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ABSTRACT

Aims. We test whether or not realistic analysis techniques of advanced hydrodynamical simulations can alleviate the Too Big To Fail
problem (TBTF) for late-type galaxies. TBTF states that isolated dwarf galaxy kinematics imply that dwarfs live in halos with lower
mass than is expected in a A cold dark matter universe. Furthermore, we want to identify the physical mechanisms that are responsible
for this observed tension between theory and observations.

Methods. We use the MoRIA suite of dwarf galaxy simulations to investigate whether observational effects are involved in TBTF for
late-type field dwarf galaxies. To this end, we create synthetic radio data cubes of the simulated MORIA galaxies and analyse their HI
kinematics as if they were real, observed galaxies.

Results. We find that for low-mass galaxies, the circular velocity profile inferred from spatially resolved HI kinematics often under-
estimates the true circular velocity profile, as derived directly from the enclosed mass. Fitting the HT kinematics of MoRIA dwarfs
with a theoretical halo profile results in a systematic underestimate of the mass of their host halos. We attribute this effect to the fact
that the interstellar medium of a low-mass late-type dwarf is continuously stirred by supernova explosions into a vertically puffed-up,
turbulent state to the extent that the rotation velocity of the gas is simply no longer a good tracer of the underlying gravitational force
field. If this holds true for real dwarf galaxies as well, it implies that they inhabit more massive dark matter halos than would be

inferred from their kinematics, solving TBTF for late-type field dwarf galaxies.

Key words. galaxies: dwarf — galaxies: kinematics and dynamics — galaxies: structure — methods: numerical — dark matter

1. Introduction

Generally considered as the current standard model for cosmol-
ogy and cosmic structure formation, the A cold dark matter
(ACDM) is a superbly successful theory on large, super-galactic
distance scales (Mamon et al. 2017; Rodriguez-Puebla et al.
2016; Planck Collaboration XIII 2016; Cai et al. 2014; Suzuki
et al. 2012). However, towards smaller, sub-galactic scales, and
especially in the regime of dwarf galaxies, ACDM encounters a
number of persistent problems.

One such problem is referred to as Too Big Too Fail, or
TBTF, first formulated in the context of the Local Group. Given
the many factors that suppress star formation in dwarf galax-
ies, such as supernova feedback and the cosmic UV background,
visible dwarf galaxies are expected to reside in relatively scarce
high-v.j. dark-matter halos. This would also agree with their
small observed number density. However, most observed Milky
Way satellites have circular velocities vgjre < 30 km s71 esti-
mated from their stellar kinematics, indicating that these satel-
lites seem to live in low-v.,. subhalos, which are too abun-
dant in comparison with the observed number of Milky Way
satellites (Boylan-Kolchin et al. 2011, 2012). The TBTF prob-
lem is also present for the satellite system of Andromeda

* NOVA postdoctoral fellow.

Article published by EDP Sciences

(Tollerud et al. 2014) and for field dwarfs in the Local Group and
Local Volume (e.g. Ferrero et al. 2012; Garrison-Kimmel et al.
2014; Papastergis et al. 2015).

Several possible solutions to this problem have been sug-
gested. For example, if the Milky Way were to have a smaller
virial mass, then it would also host a smaller number of mas-
sive subhalos (Wang et al. 2012). Another way out is to take into
account the fact that baryonic processes, such as supernova feed-
back, can flatten the inner dark-matter density distribution, con-
verting a high-v . cuspy density profile into a low-v¢j,. cored
one at constant halo mass. By fitting the mass-dependent DC14
profile (Di Cintio et al. 2014) to the kinematical data of the
Local Group dwarf galaxies, Brook & Di Cintio (2015a) found
that dwarf galaxies inhabit more massive halos than previously
thought, thus alleviating the TBTF problem. Other effects that
help reduce dwarf galaxy circular velocities in the context of the
Local Group include tidal stripping (Sawala et al. 2016b).

Papastergis & Shankar (2016, henceforth referred to as P16)
discuss the TBTF in field dwarfs, where only internal baryonic
effects can be invoked to reduce halo circular velocities. In their
analysis, they use abundance matching to derive the relation be-
tween the observed H 1 rotation velocity inferred from the galaxy
21 cm emission line profile, W5y, and the maximum halo circu-
lar velocity vp max Such that the halo velocity function (VF) found
in simulations (Sawala et al. 2015) corresponds to the observed
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field galaxy VF (Haynes et al. 2011; Klypin et al. 2015). Here-
after, we refer to this relation between Wsy and vp max as the P16
relation. Then, these authors fit NFW (Navarro et al. 1996) and
DC14 profiles to the outer-most datapoint of the rotation curves
of a set of field dwarf galaxies to infer their vy max. This allows
them to put individual vror; — Unmax datapoints on the inferred
statistical relation. As these authors note: “ACDM can be con-
sidered successful only if the position of individual galaxies on
the Wso —vnmax plane is consistent with the relation needed to re-
produce the measured VF of galaxies”. As it turns out, the indi-
vidual galaxies are not consistent with the expected P16 relation.

The discrepancy between these results and those from
Brook & Di Cintio (2015a) results from the radius at which the
circular velocity is measured: for measurements beyond the core
radius (22 kpc), fitting a DC14 profile gives similar results
to using a cusped NFW profile. The TBTF problem cannot,
therefore, be (fully) explained by core creation alone (see also
Papastergis & Ponomareva 2017).

For the present paper, we take to heart the message from
P16: If ACDM is correct, then late-type field dwarfs should have
higher circular velocities than is estimated from their H1 kine-
matics. In order to investigate such a possible mismatch between
the maximum circular velocity as inferred from gas kinematics
and its actual value, we perform HT observations of a set of sim-
ulated dwarf galaxies. In Sect. 2, we briefly present the MoRIA
simulations and the procedure to construct and analyse mock H1
data-cubes. In Sect. 3, we fit a halo profile to the outermost dat-
apoint of the rotation curves of the simulated galaxies and com-
pare with the results of P16. In Sect. 4 we give some possible
explanations for these results. Our conclusions are presented in
Sect. 5.

For clarity, we define the different types of velocities used
throughout this paper here:

- v 1(R): the mean tangential velocity of the HI gas at a ra-
dius R from the galaxy center. This can be determined from
observations by fitting a tilted-ring model to the H 1 velocity
field or the full data-cube.

- vgﬁz(R): the circular velocity derived from the v;o i1 (R) pro-
file by correcting for asymmetric drift (see Sect. 2.4).

- v,"*(R): the “true” circular velocity profile, inferred from the

total enclosed mass profile M(R) as

GM(R)

o (R) = 2

= VouHt = V0 (Rou): the outermost value of the rotation curve.
e « = max(v;"°): the maximum circular halo velocity.

Uh,max
fit UNFW DC14

Uy o Uhmaxe OF U the maximum circular velocity ob-
tained by fitting an NFW or DC14 profile to voy ;. Denoted
by vt in general and o) or vPS!* when the halo profile
is specified.

— Wsp: the full width at half maximum (FWHM) of the galactic
21 cm emission line profile, corrected for inclination to an
edge-on view.

All, except for Wsq, refer to a spatially resolved kinematic mea-
surement or calculation. W5y on the other hand is derived from
the spatially unresolved HT spectrum. Since Wsy does not corre-
spond to any specific radius, it does not generally contain enough
information to estimate the mass of the host halo by fitting a cer-
tain mass profile. However, W5, measurements exist for large
samples of galaxies, which allows for an accurate measurement
of the number density of galaxies as a function of Ws, that is,
the VF.
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2. The MoRIA simulations

We use the MoRIA (Models of Realistic dwarfs In Action)
suite of N-body/SPH simulations of late-type isolated dwarf
galaxies. These simulations are the result of letting isolated
proto-galaxies, starting at z = 13.5, merge over time along a cos-
mologically motivated merger tree (Cloet-Osselaer et al. 2014).
The result is a galaxy with a relatively well constrained halo
mass at z = 0. This approach allows us to reach a resolution
of 103—10* My, for the baryonic components and a force resolu-
tion of 5—15 pc, without being computationally too expensive.
The resolution of dark matter particles is scaled with the cosmic
baryon fraction fu,r = 0.2115, so that the number of baryonic
and dark matter particles is the same.

The gas can cool radiatively and be heated by the cosmic
UV background (De Rijcke et al. 2013). Once a gas parcel is
dense enough, it is allowed to form stars. Stars inject energy in
the interstellar medium (ISM) in the form of thermal feedback
by young, massive stars and supernovae of types Ia and type II.
The ISM absorbs 70% of the energy injected. A significant part
of this energy is used to ionise the ISM (Vandenbroucke et al.
2013), which further decreases the effective energy coupling. To
reduce excessive star formation at high redshift, we take the ef-
fects of Population IIT stars into account. Stellar particles born
out of extremely low-metallicity gas ([Fe/H] < -5) are as-
sumed to have a top-heavy IMF (Susa et al. 2014), resulting in
earlier and stronger feedback (Heger & Woosley 2010). It is im-
portant to note that the atomic hydrogen density of every gas
particle has already been computed, based on its density, tem-
perature, composition, and incident radiation field, to be used
in the subgrid model of the MoORIA simulations, as described in
De Rijcke et al. (2013). Thus, all H1 observables we describe be-
low are directly derived from the simulations without any ex-
tra assumptions or approximations. More details concerning the
setup and subgrid physics model of these simulations can be
found in Verbeke et al. (2015, V15), along with a demonstration
of its validity.

Since this paper, more simulations were run with differ-
ent masses and merger histories, but the conclusions presented
in V15 still stand. At the moment of writing, MORIA consists
of ~30 dwarf galaxy simulations, of which we discuss 10 in
more detail. An overview of some of the basic properties of the
10 MoRIA dwarfs discussed in this paper is presented in Table 1.
M-1 to M-5 (M-6 to M-10) have a mass resolution of 4230 M,
(10515 M,,) for its baryonic component and a force resolution of
9.8 pc (13 pc).

2.1. Hidisk sizes and flattening

We aim to investigate HI rotation curves, with strong focus
on the outer-most datapoint. It is therefore very important that
the simulated dwarf galaxies have realistic HT disk sizes and
shapes. In V15, we already showed that the MoRIA dwarfs have
an atomic interstellar medium (ISM) with realistic spatial sub-
structure, as quantified by the HI power spectrum.

Here, we also investigate the flattening and size of the
H1 disks. For this, we produce H I surface-density contour maps
of the HT and fit ellipses to the contour corresponding to a col-
umn density of Zy; = 1 Mg pc? = 1.25 x 10?2 my cm™2. We
do this for different orientations and take the minimum value
of the flattening ¢, defined as the ratio of the minor and major
axis of the ellipse. In other words, ¢ is the intrinsic axis ratio of
the galaxy. The frequency distribution of the axis ratio ¢ of the
simulated MoRIA galaxies is shown in Fig. 1, along with that of
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Table 1. Properties of the 10 selected extscmo extscria simulations at z = 0.

() ) 3) 4 (@) (6) M ® 9 (10) (11) (12)
Name Symbol log,o(My) logio(Mur) logo(Mao) My q Rout  UoutHi Ul imax Wso/2 0%
(Mo) [Mo) (Mo) [mag] [kpc] [kms™'] [kms™'] [kms™'] [kms™]

M-1 & 6.56 7.48 9.97 —-12.35 049 1.68 21.66 36.16 14.30 10.84
M-2 * 6.59 7.29 9.95 -12.52 0.63 1.21 39.87 36.43 24.35 18.51
M-3 O 6.87 7.31 9.93 -12.77 0.74 1.13 19.45 33.81 15.00 12.95
M-4 A 7.41 7.83 10.00 -13.92 041 237 17.04 37.60 18.58 12.55
M5 v 7.55 7.34 10.01 ~1435 053 1.09 4169  43.10 4153 18.89
M-6 < 7.71 7.94 10.55 -14.93 0.76 193 39.04 52.72 27.02 21.60
M-7 > 8.00 8.49 10.41 ~15.69 058 4.18 3631 4696  21.57 19.79
M-8 O 8.33 8.64 10.47 -16.50 0.61 4.87 45.79 54.49 29.33 26.49
M9 © 8.53 8.59 10.42 -16.75 0.60 343 4054 5238 3750  25.09
M-10 © 9.07 8.66 10.84 -18.17 0.56 4.15 53.94 67.30 38.27 33.94

Notes. (1) The name of the simulation, (2) the symbol used throughout the plots, (3) the stellar mass, (4) the HI mass, (5) the halo virial mass,
(6) the total V-band magnitude, (7) the intrinsic flattening of the H1, (8) the HI radius, (9) the outermost value of the rotation curve, (10) the
maximum circular velocity of the halo, (11) the half-width-half-max of the H1, and (12) the velocity dispersion of the stars at R,.
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Fig. 1. Histogram of the axis ratios of the MoRIA dwarf galaxies versus
the frequency distribution obtained by Roychowdhury et al. (2010) for
the FIGGS galaxies.
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observed dwarf galaxies, derived by Roychowdhury et al. (2010)
for the FIGSS sample of faint galaxies. In Fig. 2, we show the
total HI mass, denoted by My, as a function of the disk size,
Ryyut, both for simulated and observed galaxies. The disk size is
defined as the major axis of the elliptical contour corresponding
to a column density of Zyy; = 1 Mg pc2.

We generally find good agreement with the observed flat-
tening distribution, although the MoRIA dwarfs appear to have
slightly thicker HT disks than the observed dwarfs. However,
the MoRIA dwarfs were not intended to be equivalent to the
FIGGS sample. Indeed, most of the FIGGS galaxies have

My ~ 10’-10° M, (Fig. 1c in Begum et al. 2008b) whereas
more than half of the MoRIA dwarfs lie in the My, ~
10°-107 regime (see Fig. 2). Roychowdhury et al. (2010) also
note that galaxies with high inclinations may be overrepresented
in their sample which might lead to a slight underestimate for the
mean intrinsic axis ratio (g). Furthermore, they assumed in their
analysis that the gas disks are oblate spheroids, and showed that
{g) would be higher when assuming a prolate spheroid. Galax-
ies are not necessarily oblate spheroids (e.g. Cloet-Osselaer et al.
2014), and therefore the real (g) might be higher. Considering
these points, it is remarkable that we find a distribution that looks
so similar to the observed one.

As can be seen in Fig. 2, the sizes of the HT disks of the
MoORIA dwarfs are also realistic; they follow the same mass-size
relation and FWHM-size relation as the observed galaxies com-
piled in P16. This is of crucial importance because it determines
the position of the outermost datapoint to which the circular ve-
locity profile is fitted in order to estimate vgfmax.

2.2. Mock data cubes

The procedure to produce a cube of 21 cm data for a MORIA
dwarf is as follows. First, we tilt the galaxy such that its angu-
lar momentum vector is inclined by 45° with the line of sight.
Then, the mass of each gas particle is assigned to a cell in a
three-dimensional grid based on its projected position and its
line-of-sight velocity. The velocity grid is chosen with a reso-
lution of 2.5 km s™!. To account for thermal broadening, the H1
mass of each gas particle is smeared out over neighbouring ve-
locity channels using a Gaussian with a dispersion given by

k
— /m—T @

where T is the temperature of the particle, k is the Boltzmann
constant, and m, is the proton mass. The gas is allowed to
cool down to 7 = 10 K while it becomes fully ionised around
T ~ 10* K. So the thermal broadening achieves values in the
interval 0.29 km s™! < org < 10 km s™!. Finally, each velocity
channel is convolved with a Gaussian beam profile as well. The
FWHM of the beams are shown in the top-left panels in Figs. 3
and A.1-A.9. The beam size was chosen so that it fits at least
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Fig. 2. Panel a: Atomic gas mass, My, versus HI disk size, Ry, and
b) Wsy/2 versus R,y of the MORIA dwarfs (green, with symbols as in-
dicated in Table 1. Green dots indicate simulations not in the table)
versus observations compiled in P16 (in black). For the simulations,
Rou 1s the semi-major axis of the best-fitted ellipse to the contour with
1 = 1 Mg pc2. The relation in panel a is the one found for the FIGGS
sample at 1 My, pc™? (log(My,) = 1.961og(2R,y) + 6.37; Begum et al.
2008a).

ten times within the H1 radius of the galaxy. For the simulations
presented here, this comes down to 100 pc for the ones with
Rout ~ 1 kpec M-1, M-2, M-3, M-5, and M-6) and 200 pc for the
larger ones (M-4, M-7, M-8, M-9, and M-10). The resolution of
the spatial grid is chosen so that the beam size corresponds to
5 pixels. The 3D mass grid is then saved in the FITS format.

2.3. Rotation curves

To achieve a realistic comparison analysis, we opt for two
observational analysis codes to derive rotation curves for the
MORIA dwarfs based on their radio data cubes: GIPSY (the
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Groningen Image Processing SYstem; van der Hulst et al. 1992)
and 3PBarolo (Di Teodoro & Fraternali 2015). GIPSY has a
built-in routine, ROTCUR, which fits a tilted-ring model to the
H1 velocity field (Begeman 1989). Of the full suite of MoORIA
dwarfs, we selected ten with velocity fields and shapes that are
sufficiently relaxed to be amenable to analysis with ROTCUR.
The ones that were not selected had a very irregular HI mor-
phology or velocity field due to their low masses. *PBarolo fits
a model directly to the full data cube, which makes it useful for
a comparison with the GIPSY results. The tilted-ring model in
3DBarolo is populated with gas clouds at random spatial posi-
tions. This feature makes this code very useful for determin-
ing the kinematics of dwarf galaxies with sometimes highly dis-
turbed gas distributions.

Ideally, given the way we produce the data cubes, one would
expect the centre of each ring in the tilted-ring model to coin-
cide with the nominal galaxy centre grid, its inclination to be
45°, and its position angle (PA) to be 90°. However, strongly
disturbed and warped disks can lead to tilted-ring models with
the apparent ring centres, inclinations, and PAs significantly
shifted away from their expected values. The parameters are ini-
tially estimated by fitting an ellipse to the isodensity contour of
Th1 = 1 Mg pc2. These were checked and adjusted so that, for
instance, the rotation would be around the minor axis. The incli-
nation is typically fixed to its true value of 45° (as determined by
the position of the HI angular momentum vector). If the shape
of the galaxy clearly implies a different inclination, we adjust it
to better match this. The chosen ellipses are shown in the top
panels of Figs. 3 and A.1-A.9. The adjustment of the param-
eters will typically lead to a smaller maximal radius than Ry.
Also, the isodensity contours are not perfect ellipses (the chosen
rings will thus go through areas with higher densities), leading
t0 Zhi(Row) > 1 Mg pc=2. The systematic velocity is chosen as
roughly the value of the centre (typically close to 0 km s™!). We
keep these values fixed for each radius. The rotational velocity
is thus the only parameter that is fitted.

2.4. Pressure support corrections

In the low-mass systems under investigation here, pressure sup-
port is expected to be significant, entailing a sizable correction.
For the latter, we follow the approach typically used in obser-
vational studies of dwarf kinematics (e.g. Lelli et al. 2012). The
pressure support correction is given by

) Oln(c*Zyy)

2
R) = —
b(R) 7 T 8mR

3)
where o is the velocity dispersion and Xy is the intrinsic gas
surface-density. We assume a prescription for Zy; of the form

“

with s being a radial scale length. Since we are only interested
in vyy, the fit is performed for the outer regions and the veloc-
ity dispersion is assumed constant at the value at the outer edge
of the galaxy. This is justified since the radial variation of o is
typically small. The pressure support correction then becomes

Tui(R) = Zo exp(—R*/25%),

2 , R
v;(R) = o-out?- (@)
We also tried other commonly used prescriptions for Xy, as well
as for °Zy; (e.g. Oh et al. 2015). This lead to the same general

results. Given the rotation velocity vy provided by the tilted-ring
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Fig. 3. Top panels: velocity field (left), density (middle) and dispersion (right) map of M-1. The beam size used is shown in the top left panel.
Middle panels: the rotation curves, with the rotational velocity obtained using tilted ring fitting in GIPSY in green, correction for pressure support
in red, full circular velocity in blue and theoretical halo velocity in black (left), HI density profile, with the fit necessary for the pressure support
correction plotted as a solid line shown over the area that was used for the fit (middle), HI velocity dispersion profile (right). Bottom panels: the
global H1 profile for the inclined view (left) as shown in the top panels and for two edge-on views (middle and right). The velocity bin width is

the same as the channel width: 2.5 km s~

fit and the pressure support correction v,, we obtain an estimate
for the true circular velocity as

V rot HI(R) + UE(R)

The obtained rotation curves are shown in the middle left panels
of Figs. 3 and A.1-A.9. In these figures we show the three first
moment maps of the data cube, the rotation and circular velocity
curves, the radial HI density profile, and the HT velocity disper-
sion profile. In the density profile diagram, the region where the
parameters of the pressure support model have been determined
is indicated. In this region, the pressure support correction can

obs (R) _

Clrc

(6)

!, The other MORIA galaxies are shown in Appendix A.

be computed relatively reliably; at smaller radii, the resulting
pressure support correction may not be as reliable.

In Fig. 4, we compare rotation curves determined with
GIPSY and with *PBarolo. For the tilted-ring analysis with
3DBarolo, we used 20 rings, each with a radial size of 10 arcsec ~
50 pc. We keep all parameters the same as in the analysis with
GIPSY while fitting the rotational velocity, with the exception
of an additional free parameter of scale height. We notice from
the channel maps, two of which are shown in Fig. 5, that our
observed simulations (in blue) and the model (in red) agree rela-
tively well. Overall, the agreement between the results obtained
with both codes is satisfactory, especially in the outer regions
that are of greatest interest to us.
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Fig. 4. Rotation curves of M-1, obtained using GIPSY (in blue) and
using *PBarolo (in red).
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Fig. 5. Channel maps of M-1, in blue, and the model fit with *’Barolo,
in red. The *’Barolo model reproduces the most salient features of the
input data cubes.

We note that, since we have focused on obtaining the rota-
tion curves and pressure support corrections in the outer regions,
we do not make strong claims about the rotation in the central
regions. To investigate, for example, the universality of dwarf
galaxy rotation curves (Karukes & Salucci 2017) or the radial
acceleration relation (McGaugh et al. 2016; Lelli et al. 2017) for
the MoRIA galaxies, we would need to realistically obtain rota-
tion curves at all radii. This lies beyond the scope of this paper.

3. Results

3.1. The Wsp — Vout i relation

An often-posed question is how Ws,, which is relatively easy
to measure, relates to the harder-to-obtain voyn; (see e.g.
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Fig. 6. Ws,/2 versus voyu; for the MoRIA dwarfs. Symbols are as in-
dicated in Table 1. Observations, compiled in P16, are shown in black.
The dashed lines show the case for both quantities being equal.

Brook & Shankar 2016; Ponomareva et al. 2016). Figure 6
shows the relation between the two quantities for observed low-
mass galaxies (compiled in P16). For galaxies with vouen: S
70 km s~!, the scatter on the relation becomes significant, and
it typically holds that Wsy/2 < voy ;- The MORIA galaxies fol-
low the trend of the observations, although some seem to be on

the low-end of the data.

3.2. The Wsp — Vh max relation

In their study of the TBTF problem in field dwarfs, P16 derived
the average relation between the observed HI velocity width of
galaxies, Wsg, and the maximum circular velocity of their host
halos, v}i‘r‘lfax, such that the observed VF of galaxies (Haynes et al.
2011; Klypin et al. 2015) can be reproduced within the ACDM
cosmological model. The observed rotation velocity we use here
is W5() / 2.

Figure 7 shows the location of the MoRIA dwarfs in the
Wso — vg,‘;gax plane. The MoRIA dwarfs follow the average
relation derived in P16 very well, a fact that ensures that
MoORIA dwarfs are produced at the correct number densities as
a function of their W5y (i.e. the MORIA simulation reproduces
the observational VF). Similar results were also obtained by
Maccio et al. (2016) based on the NIHAO hydrodynamical sim-
ulations (Wang et al. 2015) and by Brooks et al. (2017) based on
a set of hydrodynamic simulations of galaxy formation carried
out by Governato et al. (2012), Brooks & Zolotov (2014) and
Christensen et al. (2014).

However, reproducing the observational VF alone does not
necessarily mean that the cosmological problems faced by
ACDM on small scales have been resolved. In particular, a
successful simulation must also be able to reproduce the in-
ternal, spatially resolved kinematics of observed dwarfs. This
is a crucial point, since the inconsistency between the pre-
dicted velocity profiles of simulations that are able to reproduce
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Fig. 7. The MoRIA dwarfs in the Wsp — vpmax plane. Green symbols are
the simulations for which resolved rotation curves are available, with
their symbols as indicated in Table 1. Green dots indicate MORIA sim-
ulations not explicitly discussed. The red and blue lines are the P16
relations derived from different observational datasets, with the bands
around them representing their uncertainty.

the observational VF, and the measured outermost-point ro-
tational velocities of small dwarfs is at the heart of the
TBTF problem (e.g. Papastergis & Ponomareva 2017; see also
Trujillo-Gomez et al. 2016; Schneider et al. 2017).

3.3. Halo profile fitting
The NFW profile (Navarro et al. 1996) has the form

Ps
—_—, @)
2
(#)(1+ %)
and the DC14 profile is given by the expression (Di Cintio et al.
2014)

PNEw(R) =

Ps
, ®
() (=)

where R; is scale length and ps is a multiple of the density at
radius R = Rs. The NFW profile was derived from dark-matter-
only simulations while the DC14 profile takes the halo response
to baryonic effects into account. The a, 8, and y parameters are
set by the star formation efficiency of the galaxy (quantified by
the ratio of stellar to halo mass, M, /M;). Fora = 1,8 = 3, and
v = 1, the DC14 profile coincides with the NFW profile. If the
stellar mass of the galaxy is known, both profiles have only two
free parameters: the halo mass M} and the halo concentration
¢ = Ryi; /R, with Ry, the virial radius.

P16 fitted both these profiles to the velocity measured
at the outermost HI point of each galaxy (data taken
from Begum et al. 2008a; de Blok et al. 2008; Oh et al. 2011,
Swaters et al. 2009, 2011; Trachternach et al. 2009; Kirby et al.
2012; Cotéetal. 2000; Verheijen & Sancisi 2001; Sanders
1996; Hunter et al. 2012; Oh et al. 2015; Cannon et al. 2011;
Giovanelli et al. 2013; Bernstein-Cooper et al. 2014). They fixed

ppcis(R) =

150
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Fig. 8. Results from fitting a NFW (fop panel) and DC14 (bottom panel)
to the outer-most point of the rotation curves of the MoRIA simulations
using a fixed halo concentration (symbols as indicated in Table 1). This
is compared to the results from P16 (in black). Red and blue lines and
bands are the same as in Fig. 7.

the halo concentration to the mean cosmic value (log,,c =
0.905-0.101 log, (M3 /(10" A~! M)); Dutton & Maccid 2014),
leaving only the halo mass as a free parameter. From the fit-
ted profile, they compute the maximum circular velocity of each
galaxy’s host halo. In a successful cosmological model, individ-
ual galaxies should have W5y — vﬁfmax data-points that agree with
the average Wso — v}{“{ﬁax relation that is needed to reproduce the
observed VF (blue and red bands in Fig. 7). As shown by P16,
all is not well; a sizable fraction of low-mass galaxies fall to the
left of the expected Wso — vg“nfax relation. In other words, the halo
circular velocity implied by their HI kinematics is too low.

We exactly replicate this analysis for the MoRIA dwarfs and

show the results in Fig. 8. Although there are fewer MoRIA
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Fig. 9. The measured HI rotation at R,, compared to the dynamical
circular velocity, as expected from the enclosed mass. Symbols are as
indicated in Table 1.

dwarfs than in the P16 sample, the result is broadly the same: the

_ fit : Tl : : __jtrue
Wso Vh.max relation is inconsistent with the expected Wsq Vhmax

relation. The simulations with the highest vgfmax—values seem to
lie on the low end of, or even slightly below, the datapoints.
This can be attributed to their lower-than-average Wsj-values
(see Fig. 6). Another explanation is their smaller-than-average
R,y values (see Fig. 2a), since for smaller radii, the uncertainties
on voye y Will be extrapolated to large uncertainties on vﬁfmax. The
two (low Wso and small Ry, values) most likely work together
and probably come hand-in-hand. Indeed, for smaller HI bod-
ies, the potential will be traced at smaller radii, resulting in a
lower Ws.

Analysed in this way, one would be driven to the conclusion
that the MoRIA dwarfs do not follow the Wso—v{{‘;ﬁax relation re-
quired for the ACDM halo VF to match the observed galactic
VF and, therefore, that they suffer from the TBTF problem. The
crucial difference between Figs. 7 and 8 is the fact that in the
former, the maximum halo velocity, U;lr“nf - is computed directly
from the enclosed mass profile of each simulated galaxy, while
in the latter, UZ[ ' ax 1S computed by fitting the mock HTkinematics

of each simulated galaxy.

4. Discussion
4.1. Does the HI rotation curve trace the potential?

The fact that v;7, and u]f;‘,‘max have different values might be ex-
plained by an observational effect: the H I rotation curve of dwarf
galaxies does not exactly follow the underlying potential.
Indeed, as one can see in Fig. 9, the HI circular velocity pro-
files (vg};i(R)) of the MoRIA dwarfs are quite different from the
true circular velocity profiles (v)"*(R)), even after correcting for
pressure support. More often than not, the outer HI rotation ve-
locity data-point falls significantly below the true value of the

local circular velocity. It is important to keep in mind that the
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preceding statement is not directly related to the fact that ro-
tational velocities derived from the linewidth of the HI profile
of dwarf galaxies, Wsy/2, underestimate the maximum circular
velocity of the host halo, v;ltursax, a result that has already been re-
ported by Maccio et al. (2016) and Brooks et al. (2017). In fact,
the linewidth-derived H I velocity probes radii much smaller than
the radius where the host halo rotation curves peak, and thus
there is no guarantee that the two quantities should be the same.
Further more, this is different from the fact that the HI rotation
curve is still rising at its outer-most radius and thus does not
trace v}l‘flax (Brook & Di Cintio 2015b; Ponomareva et al. 2016).
What we demonstrate here instead is that the circular velocity
computed from spatially resolved HI data underestimates the
true circular velocity at the same radius. Of course, there are only
ten MoRIA dwarf galaxies with resolved rotation curves and a
bigger sample of simulated dwarfs is definitely required to fully
explore this issue. But if this explanation holds water, it would
explain why the halo fitting using a fixed concentration fails; we
are not fitting to the actual halo velocity at this radius.

In Appendix B, we briefly redo the halo fitting, but now
fixing the halo mass using an abundance-matching relation and
keeping the halo concentration as a free parameter. In short, the
resulting concentrations do not seem to be drawn from the dis-
tribution predicted by ACDM, especially for galaxies with low
Wso. If the observed HI rotation curve does not trace the po-
tential, this would explain the seemingly incorrect population of
concentrations.

Valenzuela et al. (2007) and Pineda et al. (2017) have also
applied a tilted-ring method to derive the HT rotation curve to
investigate whether dwarf galaxies have dark matter cusps or
cores. They studied galaxies with an idealised set-up and both
find that the observed HT rotation underestimates the gravita-
tional potential; only in the inner regions, however. Here, us-
ing more realistic dwarf galaxies, we show that the idea that the
H1 rotation is not necessarily a good tracer for the underlying
gravitational potential of dwarf galaxies is not necessarily con-
fined to the inner regions of galaxies, but extends over their entire
body.

One crucial question here is what causes this substantial un-
derestimate of the local circular velocity in observational mea-
surements of the HI kinematics. We attribute this to the fact that
the assumptions underlying the tilted-ring fitting method and the
correction for pressure support are not met in the case of low-
mass dwarf galaxies; their atomic ISM simply does not form a
relatively flat, dynamically cold disc. Rather, they have a ver-
tically thick ({(¢g) ~ 0.5), dynamically hot, continuously stirred
atomic ISM with significant substructures, that is not in dynami-
cal equilibrium in the gravitational potential. The detailed analy-
sis of the vertical structure of the H1 disks of MoRIA dwarfs and
of non-circular motions in their velocity fields will be the focus
of a separate publication (Verbeke et al., in prep.).

4.2. Stellar kinematics

In accordance with the analysis of P16, we have used HT ordered
motions to get an idea of the underlying gravitational poten-
tial. Late-type dwarf galaxies are typically dispersion-supported
(Kirby et al. 2014; Wheeler et al. 2017). So the stellar velocity
dispersion o, of a late-type dwarf can also be used to obtain a
mass estimate, by using

M, (R) = 302RG™". 9)

For our simulations, we want to calculate o, in the same way
as is done observationally (Kirby et al. 2014). In the same vein
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Fig. 10. Panel a: The relative difference between the enclosed mass

within R, inferred from stellar velocity dispersions o, and HI circular

motions. Panel b: The stellar velocity dispersion within R,,, compared

to the dynamical velocity dispersion, as expected from the enclosed

mass. Symbols are as indicated in Table 1, with dots representing the
MORIA galaxies without resolved rotation curves.

as Vandenbroucke et al. (2016), we weigh the average with the
number of red giant branch (RGB) stars expected in each stel-
lar particle (using the stellar evolution models of Bertelli et al.
2008, 2009). As shown in Fig. 10a, the enclosed mass within Ry
inferred from the stellar velocity dispersion agrees reasonably
well with the one inferred from the H1 kinematics (Mjre 1 =
viu[,H IRomG’l). The mass estimated from stellar velocity disper-
sions agrees typically within ~30% with the mass inferred from
the HT rotation curve. Two simulations however have a relative
difference of ~50%.

Figure 10b shows the measured stellar velocity dispersion
within Ry as a function of the dynamical one, ogyy, as expected
from the enclosed mass. We note that we have only included
simulations with at least 100 stellar particles within R, to get a
good measure of 0. Contrary to Fig. 9, the lowest-mass MORIA
dwarfs do not systematically have lower observed stellar veloc-
ity dispersions than dynamical ones. However, over our entire
sample, the majority of the simulated dwarfs have oy < ogyn.
This implies that in most cases, their dynamical mass would be
underestimated from observed stellar kinematics.

Given this, the results presented in this paper might also be
extended to the TBTF problem for satellite galaxies. However,
other effects play an important role. The presence of HI and
active star formation (and thus stellar feedback) in field dwarfs
will influence the stellar kinematics through dynamical heating
or cooling. Satellites are devoid of H T but will, on the other hand,
be influenced by the tidal field from their host galaxy. A similar
study of simulated satellite galaxies is thus necessary to see if
their stellar kinematics underestimate the halo mass.

4.3. Are disturbed velocity fields realistic?

As can be seen from Figs. A.1-A.9, the H1 distributions of the
MoORIA galaxies are generally quite disturbed. This is also the
case for most real dwarf galaxies with velocity widths Wsp/2 <
30 kms™!'; see e.g. Leo P (Bernstein-Cooper et al. 2014),
CVndwA, DDO 210, and DDO 216 (Oh et al. 2015). However,
galaxies with larger velocity widths, Wsy/2 ~ 40-70 km s,
typically display regular velocity fields and low HT velocity dis-
persions, og; < 12 km s7! (e.g. Kirby et al. 2012; Torio et al.
2017). In contrast, the most massive MoRIA dwarf that we have
analysed, M-10, has a fairly disturbed velocity field and a rela-
tively large velocity dispersion, oy; 2 20 km s~! (see Fig. A.9).
Even though we cannot draw reliable conclusions from this one
object alone, it is possible that this indicates that the efficiency of
stellar feedback in the MoRIA simulation is too strong. We note
that most state-of-the-art hydrodynamic simulations of dwarf
galaxy formation (e.g. Hopkins et al. 2014; Wang et al. 2015;
Sawala et al. 2016a) have more efficient feedback schemes than
MORIA, so this could represent a general issue for (dwarf) galaxy
simulations. At the same time however, the MoRIA simulation
successfully reproduces the sizes and thicknesses of HI disks of
observed dwarfs (Figs. 1, 2). Moreover, in Fig. 9 of V15 we show
that the spatial distribution of HT in MoRIA dwarfs has similar
power spectrum slopes as those measured for LITTLE THINGS
galaxies (Zhang et al. 2012; Hunter et al. 2012). We leave the in-
vestigation of this, including, for example, the effect of beam
size, for future research.

In any case, this does not change the conclusions of this
paper in any way, since these are based on the galaxies with
Wsp/2 < 30 km s71.

5. Conclusions

We have used the MoRIA simulations of dwarf galaxies with re-
alistic H1 distributions and kinematics to investigate the Too Big
To Fail problem for late-type field dwarfs.

We showed that the MoRIA dwarfs follow the relation be-
tween HI line-width and halo circular velocity, derived by
Papastergis & Shankar (2016), which is required for the ACDM
halo VF to correspond to the observed field galaxy width func-
tion. This means that, given the number density of halos formed
in a ACDM universe, the MoRIA simulations reproduce the
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observed galactic VF. In other words: there are no missing
dwarfs in the MORIA simulations.

We then constructed resolved H1 rotation curves, including
corrections for pressure support, for ten of the MoRIA dwarf
galaxies. We used our mock HT rotation curves to replicate the
analysis of Papastergis & Shankar (2016) and fitted NFW and
DC14 density profiles (with fixed concentration parameter) to
the outermost point of these measured rotation curves to derive
an observational estimate for the maximum halo circular veloc-
ity of each MoRIA galaxy. Using this estimate for the circular
velocity, the MoRIA dwarfs, like the real dwarf galaxies anal-
ysed by Papastergis & Shankar (2016), fail to adhere to the re-
lation between HT line-width and halo circular velocity that is
required for the ACDM halo VF to correspond to the observed
field galaxy width function. In other words, using only quantities
derived from observations, dwarf galaxies (both real and simu-
lated) experience the TBTF problem. What causes this difference
between the results from fitting a halo profile to the outer-most
point of the rotation curve and using the actual v} -value de-
rived directly from the mass distribution? ’

Comparing the H I rotation curves of the MoRIA dwarf galax-
ies with their theoretical halo circular velocity curves, we see
that they can differ significantly. The circular velocities derived
from the HI kinematics of MoRIA dwarfs with HT rotation ve-
locities below ~30 km s~ are typically too low. This results in a
v&}max value that is too low at a fixed concentration c¢. The TBTF
problem thus results, at least partially, from the fact that for
galaxies in this regime, their halo mass cannot readily be inferred
from their (HI) kinematics. Indeed, based on their kinematics,
galaxies with Wso/2 < 30 km s~ are predicted to inhabit halos
that are less massive than observations would suggest. However,
under the assumptions of ACDM, the P16 relation does provide
an estimate of the true halo circular velocity vg,urﬁax as a function
of a galaxy’s HI linewidth Wij.

We attribute this effect to that fact that the atomic interstellar
medium of low-mass dwarfs simply does not form a relatively
flat, dynamically cold disc whose kinematics directly trace the
underlying gravitational force field. Another explanation might
be that the HT velocity fields are too irregular to infer halo mass
from kinematics. This is true for most of the simulated galax-
ies presented in this work, as well as for observed low-mass
galaxies.

The stellar feedback efficiency will influence both the HI-
thickness of the galaxies, as well as how messy the velocity fields
are. Thus, how much energy is actually injected in the ISM by
stellar feedback is an important issue in the discussion of the
TBTF problem.
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Appendix A: Hi catalogue

A synthetic observation of one our simulations was already presented in Fig. 3. Here, the rest of the MoRIA simulations discussed
in this paper are shown.
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Fig. A.1. Same as in Fig. 3, but for M-2.
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Fig. A.6. Same as in Fig. 3, but for M-7.
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Fig. A.7. Same as in Fig. 3, but for M-8.
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Fig. A.9. Same as in Fig. 3, but for M-10.
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Appendix B: Concentration fitting

To be able to fit the two-parameter density profiles given by
Egs. (7) and (8) to only two points (the central and outermost
measured point of the rotation curve), P16 kept the concentration
c of the halos fixed at the mean cosmic value and used the halo
mass My, as a free parameter. Another choice would be to fix My,
using the stellar mass and an abundance matching relation and
to keep the concentration c as a free parameter.

In Fig. B.1, we show the Wsq — vgfmax relation obtained by fit-
ting NFW and DC14 profiles to the P16 dataset, using the con-
centration ¢ as a free parameter with the halo mass M, set by
the stellar mass and the Moster et al. (2013) abundance match-
ing relation. This way, the observed galaxies adhere much more
closely to the expected W5, — vg}‘nfax relation. NFW and DC14
profiles now actually produce very similar results.

In Fig. B.2, we compare the concentrations of the P16 galax-
ies retrieved in this way with the mass-dependent cosmic mean
value derived from cosmological simulations (Dutton & Maccio
2014). The frequency distribution of the concentration values is
well approximated with a log-normal distribution function. Both
for a NFW and a DC14 fit, the scatter is o ~ 0.25-0.3 dex.
This is significantly larger than the scatter on log(c/{c)) found
in cosmological simulations, where o ~ 0.13 (Dutton & Maccio
2014).

In Fig. B.2, we distinguish between galaxies with Wsp/2 <
30 km s~! (red data-points) and Wso/2 > 30 km s~! (blue data-
points) for the fits with the NFW and DC14 profiles. We choose
the 30 km s™! split because this is the rotation velocity below
which the TBTF problem becomes apparent. Clearly, the high-
Ws galaxies have higher concentrations than expected while the
low-Wso dwarfs have lower concentrations, with a hint of an
anticorrelation between M} and concentration for the low Wjs
galaxies. This is to be expected; higher-mass galaxies must have
lower concentrations in order to have low circular velocities. To
see whether or not the average of each subsample differs signifi-
cantly from the cosmic mean value, we ran a #-test on both pop-
ulations. We find a p-value of 1.1 x 107 for the galaxies with
low W5 in the NFW case. The full and high W5y samples have a
mean concentration consistent with the Dutton & Maccio (2014)
simulations. For the DC14 profile, the same trend is found, with
all the averages slightly higher than for the NFW profile. The
p-values for the t-test are 3.4 x 107 for the entire sample and
4.3 x 1077 and 2.2 x 107 for the high and low circular ve-
locity samples, respectively. Employing the DC14 density pro-
file yields concentration estimates that are inconsistent with the
Dutton & Maccio (2014) simulations, both for the full sample
and the subsamples.

Both the large scatter and the offsets are probably due, at
least in part, to uncertainties on the (extrapolated) low-mass end
of the M, — M, relation that was used to derive the halo mass
from the stellar mass. In the mass regime we are interested in,
the scatter on the M, — My, relation is expected to be substantial
(e.g. Sales et al. 2017) and, using our approach, this translates in
an increased scatter on the concentration parameter. Moreover,
there is great variation among the different published M, — M,
relations in the regime of dwarf galaxies (M}, ~ 10'° M). Sim-
ulations also show a large scatter in stellar mass for these type of
halos (e.g. Fig. 7 in V15). We redid our analysis adopting differ-
ent M, — M, relations. Using the relation of Guo et al. (2010),
we reach the same conclusions as for the relation of Moster et al.
(2013); when using the relation of Behroozi et al. (2013), the
fitted concentrations are more in line with the predictions from
ACDM, however they do not follow the P16-relation.
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Fig. B.1. Results from fitting an NFW (fop panel) and DC14 (bottom
panel) to the outer-most point of the rotation curves of the observations
used in Papastergis & Shankar (2016) using a fixed halo mass, keep-
ing the halo concentration as a free parameter. The halo mass is calcu-
lated from their stellar mass using the abundance-matching relation of
Moster et al. (2013). Red and blue lines and bands are the same as in
Fig. 8.

Katz et al. (2017) fitted a NFW and a DC14-profile to 147
SPARC-galaxies, taken from a sample of 175 galaxies with ex-
tended H 1 rotation curves (Lelli et al. 2016). They conclude that
the fitted halo masses and concentrations for the DC14-profile
are in line with the predictions from ACDM. The difference be-
tween our analyses is that they only discuss their entire sam-
ple, which consists mostly of high-mass galaxies, whereas our
analysis has focused on low-mass galaxies (M, < 10% My).
They also use full rotation curves to fit the halo profile to the
galaxies, allowing them to fit the halo mass and concentration
simultaneously.
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Fig. B.2. Logarithmic difference between the fitted concentration and
the one expected from cosmological dark-matter only simulations
(Dutton & Maccio 2014) of the P16 sample of galaxies. Top panel: con-
centration obtained by fitting the NFW density profile to the kinematic
data; bottom panel: concentration obtained using the DC14 density pro-
file. Red and blue symbols indicate galaxies with low and high HT rota-
tion velocities, respectively. The red and blue lines indicate the mean
concentration of both subsamples; the green line indicates the mean
concentration of the full sample.

By fitting a coreNFW profile (Read et al. 2016) to full rota-
tion curves of a subset of the Little THINGS galaxies (lorio et al.
2017), Read et al. (2017) find that these isolated dwarf galaxies
inhabit halos consistent with the abundance-matching relation
of Behroozi et al. (2013) and, as such, do not find a TBTF for
isolated galaxies at all. These conclusions would change when
assuming a different M, — My, relation, as they remark in their
Appendix C. Even so, we still find that when using the rela-
tion of Behroozi et al. (2013), the observations do not follow the
P16-relation.
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