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Abstract

The study of massive, quiescent galaxies at high redshift is crucial for understanding
the physical processes driving galaxy evolution. The presence of a large population of
such galaxies already in place at z ∼ 2 poses the questions of how they formed and
what mechanisms hide behind the quenching of their star formation. The advent of
the James Webb Space Telescope (JWST) has opened up a new window into the early
universe, making it possible to study high-redshift quiescent galaxies in detail. The aim
of this work is to analyze ionized gas emission lines found in the near-infrared spectra
of quiescent galaxies at z ∼ 2, in order to derive information about the underlying
sources of ionization and thus constrain the quenching mechanism.

This work is based on proprietary data from the Blue Jay survey (PI: S. Belli),
carried out with the NIRCam and NIRSpec instruments onboard JWST. The survey
observed a total of 147 galaxies at 1.7 < z < 3.5 in the COSMOS field, using three
filters of medium resolution R ∼ 1000 covering the 1 - 5 micron wavelength range. A
sample of massive quiescent galaxies was selected by employing a rest-frame UV J color
selection and selecting only systems with stellar mass M∗ ≥ 1010 M⊙: the final sample
consists of 22 galaxies.

Their spectra were continuum fitted using the Prospector code for stellar popu-
lation inference and then continuum subtracted, in order to isolate rest-frame optical
emission lines produced by ionized gas. The most prominent lines detected are Hα, Hβ,
[OII]λλ3727,3729, [OIII]λλ4959,5007, [NII]λ6548, [NII]λ6583, [SII]λλ6716,6731 and He
I λ10830: these were all fitted using single Gaussian model profiles. At least one emis-
sion line from ionized gas was detected with SNR>3 in 82% of the sample (i.e. 18 out
of 22 galaxies), indicating the presence of continued ionizing sources in this passive
population.

From the results of the line fits I obtained the emission line flux ratios and used them
to investigate the primary source of excitation through line diagnostic diagrams, such
as the [OIII]λ5007/Hβ vs [NII]λ6583/Hα ratios - known as the BPT diagram, after
Baldwin, Phillips, and Terlevich (1981) - the Hα equivalent width vs [NII]λ6583/Hα
diagram, from Cid Fernandes, Stasińska, Mateus, and Vale Asari (2011), and two other.
All of these diagrams found that most of the sample’s galaxies fall under the AGN-
powered excitation range: of the whole sample, 12 out of 22 galaxies (54.5%) were able
to be classified using diagnostic diagrams, and, among these, 8 systems (67%) were
confirmed to host an active nucleus.

The accuracy of the UV J color selection was tested by measuring the current SFR
of each galaxy from the Hα line luminosity. The majority of the sample was indeed
confirmed to be quiescent, with only 2 galaxies (9% of the selected sample) who turned
out to be star-forming and 1 galaxy found to actually be a merger.

Finally, in 4 galaxies I found that the spectral fitting required multiple Gaussian
components in order to accurately replicate the observed emission lines. To further
investigate this occurrence, I included for each emission line a narrow and a broad
component, the former fixed at systemic velocity and the latter free to vary in redshift.
This improved fitting unveiled the presence of powerful ionized gas outflows in all four
galaxies, plus the presence of very clear Broad Line Region emission in only one of
them, COSMOS-18977. These ionized gas outflows are actively leaving their galaxies



with measured velocities of the order of 1000s of km/s and are thus only traceable back
to AGN-feedback at work in these passive systems.

The general picture emerging from this study is that massive quiescent galaxies at
Cosmic Noon may harbour a significant fraction of never-before-detected AGNs. The
high percentage of nuclear activity present in this quiescent population is a strong
indication of AGN activity and feedback as the primary channel of star-formation
quenching at work in these massive and passive systems. Furthermore, the detection
of ionized gas outflows in a subset of active galaxies in the sample is an even more direct
evidence of AGN feedback actively quenching these galaxies through gas ejection at
very high velocities, further reinforcing the link between quenching of star-formation
in massive quiescent galaxies and AGN activity.
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Chapter 1

Introduction

1.1 Main properties of quiescent galaxies
Historically, galaxies have been first and foremost classified through their morphology
observed in optical images: this classification is referred to as morphological classifi-
cation and it was first defined by Hubble in 1926. It is still in use today and sees
the galaxy population divided into two main separate groups: the early-type galaxies
(or ETGs), which include ellipticals and lenticular galaxies, and the late-type galaxies
(or LTGs), which comprises spirals and irregular galaxies. This basic classification is
then articulated in many subclasses that make up the classic "tuning fork" Hubble
classification scheme (Figure 1.1).

The fundamental bimodality present in the ETG vs LTG morphological classifica-
tion correlates with the bimodal distribution of many galaxy properties: ETGs tend to
be quite red in their photometric colors, while LTGs are characterized by bluer SEDs;
star formation rate is very low in early-types and much higher in late-types; UV-optical
spectra of late-type galaxies are characterized by powerful emission lines, while UV-
optical spectra of ETGs typically do not show any emission lines but are instead rich in
deep absorption lines. Figure 1.2 shows the color-mass diagram of a sample of present
day galaxies, divided by morphology types: ETGs and LTGs are segregated in different
parts of the diagram, reflecting the bimodal distribution in colors.

Figure 1.1: The Hubble "tuning fork" classification scheme. From Mo et al. (2010).
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Chapter 1 1.2. Evolution of quiescent galaxies and the role of quenching

The correlation between morphology and rate of star formation is the reason why
ETGs are often referred to as quiescent or passive galaxies, while LTGs are called
star-forming galaxies: it is important, however, to stress the difference between the
morphological distribution, which is based on imaging data and is quite dependent
on the wavelength at which a galaxies is observed at, and the SFR-based one, which
usually relies on SFR measurement from spectroscopic data and thus it’s based on the
spectrum of a galaxy rather than its image. Even though the two classification are
tightly correlated, this does not mean that they always overlap (Moresco et al., 2013).
Since this work is primarily based on spectroscopic data of cosmic-noon galaxies (i.e.,
at z ∼ 2), from now on we will refer to the galaxies in the sample by using the star-
forming/quiescent spectroscopic classification.

Quiescent galaxies are characterized by low or completely absent star formation.
For example, a galaxy may be classified as quiescent adopting a threshold of SFR
< 1 M⊙/yr or log(sSFR/Gyr) < −1 (Pozzetti et al., 2010). Quiescent systems are
typically high-mass galaxies (with stellar masses > 1010 M⊙) made up of evolved stellar
populations, and are generally quite gas-poor and dust-poor.

Figure 1.2: The rest-frame u − r color index as a function of stellar mass for a sample of ∼ 100000
present-day galaxies, from Weigel et al. (2016).

1.2 Evolution of quiescent galaxies and the role of
quenching

Though many different evolutionary scenarios of quiescent galaxy formation have been
proposed through the years, the theory of ETGs formation is not yet fully understood.
Some of the most famous scenarios proposed are the monolithic collapse theory (Ari-
moto & Yoshii, 1987; Bressan, Chiosi, & Fagotto, 1994), by which quiescent galaxies
formed on very rapid time scales through the collapse of a single protogalaxy that
produced a violent starburst event followed by a passive evolution of the stellar popu-
lation and the hierarchical merging theory (Blumenthal, Faber, Primack, & Rees, 1984;
White & Rees, 1978), which supports the thesis that modern-day ETGs are the results
of the hierarchical assembly of pre-existing galaxies through mergers.

In recounting the evolution of quiescent galaxies, anyway, it’s important to dis-
tinguish between the star formation history and the star formation assembly of the
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Chapter 1 1.2. Evolution of quiescent galaxies and the role of quenching

Figure 1.3: The downsizing scenario: specific SFR as function of look-back time for early-type galaxies of
various masses as indicated by the labels. From Thomas et al. (2010).

galaxy, particularly in the case of ETGs: while the former simply refers to the stars
actually formed by the galaxy as a function of time, the latter describes how the galaxy
has accreted stars from dry mergers during its evolution. A widely accepted framework
consists in the two-phase formation model in which we can distinguish a first, rapid
phase of in situ star formation followed by a prolonged hierarchical phase of ex situ
stellar mass assembly.

1.2.1 Quiescent galaxy evolution from observations

The standard and widely accepted ΛCDM cosmological model puts forward the idea
that galaxies are formed through a hierarchical process, in which smaller DM halos
merge together and produce in this way more massive halos, with baryonic matter
following suit: according to this model, in our Universe the first structures to form
were the smallest ones, gradually increasing in size through mergers and producing
the large scale structures that we observe today. Thus, the expectation would be to
observe massive systems only at low redshift and to find younger stellar populations in
the more massive galaxies, since they would be the ones to have formed more recently.

In the past few years, however, it has become evident that there exists an extraordi-
nary population of massive galaxies which have already ceased their star formation and
become quiescent when the universe was just 2 billion years old (z ≥ 3) (Carnall et al.,
2023; Girelli, Bolzonella, & Cimatti, 2019; Marsan et al., 2017; Schreiber et al., 2018).
Furthermore, the detailed study of the star formation history of present-day quiescent
galaxies in the so-called archeological approach has brought to light an unexpected evo-
lutionary picture called the downsizing scenario. According to Thomas et al. (2010),
ETGs do not share the "bottom-up" evolution scheme of DM halos, but instead show
the opposite behaviour: it seems that the most massive systems actually formed earlier
and with much more rapid star formation than smaller systems (see Figure 1.3). These
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Chapter 1 1.2. Evolution of quiescent galaxies and the role of quenching

Figure 1.4: Ratio between DM halo and galaxy mass function in a variety of studies from z ∼ 4 to the
present. As we can see, the ratio dips both at the low-mass and at the high-mass end. From Girelli et al.
(2020).

observations are in contrast with the hierarchical assembly paradigm of ΛCDM.

Another point of dissonance between modern cosmology and observational astro-
physics concerning massive galaxies is the discrepancy between the observed galaxy
mass function and the theoretical halo mass function. The predicted mass function
distribution of baryonic matter in galaxies is supposed to mirror the DM halos’ own
mass function, since according to ΛCDM, the collapse of baryonic matter always fol-
lows the one of dark matter. However, as illustrated by Figure 1.4, the observed galaxy
mass function does not follow the dark matter’s one, but instead we observe a decrease
in density with respect to the DM halos both at the low-mass and the high-mass end
of the spectrum. This issue clearly affects the quiescent population, since the majority
of massive galaxies are quiescent.

1.2.2 The role of quenching

If a suitable mechanism is discovered to be capable of successfully quenching star
formation in massive galaxies at early times, we would have explained the observed
downsizing scenario and provided a justification to the poor star-formation efficiency
at the higher end of the DM halo mass function. Thus, star-formation quenching is
invoked as a fundamental step in the evolution of quiescent galaxies, necessary to rec-
oncile observations with the most successful cosmological framework.

But what are exactly the mechanisms responsible for shutting down star formation
in these massive systems is not clear. Over the years, numerous mechanisms have
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Chapter 1 1.3. Subject and scope of the thesis

Figure 1.5: Schematic diagram listing the plausible quenching mechanisms. From Man and Belli (2018).

been proposed to explain the quenching of massive galaxies, including active galactic
nuclei (AGN), stellar feedback, and gravitational effects. A summarizing picture of
all proposed quenching mechanisms in the the various stages of gas cycle is illustrated
in Figure 1.5: normally, stars form out of molecular gas of temperature T < 102 K,
that cooled and settled from warm and hot gas within the halo (T = 103 - 106 K)
previously accreted from cosmological filaments. Galaxy quenching can be understood
as an interruption to any one of the necessary conditions to star formation - of which
there are many.

Semi-analytical models and cosmological hydrodynamical simulations are capable
of reproducing the basic properties of quiescent galaxies, such as number counts and
colours. In all cases, this is made possible by some form of feedback, generally at-
tributed to AGN, that heats up the gas in the halos. This is evidence that AGN
feedback may be the most relevant quenching mechanism in massive systems. Even
though many AGN feedback mechanisms have been observed at play in massive hosts,
we have yet to obtain a direct observational evidence of the effect of AGN activity on
the quenching of star formation, particularly at high redshift.

As is clear from Figure 1.5, studying the physical properties of gas in these massive
systems is a fundamental step towards understanding star-formation quenching.

1.3 Subject and scope of the thesis
The principal aim of this work is to analyze in detail the rest-frame optical ionized gas
emission lines in a sample of massive quiescent galaxies with redshift between 1.7 < z
< 3.5 observed in the COSMOS field in order to investigate their current star-forming
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Chapter 1 1.3. Subject and scope of the thesis

activity and shed light on the possible mechanisms responsible for the quenching of
star formation in these passive systems.

The spectroscopic data were obtained using MOS (Multi Object Spectroscopy) with
the NIRSpec instrument aboard the James Webb Space Telescope, as part of the Blue
Jay survey. The observations cover the 1-5 µm wavelength range and were obtained
using three different gratings of medium resolution R ∼ 1000. The high sensitivity of
JWST combined with its very broad, near-IR wavelength range have made it possible
to model and fit emission lines that would have been otherwise invisible to any other
space-based or earth-based observational facility.

Thanks to the high quality of my data, I am able to spectroscopically fit several
optical ionized gas emission lines in these passive systems. From the fitted spectra the
SFR and emission line flux ratios of each object are obtained. These results are used to
better understand the underlying ionization mechanism behind the lines’ production
and its implications for the evolutionary history of the galaxy.

In particular, ionized gas line flux ratios are used as a diagnostic tool in several line
diagnostic diagrams, such as the BPT diagram, after Baldwin et al. (1981): these dia-
grams take advantage of theoretical models of ISM photoionization to draw a relation
between specific line ratios and the fundamental properties of excitation sources inside
a given galaxy (Kewley, Nicholls, & Sutherland, 2019), from star formation to AGN
and shocks.

Several different diagnostic diagrams are used to classify the ionization source re-
sponsible for the production of the observed lines: the final diagnostics produced will
show that, according to their optical spectrum, most of the seemingly "normal" galaxies
in the sample show signs of actually harbouring a never-observed-before active nucleus.
Moreover, in a subsample of cases, broad and asymmetric spectral features in the emis-
sion lines are visible: these can be interpreted as the spectral signature of powerful,
galaxy-scale outflows of ionized gas, that in absence of bustling star formation activity
such as is the case in these passive galaxies, are a strong sign of AGN activity and
feedback at work (Fabian, 2012; King & Pounds, 2015).

Chapter 2 will provide a brief introduction to JWST, Chapter 3 will deal with
the Blue Jay survey of cosmic-noon galaxies and the selection of the quiescent sample
and Chapter 4 will illustrate the algorithm used for the spectral fitting of the lines.
Results from the spectral fitting will be discussed and interpreted in Chapter 5 for line
ratios diagnostic diagrams, Chapter 6 for the calculation of the star formation rate,
and Chapter 7 for the ionized gas outflows. Throughout this work a Λ cold dark matter
cosmological model is adopted, with H0 = 70 km s−1 Mpc−1 , ΩM = 0.3, and ΩΛ =
0.7.
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Chapter 2

The James Webb Space Telescope

The instruments through which data are collected can never be isolated from the phys-
ical interpretation of the observational data. Each telescope’s capabilities, characteris-
tics, and limitations will always influence the type of science that can be done with it;
as a result, in this chapter I will provide a brief introduction to the main facility used
in this thesis, which is the James Webb Space Telescope.

Figure 2.1: JWST in the Northrop Grumman cleanroom following a sunshield deployment test, from G23.

The James Webb Space Telescope (Gardner et al. (2023, 2006), from now on indi-
cated as G06 and G23) is a large (6.5 m in diameter), cold (<50 K), infrared-optimized
observatory with a segmented mirror design, that was launched on December 25, 2021
and is now in science operations. The project was conceived from the beginning as an
international one, led by NASA in partnership with the European and Canadian Space
Agencies (ESA and CSA).
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Chapter 2 2.1. Science scope

JWST’s revolutionary optics and design enable observations of the distant early
universe, potentially reaching beyond redshift z ∼ 15, within ∼ 300 Myr of the Big
Bang (G23). The telescope is equipped with imaging cameras and spectrometers cov-
ering the 0.6µm to 28µm wavelength range. No other existing or planned ground- or
space-based telescope can obtain comparable observations (G06): Hubble has a col-
lecting area that is 6.25 times smaller and it is not as cold, therefore it emits infrared
radiation beyond 1.7µm. Spitzer was just as cold, but had less than 2% of JWST’s
collecting area. For ground-based facilities, the presence of the Earth’s atmosphere
results in an infrared background that is 106 to 107 times higher, with many spectral
regions completely blocked from observation (G23).

2.1 Science scope
The James Webb Space Telescope mission was conceived with four main science ob-
jectives in mind (G06) in order to trace and investigate cosmic history on every scale,
from the birth of the first galaxies to the search for signs of life on other planets.

1. The End of the Dark Ages: First Light and Reionization.
The emergence of the first individual sources of light in the universe marks the
end of the “Dark Ages” in cosmic history, a period characterized by the absence
of discrete sources of light (Rees, 1997). It is important to understand how these
first structures formed, as they influence greatly how the rest of the structures
formed after. The first scope that JWST has been set out to is to identify the
first luminous sources to ever have been formed and to determine the ionization
history of the early Universe.

2. The Assembly of Galaxies.
The second scope of the mission, relevant to the present work, is to investigate in
detail all the processes that determined the assembly and evolution of galaxies,
from the epoch of reionization to the present day. The mission is going to closely
investigate how every part of a galaxy evolves in time, from dark matter, to stars
and gas, to metals, to morphological structures and active nuclei.

3. The Birth of Stars and Protoplanetary Systems.
The formation of stars and planets is still a difficult topic to investigate obser-
vationally, due to the dust-enshrouded environments in which these phenomena
take place. JWST has the capability to reach the most optically-obscured regions
and shed light on these topics.

4. Planetary Systems and the Origins of Life.
The last scope of the mission seeks to determine the physical and chemical prop-
erties of planetary systems including our own, and investigate the potential for
the origins of life in these systems.

2.2 Observatory overview
The JWST observatory was launched from Centre Spatial Guyanais at 12:20 UTC on
December 25, 2021 by an Ariane 5 ECA+ rocket. The launch provided a near-perfect
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Chapter 2 2.3. Telescope design

trajectory and burned less on-board fuel than allocated, thus potentially extending the
projected 10-year lifetime of the spacecraft up to more than 20 years (G23). All 50
major deployments were successfully completed on 2022 January 8. The observatory
performed all midcourse correction maneuvers and achieved its operational 6-month
period orbit around the Sun-Earth second Lagrangian point L2: the orbit is inclined
slightly with respect to the ecliptic plane and avoids Earth and Moon eclipses of the
Sun, ensuring continuous electrical power.

Figure 2.2: Front (left image) and side (right image) view of the fully deployed JWST observatory, from
Menzel et al. (2023)

The JWST Observatory (Figure 2.2) is comprised of three major elements: the
spacecraft bus and sun shield, the Optical Telescope Element (OTE), and the Inte-
grated Science Instrument Module (ISIM) (Lightsey, Atkinson, Clampin, & Feinberg,
2012; Nella et al., 2004).

JWST has 2 distinct thermal regions: the sun-facing 300 K hot side and the 40 K
cold side. The spacecraft bus is located on the hot side, while the OTE and ISIM are
located on the cold side. The hot and cold sides are separated by a sun shield that
intercepts over 200,000 W of radiant energy from the Sun and transmits only about
1 W to the OTE and ISIM. At given time, JWST must maintain a position such as
that the OTE and science instruments are always protected from the Sun by the sun
shield: this basic constraint determines the telescope’s Field of regard (FOR), which
is the region of the sky where JWST can safely conduct science observations (Menzel
et al., 2023). The FOR is defined by the allowed range of boresight pointing angles for
the observatory relative to the sun line, which must remain in the range 85° to 135° at
all times to keep the telescope behind the sun shield (Figure 2.3). Thus, the FOR is
a large torus on the sky that moves roughly 1° per day in ecliptic longitude, following
the telescope in its path around the Sun. At any instant, 40% of the sky is visible to
the telescope, while over the course of the year the full sky is observable (G06).

2.3 Telescope design

2.3.1 Optical Telescope Element

The Optical Telescope Element (OTE), illustrated in Figure 2.4, is a Tri-Mirror Anas-
tigmat Cassegrain telescope. Its optical configuration consists of an all-reflective four-
mirror design in a three-mirror anastigmat configuration (Contreras & Lightsey, 2004;
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Chapter 2 2.3. Telescope design

Figure 2.3: JWST’s field of regard. Adapted from: JWST Mission Operations Concept Document.

Menzel et al., 2023). It contains an elliptical primary mirror made up of 18 hexago-
nal beryllium primary mirror segment assemblies (PMSAs) (Figure 2.5a), a hyperbolic
0.8m convex secondary mirror, an elliptical tertiary, and an actively controlled fine
steering mirror for image stabilization. All the mirrors are coated with gold (G23).

Figure 2.4: JWST’s optical layout. From McElwain et al. (2023)

The JWST telescope was designed to be stowed in order to fit within the Ariane
5 fairing for launch. Following launch, the observatory needed to be deployed into
the operational configuration. Figure 2.5b shows how the 18 primary mirror segments
were arranged inside Ariane 5: telescope deployments included separating from the
spacecraft bus, driving the secondary mirror into position, rotating and latching the
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Chapter 2 2.3. Telescope design

primary mirror wings into position, and finally deploying the primary mirror segment
assemblies and the secondary mirror from their launch locks (Menzel et al., 2023). The
telescope alignment used image based sensing and control with the primary mirror
segments and secondary mirror (Rigby et al., 2023).

(a) Primary mirror dimension and prescription. The
primary mirror is made up of 18 hexagonal segments,
each 1.32 m flat to flat. From G06

(b) JWST stowed inside the Ariane 5 fairing, from Men-
zel et al. (2023)

Figure 2.5: The fully deployed (right) and folded (left) primary mirror.

The total collecting area of the primary mirror is 25.4 m2, as measured on-orbit
using the NIRCam pupil imaging lens, and the instantaneous Field of View is of ∼
9’ x 19’ (G23). The telescope was designed to be diffraction-limited at λ = 2 µm
wavelength, which can be converted to an equivalent condition of having the rms wave
front error less than λ/14, using the optical Maréchal approximation. During early
science operations, the wave front error was measured to be ∼ 80 nm RMS: therefore,
operationally, the observatory is diffraction limited at λ = 1.1 µm (Rigby et al., 2023).

2.3.2 Integrated Science Instrument Module

JWST has 4 Science Instruments (SIs) mounted on a common assembly module called
the Integrated Science Instrument Module (ISIM), along with the Fine Guidance Sen-
sor (FGS) and the data-handling computer. It also houses the electronics needed for
the control and data processing of instrument detectors and the maintenance of the
thermal environment. A full view of each SI’s field of view and placement on the JWST
focal plane is shown in Figure 2.8.

Here is a short list and summary of each Science Instrument’s characteristics and
observation modes, all adapted from G23.

NIRCam:

The Near InfraRed Camera (Horner & Rieke, 2004; M. J. Rieke et al., 2003, 2023)
provides imaging from 0.6µm to 5.0µm in broad-band, medium-band and narrow-band
filters. It can also operate in four other science modes: a coronagraphic imaging mode, a
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Chapter 2 2.3. Telescope design

time-series imaging mode for photometric monitoring, a wide field slitless spectroscopy
mode between 2.4 - 5.0 µm, and a grism time series for spectroscopic imaging, using a
grism with resolving power R ∼ 1600 at 4µm. NIRCam is designed with two modules
observing parallel fields of view; each module uses a dichroic to observe simultaneously
in a short wavelength channel (0.6–2.3 µm) and a long wavelength channel (2.4–5.0
µm). The total field of view is 2.2’ × 4.4’.

(a) NIRCam and JWST OTE filter throughputs.
(b) NIRCam’s sensitivity for imaging shown as S/N =
10 detection limits for point sources in a 10 ks image.

Figure 2.6: NIRCam’s filters and sensitivity, from M. Rieke et al. (2005).

NIRSpec:

The JWST Near Infrared Spectrograph (Böker et al., 2023; Jakobsen et al., 2022)
provides 0.6-5.3 µm spectroscopy at resolving powers of ∼100, ∼1,000, and ∼2,700 in
4 observing modes, using a fixed slits, a Micro Shutter Assembly (MSA) (Ferruit et
al., 2022), or an integral field unit (IFU) (Böker et al., 2022). The detector array’s
pixels are 18µm × 18µm and project to an average of 0.103” in the dispersion direction
and 0.105” in the spatial direction. Dispersion is done with a prism (R = 30 - 300) or
gratings (3 gratings at medium resolution R = 500 - 1343 and 3 at high resolution R
= 1321 - 3690). The 4 observing modes of NIRSpec are: Multi-Object Spectroscopy
(MOS) with the MSA, imaging spectroscopy with the IFU, high contrast single object
spectroscopy with the fixed slits and Bright Object Time Series (BTOS) spectroscopy
with the NIRSpec wide aperture.

NIRISS:

The Near Infrared Imager and Slitless Spectrograph (Doyon et al., 2012, 2023) provides
observing modes for slitless spectroscopy, high-contrast interferometric imaging, and
imaging, at wavelengths between 0.6 and 5.0 µm over a 2.2’ x 2.2’ field of view, matching
the FOV of one of the two NIRCam channels. Although NIRISS is packaged with the
Fine Guidance Sensor (FGS), the 2 instruments are functionally independent of each
other. NIRISS has 4 observing modes: wide field slitless spectroscopy over the entire
FOV using 2 grisms, single object slitless spectroscopy with a single grism, aperture
masking interferometry (AMI) enabled by specific filters and imaging in a total of 7
wide + 5 medium-band filters.

16



Chapter 2 2.3. Telescope design

Figure 2.7: NIRSpec point-source continuum sensitivity in MOS/FS (left) and IFS (right) mode, for the
2 sets of gratings and the prism. From Böker et al. (2023).

MIRI:

The JWST Mid-Infrared Instrument (G. H. Rieke et al., 2015; Wright et al., 2023,
2015) provides both imaging in broad-band filters and IFU spectroscopy from 5.0µm
to 28.0µm. It also has low-resolution slit spectroscopy from 5.0µm to 12.0µm and
a coronagraphic capability. The MIRI instrument is actively cooled to an operating
temperature of 6.0K with a ∼ 6K/18K hybrid mechanical cooler that employs gaseous
helium as the coolant.

Figure 2.8: Position of the SIs in the JWST field of view with an example illustration of the type of data
that can be obtained. From the JWST User Documentation Guide
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Chapter 3

Data and sample selection

3.1 The Blue Jay survey
The data analyzed in this work are taken from the Blue Jay survey, a medium-sized
JWST Cycle-1 observational program (PI: Sirio Belli). This is a deep multi-object
spectroscopic survey which observed galaxies in the COSMOS field at redshift between
1.7 < z < 3.5 (Belli et al. 2023, in preparation).

3.1.1 Parent catalog and target selection

Galaxies observed by the Blue Jay program were selected from observations of the
COSMOS field in the F160W filter taken by the Cosmic Assembly Near-Infrared Deep
Extragalactic Legacy Survey (CANDELS; Grogin et al., 2011; Koekemoer et al., 2011),
a 912-orbit Multi-Cycle HST Treasury imaging program. The parent sample was con-
structed from the 3D-HST survey’s photometric catalogs (Brammer et al., 2012; Mom-
cheva et al., 2016; Skelton et al., 2014), which combine CANDELS and 3D-HST data
with photometric ground- and space-based data in a total of 27 broad bands and 17
medium bands from optical to near-infrared.

The first catalog selection uses galaxies with a signal-to-noise ratio in F160W higher
than 5 and brighter than H50 = 26.5 in F160W, to avoid galaxies that are mostly
undetected by the CANDELS survey. An important selection criteria is that of stellar
mass completeness: this depends on both the redshift and the mass-to-light ratio of
the galaxies not observed by the survey. To get a reference mass-to-light ratio, a
selection of the least massive half of the galaxies at each redshift was used, in order
to represent the true mass-to-light ratio of the low-mass galaxies missing from the
catalog. Then, following Pozzetti et al. (2010), a limiting mass was calculated for each
galaxy, corresponding to the exact mass it would need to have in order to be observed
at exactly 26.5 F160W magnitude (at the same redshift and mass-to-light ratio). This
limiting mass is given by:

Mlim = logM∗ − 0.4(H50 −H) (3.1)

and the mass completeness level of the sample is defined as the 90th percentile of
the Mlim function as a function of redshift, which in the case of our redshift limits
(1.7 < z < 3.5) is well approximated by a linear fit:

log(M·/M) = 8.13 + 0.34z. (3.2)
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Figure 3.1: Stellar mass and redshift distribution of the parent catalog: the vertical red dashed lines
indicate the targeted spectral range. Each point is colored depending on its assigned spectroscopic weight.

Finally, a set of spectroscopic weights were assigned to the parent catalog for the final
selection, in order to represent the relative probability of being selected for NIRSpec
observations of each object. The weight of each galaxy was thus set to be inversely
proportional to the local density of stellar masses and redshifts, so as to assign a larger
statistical weight to the rarest masses and redshifts in the survey’s range. This final
selection of the targets yields a truly representative sample for all galaxies more massive
than ∼ 109M⊙, with a minimal bias at low masses. The resulting mass, redshift and
spectroscopic weight distribution of the parent sample is displayed in Figure 3.1.

3.1.2 NIRSpec observational setup

The targets’ spectra were taken by NIRSpec in the MOS configuration: NIRSpec’s
Multi-Object Spectroscopy (MOS) mode provides multiplexed spectroscopy from 0.6
to 5.3 µm over a 3.6’ × 3.4’ field of view. This mode uses small configurable shutters
in the Micro-Shutter Assembly (MSA) to capture many astronomical sources’ spectra
within a single exposure. The MSA is equipped with ∼ 250 000 micro-shutters of size
0.20” x 0.46” distributed onto 4 quadrants and mounted on a fixed support grid over
2 detector arrays (Ferruit et al., 2022). A schematic illustration of the MSA setup is
represented in Figure 3.2.

The small size of individual NIRSpec MSA shutters means that the survey design
requires high-quality astrometry of the parent catalog in order to correctly place the
sources inside the Micro Shutter Assembly. To overcome this, the astrometric measure-
ments on the parent sample were taken from the 3D-DASH survey’s mosaic based on
Gaia astrometry (Mowla et al., 2022), which includes the same data from CANDELS.

The NIRSpec observations were divided into 2 different MSA pointings, a North one
targeting 74 galaxies and a South one targeting 77, for a total of 151 objects. They were
performed with the G140M/F100LP, G235M/F170LP and G395M/F290LP medium-
resolution gratings (R ∼ 1000) in order to obtain an almost countinuous wavelength
coverage from 1 to 5 µm for all galaxies.
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Chapter 3 3.1. The Blue Jay survey

Figure 3.2: An illustration of the MSA layout in the NIRSpec aperture plane (left) and a cut-away view
of 2 micro-shutters of the MSA. From Ferruit et al. (2022).

Figure 3.3: Scheme of the MSA nodding strategy used in Blue Jay: a 2-shutter MSA slitlet configuration
is opened on each science target (left), in which 2 adjacent shutters are treated as a unified dither. The
telescope executes nods to place the targets within each of the 2 shutters in a slitlet with successive
exposures (right), while the background is extracted from other open shutters on the array.
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Chapter 3 3.1. The Blue Jay survey

Grating/Filter Integrations
/exposure

texposure Dithering
pattern

Nexposure ttotal

G140M/F100LP 4 97.2 min AA′BB′AA′BB′ 8 778 min
G235M/F170LP 2 48.6 min AA′BB′ 4 194 min
G395M/F290LP 1 24.3 min AA′BB′ 4 97 min

Table 3.1: Summary of NIRSpec exposures, adapted from Belli et al. 2023 (in preparation).

The MSA apertures were designed as 2-shutter slitlets and were observed with a
nodding pattern, a data acquisition technique in which the telescope is repositioned
slightly between exposures to place the target in a different open shutter within the
same slitlet. This produces independent measurements of the same source than can be
combined to increase signal-to-noise ratio and also enable direct background subtrac-
tion: this technique, however, works best with point-like sources.

Since the median size of the primary targets is 0.27 arcsec, comparable to the
size of a micro shutter, the standard 3-shutter nodding pattern is not applicable, as
most targets partly fill more than one shutter. Thus, a 2-shutter nodding pattern was
preferred, although one in which the contributions from the 2 adjacent shutters are
treated as a unified dither and summed together, while the background subtraction
is done using a master sky background obtained from empty shutters, forgoing the
direct background subtraction offered by the nodding pattern. Furthermore, a 2-point
dithering pattern along the wavelength direction was employed in order to improve the
pixel sampling in the coordinated parallel NIRCam observations. A summary scheme
of the nodding and master sky background pattern used is illustrated in Figure 3.3.

The sources were observed by integrating 20 groups in NRSIRS2 readout mode,
with a total integration time of between ∼1 h 30 m and ∼13 hours per grating for each
MSA pointing (see Table 3.1).

3.1.3 NIRCam coordinated parallel observations

JWST’s NIRCam instrument has the possibility to simultaneously operate in coordi-
nated parallel observation mode with the primary observations of NIRSpec, with each
instrument viewing a different area of the JWST focal plane. During the primary Blue
Jay observations with NIRSpec, parallel NIRCam images were also obtained. With
a careful positioning of the two NIRSpec pointings, it was possible to get an area of
overlap between spectroscopic and imaging data, as shown in Figure 3.4. NIRCam is
capable of observing a 9.7 arcmin2 field of view simultaneously in a short wavelength
channel (0.6 − 2.3µm) and long wavelength channel (2.4 − 5.0µm) with a number of
wide, medium and narrow filters. NIRCam was used in imaging mode with the filters
listed in Table 3.2, for a total parallel observation time of 33.6 hours. The summary of
NIRCam parallel observations is found in the same table. This work does not, however,
make use of the NIRCam data but only of the spectroscopic data.
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Chapter 3 3.2. Data reduction and flux calibration

Filter Total integrations ttotal

F090W 4 92 min
F115W 8 184 min
F150W 16 368 min
F200W 16 368 min
F277W 12 276 min
F356W 16 368 min
F444W 16 368 min

Table 3.2: Summary of NIRCam observations
and filters used
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Figure 3.4: NIRSpec and NIRCam pointings
mapped onto the COSMOS field

3.2 Data reduction and flux calibration
The spectral data reduction was carried out using the JWST pipeline and will be
explained in more detail in Belli et al. 2023 (in preparation).

Since the MSA shutters cover only a fraction the targets’ angular size (Figure 3.5),
the flux must be corrected for the inevitable slit losses. In order to more accurately
calibrate the JWST spectra, models of the stellar continuum for each galaxies were
used. The continuum fits were done using the Bayesian code Prospector (Johnson,
Leja, Conroy, & Speagle, 2021), following the approach explained in Park et al. (2023)
and Tacchella et al. (2022). Blue Jay’s catalog continuum fitting procedure and results
are explained in more details in Park et al., 2023 (in preparation) and Belli et al. (2023),
and will be briefly explored in the next chapter of this work.

A single Prospector stellar continuum model was fitted both to the 1D NIRSpec
spectrum and the multi-wavelength photometry data of each target. During the fit,
a polynomial distortion was applied to the spectrum in order to match it with the
photometric information obtained for each target from JWST’S MIRI and NIRCam
data, as well as archival photometric data from HST, obtained by the ACS and WFC3
instrument. Assuming that the emission probed by the MSA shutters is only a scaled
down version of the total emission coming from the whole galaxy, i.e., ignoring eventual
gradients that could be present across the target’s angular extension, this method of
slit loss correction yields an accurate flux calibration for the NIRSpec data.

An example of the flux calibration’s fitting procedure can be seen in Figure 3.6,
taken from the Belli et al. (2023) study of COSMOS-11142, one of the sources observed
by the Blue Jay survey.
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Figure 3.5: Examples of 4 sources in my sample and their respective MSA shutter positioning. Left
panels: F160W filter HST imaging from 3D-HST (Brammer et al., 2012); right panels: F277W filter
JWST’s NIRCam images, from the PRIMER Treasury Program (Dunlop et al., 2021).

3.3 Sample selection

3.3.1 Selection criteria

Present-day galaxies exhibit a fundamental bimodality in their SFR distribution, which
divides the quiescent galaxy population from the actively star forming one; (e.g. Balogh
et al., 2004; Blanton & Moustakas, 2009; Hogg et al., 2004; Kauffmann et al., 2003)
and this bi-modality persists out to high redshift (e.g. Bell et al., 2004; Brammer et
al., 2009; Taylor et al., 2009; Williams, Quadri, Franx, van Dokkum, & Labbé, 2009).
This bimodality is also found in the distibution of some fundamental observational
quantities such as photometric colors, for example, that can be used as an effective
classification tool.

Colors are one of the simplest ways to classify galaxies, since they only require
measurements of the integrated flux and are available even when spectra and photo-
metric SEDs are not. Colors alone, however, can be highly degenerate and not reliable
for selection: generally, quiescent galaxies have the reddest colours due to their older
stellar population, while SF galaxies are bluer due to the presence of young, massive
stars in sites of active star formation. But the effects of dust extinction and deep metal
absorption lines in stellar atmospheres can significantly redden the intrinsically blue
SEDs of very dusty or high metallicity SF galaxies, disguising them as proper "red and
dead" quiescent ones (see Cimatti, Fraternali, and Nipoti (2019) for a complete review
on galaxy classification). This degeneration worsens when dealing with high-z popula-
tions, where the fraction of very dusty star-forming galaxies increases with respect to
the present-day Universe (Labbé et al., 2005).

This is why the standard way to select galaxies is done by using color-color selec-
tion diagrams, where two different color indices are both taken into consideration. In
particular, the rest-frame U − V and V − J colors have been used as selection crite-
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Chapter 3 3.3. Sample selection

Figure 3.6: Best-fit model of the stellar continuum by Prospector for COSMOS-11142, fitted to both
spectroscopic (blue plot) and photometric data (scatter points).

ria in the so-called UV J diagram: in Williams et al. (2009), a bimodality in the plot
clearly emerges for galaxies up to z=2, with SF galaxies forming a diagonal track and
quiescent galaxies confining themselves to the upper-left part of the diagram. It has
been later demonstrated by Whitaker et al. (2011) and Straatman et al. (2016) that
this separation extends up to redshift z=3.5 (see Figure 3.7).

The UV J diagram is an effective tool for the selection of quiescent galaxies, be-
cause it allows the dust-age degeneracy between red star-forming and red quiescent
galaxies to be broken: both types are red in the U − V color index, but only dust-free,
intrinsically red quiescent galaxies are blue in the V − J index. However, some liter-
ature exists as well that discourages the reliability on exclusively UV J colors for the
correct classification of galaxies: ad example, Leja, Tacchella, and Conroy (2019) and
Antwi-Danso et al. (2023) propose alternative color indices as a way to refine the pure
UVJ selection. For this work, I used only the UV J diagram as a classification tool:
the actual effectiveness of my initial selection will be discussed in later chapters.

3.3.2 Quiescent population selection

The first step of my work consists in the selection of my subsample of interest from the
whole Blue Jay survey catalog: in particular, the main targets of this thesis’ work are
quiescent galaxies that have already concluded most, if not all, of their star formation
process. The objects observed by NIRSpec are 151: from this first catalog, 4 objects
were discarded as they are "filler" galaxies at z ∼ 6-7. Thus, the complete Blue Jay
catalog is composed of 147 galaxies.

Since I am interested in the mechanisms that brought upon the quenching of the
star formation in these systems, I am considering both the typical "red and dead"
quiescent galaxy population, characterized by very old stellar population and quite
red continuum, as well as the more ambiguous population of "just quenched" galaxies:
these are systems that have relatively recently exited their most intense star-forming
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Figure 3.7: Rest-frame UV J bimodality for a galaxies in 6 different redshift bins, taken from Whitaker et
al. (2011). The gray scale represents the density of points, with the lines indicating the separation between
quiescent "red sequence" galaxies and star-forming galaxies. A clear division is visible up to the highest
redshift interval 2.5 < z < 3.5.

era. The scope of including these objects in my sample is to be able to observe the
immediate post-SF transition of these galaxies to the proper quiescent state, in order
to, hopefully, directly observe signs of still-active quenching mechanisms in the emission
lines (such as outflows, for example).

The sample is selected using the galaxies’ U-V and V-J rest frame colors (see Fig-
ure 3.8) following Muzzin et al. (2013)’s selection criteria: quiescent galaxies are defined
by

U − J > 1.3, V − J < 1.5, (all redshifts) (3.3)
U − V > (V − J) · 0.88 + 0.69, (0.0 < z < 1.0) (3.4)
U − V > (V − J) · 0.88 + 0.59, (1.0 < z < 4.0). (3.5)

All of the quiescent galaxies in the survey are found at redshift higher than 1 and
selected in two consecutive steps:

1. First, I selected the "purely quiescent" population made up of the galaxies which
fall entirely inside of the red solid line in Figure 3.9, i.e. those that fully adhere
to the selection criteria in Muzzin et al. (2013). This selects a subsample of 18
out of 147 galaxies.

2. Subsequently, I relaxed the selection criteria in order to include the bordering,
"just quenched" galaxies: these should be systems that are at the transition point
between SF and quiescent and thus are extremely interesting from the point of
view of their evolution. These galaxies were selecting by changing the selection
criteria to:

U − V > (V − J) · 0.88 + 0.49, (3.6)

traced by the dashed red line in Figure 3.9.
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Figure 3.8: UV J diagram of all sources in the Blue Jay catalog. In red, the selection criteria from Muzzin
et al. (2013).

The final selected sample is shown in Figure 3.9.
The final sample of galaxies, with the addition of these transitional systems, is of

23 galaxies out of 147 in the parent catalog. Most of the selected galaxies are found
grouped in the central part of the plot, just above the red dividing line: only one
galaxy, indicated by the arrow, is dislocated with respect to the others. This particular
systems, COSMOS-12175, is a low-mass outlier and is eliminated from the sample
through the next selection step.

Figure 3.9: UV J color selection of quiescent galaxies
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3.3.3 Stellar mass distribution of the sample

I further refine the sample selection by taking into consideration the stellar mass of the
selected galaxies: as already illustrated in section 3.1, the Blue Jay survey’s targets
were selected in such a way to obtain a parent catalog which is complete in stellar mass
for every redshift (Figure 3.1). In Figure 3.10, we can see the mass distribution of
observed targets on the UV J diagram: I divided the catalog in high-mass galaxies, i.e.
galaxies with stellar mass M∗ > 1010M⊙, and low-mass galaxies, with M∗ < 1010M⊙.
From the whole Blue Jay catalog, the high-mass systems are 74 out of 147. Of these
74, 22 are selected as "quiescent" by the UV J diagram. This means that most of the
galaxies in my sample are massive systems, with M∗ > 1010M⊙.

Figure 3.10: Stellar mass distribution on the UV J diagram: high-mass galaxies (M∗ > 1010M⊙) mainly
occupy the upper right part of the plot.

By taking into consideration the target’s stellar mass, I can improve the purity of
the first sample selection: as we can see from Figure 3.11, most of the UV J-selected
quiescent galaxies from the first selection are indeed high-mass galaxies. There is
only one notable exception of an object with stellar mass < 1010M⊙, COSMOS-12175,
which is also the UV J selection outlier highlighted in figure 3.9. Since I am interested
in studying the evolution of massive quiescent galaxies, I have decided to eliminated
this system from my sample.

3.4 Final selected sample
From the UV J color-based selection described in the previous sections, I select 22 out
of 147 systems: as an example, 5 of these spectra are plotted in Figure 3.12.
The sample’s spectra are generally very long, extending almost uninterrupted from
∼ 1µm to ∼ 5µm: the shape of the continuum is typical of quiescent galaxies and
many absorption lines are present. Some gaps in the spectra are visible, in correspon-
dence to the gap between the two detector arrays and some bad pixels are still present
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Figure 3.11: Plot of the stellar mass vs redshift of Blue Jay sources: in blue circles, the galaxies selected as
quiescent by my UV J-based selection, in green crosses the rest. The red horizontal line marks the 1010M⊙
stellar mass limit, the magenta dashed vertical lines mark the Blue Jay targets redshift bin (1.7<z<3.5).

even after the data reduction: these, however, do not pose a particular problem to the
spectral fitting.
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Figure 3.12: Spectra of 4 sources observed by JWST/NIRSpec in my sample: the observed flux has not
been calibrated for slit loss and numerous bad pixels are visible. In black, the galaxy-frame wavelength of
fitted emission lines, from left to right: [OII]3727,3729 doublet; Hβ; [OIII]4959,5007 ;[NII] doublet and
Hα, [SII]6716,6731 and He I

30





Chapter 4

Emission line measurements

The aim of this work is to investigate the ionized gas content of quiescent galaxies at
z ∼ 2 through their rest-frame optical emission line. Through the study of emission
lines in a galaxy’s spectrum, it is possible to unlock a plethora of knowledge about
the chemical abundance, dust content, electron density and temperature of the ionized
gas that produced them. Furthermore, rest-frame optical spectra can reveal a galaxy’s
rate of star formation, as well as whether it hosts an actively feeding supermassive
black hole in its center; they can reveal the presence of massive outflows and galactic-
scale winds, investigate the velocity, density and mechanical energy of shocked gas and
help us understand the dominant power source behind the galaxy’s radiation field (see
Kewley et al. (2019) for a complete review of what we can learn from emission lines in
galaxy spectra).

But first, in order to extract this information from the spectra, I must be able to
fit the emission lines in the sample and accurately measure them.

4.1 Fitting the stellar continuum with Prospector
The first step in the emission line measurements procedure is to isolate the observed
emission which is only due to gas in each spectrum: this can be done by subtracting
the emission due to stars and dust from the total observed flux. In turn, this can only
be done by fitting the underlying stellar continuum in each galaxy.

The stellar continuum emission was modeled and fitted for each object in the Blue
Jay sample using Prospector (Johnson et al., 2021), a fully Bayesian stellar popu-
lation inference code. This code adopts the stellar population synthesis model FSPS
(Conroy, Gunn, & White, 2009) and a set of free parameters (e.g., redshift, stellar
mass, metallicity, dust parameters and star formation history) to generate a synthetic
galactic spectral energy distribution which can then be fitted to the observations.
In this case, the Prospector code was used to fit both spectroscopic and photometric
data (as described in the previous chapter) and only stars + dust contribution were
considered, in order to isolate gas emission. For the spectroscopic data fitting, bad pix-
els and emission lines were masked out. The detailed procedure for continuum-fitting
was done following Park et al. (2023) and will be explained in more detail in Park et
al., 2023 (in preparation).
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Figure 4.1: Rest-frame observed spectra (blue plots) with Prospector fits (red overlay) of the sample,
zoomed in up to λ=7000 Å, and 3” x 3” cutouts of F277W NIRCam’s imaging data from PRIMER (Dunlop
et al., 2021). Numerous bad pixels are visible.
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4.1.1 Final sample of continuum-fitted spectra

The spectral sample used in this work has been continuum-fitted with Prospector
and flux-calibrated for slit loss. The UV J-selected sample, discussed in the previous
chapter, includes 22 quiescent galaxies with 1D spectra covering the rest frame 3000
to 14000 Å wavelength range. Each galaxy’s has an estimated spectral redshift, dust
content, stellar mass and age estimated by the stellar population synthesis fit done
with Prospector.

The full sample’s observed spectra, along with their respective Prospector fits, are
plotted in Figure 4.1: in order to better highlight the deep absorption lines present
in the spectra of these quiescent galaxies, I plotted a cropped version of the data (up
to a rest-frame wavelength of 7000 Å). Next to the spectroscopic data, I also added
a 3” x 3” cutout of each galaxy: these imaging data are taken from the public JWST
Treasury Program (PRIMER - Public Release IMaging for Extragalactic Research;
Dunlop et al., 2021) observations of the HST CANDELS COSMOS field. PRIMER
obtained deep JWST imaging in 10 bands: F090W, F115W, F150W, F200W, F277W,
F356W, F444W and F410M with NIRCam, and F770W and F1800W with MIRI. In
particular, for the cutouts in Figure 4.1 I used only the imaging data taken in the
F277W NIRCam’s filter.

4.2 Spectral fitting
The spectral fitting of the emission lines was structured in the following way: first, in
order to isolate the emission due only to the gas, each galaxy’s spectrum was continuum-
subtracted using the results of the Prospector fit. Once the continuum is subtracted,
I searched for the brightest emission lines from ionized gas that could be present (an
example in Figure 4.2): I find that several of them are visible in most of the spectra with
a SNR > 3. In the case of no detection (SNR<3), only upper limits were estimated.

Figure 4.2: Observed (blue plot) spectrum of COSMOS-8013. In green dashed, the observed-frame
location of the emission lines. In red overlay, the prospector fit.

The ionized gas emission lines relevant for this work (i.e., from λrest = 0.2 µm to
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λrest = 2µm) and that we can detect for at least a subset of quiescent galaxies are
summarized in Table 4.1.

The emission lines were fitted using Gaussian profiles with the help of the specutils
(Earl et al., 2023) Python3 library. This library makes use of astropy.fitting1 as a
base for the fitting algorithm, which is based on the least-squares minimization MPFIT
routine (Markwardt, 2009).

4.2.1 Fitting algorithm

The fitting script proceeds as follows: first, the rest-frame wavelength of the lines is
shifted to the observed one by multiplying by (1+z), where the galaxy’s redshift is
estimated from continuum absorption lines by Prospector.
Then, the lines are grouped into 5 separate spectral regions depending on their closeness
in wavelength:

1. the [OII]λλ3727,3729 doublet

2. Hβ and [OIII]λλ4959,5007

3. Hα and [NII]λλ6548,6583

4. the [SII]λλ6716,6731 doublet,

5. and finally the He I λ10830 line.

I then fitt all the lines in a single spectral region using simple Gaussian profiles: follow-
ing the procedure used in Calabrò et al. (2023), I first identify and fit the highest-SNR
line in the spectrum (usually the [OII] doublet or Hα), which gives me a measure of
the flux, the centroid and velocity dispersion σ of the easiest-to-fit line. From the cen-
troid’s position, I correct the initial estimation of the redshift for the system, which was
previously given by the Prospector fit and adjust the other emission lines’ centroids
position accordingly. Then I proceed to fit all other lines in each spectral region. For
each fitting model, the following constraints were imposed, in order to obtain a more
robust measurement for low-SNR lines:

1GitHub repository: https://github.com/astropy

Ion λrest (Å)

[OII] 3727.10, 3729.86
Hβ 4862.71
[OIII] 4960.30, 5008.24
[NII] 6549.86, 6585.27
Hα 6564.60
[SII] 6718.29, 6732.67
He I 10833.30

Table 4.1: Table with the list of optical line transitions (in vacuum) that are detected in emission in my
sample and that are considered in this work.
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(i) the velocity dispersion σ of each line is fixed to the value found for the highest-
SNR;

(ii) wavelength ratios between the lines’ centroids are fixed to be equal to the labo-
ratory reference ones and

(iii) the flux ratio between [OIII]5007/[OIII]4959 and [NII]6581/[NII]6548 were fixed
at the theoretical value 3:1, following Osterbrock (1989).

From this spectral fitting, we get the flux, wavelength and width of each emission line.
An example plot of the fitting results can be seen in Figure 4.3. In order to compare
the results of my quiescent sample to the rest of the Blue Jay sample, I have repeated
the same fitting procedure on the same set of lines also in the star-forming sample:
these results will be useful for the analysis carried out in the next chapter.

Figure 4.3: Plots of the Gaussian fit for the emission lines of 4 spectral regions in the spectrum of
COSMOS-8013. The best-fit is plotted in purple and the residuals of each fit are plotted under.

The physical meaning behind these constraints is that the observations are not
spatially resolved, thus the broadening of lines should only be given by the overall
galaxy’s kinematics and it should be fixed as equal for all of them; in addition, the
gas’ emission lines originate from the galaxy itself and so they are placed at the same
systemic velocity as the stellar population (and each other). As will be explored in
chapter 7, these assumptions do not hold up for all of the galaxies in the sample. It is
also important to point out that the fit of the He I line was not done following these
constraints, but was instead modeled to be free to vary in centroid position and width
of the line: this choice was empirically determined by the different redshift and velocity
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dispersion observed for this line compared to the other lines in the vast majority of
spectra, in both the quiescent and the star-forming sample.

Finally, a caveat is to be made about the availability of the lines in different spectra:
although the spectral range of the continuum-fitted sample should cover all of them,
some are missing from a few spectra because they happen to fall in correspondence to
a detector gap. In all of these cases, the fit simply ignores the missing lines.

4.2.2 Hα equivalent width

The equivalent width (EW) of the Hα line was also computed for those galaxies in
which the line was successfully fitted. Since in most spectra of the sample the Hα line
is blended with the neighboring [NII] lines, I chose to forgo the standard EW estimation
from the observed spectra and employ a different method. In order to "deblend" the
Hα line and obtain a more accurate measure of its EW, I created an artificial spectrum
in which the fitted Gaussian line profile of only the Hα line was added to the contin-
uum fit, so as to obtain a composite spectrum containing only its stellar continuum +
a single, deblended Hα emission line: an example constructed on the Hα line region in
COSMOS-8013 is illustrated in Figure 4.4.

Figure 4.4: A visualization of the spectrum constructed for the measurement of the Hα line: in purple, the
line profile constructed from the Hα gaussian fit + the continuum emission, in red the Prospector continuum
best-fit: the computed EW is defined as the width of a rectangle constructed under the continuum spectrum,
whose area is equivalent to the shaded grey region between the emission and the continuum absorption.

Finally, since a line’s EW is conventionally defined in its rest-frame (laboratory)
wavelength, I restored everything back to rest-frame using the redshift calculated from
my emission lines fit. Once this is done, the EW of the line can simply be estimated
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by computing:

EW =

∫
Fc − Fl

Fc

dλ Å, (4.1)

over the extent of the emission line.

The Hα line’s EW is useful to get a first-order estimate of the importance of the
nebular emission, tracing the ionized gas in the galaxy, with respect to the continuum,
which in the optical/near-IR range is dominated by stellar emission. A very high EW
is typical of star-forming galaxies, wherein the Hα emission produced by the many
HII regions is very intense and the stellar continuum is low and dominated by massive
O and B stars at lower wavelengths than 6562 Å. A low EW value, instead, is more
common in red and quiescent galaxies, in which the continuum is much stronger due
to the older (and redder) stellar population and the Hα line is not powerful due to
the scarce presence of ionized gas and SF activity in the galaxy. The measured Hα
EW is also useful as a diagnostic tool to investigate the origin of the underlying ion-
izing flux that produced the same line: this topic is further expanded upon in chapter 5.

Figure 4.5: Galaxy ID 16419: an example of a high SNR spectrum in my sample. Even though the
continuum is very red and full of deep absorption lines, all of the plotted emission lines from ionized gas
are present with SNR>3 (except for the He I line). In the top panel, the galaxy’s spectrum (blue) with the
continuum Prospector fit (red) plotted in the galaxy’s rest-frame. Under that, we have the imaging data in
the upper left panel and the emission lines in the remaining ones. In purple I have plotted the overall best
fit, in pink dashed the single Gaussian profile of each line. In green dashed, the lines centroid positions
given by the Prospector fit’s redshift.
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4.3 Results from the Blue Jay sample
Out of the 22 galaxies of my sample, only 4 (i.e., ∼ 18%) show no ionized gas emission
lines with SNR>3 (COSMOS-ID 8469, 10400, 12332 and 21477), which is the limit
of line detection set in this work. The highest SNR line in most of the sample is the
[OII]λλ3727,3729 doublet, followed by the Hα/[NII] line group.

An example of the complete spectral fitting can be seen in Figure 4.5 where the full
observed spectrum + stellar continuum fit of a single galaxy is plotted, along with a
panel for each of the emission lines fitted and a stamp of the imaging data of the galaxy,
in order to visualize the position of the slit with respect to the full extent of the object.
The imaging data is shown in two panels: one contains the footprint of the NIRSpec
MSA shutters during the target’s observation superimposed onto HST imaging in the
F160W filter from the 3D-HST parent sample’s catalog (see ch. 3); the other panel
shows JWST imaging data of the same object by the NIRCam instrument with the
F277W filter, taken from the PRIMER Treasury Program (Dunlop et al., 2021).

In Table 4.2, I have collected the spectroscopic redshifts, velocity dispersions and
Hα line equivalent width estimated by my fit in all of the sample galaxies.

Several emission lines have too low a SNR to be accurately fitted: in particular,
the Hβ line is extremely faint in many systems. Furthermore, this line is actually seen
in absorption in the observed spectra, so the fit of its component in emission depends
on the accuracy of the stellar continuum model and it is often not detected as a conse-
quence of an imperfect subtraction of the absorption component. The Hα line presents
a continuum fit component in absorption as well: however, the component in emission
is generally powerful enough to reach a sufficiently high SNR for most of the sample
and thus still be detected. Interestingly, we observe a [NII]6581/Hα flux ratio higher
than 1 in most of the sample, which is not typical of gas ionized by SF regions but
is instead characteristic of AGN-powered photoionization: this topic will be further
explored in the next chapter.
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COSMOS ID z (Prosp.) z σem EW (Hα)
km/s Å

7549 2.6248 2.6232±0.0004 99±62 7.3±0.7
7904 3.1003 3.09780±0.00016 89±16 266±20
8013 1.6894 1.68950±0.00023 227±34 7.7±0.4
8469 1.8683 – – –
9395 2.1273 2.1259±0.0007 461±73 ≤ 0.18

10128 1.8524 1.85170±0.00019 207±17 3.50±0.28
10339 2.3636 2.3634±0.0007 457±64 –
10400 2.1003 – – –
10565 2.4415 2.4421±0.0005 323±48 1.2±0.6
10592 1.8009 1.8004±0.0009 283±115 –
11142 2.4452 2.44480±0.00023 400±20 11.0±1.1
11337 2.0952 2.09400±0.00012 384±11 –
11494 2.0912 2.0891±0.0013 279±101 1.5±0.5
12175 3.5046 3.48900±0.00018 -126±16 174±10
12332 2.8260 – – –
16419 1.9254 1.9251±0.0007 365±74 5.7±0.8
17713 2.0914 2.0888±0.0016 300±187 ≤ 6.3

18668 2.0857 2.08580±0.00010 188±9 32.9±1.4
18688 2.0081 2.00680±0.00012 192±11 25.6±1.3
18977 2.0876 2.0865±0.0006 379±60 45±10
20238 2.4865 2.48590±0.00013 199±10 46.4±1.9
21477 2.4732 – – ≤ 3.9

21541 2.4770 2.4599±0.0013 722±102 ≤ 10.2

Table 4.2: Global galaxy properties obtained from the emission lines fitting. The z (Prosp.) column
shows the redshift estimated by the stellar Prospector fits, i.e. from the absorption lines. The 4 systems
missing velocity dispersion measurements are the ones with no detected (SNR>3) emission lines. In some
cases, EW(Hα) is not computed due the line falling in correspondence to a detector gap. Systems with
Hα detected at SNR<3 only have upper limits on EW(Hα).
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Chapter 5

Ionized gas content and diagnostics
from emission lines

5.1 Ionized gas in quiescent galaxies
Optical rest-frame emission lines in the spectrum of a galaxy are produced by the
ionized gas phase of its ISM: the emitted lines are the result of electronic recombina-
tion or collisional excitation and are the carrier of a variety of information about the
conditions they were produced in, such as the chemical composition, temperature and
density of the ionized gas (see essential academic texts on nebular emissions Dopita &
Sutherland, 2003; Osterbrock & Ferland, 2006; Strömgren, 1948; Tielens, 2005).
In a non-spatially resolved 1D spectrum of a galaxy, the measured optical emission
lines are the integrated result of nebular emission coming from all around the galaxy
and, if present, from the broad-line and/or narrow-line regions of an active nucleus.

Strong ionized gas emission lines are usually observed only in star-forming and
active galaxies. In non-active galaxies, most of the ionized gas is indeed located in
nebulas scattered throughout the galaxy, commonly referred to as H II regions since
they contain mostly ionized hydrogen gas. In these regions, gas in the ISM is photoion-
ized by the EUV flux of young O and B stars. These ions can produce emission when
they recombine (as is the case for hydrogen emission lines) or as a result of collisional
excitation.

In active galaxies, the predominant ionizing photon field is coming from the actively
feeding SMBH at the galaxy’s center and the produced emission lines can reveal com-
plex dynamical structures in the circumnuclear ionized gas, with measurable narrow
and broad velocity components (e.g. Brusa et al., 2015; Übler et al., 2023a, 2023b).

More difficult to constrain, gas in the ISM can also be excited by shocks that can be
traced back to many phenomena, including galactic-scale outflows, galaxy interactions,
RAM pressure stripping, and AGN related activity such as jets and AGN-driven winds
and outflows (Kewley et al., 2019). Mergers can produce widespread shocks throughout
galaxies which significantly affect the emission-line spectrum of a galaxy (Medling et
al., 2015) and stellar wind-induced shocks have been observed both in star-forming
and starburst galaxies (T. Heckman, Borthakur, Wild, Schiminovich, & Bordoloi, 2017;
I. T. Ho et al., 2016).

The first and most important result of this work, however, is that in this new
spectroscopic data many of previously unseen ionized gas emission lines in quiescent
galaxies at z ∼ 2 are actually detected with SNR>3. This result is only made possible
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by JWST and may represent a completely new window of investigation into the evolu-
tion of quiescent galaxies at high redshift.

5.1.1 Literature review and the new JWST frontier

The study of ionized gas in passive galaxies has represented a niche study topic in
galaxy evolution studies for the past decades and has mainly focused on local Universe
objects, due to the low percentage of warm ionized medium in passive galaxies’ ISM
and the difficulty of measuring faint emission lines beyond z ∼ 0.

The existence of a warm ionized gas phase in local passive galaxies, revealed by
optical emission lines, has been known for a long time (see, for example, spectroscopic
surveys by Buson et al., 1993; Phillips, Jenkins, Dopita, Sadler, & Binette, 1986).
This kind of quiescent systems, sometimes referred to as weak line (or WL) quiescent
galaxies, showed a warm ionized gas component estimated to represent around 1% of
the total ISM (Buson et al., 1993) and sparked an interesting scientific debate in the
early 90’s about its origin: some sustained the hypothesis of an external origin of the
warm ISM component, for example due to accretion from a companion galaxy (Bertola,
Buson, & Zeilinger, 1992; Kim, 1989), others identified an internal ionizing source as
the origin of the detected emission lines. Many internal ionizing mechanisms have
been proposed, such as heat transfer from the hot, X-ray emitting gas halo to the cold
phase ISM (Sparks, Macchetto, & Golombek, 1989; Voit & Donahue, 1990), low-power
nuclear activity (as in LINERs) (Kim, 1989; Shields, 1992) and shocks (T. M. Heckman,
Baum, van Breugel, & McCarthy, 1989).

The prevalent theory, however, explains the warm gas content as ionized by the
hot evolved low-mass stars (HOLMES) contained in these no longer star-forming sys-
tems: this idea was put forward by Binette, Magris, Stasińska, and Bruzual (1994) and
Macchetto et al. (1996) and theoretically proved even earlier, by considering the UV
emission from hot HB stars, evolved massive stars and post-AGB star populations (di
Serego Alighieri, Trinchieri, & Brocato, 1990; Minkowski & Osterbrock, 1959; Oster-
brock, 1960; Terlevich & Melnick, 1985). This idea was taken up again more recently in
the context of LINERs classification: Cid Fernandes et al. (2011, 2010), for example,
have analyzed the "forgotten" WL galaxy population in the SDSS survey at z ∼ 0,
in order to distinguish what they call retired galaxies (RGs), i.e. quiescent systems
in which the remnants of ionized gas persists thanks to HOLMES photoionizing flux,
from true LINERs, i.e. galaxies that hide low-power AGNs. This topic will be explored
further in the next section of this chapter.

Beyond the limits of the local Universe, the picture becomes much less clear. The
fitting of cosmic-noon’s galaxies rest-frame optical emission lines is notoriously difficult
to achieve from the ground, due to the high sky background emission and the partial
absorption of light at these wavelengths by the Earth’s atmosphere. This is even more
challenging when the galaxy in question is quiescent, i.e. theoretically with very weak
(if any) emission lines from ionized gas because of its low SFR. Even though many
ground-based spectroscopic surveys of rest-frame optical emission lines in star-forming
galaxies at Cosmic Noon exists, literature becomes much scarcer on the quiescent, non-
active systems front: a study of this kind has been carried out by Belli et al. (2017),
for example. Still, with the launch of JWST we are now seeing the first exciting results
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Figure 5.1: Comparison between ground-based vs JWST spectral resolution: in the left panel, the [NII]/Hα
lines + fit of the stacked spectra of 18 quiescent galaxies at 1.5 < z < 2.5 observed with Keck’s MOSFIRE,
from Belli et al. (2019); in the right panel the same lines fitted in one of the lowest SNR galaxy in my
sample. Notice the difference in flux of one order of magnitude between the two panels.

regarding Cosmic Noon and higher-redshift galaxies, with some publications observing
significant emission lines in (apparently) quiescent systems: Carnall et al. (2023), for
example, observed a massive quiescent galaxy at z=4.658 with NIRSpec and found
broadened Hα emission, indicative of the presence of a BL AGN.

The first important result of this emission line analysis on a relatively small sample
of quiescent galaxies is the fact that I was able to successfully fit at least some emission
lines from ionized gas in the spectra of most of the objects in my dataset. The quality
of the new JWST NIRSpec data has made it possible to see what was hardly visible
before (see Figure 5.1): the evidence is indicating that there is ionized gas in these
passive systems at z ∼ 2, emitting not-so-powerful but clearly present emission lines
typical of those found commonly in star-forming or active galaxies.

But once established that there is non-negligible ionized gas emission in these galax-
ies, the question that naturally follows is: what is the source behind the ionization of
the gas?

5.2 Line diagnostic diagrams
For many galaxies in my sample, I was able to fit multiple emission lines in the same
rest-frame optical spectrum, opening up the possibility to study this quiescent popu-
lation through the flux ratios of different lines by the use of line ratio diagrams.

Line diagnostic diagrams are a valuable tool to investigate the underlying ionization
mechanisms behind the production of ionized gas optical emission lines (see review by
Kewley et al., 2019). Emission line strengths determined using photoionization models
have proven to correlate with the signatures of different ionizing sources in galaxies
(Cid Fernandes et al., 2011; Feltre, Charlot, & Gutkin, 2016; Shapley et al., 2015;
Strom et al., 2017). This has led to the development of standard optical line ratio
diagnostic diagrams to separate nebular emission by active and inactive galaxies, such
as the Baldwin et al. (1981) (BPT) and Veilleux and Osterbrock (1987) diagrams.
The comparison between emission line flux ratios obtained by standard photoioniza-
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tion codes, e. g. MAPPINGS (Allen, Groves, Dopita, Sutherland, & Kewley, 2008a;
Dopita, Sutherland, Nicholls, Kewley, & Vogt, 2013; Sutherland & Dopita, 1993) and
CLOUDY (Ferland et al., 2013) and observations of star-forming and active galaxies
(Kauffmann et al., 2003; Kewley et al., 2013; Kewley, Groves, Kauffmann, & Heckman,
2006; Stasińska, Cid Fernandes, Mateus, Sodré, & Asari, 2006) made it possible to fur-
ther refine the empirical classification of galaxies through their simulated counterpart
and a great number of different line ratios sensitive to different ionization sources have
been found, spanning lines from the UV to the FIR wavelength range.

With the catalog of the emission lines at my disposal (Table 4.1), I was able to
produce 4 different diagnostic diagrams and thus classify the underlying ionization
source at the origin of the observed emission lines of my spectral sample. As will be
shown in the next sections, these different diagnostic diagrams all point towards the
same conclusion: most of the galaxies for which I was able to obtain measurements
of all the required line ratios show clear signs of ionization due to an active galactic
nucleus.

5.2.1 The BPT diagram

The most famous and widely used line diagnostic diagram is the so-called BPT dia-
gram, after Baldwin, Phillips & Terlevich (Baldwin et al., 1981). This standard dia-
gram uses the [NII]λ6584/Hα line ratio plotted against the [OIII]λ5007/Hβ ratio and
has been proven a valuable observational criterion for differentiating between active
and non-active galaxies up to high redshift, due to the fact that it employs relatively
powerful and easy-to-measure emission lines (Kauffmann et al., 2003; Kewley et al.,
2013; Kewley, Dopita, Sutherland, Heisler, & Trevena, 2001; Kewley et al., 2006, 2019;
Stasińska et al., 2006).

In the case of quiescent (apparently non-active) galaxies, the BPT diagram has
not been widely used in the literature as a means of classification, due to the general
lack of powerful emission lines from ionized gas in these passive systems: some studies
have focused on the BPT diagnostics of the so-called retired galaxy population at z
∼ 0 (e. g. Cid Fernandes et al., 2011, 2010; Lagos et al., 2022; Maddox, 2018), but
scarce literature exists on this topic at redshifts higher than 1 because of the difficult
observations of low-SNR lines when shifted to near-IR wavelengths. Some examples of
this are found in Carnall et al. (2023) and Belli et al. (2023), but these articles, based
on recent JWST data, only focus on a single object.

Many empirical, semi-empirical and theoretical selection criteria for nebular vs.
AGN-powered emission lines exist in the literature: following the work done on the re-
tired galaxy population by Cid Fernandes et al. (2011) (from now on CF11), I compared
three different selection criteria:

(i) The observationally derived selection criteria by Kauffmann et al. (2003) (see also
Kewley et al., 2013), based on the SDSS galaxies,

(ii) the theoretical limit of extreme starburst galaxies by Kewley et al. (2001) (K01),
in which the authors used the SED modeling code STARBURST99 (Leitherer et
al., 1999) to simulate the line ratios observed in extremely star-forming starburst
galaxies;
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(iii) and the empirical classification of the AGN population into Seyferts and LINERs
given by Kewley et al. (2006).

The various selection criteria basically divide the diagram in two regions: HII regions
and star forming galaxies form a clean sequence on the left part of the diagram, from
low to high O[III]/Hβ ratios (Figure 5.2). This sequence is known as the star forming
galaxy abundance sequence and its position can be affected by the metallicity of the
ionized gas, the ISM pressure, the hardness of the ionizing radiation field, and the
ionization parameter (Kewley et al., 2006).

Figure 5.2: The BPT diagram of the SDSS galaxies analyzed in Kewley et al. (2006). Left panel: the
colored curves show theoretical photoionization model fits to the star forming abundance sequence; right
panel: the mean star-forming sequence for local galaxies is traced by the red curve. From Kewley et al.
(2019).

An AGN contribution, on the other hand, raises the [NII]/Hα line ratio: this means
that active galaxies are found at the higher-end of the [NII]/Hα axis. The position of
AGN on the BPT diagram is sensitive to metallicity, and will move towards smaller
[NII]/Hα ratios at low metallicity: low metallicity AGN are extremely rare in local
galaxies (Groves, Heckman, & Kauffmann, 2006),but not so much at high redshift
(see, for example, the extremely low-metallicity AGN found by Übler et al. (2023b)
at z=5.55), possibly causing the AGN population to move towards the SF sequence.
Shock ionized gas can also be responsible for the observed line ratios and occasionally
overlaps with both the star-forming or the AGN sequence, further complicating the
picture. The Kewley et al. (2001) selection limit is the theoretical maximum starburst
line that marks the upper limit for star-forming galaxies on the BPT diagrams. Galax-
ies that lie above this line cannot be explained by any combination of pure starburst
models, and must contain a significant fraction (30-50%) contribution from an AGN
or shock excitation. The population of galaxies that are found between the maximum
starburst line and the empirical SF limit by Kauffmann et al. (2003) is sometimes
called the composite population or the mixing sequence: these galaxies may contain a
mixture of star formation, shock excitation, and/or AGN activity.
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Lastly, Kewley et al. (2006) found an empirical line of separation on the AGN
side of the BPT that divides the Seyfert galaxies from the Low Ionization Nuclear
Emission Regions galaxies, called LINERs: the exact nature of LINERs is a debated
topic in extragalactic astronomy and the same LINER-type emissions could be traced
back to a variety of different mechanisms (see Yan and Blanton (2012a) for a general
review). Some LINER emission is associated with Low Luminosity AGN (LLAGN):
these LINERs have properties consistent with gas ionized by the radiation from an
inefficiently accreting, low luminosity supermassive black holes (L. C. Ho, Filippenko,
& Sargent, 1993, 1996). Eracleous, Livio, and Binette (1995) proposed a "duty-cycle"
hypothesis that could explain LINERs as the results of occasional bursts of activity by a
central accreting black hole. Shocks by jets or other outflows may be required to power
LINER emission, in addition to the emission from the AGN accretion disk (Molina et
al., 2018): nevertheless, extended LINER emission can be produced by shocked regions
produced by galactic-scale outflows (Dopita & Sutherland, 1995; I. T. Ho et al., 2016)
or even by the ionizing flux of an evolved stellar population, such as post-AGB stars
(Binette et al., 1994; Singh et al., 2013; Yan & Blanton, 2012b). These last kinds of
objects are sometimes called LIERs, or Low Ionisation Emission-line Regions, in order
to differentiate them from low-luminosity active nuclei.

Figure 5.3: BPT diagram of the Blue Jay galaxies. In red circles, my sample of quiescent galaxies, in blue
stars the rest of the catalog. Plotted lines mark different classification criteria.

To construct the diagram, I first selected only galaxies for which all of the four
emission lines ([NII]λ6584, Hα, [OIII]λ5007 and Hβ) are detected with SNR >3, in
line with the calibration used in Kewley et al. (2013). The same was done for the
complementary SF galaxies sample, in order to compare the two populations from the
Blue Jay survey, and everything is plotted in Figure 5.3.

These selection criteria are quite stringent for my galaxies, due to the fact that the
Hβ line does not reach the required SNR in most of the quiescent sample: in order to
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include as many systems as possible, I also chose to plot the galaxies that only have an
upper or lower limit on the line ratios: this is done by selecting galaxies with at least
one of the [NII]λ6584/Hα lines and one of the [OIII]λ5007/Hβ lines with SNR>3. The
measured flux on the other line in the ratio is considered an upper limit and the point
can still be plotted on the BPT diagram. An example of galaxies added this way are
COSMOS-8013 and COSMOS-16419, as noted in Figure 5.3.

The first result from the BPT diagram is that we can immediately see a segregation
of the two samples in different parts of the diagram: even though I was able to plot
the line ratios for only some of the quiescent objects, all of the points are clustered
together in the AGN-powered side of the diagnostic diagram, while the rest of the
Blue Jay sample is firmly set in the star-formation part of the diagram. The only
exception seems to be galaxy COSMOS-7904, which is straddling the upper end of the
star-forming galaxy distribution.

The star-forming sample forms a nice sequence mostly contained within the K01
maximum starburst line: also in this sample we find a prominent exception, i.e. the
only SF galaxy found in the AGN region: this is the galaxy COSMOS-20120, which is
spectroscopically confirmed to be a broad-line AGN, as can be seen in fig. 5.4. This
object is also detected in in the X-rays by the Chandra-COSMOS Legacy Survey Point
Source Catalog (Civano et al., 2016).

Figure 5.4: Observed spectrum of the BL AGN COSMOS-12020 (blue) with the continuum fit superim-
posed in red. The line profiles of Hα, Hβ and He I are very broad.

5.2.2 The WHaN diagram

The WHaN diagnostic diagram was introduced by Cid Fernandes et al. (2011, 2010)
(CF10 and CF11) as an alternative diagnostic tool valid for those cases in which the
fluxes of all 4 of the emission lines needed for the BPT diagram are not available:
this makes it an excellent analysis diagram for my sample, since most of my quiescent
galaxies cannot be placed on the BPT. The WHaN diagram replaces the [OIII]/Hβ line
ratio (the most difficult to measure because of the Hβ line) with the equivalent width of
the Hα line, which is usually the easiest to obtain. This diagram is particularly useful
to differentiate between (weak) AGN and EL RGs (or emission line retired galaxies),
which are passive systems in which gas is ionized by hot evolved p-AGB stars: CF10
and Stasińska et al. (2006) showed that the the proportion of such RGs misclassified as
AGN in the BPT increases dramatically when considering weak emission line systems
at z ∼ 0.
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To distinguish true AGN from fake ones (i.e., the RGs), CF11 propose a practical
division of the two populations in the WHaN diagram at EW(Hα) < 3 Å. The sepa-
ration criteria between SF and AGN ionization in the [NII]/Hα ratio are the same as
those showed in the previous section.

Figure 5.5: WhaN diagram of the Blue Jay catalog.

The WHaN diagram of the whole Blue Jay catalog is illustrated in Figure 5.5;
quiescent galaxies are shown as red circles. The plotted vertical lines are the transposed
version of the ones in fig. 5.3 and divide the SF from the AGN region. Immediately it
is clear the advantage of using this diagram in the fact that I can plot almost double
the points from my sample with respect to the classic BPT.

Nevertheless, the results of this diagram are in line with the BPT: most of my
sample is still found clustered on the right side of the maximum starburst K01 line,
while the rest of the Blue Jay catalog occupies the SF-powered left side of the plot. As
before, the most notable exception is again COSMOS-7904, which can now safely be
classified as a SFG.

All of the galaxies found in the BPT are present in the WHaN diagram, plus some
additional ones: in total, 12 out of 22 galaxies are plotted. The purple horizontal
line marks the 3 Å limit for the Hα EW, under which only two of my galaxies are
found: according to CF11, this would mean that the only emission line galaxies whose
emission can be completely attributed to the ionizing flux of an old stellar population
are 2 out of 12. Similarly to what seen in the BPT, we find again the 12020 BL AGN
amidst the quiescent galaxies sample.

5.2.3 Other line diagnostics

It is possible to extend the array of optical diagnostic diagrams to include the [SII]λλ6716,
6731/Hα and [OIII]λ5007/[OII]λλ3727,3729 line ratios, which are also sensitive to the

49



Chapter 5 5.2. Line diagnostic diagrams

hardness of the ionizing radiation field.

The BPTo2 diagram, for example, replaces the Hβ line of the BPT with the easier-
to-measure [OII]λλ3727,3729 doublet and thus it is very useful in the case of weak
emission lines such as the present study. Like the BPT diagram, this BPTo2 diagram
also opens up into SF and AGN wings. One difference, though, is that the two branches
of Seyferts and LINERs are more pronounced than in the classic BPT (CF10), probably
due to the fact that ionization state and reddening are positively correlated, i.e, that
Seyferts are more heavily reddened than LINERs (L. C. Ho, Filippenko, & Sargent,
2003; Kewley et al., 2006), and thus the value of the observed [OIII]/[OII] ratio varies
significantly. Besides this extrinsic effect, [OIII]/[OII] is more sensitive to the ionization
state than [OIII]/Hβ, which also enhances the separation between Seyferts and LINERs
(CF10).

The BPTo2 diagram of the Blue Jay galaxies can be seen in Figure 5.6: again,
this plot is in agreement with the previous two. The quiescent sample is still found
on the AGN-powered side of the diagram and, additionally, we can see a more drastic
separation of the red points above and below the Seyferts/LINERs separation line,
suggesting a more robust classification than the one offered by the BPT. As before,
7904 is the only galaxy of the sample found among the star-forming sequence.

Figure 5.6: The BPTo2 diagram.

The last diagram constructed from my data is the [SII]λλ6716,6731/Hα vs [OIII]/Hβ,
which was first empirically calibrated for SF/AGN diagnostics by Veilleux and Oster-
brock (1987): the [SII]/Hα line ratio is very much sensitive to the hardness of the
ionizing radiation field (Veilleux & Osterbrock, 1987), but this diagram has the disad-
vantage of suffering from low SNR of both the Hβ line and the [SII] doublet, which is
hardly detected in most of the quiescent sample. This results in a less clear diagnostic
diagram visible in Figure 5.7, in which the general trends observed in the previous plots
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are retained, but the SF and quiescent sample are much more intermixed: one sure hint
of this fact is that the known BL AGN COSMOS-12020 is actually found mixed in with
the star-forming Blue Jay galaxies and not clearly separated from them, as it happened
in the other plots. Aside from the 7904 system, also COSMOS-18668 is found within
the maximum starburst K01 boundary in this diagram. The [SII]/Hα diagram is also
able to distinguish between Seyfert galaxies and LINERs (black dash-dotted line in
Figure 5.7).

Figure 5.7: [SII]/Hα diagnostic diagram.

The less clearly defined results from this last diagram could be traced back to
the fitting of the [SII] doublet lines, which suffers from low flux and slightly worse
continuum subtraction in many galaxies of both the SF and the quiescent sample: this
is reflected in the generally larger horizontal error bars in the plot.

5.2.4 Comparison with SDSS data

It is very instructive to compare the distribution of my points with the general distri-
bution of a very large sample of galaxies on the diagrams: one quick way to do this is
to use data from the Sloan Digital Sky Survey telescope. The SDSS data used in this
work is taken from the MPA-JHU DR7 release of spectral measurements 1 (Tremonti
et al., 2004) and their distribution on the diagnostic diagrams is illustrated by the grey
points in Figure 5.8.

From the BPT diagram we can observe that the star-forming sequence formed by
the Blue Jay galaxies is shifted towards higher [OIII]/Hβ ratios than with respect to the

1Online repository: https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/platelist
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(a) BPT (b) WHaN

(c) BPTo2 (d) SII /Hα

Figure 5.8: Diagnostic diagrams of the Blue Jay galaxies compared to the SDSS galaxies, mapped in grey
points.

SDSS sequence: this is a well known difference between z ∼ 0 and Cosmic Noon star-
forming galaxies (Kewley et al., 2019; Strom et al., 2017). One possible explanation
of this shift towards higher line ratios, observed also in the BPTo2 and the [SII]/Hα
diagrams, is given by Kewley et al. (2013) and Shapley et al. (2019): this shift can be
traced back to the effect of a harder EUV ionizing flux, which can be linked to the
metallicity of z ∼ 2 galaxies. Indeed, a lower-metallicity and α-enhanced young stellar
population, as typically observed in Cosmic Noon SF galaxies, naturally produces a
harder EUV ionizing flux than the one typical of a local Universe SF galaxy’s stellar
population (Sanders et al., 2020; Steidel et al., 2016). Even though these observations
do not concern the population of interest in this work, i.e. the quiescent one, it is
still important that I was able to replicate these known results from literature as an
indication of the validity of my results as a whole.

Even considering the effects of metallicity evolution with redshift on the BPT di-
agrams, my quiescent sample is still clearly separated from the SF sequence; thus the
quiescent sample cannot be interpreted as a mistaken population of low-metallicity
SF galaxies. This can easily be seen comparing my results to Figure 5.9, taken from
Shapley et al. (2019), in which the SF sequence for galaxies at z ∼ 2 is traced.
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Figure 5.9: BPT (left) and [SII]/ Hα (center) diagrams for 1.4 ≤ z ≤ 2.7 MOSDEF star-forming galaxies,
adapted from Shapley et al. (2019). The grayscale histogram and orange curve correspond, respectively,
to the distribution and running median of local SDSS galaxies.

On the WHaN diagram, the distribution of both the SF and the quiescent sample
is systematically shifted towards higher values of EW(Hα) with respect to the SDSS
catalog. A similar, although less prominent shift, can also be seen in Belli et al. (2017)’s
WHaN diagram of KMOS-3D galaxies at 0.7 < z < 2.7. This shift could be traced
back to the higher SFR typical of Cosmic Noon galaxies with respect to the local ones
(Madau & Dickinson, 2014), which in turn would produce higher Hα EW and shift the
diagram’s distribution upwards along the vertical axis.

The question that remains open is whether the ionization by old stars limit set at
EW = 3 Å by CF11, which is empirically calibrated on local galaxies, still holds up
at high redshift. The quiescent galaxies observed by Blue Jay are necessarily younger
than those observed at z ∼ 0, since the age of the Universe at z ∼ 2 is only 3 Gyr.
Photoionization models show that the “LIER” emission due to post-AGB stars is actu-
ally weaker in young stellar populations (Byler et al., 2019). This means that the Hα
emission by retired galaxies at Cosmic Noon must be even fainter than the EW=3 Å
limit set by CF11. We thus conclude that this type of ionization is not relevant for the
vast majority of the galaxies considered in this study.

5.3 The nature of emission line excitation in the Blue
Jay quiescent sample

The classification of galaxies in my sample using diagnostic diagrams is summed up in
Table 5.1. The subset of galaxies that I was able to classify is 12 out of 22 in the quies-
cent sample: the rest of them are either missing the required emission lines altogether
or they have way too low SNRs for the diagrams to be reliable. As we can see from
the Table 5.1, 5 galaxies (IDs 7549, 10128, 10565, 11494 and 20238) are only classified
by a single diagram: the two retired galaxies, 10565 and 11494, are not missing any
emission line in their spectra, but the WHaN diagram is the only one that contains
them since the SNR of all of the other line ratios is systematically too low. This is an
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ID BPT WHaN BPTo2 [SII]/Hα

7549 - Composite - -
7904 Composite SF SF SF
8013 Seyfert AGN LINER Seyfert
10128 - AGN - -
10565 - RG - -
11142 - AGN Seyfert -
11494 - RG - -
16419 LINER AGN LINER LINER
18668 LINER AGN LINER SF
18688 Seyfert AGN Seyfert Seyfert
18977 Seyfert AGN Seyfert Seyfert
20238 - AGN - -

Table 5.1: Classification of the quiescent Blue Jay sample according to various diagnostic diagrams

expected result and nicely shows the usefulness of the WHaN diagram in "catching"
and classifying galaxies that would otherwise be lost.

One galaxy (7904) is classified as star-forming/composite by every diagram and
thus can be considered a contaminant of the UVJ-selected quiescent sample. Another
galaxy, COSMOS-7549, is also classified as part of the composite galaxy population:
since this system can only be plotted in the WHaN diagram, as it completely lacks
any [OIII] emission, the classification is not so sure as it is the previous case. The
gas in this particular system could be ionized by a mixture of star-formation and low
nuclear activity. Its spectrum can be seen in Figure 5.10: it shows some metal and
Balmer absorption lines and some weak [OII] and Hα emission. A clearer picture of
the amount of SF going on in this system will be provided by the SFR estimation in
the next chapter.

Figure 5.10: Rest-frame spectrum of COSMOS-7549 (blue) with continuum fit superimposed in red.

5.3.1 Hidden nuclear activity and the link to star-formation
quenching

The most important insight that we get from Table 5.1 is that the majority of this
subsample of quiescent galaxies hosts an active nucleus. Two of these systems are
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actually classified as LINERs (COSMOS-16419 and COSMOS-18668), which is a not-
so-well defined category that could refer either to low ionization emission galaxies
that host a low-luminosity AGN or to emission attributable to shock-ionized gas from
stellar outflows and/or ionization from hot evolved stars. However, these systems are
classified as quiescent by the rest- frame UVJ color selection, thus the hypothesis of
shocks from stellar outflows hardly holds up; furthermore, the WHaN diagram does
not classify these systems as retired galaxies. Thus I can reasonably trace back the
LINER emission of these galaxies to a LL AGN.

AGN detections represent 67% of the quiescent galaxy population for which we
have strong detection of at least the [NII]λ6583 and Hα emission lines, corresponding
to a global 36% of all galaxies in the quiescent sample. This is a surprising result, since
these sources are not classified as AGN in other COSMOS field surveys: for example,
these sources are not detected in the X-rays by either the Chandra-COSMOS Legacy
Survey Point Source Catalog (Civano et al., 2016) or the COSMOS XMM Point-like
Source Catalog (Cappelluti et al., 2009). One of these X-ray undetected sources in my
sample, COSMOS-18977, is even showing evidence of broadened Hα and Hβ emission
lines, typical of a Broad Line AGN (Figure 5.11).

This means that without being able to get high-quality NIR spectra of these galax-
ies to measure their optical rest-frame emission line ratios, no signs of nuclear activity
would be suspected to be going on inside these systems.

Figure 5.11: Rest-frame spectrum of the BL AGN COSMOS-18977 (blue) with continuum fit superim-
posed in red.

This result is relevant to the question at the heart of star-formation quenching:
what caused these galaxies to become (and remain) quiescent? The physical origin of
the star formation quenching is still unclear, and many mechanisms have been pro-
posed: for high-mass galaxies, the most frequently invoked one sees the quenching of
star formation as a consequence of AGN feedback (Fabian, 2012). The observational
evidence for AGN feedback remains elusive, however. Several approaches have been
exploited so far to find and study galaxies in the quenching phase (Park et al., 2023;
Quai, Pozzetti, Citro, Moresco, & Cimatti, 2018), while some studies focus on passive,
already quenched populations (Belli et al., 2017, 2019). The amount of hidden AGN in
my quiescent sample points towards an empirical link between the quenched nature of
these systems and the presence of an active nucleus: in this case, the evidence suggests
an important contribution of AGN-driven feedback processes for the star-forming to
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Figure 5.12: UV J diagram of my sample after the classification, colored with respect to the stellar mass:
the black contours indicate the galaxy’s classification. The green line marks the standard UV J selection
criteria illustrated in ch. 3. The three annotated objects are the two SF (Composite) galaxies COSMOS-
7904 and 7549 and the merger COSMOS-11337.

passive transformation of these galaxies at z ∼ 2.

Particularly interesting, in these regards, are the "quenching" galaxies I selected by
relaxing the UV J color-selection criteria, i. e. those galaxies found at the boundaries
of the selection and that are supposedly caught in the transition phase between star-
forming and quiescent. Going back to the rest-frame UV J diagram, in Figure 5.12
I plotted my quiescent sample with respect to their line ratio classification (various
symbols) and colored the scatter plots depending on their stellar mass, to investigate
if any trend with mass is present. As we can see from the plot, in the region below
and across the standard Muzzin et al. (2013) UV J-selection boundary we find only
one star-forming galaxy: the rest of the objects are classified as AGN, apart from two
galaxies whose nature could not be determined. This trend is in line with the hypotesis
of quenching of star formation in massive systems brought on by AGN feedback, as
these "transitioning" galaxies overwhelmingly show evidence of nuclear activity.

We also notice a pattern in the non-classifiable vs classified objects’ stellar mass:
in particular, galaxies with too-low SNR to be put onto a diagnostic diagram are low-
mass, which is to be expected. This could also mean that the same line ratios observed
in higher-mass systems are also present in these galaxies, but are simply below the
detection limit. There is only one exception to this trend: galaxy COSMOS-11337,
which under closer inspection seems to be a merger, as seen from the very broad for-
bidden emission lines and the HST/NIRCam imaging in Figure 5.13. Unfortunately,
most of the lines in its spectrum fall into the detector gaps, thus making it impossible
to classify using diagnostic diagrams. This merger is also detected in the X-rays by the
Chandra-COSMOS Legacy Survey Point Source Catalog (Civano et al., 2016).
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Figure 5.13: Rest frame spectrum + continuum fit (upper panel) with imaging data and fitted emission
lines (lower panels) of the merger COSMOS-11337

The diagnostic diagram analysis of my sample has shown exciting results that re-
vealed a relevant presence of never-before detected active galaxies in a sample of qui-
escent galaxies at Cosmic Noon. My analysis thus reveals a connection between the
quiescent nature of these massive galaxies and AGN activity and feedback. An assump-
tion that still needs to be verified, however, is whether my sample is actually composed
of quiescent galaxies, i.e. whether the selection of my sample is accurate. This can
be verified by estimating the current SFR of the sample and is the topic of the next
chapter.
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Chapter 6

SFR estimation from the Hα line

The current star formation rate (SFR) is one of the most important parameters used
for characterizing a galaxy: the primary division between star-forming and quiescent
galaxies lies in the fact that the former are actively producing new stars, while in the
latter few or no new stars are born, leaving systems made up of mainly old, red and
aging stellar populations.

Various indicators of galaxy SFR exist at different wavelengths, and include Hα and
[OII] emission line luminosities, ultraviolet continuum luminosity, far-infrared (FIR)
luminosity and radio luminosities (Hopkins et al., 2003; Kennicutt, 1998; Ly et al.,
2011; Rosa-González, Terlevich, & Terlevich, 2002; Salim et al., 2007). Most studies
rely on these indicators to estimate the current SFR of a galaxy because they are all
linked to the typical emission spectrum of HII (or star-forming) regions.

In particular, the luminosity of the Hα nebular emission line has been widely used
as a reliable SFR indicator both at high and at low redshifts, since it can be physi-
cally connected almost directly to short-lived massive stars. In the local universe, this
relation has been well calibrated (Kennicutt, 1998; Kennicutt et al., 2009), and sub-
sequently has been extended to calculate the SFR of distant galaxies (Brinchmann et
al., 2004; Förster Schreiber & Wuyts, 2020; Shapley, 2011).

From the fitting of emission lines in my sample, I have highlighted the surprising
results derived from the line ratios diagnostic diagrams (Chapter 5), which point to an
AGN-powered origin of the ionized gas emission for many of these quenched systems.

The calculation of the current SFR for the galaxies in my sample is crucial in
order to verify whether these are actually quiescent systems. Given that the observed
emission lines are produced by an active nucleus, this would be another, important
piece of the puzzle that links the quenching of SF in passive systems to AGN activity
and, in particular, AGN feedback.

6.1 Theoretical relations
In estimating the SFR from the Hα luminosity we adopt the calibration given by
Kennicutt (1998), applied to a Chabrier IMF (Chabrier, 2003):

SFRHα [M⊙/yr] = 4.63 · 10−42 LHα [erg/s], (6.1)

in which the Hα line luminosity is given by the measured Hα fitted line flux, adopting
the standard ΛCDM cosmology for the calculation of the luminosity distance.
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6.1.1 Dust correction

There are two main issues that need to be taken into account in order to obtain an Hα
luminosity representative of the full emission from the galaxy: first, we need to consider
the effects of slit loss on the measured flux of the observed emission line, and secondly
we need to correct for intrinsic obscuration effects due to possible dust attenuation
present in the galaxy (Salim & Narayanan, 2020).

As already discussed, the observed flux over the whole spectrum of each galaxy has
already been flux-corrected using the spectroscopic + photometric Prospector fit of the
stellar continuum: considering, as a simplification, that the Hα emission that we see
is originating mainly in HII regions evenly scattered throughout the galaxy (and not,
for example, only from a central source), the flux scaling applied to the spectrum’s
continuum can be reasonably applied also to the emission line flux, to account for
the Hα flux lost from the slit. This will be an assumption to keep in mind in the
interpretation of the measured SFR, since in the case of Hα originating mainly from
an active nucleus the slit-loss calibrated SFR is higher than the true one.

The second flux correction, accounting for dust, is applied following the didactic
example present in Rosa-González et al. (2002) and uses the standard Calzetti et al.
(2000) dust extinction law.

Calzetti (1999) and Calzetti et al. (2000) have developed an empirical method based
on the UV slope of starburst galaxies to estimate the effects of dust attenuation which
is also applicable to the spectrum of cosmic-noon galaxies. In this hypothesis, the
intrinsic flux at wavelength λ is related to the observed one by:

Fint(λ) = Fobs(λ)10
0.4A(λ), with A(λ) = AV k(λ)/RV (6.2)

where AV is the V-band extinction and k(λ) is given by Calzetti et al. (2000)’s extinc-
tion law:

k(λ) = 2.659 · (−2.156 + 1.509/λ− 0.198/λ2 + 0.011/λ3) +RV , (6.3)

with RV = 4.05.
The extinction law k(λ) is given by eq.(6.3), so the only quantity missing for ob-

taining the intrinsic Hα line flux is AV : in order to derive it, I take advantage of the
Prospector continuum fit. The Prospctor code, indeed, was used to fit both the stellar
population of each galaxy and its dust content.

Similarly to what was done in Park et al. (2023), the dust attenuation curve in the
Prospector fitting of the sample employs the two-components dust model of Charlot
and Fall (2000), in which the overall stellar continuum attenuation is due to a dust
optical depth associated with diffuse ISM dust, attenuating the emission of all stars,
plus an additional dust component that is found inside dense star-forming clouds and is
only attenuating the light of young, massive stars still embedded in their birth clouds.
This two-component dust model is fitted by Prospector using two parameters:

(i) τISM = diffuse ISM dust optical depth
(ii) fτ,BC = fraction of ISM dust found in birth clouds

so that the total dust optical depth of the galaxy is given by:

τdust = τISM + τBC = τISM(1 + fτ,BC) (6.4)
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There is also a third dust parameters that is used by Prospector in order to better
model dust extinction: this parameter is a power-law modifier δ to the Calzetti dust
attenuation curve. The modifier is estimated using the empirical relation found in
Kriek and Conroy (2013) and is supposed to improve the Calzetti model for distant
galaxies. Eq.(6.2) is modified with:

A(λ) =
AV

RV

k(λ)

(
λ

λV

)δ

. (6.5)

In my case, however, I chose to ignore the power law modifier in my SFR estimation
and use directly use the unmodified Calzetti law, since at the Hα line wavelength the

term
λ

λV

∼ 1 and the estimated SFR from Hα luminosity remains the same. Thus, the

V-band dust attenuation estimated from Prospector is:

AV = 1.086 ∗ τISM(1 + fτ ) (6.6)

This is then plugged into eq.(6.7) to get the unattenuated Hα line flux.
Finally, eq. (6.2) can be used to work out the dust-corrected Hα emission line flux:

Fint(Hα) = Fobs(Hα)100.4AV k(Hα)/RV . (6.7)

The choice of including both the diffuse ISM and the birth-cloud dust components
for my sample is not straightforward and requires a logical justification: it would
be compelling to simply discard the dust component of star-forming regions, since
galaxies in my sample are quiescent and thus should not contain active sites of star
formation. The ultimate goal of estimating the SFR in my sample, however, is to
prove that (most) of my galaxies are in fact quiescent and do not have substantial
dust-hidden star formation activity. In order to prove so, then, we need to drop the
quiescent assumption from the dust attenuation calculation and consider the "worst-
case scenario" of attenuation given by both dust components: this is why the SFRs of
the quiescent sample estimated in this way are to be considered strictly upper limits
on the actual SFR of these galaxies. Furthermore, from Chapter 5, we know that most
of these galaxies actually host an active nucleus and thus the Hα emission that we
measure is not produced by star-forming regions, but rather by the gas surrounding
the central accreting SMBH: this further stresses the importance of considering the
measured SFRs as upper limits.

Figure 6.1: Rest-frame spectrum (blue) of COSMOS-20238 with continuum fit (red), cut to λ=7000 Å
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6.2 Results
The results of the SFR estimate from the Hα line are gathered in Table 6.1: as we can
see from the fourth column, most of the sample is indeed very quiescent, with many
systems having SFR lower than 1 M⊙/yr, keeping in mind that these values are upper
limits on the actual SFR. The systems that are hosting an AGN, as expected, have
generally higher SFR that the rest of the sample: their measured SFR are not reliable,
however, since the Hα emission is mostly produced by the active nucleus and not from
actual star-formation regions in the galaxy.

Figure 6.2: SFR from Hα luminosity as a function of stellar mass for the Blue Jay galaxies: the y-axis
value of the magenta points is to be considered an upper limit.

I have included a mean SFR value of each galaxy in Table 6.1, calculated by aver-
aging the SFR over the last 100 Myr (fifth column). This average value is calculated
from the Prospector estimation of the SFH of each object and it is supplied in order
to have something to compare the current SFR to: it is important to keep in mind
that Prospector computes the SFH as a continuous function between adjacent time
bins (Leja, Carnall, Johnson, Conroy, & Speagle, 2019), thus the average SFR value
computed in this way is often higher than the real value, particularly in the case of
rapid quenching.

Two outliers with very high SFR are visible in Table 6.1: COSMOS-7904, already
confirmed to be a star-forming galaxy from the BPT diagrams, and COSMOS-20238,
which has a very high V-band extinction of Av ∼ 6.5 and SFR = 98±11 M⊙/yr. This
latter system is classified as AGN (although straddling the K01 maximum starburst
line) by the WHaN diagram, but it lacks any significant [OIII] emission and thus cannot

62



Chapter 6 6.2. Results

be classified by the BPT: given the high AV and SFR values, it is probably a very dusty
star-forming galaxy which has contaminated the sample in the UV J-color selection,
and that may harbour an obscured AGN. This is also confirmed by the spectrum, which
is quite red but lacks significant absorption lines typical of quiescent galaxies’ spectra
(see Figure 6.1).

By computing the SFR for the rest of the Blue Jay catalog as well, we can easily
compare the two populations and conclude that the sample of galaxies analyzed in this
work are indeed quiescent, as they lie below the SFR main sequence traced by the
star-forming sample on the stellar mass vs SFR plot in Figure 6.2. This result is even
stronger when considering that the plotted values are actually upper limits on the SFR
for the quiescent sample.

Thus I have proven that my sample is indeed composed of quiescent galaxies. Given
that we found a high incidence of AGN among these galaxies (which would appear as
normal quiescent galaxies in absence of a measure of their optical line ratios), this
study represents strong evidence of the fact that nuclear activity and quenching of star
formation are closely linked together.
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ID BPT class. AV SFR (Hα) <SFR> (<100Myr) SNR Hα

[M⊙/yr] [M⊙/yr]
7549 Composite 2.477 0.87±0.08 32.1 7.4
7904 SF 3.961 147±11 108.5 9.9
8013 AGN 1.390 0.83±0.05 5.4 25.3
8469 – 0.606 – 4.5 -0.164
9395 – 0.639 ≤0.15 5.5 1.5
10128 AGN 4.042 2.35±0.19 1.9 8.3
10339 – 1.303 – 0.8 –
10400 – 0.562 – 0.2 -0.9
10565 RG 1.207 0.12±0.05 0.5 3.1
10592 – 7.306 – 5.2 -1.9
11142 AGN 2.539 4.6±0.5 1.4 22.2
11337 Merger∗ 7.697 – 13.5 –
11494 RG 0.681 0.70±0.22 2.8 3.6
12332 – 1.670 – 1.9 1.184
16419 AGN 0.197 1.23±0.18 4.8 10.9
17713 – 0.999 ≤0.24 0.9 1.5
18668 AGN 2.682 10.6±0.4 82.1 26.4
18688 AGN 1.537 6.90±0.35 10.6 27.3
18977 BL AGN 0.005 0.18±0.04 0.7 41.2
20238 AGN 6.508 98±4 112.9 15.9
21477 – 1.527 ≤0.51 2.7 0.1
21541 – 0.063 0.17±0.20 0.2 2.4

Table 6.1: SFR calculation results. The last column gives the SNR of the Hα line: for galaxies with
non-detected lines (SNR<3), only the upper limit on the measured SFR is given. (*Not a classification
from the BPT but from the imaging and spectroscopic data)
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Ionized gas outflows

AGN feedback and its effects on the galactic environment are very complex phenom-
ena that have been linked both to the quenching of star-formation in a galaxy and to
starburst events (see Fabian (2012); King and Pounds (2015) for reviews on the sub-
ject). AGN activity, anyway, seems to be an important mechanism for star-formation
quenching: its negative feedback mechanisms acting on the host galaxy’s environment
are to blow away gas useful for SF (often referred to as kinetic feedback) and heat the
surrounding medium and thus prevent cooling (thermal feedback). Many studies using
simulations have shown that AGN activity is essential in reproducing post-starburst
populations (e.g., Davis et al., 2019; Pontzen et al., 2017; Zheng et al., 2020). How-
ever, it is very challenging to directly observe evidence of the ongoing AGN activity.
Galactic outflows have been observed for a number of post-starburst galaxies (e.g.,
Baron, Netzer, Poznanski, Prochaska, & Förster Schreiber, 2017; Maltby et al., 2019),
and given their high speed (> 1000 km/s), the outflows are thought to be driven by
ejective AGN feedback (Förster Schreiber et al., 2019). Very recently, Belli et al. (2023)
found evidence of AGN activity ejecting neutral gas from an actively quenching galaxy
at z ∼ 2: this system, COSMOS-11142 , is a Blue Jay galaxy also present in my sample
and in the next section we will be looking at its outflows in the ionized gas phase.

With a more in-depth spectral fitting of emission lines in the quiescent sample’s
newly-found AGNs, I will show that we can see and model galaxy-wide ionized gas
outflows in 4 out of the 22 galaxies of my sample: this finding is made possible by
the NIRSpec’s sensitivity and it represents a direct observational proof of gas actively
leaving the galaxies and contributing to the quenching of star formation in quiescent
AGN hosts at Cosmic Noon.

7.1 Line fitting with multiple Gaussian components
As already hinted at in chapter 4, I was not able to successfully fit all of the sample’s
spectra using a simple, single-Gaussian profile model. In particular, for 4 out of 22
galaxies more than one Gaussian component in the fitting model was needed: this is
the case for galaxies COSMOS-8013, 11142, 18668 and 18977, which are all hosts of an
AGN (according to the line ratio diagnostics). For each of these objects I realized a
more complex fitting model in order to obtain the best fit possible and better constrain
the underlying emission. Following the examples of Brusa et al. (2015) and of Übler et
al. (2023a), I first considered three different Gaussian components for each line:
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1 Systemic component: a single Gaussian model with a narrow profile centered
at the systemic redshift given by the absorption lines. The FWHMs of these lines
are fixed to be lower than 550 km/s. The same constraints of wavelength and
flux ratios as the previous fit are imposed.

2 Broad component: a very broad (FWHM>2000 km/s) Gaussian component
fixed at systemic velocity modeled like the first one, but only applied to Hα, Hβ
and He I.

3 Shifted component: the last component is a third Gaussian free to vary in
both FWHM and centroid position. This allows me to fit potential components
of the observed emission lines which appear to be blueshifted or redshifted from
the galaxy’s rest frame. In this case, the line width is NOT imposed equal for
each lines but is instead individually fitted. The same constraints on flux and
wavelength ratios remain.

The systemic, narrow component should trace lines coming from the central NLR
and/or lines coming from SF, if present, or from gas ionized by old stars in the galaxy.
The broad component should trace broadening of the lines at systemic velocity due to
BLR emission (only in the case of the permitted transitions, i. e. Hα, Hβ and He I).
The last component is used to trace outflowing gas, that can be red or blueshifted with
respect to the galaxy’s systemic velocity, i.e. showing an asymmetric line profile.

However, there is a possible degeneracy present in the BLR vs outflowing component
used to fit the Hα and [NII] line region, since the broadening of these lines may be due
either to the BLR component given by Hα or by the broad component of all three lines
due to outflowing gas. This degeneracy is hard to break using any other observational
evidence. The Hβ line is also considered, in order to see if its kinematics is compatible
to the one observed for the Hα line, however Hβ is significantly fainter than Hα and
thus it is difficult to fit. Also, if indeed there is outflowing gas, this could also be visible
in Hβ, bringing us back again to the same outflow/BLR degeneracy.

One important observation to be made, however, is whether outflowing gas is also
traced by forbidden emission lines, e. g. by the [OII] doublet or the [OIII] lines: the
broadening of these lines cannot be due to the central, BLR emission and so it is only
traceable to outflowing, ionized gas. The natural conclusion is that, since we do see
outflows traced by other lines, we should also be able to see them traced in the Balmer
emission lines, in addition to a possible BLR component.

Of course, this last consideration does not solve the degeneracy in the fit, but can
be used as a justification for the use of a simpler fitting model made up of only two
Gaussian components, as it is done in Förster Schreiber et al. (2019); Zakamska et al.
(2016) and Davies et al. (2020):

1 Narrow, systemic component for the host galaxy + central NLR emission,
whose velocity dispersion is fixed to be the same for all lines;

2 Broad component for the outflows and/or BLR, free to vary in redshift: in
this case, I chose to not fix the velocity dispersion as the same throughout all
broad components. This is firstly because this component could be tracing BL
emission in one line but outflows in another, secondly because even considering
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only outflows, many studies have found that differently-ionized gas components
show different outflows velocities.

Eventually, this is the method that was applied to model the emission lines, since
it requires fewer parameters for the modeling and the least-square fitting is more likely
to succeed.

7.2 Results of the spectral fitting
Table 7.1 summarizes the outflows properties measured in the subsample of 4 galaxies:
the relative outflow velocity (vout) has been calculated using the standard definition

vout = |∆v|+ 2 · σout, (7.1)

where |∆v| is the difference between the central wavelength of the outflow and the
galactic rest-frame wavelength of the line expressed in km/s and σout is the outflow’s
velocity dispersion.

We can immediately notice a wide difference in velocity dispersion of the broad com-
ponent under the permitted lines in 18977, which is a BL AGN and shows a broadening
of Hα, Hβ and He I with σ of the order of ∼ 4000 km/s, as opposed to the observed
values in the hundreds of km/s observed in the rest of the systems. Of course, it is
logical to assume that a fraction of the observed broad component in the permitted
lines of COSMOS-18977 is actually due to outflowing gas rater than to the BLR: this
is also supported by the fact that we do see outflows in the forbidden oxygen lines of
the same galaxy, however our fitting model is not able to successfully resolve these two
components in the line profile.

Figures 7.1, 7.2, 7.3 and 7.4 show the two Gaussian components fits for every fitted
line in each galaxy spectrum. As we can see, the [OII] doublet is highly asymmetric in
all spectra, and to a lesser degree the [OIII] lines are as well. The blueshifted excess
that we measure in these lines means that our line of sight is intercepting ionized gas
that is actively being ejected from the galaxy in our direction. The redshifted half of
the outflow, ejected in the opposite direction with respect to us, is not seen in the lines
because it is attenuated by the dust in the galaxy.

The [NII]/Hα line compound is slightly broad in 8013, 11142 and 18688. I have
fitted an outflowing component under these lines in these galaxies instead of looking
for a BLR-like component under Hα: this is because I have the example of the actual
BL AGN COSMOS-18977, in which we can see how extreme the Hα broadening is
with respect to the narrow lines. Since nothing of this magnitude is seen in the other
systems and there is already evidence of outflowing gas coming from the forbidden
oxygen lines, I make an assumption that the broadening of the [NII]-Hα complex is
also traceable to emission coming from outflowing material.

A separate case has to be made for the He I λ10830 emission line fit in COSMOS-
18977 (lower central panel in fig. 7.4). Since this is a permitted line, the same broad
profile found under Hα and Hβ was also fitted here: however, in order to reproduce the
observed profile I found that the broad component had to be redshifted with respect
to the galaxy rest-frame He I line. This is a phenomenon called resonant scattering
and it is often found in observations of the Lyα line, where the emitted photons are
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COSMOS-8013 COSMOS-18668
line ∆v σ vout ∆v σ vout
[OII] -260±174 731±171 1722±384 -213±90 668±100 1548±211
Hβ – – – -303±59 800±160 1903±325

[OIII] -604±72 1103±220 2809±446 -303±59 800±160 1903±325
Hα -172±57 441±220 1055±444 -283±45 694±220 1670±442
[NII] -172±57 441±220 1055±444 -283±45 694±220 1670±442
[SII] – – – – – –
He I – – – – – –

COSMOS-11142 COSMOS-18977
line ∆v σ vout ∆v σ vout
[OII] -595±84 164±116 923±246 -1231±372 1060±314 3350±730
Hβ – – – 0 (fixed) 4115±113† –

[OIII] -533±56 694±159 1921±323 0±79 400±92 800±200
Hα -45±44 582±220 1209±442 0 (fixed) 4115±113† –
[NII] -45±44 582±220 1209±442 – – –
[SII] – – – – – –
He I – – – 1444±54 4115±113† –

Table 7.1: Outflow velocity relative to the galaxy rest-frame and velocity dispersion of the broad com-
ponents fitted in each emission line for COSMOS-8013, 18668, 11142 and 18977. Everything is given in
units of km/s. Missing entries were not successfully fitted. ( †Not outflowing gas but the BLR’s emission).

then re-absorbed by the neutral hydrogen in the galaxy unless they are substantially
redshifted. Since the He I transition involves a meta-stable level of the helium atom,
it can give rise to the same effect, with the difference that the He I line traces gas that
is ionized, and not neutral. This behaviour is discussed in Belli et al. (2023).

7.3 Physical nature of the outflows
The evidence demonstrates that ionized gas is actively leaving these galaxies with
velocities of the order of thousands of km/s. In all of these systems, the SFR is too
low to be able to justify star-formation driven outflows. We can also rule out a star-
formation driven fossil outflow since the ionized gas velocity we measure is substantially
higher than what observed in the most powerful star-formation driven outflows at z ∼ 2
(Davies et al., 2019). One possible scenario could be that the outflowing gas consists of
tidally ejected material due to a major merger, but the lack of any tidal features visible
in the near-IR imaging data (as visible in the lower right panels of Figures 7.1,7.2,7.3
and 7.4) rules out this possibility.

Given that we know from the analysis of the line ratios carried out in Chapter 5
that these galaxies all host an active nucleus, the only reasonable origin of the observed
outflows is AGN feedback. This constitutes observational evidence of the negative
action of AGN feedback on star-formation, since we are seeing gas actively leaving these
already gas-poor, quiescent systems. Thus, we can link the observation of powerful
ionized gas outflows observed in quiescent galaxies at z ∼ 2 to their AGN activity and
conclude that the main mechanism responsible for the quenching of star-formation in
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Figure 7.1: Multiple components line fitting in galaxy 8013. On the lower right, the HST imaging data
and JWST’s NIRCam images of the galaxy, as seen in ch. 3.

Figure 7.2: Multiple components line fitting in galaxy 11142 + imaging data (as above)
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Figure 7.3: Multiple components line fitting in galaxy 18668 + imaging data (as above)

Figure 7.4: Multiple components line fitting in galaxy 18977 + imaging data (as above)
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these systems at Cosmic Noon is likely to be AGN feedback.
Of course, in order to securely relate the observed outflows to the quenching of

star formation in a galaxy we would need to get measurements on the mass outflow
rate, defined as the rate of gas mass leaving the galaxy in M⊙/yr, and compare it to
the galaxy’s star formation history, but this kind of analysis goes beyond the scope of
this thesis. However, this exact in-depth assessment on the mechanisms of quenching
has been carried out by Belli et al. (2023) on one particular object in my sample, i.e.
COSMOS-11142. This galaxy, in fact, shows not only powerful outflows in the ionized
gas phase, but also in the neutral one, measured from blueshifted Na I D λλ5892, 5898
and Ca II K λ3935 lines seen in absorption. As shown in that study, even though
the mass outflow rate of the ionized gas phase compared to the galaxy’s SFH is not
sufficient to explain the quenching of star formation, the outflow mass rate calculated
from the neutral phase is.

As visible from the SFH plot in Figure 7.5 (taken from Belli et al., 2023), COSMOS-
11142 is clearly a post-starburst galaxy: it formed most of its stellar mass in a rapid and
powerful starburst ∼ 300 Myr before the observations, and then experienced a rapid
quenching of the star formation rate by two orders of magnitude on a remarkably short
time scale. The mass outflow rate calculated from ionized gas phase is comparable, if
slightly lower, to the current star formation rate and not able to fully justify the sudden
quenching of 11142. The mass outflow rate for the neutral gas, however, is substantially
higher than the residual SFR, implying that the outflow is able to strongly suppress
the star formation activity and quench the galaxy.

Figure 7.5: Star formation history for COSMOS-11142 (red line) and 95% credible region (shaded area).
The mass outflow rate is shown for neutral and ionized gas at a lookback time of zero (i.e., the epoch at
which the galaxy is observed). From Belli et al. (2023).
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Conclusions and future prospects

This last chapter is dedicated to summarizing the main results of my thesis and to
explore the many follow-up possibilities on the findings of this work.

The data analyzed have been taken from the Blue Jay survey, a medium-sized Cycle
1 JWST program which observed ∼ 150 galaxies at redshift 1.7 < z < 3.5 with NIRSpec,
between 1-5 µm. A sample of 22 massive quiescent galaxies have been selected from the
parent catalog using rest-frame UV J color-selection criteria and limiting the sample
to objects with stellar mass M∗ > 1010 M⊙.

Subsequently, the sample’s spectra were continuum-fitted using the Propector SPS
code in order to subtract the stellar emission and isolate the contribution due to gas.
Several rest-frame optical emission lines from ionized gas were found and fitted using
single Gaussian profiles, estimating their fluxes, velocity dispersion and redshift. Using
the fluxes calculated this way, I was able to construct several line ratios diagnostic
diagrams, such as the BPT diagram, and investigate the underlying source of excitation
behind the observed emission lines.

From emission line ratios diagrams it was found that at least 8 out of the 22
galaxies of the sample are harbouring an active nucleus in their center, with one of
the 8 objects spectroscopically confirmed to be a BL AGN. In order to further confirm
that the observed emission lines are not actually due to hidden star-formation and
validate the quiescent nature of the sample as well as the diagnostic diagrams’ results,
I measured the current SFR of each galaxy from Hα line luminosity and confirmed that
most of the sample is indeed quiescent.

Lastly, it was noted that the original single-Gaussian fitting was not able to com-
pletely reproduced the observed emission in 4 of the BPT-confirmed AGNs in my
sample, but a multiple Gaussian components model was needed instead. This more
complex spectral fitting found evidence of powerful ionized gas outflows actively leav-
ing these galaxies with velocities of vout ∼ 1000 km/s: the most logical explanation for
the origin of these outflows is AGN activity and feedback.

These are the main scientific findings of this thesis:

Quiescent galaxies selection through rest-frame UV J colors

Although the selection criteria that were employed to derive the quiescent sample
analyzed in this work were deliberately relaxed with respect to the classic ones used in
literature, in order to include actively quenching massive galaxies, the general picture
that comes out from the SFR calculation step is that rest-frame UV J colors are a
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Figure 8.1: Quiescent sample used in this work and their final classification: two star-forming and one
merger contaminants were found.

valid tool to select quiescent galaxies at least up to z ∼ 3.5, as already found by many
previous studies.

Two star-forming galaxies were found within the sample, COSMOS-7904 and COSMOS-
20238, respectively having SFR(Hα) = 147±11 and 98±4 M⊙/yr, and a merger whose
exact star formation rate I was not able to derive because the Hα emission line in its
spectrum falls in a detector gap. These contaminants represent 13% of my sample,
which is a low percentage considering that a more relaxed selection criteria was ap-
plied. In fact, as visible in Figure 8.1 only one of the star-forming galaxies actually
falls inside the stricter Muzzin et al. (2013) selection criteria, reiterating the validity
of this method as a way of selecting quiescent populations at Cosmic Noon.

AGN activity in massive quiescent hosts at Cosmic Noon

The main result of this work consists in the discovery of a population of never-before-
detected low-luminosity AGNs at z ∼ 2 found among a sample of apparently non-active
massive quiescent galaxies. The great sensitivity of JWST’s NIRSpec observations in
the near-IR has enabled the detection of weak ionized gas emission lines in the spectra
of these galaxies that would have been otherwise missed by ground-based observation.
This, in turn, made it possible to classify the sample using line ratio diagnostic dia-
grams, to then find out that most of the quiescent systems with detected emission lines
are actually harboring an active nucleus in their center.

The high number of AGN discovered in this relatively small sample at z ∼ 2 (36%
of the whole quiescent population, 67% of the BPT-classified sample) indicates that
many quiescent galaxies at Cosmic Noon may actually harbour low-luminosity active
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nuclei that have remained up until now undetected.

Ionized gas outflows in quiescent galaxies and star formation quenching

Powerful outflows of ionized gas actively leaving these passive gas-poor systems at ve-
locities of thousands of km/s were identified through the emission lines of a subsample
of 4 out of 22 galaxies. These ionized gas outflows were all found in systems classified
as AGN and constitute observational proof of the quenching of star formation through
gas ejection. The fact that all of these objects are confirmed AGNs and that no other
mechanism is able to explain such fast galaxy-wide outflows is an important piece of ev-
idence that points to AGN activity and feedback as the main star-formation quenching
mechanism responsible for the "death" of massive galaxies observed at Cosmic Noon.

The special case of galaxy COSMOS-11142, belonging to my sample, represents the
first direct observational evidence of AGN feedback actively quenching star formation
in a galaxy at z=2.445 through the observation of outflows both in the ionized and in
the neutral gas phase, as illustrated by Belli et al. (2023). It is reasonable to assume
that such neutral gas outflows are present (in a weaker form) also in the other galaxies
in which I detected ionized gas outflows. The ionized outflows may thus be crucial to
understand quenching: even if their mass outflow rates are too low to affect the host
galaxy, they may represent a signpost for the presence of stronger, yet harder to detect,
neutral outflows.

8.1 Future prospects
The results of this thesis work are surely exciting: it remains, however, much work to
be done.

Spectral fitting

The fitting of the emission lines could be improved by implementing a full-spectrum
fitting code that fits all lines together and not separately, as was done for this thesis.
Also, a higher number of emission lines could be searched for and fitted, including
for example lines from the Paschen series. Even if very weak or not detected, these
additional lines could help in constraining measured properties of the galaxies in my
sample.

Classification through line diagnostic diagrams

Line ratio diagnostic diagrams are a valid tool for investigating the origin of ionizing
emission in a galaxy, but they are fundamentally empirical means of classification cal-
ibrated on present-day galaxies: thus, some caution must be exercised when applying
them to the high-redshift universe. We have briefly touched upon the effect of metal-
licity, α-enhancement and galaxy evolution in changing the location of galaxies on the
diagram (ch. 5), and we have concluded that our results hold even after considering all
of these effects.

The question of gas ionization by shocks, however, has been mentioned but not ac-
curately explored, since according to numerical models (Allen, Groves, Dopita, Suther-
land, & Kewley, 2008b), shock-ionization systems can occupy the same regions of
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AGN-photoionization ones in the BPT and other diagnostic diagrams, with very little
hope of successfully separating the two components.

The same reasoning that we have applied in investigating the origin of observed gas
outflows, anyway, can also be applied in this case: even if the main source of ionization
for gas in these galaxies were to be shocks and not AGN radiation field, the measured
SFRs are way too low to be able to trace the origin of these galaxy-wide shocks back
to star formation and none of the typical features of mergers have been observed as
well. This means that the only mechanism capable of generating shocks that would be
able to produce the observed emission line is AGN feedback, thus coming back again
to the initial hypothesis of an active nucleus origin to the excitation of the observed
emission lines.

It still remains to be determined how much the photoionizing flux of an evolved
stellar population is effective in exciting ionized gas emission lines in massive quiescent
galaxies at z ∼ 2. Scarce literature exists on simulations of EUV flux in cosmic-noon
galaxies emitted by old stars: it would be interesting to get simulated data produced
using photoionization codes such as CLOUDY for these systems in order to try and
understand whether the emission lines observed in weak line galaxies, for which no
BPT classification was possible, can be produced by evolved stars only. This would be
particularly useful so as to redefine the WHaN diagram classification of retired galaxies
to work in the high-redshift Universe.

The search for direct evidence of AGN-induced quenching in massive qui-
escent galaxies

We have empirically linked the presence of an AGN in most of the (BPT-detected)
galaxies in the sample to the evolution of these systems from star-forming to quiescent
through AGN feedback-induced quenching. The ionized gas outflows observed in a
selected few of these galaxies and analyzed in chapter 7 constitutes strong evidence in
support of this scenario.

It still remains to be assessed, however, how much impact do these outflows have on
the wider galaxy environment through the calculation of the mass outflow rates and the
comparison with the galaxy’s recent star formation history, as was done in Belli et al.
(2023). In addition, we should be able to get the full picture on the entity and nature
of these outflows by investigating the neutral and cold gas phase, which is the one that
constitutes most of the ISM’s gas mass: this could be done by further investigating
neutral gas visible through optical absorption lines, as was done for COSMOS-11142,
and/or by obtaining mm/sub-mm observations of this sample in order to investigate
the molecular phase of the outflows.
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