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Abstract

THE HUNT FOR INTERMEDIATE MASS BLACK HOLES

Jenna M. Cann, PhD

George Mason University, 2021

Dissertation Director: Dr. Shobita Satyapal

While supermassive black holes (SMBHs) up to a billion times the mass of the Sun are

found in the centers of all massive galaxies and stellar mass black holes of ⇠ 10 solar masses

(M�) are formed from supernovae, there is currently no direct evidence for intermediate

mass black holes (IMBHs) with masses between ⇡ 100� 104M�. Black holes in this “mass

desert” are of significant astrophysical interest, because they could provide insight into

SMBH “seeds”, formed at high redshift and observationally undetectable. With the discov-

ery of over 200 SMBHs with masses more a billion times the mass of our Sun found when the

Universe was less than a billion years old, there has been increased interest in determining

the origins of these mysterious giants. As SMBHs have been found much earlier in cosmic

time than previously believed possible given radiation pressure limits on the growth rate of

stellar mass black holes, this requires new thought as to their initial formation. Were they

formed from the end products of massive primordial stars, resulting in numerous black hole

seeds of mass ⇡ 100 M�? Or were they formed from the direct collapse of massive clouds

of gas that may have formed in the low angular momentum, metal-free environment of the

early universe, forming rarer seeds up to 104 M� in size?

Finding a population of IMBHs in dwarf galaxies, which have not undergone significant



growth and evolution over cosmic history, as indicated by their low stellar masses and

metallicities, can provide insight into which path is more likely to have occurred. While

there is now a growing number of black holes found with masses between 105 � 106 M�,

very little is known about the existence, properties, host galaxy demographics, and scaling

relations of black holes with masses less than ⇡ 105M�. Determining the mass function and

occupation fraction of this elusive population will prove pivotally important to disentangling

the history of these objects.

Most searches for IMBHs have been done using traditional optical spectroscopic, X-ray,

and radio diagnostics, however, these diagnostics fail in the low mass and low metallicity

regimes, causing a large population of IMBHs to remain elusive. The work of this thesis

focuses on theoretically determining, and observationally validating, the most e↵ective ways

to search for IMBHs in these significant environments. In this thesis, I highlight the deficien-

cies of traditional optical diagnostics in finding IMBHs and provide an alternative solution

using infrared coronal lines, fine structure emission lines with ionization potentials greater

than 60 eV. These emission lines are particularly significant as stars do not produce enough

high energy radiation to excite these ions, meaning that the detection of a coronal line can

provide robust evidence for the presence of an AGN. As the emission structure of a black

hole is dependent on its mass, these coronal lines could also provide a diagnostic to estimate

the mass of the black hole. In order to test the e�cacy of coronal lines in finding AGNs in

low metallicity galaxies, a multi-wavelength study was done on J1056+3138, showing the

power of infrared diagnostics in the search for black holes in extreme environments.



Chapter 1: Introduction

1.1 Motivation

Black holes with masses from a million to up to a billion times the mass of the sun are

now known to be ubiquitous in the centers of galaxies, and their masses appear to correlate

with properties of the host in which they reside [e.g., Magorrian et al., 1998, Gebhardt

et al., 2000, Gültekin et al., 2009, McConnell and Ma, 2013]. There is now a growing

number of black holes found with masses between 105 � 106 M� [Greene and Ho, 2004,

2007, Greene et al., 2010, Jiang et al., 2011, Xiao et al., 2011, Dong et al., 2012b, Reines

et al., 2013, Baldassare et al., 2015]. However, very little is known about the existence,

properties, host galaxy demographics, and scaling relations of black holes with masses less

than ⇡ 105M�. In fact, there is currently no direct evidence for black holes with masses

between ⇡ 150M� and ⇡ 104M�. Black holes in this “mass desert” in the local universe are

of significant astrophysical interest. This is because they are potential analogs of the original

seed black holes formed at redshifts z > 15. The mass function and occupation fraction of

these “intermediate mass black holes (IMBHs)” in the local universe hold vital clues into

the origins of supermassive black holes (SMBHs), potentially allowing us to discriminate

between lower mass seeds formed from stellar remnants or massive seeds formed directly

out of the collapse of dense gas [Volonteri and Natarajan, 2009, Volonteri and Begelman,

2010, van Wassenhove et al., 2010, Greene, 2012, Reines and Comastri, 2016, Mezcua,

2017]. Furthermore, the study of IMBHs can help us understand the black hole-galaxy

co-evolution in the low mass regime. Moreover, mergers between black holes in this mass

range are one of the most promising sources of gravitational waves (GWs) detectable with

the Laser Interferometer Space Antenna [LISA; Amaro-Seoane et al., 2013], yet black hole

1



pairs in this mass range in the local universe have not yet been identified and their merger

rate is unknown. Apart from their importance in understanding the origin of SMBHs and

their connection to their host galaxies, IMBHs are of intrinsic interest in studying the

physics of accretion in the low-mass regime, where some of the fundamental signposts of

accretion activity, such as the broad line region [Elitzur and Ho, 2009, Chakravorty et al.,

2014] and the torus [Krolik and Begelman, 1988] may disappear. Finding a population of

IMBHs, measuring their masses, determining their merger rates, and understanding their

connection to their host galaxies is therefore of fundamental astrophysical importance.

1.2 The Seed Models of SMBHs

With the discovery of over 200 SMBHs with masses more than a billion times the mass

of our Sun found when the Universe was less than a billion years old [e.g. Dietrich and

Hamann, 2004, Fan et al., 2006, Jiang et al., 2007, Kurk et al., 2007, Maiolino et al., 2007,

Shields et al., 2008, Riechers et al., 2009, Wang et al., 2010, Mortlock et al., 2011, Wu

et al., 2015, Bañados et al., 2016, Matsuoka et al., 2018, Wang et al., 2018, Li et al., 2020],

there has been increased interest in determining the origins of these mysterious giants. As

SMBHs have been found much earlier in cosmic time than previously believed possible given

radiation pressure limits on the growth rate of stellar mass black holes, this requires new

thought as to their initial formation. A recent review paper by [Inayoshi et al., 2020] reports

a compilation of quasars discovered at z > 6 and their masses (see Figure 1.1)

There are three main schools of thought behind the origins of SMBH seeds, each with

di↵erent estimates for the occupation fraction and mass function of SMBHs in dwarf galaxies

at low redshift [see Inayoshi et al., 2020, for review]. Determining the population statistics

of black holes in local dwarf galaxies that have not undergone dramatic evolution since their

formation will provide insight as to the most likely seed model to form these giants.

The first formation model is through the supernova of massive primordial (Pop III)

stars formed out of metal-free gas. These supernova remnants will result in black holes
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⇡ 100M� in mass, and, as they are a natural end to the stellar life cycle, are likely to

be very common [Volonteri and Begelman, 2010]. There is considerable uncertainty in

the mass function of these stars, however, so the actual black hole masses may be much

lower [Woods et al., 2019]. Therefore, if this is the most probable seed model, we would

expect to see a high occupation fraction of IMBHs in local dwarf galaxies, however their

masses will be relatively low. As black holes have a canonical limit to their accretion rates,

defined by the balance of gravitational and radiation pressures (the Eddington limit), there

is a theoretical limit to the growth of a black hole over a given amount of time. This

limit is particularly notable when compared to the masses > 109 M� discovered at high

redshifts. This rate of growth would require sustained periods of accretion faster than the

Eddington limit, known as super-Eddington accretion [Volonteri, 2010]. There have been

several hypotheses proposed as to how this could be possible, including accretion o↵ of a

dense stellar cluster or non-isotropic radiation through jets [see Volonteri and Rees, 2005,

Natarajan, 2021, and references therein], though typical environments would only allow

short periods of sub-Eddington growth [Alvarez et al., 2009].

The second model involves a black hole formed by the runaway mergers of massive stars

in a dense nuclear star cluster [Ebisuzaki et al., 2001, Freitag et al., 2006, Tagawa et al.,

2016, Ryu et al., 2016, Stone et al., 2017]. While this model provides higher mass seeds

than the Pop III model, this method requires stars to form very e�ciently in the core of

the protogalaxy and for the merger process to happen quickly before the stars evolve o↵ of

the main sequence [Ebisuzaki et al., 2001, Begelman and Rees, 1978].

The final model theorizes the formation of black hole seeds through the direct collapse

of massive clouds of gas that may have formed in the low angular momentum, metal-

free environment of the early universe. To form a direct collapse black hole (DCBH), the

environment must have specific conditions. The primary goal behind these conditions is to

ensure that the gas cloud does not cool down and fragment to form stars. First, the gas

cloud must be metal-free to avoid e�cient metal-cooling. Furthermore the hydrogen in the

gas cloud must be ionized with Lyman-Werner radiation to further prevent e�cient cooling
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Figure 1.1: Figure from Inayoshi et al. [2020] plotting high-z quasars (z > 6) and their
reported masses.

[Haehnelt and Rees, 1993, Bromm and Loeb, 2003, Latif and Ferrara, 2016, Wolcott-Green

et al., 2017, Regan et al., 2017, e.g.]. This pathway would result in more massive seeds,

up to ⇡ 104M� in mass, but much rarer in number due to the stringent environmental

conditions required [Greene, 2012, Natarajan, 2011, Agarwal et al., 2013, Natarajan, 2014,

Inayoshi et al., 2014, Van Borm et al., 2014]. Observational evidence of a low occupation

fraction of more massive IMBHs in dwarf galaxies would suggest this is more probable seed

model.

As can be seen, determining the mass function and occupation fraction of IMBHs in

local dwarf galaxies can provide insight to the formation pathway of their supermassive

counterparts. Therefore, a dedicated and complete study on the presence of IMBHs in

dwarf galaxies is of vital astrophysical importance.
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1.3 Previous Studies

Unfortunately, finding and studying the properties of IMBHs is challenging since the sphere

of influence, the region in which we would see stars orbiting the central black hole, of

even a 105M� black hole at a distance of 10 Mpc is only approximately 0.01”. Detecting

a population of IMBHs through resolved kinematics is therefore currently observationally

impossible. A significant sample of IMBHs can therefore only be detected if they are

accreting. However, accretion activity for such low mass black holes is also challenging

to detect. This is because accreting IMBHs are likely to be found in the centers of low-

mass galaxies, where star formation in the host galaxy can dominate the optical spectrum

[Trump et al., 2015] and gas and dust can obscure the central engine at optical, and even

X-ray, wavelengths. Indeed, recent NuSTAR observations are revealing a growing number of

nearby low luminosity active galactic nuclei (AGNs) that are Compton thick [e.g., Annuar

et al., 2015, 2017, Ricci et al., 2016]. Moreover, even if highly accreting and unobscured,

AGNs powered by IMBHs will have low luminosities. For example, a 103M� black hole

radiating at its Eddington rate will have a bolometric luminosity of only 1041 erg s�1. The

X-ray luminosities of these low luminosity AGNs will be low and can be comparable to,

and therefore indistinguishable from, a population of high mass X-ray binaries in the host

galaxy. This problem is exacerbated in low mass galaxies which have lower metallicities,

where X-ray emission from high mass X-ray binaries is enhanced [e.g., Mapelli et al., 2009,

Fragos et al., 2013]. Likewise, the radio emission from a potential AGN in a low mass

galaxy can be comparable to, and indistinguishable from, a compact nuclear starburst

[Condon et al., 1991], making it impossible to uniquely identify accretion around IMBHs

with radio observations alone. While mid-infrared color-selection is a powerful tool in

uncovering obscured AGNs [e.g., Lacy et al., 2004, Stern et al., 2005, Donley et al., 2012,

Stern et al., 2012, Assef et al., 2013, Mateos et al., 2012, Satyapal et al., 2018], it is well-

known that this method fails in galaxies where the luminosity of the stellar emission from

the host galaxy is comparable to, or exceeds, that from the AGN. Young starbursts can
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also mimic the mid-infrared colors of luminous AGNs [Hainline et al., 2016], although only

under extreme conditions [Satyapal et al., 2018]. Even broad emission lines in the optical

spectrum, usually a hallmark signature of an AGN powered by a massive black hole, are

associated with supernova activity for the majority of cases in dwarf galaxies [Baldassare

et al., 2016], further emphasizing the limitations of optical studies in the hunt for IMBHs

in the local universe, although these sources have narrow emission lines consistent with star

forming galaxies. Finally, even the standard optical emission lines used to classify galaxies

dominated by AGNs using the Baldwin-Phillips-Terlevich (BPT) diagram [Baldwin et al.,

1981] has been established only for higher mass black holes and are also a↵ected by the

presence of shocks [e.g., Kewley et al., 2001, Kau↵mann et al., 2003]. It is not yet known

whether these diagnostic diagrams are robust AGN indicators in the IMBH mass range.

Given the challenges associated with finding IMBHs, current searches have yielded rela-

tively small numbers of candidates. There are several candidate IMBHs reported in globular

clusters, where some firm upper limits on the black hole masses have been obtained [e.g.,

Maccarone et al., 2005, 2007, Strader et al., 2012, Lützgendorf et al., 2012, 2013, Wrobel

et al., 2016, Kızıltan et al., 2017, Perera et al., 2017]. Searches for AGNs in low mass

galaxies have yielded a small but slowly growing sample of candidate active IMBHs [e.g.,

Filippenko and Ho, 2003, Barth et al., 2004, Satyapal et al., 2007, Greene and Ho, 2007,

Satyapal et al., 2008, 2009, Dewangan et al., 2008, Shields et al., 2008, Ghosh et al., 2008,

Izotov and Thuan, 2008, Desroches and Ho, 2009, Gliozzi et al., 2009, McAlpine et al.,

2011, Jiang et al., 2011, Reines et al., 2011, Secrest et al., 2012, Ho et al., 2012, Dong et al.,

2012b, Araya Salvo et al., 2012, Secrest et al., 2013, Simmons et al., 2013, Reines et al.,

2013, Coelho et al., 2013, Schramm et al., 2013, Bizzocchi et al., 2014, Reines et al., 2014,

Maksym et al., 2014, Moran et al., 2014, Yuan et al., 2014, Secrest et al., 2015, Miller et al.,

2015, Mezcua et al., 2016, Lemons et al., 2015, Baldassare et al., 2015, Pardo et al., 2016,

Baldassare et al., 2017, Chen et al., 2017, Chilingarian et al., 2018] using a variety of multi-

wavelength tools. Optical searches, like those published in [Reines et al., 2013, Chilingarian

et al., 2018, e.g.,] take advantage of diagnostics such as the Baldwin-Philips-Terlevich (BPT)
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diagram [Baldwin et al., 1981, Kewley et al., 2001, Kau↵mann et al., 2003], in which optical

narrow line emission separates galaxies between AGNs and star-forming dominated regions.

Accreting IMBHs, however, are likely to be found in the centers of low-mass galaxies, where

star formation in the host galaxy can dominate the optical spectrum [Trump et al., 2015]

and gas and dust can obscure the central engine.

This obscuration can also a↵ect the e↵ectiveness of X-ray searches for IMBHs. While

several recent studies have had success in unearthing low mass SMBHs [Dong et al., 2012b,

Mezcua et al., 2018, Birchall et al., 2020, e.g.,], recent NuSTAR observations are revealing a

growing number of nearby low luminosity active galactic nuclei (AGNs) that are Compton

thick [e.g., Annuar et al., 2015, 2017, Ricci et al., 2016]. Moreover, even if highly accreting

and unobscured, AGNs powered by IMBHs will have low luminosities. For example, a

103M� black hole radiating at its Eddington rate will have a bolometric luminosity of only

1041 erg s�1. The X-ray luminosities of these low luminosity AGNs will be low and can

be comparable to, and therefore indistinguishable from, a population of high mass X-ray

binaries in the host galaxy. This problem is exacerbated in low mass galaxies which have

lower metallicities, where X-ray emission from high mass X-ray binaries is enhanced [e.g.,

Mapelli et al., 2009, Fragos et al., 2013]. Likewise, the radio emission from a potential AGN

in a low mass galaxy can be comparable to, and indistinguishable from, a compact nuclear

starburst [Condon et al., 1991], making it impossible to uniquely identify accretion around

IMBHs with radio observations alone.

While mid-infrared color-selection is a powerful tool in uncovering obscured AGNs [e.g.,

Lacy et al., 2004, Stern et al., 2005, Donley et al., 2012, Stern et al., 2012, Assef et al.,

2013, Mateos et al., 2012, Satyapal et al. in press], it is well-known that this method fails in

galaxies where the luminosity of the stellar emission from the host galaxy is comparable to,

or exceeds, that from the AGN. Young starbursts can also mimic the mid-infrared colors of

luminous AGNs [Hainline et al., 2016], although only under extreme conditions [Satyapal

et al., 2018]. Even broad emission lines in the optical spectrum, usually a hallmark signature

of an AGN powered by a massive black hole, are associated with supernova activity for
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the majority of cases in dwarf galaxies [Baldassare et al., 2016], further emphasizing the

limitations of optical studies in the hunt for IMBHs in the local universe, although these

sources have narrow emission lines consistent with star forming galaxies.

Recently, optical variability surveys have uncovered AGN candidates in dwarf and low

mass galaxies [Baldassare et al., 2018, 2020, Mart́ınez-Palomera et al., 2020], however detec-

tion of the lowest mass IMBHs will require high cadence due to short variability timescales

[Mart́ınez-Palomera et al., 2020]. Despite the growing number of these discoveries, the frac-

tion of low mass galaxies with evidence of accretion identified through these techniques is

extremely small and the mass range probed is still above ⇡ 104 M�.

1.4 Research Statement

In this study, the diagnostic potential of various methods to detect the presence of an IMBH

will be tested, both through theoretical models and observations. We have undertaken three

studies that develop and test the tools necessary to make the most of JWST at its launch.

The first project tests the e�cacy of current optical diagnostics in the intermediate mass

regime. While these are commonly used tools to identify AGNs, to date there have been

no studies of the e�cacy of these diagnostics in the low mass regime.

The second project focuses on modeling for the first time the dependence of infrared

emission lines on the mass of the central black hole.

The third project tests the use of infrared coronal lines as a diagnostic in finding inter-

mediate mass black holes in local analogs of primitive galaxies.

Future work to further investigate these questions is detailed in Chapter 5.
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Chapter 2: The Limitations of Optical Spectroscopic

Diagnostics in Identifying AGNs in the Low Mass Regime

2.1 Introduction

The most widely used diagnostic diagram uses the [O III]/H� versus the [N II]/H↵ emission

line ratios (commonly referred to as the Baldwin-Phillips-Terlevich, BPT, diagram), in

which most known AGNs exhibit higher line ratios than star-forming galaxies [Kewley et al.,

2001]. Using these diagnostics, there have been a growing number of AGNs discovered in

low mass galaxies or galaxies lacking classical bulges [e.g., Reines et al., 2013]. However,

despite the vast amount of optical spectroscopic data available from the Sloan Digital Sky

Survey, to date, there exist only a small fraction of dwarf galaxies optically classified as

hosting AGNs. Indeed, a key and striking result based on optical spectroscopic studies, is

that the fraction of galaxies with signs of accretion activity drops dramatically at stellar

masses logM⇤/M� < 10 [e.g. Kau↵mann et al., 2003]. In fact, for a sample of dwarf galaxies

with stellar masses logM⇤/M� < 9.5 and high quality optical emission line measurements,

only 0.1% of galaxies are unambiguously identified as AGNs based on their emission line

ratios [Reines et al., 2013], compared to > 80% of galaxies with logM/M� > 11 [Kau↵mann

et al., 2003]. While this suggests AGN activity is less prevalent in low mass galaxies, the

e↵ectiveness of optical emission line ratios in identifying accreting low mass black holes has

not been established.

It is well known that optical spectroscopic diagnostics can fail at identifying AGNs in

galaxies with active star formation, where photoionization from stars and starburst-driven

winds can dominate the optical spectrum, and gas and dust can obscure the central engine

[e.g. Goulding and Alexander, 2009, Kewley et al., 2013, Trump et al., 2015]. However, it is
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not known how these emission line ratios depend on the mass of the black hole. This is of

prime importance for high spatial resolution follow-up observations, where it has generally

been assumed that if contamination from surrounding star formation is reduced, the AGN

can be identified. Indeed, follow-up optical spectroscopic observations using high spatial

resolution integral field units (IFUs) are currently the gold standard to confirm or refute an

AGN candidate identified through multiwavelength studies. Many more AGN candidates

are expected to be identified at X-ray wavelengths with the launch of eRosita in 2019 [Singh

et al., 2017]. Recent work by Agostino & Salim [Agostino and Salim, 2019] demonstrates

that there is a significant population of X-ray identified AGN that have BPT line ratios

consistent with star-forming galaxies. With a limiting flux of ⇡ 10�13 erg/cm2/s in the

2-10 keV band, the detection of black holes with masses as low as 1000M� is possible within

10 Mpc. As the SDSS catalog has observations of ⇡ 3000 dwarf galaxies with masses less

than 108M� and high S/N, and ⇡ 1200 with masses less than 107M�, there will be a large

sample available in which optical spectra can be used to constrain X-ray contribution from

stellar processes. Reliance on optical spectroscopic confirmation could therefore severely

bias conclusions about the black hole occupation fraction. As the optical spectroscopic

diagnostic diagrams have been established based on semi-empirical classification schemes

using galaxy samples with black hole masses in excess of 106M� [Kewley et al., 2001,

Kau↵mann et al., 2003] and photoionization models using a stellar ionizing continuum and

a single power law to model the ionizing radiation field of the AGN [Veilleux and Osterbrock,

1987, Kewley et al., 2001], these models do not take into account the e↵ect of black hole

mass on the ionizing radiation field, which in turn would impact the predicted emission line

spectrum and potentially the currently employed optical BPT AGN classification schemes

for IMBHs. As the black hole mass decreases, the Schwarzchild radius decreases, and in

response, the temperature of the surrounding accretion disk increases. The shape of the

ionizing radiation field therefore changes with black hole mass, which in turn will impact

the emission line spectrum at optical wavelengths, potentially a↵ecting the location on the

BPT diagram.
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2.2 Methods

In order to model the emission line spectrum of gas ionized by an AGN, we used version c17

of the spectral synthesis code Cloudy [Ferland et al., 2017]. The emission line spectrum

depends on several factors, including the shape of the ionizing radiation field, the geometrical

distribution of the gas, the chemical composition and grain properties, the gas properties,

and the equation of state.

2.2.1 The AGN Continuum

We assume that the AGN continuum consists of three components: an accretion disk,

Comptonized X-ray radiation in the form of a power law, and an additional component seen

in the X-ray spectrum of most AGNs, often referred to as the ”soft excess component”.

Multiwavelength observations of quasars suggest that the continuum emission from

AGNs peaks in the ultraviolet part of the electromagnetic spectrum [e.g., Shields, 1978, Elvis

et al., 1986, Laor, 1990]. This emission, often referred to as the ”Big Blue Bump”(BBB) is

attributed to the emission from the accretion disk around the black hole. In our models, we

assume that the accretion disk is a simple geometrically thin, optically thick disk [Shakura

and Sunyaev, 1973], where the emission from the disk is approximated by the superposition

of blackbodies at temperatures corresponding to the di↵erent disk annuli at radius R, with

the temperature as a function of radius R given by Peterson [1997], Frank et al. [2002]:

T = 6.3⇥ 105
✓

ṁ

ṁEdd

◆1/4✓ MBH

108M�

◆�1/4✓ R

Rs

◆�3/4

K (2.1)

where ṁEdd and ṁ are the Eddington and actual accretion rates, respectively, MBH is

the mass of the black hole, and Rs is the Schwarzchild radius.

In most observed SMBHs, where masses range from 106-109 M�, this temperature

change is not significant. Indeed, the inner temperature of the accretion disk changes

11



Figure 2.1: Accretion disk SEDs from black holes with masses that span 102 � 108 M�
accreting at 0.1 ṁEdd. The units of the vertical axis are set for illustrative purposes by
assuming a distance of 30 Mpc. We have labeled the location of the ionization potentials
of several coronal lines accessible by JWST by the dotted vertical lines. As can be seen,
the shift in disk temperature for the range of black hole masses explored in this work
significantly moves the location of the ”Big Blue Bump” relative to the ionization energies
of key coronal lines observable by JWST.

by only a factor of 2 when the black hole mass changes by three orders of magnitude. Be-

cause of this, most studies do not take temperature-dependent changes in the accretion disk

SED shape into account. When looking at wider range of black hole masses, however, this

temperature di↵erence can cause the peak of the accretion disk spectrum to move dramat-

ically (Figure 2.1). Moreover, because the ionization potentials of the coronal lines fall at

energies very close to the peak of the BBB, changes in black hole mass will strongly a↵ect

the coronal line emission spectrum emitted by the surrounding gas, potentially providing a

diagnostic of the black hole mass.
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In this study, the accretion disk spectrum was modeled using the diskbb model [Mit-

suda et al., 1984, Makishima et al., 1986] of XSpec v12.9.01 [Arnaud, 1996]. To set the

temperature at the inner disk radius, we used Equation 2.1 and varied the black hole mass

from 102 � 108 M� and assumed that the black hole is accreting at 0.1 ṁEdd. The accre-

tion disk SED from this model is shown in Figure 2.1. Over the range of black hole mass

explored in this work the peak of the BBB varies from 13 eV to 424 eV.

Observations of AGN spectra show a high energy component that can be well-approximated

by a power law, believed to be caused by Comptonization of seed photons produced by the

disk [Svensson, 1999] by energetic electrons in a hot corona [Krolik, 1999]. In this study, we

adopt a spectral index of 0.8 [e.g., Wilkes and Elvis, 1987, Grupe et al., 2006] and an ↵OX

ratio of 1.2 [Netzer, 1993] for this power law component. We assume a high energy cuto↵

of 100 keV. As the emission lines we are analyzing have ionization potentials of less than or

equal to 500 eV, the detailed shape of the AGN SED at the highest energies will not play

a significant role in our calculations.

An additional component to the AGN has been observed as excess radiation between

100 to 300 eV that cannot be explained by simply extending the power law to lower energies.

This emission, referred to as the ”soft excess”, has been detected in over 50% of Seyfert 1

galaxies [Halpern, 1984, Turner and Pounds, 1989], though recent studies of local Seyfert

1s suggest that the fraction can reach up to 70-90% [e.g., Piconcelli et al., 2005, Bianchi

et al., 2009, Scott et al., 2012, Boissay et al., 2016]. The origin of this emission is still a

topic of debate, with three primary schools of thought being: a Comptonized disk [Czerny

and Elvis, 1987, Done et al., 2012, Jin et al., 2017], blurred ionized reflection [Fabian et al.,

2005, Crummy et al., 2006], or relativistic smeared absorption [Gierliński and Done, 2004,

Middleton et al., 2007].

While the origin of the soft excess is not clear, this spectral component is remarkably

well fit with a blackbody with a roughly constant temperature of ⇡ 100 � 200 eV [e.g.,

Gierliński and Done, 2004, Ricci et al., 2017]. In this work, we model the soft excess

1
http://www.heasarc.gsfc.nasa.gov/docs/xanadu/xpec
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phenomenologically as a blackbody with a temperature of 150 eV (1.7⇥106 K). We assume

that the ratio of the luminosity of the soft-excess component to the luminosity of the power

law component is constant with respect to black hole mass and adopt a ratio consistent with

what is typically observed (1) [Vignali et al., 2004, Piconcelli et al., 2005, Chakravorty et al.,

2012]. Little variation in the soft excess emission with respect to mass is seen [Gierliński

and Done, 2004, Boissay et al., 2016], but only a small range of black hole masses have been

explored. In Figure 2, we plot the incident continuum, including all three components, for

our 107M� model. For black holes with mass < 103M�, the emission from the disk shifts

into the soft X-rays and dominates over the soft excess. Note that because the ionization

potentials of the coronal lines extend into the soft X-rays, it is important to include this

component into our AGN continuum. We emphasize that we have not attempted to present

a model finely tuned to match the properties of any one particular AGN. The strength and

shape of the continuum in the 100� 400 eV range is important in replicating observed CL

line ratios. The generic AGN model adopted in this work predicts the relative behavior of

the CL ratios as a function of BH mass, and demonstrates which line ratios are the most

sensitive to BH mass. A sample SED for the 107M� black hole can be found in Figure 2.2.

2.2.2 Geometrical Distribution of the Gas

We assume a one-dimensional spherical model with a closed geometry, where the cloud

is between the observer and the continuum source, and the ionization parameter and gas

density are allowed to vary. The ionization parameter, U , is defined as the dimensionless

ratio of the incident ionizing photon density to the hydrogen density:

U =
�H

nH c
=

Q(H)

4⇡R2nHc
(2.2)

where �H is the flux of hydrogen-ionizing photons striking the illuminated face of the

cloud per second, nH is the hydrogen density, c is the speed of light, and Q(H) is the number

of hydrogen ionizing photons striking the illuminated face per second. In our calculations,
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Figure 2.2: SED from black hole of mass 107 M� with soft excess and power law components.
The units of the vertical axis are set by assuming a distance of 30 Mpc. We have labeled
the location of the ionization potentials of several coronal lines accessible by JWST by the
dotted vertical line. As can be seen, several coronal lines have an ionization potential that
could be greatly a↵ected by the presence of a soft excess component.

U is allowed to vary from 10�4 to 10�1. On average, U is ⇠ 10�3 based on observations of

the optical emission lines in local galaxies and HII regions [Dopita et al., 2000, Moustakas

et al., 2010], but can be higher in ULIRGS [Abel et al., 2009] or high-redshift galaxies

[Pettini et al., 2001, Brinchmann et al., 2008, Maiolino et al., 2008, Hainline et al., 2009,

Erb et al., 2010], and in the CL region. We therefore explored a large dynamic range of

ionization parameters in this project.
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2.2.3 Physical State of the Gas and Dust

We chose the gas and dust abundances in our calculations to be consistent with the local

interstellar medium (ISM). The e↵ects of variations in metallicity on the computed spectrum

will be explored in future work. We assume constant density, and vary the hydrogen density

of the gas from log(nH/cm3) = 1.5�3.5, in units of 1.0 dex. We include thermal, radiation,

and turbulent pressure in our models with the turbulent velocity set to 5.0 km s�1. Our

calculations extend only to the Hydrogen ionization front, defined as the point when the

hydrogen ionization fraction drops below 0.01, since all of the lines are produced in the

ionized region of the cloud.

2.2.4 Parameter Space

We computed a total of 5, 070 models, where ionization parameter was varied between

logU = �1 to logU = �4 in increments of 0.25 dex, the hydrogen gas density between

log nH/cm�3 = 1.5 to 3.5 in increments of 1.0 dex, the Eddington ratio between 10�4 � 1

in increments of 1.0 dex, and mass between 100� 108M� in increments of 0.5 dex.

2.3 Modeling Results

In Figure 2.3, we show the optical BPT diagram as a function of black hole mass for

the ṁ = 0.1, nH = 300 cm�3, logU = �2.0 model. Note that, typically, U is ⇠ 10�3

based on observations of optical emission lines in star-forming galaxies and HII regions

[Dopita et al., 2000, Moustakas et al., 2010], but values as high as logU = �2.0 are found

in regions such as ULIRGs [Abel et al., 2009] or high redshift galaxies [e.g., Brinchmann

et al., 2008, Erb et al., 2010]. For illustrative purposes, we plot in Figure 2.3 the higher

ionization parameter case, which may be more typical in dwarf galaxies [Izotov et al., 2001].

The e↵ect of ionization parameter on the line ratios is shown in Figure 2.5. We also plot

the widely adopted AGN demarcation lines used in the literature to identify AGNs, and

the location of RGG118 [Baldassare et al., 2017], a dwarf galaxy recently found to host
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Figure 2.3: BPT diagram for our photoionization models for a range of black hole masses
from 103 � 108M� at constant logU = �2, nH = 300 cm�3, and ṁ/ṁEdd = 0.1 at Solar
(left) and 0.1-Solar (right) metallicities. The red and blue lines correspond to demarcations
separating star-forming galaxies from AGNs from Kau↵mann et al. [2003] (red) and Kewley
et al. [2001] (blue), respectively. For black hole masses < 1000M� in the top panel, the
line ratios fall outside the plotted region shown in the figure. We also show the observed
BPT line ratios of RGG118 (black ’x’) reported by Baldassare et al. [2017], POX 52 (red
’x’) reported by Barth et al. [2004], and NGC 4395 (blue ’x’) reported by Kraemer et al.
[1999]. Note our models do not include star formation. The arrows denote the direction
that model points would move in the presence of star formation (red) and higher electron
densities (black).

a 50, 000M� black hole, the lowest mass SMBH currently known. As can be seen, our

model predicts that as black hole mass decreases, the line ratios fall outside the widely used

AGN and composite demarcation regions of the diagram, and that the transition mass is at

approximately 10, 000M�. Interestingly, the line ratios of RGG118 fall right on the edge of

the star-forming/composite demarcation line, consistent with the predictions of our models

given its black hole mass. We also show the e↵ects of changes in gas density, metallicity,

and adding a contribution from star formation. Note that both lowering the metallicity

and increasing the contribution from star formation, both of which likely accompany IMBH

hosts, results in line ratios that move further into the star-forming region of the diagram.

The observed behavior of the line ratios with black hole mass is a consequence of two

main factors. As the black hole mass decreases, the resulting hardening of the AGN spectral
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energy distribution (SED) changes the ionization structure of the nebula. For massive black

holes in the 107 � 108M� range, the dominant ionization states of oxygen are O+ and

O2+, but as the black hole mass decreases, and the ionizing radiation field shifts to higher

energies, some of the O is found in higher ionization states, extending even up to O8+ for

the lowest masses modeled. In addition, as the black hole mass decreases, the enhanced

X-ray emission from the accretion disk penetrates further into the cloud, resulting in a

significantly extended partially ionized zone where H+ is produced but O2+ is not. This

e↵ect results in a net decrease in the predicted [O III]/H� emission line ratio. The fraction

of Nitrogen in N+, on the other hand, is relatively constant as a function of black hole

mass over the range explored in our models. However, the extended partially ionized zone

results in a overall decrease in the [N II]/H↵ emission line ratio. Note it is well known that

AGNs in general produce a much more extended partially ionized zone in which collisionally

excited forbidden lines can be produced than is seen in HII regions around massive young

stars. This is because the ionizing radiation field produced by a stellar continuum produces

very few X-ray photons, resulting in a much sharper ionization front. The fraction of X-ray

photon flux relative to the total flux as a function of black hole mass is shown in Figure 2.4.

As can be seen, there is a steep increase in the fraction of X-ray photons when the black

hole mass falls below 105M�.

We note that we have shown the e↵ect of black hole mass on the BPT diagram for

typical ISM conditions and a single Eddington ratio. The line ratios are of course a strong

function of the ionization parameter, since the ionization parameter a↵ects the ionization

structure of the nebula. The size of the H+ region and the dominant stage of ionization

increases with increasing ionization parameter. In Figure 2.5, we show the e↵ect of both

black hole mass and ionization parameter on the BPT line ratios. For typical ionization

parameters, which are between �3.2 < logU < �2.9 for local HII regions [Dopita et al.,

2000] and local star-forming galaxies [Moustakas et al., 2010], both the [OIII]/H� and the

[NII]/H↵ emission line ratios are lower for IMBHs compared with black holes above 106M�,

and never make it into the AGN demarcation for black hole masses below 103M�. Lower
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Figure 2.4: Fraction of total flux in X-ray photons with energies greater than 20 Ryd striking
the illuminated face of the cloud per second compared to total photon flux per second as a
function of black hole mass for a range of Eddington ratios. As can be seen, in low mass
black holes, a large fraction of radiation emitted is over 20 Ryd.

ionization parameter models show a wider range of black hole masses emitting in the AGN

regime, but photoionization from star formation will result in line ratios that shift toward

the star-forming region of the diagram. Note the models we have shown here are for a

fixed Eddington ratio. The shape of the AGN continuum will change as a function of the

Eddington ratio, which in turn will impact the line ratios as seen in Figure 2.6. As can

be seen, the low mass black holes radiating at higher Eddington ratios fall below the AGN

demarcation region, but if the Eddington rate is reduced, they move to the traditional AGN

regime.

There are additional optical diagnostics used to confirm and identify AGN, using the
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Figure 2.5: Contour plots showing the changes of the BPT line ratios over a range of BH
mass from 100�108 M� and ionization parameter from logU = �1 to �4 for ṁ/ṁEdd = 0.1
and log nH = 300 cm�3.

Figure 2.6: BPT plots for ṁ/ṁEdd = 1 (left) and 0.01 (right) with logU = �2.5 and
nH = 300 cm�3. Note that masses not pictured here fall outside the plotted region shown
in the figure, below the non-AGN demarcation. Red and blue lines are as denoted in Figure
2.3. The presence of star formation would move the model points in the direction of the red
arrow in Figure 2.3. Note that as you lower the Eddington ratio, the temperature of the
accretion disk decreases such that for the most massive black holes, the resulting softening
of the SED of the accretion disk causes a net decrease in the [OIII]/H�, as seen in the lowest
panel above.
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Figure 2.7: Additional BPT diagrams using the [S II]/H↵ (top) and [O I]/H↵ (bottom)
line ratios for the nH = 300 cm�3, ṁ/ṁEdd = 0.1, solar metallicity, logU = �2 model.
The blue and red lines correspond to the demarcations separating AGN and star-forming
galaxies (blue) and AGN from LINERS (red). Masses below 103M� in the top panel and
below 103.5M� in the lower panel are outside the range plotted, in the star-forming region.

[S II]/H↵ and [O I]/H↵ line ratios. The dependence of these ratios on black hole mass was

also tested, with the results shown in Figure 2.7. As can be seen, a larger range of black hole

masses have line ratios that fall in the AGN regime of the graph, however, the line ratios

dramatically change and fall into the star-forming region of the plot when black hole mass

falls below 103�103.5M�. If optical diagnostics are to be taken for a candidate IMBH, it is

recommended that all BPT line ratios be observed and considered to increase the possibility

of an accurate identification, though the lack of AGN colors is still not enough to disregard

a strong candidate for the lowest masses.

2.4 Implications

The models presented in this work call into question the completeness of optical BPT

diagrams in confirming the presence of AGNs powered by IMBHs. For a non-negligible

region in parameter space, our models predict that low mass AGNs do not produce optical

emission line ratios occupied by higher mass black holes. In fact, a 10, 000M� black hole will
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always be classified as a star-forming galaxy at an ionization parameter of logU = �2 unless

the Eddington ratio falls below 0.1, even without including the e↵ects of photoionization

from stars. At Eddington ratios below 0.1, the AGN will be less luminous and the line ratios

will likely be dominated by photoionization from star formation, suggesting that accreting

black holes in this mass range may rarely be detected as AGNs using this standard optical

diagnostic diagram. As Greene and Ho [2007] find a typical Eddington ratio for low mass

black holes of 0.4, our results leave open the possibility that the use of these diagnostics to

confirm IMBH candidates below ⇡ 104M� could severely bias the inferred low-mass black

hole occupation fraction. We note that apart from the limitations of these narrow line

region diagnostics, Chakravorty et al. [2014] have shown that such low mass black holes

may not even show a broad line region and Baldassare et al. [2016] have shown that, in

low mass galaxies, broad lines can actually be due to supernovae, further emphasizing the

shortcomings of optical diagnostics in finding AGNs powered by IMBHs.

2.4.1 Detectability with Current Facilities

Our results have important consequences for high spatial resolution optical spectroscopic

follow-up studies of accreting IMBH candidates. While it is well-known that dilution from

circumnuclear star formation significantly limits the diagnostic power of optical spectroscopy

in identifying AGNs in low mass galaxies using large aperture surveys such as SDSS, it

has been assumed that if contamination from star formation is reduced using high spatial

resolution optical spectroscopy, the AGN can be revealed. To illustrate this point, the

typical [O III] luminosities of star forming dwarf galaxies within the 3” SDSS fiber is about

1039 erg/s [Reines et al., 2013], which corresponds approximately to the Eddington limit

for a 1000M� black hole, given a conversion between Lbol and L[O III] of about 100 for

low luminosities [e.g., Lamastra et al., 2009]. Star formation would therefore dominate over

the AGN emission from a 103 � 104M� black hole for all but the most highly accreting

systems. However, assuming that the star formation rate is reasonably uniform within

the 3” aperture, star formation within the 0.2” spaxels of an IFU with AO would only
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contribute about 1036 erg/s to the [O III] emission, allowing an accreting IMBH as low as

100�1000M� to be detected, if they exhibited line ratios similar to higher mass black holes.

Our results demonstrate that such follow-up optical spectroscopic studies will misidentify

accreting IMBHs, which will masquerade as star forming galaxies, even when the e↵ects of

contamination from surrounding star formation are removed.

Using our black hole mass dependent models, we plot in Figure 2.8 the [O III] luminosity

as a function of black hole mass for a wide range of Eddington ratios. While [N II] is

generally the weaker line, and the limiting factor in identifying an AGN, we have chosen to

show [O III] luminosity, as the [O III]/H� line ratio showed a wider range of values across

our models. We also show the median [O III] luminosity of star forming dwarf galaxies

(logM⇤ < 9.5) from the SDSS 3” fiber (black dotted line), the aperture-reduced [O III]

luminosity from star formation in a 0.2” IFU spaxel (green dotted line), and the [O III]

line luminosity assuming a detection threshold of 10�17 erg/cm2/s assuming a 10 Mpc

distance. As can be seen, using our mass dependent models and assuming a distance of 10

Mpc, the [O III] luminosity of black holes with masses down to 103M� could be identified.

However, our work shows that such IMBHs would typically not be identified as AGN using

the widely-used BPT classifications for higher mass black holes.

2.4.2 Additional Considerations and Caveats

Our goal in this project is to examine the first order e↵ects of black hole mass on the widely

used BPT line ratios. We have chosen a simple accretion disk, together with a power law

and soft excess component, to model the AGN continuum. The predicted line ratios will

change with more complex models. However, the purpose of this investigation is to explore

the dependence of predicted emission line strengths on the SED of the accretion disk as

black hole mass varies.

We note emission line strengths can also be a↵ected by many other physical processes not

included in this initial study. This model does not include the e↵ects of shocks generated by

AGN outflows or starburst driven winds, which can alter the emission line spectrum [Allen
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Figure 2.8: Luminosity of [O III] as a function of black hole mass for the nH = 300 cm�3,
solar metallicity, logU = �3 model, for a range of Eddington ratios. Also plotted are
the median [O III] luminosity of SDSS star forming dwarf galaxies (black dotted line), the
aperture-reduced [O III] luminosity from star formation detected in a 0.2” IFU spaxel (green
dotted line), and the [O III] luminosity corresponding to a detection threshold of 10�17 s�1

(red dot-dashed line). Note that the horizontal luminosity thresholds displayed correspond
to a distance of 10 Mpc and even the lowest black hole masses could be detected in closer
sources using an IFU.

et al., 2008, Kewley et al., 2013], and can even generate emission lines consistent with

star-forming galaxies in pure AGN models [Molina et al., 2018]. Our model also takes into

account ionizing radiation from the AGN only, however, as discussed in the introduction,

dilution from star formation only exacerbates the e↵ects discussed here. The limitations of

optical diagnostics are even more severe in low metallicity galaxies at all black hole masses

[Groves et al., 2006].

In addition, our models have assumed a simple geometrically thin, optically thick disk.

24



This assumes the accretion is radiatively e�cient, and viscous heating is balanced by ra-

diative cooling. When the mass accretion rate falls below 0.01 ṁ/ṁEdd, the accretion flow

is predicted to be advection-dominated and radiatively ine�cient (RIAF) [Narayan et al.,

1998, Ho, 2008, Yuan and Narayan, 2014], producing a significantly di↵erent SED that may

lack a standard big blue bump with much of the emission arising in the IR [Quataert and

Gruzinov, 2000]. We also note that we do not take into account the e↵ect of black hole

spin, which would a↵ect the innermost stable orbit, and therefore the temperature of the

accretion disk, which in turn would a↵ect the shape of the emergent SED. Our model also

does not take into account radiative transfer through the atmosphere of the disk.
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Chapter 3: The Diagnostic Potential of Infrared Coronal

Lines

3.1 Introduction

Observations of the infrared fine structure lines o↵er us one of the only definitive tools

to discover buried AGNs in dusty galaxies. As has been shown in previous works, AGNs

show prominent high-excitation fine structure line emission, whereas starburst and normal

galaxies are characterized by a lower excitation spectra characteristic of HII regions ionized

by young stars [e.g., Genzel et al., 1998, Sturm et al., 2002, Satyapal et al., 2004]. Fine

structure lines from ions with ionization potentials greater than ⇡ 70 eV [Abel and Satyapal,

2008, Satyapal et al., 2021], the so-called ”coronal” lines (CLs), cannot be easily produced

in HII regions surrounding young stars, the dominant energy source in starburst galaxies,

since even hot massive stars emit very few photons with energy su�cient for the production

of these ions. The power of these diagnostics in finding buried AGN has been strikingly

demonstrated by the Spitzer mission through the discovery of a population of AGNs in

galaxies that display optically ”normal” nuclear spectra [e.g., Lutz et al., 1999, Satyapal

et al., 2007, 2008, 2009, Goulding and Alexander, 2009]. Given that AGNs powered by

IMBHs will be low luminosity, reside in low mass galaxies with potentially enhanced star

formation [Trump et al., 2015], and may have enhanced obscuration [Geha et al., 2006]

compared with AGNs in higher mass galaxies, an IR spectroscopic study is crucial to provide

unambiguous proof of an AGN and study its properties in this class of objects.

With the advent of the JWST, infrared spectroscopic observations with unprecedented

sensitivity will be possible. These observations can potentially uncover IMBHs in large

samples of galaxies, possibly revolutionizing our understanding of this class of objects. Not
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only can infrared CLs uniquely identify accretion activity from low-luminosity AGNs re-

siding in dusty star forming hosts, but since the ionization potentials of the associated

ions are in the ultraviolet to soft X-ray regime, at wavelengths that are not directly ob-

servable due to Galactic absorption, the infrared CLs can potentially be used to indirectly

reconstruct the shape of the spectral energy distribution (SED) of the AGN at wavelengths

where the emission from the accretion disk is expected to peak [e.g., Lynden-Bell, 1969,

Shakura and Sunyaev, 1973, Netzer, 1985], potentially allowing us to gain insight into the

accretion properties of the black hole and its mass. As the black hole mass decreases, the

Schwarzchild radius decreases, and in response, the temperature of the surrounding accre-

tion disk increases. The shape of the ionizing radiation field therefore changes with black

hole mass, which in turn will impact the emission line spectrum at both optical and in-

frared wavelengths. Not only do infrared fine structure lines carry the advantage of being

less sensitive to dust extinction, the excitation energies corresponding to the transitions are

small compared to the ambient nebular temperature, and so the infrared line ratios of two

di↵erent stages of ionization produced by the same element are only weakly dependent on

the electron temperature of the gas in which they are produced. They are therefore the

ideal tool to study the nature of the ionizing radiation field in the dust enshrouded nuclear

regions of galaxies.

3.1.1 Methods

The models used in this project are the same as those used in Project 1. As part of the

pilot study, we only included models with ṁ/ ˙mEdd = 0.1 and Solar metallicity. As seen

by Equation 2.1, accretion rate and black hole mass have equal and opposite e↵ects to the

temperature of the accretion disk. A more highly accreting black hole will have the same

temperature as a lower mass black hole with a slower accretion rate. All other parameters

spanned the full range as in Project 1. Given the full set of black hole masses, ionization

parameters, and gas densities, we computed a total of 507 simulations. For each model, we

computed the emergent spectrum of all emission lines with ionization potentials in excess
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of 70 eV that are within 1� 30 µm. We explored the behavior of only the most prominent

lines that can potentially be detected by JWST, the brightest of which are listed in Table

3.1.

3.1.2 Results

The predicted infrared emission line spectrum in our simulations is strongly dependent

on the shape of the ionizing radiation field incident on the gas and hence the black hole

mass. In Figure 3.1, we show the transmitted continuum in the 1 � 30 µm range for the

102 M� and 108 M� AGN models for a standard gas density of nH = 300 cm�3 and an

ionization parameter of logU = �1.0. As can be seen, the strength of the emission lines

in this wavelength range changes significantly with black hole mass, with the CLs with the

highest ionization potentials being more prominent in the lower black hole mass model (see

Table 3.1). In Figure 3.2, we show the mass dependence of a selection of key abundance-

insensitive line ratios as a function of black hole mass, again for nH = 300 cm�3 and logU =

�1.0. As can be seen, for a given ionization parameter and gas density, line ratios involving

ions with di↵erent ionization potentials vary dramatically with black hole mass in response

to changes in the shape of the AGN ionizing continuum with black hole mass. The CLs

with the highest ionization potentials (' 300 eV) peak at the lowest black hole masses, and

the line ratios can vary by over six orders of magnitude between 102M� and 106M�. We

also find a series of line ratios that peak in the intermediate mass range (104� 105M�),

demonstrating that the suite of line ratios is sensitive to di↵erent mass ranges explored in

our models.

The CL ratios vary with both the shape of the ionizing continuum and the ionization

parameter adopted in our models. As the ionization parameter increases, the ratio of photon

flux to gas density increases, which in turn increases the ionization rate while keeping the

recombination rate relatively constant for our constant density models. The combination of

the hardness of the radiation field, which depends on the black hole mass, and the ionization

stage of a particular element determines the CL ratio for a given gas density. In Figure
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Figure 3.1: Simulated spectra between 1 � 30 µm for black holes of mass 102M�, 105M�,
and 108M� for a standard gas density of nH = 300 cm�3 and an ionization parameter of
logU=-1.0. Key emission lines are labeled in the figure.

3.3, we show the dependence of a selection of key CL ratios with both black hole mass and

ionization parameter to illustrate this point. As can be seen, the line ratios are sensitive

to both the black hole mass and the ionization parameter since both parameters a↵ect the

dominant ionization stage of a given species and the ionization structure of the nebula.

However, CLs associated with the highest ionization potentials are most prominent only

in models with the smallest black hole masses and high ionization parameters, indicating

that extremely high observed ratios will be associated only with low mass black holes. For

intermediate ratios, our models demonstrate that there are degeneracies between U and

black hole mass. In such cases, a large set of CL observations can be used constrain the

black hole mass and the ionization parameter. Based on our models, we identify line ratios

that display much larger variations with ionization parameter than with mass as can be

seen from Figure 3.4. This ratio stays nearly constant across the lower mass range, but

spans a wide range of values in ionization parameter, and so could be a potential diagnostic

for determining ionization parameter in an AGN.
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3.1.3 Implications

Based on our photoionization models, we have demonstrated that the infrared CLs are

potentially a powerful probe of the black hole mass in AGNs. In particular, emission lines

associated with ions with the highest ionization potentials, such as Si XI, Si X, and Fe XIII

are predicted to be far stronger in the smallest black hole mass models. Our models suggest

that the following line ratios will be higher for AGNs powered by IMBHs with masses < 106

M�:

• [Si XI]1.934µm/[Si X]1.430µm

• [Si XI]1.934µm/[Si VI]1.962µm

• [Si IX]3.928µm/[Si VI] 1.962µm

• [Si VII]6.512µm/[Si VI]1.962µm

• [Fe XIII] 1.074µm/[Fe VI]1.010µm

which are most prominent for the lowest mass IMBHs (< 104M�), and the

• [Al IX]2.044µm/[Al VI]9.113µm

• [Al IX]2.044µm/[Al VI]3.659µm

• [Al IX]2.044µm/[Al V]2.904µm

• [Ca VIII]2.321µm/[Ca IV]3.206µm

• [Ca VIII]2.321µm/[Ca V]4.157µm

• [Mg VII]9.006µm/[Mg IV]4.487µm

which peak for IMBHs in the 104M� � 106M� range.

These line ratios are predicted to vary by many orders of magnitude with black hole

mass and can thus help inform future AGN studies with JWST.
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Based on existing observations of AGNs, the number of CLs detected decreases with

increasing ionization potential [Rodŕıguez-Ardila et al., 2006]. Indeed, in the entire sample

of 838 nearby powerful AGNs from the Swift/BAT survey, not a single [Si XI] and [S XI]

line is detected in the 102 observed in the near-IR [Lamperti et al., 2017]. We searched the

literature for all CL studies of nearby AGNs and found that the most frequently detected

CL is the [Si VI]1.962 µm line, which is detected in a total of 76 AGNs [Lamperti et al.,

2017, Mason et al., 2015, Ri↵el et al., 2006, Rodŕıguez-Ardila et al., 2011, Mould et al.,

2012, Alonso-Herrero et al., 2000, Rhee and Larkin, 2005, Müller-Sánchez et al., 2018]. In

contrast, we could only find a total of 3 detections of the [SiXI] 1.932 µm line reported in

the literature. Given that the mean mass of the active black holes observed in the literature,

measured either through broad lines or the velocity dispersion of the Ca II triplet or the

CO band-heads, is ⇡ 107M� with a very narrow spread in mass, it is possible that this

observational fact is caused by a powerful selection e↵ect: we are observing lines that are

predicted to be the strongest precisely for the black hole masses probed by our observations.

The CLs associated with higher ionization potentials may be weak because we have not yet

observed a significant sample of AGNs powered by lower mass black holes. It is possible

that these CLs will be enhanced relative to the lower ionization potential CLs in AGNs

with lower mass black holes that will be observed with JWST.

We have shown that several key diagnostic CL line ratios (see Figure 3.2) vary by

many orders of magnitude over the mass range explored in this work. The observed ratios

of detected CLs in the literature thus far do not show this range of variation. In Figure

3.5, we show the distribution of [Si VI]1.962/[Si X]1.430 line flux ratios from the literature.

As can be seen the variation in this line ratio is less than an order of magnitude for the

relatively small sample of objects observed thus far, suggesting similar black hole masses,

ionization parameters and physical properties of the gas. In contrast, this ratio can vary by

over seven orders of magnitude over the mass range explored in our calculations as can be

seen from Figure 3.6. Moreover, the ratio is expected to peak precisely at the black hole

masses probed by current observations, suggesting that the predominance of the [Si VI]1.962
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CL relative to the higher ionization potential lines may be a selection e↵ect caused by the

range of black hole masses thus far explored.

Additional Considerations and Caveats

Our goal in this project is to explore the first order e↵ects of varying black hole mass on the

coronal line spectrum of gas ionized by an AGN. We emphasize that we have not attempted

to present a model finely tuned to match the properties of any one particular AGN. The

strength and shape of the continuum in the 100-400 eV range is important in replicating

observed CL line ratios. The generic AGN model adopted in this work predicts the relative

behavior of the CL ratios as a function of BH mass, and demonstrates which line ratios

are the most sensitive to BH mass. The absolute line ratios are not meant to replicate

observed line ratios in any particular AGN. In particular, the AGN continuum model we

have adopted does not produce su�cient photons in the EUV or soft X-rays to generate

the observed CL strengths seen in nearby AGNs. This has been also found in several other

studies which show that photoionization models with a similar AGN continuum as that

adopted in this work fail to produce the observed strengths of the HeII edge in quasars

[Korista et al., 1997] and the CL spectrum in Circinus [Oliva et al., 1994], unless a harder

radiation field is introduced. Moreover, the observed emission line spectrum will likely

originate from multiple clouds with di↵ering physical parameters. Indeed, the variation

in line width with ionization potential and the blueshifts observed in many CLs [Grandi,

1978, Marconi et al., 1996, Mazzalay and Rodŕıguez-Ardila, 2007, Rodŕıguez-Ardila et al.,

2006, 2011, Müller-Sánchez et al., 2011] suggest stratification in the photoionized region

producing the CLs and the presence of outflows. Simple photoionization models of a single

cloud will therefore not likely replicate observed line ratios.

We note that this first exploratory study of the CL emission line spectrum as a function

of black hole mass was carried out assuming an accretion rate of 0.1ṁEdd. Note that the

SED from the accretion disk is a function of the accretion rate adopted. While changes in

the accretion rate will a↵ect the predicted CL spectrum, a 108 M� black hole would need
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to accrete at 105ṁEdd to produce an accretion disk of the same temperature as a 100 M�

black hole radiating at 0.1ṁEdd. Therefore, the line ratios that uniquely identify low mass

black holes as seen in Figure 3.2 are likely to still have diagnostic potential.

The strengths of the emission lines and their ratios can also be a↵ected by other physical

processes that we have not included in this preliminary exploration. For example, we have

not included the e↵ects of shocks in our calculations, which can result in collisional ionization

as well as photoionization e↵ects. Outflows from the AGN or winds driven by star formation

in the surrounding gas can produce shock fronts that ionize the gas and a↵ect the observed

emission line spectrum [Allen et al., 2008, Kewley et al., 2013]. The presence of blue-

shifted line profiles in many CLs is indeed consistent with the presence of outflows [e.g.,

Marconi et al., 1996, Mazzalay and Rodŕıguez-Ardila, 2007, Rodŕıguez-Ardila et al., 2006,

2011, Müller-Sánchez et al., 2011]. For fast shocks, the ionizing radiation generated by the

cooling of the hot gas behind the shock front can generate ionizing radiation that can even

extend into the soft X-rays, causing significant photoionization e↵ects for the coronal line

spectrum [Allen et al., 2008]. Several studies suggest, however, that the main driver of

the CL emission is photoionization by the AGN continuum [e.g., Oliva et al., 1994, Korista

et al., 1997, Marconi et al., 1996], and there is some question on whether shocks can produce

the required energetics to produce the observed CL line luminosities [Wilson et al., 1997],

although some contribution from shocks cannot be ruled out [Rodŕıguez-Ardila et al., 2006,

Geballe et al., 2009]. Note that the strength and shape of the ionizing radiation field

produced by shocks is a strong function of the shock velocity. A significant contribution

from shocks would be accompanied by high shock velocities which would result in other

distinguishing features in the emission line spectrum [Allen et al., 2008, Kewley et al.,

2013].

The physics of the dust can also a↵ect the observed CL spectrum. In addition to being

a source of heating and depletion of refractory elements, grains will absorb the ionizing

radiation, thereby a↵ecting the ionization structure of the nebula. We considered models

that did not include the presence of grains, as well as models that varied the grain abundance
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with distance from the ionizing source in order to simulate the e↵ect of grain destruction

due to sublimation from the hard radiation field. These variations only e↵ected the observed

CL ratios by less than an order of magnitude, significantly less than the e↵ect of black hole

mass.

In addition, our models have assumed a simple geometrically thin optically thick disk.

This assumes that the accretion is radiatively e�cient, and viscous heating is balanced

by radiative cooling. In some instances, the accretion can be advection-dominated and

radiatively ine�cient [Yuan and Narayan, 2014], producing a significantly di↵erent SED in

the range of the ionization potentials of the coronal lines studied in this work. We also

note that we do not take into account the e↵ect of black hole spin, which would a↵ect the

inner radius of the accretion disk, and hence its temperature, and therefore the shape of the

emergent ionizing SED from the disk. Our model also does not take into account radiative

transfer through the atmosphere of the disk.

Finally, we should note that the AGN continuum we have adopted is based on obser-

vations of the reprocessed radiation. There is significant uncertainty in the actual ionizing

radiation field incident on the gas. We have added an ad hoc soft excess component in our

calculations. Recent work suggests that there is no dependence of soft excess with black

hole mass and a positive correlation with accretion rate [Gliozzi and Williams, 2020, e.g.,],

though these studies have been focused on high mass AGNs. Indeed, because this compo-

nent contributes significantly to the ionization of the coronal lines, this could prove to be

a significant source of uncertainty. While parameters other than black hole mass will have

some e↵ect on the observed CL ratios, we have demonstrated that variations in the black

hole mass are predicted to cause variations by many orders of magnitude in key CL ratios

which we have identified in Figures 3.2 and 3.3. The fact that the observed CL ratios of

the current suite of observations which probe a very narrow range in black hole mass show

little variation (see Figure 3.5) may suggest that the physical conditions of the gas are not

likely to vary significantly in AGNs.
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Table 3.1: Brightest Coronal Lines in the 1� 30 µm Range

Line Transition Wavelength Ionization Potential Critical Density
(µm) (eV) (cm�3)

[Fe VI] 4P1/2�2D23/2 1.01089 75 1.070⇥ 107

[Fe XIII] 3P0�3P1 1.07462 331 6.498⇥ 108

[Si X] 2P1/2�2P3/2 1.43008 351 1.300⇥ 108

[Si XI] 3P1�3P2 1.93446 523 1.129⇥ 108

[Si VI] 2P1/2�2P3/2 1.96247 167 3.022⇥ 108

[Al IX] 2P1/2�2P3/2 2.04444 285 9.806⇥ 107

[Ca VIII] 2P1/2�2P3/2 2.32117 127 5.012⇥ 106

[Si VII] 3P2�3P1 2.48071 205 1.101⇥ 108

[Al V] 2P1/2�2P3/2 2.90450 120 1.067⇥ 108

[Ca IV] 2P1/2�2P3/2 3.20610 51 1.259⇥ 107

[Al VI] 3P1�3P2 3.65932 154 3.400⇥ 106

[Si IX] 3P1�3P0 3.92820 304 1.114⇥ 107

[Mg IV] 2P1/2�2P3/2 4.48712 80 1.285⇥ 107

[Ar VI] 2P1/2�2P3/2 4.52800 75 7.621⇥ 105

[Mg VII] 3P1�3P2 5.50177 187 4.580⇥ 106

[Mg V] 3P2�3P1 5.60700 109 5.741⇥ 106

[Si VII] 3P1�3P0 6.51288 205 1.254⇥ 107

[Ne VI] 2P1/2�2P3/2 7.64318 126 3.573⇥ 105

[Fe VII] 3F3�3F4 7.81037 99 1.733⇥ 106

[Ar V] 3P1�3P2 7.89971 60 2.025⇥ 105

[Mg VII] 3P1�3P0 9.00655 187 2.742⇥ 106

[Na IV] 3P2�3P1 9.03098 72 1.313⇥ 106

[Fe VII] 3F2�3F3 9.50763 99 1.858⇥ 108

[Fe VI] 4F7/2�4F9/2 12.3074 75 3.020⇥ 105

[Ar V] 3P0�3P1 13.0985 60 9.516⇥ 104

[Ne V] 3P1�3P2 14.3228 97 4.792⇥ 104

[Fe VI] 4F5/2�4F7/2 14.7670 75 2.996⇥ 105

[Fe VI] 4F3/2�4F5/2 19.5527 75 1.456⇥ 105

[Ne V] 3P0�3P1 24.2065 97 2.656⇥ 104
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Figure 3.2: Infrared CL ratios as a function of black hole mass for our nH = 300 cm�3 and
logU= �1.0 models (top) and logU = �2.0 (middle and bottom). Note that these diagrams
are not meant to be compared to observations.
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Figure 3.3: Contour plots showing the dependence on mass and U at nH = 300 cm�3 for
various predictive line ratios. While high ratios generally are indicative of a definitive mass
range, lower ratios can correspond to many possibilities. The highest ratio in each plot is
normalized to one.
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Figure 3.4: Contour plots showing the dependence on mass and U at nH = 300 cm�3 for a
selection of line ratios more sensitive to U than black hole mass. As can be seen, these CL
ratios vary more significantly with U than with black hole mass over the range of parameter
space explored in our models. The highest ratios in each plot is normalized to one.
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Figure 3.5: Observed [Si VI]1.962µm/[Si X]1.430µm line flux ratios from Lamperti et al.
[2017], Mason et al. [2015], Ri↵el et al. [2006], Rodŕıguez-Ardila et al. [2011], Mould et al.
[2012], Alonso-Herrero et al. [2000], Rhee and Larkin [2005], Müller-Sánchez et al. [2018]
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Figure 3.6: Predicted [Si VI]1.962µm/[Si X]1.430µm line flux ratios as a function of black
hole mass for a gas density of nH = 300 cm�3 and an ionization parameter of logU= �2.0.
The line ratio has been normalized to 1.0 at its peak.
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Chapter 4: Multi-wavelength observations of SDSS

J105621.45+313822.1, a broad-line, low-metallicity AGN

The vast majority of active galactic nuclei (AGNs) are found in massive bulge dominated

galaxies with gas phase metallicities that are typically super solar [e.g., Storchi-Bergmann

et al., 1998, Hamann et al., 2002]. Since the gas phase metallicity is strongly correlated with

the galaxy’s stellar mass, low metallicity AGNs are likely to reside in low mass galaxies. The

hunt for AGNs in dwarf galaxies has been an active field of research in recent years, since the

black hole occupation fraction and mass distribution in the low mass regime place important

constraints on models of supermassive black hole (SMBH) seed formation [e.g., Volonteri

and Natarajan, 2009, Volonteri and Begelman, 2010, van Wassenhove et al., 2010, Greene,

2012]. However, searches for AGNs in low mass galaxies have yielded only a small fraction

of AGNs, all with solar or only slightly subs-solar metallicities. This is a severe limitation,

since the premise behind the use of dwarf galaxies to probe seed black holes rests on the

assumption that they have had a quiescent cosmic history, free of external factors such as

merging or tidal stirring, both of which would drive gas to the center, fueling star formation,

enriching the gas, growing a bulge, and potentially fueling the SMBH. For example, in an

extensive search of type 2 AGNs using the Sloan Digital Sky Survey (SDSS) Groves et al.

[2006] and Barth et al. [2008] found only a small fraction of AGNs residing in low mass hosts,

all with either Solar or only slightly sub-Solar metallicities. Similarly, in the recent optical

survey of dwarf galaxies by Reines et al. [2013], nearly all of the dwarf galaxies with narrow

emission line ratios consistent with AGNs have at least Solar metallicities, consistent with

the high metallicity range found for the low mass broad line AGNs identified by Greene and

Ho [2007]. While extremly rare, there have been a few low metallicty AGNs reported in

the literature. Izotov et al. [2007], Izotov and Thuan [2008], and Izotov et al. [2010] found
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evidence for extremely luminous broad line emission consistent with AGNs in a handful of

low metallicity dwarf galaxies, most with optical narrow line ratios typical of HII regions,

and Schramm et al. [2013] found X-ray evidence for an AGN in several low mass galaxies,

one of which is metal deficient, suggesting that low metallicity AGNs do exist. Of these few

low metallicity AGNs, extensive multiwavelength observations are thus far lacking in the

literature.

Here we present a multi-wavelength study of a low metallicity, broad line AGN, SDSS

J105621.45+313822.1 (hereafter J1056+3138), a galaxy which is identified as a QSO broad

line object by SDSS DR12, and in past catalogs has been classified as a broad line QSO

[D’Abrusco et al., 2009, Richards et al., 2009, Souchay et al., 2012, 2015, Richards et al.,

2015] or broad line AGN [Toba et al., 2014, Rakshit et al., 2017]. Based on the MPA/JHU

catalog, the galaxy has a redshift of z=0.161 and a stellar mass of 109.89 M�, roughly 2.5⇥

the mass of the Large Magellanic Cloud. In Figure 4.1, we plot the location of J1056+3138

on the Baldwin-Phillips-Terlevich (BPT) diagram [Baldwin et al., 1981]. As can be seen,

it has one of the lowest [N II]/H↵ emission line ratios, a robust indicator of gas phase

metallicity regardless of ionizing radiation field and ionization parameter [Groves et al.,

2006], compared to the entire sample of Swift/BAT AGNs from the 70 month catalog

[Baumgartner et al., 2013], which comprise the most complete sample of hard X-ray (14 to

195 keV) selected AGNs in the local universe. Note that the well known dwarf galaxies with

AGNs, NGC 4395 [Filippenko and Ho, 2003] and POX 52 [Barth et al., 2004], both have at

least 2� 10⇥ higher gas metallicities than our target as suggested by their [N II]/H↵ ratios

shown in Figure 4.1.

In addition to the identification of broad lines, J1056+3138 displays mid-infrared colors

suggestive of an AGN using the all-sky Wide-field Infrared Sky Explorer (WISE) and the

3-band demarcation from Jarrett et al. [2011]. In general, low metallicity galaxies tend

to be bluer, with relatively few displaying mid-infrared colors [3.4µm]-[4.6µm] (hereafter

W1 �W2) > 1.0 [Gri�th et al., 2011, Izotov et al., 2011]. Those that do show red WISE

colors tend to reside to the left of region that typically signifies dominant AGNs when
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Figure 4.1: BPT diagram comparing J1056+31 (red ‘x’) with the BASS sample [Koss
et al., 2017], with the AGN [Kewley et al., 2001] and composite [Kau↵mann et al., 2003]
demarcation regions in blue and orange respectively. Also plotted are NGC 4395 [blue ‘x’;
Filippenko and Ho, 2003] and Pox 52 [green ‘x’; Barth et al., 2004]. Note that J1056+31 is
the only target that meets our metallicity selection criteria and displays star-forming ratios.

plotted in W1 �W2 vs. [4.6µm]-[12µm] (hereafter W2 �W3) space [Jarrett et al., 2011].

As can be seen in Figure 4.2, only ⇡ 0.7% of galaxies with similar metallicity to J1056+3138

display mid-infrared colors characteristic of an AGN, further emphasizing the unique nature

of this object.

Broad line AGNs with optical narrow line diagnostics consistent with star forming galax-

ies such as J1056+3138 constitute an extremely rare population. There are only ⇡ 5% of

broad line AGNs falling in the star-forming region of the BPT diagram according to a recent

study by Stern and Laor [2013]. Using the full Max Planck Institut für Astrophysik/Johns

Hopkins University (MPA/JHU) catalog of derived galaxy properties for the SDSS data

release 8 (DR8), approximately 4% of broad line galaxies have comparable comparable or

lower [N II]/H↵ emission line ratios indicating low gas phase metallicities. Only 1.5% of all

broad line AGNs have log([N II]/H↵) ratios less than -1.3, the value for J1056+3138.

This paper is organized as follows. In Section 2, we describe our near-infrared and X-

ray observations and data analysis, followed by a description of our results in Section 3. In
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Figure 4.2: Mid-infrared color-color diagram showing the placement of low metallicity galax-
ies with comparable log[N II]/H↵ to J1056+3138, as defined by log[N II]/H↵  �1.3 using
emission line fluxes from the MPA catalog. The box corresponds to the Jarrett et al. [2011]
demarcation region.
Grey points correspond to galaxies that would not be identified as potential AGN using
the strict Jarrett et al. [2011] color cut, and blue points denote galaxies that would be
characterized as potential AGN. The location of J1056+3138 is marked with a red ‘X’ and
locations of other published low metallicity galaxies are marked with green ‘X’s [Thuan and
Izotov, 2005, Izotov et al., 2007, Izotov and Thuan, 2008, Izotov et al., 2012].
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Section 4, we discuss our results, and summarize our findings in Section 5.

We adopt a standard ⇤CDM cosmology with H0 = 70 km s�1 Mpc�1, ⌦M = 0.3, and

⌦⇤ = 0.7.

4.1 Methodology

4.1.1 NIR Observations and Data Reduction

We obtained near-infrared observations of J1056+3138 using the Near-Infrared Spectro-

graph [NIRSPEC; McLean et al., 1998] on the Keck II telescope on 2018 March 5, with

a total exposure time of 32 minutes. These observations were carried out using the low

resolution mode with a slit width of 0.76” and a slit length of 42” to provide a resolution of

R ⇡ 1400”. We used the filter NIRSPEC-7 for a wavelength coverage of 1.839� 2.630 µm.

Observations were done using an ABBA pattern, nodding along the slit. This target was

observed under clear weather conditions, with ⇠ 0.”5 seeing. A telluric standard (A0V)

was observed immediately after at similar air mass.

The data reduction was carried out using a modified version of LONGSLIT REDUCE1

for Keck NIRSPEC, and REDSPEC2. These packages followed the standard steps for IR

spectral data reduction, including flat fielding, sky subtraction, wavelength calibration,

spectral extraction, and telluric correction. Flux calibration was done in Python by es-

timating the flux of the telluric A0V star through its K-band magnitude and scaling the

spectrum by this flux. A small corrective factor (< 5%) was included due to the wavelength

di↵erence between the center of K-band and that of the wavelength coverage used. Line

fluxes and uncertainties were determined from best-fit Gaussian models to the emission lines

using a custom Bayesian maximum-likelihood code implemented in Python using the a�ne-

invariant Markov Chain Monte Carlo (MCMC) ensemble sampler emcee [Foreman-Mackey

et al., 2013].

1
http://www.astro.caltech.edu/ gdb/nirspec reduce/nirspec reduce.tar.gz

2
https://www2.keck.hawaii.edu/inst/nirspec/redspec.html
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4.1.2 Optical Observations and Analysis

This object was observed twice by SDSS, once on 2004 May 12 with the SDSS spectrograph

and once on 2013 March 18 with the BOSS spectrograph [Dawson et al., 2013]. Aside from

the emergence of a [Fe VII]5722 emission line in the 2013 that was not visible in 2004,

these two spectra are nearly equivalent, with consistent broad and narrow line fluxes within

photometric uncertainties, so the remainder of the paper will analyze the 2013 spectrum

as it has the higher signal-to-noise. We analyzed this spectrum in order to compare broad

line fluxes and widths to our near-IR observations. Optical spectral decomposition was

performed on the SDSS spectrum using emcee [Foreman-Mackey et al., 2013] as done by

Sexton et al. [2019]. For the H�/[O III] region, we fit the region from restframe 4400 -

5800Å, which includes the Mg 1b region used to estimate stellar velocity dispersion. All

emission lines are modeled using Gaussians, with narrow-line FWHM and velocity o↵sets

tied during the fitting process. For the H↵/[N II] region, we fit the region from restframe

6200 - 7000Å. The lack of prominent stellar absorption features in this region prevents us

from using stellar template fitting, and thus the continuum is fit using only the power-law

component, with amplitude and power-law index as free parameters. As with the near-IR

data, line fluxes and uncertainties were determined using best-fit Gaussian models.

4.1.3 X-ray Observations and Data Reduction

Chandra observations of this target were taken on 20 October 2019 in Cycle 19. Data

was taken with the ACIS-S instrument, with an exposure time of 16 ks, and pointed with

the target centered at the aimpoint of the S3 chip. The data was reduced and analyzed

using the Chandra Interactive Analysis of Observations (ciao) data package v4.11 and the

Chandra Calibration Database v4.8.2 (caldb). After reprocessing and filtering the event

file into full (0.3� 8 keV), soft (0.3� 2 keV), and hard (2� 8 keV) energy bands, we used

the dmextract module to extract the source counts from a 1.5” radius aperture centered

on the source position. Background counts were extracted from a 25” radius aperture in
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Figure 4.3: K-band spectra from Keck NIRSPEC of J1056+3138. Note that this galaxy
displays a prominent broad Pa↵ line and the [Si VI] coronal line, as well as Br� and H2 lines.
An SDSS gri color composite image is also displayed, showing its compact morphology.

the vicinity of the source and in an area free of other sources. Due to the low count nature

of this source, we use binomial statistics, using the Gehrels [1986] approximation to account

for the error in the source counts, where the upper bound is given by 1 +
p
x+ 0.75, the

lower bound by
p
x� 0.25, and x is the number of counts detected. All X-ray fluxes and

luminosities quoted hereafter are derived from background-subtracted counts.

4.2 Results

4.2.1 Near-infrared and Optical Spectra of J1056+31

The near-infrared K-band spectrum of J1056+31 can be found in Figure 4.3. Most notably,

this target contains a 3.3� [Si VI] detection, with a flux of (5.69±1.75)⇥10�17 erg cm�2 s�1
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Table 4.1: Near-IR (Keck NIRSPEC) emission line fluxes. Broad lines are identified by
“br.”

Line Wavelength Flux
Å 10�17 erg cm�2 s�1

Pa↵ 18756 35.90± 1.73
br. Pa↵ 18756 96.72± 5.78
Br� 19451 5.60± 1.85
H2 19576 3.86± 1.28
[Si VI] 19628 5.69± 1.75

(Figure 4.4). As Si VI has an ionization potential of 167 eV, even the hottest, most massive

stars do not produce enough high energy ionizing radiation required to produce this ion

(Satyapal et al. 2020, in prep).

The SDSS optical spectrum is shown in in Figure 4.5. Coronal lines were observed in

both the SDSS and Keck observations. The SDSS observations showed [Fe VII]�5722 and

[Fe VII]�6085 emission lines, and [Ne V]�3425 and [Ne V]�3345 lines. These are the most

ubiquitous optical coronal lines, which have been widely seen in AGN [e.g. Appenzeller and

Wagner, 1991, Vergani et al., 2018, Yan et al., 2019]. Note that the ionization potentials

of Fe VII and Ne V are 99 eV and 97 eV, respectively, significantly less than the ionization

potential of Si VI. Fluxes for these lines can be found in Table 4.1 for the [Si VI] and Table

4.2 for the optical lines. Note that the luminosity of the [Si VI] line is 3.18⇥ 1039 erg s�1,

well within the range of luminosities of the well-studied AGN from Müller-Sánchez et al.

[2018], Lamperti et al. [2017], which range from 5.9⇥1036�3.9⇥1041 erg s�1. The [Fe VII]

and [Ne V] lines in J1056+3138 have luminosities of ⇡ 1040 erg s�1, comparable to those

observed in other AGN samples, with luminosities ranging from 1039�1042 erg s�1 [Malkan,

1986, Morris and Ward, 1988, Storchi-Bergmann et al., 1995].

As can be seen in Figure 4.3, the spectra also contains a broad Pa↵ line with a flux of

(35.90 ± 1.73) ⇥ 10�17 erg cm�2 s�1 and a width of 850 ± 25 km s�1. A Br� and H2 line

were also detected. Fluxes for all infrared lines can be found in Table 4.1. While its optical

narrow emission lines placed the object in the “star-forming” region of the BPT diagram
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Figure 4.4: Upper Right: The detected [Si VI] emission line, as well as nearby Br� and H2

lines. Lower Left: A heat map showing the output of the emcee fits for the amplitude and
width of the Gaussian for the [Si VI] detection in J1056+3138. The contour levels show the
� intervals up to 3�, and the histograms (upper left and lower right) show the distribution
of potential fits for the width (upper left) and amplitude (lower right) of the Gaussian. As
can be seen, the solution converged very well, proving a robust detection.
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(see Figure 4.1), J1056+3138 showed a broad H↵ line, as well as [Fe VII]�5722, 6085 and

[Ne V]�3425, 3345 coronal lines, as can be seen in Figure 4.5. While broad lines and coronal

lines can be indicative of an AGN, their presence in a BPT star-forming galaxy can often

be due to supernova activity, which fades over time [Baldassare et al., 2016]. The first

observation of J1056+3138 was taken on 2004 May 12, and our Keck observations took

place on 2018 Mar 5. There is a 14 year baseline between these two observations, so we

can explore if there is any fading of the broad lines, which would be indicative of a stellar

origin to the broad line rather than an AGN. We compared the extinction corrected optical

broad line flux to the broad Pa↵ flux. The theoretical H↵/Pa↵ ratio, assuming Case B

recombination, is 8.5 [Osterbrock and Ferland, 2006]. The observed value is 6.0 ± 0.1,

implying negligible extinction toward the ionized gas, and demonstrating that there is no

fading of the recombination line flux over a 14 year baseline, ruling out the possibility that

the broad lines are due to supernova activity. Since we have multiple recombination lines,

we also estimated the extinction using the Pa↵ and Br� lines. Using the observed ratio of

these fluxes, we find an AV < 1, assuming a Milky Way-like extinction curve (RV=3.1),

again implying that there is no fading in recombination line fluxes between the SDSS and

near-infrared observations.

4.2.2 X-ray Results

We detected an X-ray point source coincident with the SDSS optical source with an ap-

parent luminosity, uncorrected for intrinsic absorption, of LX, 2-10 keV = (2.3 ± 0.9) ⇥ 1041

erg s�1, with six counts combined in both hard and soft bands. Due to the low number

of counts, we explored the binomial no-source probability of the detection, PB, which is

proportional to the probability that the measured counts are due to spurious background

activity (see Weisskopf et al., 2007, Lansbury et al., 2014 for the mathematical expression

for this statistic). Adopting the requirement that real sources (not due to background ac-

tivity) satisfy a threshold of PB < 0.002 [Satyapal et al., 2017], and noting that the X-ray

source yields a no-source probability of log(PB) ⇠ �6.4, we conclude that the X-ray source is
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Figure 4.5: Optical spectra from SDSS of J1056+3138. The top panel displays the fits for the
[Ne V]�3345, 3425 coronal lines. The center panel displays the fit for the [Fe VII]�5722, 6085
coronal lines. The bottom panel displays the fit for the broad H↵.
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Table 4.2: Optical SDSS emission line fluxes. Broad lines are identified by “br.”

Line Wavelength Flux
Å 10�17 erg cm�2 s�1

[Ne V] 3345 28.2± 11.4
[Ne V] 3426 79.2± 9.9
[O III] 4363 65.2± 2.8
H� 4861 82.7± 3.4
br. H� 4861 281.6± 9.0
[O III] 4959 135.0± 4.9
[O III] 5007 407.4± 14.7
[Fe VII] 5722 16.0± 1.8
[Fe VII] 6085 23.9± 2.3
[O I] 6300 10.3± 3.0
[N II] 6549 7.0± 0.7
H↵ 6563 404.5± 10.8
br. H↵ 6563 578.3± 13.1
[N II] 6583 20.5± 2.1
[S II] 6717 10.8± 1.8
[S II] 6730 7.6± 1.4

unlikely to be due to spurious background activity. The typical L2-10keV threshold generally

adopted by the community to unambiguously identify an AGN is 1042 erg s�1 [Zezas et al.,

2001, Ranalli et al., 2003, Wang et al., 2013]. While the X-ray luminosity for J1056+3138

is somewhat higher than seen in star forming galaxies, Brorby et al. [2014] find that the

X-ray emission produced for a given SFR is approximately an order of magnitude larger

than that found in near solar metallicity galaxies (see also Kaaret et al. [2011]). Further,

Prestwich et al. [2013] also show that ULXs are more common in low metallicity systems,

adding further to the ambiguity of the origin of the X-ray emission in J1056+3138 and

making an AGN identification by this observed X-ray luminosity alone tentative.

The observed luminosity is two orders of magnitude lower than what is expected from

the LX �L12µm relation (⇡ 1043 erg s�1) [Secrest et al., 2015]. Taking the relation between

[Si VI] and LX from Lamperti et al. [2017], an estimate of LX ⇡ 1043 is calculated, also two
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orders of magnitude above the detected luminosity. These discrepancies strongly suggest

that the source is heavily obscured along the line of sight. An estimate forNH was calculated

based on the relation determined in Pfeifle et al. 2020 (in prep) using 12µm luminosity data

fromWISE and X-ray data from the BASS Survey, which providesNH ⇡ (7±2)⇥1024 cm�2.

We compared this discrepancy between the X-ray and mid-IR luminosities to other

similar targets in the MPA-JHU catalog in Figure 4.6, where we’ve plotted the LX/LW2

of various mid-IR selected AGNs compared to broad line AGNs with low metallicity and

J1056+3138 compared with their log([N II]/H↵). Of the low metallicity galaxies with

broad line AGNs, J1056+3138 has the lowest X-ray luminosity when compared to its W2

luminosity. This apparent deficit in X-ray radiation is in agreement with other X-ray studies

done on low metallicity galaxies, where it is found that X-ray luminosities tend to be one to

two orders of magnitude below that expected from multi-wavelength diagnostics, due either

to obscuration of the X-ray emission or an intrinsic X-ray weakness [Simmonds et al., 2016].

This could possibly be due to the lack of an emitting corona, which may be characteristic

of a few broad absorption line (BAL) quasars and ultra-luminous infrared galaxies [Luo

et al., 2014, Teng et al., 2015]. In addition for low-mass cases, Dong et al. [2012a] find

several AGNs in low mass galaxies that appear to be X-ray weak, possibly due to potential

changes in the accretion disk temperature or structure which would impact the fraction of

the disk energy that is reprocessed into a corona. This is supported by the low LX,2-10 keV

vs. L[O III] ratio of several low mass galaxies in their sample. In J1056+3138, however,

the [O III] emission is dominated by star formation, complicating the interpretation of

the relationship between these luminosities in this source. It is also possible that there is

a di↵erent dust-to-gas ratio in this galaxy, potentially a↵ecting the relationship between

X-ray absorption and extinction by dust of the broad line region [Groves et al., 2006].

Further, as the WISE and Chandra observations were not simultaneous, with a 9 year

separation between the observations, it is also possible that variability could play a role

in this discrepancy, although based on typical flux changes, it may not be able to account

for the anomalous ratio found for J1056+3138 [Maughan and Reiprich, 2019, Sheng et al.,
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Figure 4.6: LX/LW2 compared with metallicity diagnostic [N II]/H↵] for galaxies in the
MPA-JHU catalog (DR8) that show mid-infrared colors suggestive of AGN activity based on
three color cuts: W1-W2 > 0.5 (blue), W1-W2 > 0.8 (purple), and the Jarrett et al. [2011]
cut (orange). Galaxies with optical broad lines and [N II]/H↵ ratios that fall below the low
metallicity cut-o↵ (log([N II]/H↵)< �1.0) are shown as green squares, and J1056+3138 is
shown as a red ‘X’. Note that J1056+3138 has the lowest LX/LW2 ratio when compared to
similar galaxies.

2017]. Due to its low X-ray luminosity, whether due to obscuration, variability, or an

inherent X-ray weakness, J1056+3138 would not have been confirmed as an AGN through

X-ray follow-up, showing the necessity for multi-wavelength studies when dealing with low

mass and low metallicity galaxies. If even a very powerful AGN can be hidden in the X-rays,

many more less powerful and low luminosity AGNs may be hiding inside low metallicity

dwarf galaxies.

54



4.2.3 Black Hole Mass and Luminosity Estimates

Black hole masses were calculated using the widths of the broad H↵ [Woo et al., 2015] and

Pa↵ [Kim et al., 2018] lines. The broad Pa↵ has a width of 850± 25 km s�1, corresponding

to a black hole mass of (2.2±1.3)⇥106 M�, or 106.4M�, which was obtained with Equation

10 in Kim et al. [2018]. In this relation, they used the new virial factor log f = 0.05± 0.12

that was derived in Woo et al. [2015]. The broad H↵ has a width of 1129 ± 21 km s�1,

corresponding to a black hole mass of (3.4±1.4)⇥106 M�, or 106.5M�, which was obtained

used Equation 5 in Woo et al. [2015].

We estimated the bolometric luminosity of ⇡ 1044 erg s�1, however there is considerable

scatter in the L[Si VI] vs. L14�195keV relation reported in Lamperti et al. [2017] with a number

of upper limits in their sample. We used a L14�195keV/Lbol factor as reported in Winter

et al. [2012]. We used the [Si VI] to estimate a bolometric luminosity since the [O III]

emission is likely dominated by star formation and cannot be used to obtain a bolometric

luminosity as is often done in optically identified AGNs. This luminosity, along with the

Eddington luminosities calculated from the mass estimates, implies a high Eddington rate,

L/LEdd ⇡ 0.3. These Eddington ratios are similar to those reported in Greene and Ho

[2007] and suggest that this is a highly accreting black hole.

4.3 Discussion

4.3.1 Coronal Lines

While coronal lines have often been used as a robust AGN indicator, there is the possibility

that these lines arise in star forming regions. In principle, Wolf-Rayet stars and shock

excitation in starburst driven winds can generate broad lines and even high ionization

lines [Schaerer and Stasińska, 1999, Abel and Satyapal, 2008, Allen et al., 2008]. Since

the hardness of the stellar radiation field increases with decreasing metallicity [Campbell

et al., 1986], enhanced emission from lines corresponding to higher ionization potentials is
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expected for metal deficient galaxies. High ionization lines have indeed been detected in

H II regions in blue compact dwarfs and planetary nebulae [Feibelman, 1996, Fricke et al.,

2001, Thuan and Izotov, 2005, Izotov et al., 2012] with a detection rate that appears to be

correlated with decreasing metallicity [Izotov et al., 2012]. However, the line luminosities

are weaker than those found in AGN, by up to four orders of magnitude [Izotov et al.,

2012], and the emission line fluxes are weak compared to the recombination line fluxes.

For example, Thuan and Izotov [2005] and Izotov et al. [2012] finds [Ne V] emission in ten

HII regions in blue compact dwarfs (BCDs), with ratios that range from 0.005 � 0.03 for

[Ne V]�3345/H� and from 0.003� 0.005 for [Ne V]�3425/H�, 3 orders of magnitude below

what is found in J1056+3138. Izotov et al. [2001, 2004] also find [Fe VII] emission in two blue

compact dwarf galaxies, with ratios of ⇡ 0.001 for [Fe VII]�5722/H� and ⇡ 0.0002� 0.002

for [Fe VII]�6085/H�, 2-3 orders of magnitude below what is found in J1056+3138. Note

that the [Fe VII] and [Ne V] lines in J1056+3138 have luminosities of ⇡ 1040 erg s�1,

comparable to those observed in other AGNs, with luminosities ranging from 1039 � 1042

erg s�1 [Malkan, 1986, Morris and Ward, 1988, Storchi-Bergmann et al., 1995], as is the case

for the [Si VI] line as discussed in Section 4.2. Moreover, while the optical coronal lines have

been detected in H II regions and BCDs that may not host AGNs, the ionization potential

of Si VI (167 eV) is significantly higher than that of Fe VII or Ne V and is only created

in very extreme conditions when not in the presence of an AGN. Note that this line has

been seen in planetary nebulae and Galactic supernovae, but its luminosity is eight orders

of magnitude lower than that of J1056+3138 and other AGNs [Ashley and Hyland, 1988,

Benjamin and Dinerstein, 1990, Greenhouse et al., 1990], making these sources undetectable

outside of the Milky Way. Thus far, there is no evidence of any coronal line with ionization

potential above ⇡ 100 eV in a purely star-forming galaxy, making it highly implausible that

star formation is responsible for the coronal lines detected in J1056+3138.
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4.3.2 Metallicity Estimates

Current studies of metallicity estimation assume an SED that is either primarily AGN

or stellar in origin. As J1056+3138 hosts an AGN, yet displays star-forming colors and

has a strong stellar component, determining a precise SED, and thus a precise estimate

of abundances is extremely di�cult. However, an initial estimate is calculated using the

diagnostics determined by photoionization simulations and tested on low metallicity dwarf

galaxies, including those with AGNs [Izotov et al., 2006, 2007, Izotov and Thuan, 2008].

This metallicity estimate uses variables t, temperature Te(O III), CT , and x as defined by

t =
1.432

log [�4959 + �5007/�4363]� logCT
(4.1)

t = 10�4Te(O III) (4.2)

CT = (8.44� 1.09t+ 0.5t2 � 0.08t3)
1 + 0.0004x

1 + 0.044x
(4.3)

x = 10�4Net
�0.5 (4.4)

where the density, Ne, is 10 [Izotov et al., 2007], as well as emission lines [O III]5007,

[O III]4959, [O II]3726, and H�. The abundances are then derived using the following:

12 + logO+/H+ = log
�3727

H�
+ 5.961 +

1.676

t

�0.40 log t� 0.034t+ log(1 + 1.35x)

(4.5)
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12 + logO2+/H+ = log
�4959 + �5007

H�
+ 6.200

+
1.251

t
� 0.55 log t� 0.014t

(4.6)

Considering a value of 12 + log(O/H) of 8.69 for Solar [Groves et al., 2006, Asplund

et al., 2006], these relations provide a metallicity estimate for J1056+3138 of approximately

10% Solar. This is in agreement with our initial [N II]/H↵ cuto↵ criteria.

4.3.3 Implications

The multi-wavelength study of J1056+3138 has broad astrophysical implications for our

understanding of the origins of supermassive black holes. J1056+3138 is in one of the

lowest metallicity galaxies known to contain an AGN, and it is one of the lowest metallicity,

low mass galaxies to show a high ionization infrared coronal line. While it is a broad line

AGN with strong coronal lines in the optical, its BPT line ratios suggest the dominant

emission is stellar in origin. While mid-infrared color selection picks it out as a dominant

AGN, with a bright Pa↵ and strong [Si VI] coronal line in its K band spectrum, it is

barely visible when searching for an X-ray point source, and it would easily be mistaken

for X-ray binaries, if it was detected at all. The results presented here strongly support

that low mass accreting black holes exist in galaxies that show no evidence for AGNs using

traditional diagnostics, such as X-ray detections and BPT line ratios, calling into question

the current occupation of fraction of AGNs in the low mass and low metallicity regime

and highlighting the importance of multi-wavelength studies to obtain a complete census of

AGNs in the low mass, low metallicity regime.

Using SDSS and the WISE survey, there are ⇠ 1500 low mass (M⇤ < 1010.5M�), low

metallicity (log(N II/H↵)) galaxies with infrared colors suggestive of AGN, many of which

have stellar masses as low as 106M�. These are prime candidates for follow-up with the
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James Webb Space Telescope (JWST) to search for accreting intermediate mass black holes.

None of these galaxies show optical emission line ratios indicative of AGNs, underscoring

the limitations of optical studies in the search for accreting black holes in galaxies that may

be truly more representative of the local analogs of early galaxies. Currently, there is no

direct evidence for black holes with masses anywhere between ⇡ 100 � 10, 000 M�. This

technique can be a powerful avenue in which black holes in this “mass desert” can finally

be discovered using future high sensitivity JWST observations [Cann et al., 2018]. While

coronal lines were also seen in the SDSS spectrum of J1056+3138, the predicted fluxes of

optical coronal lines are a factor of at least 5 times less than the infrared coronal lines even

in the absence of any extinction (Cann et al. 2020, in prep). The infrared coronal line fluxes

are also enhanced when the black hole mass decreases, highlighting the need for infrared

spectroscopic observations in the hunt for intermediate-mass black holes [Cann et al., 2018].

4.4 Conclusions

We present a multi-wavelength study of J1056+3138, a low metallicity, broad line AGN,

including observations from Chandra, Keck/NIRSPEC, WISE and SDSS. Our main results

can be summarized as follows:

1. In its SDSS spectrum, J1056+3138 displays optical emission line ratios suggestive of a

purely star-forming galaxy, despite strong optical broad lines and four optical coronal

lines, [Ne V]3345,3425 and [Fe VII]5722,6085.

2. Observations with WISE show J1056+3138 to have mid-infrared colors suggestive of

a strong AGN, despite only ⇡ 0.7% of similarly low metallicity galaxies residing in

the same color-color space.

3. K-band observations with Keck/NIRSPEC revealed a broad Pa↵ line that, when

its width and luminosity are compared to that of the broad H↵, implies negligible

extinction. These observations also showed a [Si VI] coronal line, making J1056+3138

the lowest metallicity galaxy to show this line.
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4. Chandra observations detected an X-ray point source coincident with the SDSS optical

source, but at an observed luminosity of only ⇡ 1041 erg s�1, two orders of magnitude

below that expected based on its mid-infrared luminosity. This discrepancy imples

the source is either heavily obscured, with an NH ⇡ (7±2)⇥1024 cm�2, or inherently

X-ray weak. While the presence of optical and infrared broad lines implies a lack

of obscuration, a clumpy torus could obscure the X-ray radiation while still showing

broad lines.

5. Black hole mass estimates were calculated using the widths of the broad H↵ and Pa↵

lines. Estimates ranged from 2.2� 3.4⇥ 106 M�, implying this AGN is fairly massive

despite its low metallicity.

Our results highlight the need for a multi-wavelength approach to truly characterize the

source of ionization in this population.
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Chapter 5: Future Work

5.1 Chapter Overview

This chapter will provide an overview of the next set of projects to further the research

presented here.

5.2 Model Validation using Gemini

While the power of infrared coronal lines in estimating the mass of an AGN has been

theoretically shown in our Cloudy models, there has been no dedicated NIR spectroscopic

study of AGNs with masses below ⇡ 106M�. As this is the region where the coronal line

emission is expected to change dramatically, this is a necessary study to validate the model

predictions reported in Chapter 3.

To address this deficiency, we select targets from the Greene and Ho [2007] and Reines

et al. [2013] catalogs to observe with the Gemini Near-InfraRed Spectrometer (GNIRS).

These are broad line AGNs with robust mass determinations with MBH < 2 ⇥ 106. For

this pilot study, we set an upper mass limit of 105.5M�, and selected sources that display

BPT line ratios that fall into the “composite” or “star-forming” region of the BPT diagram.

We have also included RGG 118, which at 50, 000M� is the lowest mass black hole known

to date [Baldassare et al., 2015]. As all of these targets fall out of the traditional AGN

region on the BPT diagram, they are precisely the targets expected to display a dramatic

transition in coronal line ratios as predicted by our models for this mass range. Note that

because these are confirmed AGNs with broad lines, the absence of coronal lines itself would

be interesting and very unexpected, given that at lower black hole masses, the coronal lines

are expected to be enhanced.
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GNIRS is the ideal instrument for this study, as the cross-dispersed mode will provide

access to several coronal lines from 0.8� 2.5µm at high sensitivity, allowing for an in-depth

study of many di↵erent coronal line ratios reported as potentially diagnostic in Cann et al.

[2018]. These observations will require the ability to detect the [Si VI] line at a sensitivity

of ⇡ 1e � 16 erg cm�2 s�2 at a S/N of 20 when compared to the relationship between

[Si Roman6] detections and W2 fluxes in the literature [Ri↵el et al., 2006, Rodŕıguez-Ardila

et al., 2011, Lamperti et al., 2017, Müller-Sánchez et al., 2018]. As these black holes are

at a lower mass, and the coronal lines are expected to be enhanced, this is a conservative

estimate for predicted flux. The results of this study will provide valuable insight on the

results from Chapter 3 and will be necessary groundwork for planning observations with

JWST.

5.3 The Hunt for Intermediate Mass Black Holes in Low

Metallicity Dwarf Galaxies

5.3.1 Ground-based

Since SMBHs in massive bulge-dominated galaxies have undergone significant accretion

through multiple dynamical interactions over cosmic history, any information on the original

seed population will be erased. While optical emission lines have been used to search for

AGNs in dwarf galaxies [e.g., Reines et al., 2013], most may be dominated by star formation

regions, severely limiting the diagnostic power of optical surveys in determining the true

fraction of dwarf galaxies hosting SMBHs. This is a severe limitation, since the premise

behind the use of dwarf galaxies to probe seed black holes rests on the assumption that they

have had a quiescent cosmic history, free of external factors such as merging or tidal stirring,

which would drive gas to the center, fueling star formation, enriching the gas, increasing

the Sérsic index, and potentially fueling the SMBH.

To address this, I have begun a pilot study using Keck, Gemini, and LBT to search for

near-infrared coronal lines in low metallicity dwarf galaxies with mid-infrared photometric
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colors indicative of either AGN activity or extreme star formation. My diagnostic for low

metallicity is the optical emission line ratio log([N II]/H↵) < �1.0 using values reported

in the MPA-JHU catalog from the Sloan Digital Sky Survey (SDSS), which corresponds to

when the gas phase metallicity is less than approximately 10% Solar regardless of ionization

parameter [Groves et al., 2006]. This results in a sample of 20 galaxies which are bright

enough to be detected using existing ground-based facilities, with ⇡ 1500 more available

by space-based instrumentation, such as the future James Webb Space Telescope (JWST).

Through collaborators Barry Rothberg at LBT and Gabriela Canalizo at University of

California - Riverside, I have access to guaranteed time at LBT and Keck for this project,

along with time already awarded through proposals at Gemini and Keck through NOAO

and NASA, respectively. A paper on a pilot study object has been accepted to ApJ to test

coronal line visibility in a low mass, low metallicity galaxy, and observations have already

begun for our full sample, expected to be completed in Spring 2021. Targets that show

coronal line emission suggestive of an IMBH of mass < 105.5M� will be prime targets for

multi-wavelength study to understand their accretion and host galaxy properties in more

detail, with observatories such as Hubble Space Telescope, Chandra, NuSTAR, and the Very

Large Array (VLA).

5.3.2 JWST

While observations from ground-based telescopes as highlighted above can detect signs of

an accreting IMBH in nearby galaxies, the launch of the James Webb Space Telescope will

o↵er unprecedented sensitivity and the ability to observe wavelengths that are hidden by

atmospheric emission and absorption on the ground. Without the limitations from the

ground, we will be able to observe even fainter sources, and a window will be opened into

the mid-infrared, where models suggest the coronal lines will be brighter by several orders of

magnitude than in the near-infrared, even without counting e↵ects from extinction (Satyapal

et al. 2020, in prep). With these advantages, JWST will prove pivotally important in

unearthing the most elusive IMBHs hidden in low metallicity dwarf galaxies.
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5.4 XMM

With the advent of eROSITA, the scientific community will have an all-sky X-ray survey

expected to be 20⇥ more sensitive than current instruments in the 0.5-2 keV (“soft”) band,

and for the first time ever in the 2-10 keV (“hard”) band. This will allow for massive

statistical studies of dimmer and more distant X-ray sources than ever before. This could

potentially unearth a population of low metallicity and low mass AGNs heretofore unknown,

however the X-ray luminosities of AGNs in this regime are often low and indistiguishable

from stellar sources (e.g. Fragos et al 2013). An in-depth, multi-wavelength study of this

regime, such as the one I did on J1056+3138 in Cann et al. (2020), is needed to truly

constrain the occupation fraction of low mass, low metallicity AGNs with the upcoming

data.

As XMM-Newton has been taking observations across the sky for over 20 years with a

field of view of 30’, it has a vast archive of observations. I have compiled a sample of low

metallicity galaxies as defined in the previous section, with masses less than M⇤ < 1010.5M�

at redshifts z < 0.1. Of those observed by XMM, whether targeted or serendipitous, 11

have mid-infrared colors suggestive of an AGN using the Jarrett et al. (2011) WISE color

cut, and 14 and 56 galaxies fit the AGN mid-infrared color cuts of W1 � W2 > 0.8 and

0.5 respectively. We find a total of 139 observations overlapping with our sample of 56

galaxies. Through a specially developed pipeline (Secrest, et al. 2020) that reduces and

optimally stacks the images based on statistical calculations of signal-to-noise ratio, I will

place constraints on the X-ray luminosity function of this sample.

Regardless of the ability to constrain the presence of an AGN in low metallicity galaxies,

an X-ray study of this population will provide critical information about the X-ray lumi-

nosity dependence on other physical parameters. Using SDSS emission line measurements

and the WISE colors for each galaxy, I will constrain estimates for metallicity (Z), column

density (NH), ionization parameter (U), and gas density (n) using Cloudy simulations ran

over a vast parameter space (Table 5.1). With these constrained properties for each galaxy,
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Table 5.1: Cloudy Parameters

Parameter Symbol Range Probed Step Size
Column Density log(NH) 19-24 0.25
Metallicity Z 0.1� 1Z� 0.1
Gas Density log(n) 1.5� 3.5 0.5
Ionization Parameter log(U) �1��4 0.25

I will look for trends in X-ray luminosity with respect to the parameters probed. The results

of this study will be critical to addressing the diagnostic potential of eROSITA in tandem

with published multi-wavelength data in uncovering low mass AGNs in low metallicity dwarf

galaxies.
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Barkhouser, R. H., Bautista, J. E., Beifiori, A. r., Berlind, A. A., Bhardwaj, V., Bizyaev,

D., Blake, C. H., Blanton, M. R., Blomqvist, M., Bolton, A. S., Borde, A., Bovy, J.,

Brandt, W. N., Brewington, H., Brinkmann, J., Brown, P. J., Brownstein, J. R., Bundy,

K., Busca, N. G., Carithers, W., Carnero, A. R., Carr, M. A., Chen, Y., Comparat, J.,

Connolly, N., Cope, F., Croft, R. A. C., Cuesta, A. J., da Costa, L. N., Davenport, J.

R. A., Delubac, T., de Putter, R., Dhital, S., Ealet, A., Ebelke, G. L., Eisenstein, D. J.,

Esco�er, S., Fan, X., Filiz Ak, N., Finley, H., Font-Ribera, A., Génova-Santos, R., Gunn,

J. E., Guo, H., Haggard, D., Hall, P. B., Hamilton, J.-C., Harris, B., Harris, D. W., Ho,

S., Hogg, D. W., Holder, D., Honscheid, K., Huehnerho↵, J., Jordan, B., Jordan, W. P.,

Kau↵mann, G., Kazin, E. A., Kirkby, D., Klaene, M. A., Kneib, J.-P., Le Go↵, J.-M., Lee,

K.-G., Long, D. C., Loomis, C. P., Lundgren, B., Lupton, R. H., Maia, M. A. G., Makler,

M., Malanushenko, E., Malanushenko, V., Mandelbaum, R., Manera, M., Maraston, C.,

Margala, D., Masters, K. L., McBride, C. K., McDonald, P., McGreer, I. D., McMahon,
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Lützgendorf, N., Kissler-Patig, M., Gebhardt, K., Baumgardt, H., Noyola, E., Jalali, B., de

Zeeuw, P. T., and Neumayer, N. (2012). Central kinematics of the globular cluster NGC

2808: upper limit on the mass of an intermediate-mass black hole. A&A, 542:A129.

Lynden-Bell, D. (1969). Galactic Nuclei as Collapsed Old Quasars. Nature, 223:690–694.

Maccarone, T. J., Fender, R. P., and Tzioumis, A. K. (2005). Upper limits on central black

hole masses of globular clusters from radio emission and a possible black hole detection

in the Ursa Minor dwarf galaxy. MNRAS, 356:L17–L22.

Maccarone, T. J., Kundu, A., Zepf, S. E., and Rhode, K. L. (2007). A black hole in a

globular cluster. Nature, 445:183–185.

81



Magorrian, J., Tremaine, S., Richstone, D., Bender, R., Bower, G., Dressler, A., Faber,

S. M., Gebhardt, K., Green, R., Grillmair, C., Kormendy, J., and Lauer, T. (1998). The

Demography of Massive Dark Objects in Galaxy Centers. AJ, 115:2285–2305.

Maiolino, R., Nagao, T., Grazian, A., Cocchia, F., Marconi, A., Mannucci, F., Cimatti, A.,

Pipino, A., Ballero, S., Calura, F., Chiappini, C., Fontana, A., Granato, G. L., Matteucci,

F., Pastorini, G., Pentericci, L., Risaliti, G., Salvati, M., and Silva, L. (2008). AMAZE.

I. The evolution of the mass-metallicity relation at z > 3. A&A, 488:463–479.

Maiolino, R., Neri, R., Beelen, A., Bertoldi, F., Carilli, C. L., Caselli, P., Cox, P., Menten,

K. M., Nagao, T., Omont, A., Walmsley, C. M., Walter, F., and Weiß, A. (2007). Molec-

ular gas in QSO host galaxies at z &gt; 5. A&A, 472(2):L33–L37.

Makishima, K., Maejima, Y., Mitsuda, K., Bradt, H. V., Remillard, R. A., Tuohy, I. R.,

Hoshi, R., and Nakagawa, M. (1986). Simultaneous X-ray and optical observations of GX

339-4 in an X-ray high state. ApJ, 308:635–643.

Maksym, W. P., Ulmer, M. P., Roth, K. C., Irwin, J. A., Dupke, R., Ho, L. C., Keel,

W. C., and Adami, C. (2014). Deep spectroscopy of the MV ⇡ -14.8 host galaxy of a

tidal disruption flare in A1795. MNRAS, 444:866–873.

Malkan, M. A. (1986). Near-Ultraviolet Spectroscopy of Seyfert Nuclei: Reddening and

Bowen Fluorescence. ApJ, 310:679.

Mapelli, M., Colpi, M., and Zampieri, L. (2009). Low metallicity and ultra-luminous X-ray

sources in the Cartwheel galaxy. MNRAS, 395:L71–L75.

Marconi, A., van der Werf, P. P., Moorwood, A. F. M., and Oliva, E. (1996). Infrared and

visible coronal lines in NGC 1068. A&A, 315:335–342.

Mart́ınez-Palomera, J., Lira, P., Bhalla-Ladd, I., Förster, F., and Plotkin, R. M. (2020).

Introducing the Search for Intermediate-mass Black Holes in Nearby Galaxies (SIBLING)

Survey. ApJ, 889(2):113.

82
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Stone, N. C., Küpper, A. H. W., and Ostriker, J. P. (2017). Formation of massive black

holes in galactic nuclei: runaway tidal encounters. MNRAS, 467(4):4180–4199.

Storchi-Bergmann, T., Kinney, A. L., and Challis, P. (1995). Ultraviolet to Near-Infrared

Spectral Distributions of Star-forming and Seyfert 2 Galaxies. ApJS, 98:103.

Storchi-Bergmann, T., Schmitt, H. R., Calzetti, D., and Kinney, A. L. (1998). Chemical

Abundance Calibrations for the Narrow-Line Region of Active Galaxies. AJ, 115(3):909–

914.

Strader, J., Chomiuk, L., Maccarone, T. J., Miller-Jones, J. C. A., Seth, A. C., Heinke,

C. O., and Sivako↵, G. R. (2012). No Evidence for Intermediate-mass Black Holes in

Globular Clusters: Strong Constraints from the JVLA. ApJL, 750:L27.

Sturm, E., Lutz, D., Verma, A., Netzer, H., Sternberg, A., Moorwood, A. F. M., Oliva, E.,

and Genzel, R. (2002). Mid-Infrared line diagnostics of active galaxies. A spectroscopic

AGN survey with ISO-SWS. A&A, 393:821–841.

Svensson, R. (1999). Thermalization Mechanisms in Compact Sources. In Poutanen, J.

and Svensson, R., editors, High Energy Processes in Accreting Black Holes, volume 161

of Astronomical Society of the Pacific Conference Series, page 361.

92



Tagawa, H., Umemura, M., and Gouda, N. (2016). Mergers of accreting stellar-mass black

holes. MNRAS, 462(4):3812–3822.

Teng, S. H., Rigby, J. R., Stern, D., Ptak, A., Alexander, D. M., Bauer, F. E., Boggs, S. E.,

Brandt, W. N., Christensen, F. E., Comastri, A., Craig, W. W., Farrah, D., Gand hi,

P., Hailey, C. J., Harrison, F. A., Hickox, R. C., Koss, M., Luo, B., Treister, E., and

Zhang, W. W. (2015). A NuSTAR Survey of Nearby Ultraluminous Infrared Galaxies.

ApJ, 814(1):56.

Thuan, T. X. and Izotov, Y. I. (2005). High-Ionization Emission in Metal-deficient Blue

Compact Dwarf Galaxies. ApJS, 161(2):240–270.

Toba, Y., Oyabu, S., Matsuhara, H., Malkan, M. A., Gandhi, P., Nakagawa, T., Isobe,

N., Shirahata, M., Oi, N., Ohyama, Y., Takita, S., Yamauchi, C., and Yano, K. (2014).

Luminosity and Redshift Dependence of the Covering Factor of Active Galactic Nuclei

viewed with WISE and Sloan Digital Sky Survey. ApJ, 788(1):45.

Trump, J. R., Sun, M., Zeimann, G. R., Luck, C., Bridge, J. S., Grier, C. J., Hagen,

A., Juneau, S., Montero-Dorta, A., Rosario, D. J., Brandt, W. N., Ciardullo, R., and

Schneider, D. P. (2015). The Biases of Optical Line-Ratio Selection for Active Galactic

Nuclei and the Intrinsic Relationship between Black Hole Accretion and Galaxy Star

Formation. ApJ, 811:26.

Turner, T. J. and Pounds, K. A. (1989). The EXOSAT spectral survey of AGN. MNRAS,

240:833–880.

Van Borm, C., Bovino, S., Latif, M. A., Schleicher, D. R. G., Spaans, M., and Grassi,

T. (2014). E↵ects of turbulence and rotation on protostar formation as a precursor of

massive black holes. A&A, 572:A22.

van Wassenhove, S., Volonteri, M., Walker, M. G., and Gair, J. R. (2010). Massive black

holes lurking in Milky Way satellites. MNRAS, 408:1139–1146.

93



Veilleux, S. and Osterbrock, D. E. (1987). Spectral Classification of Emission-Line Galaxies.

ApJS, 63:295.

Vergani, D., Garilli, B., Polletta, M., Franzetti, P., Scodeggio, M., Zamorani, G., Haines,

C. P., Bolzonella, M., Guzzo, L., Granett, B. R., de la Torre, S., Abbas, U., Adami,

C., Bottini, D., Cappi, A., Cucciati, O., Davidzon, I., De Lucia, G., Fritz, A., Gargiulo,

A., Hawken, A. J., Iovino, A., Krywult, J., Le Brun, V., Le Fèvre, O., Maccagni, D.,
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