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ABSTRACT

The cosmological constant + cold dark matter (ACDM) theory is the ‘standard
model’ of cosmology. Encoded in it are extremely accurate descriptions of the large
scale structure of the Universe, despite a very limited number of degrees of freedom.
The model struggles, however, to explain some measurements on galactic and smaller
scales. The shape of the dark matter distribution toward the centres of galaxies is
predicted to be steeply increasing in density (‘cuspy’) by the theory, yet observations
of the rotation curves of some galaxies suggest that it instead reaches a central density
plateau (a ‘core’). This discrepancy is termed the ‘cusp-core problem’.

I propose a new way of quantifying this problem as a diversity in the central
mass content of galaxies. This characterization does not distinguish between dark
and ordinary (‘baryonic’) matter, but the apparent problem is so severe that the
signature of the cusp-core discrepancy is still obvious. By formulating the problem in
this way, several uncertain modelling steps are effectively removed from the discussion,
allowing for a more narrowly focussed examination of remaining steps in the analysis.

My subsequent comparison of recent results from galaxy formation simulations and
observed galaxies in the space of the baryonic Tully-Fisher relation (BTFR) reveals
some galaxies with an apparent anomalously low dark matter content not only in the
centre, but out to the largest measurable radii. These objects are very difficult to
explain within the ACDM framework; the most plausible interpretation which emerges
is that the effect of systematic uncertainties in modelling the kinematics in these
galaxies — particularly in the estimate of their inclinations — has been substantially
underestimated. This motivates a re-examination of rotation curve measurement
methods.

I use a collection of simulated galaxies to demonstrate that, when these are syn-
thetically ‘observed’ and modelled analogously to real galaxies, non-circular motions
present in the gas discs give the appearance of cores, even though all of the simulated
galaxies have central cusps. The errors are large enough to reproduce the full width
of the observed scatter in rotation curve shapes. Provided the simulations produce
sufficiently faithful models of real galaxies, these modelling errors could constitute
a solution to the cusp-core problem within the ACDM paradigm. Regardless, the
kinematic models must be better understood before drawing any strong cosmological

conclusions.
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Chapter 1

Introduction

1.1 The dark matter problem

There are multiple compelling lines of evidence pointing to the fact that the bulk of
the matter in the Universe is not made up of the ordinary ‘baryonic’ material of stars
and interstellar gas, but rather of dark matter (for a review, see Bertone et al., [2005)).
The dark matter is thought to have been the dominant component in the regulation
of the expansion of the Universe and in shaping the formation of structure during
much of its history. Despite considerable efforts to detect it, the nature of the dark

matter particle(s) is as yet unknown.

1.1.1 The ACDM model

Once the dark matter hypothesis finally gained wide acceptance (Rubin et al., 1978}
Bosmal, [1978; Rubin et al.| [1980), more than 40 years after it was proposed (Zwicky),
1933)), several models corresponding to different particle candidates and abundances
were suggested. Gradually many were ruled out until a cosmologically flat model with
cold dark matter (CDM) making up ~ 30 per cent of the critical density required
for flatness and a cosmological constant, A, making up the remainder remained as
the only well-developed viable modell] The observation of the acceleration of the
expansion of the Universe (Garnavich et al., [1998; Perlmutter et al., 1999)) eventually
cemented the ACDM model as the ‘standard model’ of cosmology.

In CDM-type models, the particle making up the dark matter is assumed to

be a massive (~ 100 GeV) particle which interacts only via the gravitational force

LA concise history of the subject is given by Mo et al.| (2010), Sec. 1.4.4.



and the weak force, or another force with similarly weak coupling. It is a remarkable
coincidence that such a weakly interacting massive particle (WIMP), if it exists, could
be produced thermally in the early Universe in exactly the amount required to make it
a viable dark matter candidate (Kolb & Turner| 1990, Ch. 5) — this is often called the
‘WIMP miracle’. The combination of this strong particle physics-based motivation
and the ability of the ACDM model, with only six free paramters, to precisely satisfy

several independent cosmological constraints, have led to its enduring success.

1.1.2 Successes on large scales

The crowning successes of the ACDM model are its various accountings for the struc-
ture of the Universe on scales larger than individual galaxies. In Sec. I will
outline a few areas where the theory struggles to explain phenomena on smaller
scales, but first I wish to very briefly set the stage by mentioning some of the large

scale successes.

The cosmic microwave background

The cosmic microwave background (CMB) radiation was emitted when the Universe
cooled enough for electrons to bind to nuclei, making the Universe neutral and trans-
parent to light. Before this, photons had a very short mean free path and were in
local thermodynamic equilibrium with the surrounding plasma. As a consequence,
the conditions in the plasma at the time of recombinationﬂ are imprinted on the
spectrum of the CMB photons. In particular, fluctuations in the CMB temperature
as a function of position on the sky correspond to local over- and underdensities in
the matter distribution, the sites which later collapse to form galaxies or expand to
form cosmic voids. The ACDM model, with its handful of parameters, fits extremely
accurately the distribution of power in fluctuations as a function of angular scale (de
Bernardis et al.| 2000; Hanany et al., [2000; Halverson et al., 2002} Sievers et al., [2003;
Spergel et al 2003 Planck Collaboration et al., [2016)).

The cosmic web

As perturbations in the initial density field of the Universe are amplified under the

action of gravity, overdense regions collapse first along one direction, forming sheets,

2The ‘re-’ is confusing, but is part of the usual name for this epoch of cosmic history.



then a second, forming filaments, and finally the third to form spheroidal ‘haloes’.
The initial density fluctuations can be measured from the CMB and evolved forward
in time by means of an N-body simulation assuming the ACDM model and parameter
values from the CMB. If members of a population of galaxies are assigned to the sim-
ulated halo distribution by a reasonable scheme and the resulting galaxy distribution
is compared with galaxy redshift surveys, the resemblance is visually striking, and in

quantitatively excellent agreement (e.g. the review of Springel et al., 2006)).

The Ly « forest

As high-energy photons from distant quasars travel, they are redshifted by the ex-
pansion of space. At some location along their path their wavelength may correspond
to the Ly a, n = 2 — 1 transition of hydrogen. If at this point they happen to
be passing through a cloud of cold gas, they can be absorbed and drop out of the
quasar spectrum. This causes a dense series — a forest — of narrow absorption lines
in the continuum spectra of quasars, each corresponding to a gas cloud at a different
redshift. Gas clouds cluster along the dark matter filaments, sheets and nodes of the
cosmic web, so the Ly «a forest is a tracer of the large-scale structure. Comparisons
between observed spectra and predictions from N-body simulations which assume the
ACDM model reveal that the two are in excellent agreement (Weinberg et al., 2003,

and references therein).

Baryon acoustic oscillations

At early times, the Universe was filled with ionized plasma and so was opaque to light.
The plasma was in thermal equilibrium with the radiation field. Any perturbations
of the density in this fluid propagated as acoustic waves: local compressions were
amplified by gravity until the increased pressure caused the compression to stop and
then reverse, and eventually the region expands enough that it is underdense and
the surrounding pressure forces another collapse, etc. This process halted when the
Universe cooled enough for electrons to bind to nuclei and allowed the photons stream
away, causing a sudden loss of pressure support. There is a characteristic length scale
for which a perturbation had time to expand exactly once before recombination, i.e.
the acoustic waves completed a quarter of an oscillatory cycle. This synchronization
in phase leads to an increased probability of finding overdense regions separated

by a particular distance (see e.g. [Hu & Dodelson, 2002, for a review). Later these



overdensities form galaxies, and the separation expected given the measured ACDM
parameters is ~ 150 Mpc at the present day. The theory therefore predicts that there
should be a peak in the two-point correlation function of galaxies at this separation,

which is exactly what was eventually measured by [Eisenstein et al.| (2005); Cole et al.
(2005)).

1.1.3 The small-scale crisis

Though the ACDM picture is broadly successful in describing the cosmology of the
Universe on large scales, some observations on galactic and sub-galactic scales are dif-
ficult to reconcile with theoretical predictions. The collection of the few best known
such problems: missing satellites, the too-big-to-fail problem and the cusp-core prob-
lem, have been described as constituting a crisis for the model (see |Del Popolo & Le
Delliou|, 2017, for a recent review). In the context of these problems, the output of
pure N-body simulations of structure formation are taken as the fiducial predictions
of the model. These simulations do not include hydrodynamics, radiative processes
or models for galaxy formation — the only physics included is gravitation acting on

collisionless cold dark matter particles.

Missing satellites

N-body simulations of systems similar in mass to the Milky Way predict a very steep
subhalo mass function: there should be thousands of clumps of dark matter with
masses > 10° My, surrounding our galaxy, and more still with lower masses. These
haloes are potential sites for galaxy formation, but the observed stellar mass function
of satellite galaxies around the Milky Way is much shallower than the predicted halo
mass function. This means that if each galaxy is assigned to a host dark matter
subhalo, there are many haloes left over after all galaxies have been assigned. This
mismatch has come to be known as the ‘missing satellites problem’ (Klypin et al.
1999; Moore et al., [1999).

The missing satellites problem can be solved either by a reduction in the ex-
pected number of small dark matter haloes, or if galaxies are somehow prevented
from forming in many of the small haloes. A 7keV sterile neutrino is a reasonably
well-motivated particle candidate for dark matter (e.g. |Boyarsky et al., 2009blja, and
references therein) which is less massive than the WIMP assumed in the CDM model.

Models built around these neutrinos, or other particle candidates of similar mass, are



called warm dark matter (WDM) models. These neutrinos are dynamically hotter
than WIMPs at early times’] One of the consequences of such a light particle is that
structure formation is suppressed on small scales (Bond & Szalay, 1983), leading to
a reduction in the number of predicted subhaloes in Milky Way-like systems.
Within the CDM paradigm, cosmic re-ionization has been suggested as a mecha-
nism to prevent the formation of galaxies in small haloes (Efstathiou, |1992)). As the
Universe cooled, electrons in the initially fully ionized primordial plasma bonded to
protons to form neutral hydrogen atoms. Stars, once they formed, were a source of
ionizing radiation which eventually re-ionized most intergalactic gas. This process
happened early enough that it is thought to have heated the gas and prevented it
from collapsing into the (progenitors of) small subhaloes of the Milky Way, resulting
in the observed deficit of satellite galaxies (Efstathioul |1992; Sawala et al., [2016a).
Heating and gas loss due to supernova explosions can also prevent these small galaxies
from making more than a small first generation of stars. The details are still debated,
but this seems to have emerged as an acceptable solution to the missing satellites

problem within a CDM framework.

Too-big-to-fail

Even if the presumed thousands of low-mass subhaloes of the Milky Way can be
prevented from forming galaxies, the number of subhaloes of sufficient mass that
they would be still be expected to form stars still exceeds the number of Milky Way
satellite galaxies observed to occupy such massive subhaloes (Boylan-Kolchin et al.|
2011} 2012)). The question is then: what is the fate of the haloes which should have
been ‘too big to fail’ (TBTF) to form a galaxy? The same problem has also been
argued to apply to nearby isolated galaxies, which also seem to fall short of the
abundance of haloes predicted at relatively low masses (Papastergis et al., [2015)).
These discrepancies have been attributed to several causes. Only a handful of
TBTF subhaloes are expected around the Milky Way, and the number is very sensitive
to the total mass of the system, which is known only within a factor of ~ 2. Assuming
a Milky Way halo mass toward the low end of the distribution of recent estimates
is enough to fully alleviate the problem (Wang et al., 2012; Vera-Ciro et all [2013).

Incorrect mass estimates due to dark matter ‘cores’ (e.g. Chan et all [2015, and

3Hot dark matter (HDM) models refer to those where the dark matter is made of ordinary
standard model neutrinos — such models have been ruled out on the grounds that HDM cannot
cluster and form structures on scales < 10 Mpc.
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Figure 1.1: Left: Schematic illustration of cuspy and cored dark matter density pro-
files for a 101! M, halo. The NFW density profile (blue line) has a centrally divergent,
cuspy shape. The red line shows the same profile, but with a constant density ‘core’
imposed in the central 3kpc. Right: Circular velocity curves corresponding to the
density profiles in the left panel. The core has a characteristic linear rise within the
core radius, marked by the arrow.

see Sec. and slower growth due to small amounts of mass loss at early times
(Sawala et al., 2016a)) have also been suggested as means to reduce the mass of the
largest subhaloes and bring measurements and theory into agreement. For the TBTF
problem in the field, it has also been suggested that the H1 line width measurements,
which are used as a proxy for the maximum circular velocity of the halo which the gas
occupies, systematically underestimate the halo mass (Dutton et al.) 2016). There
does not yet seem to be an emerging consensus regarding a solution to the TBTF

problem, but there seem to exist possible solutions within the scope of CDM theory.

1.2 The cusp-core problem

The third of the small scale crisis problems alluded to above is intimately related to
the ‘rotation curve diversity’ which is the central theme of this thesis; it therefore
deserves a more detailed discussion. In this section I will give a simple, schematic
statement of the cusp-core problem, and an overview of possible paths to a solution.
In Sec. [I.3|T will elaborate in more detail how the relevant observations are performed

and analysed.



1.2.1 The cusp prediction

N-body simulations make a clear prediction for the internal structure of cold dark
matter haloes: the spherically averaged density profile of the halo rises toward the
centre, at least until the radius where any given simulation can no longer resolve
smaller scales (Dubinski & Carlberg, [1991; Navarro et al., |1996b). This feature is
termed a dark matter ‘cusp’. Since the only physics in these simulations is gravity,
which is scale-free, and the initial conditions of a CDM simulation are also scale-free,
this rise is expected to continue to arbitrarily small radii, until the scale where the
particle nature of the dark matter becomes important. There are a few analytic mod-
els often used to represent haloes with profiles of this form, the most common being
the Hernquist| (1990), NFW (Navarro et al., [1996b, 1997) and Einasto (1965)) pro-
files. For the purposes of the cusp-core problem, these are all more or less equivalent
(within some range of the parameters of each model) — the meaningful differences are
at large radii which are generally not accessible observationally. For the remainder of
this thesis the NFW model will be used as the fiducial cuspy halo model. The density

profile of this model is:
R, RY
Ry Ry

which goes as p oc R~! at small radii and p oc R~3 at large radii. py and R, are a

p(R)

(1.1)

characteristic density and scale radius, respectively. This profile is shown by the blue
solid line in Fig. [I.I] An alternate parameterization of the model replaces Ry and
po with a characteristic mass My and concentration parameter c. Msyy is defined
as the mass within a radius Rsgg within which the mean density is 200 times the
critical density required for cosmological flatness (peis =~ 138 Mo kpe™ at the present
day). The concentration parameter is simply ¢ = Rago/Rs. In N-body simulations
Msg and ¢ are found to correlate tightly. One concise empirical description of this

‘mass—concentration relation’ (Neto et al., [2007) is:

M200 —0.10
=526 ( 0 __ 1.2
‘ (h11014 MQ) (12

The combination of the NFW model and the mass-concentration relation leaves only
a single free parameter, the mass of the halo.

Dark matter density is unobservable directly, but can be probed by the dynamics



of visible matter orbiting inside the halo. A useful connection between the density
profile and observable dynamics is the circular velocity curve, defined in terms of the

cumulative mass enclosed within each radius M (< R):

_ |GM(< R)
Vire = \| (13)

The circular velocity curve corresponding to the NF'W density profile the left panel
of Fig. [L.1) is shown in the right hand panel. A useful parameter derived from the
circular velocity curve is the maximum circular velocity V... Because the maximum
circular velocity is a (messy) monotonic function of My it is often used as a proxy

for the total mass of the halo. The relation can be expressed more concisely in terms

Vinax A 0.465+/47G po R? (1.4)

of pg and R,:

1.2.2 The core observation

The observed rotation curves of many dwarf galaxies resemble the dashed red line
in the right panel of Fig. [I.1} with a characteristic linear rise in the centre, rather
than the NFW circular velocity curve. A few of the many examples are shown in
Appendix [B] Assuming that these rotation curves are accurate tracers of the mass
profile, the corresponding density profile is shown with the same line style in the left
panel. The central constant density region is called a ‘core’. The total mass (Mag)
of the system is nearly unchanged — most of the mass is at large radii — and the
maximum circular velocity drops only very slightly.

The left panel of Fig. illustrates that there are two related but distinct ways
to characterize the cusp-core problem. It can be understood as either a difference in
the central slope of the density profile, or as a central deficit of mass. In Chapter [2] 1
propose a new description of the problem of the latter kind.

Before returning in the next section to the details of how these measurements are
made in practice, I wish to describe briefly the five known ways the theoretical cusps
might be reconciled with the observed cores. The first three involve an actual change
in the distribution of dark matter, either via a process which transforms a cusp into
a core, or which causes the halo to form with a core in the first place. The latter two
are rather arguments that the discrepancy is a matter of how the measurements are

interpreted.



1.2.3 Supernova-driven core formation

Although baryons make up at most only 17 per cent (f, = €2,/ = 0.17) of a galactic
system, gas cooling allows the baryonic distribution to collapse to high densities and
become dynamically important. A gas cloud slowly collapsing in a dark matter halo
causes the halo to contract without significant energy transfer between the gas and
dark matter (e.g. Mo et al., [1998)) — if anything, this reinforces the cusp. However,
if the condensed baryons, or at least a fraction of them, are subsequently ejected
from the centre rapidly, on a timescale shorter than the dynamical time, the dark
matter halo receives a net energy injection which can flatten the central density
profile (Navarro et al., [1996a)). The effect can be compounded by repeated episodes
of collapse and ejection (Read & Gilmore, 2005).

Supernova driven winds are a plausible cause of such rapid gas motions. This
mechanism is explicitly seen to operate in some current galaxy formation models (for
instance those of [Pontzen & Governato, 2012; Brooks & Zolotov], 2014} Chan et al.,
2015; [Tollet et al., 2016). Other models with milder supernova feedback implementa-
tions do not form dark matter cores via this mechanism. However, they still seem able
to produce galaxies which otherwise appear at least as ‘realistic’ as those in models
which do form cores (Vogelsberger et al., 2014a} Schaller et al., |2015)).

Perhaps the biggest current challenge to the supernova wind-driven core formation
model is the existence of very large cores, such as that of IC 2574 which extends to
~ 8kpc, to the very edge of the stellar distribution of this galaxy. Since in this picture
the core is tied to a stellar process this is difficult to explain — this is discussed further

in Chapters 2] &

1.2.4 Clumpy infall & dynamical friction

Dynamical friction is another mechanism by which the motions of gas can affect
the dark matter distribution. [El-Zant et al.| (2001 proposed a model in which dark
matter haloes initially form with cusps, but the initial infall of gas clumps into the
halo, just before the first stars are formed, injects energy into the cusp as the clumps
slow via dynamical friction. This heats the central dark matter particles and flattens
the density profile, and most of the gas clumps are dissipated shortly thereafter by
supernova explosions. This model and later updates to it (Del Popolo, 2009) do not
seem to be as widely regarded as a potentially viable solution to the cusp-core problem

as the supernova-driven core formation mechanism. The reason for this is difficult
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to pinpoint, but may stem from the semi-analytic rather than fully hydrodynamical
nature of the model. It is also very difficult to constrain observationally because the
cusp to core transformation occurs very early in the galaxy formation process and

does not seem to have a clear signature which persists to the present day.

1.2.5 Modified dark matter physics

The physics of the dark matter, if it differs from the standard collisionless cold dark
matter model, may also create cores. If the dark matter particle has a scattering
interaction with itself, this could place a limit on the central density in dark matter
haloes (Spergel & Steinhardt, 2000). In order to simultaneously satisfy observational
constraints on the central dark matter density profiles of galaxy clusters and dwarf
galaxies, a collisional cross section which depends on the inter-particle velocity may be
required (Vogelsberger et al.| [2012), though this is debated (Rocha et al. |2013). The
recent development of techniques for modelling a dark matter scattering interaction
within the framework of galaxy formation simulations (Vogelsberger et al. |2016)
allows for fully self-consistent predictions. The initial results of Creasey et al.| (2017)
using this method suggest that self interacting dark matter (SIDM) may even be able

to account for very large cores such as that of IC 2574.

1.2.6 Modified gravity

Underpinning the entire process of dynamical mass measurements on which the exis-
tence of the cusp-core problem is predicated is the assumption that gravity operates
as described by general relativity. The dark matter problem has motivated the devel-
opment of alternate theories of gravity. One of the specific objectives of the modified
Newtonian dynamics (MOND) of Milgrom, (1983)) was to explain the galactic rota-
tion curve measurement, in particular that the rotation curves of galaxies remain flat
well beyond the edge of the visible galaxy. In this theory gravity is indistinguishable
from Newtonian gravity except in the limit of very low accelerations a 5 1071 ms=2;
the accelerations in the outskirts of galaxies are of this order. What MOND, and
similar theories, predict for the inner parts of rotation curves is less clear. [Lelli et al.
(2016b) derived a ‘radial acceleration relation’ from the rotation curves and surface
brightness profiles of a large sample of disc galaxies and McGaugh et al. (2016) sug-
gest that the tightness and shape of this relation are natural predictions of MOND.

However, Navarro et al.| (2016) point out that some galaxies — the same which appear
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to have dark matter cores — deviate significantly from the relation. It seems therefore
that MOND-like theories struggle to resolve the cusp-core discrepancy. Nevertheless,
testing the laws of gravity in the extreme weak field regime remains a useful and
important check in validating the measurements on which the cusp-core problem is
based.

1.2.7 Modelling errors

There is a long running debate around whether and when the rotation curves of
galaxies can be interpreted as circular velocity curves, and consequently used to derive
mass and density profiles. The systematic errors of particular concern can be split
into two broad categories: (i) uncertainty regarding the basic properties and geometry
of the galaxy, e.g. distance, inclination, morphology, etc. and (ii) the effects of
non-circular motions in the velocity field. These parameters and their effects on
kinematic modelling are described in more detail in the next section, and are central
to Chapter [l Much of the difficulty comes from the risk of confusing the observable
signature of effects in the two categories. For instance, small errors in inclination and
rotation velocity both strongly resemble the pattern in projection due to a quadrupole
term in the velocity field (Warner et al.| [1973; [Schoenmakers et al., |1997)), especially
if the rotation curve appears to be linearly rising, as is the case for galaxies hosting
a putative dark matter core.

Fortunately there are avenues both observational and theoretical to at least quan-
tify, if not compensate for, these systematic uncertainties. Observationally, a partic-
ularly illuminating strategy is to observe multiple dynamically independent compo-
nents of the same galaxy, e.g. stellar kinematics and gas kinematics (e.g. Adams et al.,
2014)), or gas in multiple phasef](e.g. Swaters et al., |2003; Richards et al., [2016)). On
the theoretical side of things, forward modelling techniques allow for the validation
of models and model assumptions on simulated systems where the correct answer is
known (e.g. [Rhee et al., [2004; Valenzuela et al., [2007; Kuzio de Naray & Kaufmann),
2011; Read et al, 2016; Pineda et al., 2017)); the main limitation is the ability of the

simulations to capture the full detail and complexity of real systems.

4The different components, especially in the case of multiple gas phases, are not entirely inde-
pendent, but observing and comparing e.g. H1 in the radio and H « in the optical at least allows
for the isolation of some systematic effects.
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1.3 Circular velocity and rotation curves

Because the dark matter component of a galaxy is not directly observable, its distri-
bution must be inferred from the dynamics of the system. Indeed, dark matter was
originally invoked to explain the discrepancy between the observable mass distribu-
tions and the dynamics of astrophysical systems. Making the connection explicitly,

the mass distribution p defines a gravitational potential ® via Poisson’s equation:
V20 = 4G, (1.5)
and the potential has an associated force F:
F=Vd. (1.6)

In the absence of other forces, the kinematics of a collection of ‘tracer’ particles in
a system are sufficient to fully specify the mass distribution, provided the system
is in dynamical equilibrium, for the regions in which tracers exist. Equilibrium can
be maintained if gravitational collapse is compensated by the kinematics, either by
ordered (rotational) motions, disordered motions (dispersion), or a combination of
the two. Tracers falling in any of these three categories can be used to attempt a
measurement of the dark matter distribution in a galaxy (see, for instance, Lelli et al.,
2017, for a recent analysis using all types). For tracers predominantly supported by

rotational motion, the circular velocity curve:

‘/CiI‘C(R> = \/ wv (17)

where M (< R) is the mass enclosed within radius R, is a useful proxy for the mass
distribution. Provided the following conditions are satisfied, then tracer particles at
radius R will have velocity Vei(R):

1. The mass distribution is spherically symmetric.
2. Tracer particles are on circular orbits.
3. The system is in dynamical equilibrium.

4. No non-gravitational forces are acting on the tracers.
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In this thesis I have taken care to distinguish between the circular velocity curve,
which can be thought of as a spherically symmetric mass profile expressed in units of
velocity, and the rotation curve, which is a measurement of the motions in a galaxy.

The two are only equivalent if the conditions enumerated above are satisfied.

1.3.1 Dwarf galaxies

Dwarf galaxies, loosely defined as galaxies with total masses (including dark matter)
of 5 101 My, — about an order of magnitude less than the Milky Way — have several
properties which make them preferable over their giant counterparts for the purposes
of measuring their dark matter distribution. Foremost is that they have large mass-to-
light ratios: the luminous components of the galaxy (stars, gas) form a tiny fraction of
the total mass. While this is globally true for galaxies in general — the cosmic baryon
fraction of fra = Qp/Qm ~ 0.17 more or less guarantees this — for dwarf galaxies, the
statement also applies locally (e.g.|de Blok & McGaughl 1996, 1997). Even within the
luminous part of the galaxy, the dark matter still makes the dominant contribution
to the local density.

This observation is useful for two reasons. First, it avoids the need to measure and
subtract the luminous mass distribution from the total mass distribution. Instead,
the luminous matter can be treated as a collection of massless tracers orbiting in
a potential sourced purely by dark matter. This removes a potentially substantial
contribution to the error budget in the dark mass distribution measurement. Second,
dark matter haloes are thought to be approximately spherically symmetric. If the
dark matter fully dominates the dynamics, this fulfills one of the criteria required for
the rotation curve to equate to the circular velocity curve.

One of the main drawbacks of using dwarf galaxies in rotation curve work is that
they tend to have irregular or spheroidal stellar morphology, both of which point to
likely strongly non-circular orbits, in contrast to the clearly disc-shaped spiral galaxies
amongst the giants. The morphology of the neutral hydrogen (H1), for those dwarfs
which have any appreciable amount of it (dwarf spheroidals tend not to), however,
is often disc-like. Holes, warps, lopsidedness and other irregularities are common
(Holwerda et al., 2011, and subsequent papers in the same series), but in the gas,
unlike for stars, hydrodynamic forces and radiative dissipation of angular momentum
actively work to settle the gas into a disc. It is therefore arguably reasonable to

assume that the gas is on circular orbits. I will return to this point later: departures
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from circular motion will be a central theme of Chapter [4]

Of the four conditions enumerated above the dynamical equilibrium condition is
probably the most difficult to quantify. In some cases, like ongoing mergers between
galaxies, it is obvious that a system is out of equilibrium. All galaxies are out of
equilibrium to some degree, though, and measuring the degree of departure from

dynamical equilibrium is difficult using only observationally accessible quantities.

1.3.2 Pressure support corrections

Coming now to the last of the four conditions enumerated above, there are of course
non-gravitational forces which act on the gas in a galactic disc. Provided these forces
are small relative to the gravitational force, the equality Vi = Vior will still approxi-
mately hold. One force which is sometimes non-negligible, particularly in the weaker
gravitational environments of dwarf galaxies, is that due to a radial hydrostatic pres-
sure gradient in the gas disc. For this particular case there is a standard diagnostic
and correctionﬂ which can be made (e.g. |Valenzuela et al., [2007; Dalcanton & Stilp),
2010; |Oh et al., 2015)). Conceptually, the correction is very simple: an extra term
appears in Newton’s second law, focussing here on the radial component in the plane

of the disc:
Vi _ GM(<R)  1dP
R R? pdR

with P the hydrostatic pressure and p the gas density. The pressure gradient is

(1.8)

typically negative, so the disc rotates more slowly if it is partially pressure supported.
Turbulence is thought to be the dominant source of pressure in H1 discs (Dalcanton &
Stilp, [2010)), so the pressure is related to the radial velocity dispersion og as P = po%.

Re-arranging gives a more convenient formulation:

V2 — V2 2 leg(pO‘IQ_—{)

. 1.
rot circ + OR legR ( 9)

The volume density and radial component of the velocity dispersion are not directly
observable. Assuming that the vertical structure of the disc is radially invariant allows
p to be replaced by the surface density >y, and further assuming that the velocity
dispersion is isotropic allows or to be replaced by o, the velocity dispersion along the

line of sight. This yields a formulation that is entirely in terms of observables which

5Often misleadingly called an asymmetric drift correction, see e.g. |Pineda et al.| (2017) for an
extensive discussion.
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can be used as a diagnostic or correction:

V2 — 2 +02d10g(2H102)

1.10
rot circ dlogR ( )

1.3.3 Kinematic modelling

The rotation speed of gas in a galactic disc is not directly measurable. It must instead
be estimated from spectra measured at various positions across the disc, which provide
information about the distribution of velocities along the line of sight at each position.
Accurate distances and the velocity components in the plane of the sky are generally
inaccessible, so the task is to reconstruct the full 6 dimensional phase space description
of the kinematics from measurements of only 3 of the components.

The simplest technique to measure a rotation curve is to measure a series of spectra
along the geometric major axis of a galaxy, with the implicit assumption that this
coincides with the kinematic major axis. This can be achieved cheaply with a long slit
spectrograph. To extract velocity information a known spectral line is required; the
most often used line is H « (e.g. de Blok et al., [2001} |de Blok & Bosma, 2002; Swaters
et al., 2003; Spekkens et al., 2005; Reyes et al. 2011; [Kauffmann et al., [2015)), which
is both bright and usually present throughout most of the stellar disc. The velocity
profile along the slit is then directly interpreted as a rotation curve, requiring only
a correction for the inclination of the system: Vipserved = Viot Sin(é). The difference
between the approaching and receding sides of the disc is often used to construct
a rough estimate of the systematic uncertainty in the measurement. This kind of
measurement is simple and cheap, but suffers from several systematic effects which
are difficult to control for. For instance, a slight misplacement of the slit so that it
misses the galactic centre, or is slightly rotated relative to the kinematic major axis,
will cause a systematic underestimate of the rotation curve (Swaters et al.. 2003;
Spekkens et al., [2005).

Much more useful information for the extraction of a rotation curve is contained
in measurements which are resolved in two spatial and one spectral dimension, i.e.
data cubes. Radio interferometers produce such measurements ‘by default’, and the
21-cm hyperfine transition of neutral hydrogen (HT1) is a useful emission line at radio
wavelengths. This line can usually be measured to radii well beyond the limit of the
H « emission, offering a better chance of reaching the peak or flat part of the rotation

curve which correlates with the total mass of the system. For many years the main
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drawback of radio interferometry-based rotation curves was the poor spatial resolution
of 2 50arcsec (compare to ~ 1.5arcsec for seeing-limited optical measurements),
which causes a systematic underestimate of the rotation curve due to ‘beam smearing’
(Swaters et al., 2009, and references therein). The THINGS (Walter et al., 2008) and
LITTLE THINGS (Hunter et al., 2012) surveys utilizing the Very Large Array have
relatively recently changed this picture with their 6-12arcsec resolution HI maps.
While still a factor of a few shy of the spatial resolution achievable with optical
spectroscopy, this is still sufficient to resolve ~ 100 pc scales in nearby galaxies. The
advent of optical integral field spectrographs also makes it possible to obtain high
resolution 2D maps of H « emission (or other features). These are also used for
rotation curve work (e.g. Kuzio de Naray et al., 2008; Adams et al.| 2014; Richards
et al., [2016); their main drawback is again the limited radial extent of useful optical
spectral features.

Most models in current use for the extraction of rotation curves from data cubes
are variations on the ‘tilted ring’ model of |Rogstad et al.| (1974). In the usual formu-
lation the gas disc is approximated as infinitesimally thin and divided into a series
of concentric annuli, or ‘rings’. Each ring is characterized by its surface brightness
(i.e. mass) and rotation velocity. The model allows for warps in the disc by allowing
the rings to tilt, parameterized by an inclination angle relative to the observer (by
convention i = 0° is face-on, i = 90° edge-on) and a position angle, the direction of
the receding side of the kinematic major axis measured counter-clockwise from North.
Each ring may also have an independent centroid and systemic velocity (bulk motion
along the line of sight), though in practice these are usually fixed to a constant for
all rings. There are differences in the details of the various implementations of tilted
ring modelling routines. Some, for instance, add a parameter to account for the ve-
locity dispersion of each ring (e.g. the TIRIFIC code of [Jézsa et al., 2007; Kamphuis
et al., 2015). In most cases the inputs are the 0™ and 15* moments of the data cube
F(x,y,v) (Schoenmakers, 1999; |Krajnovié¢ et al., 2006; Spekkens & Sellwood), 2007}

Jozsa et al., 2007, amongst others), i.e. the surface brightness and velocity maps,
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computed along the lines oiﬁ:

Y(x,y) = /F(x,y,v) dv (1.11)

V(z,y) = vagayy’;}) v (1.12)

If the velocity dispersion is fit, the 2" moment (dispersion map) is also needed:

B f (vF(x,y,v) — \_/(:v,y))2 dv 2
o(z,y) = ( S(2.7) ) (1.13)

If maps are the model inputs, then the tilted ring model is used to create a set of
model maps whose residuals with respect to the input, quantified by some figure of
merit. The parameter choices which minimize the residuals are then sought using
an iterative technique. In some more recent implementations, such as the *?BAROLO
package (Di Teodoro & Fraternali, 2015) used in Chapter {4} the input is the entire
data cube. In this case the ring parameters are used to directly construct a model
data cube which is subtracted from the input to yield a residual.

The parameter space of tilted ring models in general has many dimensions. Each
ring has at least 3 (Vio, 4, PA) and up to 8 (0, X, Xy, Yo, Viys) parameters to be fit,
and the number of rings varies from ~ 10 to over 100 depending on the size of the
galaxy in units of the observational resolution. An additional complication is that
some parameters are strongly degenerate — crucially, the inclination angle and rotation
velocity are exactly degenerate in the case of ‘solid body’ rotation, i.e. V(R) x R.
Some common strategies to help mitigate these issues are (i) to fit the parameters
of each ring independently of the other rings, (ii) to perform an initial fit with all
parameters free, then radially smooth the geometric parameters (particularly ¢ and
PA) and perform a second fit with these parameters fixed to their smoothed values
and (iii) to use additional constraints such as the visible or H1 morphology of the
galaxy to impose strong priors on the geometric parameters (de Blok et al., 2008;
Oh et al 2011} 2015; Richards et al.| 2016; lorio et al., [2017). All of these can have
potentially significant impact on the result of the model fitting.

5Depending on context, different weighting schemes are sometimes used.
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1.3.4 Mass modelling

Once kinematic modelling is complete and the resulting rotation curve has been cor-
rected for pressure support, if relevant, one more step, usually termed ‘mass mod-
elling’ is required to complete a measurement of the dark matter distribution. This
involves decomposing the spherically averaged total mass profile — the rotation curve
—into its constituent parts: dark matter, gas and stars[] (the latter two collectively be-
ing termed ‘baryons’). The stars are often further sub-divided, if relevant, into bulge
and disc components. The gas mass profile is usually estimated from the H1 emission
assuming a constant correction factor of 1.33-1.4 to account for the mass in helium
and heavier elements. Conveniently the HT emission is almost always close to the op-
tically thin regime, and the conversion from HT line flux to neutral hydrogen mass is
straightforward and well understood (e.g. Giovanelli & Haynes, [1988]). Contributions
from molecular or ionized hydrogen are usually neglected. For more massive galaxies,
where the stellar component usually strongly dominates the baryonic contribution,
the gas is sometimes neglected entirely.

The conversion from stellar light to mass is more subtle. The mass-to-light ratio
T is an extensively studied parameter (Courteau et al. [2014) and references therein).
The best estimate value depends on the photometric filter, has several secondary
systematic correlations (e.g. colour), and is generally somewhat uncertain. In the
optimal scenario 3.6 um infrared photometry is used; this is the band where the
systematic uncertainty in Y is minimized (Verheijen), 2001; |Lelli et al) 2016a)). As
a way of quantifying the maximum possible impact of uncertainty in T, so-called
maximum and minimum disc models are sometimes used. In the maximum disc model
the largest possible T is chosen such that the baryonic contribution to the rotation
curve nowhere exceeds the measured rotation curve. Conversely, in the minimum disc
model T = 0 is assumed. The combination of the two models puts conservative upper
and lower limits on the dark matter mass profile.

Once the dark matter mass profile has been isolated, models corresponding to
cuspy and cored dark matter haloes may be fit — some of the most commonly used
are the NFW and pseudo-isothermal profiles (e.g. de Blok et al., 2001 Kuzio de
Naray et al., [2008; lde Blok et al 2008; |Oh et al., 2011, 2015). While this may be
instructive, great care must be taken in the interpretation since the goodness of fit

of each model is strongly affected by systematic effects: the extent of the rotation

"On the 2 100 pc scales resolved by the observations described in Sec. the central super-
massive black hole is invariably dynamically insignificant.
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curve, the inclination of the galaxy, the choice of radial sampling rate all play a role.
These issues have recently been revisited by Pineda et al.| (2017).

Another often used measure of the cusp core problem is to measure the inner slope
of the dark matter density profile — cuspy haloes have central slopes dlog p/dlog R ~
—1, while a core corresponds to an inner slope closer to 0 (see Fig. . This measure-
ment requires numerically computing two derivatives, one to compute p(R) from the
mass profile, and a second to measure the slope of the density profile. It furthermore
relies heavily on the few most central resolution elements. Despite these difficulties, it
has recently been used to claim that all sufficiently resolved galaxies in a large sample
of dwarfs are strongly cored (Oh et al., 2015), and also that there is a diversity in the
inner slopes spanning ~all values between the cusped and cored cases (Adams et al.,
2014).

The mass modelling process introduces many additional uncertain analysis steps
after the already uncertain kinematic modelling. The new approach to quantifying the
cusp-core problem I propose in Chapter [2| avoids using mass modelling entirely. This
limits its applicability to dark matter dominated dwarf galaxies, but these happen to

be the especially interesting cases anyway (e.g. Sec. [1.2.3)).

1.4 Outline

In Chapter [2| I present a comparison of a compilation of rotation curves of galaxies
across a wide range of masses and the circular velocity curves of galaxies drawn
from cosmological hydrodynamical simulations. The metric used for the comparison
evinces the cusp-core problem as a central mass deficit, and further highlights that
the rotation curves of dwarfs, in particular, exhibit a wide diversity in their shapes
at fixed V., much larger than seen in the simulations. Any satisfactory solution
to the cusp-core problem must account for this diversity, in addition to the apparent
existence of cores.

I switch focus in Chapter [3| away from the central mass content to the mass
integrated out to the outskirts of galaxies. Most galaxies lie along a tight scaling
relation between their baryonic and total mass, the baryonic Tully-Fisher relation.
Some outliers with apparently anomalously low dark matter content are very difficult
to explain. The most plausible explanation that emerges is that the inclinations of
these galaxies have been overestimated, though this remains difficult to reconcile with

error estimates reported in the literature.
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Building on the conclusion of [3] that systematic errors in kinematic modelling
can greatly impact the inferred properties of galaxies, in Chapter 4] I apply the same
models used with observed galaxies to synthetic observations of simulated galaxies.
Non-circular motions in the gas discs of the simulated galaxies, especially a quadrupo-
lar perturbation to the azimuthal velocity field, are found to severely bias the recov-
ered rotation curves. The end result is a diversity in rotation curve shapes strongly
reminiscent of that seen in observed galaxies in Chapter 2] This is an encouraging
step toward a possible solution to the cusp-core problem; whether these systematic
errors can fully account for the discrepancy remains to be seen.

Chapter |5| contains concluding remarks and a summary.

1.5 Co-author contributions to published work

Chapters[2land [3are closely based on published articles; full references are given at the
beginning of each chapter. In addition, an article closely based on Chapter 4 has been
submitted for publication with the title ‘Apparent cores and non-circular motions in
the H1 discs of simulated galaxies’ and with author list as follows: Kyle A. Oman,
Antonino Marasco, Julio F. Navarro, Carlos S. Frenk, Joop Schaye and Alejandro
Benitez-Llambay.

Chapter [2] was written in collaboration with members of the EAGLE simulation
collaboration (R. Bower, R. A. Crain, M. Furlong, M. Schaller, J. Schaye, T. The-
uns) whose main contribution was the development, testing and calibration of the
EAGLE galaxy formation model. The APOSTLE simulation collaboration are also
co-authors (J. F. Navarro, A. Fattahi, C. S. Frenk, T. Sawala), they variously con-
tributed by conceiving, running, managing and/or maintaining the APOSTLE suite
of simulations, and offering suggestions on the methodology during ~bi-weekly video-
conferences. S. D. M. White suggested several useful improvements to the execution
and presentation of the methodology. I performed all the analysis presented in the
chapter myself, including assembling the compilation of observational measurements
from the literature, writing routines to analyse the outputs of the APOSTLE and
EAGLE simulations, and the preparation of all figures and an initial draft of the
manuscript. The entire process was of course completed in close consultation with
J. F. Navarro. All co-authors provided editorial input in the preparation of the final
manuscript draft.

Chapter [3] was again written in collaboration with members of the APOSTLE
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team (J. F. Navarro, A. Fattahi, C. S. Frenk, T. Sawala, M. Schaller). L. V. Sales
was contemporaneously conducting a study using the APOSTLE simulation suite of
the baryonic Tully-Fisher relation; her application of a similar methodology to similar
(but distinct) questions led naturally to a collaborative effort; I am also a co-author
on the article which she led. S. D. M. White again contributed a critical and use-
ful assessment of the mehtodology. Similarly to above, I conducted all the analysis
presented in the chapter, including the preparation of all figures and the initial draft-
ing of substantial portions of the text, in close consultation with J. F. Navarro. All
co-authors provided editorial input in the preparation of the final manuscript draft.

The co-authors of the article (under review) based on Chapter |4] are part of a
group formed specifically to pursue the project presented in that chapter, and re-
lated work, which meets regularly by videoconference to discuss all aspects, both
scientific and technical, of the work. The sole exception is A. Benitez-Llambay, who
provided simulations of idealized gas discs which were useful in testing elements of the
methodology. I completed all the analysis presented in the chapter myself, including
the preparation of all synthetic observations, all figures, and the initial draft of the
text, all in close consultation with J. F. Navarro. A. Marasco completed analysis very
similar or identical to several of the steps in order to address related problems; this
was very useful in checking several steps for correctness and sensitivity to details in
the method. All co-authors provided editorial input in the preparation of the final
manuscript.

Chapters 2| and [3]| are identical to the published versions except where changes

were required following the oral examination of this dissertation.
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Chapter 2

The unexpected diversity of dwarf

galaxy rotation curves

Previously published as Kyle A. Oman, Julio F. Navarro, Azadeh Fattahi,
Carlos S. Frenk, Till Sawala, Simon D. M. White, Richard Bower, Robert
A. Crain, Michelle Furlong, Matthieu Schaller, Joop Schaye, Tom Theuns;
The unexpected diversity of dwarf galaxy rotation curves. Mon Not R
Astron Soc 2015; 452 (4): 3650-3665.

Abstract

We examine the circular velocity profiles of galaxies in ACDM cosmological hydrody-
namical simulations from the EAGLE and LOCAL GROUPS projects and compare
them with a compilation of observed rotation curves of galaxies spanning a wide
range in mass. The shape of the circular velocity profiles of simulated galaxies varies
systematically as a function of galaxy mass, but shows remarkably little variation at
fixed maximum circular velocity. This is especially true for low-mass dark matter-
dominated systems, reflecting the expected similarity of the underlying cold dark
matter haloes. This is at odds with observed dwarf galaxies, which show a large di-
versity of rotation curve shapes, even at fixed maximum rotation speed. Some dwarfs
have rotation curves that agree well with simulations, others do not. The latter are
systems where the inferred mass enclosed in the inner regions is much lower than
expected for cold dark matter haloes and include many galaxies where previous work
claims the presence of a constant density ‘core’. The ‘cusp vs core’ issue is thus better

characterized as an ‘inner mass deficit’ problem than as a density slope mismatch.
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For several galaxies the magnitude of this inner mass deficit is well in excess of that
reported in recent simulations where cores result from baryon-induced fluctuations in
the gravitational potential. We conclude that one or more of the following statements
must be true: (i) the dark matter is more complex than envisaged by any current
model; (ii) current simulations fail to reproduce the effects of baryons on the inner
regions of dwarf galaxies; and /or (iii) the mass profiles of ‘inner mass deficit’ galaxies

inferred from kinematic data are incorrect.

2.1 Introduction

Cosmological simulations have led to a detailed theoretical characterization of the
clustering of dark matter on galaxy scales. It is now well established that, when
baryons may be neglected, the equilibrium mass profiles of cold dark matter (CDM)
haloes are approximately self-similar and can be adequately approximated by a simple
formula (Navarro et al., [1996b],[1997). The ‘NFW profile’, as this is commonly known,
has a formally divergent density ‘cusp’ near the centre, p oc v=7, with v = 1, and
steepens gradually at larger radii. The corresponding circular velocity profile, Vi (7),

1/2 in contrast with the rotation curves

is thus relatively steep near the centre, Vi o< 7
of some dwarf galaxies, where the inner rotation speed rises linearly with radius. The
latter behaviour suggests that the dark matter density profile has a shallower inner
slope than predicted by simulations, closer to a constant density ‘core’ rather than a
steeply divergent ‘cusp’. This ‘cusp vs core’ problem (Moore, [1994; Flores & Primack,
1994) has been known since the mid 1990s and has elicited a number of proposed
solutions.

One is that the dark matter is not ‘cold’. Cores can be produced in dark matter
haloes by particle physics effects if the dark matter particles have specific properties
that differ from those of WIMPs or axions, the standard CDM candidates. For
example, phase space constraints give rise to cores in warm dark matter (WDM)
haloes (e.g. Bode et al., 2001; Lovell et al., 2012), although current lower limits on
WDM particle masses imply cores that are much smaller than those inferred for many
dwarfs (Maccio et al., 2012a; Shao et al.| 2013; |Viel et al., 2013]).

Alternatively, elastic collisions between particles of ‘self-interacting’ dark matter
(SIDM; see, e.g., [Spergel & Steinhardt), 2000) may create cores, provided the cross-
sections are the right size. SIDM has fallen somewhat out of favour because of con-

cerns that it may fail to account for the central dark matter density profiles of galaxy
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clusters (Miralda-Escudé, 2002) or that it would lead to the dissolution of individual
galaxies in clusters (Gnedin & Ostriker} 2001). However, recent work has concluded
that those arguments may be countered by appealing to velocity-dependent cross
sections (Vogelsberger et al., [2012)) or by re-evaluating carefully the observational
constraints. Indeed, Rocha et al| (2013)) argue that a velocity-independent specific
cross-section of order o/m ~ 0.1cm?g™! can reproduce simultaneously dwarf and
cluster observations, although this conclusion relies on a relatively uncertain extrap-
olation of their results to the regime of dwarfs. As a result, the situation remains
unsettled. Zavala et al. (2013), for example, have recently argued that only a finely-
tuned SIDM model can be reconciled with observation while Elbert et al.| (2015 have
concluded the opposite, although we note that the latter work is based on resimula-
tions of only two halos of similar (~ 40kms™!) circular velocity.

An alternative is that rotation curves may be reconciled with ACDM haloes by
‘baryon effects’ operating during the formation of the galaxy (Navarro et al., [1996a;
Gnedin & Zhao| 2002; Read & Gilmore} [2005). In particular, recent simulations in
which star formation occurs in a series of short bursts where dense clouds of gas
are continually assembled and violently dispersed have been shown to drive potential
fluctuations that can induce constant density cores at the centre of ACDM haloes
(Mashchenko et al., [2006; |Governato et al., 2010, 2012; |Brook et all [2012; Teyssier
et al., 2013; Madau et al.,[2014). Although there is no consensus that galaxy formation
necessarily has this effect (other simulations make realistic galaxies without producing
cores; see, e.g., Schaller et al., 2015, and our discussion below), there is growing
consensus that the inner dark matter profiles can, in principle, be reshaped during
the formation of a galaxy, even a dark matter-dominated one, in a manner that may
depend on its merger history (see, e.g., Di Cintio et al., 2014 [Onorbe et al., [2015).
‘Baryon-induced’ cores in CDM halos would be difficult to distinguish from those
produced by other effects, such as collisional effects in the case of SIDM (see, e.g.,
Vogelsberger et al., [2014b; Fry et al., 2015), complicating matters further.

Finally, it has been argued that a critical reappraisal of the actual constraints
placed on the inner dark matter density slope by observations might be needed, cit-
ing concerns about complexities such as non-circular motions (Swaters et al., [2003),
instrumental smearing effects (Swaters et al., 2003; van den Bosch et al., 2000)), and /or
departures from axisymmetry (Hayashi et al., 2004), all of which may complicate the
relation between the observational data and the underlying gravitational potential.

The advent of two-dimensional observational surveys with better sensitivity and an-
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Figure 2.1: Rotation curves of IC 2574 (filled circles) and of the simulated galaxies
DGI1 (open circles) and DG2 (open triangles), taken from |Oh et al.|(2011). The green
line shows the median circular velocity curve of all galaxies from our LG-MR and
EAGLE-HR simulations (see Sec. with Vipax = 77 km s~ 1£10 per cent, matching
the value of V. of IC 2574. The shaded area indicates the 10*"-90*" percentile range
at each radius. The lines become thinner and the shading stops inside the average
convergence radius, computed following the prescription of |Power et al. (2003)). The
numbers in square brackets in the legend are the numbers of galaxies/haloes that
contribute to that velocity bin. The solid black line is the median circular velocity
profile of haloes of the same V., identified in our dark matter-only simulations.
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gular resolution have allayed some of these earlier concerns (e.g., [Simon et al.; 2003}
de Blok et al.| 2008; [Kuzio de Naray et al., 2008}, |Oh et al| 2011; Adams et al., [2014;
Oh et al., 2015)), and have led to the view that reliable determination of the inner
slope of the dark matter density profile is indeed possible.

Some questions, however, remain. |Adams et al.| (2014)), for example, report inner
slopes as steep as v = 0.67 & 0.10 for a sample of seven nearby dwarfs, whereas |Oh
et al.| (2011)) report much shallower slopes (v = 0.29 + 0.07) for seven dwarfs selected
from the THINGS survey (Walter et al., 2008|). Whether these discrepancies reflect
a genuine physical difference between the galaxies in each of those samples, or a
systematic difference in the modeling of the observational data, is still unclear. What
is clear is that the inferred slopes are highly sensitive to how the mass of the baryonic
population is modeled as well as to how the inevitable presence of noncircular motions
near the centre is accounted for.

The case of NGC 2976 offers a sobering example: when inner kinematic peculiar-
ities in the gas are ignored a nearly constant density core is inferred (Simon et al.|
2003)), while a much steeper slope is inferred from Jeans modeling of stellar tracers
(Adams et al.| 2012)). Although the disagreement can be resolved once the non-circular
motions are accounted for and the total mass of the stellar component is better con-
strained (Adams et al., |2014), this example illustrates the difficulty of inferring =,
even when quality multi-tracer data at high resolution are available.

A further drawback of focusing the discussion on the central value of v is that it
risks missing an important dimension of the problem, which concerns the total mass
enclosed within the inner regions of a galaxy. This may be illustrated by the case
of IC 2574, one of seven systems whose rotation curves were compared by |Oh et al.
(2011) to simulated galaxies where baryon-induced fluctuations had flattened the dark
matter cusp (Governato et al., [2010). Oh et al. conclude that the simulated galaxies
have ‘haloes with a central mass distribution similar to that observed in nearby dwarf
galaxies’, a conclusion based on the similarity of the innermost values of ~.

Although the value of 7 in the inner ~ 1kpc of these systems might be similar,
the full circular velocity profiles of IC 2574 and simulated galaxies are actually very
different. We show this in Fig. 2.1, where we plot the circular velocity profile of
IC 2574 (filled circles) with that of DG1 (open circles) and DG2 (open triangles),
the two simulated galaxies from the Oh et al. study. The simulated galaxies show a
clear excess of mass in the inner regions compared to IC 2574, despite the ‘cores’ in

the dark matter carved out by baryons. The reason for the discrepancy is that these
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Figure 2.2: Circular velocity curves of simulated galaxies in the EAGLE-HR and
LG-MR simulations, which have similar mass and force resolution. The left panel
shows the results for hydrodynamical simulations; the right panel shows results for
the corresponding dark matter-only (DMO) runs. Systems are grouped according
to their maximum circular velocity in bins of 0.15-dex width as listed in the legend.
The number of systems in each bin is also listed in the legend, in square brackets.
Solid curves indicate the median circular velocity curve for galaxies in each bin; the
shaded areas show the 10""-90*" percentile range. The curves become thinner line
and shading stops inside the average convergence radius, computed for each bin using
the prescription of Power et al.| (2003). The solid black curves are the same in both
panels, and indicate the median circular velocity curves in the DMO simulations.
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cores are small, and only affect the inner kpc, whereas 1C 2574 shows a linearly-rising
rotation curve out to ~ 8kpc. The ‘baryon-induced’ cores in these simulations are
clearly too small to reconcile CDM with rotation curves of galaxies like IC 2574, so
the reported agreement between observation and simulation is, in this case, illusory.

The above discussion demonstrates that resolving the ‘cusp vs core’ problem re-
quires more than just matching the innermost values of . Even if baryon effects are
able to flatten the innermost value of v to values consistent with observed estimates
(see, e.g., fig. 2 in [Pontzen & Governato, 2014, for a comparison at 500 pc from
the centre), this is not enough to ensure that simulated rotation curves agree with
observation. We argue therefore for a reassessment of the ‘cusp vs core’ controversy
where full circular velocity profiles of observed galaxies are directly compared with the
results of cosmological hydrodynamical simulations. This has only become possible
very recently, given the advent of cosmological hydrodynamical simulations able to
produce a realistic galaxy population and, presumably, also realistic rotation curves
(see, e.g., |[Vogelsberger et al.| 2014a; Schaye et al., |2015)).

The analysis we advocate here, which extends to lower masses that of Schaller
et al. (2015)), has a number of advantages. One is that the inner regions, which are
difficult to observe and to simulate, are less emphasized in the comparison. The sec-
ond is that it makes full use of the predictive power of the ACDM paradigm. Earlier
work had left considerable room for discussion because of uncertainties, for example,
in the normalization of the NFW mass-concentration relation, which determines the
actual density profile of a halo of given mass. That debate has now been settled:
the cosmological parameters are known to exquisite accuracy (see, e.g., [Planck Col-
laboration et al., 2016)), and large cosmological simulations with excellent resolution
have characterized conclusively the mass-concentration relation, its normalization,
and scatter (see, e.g., [Neto et al. 2007; [Duffy et al., 2008; Maccio et al., 2008; |Zhao
et al.| 2009; |Prada et al., [2012; Ludlow et al., 2014)). As a result, simulated galaxies
can now be compared directly with observations without need for rescalings or other
adjustments.

We adopt this view here by considering the circular velocity profiles of galaxies
selected from the EAGLE and LOCAL GROUPS simulation projects. The simulated

! and

galaxies cover a wide range of maximum circular velocity, from 25 to 250 km s~
are compared with data compiled from the literature for galaxies that span a similar
range in maximum rotation velocity. We begin by presenting the simulated curves in

Sec. 2.2] and the observed compilation in Sec.[2.3] We then compare them and discuss
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our results in Sec. [2.4] before summarizing our main conclusions in Sec. [2.5

2.2 Circular Velocity Profiles of Simulated Galax-
ies

We discuss here the circular velocity curves of galaxies selected from the EAGLE
(Schaye et al., 2015; Crain et al., |2015) and LOCAL GROUPS (Sawala et al., |2015))
simulation projects. EAGLE is calibrated to reproduce, in a cosmological volume, the
observed population of galaxies, including their abundance as a function of galaxy
mass and their typical size. LOCAL GROUPS simulates volumes tailored to match
the Local Group environment with the same physics as EAGLE but at higher numer-
ical resolution. We refer the interested reader to the above references for details, and

provide here only a brief summary of the parameters most relevant to our analysis.

2.2.1 The numerical simulations
The EAGLE simulations

The EAGLE project is a suite of cosmological hydrodynamical simulations run with
a substantially modified version of the P-GADGET3 code, itself a descendent of the
publicly available GADGET2 (Springel, 2005). In this work we use only the highest-
resolution realization in the suite, which we denote EAGLE-HR (Ref-L025N07527 in
the nomenclature of Schaye et al., [2015). This simulation has a cube side length
of 25 comoving Mpc; 7523 dark matter particles each of mass 1.21 x 10°Mg; the
same number of gas particles each of mass 2.26 x 10° My; and a Plummer-equivalent
gravitational softening length of 350 proper pc (switching to comoving above redshift
2.8). The cosmology adopted is that of the Planck Collaboration| (2014)), with €, =
0.307, Q4 = 0.693, 0, = 0.04825, h = 0.6777 and og = 0.8288. EAGLE uses the
pressure-entropy formulation of smoothed particle hydrodynamics (Hopkins|, 2013),
and includes subgrid models for radiative cooling, star formation, stellar and chemical
enrichment, energetic stellar feedback, black hole accretion and mergers, and AGN
feedback.

!Though the fiducial EAGLE model for this box size and resolution is Recal-L025N0752, we use
the Ref-L025N0752 model because it more closely matches the subgrid physics used in the LOCAL
GROUPS simulations.
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Figure 2.3: As Fig. but for only two velocity bins, and shown in linear units. The
total number of galaxies in each bin are listed in the legend. The dotted lines corre-
spond to galaxies in the low-resolution LG-LR simulations, shown only down to their
convergence radii. The dashed line shows the same, but for galaxies in the medium
resolution LG-MR simulations. Thin solid curves correspond to individual systems
in the high-resolution LG-HR simulations. Only two of the twelve LG volumes have
been simulated at high resolution, hence the relatively small number of individual
curves in each panel. The black lines show the median circular velocity profile for
dark matter-only simulations.
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Table 2.1: Summary of the key parameters of the EAGLE and LOCAL GROUPS
simulations used in this work. Details of the cosmological parameters are available in
Komatsu et al.| (2011, WMAPT) and [Planck Collaboration (2014, Planck13).

Particle Masses (M) Max Softening

Simulation DM Gas Length (pc) Cosmology
EAGLE-HR 1.2 x10° 2.3 x10° 350 Planck13
LG-LR 7.3x10° 1.5x10% 712 WMAPT
LG-MR 59 x10° 1.3 x10° 308 WMAPT
LG-HR 5.0 x 10* 1.0x10* 134 WMAP7

The LOCAL GROUPS simulations

The LOCAL GROUPS project is a suite of zoom-in hydrodynamical simulations of
regions selected from cosmological dark matter-only simulations to contain two haloes
with approximately the masses and dynamics of the Milky Way and M31, and no other
nearby large structures (Fattahi et al., [2016)). LOCAL GROUPS uses the same code
and physics as the ‘Ref” EAGLE simulations. The same volumes are simulated at
three different resolution levels, which we denote LR-LR, LG-MR and LG-HR for
low, medium and high resolution, respectively. Each resolution level is separated by
a factor of ~ 10 in particle mass and a factor of ~ 2 in force resolution.

Table summarizes the particle masses and softening lengths of each resolution
level. We note that the LG-MR resolution level corresponds closely to EAGLE-HR.
There are 12 volumes, all of which have been simulated at LR-LR and LG-MR reso-
lution levels. Only volumes 1 and 4 have been simulated at high resolution. For each
hydrodynamical simulation there is also a corresponding dark matter-only (DMO)
simulation of the same region at the same resolution. The WMAPT7 cosmological pa-
rameters (Komatsu et al) 2011)) are used in LOCAL GROUPY with €, = 0.2727,
Qp = 0.728, 0, = 0.04557, h = 0.702 and o5 = 0.807.

The LOCAL GROUPS simulation suite produces realistic Local Group-like envi-
ronments, reproducing the stellar mass function of Milky Way and M31 satellites, and
that of Local Group dwarf galaxies (Sawala et al., 2016a)) using the same calibration

parameter choices as the EAGLE-Ref simulations.

2The differences between the cosmological parameters used in the EAGLE and LOCAL GROUPS
projects are very small and of little consequence to this study.
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Halo finding

Structures are identified in our simulations using the SUBFIND algorithm (Springel
et all 2001; Dolag et al., 2009). Particles are first grouped into friends-of-friends
(FoF) haloes by linking together dark matter particles separated by less than 0.2
times the mean interparticle spacing; gas and star particles are assigned to the same
FoF halo as their nearest dark matter particle. Substructures are then separated
along saddle points in the density distribution; in this step dark matter, gas and star
particles are treated as a single distribution of mass. Finally, particles that are not
gravitationally bound to the substructures are removed. The result is a collection of

substructures termed ‘subhaloes’; each typically corresponding to a single galaxy.

2.2.2 Circular velocity curves

The circular velocity profiles of simulated galaxies, Vi (r) = (GM (< r)/r)Y/2, where
M(< r) is the mass enclosed within radius r, are shown in the left panel of Fig. 2.2]
Here we have gathered all ‘central’ galaxies (i.e. excluding satellites) in the 12 LG-
MR simulations, together with all centrals in the EAGLE-HR simulation, and binned
them according to their maximum circular velocity, Vi,.x. We adopted bins of 0.15-
dex width, centred at log;(Vinax/kms™) = 1.575,1.725,1.875,2.025, 2.175, 2.325, and
show the median rotation curve for galaxies in each bin with solid lines. The shaded
areas indicate, at each radius, the 10® and 90" percentile velocity for all galaxies in
each bin. The number of galaxies in each bin is listed in the legend.

This figure illustrates two important points. One is that the shapes of the circular
velocity curves of ACDM galaxies are a strong function of the maximum circular
velocity of the system. Indeed, once V. is specified, the circular velocity profile of a
system is very well constrained at all radii that are resolvedﬁ] by the simulations. The
second point is that, in general, circular velocity curves of systems with substantially
different V.« do not cross, so that in principle a well measured circular velocity at
almost any radius may be translated into an excellent constraint on V..

These characteristics of the circular velocity curves are largely a reflection of the
self-similar nature of ACDM haloes, modified by the baryonic component. This may
be seen in the right panel of Fig. 2.2 which is analogous to that in the left, but for

3We adopt in all cases the ‘convergence radius’ introduced by Power et al.| (2003), as computed
from the DMO simulations. This radius marks the point where curves turn thinner and the shading
stops in all figures.
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systems identified in dark matter-only simulations of the same EAGLE and LOCAL
GROUPS volumes. (The solid black lines are the same in both panels and indicate
the median rotation curves in the DMO simulations.) As discussed by [Schaller et al.
(2015)), the effects of baryons are mainly discernible in systems with Vi, > 60 km s~
In those systems, the assembly of the baryonic component of the galaxy leads to an
increase in mass that tends to flatten the V.(r) profile in the inner few kpc.

In systems with Vi < 60kms™!

, on the other hand, the galaxy formation ‘ef-
ficiency’ is very low, and the baryonic mass of the central galaxy has, in general, a
negligible effect on the circular velocity curve, even in the inner regions. Our simu-
lations thus show little evidence for the formation of a constant-density ‘core’ near
the centre of dwarf galaxies, suggesting that the dark matter ‘core creation” mech-
anism discussed by Pontzen & Governato| (2014) is not a general result of ACDM
simulations that produce realistic galaxy populations, but rather a consequence of
particular algorithmic choices adopted to simulate star formation and feedback.

Indeed, simulations that produce ‘cores’ generally adopt a high density threshold
for star formation (ng = 100 cm™3, e.g. Governato et al.| [2010) that results in micro
bursts of star formation concentrated in highly compact gas clouds that can be rapidly
dispersed by feedback. This mode of star formation is not present in our simulations,
which adopt a lower effective star formation threshold (ng 2 0.1cm™3 (Z/0.002) "%,
depending on the metallicity Z and motivated by models of the Hi1-Hy transition;
Schaye, [2004) because we do not attempt to model a cold (T" < 10* K) insterstel-
lar gas phase. Our simulations thus allow star formation to occur throughout the
rotationally-supported gaseous disk of a galaxy, limiting the sudden fluctuations in
the gravitational potential on small scales.

Although we do not see obvious evidence for constant density cores in the circular
velocity profiles, we do find ~ 1kpc cores in the dark matter density profile of some
galaxies with V.« = 100kms=t. These cores are only present in the dark matter
— any dark mass displaced is actually replaced by baryons so that the net result is
typically an overall increase in the total mass in the inner regions and a steepening
of the potential. As a result, these cores canonot explain the linearly-rising rotation
curves of dwarf galaxies, and are of little consequence to the rest of our analysis.

Fig. offers evidence that the lack of ‘cores’ in the total mass profiles in our
simulations is not a result of insufficient numerical resolution. Here we show, in linear
units, the circular velocity profiles of LOCAL GROUPS galaxies in two bins of V.,
simulated at three different numerical resolutions (LG-HR, LG-MR, and LG-LR; see
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Sec.[2.2.1)). Asin Fig.[2.2] the shaded regions in Fig. [2.3show the 10**-90*" percentile

range spanned by the V,..(r) curves in each bin, for the medium-resolution (MR) and
low-resolution (LR) simulations. The thin lines in Fig. correspond to individual
systems identified in the high-resolution (HR) version of the same simulations. Fig.
shows that, at all well-resolved radii, the circular velocity profiles are insensitive to
numerical resolution, despite the fact that the LG simulation series span a factor of
122 = 144 in particle mass and of more than ~ 5 in force resolution.

We emphasize that, although our simulations do not form ‘cores’, they do produce
galaxies whose abundance, structural properties, and evolution seem in good accord
with observational constraints (see, e.g., Schaye et al., [2015; Sawala et al., [2016a}
Furlong et al., [2015; Schaller et al., 2015)). The formation of dark matter ‘cores’ thus
does not appear to be a requisite ingredient of galaxy formation simulations that
successfully reproduce the structural properties of the observed galaxy population, at

least for galaxies with stellar masses M, > 10° M.

2.3 Observed Rotation Curves

Our sample of galaxy rotation curves is compiled from several literature sources.
We describe the sources of our compilation in detail in Sec. [A] and list some key
properties of the individual rotation curves that we use in our analysis in Table [A.T]
Our compilation retains only recent data sets (i.e., published after 2001), and favours,
where possible, data sets based on two-dimensional velocity fields, such as the integral-
field optical data sets of Kuzio de Naray et al. (2008]); or the high-resolution H1
datacubes from Oh et al.| (2015). For more massive galaxies, we supplement our
compilation with the long-slit rotation curves of [Reyes et al| (2011)f7] and [Kauffmann
et al. (2015). Although our data set is by no means complete, it contains 304 rotation
curves (and an additional 189 from Reyes et al., 2011|) spanning a wide range of V,.x,
from 21 to 350kms~!. It also contains the majority of the dwarf galaxies that have
been used in the literature to illustrate the ‘cusp vs core’ problem.

We assume throughout our analysis that the published rotation curves (which
have been corrected, in most cases, for inclination effects, asymmetric drift, and non
circular motions) provide a fair approximation to the circular velocity profiles of

galaxies in our sample and hereafter refer to both as ‘V..”. We note that this is a

4Full rotation curves were not available, we use instead the published parameters of fits to their
rotation curves.
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strong assumption which may fail for a number of dwarf systems where the observed

galaxy is clearly highly irregular.

2.4 Observed vs Simulated Rotation Curves

2.4.1 The similarity of simulated circular velocity curves

The general properties of the rotation curves of simulated galaxies shown in Fig.
are in reasonable agreement with those of observed galaxies, thus extending the agree-
ment between EAGLE and observations noted by [Schaller et al.| (2015], e.g. their fig. 6)
for Vyax > 100km s~ to lower mass systems. Circular velocities tend to rise sharply
and stay flat in massive galaxies, but to rise more slowly in dwarf systems, where
baryons play a less important role.

The agreement is not just qualitative. This may be seen in Fig. 2.4] where we
compare directly the rotation curves of four galaxies of different circular velocity
with the simulation results. The comparison is made with simulated systems whose
maximum circular velocity matches, within 10 per cent, that of the observed galaxy,
without any rescaling. The match in V., ensures as well that the baryonic masses of
simulated and observed galaxies are comparable, since the simulated systems satisfy
the observed baryonic Tully-Fisher relation (Sales et al., |2017). We repeat one of
the examples in Fig. [2.5) NGC 1560, to show a comparison with individual circular
velocity curves drawn from the simulations. This galaxy follows the broad trend
seen in simulations for object of comparable maximum circular velocity, however no
individual curve is a precise match to the shape of the curve for NGC 1560.

The excellent agreement shown in Fig. is meant to illustrate a more general
point: the rotation curves of many galaxies, dwarfs included, are actually consistent
with ACDM predictions. This is important to emphasize, since it is often thought
that ACDM rotation curves are in conflict with data for all or a majority of galaxies,

especially dwarfs.

2.4.2 The diversity of observed rotation curves

Actually, the main difference between simulated and observed rotation curves is the
great diversity of the latter (especially for dwarfs), which is unexpected according to
our results. We illustrate this in Fig. [2.6] where the rotation curves of four different
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Figure 2.4: Four examples of galaxies in our sample with rotation curves that are
in good agreement with the circular velocity curves of our ACDM hydrodynamical
simulations. The four galaxies have been chosen to span a wide range in maximum
circular velocity, from ~ 30 (top left) to ~ 120kms™! (bottom right). As in Fig. [2.2]
the solid curves and shaded areas show the median (and 10™"-90" percentile range)
of all simulated galaxies in 20 per cent-width bins centred at the maximum circular
velocity of the galaxy in each panel (see legend). The solid black curve corresponds
to the median circular velocity curve of our DMO simulations.
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Figure 2.5: Rotation curve of NGC 1560 (symbols), as in lower left panel of Fig ,
compared with 20 individual simulated rotation curves randomly selected from the
set of systems with V. = 78 kms~! 4 10 per cent, from simulations including full
hydrodynamics and galaxy formation modelling.
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dwarf galaxies of similar maximum circular velocity are compared with simulated
galaxies of matching V..

The four galaxies in this figure have been selected to illustrate the large diversity
of rotation curve shapes at fixed V.. According to the baryonic Tully-Fisher rela-
tion (McGaugh, 2012), these four galaxies have similar total baryonic masses, so the
differences in rotation curve shape must be due to either systematic variations in the
spatial distribution of the baryons, or to varying amounts of dark matter.

The baryon distribution is at least partly responsible, since it is well documented
that high-surface brightness galaxies have more steeply rising rotation curves than
low-surface brightness systems (see, e.g., McGaugh & de Blok| [1998; [Swaters et al.,
2009, and references therein). Quantitatively, however, the differences cannot be
fully ascribed to baryons (see below), so the diversity seen in Fig. reflects large

systematic variations in the inner dark matter content as well.

2.4.3 The challenge to ACDM

The comparison between observed and simulated rotation curves thus highlights two
challenges to ACDM. One is to understand the origin of the diversity at fixed Vijax,
especially in dwarf galaxies, which tend to be dark matter dominated. These are all
galaxies that form in similar halos, have approximately the same baryonic mass, and
similar morphologies. Some diversity induced by differences in the distribution of the
baryonic component is expected, but clearly the observed diversity is much greater
than in our simulations.

The second, and more worrying, concern is the inner mass deficit that some of
these galaxies seem to exhibit relative to the ACDM simulation predictions. Indeed,
except for UGC 5721, all of the galaxies shown in Fig. have less mass in the inner
8kpc than expected not only from our hydro simulations (shaded coloured regions)
but also from a ACDM halo alone (solid black lines). Systems like UGC 11707 seem
marginally consistent, and could perhaps be interpreted as outliers, but cases like
IC 2574, or LSB F583-1 are too extreme to be accommodated by our model without
significant change.

The mass deficit we highlight here has been noted before in the context of the
‘cusp vs core’ debate (see, e.g.,[McGaugh et al 2007, and references therein). Indeed,
if constant density ‘cores’ were imposed on the dark matter it would be relatively

straightforward to reproduce the data shown in Fig. [2.6] Such cores, however, would
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Figure 2.6: Rotation curves of four dwarf irregular galaxies of approximately the same
maximum rotation speed (~ 80-100 kms™!) and galaxy mass, chosen to illustrate the
diversity of rotation curve shape at given Vi,.c. As in previous figures, coloured solid
curves and shaded areas correspond to the median (and 1090 percentile) circular
velocity curve of simulated galaxies matching (within 10 per cent) the maximum
circular velocity of each galaxy. Note that the observed rotation curves exhibit a
much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations,
from galaxies like UGC 5721, which are consistent with our simulations, to galaxies
like IC 2574, which show a much more slowly rising rotation curve compared with
simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).
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need to vary from galaxy to galaxy, even at fixed halo mass and galaxy mass. Indeed,
a core at least as large as ~ Hkpc would be needed to explain the fact that the
rotation curve of IC 2574 rises linearly out to ~ 8 kpc, but ought to be much smaller
in LSB F583-1 and even smaller, if at all present, in UGC 5721.

2.4.4 The challenge to baryon-induced core formation

The diversity of observed rotation curves presents a challenge not only to our simula-
tions, but also to the baryon-induced ‘core’ creation mechanism: why would baryons
carve out cores so different in galaxies that are so similar in terms of morphology,
halo mass, and galaxy mass? Further, we would expect the dark matter to be most
affected in systems where baryons play a more important role in the potential, such as
high-surface brightness galaxies, whereas observations seem to suggest the opposite
trend.

A second challenge concerns the magnitude of the effect needed to create a core as
large as that inferred, for example, for IC 2574. Published simulations where baryon
effects create cores tend to have overall a modest effect on the total inner mass profile
of the galaxy. One example is provided in Fig. 2.1} although baryons have carved a
~ 1kpc core in the dark matter halo in the simulated galaxy DG1, the total inner
mass profile is actually quite similar to what is expected for galaxies of that circular
velocity in our simulations (green-shaded region), which do not produce cores. This
is because, to first order, the baryons that displace the dark matter to create a core
take its place, leading to modest net changes in the total mass profile.

In other words, ‘flattening the dark matter cusp’ is not enough to explain galaxies
like IC 2574. A net remowal of large amounts of mass from the inner regions is needed
to reconcile such galaxies with ACDM, at least if we equate the measured rotation
curve with the circular velocity curve. In the case of IC 2574, at least ~ 2.5 x 109 M,
seem to have been expelled from the inner ~ 5kpc; more than the total baryonic
mass of the galaxy. It seems unlikely that baryon-induced fluctuations can cause an

effect this large.

2.4.5 The challenge to alternative dark matter models

Finally, we note that the diversity of rotation curves illustrated in Fig. disfavours
solutions that rely solely on modifying the physical nature of the dark matter. Cores
can indeed be produced if the dark matter is SIDM or WDM but, in this case, we
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Figure 2.7: Circular velocity at 7 = 2kpc vs the maximum circular velocity, Viayx, for observed
and simulated galaxies. For observed galaxies we use the maximum rotation speed as an estimate of
Vinax, and the rotation speed measured at 2 kpc for Vg (2kpc). We show only simulated systems for
which the convergence radius is less than 2 kpc, and observed galaxies for which the nominal angular
resolution of the data is better than the angle subtended by 2kpc at the galaxy’s distance. Top-
left: Results for dark matter-only simulations (grey points), together with the correlation expected
for NFW haloes of average concentration (solid black line). The thick gray line traces the mean
Veirc(2kpc) as a function of Vi,,x, whereas the shaded areas show the standard deviation. Top-right:
As the top-left panel, but for simulated galaxies in the LOCAL GROUPS and EAGLE cosmological
hydrodynamical simulations (red symbols). See the legend for details about each symbol type.
The grey line and grey shaded region repeat the DMO correlation in the top-left panel, the red
line and shaded region are analogous for the hydrodynamical simulations. Bottom-left: Observed
galaxies (small text labels identify individual objects). The different symbols show the different
tracers observed (H1, H «a, other features in the optical) and whether the observations are in 1
dimension (1D, e.g. long slit spectroscopy) or 2 dimensions (2D, e.g. radio interferometry, integral
field spectroscopy). Solid lines and shaded regions are as in the top right panel. Note the large
variation in Viie(2kpe) at fixed Vijax compared with the simulation results. The dotted, dashed
and dot-dashed lines indicate the changes in V.(2kpc) induced by removing a fixed amount of
mass from the inner 2kpc of ACDM haloes, as labelled. The blue-shaded region highlights systems
with an inner 2 kpc mass deficit exceeding 5 x 108M. Bottom-right: Results of recent simulations
that report the formation of cores in the dark matter profiles of ACDM haloes. These cores lead to
a slight reduction in the value of Vg,c(2kpce) relative to those in our simulations, but the changes
are insufficient to explain the full range of values spanned by the observational data. The dotted
lines and dashed lines are as in the bottom-left panel, for ease of comparison.
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would expect all galaxies to have cores and, in particular, galaxies of similar mass
or velocity to have cores of similar size. Available simulation data are sparse but
suggest that the scatter in structural properties at fixed halo mass is no larger for
alternative dark matter models than for ACDM (e.g. Rocha et al., 2013; Lovell et al.,
2014, for SIDM and WDM respectively). This is in disagreement with rotation curve
data and suggests that a mechanism unrelated to the nature of the dark matter must

be invoked to explain the rotation curve shapes.

2.4.6 The ‘inner mass deficit’ problem

The prevalence of the ‘inner mass deficit” problem discussed above may be charac-
terized by comparing the inner circular velocities of observed galaxies with those of
ACDM galaxies of matching Vi... We show this in Fig. [2.7] where we use our ACDM
simulations, as well as the compiled rotation curve data, to plot the circular velocity
at 2kpc against the maximum measured rotation speed, V... Where data do not
exist at exactly 2 kpc, we interpolate linearly between nearby data points. We choose
a fixed physical radius of 2 kpc to characterize the inner mass profile because it is the
minimum radius that is well resolved in all of our simulations for systems in the mass
range of interest here. It is also a radius that is well resolved in all observed galaxies
included in our compilation.

The grey symbols in the top left panel of Fig. show the results of our DMO sim-
ulations. The tight correlation between these quantities in the DMO case is a direct
consequence of the nearly self-similar nature of ACDM haloes: once the cosmological
parameters are specified, the circular velocity at 2 kpc may be used to predict Vi,
and vice versa. Variations in environment, shape and formation history result in
some scatter, but overall this is quite small. For given V.., the circular velocity at
2kpc has a standard deviation of only ~ 0.1 dex. Our results are in good agreement
with earlier DMO simulation work. The solid black line (and shaded region) in the
figure indicates the expected correlation (plus 1-o scatter) for NFW haloes with the
mass-concentration relation corresponding to the cosmological parameters adopted
in our simulations (Ludlow et al 2014). Note that the simulated data approach the
1:1 line for V. < 30kms™!: this is because those halos are intrinsically small; the
radius where circular velocity profiles peak decreases steadily with decreasing circular
velocity, from 4.6 kpc to 1.9kpc when V.. decreases from 30 to 15kms™*.

The inclusion of baryons modifies these correlations, as shown by the red symbols
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in the top-right panel of Fig. which show results for our hydrodynamical simula-
tions. The main result of including baryons is to shift the expected correlation toward
higher values of V(2 kpc) for galaxies with V. 2 60kms™. This is not surpris-
ing: the assembly of the luminous galaxy adds mass to the central few kiloparsecs
and raises the circular velocity there. A tight relation between V.« and V(2 kpc)
remains, however: the scatter increases only slightly, to at most ~ 0.15 dex (standard
deviation).

Observed galaxies are shown in the bottom-left panel of Fig. 2.7 The diversity of
rotation curves alluded to above is clearly seen here. At V.. ~ 70kms™!, for exam-
ple, the rotation speed at 2 kpc of observed galaxies spans more than a factor of ~ 4, or
about a factor of ~ 16 in enclosed mass. Some of those galaxies, like DDO 168 have ro-
tation speeds at 2kpc comparable to the maximum (Vi ~ 62km s, V(2 kpe) ~
58 kms™!), which indicates an enclosed mass of ~ 2.3 x 10° Mg, or about twice as
much as the total baryonic mass of the galaxy, according to the baryonic Tully-Fisher
relation; My, /Mg = 102.3 (Vipay/ kms™1)382 (McGaugh, 2012). At the other ex-
treme, galaxies like UGC 5750 (Viyax = 73kms™1) |E| have rotation speeds at 2kpc of

1. corresponding to an enclosed mass of only ~ 2 x 108 Mg, or just

just ~ 20km s~
about 10 per cent of its total baryonic mass.

Within their diversity, many observed galaxies actually have rotation curves that
agree with ACDM, and fall well within the region of parameter space expected from
our simulations (shown by the red-shaded area in this panel). Others do not. Galaxies
below the solid gray line (which indicates the average DMO results in all panels) have
less mass within 2kpc than expected from a DMO simulation: if rotation velocities
faithfully represent the circular velocity at this radius, then some of the central mass
must have been displaced.

The dotted, dot-dashed, and dashed lines in the bottom panels of Fig. quantify
this effect. They indicate the result of removing a fixed amount of mass, as labelled,
from the inner 2kpc of NFW halos on the ACDM correlation (solid black line).
Galaxies in the light blue-shaded area below the dot-dashed curve, in particular,
have a mass deficit in the inner 2kpc of more than 5 x 10*My compared with a
typical ACDM halo. For DDO 87 (Viyax = 57kms™!, V(2 kpe) ~ 28kms™), for

example, a galaxy that falls close to the dot-dashed line, this implies a total mass

®A rightward arrow is used in the bottom left panel of Fig. to indicate cases where the rotation
curve is still rising at the outermost radius measured — the maximum observed rotation speed may
therefore underestimate Vi ax.
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deficit in the inner 2kpc comparable to its total baryonic mass, as estimated from
the baryonic Tully-Fisher relation. Indeed, several galaxies in our compilation have
apparently expelled from the inner 2kpc a mass comparable to or larger than their
total baryonic mass.

Published simulations that report baryon-induced ‘cores’ seem unable to match
these results. We show this in the bottom-right panel of Fig. 2.7, where the different
open symbols show the results of simulations for which the formation of a ‘core’ in the
dark matter has been reported. A few trends seem clear. Although ‘core’ formation
alleviates the problem in some cases by bringing down the velocities at 2kpc, the
effect is generally small; indeed, no ‘cored’ galaxies lie well inside the blue shaded
area that characterizes systems with a mass deficit larger than 5 x 10®M, in the inner
2kpc.

Further, core creation — or inner mass removal — seems ineffective in galaxies
with Viax > 100kms~—!. Observations, on the other hand, show sizeable ‘inner mass
deficits’ even in galaxies with maximum rotation velocities well above 100kms™!.
This may be a problem for ‘baryon-induced’ core formation, since it has been argued
that the potential well might be too deepﬁ in such systems for baryons to create a
sizeable core (Brook et al. |2012). We note, however, that this conclusion is based
only on two systems (see bottom-right panel of Fig. , and that none of those
simulations include AGN feedback. It remains to be seen whether further simulation
work will be able to produce inner mass deficits as large as observed in some of these
massive galaxies.

With these caveats in mind, we conclude that none of the mechanisms proposed so
far to explain the apparent presence of cores in dwarf galaxies has been able to fully
account for their inner mass deficits and for the observed diversity of their rotation

curves.

2.5 Summary and conclusions

We have used circular velocity curves from recent cosmological hydrodynamical simu-
lations of galaxy formation in a ACDM universe, taken from the EAGLE and LOCAL

GROUPS projects, to investigate the rotation curves of galaxies and reassess the ‘cusp

6We note that Maccio et al| (2012b) report the creation of cores in more massive systems, but
since these authors do not show the circular velocity profiles, we have been unable to add their
results to our plot.
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vs core’ controversy.

The circular velocity curves of simulated galaxies vary systematically as a function
of their maximum circular velocity (Viax), but show little variation for given V.
Observed rotation curves, on the other hand, show great diversity, even at fixed Vi,
especially for dwarf galaxies. At any given maximum rotation speed, some have shapes
that are consistent with the simulation predictions, others do not. Deviant galaxies
typically have much lower circular velocities in the inner regions than expected in
ACDM from the dark matter halo alone. This apparent inner mass deficit varies
from galaxy to galaxy, even at fixed galaxy mass, and can exceed, within ~ 2 kpc,
the total baryonic mass of a galaxy.

Although this inner mass deficit may also be interpreted as evidence for a ‘core’
in the dark matter profile, we argue that characterizing the problem as an inner
mass deficit is more robust, since it allows simulations to be compared directly with
data without relying on uncertain decomposition of the dark matter and baryonic
contributions to the central mass profile, or estimating dark matter density slopes in
the innermost regions, where uncertainties in observations and simulations are largest.

Models that attempt to reconcile rotation curves with ACDM by carving ‘cores’
in the dark matter through baryon-induced gravitational fluctuations offer no natural
explanation for the large dispersion in the values of the observed mass deficit. Nor do
they seem able, at least according to published simulations, to account quantitatively
for the largest mass deficits observed.

The diversity of observed rotation curves is also unexpected in alternative dark
matter scenarios, substantially diminishing their appeal. This is because modifying
the nature of dark matter may produce cores in dark haloes, but such cores would all
be of similar size at given mass scale, unlike what is inferred from rotation curves.

Finally, it may be that dynamical inferences from available kinematic data need
to be reevaluated. Many of the galaxies that show the largest mass deficits (or the
strongest evidence for a ‘core’) appear highly irregular. Complexities such as non-
circular and random motions, instrumental smearing and sampling effects, and/or
departures from axisymmetry and coplanarity can substantially complicate the recon-
struction of circular velocity profiles from the observed kinematics. The magnitude of
the effect needed to reconcile ACDM with the data shown in Fig. seem too large,
however, to be due wholly to such uncertainties.

We conclude that present rotation curve data support neither a revision of the

nature of dark matter, nor current models for ‘core formation’ in galaxies formed in



46

ACDM universe. The mystery of the inner rotation curves of galaxies thus remains

unsolved.
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Chapter 3

Missing dark matter in dwarf

galaxies?
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M. White; Missing dark matter in dwarf galaxies?. Mon Not R Astron
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Abstract

We use cosmological hydrodynamical simulations of the APOSTLE project along with
high-quality rotation curve observations to examine the fraction of baryons in ACDM
haloes that collect into galaxies. This ‘galaxy formation efficiency’ correlates strongly
and with little scatter with halo mass, dropping steadily towards dwarf galaxies. The
baryonic mass of a galaxy may thus be used to place a lower limit on total halo
mass and, consequently, on its asymptotic maximum circular velocity. A number of
observed dwarfs seem to violate this constraint, having baryonic masses up to ten
times higher than expected from their rotation speeds, or, alternatively, rotating at
only half the speed expected for their mass. Taking the data at face value, either
these systems have formed galaxies with extraordinary efficiency — highly unlikely
given their shallow potential wells — or their dark matter content is much lower than
expected from ACDM haloes. This ‘missing dark matter’ is reminiscent of the inner
mass deficit of galaxies with slowly-rising rotation curves, but cannot be explained
away by star formation-induced ‘cores’ in the dark mass profile, since the anomalous

deficit applies to regions larger than the luminous galaxies themselves. We argue that



48

explaining the structure of these galaxies would require either substantial modification
of the standard ACDM paradigm or else significant revision to the uncertainties in
their inferred mass profiles, which should be much larger than reported. Systematic
errors in inclination may provide a simple resolution to what would otherwise be a

rather intractable problem for the current paradigm.

3.1 Introduction

The baryon content of the Universe is one of the best known parameters of the
present cosmological paradigm, and is well constrained by a variety of independent
observations, ranging from the cosmic abundance of the light elements (e.g.,|Steigman,
2007) to the fluctuations in the cosmic microwave background radiation (e.g., Hu &
Sugiyama, 1995; Planck Collaboration et al., 2016). It is now widely accepted that
the Universe has critical density (2 = 1) and that matter makes up ~ 31 per cent
of the total matter-energy density (€y ~ 0.31), with baryons contributing only a
modest fraction (foar = 2,/ ~ 0.17, [Planck Collaboration et al., [2016]).

Only a fraction of the Universe’s baryons are at present locked up within the
luminous regions of galaxies: current estimates of this quantity are in the range ~ 6—
10 per cent (see, e.g., Madau & Dickinson, 2014). Galaxy formation has thus been
a very inefficient process; most of the available baryons have been prevented (or pre-
empted) from condensing into galaxies, presumably by cosmic reionization and by the
feedback effect of the energetic output of evolving stars and active galactic nuclei.

A simple quantitative estimate of the resulting galaxy formation efficiency — which
we define hereafter as foy = Mpar/(foar Maoo), i-€., the ratio between the baryonic mass
of a galaxy, My,:, to the theoretical maximum consistent with the Viria]E] mass of its
host halo (White et al., 1993) — may be obtained by ‘abundance matching’ modelling
of the galaxy population. These models indicate that the mean galaxy formation
efficiency should be low in haloes of all masses, peaking at ~ 18 per cent in galaxies
of stellar mass of order 3 x 10'° My, and decreasing steeply toward higher and lower
masses (see, e.g., Behroozi et al| 2013| and references therein).

The Milky Way sits near the peak of this relation and, at feg ~ 0.2 (for a baryonic
mass of order ~ 5 x 10*° and a virial mass of 1.5 x 10'2 M, Rix & Bovy, [2013; Wang

"We define the virial mass, Mago, as that enclosed by a sphere of mean density 200 times the
critical density of the Universe, perix = 3H?/87G. Virial quantities are defined at that radius, and
are identified by a ‘200’ subscript.
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et al} [2015), it is considered something of an outlier where galaxy formation has pro-
ceeded particularly efficiently. Galaxy formation is expected to be much less efficient
in fainter systems due to the enhanced feedback effects on shallower potential wells
(Larson, [1974; White & Rees|, 1978} Efstathiou, |1992; Bullock et al.l 2000; Benson
et al., 2002)), dropping down to essentially zero in haloes with virial masses below
~ 109 M, (Sawala et al., 2016b).

The steady decline of f.g with decreasing halo mass is now recognized as one of
the basic ingredients of galaxy formation models in the Lambda-Cold Dark Matter
(ACDM) paradigm, since it serves to reconcile the steeply-rising low-mass end of the
CDM halo mass function with the relatively shallow faint-end of the galaxy stellar
mass function (White & Frenk, [1991)). Assuming that the scatter in the galaxy
mass—halo mass relation remains relatively small at low mass, the baryonic mass of
a galaxy thus imposes a fairly strict lower limit on the mass of the halo it inhabits
and, given the self-similar nature of CDM halo structure (Navarro et al., |1997), on
its asymptotic maximum circular velocity. This basic prediction could in principle be
readily verified by analysing galaxies where high-quality estimates of their baryonic
masses and rotation speeds are available.

A few issues must be considered, however, when attempting such a comparison.
Observational estimates of baryonic masses include the contributions of stars and
atomic/molecular gas, and are subject to uncertainties in the mass-to-light ratio of
the stellar component; in the conversion from neutral hydrogen to total gaseous mass;
and in the distance to each individual galaxy (well-studied dwarfs are usually too close
for redshift-based distance estimates to be accurate). Another problem is the short
radial extent of rotation curves, which in many cases are still rising at the outermost
point and, therefore, do not constrain the maximum circular velocity of the system.
Finally, observations measure gas velocity fields, which are usually translated into esti-
mates of circular velocity curves to probe the underlying gravitational potential. This
translation includes corrections for inclination, asymmetric drift, non-axisymmetric
and random motions, and instrumental limitations which must be carefully taken into
account, especially in dwarf galaxies, many of which are notorious for their irregular
morphology.

The theoretical modelling introduces additional uncertainties. A large scatter in
galaxy formation efficiency in low-mass haloes might be expected given the sharp
decline in f.g required as haloes approach the mass below which galaxies fail to

form (Ferrero et al.| 2012). In addition, baryons may alter the structure of the dark
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halo, creating cores that reduce the central density and depress systematically local
estimates of the circular velocity (Navarro et al., |1996a; Mashchenko et al.. 2006;
Pontzen & Governatol 2014).

The observational issues may be addressed by selecting for analysis a galaxy sam-
ple with well-calibrated distances, good photometry in multiple passbands, and ro-
tation curves that provide estimates of the circular velocity well beyond the radius
that contains the majority of the stars in a galaxy. We therefore focus here on some
of the best studied nearby galaxies, including those from (i) the THINGS (Walter
et al., 2008) and LITTLE THINGS (Hunter et al., 2012) surveys; (ii) six dwarfs with
exquisite multiwavelength data from Adams et al.| (2014), as well as (iii) those in-
cluded in the baryonic Tully-Fisher compilation of McGaugh! (2012)). The 77 selected
galaxies span nearly four decades in baryonic mass, 107 < My,,/Ms < 10, and
roughly a decade in maximum rotation speed, 20 < V2 /km s~ < 200.

We address the theoretical modelling issues by using results from some of the
latest ACDM cosmological hydrodynamical simulations of galaxy formation. We use,
in particular, results from the APOSTLEﬂ suite of simulations (Fattahi et al 2016),
which uses the same code developed for the EAGLE project (Schaye et al., 2015}
Crain et al.| 2015). This code, based on P-GADGET3, a descendent of the GADGET2
code (Springel, |2005), has been shown to reproduce the galaxy size and stellar mass
functions in a cosmological volume as well as the abundance and properties of dwarf
galaxies and satellite systems in the Local Group (Sawala et al) 2016a). These
simulations thus provide realistic estimates of the dependence of galaxy formation
efficiency on halo mass, as well as its scatter.

Dark matter cores do not develop in dwarfs in the APOSTLE simulations, pre-
sumably as a result of choices made when implementing subgrid physics in EAGLE
(Schaller et all [2015; Oman et al., [2015). These choices are effective at preventing
the artificial fragmentation of gaseous disks, but also limit the magnitude of fluctu-
ations in the gravitational potential that result from the assembly and dispersal of
dense star-forming gas clouds. The latter, according to recent work, might lead to
the formation of cores in the dark matter (Pontzen & Governato, |2014)). We therefore
supplement our analysis with results from the literature where ‘baryon-induced cores’
have been reported (Brook et al., 2012; |(Chan et al., |2015; Santos-Santos et al. [2016)).

2APOSTLE stands for ‘A Project Of Simulating The Local Environment’, a suite of 12 volumes
selected from a large cosmological box to match the main properties of the Local Group of Galaxies
and its immediate surroundings.
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Like APOSTLE, other simulations have also attempted to reproduce the Local
Group environment and kinematics, notably those from the CLUES project (Gottlober
et al., 2010) and from the ELVIS project (Garrison-Kimmel et al| 2014). We do not
include their results here, however, mainly because (i) ELVIS consists of runs that
follow solely the dark matter component, and because (ii) the feedback algorithm
adopted in CLUES is too weak to prevent excessive star formation in low mass haloes,
leading to an unrealistic number of masive dwarfs (see, e.g., Benitez-Llambay et al.,
2013).

We begin by describing the simulated (Sec. and observed (Sec. galaxy
samples. We then analyse (Sec. the baryon content and galaxy formation effi-
ciency of APOSTLE galaxies and establish their correlations with halo mass/circular
velocity. These relations are compared with our observed galaxy sample, an exercise
that yields a number of outliers for which there are no counterparts in the simula-
tions. Particularly interesting are outliers inferred to have exceptionally high galaxy
formation efficiency, or, alternatively, to rotate far too slowly for their baryonic mass,
presumably because they are anomalously deficient in dark matter. Neither possibil-
ity finds a natural explanation in current simulations of dwarf galaxy formation. We
examine in Sec. the possibility that this issue is related to the question of cores
inferred in the inner rotation curves of some dwarf galaxies, and whether errors in the
rotation curve modelling could be the source of the observed anomalies. We conclude
in Sec. with a brief summary and discussion of the implications of these puzzling

systems for our understanding of dwarf galaxy formation in a ACDM universe.

3.2 The APOSTLE project

3.2.1 The numerical simulations

We select galaxies from the APOSTLE suite of zoom-in hydrodynamical simulations.
These follow a total of 12 volumes specifically selected from a cosmological dark
matter-only simulation to contain two haloes with approximately the masses and
dynamics of the Milky Way and M 31, and no other nearby large structures (for
details, see Fattahi et al., 2016} [Sawala et al., [2016a).

APOSTLE uses the same code and physics as the ‘Ref” EAGLE simulations de-
scribed by [Schaye et al. (2015). EAGLE uses the pressure-entropy formulation of
smoothed particle hydrodynamics (Hopkins, 2013|) and the ANARCHY collection of
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Table 3.1: Summary of the key parameters of the APOSTLE simulations used in this
work. Particle masses vary by up to a factor of 2 between volumes at a fixed resolution
‘level’; the median values below are indicative only (see Fattahi et al. 2016, for full
details). Details of the WMAP7 cosmological parameters used in the simulations are
available in [Komatsu et al.| (2011)).

Particle masses (My) Max softening

Simulation DM Gas length (pc)
AP-L3 7.3x10° 1.5x10° 711
AP-L2 5.8 x 10° 1.2 x10° 307
AP-L1 3.6 x 108 7.4x10° 134

numerical methods (Dalla Vecchia et al., in preparation; for a brief description see
Schaye et al.[2015). It includes subgrid models for radiative cooling (Wiersma et al.|
2009a)), star formation (Schayel [2004; Schaye & Dalla Vecchial 2008)), stellar and
chemical enrichment (Wiersma et al [2009b), energetic stellar feedback (Dalla Vec-
chia & Schaye| [2012), and cosmic reionization (Haardt & Madau, 2001} [Wiersma
et al., 2009b)), and is calibrated to reproduce the galaxy stellar mass function and size
distribution for galaxies of M, > 108 Mg, (Crain et al., 2015)).

The APOSTLE volumes are simulated at three different resolution levels which we
denote AP-L1, AP-L2 and AP-L3 in order of decreasing resolution. Each resolution
level is separated by a factor of ~ 10 in particle mass and a factor of ~ 2 in force
resolution. All 12 volumes have been simulated at AP-L2 and AP-L3 resolution levels,
but only volumes 1 and 4 have been simulated at AP-L1 resolution. APOSTLE
assumes WMAP7 (Komatsu et al., |2011) cosmological parameters: Qy = 0.2727,
Qp = 0.728, Q, = 0.04557, h = 0.702 and og = 0.807. Table summarizes the

particle masses and softening lengths of each resolution level.

3.2.2 The simulated galaxy sample

Galaxies are identified in APOSTLE using the SUBFIND algorithm (Springel et al.,
2001; Dolag et al., [2009). Particles are first grouped into friends-of-friends (FoF')
haloes by linking together dark matter particles separated by less than 0.2 times the
mean inter-particle spacing (Davis et all [1985)); gas and star particles are assigned
to the same FoF halo as their nearest dark matter particle within the linking length.

Substructures are then separated along saddle points in the density distribution; in
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this step, dark matter, gas and star particles are treated as a single distribution of
mass. Finally, particles that are not gravitationally bound to the substructures are
removed.

We retain for analysis the main (central) galaxy of each separate FoF halo; this
excludes by construction satellites of more massive systems and are best identified
with ‘isolated’ field galaxies. For each of these galaxies we measure the virial mass of
its surrounding halo, My, as well as its baryonic mass, My,,, which we identify with
the total mass of baryons within the galactic radius, rga = 0.157909. This definition
includes the great majority of stars and cold gas within the halo virial radius.

We shall consider two characteristic circular velocities for each galaxy in our anal-
ysis: (i) the maximum circular velocity, Vin.x, measured within the virial radius;
and (ii) the velocity at the outskirts of the luminous galaxy, which we identify with
the circular velocity at twice the stellar half-mass radius, Vey(275). For simplicity,
we estimate all circular velocities using the total enclosed mass, assuming spherical
symmetry; i.e., V2 (r)=GM(<r)/r.

We use the three APOSTLE resolution levels to determine which simulated galax-
ies are sufficiently resolved to measure baryonic masses and circular velocities. We
retain AP-L1 galaxies with V2% > 26 kms~!, AP-L2 galaxies with V2% > 56 kms~!

circ circ

and AP-L3 galaxies with V% > 120kms™! in our sample. These cuts correspond to
virial masses of = 3 x 10%, 3 x 10'° and 3 x 10! M, respectively, or a particle count
2 5 x 10%. All circular velocities used in our analysis are well resolved according to

the criterion of |[Power et al.| (2003)).

3.3 The observed galaxy sample

Our observed galaxy sample has been drawn from several heterogeneous sources,
placing an emphasis on galaxies with good estimates of their baryonic masses and
high-quality rotation curves derived from 2D velocity fields. This is a subset of the
compilation of rotation curves presented in Oman et al|(2015), and contains galaxies
taken from the sources listed below. We take baryonic masses directly from the listed
sourcesﬂ and adopt their published circular velocity estimates, which are based on
folded rotation curves corrected for inclination, asymmetric drift, and instrumental

effects. No further processing of these data has been attempted. The properties of

3We have adopted Mgas /Mur = 1.4 to account for the gas mass in Helium and heavy elements.
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galaxies in our compilation that have rotation curves extending to at least twice their
stellar half mass radius (see Sec.[3.5.2)) are summarized in Table[3.2] Below, we briefly

discuss each of these datasets.

3.3.1 THINGS and LITTLE THINGS

Rotation curves for 44 galaxies in the THINGS and LITTLE THINGS surveys were
published by de Blok et al.| (2008)), Oh et al. (2011) and |Oh et al.| (2015). These
galaxies span a wide range of masses, with maximum circular velocities between
~ 20 and ~ 400kms~!. The surveys obtained H1 data cubes using the NRAO Very
Large Array with angular resolutions of 12 (THINGS) and 6 (LITTLE THINGS)
arcsec, making them some of the most finely spatially resolved HT1 rotation curves
available. The rotation curves were constructed from the velocity fields using a tilted-
ring model (Rogstad et al.,[1974; Kamphuis et al., [2015)), corrected for inclination, and
asymmetric drift when necessary. A few galaxies are analysed in multiple publications;
in these cases we use only the most recent analysis. HI masses are derived from the
THINGS and LITTLE THINGS data by Walter et al. (2008) and |Oh et al.| (2015),
respectively.

Stellar masses are estimated by fitting stellar population spectral energy density
models to Spitzer IRAC 3.6 ym observations (Hunter & Elmegreen, 2006). We use the
disk scale lengths reported in Hunter et al.|(2012) to estimate 75" for LITTLE THINGS
galaxies — for an exponential profile the half mass radius is related to the scale length,
rq, as 13t ~ 1.68 4. For the THINGS sample, no scale lengths are reported, but the
contribution of stars to the circular velocity is shown as a function of radius. We
therefore assume an exponential disk profile and estimate a scale length from the
position of the peak of the contribution of the stellar component of each galaxy
(Binney & Tremaine, 2008, Sec. 2.6.1b).

3.3.2 Adams et al. (2014)

Adams et al.| (2014) present a sample of 7 rotation curves of galaxies with maxi-
mum circular velocities of ~ 100kms™!. The velocity fields were measured with the
VIRUS-W integral field spectrograph on the 2.7-m Harlan J. Smith Telescope at Mc-
Donald Observatory with an angular resolution of 3.1 arcsec. The authors analyse
separately absorption lines, tracing the stellar velocity field, and H 8, O 111 4959 A
and O1r 5007 A emission, tracing the gas velocity field. Using a tilted-ring model,
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two independent rotation curves, one for each velocity field, were constructed for each
galaxy. In most cases the two curves are in good agreement. We use the gas emis-
sion based curves in our analysis, and note that using the stellar absorption based
curves would not change anything substantial in our analysis. We use the disk scale
lengths reported by the authors to estimate r§’, and the H1 masses they quote from
Paturel et al.| (2003). We use the stellar masses they derive by modelling the gas
rotation curves, which are better constrained than those derived by modelling the

stellar rotation curves (see, e.g., their fig. 13).

3.3.3 McGaugh (2012)

We use the compilation of 47 galaxies of McGaugh| (2012) to supplement our own
compilation. It provides self-consistent estimates of the height of the flat portion of the
rotation curve (which we consider equivalent to V% in our notation), stellar masses,
and gas masses. The gas masses assume M,s /My = 1.33; we increase the gas masses
by ~ 5 per cent for consistency with the rest of our compilation. We remove 7 galaxies
already included in our compilation from the THINGS survey and one duplicate entry
(UGC 4115 a.k.a. LSB D631-7). The majority of the remaining galaxies do not have
high quality rotation curve measurements that are readily available, so we only use

these data in our baryonic Tully-Fisher and f.z analysis below.



Table 3.2: Summary of properties for galaxies with rotation curves extending to at least 2r', ordered by Vo (2r5'), i.e.

left-to-right in Fig. Columns: (1) galaxy name used by reference in (2); (2) rotation curve source; (3) distance as

given by reference in (2); (4) inclination as given by reference in (2); (5) stellar half mass radius estimated as described in

Sec. (6) maximum measured rotation velocity; (7) measured rotation velocity at twice the stellar half mass radius; (8)

stellar mass as given by reference in (2); (9) baryonic mass assuming stellar mass in (7) and Mg,s/Mp; = 1.4; (10) galaxy

formation efficiency as shown in Fig. 3.2

Galaxy Ref. D i it vmax V(215 M, My, feft
[Mpc] [7] [kpc] [kms™!] [kms™'] [Mo)] [Mg)]
IC 1613 Oh et al.| (2015 0.7 48 0.97 21.1 19.3 288 x 107 877 x 107  36.4%
NGC 1569 Oh et al.| (2015 34 69 0.64 39.3 23.0 3.63x10% 567 x10% 34.2%
CVnldwA Oh et al.| (2015 3.6 66 0.96 26.4 24.1 490 x 105 337x10" 7.0%
DDO 43 Oh et al.| (2015 7.8 41 0.69 38.3 25.6 — 2.34 x 10°  15.3%
UGC 8508 Oh et al.| (2015 2.6 82 045 46.1 26.0 7.76 x 105 1.98 x 10"  0.7%
DDO 50 Oh et al.| (2015 34 50 1.85 38.8 29.0 1.07 x 108 1.43 x 10° 88.9%
Haro 29 Oh et al.| (2015 59 61 0.49 43.5 33.1 1.45x 107 1.08x10%  4.7%
DDO 70 Oh et al.| (2015 1.3 50 0.81 43.9 33.7 1.95x 10" 575 x 107  2.4%
LSB F564-V3 |Oh et al.| (2015 8.7 56 0.89 39.2 33.8 — 437 x 107 2.6%
WLM Oh et al.| (2015 1.0 74 0.96 38.5 34.3 1.62x107 957 x 10"  6.1%
DDO 154 Oh et al.| (2015 3.7 68 0.99 51.1 35.9 8.32x105 3.63x10%  9.6%
DDO 126 Oh et al.| (2015 4.9 65 1.46 38.7 38.7 1.62x 107 1.78 x10% 11.2%
Haro 36 Oh et al.| (2015 9.3 70 1.16 58.2 39.5 — 1.12 x 108 2.0%
DDO 87 Oh et al.| (2015 7.7 56 2.20 56.6 444 324x107 321 x10°  6.2%
NGC 2366 Oh et al.| (2015 34 63 228 59.8 55.5 6.92 x 107 1.14 x 10° 18.6%

Continued on next page.
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Galaxy Ref. D i ymax Y (2r5) M, Myar fett
Mpe [] [pe] [ams™] [ens] M) M)
DDO 47 Oh et al.| (2015 5.2 46 2.30 64.7 60.1 — 4.68 x 108 6.0%
DDO 52 Oh et al.| (2015 10.3 43 2.18 61.7 60.5 5.37 x 107  3.85 x 108 5.7%
DDO 168 Oh et al.| (2015 4.3 46 1.38 61.9 60.5 5.89 x 107  3.16 x 108 4.6%
NGC 5204 Adams et al.| (2014 3.2 47 0.79 89.4 76.2 251 x 108 5.33 x 108 2.5%
I1C 2574 Oh et al.| (2011 4.0 55 5.23 80.0 78.2 1.02 x10° 284 x10° 18.7%
NGC 2552 Adams et al.| (2014 11.4 53 3.23 96.1 95.7 1.26 x 10°  2.17 x 10° 8.1%
UGC 11707 Adams et al.| (2014 15.0 73 3.69 103.7 96.7 1.20 x 10°  3.20 x 10° 9.3%
NGC 7793 Oh et al.| (2011 3.9 50 2.65 117.9 114.1 2.75 x 10°  3.98 x 10° 7.8%
NGC 2403 Oh et al.| (2011 3.2 63 240 143.9 122.7 5.13 x 10  8.76 x 10° 9.2%
NGC 3621 Oh et al.| (2011 6.6 65 3.83 159.2 139.6 1.58 x 10 2.58 x 10 19.9%
NGC 4736 Oh et al.| (2011 4.7 41 2.62 198.3 153.1 2.00 x 10 2.05 x 10  8.0%
NGC 3198 Oh et al.| (2011 13.8 72  5.60 158.7 153.4 2.51 x 10'% 3.92 x 10'° 30.5%
NGC 6946 Oh et al.| (2011 5.9 33 5.34 224.3 195.3 6.31 x 10'° 6.89 x 10" 18.2%

L9
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3.4 Galaxy baryonic mass and dark halo mass

3.4.1 The baryonic Tully-Fisher relation

For dark matter-dominated galaxies, the most reliable measure of virial mass is their
asymptotic maximum rotation velocity. We therefore begin our analysis by presenting,
in Fig. [3.1], the baryonic mass of APOSTLE galaxies (small red symbols) as a function
of the maximum circular velocity, Va* measured within the virial radius. This figure
combines results from the three APOSTLE resolution levels, using only those galaxies
whose relevant properties are well resolved (see Sec. .

Baryonic mass correlates strongly and with little scatter with V12 in simulated
galaxies; indeed, the dispersion about the fitff]shown by the thick solid line is only 0.33
dex in mass, or 0.08 dex in velocity. This baryonic Tully-Fisher (BTF) relation is,
on average, in remarkable agreement with that of the observed galaxy sample (open
black squares), for which we adopt the maximum speed reached by the rotationE] curve
of a galaxy, V.

The agreement is encouraging, especially since the APOSTLE simulations use the
same code as the EAGLE project, which was calibrated to reproduce the observed
number and size of galaxies of stellar mass larger than ~ 10® M, as a function of stellar
mass. Fig. thus shows that ACDM simulations that match those constraints also
reproduce both the zero-point and velocity scaling of the BTF relation without further
calibration.

One difference, however, seems clear: the scatter in the observed BTF relation
appears to increase toward less massive objects, exceeding the rather narrow disper-
sion about the median trend of the APOSTLE galaxies (see |Papastergis & Shankar,
2016, for a similar conclusion). We shall discuss the faint end of the simulated BTF
relation in a companion paper (Sales et al., 2017), and focus here on the origin and
cosmological significance of the outliers to the BTF relation seen in Fig. 3.1 Al-
though the existence of such outliers has in the past been regarded with scepticism

and ascribed to inferior data, the situation has now changed, and a number of authors

4The functional form of the fit shown in Fig. [3.1]is Mpa /Mg = 5.12 x 102 398 exp(—0.160~243),
where v is the maximum circular velocity expressed in units of 100 kms~!.

50n a technical note, for observed galaxies we actually use the maximum circular velocity
estimated from 2D velocity fields as provided by the authors, which typically correct rotation
speeds for inclination, asymmetric drift, and instrumental effects. We distinguish these from cir-
cular velocities of simulated galaxies, which are estimated directly from the enclosed mass profile,

V2 (r)=GM(<r)/r.

circ
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Figure 3.1: Baryonic masses of simulated galaxies, My,., as a function of their max-
imum circular velocity in the APOSTLE simulations (red symbols). Galaxy masses
are measured within the galactic radius, defined as rg, = 0.15709. The thick red
solid line shows a fit to the velocity dependence of the median M,,, in the simula-
tions. Observed galaxies labelled by their name are shown with open squares and
use the maximum measured rotation speed of each galaxy and their baryonic masses,
taken from the literature (see Sec. for details on the sample). Squares containing
dots correspond to galaxies with rotation curves extending out to at least twice the
stellar half-mass radius (see Sec. and Fig. . Squares with crosses highlight

the galaxies whose rotation curves are shown in Fig. [3.3]
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have argued that the scatter in the BTF relation genuinely increases toward fainter
objects (see, e.g., (Geha et al., 2006; [Trachternach et al., 2009). The scatter in the
inclination-corrected velocities of observed galaxies shown in Fig. [3.1] increases from
~ 0.08 dex to ~ 0.17 dex above/below a baryonic mass of 2 x 10 M. This is much
greater than the circular velocity scatter of simulated galaxies, which is 0.04 dex and

0.05 dex, respectively, above/below the same baryonic mass.

3.4.2 Galaxy formation efficiency

Examples of BTF outliers — two of the galaxies highlighted with crosses in Figs.
and [3.4] - are provided by DDO 50 (M, = 1.43 x 109 Mg, V2 = 38.8kms™!) and

rot

IC 1613 (Mya = 8.77 x 108 Mg, Vmax = 19.3kms™!), two nearby dwarf galaxies that
have been comprehensively studied as part of the LITTLE THINGS survey. These
are systems whose baryonic masses are much higher than expected for their velocities
or, equivalently, whose measured velocities are much lower than expected for their
mass.

This may be seen in Fig. where we show f.z as a function of V2 for
APOSTLE galaxies compared with observations. For the latter we plot the max-
imum observed rotation velocity, and estimate f.g using the best-fitting relation
between virial mass and maximum circular velocity derived from the simulations:
Mogo/Mg = 1.074x10° (Vipax/km s71)115 As expected from the discussion in Sec. [3.1]
fer peaks at ~ 15 per cent for circular velocities comparable to the Milky Way
(~200kms~1) but declines precipitouslyﬁ toward lower masses, dipping to less than
1 per cent for haloes below 30 kms™!. If the rotation velocities of DDO 50 and IC 1613
trace reliably the maximum circular velocity of their dark matter haloes then these
outliers would correspond to systems where the galaxy formation efficiency, feg, is
extraordinarily high, at 89 per cent and 36 per cent, respectively, despite their low
rotation speeds.

Those two galaxies are not the only outliers from the trend predicted by the
numerical simulations. There are also systems that fall well below the solid red curve
in Fig. and correspond to systems with unexpectedly high rotation velocities

for their mass. There are three broad scenarios that could explain these outliers.

6The EAGLE hydrodynamics model used in APOSTLE does not include a cold gas phase and
therefore does not model molecular hydrogen cooling. This artificially suppresses star formation in
small haloes before cosmic reionization, so some of the dwarfs in our simulations have unrealistically
low stellar masses — the decline in feg may be slightly less abrupt than our results suggest.



61

T T T T T —TTT
L00%L T E
. 2 DE[]] Bom
FE, g, 8
10%E ©
] C T
e F o,
S AL T -
1%L a o
: AP-L1 H
i AP-L2 i
i AP-L3 1
i —— APOSTLE v |l
O 1Cy O Observations V=
. 0 . L 1 1 1 I —
20 30140 70 100 200
-1
‘/circ [km S ]

Figure 3.2: Galaxy formation efficiency, for = Mpar/(foar M20o), as a function of
maximum circular velocity. Symbols are as in Fig. [3.1} small red symbols correspond
to APOSTLE simulated galaxies (pale symbols have M, < 10" My and so do not
appear in Fig. |3.1]); open squares are observed galaxies. Note that f.g in a simulated
galaxy never exceeds 30 per cent, but that a number of outliers with anomalously
high galaxy formation efficiencies are seen in the observed sample.
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They may be systems with unusually low galaxy formation efficiency, perhaps as a
result of heating by ionizing background radiation, of particularly effective stellar
feedback following a strong past starburst, or of environmental effects such as cosmic
web stripping (Benitez-Llambay et al. 2013). They may also be galaxies where the
baryonic component is heavily concentrated and dominates the potential in the central
regions, raising the local circular velocity above the halo asymptotic value. This
scenario does not arise in APOSTLE, since the equation of state chosen for the star-
forming gas imposes a minimum size for the stellar component of dwarfs (see, e.g.,
the discussion in Sec. 4.1.2 of |Crain et al. 2015). All APOSTLE dwarfs are dark
matter dominated; heavily concentrated, high-surface brightness dwarfs such as, e.g.,
M 32, are absent from the simulated sample.

Outliers well above the thick solid line in Fig. [3.2] like DDO 50 and IC 1613,
are more difficult to explain. The increase in scatter in f.g toward lower masses
seen in the simulations does not seem to help, since it mainly adds galaxies with
small efficiencies. Indeed, we find no simulated galaxy where the efficiency exceeds
27 per cent over the whole halo mass range spanned by the simulations. DDO 50, on
the other hand, is so massive that over 90 per cent of its available baryons must have
been able to cool and assemble at the centre of the halo. This corresponds to roughly
25 times the average efficiency expected for its circular velocity. The discrepancy is
even more dramatic for IC 1613, whose estimated efficiency is ~ 40 per cent — the
simulation average for its velocity is much less than 1 per cent.

Galaxies like DDO 50 and IC 1613 are therefore genuinely puzzling systems for
which we find no counterparts in the APOSTLE simulations. If ACDM is the correct
structure formation model, then such galaxies indicate that either (i) the simulations
are at fault, perhaps grossly underestimating the mean efficiency and scatter in low-
mass halos, or that (ii) the observed velocities of faint galaxies are not accurate
indicators of the mass of their surrounding halos.

We are not aware of any ACDM-motivated model of galaxy formation (semi-
analytic or numerical) that can accommodate mean efficiencies as high as those shown
in Fig. for galaxies with maximum rotation speeds in the range 20-40kms™!
without dramatically overpredicting the number of dwarfs. If galaxies as massive as
~ 10" Mg could indeed form in ~ 20kms~! halos, then we would expect about 200
at least as massive within 2 Mpc of the Local Group barycenter (see, e.g., Fig. 4 in
Sawala et al., 2016a]) when, in fact, there are only ~ 20 such galaxies in such volume.

It is also clear from Fig. that the disagreement would be much easier to explain
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if velocities rather than efficiencies were systematically affected, since a factor of two
shift in velocity implies a change in inferred efficiency of nearly an order of magnitude.

We explore this possibility further below.

3.5 Rotation curves and halo masses

3.5.1 Rising rotation curves?

Could the maximum rotation velocity somehow underestimate the asymptotic circular
velocity of its surrounding halo? This would be the case, for example, for a galaxy
with a rotation curve that is still rising at its last measured point, but it does not
apply to either one of the two outliers highlighted above. Indeed, the rotation curves
of both DDO 50 and IC 1613 show clear signs of having reached their maximum
values (see top panels of Fig. [3.3). That of DDO 50 is a particularly good example,
rising quickly to reach its peak and staying flat between 2 and 10 kpc.

3.5.2 The effects of baryon-induced dark matter ‘cores’

Another possibility is that baryons might have carved a ‘core’ in the dark matter,
thus reducing its central density and, consequently, the circular velocity in the central
regions. This creates an inner deficit of dark matter compared with cuspy CDM
haloes, which are well approximated by the NFW profile (Navarro et al., |1996b,
1997)). The characteristic signature of this effect is a rotation curve that rises more
gradually near the centre than the sharp rise expected for an NFW profile.

We examine this possibility in Fig. [3.4 where we show again the baryonic Tully-
Fisher relation but using, for both simulated and observed galaxies, the circular veloc-
ity at the outskirts of the luminous galaxy — i.e., at twice the stellar half-mass radius,
Viot(275F) — rather than its maximum attained value. This choice is useful because
velocities measured as far from the centre as ~ 275’ should also be largely unaffected
by the presence of a possible baryon-induced core. This is because, at least for the
core formation mechanism discussed by Pontzen & Governato| (2014)), the effects of
baryons on the dark matter mass profile is largely limited to the regions of a galaxy
where stars form.

This is confirmed by the connected symbols in Fig. [3.4] which indicate results

for 22 simulated galaxies where a baryon-induced core in the dark matter has been
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Figure 3.3: Examples of galaxies with rotation curves that extend beyond twice the stellar half-
mass radius, 73¢. These six galaxies are marked with a cross in Figs. In each panel the
horizontal axis shows the radius in units of kpc (bottom axis scale) and btellar half-mass radius, r§’
(top axis scale). Thin grey lines show, for reference, the ACDM (NFW) circular velocity profiles
of haloes that match the observed maximum rotation speed of each galaxy. The dark and light
red-shaded areas indicate the interquartile and full range, respectively, of Vi profiles of the 12
simulated galaxies whose baryonic masses most closely match that of the galaxy shown in each
panel. We highlight the region that contains most of the stars in each galaxy (i.e., r < 2r5") with
a darker tint. Outside this radius, baryons are not expected to be able to modify the dark matter
profile. The top two galaxies are examples of outliers in the velocity-mass relation: these galaxies
are anomalously deficient in dark matter (given their baryonic mass). The bottom four galaxies have
‘normal’ galaxy formation efficiency parameters but differ in their inner circular velocity profiles.
Those in the left column have rotation curve shapes largely consistent with ACDM haloes of matching
maximum velocity. Those on the right show the inner deficit of dark matter at the stellar half-mass
radius that is usually associated with a core. For IC 1613 (top right), an independent estimate of
the mass in the inner 1.4 kpc by [Kirby et al| (2014) is shown with an open blue symbol.
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Figure 3.4: As Fig. , but for the circular velocity, Veye(2r5"), estimated at twice
the stellar half-mass radius. The magenta small filled symbols and thick dashed
line correspond to APOSTLE simulated galaxies. The thick red solid line indicates,
as in Fig. the results for the maximum circular velocity, and is included for
reference only. Open squares correspond to all galaxies in our observed sample where
the rotation curve extends at least as far as 2rj’. The larger blue solid symbols
(connected by a thin line) are individual simulated galaxies where the formation of a
core in the central dark matter distribution has been reported.

reported in the literature (these have been selected from Brook et all 2012 Santos-
Santos et al. [2016; Chan et al., 2015)). The magenta symbols in the same figure show
the results for APOSTLE galaxies, which show no evidence for a core (Schaller et al.|
2015; Oman et al., 2015). As may be seen from the slight shift between the connected
line and the magenta dashed line, cores induce a slight reduction in the circular
velocity at 275!, but the changes do not exceed 20 per cent relative to APOSTLE,
even for the most extreme examples. Galaxies like DDO 50 or IC 1613 are still

extreme outliers that remain unaccounted for, even in simulations with cores.



66

3.5.3 Missing dark matter?

Rather than anomalously baryon rich, galaxies like DDO 50, IC 1613 (the leftmost
outliers in Fig. could alternatively be considered as anomalously low in their
dark matter content. These galaxies would then have low circular velocities because
they would be ‘missing dark matter’, a result reminiscent of the inner deficit of cold
dark matter that characterizes dwarfs where a core has been inferred from their inner
rotation curves (for a full discussion, see Oman et al. 2015). From this perspective,
galaxies like the four aforementioned outliers would be simply systems where the dark
mass deficit is not restricted to the inner regions but rather applies to the whole radial
extent of the luminous galaxy, and beyond.

This is illustrated in the top two panels of Fig. [3.3] where we compare the rotation
curves of DDO 50 and IC 1613 with the circular velocity profiles of APOSTLE galaxies
of matching M,,,, which are shown bracketed by the red shaded areas. These two
systems are clearly missing dark matter from the entire body of the galaxy if their
galaxy formation efficiency is comparable to that in simulations. The differences are
not subtle. For DDO 50, the comparison implies a total deficit of roughly ~ 8 x 109 M,
from the inner 10 kpc, almost an order of magnitude greater than the baryonic mass
of the galaxy itself.

The case of DDO 50 and IC 1613 also illustrates that unusually high galaxy for-
mation efficiencies do not occur solely in galaxies with slowly-rising rotation curves,
where the presence of a core in the central dark matter distribution might be sus-
pected. This may be seen by considering the thin grey lines in Fig. [3.3], which indicate
the expected mass profiles of ACDM haloes (i.e., NFW profiles with average concen-
tration for that cosmology, see, e.g., Ludlow et al.,|2014)) chosen to match the observed
maximum rotation velocity. IC 1613 shows clearly the inner mass deficit ascribed to a
core: at r = 13t ~ 1kpc, the predicted circular velocity exceeds the measured value by
nearly a factor of 2. On the other hand, DDO 50 shows no evidence for a prominent
core; its rotation curve rises sharply and flattens out just as expected for a ACDM
halo.

The other four galaxies shown in Fig. provide further examples of the discon-
nect between inner cores and galaxy formation efficiency. These galaxies have been
chosen to span a wide range in feg, decreasing from top to bottom. Those on the
right have rotation curves with clear signs of an inner core, whereas those on the left

are reasonably well fit by cuspy NFW profiles (thin grey lines) over their full radial
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extent. The rotation curves of all galaxies in our sample where the rotation curve
extends to at least 2r3" are shown in Sec.

The anomalies in the galaxy formation efficiency highlighted above thus seem
to occur regardless of the inferred presence of a core. In the context of ACDM this
implies that a mechanism that allows the galaxy formation efficiency in dwarfs to vary
wildly at fixed halo mass is needed in order to understand these observations. It also
implies that it is unlikely that these two puzzles can be explained away by a single
mechanism, such as baryon-induced cores in the central structure of dark haloes.
Resolving these puzzles would thus seem to require the inclusion of some additional

physics still missing from simulations of dwarf galaxy formation in ACDM.

3.5.4 Observational and modelling uncertainties

Before entertaining more far-fetched explanations of the puzzles discussed above,
we explore a few more prosaic possibilities. These include the possibility that (i)
erroneous galaxy distances have led to substantial overestimation of their baryonic
masses (which scale with the assumed distance squared); (ii) that some of the dark
matter has been tidally stripped by interaction with a more massive neighbour; and
(iii) that the inclination of the galaxies has been overestimated, leading to substantial
underestimation of their true rotation speeds.

A thorough analysis of these possible explanations for the full observed sample is
beyond the scope of this paper, but we have checked whether such concerns apply to
DDO 50 and IC 1613, two clear outliers from the relations discussed above.

Distances

The distances to both galaxies seem quite secure: both have distances measured
using multiple precise estimators. The apparent luminosity of Cepheids in DDO 50
yields a distance estimate of 3.0540.21 Mpc (Hoessel et al., [1998)), and Hubble Space
Telescope (HST) photometry gives a tip of the red giant branch (TRGB) distance
estimate of 3.38 &+ 0.05 Mpc (Dalcanton et al., 2009). IC 1613 has similarly high-
quality data, with HST-based Cepheid and TRGB distance estimates of 0.77 £ 0.04
and 0.71 4+ 0.06 Mpc, respectively (Ferrarese et al., [2000). These distances are in
good agreement with those assumed by |Oh et al.| (2015, 3.4 Mpc for DDO 50 and
0.7 Mpc for IC 1613). The errors in the distances required to reconcile the baryonic

masses of these galaxies with our BTF relation are extreme. For instance, to reduce



68

the inferred mass of DDO 50 by the order of magnitude needed to make it plausibly

consistent with our simulation results would imply a distance of only 1.1 Mpc.

Stripping

It also seems improbable that either DDO 50 or IC 1613 have undergone any sub-
stantial dark matter stripping due to a tidal interaction with a massive neighbour.
According to the catalogue of nearby galaxies compiled by (Tully et al. (2009), the
nearest brighter galaxy to DDO 50 is NGC 2403 at a separation of 373 kpc. IC 1613
is similarly isolated, with no galaxies brighter than itself closer than M 33, at a

separation of 449 kpc.

Inclination effects

Of the effects considered in this section, the estimates of the inclinations of DDO 50
and IC 1613 are perhaps the least secure, although the errors necessary to bring
the galaxies into agreement with our predicted efficiencies are much larger than the
uncertainties quoted in the literature.

It is well known that rotation curve analyses of galaxies with i < 40° are compro-
mised by the difficulty of deriving robust inclinations solely from the kinematic data
(see, e.g., Begeman, 1989; Oh et al., 2011). Even if a minimum inclination is adopted
this might still fail to exclude problematic low-inclination galaxies if their kinematic
inclinations somehow suggest much larger values (e.g. Read et al 2016).

The mean inclination of DDO 50 (also known as Holmberg IT) derived in the tilted-
ring analysis of |Oh et al.| (2015) is 49°.7 £6°.0, a relatively high value consistent with
that inferred by Bureau & Carignan (2002) from independent, lower-resolution data,
and with the ~ 47° inclination estimated from the shape of the galaxy in the V-
band (Hunter et al., |2012). The true inclination would need to be of order 20° for
consistency with our simulation results, implying a correction of order ~ 30°, much
larger than the quoted uncertainty. Such a low inclination (and hence much larger
rotation velocities) has been argued for by |Gentile et al. (2012, see also [Sanchez-
Salcedo et al[2014) after re-analysing the data for DDO 50 presented by |Oh et al.
(2011). The Gentile et al.| analysis focuses on the low ellipticity of the outer regions
of the H1 disk, and was motivated by an attempt to reconcile DDO 50 with the
predictions of Modified Newtonian Dynamics (MOND).

More recent evaluation of the same data by (Oh et al|(2015)), however, appears to
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Figure 3.5: ‘Mass discrepancy’, i.e. the squared fractional horizontal offset from the
curve in Fig. [3.1] as a function of the sin of the inclination angle for a subset of the
compilation described in Sec. 3.3} the McGaugh| (2012) has been omitted since it
does not include inclination estimates. There is no clear preference for ‘missing dark
matter’ galaxies to have large inclination corrections (small sin()).
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confirm the original inclination estimate, although some oddities remain. These are
clearly illustrated by the disk-halo decomposition analysis shown in their fig. A.15.
Note, for example, the decreasing importance of the dark matter with increasing ra-
dius, a result that runs counter the established trend for most galaxies. Indeed, at the
outermost radius, where dark matter is usually most prominent, the gas contribution
accounts almost fully for the observed velocity and the cumulative dark matter con-
tribution is negligible. These unusual properties cast severe doubts on the robustness
of the circular velocities derived for DDO 50.

The inclination of IC 1613 is also suspect. In their tilted-ring analysis, |Oh et al.
(2015) derive a mean kinematic inclination of 48°40°. This result, together with the
small error quoted, are difficult to reconcile with the fact that, when they allow the
inclination to be a free parameter those of individual rings scatter widely between
15° and 85°. Indeed, the rotation curve shown in Fig. for IC 1613 assumes an
inclination of 35°; this is probably a compromise choice by the authors which, however,
is not justified further.

An inclination of ~ 20° would be sufficient to bring IC 1613 within the scatter of
our simulated BTF relation by raising its rotation velocity from ~ 20 to ~ 30kms™.
It is difficult to assess whether this is plausible. The geometric inclination obtained
from the V-band shape of IC 1613 is estimated at 37°.9 (Hunter et al., |2012), close
to the final value adopted by (Oh et al.. On the other hand, an independent estimate
of the circular velocity at ~ 1.4kpc may be obtained using the velocity dispersion
and half-light radius of the galaxy (Kirby et al.l 2014)): this technique is insensitive

1

to inclination and gives 18.771¢ kms~! suggesting that the circular velocity curve of

Oh et al| should indeed be revised upwards by ~ 50 per cent (see open blue symbol
in the top-right panel of Fig. .

If inclination errors are responsible for ‘missing dark matter’ galaxies, we might
expect such galaxies to be subject to large inclination corrections (o 1/sin(i)). We
explore this idea in Fig. While some galaxies with anomanously low rotation
speed are subject to larger inclination corrections relative to the rest of our chosen
sample, others are subject to rather modest corrections, and there does not seem
to be any significant increase in scatter toward lower inclination angles. Further
interpretation is difficult due to the heterogenous nature of the sample selection —
there is a strong, but difficult to quantify, bias toward more inclined systems.

The preceding discussion, albeit inconclusive for DDO 50, IC 1613, and the ob-

served sample as a whole, illustrates that inclination error estimates, as well as de-
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generacies in the algorithms used to map the circular velocity of a galaxy from 2D
velocity fields, should be carefully reviewed and critically examined. One final exam-
ple makes this point quite clear: NGC 3738 is also an extreme BTF outlief] but on
the opposite side of the relation shown in Fig. [3.1] This is a case where the rotation
speed is twice as high as expected for its baryonic mass and it could even be higher,
since its rotation curve appears to still be rising at the outermost measured point.
Taken at face value, this would imply an extremely low galaxy formation efficiency
(fer ~ 1 per cent, see Fig. [3.2)), perhaps signalling unusually efficient feedback or
environmental effects. Or an inclination error. NGC 3738 is a nearly face-on galaxyf
with a reported mean inclination of 22°.6 +0°.1 (Oh et al., 2015)). The rotation curve
is derived using an inclination fixed at this mean value, but the inclinations preferred
by the initial tilted ring fit with inclination as a free parameter vary between 10°
and 70°. If the inclination were instead about 20° larger than the reported mean,

NGC 3738 would lie within the scatter of the results of our simulations.

3.6 Summary and Conclusions

We have analysed the baryonic masses and circular velocities of a sample of galaxies
with excellent photometric data and high-quality H 1 observations and compared them
with the results of recent ACDM cosmological hydrodynamical simulations from the
APOSTLE project. The simulations used the same code developed for the EAGLE
project, where the subgrid feedback physics modules have been calibrated to match
the galaxy stellar mass function and stellar size distribution of galaxies more massive
than the great majority of those studied in this paper.

Our main conclusions may be summarized as follows.

e The correlation between maximum circular velocity and baryonic mass (the

‘baryonic Tully-Fisher’, or BTF relation) of simulated galaxies reproduces well

the zero-point and velocity scaling of observed galaxies in the range (30, 200) kms~*.

This implies that ACDM galaxies of the right size and mass can match naturally

the main trends of the BTF relation without further tuning.

e The sizeable scatter in the observed BTF relation at the faint end, on the other

"NGC 3738 is the farthest right outlier in Fig. at Mpar = 5.9 x 108 Mg, V12X ~ 133 kms™1.

It is not included in Table because of the short radial extent of its available rotation curve.
80n these grounds it could be argued that this galaxy is unsuitable for a tilted-ring analysis.

1
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hand, is at odds with the tight relation predicted by our simulations. Partic-
ularly challenging are dwarf galaxies, where—taking the data at face value—
high baryonic masses and low rotation velocities imply halo masses so low that
the inferred efficiency of galaxy formation is extraordinarily high (up to nearly
100 per cent). We find no counterparts to such galaxies in APOSTLE.

e Alternately, these could be systems with anomalously low dark matter content.
We demonstrate that this ‘missing dark matter’ cannot be ascribed to the pres-
ence of a core, since the mass deficit extends over the whole luminous radius of
the affected galaxies, and beyond. Furthermore, ‘missing dark matter’ galaxies
include several examples where the rotation curves do not suggest a core, and

viceversa.

e No model of galaxy formation that we are aware of can reconcile these ‘missing
dark matter’ systems with ACDM; if such observations hold, they would signal

the need for radical modification in our understanding of dwarf galaxy formation

in ACDM.

e Close examination of the data, however, suggest a more plausible explanation,
where outliers to our simulated BTF are simply nearly face-on galaxies where
the inclinations have been overestimated, and the inclination errors have been

substantially underestimated.

If inclination errors are truly responsible for the outliers from the BTF relation,
then the outer dark mass deficits of ‘missing dark matter’ galaxies and the inner mass
deficits (usually ascribed to ‘cores’) explored in Oman et al. (2015) may just be two
manifestations of the shortcomings of ‘tilted-ring’ models that attempt to extract the
circular velocity profile from gas velocity fields, especially in dwarf irregular galaxies.
Continued efforts to understand the limitations of such models, especially using mock
observations of realistic simulations of dwarf irregulars, where model output and
known input can be compared directly, will be critical to making real progress in
confirming or refuting this explanation.

This discussion suggests that caution must be exercised when comparing the mass
measurements of dwarf galaxies with simulation results. BTF outliers have featured
in discussions of the ‘too-big-to-fail’ problem and of the ‘core-cusp’ issue (Boylan-
Kolchin et al., 2012 |Garrison-Kimmel et al., 2014}, |Papastergis et al.| [2015; Flores &
Primack], [1994; Moore, 1994; Pontzen & Governato|, [2014)). If the cases of DDO 50
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and IC 1613 are any guide, their mass profiles might be much more uncertain than
the quoted errors would suggest.

This note of caution applies not only to mass profiles inferred from gas velocity
fields, but also to Jeans-estimates of the mass enclosed within the stellar half-mass
radius based on stellar velocity dispersions (Walker et al., [2009; Wolf et al., 2010). A
recent analysis by Campbell et al.| (2017)) shows that the precision of such estimators
is no better than ~ 20 per cent, even when the errors in the half-mass radii and
velocity dispersions are significantly smaller. Increased errors would substantially
alleviate many of the perceived problems of ACDM on dwarf-galaxy scales.

On the other hand, should future data/analysis confirm the existence of BTF out-
liers like the ones discussed above, the severity of the ‘missing dark matter’ problem,
together with the apparent failure of ‘baryon physics’ to solve it, might motivate the
consideration of more radical solutions. One worth highlighting is that the diversity
may reflect some intrinsic particle-physics property of the dark matter. This is the
case of ‘self-interacting’ dark matter, where, it has been argued, sizeable dispersion
in the inner regions of dark matter haloes of given mass may result from scatter in
their assembly history (see, e.g., Kaplinghat et al., 2016, and references therein). No
detailed simulations of this process are available yet on dwarf galaxy scales, but it is
certainly a possibility that needs to be developed further.

It remains to be seen whether the ‘missing dark matter’ problem points to ‘missing
physics’ or ‘modelling misses’. Regardless, we are hopeful that the puzzles outlined
above will be profitably used to help guide future developments in our understanding

of dwarf galaxy formation.
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Chapter 4

Apparent cores and non-circular
motions in the H1 discs of

simulated galaxies

Abstract

We derive the rotation curves of simulated disc galaxies from the APOSTLE suite of
ACDM cosmological hydrodynamical simulations with velocities in the range 60 <
Vinax/kms™ < 120. These galaxies compare favourably with those in surveys of
quiescent disks such as THINGS and LITTLE THINGS in terms of H1 content and
radius, as well as of various measures of kinematic properties and asymmetries. Our
procedure analyzes synthetic H T observations using the same kind of tilted-ring model
applied to interferometric H1 data cubes of nearby galaxies. The modelling generally
results in a large diversity of rotation curves for each individual galazy, depending on
the orientation of the chosen line of sight. These variations arise due to non-circular
motions in the gas, in particular strong bisymmetric (m = 2) fluctuations in the
azimuthal gas velocity field which the tilted-ring model is ill-suited to account for.
These perturbations are difficult to detect in model residuals, where they may be
effectively masked by combinations of the freely varying fit parameters of each ring.
Still, we show that they are clearly present in DDO 47 and DDO 87, two galaxies with
slowly-rising rotation curves in apparent conflict with ACDM predictions. Rotation
curves derived using modelling procedures unable to account for non-circular motions
are likely to underestimate, sometimes significantly, the circular velocity in the inner

regions. This risks being misinterpreted as evidence for nonexistent cores in the dark
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matter. The extent to which these findings affect galaxies with an apparent ‘core’
should be investigated in detail before such cores may be used as dependable evidence

against the predictions of the ACDM paradigm.

4.1 Introduction

There are several lines of evidence pointing to the existence of an as yet elusive dark

matter which is five times more abundant in the Universe on average than baryons (see

Bertone et al., 2005 for a review). Despite the lack of a plausible particle candidate,

the ACDM cosmological theory has been remarkably successful in describing the

large scale structure of the Universe (Springel et al. 2006)), and the parameters of

the model are now known to exquisite precision (Planck Collaboration et al., 2016]).

Much attention has now turned to galactic scales where several conflicts between
theoretical predictions and measurements have been recently been claimed. There is

ongoing debate regarding the solutions to these ‘small scale problems’, reviewed by Dell

Popolo & Le Delliou| (2017)), in particular around whether theoretical or observational

shortcomings are to blame in each case.

One such small scale discrepancy is the ‘cusp-core problem’ (Flores & Primack,
11994; Moore, 1994, and see [de Blok], 2010 for a review) which contrasts the steeply
rising central density profiles of dark matter haloes (cusps) predicted by N-body

simulations and the inference from, in particular, galactic rotation curves that some
galaxies have centrally flat dark matter density profiles (cores). There have been nu-
merous attempts to explain the origin of cores by appealing to baryonic physics which
couple gravitationally to the dark matter distribution (Navarro et al.,|1996aj; Read &
|Gilmore] 2005; Mashchenko et al., [2006], 2008} [Pasetto et al., 2010} |Governato et al.
[2012; [Maccio et al., 2012b; [Pontzen & Governatol, 2012} Teyssier et al. 2013; |Brooks|
& Zolotov,, 2014 [Madau et al., 2014; Ogiya & Mori, 2014; Pontzen & Governato, 2014
(Chan et al.| 2015} |Onorbe et al., 2015)), dynamical friction from accreted objects
[Zant et al, 2001}, 2004; Romano-Diaz et al., [2008}; [Johansson et al., 2009; [Cole et al.,
2011} Del Popolo & Pacel 2016)), and non-standard dark matter physics
[Steinhardt], [2000; Bode et al.| 2001} [Alcubierre et al., [2002; [Lovell et all [2012; [Zavalal

et al., 2013; Elbert et al., 2015). Alternately, rotation curve measurements may be

interpreted in terms of modifications to the laws of gravity (Milgrom), 1983} Sanders,
11990; Gentile et al.|, 2011} [Kroupa, 2012; Wu & Kroupal, 2015; McGaugh et al., 2016]).

So far, no single explanation has proved entirely satisfactory.
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The observational evidence for dark matter cores has also repeatedly been called

into question. Many earlier concerns such as ‘beam smearing’ (van den Bosch &
Swaters, 2001} de Blok & Bosma, [2002; Swaters et al. 2009), and slit misalignment
and mis-centering (Swaters et al., [2003; Spekkens et al., 2005)) have largely been laid

to rest with the advent of optical IFU and high resolution interferometric H1 surveys
(Walter et al., |2008; Kuzio de Naray et al., [2008; Hunter et al., 2012; |Adams et al.,
2014} Richards et al., 2016]). Others, such as the importance of holes in the gas
distribution (Read et al.,|2016)), halo shape (Dutton et al., 2005; Hayashi & Navarro,
2006; Kuzio de Naray et al., 2009), and non-circular motions (de Blok et al., 2003;
Rhee et al, 2004} [Simon et al., 2005} [Spekkens & Sellwood), [2007; [Trachternach et al.,
2008; Oh et al. 2008; Kuzio de Naray & Kaufmann| 2011} Oh et al. 2015) are still
debated.

An important additional constraint on possible solutions to the cusp-core problem

is that not every galaxy appears to host a core. This has been highlighted as a scatter

in the central slope of the dark matter density profile (Simon et al., 2005, Adams|
et all [2014) and in the shapes of rotation curves (Oman et al] [2015). There have

been proposed explanations for the rotation curve shape diversity in terms of the

scatter in other galactic properties (Sancisi, 2004; Swaters et al., 2012; Lelli et al.

2013), as an effect of stellar feedback (Brook, [2015) and via the coupled effects of

a dark matter self-scattering process and stellar feedback (Creasey et al., 2017)). In

this study we revisit the topic of non-circular motions present in galactic discs as an
arguably simpler origin of the observed diversity.
We are hardly the first to suggest that non-circular motions, especially m = 2

harmonic distortions of the 3D velocity field, can substantially impact the rotation

curve modelling process. The work of |Schoenmakers et al. (1997) was amongst the

first to elaborate in detail the signature in projection of the various harmonic modes,
and in particular that a harmonic of order m in the (3D) velocity field gives rise
to patterns of order m 4+ 1 in projection. They also noted that, under the epicyclic
assumption assumed in deriving their results, the geometric parameters (systemic ve-
locity, centroid, inclination, position angle, and combinations thereof) are degenerate
with various harmonic modes, and the two cannot be decoupled, e.g. by iterating

toward a solution.

Rhee et al.| (2004) discuss the kinematic modelling of a simulated system (their

‘Model ') with a bar, using a methodology very similar to our own. The bar in

question constitutes a relatively strong perturbation to the system, enough to drive
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down the mean rotation velocity substantially. They find that the rotation curve they
measure for the system depends sensitively on the orientation of the bar, with the
apparent rotation falling far below the circular velocity of the system when the bar
is aligned along the major axis of the galaxy in projection. They also note that even
very small systematic errors in the velocity, on the order of 10 per cent, are enough to
cause large changes in common metric of the cusp-core problem: the corresponding
change to the inferred density is of order 20 per cent, and the logarithmic slope of
the density profile changes by 0.35.

A similar cautionary tale, that non-circular motions which appear small in pro-
jection may be much more important than is apparent, is told by |Valenzuela et al.
(2007)). Similarly to Rhee et al.|(2004)), they construct synthetic observations of simu-
lations of isolated galaxies set up initially in equilibrium. They focus in particular on
modelling NGC 3109 and NGC 6822, which both have slowly rising rotation curves,
and argue that in both cases the cause is the presence of a bar or bar-like pattern.
They also speculate that similar departures from axisymmetry are responsible for
such extreme peculiar galaxies as IC 2574, the LMC, and DDO 47.

Whereas all prior techniques were, at best, able to account for non-circular motions
which are small compared to the circular velocity at the same radius, [Spekkens &
Sellwood| (2007)) proposed a fundamentally novel approach which explicitly assumes
the underlying gravitational potential is non-axisymmetric, with a bar-like distortion,
and can model even large departures from circular motion at the cost of losing the
ability to trace radial variations in inclination and position angle (warps). They
point out that a bar-like perturbation to the potential gives rise, in addition to an
azimuthal m = 2 mode, also to an m = 2 mode in the radial velocity of the gas. In an
equilibrium system, the phase of the two patterns are offset by 45°. In projection, the
two patterns are found to always at least partially cancel each other. In particular,
when the bar is oriented along the kinematic major axis, the two patterns cancel
exactly (if they have the same amplitude), making them impossible to detect.

With numerical models of galaxies increasingly resembling the systems they pur-
port to simulate, it is a useful and often illuminating exercise to ‘observe’ the simu-
lations and analyse them on even footing with analogous observed data. When such
techniques are applied to the question of rotation curves, a recurring theme emerges:
Rhee et al.| (2004); Valenzuela et al. (2007); Spekkens & Sellwood| (2007); Read et al.
(2016)); Pineda et al. (2017) all find that when they ‘observe’ their simulated galaxies,
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which all have intrinsic dark matter cusp{], they frequently erroneously infer the pres-
ence of dark matter cores. This conclusion is not quite unanimous (Kuzio de Naray
& Kaufmann, 2011)), and a cogent criticism can be made that such comparisons have
so far been rather limited in scope (e.g. Bosmal, 2017)).

Current galaxy formation models as implemented in cosmological simulations now
successfully reproduce several fundamental scaling relations for galaxies (e.g. Vogels-
berger et al., [2014a; [Schaye et al., [2015). We make use of one such model, applied in
the APOSTLE suite of simulations (Sawala et al., [2016a; Fattahi et al., 2016), which
provides us an unbiased (volume limited), large sample of model dwarf galaxies ideally
suited to a cusp-core study. All galaxies in this model have cuspy dark matter profiles
(Oman et al., 2015} Schaller et al., 2015, yet when we extract synthetic ‘observations’
of their H1 gas kinematics and apply the same kinematic modelling process routinely
used with observed galaxies we find as large a diversity in rotation curve shapes as is

seen in real galaxies.

4.2 Simulations

4.2.1 The APOSTLE simulations

The APOSTLH? simulation suite comprises 12 volumes selected from a cosmologi-
cal N-body simulation resimulated using the zoom-in technique (Power et al. 2003;
Jenkins, 2013) with the full hydrodynamics and galaxy formation treatment of the
‘Ref” model of the EAGLE project (Schaye et al., 2015). The regions are selected to
resemble the Local Group of galaxies in terms of the mass, separation and kinematics
of two haloes analogous to the Milky Way and M 31, and the absence of any nearby
more massive systems. Full details of the simulation setup and target selection are
available in|Sawala et al.| (2016al); Fattahi et al. (2016]); we summarize a few key points
here.

EAGLE, and by extension APOSTLE, use the pressure-entropy formulation of
smoothed particle hydrodynamics (Hopkins, 2013) and the numerical methods from
the ANARCHY module [Dalla Vecchia et al. (in preparation); see Schaye et al., 2015 for

a short summary|. The galaxy formation model includes subgrid recipes for radiative

!The many simulations which produce bona fide dark matter cores are of little use in this context
— most systematic effects seem to cause an underestimate of the rotation curve. The relevant question
is therefore whether dark matter cusps may be mistaken for cores, but not vice versa.

2A Project Of Simulating The Local Environment.
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cooling (Wiersma et al.; 2009al), star formation (Schaye, 2004; Schaye & Dalla Vec-
chiaj, |2008), stellar and chemical enrichment (Wiersma et al., [2009b)), energetic stellar
feedback (Dalla Vecchia & Schaye| [2012), and cosmic reionization (Haardt & Madau,
2001; [Wiersma et al., 2009b)). The model is calibrated to reproduce the galaxy stellar
mass function and size distribution of M, > 10® M, galaxies at z = 0 (Crain et al.,
2015).

The APOSTLE suite is simulated at three resolution levels, labelled AP-L3 (sim-
ilar to the fiducial resolution of the EAGLE project), AP-L2 (similar to the ‘high
resolution’ realizations from EAGLE) and AP-L1. Each resolution level represents
an increase by a factor of ~ 10 in mass and ~ 2 in force softening over the next
lowest level. Typical values, which vary slightly from volume to volume, are shown
in Table 4.1 All 12 volumes have been simulated at AP-L2 and AP-L3 resolution,
but only 5 volumes: V1, V4, V6, V10 & V11 have thus far been simulated at AP-L1.
APOSTLE assumes the WMAP7 cosmological parameters (Komatsu et al., |2011)):
Qm = 0.2727, Q = 0.728, ), = 0.04557, h = 0.702, og = 0.807.

The SUBFIND algorithm (Springel et al.,|2001; |Dolag et al., 2009)) is used to identify
structures and galaxies in the APOSTLE volumes. Particles are grouped into friend-
of-friends (FoF) haloes by iteratively linking particles separated by at most 0.2x the
mean interparticle separation (Davis et all |1985); gas and star particles are attached
to the same FoF halo as their nearest dark matter particle. Saddle points in the
density distribution are used to separate substructures, and particles which are not
gravitationally bound to substructures are removed. The end result is a collection of
FoF' groups each containing at least one ‘subhalo’; the most subhalo in each group is
termed the ‘central’ galaxy, others are ‘satellites’. In this analysis we focus exclusively
on central objects as satellites are subject to additional dynamical processes which
complicate their treatment.

We label our simulated galaxies according to the resolution level, volume number,
FoF group and subgroup, so for instance AP-L1-V1-8-0 corresponds to resolution AP-
L1, volume V1, FoF group 8 and subgroup 0 (the central object). We focus primarily
on the AP-L1 resolution. At this resolution level the circular velocity curves of our
galaxies of interest (defined below) are numerically converged at all radii » 700 pc,
as defined by the criterion of |Power et al.| (2003, for further details pertaining to the
numerical convergence of the APOSTLE simulations see Oman et al., 2015; |Campbell
et al., 2017).
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Table 4.1: Summary of the key parameters of the APOSTLE simulations used in this
work. Particle masses vary by up to a factor of 2 between volumes at a fixed resolution
‘level’; the median values below are indicative only (see Fattahi et al., 2016, for full
details). Details of the WMAP7 cosmological parameters used in the simulations are
available in [Komatsu et al.| (2011)).

Particle masses (M) Max softening

Simulation DM Gas length (pc)
AP-L3 7.3x10° 1.5x10° 711
AP-1.2 5.8 x 10° 1.2 x10° 307

AP-L1 3.6 x 10" 7.4 x10° 134
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4.2.2 Sample selection

We select galaxies from the APOSTLE simulations for further consideration based
on two criteria. First, as noted above, we restrict ourselves to the highest AP-
L1 resolution level so that the central regions of the galaxies, which are of par-
ticular interest in the context of the cusp-core problem, are sufficiently well re-
solved. Second, we choose galaxies in the interval 60 < Vi./kms™' < 120, where
Vinax = max(Veie(R)) = max(\/GM(< R)/R). The lower bound ensures that the gas
distribution of the galaxies is well-sampled (> 10* gas particles contributing to the H1
distribution of each galaxy) and that the necessary corrections for pressure support
are small (see Sec. . The upper bound ensures that the galaxies are dynamically
dominated by dark matter so that the gas rotation curve is in principle fixed directly
by the circular velocity curve of the halo.

In Fig. 4.1} we show where the simulated APOSTLE galaxies (small black points)
and in particular those we select for further analysis (large black points) lie on three
key scaling relations. For comparison, we also plot data from the Spitzer Pho-
tometry and Accurate Rotation Curves (SPARC) database (Lelli et al. [2016a]) and
the THINGS (Walter et all 2008; de Blok et al., [2008; Oh et al., 2011) and LIT-
TLE THINGS (Hunter et al., 2012; |(Oh et al., |2015) surveys. In the left panel we
show the baryonic Tully-Fisher relation (BTFR). The quantity plotted on the hori-
zontal axis varies by dataset: for the APOSTLE galaxies we show the maximum of the
circular velocity curve Vi (R) = /GM (< R)/R, for the SPARC galaxies we show
the asymptotically flat rotation velocity, and for the THINGS & LITTLE THINGS
galaxies we show the maximum of the rotation curve. For the pupose of showing that
our models are a reasonable match to the BTFR, we assume that all these quantities
are equivalent and trace the maximum circular velocity of the halo. The baryonic
masses are in all cases calculated as M, = M,+1.4My;. For the APOSTLE galaxies,
Vinax 18 the maximum of the circular velocity curve V. = /GM(< R)/R, and our
selection in V.. is highlighted by the shaded vertical band. The simulated galaxies
are in broad agreement with the observed BTFR; for an in depth discussion see [Sales
et al.| (2017); Oman et al.| (2016)).

The middle panel shows the H1 mass — stellar mass relation. The simulated
galaxies once again lie comfortably within the scatter in the observed relation. In the
right panel we show the H 1 mass — size relation, where the size is defined as the radius

at which the H1 surface density, Yur, drops below 1 Mg pc™2 (=~ 10% atoms cm™2).
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Figure 4.1: Left: Baryonic Tully-Fisher relation (BTFR) for APOSTLE galaxies
at resolution AP-L1 (black circles) and AP-L2 (black squares). For comparison we
also show the BTFR for the SPARC sample of galaxies (magenta triangles) and the
THINGS (blue squares, numbering corresponds to Table and LITTLE THINGS
(blue diamonds, see also Table galaxies. In all cases we assume Mg,s = 1.4 Mp.
All AP-L1 galaxies in the range 60 < Viya/kms™ < 120 are selected for further
analysis and shown with larger, numbered symbols (see Table . Centre: H1 mass
— stellar mass relation, symbols and numbering are as in the left panel. Right: H1
mass-size relation. Sizes are defined as the radius where the H1 surface density drops
to 1 Mg pc™2. Symbols and numbering are as in the left panel.

The APOSTLE galaxies are slightly offset to larger sizes, and consequently somewhat
lower Yy;. The effect is small, and depends somewhat on the (arbitrary) choice of
threshold surface density. This slight offset in size has little impact on our conclusions

below.

4.2.3 Creation of synthetic H1 data cubes

For each simulated galaxy in our selection, we proceed as follows to carry out a
synthetic H1 observation. All gas particles in the friends-of-friends group of the
subhalo of interest are selected, ensuring that gravitationally unbound gas particles
and substructure are also included in the image. The H 1 mass fraction of each particle
is calculated following the prescription of |Rahmati et al.| (2013)), and includes an
additional correction for the molecular gas fraciton (Blitz & Rosolowsky), |2006]). The
coordinate system is centred on the potential minimum of the target subhalo, and
the z-axis is defined along the direction of the L angular momentum vector of the
Hr1 gas disc. A viewing angle inclined by 60° relative to the z-axis is chosen (the
azimuthal orientation is random). Each galaxy is placed in the Hubble flow at a

nominal distance of 3.657 Mpc, similar to the average distance of 3.7 Mpc of galaxies in
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the LITTLE THINGS sample (Hunter et al. |2012). We choose an arbitrary position
on the sky at (0% 0™ 0.0%, +10°0'0.0”). We adopt an ‘observing setup’ similar to that
used in the LITTLE THINGS survey, with a 6arcsec circular gaussian beam and
10242 pixels spaced 3 arcsec apart, yielding an effective physical resolution (FWHM)

of 250 pc. We use a velocity channel spacing of 4kms™!

and enough channels to
comfortably accomodate all of the galactic emission.

The particles are spatially smoothed with the C? Wendland| (1995) smoothing
kernel used in the EAGLE model (Crain et al. 2015). The integral of the kernel
over each pixel is approximated by the value at the pixel centre. Provided the pixel
size is < % the smoothing length, this approximation is accurate to within less than
1 per cent; we explicitly check that this condition is satisfied. We also check that
omitting this smoothing step does not significantly change our main results. In the
velocity direction, the 21 cm emission is modeled with a gaussian line profile centred
at the particle velocity and a fixed width of 7kms™!, which models the (unresolved)
thermal broadening of the H1 line (e.g. [Pineda et al. [2017). Our main results are
insensitive to the precise width we choose for the line, provided it is < 12kms™*,
because the integrated H1 profile is dominated by the dispersion in the particle ve-
locities. Each particle contributes flux proportionally to its H1 mass. Finally, the
synthetic data cube is convolved along the spatial axes with the ‘beam’, implemented
as a 6 arcsec circular gaussian kernel. The completed cube is saved in the FITS format
(Pence et al. 2010) with appropriate header information.

In Fig. we illustrate the synthetic observations of three of our simulated galax-
ies by their first three moment maps. In the left column we show the surface density
(0" moment) maps. The red contour marks the log;,(Xnr/atoms cm=2) = 19.5 iso-
density contour. This is about 0.5dex deeper than the typical limiting depth of
observations in the THINGS and LITTLE THINGS surveys of ~ 10%° atoms cm 2,
however we note that galaxies in our sample are slightly larger, offset by ~ 0.2 dex
in the My—Rpyr, which drives down their typical surface densities. In light of this,
we find that a slightly deeper nominal limiting column density allows for more rea-
sonable comparisons than a strict cut at 10?° atomscm™2. In the centre column we
show the velocity (1%* moment) mapﬂ, and in the right column the velocity dispersion

(24 moment) maps.

3We use intensity weighted mean (IWM) velocity fields. The choice of velocity field type can have
a significant impact on the fit rotation curve for techniques that model the velocity field directly (de
Blok et al., 2008); because 3P BAROLO instead models the data cube, for our purposes the choice of
velocity field impacts only the visualization of the data.



84

X [kpc] X [kpc] X [kpc]
-15 -10 -5 0 5 10 15 =15 -10 -5 0 5 10 15 =15 -10 -5 0 5 10 15
10°15'
T T T T T T T ] T T T T T T T ] T T T T T T T 115
10 i1r 1r 410
05 |- 4+ 4+ 4s
=)
w 00 f 4 F 4 F E -
=
9°55' |- 1+ 1 q1-5
50 |- - 1k 1k -1
AP-L1-V1-8-0
. i i J-15
Rl o L L L L L L L L L L L L L l L L L L L L
0°15" 10" 05' 00" 359°55' 50' 45' 0°15' 10' 05' 00" 359°55' 50' 45' 0°15' 10' 05' 00' 359°55' 50' 45"
(&3 (&3 «
180 185 190 195 200 205 210 215 220 -80 60 40 20 0 20 4 6 8 3 5 10 15 2 30
log (S /atoms cm %) V= Viys [kms™'] o kms™]
X [kpc] X [kpc| X [kpc|
=20 =10 0 10 20 =20 =10 0 10 20 =20 =10 0 10 20
1020 FT T T T T = T T T T = T T T T
4 . - 20
10' |- J10
o
o 00" - Ho0o &
>~
9°50" |- - -10
AP-L1-V4-8-0
a0 b 4L 4L 4 -20
1 1 1 1 1 1 1 1 1 1 Il 1 1 1 1
0°20" 10" 00' 359°50" 40' 0°20" 10" 00' 359°50" 40" 0°20' 10' 00' 359°50" 40"
a a @
180 185 190 195 200 205 210 215 220 -80  -60 -40 20 0 2 0 6 0 3 5 10 15 2 30
logo(Xn1/atoms cm~2) V= Viys [kms™!] o [kms™]
X [kpc] X [kpc] X [kpc]
-20 -10 0 10 20 -20 -10 0 10 20 =20 -10 0 10 20
10°20' F 1 T T T T F1 T T T T 1 T T T T
] ] 420
-~
- - AP
-
o
w 00} L L ~ o’ L 2
% ~
wire -
Wt
9°50' |- - - - < -
.
a0 b | 4L 4 -20
I I I I I I I I I I ! I I I I
0°20" 10" 00' 359°50" 40' 0°20" 10" 00' 359°50" 40" 0°20' 10" 00' 359°50" 40"
a @
180 185 190 195 200 205 210 215 220 -80 -60 40 -20 0 20 4 6 8 3 s 10 15 2 30
logo(Xp1/atoms cm~2) V— Vi [kms ™! o[kms™]

Figure 4.2: 0*" moment (surface density, left column), 1°* moment (flux-weighted mean velocity,
centre column) and 2°¢ moment (flux-weighted vel ocity dispersion, right column) maps for three
objects in our sample of APOSTLE galaxies. The galaxies are placed at an arbitrary sky position at
a distance of 3.657 Mpc, inclination of 60° and position angle of 270°, where the angular momentum
vector of the H1 disc is taken as the reference direction. The 1% and 2" moment maps are masked to
show only pixels where the surface density exceeds 101> atoms cm~2. Contours on the 15 moment
map correspond to the tick locations on the colour bar. The ‘x’ marks the location of the potential
minimum, which is well-traced by the peak of the stellar distribution, marked ‘+’.
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4.2.4 Kinematic properties of simulated galaxies

Before examining the synthetic data cubes in further detail, we turn our attention for
a moment to the kinematic properties of the simulated galaxies as measured directly
from the simulation particle properties. In the top row of Fig. we compare the
circular velocity curves (heavy black lines) derived from the total mass profiles of
three APOSTLE galaxies with the H1 mass-weighted mean rotation velocity (thin
gray lines) corrected for pressure support (thick gray lines, see Sec. [£.3.3). One
of the underlying assumption in the mass modelling of galaxies via rotation curve
measurements is that the rotational and pressure support of the gas balance the
central gravitational force, i.e. that the system is in dynamical equilibrium. Galaxies
AP-L1-V1-8-0 and AP-L1-V4-0 seem, within reason, to be in equilibrium. AP-L1-V6-
12-0, on the other hand, has a gas disc which appears kinematically disturbed, rotating
significantly slower in the central regions than would be expected from the circular
velocity curve. Some real galaxies are also similarly disturbed (e.g. mergers) and
are typically not considered in mass modelling studies. We adopt a simple criterion,
that the pressure-corrected gas rotation speed match the circular velocity to within
15 per cent at 2kpe, to flag such galaxies, and focus most of the discussion below
on the remaining 14 galaxies in our sample. We also show the H1 velocity dispersion
(second row) and H1 surface density (third row) profiles of the same galaxies.

Returning now to the data cubes, we show in Fig. three simple metrics char-
acterizing the kinematics of our galaxies. These are not ‘standard’ measurements,
but we have obtained the publically available moment mapg of the galaxies in the
THINGS and LITTLE THINGS surveys and make identical measurements. The ob-
servational maps are provided cleaned of noise, with low signal-to-noise pixels masked
out. We mimic this approximately by masking our kinematic maps when the HT col-
umn density drops below 10 atoms cm ™2 (illustrated in Fig. , which is slightly
deeper than the typical limiting column density in the aforementioned surveys to
compensate the fact that H1 discs in APOSTLE are somewhat larger than those of
real galaxies.

In the left panel we show the median velocity dispersion along the line of sight (i.e.
median of all un-masked pixels in the 2" moment map) against the total H1 mass.
Points for APOSTLE galaxies which we have flagged as kinematically disturbed are
shaded gray. The simulated galaxies have typically slightly larger velocity dispersions

4We use the ‘natural weighted’, not the robust weighted’, maps.
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Figure 4.3: First row: Circular velocity curves (heavy black lines) and mean azimuthal
velocity of H1 gas (thin gray lines) for three of the simulated galaxies in our sample.
The gas rotation velocity corrected for pressure support (see Sec. is shown
with the thick gray line. Because we have chosen our sample to have relatively large
Vinax > 60km s, such corrections are typically quite small. We flag galaxies in which
the pressure-corrected velocity at 2 kpc differs from the circular velocity by more than
15 per cent, such as AP-L1-V6-12-0, as kinematically disturbed. Second row: HI
velocity dispersion profiles for the same galaxies, including both the thermal (sub-
particle) and inter-particle contributions to the velocity dispersion, and calculated as
1/4/3 of the 3D velocity dispersion at each radius. Third row: H1 surface density
profiles for the same galaxies. The plot is truncated at the radius enclosing 90 per cent
of the H1 mass, which is typically very close to the radius where the surface density

drops below our nominal limiting Xy depth of 10! atoms cm™—2.
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(~ 10-15kms™!) than observed galaxies (~ 7-10kms™'), though there are several
outliers in the observed distribution. The simulated galaxies are still dominantly
rotationally supported; the only consequence of the increased velocity dispersion we
note is slightly larger pressure support corrections (Sec. 4.3.3)).

The middle and right panels both show measurements intended to quantify the
symmetry of the 15 moment maps (velocity field). In the middle panel we use a resid-
ual map created by rotating the velocity field 180° about the centre and subtracting
from the un-rotated field (with a change of sign such that in the perfectly symmetric
case the residual is everywhere zero). We plot the rms width of the distribution of pixel
values in this residual against the absolute value of the mean of the same distribution
— this measurement is illustrated in Fig. [C.I] The mean quantifies whether there is
an offset in the average velocity of the approaching and receding sides of the galaxy,
whereas the width quantifies more local asymmetries. (Where the mean is < 1kms™*
we plot the point at 1kms™'.) The measurements of the observed and simulated
galaxies essentially overlap in this space, particularly if the kinematically disturbed
simulated galaxies are ignored (we plot only those THINGS and LITTLE THINGS
galaxies which were selected for mass modelling by the survey team). The simulated
galaxies are also more massive than most of the LITTLE THINGS galaxies (squares,
which lie somewhat left of and below the diamonds for the more massive THINGS
galaxies, on average), and since the measurements have dimensions kms™ it is to be
expected that there is a trend with mass, though we do not plot this explicitly.

In the right panel we plot a measure of the residual produced by subtracting a
very simple kinematic model: the rms deviation from 0 of the velocity distribution
of the residuals as a function of the H1 mass. We select a single inclination, position
angle and systemic velocity for each galaxy: (i, PA, Vi) = (60°,270°,257.5kms™!)
for APOSTLE galaxies, and the values listed in Table for observed galaxies. In

a series of concentric rings defined by these parameters, we fit the function:

V($) = Vigs + Vo cos(¢ — o) (4.1)

where V) and ¢g are free parameters, to remove the overall rotationﬂ This procedure is

5The freedom in ¢¢ means that, strictly speaking, we are not removing a pure rotation field. This
allows, however, to compensate for small variations in the kinematic major axis as a function of radius
without the added complexity of rings with independent geometric parameters. We recall that the
purpose of this measurement is to compare synthetic and real data cubes, and the measurement is
made identically in both cases.
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Figure 4.4: Diagnostics comparing the kinematics of observed and simulated galaxies.
Left: Median velocity dispersion as measured along the line of sight as a function of
H1 mass. For the APOSTLE galaxies, the median is calculated across all pixels with
log;o(Xm1/atoms cm™2) > 19.5; for the THINGS and LITTLE THINGS galaxies it is
computed across all pixels in the S/N masked second moment map. Gray symbols
correspond to galaxies which we flag as kinematically disturbed (see Fig. and
Sec. 4.2.4). Centre: As a measure of the symmetry of the velocity field, the first
moment (mean velocity field) of each data cube is rotated 180° about its centre
and subtracted from itself (with a sign change); here we plot the rms against the
absolute mean offset from 0 of the pixels. Pixels which overlap a pixel with no
velocity detection after rotation are discarded. See Fig. and Appendix for
an illustration and further explanation of these measurements. Right: As another
measure of the symmetry of the velocity field we construct a very simple kinematic
model by fitting a cosine to the velocity field in a series of rings of constant inclination
and position angle. The model is subtracted from the data and we plot here the
rms about 0 of the residual against the H1 mass for each galaxy. See Fig. and
Appendix for an illustration and further explanation of this measurement.

further illustrated in Fig.[C.2] Once again we find that the measurements of synthetic
and real data cubes broadly overlap.

Based on the basic galactic properties and characterization of the data cubes
discussed in this section we are satisfied that, though our galaxies may not be ‘realistic’
by every imaginable metric, the synthetic data cubes are sufficiently similar to those

of their observed counterparts to proceed with fitting kinematic models.



89

4.3 Kinematic modelling

4.3.1 Parameter choices

The de-facto standard tool for kinematic modelling of galaxies is known as a ‘tilted
ring’ model (Rogstad et al [1974). In such a model, the disc of the galaxy of inter-
est is represented as a series of rings of increasing size. The properties of each ring
are described by a set of parameters which can be categorized as geometric (radius,
width, thickness, centroid, inclination, position angle, systemic velocity) and physical
(surface density, rotation velocity, velocity dispersion). Several routines to fit (a sub-
set of) these parameters exist; we use the publicly available software 3P BAROLOE] (for
a detailed description, see |Di Teodoro & Fraternali, [2015). Whereas most older tools
model only the first few moments of the kinematics — the surface density and velocity
fields, and in some cases the velocity dispersion field — 3?BAROLO belongs to a class
of more recent tools which model the full data cube directly, and therefore nominally
utilize all available kinematic information. The software has many configurable pa-
rameters; we discuss our choices for several of the most important ones below, and in
Table we summarize the full configuration used.

The parameter choices with perhaps the greatest influence on the resulting fits
are those defining the handling of the geometric parameters for each ring. We adopt
a strategy which attempts to minimize the impact of uncertainty in the geometric
parameters, which would otherwise distract from the issues we wish to highlight, while
still limiting ourselves to information that would be accessible observationally were
our sample composed of real rather than simulated galaxies. As described in Sec.4.2.3]
all our synthetic observations are oriented so that the plane of the disc as defined by its
angular momentum is inclined 60°. We make no attempt to measure the inclination
either morphologically or kinematically from ‘observables’. We instead provide an
initial ‘correct’ guess of i« = 60° to the software, but allow this parameter to vary by
up to 15°, allowing for some difference between the ‘true’ inclination and that which
might otherwise be inferred. The handling of the inclination is particularly important
in determining the recovered rotation curve since only the projected rotation V. sin(4)
is observable, and breaking the degeneracy between V., and sin(i) is notoriously
difficult. Our choice of ¢ = 60° is also helpful — at higher inclinations the relative

impact of uncertainty in 4 is minimized: i = 60° 4+ 15° <= sin(60°)*]3 per cent, as

Shttp://editeodoro.github.io/Bbarolo/, we used the latest version available at the time of
writing: 1.3.


http://editeodoro.github.io/Bbarolo/
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compared to e.g. 1 = 30° £ 15° <= sin(30°)4_r§£13 per cent — without being so high that

consecutive rings begin to overlap substantially along the line of sight.

The position angles of the rings are treated similarly to the inclinations: given the
construction of our synthetic data cubes, the position angle of the receding side of the
galaxy should be 270° counter-clockwise from North. We provide this as an initial
guess to the software, and allow for variations of up to 20°, noting that this parameter
has much less influence on the recovered rotation curve than the inclination.

We model each galaxy out to the radius enclosing 90 per cent of its H1 mass.
This typically roughly coincides with the log,,(Xg1/atomscm™2) = 19.5 isodensity
contour, and in all cases is sufficient to reach the asymptotically flat portion of the
circular velocity curve, allowing in principle an accurate measurement of the max-
imum circular velocity. The ring width is fixed at 14.1 arcsec, corresponding to a
physical separation of 250 pc at the distance of 3.657 Mpc chosen for our synthetic
observations.

We fix the centre of each ring on the peak of the projected stellar distribution
in the galaxy, found by calculating the centre of mass of simulated star particles in
the plane of the ‘sky’, removing a fraction of the outermost particles, and iterating.
We find that this point corresponds to within a few pixels to the centre of potential
defined by the SUBFIND (Springel et al., 2001; Dolag et al.| [2009) algorithm and thus,
for our galaxies, seems to be a reasonable tracer for the kinematic centre of the system.

For simplicity, the systemic velocity is fixed at 257 km s~!, determined from the dis-
tance as Vs = HoD. While this choice assumes a precision in the distance unavailable
for observed galaxies (and no peculiar velocity), we note that the V — Vs = Okms™
isovelocity contour usually passes through, or very near, the projected peak of the
stellar distribution. We therefore believe that deriving the systemic velcoity directly
from observables would yield very similar values.

The initial guess for the rotation speed and velocity dispersion of each ring are
set to 30 and 8 kms™!, respectively. These initial guesses seem to have little to no
impact on the final fit rotation curve and velocity dispersion profile.

We fix the thickness of the rings at 2 arcsec ~ 40 pc. This is much thinner than
the actual thicknesses of the simulated gas discs; the height enclosing half the mass
is of order 1kpc. Difficulty modelling thick discs is a well known limitation of tilted
ring models. Future codes may be able to better capture the vertical structure of
discs (e.g. lorio et al. 2017), but for the present we are bound by the limitations of

current implementations.
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4.3.2 Model fitting

Using the parameter choices outlined above (see also Table , the tilted ring model
is fit to each galaxy in two stages. In the first stage the free parameters are the rotation
speed, velocity dispersion, inclination and position angle of each ring (in *?BAROLO’s
‘locally normalized” mode the surface brightness is not explicitly fit). The inclination
and position angle profiles are then smoothed (coloured lines in Fig. rows 2 & 3).
For comparison we show the ‘global’ inclination and position angles of the systems as
determined directly from the simulation data (see Sec. |4.2.3)) with thin gray lines.
In the second stage the rotation speeds and velocity dispersions of the rings are fit
again with the geometric parameters held fixed at their smoothed values; the result is
illustrated by the (thin) coloured lines in Fig. rows 1 & 4. The ‘true’ rotation and
dispersion profiles were measured from the simulation particles directly and are shown
for comparison with thin gray lines. The rotation profile was measured using the H1
mass-weighted mean azimuthal velocity of gas particles in a series of 2kpc thick,
500 pc wide cylindrical shells aligned along the disc plane. The velocity dispersion

profile was measured using the same series of rings. There are two components of the

1 (kT
0:\/—< B —1—03)—1—03—1-05) (4.2)
3\ pumy,

where kg is Boltzmann’s constant, 7" is the particle temperature, p is the mean molec-

velocity dispersion:

ular weight, m,, is the proton mass, and o4, og and o, are the azimuthal, radial and
vertical components of the particle velocity dispersion. The first ‘thermal” component
comes from small scale random motions parameterized by the gas particle tempera-
tures and the second ’bulk’ component from the relative motions of the simulation
particles. Both components are reflected in the synthetic data cubes (Sec. ,

though in practice the ‘bulk’ component always dominates by a factor of > 2.

4.3.3 Correction for pressure support

The equation of gas rotational velocities with circular velocities (i.e. mass profiles):

GM(<r)

r

V;ot = ‘/circ = (43)

requires that gravitational forces dominate the dynamics of the system. If the gas

disc of a galaxy is supported against collapse in part by a pressure gradient in the
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disc, the rotation speed systematically underestimates the circular velocity. Under
the assumption that turbulence is the dominant source of pressure, the pressure,
density and (radial) velocity dispersion of gas are related as P = po%. Adding a
term to account for the force due to a pressure gradient in the disc to eq. then
straightforwardly gives:

, dlog(pot)

= V2
R qlog R

2
Vi rot

cire

(4.4)

(The gradient of the pressure is usually negative, yielding a net positive correction.)
We calculate this correction for our simulated galaxies directly from the particle
information to correct the gas rotation curves in the top row (thin gray lines) of
Fig. and show the result with the heavy gray lines. We tested the correction
on simple models of equilibrium gas disks using the same hydrodynamics scheme
and resolution as in APOSTLE and find excellent agreement between the corrected
rotation velocity and the circular velocity for radii > 100 pc. That the corrected
rotation curves do not agree with the circular velocity curves (heavy black lines)
therefore seems to be due to departures from dynamical equilibrium.

Under the additional assumptions that the vertical structure of the disc does
not vary with radius and that the velocity dispersion is isotropic (¢ = o,, with o
the velocity dispersion along the line of sight), eq. can be written in terms of

observationally accessible quantities as:

V2 _ V2 _JQdIOg(EHIO'Q)

4.5
circ rot leg R ( )

where Yy is the surface density of the H1 gas. This formulation of the pressure
support correction is the one most commonly employed in the rotation curve liter-
atureﬂ We measure the surface density along the (projection of) each of the best
fitting rings directly from the synthetic data cubes (coloured lines, Fig. 4.5, 5" row).
For comparison we also show the HT1 surface density profiles measured directly from
the simulation particle distributions with a thin gray line. In the 6' row of the same

figure we show the ‘pressure’ profile Yyro? — the gradient is measured from the best

"It is often misleadingly called an ‘asymmetric drift correction’, for a detailed discussion of this
and several related topics see sec. 5.5 of |[Pineda et al.| (2017)).
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fitting parameters (o, Ry) of the function:

EHIO'2 _ (Ro + 1) (4 6)
(Xm10?)o Ry + et .

This is the same functional form used in recent analyses of the THINGS and LIT-
TLE THINGS galaxiesﬁ (Oh et al., 2011} [2015; lorio et al., |2017)).

4.4 The importance of orientation

Examples of the final, pressure support corrected rotation curves of AP-L1-V1-8-0
and AP-L1-V4-8-0 (left and centre columns of Fig. , in two orientations each,
are shown with the heavy red and blue lines in the first row of Fig. [{.5 Instead
of the random azimuthal directions used when analyzing our sample en masse, the
viewing angles are carefully chosen to highlight the importance of the orientation to
the recovered fit. Both projections are at an inclination of 60°, but offset by a 90°
rotation about the galactic pole. The rotation curves drawn in blue significantly’|
underestimate the rotation speed of the gas, while those drawn in red overestimate
it. These errors in the fits cannot be due to differences in the fit inclination (a
difference of 10° at i = 60° only changes V;o; by ~ 10 per cent), velocity dispersion
(differences of s 4kms™!), or pressure support correction profiles. They are rather
due the orientation of non-circular motions present in the gas discs relative to the
line of sight.

This is illustrated in Fig. [£.6] We select particles within 2kpc of the plane of the
disc and construct a smooth velocity field in three dimensions, then sample the field
in the disc plane. The upper panels show the residual azimuthal motions in the discs
after the mean rotation at each radius has been removed. The two projection axes
are illustrated by the coloured lines: the red line lies along the direction which, after
projection, lies along the major axis of the synthetic observation which, when fit with
SDBAROLO, yields the rotation curve drawn in red on Fig. [£.5, and similarly for the

blue line. For both galaxies the red line, corresponding to an overestimated rotation

8de Blok et al| (2008 make no mention of pressure support corrections in their analysis, though
for the majority of the galaxies in their sample the correction would be expected to be very small.

9The shaded area shows the error as estimated by *PBAROLO: the model parameters are re-
sampled around the best fitting values to determine the variations required to change the model
residual by 5 per cent. This yields an error similar to what might be derived from differences
between the approaching and receding sides of the galaxy (Di Teodoro & Fraternali, [2015).
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Figure 4.5: Summary of kinematic modelling for two of the galaxies shown in Fig. (left and
centre columns). Fits for two orientations of each galaxy, labelled by ® (see Fig. [4.6)), are shown
by the red and blue curves, offset from each other by a 90° rotation about the galactic pole. First
row: Rotation curves: circular velocity curve (thick black), gas azimuthal velocity (thin gray), same
corrected for pressure support (thick gray), kinematic model with regularized geometric param-
eters (thin coloured), same corrected for pressure support (thick coloured) with errors estimated
by 3PBAROLO (shaded area — for clarity only shown for one orientation). Second row: Inclination
profiles: nominal inclination (thin gray), regularized inclination profile (coloured). Third row: As
second row, but for the position angle profile. Fourth row: Velocity dispersion profiles: velocity
dispersion calculated directly from simulation particle distribution (gray), kinematic model with
regularized geometric parameters (coloured) with errors (shaded area). Fifth row: Surface den-
sity profiles: surface density calculated directly from simulation particle distribution (gray), surface
density along the projection of each ring defined by the regularized inclination and position angle
profiles (coloured). Sizth row: Yuio? profiles: the profiles shown with coloured lines in the fourth
and fifth rows are combined and fit with a simple function (dotted lines, see Sec. for use in
calculating the pressure support correction for the (thin solid coloured) rotation curves shown in the
first row.
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curve, lies approximately along a maximum in the azimuthal velocity residual, and
the blue line, corresponding to an underestimated rotation curve, along a minimum.
This makes intuitive sense: in projection, most of the information about the rotation
velocity is contained in sight lines near the major axis — gas rotating faster than
average lying on the major axis drives the rotation curve up, and vice versa.

The lower panels of Fig. further illustrate the pattern present in the non-
circular motions. The black symbols show the rotation velocity as a function of
azimuthal angle at a radius of 5kpc (innermost gray ring in the upper panels). We

fit the first three terms of a Fourier series:
2
V(g) = Vicos(m(d — ¢m)) (4.7)
m=0

to these points, and plot each term separately with dashed line styles. In both cases
there is an obvious m = 2 term whose maxima align with the projection axis drawn
in red in the upper panels (red vertical lines in lower panels) and whose minima align
with the direction drawn in blue. AP-L1-V1-8-0 also has a significant m = 1 term.
An m = 1 pattern could be introduced if the bulk velocity of the galaxy has a net
component in the plane of the disc. We take care to choose a reference frame in which
the H1 disc has a null bulk motion, so this m = 1 pattern is apparently real, but we
do not discuss it further and focus instead on the m = 2 pattern.

Fig. .7 confirms unambiguously the effect of this m = 2 pattern on the recovered
rotation curve. We fit a tilted ring model and measure the rotation curve for the
same two galaxies in a series of projections separated by rotations of 15° about the
galactic pole. We label the orientations by an angle ® (as labelled in the upper panels
of Fig. , and choose a reference direction @ as the maximum of the nominal
orientation of the m = 2 pattern illustrated by the red lines in the upper panels of
Fig. [4.6] i.e. &y = 165° for AP-L1-V1-8-0 and 30° for AP-L1-V4-8-0. At & — &5 =0°
and 180° we expect the recovered rotation curve to be maximized, and it should be
minimized at 90° and 270°. We show the fit rotation velocities (pressure support
corrections included, though they are small) at two radii, R = 2kpc and 10kpc.
The fit rotation curves clearly show an m = 2 variation as the projection angle
is varied. To guide the eye and illustrate phase variations we plot the best fitting
Vo+Va cos(2((P—Pg) —P')), with &’ allowing freedom in the phase. The phase offsets
(®’ # 0) are easily explained: the m = 2 pattern is not always exactly aligned with
the reference direction ®(. For instance, at R = 2kpc in AP-L1-V1-8-0 the azimuthal
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Figure 4.6: First row: Face-on maps of the residual azimuthal motions (after subtract-
ing the mean rotation as a function of radius) in the disc plane for the two galaxies
shown in Fig. [£.5] The red and blue lines correspond to the directions that lie along
the major axis of the projections modeled and shown with the lines of corresponding
colour in Fig. [£.5] We label the projection orientation ® according to its angular
offset from the z-axis, as illustrated. The gray circles are drawn at intervals of 5 kpc.
Second row: Azimuthal velocity at 5kpc as a function of azimuth (black symbols).
The best fitting first three terms of a Fourier series are shown with broken line styles,
the sum of the three with a solid line. The vertical coloured lines correspond to the
directions along the lines of the same colours in the upper panels, and coincide ap-
proximately with the peaks & troughs of the m = 2 mode. This alignment, though
imperfect, extends to larger and smaller radii as well.



97

| | | |
80 | AP-L1-V1-8-0 -+ AP-L1-V4-8-0 —

V(R) [kms™!]

I—R:2kpc s [ = 1()kpcl

20

0 90 180 270 180 270 360
d—3y[°] P —Py[°]

o
(e
o

Figure 4.7: Rotation velocity at 2 and 10 kpc as recovered by *PBAROLO as a function
of projection axis ®, including pressure support corrections. The reference direction
® is defined as nominal direction of the maximum of the m = 2 pattern in the upper
quadrants, i.e. the red line in the upper panels of Fig. 4.6, &, = 165° and 30° for AP-
L1-V1-8-0 and AP-L1-V4-8-0, respectively. The horizontal lines shows the mean ro-
tation velocity of the HT gas at the same radii, measured directly from the simulation
particles, also corrected for pressure support. We expect the fit rotation speed to vary
proportionally to cos(2(® —®y)); we show the best fitting Vo + Va2 cos(2((P —Pg) — D))
with a dotted line (note the additional freedom ®’ in the phase). In general &' # 0
because in some cases because the m = 2 pattern (Fig. upper panels) is, at some
radii, not exactly aligned along the direction defined by ®,.

velocity residual appears well aligned with the red and blue lines in Fig. and the
best fitting & = 2°. At R = 10kpc in the same galaxy, on the other hand, the m = 2
pattern lags the orientation defined by ®( by perhaps 40°; this is reflected by the best
fitting ' = —38°.

4.4.1 Applicability to observed galaxies

Studies of real galaxies are of course not afforded the luxury of examining the 3D
velocity field directly; we turn now to the projected signature of the m = 2 patterns
discussed above. An inclined ring is an ellipse which we parameterize by its semi-
major axis length R, equivalent to the radius of the face-on ring, its parametric angle
¢, equivalent to the polar angle of the face-on ring, and its inclination i. For a ring
with a uniform azimuthal velocity Vi perturbed by an m = 2 pattern with amplitude

V5 and phase ¢9, the velocity along the line of sight is (assuming for simplicity a ring
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centered at the origin and with position angle along ¢ = 0):

V(R,¢) = Visin(i) cos(¢) |1+ % cos(2(¢ — ¢9)) (4.8)

If V5 < Vi the changes to the velocity field will be subtle, but they can be brought
out by subtracting V; sin(i) cos(¢) from Eq. leaving:

V(R, ¢) = Vasin(i) cos(¢) cos(2(¢p — ¢o)) (4.9)
= % sin(i) [cos(3¢ — 2¢2) + cos(¢p — 2¢5)] (4.10)

If the m = 2 pattern is at maximum on the kinematic major axis (¢, = 0° or 180°)
the velocity along the major axis is boosted and the rotation curve is overestimated;
if it is at minimum (¢o = 90° or 270°) the velocities along the major axis are sup-
pressed and the rotation curve is underestimated. These two scenarios are illustrated
schematically in Fig. [4.8] - the product of the cos(¢) and cos(2(¢ — ¢»)) components
yields a characteristic 3-peaked pattern. As described in detail by [Schoenmakers et al.
(1997); Spekkens & Sellwood| (2007)), a harmonic pattern of order m in the azimuthal
motions within the disc translates to patterns of order m =1 in the projected velocity
field. We focus, however, on the m = 3 pattern in projection induced by the m = 2
pattern in 3D, because the m = 1 pattern is easily confused with the stronger pattern
due to the bulk rotation of the disc and/or an error in the systemic velocity.

In Fig. we examine whether this characteristic pattern is apparent when mod-
elling the same two galaxies, AP-LL1-V1-8-0 and AP-L1-V4-8-0. In the left column we
show the same four projections which, when modelled by *PBAROLO, vield the rota-
tion curves shown in Fig. 1.5 and the coloured lines along the major axes correspond
to the lines in Fig. [4.6] indicating where the major axes lie in 3D. The second column
shows the 15 moment map of the model data cube constructed by 3?BAROLO, and the
third column the difference between the data and model (notice the change in colour
scale). The gray ellipse marks 2kpc. The characteristic pattern illustrated in Fig. |4.8
is not readily apparent in any of the four cases illustrated, for several reasons. First,
the amplitude of the pattern is expected, in these examples, to be s 15km s~ (keeping
in mind that projection introduces a factor of sin(i)), which seems to be comparable
to or smaller than other features in the residuals. Second, there are also features in
the 3D velocity field in the radial direction which we have thus far neglected since

the azimuthal features seem most important in dictating the behavior of the rotation
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Figure 4.8: Schematic representation of the orientations of the 3-peaked pattern due
to an m = 2 perturbation of the azimuthal velocity field which correspond to a
maximal over- and underestimate of the rotation curve, and the orientation which
leaves the rotation curve unchanged.
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curve. These features have amplitudes comparable to those in the azimuthal direction
and also contribute to the projected velocity field, partially cancelling the signature
of the azimuthal residuals (see also |Spekkens & Sellwood, 2007). Third, the tilted
ring model as implemented by *’?BAROLO (and indeed many other commonly used
routines) has no provision for azimuthal variations in velocity along each ring, nor for
any radial motions. However, it the algorithm still attempts to minimize the residual
between the ‘observed’ and model data cubes and may spuriously adjust the geo-
metric parameters of the rings to achieve this, which can further mask the expected
pattern. It is not surprising, then, that the presence of such important non-circular
motions is not necessarily readily apparent in the course of a typical tilted ring anal-
ysis of a galaxy. Even when such motions are apparent, their importance is easily
underestimated. The azimuthal variations in our galaxies are of order 30 per cent in
the central regions, resulting in similar changes of order 30 per cent in the rotation
curves, yet in the model residuals the apparent differences are in some cases as small
as 10 per cent, which could more easily be neglected as unimportant.

The patterns of Fig. may be more apparent in the residual from a simpler
kinematic modelling which aims only to remove the first order rotation term in the
velocity field, using fewer free parameters. We fit the simple kinematic model de-
scribed in Sec. to the same projections of the galaxies illustrated in Fig. [£.9]
In one case, the ® = 75° projection of AP-L.1-V1-8-0, the 3-peaked pattern is rather
obvious in the central regions (see the top right panel of Fig. [C.2]).

What of real galaxies? Though the signature of the m = 2 perturbation to
the azimuthal velocity field is subtle in projection, we examined the galaxies from
the THINGS and LITTLE THINGS surveys with the most pronounced examples of
slowly rising rotation curves and found two examples which suggest that inadequately
modeled non-circular motions may significantly affect the rotation curves. The 15 mo-
ment maps of DDO 47 and DDO 87 are shown in the left column of Fig. [4.10] [orio
et al. (2017) elaborate enough of the details of their modelling process that we were
able to accurately reproduce their models for these two galaxies using *? BAROLO—
the model velocity fields are shown in the centre column. The rotation curves of [lorio
et al. (2017) for these two galaxies are consistent within the reported errors with
those of |Oh et al.| (2015, despite significant differences in the modelling techniques —
in particular, Oh et al. (2015) attempt to account explicitly for non-circular motions
in the velocity field.

In the third column of Fig. we show the residual after subtracting the
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Figure 4.9: Left column: Velocity maps for the same two galaxies shown in Figs. [£.5}-
along lines lines of sight which place the red (rows 1 & 3, rotation curve system-
atically overestimated) or blue (rows 2 & 4, rotation curve systematically underesti-
mated) lines from the upper panels of Fig. along the major axis. The gray ellipse
marks R = 2kpc; the isovelocity contours are drawn at the same positions as the
tick marks on the colour bars. Centre column: Velocity maps extracted from the
3DBAROLO model data cubes for the same galaxies and orientations. Right column:
Difference of the left and centre columns (note that the colour scale is compressed).
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3DBAROLO model velocity field. In both cases a 3-peaked pattern is evident in the
central regions. We further highlight the presence of the pattern in the lower panels
of the figure. In the first row we show the velocity as a function of azimuth (¢ = 0 is
along the kinematic major axis) along a ring at 2.5 kpc, illustrated by a gray ellipse in
the upper panels. We fit the function of Eq. to these data (we add an additional
phase ¢; to the cos(¢) term). In the upper panel we show the leading V; cos(¢ — ¢1)
term (the sin(i) is unimportant here and has been absorbed into V;). In the second
row we show the velocities around the same ring once the V; cos(¢ — ¢1) component
has been removed, and the V5 cos(¢ — ¢1) cos(2(¢ — ¢2)) term of the fit. We further
decompose this term into its two cosine components, shown with dashed lines. Since
they are multiplied there is only a single amplitude; for illustration we show both
components with amplitude /V5, but this choice is arbitrary. The three peaked pat-
tern is clearly visible in the data. The phase of the pattern, with a peak at ¢ ~ 180°,
corresponds that which we expect to cause an underestimate of the rotation curve.
For DDO 47, there is a further, independent hint that we should expect an m = 2
symmetric pattern in the velocity field: the stellar distribution shows an apparent
bar pattern (Georgiev et al., [1997)).

As previously mentioned, DDO 47 and DDO 87 both have slowly rising rotation
curves out to radii of ~ 4kpc. The residual pattern has an amplitude in projection
of ~ 7-10kms™!, or about 30 per cent of the (apparent) mean rotation speed at the
same radius. Guided by the analysis illustrated in Figs. & this could plausibly
correspond to a 30 per cent underestimate of the rotation curve in the inner regions,

enough to call into question the slowly rising nature of the rotation curves.

4.5 The inner mass deficit problem

The discussion above shows clearly that non-circular motions in the gas of APOSTLE
galaxies substantially impacts the rotation curves as recovered using >’ BAROLO, and
that there is at least circumstantial evidence to support the idea that modelling of real
galaxies may suffer from similar effects. We now examine the impact of such modelling
errors on the interpretation of the cusp-core problem. We adopt as our metric for
comparison the diagram from fig. 6 of (Oman et al.| (2015)), which characterizes the
cusp-core problem as a deficit of mass in the central region (traced by V. at 2kpc)
as compared to the mass expected for a cuspy CDM system of the same total mass (as
traced by Vinax). We present a similar diagram in Fig.[£.11] We adopt the same radius
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Figure 4.10: Upper: Left column: Velocity maps for the LITTLE THINGS galaxies DDO 47
and DDO 87, which have slowly rising rotation curves. The gray ellipse marks R = 2.5kpc; the
isovelocity contours are drawn at the same positions as the tick marks on the colour bars. Centre
column: Velocity maps extracted from P BAROLO model data cubes for the same galaxies. We use
the same configuration for 2 BAROLO as in [lorio et al.| (2017), and confirm that we recover the same
rotation curves. Right column: Difference of the left and centre columns, notice the ‘3 petal’ pattern
near the centre. Lower: First row: Velocity as a function of the parametric angle ¢, and the best-
fitting cosine function, at R = 2.5kpc (gray ellipse in upper panels). Second row: Residual velocities
after removing the main cosine component, and the best-fitting projected m = 2 function. Both
galaxies have a clear 3-peaked pattern in the residuals, oriented such that the maximum of the m =1
component approximately aligns with a minimum of the m = 2 component, and vice versa. This is
the signature, in projection, of an m = 2 perturbation to a pure rotation field — the combination of
the m-period pattern from the perturbation and the usual 27m-period pattern from the line of sight
projection of the azimuthal velocity produces a 3-peaked pattern. This orientation corresponds to
that which, in our interpretation, would cause a maximal underestimate of the rotation curve (see

Fig. .
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of 2kpc, which is as small as reasonably possible while minimizing concerns regarding
the spatial resolution of both the simulations and observations. The relation between
the two aforementioned quantities, and associated 1o scatter, as predicted from the
circular velocity profiles of galaxies from the APOSTLE and EAGLE simulations,
is shown by the red line and shaded band. Crucially, for the V.., range selected
for our synthetic observations (60-120kms™!), 2kpc is small enough to probe the
rising part of the rotation curve. This is not the case for smaller systems, where the
rotation curve may already reach the flat part at 2kpc, for instance e.g. 1C 1613,
LITTLE THINGS point #19, has a slowly rising rotation curve, yet lies directly on
the red line (and the 1:1 line).

Galaxies with slowly rising rotation curves lie below the red line: what is often
described as a core in the dark matter profile is, roughly speaking, equivalent to a
central mass deficit in this diagram[°} The broken black lines illustrate the relations
obtained by removing fixed amounts of mass from the central 2kpc of an NFW halo
as a function of V.. The red points are derived from the circular velocity curves
of the galaxies in our sample (Sec. , omitting those which we have flagged as
kinematically disturbed (Sec. ; they vertical gray band illustrates our selection in
Vinax). These unsurprisingly lie along the red line and shaded band; these galaxies are
drawn from the distribution defining that line. The green points are derived from the
gas rotation profiles of the same galaxies, as measured directly from the simulation
particle distributions. Because we have removed galaxies which are kinematically
disturbed, the green points approximately overlap the red points.

The black points are derived from the rotation curves for the same galaxies as
recovered using *? BAROLO. The discrepancy of the model fit with the actual rotation
of the gas is, in many cases, striking, and due primarily to the effects of non-circular
motions on the rotation curve modelling, as discussed in Sec. [4.4, The points move,
substantially, depending on which orientations are chosen for the galaxies: AP-L1-
V4-8-0 (point #6), for instance, moves approximately vertically between its plotted
position and the 1:1 line, depending which projection is used (e.g. Fig. . We plot
here the result of modelling a single projection for each galaxy, chosen randomly with
the constraint that ¢ = 60°. For comparison, we also show points derived from the
rotation curves of THINGS and LITTLE THINGS galaxies as reported by |de Blok

10Strictly speaking to infer a dark matter core the baryonic contribution to the rotation curve
must be subtracted, which we make no attempt to do here. However, the galaxies of most interest
in this analysis are expected to be heavily dark matter dominated, so the baryonic contribution is
safely ignored to leading order.
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Figure 4.11: Circular velocity at 2kpc plotted against maximum circular velocity,
a measurement of the ‘central mass deficit’. The lines are reproduced from fig. 6
of Oman et al. (2015, see their sec. 4.6 for additional details). The solid black line
indicates the expected correlation for an NFW (Navarro et al. 1996bl 1997) mass
profile and the mass concentration relation of |Ludlow et al.| (2014); this is well traced
by haloes in an N-body simulation (gray line). Values measured from the circular
velocity profiles of galaxies from the APOSTLE and EAGLE simulations lie along
the red line. The broken lines indicate the correlation for the same (NFW) profile
but removing a fixed mass from the central 2 kpc, as labelled. Three points are shown
for each of the APOSTLE galaxies in our sample: one each for the circular velocity
curve (red), the gas azimuthal speed corrected for pressure support (green) and the
3PBAROLO rotation curve corrected for pressure support (black). Galaxies which we
flag as kinematically disturbed (see Fig. and Sec. are omitted. The gray
shaded area marks our selection in Vi, as in Fig. [£.1] We show measurements from
the THINGS (blue diamonds) and LITTLE THINGS (blue squares) collaborations
for comparison.
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et al. (2008);|Oh et al.| (2011}, [2015)). Within the range in V., spanned by our sample
of simulated galaxies, we straightforwardly reproduce the full width of the scatter in
Veire(2kpe). Furthermore, the scatter we find can be considered a lower bound: all of
our simulated observations are at a fixed inclination of 60°, approximately the most
favourable for tilted ring modelling, and we make reasonable but somewhat optimistic
assumptions regarding how well key parameters such as distance and kinematic centre
are known (see Sec. . These results suggest that the inner mass deficit diversity,
and by extension the cusp-core problem, may simply be due to the inability of current

models to properly account for non-circular motions in the gas discs of galaxies.

4.5.1 Diagnosing the influence of non-circular motions

If the large scatter in inner mass deficits for observed galaxies seen in Fig. 4.11] is
indeed driven by modelling errors due to non-circular motions in the gas discs of
the galaxies, some signature might be expected to appear in the velocity field of the
galaxies. This has already been alluded to above in the discussion around Figs. |4.9

4.10; we now return to this point but consider the entire sample of both simulated
and observed galaxies. We quantify the strength of the non-circular motions as a
function of radius as the rms (about 0) of the residual velocity field after the first-

order (rotation) term has been removed:

VIV(R, ) — Viys — Vi(R) cos(¢ — ¢1(R)))2)

Anon-circular (R) = ‘/1 (R)

(4.11)

where the average is over all azimuthal directions ¢. The result of this measurement
for all galaxies in both our observed and simulated samples is shown in Fig. 4.12]
Considering first the simulated sample, it is reassuring that those galaxies which
we have flagged as ‘kinematically disturbed’; i.e. which have gas rotation velocities
at 2kpc which differ by more than 15 per cent from the circular velocity at the same
radius, in general have much stronger non-circular motions than those where the gas
rotation velocity and circular velocity agree reasonably well. Examining the latter
galaxies in more detail, it is interesting that of the 4 galaxies which lie furthest below
the NFW curve in Fig. (black points #30, 19, 6, 32), 3 are exactly those which
have the strongest non-circular motions near 2 kpc: AP-L1-V16-19-0, AP-L1-V11-5-0
and AP-L1-V10-30-0; the fourth (AP-L1-V4-8-0) has apparently weaker Ao circular-
Another interesting system is AP-L1-V6-18-0, which lies nearly on the 1:1 line in
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Figure 4.12: The first panel (subsequent panels are shown on subsequent pages)
illustrates the strength of non-circular motions (Eq. as a function of radius for
the simulated galaxies in which the rotation velocity of the gas at 2kpc matches
the circular velocity at the same radius to within 15 per cent.
motions in these galaxies are generally weaker than in the ‘kinematically disturbed’
galaxies shown in the second panel. The identical measurement for galaxies from the
LITTLE THINGS and THINGS surveys are shown in the third and fourth panels,
respectively. Note that caution is required when interpreting the measurements of
Apon-circular ab radii R 5 1kpc; these are based on very few measured points, and this
region is usually poorly resolved in both simulations and observations.
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Figure 4.12: Continued.
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Fig. (point #18) and has a large Aponcircular toward the outskirts of the galaxy.

Turning next to the observed sample of galaxies, it is very intriguing that perhaps
the two most extreme examples of cored galaxies, IC 2574 and IC 16137 are the two
galaxies with the largest values of Ao cireular in the THINGS and LITTLE THINGS
surverys, respectively. Many galaxies well-known to have slowly/linearly-rising rota-
tion curves are amongst those with the strongest non-circular motions (e.g. NGC 925,
DDO 168, NGC 1569, DDO 126, DDO 53, NGC 3738, NGC 2366). The correlation
is not perfect, however: of DDO 47 and DDO 87, the two examples used in Fig. [4.10]
only the former has strong non-circular motions as measured using A, on-circular- One
final intriguing system is DDO 50, which was highlighted as a ‘missing dark mat-
ter’ galaxy by |Oman et al| (2016), and which also has relatively strong non-circular
motions.

While the discussion above is admittedly qualitative, galaxies with slowly rising
rotation curves often, though not always, seem to have large values of Apon-circular-

This and similar measurements clearly merit further study.

4.6 Discussion

The presence of important m = 2 harmonic perturbations to the azimuthal velocity
field is evident in our simulated galaxies. The notion that many real galaxies in
the circular velocity range spanned by our simulated sample suffer from similarly
important perturbations is easily motivated. Estimates of the fraction of galaxies
which are barred vary substantially (see, e.g., |Algorry et al. [2017, sec. 3.2 for a
concise discussion), but there is broad agreement that even morphologically apparent
bars are relatively common. From this observation it is reasonable to speculate that
if weaker distortions are included in calculating a ‘bar-like’ fraction, that fraction
probably represents a majority of galaxies.

The ‘classical’ tilted ring model (Rogstad et al., 1974), and many variations there-
upon, does not contain any parameters that allow for azimuthal variations in the
velocity along each ring, or for radial motions. At best, non-circular motions are
small enough that they do not seriously affect the modelling; at worst, the parame-
ters are biased to incorrect values that allow the model to partially ‘compensate’ the

non-circular motions and thus minimize the relevant residual.

H1IC 1613 is intrinsically small and its rotation speed is already maximal at 2kpc, so it does not
appear as an outlier in Fig.
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Trachternach et al.|(2008)) and performed harmonic decompositions of the THINGS
sample of galaxies. They concluded that typical non-circular motions in these galax-
ies have amplitudes less than 5 per cent of the rotation velocities, and that they are
therefore safely neglected (see also van Eymeren et al., 2009, who reach a similar
conclusion for a different sample of galaxies). This is likely correct for several of the
THINGS galaxies, though we note that because the decompositions are performed
along the rings from a tilted ring model fit some of the non-circular motions are
likely masked by spurious variations of the ring parameters. For instance, though
the azimuthal variations in our two examples AP-L1-V1-8-0 and AP-L1-V4-8-0 at
R = 5kpc have amplitudes of 15-20kms™! (Fig. , harmonic decompositions at
the same radius of the projections shown in Fig. suggest somewhat smaller (in-
clination corrected) amplitudes of s 12kms~!. In two cases where more pronounced
non-circular motions are present, IC 2574 and NGC 2366, Trachternach et al.| (2008))
refer to |(Oh et al. (2008), who derive what they dub the BULK velocity field of the
galaxies, based on an iterative multiple Gaussian decomposition of the H1 line profile.
The same method is applied to all of the LITTLE THINGS galaxies analysed in |Oh
et al.| (2015)), where lower galaxy masses mean that similarly small non-circular veloc-
ities are relatively much more important. This method seems effective in removing
the contribution of local non-circular motions to the velocity field, but it is not clear
that it can correctly compensate for distortions on the scale of the entire disc. For
instance, a pure m = 2 harmonic perturbation to the gas azimuthal velocity does not
produce multiple peaks in the HT line profile at any location; the BULK velocity field
procedure will therefore fail in removing the signature of this perturbation.

The signature of an azimuthal m = 2 pattern can be masked in projection by a
similar pattern in the radial gas motions, offset 45° that in the azimuthal motions
(Spekkens & Sellwood), 2007). Our galaxies, in particular AP-L1-V1-8-0 and AP-L1-
V4-8-0, have such m = 2 patterns in the radial motions as well, offset approximately
45° from the pattern in the azimuthal velocities, though we have not shown this in
our analysis above. We intend to return to this issue and its effect on the projected
velocity fields in a future paper. Spekkens & Sellwood| (2007) also emphasize that
even if the mean rotation speed of the gas can be recovered by a model, in a general
non-axisymmetric potential this is not equivalent to the circular velocity — the correct
approach in this case is to attempt to recover the potential directly and then derive
the equivalent circular velocity curve (mass profile) from the potential. This may be

particularly relevant for systems such as the ones we have flagged as kinematically
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distrubed — a selection which is not straightforward for observed galaxies.

Thus far we have not addressed the origin of the m = 2 harmonic modes present
in our simulated galaxies. Because our simulations are fully cosmological, we can
in principle examine a wide variety of perturbation sources, e.g. bar-unstable discs,
the shape of the dark matter halo, interactions with other galaxies, mergers, gas
accretion, modes in the gas disc driven by supernova explosions, etc. Because of the
many possibilities, identifying which source(s) may be dominant clearly requires a
reasonably extensive study; we defer the examination of this question to a future
paper.

Our analysis supports the idea that non-circular motions are rarely, if ever, small
enough to be ignored in the dwarf regime, except perhaps if one is lucky with re-
gard to the orientation of the patterns in a particular galaxy. We find errors in
the recovered velocity at 2kpc of up to 50 per cent, yet the observable signature of
the perturbations driving the errors is subtle. If real galaxies are subject to similar
systematic effects, it is unclear whether anything meaningful can be inferred from
attempts to measure the dark matter density profile or inner logarithmic slope based
on rotation curve measurements. The most promising, though laborious, way for-
ward would seem to be to pursue the development/improvement of models which
encode explicitly potentially large, azimuthally variable non-circular motions, in the
spirit of |Spekkens & Sellwood| (2007). After the obligatory initial validation of such
models on simple, analytic test cases, unbiased (and ideally large) samples of model
galaxies drawn from fully cosmological simulations offer a useful proving ground. We
have found the process of examining multiple projections of the same galaxy at fixed
inclination to be particularly telling of the systematic uncertainties associated with

non-circular motions.

4.6.1 Inclination errors

An error in estimating the inclination when modelling a rotating disc gives rise to a
pattern very similar to that due to an m = 2 symmetric distortion in the azimuthal
velocity field (e.g. Warner et al., |1973)); we consider here whether the patterns seen
in the velocity fields of DDO 47 and DDO 87 could be due to inclination errors. In
both cases the sign of the residual pattern along the major axis is opposite the sign of
the velocity field along the major axis, which could be due to an overestimate of the

inclination. For illustration we use the radius R = 2.5 kpc shown in the lower panels
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of Fig. At this radius the redisual pattern has an amplitude of > 20 per cent that
of the rotation speed at the same radius. The assumed inclinations for DDO 47 and
DDO 87 for the models shown (see [orio et al., [2017)) are 37° and 42°, respectively.
To account for the observed pattern exclusively with inclination errors the intrinsic
inclinations would need to be s 28° and s 32°, respectively, i.e. overestimates by
10-15°. Motivated by difficulty in explaining the existence of outliers well above the
BTFR, |Oman et al. (2016)) recently argued that such large inclination errors may be
present in the analysis of similar galaxies. However, the inclination estimates of [lorio
et al.| (2017)) are already lower the values of 46° and 56° found by Oh et al.| (2015]), and
assuming the very low inclinations necessary to explain the residual pattern would
revise the maximum circular velocity of the two systems to 99 and 89 kms~!, which
would move both galaxies well off the BTFR (Fig. ; DDO 47 and DDO 87 are
LITTLE THINGS points #4 and #9). This scenario could be avoided by invoking
a strong warping of the H1 discs, but this begins to seem rather contrived; it seems
unlikely that inclination errors are the source of the patterns seen in the residual maps
for these two galaxies. Nevertheless, great care must be taken to avoid mistaking

inclination effects for a harmonic mode in the gas motion.

4.7 Summary and Conclusions

We have constructed synthetic, spatially and spectrally resolved, HT1 observations of
a selection of galaxies from the APOSTLE simulation project, whose H1 properties
reproduce well several relevant scaling relations. The characteristics of the synthetic
observations are sufficiently similar to those of real observations from the THINGS
and LITTLE THINGS surveys as to enable us to proceed with reconstructing their
rotation curves via tilted ring modelling and conduct a meaningful comparison with
the observed counterparts of our simulated galaxies. We find that the rotation curves
obtained for our simulated galaxies depend sensitively on the orientation (at fixed
inclination) of the line of nodes of the chosen projection with patterns in the non-
circular motions within the gas discs. In particular, gas rotating slower than the
average at a particular radius aligned along the major axis of the projection results
in an underestimated rotation curve at that radius, and vice versa.

The signature of the relevant non-circular motions becomes much more difficult
to discern once projection effects are taken into account. However, for two extreme

examples of galaxies with slowly rising rotation curves, DDO 47 and DDO 87, we
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show that the tell-tale pattern corresponding to an m = 2 bar-like perturbation in
the azimuthal velocity field, oriented such as to cause an underestimate of the rotation
curve, is present in the data.

All APOSTLE galaxies have central dark matter cusps. The non-circular motions
in the gas discs in our simulations have a sufficient influence on the central rotation
velocities as recovered by a tilted ring analysis to reproduce unaided the full scatter
in central mass deficits highlighted by Oman et al.| (2015]), without appealing to any
mechanism(s) creating dark matter cores.

We have shown that the cusp-core problem may be plausibly explained as an ar-
tifact of improperly modelled non-circular motions in the gas discs of galaxies. Put
another way, we tentatively suggest that dark matter cores do not exist. Despite
the apparent recent consensus that issues surrounding the treatment of non-circular
motions in rotation curve modelling are sufficiently well understood to justify con-
structing relatively complicated models in order to explain the existence of slowly
rising rotation curves, we contend that the impact of such non-circular motions on
rotation curves is still routinely and severely underestimated. Whether this interpre-

tation can be borne out in full detail remains to be seen.
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Chapter 5

Conclusions

5.1 Prospects for the cusp-core problem

Twenty three years after it was posed, the cusp-core problem still stands. In the
abstract of Chapter [2} I stated that ‘one or more of the following statements must
be true: (i) the dark matter is more complex than envisaged by any current model;
(ii) current simulations fail to reproduce the effects of baryons on the inner regions
of dwarf galaxies; and/or (iii) the mass profiles of ‘inner mass deficit’ galaxies in-
ferred from kinematic data are incorrect’. Interpreted broadly, this is a perhaps
disheartening statement. If the particle physics models, the numerical models and
the kinematic models are all suspect, this seems to leave very little space to claim
that anything about the problem, beyond its existence, is actually understood. This
would, of course, be overlooking the tremendous effort invested in attempting to solve
the problem, and the rich literature on the subject, but it begs a question. How should
efforts be focussed to maximize the chance of at least narrowing the possible solution
space of the cusp-core problem? I have a few thoughts, organized below by topic:

simulations, particle physics, and observations.

5.1.1 Numerical galaxy formation models

It is an exciting time to be in the cosmological simulation game. The EAGLE and
[lustris projects have revolutionized the field in the past two years by providing the
first simultaneously hydrodynamical and cosmological galaxy formation models that
produce sets of galaxies which not only seem ‘realistic’ when considered individually,

but actually match at least some of the major scaling relations as a population. For
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what is essentially a first attempt, the number of things the models get ‘right’ is,
to be frank, incredible. Conversely, this is the first of what I’'m sure will be many
generations of similar simulations, and there is ample room for improvement.

Galaxies in the EAGLE and Illustris models all preserve their dark matter cusps,
but there are other current and similarly sophisticated models which make galaxies
with cores — the FIRE and NIHAO models, in particular, spring to mind. Taken
individually, galaxies produced by these models can claim a degree of realism on par
with the cuspy ones mentioned above. It is interesting that, at least at our current
level of understanding, galaxy formation does not seem to care whether the end result
should include a cusp or a core — broadly speaking, the individual galaxies look equally
good in both scenarios.

One thing lacking at present from the models which produce cores are realizations
of galaxy populations in cosmologically representative volumes. The models have
enough freedom that both types — with cusps and with cores — will probably produce
equally ‘realistic’ galaxy populations once the models are appropriately ‘calibrated’,
at least at the level of detail of current comparisons. Still, eventually something must
break the degeneracy and invalidate one type of model (or both), and population
properties are an important constraint on the models.

‘Baryon induced core formation’ is only one of many proposed types of solutions to
the cusp-core problem. This means that it is difficult to use observations to constrain
the scenario directly: there are too many possible alternate interpretations of rotation
curves and similar measurements, and all are uncertain. Instead, it may be easier to
look to other features of the models. For instance, models which create dark matter
cores apparently require very violent stellar feedback prescriptions. These must have
testable consequences beyond only the creation of a dark matter core. Making and
checking these types of predictions may provide an indirect means of supporting or
ruling out the idea of baryon induced cores.

Models are adaptable. Simulations will probably always lack the dynamic range
to resolve all scales relevant to galaxy formation, which means the models will always
include calibrated prescriptions for some processes, lending them much flexibility to
meet the demands of many constraints. The situation is especially dire in the context
of the cusp-core problem, where there is still significant disagreement over what the
constraint to be satisfied actually is. Understanding the rotation curve measurement,

and its correct interpretation, is key.
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5.1.2 The particle nature of dark matter

The question underlying the entire discussion around the cusp-core problem is ‘what
is dark matter?’. To be more optimistic, perhaps it should not be called a problem,
but an opportunity — there is here a hint that we can learn something about the
physics of dark matter. To be very optimistic: a satisfactory answer to the cusp-core
question could help inform the design of an experiment to actually detect the dark
matter particle(s).

On the practical side of things, it seems very difficult to make much progress on
the cusp-core problem with proposed solutions rooted in the physics of dark matter.
Currently, the most promising models in this context are those in which the dark
matter can self-scatter. The simplest scenario has just two free parameters: the
particle mass and the scattering cross section. It seems theoretically tractable to
constrain such a simple model by measuring the density profiles of dark matter haloes,
but I start to feel skeptical as soon as the model has any additional complexity, e.g.
a velocity dependent scattering cross section. Actually implementing these models in
galaxy formation simulations is an additional, and formidable, challenge.

The ability of cusp-core observations to constrain particle physics models is severely
hampered by their quality. If the dark matter halo profile is determined by dark mat-
ter physics, rather than dynamical coupling to baryons, a useful initial assumption
is that haloes of a given mass are similar (though there may be caveats, haloes of
fixed mass have varying assembly histories, for instance). The scatter in the shape
of halo profiles may then reasonably be expected to be small. As seen in Chapter 2]
a large diversity is apparently measured, but is the scatter real, or only a symptom
of systematic errors in modelling observations? The discussion in Chapter |4| suggests
that systematic errors play a significant role. Until these errors are corrected, or
at least understood, what the measurement relevant to particle physics models ac-
tually is remains too uncertain to be of much use. Once again: understanding the

measurements is key.

5.1.3 Kinematic modelling of observations

As discussed above, it is very difficult to make progress with modelling when the
measurements constraining the models are suspect. It is encouraging that the quality
of the measurements themselves, i.e. the data cubes coming (primarily) from radio

telescopes, now seem to be good enough for the job. However, the translation of a data
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cube into a circular velocity curve — a dynamical mass profile — remains uncertain.

I think much of the current difficulty in reaching a consensus on what the data
cubes are actually telling us about the centres of galaxies stems from stretching the
tilted ring model well beyond its intended purpose: to trace the geometry of a warped,
but otherwise undisturbed, thin disc. This is a blunt tool for the task at hand; I'd
like to outline a few ways in which it might be sharpened, or perhaps rather set aside
and replaced.

Following the analysis of Chapter [] T think it is clear that an ideal kinematic
model should explicitly encode departures from azimuthal symmetry. The presence
of such asymmetries is glaringly obvious in the data, and conspicuously absent in
most models. The cost of this will be, inevitably, an increase in the number of model
parameters, a number which is already not small. To make the computational task
even more daunting, it would also be desireable to fit all of the model parameters si-
multaneously, rather than independently at each radius. Currently, many parameters
are treated as independent when they should be correlated; simultaneous fitting at
least allows for explicit handling of correlations between any parameters. Given this, a
revision of the error estimates is almost implied: simultaneous fitting would allow for
much more meaningful statistical error estimates, including quantifying case-by-case
the influence of parameter degeneracies.

In this alternative picture, the goal of the modelling could be, instead of a rotation
curve, a simultaneous complete description of both the kinematics of the gas and the
hydrodynamic forces acting on the gas at each measured position, inferred from the
inputs: (i) incomplete kinematic and geometric information, i.e. a data cube, and (ii)
additional observations to constrain as much as possible the thermodynamic state of
the interstellar medium, and thus the hydrodynamic forces. Assuming, albeit prob-
ably incorrectly, an equilibrium system, the gravitational force, or potential, at each
position can be extracted from the model, along with robust statistical uncertainties.
The remaining step is then to quantify the systematic uncertainties. Techniques us-
ing ‘realistic’ simulated galaxies, such as comparing multiple orientations of the same
galaxy as in Chapter [4] are especially useful in this context.

Implementing the ouline above would be no small undertaking. It represents a
return to the drawing board in terms of how kinematic modelling is done. The most
important aspect, I think, is the unambiguous characterization of the uncertainty in

the measurement.
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5.2 An explanation for the unexpected diversity

of dwarf galaxy rotation curves

In Chapter [2] I proposed a new description of the cusp-core problem, quantified by
the ‘inner mass deficit’ of galaxies. Compared to descriptions based on measuring the
inner logarithmic slope of the dark matter density profile, this description sidesteps
the need for many uncertain analysis steps while still demonstrating the problem
clearly and unambiguously. This is possible primarily because the apparent problem
is so severe that it is evident even if the dynamical contribution of the luminous
component of galaxies is ignored, at least on the scale of dark matter dominated
dwarfs. The problem cast this way appears as a large scatter in the rotation speed of
dwarf galaxies which is unexpected in the standard cold dark matter cosmology.

In Chapter [3] I showed based on the ratio of dark and luminous matter measured
out to galactic outskirts that, at least for some galaxies, the output of kinematic
models is suspect. I cited inclination errors as plausible cause of the discrepancies.
In hindsight, I think this conclusion is still basically correct, but armed with the
additional insight afforded by the analysis presented in Chapter [4] the effects of non-
circular motions should stand alongside inclination errors as a leading probable cause.

Finally, in Chapter [4 I showed that once a sample of simulated galaxies generated
with a fully-featured model of galaxy formation, all of which have a dark matter
cusp, are ‘observed’ and analyzed analogously to real galaxies, the full width of the
scatter of the unexpectedly diverse rotation curves of dwarfs is reproduced. Many
points remain to be followed up, but this is a convincing proof of concept for the
idea that non-circular motions and departures from dynamical equilibrium are the
source of at least a significant part of the diversity. Until the kinematic models are
better understood, it is unclear which models of cosmology and galaxy formation best

capture the central structure of galaxies.
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Appendix A

Observed Rotation Curve

Compilation

Previously published as an appendix to Kyle A. Oman, Julio F. Navarro,
Azadeh Fattahi, Carlos S. Frenk, Till Sawala, Simon D. M. White, Richard
Bower, Robert A. Crain, Michelle Furlong, Matthieu Schaller, Joop Schaye,
Tom Theuns; The unexpected diversity of dwarf galaxy rotation curves.
Mon Not R Astron Soc 2015; 452 (4): 3650—-3665.

Our sample of galaxy rotation curves is drawn from several sources. We describe
each set of observations in Secs.[A.IHA.10} the key properties of the individual rotation

curves are summarized in Table [A1l

A.1 Kauffmann et al. (2015)

This publication presents 187 rotation curves for galaxies in the GALEX Arecibo

! Long slit

Sloan Survey (GASS) with maximum rotation velocities of 90-350 km s~
spectra were measured using the blue-channel spectrograph on the 6.5-m Multi Mirror
Telescope and the Dual Imaging Spectrograph on the 3.5-m Apache Point Observatory
telescope, with angular resolutions of 1.25 arcsec and 1.5 arcsec respectively. Though
long slit spectroscopy offers excellent angular resolution, the main drawback is that
the velocity field is measured only along one direction through the galaxy, making
possible errors due to, for example, non-circular motions more difficult to quantify.
For each spectrum, an attempt was made to produce two rotation curves: one derived

from H « emission, and a second from fitting stellar absorption templates. The
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stellar absorption based rotation curves are typically in good agreement with the
H « curves, but of slightly better quality, so we use these where possible. Of the
187 rotation curves in the sample, we retain 106 in our compilation, the rest being
of insufficient quality, resolution or extent for use in our analysis. Of these, 99 are
stellar absorption based rotation curves (of which 52 also have good H «a rotation
curves, which we discard) and 7 are H « based. For brevity, we omit all discarded

rotation curves from this source in Table [A.1l

A.2 Oh et al. (2015)

This publication presents 26 rotation curves for galaxies in the Local Irregulars That
Trace Luminosity Extremes, The H1 Nearby Galaxy Survey (LITTLE THINGS) sam-
ple. This observing program is closely related to the THINGS survey (see Sec. [A.4)).
The maximum measured rotation velocities of these galaxies range from about 20 to
120kms~!. Observations were taken using the NRAO Very Large Array. The angular
resolution of 6 arcsec is a factor of 2 better than that of the THINGS survey. Radio
interferometry leads naturally to 2-dimensional velocity maps. HT observations are
traditionally better than their optical (usually H o) counterparts at mapping the ve-
locity field in the outskirts of galaxies at the cost of poorer spatial resolution through-
out. The LITTLE THINGS sample offers a good compromise, with sufficient resolution
to probe the inner kiloparsec. The rotation curves were constructed from the velocity
fields using a tilted-ring model, with asymmetric drift corrections applied as needed.

We retain all 26 galaxies in our sample.

A.3 Adams et al. (2014)

This publication presents a sample of 7 rotation curves of galaxies with maximum
rotation velocities of about 100 kms™1.
VIRUS-W integral field spectrograph on the 2.7-m Harlan J. Smith telescope at Mc-

Donald Observatory. The use of an integral field unit (IFU) allows measurement of

The velocity fields were measured with the

the velocity field in 2 dimensions, while maintaining the high spatial resolution typical
of optical rotation curves: the fibres feeding the spectrograph have diameters of 3.1
arcsec. The velocity field is constructed by simultaneous mapping of the H Sline and
two O 11ilines. The rotation curves were constructed from the velocity fields using a

tilted-ring model. We retain all 7 galaxies in our sample.
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A.4 de Blok at al. (2008) and Oh et al. (2011)

These two publications are part of the THINGS project. The 19 rotation curves pre-
sented in de Blok et al. (2008)) are those that are most straightforwardly derived, while
seven of those requiring more careful analysis were presented in |Oh et al. (2011)) (in
some cases reanalysing galaxies from |de Blok et al., 2008]). Maximum measured ro-
tation velocities are 30-300 km s™!. The survey was carried out with the NRAO Very
Large Array in B, C and D configurations. The angular resolution of 12 arcsec is
substantially better than that of most earlier H1 rotation curve measurements. The
rotation curves were constructed from the velocity fields using a tilted-ring model.
Four galaxies from (Oh et al.| (2011) — Ho I, Ho II, M81dwB and DDO 53 — required
substantial asymmetric drift corrections. We retain 15 of the 19 galaxies from de
Blok et al.| (2008), discarding three that were reanalyzed by Oh et al.| (2011) and
NGC 4826, which appears to have a counter-rotating disk component that compli-
cates the interpretation. We discard Ho IT (also named DDO 50), DDO 53, DDO 154
and NGC 2366 from the Oh et al. (2011) sample in favour of the higher angular
resolution observations of (Oh et al.| (2015).

A.5 Reyes et al. (2011)

This publication presents a collection of 189 rotation curves with maximum rotation
velocities of 100-400 km s~—t. All are long slit H o measurements, variously measured
using the TWIN spectrograph on the 3.5-m telescope at Calar Alto Observatory
(~ 1.5 arcsec resolution), the CCDS spectrograph on the 2.4-m Hiltner telescope at
the MDM Observatory (~ 2 arcsec resolution), and the Dual Imaging Spectrograph
on the 3.5-m telescope at Apache Point Observatory (~ 1.5 arcsec resolution). We
were not able to obtain the full rotation curve dataset, but use instead the parameters
of an arctangent model fit (Courteau, 1997)) to the rotation curves to estimate the
rotation velocity at 2kpc and at maximum (the asymptotic value of the model). We
retain all 189 rotation curves in our sample, but use an open symbol type in Fig.
to visually separate these data from the other sources in our compilation for which

we have full rotation curves.
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A.6 Kuzio de Naray et al. (2008)

This publication presents rotation curves for a selection of 17 galaxies with maximum
rotation velocities of 50-100 km s~!. These were measured with the DensePak IFU on
the 3.5-m WIYN telescope at the Kitt Peak National Observatory. The instrument
has a pixel size of 3 arcsec, and multiple slightly offset exposures of the same region
were taken to improve the resolution of the rotation curves to ~ 2 arcsec. The
rotation curves were constructed from the velocity fields using a tilted-ring model.
No correction for asymmetric drift was applied as the correction is expected to be
< 2kms~! in all cases. We retain 15 galaxies in our sample, discarding UGC 4325

(alternate name NGC 2552) and NGC 959 in favour of more recent observations.

A.7 de Blok et al. (2004)

This publication presents a single, very high resolution rotation curve. Discounting
the satellites of the Milky Way, NGC 6822 is the nearest late-type dwarf galaxy to us,
at a distance of less than 500 kpc. This allows for a high spatial resolution (~ 20 pc)
H1 map even with the modest 8 arcsec angular resolution of the Australia Telescope

Compact Array.

A.8 Swaters et al. (2003)

This publication presents 15 rotation curves with maximum measured rotation veloci-
ties of about 100-150km s~!. The double spectrograph on the 200-inch Hale telescope
at Mount Palomar Observatory was used to obtain long-slit H « spectra along the
major axis of each galaxy. The spectra have a nominal resolution of 0.5 arcsec but,
in practice, are limited by seeing of ~ 1-2 arcsec. The galaxies targetted also had
existing H1 maps, which were used to extend the H a curves to larger radii. We
retain 4 galaxies in our sample, discarding UGC 731 that has a counter-rotating com-
ponent, and UGC 8490, UGC 5721, UGC 4499, UGC 4325, UGC 2259, UGC 11861,
UGC 11707, UGC 11557, LSB F568-3 and LSB F563-V2 in favour of more recent

observations of the same galaxies.
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A.9 de Blok & Bosma (2002)

This publication presents 24 rotation curves of galaxies with maximum measured

rotation velocities of about 50-100kms™!.

Long slit H « spectra were measured
using the Carelec spectrograph on the 192 cm telescope at the Observatoire de Haute
Provence. The angular resolution is seeing-limited to ~ 2 arcsec. These data are
supplemented with lower resolution H1 velocity maps for all but two of the galaxies,
allowing the extension of the rotation curves to larger radii. We exclude UGC 5750,
UGC 4325, UGC 1281, UGC 10310, NGC 4395, NGC 3274, NGC 2366, LSB F563-1
and DDO 64 from our sample in favour of more recent observations, retaining 15

galaxies.

A.10 de Blok et al. (2001)

This paper presents 26 rotation curves of galaxies with maximum measured rotation
velocities between 40 and 200kms™!. The 4-m Kitt Peak and 100-in Las Campanas
telescopes were used to obtain long slit H a spectra. The resolution is seeing-limited to
~ 1.5 arcsec. Where available, H1 velocity maps supplement the H o data, extending
the rotation curves to larger radii. We exclude UGC 5750, UGC 11557, LSB F583-4,
LSB F583-1, LSB F568-3 and LSB F563-1 from our sample in favour of more recent

observations, retaining 20 rotation curves.



Table A.1: Basic properties of galaxies in our sample. Galaxy names and distances are those used in the publication cited.
The observation type specifies the spectral feature(s) used to construct the rotation curve. Resolutions assume the distance
in column 3, based on angular resolution as quoted by the cited publication. Vg.(2 kpc) and V. are the quantities
plotted in Fig. [2.7] Explanation of notes: (1) stellar absorption-derived rotation curve preferred to H a-derived rotation
curve (see Sec. [A.1); (2) galaxy excluded from our sample in favour of a more recent observation; (3) excluded due to a

counter-rotating component in the rotation curve.

Distance Observation Observation Vi (2kpe) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™') (kms™!) Notes
GASS 9891 Kauffmann et al.| (2015 110.5  stellar abs. 0.8 122.3 > 353.0 (1)
GASS 9463 Kauffmann et al.| (2015 152.5 H « 1.1 127.6 > 239.9 —
GASS 8096 Kauffmann et al.| (2015 147.8  stellar abs. 0.9 122.7 > 1874 (1)
GASS 7286 Kauffmann et al.| (2015 115.2  stellar abs. 0.7 85.3 141.2 (1)
GASS 7031 Kauffmann et al.| (2015 141.8  stellar abs. 0.9 99.7 171.2 —
GASS 6583 Kauffmann et al.| (2015 206.9 stellar abs. 1.2 88.3 >152.9 —
GASS 57017  |Kauffmann et al.| (2015 138.3 H « 1.0 96.2 > 178.0 —
GASS 56612  |[Kauffmann et al.| (2015 124.2 stellar abs. 0.7 128.6 > 156.6 —
GASS 52297  |[Kauffmann et al.| (2015 140.5 stellar abs. 0.8 84.1 >116.5 —
GASS 51899  Kauffmann et al.| (2015 165.7  stellar abs. 1.0 93.9 139.8 (1)
GASS 51416  |[Kauffmann et al.| (2015 190.6  stellar abs. 1.1 77.8 118.3 —
GASS 51351  |Kauffmann et al.| (2015 125.5  stellar abs. 0.9 240.1 280.0 (1)
GASS 48356  Kauffmann et al.| (2015 122.9  stellarabs. 0.9 1244 139.0 (1)
GASS 47221  |Kauffmann et al.| (2015 136.2  stellar abs. 0.8 77.0 >1404 (1)
GASS 42402 |Kauffmann et al.| (2015 197.0 stellar abs. 1.2 66.0 > 259.1 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
GASS 42141  Kauffmann et al.| (2015 154.2  stellar abs. 1.1 55.6 214.1 —
GASS 42140 |Kauffmann et al.| (2015 195.7  stellar abs. 1.2 89.2 > 240.9 —
GASS 42025  Kauffmann et al.| (2015 157.2  stellar abs. 0.9 86.1 > 224.3 (1)
GASS 41783  Kauffmann et al.| (2015 158.9  stellar abs. 1.1 177.4 254.3 (1)
GASS 4137 Kauffmann et al.| (2015 190.6 stellar abs. 1.1 66.5 >127.3 —
GASS 41323  |[Kauffmann et al.| (2015 188.4  stellar abs. 1.1 41.3 96.4 —
GASS 4130 Kauffmann et al.| (2015 191.9  stellar abs. 1.4 102.8 233.8 —
GASS 4094 Kauffmann et al.| (2015 118.2  stellar abs. 0.7 116.4 193.3 —
GASS 4057 Kauffmann et al.| (2015 170.0 stellar abs. 1.0 138.9 > 192.0 —
GASS 4048 Kauffmann et al.| (2015 177.3  stellar abs. 1.1 100.3 > 182.1 (1)
GASS 4040 Kauffmann et al.| (2015 115.2  stellar abs. 0.7 122.7 140.6 —
GASS 4038 Kauffmann et al.| (2015 178.6  stellar abs. 1.1 71.5 > 2484 (1)
GASS 40317  Kauffmann et al.| (2015 174.7  stellar abs. 1.0 153.8 1954 (1)
GASS 40257 |[Kauffmann et al.| (2015 168.3  stellar abs. 1.0 75.3  >150.0 —
GASS 40247  Kauffmann et al.| (2015 167.9  stellarabs. 1.2 162.6 267.4 —
GASS 3971 Kauffmann et al.| (2015 182.4  stellar abs. 1.3 106.8 228.4 (1)
GASS 39595  Kauffmann et al.| (2015 186.3  stellar abs. 1.1 182.0 > 208.0 (1)
GASS 39567 |[Kauffmann et al.| (2015 133.6  stellar abs. 0.8 1454 > 1829 (1)
GASS 38964  |Kauffmann et al.| (2015 137.9  stellar abs. 1.0 110.2 297.9 (1)
GASS 38758  Kauffmann et al.| (2015 124.6  stellar abs. 0.9 132.9 233.7 (1)
GASS 38472  |[Kauffmann et al.| (2015 113.1  stellar abs. 0.7 89.7 139.1 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
GASS 3819 Kauffmann et al.| (2015 194.0  stellar abs. 1.2 60.6 86.3 (1)
GASS 3817 Kauffmann et al.| (2015 192.7  stellar abs. 1.2 71.8 >114.3 (1)
GASS 3777 Kauffmann et al.| (2015 169.6  stellar abs. 1.0 107.8 > 134.1 (1)
GASS 3645 Kauffmann et al.| (2015 131.5  stellar abs. 0.8 115.2 211.9 (1)
GASS 3524 Kauffmann et al.| (2015 162.7  stellar abs. 1.0 114.1 237.9 (1)
GASS 3524 Kauffmann et al.| (2015 162.7 H « 1.0 1224 > 199.9 —
GASS 3509 Kauffmann et al.| (2015 207.3  stellarabs. 1.2 187.4 244.8 (1)
GASS 3439 Kauffmann et al.| (2015 165.3  stellar abs. 1.0 113.0 158.3 —
GASS 3261 Kauffmann et al.| (2015 160.6 stellar abs. 1.0 39.5 > 58.2 —
GASS 3189 Kauffmann et al.| (2015 164.5 Hao 1.0 04.7 > 168.3 —
GASS 30811 |[Kauffmann et al.| (2015 209.4  stellar abs. 1.3 103.4 > 316.1 —
GASS 30479  Kauffmann et al.| (2015 131.9  stellarabs. 0.8 121.1 > 137.8 (1)
GASS 30338  Kauffmann et al.| (2015 179.0  stellar abs. 1.1 1341 >2274 (1)
GASS 29892  Kauffmann et al.| (2015 156.7  stellar abs. 0.9 118.1 268.5 (1)
GASS 29842  |Kauffmann et al.| (2015 146.0  stellar abs. 1.1 138.0 215.3 (1)
GASS 29555  Kauffmann et al.| (2015 135.3  stellarabs. 0.8 442 >097.1 (1)
GASS 27167  Kauffmann et al.| (2015 162.7  stellar abs. 1.0 134.6 175.1 (1)
GASS 26822  Kauffmann et al.| (2015 161.0  stellar abs. 1.2 97.2 206.0 (1)
GASS 25214  Kauffmann et al.| (2015 133.2  stellarabs. 0.8 46.8 86.4 —
GASS 24496  Kauffmann et al.| (2015 180.3  stellar abs. 1.1 121.2 > 198.2 (1)
GASS 24366 |Kauffmann et al.| (2015 176.0 stellar abs. 1.1 123.7 > 191.7 —

Continued on next page.

6¢1



Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
GASS 24168  Kauffmann et al.| (2015 111.4  stellar abs. 0.7 86.3 > 240.5 (1)
GASS 24094  |[Kauffmann et al.| (2015 184.6 stellar abs. 1.1 149.5 > 183.1 —
GASS 23450  |[Kauffmann et al.| (2015 203.9  stellarabs. 1.2 92.9 207.5 —
GASS 23315 [ Kauffmann et al.| (2015 140.9  stellar abs. 0.8 101.0 > 133.6 (1)
GASS 22999  |[Kauffmann et al.| (2015 194.9  stellar abs. 1.2 63.5 > 218.1 (1)
GASS 21842  |[Kauffmann et al.| (2015 192.7  stellar abs. 1.2 100.7 227.4 —
GASS 20292  |[Kauffmann et al.| (2015 128.1  stellar abs. 0.8 93.7 166.6 —
GASS 20133  [Kauffmann et al.| (2015 209.4  stellar abs. 1.3 73.1 >151.5 —
GASS 20041  |Kauffmann et al.| (2015 132.3  stellar abs. 0.8 55.4  >1094 (1)
GASS 18900 |Kauffmann et al.| (2015 194.0 stellar abs. 1.2 151.0 >2414 —
GASS 18335  [Kauffmann et al.| (2015 184.6 stellar abs. 1.1 111.5 > 281.8 —
GASS 17684  Kauffmann et al.| (2015 154.6  stellar abs. 0.9 91.1 > 256.2 (1)
GASS 17640  |[Kauffmann et al.| (2015 149.5 stellar abs. 0.9 39.8 >153.1 —
GASS 15257  |[Kauffmann et al.| (2015 123.3  stellar abs. 0.7 59.8 > 754 —
GASS 15181  |[Kauffmann et al.| (2015 200.4  stellar abs. 1.2 745 > 219.8 —
GASS 14831  Kauffmann et al.| (2015 190.2  stellar abs. 1.1 77.2 265.2 (1)
GASS 14247 [ Kauffmann et al.| (2015 141.3 stellar abs. 1.0 75.8 > 318.3 —
GASS 14017 [ Kauffmann et al.| (2015 169.6 stellar abs. 1.0 129.3 > 207.2 —
GASS 12460  Kauffmann et al.| (2015 211.6  stellarabs. 1.3 136.9 > 343.4 (1)
GASS 12069  Kauffmann et al.| (2015 166.2  stellar abs. 1.2 86.3 > 138.6 (1)
GASS 12002  |[Kauffmann et al.| (2015 157.2  stellar abs. 0.9 142.7 208.3 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
GASS 11956  Kauffmann et al.| (2015 169.2  stellar abs. 1.0 81.1 > 176.6 (1)
GASS 11845  Kauffmann et al.| (2015 155.5  stellar abs. 1.1 95.7 167.9 (1)
GASS 11824  Kauffmann et al.| (2015 162.7 Ha 1.0 72.2  >196.7 —
GASS 11808 |Kauffmann et al.| (2015 205.1 stellar abs. 1.2 122.3  >194.9 —
GASS 11514  Kauffmann et al.| (2015 183.3  stellar abs. 1.1 106.0 164.9 (1)
GASS 11437  Kauffmann et al.| (2015 113.1  stellarabs. 0.7 83.6 > 183.0 (1)
GASS 11386  |[Kauffmann et al.| (2015 197.9  stellar abs. 1.2 96.3 148.1 -
GASS 11349  Kauffmann et al.| (2015 109.6  stellar abs. 0.7 98.5 > 144.0 (1)
GASS 11270  Kauffmann et al.| (2015 169.2 Hao 1.0 50.6 04.5 —
GASS 11223  [Kauffmann et al.| (2015 152.0 stellar abs. 1.1 117.5 > 184.3 —
GASS 11120 Kauffmann et al.| (2015 116.1  stellar abs. 0.8 165.7 > 197.8 (1)
GASS 11087  |[Kauffmann et al.| (2015 161.0  stellar abs. 1.0 116.1 191.8 (1)
GASS 11019 Kauffmann et al.| (2015 154.2  stellar abs. 0.9 87.6 >1334 (1)
GASS 10949  |Kauffmann et al.| (2015 112.2  stellar abs. 0.7 94.1 144.1 —
GASS 10948  |[Kauffmann et al.| (2015 110.5  stellar abs. 0.7 96.2 > 142.5 (1)
GASS 10943  Kauffmann et al.| (2015 117.8  stellar abs. 0.7 105.7 152.3 (1)
GASS 10942 [ Kauffmann et al.| (2015 107.5 stellar abs. 0.6 420 >1014 —
GASS 10884  Kauffmann et al.| (2015 110.1  stellar abs. 0.7 93.6 171.1 (1)
GASS 10850  |[Kauffmann et al.| (2015 152.0  stellar abs. 0.9 114.2 > 204.7 (1)
GASS 10841  |[Kauffmann et al.| (2015 115.6  stellar abs. 0.7 165.9 166.0 —
GASS 10831  Kauffmann et al.| (2015 116.9 Ha 0.7 127.1 158.9 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
GASS 10827  |[Kauffmann et al.| (2015 128.9  stellar abs. 0.8 108.5 > 166.2 —
GASS 10813 [ Kauffmann et al.| (2015 114.8  stellar abs. 0.7 117.6 149.5 —
GASS 10447  |[Kauffmann et al.| (2015 201.7  stellar abs. 1.2 57.1 >127.2 —
GASS 10404 |Kauffmann et al.| (2015 154.6 stellar abs. 0.9 110.2 > 166.0 —
GASS 10358  |[Kauffmann et al.| (2015 158.5 stellar abs. 1.0 52.2  >133.3 —
GASS 10218  Kauffmann et al.| (2015 198.7  stellar abs. 1.2 81.2 >1175 (1)
GASS 10019 Kauffmann et al.| (2015 131.9  stellarabs. 0.8 1172 >177.2 (1)
WLM Oh et al.| (2015 1.0 HI < 0.1 35.1 38.5 —
UGC 8508 Oh et al.| (2015 2.6 Hr 0.1 46.1 > 46.1 —
NGC 3738 Oh et al.| (2015 4.9 Hr 0.1 125.6 > 132.7 —
NGC 2366 Oh et al.| (2015 3.4 Hi 0.1 41.9 59.8 —
NGC 1569 Oh et al.| (2015 3.4 Hr 0.1 36.6 39.3 —
LSB F564-V3 |Oh et al. (2015 8.7 Hr 0.3 38.7 39.2 —
IC 1613 Oh et al.| (2015 0.7 Hr < 0.1 20.5 21.1 —
IC 10 Oh et al.| (2015 0.7 Hr < 0.1 - > 36.4 —
Haro 36 Oh et al.| (2015 9.3 Hi 0.3 37.6 > 58.2 —
Haro 29 Oh et al.| (2015 5.9 Hr 0.2 34.4 43.5 —
DDO 87 Oh et al.| (2015 7.7 Hr 0.2 28.0 > 56.6 —
DDO 70 Oh et al.| (2015 1.3 Hr < 0.1 43.9 >43.9 —
DDO 53 Oh et al.| (2015 3.6 Hr 0.1 29.2 > 32.0 —
DDO 52 Oh et al.| (2015 10.3 Hi 0.3 42.6 > 61.7 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™') (kms™!') Notes
DDO 50 Oh et al.| (2015 3.4 Hr 0.1 31.2 38.8 —
DDO 47 Oh et al.| (2015 5.2 Hr 0.1 23.7 > 64.7 —
DDO 46 Oh et al.| (2015 6.1 Hr 0.2 73.2 76.3 —
DDO 43 Oh et al.| (2015 7.8 Hr 0.2 31.5 > 38.3 —
DDO 216 Oh et al.| (2015 1.1 Hr < 0.1 18.9 > 18.9 —
DDO 210 Oh et al.| (2015 0.9 Hr < 0.1 — > 12.0 —
DDO 168 Oh et al.| (2015 4.3 Hr 0.1 57.5 61.9 —
DDO 154 Oh et al.| (2015 3.7 Hr 0.1 35.8 >51.1 —
DDO 133 Oh et al.| (2015 3.5 Hr 0.1 41.6 46.7 —
DDO 126 Oh et al.| (2015 4.9 Hr 0.1 30.7 38.7 -
DDO 101 Oh et al.| (2015 6.4 Hr 0.2 63.3 > 64.9 —
CVnldwA Oh et al.| (2015 3.6 Hri 0.1 25.9 26.4 —
UGC 2259 Adams et al.|(2014 9.9 H g+0 111 0.1 74.0 > 934 —
UGC 11707 Adams et al.| (2014 15.0 H g+0 111 0.2 51.6 > 103.7 —
NGC 959 Adams et al.|(2014 9.9 H g+0 111 0.1 78.6 > 84.1 —
NGC 5949 Adams et al.| (2014 14.3 H +0 111 0.2 92.2 >111.2 —
NGC 5204 Adams et al.| (2014 3.2 H g+0 111 < 0.1 83.2 >89.4 —
NGC 2976 Adams et al.| (2014 3.6 H 40111 0.1 74.8 > 76.8 —
NGC 2552 Adams et al.| (2014 11.4 H +0 11 0.2 57.9 >96.1 —
NGC 2366 Oh et al.| (2011 3.4 Hr 0.2 43.2 > 66.7 (2)
MS81 dw B Oh et al.| (2011 5.3 Hr 0.3 31.6 > 39.5 —

Continued on next page.

eel



Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
IC 2574 Oh et al.| (2011 4.0 Hi 0.2 24.5 80.0 —
Ho 11 Oh et al.| (2011 3.4 Hi 0.2 27.9 375 (2)
Ho I Oh et al.| (2011 3.8 Hri 0.2 28.3 37.2 —
DDO 53 Oh et al.| (2011 3.6 Hi1 0.2 32.4 32.5 (2)
DDO 154 Oh et al.| (2011 4.3 Hr 0.2 34.5 > 50.0 (2)
UGC 5750 Kuzio de Naray et al.| (2008 56.1 Ha 0.5 19.0 > 734 —
UGC 477 Kuzio de Naray et al.| (2008 35.5 H« 0.3 41.3 > 111.7 —
UGC 4325 Kuzio de Naray et al.| (2008 10.1 H o 0.1 824 >110.7 (2)
UGC 191 Kuzio de Naray et al.| (2008 17.6 H« 0.2 78.0 > 97.2 —
UGC 1551 Kuzio de Naray et al.| (2008 20.2 H «a 0.2 42.4 > 82.5 —
UGC 1281 Kuzio de Naray et al. (2008 5.5 H« 0.1 37.8 > 45.8 —
UGC 128 Kuzio de Naray et al.| (2008 60.0 H« 0.6 46.1 144.9 —
UGC 11820 Kuzio de Naray et al.| (2008 13.3 H « 0.1 80.1 96.9 —
NGC 959 Kuzio de Naray et al.| (2008 7.8 Ha 0.1 76.7 79.2 (2)
NGC 7137 Kuzio de Naray et al.| (2008 22.5 H« 0.2 53.4 > T71.6 —
NGC 4395 Kuzio de Naray et al.| (2008 3.5 Ha < 0.1 — > 32.7 —
LSB F583-4 Kuzio de Naray et al.| (2008 49.0 H « 0.5 42.1 > 95.8 —
LSB F583-1 Kuzio de Naray et al.| (2008 32.0 H« 0.3 42.0 > 724 —
LSB F568-3  [Kuzio de Naray et al.| (2008 77.0 H« 0.7 414 > 1143 —
LSB F563-V2 |Kuzio de Naray et al.| (2008 61.0 H « 0.6 52.9 > 103.8 —
LSB F563-1 Kuzio de Naray et al.| (2008 45.0 H« 0.4 51.7 >146.4 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
DDO 64 Kuzio de Naray et al.| (2008 6.1 H« 0.1 59.8 > 59.8 —
NGC 925 de Blok et al.| (2008 9.2 H1 0.5 347 >119.9 —
NGC 7793 de Blok et al.| (2008 3.9 Hr 0.2 76.2 117.9 —
NGC 7331 de Blok et al.| (2008 14.7 Hr1 0.8 253.2 268.1 —
NGC 6946 de Blok et al.| (2008 5.9 H1 0.3 132.5 224.3 —
NGC 5055 de Blok et al.| (2008 10.1 Hr 0.6 185.3 211.6 —
NGC 4826 de Blok et al.| (2008 7.5 Hr 0.4 —166.7 180.2 (3)
NGC 4736 de Blok et al.| (2008 4.7 H1 0.3 168.7 198.3 —
NGC 3627 de Blok et al.| (2008 9.3 Hi 0.5 178.0 207.1 —
NGC 3621 de Blok et al.| (2008 6.6 Hr 0.4 1029 > 159.2 -
NGC 3521 de Blok et al.| (2008 10.7 Hr 0.6 192.1 233.4 —
NGC 3198 de Blok et al.| (2008 13.8 H1 0.8 76.7 158.7 —
NGC 3031 de Blok et al.| (2008 3.6 Hr 0.2 242.2 259.8 -
NGC 2976 de Blok et al.| (2008 3.6 H1 0.2 75.0 > 86.2 (2)
NGC 2903 de Blok et al.| (2008 8.9 H1 0.5 120.1 215.5 —
NGC 2841 de Blok et al.| (2008 14.1 Hr 0.8 — 323.9 —
NGC 2403 de Blok et al.| (2008 3.2 Hri 0.2 97.4 143.9 —
NGC 2366 de Blok et al.| (2008 3.4 H1 0.2 432 =667 (2)
IC 2574 de Blok et al.| (2008 4.0 Hr 0.2 20.6 > 78.5 (2)
DDO 154 de Blok et al.| (2008 4.3 Hr 0.2 34.5 > 50.0 (2)
NGC 6822 de Blok et al.| (2004 0.5 H1 < 0.1 41.8 > 56.3 —
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Distance Observation Observation Vi (2kpc) Vinax

Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
UGC 8490 Swaters et al.| (2003 20.5 Hi+H o 0.1 30.0 80.1 (2)
UGC 731 Swaters et al.| (2003 8.0 Hi+H a <0.1 61.5  >74.0 (3)
UGC 5721 Swaters et al.| (2003 6.7 Hi+H « <0.1 76.2 80.4 (2)
UGC 4499 Swaters et al.| (2003 13.0 Hi+H « 0.1 462  >T742 (2)
UGC 4325 Swaters et al.| (2003 10.1 Hi+H « 0.1 77.0 104.6 (2)
UGC 2259 Swaters et al.| (2003 9.8 Hi+H « 0.1 78.8 93.7 (2)
UGC 12732 Swaters et al.| (2003 13.2 Hi+H « 0.1 45.8 > 98.0 —
UGC 11861  [Swaters et al.| (2003 25.1 Hi+H « 0.1 80.4 164.0 (2)
UGC 11707  |Swaters et al.| (2003 15.9 Hi+H o 0.1 51.3  >199.9 (2)
UGC 11557 Swaters et al.| (2003 23.8 Hi+H o 0.1 35.1 > 84.5 (2)
LSB F574-1 Swaters et al.| (2003 96.0 Hi+H o 0.5 579 >104.2 —
LSB F568-V1 |Swaters et al.|(2003 80.0 Hi+H o 0.4 67.0 124.9 —
LSB F568-3  [Swaters et al.| (2003 77.0 Hi+H « 0.4 32.5 111.2 (2)
LSB F568-1 Swaters et al.| (2003 85.0 Hi+H o 04 67.9 > 130.7 —
LSB F563-V2 [Swaters et al.| (2003 61.0 Hi+H « 0.3 87.7 >113.1 (2)
UGC 711 de Blok & Bosma/ (2002 26.4 Ha 0.3 27.8 >91.6 —
UGC 5750 de Blok & Bosma/ (2002 56.0 Hi+H « 0.5 200 >49.6 (2)
UGC 5005 de Blok & Bosmal (2002 52.0 Hi+H « 0.5 29.6 >100.0 —
UGC 4325 de Blok & Bosma/ (2002 10.1 Hi+H « 0.1 73.8 > 122.6 (2)
UGC 4173 de Blok & Bosma, (2002 16.8 Hi+H « 0.2 22.8 > 57.0 —
UGC 3371 de Blok & Bosma, (2002 12.8 Hi+H o 0.1 33.9 > 85.7 —
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Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
UGC 3137 de Blok & Bosma/ (2002 18.4 Hi+H o 0.2 45.6 106.9 —
UGC 1281 de Blok & Bosma, (2002 5.9 Hi+H « 0.1 37.7 > 56.9 (2)
UGC 1230 de Blok & Bosma/ (2002 51.0 Hi+H « 0.5 50.5 112.7 —
UGC 10310  |de Blok & Bosma/ (2002 15.6 Hi+H « 0.1 389 >75.0 (2)
NGC 5023 de Blok & Bosma, (2002 4.8 Hi+H o < 0.1 64.9 > R84.4 —
NGC 4455 de Blok & Bosma, (2002 6.8 Hi+H « 0.1 44.9 > 64.4 —
NGC 4395 de Blok & Bosma/ (2002 3.5 Hi+H « <0.1 57.0  >84.2 (2)
NGC 3274 de Blok & Bosma/ (2002 6.7 Hi+H « 0.1 82.5 82.6 (2)
NGC 2366 de Blok & Bosma| (2002 3.4 Hi+H o < 0.1 54.0 55.5 (2)
NGC 1560 de Blok & Bosma, (2002 3.0 Hi+H « < 0.1 42.6 > 775 —
NGC 100 de Blok & Bosma, (2002 11.2 H o 0.1 60.0 >91.2 —
LSB F563-1 de Blok & Bosma, (2002 45.0 Hi+H o 0.4 57.1 >114.1 (2)
IC 2233 de Blok & Bosma, (2002 10.5 Hi+H « 0.1 40.8 > 92.8 —
DDO 64 de Blok & Bosmal/ (2002 6.1 Hi+H a 0.1 46.3  >46.9 (2)
DDO 52 de Blok & Bosma, (2002 5.3 Hi+H « 0.1 43.1 > 50.0 (2)
DDO 47 de Blok & Bosma/ (2002 4.0 Hi+H o < 0.1 44.0  >67.0 (2)
DDO 189 de Blok & Bosma/ (2002 12.6 Hi+H « 0.1 47.6 > 65.7 —
DDO 185 de Blok & Bosma, (2002 5.1 Hi+H « <0.1 43.3 > 49.6 -
UGC 6614 de Blok et al.| (2001 85.0 Ha« 0.6 120.2 > 205.2 —
UGC 5750 de Blok et al.| (2001 56.0 H« 0.4 23.2 > 789 (2)
UGC 4115 de Blok et al.| (2001 3.2 Hi+H « < 0.1 — > 39.8 —
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Galaxy Reference (Mpc) type resolution (kpc) (kms™!) (kms™!') Notes
UGC 11819 de Blok et al.| (2001 60.0 Hi+H « 0.4 73.0 >154.7 —
UGC 11748 de Blok et al.| (2001 73.0 Hi+H « 0.5 198.9 250.0 —
UGC 11648 de Blok et al.| (2001 48.0 Hi+H « 0.3 74.3 > 144.6 —
UGC 11616 de Blok et al.| (2001 73.0 Hi+H o« 0.5 87.8 >142.8 —
UGC 11583 de Blok et al.| (2001 5.0 Hi+H « < 0.1 35.6 > 35.6 —
UGC 11557 de Blok et al.| (2001 22.0 Hi+H « 0.2 34.5 > 80.4 (2)
UGC 11454 de Blok et al.| (2001 91.0 Hi+H o 0.7 85.8 > 152.2 —
LSB F730-V1 |de Blok et al.| (2001 144.0 Ha 1.0 87.3 >145.3 —
LSB F583-4 de Blok et al.| (2001 49.0 Hi+H « 0.4 44.5 >69.9 (2)
LSB F583-1 de Blok et al.| (2001 32.0 Hi+H o 0.2 40.7 > 86.9 (2)
LSB F579-V1 |de Blok et al.| (2001 85.0 Hi+H « 0.6 93.5 >1144 —
LSB F571-8 de Blok et al.| (2001 48.0 Hi+H « 0.3 68.1 > 143.9 —
LSB F568-3 de Blok et al.| (2001 77.0 Hi+H « 0.6 41.0 > 101.1 (2)
LSB F563-1 de Blok et al.| (2001 23.6 Hi+H o« 0.2 84.0 112.4 (2)
ESO 4880490 de Blok et al.| (2001 22.0 Ha 0.2 62.3 >97.1 —
ESO 4250180 |de Blok et al.| (2001 86.0 Ha 0.6 —  >1445 —
ESO 3050090 de Blok et al.|(2001 11.0 Ha 0.1 34.6 > 54.6 —
ESO 3020120 de Blok et al.| (2001 69.0 Ha 0.5 48.3 > 86.3 —
ESO 2060140 |de Blok et al.| (2001 60.0 Ha 0.4 83.6 > 118.0 —
ESO 1870510 |de Blok et al.|(2001 18.0 Ha 0.1 36.3 >39.9 —
ESO 1200211 |de Blok et al.| (2001 15.0 Ha 0.1 21.8 > 254 —

Continued on next page.

8¢€T



Distance Observation Observation Vi (2kpc) Vinax
Galaxy Reference (Mpc) type resolution (kpc) (kms™') (kms™!') Notes
ESO 0840411 |de Blok et al.| (2001 80.0 Ha« 0.6 19.7 >61.3 —
ESO 0140040 |de Blok et al.| (2001 212.0 Ha 1.5 120.3 > 272.7 —
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Appendix B

Additional rotation curve examples

Previously published as an appendix to Kyle A. Oman, Julio F. Navarro,
Laura V. Sales, Azadeh Fattahi, Carlos S. Frenk, Till Sawala, Matthieu
Schaller, Simon D. M. White; Missing dark matter in dwarf galaxies?.
Mon Not R Astron Soc 2016; 460 (4): 3610-3623.

In Fig. we show the rotation curves of all observed galaxies whose rotation
curves extend to at least 275", i.e. the same galaxies as appear in Fig. and Table .
This serves to illustrate the striking diversity in rotation curve shapes, in addition to
the scatter in Vg (2r5"), relative to the results from simulations. We note rotation
curves in reasonable agreement with our simulations at all radii (e.g. Haro 29, WLM,
DDO 154, NGC 2366, NGC 2403), rotation curves which agree with our simulated
rotation curves at 2r§* but have very different shapes (e.g. CVnldwA, UGC 8508,
DDO 126, IC 2574, DDO 87, NGC 4736), rotation curves with shapes similar to those
in our simulations but with systematically high (NGC 5204) or low (NGC 1569, DDO
50) velocities at all radii, and rotation curves that have neither shapes nor velocities
at 2r3" consistent with our simulations (e.g. IC 1613, UGC 11707, NGC 7793).
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Figure B.1: Rotation curves for all galaxies with rotation curves that extend to at least
215" (see also Table . The panels are in order of increasing Ve (2r5"). Symbols,
lines and shading are as in Fig. (3.3]
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Figure B.1: Continued.
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Appendix C

Additional properties of
mock-observed simulated galaxies

and observed comparison sample

C.1 Properties of simulated and observed galaxies

In Tables &[C.2lwe collect some key properties of our sample of simulated galaxies
and the THINGS (Walter et al., 2008) and LITTLE THINGS (Hunter et al. [2012)
galaxies, respectively, including the key to the numeric labels used in Figs. &
411

Not all galaxies in these surveys are amenable to kinematic analysis. We select
the THINGS galaxies analysed in |de Blok et al. (2008) and |Oh et al.| (2011). In cases
where the same galaxy is analysed in both studies, we use the more recent analysis.

We exclude some of the galaxies:

e NGC 4826 has two counter-rotating discs, making the interpretation of the

rotation curve as a circular velocity curve less certain.

e Ho II is the same galaxy as DDO 50, which appears in the LITTLE THINGS

sample.

e We omit DDO 53, DDO 154 and NGC 2366 which are included as part of the
LITTLE THINGS sample.

e Ho I has a particularly small inclination of 5 14° (Oh et al, 2011]), which makes

the necessary inclination correction unacceptably large and uncertain.
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We select all of the LITTLE THINGS galaxies analysed in |Oh et al.| (2015]).



Table C.1: Selected properties of the synthetically observed APOSTLE galaxies in our sample. Columns: (1) Number corresponding to
labels in Figs. [4.4] & (2) Object label as described in Sec. (3) Neutral hydrogen mass (the gas mass used in the BTFR is
Myar = M, + 1.4Myr); (4) Stellar masses; (5) HI sizes defined as the radius where Yy drops to 1 Mg pe™2, measured from the 0" moment
maps; (6) Maximum circular velocity (Veire = /GM (< 7)/7); (7) Circular velocity at 2kpc; (8) Maximum H1 gas azimuthal velocity; (9) H1
gas azimuthal velocity at 2kpc; (10) Maximum rotation velocity as fit with *?BAROLO; (11) Rotation velocity at 2 kpc.

Symbol M M, Rur max(Veire) Veire(2kpe) max(Vgas) Vaas(2kpe) max(Vier) Viet(2kpe)
Number Object (Mg) (Mg) (kpc)  (kms™1) (kms™1) (kms~1) (kms™1) (kms~!)  (kms1)
1 AP-L1-V1-4-0 2.6x10° 26 x10° 234 91.0 68.2 91.1 59.9 119.7 51.4
2 AP-L1-V1-6-0 1.2 x10% 8.8 x 108 3.3 60.2 45.5 54.4 45.0 58.7 32.8
3 AP-L1-V1-7-0 3.0 x 10® 6.7 x 108 4.2 72.0 61.6 66.9 59.0 84.6 41.0
4 AP-L1-V1-8-0 29x 108 7.7 x 108 1.5 68.2 52.0 67.2 51.9 74.7 50.8
5 AP-L1-V4-6-0 44 %108 1.4 x10° 7.5 86.4 74.8 97.6 62.1 102.2 25.2
6 AP-L1-V4-8-0 6.1 x 108 8.1 x 108 2.0 69.1 48.0 67.0 41.2 86.8 29.5
7 AP-L1-V4-10-0 2.2x10° 4.9x10% 177 66.2 45.5 62.6 25.0 7.7 25.0
8 AP-L1-V4-13-0 3.9 x 108 2.7 x 103 7.3 64.8 53.3 58.5 34.8 97.5 31.2
9 AP-L1-V4-14-0 1.0 x 10° 4.2x 108 114 60.2 44.7 63.9 40.5 67.2 31.4
10 AP-L1-V6-5-0 1.3 x10° 23 x10° 119 89.5 72.4 93.9 54.5 118.6 71.1
11 AP-L1-V6-6-0 2.1 x10° 7.6 x 108 8.9 68.0 46.4 66.5 39.3 86.5 31.1
12 AP-L1-V6-7-0 1.5x10° 5.1x10% 13.3 70.2 43.9 76.2 48.3 45.0 29.9
13 AP-L1-V6-8-0 2.8 x10° 84 x10% 21.2 75.9 55.6 76.9 47.8 85.6 43.3
14 AP-L1-V6-11-0 3.1 x 10® 7.5 x 10® 5.4 60.3 49.8 50.1 32.3 60.4 16.8
15 AP-L1-V6-12-0 1.7x10° 1.5x10° 16.2 76.6 61.8 81.4 50.9 88.7 38.8
16 AP-L1-V6-15-0 6.3 x 108 3.4 x 108 8.5 61.6 46.0 64.9 31.6 66.5 52.5
17 AP-L1-V6-16-0 4.1 x 108 5.3 x 108 7.6 65.5 55.0 66.4 43.6 102.8 58.8
18 AP-L1-V6-18-0 1.9 x10® 3.0 x 108 4.4 61.9 56.6 58.1 52.9 57.5 57.2
19 AP-L1-V6-19-0 6.5 x 108 5.2 x 108 9.4 61.0 46.7 68.4 50.3 58.5 26.0
20 AP-L1-V6-20-0 2.3 x 107 3.8 x 108 1.7 67.7 59.9 62.0 62.0 74.6 73.5

Continued on next page.
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Symbol Mz M, Ryt max(Veire) Veire(2kpe) max(Vgas) Vias(2kpe)  max(Viet)  Viet(2kpce)

Number Object (Mg) (Mp) (kpc)  (kms™1) (kms™1) (kms™1) (kms™1) (kms™!)  (kms™1)
21 AP-L1-V10-5-0 2.0x10° 6.1 x10° 12.1 108.8 83.3 102.3 80.2 126.1 68.6
22 AP-L1-V10-6-0 2.1 x 10° 4.0 x 10° 135 103.9 71.2 92.0 59.6 125.0 30.8
23 AP-L1-V10-13-0 6.0 x 108 2.0 x 10° 4.3 83.6 74.9 75.5 58.9 120.7 50.1
24 AP-L1-V10-14-0 1.4 x 10° 9.7 x 108  13.7 66.3 51.0 64.0 42.7 73.9 28.5
25 AP-L1-V10-16-0 1.1 x 10° 9.6 x 108 5.6 75.5 51.6 68.6 35.1 93.1 43.2
26 AP-L1-V10-17-0 4.4 x 108 7.6 x 108 6.1 67.4 48.5 51.9 38.4 58.2 20.5
27 AP-L1-V10-19-0 4.9 x 108 4.9 x 108 9.1 67.2 48.2 70.3 26.7 74.3 20.9
28 AP-L1-V10-20-0 3.0 x 108 7.0 x 108 2.0 73.5 62.3 74.1 42.4 80.9 474
29 AP-L1-V10-22-0 3.9 x 108 7.6 x 108 7.2 65.5 48.0 66.6 31.1 68.0 22.4
30 AP-L1-V10-30-0 6.4 x 108 3.6 x 108 9.7 61.4 49.5 61.8 45.1 63.9 22.4
31 AP-L1-V11-3-0 4.6 x10° 9.5 x10° 27.7 118.4 94.6 123.6 79.3 136.2 81.3
32 AP-L1-V11-5-0 4.7x10° 3.2x10° 244 91.1 65.5 95.2 60.1 110.4 37.2
33 AP-L1-V11-6-0 4.1 x10° 14 x10° 26.1 88.5 67.6 95.5 46.9 108.0 43.2

Lyl



Table C.2: Selected properties of the THINGS and LITTLE THINGS galaxies. Columns: (1) Number corresponding
to labels in Figs. & (2) Galaxy name used in survey publications; (3) Survey; (4) Distance; (5) Average
inclination; (6) Average position angle; (7) Neutral hydrogen mass (the mass used in the BTFR is My, = M, + 1.4Mu);
(8) Stellar mass (galaxies with no reported measurement marked ‘~’); (9) HT sizes defined as the radius where Y1 drops to
1 Mg pc™? (galaxies with surface density profiles that do not cross this value marked ‘-’); (10) Maximum rotation velocity;
(11) Rotation velocity at 2 kpc (rotation curves with no measurements near 2 kpc marked ‘). References for all quantities
are Walter et al.| (2008); Oh et al.| (2011} 2015), except column (7) which is drawn from Walter et al.| (2008); [Hunter et al.

(2012) and column (9) which we measure directly from the moment maps provided by the survey teams.

Symbol D Incl. PA Mz M, Ry max(Viet) Viet(2kpe)

Number  Object Survey (Mpc) (°)  (°) (Mg) (Mg) (kpc) (kms™!)  (kms™!)
1 CVnldwA LITTLE THINGS 3.6 66 48 4.7 x 107 4.9 x 108 1.5 26.4 25.9
2 DDO43 LITTLE THINGS 7.8 41 294 1.7 x 108 — 2.8 38.7 31.5
3 DDO46 LITTLE THINGS 6.1 28 274 1.9 x 10% - - 76.3 73.2
4 DDO47 LITTLE THINGS 5.2 46 312 3.9 x 108 - 5.0 64.7 23.7
5 DDO50 LITTLE THINGS 3.4 50 176 7.1 x10® 1.1 x 108 6.3 38.8 31.2
6 DDO52 LITTLE THINGS 10.3 43 8 2.7x10® 54 x107 4.4 61.7 42.6
7 DDO53 LITTLE THINGS 3.6 27 132 5.2x10" 9.8 x 10° - 32.0 29.3
8 DDO70 LITTLE THINGS 1.3 50 44 4.1 x107 1.9x 107 1.6 43.9 43.9
9 DDOS7 LITTLE THINGS 7.7 56 235 2.5 x10% 3.2 x 107 2.4 56.6 28.0
10 DDO101  LITTLE THINGS 6.4 51 287 23x107 6.6 x 107 - 64.9 63.3
11 DDO126 LITTLE THINGS 4.9 65 138 1.4x10® 1.6 x 107 3.1 38.7 30.7
12 DDO133  LITTLE THINGS 3.9 43 360 1.0 x 10% 3.0 x 107 2.7 46.7 41.6
13 DDO154  LITTLE THINGS 3.7 68 226 2.9x10® 8.3 x10° 3.4 ol.1 35.8

Continued on next page.
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Symbol D Incl. PA Mz M, Ry max(Viet) Viet(2kpe)
Number  Object Survey (Mpc) (°)  (°) (Mg) (Mg) (kpc) (kms™!)  (kms™!)
14 DDO168  LITTLE THINGS 4.3 46 276 3.0 x 10® 5.9 x 107 - 61.9 57.5
15 DDO210  LITTLE THINGS 0.9 67 65 2.0x10° 6.0x 10° 0.3 12.0 —
16 DDO216  LITTLE THINGS 1.1 64 134 5.6 x10° 1.5 x 107 - 18.9 18.9
17 F564-V3 LITTLE THINGS 8.7 56 12 4.1 x 107 - 0.4 39.2 38.7
18 IC10 LITTLE THINGS 0.7 47 56 6.0 x 107 — - 36.4 —
19 IC1613 LITTLE THINGS 0.7 48 74 3.4 x107 2.9x107 0.0 21.1 20.5
20 NGC1569 LITTLE THINGS 3.4 69 122 2.5x10% 3.6 x 10® 2.9 39.3 36.6
21 NGC2366 LITTLE THINGS 3.4 63 39 6.9x10% 6.9 x 107 5.6 59.8 41.9
22 NGC3738 LITTLE THINGS 4.9 23 292 1.1x10% 4.7 x 108 - 132.7 125.6
23 UGC8508 LITTLE THINGS 2.6 82 126 1.9x 107 7.8 x 10° 0.7 46.1 46.1
24 WLM LITTLE THINGS 1.0 74 174 7.1 x 107 1.6 x 107 1.8 38.5 35.1
25 Haro29 LITTLE THINGS 5.9 61 214 6.3x107 1.4 x 107 1.2 43.5 34.4
26 Haro36 LITTLE THINGS 9.3 70 248 1.4 x 108 - 2.4 58.2 37.6
1 NGC925 THINGS 9.2 66 287 4.6 x10° 1.0 x 10 — 119.9 34.7
2 NGC2403 THINGS 3.2 63 124 2.6 x10° 5.1 x10? 12.3 143.9 97.4
3 NGC2841 THINGS 14.1 74 153 8.6x10° 1.3x 10 222 323.9 -
4 NGC2903 THINGS 8.9 65 204 4.4x10° 1.6x 101 17.2 215.5 120.1
5) NGC2976 THINGS 3.6 64 334 1.4x10% 1.8x10° 2.3 86.2 74.9
6 NGC3031 THINGS 3.6 59 330 3.6 x 10° 7.9 x 10% - 259.8 242.2
7 NGC3198 THINGS 13.8 72 215 1.0x10° 2,5 x101° 26.9 158.7 76.7
8 1C2574 THINGS 4.0 53 56 1.5 x10° 1.0 x 10? 9.3 80.0 24.5

Continued on next page.
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Symbol D Incl. PA Mz M, Ry max(Viet) Viet(2kpe)

Number  Object Survey (Mpe)  (°)  (°) (Mg) (Mg) (kpc) (kms™')  (kms™!)
9 NGC3521 THINGS 10.7 73 340 8.0x10° 1.0 x 10t 19.9 233.4 192.1
10 NGC3621 THINGS 6.6 65 345 T7.1x10° 1.6x 101 225 159.2 102.9
11 NGC4736 THINGS 4.7 41 296 4.0 x 108 2.0 x 10 3.4 198.3 168.7
12 DDO154 THINGS 4.3 66 230 3.6 x10% 2.6 x 107 4.5 50.0 34.6
13 NGC5055 THINGS 10.1 59 102 9.1 x10° 1.3 x 10t 16.4 211.6 185.3
14 NGC6946 THINGS 5.9 33 243 4.2x10° 6.3x 101 153 224.3 132.5
15 NGC7331 THINGS 14.7 76 168 9.1 x10° 1.6 x 10t 227 268.1 253.2
16 NGC7793 THINGS 3.9 50 290 8.9 x10% 2.8 x 10° 6.7 117.9 76.2
17 M81dwB THINGS 5.3 44 311 2.5x107 3.0 x 107 0.9 39.5 31.6

0¢T
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C.2 Velocity field symmetry diagnostics

The centre and right panels of Fig. show the results of measurements diagnosing
the symmetry of the galaxy velocity fields which are most clearly explained graphi-
cally. In Fig.[C.1] we illustrate the rotational symmetry diagnostic shown in the centre
panel of Fig. [4.4] and in Fig. we illustrate the azimuthal symmetry diagnostic
shown in the right panel of Fig. 4.4

C.3 3PBAROLO configuration

In Table we summarize the full configuration used for the 3?BAROLO software.
We omit parameters which do not affect the result of the calculation (e.g. flags to

enable or disable additional diagnostic output, file path definitions, etc.).
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Figure C.1: Hlustration of the measurements plotted in the centre panel of Fig. [4.4]
Left column: 15* moment map for one simulated galaxy AP-L1-V1-4-0 (above) and
one THINGS galaxy NGC 4736 (below). Centre column: The velocity field from the
left column is rotated 180° and aligned with the unrotated field by superimposing the
galactic centre in each field. The two fields are then subtracted (with a sign change
applied to the rotated field) to give the residual shown. Right column: Histogram
of the pixel values of the residual in the centre column. A perfectly rotationally
symmetric velocity field would yield a sharp peak at Okms™!. If one side of the
galaxy has systematically higher |V — V| than the other the mean (vertical solid
line) moves away from 0; local asymmetries increase the rms width (vertical dotted
lines) of the distribution.
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Figure C.2: Tllustration of the measurement plotted in the right panel of Fig. There are two
sets of five panels; the upper five correspond to the simulated galaxy AP-L1-V1-4-0, the lower five
to the THINGS galaxy NGC 4736. Panel 1: The velocity field of the galaxy, cropped to the radius
enclosing 90 per cent of the HI mass (simulated galaxy) or the maximum radius modeled in
Blok et al. (2008, or |Oh et al., 2011, 2015, as appropriate). The orientation and aspect ratio of the
ellipse are set by the global inclination and position angle of the galaxy. (i, PA) = (60°,270°) for
APOSTLE, for observed galaxies see Table Panel 2: A simple kinematic model constructed
by fitting a cosine to the velocities in a series of rings (illustrated in panel 4). The inclinations and
position angles are held fixed at the global values. Panel 3: Residual after subtraction of the velocity
fields in panels 1 & 2. Panel 4: Example of cosine fit to one ring at R = 300 arcsec. The phase and
amplitude are free parameters, but the vertical offset is fixed at 0kms~!. Panel 5: Histogram of
the pixel values of the residual in panel 3. Azimuthal asymmetries increase the rms width (vertical
dotted lines) of the distribution; note that the width is the rms scatter from 0.




Table C.3: Parameters used to configure the *?BAROLO software, omitting parameters which have no impact on the result

of the calculation. Our parameter choices where they differ from the default values are inspired by the choices made by
Torio et al.| (2017). These authors model the LITTLE THINGS galaxies; given that we mimic the observing setup of this

survey and our simulated galaxies of interest are broadly similar to those in this sample, many of their parameter choices

are applicable here. The most significant change we make is to restrict the inclination and position angles somewhat closer

to their ‘true’ values.

Parameter Value Units Description & comments

CHECKCHANNELS FALSE - Check for bad channels in the data cube?

FLAGROBUSTSTATS TRUE - Use robust statistics?

FLAGSEARCH FALSE - Search for sources in the data cube?

FLAGRING FALSE - Fit velocity field with a ring model?

SMOOTH FALSE - Smooth the data cube?

GALFIT TRUE - Fit a 3D model to the data cube?

BOX NONE px Select a sub-region of the cube?

NRADII varies — Number of rings to use; we use enough rings to
reach the radius enclosing 90 per cent of the H1
mass of the galaxy.

RADSEP 14.101 arcsec Separation of rings.

XPOS varies px Centre of rings, set individually for each galaxy
at the projected centre of the stellar light distri-
bution.

YPOS varies px As XPOS.

VSYS 257.4528 kms! Systemic velocity.

Continued on next page.

Par



Parameter Value Units Description & comments

VROT 30 kms™! Initial guess for rotation velocity.

VDISP 8 kms! Initial guess for velocity dispersion.

INC 60 degrees Initial guess for inclination.

DELTAINC 15  degrees Allowed deviation of inclination from initial guess.

PA 270  degrees Initial guess for position angle.

DELTAPA 20 degrees Allowed deviation of position angle from initial
guess.

Z0 2.136 arcsec Disc scale height.

DENS —1 atomscm™2 Global column density of gas (unused when
NORM LOCAL is set).

FREE VROT VDISP INC PA - Parameters to fit for each ring.

MASK SMOOTH - The data cube is smoothed by a factor of 2 and a
signal-to-noise cut is used to define a mask.

BLANKCUT 2.5 - Signal-to-noise threshold for mask construction.

SIDE B - The entire galaxy is modeled; the approaching
and receding sides can also be fit separately.

NORM LOCAL - The model is normalized pixel by pixel, i.e. the
surface brightness is not explicitly fit.

LTYPE 1 - Layer type along z is gaussian.

FTYPE 2 - Minimization function is |[model — observed|

WFUNC 1 - Azimuthal weighting function is | cos 6|

TOL 0.001 - Minimization tolerance.

Continued on next page.
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Parameter Value Units Description & comments

TWOSTAGE TRUE -~ Two stage fitting, i.e. geometric parameters are
regularized and rotation velocity is fit again.

POLYN bezier — Degree of polynomial fitting INC and PA.

FLAGERRORS varies — Errors are estimated only for those galaxies we
use for illustrative purposes.

BWEIGHT 1 - Exponent of weight for blank pixels.

LINEAR 0.424 channels Instrumental spectral broadening (standard devi-
ation).

CDENS 10 - Number of clouds to use in building the ring
model.

NV 200 - Number of sub-clouds used within each cloud (see

CDENS) to populate the spectral axis of the ring

model.

9¢1
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