

)( vout
300km s−1

)−2

> 0.1

(
M

M⊙

)
1

TC8

(4.14)

TC8 >10−2
( vout

300km s−1

)2

. (4.15)

We can see here that for typical velocities, and low Compton temperature (< 106

K), driving winds by thermal pressure is difficult. We note that the actual velocity

is likely to be greater than the line-of-sight velocity due to inclination effects and

transverse velocities across our line-of-sight. If the observed velocity is proportional

to the gravitational potential. i.e., v2out ≳ GM/Rlaunch, then a higher velocity would

place the gas deeper in the potential well and thus increase the temperature needed

to launch a thermally driven wind. In addition, we have assumed that the launching

radius is the radius at which the observed velocity equals the escape velocity.

Requiring that the velocity exceeds the escape velocity also requires that the

bolometric luminosity to be

LBol ≳ (6.4)−3/4(R/RC)−1/2LCR (4.16)

where LCR is the critical luminosity defined as LCR = 2.88 × 10−2T
−1/2
C8 LEdd. (See

Proga et al., 2000, for more details.) If the source luminosity is LBol ≲ 2 × 10−2LEdd

then it would fail to launch an escaping wind. As seen in Figure 4.5, a majority of

the wind sources are above this threshold, so thermal driving is plausible as long as

our assumption about the launching radius is correct. If the wind originates closer

than 0.1RC , then other mechanisms are needed.

Luketic et al. (2010) perform hydrodynamical simulations to explore whether ther-

mal driving could be responsible for the winds seen in X-ray binaries. They conclude
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that at low densities, thermal driving is possible from an X-ray heated accretion disk.

However, at densities higher than ne > 1012 cm−3, Compton heating is not sufficient

at driving winds at velocities of vout ≥ 102 km s−1. Luketic et al. (2010) compare

their work to observations of GRO J1655-40 which has a high density of ne ≃ 1014

cm−3 (Miller et al., 2008), and conclude that thermal driving is not responsible for

its winds. It is possible that the other X-ray binaries have similar densities, and as

Figure 4.1 shows, they have similar velocities as well as high ionizations. Therefore,

Compton heating may be an unlikely driving source for these X-ray binaries.

The AGN in Figure 4.1 show a much wider range in ionization but are all outflow-

ing at velocities consistent with vout > 102 km s−1. If they share a similar density to

that of the BHB, then Compton heating is not a viable driving mechanism for them

either. Dorodnitsyn et al. (2008) also perform hydrodynamical simulations for Comp-

ton heated and radiation driven AGN winds. They find similar outflowing velocity

and ionization parameters as we show in Figure 4.1 but the density they assume is far

lower than what is inferred from observations (e.g., McKernan et al., 2007; Risaliti

et al., 2009; King et al., 2012a). In addition, the location of their warm-absorbers

are much farther from the central source than those inferred from observations (e.g.,

King et al., 2012a; Crenshaw and Kraemer , 2012).

A third driving mechanism can be magnetic fields, whether through magneto-

centrifugal force (Blandford and Payne, 1982), or magnetic pressure from the toroidal

field generated by MRI in the disk, as suggested by Contopoulos (1995), Miller and

Stone (2000), and Proga (2003). These winds tap magnetic field energy generated or

sustained in the disk. It has been shown that for at least three of the sources included

in our study, GRO 1655-40, NGC 4051, and NGC 4151, magnetic processes are likely

driving the observed winds (Kraemer et al., 2005; Miller et al., 2008; King et al.,

2012a; Neilsen and Homan, 2012). Because these sources (the BHB, GRO 1655-40,

and Seyfert-1’s, NGC 4051 and NGC 4151) are included in this relation, and span

99



orders of magnitude in mass, it raises the possibility that magnetic forces may drive

this wind relation.

Jets are also thought to be driven by magnetic processes in the disk or near the

black hole (e.g., Lovelace, 1976; Blandford and Payne, 1982; Blandford and Zna-

jek , 1977; Krolik and Hawley , 2010). The jet power relation is determined to be

log(LJet,42) = (1.18 ± 0.24) log(LBol,42) − (0.96 ± 0.43). If we exclude Cygnus X-1,

then the jet relation becomes log(LJet,42) = (1.34 ± 0.50) log(LBol,42) − (0.80 ± 0.82)

(See Figure 4.4). When we include Cygnus X-1 in the jet relation the slope of the

jet relation and the initial wind relation are inconsistent at the 1.6σ level. When

we exclude Cygnus X-1, the jet relation slope is formally consistent with that of the

single wind relation. Further, if we examine the individual wind fits, the jet relation

including or excluding Cygnus X-1 is consistent with the BHB slope. When com-

paring the jet relation to the AGN sample, the slopes are only inconsistent at the

1.4σ and 1.2σ level, including and excluding Cygnus X-1, respectively. Finally, we

very tentatively suggest that the plane fit to the wind sample is consistent with the

fundamental plane of accretion onto black holes (Gültekin et al., 2009a), which would

be further evidence of the similar dependence on mass accretion rate (as well as mass)

of both the winds and jets.

If the two types of outflows are regulated by the mass accretion rate in the same

fashion, then the same driving mechanism may also be at work, as the geometry

or mass loading of the magnetic fields may be driven by the mass accretion rate as

well. This may explain the formal consistency of the slopes between the jet and wind

relations. A Blandford and Payne (1982) scenario may be a viable solution for driving

these outflows, and could be possibly aided by Blandford and Znajek (1977) scenario

for jets. In addition, Ohsuga and Mineshige (2011) show that MHD accretion flows

can drive both jets and winds depending on the mass accretion rate, qualitatively

consistent with Figure 4.5.
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The ultra-fast outflows appear to follow the jet relation (See Figure 4.6). These

are winds whose observed velocity exceeds v > 0.01c. This raises the question of how

these ultra-fast winds are accelerated to such high velocities. Are we seeing the phase

at which these winds are being collimated into jets, as the power associated with

the winds is very comparable to the jet power? Again, this could point to a shared

driving mechanism between winds and jets, such as MHD (Lovelace, 1976; Blandford

and Payne, 1982), if we are truly observing this transition phase between the two.

4.6.2 Implications for Feedback

The characterization of these outflows allows us to determine that X-ray AGN

winds are more efficient at removing material than are X-ray BHB winds. Interest-

ingly, Hopkins and Elvis (2010) show that only 0.5% of the bolometric luminosity

needs to be converted into mechanical power in order to regulate black hole growth

and affect feedback in the host galaxy. As shown in Figure 4.10, the majority of

the AGN lie above (or are consistent with) 5 × 10−3LBol. A few sources lie above

5 × 10−2LBol (the dotted line). Crenshaw and Kraemer (2012), in a study focus-

ing only on AGN winds, show that up to half of their AGN are consistent with

≳ 5× 10−3LBol. However, if the filling factor is much less than unity, the wind power

will be far less than the 5 × 10−3LBol limit for influential feedback. This may imply

that the X-ray winds do not have a large impact on feedback.

In addition, Figure 4.2 shows a stratification of the kinetic wind luminosity as

a function of ionization in the AGN. The low ionization components (log ξ < 2)

tend to have a much higher kinetic luminosity as compared to the medium ionization

components (2 < log ξ < 3) and high ionization components (3 < log ξ). The reason

for this may again be because the filling factor is not included in this analysis. As

mentioned in Section 4.4, these black hole X-ray winds are thought to be clumpy

and filamentary. Moreover, observations of ionized stellar winds indicate that the less
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Figure 4.10 This plot shows the correlation between kinetic wind luminosity per filling
factor divided by the bolometric luminosity as compared to the bolometric luminosity.
The dotted line is 5% LBol, while the dashed line is 0.5% LBol. These are the limits
of the kinetic wind power reported by Di Matteo et al. (2005) and Hopkins and Elvis
(2010), respectively, for mechanical feedback to have an influence on black hole growth
and feedback. We expect these winds to have a small filling factor which would make
the wind power estimate lower, and perhaps below 0.5% LBol.
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ionized gas should be more clumpy, i.e. have a lower filling factor, due to pressure

confinement from the hot surrounding gas (e.g., Sako et al., 1999). This would imply

that the low ionization components seen in Figure 4.2 would likely have a lower filling

factor than the high ionization components. If the filling factors were included, the low

ionization components would no longer rise above the higher ionization components.

This would serve to flatten the initial wind relation, making the wind slope even more

consistent with the jet relation slope. Feedback from the lowest ionization components

would no longer dominate the relation.

On the other hand, the low ionization components may also be consistent with

being radiatively driven, and therefore would not follow the same relation as the

high ionization components anyway. As shown in Section 4.5.1, the high ionization

components do follow a shallower slope of αlog ξ>2 = 1.42 ± 0.06, which is consistent

with both jet relations, i.e. including and excluding Cygnus X-1.

Regardless of the ionization of the winds, jets are more efficient at a given bolo-

metric luminosity, compared to X-ray winds. When considering power alone, jets

may have a greater impact on mechanical feedback and galaxy evolution then winds.

Depending on the mass accretion rate, for which we use the bolometric or Bondi

luminosity as a proxy, we can now characterize the associated jet and wind power.

Figure 4.5 shows exactly how the outflow power scales with Eddington fraction. There

is a division between dominant outflow at approximately 10−2LEdd. If both the winds

and jets share a common launching mechanism, this division may be strongly driven

by the mass accretion rate. Mass loading or even the geometry of the magnetic fields

in the disk would have an important role as well, and can again be directly regulated

by the mass accretion rate. The transition seen at approximately 10−2LEdd is also in-

teresting because this is the regime where winds begin to prevail over jet production,

especially seen the spectral state dependence in X-ray binaries.

We can now describe the outflow power as a function of Eddington fraction directly
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associated with the inner-accretion disk surrounding a black hole, vital for cosmic

simulations. This is important because as Figure 4.5 demonstrates, outflows are

present in a range of Eddington fractions, not just low Eddington fractions. As

galaxies evolve through their “Quasar” and “radio” modes of accretion, we are still

able to prescribe the outflowing power to assess the mechanical feedback in those

systems and explore the implications for galactic co-evolution.

4.6.3 Potential Caveats

Before using these descriptions, it is important to understand the caveats involved

in assembling this data set. As shown in Figure 4.5, there is a potential state depen-

dence of outflow type on accretion rate (also see Miller et al., 2006a, 2008; Neilsen and

Lee, 2009; Ponti et al., 2012). However, it is not clear if this is a result of a selection

bias toward high luminosity AGN. One could imagine that at low X-ray luminosity,

i.e. ellipticals and BHB in the “low/hard” state, detections of winds could be ham-

pered by low signal-to-noise. This would be most pertinent to our jet sample, which

is dominated by low luminosity AGN accreting at low accretion rates. However, even

if winds were to coexist in these low accretion rates, just as they do in Seyfert 1 NGC

4051 (King et al., 2011), jet power is likely to dominate by orders of magnitude, as

the wind power is proportional to the ionizing luminosity, which would be small. In

addition, in BHB strong limits to wind detection have been made in the “low/hard”

state (e.g., Neilsen and Lee, 2009) as well as strong upper limits to jet production in

the “high/soft” state (e.g., King et al., 2012b). Therefore, we stress that this work is

focused on the dominant outflow.

We also note the difficulty in placing upper limits on wind detections using ab-

sorption features in the X-ray band. As these features can be seen at an array of

different velocities and ionization states, there is no specific wavelength one would

expect to find an absorption feature denoting an outflow. Further, the wind power
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estimates do not depend on the strength of the line, but only the wavelength and

ionization state, making estimates of upper limits rather difficult. These issues of

detection affect both BHB and AGN in the same manner, and we stress that the

lack of detection of these absorption features is not evidence for the absence of a

wind, but may be the absence of evidence. Again, the state dependence of outflows

seen in BHB and now in AGN (Figure 4.5) is likely to be driven by accretion rate.

However, longer integrations to improve signal-to-noise of BHB in the “low/hard”

state and AGN at low accretion rates are needed to be confident of this assessment

(e.g., Miller et al., 2012). Next, we note that there are outflows other than the ones

examined in our analysis that are still important in removing substantial amounts of

material from their accretion disks and host galaxies. In particular, broad absorption

line (BAL) quasars have particularly powerful outflows (Moe et al., 2009; Dunn et al.,

2010; Brandt et al., 2000). However, these outflows are observed in the optical and

ultra-violet regime and have much lower ionization parameters than the X-ray winds

discussed here. Therefore, they are not as readily associated with - or driven by -

the inner accretion disk, and have not been included in our analysis. Crenshaw and

Kraemer (2012) also show a positive correlation between ionization parameter, U ,

and column density in local AGN in their figure 3. This demonstrates that the bulk

of the outflow material is being observed in the X-ray regime.

A broader range of ionization parameters are probed in the AGN as compared

to the BHB (See Figure 4.1), which may also contribute to the AGN scatter. The

mix of ξ in AGN calls into question whether we are probing the same physics, i.e.

closest to the black holes. Because ionization is dependent on the distance as ξ =

L(nr2)−1, similar ionization states should probe the same distance from the black

hole for a given luminosity. Consequently, similar micro-physics at a given radius and

ionization should be at work. Further, in Section 4.6.2, examining the high ionization

components alone results in a shallower slope when comparing bolometric luminosity
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to wind power. A shallower relation is more consistent with the jet relation. This

demonstrates the clear need for a much larger sample size. Fortunately, Astro-H will

provide the needed coverage in the highest ionization band. This will not only allow

for the detection of additional sources, but also detection of the highest ionization

states for comparison with stellar-mass black holes.

Although we see a large range in ionization, we do not see as large of a range

in velocity. It is only when we include the ultra-fast outflows that three orders of

magnitude in velocity are probed as compared to the six orders of magnitude in the

ionization parameter. This trend is important in understanding whether inclination

has an effect on the given Lwind vs LBol correlation. As BHB winds are thought to be

observed in nearly edge-on sources (e.g. Miller et al., 2006a,b; Ponti et al., 2012), and

AGN winds, especially Seyfert 1 AGN winds, are thought to be observed in face-on

sources (e.g., Wu and Han, 2001), inclination could have the potential to bias our

results. However, the data show no trend in velocity as a function of inclination. In

addition, when examining BHB sources individually, face-on sources (e.g., GX 339–

4, XTE J1817–330) do not show absorption features in the Fe K band when they

are in the “high/soft” state, contrary to their edge-on counterparts. This is due to

limited sensitivity, since low inclination sources tend to be softer and to give less

signal through the Fe K band. As noted in Ponti et al. (2012), the limits on flux in

face-on sources are not very constraining, and lines as weak as those in H1743-322

(Miller et al., 2006b) could not have detected in e.g. XTE J1817-330. For instance,

there is likely a simple absence of evidence for BHB winds in face-on systems.

One may also expect inclination to have an effect on the estimated kinetic jet

power. For example, those sources for which the jet is directed along our line of sight

may suffer from Doppler boosting. However, this would primarily affect the radio

luminosity of such sources, and not the kinetic power, which is taken from estimates

of cavity sizes. On the other hand, the jet power may be influenced by the spin of
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the black hole. If jets are driven by the Blandford and Znajek (1977) mechanism,

then spin may play a large role in the power released by the jets. However, the

common slopes between the jet and wind relation points to more of a Blandford and

Payne (1982) scenario, where the spin of the black hole does not affect the power

released. Further, the fact that the jet and wind power seem to be present at certain

Eddington fractions, point to the idea that mass accretion rate may be the throttle

that is ultimately driving the type and power of the outflow. We note that spin is

unlikely to play a large role in the X-ray wind power regardless, as winds are thought

to originate further out in the accretion disk.

An additional concern with the jet power is that the estimate is a long-term av-

erage and not instantaneous as are the wind power estimates. If the jet production

occurs on timescales that are much shorter than the dynamical timescale of the cav-

ity, than the power estimates would increase. Unfortunately, this is a limit of this

technique when using cavities to estimate power. However, long term estimates of

power are more pertinent for feedback estimates.

Finally, as this sample is small in size, the results must be regarded cautiously and

tested in the future. It is imperative that we obtain more observations at all masses

and mass accretion rates. Specifically, black holes accreting at LBol ∼ 1041−1042 ergs

s−1 could distinguish whether one linear fit is required across the entire wind sample

or if the BHB and AGN are better fit by individual linear fits. This could either be a

small Seyfert galaxy with mass on order of M ∼ 105M⊙ accreting at a few percent of

Eddington, or a large SMBH, M ∼ 109M⊙, accreting at a very low Eddington rate.

In addition, non-simultaneity of AGN luminosities could have a dramatic effect on

the observed scatter seen in the X-ray winds. Although the AGN timescales for disk

evolution are longer than BHB, observations made years apart may not probe the

same accretion regime.
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4.7 Conclusions

• In this study, we find that winds are consistent with being regulated according

to a simple relation across a large mass scale. In particular, we find the trend

is described as logLwind,42 ∝ (1.58 ± 0.07) logLBol,42. The slope is greater than

unity, so it may imply that the SMBH are more efficient at expelling material

than BHBs.

• If we fit the BHB and AGN populations separately, they still require consistent

slopes of αBHB = 0.91±0.31 and αAGN = 0.63±0.30. Further, if we assume mass

is influencing this relation and fit a plane to the data, we find the best fit relation

to be log(Lwind) = (1.2±0.3) log(MBH)+(0.2±0.4) log(LBol)+(24.5±0.2) with

scatter σ0 = 0.68 consistent with the “fundamental plane” of accretion onto

black holes.

• It remains possible that different processes tied to the mass accretion rate-

thermal driving in stellar-mass black holes and radiative driving in AGN - are

actually at work in driving winds. However, it is not clear that these differ-

ent mechanisms should agree so well and follow the same slope in these wind

relations. Moreover, it seems that a magnetic wind must be at work in GRO

1655−40, NGC 4051, and NGC 4151 (Miller et al., 2008; King et al., 2012a;

Kraemer et al., 2005), which fall on the relation. This may also suggest a role

for magnetic driving across the mass scale.

• Furthermore, when we examine jet power, the data may be consistent with

winds and jets being regulated in a common fashion. Since radiative and ther-

mal processes are not likely to drive relativistic jets, a mechanism like mag-

netocentrifugal or MHD winds are plausible explanations (e.g., Blandford and

Payne, 1982; Proga, 2003).
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• The ultra-fast winds appear to obey the same regulation scheme as slower, more

common winds, if they have a low filling factor and the slow winds have a high

filling factor close to unity. However, some ultra-fast winds appear to carry as

much kinetic luminosity as jets, even after accounting for filling factors. This

suggests that we may be seeing a phase where winds finally are accelerated into

jets.

• Figure 4.5 provides a direct way to quantify the outflow power as a function

of mass accretion rate. A division between dominant outflow state is observed

at approximately 10−2LEdd. This trend has broad implications, especially for

theoretical simulations that need prescriptions for feedback to study galactic

dynamics and evolution.

• A larger sample will help us to distinguish between these proposed relations

as well as quantify the intrinsic scatter. As it stands now, Chandra will play

an integral part in future studies. Looking further ahead, Astro-H will have

improved sensitivity in the Fe K band, enabling unprecedented looks at the

most ionized and innermost flows in the accretion disks of both BHB and AGN.
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CHAPTER V

Conclusions

5.1 Summary

In Chapter II, I examined the disk-jet connection in the smallest known supermas-

sive black hole with robust mass measurements, NGC 4395. Utilizing simultaneous

X-ray and radio observations made over two months, I discovered that the X-ray flux

had much more intrinsic variability than the radio flux densities. This held true even

after the variable intrinsic neutral absorption had be modeled. Comparing the data

to the fundamental plane of black hole activity, we find that the LX − LR relation

for simultaneous observations of NGC 4395 is flatter than the nominal AGN rela-

tion. When comparing the scaled luminosities of NGC 4395 to the stellar-mass black

holes, we find that it lies on the transition region between the steeper LX −LR track

and the nominal LX − LR track. This poses an interesting question as to whether

all AGN follow a similar trend, where in simultaneous monitoring observations, the

X-ray emission is much more variable than the radio emission causing the LX − LR

relation to always be flat; or, do AGN follow the two tracks traced out by the stellar-

mass black holes? Do NGC 4395 and NGC 4051 merely happen to be in the transition

between the two tracks?

In Chapter III, I discovered the fastest wind ever observed from a stellar-mass

black hole. The high ionization and high velocity imply that the wind is emerging
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from very close to the central black hole, i.e., ∼ 1000RG. Assuming typical wind

densities of stellar-mass black holes, we find that the mass outflow rate rivals the

mass accretion rate, which is determined via the X-ray luminosity. This wind has the

highest significance of detection of either stellar-mass or AGN ultra-fast winds, and

as this high velocity wind resembles those from several AGN (Tombesi et al., 2013),

it suggests flows are real and that ultra-fast outflows in AGN can be responsible for

a substantial portion of the feedback necessary on galactic scales. Feedback from

winds may be a more favorable than jets as they have a large covering fraction, and

thus large interaction cross-section as compared to highly collimated jets, though the

magnitude of AGN wind energetics remains to be quantified.

Finally, in Chapter IV, I examined the disk-wind-jet connection in an ensemble

of black holes across the mass scale. This study was a natural extension of the work

done on the fundamental plane of black hole activity. It examined the role of jet

production (via radio luminosities) as a function of mass and mass accretion rate

(via X-ray luminosity). I found that the wind power can be fit with a universal rela-

tion when compared to bolometric luminosity, i.e., mass accretion rate. A universal

relation would imply that winds in stellar-mass and supermassive black holes have

fundamentally the same (scaleable) properties, and a common regulation mechanism.

Though this is a small sample, this would imply that winds are driven via magnetic

mechanisms across the mass scale, and winds and jets are also driven by the same

mechanism.

In all three studies, comparing outflows in one setting with their high or low

mass counter parts has revealed new information, placing the outflow into a greater

context. Such comparisons allow one to discover whether local plasma physics or

global physical processes are driving these outflows, as stellar-mass and supermassive

black holes have a wide range in mass, density and temperature. Moving forward,

theories of both wind and jet production will need to explain both stellar-mass and
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supermassive behavior. The goal of future observers is to then put together the

best ensembles of sources for like comparison across the mass scale, determining

which properties are ubiquitous between outflows and which are unique to each mass

extreme and type of outflow.

5.2 Open Questions

5.2.1 Radiative Efficiency

There remains a number of open questions that can be addressed in the near

future. For instance, What is the radiative efficiency of jets, and is this efficiency

constant with increasing jet power? The fundamental plane of black hole activity

indicates that radio luminosity increases with mass and X-ray luminosity, i.e., mass

accretion rate. However, the most massive and X-ray luminous sources are less effi-

cient at producing radio emission (Merloni et al., 2003; Falcke et al., 2004a; Gültekin

et al., 2009a). Is this a result of relatively weaker jets at high Eddingotn fracitons,

or are the jets just less radiative efficient at high Eddington fractions and more en-

ergy goes into kinetic energy? Figure 1.4 suggests the time averaged kinetic energy

from a jet scales with radio luminosity as logLK = (0.81 ± 0.11) logLR + 11.9+4.1
−4.4

(Merloni and Heinz , 2007). This indicates that the jet is becoming less kinetic en-

ergy dominated and more radiatively dominated as the radio luminosity increases.

Together with the fundamental plane, this indicates that jets are producing relatively

less power at higher Eddington rates both radiatively and kinetically.

This needs further investigation, as it is not clear if the brightest cluster galaxies

in the sample from Merloni and Heinz (2007) can be readily extrapolated to all

the sources utilized in the fundamental plane. New upgrades to the Karl Jansky

Very Large Array (VLA) will be able to detect more cavities, potentially surrounding

“regular” AGN to confirm or deny this trend. In addition, the duty cycle of jets
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needs to be well determined in order to associate the time average kinetic power

estimates using radio and X-ray cavities to the instantaneous radio luminosities that

are observed from the jets. Finally, the radio luminosity themselves need to be better

quantified as typical radio measurements are taken at 5 GHz, and the spectral energy

density should depend on both mass and mass accretion rate (Falcke et al., 2004a).

Again the VLA will be crucial in this endeavor, as the upgraded bandpasses will allow

for broad bandwidth observations quantifying the SED’s.

5.2.2 Powering Jets

With respect to jets and the amount of power they produce, it still remains unclear

as what is the main driving mechanism. There is a strong debate amongst the stellar-

mass community as to whether the magnetic fields tap the angular momentum of the

black hole to power the jet or not (e.g, Russell et al., 2013; Steiner et al., 2013). In

the AGN community, it appears that the launching mechanism is simply assumed to

tap the spin of the black hole, and this is used to explain the difference in radio-loud

and radio-quiet jets (e.g., Moderski et al., 1998; McNamara et al., 2011). However, in

detail, the spin of the black hole does not appear to be the major contributor to jet

power, though may set an upper envelope to the amount of power a jet can produce

(e.g., King et al., 2013a).

Moving forward, studies of black hole spin in the AGN community need to be

undertaken in not just Seyfert galaxies but in ellipticals and Quasars as well. Though

spin measurements via iron line analysis in the X-ray band will be challenging in

ellipticals, stacking efforts may prove a viable avenue of exploration. In addition,

gravitationally lensed sources have proven a powerful asset in obtaining spin mea-

surements of high redshift quasars and will expand the sample not just in type but

in cosmic age as well (Reis et al., 2014).
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5.2.3 Structure of Winds

As high resolution observations with Chandra and, soon, Astro-H resolve more X-

ray absorption features, we are able to quantify a number of different wind properties

including: velocity, ionization and density. One thing that remains to be determined

is the wind structure in both stellar-mass and supermassive black hole winds. Because

we can only examine each source at a single inclination, it is necessary to use ensembles

of wind detections from multiple sources in order to determine the structure above the

accretion disk. Stellar-mass black hole winds are predominantly observed in X-ray

“dipping” sources, which indicate the source is nearly edge-on, as material from the

accretion disk is thought to eclipse our line-of-sight causing the “dips” in flux (Ponti

et al., 2012). This indicates that stellar-mass black hole winds are predominantly

equatorial. In supermassive black holes, it is not as clear whether winds are strictly

equatorial or have a more uniform, spherical geometry.

Future investigations need to examine exactly how wind density, column density,

velocity and ionization vary with inclination in both stellar-mass and supermassive

black holes. This will ultimately determine exactly what the geometry of the wind

is, how much material is liberated, and with what energy is it deposited into the

surrounding ISM and IGM, quantifying their feedback potentials. The geometry of

the wind will also give clues to the launching and driving mechanisms that generate

these winds.

5.2.4 Winds Across the Mass Scale

In determining the wind geometry, this will also answer the question as to whether

winds from stellar-mass and supermassive black holes are one and the same. Chapter

IV discusses evidence that supports a common regulating mechanism between stellar-

mass and supermassive black holes. However, the sample of sources is small, and there

is a large hole in parameter space at logLX ∼ 1041 ergs s−1 that needs to be probed
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(a) (b)

Figure 5.1 Left panel: shows the correlation between bolometric and kinetic lumi-
nosity using a single linear relation to describe both stellar-mass and supermassive
black holes for jets (red) and winds (black) respectively (King et al., 2013c). Right
panel: This figure shows the best fit linear regressions when the wind samples are
fit separately King et al. (2013c). The purple diamond data point is the current
NGC 4395 estimate, while the purple star shows our reduced error estimates using
future observations. By observing a source at LBol ≈ 10−41 ergs/s, we can distinguish
between these two different X-ray wind models at a 99.97% confidence.

in order to unify or separate the wind relations. Targeting a low-mass supermassive

black hole that is accreting at a high Eddington fraction would probe this region of

parameter space. Figure 5.1 shows the tentative winds from the supermassive black

hole in the dwarf galaxy NGC 4395. Current observations have only a tentative

detection, and are not constraining between either a single or dual wind relations.

Chandra or Astro-H observations of NGC 4395 or another dwarf AGN will also be able

to determine whether winds are generated by the same mechanisms across the mass

scale. This is vital to our studies of feedback in galaxies on both local and galactic

scales because it allows us to narrow down the launching and driving mechanism,

constraining the disk-wind coupling.
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5.2.5 Winds Versus Jets

Finally, the relationship between winds and jets has yet to be resolved. My work

suggests there is a connection between winds and jets based on power output as a

function of bolometric luminosity (King et al., 2013c). Still, there are many unresolved

questions as to whether winds and jets can coexist; do winds quench jets or vice-

versa; and which type of outflow carries the most feedback. Future work will not

only need to add additional sources to my sample but will need to study individual

sources with great detail, employing extensive, multi-epoch, simultaneous observing

campaigns. Efforts will need to target stellar-mass black holes because of their short

timescales to traverse several different accretion states and outflow production. In

addition, campaigns targeting AGN will need to be able to quantify the impact and

efficiency how well winds and jets couple to their local environments. These studies

will ultimately determine the most important role of these outflows, i.e., the co-

evolution between the black hole and its host environments via the accretion driven

outflows.
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