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Abstract

Star Formation in Clumpy, Interacting Galaxies

by Katherine Myers

submitted on April 22, 2024:

Galaxy mergers are one of the most important processes in the universe - they are a

method of galaxy growth and mass assembly, and also the cause of internal dynamic

changes in galaxies including star formation and quenching. In this thesis we

examine two populations of interacting galaxies with data from the James Webb

and Hubble space telescopes, and two equivalent populations of isolated galaxies, in

order to examine the star formation trends, but also the presence of star-forming

clumps of material in galactic disks. The analysis on star formation is based on a

combination of the results from broadband spectral energy distribution (SED)

fitting of imaging data, and Hα emission line maps from 2D slitless grism

spectroscopy. We present the development and applications of a ‘clump’ detection

algorithm, and examine the clumpiness of all galaxies in both samples. We find that

within a narrow mass range (between 109 − 1010M⊙) that interacting galaxies are

higher in both star formation rate and number of clumps, supporting common

theories that mergers induce star formation, and that they are potentially tied to

clump formation. Using emission line maps and the results of spectral energy

distribution (SED) fitting, we investigate the clump contributions to galaxy star
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formation rate (SFR), comparing these results to the literature and use their

behaviour to explain overall star formation and clump trends in mergers.
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Chapter 1. Introduction 1

Chapter 1

Introduction

Galaxies are some of the biggest building blocks in the makeup of our Universe.

They are large accumulations of gravitationally-bound material, including stars, gas,

dust, and dark matter. Studying the mechanisms in which they form, evolve, and

interact with their environments is the key to understanding the composition and

physical processes that govern the entire Universe and everything in it. Galaxies exist

in the mass range of 106−12M⊙, and have been observed from redshift zspec = 0−13.2

(Curtis-Lake et al., 2023). They can have many different morphologies, stellar popu-

lations, and evolutionary pathways. Galaxies are the hosts for star-forming regions,

and thus are responsible for most of the stellar light we can observe, making them

important laboratories for studying diverse astronomical phenomena.

Most galaxies fall into one of two major classes: star-forming and blue, or quiescent

and red (Strateva et al., 2001). “Red and dead” (Merlin et al., 2019) galaxies have

snuffed out (quenched) all of their star formation and are typically home to older

stellar populations as a result. The various segments of galaxies, including dust and

gas disks, central bulges, and stellar halos, undergo different evolutionary changes,

and observing their chemical signatures can show us what they are made of and how

they came to be. Most galaxies have a bulge, a dense region at their center containing
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stars of varying ages (Jones et al., 2015) and at the very core a super massive black

hole (SMBH) with MSMBH > 106M⊙ (Kormendy and Richstone (1995); Kormendy

and Ho (2013)) - though not all of the central SMBHs are actively accreting material.

Some galaxies have disks, planes of orderly-orbiting clouds of gas and dust, that

often take the form of star-forming spiral arms like those of our own Milky Way. Star

formation in these disks is caused by the condensation of their cold molecular and

atomic gas. In the disks of galaxies, we sometimes see irregular structure: bright,

compact blobs called clumps (Elmegreen and Elmegreen, 2005). The origin of these

clumps remains largely unknown. Tracking the properties of clumps and examining

how they behave in different circumstances can illuminate how they are formed, their

chemical makeup, and what impact they have on galaxy evolution.

1.1 Mergers and galaxy interactions

The currently favoured cosmological model, ΛCDM (described in Condon and Matthews

(2018)), acknowledges that galaxies grow over cosmic time by hierarchical “bottom-

up” growth (Jones et al., 2015). This means that a process of successive major

mergers with other larger and larger galaxies (called a “merger tree” (Figure 1.2)) is

the main mechanism for galaxies to quickly accumulate mass over cosmic time. The

study of galaxy mergers (hereon just called mergers or interactions 1) is crucial for

the understanding of galactic and Universe evolution.

1In this thesis, the terms merger and interaction are used interchangeably. Typically, a merger
is the most intense form of an interaction, where the galaxies actually combine as one. Interaction
is more of an umbrella term for any two (or more) galaxies that are gravitationally affecting one
another. However, the method of determining whether an interaction will also become a merger is
nontrivial, therefore they will be unified in this presentation.
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Figure 1.1: A nearby galay merger captured by the MIRI and NIRCam instruments
on the JWST: II ZW 96. Source: ESA/Webb

Mergers (like that in Figure 1.1) can be divided in two sub classes depending on

the masses of the participating galaxies, and the two classes have different effects.

Minor mergers are between galaxies of dissimilar mass - in this scenario, the smaller

galaxy is completely tidally disrupted and accreted by the larger galaxy which remains

largely undisturbed. If either galaxy has gas, this can cause a burst of star formation

that is concentrated in the outskirts of the surviving larger galaxy (Williams et al.,

2024) as that gas is compressed. Major mergers are between galaxies of comparable

mass (defined in this work as a maximum mass ratio of 1:4). Occasionally, major

mergers are determined by the relative brightness of the two galaxies (Woods and

Geller, 2007), or by a different mass threshold (1:3 in Williams et al. (2024), 1:2 in
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Figure 1.2: Figure 2.32 from Jones et al. (2015) that shows the cycle within which
merging disk galaxies experience disk disruption and form progressively
larger merged elliptical galaxies.
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Ellison et al. (2008)). In this case, both galaxies’ disks are disrupted and they eventu-

ally completely merge to form a large elliptical galaxy. Again, if there is gas present,

this can cause a burst of star formation, but that star formation is more centrally

concentrated than in minor mergers. In this project, only major mergers are studied.

Previous studies of mergers including Kennicutt et al. (1987); Ellison et al. (2008);

Shah et al. (2022) and others find that galaxies in pairs exhibit stronger Hα emis-

sion than non-interacting galaxies, showing that overall star formation rates (SFR)

increase in merging systems. The star formation in these galaxies is disk-dominated.

It has also been shown, however, that star formation in interacting systems is highly

variable, and that each galaxy behaves uniquely, likely based on case-by-case differ-

ences in their interaction environments (Kennicutt et al., 1987). This can result in

some interacting galaxies experiencing no noticeable change to their SFR. It has also

been suggested that because the timescale of a gravitational interaction is much longer

than that of the observed Hα emission (Section 1.2), that an interacting galaxy will

exhibit a range of behaviours as the interaction progresses. Ellison et al. (2008) con-

siders galaxies to be interacting when they are within 80 kiloparsecs (kpc) of physical

separation, but finds that interacting-related effects become most noticeable when

the galaxies are within 30 kpc. These effects include visible tidal disruption, and

augmented star formation that happens as a result of gas being compressed by the

forces of the interactions.
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1.2 Star formation

Aside from mergers, galaxies grow by forming stars. Stars are formed from condens-

ing clouds of molecular and atomic gas (Inutsuka et al., 2015), which often happens

in the intragalactic medium. Star formation emits specific signatures that appear in

the observed spectra of the star-forming regions. These signatures are related to the

variations of star masses that are formed, constrained by the initial mass function.

The most massive stars (types O, B) burn through their material very quickly, and

they live and die within ∼10 Myrs. Massive stars burn very hot, and the UV light

from the hottest OB stars is capable of ionising the surrounding neutral hydrogen

(HI) medium. The recombination of ionised hydrogen with the liberated electrons

produces the Balmer series emission lines as electrons cascade down in energy levels.

Hydrogen α (Hα) is the emission line resulting from the n = 3 to n = 2 transition, and

it is very bright in star forming regions/galaxies, where these most massive stars are

newly formed. Observing Hα emission indicates a region of “current” or instantaneous

star formation, as opposed to the longer time scales of star formation that is observed

with UV emission. This is advantageous for the time-dependent merger situations I

am observing, as we are able to track changes in star formation on a shorter timescale.

Hα luminosity can easily be derived from the observed Hα flux, if the distance to

the galaxy is known. In my work, I am analysing galaxies with known redshifts, either

photometric (Brammer et al., 2010), spectroscopic, or both2. Using the redshift we

2Throughout this thesis, the redshift values reported will always be using the spectroscopic red-
shift if it is available, and if not, the photometric redshift. The redshifts for all galaxies are reported
in Appendix B.
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are able to find the comoving line-of-sight distance to the object (dist[Mpc] (Astropy

Collaboration, 2022)), allowing me to use the relation given by Kennicutt (1998) to

determine the SFR of galaxies or clumps from their incident Hα flux (Equation 1.1).

SFRHα[M⊙yr
−1] = Fincident,Hα[ergs/s/cm

2] · (7.9 ∗ 10−42) · dist[Mpc]2 · 4π (1.1)

Star formation trends change in galaxies along the Hubble sequence (Kennicutt

et al., 1987). Bluer galaxies (spirals, disk galaxies) have heightened star formation

and more visible nebular emission. On the other hand, galaxies with no active star

formation are called quiescent (“dead”) galaxies, and elliptical galaxies are substan-

tially more likely to be quiescent, and void of molecular gas, the fuel for star formation.

In addition to Hα, UV light is also a tracer of star formation. High-energy UV

photons come from hot OB stars with lifetimes on the order of ∼100 Myrs. This

makes UV light a tracer of longer-timescale star formation. It is possible to use a

ration of Hα to UV light to trace rapid increases in star formation called bursts

(Asada et al., 2024; Iglesias-Páramo et al., 2004; Guo et al., 2016); if the ‘recent’

star formation (Hα flux) is higher than the ‘sustained’ star formation (UV flux), the

galaxy is increasing in star formation, and for the opposite relationship the galaxy is

experiencing an episode of quenching star formation. This thesis derives the Hα SFR

from grism emission line maps, but UV star formation rate is also used for galaxies

without NIRISS data by performing SED fitting on broadband images. This process

is outlined in Section 2.3.1.
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1.2.1 Dust

Galaxy photons are susceptible to dust extinction; they will get scattered, or absorbed

and re-emitted at longer wavelengths by dust particles in the interstellar medium

(Kennicutt et al. (1987), Calzetti (2001)). This results in an overall reddening of

the galaxy’s light, as bluer photons have a higher cross section of interaction and are

more likely to be lost to extinction (Divan, 1971). In order to restore the intrinsic

flux from the Hα line from what we observe, we will perform a dust correction using

the Calzetti dust law (Calzetti, 2001). This takes into account the distance to the

galaxy (derived from redshift), and the galaxy’s dust content, and raises the observed

flux back to its pre-attenuation levels. Calculations are described in section 4.3. The

dust content of the galaxies in this thesis is derived from spectral energy distribution

(SED) fitting, as described in Section 2.3.1.

1.3 Clumps

Clumps are bright, discrete, and dense segments of galactic disks that are believed to

be regions of heightened star formation (Elmegreen and Elmegreen, 2005). Clumps

have most often been identified by their UV brightness (Elmegreen and Elmegreen,

2005) as they are in this thesis, which supports the theory of clumps as star-forming

regions. In galaxies that host clumps, it has been found by Guo et al. (2015) that

each clump contains on average ∼8% of the UV light of their host galaxy and ∼4-10%

of the star formation rate in star-forming galaxies, has a mass between 107−9M⊙, and
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is about ∼1kpc in size. Galaxies beyond z = 0.5 are more likely to be clumpy than

galaxies below z = 0.5, and the fraction of clumpy galaxies also depends on galaxy

mass; higher mass (log10(M∗/M⊙) > 10.6), lower redshift galaxies have the lowest

clumpiness fraction at just 15% (Guo et al., 2015). For a galaxy to be considered

clumpy according to Guo et al. (2015), it must contain ‘at least one off-center clump’,

a definition that has also been adopted in this thesis.

The origin of clumps is not well understood. Guo et al. (2015) explain their ori-

gins may be a result of minor merger-induced disk instabilities that condense into

clumps, but admit that their observationally-determined clump parameters do not

require clumps to have been formed inside or by their current host galaxy.

1.4 This thesis

In this thesis, I will be using data from the James Webb Space Telescope’s (Gardner

et al., 2023) NIRCam and NIRISS instruments, as well as archival Hubble data to

examine the effect of galaxy interactions on star formation in clumps. We will be

testing the popular theory that mergers augment star formation by comparing star

formation rates between a set of interacting galaxies with mass and redshift matched

to isolated (non-interacting) control galaxies. In addition to testing overall galaxy

star formation, we will be inspecting the star formation rate of clumps within inter-

acting/isolated galaxies - this will show if clumps are experiencing more or less of a
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star formation burst than the galactic disk. In addition, measuring the amount of

detected clumps in interactions and mergers could potentially indicate whether clump

formation could be merger-induced, if interacting galaxies tend to be more clumpy.
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Chapter 2

Data

This work was completed using both spectroscopy and imaging of galaxies in the

cluster field of MACS0417, and imaging of galaxies in the cluster field MACS1423.

This combination of techniques allowed for a more diverse and complete analysis of

star formation and clumps in interacting systems.

2.1 The MACS0417 and MACS1423 Cluster

Fields

Galaxy clusters are dense associations of gravitationally bound galaxies, and are ideal

observational targets for studying galaxy evolution due to a phenomenon called grav-

itational lensing. This is where massive foreground intracluster masses bend the

path of light from background sources and act as a magnifying glass for high-redshift

sources that would otherwise be too faint to observe in detail (Willott et al., 2022).

The galaxies in this work are from the CANUCS clusters MACS J0417.5–1154

(known informally as MACS0417) (RA, Dec = 04h:17m:35.1s, −11o:54m:38s, zcluster =

0.443) and MACS J1423.8+2404 (MACS1423) (RA, Dec = 14h:23m:47.8s, +24o:04m:40s,
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zcluster = 0.545). The contaminating light from brightest cluster galaxies (BCGs) can

be problematic when imaging in a cluster field. In the MACS0417 and MACS1423

images, the BCGs have been removed to facilitate studying the gravitationally-lensed

background galaxies (Martis et al., 2024; Estrada-Carpenter et al., 2023).

2.2 NIRISS and NIRCam: The James Webb

Space Telescope

This work was completed as part of the CAnadian NIRISS Unbiased Cluster Survey

(CANUCS) collaboration. CANUCS is a James Webb Space Telescope Guaranteed

Time Observation program, with a combined 200 hours of observations from five

gravitationally-lensed galaxy cluster fields: MACS0417 and MACS1423 (section 2.1),

MACS0416, MACS1149, and Abell 370. Each cluster field was imaged by the Near

InfraRed Imager and Slitless Spectrograph instrument (NIRISS) (Doyon et al., 2023)

operating in Wide Field Slitless Spectrscopy (WFSS) mode, with two orthogonal

grisms in three filters: F115, F150, and F200 (Willott et al., 2022). Each NIRISS

filter has an observation time of 2.3ks (Asada et al., 2024). These NIRISS observations

are performed in parallel with NIRCam images of the cluster field. The NIRCam

observations are in 8 wide and medium filters: F090W, F115W, F150W, F200W,

F277W, F356W, F410M, and F444W (Willott et al., 2022), each with an exposure

time of 6.4ks (Asada et al., 2024). Figure 2.1 shows the instrument configurations on

each cluster field, and Figure 2.2 shows the wavelength coverage of each filter. The
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Figure 2.1: The layout of the CANUCS observations with NIRCam and NIRISS for
Abell 370 (source: Willott et al. (2022)). The configuration is the same
for all cluster fields, and all of my work is done using the main cluster field
(NIRISS and NIRCam), and the adjacent cluster field (NIRCam only) in
MACS0417 and MACS1423.

portion of MACS0417 with NIRISS data is a 2.2”× 2.2” field of view (Doyon et al.,

2023) targeting the cluster center.

Studies of spatially resolved star formation properties in galaxies around cosmic

noon have been picking up so far in the era of JWST/NIRISS (Estrada-Carpenter

et al., 2023; Matharu et al., 2023). The JWST as a Near Infrared telescope presents

the opportunity to study spatially-resolved Hα star formation rate (SFR) at higher

redshifts than was previously possible.
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Figure 2.2: The filters used by CANUCS. Adapted from Figure 2.2 in Asada et al.
(2024).

Figure 2.3: The NIRCam filter available in the CANUCS dataset for MACS0417.
F115, 150, and 200 are also includes in the NIRISS spectra. Source:
Shannon MacFarland (CANUCS)
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2.3 NIRCam and HST imaging

During the CANUCS GTO program, NIRCam imaging was taken of the cluster field

and two adjacent ‘flanking’ fields. The flanking fields are imaged only with the

medium bands (F140M, F162M, F182M, F210M, F250M, F300M, F335M, F360M,

and F410M) (Asada et al., 2024), while the central cluster field uses all the bands

listed above. In this work, images are point spread function (PSF) smoothed to the

F444W images (Sarrough et al. (in prep.)), and the contaminating light from bright-

est cluster galaxies have been removed to facilitate studying the gravitationally-lensed

background galaxies (Martis et al., 2024).

For every galaxy in the (smaller) NIRISS field, there is coverage both from CANUCS

NIRCam imaging, and the Reionization Lensing Cluster Survey (RELICS), a 2016/17

Hubble Space Telescope (HST) program (HST-GO-16667), P.I. Bradač (Mahler et al.,

2019), or other archival Hubble Space Telescope (HST) observations. The availability

of archival Hubble data for this work made it possible to analyse the galaxies and

clumps in additional detail. From HST, we have the filters F435W, F606W, and

F814W. Specifically, the F606W filter in HST was used to view the galaxies in the

UV band in order to identify clumps, a method described in depth in section 4.1.

2.3.1 NIRCam Spectral Energy Distribution Fitting

While this thesis has focused on the star-forming clumps, there have been more

in-depth analyses of the CANUCS fields done using only photometry from the 16
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NIRCam filters. In this thesis, I make frequent use of the results obtained by a

CANUCS collaborator using broadband photometry, including mass, dust, and star

formation rate maps of each galaxy in my samples (MacFarland et al. (in prep.)).

The broadbands in the CANUCS data are F090, F115, F150, F277, and F444. These

galaxy property maps were obtained by performing pixel-by-pixel Spectral Energy

Distribution (SED) Fitting with dense basis (Iyer et al., 2019). SED fitting in this

case is the process of fitting an observed galactic spectrum to a modelled one; this is

done by creating an initial set of modelling parameters called priors that are based

on the known (or assumed) properties of the galaxy. These priors include the stellar

initial mass function, star formation history, dust content, as well as stellar popula-

tion synthesis parameters such as the spectra and Herzsprung-Russel isochrones for

different stellar types. These SED inputs are nicely summarised in Figure 1 of Conroy

(2013).

With dense basis, non-parametric star formation histories permit more flexibility

when interpreting the observed SED. This includes allowing for the possibility that a

galaxy has experienced multiple star-forming bursts during its lifetime. dense basis

SED fitting also incorporates several other physical parameters, such as inter-galactic

medium absorption, nebular emission lines, and chemical enrichment (Iyer et al.,

2019). During the SED fit, the observed spectrum is tested against many possible

model spectra, and returns that with the best agreement (Conroy, 2013). The best-

agreeing spectrum also comes with physical parameters that can explain its shapes

and features, including pixel mass, star formation rate, dust content, and more. Each
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pixel in the maps is created from the output of the combined SED fit done across all

broadband images.

2.4 Grism spectroscopy

The foundation for the second part of the analysis in this thesis, Hα star formation

and burstiness in galaxies and clumps in merger scenarios, is based on the availability

of 2D grism spectra from NIRISS. In the raw grism data (Figure 2.4), the spectrum

is the smearing of a spatial image of the galaxy across the wavelength axis (x axis).

NIRISS’s 0.04”/pixel spatial resolution allows for detailed images showing intricate

intragalactic features. When the galaxy is bright due to an emission feature (such as

Hα, OIII, or any other), a picture of the galaxy appears at that wavelength in the

spectra. From these spectra, we are able to extract images of the galaxy at particular

emission lines, and see the spatial distribution of emission lines. This feature allows

for the study of individual galaxy components like clumps or the bulge, as we can

resolve where specific emission features originate. The method of extracting emission

lines from grism spectra that is used in this work is described in section 4.2.

One of the substantial advantages of wide field slitless spectroscopy is the ability

to take simultaneous spectra for hundreds of objects. Without needing long exposure

times for each individual object, NIRISS is instead able to produce grism spectra for

the entire cluster field in one observing session of 9.7ks (Willott et al., 2022). How-

ever, grism spectroscopy suffers from drawbacks including low spectral resolution

(47Å/pix), smearing between objects, and self-contamination (van Dokkum et al.,
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Figure 2.4: The two perpendicular orientations of the raw 2D grism spectra. The
leftmost panel is a direct image of the galaxy, and the subsequent three
panels are the grism filters F115, F150, and F200. An emission line is
shown by the red outline in the F150 filter, where bright Hα emission
lights up the shape of the galaxy.

2011; Estrada-Carpenter et al., 2019). Each galaxy and clump has a spatial size of at

least five pixels in diameter. As the image of the galaxy is smeared over wavelength,

neighbouring wavelengths will contain an overlap from the one beside it, owing to

the galaxy’s non-point source like nature. Figure 2.5 demonstrates how this results

in self-contamination in the grism spectrum.

Similar contamination can happen from neighbouring objects along the path of

the smearing - especially relevant in the study of mergers where we are deliberately

targeting objects with spatially close companions. This contamination can make as-

sociating spectral features with a particular galaxy more complicated. Having the

second grism orientation is usually sufficient to solve this issue, as the object is likely

to only be a contaminant in one of the two orientations.

The spectral resolution of NIRISS is 47Å per pixel, meaning that emission lines
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Figure 2.5: The self-contamination of grism spectra. When smearing in wavelength,
the image of the galaxy extends into neighbouring wavelengths. Shown
here in discrete intervals, this phenomenon happens continuously along
the spectrum.

within separation of ∆λ < 47Å will be unresolvable in the grism spectra. This in-

cludes notably the Hα line (6563Å) and the NII lines (6548Å and 6584Å). In the

spectra used in this thesis, all of the Hα emission line maps will also contain flux

from the NII line, but this fact is accounted for when Hα flux is converted to SFR.
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Chapter 3

Sample selection

In this thesis, we aim to understand star-forming clumps in interacting galaxies, and

compare merging galaxies to isolated, non-merging galaxies. We do so by defin-

ing separate samples: a the sample of interacting galaxies (henceforth the “sample”

galaxies, or the “photometric” or “study” or “interacting” sample), and a mass and

redshift equivalent sample of non-interacting galaxies (henceforth “controls” or “iso-

lated” galaxies, or control sample). As this thesis covers galaxies across two cluster

fields, MACS0417 and MACS1423, each cluster field has its own interacting sample

and control sample, identified by the criteria described below. We are also investi-

gating both photometric and grism spectroscopic properties of galaxies in MACS0417

specifically, so this galaxy cluster also has a subset of its interacting galaxies which

appear in the NIRISS field and have spectral data - this subset is referred to as the

“spectroscopic sample”.

The details of the final samples are outlined below (Table 3; P for photometric

sample, S for spectroscopic sample, C for the corresponding control sample), and the

comparisons between the controls and the interacting galaxies can be see in Figures

3.1 to 3.3.
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Table 3.1: Comparing the Mean Properties of the Samples
# Gals M range mean logM mean z

MACS0417 P 24 8.57-11.44 9.8362 1.1906
MACS0417 PC 41 8.51-11.21 9.8326 1.1610

MACS0417 S 9 8.78-11.44 9.8082 1.2944
MACS0417 SC 9 8.51-11.03 9.7294 1.3190

MACS1423 P 71 6.76-11.32 9.0063 0.8622
MACS1423 PC 71 6.57-11.65 9.1162 0.9074

In order to choose galaxies that are suitable for either the interacting sample or

the control sample, we first are limited by the redshift range where Hα is visible with

NIRISS. NIRISS’s observational range is between 0.8-2.3µm (Willott et al., 2022).

Hα has a rest frame wavelength of 656.43nm, and using equation 3.1, we find that

the visibility range is between z=0.218-2.804. For this work, to avoid having emission

lines on the edge of the grisms, all galaxies are within the redshift range of z ϵ 0.5-2.0.

1 + z =
λobserved

λemitted

(3.1)

For this work, galaxies brighter or equal to magnitude 24 (in the F200 filter) within

the Kron aperture (Kron (1980)) were selected, as bigger/brighter galaxies are more

likely to have the resolvable substructure needed to study clumps.

3.1 Identifying mergers

In order to identify galaxies that are interacting, we adopt three primary criteria

modified from Ellison et al. (2008). An interacting galaxy must satisfy all of the
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following:

1. Have a companion that falls within 80 kpc of distance on the sky.

2. That companion must be within ∆z = 0.1 in photometric redshift, and within

∆z = 0.01 in spectroscopic redshift (if it is available). This is a proxy for

physical separation in the direction along the line of sight.

3. The mass ratio (see equation 3.2) must be less than 4. This is how a major

merger is determined - the interacting pair must be of comparable mass, defined

in this work as a maximum ratio of a factor of 4.

Mfrac ≤ 4 =
Mbigger

Msmaller

(3.2)

The resulting merging candidates were visually inspected to further confirm that

they were interacting. Galaxy pairs that were too diffuse, unresolved, contaminated,

lacking HST data, at the edge of the field of view, or cluster members were weeded

out at this stage. What remained were the 12 highest-quality interacting pairs in

the MACS0417 cluster field, and 35.5 in the MACS1423 field (one pair had only one

galaxy in the Hubble data field). These pairs and their controls make up the pho-

tometric samples. The RGB images of all of the pairs in MACS0417 and individual

galaxy properties (mass, z) as well as the paired properties (separation, mass fraction,

and ∆z) can be found in Appendix C. All galaxy properties come from photome-

try catalogs done by collaborators (CANUCS Collaboration, in prep.). From these

larger photometric samples, in MACS0417 we identified 9 galaxies in 4.5 pairs hav-
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Figure 3.1: The ideal control galaxy is perfectly matched in both mass and redshift
to its sample galaxy. Here is shown the spectroscopic sample (MACS0147
only) galaxies’ alignment with their controls in mass and redshift.

ing NIRISS spectra, and these galaxies and their controls make up the spectroscopic

sample.

3.2 Identifying controls

In accordance again to Ellison et al. (2008), the definition of a candidate control

galaxy is simply any galaxy that is not interacting. In the case of my work, this is
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Figure 3.2: Here we see the alignment of the masses between control and photomet-
ric sample galaxies in MACS0417. Here, an averaged control galaxy is
used for each photometric sample galaxy as to allow for 1:1 comparisons
between sample and control galaxies.
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Figure 3.3: Here we see the alignment of the masses between control and photometric
sample galaxies in MACS1423. Each sample galaxy is directly matched
to one control galaxy allow for 1:1 comparisons.
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Figure 3.4: The fields of observation on MACS0417. The main cluster field is in
the center of the image and the two flanking fields are above and below.
Shaded blue: HST; Blue box outlines: NIRCam; Red: NIRISS (NIRCam
overlapping but not visible). Source: Chris Willott (CANUCS).



Chapter 3. Sample selection 27

Figure 3.5: The interacting pairs in the MACS0417 cluster field.
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a galaxy that has failed one of the three tests: It either has no close companions

(in either redshift or spatial separation), or any nearby companions are not within a

factor of 4 in mass. These properties are combined with the magnitude and redshift

requirements for visibility of Hα emission.

The purpose of the control sample is to provide a frame of reference for the phe-

nomena observed in interacting galaxies. For this to be effective, control galaxies

must be similarly matched in mass and redshift to sample galaxies, as the mass and

epoch will have substantial effects on the evolution mechanisms of a galaxy. The close

matching in average mass and redshift between the samples and controls is shown in

Table 3.1.

Each individual control galaxy is within a factor of 1.5 in mass and a difference of

0.3 in photometric redshift from its interacting sample galaxy. To improve our errors

and increase sample size, in MACS0417, sample galaxies may have more than one

matched control. In MACS1423, there is one control for each sample galaxy. The

limits on MACS0417 spectroscopic data availability provide additional constraints on

the spectroscopic control sample. Due to this, the spectroscopic control galaxies are

matched 1:1 with the spectroscopic sample galaxies, while in the photometric sample,

some of these same galaxies have more than one control to improve our uncertainties.

Each control galaxy can only be used once per sample, and in most cases, they are

matched to the interacting galaxy that is closest to them in mass.
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Figure 3.6: All of the control galaxies’ locations in the MACS0417 cluster field.

Even galaxies that appear in both the photometric and spectroscopic samples do

not necessarily have the same controls in both samples, as the photometric controls

often do not have a NIRISS spectrum, even if their sample galaxy does. This neces-

sitates restructuring of the controls that are available to assure that every galaxy has

as many controls as possible, or at least one control in the spectroscopic sample case.
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Chapter 4

Data analysis and methods

4.1 Pipeline for finding clumps

In order to study the star forming properties of clumps, they need to be identified and

segmented out of the galaxy’s disk. This process is fully automated for all galaxies

studied in this thesis, and the pipeline for processing could be used to detect clumps

in any image.

As clumps are believed to be bright areas of star formation (see above section 1.3),

they should be brightest in the UV portion of the spectrum. This UV light is the

result of hot, young, newly-formed stars that only exist in regions of star formation,

due to their short lifespans (∼10 Myr). To identify clumps, we begin with photomet-

ric data from both the JWST and the HST in the MACS0417 and MACS1423 cluster

fields. In all cases, the HST F606 filter is used to detect the clumps, from images

in the RELICS survey (Mahler et al., 2019) and the Hubble archives. A rectangular

image cutout of each galaxy is made in UV image based on the size of the galaxy’s

segmentation from the CANUCS photometry catalogue. All images used in this the-

sis have been PSF-corrected to the PSF of the F444 filter (Sarrough et al. (in prep.)).
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Figure 4.1: The clump detection process. Panel 1: The image of the galaxy how it
appears in the HST F606 filter.
Panel 2: The image of the galaxy after it has been smoothed by a Gaussian
filter.
Panel 3: Panel 1 subtract Panel 2.
Panel 4: The result of running SExtractor on Panel 3, all of the clumps
are catalogued and segmented. The different colours indicated where the
segmentations begin and end for discrete clumps.

To extract clumps, the UV cutout is first smoothed with a Gaussian kernel,

whose width (σ) as a function of galaxy size is determined by the linear function

σ = 0.0091(size) + 2.712 (size in pixels, the average radius of the galaxy segmenta-

tion). This line was the best fit obtained from visually identifying and testing the

width of Gaussian kernels to determine which gave the best result for clump visibility

- based on a testing sample of 12 galaxies with various sizes. Once the image has

been smoothed, the smoothed image is subtracted from the initial UV cutout, leaving

behind the dense concentrations of signal/UV light. This image’s (panel 3 of Figure

4.1) background is then modeled and subtracted, and a source detection algorithm

called Source Extractor for Python, SExtractor or sep (Bertin and Arnouts, 1996;

Barbary, 2016) is used to segment and catalogue any bright sources left in the image.

The segmented regions are required to have a minimum of five pixels in order to be

considered a true clump.
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Once the segmentation map of the bright sources is made, the sample must be

purified to truly focus on clumps embedded in the galaxy disk or halo. As the bulge of

the galaxy is also often bright and compact, it will usually be identified by SExtractor

and left in the clump segmentation map. The bulge will have a different stellar pop-

ulation and experience events differently than clumps in the galactic disk, so we aim

to remove it from the segmentation map. This is done by using a mass map of the

galaxy (created by a CANCUS collaborator from broad band SED fitting, described

in Section 2.3.1). The mass map is smoothed by binning pixels in 3×3 segments, and

then highest mass 9×9 pixel region is identified, the center of which is taken to be the

galaxy’s center of mass pixel, and the location of the bulge. Any clump segment that

overlaps with this center of mass pixel is identified to be the bulge, and removed from

the segmentation map (see Figure 4.2 for a visual display of the bulge removal). The

remaining segmentation map is used to define the clumps throughout the analysis.

These segmentation maps for the spectroscopic, photometric and control samples of

MACS0417 are in Appendix F. Galaxies that do not have clumps identified from the

UV image (be that the galaxy is not UV-bright or that the only signal segmented

was from the bulge) will have completely flat segmentations and a 0% contributions

from the clumps throughout the rest of the analysis.
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Figure 4.2: Identifying the center of mass and galaxy bulge from the clump segmen-
tations.
Panel 1: The mass map of the galaxy from broad band photometry, with
the center of mass indicated.
Panel 3: The direct image of the galaxy.
Panel 3: The center of mass overplotted on the clump segmentation map,
seen to overlap with a central ‘clump’.
Panel 4: The segmentation map without the bulge.

4.2 Emission line maps from grism data

In addition to identifying clumps, the other substantial processing part of this thesis

revolves around extracting emission line maps and subsequently star formation rate

maps. As described in section 2.4, from the raw 2D grism spectra we are able to

extract snapshots of the galaxy at specific wavelengths, resulting in a map of the

galaxy showing spatially-resolved emission line flux. In this thesis, the Hα emission

line maps are created using Sleuth (described in depth in Estrada-Carpenter et al.

(2023)), a newly-developed software for extracting high-quality emission line maps

from grism data.

The fundamental model for emission line map extraction involves modelling the

underling stellar population continuum and subtracting it from the spectrum, leav-

ing behind excess flux from the emission lines that can be made into maps. In the

standard method of emission line map creation, it has been assumed that the under-
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lying stellar population that makes up the continuum is not varying throughout the

galaxy. Practically, we know this not to be true (see Section 1 for a brief overview of

the variations in stellar population among different segments of typical galaxies). By

allowing the stellar continuum to be spatially variable, we are able to avoid over or

undersubtraction of extra-continuum features such as emission line fluxes.

Sleuth uses both the NIRISS grism spectra and NIRCam imaging in the F115W,

F150W, and F200W filters. In preparation for broadband SED fitting, the galaxies

are segmented into collections of pixels with S/N ≥ 100 (in the F150W image) using

a nearest neighbours algorithm. Each segment’s SED is independently fit with six

parameters: stellar metallicity, ionization, dust attenuation, specific star formation

rate, nebular metallicity and time of half mass formation (non-parametric star forma-

tion histories are also used here as in section 2.3.1) (Estrada-Carpenter et al., 2023).

The fit posteriors are used to create a model of the stellar continuum for that small

galaxy segment, which will be used while fitting the grism spectra. At this stage, the

grism data is forward-modelled (using the segmented SED fit as a prior) without the

desired emission line, and then the results of this model are subtracted from the raw

spectrum. The emission line flux is then left behind, creating the spatially-resolved

emission line map.

Compared to the standard method, the difference is significant in emission map

quality and usability. Figure 4.3 shows the same galaxy’s (ID=1307) Hα map made

with the standard method (panel 1), and with Sleuth (panel 2). In the Sleuth
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Figure 4.3: Hα emission line maps made with the standard method (left) and with
Sleuth (right). Galaxy features are resolvable and emission features are
visible when you consider a spatially varying stellar continuum. See Ap-
pendix E for the Hα emission maps for all galaxies in this thesis.

map, galaxy features are visible and the emission features can be spatially resolved.

The standard model is subject to poorly-subtracted contamination and would not be

usable for this clump analysis without significant extra attention.

4.3 Hα Star Formation Rate

Now with emission line maps in hand, we can convert Hα flux to star formation rate

using the relation outlined in Kennicutt (1998), as described in section 1.2. Before

converting to star formation rate, the Hα flux must be dust-corrected, to account for

dust attenuation of high-energy photons by galactic dust along the line of sight. This

correction is done pixel-by-pixel by the 1-component Calzetti dust law (Calzetti, 2001)

in Equation 4.1, where Av is the dust value at that particular pixel of the broadband
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fitting dust map, and the emission line Hα flux at the same pixel is Hαobs. The factor

fH/N is used to compensate for the contamination of NII emission flux in the Hα

emission line map (explained above), and has a value of fH/N = 0.828, as 17.2% of

the flux belongs to NII (Estrada-Carpenter et al., 2023).

Hαcorrected = Hαobs · 100.4·fH/N ·Av (4.1)

The result is a value of Hα flux that has been corrected for attenuation and can

now be converted to SFR using Equation 1.1. The star formation rate maps are the

key ingredient to analysing interaction-induced star formation; these maps are used

to calculate SFRs of entire galaxies, but also of clumps within galaxies, using the

clump segmentations obtained in section 4.1 to highlight the SFR map sections that

belong to clumps.

4.3.1 Galaxies without NIRISS data

For the galaxies outside of the NIRISS field (nearly all of those in the photometric

samples) or those for whom the Sleuth fit failed (quiescent galaxies without emission

lines to extract), in order to still asses their star formation, we again refer back

to property maps obtained from broadband SED fitting (section 2.3.1); the SED

posteriors include UV star formation rate (SFR) maps. While UV star formation

does have slightly different properties and timescales than Hα star formation, it is

suitable for evaluating star formation behaviour in this thesis when emission line maps
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are not available.
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Chapter 5

Results - Photometric Sample

The photometric sample consists of 24 sample galaxies in MACS0417 and 71 in

MACS1423, all within z ϵ 0.5-2.0. Each sample galaxy has at least one (up to

four) mass and redshift matched control galaxy1 (average number of controls per

sample galaxy is 1.7 in the MACS0417 photometric sample, and in all other samples,

controls and sample galaxies are 1:1). Here we will outline the findings for how inter-

acting galaxies compare to isolated ones in the photometric sample. As it is larger

in numbers, this photometric sample is better as a population study than the subset

spectroscopic sample that will be explored in Chapter 6.

5.1 Clumpiness of galaxies

For the MACS0417 photometric sample, when each sample and control galaxy is

equally weighed, we find that the average number of off-center clumps in an interact-

ing galaxy was 2.833, and for an isolated galaxy it was 2.561 - interacting galaxies

in MACS0417 are slightly more clumpy when all mass ranges are considered. When

the isolated galaxies are averaged for a 1:1 comparison with the sample galaxies, the

1In the case of multiple controls, the controls are averaged so as to facilitate 1:1 comparisons
with their assigned sample galaxy.



Chapter 5. Results - Photometric Sample 39

Figure 5.1: The number of clumps per galaxy in the MACS0417 photometric sample
and control galaxies. There are 24 sample galaxies and 41 control galaxies.
We can see that on average, interacting galaxies are more clumpy, but also
experience larger variations in the amount of clumps.

average number of clumps drops to 2.458. These results are portrayed in Figure 5.1.

When all mass ranges are considered, 33.3% (8/24) of interacting galaxies do not have

off-center clumps, compared to 24.4% (10/41) of all isolated galaxies.

The same analysis was performed on the MACS1423 galaxies, and this cluster

field also shows that interacting galaxies have slightly more clumps when all masses

are considered. These results are shown in Figure 5.2.

5.2 Star formation

Using star formation rates and masses derived from SED fitting with dense basis,

we plot the star formation main sequence for the entire photometric sample and as-

sociated control sample, shown in Figure 5.5. Literature suggests that mergers cause

star bursts, thus pushing interacting galaxies above the typical star formation main
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Figure 5.2: The number of clumps in interacting v.s. control galaxies in MACS1423.
We see a trend in both cluster fields of more clumps in interacting galaxies.

Figure 5.3: Comparing every MACS0417 photometric sample galaxy with its control
counterparts: average number of clumps. There are 10 sample galaxies
more clumpy than their controls, 12 that are less clumpy, and one where
the clumpiness is equal.
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Table 5.1: Mean star formation rates binned by mass for interacting and control
galaxies (log(SFR[M⊙/yr])).

Sample Controls
M<9 -2.6302±0.2698 -2.7982±0.3002

9<M<10 -0.3707±0.2945 -0.6165±0.2296

M>10 -0.4599±0.4842 0.0042±0.3416

sequence (Figure 5.4).

With the photometric sample, narrowing in on a lower-mass range of log10M =

9− 10M⊙, we see that there is a noticeable offset between the median SFR values of

the control and interacting samples at this mass range (Figure 5.6), by a factor of ∼2

in log SFR.

5.2.1 Where is the star formation

All galaxies in this thesis were run through the clump-detection pipeline to locate

their off-center clumps. We find that the average number of clumps is consistently

between 2-5 (Table 5.2). Other works (see Mandelker et al. (2014)) find an average of

3-4 clumps per galaxy in simulations. By identifying these clumps, we are also able

to quantify the amount of star formation rate they contribute to their host galaxy

(Table 5.2.1).

In the 9-10 logM⊙ region of the sample, we see the highest star formation rates
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Figure 5.4: Expectations for merger galaxies on the star formation main sequence
(SFMS). Mergers are known to induce star formation, so we anticipated
seeing an offset in the sample and control populations on the SFMS.

Figure 5.5: Star formation main sequence for photometric interacting and isolated
galaxies of all masses, from both cluster fields. Mass ranges considered in
interpretation marked with dashed lines. Within the mass range 9-10M⊙,
we see the main sequence offset we expect. Interacting galaxies are higher
in log SFR by a factor of ∼2.
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Figure 5.6: Star formation main sequence between log10M = 9 − 10M⊙. We see
that interacting galaxies in this mass range are experiencing more star
formation than the controls. Bootstrap resampling (Nresamples = 200) of
the median values shows the separation between the two populations.

Table 5.2: Number of clumps across all samples

# clumps
MACS0417 sample 2.833 ± 0.733
MACS0417 controls 2.561 ± 0.519
MACS1423 sample 2.944 ± 0.498
MACS1423 controls 4.324 ± 0.670
all samples 2.916 ± 0.411
all controls 3.679 ± 0.551

for both interacting galaxies and control galaxies (Table 5.2). When we look at

these same mass bins and instead consider the number of clumps, we find that the

interacting galaxies also have more clumps than the controls between 9-10 logM⊙.

We note that at lower and higher masses we do not observe correlations between

star formation rates and number of clumps, but do see a relationship at intermediate
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Figure 5.7: Comparing UV star formation rates between interacting and non-
interacting galaxies. Based on the lack of points on the 1:1 line, we see
that despite being similar in mass and redshift, it is unlikely that control
galaxies and interacting galaxies have similar SFRs. This alludes to the
situational irregularities mentioned by Kennicutt et al. (1987), and high-
lights the importance of population analysis instead of 1:1 comparisons
of individual sample and control galaxy pairs.



Chapter 5. Results - Photometric Sample 45

Table 5.3: Percentage of UV SFR coming from the clumps (all masses)
Mean % SFR in clumps

MACS0417 sample 2.317 ± 1.426
MACS0417 controls 9.844 ± 2.445
MACS1423 sample 4.019 ± 1.298
MACS1423 controls 2.030 ± 0.638
all samples 3.685 ± 1.057
all controls 4.458 ± 0.985

masses. The number of clumps in each mass bin is shown in table 5.4.

Table 5.4: The average number of clumps in three mass bins for each the sample and
control galaxies. We see a trend in the 9-10M⊙ range, where interacting
galaxies are higher in both star formation rate and number of clumps.

Sample Controls
M<9 1.852±0.372 5.846±1.710

9<M<10 3.489±0.661 3.121±0.558

M>10 3.043±0.782 2.821±0.670
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Chapter 6

Results - Spectroscopic Sample

The subset of MACS0417 galaxies that have NIRISS data allows us to take a closer

look at some of the interacting systems from the photometric sample. While the

sample is limited in number with only 9 sources and not ideal for a population study,

we are able to investigate individual cases of interacting galaxies compared to control

galaxies.

6.1 Clumpiness of galaxies

For the spectroscopic sample, where each sample galaxy is matched 1:1 with a control

of equivalent mass and redshift, the average number of clumps for interacting galaxies

is 3.111, while the average number of clumps for an isolated galaxy is 4.444. 22.2%

(2/9) of interacting galaxies are without off-center clumps, compared to an interest-

ing 0% of isolated galaxies. See Figure 6.1. The average offset in number of clumps

between sample and control is 2.667. See Figure 6.2.
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Figure 6.1: The number of clumps per galaxy in the spectroscopic sample and control
galaxies. There are 9 of each sample and control galaxies. We can see
that on average, in this small sample of 9 galaxies, control galaxies are
more clumpy.

Figure 6.2: Comparing every spectroscopic galaxy with its control counterpart: num-
ber of clumps. Most (save two) control galaxies are more clumpy than
their partner sample galaxy.
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6.2 Star formation

The spectroscopic sample is a subsection of the larger photometric sample for the

interacting galaxies in MACS0417 that have NIRISS spectra, and newly assigned

control galaxies who also fall in the NIRISS field. The star formation main sequence

is shown in Figure 6.3, where sample galaxies tend to fall lower than the controls.

The star formation is examined further in the clumps - it was found that the clumps

in interacting galaxies contribute 8.966% of the galaxy’s Hα SFR, while in the control

sample this percentage was 27.662%. Control galaxies had an average of 4.444 clumps,

and interacting galaxies an average of 3.111 (Figure 6.1). Using this information, we

can derive the percentage of Hα SFR in each average clump. For controls, the average

clump contributes 6.225% to the SFR, and for interacting galaxies the average clump

contributes 2.882% of the galaxy’s SFR. Comparing to results from Guo et al. (2015),

where they find that the average clump contributes 4-10% of the SFR, we see that in

our spectroscopic sample, the control galaxies’ clumps are within this expected range,

but the interacting galaxy clumps are below what we would expect.

6.2.1 Burstiness

In the spectroscopic sample, we have the unique opportunity to calculate “burstiness”:

a metric for tracking the timescales of star formation events. Burstiness (log10(ηUV ))

is the ratio of the Hα flux to the UV flux (Estrada-Carpenter et al., 2023; Asada et al.,

2024). Because the Hα flux is sensitive to shorter-timescale changes in a galaxy or

clump’s star formation than the UV flux (due to Hα’s origin in the hottest short-
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Figure 6.3: The Hα star formation main sequence, obtained from NIRISS emission
line maps.

lived OB stars), the ratio of the two gives a quantitative representative of when the

observed star formation is taking place. If ηUV >1, then we are seeing more Hα

emission than UV, meaning that the hottest, youngest stars are present, and this

region is experiencing an active starburst. Likewise, if log10 ηUV < 1, there is more

UV star formation flux, indicating that the galaxy has ceased to make new, hot stars,

and is quenching. For each galaxy and control with both UV (HST F606) and Hα

(NIRISS F150 or F200) flux data, we are able to make spatially resolved burstiness

maps. One example of this is Figure 6.4, and all images are shown in Appendix D.

These images show that the bright, clumpy regions of the spectroscopic galaxies show

significant correlation to the bursting regions in the burstiness maps.
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Figure 6.4: log10(ηUV ) for the control galaxy ID=319. We can see clumpy regions
near the bottom of the galaxy that show clearly heightened star formation
burstiness compared to the rest of the galaxy.
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Chapter 7

Discussion

7.1 Effect of interactions on star formation

rates in interacting galaxies and clumps

In this thesis we test the theory that interactions and mergers cause augmented

star formation (Ellison et al., 2008) in participating galaxies due to merger-induced

gas compression. In the photometric sample, we do see augmented star formation

(with respect to non-interacting galaxies) in interacting galaxies with masses between

log10M = 9− 10M⊙. The star-formation main sequence (Figures 5.5 and 5.6) shows

the offset between the median SFR of interacting and isolated galaxies.

When we delve deeper into this sub-sample mass range, we also find that inter-

acting galaxies are more likely to be clumpy. Interacting galaxies between log10M =

9 − 10M⊙ have the highest amount of clumps among all the interactions, and have

more clumps than their mass-matched controls. This suggests a link between in-

creased star formation, increased clump presence, and interactions. We note that

higher and lower mass galaxies do not follow these trends, a discrepancy that war-

rants further study beyond this thesis.
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Interacting galaxies being more clumpy suggests that merger scenarios and clumpi-

ness go hand-in-hand; many have proposed that clumpy disks are the result of gravita-

tional instabilities caused by galaxy-galaxy interactions (Guo et al., 2015; Messa et al.,

2022), specifically minor mergers (Kalita et al., 2024), as they are less destructive to

the massive galaxy’s overall structure, but still cause considerable perturbations to

the system. The results in this work come from exclusively major mergers - suggesting

than major mergers may also cause clumps. We observe most of our major-merger

galaxies in their early, pre-destructive stages (as confirmed by the infrequency of

strong tidal features), so it is possible that these clumps we have observed will not

survive the rest of the interaction.

Alternatively, these observed clumps may not be a produce of condensed material

after a merger, they may instead be an accreted relic of past minor mergers, not

formed within their host galaxies at all. Recent studies (Estrada-Carpenter, 2024)

and simulations (Mandelker et al., 2014) have shown that this is possible; clumps

often differ significantly in metallicity from the surrounding disk material, indicating

that they were not formed from the disk. Having lower metallicities than the disk

means that there must have been a source of pristine gas present during their forma-

tion. This could mean they are remnants of previously accreted satellite galaxies or

minor merger remnants.
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7.2 Effect of interactions on clump star

formation rate contributions

While we observe an increase in star formation rate and in number of clumps for

interacting galaxies in the mass range log10M = 9− 10M⊙, we do not see an increase

in percentage of star formation in the clumps of interacting galaxies (Table 5.2.1).

There are a few possible explanations for this. Firstly, if star formation is induced due

to interactions, it may be only induced in the diffuse disk or halo material of the inter-

acting galaxies, while the already-dense clump regions do not experience additional

gas condensation. If the clumps maintain their SFR while the disk SFR raises around

them, they will experience a reduced contribution to the overall SFR, as shown in

the last row of Table 5.2.1. Similarly, if the surroundings experience additional star

formation, the interaction may induce quenching in the clumps. The burstiness maps

in Section 6.2.1 would allow this theory to be tested with a larger sample of galaxies

with spectroscopic data.

In comparing to the literature on clump contributions to star formation rates, it

is found that on average, each individual clump contributes ∼4-10% of the SFR of

its host galaxy (Guo et al., 2015). In the spectroscopic sample, the clump SFR per-

centages are reported in Section 6.2 (8.995% in the sample, 27.662% in the controls),

and the mean number of clumps from the spectroscopic sample and control galaxies

from Section 6.1 (3.111 for the sample, 4.444 for the controls), this leads to average

individual clump SFR percentages of 2.882% per clump for the sample, and 6.225%
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per clump for the controls. Within the margin specified by Guo et al. (2015), this

tells us that our sample clumps are below average. This leads back to the conclusions

that a larger sample of spectroscopic data is needed to overcome these fluctuations.

There are multiple possible explanations for this, but further spectroscopic analysis

is required before we are able to conclusively identify specific theories.

7.3 Gravitational Lensing

In this thesis, we benefit from the gravitational lensing effect that comes from observ-

ing in a galaxy cluster field - distant background galaxies that are magnified due to

the cluster mass in the foreground are resolvable in more detail than otherwise would

have been possible. However, in addition to magnification, lensing causes distortion

in the appearances and light distributions of galaxies, which are less desirable (for

this thesis) lensing effects, and can cause shear and image duplication. To account

for lensing, we would have had to perform lensing corrections on all observations and

property maps of each galaxy in all samples. Lensing, as it can distort the galaxy’s

appearance from the source plane to the lensed plane, can result in over-estimated

values for both mass and star formation (Gledhill et al., 2024). Correcting for lensing

effects would reduce uncertainties and increase confidence in these results, and is a

topic for future work.
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Chapter 8

Conclusions

Using spectroscopic grism data from the NIRISS instrument on the JWST, and imag-

ing data from NIRCam and HST, we conduct a study on star formation trends and

clumps in interacting galaxies. This study includes two samples, the photometric

sample consisting of 24 interacting galaxies and 41 isolated galaxies in MACS0417,

and 71 interacting galaxies and 71 isolated galaxies in MACS1423, and the spectro-

scopic sample, a subset of 9 galaxies in interacting pairs that have NIRISS data, and

their controls. The main conclusions from this thesis are summarized below.

1. In the photometric sample, within the mass range of log10M = 9 − 10M⊙, we

find that interacting galaxies show more star formation, a result that agrees

with literature on merging systems. We note that high and low mass galaxies

do not follow this trend and experience significant variations in both number of

clumps and SFR.

2. The interacting galaxies at this mass range also have more clumps than the

controls. This suggests that clumps are linked to interactions (at least at this

mass range), and we theorize that clumps may be the result of interaction-

induced disk collapse, or the artifacts of previous minor mergers.

3. In the spectroscopic sample, the per-clump percentage of galaxy SFR is as
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expected in the control galaxies, but below average in the sample galaxies.

This, and the fact that in inteacting galaxies we see an overall decrease in

clump contribution to SFR leads us to believe that this is due to one of two

possible scenarios: Either mergers cause an overall increase in disk-based star

formation while clumps remain consistent, or clumps are stifled by interactions.

Either scenario would explain why the clumps are more prominent/make up a

larger percentage of the galaxy SFR in the non-interacting galaxies.

All in all, we were able to complete both a photometric population study and a

smaller-sample spectroscopic study of star formation and clumps in interacting and

non-interacting galaxies. This is a field with a bright future and many avenues still

to be explored.
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Appendix A

Abbreviations/Symbols

• CANUCS: the CAnadian NIRISS Unbiased Cluster Survey

• Dec: Declination

• HST: the Hubble Space Telescope

• JWST: the James Webb Space Telescope

• kpc: kiloparsecs

• M⊙: Units of solar mass

• NIRCam: the Near InfraRed Camera

• NIRISS: the Near InfraRed Imager and Slitless Spectrograph

• RA: Right Ascension

• SED: spectral energy distribution

• SFR: star formation rate

• sSFR: specific star formation rate

• UV: Ultraviolet
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Appendix B

Sample and control galaxies -
properties

All star formation and mass quantities are from CANUCS collaboration photometry

catalogues.

Table B.1: Average star formation quantities - all samples MACS0417
Average SFR [log10(M⊙/yr)] Average sSFR [log10(yr

−1)]
P Sample -0.7892 ± 0.3453 -10.6253 ± 0.4328
P Controls -0.9255 ± 0.2533 -10.7437 ± 0.2394
S Sample -1.1283 ± 0.6535 -10.9364 ± 0.8222
S Controls -1.105 ± 0.7149 -10.8347 ± 0.5343

Table B.2: Average star formation quantities - all samples MACS1423
Average SFR [log10(M⊙/yr)] Average sSFR [log10(yr

−1)]
P Sample -1.4742 ± 0.2702 -10.4805 ± 0.2298
P Controls -1.1817 ± 0.2501 -10.2979 ± 0.2082

Table B.3: Star Formation - Spectroscopic Sample Galaxies
ID log SFR log sSFR # Clumps Clump SFR %
43 -0.734 -10.540 0 0
47 -0.402 -10.753 1 21.302
100 -0.103 -9.501 2 3.287
121 -0.841 -10.082 2 26.242
172 -0.121 -8.905 1 1.515
196 -0.291 -9.377 1 0.936
535 -0.02 -8.958 1 0.082
1265 0.191 -11.038 9 24.876
1270 1.402 -10.038 14 2.3483
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Table B.4: Star Formation - Spectroscopic Control Galaxies
ID log SFR log sSFR # Clumps Clump SFR %
545 -0.773 -10.829 1 19.224
1326 -0.074 -10.313 2 5.315
319 0.388 -9.050 5 50.503
1274 0.287 -8.945 8 23.246
531 -0.353 -8.863 3 53.600
299 1.167 -7.862 4 5.254
571 -0.104 -9.280 1 20.236
250 1.017 -10.018 4 55.426
1307 1.299 -9.549 12 15.556

Table B.5: General Properties - Spectroscopic Sample Galaxies
ID log M z RA Dec NIRISS or broadband Control ID
43 9.807 1.7127 64.40550 -11.93381 N 545
47 10.352 1.7069 64.40539 -11.93358 N 1326
100 9.399 1.2645 64.39671 -11.92671 N 319
121 9.242 1.2658 64.39777 -11.92533 N 1274
172 9.784 1.0590 64.38421 -11.92110 N 531
196 9.087 1.0583 64.38617 -11.91978 BB 299
535 8.937 1.0394 64.38144 -11.90077 N 571
1265 11.229 1.2700 64.39739 -11.92903 BB 250
1270 11.441 1.2725 64.39749 -11.92741 N 1307

Table B.6: General Properties - Spectroscopic Control Galaxies
ID log10M z RA[o] Dec[o] NIRISS or Broadband Paired to:
545 10.057 1.4530 64.41031 -11.90052 N 43
1326 10.240 1.4310 64.41162 -11.90417 N 47
319 9.439 1.4640 64.37851 -11.91280 N 100
1274 9.233 1.4516 64.39304 -11.92196 N 121
531 8.510 1.0524 64.39764 -11.90105 BB 172
299 9.030 1.3106 64.40282 -11.91352 N 196
571 9.177 1.3196 64.40408 -11.89812 N 535
250 11.035 1.0416 64.39977 -11.91654 N 1265
1307 10.848 1.3471 64.38033 -11.90834 N 1270
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Table B.7: General Properties - Photometric Sample Galaxies MACS0417
ID log M z RA Dec Control IDs
47 9.807 1.7127 64.40550 -11.93381 1326
43 10.352 1.7069 64.40539 -11.93358 545
100 9.399 1.2645 64.39671 -11.92671 319, 929
121 9.242 1.2658 64.39777 -11.92533 58, 790, 212
172 9.784 1.0590 64.38421 -11.92110 809
196 9.087 1.0583 64.38617 -11.91978 299
535 8.937 1.0394 64.38144 -11.90077 754, 867
537 8.739 0.9877 64.37958 -11.90090 531
698 8.575 0.7070 64.41578 -11.88812 906
705 9.046 0.6538 64.41407 -11.88761 665, 729
755 10.937 1.1215 64.42008 -11.88395 804
764 10.918 1.1302 64.41917 -11.88341 84, 1307
875 9.188 1.2919 64.39129 -11.87591 571, 607
1389 9.537 1.2975 64.39201 -11.87443 414
904 10.132 1.3740 64.39413 -11.87345 210, 382
922 9.817 1.3316 64.39447 -11.87206 256, 514, 1316
1265 11.229 1.2700 64.39739 -11.92903 250
1270 11.441 1.2725 64.39749 -11.92741 838
1369 10.385 1.0395 64.42024 -11.88499 41, 920
1370 10.069 1.0341 64.41985 -11.88486 285, 1382
1371 9.398 1.0804 64.41589 -11.88501 429, 93
1372 9.984 1.1417 64.41539 -11.88481 123, 408, 488, 1278
1398 10.573 1.3993 64.38815 -11.87362 1285
1397 10.504 1.3360 64.38753 -11.87376 718
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Table B.8: General Properties - Photometric Control Galaxies MACS0417
ID log10M z RAo Deco Paired to:
545 10.0565 1.4530 64.41031 -11.90052 43
1326 10.2395 1.4310 64.41162 -11.90417 47
319 9.4385 1.4640 64.37851 -11.91280 100
929 9.4015 1.3027 64.39073 -11.87147 100
58 9.2585 1.3860 64.39253 -11.93129 121
790 9.2615 0.9851 64.40027 -11.88193 121
212 9.3055 1.4779 64.39852 -11.91909 121
809 8.7925 0.7793 64.40144 -11.88054 172
299 9.0295 1.3106 64.40282 -11.91352 196
754 9.0365 0.9727 64.40628 -11.88414 535
867 9.1295 1.1116 64.39879 -11.87675 535
531 8.5095 1.0524 64.39764 -11.90105 537
906 8.5705 0.7340 64.39561 -11.87296 698
665 9.0475 0.6403 64.42475 -11.89117 705
729 9.0295 0.5172 64.42688 -11.88574 705
804 11.0305 1.0615 64.41453 -11.88071 755
84 10.8985 0.9465 64.39436 -11.92874 764

1307 10.8475 1.3471 64.38033 -11.90834 764
571 9.1765 1.3196 64.40408 -11.89812 875
607 9.2065 1.4608 64.39363 -11.89598 875
414 9.5385 1.4483 64.37953 -11.90783 1389
210 10.1965 1.2661 64.37740 -11.91922 904
382 10.1705 1.3209 64.38353 -11.91003 904
256 9.8395 1.2681 64.41354 -11.91633 922
514 9.8935 1.4464 64.41476 -11.90210 922
1316 9.8545 1.3235 64.38306 -11.90694 922
250 11.0345 1.0416 64.39977 -11.91654 1265
838 11.2075 1.4224 64.38992 -11.87881 1270
41 10.3945 1.1033 64.40377 -11.93436 1369
920 10.4135 1.1539 64.39539 -11.87226 1369
285 10.0445 0.8325 64.38454 -11.91471 1370
1382 10.0345 0.9937 64.40042 -11.87581 1370
429 9.6775 1.0465 64.39905 -11.90667 1371
93 9.3015 1.3662 64.40685 -11.92753 1371
123 10.0005 1.3355 64.39306 -11.92514 1372
408 9.9395 1.3708 64.40727 -11.90837 1372
488 9.9785 1.2792 64.41601 -11.90376 1372
1278 9.9425 0.8519 64.37600 -11.91844 1372
1285 10.6845 1.1481 64.38685 -11.91842 1398
718 10.5105 1.0707 64.42392 -11.88681 1397
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Table B.9: First Half - General Properties - Photometric Sample Galaxies MACS1423
ID log M z RA[o] Dec[o] Control IDs
636 10.104 1.4162 215.93892 24.09200 32
721 9.359 0.9301 215.95163 24.09745 43
664 10.217 0.7336 215.94074 24.09355 58
546 9.776 0.5356 215.93862 24.08683 69
1335 10.326 0.7730 215.96603 24.09559 82
9345 6.504 0.7170 215.92678 24.09220 97
700 9.335 0.7658 215.96513 24.09543 101
1325 9.861 1.4191 215.94070 24.08999 115
634 9.095 1.1412 215.94673 24.09191 120
643 9.669 0.6016 215.94269 24.09238 135
1272 9.127 0.5554 215.94287 24.06979 136
356 9.073 0.5348 215.94237 24.07668 141
121 11.019 0.5170 215.95190 24.06389 142
660 9.007 0.7846 215.94161 24.09315 146
1343 9.887 0.8141 215.96434 24.09732 157
357 8.733 1.3851 215.93444 24.07665 178
1243 9.453 1.3493 215.93854 24.05782 186
402 9.384 0.5370 215.93355 24.07875 189
64 9.057 1.4454 215.93847 24.05953 228
806 9.429 0.9272 215.92988 24.10734 238
647 7.641 0.5491 215.94639 24.09269 243
92 9.307 0.5613 215.94161 24.06189 249
559 10.099 0.6223 215.94347 24.08759 287
604 6.943 0.6911 215.92608 24.09024 290
566 8.648 1.6197 215.95446 24.08810 292
1339 9.569 0.9882 215.94910 24.09636 305
11791 7.570 1.5463 215.93332 24.10982 313
388 8.965 0.5405 215.94072 24.07801 339
119 10.488 0.5988 215.95077 24.06373 353
385 9.330 1.3097 215.93526 24.07806 387
843 7.277 0.5060 215.92720 24.11036 409
163 8.632 0.5449 215.93975 24.06662 476
580 9.302 1.7611 215.94171 24.08883 499
563 8.938 0.6432 215.94058 24.08779 508
582 9.719 0.5322 215.93910 24.08906 556
932 8.571 0.8650 215.95944 24.11849 557
309 8.684 0.5518 215.93010 24.07456 609
625 10.106 0.5585 215.94615 24.09159 622
925 9.229 1.0532 215.95022 24.11768 663
929 8.667 0.6041 215.96354 24.11818 683
1290 9.330 0.9250 215.92813 24.07699 697
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Table B.10: Second half - General Properties: Photometric Sample Galaxies
MACS1423

IDs log M z RA[o] Dec[o] Control IDs
927 9.007 0.5526 215.96274 24.11793 705
1289 10.568 0.6092 215.95613 24.07665 739
247 9.224 0.5288 215.93974 24.07101 740
693 8.646 0.5305 215.95626 24.09491 781
1337 9.070 0.9984 215.94941 24.09631 784
369 8.816 1.1435 215.94177 24.07729 788
192 9.101 1.1101 215.93875 24.06798 799
1338 8.726 1.0078 215.94975 24.09630 807
1317 9.382 0.5166 215.96818 24.08568 816
4414 8.922 1.8047 215.93622 24.06509 826
28 10.170 0.5812 215.93172 24.05658 828
699 10.295 0.7941 215.94078 24.09513 833
384 10.130 0.5475 215.95649 24.07799 837
579 9.604 0.5261 215.94285 24.08891 850
603 8.830 1.8180 215.94116 24.09011 858
334 9.000 1.3195 215.93457 24.07579 861
105 9.531 0.5410 215.94273 24.06242 865
649 8.774 0.7496 215.93705 24.09274 868
7316 9.012 0.8453 215.96002 24.08061 893
433 9.094 0.5103 215.96255 24.08063 897
354 9.514 0.8706 215.92889 24.07673 901
365 10.759 0.5572 215.95422 24.07715 1260
50 9.524 0.5504 215.94046 24.05812 1262
288 8.043 0.9936 215.96346 24.07333 1263
158 8.823 1.7626 215.93667 24.06628 1299
596 8.767 1.1627 215.94973 24.08975 1319
390 9.097 1.2058 215.94333 24.07824 1323
1249 10.533 0.5391 215.93208 24.05886 1332
66 9.205 0.5515 215.94055 24.05956 1334
1271 9.196 0.5302 215.94326 24.06967 1345
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Table B.11: First Half - General Properties: Photometric Control Galaxies
MACS1423

ID log M z RA[o] Dec[o] Paired to:
32 10.3065 1.3585 215.92936 24.05692 636
43 9.3655 1.0434 215.93002 24.05780 721
58 10.1655 0.9849 215.95258 24.05921 664
69 9.8295 0.5185 215.96608 24.05965 546
82 10.3405 0.5654 215.93896 24.06071 1335
97 6.6835 0.8238 215.97154 24.06199 9345
101 9.3355 0.5490 215.95180 24.06213 700
115 9.7955 1.4157 215.93364 24.06351 1325
120 9.0895 0.8630 215.97226 24.06407 634
135 9.6445 0.5426 215.94446 24.06517 643
136 9.1175 0.6264 215.96354 24.06516 1272
141 9.0785 0.6198 215.93511 24.06558 356
142 11.1415 0.5204 215.94194 24.06534 121
146 9.0065 0.9133 215.93713 24.06572 660
157 9.9245 0.6808 215.93378 24.06632 1343
178 8.7105 1.4430 215.94536 24.06725 357
186 9.4805 1.3366 215.95932 24.06761 1243
189 9.3835 0.8133 215.96512 24.06808 402
228 9.0675 1.6210 215.95768 24.07031 64
238 9.4075 1.1698 215.93913 24.07090 806
243 7.6385 0.5458 215.95860 24.07103 647
249 9.2955 0.7538 215.95780 24.07122 92
287 9.9515 0.5515 215.93412 24.07312 559
290 6.7205 0.5420 215.94099 24.07337 604
292 8.6865 1.4013 215.92775 24.07380 566
305 9.8195 0.8976 215.94581 24.07420 1339
313 7.6505 1.4324 215.92684 24.07485 11791
339 8.9835 0.6015 215.92686 24.07620 388
353 10.5145 0.8718 215.96983 24.07675 119
387 9.4135 1.3221 215.96351 24.07797 385
409 7.1515 0.5398 215.93272 24.07910 843
476 8.6355 0.7746 215.92573 24.08311 163
499 9.3555 1.5355 215.96861 24.08421 580
508 8.9455 0.6590 215.92469 24.08468 563
556 9.7485 0.5143 215.93230 24.08744 582
557 8.5605 1.1487 215.96696 24.08774 932
609 8.7195 0.5272 215.96570 24.09056 309
622 9.9695 0.7880 215.93581 24.09134 625
663 9.2145 1.1467 215.92819 24.09330 925
683 8.6845 0.8420 215.93084 24.09440 929
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Table B.12: Second Half - General Properties: Photometric Control Galaxies
MACS1423

ID log M z RA[o] Dec[o] Paired to:
697 9.285 1.0341 215.94293 24.09513 1290
705 9.005 0.7874 215.95963 24.09593 927
739 10.568 0.5371 215.95953 24.09901 1289
740 9.274 0.5252 215.96531 24.09939 247
781 8.675 0.6796 215.92641 24.10526 693
784 9.061 1.1480 215.92905 24.10515 1337
788 8.823 1.4417 215.92677 24.10590 369
799 9.167 1.1251 215.92570 24.10693 192
807 8.727 0.8248 215.92320 24.10742 1338
816 9.392 0.5188 215.95551 24.10826 1317
826 8.960 1.6564 215.92223 24.10915 4414
828 10.222 0.6841 215.92153 24.10928 28
833 10.087 1.0208 215.93568 24.10966 699
837 10.097 0.5077 215.96018 24.10997 384
850 9.703 0.6579 215.94306 24.11099 579
858 8.948 1.6392 215.94958 24.11134 603
861 8.979 1.3468 215.92745 24.11164 334
865 9.731 0.5439 215.93007 24.11208 105
868 8.705 0.5214 215.96111 24.11264 649
893 9.160 0.8811 215.96459 24.11528 7316
897 9.132 0.5775 215.93977 24.11566 433
901 9.606 0.8802 215.95758 24.11618 354
1260 10.717 0.5393 215.95836 24.06405 365
1262 9.686 0.5611 215.97169 24.06468 50
1263 7.981 1.2014 215.97145 24.06472 288
1299 8.828 1.8490 215.94119 24.07957 158
1319 8.920 1.4419 215.94278 24.08735 596
1323 9.123 1.3484 215.93191 24.09001 390
1332 10.434 0.5530 215.94718 24.09424 1249
1334 9.212 0.8474 215.94794 24.09658 66
1345 9.132 0.7430 215.96202 24.09905 1271
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Figure C.1: RGB images of all the spectroscopic pairs in this work (ID=537 does not
have NIRISS data and is therefore not included in the sample).
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Figure C.2: Photometric Interacting Pairs
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Appendix D

Burstiness Maps

Figure D.1: Spectroscopic interacting sample MACS0417 (140 pixels x 140 pixels)
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Figure D.2: Spectroscopic control sample MACS0417 (120 pixels x 120 pixels)
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Spectroscopic Sample and Controls: MACS0417
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Appendix G
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Photometric Sample and Controls: MACS0417
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