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Abstract of Dissertation

Investigating Circumnuclear Radio Emission Mechanisms in Hard X-ray Selected Active
Galactic Nuclei

Recent observations by the Fundamental Reference Active Galactic Nucleus (AGN) Moni-

toring Experiment (FRAMEx) explored radio quiet AGNs with the Very Long Baseline Ar-

ray (VLBA) to understand the source of radio emission for a volume-complete (< 40 Mpc)

sample of 25 hard X-ray selected AGNs. The sample has previously been detected in

archival radio data taken with the Very Large Array (VLA) but only 12 out of 25 sources

were detected at subparsec spatial scales when probed by the VLBA observations, despite

expectations. In this dissertation, I analyze the � 100 pc spatial scales of these AGNs at

the resolution limits of the recently upgraded VLA to explore potential radiation mecha-

nisms that may lead to the detection discrepancy. I used a newly obtained uniform set of

4� 12 GHz observations for all 25 FRAMEx targets with the VLA in its full-Stokes po-

larization mode and I describe the calibration, analysis, and imaging of these broadband

observations. I generated detailed imaging of the AGNs and their radio environments and

I uniquely measured 4� 12 GHz spectral energy distributions for the nuclei of all targets

in the sample. I find that the AGNs without VLBA detections have spectral indices in-

dicative of optically thin synchrotron emission while the VLBA-detected objects have the

brightest radio emission at VLA resolution and show signatures of spectral curvature. I

consider these observations in the context of whether the radio emission could be domi-

nated by coronal emission, jet activity, AGN winds, or star forming processes. I find that

radio emission origins remain ambiguous for a majority of the targets if it were entirely

due to coronal or jet activity. I demonstrate that the radio emission is likely too luminous

for star formation alone and that AGN winds are a viable mechanism of radio emission

produced in situ from an energetics perspective.
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Chapter 1: Introduction

1 An Active Galactic Nucleus

The �rst studies of extragalactic sources began in earnest in the middle of the 20th century,

when Grote Reber measured the 160 MHz intensity of the sky with a homemade re�ec-

tor, and in the process discovered several bright spots �xed in space (Reber, 1940, 1944;

Shields, 1999). A decade of observations of the radio sky followed Reber's initial measure-

ments and culminated in the fact that these were discrete “radio stars” uniformly distributed

across the celestial sphere, and they were initially thought to be situated within the Galaxy

(Hey et al., 1946; Ryle et al., 1950). The “radio stars,” which came to be known as quasi-

stellar objects (or quasars for short), were subsequently identi�ed in optical wavelengths.

Their optical spectroscopy showed considerable redshifts which was only explainable if

the source was extragalactic. (Baade & Minkowski, 1954; Schmidt, 1963). It was then

posited that the strong radio emission in the distant sources comes from a massive object

that generates energy through the accretion of matter (Hoyle & Fowler, 1963; Salpeter,

1964; Lynden-Bell, 1969; Lynden-Bell & Rees, 1971; Lynden-Bell, 1978).

It is now an established fact that nearly all spiral and elliptical galaxies contain a pow-

erful supermassive black hole (SMBHs, black holes above 106 solar masses,M� ) encased

within a complex nucleus comprised of gas, dust, and stars (Kormendy & Richstone, 1995).

This has been shown dynamically through the observations of spatially resolved gas kine-

matics around the massive sources in the galaxies M87 and NGC 3379 (Sargent et al.,

1978), the motion of stars within our own Galaxy's center (Ghez et al., 2008; Genzel et al.,

2010), and even the direct imaging using Very Long Baseline Interferometry (Event Hori-

zon Telescope Collaboration et al., 2019, 2022). When matter falls onto the black hole

through active accretion, intense radiation is generated across the electromagnetic spec-

trum (Lynden-Bell, 1969; Urry, 2003). This process of nuclear accretion de�nes the central

engine in what is known as an active galactic nucleus (AGN). These sources have become

1



a topic of study in the last few decades at a multitude of wavelengths (see Kormendy & Ho

2013 for a qualitative review of SMBHs and their host galaxies).

Figure 1.1(a) depicts a diagram of a typical AGN. Very near to the central black hole

(within tens of lightdays), matter �ows in a geometrically thin accretion disk (Guo et al.,

2022; Kaspi et al., 2005). The rotational accretion process rapidly heats up the surrounding

medium known as the “corona” (104–107 K; Yuan & Narayan, 2014) to produce X rays

through the Compton scattering of photons (Haardt & Maraschi, 1991; Heckman & Best,

2014; Guo et al., 2022). Photons in the corona radiate away from the disk and photoion-

ize dense gas clouds in a surrounding area known as the broad-line region (BLR), which

extends from lightdays to lightyears. BLR spectra have a strong presence of Doppler-

broadened optical and ultraviolet (UV) emission lines with large velocity dispersions (sev-

eral thousand km/s; Peterson, 2006; Antonucci, 1993). Surrounding the BLR is a dusty

torus of molecular gas clouds that extends out to several parsecs (where 1 parsec is 3.26

lightyears; Zou et al., 2019; Murphy & Yaqoob, 2009). Hundreds of parsecs above and

below the accretion disk is the narrow line region (NLR), which has spectra with emission

lines caused by lower-density, lower-ionized gas clouds with smaller velocity dispersions

than the BLR (. 1000 km s� 1; Antonucci, 1993; Urry & Padovani, 1995). A hot stellar

cluster surrounds AGNs in spiral galaxies, forming a spheroidal bulge of stars which have

radii that extend� kiloparsecs from the central source (see IC 2461 in 1.1(b); Freeman,

1970; Magorrian et al., 1998; MacArthur et al., 2003; Möllenhoff, 2004).

Approximately 5� 10% of AGNs launch powerful jets in which electrons are acceler-

ated to relativistic speeds along a magnetized plasma (Panessa et al., 2019; Hardcastle &

Croston, 2020). This highly collimated structure appears to be dominated by synchrotron

radiation, indicated by its strongly linearly polarized continuum that is observable at both

optical and radio wavelengths (Krolik, 1999; Meisenheimer et al., 1989). Jets in AGNs

illuminate their surroundings to become some of the most luminous objects observable in

the Universe, even at extreme distances (with a record holder atz = 7:642; Wang et al.,
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(a) Model of the central engine (b) IC 2461: Optical imaging results

Figure 1.1: (a) Model of the central engine in an AGN with the various components labeled
(Figure from Antonucci, 2022). Though the radius of the event horizon of the SMBH is
small relative to a galaxy (� 10 lightseconds or� 10� 7 parsecs forMBH = 106M� ), its
effects reverberate to the edges of the stellar bulge (� kiloparsecs). (b) Archival Sloan
Digital Sky Survey imaging of IC 2461, a FRAMEx target, showing an edge-on galaxy
with a central bulge (Kollmeier et al., 2019).

2021). Quasars are distant galaxies with AGNs that appear pointlike and have emission

dominated by jets that outshine the billions of stars that their host galaxies are comprised

of (Blandford & Königl, 1979). Meanwhile, nearby sources with jets may be resolved and

appear to have an elongated morphology for� kiloparsecs (e.g Cygnus A; Jennison & Das

Gupta, 1953; Hargrave & Ryle, 1974).

2 AGNs and their Host Galaxies

2.1 AGN types and Orientation Effects

AGNs are roughly classi�ed into two main categories based on their optical and UV spec-

troscopy (Khachikian & Weedman, 1974). Type 1 AGNs appear to contain bright continua

with both narrow-line emission spectra alongside high-velocity broad emission lines which

are presumed to originate from the SMBH's deep gravitational well. Type 2 AGNs have
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weaker continua than Type 1 AGNs and have narrow emission lines but broad emission

lines are typically not observed. There is not a strict dividing line but rather a gradation

between these two types of AGNs and the observable quantities of AGNs may depend

strongly on the orientation of the host galaxy, as has been proposed in the standard uni�ca-

tion scheme for AGNs (Urry & Padovani, 1995; Antonucci, 1993; Zou et al., 2019; Netzer,

2015). The uni�cation model, depicted in Figure 1.1(a), suggests that the anisotropic na-

ture of the central engine plays a major role in characterizing AGNs. This means that the

orientations of the host galaxies may cause an obscuration of otherwise detectable optical

and UV emission lines with intervening material such as dust and gas. In this case, the

Type 1 AGNs have a direct line of sight to the broad- and narrow-line regions whereas the

BLRs are obscured by a dusty torus in Type 2 AGNs.

2.2 AGN Feedback

Active accretion may play a fundamental role in regulating the simultaneous growth and

evolution of both the SMBH and the host galaxy bulge through a process called AGN

feedback (Hopkins & Elvis, 2010; Fabian, 2012; Merloni & Heinz, 2013). Though not

completely distinct, AGNs are subject to two typical feedback modes: radiative and kinetic.

In radiative mode feedback, a luminous AGN with a growing SMBH is thought to facilitate

an increasing radiative output while concurrently heating the in�owing gas up to a critical

energy, at which point that gas is expelled through powerful AGN winds (Silk & Rees,

1998; Fabian, 1999; Hopkins et al., 2005; Fabian et al., 2006). Meanwhile, AGNs in the

kinetic mode have a low accretion �ow but deposit a majority of their energy into radiatively

inef�cient but mechanically powerful radio jets (Morganti, 2017; Morganti et al., 2013;

Yang & Reynolds, 2016).

Only a small number of observable AGNs convert their energy into a massive colli-

mated jet which maintains a hot and tenuous environmental state through kinetic mode
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feedback. In contrast, radiative processes from AGNs appear to be ubiquitous throughout

the evolution of the galaxies, suggesting that jets are short lived over the lifetime of a galaxy

when (or if) they are formed.

The radiative feedback process may inform the close interlink observed between the

SMBH mass (MBH) and the stellar velocity dispersion (s ) of the central galactic bulge,

which appear to be tightly correlated despite the relatively small gravitational sphere of

in�uence of the SMBH (i.e. theMBH � s relation; Ferrarese & Merritt, 2000; Gebhardt

et al., 2000; Tremaine et al., 2002). In this scenario, a suf�ciently high accretion rate gen-

erates a quasi-spherical out�ow that drives the surrounding gas into an enveloping shell.

The accretion rate that controls the black hole growth is likely set by external conditions

such as interactions or mergers with nearby galaxies (King, 2003). The shell expands until

it reaches a critical radius and velocity where enough mass has been gathered to compress

and shock the ambient medium. Within this critical radius, ef�cient cooling can occur, pre-

sumably allowing for the formation of stars that make up the galactic bulge (King, 2003).

A multistage galactic evolution model takes shape in which the radiatively ef�cient

accretion process feeds a growing SMBH. As out�ows drive gas and dust out of the nucleus,

the central engine begins to shine as a bright optical quasar (Sanders et al., 1988; Springel

et al., 2005; Fabian, 2012). Eventually SMBH growth and star formation ceases within

the bulge due to a lack of fuel, and the black hole becomes dormant (with typical masses

& 107 � 108M� ; Soltan, 1982; Chokshi & Turner, 1992), depicting theMBH � s relation

in the nearby Universe seen today (Fabian, 2012; Hopkins & Elvis, 2010). Disentangling

how the �ow of mass and energy affects AGNs at all wavelengths is therefore crucial to

forming an understanding of the potential co-evolutionary relationship between the SMBH

and its host bulge.
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2.3 A Fundamental Plane of Black Hole Activity

With the advent of theMBH � s relationship, astronomers noted a tight relation between

X-ray and radio luminosities in SMBHs (Sambruna et al., 1999; Brinkmann et al., 2000),

in combination with the fact that stellar-mass black holes show remarkable similarities

in features and structure to SMBHs (Gallo et al., 2003; Churazov et al., 2005; Körding

et al., 2006). In stellar-mass black holes (which result as the �nal evolutionary stage in

massive stars), cyclic X-ray and radio activity appears to be coupled to the accretion of

gravitationally attracted gas from a companion star (the pair are known as X-ray binaries,

or XRBs; Fender & Mũnoz-Darias, 2016). When accretion is low, hard X-ray intensity is

closely linked with strong responses at radio wavelengths through synchrotron radiation

as a quasi-steady jet begins to form (Fender et al., 2004; Fender & Belloni, 2004). When

mass accretion onto the black hole rapidly increases in the “thermal state” of XRBs, they

become highly luminous and soft X rays start to dominate the spectrum. The accretion

intensity increases to a critical point which results in an outburst that drives hot and uncol-

limated winds away from the black hole (Miller et al., 2008; Neilsen & Lee, 2009; Shakura

& Sunyaev, 1973). The balance of energy is subsequently disrupted and the radio jet then

decouples from the black hole, leaving behind only a compact radio core. The X-ray spec-

trum then begins to harden as the accretion intensity drops and the disk cools in the “hard

state” of XRBs, and the cycle repeats (Remillard & McClintock, 2006).

Two studies early in the millennium sought to explain the correlation between X-ray

and radio luminosities in both stellar-mass and supermassive black holes. One focused

on the black hole jets as associated with their mass and accretion rates, and found an X-

ray-to-radio correlation for black holes of all masses, but only when a systematic offset

correcting for a constant black hole mass was applied to AGN (Falcke et al., 2004). A

separate study explored black holes of all masses and the connection between their X-ray

luminosity (LX), radio luminosity (LR) and mass (MBH; Merloni et al., 2003). A potential
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Figure 1.2: The fundamental plane of black hole activity Merloni et al. (2003), with the
radio luminosity,LR, along the vertical axis and the X-ray luminosity,LX, and BH mass,
MBH, along the horizontal axis. Stellar-mass black holes are on the bottom left in black
circles while SMBHs are the remaining colored data points in the top right.

uni�cation scheme emerged, known as the fundamental plane (FP) of black hole activity,

which combined X-ray and radio observations of both SMBHs and stellar-mass black holes

with their associated masses using archival data:

logLR =
�
0:6+ 0:11

� 0:11

�
logLX +

�
0:78+ 0:11

� 0:09

�
logMBH + 7:33+ 4:05

� 4:07: (1.1)

Figure 1.2 depicts the FP relation, with stellar-mass black holes on the bottom left and

SMBHs in AGNs in the upper right. The implication is that there is a tight relation between

the physical aspects of black holes that are exhibited through these observable quantities.

That is, the accretion �ow revealed through X-ray emission is tightly coupled to the jet and

wind activity revealed through radio emission. So the FP suggests an intrinsic connection

between the input and output energy as regulated by the mass of the black hole, while the

MBH � s relation suggests that the SMBHs evolved together with their host bulges.
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(a) (b)

Figure 1.3: (a) The FRAMEx sample circled in red within the volume-complete region
(solid line) with redshift along the horizontal axis and X-ray luminosity along the vertical
axis. The dashed line represents the X-ray luminosity �ux limits of the 105-month Swift
BAT catolog. (b) Zoomed view of the FP with FRAMEx VLBA observations marked as
colored squares. Grey circles represent the original FP with the dashed line being the
best �t. The red and blue squares represent VLBA detected sources and the green squares
represent the VLBA non-detection upper-limits, showing that these high resolution mea-
surements appear to fall below the FP predictions.

3 The Fundamental Reference AGN Monitoring Experiment

Interestingly, the FP has recently been put to the test. The Fundamental Reference AGN

Monitoring Experiment (FRAMEx; Dorland et al., 2020) is an observational campaign

studying the radio positions and morphologies of nearby AGNs over time. The FRAMEx

campaign utilized the 105-month Neil Gehrels Swift Observatory (Swift) Burst Alert Tele-

scope (BAT) All-sky Hard X-ray (14–195 keV) Survey (Oh et al., 2018) to select a sam-

ple of AGNs with luminosities above 1042 erg s� 1, corresponding to a radio luminosity

of 1036 erg s� 1 for a 106M� black hole according to the FP.Swift/BAT has a known �ux

sensitivity limit such that the 1042 erg s� 1 luminosity threshold de�nes a volume-complete

sample of AGNs within a distance limit of. 40 Mpc, providing for a statistically represen-

tative sample of nearby AGNs. Figure 1.3(a) highlights the initial FRAMEx sample of 25
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AGNs which were observed with radio and X-ray initial snapshot observations, alongside

the full Swift/BAT AGN catalog (Fischer et al., 2021). Radio observations at 6 GHz were

conducted with the Very Long Baseline Array (VLBA), thereby providing very high angu-

lar resolution observations (� milliarcsecond) to probe the (ostensible) core AGN emission

at subparsec physical scales.Swift X-ray Telescope (XRT) 2� 10 keV observations oc-

curred simultaneously with the radio observations to mitigate any core AGN variability

concerns and to allow for assessment of any concurrent wavelength- and energy-dependent

radiation mechanisms. The initial results were surprising: FRAMEx detected only 9 out

of the 25 targets observed with the VLBA, and radio luminosity upper limits for the 16

non-detections were well below the FP predictions, as shown in Figure 1.3(b). In contrast,

the full results from Merloni et al. (2003) suggest that lower (� arcsecond) resolution radio

observations by the Very Large Array (VLA) of the same sources fall within the FP expec-

tations.

A multi-pronged observational approach followed this �rst result. First, FRAMEx per-

formed a monitoring campaign for some of the detected objects (i.e., the “M” in FRAMEx),

observing every 28 days for six epochs, again with simultaneousSwift/XRT and VLBA

observations (Fernandez et al., 2022, 2023). The time-series analysis of the �uxes and

morphologies for NGC 2992 in Fernandez et al. (2022) showed that the target had radio

variability that was observed to be anticorrelated with its X-ray variability, suggestive of an

outburst associated with the accretion disk. A second approach was focused on reobserving

9 of the 16 objects that were not originally detected with the VLBA, but with four times the

integration time in order to double the sensitivity as compared to the original observation.

Still, only 3 of the 9 targets were detected with these deeper observations, bringing the total

number of FRAMEx detections to 12 out of 25. Morphologically, some FRAMEx targets

appear pointlike, are slightly extended, or even resolve into multiple components when ob-

served with the high-resolution of the VLBA, so a third study involved multi-frequency

radio observations at 1.4, 4.4, 8.6, and 22 GHz of all of the VLBA-detected sources to
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more robustly determine the true central origin of radio emission (Shuvo et al., 2024). For

instance, NGC 3079 is one of the brightest FRAMEx targets at arcsecond resolution and

resolves into two bright components at the high resolution that the VLBA offers. The AGN

is thought to be embedded in between the two components based on water maser emission

dynamics (Kondratko et al., 2005) and the compact radio knots appear to be separating

from its presumed location, as discussed in Fernandez et al. (2023). These observations

showed that no radio emission is detected to be coincident with the AGN at any of the

observed frequencies in Shuvo et al. (2024) (or Kondratko et al., 2005), perhaps indicating

that the AGN is truly radio silent.

While these VLBA follow-up observations probe the accretion region of the SMBH,

the lack of detections for many of the FRAMEx targets at the exquisite spatial scales of

the VLBA is peculiar considering that they were hard X-ray selected and are bona �de

AGNs. With respect to the FP, which is expected to hold regardless of the resolution, even

the VLBA-detected objects begin to diverge from expectations with high-resolution radio

observations. The discrepancy between the archival� 1 arcsecond resolution observations

and the milliarcsecond resolution VLBA observations therefore calls into question relia-

bility of the FP for AGN activity at the subparsec level. This is further exacerbated when

considering that in some cases the high-resolution observations of detected radio emission

may not be due to core AGN activity (as in NGC 3079), but is in fact the result of extranu-

clear processes.

4 Thesis Objectives & Outline

In this thesis, I aim to better understand what is occurring in the intermediate spatial scales

between the subparsec spatial scales probed by the VLBA observations and the� 100 par-

sec spatial scales measured in the VLA archival data for each of the 25 AGNs observed

for FRAMEx. One issue is that the archival VLA observations used for the original FP
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work in Merloni et al. (2003) spanned multiple decades, scienti�c studies and goals, and

used differing resolutions. Furthermore, in 2012 an across-the-board upgrade of the VLA

was completed which included an increase to a continuous 1–50 GHz frequency coverage,

higher spectral resolution, a wider observing bandwidth, and improved sensitivity. There-

fore, the upgraded VLA was chosen to observe all 25 FRAMEx sources, to obtain a uniform

sample of data for an in-depth analysis of their emission properties. We observed the full

sample with the VLA with full-Stokes polarization, fully utilizing the wideband receivers

to observe with a continuous 4-12 GHz frequency range. These observations allow a thor-

ough analysis of the morphological, spectral, and polarization properties of the full sample

in this frequency range. Using these new VLA observations, I will calibrate, image, and

analyze the 25 FRAMEx targets in search of the VLBA and VLA discrepancies in order

to gain a deeper insight into the spectral and spatial structure of AGNs, while exploring

the correlative behavior between the in�ow and out�ow mechanisms in these sources. I

provide a roadmap and short summary of each discussion topic in this dissertation below.

In Chapter 2, I introduce and describe the calibration and imaging methods used for

the VLA FRAMEx survey which I used to determine the spatial, spectral and polarization

structure across the full 4� 12 GHz band. In the chapter, I present a case study for the radio

quiet AGN NGC 4388, which had a faint detection at VLBA resolution. Speci�cally, I pro-

vide imaging results for both the Stokes I continuum and the linearly polarized continuum.

Additionally, I compare the imaging results to ancillary data at optical and X-ray wave-

lengths by comparing the radio morphology and spectral properties to the multi-wavelength

structure.

In Chapter 3, I extend the analysis to the full sample and provide Stokes I continuum

imaging results at 6 GHz and 10 GHz. I accompany the images with in-band spectral

energy distributions across the full 4� 12 GHz bandwidth at exquisite spectral resolution.

I analyze the spectral structure derived from the nuclear emission at VLA resolution by

�tting the results with both a power-law model and a power-law with curvature model. I
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perform a statistical study on the spectral properties of this AGN sample and I show that

there are several sources with statistically signi�cant curvature.

In Chapter 4, I explore several potential mechanisms of the circumnuclear radio emis-

sion that is detected with the VLA but not the VLBA. In this chapter, I �rst analyze how

the theoretical size of the radio emitting source compares to a typical accretion disk extent.

I then analyze the energy budget of the AGN and explore whether it can suf�ciently supply

the radio emission excess observed by the VLA if it were dominated by either AGN winds

or star-forming processes. Lastly, I explore whether the extranuclear emission can poten-

tially be due to jets or uncollimated out�ows.

Finally, in Chapter 5, I summarize my �ndings and describe how my work has con-

tributed to our understanding of AGNs. I also provide a future outlook for the VLA

FRAMEx project and other opportunities to further our understanding of AGNs.

All the chapters in this thesis are my own work, with input and feedback from my

advisors, Dr. Alexander J. van der Horst and Dr. Megan C. Johnson, and my collaborators.

Chapter 2 was published in the Astrophysical Journal (Sargent et al., 2024), and Chapter 3

has been accepted for publication by the Astrophysical Journal (Sargent et al., 2025).
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Chapter 2: Case Study: NGC 4388

1 Introduction

Active Galactic Nuclei (AGNs) are morphologically complex objects that can vary dra-

matically in appearance as a function of orientation with respect to the line of sight, wave-

length, and time. In general, AGNs are thought to have a supermassive black hole (SMBH)

surrounded by a thermal accretion disk that peaks in the ultraviolet (UV) on scales of a

few light-days from the event horizon, the last stable orbit around the SMBH (e.g., Guo

et al., 2022), a broad line region (BLR) of high-velocity gas on scales of tens to hundreds

of light-days (e.g., Bentz et al., 2013; Guo et al., 2022), and dense molecular gas orbiting

at parsec scales (e.g., Combes et al., 2019) that is likely responsible for AGN reddening

and obscuration. On tens to thousands of parsec scales, ionizing radiation from the ac-

cretion disk produces strong forbidden line emission such as [OIII ] in the host galaxy's

interstellar medium (ISM), producing the “narrow line region” (NLR; e.g., Schmitt et al.,

2003; Gallimore et al., 2006). The NLR also typically shows synchrotron emission at GHz

frequencies due to jets, shocks from AGN disk winds, or nearby star formation, and the

kinematics and power of the NLR are strongly correlated with GHz radio luminosity (e.g.,

Mullaney et al., 2013). Time-domain reverberation studies have shown that the closest

physical structure to the SMBH is the hot X-ray corona, a compact structure of uncertain

morphology that exists a few gravitational radii from the event horizon and is responsible

for inverse-Compton scattering of disk UV photons to� 1� 100 keV energies (e.g., Fabian

et al., 2015, and references therein). The X-ray corona may also be the origin of core radio

emission in “radio-quiet” AGNs, which comprise� 90% of all AGNs (for a recent review,

see Panessa et al., 2019). The radio emission from� 10% of AGNs that are “radio-loud”

(e.g., the ICRF radio sources) is likely powered by a relativistic jet, the production of which

is a topic of ongoing study, but is likely connected to SMBH spin (as reviewed in Blandford

et al., 2019).
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Studies of nearby galaxies often allow for the location and morphologies of the various

accretion and emission structures seen in AGNs to be resolved. This is not the case for

moderate-redshift (z� 1) AGNs, where 1arcsec corresponds to< 10 kpc, in which only the

relativistic jets are resolvable. The unresolved structure on parsec scales shows evidence of

wavelength and time-dependent apparent positions, which creates a problem for efforts to

produce a multiwavelength celestial reference frame. Consequently, the enabling of preci-

sion comparable to radio Very Long Baseline Interferometry (VLBI) in optical astrometry

by Gaia led to con�rmation that� 15% of the radio AGNs that comprise the International

Celestial Reference Frame (ICRF) have signi�cantly offset optical and radio positions, typ-

ically differing by 0:1� 1 mas (� 0:8 � 8 pc atz = 1). While optical and radio position

angles may be correlated in VLBI sources with measurable jet angles (Kovalev et al., 2017),

the nature of these offsets is likely complex and requires a more complete picture of AGN

accretion and the relationship between AGNs and their host galaxies.

Toward this goal, the Fundamental Reference AGN Monitoring Experiment

(FRAMEx) is an observational campaign led by the U.S. Naval Observatory to study the

apparent radio positions and morphologies of AGNs by probing AGN cores at subparsec

scales. The FRAMEx campaign utilized the 105 months Neil Gehrels Swift Observatory

(Swift) Burst Alert Telescope (BAT) Catalog (Oh et al., 2018) to construct a volume-

complete sample of 25 nearby (< 40 Mpc) AGNs with hard X-ray (14–195 keV) lumi-

nosities above 1042 erg s� 1. This hard X-ray luminosity threshold corresponds to a radio

luminosity of 1036 erg s� 1 for a 106 solar mass BH according to the Fundamental Plane of

black hole activity (FP; Merloni et al., 2003). Fischer et al. (2021, hereafter FRAMEx I)

campaign obtained Very Long Baseline Array (VLBA) observations at 6 GHz contempo-

raneously with the Swift X-Ray Telescope (XRT) for the 25 targets, and the results were

surprising: the VLBA detected only 9 out of the 25 target sources despite deep integrations

to achieve rms noise levels of� 20 mJy. The corresponding radio luminosity upper limits

for the 16 nondetections were far below the FP predictions, despite the same objects ap-
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pearing to follow the FP when using archival Karl G. Jansky Very Large Array (VLA) data

at lower resolution (see Figure 4 of FRAMEx I).

Since FRAMEx I, several follow-up observing campaigns have been carried out. FRAMEx

performed a monitoring campaign for the nine VLBA detections, observing every 28 days

for six epochs, again with quasi-simultaneous Swift XRT and VLBA observations. The

�rst results on the X-ray-variable Seyfert NGC 2992 showed anticorrelated variability be-

tween the core radio and 2� 10 keV X-ray emission (Fernandez et al., 2022, hereafter

FRAMEx II), suggesting an increase in free-free absorption in the BLR cotemporal with

an X-ray �are, possibly due to an accretion disk outburst.

Another follow-up expanded the FRAMEx sample with snapshot observations of nine

new objects to include targets with both cosmological and redshift-independent distances

less than 40 Mpc, resulting in a total of 34 objects, and reobserved nine of the 16 objects

not detected by the VLBA in FRAMEx I (Shuvo et al., 2022, hereafter FRAMEx III). The

reobservations were again done with the VLBA, but with the integration time quadrupled

in order to double the sensitivity as compared to the original observations. Despite very

deep observations, rms noise levels of 10mJy, only three out of the nine targets were

detected. The strict upper limits on theirLR=LX ratios are as low as< 10� 8 for these hard

X-ray-selected AGNs, and FRAMEx III analysis suggests that these “radio silent” objects

may be experiencing strong synchrotron self-absorption (if the object has a high brightness

temperature) or free-free absorption in their cores as observed in NGC 2992 in FRAMEx II.

The lack of detections for many of the FRAMEx targets at the spatial scales of the

VLBA versus the archival data for those same targets using the VLA is peculiar, especially

in light of results that the same population of AGNs has a nearly� 100% detection rate

at 22 GHz with the VLA (Smith et al., 2020b). If the FP scaling relationship is indeed

universally true for accreting black holes, then we might expect it to be invariant to changes

in angular resolution. On the other hand, the FRAMEx I result implies that any relationship

between the observed radio and X-ray luminosities in AGNs develops on larger scales in
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emission resolved out by the VLBA, calling into question a direct causal relationship with

black hole mass, at least for the SMBHs that power AGNs.

The archival VLA observations discussed in FRAMEx I, however, come from a time

range spanning 30+ yr, all with differing �ux limits, array con�gurations and science goals.

In 2012, the VLA was upgraded to the Karl G. Jansky VLA and now has a 100% frequency

coverage from 1 to 50 GHz and can simultaneously measure up to 4 GHz in bandwidth in its

dual polarization mode. Therefore, the VLA was chosen to observe the 25 FRAMEx I tar-

gets at its most extended A-array con�guration with full-Stokes polarization across 4� 12

GHz. These wide bandwidth observations provide an opportunity to �ll in the large angular

disparity from the archival VLA data and simultaneously obtain a uniform data set across

all 25 FRAMEx targets. With the A-array con�guration, we probe the highest spatial reso-

lution of the VLA (� 0:003 at 5 GHz) such that we can compare it to the largest angular scale

of the VLBA (� 0:0005 at 5 GHz). Simultaneously, these radio continuum observations will

allow us to more stringently determine the emission processes and magnetic �eld proper-

ties and at what physical scales they occur. The wideband VLA observations provide the

sensitivity and(u; v)-coverage to study the impact of the AGN on the nuclear environment

on spatial scales ranging from tens to thousands of parsecs.

In this work, we present the �rst results from this new observational campaign for

the target NGC 4388 and analyze its spatial, spectral, and polarization features. Table

2.1 shows the parameters for NGC 4388 used in our analysis. The observations and data

calibration for NGC 4388 are discussed in Section 2, we present our results in Section 3,

and then provide an analysis of these results in comparison to ancillary data in Section 4.

2 Methodology

2.1 Observations

Our VLA FRAMEx data was observed under the project code 20B-241 (P.I. Fischer).
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Table 2.1: Properties of NGC 4388

Parameter Value Source
Type Sy2 1

Redshift 0.0084 1
Distance 16:8 Mpc 2

log(MBH) 6:94M� 1
log

�
LX; 2� 10 keV

�
43:03 erg s� 1 1

LHa (0:39� 0:06) � 1041 erg s� 1 3
Star Formation Rate 2:42� 0:23M� yr� 1 3

SNRmax 5:9� 10� 2 yr� 1 1
Note.NGC 4388 primary target parameters.
(1) Fischer et al. (2021), Table 1.
(2) Merloni et al. (2003), Table 1.
(3) Vargas et al. (2019), Table 2.

X-band (8� 12 GHz, scheduling block 39382198) observations of NGC 4388 occurred on

2021 March 2 andC-band (4� 8 GHz, scheduling block 39381834) observations on 2021

March 3. Table 2.2 indicates the calibration and target sky positions and on-source times,

and Table 2.3 shows the observing parameters. First, the primary calibrator 3C 286 was

observed for absolute �ux density calibrations and polarization angle calibration. This was

followed by an observation of the unpolarized source J1310+3220 to calibrate for polar-

ization leakage between the crosshands. We then used phase referencing by alternating 2

minute observations of the phase calibrator source J1254+1141 with 9 minute observations

of the target. On-source time totaled 45 minutes per band. This provides for a theoretical

noise level of� 17 mJy beam� 1 per 128 MHz spectral window for 25 antennas, assuming a

system equivalent �ux distribution (SEFD) of 300 Jy, a correlator ef�ciency of 0.93, and a

15% data loss due to radio frequency interference (RFI). The VLBA snapshot observations

in FRAMEx I targeted a 5s detection of� 100mJy beam� 1 across a 512 MHz band.

2.2 Data Calibration

We used the Common Astronomy Software Applications (CASA; CASA Team et al., 2022),

version 6.5, for our data reduction and followed the calibration strategy used by CHANG-
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Table 2.2: Observing Targets

Target R.A. Decl. Tint;C Tint;X

Primary Target NGC 4388 12h25m46:s810 + 12� 39043:0040 2612 s 2616 s
Primary Flux Cal. 3C 286 13h31m08:s288 + 30� 30032:0096 974 s 972 s

Polarization Angle Cal. 3C 286 13h31m08:s288 + 30� 30032:0096 974 s 972 s
Polarization Leakage Cal. J1310+3220 13h10m28:s664 + 32� 20043:0078 774 s 774 s

Primary Phase Cal. J1254+1141 12h54m38:s256 + 11� 41005:0089 964 s 960 s

Note. The calibration and primary targets and their positions are described in Columns
1� 4. TheC- andX-band integration times are in Columns 5 and 6, respectively.

Table 2.3: Observation Parameters

Parameter Value
VLA Con�guration A! D

Longest Baseline 36.6 km
Shortest Baseline (C-, X-band) 40.0 m, 129.0 m

Number of antennas (C-, X-band) 26, 25
Total bandwidth per band 4 GHz

Number of intermediate frequency windows per band 32
Total bandwidth per window 128 MHz

Number of spectral channels per window 64
Frequency resolution 2 MHz

Correlations RR, RL, LR, LL

ES (Irwin et al., 2012). For a consistent data calibration across the entirety of the two

observations, we opted to manually calibrate the data as opposed to utilizing theCASA

calibration pipeline. This is primarily for the extensive �agging required due to RFI on

theC-band data range. Additionally, polarization calibration is not currently part of the

automated pipeline routines. We calibrated for the total intensity from the StokesI contin-

uum, which is the sum of the time-averaged correlations across the right and left circular

feeds (I = RR+ LL
2 ). StokesQ andU continuua measure the linearly polarized emission from

the cross-hand correlations, RL and LR (Q = RL+ LR
2 , U = RL� LR

2i ). StokesV measures the

circularly polarized continuum from the difference between the right and left circular cor-

relations (V = RR� LL
2 ).
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2.2.1 StokesI Continuum

First, we calculated a priori calibrations for the gain curve (the antenna zenith-angle gain

dependence), antenna positions, and weather opacity. These were applied to the primary

calibrator prior to calculating an initial delay calibration table withgaincal , which re-

moved antenna-induced phase slopes in frequency. We usedhanningsmoothon the delay-

corrected data, then applied initial �ags withflagdata using the automated �agging rou-

tine tfcrop on the calibrator sources. Next, we usedsetjy to set the �ux density of the

primary calibrator. To maintain a consistent model for the polarization calibration, we man-

ually inserted a model for 3C 286 rather than use the built-in model, as the Perley-Butler

2017 model does not model for StokesQ, U or V. We scaled the spectral �ux density as a

function of frequency using the polynomial and coef�cients for 3C 286 in Perley & Butler

(2017) by �tting data between 3:5 � 14 GHz. We next calibrated for the amplitude and

phase as a function of frequency on 3C 286 usingbandpass. With the bandpass applied,

we determined the phase and amplitude gain calibrations for all three calibrator sources

usinggaincal . We bootstrapped the �ux amplitude scaling from 3C 286 to the other two

calibrators usingfluxscale . We then applied the bandpass, gain phase, and amplitude

calibrations to the calibrator sources for imaging. Finally, the bandpass and complex gain

solutions were applied to the target source from the phase calibrator. After the calibration

tables were applied, we carefully checked the visibility data for all calibrators and the tar-

get usingplotms to remove frequency- and time-based RFI spikes in amplitude and phase.

The calibration procedure was then repeated until there was no obvious RFI in the visibility

amplitudes.

2.2.2 Polarization Calibration

For the polarization calibration, we started by running the automated �agging routines in

flagdata (tfcrop and rflag ) to remove any residual RFI on the calibration sources.
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We derived the polarization properties from the NRAO polarization data tables for 3C 286

from 2019 to scale the polarization fraction as a function of frequency.1 The intrinsic

polarization angle of 3C 286 for the linearly polarized emission was set to 33� for theC-

band observation and 34� for theX-band observation. The coef�cients for the �ux density,

the polarization fraction, and the polarization angles were then input intosetjy with their

respective reference frequencies forC-band (6 GHz) andX-band (10 GHz) in order to

model the polarization properties of the 3C 286.

Polarization calibration tables were calculated in the following order. First, the delays

between the cross-hand polarizations were calculated withgaincal . Next, we solved for

the polarization leakage terms usingpolcal . The leakage terms are calculated from the

zero polarization calibrator and are used to determine instrumental polarization. The po-

larization angle of 3C 286 was calibrated withpolcal to correct for any offset against the

model. Finally, the polarization calibration tables were applied to the polarization calibra-

tor targets to verify our proper calibration. We inspected the calibrated phase vs. frequency

for both the polarization angle and the polarization leakage calibrators. After calibration,

the polarization leakage calibrator showed no phase alignments in the cross hands which is

expected for this unpolarized source. The polarization angle calibrator showed a difference

of twice the applied polarization angle in the cross hands, which is also expected as this is

theR� L or L � Rphase difference. We also imaged the StokesI , Q, U andV continuua for

the polarization angle calibrator in chunks of four spectral windows (512 MHz) to check

its polarization angle and fraction. The polarization angle of the electric vectorqE was then

calculated usingqE = 0:5arctanU
Q (see Section 2.4). Here, we con�rmed that the polariza-

tion angles of the electric �eld vectors on the source were within 33� 1� and 34� 1� for

C-band andX-band, respectively, for each image.

Finally, the polarization calibration tables were applied to the target source. The target

was separated into its own measurement set, and the taskstatwt was applied to the target

1https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/
flux-density-scale-polarization-leakage-polarization-angle-tables
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to correct for the weights based on data variance.

2.3 Imaging

Figure 2.1: 4-8 GHz image of NGC 4388, generated with the MTMFS deconvolution
method inCASA. Contours are at levels of(� 5;5;10;20;40;80) � s I. 100spans 81 pc
at a distance of 16.8 Mpc.

We imaged the calibrated data using the multiterm, multifrequency synthesis (MTMFS)

imaging algorithm (Rau & Cornwell, 2011) intclean with CASA. While the standard

CLEAN imaging algorithm synthesizes an image describing the spatial structure of the

target at a particular frequency, we wanted to utilize the full breadth of these wideband

observations in order to also describe the spectral structures of the target. The spatial

aspect of the MTMFS algorithm is a multiscale deconvolution method (described in detail

in Cornwell, 2008) which is parameterized as a linear combination of increasing pixel sizes.
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Figure 2.2: Zoomed-in view of the central region of NGC 4388 for the MTMFS images.
Left: C-band. Middle:X-band. Right:C+ X-band with seven Taylor terms. The solid
white contour lines represent �ux densities measured above 60s I of the respective image,
and the dashed lines represent �ux densities measured above 15s I. The thick dashed-dotted
lines represent �ux densities above 15s I;C� bandfrom theC-band image. Measurements are
noted in Table 2.4.

The spectral structure is parameterized in MTMFS by modeling each �ux component as a

power law with curvature at some reference frequency,n0:

In = In0

�
n
n0

� Ia + Ib log n
n0

: (2.1)

Here,In is the distribution of sky brightness, andn is the observed frequency.Ia andIb

are representative of the average spectral index and spectral curvature, respectively. The

algorithm works by performing a Taylor expansion on Equation 2.1 to generate Taylor

terms and their associated intensity images. The �nal MTMFS image is modeled as a linear

combination of the images for each spatial scale,s, and images for each Taylor coef�cient,

t:

Im
n =

Nt

å
t= 0

Ns

å
s= 0

�
n � n0

n0

� t h
Ishp;d
s ?Isky

s;t

i
: (2.2)

Here, the outer summation containsNt Taylor terms and the inner summation overNs com-

bines each spatial scale.Ishp;d
s is a tapered, truncated parabola of width proportional to the

associated discrete scale, whileIsky
s;t is a collection ofd-functions describing the intensity

of the image. The? denotes a convolution.

A multipronged approach was taken to produce the images of NGC 4388 shown through-
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out this chapter. First, the calibratedC-band andX-band measurement sets were individ-

ually imaged for the StokesI images, with 1024 pixels per side and a pixel size set to

Nyquist-sample the synthesized beam (0:00046 forC-band and 0:00031 forX-band). We used

a Briggs weighting scheme with a robustness factor of 0:5 to provide a good trade-off be-

tween resolution and sensitivity for these wideband observations and cleaned down to a

3s rms stopping threshold. Figure 2.1 shows the results of imaging with these parameters

using MTMFS for our observations, with theC- andX-band images on the left and right,

respectively. In Figure 2.2 we show a zoomed-in view of NGC 4388 for theC- andX-band

images for detail. Additionally, a combinedC+ X-band image is also shown in the map

on the right, utilizing our widest possible bandwidth (the pixel size in the combined im-

age is the same as theX-band image). For theC- andX-band images, we used the scales

[0;5;10;20;40] � pixelsize , while for theC+ X-band image, we used an additional scale

of size 100.2

We computed four Taylor terms for all of our MTMFS images but also generated an

image with seven taylor terms for theC+ X-band results. By computing an image with

more than one Taylor term,CASA generates a spectral index map, i.e.,

Ia =
I1
I0

; (2.3)

whereI0 andI1 are the intensity maps for the �rst and second Taylor terms. Additionally,

a spectral index uncertainty maps Ia is generated by propagating the uncertainty from the

ratio of the two Taylor terms used in Equation 2.3. In the calculation of this map, smoothed

residual maps for each corresponding Taylor term are used as the absolute error. As noted

in the CASA documentation on Synthesis Imaging,3 the spectral index error maps should

generally only be used as a guide for determining the spectral index from one region in the

map relative to another, and not as an absolute uncertainty. When generating an image with

2For all MTMFS images, we used a small-scale bias of 0:6, where the small-scale bias parameter weights
the largest peak in each scale by multiplying it by 1� smallscalebias

maxscale
3https://casadocs.readthedocs.io/en/stable/notebooks/synthesis_imaging.html
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three or more Taylor terms we are additionally able to generate a spectral curvature map,

where the curvature map is calculated as

Ib =
I2
I0

�
Ia (Ia � 1)

2
; (2.4)

with I2 being the intensity image from the second Taylor term. No spectral curvature error

map is generated when using MTMFS inCASA, so we use the spectral index error map as a

relative guide. Generally, the spectral curvature errors are proportionally higher than that of

the spectral index errors, but we can reduce these errors by introducing many Taylor terms

with MTMFS, as we do in this work (Rau & Cornwell, 2011). Figure 2.3 depicts in-band

spectral maps calculated as a result of the StokesI images for theC+ X-band imaging.

Table 2.4: Sensitivity

Freq. Range Taylor Freq. s I sQ sU sV Restoring Beam Beam Angle
(GHz) Terms (GHz) (mJy beam� 1) (a � d) (deg)

By Frequency Band
4� 8 4 6:1267 9:98 � � � � � � � � � 0:38200� 0:27800 � 51:599�

8� 12 4 9:9985 7:84 � � � � � � � � � 0:25000� 0:17200 63:742�

4� 12 4 7:9986 5:43 � � � � � � � � � 0:27700� 0:22900 70:656�

4� 12 7 7:9986 7:51 � � � � � � � � � 0:27700� 0:22900 70:656�

By Baseband
4� 6 4 5:1268 14:48 10:36 10:56 10:18 0:45300� 0:35000 � 48:975�

6� 8 4 6:9987 10:28 8:91 8:84 8:75 0:34200� 0:24400 � 52:519�

8� 10 4 8:9986 9:89 9:52 9:75 9:34 0:27500� 0:18900 66:354�

10� 12 4 10:9985 11:79 11:69 11:72 11:50 0:22400� 0:15500 64:778�

Note.Sensitivity measurements for MTMFS images used throughout this chapter.
Column 1. frequency band used for imaging.Column 2. number of Taylor terms used.
Column 3. center frequency of the image.Columns 4–7.rmsColumns 8 & 9. restoring
beam major and minor axis and its position angle.

To complement the spectral results from the MTMFS imaging, we test the �delity of

their results by comparing to the spectral energy distributions (SEDs), shown in Figure 2.4

for the two bright radio knots in NGC 4388. Here, each 128 MHz spectral window was

imaged with the standard CLEAN algorithm with a constant beam at the native resolution of

theC+ X-band MTMFS image. We also applied a uniform(u; v)-taper across all spectral

windows to create a uniform point-spread function across the full 4 GHz band. In doing so,
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we apply a uniform spatial scale with a radius of 0:0025 (20 pc) to make a proper comparison

of the �ux densities for all spectral windows and in comparison to the MTMFS imaging

results for veri�cation of the spectral map �tted results.
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Table 2.5: StokesI Flux Densities and Spectral Properties

Freq. Range Taylor Freq. Sint Speak logLint Speak=Sint ā s̄a b̄
(GHz) Terms (GHz) (mJy) (mJy beam� 1) (erg s� 1)

Component A (within 60s I contour)
4� 8 4 6:1267 3:72� 0:26† 2:88� 0:17† 36:89 0:77� 0:07 � 0:02 0:02 � 0:09
8� 12 4 9:9986 2:85� 0:15† 2:29� 0:12† 36:98 0:80� 0:06 � 0:24 0:02 � 0:21
4� 12 4 7:9986 3:25� 0:18† 2:55� 0:13† 36:94 0:79� 0:06 � 0:27 0:02 � 0:26
4� 12 7 7:9986 3:22� 0:18† 2:56� 0:13† 36:94 0:79� 0:06 � 0:28 0:04 � 0:32

Component B (within 60s I contour)
4� 8 4 6:1267 3:66� 0:22† 1:14� 0:07† 36:88 0:31� 0:03 � 0:59 0:08 0:51
8� 12 � � � � � � � � � � � � � � � � � � � � � � � � � � �
4� 12 4 7:9986 2:37� 0:15† 0:61� 0:04† 36:81 0:26� 0:02 � 0:90 0:05 0:10
4� 12 7 7:9986 2:04� 0:11† 0:63� 0:03† 36:74 0:31� 0:02 � 1:07 0:11 0:60

Central Total (within 15s I;C� bandcontour)
4� 8 4 6:1267 10:62� 0:53 � � � 37:34 � � � � � � � � � � � �
8� 12 4 9:9986 7:41� 0:38 � � � 37:30 � � � � � � � � � � � �
4� 12 4 7:9986 8:83� 0:44 � � � 37:37 � � � � � � � � � � � �
4� 12 7 7:9986 8:84� 0:44 � � � 37:47 � � � � � � � � � � � �

Note.Flux density and spectral measurements for MTMFS images used throughout this chapter.
† indicates value measured by 2D Gaussian �tting within region selection. All uncertainties contain a 5% systematic error added.
Column 1. frequency band used for imaging.Column 2. number of Taylor terms used.Column 3. center frequency of the image.
Columns 4–5.StokesI integrated and peak �ux densities.Column 6. peak luminosity.Column 7. peak-to-integrated �ux density ratio
Column 8–10.mean spectral index, spectral index error, and spectral curvature within the FWHM of the �tted region forSµ na + b logn.
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2.4 Polarization Maps

To generate the polarization maps we imaged all Stokes parameters simultaneously.

The linear polarization intensity map is the result of the combined StokesQ andU maps,

calculated asPlin =
q

I2
Q + I2

U. Similarly, the total polarization maps are calculated asPtot =
q

I2
Q + I2

U + I2
V. Next, the polarization angle maps of the electric vectors were calculated

as:

qE =
1
2

arctan
IU
IQ

; (2.5)

The polarization angle maps of the magnetic �eld vectors,qB, is calculated by rotatingqE

by 90� . Finally, a map of the polarization as a fraction of the StokesI intensity,F = P
II

, is

also generated.

Figure 2.5 shows polarization calibration and imaging results for NGC 4388, with the

StokesI intensity map in the top row showing vector lines depicting the polarization angle

of the magnetic �eld. The polarization fraction maps are in the bottom row. The columns

show polarization results for each 2 GHz baseband used during the observations (i.e. 4� 6

GHz, 6� 8 GHz, 8� 10 GHz, and 10� 12 GHz) to show polarization features across the

4� 12 GHz spectrum.

2.5 Error Measurements and Resolved Morphology Considerations

Table 2.4 shows the uncertainty for each stokes intensity map, measured by calculating

the rms from a large region in the �eld off-source. For point-source measurements, we used

imfit to �t a 2D Gaussian and used the calculated error combined with a 5% systematic

uncertainty for the error on the �ux density of the point source. Table 2.5 shows the mea-

sured �ux densities and the spectral features. The spectral features were measured by the

mean value of the pixels within the FWHM of the 2D Gaussian �t.
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The uncertainty of the linear polarization of the �tted regions was calculated as:

sPlin =

s �
IQ
Plin

� 2

s 2
Q +

�
IU
Plin

� 2

s 2
U; (2.6)

and are combined with a 5% systematic uncertainty. The total uncertainty for the polariza-

tion angle of their electric vectors is then calculated as:

sq =
1
2

2

6
4

sQU

1+
�

IU
IQ

� 2

3

7
5 ; (2.7)

wheresQU =
�
�
� IU

IQ

�
�
�

r �
sQ
IQ

� 2
+

�
sU
IU

� 2
is the propagated error ofIU=IQ. The fractional un-

certainty is similarly calculated as the propagated uncertainty ofPlin=II. Table 2.6 shows

the polarization measurements and their uncertainties.

Because there are resolved morphological features in NGC 4388 (and other FRAMEx

targets), we also account for systematic contributions of error when measuring the inte-

grated �ux densities. We follow Ho & Ulvestad (2001) when measuring these uncertainties,

wheresS =
q

N � s 2 + ( 0:05� S)2 is the uncertainty on the �ux density of the source,S.

Here,N is the number of beam areas within the measurement region of the source ands is

the rms value from the map.

3 Results

3.1 Morphology

NGC 4388 is a well-studied object and is known to have a two-component radio struc-

ture in its nuclear region (Wehrle, 1987; Stone et al., 1988). Figure 2.1 denotes the northern,

brightest radio knot as Component A and the dimmer radio knot to the southwest as Com-

ponent B, both of which are mostly unresolved. The detailed view in Figure 2.2 depicts

the central region containing both components. We consider the “central region” to be the
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structure within the 15s dashed blue contour lines depicted in Figure 2.2. A complex struc-

ture coupling Components A and B can be seen, which weakly detaches from Component

B with increasing frequency.

For the measurements in Table 2.5, we used a threshold of 60s rms to form a region

on Components A and B and subsequently �t a 2D Gaussian on the region to determine its

peak and integrated �ux densities usingimfit . There was no 60s detection for Component

B in the X-band image, so we did not include any data for it in the table, but there is

still �ux detected within the 15s I;X� banddashed blue contours. From peak to peak on the

C+ X-band image, Component A has a projected separation from Component B of 1:008

(0:15 kpc). We estimated the combined �ux contribution from Components A and B to the

central region (dashed blue contours) and found that radio knots account for 69� 6% of

the central total. Directly to the north of Component A is a plume of diffuse radio emission

clearly visible in theC-band that is largely resolved away or fainter in theX-band image.

We measured the integrated �ux density of the plume above a 5s I;C� band level and found it

to be 1:4� 0:1 mJy for theC-band imaging results.

3.2 Spectral Structure

3.2.1 Spectral Maps

Figure 2.3 shows intensity and spectral maps generated from MTMFS. The spectral

maps have distinct components in their morphologies, and in Table 2.5 we quote the mean

spectral values within the FWHM region of the 2D Gaussian �ts of the two radio knots,

indicated as the white demarcations. The StokesI intensity map is centered at 8.0 GHz,

while the spectral index, curvature, and error maps depict the spectral information across

the combined 4� 12 GHz band. The error map is the uncertainty as a function of posi-

tion and is sensitive to signal-to-noise. Therefore, structures beyond high signal-to-noise

regions should not be considered, and we have masked out the data that is less than 5s I on

the spectral maps.
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Figure 2.3: Spectral results of the central region of NGC 4388 resulting from the MTMFS
deconvolution of theC+ X-band imaging with seven Taylor terms. The white contour lines
represent �ux densities above(� 5;5;10;20;40;80) � s I. The black demarcations indicate
the FWHM of the 2D Gaussian �ts. The mean values within the FHWMs are indicated in
Table 2.5. Left: StokesI intensity map. Middle Left: spectral index map. Middle Right:
spectral curvature map. Right: spectral index error map. See Figures A.2(a)–A.2(c) in
Appendix A for the independentC- andX-band results and theC + X-band four Taylor
term results.

Component A has a spectral index ofa = � 0:28� 0:04 within the FWHM region of

size 0:0031� 0:0026 (1.26 restoring beams) and a position angle of 59:7� . Component B has

a spectral index ofa = � 1:07� 0:11 within the FWHM region of size 0:0050� 0:0041 (3.27

restoring beams) and a position angle of 166:4� . The mean values of the curvature within

the FWHMs for Components A and B areb = � 0:32 andb = 0:60 respectively. Outside

of the radio knots, it is unclear how much of the spectral structure is real, as much of the

structure is smaller than or close to the size of the restoring beam. It remains possible that

there are unaccounted systematic effects causing the structure, especially in the gradients

seen across both Components A and B. One possibility is that the structure is due to artifacts

from �tting higher-order Taylor terms across a broad bandwidth, resulting in an over�tting

of the measured data (see Section 3.2.2).

The spectral maps forC-band,X-band, andC + X-band with four Taylor terms are

shown in the �gures in Appendix A.

3.2.2 Spectral Energy Distribution of Components A and B

Figure 2.4 shows the channelized data compared to the measured MTMFS spectral re-

sults for both Components A and B. Each blue data point indicates a �tted peak �ux density
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(a) (b)

Figure 2.4: (a) Peak �ux densities for Component A across 4-12 GHz. (b) Peak �ux densi-
ties for Component B across 4-12 GHz. In both plots, the small blue points are measured
from images that span a single 128 MHz spectral window. Each of these images was made
with a constant beam set to match the native resolution of the 4-12 GHz MTMFS image and
(u; v)-tapered with a point-spread function convolved to 0:0025. The dark blue point repre-
sents the peak �ux density measurements from the four Taylor termC+ X-band MTMFS
imaging runs with the corresponding spectral index and curvature measurements across the
bands in the solid blue line. Likewise, the black point and thick solid black line represent
the seven Taylor termC+ X-band MTMFS imaging runs. The hollow red and green circles
and the associated dashed lines represent the peak �ux density measurements for theC-
andX-band MTMFS imaging runs, respectively, while the solid circles are shifted to the
mean of the channelized data for the corresponding band due to resolution mismatch. No
additional 5% systematic uncertainty error bars are included in these data points for read-
ability.

for each spectral window. Spectral windows 0, 1, 4, 5, and 14 in theC-band observation

for NGC 4388 were removed due to RFI. Here, the restoring beam of the channelized data

is set to the same size as that of theC+ X-band images. In all cases, we �nd that MTMFS

is sensitive to spatial resolution. The relative size of the MTMFS restoring beam in com-

parison to the beam of the channelized data will “oversample” the �ux density if it is larger

(as inC-band) or “undersample” it if it is smaller (X-band). As we imaged with differing

spatial resolutions for theC- andX-band results, we shifted the �ux density amplitudes

from their measured values in Table 2.5 to the mean value of the channelized data in their

respective bands to see how well the spectral results compare as shown in Figure 2.4.

Component A shows a �at spectrum across theC-band (a = � 0:02� 0:02) and a steeper
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index with some curvature at theX-band (a = � 0:24� 0:02, b = � 0:21), both of which

trace the channelized data well in their respective bands. The twoC+ X-band MTMFS

spectral results trace the overall spectral energy distribution (SED) shape reasonably well,

but diverge at the edges of the bands, especially with the seven Taylor term image. The

poor �t across the entire frequency range may indicate that the data in Component A

might be best represented by a broken power law rather than a continuous �t. We ap-

plied a least-squares �t to the channelized data to �t a broken power-law model using the

Levenberg-Marquardt optimization algorithm withscipy.optimize.curve fit (Virta-

nen et al., 2020). We �nd a break frequency atn = 7:2 GHz with a = � 0:06 below the

break anda = � 0:34 above the break. The break frequency aligns with a possible jump in

amplitude that peaks around 7.3 GHz.

Component B shows a steep spectrum with curvature in the seven Taylor termC+ X-

band MTMFS results (a = � 1:07� 0:11, b = 0:6) which independently �ts the channel-

ized data well across the whole band, but the four Taylor term results start to diverge at

the lower frequencies. TheC-band MTMFS results have a steep spectrum (a = � 0:59�

0:08, b = 0:51), and again have lower �ux densities than the channelized data at the low-

frequency edge of the band.

The comparison of MTMFS across our wide 4 and 8 GHz bands to the channelized data

shows that MTMFS is not only sensitive to spatial scales but also to bandwidth, at least for

these NGC 4388 results. These limitations can potentially be alleviated with higher-order

Taylor coef�cients at the cost of computation time, and this is suggested as a possibility

for increasing the accuracy of the �rst three Taylor coef�cients in Rau & Cornwell (2011).

But the resulting �t from higher-order polynomials is ultimately limited by the theoretical

and absolute noise levels of the observation and may lead to over�tting the data. Lastly,

MTMFS generates the spectral maps pixel-by-pixel, but pixel growth methods, such as that

used in data cube source �nding algorithms (e.g. SoFiA; Serra et al., 2015), may provide
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Figure 2.5: Polarization results for NGC 4388 for each 2 GHz baseband. The white con-
tour lines represent a �ux density above 5s I from the StokesI intensity map. The blue

contour lines represent linear polarization �ux densities above 3�
q

s 2
Q + s 2

U from the lin-
ear polarization map. In the top row, the white vectors indicate the polarization angle of
the magnetic �eld. The bottom row shows the linear polarization as a percentage of Stokes
I intensity, with the red lines as the polarization angle and relative intensity from Table 2.6.

Table 2.6: Polarization Properties

Freq. Range Freq. Sint;I Plin Plin=Sint;I qPol:
(GHz) (GHz) (mJy) (mJy) % (deg)

Component A
4� 6 5:1268 1:66� 0:08 0:05� 0:01 2:9� 0:5 8� 5
6� 8 6:9987 2:55� 0:13 0:12� 0:02 4:7� 0:7 170� 3
8� 10 8:9986 2:20� 0:11 0:14� 0:02 6:3� 1:0 139� 3
10� 12 10:9985 1:48� 0:07 0:09� 0:01 5:8� 1:0 137� 4

Component B
4� 6 5:1268 0:65� 0:03 0:03� 0:01 3:8� 0:8 2� 8
6� 8 6:9987 0:49� 0:03 0:03� 0:01 5:6� 1:2 2� 7

Note. Polarization measurements from a region within the 3�
q

s 2
Q + s 2

U contours of the
linear polarization map shown in Figure 2.5. All images were generated with four Taylor
terms.
Column 1. frequency band used for imaging.Column 2. center frequency of the image.
Column 3. integrated �ux density from the StokesI intensity map.Column 4. integrated
�ux density from the linear polarization intensity map.Column 5. percent polarized.Col-
umn 6. polarization angle of the region (the direction of the magnetic vectors is ambiguous
by 180� ).
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more representative sources for �tting spectra across a wide bandwidth.

3.3 Polarization Results

Figure 2.5 shows a detailed view of the polarization structure across the central region

per baseband. No polarized emission was detected outside of Components A and B, and

no circular polarization was detected for any of our polarization maps. The sources we

detect have polarized emission at the 3� 6% level across the four basebands. We �nd

that there appears to be Faraday rotation across Component A, indicating a wavelength-

dependent depolarization due to magnetized plasma in the foreground, causing a rotation

in the polarization angle in the linearly polarized radiation (Burn, 1966). Component B only

had a signi�cant detection in theC-band images and it is unclear whether Faraday rotation

is also affecting Component B as we do not have anX-band detection. Appendix A.1

shows the resulting StokesI , Q, U, V, and linear polarization maps without any magnetic

�eld vectors overlaid. In future work in this series of papers, we intend to apply rotation

measure synthesis to all of our VLA FRAMEx targets to correct for depolarization effects

(e.g. Brentjens & de Bruyn, 2005; Heald, 2009).

4 Discussion

4.1 NGC 4388 in Context

NGC 4388 is a nearly edge-on spiral galaxy 16.8 Mpc away with a systemic veloc-

ity of 2538 km s� 1 (Merloni et al., 2003; Chung et al., 2009). The disk of the galaxy is

highly inclined relative to our line of sight (� 77� 79� ), with the north edge of the galaxy

being the nearer side (Pogge, 1988a; Cayatte et al., 1990; Irwin et al., 2012). For a use-

ful reference, Figure 2.6 shows an image from the Hubble Data Archive with ourC-band

contours overlaid (Program ID GO-12185; PI Greene). Phillips & Malin (1982) were the

�rst to show that NGC 4388 was within the Virgo cluster, a collection of galaxies cen-

tered on the supergiant elliptical galaxy M87 (dM87 = 16:4� 0:5 Mpc; Bird et al., 2010).
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