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Chapter 1

Introduction

1.1 Setting the framework: the main sequence relation of
star-forming galaxies

Galaxies appear to build their stellar masses in a steady mode mainly dominated by secular
processes and thanks to the accretion of cold gas. This picture finds its confirmation in the
existence of a tight relation between the galaxy stellar mass (M,) and its star formation rate
(SFR): the Main Sequence (MS) of star-forming galaxies (SFGs), observed up to z ~ 6 with a
fairly constant scatter of ~0.3 dex (e.g. Noeske et al. 2007; Daddi et al. 2007; Rodighiero et
al. 2014; Speagle et al. 2014; Whitaker et al.2014; Schreiber et al. 2015; Renzini & Peng 2015;
Popesso et al. 2019). Galaxies seem to oscillate around the MS relation as a consequence of
multiple events of central compaction of gas followed by inside-out gas depletion, thus related
with the flows of cold gas in galaxies (Tacchella et al. 2015). Several works in the recent
years exploited the MS relation as a reference to understand the differences among galaxies
characterised by different rates of stellar production (starbursts, SFGs, passive galaxies), with
the final aim of understanding the origins of galaxy bimodality, and how the star formation
activity is quenched (e.g. Rodighiero et al. 2011; Peng et al. 2015; Saintonge et al. 2016). The
existence of a tight relation between stellar mass surface density (3,) and star formation rate
surface density (X(SFR) ) found in HII regions of nearby galaxies, further suggests that the

global MS relation originates thanks to local processes that set the conversion of gas into stars
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Figure 1.1: Collection of resolved MS relations from the literature. Each relation, that has been
converted to a Chabrier (2003) IMF, and re-scaled to z = 0 starts from the sensitivity limit

reported in the parent study (from Enia et al. 2020).

(Rosales-Ortega et al. 2012; Sanchez et al. 2013). Following this, several works exploited the
advent of large integral field spectroscopic (IFS) surveys to analyse the existence of a spatially
resolved MS relation at low redshift, using the H o flux as SFR tracer (e.g. Cano-Diaz et al. 2016,
Hsieh et al. 2017, Abdurro’uf & Akiyama 2017, Medling et al. 2018, Cano-Diaz et al. 2019).
These studies found that the slope of the relation varies dramatically (from 0.3 to 0.99 in log
space) depending on the SFR tracer, on the source selections, on the mathematical method to
perform the statistical fitting analysis (see Figure 1.1 for a summary of the main resolved Main

Sequences reported in the literature).



Cristina Maria Lofaro

1.2 A panchromatic approach

To homogenize all these observational results into a coherent scenario, it is mandatory to
account for the different selection samples and for potential systematics in the methodology
adopted to compute the galaxy physical parameters. To this aim, Enia et al. (2020) tried to
cope with the main biases affecting the bulk of the previous works that are almost based on
emission lines (i.e. H«a) or UV-to-optical tracers to constrain the SFR (see Sanchez et al., 2019
for a review). With such an approach, it turns possible to exploit the power of a complete
multiwavelength photometric coverage, extending from the far-UV up to the far-IR (i.e. from
GALEX to Herschel) to provide a reliable measure of the comprehensive SFR in galaxies, di-
rectly accounting for both the observed and the obscured components. This can be performed
by an SED fitting procedure, that, accounting for an energetic balance, allows to go deeper
than spectroscopic surveys based on H« emission lines. The latter critically depend on dust
extinction corrections derived from the Balmer decrement and mostly on the spectral Signal-
to-Noise ratio (SNR) limit needed (for example) for the spaxels classification on BPT diagrams,
requiring significant detection of four emission lines. Thus, exploitation of the higher SNR
of the photometric data that will allow us to reach the farthest galactocentric distances, and
the combination of UV and far-Infrared measurements to minimize the uncertainties related

to the presence of dust.

1.2.1 An unexploited multiwavelength dataset

Gas makes up ~99% of the mass of the interstellar medium (ISM, ~74% of hydrogen, ~25%
of helium and ~1% of heavier elements, generically named ‘metals’) and the remaining ~1%
is as dust. The ISM is of vital importance for the lifecycle of galaxies thanks to its ability to
condense and form stars, and to be regenerated by stellar evolution. Star formation (SF) takes
place within dense molecular clouds (e.g., Krumholz et al., 2011 ) and stars return the prod-
ucts of their evolution through stellar winds and supernova explosions (e.g., Veilleux et al.,
2005 ). Although dust constitutes a small percentage of the ISM, understanding its properties
is of particular importance for several reasons. The formation of hydrogen molecules (H2),

the raw material for SF, occurs on the surface of dust grains ( Gould & Salpeter, 1963). Dust
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affects our view of galaxies at different wavelengths, by absorbing the ultraviolet (UV) and
optical light and re-emitting it in the infrared (IR). Correcting for dust extinction is usually
the main source of uncertainty when we derive properties such as star-formation rate (SFR),
age, or metallicity (e.g., Calzetti, 2001). In addition, dust plays a major role for understanding
the chemical evolution of galaxies. Metals produced by stellar nucleosynthesis are returned
to the ISM and provide most of the cooling to create a new generation of stars. They can be
found either in gaseous form or as solid grains condensed during the final stages of stellar
evolution. Dust grains can later be destroyed and incorporated in the gas phase or in the next
generation of stars. The dust-to-gas mass ratio (DGR) is indeed an alternative way to mea-
sure the metal content of galaxies. The project "DustPedia - A definitive study of Cosmic Dust
in the local Universe" (www.dustpedia.com; Davies et al., 2017 ) is supported by the EU FP7
grant 606847 (PI: J. Davies, Cardiff University). The goal of DustPedia is to perform a complete
characterization of dust in local galaxies including: its composition and physical properties
in different galactic environments; its origin and evolution; its relation to other ISM compo-
nents; its effects on stellar radiation; the connection between SF indicators and dust emission;
the contribution of local galaxies to the cosmic far-IR background. The research is carried out
on a sample of 875 objects, i.e. all the large (D25 > 1’) and nearby (2 < 0.01) galaxies ob-
served by the Herschel Space Observatory. A legacy database was constructed from Herschel
and other UV-to-microwave observations ( Clark et al., 2018 ), containing multiwavelength
imagery and aperture-matched photometry in up to 42 bands (25 bands available, on aver-
age, for a DustPedia galaxy). This rich database is currently being analyzed with a variety of
theoretical models to fit the global Spectral Energy Distribution, to study the details of local
radiative transfer and energy budget and to understand the variation of dust properties with

environment. More details on Dustpedia will be presented in Chapter 2.
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Figure 1.2: The resolved main sequence for local grand design spirals. 8” cells results for

star formation rate surface density and stellar mass density, color coded as a function of their

distance from the main sequence. Orange dashed lines are the sensitivity limits. The MS (black

solid line) is obtained as the linear fit of the gray data points. The error bars are the dispersion

in each bin (from Enia et al. 2020).
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1.3 The Main Sequence of star-forming galaxies constrained
by Dustpedia

As mentioned in the first Section, the star-forming main sequence is a well studied tight
relation between stellar masses and star formation rates, observed up to z ~ 6, over a great
variety of environments and morphologies, both globally, counting galaxies as a whole, and
locally, resolving physical properties in single galaxy regions. In a recent paper, Enia et al.
(2020) have performed a spatially resolved SED fitting in a sample of 8 local grand-design
spirals taken from the DustPedia archive and they used the outputted maps of stellar mass
and star formation rate to analyse the spatially resolved Main Sequence (MS) of star-forming
galaxies (SFGs) on scales spanning the range between 0.4-1.5 kpc. We summarise here their
main findings:

e When considering the 8 galaxies together, they obtain a spatially resolved Main Sequence
with a slope of 0.82 and an intercept of -8.69 (Figure 1.2). When fitting the data with the ODR
method we obtain a slope and an intercept of 0.88 and -9.05, respectively. This relation holds
on different scales, from sub-galactic to galactic (see Figure 1.3;

e The local spatially resolved MS is consistent with the normalized low-mass high-redshift
relation, thus proving its universality across cosmic time. This is a crucial point to validate
the integrated information on single galaxies at high redshift;

e This approach allows to overtake the limits of all the spectroscopic resolved emission
lines studies, based mainly on H« and Balmer decrement corrections for dust extinction. The
sensitivities of these surveys do not sample the lowest M, and SFR as they do with a multi-
wavelength photometric approach, allowing to probe the outermost regions of galaxies (see
example in Figure 1.4). The combination of all the eight galaxies demonstrates the existence
of a universal relation, as the deviation of single sources is well within the global scatter of
-0.27 dex. Such relation holds at different galaxy scales, supporting the interpretation from
other surveys that the SFR is regulated by local processes of gas-to-stars conversion happen-
ing at GMC scales on the order of a few hundred pc. With respect to other works, Enia et
al. (2020), however, provided evidence that such secular regulation keeps to apply at the far-

thest galactocentric distances, where the optical disk is still influenced by the density waves



Cristina Maria Lofaro

1
1 @® NGC0628 A NGC4321
] * NGC3184 & NGC4535
] ¥V  NGC3938 € NGC5194
01 ¥ NGC4254 Bl NGC5457 y
B Whitaker+14
fl-
Tﬂ |
S} .
h_(‘D .
=y
= ]
b ]
m .
t/;D |
— 73_
] Integrated
—4 8 arcsec ap.
] 1.5 kpc ap.
—5' ’7
5 6 7 8 9 10 11

log M, [M]

Figure 1.3: Sample properties evaluated in three different apertures. In green, the integrated
properties, obtained fitting the available photometry in apertures containing the full galaxy
emission. Marker size is as big as the data error bars. Blue and filled red contours are referred
to cells of 1.5 kpc and 800 respectively. Black line is the fit to the MS described by the 800
results. Purple dashed line is the MS relation from Whitaker et al. (2014) rescaled at z=0, while
the shaded area enclose the scatter of MS distribution we obtain (0.27 dex). Dashed orange

lines are the stellar mass and SFR sensitivity limit (from Enia et al. 2020).
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motions, originating the spiral arms. This work defines an accurate locus in the ¥(SFR)-%,
plane (see Figure 1), constrained by observed distributions covering 3dex in the parameters
space. Such a definition of the spatially resolved MS in local disk galaxies will represent a
valuable reference for future comparison to different galaxy morphological types adopting a

similar panchromatic approach.

1.4 Motivation of this Thesis

The sample presented in Enia et al. (2020) is very conservative, given that it is restricted to
the grand design spirals with low inclination, large spatial extension and regular spiral arms
structures in DustPedia. This analysis has provided a total of tens of thousands of physical
cells on typical scales of ~0.5 kpc over very different internal galaxy environments (bulges,
spiral arms, interarms regions, outskirts). This set is thus very important to study the secular
evolution processes that regulate star formation in local sources, dominated by rotationally
supported systems (e.g. Law et al. 2009; Forster-Schreiber et al. 2009; Glazebrook 2013; Wis-
nioski et al. 2015; Simons et al. 2017; Forster-Schreiber et al. 2018; Ubler et al. 2019 ). How-
ever, single galaxies show peculiar variations around the ¥.(SF R)-X, relation, indicating that
a comprehensive analysis of a larger sample of sources will be required to fully understand
how secular (disks) vs stochastic (merger) processes shape the large variety of morphological
galaxy types that we observe in the local Universe. The original plan of my Thesis was to
extend this analysis on different morphological types.

However, we thought that Star Formation Histories (SFHs) are a fundamental tool to reveal
the galaxy path from the earlier stages of formation to the present time. The various phases of
galaxy evolution are imprinted in the source spectrum, globally and locally. Thus, it becomes
possible to reconstruct a galaxy history, i.e. detecting past interactions with other galaxies, or
disentangling the formation histories of the single stellar populations (see Walcher et al. 2011
for a review). Multiple tools are available to reconstruct the SFH of a galaxy (or a resolved
region) from its panchromatic flux (i.e. MAGPHYS, Bagpipes). In this work I have then ex-
tended the analysis in Enia et al. (2020) in order to extract the SFHs in a very small subset

of galaxies. Three of the galaxies in the original sample (NGC4321, NGC4535 and NGC5194)

10
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Figure 1.4: Example of NGC0628, based on the analysis of Dustpedia for NGC0628. Panels
are organized as follows: upper left, the cells in log(star formation rate); upper right, the cells
distance from the MS; lower left, the cells log stellar mass; lower right, how the galaxy cells are
positioned in the M,.-SFR plot, color-coded according to the distance from the galaxy center in
units of R25. Black line is the (total fitted) MS, red dashed line the ODR fit for the single galaxy
points, orange lines the sensitivity limits, the inset an RGB image of the galaxy as observed
in optical bands. In the first three panels, cells rejected for having a x* over the threshold are

shown as points (from Enia et al. 2020).
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hint at the presence of a quenched ring in the galaxy outskirts, that seems to translate into a
sequence below the main one. Knowing the SFH of those external regions is fundamental to
assess the typical ages of their stellar populations (i.e. an older population goes toward the
confirmation of the presence of a quenched ring generating a second sequence) and to disen-
tangle between in-situ and ex-situ galaxies formation models. Moreover, the same spatially
resolved SFH analysis extended to a sample of galaxies on their way to be quenched (identified
from the full Dustpedia sample as shown in point one) is able to identify the “direction” of the

quenching processes, distinguishing between outside-in or inside-out quenching processes.

12



Chapter 2

DUSTPEDIA

Dustpedia is a research project aimed at the characterization of the dust in the local uni-
verse. Posed as the legacy of the Hershel Space Observatory, it contains the imagery and pho-
tometry study of 875 nearby galaxies, spanning over five orders of magnitude in wavelength,
from ultraviolet to microwave (Fig.2.1), and was made publicly available to the scientific com-

munity through the Dustpedia database. Subsequently the considerable data improvement
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Figure 2.1: Tllustration of the spectral coverage provided by the DustPedia database, showing
filter response functions of all the bands treated. As can be seen, the complete sampling covers

about more than five orders of magnitude.

of the last years and exploration of a wide spectral range (from far-infrared up to the sub-
millimetre) through the Herschel, Planck, Spitzer, the James Clerk Maxwell Telescope (JCMT)

and the recent Atacama Large Millimetre/sub-millimetre Array (ALMA) observatories, a rele-

13
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vant development in the cosmic dust investigation was possible. Among the above-mentioned
observatories, Hershel, in particular, was well suited for the study of nearby galaxies due to
its rapid mapping abilities enabled it to observe a sizeable portion of the galaxies in the local
universe mixing up sensitivity, resolution, and broad wavelength coverage.

The sample consists of galaxies observed within 41 Mpc distance assuming /,=73.24 km/s/Mpc
and D25 > 1’. For the intend of measuring dust, the available instruments, adopted in modern
extra-galactic astronomy, are such that it is possible to compare extensive multi-wavelength
data even though they have various origins. This is true for different spectral energy distribu-
tion coding tools which take advantage of this modern technique: MAGPHYS, CIGALE, SKIRT
and so on: for example, in energy-balance SED-fitting, the stellar population sampled by ul-
traviolet (UV), optical and near-infrared data points is the same stellar population heating the

dust observed at mid infrared to sub-millimetre wavelengths (Fig. 2.2).
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Figure 2.2: Example of a UV-mm SED of NGC3683, demonstrating the rich photometric cov-

erage possible for the DustPedia galaxies.

2.1 Multi-wavelength imagery

For the nearby galaxies sampled in the Dustpedia database, the Herschel-SPIRE and Herschel-

PACS maps reductions are produced in the Flexible Image Transport System format (FITS file);

14
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in particular the file name shows the target galaxy, facility, and the band considered. However,
the FITS headers contain the standard World Coordinate System fields, along with fields pro-
viding a range of additional information (besides the target galaxy): telescope, filter effective
wavelength, filter name, instrument, map units and the name of the database the original data
was taken from. The file can include the image map or the error map, conveniently specified,
both in units of Jy/pix. The Jansky is a non-SI unit of spectral flux density used especially in
radio astronomy:

erg

1Jy =107 (2.1)

sem? Hz
or

1Jy = 102 (2.2)

m2Hz

2.1.1 Ancillary Imagery

The ancillary imaging data consists of observations from 8 facilities; the GALaxy Evolution
eXplorer (GALEX; Morrissey et al. 2007), the Sloan Digital Sky Survey (SDSS; York et al. 2000;
Eisenstein et al. 2011), the Digitized Sky Survey (DSS), the 2 Micron All-Sky Survey (2MASS;
Skrutskie et al. 2006), the Wide-field Infrared Survey Explorer (WISE; Wright et al.2010), the
Spitzer Space Telescope, (Werner et al. 2004), and Planck (Planck Collaboration et al. 2011) as

shown in Fig. 2.3.

GALEX

The ultraviolet part of the electromagnetic spectrum is sampled by GALEX. GALEX data
are divided in near-UV (NUV, 1516 A) and FUV (2267 A). NUV and FUV data sample the
light coming from newborn massive stars, tracing the unobscured star formation activity of
galaxies. GALEX coverage is available for the vast majority of the DustPedia Herschel galaxies;
797 (91%) in FUV and 832 (95%) in NUV. The original GALEX tile pixel units of counts/s/pix
were translated to Jy/pix using conversion factors of 1.076 10 Jy s/counts in the FUV and

3.373 107 Jy s/counts in the NUV.

15
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Facility Effective Band Imagery  Photometry Pixel Resolution Calibration

Wavelength Name Present Present Width FWHM Uncertainty
') () (%)

GALEX 153nm FUV 797 794 3.2 43 4.5

GALEX 227nm NUV 832 830 3.2 53 27 }"’

SDSS 353nm  w 655 655 0.45 1.3 1.3

SDSS 475mm ¢ 655 655 0.45 1.3 0.8

SDSS 622nm r 655 635 0.45 1.3 0.8 b

SDSSs 763nm i 655 655 0.45 1.3 07

SDSSs 905mm z 655 655 0.45 1.3 0.8

D551 450nm B 794 - 1-1.7 1.9(1.5-3.0) -

D551 660nm R 794 - 1-1.7 1.9(1.5-3.00 -

D552 450nm B 861 - 1-1.7 1.9(1.5-3.00 -

D552 660nm R 861 - 1-1.7 1.9(1.5-3.0) -

IMASS 1.2dpuym J 875 875 1 20 1.7

IMASS loopuym H 875 875 1 2.0 1.9 C

IMASS 2.16um Kj 875 875 1 20 1.9

WISE Jdpm  (W1) 875 875 1.375 6.1 29

WISE 4.6pum (W2) 875 875 1.375 6.4 34 d

WISE 12pym  (W3) 875 875 1.375 6.5 4.6

WISE 22pum  (W4) 875 875 1.375 12 5.6

Spitzer Jopm (IRAC-1) 644 623 0.75 1.66 3

Spitzer 45um (IRAC-2) 204 7T 0.75 172 3

Spitzer 58um (IRAC-3) 392 374 0.6 1.88 3 ¢

Spitzer 8.0pum (IRAC-4) 411 392 0.6 1.98 3

Spitzer 4pum  (MIPS-1) 491 477 24-26 6 5

Spitzer T0pm  (MIPS-2) 198 171 4 18 10 f

Spitzer 160pm  (MIPS-3) 184 17 8 38 12

PACS T0pm - 255 244 2 9(5.8-12.2) 7

PACS 100pm - 716 701 3 10{6.9-12.7) 7 Jg

PACS 160pm - ! 753 4 13(12.1-157) 7

SPIRE 250pum  (PS5W) 844 844 i) 13 3.5

SPIRE 350pum (PMW) 844 844 8 25 3.5 h

SPIRE 500pum (PLW) 844 844 12 36 3.5

Figure 2.3: Details of each band for every data of the 875 nearby galaxies in the Dustpedia

Database.

16
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SDSS

The Sloan Digital Sky Survey (SDSS) provides ultraviolet, optical, and near-infrared imag-
ing of the 35% of the sky. Sampling the young stellar content, it is probed with the Data
Release 12 of SDSS in the w,g,%i,z bands with, respectively, effective wavelengths of 3351 A,
4686 A, 6166 A, 7480 Aand 8932 A.

2MASS

The 2 Micron All-Sky Survey (2MASS) provides near-infrared imaging of the entire sky
in J-band, H-band, and Ks-band, respectively at 1.25um, 1.65um and 2.16 pm. 2MASS dataset
was acquired from the NASA/IPAC Infrared Science Archive (IRSA17 ). 2MASS-H band pho-
tometry might be affected by a distinctive offset with respect to J and Ks-band photometry,

translating as a "bump" or "dip" in the SED of the object.

WISE

The Wide-field Infrared Survey Explorer (WISE) provides near-infrared and mid-infrared
coverage of the entire sky with the WISE camera on board of Spitzer at 3.4um, 4.6pum, 12m
and 22um. NIR and MIR observations trace the old stellar component, the stellar mass distri-

bution and the carbonaceous-to-silicate materials in the dust.

SPITZER

Also the Spitzer Space Telescope covers the same wide spectral range of WISE ( from NIR
up to FIR across seven photometric bands) provided by two cameras: the InfraRed Array Cam-
era (IRAC) detecting at 3.6um, 4.5um, 5.8um, 8.0um and the Multiband Imager for Spitzer
(MIPS) at 24pm, 70pum and 160pum. The pixel units of all maps were converted from MJy/sr
to Jy/pix. Furthermore, 826 of the DustPedia galaxies (94% of the total) have Spitzer coverage
in at least one photometric band, 808 (92%) have IRAC coverage, whilst 493 (56%) have MIPS

coverage.

17
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HERSCHEL

Directly from the instruments on board the Herschel Space Observatory, it is possible to
obtain data points from the far-infrared up to the sub-mm through both Herschel PACS at
70pm, 100pm, 160um and SPIRE at 250pum and 350pum. The whole spectral range allow to
probe the reprocessed emission coming from dust, and thus could constrain the dust-obscured

star-formation processes.

2.2 Sample from Dustpedia

From the large amount of data from Dustpedia, particularly suited for the purposes of the
thesis, a modest sample, barely made up of only two galaxies with clear and specific peculiari-
ties, was selected: they both are "grand-design spiral" featured. The main features of NGC3184
and NGC4321 are shown hereafter (Fig. 2.4 - Fig. 2.5).

Mame: NGC3184
RA(2000): 154.57
DEC(2000): 41.42
Hubble 5tage(T): 5.5
Hubhble Type: SABC

V (km/s): 592

D2s (arcmin): 7.41
Inclination (deg.): 14.4

Figure 2.4: Galaxy name, coordinates in J2000 system reference, morphological classifications,
radial velocity [km/s], D25 size [arcmin] and inclination [°] of the Dustpedia galaxy NGC3184
from the HyperLEDA database (Makarov et al. 2014).

The former is a SABc galaxy (intermediate barred galaxy,less tightly wound spiral arms than
(SABa) and somewhat fainter bulge), the latter is a SABb galaxy (intermediate barred galaxy,
loosely wound spiral arms, clearly resolved into individual stellar clusters and nebulae; smaller,
fainter bulge).

The selection involves galaxies with Hubble stage index T (or RC3) with 2 < 7" < 8 and

with diameter Dys > 6'. The numerical Hubble stage T ranges from - 6 up to + 10: negative
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MName: NGC4321
RA({2000): 185.73
DEC(2000): 15.82
Hubble 5tage(T): 4.1
Hubble Type: SAEbL

V (lem/s): 1574

Dzs (arcmin): 6.17
Inclination (deg.): 23.4

Figure 2.5: Galaxy name, coordinates in J2000 system reference, morphological classifications,
radial velocity [km/s], D25 size [arcmin] and inclination [°] of the Dustpedia galaxy NGC4321
from the HyperLEDA database (Makarov et al. 2014).

numbers correspond to early-type galaxies (ellipticals and lenticulars) and positive numbers
to late types (spirals and irregulars), thus the sample embraces spirals as above-mentioned (de
Vaucouleurs et al. 1991; Corwin et al. 1994), whilst the diameter D5 is the semimajor axis of
the isophote at which the optical surface brightness (1) falls beneath 25mag/arcsec?.

Being them spiral normal star-forming galaxies, their stellar masses are in the range between
10" M® - 10" M© and star formation rates between 1M © /yr and 4 M ® /yr and these
sources represent the evolved descendants of high-redshift normal star-forming galaxies.
Besides the morphological classification, there are three main reasons behind the choice of the
selection related to: inclination, distance and photometry.

In order to bypass several problems related to dust correction and/or disk inclination, the two
galaxies inclinations i lies within 40°, such that they can be said to be nearly face-on galaxies.
Finally, to robustly perform a SED fitting study, the two sources have at least 20 bands of ob-
servation upon which it possible to estimate their physical parameters.

In Fig. 2.6 and Fig. 2.7, NGC3184 and NGC4321 are presented as observed in the near and
far UV with the GALaxy Evolution eXplorer (GALEX, Morrissey et al. 2007), in the u, 1, g, i,
z-bands with the Sloan Digital Sky Survey (SDSS, York et al. 2000), in the J, H, K ;-bands with
the 2 Micron All-Sky Survey (2MASS, Skrutskie et al. 2006), at 8um with the Spitzer Space
Telescope (Werner et al. 2004), at 3.4um, 4.64m, 12p4m and 22um with WISE, at 3.6pum, 4.5pm,
5.84m, 8.0pm with h the Spitzer Space Telescope (Werner et al. 2004), at 70p4m, 100m, 160um,
250m and 350um and 500 ym with the Herschel Space Observatory (Pilbratt et al.2010).
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NGC3184
GALEX_FUV

Spitzer 4.5

PACS_100 PACS_160 SPIRE_250 SPIRE_350 SPIRE_500

® » »

Figure 2.6: Multiwavelength imaging available for NGC3184, coming from the DustPedia

archive.
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NGC4321
GALEX_FUV ™~ GALEX_NUV _

Spitzer,5:8 " Y Spitzer e Spitzer_70

Spitzer 160~ - PACS_ 100"~ - SPIRE_250" "~ SPIRE_350 "~ SPIRE_500" "~

Figure 2.7: Multiwavelength imaging available for NGC4321, coming from the DustPedia

archive.
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Chapter 3

MAGPHYS

The spectral energy distribution (SED) of galaxies provides direct and relevant informa-
tion about their contents in stars, gas and dust. From the ultraviolet (UV) up to the far-infrared
(FIR), every spectral range seems to be a significant tool for the comprehension of galaxy emis-
sion. Direct ultraviolet, optical and near-infrared radiations from stars report clear evidence
of the past star formation history (SFH); chemical abundances and attenuation due to the pres-
ence of dust and a detailed model, which properly describes the emission, will allow to derive
statistical estimates of physical parameters such as star formation rate (SFR), stellar mass and
dust properties. At wavelengths A > 3um , the mid- and far-infrared emission reflects the
heating of the interstellar medium (ISM) dust by stars of all ages. Extracting constraints on
the stellar populations and ISM of galaxies from these multi-wavelength observations implies a
rigorous emission model by stars, gas and dust. Currently, the investigation in the mentioned
earlier spectral range are widely widespread in the scientific community through GALEX,
2MASS, SDSS, WISE surveys.

To obtain the spatially resolved physical properties of the galaxies examined (stellar mass, M,
star formation rate, SFR, for the purpose of the thesis), it is required to perform SED fitting
through the publicly available code MAGPHYS (da Cunha et al. 2008). Undoubtedly, there is a
necessary strategy to follow which includes: image processing and data reduction, evaluation

of the flux after created a grid of cells and the spatially resolved SED fitting.
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3.1 SED fitting procedure

3.1.1 Image processing and data reduction

As mentioned in the previous chapter, in order to estimate the spatially resolved physical
properties of our interest, it is mandatory to invoke the Dustpedia archive: the database con-
tains different photometric observations (flux maps and error maps in several wavelengths)
which need to be downloaded to launch the whole SED fitting analysis. For each photometric
map, the reduction process, which combines the background estimation and subtraction and
the PSF degradation, has been performed. As regards the former, the procedure follows the
indications in Clark et al. (2018) with a sky flattening and then suppression of the background
emission. Finally, the background subtracted maps have been degraded to the worst PSF of a
band which is assumed to be SPIRE350 (8”) which allows not to lose significant pixels. Indeed,
the worst PSF is not given by the SPIRE500 band simply because, in this case, the loss of infor-
mation from the galaxy will start becoming important. To perform the PSF degradation, the
maps are convolved using the kernels provided by Aniano et al. (2011) to match each band to

the PSF of SPIRE350.

3.1.2 Evaluation of the flux

The second step turns out to be the creation of a grid of coordinates to perform photometry.
The reason behind which a grid of cells is built deals with the goal of the project: indeed, a
spatially resolved SED-fitting analysis implies to catch the physical properties pixel by pixel.
A photometric datum consists in the flux value and in the corresponding error value. In order
to measure flux in each band inside the cells, the photutils v0.6 Python package (Bradley et al.
2019) has been widely used. On the other hand, the error can be estimated, when available,
from the Dustpedia Database. When it is not possible, the signal-to-noise ratio (SNR) of the
DustPedia Photometry in that particular band can help to compute the error in each cell. As
assumption, the SNR threshold is equal to two: beneath that value, pixels will be ignored for
the photometry. Moreover, if a pixel with more than ten bands which the flux measurement

cannot be performed in, then the pixel will be rejected. The side of the squared aperture will
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be 8", the pixel-scale of SPIRE350. As a result, a 8" x 8" cell catalogue has been produced. The
catalogue contains the name and the astrometric positions of the cell centres, the flux values

from UV to far-IR and the relative errors.

3.1.3 The spatially resolved SED fitting

Finally, the third and last step involves the SED-fitting procedure which, as previously
mentioned, has been performed through the publicly available code MAGPHYS (da Cunha et
al. 2008). Before entering into the details of the SED-fitting and analysing the outputs from
the code, to provide a better comprehension of the project, a discussion about the description

of the MAGPHYS code is required.

3.2 MAGPHYS: a brief description

MAGPHYS - Multi-wavelength Analysis of Galaxy Physical Properties - is a self-contained,
user-friendly model package to interpret observed spectral energy distributions of galaxies in
terms of galaxy-wide physical parameters related to the stars and the interstellar medium and

has been extensively used in the literature.

3.2.1 Stellar emission and attenuation by dust

In a clear Bayesian frame, three detailed models will be discussed to interpret the mid and
far-infrared SEDs of galaxies: the spectral evolution of stellar populations, the attenuation by
dust and the infrared contribution by stellar clouds. As concerns the first model, the Bruzual
& Charlot (2003) population synthesis code was adopted: the stellar populations ages vary
between 1 x 10° and 2 x 10'° yr at a resolution of 3 A across the whole wavelength range, from
3200 A to 9500 A for a wide range of metallicities. This model well reproduces the observed
optical and near-infrared colour-magnitude diagrams of Galactic star clusters of various ages
and metallicities, initial mass functions (IMFs) and star formation histories. Respecting, in-
stead, the attenuation of starlight performed by dust, the model employed for the purpose is

the one by Charlot & Fall (2000): the stellar luminosity is absorbed and then re-emitted, in
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the near infrared spectral range, by dust in birth clouds (giant molecular clouds) and in the
interstellar medium in galaxies (diffused component). Then, the computed luminosity is dis-
tributed in wavelength to give rise to the Spectral Energy Distribution. The remaining model
to consider is the infrared emission from the stellar birth clouds, described by the sum of three
elements: component of polycyclic aromatic hydrocarbons (PAHs); a mid-infrared continuum
characterizing the emission from hot grains at temperatures in the range 130-250 K; and a
component of grains in thermal equilibrium with temperature varying in the range 30 - 60
K. The same three components need to be also considered in the ISM. These are well known
and studied in the Milky Way (the so-called cirrus emission) and in order to deal with less
variables, for simplicity, they are fixed with an addition of cold grains components with tem-
perature varying in the range 15 - 25 K.

It is worth briefly analysing the two-component dust model to study the emission of starlight
by dust and its passage through the ISM in galaxies. The luminosity per unit wavelength, at

time ¢, from a galaxy, is described as:
t
Ly = / At (t— £)Sy(f)e A0 (3.1)
0

where W is the star formation rate at time (¢ — ¢'), S)(¢) is the stellar luminosity per unit mass
and wavelength emitted at time ¢ and 7,() is the effective absorption optical depth of dust
at time ¢. In particular, the role of dust appears in the effective absorption optical depth: stars
are born in dense molecular clouds which tend to dissipate in a time-scale ¢, of the order of
~ 107 yr. Consequently, the stellar emission at time ¢ < £, is more attenuated than the one

provided by older stars. Then:

~ BC | ~ ISM

. TN+ Ty for ¥ <t

FA(t) = ° (3.2)
73M - for t > t,

M is the effective absorption optical depth of the interstellar medium and 7,5 is the

where 7
effective optical depth of dust in birth clouds.
The stellar radiation absorbed by dust in the clouds and in the ISM is re-radiated in the infrared

and can be defined as the sum of the two components:

L™ () = L™ (1) + La™(1), (3.3)
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where Li5 (1) is the total infrared luminosity due to dust in the birth clouds:

inf )
L (1) = / dA(1 — e ™) / ArT(t— ) Sy (?) (3.4)
0 0

and Ly®™M(t) is the total infrared luminosity due to dust in the interstellar medium:

inf t
La™M(t) = / dA(1 — e~ / AtV (t— t)Sy(t) . (3.5)
0

)
3.2.2 Infrared emission of the dust

For the purpose of this project, the strongly interesting point deals with how the stellar

emission absorbed and then re-emitted in the infrared is spectrally distributed. As mentioned
previously, the study of the Cirrus emission from the Milky Way and from the nearby galaxies
allowed us to perform a well-detailed analysis of the several infrared elements to set the frame
for the spectral energy distribution. Three are the main components of the infrared emission
associated to interstellar dust: PAHs, very small grains and big grains.
- PAHs, polycyclic aromatic hydrocarbons, are strong emission lines mainly arising in the star-
forming galaxies at 3.3, 6.2, 7.7, 8.6, 11.3 and 12.7 um and the Milky Way . They deeply affect
the chemistry of the interstellar medium by dominating the photoelectric heating of the gas
and controlling the ionization balance: heated up by UV light particles, they emit fluorescent
radiation in infrared because of excitation process (Leger & Puget 1984; Allamandola, Tielens
& Barker 1985; Leger, D’Hendecourt & Defourneau 1989; Allamandola, Hudgins & Sandford
1999). The probability of a PAH emission is the highest in the so-called "photodissociation
regions" on the border between ionized and molecular gas from the H, regions where PAH
molecules undergo a efficient heating. However, several star-forming galaxies show a compo-
nent of near-infrared continuum emission characterising the spectral range 3um < A < 5um.
The origin of these features is still unknown, yet perhaps related to the stochastic heating of
PAH molecules (Fig. 3.1).

- very small grains, also known as hot dust ( 7'y >~ 250K). Even though they have a typical
size of the order of 0.01um, the hot dust constitutes the mid-infrared continuum emission.
The component is widely associated to a continuous distribution of small grains which are
stochastically heated to high temperatures by the absorption of single UV photons (e.g. Sell-
gren 1984);
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log ( ALY / arbitrary units )

A/ um

Figure 3.1: In black: best model fit to the observed mean SED of the Galactic cirrus emis-
sion. The red filled squares are the COBE/DIRBE observations of Dwek et al. (1997). The
Spitzer/IRAC observations of Flagey et al. (2006) are the red open squares and the COBE/FI-
RAS observations of Dwek et al. (1997) are the green line. Blue lines: the decomposition of the
model in its different components: near-infrared continuum (dotted); PAHs (short-dashed);
hot mid-infrared continuum (long-dashed) and warm and cold grains in thermal equilibrium

(solid).
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- big grains leading in the far-infrared domain. In thermal equilibrium with the radiation field
at low temperatures and with dimension 0.01pum < A < 0.25um, the far-infrared SED of a
galaxy is a good indicator of dust heating in the ISM. Within the massive dust grains, there are
two different types in the model: warm grains with 30K < Ty < 60K and cold grains with
15K < T < 25K. The former populate both stellar birth clouds and the interstellar medium
and the latter only the interstellar medium.

Therefore, in the model, the infrared spectral energy distribution of the birth clouds can be

described as:

L)\, dBC _ (SPAHBC l)\PAH 4 éMIRBC l)\MIR 4 §WBC l)\TWBC> (1 o fp)LdtOt (36)

tot

where L,/ is the total infrared luminosity re-radiated by dust and f, is the fraction of this

PAH | MR | Tw"™ gre respectively the spectral energy distribu-

due to the interstellar medium, [
tion associated to PAHs, the hot mid-infrared continuum emission and the warm far-infrared

emission in thermal equilibrium with:

Eoar™C + SRS + Ew”C =1 (3.7)

where Epan®C, EpmEC, EwPC are the relative infrared luminosity contributions from PAHs, the
mid-infrared domain and the warm dust to birth clouds.
Whereas, equivalently, the infrared spectral energy distribution of the surrounding interstellar

medium will be satisfied by:

ISM ISM; PAH ISM 7 MIR ISM j Tw!'M ISMj TcISM
Lya™" = Epan LW+ 6 DY W LY F 6V LC

)(fuld™)  (3.8)

with

Epar "+ EnM 4 Ew™™M + M =1 (3.9)

where Epap™, Eur™Ew™M, €M are the relative infrared luminosity contributions from PAHs,
the mid-infrared domain, the warm and the cold grains to the interstellar medium. Concerning
the {ur™Y, it can be treated as constant: the intensity of the average radiation field heating
dust in the interstellar medium of normal galaxies is roughly the same. To support the hypoth-

esis, it is suitable to address the observations of high Galactic latitude (cirrus) dust emission in
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the Milky Way to constrain the mid-infrared SED parameter of the ISM. That is significantly
convenient from a computational point of view for the model: the reduction of variables will
undoubtedly improve the coding.

In conclusion, for a complete and proper description of the model, it is helpful to relate the
global contribution of a distinct dust component (PAHs, the hot mid-infrared continuum and
warm and cold dust) to the total infrared luminosity of a general galaxy (in thermal equilib-

rium) both in birth clouds and in the ambient interstellar medium (Fig. 3.2):

1n T T T T T T T T T §rr7r T T T T T T 11

Birth Cloud
Diffuse [SM

log (AL, / Ly)

A/ um

Figure 3.2: Example of infrared spectral energy distribution computed using the model pre-
sented in Section 1.2, for ‘standard’ values of the parameters: fu = 0.6, Epap™©= 0.05, Eyr™C=
0.15, EwPC=0.80, Ty = 48 K, M= 0.8 and T'c"®M= 22 K. Black curve: total infrared spectrum.
Green solid curve: contribution by dust in the stellar birth clouds and the green dashed curves
show the breakdown of this contribution in different components: PAHs, hot mid-infrared
continuum and warm dust in thermal equilibrium. Red curve:contribution by dust in the am-

bient ISM.

29



Cristina Maria Lofaro

Eoan'™ = Epan™ (1= fu) +0.550(1 — &™) £, (3.10)
G = & (1— fu) +0.275(1 — &™) £, (3.11)
W = &L= )+ 0.175(1 — EM) £, (3.12)
& = &M (219

3.2.3 SED-fitting

MAGPHYS exploits the so-called "energy balance" principle: it simultaneously models the
emission observed in the whole spectral range (from UV to far-IR) through the assumption that
the energy output is balanced between the one in UV/optical/near-IR wavelengths which is
absorbed by dust and the one re-emitted in the mid-IR and far-IR. The fitting process takes the
advantage of a purely Bayesian approach adopted in order to figure out the posterior distribu-
tion functions of the parameters by fitting the previously processed photometry to the model
emission directly coming from the MAGPHYS libraries formed by 50000 stellar population

spectra with different star formation histories described by a continuous declining model:
U(t) ocexp 7" (3.14)

The libraries involve a set of uniformly distributed physical parameters: formation age ranges
between 0.1 Gyr and 13.5 Gyr (shorter or equal to the age of the Universe), the star formation
timescale varies between 0 Gyr™ and 0.6 Gyr™! with a characteristically drop (directly due to
the declining model assumed for the star formation history) at 1 Gyr™' and metallicity fluctu-
ates between 0.02 Z, and 2 Z,.

Finally, the criterion chosen to accept or reject a fit is the x? threshold: for x* > 25, the fit is

automatically rejected.

SED-fitting outputs: stellar mass and SFR

M, values are directly given as a MAGPHYS output, whilst SFR values are obtained as:
SFR =SFRyy + SFRr (3.15)
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where the ultraviolet SFR, SF Ryy, gives the unobscured component of the star formation
rate and the infrared star formation rate, S F' Ry, the obscured component. SFRs are not taken
as a direct MAGPHYS output because, in that case, the value would be more dependent on

degenerate parameters like extinction, age and metallicity. In particular,
SFRyy = 0.88210728L, (3.16)

with L, in erg s’ Hz! is the luminosity per unit frequency evaluated at 150um (from Bell &
Kennicutt, 2001) whereas

SFR]R == 264.1'10_4414[}% (317)

with L in erg s is the luminosity evaluated from the SED fit between 84m and 1000m (from
Kennicutt, 1998).

For each source, it was possible to plot the maps of stellar mass, star formation rate, the dis-
tribution of the cells in the log >, -log ¥z plane (i.e. the Main Sequence) and distance from
the MS (Fig. 3.3 - 3.10).

As outputs from the MAGPHYS code, each aperture of the galaxy examined is equipped with
astrometric coordinates (RA[deg] and DEC[deg]) which were used in the first three plots and
combined with X, and Yspg, respectively stellar mass density and SFR density.

The two were obtained by simply dividing the A/ and SFR quantities with the area given
by the square of the side aperture. The reason behind the choice of stellar mass density and
SFR density rather than usual stellar mass and SFR values is the opportunity to compare the
plots with other galaxies plots. It is very clear that the stellar mass distribution is fainter in
the whole galaxy with the exception of the centre where the mass is significantly condensed.
As concerns the SFR, the distribution picks in the centre and along the spiral arms, therefore
the SFR traces the spiral pattern of the galaxies.

The two remaining plots both focus on the Main Sequence (MS) described as the spatially re-
solved relation between M, and Ygp. Considering all the accepted (y* < 25) cells coming
from eight galaxies (with NGC3184 and NGC4321 among them) in the log >, -log X.sr plane,
Enia et al. (2020) performed the fit to compute the MS relation using EMCEE (Foreman-Mackey

et al. 2013). The fit, a log-linear relation, described as:
log ZSFR =m log Y+ q (318)
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gave the following results:

m=0.82+0.12 (3.19)

and

q=—8.69+0.97 (3.20)

The figure shows the distribution of the data around the MS in function of the distance of each
cell from the galaxy centre.

Finally, the last figure shows the distance of each cell from the MS, Ays, given as the per-
pendicular distance of a point in the log >, -log ¥z plane from the MS relation. It is evident
that for the NGC3184, the central bulge is less star-forming than the spiral arms, however,
for the NGC4321 the opposite is true. It is worth pointing out that, the galaxy has got a very
remarkable "quenched ring": the portion of NGC4321 (at the lowest stellar mass densities, i.e.
at large galactocentric distances) clearly lying underneath the MS, suppressed star formation
and seems not to "approach" the spiral arms. It is still to be understood if this low SFR outer
part of the galaxy is associated to an older population migrated out of the disk or if it is the

remnant of external accretion through merging (See Chapter 3).
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Figure 3.3: NGC3184: cells log stellar mass. The cell rejected (over the threshold) are showed

as points.
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Figure 3.4: NGC3184: cells log star formation rate. The cell rejected are showed as points.
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Figure 3.5: NGC3184: log >,-log >grr plane. Cells are color-coded according to the distance
from the galaxy center in units of r25. The black solid line is the MS.
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Figure 3.6: NGC3184: cell distance from the MS.
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Figure 3.7: NGC4321: cells log stellar mass. The cell rejected are showed as points.
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Figure 3.8: NGC4321: cells log star formation rate. The cell rejected are showed as points.
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Figure 3.9: NGC4321: log >,-log Xgrr plane. Cells are color-coded according to the distance

from the galaxy center in units of r25. The black solid line is the MS.
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Figure 3.10: NGC4321: cell distance from the MS.
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Chapter 4

BAGPIPES

For the purpose of the thesis, a further explored investigation on the star formation his-
tory (SFH) of the galaxies examined is highly required. However, the MAGPHYS project, as
previously discussed, does not allow the user to obtain SFH as an output from the code; in-
deed, SFH model is provided as "fixed" quantity which, clearly, cannot be parametrized and
chosen in relation to the available data. That is the main reason behind which another and
recent code has been largely used in this thesis project. The structure of the next chapters is
as follows: in this one, the SFH parameters and the remaining quantities (stellar mass, SFR)
will be discussed as outputs from the BAGPIPES code; the next one, instead, will be devoted
to a brief comparison between the two codes: MAGPHYS and BAGPIPES.

Two are the main factors which supported the creation of the code: rapid advances in the
availability of studies of galaxy evolution and the increasingly development of new Bayesian
technique such as Markov chain Monte Carlo, MCMC, (Goodman & Weare 2010; Foreman-
Mackey et al. 2013) and nested sampling algorithms (Skilling 2006, Feroz & Hobson 2008;
Feroz et al. 2009, 2013). In particular, progresses in near-infrared capability of both spectro-
scopic and photometric instruments and the brand new techniques employed for multi-object
and integral-field spectrographs allowed the scientific community to study on larger size sam-
ples. However, that is not all. To obtain constraints on the parameters of interest, the Bayesian
approach calls for a model of the light emitted by the source distributed in wavelengths (i.e.
spectral energy distribution, SED) which has to be fitted with the observed SED in order to de-

rive the posterior distribution for the model parameters and hence marginalize the so-called
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nuissance parameters. The combination of the rising quality and quantity of data and new

statistical techniques set the perfect frame for BAGPIPES.

Written in the Python programming language and in a evident Bayesian framework, Bayesian
Analysis of Galaxies for Physical Inference and Parameter EStimation, also known as BAG-
PIPES, is a spectral fitting code, designed both to model the emission from galaxies from the
far-ultraviolet to the microwave spectral range and to fit these models to arbitrary combina-
tions of spectroscopic and photometric observational data using the MultiNest nested sam-
pling algorithm (Feroz & Hobson 2008; Feroz et al. 2009, 2013).

Before entering into the details of the code, to clarify, times t are measured forwards from the
beginning of the Universe (#(z) is the age of the Universe at redshift z), whereas a are ages,

which are measured backwards in time (#(z,s) is the age from the observed redshift).

Finally, the cosmological constant used are:

Oy = 0.3, Qp = 0.7, Hy = 7T0kms™* Mpc™. (4.1)

4.1 The BAGPIPES code

4.1.1 Galaxy spectra model generation

A real distinctive aspect of BAGPIPES is the generation of physically realistic model for
galaxy spectra in a wide range: from the far-ultraviolet up to the microwave regime. A very
large amount of quantity can be recovered from it: spectral data in the desired wavelength
range, photometric fluxes through previously-specified filters and emission-line fluxes. Plots
show the luminosity per unit rest-frame wavelength, Ly()), as a function of . The wavelength
along the x-axis is reproduced thanks to the filter the user had to define from the filter source
recommended "SVO Filter Profile Service". To construct, instead, the luminosity, there are four
different factors that need to be included:

Nc Na
Lx(\) =D ) SFRi(t)SSP(ay A Z)T (@, VT (ai M)A, (4.2)

j=1 i=1
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where SFR(t), the star formation history, SSP, simple stellar-population models (which are in
function of a,the age of stellar population, ), the wavelength and Z, the stellar metallicity and
the initial mass function, IMF), T*, the transmission function of the ionized ISM and T°, the
transmission function of the neutral ISM are the four main elements to build up the luminosity
in the model. All of these will be individually analyzed in the following sections. Moreover, i
runs across the age bins and 4; is the width of these bins, j runs across SFH components, N,

is the number of SFH components and N, the number of age bins. As mentioned before:
i = t(zobs) — a4 (4'3)

Once known the luminosity, it is convenient to set the observed frame in order to determine
the flux density in the observed frame. To proceed this way, it is helpful to recall how to

compute the observed wavelength
)\obs = (1 + Zobs))\ (4.4)

to recover the observed frame flux density (fx,,)(Aobs)

B Lx(N)
47D (Zobs?) (1 4 Zops )

f)\obs()\obs) TIGM(/\a Zobs) (45)

where Ly()\) is the already discussed luminosity, Dy is the redshifted luminosity distance
and Tigpm(\, Zobs) is the transmission function of the intergalactic medium, whose attenua-

tion model, provided by Inoue et al. (2014), was integrated in the BAGPIPES code.

Stellar population synthesis

The pre-defined Stellar Population Synthesis (SPS) models, implemented in the code, are
the 2016 version of the (see section 2.3.1) Bruzual & Charlot (2003) models of different ages

across a range of metallicities.
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Star-formation histories

The star-formation history, in BAGPIPES, is obtained as the sum of all the unlimited num-
ber of j-components with a defined expression for the star-formation rate as a function of time,
SFR;(t). The availability of individual function form for the SFH is remarkable and includes:
-Delta function,

-Constant,

-Exponentially declining,

-Delayed exponentially declining,

-Log-normal,

-Double-power-law.

For the purpose of the thesis and the sample considered, the Delayed exponentially declining

model, enriched by a burst component, was the most suitable. Therefore,
N¢
SFR(t) = > SFRy(1). (4.6)
j=1
The SFR;(t) are computed for all times t;

L= t(zobs) — @, (47)

then, SFR;(#) is set to zero when, since the age of the stellar population, a;, is less than the age
of the Universe at observed redshift, z.s, all ¢ are greater than the age of the Universe.
Furthermore, each component requires a total mass of star formed, Mo eq and a metallicity

value Zj, to be specified in the model.

Nebular emission

The nebular-emission model is constructed from Byler et al. (2017): the nebular-emission
from a galaxy is assumed to be the sum of emission from different ages Hy regions which are
modeled with a spherical shell geometry and fixed radius. The model is refined with the Solar
abundances of Anders & Grevesse (1989) and the metallicity of the ionized gas is supposed to
be the same as the stars producing ionizing photons. Through the latest version (2017) of the
CLOUDY code which reproduces the observed extinction properties of the ISM in the Milky
Way, it was possible to include dust grains in BAGPIPES.
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Dust attenuation and emission

Each attenuation curves in BAGPIPES takes the comprehensive form:

0.4eAyk(n)
———F—— a; < dpc
. = RV
l0g10(1 (al7 A)) - 0.4Avk() (4‘8)
_R—V a; > apc

where ¢ is a constant used to control the extra attenuation towards Hy, Ay is the attenuation
in magnitude in the V-band (5500 A), k()\) and Ry are related to the dust model chosen and agc
is the lifetime of stellar birth clouds. The dust model implemented in BAGPIPES is the Calzetti
et al. (2000) extinction law because of the local star-forming galaxies in the sample.

The extinction at a wavelength A is related through the color excess E(B-V) and to the redden-

ing curve k(\):
k(\) Ay

Ay = KNEBY) = =3

(4.9)

with Ry = 4.05 4+ 0.80 and

2.659(—2.156 + £ — 06w ) + Ry 0.12um < X < 0.63um
k(\) = 23 (4.10)
2.659(—1.857 + L040) + Ry 0.63um < X < 2.20um
For shorter wavelengths (i. e. in the near-ultraviolet), k(\) and Ry are extrapolated through a
power-law fit to the dust curve.
Instead, as concerns the dust emission, it is modelled by two separate components: the hot

dust component (from the CLOUDY output) accounting for the Hy regions and the greybody

component for the cold dust.

4.1.2 Model fitting

One of the reason behind the choice of the BAGPIPES code for this project is its ability
and rapidity of fitting the observational data in a pure Bayesian framework. The fitted data
(Fig. 4.1 - Fig. 4.2)were already widely described in Chapter 3 since they are photometry point
outputs coming from the MAGPHYS code (flux computed in each wavelength and the relative

error). It is worth giving a brief description of the Bayesian inference methodology.
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Bayesian inference methodology

Bayesian inference is an important technique in statistics in which Bayes’ theorem is used
to update the probability for a hypothesis as more information is added and becomes available.
Consider parameter space and then parameter vector, O, a hypothesis, H and new data, D, the

Bayes’ theorem asserts that:

P(D|©, H)P(O|H)
P(D|H)

P(O|D,H) = (4.11)

where P(D|O, H) is the probability of obtaining data given the hypothesis and the parameter
vector. It is the so-called likelihood, L(D|©, H). P(©|H) describes the probability of having the
parameter vector given the hypothesis; the so-called prior probability that is to say the prob-
ability of what is already known. Finally, the P(D|H) is the evidence which is the probability
of having the data given the hyphotesis and P(6©|D, H) is the posterior distribution, i.e. the
probability once the new data are considered.

In the case of BAGPIPES code, the hypothesis consists of a specific model parameterisation (i.e.
dust model, type of SFH components etc.) and once the hypothesis is constructed, the prior
probability distributions for the model parameters can be defined to provide observational
data. f; (for the purpose of the thesis, only photometric data are fitted) and the corresponding
uncertainties, ; to constraints those parameters. When a parameter is fitted, it is mandatory
to specify an upper and lower limit on the parameter value and form for the prior probability
density between these limits. In BAGPIPES, it is possible to specify the parameter prior distri-
bution or pick from a number of options offered to the user.

As regards, instead, the likelihood function, it is assumed that uncertainties are Gaussian dis-

tributed and independent, such that the log-likelihood can be written as:

In(L) = —0.5» In(2m0*) — 0.5 i = f_j(@))z (4.12)

where f; is the model prediction to the observed flux f;.

To determine posterior distribution and evidence quantity starting from prior distribution,
and observational data available, BAGPIPES widely makes use of MultiNest (Feroz & Hobson
2008; Feroz et al. 2009, 2013), accessed through the PyMultiNest interface (Buchner et al.
2014). Then, once the posterior distribution is provided by MultiNest, BAGPIPES processes
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it to finally obtain information of our interest: posterior spectrum and SFH plots (Fig. 4.3 -
4.6) with samples for the fitted parameters from the posterior distribution (Table 4.1): age,
mass formed, metallicity, tau, Ay, stellar mass, SFR, nSFR, sSFR, mass weighted age, time of
formation and SFH. Stellar mass, SFR, main sequence distance plots are shown in Fig 4.7 - Fig.

4.14.
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Figure 4.1: NGC3184: spectral energy distribution with photometric data from the MAGPHYS
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Figure 4.2: NGC4321: spectral energy distribution with photometric data from the MAGPHYS

code.
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Figure 4.3: NGC3184: the photometry from the MAGPHYS code is shown in blue. The 16th to

84th percentile range for the posterior spectrum and photometry are shaded orange.
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Figure 4.4: NGC4321: the photometry from the MAGPHYS code is shown in blue. The 16th to

84th percentile range for the posterior spectrum and photometry are shaded orange.
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Figure 4.5: NGC3184: posterior Star Formation History information
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Figure 4.6: NGC4321: posterior Star Formation History information
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Burst: age 0.057 Gyr
Burst: mass formed 3.62 M©
Burst: metallicity 1.19 ZG
Delayed: age 5.11 Gyr
Delayed: mass formed | 10.36 M®
Delayed: metallicity 0.24 Z®

Delayed: tau 1.14 Gyr

Dust: Av 0.4 mag

stellar mass 10.07 M©

formed mass 10.36 M©®

SFR 1.13 MO/yr

sSFR -10.01 MO/yr/M®
nSFR -0.18 M®/yr Mpc™

Mass weighted age 3.11 Gyr

t form 10.32 Gyr
t quench 99 Gyr
SFH 1.13 MO/yr

Table 4.1: Samples from the posterior distribution for NGC3184
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Burst: age

Burst: mass formed
Burst: metallicity
Delayed: age
Delayed: mass formed
Delayed: metallicity
Delayed: tau

Dust: Av

stellar mass

formed mass

SFR

sSFR

nSFR

Mass weighted age
t form

t quench

SFH

48

0.06 Gyr

3.7 M©®

1.23 mag

1.97 Gyr

10.45 M©

0.25 mag

0.33 Gyr

0.56 mag

10.2 M©

10.45 M©

1.48 MO/yr

-10.04 MO/yr/ M®
-0.16 M®/yr Mpc™
1.34 Gyr

12.08 Gyr

99 Gyr

1.37 MO/yr

Table 4.2: Samples from the posterior distribution for NGC4321
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4.2 Star-Formation history models

There are three types of possible model for galaxy star-formation histories (SFHs): para-
metric, non-parametric models and models drawn directly from simulations. There is still
much debate in the literature about the best approach to use: the parametric one requires to
impose strong priors on physical parameters; indeed, measurements of the galaxy stellar-mass
function, star-formation rate density (SFRD) and star-forming main sequence (SFMS) can be
significantly biased. On the other hand, the non-parametric model allows a noteworthy flex-
ibility with few constraints on the prior assumptions. However, the speed and simplicity of
fitting of the parametric model make them widely widespread in the scientific community.
Improvements in the flexibility of modeling SFHs have been made by using more complex pa-
rameterisations, at the expense of computational tractability.

For the scope of this project, the idea is, just to start, to obtain physical properties of the sam-
ple considered by adopting a "parametric" approach and then, in future works, the intent is to
compare the outputs from parametric models with the results from non-parametric models.
By using the BAGPIPES code, NGC3184 and NGC4321 will be explored through the delayed

exponentially declining model.

4.2.1 Choosing the prior

One of the most relevant processes driving the evolution of galaxies is star formation. Be-

sides other quantity, the first two physical parameters immediately coming in mind, because
intimately related to star formation, are: stellar mass and star-formation rate. As largely re-
iterated in Chapter 3, measurements of Mx and SFR[Mx/yr] provide important information
about the evolution of the galaxy.
To fit galaxy spectral energy distributions (SEDs), a model is generated and used. However,
it is worth mentioning that the model includes a star formation history (SFH). Therefore, the
fitted SFH is employed to derive physical parameters (Table 4.1).

This implies that the user cannot explicitly set the priors on these quantities because they

are already implicitly set by the priors given for the SFH: SFH priors affect outcomes of the
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Figure 4.7: NGC3184: cells log stellar mass.
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Figure 4.8: NGC3184: cells log star formation rate.
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Figure 4.9: NGC3184: log >.,-log Ysrr plane. Cells are color-coded according to the distance

from the galaxy center in units of r25. The black solid line is the MS (Eq 3.18).
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Figure 4.10: NGC3184: cell distance from the MS.

51



Cristina Maria Lofaro

logZ «[Mgkpc™2]

15.90
15.85
o
1K)
=,
4 15.80
]
15.75 - AN N
| ]
15.70 1 i
18560 185.65 185.70 185.75 185.80 18585

RA [deg]
Figure 4.11: NGC4321: cells log stellar mass.

logZspr[Meyr~tkpc2]

15.90
15.85
=
i
B,
U 15.80
[
15.75 - Bt st
| |
15.70 1 _
185.60 185.65 185.70 185.75 18580 18585
RA [deg]

Figure 4.12: NGC4321: cells log star formation rate.

52



Cristina Maria Lofaro

Distance from center [1/R25] NGC4321

logZspplMgyr—tkpc—?]

_5 B l} T I I I I ! ! !
G0 B5 7.0 75 B0 B.5 9.0 95 10.0

logZ « [Mokpc ]

Figure 4.13: NGC4321: log ¥,-log Xsrr plane. Cells are color-coded according to the distance
from the galaxy center in units of r25. The black solid line is the MS (Eq 2.18)
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most crucial parameters holding information about the galaxy evolution.

The procedure is the following: choosing priors in a detached way so that they contain as less
information as possible to obtain realistic and not external-affected outputs. The challenge is
very hard to pursue because, in that case, the model should be capable of describing the data-
generating processes and the data should constrain on the values of all model parameters and
generally none of these two conditions are achievable.

Therefore, what remains to do, in this context, is to well examine the SFH priors in order to
be as sensitive as possible and see if they are well justified. As will be shown in the following
section, the parameter for the SFH model of this project, the Delayed exponentially declining
model, is the timescale 7 and the prior distribution chosen to be less informative as possible

is the common uniform prior distribution:
P(r) ox 1 (4.13)

For each draw from the prior, by integrating the SFH multiplied by the mass-return function
as a function of stellar age, the stellar mass M, has been obtained. However, we recall that the
stellar mass differs from the formed mass Mg meq: the former is the current total mass in stars
and remnants at time of observation, whilst the latter is total stellar mass formed during the
galaxy lifetime. Actually, the dependence of M, on the shape of SFH is weak, implying that the
prior on M, is independent of the parametric model used for SFH. If M, is model-independent,
the SFR relies on both the SFH model and the stellar mass. Yet, to remove the effect of the SFH
model, the prior on sSFR will be considered, being equal to:

SF Ry
M,

with SF Ry the last 100 Myr SFR, a "current SFH".

sSFR =

(4.14)

The second physical parameter is the mass-weighted formation time, tyny, defined as the time

(forwards measured) at which stellar masses of galaxies were assembled:

fobs +S F R(¢)dt
tMW - fOt ( ) (415)
fo"bs SFR(t)dt

It can be shown that changing the prior distribution significantly affects the two parameter
above mentioned. Considering the parametric model chosen for this thesis, two different al-

ternative prior probability densities can be discussed and compared to the uniform prior on 7.
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Figure 4.15: Priors imposed on sSFR and mass-weighted formation time by the exponentially
declining SFH model under the assumption of different prior probability densities for the 7
parameter. the prior medians are shown as dashed purple lines. The blue solid line is the z=0
SFMS of Speagle et al. (2014) for a stellar mass of Mx= 10>, . The blue shaded region
shows a scatter of 0.3 dex. The mass-weighted formation time for the stars in the universe,

derived from the Madau & Dickinson (2014) SFRD curve, is shown as a solid green line

P(r) o1 (4.16)
and

P(7) o log 1o(T) (4.17)

By comparing priors imposed on sSFR and mass-weighted formation time, it is possible to
conclude that, when using the exponentially declining SFH model, a prior probability density
of P(1) o 1 produces a less informative prior on the parameters of interest than the more

common uniform prior distribution P(7) o 1.
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4.2.2 Parametric SFH models

In this section, two parametric models for star formation history will be discussed: ex-
ponentially declining model (Mortlock et al. 2017; McLure et al. 2018; Wu et al. 2018) and
delayed exponentially declining model (Chevallard et al. 2019; Ciesla et al.2017). As reported
many times, the second one is the model adopted for this project, still, since the two model

show several analogies, the exponentially declining model will be analysed as well.

Exponentially declining model

The most applied for SFH model, it is also know as the "tau model": star-formation is
assumed to jump from 0 to its maximum valeu at some time T, after which star formation

declines exponentially with timescale 7

erp (—t_—Tw t>T,
SFR(t) T (4.18)

0 t< T
Though widely diffused, they have been shown to become less appropriate at higher redshifts
(e.g., Reddy et al.2012), as they cannot reproduce rising SFHs and to produce biased estimates
of stellar mass, SFR and mass-weighted age when used to fit observations of simulated galaxies

(e.g., Simha et al. 2014; Pacifici et al. 2015; Carnall et al. 2018).

Delayed Exponentially declining model

Also known as the "delayed model", it is considered as an extension pf the previous model
because the tau model SFR is multiplied by (¢t — Tj) to remove both the discontinuity in SFR
at 1o in the tau model and the condition that star formation can only decline after that point.
Furthermore, the more flexibility allows to reproduce rising SFHs if 7 is large enough. This
is the reason behind which the model has been chosen for the purpose of the thesis. The SFR

can be written as:

t-Tp)
t— T, ——0 > T
SFR( o« ) 1T T e (775 ’ (4.19)

0 t< T

The prior probability densities for 7 and 1, is the same for both model and was described in

the previous section.
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Chapter 5

MAGPHYS vs BAGPIPES

In Chapter 2 and Chapter 3 we provided an overview of several plots with different physical
parameters: stellar mass, M,, star-formation rate, SFR[M,/yr] and the derived Main Sequence
(MS) relation (Eq. 3.18). Each of these parameters was obtained through the MAGPHYS and
BAGPIPES code.

The aim of this chapter is to compare the M, and SFR from the two independent codes, in
order to show any potential discrepancy or correlation between them. We also briefly discuss
potential offsets in terms of the Initial Mass Function (IMF) adopted in the codes, which may

cause residual inconsistency in stellar mass and star-formation rate results.

5.1 Initial Mass Function

The initial mass function (IMF) is an empirical function which describes the initial distri-
bution of masses for a population of stars. Since the IMF is an output of the process of star
formation, it is strongly related to physical quantities such as stellar mass and star-formation
rate. Let briefly sum up the definition of the IMF.

The mass function was originally defined by Salpeter (1955) as the number of stars N in a
volume of space V observed at a time ¢ per logarithmic mass interval dlog m:

d(N/V) dn
l = =
Y(logm) dlogm  dlogm

(5.1)
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where n = N/V is the stellar number density [pc ] From Eq. 5.1, Scalo (1986) defines the mass

spectrum as the number density distribution per mass interval:
dn 1
vim) = dm — m(In10)

Then, if the mass function (Eq. 4.1) is approximated as a power law, the MF and the mass

Y (logm). (5.2)

spectrum can be roughly written as:
Y(logm) oc m*™ (5.3)

and

p(m) < m® (5.4)
with o and x= « - 1 as the two well-known exponents. Their original value given by Salpeter
isx=1.35and o = 2.35.
Generally, the IMF is described by a log-normal form for m< 1M, and power-law form for m>
1M ;, However, some observations suggest that the IMF is different in different environments.
The most adopted IMF is the one by Chabrier, a log-normal form, (2003) and by Kroupa (2001),
a broken power law. The two different expressions for the IMF are, also, the one used by,

respectively, MAGPHYS and BAGPIPES and will be very shortly presented in the next section.

5.1.1 Chabrier and Kroupa IMF

As concerns the Chabrier IMF, for m < 1M , it is written as:

¥(m) = 0.158( ) exp[— (log(m) — log(0.08))2/(22:0.69%)] (5.5)

1
In(10)m)

whilst, for m > 1M, it is written as:
(m) = km™ (5.6)

with o = 2.3 £ 0.3. Instead, the Kroupa IMF is a simple power law, wit the slope slightly

changing at different mass intervals:

W(m) = m*, (5.7)

for m<0.08My, a=0.3 (5.8)
for0.08<m<05My, a=1.3 (5.9
for m>05M,, aa=2.3 (5.10)
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5.2 IMF comparison in MAGPHYS and BAGPIPES

Different assumptions of the initial mass function directly affect the stellar mass estimates,
and the star-formation rate as well (SFR = My /yr). Usually this corresponds to a constant
systematic offset between the physical paramaters computed in the different reference system.
By integrating the Kroupa and Chabrier IMF, it can be shown that the calibration for the stellar

masses is the following:
log M*, Kroupa — 10g M*, Chabrier T 0.04 (51 1)

Thus, the difference in M, computed with Kroupa and Chabrier (and so with BAGPIPES
and MAPGPHYYS) is very small, just 0.04dex, which is much smaller than the typical uncertain-
ties in stellar masses due to the assumed models, stellar libraries and star formation histories

(~0.2dex). For the direct comparison of the two codes, we then converted all outputs to the

Chabrier IMF.

5.3 Stellar mass and SFR estimates: MAGPHYS and BAG-
PIPES

A comparison between stellar masses and SFRs obtained as MAGPHYS and BAGPIPES
outputs are finally shown in Fig.5.1 and Fig.5.2. The stellar masses are almost consistent, with
an average offset of ~ 0.005 dex and a scatter of 0.195 dex. For the SFR values, the discrepancy
between the results from the two codes is only slightly larger: on average, the SFRs from
MAGPHYS are ~0.06 dex bigger than the ones from BAGPIPES with a scatter ~0.28 dex.

We can then safely assume that the two codes provides consistent results for what concerns
in particular the stellar mass. The agreement for the SFR from the two SED fitting procedures
is also within the typical uncertainties from different SFR tracers. We note, however, that in
this work for the SFR we rely on the observed UV+IR emissions, totally independent from the
SED fitting analyses.
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Figure 5.1: Stellar mass, in log-log space, from MAGPHYS and BAGPIPES
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Figure 5.2: Star-formation rate, in log-log space, from MAGPHYS and BAGPIPES
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Chapter 6

Results and discussion: On the nature of
stellar quenched rings in the outskirts

of nearby grand design spirals

6.1 Summary

In this Thesis we have undertaken a comprehensive analysis of the spatially resolved Main
Sequence of a couple of nearby grand design spiral galaxies. As mentioned in the Introduction,
while on average a global scaling relation has been observed when combining a statistical
sample of sources (e.g. Enia et al. 2020, Vulcani et al. 2020, Ellison et al. 2021), some objects
can reveal peculiar features that are not observed in other sources. The motivation of my
work is to understand the origin of significant deviations from the average MS observed in the
sample of Enia et al. (2020). We have limited our analysis to two sources, as a pilot program
to test the methodology that we plan to extend in the future to a much wider galaxy sample

from the Dustpedia database.

6.2 A red and dead stellar ring surrounding NGC 4321

In this Section we discuss the implications of the SED fitting results from the BAGPIPES

code. We have already shown how the assembled stellar mass and the ongoing SFR are spatially
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Figure 6.1: Summary of the spatially resolved MS for the two galaxies studied in this thesis.
Top panel: the surface density of SFR is shown as a function of the stellar mass surface density
for NGC 3184. The colors distribution encodes the distance from the center of the galaxy. The
black line is the (total fitted) MS, the red dashed line the ODR fit for the single galaxy points,
orange lines the sensitivity limits, the inset an RGB image of the galaxy as observed in optical
bands. Bottom panel: same as the left panel but for NGC 4321. The figure is adapted from Enia
et al. (2020).
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distributed in the two spirals (see Fig. 4.8 - Fig. 4.12). By selection (Enia et al. 2020), the galaxies
analyzed in this Thesis represent the final product of secular processes converting the gas
into stars. Spiral galaxies are built across the Hubble time: they form stars at a pacific rate
(excluding merger events), driven by the density waves turbulence crossing the Interstellar
Medium within the gaseous disks. The regulation of this smooth star formation mode is at
the origin of the observed Main Sequence of star forming galaxies, holding at different spatial
scales (from ~0.5Kpc up to the whole galaxy). To remind the specific behaviors of our sources,
we compare in Figure 6.1 the spatially resolved MS of NGC3184 and NGC4321 (as originally
reported by Enia et al. 2020).

As it can be seen in the bottom panel, NGC4321 presents a bimodal distribution in the stel-
lar mass-SFR relation: indeed, at log(2,)> 7.0 Mokpc ™ the data follow the average MS scaling
relation. At lower stellar mass densities, a cloud of data sits well below the expected values: at
fixed stellar mass the observed SFR is suppressed, indicating the existence of quenched galactic
regions.

When looking at the original sample of height face-on spirals, we can identify four galaxies
showing a candidate quenched ring (including NGC4321, together with NGC4254, NGC4535
and NGC5194). This corresponds to 50% of the total. Even within the limited statistic available
to us, it is clear that this peculiar feature is not so rare. It is thus crucial to characterize the
physical properties of the stellar populations living in these under-dense and passive external
regions of the galaxies.

We have then explored what information can be drawn from a systematic study of the star
formation histories across NCG3184 and NGC4321, taking advantage of the performances of
the BAGPIPES fitting procedure described in the previous chapters. For this Thesis, we restrict
our analysis to a conservative case, adopting just one parametric description of the SF history:
the delayed exponentially declining model (see Section 4.2.2) with additional random bursts,
which provides an overall satisfactory consistence with the MAGPHYS code (as demonstrated
in Chapter 5) . We demand to a future work the exploration of different parameterizations
of the SF histories, including a non-parametric approach. Anyway, the main point here is to
put ourselves into a common reference system, observing any systematic variations that could

rise up in different environments of the galaxies. In this Section we report the results for the
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two main parameters describing the shape of the delayed model: the formation time, t oy,
and the timescale 7.

In Figure 6.2 we present, with the same format of the previous Chapters, the spatial dis-
tribution of ¢ 4,,,, (counted as the time passed between the Big Bang and the epoch of birth of
the galaxy) for NGC3184 (top panel) and NGC4321 (bottom panel). Similarly, in Figure 6.3 we
report the distribution of 7.

Before attempting any interpretation, we have performed a careful visual investigation of
the significance of the quenched ring in NGC4321, to avoid the possibility that it is related to
a low Signal-to-Noise contamination in the optical/near-IR bands. However, we remind that
only the pixels with a SNR>2 in at least 10 photometric bands have been considered for the
SED fitting runs. Indeed, Figure 6.4 shows the near-infrared emission probed by the IRAC 3.6
pm Spitzer image, a direct tracer of the stellar mass. The two panels report the same map,
but using different cut levels of the intensity contrast. Clearly, NGC4321 shows a faint and
diffuse starlight emission toward the outskirts, highlighting the existence of old stars in these
regions. In the right panel, where we can appreciate the extension of the spiral structure of
this object, we overplot as small open white squares the positions of the cells that correspond
to the passive cloud below the MS in Fig. 6.1 (bottom panel). Clearly, the round distribution of
these points at large galactocentric distances correspond to the diffuse emission visible in the
left panel, probing the existence of an extended population of old stars in the outer edges of the
disk of NGC4321, with no evidence of ongoing SF processes. Interestingly, the red and dead
zone begins almost exactly where the spiral arms end. We will go back to this observation in

the final discussion.

6.3 Properties of the quenched ring

Figures 6.2 and 6.3 introduce the results of the variation of the key parameters of the SF
histories derived from the SED fitting within the two sources: ¢4, and 7, respectively. For
example, a visual inspection of these maps reveals an old stellar component at the center of
NGC3184, corresponding to the stellar populations building the galactic bulge. NGC4321 has

a less pronounced central region, while the most flashy feature that can be distinguished is a
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Figure 6.2: Spatial distribution of ¢ ., for NGC3184 and NGC4321, from the SED fitting of

BAGPIPES.
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Figure 6.3: Spatial distribution of 7 for NGC3184 and NGC4321, from the SED fitting of BAG-

PIPES.
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Figure 6.4: An IRAC/Spitzer view of the face-on galaxy NGC4321. The same map at 3.6um
is shown with different contrast parameters. In the left panel the image highlights the diffuse
stellar emission around the disk. On the right panel we tune the image to show the structure
of the spiral arms and the positions of the physical cells associated to the quenched ring (open

white squares).
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peripheral region surrounding the whole galaxy with formation times older then the rest of
the object. This is the quenched ring already identified through its suppressed specific SFR.
However, it is very difficult to draw any quantitative conclusion based on these maps. We have
therefore tried to study the average radial profiles of ¢ #,,,, and 7. To do that, we have computed
the distance of each physical cell from the center of the parent galaxy. By dividing the spatial
extension of the disks in a grid of bins of distance (from the center up to the outskirts), we
have averaged the values of ¢ ,,,,, and 7 for all the cells sitting in the different radial intervals.
The results are reported in Figure 6.5 for ¢ ¢,,,, (top panel) and 7 (bottom panel, see caption for
a description of the symbols). The galactocentric distances are normalized to the R25 radius
(i.e. the radius where the isophotal surface brightness in the B band reaches a value of 25.0
mag /arcsec?, as reported in the Dustpedia public database) for a more meaningful comparison
of sources with different physical sizes. Uncertainties are computed as the error on the mean
value in each bin.

By looking at the average distribution of the formation times (computed again in units of
time after the Big Bang) we observe an overall similar trend for the two spirals: excluding
the very central bin, where NGC3184 shows an older ¢ ¢,,,, of ~7 Gyrs, both galaxies present
more recent stellar populations up to R=(0.5-0.8)R25, where the disk component dominates
over the central bulge. In the outer regions ?,,,, drops (more steeply for NGC3184), toward
smaller values (i.e. older formation ages). Taking into account that at R>R25 even the statistics
dramatically drops (changing from hundreds of cells to few units), we can derive a broad and
general result: the stellar populations living in regions external to the optical radius are on
average older then those of the disk component (at least for these sources). The most striking
confirmation comes, however, from NGC4321, which shows a more extended and "dead" disk
(up to R=2.5R25) than NGC3184.

We note that this scenario looks counterintuitive with respect to the predictions of the
inside-out quenching mechanism, widely discussed in the literature to explain the formation
of bulges in the local Universe (e.g. Morselli et al. 2019, among many others). Indeed, high-
z observations find that, in the most massive galaxies, star formation is quenched from the
inside out, on time scales less than 1 billion years in the inner regions, up to a few billion years

in the outer disks. These galaxies sustain high star-formation activity at large radii, while
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Figure 6.5: Top panel: Average radial distribution of ?f,.,. Red squares refer to NGC4321,
while blue squares indicate NCG3184. Uncertainties are computed as the error on the mean

value in each bin. Bottom panel: Average radial distribution of 7. Symbols as in the top panel.
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Figure 6.6: Inside-out quenching: proposed sketch of the evolution of massive galaxies. In
this picture the total stellar mass and bulge mass grow synchronously in 2 ~ 2 main se-
quence galaxies, and quenching is concurrent with their total masses and central densities
approaching the highest values observed in massive spheroids in today’s universe. Model

from Tacchella et al. (2015).

hosting fully grown and already quenched bulges in their cores (Tacchella et al. 2015). If this
is observed at Cosmic Noon (z ~ 2), extrapolations at = = 0 could naively predict that the
progressive quenching of SFR toward the edges of the disks will end up into an almost passive
spheroid as of today (the toy model proposed by Tacchella et al. 2015 is shown in Fig. 6.6).
Within the optical radius, the inside-out scenario is reasonably consistent with our result,
in particular if we observe the radial distribution of the timescale parameter 7 (bottom panel
of Fig. 6.5): 7 is on average smaller at R<(0.5-0.8)R25 with typical values of ~0.5Gyrs, while
it increases up the R25 (7 ~1-3 Gyrs). Farther then the optical radius, the intringuing results
from BAGPIPES found a new decrease of 7, again pointing to the existence of an extended
distribution of old stars born through a short episode of SFR in the primordial Universe.

The origin of this external zone filled by old stars is still unconstrained.

6.4 Possible scenarios for the formation of the quenched
rings

A thoughtful determination of the formation channels of these quenched rings would re-

quire more accurate follow-ups of the galaxy outskirts, to ideally constrain the properties of
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Figure 6.7: Left panel: The H2 gas phase for NGC4321 is traced by the CO emission from
the Heracles survey. Right panel: HI emission from the public VIVA database. The maps are
reported on the same astrometric system. The open squares mark the position of the galaxy

cells building the quenched ring.

the stellar populations (ages, metallicitiy, extinction) from spectroscopic diagnostics in the UV,
optical and near-IR.

However, here we briefly mention some possible interpretations based on the results re-
ported in this Thesis. The main debate concerns if the formation process happened in-situ or

ex-situ.

6.4.1 In-situ build-up:

+ As mentioned in the previous Section, the existence of and old circumgalactic stellar
population is not predicted by the classical inside-out quenching mechanism. However,
given the symmetrical distribution of the quenched ring just outside of the optical radius,
it is reasonable to consider that it could be associated to the primordial formation of the
galaxy. This is supported by the observed distribution of other components of the Inter-
stellar Medium, like the neutral (HI) and molecular (H2) hydrogen. These are presented
in Figure 6.7. The H2 gas phase is here traced by the CO emission from the HERACLES
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survey (The HERA CO-Line Extragalactic Survey, Leroy et al. 2009), while the HI comes
from the public VIVA database. The maps are reported on the same astrometric system.
The open squares mark the position of the galaxy cells building the quenched ring. Im-
pressively, at this location the CO emission is completely lacking, while the atomic HI
halo is still present. This could suggest that at early times an efficient burst triggered
the birth of stars, with the consequent generation of intense stellar winds that were able
to dissociate the H2 molecules (fuel for the SFR), leaving the primordial reservoir of HL

However, explaining the origin of such an external starburst is quite challenging.

+ The bimodal distribution of the spatially resolved MS for NGC4321 can be interpreted as
a bimodal SFR mode. The MS SFR mode is associated to the secular smooth processes in
disks (both at low- and high-z). If the turbulence induced by the density waves triggers
a constant SFR (at fixed cosmic time), we can think that at the formation epoch of the
galaxy the spiral arms were more extended then we observe today. This could be induced
by external tidal forces. A mismatch of the original disk area affected by the density
waves with what we observe today, could have left a fossil record of the secular SFR

processes at the edges of the galaxy.

+ An unlikely possibility that we have considered is the migration of old stars born within

the optical disk toward the outskirts.

6.4.2 Ex-situ formation:

» According to cosmological models, to sustain their SFR across the Hubble time, galaxies
are fed by cold streams of primordial hydrogen. The way in which the gas is accreated
(co-planar to the disk? perpendicular? e.g. Boucheé et al. 2017) affects the angular
momentum of the whole source. The detection of the residual HI gas at the outer side
of NGC4321, co-spatial to the quenched ring, puts a question mark about a possible

correlation with the interaction of the pristine gas flowing within the galaxy.

« NGC4321 sits in the Virgo cluster, thus this galaxy is surrounded by the Intra Cluster

Medium (ICM). Ram pressure stripping from the diffuse plasma is well know to deplete
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the gas from galaxies flying within a cluster, quenching the ongoing SFR (e.g. Poggianti
et al. 2017 and 2019). Therefore, it is natural to hypothesize a causal connection between
the quenched ring and the environment quenching. However, other sources from the
Enia et al. (2020) sample present a similar passive structure around the spiral galaxies
(in particular M51), showing very similar trends as NGC4321 (in particular the coherent
connection of the HI and the quenched stellar populations). These objects are not as-
sociated to any cluster, but dynamical interactions with a companion source in the past

could have produced a similar perturbation.

+ Major or minor merging with a spheroidal galaxy, redistributed around the spiral (to be

tested against simulations, e.g, Bournaud et al. 2011).

6.5 Future perspectives

Given that in this Thesis I have studied only two sources, no definitive conclusions can
be drawn, requiring a more statistical investigation on a larger sample of galaxies available
from the Dustpedia database. We also plan to include different parameterization for the Star
Formation histories, in particular the non-parametric models. We are also in the position of
preparing future observational campaigns to add key data to unravel the tale of the external
stellar populations that we have presented. Finally, it is mandatory to analyse large cosmolog-
ical hydrodynamic simulations to identify if such red and dead stellar outskirts are produced

in the models, in order to probe their dynamical origin.
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