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ABSTRACT

The dwarf galaxies prior to 2005 have absolute magnitudes brighter than M, = —8.7, corre-
sponding to V-band luminosities large than 2.5 x 10° L. Their Plummer (half-light) radii are
2200 pc, and with the exception of Sextans and Ursa Minor, their central surface brightness are
< 26 mag arcsec”2. In contrast the ultra-faint dSph (UFD) galaxies, discovered in recent years,
are up to a factor of ~ 1000 less luminous, with half-light radii as small as ~ 20 pc and surface
brightness that can be ~ 2—3 mag arcsec™2 fainter than that of Sextans. UDF's are a continuation
of the dwarf spheroidal (dSph) sequence to smaller and fainter objects. These galaxies exhibit
similar properties such as old, metal-poor populations, patchy and distorted shapes and high
velocity dispersions. They might be amongst the first galaxies in the early Universe and are
therefore interesting probes of early structure formation.

The standard formation scenarios involve strong destructive processes which finally let to their
shape we see today. Assmann et al. (2013a) proposed a scenario in which star clusters form in the
dark matter (DM) halo of a dSph galaxy. These clusters suffer from low star formation efficiency
and dissolve while orbiting inside the halo. Thereby they built the faint luminous component that
we observe in dSph galaxies.

In our project, we test the possible formation scenario for dSph galaxies for the formation
of UFDs. We model Segue 1 by performing numerical simulations, with a strong background
potential mimicking the dark matter halo and our stars are initially in virial equilibrium and
placed in a filamentary stellar distribution, a fractal distribution, within an analytical halo,
building the faint luminous component that we observe. We expect our scenario, using Segue 1 as
example, is able to reproduce kinematical and structural features of UFDs we see today.






RESUMEN

La galaxias enanas esferoidales descubiertas antes del 2005 presentan magnitudes absolutas
mayores a My, = —8.7 y luminosidades mayores a 2.5x 10% L. Sus radios de Pummer son > 200 pc,
a excepcién de las galaxias Sextans y Ursa minor, su brillo superficial es de s< 26 mag arcsec™2.
Por otro lado, las galaxies enanas esferoidales ultra débiles descubiertas en los ultimos afios,
son por un factor de ~ 1000 menos luminosas, con radios de Plummer de hasta ~ 20 pc y brillo
superficial de hasta ~ 2 — 3 mag arcsec2 m mas débil que el de Sextans. Las galaxias UFDs
son una extensién de las enanas esferoidales,objetos de mas pequerios y débiles. Estas galaxies
muestran propiedades similares, como poblacion estelar vieja y pobre en metales, formas irregu-
lares y distorsionadas y altas velocidades de dispersién. Podrian ser de las primeras galaxias del

Universo temprano por lo que son una interesante prueba de formacién de estructuras temprana.

Los escenarios de formaciéon estandar involucran fuertes procesos destructivos que finalmente
dejan la forma que vemos hoy. Assmann et al. (2013a) propuso un escenario en donde los cimulos
estelares se forma al interior del halo de materia oscura de una galaxia enana esferoidal. Estos
cumulos presentan una baja formacién de estrellas y se disuelven a medida que orbitan al interior
del halo. De esa manera construyen el componente luminos que observamos en las galaxias
enanas esferoidales.

En nuestro proyecto probamos un posible escenario de formacién de galaxias enanas esfer-
oidales para la formacién de UFDs. Modelamos Segue 1 mediante el desarrollo de simulaciones
numéricas, con un potencial de fondo que imital al halo de materia oscura y las estrellas se
encuentran inicialmente en equilibrio virial y ubicadas en una distribucién estelar filamentaria,
es decir, una distribucil’on fractal, dentro de un halo analitico, construyendo el débil componente
luminoso que observamos. Esperamos con nuestro escenario, usando a Segue 1 como ejemplo,
poder reproducir las caracteristicas estructurales y cinematicas de las galaxias UFDs que vemos
hoy.
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CHAPTER

THEORY

Although galaxies are important in their own right, they also offer the prospect of providing
clues to new laws of physics, for example. The formation of galaxies is intimately related to the
properties of the early Universe. Galaxies have frequently been used as enormous laboratories to

study the laws of physics in extreme conditions (Binney and Tremaine, 1987).

1.1 Dwarfs Spheroidal Galaxies

Orbiting around the Milky Way, is a large number of satellite galaxies, many of which have low
average surface brightness and small effective radii (Vincenzo et al., 2014). Dwarf spheroidal
galaxies (dSph) belong to the most numerous galaxy population in the Universe, but their low
surface brightness hampers their detection. The Local Group (LG) offers the nearest laboratory
to analyse the formation and evolution process of this low-luminosity dSph galaxy population.
The historical picture of dSphs, containing relatively little interstellar material, has changed
during the past few years owing to the improved spatial resolution and sensitivity of infrared,
(sub)millimeter and radio observing facilities (De Looze et al., 2016). They are classified as
early-type because they are observed to posses very low gas mass at the present time and their

stars are very iron-poor compared to the Sun (Tolstoy et al., 2009; Koch et al., 2008).

"Nearly all the known satellites, located within the expected virial radius of the bright
spirals, at distances smaller than 300 kpc, are classified as dwarf spheroidal galaxies
(dSphs)." (Tomozeiu et al., 2016).

Dwarf Spheroidal galaxies are among the least luminous and one of the most dark matter
dominated galaxies which are observed today in the Universe.

Color-magnitude diagram (CMD) fitting analysis have revealed star formation histories (SFH)

1



CHAPTER 1. THEORY

in dSphs to have been either continuous for a long time or occurring in bursts, but most have
singles burst at the beginning. All dSph galaxies host an underlying very old stellar population
with age = 10 Gyr, and some of them are dominated by an intermediate-age stellar population
with age in the range 4-8 Gyr. Very few dSphs have been observed to host younger stars, a sign of
a relatively recent star formation activity, which occurred up to ~2-3 Gyr ago.

All these features led cosmologists to hypothesize dSphs to be the evolved small progenitor
systems which merged in the past to form the actual large structures in the Universe as the stellar
halo, disc and bulge of the Milky Way, in the framework of the ACDM standard cosmological
model (Vincenzo et al., 2014).

The dSph galaxies are characterized by an absolute magnitude in the range —13 < M, < -9, their
total estimated masses, considering both the stars and the dark matter halo, is of the order of
107 — 108 M, within their half-light radii. The stellar velocity dispersion of the classical dwarf
spheroidal is of the order of 10 kms™! and remains approximately constant with distance from

the center of the galaxy.

1.1.1 Formation Theory of dSph galaxies

There are several models that attempt to explain the origin of dSph galaxies by considering
different mechanisms. Some of them are based on tidal and ram-pressure stripping. There is
another model that explains the formation of dwarfs galaxies based on energy and momentum
conservation when gas-rich galaxies interact and there are models which consider dwarf galaxies
in isolation, but they usually take only a smooth gas distribution into account and focus on higher

masses for the dwarfs (Assmann et al., 2013a).

1.1.1.1 Tidal and Ram Pressure Stripping Model

In these models, the dSph galaxies are formed due to the interaction between a rotationally
supported dwarf irregular galaxy and a Milky Way sized host galaxy. These models show that
dSph galaxies tend to appear near a spiral galaxy, but they do not explain the presence of distant
isolated dSph galaxies (Assmann et al., 2013a).

Mayer et al. (2007) proposed the modest potential well of these extreme dwarfs cannot be the one
property that determined their nature. Their halo masses are too large to invoke suppression
of gas accretion owing to the cosmic ultraviolet background at high redshift, or blow-out due to
supernovae winds. Tidal shocks occurring as a dwarf repeatedly approaches the primary galaxy
can transform rotationally supported systems resembling dwarf irregular galaxies (dIrrs) into
systems dominated by random motions, similar to dSphs. This tidal stirring can explain why
dSphs are more clustered around the primary galaxies relative to dIrrs but it leaves a significant
gas component inside the dwarf, so that star formation can continue for several billions of years
instead of being truncated early. Ram pressure in a hot gaseous corona could strip their gas

completely (Mayer et al., 2007).
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FIGURE 1.1. Structural properties of the initial dwarf galaxy model, and structural
properties of the simulated dwarf after 10 billion years of evolution. The top left
panel shows the initial rotation curve: the red solid line shows the contribution of
the gas, the red dashed line the contribution of the stars, the black dashed line
is the dark matter contribution and the black solid line shows the total rotation
curve. The top right panel shows the initial baryonic surface density profile. The
bottom left panel shows the mass profile out to the radius at which stars are
gravitationally bound. The black dashed lines show the initial ratios of the total
mass to the baryonic mass and the red dashed line show the final ratios of the total
mass to the baryonic mass. The black solid lines show the initial B band mass-to-
light ratio of the dwarf and the red solid line show the final B band mass-to-light
ratio of the dwarf. They noted that using an initial M/Lp~ = 1.5 is motivated by the
fact that at z > 2 a stellar population is at most three billion years old, whereas a
final M/Ly~ =5 is consistent with passive fading of the stellar population for about
ten billion years. The bottom right panel shows the line-of-sight stellar velocity
dispersion profiles for three random directions (black lines) perpendicular to each
other, together with published data points for Draco (red triangles) and Ursa Minor
(green squares), including formal 1o error bars. The curves are shown out to the
radius for which data point are available (Mayer et al., 2007). Figure from Mayer
et al. (2007).
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Mayer et al. (2007) used a high resolution ACDM dark-matter only cosmological simulation of
the formation of a Milky Way-sized halo and constructed a high resolution N-body+ smoothed
particle hydrodynamics (SPH) model of a dwarf galaxy satellite having a disk of stars and gas
inside a cold dark matter halo. This model assumes that 80% of the baryonic disk mass is a gas
component, the inefficient conversion of gas into stars is expected at these low mass scales since
most of the gas will have densities below the threshold for star formation and the dwarf model is
placed on an eccentric orbit inside a massive Milky Way-sized halo model which is a replica of

that seen in cosmological simulations (see Figure 1.1) (Mayer et al., 2007).

1.1.1.2 Resonant Stripping Model

This model considers a mechanism known as resonant stripping and can be used to explain the
formation of isolated dSph galaxies. These objects are formed after encounters between dwarf
disc galaxies and large systems, in a process driven by gravitational resonances (Assmann et al.,
2013a).

The model proposed by D’Onghia et al. (2009) describes numerical experiments to investigate
the consequences of encounters between dwarf galaxies. After 2 billion years nearly ~80% of
the stars are stripped away from the smaller dwarf but its surrounding dark matter halo is
less strongly affected, leading to a change in the ratio of dark to luminous matter. The stars
sit at the bottom of the potential well and therefore comprise the most tightly bound material
in the galaxy. This result is caused by a gravitational process called resonant stripping; the
resonant stripping can alter the mass to light ratio of dwarfs by removing luminous material
more efficiently than dark matter. Figure 1.2 shows the luminous fraction of the smaller dwarf,
plotted as a function of time during the interaction with a galaxy 100 times its mass (filled circles),
compared to another simulation designed to follow a similar dwarf orbiting the Milky Way today
(filled squares) (D’Onghia et al., 2009).

Resonant stripping is most effective for galaxies interacting on prograde orbits; because gravita-
tional torques can alter the internal structure of the galaxies and relative alignments of spin and
orbital momenta. Resonant stripping will affect gas and stars in a similar manner in a rotational
supported disc and can drive the morphological evolution of dwarfs. When operating in low mass
groups, this mechanism can pre-process dwarfs by transforming disk galaxies into spheroids
before they are accreted by large galaxies like the Milky Way (D’Onghia et al., 2009).

D’Onghia et al. (2009) shows the dwarf spheroidal galaxies formed in this manner have properties
similar to those of dwarfs observed in the Local Group and predicts that dwarf spheroidals should
have similar properties in different environments, which is supported by the observed similarities
between dwarf spheroidals in the Perseus cluster and those in the Local Group (D’Onghia et al.,
2009).
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FIGURE 1.2. The time evolution of the dark-to-luminous mass ratio (Mpy/Mstars). The
filled red circles represent the dark-mass to luminous ratios, Mpy/Mstars, of the
smaller dwarf being resonantly stripped and computed at the tidal radius. The
same case but for a mostly retrograde encounters is illustrated by the open red
circles. If the orbits are more retrograde, stars are not preferentially removed
immediately and after 4 Gyr the internal structure of the smaller dwarf and the
orbit are affected by gravitational torques, allowing resonant stripping to occur.
The ratio Mpy/Mgtars of the small galaxy orbiting around the Milky Way today
is illustrated by the filled blue squares and the retrograde orbits are illustrated
by the open blue squares. In both cases, the spin and orbital frequencies of the
galaxies are no longer comparable and the resonant interaction is suppressed, even
in the prograde case. Figure from D’Onghia et al. (2009).

1.1.1.3 Models in Isolation in big ACDM simulations

Sawala et al. (2010) modeled the formation and evolution of dwarfs galaxies with halo masses
in the range of ~ 2 x 108 to 10° M, in fully cosmological, smoothed particle hydrodynamic (SPH)
simulations. They simulated a cosmological volume with periodic boundary conditions, in which
haloes grow from small density perturbations imposed at high redshift. The numerical model
includes metal-dependent cooling, star formation, chemical enrichment, feedback from Type II
and Ia supernovae and UV background radiation. This model has resulted in the formation of
galaxies similar to the Local Group dwarf spheroidals. They span a wide range in luminosity
6.4 x 10 to 3.4 x 10°L , and median metallicity from [Fe/H] = —1.83 to —1.12. The variation in
total mass, 2.3 to 11.8 x 108 M, is surprisingly small, but it is comparable to the values inferred
from observations in the Local Group. The range of velocity dispersions is 6.5 —9.7 kms™!, but
they can not resolve systems as faint as some of the ultra-faint dwarf galaxies (Sawala et al.,
2010).

The model proposed by Sawala et al. (2010) finds that the combination of feedback and the cosmic
UV background results in the formation of galaxies with properties similar to the Local Group

dwarf spheroidals, and that their effect is strongly moderated by the depth of the gravitational
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potential, this means, the model can reproduce the observed luminosities and metallicities. Also,
their simulations indicate that the evolution of the dwarf galaxies is strongly affected both by
the SN feedback and by the UV background radiation, that feedback is necessary to shut down
star formation in those haloes, massive and dense enough to cool and forming stars. It is the
combination of these two effects that shapes the evolution of the galaxy. Figure 1.3 ilustrates
different stages in the evolution of a protogalaxy together with its environment. Feedback heats
the gas and blows some of it out during the early stages of the evolution, in the first two columns,
the filamentary structure of the environment is still recognizable, together with a number of
small haloes that have accumulated gas, but not yet begun star formation. After redshift z =6,
UV radiation heats the remaining gas above the haloes virial temperature, quickly removing it
from the halo, and it also heats the intergalactic medium. Some gas falls back to the main halo at
later times, but does not lead to a significant amount of star formation. Smaller haloes without
star formation, and hence not subject to feedback, also lose their gas due to the UV radiation.
Where the density of the gas is sufficiently high, they convert gas particles into star particles,
having masses of about 102 — 103 M. They do not take into account, that those masses in stars
would form in an association or in a small dissolving cluster, because it is below their resolution,
nor that more massive star clusters (SCs) could form in a single star-forming event (Assmann
et al., 2013a).

1.1.1.4 Dissolving Star Cluster Model

The model proposed by Assmann et al. (2013a) is supported by two widely accepted theories. One
of them is the structure formation in the ACDM paradigm, here, galaxies form hierarchically in
the potential well of dark matter halos and small haloes form first. The second theory describes
the star formation inside the galaxies (Lada and Lada, 2003), this theory proposes that stars never
form in isolation, but in groups and clusters from slowly forming open clusters and association
to intense starbursts, in gas-rich environments, that typically produce a few to a few hundred
young star clusters, within a region of just a few hundred pc.

The dissolving star cluster model proposes that the dynamical evolution of these SCs, that is,
their dissolution due to the gas expulsion, may explain the formation of classical dSphs galaxies,
including all their irregularities in the stellar kinematic distribution as well as surviving SCs
around them. The SCs form with low star formation efficiency (SFE) and, thus, are designed
to dissolve inside the dark matter halo to form the luminous component of the dSph galaxy
(Assmann et al., 2013a,b). Their major result is that even 10 Gyr of evolution is not enough to
erase substructures stemming from their formation process. These substructures are mainly
visible in velocity space (see Figure 1.4).

External structural remnants of the formation process are very faint. The central structures
which are within 500 pc have observable luminosities comparable to the luminosity of the dSph

galaxies of the Milky Way.
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FIGURE 1.3. Different stages in the evolution of a protogalaxy together with its envi-
ronment, both SN feedback and UV radiation are included. The top row shows
the spatial distribution of particles at different redshift, i.e., shows the positions
of dark matter, gas and star particles. Dark matter particles are shown in black
or grey, gas particles in red or pink, depending on whether they are bound to the
object in the centre, or whether they are part of the other haloes or the intergalactic
medium. Star particles are shown in green. The bottom row shows the distribution
of the gas particles on the density-temperature plane, i.e., the temperature and
density of gas particles, both within and outside of the most massive halo. Red
dots indicate gas that is bound to the central halo, while grey dots are for particles
in all other parts of the simulates volume. It can be seen that the central halo is
almost gas free at redshift z = 3.5, due to the combined effect of feedback and the
UV background. Figure from Sawala et al. (2010)

Velocity dispersion is around 10 kms™! and has a flat velocity dispersion profile in projection.

This resembles closely the observations of the known classical dwarfs.

In continuation Alarcon Jara et al. (2018) add different star formation histories (SFHs) to the
dissolving star cluster model. Their main result is that independent of the used SFH the general
finding, i.e., the ability to reproduce the shapes and luminosities of the dSph galaxies, remain the
same.

They obtain dSph galaxies, showing exponential surface brightness profiles and flat velocity
dispersion curves in the range of 5 to 12 km s~1. Using the same distribution scale-length they
obtain more concentrated objects when using cusped haloes than in the case of the cored haloes.
Figure 1.5 shows a set of some characteristics of the final object. Left column shows the shape of
the final object with colour bars for the magnitude for surface brightness. The central column

represent the radial surface brightness profile, measured in concentric rings and the right column

7



CHAPTER 1. THEORY

¥ [kpe)
¥ [kpe]
¥ [kec)

FIGURE 1.4. The 2D velocity structure. Show the dynamics of the realization within 500
pc as two-dimensional pixel maps with resolution of 20 pc. In the left-hand panel it
shows the line-of-sight velocity dispersion calculated for each pixel separately. Is
possible see regions of high velocity dispersion of more 10 kms™! in the central area
and more substructure. The middle panel show the mean velocity of all particles
within a pixel, the figure shows even after 10 Gyr of evolution we still see the stars
of dissolved Scs. The right-hand panel shows the § parameter (6 = M) Figure

0500
from Assmann et al. (2013a).

shows the radial velocity dispersion profile, measured in concentric rings. It is possible to note a
wide range of different outcomes from the simulations, all with properties like the classical dSph
galaxies of the Milky Way. The top panel shows a nearly spherical final object in which all the
SCs have dissolve. The middle panel shows a very elongated final object in which all the SCs
have dissolved, but some of them had similar orbital planes causing a flattened profile and the
bottom panel shows a double-cored final object with two high-density peaks in the centre.

Alarcon Jara et al. (2018) deduce that the SCs inside the DM haloes have formed with low SFEs
(< 30 per cent) and most likely in a cusped DM profile as predicted by ACDM. They show this
formation scenario works even with different SFHs, DM profiles and SFEs, to dissolve the SCs
and not only reproduce the observational data, also provide observers with predictions for future

observations.

1.2 Ultra-Faint Dwarf Spheroidal Galaxies

The dwarf spheroidal galaxies (dSphs) in the Milky Way subgroup offer a unique opportunity to
investigate galaxy formation and evolution by studying the photometric properties of the resolved
stellar populations (Okamoto et al., 2011). Since 2005, the Sloan Digital Sky Survey (SDSS) has
discovered a large number of new dwarf galaxies orbiting around the Milky Way. Ultra-faint dwarf

spheroidal galaxies are about 10-100 times fainter than the classical dSphs galaxies, present
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FIGURE 1.5. Characteristics of the final object inside a radius of 500pc: Show a wide
range of different outcomes from the simulations, all with properties like the
classical dSph galaxies of the Milky Way. Left column shows the shape of the
final object with colour bars for the magnitud for surface brightness. The central
column represent the radial surface brightness profile , measured in concentric
rings and the right column shows the radial velocity dispersion profile, measured
in concentric rings. The top panel shows a nearly spherical final object in which all
the SCs have dissolve, with a linear SFH, SFE= 20 per cent and Navarro, Frenk &
White (NFW) profile. The middle panel shows a very elongated final object in which
all the SCs have dissolved, but some of them had similar orbital planes causing
a flattened profile, has a quadratic SFH, SFE= 20 per cent and a cored DM halo.
The bottom panel shows a double-cored final object with two high-density peaks
in the centre, with a constant SFH, SEF= 30 per cent and NFW halo. Figure from
Alarcon Jara et al. (2018)

extremely low surface brightness, luminosities smaller than ~ 1000L, extremely metal-poor
populations and are the most dark matter (DM) dominated systems known.

UFDs galaxies do not contain any gas at the present time, and their stars are on average very
iron-poor with ages = 10 — 12 Gyr., and may be the only galaxies where star formation ended in
the earliest epoch of the Universe (Vincenzo et al., 2014; Tollerud et al., 2011).

9
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For decades, only about a dozen dwarf galaxies were known to orbit the Milky Way; the majority
of these systems correspond to dSphs galaxies, which are the least luminous, but, by number, the
dominant galaxy type in the present-day Universe (Brown et al., 2012). A new population of dwarf
galaxies in the Local Group, known as ultra-faint dwarfs (UFDs) appears to be an extension of
the classical dSphs with very similar physical properties (see Figurel.7). They have only been
discovered relatively recently, after the advent of deep, wide-area photometric surveys like the
Sloan Digital Sky survey (SDSS), the Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS) and the Dark Energy Survey (DES), which found several low brightness satellites
of the Milky Way (Ji et al., 2019; Nagasawa et al., 2018). Figure 1.6 maps the distribution of
all known SDSS ultra-faint satellites on the Galactic sky until 2013 (upper panel). These SDSS
objects all lie at high galactic latitude, as the survey is concentrated around the North Galactic
Pole. Bottom panel shows the sky distribution of previously known satellites of the Milky Way
with the classical dwarfs and 32 new candidate dwarfs until 2018.

Though at first it was unclear whether such objects were dwarf galaxies or globular clusters (GCs)
(Willman et al., 2005a), UFDs are now understood to be the natural result of galaxy formation
in small dark matter halos in standard ACDM cosmology. Theoretically, these galaxies begin
forming at z ~ 10 in small (~ 108M,) dark matter halos. Supernova (SN) feedback is specially
effective in these small galaxies, so they form stars inefficiently for 1 — 2 Gyr before their star
formation is quenched by reionization. All observed properties of UFD are also consistent with
this (Ji et al., 2019). Subsequent spectroscopic surveys of these system reveal kinematics and
metallicities in line with those of dwarf galaxies (Mufioz et al., 2010).

These systems are thus good laboratories in which to constrain cosmological models. Conn et al.
(2018) proposed these objects will provide crucial empirical input for testing cosmology predictions
and verifying formation scenarios of the MW, for example a way of solving the missing satellite

problem. Galaxy formation simulations assume (Brown et al., 2012):

1. UFDs formed the bulk of their stars prior to the epoch of reionization.

2. Mechanism that could drive an early termination of stars formation include: reionization,

gas depletion and supernova feedback.

Current mass estimations for ultra-faint dwarfs are based on the assumption that the dynamical
state of these systems has not been influenced significantly by Galactic tides, and therefore that
they are near dynamical equilibrium.

One of the remaining questions related to their discovery is whether these galaxies formed
intrinsically with such low luminosities, or whether they were born as brighter objects and

attained their current luminosities through tidal mass loss (Mufioz et al., 2010).

10



1.2. ULTRA-FAINT DWARF SPHEROIDAL GALAXIES

CV.n (] Cgm
.
Willman 1 cvnl * JBooll Koposov1 ® Leoll
.
UMal * Booll ™ ' LeoV o ‘Segue1
Ursa Minor Leo IV Leol LgoT
. o,
UMa il O] Her Sextans
L] - -
Koposov 2 .
=180" 1=0°, b=0° 1=-180°
° Sagittarius
Seaue 3 Garina
®Lme
S“Q“f 2 Pisces Il L]

® Fomnax
o Sculptor

rae [kpe]

FIGURE 1.6. Distribution of known satellites, classical and ultra-faint dwarf. Upper
panel shows the distribution until 2013 of the classical dwarf galaxies (blue circles)
and the SDSS ultra-faint satellites (red circles). The SDSS DR8 imaging footprint
is shown in gray. Dashed line show the orbit of the Sgt dwarf galaxy. Figure from
Belokurov (2013). Bottom panel shows the sky distribution of previously known
satellites of the Milky Way (red circles) with the classical dwarfs (filled red circles)
and 32 new candidate dwarfs (star symbols) until 2018. The thick gray color shows
the location of the Magellanic Stream and the color bar represents the distance
gradient. Figure from Kallivayalil et al. (2018)

1.2.1 Solving the Missing Problem?

One of the primary quest of astronomy is understanding the formation of structure in the Universe.
In this regard, the Lambda Cold Dark Matter (ACDM) cosmological models are consistent and
in agreement with many observable phenomena, but some discrepancies are found on small
scales. Specifically, this model predicts many more dark-matter sub-halos, a factor of 50, than
the number of observed dwarf galaxies (Moore et al., 1999; Francois et al., 2016). The ACDM
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cosmological model predicts that massive galaxies such as the Milky Way should be surrounded by
large number of dark matter halos. The relatively modest populations of observed dwarf galaxies
orbiting the Milky Way and Andromeda, however, seem to be in conflict with this prediction
(Moore et al., 1999; Klypin et al., 1999). The fact that the number of DM halos in the LG predicted
by ACDM simulations is much larger than the number of observed Galactic satellites has become
widely known as the "substructure crisis" or "missing dwarf" problem (Simon and Geha, 2007).
Proposed solutions to the substructure problem can be broadly divided into two categories:
cosmological and astrophysical. Cosmological solutions include modifying the power spectrum at
small scales and changing the properties of the dark matter particles, such as by making them
warm or invoking a late decay from a non-relativistic particle. Astrophysical solutions are more
common, but perhaps easier to constrain observationally. Some of the most popular astrophysical
solutions include the hypothesis that reionization could suppress the formation of dwarf galaxies
by preventing low-mass dark matter halos from acquiring enough gas to form stars after z ~ 10
and the possibility that the dwarf galaxies we observe today were once much more massive
objects that have been reduced to their present appearance by dramatic tidal stripping (Simon
and Geha, 2007).

As one way of rectifying this problem, Bullock et al. (2000) put forth the idea that reionization
could have suppressed star formation in the smallest dark matter sub-halos, essentially by
boiling the gas out of their shallow potential wells. The dearth of stars would make these sub-
halos difficult or impossible to detect. Building upon this hypothesis, Ricotti and Gnedin (2005)
proposed that dwarf galaxies could follow one of three evolutionary paths: true fossils that
formed most of their stars prior to reionization, polluted fossils with star formation continuing
beyond reionization, and survivors that largely formed their stars after reionization (Brown
et al., 2014). In 2007, Simon and Geha (2007), having established the masses of the ultra-faint
dwarfs, re-examine the missing satellite problem, and after correcting for the sky coverage of the
SDSS , they find that the ultra-faint dwarfs substantially alleviate the discrepancy between the
predicted and observed numbers of satellites around the Milky Way, but there are still a factor
of ~ 4 too few dwarf galaxies over a significant range of masses. Thus, they show that if galaxy
formation in low-mass dark matter halos is strongly suppressed after reionization, the simulated
circular velocity function of CDM sub-halos can be brought into approximate agreement with
observed circular velocity function of Milky Way satellite galaxies (Simon and Geha, 2007). Each

model will be discussed in more detail in section 1.2.3.

1.2.2 Characteristics and Properties

UFDs are satellites of the MW that are highly dark-matter dominated, with total luminosities of
L, =103 -10°L,, discovered in deep wide-are sky surveys. Based on a color-magnitude diagram
analysis, Brown et al. (2014) found that nearly three-fourths of the entire stellar mass content

of such galaxies is formed by z = 10 and ~ 80% of the stellar mass content is already formed by
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FIGURE 1.7. Comparison of effective radius r.f, total magnitudes, My, and central
surface brightness, 1y, of different stellar systems. Circles and lenticular symbols
are for the giant ellipticals and bulges in spiral galaxies, downward triangles for
the ultra-compact dwarfs (UCDs), pentagons for the Milky Way globular cluster,
squares and empty diamonds for the Local Group satellites and UFDs and upward
triangles for the dwarfs in M81 and M106. Left panel shows the effective radius
as a function of the absolute V total magnitude. Right panel shows the V—-band
central surface brightness vs. absolute V total magnitude. Figure from Lee et al.
(2017).

z = 6 (Safarzadeh et al., 2019). These ultra-faint dwarfs are the oldest, most metal-poor, and
least chemically evolved stellar systems known. They therefore provide unique windows into the
formation of the first galaxies and the behavior of dark matter on small scales.

The search for faint dwarf galaxies has been a nearly continuous endeavor since the serendipitous
discovery of the first such system, Sculptor, by Shapley (1938). As significantly deeper survey
data became available, systematic searches for more dwarfs slowly revealed what are now known
as the classical dwarf spheroidal satellites of the Milky Way. However, after the identification of
Sextans by Irwin et al. (1990), the push to ever lower luminosities and surface brightness stalled
for more than a decade. New efforts to find faint, low surface brightness Milky Way dwarf galaxies
continued fruitlessly in this period. Though, there were strong theoretical reasons to expect that
dwarfs with substantially lower luminosities and surface brightness should exist. This prediction
proved resoundingly correct in 2005, when the first such object were discovered in Sloan Digital
Sky Survey imaging by Willman et al. (2005a,b). These results opened the floodgates, and within
two years the known population of Milky Way satellite galaxies more than doubled. Over the
following decade, new discoveries continued at a rapid pace in SDSS and other surveys, such

that the Milky way satellite census has now doubled yet again (see Figure 1.8). Now have a
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F1GURE 1.8. Milky Way satellite galaxies as a function of the time. The major discovery
impact of SDSS (2005-2010) and DES/Pan-STARRS (2015), each of which approx-
imately doubled the previously known satellite population. Figure from Simon
(2019).

general understanding of the properties of these systems and their place in galaxy evolution and
cosmology.

While the faintest dwarf galaxies resemble globular clusters in some ways, when the population
of low luminosity stellar systems is considered as a whole it is clear that they are galaxies rather

than star clusters:

1. The stellar kinematics of UFDs galaxies demonstrate that they contain significant amounts

of dark matter.

2. All but the very lower-luminosity UFDs have physical extents larger than any known

clusters.

3. Within each UFD, the abundances of Fe and a—elements exhibit substantial spreads

resulting from extended star formation and internal chemical enrichment.
4. UFDs follow a luminosity metallicity relationship, while globular clusters do not.

5. The abundances of certain elements in UFDs are similar to those in brighter dwarfs, and do

not resemble the light element chemical abundance correlations seen in globular clusters.

Several aspects of the UFDs make them critical objects to understand, with potentially wide-

ranging implications. First, UFDs reside in the smallest dark matter haloes yet found . While

14



1.2. ULTRA-FAINT DWARF SPHEROIDAL GALAXIES

only the mass at the very center of the halo is currently measurable, the extrapolated virial
masses of the UFDs are ~ 10° M, (e.g., Strigari et al., 2008), and the halo masses at the time
when the stars formed may have been ~ 108 M, (e.g., Safarzadeh et al., 2018). UFDs are also the
most dark-matter dominated systems known. This combination of small halo mass and negligible
baryonic mass make UFDs extremely valuable laboratories for constraining the nature of dark
matter. The measured central densities perhaps eventually the density profiles, of UFDs provide
significant clues to the behavior of dark matter on small scales. Second, the UFDs represent the
extremely limit of the galaxy formation process. They have the lowest metallicities, oldest ages,
smallest sizes, smallest stellar masses, and simplest assembly histories of all galaxies. Both,
observational and theoretical models indicate that UFDs formed at very high redshift, probably
before the epoch of reionization. These objects therefore present us with a unique window into

the conditions prevalent at the time where the first galaxies were forming (Simon, 2019).

1.2.2.1 Defining Ultra Faint Dwarf as galaxies

The dwarfs galaxies known prior 2005 have absolute magnitude brighter than M, = 8.7, corre-
sponding to V-band luminosities larger than 2.5 x 10° L. Their Plummer (half-light) radii are
2 200 pc , and with the exception of Sextants and Ursa Minor, their central surface brightness
are < 26 mag arcsec 2. In contrast, the dwarfs discovered in SDSS and other modern surveys
are up to a factor of ~ 1000 less luminous, with half-light radii as small as ~ 20 pc and surface
brightness that can be ~ 2 —3mag arcsec™? fainter than that of Sextans. The ultra-faint dwarfs
continuously extend the properties of more luminous dwarfs in stellar mass, surface brightness,
size, dynamical mass, and metallicity. They are not a physically distinct class of objects, UFDs
represent the extreme end of the distribution of galaxy properties, while classical dSphs can
already be identifies and studied in other nearby groups of galaxies, the UFDs are special in that
only the very brightest examples of such systems will be detected beyond the Local Group in the
foreseeable future. Finally it is tempting to suggest that UFDs might differ from classical dSphs
in that their star formation was shut off by reionization at z 2> 6 instead of continuing to lower red-
shift. Based on this dwarf galaxies with absolute magnitudes fainter than My, = —7.7(L = 10° L,)
are considered UFDs.

Prior to the discovery of dwarf galaxies fainter than M, ~ -5, dwarfs and globular cluster occu-
pied distinct and cleanly separated portions of the size-luminosity parameter space. Conn et al.
(2018) dubbed the region occupied by a number of ultra-faint satellites (14 < r15 < 25 pc) the
trough of uncertainty to emphasize the difficulty in classifying these systems. In order to resolve
the confusion caused by the lack of an agreed-upon systems for separating galaxies from stars

clusters, Willman and Strader (2012) proposed the following definition:

"A galaxy is a gravitationally bound collection of stars whose properties cannot be explained

by a combination of baryons and Newton’s laws of gravity."

15



CHAPTER 1. THEORY

L ) L
-2 7
9} L A
3 L i
= =10 _
= N i
o = 4
o . .
E 8K [ ] ]
k! C ]
c
o [~ -
o -6 —
| - 4
> ~ .
(0] B 4
5 -4 o .
o - ” .
] [ .
é:D o o< o O&) o @ Confirmed dwarfs —
r & o 008‘ O Suspected dwarfs ]
L o o o O Unclassified satellites |
o o > o ¢ Globular clusters ]
| f L Lol L L A | 1 " R |

1 10 100 1000
Half—light radius (pc)

FIGURE 1.9. Distribution of the Milky way satellites in absolute magnitude (M) and
half-light radius. Dark blue filled circles represent the confirmed dwarf galaxies
and objects suspected to be dwarf galaxies but for which the available data are not
conclusive are shown as cyan filled circles. Dwarf galaxies without any published
classification are shown as open gray circles. The faint candidates with Ry = 50 pc
are almost certainly dwarf galaxies, but are not include in the confirmed category
given the currently available observations. The black diamonds represent the Milky
Way’s globular cluster. Lines if constant central surface brightness (at 25, 27,29,
and 31 mag arcsec™? in V band) are plotted in pink (Simon, 2019). Figure from
Simon (2019).

Applied to UDFs, this definition is generally interpreted as requiring an object to have either
a dynamical mass significantly larger than its baryonic mass or non-zero spread in stellar
metallicities to qualify as a galaxy. The former criterion directly indicates the presence of dark
matter, while the latter indirectly suggests that the object must be embedded in a dark matter
halo massive enough that supernova ejecta can be retained for subsequent generation of stars

formation.

1.2.2.2 Stellar kinematics

One of the first step in clarifying the nature of the UFDs was to determine their stellar velocity
dispersion, by measuring the velocities of individual stars in several systems, these early studies
constrained their dynamical masses and dark matter content (Simon, 2019). Until 2007 there
was a significant correlation of velocity dispersion, o, with absolute magnitude, My, with the

more luminous galaxies (M, < —6) having larger dispersions of ~7—-8kms™! and the fainter
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FIGURE 1.10. Line-of-sight velocity dispersion of ultra-faint Milky Way satellites as a
function of absolute magnitude. Measurements and uncertainties are shown as the
blue points with error bars, and 90% confidence upper limits are displayed as red
arrows for systems without resolved velocity dispersion (Simon, 2019). Figure from
Simon (2019).

galaxies (M > —6) exhibiting smaller dispersions of ~ 4 —5kms™!. Four low-luminosity galaxies
Coma Berenices, Canes Venatici II, Hercules and Leo IV were the first galaxies to break the
velocity dispersion barrier at ~ 7kms™1. The unprecedentedly low velocity dispersions of these
galaxies and the correlation with absolute magnitude down to such low luminosity demonstrate
that if there is a floor on the masses of dSphs, it does not appear to have been reached yet (Simon
and Geha, 2007), demonstrating that UFD can not be purely baryonic systems.

At the present, velocity dispersion measurements or limits have been obtained for 27 out 42

confirmed or candidate UFDs (see Figure 1.10).

1.2.2.3 Metallicities and chemical abundances patterns

The metallicities of stars in UFDs are important both for classifying them as galaxies and for
connecting them to the broader field of galaxy formation.

The first spectroscopic metallicity measurements for ultra-faint dwarfs were provided by Simon
and Geha (2007); Mufioz et al. (2006); Martin et al. (2007). Collectively these studies showed
that the ultra-faint dwarfs have very low metallicities ([Fe/H] < —2) and that the stars in each
object span a range in metallicity, and indicates that stars formation in these objects extended

for a long enough period of time for supernova (SN) enrichment to occur and their gravitational
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FIGURE 1.11. The dynamical masses of ultra-faint Milky Way satellites as a function of
luminosity are shown in the left panel and the mass-to-light ratios within the half-
light radius for ultra-faint Milky Way satellites as function of luminosity are shown
in the right panel. Measurements and uncertainties are shown as the blue points
with error bars, and mass limits determined from 90% confidence upper limit on
the dispersion are displayed as red arrows for systems without resolved velocity
dispersion (Simon, 2019). The confirmed ultra-faint dwarf galaxies included in this
plot are listed in Table 1.2. Figure from Simon (2019).

TABLE 1.1. Ultra-Faint dSph Metallicities. The table shows the number of analyzed
stars, mean [Fe/H], the rms dispersion in [Fe/H] and the distribution of signal-to
-noise (S/N). Table from Kirby et al. (2008).

dSph N log(L/Lg) ([Fe/H]) OFer) log(S/N)

UMall 12 36102 -244+006 057 15104
LeoT 19 51+£03 -2.02+0.05 054 1.1+0.2
UMal 28 41401 -229+004 054 1.5+0.3
LeoIV 12 39402 -258+0.08 0.75 1.3+0.3
Com 24 36+02 -253+£0.05 045 1.5+0.3
CvnlIl 16 39+02 -219+0.05 059 15+0.1
CVnl 1656 54+0.1 -2.08+0.02 046 1.3+0.3
Herc 22 46+01 -258+004 051 1.6+04

potential is deep enough that not all of the supernova eject can escape the system. Kirby et al.
(2008) showed that many of the ultra-faint dwarfs contain extremely metal-poor (EMP) star with
[Fe/H] < —3, again distinct form globular clusters and classical dSphs (see Tablel.1).

Brown et al. (2014) proposed a composite color-magnitude diagram (CMD) for six ultra-faint
galaxies (Hercules, Leo IV, Canes Venatici II, Ursa Major I, Bootes I and Coma Berenices), the
CMDs all appear extremely similar to each other, implying the population ages and metallicities

are also similar. Figure 1.12 shows the composite CMD for six galaxies, each shifted to the
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FIGURE 1.12. Color magnitude-diagram of six UFD (color points) focused on main-
sequence and sub-giant branch. The similarities of six CMDs imply that the UFD
populations are extremely similar in age and metallicities. Figure from Brown et al.
(2014).

same distance and reddening, and focused on the CMD region most sensitive to age, i.e., the
Main Sequence turnoff and sub-giant branch. Each UFD appears to be dominated by an ancient
metal-poor population and has a similar star formation history (SFH). An appropriate object to
use as a reference is the Galactic globular cluster M92, one of the most ancient and metal-poor
stellar systems known. The globular cluster with little extinction and well studied population
and age of 13.2 Gyr, has served as a reference population in different studies of UFDs (Brown
et al., 2014)

It appears likely that UFDs are uniformly ancient, with all or nearly all of their stars forming in
the early Universe. While most or all UFDs exhibit a blue plume of stars brighter than the main
sequence turnoff, this population is best interpreted as blue stragglers rather than young stars.
These objects can thus be considered as pristine fossils from the era of reionization. Improved age
measurements reveal how synchronized the star formation in such galaxies was would be very
interesting. Conversely, a clear detection of younger stars in very low-luminosity dwarfs would
have important implications for stars formation in low-mass dark matter halos and perhaps for
cosmology as well (Simon, 2019).

UFDs are particularly appealing systems in which to study early chemical evolution and nucle-

osynthesis because their small stellar masses imply that they have hosted relatively few SN
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FIGURE 1.13. Mean stellar metallicities of the Milky Way satellites as a function of
absolute magnitudes. Confirmed dwarf galaxies are displayed as dark blue filled
circles, and objects suspected to be dwarf galaxies but for which the available data
are not conclusive are shown as cyan filled circles. Grus I, for which there is no
published classification, is shown as an open gray circle. The error bars in the
vertical direction indicate the uncertainty on the mean metallicity of each object
(Simon, 2019). Figure from Simon (2019).

explosions. That fact, combined with the short time periods during which they were forming
stars, means that UFDs may preserve the unpolluted chemical signatures of small numbers
of nucleosynthetic events, perhaps even individual explosions. It was clear that the UFDs are
enhanced in a elements such as oxygen, magnesium, calcium, and silicon, and unusually deficient

in neutron-capture elements including barium and strontium.

1.2.2.4 Structural properties

Martin et al. (2008) provide a homogeneous analysis of the structural properties of the early
SDSS UFDs, shown that the radial profiles of ultra-faint dwarfs can be accurately described by
either exponential or Plummer profiles. Mufioz et al. (2018) advocate instead for Sérsic profiles,
which match the observed radial profiles more closely. Confirmed UFDs have half-light radii
ranging from 24 pc (Segue 1) to 295 pc (UMa I), with candidate UFDs extending down to 15—20 pc
in a few cases. In comparison, the classical dSphs have half-light radii between 170 pc (Leo II) to
2660 pc (Sagittarius).

It has been suggested that the faintest galaxies have significantly larger ellipticities than larger

systems, with an average ellipticity for UFDs of 0.50+0.01, while the weighted average ellipticity
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FIGURE 1.14. Spatial distribution of the member candidates selected from each CMD
(left) and the isodensity contour maps of the member candidates (right) of UFDs.
The solid and dashes arrows indicated the direction of Galactic center (Sgr A) and
Galactic latitude toward the disk, respectively. The upper panel show the spatial
distribution of Boo I, the middle panel show the spatial distribution of CVn II and
the lower panel show the spatial distribution of Leo IV and the tidal radii of CVn
IT and Leo IV dSphs are shown as solid lines. Figure from Okamoto et al. (2011).

of the classical dSphs is 0.350+0.003, in good agreement with the statistics determined by Martin
et al. (2008). But Simon (2019) concluded that there is no significant evidence at present that
UFDs have more elongated shapes than more luminous dwarfs.

A reoccurring question regarding the structure of the faintest dwarfs is whether their isophotes
are irregular or distorted in any way, which could suggest, e.g., recent tidal stripping (Okamoto
et al., 2011; Zucker et al., 2006). Several analyses of simulated photometric data sets of faint

dwarfs have shown that these apparently irregular shapes are the result of Poisson fluctuations
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in the distribution of stars in the lowest surface brightness regions of these systems rather than
evidence for disturbed morphology (Munoz et al., 2010; Martin et al., 2008). Figure 1.14 shows
the spatial distribution and the density contour maps of UFDs, which show various morphologies.
Boo6 I show elongated and distorted shapes, CVn II has a relatively high concentration, while Leo
IV shows a smooth and less concentrated spherical shape (Okamoto et al., 2011).

Simon (2019) proposes the following 21 satellites (see Table 1.2 for different properties of con-
firmed UFDs) can be regarded as spectroscopically confirmed ultra-faint dwarf galaxies: Segue 2,
Hydrus 1, Hologorium I, Rectuculum II, Eridanus II, Carina II, Ursa Major II, Segue 1, Ursa
Major I, Willman 1, Leo V, Leo IV, Coma Berenices, Canes Venatici II, Bootes II, Bootes I, Her-
cules, Pegasus III, Aquarius II, Tucana II and Pisces II (see Table 1.2 ) and the satellites that
may be dwarfs but for which either no spectroscopy has been published or the data are incon-
clusive include: Tucana IV, Cetus II, Cetus III, Triangulum II, DES J0225+0304, Hologorium II,
Recticulum III, Pictor I, Columba I, Pictor II, Carina III, Virgo I, Hydra II, Draco II, Sagittarius
II, Indus II, Grus II, Grus I, Tucana V, Phoenix II and Tucana III.
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TABLE 1.2. Properties of ultra-faint dwarf Spheroidal Galaxies. Table from Simon (2019)

UFD

Distance

€¢

M, Ry Uhel o O[Fe/H]
[pel [kpc] [kms™1] [kms™!]

Segue 2 -1.987088 4077  -37.0*30 402705 <22 0.39+0:12
Hydrus I -4.7170:%8  53*%  27.6705  80.4%0¢  27t0° 0.41+0:08
Horologium I -3.76702¢  40*10  87.0*130  112.872%  4.9*28 0.17+029
Reticulum II -3.99%038 5173 31.6'1% 628705  3.3%)7 0.28+0:09
Eridanus II -7.1079-30  246*17 366.0"110  75.6'13  6.9%)7 0.47+032
Carina II -4.5070-10 9278 36.2'0¢  477.2712  3.4%% 0.22+0-09
Ursa Major II -4.437026 139*8  34.7*20  -1165'1) 5.6%14 0.67+029
Segue 1 -1.3070-73 247t 23.0"20 2085703  3.7'17 0.95%0-52
Ursa Major I -5.13%038 295%28  97.3*80 5537141  7.0M0% 0.62+0:29
Willman 1 -2.9070-7% 338 45.0*100  -14.1%10  4.0*%0 -
Leo V -4.2970-3¢  49*16  169.0*50 1709733  2.3*37 0.47+023
Leo IV -4.9979-26  114*1% 154730 1323714 3.3*17 0.56%019
Coma Berenices ~ -4.28"022 69"  42.0'1% 981733  4.6%)% 0.46+0-09
Canes Venatici I -5.17%032  71*11  160.0749 -128.9*12 4.6*10 0.57+0-15
Boétes II -2.94707% 3972 42010 -117.0732 10.5*74 <0.35
Boétes I -6.027022  191*%  66.0'20  101.8707  4.6*0% 0.44+0-01
Hercules -5.837017 216*20 132.0*$0  45.0*}1  5.1%09 0.47+0-4
Pegasus III -4.107030  78%31 2507200 -2229'2% 54730 —-
Aquarius II -4.36%01%  160%26 107.9%3% 711723 5433 —-
Tucana II -3.9070-20  121*3%  58.0*80  -129.1"3% 8.6%57 0.29+0-12
Pisces II -4.23703%  60*10 183.071%0 -2265757 5.4%0¢ 0.48+0-78
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CHAPTER 1. THEORY

1.2.3 Formation Models of UFD galaxies

The origin of UFDs is a matter of ongoing debate. Several solutions have been suggested so
far to resolve the crisis. It is common for galaxy formation models to alleviate the missing
satellite problem by truncating the star formation in dark matter halos below some nominal
mass threshold, sometimes termed the "filtering mass", with this threshold tuned to match the
observations (Brown et al., 2014). Since, one of the main challenges facing standard hierarchical
structure formation models is that the predicted abundance of Galactic subhalos with circular
velocities v, ~ 10— 30 kms™! is an order of magnitude higher than the number of satellites
actually observed within the Local Group (Bullock et al., 2000).

1.2.3.1 Reionization scenario

Bullock et al. (2000) proposed that dSph galaxies in the LG formed during the pre-reionization
era, and processes of the photoinization feedback resulted in the suppression of star formation
below the observable level in 90% of the low-mass dark matter halos populating the LG (Ricotti
and Gnedin, 2005). They investigated the abundances of satellite galaxies.

Their main result is that the theoritical velocity function for visible satellites is consistent with
that observed and that the total number of observable systems is ~ 10% of the total dark halo
abundance. The reason for this difference is that most of the halos form after reionization. The
observable satellites are within halos that formed early, corresponding to rare, high peaks in the
initial density field (Bullock et al., 2000).

The reionization scenario is prompted by the fact that almost all local group dSphs exhibit a
prominent old population and a decline of their star formation rates about 10 Gyr ago. While
in the standard ACDM theory stellar reionization took place 12.5 Gyr ago (Ricotti and Gnedin,
2005), so, they concluded that the observed abundances of satellite galaxies may be explained
in the ACDM scenario if galaxy formation in low-mass halos is suppressed after the epoch of
reionization, provided that z < 12 (Bullock et al., 2000).

1.2.3.2 Reionization fossil scenario

Ricotti and Gnedin in 2005, based on Bullock’s hypothesis, who suggested that gas accretion in
low-mass halos could be suppressed by the photo-ionization mechanism during the reionization
of the Universe (Bullock et al., 2000), proposed that dSphs are fossils of galaxies with mass
Mpym < 108M,, that formed before reionization, while dwarf irregular galaxies (dIrrs) formed
later in more massive halos. They find instead that these galaxies do form, and at the epoch of
their formation, they closely resemble dSphs. Also, they show that reionization feedback is not
the dominant mechanism that suppresses star formation in most low mass halos. But, the goal of
this scenario is to provide evidence in support of the primordial origin of dSphs by comparing the

abundant observational data on LG dwarfs with the results of detailed numerical simulations of
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Survivors

IC 10 NGC 55 NGC 6822
IC 1613 NGC 147 Sextans A
IC 5152 NGC 185 Sextans B
LMC NGC 205 SmMC
M32 NGC 3109 WLM

Luminosity

And VI
And | Antlia Sculptor Carina Leol
And I Cetus Sextans DDO 210 Leoll
Andlll  Draco Tucana GR8 LGS 3
AndV  KKR25  Ursa Minor Fomax  Pegasus

Phoenix Leo A Sagittarius

True fossils Polluted fossils

FIGURE 1.15. Tentative separation of all Local Group dwarfs. Ricotti & Gnedin on
2005 proposed that dwarf galaxies could be classified in three different classes
depending on the occurrence of their star formation relatively to the reionization
event: survivors, which formed via the tidal scenario, true fossils, which formed
via the reionization scenario, and polluted fossils, which went through both stages.
Figure from Ricotti and Gnedin (2005).

formation of dwarf galaxies in the pre-reionization era (Ricotti and Gnedin, 2005). The core of
the reionization scenario is that some of the LG dwarfs are true fossils of the pre-reionization
era. Clearly, not all dwarfs fall into this category, since many of them had recent episodes of star
formation. Figure 1.16 shows the low-luminosity dwarfs appear to trace the same distribution as
the simulated galaxies, having smaller core radii as the central luminosity density increases.

The reionization scenario proposes that dwarf galaxies of the LG were formed in three different

evolutionary paths, (see Figure 1.15):

1. True fossils: formed most of their star in the pre-reionization era, and have had little
(< 30%) star formation since then. Living in the oldest dark matter halos of their mass, are

highly biased and are also preferentially located closer to the center of the parent halo.

2. Polluted fossil: started as true fossils but had substantial episodes of subsequent star
formation as they continued accreting mass and were tidally shocked during the formation
of the parent galaxy halo. They formed a significant fraction of their stars in the pre-

reionization era and exceeded the local filtering mass at some point in their history.

3. Survivors: They started forming stars mostly after reionization and have central luminosi-

ties generally comparable to dwarf elliptical galaxies, but less concentrated light profiles.

We can see some of results in Figure 1.16 such a comparison for the basic structural parameters.

Luminosity L,, core radius r. and central luminosity density I.. From the top panel of the figure
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FIGURE 1.16. Comparison for the basic structural parameters : The luminosity L,
the core radius r. and the central luminosity density I.. V-band luminosity (top)
and core radius (bottom) vs the central luminosity density for the Local Group
dwarfs: true fossils, squares with error bars; polluted fossils, open circles and
survivors, filled circles. And gray squares for the simulated galaxies passively
evolved to z = 0. Two dotted lines show two possible boundaries between the fossils
and survivors. From the top panel it is clear that the simulated galaxies do not
exceed about 107L . Moreover, it appears that the observed galaxies also fall into
two groups: those with luminosities on the order of 10’L, and below, and those
with luminosities in excess of 5 x 107 L . The bottom panel shows, their core radii
are somewhat larger than those of the simulated galaxies. Figure from Ricotti and
Gnedin (2005).

it is clear that the simulated galaxies (gray squares) do not exceed about 10’L. Ricotti and
Gnedin (2005) contend that the observed metallicity spreads are not necessarily an indicator
of star formation extending over several Gyr. In their simulations all dwarfs that form before
reionization have metallicity spreads consistent with observations, but the reionization fossil
scenario would not produce a correlation between UFDs and orbital distances, but could explain

the existence of UFDs at large distances from the primaries, like Leo T.

1.2.3.3 Tidal stirring of disky dwarfs

Lokas et al. (2012) are using a suite of collisionless N-body simulations to investigate the

formation of UFDs in the context of the tidal stirring model for the formation of dwarf spheroidal
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galaxies in the Local Group. This simulations are designed to reproduce the tidal interactions
between MW-sized host galaxies and rotationally supported dwarfs embedded in 10°M, dark
matter halos, with different inner densities slopes. The dark matter density profiles have the

form:
Pchar
() (ree)™

whit an asymptotic inner r~% and a outer slope r~3 and two free parameters, the characteristic

p(r) =

density pchar and rg.

They built three different galaxies with very similar properties and the same virial mass of
My, = 10°M, and concentration parameter ¢ = ryi./rs = 20, but different a, which requires
slightly different values of the characteristic density pchar. They chose a =1 (NFW profile) and
two shallower inner slopes, namely a mild cusp with a = 0.6 and a core-like profile with a = 0.2.
The dark matter halos were populated with stellar disks of mass given as a fraction, mg of
My, with mg = 0.02. The disk radial scale length was equal to z;/R4 = 0.2, where z; denotes
the vertical disk scale height. A constant value for the central radial velocity dispersion ogrg =
10kms™! for all dwarf models was assumed.

Each dwarf galaxy model contained N, = 10® dark matter and N =5 x 10° disk particles with
a gravitational softening of €, = 60 pc and ¢4 = 20 pc, respectively. Each galaxy was placed on
five different bound orbits R; to R5 inside the primary galaxy, each orbit with different size and
eccentricity. The apocenters r,p, and pericenters rper, given in kpe, are R1(125,25), R2(85,17),
R3(250,50), R4(125,12.5) and R5(125,50). The dwarfs were initially placed at the apocenters and
the evolution was followed for 10 Gyr. Figure 1.17 shows the different properties of progenitors
dwarf models resulting in dwarf galaxies with DM density profile (upper panel) with significantly
different shapes, different circular maximum velocities V5« (middle panel) and binding energy
of the stars (lower panel) as an other key factor that determines their response to the tidal shocks.
All dwarfs galaxies undergo mass loss, their morphology changes from a disk to a triaxial and
then to a more spherical shape, and the stellar rotation is transformed into random motions. The
degree of this changes it is proportional to the total tidal force experienced by the dwarfs, but
also depends on the structural properties of the progenitors.

Dwarfs with shallower cusps are more susceptible to changes, they loss mass more effectively,
and are thus more easily destroyed. In particular, dwarfs with the standard NFW cusps of a = 1.0
survive until the end of the simulations for all orbits, while dwarfs with the shallowest inner
profile with a = 0.2 are dissolved completely for the tighter orbits R1, Ro and R4 after 4, 3 and
2 pericenter passages, respectively. The destruction of these dwarfs occur rather early in the
evolution, when the dwarfs are still quite massive. On the other hand, the intermediate cusp of

a = 0.6 leads to a longer survival, but the dwarfs become much smaller in size.

27



CHAPTER 1. THEORY

£
3
a >
02 0.5 1.0 2.0 50 100 200 6
r (kpc) r (kpo) r (kpe)

FIGURE 1.17. Different properties of progenitors dwarfs models. Dependence of the
initial properties of the adopted dwarf models on the inner slope a. Left panel:
the dark matter density profiles, have significantly different shapes in the region
occupied by the bulk of the stellar component (< 2kpce). Middle panel: circular
velocities profiles, the disk, halo (thin lines) and total (thick lines). With different
maximum circular velocities Viax = 19.6, 17.8 and 16.7kms ™1, respectively, for
a =1.0,0.6 and 0.2. Right panel: the binding energy of the stars per unit mass.
Figure from Lokas et al. (2012)

TABLE 1.3. Values of all the observational parameters of the two simulated UFDs with
a = 0.6 on orbits Ro and R4: The initial apo- and pericenter distances of these
orbits, 7ap, and rperi, their orbital times, T, number of apocenters after which
the dwarfs are identify, N, and times when these last apocenters took place from
the start of simulations are listed in the first five rows respectively and the last
four rows correspond to the luminosity of the dwarf at each apocenter, L+, visual
magnitud, My, central surface brithness of the dwarf follows from the average
number of the stars measured in three directions, yy; and half-light radius after
fitted each profile with the Plummer formula, r1/. Table from Lokas et al. (2012)

Parameter Ry Ry
Tapo [kpc] 85 125
T'peri [kpcl 17 12.5
Torb [Gyr] 1.3 1.8
Napo 6 6

Tha [Gyr] 6.4 9.3
L, [10°Lo] 6.38 4.84
M, [mag] —4.68 —4.38
ty [mag arcsec™?] 28.3 28.7
r12 [kpc] 0.166 0.137

The model with an intermediate cusp of @ = 0.6, leads to a longer survival, but the dwarf becomes
much smaller in size, on orbits Ry and R4 which leads to the formation of dSph galaxies with
properties akin to those of UFDs in the vicinity of the Milky Way (see Table 1.3).
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Using collision-less N-body simulations, this model demonstrates that the tidal stirring of
~10° M,, disky dwarfs for a period of ~ 8 Gyr can lead to the formation of stellar systems with
properties akin to those of UFDs around the Milky Way. UFDs are produced when the progenitor
disky dwarfs are placed on relatively tight (rperi S 20 kpe), eccentric (7apo / I'peri 2, 5) orbits inside
an Milky Way-sized host and are embedded in Dark Matter halos with a mild central density
cusp (p x r~96),

The simulations produce UFDs with M, > -5 mag, y, = 28—29 mag arsec ™ and ry/2 =0.1-0.2 kpc.
These observational properties are very similar to those of the observed population of Milky
Way. Thus, the key difference between the reionization and tidal hypotheses is whether most
of the stars in a given dwarf galaxy formed in halos of mass < 108 M, before reionization
(2 >6,12.5—-13 Gyr ago) or in more massive halos after reionization, during the epoch of formation
of the Milky Way and Andromeda (z ~2 -3, 10— 11 Gyr ago) (Lokas et al., 2012).

1.3 This Work

We perform numerical simulations using the Astrophysical Multipurpose Software Environment
(AMUSE) (Section 2.2) to study a star formation scenario for ultra-faint dwarf dSPh galaxies.
We aim we proposed an alternative formation channel, in continuation to our Dissolving Star
Cluster model (Subsection 1.1.1.4) for classical dSph galaxies. We study a formation scenario with
a strong background potential mimicking the dark matter halo. Our stars are initially in virial
equilibrium and placed in a filamentary stellar distribution, a fractal distribution, within an
analytical halo, building the faint luminous component that we observe. We follow their evolution
for 5 Gyr.

This work is divided as follows. In Chapter 2 we show the methods that we employ to generate
the initial distribution of stars and the software used to run the simulations. In Chapter 3 we
show the observational data of Segue 1 and the set-up that we employ to generate the fractal
distribution and the dark matter halo, their initial masses, number of particles and radius. In
Chapter 4 we study the effects in the variation in the initial parameters over the final object and

present a summary of the results. Finally in Chapter 5 we present our conclusions.
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CHAPTER

CODES TO USE

Astrophysical simulations have become an indispensable tool to understand the formation and
evolution of astrophysical systems. Problems ranging from planet formation to stellar evolution
and from the formation of galaxies to structure formation in the Universe have benefited from
the development of sophisticated codes that can simulate the physics involved (Pelupessy et al.,
2013).

2.1 Fractal Generator

Goodwin and Whitworth (2004) investigated the evolution of initially fractal star cluster to
see how long substructure can survive, in which the density substructure is correlated with
coherent velocity dispersion, as would be expected in clusters where sub-clusters form from
distinct molecular cores. The models include star clusters with large velocity dispersion and the
fractal provides a simple, one-parameter description of clumpiness.

Fractal distributions are generated by defining a cube with side 2, and placing a parent at the
centre of the cube, then, the cube is divided into N giv equal sub-cubes, and a child is placed at the
centre of each sub-cube (first generation). This method defines a cube of size Ng;y = 2, of which
the fractal is created and in which case there are 8 sub-cubes and 8 first-generation children.

Each sub-cube, called child, can turn into a parent for the next generation with the probability of
N(D—3)
div
by the value of the fractal dimension (see Figure 2.1):

, where D is the fractal dimension, and the probability to become a parent is clearly ruled

¢ D < 3: Less children turn to parents so a more sub-structured distribution is produced.

¢ D = 3: Correspond to an uniform distribution of the particles.
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FIGURE 2.1. Examples of initial sub-structured distribution of 3000 particles for differ-
ent fractal dimensions. Top left panel: fractal distribution with a fractal dimension
D =1.0. Top right panel: fractal distribution with a fractal dimension D = 1.6. Bot-
tom left panel: fractal distribution with a fractal dimension D = 2.0. Bottom right
panel: fractal distribution with a fractal dimension D = 3.0 (uniform distribution).

¢ D > 3: For high D often a binary cluster is formed with two major sub-clusters.

Children that do not mature are deleted, along with the parent. A little noise is then added to
the positions of the remaining children, to avoid a gridded structure, and they become parents of
the next generation, each one spawning N giv children (second generation) at the centres of the
N giv equal-volume sub-sub-cubes, and each second-generation child having a probability N él; -3
of maturing to become a parent. This process is repeated until the number of children reaches a
larger number than the number of particles.

The velocities of the children are inherited of the parents including a random component that
decreases with each new generation. The velocities of the parents follow a Gaussian with a mean
of zero and the children inherent the velocity from the parent including a random component that
decreases with each new generation. These velocities are then scaled so that the virial ratio a

has the prescribed value, «a is defined as the ratio of the total kinetic energy %, to the magnitude
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of the gravitational potential energy, Q:

k
a=——
Q]
Depending of the value of @ important information of the global processes occurring in the star

cluster can be derived:
* a=0.1: Corresponds to a cluster which immediately collapse.
* a =0.5: Corresponds to virial equilibrium.

* a=0.75: Corresponds to a super-virial cluster (i.e. one which has just expelled its residual

gas).
* ¢ =1.0: Corresponds to an unbound object with stars escaping and spreading.

For a coherent velocity dispersion, each star inherits most of its velocity from its family tree. For
each matured child, of each generation, the code calculates the number of decedents (i.e. stars)
and calculates the total mass of this child. This sets the velocity dispersion for this sub-group to
be in virial equilibrium. Now each next generation child inherits the velocity of its parent and
process of finding the correct velocity dispersion of this new smaller sub-sets is repeated. Hence
the stars i.e. the final generation inherit all velocities from their previous generations, leading to

a coherent velocity dispersion.

2.2 The Astrophysical Multipurpose Software Environment
(AMUSE)

The Astrophysical Multipurpose Software Environment (AMUSE) is a programming framework,
designed to manage multi-scale, multi-physics simulations in a hierarchical, extensible, and
internally consistent way. Constructed as a collection of individual modules, AMUSE allows
computational tools for different physical domains and scales (see Figure 2.2) (Pelupessy et al.,
2013) to be easily combined into a single task. It facilitates the coupling of modules written in
different languages by providing inter-language tools and a standard programming interface that
represents a balance between generality and computational efficiency (McMillan et al., 2012).
The basic functionalities of AMUSE are:

1. A homogeneous, physically motivated interface for existing astronomical simulation codes.

2. Incorporation of multiple community codes from four fundamental domains (stellar evolu-

tion, gravitational dynamics, hydrodynamics and radiative transfer).

3. The ability to design new simulation experiments by combining one or more of the commu-

nity codes in various ways.
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FIGURE 2.2. Physical domains of AMUSE. Typical temporal and spatial scales for a
number of astronomical phenomena. The ellipses indicate specific areas of inter-
est and the color indicate physical domains: gravity (blue), stellar evolution (red),
hydrodynamics (yellow), and radiative process (green), are indicated at several loca-
tions in the plane of temporal and spatial scales. Several domains are identified by
name, such as the collapse of a giant molecular cloud (top right in yellow), the range
of the habitable planet orbits (blue circle at lower left) and several small scales
as mergers indicated by M and common envelope evolution indicated by CE are
embedded within the orbital dynamics scale ellipse. Figure from Portegies Zwart
and McMillan (2018).

The target domains for the initial release of AMUSE were gravitational dynamics, stellar evolu-
tion, hydrodynamics and radiative transfer (see Figure 2.3), but AMUSE can be extended by
including other codes and domains, which can then be contributed to the AMUSE repository. In
addition to providing an unified interface to various types of codes, AMUSE has the objective of
facilitating multiphysics simulations. The basic structure of the AMUSE framework is illustrated
in Fig.2.4. The figure is subdivided intro three general parts. The top layer (red and orange) is
mostly user written, the middle layer (blue) implements the interfaces onto the community codes,
an the bottom layer (green) is the community modules and the actual community source code,

which is connected to the rest of the framework via the MPI or sockets.

The components can be described as follow:
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Gravitational

dynamics

FIGURE 2.3. Fundamental domains of AMUSE. The philosophy of AMUSE, with
the central AMUSE framework surrounded by its four fundamentals physical
solver, i.e., stellar evolution, gravitational dynamics, radiative transport and hydro
dynamics.

1. The Python user script (marked red in Figure 2.4), which addresses a specific physical prob-
lem or set of problems, in the form of system-provided or user-written Python commands
that serve as the user interface onto the framework. This is the only part of a production
script that needs to be written by the user. The coupling between community codes is
implemented in this layer, with the help of support classes for converting units and data

structures provided by AMUSE.
2. The community module, comprising three key elements:

* The manager (orange), which provides an object-oriented interface onto the communi-
cation layer via a suite of system-provided utility functions. This layer handles unit
conversion, and also contains the state engine and the associated data repository, all
of which are required to guarantee consistency of data across modules. This layer is

generic, it is not specific to any particular problem or physical domain.
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FIGURE 2.4. General structure of AMUSE framework. The user writes the Python
script (top red layer). The lower orange layers are responsible for units and data
structure. The framework outlined in blue represents the interfaces to the com-
munity modules (see Figure 2.3), which connect via sockets or MPI (cyan) to the
community codes at bottom. Information flows downward to the community mod-
ules, as indicated by the red arrows, as well as upward, back to the Python script.
Figure from Portegies Zwart and McMillan (2018).

¢ The community layer (blue), which realizes the bidirectional communication between
the manager and the community code layer. This is implemented via a proxy and an

associated partner, which together provide the connection to each community code.

* The community code layer (green), which contains the actual community codes and
implements control and data management operations on them. Each piece of code in
this layer is domain specific, although the code may be designed to be very general

within its particular physical domain.

The main characteristics of AMUSE are:

e AMUSE offers a suite of codes that cover different physical domains (see Fig.2.3). Each
domain is represented by at least two different codes, the minimum needed for verification

of the simulations (Portegies Zwart et al., 2013).
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¢ Standard interfaces for the different gravitational dynamics integrators make swipping

one integrator for the other trivial.
* Codes for different domains can be combined by the use of the BRIDGE.

¢ AMUSE itself is implemented in Phyton, which provides the user with the flexibility
needed to quickly generate astrophysical experiments thanks to its ease of programming,

while the physics solvers are written in different programming languages.

e AMUSE provides unit-aware interfaces, so any data that must be transferred between

codes is automatically transformed to the required units, without any additional user input.

2.2.1 Gravitational dynamics

The gravity codes included in AMUSE span most dynamic regimes except that support for large
scale cosmological simulations is limited. HermiteO, PhiGRAPE, ph4 and HiGPUs are direct
N —Dbody integrators with Hermite time stepping schemes, where the latter three are tooled to
use hardware (GRAPE or GPU) accelerated force calculation.

The interface to the different gravitational dynamics codes is the same. However, the gravitational

dynamics integrators that are included in AMUSE are geared towards different types of problems.

2.2.1.1 Ph4 code

PHA4 is a 4th order Hermite predictor-corrector N —body code, written in C++ and compatible with
GPU acceleration. An N —body code is a piece of software that calculates the acceleration that a
particle is subjected to, and updates its position and velocity. The acceleration (a;) corresponds to
the sum of the gravitational acceleration from all the other N — 1 bodies in the system. Once the
net acceleration of the particle is determined, different codes use different ways to update the
position and velocity of the particle (McMillan et al., 2012; Portegies Zwart et al., 2013).

A 4th order Hermite integrator uses not only the acceleration, but also the higher derivatives, to
construct interpolation polynomials of the force (Makino and Aarseth, 1992). For particle i, using
the position r; and velocities v; at time ¢ = ¢¢, we calculate the acceleration a; and its derivative

a;. The acceleration corresponds to the gravitational pull from all the other particles:

m
(2.1 a); =G Z _3Jrij,
i#j Xij

where G is the gravitational constant, m; the mass of the j —th particle, and r;; =r; —r;, while

the derivative of the acceleration, a;, is:

vij 3@ -vijr;;
2.2) aO,i:Gij(%— ij 5LJ U)’
iz \Ti; r;;
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where, v;; =v;—v;.
Now, we calculate a prediction for the values of r; and v;. These predicted values are obtained

from the Taylor expansion of r; and v;:

At? At
rip,=r;+ Atv; + Tao’i + ?ao,i,
At?

i

Vip =V; +Ata; + > ap;.

From the predicted values r; , and v; ,, the acceleration and its derivative at ¢ = o + At, a1 ; and
a1, are obtained using Equations 2.1 and 2.2.

The predictes values r; , and v; , must be corrected, the corrector is calculated using the higher
(2) 3).

derivatives of a;,i.e, a;” and a;”":

At At?
Ar; = a? 4+ —_a®

T 247t 1207
At3 At*
Av; = —a? + —a®,
6 7t 247

aE)Z) and a§)3) are not calculated directly from the positions and velocities. Instead, we use the
original values of ag and ag, plus the values obtained from the corrected position and velocity, a;

and a;, by using the following expressions:

) —6(ag—aji)— At(4ay+2a1)
a =

2 Atz ’
.(3) 12(ag —aj)+ 6At(ag+aq)
a. =

i At3 :

Finally, the corrected position, r ;, and corrected velocity, v, ;, are determined:

Ye;=TYp,i + Ar,

Vei=Vp,;t+Av.

This process is repeated for each particle and for each time step.

2.2.1.2 BRIDGE algorithm

The BRIDGE method provides a way to couple different codes to obtain a self-consistent simula-
tion (Fujii et al., 2007). In this new method Fujii et al. (2007) consider a star cluster (subscript
SC) orbiting a parent galaxy (subscript G). The star clusters are integrated using a fourth-order
Hermite scheme (Makino and Aarseth, 1992), with individual time steps and direct summation
of the interstellar gravitational forces, while galaxies are integrated using the tree code and
leapfrog scheme with a shared time step. Fujii et al. (2007) combine them by embedding a direct
scheme into the tree code. Using this new algorithm, they have made it possible to perform

fully self-consistent N-body simulations of star clusters that orbit in their parent galaxies with
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‘ Leapfrog |
. Free motion . Free motion .
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FI1GURE 2.5. Procedure of the BRIDGE scheme. This scheme translates to the following
algorithm: (1) The BRIDGE scheme make a tree at ¢( and calculate the acceleration
from all particles on galaxy particles, aai—q,0), and from galaxy particles on star
cluster particles, a(g—.sc,0},using the tree. (2) Star cluster give a velocity kick and
the galaxy update the velocity. (3) The star cluster integrate the positions and the
velocities from ¢ to ¢ + At using the Hermite scheme with individual time steps and
the galaxy update the position with the leapfrog scheme. (4) Make a new tree at
t+At and calculate the accelerations from all particles on galaxy particles,ajn—q, 1,
and from galaxy particles on star cluster particles, ajaj—sc,1}. (6) The star cluster
give a velocity kick and the galaxy update the velocity. Figure from Fujii et al.
(2007)

very accurate time integration for star clusters and fast time integration for the parent galaxy
(Portegies Zwart and McMillan, 2018). The procedure of the BRIDGE scheme applied to the
galaxy-cluster system is summarized in Figure 2.5 and as follows (advancing from time 0 to time
1) (Portegies Zwart and McMillan, 2018; Fujii et al., 2007):

¢ Make a tree at ty and calculate the acceleration from all particles on galaxy particles,

a(an-G,0), and from galaxy particles on star cluster particles, aig—sc,0}, using the tree.

¢ Kick cluster star velocities with time step %At using accelerations due to the galaxy; kick

galaxy particle velocities with time step %At using accelerations due to both galaxy and
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cluster:

1
/
Vsc,0 =Vscot QN a(G—SC,0}»
, 1
VG0 = VG0 + iAt all-G,0}

where subscripts SC and G stand for the star cluster and the galaxy, respectively; subscript
0 indicate time ¢ and aa)1—.g) denotes the acceleration due to the gravitational forces from

all particles (including star cluster particles) to the galaxy particle.

¢ Update (drift) cluster positions and kicked velocities with with time step A¢, using the
internal cluster integration scheme and kicked velocities; update galaxy particles positions

with time step At using kicked velocities:

xgc,0 — (Hermite scheme) — xgc 1,
/ 1 !
Vsc,o — (Hermite scheme) — v 1,

/
XG,1=XG,0+ At VG.00

where subscript 1 indicate time ¢+ At and v’SC , represent a new velocity at ¢ + Az, which

has been integrated using the Hermite scheme.

* Recompute accelerations and complete the step by updating (kicking) all cluster and galaxy

velocities:

1
VSC1= Vot §At a[G-SC, 1}
Lo+ 1At
VG1=V —At ajan—-G.1}»
G1=Vg1ty {All-G,1}
where subscript % indicate time ¢+ %At.

The main idea of AMUSE, is that different codes specialize in different physics, but these,
different codes, can be brought together with BRIDGE, i.e, the evolution of the system under
one code can influence the evolution under a second code, and vice versa. This is done by, first,
the velocities of the particles of the system are modified due to the gravitational influence of the
other system. then each system evolves in isolation and finally, the velocities are, again, modified
by the interaction with the other system.
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In this work we focus on the smallest half-light radius of any known Local Group dwarf galaxy,
with may be, the possible exception of Willman 1, mean that Segue 1 also has the densest
known concentration of dark matter, with average density enclosed within its half-light radius
is 2.5:“11:5 Mopc 2, substantially higher than that found in other dwarf galaxies of the solar
neighborhood.

We model Segue 1 by perfoming numerical simulations using the Astrophysical Multipurpose
Software Environment (AMUSE) to study a star formation scenario for ultra-faint dwarf dSph
galaxies. We aim we proposed an alternative formation channel, in continuation to our Dissolving
Star Cluster model for classical dSph galaxies. We study a formation scenario with a strong
background potential mimicking the dark matter halo. Our stars are initially in virial equilibrium
and placed in a filamentary stellar distribution, a fractal distribution, within an analytical halo,
building the faint luminous component that we observe. To move the stars under their own

gravity we used the Ph4 code.

3.1 Seguel

Segue 1 was discovered by Belokurov et al. (2007) as an overdensity of resolved stars in imaging
data from the Sloan Digital Sky Survey, at a distance of 23 + 2 kpc from the Sun, is the closest
dwarf galaxy other than Sagittarius and estimated the distance to the Sagittarius Stream to be
~ 20 kpe (Norris et al., 2010).

It was first classified as a globular cluster, primary because it was more compact and fainter
(M, = —1.5) those the galaxies known at this time and because of its small half-light radius
(30 pc), but Geha et al. (2009) presented a strong case based on internal stellar kinematics that
Segue 1 is highly dark matter dominated and therefore a galaxy (Frebel et al., 2014) and Simon
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TABLE 3.1. Summary of Properties of Segue 1. Table from Simon et al. (2011)

Quantity Value
R.A. (J2000) (h m s) 10:07:03.2+1.7
DEC (J2000) (°'") +16:04:25+ 15"
Distance (kpc) 23+2

0.6
M, ~1.5%08
Ly (Lo) 340

1.0
¢ 0.48%10,
Uv,0 (mag arcsec™2) 27.6fé:$
Tegr () 2973
Upel kms ™! 208.5+0.9
vGsR kms™? 113.5+0.9
o kms™! 3.72:‘%
Mass Mg 5.8f§€ x 10°
M/L,(My/Ly) 3400
Mean [Fe/H] -2.5

et al. (2011) based on the results of their observations clearly point confirm that Segue 1 is a
dark matter dominated galaxy in fact, it has the highest mass-to-light ratio, and is therefore the
darkest galaxy, yet found.

The study of Segue 1 can we help to understand the star formation in low density and low
metallicity environments, is extremely useful for our understanding of structure formation in the

universe and represent an useful probe of the galaxy formation on smallest scales.

3.2 Initial conditions of the stars

To generate the initial distribution of stars we used the method proposed by Goodwin and
Whitworth (2004) to produce a initial fractal distribution of stars from a turbulent gas cloud (see
section 2.1). We defined a non-uniform distribution of stars, i.e., a fractal dimension of D =1.6, a
cube of size Ngiy = 2 in which case there are 8 sub-cubes and 8 first-generation children and we
assign six different fractal radius, rga. = 30, 50, 70, 100, 150 and 200 pc, in order to investigate
the evolution of substructures. The filamentary stellar formation region is formed by 700 particles
with equal mass of 0.5 Mg, in virial equilibrium, so, the distribution have enough kinetic energy
to support themselves against overall collapse.

Figure 3.1 shows in detail an example of the evolution of 700 stars in a fractal radius of rg.5c =
200 pc and a Plummer distribution with a scale-length, Rp; = 0.5 kpc, from t = 0 to the final stage
of evolution, t =5 Gyr. We observe the initially very clumpy distribution rapidly collapses. At

first some of the clumps disperse, but the larger of these clumps then attract nearby clumps. The
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FIGURE 3.1. Example of the evolution of the distribution of stars from t =0 to t =5 Gyr.

The blue points represent the stars (M, = 0.5 M) in virial equilibrium, with a
fractal distribution of D = 1.6 in a radius of rg.acta; = 200 pc and Rp; = 0.5 kpe. We
observe the initially very clumpy distribution rapidly collapses. At first some of the
clumps disperse, but the larger of these clumps then attract nearby clumps. The
initial clumpiness is erased as most clumps merge.

TABLE 3.2. Summary of initial condition of stars with the fractal generator

Parameter
Number of stars N, 700
Stellar mass my 0.5 M,

Physical size of the system Iscale | [30,200]
Total mass of the distribution mge1e | 350 Mg

Fractal dimension D 1.6
Size cube Naiv 2.0
Virial ratio a 0.5

initial clumpiness is erased as most clumps merge.

Table 3.2 and 3.3 shows a summary of the initial parameters of the fractal distribution and the

Plummer models used in the simulations.
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TABLE 3.3. Parameter of the Plummer models used in the simulations.

Model M(r) Rp Mp;
M, kpc M,

Model 1 6 x 10° 1.0 2.2 x 1010
Model 2 6 x10° 0.5 2.8 x10°
Model 3 6 x10° 0.25 3.5x108

3.3 Plummer potential

We express the background potential as an analytical halo with a Plummer sphere (Plummer,
1911), with a dense center and reducing the value with the radius. The Plummer density profile

follow the equation:

Dot

3M r2 )
=g 1+ oo |
4 7 Ry, Ry
where we can identify the Plummer mass, Mpj, as the total mass of the system, and the Plummer
radius, Rpj, as a scale length. The potential generated by this mass distribution is given by the

equation:

GMp

—’
2 2
\/T +RPl

O(r)=—

where G is Newton’s gravitational constant.

The mass enclosed within radius r is given by,

3
M(<r)=Mp

32"
(r®+Ryp)

For our simulations we use a mass enclosed of 6 x 105 M, within a radius r = 30 pc and we assign
three different Plummer radius, Rp; = 1, 0.5 and 0.25 kpc, and we assume a physical size rgac
of the system between 30 to 200 pc, i.e. Rp; and rg.5c are the parameters that we systematically
vary in the simulations to investigate the influence of the initial size of the Dark Matter halo and
the initial size of the stellar distribution on the final object and known if our models are able to
reproduce all kinematical and structural properties of UFDs like Segue 1 (e.g. patchy structure,
ellipticity, effective radius and velocity dispersion).

The simulations evolve for 5 Gyr. The AMUSE script used to run the simulations is shown in

Appendix A.
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In this chapter we present the results obtained from the simulations we performed and the
analysis of them. We use 700 stars of 0.5 M randomly placed (following a fractal distribution)
within an analytical halo (following a Plummer distribution), and follow their evolution for 5 Gyr
(see Chapter 3). The simulations have been repeated using a different random number seeds to
explore the variations of the properties of the object formed from 10 different realizations of the
same initial conditions.

The mean values show for each parameter of the final object for each Plummer distribution are
obtained averaging the mean values of each fractal radius, and the error is the standard deviation

of these six values.

4.1 Size of the final object

4.1.1 Lagrangian radii

A Lagrangian radius is the radius of an imaginary sphere about the centre of the stellar system
containing a fixed portion of its total mass (Sweatman, 1993). To study and analyse the spatial
evolution of our objects we monitor the Lagrangian radii at 50% for 5 Gyr of evolution as a
function of the fractal radius of the initial distribution of stars.

Figure 4.1 shows the time-evolution of the 50% Lagrangian radii i.e. the half-mass radii through
5 Gyr of evolution for each initial fractal radius. Purple inverted unfilled triangles, green crosses,
blue unfilled squares, red unfilled open circles, orange crosses and dark green asterisk fractal
radii, with Rg,c = 30, 50, 70, 100, 150 and 200 pc, respectively. The top panel shows the relation
between the 50% Lagrangian radii and the fractal radius using a Rp; = 1 kpc, the middle panel
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FIGURE 4.1. Time-evolution of the 50% Lagrangian radii throughout 5 Gyr of evolution.
Top panel shows the relation between the Lagrangian radii at 50% of the total
mass with the fractal radius when we use a Rp; = 1 kpc, middle panel represent
the model with a Rp; = 0.5 kpc and the bottom panel shows the time-evolution
of the Lagrangian radii for a Rp; = 0.25 kpc. Purple inverted unfilled triangle,
green crosses, blue unfilled square, red unfilled open circle, orange cross and dark
green asterisk represent fractal radii, of Rg,e = 30, 50, 70, 100, 150 and 200 pc,
respectively.

represents the model with a Rp; = 0.5 kpc and the bottom panel shows the time-evolution of the
Lagrangian radii for Rp; = 0.25 kpc. We observe in almost all simulations with smaller scale-
lengths of the DM halo that the final object evolves into a stable object whitin the first Gyr of
evolution. It is interesting to note that we see a different behavior when Rp; = 1 kpe, where the
object needs at least 3 Gyr to stabilize. When we analyze the evolution of the Lagrangian radii
for each fractal radius, all show similar evolution independent of initially scale-length selected.
The obvious result we see is that larger initial fractal radii lead to larger final objects.

As a result we see that while we increase the initial Plummer radius the object needs more time
to stabilize independent of the fractal distribution initially selected. Also it is possible noticed

that 5 Gyr is enough time for the object to evolve into a quasi-stable configuration.
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TABLE 4.1. Values of the linear fitting function by a least square fitting for the 50%
Lagrangian radii. The first column shows the Plummer radius and m is the slope
of the fitting line, ¢ the free parameter and ¢ the associated error.

Rpilkpel | m c £

1.0 043 -2.5 4+0.99
0.5 0.43 -3.6 +0.98
0.25 044 -3.8 +0.99

Figure 4.2 shows the half-mass radius against the initial size of the fractal for each Plummer
distribution. The data points are mean values calculated from 10 realizations. Cyan circles rep-
resent Rp; = 1 kpe, purple squares represent a Rp; = 0.5 kpc and the orange diamonds represent
Rp1 =0.25 kpe. The green dashed line shows the effective radius of Segue 1 and the dotted lines
represent a least square fitting to the data. We use a linear fitting function by a least square
fitting and the results obtains for the fitting lines are shown in Table 4.1, where m is the slope of
the fitting line, ¢ the free parameter and € the associated error. Here we can see all 3 fits are the
same. The size of the final object does not depend on the chosen Rpj but only on the size of the

initial fractal, i.e. the size of e.g. Segue 1 does not reflect the halo scale-length.

We observe that Lagrangian radii show an increasing trend with the scale-length of the fractal
distribution, i.e. the larger the fractal radius, the larger the half-mass radius of the final object.
However, our results show that the variation in the fractal radius of the initial distributions of
stars can produce, in some cases, results far away from the observational data that we have today,
but it is very clearly visible is that using cored haloes we need fractal distributions between

70 — 100 pc to reproduce Segue 1.

4.2 Central Surface Brightness

A surface brightness profile shows the integrated light along a line-of-sight. As we do not know
along which line-of-sight our objects may be observed, we calculate a mean value out of three
possible sight-lines along the Cartesian coordinate axes x, y and z. To fit our data points, we use

an exponential shaped profile for the surface density distribution, i.e. a Sersic profile with a fixed

R 1
()
Reff

index n =~ 1:

I(R) =I.exp (—bn
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Fitted Model 1: err=0.997 Fitted Model 3: err=0.998 ® Model 1 Rpy = 1[kpc] Model 3 Rp = 0.25[kpc]
-+ Fitted Model 2: err=0.990 ---- Effective radius Segue 1 @ Model 2 Ry = 0.5[kpc]
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FIGURE 4.2. Half-mass radius against the initial size of the fractal for each Plummer
distribution. Cyan circles represent Rp; = 1 kpc. Purple squares represent Rp; =
0.5 kpc and orange diamonds represent the Lagrangian radii for a Rp; = 0.25 kpc.
The green dashed line shows the effective radius of Segue 1. As the scale-length of
a dSph usually should be smaller than the half-mass radius, we see that for our
choices of DM haloes we need a fractal distribution of 70 — 100 to obtain similar
results to Segue 1.

where Refr is the scale-length, I, is the surface density at the effective radius and b,, = 1.999n —
0.327 (Caon et al., 1990).

Simon et al. (2011) estimated the average density enclosed within its half-light radius of Segue 1
is 2.5:“11:}1 Mopc~3, subtantially higher than that found in other dwarf galaxies (e.g. Simon and
Geha (2007)).

The mean values of the two free parameters of the final object by fitting an exponential profile
are shown in Table 4.2. The first column shows the Plummer radius, where Model 1, Model 2
and Model 3 represents a Rp; = 1.0, 0.5, and 0.25 kpc, respectively. The second column shows the
initial size of the fractal distribution and the last two columns show the surface density at the

effective radius, I, and the scale-length, Regr.

Table 4.2 show the correlation of the two free parameters (I, Refr) of the exponential profile with
initial size of the DM halo and the initial size of the stellar distribution. Shows clearly that we
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TABLE 4.2. Mean values of the final object. The first column shows the Plummer radius,
where Model 1, Model 2 and Model 3 represent a Rp; = 1.0, 0.5, and 0.25 kpc,
respectively. The second column shows the initial size of the fractal distribution
and the last two columns shows the two free parameters, the surface density at
the effective radius, I, and the scale-length radius, Regr, by fitting an exponential

profile.

Model Fractal Radius I Resr
pc Mopc 2 pc
30 7.84+2.8 2.82+0.4
50 4.26+2.5 429+1.3

Model 1 70 1.73+0.9 585+1.6
100 1.09+04 6.48+1.7
150 0.74+0.5 7.95+24
200 0.36+£0.2 10.42+49
30 461+34 3.76+1.1
50 3.08+0.9 4.04+0.9

Model 2 70 2.02+0.6 4.94+0.9
100 1.33+£0.6 6.12+1.7
150 0.63+0.4 9.49+4.2
200 0.42+0.2 10.15+2.6
30 6.03+1.3 2.77+0.3
50 2.29+0.7 4.38+0.5

Model 3 70 1.78+0.6 456+1.1
100 1.45+0.9 7.17+3.8
150 0.77+0.3 8.49+2.3
200 0.54+0.3 9.04+4.3

have no important changes in the surface brightness profile parameters when we change the
scale-length of the halo, but we observe a dependency as a function of the initial size of the fractal
distribution. Instead from Figure 4.3 we do see a dependency: surface density decreases if we use
to larger stellar distribution sizes, so if we distribute the stellar mass more concentrated, the
scale-length radius of the final object is notoriously decreasing. This is also expected because if
the luminous matter started more concentrated, it should also be more concentrated in the final
object.

In Figure 4.3 we use a linear fitting function by a least square fitting and the results obtains
for the fitting lines are shown in Table 4.3, where m is the slope of the fitting line, ¢ the free

parameter and € the associated error. Here we can see all 3 fits are almost the same.
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Fitted Model 1: err=0.633 Fitted Model 3: err=0.589 B Model 2 R = 0.5[kpc]
-+ Fitted Model 2: err=0.808 ® Model 1 Rp = 1[kpc] Model 3 Re; = 0.25[kpc]
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FIGURE 4.3. Surface density, 1., as a function the initial size of the fractal for each
Plummer distribution. Cyan circles represent the I, as a function of their Rp; =
1 kpe. Purple square represent the relation between the I, with a Rp; = 0.5 kpce
and the orange diamonds represent the I, for a Rp; = 0.25 kpc. The data points are
mean values calculated from 10 realizations of these parameters and the dotted
lines represent the data with a linear fitting function by a least square fitting.

TABLE 4.3. Values of the linear fitting function by a least square fitting for the surface
density at the effective radius, I.. The first column shows the Plummer radius and
m is the slope of the fitting line, ¢ the free parameter and € the associated error.

Rp [kpcl m c €

1.0 -0.04 6.23 0.6
0.5 -0.02 424 +0.8
0.25 -0.02 453 +0.6

Figure 4.4 shows the data points of the radial surface brightness by fitting an exponential profile
of 12 different simulations. The 3 panels shown from left to right the Rp; = 1.0 kpc (cyan circles),
Rp; = 0.5 kpe (purple squares) and Rp; = 0.25 kpe (orange diamonds), respectively. The rows from
top to bottom represent the initial size of the fractal distribution Rg.5 = 30, 70, 150 and 200 pc,
respectively. The dashed lines represent the exponential profile. Here we see how the stellar mass
in our final object is more concentrated at the center and decreases as we go to bigger radii with

an exponential decrease being a good fit.
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FIGURE 4.4. Fit of the data points of the radial surface brightness with an exponential

profile of 12 different simulations. The 3 columns shown from left to right the
Rp; = 1.0 kpe (cyan circles), Rp; = 0.5 kpe (purple squares) Rp; = 0.25 kpce (orange
diamonds), respectively. The rows from top to bottom represent the initial size
of the fractal distribution R, = 30, 70, 150 and 200 pc, respectively. The dashed
lines represent the exponential profile.
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TABLE 4.4. Values of the linear fitting function by a least square fitting for the effective
radius, Refr. The first column shows the Plummer radius and m is the slope of the
fitting line, c the free parameter and € the associated error.

Rpilkpcl | m c £

1.0 0.04 22 097
0.5 0.04 22 +0.96
0.25 0.04 23 +091

4.2.1 Effective radius, Regr

To obtain the effective radius, Refr, we fit the data point of the radial surface brightness with an
exponential profile.

In Figure 4.5 we show the effective radius as a function of the fractal radius for each Plummer
distribution. The data points are mean values calculated from 10 realizations of these parameters
and the dotted lines represent the data with a linear fitting function by a least squares fitting,
and the results obtains for the fitting lines are shown in Table 4.4, where m is the slope of the
fitting line, ¢ the free parameter and e the associated error.

From Figure 4.5 and Table 4.2 we observe the final scale-length is almost the 10% the initial
scale-length of the stellar distribution. Thus, the dependency of the effective radius with the
initial size of the fractal distribution is quite strong. Furthermore, we see almost no difference
between the 3 Plummer distributions, at Rp; = 1 kpe, Rp; = 0.5 kpe and Rp; = 0.25 kpe.

From these results we can distinguish the influence of the different initial parameters. The
scale-length of the DM halo has no influence on the mean values of the exponential profile
parameters. If the luminous component started more concentrated we see smaller scale-lengths
in our final object and smaller scale-lengths of the fractal distribution lead a final object with
higher surface density in the centre. This result can be see as a confirmation that our choice of

initial Plummer radius does not affect the final outcome.

4.3 Velocity dispersion, o5,

The velocity dispersion is the standard deviation for the mean velocity of the particles in the
object. We calculate the velocity dispersion, g5g, considering all stars within a radius of 50 pc.

We measure the line-of-sight velocity dispersion for the final object to compare them with the
typical value observed in UFDs. According to Simon (2019) at the present, velocity dispersion

measurements or limits for UFDs are between ~ 2 to 10kms™! (see Figure 1.10).
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Fitted Model 1: err=0.967 Fitted Model 3: err=0.912 B Model 2 Ry = 0.5[kpc]
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FIGURE 4.5. Effective radius as a function the initial size of the fractal for each Plummer
distribution. Cyan circles represent the Refr as a function of their Rp; = 1 kpe. Purple
square represent the relation between the Rq¢ with a Rp; = 0.5 kpc and the orange
diamonds represent the Rqgr for a Rp; = 0.25 kpe. The data point are mean values
calculated from 10 realizations of these parameters and the dotted lines represent
the data with a linear fitting function by a least square fitting.

Table 4.5 shows the mean values of g5 for the initial size of the fractal, Rgqe =30-50-70—
100 — 150 and 200 pc and for each Plummer distribution.

In Figure 4.6 we show the velocity dispersion of the final object as a function of the fractal radius
for each Plummer distribution. The data points are mean values calculated from 10 realizations
of these parameters, and the dotted lines represent the data with a linear fitting function by a
least square fitting, and the results obtains for the fitting lines are shown in Table 4.6, where m
is the slope of the fitting line, ¢ the free parameter and ¢ the associated error.

It is possible to see there are no significant differences in the velocity dispersion with varying
the Plummer distribution (see Table 4.5 and Figure 4.6) at Rp; = 1 kpc, 050 = 17.342+9.7kms ™!,
when Rp; = 0.5 kpc and Rp; = 0.25 kpe, then 050 = 15.712+8.8 kms ™! and 050 = 15.798+9.1 kms ™!
respectively. Instead we do see a strong dependency of the velocity dispersion on the scale-length
of the distribution of stars, showing an increasing trend with the fractal radius.

For smaller distributions of stars, that is, all simulations with fractal radii of 30 pc, the final ob-

jects have values similar to the measured for Segue 1 of 3.733‘.L kms™! (Simon et al., 2011). Also,

53



CHAPTER 4. RESULTS

TABLE 4.5. Mean velocity dispersion within 50pc. The first column shows the
Plummer radius, where Model 1, Model 2 and Model 3 represents a Rp) =
1.0, 0.5, and 0.25 kpc, respectively. The second column shows the initial size of the
fractal distribution and the last column shows the velocity dispersion within 50pc

of the final object.

Model Fractal Radius 050
pc [kms™1]
30 592+1.2
50 8.36+2.6

Model 1 70 12.33+2.9
100 18.98+2.4
150 24.39+3.7
200 34.08+4.9
30 5.67+0.9
50 7.73+1.8

Model 2 70 11.11+2.8
100 16.09+1.9
150 22.89+2.5
200 30.78+4.4
30 4.89+0.9
50 8.74+0.9

Model 3 70 11.08+2.4
100 15.17+1.7
150 23.61+2.9
200 31.3+3.9

TABLE 4.6. Values of the linear fitting function by a least square fitting for the velocity
dispersion, g59. The first column shows the Plummer radius and m is the slope of
the fitting line, ¢ the free parameter and € the associated error.

Rpilkpel | m c €

1.0 0.16 0.87 +0.99
0.5 0.15 0.87 +0.99
0.25 0.15 0.42 +0.99

all the simulations with fractal radii between 30 to 70 our final objects have velocity dispersion
like the ones measured for some UFDs galaxies (see Table 1.2 sixth column) independent on the
chosen scale-length of the DM halo.

These results show large fractal distribution scale-lengths (100 to 200 pc) exhibit velocity disper-
sion does not fit in the range of the UFDs galaxies and the velocity dispersion of our final object

does not depend on the chosen scale-length of the dark matter halo. However, shown clearly that
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Fitted Model 1: err=0.992 Fitted Model 3: err=0.998 B Model 2 Rpy=0.5[kpc]
-+ Fitted Model 2: err=0.999 ® Model 1 Rp=1[kpc] Model 3 Rp = 0.25 [kpc]
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FIGURE 4.6. Velocity dispersion, g5g, of the final object as a function of the fractal
radius for each Plummer distribution. Cyan circles represent the o5¢ as a function
of their Rp; = 1 kpc. Purple square represent the relation between the o5¢ with a
Rp; = 0.5 kpc and the orange diamonds represent the 5o for a Rp; = 0.25 kpc. The
data point are mean values calculated from 10 realizations of these parameters
and the dotted lines represent the data with a least square fitting.

our model is well suited to reproduce galaxies like Segue 1 when we choose compact size of fractal

distributions.

4.4 Shape of the final object

It is possible to characterize the shape of our resulting object ananlyzing the parameter of ellip-

ticity, €, and the distribution of stars after 5 Gyr of evolution.

4.4.1 Ellipticity

We know the ellipticity, €, is a structural parameter which can help us to understood how flat is
our final object. The ellipticity is given by:
b
e=1——,
a
where a is the semi-major axis and b the semi-minor axis of an ellipse.

To determine the ellipticity of the final object we use the ELLIPSE task under the IRAF envi-
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TABLE 4.7. Derived ellipticity of the final object for each fractal distribution. The first
column shows the Plummer radius, where Model 1, Model 2 and Model 3 represents
a Rp; = 1.0, 0.5, and 0.25 kpc, respectively. The second column shows the initial
size of the fractal distribution and the last column shows the ellipticity of the final

object.

Model Fractal Radius €
pc
30 0.13+0.06
50 0.27+0.1

Model 1 70 0.32+0.1
100 0.27+0.1
150 0.26+0.1
200 0.31+0.1
30 0.31+0.3
50 0.29+0.1

Model 2 70 0.31+0.2
100 0.29+0.2
150 0.17+0.001
200 0.26+0.1
30 0.13+0.1
50 0.2+0.1

Model 3 70 0.18+0.1
100 0.15+0.1
150 0.24+0.1
200 0.240.1

ronment which gives the ellipticity value at different radii, i.e, looks for elliptical isophotes in the
galaxy image, of all points having the same luminosity per unit area, starting from a first guess
elliptical isophote defined by approximate values for the x and y centre coordinates, in our case,
the density center of the final object.

In the literature it is usually considered that the faintest galaxies have significantly higher
ellipticities than larger systems, with an average ellipticity for UFDs of 0.5 +0.01 (Martin et al.,
2008), but Simon (2019) concluded that there is no significant evidence at present that UFDs
have more elongated shapes than mores luminous dwarfs. Segue 1 have an ¢ value of 0.48:’8:%3
(Martin et al., 2008).

Table 4.7 shows the mean values of € for the initial size of the fractal, Rg.qc =30—-50—-70-100 —

150 and 200 pc and for each Plummer distribution of the DM halo.
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TABLE 4.8. Mean ellipticity of the final object for each Plummer distribution.

Rp1 [kpc] €
1.0 0.259+0.1
0.5 0.273+0.05
0.25 0.185+0.04
® Model 1 Rp =1[kpc] B Model 2 Rp;=0.5[kpc] Model 3 Rp; = 0.25 [kpc]
.5 . =
Qo.a v - .
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FIGURE 4.7. Ellipticity of the final object after 5 Gyr of evolution as a function of the
initial fractal distribution of stars. Cyan circles are the results for a Rp; = 1 kpc,
purple squares are the results for a Rp; = 0.5 kpc, while the orange diamonds are
the results for a Rp; = 0.25 kpec.

Figure 4.7 shows the ellipticity values against the initial size of the fractal for each Plummer
distribution after 5 Gyr of evolution. Cyan circles are the results for a Plummer distribution with
a Rp; = 1 kpe, purple squares are the results for a Plummer distribution with a Rp; = 0.5 kpc,
while the orange diamonds are the results for a Plummer distribution with a Rp; = 0.25 kpc.
Here we clearly notice that there is no correlation between the ellipticity of the final object
and the size of the DM halo, i.e, the ellipticity values are independent of our choice of the DM
halo. Furthermore we see no trend with the initial size of the fractal. This means that the final

ellipticity of our objects is a simple by-chance result and does not depend on any initial parameter.
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FIGURE 4.8. Example of time-evolution of the distribution of stars fromt =0 tot =5 Gyr.
The blue points represent the stars (M, = 0.5 M) in virial equilibrium, with a
fractal distribution of D = 1.6 in a radius of rf.aeta; = 100 pc and Rp; = 0.5 kpe. We
observe how the initially very clumpy distribution collapses. At first the larger
of these clumps then attract nearby clumps. The initial clumpiness is erased as
most clumps merge at centre at first 3 Gyr, after that time the distribution of stars
remains stable.

We observe that the ellipticity of the final object seems not to follow any trend, also, we observe
no dependence between € and the initial size of the fractal distribution, is interesting to observe
that the final object obtained in almost all the simulations have ellipticities in the range of 0.1
to 0.3, more similar to the weighted average ellipticity of the classical dSphs of 0.350 + 0.003
proposed by Martin et al. (2008). However Munoz et al. (2018) measured different structural
parameters for Segue 1, and proposed an ellipticity € = 0.31 +0.13 which is closer to the values
obtained when we use a Plummer distributions of 1 kpc and 0.5 kpc, independent of our choice of
fractal distribution (see Table 4.8).

4.4.2 Distribution of stars

As we showed before, models with the stars initially in a more concentrated distribution, i.e.
smaller fractal distribution, generate final objects with smaller scale-lengths independent of our
choice of the initial Plummer distribution for the DM halo, as we see in Figure 4.9. We show

the final distribution of stars of 12 simulations with different combination of initial parameters.
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FIGURE 4.9. Distribution of stars after 5 Gyr of evolution. The 3 columns shown
from left to right the final distribution of stars for a Rp; = 1.0 kpc (cyan dots),
Rp; = 0.5 kpc (purple dots) and Rp; = 0.25 kpc (orange dots), respectively. The rows
from top to bottom represent the initial size of the fractal distribution R =
30, 70, 150 and 200 pc, respectively.

Cyan circles, purple squares and orange diamonds represents a Plummer distribution with a
Rp; = 1.0, 0.5 and 0.25 kpc, respectively, and from top to bottom represent the initial size of the
fractal distribution Rg.,c = 30, 70, 150 and 200 pc. It is possible notice how as we increase the
initial size of the fractal distribution the final size of the stellar distribution also increases. We
can also observe that the size of the final stellar distribution does not change with respect to the
size initially selected.

It is interesting to see how the initially very clumpy distribution collapses, until the initial
clumpiness is erased as most clumps merge after 5 Gyr as we show in Figure 4.8. Where we
show a time-evolution example of the distribution of stars from t =0 to t = 5 Gyr. We observe how
at first the larger of these clumps then attract nearby clumps. The initial clumpiness is erased
as most clumps merge at centre at first 3 Gyr, after that time the distribution of stars remains

quasi-stable.
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FIGURE 4.10. Final object until a radius of 50 pc. Shape of the final object within
a colour bar for the magnitude of the surface brightness. The 3 columns shown
from left to right the shape of the final object for a Rp; = 1.0, 0.5 and 0.25 kpc,
respectively. The rows from top to bottom represent the initial size of the fractal
distribution Rg.5 = 30, 70, 150 and 200 pc, respectively.

Figure 4.10 show the shape of our final objects until a radius of 50 pc of 12 simulations with
different combinations of the initial parameters, Rp; and Rg.,c.. These panels show clearly a
centrally peaked and smoothed density distribution for the luminous component of our final
object. They show different outcomes from our simulation, a nearly spherical final object and

a very elongated final object,in both cases the initial clumpiness is erased. On the other hand,
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FIGURE 4.11. Final object until a radius of 50 pc. Shape of the double-cored final object
with two high-density peaks in the centre within a colour bar for the magnitude
of the surface brightness. The 3 columns shown from left to right the shape of the
final object for a Rg.qc = 30, 50 and 70 pe, respectively and Rp; = 1.0 kpe.

Figure 4.11 shows a double-cored final object with two high-density peaks in the centre. This
result could be mainly due to the fact that the stellar distributions still out of the quasi-stable
configuration.

Figure 4.13 show the distribution of high-density peaks against the initial parameters. We find
that is more probably to obtain the clumpy structures or double-cored final objects when we chose
a large halo scale-length and smaller fractal distributions.

This results show our model is able to predict objects with different shapes independent of initial
conditions and large halo scale-lengths exhibit stellar distributions still out of equilibrium after 5
Gyr as we see in Figure 4.12. We show an example of time-evolution of the 50% Lagrangian radii
throughout 5 Gyr of evolution of 3 different simulations with the same initial stellar distribution,
i.e. My = 0.5 Mg in virial equilibrium, with a fractal distribution of D = 1.6 and Ry = 100 pc but
different Plummer radius, 1.0 kpc (cyan circles), 0.5 kpc (purple squares) and 0.25 kpc (orange

diamonds).
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FIGURE 4.12. Time-evolution of the 50% Lagrangian radii throughout 5 Gyr of evolution.
We show 3 different simulations with the same initial stellar distribution, i.e.
M, = 0.5 Mgy in virial equilibrium, with a fractal distribution of D = 1.6 and
Rfraec = 100 pe but different Plummer radius, 1.0 kpc (cyan circles), 0.5 kpc (purple
squares) and 0.25 kpc (orange diamonds). This results show our model is able to
predict objects with different shapes independent of initial conditions and large
halo scale-lengths exhibit stellar distributions still out of equilibrium after 5 Gyr
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FIGURE 4.13. Distribution of high-density peaks against the initial parameters Rg.5¢
and Rp;.Purple color represent the final object with one density core independent
of their shape and orange color shows in what configurations we found final objects
with two high-density peaks in the centre. The size of the circles represent how
many simulations present the same result.
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CHAPTER

SUMMARY AND CONCLUSIONS

We test the possible formation scenario for dSph galaxies, originally proposed by Assmann
et al. (2013a), for the formation of UFDs galaxies. We model Segue 1 by performing numerical
simulations using AMUSE and the direct N-body integrator ph4. In our simulations we consider
the evolution of different fractal distributions of 700 particles within an analytical DM halo with
a Plummer distribution. The simulations have been repeated using a different random number
seeds to explore the variations of the properties of the object formed from 10 different realizations
of the same initial conditions. In total we perform 180 simulations.

Every simulation performed in this work leads through the dissolving star cluster model, to a

final quasi-stable object with characteristics of UFDs galaxies:

* The analysis of the Lagrangian radii show that while we increases the Plummer distribu-
tion scale-length the final object needs more time to stabilize independent of the fractal
distribution initially selected.

The size of the final object does not depend on the chosen Rpj but only on the size of the
initial fractal. Thus, the size of Segue 1 does not reflect the halo scale-length. To obtain a
similar scale-length as Segue 1, we need fractal distributions of 70 — 100 pc in size.

We would like to add a word of caution, as the results may depend on the fact, that we only

used cored DM haloes in our study.

¢ We use an exponential profile to study the surface density and effective radius of our final
object. This parametrization is known to provide a good representation of the brightness
profiles of early-type galaxies, including low-mass dSph galaxies. By analyzing the two
parameters of the exponential profile we find a dependency: I, decreases if we use to larger
stellar distribution size, i.e. smaller sizes of the fractal distribution lead to a final object
with higher density in the centre. On the other hand, the R is in the range of 2.7 to 10.4
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pc, which is much smaller compare with the derived by Murtioz et al. (2018) of 26.4 +4 pc
using a Sersic model and the estimated by Dominguez et al. (2016) of 29:“?:8 pe.

* The range of velocity dispersion in our simulations is between 4.9 to 34.1kms™!, and the
derived intrinsic velocity dispersion for Segue 1 by Simon (2019) is 3.73:‘{ kms™!. This
means, our simulations with an initial fractal distribution of 30 pc present a velocity
dispersion close to the estimated value and all simulations with fractal radii between
30 to 70 pc are in the range of UFDs (2 to 10 kms™! independent on the chosen scale-length
of the DM halo.

¢ The ellipticity of our final objects is in the range of 0.1 t0 0.3, and the the e proposed for
Segue 1is 0.31+0.13. Thus, almost all simulation with Plummer distribution of 1.0 and
0.5 kpc, independent of the chosen scale-length of the fractal distribution are consistent
with the estimated value (Murfioz et al., 2018). Only the simulations with initial Plummer

distribution of 0.25 kpc lead to objects with € slightly smaller than this value.

¢ By analyzing the results of the distribution of stars we conclude our model is able to predict
objects with different shapes independent of the initial conditions. We obtained from our
simulations nearly spherical final objects, very elongated final objects and a double-cored
final objects. Also, we conclude that larger halo scale-lengths exhibit stellar distributions

which are still out of equilibrium after 5 Gyr.

There are some disadvantages, or behaviors that we can not reproduce or consider in our model.
We only perform simulations using a Plummer potential for the DM halo. Also, we can not treat
metalicities, or an explication for any star formation or chemical-enrichment history of Segue 1.
We perform simulations that treat only kinematics of the particles.

From our analysis of the central surface brightness and the exponential profile, we observe the
stellar mass of our final object is more concentrated in the center and decreases as we go to bigger
radii with an exponential decrease being a good fit.

Our models reproduce very well some structural and kinematical properties of Segue 1, when we
chose the initial fractal radius between 70 to 100 pc, e.g patchy structure, ellipticity and effective

radius. This possible formation scenario could be a good model to explain Segue 1.
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APPENDIX

AMUSE SCRIPT

#!/home/dmatus/bin/amuse

import os

import sys

import time

from
from
from

from

amuse.datamodel import Particles, Particle
amuse.units import constants, units, nbody_system
os.path import isfile

amuse.community.ph4.interface import ph4Interface, ph4

#from amuse.community.huayno.interface import Huayno

from

amuse.couple import bridge #Potencial amnalitico

#from amuse.lab import =*

from

amuse.ic import plummer

import matplotlib.pyplot as plt

import numpy as np

import math

from

amuse.lab import *

#Cosas para los snapshots:

from

from

snapshots import print_snapshot, Time_stuff

time import time, strftime, gmtime

#from snapshots import * #guardar archivos

class Potential(object):
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APPENDIX A. AMUSE SCRIPT

of star

stars radius

Position

Position

def print_snapshot(t, N,

tcpul,
tcpu = time () -tcpuO
header = str(t) + " "
fo.write (header)

for s in stars:

stars,

+ str(N) +

fo):

" + str(tcpu) +

line = ""
line += str(s.mass.value_in(units.MSun))

line += str(s.radius.value_in(units.RSun))
#line += str(s.x.value_in(units.kpc)) +
#line += str(s.y.value_in(units.kpc)) +
#line += str(s.z.value_in(units.kpc)) +

line += str(s.x.value_in(units.parsec))

line += str(s.y.value_in(units.parsec))

line += str(s.z.value_in(units.parsec))

def

def get_gravity_at_point(self, Rv, x, y,

#line += str(s.x.value_in(units.AU))

Position

#line += str(s.y.value_in(units.AU))
#line += str(s.z.value_in(units.AU))
line += str(s.vx.value_in(units.kms))
Velocity
line += str(s.vy.value_in(units.kms))
line += str(s.vz.value_in(units.kms))
fo.write(line)
fo.write("\n")
fo.flush ()
__init__(self, Rv=1.7|units.kpc, M=2.15e10|units.MSun):
self M = M
self .Rv = Rv
self.a = self.Rv*(3*math.pi/16)
self.a2 = self.axx2

z):

r2 = X**%2 + y**2 + Zk%x2

r = r2.sqrt ()

ace = (constants.GxMxr)/(r**x2 + self.ax*x*x2)**x(3./2)
ax = -x/r*ace

ay = -y/r*xace

az = -z/r*ace

68

u\nn

+

#Mass



72 return ax, ay, az

74 def get_density_at_point(self, x, y, z):

75 r2 = x**%2 + y*k*2 + zZ*x%x2

76 r = r2.sqrt ()

77

78 #Perfil de demnsidad

79 rho = ((3.xself.M)/(4*math.pi))*(self.a2/(r2 + self.a2)x*x(5./2))
80

81 return rho

82

83 def potential_at_point(self, x,y, z):

84 r2 = x**2 + y*k*2 + zZ¥*x2

85 r = r2.sqrt ()

86

87 phi = -(constants.Gxself.M)/(r2 + self.a2).sqrt()
88

89 return phi

90

91 def fix_velocities(stars):

92

93 for i in stars:

94 Lz = (i.y*i.vx)-(i.x* i.vy)

95

96 if Lz<0:# .value_in(units.m**2/(units.s))<0:

97 i.vx *x= -1

98 i.vy *x= -1

99

100 stars_omega = i

101

102 return stars_omega #significa que es i.xx, i.yy, i.zz, i.vx etc.
103

104 # Inicializo variables para simulacion
105

106 #Number of particles

107 N = 700

109 stars=Particles (N)
110
1

1 #Radius virial

112 R = 1.7 | units.kpc
113

1

4 #Total mass

115 M = 2.15e10 | units.MSun
116

117
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124

126
127
128
129
130
131
132
133
134

136
137
138
139
140
141
142
143
144

146
147
148
149
150

164

APPENDIX A. AMUSE SCRIPT

# Llamamos archivo de distribucion fractal

stars_file = np.loadtxt('mf10.txt"')

# asignamos la distribucion fractal con clase stars

#Position of the stars

stars.x = stars_file[:,0] |units.parsec
stars.y = stars_file[:,1] |units.parsec
stars.z = stars_file[:,2] |units.parsec

#Velocities of the stars

stars.vx = stars_file[:,3] |units.km/units.s
stars.vy = stars_file[:,4] |units.km/units.s
stars.vz = stars_file[:,5] |units.km/units.s
stars.mass = stars_filel[:,6] |units.MSun
stars.radius = 0.5 |units.RSun

# Calcular fix_velocities

5 #fix_velocities(stars) #Bota stars_omega con momento agular positivo

#Calcular Plummer

convert_nbody = nbody_system.nbody_to_si(1.0 |units.kpc, 2.15e10 |units.MSun)
#stars=plummer .new_plummer_model (N, convert_nbody)
#print "Stars:", starsstars.scale_to_standard(convert_nbody,virial_ratio=0.5)

#fix_velocities (stars)

#Time of simulation

5 t_envolve = Olunits.yr

t_end = 5000.0 |units.Myr

#snapshot dt
dt_snapshot = 0.1 |units.Myr

#Bridge dt
dt = 0.1 |units.Myr

salida = open("simlO.txt", "w")

#PH4
print 'inicio phé4'

grav = ph4(convert_nbody, number_of_workers=1, mode='gpu')

grav.initialize_code ()

print 'initialize'
grav.particles.add_particles(stars)
print 'add-particles'

grav.commit_particles ()

70



165 print 'particles'

166 channel_from_grav_to_stars = grav.particles.new_channel_to(stars)
167
168 channel_from_stars_to_grav = stars.new_channel_to(grav.particles)

169 print 'channel'
170 #Setup Background Potential
171 background_potential = Potential (Rv=R, M=M)

173 integrator = bridge.Bridge(verbose=False)

174 print 'bridge'

175 integrator.add_system(grav, (background_potential,), True)
176 integrator.timestep = dt

177

178 print integrator.timestep
180 t_smnapshot = dt_snapshot
182 print t_snapshot

183
184 tcpu0 = time ()

185

186 d_t = 0.1 |units.Myr

187

188 t_evolve=0.0 | units.Myr

189
190 while t_evolve < t_end
191 if isfile('stop'):

192 break

193

194 print t_evolve.value_in(units.yr),"/",t_end.value_in(units.yr)

195 print t_evolve

196

197 integrator.evolve_model (t_evolve)

198 integrator.synchronize_model ()

199

200 # t_evolve = integrator .model_time + d_t

201 integrator.model_time

202 # t_evolve = t_evolve + d_t

203 print integrator.model_time

204

205 channel_from_grav_to_stars.copy_attributes(['x','y','z"','vx','vy',"'vz"'])
206

207 if t_evolve >= t_snapshot:

208 t_snapshot += dt_snapshot

209 print_snapshot (t_evolve.value_in(units.Myr),N, tcpuO, stars, salida)
210 Time_stuff (tcpul,t_evolve,t_end, "cuanto_queda")

211 #print_one_snapshot (t_evolve.value_in(units.yr),0, tcpuO, stars, salida.
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213
214

o
o

APPENDIX A. AMUSE SCRIPT

flush ())

t_evolve = t_evolve + d_t

5 integrator.stop ()
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