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Dwarf Galaxies as Probes of the Nature and Distribution of
Dark Matter

Anna Genina

Abstract

ACDM is presently the most successful, and simplest, model of our Universe. The
model consists of two main ingredients. The first is dark energy, A, causing our
Universe to expand. The second is cold dark matter (CDM), an unknown substance
that makes up most of the matter content of our Universe. Despite the numerous
successes of ACDM on large scales, problems persist on small scales — the scales of
dwarf galaxies. ACDM predicts that galaxies should reside in “haloes” of dark matter,
in which the central density distribution should follow a steep power-law “cusp”. This
is contrary to observations, which instead suggest a constant density “core”. This
discrepancy became known as the “core-cusp problem”. In this thesis, I focus on the
possible solutions to this problem. I first examine a particular kind of dwarf galaxies,
which contain two spatially and chemo-dynamically distinct stellar populations. These
can provide independent constraints on the dark matter density distribution. I show
that various formation mechanisms of the two populations sometimes result in them
exhibiting varying degrees of asphericity and spatial misalignment. These phenomena
complicate dynamical analyses, resulting in a false inference of a core. I then move
on to test various Jeans equation-based approaches on a sample of fully cosmological
simulated dwarf galaxies in Cold and Self-interacting dark matter models. I show that
the line-of-sight data alone is, at present, insufficient to distinguish between cores and
cusps, even when constraints from higher-order moments of the velocity distribution
are available. Finally, I look at the evidence for a core in the Fornax dwarf galaxy,
suggested by its low inferred central dark matter density. I show that, within the
ACDM framework, Fornax is consistent with having a cuspy halo the density of

which has been reduced by Galactic tides.
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CHAPTER ].

Introduction

1.1 ACDM as the standard cosmological model

It is fairly standard to attribute the emergence of the dark matter hypothesis to Fritz Zwicky
and his work measuring redshifts of the 9 galaxies belonging to the Coma cluster in as
early as 1933 (Zwicky, [1933). Zwicky found that the velocity distribution of the galaxies
had a dispersion of ~ 1000 kms~!. This suggested that the mass of Coma must be > 400
times that of the inferred baryonic mass (i.e. the stars in the member galaxies). In his
paper, Zwicky refers to this missing matter as “dunkle Materie", or dark matter. A similar
analysis was later carried out by Sinclair Smith in 1936, with a larger sample, consisting
of 32 members in the Virgo cluster (Smith, |1936). The work had confirmed the presence
of ‘missing mass’ in this cluster. In 1959, Kahn and Woltjer used the speed with which
the Milky Way’s nearest neighbour M31, or Andromeda, approaches our Galaxy to point
out that this motion must require a total Local Group mass of > 2 X 10'?M, which could
not be explained by the observed matter alone (Kahn and Woltjer, [1959). More evidence
for dark matter came from the simulations of |Ostriker and Peebles| (1973)), where it was
pointed out that a self-gravitating disk will form a bar unless embedded in a halo of matter,

stabilizing the disk. This halo of matter needed to be at least as massive as the disk.

It was not, however, until the late 1970s that the existence of haloes of matter around

galaxies began to be taken seriously. This came about from numerous measurements of




1.1. ACDM as the standard cosmological model

galaxy rotation curves, which were shown to be flat (van de Hulst et al., [1957; Rubin and
Ford, [1970; Roberts and Whitehurst, (1975, [Rubin et al.l [1976alb; Bosmal [1978; Rubin
et al., [1980). This implied the presence of an unseen mass that transforms the expected
Keplerian curve into a flat shape. Note, however, that even throughout the 1980s it was still
argued that the rotation curves of Rubin and Ford|(1970) did not extend far enough to be
interpreted as being due to a massive halo, rather than a galactic bulge (Kalnajs, 1983} Kent,
1986, {1987, 1988} |Athanassoula et al.,[1987)). It was, instead, the disk stability arguments
from|Ostriker and Peebles|(1973)) and the works of|Ostriker et al.|(1974), looking at various
estimates of the masses of spiral galaxies, and |[Einasto et al. (1974alb), who examined
galaxy companions, that had strengthened the case for massive dark haloes in galaxies. In
a review by [Faber and Gallagher|(1979), the authors note that “...it is our opinion that the
case for invisible mass in the Universe is very strong and getting stronger” and “...we think
it likely that the discovery of invisible matter will endure as one of the major conclusions

of modern astronomy".

In the 1980s, motivated by the recent measurement of the electron neutrino mass by
Lyubimov et al.|[1980| (which was then hypothesized to be the missing matter in galaxies),
Frenk et al.| (1983) and White et al.| (1983) have shown, using N-body simulations, that
the clustering of matter in a universe where dark matter is a relativistic particle, such as a
neutrino, was incompatible with the results of the CfA redshift survey (Davis et al., |1982)
and, further, Davis et al.|(1985) established that the clustering could only be reproduced if
dark matter was ‘cold’ (i.e. having a small free-streaming length). This result showed that
if dark matter is indeed an elementary particle, it is likely to be outside the standard model

of particle physics. This became the birth of the ‘Cold Dark Matter’ (CDM) paradigm.

During the 1990s it became quite evident from the Big Bang Nucleosynthesis arguments,
the need for cosmological inflation and from cluster dynamical mass estimates, that baryons
make up only a fraction of all matter in the Universe (White et al.,|1993)). Nevertheless, the
strongest evidence for dark matter came from the measurements of the cosmic microwave
background (CMB) temperature fluctuations (Melchiorri et al., 2000; Hanany et al., 2000;

Spergel et al., 2003} [Komatsu et al., 2011; [Planck Collaboration,,[2018)). The angular scale
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of the peaks and peak heights of the power spectrum of CMB temperature fluctuations
are extremely sensitive to cosmological parameters. The CMB shows that our Universe
is approximately flat in its curvature, that it is fairly isotropic, and that dark matter must
make up ~ 85% of the matter density. Further, measurements of distances and redshifts
of Type 1a supernovae (Riess et al., [1998; [Perlmutter et al., |[1999) show that our Universe
is slowly expanding and that this expansion is accelerating, driven by the mysterious ‘dark
energy’. An independent source of evidence for dark energy came from galaxy clustering
measurements (Maddox et al.,|1990; [Efstathiou et al.,|{1990). Dark energy is assumed to be
an additional component of the total energy density of the Universe. This is represented by
the ‘cosmological constant’, A. Originally proposed by Einstein to allow a static Universe
in the framework of General Relativity (GR), A is today the key component in the standard

cosmological model.

1.2 Predictions of ACDM

From the establishment of CDM as the leading model for dark matter, N-body simulations
became an important tool for evaluating the predictions of this model, from the large
scale structure of the Universe to individual dark matter haloes (White et al.l [1987alb;
Frenk et al.l |1985] 1988}, Jenkins et al., 1998} Navarro et al., [1995; [Navarro et al., [1996a),
1997). In the early 2000s, the cosmological parameters were being measured with very
high precision from CMB experiments (Melchiorri et al., [2000; [Hanany et al., 2000;
Spergel et al., 2003). Simultaneously, large supercomputers were becoming available for
the running of cosmological simulations. The MILLENNTUM simulation (Springel et al.
2005) marked the start of what would now be almost two decades of large volume, high-
resolution cosmological simulations (see the review by [Vogelsberger et al.|[2020). This
allowed detailed investigations of structure formation, which had shown that structure
assembles hierarchically in ACDM, with small dark matter haloes collapsing first. Larger
haloes form from the aggregation of smaller dark matter clumps (Springel et al., [2000).

Eventually, larger and larger structures are built up, with haloes linked through a “cosmic
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web” of sheets and filaments.

The development of semi-analytical models of galaxy formation (White and Frenk, [1991;;
Kauffmann et al., [1993; [Cole et al., 2000), where the luminous component is tracked and
evolved in dark matter-only simulations through a series of physically-motivated prescrip-
tions, allowed direct comparison of simulations like miLLENNIUM (Croton et al., 2006;
Springel et al.,2006) with structures observed in galaxy redshift surveys (York et al.|[2000;
Colless et al., 2001). This has revealed staggering compatibility between the clustering of
luminous matter in our Universe and in ACDM. The model made other successful predic-
tions, like the baryon acoustic oscillation feature in the matter power spectrum (Eisenstein

et al., 2005}, |Cole et al., [2005).

While investigations of individual dark matter haloes were already underway in the 1990s
(Dubinski and Carlberg, [1991; Navarro et al.,|1997), the fully cosmological simulations that
span multiple orders of magnitude in halo mass, from dwarf to Milky Way-like galaxies,
became possible in the late 2000s with the use of the “zoom-in" technique (Katz and White),
1993; [Tormen et al., (1997} [Frenk et al., |1999; Bertschinger, 2001} |Gao et al., 2005; Hahn
and Abel, 2011} Jenkins, [2013)). The aQuarius and via LACTEA simulations (Springel
et al., 2008b; [Diemand et al., [2008) marked the start of the ‘zoom’ era, where the inner
structure of haloes could be studied with high resolution (Navarro et al., 2009). These
simulations showed that dark matter haloes — from the smallest resolved haloes, to galactic
haloes, to galaxy clusters — have a self-similar Navarro-Frenk-White (hereafter NFW) form

(Navarro et al., [1996b),|1997):

_ P
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where rg and py are the scale radius and density. Today this result is confirmed with ‘zoom’

p(r) = (1.1)

simulations in over 20 orders of magnitude in halo mass (Wang et al., 2019a).
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1.3 The small-scale challenges to ACDM

Despite the successes of ACDM on the large scales, there exist a number of problems on
small scales — scales of galactic haloes and their satellite dwarf galaxies. I will briefly
highlight these issues here, however, one should see the work of [Bullock and Boylan-

Kolchin| (2017) for a detailed review.

1.3.1 The missing satellites problem

Simulations in ACDM cosmology make predictions on the mass function of subhaloes
for a halo of a given mass. This means that above some smallest resolved dark matter
halo mass in simulations the model predicts how many subhaloes are expected in each
mass bin, with some halo-to-halo variance (Klypin et al.| [1999; Moore et al., [1999). For
a galaxy like the Milky Way, simulations predict ~ 10° subhaloes with masses above
~ 105M@ (Springel et al., 2008b). If one, however, compares this with the number of
observed satellite dwarf galaxies of the Milky Way (~ 50 galaxies) (Adelman-McCarthy
et al., 2007; [Bechtol et al., 2015; Drlica-Wagner et al.l 2015} |Koposov et al., 2015), it is
clear that there is a large discrepancy. Some fraction of the missing satellites could perhaps
be attributed to survey magnitude limits (i.e. the difficulty in observing very faint dwarfs),
although it seems unlikely that this could account for all the ‘missing’ dwarfs (Koposov
and Belokurov, 2008; Tollerud et al., 2008}; Hargis et al., [2014; [Kim et al., 2018}; Newton
et al.l 2018)). A comparison between dark subhaloes and luminous galaxies may, however,

be inappropriate, as it is not clear that all haloes should host a galaxy.

1.3.2 The “too-big-to-fail”’ problem

Since the subhalo mass function in dark-matter-only simulations is fairly well known, one
can make predictions for the dynamical masses of Milky Way satellites. These predicted
masses can then be compared to those inferred from observations. Specifically, with

abundance matching arguments (where larger galaxies form in larger haloes), one could
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attempt to map Milky Way dwarfs to simulated dark matter haloes. This procedure leads
to another problem: it would appear, from the kinematics of dwarf spheroidals, that the
most massive subhaloes in ACDM do not host the largest galaxies and the mapping is not
one-to-one (Boylan-Kolchin et al., 2011}, 2012)). The problem could be more specifically
described by the number of subhaloes with Vi,.x > 30 kms™! that host galaxie In the
Milky Way, there are three dwarfs which match these criteria, whereas ACDM predicts
2-3 times that number (Sawala et al., [2016). Perhaps an even more concerning issue is
that the problem appears to exist for field Local Group dwarfs and isolated dwarf galaxies
(Kirby et al.L[2014; Ferrero et al.|2012), making solutions that have to do with satellite-host

interactions unlikely.

1.3.3 The plane-of-satellites problem

It was known in the 1970s, before the advent of the standard cosmological model, that a
number of satellites of the Milky Way appear to form a thin plane that is approximately per-
pendicular to the Galactic disk (Lynden-Bell, 19765 Kunkel and Demers, [1976)). Moreover,
it was shown by Metz et al.| (2008) and Pawlowski and Kroupal (2013) that these satellites
also have aligned orbital poles. This phenomenon is problematic not only for ACDM,
but, in general, for the theory of hierarchical structure formation, where one might naively
expect isotropic or prolate satellite configurations (Kroupa et al., 2005; Metz et al., [2007)).
In fact, satellite accretion is expected to be in groups, via the cosmic filaments, introducing
a degree of anisotropy (Libeskind et al., 2014} [2015)). Although the configuration is still
possible to observe in ACDM simulations, the probability is very small (< 1%) (Shao et al.}
2019; |Pawlowski and McGaugh, [2014; [Pawlowski and Kroupal 2020) and is seemingly in
disagreement with the fact that planes of satellites have been observed in both Milky Way
and Andromeda (Ibata et al.,|2013)); however, the work of |Cautun et al.| (2015]), shows that
this discrepancy is lifted once the diversity of the satellite planes is considered and the

“look elsewhere” effect is taken into account. This has led some authors to hypothesize

*Vimax is defined as the maximum of the V = 4/ w curve, where G is the gravitational constant and
M (< r) is the enclosed mass at radius r
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that dwarf galaxies in the Milky Way may, in fact, be tidal dwarfs (Metz and Kroupa, 2007;
Pawlowski et al.|[2012)), although this scenario implies a lack of dark matter content in these
galaxies, which would be at odds with the measurements of their dynamical mass-to-light

ratios (Mateo, [1998)).

1.3.4 The core-cusp problem

As pointed out in the previous section, simulations in ACDM make a prediction on the
inner structure of haloes. To better than ~ 10%, these follow an NFW profile (Wang et al.,
2019a), where the dark matter density in the centre has a “cusp” (p o« r~!). On the other
hand, the inferred Hr rotation curves in nearby isolated dwarfs suggest that dark matter in
the inner regions of these galaxies has a core (p « %) (Moore, 1994: Kuzio de Naray et al.,
20065 |Oh et al., |2008; |Adams et al.l |2014; |Oh et al., [2015}; Zhu et al., 2016; Read et al.,
2017). This discrepancy was first pointed out in 1994 in the works of Moore| (1994)) and
Flores and Primack! (1994)) and was later dubbed the “core-cusp problem” (de Blokl[2010).
The problem persists for satellite dwarfs of the Milky Way, where cores have been inferred
from stellar kinematics, although different analyses often arrive at conflicting results for
each dwarf (Battaglia et al.| 2008; Walker and Pefnarrubial 2011; |Amorisco and Evans)

2012b; [Breddels et al., 2013} [Strigari et al., 2014; Richardson and Fairbairn, [2014)).

1.4 ACDM with baryonic physics

In our discussion on ACDM and its challenges so far, I have been careful to speak of
dark-matter-only simulations. For a meaningful comparison between the predictions of the
standard cosmological model with observations of nearby galaxies, one must include the
physics of galaxy formation consistently within a simulation. We must understand how
galaxies form and in which dark matter haloes and, further, how is the structure of dark

matter haloes affected by baryonic physics.
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1.4.1 Cosmological simulations of galaxy formation

Although baryons make up only ~16% of all the matter in the Universe (~5% of all
the energy content), they constitute its only observable component (Planck Collaboration),
2018)). To understand how this component might affect the dark matter, one must understand
the physics of galaxy formation. For example, one must accurately model the cooling of

gas, star formation and energy from supernovae.

Cosmological simulations are limited in their spatial and mass resolution. This means
that astrophysical processes must be modelled in the ‘subgrid’ (i.e. below the resolution
limit of the simulations). For example, simulations must be able to model the different
phases of the interstellar medium, gas cooling, the formation of molecular clouds and their
fragmentation into individual stars (Vogelsberger et al., [2020)). Simulating the details of
these processes is extremely computationally challenging for a large cosmological volume.
For instance, the densities reached in the molecular clouds are much higher than one can
obtain in simulations. This means that one has to impose an artificial density threshold
for star formation (Schaye, 2004} Hopkins et al., 2013), ng, ~ 0.1 atoms cm™3 (average
density in a star-forming disk) or ~ 100 atoms cm™ (average density of a molecular cloud).
Since one cannot resolve individual stars, one also has to model the energy injection from

supernovae and stellar winds in the ‘subgrid’.

Despite the numerical limitations, large cosmological simulations of galaxy formation have
been able to reproduce a number of observed galaxy properties. For example, the galaxy
stellar mass function, stellar mass - star formation rate relation, mass - metallicity relation,
gas content, black hole masses and the morphology of galaxies — from ellipticals to grand-
design spirals — have been succesfully recovered in recent, high-resolution cosmological
simulations (Vogelsberger et al., 2014ab; Dubois et al., 2014; |Schaye et al., 2015} (Crain
et al., 2015; Khandai et al.,|2014; [Feng et al.|[2015] Bocquet et al.,|2015; Davé et al., 2016;

McCarthy et al.,[2016}; [Tremmel et al., 2016; Springel et al., [2018; [Davé et al.,[2019).
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1.4.1.1 Zoom-in simulations of Milky Way analogues

Of particular interest in this thesis are the Milky Way galaxy and the dwarf galaxies
surrounding it. As mentioned previously, one may use the ‘zoom-in’ technique to simulate
smaller cosmological volumes of interest (Katz and White,|1993; Tormen et al.||1997; Frenk
et al., [1999; Bertschinger, 2001} (Gao et al., 2005; Hahn and Abel, 2011} Jenkins), [2013]).
These could be isolated dwarfs, Local Group and Virgo cluster-like environments and
large galaxy clusters. The procedure involves looking at very large cosmological volumes
and selecting the region of interest, as in [Fattahi et al.| (2016a). The particles within the
region are then tracked back to their ‘Lagrangian region’ in the initial conditions of the
simulations. This could make up a very large region of the initial conditions (Borrow et al.,
2020). Regions around the selected one are simulated at a lower resolution to preserve
a realistic tidal field. An alternative method for generating initial conditions which will
produce a cosmological volume of interest is through “constrained realizations” (Hoffman
and Ribak, [1991} Klypin et al., 2003}, |Gottlober et al., 2010; Jasche and Wandelt, [2013]).
This method uses present-day observations of a given volume, such as the Virgo cluster,
to constrain the initial conditions of a simulation. It is thus possible to simulate structure
and galaxy formation in environments that closely resemble the one of interest (like the
Local Group). This allows for a direct comparison of simulated and observed properties
of member galaxies, including dwarf galaxies. It also provides an excellent test of our
understanding of the physics of galaxy formation and evolution as the properties of nearby

objects are particularly well resolved with current instruments.

1.4.2 Baryonic solutions to small-scale challenges in ACDM

By now we have seen that state-of-the-art cosmological simulations are able to implement
baryonic processes, the effects of which can be modelled down to classical dwarf galaxy
scales. Taking this into consideration, we now revise the aforementioned small-scale

problems, taking into account results from ‘zoom-in’ simulations.
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1.4.2.1 The effects of reionization

After the formation of the first stars in the Universe, the intergalactic medium is reionized
(i.e its temperature is increased to approximately 10* K). This prevents the gas from falling
into dark matter haloes and allowing star formation to occur (Efstathiou, |1992; Thoul and
Weinberg, [1996). Some more massive haloes will be able to accrete more gas in the future,
but some lower-mass haloes are expected to remain completely dark. Recently, this was
looked at in detail by Benitez-Llambay and Frenk|(2020), who found that haloes with virial
masses below Magy ~ 3 x 108 M never form stars. This can explain the low number of
luminous satellites observed in the Milky Way compared to the predicted number of dark

subhaloes.

1.4.2.2 The effects of supernova feedback

Supernovae feedback is responsible for regulating star formation in galaxies. The energy
associated with supernovae is able to blow out the gas from a galaxy and prevents the
gas from cooling and condensing to form stars. Baryonic outflows may transport binding
energy from the centre of the halo outwards, causing the dark matter also to move outwards.
This process can occur intermittently and is able to permanently change an existing dark
matter cusp into a core (Navarro et al., [1996a; Read and Gilmorel |2005; |Pontzen and
Governatol, [2012; Madau et al), 2014; [Read et al) 2016). The requirement for such a
transition is that the gas must dominate the gravitational potential in the galactic centre
prior to the blow-out (Benitez-Llambay et al.,2019). As the blow-out occurs, the potential
is significantly perturbed and the dark matter moves to higher-energy orbits. A cusp may
be restored if the gas is allowed to accumulate in the galactic centre, causing an adiabatic
contraction of the halo. Alternative methods of core creation could involve energy transfer
to the outer halo by infalling clamps through dynamical friction (El-Zant et al., 2001}
Sanchez-Salcedo et al.l [2006; [Mashchenko et al., 2008 |del Popolo and Kroupa, 2009;
Cole et al., 2011), or through resonant effects induced by a central stellar bar (Weinberg

and Katz, [2002)). These processes may be able to simultaneously explain the core-cusp
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problem (particularly in the star-forming dwarf irregulars) (Read et al., 2016} 2019) and
the “too-big-to-fail” problem (by lowering the central density of CDM haloes), but only if

dwarf spheroidals are also able to form cores (Zolotov et al., [2012)).

Another important consequence of supernova feedback and reionization is their impact on
the growth rate of dark matter haloes (Sawala et al.,2016;/Zhu et al.| 2016). Feedback blows
out gas supplies available for star formation at early times and thus reduces the total halo
mass, compared to a dark-matter-only halo. This leads to a reduction in the halo growth rate
and, consequently, lower Vpn,x, thereby solving the “too-big-to-fail” problem. The work of
Sawala et al.[(2016)) shows that Vi« of subhaloes, including those with Viax > 30 kms™!
is reduced by up to 15% in simulations with baryon physics, compared to dark-matter-only,

thus solving the problem.

1.4.2.3 Environmental effects

Satellite dwarf galaxies are susceptible to interactions with their hosts. When a satellite
gets close to the centre of the host galaxy, it will undergo tidal stripping, halo shocking and
disk shocking. These processes result in the reduction of the central dark matter density,
providing another possible solution to the “too-big-to-fail” problem (Zolotov et al., [2012;
Arraki et al.|2014; Brooks and Zolotov, [2014;|[Zhu et al.,2016; Sawala et al., 2016; |[Wetzel
et al.,2016};|Dutton et al.,|2016; Garrison-Kimmel et al.,2019)). Disk shocking, in particular,
is an effect that is not taken into account in dark-matter-only simulations (D’Onghia et al.
2010a). Moreover, the accumulation of baryons in the halo of the host would cause an
adiabatic contraction (i.e a slow steepening of the potential). A stronger central cusp in the
host galaxy will enhance the stripping and shocking of approaching satellites (Pefarrubia
et al., 2010). These processes could also lead to the enhanced disruption of subhaloes

(Sawala et al.,|2017; |Garrison-Kimmel et al., [2017; Richings et al., 2020)).

We have previously noted that the “too-big-to-fail” problem may also exist for isolated
dwarf galaxies. [Fattahi et al.| (2020) have shown that the number of massive dwarfs with

peak circular velocities Vpeax > 30 kms™! is actually proportional to the total mass of the
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Local Group. Moreover, the number of such dwarfs is greatly reduced in hydrodynamic
simulations compared to dark-matter-only, somewhat easing the problem. In fact, two of
their Local Group-like volumes have ~10 dwarfs with Vjeax > 30 kms~!, consistent with
the Local Group. It is also possible that the “too-big-to-fail” problem in the field could
instead be a consequence of observational biases. For example, the gas in these galaxies
may not be probing the peak of the rotational velocity curve (Benson et al., 2002; Maccio

et al.| [2016).

Observational biases may also be partly responsible for the apparent plane of satellites in the
Milky Way. Sky surveys do not point along the Galactic plane and are thus focused on the
regions perpendicular to it (where the plane of satellites is). Nevertheless, the co-rotation
of the satellites and the thinness of the planes in the Milky Way and Andromeda still
remains an intriguing feature of the satellite distribution (Cautun et al., 2015} [Pawlowskil,

2016} Shao et al.,[2019).

1.4.2.4 Modelling bias

There may also exist modelling biases, resulting in a false inference of a dark matter
core, when in reality the is a cusp. In Hr rotation curve measurements this could be,
for instance, due to the presence of non-circular motions that are not taken into account.
Additionally, the possible inclination angles of these galaxies with respect to the observer
also need to be accounted for (Oman et al., 2016, 2019; [Pineda et al., [2017). For dwarf
spheroidals, common assumptions are the absence of internal rotation, spherical symmetry
and dynamical equilibrium of the system (Wolf et al.,2010)). These assumptions are known
to be violated in satellite dwarf spheroidals in the Milky Way (McConnachiel 2012} del

Pino et al.| | 2017a)) and ignoring these may lead to an incorrect inference of a core.

1.4.3 Solutions to small-scale problems using CDM alternatives

The small scale problems to CDM, in the absence of baryonic physics, have inspired

exploration of more exotic models of dark matter capable of resolving these issues. In
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particular, in Warm Dark Matter (WDM) models there exists a cut-off in the power spectrum
due to the increased free-streaming length of the dark matter particles. Haloes less massive
than a characteristic mass for a given free-streaming length of a dark matter particle (related
to a particle’s mass) cannot form (Bode et al., 2001} |Avila-Reese et al.| 2001} [Schneider
et al., 2012; [Lovell et al., [2012)). This could in part solve the missing satellites problem.
Moreover, the absence of small substructure also tends to affect halo growth, such that
haloes assemble later. This would lead to smaller Vp,x in luminous dark matter galaxies
and, thus, also solve the “too-big-to-fail” problem (Anderhalden et al., 2013} |Lovell et al.,
2016; Newton et al.,[2019). Haloes in warm dark matter do not, however, form large cores

(Shao et al., 2013)).

Self-interacting dark matter models (SIDM) also have been proposed (Spergel and Stein-
hardt, 2000). In these models, instead of being a collisionless fluid, dark matter can interact
with itself with an interaction cross-section, {(o-m) . For sufficiently large cross-sections
dark matter is able to scatter to an extent that a dark matter core is produced in the central
regions. This simultaneously lowers the central density compared to CDM, solving the
“too-big-to-fail” problem (Vogelsberger et al., 2012; [Elbert et al., 2015). However, the
power spectrum resembles that of CDM and thus does not on its own solve the missing
satellites problem (Rocha et al.| 2013). Moreover, the window of cross-sections that pro-
duce dark matter cores is in tension with the cross-sections required to mimic the high
central densities in large galaxy clusters (Kaplinghat et al., [2016; Robertson et al., 2019).
It is then possible to have a velocity-dependent self-interacting dark matter particle, which

will scatter differently on different orders of magnitude in halo mass.

1.5 Dwarf galaxies as dark matter probes

So far I have shown that a number of challenges to the ACDM model have been identified
on the small scales. With the advent of high-resolution ‘zoom-in’ simulations including
baryonic physics, a number of those problems appear to be solved within the “ACDM

+ baryons” framework. Still, some challenges persist. One is the plane-of-satellites
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problem, the solution to which likely lies in the statistical significance of the planes in
Local Group-like environments (Cautun et al 2015). Another persisting problem is the
core-cusp problem, where disagreements exist in competing simulations due to their mass
resolution and subgrid physics implementations (Benitez-Llambay et al.,[2019)). Moreover,
an important aspect of the problem is the reliability of kinematic tracers in the inference
of the shape of the underlying gravitational potential (Strigari et al., 2010). I focus on the

core-cusp problem in this thesis.

Dwarf spheroidal galaxies are some of the best places to study dark matter for several
reasons. Firstly, these objects have particularly high dynamical mass-to-light ratios (i.e.
the kinematics of their stars imply much larger enclosed masses than those that could
be attributed to stars alone) (Mateo, |1998; McConnachie, [2012)). In fact, dwarf galaxies
are some of the most dark matter-dominated objects found in the Universe (Pryor and
Kormendy,, [1990). Secondly, a number of dwarf galaxies reside sufficiently close to Earth
such that individual stars can be resolved in these objects. This allows for precise kinematic,
photometric and proper motion measurements. Finally, dwarf galaxies are also excellent
places to look for the by-products of dark matter self-annihilation (Springel et al., [2008a)).
Their location away from the Galactic disk and relative proximity implies more signal and

smaller background/foreground contamination (Gaskins}, |2016; Strigaril, 2018)).

One way to infer the shape of the gravitational potential (core or cusp) in a dwarf galaxy
is to study the motions of a set of kinematic tracers. In satellite dwarfs, where gas is
typically absent as a tracer due to effects of star formation, tidal and ram-pressure stripping
(McConnachie, 2012} |Spekkens et al., |2014), one must rely on the measured kinematics
of individual stars. While proper motions for a number of dwarf spheroidals have recently
become available with Gaia DR2, the distances for the majority of dwarfs are too large
to obtain small proper motion errors on individual stars (Gaia Collaboration et al., 2016}
2018). This means that the dynamical modelling at present relies on the line-of-sight
spectroscopic measurements only. This introduces significant errors in the measurements
due to the so-called mass-anisotropy degeneracy, where the enclosed mass of the system

cannot be fully constrained unless one has full 3D tracer motions.

14



1.6. An outline of this thesis

As reliable proper motions for individual stars cannot be presently obtained, one must
rely on line-of-sight measurements and seek additional, independent constraints. Some
studies have focused on the use of the fourth line-of-sight velocity moment (the kurtosis
of the velocity distribution). This can be related to the enclosed mass via higher orders
of the spherical Jeans equation or the virial theorem (Merrifield and Kent, [1990; [L.okas
and Mamon, 2003; [f.okas|, 2002, 2009; Richardson and Fairbairn, |2013a; Mamon et al.,
2013; Read and Steger], |2017). Another possibility is the use of multiple tracers of the
gravitational potential. In particular, it turns out that a number of Local Group dwarfs
contain spatially and chemo-dynamically distinct stellar populations (Tolstoy et al.| 2004;
Battaglia et al., 2008, 2006|2011} Ho et al., 2012;|Battaglia et al.,[2012)). These populations
may serve as independent tracers, providing a corresponding number of constraints that
could, in principle, break the degeneracy. Finally, in models where cores form in initially
cuspy dark matter haloes due to gas blowouts, a core could be distinguished from a cusp
based on the lower enclosed density compared to ACDM predictions (Read et al., [2019),
provided this density was not reduced for other reasons (for example, due to tidal shocks).
Some works also consider the present-day distributions of globular clusters as an indicator
of an underlying core or a cusp (Goerdt et al.,[2006; Cole et al.,|2012; |Contenta et al., 2018

Orkney et al.,2019).

1.6 An outline of this thesis

In this thesis, I explore the various methods of constraining the shape of the dark matter
density distribution. I first focus on the dwarf galaxies that exhibit two stellar metallicity
populations. In Chapter 2, I explore the various paths that lead to the formation of two
populations, their observational characteristics and whether these paths are imprinted in
the kinematics of individual populations. In Chapter 3, I test a method for using the two
populations to obtain two independent measurements of the enclosed mass at two different
radii and how these can be used to deduce the slope of the mass profile, related to that of

the density profile. I discuss the limitations of this method, some of which are related to
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the formation paths of the two populations, as identified in Chapter 2. This concludes the

discussion on two metallicity populations as independent tracers of the potential.

In Chapter 4, I introduce the pYGRAVSPHERE code, a PyTHON implementation of the
GravSpHERE method, developed in Read and Steger| (2017), which uses both the second
and fourth-order moments of the velocity distribution to place additional constraints on
the gravitational potential. I test the method on simulated dwarfs comparable to the
Fornax dwarf spheroidal in ACDM and SIDM cosmologies (which have cusps and cores,
respectively) and identify sources of bias and uncertainty. I suggest a statistic to weed out

biased models and suggest cosmologically-motivated priors for future dynamical analyses.

In Chapter 5, I explore the origins of the low dark matter density in the Fornax dwarf
spheroidal galaxy in the context of the ACDM cosmology. The low density in Fornax is
hypothesised to be due to core formation. I evaluate how likely this density is considering

the present-day orbit of Fornax and its star formation history.

Finally, in Chapter 6, I summarize the results presented in this thesis and outline some

possible directions for future work.
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CHAPTER 2

The distinct stellar metallicity
populations in simulated Local

Group dwarfs

2.1 Introduction

Dwarf galaxies in the Local Group show a diversity of star formation histories: some form
the majority of their stars in a short burst early on, while others continue to form stars
over their lifetime at varying rates (Dolphin et al., |2005; Tolstoy et al., 2009} |Weisz et al.,
2014; |Gallart et al., 2015). Some also exhibit signs of peculiar kinematics and stellar
substructure, suggesting a history of accretion (Amorisco and Evans|2012a};|del Pino et al.,
2015; |del Pino et al., [2017alb; |(Cicuéndez and Battaglial, [2018]). A number of satellites of
the Milky Way and Andromeda, including Sculptor, Fornax, Sextans, Andromeda II and
Carina display evidence of distinct stellar metallicity and age populations (Tolstoy et al.,
2004; Battaglia et al., 2008}, 2006, 2011} [Ho et al., 2012} Battaglia et al., 2012)). The
younger and metal-rich stars are typically centrally concentrated; the older and metal-poor
stars are more spatially extended. In certain cases the two populations exhibit different
kinematics. This feature has been widely used for dynamical mass modelling of these

galaxies (Battaglia et al., 2008; |Walker and Penarrubia, 2011j; Amorisco and Evans| [2012b;
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2.1. Introduction

Hayashi et al.| 2018]) and we shall return to it in the next chapter.

A number of possible scenarios for the formation of two metallicity populations have been
proposed. The simplest suggest gas reaccretion or recycling, whereby the feedback from
the first episode of star formation empties the gas reservoir and the second population is
not formed until the gas returns and cools (Dong et al., [2003; |Tolstoy et al.,|2004). These
highly idealised models do not explain why the two metallicity populations should exhibit

spatial segregation.

The work of [ElI-Badry et al.|(2016) suggests baryon inflows and outflows associated with
bursts of star formation as a driving force behind stellar radial migration. The gravitational
potential fluctuations that are also responsible for the formation of inner dark matter cores
in these simulations tend to heat the orbits of the stars over long timescales. Thus, the older
and more metal-poor stars migrate to systematically larger distances than younger ones,
creating a metallicity and an age gradient. This mechanism would explain the presence of
gradients in some dwarf galaxies. However, unless this mechanism is coupled to another
process triggering two well separated episodes of star formation activity, it is unclear how
it can lead to large spatial segregations such as that observed in, for example, Sculptor,
where the effective radius of the metal-rich population is ~ 0.55 that of the metal-poor

population (Battaglia et al., [2008]; |Walker and Penarrubial 2011)).

The works of Benitez-Llambay et al.[(2015,2016)) suggest gas-rich mergers as a mechanism
for forming two stellar populations that are distinct in age and spatial extent. Using the
CLUES simulations (Gottlober et al.l [2010), these authors find that some haloes, ranging
in stellar mass from 9x10° to 6x107 My, are able to form stars before reionization but, due
to star formation feedback and a low virial mass, they are not able to reaccrete gas until a
late time merger takes place and funnels gas to the centre, resulting in a second burst of
star formation. A merger increases the velocity dispersion of the old stars. This scenario
can explain both why the stellar populations are distinct in age and also why the younger

population is more centrally concentrated than the older population.

In their zoom-in simulations of isolated dwarfs using the chemo-dynamical N-body code
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2.1. Introduction

GEAR (Revaz and Jablonka, [2012)), [Revaz and Jablonkal (2018) find no such late accretion
events that result in the formation of two metallicity populations. However, they do find
that the dwarf galaxies with significantly steeper metallicity gradients than others appear in
systems which have assembled early on from metal-poor galaxy progenitors, resulting in a
very extended distribution of metal-poor stars. N-body simulations show that dwarf-dwarf
mergers are not uncommon in a ACDM universe (Deason et al.| [2014). Furthermore,
these would help explain photometric and kinematic anomalies present in dwarfs such as
Andromeda II and Fornax (Amorisco et al.l 2014a; [F.okas et al.l 2014} [del Pino et al.|

2017a).

Another plausible formation path has been suggested by Wright et al.|(2019). These authors
identified ram pressure as a mechanism for the reignition of star formation in field dwarf
galaxies of stellar mass in the range 9.2x108 - 8.4x10° M, and in which the star formation
history has a prolonged gap. They find that star formation may be reignited by ram pressure
due to, for example, gas blown out by intense star formation activity from a nearby galaxy.
Given sufficiently low velocity relative to the surrounding medium, the hot gas in the outer
regions of the halo may be stripped while the gas in the inner regions may be compressed

and cooled resulting in a new star formation episode and the formation of metal-rich stars.

Kawata et al.| (2006), on the other hand, argue that the two metallicity populations observed
in Sculptor may, in fact, be a single stellar population. These authors were able to
reproduce Sculptor’s steep metallicity gradient in a simulated galaxy that undergoes a
single star formation episode at z = 13 - 20. The star formation in their simulated dwarf
is powered by smooth accretion, where the gas is primarily enriched in the denser central
regions, while supernovae feedback prevents star formation in the outermost regions. This
mechanism creates a metallicity gradient that is sufficiently steep, such that the system

appears to contain two chemo-dynamically and spatially distinct populations.

A successful scenario for the formation of dwarfs with two stellar metallicity populations
would need to explain both the difference in the age/metallicity of the two populations
as well as the difference in their spatial extent. Whilst the works of Benitez-Llambay

et al. (2016) and [Wright et al.| (2019) have been able to achieve this, neither have con-

19



2.2. Simulations

Table 2.1: Dark matter, gas and the ranges of stellar particle masses for the five L1 volumes
of APOSTLE used in this work. The gravitational softening at z = 0 is 134 pc.

Volume I'nDMh_l (Mo] mgash_l Me] rnstarh_l Mo]

AP-1 3.5 x10% 7.0 x10° 0.4-1.4 x10*
AP-4 1.7 x10* 3.5 x103 0.2-1.0 x10*
AP-6 3.7 x10* 7.5 x103 0.4-2.5 x10*
AP-10 3.6 x10* 7.2 X103 0.4-1.2 x10*
AP-11 3.5 x10% 7.1 x103 0.4-1.6 x10*

sidered satellite dwarfs in a Local Group-like environment. In this work, we analyse the
assembly histories of both field and satellite dwarf galaxies with stellar masses spanning the
range 10% - 10° My, in five high-resolution hydrodynamical simulations of environments
resembling that of the Local Group. We will identify two-metallicity population dwarf
galaxies and examine their formation paths. We will further discuss how these histories

are imprinted in the observable properties of the dwarfs.

The details of the simulations and the galaxy sample are discussed in Section 2.2} In
Section [2.3| we examine the formation histories of field dwarfs with two metallicity pop-
ulations and analyse the satellites in Section [2.4] Section [2.6] explores the stellar mass
dependence of these mechanisms. In Section[2.7]we look at the properties of the individual
stellar populations. Section [2.8] examines the conditions necessary to observe bimodality
in metallicity distributions and in Section[2.9|we summarise our conclusions. Readers who
are particularly interested in dwarf satellites (for which we have uncovered a new physical

process) may wish to skip directly to Section [2.4]

2.2 Simulations

2.2.1 APOSTLE simulations

A Project Of Simulating The Local Environment (APOSTLE) consists of a suite of hy-
drodynamical zoom simulations of 12 cosmological volumes; volumes AP-(1-12) were
simulated at medium and low levels of resolution (L2 and L3) while five volumes (AP-1,

AP-4, AP-6, AP-10 and AP-11) were simulated at high resolution (L1). In this work, we
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2.2.1. APOSTLE simulations
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Figure 2.1: Metallicity probability density (p.d) for examples of galaxies with one (left),
two (middle) and three (right) distinct stellar populations as determined by the method
described in Section[2.2.4] The black lines show binned data and corresponding Poisson
errors. The blue line shows the best fitting Gaussian Mixture Model. The red crosses show
the location of peaks; their number is equal to the number of identified populations. The
red squares show the local minima and mark the locations where populations are split (also
shown with a vertical dashed grey line).

use only the five L1 volumes. The gas, dark matter and stellar particle masses for each of
these may be found in Table[2.1] The Milky Way and Andromeda analogues were selected
from the DOVE simulation (Jenkins}, 2013). The separations, masses, radial and tangential
velocities of the halo pairs, as well as the broad kinematics of other members of the Local
Group analogues were chosen to satisfy observational constraints (Fattahi et al., [2016a).

The simulations are described in detail in that paper and in|Sawala et al.| (2016)).

APOSTLE was run with the EaGLE code (Schaye et al., 2015} (Crain et al., |2015), which is
a modified version of the TreePM smoothed particle hydrodynamics (SPH) code GADGET
3 (Springel, 2005). EAGLE was calibrated to reproduce the stellar mass function at z = 0.1

in the resolved range of 108 — 10'! M, as well as galaxy sizes and colours.

Radiative cooling and photoheating prescriptions in EAGLE follow [Wiersma et al.| (2008)).
Star formation is stochastic and follows a pressure law described by [Schaye and Dalla
Vecchial (2008). The star formation threshold is dependent on both the number density of
hydrogen and the gas metallicity, following the prescription of |Schaye| (2004). Each stellar
particle represents a stellar population with masses between 0.1 - 100 Mg, following a
Chabrier| (2003) initial mass function. Newly formed stellar particles inherit their parent

gas kernel smoothed abundances. Altogether eleven chemical elements are tracked: H, He,
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2.2.2. Constructing merger trees

C, N, O, Ne, Mg, Si, S, Ca and Fe. Nine of these are tracked individually, while Ca and S
are assumed to have fixed mass ratios relative to Si. Stellar evolution and mass loss follows
the model of [Wiersma et al.| (2009) and includes winds from AGB, massive stars and SNe
Type II. The rate of SNe Type Ia follows a time-delayed exponential distribution function.
Their yields are taken from Thielemann et al.| (2003). Lost stellar mass is distributed
through an SPH kernel to 48 gas particle neighbours. Stochastic thermal feedback from
star formation is implemented following |Dalla Vecchia and Schaye| (2012). Hydrogen
reionization is modelled by a spatially-uniform and time-dependent ionizing background,
which is turned on instantaneously at z = 11.5 (Haardt and Madaul, 2001} [Schaye et al.,

2015).

2.2.2 Constructing merger trees

We constructed merger trees using the HBT+ halo finder (Han et al.| 2018). Each halo
in the simulation is assigned a ‘track ID’ which is used to follow the main progenitor
across time. Thus, the position and velocity of the main progenitor at every snapshot in the
simulation may be determined. We calculate the centres of subhaloes using the “shrinking
spheres" algorithm (Power et al., | 2003)) on at least 100 stellar particles, if present, or on the

bound dark matter particles if not.

2.2.3 Calculating V-band luminosities

The V-band luminosities for our simulated dwarfs are calculated following the GALAXEV
population synthesis model of |Bruzual and Charlot| (2003). The model provides absolute
AB magnitudes of a stellar population with mass M, age t.. and metallicity Z., assuming a
Chabrier|(2003) initial mass function. The magnitudes are tabulated on a grid of metallicity
(I1x10™* < Z, < 5x1072) and age (0.1 < £,/Myr < 2x10%). For each simulated stellar
particle, described by its initial mass, age and metallicity, we thus perform a 2-dimensional
interpolation over the age-metallicity grid and obtain its absolute magnitude in the V-band.

If the simulated stellar particle falls outside the metallicity range of interpolation, we
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2.2.4. Defining stellar metallicity populations in galaxies

assume that its metallicity is either the minimum or maximum value of the tables (i.e. we

do not perform an extrapolation).

In this work, we will use these luminosities to calculate quantities that are compared to

observations (such as the half-light radius).

2.2.4 Defining stellar metallicity populations in galaxies

We now define what we mean by galaxies with two metallicity populations.

We use [Fe/H] as the measure of metallicity, as is common in observational wor For
each stellar particle, kernel-smoothed metallicity abundances are used. In order to identify
the number of stellar metallicity populations in dwarf galaxies, we employ a peak finding
algorithm. We fit the [Fe/H] distribution with a Gaussian Mixture Model (GMM) (Hastie
et al., [2001) in order to eliminate the effects of noise in the distribution. We exclude
extremely metal-poor stellar particles ([Fe/H] < -4) from the fit as these lie in a long tail
of the distribution that may bias the fit. We have verified that this choice indeed removes
the extremely low-metallicity tail and does not discriminate against identifying the more

metal-poor subpopulationsﬂ

To identify the best performing GMM, we evaluate y? for the binned data, with the optimal
number of bins determined by Doane’s formula for non-normal distributions (Doanel
1976). We test n components for the GMM, where n < m/3, m being the number of bins,
and evaluate their quality in representing the data using the Akaike Information Criterion
corrected for sample size (AICc; |Akaike, [1998). The model with the smallest AICc
is selected and a peak finding algorithm is run on the resultant metallicity distribution
function. A peak location is defined as a point, i, where the function, f, has a local
maximum, such that f;_; < f; > fi+1. The number of identified peaks in the distribution
of [Fe/H] is the number of unique stellar populations in the galaxy. Once the peaks have

been found, in cases where the number of populations is greater than one, we split the

*The adopted mass fractions are 0.0014M ¢ for iron and 0.7381Mg for hydrogen.
TExtremely metal-poor stars typically make up 0.5 per cent of [Fe/H] distributions and we assign these
stars to the metal-poor population in further analysis.
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2.2.4. Defining stellar metallicity populations in galaxies

stellar particles into their respective populations by applying a hard cut at the positions of

the local minima between the peaks.

By definition, our method identifies galaxies with two or more peaks in their stellar
metallicity distributions. However, in some cases, the size of a subdominant population
may be negligible, such that the galaxy effectively consists of a single stellar population.
We thus consider dwarfs in which the mass ratio of the smaller to the larger population is
less than 10 per cent as single population galaxies. We additionally limit our sample to
galaxies where any stellar population contains at least 100 stellar particles. At this limit
sampling noise becomes important, although some galaxy properties can be measured with
20 per cent accuracy (see Section [A] of the Appendix) and, provided that the metallicity
distribution exhibits distinguishable peaks, it is still possible to separate different stellar

populations.

In Fig. 2.1 we show [Fe/H] distributions for examples of galaxies with one, two and
three identified stellar populations. The EAGLE model produces a wide range of stellar
metallicity distributions and it is clear that the method works well in identifying populations
of varying sizes in the distributions of [Fe/H]. We note that the metallicity distributions
may be sensitive to the specifics of subgrid physics. In particular, metal mixing is not
properly accounted for in our simulations, although the use of SPH-smoothed metallicities
does somewhat mitigate this issue (Starkenburg et al., 2017). Nevertheless, the origin of
the metallicity distribution bimodality (see Section [2.5), spatial segregation and, thus, the

main results of this work should not be affected.

The resulting sample consists of 290 galaxies with ~ 43 per cent containing two metallicity
populations (61 field and 64 satellite dwarfs), 10 per cent containing three (16 field and 14
satellites) and 47 per cent containing a single stellar component (66 field and 69 satellites).
According to these statistics, nearly half of all simulated dwarfs above ~10° L, exhibit
metallicity bimodality in their [Fe/H] distributions. We find these ratios to be approximately
constant across the range of luminosities above ~4x10° L. Below this value, the fraction
of two-population dwarfs decreases steadily down to 20 per cent, but this is due to the

imposed minimum number of stellar particles for a given metallicity population. We will
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2.2.4.1. Properties of our galaxy sample

discuss the observational implications of this in Section [2.§]

In what follows we consider only the dwarfs that contain two stellar populations, with a
particular emphasis on the formation mechanisms responsible for the spatial segregation
within these galaxies. We leave the three-population galaxies for future work. These may
be interesting in the context of the dynamical method of [Walker and Pefarrubial (2011)
and may allow additional constraints to be placed on the slope of the dark matter density

profiles.

2.2.4.1 Properties of our galaxy sample

We first demonstrate that the dwarfs in our sample have basic structural properties that
resemble those of real field and satellite dwarfs. In Fig. [2.2] we show the projected half-
light radii, Ry, line-of-sight velocity dispersion, oo, and the mean mass-weighted stellar
metallicities, ([Fe/H]), as a function of V-band magnitude, My. We compare the values
for our sample of galaxies with observed Local Group dwarfs. The Local Group data have
been taken from [McConnachie| (2012) and includes all dwarfs for which measurements
of half-light radius, line-of-sight velocity dispersion and metallicity are available. Note
that some of these measurements do not have error bars. The Milky Way and Andromeda
satellites (red and blue symbols, respectively) as well as other Local Volume dwarfs (green
symbols) shown in Fig. [2.2] are the same across the three panels. The velocity dispersion
and half-light radii for the simulated dwarfs are shown with error bars representing the
16" and the 84" percentiles found by generating 1536 isotropically distributed lines of
sight (Gorski et al., [2005). The error bars for mass-weighted mean stellar metallicities are
calculated by taking 1000 samples of stellar particles with the number of particles within
each sample, N. sample ~ N+ 1otal/ 10. We exclude stellar particles with [Fe/H] > -4 from the
mean metallicity calculation, as these metallicities are sensitive to the mass resolution of
our simulations (Schaye et al.,|2015;|Starkenburg et al.,2017). The two-population galaxies
are shown in blue, satellites are represented with circles and field dwarfs with squares. It
can be seen that the two-population galaxies occur within a wide range of luminosities and

galaxy sizes.
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Figure 2.2: Top: projected half-light radii for our sample of dwarfs as a function of
My, with error bars representing the 16" and the 84" percentiles. Model galaxies with
two metallicity populations are shown with blue symbols, with satellites and field dwarfs
represented by circles and squares, respectively. The remainder of the sample is shown
with grey symbols. The data for the Local Volume and nearby galaxies fromMcConnachie|
is shown with symbols identified in the legend. Corresponding V-band luminosities
are shown in the upper horizontal axis. Middle: the V - band luminosity-weighted line-of-
sight velocity dispersion for galaxies in our sample as a function of My . Botfom: mean
luminosity-weighted stellar metallicity as a function of My for our sample of dwarfs. The
black dashed line shows the relation derived by Kirby et al.| (2013). The specific examples
of field and satellite galaxies that will be discussed later on are marked across the three
panels with stars, as identified in the middle panel.
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2.3. Assembly history of field dwarfs

As a result of the imposed minimum number of stellar particles, our simulated galaxies
are only comparable to some of the brightest, or classical, Local Group dwarfs. The black
dashed line in the bottom panel of Fig. displays the mean-metallicity — luminosity
relation derived by [Kirby et al.|(2013)), extrapolated to higher luminosities. The grey bands

represent the scatter. Our simulated dwarfs trace this relation.

Sculptor, Fornax and Andromeda II, particularly well-studied examples of two-population
dwarfs, are identified on the plot. It can be seen that our sample contains galaxies of
comparable luminosities to these three dwarfs. A number of simulated galaxies match
the size and velocity dispersion measurements for Fornax, although its mean metallicity is
above the locus traced by our galaxy sample. The sample contains matches for Sculptor
in velocity dispersion and mean metallicity, although the half-light radius of Sculptor is
below those seen in our simulations at comparable luminosities. The size-luminosity
relation in our simulations flattens at low luminosities (S10°Ly). As discussed in more
detail in (Campbell et al.| (2017), the galaxy sizes are sensitive to spatial resolution and
are typically larger than 2.8 times the Plummer-equivalent softening of our simulations
(i.e. ~ 0.4 kpc), which is the radius above which the forces are Newtonian. We have also
explicitly checked that the luminosities derived from the stellar synthesis models are not
responsible for the apparently large sizes of these galaxies, as their half-mass and half-
number radii have comparable values. The sizes of these low-luminosity dwarfs and those
of their subpopulations should be taken with caution in the rest of this work, but should

not affect our ability to identify spatial segregation and its origin.

We now identify a subsample of these simulated dwarfs that also exhibit significant spa-
tial segregation, comparable to that derived for Sculptor and Fornax, and examine their

formation mechanisms.

2.3 Assembly history of field dwarfs

It has previously been suggested by |[Benitez-Llambay et al.|(2016) and Revaz and Jablonka

(2018)) that mergers play a significant role in the formation of two-population systems.
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2.3. Assembly history of field dwarfs

A merger provides a natural explanation for both the large spatial extent of the metal-
poor stellar population and the reignition of star formation activity that results in the
formation of a more metal-rich population. If this is indeed the case, simulated systems
with strong spatial segregation between two populations should also exhibit larger fractions
of accreted material. Fig.[2.3]shows the fraction of stellar particles that have formed outside
~0.15 X Rygg of the main progenitoﬂ (i.e that have been accreted), fyccr .+, as a function
Of I'mr/Tip, the ratio of the metal-rich to the metal-poor half-mass radii, with the colours
representing the median of the line-of-sight velocity dispersion in these systems as a tracer
of mass. It is evident that the two-population dwarfs make up two subsets: those that
accrete a significant fraction of their stars, typically fyccr,« > 0.05, and in which the spatial
segregation is large (I'my/rmp < 0.65) and those where both the amount of accretion and the
spatial segregation are small. This separation does not appear to be dependent on the mass
of these systems as large spatial segregation is seen in both high (o5 ~ 25 kms™!) and low
velocity dispersion systems (ops ~ 10 kms™!). We thus select dwarfs with 1,/ Typ < 0.65
as our subsample of galaxies that have two spatially segregated populations, which are the

main focus of this work.

The top panel of Fig. shows the distribution of the metallicities of accreted particles
for all field dwarfs with two spatially segregated populations, with each galaxy given equal
weight. The subset of accreted stellar particles that belong to the metal-rich population of
their host galaxy is shown by the red histogram. It is evident that only a very small fraction
of the accreted stars belong to the metal-rich population (typically ~6 per cent). We thus
conclude that the metal-rich population in these dwarfs is primarily formed in-situ. The
bottom panel shows the distribution of all particles in galaxies with two well-segregated
populations (blue), with equal weight per galaxy. It appears that the field dwarfs show a
preference for a more dominant metal-rich population. The grey histogram shows a subset
of particles that were accreted. These particles are partly responsible for the metal-poor

bump seen in two-metallicity population galaxies, though typically only ~ 0.13 of the

*We define Ry as the radius enclosing a mean density of 200 times the critical density of the Universe.
We find the 0.15XR,qg cut to be a reliable tracer of the accreted stellar particles since the merging galaxies
tend to form a large fraction of stars during the merging process itself, i.e. within Rygg. In practice, we vary
this factor between (0.1-0.4)xRyq to better suit the stellar halo size of each system.
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Figure 2.3: The fraction of the accreted stellar particles, fyccr,«, as a function of spatial
segregation for galaxies with two metallicity populations. The points are coloured by the
median of the line-of-sight velocity dispersion. The grey vertical dashed line separates
dwarfs with low and high ry,,/r,p. The galaxies on the left of this line are selected as our
subsample of well spatially segregated galaxies. The black solid line shows the median
relation in four bins of equal galaxy numbers. Three galaxies that will be studied in
particular detail are labelled F-(1-3).

total stellar mass is made up of the stars that were accreted. Nonetheless, a large accretion
fraction suggests prior merger activity; processes associated with these mergers are capable

of inducing spatial segregation, as we now discuss.

2.3.1 Spatial segregation through mergers

We now investigate how mergers influence the spatial extent of the two metallicity popula-
tions. In Fig. 2.5 we illustrate this by tracking the evolution of the half-mass radii of three
individual galaxies, ranging from the largest spatial segregation (ry,/rmp = 0.30) to the
segregation at which we cut to select our subsample (1 /rmp = 0.65). In the top row, the
blue line represents the stars belonging to the metal-poor population formed in-situ and the
red line shows the metal-rich population. The black line is the fotal half-mass radius. The
half-mass radii are tracked from the moment when 50 stellar particles are present within the

virial radius of the dwarf. We exclude the accreted stars as these make up a small fraction
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Figure 2.4: Top: the histogram of metallicities of accreted particles in field galaxies with
T'ir/Tmp < 0.65 (blue). The red histogram corresponds to the subset of accreted particles
that belong to the metal-rich population. Botfom: the histogram of all stellar particles in
blue. The subset of particles that are accreted are shown in grey. The histograms give
equal weight to each galaxy.

of the overall stellar population and their half-mass radii, throughout a dwarf’s history, are
not easily defined. The middle row shows the evolution of dark matter (black), gas (red)
and stars (blue) bound mas§¥} normalized by their maximum mass throughout the history
of the dwarf, M/Mp.x. The logarithmic maximum masses are shown in the upper left of
each plot. The presence of mergers is evident as a sudden increase in dark matter mass.
The metallicity-age distribution is shown in the bottom row for stellar particles present
within the galaxy at z = 0. The black dashed line displays the value of the metallicity at

which we split the two populations.

It can be seen that the mergers at early times are associated with a large increase in the

half-mass radius of the system. The metal-poor particles that were formed in-situ prior to

*Bound mass is determined via a core-averaged unbinding procedure, as implemented in|Han et al.|(2012);
Han et al.| (2018).
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Figure 2.5: Top: the evolution of the half-mass radius of the metal-poor stars formed
in-situ (blue), the metal-rich stars (red) and the entire set of stellar particles formed in-situ
(black). The lookback time is shown on the bottom axis and the redshift on the top.
The subpopulations are tracked from the time when they first contain at least 50 stellar
particles. From left to right are three examples of galaxies with progressively poorer
spatial segregation. Middle: the evolution of mass for the dark matter (black), gas (red)
and stars (blue). Sudden increases in dark matter mass correspond to mergers. The mass is
normalised by the maximum component mass, shown by the labels in the upper left corners.
Note that galaxy F-2 merges with two haloes at approximately the same time. Bottom: the
metallicity-age relation for the three example galaxies. The rise in metallicity is seen to
occur following a merger. The contours in probability density are spaced geometrically by
factors of 2 and are consistent for the three galaxies.

the merger move to larger characteristic radii. This is likely due to redistribution of particle
energies as a result of a rapidly changing gravitational potential. This effect is particularly
evident in dwarf F-1, where the half-mass radius almost quadruples in size. Dwarf F-1
undergoes a second major merger at ~ 5 Gyr lookback time, with a secondary-to-primary
halo mass ratio of ¢ ~ 0.3. This mass ratio is far smaller than that at ~ 12 Gyr (u ~ 1) and

has little effect on the spatial segregation of the two populations.

The early mergers in the three systems coincide with an increase in the number of stars
formed and are followed by a significant increase in the stellar metallicity. As we demon-
strate in Section [2.5.2] these mergers are associated with a rise in star formation activity

followed by a steep drop, as large fractions of gas are expelled in winds. The enrichment
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2.3.2. Merger-induced formation of two metallicity populations

of the interstellar medium from the newly formed stars continues during this period of low
star formation activity and the metal-rich stars are consequently formed at systematically
higher metallicities. The metal-rich population proceeds to form gradually until late times,
creating a significant gap between the peak metallicities of the two populations (see Sec-
tion[2.5.1). We examine the origin of the metallicity distribution bimodality and where the

gas particle enrichment occurs in greater detail in Section[2.5]

It can be seen in Fig. [2.5that the half-mass radius of the metal-poor population increases to
~ 1.5 kpc in all three dwarfs following the merger and the characteristic radii at which the
metal-rich stars form appears to determine the extent of spatial segregation between two
metallicity populations in these systems. From left to right of Fig. [2.5]the dwarfs increase
in stellar and halo mass and the size of the metal-rich population in these galaxies likely
follows a mass-size relation (see the top panel of Fig.[2.2). For instance, like F-2, dwarf
F-3 undergoes an early merger; yet the spatial segregation between its two populations
is smaller. This galaxy retains a larger fraction of gas following the merger, as well as
accreting new gas, such that star formation continues during and immediately after the
merger. This results in continuous enrichment of the stellar particles and a less pronounced
gap in the distribution of metallicities. For a more massive halo, new stars are forming at
correspondingly larger radii, limiting the spatial segregation. Nonetheless, the merger that
this galaxy experienced increased the extent of the metal-poor population sufficiently that

the final spatial segregation between the two populations is significant.

Nonetheless, as previously seen in Fig. [2.3] the spatial segregation is not determined by
the final mass of the system, represented by velocity dispersion in that figure, and the radii
at which the metal-rich stars form are additionally affected by halo assembly history, gas

supply and environment.

2.3.2 Merger-induced formation of two metallicity populations

We have seen that the spatial segregation between two metallicity populations in field

dwarfs is related to mergers and their effect on the size of the metal-poor population as well
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2.3.2. Merger-induced formation of two metallicity populations

11.63 Gyr 11.13 Gyr 10.84 Gyr

11.63 Gyr 11.13 Gyr 10.84 Gyr

. 11.63 Gyr 10.84 Gyr

0.33"Gyr

Figure 2.6: A field dwarf (labelled F-2) at 6 stages of its evolution. Lookback time is shown
in the top right of each image. The images cover a cube of 50 kpc on a side. The galaxy is
shown from a direction perpendicular to its angular momentum vector at each time. The
white circles show the virial radius. Top: stellar particles with metal-poor particles in blue
and metal-rich ones in red. Middle: the gas content of the dwarf. The kernel smoothed gas
density varies from low density (dark red) to high density (yellow). Botftom: gas particles
destined to form stars, coloured by their metallicity from lowest (blue) to highest (red).
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2.3.2. Merger-induced formation of two metallicity populations

as on the radii at which the metal-rich stars form. We now investigate the role that mergers

play in the formation of two metallicity populations further.

In Fig.[2.6]we show the evolution of one particular two-population field dwarf with a strong
spatial segregation (rm;/rmp = 0.48), previously labelled as F-2. The top panel shows the
stellar particles in the galaxy; the metal-poor stars are coloured blue and the metal-rich
stars red. The middle panel displays the corresponding gas densities on a logarithmic scale,
with black indicating the lowest densities and yellow the highest. The bottom panel shows
the gas particles destined to form a star within the galaxy, coloured by their metallicity at

that time, with blue the most metal-poor and red the most metal-rich.

At the lookback time of 11.63 Gyr the main progenitor is approached by two gas-rich
haloes. These haloes will supply some of the gas that will form stars within the galaxy.
By 11.13 Gyr those haloes have combined into a single halo that merges with the main
progenitor at around 10.84 Gyr. The mass ratio in dark matter is 4 ~ 1, making this a
major merger. The virial radius of the system, Ry (indicated by a white dashed circle), has
visibly increased following the merger as has the extent of the metal-poor stellar population.
During the merger, at 10.84 Gyr, one can see gas bubbles extending beyond the virial radius.
This is the result of a wind powered by large amounts of energy released in supernovae
from stars that formed as a result of the merger. This gas is expelled beyond the virial
radius and the majority will never return to form stars. The first metal-rich stars have been
formed in this burst of star formation. A small fraction of gas remains at 9.03 Gyr and
down to very late times this gas reservoir is enriched within the galaxy and continuously

depleted by further formation of metal-rich stars.

Dwarfs F-1 and F-3 follow a similar formation history with the key differences being the
halo masses and the ability to retain gas immediately after the merger. It is thus evident
that two-population systems that end up with small values of 1y, /1y follow a well-defined
formation mechanism. Dwarfs with 1y /rmp < 0.65 can form within a wide range of halo
and stellar mass. In these galaxies the peak of star formation occurs simultaneously with
the merger, typically between 9-12 Gyr in lookback time. The associated burst of star

formation leads to the expulsion of large amounts of gas, with only the most strongly

34



2.4. The formation of two populations in satellite dwarfs
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Figure 2.7: Similar to Fig. but for satellite dwarfs: the stellar accretion fraction for
satellite dwarfs. The two-population satellites are shown with blue circles. The vertical
grey line separates well- and poorly spatially segregated metallicity populations. The black
line shows the median of the relation. Three dwarfs that will be later discussed in particular
detail are labelled S-(1-3).

bound gas remaining. The gas expulsion causes a decrease in star formation activity and,
therefore, a drop in the number of metal-poor stars formed. The stars formed during the
merger proceed to enrich the interstellar medium from which the metal-rich stars form,
giving rise to a gap in the metallicity distribution. The dwarfs that do not follow these
conditions typically end up with weaker spatial segregation and less clear bimodality in the

metallicity distribution.

2.4 The formation of two populations in satellite dwarfs

We now focus on the satellite dwarfs in the APOSTLE simulations. Unlike isolated dwarfs,
these may be subject to tidal and ram pressure stripping, as well as other interactions with
their hosts. As a result, the origin of the two metallicity populations is different from

isolated galaxies.
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2.4.1. Halo assembly in satellites

Accreted frr=0.01

Total facer + =0.09

Figure 2.8: Similar to Fig. but for satellite dwarfs with 1y, /rmp < 0.65: histograms of
metallicity for stars that have been accreted (upper figure) and for the total stellar population
(bottom figure).

2.4.1 Halo assembly in satellites

Following our discussion of field dwarfs, we now investigate the role of mergers in the
formation of two metallicity populations in satellites. Similarly to Fig. 2.3] and Fig. 2.4]
Fig.[2.7)shows the fraction of accreted stars and Fig. [2.8]the distribution of metallicities for

the accreted and total stellar populations in the satellites.

A pattern similar to that in Fig. [2.3|may be seen, although with larger scatter. The galaxies
with greater spatial segregation do indeed accrete larger fractions of their stars, though to
a lesser extent than field dwarfs. As shown at the top of Fig.[2.8] approximately 1 per cent
of the metal-rich population typically comes from outside the galaxy and thus, as in field
dwarfs, the metal-rich population is predominantly formed in-situ. Unlike for field dwarfs,
however, the total metallicity distribution displays a more dominant metal-poor population.

For similar accretion fractions to those of field dwarfs, this would suggest that either the
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2.4.1. Halo assembly in satellites
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Figure 2.9: Properties of three example satellites in order of increasing stellar mass. Top:
grey shaded areas show the SFH of the dwarfs in arbitrary units. The black solid lines show
the gas fraction of the satellites (the bound gas mass divided by the dark matter mass), with
the corresponding scale displayed on the right. The yellow dashed lines show distance to
the host galaxy. For dwarf S-2, the blue bands show the times of interaction with cosmic
filaments, as will be illustrated in Fig. 2.10} Middle: the metallicity-age distribution for
the three galaxies. The dashed line shows the metallicity value at which our method splits
the two populations. The probability density contours are geometrically spaced with a
ratio of 2 and are consistent for the three dwarfs. Botfom: the radii at which the metal-rich
(red) and the metal-poor (blue) particles form. The black dashed line is the evolution of
the virial radius, which becomes the tidal radius after infall. The width of the smoothing
kernel of the density estimate is consistent for the three galaxies across the middle and
bottom panels.
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2.4.1. Halo assembly in satellites
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2.4.1. Halo assembly in satellites

1210 8 6 4 2 0
Lookback time [Gyr]

Figure 2.11: Top panel: the evolution of the satellite (labelled S-3) since its first stars
formed just before a lookback time of 11 Gyr. The thin dotted line tracks the orbit of the
satellite in the reference frame of the host halo. The black cross shows the position of the
host halo. The squares mark important stages of the satellite’s evolution. Between 9 and
8 Gyr in lookback time the satellite passes though the pericentre. At ~3 Gyr it encounters a
larger, more massive, satellite. The inset at the top right displays the star formation history.
The abrupt changes in the orbit between 8 and 6 Gyr, are caused by a fluctuation in the
centre of potential of the host halo as it merges with a massive object. Bottom panel: the
evolution of the gas distribution during the six stages of the satellite’s evolution, as shown
with squares in the upper figure. Yellow shows high density and black shows low density
regions. The circle indicates the virial radius before infall (~9.5 Gyr) and the tidal radius
thereafter. The images show a cube of 50 kpc on a side.
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2.4.2. Satellites with two metallicity populations and their environment

mergers tend to occur later in satellites, allowing less time for the metal-rich population to
form, or that processes other than mergers are at play that shut off star formation, resulting

in a smaller fraction of metal-rich stars.

We can conclude that mergers may play some role in the formation of satellite dwarfs
with two spatially segregated metallicity populations, yet lower accretion fractions and
differences in the typical metallicity distribution compared to field dwarfs suggest that the

precise mechanism may be more complex than in field galaxies.

We select the objects with 1y, /rmp < 0.65 as our subsample of satellite dwarfs with two
well spatially segregated populations. We will now examine the mechanisms by which the

metal-rich population forms in these galaxies.

2.4.2 Satellites with two metallicity populations and their environment

We have seen some evidence that the satellites tend to have smaller fractions of metal-rich
stars than the field dwarfs. The process of infall into the host halo limits the gas available
to form the second population of stars and thus may be responsible for the formation of a
smaller metal-rich population. We now examine three examples of well spatially segregated

satellite dwarfs in the context of their environment.

Fig. shows the three example dwarfs in order of their stellar mass. The top panel shows
the distance to the host galaxy (yellow line), the evolution of the gas fraction (black) and
the star formation history (grey). The middle panel displays the metallicity-age distribution
for these galaxies and the lower panel shows the radii at which the metal-rich (red) and the

metal-poor (blue) stars form.

24.2.1 Two populations through mergers in satellites

Dwarf S-1 has the lowest stellar mass of the two-population galaxies in our sample. At
~13 Gyr in lookback time, it merges with a gas-rich halo and forms its entire metal-

poor population in a quick burst of star formation that consumes all of the available gas,
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2.4.2.2. Ram pressure-induced star formation

expelling the rest from the halo through star formation feedback. This is evident in the
evolution of the gas fraction seen for this dwarf in Fig.[2.9] Following the burst, the galaxy
smoothly accretes more gas that is used up over the next ~5 Gyr in the formation of a
metal-rich population. Note the peculiar shape of the metallicity-age distribution for this
dwarf (middle panel). Some of the more metal-rich stars form first in this galaxy after the
merger. This is because the first gas to return to the galaxy comes pre-enriched with metals
expelled in the original outflow. The remainder of the accreted gas is slowly enriched as it
sinks to the centre of the dwarf, with more metal-rich stars forming near the centre (bottom
panel of Fig. [2.9). Further accretion of gas in S-1 is prevented as the galaxy falls into its

host halo with the first pericentre at ~ 7 Gyr in lookback time.

2.4.2.2 Ram pressure-induced star formation

As can be seen in Fig. [2.9] dwarf S-2 does not reach the pericentre of its orbit by z = 0
and only falls in within the last 1 Gyr. At lookback times of ~ 13 Gyr and ~ 12 Gyr
it undergoes two accretion events, where its star formation peaks and the new stars are
consequently formed with higher metallicities. Nonetheless, the metal-rich stars in this
galaxy, as determined by our method, only begin forming at ~ 9 Gyr, when the satellite
passes through a gaseous cosmic filament (blue band), triggering an increase in the star
formation rate. At ~ 8 Gyr this galaxy passes through another gaseous filament. The
metal-rich stars continue forming until the gas is depleted in this galaxy. Such interactions
have been previously noted by [Benitez-Llambay et al.| (2013)) and Wright et al.| (2019).
We show this passage through the cosmic filaments in greater detail in Fig. 2.10] This
displays the gas distribution of the dwarf and its surroundings as it approaches the cosmic
filaments (the first filament is seen coming from the bottom right corner at 10.25 Gyr and
the second filament in the bottom left corner at ~8.69 Gyr) and passes through the overdense
regions. Following passage through each filament, the dwarf develops a tail of stripped
gas. It is at these times that S-2 undergoes the intense star formation activity that enriches
the interstellar medium and triggers the formation of metal-rich stars. Additionally, the

stripping of the gas results in the preferential formation of these stars in the central regions,
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2.4.2.3. Induced star formation by pericentric passage

where the gas still remains bound (see bottom panel of Fig.[2.9).

A small fraction of dwarfs form their two populations through interactions with other dwarf
galaxies. The two dwarfs pass by each other without a merger, but with interacting dark
matter haloes and gas, which results in the compression of the gas in the centre and its
stripping in the outer regions. Note that these two mechanisms are also applicable to field

dwarfs.

2.4.2.3 Induced star formation by pericentric passage

For dwarf S-3, the most intense episode of star formation activity is seen to align with the
first pericentric passage in Fig.[2.9] In the metallicity-age distribution (middle panel) this
is visible as a density peak associated with the metal-poor population, followed by a tail of

metal-rich stars.

In Fig. we examine galaxy S-3 in particular detail. The top panel displays the orbit of
the satellite and the formation of its stars. The star formation history is shown in the inset.
The lower panel displays the gas distribution, with the white circles representing the virial

radius at times prior to infall and the tidal radius after infalf]

This satellite falls into the host halo at ~ 9.34 Gyr. As can be seen in the bottom panel, it
still retains some amount of gas at infall. Between 8.87-8.53 Gyr the satellite passes the
pericentre of its orbit and encounters the gaseous halo of its host, losing a significant fraction
of its gas through ram pressure stripping, as shown by the tails in the gas distribution.
However, during this time, star formation in the satellite peaks and, by approximately
8 Gyr, the first metal-rich stars begin to form. By ~ 3 Gyr the satellite has turned most of
its gas into stars and the remainder is further stripped by an encounter with a larger subhalo,
as seen in the bottom right panel (at 2.84 Gyr). The abrupt changes in the satellite’s orbit
between 8 and 6 Gyr in lookback time are a consequence of the host galaxy undergoing a

merger, resulting in a noticeable shift of its centre of potential whilst the merger is ongoing.

*We define the tidal radius as the radius where the enclosed subhalo density is 3 times that of the host halo
at that distance.
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2.4.3. Summary

‘We have verified that the orbit of the satellite is, in fact, smooth in a different reference

frame.

The example of dwarf S-3 suggests a new mechanism for the formation of two metallicity
populations, whereby near pericentre the satellite’s innermost gas is compressed in the
centre of the dwarf triggering a starburst. This gives rise to significant enrichment of
the interstellar medium over a short period of time and to the formation of a metal-rich
population at the centre. Furthermore, due to ram pressure stripping, a large portion of the

remaining gas is subsequently lost and star formation is shut off.

2.4.3 Summary

We have identified three processes by which satellites can form their two metallicity
populations. The first, as in the example of dwarf S-1, is consistent with a scenario we
previously found for field dwarfs, with an extra caveat of an interaction with a host galaxy,

where further growth of the metal-rich population is prevented by ram pressure stripping.

In galaxies S-2 and S-3 ram pressure and tidal interactions act to enhance the star formation
activity and to enrich the interstellar medium, provided there is a pre-existing supply of gas.
Furthermore, gas stripping allows only the innermost bound gas to remain to form stars,
resulting in a high spatial segregation as well as a smaller fraction of metal-rich stars. The
degree of spatial segregation achieved through this mechanism is expected to be limited by
the size of the metal-poor population (in particular by whether or not it had been expanded
by earlier merger activity) and the amount of gas available for star formation. Note that
the Small and Large Magellanic Clouds have long been speculated to have episodes of
enhanced star formation activity due to interactions with each other and the Milky Way

(Weisz et al., 2013)).

We note that merger activity or accretion is not uncommon in satellite dwarfs (see Fig.[2.7).
This plays a significant role in increasing the extent of the metal-poor population, thus
enhancing the spatial segregation, although these events do not appear to be the cause of

the formation of the metal-rich population in the majority of our sample.
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2.5. The origin of the metallicity distribution bimodality
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Figure 2.12: The ‘gap’ between the peak metallicities of the metal-rich and metal-poor
populations as a function of the lookback time to when the metal-poor population stopped
forming, typ,95. The points are coloured by the fraction of metal-poor stellar mass. Field
galaxies are shown on the left and satellites on the right. The galaxies that have a particularly
large spatial segregation are shown with triangles. It is clear that these are not dependent
on the size of the metallicity peak separation.

Whether these scenarios are applicable to Local Group satellite galaxies is, of course,
dependent on the realism of star formation histories exhibited by simulated dwarfs. For
APOSTLE dwarfs, this has been recently investigated by Digby et al.| (2019), who find
general agreement with Local Group galaxies for which the photometry reaches the main

sequence turnoff.

The efficiency of gas stripping when a satellite falls into the halo of its host is one of the key
aspects that determines whether it may continue to form stars. In Appendix[B|we show the
mass in HI to light ratio for our dwarfs as a function of distance to the nearest host galaxy
at z = 0. These values agree well with the current measurements. In light of this, the

scenarios described above are certainly plausible in Milky Way and Andromeda satellites.

2.5 The origin of the metallicity distribution bimodality

In this section, we discuss the origin of the bimodality in the metallicity distribution that

allows our method to identify two metallicity populations. In particular, we focus on the
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2.5.1. The gap between the two metallicity peaks and spatial segregation

creation of a ‘gap’, or the separation, between the two metallicity peaks and of the ‘dip’ in
the distribution (i.e the minimum between the two metallicity peaks). We note that the ‘dip’
can be a feature of the Gaussian mixture fit, rather than of the metallicity distribution itself.
In fact, the region where the metallicity cut is placed can be rather flat in certain cases.
This region between the two metallicity peaks does, however, play a role in determining
the optimal number of Gaussian mixtures in the fit to the distribution and therefore our

ability to identify two peaks.

2.5.1 The gap between the two metallicity peaks and spatial segregation

Given a supply of gas available for star formation, a galaxy will gradually self-enrich
as the newly produced stars pollute the interstellar medium with metals through mass
loss and supernovae winds. In this simplistic assumption, the spread of a metallicity
distribution for a single population should be related to the time taken to produce that
population. Consequently, the ‘gap’ between peak metallicities of the two populations

should be related to the difference in their formation times.

In the left panel of Fig.[2.12| we show the separation between the metal-rich and the metal-
poor population peaks, A[Fe/H], as a function of the approximate time when the metal-
poor stars stopped forming, defined as the 95" percentile of the metal-poor stellar particle
formation lookback times, tmp 95. The points are coloured by the fraction of metal-poor
stars within the galaxy. The left panel displays the field galaxies and the right panel shows
the satellite dwarfs. In case of the field galaxies a very clear trend is seen, where higher
metallicity separations occur in galaxies that form their metal-poor population quickly, thus
allowing the metal-rich population to build up whilst star formation is ongoing. This trend
is also seen for satellite dwarfs, but with significant scatter. It appears that the metal-poor
population in satellites forms later than in field dwarfs, typically around ~7 Gyr in lookback
time. However, for the same metal-poor population formation time we now see a wide
range of fractions of metal-poor stars. The mechanism responsible for the formation of
the two populations in these galaxies must then also cause star formation to stall so that

only relatively few metal-rich stars are able to form. We have established that the infall of
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2.5.2. The transition between the metal-poor and the metal-rich population
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Figure 2.13: The median star formation rate in bins of stellar metallicity, normalised by
the stellar mass of the galaxy, shown for four example galaxies with metal-poor peak to
‘dip’ ratio, fgip, given in the legend. The values represent how quickly the stars in each
metallicity bin form.

the satellite into the host halo and the stripping of its available gas is capable of providing

these conditions.

The triangles mark the galaxies which are spatially segregated. It is evident that spatial
segregation may occur for any metallicity peak separation. However, in the limit where the
metal-poor population is strongly dominant by mass or the metal-rich stars have little time
to form, one might also expect to see strong spatial segregation due to the first metal-rich
stars preferentially forming in central high-density regions. This is evident in the case
of satellite galaxies, where the majority of galaxies with two well-segregated populations
have very large fractions of metal-poor stars and are clearly distinct from the rest of the

sample.

2.5.2 The transition between the metal-poor and the metal-rich population

What causes the ‘dip’ in the metallicity distribution that allows us to define a boundary

between two populations?

In Fig. [2.13] we investigate four field and four satellite galaxies with well defined ‘dips’.
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2.5.3. Where is the gas enriched?

We define fy;, as the ratio of the height of the metal-poor population peak to the height
of the distribution at which the metallicity cut is placed in a normalised [Fe/H] histogram.
We show the median star formation rate normalised by the total stellar mass, nSFR, for
bins in metallicity. The dotted vertical lines show the metallicity at which we place the cut
between the two populations. It is evident that larger ‘dips’ correspond to larger drops in
star formation rate near the boundary between the two populations. The metal-poor stars
appear to have formed at a larger than average rate, while for the metal-rich population
formation, the star formation rate drops significantly. Note that after the drop in star
formation the stars form at an approximately constant rate for field dwarfs, such that the
metal-rich population takes a long time to complete its formation, which is consistent with
the origin of the metallicity ‘gap’ proposed earlier. For the satellite galaxies, one can see a
gradual decrease in the star formation rate following the drop. This gradual decrease in star
formation activity is consistent with the rapid removal of gas following infall in satellites.

(Simpson et al., [2018)).

2.5.3 Where is the gas enriched?

One may now ask whether it is gas enriched within the galaxy or elsewhere that causes the
formation of the metal-rich stars. In order to investigate this, we track all gas particles that
have spawned a stellar particle and the evolution of their metallicity. We find the position
of these particles when they first cross the metallicity threshold that would allow them to
be classified as metal-rich particles. In the left panel of Fig. [2.14] for field galaxies, we
show a stacked histogram of these positions, together with the 16™ and the 84™ percentiles,
normalised by the virial radius of the halo at that time. The black dashed line shows the
location of the virial radius. It can be seen that almost all particles reach the metallicity
required to form a metal-rich star within the virial radius of the halo and only ~ 1.5 per
cent are enriched outside the halo. In a merger, each of the merger partners can carry
on forming stars, until the stellar components have also merged into a single stellar halo.
The purple dashed line shows the typical galaxy stellar size, 0.15x Rpgg. Approximately

65.5 per cent of gas particles are enriched within the stellar halo of the galaxy and only

47



2.5.3. Where is the gas enriched?
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Figure 2.14: The position of the gas particles destined to form a metal-rich star at the time
when they crossed the metal-rich metallicity threshold, normalised by the virial radius of
the halo. The median histogram shape is shown with a purple line and the bands represent
the 16" and the 84" percentiles. The black and purple dashed lines represent the virial
radius and the typical galaxy stellar halo size (0.15%R5q), respectively.

33 per cent are enriched outside and within the virial radius. We thus conclude that the
enrichment necessary to form a metal-rich population is mostly self-enrichment within the

galaxy whether it is in the process of merging or not.

In the right panel of Fig.[2.14] we show the corresponding distributions for satellite dwarfs.
The positions are normalised by a radius, R.g, which is the virial radius pre-infall (purple
stacked histogram) or the tidal radius of the satellite after infall (black stacked histogram).
As in the case of field dwarfs, it is clear that prior to infall enrichment occurs within
the galaxy, with only ~3 per cent of the gas being enriched elsewhere. After infall, the
individual histories for each satellite vary significantly, with some undergoing no further
enrichment at all and others showing evidence of further self-enrichment, as displayed by
the grey shaded region. A significant fraction of galaxies appear to accrete some of their
gas after infall (see the 84 percentile peak outside of the virial radius). A satellite may be
able to accrete some of its host’s enriched gas if it is moving at a sufficiently low relative
velocity. We conclude that the formation of the metal-rich particles in satellites is triggered

primarily by star formation activity and by self-enrichment of gas within the satellite itself.
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Figure 2.15: The fraction of field (solid lines) and satellite (dashed lines) dwarfs forming
through each mechanism: mergers (black), interaction with a host galaxy (red, for satellites
only) and ram pressure and tidal interactions with cosmic filaments or other galaxies (blue).
Bins in stellar mass are separated with grey dashed lines. At the top, we show the number
of field and satellite dwarfs within each bin. The stellar masses (assuming the stellar
mass-to-light ratio of 1) for Sculptor, Fornax, and Andromeda II are shown with coloured
bands.

2.6 Mass dependence of the formation mechanisms

In this section, we explore how the formation mechanisms described for field and satellite
dwarfs with two spatially segregated populations operate for different bins in stellar mass.
For each dwarf in this sample, we determine the primary cause of formation of the metal-
rich population through analysis of the metallicity-age relation, as well as merger and
environmental histories. In particular, we note the event responsible for sufficient gas
enrichment that results in the formation of metal-rich stars. The results are shown in

Fig.[2.15] where we explore 6 stellar mass bins, log;(M./Mg, = [6, 6.5,7, 7.5, 8, 8.5, 9],
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highlighted with grey dashed lines.

For field dwarfs with 1y, /rmp < 0.65 (solid lines) we find that ~90 per cent form their
two populations through mergers (black), with the remainder forming through interactions
with cosmic filaments and other dwarfs (blue). We find that the probability of formation

through mergers steadily increases with stellar mass, as expected for more massive haloes.

We find that ~60 per cent of the satellites with 1y, /ryp < 0.65 (dashed lines) form their
metal-rich population by passing through pericentre (red), ~30 per cent form through
mergers (red) and ~10 per cent through interaction with filaments or nearby galaxies
(blue). The pericentre mechanism for satellites dominates at all stellar masses above
logoM./Mg = 6.5, remaining consistently at above ~50 per cent. Above log;(M./ Mg =7.5
the fraction formed through mergers increases from ~10 per cent to 50 per cent. Below
log;oM./Mg = 6.5 only S-1 is present in our sample, which formed through a merger.
There is some evidence for an increase in the formation of a metal-rich population through
mergers below log,M../Mg = 7. Itis difficult to say whether in this mass range the merger
scenario would dominate, given the sample size, although these lower-mass objects are
certainly less likely to maintain sufficient amounts of gas to form a metal-rich population

at pericentre.

The grey, green and purple bands show the mass ranges for Sculptor, Andromeda II and
Fornax, respectively (assuming the stellar mass-to-light ratio equal to 1) (McConnachiel,
2012). As satellites, Andromeda II and Fornax are most likely to have formed their metal-
rich populations during their pericentric passages; however, this scenario is dependent
on these dwarfs passing through the pericentre while retaining a sufficient supply of star-
forming gas. Otherwise, mergers and interactions with other subhalos or filaments are
likely to play the main role. The analyses of dwarf star formation histories and proper
motions, in light of results from Gaia (Gaia Collaboration et al.l 2018)), should shed light

on the applicability of the pericentre scenario to individual dwarfs.
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2.7 Properties of two-metallicity population dwarfs

In this section, we explore properties of two-population satellites and field dwarfs. Of
particular interest are the ellipticities of the individual populations, the significance of
rotation, velocity anisotropy, metallicity gradients and the velocity dispersion ratio of the
two populations. We investigate whether these properties contain information about the
formation paths of these galaxies. We show these properties in Fig. [2.16] which displays
satellite and field dwarfs with 1y, /rmp < 0.65 with coloured symbols, with the rest of
dwarfs that show bimodality in their metallicity distributions shown in grey. The size of

the symbols reflects the logarithm of the stellar mass of the dwarfs.

We define sphericity as the ratio, s = c¢/a, where ¢? and a” are the eigenvalues of the
reduced inertia tensor corresponding to the minor and major axes of a 3D ellipsoid (Bett
et al| 2007). An isotropic distribution would have s = 1. The upper panels of Fig. 2.16|
show the individual sphericities of the metal-rich (horizontal axis) and the metal-poor
populations (vertical axis). Field dwarfs are shown in the left-hand panel and satellites
in the right. The black circles represent dwarfs with two spatially segregated metallicity
populations, where the formation of the metal-rich-population has occurred as a result of
a merger, while the red circles show satellites where the metal-rich population has formed
as a result of the first pericentric passage. The blue circles show objects where the metal-
rich population is the result of a galaxy’s interaction with a cosmic filament or a nearby
galaxy. It is clear that satellites tend, on average, to be more spherical than field galaxies.
Additionally, the subset of satellites whose star formation peaks near the first pericentre also
tends to be more spherical than the rest of the sample. The field dwarfs with high spatial
segregation tend to have more spherical metal-rich populations. This could be a reflection
of the effects that the mergers responsible for the creation of a metal-rich population have

on the shape of these galaxies.

We characterize the rotation of individual subpopulations by the fraction of stars within
that subpopulation that are rotating in the same direction. In the second row of Fig.

we show these fractions for the metal-rich, f,;, and the metal-poor, fy,,p, populations. The
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Figure 2.16: Properties of individual subpopulations. Colours denote formation mechan-
isms (see legend). Symbol sizes indicate the logarithm of stellar mass. The black dashed
lines are one-to-one relations. First row: the sphericity of the two populations, c/a. Second
row: the fraction of stellar particles in ordered rotation, fyo;. Third row: velocity anisotropy,
ﬂ~. Fourth row: the metallicity gradient, A [Fe/H]/AR/Ry, as a function of the ratio of
the projected half-mass radii, Ry,/Rmp. Fifth row: the ratio of the line-of-sight velocity
dispersions as a function of Ry, /Rpp.
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metal-rich populations tend to exhibit stronger rotation than the metal-poor populations, in
both satellites and field dwarfs. Field dwarfs with high spatial segregation appear closer to
the one-to-one relation, whilst satellites with star formation peaking near pericentre show a
small bias towards more rapidly rotating metal-rich populations. Evidence of rotation has
been found in real two-population Local Group dwarfs (Battaglia et al., 2008} Ho et al.,

20125 |del Pino et al., [2017a).

We define the orbital anisotropy as 8 = 1 — 0->/(20°?), where o and o, are the tangential
and radial velocity dispersion components respectively. In the third row of Fig. we
plot the anisotropy, normalised to lie between 1 (radial) and -1 (tangential), ,E =B/2-8)
(Read and Steger, 2017). These values are averaged in bins of equal particle number.
The dotted lines indicate isotropy. It is clear that stars in field dwarfs have preferentially
radially-biased motions that are stronger in the metal-poor population. This behaviour is

less extreme in satellites perhaps reflecting preferential stripping of radially-biased orbits.

The fourth row of Fig. [2.16| shows the projected metallicity gradients of our satellite and
field dwarfs as a function of Ry, /Ryp. The uncertainties were derived by calculating these
quantities along 1536 evenly distributed lines of sight (Gorski et al.,|2005). The metallicity
gradients are characterized by the slope of the least-squares fit to [Fe/H] and R/Ry,;, where
Ry is the projected half-light radius. In this fit, we exclude the extremely metal-poor stellar
particles ([Fe/H] < -4) as these are unreliable given the mass resolution of our simulations
(Schaye et all 2015). We also only include the stars within 5Ry;, which excludes the
outer halo stars that would be difficult to differentiate from background in observations.
Galaxies with strong spatial segregation exhibit particularly steep gradients, in some cases,
more than twice as steep as the typical value for the sample (A[Fe/H]/A(R/Ry;) ~ —0.1).
This is consistent with the metal-poor halo assembly through early mergers seen in the
simulations of Revaz and Jablonka| (2018). The purple symbols show the metallicity
gradients in Sculptor and Fornax, respectively, obtained from Kirby et al.|(2010), where we
take the A[Fe/H]/Ar values and multiply by the half-light radii from McConnachie|(2012),
carrying the errors, for better comparison with what we measure in our simulations. These

observations are consistent with the steep metallicity gradients present in satellites in our
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simulations with well spatially segregated populations. In particular, note that Sculptor
overlaps within 10~ with two satellite dwarfs that has formed via a merger (black points).

One of these galaxies is dwarf S-1 and anther follows a similar formation history.

Finally, the bottom panel of Fig.[2.16|shows the ratio of the line-of-sight velocity dispersions
of the two populations, oy, jos/Omp,los» Plotted against the ratio of the projected half-mass
radii. These quantities are of particular interest in the application of the Walker and
Penarrubia (2011) method for the determination of the inner dark matter density slopes
(which we shall discuss in the next chapter). The two quantities follow a very clear relation.
This is not surprising, as the velocity dispersion is expected to scale with enclosed mass.
Satellites appear to have a less significant kinematic difference between the two populations
than field dwarfs. [Sales et al.| (2010) show that this may be due to the effects of tidal
stripping. We have investigated this and found only a weak trend, which may be due to
star formation at pericentre, which |Sales et al.[|(2010) do not include in their analysis. The
values for Sculptor and Fornax, taken from |Walker and Penarrubial (2011)), are plotted in
the figure. These values lie well below our relation even after taking into account the effects
of projection. The origin of this discrepancy is unclear and might be due to the differences
in the way in which the two metallcity populations are defined in the simulations and in
the data; in particular, metallicity mixing between the two populations may have an effect.
Additionally, the larger typical sizes of our sample of dwarfs compared to real dwarfs may
contribute to this discrepancy, in particular by increasing the velocity dispersion of the
metal-rich population, although the effect of the larger overall sizes on Ry, /Ry is not

entirely clear.

From these considerations we conclude that the spatial and kinematic properties of indi-
vidual subpopulations do not provide sufficient information on the formation paths of the
two subpopulations; many of the observed differences are primarily due to environmental
effects (satellites or isolated dwarfs) and seem to be independent of stellar mass. Nonethe-
less, we have seen that satellites tend to have a smaller number of metal-rich stars relative
to metal-poor stars than field dwarfs. This is almost certainly due to the smaller gas supply

available to form the metal-rich stars due to tidal and ram pressure stripping of gas as
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the satellite falls in. In this case, the constraints on the stellar ages, metallicities and the
satellite orbit should allow one to distinguish between the merger or pericentric passage

origin of the metal-rich population.

2.8 Metallicity bimodality in Local Group dwarfs

In this work, we have identified a sample of dwarf galaxies within the APOSTLE suite of
simulations that exhibit a bimodality in their [Fe/H] distribution, which we define as an
indicator of the presence of two metallicity populations. These galaxies make up nearly
half of our overall sample in the stellar mass range 3x10° - 1x10° M. Whilst signs of
bimodality have been seen in the metallicity distributions of Sculptor (Kirby et al., 2009)
and Fornax (Battaglia et al., 2006), the shapes of the distributions also tend to change with
different or updated samples of stars (Kirby et al., 2013)). In fact, the work of [Walker et al.
(20094), with data for over 1000 stars in both Sculptor and Fornax, shows no trace of two
metallicity peak§’] We thus aim to establish to what extent does the sampling of stars and
the spatial extent of the observed region affect the effectiveness of our method, described

in Section[2.2.4] in determining the number of populations in a given dwarf.

We begin by considering our entire sample of two-population dwarfs. For each of these
dwarfs, we select 192 evenly spaced lines of sight with the method of |Gérski et al.| (2005))
and change the size of the “aperture” in units of the projected half-light radius, ranging
between 0.2Ry; and 5Ry;. We select the stars contained within the aperture and apply our
method for determining the number of populations. The results are shown with the red
line in the left panel of Fig. [2.17] where we show the fraction of two-population galaxies
identified correctly as a function of radius. Note that this requires all stars to be observed
within this radius. The shaded regions represent the 1o scatter from different lines of
sight. It can be seen that the stars extending out to at least 2Ry are required to correctly
identify all galaxies. Within the half-light radius, ~80 per cent of systems are identified.

This statistic is improved for dwarfs with significant spatial segregation between the two

*Note that [Walker et al.|(2009a) use spectroscopically determined magnesium and iron line indices as
indicators of [Fe/H]. These authors note that the indices are better used as measures of relative metallicity.
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2.8. Metallicity bimodality in Local Group dwarfs

populations (blue line), where the data within the half-light radius is sufficient to identify
two peaks. Note that whilst the two peaks may be found, the spatial segregation may
not be apparent if the metal-poor population is particularly extended. The galaxies with
a dominant metal-rich (purple) and a dominant metal-poor (green) populations do not

significantly differ from the trend for all galaxies.

In the middle panel of Fig.[2.17| we show the fraction of correctly identified galaxies as a
function of the number of stellar particles within the sample. The shaded bands indicate
the scatter due to particle sampling. Here we only include dwarfs with at least 2000 stellar
particles. It can be seen that even with a sample of a 1000 stars only 70 per cent of the dwarfs
show bimodality. For a typical sample of ~300 stars only 40 per cent show two metallicity
peaks. The fraction is smaller for dwarfs with a dominant metal-poor population. This
is characteristic of satellites that form their metal-rich population through the pericentric
passage route. This is also evident in the rightmost panel, where we show the fraction of
the total number of stars within the galaxy. A full sample is required to ensure 100 per cent
detection of two peaks. From the leftmost panel, we can see that this requires data from

within ~2-3Ry,;.

From the sample of [McConnachie| (2012), there are collectively 25 Milky Way and An-
dromeda satellites that fall within the magnitude range explored in this work. If, similarly
to our sample, 40 per cent of these have bimodality in their metallicity distribution (~
10 galaxies), then, provided a sample of spectroscopically determined metallicities, and
a typical sample size of ~300 stars, we expect that 2-5 of those will be found to exhibit

bimodality.

With the above in mind, we examine the data provided by Kirby et al.|(2013) for signs of
bimodality in the metallicity distributions. This is described in Appendix [Cl where our
method only identifies two populations in Sculptor, with a metallicity cut between the two
consistent with [Battaglia et al.| (2008). The spatial extent of these data, however, does not

allow inferences to be made about the spatial segregation of the two populations.

We conclude that whilst the sample sizes currently observed may be sufficient for our
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method to identify bimodality, further spectroscopic measurements are needed, in particular
for the metal-poor population in the outer regions of dwarfs, although obtaining these may

be extremely challenging due to increasing background contamination.

2.9 Conclusions

A number of dwarf galaxies of the Local Group contain two spatially and kinematically
distinct stellar populations. The origin of this phenomenon is not fully understood although
several scenarios have been proposed in the literature. In particular, mergers are thought
to play an important role (Lokas et al. [2014} Starkenburg et al., 2015} |Benitez-Llambay
et al.l [2016; Fouquet et al., 2017). This scenario has some backing from observations of

substructure and rotation in dwarfs like Fornax and Andromeda II.

In this work, we have examined 142 field and 108 satellite dwarf galaxies from the
APOSTLE suite of cosmological hydrodynamics simulations. We find that 43 per cent of
field dwarfs and 53 per cent of satellite dwarfs show bimodality in their [Fe/H] distributions

and among those ~30 per cent are well spatially segregated.

We first consider field dwarf galaxies. We find that their stellar accretion fraction is directly
related to the degree of spatial segregation between the two metallicity populations. We
find evidence that this is primarily due to the metal-poor stars migrating to larger orbital
radii as a result of a merger. The metal-rich population is subsequently formed in-situ.
Among the field dwarfs with two well-segregated metallicity populations, ~ 90 per cent

form their metal-rich populations by this mechanism.

In addition to the merger scenario for the formation of two population dwarfs, we identified
a formation mechanism that is specific to satellite galaxies. As the satellite falls into its host
halo, ram pressure may compress the gas at the centre of the satellite whilst simultaneously
stripping gas from the outer regions. As a result, a new population of stars forms at the
centre of the satellite. Of the satellites with two well spatially segregated populations, ~ 60

per cent form their metal-rich population through this mechanism.
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A related process which occurs in both satellites and field dwarfs is interaction with a
gaseous cosmic filament. When a galaxy crosses a filament, ram pressure may trigger star
formation activity, whilst simultaneously stripping the outer gas. Nonetheless, we find that
this mechanism is responsible for the formation of metal-rich stars in only ~10 per cent of

galaxies with two well-segregated populations.

We also investigate the properties of the individual metallicity subpopulations, specifically
rotation, sphericity and velocity anisotropy. In general, we find that both populations tend
to have higher sphericities in satellites than in field dwarfs. This is consistent with previous
work on the effects of tidal stripping (Barber et al., 2015)). In field dwarfs the metal-poor
population is typically rounder than the metal-rich population; stars in both populations
tend to have radially-biased orbits, more so in the metal-poor population. In satellites this

bias is smaller, due to the preferential stripping of stars in radial orbits.

The presence of two metallicity populations results in metallicity gradients similar to those
in two-population Local Group dwarfs, particularly Sculptor and Fornax; these resemble
galaxies in our sample that have undergone mergers. On the other hand, the ratio of the
line-of-sight velocity dispersions of the two populations in Sculptor and Fornax appear
inconsistent with the ratios in our sample. The origin of this discrepancy is unclear but it

could be influenced by differences in the definitions of the two metallicity populations.

We investigated whether the spatial and kinematic information on the individual populations
could help identify their formation mechanism, particularly in satellite dwarfs. We found
that the available information is insufficient for this purpose. Nonetheless, measurements
of stellar metallicities and constraints on dwarf orbits and star formation histories will

provide important clues on their likely origin.

We have explored how many Local Group satellites, in the magnitude range similar to that
explored in this work, are likely to be identified as having a bimodal metallicity distribution
given observational limitations. Our results suggest that approximately 2-5 objects should
be detectable, given spectroscopic samples of ~300 stars. We use our method to identify

two populations in Sculptor dwarf spheroidal, consistent with previous works. We point out
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that data with a large spatial extent, (> 2Ry;), which contains over 1000 stars is required for
~70 per cent detection and is particularly important for identifying galaxies with dominant
metal-poor populations, such as those that have formed their metal-rich population by

passing through pericentre.
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CHAPTER 3

Solving the core-cusp problem in
dwarfs with two metallicity

populations

3.1 Introduction

Dwarf spheroidal galaxies are promising objects to test ideas about the inner structure of
dark matter haloes. Although they are faint, some are sufficiently close-by that their stellar
populations can be resolved. Much effort has therefore been invested in trying to infer
their halo profiles. A large body of work is concerned with field galaxies with measurable
H1 velocity fields; many such studies claim robust detections of central cores (e.g. |(Oh
et al., 2011} [Kuzio de Naray et al., 2006} |Adams et al., 2014). However, a recent study
(Oman et al., 2019), based on the same APOSTLE (A Project Of Simulating The Local
Environment) simulations that we will analyse here, has revealed the presence of systematic
effects in even the most detailed analyses of spatially resolved kinematics, casting doubt
on claims that cores are present in those galaxies. Similar conclusions were reached by

Pineda et al.|(2017).

The kinematics of resolved stars in nearby galaxies offer an alternative to the kinematics

of Hr1 gas as a probe of the density structure of haloes. The detection of cores in several
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dwarf satellites of the Milky Way has been claimed on the basis of simple Jeans analyses
(e.g. |Gilmore et al., 2007), but the more general analysis by |Strigari et al.| (2010) has
shown that current data are, in fact, unable to distinguish between cores and cusps in the
Milky Way satellites. Some satellites of the Milky Way and Andromeda exhibit metallicity
gradients: they have a centrally concentrated metal-rich population and a more extended,
and kinematically hotter metal-poor population (Tolstoy et al., 2004; |Battaglia et al., 2008,
2011). The possible origin of these systems has been disccussed in detail in the previous
chapter, as well as the works of [Benitez-Llambay et al.|[2016| (mergers), Tolstoy et al.
2004; Battaglia et al.|[2006| (reaccretion of gas), Kawata et al.|2006| (reionization and self-
enrichment), Wright et al.|2019| (ram pressure) and |[El-Badry et al.|2016| (radial migration

due to supenovae feedback).

The presence of two kinematically and spatially distinct metallicity components can be
used to set constraints on the inner density profile of the common halo in which they
move. Battaglia et al.| (2008)) identified a metal-rich ([Fe/H] > —1.5) and a metal-poor
([Fe/H] < —1.7) population in the Sculptor dwarf spheroidal and, using Jeans modelling,
found that a wide range of profiles are consistent with the data, from a pseudo-isothermal
sphere (p o r¥ at the centre) to an NFW profile. |Amorisco and Evans| (2012b) pointed
out that some of those models are unphysical and, fitting the Sculptor data to a particular
phase-space distribution function, found that while a profile with a core is preferred by
their y? fits, an NFW profile is also allowed by the data. Using more general phase-
space distribution functions, Strigari et al.| (2014) also showed that the two metallicity
subpopulations in Sculptor are consistent with an NFW profile. A similar conclusion,
using Schwarzschild modelling, was reached by Breddels et al.| (2013) who found that a
core profile is also allowed, while a cusp in Sculptor was found to be favoured by an analysis

based on the fourth-order virial theorem by Richardson and Fairbairn| (2014)).

Walker and Penarrubia (201 1) took this idea further and developed a statistical methodology
to distinguish the two metallicity subpopulations in Sculptor and Fornax. Making use of
the interesting result of Wolf et al.| (2010) and Walker et al.| (2009b) that the mass of a

spherical stellar system in equilibrium can be robustly estimated at the half-mass radius of
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the system, they developed the method discussed in this chapter and concluded that both
Sculptor and Fornax have central cores, with Sculptor, in particular, ruling out an NFW
profile at high statistical significance. Their method is based on estimating the total mass
contained within the half-light radii of the metal-rich and metal-poor subpopulations, thus
constraining the slope of the dark matter density profile. Wolf et al.| (2010) and |Walker
et al.[ (2009b) have argued that the mass within a characteristic radius of a collisionless
spherical system in dynamical equilibrium is well constrained by the velocity dispersion
and average radial distribution of a population of star tracers, for a variety of stellar density

and constant velocity anisotropy profiles.

Specifically, Wolf et al.|(2010)) showed that the mass is best constrained at radius, r3, where
the logarithmic slope of the stellar number density, d log v/dlogr = -3, which is close to
the deprojected half-light radius (%Re, where R, is the projected half-light radius) for a

range of stellar distributions. Their estimator is:
4 -1 2
M|< 3R =4G" (oLos) Re (3.1)

where (01 0s) is the luminosity-averaged line-of-sight velocity dispersion. Similarly,

Walker et al.| (2009b) propose:

M(<R,) = gG‘1<aLos>2Re : (3.2)

Walker and Penarrubia (2011) used a likelihood method to separate samples of stars in
Sculptor and Fornax into two metallicity subcomponents and applied these mass estimators
to each of them. For an object with mass density p o« r~7 the enclosed mass is M (r) o

ﬁr‘%"’. One can then define the asymptotic logarithmic mass slope as:

leim[ =3-v 3.3)

r—0

dlogM
dlogr

For an NFW profile the asymptotic inner slope is y = 1, so I' = 2, while for a core with y
=0, I = 3. In the case of a galaxy with two segregated subpopulations, the two half-light
radii will be located away from the centre and thus I' = A log M /A logr is a measure of

the (steeper) density slope further out (Walker and Penarrubia, 2011). Assuming that the
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mass is given by the estimators above,

log (02 /o2
) 1fg(<r22;rf>) | G
where o7 are the line-of-sight velocity dispersions and r; are the half-light radii. [Walker
and Penarrubia) (2011) derived values of I" for Sculptor and Fornax which exclude an NFW
cusp at 99 and 96 per cent confidence levels, respectively, instead favouring a core. They

argue that this conclusion is conservative because, if anything, the mass is likely to be

overestimated for the central subpopulation.

In a recent paper, Campbell et al| (2017) tested the accuracy of the mass estimators
by applying them to galaxies in the APOSTLE hydrodynamic cosmological simulations
of Local Group analogues (for which the true mass is known; see Section [3.2). They
report little bias in the median mass estimates but a scatter of 25 and 23 per cent for
the [Walker et al.[ (2009b)) and |Wolf et al.[(2010) estimators respectively, which are much
larger than the values inferred by these authors from simulations of spherical systems in
dynamical equilibrium. |(Campbell et al.|(2017) find that a major contribution to the scatter
comes from deviations from spherical symmetry which are quite common in simulated
galaxies. Subsequently, (Gonzalez-Samaniego et al.| (2017) have generally confirmed the
main conclusions of [Campbell et al.|(2017) regarding the scatter in the estimator from 12

dwarf galaxy analogues in the FIRE hydrodynamic simulations.

The effect of triaxality on I" has been investigated by|Laporte et al.|(2013a)), who tagged dark
matter particles as stars in the (triaxial) dark matter haloes of the AQUARIUS simulations
(Springel et al.,|2008b)). These authors find that an anti-correlation between the measured
half-light radius and the projected velocity dispersion acts to keep the mass estimate
approximately constant, causing little variation in the derived value of I'. However, by
construction, the dark matter and the stars in their analysis have strongly correlated shapes

(Laporte et al.,2013b)) which can introduce a systematic effect.

Kowalczyk et al.| (2013) carried out idealized N-body simulations of the evolution of dwarf
spheroidal galaxies in the gravitational potential of a Milky Way-like host. They introduced

two spatially segregated disc subpopulations which evolve as the dwarf orbits in the halo
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of its host. They find that I' may be over- or underestimated, depending on the line of
sight. In particular, observations along the major axis of the dwarf tend to overestimate
the mass and I'. These simulations do not take into account dark matter halo triaxality,

hydrodynamics, star formation or feedback processes.

Campbell et al.|(2017)) focused on the accuracy of the mass estimators applied to the stellar
population of the dwarf galaxies in APOSTLE as a whole. Many of these galaxies, however,
turn out to have two (or more) distinct metallicity subpopulations, analogous to those in
Sculptor or Fornax. This offers the possibility of testing the validity of the conclusions
of [Walker and Penarrubial (2011)) using realistic dwarf galaxies formed in state-of-the-art
cosmological simulations. This is the goal of this chapter. In Section [3.2] we outline the
selection of our simulated galaxy sample and perform an analogous analysis to that of
Walker and Pefarrubial (2011). In Section [3.3] we examine in detail a selection of case

studies. We summarize our conclusions in Section 3.4

3.2 Methods

3.2.1 Galaxy sample

In this work we use the APOSTLE simulations, the properties of which have been ex-
tensively discussed in Section 2.2.1] Haloes in the simulations are identified using the
‘friends-of-friends’ (FOF) algorithm with linking length of 0.2 times the mean particle
separation (Davis et al., [1985). The SUBFIND algorithm is then used to identify gravit-
ationally bound substructures within them (Springel et al., [2001)). We define the host and
subhalo centres as the centre of their potential (the position of the particle with the most

negative potential energy).

Subhaloes bound to the main halo of a group are defined here as ‘satellites’; other galaxies
in the volume are labelled as ‘field’” galaxies. When computing the stellar mass of a subhalo,

we include all particles located within 0.15 of the virial radius, Ry, for field galaxies and
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Figure 3.1: Stellar mass M. as a function of maximum circular velocity V.« for satellite
(circles) and field (crosses) galaxies in the five high-resolution volumes of APOSTLE.
Galaxies matching the criteria described in Section [3.2.T]are shown in red. The sample is
limited to galaxies with at least 1000 stellar particles to ensure adequate statistics.

particles located within the tidal radiug We limit the sample of satellites and field galaxies
to those with a minimum of 1000 stellar particles [corresponding to a stellar mass of the
order of (10® — 107) My] to ensure reasonable statistics and good resolution within the
half—masﬂ radius. The stellar mass as a function of the maximum circular velocity, Vmnax,

of galaxies in the five high resolution volumes is shown in Fig.

In order to identify particles belonging to each stellar subpopulation, for every individual
satellite and field galaxy we model the subcomponents using Gaussian Mixture Model-

ling (GMM) whereby the total metallicity distribution, p(log,,Z/Z), is fitted with a

*We define the tidal radius of a subhalo as a distance from subhalo centre where the mean enclosed density
is equal to that of the host halo up to that distance for satellite galaxies. for satellite galaxies

TWe use the term half-mass radius to refer to the radius enclosing half the stellar mass as measured directly
from the simulations.
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Figure 3.2: Metallicity histograms of the four galaxies that we use as case studies in this
work. The blue curve represents the metallicity distribution and associated Poisson errors.
The dashed black line shows the two-Gaussian fit. The dashed red and green lines show
the individual Gaussians corresponding to the metal-rich and metal-poor subpopulations,
respectively. The arrows show the metallicity at which the population is split. We have
assumed a value of the solar metallicity of Zg = 0.0127.

combination of two Gaussian probability density functionﬂ (Hastie et al., 2001). Five
parameters are fit altogether (w, u1, pa, 01, 02), with w; being the relative weight of one
of the subpopulations, u; the mean metallicity and o; the metallicity dispersion. We then
assign each particle to a subpopulation if its probability of being in that subpopulation is
p(i) > 0.5. Effectively, the population is rigidly split at the value of metallicity where the
two Gaussians cross. The subpopulation with a higher value of y; is denoted as metal-rich
and that with the lower u; as metal-poor. A sharp cut in metallicity gives rise to some
kinematic mixing of the two subpopulations. We have verified that mixing has only a minor

effect on the main results of this work regarding the slope of the halo density profile (see

*As a measure of metallicity we use log g Z/Zo, the logarithm of the abundance of elements other than
hydrogen and helium. Stellar particles in APOSTLE are spawned probabilistically, with daughter particles
inheriting smoothed metal abundances from their parent. For details see(Okamoto et al.| (2005} 2014).

67



3.2.1. Galaxy sample

Section[E).

It is important to note, first, that the metallicity distributions of the two subpopulations
will not necessarily be Gaussian, but will depend on the specifics of the history of star
formation, accretion and mergers. We choose Gaussian probability densities for simpli-
city. As discussed in the previous chapter, cases may exist, where indeed more than two
subpopulations are present. These objects would be of great interest for future work due to

the possibility of constraining the inner density slope at two or more locations.

In principle, any probability distribution will be better fitted with Gaussian mixtures as the
number of fitting parameters is increased. We therefore calculate the Akaike Information

Criterion (AIC) corrected for finite sample (Akaikel [ 1998):

2k(k+1)

AIC =2k + y?>+ ——— 2|
A —

(3.5)

where k is the number of fitted parameters, n is the number of data points and y? is
the chi-squared fit of our model to the data. We take the histogram errors to be Poisson-
distributed. The first and third terms in Equation[3.5|represent the penalty on the number of
free parameters in the model such that the difference between the AIC values for alternative
models is indicative of the information gained by including extra parameters. We find the
AIC for a model with a single Gaussian and a model with a mixture of two Gaussians for
each galaxy in our sample. We then remove objects where the AIC for a single Gaussian is
smaller than that for a mixture of two, as well as those where both models provide a poor
fit. A total of 46 per cent of all galaxies satisfy these criteria. The metallicity histograms
and subpopulation models of specific objects that we will discuss in particular detail later

are shown in Fig.

A simple split into two metallicity subcomponents does not guarantee that they will be
spatially segregated. We remove from our sample the objects for which the separation
between the two half-light radii is so small as to inflate I" artificially, as A log,, r approaches
zero (see Fig.[DI). We therefore discard all objects for which the logarithm of the ratio of
3D half-mass radii, log;(r2/r1) < 0.06. This condition removes a further 26 per cent of our

original sample. For the remaining galaxies, we check that the metal-rich and metal-poor
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3.2.2. A test of the Walker-Pefiarrubia prescription

radii are well resolved as judged by the convergence radius defined by |[Power et al.| (2003)),
at which the collisional relaxation time is approximately equal to the age of the Universe,
ensuring that both radii are larger than this value. Overall, of all objects with over 1000
stellar particles in the five high-resolution volumes of APOSTLE, 18 per cent (50 objects)
survive our selection criteria. The selected objects are shown in red in Fig. 3.1} they have
stellar masses of the order of 107 - 108 My. We find that the fraction of stellar particles
assigned to the metal-poor subpopulation ranges between 0.15 and 0.6, consistently with
the results of |Benitez-Llambay et al.| (2016); the metal-rich stellar particles are typically

the dominant subcomponent.

3.2.2 A test of the Walker-Pefnarrubia prescription

We now carry out a straightforward test of the accuracy of the logarithmic mass slopes
obtained following the Walker and Pefarrubial(2011) prescription. We generate 10 random
lines of sight distributed uniformly on the surface of a sphere. For each line of sight, we
obtain 1000 bootstrap stellar particle samples for each galaxy, with replacement and, for
each sample, we calculate projected half-mass radii, R, directly as the projected radius
within which half the total stellar mass is contained™ We then calculate the mass-averaged

line-of-sight velocity dispersion as:

S i=v)m

LOS — S m; ) (3.6)

where m; is the mass of each star particle, v; is the velocity of the particle in projection

and v is the mean velocity.

Inserting our measured values of R. and (o ps) in the |Walker et al.| (2009b)) estimator
(Equation [3.2) we obtain the estimated mass within R. of each subpopulation. For each
galaxy, we repeat this calculation for the 1000 bootstrap resamplings and for 10 random

directions. In Fig.[3.3|we plot I'irye, the slope of the line joining the logarithm of the actual

*According to/Gonzélez-Samaniego et al. (2017) this method of estimating Re results in the bias of ~ 0.9
in the estimated mass seen in the 12 FIRE simulations. However, using a much larger sample of galaxies in
APOSTLE, |Campbell et al.| (2017) found that the mass estimate is, in fact, unbiased. We choose to calculate
the projected half-mass radii as in|Campbell et al.|(2017).

69



3.2.2. A test of the Walker-Pefiarrubia prescription

2.2

2.0 1

1.8

rtrue

1.4+

1.2

1.0
0 1 2 3

I_est

Figure 3.3: The slope of the logarithmic mass distribution, I'.y, obtained by applying
the [Walker et al.| (2009b)) estimator to simulated galaxies in our sample viewed from 10
random directions, plotted against the true slope at the projected 3D half-mass radius, ['yye.
Field galaxies are shown as black crosses and satellites as black circles. Marked in red
are the four particular cases that will be further discussed in detail in the next section.
The green vertical band shows typical values of I'. for a cusp, (I' = 2 corresponds to an
NFW cusp); the grey band shows values of [y typical for a core. The dashed line is the
one-to-one locus. The slopes obtained from the estimator are slightly underestimated but
exhibit significant scatter as the line of sight varies.
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Figure 3.4: Left: the correlation of the sphericities of the metal-poor and the metal-rich
subpopulations for satellites (red circles) and field galaxies (black crosses) in our sample.
The dashed line indicates the one-to-one relation. Middle: k.o of the metal-poor and
metal-rich subpopulations. Right: the correlation between the average velocity anisotropy
of the metal-poor and metal-rich subpopulations. The dashed lines indicate isotropy, 8=0.
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3.2.3. Dynamical properties of the simulated galaxies

mass within the true projected 3D half-mass radius of each subpopulationf} as a function
of the median values of I'cg, the slope of the line joining the logarithm of the estimated

mass within the measured R, of each subpopulation.

It is clear that the estimated mass slopes tend to be underestimated on average, consistent
with findings of |Walker and Penarrubial (2011)), and thus the inferred slopes of the density
profiles tend to be cuspier than the true values. (Recall that I" = 2 corresponds to an NFW
cusp, while I' = 3 corresponds to a core.) The distribution is asymmetric and exhibits large
scatter towards higher values of ['sg;, with some objects reaching I'.c > 3. This bias reflects
biases in the measurements of R, and {01 og) as the galaxy is seen from different observer
positions. We now investigate why the measured half-mass radii and velocity dispersions

vary with the viewing direction.

3.2.3 Dynamical properties of the simulated galaxies

Campbell et al.| (2017) identified asphericity, rotation and velocity anisotropy as the key
properties that can introduce uncertainty in mass measurements based on stellar kinematics.
We now quantify these properties for each metallicity subpopulation within each galaxy in
our sample and examine the extent to which the properties of the two subpopulations are

correlated with each other']

3.2.3.1 Sphericity

Here we define the centre of each stellar subpopulation as its centre of mass. The shape of

the system is characterized by the reduced inertia tensor (Bett et al., 2007):

1 n,il'n,j
jA- my, T (3.7)
i M*,Sub ; n r}%

where M, g is the stellar mass of the subpopulation; m,, the mass of star particle n; ry, ;

and r,_ ; are the coordinates of particle n from the centre of the galaxy in directions i and

*We take the true projected 3D half-mass radius of an object to be 3/4 of the 3D half-mass radius measured
from the simulation.

T As discussed in Section we have checked that the two subpopulations of the galaxies in our sample
have a sufficiently large number of stellar particles for the properties of interest to be numerically converged.
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3.2.3.2. Rotation

2

J. The normalization r;;

ensures that only the angular distribution is taken into account,
so that the shape is not unduly affected by distant particles. The eigenvectors of the inertia
tensor correspond to the axes of the fitted ellipsoid and the eigenvalues, a> > b> > ¢? to

squares of axis lengths. We define the sphericity s = ¢/a; s = 1 corresponds to a sphere.

The sphericities of the metal-rich and metal-poor subpopulations in our sample are plotted
against each other in the left panel of Fig.[3.4] The two are positively correlated, albeit with
significant scatter caused by one of the subpopulations in certain objects being appreciably
more spherical than the other. These cases are of particular interest in this study. Also note
that the satellites tend to be less aspherical than the field galaxies. This is likely due to the

effects of tidal stripping as discussed in detail in the work of |[Barber et al.| (2015).

3.2.3.2 Rotation

We quantify the degree to which each subpopulation is supported by rotation by computing

Krot, the fraction of kinetic energy invested in rotational motion (Sales et al., 2012):

1 mp 2.n :
Krot:?ZT( Jz. ) , (3.8)

,sub T ny,n

where K, qp is the stellar kinetic energy of the subpopulation, m,, the mass of star particle n,
Jz.n the component of the specific angular momentum of the particle in the direction of the
total angular momentum and Ry, , the distance of the particle from the angular momentum
axis. Objects with ko > 0.5 are considered to be primarily rotation-dominated, while

objects with kot < 0.5 are considered to be primarily dispersion-dominated.

The values of k. for subpopulations of galaxies in our sample are shown in the middle
panel of Fig.[3.4 Our selected objects are generally dispersion-dominated and a strong
bias exists towards higher ;o in the metal-rich subpopulation compared to the metal-poor.

All simulated galaxies considered in this work have ;o < 0.5 for the galaxy as a whole.

72



3.2.3.3. Velocity anisotropy

3.2.3.3 Velocity anisotropy

The velocity anisotropy is defined as (r)=1-0-2/202, where o, is the radial velocity disper-
sion and o the tangential velocity dispersion including the contributions from azimuthal
and polar directions. We construct velocity anisotropy profiles by calculating o and oy

for the 32 nearest neighbours of each star particle.

The right panel of Fig. shows the average velocity anisotropy, (8), for each metallicity
subpopulation (the average of local anisotropy of each particle). The majority of the
galaxies in our sample tend to have radially biased stellar velocity distributions and the
anisotropies are generally correlated in the two metallicity subpopulations. Yet, cases exist
where () is radially biased for one subpopulation and tangentially biased or isotropic for

the other. As we shall see, such discrepancies affect estimates of I

3.3 The effects of projection: four case studies

In Fig. we saw that a procedure analogous to that implemented by Walker and Penar-
rubial (2011)) in their analysis of the kinematics of Sculptor and Fornax dwarfs generally
underestimates the logarithmic mass slopes I', albeit with a large scatter towards higher
values, which would correspond to shallower inner density slopes. We now investigate the
factors that affect the accuracy of the procedure. We first examine in detail four illustrative
examples and in Section[3.3.2]we collect the results for our sample of 50 galaxies. We recall
that the dark matter density profiles of all the galaxies in our sample are well described by

an NFW profile.

The four examples are highlighted in red in Fig. All four are isolated field galaxies, with
no recent major mergers. Their two metallicity subpopulations are well segregated spatially.
The line-of-sight velocity dispersion of the metal-poor subpopulation is higher than that of
the metal-rich subpopulation (see Fig. for the properties of the four examples). In two

cases (Galaxies 1 and 2) the procedure on average recovers an accurate value of the slope,
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but in the other two (Galaxies 3 and 4) the procedure fails and, instead of a cusp, it often

returns a profile with a core.

3.3.1 The effects of misalignment and anisotropy

We view each galaxy from 100 random directions generated uniformly on the surface of a
sphere using the spherical spiral method outlined in|Gonzalez (2009). As in Section[3.2.2]
for each line of sight we generate 1000 bootstrap resamplings (with replacement) of the
stars in each galaxy and obtain median values of the quantities of interest. In Fig. [3.6]
which is analogous to fig. 10 of [Walker and Penarrubial (2011}, we plot the logarithm of
the measured projected half-mass radii R, of the bootstrap samples for each viewing angle,
along with the corresponding logarithm of masses contained within these radii, inferred
using the estimator of Equation[3.2] The measurements are coloured according to the angle
between the line of sight and the major axis of the metal-poor subpopulation. (The major
axes of the two subpopulations will not necessarily be aligned.) The true projected 3D
half-mass radius and the enclosed mass of each subpopulation are marked by a cross. The
sphericity and value of k. for each metallicity subpopulation are given in the legend of
each panel. For each viewing angle the inferred slope of the cumulative logarithmic mass
profile can be obtained by joining points of the same colour in the metal-rich and metal-
poor subpopulations. The dashed and dot-dashed lines show the minimum and maximum

slopes inferred by this procedure.

The variation with viewing angle of relevant quantities for each galaxy is plotted in Fig.
and is discussed below. In this plot, @ denotes the ratio, Mg/ Mire, Of the estimated to the
true mass, where the true mass includes the dark matter, stellar and gas particles within the
projected 3D half-mass radius; A is the ratio, I'egt/Tiue, Of the estimated to the true slope
of the cumulative logarithmic mass profile, where I'c is the slope measured between the
measured values of R, and [ is the slope between the projected true 3D half-mass radii

of the two subpopulations.

Apart from the metal-rich subpopulation of Galaxy 4, which is close to spherical, all
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Figure 3.5: Upper left: dark matter profiles for the four illustrative examples discussed in
this section. As for all galaxies in our sample, the inner density slope has a cusp; the best
fitting NFW profile is shown in red. The grey dashed line marks the convergence radius
defined by Power et al.| (2003). Upper right: stellar density profiles for the metal-rich (red)
and metal-poor subpopulations (green) for the four examples. The grey dashed line marks
the convergence radius and the red and green dotted lines show the 3D half-mass radii of
the metal-rich and metal-poor subpopulations respectively. The metal-poor component is
more extended, with the metal-rich population concentrated near the centre. Lower left:
probability density contours of the spatial distribution of stars in the four galaxies. The red
and green contours represent the metal-rich and metal-poor subpopulations, respectively,
with the highest contour enclosing p(x, y) = 0.1 and lower ones decreasing in probability
density by factors of 10. The galaxies are viewed along the direction of the intermediate
axis of the metal-poor subpopulation. Lower right: velocity dispersion profiles for the
four examples, projected over 100 lines of sight, as a function of projected distance from
the centre. The red dashed line and the green dash-dotted line show the medians of the
metal-rich and the metal-poor subpopulations, respectively. The bands show the 10 scatter.
The metal-rich subpopulation is kinematically colder than the metal-poor subpopulation at
small radii.
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Figure 3.6: Logarithmic mass slopes for our four illustrative examples. The dots show
measured projected half-mass radii and associated contained mass inferred from theWalker]
(2009D)) estimator of Equation[3.2]for each of the 1000 bootstrap resamplings of each
galaxy; each galaxy is seen from 100 different directions. The points are coloured according
to the viewing angle measured from the major axis of the metal-poor subpopulation. The
black dashed and dash-dotted lines show the minimum and maximum slopes obtained
from all 100 lines of sight, respectively. For reference, the black solid and dotted lines
show the slopes of an NFW cusp and a core. The black crosses denote the true projected
3D half-mass radii and the masses within them, taken directly from the simulation. The
labels above each panel give the sphericity and value of «. for each subpopulation. A
large scatter in projected half-mass radius can be seen in subpopulations that are strongly
aspherical (s < 1).
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Figure 3.7: The variation with viewing angle of some of the key properties of our four illus-
trative example galaxies. Angle is the viewing angle measured from the major axis of the
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Figure 3.8: Relative upper error (the difference between the 84" and the 50" percentile
divided by the median value) on the mass slope accuracy, 4, as a function of the alignment
of the metal-rich and the metal-poor subpopulations, as defined in Section Satellites
and field galaxies are shown with red circles and black crosses respectively. Measurements
in galaxies with more misaligned subpopulations are more likely to return larger values
of T.

other subpopulations in the four examples of Fig. are quite elongated. For the nearly
spherical subpopulation, the estimated projected half-mass radius is, not surprisingly,
almost independent of viewing angle. The values of the estimated mass show a mild
systematic dependence on viewing angle which reflects the weak dependence of the velocity

dispersion on the line of sight seen in Fig.

The situation is quite different for the elongated subpopulations. Let us consider, for
example, the metal-poor subpopulation of Galaxy 4. Its sphericity is spp = 0.71, quite
typical for our sample (see Fig.[3.4). Now the measured values of the projected half-mass
radius vary greatly with viewing angle, from 1.2 kpc when the subpopulation is viewed

along its major axis to 1.6 kpc when it is viewed along the perpendicular direction. Since
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Figure 3.9: The accuracy of the mass estimator, @ = Mg/ Mirye, for the metal-rich and
metal-poor subpopulations of all galaxies in our sample, as a function of the average
velocity anisotropy, (8). The galaxies are viewed along their major (black), intermediate
(blue) and minor (magenta) axes of each subpopulation. The black dotted line shows
accurate mass estimates (@ = 1). Satellite galaxies are shown as circles and field galaxies
as crosses. Along the major axis, the masses tend to be overestimated for subpopulations
with radial anisotropy. For nearly isotropic subpopulations the accuracy is similar for all
three directions.

the velocity anisotropy is radially biased (see Fig. [3.4), the measured velocity dispersion
varies with viewing angle, from 33 km s~! when viewed along the major axis to 27 km s~
when viewed along the perpendicular direction. This decrease in velocity dispersion largely
balances the increase in the projected half-mass radius with the result that the estimated
mass of the metal-poor population varies little with viewing angle, by only ~ 0.1 dex. Thus,
a very similar mass is associated with a relatively large range of projected half-mass radii.
The biases in the measured mass are anticorrelated as the viewing angle varies, as shown

in the third row of Fig.[3.7]

As Figs[3.6]and [3.7]show, the result is that the inferred slope of the cumulative logarithmic
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Figure 3.10: Top panel: overall distributions for the 50 objects in our sample of the
measured slope, [y (left), and slope accuracy, A = ['eg/Tirue, for (middle) the Walker et al.
(2009b)) estimator and (right) the [Wolf et al.| (2010) estimator. Blue solid lines show the
median values and the blue dashed lines show 16 and 84" percentiles. The slopes tend
to be underestimated by 5 per cent on average using the [Walker et al.| (2009b) estimator
and overestimated by 3 per cent on average using the [Wolf et al.| (2010) estimator; the
distribution of A is not symmetrical. I" > 2 is measured in 17.8 per cent of cases and
I" > 3in ~ 3.5 per cent of cases. Middle panel: same as above, but only for the 18 satellite
galaxies in our sample. Bottom panel: as above, but showing the distributions of I" and 4
only for the 32 field galaxies in our sample. The estimators perform in a similar way for
both satellites and field galaxies.

mass profile for Galaxy 4 can take on a wide range of values, from I' = 2.45 when the
galaxy is viewed along the major axis of the metal-poor population to I' = 1.12 when it is
viewed along the perpendicular direction. Thus, for viewing angles between about 0 and

50°, the mass distribution in this galaxy would, incorrectly, be measured to have a core.

Galaxies 1 and 2 are also quite elongated. However, in these two cases, both subpopulations
are aspherical and their major axes are roughly aligned. Now the behaviour we have just
seen for the metal-poor subpopulation of Galaxy 4 is reproduced for both subpopulations.
The result is that both the projected half-mass radius and the mass contained within it for

both subpopulations are incorrectly estimated by roughly the same factors and these biases
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vary similarly with viewing angle (third row of Fig. [3.7). Thus, although the masses and
radii of both subpopulations are incorrectly estimated, the slopes come out roughly right:

these two galaxies are correctly inferred to have cusps.

Galaxy 3 is an intermediate case. Its metal-poor subpopulation has similar sphericity
to the metal-poor subpopulation of Galaxy 4 so the measured projected half-mass radius
varies by a similar factor. While the inferred mass has greater scatter at a given viewing
angle, the overall variation is still only slightly larger than 0.1 dex. The half-mass radius of
the metal-rich subpopulation of Galaxy 3 shows some dependence on viewing angle (see
Fig.[3.7). In this case, the systematic variation of the inferred mass is larger and, as seen
in Fig. it increases with viewing angle. This is enough to result in a wide range of
estimated slopes. Similarly to Galaxy 4, this galaxy would be measured to have a core for
viewing angles between about 20 and 50° and for even smaller viewing angles it would be

measured to have a ‘hole’ in the central region (I" > 3).

Although the systematic errors in the estimates of the slope of the cumulative logarithmic
mass distribution using a procedure analogous to that of Walker and Penarrubia) (2011
result from a complex interplay between projection and kinematic effects, it is clear that
a major factor behind them is the significant elongation of the stellar subpopulations, and
particularly the misalignment between the major axes of the metal-rich and metal-poor
subpopulations seen in a number of cases, including Galaxy 4. This lack of similarity
arises naturally in our simulations and is linked to the different formation paths of the two

subpopulations, as we have discussed in the previous chapter.

In order to quantify the effect of both the misalignment of the principal axes and the dif-
ferences in sphericity of the two subpopulations on the scatter in the estimated logarithmic
mass slopes, we define the following alignment statistic. We model the two subpopula-
tions as concentric ellipsoids of unit volume, with axis ratios equal to those measured for
each subpopulation and an offset angle equal the angle between the major axes of the two
subpopulations. We then compute the fraction of volume within the intersection of the two
ellipsoids. Subpopulations with similar axis ratios and spatial orientation would, therefore,

have an alignment close to 1. In Fig. 3.8 we show the relative upper error (the difference
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between the 84™ and 50 percentiles divided by the median value) on the slope accuracy, A,
as a function of the value of the alignment statistic. It is clear that measurements for galax-
ies with more misaligned subpopulations tend to return higher values of I', corresponding

to shallower inner density slopes.

The non-trivial radial variation of the velocity anisotropy, 8, which is generally different
for the two metallicity subpopulations (see Fig. [3.4), also plays a role. This can be seen
in Fig. [3.9] where we plot «, the error in the estimate of the mass for each of the two
subpopulations in our sample, as a function of the average anisotropy parameter (), when
each subpopulation is viewed from directions aligned with the three principal axes. For
directions along the minor and intermediate axes the values of a scatter about @ = 1,
although there is a bias towards @ < 1, that is for an underestimate of the mass when the
subpopulation is viewed along its minor axis. However, when the subpopulation is viewed
along its major axis and the velocity anisotropy has a radial bias (8 > 0) , its mass tends
to be overestimated (in agreement with the conclusions of |[Kowalczyk et al.[2013) and the
size of this bias increases systematically with increasing anisotropy. Along this particular
viewing angle, the velocity dispersion is generally largest. When the velocity distribution
is isotropic or tangentially biased, however, the mass is correctly estimated. (This is the
reason why the estimate of the mass of the metal-rich subpopulation of Galaxy 3, which

has an isotropic velocity distribution, is unbiased.)

3.3.2 Accuracy of the inferred mass slope for the sample as a whole

In this subsection, we present statistical results for our sample of 50 galaxies. This
sample was selected according to the specific criteria described in Section[3.2.1] essentially
requiring that there be two well-separated metallicity subpopulations, as judged by the
statistic introduced in that section. These criteria need not match in detail those used for
real objects. At present, there are only a handful of two-metallicity subpopulation galaxies
known and those populations have been identified somewhat serendipitously. Nevertheless,
our statistical results should be indicative of the frequency with which we might expect the

slope of the dark matter density profile to be incorrectly estimated.
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The top panel of Fig. shows the distributions of I and 4 = Tegt/I'rye for the
1000 bootstrap resamplings of each galaxy in our sample, each viewed from 100 different
random directions. (Recall that an NFW profile has I" = 2 as r — 0 and a profile with a
constant-density core has I' = 3.) The distribution of I'cs is asymmetric with mean value
I'= 1.59*04% and A = 0.95703% for the Walker et al.| (2009b) estimator, implying that I
is underestimated on average by ~ 5 per cent; the true value (corresponding to A = 1) lies

within 10~ of the mean. Slopes tend to be overestimated by ~ 3 per cent on average using

the [Wolf et al.|(2010) estimator, with A = 1.()3fg'_%91.

Flatter slopes than NFW, I' > 2 are measured in ~ 17.8 per cent of cases and I' > 3
(corresponding to a ‘hole’ in the centre) in ~ 3.5 per cent of cases. In the middle and

bottom panels we show equivalent distributions for satellite and field galaxies in our sample.

+0.56

Whilst the satellites generally tend to exhibit cuspier inner slopes (I'est = 1.477537

compared
to [egt = 1.63’:8-_‘;% for field dwarfs), the distribution of the accuracy of the inferred slopes,
A, is similar to that of the field galaxies. The greater scatter towards higher values of I in
satellites can be explained by the fact that a greater fraction of satellites than field galaxies
in our sample exhibit strong misalignment, as shown in Fig.[3.8] We have additionally

verified that if we identify the true slope with the slope of the line joining the logarithm of

true masses within R, of each subpopulation, the bias and scatter in A remain unaffected.

Walker and Penarrubial (2011]), who used the Walker et al.| (2009b) estimator, found I =
2.95%0-3% for Sculptor and I = 2.61*0-43 for Fornax and concluded that these values exclude
the NFW profile with significance greater than 99 and 96 per cent respectively. However,
according to the distribution of I'ey in Fig. for the Walker et al.| (2009b) and |Wolf et al.
(2010) estimators derived from our simulations, these values of I" are only inconsistent

with the NFW profile at 93.6 and 88.9 significance for Sculptor and Fornax respectively

(where we have taken the 10~ lower limit of the original estimates).
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3.4 Discussion and Conclusions

The question of whether or not the dark matter haloes of galaxies have central, constant-
density cores is of great interest in cosmology. It is now well established that, in the absence
of baryon effects, haloes of all masses develop NFW profiles (Navarro et al.,|1996al,[1997)
which have a central cusp. An incontrovertible measurement of a core would therefore
have important implications: it would either signal the impact of exotic baryonic effects
(Navarro et al., [1996a; |Pontzen and Governato, |2012) or of exotic types of particles such
as self-interacting dark matter (Spergel and Steinhardt, 2000). Unfortunately measuring
dark matter profiles in the innermost regions of haloes, encompassing only at most a few

per cent of the halo mass, is difficult.

In this work we have tested the [Walker and Pefiarrubial (2011) procedure for inferring the
slope of the inner dark matter halo profile in galaxies with two metallicity subpopulations
using galaxies from the APOSTLE cosmological simulations. These follow not only the
evolution of dark matter, but also the evolution of gas, and incorporate subgrid prescriptions
to model the processes thought to be at play in galaxy formation. The initial conditions
correspond to a cold dark matter universe but are conditioned to form an analogue of the
Local Group at the final time. Thus, this is the first test of the[Walker and Penarrubial (2011
procedure in fully realistic simulations which produce dwarf galaxies ab initio. These are
not guaranteed to satisfy the key assumptions underlying the Wolf et al.| (2010) and |Walker
et al.| (2009b) mass estimators: sphericity and dynamical equilibrium, and indeed, many

of our simulated galaxies violate them to varying degrees.

Gratifyingly, our simulations produce dwarf galaxies with two identifiable metallicity sub-
populations reminiscent of Sculptor and Fornax. Out of 286 model galaxies resolved with
more than 1000 stellar particles we identify 50 dwarfs with dual metallicity subpopula-
tions, according to the criteria discussed in Section[3.2.1] Their kinematical properties are
summarized in Fig. [3.4] The subpopulations tend to be significantly aspherical and often
develop different asphericities: ~ 30 per cent of galaxies in our sample have metal-rich

and metal-poor subpopulations differing in sphericity by over 10 per cent and, in many
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cases, the orientation of their major axes differs as well. The metal-rich subpopulations
tend to show more rotation than the metal-poor ones and the velocity anisotropy of the
subpopulations can also differ substantially. These differences occur both in satellites and
in field dwarfs. The lack of similarity arises naturally in our simulations and is linked to the

different formation paths of the two subpopulations (as discussed in the previous chapter).

Our main result is that the method introduced by [Battaglia et al| (2008) and extended
by [Walker and Penarrubial (2011)), based on comparing the masses interior to the half-
mass radii of the metal-rich and metal-poor subpopulations, can often lead to an incorrect
inference of the slope of the inner profile of the galaxies’ dark matter haloes. All the
haloes in our simulations have cuspy NFW profiles, yet 17.8 per cent of the galaxies in
our sample would be inferred to have flatter, core-like profiles. Multiple factors play a
role in these failures but the main culprit is misalignment of the two elongated metallicity
subpopulations (which generally have radially varying velocity anisotropy). This results in
a wide range of inferred slopes for the mass distribution depending on the viewing angle.
Four specific examples illustrating cases when the slope is correctly or incorrectly inferred

have been shown.

The study of Walker and Penarrubial (2011)) is sometimes regarded as one of the more
convincing arguments for the presence of cores in the dark matter haloes of dwarf galaxies
(Amorisco and Evans| 2012b). However, their proposed method of measuring cumulative
logarithmic mass profile slopes relies heavily on the assumption that the properties of
the two metallicity subpopulations are correlated, such that any bias in the application
of the mass estimator would cancel when obtaining the slope. This assumption fails in
a number of our simulated galaxies where not only the elongation and orientation, but
also the orbital anisotropy differs for the two subpopulations. Of course, it remains to be
seen whether the properties of the two metallicity subpopulations in Sculptor and Fornax
are correlated or not, but this is not currently feasible. The availability of proper motion
data for individual stars within these galaxies would allow us to somewhat take away the
dependence of the accuracy of the mass estimator on the angle of view, although, for an

instrument like Gaia, the measurement uncertainties for a galaxy as distant as Sculptor is
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expected to be comparable to the velocities themselves (Gaia Collaboration et al. 2016;
Massari et al.l 2018). Given the sensitivity of the inferred slope to the viewing angle that
we have demonstrated in this work, we concur with Kowalczyk et al.[| (2013) that a large
statistical sample of randomly oriented galaxies is highly desirable. But for any particular
observation, knowledge of the sphericity and velocity anisotropy of both subpopulations
and their orientation with respect to one another and to the observer is required before any
definitive conclusion can be reached regarding the slope of the galaxy’s inner dark matter

halo.
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CHAPTER 4

Solving the core-cusp problem

with higher-order Jeans analysis

4.1 Introduction

A number of cosmological and idealized simulations in ACDM predict formation of dark
matter cores in dwarfs that have undergone extended periods of star formation. Outflows
associated with supernova feedback have been shown to cause fluctuations in the gravita-
tional potential, which can alter the inner structure of haloes. This may occur in a single
violent burst (Navarro et al., [1996a), through repeated dark matter ‘heating’ over time
(Read and Gilmore, 2005} [Pontzen and Governato, 2012} |(Onorbe et al., [2015; |Read et al.}
2016) or both (Benitez-Llambay et al.l2019). Cores in these models typically form on the

scale of the half-light radius of dwarf galaxies.

The formation of cores in real Local Group dwarfs that have undergone extended periods of
star formation is a testable hypothesis. This idea was explored inRead et al.[(2019). These
authors find that dwarf spheroidals which have continued to form stars until recent times,
like Fornax and the Local Group dlrrs, have lower densities at 150 pc, p150, than those
predicted for isolated dwarfs using the halo mass-concentration relation in ACDM from
Dutton and Maccio| (2014). These lower densities could be explained by core formation

through dark matter ‘heating’. Dwarfs that have ceased star formation a long time ago have
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higher values of pis9, consistent with a cusp.

The dark matter density distribution in dwarf galaxies can be constrained through Jeans
analysis applied to line-of-sight stellar velocities and projected positions. This relies on

the spherical Jeans equation:

1d 2 GM
—d—(varz) +2ﬁ0’r __GM(< r),

4.1
vdr r r2 “.1)

where v is the tracer number density distribution, o is their radial velocity dispersion, 8

their velocity anisotropy, M (< r) is the enclosed mass and G is Newton’s gravitational

2
9

constant. The velocity anisotropy, 5, is defined as 8 =1 — ot

where o is the tangential
velocity dispersion. The product v(r)o2(r) is typically obtained through deprojection
of Z(R)o-l%(R), where op(R) is the line-of-sight velocity dispersion and XZ(R) is the
projected tracer number density at a distance, R, both of which are observable quantities.
If models are assumed for B(r) and M(< r), the equation can be solved for o (R) via
sampling methods such as Markov chain Monte Carlo (MCMC). This analysis assumes
a non-rotating spherical system in a steady pseudo-equilibrium state. These assumptions
are known to be violated by Local Group dwarfs, which exhibit ellipticity (McConnachie,
2012), signs of rotation (Battaglia et al., 2008}; /del Pino et al.,|2017a)), and are susceptible

to tidal effects from their hosts (Read et al., 2006; |Pefiarrubia et al.,[2009; Ural et al., 2015]).

Typically, only the line-of-sight motions of the stellar tracers are known. This means that
B is poorly constrained, such that Jeans analysis suffers from the M-8 degeneracy. This
degeneracy results in a wide range of models that satisfy a set of observational constraints,
such that cored and cuspy dark matter profiles both provide acceptable fits to line-of-sight

data (Strigari et al., 2010).

The breaking of M — 8 has been widely explored in the literature. Several works have
focused on the use of multiple tracer populations in dwarf spheroidals and chemo-dynamical
models (Walker and Penarrubia, |2011; | Amorisco and Evans|, 2012b; |Agnello and Evans,
2012;|Zhu et al.;, 2016), as well as proper motions (Strigari et al.,|2007,2014). A number of
works have used Schwarzschild orbit superposition methods (Schwarzschild, |1979; |Jardel

and Gebhardt, [2012; |Breddels and Helmi, 2013} [Kowalczyk et al., 2017, 2018, 2019),
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which are able to take into account the asphericity of stellar systems and have a benefit of
making no assumptions about the velocity anisotropy. These methods, however, typically

require significant computing time.

Other works, based on the Jeans equation, have focused on exploiting the higher-order
velocity moments. Specifically, it has been shown that line-of-sight velocity distributions
are non-Gaussian in the absence of isotropy (Merritt, [1987). This warrants the use of the
4™ moment of the velocity distribution to place a constraint on the anisotropy parameter
(Mamon et al., 2013). The use of the fourth velocity moments has been explored for
the case of constant anisotropy by [Lokas| (2002)); [L.okas and Mamon| (2003)); L.okas et al.
(2005)); Lokas| (2009) and was generalized for radially varying anisotropies by |Richardson
and Fairbairn| (2013a). More recently, |Diakogiannis et al.| (2017) have presented a non-
parametric method of reconstruction of the line-of-sight velocity dispersion profiles. An
extension of the method employs a machine learning approach for data reconstruction that

proves useful in the absence of large samples of kinematic data (Diakogiannis et al.,2019).

Another method for breaking this degeneracy is through the fourth order projected virial

theorem, giving rise to two equalities (Merrifield and Kent, |1990):
2 (o) (o)
VSPI = < / GMv(5 -2B)c?rdr = / >(op)RdR 4.2)
0 0

and

4 () (o)
VSP2 = = / GMv(T - 6B)a?rdr = / Y(opYR dR, (4.3)
0 0

where VSP1 and VSP2 are referred to as the virial shape parameters (i.e. VSPs). Here <0'f,>
is the fourth moment of the line-of-sight velocities. The right-hand sides of Equation |4.2
and Equation[4.3|contain quantities that can be directly inferred from data and the left-hand
sides contain the same parameters as Equation|4.T] Itis thus possible to place two additional
constraints on the velocity anisotropy S (see e.g. [Richardson and Fairbairn||2014, where
VSPs were used to show that a dark matter cusp is favoured in the Sculptor dwarf galaxy).
In practice, however, the finite quality of data may result in only a partial breaking of the

M - B degeneracy.
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Read and Steger| (2017) introduced the non-parametric Jeans method, GRAVSPHERE (used
in Read et al[2019), which employs the additional constraints from the VSPs in their
MCMC analysis. GrRavSPHERE operates under the standard assumptions of the spherical
Jeans equation (spherical symmetry, equilibrium and no rotation). The method had been
shown to recover successfully the dark matter density distributions in mock observations of
idealized spherical, triaxial and tidally stripped simulated dwarfs from the GAIACHALLENGE
seff] The cases for which the method works less well, such as aspherical systems, are
evident through poor quality fits to the line-of-sight velocity dispersion. The method has
been shown to recover accurately the densities at 150 pc from the centre — a key region
where core formation is expected to reduce dark matter densities, compared to ACDM

predictions.

In this work, we test a new open-source PytTHON implementation of the GRAVSPHERE
method, pPYGRAVSPHERE, on a sample of simulated dwarf galaxies from a cosmological
hydrodynamics simulation of Local Group-like environmentsﬂ The aim of our work is to
establish whether Jeans analysis, under the assumption of spherical symmetry, is a suitable
method for constraining the mass profiles of dark matter haloes in a fully cosmological
setting and how much information is typically gained through the inclusion of VSPs.
We explore the biases associated with mass and dark matter density profile recovery for
individual dwarfs as well as the sample as a whole. We examine in detail the cases where

GRravSPHERE fails and identify the reasons for this as well as potential warning signs.

In Section #.2] we describe the setup of GRAVSPHERE. Our analysis of GRAVSPHERE’s
performance on each galaxy and the comparison to more conventional Jeans methods can
be found in Section[4.3] We further discuss the various sources of bias in the performance
of this method and suggest a y? statistic to weed out particularly biased models. We

summarise our findings and conclude in Section

*http://astrowiki.ph.surrey.ac.uk/dokuwiki/
TWe ran also these same tests in the original GravSpHERE code, yielding indistinguishable results from
those presented here.
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4.2. Simulations

4.2 Simulations

4.2.1 Simulations in CDM and SIDM

In this work, we select analogues of classical dwarf spheroidals from the APOSTLE
suite of cosmological simulations, as described in detail in Section [2.2.1] The original
APOSTLE suite consists of five high-resolution cosmological volumes, with dark matter
mass resolution of mpy = 2.5 — 5 x 10*M, and spatial resolution € = 134 pc. An
extra cosmological volume was also run assuming a SIDM interaction cross-section of
o/m=10 cng_1 (Santos-Santos et al., |[2020; Lovell et al., |2020). We note that this is an
extreme value of the cross-section, which was chosen to explore the formation of the largest
cores in SIDM. The SIDM implementation within EAGLE was introduced in [Robertson

et al. (2018)), based on the SIDM simulation method described in |Robertson et al.| (2017).

In order to increase our sample of dwarfs with a dark matter core, we additionally used a
SIDM version of the cosmological volumd presented in Benitez-Llambay et al| (2019),
with an interaction cross-section of o/m = 10 cm?g~! and galaxy formation prescriptions
following [Schaye et al.| (2015) and [Crain et al.| (2015)). This simulation was run with the
same cosmological parameters as the APOSTLE simulations but does not feature a Local
Group-like setting. The dark matter particle mass resolution is mpy = 4 X 10°Mg, and the

softening is € = 234 pc.

APOSTLE resolves Sculptor-mass dwarf galaxies with ~10?-103 stellar particles and
Fornax-mass dwarf galaxies with ~103-10* particles. The SIDM run of the volume presen-
ted in Benitez-Llambay et al. (2019) has an initial gas particle mass mg,s = 6.6 X 10*Mo.
Fornax-mass dwarfs are resolved with ~ 10> — 107 stellar particles, sufficient for the

purposes of this work.

*The SIDM version of this volume has not yet been published. The simulation data were obtained through
private communications.
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4.2.2 Numerical considerations

In order to establish whether GRAVSPHERE reproduces the mass profiles of the simulated

dwarfs, we must first define what the ‘true’ mass profile is within the simulations.

The mass profiles of dark matter haloes identified in pure N-body simulations are affected
by collisional relaxation. The enclosed mass profiles of haloes are suppressed (relative
to a higher resolution simulation) below a radius where the 2-body relaxation time, tyejax,
is comparable to the age of the Universe, 79 (see e.g. [Power et al.|[2003; [Ludlow et al.
2019a)). For the typical number of dark matter particles in systems that are considered
in this work, the |Power et al.| (2003) radius, where t..j,x ~ 0.6, corresponds to ~60 per
cent of the half-light radius (about 0.7 kpc for high-resolution APOSTLE CDM and SIDM
dwarfs and ~ 2 kpc for the lower-resolution SIDM volume from Benitez-Llambay et al.
2019). Moreover, the APOSTLE simulations model dark matter and stars using particles
of unequal mass, making them subject to energy equipartition, which artificially inflates
galaxy sizes (Ludlow et al.,|2019b}, 2020). These effects are most problematic for systems
with stellar half-mass radii smaller than ~ 0.055 of the mean interparticle separation (dark
matter, stars and gas), corresponding to ~ 0.5 kpc for the APOSTLE simulations and
~ 1.2 kpc for the SIDM volume of |Benitez-Llambay et al.| (2019). We note, however, that
the relaxation times at these radii are still considerably longer than the dynamical times of
the stars. Therefore, our simulated dwarfs may be considered to be in a steady state locally.
The ability of GRAVSPHERE to recover masses in the innermost regions is of interest in
this work; therefore we will present results below the convergence radius derived by Power

et al. (2003) and [Ludlow et al.| (2019a)), although we will interpret these with cautionﬂ

The use of the gravitational softening in N-body simulations sets a limit on the central
density, such that the innermost regions of simulated haloes exhibit a small artificial core on
the scale of the gravitational softening. In comparing GRavSPHERE to N-body simulations,
we thus restrict ourselves to radii greater than 2.8¢, where € is the Plummer-equivalent

gravitational softening. For the APOSTLE high-resolution simulations € = 134 pc and

*The [Power et al.| (2003) criterion was derived for dark matter-only simulations and it is unclear how
applicable this criterion is in the presence of a baryonic component.

92



4.2.3. Sample of dwarfs

€ = 234 pc for the SIDM version of the volume introduced in Benitez-Llambay et al.

(2019)7] At the radius of 2.8€ the forces become exactly Newtonian.

4.2.3 Sample of dwarfs

For our sample of galaxies, we have selected simulated dwarfs which have comparable
properties to classical Milky Way satellites and at least 400 bound stellar particles. As the
GravSpHERE method relies on the standard assumptions of the spherical Jeans equation
(namely, spherical symmetry, lack of rotation and equilibrium), we further restrict our
sample of galaxies to those with no bound gas and those that do not exhibit significant signs
of rotation. We do, however, include aspherical dwarfs in our sample. These conditions are
satisfied by classical Milky Way dwarfs, for which there are no HI detections, only weak
rotation is observed and asphericity is often present (Battaglia et al., 2008; [McConnachiel,
2012). We quantify rotation by the fraction of stellar particles which are rotating in the
same direction as the total stellar angular momentum vector, fooror. We select galaxies
with feorot < 0.6. We restrict our sample to satellites only, defined as the objects within
300 kpc of the Milky Way and Andromeda analogues. Note that, in order to obtain a
statistically significant sample of dwarfs in both CDM and SIDM dark matter models, we
did not include restrictions on the orbits or star formation histories in the selection of our

sample of simulated dwarfs.

Our selection criteria have significantly cut down the available sample of high-resolution
SIDM dwarfs (which have large dark matter cores), prompting inclusion of simulated dwarfs
from the lower-resolution SIDM version of the volume presented in Benitez-Llambay et al.
(2019). The relative lack of suitable dwarfs in SIDM is intriguing, however, the peculiarities
of galaxy formation and evolution in alternative dark matter models are beyond the focus
of this work (see |[Lovell et al.|2020 for details of star formation in the APOSTLE SIDM

volume).

* Although 2.8¢ for this volume is near 0.5 kpc, the core sizes are typically much larger than that, such that
we are still able to probe the interesting regions in these dwarfs.
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4.2.3. Sample of dwarfs

The resulting sample consists of dwarfs with properties that are generally similar to For-
nax. This includes 25 CDM dwarfs and 7 SIDM dwarfs (2 high-resolution and 5 lower-
resolution). Structural and kinematic properties of the sample are plotted in Fig. For
each dwarf in Fig. d.1] we show the distribution of projected half-light radii, R., from
various line-of-sight projections, line-of-sight velocity dispersion, ojes, and stellar mass
within 3R,, M. (< 3R,). These properties are computed using 192 isotropically distributed
lines of sight generated with the HEALPIX algorithm (Gorski et al.,|2005). HEALPIX provides
a convenient way of generating an isotropically distributed set of lines of sight with a more
uniform distribution than one generated randomly. To calculate R,, to each projection we
fit a 3-component 2D Plummer profile (more details may be found in Section[#.2.4.1) and
compute the radius which contains half the projected stellar mass. The means and standard
deviations of these values are shown with circles and their error bars, with errors primarily
reflecting the asphericity of each system. Similarly, we compute the mass-weighted mean
velocity dispersion along each projection, taking into account the error from sample size
(standard error on the mean). The stellar masses within 3R, are computed by summing
the masses of stellar particles identified as bound by the suBriND algorithm (Springel
et al., 2001; [Dolag et al., [2009) and removing the contaminant stars that belong to the
host galaxyf} The contaminant stars are also removed in the calculation of other galaxy
properties and the Jeans analysis. Purple bands in Fig. i.T|show corresponding properties
of the Fornax dwarf galaxy. The velocity dispersion and the half-light radius of Fornax
were taken from McConnachie| (2012). Stellar masses for Fornax span the range of values

from literature (McConnachiel 2012} |de Boer et al.| 2012)).

The rightmost panel of Fig. @.1] shows intermediate-to-major axis ratios as a function of
minor-to-major axis ratios, computed for the stellar component. The axes have been derived
from the eigenvalues of the reduced inertia tensor, computed for the stellar particles (see
e.g. |Bett et al.2007)). The purple dashed line is the upper limit set on the minor-to-major

axis ratio of Fornax, determined by the measured projected ellipticity, e = 1 — b/a ~ 0.3

*Due to the specifics of particle assignment to haloes in sUBFIND, some low-velocity host halo stars may
end up attributed to a subhalo. We remove these stars by ensuring they were not ‘bound’ to any given subhalo
in the previous simulation snapshot (Springel et al.| |2001).
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(Battaglia et al.l |2006). Our sample, which has an average axis ratio of ¢/a ~ 0.9, is
considerably more spherical than Fornax (¢/a =~ 0.7). This is a consequence of our
selection criteria, specifically the lack of rotation and the lack of gas for the selected sample
of dwarfs. These are more likely to be features of dwarf galaxies that have undergone tidal

effects, which tends to reduce asphericity (Barber et al.,[2015]).

In order to further investigate the effects of asphericity, we included a sample of 24 isolated
CDM dwarfs with ¢/a ~ 0.7 (grey triangles in Fig. d.1). The sample has been chosen
to contain galaxies where gas does not dominate by mass within the 3D half-mass radius
of the stars. This is the reason for the lack of isolated dwarfs available for the SIDM
sample. In fact, we did find 4 isolated SIDM dwarfs that match these criteria, but they
turned out to be very oblate. We excluded these dwarfs from our analysis. Since the
GravSpHERE method explicitly accounts for the mass contributed by stars, but not by gas,
when comparing GRAVSPHERE’s performance for these dwarfs with the ‘true’ values, we

compare to the combined mass in gas and dark matter.

In order to generate the photometric and kinematic data required by GRAVSPHERE, we
obtained the stellar positions and velocities for particles in each subhalo, which were
classified as bound by suBriND (Dolag et al., [2009). We removed all contaminant stars
belonging to the host halo. Each stellar system was centred at the central peak of the
density field, computed using the ‘shrinking spheres’ algorithm (Power et al., 2003). The
positions and velocities were then projected along three different lines of sight — major,
minor or intermediate axes of the subhalos. The stellar particles within 2R,p, where Ryp
is the projected radius that contains half the stellar particle mass, were randomly sampled,
providing 400 - 2500 particles for the kinematic sample of each dwarf. The photometric
sample included 400 - 2500 particles and was chosen to be the same or bigger in size than
the kinematic sample. The velocities within the kinematic sample were perturbed with
Gaussian noise with a standard deviation of 2 km s~!, representing typical measurement
errors. The mass within 3R,p has additionally been provided, M (< 3R;p), such that
GravSPHERE may include the stellar mass contribution to the gravitational potential in the

Jeans modelling.
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4.2.4. The prYGRAVSPHERE code

4.2.4 The pYGrRAVSPHERE code

In this work, we present a PyTHoN implementation of the GRAVSPHERE method. PYGRAV-
SPHERE is open source softwaref"] As in the work of[Read and Steger|(2017), PYGRAVSPHERE
is based on the affine-invariant ensemble sampler Emceg (Foreman-Mackey et al., [2013])).
eMcEE differs from the classic Metropolis-Hasting algorithm in that each individual Markov
chain, or ‘walker’, communicates with the other ‘walkers’ at each step, thus allowing the
chains to efficiently sample the posterior distribution. EmMCEE has parallel functionality,
which we exploit in this work. In the following, we outline the assumptions and parameters

that enter into our EMCEE setup.

4.2.4.1 EMCEE parameters

As in|Read and Steger| (2017), to parametrize the dark matter distribution, PYGRAVSPHERE
employs a broken power-law model with 5 spatial bins defined as logarithmically spaced
fractions of the half-light radiuﬂ R., with bins r; = [0.25,0.5,1, 2, 4] R.. Within each

bin, the density follows a power law defined by slopes y;. The overall distribution is

described by
( r )_70
pO - s r< ro
ro
Pdm(r) = ~yje1 B ~Yn+l 4.4)
r ' T'n+l

( ) ( ) s, Fj<r <rj4

rj+1 =0 'n

where pg is the density at rg. Beyond the outermost bin, the power law is extrapolated.

Note that this radial extent typically covers the positions of available kinematic tracers.

For the light profile, PYGRAVSPHERE uses a sum of three Plummer| (1911) components

*https://github.com/AnnaGenina/pyGravSphere

In this work, we use multiple definitions of the half-mass radius, which we list here for the purposes of
clarification. Rpp is the projected radius which contains half of a dwarf’s stellar mass and it is computed by
direct summation. R, is the projected radius containing half the stellar mass, derived from a 3-component
Plummer profile fit to the sample of stellar particle data. We frequently refer to R, as the half-light radius.
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4.2.4.2. pYGRAVSPHERE data input

(Np = 3)2

Np 5\ ~5/2
3M; r
v(r)= ) —1 (1 + —2) : 4.5)
7 47raj a;
where M; and a; are the relative weight and spatial extent of each component, respectively.

This distribution is straightforward to project, yielding:

-2

Np 2
M; R
SR =Y —L[1+= 4.6
(R)= ) — ( — (4.6)
J J J
The velocity anisotropy is parametrized following |Baes and van Hese| (2007):
1
B(r) = Po+ (Bo = o) —7~7 4.7

77 b
7]
r
where Sy is the central value of the anisotropy, S is the value at infinity, r, is the radius

of transition and 7 is its steepness.

4.2.4.2 pryYGRAVSPHERE data input

The photometric sample of stars is split into bins of \/m particles per bin, where Nppot
is the size of the photometric sample. This choice allows for efficient spatial coverage and
low Poisson error. We weight each particle by the relative number of stars it represents (i.e.
we define the weight of each particle as w, = mpNot/M (< 3Rop), Where Ny is the total
number of particles in the sample). For each photometric bin, we calculate the Poisson
errors and use the LmrriT algorithm (Newville et al., [2014)) to obtain the best 3-component

Plummer fit (Equation[4.6)). This profile is then input into EMCEE.

The kinematic data are also split into bins of v/Ny, particles per bin, where Ny, is the size
of the kinematic sample. The error in each bin is computed by adding the Poisson and
sampling errors in quadrature, where we again weight each particle by w,. This procedure
is described in detail in Read and Steger| (2017). The effect of the number of particles per

bin was explored in |Read and Steger| (2017, who found little impact on their results. We
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Table 4.1: Default GRAVSPHERE priors

Property ‘ Parameter ‘ Prior
Dark Matter | log, ,()O/M@kpc‘3 [5, 10]
0.12.3.4 [0, 3], A¥Ymax = 1
Anisotropy Bo [-1, 1]
Beo [-1, 1]
log,o ro/kpe logo[R:/2, 2R, ]
n (1, 3]
Tracers log|g M;/Mg logo[Mpr,j/2 ,3/2Mys; ]
aj/kpc lave,j/2, 3/2au ]
Baryons log,o M./M¢ log([0.75M (< 3Rp),
1.25M (< 3R;p)]

confirm this to be the case, provided the signal-to-noise is not low due to ‘overbinning’ in

the inner, dense, regions.

We use the same kinematic bins to compute the mean and errors of the two VSPs. Because
VSP2 is sensitive to the behaviour of the velocity dispersion profile in the outer regions
(due to the R> term), we fit a power law to the computed v‘l‘, profile outside of the projected

half-light radius and extrapolate it following |Read et al.| (2018)).

4.2.4.3 EMCEE set-up and priors

The priors on each of the parameters in the default ryYGRAVSPHERE set-up are shown in
Table Parameters log;, M; and a; of the best 3-component Plummer fit are allowed
to vary within 50 per cent of their linear best-fit values, as determined by LmFIT, while the

stellar masses log,, M, were varied within 25 per cent of the M (< 3R,p) value.

In order to ensure that the walkers sample the whole hypervolume of parameter space
defined by the parameter constraints, the starting positions of walkers are ideally generated
to follow a uniform distribution. This is difficult to achieve when the values of the dark
matter slope, vy;, in each radial bin, r;, are constrained to monotonically increase. We
find that typically ~ 5 per cent of the initially generated walker positions fall within these
defined bounds. If the chains are allowed to run for long enough, the walkers that are

‘stuck’ in forbidden regions of the parameter space may eventually make their way to
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4.2.4.3. EMCEE set-up and priors

the allowed regions. This process is, however, dependent on the efficiency of the active
walkers in probing the posterior distribution. In cases where the posterior is multimodal,
for example, some regions of the parameter space will not be probed due to the nature
of the ensemble sampler, where the walkers communicate with each other, unlike in the

classical Metropolis-Hastings algorithm.

We thus use the following procedure to generate the initial walker positions. For each
walker, we generate the free parameters following a uniform distribution. We then throw
away the walkers that do not satisfy our y; constraints. For the discarded walker positions
we generate new ones, accepting those that satisfy the constraints and rejecting the others.
This procedure is repeated recursively until each walker has a randomly generated initial
position that satisfies the constraints. The effective priors and the advantages of the method
over the one implemented in the original works using GRAVSPHERE (e.g. [Read and Steger

2017; Read et al.[2018) are discussed in Appendix [F|

We use 1000 walkers to probe the posterior distribution. Each walker is run for 10* steps
as a conservative ‘burn-in’ measure, and then for a further 10* steps. The results presented
in Appendix [E suggest that our walkers are converged after ~ 6 X 10° steps, so the above

choices are rather extreme.

Since the anisotropy parameter, 8, can take on values between 1 and —oo, one would
benefit from transforming this into a finite range. As in|Read and Steger| (2017), we use

the symmetrized anisotropy parameter,

~_i . 3 ~
'8_2—[3’ with -1 <f < 1. 4.8)

This allows the MCMC to probe the entire range of the allowed anisotropy values. In
practice, we apply the constraints 8y > —0.95 and ., > —0.95, as for more negative values

the calculation becomes numerically unstable.

PYGRAVSPHERE solves the Jeans equation for the projected velocity dispersion profile,

op(R). It additionally fits the projected number density distribution, X(R), and the
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two VSPs. We define the ‘log-likelihood function’ as the chi-squared sum of these four

components:

I
In L = =5 (X2, 05 + X3+ Xbsp1 + Xbspa)- 4.9)

We note that Equation@]involves quantities that are, to some extent, correlated. We must,
therefore, consider whether the form of the likelihood function in Equation {£.9]is justified.
It has been pointed out in f.okas and Mamon| (2003)) and Lokas| (2009) that the correlation
between the second and the fourth velocity moments is typically weak. Aside from the
fourth velocity moment, the virial shape parameters are also related to the projected surface
density, X(R). Given that the photometric samples for classical dwarfs are typically large,
2 (R) is measured to a sufficiently high accuracy, such that its uncertainties are negligible
compared to those of the fourth velocity moment. Moreover, Read and Steger| (2017)
find that the estimates of the second velocity moment and the virial shape parameters are
typically normally distributed. This, together with the weak correlation between the second
and fourth velocity moments, suggests that Equation £.9]is a good approximation to the

true likelihood function.

4.3 Results

In this section, we present the performance of the GRAvSPHERE method, under a default
setup, on each of the dwarfs in our sample. We further quantify its global performance,
for the entire sample, and compare to standard Jeans analysis approaches. We identify the

causes of bias and scatter in the recovered enclosed mass profiles.

4.3.1 Individual dwarfs

Fig.[4.2]shows the recovery by GRavSPHERE of the cumulative mass profile, density profile
and the velocity anisotropy profile for each dwarf in our sample. In this figure, we only

display results for projections along the vector to the centre of the host galaxy. The ‘true’
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Figure 4.2: Enclosed dynamical mass profiles (top), density profiles (middle) and symmet-
rized anisotropy profiles recovered for a sample of 32 simulated dwarf galaxies using the
GravSpHERE method. Only one projection (from the centre of the host galaxy) is shown for
each dwarf. The profiles are shown as a function of 3D radius, normalized by the projected
half-light radius, R.. The black lines and the dark and light grey shaded bands display the
median, 68 and 95 per cent confidence limits, respectively. The ‘true’ mass and density
profiles, measured directly from the simulation, are shown in blue. The solid vertical blue
line shows the location of the projected half-light radius and the dashed blue line shows
2.8€ (=380 pc for CDM dwarfs and SIDM dwarfs (25,26) and ~655 kpc for SIDM dwarfs
27-31), which is close to the convergence radius for these systems. The ‘true’ velocity
anisotropy, as measured directly from the stellar particles, is shown with a shaded blue
band. Each galaxy is labelled by its number, the principal axis along the which the dwarf is
projected (which is the principal axes most closely aligned to the vector to the host galaxy)
and whether the dwarf is from CDM or SIDM cosmology.
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Figure 4.2: continued.

mass, density and anisotropy profiles are displayed in blue and the GRAVSPHERE results in
grey shaded bands. To generate the GRAVSPHERE profiles we took 10° random samples
from the output MCMC chains and for each radial position computed the median and
the 68™ and 95™ percentile confidence levels. The choice of 10° samples is sufficient to

produce representative posteriors but is otherwise arbitrary.

Mass profiles of simulated dwarfs were computed by summing dark matter particle masses
one-by-one radially from the centre of the dwarf, where we defined the centre as the centre
of mass of the stellar component. Densities were computed form 31 logarithmically-spaced
bins in radius, from log,,7/kpc = —2 up to the furthest bound dark matter particle. In

order to compute the stellar velocity anisotropy in the simulated dwarfs, we bin the stars
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Figure 4.2: Galaxies 25 - 31 are SIDM dwarfs. Note that for a number of these dwarfs the
spatial resolution, 2.8¢ (vertical dashed line), is below 0.125R, and below the limits of the
figure.
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into 50 logarithmically spaced bins, starting from the position of the star that is closest to
the centre of mass and ending at the outermost star. We then reduce the number of bins
and widen the bin edges such that each bin has at least 50 stars within. We construct 1o
error bars by taking 1000 random samples of 25 stars with replacement and computing the

standard deviation of the velocity anisotropy in each bin.

In this analysis, we focus on the key region within the half-light radius of each galaxy (solid
vertical blue line) and above 2.8¢. GRAVSPHERE appears to be unbiased on average. For
the CDM sample, the dwarf mass, density and anisotropy profiles are typically contained
within the 68 per cent confidence limits, although the uncertainties can be large. Notable
exceptions in the CDM sample are Galaxies 1 and 8. These are known aspherical objects
(see Fig.[4.1). Similar systematics can be seen for the remainder of the aspherical sample
of dwarfs. It is clear that in SIDM dwarfs the enclosed mass is always overestimated,
although even in these galaxies the true profiles are contained within the 95 per cent

confidence regions. We will return to this issue in Section 4.3.

We also note that the symmetrized anisotropy profiles in our simulations are generally
consistent with being constant and isotropic (8 = 0). Deviations from this are seen in
galaxies that are aspherical, and, as we will see in Section 4.3.7.3] in those which are

affected by tides.

4.3.2 Comparison to standard estimators

We now compare the performance of GRAVSPHERE in recovering enclosed masses to three

mass estimators from the literature. The mass estimators take the form:

AR (o2)

M(< pRe) = — =1, (4.10)

where u and A are constants.

The estimator provided by Wolf et al.|(2010) gives the mass enclosed within the deprojected
half-light radius Rz, with R3 = 4/3R,; the [Walker et al.|(2009b) estimator at the projected

half-light radius, R.. Another estimator has been derived by (Campbell et al.|(2017)) for the
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mass within 1.44R,p, where Rjp is the projected radius containing half the stellar mass.
The latter has been calibrated on dwarfs from the APOSTLE suite of simulations that we
use here. We omit the estimator derived by |[Errani et al.| (2018)), which we find produces

similar results to those of Campbell et al.| (2017)).

As input for the estimators, we use the half-light radius, R,, obtained from the best-fit
3-component Plummer profile, as this is expected to provide more accurate results than the
circular radius containing half the stellar mass, Rp (Gonzalez-Samaniego et al., [2017).
The latter definition was used in the calibration of the |(Campbell et al.[ (2017) estimator,
however, we refrain from using this definition as the spatial extent of the sample of stellar
particles in each dwarf is already cut off at 2R,p. For [Wolf et al.| (2010) and Walker
et al.| (2009b) estimators we calculate the mean velocity dispersion and the associated
errors using the technique of [Walker et al.|(2006), where we incorporate weighting by the
number of stars per stellar particle, w,, in the likelihood function. For the Campbell et al.
(2017) estimator we compute the mass-weighted mean velocity dispersion below 1.04R,,

as prescribed.

In Fig. we show the median bias in mass profiles returned by GRAVSPHERE (mass
recovered by GRAvSPHERE divided by the true mass) for our sample of dwarfs, and the 68
and 95 per cent confidence levels, as a function of normalised radius, R/R.. We use the
following procedure to compute the global radial bias and the associated confidence levels.
For each galaxy and for each distance, R, we obtain a cumulative mass distribution from
10’ random samples of the MCMC posteriors. We then use this cumulative distribution
for Monte Carlo sampling of accuracies, combining the samples from all galaxies at each
distance. This allows us to take into account the asymmetry in the GRAvSPHERE confidence

limits, as seen in Fig. 4.2]

The lower axis limit on R/R, in Fig.[d.3|has been chosen to be the average value of 2.8¢/R,
for our sample and the upper axis limit was chosen so as to contain the smallest dark matter
halo in the sample. The bias and associated errors for each galaxy are only included in the

making of this figure for distances R > 2.8e.

106



4.3.3. The core-cusp problem

In purple, we show the CDM sample and in black the SIDM sample. The symbols with
error bars show the performance of dynamical mass estimators from Walker et al.|[2009b),
Wolf et al.|2010| and [Campbell et al.|[2017| (circles for CDM and squares for SIDM).
The Wolf et al.| (2010) and [Walker et al.| (2009b) estimators are accurate to better than
10 per cent, however, we observe bias in the Campbell et al.|(2017) estimator. This is likely
due to the aforementioned difference in the definition of the half-light radius. In all cases,

the true mass is contained within the uncertainty of the estimators.

From Fig. it is clear that, for CDM dwarfs, GRAVSPHERE performs just as well as the
Wolf et al| (2010) and [Walker et al.| (2009b) estimators, and with similar scatter. The
inferred masses are, on average, very accurate across the entire radial range, with the
scatter becoming more significant in the innermost regions as well as the outer regions.
For the large values of R/R, this is caused by the lack of kinematic tracers. Moreover, our
priors permit only a narrow range of slopes (0 < y; < 3), whilst our sample is expected
to have undergone tidal effects, resulting in an outer slope y ~ 4 (Penarrubia et al., [2009).
Nevertheless, the estimate is accurate, on average, out to 3R,, with a root mean square
(RMS) fractional errofff| of only 5 per cent. It is clear that the masses for SIDM dwarfs
are significantly overestimated in the inner regions (on average, up to 80 per cent), with
very large scatter. The mass is accurate near the half-light radius and beyond that it is

underestimated by ~ 20 per cent.

4.3.3 The core-cusp problem

What do these results mean in the context of the core-cusp problem? We now consider two
ways to infer cores or cusps in dark matter haloes: via their characteristic inner density (as

in|Read et al.|2019) and via an accurate inference of profile shape.

*We define RMS = \/% Zi{v(Mcalc/Mmle —1)2, where M, is the mass obtained through Grav-
SPHERE, or another method, N is the number of radial intervals at which M, is computed and My is the
true enclosed mass at these intervals, found directly from the simulation. We use a maximum of 30 intervals
to construct Fig. .3}
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Figure 4.3: Ratio of the recovered to true enclosed mass as a function of radial distance
in units of the half-light radius, R.. The purple line and purple shaded bands show the
median, 68 and 95 per cent confidence limits for the CDM galaxy sample. The black line
and the corresponding shaded bands show the sample of SIDM dwarfs. The symbols and
their error bars show the accuracy of standard estimators from Walker et al.| (2009b))/Wolf
et al. (2010) and |(Campbell et al.| (2017), identified by their colours. Circles are for the
CDM dwarfs and squares for SIDM. The ‘rms’ values show the root-mean-square offset
of the median value from 1 along the entire radial range displayed. The grey dashed line
shows the radially-dependent bias in the mass profiles that is required to infer an NFW
cusp, when in reality there is a core. The solid grey line shows the bias required to infer a
dark matter core, when in reality there is a cusp.
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Figure 4.4: Ratio of the recovered to true density as a function of radial distance in units of
the half-light radius. The grey dashed line shows the bias in the recovered density profiles
required to infer an NFW cusp when in reality there is a core. The solid grey line shows
the corresponding bias for an incorrect inference of a core when the true profiles are cuspy.
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4.3.3.1 Cores vs. cusps via characteristic densities

In Fig. we show the recovery by GRavSPHERE of the dark matter density profiles of
our sample of dwarfs. For CDM dwarfs, the density profiles are accurate across the entire
radial range (RMS = 0.07) and the scatter is only ~30 per cent in the inner regions. In fig. 5
of Read et al.|(2019)) it can be seen that, for a dwarf of Fornax-like pre-infall halo mass, the
core and cusp-like densities, p;so, differ by a factor of at least 3.5. The spatial resolution
of our simulations does not allow us to probe radii below 380 pc; however, if GRAVSPHERE
provides a similar level of bias and scatter for p5¢ (corresponding to log,q R/R., = —0.7 for
a Fornax-size dwarf), it is certainly possible to differentiate between the core and cusp-like
densities, provided there is complete core formation below the half-light radius and no
reduction of central dark matter density due to tides (Read et al., 2016). For SIDM dwarfs,
the density is overestimated in the inner regions by up to 50 per cent and underestimated
above the half-light radius by ~ 30 per cent, reflecting the pattern with enclosed mass. This
suggests that in the case of SIDM dwarfs with cores, GRAVSPHERE is biased towards cusps

in its standard configuration.

4.3.3.2 Cores vs. cusps via profile shape

Let us now approximate the density profiles in the inner regions by a single power law

-y
p(r) = p(R.) (RL) , (4.11)

where p(R.) is the density at R, and 7y is the slope of the power law, with y = 0
corresponding to a core and y = 1 to a cusp. If we assume that a core forms below the

radius R,, where otherwise the density within R, follows p o r~!, then the density ratio is

-1
Peusp _ (L) , 4.12)
pcore Re
and the mass ratio is
M, 3 -l
cusp _ 2 (L) , (4.13)
Mcore 2 Re

We display these relations, and their inverse, with dashed (an incorrectly inferred cusp)

and solid (an incorrectly inferred core) grey lines in Figs. 4.3]and #.4] The relations are

110
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displayed out to the radius R = R, for the case where a core forms below the half-light
radiug’] Beyond this radius, the relations are expected to converge to 1. The relations
should be taken more as visual guides for the radial dependence of the bias that we expect
in order to incorrectly infer a core or a cusp. Note that for a core that forms at some fraction
of the half-light radius, we would only need to scale the relation in Equation 4.12] by a
corresponding factor (or shift the relation up and down in log-space). Unfortunately, cores
on the scale of 0.5R, are too small to be probed by our simulations for the dwarf galaxy

masses we consider here.

For the case of CDM dwarfs, it is clear that within the 68 per cent confidence regions the
mass and density profiles returned by GRAVSPHERE are fully consistent with cusps. Cores
lie outside the 95 per cent confidence regions. For SIDM dwarfs there is a clear bias
towards more cuspy profiles. Fully cored profiles below the half-light radius are contained

within the 68 per cent regions, but so are cusps that are only slightly shallower than p o =1,

4.3.4 Comparison to other methods and parametrizations

We now compare the performance of GRAVSPHERE to that of more conventional Jeans
approaches. We will focus on the enclosed mass profiles, rather than densities. Masses
are more robust than their differentials, they are simply measured in simulations and are a

fundamental property in Jeans analysis.

4.3.4.1 Comparison to Zhao|(1996) profile

We compare the performance of GRAVSPHERE to the method outlined by |Bonnivard et al.

(2015)), who used the profile proposed by [Zhao| (1996) to parametrize the dark matter

*We have verified that the relations in Equations and are good approximations for a dwarf with
a Fornax-like pre-infall halo mass (Read et al.l 2019) with full core formation below the half-light radius and
an NFW profile otherwise (Read et al.,2016).
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Figure 4.5: Bias in enclosed mass profiles found assuming a profile and using
priors as outlined in Table [4.2] together with post-processing cuts (y < 1 and ry > R,).
The median for the original GRAVSPHERE run is shown in blue. The medians for the CDM
and SIDM samples are shown with purple (top subplot) and black (middle subplot) lines,
respectively. The shaded bands of the same colour show the 68 per cent confidence limits
on the bias, M/Mye, for CDM (top) and SIDM (middle) samples. The bottom subplot
shows the magnitude ratio of the 68 per cent confidence intervals between the
and default GRAvVSPHERE results. The colour symbols are the Walker et al.|2009b| (blue),
Wolf et al.|2010| (black) and (Campbell et al.|2017| (red) estimators. The grey dashed line
corresponds to the bias required for an incorrect inference of an NFW cusp when in reality
there is a core, and the solid grey line is the bias required for an inference of a core when
in reality there is an NFW cusp.

distribution:

pam = AU (4.14)

(2) "0+ (2)) "

where rg and pg are the scale radius and scale density, y is the inner slope, 8 the outer

slope and a governs the steepness of transition between y and 3.

The priors for this run, which we refer to as Zhao + v, ry, are given in Table f.2] The

method requires two post-processing cuts: one on y < 1, which was shown to reduce the
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Table 4.2: |Zhao| (1996)+y, r« MCMC priors and the cuts applied in post-processing

Parameter ‘ Prior ‘ Constraint
log,o ps/Mokpe™ | [5, 13]
logq rs/kpe [-3. 1] | loggrs = logjg Re
a [0.5, 3]
B [3,7]
0% [0, 1.5] vy<1

overall scatter, and another on ry > R,, which weeds out unphysical models from the fit.

The results are shown in Fig.

It can be seen that this method underestimates the enclosed mass by ~10 per cent in the
inner regions for CDM dwarfs and is unbiased in the outskirts. In SIDM dwarfs, however,
the bias in the centre is less severe than with GRAVSPHERE. In the inner regions, for CDM
and SIDM dwarfs, the scatter has not changed significantly, but outside the half-light radius
and in the outer parts the width of the scatter increases by over 50 per cent. This is likely
due to the priors (Table[4.2)) allowing a much wider range of outer slopes 3 than permitted
by the default GRavSPHERE priors (Table @.I). The exclusion of virial shape parameters

likely also plays a role. We explore this below.

4.3.4.2 GRravVSPHERE, excluding the VSPs

What is gained by including the virial shape parameters? We repeat our GRAVSPHERE run,
this time excluding the two VSPs from Equation 4.9 The results are shown in Fig[4.6] It
can be seen that the accuracy in the inner regions has suffered from excluding the VSPs in
CDM dwarfs. In SIDM, however, the bias is slightly reduced. As we shall see below, this
reduction is consistent with excluding only the second virial shape parameter. The bottom
panel shows the ratio of the upper and lower errors (84™ and 16™ percentiles) compared
to the default GRAVSPHERE run (including the VSPs). It is evident that the scatter has
increased beyond the half-light radius. This suggests that GRAVSPHERE runs that exclude
the VSPs result in a wider range of allowed models. Evidently, the inclusion of VSPs plays
a key role in minimizing the scatter in allowed anisotropy models, particularly in the outer

regions. These results mimic those produced with the priors in Table [4.2] although the
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Figure 4.6: As Fig. but for bias found with GRAVSPHERE assumptions, excluding the
VSPs (noVSP).

increase in the scatter in the outer regions is smaller. This suggests that another significant

source of this scatter is, in fact, the wider range of allowed slopes .

4.3.4.3 Constant anisotropy and no VSPs

We now explore the performance of GRAvSPHERE under the assumption of constant aniso-
tropy and no VSPs. From Fig. it is clear that the vast majority of our simulated dwarfs
have nearly constant stellar velocity anisotropy profiles. It is therefore possible that forcing
the anisotropy profile to be constant with distance may encourage the MCMC algorithm
to select better models. The comparison with GRAVSPHERE is shown in Fig. 4.7} Similar
accuracy to GRAVSPHERE is achieved (RMS = 0.06) across the entire radial range. The
errors for CDM dwarfs are similar to GRAVSPHERE in the innermost regions, but outside

R, the errors are larger. This could be partly due to lack of flexibility as compared to the

Baes and van Hese (2007) profile, but this is also overall consistent with the noVSP run,

suggesting a lack of constraint in the outer profile due to the exclusion of VSPs.

114



4.3.4.3. Constant anisotropy and no VSPs

©2.07 Constant CDM rms = 0.06
Eb GS CDM rms = 0.05
< 157

: b 0

B 1.0 frmmmmmeme e - e

S

3.=
v \\\ Constant SIDM rms = 0.15
Eb So GS SIDM rms = 0.35
2
e
f
o]
S1
L=
&,\)
© 1.50 1
5
R 1.25;
X
3
< 1.001
8
é 0.75 1
© -0.2 0.0 0.2 0.4
|Og]_0R/Re

Figure 4.7: As Fig. but for bias found assuming constant anisotropy and no VSPs.

For SIDM dwarfs the bias has reduced remarkably (now below 20 per cent in the inner
regions). The scatter has also reduced by ~ 25 per cent compared to GRAVSPHERE. This
would suggest that anisotropy profiles are not very well recovered with GRAVSPHERE and
are a significant source of bias for SIDM dwarfs. In Fig. f.2] we can see that the true
anisotropy profiles are generally enclosed within the confidence limits. These limits are,
however, quite large and so the M — S degeneracy is not fully broken. The breaking of the
degeneracy is forced when imposing a constant form for the anisotropy, resulting in the
reduction in bias. Note also that the bias associated with a CDM cusp (dashed grey line in

Fig. is now far above the 68 per cent limits, compared to the case of GRAVSPHERE.

We note that, based on the sample of dwarfs presented in this chapter, our simulations
suggest that dwarfs may have anisotropy profiles that are well described by a constant
value of 8. For this sample, the assumption of constant velocity anisotropy is sufficient
to accurately recover mass profiles in the innermost regions of dwarfs and this does not

require the use of the VSPs.
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4.3.4.4 Removing VSP2

In their recent work, Kaplinghat et al.| (2019) have opted to exclude the second virial
shape parameter, which is extremely sensitive to the behaviour of the fourth velocity
moment in the outer regions of the dwarfs (due to the R? weighting), where the velocity
distribution is typically poorly constrained. In GRAVSPHERE, the uncertainty in the <v‘1‘,)
profile is encapsulated within the errors, though these errors are indeed very large. In this
subsection, we investigate the effects of excluding the second virial shape parameter from

our analysis.

The results can be seen in Fig. .8 We can see that, for CDM dwarfs, the mass profiles are
now underestimated in the inner regions by nearly 10 per cent, while the scatter is reduced.
For SIDM dwarfs, the accuracy has marginally improved and the scatter has also reduced.
We conclude that the inclusion of VSP2 in Jeans analysis tends to slightly increase the
scatter (due to its large errors), but the accuracy of the mass profiles is improved at the

expense of this scatter.

4.3.5 Bias towards cusps in SIDM haloes

We now return to the issue of the overestimation of the enclosed mass profiles in SIDM
dwarfs. We consider the effects of possible offsets between the centre of mass of the stars

and the dark matter as well as the effect of our priors on the recovered mass profiles.

4.3.5.1 Galaxy — halo offsets in SIDM

For a profile with a core, it is particularly difficult to establish the location of the density
centre. If this centre is offset from the true dynamical centre this may introduce a bias in
the recovered mass profile. Although it is unlikely that this bias would always cause an
overestimation of the true mass, we have investigated the differences between the centre
of mass of the stars and the dark matter for each dwarf in our sample. We found that

offsets are present, with a typical magnitude of 80 + 35 pc for the CDM sample. For SIDM
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Figure 4.8: As Fig. but for bias found with the exclusion of the second virial shape
parameter.

halos the offsets are particularly extreme, up to 1 kpc in size. We repeated our analysis,
comparing the mass profiles recovered by GRavSPHERE to those computed directly from
the simulation, now centering the ‘true’ profiles at the centre-of-mass of the dark matter.
We found no discernible differences from the results presented in Fig.[4.3] Centering on the
centre of potential instead also did not change our results. We conclude that galaxy—halo
offsets have no significant effect on the results presented in this work. This is because these

offsets are rather small compared to the half-light radii of SIDM dwarfs.

4.3.5.2 Using priors that favour a core

The systematic overestimation of enclosed mass at small radii has been encountered pre-

viously in the work of Read et al| (2018). The priors in Table 4.1 may bias the results

towards more cusp-like values when the data are not sufficiently constraining, as a core
(with y = 0) lies on the boundary of the allowed range of slopes (see Appendix [F]). In[Read
(2018), a different set of priors was introduced, which extends the parameter space of
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Figure 4.9: Bias found using wider priors on the slopes y; that allow a ‘hole’ in the central
regions. All values of y; < 0 output by the MCMC are then equated to 0. The coloured
symbols and grey lines are as in Fig. @

the dark matter density slopes y; such that Emcee walkers are more likely to probe regions
of space that are compatible with a core. This is achieved by allowing the slopes to range
between —2 < y; < 3. Note that y; < 0 corresponds to a ‘hole’ in the central regions of the
dwarf. While not implausible in principle, in this work we assume that, in these extreme
cases, the dark matter distribution has a core. When computing the confidence limits of
the enclosed mass and density distributions in each dwarf, we thus fix the y; position of

any walkers venturing into the space where y; <0toy; = 0.

The results of this may be seen in Fig. #.9] For SIDM dwarfs, we can see that the bias
along the entire radial range has been reduced to ~ 25 per cent and the scatter is reduced
by ~ 10 per cent in the inner regions. We also display the results for individual SIDM
dwarfs in Appendix [G] where a reduction in bias compared to Fig.[4.2]is evident. For CDM
dwarfs, the new priors slightly bias the recovered mass profiles towards cores, although the

true profiles still lie within the 68 per cent confidence levels. This is consistent with the

findings of Read et al.| (2018).
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Figure 4.10: Bias found under standard GRAVSPHERE assumptions, but using all available
stars in each dwarf. The symbols are as in Fig. §.5] The additional empty symbols
representing the accuracy of mass estimators were evaluated using all available stars within

2R,.

We conclude that the lack of exploration of the models with y; = 0 by GRAVSPHERE is
clearly an issue, however, the data still lack sufficient constraining power to prefer cores

over cusps in SIDM.

4.3.6 Using all available stars

In this section, we briefly explore how much information is gained by including all stars
within 2R, of each dwarf (ranging from 10° to 10* stars for CDM), as opposed to a Fornax-
like sample of 500 — 2500 stars. We note, however, that for the majority of SIDM dwarfs

the available samples are less than 1000 stellar particles.

The results of this can be seen in Fig. .10, where it is clear that the accuracy in the inner
regions has slightly improved and the size of the errors is reduced by ~ 10 per cent at

smaller radii and closer to ~ 20 per cent at large radii. Larger samples of data from future
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spectroscopic surveys will undoubtedly reduce the uncertainties associated with recovered
dark matter mass profiles; however, this improvement is expected to be rather small when
using line-of-sight data only. Moreover, GRAVSPHERE is able to achieve the same level of
bias with present data samples. Further reduction in uncertainty is more likely to come
from exploiting kinematically distinct stellar populations or proper motion data (Read and

Steger, [2017).

4.3.7 Sources of bias and scatter in GRAVSPHERE

We now explore the possible origin of scatter in Fig. .3] Projection effects, asphericity

and tides are of particular interest.

4.3.7.1 Line-of-sight effects

How does asphericity affect the accuracy of the enclosed mass profiles recovered by
GravSPHERE? In the top panel of Fig. we split our sample of dwarfs in bins of minor-
to-major axis ratio s = ¢/a. It can be seen that, on average, dwarfs of all asphericities
in CDM have mass profiles recovered to better than 10 per cent; however it is also clear
that the scatter is much larger for more aspherical objects (s < 0.9). Our sample has been
chosen to contain galaxies projected along their three principal axes. We can therefore split
our sample into 3 categories: dwarfs seen along the minor, major and intermediate axes,
and examine the accuracy of GRAVSPHERE in recovering mass profiles in each case. For
this, we select dwarfs with s < 0.8 in CDM (6 galaxies) and s < 0.85 in SIDM (3 galaxies)
Fl

The results are shown in the bottom panel of Fig. @.11] For CDM dwarfs, there is a
clear distinction between mass profiles obtained when viewing along the minor (blue),
intermediate (red) and major (black) axis. Along the intermediate axis, the mass profiles
are generally unbiased, but they are underestimated along the minor axis and overestimated

along the major axis. On average, this over- and under-estimation is of magnitude ~

*We have considered projection effects for the more spherical dwarfs in the sample and found that they
are irrelevant in those cases.

120



4.3.7.1. Line-of-sight effects

2.0{ CDM rms = 0.09 s>0.9
rms =0.05 0.9>s>0.8
151 rms = 0.08 s<0.8

MGS/Mtrue

;
|
ﬂ

e
w o

SIDM_ rms = 0.30 s > 0.85
N rms = 0.40 s < 0.85
()
221
<
[%)]
V)
=
—0.2 0.0 0.2 0.4
IOglOR/Re
2.0{ CDM rms = 0.28  Minor
rms = 0.06 Inter

rms = 0.27 Major

rms = 0.23 Minor
rms = 0.58 Inter
rms = 0.48 Major

N

MGS/Mtrue

=<

(

—0.2 0.0 0.2 0.4
|0910R/Re

Figure 4.11: Top: bias in mass profiles returned by GRavSpHERE for dwarfs, grouped by
their minor-to-major axis ratio ¢/a. The top panel shows the CDM sample and the bottom
panel shows the SIDM sample. Bottom: line-of-sight effects on the accuracy of the mass
profile recovery by GRAVSPHERE. The sample of galaxies is split into those viewed along
the minor (blue line and bands), intermediate (red) and major (black) axis. Only dwarfs
with s < 0.8 for CDM and s < 0.85 for SIDM are shown. The dotted black line in each
plot represents unbiased results. The solid grey line corresponds to the bias expected in
order to incorrectly infer a core within the half-light radius of a cuspy dark matter halo.
The dashed grey line corresponds to the bias expected to incorrectly infer an NFW cusp,
when in reality there is a core.
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4.3.7.2. The core-cusp problem in Fornax

30 per cent. For prolate systems, this is consistent with the variation of line-of-sight

velocity dispersion when viewing along the 3 principal axes.

The picture is somewhat different for SIDM dwarfs, where the mass profiles are overes-
timated more significantly when viewed along the intermediate axes. We note that this
sample contains only 3 dwarfs and their 3 projections. We found that two of these have
dark substructure present within their halos, resulting in inflated velocity dispersion along

the intermediate axis of these dwarfs.

We have also considered the effects of dark matter halo asphericity. We found that the
shapes of dark matter haloes are typically consistent with the stellar component, apart
from a number of dwarfs with aspherical stellar distributions, for which the dark matter
component was generally less aspherical than the stars. We conclude that the systematics

are driven by the asphericity of the stellar component.

4.3.7.2 The core-cusp problem in Fornax

Results presented in Read et al.| (2019) suggest that Fornax may have an inner core, based
on the low inferred dark matter density and the inner slope, yo = 0.3f%'§§, below 0.25R,
(and see also |Goerdt et al.|2006, (Cole et al.|[2012 and [Pascale et al|[2019). Earlier, we
have established that, for aspherical stellar distributions, line-of-sight effects may bias the

recovered mass and density profiles. What do these results mean for the Fornax dwarf

galaxy?

Fornax has a measured on-the-sky ellipticity e ~ 0.3, matched by only a few satellites in our
sample. We therefore focus instead on a sample of 24 isolated, dispersion-supported dwarfs
from the APOSTLE simulations in CDM. For consistency with Fornax, these dwarfs were
chosen to have an ellipticity e ~ 0.3 when viewed along at least one of their principal axes.
Otherwise, we marginalize over various shapes of the stellar and dark matter components.

The axis ratios for these galaxies can be seen on the right panel of Fig.[d.T|(grey triangles).

Fig.[#.12]shows the bias in density profiles recovered with GRAvSPHERE for dwarfs viewed

along the minor, intermediate and major axes (and e ~ 0.3 in each case). The results
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4.3.7.2. The core-cusp problem in Fornax

are shown for radii between 0.1R, and R., a key region where core formation would be
apparent. Note that we have now gone below 2.8¢ (grey dotted line), close to the softening
length of our simulations. We must be wary of the discreteness noise contribution to the
scatter at these radii. The purple bands show the 68 and 95 per cent confidence levels of
the Fornax density profile recovered with GRAvSPHERE (Read et al.,[2019), divided by the
profile in Equation4.11} with pg equal to the density recovered by GRavSpPHERE for Fornax

at R,.

It is important to point out that, due to the mass resolution in APOSTLE, the innermost
regions of our simulated dwarfs are insufficiently sampled as compared to the real Fornax
data, which results in systematically larger errors in the recovered density profiles. Indeed,
the typical span of the 68 per cent confidence intervals below 0.25R,, in Fig. is 0.5-0.6
in log;, p, while for Fornax it is below 0.4, with the size of the errors being approximately
the same for simulations and Fornax above 2.8¢. In order to compensate partially for this,
in Fig.[d.12)we scale the errors for each dwarf by the ratio between the fractional errors (the
span of the 68 per cent confidence intervals divided by the median) in a given APOSTLE
dwarf and Fornax. This scaling, however, is not able to alleviate the large growth in
uncertainty below R = 2.8¢ for the mock data. Tackling this will require higher resolution

simulations that are beyond the scope of this work.

A particularly striking result in Fig. is that, above 0.1R., the inferred density dis-
tribution in Fornax appears to be consistent within its 95 per cent confidence intervals
with a cuspy dark matter halo viewed along any of the three principal axes. However,
Read et al. (2019) disfavour this interpretation — at least in the context of a ACDM
cosmology. This is because it requires an uncomfortably low pre-infall halo masg for
Fornax (Magy =~ 5 x 10°My) as compared to expectations from abundance matching
(Mago =~ 2 x 1019 My; Read and Erkal 2019). It also requires a smaller halo concentration
than is characteristic of such a halo mass in ACDM (Dutton and Maccio}, 2014)). It remains
to be seen whether a cuspy Fornax in a low pre-infall mass and concentration halo can

self-consistently explain the relatively low density of Fornax in the context of ACDM

* M» is the enclosed mass at 5, the radius which encloses 200 times the critical density of the Universe.
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cosmology. We will revisit this in the next chapter, but note it here as a potential caveat
to the conclusion of Read et al.| (2019) that favours a core in Fornax in a more massive

pre-infall halo.

Finally, Fig. [4.12] shows that the bias in GRAVSPHERE tends to remain fairly constant below
the half-light radius. This is an encouraging result, since, in the context of the core-cusp
problem, we must be particularly wary of any radially-dependent systematics. If higher-
resolution simulations find similarly little radial dependence in the systematic errors down
to 0.25R. and below, then this would suggest that the dominant source of uncertainty, at
present, in estimating the inner dark matter density profile of the Fornax dwarf lies in
the random sampling error (i.e. the number of stars with kinematic data), rather than the

systematic error due to asphericity and the projection of Fornax on the sky.

4.3.7.3 The effect of tides

Dwarfs in our sample were selected to be satellites and these are susceptible to tidal stripping
by their host galaxy. In this section, we explore whether the mass profiles recovered by

GravSPHERE could be affected by tides.

In the top panel of Fig. [#.13] we plot the pericentre of the satellite orbits as a function of the
dark matter mass lost since infall. We find the pericentres by interpolating the position of
each dwarf with respect to its host with a cubic spline. This method may underestimate the
pericentres (see Richings et al.[2020)); however, for all of our dwarfs, we see little difference
between pericentres found through the linear and cubic splines. Moreover, the majority of
the dwarfs have infall times of ~8 Gyr, such that typically 2-3 orbital periods are available
for pericentre calculation, with snapshots having shorter temporal spacings at early times.
We define the infall time as the snapshot at which the subhalo has its maximum dark matter
mass. As expected, dwarfs with smaller pericentres tend to lose larger fractions of their

mass.

In the bottom panel of Fig. we show anisotropy gradients as a function of lost dark

matter mass. We measure the anisotropy gradients between two points: the mean stellar
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Figure 4.13: Top: the pericentre of the dwarf galaxy orbit as a function of the fraction of
dark matter mass that has been lost since infall. The points are coloured by the mean bias
of the recovered mass profile above the half-light radius and below the spatial extent of the
dark matter halo. This is averaged for the three principal axes. Red indicates overestimation
and blue indicates underestimation. Circles represent CDM dwarfs and squares the SIDM
dwarfs. Bottom: the radial change in anisotropy, quantified by an anisotropy gradient
measured below and above the half-light radius, as a function of the fraction of dark matter
mass lost through stripping.
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particle radii below and above the projected half-light radius. A clear trend is evident,
whereby tides cause more tangential anisotropy in the outer parts of galaxies. This is due
to the preferential stripping of the stars moving on radial orbits (Henon, |1970; |Keenan
and Innanen, 1975} Kravtsov et al., 2004; [Read et al., 2006; ID’Onghia et al., [2010b). We
note the apparent simplicity of the two relations in Fig.[4.13] excluding perhaps the SIDM

dwarfs whose orbits are more isotropic and the anisotropy is approximately constant.

We colour the points in Fig. i.13| by the mean bias, (M /M. — 1), measured for all radii
outside R, and below the spatial extent of the halo. This is averaged for the three lines of
sight along the principal axes of the dwarfs. We note that the bias is dominated by the line
of sight closest to that which points from the centre of the host galaxy to the dwarf. This
is indeed where we expect to see the largest effects on mass modelling due to the ongoing

process of tidal stripping (Klimentowski et al.,[2007)).

It can be seen in Fig. [4.13|that for dwarfs that have undergone stronger tidal effects the mass
profile is overestimated. This is unsurprising given that tides will result in the steepening
of the outer slope (Penarrubia et al., 2009), beyond the 0 < y; < 3 permitted by our priors.
Note for example, the increased accuracy in the outer mass profile when using the |Zhao
(1996) dark matter parmetrization (Fig. {1.5), where such steep slopes are allowed. An
exception from this trend is SIDM Galaxy 29, where the mass profile is overestimated in
the outer parts, yet tidal effects seem to be less significant. Nonetheless, the steepening of

the density profile of this dwarf beyond y = 3 is evident in Fig.[4.2]

We note the average underestimation of the outer mass profiles in dwarfs with weaker tidal
effects. It is unclear how significant this result is, given that a number of these dwarfs
(Galaxies 0,1,8,23) are amongst the more aspherical objects in our sample and thus are

subject to other sources of bias.

Most importantly, we point out that we found no significant trend for the accuracy of the
enclosed mass profile below R, in our sample of dwarfs with tidal effects. This suggests
that Jeans analysis is a valid method of mass modelling for dwarfs susceptible to tidal

interactions, provided the impact of stars that are in the process of being tidally stripped is
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minimized. Here we achieve this by limiting our sample of stellar particles to those within
2R;p, as well as only using the stellar particles considered as ‘bound’ by the subhalo finder
by definition. The study of the performance of GRAVSPHERE on a realistically contaminated
sample of stars is certainly warranted and has been addressed, with a smaller sample of

galaxies, by |[Read and Steger| (2017).

4.3.8 Identifying failing models

Is it possible to identify the cases where GRAVSPHERE produces a biased result? In|Read
and Steger| (2017), it was shown that for triaxial haloes it is possible to tell that the model

has been unsuccessful through the value of the y2. Is this true for our sample of dwarfs?

In Fig. 4.14] we display the mean number of standard deviations to the true mass profile
from the profile recovered by GRaAvSPHERE, computed within the half-light radius of each
dwarf, as a function of the total normalized y? value (i.e. we divide the y? for the surface
density profile and the line-of-sight velocity dispersion profile by the total number of
photometric and kinematic bins, respectively). The points are coloured by the number of
standard deviations from the ‘truth’, with red indicating an overestimate and blue indicating
an underestimate. The grey shaded regions, highlighting the 10~ and 20" intervals form the
true mass profile, are labelled by the fraction of our galaxies falling within there regions.
We thus confirm that in just under 60 per cent of the dwarfs in our sample, GRAVSPHERE
returns the true mass profile within 1o~ and in just under 90 per cent within 2¢0-, with the

worst results encountered for SIDM dwarfs and the most aspherical objects in our sample.

Strictly speaking, we would expect to classify models with y? > 4 as poor fits. Indeed,
we see that for the values of /\/2 > 3.5 (black dashed line) a stronger bias is observed. In
general, there is a significant scatter in the quality of results for dwarfs with y> > 3.5.
Among these galaxies, we see the particularly aspherical dwarfs and some SIDM galaxies
(which are biased towards cusps), but not all. Evidently, this cut in x> may be used for the
selection of models that are more likely to be unbiased, such that the scatter in the accuracy

of mass profiles returned by GRAVSPHERE is minimized.
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Figure 4.14: Number of standard deviations between the GRAVSPHERE result and the true
mass profile, computed below the half-light radius and above 2.8¢, as a function of the total,
reduced y?>. CDM dwarfs are shown with circles and SIDM dwarfs with squares. Red
highlights an overestimation of true mass and blue an underestimation (y-axis values). The
grey dashed line indicates unbiased results. The black dashed line shows our suggestion
for a ‘cut’ in y? to separate ‘successful’ and likely biased models. The shaded regions
display the 10 and 20 regions and are labelled by the percentage of our sample, where the
true mass profile is contained within these regions.

4.4 Conclusions

Dwarf spheroidals are some of the best objects in which to study dark matter due to their
proximity and high mass-to-light ratios. With the increasing availability of high-quality
spectroscopic, photometric and proper motion data, studies of mass modelling methods and
their limitations using realistic N-body simulations are certainly becoming more important
in our efforts to narrow down the identity of dark matter and its behaviour on small scales.
Here we presented such a study for GRAVSPHERE, a higher-order non-parametric Jeans

analysis method (Read and Steger, 2017).
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First, we selected a sample of 32 dwarf galaxies from a suite of cosmological hydrodynamic
simulations in ACDM and SIDM cosmologies. These simulated galaxies were chosen to
resemble classical Local Group dwarfs like Fornax. We then applied GRAVSPHERE, with

its standard set of priors, to each of these dwarfs. We present the following findings:

* Within the key region inside the projected half-light radius, where dark matter cores
form in some simulations (Navarro et al., [1996a; [Tollet et al., 2016; [Fitts et al.,
2017;Onorbe et al.,[2015; Read et al., 2016}, [Pontzen and Governatol 2012} [Benitez-
Llambay et al., [2019), the enclosed mass distributions are recovered within the 68
per cent confidence limits for ~60 per cent of the dwarfs in our sample and within

the 95 per cent confidence limits for ~ 90 per cent of the dwarfs.

* For our sample of CDM dwarfs, GRAVSPHERE returns unbiased mass profiles (RMS
= (0.05) along the radial range of (0.4-3)R., but with ~ 50 per cent scatter in the
innermost regions and ~ 25 per cent scatter at the projected and deprojected half-light
radii; this is comparable to standard mass estimators (see Fig.[d.3). In comparison to
other Jeans methods, GRAVSPHERE achieves a more consistent performance across

the radial range considered and, typically, has smaller scatter in the recovered mass

profiles (see Figs. 4.5l4.6l4.74.8]).

* The density profiles for our CDM sample recovered by GRAVSPHERE are also accurate
to better than 10 per cent (RMS = 0.07) and exhibit a scatter of 30 per cent (see
Fig. B.4). Within the 68 per cent confidence levels, this is sufficient to reject cores
that form on the scale of the half-light radius (when, in reality, there is a cusp).
Due to the spatial and mass resolution of our simulations, we were only able to test
GRAVSPHERE in regions outside 380 pc; however, if the uncertainty in the density
profile does not increase for regions near 100 pc, it should be possible to separate
core and cusp-like densities for Fornax-like dwarfs that have undergone complete
core formation on the scale of the half-light radius, as described in Read et al.|(2016),
provided the central density has not been reduced by tides and the pre-infall halo

mass is well constrained.
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» For the sample of SIDM dwarfs with interaction cross-section of (o /m) = 10cm?g~!,
which have cores on the scale of the half-light radius, we find that GRAVSPHERE is
biased towards cuspy models. The density is overestimated by ~ 20 per cent in the
central regions. We show that this bias is relieved when imposing the correct form
of anisotropy (8 = Bp), suggesting that the data are not sufficiently constraining to
break the M — 3 degeneracy for these dwarfs (see Fig. d.7). Moreover, our priors
do not allow a full exploration of parameter space when there is a core in the central
density distribution. Widening the priors to allow ‘holes’ in central regions leads
GRrAVSPHERE to a reduction in the bias for the SIDM sample (see Fig.[4.9)), although
at the expense of slightly biasing the CDM sample towards cores, with a 10 per cent

underestimation in the inner regions.

* We explored the benefits gained by having larger stellar samples for our dwarfs (see
Fig. 4.10). We found that using all available stellar particles within 2R, mildly
improves the accuracy of the mass profiles and reduces the scatter by ~ 15 per cent
for the CDM sample and ~ 5 per cent for the SIDM sample (where we are limited in

the number of available stellar particles due to mass resolution).

* QOur simulations suggest that Fornax-like dwarfs may have anisotropy profiles con-
sistent with a constant value, 8 = Sy. In fact, for dwarfs in CDM, assuming a
constant 8 and no VSPs results in a similar bias and scatter in the inner regions as
GrAVSPHERE (with an increase in the size of the errors in the outer parts). For SIDM
dwarfs, the assumption of constant S significantly reduces the bias and scatter at
small radii compared to GRAVSPHERE, without the need to change the priors on the

dark matter density slopes to allow for more models with cores (see Fig. i.7).

We have explored the reasons for the scatter in GRAVSPHERE’s performance. We found the

following:

* The scatter in the accuracy of the recovered mass profiles is largest for objects that

are particularly aspherical (see top panel of Fig. f.11). In our CDM sample of
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dwarfs with the minor-to-major axis ratio, ¢/a ~ 0.7, galaxies viewed along their
intermediate axis typically have their masses recovered accurately (RMS = 0.05)
compared to objects viewed along the minor axis (where the mass is underestimated
by ~ 30 per cent) or the major axis (where the mass is typically overestimated by
~30 per cent). If Fornax has a sphericity of ¢/a =~ 0.7 and is viewed along the
intermediate axis, GRAVSPHERE is expected to accurately recover the mass (and the

density) profile out to the half-light radius.

We have explored the effect of tides on the performance of GravSpHERE. We found
no significant effect on the recovery of the mass profiles below the half-light radius.
However, we did find that the mass profiles of systems which are more significantly
affected by tides are typically overestimated in the outer regions (see Fig. [4.13)),
primarily due to the imposed priors on the outer density slope. This suggests that
Jeans analysis is still valid for systems affected by tidal interactions, provided the
impact of stars in the outer regions, which could be in the process of becoming

unbound, is minimized.

We have investigated whether models which are biased (for example, due to the
underlying asphericity of the system) manifest themselves through poorer fits to the
data. We found that these models typically have a higher total value of the y? (see
Fig. . We suggest a thot = 3.5 cut to weed out biased models and reduce the

uncertainty in the recovered profiles.

In conclusion, GRAVSPHERE is certainly a promising method for modelling dark matter

distributions in dwarf galaxies. It remains to be seen whether it can maintain its lack of

bias in the innermost regions of dwarfs (below R, /2), which would be possible with higher-

resolution simulations. In this work, we focused on studying the effects of the violation

of the assumptions of the spherical Jeans equation on GRAVSPHERE’S performance. This

study could, in the future, be extended with an inclusion of the effects of stellar binaries

and contamination from the Galactic halo to provide a more realistic description of the

expected systematics. This, together with modelling of multiple tracer populations and
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proper motions, has been explored on more idealized systems in [Read and Steger| (2017)).
We aim to extend this study with N-body and hydrodynamics simulations of realistic dwarf

spheroidals in future work.
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CHAPTER 5

Is the low dark matter density in
Fornax a signature of a dark

matter core?

5.1 Introduction

One particularly problematic galaxy, in terms of the core-cusp problem, is the Fornax
dwarf spheroidal. Fornax is one of the brightest nearby dwarfs, allowing a collection of
large quantities of spectroscopic and photometric data (Battaglia et al.|[2006; Walker et al.,
2009a; |Letarte et al., 2010; |del Pino et al., 2015} [Kirby et al., 2010; Kirby et al., 2013)).
These data can be used to place a constraint on the gravitational potential of the dark
matter. A number of studies using stellar kinematics have favoured cores in Fornax (Lokas),
2002; [Walker and Penarrubia, [201 1; /Amorisco et al., [2013};|Pascale et al., 2018} |Jardel and
Gebhardt, 2012), however a cusp cannot be ruled out (Strigari et al., 2006} Richardson and
Fairbairn, 2013b;|Genina et al., 2018}, Strigari et al., |2018)). Some of the strongest evidence
for a core in Fornax comes from the survival and present-day positions of its globular
clusters (Goerdt et al.| 2006; (Cole et al., 2012; |Orkney et al., 2019; |[Boldrini et al., 2018;
Leung et al.| [2020), while the works of Boldrini et al.| (2019) and [Meadows et al.| (2020)

show a cusp cannot be ruled out based on globular cluster survival arguments.
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The possibility of a dark matter core in Fornax has encouraged solutions using alternative
dark matter models (Spergel and Steinhardt, [2000; |Hui et al., 2017; Lancaster et al., 2020;
Elbert et all 2015} |Correa, 2020); however, a simpler explanation for a core in Fornax
within the ACDM framework is that feedback from supernovae may be able to produce a
core (Navarro et al., [1996a; Read and Gilmorel 2005} Pontzen and Governato, 2012; [Read
et al., 2016; |Amorisco et al., 2014b)). Core formation due to supernovae feedback has
been predicted in some cosmological N-body simulations (Tollet et al., 2016} [Fitts et al.,
2017 (Onorbe et al.l [2015)), but not others (Fattahi et al., 2016b; Bose et al.l [2019). An
important distinction is the choice of ‘subgrid’ parameters, such as the density threshold
for star formation (Benitez-Llambay et al.,2019), where simulations which employ higher
thresholds allow the gas to dominate the gravitational potential and hence to drive core

formation through outflows.

In a recent publication, using a higher-order Jeans analysis method GRAVSPHERE (the
validity of which has been extensively tested in |Read and Steger|2017| and in Chapter 4
of this thesis) on the stellar kinematic data in Fornax, [Read et al.| (2019) have shown
that Fornax appears to have a particularly low dark matter density for its pre-infall halo
mass. This low density was shown to be more compatible with a dark matter core. In
fact,|Read et al.|(2019) have found that dwarfs which have undergone long periods of star
formation, suggesting susceptibility to the effects of supernovae feedback, have ‘core-like’
inner densities. An important caveat to this method of solving the core-cusp problem in
dwarf galaxies is that some dwarfs could have undergone tidal stripping and tidal shocks,
which tend to lower the dark matter density (Read et al., [2006; [Penarrubia et al., [2009).
Read et al.|(2019) argue that the recent star formation in Fornax (de Boer et al., [2012)
and its typically large pericentre inferred from proper motions (Walker et al, 2008} |Gaia
Collaboration et al., |2018; |Fritz et al., 2018)) suggest that Fornax is unlikely to have been
subjected to significant tidal effects. Indeed, the observations of the stellar density profile
of Fornax and N-body models of its orbit have so far disfavoured such interpretations
(Walker et al., 2006; Battaglia et al. 2015; |[Wang et al.l 2019b). On the other hand,

comparisons with cosmological simulations favour a tidally stripped Fornax (Fattahi et al.,
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2016b), where the tails are faint and, likely, metal-poor (Wang et al., 2017). Simulations
in CDM and binding energy arguments also favour an infall time for Fornax of ~ 8 Gyr
ago (Rocha et al., 2012 Wang et al., |2016; [Fillingham et al., 2019), which suggests that

Fornax has spent a long time under the influence of tides.

It is clear that the structural and kinematic properties of Fornax are becoming increasingly
difficult to explain in a ACDM framework, unless tides have had strong influences on this
galaxy. In this work, we test whether the inferred inner dark matter density in Fornax can be
reproduced in cosmological N-body hydrodynamics simulations in ACDM, where dwarf
galaxies do not form cores. In Section [5.2] we briefly describe our suite of simulations
and we identify appropriate analogues of Fornax, given its dynamical mass, luminosity,
star-formation history and the most recent orbital constraints from Gaia. In Section[5.3|we
analyse the formation paths of the Fornax analogues and compare their inner densities to

that inferred for Fornax. In Section[3.4] we conclude.

5.2 Methods

As in the previous chapters, we use the APOSTLE suite simulations of Local Group-like
environments (Fattahi et al.| [2016a}; Sawala et al., 2016). In order to identify bound sub-
structures, we employ the uBT+ algorithm of Han et al.|(2018). uBT+ makes it particularly

straightforward to track haloes across time by assigning each halo a unique “TrackID’.

Our aim is to investigate mass loss in simulated dwarfs similar to Fornax. The dwarfs
analogues are required to match Fornax in the following criteria: i) an orbit that is com-
patible with the Gaia data; ii) halo mass and luminosity; iii) star formation history. In the

following, we outline the methods behind our sample selection.

5.2.1 Proper motions and orbit integration

As a first step, we select satellite dwarfs from our simulations. We define these as the

galaxies that are presently within 300 kpc of either the Milky Way or Andromeda analogues
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Figure 5.1: The inferred apocentres and pericentres in all dwarfs within APOSTLE
volumes, which are currently located within 300 kpc of the Milky Way analogues. The
area of each point is proportional to the logarithm of the stellar mass of the corresponding
dwarf. The labelled error bars mark constraints from various potentials described in
(Collaboration et al.|(2018) and Fritz et al. (2018). The light grey box shows the selection of
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our sample of Fornax-like orbits and the dark grey box shows a wider selection of dwarfs

that have even larger apocentres than those predicted for Fornax.
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in APOSTLE. Next, we approximate the potential of each host galaxy as spherically
symmetric. The potential of known spherically-symmetric mass distribution is given by

(Mo et al., [2010):

r/2

O(r) = —G/wdr’M. (5.1)

We compute the potential out to the radius of 400 kpc, where we fix ®(400 kpc) = 0.

For each dwarf, we compute the total energy, E, and the angular momentum, L. Then, for

the orbital extremes, where the velocity 7 = 0, we have that

2

2 =2[E - ®(r)] - = =0. (52)

72

The solutions of the above equation correspond to the apocenter, r,p,,, and the pericenter,
q p p p p
I'peri> Of the orbit (Binney and Tremaine, [1987). We verify that the approximation of the

potential as spherically symmetric is a valid one in Appendix

In Fig. [5.1] we show the distribution of orbital pericentres and apocentres for all satellite
dwarfs with M, > 10° Mg. The error bars of various colours represent constraints for
Fornax using the three Milky Way models from |Gaia Collaboration et al| (2018)) and
two Milky Way models from |Fritz et al.| (2018). The first three are the potentials from
McMillan| (2016)), Irrgang et al.[|(2012) and |Robin et al.[(2003,|2012). The three potentials
vary most significantly within ~ 2 kpc and outside ~ 40 kpc. Bovy 1.6 and Bovy 0.8
are two realizations of the potential from Bovy| (2015) with Magy of 1.6 x 101>M and
0.8 x 10'2 M, respectively. In our sample, we include all orbits contained within the error
bars of these models. This is shown with a light grey box in Fig.[5.1] Additionally, we
include dwarfs with larger peri- and apo-centres, as we wish to investigate mass loss in

these seemingly ‘benign’ orbits. This additional selection is highlighted with a dark grey

box in Fig.[5.1]
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5.2.2 Vi,; - My relation

Now that the satellite galaxies with orbits similar to Fornax have been identified, we intend
to select those objects which resemble Fornax in their present-day stellar and halo mass.
Since neither of these two properties can be measured directly, we use the circular velocity
at the half-light radius, V>, and the absolute magnitude in visible light, My, as indicative
quantities. Vj, is computed as , /%y , where Ry is the half-light radius and G
the gravitational constant. M (< Rj;) is obtained by applying the mass estimator from
Wolf et al|(2010) to obtain M(< Ry = 4/3R,) = 4G 010s)*Re, where R, is the
projected half-light radius and (0y,s) is the mean line-of-sight velocity dispersion. The
accuracy of this mass estimator in APOSTLE dwarfs was investigated in |(Campbell et al.
(2017). We obtain the visible magnitudes for the dwarfs following the method described
in Section [2.2.3] For comparison with Fornax, we use the corresponding quantities from

Fattahi et al. (2016b)) and [McConnachie| (2012)).

The values of Vy,, and My, for our sample of dwarfs are shown in the left panel of Fig.[5.2}
where large coloured circles represent the galaxies contained within the dark grey box in
Fig.[5.1] small circles are other satellite galaxies and grey dots are isolated dwarf galaxies.
The satellite dwarfs are coloured by #1199, the lookback time at which the last stellar
particle was formed. It can be seen that above the My, of Fornax, the majority of satellites

are still star-forming today.

It is clear from the left panel of Fig.[5.2that Fornax is, indeed, somewhat of an outlier in the
APOSTLE V), - My relation. Nevertheless, we select a sample of 8 galaxies for further
inspection. These are marked with different shapes in Fig. [5.2] which we will continue
using in the remainder of this chapter. It can be seen that the ‘star’ dwarf is our best
Fornax analogue. There is a larger number of isolated dwarfs that match these constraints
for Fornax, however, as we shall see below, their star formation histories are incompatible

with this dwarf.
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5.2.3 Star formation histories

We would now like to ensure that our simulated analogues are indeed similar to Fornax
in terms of their star formation history (SFH). We first obtain the SFH of Fornax from
the work of |de Boer et al.| (2012)). We bin the formation times of the stellar particles in
APOSTLE into the same set of bins. The right panel of Fig. [5.2] shows the cumulative
SFHs of these galaxies with lookback time, normalized by the present-day stellar mass.
The solid red line is the median of the 8 simulated dwarf analogues. The blue shaded band

is the result of |[de Boer et al.| (2012)).

Our simulated dwarfs, on average, exhibit a similar shape of the SFH to Fornax. There
are two dwarfs that have stopped star formation ~ 6 Gyr ago. This is clearly at odds with
Fornax, which, at most, quenches ~ 2 Gyr ago. In the next section, we will investigate

whether quenching time is indicative of a dwarf’s tidal history.

The thin grey lines on the right of Fig. show the SFHs of isolated dwarfs and the thick
grey line is their median. It is clear that these galaxies are still star-forming today and
many have accelerated in star formation over the past 5 Gyr. This is incompatible with
Fornax, which begins slowing down in star formation around that time. The SFH of Fornax
is certainly more compatible with that of a dwarf currently within the virial radius of the

Milky Way.

Now that our sample of dwarf galaxies has been selected we will proceed with our analysis

and results.

5.3 Results

5.3.1 Does orbital pericentre reflect tidal history?

Ithas been argued in|Read et al.|(2019) that Fornax is unlikely to have undergone significant
tidal stripping, given its relatively large pericentre and nearly circular orbit. These values,

of course, depend on the potential chosen to model the Milky Way. Given the various
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5.3.1. Does orbital pericentre reflect tidal history?

pericentre values in different potentials from (Gaia Collaboration et al.| (2018)) and |Fritz
et al.| (2018)), we examine whether this statement is accurate in our simulations. We note
that the stellar mass of the Milky Way and Andromeda analogues in APOSTLE is smaller
than what is inferred for the Milky Way, while the virial masses of the haloes, Mg, are
in the range of literature values (Wang et al., 2020). Moreover, the stellar disk is less
pronounced in APOSTLE (Sawala et al., 2017). This implies that, for a given orbit, the
tidal effects are expected to be less severe in these simulated potentials than in the Milky

Way.

We track each of the APOSTLE satellites back to the time when their dark matter halo
mass reached its peak. In Fig.[5.3] we show the fraction of dark matter mass that has been
lost since that time (left), indicative of tidal stripping, and the dark matter mass lost within
1 kpc from the centre of each dwarf, indicative of tidal shocks. It can be seen that the vast
majority of dwarfs with pericentres below 50 kpc lose more than 80 per cent of their halo
mass. Even dwarfs with pericentres of 150 kpc lose significant fractions of their mass.
Dwarfs with large pericentres (> 150 kpc) and less eccentric orbits, on the other hand, lose

very little.

Mass loss in the innermost 1 kpc appears to require more extreme conditions. Dwarfs with
pericentres <50 kpc and apocentres <100 kpc tend to lose more than 80 per cent of the
halo mass within 1 kpc. At larger peri- and apo-centres, dwarfs typically lose no more
than 50 per cent. There are, however, some clear exceptions to the trend, where, curiously,
a number of dwarfs with pericentres as large as 100 kpc can lose large fractions of their

innermost dark matter mass.

The symbols, as in Fig. [5.2] show our Fornax analogues. We can see that all of these
have pericentres below 100 kpc. Let us look at, for example, the ‘hexagon’ Fornax. This
object is on a fairly non-eccentric orbit, with a pericentre of ~ 100 kpc, and matches the
constraints for Fornax rather well. Nevertheless, it loses ~ 70 per cent of its halo mass
and ~ 40 per cent of the mass within 1 kpc. Clearly, even for non-eccentric obits with
large pericentres, dwarfs can lose large fractions of dark matter and this occurrence is not

infrequent. Within the light grey box, on the right panel of Fig.[5.3] 43 per cent of dwarfs
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lose more than 50 per cent of their dark matter mass within 1 kpc. We will return to the

implications of this for the dark matter density of Fornax in Section[5.3.5]

5.3.2 Does recent quenching indicate recent infall?

We now consider whether the quenching time is a good indicator of the infall time of a
dwarf galaxy and, consequently, whether it is an indicator of how much a given dwarf has

been affected by tides.

On the left of Fig. @, we show the quenching time of each dwarf, #1100, as a function of
its infall time, 71 jnrai;. We define the infall time as the time when the dwarf first crosses
the virial radius of a Milky Way analogue. It can be seen that there is almost a one-to-one
relation between the infall and the quenching time (i.e. many dwarfs quench immediately
after infall). However, it can also be seen that a number of dwarf galaxies quench prior
to infall and a number of them quench after infall. The area of the points in Fig. [5.4] is
proportional to the logarithm of their present-day stellar mass. It is, thus, clear that there
exists a population of low-mass dwarfs that quench prior to infall (because of reionization
and feedback from star formation). In fact, it can be seen that the smallest dwarfs have
very early quenching times (~ 12 Gyr) and as the mass increases, for a given 1 infal,
the quenching is postponed. On the other hand, there exists a population of dwarfs that
are generally more massive (closer to Fornax mass), where quenching occurs after infall
(because of ram pressure stripping and tidal stripping of gas inside the host halo). Moreover,
as discussed in Chapter 2, a number of dwarfs with large gas supplies are able to form more
stars near the pericentre of their orbit. If gas remains after the first pericentre, another star
formation burst may occur at the next pericentre. As such, it is clear that, for higher mass
objects, the quenching time is not a good indicator of the infall time. Moreover, from the
colour of the points (representing the fraction of mass lost within 1 kpc), it can be seen that
a number of dwarfs which quench after infall also lose large fractions of their dark matter

mass.

On the right of Fig.[5.4] we show the time at which the dwarf had its maximum dark matter
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5.3.3. The diverse formation histories of Fornax analogues

mass, 1. maxpM as a function of infall time, 71 jnra. In principle, these quantities should
correspond to the same value. Indeed, we see that for a large number of dwarfs the relation
is nearly one-to-one. However, there also exists a population of dwarfs which start losing
their mass long before infall. Among these objects are some of our best Fornax analogues,
including the ‘star’ Fornax, which is a match in both V;/, and My . We find that among
the population of dwarfs, with orbits compatible with Fornax (light grey box in Fig. [5.3)),
nearly 36 per cent have started losing mass more than 2 Gyr prior to infall. From the
colours of these dwarfs, indicating mass loss within 1 kpc, it is clear that these objects
can consequently lose up to ~ 90 — 99 per cent of their maximum halo mass, despite very
recent infall times in some cases. We conclude that the infall time is not always an adequate

indicator of a dwarf’s tidal history.

5.3.3 The diverse formation histories of Fornax analogues

‘We now explore the various mechanisms that lead to the formation of our Fornax analogues.
These are shown in Fig.[5.5] where the first four plots show the closest matches to Fornax
in terms of V; , and My and the last four plots show slightly more massive haloes with My
compatible with Fornax. In the top subplots, the thick black line shows the distance to the
host galaxy. The coloured lines show the orbits of dwarfs that at some point in time were
the nearest more massive galaxy to our analogues. In the bottom subplots, we show the
evolution of the dark matter, gas and stellar content. Note that for a number of dwarfs there
is a steep rise in mass at early times (~ 11 Gyr). This is likely because HBT+ incorrectly

identifies the main progenitor.

The majority of dwarfs follow a very similar formation history, where their dark matter
haloes are built up early on and the dark matter is consequently lost after infall. Sudden
drops in the dark matter content can be seen when the dwarfs approach their pericentres.
Note, in particular, the ‘hexagon’ Fornax analogue. The pericentre here is 98 kpc; however,
as the dwarf falls in ~ 6 Gyr ago we observe a drop in the dark matter mass by a factor of 2.
Around the same time, we can see that this dwarf is approached by a series of more massive

haloes that come as close as 50 kpc. This accounts for the enhanced stripping in this dwarf.
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Figure 5.5: The individual formation and evolution histories of the 8 Fornax analogues.
Each analogue is marked by a corresponding symbol that we use throughout this work.
The top subplots show the distance to the host galaxy (thick solid line) as a function of
lookback time. The inferred peri- and apo-centres are shown with thin dashed lines. Lines
of different colours show distances to dwarf galaxies which at any one point were the nearest
more massive galaxy than a given Fornax analogue. The black arrow marks the infall time
of each dwarf. The title of the plot shows the inferred value of the orbital pericentre and
the fraction of mass lost within 1 kpc. The bottom subplots show the bound dark matter
(blue), gas (red) and stellar (yellow) masses, normalized by their historical maximum.

147



5.3.3. The diverse formation histories of Fornax analogues

IS
[}
o

Mass / Maximum mass Distance [kpc]
o
v
o

IS
S
(e}

Mass / Maximum mass Distance [kpc]
=}
N
o1

rperi = 79 kpc Fraction of mass lost (< 1 kpc) = 0.28

o l‘fék Tams O\, \

W
(=]
o

N
o
(=]

[
o
(=]

Y

[
(=}
()]

e
N
w

©
)
3

e
o
S

Lookback time [Gyr]
Iveri = 92 kpc Fraction of mass lost (< 1 kpc) = 0.03

Vv
IPEEEEEEEE R ssssmanEEann, tea., Dark matter
ans® "
K .,'.:‘ a Gas
K . . Stars
‘. o’ s
----- * . '
o ]
. LS
- LS
.t :
Lt :
....... . few
.... e '
Lasettt ""J’#.
0 2 4 6 8 10 12 14

w
[«
(=)

[\®]
[«
(=)

[
[«
(=)

-
o
()]

e 9
OIS
o O

o
o
S

Lookback time [Gyr]

Figure 5.5: continued.

t
% / L, infall Vapo
v / T \
rperi
jasssmEssEEEEEEEan ., . PR T PP LY Dark matter
ML N ) S .
enme tre . === Gas
- . b
N ’ . Stars
. ... Ll ‘l .
’¢’ ..’-.’ "
. " a e
PR '~. .
s ot fe, %
LR o
* N‘ ]
PR
.l.l
‘e
0 2 4 6 8 10 12 14

148



5.3.3. The diverse formation histories of Fornax analogues

I'veri = 60 kpc Fraction of mass lost (< 1 kpc) = 0.33

400
L tL, irffan
2,300
i)
3 200
% AN / Iapo
)
A 100 / W Iperi
6 0
g 001 e, Dark matter
".. R ‘ez Gas
g 7 TR vanntt '.’. -:'._. Stars
g TS e
g 0.50 ---"" ‘.: AP
(26 e Lt
= 0.251 Nae]
%) et .
20004 ceeeeeiiiens .
= - ' . ' ' '
0 2 4 6 8 10 2 T4
Lookback time [Gyr]
400 rperi = 46 kpc Fraction of mass lost (< 1 kpc) = 0.24
L t, iffall /
(@]
§300 -
3 200 \
g \
d
2 100 .
R Iperi
6 0
gl‘OO- et tTtrrenuL . .e., .ot ne Darkmatter
A . A Gas
g 0.75 R . St
= 0.50 K . .
s - ° . %,
2 0.251 .,
~ R y
% .t ""‘ ’.'-\
G 0.00] cersessensaseaenen . .
= - ' . ' ' '
0 2 4 6 g " = )

Lookback time [Gyr]

Figure 5.5: continued.

149



Y

5.3.3. The diverse formation histories of Fornax analogues
200 rveri = 51 kpc Fraction of mass lost (< 1 kpc) = 0.21
\ . \
vk al \ Fapo
3001 FV}

e
9
ol

Mass / Maximum mass Djstance [kpc]
o
o
o

S
o
o

e
9
ol

Mass / Maximum mass Djstance [kpc]
o
o
=]

N
o
o

-
o
(]

—_
o
[l

o
)
3]

e
o
S

w
o
o

N
(=]
o

-
o
o

—_
o
[l

o
)
3]

e
o
S

I'per
RELEEEE e, ., Dark matter
B Gas
R “.‘ el . Stars
FPEEEE L o u
..--"' ¢ :
‘-"' o .
- -
K e
.t "".'~“"
0 2 4 6 8 10 12 14
Lookback time [Gyr]
roeri = 94 kpc Fraction of mass lost (< 1 kpc) = 0.18
] tL infall AN
v
Iap
rperi
RELEEEEETTI R Dark matter
T Trereeatts Gas
ereetTtTTT Stars
. “" :’-...
------ ““‘ ...“.’}‘
Lamsnan [}
et REXW
0 2 4 6 8 10 12 14

Lookback time [Gyr]

Figure 5.5: continued.

150



5.3.3. The diverse formation histories of Fornax analogues

We see a similar, less severe, occurrence in the ‘thin diamond’ Fornax, where the galaxy
loses ~40 per cent of its initial mass. Also note that at the first pericentre, ~ 5 Gyr ago in
these galaxies, there is a burst in star formation. This is consistent with one of the scenarios
for the formation of two distinct metallicity populations described in Chapter 2. Neither of
these galaxies is star-forming today, however, we also note that APOSTLE does not resolve

the cold gas phase, which is more difficult to strip (Hausammann et al., 2019).

A very peculiar example is the ‘star’ Fornax, which is also our best analogue in terms of
My and V;;,. Although this dwarf fell in only ~ 4 Gyr ago, it has been losing mass for
nearly 9 Gyr. By redshift z=0, the dwarf has lost 80 per cent of the maximum mass it once
had and 47 per cent of the mass within 1 kpc. This is because, on two separate occasions,
the dwarf interacts with more massive dwarf fly-bys that each strip ~25 per cent of its
initial mass. In this case, while the pericentre is indeed small (34 kpc), it is still not a
good indicator of just how much mass the dwarf has really lost. We observe a similar, but
less significant, occurrence in the ‘plus’ Fornax. Just before the first pericentre, this dwarf
loses ~ 20 per cent of its maximum mass as it interacts with a larger halo (orange and blue

merged lines).

A complete outlier in terms of the formation history is the ‘cross’ Fornax. This dwarf only
falls in ~ 1 Gyr ago and has lost less than 10 per cent of its mass. Instead, this dwarf had
undergone two minor mergers in the last 8 Gyr. This dwarf is slightly fainter than Fornax
but has the same V,,. Evidently, it started off as a very low mass halo that had built up to

have a similar V;, to Fornax. Tidal effects are clearly not important for this galaxy.

Finally, we see evidence of group infall in the ‘pentagon’ Fornax (blue line). While it
does not seem to play a role in the tidal stripping of this dwarf, which can be seen to start
occurring following infall, we note it here as a plausible mechanism of ‘pre-processing’ a

satellite galaxy, prior to it crossing the virial radius of the host.

So far we have seen that, while the processes that lead to the formation of Fornax analogues
are quite similar (mass loss at the pericentre), % of our best Fornaxes have lost some dark

matter mass prior to infall and % came from a low mass halo that assembled through late
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5.3.4. The density profiles of tidally stripped Fornax analogues

minor mergers and never experienced significant mass loss.

5.3.4 The density profiles of tidally stripped Fornax analogues

Now that we have established that the majority of our Fornax analogues are able to lose
dark matter mass within the inner 1 kpc due to tidal effects, we wish to compare their
dark matter profiles to the one inferred for Fornax from its stellar kinematics in |Read et al.

(2019).

In the left panel of Fig.[5.6|we show the enclosed density profiles of our analogue Fornaxes
at the time they had their maximum dark matter mass (blue) and today (black). It is clear
that the inner density has reduced in these dwarfs. A number of present-day enclosed
central densities appear compatible, within the 68-95™ per cent confidence levels, with the
result of Read et al.[[2019| (green shaded bands); however, there is an important caveat.
Approximately on the scale of 2.8¢ ~ 380 pc, the dark matter profiles exhibit a softened
central density and the profiles can only be “trusted” above this radius (i.e. the profiles will

converge at these radii to a higher resolution simulation).

A more robust prediction for the convergence radius comes from the work of Power
et al.| (2003), who show that the profiles are converged at the radius where the collisional
relaxation timescale is f1ax = 0.6, where #j is the age of the Universe. This corresponds
to approximately 0.6 kpc for our dwarfs (black vertical lines in the left of Fig.[5.6). [Fattahi
et al.| (2016b) have carried out a convergence study on the various resolution levels in
APOSTLE. They propose a simple relation to ‘correct’ the enclosed mass profiles such

that they converge to a higher-resolution volume. The correction is:

In (1= /Pen) = —0.04(Inx)* — 0.5(In k) — 1.05, (5.3)

where p is the enclosed density, is the converged enclosed density and « = 0.6.

p conv

This formula was designed to correct lower-resolution APOSTLE volumes to the highest-

resolution one (which we use here). In this work, we apply this formula to the dwarfs in

152



5.3.4. The density profiles of tidally stripped Fornax analogues

*SnIpeI (£007)| T8 19 19MO0d ) JO UOTEI0] UBIWI 3y SYIBW U] [BOIIAA YOR[q 9Y) puB
38°Z JO UONEBOO] UBaUI Ay SYIBW Ul [BINI2A K13 AU ], "UONOIALIOD ssew ou yim sa[yold oy smoys par pue parjdde usaq sey (Q91(g)| e 10 IyeNe]
WO} UOIIOALI0D SSBW ) 2I0YM ‘SJIempP dnI0o[eue ) SMOYS Mor[g Y JO J0J0BJ Yora 10} umoys ‘°y ‘snipel Jy3I[-J[ey 2y} Je anjea Iy} Aq pazi[euriou
‘saqgoxd Aysuap pasopoua oy y31y a[yoid N ue woiy pajdadxa adofs B smoys aul] yor[q Yoryl oYL, (q9107)| Tk 19 IYelIe] WOy UONIALIOD SSel
oy Surfjdde y3noay; paureiqo ‘Aepoj san3o[eue xeulo,] Ino 0§ sa[yoid A1Isuap paso[ous ay3 2jppiy "A[eAndadsal ‘sseul ofey WnNWIIXeuw Jo awn aY) je
pue Aepo] Jremp yoea 10j snipel (¢002)| T8 32 Jomod|ay) Jo suonedso] oyl JIew Sul| [BINIA dn[q pue JYoe[q Y], od 08¢ = 387 SYTEW UI] [BINIA A2I3
YL (6107) [ 19 peay| Wwoly Xeu1o J0J S[AIdIUL .O¢ PUB 7] dY) I8 SpUBQ PIpeys uadis dy ], “(3or[q) Aepo) pue (9N[q) SSLW J9)JLW YIep WNWIXew
Iy} pey Aay) awn oy 1 ‘sfoquuAs aan0adsal J1oy) Yim pasew ‘san3o[eue Xeulo Ino Jo sa[goid AIsuop Jojjewl Jep paso[ous oy} 4f27 :9°G oI

¥ /4 [ods(] ¥ [ods]
o@._“ 1-0T1 00T 1-0T 00T 1-01
_ _ 01 R * E .01
6102 ‘Te 10 peoy B o (UM
910T ‘Te 1o Tyeneq
00T 610¢C 'T® 1° peay
poX =3 °
A A
A ) >
~ — —_
< <
p=3 g0T oﬂ. g0T mwﬂ
A 3 7
) a b
o p_c c_c
Po91081100 10N b, HOH
paldad1o)n ) Wa ‘xeus

153



5.3.5. The tidally induced reduction in the central densities of Fornax analogues

the highest-resolution volume to extrapolate the density profile in the innermost regions
such that we can make a more straightforward comparison with Fornax. The results of
this can be seen in the middle panel of Fig. [5.6] where the profiles have now acquired
their expected NFW form (as illustrated in that figure). We will continue to use this
correction in the remainder of this chapter. While we do not claim that this recovers
the enclosed density of equivalent dwarfs from a much higher resolution simulation, it
is known that subhaloes maintain their NFW shape in higher-resolution dark-matter-only
N-body simulations (Springel et al., [2008b; [Navarro et al., [2009; [Errani and Penarrubial,
2020). As our analysis is sensitive to the densities in the inner regions, we shall use the
correction as an approximation of the true enclosed density, motivated by the fact that the

correction recovers the expected NFW form.

From the middle panel of Fig. [5.6] it is clear that only a few density profiles remain
compatible with the result of [Read et al.| (2019). A problematic aspect of the comparison
is that the profiles have a slight scatter in their normalization. In order to more effectively
compare the shapes of the profiles, we normalize them by the enclosed density at the
half-light radius, R, ~ (3/4)Ry;;. The result of this can be seen in the right panel of
Fig.[5.6l The red lines show normalized profiles obtained directly from the simulations
and black lines show the profiles ‘corrected’ with Equation [5.3] It can be seen that the
profiles with a softened central density, similar to a core of ~ 400 pc, are consistent with
the result of |[Read et al.| (2019) within 1-20-, while the “corrected” NFW-like profiles are

only consistent within 3o .

Itis clear from Fig.[5.6|that central dark matter densities, which are compatible with Fornax,
can be obtained through the effects of tidal stripping; however, the density profile shapes
of stripped NFW haloes are less compatible with Fornax than haloes which have shallow

cusps or small cores in the central regions.
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5.3.5 The tidally induced reduction in the central densities of Fornax

analogues

We now explore how dwarfs in our sample compare to Fornax in the context of the inner
density - virial mass (p - Mygp) relation (see the middle panel of fig. 5 in|Read et al.[2019)).
Unlike the work of |Read et al.| (2019)), which uses the density at 150 pc, we will use the
enclosed density at 380 pc (approximately 2.8¢€). Firstly, this is the radius above which we
expect to see some convergence in the density profiles (grey vertical line in the right panel
of Fig.[5.6] where the radius corresponds to ~ 0.4R.). Secondly, in terms of differentiating
between cores and cusps, the enclosed density is a more robust quantity since it takes into
account the increasing density towards the centre in a cuspy halo and stays constant for a

halo with a core.

In the left panel of Fig. we show the enclosed density at 380 pc, p3go, as a function
of My at the time each dwarf had a maximum halo mass. The red dots correspond to
densities measured today and the black dots correspond to densities measured at the time
the halo had its maximum mass. The black and red markers of different shapes represent
our Fornax analogues. The grey shaded band is taken from the mass-concentration relation
of Dutton and Maccio|(2014)) and the blue band is the densities expected for dwarfs, with the
same masses and concentrations, which have undergone complete core formation below the
half-light radius (the corresponding “core-NFW” profile is described in Read et al.|2016).
The blue point with error bars is the Fornax measurement from [Read et al.| (2019). In
this figure, we notice two interesting features. Firstly, the pre-infall My for our analogue
sample of Fornaxes is systematically lower than that inferred in Read and Erkal| (2019).
We predict a Fornax My ~ 4 — 9 x 10° M. Secondly, there is a large number of dwarfs,
including our dwarf analogues, where p3go is consistent with that of Fornax due to tidal

effects.

An important aspect of the argument presented in |Read et al|(2019) is that the classical
dwarfs in their fig. 5, including Fornax, are unlikely to have undergone significant tidal

stripping and shocking based on their orbits inferred from Gaia. Thus, the low density
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in Fornax and some dwarf irregulars, which lie on the blue shaded band, are interpreted
as being due to core formation rather than tides. In the right panel of Fig. we
show the present-day densities of dwarfs as a function of M5qg, coloured by their inferred
pericentres. We emphasize that these pericentres are derived under the conditions of
complete knowledge of the spherically symmetric host halo potential. Indeed, the majority
of dwarfs with particularly low central densities have low pericentres, yet there are a
number of outliers. Most notably, our ‘hexagon’ Fornax, with a pericentre of 98 kpc has
a compatible density to Fornax. We do, however, note that, unlike Fornax, this galaxy
quenches ~ 4 Gyr ago. The ‘thick diamond’ Fornax is another example with a pericentre
of 79 kpc and a central density compatible with Fornax. This galaxy only quenches 1 Gyr
ago. Its halo mass, however, makes its central density fully consistent with an NFW halo.
In haloes below 10'°M we see a number of examples with pericentres > 70 kpc that have
lost almost an order of magnitude in p3g9. We note again that a number of Milky Way

potentials in the literature predict pericentres for Fornax as low as 20-30 kpc.

We have so far shown that in some ACDM simulations, where baryonic feedback does not
cause core formation, ‘core-like’ densities may be encountered in Fornax-like haloes with
eventful tidal histories, which are not always reflected by their inferred orbital pericentre.
We summarize this result in Fig.[5.8] where we show all subhaloes in our simulations that
match the Fornax constraint on Vj, from |Fattahi et al. (2016b). For these subhaloes, we
show the pericentre, as derived from their present-day motions, and the enclosed density at
380 pc. The blue line and shaded bands show the Fornax result from |[Read et al.[(2019). It
can be seen that, while the density typically increases with an increasing orbital pericentre,

values of density compatible with Fornax can be found within 1o at all pericentres.

In view of these results we see three main sources of tension with the conclusions of Read
et al.| (2019): i) the value of the pre-infall M>og of Fornax ii) the assumed pericentre of

Fornax iii) possible numerical effects. We discuss these below.
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Figure 5.8: Red circles show the present-day value of the enclosed density at 380 pc, p3s0,
as a function of the inferred pericentre for all dwarfs with 16 <V, < 24 kms~!, matching
Fornax. Various symbols are our Fornax analogues. The error bars show the 1 and 20
intervals for each bin in pericentre. The blue shaded regions mark the 1 and 20 intervals
in the enclosed density of Fornax below 380 pc from [Read et al.| (2019). The thick blue
line is the median for Fornax.
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5.3.5.1 What is the halo mass of Fornax?

The kinematic analysis of Fornax points to a value of the dynamical mass Mgy, = 2.4t%:§ X
10°M o (Read and Erkal, 2019). This is significantly offset to the left and downwards of
the stellar-halo mass relation of Read et al.| (2017), indicating the effects of tides. In order
to compensate for the tidal effects and quenching, as dwarfs fall into their host haloes,
Read and Erkal| (2019) reformulate the stellar-to-halo mass relation to a relation between
the mean star formation rate, (SFR), and halo mass instead . The SFR is averaged over
times when the galaxy is forming stars. The inferred Moo for any given galaxy is then
dependent on when the quenching is defined. The relation is most useful when the star
formation rate reflects the halo mass of the galaxy (i.e. its ability to accrete and maintain
gas and to form stars). Now, if we imagine a situation where star formation is enhanced
for reasons other than halo build-up, for example, due to passage through pericentre (as in
our Chapter 2), then the (SFR) could be biased if SFR(¢) is not truncated appropriately.
The recent work on the star formation history in Fornax, using the HST data, by Rusakov
et al.| (2020) supports a scenario where Fornax has had a recent (~5 Gyr ago) burst in star
formation, which could coincide with its pericentric passage (Patel et al.,[2020). In fig.A1l
of Read and Erkal (2019)) it is shown that if SFR(7) is truncated at around 5 Gyr ago, their
(SFR)-based abundance matching method could give an M for Fornax of ~ 7 X 10°M,

compatible with our Fornax analogues.

Another important aspect of the (SFR) - M relation is the estimate of the total stellar
mass. Such a quantity is impossible to measure directly and many photometry-based efforts
are susceptible to various selection and modelling biases. A lower stellar mass of Fornax
(< 4.3x 10" M) would be able to fix the discrepancy between the values of Myqg predicted
in our simulations and the (SFR) abundance-matching arguments. At the same time, note
that if we were abundance matching by stellar mass alone, the M5y of Fornax would be

consistent with our APOSTLE analogues.

Finally, it is possible that the stellar-halo mass relation in APOSTLE is not representative

of the Local Group satellites. Note, however, that the work of |Fattahi et al.| (2018) finds a
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general agreement.

5.3.5.2 How well is the pericentre of Fornax known?

The inferred pericentre depends strongly on the model of the Milky Way potential. This
is evident in Fig. [5.1] where 5 different potentials give pericentres between ~25 kpc and
~150 kpc. These pericentres are derived from sophisticated models that take into account
the various Milky Way components (Gaia Collaboration et al.,[2018; [Bajkova and Bobylevl,
2020). A pericentre for Fornax that is less than 50 kpc will naturally explain its low density
and these pericentres are, at the moment, not ruled out. Future improvements will come
from accurate mass models of the Milky Way (see|Wang et al.|2020|for an extensive review),
which include adiabatic contraction (Callingham et al.,[2020; |(Cautun et al.,|2020)) as well as
dynamical models that take into account the potentials of the Large and Small Magellanic

Clouds (Patel et al., [2020) and the Milky Way halo growth (Correa et al., 2015alblc).

5.3.5.3 Tidal stripping in cosmological simulations

It has been recently shown in the works of |[van den Bosch et al.| (2018)) and [van den Bosch
and Ogiya| (2018)) (see also |Errani and Penarrubial2020) that subhaloes in simulations can
be subject to artificial disruption (that is disruption due to numerical effects, rather than
physical processes). This can be caused by a gravitational softening that is too large as
well as discreteness effects, resulting in a runaway instability. If our simulated subhaloes
get tidally stripped too quickly, this would be a potential limitation to our results. In
Appendix[I, we show that, particularly for our Fornax analogues, we expect that the change
in the radius of the maximum circular velocity, Ry, is consistent with the “tidal tracks”
of Penarrubia et al.| (2008) and (Green and van den Bosch|(2019) and the reduction in Vi«
could be overestimated by ~ 10 per cent. This does not change the fact that our analogues
are similar to Fornax in terms of their present-day Vi > (given this quantity evolves similarly

to Vmax). Nevertheless, we believe that a comprehensive convergence study of the tidal
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disruption of haloes in a cosmological setting, with the inclusion of baryonic effects, is

certainly warranted.

5.4 Summary and Conclusions

Fornax is one of the largest and brightest satellite dwarfs in the Milky Way, making it a
prime target for spectroscopic and photometric surveys that, over the years, have provided
an abundance of data. In particular, the measurements of the motions of individual stars
in Fornax have been used to place constraints on its underlying gravitational potential. In
particular, |[Read et al.| (2019) have found that Fornax must have a low inner dark matter
density, which could be a sign of a dark matter core in its central regions. Core formation

is at odds with the predictions of dark-matter-only CDM simulations.

A number of works have used cosmological hydrodynamics simulations to show that
baryonic feedback could be responsible for cusp-to-core transformations within the CDM
model (Onorbe et al., 2015} Tollet et al.,|2016} Fitts et al.,[2017)); however, not all simulations
predict this behaviour (Bose et al., [2019) and it is well-known that ‘subgrid’ prescriptions

are responsible for this discrepancy (Benitez-Llambay et al., [2019).

In this work, we test an alternative scenario, where the low inferred density in Fornax
could instead be due to tidal effects. This scenario has been disfavoured by |Read et al.
(2019), who argue that the proper motions, star formation history and the inferred pre-infall
halo-mass of Fornax disagree with this interpretation. We test their arguments on a large
sample of dwarfs from a suite of cosmological N-body hydrodynamics simulations in Local

Group-like environments. We find the following:

* We confirm that the star formation history of Fornax is indeed consistent with that

of a dwarf galaxy that is a satellite of the Milky Way (see right of Fig.[5.2).

* Close matches to Fornax in both the visible magnitude, My , and the circular velocity

at the half-light radius, Vj,, are quite rare in our simulations (see left of Fig. @,
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however, we find 8 Fornax analogues (4 of which are particularly close matches).
These analogues also have inferred orbital apo- and peri-centres compatible with

Fornax (Gaia Collaboration et al., 2018}; [Fritz et al., [ 2018)).

Through examining mass loss from dwarf galaxies with orbital properties compatible
with Fornax, we show that, even at large inferred present-day pericentres, dwarfs
can exhibit significant mass loss. We find that, for galaxies on Fornax-like orbits

(independent of mass), 43 per cent lose more than 50 per cent of their mass within

1 kpc (see Fig[5.3).

We explore the relevance of the star-formation history in the determination of the
extent of tidal effects a given dwarf has experienced. We show that, in many cases,
the quenching time is directly related to the infall time; however, there exist a popu-
lation of Galaxies with a similar stellar mass to Fornax, or higher, which quench long
after infall. This is because they are able to preserve their gas supplies after infall

and, in extreme cases, after multiple orbital pericentres (see the left panel of Fig.[5.4).

We find that for ~ 36 per cent of dwarfs, with orbits similar to Fornax, the mass loss
had begun more than 2 Gyr prior to infall. As such, the infall time is not always a
reliable estimate of the time at which the dwarf had its maximum mass (see right of
Fig.[5.4). Through examining individual Fornax analogues, we found that, in some
cases, dwarfs can lose mass prior to infall due to interactions with more massive
dwarf galaxies, perhaps due to infall as part of a group or a fly-by. This is the case

for our best Fornax analogue (the ‘star’ Fornax in Fig. [5.5).

Through comparing the density profiles of our Fornax analogues to that derived by
Read et al. 2019, we show that the profiles of stripped dwarfs are only consistent

with Fornax at a 30" level. A much better fit to the result of Read et al.| (2019) is a
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stripped dwarf with a very shallow cusp or a small core (see Fig.[5.6).

We repeat the analysis of |[Read et al| (2019), which uses the inner densities and
pre-infall halo masses of dwarfs to infer cores and cusps in their central regions. We
show that for dwarfs with the same V), as Fornax, for pericentres between 20 and
250 kpc, the densities are comparable to Fornax within 1o (see Figs.[5.7]and [5.§).
It is clear that there exist Fornax-like dwarfs that have been tidally stripped more
significantly than their pericentres would suggest, however, we note that a small (<

50 kpc) pericentre for Fornax is not presently ruled out.

We disagree with the result of |Read and Erkal| (2019) on the pre-infall halo mass
for Fornax. Our simulations suggest that a galaxy with the present-day properties
of Fornax should have a pre-infall halo mass of 4 — 9 x 10°M, while Read and
Erkal| (2019) infer 2 x 10'°M. This discrepancy comes down to the definition of
the star formation rate of Fornax and its stellar mass. For example, the (SFR) value
for Fornax in [Read and Erkal| (2019) could be biased due to Fornax undergoing
star formation after infall, when the halo no longer grows. Alternatively, it may
be that APOSTLE provides an inadequate representation of the stellar-to-halo or

(SFR)-to-halo mass relation on Fornax scales.

In conclusion, even with the quality of data available today, it is still difficult to separate the

scenario where Fornax has a dark matter core from the one where it has been significantly

affected by tides. Our results suggest that the most stringent test of this will come from

an accurate inference of the dark matter profile shape, rather than the characteristic inner

density, as proposed by Read et al.| (2019). At present, an NFW profile in Fornax cannot

be ruled out, although the data does seem to favour a shallow cusp. More precise determ-

inations of the dark matter distributions should become possible with long-baseline proper

motion measurements with Gaia and HST, accounting for asymmetry (Hayashi et al.,[2020)

163



5.4. Summary and Conclusions

and rotation (Zhu et al.,|2016) in Fornax and the inclusion of independent constraints from

its multiple stellar populations (Walker and Penarrubial, 2011)).
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CHAPTER 6

Summary and Future Work

6.1 Overview

Itis clear that baryonic processes play a key role in the assembly and structure of dark matter
haloes. In the Milky Way, these processes would affect the spatial distribution of the satel-
lites, their mass function and internal structure. It is thus becoming increasingly important
to accurately model these processes in N-body hydrodynamics simulations. A particularly
difficult aspect of this is choosing a reliable implementation of the ‘subgrid’ parameters in

simulations, which is presently a necessity in cosmologically relevant volumes.

Some ‘zoom-in’ simulations, like Elvis and Latte (based on the Gizmo code), and NIHAO
(based on the GasoLINE code), predict that large dwarf galaxies, like Fornax, should be
able to form cores (Wetzel et al., 2016} Tollet et al., [2016; |Garrison-Kimmel et al., [2019).
This is a consequence of their ‘subgrid’ prescriptions for star formation. These models
have been successful in reproducing the properties of the Milky Way and the Local Group,
however, so have APOSTLE simulations (run using the EAGLE code), in which cores do
not form (Fattahi et al., [2016b; Bose et al., [2019). While cores formation via feedback
from supernovae is certainly a plausible physical process, it is not clear whether it should
necessarily occur in galaxies. With APOSTLE, there is a unique opportunity to test whether
observable properties of dwarfs, that are often attributed to core formation, could instead

be a feature of galactic evolution in cuspy CDM haloes.
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6.2. Solving the core-cusp problem using distinct stellar populations in dwarf spheroidals
(Chapters 2 & 3)

The evidence for cores in dwarf spheroidals comes from their dynamical mass modelling.
With APOSTLE simulations, which resolve the visible components of dwarf galaxies
with a number of particles comparable to spectroscopic data sets, it is possible to test such
modelling methods in a realistic cosmological setting, where the density profiles are known
to be cuspy, and to evaluate their efficacy in resolving the core-cusp problem. This has

been the focus of this thesis, which I summarise in the following.

6.2 Solving the core-cusp problem using distinct stellar

populations in dwarf spheroidals (Chapters 2 & 3)

The spatially and chemo-dynamically distinct stellar populations in dwarf galaxies have
sparked particular interest as probes of cores and cusps in dark matter haloes. Constraints
from two distinct populations are, in principle, capable of breaking the mass-anisotropy
degeneracy along the line of sight. The work of |Walker and Penarrubial (2011) has been
considered as, perhaps, the strongest evidence for cores in the Sculptor and Fornax dwarfs.
Using dynamical mass estimators on the two populations to derive a mass slope, they
showed that an NFW cusp is ruled out in Fornax and Sculptor at 96 and 99 per cent
confidence levels, respectively. In this thesis, I applied their method to simulated dwarfs
with two metallicity populations in APOSTLE simulations and found that ~17 per cent of
the time values of the slope that are more shallow than an NFW are obtained and ~4 per cent
of the time a ‘hole’ may be inferred in the central regions. This significantly weakens the
result of Walker and Penarrubial (2011]). We show that their method is successful when the
properties of the two stellar populations are correlated and, if not, the method is biased due

to variation in sphericity and misalignment of the two populations.

The existence of two metallicity populations in dwarf galaxies and the differences in
their properties poses an interesting problem for our understanding of galaxy formation
and evolution. With N-body hydrodynamics simulations it is possible to track simulated
dwarfs back in time and to identify the mechanisms behind their formation. We thus infer

three different mechanisms through which a dwarf may acquire spatially distinct metallicity
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populations: mergers, passage through pericentre and star formation encouraged through
ram pressure in the cosmic web. The merger scenario, in particular, would help explain
both the formation of a metal-rich population in Fornax and the various substructures that
have been observed in this dwarf (Coleman et al., 2003} |de Boer et al., 2013]). We show
that 80 per cent of satellites with a present-day stellar mass of Fornax form their metal-rich
population by passing through the pericentre of their host. This is the case provided a
sufficient supply of gas is available at the time when the galaxy reaches its pericentre.
Otherwise, in line with the predictions for isolated dwarfs, it is likely that Fornax formed a
metal-rich population through a merger. It has been pointed out that Fornax may actually
have three metallicity populations (Amorisco and Evans|, 2012b; |[Amorisco et al., [2013)),

and, as such, both of these events could, in principle, have occurred.

6.3 Solving the core-cusp problem using higher-order Jeans

analysis (Chapter 4)

An alternative method of breaking the mass-anisotropy degeneracy, to place a stronger
constraint on the dark matter density distribution, comes from the use of higher-order
velocity moments. Merrifield and Kent (1990) propose two “virial shape parameters”,
which use the fourth moment of the line-of-sight velocity. These can be used as two
constraints in addition to the Jeans equation. Following a prescription of |Read and Steger
(2017), I have developed the pyGrAVSPHERE code, which uses Markov Chain Monte
Carlo to solve for the dark matter density profile and stellar velocity anisotropy, while
incorporating the virial shape parameters. In Chapter 4, I have tested the method on a
sample of Fornax-like dwarfs from the APOSTLE simulations in CDM and SIDM models,
allowing me to investigate cusps and cores in density distributions. In CDM, the density
profiles were recovered with a bias of no more than 10 per cent and a scatter of 30 per cent
in the inner regions. For SIDM dwarfs, the density profiles were recovered within 20,
but were shown to be biased towards cuspy profiles. This was primarily due to a lack of

constraints from the data and not due to the priors of the model. The uncertainties on
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the results of pryGRAVSPHERE were smaller than those for comparable Jeans methods. 1
also found that cosmological simulations favour constant and, mostly, isotropic velocity
distributions. Setting this as a prior in the Jeans analysis removes the need for virial shape

parameters and provides more accurate results in the case of SIDM.

In the case of the Fornax dwarf spheroidal, which has an on-the-sky ellipticity of e = 0.3,
PYGRAVSPHERE was shown to be biased when the dwarf is viewed along its minor and
major axis. Within the 1o errors, the density profile of Fornax from [Read et al.| (2019)
(which uses the GRavSPHERE method) appears to be consistent with that of a cuspy dwarf,
with an ellipticity of 0.3, viewed along the minor or intermediate axis. This is primarily
due to the size of the error bars on the dark matter profile of Fornax as well as discreteness
noise in the central regions of our simulated dwarfs. Indeed, if the shape of the dark matter
profile of Fornax from Read et al.| (2019) was to be taken at face value, it is likely that

future data sets will enable a clear distinction between a cusp and a core in this dwarf.

6.4 Solving the core-cusp problem via inference of central

density (Chapter 5)

It is well established that Fornax has a relatively low density of dark matter in its central
regions. This has been hypothesized to be due to the presence of a constant-density dark
matter ‘core’ in this dwarf (Read et al., [2019). Within the context of ACDM, the low
density in Fornax can also be explained by the effects of Galactic tides. This scenario
has so far been disfavoured due to the orbital parameters of Fornax and its star formation
history. In Chapter 5, I revisited these arguments. I have shown that the star formation
history of Fornax is not a good tracer of infall time, as sufficiently large haloes are able
to form stars after infall. Moreover, it appears that small pericentres for Fornax (<50 kpc)
are presently not ruled out in the literature; however, even for large orbital pericentres, I
have found cases where the dark matter halo is stripped prior to infall due to interactions
with more massive dwarfs during group infall or a fly-by. Finally, I have shown that while

tidal effects can produce a low dark matter density in Fornax, ‘cuspy’ profiles are only
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consistent with the data within 30-. Instead, dark matter profiles with very shallow cusps

or small cores provide a significantly better fit to Fornax.

6.5 Future work

In the following, I will build on the findings of this thesis to suggest a number of projects
that could be undertaken to further our understanding of the core-cusp problem in dwarf

spheroidals.

6.5.1 The Jeans equation

One of the primary findings of this thesis is that the spherical Jeans analysis works well
for spherical systems, even in cases that have been strongly tidally influenced. Local
Group dwarfs, however, are known to be quite elliptical (McConnachiel, 2012). This
calls for modelling of galaxy shapes and inclinations in, at least, axisymmetric Jeans
models (Hayashi et al., [2018; [Hayashi et al.l [2020). For triaxial systems, the solutions
to the Jeans equations become highly non-trivial (van De Ven et al.l [2003) and one may,
therefore, choose to abandon the Jeans approach altogether in favour of Schwarzschild
orbital superposition models or made-to-measure approaches, where no assumptions need
to be made on the underlying velocity anisotropy of the tracers (Schwarzschild, [1979;
Dehnen, 2009; Rodionov et al., |2009; [van den Bosch et al.l 2008;; |Vasiliev, 2013)) and
asphericity and rotation of stellar populations are easily modelled. These techniques are
typically very computationally expensive, though the availability of the required computing
power has certainly increased in recent years. These models could then also be extended

to include multiple tracer populations in dwarf spheroidals and proper motion data.

6.5.2 How much data do we need?

A common theme has developed over the past decade, where larger and larger spectroscopic

data sets are being used in the Jeans modelling only to show that the data is just as compatible
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with a core as it is with a cusp (Strigari et al., 2010). In recent years, proper motion data
from Gaia and HST have become available and these still appear to be unable to lift the
degeneracy (Massari et al.,|2018; Strigari et al.,|2018)). While in the case of the line-of-sight
velocities the weakness of the constraints likely has to do with the lack of stellar samples in
the centre, for proper motions it is also the size of the error bars on individual stars (since
the baselines of the HST and Gaia are not sufficiently long). As such, there is certainly a
need for a systematic study to determine i) how many stars are needed, and at which radii,
for a better than 30 detection of a cusp or a core of a given size and ii) how big should the
measurement errors be. This approach would appropriately inform observational studies

on the scientific goals and the timescales needed to achieve them.

6.5.3 Simulation comparison

6.5.3.1 To observations

As bigger, higher resolution, cosmological simulations become available, which include
a wealth of galaxy formation physics, it is becoming extremely important to ensure that
that the predictions of the simulations are compared to observations in a fair manner.
Simulations give us a benefit of knowing precisely the quantities which observations can
only infer (stellar mass, halo mass, galaxy sizes etc.). It is paramount that, in the calibration
of simulation parameters and in comparisons with data, the same modelling techniques are
used as in observations, accounting for measurement uncertainties and any observational
biases. It is then possible to test the robustness of various galaxy scaling relations, for
example, the stellar mass - halo mass relation and its behaviour in the low-mass end, with

direct consequences for the core-cusp problem and the “too-big-to-fail” problem.

6.5.3.2 To other simulations

A sufficiently large number of N-body and galaxy formation codes have been developed
at this stage to enable detailed comparisons of cosmological volumes, in the spirit of the

work by [Frenk et al.[(1999). There is an abundance of Milky Way and Local Group-like
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volumes, run with different galaxy formation codes, each appearing to solve the small
scale problems of ACDM. These simulations do, however, vary in the halo and stellar
masses of the main haloes, sizes of stellar disks and subhalo luminosity functions. The
running of a single cosmological volume with different codes, but at the same spatial and
mass resolution, would undoubtedly ease the comparison of galaxy formation models on
the small scales and disentangle the ‘subgrid’ and numerical effects on the properties and

abundance of the simulated substructure.

6.5.4 Separating baryon-induced core formation from core-forming

alternative dark matter

An important aspect of the core-cusp problem, which we have not significantly touched
upon in this thesis, is the possibility of alternative dark matter as a solution. There are two
important aspects to this in the context of state-of-the-art simulations: the details of galaxy

formation and the effects of the environment.

6.5.4.1 Galaxy formation

Alternative dark matter solutions were brought up for the core-cusp problem at the time
when baryonic effects on galaxies were not fully understood. By now, a number of
sophisticated galaxy formation models have been developed for cosmological simulations
and, as such, any solution that involves an alternative model for dark matter requires that
populations of galaxies produced in these models match observational constraints at least
as well as in CDM. Moreover, models of galaxy formation, such as EAGLE, are calibrated
to match observed galaxy populations assuming CDM. It is then not clear whether the
same model can be reapplied in alternative dark matter, or a new re-calibration is required
to gauge a model’s success. One can, perhaps, learn from both approaches. Ideally, of
course, one would not need to calibrate a galaxy formation model, though this is difficult

to achieve when physical processes must be modelled on a ‘subgrid’.

171



6.5.4.2. Environment

6.5.4.2 Environment

A particularly interesting aspect of satellite galaxy evolution in alternative dark matter
models is the details of their tidal stripping and stellar stream formation. Streams are
potentially a very effective probe of dark matter models. Firstly, detection of ‘gaps’ in
stellar streams, due to small dark matter haloes, could place an important constraint on
the identity of dark matter (Erkal and Belokurov, 2015)). For instance, detection of small
perturbations could rule out warm dark matter models, where small haloes are not able to
form. Secondly, it is becoming clear that the details of tidal stripping are highly sensitive
to the dark matter distribution in dwarfs (Errani et al., [2015) and the nature of dark matter
(Dooley et all 2016). With Gaia, more and more stellar substructures are found in the
Galactic halo. Their properties, as well as those of surviving satellite galaxies, can be
compared to the predicted ones from cosmological simulations in alternative dark matter

models, placing important constraints on the nature of dark matter.

6.6 Concluding remarks

N-body cosmological simulations have become increasingly sophisticated over the last
decade, allowing us to study the formation of large- and small-scale structure, as well as
the physics of galaxy formation and evolution, in extraordinary detail. As the observational
data improves in quality and quantity in the coming years, particularly with instruments
like Gaia and JWST, simulations will undoubtedly prove to be invaluable tools in informing
the analyses and interpretations of this data. As a proof of concept, this thesis focused
on the solutions to the core-cusp problem in Local Group dwarf spheroidals and it serves
as a prime example of what cosmological simulations have to offer in the development
of dynamical analysis methods and in the understanding of their shortcomings within a
realistic cosmological setting. As highlighted above, there are many more avenues to
explore in this area and I hope that this thesis serves as a motivation for more detailed

investigations in the future.
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Appendix

A Numerical convergence of galaxy properties

In this Section, we test the convergence of the rotation parameter ko and the sphericity
parameter s. We carry out the following test for convergence. We take a sample of 37
dwarfs with 10° — 10° stellar particles from the five high-resolution APOSTLE volumes
and we calculate the ‘true’ values of « and s, where we include all particles belonging
to the galaxy. We then take progressively smaller particle samples and recalculate these
properties. The result of this test may be seen in Fig. [ATl where we show the accuracy
of the estimates as a function of the number of particles with which they were calculated.
It can be seen that the scatter in the estimate accuracy increases significantly for smaller
particle subsamples. The median estimates of k., are generally accurate, even for < 100
stellar particles, while the sphericity, s, can be substantially underestimated. We conclude

that we would require over 100 particles in a given stellar population for convergence.

B The gas content of simulated dwarfs

The mechanisms of formation of the two metallicity populations that we identify in this
work are largely dependent on the availability of star-forming gas within the dwarfs. It
is therefore important to establish whether the Hr content of dwarf galaxies within the

APOSTLE suite resembles that of the real Local Group dwarfs.
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Figure A1l: The accuracy of the estimates of sphericity s (blue) and k.o (red) as a function
of the number of stellar particles with which they were calculated, shown for a sample of 37
dwarfs containing 10° to 10° stellar particles. The ‘true’ values are those calculated using
all particles belonging to each galaxy. The blue and red bands represent 1o scatter for s
and ko, respectively. Above a 1000 particles, the values are well converged and at ~400
particles (the minimum number of particles belonging to a subpopulation in our sample of
50 galaxies) the estimates are, on average, accurate and the scatter is less than 10 per cent.

The determination of Hr content would ideally involve the inclusion of radiative transfer
schemes and the cold dense ISM within the simulation code. Unfortunately, these schemes
are computationally expensive and are not included within the APOSTLE suite. We
thus obtain the Hr content of the APOSTLE dwarfs using the fitting function of
that relates the total photoionization rate to the hydrogen number density at
z = 0 and is calibrated on radiative transfer simulations. The atomic hydrogen fraction
is then found using a scaling relation between a fraction of molecular hydrogen and
gas pressure. The results of applying this prescription can be seen in Fig. BT} The

observations (McConnachiel 2012}, Spekkens et al., 2014) are shown with solid symbols

and the simulated dwarfs with open symbols. The arrows denote upper limits. It may be
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C. Two populations in Sculptor
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Figure B1: The ratio of mass in Hr to the stellar V-band luminosity as a function of the
dwarf’s distance from the nearest host galaxy at z = 0. The grey empty circles are single
population galaxies and the blue are two-population dwarfs. The size of the circles is
reflective of the logarithm of their stellar mass. The empty circles with arrows represent
galaxies with no resolved Hi content. Their value is set by the SPH particle mass. The
filled red and blue symbols show the measurements for satellites and Local Volume dwarfs,
respectively, taken from McConnachie (2012) and |Spekkens et al.|(2014)). Filled symbols
with arrows show upper limits. The black dashed line at 300 kpc represents a typical value
of the Milky Way’s virial radius.

seen that the fraction of Hr in the APOSTLE dwarfs broadly agrees with the observed values
at z = 0. The satellites (galaxies within 300 kpc of the host) contain little or no gas, whilst

the field dwarfs are clustered at Myj/L. v ~1 Me/Lo, v, compatible with observations.

C Two populations in Sculptor

A number of studies have collected spectroscopically determined stellar metal abundances
for Milky Way dwarfs (Tolstoy et al., |2004; Helmi et al., |2006; Battaglia et al., 2007;

Walker et al., 2009a; |Kirby et al [2013). In particular, many measurements are available

175



C. Two populations in Sculptor

0,8—. Sculptor
0.6
5
0.4 -
0.2
0.0l —=——uw—r"T
-4 -3 —2 -1

[Fe/H]

Figure C1: The metallicity distribution of Sculptor members from Kirby et al.|(2013). The
red band shows the range of cuts, separating the two populations, found with our method.

for Sculptor and Fornax. [Kirby et al.| (2013) have published measurements from me-

dium resolution spectroscopy for 376 Sculptor high-probability members and 676 Fornax

members, although for Sculptor the measurements extend to ~350 pc (approximately the

half-light radius of this dwarf[McConnachie| (2012)). Walker et al.| (20094) published a lar-

ger sample for both dwarfs (1088 stars for Fornax and 1152 for Sculptor with membership

probabilities greater than 0.99), with Sculptor members extending to ~2 kpc. According
to Fig. [2.17] the analysis of the metallicity distributions should include stars up to 2Ry to

cover the extent of both populations. Thus, the sample of Walker et al.| (2009a) would be

preferred. However, through identifying overlapping stars in the high-resolution spectro-

scopy data published in Battaglia et al.[{(2007), we find that the magnesium and iron indices

relate to [Fe/H] with very large scatter. We, therefore, choose to apply our method to the

Kirby et al.| (2013)) data, where we only select dwarfs for which at least 200 measurements

are available.
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D. Definition of T’

We sample the errors of each metallicity measurement 1000 times and apply our technique
to each sample. We find that none of the dwarfs other than Sculptor display signs of
two metallicity populations. For Sculptor, in ~40 per cent of samples, two populations
can be found. This is shown in Fig. [CI] Interestingly, the typical cut between the two
populations at [Fe/H]~1.7 (red band) is consistent with that found by (Tolstoy et al.| (2004
for a more extended sample of stars. Based on the shape of the metallicity distribution
alone, with a larger metal-rich population, we lean towards a merger scenario for Sculptor,
with consequent gas stripping from the Milky Way halo, preventing the formation of more

metal-rich stars.

D Definition of I

By definition, the value of I' becomes undefined as the radii of the two metallicity sub-
populations coincide, A log;, r2/r1 — 0. In selecting our sample, it is therefore important
to include only galaxies in which the two subpopulations are well separated. We applied
the GMM technique to all galaxies in the five high-resolution APOSTLE simulations and,
for each, we measured the 3D half-mass radius of the metal-rich and the metal-poor sub-
populations and obtained the slope ['yye. Fig. shows I';ye as a function of the ratio of
the 3D half-mass radii of the two metallicity subpopulations. Below log,q(r2/r1) ~ 0.06,
where r; is the larger radius of the two, very low values of 'y are obtained. We require

log,o(r2/r1) > 0.06 for our sample, as shown by the dashed yellow line in Fig.

E Subpopulation mixing

As described in Section [3.2.1] we define each subpopulation by placing a rigid cut at
the intersection of two fitted Gaussians. This treatment ignores mixing between the two
subpopulations, which can affect the measurement of the velocity dispersion thus introdu-
cing a correlation in the kinematics of the metal-rich and the metal-poor subpopulations.

Battaglia et al.| (2008]), for instance, allow a metallicity gap of —1.7 < [Fe/H] < —1.5.
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E. Subpopulation mixing
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Figure D1: True slope of the cumulative mass function as a function of the ratio of the half-
mass radius of the metal-poor and the metal-rich subpopulations. The points are coloured
by the mean of the metal-poor and the metal-rich half-mass radii. [y reaches low values
below log,,(r2/r1) ~ 0.06 as a near-zero value of A log;, M becomes comparable to near
zero values of Alog,or. At much larger separations the slope is measured further away
from the centre and is correspondingly steeper.
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Figure E1: Overall distributions of estimated I'es; (left) and A for Walker et al.| (2009b)
(middle) and Wolf et al| (2010) (right) estimators for galaxies in our sample when a
metallicity gap is introduced between the two subpopulations, taking out a quarter of each
subpopulation on either side of the metallicity cut. The distributions are consistent with
our previous results (top panel of Fig.[3.10), suggesting that kinematic mixing between the
subpopulations does not play a major role in the inferred distribution of slopes I'.
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F. Convergence criteria and generating initial positions

We, therefore, repeated our analysis, this time taking out one quarter of each subpopulation
on both sides of the metallicity cut. The result may be seen in Fig. [ET]} We obtain I" =
1.59%0-4% and A = 0.94*037 for the Walker et al. (2009b) estimator and A = 1.02*-28 for
the [Wolf et al.| (2010) estimator when including the metallicity gap. This result is clearly
consistent with our previous results for the Walker et al.| (2009b) and Wolf et al.| (2010)

estimators when a metallicity gap was not included (Section[3.3.2).

F Convergence criteria and generating initial positions

In this Section, we describe the effect of our choice of the initial positions of EMceEe walkers

on the convergence of GRAVSPHERE’s results.

F1 Effective priors

As mentioned in the main text, we generate the initial positions through the selection
of walkers that satisfy the condition of radial increase in power-law slopes, y;, and the

constraint on smoothness, Ay = 1.

The top panel of Fig. shows the effective priors on each slope. It is clear that these
priors are not uniform as the selection of the slopes is not independent; however, the width
of these distributions allows for a variety of density profiles. The inset shows the priors for
the density at 150 pc, p150. Despite the non-uniform nature of the yq prior, when combined
with a uniform prior on the scale density, pg, the resulting p;5¢ prior is effectively uniform

and is not biased towards more core or cusp-like values (Read et al., 2019).

The middle panel of Fig.[FT|suggests that the posteriors on y are not completely determined
by the priors. The prior and posterior distributions are offset, as seen from their median
values, and their shapes are noticeably different. The y4 posterior is clearly pushing against

the prior boundary, suggesting that a wider prior on this parameter is desirable.

In the bottom panel, we see similar posterior distributions for SIDM dwarfs. It is clear that

the regions with yo = 0 are not prioritized by the EMcEE walkers, resulting in an inference
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F1. Effective priors
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Figure F1: Top: effective priors on the logarithmic slopes ;. Each slope is identified by
its colour. The inset shows priors on the density at 150 pc, assuming a 1 kpc half-light
radius. Middle: posterior distributions, collected from all CDM dwarfs within our sample,
weighted equally. The dotted lines are the medians of the distributions. Bottom: posterior
distributions, collected from all SIDM dwarfs within our sample, weighted equally. The
dotted lines are the medians of the distributions.
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F2. Walker convergence compared to previous implementations
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Figure F2: The convergence of mass within the half-light radius, expressed as an accuracy
compared to the true value, for two different prior selection methods. Priors that are
generated completely uniformly are shown in solid blue, and those selected in a uniform,
yet conditional, fashion (such that all priors satisfy the monotonic increase in the values
of ;) are shown in red. The shaded bands represent 68 per cent confidence limits. The
blue dotted line shows the fraction of ‘dead walkers’ (those stuck in the infinitely negative
log-likelihood space) when using fully uniform priors.

of more cuspy dark matter density profiles. It can be seen, however, that lower values of

v, are preferred, compared to the CDM sample.

F2 Walker convergence compared to previous implementations

Previous implementations of GRAVSPHERE have used initial positions of the walkers for the
broken power-law slopes y; that are completely uniform. This results in a large number of
EMCEE walkers starting off in regions of infinitely negative log-likelihood. This is because
these walkers do not satisfy the constraints for monotonically increasing values of y;. We

will refer to these as ‘dead walkers’. Eventually, some of these climb out and explore the

posterior distribution, but not all, and this can take many iterations. In|Read and Steger]

(2017), the chains were run for 5000 iterations, with the last 2500 used for analysis. In

Fig. [F2] we compare this method to one employed in this work.

We pick Galaxy 4 as our representative example and we select the mass within the half-light
radius, M (< R.), as a quantity for which we wish to establish convergence. Fig.[F2|shows
the median value of the bias, M (< R.)/Myye, and the 68 per cent confidence levels for each

walker iteration using the original GRAvSPHERE’S method for generating initial positions
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G. Extended priors that favour cores

(blue) and the initial positions generated using the method described in this work (red).
The blue dotted line shows the fraction of dead walkers remaining after each iteration when

using the original GRAvSPHERE method (right vertical axis).

It can be seen that our new method reaches convergence after ~ 5 x 10? iterations, whereas
the original method requires ~500 iterations to get out of the low log-likelihood regions and,
in fact, does not reach the converged distribution until after ~ 9 x 103 MCMC iterations.
The chains start off with over 90 per cent dead walkers. This percentage drops to ~ 60
per cent near 10* iterations and can be seen to decrease slowly. We conclude that our new
method of initial position selection allows for faster chain convergence and efficient walker

exploitation.

G Extended priors that favour cores

In Fig. [GI] we display the mass, density and anisotropy profile recovery with GRAVSPHERE
for our sample of SIDM dwarfs when the priors on the power-law density slopes y; are
allowed to vary between y; = [-2, 3], allowing ‘holes’ in the density distribution. In the
post-processing, we fix all y; < 0 to y; = 0. This effectively increases the sampling by

EMCEE walkers of the parameter space regions where the dark matter distribution is cored.

H Spherical approximation to the potential

In this Section, we show that the spherical approximation to the potential is a valid one by
ensuring that the positions of the stellar particles, bound to the host halo, with the radial
velocity v, = 0 kms™! correspond to the apo- and peri-centres obtained via Equation
In practice, we select particles with v, = 0+ Ikms~!. The results are shown in Fig. Itis
clear that the apocentres of the stars at 50 kpc are known, under the spherical approximation,
to better than 5 per cent, and at 25 kpc they are known to better than 10 per cent. We thus

conclude that the spherical approximation is valid for our purposes.
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1. The ‘tidal tracks’ of cosmological subhaloes
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Figure H1: For each stellar particle in a Milky Way analog halo, with a radial velocity
v, = 0+ 1 kms™!, we show the values of the orbital apocentre or pericentre (whichever
is closest to the position of the particle), divided by the distance of the particle from the
centre of the host galaxy. We show these values as a function of distance to the host galaxy,
Diost. The red dashed line highlights where the pericentre/apocentre and the distance of
the particle from the centre are the same.

I The ‘tidal tracks’ of cosmological subhaloes

In this Section, we briefly consider how much our results could be affected by numerical
artifacts. In particular, we wish to know, whether subhaloes in our simulations are stripped
too fast, compared to the predictions of higher-resolution idealized models in the works
of Penarrubia et al.| (2008); [van den Bosch and Ogiya| (2018); |Green and van den Bosch
(2019). We note, however, that it is not clear whether the results in those papers should

directly translate to cosmological hydrodynamics simulations.

Motivated by the analysis of |Green and van den Bosch| (2019), in Fig. [[T} we show the

184



1. The ‘tidal tracks’ of cosmological subhaloes

convergence between the fractional changes in the maximum circular velocity, Viax, its
radius Rn.x and the ‘tidal tracks’ of |Pefiarrubia et al.| (2008)) as a function of the fraction
of bound mass left in the halo, fyound- Indeed, for the haloes that get stripped more
(smaller fyoung) the reduction in Vi, is more significant in our cosmological simulations.
Where haloes lose ~2 orders of magnitude in halo mass, the loss in V.« is enhanced by
~20 per cent. For our Fornax analogs, however, which lose no more than 80 per cent of
their mass (fpound = 0.2), we expect that Vi,.x would be underestimated by ~ 10 per cent.
If we consider the left panel of Fig.[5.2] our Fornax analogs are still consistent with the

V12 (assuming it changes similarly to Vipay).

An interesting feature of Fig. is that the reduction in Ry is clearly dependent on
halo concentration, cog. This is consistent with the results of |Green and van den Bosch
(2019). However, |Green and van den Bosch|(2019) also predict that we should observe this
dependence with the reduction in Vj,,x, which we do not see here. This could, in principle,
be related to the presence of baryons in these haloes. Nevertheless, further investigations
of the convergence of tidal stripping in cosmological simulations are beyond the scope of

this work.
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