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Resumen

La Via Lactea esta rodeada por numerosas galaxias enanas esferoidales. Se cree que sus
propiedades cinematicas se explican por su posible contenido de materia obscura. Pero
en otros casos sus propiedades cinemadticas son explicadas por su disrupcion producto de
las fuerzas de marea de su galaxia anfitriona, como es el caso de la corriente de Sagi-
tario. La galaxia enana esferoidal Hércules esta a una distancia de 138 kpc del centro de
la Via Léctea y tiene una velocidad radial de v$5® = 144 kms™! en el Sistema de Refer-
encia Gal4ctico (GSR). Adén et al. (2009b) calcularon una dispersion de velocidades de
Ols = 3.72 + 0.91 kms™! y asumiendo equilibrio virial los autores estiman una masa
dindmica de 1.9733 x 10® Mg, dentro de un radio de 300 pc, un valor mucho més bajo del
esperado para galaxias tan poco luminosas como Hércules. Ellos también calcularon un gra-
diente de velocidades radiales de Av,,q = 163 kms™! kpc~! que atribuyen a rotacién. Pero
su forma elongada sugiere una posible disrupcion producto de las fuerzas de marea de la Via
Léctea. Jin & Martin (2010) dedujeron una velocidad tangencial de vion = —1675, kms™
a lo largo de la elongacion y determinaron una posible Orbita usando argumentos de en-
ergia y momento angular. Nosotros reprodujimos esta 6rbita y también otras en la misma
direccion de la elongacion para encontrar un modelo para Hércules mediante simulaciones
N-Body. No pudimos reproducir la gran elipticidad de Hércules, pero si pudimos reproducir
seis parametros observacionales dentro de sus errores observacionales: el brillo superficial
central, la masa luminosa, el radio efectivo, la orientacién de la elongacion, la dispersion de
velocidades central y el gradiente de velocidades radiales. En nuestros modelos la disrupcion
por fuerzas de marea también puede explicar la velocidad de dispersiéon medida en Hércules
sin la necesidad de materia obscura. También encontramos un area tnica de soluciones en
el espacio de parametros para la masa inicial (Mj,;;) y para el tamafio inicial (Rpjy,,) del
progenitor de Hércules, usando una 6rbita de 10 Gyr: Un Rpyy,, entre 68 pc y 80 pc, y una
M,,i; entre 1.6x10° My, y 2.5x10°> M, implicando una pérdida de masa de entre 70% y
80%.
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Abstract

The Milky Way (MW) is surrounded by several dwarf spheroidal galaxies (dSph). Their
kinematical properties are thought to be explainable by their dark matter content. But in other
cases the kinematics of dwarf galaxies are explained through the tidal disruption caused by its
host galaxy, like in the Sagittarius Stream. The Hercules dSph galaxy is located at a distance
of 138 kpc from the MW and it has a radial velocity of v$58 = 144 kms~! in the Galactic
Standard of Rest frame (GSR). Adén et al. (2009b) calculated a velocity dispersion of o},s =
3.72 4 0.91 kms~! and assuming virial equilibrium the authors estimate a dynamical mass
of 1.974 x 10° M, within radius of 300 pc, a value much lower than the expected for
dSph galaxis as faint as Hercules. They also calculated a radial velocity gradient of Av,,q =
16 &= 3 kms~'kpc~! and they attributed it to rotation. But, its elongated shape suggests a
possible tidal disruption caused by the gravitational force of the Milky Way. Jin & Martin

(2010) deduced a tangential velocity of vGS® = —1675, kms™" along the elongation and

tan

determined a possible orbit using energy andgangular momentum arguments. We reproduce
this orbit and also other orbits in the same direction of the elongation to find a suiteable
model for Hercules through N-Body simulations. We cannot reproduce the high ellipticity of
Hercules, but we match six other observational parameters within their observational errors:
the central surface-brightness, the luminous mass, the effective radius, the orientation of the
elongation, the central line-of-sight velocity-dispersion and the gradient of radial velocities.
In our models the tidal disruption also could explain the measured velocity-dispersions in
Hercules without the need of dark matter. We also find a unique and narrow solution area of
the parameter-space for the initial luminous mass (M;y;;) and the initial size (Rpjy,) of the
progenitor of Hercules using a 10 Gyr orbit: A Rpy,,, between 68 pc and 80 pc, and an Mj;;
between 1.6 x 10° M, and 2.5 x 10° M, implying a mass-loss between 70% and 80%.
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1 Introduction

1.1 The Dwarf Spheroidal Galaxies of the Milky Way

Around the Milky Way (MW) more than 20 dwarf galaxies orbiting at distances closer than
250 kpc have been discovered. The dwarf Leo T (Irwin et al., 2007) is an exception, located
at a distance of 417 kpc. Most probably there are many others too far or too faint waiting
to be discovered. The dwarf galaxies (dG) in the MW are classified in two categories: the
dwarf irregular galaxies (dlIrr) and the dwarf spheroidal galaxies (dSph). There are only
two dwarf Irregulars, the Large Magellanic Cloud (LMC) and the Small Magellanic Cloud
(SMC). These two galaxies are the most luminous of the collection of satellites, having about
2.1 x 10° L, for the LMC and 5.7 x 108 L, for the SMC and observations indicate that they
still have gas and form stars. The majority of the satellites of the MW are dwarf spheroidal
galaxies (dSph). We show the main properties of some of them in Table 1. The first dSphs
detected around the MW were the nine Classical dSph galaxies, which have luminosities
ranging from 4.5 x 10* Ly, to 2.0 x 107 L. The last discovered Classical dSph galaxy,
Sagittarius, was found by Ibata et al. (1995) showing clear signs of being in the last stages
of disruption and dissolution, caused by the tidal effects of the MW. Sagittarius also shows
the most prominent tidal tails spanning all across the sky (Belokurov et al., 2006). The
number of discovered dSph galaxies increased to more than the double with the arrival of the
automated telescope of the Sloan Digital Sky Survey (York et al., 2000) adding many faint
and ultra-faint dwarf spheroidal galaxies to the list.

An important characteristic of the dSphs is that they are fainter than some star clusters,
having luminosities ranging from ~ 10® L, to ~ 107 L, and very low stellar densities, with
central fluxes of 30 L, pc™2 (for Leo I) or 2.2 L, pc—2 (for Draco) (see Irwin et al. (1995)).
A second important fact is that most of them show short epochs of star formation with very
old stellar populations, as shown in Figure 1 (Grebel E., 2000). Their populations are around
10 Gyr old or even older.

It has been proposed that the dwarfs helped in the creation of the stellar halo of the MW
as they became disrupted and formed streams. If this is true, the abundance of chemical
elements should be similar. Kirby et al. (2008) found metallicities in the dSph, that are low
enough to be comparable with the metallicity found in the stars of the MW’s halo. They
found mean metallicities of ([Fe/H]) ~ —2.7 to ([Fe/H]) ~ —1, and founding stars even
more metal-poor than [Fe/H] = —3.0. But there is a problem with the abundances of a-
elements and neutron-capture elements. Compared at the same metallicity, the samples of
dSph stars have abundance ratios slightly lower than that is measured in the stars of the halo.
Franois et al. (2012) show that the same is true for stars of the dSph Hercules. Kirby et al.
(2008) also show an interesting correlation for the dSph galaxies, if the luminosity increases
then the metallicity increases exponentially.

The most surprising characteristic of the dwarf spheroidals appeared with the measure-
ments of the radial velocities of their stars and the calculation of their velocity-dispersions. In
a sample of dSphs, Simon & Geha (2007) deduce central velocity dispersions ranging from
3.3+ 1.7kms ! for Leo IV to 7.6 £ 0.4 kms~! for Canes VenaticiI. Walker et al. (2007)



Star Formation Histories of MW dSph Galaxies

MS= main sequence, C = Carbon stars. AGB = asympt. giants, RC= red clump, PN=planetary nebulae,

anCep= anomalous Cepheids, RGB = red giani branch, RR = RR Lyrae,

= horizontal branch

Sagittarilis Ursa Minor Draco Sextans Sculptor
25 kpe S| 69 kpe 79 kpe 86 kpc 88 kpc
® p%?q :;;B }SS acsc & M‘I; H}? 461115 a"h Hg Rcfggc
!Qé 1B N ~RR anCep &z ER CBS ~HIB 7 anCep & nngg
¢ 2. anCep @, <, WCep
v v v, v, 2 v ,‘/
4 7 %
| I | VA VA | A VA | | 74
1510 5 0 1510 5 0 1510 5 0 1510 5 0 15 10 5 0 |[Gyr]
Spatial variations Basically single age, ~ Abundance spread No deep photometry Radial gradient
in age and metallicity:  single metallicity
possible radial gradient --86mag --95mag --9.8mag
Mv =-8.9 mag
Carina & Fornax ;;c, Leoll [
94 kpe 138 kpc 205 Kpe  &c L N
0 HB MS o AGEC & | w \Q\
& MS ﬁ,&‘ Hy 2 \*g- w l QQ
S B ) S sl \Age
7, . - A
447 4 W
| F A L | A | VA V. v
1510 5 0 1510 5 0 1510 5 0 1510 5 0

Some evidence for
radial variations

Spatial variations

Spatial variations
in age and metallicity 4

Figure 1: Star formation histories of the dwarf spheroidal galaxies according to Grebel E.
(2000). Each population box gives a schematic representation of star formation rate (SFR) as
a function of age and metallicity. There is a crude tendency for increased intermediate-age
population fractions with increased Galactocentric distance and dwarf galaxy mass.

measured in seven of the Classical dSph how changes the line-of-sight velocity-dispersion
profile with the projected radius [0;,s(R)]. They found that the profiles do not decrease like
the profile of the surface brightness, but instead the dispersions at the outer parts are as high
as in the core. With arguments from stellar dynamics and the assumption of virial equilib-
rium, which we discuss in Section 2, it is possible to relate the velocity dispersion of the
stars with a density profile of the total mass measured dynamically. The resulting dynamical
masses are one or two orders of power higher than the luminous mass for each case. Simon
& Geha (2007) obtain mass-to-light ratios in Ursa Major I and Leo IV of 1024 + 636 M, /L,
and 151+ 177 M, /L, respectively. Dwarf galaxies such as the Sagittarius Stream also show
high velocity dispersions due to the tidal disruption and not to virial equilibrium. In the fol-
lowing sections we discuss in more detail this two possible explanations for the high velocity
dispersions.

1.2 Possible Origins of Dwarf Spheroidal Galaxies

1.2.1 The Dwarf Spheroidal Galaxies and the Dark Matter Subhaloes in the AC' DM
Model

It was already mentioned that, under the assumption of dynamical or virial equilibrium, the
velocity-dispersion of the dSph galaxies are too high to be explained by only luminous matter
and therefore additional mass is required. Using similar dynamical arguments, the existence
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Table 1: Properties of some dSph galaxies taken from (Kroupa et al., 2010), (Walker et al.,
2009b), (Adén et al., 2009a) and (Jin & Martin, 2010). The first column corresponds to the
luminosity in the V band. The second to the distance to the centre of the MW. The third
corresponds to the radial velocity in the Galactic Standard of Rest frame. The fourth column
is the half light radius and finally the last column corresponds to the central line-of-sight
velocity dispersion.

Object Ly Dgal.cen VGSR Th oy®
[Lo] [kpc] [kms™'] [pc]  [kms™']
Classical dSph:
Carina 2.44+1.0x 10° 103 225+3 241423 66+1.2
Draco 2.74+0.4 x 10° 82 —1123+2 1964+12 9.1+£1.2
Fornax 1.440.4 x 107 140 —2924+3 668+34 11.7+£0.9
Leol 3.4+ 1.1 x 106 256 1799+2 246+19 92+14
Leo Il 5.9+ 1.8 x 10° 208 170£2 151 +£17 6.6+0.7
Sextans 5.4 x 10° 89 76.9+3 682+117 T79+1.3
Sculptor 2.4 x 108 79 7794+3 260+£39 92+1.1
Sagittarius 2 x 107 16 161.1£5 1550+£50 11.4+0.7
Some new dSph:
Hercules (2.9 +0.7) x 10* 138 1447412 230£30 37409
Leo IV (1.8 4+ 0.8 x 10% 156 106+14 116+£30 3.3+1.7
LeoV (1.0 4 0.8) x 10* 176 58.5 £ 3.1 42+5 24+£1.9
Ursa Major | (1.44+0.4) x 104 106 —69+14 318445 11.9£3.5
Ursa Major 11 (3.3+1.0) x 10? 37 —290+19 140425 6.7+14
Bootes I (2.6 £0.5) x 104 61 944+34 242421 65420
Bootes 11 (9.24+5.4) x 102 43 51 +17 10.54+74
Canes Venaticil (2.0 £0.3) x 10° 213  648+06 564+36 7.6+04
Canes Venatici II (7.5 4+ 3.1) x 103 155 —975+£1.2 4+12 46+1.0

of dark matter (DM) is inferred in galaxies of all scales.

The existence of dark matter is also inferred from models of the standard cosmology,
called Lambda Cold Dark Matter (ACDM). This model explains the expansion and structure
formation of the Universe. This model requires that the total amount of matter and energy in
the Universe is composed of 74% dark energy, 3.6% nonluminous matter such as intergalactic
gas, Massive Compact Halo Objects (MACHOs) and neutrinos, just 0.4% luminous matter
like stars, gas and radiation and a predominating 22% of dark matter (DM).

The study of structure formation in the Universe at galactic and intergalactic scales is
possible with large-scale N-body simulations. Navarro, Frenk & White (1997) (NFW) ob-
tained through simulations the first distribution functions for the dark matter structures, dis-
covering the NFW-profile (see Eq. 1). Their models generate an evolutionary process for
the Universe, where the matter assembles in small dark matter haloes, which continuously
merge forming new and more massive haloes, a process called hierarchical structure forma-



tion. The Millennium Simulation (2005) and the Millennium Simulation II (Boylan-Kolchin
et al., 2009) simulate a ACDM Universe with a scale of 0.74 Gpc and obtain the cosmic web
produced by the hierarchical formation process. In this mechanism the dark matter haloes
work as cocoons, trapping gas which may then form galaxies in the centre of the DM haloes
(DMHs), predicting therefore that every galaxy should be embedded in a dark matter halo.
According to this mechanism, reproduced at smaller scales in simulations like The Aquarius
Project (Springel et al., 2008) and the Via Lactea II (Diemand et al., 2008) shown in Fig. 2,
a galaxy like the Milky Way with an estimated dark matter halo of ~ 10> M, should be
surrounded by hundreds of dark matter subhaloes. Recent simulations made by Sawala et
al. (2012) indicate that the mass needed in these subhaloes to retain their gas and form stars,
should be ~ 10° M, if they evolve in isolation, and ~ 5 x 10° M, or more if they evolve
as satellites, orbiting inside a more massive DMH. A galaxy like the Milky Way should still
have a few hundred dwarf satellites. This seems to be in disagreement with the known num-
ber of dwarfs, a fact often dubbed as the missing satellite problem (Simon & Geha, 2007).
Recent calculations of the possible incompleteness of our known sample of dwarfs suggest
that this discrepancy no longer exists (Koposov et al., 2008; Maccio et al., 2009, 2010).

The haloes of Navarro, Frenk & White (1997) with masses from ~ 3 x 10* M to
~ 3 x 10 M, follow a density profile of the form:

Oc
2
(r/rs) (L+1/rs)
where 7, is a scale radius, p.,.; is the critical density and J. is the characteristic overdensity

of the halo, function of the concentration c¢. For more details see Navarro, Frenk & White
(1997).

)

p(?") = Perit

200 ¢
% = 3 In(1+¢)—c/(1+c) @

While the large N-body simulations favour DM density profiles with central divergent or
cuspy density-profiles like the NFW-profile, the observations seem to favour profiles with a
convergent or cored density-profile (Merrit et al., 2006), like the more recent Einasto-profile.

Another possibility would be that the dSph galaxies were formed by galactic collisions.
These collisions produce debris of old stars and gas formed within the tidal tails. In these
tails we often see new stars forming and those new, DM-free objects are called Tidal Dwarf
Galaxies.

1.2.2 The Tidal Dwarf Galaxies & the Disc-of-Satellites

The origin and properties of the MWs dSph galaxies are still under debate. Kroupa et al.
(2005) proposed that most or all the satellites are in fact remnants of a collision of the MW
with another massive galaxy, leaving packets of stars called Tidal Dwarf Galaxies (TDGs).
The TDG have been observed in extragalactic collisions between disc galaxies and also have
been obtained through simulations. Such objects would have no dark matter, in contrary to



Figure 2: Left panel: The Via Lactea II (VLII) simulations, taken from Diemand et al. (2008).
We see projected dark matter squared-density map. A cube of 800 kpc per side is shown.
The insets focus on an inner cube of 40 kpc per side (outlined in white), and show local
density (bottom inset) and local phase-space density calculated with EnBiD (ref. 27; top
inset). The VLII simulation has a mass resolution of 4,100M [and a force resolution of 40
pc. The mass within r599 = 402 kpc of the centre (the radius enclosing 200 times the mean
matter density) is 1.931012M . Right panel: The Aquarius simulation taken from Springel
et al. (2008). We see a dark matter distribution in a cubic region of side 2.5 X r5q centred on
the main halo in the Aq-A-1 simulation. The figure also shows the substructures within the
more massive DM halo, showing with marking circles six DM subhaloes (a — f), which also
have substructures.

the dSph galaxies in the ACDM scenario. In the TDG scenario the high velocity dispersions
are due to the tidal disruption of the TDG. As proof Kroupa et al. (2005) claim that all
dSph galaxies are located in a disc-like configuration called Disc-of-Satellites (DoS), a plane
marking the former plane of the interaction (see Fig. 3 made by Metz et al. (2009)).

1.3 The Hercules Dwarf Spheroidal Galaxy

The Hercules dSph galaxy was discovered recently by Belokurov et al. (2007). Its central
surface-brightness is 1o ~ 27 mag arcsec 2. We show other important properties of Hercules
in Table 2. Hercules lies at a distance of ~ 138 kpc from the Milky Way (Adén et al. (2009a),
Sand et al. (2009)) and its luminosity is 2.68 x 10* L, (Sand et al., 2009) or 3.87 x 10* L,
(Coleman et al., 2007). Depending on the chosen stellar mass-to-light ratio, its stellar mass
is in the range of the ~ 5 x 10* M. Like the rest of the dSph galaxies Hercules contains no
gas and presents no recent star formation. Adén et al. (2011) study the chemical abundances
of [Fe/H], [Ca/H] and a trend in the [Ca/Fe] abundance, which suggests an early rapid chem-
ical enrichment through supernovae of type II, followed by a phase of slow star formation
dominated by enrichment through supernovae of type Ia. A comparison with the isochrones
indicates that the red giants in Hercules are older than 10 Gyr, which could give us some hints

5
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Figure 3: Taken from Metz et al. (2009); The 3D distribution of the MW satellite galaxies.
Left panel: an edge-on view on to the fitted Disc-of-Satellites (DoS) as given in Metz et al.
(2007) is shown. The MW disc, located in the centre of the plot, is seen edge-on. Right panel:
a view rotated by 90° about the polar axis of the MW is shown. The Magellanic Clouds are
marked by diamond symbols, the dwarf spheroidals by circles, where as the smaller circles
mark the newly discovered satellites (Table 1). Uncertainties are indicated by light grey
bars. In addition, the obscuration region, |b| < 5°, of the MW is shown as the dark-shaded
region (the light-shaded region being the 15° obscuration region). The projected northern
sky coverage region of the SDSS is indicated by the yellow-coloured area.

about the age of this object. The elongated structure observed in Hercules by Coleman et
al. (2007) using the Large Binocular Telescope (LBT) (see Fig. 4) suggests that it may be in
the process of tidal disruption. Adén et al. (2009a) determine a line-of-sight velocity disper-
sion of 014 = 3.7240.91 kms™!, and also a radial velocity gradient of -16+3km s~ ! kpc ™.
From this the authors induce that Hercules has a component of stars orbiting in rotation.
We show the spatial distribution of some star-members and the radial velocity gradient in
Fig. 5. This gradient could also be associated with an effect of tidal distortion caused by the
Milky Way instead of rotation. Assuming that Hercules is in tidal disruption, Jin & Martin
(2010) proposed an orbit. Using the measured radial velocities of the stars of Hercules and
the orientation of the elongation of Hercules, the authors estimate a tangential velocity using
energy and angular momentum arguments.

Sand et al. (2009) estimate a projected half-light radius of r, = 230 + 30 pc and a
projected ellipticity of ¢ = 0.67 £ 0.03. And with the assumptions of Jin & Martin (2010)
a deprojected half-light radius and ellipticity of 7} geproj = 1.5 Kpc and €gepro; = 0.95 are
estimated.



Table 2: Observational properties of Hercules. (Adén et al. (2009a) and Jin & Martin (2010).
Parameter Value
RA (J2000) 16" 31™ 0250 +14”

Dec (J2000) 12°47™ 13°83 £ 57

Dist 138 & 7 [kpc]

E(B-V) 0.055 £ 0.005 (mag)
(m-M), 20.6 £ 0.2 (mag)

UGSR 1447 + 1.2 [kms™!]

Ly 3.6+ 1.1 x10* [Lo]

My —6.6+ 0.3

Lo v 27.240.6 [mag/arcsec? ]
MStellar 5£1.5 X104 [M(D]

Thalf 230430 [pc]

[Fe/H] 21402

15 F—+—++4—+—+++t++t+t+ft+++t+t++++1++13

(aremin)

Ad

1 1 1 L 1 1 L 1 1 L 1
10 5 0 -5 -10
Aa (aremin)

Figure 4: Contour diagram taken from Coleman et al. (2007), made using the CMD-selected
sources by the authors. Each star has been convolved with a Gaussian of width 0.6 arcmin.
The contours correspond to stellar densities of 1.50, 30,...,10.50 above the background stel-
lar density from Poisson statistics. At a distance to Hercules of 138 kpc, 10 arcmin corre-
sponds to approximately 400 pc.
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Figure 5: Taken from Adén et al. (2009b). Left: The spatial distribution on the sky of

stars identified as Hercules members. The dashed line indicates the semi-minor axis for

the position angle of the rotation axis that the authors claim. Right: The radial velocity

distribution of the stars versus the semi-minor axis distance, where the slope reveals a radial

velocity gradient.



2 Stellar Dynamics

Dwarf spheroidal galaxies are objects with long relaxation times (longer than the age of the
universe) and are devoid of gas. These facts allow us to model these objects as pure stellar
dynamical entities using collision-less N-body codes without the need to include hydrody-
namics (Binney & Tremaine, 2008).

2.1 Equilibrium and the Dynamical Mass

If we assume that the dSph galaxies are in virial equilibrium, i.e. they are in a stable and
unchanging configuration, they have a fixed ratio between their total kinetic (/) and total
potential (1) energies:

W = -2K 3)

We can relate the velocity dispersion of “pressure’ supported systems (o) and their scale-
length (r,) with a mass-estimate required to keep the system in a stable and unchanging
configuration. We call this dynamically calculated mass ’"dynamical mass’ (Mgqy,); (Binney
& Tremaine, 2008):

'4%
Th

o> =0 4)
Assuming the objects follow a lowered isothermal distribution like a King profile we can
rewrite Eq.4 in the following form (Illingworth, 1976):

Mdyn = 1677ncorea-g (5)

where 7. 1S the core radius of the King profile and o is the central velocity dispersion.
The dSph galaxies are very low-luminosity objects, i.e. their mass in stars is very low.
But their stars exhibit high velocity-dispersions. Therefore, if these galaxies really are in
dynamical equilibrium, they have to be dark matter dominated objects, with mass-to-light
ratios from dozens to thousands.
Another way to deduce the mass from the dynamics of the dwarf is via the Jeans equa-
tions (Binney & Tremaine, 2008, Eq. 4.19).
Adén et al. (2009b) do an analytical analysis of Hercules considering that it is in dynamical
equilibrium, spherically symmetric, has an isotropic velocity-distribution and a flat velocity-
dispersion profile. With these assumptions they reduce the Jeans equations to the form:

dp() __p()G M) ©

Yo dr r2

They fit a deprojected Sérsic density-profile p(r) = po(r/a) %427/ (Klimentowski et
al., 2007), to obtain an equation for the mass (M) which depends on the radius (), and on



two parameters, the velocity-dispersion o, and the exponential scale radius «, related to the
half light radius as r;, = 1.68a:

r(r+ 0.445q) o2

M(r) = e (7)

They obtain, within a radius of » = 300 pc a dynamical mass of Mz = 1.975% x 105 Mo,
and within a radius of » = 433 pc a dynamical mass of My33 = 3.7722 x 10° M. Assuming
a luminosity of L = 3.641.1 x 10* L, (Martin et al., 2008), they find a median mass-to-light

ratio of Myss/L = 10353 [12].

2.2 Tidal Effects

When dSph galaxies orbit around a host galaxy like the Milky Way, they feel the tidal (gravi-
tational) forces of their host, which tries to disrupt and transform them into a stream of stars.
Depending on the size, mass and trajectory of the dwarf galaxy, their structure may be par-
tially or entirely destroyed. The remaining structure may form a stream with a core of stars
that are still gravitationally bound. Examples of the latter are the dwarf galaxies Sagittarius
and Canis Major (or Monoceros Ring), which are victims of the galactic cannibalism of the
Milky Way.

The tidal radius is the distance from the satellite’s nucleus at which the gravitational force
of the satellite gets canceled by the force of the host galaxy, and the stars further away can
no longer be bound to the dwarf galaxy. An analytical approximation of the tidal radius of a
satellite is given by the formula of Binney & Tremaine (2008):

- 1/3
. ~ sa . D

This formula relates the mass of the host galaxy M(D) (in our case the MW) within a radius
D (the actual distance between the MW and Hercules) with the mass of the satellite m,;
(Hercules). In Tab. 3 we show the change of the size of the tidal radius (r3,,) depending
on the mass of Hercules at a distance of D=138 kpc. A distance of 138 kpc is too far for
significant tidal effects, however, using a velocity and position for Hercules, it is possible to
estimate an orbit around the Milky Way, with the assumption of course, of an appropriate
potential for the Milky Way.

We calculate the pericentre (R,eri) of the orbit proposed by Jin & Martin (2010) from
which we can estimate the tidal radius at D=R,.;. This new tadial radius is much smaller
than that obtained when D=138 kpc (see again Tab. 3 to compare), making the passages
through the pericentre extremely traumatic for Hercules due the strong tidal forces of the
MW. Therefore, the tidal radius varies significantly depending on how small the pericentre
of the orbit is, which can vary between R,,.,;=1.8 kpc and 11.8 kpc (see Tab. 6).

10



Table 3: Tidal radius (rPidal) of the satellite versus its mass (mg,¢) at distances of D=138 kpc
and D=R,,.;;=5.7 kpc.

Myt [Mg] 104 10> 10° 107 108 10°

TP [kpe] | 023 050 1.08 5.03 10.83 23.33

o [kpe]l | 0.02 0.05 0.10 046 1.00 2.14
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3 The SUPERBOX Code

SUPERBOX is a program that simulates collisionless systems. Therefore it is an ideal tool
for simulations of galaxies. This code is based on the particle-mesh (PM) technique, to sim-
ulate systems with a high number of particles, up to millions of particles in a reasonable
amount of time. The CPU-time ({cpy) scales linearly with the number of particles (V,),
contrary to direct-summation N-body methods, that scales geometrically (tcpy ~ N]f). Fur-
thermore, the particles in a PM code represent phase-space elements rather than actual stars.
The particle number is a way to increase the resolution, but does not reflect the number of
stars in the simulated system. In this study we keep the number of particles constant at 105,
to ensure high resolution, independent of the mass of our models for Hercules. SUPERBOX
has high-resolution subgrids following the simulated object (an over-density of particles for
example). Pure PM codes neglect collisions or close encounters between particles.

The code uses the density and a stationary Green’s function to calculate the gravitational
potential by solving the Poisson equation (9) in Fourier space doing a Fast Fourier Transfor-
mation (FFT).

V2d =4nGp )

The potential is used to calculate the accelerations for the particles in each cell. We show the
flow-chart for SUPERBOX in Figure 6.

For each galaxy, five grids with 3 different resolutions are used. This is possible by using
the additivity of the potential. The grids are display in Figure 6. The five grids are arranged
as follow:

1. Grid 1 is the high-resolution grid which resolves the centre of the galaxy. It has a
length of 2 X R.,.. in one dimension. In evaluating the densities, all particles of the
galaxy within r < 2 X R, are stored in this grid.

2. Grid 2 has an intermediate resolution to resolve the galaxy as a whole. The length is
2 X R,yt, but only particles with » < R, are stored here, i.e. the same particles as in
grid 1.

3. Grid 3 has the same size and resolution as grid 2, but it only contains particles with
Rcore <r S Rout-

4. Grid 4 has the size of the whole simulation area (i.e. ’local universe’ with 2 X Rgystem),
and has the lowest resolution. It is fixed. Only particles of the galaxy with r < R,
are stored in grid 4.

5. Grid 5 has the same size and resolution as grid 4. This grid treats the escaping particles
of a galaxy, and contains all particles with r > R,,;.

Grids 1 to 3 are focused on a common centre of the galaxy and move with it through
the “local universe”. All grids have the same number of cells per dimension, N, for all
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Figure 6: Left: Flow-chart for SUPERBOX . Right: The five grids of SUPERBOX. In each
sub-panel, solid lines highlight the particular grid. Particles are counted in the shaded areas
of the grids. The lengths of the arrows are (N/2)-2 grid-cells. In the bottom left sub-panel,
the grids of a hypothetical second galaxy are also shown as solid lines. Both figures are taken

from Fellhauer et al. (2000).

galaxies. The boundary condition, requiring two empty cells with p = 0, is open and non-
periodic, thus providing an isolated system. This however means that only N-4 active cells

per dimension are used.



4 Setup of the Simulations

Our basic procedure consists in using the initial position and velocity of Hercules given by
Jin & Martin (2010) to calculate the orbit backwards in time with a simple particle integrator
and obtain the position and velocity then. We then use this new position and velocity for
our model of Hercules (a Plummer sphere) and let it orbit forward until the present using an
N-body code. We change in each simulation the initial mass and initial size of the Plummer
sphere to match 7 observational parameters in Hercules. The details are explain now:

4.1 Possible Orbits

We have five main parameters in our models:
1. two sets for the analytical potential of the MW (set i and set ii explained later)
2. the magnitude and direction of the actual tangential velocity v; of Hercules
3. the total initial mass M{"{" =Mpy,, of our model for Hercules
4. the Plummer radius Rpj,,,, of the model

5. the infall time t;,;; of the orbit

4.1.1 Infall Time

dSph galaxies are thought to be the oldest galaxies in the universe, forming before or shortly
after reionization (Koposov et al., 2008). As long as they evolve in isolation we do not expect
a change in their internal structural parameters. This changes when they start to orbit in the
tidal field of the MW. Even in the case where Hercules is a TDG formed in a major merger
event of the MW, we would expect such events in the early years of the MW. Therefore our
simulation time of 10 Gyr is, even though arbitrary, a good guess. Nonetheless, we also
explore infall times of 2 and 5 Gyrs.

4.1.2 Initial Conditions

The position and radial velocity of Hercules are determined by observations, and Jin & Mar-
tin (2010) estimated a tangential velocity for Hercules. Following their findings we now
have the full phase-space position of Hercules today. We show the proposed velocities of
Hercules in rectangular coordinates in Tab. 4.

We now have to assume a suitable potential for the Milky Way to calculate an orbit.
Again we follow Jin & Martin (2010) and use their superposition of several analytical po-
tentials to simulate the different structures of the Milky Way (set i). We also analyzed some
cases with the standard potential for the MW (set ii). Using sets i) and ii) for the potentials
(explained later) we calculate the new positions and velocities of Hercules backwards in time
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using a simple-particle integration. This new positions and velocities are the initial condi-
tions for our N-body simulations, which are showed in Tab. 5.

We now consider 7 main scenarios or cases in our simulations (set i and set ii for the
potential of the MW are explained later):

A This case use the orbit proposed by Jin & Martin (2010): set i for the potential of the

MW and a final tangential velocity for Hercules v, = —16 kms~!, and an infall time
of 10 Gyr.

B This case is the same as case A, but with v; = +16 kms™'.

C Same as case A, but with v,=+38kms~!.

D Same as A, but with v,;=+10kms™'.
E Same as B, but with an infall time of: ¢;,,f = 2.6 Gyr.
F Same as B, but with an infall time of: ¢;,; =5 Gyr.

G Same as B, but we use set ii) for the potential of the MW.

For each Case we fix 3 parameters: the potential of the MW, the infall time, and the final
tangential velocity of Hercules. And we vary the total initial mass M of the Plummer
sphere and the Plummer radius, Rp;,,,, trying to match 7 observational quantities: the fi-
nal luminous mass, the surface-brightness, the effective radius, the angle of inclination, the
velocity-dispersion and the velocity-gradient. We then plot for each of the 7 cases (A through
G), the initial total mass versus these quantities. For case A we repeat the procedure leaving
the initial mass fixed and varying the Plummer radius versus the observed quantities.

Our different sets for the initial conditions give us different orbits, with a range of peri-
centres that go from R,,.,=1.8 to 11.8 kpc, showed in Tab. 6. Most of the resulting orbits are
extremely eccentric, making Hercules to pass through the Disk and Bulge of the MW. Figure
7 shows the orbit for case A with R;,.,=5.7 kpc and R,;,,=224 kpc.

Table 4: Candidates for the present velocity of Hercules
Case A B,EEG C D
v [kms™!] -16 16 38 10
Vx [kms™!] -108.1 -949 -85.8 -974
Vy [kms™]  -63.2 -48.1 -37.7 -50.9
Vyz [kms™!] 74.4 99.3 1164 94.6

4.2 The Milky Way Potential

In our models we describe the potential and the resulting gravitational forces of the MW on
the dwarf using two sets of analytical potentials:
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Figure 7: Left: The red projected circle corresponds to a diameter of 30 kpc around the Milky
Way (MW). We plot in black colour the orbit of Hercules for cases A. Right: The red line
indicates the radius of 15 kpc of the circle. We plot in black the evolution in time of the radial
distance of Hercules respect to the centre of the MW. The upper blue line corresponds to the
virial radius of a NFW halo of the MW (275 kpc) and the lower blue line corresponds to the
scale radius of this halo (41.67 kpc). This orbit has a high eccentricity with a pericentre of
R,c-=5.7 kpc and an apocentre of R,,,=224 kpc.

4.2.1 Set (i)

We use the same setup as used by Jin & Martin (2010). A Miyamoto-Nagai profile for the
disk, defined by Paczynski (1990):

_GMPCL
1/2
(R? +]a+ (22 + 62)1/2}2>

L (R, 2) = (10)

where R? = 22 + 32, with the parameters a = 3.7 kpc, b = 0.2 kpc and Mp, = 8.07 x
10" M.
For the bulge we use a Plummer profile also defined by Paczynski (1990):

(I)Plum o _GM2
bulge 5 5
\Te T

with 7ppm = 0.277 kpe and M, = 1.12 x 1019 M.

(11)
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Table 5: Initial conditions for the N-Body simulations for different cases

Case A B C D E F G
t[Gyr] -10 -10 -10 -10 -2.6 -5 -10
X [kpc] -192.7 -98.6 -1034 -89.1 1453 -264 -143.9
Y [kpc] -96.6 70.5 -22.6 139.7 1684 -77.8 56.2
Z [kpc] 8.6 180.3 1684 1425 258 -87.8 37.6

Vx [kms™!] 323 215 513 16.0 6.5 23.6 81.4
Vy [kms™!] 16.8 -7.6 229 -17.8 23 985 -264
Vzkms™!']  -152 -260 -504 -16.6 -84 123.1 -6.1

Table 6: Minimum Pericenter and maximal apocenter for different cases (orbits) of Hercules.

Case A B C D E F G
vy [kms™1] -16 16 38 10 16 16 16
t[Gyr] -10 -10 -10 -10 -2.6 -5 -10

R™ [kpc] 5.7 33 118 1.8 39 39 24

peri

RM* [kpe] 224.0 2242 2292 2235 224 224 174

apo

And for the DM halo potential, we use an adiabatically contracted Navarro-Frenk-White
halo constrained by Xue et al. (2008):

In(1+7/ry) 1
r Te+Ts

with 7y = 41.67 kpe, 7 = 7y = 275 kpe and My pw = 3 perQmOmri;, = 1 x 10" Mg,

CID}]:;?OW (r)y = —47TGT’§

(12)

4.2.2 Set (ii)

For case G we use the standard description of the MW potential. A Miamoto-Nagai potential
for the disk (Miyamoto & Nagai , 1975).

—GMuynN

(I)(]i\gz (R,Z) = o\ 1/2
<R2 + [a + (224 b2)1/2} )

(13)

where R? = 2242, with the parameters a = 6.5 kpc, b = 0.26 kpc and M,y = 1 x 10" M.
A Hernquist profile for the bulge:

—GMpy
Ho 14
bulge r+ry ( )
with r = 0.7 kpc and My = 3.34 x 10'° M.
And for the DM halo potential, we used a logarithmic profile:
2
o v
L9 (r) = I (r* +di,,). (15)

with vy = 186 kms~" and dj,,, = 12kpc.
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4.3 Possible Progenitors

We have two plausible scenarios for the progenitor: a DM-free or a DM-dominated dSph.
As we use an orbit which is calculated assuming that Hercules has undergone a severe tidal
disruption producing tidal tails that follow the orbit, we can neglect the scenario in which
Hercules is still in equilibrium and highly dark matter dominated. For this reason and to
reduce the parameter-space of possible initial conditions, we focus in this work on one-
component models assuming the DM is already stripped or was not there from the beginning
(TDG). We do not claim that Hercules has to be a TDG. But in order to validate the published,
tentative orbit, which is based on tidal distortions, we are able to restrict ourselves to models
starting out DM-free from the beginning. Also it is important to mention, that because of the
high mass of the MW compared to Hercules, the orbit do not depend on the amount of mass
in Hercules, whether it is constitute by DM or not.

We have two plausible endpoints of our simulation: namely a tidally distorted dwarf,
where the high velocity-dispersion is caused by unbound stars and would also easily explain
the measured velocity gradient; or we still see an object which is highly DM dominated and
in virial equilibrium. Here the velocity dispersion is caused by the high DM content. Then
the elongation and velocity-gradient are not due to tidal forces of the Milky Way, but are
intrinsic properties of Hercules.

We adopt a Plummer sphere for the distribution of the stars, with py = S0y

43 *
pl

P (r) = it (16)

(1 + (r/rpl)2>5/2

having two parameters which we can fit: the initial scale-length or Plummer radius of the
Plummer sphere 7, and the initial mass M.

We choose a mass-to-light ratio for the luminous mass of M*%%"$/ Ly,=1 [Af—g} to calculate
the surface-brightness.
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5 Results and Discussion

We perform more than 600 simulations in order to cover the full parameter-space of the
initial mass and the initial size of our model for Hercules to match the observations. In Table
7 we show the observable quantities we try to match: g is the central surface-brightness,
My;,, is the final mass with M /Ly = 1.39 HLS]’ ry, is the projected half light radius,

0% is the central line-of-sight velocity dispersion, Aw, the radial velocity gradient, ¢ the

ellipticity and 6 the angle of inclination of the more elongated axis of the galaxy with respect

to the axis of declination.

Table 7: Observational properties of Hercules (Adén et al., 2009a): 1 is the central surface-
brightness, Mg, is the final mass with M55/ [y, = 1.39 [JZ[—S}, r, 1s the projected half
light radius, 01, is the line-of-sight velocity-dispersion, Aw, the radial velocity-gradient, &
the ellipticity and 6 the angle of inclination of the elongation of the galaxy with respect to
the axis of declination. For (*) we use the two most separated stars of Adén et al. (2009b),
separated by Aa =0.35°.

Central surface-brightness Lo 27.2 £ 0.6 [mag arcsec 2]
Final mass Mg,  5.041.5 x 10* [My]
Projected half-light radius Th 230 £ 30 [pc]

Ellipticity € 0.67 £0.03

Angle of inclination of the major axis 0 —78° £ 4°

Central Line-of-sight velocity-dispersion olos 3.724+0.91 [kms™']
Radial velocity-gradient AP35y, —7 411 [kms™](¥)

For each Case we fix 3 parameters: the potential for the MW, the infall time, and the
tangential velocity. And we vary the total initial mass M of the Plummer sphere (the
model for Hercules) and the Plummer radius, Rp;. We then plot for each of the 7 cases (A
through G), the initial total mass M versus the 7 observable quantities mentioned before.
For case A we repeat the procedure leaving the initial mass fixed and varying the Plummer
radius versus the observable quantities.

In this section we focus on the results of Case A and as mentioned before the orbit of
Case A was proposed by Jin & Martin (2010) and we used an infall-time of 10 Gyr. We show
the results of Case A in Tab. 8. We show in the Appendix the tables of the results of Cases
B and C, and the plots of the results of Cases B, C, D, E, F and G.

We divide the analysis in 3 sets of observational parameters for explanatory purpose:

I Luminosity and Size: The final luminous mass My;,,, central surface-brightness x, and
effective radius R, .

2 The Shape and Orientation: The ellipticity € and angle of alignment 6.

0.4°
los

3 The Kinematics: The central velocity-dispersion o
A%y,

and the radial velocity-gradient

19



Table 8: Results of Case A. This table contains the results for the orbit proposed by Jin
& Martin (2010), the Galactic potential they used and an orbital time of 10 Gyr. The first
column is the name of the simulation, the second corresponds to the initial total mass of the
Plummer distribution. The third column is the initial Plummer radius. In the fourth and fifth
columns we show the final mass Mgz, and the final central surface-brightness respectively
where we use a M /Ly, = 1 {%} The sixth column is the final effective radius ry, fitted
with a Sersic-profile. The seventh column is the angle of inclination # of the elongation
respect to the axis of declination (). The eighth column is the final ellipticity of the dwarf
galaxy. The ninth is the final line-of-sight velocity dispersion and finally the last column
corresponds to the radial velocity gradient in Aa = 0.4° which is a distance in the axis of
the right ascension.

N° Misit  Rpt Man po Toff 0 ons Ao,
Mol Ipel (Mol [;2%5]  [pe] [ [fm] - [lm]
Hercules 5.0E+4 27.2 230 -78 0.67 3.72 -8

HO6 5.0E+4 50 1.4E+4 295 293 -145 0.37 3091 -4.5
HO7 1.0E+5 50 3.8E+4 26.2 56 -73 020 245 -3.2
HO8 2.0E+5 50 1.1E+5 24.0 44 78 0.04 1.85 -2.5
HO9 5.0E+5 50 3.7E+5 22.2 40 -70 0.00 2.09 0.0
H10 1.0E+6 50 84E+5 21.2 40 -75 0.03 2.90 0.0
H11 5.0E+4 60 6.8E+3 31.5 1624  -78 0.14 6.39 -8.0
H12 1.0E+5 60 2.2E+4 28.7 351 -150 0.35 3.66 -2.9
H13 2.0E+5 60 79E+4 25.2 55 -70 0.02 2.33 -3.2
H14 5.0E+5 60 3.1E+5 23.0 51 -70 0.05 2.00 0.0
H15 1.0E+6 60 7.5E+5 21.8 48 -70 0.00 2.60 0.0
H16 5.0E+4 80 5.3E+3 31.7 1021 -140 0.30 6.91 -6.5
H17 1.0E+5 80 94E+3 31.6 1641 -78 0.15 8.00 -11.0
H18 2.0E+5 80 29E+4 29.1 439 -145 042 4.82 -2.5
H19 5.0E+5 80 1.9E+5 24.8 77 75 0.08 2.44 -2.5
H20 1.0E+6 80 5.5E+5 23.0 68 -75 0.07 2.28 0.0
H21 5.0E+4 100 3.0E+3 32.8 1600 -130 0.36 10.26 -4.5
H22 1.0E+5 100 8.1E+3 31.3 1084 -130 0.26 8.12 -6.5
H22b 2.0E+5 100 1.2E+4 314 1084 -130 0.00 9.83 -7.5
H23 5.0E+5 100 8.9E+4 27.6 586 -70 0.11 4.04 -2.7
H24 1.0E+6 100 3.6E+5 24.8 98 -70 0.07 2.60 1.2
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5.1 Luminosity and Size
5.1.1 Final Mass

. . . . .
5x10* 10° 5%x10°  10° 20 40 60 80100 200 400 600
M, (M) Ra [pc]

Figure 8: Left: We plot the value of the final mass within a 500 pc box (Mjp,) versus the
initial mass (M) for case A. Black open triangles denote simulations with Plummer radius
of 50 pc, blue open squares 60 pc, green tri-pods 80 pc and finally red crosses 100 pc.
The lines are power-law fits to the results and black filled squares denote the points where
these fits match the observations. Right: Final mass (Mjg,) versus initial Plummer radius.
The black open triangles represent simulations with initial mass of 5 x 10* M, the blue
open squares 10° M, green tri-pods 2 x 10° M, red crosses 5 x 10°> M, and cyan open
symbols represent 10° M. Solid lines are the fits to the data and pointed lines are the
values which correspond to the initial mass. The black dotted line is the observed value:
54 1.5 x 10*M,,. Again black filled squares represent the values where the fitted lines meet
the observed values.

As we already mention in subsection 2.2, when a dwarf galaxy orbits around a massive
galaxy like the MW, it suffers from tidal disruption which produces a mass-loss. We search
for a final mass that matches the observed value of Hercules, ~ 5 x 10* M. In the left
panel of Fig. 8 we show, for case A, how the final mass of the galaxy changes with the initial
mass, while the different symbols and colours correspond to simulations with different initial
Plummer radius. As we mentioned, the masses we analyzed here correspond just to luminous
mass, and no DM. For very low initial masses (below ~ 10° [M,]) the galaxy gets unbound
very fast, using Plummer radii larger than 50 pc, turning the particle distribution into a stream
with very low final masses (~ 10® M, or less). For high initial masses, over ~ 5 x 10°> M,
and Plummer radii between 50 pc and 100 pc, the final mass tends to be the same as the
initial. Our region of interest lies somewhere in between. In our log-log plot (left panel of
Fig. 8) we see that the relation between initial and final mass follows similar power-laws with
indexes between 1.37 (50 pc) and 1.63 (80 pc). But we know that we can not use all data
points for our fits. At the high mass end, the tendency should converge closer to a relation
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Figure 9: The evolution with time of the bound fraction of mass for simulations of cases A
and B. Left: simulation H36 for case A (with v, = —16kms™!). Right: Simulation 483c for
case B (with v; =(+)16 kms~!). Both orbits are different, but at the final point of the orbits
both have movements along the direction of the actual observed elongation in Hercules, and
differ in the sign of the direction. The number of passages through the pericenter is the same
and the mass-loss is equally strong.
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1:1, because the final mass can never be larger than the initial mass. And at the low mass
end we also expect a deviation from the power-law as the simulations tend to form a uniform
stream and so we should expect almost the same mass in the field of view, independent from
the initial model. In the right panel of Fig. 8 we see the deviation at the low-mass end for
large Plummer radii clearly.

In the right panel of the same figure (Fig.8) we show the same simulations but now we
plot the initial Plummer radius versus the final mass and show curves with the same initial
mass. Here again we see that the results in the intermediate regime follow power-laws with
indexes -2.04 to -3.28. In this plot we see clearly the deviation from the power-laws towards
the relation that the initial mass equals final mass.

We use the intermediate values (values near the observed value) to extrapolate for both
plots separately, the fitting values to match the observed mass of Hercules. The matching
values are indicated in the plots by black filled squares. In the left panel we get Mg =
1.29%x 10° Mg, for Ry, = 50 pe, My, = 1.66 x 10° M, for R, = 60 pe, Mg, = 2.50 x 10° M,
for R, = 80 pc, and My, = 3.71 x 10° M, for R;,; = 100 pc. In the right panel the fitting
values are Rg = 26.4 pc for My, = 5 x 10* Mg, Rg = 42.7 pc for M, = 10° Mg,
Rg: = 67.5 pc for My = 2 x 10° Mg, Ry = 143.5 pc for My, = 5 x 10° M, and finally
Rg: = 533.6 pc for My, = 10° M.

We can use these fitted values to compute a power-law relation for the pairs of initial
Plummer radii and masses, which lead to a match of the final mass of Hercules. The two
relations are:

M = 316.2R”, (17)
Mo
Mo = 755 (18)
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respectively. We will come back to these relations in a section further below, when we
discuss our best matching models for Hercules.

The mass-loss process is roughly explained by Eq. 8, as in each pass of the dwarf galaxy
through the pericenter of the orbit, the tidal radius strongly shrinks, making that several stars
in the dwarf galaxy located outside this radius get gravitationally unbound by the Milky Way,
joining the stream structure. Other stars move back into the dwarf and get gravitationally
rebound as it travels towards the apocentre. We choose simulations H36 and Sim483c of
cases A and B respectively to show the mass-loss process in action in Fig. 9, where each drop
in the curve of the panels in the Figure is a pass of the Hercules through the pericenter. Both
simulations have similar final size, surface-brightness and final mass to the ones observed in
Hercules, but differs in their kinematics. The number of passages through the pericenter is
the same and the mass-loss produced by the small pericenter is equally high.

5.1.2 Surface Brightness

As the dwarf galaxy orbits, it looses mass and expands, making it fainter. To calculate
the surface-brightness we use a M /Ly = 1 [f—g} We show some surface-brightness
contours of Case A in Fig. 10, where we show the three dynamical regimes for the dwarf
galaxy that we could identify, when our simulations finished and reached the present time:

1 Bound Regime (BR): the particles are very concentrated and tightly bound in a core.

2 Tidal Regime (TR): the particles in the core are more extended than in the BR, but it
is still bound.

3 Unbound Regime (UR): there is no core and the particles are totally unbound, forming
an extended stream along the orbit with very low surface-brightness.

We show in the left panel of Fig. 11 the changes in the surface-brightness as we increase
the initial total mass at fixed Plummer radii, which are indicated with triangles of the same
colour (see figure caption for details). And in the right panel, the changes in the surface-
brightness with different Plummer radii at constant initial masses are shown (also indicated
with triangles of the same colour). In this panels we see two transitions: from the bound
regime to the tidal regime, and then from the tidal regime to the unbound regime. For higher
surface-brightnesses (or higher concentrations) than the observed value, the increasing ratio
(see the slope) of the surface-brightness is slow as we increase the initial mass (left panel)
or as we decrease the Plummer radii (right panel). Around the observed value the increasing
ratio is fast. Here again we use the data points to extrapolate the matching values of initial
conditions (M;,,;; and Rpy,,,, to achieve the central surface brightness of Hercules at the end
of the simulations. Note especially that in the left log-log plot the relations are self-similar
as the fitting lines are almost parallel to each other. We use these matching points and again
calculate fitting power-laws to the matching values. Again we discuss these fits in a following
section.

In the simulations with results below the observed values, the surface-brightness de-
creases very slowly with decreasing mass (left panel) or increasing Plummer radius (right
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Figure 10: The surface-brightness contours of some simulations of case A, which show the
3 regimes that we may get. The projection of the orbit is showed with a green line. The
central surface-brightness is indicated at the top of each panel and the red and black contours
indicate the decrease of the apparent magnitude by one magnitude. In the first three upper-
row panels we plot the cases with constant initial mass (M;,; = 10° M) but with different
initial Plummer radius R p;: upper-left 50 pc, upper-centre 60 pc and upper-right 80 pc. For
the Bottom row panels we fix the Plummer radius (/2 = 60 pc) and we vary the total initial
mass. M,,,;.: bottom-left 2 x 10° My, bottom-centre 10° M, and bottom-right 5 x 10* M.
The left panels show the galaxy under a bound regime (BR), the middle panels show a tidal
regime (TR) and the right panels show the unbound regime (UR). (Note that the scale of the
figures upper-right and bottom-right have a size of 2.5° (3 kpc), while the other four panels
have 0.25° (0.3 kpc) only).

panel). Here we are in the unbound regime and we are dealing with a tidal stream without
any bound central object.

Comparing these results with the final mass from subsection 5.1.1 shown in Fig. 8, we
may see that both quantities (mass and surface-brightness) increase proportionally with the
initial mass.
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Figure 11: Left: We plot the values for the central surface-brightness (1) versus the initial
total mass (M;y;), each triangle correspond to a simulation for case A. The colours indicate
the Plummer radius: black 50 pc, blue 60 pc, green 80 pc and red 100 pc. Right: Central
surface-brightness (u,) versus the initial Plummer radii. The coloured triangles indicate
different initial total masses: black 5 x 10* Mg, blue 10° M, green 2 x 105> M., red
5 x 10° Mg, and cyan 10° M. The horizontal blue lines correspond to the observed value:
Lo = 27.0 £ 0.6 mag arcsec 2. The coloured lines are extrapolations to determine the values
for the initial total mass and Plummer radius that would match the observed final surface-
brightness.

5.1.3 Effective Radius.

We use the surface-brightness contours of our simulations, to calculate a surface - brightness
profile with radial bins to fit a Sérsic-profile jige, () for each simulation. From this profile
we get a projected effective radius r.g, which we then compare with the observed half-light
radius of Hercules.

We already mentioned that each passage through the pericenter makes the galaxy more
extend than its original size. The growth is slow under the bound regime until it reaches
the tidal regime. Here it expands fast until it reaches the unbound regime, where the galaxy
explodes and becomes only a stream. We may see this change of regime in Fig. 12: the left
panel with the initial mass (M;,;;) and the final size (R.r;) shows the slow growth at sizes
of ~ 103 pc for the unbound regime as we decrease the initial mass. Then a fast growth at
sizes of ~ 102 pc and finally again a slow growth at sizes of ~ 10 pc. When the galaxy is
unbound and becomes a stream, the effective radius is not a good parameter, because there
is no symmetric radius, and instead it is just a more or less equal density stream along the
orbit that gets thinner and longer across the path of the orbit with time.

The right panel in Fig. 12 shows the three expansion rates for the three regimes as we
change the Plummer radius. This panel reveals that the more mass we put into the same
Plummer radius, the smaller the effective radius will be. Putting more mass into the same
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Figure 12: Left: We plot the effective radius (7y,) versus the initial mass (M,y,;). Each trian-
gle corresponds to a simulation of case A. The colours indicate the Plummer radius: black
50 pc, blue 60 pc, green 80 pc and red 100 pc. Right: Effective radius (r},) versus the initial
Plummer radius. Colours indicate different initial masses: black 5 x 10* Mg, blue 10° M,
green 2 x 10° Mg, red 5 x 105 M, and cyan 10° M. The horizontal blue lines correspond
to the observed value: 1, = 230+ 30 pc or log(ry,) ~ 2.36. The coloured lines are extrapola-
tions to determine the values for the initial mass and Plummer radius that match the observed
effective radius.

Plummer radius makes the initial Plummer sphere more concentrated, which makes it harder
to disrupt by the MW potential.

Once more we determine the values of initial conditions which lead to the matching
effective radii at the end of the simulations by extrapolating the intermediate data points of
our simulations.

5.2 Shape and Orientation
5.2.1 Angle of Inclination

In Figure 15 we plot the total initial mass versus the angle of inclination of the elongation
of the object with respect to the axis of declination. We notice that the angle of inclination
is not always aligned with the angle of the orbit (-78°) (blue horizontal line in the figure),
but it strongly depends on the amount of final mass. The stars are located in three zones
within the dwarf galaxy. The gravitationally unbound zone, which represents the external or
sourrounding distribution of stars which follow the path of the orbit. Then, further inwards
the tidal zone, where the stars are escaping from the bound zone. In all our cases the projected
distribution of stars in this zone lies almost perpendicular to the plane of the orbit. Therefore
in some cases the angle of the major axis is 0°. This happens because after each passage
through the pericenter the new unbound stars need some time to align with the orbit. More
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Figure 13: Left: We plot the angle of inclination () versus the initial mass (M;,;). Each
triangle corresponds to a simulation of case A. The colours indicate the Plummer radius:
black: 50 pc, blue 60 pc, green 80 pc, and red 100 pc. Right: Angle of inclination (#) versus
the initial Plummer radius. The coloured triangles indicate different initial total masses:
black 5 x 10* M, blue 10°> Mg, green 2 x 10° Mg, red 5 x 105 M, and cyan 10° M. The

blue horizontal line corresponds to the observed value: § = —78°4 4°.
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Figure 14: We plot for case A the investigated parameter space, where a cross represents a
performed simulation. Whenever we match the observational angle of inclination by £10 per
cent we place a circle around the cross. We choose this slightly different representation
because there are no clear power-law dependencies which could match the different data
points.

details of this delay in the alignment is explain in Klimentowski et al. (2009). The third zone
is the core where the stars are still gravitationally bound. The elongation in this zone is not
exactly along the orbit either, but in some cases it differs by only 10°.

We choose to measure the angle of inclination at the range of declination which corre-
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Figure 15: Left: Ellipticity (¢) versus the initial mass. Each triangle corresponds to a simula-
tion of case A. The colours indicate the Plummer radius: black 50 pc, blue 60 pc, green 80 pc,
and red 100 pc. Right: Ellipticity (¢) versus the initial Plummer radius. The coloured trian-
gles indicate different initial total masses: black 5 x 10* M, blue 10° M, green 2 x 10° M,
red 5 x 10° Mg, and cyan 10° Mg. The horizontal blue lines correspond to the observed
value: € = 0.67 £ 0.03.

sponds to the extension of the observed dwarf galaxy, i.e. in the same range the observers
determine the angle 6. For this reason, it depends strongly on the simulation if we find
ourselves in the unbound, tidal or bound region of the model. Therefore, we see strong
variations in # and are not able to fit any power-laws or similar dependencies to our results.
We therefore choose to take into account as matches all the simulations with inclinations of
—78 degrees or those that differ by only 10 per cent of this value. These values are denoted
in Fig. 14 as circles.

Another interesting fact, we noted, is that the angle 6 of the bound structure changes its
alignment with the orbit, depending on the sign of the tangential velocity. Most of the cases
with positive vy,, have angles that are § < —78° and when vy,,, is negative § > —78°. We
may see this effect for simulations with initial masses higher than 10° M, in case A which
has va, = —16 kms™! (see Fig. 13), and compare it with Cases B, C, D and G which have
Vian = 10 kms™! to 30 kms™! (see Annex: Figure 25).

5.2.2 Ellipticity

The projected ellipticity is very difficult to match with the observed one in Hercules. In case
A only a few simulations become as elliptical as Hercules, but they are totally unbound and
are streams that are much more extended (> 3 kpc) than Hercules. None of the simulations
could match the observed ellipticity within a range of ~ 20 per cent simultaneously with any
other parameter. We show in Fig. 15 that within our range for the initial mass and Plummer
radii, the ellipticity is always low. The projected ellipticity reaches a maximum value in a

28



simulation if we measure in the tidal regime and then, as we explained earlier with the angle
of inclination, the galaxy starts to get round again, as it expands perpendicularly to the orbit
and to the previous elongation. It is continuosly expanding in the perpedicular direction until
it again starts to expand along the elongation.

Because we only obtain final objects which are less flattened, we conclude that some of
the final ellipticity might already been present in the initial model. As we just use spherical
initial models for simplicity we drop this parameter from the list of parameters we try to
match.

5.3 Kinematics

5.3.1 Line-of-Sight Velocity Dispersion
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Figure 16: Final results after a 10 Gyr orbit for a simulation of case A, which is not men-
tioned in our grid of simulations. The initial mass for this simulation is 1.8 x 10° Mg
and the Plummer radius is 65 pc. The contours are based on 25 by 25 pixels. Upper-left
panel: Surface-brightness contours, Upper-central panel: line-of-sight velocity dispersion
contours, Upper-right panel: Contours of mean radial velocity, calculated for each pixel.
Bottom panels: density maps of radial velocity versus the Right Ascension («)) and the Dec-
lination (9).

In Fig. 16 we show the velocity dispersion contours of simulation h36 as an example. The
bound core shows a low velocity dispersion and then it increases outwards, where the stars
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Figure 17: Left: Line-of-sight velocity dispersion o), versus initial mass. Each triangle
corresponds to a simulation for case A. The colours indicate the Plummer radius: black
50 pc, blue 60 pc, green 80 pc, and red 100 pe. Right: ol’® versus the initial Plummer radius.
The coloured triangles indicate different initial masses: black 5 x 10* M, blue 10° Mg,
green 2 X 10° Mg, red 5 x 105 M, and cyan 10° M. The blue horizontal line corresponds
to the observed value: oy, = 3.740.91 kms~!. The coloured lines are extrapolations to
determine the values for the initial total mass and Plummer radius that match the observed

line-of-sight velocity dispersion.

are unbound. The central line-of-sight velocity-dispersion strongly depends on the bound to
unbound ratio of stars in projection of the core. As long as the core is gravitationally bound
and dense, the velocity-dispersion increases when we increase the initial mass, following the
virial equilibrium relation (see Eq. 5). For cases where the core is unbound or of low density
with respect to the unbound stars, the velocity-dispersion is higher than in the bound cases.
This happens because the unbound stars are no longer in virial equilibrium and instead are
moving in a streaming motion.

As there are just a handful of radial velocities observed throughout the whole body of
Hercules, we do not compare the central velocity dispersion or the dispersion of the bound
particles of our models with the data. Instead we calculate a 'mean’ velocity dispersion
in a 0.4 by 0.4 degree field centered on our object to cover the same space than the stars
which have observed radial velocities and are thought to belong to Hercules. We use all
our particles in this field irrespectively if they are bound or not to mimic the observationally
derived value.

We see the effect of this method in Fig. 17, where for masses of ~ 5 x 10* M, to
~ 10° Mg, and large Plummer radii the dispersion is high because of the streaming motion,
and then the dispersion starts to get lower when a gravitationally bound core is present. And
finally for higher masses (10° M, to 10° M) the dispersion starts to rise again according
to the virial equilibrium conditions. If we look into the centre, we find a mix of stars in
both regimes. The unbound stars have high velocity-dispersions, and they will inflate the
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velocity-dispersion of the bound stars. Therefore we have that the parameter space reaches
the observed velocity dispersion twice depending on the regime. The less massive (i.e. less
initial mass) solutions correspond to the tidal regime and the more massive ones to the bound
regime, in which the objects are in virial equilibrium.

Again we extrapolate the results in the tidal and in the bound regime to assess the match-
ing values of Hercules.

5.3.2 Radial Velocity-Gradient
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Figure 18: Left: We plot the radial velocity gradient Av, measured just along the Right As-
cension axis within a width of Aa = 0.4° versus the initial mass. Each triangle corresponds
to a simulation for case A. The colours indicate the Plummer radius: black 50 pc, blue
60 pc, green 80 pc, and red 100 pc. Right: A%*°v, versus the initial Plummer radius. The
coloured triangles indicate different initial masses: black 5 x 10* M, blue 10°> M, green
2 x 10° Mg, red 5 x 10° M, and cyan 10° M,. The blue horizontal line corresponds to the
observed value: A%4y, ~-8+12.6 km s~!. The red horizonal line is the value estimated by
Jin & Martin (2010).

The radial velocity-gradient is more complex to analyse, because it strongly changes
depending on the zone where we are measuring it (Ac«). The fact that the alignment of
the core, the tidal zone and the stream do not occur instantaneously generates an overlap
for these three distributions (see lower panels of Fig. 16). This overlap can strongly affect
the observations, changing the velocity gradient and also increasing the velocity-dispersion.
The stars at the background of the panel that are more extended (Aa ~ 0.5°) are in the
unbound regime, following the streaming motion. These stars have a high velocity-gradient
(over ~ —10 km s~ *deg™!) caused by their almost exclusive exposition to the MW potential
gradient. In the tidal zone (about A« ~ 0.2° around the centre) the stars are more equally
exposed to both gravitational fields and have a gradient of ~ —10 kms~'deg~!. Finally in
the bound zone (if a core is present) the gradient disappears. This kinematic characteristic
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persists for simulations with different initial masses or Plummer radii. In Fig. 18 we show
how the choice of the initial total mass and the initial Plummer radius for case A affects the
velocity-gradient. Again we do not measure the velocity gradient of a specific regime but we
use a fixed extension along the dwarf of +0.4 degrees. As in the case of the theta parameter,

we cannot fit simple power laws to our results and therefore will only use gradients higher
than A%4y, <—6kms™!

5.4 A Matching Model for Hercules

We performe extrapolations in the plots for the final mass, surface-brightness, effective radius
and the velocity dispersion to determine the initial masses and Plummer radii that match the
observed values for those quantities. In Figures 8, 11, 12, and 17 we see the triangles near
the blue horizontal line and the extrapolations that pass through this line. We then plot this
values obtained from the extrapolations in Fig. 19 which represents the parameter space for
the initial mass versus Plummer radius. The squares represent the values extrapolated from
the constant mass plots and the triangles correspond to constant Plummer radius plots. The
colours indicate observable parameter that they match. Black correspond to the final mass
and blue is the final surface-brightness. Red is the effective radius and green represents the
velocity dispersion. We then also plot as fill cyan circles the values for the initial masses
and Plummer radii obtained from velocity-gradient values that match the observed value
within a range of ~ —21 + 5 kms~*deg~!. The magenta circles are the values for the angle
of inclination that match within a range of —70° and -78°. Two solution regions for the
velocity dispersion exist because they correspond to different regimes that generate the same
dispersion but with different masses. The upper green line corresponds to the tidal regime
and the bottom with more massive solutions is the bound regime in virial equilibrium.

All solutions converge/intersect around a range for the initial mass of between M;,; ~
1.6 x 10° Mg, and 2.5 x 10° M, and for Plummer radii between R, = 68 pc and 80 pc.
In this region lies a unique model for Hercules which matches all the observable data. The
exception is the ellipticity but this can be cured by introducing another parameter for the
initial conditions covering any initial flattening of the model.
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Figure 19: The parameter space of initial mass and Plummer radius. We show the extrapo-
lated values which match the single observational facts and their corresponding fitting lines.
The black symbols and line will show the fitting values of the final mass. The blue symbols
and line represent the matching values of the central surface brightness. Red symbols and
line match the effective radius of Hercules and finally green symbols and line are the matches
for the velocity dispersion. The second green line in the lower right corner represents the
bound regime with very massive solutions. The magenta circles show our matches of the an-
gle of inclination and the cyan circles represent the simulations which approximately match
the velocity gradient. We see that all lines intersect at the same point. This point is the unique
solution for a Hercules model which is in the process of tidal destruction matching all the
observables presented in this thesis.
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6 Conclusions

We analyse several orbits for Hercules along its elongation, performing more than 600 sim-
ulations with the collisionless N-body code SUPERBOX (Fellhauer et al., 2000). We search
through the initial parameter-space of mass and Plummer radius to find a plausible progen-
itor for Hercules. We then conduct an exhaustive analysis for the orbit proposed by Jin &
Martin (2010) in our case A. This orbit is very eccentric, with a pericentre of R,e;i = 5.7 kpc
which acts very destructively on the dwarf galaxy.

Our models constrain the solution area, of a 10 Gyr orbit, to a single and narrow area,
with a range for Plummer radii between R;,; = 68 pc and 80 pc, and a range for the initial
total mass between: M;,; ~1.6x10° M and 2.5x10° M. Having Hercules a luminous
mass of ~ 5 x 10* M, implies a mass-loss of 70 % to 80 % of its luminous mass.

We must emphasize that our scenario does not consider dark matter. It is up to the reader
to interpret this. We do not engage in any political or religious dispute whether or not dark
matter exists. Only one thing we know for sure. If the elongation of Hercules is due to
tidal distortion and therefore it is possible to determine its orbit (Jin & Martin, 2010), then it
should be free of dark matter now. Simulations show that a galaxy harassed by tidal forces
first looses up to 90 per cent of its dark matter before it starts to loose its stars. So our
scenario starts either with the formation of a tidal dwarf galaxy on an orbit around the Milky
Way or with a dark matter dominated dwarf which has already lost the majority of its DM,
orbiting the MW. Our models also do not simulate gas, but just the dynamics of the stars.

We see in Fig. 19 that the matches for four of the observed properties: the final mass,
surface-brightness, effective radius and velocity dispersion intersect at roughly the same
point of initial parameter space. Even though our chosen initial model and infall time are
arbitrarily, our models suggest that the uniqueness of the solution area will always be present
(see the results in the Appendix for different infall times and different orbits).

The orientation along the orbit is difficult to match and we do not see general trend in
form of power-laws. This is partly due to the fact that we do not measure these values at a
certain physical extension but at a fixed extension matching the observations. But we do find
matching solutions.

The mismatch in ellipticity can be cured by starting with flattened models.

The radial velocity gradient shows a trend with the initial mass, but it is scaterred and
therefore we use values that match in a range around the observed value, which anyway fall
between the observational errors.

Our models converge when Hercules is in the tidal regime, between the bound regime
in virial equilibrium and the disrupted system in the unbound regime. The remaining mass
and the mass-loss after each pass through the pericentre indicate that this would be the last
passage of Hercules through pericentre before a total disruption.

In summary, for our choice of initial model (Plummer distribution) and our choice of
Galactic potential (which is kept constant but is identical to the potential used to determine
the orbit of Hercules) and our choice of simulation time (10 Gyr) we can find a unique initial
model which matches the observations. We do not need any special conditions (peri- or
apocentre) or a special time (exactly at the break-up), when we see the dwarf.
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Once more, there is a model which matches Hercules and it contains no dark matter (it
never had or at least it has lost its DM in the past). The elongation and velocity gradient of
Hercules are indeed signs of tidal distortions and therefore mark its orbit.
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7 Appendix

7.1 Tables

Table 9: Results of Case B. The first column is the name of the simulation, the second
corresponds to the initial total mass of the Plummer distribution. The third column is the
Plummer radius. In the fourth and fifth columns we show the final bound mass M;,, and the

final central surface-brightness respectively where we use a M9/ Ly=1 []\L/I—g] The sixth
column is the final effective radius R, fitted with a Sersic-profile. The seventh column
is the angle of inclination # of the elongation respect to the axis of declination. The eight
column is the final ellipticity of the dwarf galaxy. The ninth is the final central line-of-
sight velocity dispersion and finally the last column corresponds to the final radial velocity

gradient.
N° M Rpium  Myin Mo Ty 0 € Tlos  Avy
Mol [pe] Mol [.me9,]  [pc] [°] b ) [
5.0E+4 27.240.6 230+30 -78 0.67 4 -7
1 1.0E+4 20 1.2E+3 28.6 95 90 0.22 03 4
2 50E+4 20 29E+4 22.8 17 90 0.01 0.7 -8.8
3 1.0E+5 20 T2E+4 21.9 17 78 0.02 0.9 -12
4 1.0E+4 30 0 32.8 1968 -80 0 1.5 24
5 S5.0E+4 30 1.1E+4 259 35 -87 0.3 1 4.4
6 1.0E+5 30 44E+4 23.9 28 90 0.23 0.8 7.2
7 1.0E+4 50 0 33.3 1408 75 071 2 15
8 S5.0E+4 50 0 32.3 1400 -82 033 3 23
9 1.0E+5 50 4.0E+3 29.7 204 0 0.70 1.8 4
10 5.0E+5 50 23E+5 235 45 82 0 1.8 -4
11 1.0E+4 80 0 32.6 696 278 0.7 2 -4
12 5.0E+4 80 0 32.9 4581 78 007 5 -1.2
13 1.0E+5 80 0 31.8 994 78 0.07 4 4.4
14 5.0E+5 80 3.5E+4 28.3 576 0 0.53 2 -7.6
15 1.0E+6 &0 2.5E+5 24.7 88 -85 0.03 2 -6.8
16 1.0E+4 100 0 32.7 1666 78 0.65 3 -3.2
17 5.0E+4 100 0 32.4 1580 75 053 5 -4
18 1.0E+5 100 0 32.5 4998 0 0.53 6 -04
19 S5.0E+5 100 0 31.8 1825 0 053 5 16
20 1.0E+6 100 7.0E+4 279 782 0 053 3 -8
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Table 10: Results of Case C. The first column is the name of the simulation, the second
corresponds to the initial total mass of the Plummer distribution. The third column is the
Plummer radius. In the fourth and fifth columns we show the final bound mass My;,, and the

final central surface-brightness respectively where we use a M5/ Ly,=1 [%] The sixth
column is the final effective radius R, fitted with a Sersic-profile. The seventh column
is the angle of inclination # of the elongation respect to the axis of declination. The eight
column is the final ellipticity of the dwarf galaxy. The ninth is the final central line-of-
sight velocity dispersion and finally the last column corresponds to the final radial velocity

gradient.
N° Mmz RPlum Mfin Ko Tef 0 € Olos A/U’I”
Mol [pe] Mol [.me9,]  [pc] [°] [fm ) [
5.0E+4 27.24+0.6 2304+30 -78 O 4 -7
1 1.0E+4 20 7.6E+3 24.3 16.4 78 0 04 5.2
2 S5.0E+4 20 477TE+4 223 16.9 78 0 0.8 -4
3 1.0E+5 20 97E+4 21.6 17.2 80 0 1 0
4 1.0E+4 50 0 32.5 574.7 78 0.7 04 7.6
5 S5.0E+4 50 23E+4 254 434 -82 0.04 0.6 5.2
6 1.0E+5 50 6.6E+4 239 39.9 90 O 0.8 2.4
7 5.0E+5 50 4.6e+5 21.7 399 90 0.05 1.2 04
8 1.0E+6 50 9.5¢+5 209 40.3 -89 0.05 1.8 2.4
9 1.0E+4 100 0 33.0 1306 78 0.61 0.7 8
10 5.0E+4 100 0 31.6 728 78 0.5 0.7 4.8
11 1.0E+5 100 5.0e+3 29.7 296 5 0.49 0.5 1.6
12 5.0E+5 100 2.6e+5 24.1 85 80 O 0.8 -4
13 1.0E+6 100 T.le+5 22.8 78 -80 O 1.8 -1.2

7.2 Figures
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Figure 20: We plot the parameter space for the initial Plummer radius and the initial mass.
We put an “x”” where we run simulations. The matches with the observations are represented
in the plot as: final bound mass within a range of + 20% (circles), the surface-brightness
within a range of y, = 27 £ 1 [mag arcsec 2] (squares) and the effective radius within
(triangles). The panels are ordered as follow:: Up-left: case B, up-centre: case C, up-right
case D, down-left. case E, down-centre: case F, down-right: case G.

42



2.4x10° [
2x10° -

—1.6x10°
3 C

M, [M

8x10* -

4x10* -

9x10° |
8x10° |
7x10° |

— 6x10° |
3 E
= s E
= 5x10° [
o E
8 C
= 4x10° |
3x10° |
2x10° |

10° |

Figure 21: We plot the final mass (My;,,) versus the initial total mass (M;,,;;), where each
triangle corresponds to a simulation. The coloured lines indicate the Plummer radius. Up-
left: case B black 10 pc, blue 20 pc, green 30 pc, magenta 50 pc, red 80 pc, cyan 100 pc;

1.2x10° -

w ;
o E— : \/ B
3 4 5 6

LOG My, [Mc]

= , |
5 6
LOG M, [Me]

Myer [Mo]

Myer [Mo]

9x10°
8x10°
7x10°
6x10°
5x10°
4x10°
3x10°
2x10°

10°
£ ——

9x10°

8x10°

7x10°

6x10°

5x10°

4x10°

3x10°

2x10°

10°

4

5
LOG My, [Mc]

o

[

5

LOG My, [M]

=2}

Mfmal [MG)]

Mfmal [MG)]

4x10°
3x10°
2x10°

10°

4x10°

3x10°

5

2x10

LOG Mlnit [MO]

I

t T 1

4 5
LOG MlniL [MO]

up-centre: case C black 20 pc, blue 50 pc, green 100 pc; up-right: case D black 20 pc, blue

50 pc, green 100 pc; down-left: case E black 50 pc, blue 100 pc; down-centre: case F black

20 pc, blue 50 pc, green 100 pc; down-right: case G black 20 pc, blue 50 pc.

43



&)
a
T

W
N
T

\

[N
)

w»
=

I
o

22

24

26

2
u, [mag arcsec™]
20
o
T

w
o
T

\\

u, [mag arcsec™®]

0
®

w
o

&}
)

u, [mag arcsec™®]

28

30

32

w
IS

LOG M, [Mc]

)
=]

w
~

LOG My, [Mc]

34

[N [
> ]
T T

2
u, [mag arcsec™]
20
o
T

]
@
T

/

30 |

u, [mag arcsec™®]

20

22

24

—

u, [mag arcsec™®]

22

24

26

34

5
LOG M, [Mc]

Figure 22: We plot the final central surface-brightness (y9) versus the initial total mass
(M;,;t), where each triangle corresponds to a simulation. The coloured lines indicate the
Plummer radius. Up-left: case B black 10 pc, blue 20 pc, green 30 pc, magenta 50 pc, red
80 pc, cyan 100 pc; up-centre: case C black 20 pc, blue 50 pc, green 100 pc; up-right: case
D black 20 pc, blue 50 pc, green 100 pc; down-left: case E black 50 pc, blue 100 pc; down-
centre: case F black 20 pc, blue 50 pc, green 100 pc; down-right: case G black 20 pc, blue
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50 pc; down-left: case C black 20 pc, blue 50 pc, green 100 pc; down-right: case D black

20 pc, blue 50 pc,

500

= = 5000
:
/\ ] £
E /\ 3 4000 |
/ E :
/ 3
E / E E
= / E 3000 F
£ / EE) £
/ 1 & E
£ / E - E
£ / 3 o £
= / 5 2000 F
/ E E
U N, B E
/ E E
E / L 3 1000 F
/ il C
E ———< ] E
Er——f 14 0 | + h—
3 4 5 6 4 5 6
LOG My, [Mo] LOG My, [M@]
N ‘ = 5000 [ ‘
C n 4000 [
- < _.3000 L
= — © E
4 &
] 1000 E
| | L] 0k | L 1 4
4 5 6 4 5 6
LOG Minit [MO] LOG Minit [MO]

green 100 pc.

45




0.9
0.8
0.7
0.6
0.5

Ellipticity

0.3

0.2
0.1

0.9
0.8
0.7
0.6
0.5

Ellipticity

0.4
0.3
0.2
0.1

Figure 24: Here we show the ellipticity (¢) for cases with the same infall time (10 Gyrs).
Up-left: case B black 10 pc, blue 20 pc, green 30 pc, magenta 50 pc, red 80 pc, cyan 100 pc;
up-right: case G black 20 pc, blue 50 pc; down-left: case C black 20 pc, blue 50 pc, green

0.4

0.9
0.8
0.7

Ellipticity

0.6
0.5
0.4
0.3
0.2
0.1

LOG My, [Mo]

o

-~

LOG My, [Mo]

o]

I
| >

0.9
0.8
0.7

Ellipticity

0.6
0.5
0.4
0.3
0.2
0.1

S

5
LOG My, [Mo]

-~

5
LOG My, [Mo]

100 pc; down-right: case D black 20 pc, blue 50 pc, green 100 pc.

46

o]




0 [degree]

0 [degree]

|
0
o

|
@
[=]

|
~I
(=]

|
[e2]
(=]

|
o)l
o

|
S
(=]

|
w
(=]

|
fav]
(=]

|
—-
o

(=]

-90

-80

=70

-60

-50

—-40

-30

—20

-10

0 [degree]

—95
—90 [
-85 F

-80 -

—-75
-70 F
-65 [

—-60 [

-55 |

0 [degree]

4 5 6

LOG My, [Me]

LOG My, [Mo]

Figure 25: Here we show the angle of inclination (#) for cases with the same infall time
(10 Gyrs). Up-left: case B black 10 pc, blue 20 pc, green 30 pc, magenta 50 pc, red 80 pc,
cyan 100 pc; up-right: case G black 20 pc, blue 50 pc; down-left: case C black 20 pc, blue
50 pe, green 100 pc; down-right: case D black 20 pc, blue 50 pc, green 100 pc.
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Figure 26: Here we compare cases with the same infall time (10 Gyrs), where each triangle
corresponds to a simulation. The 3 panels at the left column correspond to case B where
the colors indicate the Plummer radii: black 10 pc, blue 20 pc, green 30 pc, magenta 50 pc,
red 80 pc, cyan 100 pc; the 3 panels in the middle column corresponds to case E where the
colors indicate the Plummer radii: black 50 pc, blue 100 pc; and the 3 panels at the right
column correspond to case F where the colors indicate the Plummer radii: black 20 pc, blue
50 pc, green 100 pc; The upper, middle and down lines of panles corresponds respectively
to the final effective radius R.g, ellipticity and angle of inclination 6 versus the logarithm of
the initial total mass Mj,j;.
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Figure 27: We plot the parameter space for the initial Plummer radius and the initial mass.
We put an “x”” where we run simulations. The matches with the observations are represented
in the plot as: final angle of inclination within a range of 4+ 10% (circles) and the ellipticity
within a range of + 20% (squares). Angle of inclination theta and ellipticity. Up-left: case B,
up-centre: case C, up-right: case D, bottom-left: case E, bottom-centre: case F, bottom-right:
case G.
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Figure 28: Velocity dispersion for cases: Up-left: case B black 10 pc, blue 20 pc, green
30 pc, magenta 50 pc, red 80 pc, cyan 100 pc; up-centre: case C black 20 pc, blue 50 pc,
green 100 pc; up-right: case D black 20 pc, blue 50 pc, green 100 pc. bottom-left: case
E black 50 pc, blue 100 pc; bottom-centre: case F black 20 pc, blue 50 pc, green 100 pc;

bottom-right: case G black 20 pc, blue 50 pc;
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Figure 29: Velocity gradient for cases: Up-left: case B black 10 pc, blue 20 pc, green 30 pc,
magenta 50 pc, red 80 pc, cyan 100 pc; up-centre: case C black 20 pc, blue 50 pc, green
100 pc; up-right: case D black 20 pc, blue 50 pc, green 100 pc. bottom-left: case E black
50 pc, blue 100 pc; bottom-centre: case F black 20 pc, blue 50 pc, green 100 pc; bottom-
right: case G black 20 pc, blue 50 pc;

51



Hor———————— 17— 110 — ‘ ‘ ‘ ‘ 110 — ‘ ‘ ‘ ‘
100 |- R XX X&) 100 =X X X X XA 100 =3 X X X XA
90 - B 90 |- - 20 |- -
80 - X ><® X XH 80 B 80 B

g oor 4 T TR -4 T 0 _

= = =

. 60 - . 60 - - . 60 -
g E E
fsol X @X X 4 fsxX XX X X{| ismfxX XX X®A

=40 - % a0+ - % a0+ g
30 X XX E 30 - B 30 - B
20 X XX R 20 =X X X R 20 =X X X QA
10 X XX - 10 - B 10 + B

o L ! L o L ‘ ! ‘ ! oL ‘ ! ‘ !
3 4 5 6 4 5 6 4 5 6
LOG M, [Mo] LOG M, [M,] LOG M, [Mo]
110 ‘ ‘ ‘ ‘ 110 ‘ ‘ ‘ ‘ 110 ‘ ‘ ‘
100 |- X X X X 100 | X X XA 100 | -
90 - B 90 |- - 20 |- -
80 [ B 80 |- - 80 |- -
g oor 4 T TR -4 T 0 _
= = =
. 60 - . 60 - - . 60 -
g E E o
fsol XX X @] §eof XX X@] fsmfxX XX X &

=40 - % a0+ - % a0+ g
30 - - 30 - - 30 - -
1wl XX @8] afx 38 O
10 |- B 10 |- - 10 |- -

0 ‘ ! ‘ ! o L ‘ ! ‘ ! oL ‘ ! ‘ !
4 5 6 4 5 6 4 5 6
LOG M, [Mo] LOG M, [M,] LOG M, [Mo]

Figure 30: Velocity dispersion and velocity gradient for cases: Up-left: case B, up-centre:
case C, up-right: case D, bottom-left: case E, bottom-centre: case F, bottom-right: case G.
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