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Some black holes are bright in radio while others are not. In this thesis we 
explore why, relating the radio emission to the relativistic jet phenomenon and 
examining how the emission behaves across the entire observed, 8 magnitude 
wide black hole mass scale. 
 
First we model detailed broadband spectra of the high accretion rate stellar 
mass black hole GRS1915+105 as well as the low accretion rate supermassive 
black hole in M94 with an outflow dominated model. We see how jets appear 
from radio to X-ray energies and gain understanding of the underlying physical 
processes that produce the observed emission. 
 
In the second half of this thesis we deepen our investigation of collimated radio 
jets by examining large, unbiased samples of supermassive black holes in active 
galactic nuclei (AGN).  Using the excellent spectroscopy of the (> million source) 
SDSS galaxy sample as a basis, we construct large samples of AGN that feature 
1.4 GHz radio observations from the Very Large Array (VLA) FIRST survey. 
We use these samples to explore the relationship between average radio and 
optical line luminosities.  We find that different scaling for the radio luminosity 
with accretion rate for LINERS compared to Seyferts and Quasars can explain 
the observed range of radio loudness. Lastly we explore another way of 
constructing an unbiased sample, starting with the same SDSS dataset, however 
this time not adding survey radio data, but adding serendipitously 
observed higher resolution, higher frequency VLA data, found by data-mining 
the entire (>120 000 observation) C-band (4.8 GHz) archive. 
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1
Introduction

Figure 1.1: The kpc-scale jets in the AGN Cygnus A (an
FR II radio galaxy, see Sec. 1.2.1), as observed by the
Very Large Array (VLA) at 4.8 GHz. Credit: C. Carilli.

Black holes (BH)s are observed
in systems spanning more than 8
decades in mass (e.g. Remillard &
McClintock 2006; Kormendy & Ho
2013). At low mass we observe the
stellar mass BH binaries (BHBs) or
X-ray binaries (XRBs; where a neu-
tron star can take the role of the com-
pact object). At the high end of the
mass scale we find active galactic
nuclei (AGN). Quasars (also known as quasi-stellar objects; QSOs) harbour the most
powerful AGN. These AGN can even dwarf the optical luminosity of the host galaxy.
However it is at radio frequencies where we find a long standing mystery surrounding
BHs of all masses: Why are some of these systems radio loud, while others are not?

The main candidates that are able to provide the radio flux densities observed to
originate from a BH accretion flow, are relativistic collimated jets. But although no
one will contest that the formation of such jets requires accretion, magnetic fields
and some form of rotation in the underlying geometry, exactly how, why and under
what circumstances jets form, are quenched and what is the nature of the jet-accretion
connection remains a subject of ongoing debate.

The universe does not care about such theoretical di�culties: Jets are ubiquitous
and have been observed directly and indirectly across the BH mass scale (and in many
accreting systems that are well beyond the scope of this thesis, e.g. Reipurth et al.
1998; Knigge & Livio 1998; Körding et al. 2011). When observations are indirect,
the presence of jets can be inferred from e.g. lobes seen in radio on either side of
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1 Introduction

the object (see Fig 1.1) or because we see strong polarisation of the radio emission.
The latter is expected when the emission stems from the synchrotron process, viz.
photons generated by relativistic particles (usually leptons), accelerated in a magnetic
field. Since synchrotron emission tends to be strongest in radio, jets are bright in
radio as well. A flat radio spectrum is considered the “smoking gun" for a relativistic
jet, i.e. the optically thick part of a jet, due to synchrotron self-absorption (SSA).
Furthermore the radio spectrum from a jet is distinctly non-thermal in nature as the
implied brightness temperatures are too high to be explained by thermal emission.

In recent years the importance of jets in the broadband spectra of accreting sources
has become increasingly clear. Where at the end of last century jets were thought to
contribute mainly at the low radio frequencies, in more recent years the astronomical
community has come to accept that not only do jets contribute across the entire
electromagnetic spectrum, but can even dominate major parts of the spectral energy
distributions (SED)s. E.g. Russell et al. (2006) suggest that up to 90% of the near-
infrared (nIR) flux of bright transients originates in the jets. Kellogg et al. (2001) and
Kraft et al. (2002) resolved jets up to X-ray energies (in the stellar binary system R
Aquari and the AGN Centaurus A, respectively). Pian et al. (1998) reported a jet at
TeV energies for Mkn 501 (a BL Lac object, see Section 1.2.1).

Clearly, in order to understand the process of accretion across the BH mass scale
we will need a firm understanding of jets. Where detailed jet physics for individual
sources are unknown, population studies of radio properties of large samples of BHs
can provide a wealth of insight. However before we delve into the details of all these
we begin by exploring typical geometries of accreting BHs.

1.1 The Mass and Geometry of black hole systems

Figure 1.2: Artist’s impression of a (high-
mass) BHB showing an evolved star (left),
the accretion disk and jets orthogonal to the
disk (right). Credit: ESA/Hubble.

It is well known that due to general relativistic
e�ects, photons close to a BH cannot escape
the clutches of gravity. Hence we cannot ob-
serve these compact objects directly using the
electromagnetic spectrum. However if a BH
is accreting matter, the radiative processes in-
volved reveal the presence of a BH as we ob-
serve the accretion flow and its geometry. The
accreted material is usually supplied by a com-
panion star or from the interstellar medium.
As mentioned, we observe stellar-mass BHs in
binary systems. These BHs typically have a

mass of ⇠ 10 M�. These systems are well-observed in our own Galaxy due to their

2



1.1 The Mass and Geometry of black hole systems

Figure 1.3: Schematic representation of the typical components in an LMXB. The accretion stream
that forms a disk/inflow around the BH (on the left) is supplied by donor star (on the right). Where the
accretion stream hits the disk a hot spot is formed. Outflows in the form of jets and/or a disk wind may
form. X-rays coming from the inner accretion flow (the jet-base and/or a Comptonising corona) may
irradiate the companion star and outer disk, raising their e�ective temperature, especially in brighter
systems (like GRS 1915+105; Chapter 2). Image credit: R. Hynes.

relative proximity. Supermassive BHs (SMBH)s, on the other hand, reside at the
cores of distant galaxies. These sources have masses of ⇠ 105–1010 M� (Beckmann
& Shrader 2012), with QSOs dominating the high mass tail of the distribution. There
appears to be a dearth of BHs at ⇠ 103 M�, however some of these intermediate mass
BHs may be ultra-luminous X-ray sources (ULXs; e.g. Colbert & Mushotzky 1999;
Colbert & Miller 2006; Motch 2014).

In terms of geometry, BHBs fall into two categories: High Mass XRBs (HMXB)s
and Low Mass XRBs (LMXB)s. As the name suggests, in HMXBs the donor star is
a rather massive star and mass transfer occurs through a stellar wind. In LMXBs the
companion star typically has a mass less than the solar value and matter flows through
the inner Lagrangian point as the donor exceeds its Roche-lobe in size. In this work
we only deal with LMXB stellar mass BHs. We explain the basic LMXB geometry
in Figure 1.3.

Due to conservation of angular momentum, transferred matter cannot fall directly
onto the BH, but starts spiralling around the accretor, at first forming a ring. Through
collisions in this ring the particles can exchange angular momentum. The net e�ect of
this exchange is that the outer plasma moves further out as it gains angular momentum

3



1 Introduction

from the inner material that moves inward, down the gravitational well. Through
this process a disk is formed. Due to various dissipative processes (e.g. particle
collisions, shocks, viscous dissipation) the plasma in the disk heats up and starts
radiating. Resulting photons radiated near the disk outer edge are typically emitted
in the optical, while the photons radiated near the inner edge of the disk can be
extremely energetic (UV or X-rays). The BH may not be able to accrete all the matter
and outflows can form, in the form of disk winds or collimated jets. The latter usually
occur at angles roughly orthogonal to the disk. Evidence has been found that the
flow rates of the disk and jets may be anti-correlated, while the total flow-rate is kept
roughly constant (e.g. Neilsen & Lee 2009; Ponti et al. 2012; Miller et al. 2012; see
Section 2.5).

Figure 1.4: Schematic representation of the main
components relevant for the AGN “engine". Image
credit: Urry & Padovani (1995).

AGN generally involve a more
complex geometry than BHBs and can
feature additional components. These
components are summarised in Figure
1.4. The AGN accretion disk is dom-
inant at optical and UV frequencies.
In most AGN, close to the central BH
we may find a broad line region (BLR)
that gives rise to the broad emission
lines seen in UV and optical spectra
(see Figure 1.5), possibly surrounded
by a molecular/dusty torus. Both BLR
and torus are too small to be resolved in
even the nearest AGN. However rela-
tively accurate size estimates are avail-
able from reverberation mapping: The
BLR lives from light-days to light-
weeks away from the SMBH, while
the inner edge of the torus is typically

light-weeks to light-months (forming an upper bound to the BLR radius). More-
over, the inner radii of both the BLR and torus appear to correlate with luminosity
(Kaspi et al. 2005; Suganuma et al. 2006; Koshida et al. 2014). Radiation emitted
in directions away from the torus can ionise gas clouds at, depending on luminosity
(e.g. Bennert et al. 2004), is parsecs to kiloparsecs away from the core, forming a
narrow line region (NLR). In directions roughly perpendicular to the accretion disk,
collimated jets may form. These jets can subtend kilo-parsec scales (e.g. Figure
1.1). Indeed, depending on orientation the same AGN could look very di�erent to an
observer. This is further explored in Section 1.2.2.

4



1.2 Active galactic nuclei

Figure 1.5: A composite QSO spectrum (combining ⇠2200 SDSS spectra) showing broad (e.g. H ↵)
and narrow (e.g. [O ���]) lines. Also spectral slopes ↵⌫ are indicated. Taken from Vanden Berk et al.
(2001).

1.2 Active galactic nuclei

Figure 1.6: Artists impression of an ob-
scured AGN. Credit: A. Simonnet.

It is no longer debated that supermassive BHs
(SMBH)s are ubiquitous and are found at the
cores of virtually every regular galaxy ob-
served (Kormendy & Richstone 1995; Magor-
rian et al. 1998). As explained in the previous
Section, the accretion geometry surrounding
an SMBH is complex and features several ad-
ditional components, compared to XRBs. The
presence or lack of these components, as well
as their relative orientation with respect to the
line-of-sight of an observer can greatly influ-
ence the appearance of an AGN. Accordingly
there are many di�erent types of AGN. Due to this diversity we will devote Section
1.2.1 to elaborate on the AGN “zoo". However, much work has been done to reduce
the complex range of AGN classes and understand them as the result of variations of
only a limited number physical parameters, mainly source orientation, radio loudness
and luminosity. These e�orts have been relatively successful at bringing order and
simplification into the wide range of observed phenomenologies and morphologies.
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1 Introduction

This unification is the subject of Section 1.2.2.

1.2.1 The AGN zoo

In this section we briefly explore AGN taxonomy. The main focus of this thesis will
be on Seyferts, LINERs and QSOs, however in order to properly explain the concept
of BH unification, an important recurring theme in this thesis, a wider discussion
is necessary. We note, however, that this treatise is by no means complete (see e.g.
Mickaelian 2015 for a recent comprehensive review).

Seyferts

Seyferts were the first AGN ever observed (Fath 1908). Seyfert (1943) recognised
that a number of these sources represented a class as they were morphologically
similar, showing bright stellar-like nuclei, while subsequent spectroscopy revealed
similar broad emission lines. These days Seyfert galaxies are required to show strong,
high-ionisation emission lines in their spectra. The spectra are quite similar to the
much more luminous QSO (see below and Figure 1.7; Panessa et al. 2006; Papadakis
et al. 2008, e.g.). Seyfert hosts (mainly spiral galaxies) are however resolved.

Both Seyferts and QSOs are thought to predominantly exhibit e�cient accretion
flows, accreting at a fraction typically greater than 1 per cent of the Eddington ratio
(see Section 1.4). AGN in Seyfert galaxies typically show a similar luminosity to
the host stellar population. A particularly interesting class of Seyferts are the narrow
line Seyfert 1 (NLS1) galaxies. These sources are high Eddington luminosity (Collin
& Kawaguchi 2004) and can exhibit jets (e.g. Komossa et al. 2006; Foschini et al.
2011). Moreover they show that low mass disk galaxies can also produce jets (not
just massive early-type ellipticals, see Section 1.2.3).

Quasars/QSOs

QSOs are historically distinct as they were discovered as point-source (i.e. smaller
than 700 on Palomar plates, e.g. Schmidt 1963) counterparts to radio sources and hence
they became known as quasi-stellar radio sources/objects. As mentioned, their AGN
are Seyfert-like, but they are typically a factor 100 more luminous1. Although the
first QSOs were found in powerful radio sources, only about 10%–20% of QSOs are
found to be radio-loud (Kellermann et al. 1989; Urry & Padovani 1995; Hooper et al.
1995; IveziÊ et al. 2002; Lal & Ho 2010).

1Schmidt & Green (1983) define that QSOs nuclear magnitudes are brighter than MB < �21.5 +
5 log h0 (where h0 is the Hubble constant in units of 100 km s�1 Mpc�1), while Seyferts are less bright.

6



1.2 Active galactic nuclei

LINERS

Low ionisation emission line regions (LINERs; Heckman 1980) are the low-luminosity
relatives of Seyferts and QSOs. In Chapter 3 we model the closest type 2 (see Section
1.2.2) LINER NGC 4736 with an outflow-dominated model. The duty cycle of AGN
is thought to be ⇠ 10�2 (Greene & Ho 2007), meaning they spend most their lives in
quiescent/low-luminosity states.

LINERs are linked to radiatively ine�cient accretion flows (RIAFs; Véron-Cetty
& Véron 2000). Their SEDs are mainly distinct from Seyfert and QSO spectra as they
generally lack a “big blue bump" (e.g. Ho 1999; Eracleous et al. 2010, cf. Figure 1.7).
Nuclear line emission in early type galaxies generally shows LINER characteristics.

Blazars/BL Lac Objects/OVVs

Blazars are a class of highly variable (on short time-scales) highly polarised sources,
comprising optically violent variables (OVV)s, BL Lac objects and flat spectrum
radio quasars (FQSO)s. BL Lacs generally lack strong emission lines. Blazars are
very luminous in radio. These characteristics are usually interpreted as being due to
a strong, relativistically beamed continuum component directed towards Earth (see
Section 1.2.2).

Radio galaxies

Radio Galaxies are thought to be local counterparts of (but not limited to) radio
loud QSOs (e.g. Padovani 1998), where the host galaxy (usually ellipticals) can be
resolved. Radio galaxies associated with AGN activity are split, accordingly, by
their optical spectra, into narrow-line and broad-line radio galaxies (NLRGs/BLRGs,
respectively).

FR I / FR II galaxies

These sources are also radio galaxies, but these specific classifications pertain to the
large-scale radio structure of radio loud galaxies (Fanaro� & Riley 1974). The FR
I galaxies are core dominated low accretion rate galaxies (like LINERs, linked with
RIAFs; Véron-Cetty & Véron 2000), while FR IIs are radio bright, powerful galaxies
that portray less bright cores but a bright extended structure.

1.2.2 AGN unification

Khachikian & Weedman (1974) found two types of optical spectra in Seyferts: In type
1, the permitted Balmer lines were observed to be broader than the forbidden lines

7



1 Introduction

Figure 1.7: Top panel: Figure from Ho (1999), comparing average SEDs of low luminosity AGN
(LLAGN) with radio loud and radio quiet QSOs from Elvis et al. (1994). The bottom two panels (taken
from Fernández-Ontiveros et al. 2012) compare these average SEDs with more recent average SEDs
at high spatial resolution Middle panel: LLAGN (black, Fernández-Ontiveros et al. 2012; green, Ho
1999), LINERs (grey, Eracleous et al. 2010) and radio-loud QSOs (orange, Elvis et al. 1994). Bottom
panel: LLAGN (black, Fernández-Ontiveros et al. 2012) and Seyferts (blue, type 1; red, type 2; Prieto
et al. 2010).
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1.2 Active galactic nuclei
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Figure 1.8: Summary of observed AGN classes (described in Section 1.2.1) and schematic representa-
tion of how an observed AGN class would depend on the source alignment with respect to line-of-sight of
an Earth observer and the accretion power of the AGN. Image credit: M.L. Menzel.

(that originate in rarefied gas). In type 2, both permitted and forbidden lines would
appear with the same narrow width. The lines are Doppler-broadened due to motion
of the radiating gas around the central source, but the broad lines have FWHMs >
1000 km/s. Looking at Figure 1.4 these di�erences could be due to the orientation of
these Seyferts, as depending on angle the obscuring torus blocks the central AGN and
specifically the BLR from an observer’s view. Type 1 sources would then reveal the
central engine and show the permitted lines broader than the forbidden lines, while in
type 2’s the core would be shielded from view and show and an absence of the broad
lines2 (but these could stlll be observable in polarised light; e.g. Antonucci & Miller

2Osterbrock (1981) identify a number of sub-classes (1.5, 1.8, 1.9), based on the optical spectrum
appearance, however these are not relevant for this thesis.
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1985; Miller & Goodrich 1990).
Similar orientation e�ects could have far-reaching consequences and perhaps even

unify a wide variety of AGN, that exhibit equally wide variations in optical line widths,
radio loudness (see Section 1.2.3) and accretion power/luminosity (Antonucci 1993;
Urry & Padovani 1995). This concept of unification is summarised in Figure 1.8. In
this picture BLRGs are the local counterparts to radio-loud QSOs. Seyfert 1’s are
then the local relatives of the more typical radio quiet QSOs.

To some extent the di�erent types observed in Seyferts can be extrapolated to
LINERs, however they are more likely to show a true absence of the BLR. “True"
type 2 sources simply do not have a BLR. It is found that at lower accretion rate, the
BLR (as well as the torus) may vanish (e.g. Lawrence 1991; Simpson 2005; Elitzur
& Ho 2009). This is a reasonable explanation for why LINER classification into type
1/2 is often ambiguous. Unless one considers the luminosity dependence (and the
implied accretion rate) a keystone in AGN unification, the unification scheme would
be broken.

1.2.3 Radio loudness

For AGN, radio loudness does not necessarily pertain to their appearance in radio,
but is rather understood as the ratio of radio luminosity to that from a higher fre-
quency waveband. Although that waveband is generally chosen in the optical (the
classical definition of a radio loud source being a source that has R > 10 (Keller-
mann et al. 1989), where R is the ratio of 5 GHz radio flux density over the optical
4400 flux density calculated from the B band magnitude) many other definitions
are found. Terashima & Wilson (2003) replace the optical by X-rays, using a ratio
RX = ⌫L⌫ (5GHz)/LX, where LX is the luminosity in the 2–10 keV band. Other
authors use an absolute radio luminosity limit (and hence the source’s appearance
in radio only) as the dividing line (e.g. Stocke et al. 1992; Best et al. 2005a; but
also see e.g. della Ceca et al. 1994; Peterson 1997 for even more definitions of radio
loudness). In terms of understanding the underlying physics, defining a radio loudness
ratio makes sense as the two wavebands are chosen to reflect the two main compo-
nents that are thought to exist around observable BHs; at lower energy collimated
jets dominate the radio frequencies (although increasing evidence is found that these
outflows can actually dominate the complete broadband spectrum; e,g, Marko� et al.
2005) while in the optical-to-X-ray an accretion flow may be observed.

No matter which exact definition of radio loudness is used, the question of why
some BH sources are radio loud, while others are not, remains: Many explanations,
in terms of both observational consistencies as well as theoretical frameworks have
been put forward. Observationally, e.g. Chiaberge & Marconi (2011) find that radio
loud galaxies are generally associated with BHs with a mass bigger than 108 M� and
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Figure 1.9: BPT diagrams allow for accurate classification of LINERs and Seyferts and identification of
sources whose ionising radiation field is dominated by star formation (H �� regions) instead of a central
engine. The red solid line is the “extreme starburst line" from Kewley et al. (2001). The blue dashed
line is the classification line from Kau�mann et al. (2003). In between these lines, composite objects,
that show both a contribution to the ionisation level from both an AGN and SF component, exist. Figure
taken from Kewley et al. (2006).

may be due to mergers (Chiaberge et al. 2015). Other physical processes invoked and
thought to contribute to the radio loudness are the BH spin (e.g. Wilson & Colbert
1995; Garofalo et al. 2010), the AGN host and/or environment (early types = radio
loud, Wilson & Colbert 1995), evolutionary e�ects (i.e. redshift; Hooper et al. 1995;
Garofalo et al. 2010) and optical luminosity (Hooper et al. 1995).

An important observational fact that needs to be dealt with to gain understanding
of radio loudness, is why radio quiet objects are also often found to portray significant
radio flux densities. As explained, the classical definition relates the radio flux to the
optical flux. It is therefore crucial to also consider the optical properties of a source
(i.e. a source could be optically-loud rather than radio-quiet).

1.2.4 AGN spectral classification

As mentioned above, the AGN we focus on in this thesis are LINERs, Seyferts and
QSOs. Ignoring any sub-classifications for now, these AGN are historically classified
by their morphological and phenomenological properties. These days high-quality
optical spectroscopy is available, which allows accurate classification of Seyferts and
LINERs according to their ionisation state, using Baldwin-Phillips-Terlevich (BPT)
diagrams (see Figure 1.9; Baldwin et al. 1981; Veilleux & Osterbrock 1987). These
pioneering works were later refined by Kewley et al. (e.g. 2001); Kau�mann et al.
(e.g. 2003); Brinchmann et al. (e.g. 2004); Kewley et al. (e.g. 2006); Groves et al.
(e.g. 2006); Schawinski et al. (e.g. 2007).

Using BPT diagrams, AGN are classified according to ratios from strong emission
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lines of similar wavelength, to minimise reddening e�ects: H�, [O ���] �5007, H↵,
[N��] �6584, [S��] �6717, [O�] �6300 (usually with S/N&3). The strength of the
lines depends on the metallicity, the ionisation parameter U and the shape of the
ionising continuum. Harder continua give a greater [O ���]/H � ratio. AGN tend to
have a higher energy component in their ionising field than star-forming (SF) galaxies,
producing stronger [N ��], [S ��], and [O �] lines (Vitale et al. 2015). The technique
allows one to separate o� star-forming (SF) galaxies and distinguish between the lower
luminosity LINERs and higher luminosity, high-ionisation Seyferts. There is no clear
transition between the LINER and Seyfert classes (e.g. Ho et al. 2003). Similarly
the sequence from SF dominated to AGN dominated is smooth, showing a transition
region consisting of objects that show ionisation features from both SF as well as
active nuclear components (composites). Ionisation by SF regions is mainly driven
by photoionisation by supernovae and hot stars, while in the nuclear processes the
photoionisation is driven by the accretion process.

QSOs are usually classified in a completely di�erent way than the other two
(Richards et al. 2002; Schneider et al. 2010). The optical data for the AGN in
Chapters 4 and 5 in this thesis were obtained by the Sloan Digital Sky Survey (SDSS).
In the SDSS, galaxies (Seyferts/LINERs) are selected for follow-up spectroscopy
based on their extended appearance in r-band. QSOs, on the other hand, are point
sources, selected based on their colours, to distinguish them from stars (idem). As a
consequence, although these objects all harbour AGN, they are not selected in a self-
consistent manner. To date this is an unavoidable problem when compiling unbiased
samples (see Section 5.2 for an more extensive description of di�culties with creating
an unbiased sample).

1.3 Black hole binaries (BHB)s

To summarise the above, we observe many di�erent types of AGN and the di�erent
types may actually be very similar versions of the same type of object, however some
components may be invisible or emphasised from an observer’s vantage point. An
important question is then whether these objects can transmute into each other over
cosmic time, but the dynamical timescales involved are generally of an order so big
that this cannot be verified in a human lifetime. However, looking at the much smaller
sized XRBs we see changes happening continuously, on short timescales that even
go down to seconds. The question is whether these variations show corresponding
changes in their large-scale cousins (Meier e.g. 2001; Ho e.g. 2005; Körding et al.
e.g. 2006b; Kewley et al. e.g. 2006).
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Figure 1.10: Overview of BHB geometries typically associated with the four main X-ray spectral states.
The temperature of the thermal (optically thick) geometrically thin accretion disk (red horizontal bars)
increases inwards and the radiation it emits can reach X-ray energies close to the central BH. The X-ray
states are then understood as the truncation and re-filling in of the disk, as a source goes from quiescence
into an outburst, possibly passing through intermediate states and soft states, before going back into
quiescence (see text and Figure 1.12). In the soft state the inner disk can extend all the way to the ISCO.
The dots represent an Advection Dominated Accretion Flow (ADAF, a type of RIAF; e.g. Narayan &
Yi 1995a, Narayan & Yi 1995b). Jets (not drawn to scale) are observed in quiescence, hard states, and
possibly in hard or soft intermediate states . Adapted from (Esin et al. 1997).

1.3.1 The X-ray spectral states

We observe BHBs in a small number of states that are recognised by the appearance
of the X-ray SED and corresponding X-ray variability power density spectra (PDS)
– we will not touch on the latter here, but see Remillard & McClintock (e.g. 2006);
Klein-Wolt & van der Klis (e.g. 2008). Despite variations in the exact state definitions
it is widely accepted that the BHB states are attributable to variations in the inner part
of an accretion flow. This is explained in Figure 1.10. These variations are usually
interpreted and understood as the interplay of the (hard) corona/hot-flow and/or jet
and (soft) disk components, whose relative contributions determine the shape of the
observed X-ray SEDs (see Figure 1.11). As a transient source goes into outburst and
becomes bright enough to be easily observed, it typically goes through all the states
described below (as it draws a track though the Hardness-intensity diagram (HID),
see Figure 1.12).
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Figure 1.11: Typical soft (red) and hard (blue) state spectra for Cyg X-1 (GierliÒski et al. 1999). The
soft component is understood as (quasi-)thermal radiation, originating in the accretion disk, while the
hard component comes from the corona/jet-base/hot inner flow (see Figure 1.3).

je
t 

li
n

e
 

HSSS
IMS

Soft           Hard 

jet 

J
e
t 
L
o
re

n
tz

 f
a
c
to

 r 
in

te
n

s
it
y
 

hardness X−ra
y 

D
is

c
 i
n
n
e
r 

ra
d
iu

s
 

no 

HSSS Soft           Hard 

Figure 1.12: HID illustrating X-ray states (top) and common evolutionary tracks as a function of X-ray
hardness (horizontal) and X-ray intensity (vertical), according to the disk-jet coupling phenomenology.
The bottom diagram qualitatively shows corresponding jet presence (jet line/no jet) and bulk Lorentz
factor (blue) as well as the inner accretion disk radius (red). The exact locus and inclination of the “jet
line" are under debate. GRS 1915+105 straddles this line, confined to the purple loop in the top left
corner (private communication with Dr. M. Klein-Wolt). Quiescent sources are on the bottom right of
the HID. Adapted from Fender et al. (2004)

The quiescent and hard state (HS)

Implied by similar SEDs as well as the ubiquity of strong, low-frequency band-limited
noise (BLN) in the PDS, quiescent XRBs are considered lower luminosity equivalents
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1.3 Black hole binaries (BHB)s

to hard state XRBs. In quiescence, typical X-ray luminosities are 1030.5�33.5 erg s�1

(idem), or LX�ray/LEdd . 10�6 (e.g. Gallo 2009), while hard state the X-ray luminosi-
ties are roughly 10�6 – 10�2 LEdd (Gallo et al. 2007). It is most likely to find XRBs
or AGN in these low Eddington luminosity states (Fender 2009). We can imagine
observing a transient source going into outburst from a quiescent state into the more
luminous hard state.

In both states the X-ray spectrum is dominated by hard, non-thermal component,
exhibiting photon spectra N (E) / E�� with photon indices 1.4 . � . 2.1 (Remillard
& McClintock 2006)). Both states exhibit radio jets that manifest themselves through
flat or inverted, linearly polarised radio spectrum (e.g. Corbel et al. 2000) and a
correlation between the X-ray and radio luminosities of Lrad / (LX�ray)0.7 (e.g. Corbel
et al. 2003; Gallo et al. 2003; Marko� et al. 2003; Gallo et al. 2006), as well as similar
correlations that have been found between the optical as well as the infrared bands
and the X-rays (Russell et al. 2006; Coriat et al. 2009; Corbel et al. 2013; Gallo et al.
2014).

As suggested by Figure 1.10 in the quiescent and hard state the (soft, quasi-
thermal) inner accretion disk is truncated (typically up to a distance of Rin ⇠ 100 rg),
allowing the (hard) power law component to become dominant in X-rays. The power
law component can reflect o� the accretion disk and enhance the 20-200 keV flux
(e.g. Di Salvo et al. 2001, also see Chapter 2)).

The hard intermediate and soft intermediate state (HIMS/SIMS)

As the transient progresses through the outburst it enters the IMS where both thermal
and power-law components may contribute significantly to the X-ray spectrum (see jet
line in Figure 1.12). The HIMS still shows BLN, however this vanishes in the SIMS
Belloni et al. (2005). If the disk heats up enough a viscous instability can occur. The
disk may then quickly fill in its inner, previously truncated radius and the accretion
rate may even reach Eddington luminosities (Fender 2009).

The soft state (SS)

With the disk extending in as far as the ISCO its emission is pushed to higher
temperatures and as it dominates the X-rays with soft, quasi-thermal radiation the
source enters the soft state. At the same time the power-law component becomes
softer, showing photon indices 2.1 . � . 4.8 (Remillard & McClintock 2006) and
any variability becomes minimal (RMS⌧ 1%; idem). The radio emission is quenched
(and, as referenced in Section 1.1, a disk wind may subsume the outflow).

As the disk cools and is accreted and in the weeks after, the source may harden
and re-enter an IMS and while crossing the jet line, re-launch the jets. This process
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may repeat itself while optically thin ejecta are expelled Fender et al. (e.g. 1999). If
the disk keeps cooling it retreats into the hard state at a few % Eddington (Maccarone
2003) and returns to quiescence.

1.4 Black hole grand unification
Einstein’s theory of general relativity predicted that BH physics should be the same,
regardless of mass. In concordance, despite the enormous range in observed physical
properties (described in Section 1.1), evidence that BHs on both ends of the mass
scale behave similarly, as long as one properly scales relevant parameters with mass3
, has been accumulating. Due to these similarities in QSO/AGN and XRB/BHB
geometries (see Figure 1.13), Mirabel et al. (1992) coined the term microquasar for
the stellar mass source 1E1740.7-2942.

Although there are many open questions, issues and important physical parameters
(Netzer 2013), it is found that accounting for relatively few physical parameters works
reasonable well to unify the AGN. Hence much work has been done in order to
investigate if and how the stellar mass BH binaries would fall in a “Grander" unification
scheme, properly accounting for properties that rely on source mass. Such unification
schemes hold great promise for understanding AGN evolution and accretion physics.

For example: We expect most of the radiation from the accretion disk in AGN
to be emitted at optical and UV frequencies. In BHBs the disk temperature can go
high enough for the peak disk emission to move to the X-rays. A logical question
thus emerges: If we see AGN cores emitting at both radio and X-ray frequencies, in
what part of the geometry does this emission arise, and what does this tell us about
the relation of the physical processes in AGN and BHBs?

Compared to the SMBHs of distant galaxies we get a relatively clean view of the
low mass BHBs, as we can observe the latter in our own Galaxy. Moreover, we see the
same BHBs changing from radio-bright to radio-faint states within days (Tananbaum
et al. 1972; Coe et al. 1976; Remillard & McClintock 2006), while similar changes
in AGN would take generations to complete. This is an expected e�ect due to the
relatively small length- and therefore variability time-scales involved in the stellar
mass sources.

Similarly for BHBs we can investigate the inner accretion flow using X-ray power

3A natural unit (with proper mass normalisation) for length scales in an accretion geometry is the
gravitational radius rg = GMBH /c2. E.g. the event horizon of a non-rotating, or “Schwarzschild"
BH is 2 rg, while its innermost stable orbit (ISCO) is at 6 rg. For a maximally spinning “Kerr" BH,
however, the ISCO can come very close to the BH, to 1 rg, regardless of mass. Similarly luminosities
are expressed in terms of the Eddington luminosity, LEdd = 1.26 ⇥ 1038 [MBH/M�], with MBH the
BH mass. Above this luminosity, in a spherical geometry, ionised hydrogen would be stopped from
accreting onto a BH, due to the radiation pressure.
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XRBs AGN
MBH (M�) few ⇠ 106�9
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Figure 1.13: Comparison of the main physical parameters in stellar mass BHs and their supermassive
relatives. Although the fiducial values related to the di�er many orders of magnitude, there is usually a
straightforward dependence of those properties on the BH mass. Importantly the variability timescales
are directly linked related to a system’s length scales. Changes in the XRB geometry are therefore often
easily observable within a human lifetime (or even a PhD). In AGN many generations will have passed
for similar changes. Assuming other physical processes scale as well, this illustrates the potential of
studying XRBs to gain understanding of AGN evolution and/or taxonomy.

density spectra (PDS) to study the variability. This is mainly possible as low-to-
high temporal frequency variability occurs on similar timescales as common source
exposures. As high frequency BHB variability corresponds to low frequency AGN
variability, such studies are in principle possible for AGN as well. However many
decades of all-sky monitor data would be required before even attempting equivalent
studies for AGN.

1.4.1 Further evidence for black hole mass-scaling

Perhaps the most important finding in grand unification schemes is the discovery of
a “fundamental plane (FP) of BH activity" (Merloni et al. 2003; Falcke et al. 2004).
The FP plots a correlation over the entire observed > 8 decade range in BH mass,
with the X-ray and radio X-ray luminosities. This discovery has been further refined
in works by Körding et al. (2006a); Gültekin et al. (2009a) (see Figure 1.14) and
Plotkin et al. (2012). A correlation between the X-ray and radio emission suggests
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a fundamental connection between the accretion inflow and outflow, as the jet power
is expected to scale with accretion power and mass-accretion rate (Pjet /ṁ). As
mentioned in Section 1.3.1, hard state sources show a typical correlation of LR /
(LX�ray) 0.7. This correlation can be understood from the theoretical dependence of a
flat spectrum jet’s luminosity on the mass-accretion rate, LR /ṁ 17/12 ⇠ṁ 1.4 (Falcke
& Biermann 1996; Blandford & Konigl 1979). The X-ray luminosity is also expected
to scale with mass-accretion rate as LX�ray /ṁ q, where q is an e�ciency factor that
depends on the assumed accretion e�ciency. For RIAFs, q � 2, while for radiatively
e�cient flows, q = 1 (Merloni et al. 2003). Hence LR /(LX�ray)0.7 for q = 2, while
for radiatively e�cient flows a steeper slope LR /(LX�ray)1.4 is expected4.

Similarly, McHardy et al. (2006) studied a sample of BHBs and AGN and dis-
covered a correlation between BH mass, accretion rate and break frequency in X-ray
power density spectra, suggesting the accretion process is the same for stellar and
supermassive BHs.

Moreover Körding et al. (2006b) compiled a disk-fraction – luminosity diagram,
which can be regarded as the supermassive equivalent of the XRB HID (see Section
1.3.1). The shape of this diagram, which is populated with LLAGN from the Palomar
sample (Ho et al. 1997a) and QSOs from the Sloan Digital Sky Survey (SDSS), is
similar to the HID.

Recently, Marko� et al. (2015); Connors et al. (2016) performed simultaneous
fitting of BHs at both ends of the mass range using an outflow dominated model that
is also used in Chapters 2 and 3 of this thesis. They find that acceptable fits can be
obtained while varying only a few parameters.

1.5 Thesis outline and motivation
As is clear from the above discussion the radio properties play a pivotal role in
accreting systems and BH unification paradigms. Radio measurements are known
to give accurate estimates of the accretion power in XRBs (through the correlations
with X-rays, while being relatively insensitive to dust absorption/extinction). To get
better understanding of the radio properties of BH-harbouring, accreting sources, we
approach the problem from several vantage points and study the broadband SED of
individual sources, as well as general radio properties of AGN populations.

In Chapter 2 and 3 we first focus on modelling the broadband SED of individ-
ual hard state sources, starting with a rather unique high luminosity microquasar

4Hence synchrotron domination provides a natural explanation for radiatively ine�cient jets: The
total synchrotron power radiated scales as Psyn / nB2, where n is the number of particles radiating,
and B is the magnetic field that forces them to radiate. Generally the power going into the jet should
be distributed, close to equipartition, between the particle and magnetic energy densities (Ue and UB ,
respectively). As these both scale linearly with ṁ, q = 2.
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Figure 1.14: 3D representation of the “Fundamental Plane of BH accretion" (Merloni et al. 2003; Falcke
et al. 2004) from Gültekin et al. (2009a), showing radio luminosity Lradio, X-ray luminosity LX and BH
mass are correlated.

GRS 1915+105. As explained in Section 1.3.1, the accretion geometry is primary in
determining the XRB X-ray states. Historically a set of geometrically thin, optically
thick accretion disk (Shakura & Sunyaev 1973; Mitsuda et al. 1984; Makishima et al.
1986) solutions have been used to fit X-ray spectra. In particular a set of radiatively
ine�cient solutions, pioneered by the advection dominated accretion flow (ADAF;
Ichimaru 1977; Narayan & Yi 1994, 1995a,b; Abramowicz et al. 1995; Chen et al.
1995) were successful (e.g. Esin et al. 1997; see Figure 1.10). Later variations, ex-
pansions and refinements of the ADAF model (e.g. the convection dominated CDAF;
Igumenshchev & Abramowicz 1999, the magnetically dominated MDAF; Narayan
et al. 2000), the adiabatic inflow-outflow solution (ADIOS; involving disk winds;
Blandford & Begelman 1999) all exhibit their own merits. However all such models
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fail at explaining the SED below X-ray energies. Therefore in this thesis, to study
hard state sources, we focus on a model that is outflow, rather than inflow dominated
(Marko� et al. 2005). To date this is the only framework that can successfully fit and
explain broadband SEDs, from radio up to X-rays.

Using the Marko� et al. (2005) framework in Chapter 2 we study the multi-
wavelength SED of the microquasar GRS 1915+105, that portrays a particular, high-
luminosity variant of the canonical hard state, the so-dubbed plateau state, quantifying
the relationship of these two states. In Chapter 3 we use the same framework to study
a source on the other end of the mass and luminosity spectrum, i.e. the SMBH in
the closest type 2 LLAGN/LINER in M94. In this Chapter we reduce a 1.4 GHz
radio dataset from the recently upgraded e-MERLIN array, that forms the basis for
a new high spatial resolution SED. The SED mainly comprises observations with a
resolution of better than 0.500, which, because of the relative proximity of this source
(< 5 Mpc) allows us to have a relatively clean view of the nucleus in M94 and study
SMBH jet physics at low-accretion rate.

In Chapter 4 we dramatically increase the numbers and study the average (1.4
GHz) radio properties of a large sample of ⇠ 20 000 Seyferts, LINERs and QSOs.
To properly study the dependence of radio properties on mass and accretion rate
an unbiased sample is needed. The radio properties of this sample are unbiased
as it is based on an optical sample of our choosing that only features high quality
spectroscopic data from the Sloan Digital Sky Survey (SDSS). To this optical data
we then add radio data from the Very Large Araay (VLA) Faint Images of the Radio
Sky at Twenty-Centimetres (FIRST) survey. We bin the AGN according to mass and
accretion rate which allow us to use a median stacking method that reduces the noise
floor of the original radio data by a factor of 20–30. This allows us to study the
average radio properties of a population that lies far below the (0.75 mJy) detection
limit of the VLA FIRST. As discussed in Section 1.3.1, XRBs show a discontinuity
in the radio luminosity versus accretion rate relation between the hard and soft states.
Do we see the same behaviour in AGN? It is tempting to associate the low luminosity
LINERS with hard state XRBs (Ho 2005) and higher accretion rate Seyferts with the
soft state(Kewley et al. 2006), but does this superficially adequate comparison stand
scrutiny?

In Chapter 5 we attempt to use similar principles as in Chapter 4, however going
to higher radio frequencies (4.8 GHz). As this data is also obtained by the same array
as the FIRST data, the increased frequency implies a higher resolution, as well as
yielding a lower sensitivity to steep spectrum sources that are associated with star
formation and extended emission. Hence at higher frequency, the radio data should be
less contaminated and should better represent core emission. As at these frequencies
there is no large area survey data available, we must resort to a di�erent method of
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obtaining an unbiased sample: To avoid selection biases we only use serendipitous
radio data. We again start from an SDSS optical sample and only use radio sources that
we have good reason to believe have not been the target of observation. We create an
automated pipeline to reduce the 1000s of potentially useable datasets. Unfortunately
after weeding out bad data, a data set remains that is insu�cient in size to subject to
the median stacking method of Chapter 4. In principle we would need fewer sources
in a stack than in the previous chapter, as the RMS of the individual high frequency
observations is similar to the VLA FIRST, after stacking. However the increased
spatial resolution means that positional inaccuracies are detrimental to the stacking
procedure. Consequently we are limited to an individual source study.

The final Chapters of this thesis are a summary in English (Section 7), Dutch
(Section 8) and a list of publications by the author.
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equivalent to canonical hard states?
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Abstract

GRS 1915+105 is a very peculiar black hole binary that exhibits accretion-related
states that are not observed in any other stellar-mass black hole system. One of these
states, however – referred to as the plateau state – may be related to the canonical
hard state of black hole X-ray binaries. Both the plateau and hard state are associated
with steady, relatively lower X-ray emission and flat/inverted radio emission, that is
sometimes resolved into compact, self-absorbed jets. However, while generally black
hole binaries quench their jets when the luminosity becomes too high, GRS 1915+105
seems to sustain them despite the fact that it accretes at near- or super-Eddington
rates. In order to investigate the relationship between the plateau and the hard state,
we fit two multi-wavelength observations using a steady-state outflow-dominated
model, developed for hard state black hole binaries. The data sets consist of quasi-
simultaneous observations in radio, near-infrared and X-ray bands. Interestingly, we
find both significant di�erences between the two plateau states, as well as between
the best-fit model parameters and those representative of the hard state. We discuss
our interpretation of these results, and the possible implications for GRS 1915+105’s
relationship to canonical black hole candidates.
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2 GRS 1915+105: A comparison of the plateau state to canonical hard states

2.1 Introduction
The microquasar GRS 1915+105 was discovered on 15 August 1992, by the WATCH
all-sky monitor, aboard the Russian GRANAT satellite (Castro-Tirado, Brandt, &
Lund 1992; Castro-Tirado et al. 1994). It is a hard X-ray transient located in the
constellation of Aquila, at l = 45.37�, b = �0.22�, and was the first stellar mass
accreting black hole binary (BHB) discovered to exhibit superluminal velocities in its
radio emitting-ejecta (Mirabel & Rodriguez 1994). The obvious parallels to the jets in
Active Galactic Nuclei (AGN) led to this source being classified as a “microquasar”
(Falcke et al. 2004). Subsequent observations with instruments onboard the Rossi
X-ray Timing Explorer (RXTE) have revealed a richness in variability, distinguish-
ing GRS 1915+105 from every other known BHB, over which astronomers are still
puzzling to this day.

The longer term X-ray variability exhibits “dipping” that is thought to be associated
with the recession and regeneration of the inner parts of the accretion disc, perhaps
caused by the onset of thermal-viscous instabilities (Belloni et al. 1997b,a). Other
models have interpreted the spectral changes as resulting from the disappearance of
the corona (Chaty 1998; Rodriguez et al. 2008a,b), or from the dissipation of magnetic
energy via magneto-hydrodynamical plasma processes (e.g. Tagger et al. 2004).

Beyond the dipping behaviour, Belloni et al. (2000) were able to classify all
variability patterns stretching over more than a year into only twelve classes (Klein-
Wolt et al. 2002; Hannikainen et al. 2005 later identified two more classes), based
on colour-colour diagrams and light curves. Ten of these twelve classes can be
understood as the interplay of two or three of three basic states, designated as states
A, B and C. The remaining two classes, � and �, do not show state transitions and
appear exclusively within states A and C respectively. State A displays the highest
flux and the softest spectrum while state C displays the lowest flux and the hardest
spectrum. Although state B never lasts for more than a few hundred seconds, � and
� episodes can persist for days or short intervals of < 100 s.

Aside from the existence of so many distinct accretion states, GRS 1915+105
appears similar to other BHBs. Thus there has been much discussion (e.g. Reig,
Belloni, & van der Klis 2003) about the extent to which any of the states found
in GRS 1915+105 correspond to the “canonical" states (see e.g. Homan & Belloni
2005; Remillard & McClintock 2006 for definitions) found in the average BHB.
BHBs generally spend the majority of their time in the Hard State (HS), which is
associated with a low accretion rate, a hard X-ray power law component with photon
index 1.4 � 2.1, and steady radio emission with an optically thick, flat-to-inverted
spectrum. Sources that persist in the HS for several weeks generally show clear
correlations between the radio and X-ray luminosities (LR / L0.7

X ) (Corbel 2000;
Corbel et al. 2003; Gallo, Fender, & Pooley 2003). More recently, evidence for a
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2.1 Introduction

similar correlation between the near-infrared (NIR) and X-ray bands has also been
found (Russell et al. 2006; Coriat et al. 2009).

Similar to the other BHBs, GRS 1915+105 also displays periods of relatively hard,
steady X-ray emission, but in contrast to the HS, only for about half the observation
time (Trudolyubov 2001). Belloni et al. (2000) identify these intervals of decreased
variability with long C state episodes. The subset of state C/ class � observations
that are radio-bright are referred to as the plateau state (ibid.), but elsewhere have
variously been been referred to as the radio-loud, radio-plateau or radio loud low/hard
X-ray state (Muno et al. 2001), the type II hard steady state (Trudolyubov 2001) and
�RL (Naik & Rao 2000).

The plateau state was first described by Foster et al. (1996) and its description was
later refined in Fender et al. (1999). The state can assert itself in a period as short as
a day and is characterised by a decrease in X-ray flux density and an increase in radio
flux density to a steady value, typically ⇠ 10 � 100 mJy. Ample evidence supports
the fact that the plateau state X-ray and radio luminosities are indeed correlated, with
an increasing delay from X-ray to infrared (IR) to radio emission (e.g. Klein-Wolt
et al. 2002). As in the HS the plateau radio spectrum is optically thick, and AU-scale
self-absorbed compact jets have been spatially resolved using Very Long Baseline
Interferometry (VLBI) (Dhawan, Mirabel, & Rodríguez 2000; Fuchs et al. 2003b).
Another marker of the plateau state comes from timing analyses, where 1-10 Hz
quasi-periodic oscillations (QPOs) are present (Rao et al. 2000). The exact frequency
of these QPOs appears to be inversely correlated with the radio and soft X-ray flux
(Rau & Greiner 2003; Rodriguez et al. 2002).

In line with the above arguments, it is tempting to identify the plateau state as
GRS 1915+105’s analog of the HS. However, although the plateau state and the HS
share many similarities, it does display some distinct properties that cannot be ignored.
For instance, while the BHBs in the HS usually have a luminosity of . 10% LEdd,
the average luminosity observed in the plateau state is ⇠ LEdd. Moreover, the plateau
X-ray photon index is never very hard, with � ⇠ 1.8 � 2.5 (Fender & Belloni 2004).
Finally, Reig, Belloni, & van der Klis (2003) argue that the canonical HS is never seen
in GRS 1915+105 because a power-law tail (with no exponential cut o�) is always
present in the plateau state hard X-rays. Although the origin of such tails in the softer
states of canonical BHBs is still under debate, it is generally not associated with the
HS.

In this work, we seek to make a more quantitative comparison between the plateau
state found in GRS 1915+105 and the HS found in more typical black holes, in the
context of an outflow-dominated model that has successfully described broadband
data from several BHBs. In Section 2.2 we describe the multi-wavelength data and
the reduction methods. We discuss what physical parameters we use for modelling
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2 GRS 1915+105: A comparison of the plateau state to canonical hard states

Figure 2.1: HID comparing our observations (filled circles) to the plateau states from Belloni et al.
(2000) (data courtesy of T. Belloni; open stars are �1, closed stars are �3). The soft, higher-luminosity
red dot is ObsID 90105-07-02-00, the lower is ObsID 40403-01-09-00. The plot shows the hardness
and flux, normalised to Crab units, calculated by taking the ratio and the sum of the RXTE PCU2 rates
in two bands: channel 0-35 (⇠ 2� 15 keV) and 36-49 (⇠ 16� 21 keV). Each band is divided by the Crab
rate in the same band, on the same day, simulating a photon index of 2.1 and utilising a normalisation
of 10 photons cm�2 s�1 keV�1 at 1 keV.

and why in Section 2.3 and the model itself, together with the results in Section 2.4.
We put our work into context with the findings of others in Section 2.5, before drawing
our final conclusions in Section 2.6.

2.2 Observations and Data Reduction

Based on the lightcurves and its position in the Hardness Intensity Diagram (HID)
diagram (see Figures 2.1, 2.2 & 2.3), GRS 1915+105 was in a class � state on July
8th 1999 (dataset 1) and April 13th 2005 (dataset 2). The presence of a 2-5 Hz QPO
on both occasions (see Figure 2.4) corroborates this fact. During the 1999 episode,
quasi-simultaneous radio and near-infrared observations were performed using the
United Kingdom Infra-Red Telescope (UKIRT) and the Green Bank Interferometer
(GBI). The 2005 dataset also holds observations of the Cerro Tololo Inter-American
Observatory (CTIO) and Ryle telescope. Details on the observations and reduction
methods are found in the individual Sections and Table 2.1. The 2005 RXTE data is
also extensively analysed and discussed in Rodriguez et al. (2008a,b)
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Figure 2.2: GRS 1915+105 X-ray and radio lightcurves for the 1999 data set. Also the radio spectral
index, as measured by the Green Bank Interferometer is shown. The red dashed line indicates the time
of the RXTE observation.

2.2.1 X-ray: RXTE data reduction

We use data from two instruments on board the RXTE: the Proportional Counter Array
(PCA; Jahoda et al. 2006) and the High Energy X-ray Timing Experiment (HEXTE;
Rothschild et al. 1998). The X-ray data have been reduced using HEASOFT, version
6.3.1., applying standard extraction criteria: a pointing o�set of < 0.01� from the
nominal source position, and a source elevation of > 10�. The exclusion time for the
South Atlantic Anomaly (SAA), however, was only 10 min, as GRS 1915+105 is a
very bright source. For the same reason we disregarded the top layer and imposed a
maximum “electron ratio” of 2, to take into account contamination by source photons.
All HEXTE data products were dead-time corrected. Correction for the PCA dead-
time was also carried out; PCU 4 was inactive for half of the 1999 observation, while
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Figure 2.3: GRS 1915+105 X-ray and radio lightcurves for the 2005 data set. The radio lightcurve was
measured by the Ryle Telescope (Pooley & Fender 1997). The red dashed line indicates the time of the
RXTE observation.

during the other half, both PCU 1 and 4 were inactive. The 2005 observation was
done with PCU 0 and 2 only. Due to uncertainties in the first four PCA channels,
we only include PCA data above 3 keV. The PCA calibration falls o� rapidly above
⇠ 25 keV and since HEXTE provides reliable data for energies ⇠> 20 keV we ignored
the PCA data above 22 keV. For the PCA, standard2f mode data were used. The
PCA background was modelled using the pca_bkgd_cmbrightvle_eMv20051128
model. Only HEXTE data above 20 keV were used due to the uncertainty of the
response matrix below these energies. At high energies, the spectrum was ignored
above 200 keV. We rebinned the X-ray data to a minimum S/N of 4.5.
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Figure 2.4: Normalised (following Leahy et al. 1983) power density spectra showing the type-C QPOs
in the X-rays for both datasets, indicating the observations are plateau state. (Courtesy of P. Soleri)

2.2.2 NIR: UKIRT data reduction and CTIO

On 1999 July 08, medium-resolution spectroscopic observations of GRS 1915+105
were performed with the Cooled Grating Spectrometer (CGS4) mounted on the United
Kingdom InfraRed Telescope (UKIRT, P.I. Harlaftis). Twenty-four spectra in the B1
and eighteen in the B2 filters were acquired, each time at two nodding positions,
giving a total exposure time of 1260 s in B1 and 1080 s in B2. Moreover, the telluric
standard HD 176232, a F0p main sequence star, was observed in the same conditions.

All the spectra were reduced with IRAF through bad pixel correction, flat fielding,
and sky subtraction. The target spectra were then extracted and wavelength calibrated
by extracting, in the same condition, krypton and argon spectra in B1 and B2, respec-
tively. They were combined and telluric feature-corrected through the division by the
standard star spectrum. We finally multiplied the corrected spectrum by a F0V star
one from the ISAAC synthetic spectra library1, resampled to the CGS4 resolution and
flux-scaled to match the HD 176232 magnitudes in H and Ks. The uncertainty of the
flux calibration obtained this way is about 5%.

The spectra were then dereddened using the extinction laws given in (Cardelli,
Clayton, & Mathis 1989a) and (Chiar & Tielens 2006), assuming a hydrogen column
density of NH=3.5⇥1022 cm�2, i.e. Av=19.6+/-1.7 (Chapuis & Corbel 2004. The
errors resulting from using the two di�erent methods were then added in quadrature.
The overall propagated uncertainties, combining flux calibration and dereddening,
represent about 20% of the flux. The final spectrum is shown in Figure 2.5.

The UKIRT spectrum included in dataset 1 was also re-binned, because the

1http://www.eso.org/sci/facilities/paranal/instruments/isaac/tools/lib/index.html
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Figure 2.5: NIR spectrum of the 1999 data set

spectral resolution is well beyond what we need for continuum fitting (see Section 2.4).
The 12.40 mag K band point in dataset 2 was taken using the CTIO 1.3m telescope

using the ANDICAM (A Novel Double-Imaging CAMera) detector (Neil, Bailyn, &
Cobb 2007). It was dereddened using the same method as the UKIRT data. However
we chose the error bars to account for the fact that GRS 1915+105 may have been
approaching a state transition: The source magnitude magnitude varies from 11.8
to 12.72 in about 9 days (see Figure 2.3), suggesting a dereddened flux density of
67.85±27.25 mJy. On MJD 53473 we also see the flux in radio increasing (see below).

2.2.3 Radio: GBI and Ryle Telescope

Dataset 1 includes two GBI data points and dataset 2 includes a data point from
Ryle Telescope. Lightcurves from these telescopes are shown in Figures 2.2 and 2.3,
respectively.

For the GBI data, a flux density calibration procedure similar to that reported in
Waltman et al (1994) has been employed here. The flux densities of 0237-233, 1245-
197, and 1328+254 were determined using observations of 1328+307 (3C 286). The
flux density of 3C 286 was based on the scale of Baars et al. (1977), and the assumed
values were 11.85 Jy at 2.25 GHz and 5.27 Jy at 8.3 GHz2. On MJD 51367.371 the
GBI flux densities were 25±4 mJy at 2.25 GHz and 30±6 mJy at 8.3 GHz. Similar
behaviour was shown during a plateau state of April 2000 (Ueda et al. 2002).

The Ryle Telescope operates at 15 GHz and it observed GRS 1915+105 (simulta-
neously with ObsID 90105-07-02-00) from MJ D 53473.098 to MJD 53473.417. The
data used here are from Rodriguez et al. (2008a) and were reduced following Pooley
& Fender (1997); observations of Stokes I+Q were interwoven with those of a nearby

2http://www.gb.nrao.edu/fgdocs/gbi/plgbi/README
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2 GRS 1915+105: A comparison of the plateau state to canonical hard states

phase calibrator (B1920+154). The flux-density scale was set by reference to 3C48
and 3C286, and should be consistent with that defined by Baars et al. (1977).

On MJD 53473 we see the average radio flux density increasing from 44.9± 3.0 to
70.4±4.3 mJy (Rodriguez et al. 2008b), in addition to the IR lightcurve also suggesting
that in spite of the HID classification, GRS 1915+105 may not have strictly been in a
plateau state. For this dataset we therefore use the average from MJD 53473.098 to
53473.25 of 44.9 ± 3 mJy, closest to the RXTE and CTIO observations.

2.3 Constraints on input physical parameters

In order to meaningfully compare broadband spectra, we will fit our datasets using
a model designed for simultaneous radio through X-ray datasets. Historically the
modelling of BHBs has focused on accretion flow models of only the X-ray emission,
of which Comptonising corona models have been particularly successful. However
in recent years, the evidence is mounting that the bipolar jet outflows found in the
HS contribute significantly across the broadband continuum. For bright transients,
e.g. Russell et al. (2006, 2010) estimate up to 90% of the NIR and up to 100% in the
X-rays could be dominated by jet production. Other observations of radio/IR/X-ray
correlations (Corbel et al. 2000, 2003; Coriat et al. 2009) can be interpreted by either
synchrotron or synchrotron-self Compton (SSC) processes relating to the jets. The
outflow-dominated model of Marko�, Nowak, & Wilms (2005) (hereafter: MNW05)
is still the only model that can fit the X-ray spectrum with the same precision as
corona-only models (ibid; Nowak et al., in prep.) while also fitting the radio through
IR bands from the same physical picture. The MNW05 model has already been
applied successfully to many Galactic sources in the “canonical" HS: the original paper
features fits to Cyg X-1 and GX 339-4, while a di�erent data set of the latter, along
with observations of XTE J1118+480 are fit in Maitra et al. (2009a). Further papers
have explored applications to simultaneous broadband data sets from GRO J1655-40
and A0620-00 (Migliari et al. 2007; Gallo et al. 2007), with other sources in progress.
The results of all these applications has been the discovery, perhaps not surprisingly,
that the free parameters fit into similar ranges for all stellar mass sources.

Furthermore, the discovery of a Fundamental Plane of black hole accretion (Mer-
loni, Heinz, & di Matteo 2003; Falcke, Körding, & Marko� 2004) supports mass-
scaling accretion physics from stellar to supermassive BHs, and thus would argue that
the MNW05 should also apply to weakly accreting AGN. Confirming this, Marko�
et al. (2008) successfully fit several spectral energy distributions (SEDs) from the
supermassive BH M81⇤ with parameters in the ranges found from BHBs.

There exists, therefore, a solid framework for the modelling of BHBs in the
canonical HS, against which to test fits of data from the GRS 1915+105 plateau state.
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2.3 Constraints on input physical parameters

In this paper we do not consider whether MNW05 is correct but rather use it as a
benchmark to test how far GRS 1915+105 fits the phenomenology of the hard state.

Whenever possible, we fixed values for model physical parameters in accordance
with those found in other publications during the fitting process. In the following
subsections, we first discuss how we obtained these values (presented in Table 2.2), and
then briefly summarise the MNW05 model and our fitting methods before presenting
our results.

2.3.1 Distance and Hydrogen Column Density

The distance to GRS 1915+105 is still a matter of some debate. A first estimate
was derived in Mirabel & Rodriguez (1994). From a core ejection they find a
maximum distance of 13.7 kpc, under the assumption that the ejection was intrinsically
symmetric. Rodriguez et al. (1995) attempted to derive a more accurate distance
estimate by determining the kinematic distance from 21 cm absorption spectra of
atomic hydrogen along the line of sight to GRS 1915+105 during a radio outburst,
and find that it could be as far away as 12.5±1.5 kpc. Later measurements of the
12CO(J = 1 � 0) spectrum by Chaty et al. (1996) are consistent with this distance.
They also constrain the visual extinction to be Av = 26.5 ± 1.7 mag, corresponding
to a total hydrogen column density of NH = 4.7 ± 0.2 ⇥ 1022 cm�2.

If GRS 1915+105 resides at 12.5 kpc, it must be accreting above the Edding-
ton limit (LX�ray ⇠ 2.9 ⇥ 1039 erg s�1; McClintock & Remillard 2003, giving
LX�ray/LEdd ⇠ 1.5, using a mass of 14 M�; see next Section). A slightly lower
maximum distance of 11.2±0.8 kpc, derived from proper motion studies of ra-
dio ejecta during four major events (Fender et al. 1999), would still give a ratio
LX�ray/LEdd ⇠ 1.3.

However, this distance could be too large. Chapuis & Corbel (2004) mea-
sure 12CO(J = 1 � 0) velocity spectra of clouds along the line of sight, as well
as of two nearby HII regions, and re-evaluate the hydrogen column density to
NH = 3.5± 0.3⇥ 1022 cm�2. This column gives a visual extinction of Av = 19.6± 1.7
mag, reducing the number intervening molecular clouds, and arguing for a smaller
distance to GRS 1915+105 of 9.0±3.0 kpc (at 9 kpc the accretion rate estimate drops
below Eddington), based on evidence that GRS 1915+105 lies behind the molecular
hydrogen cloud G 45.45+0.06. This cloud is at ⇠ 7 kpc (Feldt et al. 1998), however
Chapuis & Corbel (2004) suggest that this cloud belongs to a huge complex, located
at a distance of 6 kpc, providing the above lower limit to the distance (the upper limit
of 12 kpc is from Fender et al. 1999). However, the high column density required
(Mirabel & Rodriguez 1994; Rodriguez et al. 1995) suggests that another molecular
cloud should be between us, therefore Fender et al. (1999) adopted the conservative
distance of 11kpc.
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2 GRS 1915+105: A comparison of the plateau state to canonical hard states

Considering the assumptions made in Chapuis & Corbel (2004) and the resulting
size of the errorbars, we have decided to follow Fender et al. (1999) in adopting a
more conservative distance of 11 kpc for this work. This distance is consistent with
NH = 3.5 ± 0.3 ⇥ 1022 cm�2, which we believe is the correct value pertaining to the
IR band, as well as the larger hydrogen column density of 4.7⇥1022 cm�2 from Chaty
et al. (1996), that we use for our X-ray fits, motivated by the works of e.g. Klein-Wolt
et al. (2002) (see Section 2.5).

Because a distance of 11 kpc implies super-Eddington luminosities for GRS 1915+105,
we also fit the data using the minimum distance of 6 kpc, in order to explore the im-
portance of distance on the modelling conclusions.

2.3.2 GRS 1915+105 Black Hole Mass

In order to constrain the mass of the compact object in a binary via the mass function,
the orbital period, inclination and the mass of the companion (or the mass ratio) must
all be known. Greiner, Cuby, & McCaughrean (2001a) found an orbital period Porb of
33.5 days and a velocity amplitude K=140±15km s�1, giving a mass function f (M) =
9.5± 3.0 M�. Assuming the binary plane is the same as that of the accretion disc, the
orbital inclination can be estimated from the orientation of the jets. As no constant
precession has been observed, the jets can be assumed perpendicular to the accretion
disc and orbital plane. The exact inclination is however still open to debate, as it is
determined from the brightness and velocities of both the approaching and receding
blobs. At a distance of 11 kpc the inclination is i = 66� ± 2� (Fender et al. 1999).
Harlaftis & Greiner (2004) were able to deduce a mass ratio Md/MX = 0.053± 0.033
from the rotational broadening of photospheric absorption lines of the donor star.
Together these values give a mass for GRS 1915+105 of 14.0±4.4M� (Greiner, Cuby,
& McCaughrean 2001a). We use these as our fiducial values for the distance and
mass. For the 6kpc distance we calculate a smaller inclination of i = 50� using Fender
et al. (1999), and, using Harlaftis & Greiner (2004) a mass of 23M�.

2.3.3 Properties of the Donor Star

A rough identification of the companion was performed by Greiner et al. (2001b),
by analysing absorption line features in the NIR. They conclude that the companion
is a class III K-M giant and compare it successfully to a K2 III star. If the star is
indeed a K2 III giant, its temperature should be Td = 4455±190 K (Alonso, Arribas,
& Martínez-Roger 1999), and accretion proceeds via Roche-lobe overflow (Greiner
et al. 2001b). We use this temperature for the simplistic blackbody spectral component
representing the companion in our spectral fits.
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Table 2.2: Fixed physical parameters used in the fitting process, obtained from the literature. We omit
the error bars, as they are not used in the fits.

parameter value units Reference
column density 4.7 1022 cm�2 a
mass 14 and 23 M� b
inclination 66 and 50 � c
distance 11 and 6 kpc c, d
donor temperature 4455 K e

References: a: Chaty et al. (1996), b: Greiner et al. (2001a), c: Fender et al. (1999),
d: Chapuis & Corbel (2004), e: Alonso, Arribas, & Martínez-Roger (1999)

2.4 Modelling and Results

2.4.1 Description of model

For all spectral fits we use the program ISIS (Houck & Denicola 2000) compiled
with XSPEC version 12.3.1x libraries (Arnaud 1996). The model discussed below is
forward-folded through the X-ray detector response matrices, but applied directly to
the radio through NIR data. To account for the additional uncertainties in the PCA
response matrix, a 0.5% systematic error has been added in quadrature to all PCA
data. As the relative calibration of the PCA and HXTE instruments is not certain, the
normalisation factor for the PCA data is set to unity and tied to the radio and NIR
normalisations during the fits, while the HEXTE data normalisation is left free to
vary.

As the focus of our paper is on modelling the non-thermal spectrum, and the exact
stellar model needed for GRS 1915+105 is uncertain, we use a simple blackbody to
model the NIR, with the temperature fixed as discussed in the previous Section. This
component serves to account for the excess IR/optical flux level due to the star, so that
the overall model normalisation is correct.

In addition to the jet and the star we have an outer accretion flow in the form
of a ”standard“ geometrically thin accretion disc (Shakura & Sunyaev 1973). This
flow is parametrised by the radius of the inner and outer disc edges (rin,rout) and the
temperature at the inner edge (Tin). In the Schwarzschild geometry, the innermost
stable circular orbit has a radius of 6 rg, but this radius can be reduced to 1 rg in the
Kerr metric, when the BH is maximally spinning. The disc component serves to both
fit spectral signatures of thermal emission from the accretion flow in the X-ray band,
as well as contributing seed photons for inverse Compton scattering, but is only a
weak element in comparison to the entire spectrum.
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2 GRS 1915+105: A comparison of the plateau state to canonical hard states

We now summarise the physical parameters in our jet (see Table 2.3). One of the
most important of these parameters is the jet luminosity (Nj). This factor scales with
the accretion power at the inner edge of the accretion disc and represents the power
going into the jet and acts as a normalisation factor. The power is equally divided
to supply the internal and kinetic pressures. We assume that the kinetic energy is
carried by cold protons, while the leptons do the radiating. The energy involved in
the internal pressure goes into the particle and magnetic energy densities, with a ratio
determined by k. k = 1 equals equipartition and higher values indicate magnetic
dominance. The initial velocity at the base of the jet, or “nozzle" is the proper sound
speed of an electron/proton plasma: ��c ⇠ 0.4c. The radius of the jet-base is also
a free parameter, r0 (expressed in in units of gravitational radius rg = GM/c2).
The particles start of in a quasi-thermal (relativistic) Maxwellian distribution, the
peak energy of which is determined by the electron temperature (Te). Beyond the
nozzle the jet is allowed to expand freely, or adiabatically, causing a longitudinal
pressure gradient. This pressure gradient leads to a moderate acceleration of the
jet along the direction of flow; the resulting velocity profile is calculated from the
Euler equations and is roughly logarithmic, evening out at bulk speeds with Lorentz
factors of � ⇠ 2 � 3 (see e.g. Falcke, Marko�, & Bower 2009). In a segment of the
jet located at some variable distance (zacc; also expressed in rg) from the base, we
assume a significant fraction (75 %) of the leptons is accelerated into a power-law.
The slope of the power-law particle distribution p is also not pre-determined. In
each jet segment after the acceleration front, the general shape of the distribution is
assumed to remain the same, while the total lepton density decreases according to
the adiabatic expansion. This is achieved assuming a continuous injection of “fresh"
energetic power-law distributed electrons (N (E)dE / E�pdE) in each segment after
the acceleration region. The jet is stopped at a distance zmax from the base.

All fits are done using the following components: (1) The MNW05 steady-state
outflow-dominated model that includes a multi-colour blackbody accretion disc and a
single blackbody for the companion star; (2) an additive Gaussian line profile, with
a line energy left free to vary between 6 and 7 keV, and line width � free to vary
between 0 and 2 keV; Models (1)+(2) are either convolved with Compton reflection
from a neutral medium (reflect; Magdziarz & Zdziarski 1995) or multiplied with
the smeared edge model (smedge; Ebisawa 1991; using the “standard" index for the
photoelectric cross-section of ⇠ �2.67;), that accounts for relativistic smearing of the
iron line, and multiplied with a photo-electric absorption model (phabs) to account
for the interstellar medium. As the strength of an absorption feature (or edge) is
related to the strength of the according emission line, the line width is in principle
also related to the absorption edge width. Thus when using the smedge model, we
tie the width of the edge to the width of the Gaussian. For the reflect model we
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2.4 Modelling and Results

assume the viewing angle to correspond to the jet inclination. Furthermore, although
the reflectmodel already includes an absorption edge, it is a sharp unsmeared edge,
therefore we also tried fitting the data with both the smedge and reflect models.

2.4.2 Spectral fitting and results

The results of all fits are presented in Figures 2.6–2.11, with respective parameters
listed in Table 2.3. Below we discuss the individual fits to both datasets in more detail.

Initial fits revealed that, in the case of GRS 1915+105, using smedge is statisti-
cally preferred to using reflect, to model the reflection features above ⇠ 10 keV.
Therefore, we proceed to fit the data in greater detail with the smedge model, but
include a fit that employs reflect as this model has been used generally to model
the disc reflection in previous works (see Section 2.3).

The spectral index of the optically thick radio-NIR synchrotron emission is deter-
mined in part by the internal jet plasma parameters such as the electron temperature,
but it is most sensitive to the Doppler beaming factor (calculated from the inclination
of the jets). The closer the jet axis aligns with the line of sight, the less inverse the ob-
served radio spectrum. Fixing the inclination according to observation and choosing
a jet length for all fits of 1016 cm, su�cient so that the slope through the radio data
points is continuous, reveals a key di�erence between the two GRS 1915+105 plateau
state datasets and canonical BHBs. In order to avoid too much excess in the NIR over
the companion star BB, and to provide the best NIR fit, the initial particle acceleration
region in the jets zacc needs to be at a distance of at least ⇠ 104 rg. Therefore the
post-acceleration region in the jets does not dominate the X-ray emission below ⇠ 10
keV, in contrast to canonical BHBs in the hard state where acceleration is found to
begin on the order of 10s of rg.

In general we obtain values for electron energy index p ⇠ 2.2 that result in a
significant synchrotron contribution to the X-rays below ⇠ 20 � 50 keV, with a ratio
of synchrotron to inverse Compton flux of ⇠ 0.1. The steeply declining X-ray flux
above ⇠ 20 keV is best fit by a dominant inverse Compton contribution from the base
of the jets. With a much harder value of p we could conceivably fit more of the X-ray
emission via synchrotron emission, but only if the exponential decay shape plays a
significant role (see Figure 2.11 for such a fit to dataset 2). For very soft values of the
spectral index, synchrotron emission will not contribute significantly, but fits without
any synchrotron contribution to the X-ray at all are not statistically favoured.

The exact spectral shape and normalisation in the post-acceleration synchrotron
component (fitting the radio data) are very dependent on the value of p. When
calculating a local statistical minimum, the fitting routine naturally favours the plethora
of X-ray data points over the few radio data points, in finding the confidence limits
for p, explaining non-negligible systemic residuals in the radio.
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2.4 Modelling and Results

For clarity we note that below we will use ����� ���� to refer to fits and will
continue to use the typewriter font to refer to models.

Dataset 1

The best fit models for dataset 1 are shown in Figures 2.6 - 2.9 (corresponding to
Table 2.3, ������, �������, ������2 and 6��� column respectively; see below for
explanation of these fit names). The fits are in general statistically good, with a large
contribution to the residuals coming from the inadequacy of a simple black body to
fit the NIR data (see Figure 2.5). Completely removing the NIR data from the best fit
������ models an improvement in the ��2

red of ⇠ 0.08, to �2
red = 0.69.

Our best fit ������, employing the smedge model also shows the most extreme
behaviour in terms of the distribution of the energy budget (evident from the value
for the magnetic dominance k) and the acceleration front distance zacc. In addition
this fit is likely to su�er from pair production (see Table 2.4 and Section 2.5). Hence
we explore several fits with less extreme physical properties, including two more fits
employing a smedgemodel, (������2 and 6���) and one fit using the reflectmodel
(�������). The ������ and ������2 fits are di�erent local minima that primarily
di�er from each other in the distribution of the energy budget, most importantly the
latter fit has a reduced value for the magnetic dominance k and particle distribution
index p. For 6��� we reduced the distance to GRS 1915+105 to 6 kpc (see below).
These fits clearly show over an order of magnitude decrease in zacc and a factor 2� 25
reduction in k. Moreover, pair production will be less important. We note here that
fixing zacc to 2 ⇥ 104 rg in the ������ fit results in only a minor increase in �2

red of
0.05, while producing virtually the same model parameters. This suggests that in this
case our model does not converge and shows artefacts from the fitting routine that
tries to find the absolute local minimum (within the tolerance limit), although there is
no real physical basis for this insignificant improvement. Hence for the ������ fit we
will ignore the value for zacc but include the other parameter values in our analysis.

The steeper optically thin synchrotron spectrum of ������2 could be reconciled
with the steeper p found in canonical BHBs by assuming that both share such a hard
injected power-law, and considering the e�ect of cooling on the spectrum. We do
not consider cooling explicitly here, but are investigating such issues in a separate
work. Because of the diminishing magnetic field strength along the jets, the cooling
(dominated by synchrotron losses) is negligible. The break energy where the particle
distribution steepens in “particle space" shifts according to E / B�2 / r2 (Kardashev
1962). Thus the further along the jet we go, the less important cooling becomes,
and thus the largest contribution to the higher frequencies from synchrotron radiation
is from the first acceleration zone. Because this zone occurs almost two orders of
magnitude further out in GRS 1915+105 compared to BHBs, this e�ect could explain
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2 GRS 1915+105: A comparison of the plateau state to canonical hard states

why we are seeing the uncooled injected spectrum rather than the cooled spectrum,
expected to be steeper by 0.5.

From the arguments outlined in the previous Section it is clear that the true distance
to GRS 1915+105 could be much smaller than the 11 kpc adopted for most of our
fits. In an attempt to explore the e�ect of distance, we performed one fit on dataset 1
with the distance to GRS 1915+105 reduced to 6 kpc (see Figure 2.9 and Table 2.3,
6��� column). The modifications result in a similar �2

red but some values are closer
to what we have come to expect for the HS in other black holes. Firstly we find zacc
to be the smallest of all fits. This can be understood from the smaller inclination of
50� corresponding to the smaller distance, resulting in a less inverse radio spectrum
and hence a lower flux level at the IR break. In addition the jet luminosity Nj and the
partition parameter k are closer to values found for other BHBs. With Nj ⇠ 0.22LEdd
and k ⇠ 90 they are only a fraction of the values found for most 11 kpc fits. Also
the smaller nozzle radius r0 ⇠ 5 is more typical of the usual HS value. One possible
interpretation of these results is that GRS 1915+105 might in fact be closer than the
conservative value usually taken in the more recent literature.

Dataset 2

The best fit models for dataset 2 are shown in Figures 2.10 and 2.11 (corresponding to
Table 2.3, column, ������ and ����� respectively). ������ o�ers the best compari-
son – in terms of what component fits what feature – to dataset 1, and owes its name
to its low electron temperature Te, while ����� is dominated by the post acceleration
synchrotron component.

Fitting dataset 2 with similar parameter values (relating to the energy budget and
assumed geometry) as dataset 1 yields very poor statistics (best �2

red ⇠ 30). Trying
to model the steep X-ray spectrum, mainly employing the exponential decay of the
multicolour disc fails, because a higher disc contribution o�ers more (soft) seed
photons. These photons are up-scattered and create a Compton tail in the hardest part
of the spectrum where they overestimate the observed flux.

We therefore searched the parameter space for any other solution that reduces the
flux of Comptonised high-energy photons by reducing the electron temperature Te.
A lower temperature electron distribution would on average not up-scatter the disc
seed photons to equally high energy. We find that if we allow Te to evolve freely,
we end up with a very good fit (�2

red ⇠ 0.7), however the final temperature is rather
low. At ⇠ 4 ⇥ 109 K the bulk of the electrons would be sub-relativistic. The use of
a relativistic Maxwell-Juttner distribution, as done in the MNW05 model, would no
longer be fully justified, as the majority of the particles in the thermal distribution
would have � = 1. However this approach e�ects a very peaked and steep pre-
shock synchrotron component. This distribution of seed jet-base photons allows for
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a Comptonised photon distribution that is steep enough to fit the X-ray data up to 50
keV. Above 50 keV the Comptonised disc photons harden the model spectrum just
enough to fit the entire range of HEXTE data.

An alternate possibility for fitting dataset 2 - with an increased electron tempera-
ture - is found when we increase the ratio of synchrotron to inverse Compton emission.
With synchrotron dominating below ⇠ 30 keV (see Figure 2.11 and Table 2.3, �����
column) and cuto� at about 1 keV, the subsequent exponential decay can approximate
the X-ray features rather well, when combined with an accretion disc peaking at the
same energy (Figure 2.11). In general we feel that, given the unknowns in the exact
shape of the particle distribution around the cuto�, it is undesirable to rely on this
in general during the fits. However it is worth noting that it provides a very good
description of the data (�2

red ⇠ 0.7). Fitting with the synchrotron cuto� requires
a very hard synchrotron spectrum (� ⇠ 1.2). Normally such a hard spectral index
would be expected only in ultra-relativistic sources (e.g. Heavens & Drury 1988). As
for the ������2 fit, the relatively shallow spectrum could, however, again be (partly)
reconciled with the canonical values for p, considering the e�ect of cooling on the
spectrum.

2.4.3 Stellar companion spectrum

While the predominant temperature of a K2 star is 4455K, the dataset 1 fits show
a systemic discrepancy that could be resolved increasing the blackbody temperature
(and normalisation). While the temperature of 4455 K is the predominant value for
a solitary class 2 star of this type, clearly this is not the case for the companion of
GRS 1915+105.

Although the physical properties of stars under these conditions are still largely
undetermined, Kaper (2001) resolved discrepancies in the e�ective temperatures of
donor stars in high mass X-ray binaries, of 10-25% higher than expected from their
spectral classification. Increasing the temperature of our blackbody by 25% to 5500
K results in an insignificant improvement in fit by ��2

red = 0.03.
Letting the temperature and normalisation of the blackbody in our best-fit result

������ free to vary improves the �2
red to 81/165 = 0.5, but yields an extremely high

blackbody temperature of 1.33+0.14
�0.04 ⇥ 105 K. Such an exceedingly high temperature

indicates that other IR contributions than photospheric emission from the secondary
are likely. Chaty et al. (1996) already concluded the same from the rapid variations and
spectral shape they observed in this band. In particular irradiation of the companion
star and/or the disc for a source as bright as GRS 1915+105 should be quite significant,
but the former is not accounted for in detail in our modelling, while the latter is
not accounted for at all. Using an irradiated disc+jet model, Maitra et al. (2009a)
obtained disc temperatures for XTE J1118+480 in the order of a few tens of thousands
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Table 2.4: Relative importance of pair production processes at the base of the jet, for the statistically
good fits in table 2.3. n is the lepton number density per cm�3, ṅpa and ṅpp are the pair annihilation
rate and production rate per cm�3s�1, respectively. In order to compare the production rates to the
lepton density, they have been multiplied by an estimate for the residence time, given by r0/c. If n �
Max(ṅpa, ṅpp), and ṅpa > ṅpp we should be safe from pair production. From these two considerations,
the former is the most important.

fit r0 in rg log(n) log(ṅpa ⇥ r0/c) log(ṅpp ⇥ r0/c)
������ 20 15.3 12.9 15.0
������� 9.3 16.1 14.3 15.7
������2 6.4 16.6 15.1 15.8
6��� 4.9 16.0 14.9 15.1
������ 4.2 17.1 16.3 13.4
����� 3.6 16.4 14.5 15.2

Kelvin, in agreement with e.g. Hynes et al. (2006). Our obtained temperature of
⇠ 1.3 ⇥ 105 K seems rather high, however XTE J1118+480 accretes at rates . 10%
LEdd, while for GRS 1915+105 this is ⇠ LEdd. Other possibilities for IR contributions
include optically thick free-free emission (although usually not observed at such high
energies), or optically thin free-free radiation from an X-ray driven accretion disc
wind (Fuchs, Mirabel, & Claret 2003a; Castro-Tirado, Geballe, & Lund 1996).

2.5 Discussion
Clearly, and perhaps surprisingly, there are large di�erences between datasets 1 and
2, both in the � state of GRS 1915+105. While dataset 1 can be fit fairly well
by the same model as for BHBs, dataset 2 is marginal, thus they do not seem to
represent a standard class of spectral behaviour. Interestingly, Rau & Greiner (2003)
also find significant variety between the individual � states they observed in over 4
years. While the classification done by Belloni et al. (2000) is based on lightcurves
and colour-colour diagrams, the sub-indices 1-4 do not refer to a phenomenological
classification scheme, but only denote their temporal sequence. Hence there remains
the possibility that the � state still encompasses multiple physical regimes that we
may be probing here via spectral fitting.

Alternately, dataset 2 could be in some kind of transitional state, despite being
classified as a typical � state. In GRS 1915+105 complete state changes can happen
on very short timescales in comparison to the canonical BHs (seconds). Such rapid
changes generally occur only between states A and B, however. While state C episodes
can also last for short periods of <100 seconds, the current datasets involve only the
longer (a day or more) intervals. As indicated by the radio and NIR lightcurves,
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Figure 2.6: Multi-wavelength (top) and X-ray band only (bottom) best fit (�2
red ⇠1.16) model spectrum

(cf. Table 2.3, ������ column), using MNW05+Gaussian+smedge. Individual contributions from the
MNW05 model are also shown: The light-green dashed curve is the pre-shock synchrotron contribution.
The dark-green dash-dotted curve is the post-shock synchrotron. The purple dotted curve represents the
thermal contributions from the stellar blackbody (below ⇠ 10�2 keV) and the accretion disc. The orange
dashed-dotted line above⇠ 10�3 keV represent the Compton-upscattered stellar blackbody and accretion
disc seed photons and the Synchrotron Self-Comptonisation (SSC) of the pre-shock synchrotron. The
solid grey line is the total MNW05 model spectrum originating from the jet, the accretion disc and the
companion, however not forward-folded through the detector response matrices and without iron line
or reflection contributions or absorption due to the interstellar hydrogen column density or the smedge
model. The red solid lines through the data points shows the model flux including all these features.
The iron line complex, modelled by a Gaussian is shown by the thick green curve near 6.4 keV.
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Figure 2.7: Multi-wavelength (top) and X-ray band only (bottom) best fit (�2
red ⇠1.48) model spectrum

(cf. Table 2.3, ������� column), using MNW05+Gaussian+reflect.

it is clearly possible that during the dataset 2 observations GRS 1915+105 was in
a transitional state and therefore the model, which assumes a steady outflow, is no
longer applicable. Either way, both of the statistically convincing dataset 2 fits (�����
and ������) have other problems in their physical interpretation, as discussed above,
and it is possible that the model simply cannot apply to observations at such high
luminosities (see Figure 2.1).

For all of the fits presented, two parameters consistently stand out by nature of
their larger values when compared to applications of the MNW05 model to BHBs:
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Figure 2.8: Multi-wavelength (top) and X-ray band only (bottom) best fit (�2
red ⇠1.44) model spectrum

(cf. Table 2.3, ������2 column), also employing MNW05+Gaussian+smedge, but with a reduced
magnetic dominance (k ⇠ 30 in stead of ⇠ 550, see table 2.3) .

the location of initial particle acceleration in the jets, zacc, and the energy partition
parameter k. As mentioned before, we typically find zacc 1-2 orders of magnitude
closer in towards the base of the jets in fits of other BHBs in the HS. Similarly,
while the canonical BHBs often display mild magnetic domination over the gas
pressure, with k ' 10, we find at least an order of magnitude increase is needed to
fit GRS 1915+105 plateau states. Finally, the overall powers required (as indicated
by the jet normalisation parameter Nj , see MNW05 for an explanation) are strikingly
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Figure 2.9: Multi-wavelength (top) and X-ray band only (bottom) best fit result (�2
red ⇠ 1.01) spectrum

(cf. Table 2.3, 6��� column), for the 1999 data set, using MNW05+Gaussian+smedge and employing
a fixed distance of 6 kpc.

larger than the maximum observed in other BHBs. Canonical BHBs displaying
these luminosity levels in LEdd would long have shut down their jets, yet somehow
GRS 1915+105 seems to be operating on a di�erent energy scale.

These three parameters may well be related. Magnetic fields are by now known
to play a major role in accelerating and collimating relativistic plasma outflows, and
current simulations of jet formation favour rather high values of k (usually expressed
as low values of the plasma �, denoting the ratio to of the magnetic to gas pressure;
e.g. McKinney 2006; Komissarov et al. 2007; McKinney & Blandford 2009). It may
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Figure 2.10: Multi-wavelength (top) and X-ray band only (bottom) best fit result (�2
red ⇠ 1.0) spectrum,

for the 2005 data set, using a reduced low electron temperature Te ⇠ 4 ⇥ 109 K (cf. Table 2.3, ������
column).

be that k is positively correlated with the overall power input into the jets. Evidence
for such a scaling has already been observed in individual fits to broadband data of
the LLAGN M81* over the course of a yearlong campaign (see, e.g. Marko� et al.
2008, Figure 22). The overall magnetic field strength and configuration will certainly
influence the formation of particle acceleration structures, however the dependence
on total power and other parameters has not yet been thoroughly explored.

A higher level of magnetic domination can also account for why the fits favour an
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Figure 2.11: Multi-wavelength (top) and X-ray band only (bottom) best fit result (�2
red ⇠ 1.15) spectrum,

for the 2005 data set, using the synchrotron cut-o� to fit the X-ray (cf. Table 2.3, ����� column).

electron temperature Te that is a factor of two or more lower than the the bottom of the
range (⇠ 2 � 7 ⇥ 1010 K) found for the canonical microquasars. A stronger magnetic
field relative to the radiating plasma at the base of the jets in our model is synonymous
with the same being true at the inner edge of the accretion flow, as we assume they are
directly related. A relatively stronger magnetic field would result in relatively more
lepton cooling in the inner regions, and consequently a lower equilibrium temperature.

In contrast, the geometry of both the base of the jets and the cool accretion disc
parameters preferred in the fits is entirely consistent with the range found in the
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canonical BHBs. The radius of the base of the jets is 3 � 20 rg exactly as seen in fits
of both BHBs as well as LLAGN. Similarly, we obtain best fit values for the inner
cool accretion disc radius rin ⇠ 2.5 � 4.7rg, which is consistent with such a high
accretion rate, as well as a spinning black hole as suggested by McClintock et al.
(2006). What is not consistent, and di�ers compared to other BHB fits, is that the jet
base radius in most fits is larger (sometimes only marginally) than rin. Since in our
model the jets should be launched by the inner, hot accretion flow, this is not internally
self-consistent and by such criteria, only fits ������2 and ������ would survive. As
the MNW05 model does not yet self-consistently solve the jet launching physics from
a corona, which is still an unsolved problem, we have not made this a hard constraint.

Although in most BHBs such a small rin would be indicative of a soft state, this
is not true for GRS 1915+105. Due to the high accretion rate, a geometry where
the accretion disc reaches the innermost stable orbit is almost expected. The fact
that the 6��� fit has an inner radius of less then 1 rg is most certainly due to the
oversimplifications mentioned above and similar inner radii were also obtained for the
canonical BHs (see e.g. MNW05). In fact, such small radii appear to be a common
occurrence, also using other models: analysing 4 years of � state observations Rau
& Greiner (2003) obtained inner radii of far less then 1 rg, from the normalisation
of the disc contribution using the diskbb model. Although this model is known
to underestimate the inner disc radius by a factor of 1.7-3, due to Doppler blurring
and gravitational redshift, the obtained radii are still unrealistically low. The disc
temperatures of 1-4 keV they find are higher than ours (0.7-0.9 keV), but again
the diskbb model is known to produce factor 1.7 overestimates (Lee et al. 2002).
Comparing the two plateau states to each other, the required disc contribution is
much higher in dataset 2. For dataset 1, however, disc normalisations are high but
comparable to those for the canonical BHBs, suggesting that, as is true for the HS,
the classification of individual plateau states should not be based on the luminosity.

In agreement with the findings of many other authors (e.g. Sobolewska & Øycki
2003; Rau & Greiner 2003) who have studied the � state, we find that the inverse
Compton component is always dominant over the direct accretion disc contribution in
the X-ray regime for our datasets. Although in our case the Comptonisation is mainly
due to SSC rather than purely from thermal accretion disc seed photons. Only in one
dataset 2 fit (�����) are the X-rays not dominated by the Comptonisation, but the
validity of this fit may be questionable on other grounds as discussed above.

As brought up as a potential issue by Maitra et al. (2009a) and Malzac, Belmont,
& Fabian (2009), for high luminosities conditions at the base of the jet may comprise
high enough photon densities that pair production can become important. As these
processes are not yet implemented in the MNW05 model, we check the pair production
and annihilation rates (ṅpp and ṅpa respectively) at the base of the jets using the
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methods described in Maitra et al. (2009a), and references therein. The results are
shown Table 2.4. If the lepton number density n is not larger than ṅppr0/c and
ṅpar0/c, where r0/c is roughly the residence time for the leptons in the jet base
region, we need ṅpp < ṅpa to be able to neglect pair production.

Although our Te . 1010 is a factor of 5–6 lower than the limit deemed problematic
for GX339-4, the extreme luminosity of GRS 1915+105 means that pair production
could potentially be an issue for some of our fits. The source of potential pair
production is a high-energy tail above ⇠ 0.5 MeV, due to the Comptonisation of
thermal accretion disc photons. The amount of flux in this tail is directly dependent
on the normalisation and temperature of the accretion disc component, which itself is
mainly constrained by the value of NH and the predicted flux in the tail region. Higher
values of NH result in higher accretion disc fluxes to compensate for the increased
absorption in the soft X-ray band.

While we fixed the value for NH in our X-ray fits to 4.7⇥ 1022 cm�2, an increasing
number of works are concluding that the column density is actually variable, ranging
in values from NH ⇠ 2 � 16 ⇥ 1022 cm�2 and potentially linked with an intrinsic
warm absorber at the highest values (Belloni et al. 2000; Klein-Wolt et al. 2002; Lee
et al. 2002; Yadav 2006). Although generally the column density derived from X-ray
measurements is higher than those obtained using IR methods, we find that the highest
values of the NH range are not consistent with our model. Values & 7 cause too great
a decrease below 3 keV, resulting in too much flux in the high-energy tail, due to
enhanced disc Comptonization. We chose the above more “average" value for NH, in
order to be consistent with prior X-ray fits of the various � substates (e.g. 2⇥1022

cm�2; Belloni et al. 1997a) and the assumptions of Chaty et al. (1996). For dataset
2 the above value is likely too high. Letting NH free to vary (without correcting the
NIR dereddening accordingly), while maintaining a higher electron temperature of
⇠ 1010 K settles on the lower bound allowed of 2 ⇥ 1022 cm�2, with a significant
improvement in �2

red (from ⇠30 to ⇠ 25), mainly due to the resulting reduction in
the Comptonised high-energy tail. Therefore our results are highly dependent on the
value of NH, and that this value is likely di�erent for the two datasets, although for
the reasons described above we have chosen to use a single value. Similarly, the
uncertainty in the exact value means that too much pair production can be avoided in
particular by lower values of NH. Lower values are favoured if we allow NH to vary,
and interestingly this is consistent with the conclusion by Neilsen & Lee (2009) that
the presence of an absorbing disc wind at high accretion rates should be anticorrelated
with the presence of jets.
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2.6 Conclusions
Despite the fact that the MNW05 model was originally intended for application to
hard states in canonical BHBs only, it appears to well approximate the plateau state
in GRS 1915+105. However it does not produce convincing results in every instance.
While some of the parameter values obtained are quite extreme, the results for the
dataset 1 appear credible and consistent with what we have found in canonical BHBs.
Dataset 2 however presents more di�culties, and a more solid determination of the
distance and absorption column would go far to help us understand the di�erence
between these two plateau states.

Clearly this work confirms that GRS 1915+105 is in a much more extreme range of
parameter space for an outflow-dominated model, requiring near- or super-Eddington
accretion rates, maximal jet powers and high levels of magnetic domination. Although
our results confirm previously noted plateau state issues, such as the need for a variable
NH, our model for the first time incorporates the entire broadband and has allowed
the comparison between the jet producing plateau and hard states. While the baseline
geometry seems similar, the plateau states of GRS 1915+105 are not low-luminosity
as with HS BHBs, and settle on a range where the acceleration of particles occurs
much further out in the jets, which can be two orders of magnitude further out
of equipartition in the direction of magnetic domination. While these two e�ects
may be linked, the model explored here cannot self-consistently address this, but in
another work we are exploring the links between physical parameters and the location
of particle acceleration fronts (Polko et al., in prep.). A slightly lower electron
temperature is also found compared to other BHBs, which can be interpreted in the
context of the higher cooling rates found at GRS 1915+105’s extreme luminosity.

The main consequence of these di�erences is that the synchrotron component from
the outer jets no longer dominates the soft X-ray band, although a non-negligible X-
ray synchrotron flux of ⇠ 10 % the inverse Compton flux below ⇠ 50 keV seems
required for the statistically favoured fits. In comparison, the MNW05 model applied
to canonical BHBs favours synchrotron emission dominating the flux at least up to 10
keV. Interestingly our results are thus qualitatively similar to the results found from
the blazar sequence (e.g. Ghisellini et al. 1998), where higher powers correspond to
a decrease in the frequency range where synchrotron power peaks. It is clear that
time-dependent e�ects such as cooling breaks demand further exploration, and we
are currently working to implement them into more complex models.

The remarkable di�erences between two individual plateau state observations
does raise questions about whether the � substates are distinct enough to classify all
plateau characteristics. While both datasets explored here bear all the characteristics
of the plateau state, the fits with a single model show more variations in free parameters
than found even between di�erent sources in the HS of canonical BHBs. Thus the
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current classification scheme based solely on X-ray colours and timing properties may
need to be expanded based on broadband attributes.

Our results support a conclusion that, although expressing quite di�erent prop-
erties than the HS in canonical BHBs, GRS 1915+105 plateau states can still be
described by the same broadband model with a steady outflow tied in power to the
accretion inflow. However the BHB model is clearly forced into very extreme ranges,
which themselves provide some new clues about the relationship between accretion
rate, jet production and particle acceleration.

Although GRS 1915+105 is one of the most extensively studied BHBs over the
last decades since its discovery, we are far from understanding this source. At some
point in the future (assuming the source went into outburst when it was first discovered
before the end of the century; Deegan, Combet, & Wynn 2009) GRS 1915+105 will
invariably retreat into quiescence, and should finally yield better insight into the
connection between its current accretion properties and those at sub-Eddington rates.
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Abstract

We have compiled a new multi-wavelength spectral energy distribution (SED) for the
closest obscured low ionisation emission line region (LINER) active galactic nucleus
(AGN), NGC 4736, also known as M94. The SED comprises mainly high resolution
(mostly better than 0.500, or, at the distance to M94, . 12 pc from the nucleus)
observations from the literature, archival data, as well as previously unpublished sub-
millimetre data from the Plateau de Bure Interferometer (PdBI) and the Combined
Array for Research in Millimeter-wave Astronomy (CARMA), in conjunction with
new electronic Multi Element Radio Interferometric Network (e-MERLIN) L-band
(1.5 GHz) observations. Thanks to the e-MERLIN resolution and sensitivity we
resolve for the first time a double structure composed of two radio sources separated
by ⇠ 100, previously observed only at higher frequency. We explore this dataset, that
further includes non-simultaneous data from the Very Large Array (VLA), the Gemini
telescope, the Hubble Space Telescope (HST) and the Chandra X-ray observatory, in
terms of an outflow-dominated model. We compare our results with previous trends
found for other AGN using the same model (NGC 4051, M81*, M87 and Sgr A*), as
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well as hard and quiescent state X-ray binaries. We find that the nuclear broadband
spectrum of M94 is consistent with a relativistic outflow of low inclination. The
findings in this work add to the growing body of evidence that the physics of weakly
accreting black holes scales with mass in a rather straightforward fashion.
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3.1 Introduction
At 4.8±0.8 Mpc, M94 is the closest known galaxy that has a low-luminosity active
galactic nucleus (LLAGN) classified as an obscured low ionisation emission line
region LINER (L2, Ho et al. 1997a; Roberts et al. 2001) and is the least luminous
member of the LINER class found thus far (Lbol ⇠ 2.5 ⇥ 1040 erg s�1; Constantin &
Seth 2012). Therefore the M94 nucleus represents a unique possibility to probe the
extremely low-accretion rate physics thought to govern these types of sources. In this
work we aim to do a multi-wavelength study of this source and hence we will first
briefly describe this source in di�erent wavebands.

M94 has an optical radius R25 of ⇠ 5.60 or ⇠ 7 kpc (Trujillo et al. 2009) and was
identified as a member of Hubble class (R)SAB(rs)ab (Hubble 1926; Buta et al. 2007).
i.e. an early type spiral galaxy with star-forming rings. The central surface brightness
profile in infrared reveals a double Sérsic structure (Richings et al. 2011, these sources
are on average less radio-loud than so-called “core" galaxies). Eracleous et al. (2002)
observed a complex X-ray structure, harbouring a myriad of discrete X-ray sources.

Maoz et al. (1995, 2005) speculate that the galaxy hosts a double AGN in the
process of merging, which may have triggered a starburst episode and could explain
the observed morphological and kinematic features. On the other hand, there has been
much debate about whether even a single AGN is lurking in M94, as the LINER could
just as easily be ionised by e.g. the UV radiation from hot, young stars, collisional
shocks or a population of stellar mass black holes (BHs; e.g. Roberts et al. 1999;
Pellegrini et al. 2002 and references there-in). However evidence that M94 harbours
an AGN has been accumulating: The second brightest X-ray source (as seen by
Chandra) has counterparts in the UV (Maoz et al. 2005) and radio (Körding et al.
2005; Nagar et al. 2002a, 2005a) and hence seems to correspond to a supermassive
BH (SMBH). Further evidence for the AGN nature of this source includes e.g. its
variability in the UV (Maoz et al. 2005), and more recently the analysis of archival
HST Space Telescope Imaging Spectrograph (STIS) data by Constantin & Seth (2012),
who discovered a broad H↵ emission line in the nuclear optical spectrum; generally
considered the “smoking gun" for AGN emission.

Perhaps the best evidence for what is the dominant source of ionisation in M94
comes from detailed optical spectroscopic analysis of the emission lines originating
from the narrow line region (NLR). Emission line diagnostic diagrams (generally
referred to as BPT diagrams, after Baldwin et al. 1981) make use of the ratios of
optical lines ([N ��]/H ↵, [O ���]/H �) to separate galaxies dominated by star formation
(SF) from those dominated by AGN emission (also see Veilleux & Osterbrock 1987;
Kau�mann et al. 2003; Kewley et al. 2006; Schawinski et al. 2007)). When the [S ��]
and [O �] lines are also detected, the BPT diagrams allow us to accurately classify the
cores of galaxies that are not dominated by stellar processes into two main types of
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AGN: LINERs and Seyferts. The former are generally of lower bolometric luminosity
(Lbol) and higher radio loudness, while the latter are historically associated with higher
Lbol, radio quiet sources (but see e.g. Ulvestad & Wilson 1989; Ho & Peng 2001;
Maitra et al. 2011 and references therein). Figure 2 in Constantin & Seth (2012)
summarises the currently available M94 nuclear optical spectroscopy and shows it is
consistent with a LINER (also see Moustakas & Kennicutt 2006).

It is a topic of ongoing investigation whether the two di�erent types of AGN
mentioned above may actually correspond or “map" to certain states found in their
low-mass relatives, the BHs in X-ray binaries (i.e. BH binaries; BHBs) (Merloni
et al. 2003; Falcke et al. 2004; Körding et al. 2006b; McHardy et al. 2006; Plotkin
et al. 2012). We observe BHBs in predominantly two spectral states, named after
their appearance in X-rays (see, e.g. Remillard & McClintock 2006 or Belloni 2010
for reviews on BHB spectral states). The soft state X-ray spectrum is dominated by
a soft, thermal component, usually associated with a geometrically thin, optically
thick accretion disk (Novikov & Thorne 1973; Shakura & Sunyaev 1973). The Hard
State (HS) is dominated by an optically thin, hard X-ray component, that is usually
thought to be due to inverse Comptonisation of a thermal input (Thorne & Price 1975;
Sunyaev & Truemper 1979). In addition to this power-law-like emission, the HS
also displays high RMS noise and the presence of compact, steady jets. Hence it is
tempting to associate the LINER class with the HS and the Seyfert class with the soft
state of BHBs, but to see how far this comparison truly holds and where it fails, more
quantitative comparisons are necessary.

While BHBs can typically change state on humanly observable timescales of
days to weeks, their supermassive counterparts are much slower to go through their
evolution because of the length scales involved, with typical timescales expected for
state changes easily exceeding 104 years (e.g. Keel et al. 2012, 2015; Schawinski et al.
2015 and references therein). Hence it is nearly impossible to directly observe state
changes in AGN. Interestingly, however, “changing look" AGN, that show variable
X-ray absorption, have been observed (see LaMassa et al. 2015; Koay et al. 2016,
and references there-in). In addition, for the first time a quasar was found to “switch
o�", possibly due to a transition into a radiatively ine�cient state (Schawinski et al.
2010). More indirect evidence that AGN can change state comes from X-ray images
of cavities in clusters of galaxies, showing activity cycles of ⇠ 107–108 years (e.g.
Bîrzan et al. 2004). Clearly such findings show the merits of studying and comparing
the evolution of BHs on both ends of the mass-scale, specifically for the predictive
nature of low mass BHB evolution when used to infer AGN evolution.

Low accretion rate BHBs are generally thought to harbour a radiatively ine�cient
accretion flow (RIAF). In such flows a thermal-dominated “cloud" of electrons com-
prise the inner flow. This cloud can be seen as the inner accretion disk that evaporated
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3.1 Introduction

into a “corona" (Esin et al. 1997; Gilfanov 2010), or can be interpreted as the base of
a jet (Marko� et al. 2005, hereafter MNW05), i.e. a magnetised, outflowing corona
(e.g. Beloborodov 1999; Malzac et al. 2001; Merloni & Fabian 2002). In this work we
explore the concept of mass-scaling in BH systems, investigating a newly compiled
broadband Spectral Energy Distribution (SED) of the M94 nucleus in the context of
an outflow-dominated relativistic jet paradigm (MNW05, see Section 3.4 for further
references). The SED consists of some of the first data acquired with the recently
upgraded e-MERLIN, supplemented by previously unpublished Plateau de Bure In-
terferometer (PdBI) and Combined Array for Research in Millimeter-wave Astronomy
(CARMA) continuum data, as well as archival data and data from the literature. The
MNW05 framework is, to date, the only model that has been applied successfully to
a variety of BH broadband SEDs on both ends of the mass scale, as well as across
the luminosity scale (in terms of the Eddington luminosity, Lbol/LEdd, where LEdd =
1.26⇥ 1038 [MBH/M�] erg s�1, with MBH the BH mass). Specifically the observations
investigated with MNW05 range from a multitude of HS and quiescent state BHBs
(MNW05; Gallo et al. 2007; Migliari et al. 2007; Maitra et al. 2009a; Plotkin et al.
2015), to the GRS 1915+105 specific (HS equivalent) � state (van Oers et al. 2010)
to several SMBHs (Marko� et al. 2007, 2008; Maitra et al. 2009b, 2011; Prieto et al.
2016; Connors et al. 2016, in prep.). Consistent with nomenclature used in some of
these works we will refer to the core of M94 specifically, as M94*.

We compare the results from fitting the M94* SED with those previously obtained
for BHBs and AGN. The BHBs span a wider range in jet properties and we will limit
our comparison to the ranges previously found for the di�erent spectral states. The
AGN, however, merit an individual comparison: M94* is the closest “pure" LINER
and has a dynamical mass of 6.77 ± 1.54 ⇥ 106 M� (Kormendy & Ho 2013). M87
is also a type 2 LINER (Ho et al. 1997a) and has a similar bolometric luminosity in
Eddington. M81 has both LINER and Seyfert characteristics (Ho et al. 1997b), while
the narrow line Seyfert 1 (NLS1) NGC 4051 is a poster child for Seyfert galaxies; it is
one of the original six studied by Seyfert (1943). Due to its relative proximity Sgr A*
is not classifiable as LINER or Seyfert, but it displays extremely low Eddington
luminosities (Lbol/LEdd ⇠ 2 ⇥ 10�6) and at 4⇥106 M� (Gillessen et al. 2009) its
dynamical mass is very similar to that of M94*.

We introduce the new M94* e-MERLIN observations in Section 3.2 and explain
which other data we add to these radio observations in Section 3.3. Details about
the MNW05 framework are in Section 3.4, while the best-fit models are presented in
Section 3.5. We discuss these results in Section 3.6 and end with our conclusions in
Section 3.7.
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3 A jet model for M94*

Figure 3.1: e-MERLIN M94 L-band contour map (in red) overlaid on the Chandra data from 2000
(greyscale; plotted using binsize=0.25; see Section 3.3.5). The black circle denotes the region use to
extract the Chandra spectrum, while the cyan dot denotes the location of the M94* flat-spectrum nucleus
at 15 GHz (Nagar et al. 2005a). Radio contour levels are at -7, -5, -3, 3, 5, 7, 12, 20, 45 and 70 �, where
� = 21 µJy (the latter two contour levels are only relevant for the extended source towards the north
west). Dashed contours indicate negative levels. As there are negative levels down to ⇠-5 �, also levels
up to ⇠ +5 � should be regarded with caution. Hence considering contours of greater than 7 � only,
M94* appears unresolved.

3.2 New e-MERLIN and archival VLA observations

In this section we present a dataset obtained by the recently upgraded e-MERLIN array.
These upgrades have enabled a dramatically increased bandwidth coverage, compared
to the original MERLIN configuration (e.g. Garrington et al. 2004). These L-band
(⇠1.5 GHz) observations are part of the Legacy e-MERLIN Multi-band Imaging of
Nearby Galaxies Survey (LeMMINGS1). Details about the reduction process are in
Section 3.2.1. This is the first time the double radio structure in M94 (seen at 8.49
GHz VLA; Körding et al. 2005, but also at 4.9 GHz, see below) has been resolved
into individual sources at low frequencies (see Figure 3.1). The weaker of the two (at
1.5 GHz), towards the south-east, is unresolved within the noise and should therefore
correspond to the nucleus, while the other source is extended and of unknown origin.
We will investigate the nature of these two sources in more detail below.

1www.jb.man.ac.uk/⇠rbeswick/LeMMINGS/
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3.2 New e-MERLIN and archival VLA observations

3.2.1 e-MERLIN radio reduction

All data inspection, flagging, calibration and imaging is done using the Astronomical
Image Processing System (AIPS; Greisen 2003). M94 was observed by all 7 e-
MERLIN stations (Lovell, Jodrell Mk2, Knockin, De�ord, Pickmere, Darham and
Cambridge) in L-band and in spectral line observing mode on May 5th and May
7th 2014. The phase calibrator is J1242+3751, the bright point source calibrator
is 1407+284 (or OQ 208) and the absolute flux density calibrator is 1331+305 (3C
286). The array observed the target and phase calibrator alternately at a ⇠7 min / ⇠3
min cycle, respectively. The time on source totals ⇠ 13.7 hours. The full bandwidth
was 512 MHz, split into 8 spectral windows (SPW)s with each SPW split into 512
channels.

On the 5th of May no flux calibrator was observed, so all fluxes are calibrated using
the 1331+305 observation of May 7th. This is usual practice with e-MERLIN and
does not add significant uncertainty, as long as there are no changes in the instrumental
system.

Before imaging (with IMAGR), the target visibilities were re-weighted according
to individual antenna sensitivity. The calibrated data were imaged with natural
weighting to maximise sensitivity. Some iterations of self-calibration were attempted,
but with a target flux below 1 mJy and an image dynamic range (DR) of only⇠200, the
self-calibration did not lead to improvements. Multi-scale cleaning was attempted,
but did not yield an improvement in noise level or DR.

We use separate, source-free noise images, created using a shift in right ascension
of 6000, to get an estimate of the RMS of the target image, rather than estimating
the RMS from the target image itself. Using this method we can uniformly obtain
reasonable estimates of the noise in any target image we make (see Section 3.2.2),
in a way that is less sensitive to local side-lobes2 whose exact locus can vary from
SPW to SPW. We note that despite the advantages of using an o�set noise image, it
may sometimes lead to an under-estimate of the true RMS, as it may fail to account
for RMS contributions of the local side-lobes mentioned above. However, any such
additional error is more systematic than statistical, and hence we prefer to use the
errors obtained from the noise images for fitting purposes.

Using 100 000 iterations for the cleaning process yielded images that portray the
lowest RMS of ⇠ 20µJy/bm. Corresponding example radio contours are shown in
Figure 3.1.
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3 A jet model for M94*

e-MERLIN

VLA

NVAS

Koerding et al.
        2005

Figure 3.2: M94 1.5–15 GHz radio spectrum for the point- and extended sources in Figure 3.1. The
origin of these data are summarised in Table 3.1. The (unresolved) point source spectrum is shown with
a jet model running through, while a power-law fit is applied to the (extended) non-core spectrum, best
fit with a spectral index ↵ = 0.58, where S⌫ / ⌫�↵.

3.2.2 Extended steep-spectrum radio source

Since this is the first time the double radio structure in M94 has been resolved in
L-band and since the two components di�er slightly in coordinates with those found
by Körding et al. (2005) it is prudent to investigate the two components, identify
the nucleus, and ascertain the nature of the other component. To this end we take
advantage of the e-MERLIN broadband capabilities and compile a detailed radio
spectrum. Imaging all 8 available SPWs individually however revealed a poor data
quality at the lowest-energy SPWs, due to RFI and possibly intrinsic absorption.
Hence we bin together the 5 lowest energy SPWs but use individual images for the
top three SPWs (cf. Figure 3.8). We obtain integrated fluxes for both the point and
extended source using AIPS/JMFIT. JMFIT reports the error on the fit, and these
errors were added in quadrature to the RMS level of the separate noise images. The
results are in Table 3.1, and plotted in Figure 3.2.

In addition to the e-MERLIN observations, we have populated the radio SED with
other VLA (A-configuration only) high-resolution C, X, U and K band data points (at
4.9, 8.5, 15 and 22 GHz respectively).

2Such side-lobes can appear due to bad data that has gone unnoticed during flagging and/or the lack
of self-calibration.
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3.2 New e-MERLIN and archival VLA observations

The C and K band observations were obtained as pre-reduced images from the
automated VLA pipeline NVAS (NRAO VLA Archive Survey)3. The C band images,
even though dated as far back as 1983 and 1985, already show the double structure
mentioned above (however we found no publication regarding this finding). M94* is
not detected at K band in A-configuration, due to an RMS of 0.718 mJy that we will
use to include a 3� upper limit in the broadband SED (Figure 3.3). As this 22 GHz
data o�ers no extra information regarding the double structure we ignore it in figure
3.2.

To improve S/N we average the five 8.49 GHz, A-configuration measurements
from Körding et al. (2005). The observations were done over a 3 month period and
although the absolute flux densities reported for both the point and extended source
show some variation, within the errors both the flux densities remained essentially
constant.

The 15 GHz measurement is reported in Nagar et al. (2002a, 2005a). These papers
do not report a double structure, however at 0.34 mJy (Körding et al. 2005) the image
RMS would have prevented them from detecting the extended source at a 5� level.
Körding et al. (2005) re-reduced the original data and confirmed the extended source
at a 4� level, but accurate flux determination from this data remained impossible due
to the high RMS. Hence they obtained new U band maps from which they report both
peak and integrated nuclear flux densities of 1.7 mJy, matching the integrated flux in
the Nagar et al. works. Koerding et al. also report a 1.1 mJy peak flux density for the
extended source (and note that the 0.95 mJy integrated flux density probably has some
flux missing due to the small integration box used for this source). Unfortunately they
report neither errors on these fluxes nor the RMS for the new images, even though
it is clear from context that the new U band images are less noisy than the Nagar et
al. maps. Hence considering the extra uncertainty due to the “missing" integrated
extended source flux and to remain conservative for the point source flux we will use
the Nagar et al. RMS of 0.34 mJy as a 1� error on the Koerding et al. 15 GHz fluxes
in Figure 3.2.

Comparing the spectral indices (↵; where S⌫ / ⌫�↵) in Figure 3.2, we find that
the point source in the south east has an inverted spectrum and hence unambiguously
identify this source with the core. With ↵ / 0.58 the north-western extended com-
ponent appears to show steep spectrum emission, consistent with slopes seen in star
forming regions (0.5 < ↵ < 1.0; e.g. Condon 1992; Dopita et al. 2005; Clemens
et al. 2008), or injection indices in extended synchrotron knots (e.g. Kardashev 1962;
Biretta et al. 1991; Carilli et al. 1991). The spectral index found for this extended
component by Körding et al. (2005) (from 8.4 to 15 GHz) is ↵ = 0.42: slightly
less steep, but broadly consistent. Looking at the e-MERLIN point source spectrum

3http://archive.nrao.edu/nvas/
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3 A jet model for M94*

separately, at around �2 < ↵ < �2.5, the spectral index is quite inverted, which
could be due to Synchrotron Self Absorption (SSA) or free-free absorption. Indeed,
had the core been resolved the source would have not been compact enough for SSA
to be a viable mechanism to explain the absorption, as the magnetic fields required
would have been orders of magnitude too high to explain the observed brightness
temperature.

As it seems we have correctly identified the core we correlate this source position
with multi-wavelength data.

3.3 Multi-wavelength observations
As M94 is relatively close, it is a well-studied source, observed by many di�er-
ent instruments. We are interested in M94* and thus attempt to match the (0.1500)
e-MERLIN resolution in the other wavebands in our selection of the available ob-
servations. The resulting SED (Figure 3.3) includes almost exclusively observations
with high angular resolution (mostly 0.500 or better, or . 12 pc at the distance to
M94, down to 0.100, or 2.3 pc in optical). The exceptions to this high resolution are
the millimetre observations, that are the only measurements available for this source,
but were obtained in compact configurations, i.e. originally optimised for di�erent
science goals. However as we will explain below we are confident the millimetre data
accurately represents the M94* flux. Details of the observations are in the relevant
subsections below, and are summarised in Table 3.1.

3.3.1 Millimetre
At millimetre wavelengths we have observations from the Plateau de Bure Interfer-
ometer (PdBI)4 at ⇠ 90 GHz and the Combined Array for Research in Millimeter
Astronomy (CARMA) at ⇠ 110 GHz.

PdBI

The central region (⇠ 13000 diameter) of M94 was observed with 5 PdBI antennae in
its D configuration during autumn 2013 (PI Van der Laan). Observations were centred
at 88.8GHz, with a 3.6GHz initial bandwidth at 2MHz resolution given the WIDEX
correlator. Data reduction was done via the dedicated PdBI pipeline. The output was
checked, and generally found to be excellent. Four out of six observational tracks
included an absolute flux calibrator (MWC349 and/or LKHa101), and those tracks
could be used to also flux calibrate the other two tracks. Overall the absolute flux

4Now known as the NOrthern Extended Millimeter Array (NOEMA), after a recent upgrade to > 6
antennae.
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3 A jet model for M94*
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Figure 3.3: Multi-wavelength Spectral Energy Distribution (SED) of M94*, data only. For comparison
we also include Spitzer data here (magenta open circles), which we will consequently ignore, as the two
Gemini Michelle upper limits are clearly far better constraining. For details on all the data used, including
precise observing frequencies, fluxes, expected resolutions, observation dates and an explanation of the
upper limits, see Table 3.1 and its caption.

error can be assumed to be less than 10%. Finally, data quality limits were set to limit
the influence of bad observations. This way ⇠ 10–20% of visibilities were dismissed.
The observing time remaining after calibration and reduction totals 13.3 hours spread
over 11 pointings nearly uniformly, giving 1.2 hours for the central pointing.

A continuum uv-table was constructed from the remaining WIDEX visibilities,
where 160 MHz-wide frequency ranges covering HCN(1-0) and HCO+(1-0) line
emission (at 88.54 GHz and 89.10 GHz, respectively) were excluded. This leaves
a 3.3 GHz total bandwidth. The sensitivity across the full 3.3 GHz bandwidth
is 0.065 mJy/beam. Strong emission was found at position RA 12h50m53.068s,
Dec 41d07m12.88s, near the phase centre of the observations. This emission was
investigated with the GILDAS* routine uv_fit. The emission is unresolved (i.e. is a
point-source) with a flux of 2.0 mJy. By measuring the flux in the uv-plane the fitting
error remains small, and is only truly dominated by the absolute flux error.
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3.3 Multi-wavelength observations

Even though the resolution of the PdBI in D configuration is at least an order
of magnitude lower than those of the measurements in the other wavebands (beam
PSF is 5.700 by 4.600), no other significant continuum signal was found within the
central 4000 radius. In addition the positional accuracy of the flux measurement is an
order of magnitude higher than the PSF size, since it was performed in the UV-plane.
Although this unresolved measurement may include some flux from the secondary
source observed in radio, extrapolating the tightly correlated spectral index in Figure
3.2 this non-core source should contribute no more than⇠0.4 mJy at these frequencies.
Due to the error in absolute flux measurement the true flux density would lie between
1.8–2.2 mJy, however the core only flux could in reality be ⇠0.4 mJy lower. Hence
we will use a flux density of 1.8±0.4 mJy for the PdBI measurement, so we can be
sure this data point is a good representation of the core emission at this particular
frequency, despite the larger PSF.

CARMA

The continuum observations at 111.5 GHz and 114.5 GHz presented in this paper
have been obtained through the CArma and NObeyama Nearby galaxies (CANON)
CO (1-0) Survey. In the CANON survey, data from the CARMA and Nobeyama
Radio Observatory 45-meter (NRO45) single dish telescope are combined to image
the centres of nearby spiral galaxies in the (J=1-0) transition of 12CO (Koda et al. in
prep). Due to its higher sensitivity on the relevant spatial scales, here we present only
the CARMA data for the centre of M94.

The CANON observations of M94 at CARMA were taken in eight executions in
the C and D configurations from January 2007 through March 2008 and are described
in more detail in Donovan Meyer et al. (2013). The survey was designed to provide
continuous velocity coverage around the CO (1-0) line with high spectral resolution
and used wide continuum windows for calibration. Here we present measurements
from the wide continuum windows in both the upper and lower sidebands. The
windows are each 406 MHz wide and are centred at 111.5 GHz and 114.5 GHz. The
field of view of the CARMA 19-pointing mosaic is 2.30, centred on the position of
M94.

The reduction was done using the usual CANON calibration routines in miriad
which were adjusted to calibrate the continuum windows rather than the spectral
line windows. The bandpass calibrators were 3C273 and J0927+390, with phase
calibrators J1310+323 and J1159+292. The visibility flagging was not excessive.

The beam size in the 111.5 GHz image is 3.300 by 2.300 and the beam size in the
114.5 GHz image is 3.200 by 2.200. The images were created by inverting the visibilities
with robust=-2 (a weighting that gives the less-well-populated longer baselines equal
weighting and so pushes for a smaller beam, at the cost of slightly higher RMS). The
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3 A jet model for M94*

RMS values measured in the centre of the maps are 3.7 mJy at 111.5 GHz and 3.9 mJy
at 114.5 GHz. There are no continuum sources in either image within the CARMA
field of view.

3.3.2 Infrared
Although Spitzer IRS spectral data is available, at a slit width of 3.600 the resolution of
this instrument is relatively coarse and sure to be dominated by starlight and/or dust
in the IR. Asmus et al. (2014) analysed archival data from the 8.1m ground-based
Gemini telescopes, as part of the Sasmirala (Subarcsecond mid-infrared view of local
active galactic nuclei) survey. The survey features N and Q band M94 observations,
obtained in 2007 with the Michelle spectrograph, o�ering nuclear/continuum flux
measurements at 12 and 18 µm. These flux measurements were obtained using the
������� IDL routine that fits 2D Gaussians + a constant to the compact nuclear
component in an attempt to subtract non-nuclear emission. Compared to the Spitzer
measurements, the Sasmirala data constrains the M94* nuclear flux to a level ⇠10
times lower. However Asmus et al. note that the central 100 pc of M94 is completely
dominated by extended starlight and so, also considering the range of possible other
origins of flux in this waveband (see Section 3.4), we will use these data points as
upper limits.

It is worth noting that Richings et al. (2011) do not find evidence for a point source
in the near-IR (in the Hubble F160W filter, at around 1.6 µm).

3.3.3 Optical
The two optical measurements included represent a spectrum obtained with the HST
Space Telescope Imaging Spectrograph (STIS). The data were reduced and reported
by Constantin & Seth (2012). Considering all the possible origins of “pollution" of
the optical (and UV) by non-jet sources we do not fit the detailed spectrum reported
in that work, but use the spectrum end-points only, assuming 20% errors, to get an
indication of the normalisation at these energies. In any case we do not expect the jet
to be dominant in the optical/UV and for these reasons we do not fit the optical/UV
data with a jet, but with an accretion disk, in order to take care of this normalisation
(see Section 3.4).

3.3.4 Ultraviolet
In UV we use data reported in Eracleous et al. (2010) that includes data from the HST
Advanced Camera for Surveys (ACS), which has been automatically reduced by the
Space Telescope Science Institute (STScI) pipeline as well as aperture photometry
that has been done by Maoz et al. (2005), within a 10 pixel (0.2700) radius centred
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Figure 3.4: Background-subtracted X-ray SED of M94*, covering the full useable 0.36–8 keV Chandra
range (bins above ⇠ 6 keV do not generate enough counts after regrouping to a minimum S/N of 4.5 and
so are not visible). The data was unfolded using the same model as used in Figures 3.5–3.7. We show the
full X-ray range here for clarity, but only use the > 1 keV data in this work (see text). Orange diamonds
are Eracleous observations from 2000 while blue triangles are Jenkins observations from 2008.

on the unresolved point source. Between 1993 and 2003 the latter observe long term
variability of a factor of 2.5 in the UV, indicative of an AGN. These UV data are
also used for SED fitting in Nemmen et al. (2014). Eracleous et al. (2010) employed
two di�erent methods to de-redden the data, a starburst extinction law (Calzetti et al.
1994) and a maximum correction corresponding to the Milky Way law of Seaton
(1979). For our fluxes we take the average of the latter and the undereddened flux and
use these extremes to determine the error bar sizes.

3.3.5 X-ray

Using the Advanced CCD Imaging Spectrometer (ACIS), Chandra has observed
M94 three times since its launch: twice in 2000 (ObsID 808, 47.37 ks and ObsID
410, 2.31 ks) and once in 2008 (ObsID 9553, 24.35 ks). Considering the relatively
short exposure for ObsID 410 we choose to ignore this observation and reduce the
other two using the standard CIAO (Chandra Interactive Analysis of Observations)
software, v4.6 (Fruscione et al. 2006) and the CALDB version 4.6.3 calibration
files. After extracting the spectra from the individual observations (with the CIAO
tool �����������) we fit for both datasets simultaneously, however the 2000/2008
observations have been performed in VFAINT/FAINT mode and ACIS-S/ACIS-I
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3 A jet model for M94*

respectively.
For both datasets we have to choose an appropriate extraction region. The normal

pixel size of the CCD is 0.4900, while the PSF should be slightly smaller. We are
interested in a point source, however the error in the absolute photometry is of the
same order as the pixel size. Hence for both Chandra observations, we choose a
circular extraction region, with a radius of 1 pixel, around the coordinates of the e-
MERLIN peak pixel and 15 GHz observations (12:50:53.07 +41:07:12.95), that also
correspond tightly with the PdBI observations (see above), so that we can be confident
the AGN is included within the diameter of the extracted area while the resolution of
the extracted area is still better than a second of arc. The resulting X-ray spectra are
in Figure 3.4.

The usable energy range of Chandra is 0.36–8 keV. Below this range electronic
noise dominates the signal from the sky X-rays, while above 8 keV there is negligible
instrument response (Doane et al. 2004). In Figure 3.4 we see two components below
1 keV (that can be modelled well as a thermal plasma, at ⇠ 0.1 and ⇠ 0.6 keV,
see Roberts et al. 1999; Pellegrini et al. 2002) contaminating the spectrum. These
excesses observed in the X-ray SED seem due to larger-scale emission5, e.g. hot,
collisionally excited ISM, iron L and/or Neon lines (at .1 keV) and oxygen lines at
lower temperatures, likely to be due to star formation and perhaps only indirectly
related to the AGN by shocks. For an AGN at such low accretion rates there should be
no soft X-ray contribution from the accretion disk blackbody emission, so these lower
energies can be safely ignored by our model. Therefore we truncate the spectrum to
consider only X-rays > 1 keV.

3.3.6 Variability

The data in our SED are non-simultaneous. As explained in the introduction, this
need not be a problem, since AGN tend to go through their evolution on extremely
long timescales. LINERs can however be highly variable on timescales of months to
years (with typical peak-to-peak amplitudes from a few to 50%), particularly in the
UV and X-ray bands (e.g. Maoz et al. 2005; Pian et al. 2010; Younes et al. 2011).
Therefore we will briefly discuss the variability in the di�erent domains, starting at
low energy.

In the the radio through millimetre we may observe small fluctuations in the jet,
consistent with adiabatic expansion or from normal physical variations in the input
power, jet structure or accretion rate, travelling away from the nucleus as “wiggles"
in the spectrum. Marko� et al. (2008) found evidence for such “waves of variability"
in M81*. However we see a consistently inverted spectrum, that increases almost

5Unrelated to the extended radio emission in Section 3.2.2.
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perfectly monotonically with energy, at least up to PdBI frequencies. Hence, it seems
unlikely that the variability in this domain should be significant at the time scales
we are looking at, even though the observations used are spread over the past three
decades in time (perhaps indicating a remarkably steady jet).

In infrared and optical bands we do not expect to see much variation, since we will
mainly see galaxy light here. In the UV however, variation is expected for AGN. For
M94*, Maoz et al. (2005) measured a variability of 5 % and 1 % in the HST F250W
and F330W ACS bands respectively, confirming an AGN could be responsible for a
significant contribution in the UV bands. For our modelling, however, variability in
the IR-to-UV can be mostly ignored: As the jet is not expected to be the dominant
component here (see below for discussion) it will not tell us much about the physics
we want to study in this work. As will be explained in Section 3.4 we model these
energies with a thin accretion disc as the dominant component and so the jet model
results will not be sensitive to variability in the UV.

The X-ray variability of M94* has been examined several times before using
di�erent instruments. Roberts et al. (1999) found no evidence for long-term (multi-
year) variability comparing ROSAT and ASCA data, constraining the amplitude of
the variation of observations four years apart to . 30 %). Also Pellegrini et al.
(2002) found no evidence of 2–10 keV flux variations between ASCA and BeppoSAX
observations, separated by five years. These instruments may conceal variation,
however, due to a larger ratio of di�use-to-core emission expected to be included in
their relatively coarse PSFs, compared to Chandra and XMM-Newton. Our Chandra
observations were obtained 8 years apart. However integrating and comparing the 1-6
keV X-ray flux of these individual observations, we only see evidence for ⇠2% long
term variability. Eracleous et al. (2002) also look into the short-term variability for
their dataset and constrained the excess variance to 0.06±0.04 s�1, i.e at the 5–10%
level only at timescales of a few hours.

From the above considerations we believe the variability in M94* is insu�cient
to significantly influence our conclusions, as evidence suggests that it is a remarkably
stable source. Hence the results from fitting the SED (Section 3.5) should be robust
enough to interpret and compare with other sources studied with MNW05.

3.4 Jet paradigm

For spectral fitting we use the Interactive Spectral Interpretation System ISIS (Houck
& Denicola 2000), compiled with XSPEC (Arnaud 1996) 12.8.2 libraries. ISIS allows
us to forward-fold the model flux predicted by MNW05 through the Chandra detector
response matrices during fitting (while all non-Chandra data is fitted directly).

For details of the MNW05 model we refer to previous works of e.g. Marko� et al.
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(2005); Maitra et al. (2009a); van Oers et al. (2010), but we will briefly describe the
main parameters here.

There are several physical parameters to the model that are fixed by observations,
such as the BH mass (MBH), the distance d and jet inclination i. The jet itself is
similar to a Blandford & Konigl (1979) scenario, compact and stratified, consisting of
multiple self-absorbed zones and has a length zmax. All length scales are in units of
gravitational radii (rg = GMBH/c2). The base of the jet, or jet “nozzle", is cylindrical,
with radius r0 and height h0/r0. The power entering the jets is represented by Nj,
which is the dominant fitted parameter. Nj scales with the accretion power. The energy
fed into the nozzle is divided between the kinetic and internal pressures, assuming the
electrons are mainly responsible for the radiation, while cold (non-relativistic) protons
carry the bulk kinetic energy. The ratio of the magnetic and particle energy densities
is referred to as the equipartition factor k = UB/Ue, with UB = B2

/8⇡ the magnetic
energy density, B the magnetic field, and Ue the electron energy density. The nozzle
electrons are assumed to be in a quasi-thermal, mildly relativistic Maxwell-Jüttner
velocity distribution of temperature Te, but at some length zacc from the jet-base
we assume 60% of the electrons are accelerated into a power-law tail (N (E) / E�p,
where p is a free parameter), assuming a process like di�usive shock acceleration (e.g.
Jokipii 1987). However we remain agnostic about the true acceleration process and
parametrise the acceleration e�ciency with a factor ✏ scat that we fit for and in doing so
absorb the unknowns. In all segments beyond the nozzle the jet is assumed to expand
adiabatically, causing a longitudinal pressure gradient that accelerates the bulk-plasma
asymptotically to Lorentz factors of 2-3 (derived from the Euler equations; Falcke
1996).

The MNW05 framework incorporates cooling due to adiabatic expansion, and
synchrotron and IC losses under the assumption of a constant injection of fresh, high
energy power-law leptons in each segment after the acceleration front. However if
the cooling is fast, the injection rate may not be high enough to compensate for the
cooling. If the dynamical timescale tdyn of a segment (i.e. the lepton residence
time) is at least of the order of the lepton synchrotron lifetime tsyn, synchrotron
losses will be significant. As a consequence the index of a steady state power-law
electron distribution will be steepened by unity, from p to p + 1. The turnover point
where the indices steepen is referred to as a cooling break and should occur around
Ebr =

24⇡m2c3

�T B2tdyn
(Kardashev 1962).

We also multiply the outflow model by an absorption model (phabs in ISIS),
parametrised by the line-of-sight-hydrogen density NH, which shows the biggest
contribution in the softest X-rays.

We also include an optically thick, geometrically thin multi-colour accretion disk
with a temperature profile of T / R�3/4, following Shakura & Sunyaev (1973);
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3.4 Jet paradigm

Parameter Value Unit Reference
d 4.8 Mpc a
MBH 6.77 106 M� b
i 29 � c
NH 1.41–3.3⇥1020 cm�2 d

Table 3.2: Summary of observable parameter values, and references: a) Eracleous et al. (2010); b)
Kormendy & Ho (2013); c) Erwin (2004); Trujillo et al. (2009); d) Stark et al. (1992); Eracleous et al.
(2002).

Mitsuda et al. (1984); Makishima et al. (1986). This disk is parametrised by an inner
radius rin (with a temperature Tin) and an outer radius rout. Although the photons
coming from this disk are available for Compton up-scattering by the leptons in the
base of the jet, for M94* the contribution of this e�ect to the total model flux is
insignificant. Furthermore, for LINERs the canonical “big blue bump" (e.g. Elvis
et al. 1994) is often missing (e.g. Ho 1999; Eracleous et al. 2010), hinting at a
truncation/disappearance of a thin accretion disk. For LINERs the UV spectrum
in log ⌫–log(⌫F⌫) representation is usually of comparable amplitude to the X-ray
spectrum (see e.g. Fernández-Ontiveros et al. 2012), however M94* is ⇠ 100 times
brighter in UV than in X-ray. This is understandable as for most galaxies the flux in
the IR-to-UV bands is expected to be an amalgamation of both galactic (e.g. stellar
population and dust) and nuclear contributions (e.g. jet synchrotron, thermal radiation
from a minor accretion disk, as well as reprocessed radiation from dust in a torus or
narrow line region). In theory it should be possible to use a combination of stellar
population synthesis templates (e.g. Bruzual & Charlot 2003) and other models to
account for all these components accurately. However the available data is insu�cient
to accurately disentangle the exact flux contributions in this energy range. Hence we
make use of the (quasi-)thermal thin disk to model these 2 Gemini upper limits and 4
HST data points and account for the normalisation at this energy. In e�ect this disk
subsumes all unseparated non-jet contributions from all the components mentioned
above (stars, dust, etc). This approach allows us to focus on the broadband spectrum
and implied physics of the compact jet source only.

In the X-ray band, to account for the di�erent Chandra modes/instruments/varying
PSFs as well as possible source variability we allow a constant to determine the
relative normalisation for the 2008 data compared to the 2000 dataset, as the latter has
significantly more counts due to the longer observing time. Fitting data of di�erent
epochs should have the added benefit of further averaging out some of the expected
variability in the X-rays (which is small to begin with, see Sec. 3.3.6).
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3 A jet model for M94*

3.4.1 Fixed and limited input parameters

As mentioned above we fix the observable model parameters, or put limits on the
ranges allowed using results from the literature. These values and ranges are listed in
Table 3.2.

Tonry et al. (2001) determined the distance d to M94 from surface brightness
fluctuations. We however use a corrected value reported in Eracleous et al. (2010),
who subtracted 0.16 mag from the distance modulus in Tonry et al., following Jensen
et al. (2003).

The black hole mass MBH is a dynamical measurement quoted from Kormendy
& Ho (2013).

The compact jets in M94 have not been resolved and therefore the jet inclination is
unknown. Moreover there is no correlation expected between the AGN jet inclination
and the galaxy disk inclination (Kinney et al. 2000; Netzer 2015). The jet inclination
could however be causally linked to the inclination of the inner galaxy disk. Based on
the shape of the inner ovally distorted disk Erwin (2004) reported a galaxy inclination
of i = 35�. Consistent with this value, de Blok et al. (2008) found the galaxy disk
inclination decreasing from⇠ 50–29� from the outer disk to the inner disk, based on H �
measurements. In our fits, lower inclinations are preferred to accommodate the relative
flatness of the radio spectrum (higher inclinations yield a more inverted spectrum due
to mild relativistic beaming). Hence for fitting we will use the bottom/inner disk value
from de Blok et al. (2008) of i = 29�.

We limit the range for the absorption column NH, requiring it to fall between the
value corresponding to Galactic absorption alone (Stark et al. 1992) and the upper
limit that was found by (Eracleous et al. 2002), who fitted the 2002 Chandra spectrum
data (that is also included in our SED) with an absorbed power-law.

With regards to the electrons we make a few assumptions: We use a particle
distribution index 2 < p < 2.5, consistent with di�usive shock acceleration (e.g.
Heavens & Drury 1988; Lemoine & Pelletier 2003; Nemmen et al. 2014 and references
there-in). Also, as we see no evidence in the SED of a high-energy, exponential cuto�,
we will assume the acceleration of the leptons occurs e�ciently, and set ✏ scat =0.01
in synchrotron dominated fits. This value is high enough to set the cuto� beyond
the energy range covered by our M94* data. Lastly this model is only valid for
electron temperatures Te greater than mec2

/kB = 5.94 ⇥ 109 K, as below this value
the electrons would mainly emit cyclotron radiation instead of synchrotron radiation
and we do not model the former separately.
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M94*
Parameter (Unit) ��� ������ ���

Je
t

Nj (10�5LEdd) 4.9+3.3
�2.7 24+47

�13 12+45
�4

Te (1011 K) 1.5+0.5
�0.3 1.1+0.3

�0.2 1.6+0.2
�0.2

r0 (rg) 4.6+23.9
�2.2 2.1+1.9

>�1.1 2.0+0.7
�0.7

k 1.4+3.5
�0.7 0.13+0.00

�0.11 0.20+1.2
�0.14

✏scat 0.01* 0.01* 2.7⇥10�8

p 2.49>+0.01
�0.07 2.44+0.00

�0.03 2.50>+0.00
�0.25

zacc (rg) 114 513 245
h0/r0 1.5* 1.6+1.0

�1.2 1.6+0.2
�1.1

D
isk

rin (rg) 37+10
�9 37+10

�0 36+12
�10

Tin (103 K) 10.6+1.2
�0.9 10.6+0.0

�0.0 10.6+1.6
�1.0

rout (rg) 104* 104* 104*

�2/DoF
35.7/47 30.6/46 34.4/45

(' 0.76) (' 0.67) (' 0.76)

Table 3.3: Best-fit model parameters for M94*. An asterisk (*) indicates that a parameter was frozen at
the value given. We failed to resolve both upper and lower limits of the error bars for parameters listed
in italics, while we failed to resolve either an upper, or a lower bound for parameters with a greater-than
sign (>, meaning the true confidence limit is farther removed from the parameter value than indicated
by the limit value). To fit the e-MERLIN slope well at the lowest radio frequencies the length of the
jet zmax was fixed to 1016.15 cm (to avoid over-interpreting the model we do not allow this parameter
freedom to vary, see text).

3.5 Results
We use the ���� script conf_loop to iteratively search for confidence intervals on
free parameters, using a tolerance of �� = 10�3. As our data were not obtained
simultaneously, it is impossible to assess errors resulting from systematics due to
possible variability in M94*. However, as explained in Section 3.3.6, we see evidence
of only limited variability in this source. Hence we include all the 90 % confidence
limits obtained6, in Table 3.3. The associated fits are displayed in Fig. 3.5 – 3.7.

For most LLAGN it is di�cult to constrain the dominant radiative mechanism (e.g.
Plotkin et al. 2012), due to degeneracies within the possible radiative mechanisms.
Firstly, within synchrotron there is an intrinsic degeneracy, where energy distributed
into either the particle energy density or the magnetic energy density can work to
enhance the spectral flux, since both an increase in lepton density (number of particles

6We do not quote confidence limits on the acceleration zone distance (zacc) due to the segmented
nature of the MNW05 jet. As the jet is composed of discrete zones, neither the location nor the
confidence limits can be accurately determined.
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Figure 3.5: M94* multi-wavelength broadband (top) and X-ray only (bottom) SED and best-fit model
for the ��� fit (see Table 3.3). The broadband SED is as in Figure 3.3 (without the Spitzer data). The
bottom plot is a simple magnification of the upper plot, but with the energy scale in keV instead of
frequency. Hence all lines, colours and symbols are the same in both plots and will be defined below.
Individual components from the MNW05 model are shown with the following lines/colours: The cyan
dotted curve is the jet pre-shock synchrotron contribution. The green solid curve is the post-shock
synchrotron. The red dash-dotted curve represents all the contributions in the IR-to-UV, modelled by a
multi-colour accretion disc. The magenta solid curve represents the Compton-up-scattered seed photons
from both the synchrotron self-Comptonisation (SSC) of the pre-shock synchrotron and the accretion
disc, although, considering the relative normalisations of those components, the latter only contributes
weakly in these models. The solid grey line indicates the total of the above components (however
not forward-folded through the detector response matrices). Only visible in the bottom plot, the black
dashed lines show the forward-folded model fluxes (albeit only where data is present) for both X-ray
data sets that are denoted by orange diamonds and blue triangles respectively (as explained in Fig 3.4).

74



3.5 Results

������

10
−5
10

−4
10

−3
0.
01

0.
1

1
10

10
0

I
ν 

 (
m

J
y

)

108 109 1010 1011 1012 1013 1014 1015 1016 1017 1018

−2
0

2
χ

 Frequency (Hz)

10
−5

2×
10

−5
5×
10

−5
ke

V
 P

ho
to

ns
 c

m
−2

 s−
1  k

eV
−1

1 2 5

−2
0

2
χ

 Energy (keV)

Figure 3.6: Multi-wavelength broadband (top) and X-ray only (bottom) SED and best-fit model of
M94* for the ������ model (see Table 3.3). Definitions of lines, colours and symbols are explained in
Figure 3.5.
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Figure 3.7: Multi-wavelength broadband (top) and X-ray only (bottom) SED and best-fit model of
M94* for the ��� model (see Table 3.3). Definitions of lines, colours and symbols are explained in
Figure 3.5.
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radiating), as well as a stronger magnetic confinement of these particles (individual
particles radiating more) can increase the net flux. Secondly, both synchrotron and
inverse-Compton processes can create power-law radiation. Hence, unsurprisingly,
we find three statistically good models with acceptable physical model parameters. In
the first fit (from here on referred to as ���) the X-ray spectrum is well-approximated
by optically thin synchrotron photons originating from the acceleration region at zacc
⇠ 100 rg. The second fit has incrementally better statistics compared to the other two,
and since the most salient di�erence is a significant synchrotron self-Compton (SSC)
contribution in the softer X-rays we will refer refer to this fit as ������. Thirdly
we obtained a fit where the X-rays are fully dominated by SSC (hereafter: ���).
In the following we proceed to describe and compare these fits and explain why the
��� fit seems the most physically tenable. Consequently we will compare our M94*
modelling with other sources previously modelled with MNW05 in Section 3.6.1.

For all fits we find �2
red values significantly below unity. This is mainly attributable

to the rather large uncertainty in the PdBI data point due to a likely non-core contribu-
tion (Section 3.3.1). We account for this contribution using a larger relative error for
these data of ⇠22%, while actually the absolute flux errors on the PdBI data are less
than 10%. Also, as the exact 15 GHz VLA measurement error is unknown (Section
3.2.2) we use a conservative relative error of similar magnitude (⇠20%). An ad-hoc fit
with both these relative errors set to 10% confirmed a �2

red close to unity, as expected
for such statistics.

���

The X-rays of the ��� fit are dominated by optically thin cooled synchrotron radiation,
displaying a steepening of slope in the soft X-rays. Observing this break is consistent
with findings in Russell et al. (2013) who predict such a break between the UV and
the X-rays at the X-ray luminosities (in Eddington) that M94* portrays. The fit shows
all confidence limits resolved, except for the upper limit of the particle distribution
index p (within the range allowed). A marginal SSC contribution is seen in the UV –
soft X-rays, however this component is not needed to adequately fit the data and hence
the jet height-to-base ratio h0/r0 was fixed to 1.5, consistent with previous works. At
k ⇠ 1.4 the jet would be slightly magnetically dominated however within the errors a
sub-equipartition jet cannot be ruled out. Considering the large upper limit on the jet
base radius, the nozzle appears less compact than in the other two jets.

������

In absolute terms the ������ model shows the best statistics of all three fits. The
improvement in �2

red is mainly due to a lower residual for the submm PdBI data
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3 A jet model for M94*

point due to a slightly flatter model radio spectrum. In the MNW05 model, mainly
the inclination determines how flat or inverted the radio spectrum is, with higher
inclinations leading to more inverted radio spectra. However the transition from an
optically thick to an optically thin dominated spectrum can locally flatten the radio
spectrum somewhat at an energy just above this transition (compare the top panels
of Figure 3.6 with those of Figure 3.5 and 3.7; in contrast to the latter two Figures,
the grey line that denotes the total model flux is not inverted above ⇠ 1011 Hz in
Figure 3.6). In the ������ fit, this transition occurs at an energy just below the
PdBI observing frequency, tailoring the radio/submm model spectrum almost exactly
to the data. The X-rays, on the other hand, do not show improved residuals at all.
We consider the transition e�ect to be a model artefact and the consequent improved
statistics are thus not due to the model better describing the underlying physical
picture. Therefore we find it likely that this fit represents a local or “false" minimum.
In addition, compared to the other two fits an extra SSC component is needed to
fit the X-rays equally well. Using an extra fitting-component while not improving
the actual model should generally be avoided to minimise the available degrees of
freedom and avoid degeneracy. Hence we will exclude the ������ fit from detailed
further analysis, but have included it here for completeness.

���

As is also clear from the ������ fit above, a significant SSC contribution requires an
increasingly compact nozzle. In the ��� fit this is evident from the relatively small
jet base radius of r0 ⇠ 2 rg. As this value is within the 6 rg innermost stable orbit of
a Schwarzschild BH it suggests M94* is rapidly rotating. The low value of the ratio
of magnetic to particle distribution energies k may however pose a bigger problem.
Although values below unity could be possible, it is currently not quite clear what it
means in the context of an MNW05 jet, that is assumed to be maximally dominated.
Due to uncertainties regarding energy redistribution in the jet nozzle it is di�cult to
quantify whether a sub-equipartition flow is physical or perhaps an artefact due to
simplifications in the model (also see discussion in Plotkin et al. 2015). In general,
particularly for BHBs, the results are more consistent with equipartition. Thirdly, the
confidence limits on the acceleration e�ciency parameter ✏ scat are unresolved. This
is understandable, as the optically thin synchrotron is not at all constrained by the
X-rays7. For the same reason the particle distribution index p is not well-constrained.
Although this fit seems to be pushing extremes, especially in terms of r0 and k, we

7To obtain this fit we had to limit the top value allowed for zacc to a relatively low value of 300 rg, in
order to avoid excessive flattening of the radio spectrum similarly as what occurred for the ������ fit.
Since in this regime the optically thin synchrotron is not contributing in the X-rays, SSC dominated fits
are actually more prone to su�er from such e�ects.
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assert that within the uncertainties of the model this fit can not be excluded from
consideration, particularly as this type of solution has been known to describe well
other low luminosity sources like quiescent BHBs (Plotkin et al. 2015) and low
luminosity AGN.

Further remarks on fits

As explained in Section 3.4 we assume the presence of an accretion disk and use its
quasi-thermal flux to account for the IR-to-UV flux measurements, although additional
physical components are expected to contribute. The obtained accurate fit of the
optical and UV HST data suggests a thermal origin (perhaps the high energy cuto� of
a stellar population), but considering the uncertainties we draw no further conclusions
from the obtained disk parameters8. We only list them in Table 3.3 for completeness.

As touched on above: Our fits to the radio spectrum suggest that the inclination
chosen (29�) could be on the high side. A lower inclination would yield a flatter
radio spectrum and hence better accommodate the PdBI data point. We have set the
inclination using observations from de Blok et al. (2008), who quote a value specific
for the inner disk to which we assumed the jet may be causally linked (emphasising
again that the jet and galaxy disk inclination are not expected to be correlated).
For completeness we note that Trujillo et al. (2009) quotes a lower inclination of 8�,
inferred from the ellipticity of 3.6 µm isophotes. This value could be more appropriate
for the innermost part of the source, since the Spitzer data used to infer this is of higher
resolution and H � as a tracer loses potency towards the nuclei of galaxies, as the gas
becomes increasingly molecular. As expected, using the lower inclination value from
Trujillo et al. resulted in (incrementally) better statistics for both synchrotron and
SSC dominated fits, however the overall physical picture did not change. Hence we
did not further pursue this avenue, but take this as tentative evidence suggesting the
jet inclination in M94* may be less than 29�.

We should note that in our fits the column density NH was left free to vary in
the range noted in Table 3.2, but consistently pegged at the lower value of 1.41 ⇥
1020 cm�2, reflecting Galactic absorption only. The upper limit of 3.3⇥1020 cm�2

mentioned in Table 3.2 from Eracleous et al. (2002) was obtained by modelling the
X-ray spectrum with a simple power-law only model. As our modelling is more
complex, and we only use data above 1 keV, the upper limit may not be relevant for
our modelling. Additionally, in Roberts et al. (1999) it is argued that any additional
intrinsic absorption in M94* may be masked by soft thermal emission.

Aside from the di�erence in energy distribution in terms of magnetic to particle
energy densities and acceleration e�ciency, the two remaining fits ��� and ��� actu-

8In all models the outer disk radius rout was fixed to a typical value of 104 rg that avoids fitting any
features of the SED with the low-energy part of the disk’s thermal spectrum.
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3 A jet model for M94*

ally reflect a rather similar physical picture as they agree on the remaining parameters
within about a factor two. In fact not even the magnetic and particle densities are
that di�erent, as the ��� model only just exceeds equipartition while the ��� model
is not too far below. The electron temperatures, particle distribution indices and jet
base-radius-to-height ratio are even in excellent agreement. So although we can not
discriminate the dominant radiation mechanism, the underlying physical picture in
terms of jet geometry and energy budget are well-represented by these two models,
that we will now compare with previous explorations.

3.6 Discussion
Recently Nemmen et al. (2014) also modelled an M94* broadband spectrum. However
their modelling was not performed in the context of an outflow-dominated model, but
rather focussed on an ADAF-dominant (Advection Dominated Accretion Flow; a type
of RIAF) model. In fact, they preclude a jet from being able to fit the M94* X-ray data,
noting that the X-ray spectrum would be too hard for a di�usive shock acceleration
origin. Their modelling, however, does not include the inverse Compton scattering of
seed photons from the jet, while our results clearly indicate that seed photons from an
outflow o�er an abundant photon reservoir to feed a Compton component. In addition
we show that a particle distribution index p ⇠ 2.4–2.5 is adequate to interpret the data.
Such values are fully consistent with di�usive shock acceleration (and consistent with
Nemmen et al. 2014). Hence this work clearly indicates that not only is a relativistic
jet able to explain the observed broadband SED, but also that that a jet model cannot
be precluded simply based on the shape of the X-ray spectrum.

3.6.1 Comparison with other sources
Here we compare the M94* model parameters with approximate values and ranges
previously obtained within the MNW05 framework, for BHB states as well as for
individual AGN. These values and ranges are summarised in Table 3.4.

The BHs listed in Table 3.4 vary considerably in luminosity ( in Eddington units)
and the normalised power going into the jets (Nj) reflects these luminsities, within
about an order of magnitude. This relationship is however not expected to be linear as
Nj also needs to provide e.g. the kinetic proton energy; an unknown. The normalised
jet powers we obtained for M94* are very similar to values obtained for M81*, as
both M81* and M94* are classifiable as LINERs and they are of similar L/LEdd
luminosity. Interestingly, however, the jet in NGC 4051 is rather more powerful
even though NGC 4051 is a Seyfert. In the general picture of LINERS vs Seyferts,
the former ones are usually associated with ine�cient accretion and jets, while the
presence of jets in the latter is not thought to be common. As described in Maitra
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3 A jet model for M94*

et al. (2011), NGC 4051 may actually be in a transitional state between soft and hard
(assuming we can think of AGN in terms of BHB spectral states). For Sgr A* the
di�erence between Nj and LX�ray/LEdd is rather large. Sgr A* may generally not
even be classified as an AGN (e.g. Goldwurm et al. 1994; Mastichiadis & Ozernoy
1994), due to its extremely low luminosity (e.g. Bagano� et al. 2003). Only in its
flaring mode do we observe a non-thermal X-ray spectrum, that increases the X-ray
luminosities to fundamental plane values during the brightest flares only (Neilsen
et al. 2013; Connors et al. 2016). The LX�ray/LEdd value we quote in Table 3.4 is
inferred from these non-thermal flares.

At ⇠ 1011 K, the electron temperatures obtained in both our models are fully
consistent with AGN of similar BH mass previously studied within the MNW05
framework as well as with the inner flow of other RIAF models for other LLAGN
(e.g. Yuan et al. 2002a,b, 2006; Moúcibrodzka et al. 2016). The electron temperatures
in the di�erent AGN and BHB states reveal an anti-correlation with the luminosities
in Eddington that is qualitatively similar to such correlations found for thermal Comp-
tonisation models (e.g. Miyakawa et al. 2008; Niedüwiecki et al. 2014). There is an
indication of a correlation between Te and black hole mass, with the BHBs displaying
the lowest temperatures and, on the other end of the mass scale, M87 showing the
highest mass and the highest electron temperatures. This could be understood if pair
production acts as a means for cooling the inner flow (e.g. Begelman et al. 1987), as
AGN conditions permit higher electron temperatures before starting pair production.
However significant pair production is only expected at high luminosity and high
compactness (Malzac et al. 2009).

The M94* fits confirm the trend seen before that within the MNW05 framework,
SMBHs and quiescent BHs show a compact acceleration region, with nozzle radii of
only a few rg. Similarly, all AGN and quiescent BHBs show equipartition between
the magnetic and particle energy densities. The HS BHBs, however, have jets tending
towards Poynting flux dominated, with the most luminous BHB GRS 1915+105 dis-
playing the greatest magnetic domination, suggesting a correlation between magnetic
domination and normalised jet power for BHBs. Marko� et al. (2008) find evidence
for a similar correlation in the case of M81* but for the entire AGN sample this
evidence is lacking. However we need to bear in mind that this AGN sample is still
rather small and modelling was not performed homogeneously. In the future we will
be reconsidering all these issues in the context of a new semi-analytical relativistic
MHD jet model that is under development, based on work in Polko et al. (2010, 2013,
2014). In summary these trends could be real or they could be artefacts of having
too many free parameters at this stage and since the internal pressures are currently
decoupled from the jet dynamics. In future work all these parameters will be set up
self-consistently.
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3.6 Discussion

Interestingly, a more compact jet base together with a sub-equipartition accretion
flow (and slightly higher electron temperatures) were also obtained in the SSC dom-
inated fits of the quiescent BHs A0620-00 and XTE J1118+480, when compared to
their equivalent synchrotron dominated fits (Gallo et al. 2007; Plotkin et al. 2015, re-
spectively). An equivalent duo of modelling interpretations is seen for Sgr A*, where
the absolute di�erences in these three parameters are remarkably similar to those seen
in M94*. Unfortunately, for the other very low luminosity LINER 2, M87, only SSC
dominated models were presented (Prieto et al. 2016). Judging from the M87 spectra,
it appears possible to model this source with synchrotron dominated X-rays. Doing
so would provide further insight into the self-similarity witnessed above for the other
lowest accretion rate sources. In the higher luminosity M81* similar statistically
equivalent SSC/synchrotron model interpretations are not obtained, but there a fun-
damentally di�erent model is assumed in the SSC dominated fits, where power-law
leptons are injected straight into the nozzle. This change in assumptions precludes
a direct comparison between the SSC models of M94* and M81*. In any case for
the lowest luminosity sources it appears our current modelling can not unequivocally
distinguish the dominant radiative mechanism in the X-rays. Some works suggest
an SSC origin for the lowest Eddington accretion rate sources (Marko� et al. 2001b;
Plotkin et al. 2015; Prieto et al. 2016), and a synchrotron origin at higher accretion
rates (10�4 .LX�ray/LEdd . 10�3; Russell et al. 2010). In line with these results a
XTE J1118+480 transition from the HS to quiescence suggested the preferred model
should change from synchrotron to SSC dominated as the Eddington rate decreased
(Maitra et al. 2009a; Plotkin et al. 2015). More such evidence comes from the fact
that for the highest accretion rate AGN studied with MNW05, the Seyfert NGC 4051,
only synchrotron dominated fits were deemed feasible (Maitra et al. 2009a). However
this discussion is far from final, particularly considering the Eddington-rate BHB
GRS 1915+105 prefers SSC (van Oers et al. 2010).

In terms of the particle distribution index p, we see general agreement among all
sources, with 2 < p < 3. In our current modelling we have included a synchrotron
cooling break and adequate fits were found at p < 2.5, consistent with Heavens &
Drury (1988). Older values of p > 2.5 from earlier applications of the model were
always implicitly assumed to reflect a cooling dominated regime. Therefore it seems
likely that if NGC 4051 and M87 (and similarly, high-p BHBs) were re-explored with
a cooling break inclusive model, reduced values for p would be obtained. However if
a break steepens the model spectrum at UV-to-X-ray energies significantly, a di�erent
location of the acceleration zacc is implied. Hence a direct comparison of M94* with
previous works, of the optically thick to optically thin turnover (and possible depen-
dencies of it on other parameters), is impossible. For BHBs a correlation between zacc
and Nj (or, equivalently, and perhaps more importantly, an anti-correlation between
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3 A jet model for M94*

mass accretion rate and the break frequency) is seen (Russell et al. 2013). For the
LLAGN (excluding the “intermediate state" NGC 4051) we see a similar evolution,
however due to the small number of available AGN the evidence is not so clear:
The location of the acceleration obtained for M94* are very similar to those found
for M81*, but re-modelling of the other AGN with a cooling break inclusive model
would be necessary before drawing firm conclusions. Determining the distance to
the acceleration region self-consistently in a jet from theory has been the subject of
the work mentioned above by Polko et al. (2010, 2013, 2014) and is currently under
further development.

To summarise, the above discussion suggests that the (pure) LINERs previously
studied with MNW05 may be closer in nature to quiescent BHBs than to HS BHBs,
perhaps unsurprisingly, as these LLAGN display the lowest accretion rates of the AGN
class: Compared to their high ionisation counterparts, for a similar galaxy type and
stellar mass (that is strongly linked to the central BH mass; Ferrarese & Merritt 2000;
Gebhardt et al. 2000), LINERs typically display nuclear luminosities 1 to 5 orders
of magnitude lower (Netzer 2013). However we must bear in mind that the LLAGN
discussed here are very similar in Eddington accretion rate to quiescent BHBs, which
is a more important factor than the absolute luminosity. In fact, Marko� et al. (2015);
Connors et al. (2016) show that when using such mass-invariant accretion rates,
MNW05 works well across the entire BH mass scale.

However, as indicated above, there appear to be emerging subtle di�erences be-
tween the AGN and BHB classes, in terms of the level of equipartition and normalised
jet power and the dominant radiation mechanism in the X-rays at higher accretion rates.
In order to investigate these matters it will certainly help to explore more AGN at the
higher end of the accretion rate scale. Only a single NLS1 has been modelled in the
context of the MNW05 model up to this point and it would be insightful to see if other
radio loud Seyferts would permit SSC or also require synchrotron domination. In
addition, a multi-wavelength quasar SED (e.g. Elvis et al. 1994) would be necessary
to fully explore the top end of the SMBH accretion range.

Indeed, modelling high accretion rates is not straight forward and other problems
will have to be taken into account: First of all we need to account for pair-production
in the model. Secondly, at high luminosity the accretion flow is thought to turn
e�cient, while previously the main objective of MNW05 has been to study the low
accretion rate, ine�cient accretion flows that fall onto the fundamental plane, as
these are unambiguously associated with jets. Although at the highest accretion rates
the flow may turn ine�cient again, these may be regimes for which an MNW05 jet
is not appropriate. But with these caveats, studying higher accretion rate sources
and especially “intermediate states" (like GRS 1915+105 and NGC 4051) should be
feasible. Such modelling would allow further investigation of the fundamental plane,
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particularly whether the high accretion rate sources fall onto the appropriate loci
extending the e�cient track to higher luminosities, or whether they perhaps draw
an altogether di�erent radio/X-ray correlation track (e.g. Dong et al. 2014; Xie &
Yuan 2016), possibly providing complementary information on the underlying driving
physics and radiation mechanisms.

3.7 Conclusions

We presented a broadband SED of the nucleus of the closest obscured LINER 2,
M94, composed of predominantly sub-arcsec resolution data, and modelled the SED
with an outflow-dominated model. The results have shown that even though the
X-ray spectrum is relatively steep, a jet/di�usive shock acceleration can adequately
explain the data. If synchrotron dominated X-rays are assumed, a cooling break is
found in that energy regime. With respect to electron temperature, compactness and
equipartition in the inner flow our results are completely consistent with previous
finding for LLAGN and quiescent BHBs, but unfortunately we also recover and were
unable to break commonly found degeneracies, in terms of the dominant radiation
mechanisms.

Most importantly however, work done here increases the number of sources that
have been explored with jet-dominated SEDs, and the growing number allows for
increasingly insightful comparisons between di�erent classes of BHs that di�er many
magnitudes in mass. It is worth noting, however, that especially the high accretion rate
regime remains to be investigated in more depth. In this regime di�erent problems
such as pair-production, as well as presumably an altogether di�erent type of accretion
will require further expansion of the frameworks used. Work in that regard is however
well-underway.

Furthermore, as a myriad of new telescope arrays are currently being developed
and built, the quality of available SEDs is certain to improve by orders of magnitude,
reaching new levels of detail, complexity and signal-to-noise. Moreover the impend-
ing transient era (Metzger et al. 2015) is sure to deliver a wealth of new information
on jetted sources: As wide field observatories like the Square Kilometer Array, the
Cherenkov Telescope Array and the Large Synoptic Survey Telescope will provide
large-footprint surveys with a high frequency of repeated observations, yielding accu-
rate time-sampling for BHBs as they go through their outburst and quiescent cycles.
Even in the near future improvements can be expected for one of the arrays used in
this work: e-MERLIN should soon meet its design specifications, sporting a broad
(2 GHz) bandwidth at C-band (5 GHz). This will allow us not only to study in detail
the short-term radio variability by verifying whether the M94* flat/inverted spectrum
is truly as uniform as we see in this work, or whether - because of e.g. absorption -
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the uniformity breaks down when resolving the radio frequencies into smaller band-
width pieces (in a way similar to what we observed here in our currently available
L-band data), but also to investigate the long-term variability, comparing near-future
flux-levels in M94* to those of the oldest data in our data set, namely the data around
5 GHz that are currently over 3 decades old.

Clearly the study presented here would benefit from the addition of (sub)millimetre
data. Data from the Atacama Large Millimeter/submillimeter Array, for example,
would be extremely beneficial in breaking degeneracies in the modelling, as this
would help us in ascertaining the exact energy and shape of one of the most revealing
features in our model spectrum; the “sub-mm bump". Considering the importance of
this feature in jet physics and the sensitivity of this feature on other jet parameters,
having this data available would surely allow us to preclude a number of interpretations
as viable solutions. In addition, sub-mm and mm wavelengths have the added benefit
that they o�er the highest angular resolution in this band. In particular, most LLAGN
turn optically thin and are more transparent at shorter wavelength, starting in the
(sub)mm band. VLBI at these higher frequencies would allow observation of the core
regions of the accretion zone that are hidden from view at lower radio frequencies,
ultimately even allowing direct imaging of the central engine of AGN. Although it
will not be able to resolve the core in M94, the submm observations the Event Horizon
Telescope (Honma et al. 2016) will make when it comes online in a few years are sure
to provide a wealth of new insight into the nature of accretion flows, jets and AGN, as
it should for the first time be able to glimpse what exactly is happening near the edge
of a BH.

In the meantime any authoritative model would need to tackle issues of degeneracy
and deal with these issues with a self consistent approach. The ground work for this has
been laid in Polko et al. (2010, 2013, 2014). However until implementations of these
papers are complete, individual source studies with currently available frameworks
– as done here – will help discern trends via comparative studies and pinpoint the
relevant parameter space for this next generation of all-encompassing fully self-
consistent magnetohydrodynamic models.
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3.8 Appendix: e-MERLIN contour plots

3.8 Appendix: e-MERLIN contour plots
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Contour plots of SPWs 1 through 6 binned together (top left) and of SPW 7 (top right), 9 (bottom left)
and 11 (bottom right) individually. Contour levels are plotted as specified in the image.
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Abstract

The connection between radio emission and accretion rate and the origins of radio-
loudness in Active Galactic Nuclei (AGN) are long-standing mysteries which are
crucial to understanding the behaviour of jets from accreting black holes and the
associated implications for AGN feedback. Study of the radio vs. accretion relation
for large samples of objects is hampered by the sensitivity of existing radio surveys
so that most studies are biased towards radio-loud and higher-luminosity objects,
obscuring the underlying behaviour. Here we use stacking of Faint Images of the
Radio Sky at Twenty-Centimetres (FIRST) survey data to study the relation of median
radio to H � and [O ���] emission line luminosities from a sample of ⇠ 20 000 Sloan
Digital Sky Survey (SDSS) AGN, comprising low ionisation nuclear emission-line
regions (LINER)s, Seyfert galaxies and quasi-stellar objects (QSO)s. For a variety of
black hole mass bins and two limiting assumptions about the role of extinction on the
optical line emission, we find that LINERs show systematically steeper median radio
vs. line luminosity relations than the higher-accretion rate AGN, with power-law
indices in the range 1.2–1.6, compared to indices for the higher-accretion rate AGN
in the range 0.6–1.0. These results are fully consistent with a scenario where LINER
jet powers scale linearly with accretion rate, compared to sub-linear scaling for radio-
quiet Seyferts and QSOs. This split in behaviour clearly links LINERs with the hard
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state of accreting stellar mass black holes, while Seyferts and QSOs are equivalent
to the soft state. Furthermore, the observed radio vs. line luminosity relation for
LINERs can be extrapolated to naturally explain the population of high-luminosity
radio-loud AGN. The di�erent non-linear scalings of radio luminosity with accretion
rate are thus responsible for most of the observed range of AGN radio loudness, rather
than di�erences in black hole spin.
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4.1 Introduction
One of the most enduring mysteries in the study of Active Galactic Nuclei (AGN)
is why, for a given optical luminosity, we observe such a wide range of radio lumi-
nosity or ‘radio loudness’ (Kellermann et al. 1989). Much work has been done to
try to understand the range of AGN radio loudness by invoking an additional param-
eter, reflecting a variety of physical properties, like the black hole mass (e.g. Jarvis
& McLure 2002; Chiaberge & Marconi 2011), spin (e.g. Wilson & Colbert 1995;
Garofalo et al. 2010; Chiaberge & Marconi 2011), the galaxy luminosity profile (e.g.
Richings et al. 2011), the AGN host and/or environment (e.g. radio loud AGN are
found preferentially in early type galaxies; Wilson & Colbert 1995), evolutionary
e�ects (i.e. redshift; Hooper et al. 1995; Garofalo et al. 2010) and merger history
(Chiaberge et al. 2015). The range of radio loudness probably reflects a similarly wide
range in the strength of radio emission from AGN jets compared to their accretion disc
emission. It is noteworthy that even the radio emission from sources that are clearly
radio quiet, can be associated with jets. Radio Very Long Baseline Interferometry
observations of the radio-quiet Lrad ⇠ 1036 erg s�1 Seyfert galaxy NGC 4051 shows
clear evidence for a highly collimated jet in the form of small symmetric hotspots
on either side of the flat-spectrum core (Jones et al. 2011), seemingly at odds with
the proposal of a corona as a possible radio emitter in radio quiet AGN, e.g. Laor &
Behar 2008).

A great deal of evidence has been obtained connecting accretion power and jets,
especially when combining the study of AGN with that of accreting stellar mass black
holes in X-ray binary systems (BHXRB)s, where both persistent and transient jets are
commonly observed (e.g. Stirling et al. 2001; Fender et al. 1999, 2004). For example,
the so-called ‘fundamental plane’ of black hole accretion shows a surprisingly tight
relation between radio and X-ray luminosity, and black hole mass, over a wide range of
accretion rates and black hole masses from stellar mass to supermassive (e.g. Merloni
et al. 2003; Falcke et al. 2004; Körding et al. 2006a; Plotkin et al. 2012). Within the
BHXRBs themselves, complex behaviour can be seen, with di�erent sources showing
strong distinct correlations between radio and X-ray luminosities, such that for a given
X-ray luminosity there can be significant scatter (up to⇠ 1 dex) in the radio luminosity
between di�erent sources (Corbel et al. 2013; Gallo et al. 2014).

For a single BHXRB, even wider swings in radio luminosity are associated with
the transitions between di�erent accretion states (Done et al. 2007), notably between
the so-called hard and soft states which show X-ray spectra dominated respectively by
hard power-law emission (possibly from a hot advective inner flow, corona or the base
of the jet itself), or soft blackbody emission from the accretion disk. During the soft
states the radio emission is significantly reduced or ‘quenched’, by factors of > 100
relative to the radio emission observed at the same X-ray luminosities in the hard state
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(Russell et al. 2011). Thus a single black hole system can show an enormous range
of jet radio emission, clearly independent of properties such as environment or black
hole spin, which cannot change on the time-scales on which these large changes in
radio emission are observed.

For BHXRBs, the hard states (where persistent jets are observed) are seen pre-
dominantly below a certain transitional accretion rate, corresponding to bolometric
luminosities around 1 per cent of the Eddington luminosity (Maccarone 2003). At
higher accretion rates hard, soft and so-called ‘intermediate’ states (associated with
radio flaring and transient jet ‘ejections’) are observed depending on the outburst
history of the transient system, with systems spending most time in outburst in the
soft states. Thus it is reasonable to look for the analogues of hard state AGN at low
accretion rates and soft state AGN at higher accretion rates and determine whether
there is any evidence that di�erent radio properties result from AGN being in di�erent
accretion states. A number of authors have suggested that di�erent classes of AGN
can be mapped on to di�erent accretion states seen in the BHXRB population (e.g.
Meier 2001; Ho 2005; Körding et al. 2006b; Kewley et al. 2006), however, most
samples of AGN which are used to study their radio properties contain inherent biases
which make it di�cult to search for evidence for di�erent states in terms of the radio
behaviour.

The main limitation with current AGN samples is the sensitivity to radio emission:
only radio-loud objects can be studied to large distances and in large numbers (e.g.
Best et al. 2005a), while radio-quiet AGN can only be studied if they are nearby.
Nearby samples, e.g. based on the Palomar spectroscopic sample of nearby galaxy
nuclei (e.g. Ho et al. 1995; Nagar et al. 2002b, 2005b; Panessa et al. 2006) can include
more radio-quiet AGN but contain relatively low numbers of AGN and are insensitive
to the rarer high-accretion rate or high-mass but low-accretion rate objects.

An important innovation that allows the study of the ‘typical’ radio behaviour of
large numbers of AGN across a wide range of black hole mass and accretion rate is the
technique of median stacking of radio images when combined with data from large
surveys such as the Sloan Digital Sky Survey (SDSS; York et al. 2000; Stoughton
et al. 2002) in order to select on specific AGN properties. By using radio data from
the Very Large Array (VLA) Faint Images of the Radio Sky at Twenty-Centimeters
survey (FIRST; Becker et al. 1995), which overlaps most of the SDSS survey area,
this approach can reveal the average radio luminosity of a stack of large numbers of
AGN, which would be individually undetectable in single radio images. The method
was first applied by White et al. (2007) to SDSS quasars, while subsequent studies
by various authors investigated di�erent SDSS AGN samples: de Vries et al. (2007)
studied mainly star formation in AGN. Hodge et al. (2008, 2009) focussed specifically
on radio quiet galaxies and luminous red galaxies, respectively. Recently Kratzer &
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MPA-JHU type 2 AGN QSO
starting quantity 858 688 94 999
redshift z � 0.04
log MBH (M�) 7.0 – 9.5
S/N ([O ���], H �, [N ��], H ↵, [S ��]) � 3 ([O ���], H �) � 3
[O �] flux > 0
Number within FIRST footprint 9 056 Seyferts 5 030
(‘uncorrected’ sample) 12 369 LINERs

Total uncorrected: 21 425
S/N H ↵ � 3
LH� extinction correction factor < 3
Number within FIRST footprint 3 395 Seyferts 653
(‘corrected’ sample) 9 882 LINERs

Total corrected: 13 930

Table 4.1: Initial sample sizes for MPA/JHU AGN and S11 QSOs and equivalent numbers after
subsequent indicated cuts and BPT classification (see text), as well as sizes of final samples used (with
radio data available). 205 sources are in both the initial AGN/QSO samples and were removed from the
QSO sample to avoid duplicates.

Richards (2015) studied the average radio loudness of quasi-stellar objects (QSO)s as
a function of redshift, luminosity, black hole mass and accretion rate.

In this work we use median stacking of FIRST images to greatly increase sensi-
tivity and study the average radio properties of a large, optically selected sample of
SDSS AGN, including LINERs, Seyferts and QSOs. This allows us to for the first
time to explore, as a function of mass and accretion rate, the typical radio properties
of an AGN sample that covers a broad range of BH mass and accretion rates. The
structure is as follows: In the next Section we describe the optical data selection
process and the corresponding radio data, as well as the radio stacking procedure and
methods used. In Section 4.3 we summarise the results, followed by a discussion and
our conclusions in Section 4.4. Throughout we adopt a standard cosmology, where
h = 0.7, ⌦m = 0.27, ⌦⇤ = 0.73.

4.2 Data and methods

4.2.1 The SDSS AGN sample
To construct our AGN sample we first include LINERs and Seyferts, using data from
the SDSS data release (DR) 9 (Ahn et al. 2012), MPA-JHU value added galaxy
catalogue (Kau�mann et al. 2003; Brinchmann et al. 2004; Tremonti et al. 2004),
consisting of a total of 2 675 200 sources. The galaxies in the MPA-JHU survey are
selected to have narrow Balmer emission lines so that their spectra are not contami-
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Figure 4.2.1: Line ratio diagrams of the AGN ‘uncorrected’ sample (excluding QSOs).

nated by continuum emission from any type 1 AGN. The sample therefore includes
a large number of type 2 AGN, including both LINER and Seyfert classifications as
well as emission line galaxies classed as star-forming, or composites with both AGN
and star-forming contributions to their spectra (Kau�mann et al. 2003; Kewley et al.
2006). Aside from optical spectroscopy, the MPA-JHU catalogue provides stellar
velocity dispersion measurements that are used to infer black hole masses (Gebhardt
et al. 2000; Tremaine et al. 2002; Gültekin et al. 2009b). To avoid duplicate sources
we only use the best observations of individual objects, indicated by a ‘sciencePri-
mary’ or ‘specprimary’ flag larger than zero. We also exclude sources whose line
parameters and physical parameters are not flagged as ‘reliable’ in the galSpecInfo
table, as well as sources whose redshifts are not trusted (so zwarning should be zero).
This leads to a starting sample of 858 688 sources.

Building the AGN subsamples

We use BPT (Baldwin et al. 1981) line-ratio diagrams (Veilleux & Osterbrock 1987;
Kau�mann et al. 2003; Kewley et al. 2001; Brinchmann et al. 2004; Kewley et al. 2006)
to select the AGN, whose radiation field is dominated by a hard continuum source (as
opposed to sources that are mainly photo-ionised by young stars) and exclude sources
with significant star formation (see Fig 4.2.1, which shows the BPT diagram for our
‘uncorrected’ sample, described in Section 4.2.1), which may otherwise contaminate
the AGN radio emission in the 1.4 GHz band or the optical line emission which
we will use as a proxy for accretion rate. Therefore we only use sources that are
unambiguously classified as either Seyfert or LINER and exclude all H�� and composite
(AGN+starforming) galaxies from further analysis. For this classification we require
a S/N � 3 for the lines in the [O ���]/H � vs [N ��]/H ↵ and [S ��]/H ↵ diagrams and
only require these lines to satisfy this S/N. Generally such a S/N constraint is never
used for [O �] as this line is relatively weak and will preclude many sources from BPT
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classification, so we only require that the [O �] flux is positive.
To expand our sample to cover a broader range of accretion rates, we also in-

clude objects from the QSO sample of Shen et al. (2011) which is based on the
SDSS DR7 quasar catalog (Schneider et al. 2010; Abazajian et al. 2009). Besides
providing narrow emission line fluxes, this sample also provides virial black hole
masses obtained from single-epoch spectra, calibrated against optical reverberation
mapping measurements of nearby AGN (see Shen et al. 2011 for details). To provide
reasonable estimates of line luminosities we still require a line S/N � 3 for [O ���] and
H �. We use the improved redshifts from Hewett & Wild (2010) to calculate the line
luminosities. Our requirement that we obtain [O ���] and H � line fluxes with S/N� 3
imposes an e�ective upper redshift limit of z ⇠ 0.84 on our QSO sample, so that it
only includes a subset of the complete Shen et al. sample (the median redshift of our
QSO sample is z = 0.42). Due to the redshifts and corresponding lack of several key
emission lines in the SDSS bandpass, we cannot further classify the QSOs using BPT
diagrams but due to the QSO classification we can safely assume that the sample data
is dominated by the AGN component rather than star formation.

We limit the mass range for our complete sample to 7.0 <log MBH < 9.5 in order to
sample LINER and Seyfert objects with reliable masses determined from their stellar
velocity dispersions and also to ensure that the mass bins to be used for our analysis
are not too broad. For consistency we apply the same cut to the quasar sample. All
selection criteria and consequent sample sizes are summarised in Table 4.1.

Binning in black hole mass and emission line luminosity

The goal of our study is to determine the relationship of median radio luminosity on
accretion rate for di�erent AGN classes and black hole masses. Our sample spans 2.5
decades in black hole mass, and given that the intrinsic scatter in the virial estimates of
black hole mass based on stellar velocity dispersion is about 0.3 dex (Tremaine et al.
2002), it is not useful to bin the mass too finely. Therefore for the mass binning we
will consider two cases: i) all masses included in the same plots, and ii) 4 relatively
broad mass bins chosen so that each bin contains the same total number of AGN
(counting LINERs, Seyferts and QSOs together).

Since we cannot measure accretion rate directly, we will use as a proxy for the
accretion rate the narrow emission line luminosity, which gives an indicator of the
AGN radiative power. In studies of narrow-line AGN it is common practice to use
the [O ���] line as a proxy for accretion rate, mainly because it is less likely to be
contaminated by emission from star formation, in comparison to other prominent
emission lines such as H ↵ and H � (e.g. Kau�mann et al. 2003; Kewley et al. 2006).
However, Netzer (2009a) has demonstrated that LH� is a better tracer of the bolometric
luminosity Lbol in AGN than the [O ���] line luminosity, especially in the case of low
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ionisation sources like LINERs, since the H � line strength is less sensitive to the
ionisation parameter of the narrow line gas and is more sensitive to the normalisation
of the broad band SED. This di�erence is reflected in the defining low [O ���]/H � line
flux ratio of LINERs, which is due primarily to the sensitivity of [O ���] emission to the
harder ionising continuum of the LINER AGN (Kewley et al. 2006; Netzer 2009a).
Therefore, given that using either [O ���] or H � emission as a proxy for accretion
rate has pros and cons, we will examine the dependences of median radio luminosity
on luminosities from both lines. We also prefer to use H � rather than H ↵ because
it is similar in wavelength to [O ���] and therefore should not be subject to di�erent
extinction e�ects (see the next section for discussion of extinction corrections). For
simplicity we do not further include a somewhat uncertain bolometric correction to
our line luminosities1 nor do we normalise by the black hole mass to the Eddington
accretion rate, which adds a further uncertainty due to errors in individual black hole
mass estimates.

For each mass bin in our sample and each AGN class (LINER, Seyfert or QSO)
we split the AGN into line luminosity bins containing close to equal numbers of
sources. For n sources of a given AGN class in a mass bin, we split the sample into
N = n/400 ⇠equally-populated line luminosity bins (rounding N up). Thus almost
all bins contain 200-400 sources with the exception of the QSOs in the lowest mass
bin, which are contained in two bins of < 200 sources each. These luminosity bins
will be used for median stacking of the FIRST radio images.

Correcting for extinction

One of the main sources of uncertainty in determining the true narrow optical line
luminosities of an AGN is the intervening extinction. In both the MPA-JHU and
Shen et al. catalogues, reddening corrections are already applied for foreground
Galactic dust only, using dust maps from Schlegel et al. (1998) and an extinction
curve from Cardelli et al. (1989b) for the QSOs and for LINERs and Seyferts the
curve of O’Donnell (1994) (which is, for optical lines, virtually identical to that of
Cardelli et al. 1989b). Additional corrections for internal extinction in the host galaxy
can be made for each AGN in our sample using the observed Balmer decrement - the
ratio of H ↵ to H � flux - and assuming an intrinsic value of the Balmer decrement
together with an extinction curve, to derive the extinction and associated correction
to the H � luminosity.

The usual assumption for AGN, e.g. see Kewley et al. (2006), is that the intrinsic
LH↵/ LH� ratio is 3.1 (Osterbrock 1989). However, significant statistical and system-

1Based on a sample of type I AGN, Netzer (2009a) estimates that Lbol ranges from (1� 2) ⇥ 104LH�
depending on the assumed SED shape. The equivalent correction for [O ���] can be inferred from the
[O ���]/H � line ratio for the given AGN type, see Fig. 4.3.9.
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atic uncertainties in the observed Balmer decrement may arise due to observational
errors on line flux estimates as well as stellar line absorption from the host galaxy
spectrum or contamination of the narrow emission lines by residual broad line emis-
sion [e.g. the type 1.9 AGN (Osterbrock 1989), which show weak broad emission in
H ↵ but no detectable emission in H �, comprise about 8 per cent of the luminous
AGN in the MPA-JHU sample (Kau�mann et al. 2003)]. Furthermore, Kewley et al.
(2006) note that 33 per cent of LINERs in the MPA-JHU SDSS sample show Balmer
decrements less than the expected 2.86 minimum expected for starforming regions
and certainly the 3.1 value expected for AGN, which could result from contamination,
observational errors or indeed a lower intrinsic Balmer decrement linked to a higher
nebular temperature (Osterbrock 1989). The fact that we cannot apply an extinction
correction to values less than the expected decrement of 3.1 will reduce in a bias:
observational errors in Balmer decrement will on average increase the corrected line
luminosity, not decrease it. Furthermore, the systematic and statistical uncertainties
can introduce large errors in the corrected luminosity, because extinction depends
exponentially on the Balmer decrement, meaning that errors can have a severe e�ect
on any relation between radio and optical luminosity if they are not controlled in some
way.

We plot the observed median LH↵ for di�erent LH� bins for our sample of AGN
in Fig. 4.2.2. Note that since we wish to display the median line relations of the
di�erent AGN classes with no bias in Balmer decrement, the LINERs and Seyferts
comprise the sample which we will define below as ‘uncorrected’ with no constraints
on any correction for extinction. However, since the QSO sample is required to
possess H ↵ emission with S/N > 3 for this comparison, it is smaller than the
main uncorrected QSO sample (but larger than the ‘corrected’ sample). Median
Seyferts show evidence for moderate extinction, with the Balmer decrement fitted
to all luminosity bins increasing systematically from 4.5 to 4.9 from the lowest to
the highest mass bin and a median decrement across all masses of 4.6. The median
QSO Balmer decrements do not show any systematic trends with mass with the more
limited data available, and show a median of 4.3. The median LINERs show evidence
for only very weak extinction with Balmer decrement decreasing systematically across
all mass bins (from 3.4 to 3.1). The corresponding H � flux corrections for median
Seyferts, QSOs, LINERs range from a factor 3 to 5 increase for Seyferts and QSOs,
down to only a factor 1.4 increase for LINERs, although individual AGN may show
much larger corrections. If we factor in the possibility of systematic errors such as
stellar line absorption or contamination by broad line emission, it is also possible that
there is no significant extinction of the narrow line emission in much of our sample.
To be conservative we will therefore carry out our analysis in Section 4.3 using two
approaches to extinction:
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Figure 4.2.2: The dependence of median H ↵ luminosity on H � luminosity for our AGN sample, split
into mass and accretion rate bins. The dashed line shows the relation expected for a Balmer decrement
of 3.1, which is assumed to be the intrinsic line ratio in the absence of extinction.

1. In the uncorrected case we will not apply any correction for internal extinction
to the optical data.

2. In the corrected case, we will apply an extinction correction to the data, as-
suming an intrinsic Balmer decrement of 3.1 and the Milky extinction curve
of Cardelli et al. (1989b). However, to prevent very large errors in luminosity
being common due to errors in the Balmer decrement, we will restrict our data
to a subsample where the extinction correction to LH� luminosity is limited to
be less than a factor of 3 (the same subsample is used also when using [O ���]
luminosities - in any case these should su�er less extinction than H � due to
the longer wavelength). Note that for this subsample, since we also wish to
apply the same correction to QSOs, we require that H ↵ emission is observed
and detected at S/N > 3 in the QSOs, which further limits the QSO redshift
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range to z < 0.39 (with median redshift dropping from z = 0.42 to z = 0.27)
and significantly cuts the size of the QSO sample (by a factor ⇠ 8).

The actual e�ects of extinction on our results should lie somewhere in between the
e�ects generated under these two approaches.

4.2.2 Radio data
The last release of VLA FIRST data covers 10 575 deg2 (Helfand et al. 2015) and is
largely coincident with the SDSS footprint. We look for observations in the FIRST
database for our final optical sample. We start by downloading all 49 304 images
available from the FIRST cutout server2. Individual FIRST maps typically comprise
1150x1550 pixels, at a pixel size of 1.8 arcsec, amounting to a 0.45 deg2 sky area.
We use the last version of the catalog since it uses shallower CLEAN thresholds in
order to reduce clean bias.

We cross-match our optical sample coordinates with the FIRST map library,
making 17 ⇥ 17 pixel cutouts. The exact cutout size was chosen to be large enough
to see an entire source within its cutout, should there be a detection. The width is an
odd number of pixels so that the central pixel represents the peak flux density of a
possible central source. As is clear from previous works, it is su�cient to only use the
central peak flux density for analysis (see Section 4.2.2) since we are interested only
in core emission, i.e. from unresolved point sources and hence the peak flux density
(in mJy beam�1) should match the integrated flux density (in mJy). To determine
which FIRST map to use at particular SDSS coordinates we first scan all the image
headers for the RA/DEC range contained and we further exclude cutouts with bad
pixel values, caused by e.g. overlap with the edge of the FIRST map, or the copyright
label recorded at the top of some maps.

Median Stacking

At the 1.4 GHz FIRST sensitivity most individual SDSS AGN radiate at sub-detection
threshold flux densities, but we can explore the ‘typical’ radio emission of the AGN
in a given mass and optical line luminosity bin by stacking observations of individual
sources to reduce the noise floor of the FIRST data. The rms noise of the resulting
stacked image depends on the number of images comprising the stack. Thus, with a
typical FIRST rms of ⇠0.15 mJy beam�1, to reduce the noise of the final image to
around 10 µJy beam�1 we need at least 200 images in a stack, which is satisfied by
the majority of our line luminosity bins. Since we know from the SDSS data that

2For clarity we will refer to these FIRST images as ‘maps’ (even though the FIRST team refers
to these images as cutouts), as we will be taking subsections of these images and will refer to these
subsections as cutouts.
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AGN are present at the given coordinates, a 3 � radio detection will be su�cient to
recognise a radio counterpart for each stacked luminosity subsample of AGN. White
et al. (2007) showed that taking the median of the pixel values in a stack yields a
more robust indicator of a sample’s average radio flux density than the mean, because
median stacking is less sensitive to outliers, e.g. from exceptionally bright sources.

As shown by White et al. (2007), we need to correct the median peak fluxes for a
flux deficiency they dubbed ‘snapshot bias’3. As described by White et al., there is a
divide in the empirical correction factor at 625 µJy, as the corrected flux Fcor is given
by

Fcor = min(1.4 Fpk, Fpk + 0.25 mJy). (4.1)

In order to compensate for the snapshot bias we simply multiply all fluxes by a factor
of 1.4, consistent with all the previous works that employed the median stacking
method. In this way the snapshot bias can be applied simply to stacked luminosities
as well as to stacked fluxes (see below). We checked the stacked peak flux densities
and found that out of all accretion rate bins studied (cf. Sec. 4.3), only the peak flux
density in three bins actually exceeds 625 µJy. We assessed the additional errors on
the flux density by not using the additive factor for these three bins and they amounted
to 3% (twice) and 9% (once); a secondary e�ect compared with other uncertainties.

Because sources at high redshift are sensitive to bandwidth e�ects, we also K-
correct the radio fluxes to the rest frame using

S⌫, cor =
S⌫, obs

(1 + z)(1+↵⌫ ) , (4.2)

assuming a spectral index ↵⌫ = �0.5 (where we use the relation that flux density
F⌫ / ⌫↵⌫ ), as the exact radio spectral index for each source is unknown, but should
be �1 ⇠< ↵⌫ ⇠< 0 for sources in our sample (Kratzer & Richards 2015). Since there is
no obvious dependence of radio spectral index on luminosity (e.g. see Chapter 5 of
this thesis), this assumption should not introduce any biases into our results.

As in the previous works using median stacking of FIRST radio data, we do not
determine the final median peak radio luminosities Lpk from median fluxes corrected
by a median redshift, but rather convert the individual radio flux density maps in
each stack to luminosity units to account for the range of redshifts covered within a
stack (see Figure 4.2.3 for a comparison of stacked flux and luminosity images). As
a check we carried out Monte Carlo simulations of a source population with fluxes
consistent with our SDSS sample’s luminosity and redshift distributions, combined
with the FIRST rms noise level. These tests confirmed that stacking individual peak
luminosities from each cutout does successfully return the true median luminosity of
the stack.

3The correction is related to the ‘clean bias’ encountered in radio data reduction.
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Figure 4.2.3: Example images of a median stack for luminous Seyfert galaxies, both in flux space (left,
scale is in units of Jy) as well as luminosity space (right, scale is in units of erg s�1). See Figure 4.5.10
for a compilation of the stacked images from all black hole mass and H � luminosity bins in our sample.

Estimating errors on the median Lpk

The errors on median values depend on the shape of the underlying distribution of
the variable and for our skewed radio luminosity distributions cannot be calculated
as straightforwardly as for normally distributed variables. However, since each stack
holds a relatively large number of sources, we can employ bootstrapping to accurately
determine errors and account for the underlying distributions of variables (e.g. see
Press et al. 1992). For each stack of cutout images, we draw n times (with replacement)
from the individual central pixel peak luminosities in the stack (where n is the number
of cutouts in the stack) and use the resulting sample to determine a median peak
luminosity. We repeat this process 5000 times to obtain 5000 bootstrap estimates of
the median Lpk. The resulting (often asymmetric) distribution of median Lpk is used to
obtain a further median value (which is used as the measured value, i.e. the median of
the bootstrapped sample of median Lpk), as well as 68.4% coverage limits, i.e. 34.2%
of bootstrapped median peak luminosity estimates are included from each side of the
median of the bootstrapped sample and hence the error bars will be interpreted as 1�
errors. These errors are used as error bars on the corresponding plots of median in the
results section. However, in a few of the stacks corresponding to the lowest accretion
rates, we find that a median source is not significantly detected. We define this to be
when the 0.27% percentile of the bootstrapped median peak luminosity distribution
corresponds to a luminosity Lpk  0, i.e. the median source is not detected at the
3� level. In this case we assign a 3� upper limit to the value of median Lpk in that
accretion rate bin, which is assumed to be the 99.73% percentile of the bootstrapped
median peak luminosity distribution.
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4.3 Results

In this Section we apply the stacking method discussed in Section 4.2.2 to our SDSS
AGN sample to determine the median radio vs. line luminosity relations for the
di�erent AGN classes and compare them with the overall population as seen with
individual measurements. We will first present the results of median stacking and
simple phenomenological fits to the data with limited comment, while in Section 4.4
we will consider our results and their interpretation in more detail.

4.3.1 Radio vs. line luminosity relation of the full mass range

We first consider the entire black hole mass-range of our data and show in Fig. 4.3.4
the median 1.4 GHz peak luminosity versus line luminosity relations (plotted with
coloured circles) for the Balmer extinction-corrected and uncorrected samples, with-
out carrying out any further binning by mass. Since it is useful to see how the median
values compare with the wider population, to assess the range of radio loudness at
di�erent accretion rates and understand how ‘typical’ the well-studied bright sources
really are, we show these relations together with the individual luminosities for all
the sources in our sample. Those with peak radio fluxes more than three times the
associated rms error are counted as detections and coloured orange. For completeness
and to indicate where the median values fall compared to the general population, we
plot the AGN with S/N < 3 and positive peak fluxes at the source location as grey
points (note that we do not plot these individual undetected source luminosities using
upper limit values, since we wish mainly to provide context for the measured median
values). AGN with negative peak fluxes at the source location are indicated by purple
tick-marks at the corresponding optical line luminosity value.

To make the plots clearer we do not treat individual LINERs, Seyferts and QSO
sources separately using di�erent markers: it is straightforward to see the dominant
AGN class from the optical luminosity ranges covered by the median data points.
Dashed lines show the best-fitting power-law relations fitted to the median data for
each source class (source classes with only one median data point are not fitted), as
described below. We also plot as a solid black line at the commonly used radio-
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4.3 Results

Figure 4.3.4: Peak radio luminosity versus line luminosity relations for the full 7.0 <log MBH < 9.5
mass range (top left: uncorrected H �; top right: uncorrected [O ���]; bottom left: corrected H �;
bottom right: corrected [O ���]). The median values and best-fitting relations for the medians of the
di�erent AGN classes are plotted as coloured points and dashed lines respectively (LINERs: blue;
Seyferts: green; QSOs: red). Individual sources from each sample are also plotted as detected sources
(S/N > 3, orange) and non-negative non-detections (grey). Negative fluxes cannot be plotted in log-
space, but have been included as a purple ‘rug-plot’ at the bottom of each panel. Also included as a
black solid line is the converted value for the radio loudness R = 10 criterion from Kellermann et al.
(1989).
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4 A deeper look at the jet-accretion connection in AGN

Figure 4.3.5: Parameters of fits to the median radio vs. line luminosity relations for the full
7.0 <log MBH < 9.5 mass range shown in Fig. 4.3.4. The contours and histograms show the boot-
strapped distributions of best-fitting model slope � and log-normalisation at LH� = 1040 erg s�1.
Following the same sequence in Fig. 4.3.4 panels are for the uncorrected sample (H � left, [O ���] right),
while bottom panels are for the corrected sample (also H � left, [O ���] right). The colours of the
histograms match the colours in the corresponding plots of radio vs. line luminosity: LINERs in blue,
Seyferts in green and QSOs in red. The contours correspond to 1, 2 and 3� confidence levels and for
identification purposes can be mapped on to the corresponding AGN class histograms by eye.
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Uncorrected sample Lpk vs. LH� Lpk vs. L[O ���]
Mass range (median) AGN type � Log(L40) � Log(L40)

LINER 1.639+0.05
�0.04 38.39+0.01

�0.01 1.622+0.04
�0.04 38.05+0.01

�0.01
7.0–9.49 (7.86) Seyfert 1.008+0.02

�0.02 38.08+0.00
�0.00 0.779+0.01

�0.01 37.57+0.01
�0.01

QSO 0.742+0.02
�0.02 38.18+0.03

�0.03 0.687+0.02
�0.02 37.67+0.05

�0.05
7.0–7.51 (7.31) LINER 1.442+0.16

�0.12 38.16+0.07
�0.06 1.439+0.15

�0.13 37.87+0.03
�0.03

Seyfert 0.915+0.03
�0.03 37.99+0.01

�0.01 0.734+0.03
�0.02 37.50+0.02

�0.02
LINER 1.586+0.10

�0.09 38.28+0.03
�0.03 1.456+0.12

�0.08 37.89+0.03
�0.02

7.51–7.86 (7.69) Seyfert 0.957+0.04
�0.04 38.08+0.01

�0.01 0.731+0.03
�0.03 37.61+0.02

�0.03
QSO 0.750+0.14

�0.14 38.02+0.19
�0.18 0.684+0.14

�0.13 37.61+0.29
�0.28

LINER 1.462+0.04
�0.04 38.34+0.02

�0.02 1.487+0.05
�0.04 38.06+0.01

�0.01
7.86–8.26 (8.04) Seyfert 1.134+0.05

�0.06 38.18+0.01
�0.01 0.811+0.05

�0.05 37.66+0.05
�0.04

QSO 0.728+0.07
�0.07 38.11+0.10

�0.10 0.617+0.06
�0.05 37.75+0.13

�0.14
LINER 1.655+0.08

�0.08 38.64+0.02
�0.02 1.717+0.08

�0.09 38.39+0.02
�0.02

8.26–9.49 (8.57) Seyfert 0.972+0.11
�0.09 38.28+0.06

�0.06 0.705+0.07
�0.06 37.84+0.08

�0.11
QSO 0.756+0.03

�0.03 38.20+0.04
�0.04 0.719+0.03

�0.02 37.61+0.06
�0.07

Table 4.2: Uncorrected sample: values for parameters and 68% coverage limits for power law fits to
median radio vs. line luminosity relations, as well as the median black hole mass and the mass range
covered in each mass bin. The parameters are the slopes � and log-luminosity at a fixed LH� or L[O ���]
luminosity of 1040 erg s�1.

Corrected sample Lpk vs. LH� Lpk vs. L[O ���]
Mass range (median) AGN type � Log(L40) � Log(L40)

LINER 1.430+0.04
�0.03 38.09+0.01

�0.01 1.369+0.03
�0.04 37.80+0.01

�0.01
7.0–9.49 (7.80) Seyfert 1.028+0.05

�0.04 37.55+0.02
�0.03 0.813+0.04

�0.03 37.09+0.04
�0.05

QSO 0.633+0.12
�0.11 38.10+0.15

�0.18 0.654+0.09
�0.09 37.50+0.22

�0.21
7.0–7.48 (7.29) LINER 1.351+0.18

�0.15 37.80+0.07
�0.06 1.286+0.17

�0.22 37.52+0.04
�0.04

Seyfert 1.082+0.10
�0.07 37.44+0.03

�0.05 0.897+0.05
�0.05 36.89+0.05

�0.07
LINER 1.187+0.11

�0.11 37.83+0.03
�0.04 1.110+0.11

�0.09 37.56+0.02
�0.03

7.48–7.80 (7.65) Seyfert 1.107+0.08
�0.07 37.51+0.03

�0.04 0.987+0.10
�0.06 36.90+0.07

�0.14
QSO

LINER 1.269+0.06
�0.06 38.03+0.02

�0.02 1.184+0.07
�0.06 37.76+0.02

�0.01
7.80–8.15 (7.97) Seyfert 1.236+0.12

�0.13 37.52+0.08
�0.07 0.912+0.11

�0.10 37.02+0.10
�0.15

QSO
LINER 1.469+0.06

�0.07 38.42+0.02
�0.02 1.372+0.05

�0.07 38.21+0.02
�0.02

8.15–9.49 (8.37) Seyfert
QSO 0.674+0.15

�0.13 38.12+0.17
�0.22 0.654+0.15

�0.13 37.55+0.31
�0.34

Table 4.3: Corrected sample: values for parameters and 68% coverage limits for power law fits to
median radio vs. line luminosity relations, as well as the median black hole mass and the mass range
covered in each mass bin. The parameters are the slopes � and log-luminosity at a fixed LH� or L[O ���]
luminosity of 1040 erg s�1.
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4 A deeper look at the jet-accretion connection in AGN

loudness divide R = 10 (Kellermann et al. 1989)4.
We model the radio vs. line luminosity relations for each AGN class separately

using a simple power-law (i.e. a linear relation in log-space). Fitting is carried
out for all AGN classes which have at least 2 detected median values per mass bin,
using chi-squared minimisation based on the errors determined for each data point
via bootstrapping (note that the upper limits on median Lpk are ignored in these fits:
since they are only few and at the lower extreme of the relations, this should not
introduce a significant bias). The best-fitting functions for each AGN class are plotted
as dashed lines in Fig. 4.3.4. However, as noted previously, errors in determining Lpk
from median stacking are unlikely to be normally distributed. Therefore, to obtain
errors on the fit parameters, we further run bootstrapping on our fits by resampling
(with replacement) the data in each luminosity bin to draw a new set of median values
(we retain the original error bars for fitting purposes) which are then fitted with the
power-law models. After repeating this process 5000 times we obtain distributions of
the fitted parameters. We find estimates for the fitted parameters and their errors by
taking the distribution median, as well as the 68 per cent coverage limits, respectively.
The corresponding contour plots and histograms are shown in Fig. 4.3.5 while the
results of our fits (along with the fits to separate mass bins, see next section) are
presented in Table 4.2.

From Fig. 4.3.4 and our fits, it is already striking that, regardless of the corrections
applied and the emission line used, LINERs show substantially steeper slopes than
Seyferts in their median radio vs. line luminosity relations. QSOs tend to follow simi-
lar relations to the Seyferts, indicating that higher accretion rate AGN in general follow
a systematically shallower and radio-weaker track than the LINER population, such
that the median Seyferts and QSOs are substantially radio-quiet (as expected), while
only the most luminous median LINERs are radio loud. It is also interesting to note
that the extrapolation of the relation observed for LINERs to high H � luminosities
(and hence accretion rates) could also encompass the population of high-luminosity
extreme radio-loud AGN, which are in fact luminous radio-loud QSOs. This result
could imply that the steep and shallow radio vs. line luminosity tracks followed by
LINERs and Seyferts have an origin in the type of jet-accretion relation that holds in
these AGN, rather than being linked to them being low and high-accretion sources.

4The radio-loudness parameter R is equal to the 5 GHz flux density divided by the optical B-band
(4400 Å) flux density. Here we estimate the relation for R = 10 for [O ���] by first estimating the
continuum luminosity at 5100 Å by multiplying by a factor 340 (Netzer 2009b), then obtaining the
luminosity density at 4400 Å, assuming a spectral index in the optical of ↵ = �0.5 (where F⌫ / ⌫↵),
consistent with the value used by Kellermann et al. (1989). We then convert the 1.4 GHz luminosity to a
luminosity density at 5 GHz by assuming a radio spectral index of -0.5. The resulting conversion gives
L1.4GHz(R = 10) = 0.027L[O ���]. We obtain the corresponding relation for H � simply by assuming that
L[O ���] = 3LH� (i.e. applicable at the LINER/Seyfert divide and therefore a reasonable approximation
for most of our sample).
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However, since the sample covers both a wide range in both black hole mass and
luminosity it is necessary to first split it according to mass, in order to uncover the
underlying connection of radio emission to accretion rate.

4.3.2 Radio vs. line luminosity relations as a function of black hole mass

We show the radio vs line luminosity relations for our four separate mass bins in
Fig. 4.3.6 (uncorrected sample) and Fig. 4.3.7 (corrected sample). We fit the median
relations using the same approach as for the full mass range sample, and present
the best-fitting parameters in Table 4.2, and the corresponding parameter distribution
contours and histograms in Fig. 4.3.8.

The mass-dependent relations for the uncorrected sample all show the same
significant split in steepness of median radio vs. line luminosity relation as shown by
the sample with all masses combined. However the di�erences are less clear in the
corrected sample: although the best-fitting slope for LINERs is always steeper than
for Seyferts, the only strongly significant di�erence is seen in the highest mass bin
when comparing LINERs with QSOs. To test whether this di�erence is caused by the
Balmer correction process or a change in the make-up of the sample caused by cutting
objects with high Balmer correction values, we also checked the e�ect of removing the
Balmer correction from the corrected sample and find that the results are consistent
with the larger, uncorrected sample. Thus across all mass bins, Balmer correction
has the e�ect of flattening the LINER relation while steepening the Seyfert relation.
However, in the highest mass bin the QSO relation is not significantly steepened by
Balmer correction (and is consistent with the single Seyfert data point) and the LINER
slope remains steep, so the di�erence in slopes remains clear.

These results raise the question: if a di�erence in slope only appears strongly
significant in the highest mass bin, why does the sample including all masses still
show a significant di�erence in LINER vs. Seyfert slope? The explanation appears to
be a combination of the mass distribution of the di�erent AGN classes together with
a mass-dependent normalisation of the di�erent relations. Firstly, in the corrected
sample the majority of LINERs are found in the highest two mass bins, while the
majority of Seyferts are found in the lowest two mass bins. Secondly, the LINERs
show a significant increase in normalisation of their radio vs. line luminosity relations
(by 0.6–0.7 dex from the lowest to highest mass bin) while the Seyferts show no such
e�ect in the corrected sample (they do show a weak e�ect in the uncorrected sample).
Thus when looking at the sample including all masses, we see the median relation
dominated by higher-mass LINERs while for Seyferts lower masses dominate, and
hence the di�erence seen in the highest mass bin is maintained across the whole
sample.
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4 A deeper look at the jet-accretion connection in AGN

Figure 4.3.6: Uncorrected sample peak radio versus line luminosity relations for the four ⇠equally-
populated mass bins (upper: uncorrected H �; lower: uncorrected [O ���]). Details are as for Fig. 4.3.4.
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4.3 Results

Figure 4.3.7: Corrected sample peak radio versus line luminosity relations for the four ⇠equally-
populated mass bins (upper: uncorrected H �; lower: uncorrected [O ���]). Details are as for Fig. 4.3.4.
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4 A deeper look at the jet-accretion connection in AGN

Figure 4.3.8: Median radio vs. line luminosity relations: contours and histograms showing the
bootstrapped distributions of best-fitting model slope � and log-normalisation at LH� = 1040 erg s�1.
The colours of the histograms match the colours in the corresponding plots of radio vs. line luminosity:
LINERs in blue, Seyferts in green and QSOs in red. The contours correspond to 1, 2 and 3� confidence
levels and for identification purposes can be mapped on to the corresponding AGN class histograms by
eye.

4.3.3 Comparison of the Lpk vs. L[OIII] and LH� relations

Comparing the relations for H � and [O ���], we see similar slopes but significant
di�erences in normalisation for both LINER samples, and similar behaviour for the
QSO samples, whereas the Seyfert samples show changes in both slope and normal-
isation. We can interpret this behaviour in terms of the [O ���]/H � luminosity ratios
of the di�erent subsamples, which we show broken down by mass bin in Fig. 4.3.9.
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4.3 Results

Figure 4.3.8: Continued, for the uncorrected sample L[O ���].

The o�sets in normalisation between the H � and [O ���] relations correspond to the
di�erent ratios measured for the di�erent AGN classes, once the slopes of the rela-
tions are corrected for (i.e. log L40,[O ���] = log L40,H � � � log[L[O ���]/LH� ]). Since
the Seyferts and QSOs show a larger [O ���]/H � ratio than the LINERs, they also
show a greater drop in normalisation when comparing [O ���] with H � (even when
allowing for their flatter slopes), and hence the Seyferts and QSOs are relatively more
radio-quiet compared to LINERs when using [O ���] than when using H �.

The increase in [O ���]/H � ratio from LINERs to the most luminous high-mass
QSOs also causes the range of [O ���] luminosities of the whole sample to be extended
compared to the range of H � luminosities. This e�ect should be accounted for when
considering whether the median LINER Lpk vs. [O ���] relation can also explain the
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4 A deeper look at the jet-accretion connection in AGN

Figure 4.3.8: Continued, for the corrected LH� sample.

population of individual radio loud QSOs seen at high [O ���] luminosities (as seems
to be the case for H �). Assuming that such luminous radio-loud QSOs share similar
[O ���]/H � ratios to the median QSOs, they can be compared with the LINER relation
by shifting them back in [O ���] luminosity by about a decade, which makes them more
consistent with the radio-loud QSOs overlapping the extended LINER relation in the
H � diagram.

4.4 Discussion and Conclusions
The power of stacking FIRST radio images based on source selections made in other
wavebands is that it allows us to study the median sources in a population down to flux
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Figure 4.3.8: Continued, for the corrected L[O ���] sample.

levels of tens of µJy or better, thus avoiding the biases that are inherent in flux-selected
samples of individual sources. We have used this approach with SDSS samples of
AGN to study the relation between radio luminosity and optical line luminosity (and
by proxy, accretion rate) across a wide range of luminosity and black hole mass, to
uncover a key di�erence between the median radio vs. line luminosity relations of
LINERs (which are steep) versus those of Seyferts and QSOs (which are flat). These
relations provide important insights into the jet-accretion connection in AGN and
shed light on the existence of di�erent accretion states in AGN (analogous to those of
BHXRBs) as well as the origins of radio-loudness in the AGN population. We will
discuss these implications shortly, but first strengthen our conclusions by considering
the possible e�ects of biases in our results due to extinction and also contamination by
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4 A deeper look at the jet-accretion connection in AGN

Figure 4.3.9: The median L[O ���]/LH� ratio for the uncorrected sample, split into AGN classes and mass
and accretion rate bins.

star forming emission which, we will argue, works to suppress apparent di�erences
in median radio vs. line luminosity slope, not enhance them.

4.4.1 Bias and contamination

We first consider the e�ects of ignoring or including extinction corrections on our
sample, since making these corrections does have a significant e�ect on the observed
median radio vs. line luminosity slopes, making the LINER slope flatter and the
Seyfert slope steeper so that the di�erence is only significant when considering either
the whole mass range or only the highest mass bin. It is important to understand
whether these e�ects of extinction correction on the slope are real, because they
could indicate that the di�erence between LINERs and Seyferts only applies at high
black hole masses. The accuracy of extinction corrections to AGN luminosities based
on the Balmer decrement is limited by systematic as well as observational errors
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(e.g. see discussion in Kewley et al. 2006. The fluxes of the narrow H ↵ and H �
components must be measured accurately and systematic errors can arise due to the
Balmer absorption lines in the stellar continuum spectra of the host galaxy, which
may not be accurately accounted for by fitting the moderate resolution SDSS spectra.
These e�ects will be strongest when the Balmer emission from the AGN is weak, so
that the relative uncertainty in Balmer decrement is large at the lower line luminosities
sampled by the LINER population. A bias then results because only spectra where
the Balmer decrement is larger than the expected intrinsic value of 3.1 are corrected,
so that at low line luminosities a larger fraction of objects are uncorrected while
a subset of those objects are moved to higher line luminosities even if there is no
underlying extinction. The net e�ect will be to reduce the median radio luminosity
of the higher line luminosity bins, which are now contaminated by the inaccurately
shifted lower-luminosity points, and thus flatten the apparent relation.

At higher luminosities, e.g. in Seyferts, the bias due to Balmer decrements
< 3.1 will be much less and the relation will not be flattened. Here however, a
di�erent problem can result from contamination, since Seyfert hosts in the SDSS
sample lie in galaxies with preferentially higher star formation rates (Kewley et al.
2006). Star formation can contaminate both the radio and Balmer line luminosities.
The radio contamination is not significant: if we assume the calibrated empirical
relations between star formation rate (SFR), H ↵ and 1.4 GHz emission5, and further
assume that LH↵ =2.86LH� (appropriate for a star-forming region), we expect that Lpk
= 3.4 ⇥ 10�4LH� for the starforming components of Lpk and LH� only, well below
our observed relations. A small caveat is that the measured luminosities are extracted
from regions of di�erent size (3 arcsec fibre diameter for the SDSS spectral line
measurements and the 5 arcsec resolution of the FIRST survey), but the expected
di�erence is likely to be negligible since for all but the closest sources, the bulk of
any host galaxy is included within a few arcsec diameter (and star forming regions
are relatively centrally concentrated).

Contamination of Balmer emission by star forming regions is likely to be more of
a problem than radio contamination. Kau�mann et al. (2003) used a galaxy sample
matched in the 4000 Å break strength (an indicator of star formation) to show that for
the highest [O ���]-luminosity AGN (i.e. Seyferts) in the MPA-JHU sample, around
70 per cent of the H � flux may be associated with star formation in the host galaxy,
compared to only 7 per cent of the [O ���] flux. If the amount of contaminating flux
does not scale (or scales sub-linearly) with AGN luminosity, then the e�ect of such
contamination will be to steepen the observed radio vs. H � luminosity relation
(since AGN with lower intrinsic luminosity will be shifted up in H � luminosity by

5SFRH↵ = LH↵/(6.5 ⇥ 1040erg s�1) M� yr�1 and SFR1.4GHz = L1.4GHz/(2.2 ⇥
1037erg s�1) M� yr�1 (Murphy et al. 2011)

115



4 A deeper look at the jet-accretion connection in AGN

the contaminating component, but not shifted in radio luminosity), while the [O ���]
relation will be much less a�ected. In fact, we see evidence for just such an e�ect
in our data, with the H � relations for Seyferts being significantly steeper than the
corresponding [O ���] relations. This systematic steepening is not expected for LINERs
however, since they reside primarily in galaxies with lower star formation rates than
Seyferts (Kewley et al. 2006), and indeed, we do not see this e�ect in our data when
we compare the H � and [O ���] relations for LINERs.

In summary then, we find that that our results can be biased in a number of ways,
either by errors in Balmer correction or due to contamination of H � emission by
star forming regions. However, all these e�ects will tend to suppress a di�erence in
LINER and Seyfert slopes, by either flattening the radio vs. line luminosity relations
for LINERs (via biases in Balmer correction), or steepening the Seyfert radio vs. H �
relation (via contamination by star formation). These e�ects will not act to produce
the distinct di�erence in slopes that we observe, and therefore we are confident that
we are detecting a real di�erence in the median radio vs. line luminosity dependences
of LINERs and Seyferts and QSOs. Furthermore, taking these systematic errors into
consideration, we can also anticipate that the least biased estimates of the radio vs.
line luminosity relations are the Lpk–[O ���] relation in Seyferts, and probably either
the Lpk–H � or Lpk–[O ���] uncorrected relations in LINERs, since these will not be
biased by correcting Balmer decrements only above 3.1 (and likely also do not su�er
from much extinction since they inhabit earlier type galaxies with less star formation
than the Seyferts). The QSOs are probably also relatively unbiased due to the much
more dominant AGN contribution in these cases.

4.4.2 Implications for the jet-accretion connection and the origins of
radio-loudness

It is significant that the slope of the LINER median radio vs. line luminosity relation
is greater than unity for all mass bins and for both corrected and uncorrected samples,
because such steep slopes are predicted by models where the jet is powered by the
accretion flow and jet power scales close to linearly with accretion rate. For radio
emission of spectral index ↵⌫ and assuming linear scaling of jet kinetic power with
accretion rate (ṁ), simple jet synchrotron models predict that the radio luminosity
scales as Lrad / ṁ

17
12� 2

3↵⌫ (Heinz & Sunyaev 2003, note that we have changed the
sign of the ↵⌫ dependence in their relation to match our definition of ↵⌫), which
is compatible with our estimated slopes for the LINER relation (assuming that the
line luminosity does scale linearly with ṁ). Assuming a typical spectral index of
↵⌫ = �0.5 we find that the expected relation is better matched by the fits to the
uncorrected sample.

The theoretical relation between jet radio luminosity and accretion rate is also
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consistent with results from fitting the fundamental plane of black hole accretion to
both AGN and black hole XRBs (Merloni et al. 2003; Falcke et al. 2004; Körding
et al. 2006a; Gültekin et al. 2009a; Plotkin et al. 2012) and with estimates of the jet
power vs. radio luminosity relation estimated from from the jet-inflated X-ray cavities
produced in galaxy clusters by radio galaxies (Merloni & Heinz 2007). Therefore, our
results provide strong evidence that this relation extends down to the low-luminosity
‘median’ LINER population, unifying them with objects across the mass and jet-
power scale. It is clear though that Seyferts and QSOs do not fit into this picture, with
their significantly flatter radio vs. line luminosity slopes. The obvious implication
for this di�erence is that these AGN do indeed inhabit a more radio-quiet state with
a weaker jet-accretion relation than the LINERs, similar to the soft state observed
in BHXRBs. Thus our results provide strong support to the idea that the higher
luminosity radio-quiet AGN such as Seyferts and QSOs are indeed the analogues of
the soft state BHXRBs.

It is important to stress however that the ‘median’ LINER radio vs. line luminosity
relations we uncover are formally mostly radio-quiet, only becoming radio-loud in
the highest mass bin and at the correspondingly highest luminosities. There is also
clearly substantial scatter in radio-loudness at a given luminosity within the LINER
population. This is not surprising, due to the expected scatter in spectral indices, but
perhaps also due to contamination of the jet cores by extended steep-spectrum radio
emission that is related to the LINER environment and not simply the jet power. It
is interesting that the extrapolation of the LINER radio vs. line luminosity relation
can explain very simply the extension of radio-loud AGN to high luminosities. In
this interpretation, these AGN are simply the higher luminosity equivalents of the
e�cient jet-producing state occupied by LINERs, probably the analogues of the
luminous hard and hard-intermediate states in BHXRBs. This conclusion has an
important implication. It implies that the bulk of the di�erence in radio-loudness
between di�erent classes of AGN can be explained simply in terms of their accretion
rate and whether or not their jet power scales linearly (as in the LINERs and radio-loud
AGN) or sub-linearly with accretion rate (as in the radio-quiet Seyferts and LINERS).
Other factors, such as di�erent black hole spins, are likely to be secondary.
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4.5 Appendix: Median radio images

Figure 4.5.10: Redshift-scaled (i.e. luminosity space) median stacked images for all mass bins (mbin
0–3) and uncorrected H � luminosity bins (accbin) and source types (LINER, Seyfert, QSO).
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Abstract

One of the major points of interest in the study of galaxies, is why some sources are
radio-loud and others are not. To gain insight into this problem we attempt to build an
un-biased radio sample by means of serendipitous source matching. We will match
serendipitous high-frequency VLA observations of active galactic nuclei (AGN) to
an optically selected sample of Sloan Digital Sky Survey spectra. Using this sample
we study the dependence of core radio-loudness on various physical parameters, like
black hole mass, ([O ���]) luminosity and redshift so that we may test the successfulness
and limitations of the aforementioned method in building a truly unbiased sample.
To avoid “pollution" of our radio data by steep-spectrum radiative processes due to
star-formation and synchrotron cooled extended emission we constrain ourselves to
5 GHz C-band observations only. We discuss our findings, comparing quasi-stellar
object (QSO) AGN with galactic AGN, serendipitous with non-serendipitous matches
as well as previous 1.4 GHz Very Large Array (VLA) Faint Images of the Radio Sky
at Twenty cm (FIRST) findings.
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5 Data-mining the jet-accretion connection in AGN

5.1 Introduction
The origin of radio-emitting jets is one of the big questions in active galactic nuclei
(AGN) astronomy. In recent years, understanding the origin of AGN jets has taken
on a special importance for understanding the evolution of galaxies and large-scale
structure, as it has become clear both observationally and theoretically that jets can
e�ectively heat the gas in clusters of galaxies, so that AGN feedback of this kind is
now the dominant explanation for the absence of the very massive galaxies that are
predicted by CDM models for structure formation (e.g. Croton et al. 2006). Realistic
models for AGN feedback need to incorporate the relationship between black hole
growth through accretion, i.e. AGN activity, and the formation of jets (Fanidakis et al.
2011), however due to a variety of observational limitations we are currently some
way from determining what are the key factors in jet formation and its relation to the
accretion process.

To make progress in understanding the origin of jets in AGN, we would like to
obtain a more complete picture of the demographics of AGN jets, in particular how
their core radio emission (a useful proxy for jet power, e.g. Merloni & Heinz 2007;
Körding et al. 2008) correlates with key measurable parameters such as AGN radiative
luminosity (or ideally, accretion rate) and black hole mass. In order to systematically
investigate the core radio loudness of AGN, an un-biased sample spanning a large
range in mass and accretion rate (ṁ) is needed. Building such an un-biased sample,
however, presents great di�culty due to a variety of possible biases. In this work we
therefore aim to build an unbiased sample of AGN using the method of serendipitous
source matching. We seek to establish a test case for this method and explore its use-
fulness for studying the dependence of nuclear radio-loudness on various properties,
such as the black hole mass, ([O ���]) line luminosity and redshift.

In the next Section we commence by explaining the biases that result in large
targeted surveys and describe the selection criteria for building our sample from
optical data and our arguments and techniques for adding (and precluding) radio
observations. Section 5.3 will comprise the results obtained using our optical/radio
sample to study various correlations between radio luminosity and other system
parameters. We present a summary in Section 5.4.

5.2 Sample Selection

5.2.1 The basic problem: biases in large optical and radio surveys
The only way of obtaining a truly unbiased AGN sample is by means of large un-
targeted surveys. At optical wavelengths we have available the excellent photometric
and spectroscopic data obtained by the Sloan Digital Sky Survey (SDSS-III). We
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5.2 Sample Selection

here use data release 9 (DR9)1, which covers ⇠14 555 square degrees, mainly in the
northern hemisphere, in a relatively homogeneous fashion, making it an excellent
basis for comprehensive statistical studies. However, even in the current ‘best case’
of SDSS, significant biases remain where spectroscopy is required, since the spectro-
scopic samples of SDSS are pre-selected according to their photometric and imaging
appearance.

At radio wavelengths, large-scale un-targeted surveys have been carried out so far
only at low frequencies (e.g. the 1.4 GHz VLA; Very Large Array NVSS; Condon
et al. 1998 and FIRST; Faint Images of the Radio Sky at Twenty cm, Becker et al.
1995). However, higher frequencies are preferred when investigating the radio core
properties necessary to study the jet-accretion connection in a cleaner way. The
downside of observing at higher radio frequency, of course, is the fact that the higher
angular resolution also implies a smaller field of view (FOV) per exposure. Hence,
at higher frequencies, large-area homogeneous surveys are as of yet unavailable.
Indeed, targeted optical/radio samples exist, such as those described in works by Nagar
et al. (2000, 2005b), that include high frequency radio data, providing counterparts
to the magnitude-limited optical Palomar spectroscopic survey (Ho et al. 1995).
Unfortunately they only probe nearby galaxies and are hence limited to the more
common local AGN, with low luminosities and mostly low black hole masses, while,
as explained above, an unbiased sample spanning a large range in black hole mass
and accretion rate is needed. Building such an un-biased sample is, however, far from
easy due to the following inherent biases:

1. Sample selection: Biases are inherent to targeted surveys. Generally, when a
sample of sources is selected for observation, the selection is based on certain
properties that may be related to radio loudness. For example radio-selected
samples show a bias against AGN without or with only weak jet emission or
which have radiatively e�cient accretion flows. For the SDSS specifically there
are intrinsic biases due to selection criteria: Sources are selected for follow up
spectroscopic observation based on initial photometric observations (see Sec
5.2.2 for further details).

2. Black hole mass: As explained above, AGN cover several decades in black hole
mass, however evidence supporting a systematic dependence of radio-loudness
on the black hole mass, for a given accretion rate has been accumulating. This
correlation is known as the Fundamental Plane (FP) of black hole accretion
(e.g. Merloni et al. 2003; Falcke et al. 2004). Moreover, radio-loud AGN are
typically associated with SMBHs of mass > 108M� (Chiaberge & Marconi

1http://www.sdss3.org/dr9/
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5 Data-mining the jet-accretion connection in AGN

2011). Furthermore, the black hole mass and the accretion rate are anti-
correlated due to flux and volume limits, i.e. low-mass, low accretion rate
black holes are too faint to observe, while high-mass, high accretion rate black
holes are rare.

3. Host galaxy: Radio galaxies are long known to almost exclusively inhabit giant
ellipticals (e.g. Matthews et al. 1964; Condon 1989), that host the most massive
black holes. If radio loudness depends on the host galaxy type, e�ects due to the
host galaxy are entangled with those due to the black hole mass. Furthermore the
host may also produce optically thin (free-free and non thermal, e.g. Turner &
Ho 1994) radio continuum emission through SF (as well as radio recombination
lines, Kepley et al. 2011). Indeed, steep power-law emission is most problematic
at lower frequencies.

4. Environmental e�ects: How the extended radio structure we find in galaxies
grows, depends on the density of the ambient medium and the jet power. The
extended emission can strongly influence how we see the AGN.

5. Evolutionary e�ects: Evidence is accumulating that black hole growth shifts
to lower mass black holes at lower redshifts (see e.g. BabiÊ et al. 2007 and
references therein). This e�ect is referred to as AGN cosmic downsizing. Hence
cosmic evolution could have a systematic e�ect on Fundamental Plane of black
hole accretion and the radio loudness fraction of a sample of AGN drawn from
a range of redshifts. Similarly the merger history of an AGN could be of great
influence on the radio loudness of an AGN (Chiaberge et al. 2015).

To mitigate bias (i) we will use only serendipitous archival VLA radio observations
matched to SDSS optical spectroscopy in this paper. To mitigate bias (ii) we will look
at samples with a limited range in mass of 7.0  logM�  9.5. Since we are interested
in the AGN cores only, we reduce bias (iii), potential “pollution" of the radio flux by
extended steep-spectrum emission, by focussing on the higher-frequency (⇠5 GHz)
C-band. Related to bias (iii), bias (iv) should also be mitigated somewhat by our
choice of the higher-frequency C-band, and in any case will be significant only for a
small subset of powerful radio galaxies in our sample. Bias (v) could in principle be
dealt with by limiting the range in black hole mass to e.g. 8.5  logM�  9.5, which
would focus a sample on mainly early types, as well as even further reduce bias (ii).
Unfortunately, as it turns out, however, the size of our final sample is not su�cient to
perform such a cut (see Section 5.2.5).
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5.2 Sample Selection

5.2.2 Optical sample selection

The Sloan galaxy sample comprises the MPA/JHU value added catalogue that includes
e.g. velocity dispersions (�v, estimated from a principal component analysis of stellar
eigenspectra), that allow us to calculate the black hole masses (Tremaine et al. 2002)2,
as well as improved line fluxes (when compared to the spec1d standard spectral
pipeline) that allow us to estimate accretion rates from the [O���] (�5007) flux (Netzer
2009b).

The DR9 release of the MPA/JHU catalogue comprises ⇠ 2.67 million observa-
tions. Using SDSS optical spectra AGN are selected according to their relative line
strengths, based on their position in the Baldwin-Phillips-Terlevich (BPT) diagram
(Baldwin et al. 1981; Veilleux & Osterbrock 1987), using the precepts in Brinchmann
et al. (2004); Kau�mann et al. (2003) to remove galaxies that are likely to have “pol-
lution" of the optical emission by star formation. We therefore only consider sources
that have been classified as an AGN (bptclass = 4) or as a low S/N AGN (bptclass =
5) in the Brinchmann et al. paper. To avoid duplicate sources we only use the best
observations of individual objects, indicated by a "sciencePrimary" or "specprimary"
flag larger than zero. We also exclude sources whose line parameters and physical
parameters are not flagged as “reliable" in the galSpecInfo table, as well as sources
whose redshifts are not trusted (so zwarning should be zero). This leaves us with
90 739 useable spectra. We will refer to sources in this sample as simply ‘AGN’ (in
contrast to the AGN sources at the cores of distant quasars; to those we will refer as
QSOs, see below). Further selection criteria are summarised in Table 5.1.

It should be noted here that the MPA/JHU AGN sample excludes type 1 AGN to
avoid continua dominated by AGN direct continuum radiation (thus allowing the host
galaxy to be studied). Since there is no apparent correlation between radio and type
1/type 2 optical classification, we do not anticipate that this selection will introduce
any bias into our sample (e.g. Antonucci 1993; Urry & Padovani 1995).

Since we are interested in AGN properties as a function of accretion rate, we
require the widest possible range in this parameter. Hence we also include quasars
(QSO)s in our analysis (which, contrary to the AGN used, are mainly type 1). Since
it includes virial masses based on single epoch spectra (calibrated with optical rever-
beration mapping mass estimates), the QSO data are based on Shen et al. 2008, 2011
(hereafter S08, S11) which was originally based on DR5, but has been updated to
the DR7 spectroscopic quasar catalogue (Schneider et al. 2010) in their more recent
work. The main problem with using the QSOs in the SDSS is that they are selected
in a distinctly di�erent way to the galaxy sample. The SDSS first uses photometry to
select sources for follow-up observations. While galaxies are selected based on their

2We compared the resulting masses with those arising from the coe�cients in the more recent work
from Gültekin et al. 2009b but found no significant di�erence.
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5 Data-mining the jet-accretion connection in AGN

appearance in the r band (most importantly the di�erence in integrated r magnitude of
an extended source model with respect to an unresolved source, rPSF - rcmodel � 0.24,
a Petrosian magnitude limit rP = 17.77 and some surface brightness cuts), QSO candi-
dates appear as point sources and are selected through a complex selection algorithm
(Richards et al. 2002) that targets objects with non-stellar colours to distinguish these
point sources from stars. They may however also be point-source optical counterparts
to VLA FIRST radio sources (idem). Since we are interested in an optically selected
sample only, we exclude the latter, as including those sources would introduce a bias
towards radio loud QSOs. It should be noted that three SDSS sources in these initial
catalogues, are thought to be QSOs by S11, while they are classified as galaxies in the
MPA/JHU catalogue. After radio matching (see next Section) two of these sources
are still present. We choose to interpret these sources as AGN.

We attempted to obtain a consistent origin for all line fluxes for all our matched
(see next Section) sources (both QSO and AGN) by extracting them from their original
spectral FITS headers, however these lines were found to be of extremely low quality,
yielding many zero or negative fluxes. Also we are not using the lines fluxes from S08,
since they describe them as “less restrictive than the spec1d pipeline of the SDSS"3.
Hence for the QSOs we calculate the fluxes needed from the equivalent width provided
by the SpecLine table4 in the SDSS DR7 that should be better constrained than S08.

We also explore correcting the [O ���] flux for the Balmer decrement for AGN
only. For QSOs this is impossible without removing a major part of the sample due
to a poor sampling rate of the H ↵ lines at higher redshifts (only about a quarter of
the sources that have [O ���] also have H ↵). However considering the dearth of type 2
QSOs we do not expect these sources to su�er from strong intrinsic absorption. We
correct the QSO line fluxes for foreground dust extinction using the dust maps from
Schlegel et al. (1998), following Cardelli et al. (1989b) (as has already been done for
the line fluxes in the MPA/JHU catalogue).

Finally, for all sources in our optical sample, we require high quality SDSS spectra:
where they are present in the spectrum, the strong emission lines (H�, [O ���] �5007,
H↵, [N��] �6584, [S��] �6717, 6731) should have S/N�3. This completes the selection
of our optical AGN and QSO samples.

5.2.3 Radio data selection and analysis
Since we are interested in the AGN core jet emission we will use only higher-frequency
C-band (⇠5 GHz) data. At higher frequency the flat spectrum nuclear emission should
be less polluted by the steep spectrum emission that is usually due to star formation or
extended jet emission. For this reason it could be better to use (8 GHz) X band data,

3https://www.cfa.harvard.edu/⇠yshen/BH_mass/dr7.htm
4http://cas.sdss.org/dr7/en/help/browser/description.asp?n=SpecLine&t=V
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AGN QSO
starting quantity 90 916 94 999
MBH (M�) 7.0  MBH  9.5
redshift 0.04  z 0.04  z  0.8
[O ���] flux > 0
final quantity 71 355 17 225

Table 5.1: Initial sample sizes for AGN after classification using BPT diagrams (see text) and QSOs
from S11 and subsequent broad cuts to get slightly more focussed samples. For the AGN we infer MBH
from the velocity dispersion (Tremaine et al. 2002), while the QSO masses are obtained from virial
estimates based on single epoch spectra (Shen et al. 2008, 2011). We impose a redshift cut of z  0.8
on the QSOs, to mediate evolution e�ects and as at higher redshift the most important lines ([O ���], H ↵,
H �) are often not available. The upper limit for the redshift is not relevant for the AGN, as these all have
z < 0.8, and no problem with line detections is expected. The AGN line fluxes are corrected for dust
attenuation using the Balmer decrement, assuming a line ratio of H ↵/H � = 3.1, consistent with case B
recombination at T = 104 K and ne ⇠ 102–104 cm�3 (Osterbrock 1989). For the QSO the quality of
the Balmer lines is too low to exercise the latter. To avoid aperture e�ects (Kewley et al. 2005) we will
exclude sources with a redshift z  0.04. Since an [O ���] flux in emission is instrumental in our analysis,
we require it to be positive. After applying these criteria the two quantities remaining represent the final
SDSS samples (AGN/QSO) to be used for cross-correlation with archival radio data (Section 5.2.3).

where the core spectrum should be even less prone to contamination from extended
steep-spectrum components. However, there are strong reasons to prefer the C-band:
1) C-band archival data is more abundant. 2) C-band observations represent a larger
FOV and have therefore a bigger chance of having observed a source of interest
serendipitously.

To slightly improve the positional accuracy for finding radio counterparts for our
final optical sample of AGN and QSOs we use the SDSS photometric coordinates
instead of the spectroscopic coordinates. The latter are determined ad hoc, to account
for the fact that the exact placement of the fibres on the spectrographic plates may
not have ended up 100% accurately where it was originally intended. We are not
as much interested in where the fibre that was positioned to capture photons from a
certain galaxy was precisely placed, but rather where we may expect the source in
the radio band. We cross-match these photometric coordinates with those of 176 316
VLA C-band archival observations obtained from 1980 until 2010, including only
data from observations in A, B or indeterminate configurations. We limit the search
radius to 4.5 arc-mins away from the centre of the FOV5. The results are in Table
5.2. However, many of these radio data will be associated with AGN/QSOs that have
been specifically targeted with the VLA. In the next subsections we explain how we
remove targeted sources from the sample of detections (and non-detections) to obtain

5https://archive.nrao.edu/archive/nraodashelp.html#srad)
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5 Data-mining the jet-accretion connection in AGN

Figure 5.2.1: Di�erence in bandwidth smearing between VLA A (left) and B (right) configurations for
the same source (1535+533), both observations on the outer part of the FOV, at 26100 and 26800 from
the centre respectively.

an unbiased sample with serendipitous matches only.
First we note however that radio sources observed away from the phase centre can

su�er from bandwidth smearing. The smearing is proportional to a dimensionless
factor � = �⌫

⌫✓
⇥ ✓

✓ HPBW, where �⌫ is the bandwidth at frequency ⌫✓ , ✓ is the angular
o�set from the phase centre and ✓HPBW is the half-power beam width (Bridle &
Schwab 1999). This means that for the usual 50 MHz bandwidth used for most VLA
observations, in A configuration our serendipitous sources will su�er from some
amount of smearing (see Fig 5.2.1 for a comparison of two sources of equal angle
to the phase centre observed in the two di�erent configurations). In B configuration
the situation is better. To avoid sources that are too smeared we investigate the mean
source ellipticity, mean S/N and number of detections as a function of radius from
observation centre. Based on this information, we impose hard cuts at 15000 for VLA
A configuration observations. The theoretical beam-width for this configuration in C
band is ✓HPBW ⇠ 0.2400. However in practice (for our data) this number is a factor of
a few higher. A median beam-width of 0.800 corresponds to a � ⇠ 2 at 15000 from
the phase centre, i.e. a ⇠ 50% reduction in flux, while the beam broadening should
remain less than two. For B configuration the beam width (at 2.400) is such that at
the maximum allowed search-radius of 27000, � ⇠ 1.2 and hence a similar cut is not
necessary.

5.2.4 Serendipitous radio observation matching

In order to build a sample with the fewest possible biases, we must avoid targeted
radio observations of a source, i.e. those which have targeted a source because it is
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5 Data-mining the jet-accretion connection in AGN

Figure 5.2.2: Dependence of the number of sources matched on the FOV area allowed for matching
(Aobs = AFOV(1� Amasked)/AFOV), where Amasked is the centre area of the FOV that is precluded from
matching (radio sources near the centre of the FOV are likely to have been targeted), for X band (left
panel) and C-band (right panel). The plots on the right hand side of each panel are magnifications of the
plots on the left hand side. If the radio sample was completely un-targeted, sources would be randomly
distributed over the FOV and the total number of matches should increase linearly with the area observed.
The plots indicate an increase in source number towars lower mass. However interestingly there are less
sources in the lowest mass bin than in the one above it, suggesting the SDSS observations at the lowest
masses are incomplete. As the behaviour in the inner part of the FOV di�ers somewhat with mass bin we
could choose to make the inner area removed dependent on mass bin, but for consistency we prefer for a
single final value for inner area masked. Excluding the centre 10% by area of the FOV seems appropriate
for the X band, while excluding the centre 6% seems more appropriate for the C-band, corresponding
to excluding an inner search radius of 0.85 minutes of arc and 0.78 minutes of arc respectively. We will
therefore use a masking radius of 5000 for both bands.
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5.2 Sample Selection

of interest for radio observations and therefore more likely to be radio-bright than a
randomly selected source. When going through more than 30 years of archival data
it is very challenging to verify for all observations whether a specific source in the
FOV of a random observation was observed on purpose or “accidentally". Hence we
prefer to use a simpler and more objective criterion to distinguish between targeted
and serendipitous radio observations of sources from our optical sample. To first
order we should be able to assume that a targeted source should be in or close to the
centre of the FOV of the radio observation. However, for various reasons (e.g. a slight
o�set in radio antenna pointing, or some error in coordinates used) the target source
is often not exactly in the centre.

Although most of the VLA targets will in fact show a slight o�set, the o�set
should generally be small. Therefore a good “brute force" method of excluding
targeted sources would be to preclude a specific inner region of the search radius
from matching. The problem then reduces to one of determining how big the inner
region removed should be in order to remove all or most of the targeted sources, while
avoiding removal of serendipitous observations.

In terms of source detections, we also expect somewhat fewer sources to be
detected at larger radii from FOV centre, due to the bandwidth smearing discussed in
the previous subsection. However, such e�ects will be di�cult to disentangle from
the bias towards FOV centre of targeted observations which are also more likely to be
known (i.e. detected) radio sources. Therefore at this stage we neglect consideration
of whether sources are detected in the radio or not and consider only whether sources
are preferentially observed close to the FOV centre, which would also indicate that
they are targeted.

If optical sources are serendipitously observed in radio we expect the number of
matches to simply scale linearly with the area of sky covered. Hence if we vary the
fraction of the FOV considered by first masking the entire FOV and then gradually
reducing the radius of the masked region, we should be able to identify the region
where targeted sources start to dominate as an upturn in the otherwise linear relation
expected between the observed area and total number of (serendipitous) matches.

These relations are shown for the A and B-array configurations in Fig. 5.2.2),
which show the expected upturns when the excluded inner region is less than⇠ 5000 in
radius. The relations are further subdivided according to the black hole mass inferred
from the SDSS data. It is also apparent that for black hole masses < 108 M� there
is only a weak (if any) component of targeted sources, even close to the centre of the
FOV, while AGN with more massive black holes show strong contamination of the
matched sample with targeted sources within 5000 of the FOV centre. This striking
di�erence is likely due to the strong preference for radio-loud AGN to be associated
with more massive galaxies (and hence more massive black holes), thus biasing the
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5 Data-mining the jet-accretion connection in AGN

Figure 5.2.3: Number of detected and undetected QSO and AGN as a function of equal-area annuli
with increasing distance from the centre of the FOV, for VLA A and B configurations (top and bottom,
respectively). Comparing the peaked detected distributions (at low distance) to the un-peaked undetected
distributions suggests additional sources between 5000–7000 from the phase centre have been targeted.
Hence we increase the minimum distance to the phase centre for a serendipitous source to 7000.

targeted AGN in this mass range. Therefore, to avoid any possible mass-dependent
bias we initially considered all sources (regardless of black hole mass) more than
5000 from the centre of the FOV to be serendipitous source matches. Objects within
5000 of FOV centre are considered to be (possibly) targeted and therefore unsafe for
consideration as an unbiased sample.

5.2.5 Building the final serendipitous sample

As a final sanity-check, we also considered the results of radio analysis of all our
initial serendipitous sample, to see whether there is any bias for sources with 5 GHz
radio detections to be closer to the FOV centre, as might be expected if they are
actually targeted sources with unusually large o�sets from FOV centre. In Fig 5.2.3
we plot the number of detected ‘serendipitous’ sources in separate annuli with equal
area but increasing radius from FOV centre. Although the number of detected sources
is relatively small, for both VLA configurations there is a clear excess in the inner-
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5.2 Sample Selection

A configuration B configuration
AGN 37 (6) 139 (8)
QSO 7 (2) 41 (2)

Table 5.3: Final numbers of matched, serendipitous sources after further removal of all suspicious data,
as by the criteria described in the text (at this stage multiple observation of the same source have been
stacked and only 1 observation per source remains). Between brackets are the number of sources with
a detection of at least 3�.

most annulus, suggesting that despite our relatively conservative cut, we have still
misclassified some targeted sources as serendipitous (with around 25 and 10 per cent
of sources misclassified in A and B configuration respectively). Furthermore, QSOs
are equal or dominant over AGN in these central bins, matching their dominance
over AGN amongst the targeted sources compared to the serendipitous sources. In
fact, this problem is to be expected as a result of the fact that the radio detection rate
among serendipitous sources is only ⇠ 10 per cent. Assuming that targeted sources
are mostly detected, and given their relative numbers to serendipitous sources in the
matched sample (roughly equal to or half the serendipitous sample size for A and B
configurations respectively), one would need only ⇠ 5 per cent of targeted sources
to lie more than 5000 from centre of FOV to produce the observed contamination
of the small serendipitous population with detections. Such outliers may be associ-
ated with errors in target position or due to the requirements of certain observational
programmes.

Based on these results, we created our final serendipitous sample from all matched
sources with positions > 7000 from the centre of FOV. However all sources found by
the matching routine will be reduced using the pipeline described qualitatively in
Appendix 5.5.

For a source to be ‘detected’ we require at least a 3� detection at the optical
position (i.e. radio flux of a beam at the optical source location equals or exceeds
3 times the RMS noise of the radio image). This is somewhat lower than the 5�
criterion for blind surveys, but the constraint that source positions are already known
means that we expect to obtain less than one false-positive detection given the number
of serendipitously-matched sources (see below).

As the detections are bright radio sources we assessed one-by-one whether these
sources could have been targeted after all, despite being remarkably far from centre
of the FOV. The literature suggested that about 1/3 of the detections could still be
non-serendipitous observations. Any suspect sources we consequently removed by
hand.
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5 Data-mining the jet-accretion connection in AGN

Figure 5.3.4: Distributions of bolometric luminosities (in Eddington units) for our 7.0  log(MBH,�)
9.5 AGN sample, consisting of SDSS galaxy sample AGN (MPA) and S08 QSOs that have serendipitous
VLA A (left) or B (right) configuration observations. For convenience the figure key also shows the
number of objects in each category.

5.3 Results
Using the selection criteria explained in Section 5.2.2 and Table 5.1 and serendipitous
matching we are left with good-quality albeit small samples of AGN and QSOs, with
only a small fraction of these sources yielding detections. For the undetected sources,
to match our 3� radio detection criterion we use the 3� flux value as the upper-limit
to flux (where � is the RMS noise of the corresponding radio image).

5.3.1 Accretion rates and AGN classification of the detected and non-
detected serendipitous VLA targets

Our sample spans a wide range of Eddington ratio, from low-luminosity LINERs to
high-luminosity QSOs, so we first examine the VLA detection rate as a function of the
Eddington ratio of our sample. Since the SDSS MPA/JHU sample only includes type 2
AGN, we estimate the bolometric luminosity from the [O ���] line luminosity following
Netzer (2009b), converting the line luminosity into a monochromatic luminosity at
5100 Å, assuming a conversion factor of 340 and a further bolometric correction
of BC(5100 Å)=9. For consistency we apply the same relation to the QSO sample
but note that there are likely to be discrepancies due to the inherent variation in SED
shape between low and high-luminosity AGN (e.g. Vasudevan & Fabian 2007; Younes
et al. 2012). The resulting distributions for both VLA configurations are shown in
Fig. 5.3.4. The inferred luminosities show the expected wide range in Eddington
ratio - sources are detected over a similarly wide range of Eddington ratio, with no
obvious bias. Within the MPA/JHU AGN sample we can also study the distribution of
sources in the BPT diagrams which we plot in Fig. 5.3.5 for each VLA configuration,
highlighting the standard and low S/N AGN of the MPA/JHU sample as well as
whether the AGN are detected in VLA C-band. The objects in the sample are already
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Figure 5.3.5: BPT diagrams of matched optical sources (ignoring QSOs) for VLA A and B configuration
(top and bottom respectively). In the background in greyscale are plotted the ⇠ 2.6⇥ 105 sources in the
MPA catalogue with a S/N> 3 in the strong emission lines (H �, [O ���] �5007, H ↵, [N ��] �6584, [S ��]
�6717, 6731), but not for the weak [O �] �6300 line, as such a requirement would introduce a redshift
selection e�ect). The few outliers from the distribution are low S/N AGN which have line flux errors on
the order of one, to multiple times the line fluxes themselves (and hence are not included in the sample
used to build the grayscale image). The coloured lines give the SF and composite (comp) object limits
defined by Brinchmann et al. (2004) and the LINER/Seyfert demarcation line defined by Kewley et al.
(2006).

pre-identified as AGN using the Brinchmann et al. (2004) scheme which is based on
the position in the [O ���]/H � vs. [N ��]/H ↵ diagram, thus all objects lie above the
(blue) line for the SF limit, and all AGN with good S/N in [O ���] also lie above the
(red) line for the limit of composite SF-AGN galaxies (see Brinchmann et al. 2004 for
discussion of these lines) The objects identified as low S/N AGN by Brinchmann et al.
(2004) require only that [N ��]/H ↵ > 0.6, and thus are found also in the composite
AGN region. Most of the AGN with C-band VLA detections are firmly classified
as ‘pure’ AGN in the BPT diagram, with only a handful of low S/N AGN lying in
the composite region (and due to their low S/N, these outlying objects could also be
pure AGN). We also plot the Seyfert/LINER demarcation line (orange) from Kewley
et al. (2006). Note that objects above this demarcation line are classified as Seyferts
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5 Data-mining the jet-accretion connection in AGN

while objects below the demarcation line are LINERs, however some AGN have an
ambiguous classification with di�erent positions in both panels.

The Kewley et al. (2006) Seyfert/LINER demarcation line furthermore shows that
for [O ���]/H � vs. [S ��]/H ↵, most detected AGN are best classified spectroscopically
as LINERs, while for [O ���]/H � vs. [O �]/H ↵ the distribution is more balanced (these
statements hold whether or not one includes low S/N AGN).

5.3.2 Radio spectral slopes

Further clues about the nature of the detected VLA sources can be obtained from
their radio spectral-indices, which we obtain by comparing our 5 GHz fluxes with
the corresponding 1.4 GHz fluxes at the same source position from the VLA FIRST
survey (note that the beam size for the FIRST survey was ⇠500 compared to the 0.500
beam-sizes for VLA A and B configurations in C-band). The flux comparisons and
corresponding spectral indices are shown in Fig. 5.3.6. Sources detected in both bands
show a generally good correlation in their fluxes and it is not surprising that these
sources also show relatively flat spectral indices (↵ ⇠ 0 to ⇠ �1) which are typical
of AGN radio cores and optimise the chance of a detection in both bands. There are
a couple of steep spectrum outliers amongst the detected sources. Seven AGN and
five QSOs are detected only by FIRST (all showing relatively steep spectral indices
as a result) while three AGN are detected at 5 GHz but not by FIRST (two of which
show inverted spectral indices as a result). These AGN all show correspondingly low
fluxes in the bands they are detected in. One possibility for explaining the sources
with steep spectra is that the FIRST flux is contaminated by extended steep-spectrum
emission from radio lobes or other large structures. The more extreme spectral indices
(in either direction) might also be explained by flux variability between the epochs
of FIRST and 5 GHz observation. Overall there appears to be no dependence of the
spectral index on the Eddington-scaled [O ���] luminosity.

5.3.3 Comparison with previous SDSS/FIRST surveys

Our matched VLA/SDSS sample covers a similar range of [O ���] luminosities to the
combined SDSS+FIRST AGN and quasar sample studied by de Vries et al. (2007) as
well as the SDSS+NVSS/FIRST radio-selected AGN sample of Best et al. (2005b),
allowing us to compare our C-band results with those from larger samples at 1.4 GHz,
which make use of the large overlapping area of the SDSS and FIRST/NVSS surveys.
de Vries et al. (2007) used stacking to determine the median 1.4 GHz luminosities
binned according to a number of variables. In Fig. 5.3.7 we plot the 5 GHz and [O ���]
luminosities of our sample together with the corresponding relations from de Vries
et al. (2007) for median radio fluxes of sources stacked according to [O ���] luminosity
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Figure 5.3.6: Comparison of 5 GHz C-band detections to SDSS counterparts in both A (left-filled
markers) and B (right-filled markers) configurations with VLA FIRST archival data. Only sources
within the footprint of FIRST are plotted. For non-FIRST-detections within the FIRST footprint, the
limits of the sources have been plotted assuming the typical catalog detection limit of 1 mJy. top: VLA
FIRST peak flux versus fitted C-band peak flux. Sources that have been detected in both bands show
a clear correlation. bottom: The sources that have been detected in both bands show relatively flat
spectral indices ↵.
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5 Data-mining the jet-accretion connection in AGN

Figure 5.3.7: Radio luminosity as a function of the [O ���] luminosity for comparison with de Vries et al.
(2007). VLA A and B configuration detections are left/right-filled markers, respectively. By the same
principle the upper limits have a mark on the left or right hand side to indicate A or B configuration. High
accretion rate sources have higher [O ���], as expected. The results are compatible with the correlation
between radio luminosity (at 1.4 GHz) and the [O ���] luminosity observed in e.g. de Vries et al. (2007).

and classified by them as AGN dominated or SF dominated (according to the strength
of the 4000 Å break in the host galaxy spectrum - all quasars were classified as AGN-
dominated). We extrapolate from the de Vries et al. (2007) relations for 1.4 GHz by
assuming radio spectral indices ↵ = 0 for the AGN-dominated case and ↵ = �0.5 or
-1 for the SF-dominated case.

It is clear that our detected sources are more luminous in the radio than the
median AGN-dominated sources from de Vries et al. (2007), consistent with their
optical identifications as AGN. At low [O ���] luminosities the median line lies below
the majority of upper limits. However, at the highest luminosities, the number of
detections becomes comparable to the number of non-detections and as expected in
this case, the upper-limits start to approach or fall below the median radio luminosity
extrapolated from 1.4 GHz. It is interesting to also note that the detected 5 GHz
sources at the highest [O ���] luminosities are ⇠2 or more decades more luminous than
the expected median radio luminosity, implying a very broad distribution of radio
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luminosities.
Best et al. (2005b) studied a sample of radio-loud AGN selected by cross-matching

the MPA/JHU AGN sample with 1.4 GHz FIRST and NVSS sources. The sample
covers radio luminosities from ⇠ 1038–1042 erg s�1 at 1.4 GHz and so it is likely
that our detected sources correspond to similar radio-loud AGN to those in the Best
et al. sample, with the further addition of quasars at the highest [O ���] luminosities.
Thus our serendipitous VLA/SDSS survey is sampling at 5 GHz the radio-bright ‘tip’
of the lower [O ���] luminosity AGN population revealed by SDSS. At the highest
[O ���] luminosities, our survey samples the bright radio-loud quasars which already
represent a significant fraction of the population at these luminosities.

5.3.4 Radio-loudness, black hole mass and accretion rate

Finally, we consider the radio-loudness of the sources in our sample and whether
there is evidence for the connections between radio loudness and black hole mass
and/or accretion rate which have been revealed in other samples by a number of
authors (e.g. Jarvis & McLure 2002; Merloni et al. 2003; Falcke et al. 2004; Best
et al. 2005a; Chiaberge & Marconi 2011). The standard definition of radio loudness
is R > 10, where R = F5 GHz/FB, where FB is the monochromatic flux density
at 4400 Å (Kellermann et al. 1989; Woo & Urry 2002). Here we calculate radio
loudness di�erently from Kellerman et al. because for the type 2 AGN from the
MPA/JHU sample the nuclear flux in the optical B band will likely not be dominated
by the AGN, but by the host galaxy. Hence for all our sample sources (including, for
consistency, the quasars) we estimate the B band flux using the flux in the [O ���] line.
As mentioned before, in order to convert the [O ���] flux to a monochromatic flux we
will use a factor 340, as described in Netzer (2009b) to get the flux at 5100 Å. To
get the monochromatic fluxes at 4400 Å we assume a spectral index in the optical of
↵ = �0.5 (where F⌫ / ⌫↵), consistent with the value used by Kellermann et al. (1989).
Our definition for radio-loud sources then becomes R = L5 GHz/L[O ���] > 2.7⇥ 10�2.

We first plot radio-loudness versus black hole mass in Fig. 5.3.8, where we have
further classified the sources in the plot according to their accretion rate inferred from
their [O ���] luminosity, dividing them into low and high accretion rate samples at an
accretion rate of L[O ���] = 10�4.5LEdd. According to our previous scaling this rate
corresponds to Lbol/LEdd = 0.1 and marks the [O ���] luminosity Eddington fraction
above which the AGN population switches fully from LINERs to Seyferts (Kewley
et al. 2006). With the exception of one AGN and one QSO, all the radio loud sources
are of low accretion rate.

We next plot radio loudness against [O ���]/LEdd in Fig. 5.3.9, comparing with
previous findings by Richings et al. (2011). The results are compatible with the
latter work, implying an anti-correlation of radio loudness with accretion rate (in
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5 Data-mining the jet-accretion connection in AGN

Figure 5.3.8: Radio loudness as a function of mass for the QSO and AGN listed in Table 5.3. VLA
A and B configuration detections are left/right-filled markers, respectively. By the same principle the
upper limits have a mark on the left or right hand side to indicate the configuration. Sources with a ratio
R > 2.7⇥ 10�3 (blue dotted line) are radio loud as per our definition. The detections show a correlation
between black hole mass and radio loudness.

Eddington).
Fig. 5.3.10 shows the black hole mass versus the implied accretion rate in Edding-

ton. At lower accretion rates the low mass central black holes are clearly missing, as
expected from the inherent bias discussed in Section 5.2. This e�ect could then be due
to an incompleteness of the overall SDSS (e.g. Kelly & Shen 2013, also mentioned
in Fig. 5.2.2. The QSO dominate the high-end tails of the mass and accretion rate
distributions.

5.3.5 Radio luminosity, mass and redshift
In Fig. 5.3.11 the radio luminosity is plotted against redshift, together with converted
correlations from de Vries et al. (2007) for SF and AGN dominated galaxies, that
imply our sources are AGN dominated.
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Figure 5.3.9: Radio loudness versus [O ���] luminosity in Eddington units. VLA A and B configuration
detections are left/right-filled markers, respectively. By the same principle the upper limits have a mark
on the left or right hand side to indicate the configuration. Sources with a radio loudness R > 2.7⇥ 10�3

(indicated by the blue dashed line) are radio loud as per our definition. The plots show an anti-correlation
that is consistent with the one found at 15 GHz by Richings et al. (2011).

Finally we plot the radio luminosity as a function of BH mass in Fig. 5.3.12,
showing an increase of luminosity with mass, with QSOs harbouring the most massive
black holes and highest radio luminosities.

5.4 Summary

Although we use a statistical argument to ascertain source serendipity it is di�cult to
determine for all sources whether they were truly observed serendipitously. For bright
sources it is possible to use the literature to verify whether a source of interest may
have been targeted, but there is the risk of removing false positives, simply because
a source is bright and there may have been an accidental or coincidental o�set in the
telescope, placing the source out of the phase centre. The only way to be absolutely
certain a source is serendipitous is when there is a detected source in both the centre
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Figure 5.3.10: Black hole mass versus mass accretion rate in Eddington units for serendipitously
matched sources in VLA A and B configurations. As before VLA A and B configuration detections are
left/right-filled markers, respectively, however as they are now horizontal, A and B configuration upper
limits are top/bottom marked, respectively. Sources that have a log radio loudness R > 2.7 ⇥ 10�3 are
emphasised using black markers.

of the FOV as well as at the SDSS photometric position. Unsurprisingly this ideal
situation is not the norm. However as undetected sources are unlikely to have been
targeted (unless they show an extremely steep spectrum and were observed at lower
frequency) and since we took the utmost care of removing any source suspect of being
non-serendipitous, we assert that our sample is serendipitous and free from selection
biases.

The resulting sample is fully consistent with previous samples from e.g. Best
et al. (2005b); Nagar et al. (2002b, 2005b) and as it is serendipitous, representative
of the typical AGN population. Even though this sample is of limited size, compared
to previous studies we sample a wider range in accretion and due to the techniques
used, our sample includes objects that are more rare. In the future we aim to do a full
interpretation in terms of our findings about more ‘typical’ median AGN which are
presented in Chapter 4.

Although the initial matching results were very promising, revealing many hun-
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Figure 5.3.11: Radio luminosity as a function of the redshift z. As in the other Figures, left-filled/right-
filled/marked data points are A configuration and B configuration respectively. The correlations drawn
are from de Vries et al. (2007), Fig. 5, converted to 5 GHz radio luminosity from radio luminosity
density, assuming a flat spectrum: the dashed black and solid black lines represent AGN dominated and
SF dominated galaxies.

dreds of serendipitous matches and thousands of corresponding observations, after
applying the necessary cuts to suspect data, the numbers were greatly reduced. The
automated pipeline is successful in about half the cases. Performing the reductions
manually would yield a greater success rate, as techniques like using calibrator data
from other epochs specifically fine-tuning the calibration are possible. Such tech-
niques would not only result in a greater success rate, but also in higher quality map
data. Unfortunately for a sample this size, reducing all the data by hand is unfeasible.
Hence the second large cut of around 50% was necessary to remove all possible
low quality data. Avoiding bandwidth smearing e�ects required another major cut
of ⇠75 % of the A configuration data. This cut is most unfortunate as this has the
greatest resolving power. These cuts resulted in a dramatically reduced final sample
size wherein remained less than 15 % of the original matched sources, whereof the
majority are upper limits.

In the end these results are attributable to the relatively small footprint of all
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Figure 5.3.12: Radio luminosity as a function of black hole mass.

useable data of a few hundred square degrees only. Despite the lower noise of these
observations compared with the VLA FIRST, the sheer quantity of data in the latter
can not be bested, as of yet, with the techniques used here. Future surveys performed
in radio, especially an equivalent to the FIRST with the VLA now that it is enhanced
to the Jansky-VLA configuration should show greatly reduced observing times to
achieve a factor of 100 lower noise (Helfand et al. 2015). In addition the Square
Kilometer Array (SKA) is set to come into operation in 2020, eventually featuring
hundreds of dishes and over a million antennae 6. The projected capabilities of
this array are remarkable and the attained sensitivity will be perfect for studying the
sources in this work, as Chapter 4 suggests most individual sources appearing in this
chapter as upper limits should be within reach for detection with SKA.
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5.5 Appendix: The radio pipeline

The pipeline makes use of the ParselTongue wrapper to interface with the Astro-
nomical Image Processing System (AIPS, classic; Greisen 2003). The algorithm
success rate is about 52%, where failing data are due to mistakes or deviations during
observations, i.e. missing flux or phase calibrators, displaced antennae, corruption
of old tape date, lack of visibilities, etc. These observations are ignored. From the
successful reductions⇠ 2% are found to have high failure rates when finding solutions
to the calibration, a further ⇠ 2% are found to have problems relating one or more
antennae to the reference antenna. At the end of the automated pipeline we assess
the quality of the successful reductions by visual inspection, excluding untrustworthy
images that show clear side-lobe patterns, lack of homogeneity or a multitude of
suspect flux accumulations within the FOV, leading to a further ⇠ 55% of data to be
removed. The remaining observations were deemed fit for analysis, however a further
⇠ 18% of the remaining observations have an RMS> 5 ⇥ 10�4 Jy and were ignored
to improve the overall quality of the dataset.
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The pipeline loads one VLA archive file at a time to make individual images
of all sources of interest within that file. The database of sources of interest7 has
been previously compiled using our matching routine (Section 5.2.3). Each archive
will be loaded using �����. This task warns us if the antennae have moved during
observations. We keep a record of these warnings and remove those observations
from the final analysis. If no visibilities are found within the archive file, various
subarrays (2-5) are searched for visibilities, exiting when none are located.

We find that for a significant number (. 4%) of radio observations (archives
dated between 1980 and 1983) the correct epoch is not set, or set wrongly within the
UV data. Hence early in the pipeline we cross reference our list of phase and flux
calibrators from the VLA calibrator manual with the sources in the archive. If no
calibrators are found we force the epoch to B1950 and try again. All archives with
B1950 source coordinates are precessed using ����� to J2000. If again the needed
calibrators are not found (within 100 of the expected J2000 coordinates, see below)
we are forced to abandon reducing the archive. Unfortunately it is only possible to
determine faulty epochs ad-hoc in this fashion and therefore we estimate to have also
missed about 4 % of possible matches with SDSS data, as in the original VLA archive
observation/scan list that we use for matching the B1950 coordinates will erroneously
show up as J2000. We do however not feel this will introduce a significant bias as
these observations are expected to be equally spread in the main parameters of our
analysis, such as the black hole mass and the [O ���] luminosity in Eddington units.
Moreover, fake matches will be automatically removed by the pipeline at a later stage:
When doing the primary beam correction these image are so far removed from the
primary beam centre that their RMS is o� the scale (> 1 or “nan") and are thus easily
identified.

We proceed to sort and index the UV data using ����� and ����� respectively,
before cutting the first and last 10 seconds of each scan using �����, to avoid issues
when the array is not fully on source yet or anymore. We read the SU and NX
tables to count the visibilities per source and calculate the integration times (useful
for weighting purposes when averaging), ignoring sources with no visibilities and, if
a source has been observed multiple times, we pick the observation that comprises the
most visibilities. If an archive has observations with multiple frequency ranges in the
observations we will discover that here (FREQID) and will have to run the pipeline
once for each FREQID (manually).

We now determine the configuration of the array from the maximum baseline in
the UV data: with hard limits at 17 000, 55 000 and 195 000 the observations are

7Since the VLA scan list obtained from NRAO has a limit of 12 digits for a source name, some
source names in the list are truncated. If this has happened, the source of interest will be assumed to be
the source that has these first 12 digits matching. This proved not to cause any degeneracy in the source
names, and only made bookkeeping slightly harder.
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divided in configuration D (smallest baseline), C8, B and A (largest baseline). Using
the configuration we set the cellsize (arcsec/pixel) to correspond to ⇠ 5 pixels per
beam (3600 ⇥ 180)/(5 ⇥ 3.142 ⇥ maximum baseline).

We compile a list of usable flux and phase calibrators based on source positions.
This avoids having to compile large lists of all possible naming schemes of individual
sources. Instead, when a source in an archive is found to correspond within 100
with a source in the VLA calibrator manual we assume it is the same source. Phase
calibrators that are unsuitable or have not been verified for calibration of sources in
a certain band and/or configuration (indicated with calibrator quality “X” or “?” in
the manual) are not added to the calibrator lists. In addition, to improve positional
accuracy we only use phase calibrators that have a position code qualifier “A” or “B”
in the VLA calibrator manual9, which should give us a positional accuracy of better
then 0.0100. If a phase calibrator is already used as a flux calibrator it is also ignored
for the phase calibrator list. When there is more than one flux calibrator the first one
observed is chosen. From the phase calibrators remaining, we choose the one with
minimum distance to the source of interest.

Lastly before starting the actual reduction, we choose a reference antenna close to
the array centre and flag antennae that are switched o�, or report errors and create a
FG (flag) table using �����.

We now set o� to calibrate the flux and phase calibrators. If the flux calibrator has
been observed more than once, we check if the QUAL flag is set. If so we use only
the flux calibrator observations with a matching qualifier flag. After loading a model
(�����) for the flux calibrator and setting its flux density (�����) we determine the
amplitude and phase solutions for both types of calibrators using �����. We record
high failure rates in finding a solutions, or warning about not being able to relate
a certain antenna to another, and ignore all those observations during consequent
analysis For the phase calibration the procedure is followed by ����� and ����� to
set the phase calibrator flux densities and calibrate the calibrator data respectively.
Lastly ����� is used again to write the calibrator solutions to the target source data,
thereby calibrating the source. We are now ready to split o� the target data (�����)
and after performing primary beam correction (�����) we image it (�����). �����
reports a value “sum of gridding weights", which we record and write to the image
header. This value is useful to determine the relative weighting when combining and
averaging several images of the same source to reduce its background and increase
S/N.

To achieve the highest level of constraint we need a low RMS on the final radio

8Only observations whose configurations were initially indeterminate in the VLA archive (see Section
5.2.3) are expected to perhaps be configuration D or C and are precluded here.

9http://www.vla.nrao.edu/astro/calib/manual/
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images. For this reason, and since we are interested in the point-source-like core only,
we image using natural weighting for the UV data. Furthermore we can optimise
the RMS by correctly setting the number of clean components available to �����.
However, if we set the number of clean components too high we will end up moving
noise around the map without any added benefit. Using a large number of test
reductions we find that the “sweet spot" for final map RMS vs. time needed to reduce
the images lies at about 2 000 iterations and use this value for all the reductions.
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7
Summary

In this thesis we studied the multi-wavelength spectra of accreting black holes (BH)s
across the mass and luminosity scales, focussing particularly on an age-old mystery:
“Why are some of these accreting sources radio loud, and others not?”

Although this question is particularly valid for the supermassive BHs (SMBH)s in
active galactic nuclei (AGN), the issue stands across the entire observed 8 magnitude
BH mass range. Driven to gain better understanding of this problem we approached
it from multiple angles, starting out by studying the broadband spectra of individual
sources in the first half of the thesis, thereby growing our understanding of the jet-
phenomenon and the conditions in which jets may be observed.

In doing so we work our way up to the study of large, un-biased samples in the
latter half of the thesis. For these big samples, the key is to minimise biases contained
in them. This proves to be di�cult due to inherent biases, as well as di�culty avoiding
introducing new biases by applying usual techniques, e.g. by correcting for intrinsic
dust attenuation. However, even allowing for these problems our results prove to be
interesting and pave the way for future work in the ‘Big Data’ era with next generation
optical surveys and radio telescopes.

Chapter 2

In Chapter 2 we studied the peculiar microquasar GRS 1915+105 that portrays a
rather special jet-bearing state. Although generally jets are associated with the low
luminosity hard and quiescent X-ray states, this BH is able to sustain its jets at near-
Eddington luminosities in its so-called plateau state. We use an outflow-dominated
model (Marko� et al. 2005; hereafter MNW05) to model 2 quasi-simultaneous broad-
band spectral energy distributions (SED)s. Although the MNW05 framework was
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7 Summary

actually designed for spectral fitting of low-luminosity sources it is able to cope with
this high-luminosity source remarkably well, suggesting the plateau state may be
GRS 1915+105’s version of the canonical hard state, despite the fact that the plateau
state occupies a more extreme part of parameter space. An important example of the
latter is that the region where the particles in the jet are first accelerated appears to
be much farther out in GRS 1915+105. Also the plateau state jet requires an extreme
magnetic domination of the equipartition factor that is about two orders of magnitude
larger than common in the hard state. It is mainly with these parameters that we run
into limitations of the model. The current version can not self-consistently determine
the dependencies of e.g. the acceleration front distance on other jet parameters. The
equipartition factor also shows a degeneracy with the other energy-budget related
parameters (jet power and electron temperature).

Currently a new magneto-hydrodynamic framework is being constructed, based
on the work of Polko et al. (2010, 2013, 2014) where-in the dependencies of all
relevant energy and geometry related parameters are determined self-consistently
from first principles. This work is currently being implemented (Ceccobello et al. in
prep.), and this “next-gen" framework will greatly benefit from the pioneering work
done in this (and the next) Chapter (as well as previous explorations and continuous
refinements of the model described in (e.g. Falcke & Biermann 1995; Falcke 1996;
Marko� et al. 2001a, 2003; Gallo et al. 2007; Migliari et al. 2007; Marko� et al. 2007,
2008; Maitra et al. 2009b,a, 2011; Plotkin et al. 2015; Prieto et al. 2016; Connors et
al. 2016), that lay the ground work for this model, by discovering possible trends and
exploring the relevant parameter space.

As suggested by its duty cycle (Deegan et al. 2009), GRS 1915+105 should return
into quiescence somewhere this century. Such an event would be an excellent testing
ground for these frameworks and further understanding of accretion theory at low and
high Eddington luminosity.

Chapter 3

The third Chapter focusses on a source that in terms of the mass and luminosity scales
is diametrically opposed to the source in the second Chapter. The low-ionisation
nuclear emission region (LINER) in M94 is a low-accretion rate supermassive source.
Although this is not the first LINER studied within the MNW05 framework, it is the
closest type-2 LINER to Earth and therefore we have a relatively good view of this
source, despite its low luminosity. This is compounded by the fact that we view this
galaxy disk-on, meaning we get a relatively clean view of the nucleus. We compiled a
high resolution nuclear broadband SED, starting in radio with the reduction of one of
the first datasets obtained by e-MERLIN after a major upgrade from the old MERLIN
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array. We also managed to obtain previously unpublished data from the Plateau de
Bure Interferometer (PdBI) and the Combined Array for Research in Millimeter-wave
Astronomy (CARMA; both at submm. wavelengths) and completed the SED with
archival HST and Chandra data.

We find (contrary to assumptions in Nemmen et al. 2014) that a jet-dominated
model can well-approximate the M94 SED. The finding are fully consistent with previ-
ous (low luminosity) AGN modelled with MNW05 and show remarkable similarities
to stellar mass black hole binaries (BHB)s in quiescence. However we see a similar
e�ect when approximating the M94 SED as we saw when fitting the GRS 1915+105
SED: We find multiple solutions that explain the radiation observed, however we
are unable to ascertain whether optically thin synchrotron radiation or synchrotron
self-Compton dominates the X-ray spectrum, from modelling and/or statistics alone.
Although a more advanced version of a jet-dominated framework (as described above)
could solve this, we also have to consider the fact that there is an inherent degeneracy
in the synchrotron output of a jet: The power going into the jet scales with the ac-
cretion power liberated. This jet power is consequently distributed into both particle
and magnetic energy densities. If more power is diverted into the former the e�ect
is a larger number of particles radiating, while if the power going into the magnetic
fields is boosted, an equal number of particles will radiate more. Such degeneracies
will remain di�cult to break.

Chapter 4

In this Chapter we study the relation between average radio and (H � and [O ���]) optical
emission line luminosities of a sample of (21 425 Balmer uncorrected/ 13 930 Balmer
corrected) optically selected AGN. We median-stack 1.4 GHz radio observations from
the Very Large Array (VLA) Faint Images of the Radio Sky at Twenty-Centimetres
(FIRST) that are counterparts to Sloan Digital Sky Survey (SDSS) optical spectro-
scopic data and in doing so build an unbiased sample of LINERs, Seyferts and QSOs.
Using optical emission line ratios we remove galaxies whose ionisation is dominated
by star formation and split the (non-QSO) sources where a central hard continuum
source performs this role into two subgroups: the typically higher accretion rate
Seyferts and lower accretion rate LINERs. The stacking method greatly lowers the
noise floor of the original data by a factor of ⇠ 20 (depending on the number of
sources in a stack). We bootstrap the parameters of interest to assess their statistical
quality. We consider the e�ects of both including and excluding a correction of the
optical lines for extinction in the host galaxy (dust attenuation).

We find that LINERs show systematically steeper median radio vs. line luminosity
relations than the higher-accretion rate AGN, with power-law indices in the range 1.2–
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1.6 (for di�erent mass bins and extinction assumptions), compared to indices for the
higher-accretion rate AGN in the range 0.6–1.0. These results are fully consistent
with a scenario where LINER jet powers scale linearly with accretion rate ṁ (for
which simple jet synchrotron models predict a scaling of Lrad / ṁ1.4 for flat spectrum
jets). In contrast, the Seyferts and QSOs are consistent with sub-linear scaling of jet
power with accretion rate, making them substantially more radio-quiet than LINERs
at higher luminosities. This split in behaviour clearly links LINERs with the hard
state of accreting stellar mass black holes, while Seyferts and QSOs are equivalent
to the soft state. Furthermore, the observed radio vs. line luminosity relation for
LINERs can be extrapolated to naturally explain the population of high-luminosity
radio-loud AGN. The di�erent non-linear scalings of radio luminosity with accretion
rate are thus responsible for most of the observed range of AGN radio loudness, rather
than di�erences in some other parameter such as black hole spin.

Chapter 5

In the last chapter we employ a di�erent method to build an unbiased sample. In
the previous sample we exploited the most complete currently available sample in
radio astronomy: The FIRST survey covers a large footprint of over 10 000 quasi-
contiguous square degrees. However in order to keep the total survey observation
time within feasible limits the observing frequency and baseline configuration were
limited (to 1.4 GHz and B configuration, respectively). For the same array, higher
frequencies and larger baselines yield a higher resolution, but would also yield a
smaller observing field and hence require an increased amount of time to observe the
same footprint. Not only would such higher resolution yield less contamination of
nuclear observations by extended emission and emission from a young stellar popula-
tion from the increased resolving power, but also due to the steep spectrum nature of
such non-nuclear processes, increasing the observing frequency can o�er double-fold
benefits. Hence in this Chapter we focus on working with higher frequency A and B
configuration (4.8 GHz) C-band observations.

In a large-scale survey like the VLA FIRST the entire footprint is observed
relatively homogeneously. Hence biases can be assumed to be minimal and all
available data can generally be used. At higher frequency mainly targeted observations
(or small-footprint deep surveys) are available in the VLA archive. Such data may
still be useable if observations of sources of interest were performed serendipitously.
In this chapter we therefore explore building a sample consisting only of sources that
were optically selected using SDSS data and that were serendipitously observed by the
VLA at 4.8 GHz. The initial results of cross-correlating the chosen SDSS sample with
all the VLA archival C-band observations available are promising: Many hundreds of
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serendipitously observed SDSS source coordinates are found, sharing amongst them
thousands of observations. To reduce these thousands of observations we created
an automated pipeline that showed a success rate of ⇠ 55%. Unfortunately after
performing necessary cuts of unreliable data only about ⇠10% of the original radio
data remains. This amount of data is insu�cient to perform a median-stacking analysis
as in the previous Chapter, so we are limited to do an individual source study, that
does not go equally deep (in terms of noise and sensitivity).

The final sample is consistent with previous samples by e.g. Best et al. (2005a);
Ho et al. (1995); Nagar et al. (2002b, 2005b); Panessa et al. (2006), however our
sample exhibits a wider spread in accretion rate. Due to the method compiling the
sample our sample includes objects that are more rare, however, as our sample is
serendipitous it is more representative of the true AGN population. In the future we
aim to do a full study, interpreting this sample in terms of the results of Chapter 4.

In the near future we may expect to resolve many of the issues encountered in these
Chapters. In recent years the VLA has been upgraded to a new configuration dubbed
JVLA (similarly to the upgrade of MERLIN into e-MERLIN, from which radio data
was used in Chapter 3). If JVLA performs a similar survey as the VLA FIRST used
in Chapter 4, with the new technical capabilities, observations of similar depth can
be performed in a fraction of the time needed before (Helfand et al. 2015; e�ectively
allowing smaller source numbers and finer mass/accretion rate bins in that Chapter).
Furthermore, with new large-footprint observatories entering scientific operation in
the years to come, we are about to enter the transient era (Metzger et al. 2015).
The observing frequencies of the Square Kilometer Array (SKA, slated to operate
by 2020), the Cherenkov Telescope Array and the Large Synoptic Survey Telescope
(LSST) are spread over the electromagnetic spectrum and these observatories will be
able to do large FOV observations with high cadence, allowing for an unprecedented
depth in the combined observations on a relatively short time-scale. A wealth of data
for astronomers studying black holes across the mass and luminosity scales using high
S/N, high frequency precision, detailed broadband SEDs can thus be expected.
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8
Samenvatting

In dit proefschrift beschrijven we onze studie van breedband-spectra van accreterende
zwarte gaten die gespreid zijn over het totale waargenomen massa- en lichtkrachtbe-
reik, waarbij we ons specifiek richten op een wat langer bestaand mysterie: “Waarom
zijn sommige van deze accreterende objecten radio-luid, maar anderen niet?"

Alhoewel deze vraag in het bijzonder relevant is voor de superzware zwarte gaten
in actieve melkwegkernen (AGN), heeft dezelfde vraag betrekking op de gehele waar-
genomen, 8 magnituden brede massaschaal. Teneinde een beter begrip te verkrijgen
van dit probleem hebben we het van meerdere invalshoeken benaderd, beginnende
met een studie van breedband-spectra van individuele zwarte gaten, in de eerste helft
van dit proefschrift. Hierdoor verkrijgen we een beter begrip van het jet-fenomeen in
het algemeen alsook de omstandigheden waarin jets normaliter kunnen bestaan.

Middels deze aanpak bereidden we ons voor op de tweede helft van dit proef-
schrift, waarin we grote verzamelingen van zwarte gaten bestuderen. Voor deze grote
verzamelingen is het belangrijk om mogelijke voorkeursneigingen te beperken. Dit
blijkt lastig, omdat sommige zulke neigingen inherent zijn aan de waarnemingen
en/of omdat het soms onoverkomelijk is om nieuwe neigingen te introduceren als men
gebruik maakt van verder normaal gangbare technieken, bijvoorbeeld als men voor
verduistering door stof corrigeert. Echter, met inachtneming van deze problemen
blijken onze resultaten bijzonder interessant, daar zij de weg banen voor de naderende
toekomst behorende bij de volgende generatie radiotelescopen en optische surveys.
Die toekomst wordt vaak omschreven als “Big Data".
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Hoofdstuk 2
In hoofdstuk 2 bestuderen we de eigenaardige microquasar GRS 1915+105, die een
speciale jet-gerelateerde toestand vertoont: Normaliter worden jets geassocieerd met
röntgentoestanden van lage lichtkracht, met name de hard state en de quiescent
state, maar dit specifieke zwarte gat is in staat haar jets op hoge lichtkracht, in
de buurt van de Eddingtonlimiet te handhaven, in de zogenaamde plateau state.
We modelleren 2 quasi-simultane breedbandige spectrale energie distributies (SED)s
van deze plateau state met een jet-gedomineerd model (Marko� et al. 2005; hierna
MNW05). Hoewel het MNW05 raamwerk eigenlijk ontwikkeld werd om de spectra
van lage-lichtkrachtbronnen te benaderen, bleek het opmerkelijk goed overweg te
kunnen met de data van deze hoge-lichtkrachtbron. Dit wekt de suggestie dat de
plateau state GRS 1915+105’s versie is van de canonieke hard state, ondanks het
feit dat de plateau state een veel extremer deel van de parameterruimte beheerst.
Een belangrijk fysisch voorbeeld van dit laatste is dat het gebied waar de deeltjes
in de jet voor het eerst versneld worden zich in GRS 1915+105 veel verder van het
zwarte gat af lijkt te bevinden. Ook is de equipartitiefactor van een plateau state
jet twee ordes van grootte meer magnetisch gedomineerd vergeleken met de hard
state. Deze parameters wijzen echter tevens op de beperkingen van het gebruikte
model, dat in de huidige versie niet zelf-consistent kan berekenen hoe bijvoorbeeld de
afstand tot dit versnellingsfront afhangt van andere jet-parameters. Ook de e�ecten
van de equipartitiefactor zijn niet altijd te onderscheiden van e�ecten ten gevolge van
andere parameters die gerelateerd zijn aan het energiebudget (viz. jet-vermogen en
electrontemperatuur).

Op het moment is een nieuw magneto-hydrodynamisch raamwerk in ontwikkeling
dat gebaseerd is op werk van Polko et al. (2010, 2013, 2014). Dit raamwerk is
wel in staat om alle relevante, aan energie- en geometrie-gerelateerde parameters
zelf-consistent en uit eerste beginselen te bepalen. Deze publicaties worden op het
moment geïmplementeerd (Ceccobello et al. in prep.) en dit “next-gen"raamwerk zal
veel voordeel halen uit het werk in dit (en het volgende) hoofdstuk, (alsook vorige
verkenningen met en voortdurende verfijningen van het model, die beschreven worden
in (b.v. Falcke & Biermann 1995; Falcke 1996; Marko� et al. 2001a, 2003; Gallo et al.
2007; Migliari et al. 2007; Marko� et al. 2007, 2008; Maitra et al. 2009b,a, 2011;
Plotkin et al. 2015; Prieto et al. 2016; Connors et al. 2016), welke het grondwerk
leggen voor dit nieuwe model door mogelijke relevante trends tentoon te spreiden
alsook de relevante parameter ruimte aangeven.

Uitgaande van de verwachte uitbarstingsduur (Deegan et al. 2009) zal GRS 1915+105
zich ergens deze eeuw nog terugtrekken in de quiescence state. Als deze gebeurtenis
zich voltrekt zal dat een uitstekende manier zijn om bovengenoemde raamwerken te
testen en uiteindelijk resulteren in een dieper begrip van accretie theorie in lage en
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hoge Eddington lichtkracht condities en de verhouding hiertussen.

Hoofdstuk 3

Het derde hoofdstuk richt zich op een bron die zich precies aan de andere kant van de
massa- en lichtkrachtschalen bevindt als de bron in het tweede hoofdstuk. De lage-
ionisatie nucleaire emissieregio (LINER) in M94 is een superzware bron met een lage
accretiesnelheid. Hoewel LINERs al vaker bestudeerd zijn binnen het MNW05 raam-
werk, is M94 de dichtstbijzijnde type-2 LINER, waardoor we deze bron relatief goed
kunnen waarnemen, ondanks de lage lichtkracht. Dit e�ect wordt versterkt door het
feit dat we dit melkwegstelsel “disk-on"georiënteerd is, waardoor we de kern relatief
ongehinderd waar kunnen nemen. Beginnend in het radio-golflengtegebied reduce-
ren we een van de eerste data sets die e-MERLIN vlak na een grote vernieuwing van
de oude MERLIN interferometer vergaarde en stelden vervolgens een hoge-resolutie
breedband SED van de kern samen, met behulp van eerder ongepubliceerde waar-
nemingen van de Plateau de Bure Interferometer (PdBI) en de Combined Array for
Research in Millimeter-wave Astronomy (CARMA; allebei opererend op submillime-
ter golflengtes), aangevuld met archiefdata van de HST en Chandra ruimtetelescopen.

In tegenstelling tot aannames in Nemmen et al. (2014) vinden we dat een jet-
gedomineerd model de SED van M94 goed benadert. De resultaten zijn volledig
consistent met eerdere, met MNW05 gemodelleerde lage-lichtkracht AGN maar tonen
ook een opmerkelijke gelijkenis met stellaire massa zwarte gaten (BHB)s in hun
toestand waarin ze met laagste snelheid accreteren (quiescence). We zien echter
een vergelijkbaar e�ect bij het modelleren van de M94 en GRS 1915+105 SEDs:
Meerdere oplossingen zijn toegestaan en statistisch ononderscheidbaar en derhalve
zijn we niet in staat om met zekerheid te zeggen of optisch dunne synchrotronstraling
ofwel synchrotron zelf-Comptonstraling het röntgenspectrum domineert. Hoewel
een meer geavanceerde versie van het gebruikte jet-gedomineerde raamwerk (zoals
hierboven beschreven) wellicht hier een uitkomst zou kunnen bieden, kunnen we
niet om het feit heen dat er een bepaalde ononderscheidbaarheid inherent is aan het
synchrotron-stralingsmechanisme in een jet: Het vermogen dat beschikbaar is voor
de jet schaalt met het accretie-vermogen dat wordt vrijgemaakt. Dit vermogen wordt
vervolgens verdeeld over de energiedichtheden van de deeltjes en het magneetveld.
Wanneer er meer vermogen naar de deeltjes gaat resulteert dit in een groter aantal
deeltjes dat straalt, terwijl als er meer vermogen naar de magneetvelden gaat juist de
straling per deeltje toeneemt. Het zal derhalve ook in de toekomst moeilijk blijven
om dit soort e�ecten te onderscheiden!
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8 Samenvatting

Hoofdstuk 4

In dit hoofdstuk bestuderen we de onderlinge afhankelijkheid van de gemiddelde ra-
dio en (H � en [O ���]) optische emissielijnlichtkrachten van een deelverzameling van
(21 425 Balmer niet-gecorrigeerde / 13 930 Balmer gecorrigeerde) optisch geselec-
teerde AGN. We mediaan-stapelen 1.4 GHz radio observaties van de Very Large Array
(VLA) Faint Images of the Radio Sky at Twenty-Centimetres (FIRST) die tegenhan-
gers zijn van Sloan Digital Sky Survey (SDSS) optische spectroscopische data en
construeren zo een deelverzameling van LINERs, Seyferts en quasi-stellaire objecten
(QSO)s die niet geplaagd is door inherente voorkeursneigingen/e�ecten. Middels ver-
houdingen van de optische emissielijnfluxen verwijderen we melkwegstelsels waarvan
de kernionisatie gedomineerd wordt door stervorming uit de deelverzameling en split-
sen vervolgens de niet-QSO bronnen waar een harde continuum bron deze rol vervult
in twee sub-groepen: Seyferts (typisch van hogere accretiesnelheid) en LINERs (ty-
pisch van lagere accretiesnelheid). Het stapelen van de waarnemingen verlaagt het
ruisniveau in de originele data met een factor⇠ 20 (afhankelijk van het aantal bronnen
in een stapel). We maken gebruik van bootstrapping om de statistische kwaliteit van
relevante parameters te schatten. Tevens overwegen we het e�ect van het wel of niet
corrigeren van de optische lijnfluxen voor absorptie door het gastheer-melkwegstelsel.

De LINERs tonen, vergeleken met AGN van hogere lichtkracht, systematisch
een steiler verband tussen de mediaan van radiolichtkracht en de lijnlichtkracht, met
machtswet-indices tussen 1.2 – 1.6 (variërend met exacte massa bin en/of aannames
over de extinctie), terwijl op hogere accretie snelheid indices tussen 0.6–1.0 gebrui-
kelijk zijn. Dit resultaat is volledig consistent met scenarios waar het jet-vermogen in
LINERs lineair met de accretiesnelheid ṁ schaalt (waarvoor, voor jets met een plat
spectrum, eenvoudige synchrotron jetmodellen een schaling Lrad / ṁ1.4 voorspel-
len). Seyferts en QSOs zijn daarentegen consistent met een sub-lineaire schaling van
het jet-vermogen met de accretiesnelheid, waardoor deze substantieel vaker radio-stil
worden bevonden dan hoge-lichtkracht LINERs. Dit verschillende gedrag associeert
LINERs met hard state accreterende zwarte gaten van stellaire massa, terwijl Seyferts
en QSOs equivalent zijn met de soft state. Ook biedt het extrapoleren van de radio- vs.
lijnlichtkracht-relatie die we voor de LINERs vinden een natuurlijke verklaring voor
de populatie van hoge lichtkracht radio-luide AGN. Derhalve zijn de verschillende
niet-lineaire schalingen van radiolichtkracht met de accretiesnelheid (en niet zozeer
een andere factor zoals bijvoorbeeld de draaiing van de zwarte gaten) verantwoordelijk
voor waargenomen variaties in de radio-luidheid van AGN.
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Hoofdstuk 5
In het laatste hoofdstuk gebruiken we een andere methode om een deelverzameling
zonder voorkeursneigingen/e�ecten samen te stellen. Om de deelverzameling in het
vorige hoofdstuk samen te stellen maakten we gebruik van de meest complete verza-
meling die op het moment beschikbaar is in radioastronomie: De VLA FIRST beslaat
meer dan 10 000 (quasi-aangrenzende) vierkante graden. Maar om de benodigde
waarneemtijd doenlijk te houden werden de waarneemfrequentie alsook de basislijn-
configuratie beperkt tot 1.4 GHz en B configuratie, respectievelijk. Bij een hogere
frequentie en langere basislijnconfiguratie zou eenzelfde telescoop waarnemingen met
hogere resolutie opleveren, maar zouden deze waarnemingen een kleiner gezichtsveld
beslaan. Daarom zou het veel langer duren om in zo’n configuratie hetzelfde totale
gebied waar te nemen. Echter hogere-resolutie en hogere-frequentie waarnemingen
bieden een dubbel voordeel bij het bestuderen van de kernen van verre melkweg-
stelsels: niet alleen is er minder vervuiling van nucleaire waarnemingen doordat er
minder uitgestrekte emissie en emissie van jonge sterpopulaties wordt ingemengd
door de hogere resolutie, maar deze niet-nucleaire processen kennen een steil radio-
spectrum (en is de relatieve bijdrage op hogere frequentie kleiner). Derhalve levert het
verhogen van de waarneemfrequentie een tweevoudig voordeel en derhalve richten
we ons in dit hoofdstuk op hogere frequentie A en B configuratie (4.8 GHz) C-band
observaties.

In grootschalige surveys zoals de VLA FIRST worden waarnemingen relatief
homogeen verricht. Om die reden kan het aangenomen worden dat voorkeursneigin-
gen minimaal zijn en alle beschikbare data kunnen dus gebruikt worden. Op hogere
frequentie zijn in het VLA archief hoofdzakelijk gerichte waarnemingen (of kleinscha-
lige, diepe surveys) beschikbaar. Zulke data zijn bruikbaar voor een deelverzameling
zonder voorkeurneigingen, zolang een relevant object toevallig is waargenomen. In dit
hoofdstuk verkennen we daarom een deelverzameling die bestaat uit radiobronnen die
optisch geselecteerd zijn met behulp van SDSS data en toevallig zijn waargenomen op
4.8 GHz. De aanvankelijke resultaten van het correleren van de gekozen SDSS deel-
verzameling met alle VLA C-band archiefdata waren veelbelovend: Vele honderden
toevallig waargenomen SDSS broncoördinaten werden in de radiowaarnemingen te-
ruggevonden. Deze bronnen omvatten tezamen duizenden radiowaarnemingen. Om
al deze data te reduceren construeerden we een geautomatiseerde pijplijn die voor
⇠ 55% van de data adequaat werkte. Echter na het noodzakelijk verwijderen van data
die achteraf om verschillende redenen onbetrouwbaar bleken te zijn bleef er slechts
⇠ 10% van de originele radiodata over. Deze hoeveelheid data was te beperkt om een
mediaan-stapelingsmethode toe te passen zoals in het vorige hoofdstuk, en derhalve
waren we gelimiteerd tot het bestuderen van individuele bronnen, welke minder diep
gaan in termen van ruis en gevoeligheid.

173
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De uiteindelijke deelverzameling is consistent met eerdere deelverzamelingen
van bijvoorbeeld Best et al. (2005a); Ho et al. (1995); Nagar et al. (2002b, 2005b);
Panessa et al. (2006), echter onze deelverzameling kent een grotere spreiding in ac-
cretiesnelheid. Tevens omvat het, wegens de gebruikte methode bij het samenstellen,
zeldzamere objecten en is onze deelverzameling meer vrij van voorkeursneigingen,
waardoor het de werkelijke AGN populatie beter representeert. In de toekomst willen
we onze deelverzameling nog uitgebreider bestuderen, met name in de context van de
resultaten uit hoofdstuk 4.

De verwachting is dat in de nabije toekomst vele van de problemen die we tegen-
kwamen in de hoofdstukken hierboven opgelost zullen worden. In de afgelopen jaren
is de VLA gemoderniseerd naar een nieuwe configuratie die Jansky-VLA (JVLA)
genoemd wordt (vergelijkbaar met de upgrade van MERLIN naar e-MERLIN, van
welke radiodata werden gebruikt in hoofdstuk 3). Wanneer de JVLA een vergelijkbare
survey uitvoert als de VLA FIRST (waarvan de data werden gebruikt in hoofdstuk 4)
kunnen vanwege de nieuwe technische verbeteringen waarnemingen van vergelijkbare
kwaliteit in een fractie van de tijd worden gedaan (Helfand et al. 2015). Derhalve
zou een vergelijkbare survey kleinere massa en accretiesnelheid bins bij mediaan-
stapelingen mogelijk maken. Ook komen in de nabije toekomst nieuwe observatoria
online, die in staat zijn om grote gebieden van de hemel tegelijk te bestuderen. Met
deze instrumenten zullen we het transient tijdperk intreden (Metzger et al. 2015). De
frequenties waarop de Square Kilometer Array (SKA, geplande startdatum in 2020),
de Cherenkov Telescope Array en de Large Synoptic Survey Telescope (LSST) waar-
nemen zijn verspreid over het electromagnetische spectrum en deze observatoria zijn
ontworpen voor hoge-cadans waarnemingen met een groot gezichtsveld, waardoor
de gecombineerde waarnemingen in een relatief kort tijdsbestek een ongeëvenaarde
diepte zullen bereiken. Derhalve zal voor sterrenkundigen die geïnteresseerd zijn
in zwarte gaten een overvloed aan data met gedetailleerde SEDs en hoge signaal-
ruisverhouding beschikbaar zijn. Deze data zullen de sterrenkundigen in staat stellen
om zwarte gaten verspreid over het gehele massa- en lichtkrachtbereik te bestuderen
met ongekende precisie.
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