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Abstract

In this introductory chapter, I review the properties of low-mass galaxies, with
a special focus on starbursting dwarfs. The following properties are discussed
in detail: i) the gas distribution and kinematics, ii) the structural parameters
of the stellar component, and iii) the resolved stellar populations and the star-
formation histories. Possible scenarios for the formation and evolution of dwarf
galaxies are discussed. I also briefly review the main results obtained from the
study of HI rotation curves of disk galaxies. Finally, I outline the structure and
main goals of this Ph.D. thesis.

Figure 1.1 — Three different types of dwarf galaxies. Left: a prototype dwarf spheroidal
(NGC 205). Middle: a prototype dwarf irregular (the SMC). Right: a prototype blue compact
dwarf (I Zw 18).
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1.1 A Universe of dwarf galaxies

Low-luminosity, dwarf galaxies are the most common type of galaxies in the
nearby Universe (e.g. [Fergnson & Binggelil1994). Understanding their structure,
formation, and evolution is a fundamental goal for astronomy and cosmology.
Dwarf galaxies are usually defined as stellar systems that have B-band absolute
magnitude My > —17 (Lg < 10° L) and are more spatially extended than
globular clusters m@) This definition includes several different
types of objects, ranging from gas-rich, star-forming galaxies to gas-poor,
passively-evolving ones. In the astronomical literature, the taxonomy of dwarf
galaxies is vast and, to some extent, confusing (see e.g. m @) Here
I will use a minimal nomenclature that distinguishes between 3 types of low-
mass galaxies: spheroidals, irregulars, and starbursting dwarfs (or blue compact
dwarfs, BCDs).

Spheroidals (Sphs) are gas-poor dwarfs that are not forming stars at
the present epoch. They are characterized by red colors and smooth optical
isophotes, thus resembling a small elliptical galaxy (see Fig. [Tl left). For this
reason, they are sometimes referred to as dwarf ellipticals (dEs) and/or dwarf
lenticulars (dSOs) (e.g. Sandage & Binggell [1984). Following [Kormendy ef. all

), I av01d thls nomenclature and indicate any gas-poor dwarf as a Sph.
Sphs are typically found in the proximity of massive galaxies (e.g. the satellites
of the Milky Way and M31) or in galaxy clusters.

Irregulars (Irrs) are gas-rich dwarfs that are forming stars at a relatively-
low rate. They are also referred to as Magellanic irregulars (Im), after the small
Magellanic cloud (SMC). The name “irregular” is due to the fact that the star-
formation is not organized in spiral arms, as is common for more massive gas-
rich galaxies, but is scattered in several “knots” across the galaxy (see Fig. [T]
middle). Some gas-rich dwarfs, however, can show diffuse and/or broken spiral
arms, and be classified (in order of decreasing regularity) as a late-type spiral
(Sd) or as a Magellanic spiral (Sm), after the large Magellanic cloud (LMC)
(e.g. lde Vancoulenrs [1959; Sandage & Binggeli[1984). For the sake of simplicity,
I will not distinguish between Sd, Sm, and Im types, but refer to any such gas-
rich, low-mass galaxy as an Irr (as in the original morphological classifications
of [Hubbld (1926, 1927 and Lundmark (1924, |_L()_2j) Irrs are usually found in the
field or in the outskirts of galaxy clusters and galaxy groups.

Starbursting dwarfs (or BCDs) are gas-rich, low-mass galaxies that are
forming stars at an unusually high rate. In the literature, they are referred
to with different names, often related to the observational technique used to
identify the starburst. Common nomenclature includes i) amorphous dwarfs
(e.g. Gallagher & Huntel [1987; Marlowe et all[1999), as they may have peculiar
morphologies dominated by a few giant star-forming regions (see Fig. [l right);
ii) HII galaxies (e.g. [Terlevich et. all[1991; [Taylor et all[1997), as their integrated
optical spectra show strong emission-lines similar to those of HII regions in

spiral galaxies; and iii) blue compact dwarfs (e.g. Zwicky & Zwicky 1971; Gil
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de Paz et al. M), since they have blue colors, high surface brightnesses, and
low luminosities. I will refer to any starbursting dwarf as a BCD. BCDs are
generally found in similar environments as Irrs (the field and/or the outskirts of
groups and clusters), but occasionally they can be found close to massive spiral
galaxies. A nearby example is the starbursting dwarf IC 10, which is a satellite

of M31 and the only known BCD in the Local Group (IG_L]M&ZM.]J |2.0_O_3)

1.1.1 The Kormendy-Binggeli diagram

Starting from the mid-80’s, it has become clear that dwarf galaxies are
structurally different from other stellar systems, such as lobular clusters,
elliptical galaxies, and the bulges of disk galaxies Sandage
et al. @ I@I @ @i @
[1994). ThlS is clearly illustrated by a diagram, firstly made
8H), that plots the absolute visual magnitude My (proxy for
the total stellar mass) versus the central surface brightness uy (proxy for the
central stellar density) for all these objects. A modern, schematic version of
this diagram is shown in Fig. (adapted from [Tolstoy et all 2009). Different
stellar systems cover different regions of the plot, and follow different trends
between My and pvy:

e clliptical galaxies and the bulges of disk galaxies (red ellipse) lie in the top-
left region of the diagram (high stellar masses and high central densities).
For these objects, the central surface brightness decreases with luminosity

(e.g. Kormendyl [1985; [Kormendy et. all 2009);

e the disks of spirals and lenticulars (blue ellipse) have almost constant
central surface briéhtness pyv ~ 21.5 mag arcsec 2 (|E£é§ﬁéﬂm van der
Kruit & Freeman ), altough there also exists a population of massive,

low-surface-brightness (LSB) disk galaxies with pyv < 23 mag arcsec -2

(not shown in Fig. [C2% see Bothun ef. all [1997; Mully & Verheijer 1997);

e dwarf galaxies form a sequence in the central part of the diagram (blue
and yellow symbols), where the central surface brightness increases with
luminosity. The recently discovered ultra-faint dwarfs (e.g.

2005; Zucker et all ﬁQOﬁAE) seem to follow the same relation defined by
Sphs, Irrs, and BCDs, thus the “dwarf sequence” may span more than
4 orders of magnitude in both My and py. Note that the canonical
separation between dwarfs and “classical” galaxies at Mg = —17 mag
(My = —16 mag, dashed line) also includes low-luminosity ellipticals like
M32 (red pentagon), although they are structurally different objects (e.g.

[1984; [Kormendy et all 2009);

e globular clusters (grey dots) define a distinct sequence with respect to
dwarf galaxies, where uy increases with My and spans more than 4 orders
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Figure 1.2 — The Kormendy-Binggeli diagram for different stellar systems (adapted
from [Tolstoy et all ). Dwarf galaxies in the Local Group are shown by open
pentagons: blue for gas-rich Irrs, yellow for gas-poor Sphs, and red for the low-
luminosity elliptical M32. The recently-discovered ultra-faint dwarfs are indicated by
stars. Blue squares, purple crosses, and grey points show starbursting dwarfs (BCDs),
ultra-compact dwarfs (UCDs), and globular clusters, respectively. The colored ellipses
show the typical location of elliptical galaxies and bulges (light-red), galactic nuclei
(dashed purple), and the disks of spirals and lenticulars (light-blue). Starting from the
left, the blue open triangles show M31, the Milky Way (MW), M33, and the LMC.

of magnitude. The central nuclei of galaxies (dashed, purple ellipse) may
extend this trend to higher surface brightnesses;

the ultra-compact dwarfs (UCDs), discovered independently by Hilker
et al. (1999) and Drinkwater ef. all (2000), lie between low-mass ellipticals
and high-mass globular clusters. The nature of UCDs is currently under
debate: they may simply be the extension of globular clusters to higher
masses (e.g. [Penny et_all 2012), or be the result of mergers of massive
star-clusters (e.g. [Fellhauer & Kronpa 2002; Briins & Kroupd 2019), or be
the remnant nuclei of tidally-disrupted dwarfs (e.g. [Bekki et _all 2001)).
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In recent years, the existence of a clear dlstlnctlon between ellipticals and
spheroidals has been strongly debated (e. . Graham
& Guzmén ) This controversy is
not discussed here, I just mention that!ﬁ ormendy et g]! 12009) and Kormendy &
Bender M) have confirmed the dichotomy between spheroidals and ellipticals
using large samples of galaxies.

1.1.2 Evolutionary scenarios

The fact that different stellar systems follow different scaling relations between
My and pvy suggests that different physical mechanisms have been driving their
formation and evolution (e.g. [Kormendyl [1985; Dekel & Silld[1986). On the other
hand, the fact that Sphs, Irrs, and BCDs approximately lie in the same position
of the My — py diagram suggests that evolutionary links between them may
exist (e.g. [Ferguson & Binggelil1994; [Kormendy & Bendeil2012). In this respect,
BCDs are particularly interesting because the intense star-formation activity
is a short-lived phenomenom, with typical durations of a few 100 Myr (see
McQuinn et all |20;l_0_dﬁ), thus they must evolve into a different type of galaxy
as the starburst fades. The possibility of morphological transformations between
dwarf galaxies is also suggested by the existence of “transition type” dwarfs, a
rare class of low-mass galaxies that have intermediate properties between Sphs
and Irrs/BCDs (e.g. Sandage & Hoffman [1991; Mated [1998; [Skillman et all 2003;
Dellenbusch et all 2003, 200d). Several mechanisms (both internal and external)
may transform a gas-rich dwarf (Irr or BCD) into a gas-poor Sph:

e the star-formation may consume the entire inter-stellar medium (ISM), if
this is not replenished by external, fresh gas. This scenario is quite unlikely
because both Irrs and BCDs generally have massive gas reservoirs, and
could sustain the current star-formation rates (SFRs) for at least another

Hubble time (e.g. [Hunter & Elmegreer! 2004);

e supernova explosions and stellar winds may blow away the entire ISM

from the potential well of the galaxy (e.g. Dekel & Silk [1986). This would
require a strong burst of star-formation and efficient stellar feedback (e.g.

Mac Low & Ferrard [1999; [Ferrara & Tolstoy 2000). In this scenario, any

Irr should pass through a BCD-phase in order to evolve into a Sph;

e ram pressure stripping may remove the ISM of a dwarf as it moves through
a hot medium, such as the intra-cluster medium (ICM) or the hot coronae
that are believed to surround massive galaxies (e.g. IGunn_& Gotd [1972;
IKormendy & Bendeil 2012; |Gatto ef. all R013);

e gravitational interactions with nearby massive companions (“tidal stir-

ring”, e.g. Mayer et all 2006) or with the global potential of a galaxy
clusters (“galaxy harassment”, e.g. IMoore et all[1998) may strip gas from
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Figure 1.3 — A NUV image of the nearby starbursting dwarf Ho II (left), a “blurred” version
of the same image (middle), and a HST image of the star-forming galaxy COMBO 18561 at
z ~ 1.4 (right). The blurred image of Ho II and the HST image of COMBO 18561 have the
same spatial resolution (~780 pc) and rest-frame wavelenght (~2400 A). COMBO 18561 is
~30 times more massive than Ho II. From .

the outer parts of the galaxy and cause gas inflow towards the center.
Depending on the orbits and the initial conditions, Irrs may either evolve
directly into Sphs or pass through a BCD-phase.

It is also possible that a Sph may evolve into a BCD if it accretes cold gas
from its surroundings, causing a sudden burst of star-formation. In particular,

) suggested that Sphs in a galaxy group may expell their ISM
through stellar feedback, but this gas remains gravitationally bound to the group
potential and, therefore, could fall back onto the galaxies, leading to a cyclic
evolution from Sphs to BCDs and vice versa.

1.1.3 The link with the high-redshift Universe

In this section, I point out that nearby, gas-rich dwarfs, especially BCDs,
show some striking similarities with more massive star-forming galaxies at high
redshifts. In recent years, the development of integral field units, such as
SINFONTI at the ESO Very Large Telescope (VLT), have made it possible to
discover a population of star-forming disk galaxies at 2 ~ 1 — 2 (e.g. Forster
Schreiber et al. m, 2009), that are thought to be the progenitors of spiral and
lenticular galaxies at z ~ 0 (e.g. Bournand et all 2007, :IGenzel et all 2008).
These star-forming disks have stellar masses in the range 10!° to 10'* Mg,
similar to nearby spirals and lenticulars, but show “clumpy” morphologies,
similar to Irrs and BCDs. This is illustrated in Fig. (from Elmegreen
et al. 2009): the left panel shows a NUV image of Holmberg II (Ho II), a
starbursting dwarf at z ~ 0 (e.g. McQuinn_et_all R010H); the middle panel
shows how Ho II would look like at z ~ 1.4 if observed with the Hubble Space
Telescope Advance Camera for Surveys (HST/ACS); and the right panel shows




8 Chapter 1. Introduction

an actual star-forming galaxy at z ~ 1.4 observed with HST/ACS. Clearly, the
two galaxies have very similar morphologies dominated by giant star-forming
“clumps”, despite the fact that they differ in stellar mass by a factor of ~30
(see [Elmegreen et all 2009 for details).

The similarity between BCDs and high-redshift, star-forming galaxies is not
only morphological. Several physical properties of BCDs are similar to those of
high-z galaxies: i) high values of the SFR per unit area Ygpg = SFR/A ~ 0.1 —
10 M, yr—* kpc—2, where A is the area of the star-forming region (e.g. Kennicutt
& Evansm ii) high gas fractions (Mgas/Le 2 1; e.g. m), iii)
low gas metalhcltles (02 £ Z/Z¢ < 0.02; e.g. [zotov & Thuan [1999), and iv)
relatively-turbulent gaseous disks, where the ratio of the rotation velocity th
to the velocity dispersion 0.5 ranges typically from ~2 to 6 (van Zee et all2001
[Frster Schreiber et all m BCDs are, therefore, the best nearby analogs to
high-redshift disk galaxies. This has led[E‘Jm_egLe_e_n_e_t_a.l] (2009, R012) to suggest

that similar physical mechanisms may be driving the star-formation activity in
both Irrs/BCDs and “clumpy” high-z disks. In particular, they argued that the
irregular morphologies of these galaxies are due to gravitational instabilities in
a disk that has both a high gas mass compared to the stellar mass and a high
turbulent speed compared to the rotational speed. If this analogy is correct, the
detailed study of nearby BCDs may shed new light also on the formation and
evolution of massive disk galaxies at high redshifts.

1.2 Properties of dwarf galaxies

1.2.1 Gas distribution and kinematics

The atomic gas content of nearby galaxies can be investigated using radio
observations of the 21-cm line. This is a hyperfine transition of the atomic
hydrogen (HT), which traces gas at temperatures 7' ~ 10% — 10* K. For massive,
metal-rich galaxies, radio and sub-mm observations can be used to study
also the molecular gas content, by targeting carbon-monoxide (CO) transition
lines. This is usually not possible for low-mass galaxies, since they have low
metallicities and the CO lines are often undetected (e.g. [Taylor et all [1998).
Thus, I focus here on the results from HI observations.

In the past 30 years, the advent of radio interferometers like the Westerbork
Synthesis Radio Telescope (WRST), the Very Large Array (VLA), and the
Giant Metrewave Radio Telescope (GMRT) have made it possible to investigate
the HT distribution and kinematics of nearby galaxies of all morphological

types, ranging from disk-dominated spirals (e.g. [Bosmal [1978; |Qa,¥a.t¢_e_et_al]
[1990; e Blok et_all 1996; Verheijen & Sancisi R001 Ma.].te.l;e.t_all 2008), t

bulge-dominated spirals (IJ_Q_nd {1997; MQ_QLd_e_Lmem_e_La.l] 2005), to lentlculars
and ellipticals (Serra_et. all 2012). Several surveys have also been focusing
on low-mass, dwarf galaxies. Swaters et all (2002) studied the HI content
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Figure 1.4 — Rotation curves of gas-rich dwarfs (from [Swaters et all P00d), with radii
expressed in units of optical scale-lengths. The rotation curves are binned according to the R-
band absolute magnitude of the galaxy. Full-lines indicate high-quality rotation curves, while
dashed-lines indicate rotation curves of lower quality. See ©009) for details.

of 73 late-type dwarfs, as part of the Westerbork H1 Survey of Spiral and
Irreqular Galazies (WHISP). Begum et all (2008) observed 65 low-mass dwarfs
(with Mg < —13 mag) as part of the Faint Irreqular Galaxies GMRT Survey
(FIGGS). [Cannon et all (2011) presented the Survey of H1 in Extremely Low-
mass Dwarfs (SHIELD), which focuses on dwarf galaxies at the low-mass end
of the HT mass function (Mg ~ 10° — 107 Mg). [Hunter et all (2012) obtained
multi-configuration VLA observations of 41 Irrs/BCDs, as part of LITTLE-
THINGS (Local Irregulars That Trace Luminosity Extremes, The HI Nearby
Galazy Survey). Finally, (IE) presented VLA-ANGST (VLA survey
of ACS Nearby Galazy Survey Treasury), which provides HI observations of 29
nearby dwarfs that have been resolved into single stars by HST/ACS as part of
the ANGST program.

These surveys, together with previous studies, have shown that gas-rich
dwarfs generally have “clumpy” HI distributions, characterized by “shells”,
“holes”, and localized overdensities. These structures are thought to be shaped
by the star-formation activity, although the detailed connection between the HI
distribution and the stellar feedback is still unclear (e.g. [Warren et all 2011).
On larger spatial scales (outside the stellar component), about 30% of gas-rich
dwarfs show asymmetries in their HI distribution (a so-called “morphological
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Table 1.1 — Individual studies of the HI distribution and kinematics of starbursting dwarfs.
The stars indicate objects that are in our galaxy sample.

Name Other names Reference

NGC 625* ESO 297-G005  Cannon et al. (2004)

NGC 1569* VII Zw 16 Stil & Israel (2002); Johnson et al. (2012)

NGC 1705* ESO 158-G013  Meurer et al. (1998); Elson et al. (2010)

NGC 2366* DDO 42 Hunter et al. (2001); van Eymeren et al. (2009a)
NGC 2915 ESO 037-G003 Meurer et al. (1996); Elson et al. (2013)

NGC 4670 Haro 9 Hunter et al. (1996)

NGC 4449* UGC 7592 Hunter et al. (1998, 1999)

NGC 4861 IC 3961 van Eymeren et al. (2009b)

NGC 5253* Haro 10 Kobulnicky & Skillman (2008); Lépez-Sanchez et al. (2012)
NGC 2537 Mrk 86 Matthews & Uson (2008)

IC 10 UGC 192 Wilcots & Miller (1998)

1 Zw 18%* Mrk 116 van Zee et al. (1998c)

I Zw 36* Mrk 209 Viallefond & Thuan (1983); Ashley et al. (2013)
II Zw 33 Mrk 1094 Walter et al. (1997)

1T Zw 40 UGCA 116 Brinks & Klein (1988)

11 Zw 70/71 Mrk 829 Cox et al. (2001)

VII Zw 403* UGC 6456 Simpson et al. (2011)

SBS 0335-052 Pustilnik et al. (2001a); Ekta et al. (2009)

VCC 144 Haro 6 Brosch et al. (1998)

FCC 35 Putman et al. (1998)

lopsidedness”, e.g. Swaters et all 2002), which may indicate recent accretion of
cold gas (Sancisi et all 2008).

The HI kinematics of gas-rich dwarfs is generally regular and characterized
by ordered rotation, although mild kinematical asymmetries are common (a so-
called “kinematical lopsidedness”, e.g. Swaters et all |2_O_O_ﬂ) Swaters et all
M) considered 69 gas-rich dwarfs from the WHISP survey (excluding 4
interacting/merging systems) and could derive rotation curves for 62 of them
(~90%). Figure [[A (from Swaters et all 2009) shows that the rotation curves
of Irrs are generally described by a nearly solid-body portion at radii < 2 —3
optical scale-lengths, and a flat part in the outer regions, similarly to more
massive disk galaxies (e.g. Bosmad [1978; Begeman [1987). [Swaters et all (2011)
used these rotation curves to investigate the distribution of mass in several Irrs;
these results are discussed in Sect.

Regarding starbursting dwarfs, many interferometric HI studies have
focused on individual objects (see e.g. Table [[T]). Other authors investigated
relatively-small samples of BCDs: 5 objects in [Taylor et all 5 in van Zee
et al. (1998d), 8 in Simpson & Gottesmar (2000), 6 in (2001), 7
in [Hoffman_ef. all 2003, 4 in [Thuan et all (2004), 4 in Ramya. et all (2011), and
8 in Most et all (2013). These studies have shown that BCDs have centrally-
concentrated gas distributions, with central HI densities ~ 2 — 3 times higher
than in typical Irrs. Regarding the HI kinematics, some BCDs have regularly-

rotating gaseous disks (e.g. IMeurer et all 1996, [1998; kan_Zee _et_all [1998H,
M), whereas others show complex gas kinematics (e.g. (Cannon_et all 2004;

[Kobulnicky & Skillman 2008). To date, high-quality rotation curves and mass
models have been derived for only a few BCDs (Walter et all [1997; [Elson et all
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12010; llohnson_et._all 2012; [Elson_et. all |2_O_1_3) It is unclear what fraction of
BCDs have ordered/disturbed HI kinematics, and whether there is a relation
between the dynamics and the starburst. In this Ph.D. thesis, I carry out the
first systematic study of the HI distribution and kinematics in a relatively large
sample of BCDs (18 objects), using both new and archival data.

1.2.2 Structural properties

The structural properties of galaxies can be investigated using surface brightness
(SB) profiles, which are usually derived by azimuthally-averaging optical/IR
images over a set of concentric ellipses. The SB profiles of Sphs, Irrs, and
galaxy disks are generally well-described by an exponential law:

I(R) = Iy exp(—R/Ry), (1.1)

where Rq is the “disk” scale-length and Iy is the central SB in L pc™2. When
expressed in magnitudes, this equation becomes a linear relation of the form

1(R) = po + 1.086(R/Ra), (1.2)

where 1o is the central SB in mag arcsec™2. Another common fitting-function
is the Sérsic profile (Sérsid 1963):

=z {0 (2) 1] »

where R, is the effective radius (the radius that contains 50% of the total light),
I, is the SB at R, (in Lg pc2), n is the so-called Sérsic index, and b, is a
parameter that depends on n (see ICiotti 1991 and ICiotti & Bertir 1999 for
details). For n = 1, the Sérsic profile is equivalent to an exponential with
Ry = R./1.678 and Iy = exp(1.678)I.. For n = 4, the Sérsic profile reduces to
the De Vaucouleurs profile (de_Vaucouleurs [1948), which usually describes the
SB profiles of ellipticals. If the SB profiles of Irrs and Sphs are fitted with a
Sérsic profile, they generally vield values of n between 0.5 and 2 (e.g. Kormendy
et al. 2009).

For BCDs the situation is more complicated, as they often show complex
SB profiles due to light contamination from the starburst (e.g. [Papaderos ef. all
[19961; IDoublier et all [1999; ICairés et all R001; Gil de Paz & Madord 2005). Two
examples (Mkn 178 and VII Zw 403) are illustrated in Fig. [T (from Papaderos
et al. 2002). The SB profiles (top panels) are almost exponential in the outer
regions, but they show large deviations (~ 1—2 mag) in the inner parts (R < 0.6
kpc) due to the central starburst. The color profiles (bottom panels), indeed,
are almost flat in the outer parts at B — R ~ 1 mag, indicative of relatively old
stellar populations, but for R < 0.6 kpc they show a sharp transition towards
blue colors, indicative of young stellar populations.
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Figure 1.5 — Photometric structure of two BCD prototypes (from mm)
Mkn 178 (left) and VII Zw 403 (right). Top: SB profiles in the B-band (blue dots) and in
the R-band (purple circles). The grey lines show exponential fits to the outer parts of the SB
profiles, while the filled-cyan points are obtained by subtracting the exponential component
from the B-band SB profile. The isophotal radii at ug = 25 mag arcsec™? are indicated for
both the exponential component (E25) and the “plateau” component due to the starburst
(P25). The effective radii is also indicated. Bottom: Color profiles. Red dots and cyan crosses
show the B — R and V' — I colors, respectively. The purple circles show the B — R color of the
starburst component. The steepness of the B — R color profile (v4) is given to the top-left.

See [Papaderos ef. all (200d) for details.

To compare the structural properties of BCDs with those of Sphs and Irrs,
several authors (e.g. [Papaderos ef. all [1996H: [Marlowe ef. all[1999: Gil de Paz &
Madore M) have fitted exponential and/or Sérsic profiles to the outer parts
of the SB profiles of BCDs (see grey lines in Fig. [[H), which are thought to
probe their underlying, old stellar components. The extrapolated values of o,
R4, and M4 (the total magnitude of the old stellar component) have then
been used to build Mg — po and Mgq — Ra plots (see Fig. [LH adapted from
[Papaderos et all 2002). According to these studies, the old stellar component
of BCDs generally has higher central SB and smaller scale-length than typical
Sphs and Irrs of the same luminosity. This may indicate that the evolution from
a BCD to a Irr/Sph is not straightforward, possibly requiring a redistribution of
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Figure 1.6 — Comparison between the structural properties of the old stellar component of
BCDs (blue dots) with those of Sphs (red triangles) and Irrs (open circles and open diamonds).
In this figure (adapted from [Papaderos et all P00J), the “disk” scale-length Rq (in pc) is
indicated as apc, while the absolute magnitude of the old stellar component M4 is indicated
as My,sg. The dashed lines show the location of the two BCDs in Fig. [C3

the stellar mass (e.g. [Papaderos ef. all[19964). Intriguingly, the central SB of the

—2

old stellar component of BCDs is, on average, ~21 B mag arcsec™“, similarly to
high-surface-brightness (HSB) disk galaxies (e.g. : van der Kruit &
Freeman M) Other authors ;mm), however,

found that the old stellar components of BCDs have values of po and Rq that
are comparable with those of Irrs and Sphs, and argued that evolutionary links
between these types of dwarfs are possible. This controversy is likely due to the
intrinsic difficulty in obtaining accurate structural parameters for starbursting
dwarfs. BCDs often have very irregular morphologies and the young stars may
dominate the integrated light over a vast portion of the galaxy. In addition,
the values of ug and Rgq depend on the fitted radial range of the SB profile; the
selection of an optimal radial range is not always obvious, and different choices
may lead to rather different results.

In this Ph.D. thesis, I tackle this problem using a different approach: I
quantify the central mass density of BCDs, Irrs, and Sphs using rotation curves,
that directly trace the distribution of the total dynamical mass (including stars,
gas, and dark matter). This allows to put solid dynamical constraints on the
evolution of dwarf galaxies.

1.2.3 Stellar Populations & Star-Formation Histories

In the past 20 years, the advent of HST has made it possible to resolve nearby
galaxies into single stars and to study their stellar content in unprecedented
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Figure 1.7 — Star-formation histories of 4 BCDs (fromm )9). The dashed, grey
lines show the look-back time that can be reached by the HST photometry.

detail. Color-magnitude diagrams (CMDs) of the resolved stellar populations
have been derived for several galaxies, both inside and outside the Local Group

(e.g. Talstoy et all 2009; Dalcanton et _all 2009). In addition, the development
of the synthetic CMD method (e.g. [Tosi et _all 1991} Dolphin 2002) have made
it possible to derive detailed star-formation histories (SFHs), i.e. the variation
of the galaxy SFR over cosmic time. For details about the synthetic CMD
method, I refer to [Tolstoy et all (2009) and ICignoni & Tosi (2010). Briefly, this
method creates theoretical CMDs via a Monte-Carlo-based extraction of stars
from a given set of evolutionary tracks, taking into account photometric errors,
incompleteness, and the effects of stellar crowding. For a given metallicity,
initial mass function (IMF), and binary fraction, the method can recover the
SFR at different epochs, by comparing the synthetic CMDs with the observed
one through a likelihood analysis to find the best-fit solution. In the following,
I briefly review the results found for dwarf galaxies, with a special focus on
starbursting dwarfs.

The SFHs of dwarf galaxies in the Local Group are generally complex and
inconsistent with simple models, such as a single burst, exponentially declining
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SFRs, or constant SFRs. They also show a great variety of shapes and SFR
values (e.g. [Tolstoy et all 2009). A striking result is that only a few Sphs in
the Local Group have experienced a burst of star-formation at early times and
then stopped forming stars. Many of them, instead, show extended or recurrent
star-formation activity, see e.g. Carina (Hurley-Keller et all [1998) and Fornax
(de_Boer et all 2012). This implies that many Sphs were gas-rich in the recent
past and, if observed only ~1-2 Gyr ago, would have been classified as Irrs or
BCDs. Similar results have been found by [Weisz et all (2011), which studied
the SFHs of 60 dwarfs outside the Local Group and concluded that the mean
SEFHs of Irrs and Sphs are similar over most of the cosmic time, and begin to
diverge only a few Gyr ago.

When one compares the SFHs of different galaxies, a major complication is

that the accuracy and the time resolution depend on the photometric depth of
the CMDs and, thus, on the galaxy distance. As a result, the SFHs of Sphs and
Irrs in the Local Group can be traced back to ~13 Gyr ago (e.g.
M), whereas those of BCDs (which are typically at distances D 2 2 Mpc) can
be accurately traced only over the last ~1 Gyr and are quite uncertain at earlier
epochs, where one can just obtain an average value of the SFR (see Fig. [
from [Tolstoy et all |2_O_O_9) Despite this complication, studies of the resolved
stellar populations of BCDs have reached the following conclusions:

e all BCDs observed so far contain old stars with ages =1 Gyr. This is true
also for the most metal-poor galaxies, such as I Zw 18 (e.g.
M), which were once considered “young” galaxies undergoing their first

burst of star-formation (Searle & Sargent [197; [zotov & Thuan 2004);

e BCDs show no evidence for long quiescent periods in their SFHs, but
have so-called “gaspy” SFHs (ﬁm), characterized by long periods of
moderate star-formation activity (similar to Irrs) and intense bursts;

e the starbursts correspond to an increase in the SFR by a factor of 2 to
20 with respect to the past, average SFR. This enhanced level of star-
formation is sustained for hundreds of Myr with variations on smaller

timescales (McQuinn_et._all IZOJ.OaIJH),

e the spatial distribution of the star-formation can vary across the galaxy
during the starburst. In some cases, the star-formation remains concen-
trated towards the center, but in other cases it is strongly off-centered or

widespread across the entire galaxy body (McQuinn et all 2012).

Another important aspect of these CMD studies is that they provide a direct
measure of the total stellar mass of a galaxy. This is obtained by integrating the
SFH over the Hubble time and assuming that a fraction of this mass (typically
30%) has been returned to the ISM by supernovae and stellar winds.




16 Chapter 1. Introduction

1.3 Galaxy Dynamics

1.3.1 Basic background
In the early 70’s, (Ostriker & Peebled (1973) found that stellar disks are unstable

against bar-like modes, and speculated that spherical haloes of unseen, dark
matter (DM) must surround spiral galaxies in order to stabilize the disk. A
few years later, it was found that the HI rotatlon curves of spiral galaxies

remain flat outside the stellar component (e. g. Bosmd and do not fall
off as expected given the distribution of visible mass (e. g f
providing observational support to the hypothesis of DM haloes (see

for a historical review). Nowadays, DM is the backbone of theories of
galaxy formation (see Sect. [l for details). I mention, however, that the
“mass discrepancies” observed in galaxies can also be explained empirically
by alternative models, such as the Modified Newtonian Dynamics (MOND)
proposed by IMilgron] (1983, see [Famaey & McGaugh 2019 for a review).

For gas-rich galaxies, HI rotation curves are the ideal tool to investigate
the distribution of mass because i) the HI disk usually is dynamically cold (i.e.
random motions give negligible dynamical support), thus its rotation velocity
directly traces the gravitational potential, and ii) the HI disk extends far outside
the stellar component, probing regions that are clearly dominated by DM (see
Fig. [CH). Other possible dynamical tracers are the ionized gas (observed using
inter-stellar recombination lines such as the Ha line) and the molecular gas
(observed using transition lines of CO and other species), but they only probe
the gravitational potential within the stellar component. For gas-poor galaxies,
instead, the mass distribution can be investigated using stellar kinematics, which
is studied by fitting the stellar absorption-lines in integrated optical /NIR spectra
or, for nearby galaxies in the Local Group, by measuring the radial velocities
of individual stars. In the following, I focus on results from HT observations of
gas-rich galaxies.

1.3.2 The disk-halo degeneracy

Assuming that a galaxy is axisymmetric and in equilibrium, the radial force
F(R) in the galaxy midplane at the galactocentric radius R is given by

a¢ ‘/C?I'C
F(R) = 57 =~ (149)

where @ is the gravitational potential and V.. is the circular velocity. The
force F'(R) is given by the sum of the gravitational contributions from 3 main
mass components: stars, gas, and DM. Thus, Vi, can be written as

Veire = \/V2 + Vg2as + VD2M’ (15)
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Figure 1.8 — Mass models for the HSB spiral galaxy NGC 5055, that illustrate the disk-
halo degeneracy (from [Batfaglia et all 200d). Squares show the observed rotation curve.
Dotted, dashed, and dash-dotted lines show, respectively, the contributions due to gas, stars,
and dark matter. The full line shows the resulting, total rotation curve. The left-panel
shows a mazimum-disk model, while the right-panel shows a minimum-disk model, where the
contribution of the dark matter halo is maximized. The stellar mass-to-light ratio is in the
optical F-band. The optical radius Ros (where u = 25 B mag arcsec™?) is indicated. Note
that only the maximum-disk model can reproduce the small feature at R ~ 2 kpc and the
gentle decline of the rotation velocity for R 2 10 kpc.

where Vi, Vgas, and Vpy are, respectively, the contributions by the stars,
gas, and DM. If the galaxy does not have a significant bulge component, V,
is usually calculated assuming that the stars reside in a disk and using the
observed SB profile, scaled by a given value of the stellar mass-to-light ratio
(M./L). Similarly, Vgas is calculated assuming a thin disk and using the
observed HI surface density profile, scaled by a factor of 1.33 to take into
account the contribution of Helium. For details about the derivation of V.. for
a flattened mass distribution, I refer to Binney & Tremaind (1994). Finally, Vb
is calculated assuming a given density profile for the DM halo, that generally has
2 free parameters: a scale length and a characteristic density. This component
is often assumed to have spherical symmetry, thus the Newton’s theorem can
be applied.

The stellar mass-to-light ratio generally is an additional free parameter of the
mass model, because direct determinations of M, /L are rarely available. The
value of M, /L is expected to vary from galaxy to galaxy, due to differences
in stellar populations, metallicities, and dust attenuation. Attempts have
been made to estimate the value of M, /L from integrated colors by using
stellar populations synthesis (SPS) models (e.g. Bell & de Jong 2001), but a
large number of assumptions needs to be made about the SFH, the IMF, the
metallicity, the dust attenuation, and the binary fraction. As a consequence,

the stellar masses from SPS models are very uncertain for galaxies with complex
SFHs.
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In the mid-80’s, lvan_Albada et all (1985) showed that different combinations
of M, /L and of the DM-halo parameters give equally good fits to the observed
rotation curve, leading to large uncertainties in the final mass model. This is the
so-called “disk-halo degeneracy” (see Fig. . The maximum disk hypothesis
was then introduced isi 11986): the contribution of the
stellar disk is maximized, thus the amount of DM is minimized. For HSB
disk galaxies (with g ~ 21.5 B mag arcsec2), maximum-disk models can
explain the dynamics in the central parts with reasonable values of M, /L and,
in many cases, reproduce detailed features observed in the rotation curve (e.g.
[Kentl [1987; [Eamnas_um_]_]_amd 2000; see Fig. [CX). This suggests that either
the baryons dominate the dynamics in the inner parts, or DM closely follows
the distribution of light IM) For low-luminosity and LSB galaxies
(with po > 23 B mag arcsec~2), a maximum-disk solution can still reproduce the
observed rotation curve in the central parts, but it often requires very high values
of M, /L that are difficult to reconcile with SPS models (e.g. lde Blok et all2001;
Swaters et all 2011), leading to the interpretation that low-luminosity and LSB
galaxies are dominated by DM at all radii. Studies of the stellar kinematics of
Sphs in the Local Group (e.g. [Talstoy et all 2009; Wolf et all 201() also support
the picture that dwarf galaxies are strongly dominated by DM.

Recently, the DiskMass survey (Bershady et all 201() has estimated the
values of M, /L in a sample of 46 face-on spiral galaxies by measuring the
stellar velocity dispersion perpendicular to the disk. They found that galaxy
disks are generally sub-maximal and contribute only 40% —70% to the rotational
velocity within the stellar disk (Bershady et all 2011); IMartinsson et all 2013).
In Chapter 3 and Chapter 4 of this thesis, I will break the disk-halo degeneracy
using a different approach: I will use the values of M, obtained by HST studies
of the resolved stellar populations, under different assumptions for the IMF. In
Chapter 7, I will also quantify the coupling between luminous and dynamical
mass in the central parts of galaxies by measuring the inner circular-velocity
gradient dgV (0) for a sample of spiral and irregular galaxies with high-quality
rotation curves.

1.4 Dwarf galaxies in a ACDM cosmology

According to the A cold dark matter (ACDM) cosmological model, the mass-
energy of the Universe is constituted by ~26% of dark matter, ~70% of
dark energy, and only 4% of ordinary baryonic matter. This model provides
remarkable fits to the baryon acoustic power spectrum at z ~ 1000, as derived
from observations of the cosmic microwave background (e.g.

2009; [Planck Collaboration 2013), and of the galaxy power spectrum at z ~ 0,
as derived from large galaxy surveys (e.g. [Tegmark et all 2004). The nature
of dark matter and dark energy, however, is still not understood. Dark matter
is believed to consist of non-relativistic (“cold”), non-baryonic particles, that
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interact predominantly through gravity. Indirect evidence for the existence of
DM comes from dynamical studies of galaxies and galaxy clusters, as well as
gravitational lensing (see (Conrtean et all 2013 for a recent review). However,
a direct detection of DM candidates by laboratory experiments, as well as an

indirect detection by space detectors, is still lacking (e.g. [Frenk & Whitd 2019).

In the ACDM framework, the formation of large-scale structures, such as
filaments and voids, is well-understood by the growth of primordial density
perturbations through gravitational forces, mostly due to non-baryonic DM (see
[Frenk & Whitd 2012 for a review). Galaxies are thought to form by the cooling
and collapse of primordial gas into DM haloes, that progressively grow in mass
and size by hierarchical merging (e.g. Mblm_&_B.ﬁedllﬂd White & Frenk [1991).
The details of galaxy formation, however, are not well-understood, because
complex baryonic physics (e.g. gas cooling, star-formation, stellar feedback,
etc.) plays a major role. In the last years, there has been a substantial increase
in the complexity of numerical simulations, which are now able to include several
baryonic processes (e.g. [Springel & Hernqguistl 2003; Schaye et all |2_O_1_d) Here I
briefly discuss two main aspects of galaxy formation in a ACDM Universe, that
are relevant for our investigation of starbursting dwarfs: i) the hot/cold modes
of gas accretion, and ii) the effect of stellar feedback in driving the formation
and evolution of dwarf galaxies.

The canonical “hot-mode” of gas accretion (White & Reed [1978; Fall &
Efstathloum dictates that, when primordial gas falls into the DM halo, it is
shock-heated to the virial temperature of the potential well T; = 106( Clrc/168
km s71)2 K and forms a hot corona of collisionally-ionized gas in quasi-
hydrostatic equilibrium with the DM. Subsequently, the gas radiates its thermal
energy, loses its pressure support, settles into a rotationally-supported disk, and
forms stars (e.g. White & Frenk 1991 [Kauffmann et all [1993). In recent years,
however, several theoretical studies have suggested that cold streams of gas can
flow along cosmic filaments and reach the central parts of the DM halo, feeding
the star formation without being heated to the virial temperature. This is
the so-called “cold-mode” of gas accretion (e.g. Birnboim & Dekel 2003: Keres
et al. m According to cosmological hydrodynamical simulations, the “hot
mode” dominates the gas accretion rate in massive galaxies (baryonic masses
Myar = 1010 Mg), while the “cold mode” dominates in low-mass galaxies and
might still take place at z ~ 0 in low-density environments (Keres et all 2007).
Thus, isolated dwarf galaxies in the nearby Universe are prime locations to
search for cold gas accretion and test the predictions of this scenario.

When cosmological simulations are compared with observations, several
discrepancies emerge. For dwarf galaxies, the main issues are the following:

e bulgeless disk galaxies, which constitute the vast majority of galaxies with
Veire < 100 km s~ 1, are not easily reproduced by simulations (the so-called
“angular momentum problem”, see e.g. [Thacker & Conchman 2001);
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e the central “cusps” of DM haloes, found in N-body simulations (e.g.
Navarro et all [1996), are not observed in actual dwarf galaxies (the so-
called “cusp-core problem”, see e.g. lde Blok et all 2001; IOh et all 2011));

e the number density of low-mass galaxies is overpredicted by N-body
simulations by at least one order of magnitude (the so-called “missing

satellites problem”; see e.g. [Kanffmann et all [1993; [Kravtsod 2010).

e the baryonic Tully-Fisher relation (BTFR), a fundamental scaling-relation
between the total baryonic mass of a galaxy and its circular-velocity along
the flat part of the rotation curve, has an observed slope of ~4 (McGaugh
et al. M,MM,MM), whereas ACDM models with a
constant baryonic fraction in the disk predict a slope of ~3 (e.g.

m) This suggests that galaxies with lower circular velocities should
systematically have lower baryonic fractions within their disks and, thus,
be progressively more and more dominated by DM. Despite the exact
value of the slope, the fact that HSB and LSB galaxies appear to have
different baryonic fractions within their disks but can be found on the

same position of the BTFR (de_Blok & McGangH [1996; [Tully & Verheijer!

@) is another major challenge for the ACDM model.

These discrepancies are generally explained by invoking complex physical
processes involving baryons, in particular strong feedback from supernovae and
stellar winds, that might be able to expell large amounts of gas from the low
potential wells of dwarf galaxies (e.g. Dekel & Silk [1986). According to recent
simulations, strong supernova feedback might have the following effects: i)
prevent the formation of a bulge by the removal of low-angular-momentum
gas (e.g. Gavernato et all 2010; Brook et all 2011); ii) turn a DM “cusp” into
a “core” (e.g. IGovernato et all 2012); iii) suppress star-formation in low-mass
DM haloes, explaining the “missing satellites problem” (e.g.
2010; Sawala_et. all 2013); and iv) reduce the baryonic fraction in low-mass
galaxies, reproducing the BTFR (e.g. [Stringer et all 2019; [Vogelsherger et all
). It is unclear, however, whether the strong stellar feedback assumed in
these simulations is really taking place in dwarf galaxies. Dynamical studies of
nearby starbursting dwarfs are, therefore, very important to constrain the real
efficiencies of these baryonic processes.

1.5 This Ph.D. Thesis

1.5.1 Open questions

In this Ph.D. thesis, I investigate the HI distribution and kinematics of
starbursting dwarf galaxies. 1 consider 18 nearby galaxies that satisfy two
criteria: i) they have been resolved into single stars by HST and high-quality
SFHs are available, and ii) the SFHs show an increase in the recent SFR by a
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factor 23 with respect to the past, average SFR. This allows the identification of
a representative sample of nearby starbursting dwarfs (see Chapter 4 for details).
A detailed study of these objects allows addressing the following issues.

What triggers the starburst in BCDs?

The mechanisms that trigger the starburst in BCDs are not understood. Tidal
interactions and galaxy mergers have been proposed as external triggers (e.g.
Bekki M) but optical studies of the environment of BCDs have led to
contradictory results (e.g. [Telles & Maddox 2000: [Pustilnik et all 2001H: Noeske
et al. m HT studies of individual BCDs have shown that, in several cases,
interactions/mergers between gas-rich dwarfs (e.g. ICox et all |2_O_O_]] [Eij;a_e_La.l]
M) or cold gas accretion from the IGM (e.g. [Lépez-Sanchez et all 2012)
might be important, but other BCDs seem relatively unperturbed and isolated
(e.g. [Elson_et all 2010; Simpson et all R011). In this Ph.D. thesis, I carry
out a systematic HI study of a relatively-large sample of BCDs, attacking the
problem in two ways: i) high-resolution HI data are used to study the internal
dynamics and the possible link with the starburst, while ii) low-resolution H I
data, that are sensitive to the diffuse emission, are used to investigate the large-
scale HT distribution and the possible role of external triggers. In particular, the
information provided by the SFHs allows comparing the dynamical timescales
with the starburst timescales, and studying the detailed link between HI
morphology and starburst activity.

What is the dark matter content of BCDs?

The DM content of BCDs is largely unknown. To date, high-quality rotation
curves and mass models have been derived for only a few BCDs, leading to
contradictory results. [Elson et all (2010, 2013) studied the HI kinematics of
NGC 2915 and NGC 1705, and argued that these two BCDs are dominated by
DM at_all radii (see also !I%fm_"ﬁx et_all [1996. 11998). On the contrary, Walter
et al. (1997) and | (IE) studied the starbursting dwarfs 1T Zw 33
and NGC 1569, respectively, and concluded that there is no need for DM to
explain their inner kinematics. These discrepancies may be due to the following
reasons: 1) the HI kinematics of BCDs is often complex and several effects
can complicate the data analysis, such as the “clumpy” HI distribution, the
relatively-high ratio between HI rotation velocity and velocity dispersion, and
possibly non-circular motions; ii) it is generally difficult to estimate the stellar
masses of BCDs using optical colors and stellar populations models, since the
starburst may increase the total luminosity by ~ 1—2 mag. In this Ph.D. thesis,
I takle these issues as follows: i) I study the HI kinematics using state-of-the-
art 3D disk models, that take into account the effects of the gas distribution,
velocity dispersion, and non-circular motions; and ii) T use the stellar masses
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provided by the HST studies of the resolved stellar population to break the
disk-halo degeneracy.

What are the progenitors and descendants of BCDs?

As discussed in Sect. [CZZ it is unclear whether there are evolutionary
connections between BCDs and other types of dwarfs. There are indications
that the old stellar Component of BCDs generally has a hlgher 1o and smaller
R4 than typical Irrs and Sphs (e.g. [Papaderos et all[1996H

M), but the light contamination from the starburst complicates the analysis
of optical images and SB profiles. Using H1 observations, lvan Zee et all (2001))
suggested that BCDs have a higher central concentration of mass (gas, stars,
and DM) than Irrs of similar luminosities, although they did not derive accurate
rotation curves. In this Ph.D. thesis, I use high-quality rotation curves to
directly quantify the central dynamical mass density in BCDs. The comparison
with typical Irrs and rotating Sphs puts strong dynamical constraints on the
properties of the progenitors and descendants of BCDs.

1.5.2 Thesis outline

The structure of this Ph.D. thesis is as follows.

In Chapters 2 and 3, I present a detailed study of two BCD prototypes:
I Zw 18 and UGC 4483. T describe in detail several 3D disk models, that are
used to derive rotation curves and estimate non-circular motions. The rotation
curves are then decomposed into luminous and dark matter components, and
compared with those of typical Irrs of similar dynamical mass.

In Chapter 4, I describe the full sample of 18 BCDs and present HI
datacubes at relatively-high spatial resolutions. These are used to investigate
the distribution and kinematics of the high-column-density gas associated with
the stellar body of BCDs. For galaxies with relatively-regular H1 kinematics, I
derive rotation curves and estimate baryonic fractions. In Appendix 4.C, I also
present an optical-HI atlas that illustrates the high-resolution HI data.

In Chapter 5, I compare the dynamical properties of BCDs with those of
Irrs and rotating Sphs. For these galaxies, the central dynamical mass density
(gas, stars, and DM) is estimated using the inner circular-velocity gradient
drV(0) ~ Vg, /R4, where Rq is the “disk” scale length. I show that Vg, /R4
correlates with several properties of dwarf galaxies. In light of these new results,
several scenarios for the evolution of dwarf galaxies are discussed.

In Chapter 6, I present HI datacubes at low spatial resolutions, which are
used to study the diffuse HI emission on large scales. This provides clues to the
mechanism that triggers the starburst in BCDs. I also investigate the nearby
environment of the 18 objects in our sample.

In Chapter 7, I extend the investigation of the inner circular-velocity gradient
drV (0) to more massive galaxies. I show that, for spiral and irregular galaxies,



1.5. This Ph.D. Thesis 23

drV (0) strongly correlates with the central surface brightness. This is a scaling

relation for disk galaxies.
In Chapter 8, I draw my conclusions and discuss prospects for future

research.
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