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Some 
Local 
Group 
dwarf 
galaxies

✦ First galaxies to form in the Universe
✦ Building blocks of all more massive galaxies
✦ Sensitive to small potential perturbations
✦ Extreme systems in terms of age, metallicity, size, luminosity, 

kinematics
✦ Become satellites to i.e. the Milky Way

4 Higgs et al.

Figure 2. Two - colour images of 6 of the dwarfs in this paper, showing the diversity of this small sample. The regions shown for each dwarf does not cover
the full field of view, but each panel is scaled for the same angular size. The black bar at the bottom of the image is 0.5�, half of the MegaCam field of view.
Each field is oriented with North at the top and East to the left.

6 � 6( = 0.022 + 0.078(6( � 8() (1)

8 � 8( = 0.001 � 0.0015(6( � 8() (2)

The magnitudes are presented in their natural instrumental (AB)
system. The 6� and 8� magnitudes of each source is corrected
for Galactic dust using values interpolated from the Schlegel et al.
(1998) dust extinction maps, assuming that �6 = 3.793⇥ ⇢ (⌫�+)
and �8 = 2.086⇥⇢ (⌫�+). No corrections are applied for extinction
internal to the dwarfs.

Only stellar sources are used for the subsequent analysis, us-
ing the morphological classification procedures described in Irwin

(1985, 1997). Sources within 2 f of the stellar locus in both bands
are considered stellar. From the source catalogues, the positions
of the sources are de-projected, converting right ascension (R.A.)
and declination (Dec.) to standard plane coordinates (b, [). The
standard plane is centered on the dwarf’s coordinates as listed in
McConnachie (2012).

Figure 3 shows photometric errors as a function of magni-
tude in 6 and 8 for a sample of dwarfs. These uncertainties are
derived from the square root of the variance of the weighted flux
measurements. They are generally less than 0.1 magnitudes at
(6 ⇠ 24.5, 8 ⇠ 24.0), meaning red giant branch (RGB) stars in
the dwarfs are easily detectable in all cases.
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Fig. 8.— The inner slope of the dark matter density profile plot-
ted against the radius of the innermost point. The inner density
slope α is measured by a least squares fit to the inner data point as
described in the small figure. The inner-slopes of the mass density
profiles of the 7 THINGS dwarf galaxies are overplotted with earlier
papers and they are consistent with previous measurements of LSB
galaxies. The pseudo-isothermal model is preferred over the NFW
model to explain the observational data. Gray symbols: open cir-
cles (de Blok et al. 2001); triangles (de Blok & Bosma 2002); open
stars (Swaters et al. 2003). See Section 6.3 for more discussions.

Using Eq. 15, we directly convert the total rotation
curves into mass density profiles. Here, we use the mini-
mum disk hypothesis (i.e., ignores baryons). As already
discussed in Section 5.1, our galaxies are mostly dark
matter-dominated and this “minimum disk” assumption
is a good approximation in describing their dynamics.
Particularly useful is the fact that it gives a hard upper
limit to the dark matter density.
In this way, we derive the mass density profiles of the

7 THINGS dwarf galaxies and present them in the Ap-
pendix. We also derive the mass density profiles using
the scaled rotation curves derived assuming minimum
disk in Fig. 6, and plot them in Fig. 7. The best fits of
the NFW and pseudo-isothermal models are also over-
plotted. Despite the scatter, the derived mass density
profiles are more consistent with the pseudo-isothermal
models as shown in Fig. 7.
To quantify the degree of concentration of the dark

matter distribution towards the galaxy center, we mea-
sure the logarithmic inner slope of the density profile.
For this measurement, we first need to determine a
break-radius where the slope changes most rapidly. The
inner density slope is then measured by performing a
least squares fit to the data points within the break-
radius. For the uncertainty, we re-measure the slope
twice, including the first data point outside the break-
radius and excluding the data point at the break radius.
The mean difference between these two slopes is adopted
as the slope uncertainty ∆α. The measured slope α
and slope uncertainty ∆α of the galaxies are shown in
the Appendix. In addition, we overplot the mass den-
sity profiles of NFW and pseudo-isothermal halo mod-

els which are best fitted to the rotation curves of the
galaxies. From this, we find that the mean value of the
inner density slopes for the galaxies is α=−0.29 ± 0.07
(and −0.27 ± 0.07 without Ho I which has a low incli-
nation. See Section 3.4 for details). These rather flat
slopes are in very good agreement with the value of
α = −0.2±0.2 found in the earlier work of de Blok et al.
(2001; see also de Blok & Bosma 2002) for a larger num-
ber of LSB galaxies. They are, however, in contrast with
the steep slope of ∼−0.8 predicted by ΛCDM simulations
(e.g., Stadel et al. 2009; Navarro et al. 2010) as well as
those by the classical simulations (e.g., Navarro, Frenk &
White 1996, 1997). This implies that the sample galaxies
show slightly increasing or even constant density profiles
towards their centers.
We also examine how the mass model differs when it

is based on the hermite h3 rotation curve instead of the
bulk one. For this, we use IC 2574 which shows strong
non-circular motions close to the center. As shown in the
“Mass density profile” panel of Fig. A.3, the mass den-
sity profile derived using the hermite h3 rotation curve
is found to be slightly lower than that from the bulk ro-
tation curve at the central regions. This is mainly due
to the lower hermite h3 rotation velocity, resulting in
smaller velocity gradients ∂V /∂R in Eq. 15 and thus
smaller densities. The measured inner density slope is
α=0.00± 0.19 which is similar, within the error, to that
(α=0.13± 0.07) based on the bulk rotation curve. This
supports earlier studies that suggest that the effect of
systematic non-circular motions in dwarf galaxies is not
enough to hide the central cusps (e.g., Gentile et al. 2004;
Trachternach et al. 2008; van Eymeren et al. 2009).
In Fig. 8, we plot the logarithmic inner density slope

α against resolution of a rotation curve. At high resolu-
tions (Rin < 1 kpc) the slopes of the NFW and pseudo-
isothermal halo models can be clearly distinguished but
at low resolutions (Rin ∼1 kpc) the slopes of the two
models are approximately equal (de Blok et al. 2001).
Because of their proximity (∼4 Mpc) and their highly-
resolved rotation curves, the innermost radius of the ro-
tation curves that can be probed for our galaxies is about
0.1-0.2 kpc. We also overplot the theoretical α−Rin rela-
tions of NFW and pseudo-isothermal halo models as solid
and dotted lines, respectively. The highly-resolved rota-
tion curves of our galaxies (i.e., Rin ∼0.2 kpc) deviate
significantly from the prediction of NFW CDM models.
In particular, around Rin ∼0.1 kpc where the predictions
of the two halo models are clearly distinct, the α − Rin
trend of our galaxies is more consistent with those of
pseudo-isothermal halo models.

7. CONCLUSIONS

In this paper we have presented high-resolution mass
models of the 7 dwarf galaxies, IC 2574, NGC 2366,
Ho I, Ho II, DDO 53, DDO 154 and M81dwB from the
THINGS survey, and examined their dark matter distri-
bution by comparison with classical ΛCDM simulations.
The THINGS high-resolution data significantly reduce
observational systematic effects, such as beam smear-
ing, center offset and non-circular motions. When deriv-
ing the rotation curves, we used various types of veloc-
ity fields, such as intensity-weighted mean, peak, single
Gaussian, hermite h3 and bulk velocity fields, and com-
pared the results. In particular the bulk velocity field
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Figure 1. Projected distribution of dwarf galaxies within 3 Mpc, with M31
(Andromeda) and the Milky Way labelled. The projection is centred on the
point halfway between the Milky Way and M31, with the y-axis aligned with
the M31 – Milky Way direction. Black points indicate isolated dwarfs in the
Solo sample. Grey points are M31 and Milky Way satellites (defined to lie
within 300 kpc of their host, indicated by the red circles). Green symbols
indicate the positions or directions of the nearest galaxy groups to the Milky
Way. The blue circle indicates the zero velocity surface (as determined by
McConnachie (2012)) of the Local Group.

place them within 3 Mpc of the Sun. A regularly updated version of
this catalogue is available online.1 The distance threshold of 3 Mpc
corresponds to the approximate distance to the next nearest galaxy
groups to the Local Group (Karachentsev 2005). More than 100
galaxies are known within 3 Mpc, with several discovered since
the original publication of McConnachie 2012. The majority of
these new discoveries are Milky Way satellites. However, two new
isolated galaxies – KK258 and KKs3 – have also been ‘discovered’
in the neighbourhood of the Local Group, as updated distances from
Hubble Space Telescope (HST) have shown them to be closer than
previously estimated (Karachentsev et al. 2014, 2015). This brings
the total number of galaxies within 3 Mpc lying beyond the nominal
virial radii of the Milky Way and M31 (adopted to be 300 kpc, e.g.
Klypin, Zhao & Somerville 2002) to 42.

Fig. 1 shows a projection of all the dwarf galaxies within 3 Mpc
using the positions and distances given in McConnachie (2012).
The isolated Solo sample (black points) is shown along with the
satellites of M31 and the Milky Way (grey points). For the purposes

1 http://www.astro.uvic.ca/~alan/Nearby_Dwarf_Database.html

of this work, we consider any dwarf located within 300 kpc of ei-
ther the Milky Way or M31 as a satellite, and any dwarf located
beyond this threshold as isolated. All dwarfs meeting this latter cri-
terion are considered part of the Solo survey. We recognize that this
(semi-arbitrary) cut will not uniquely select galaxies that have never
interacted with either the Milky Way or M31 (for example, see the
study by Geha et al. 2012). It may include some dwarfs that are
on very long period orbits, or ‘backsplash’ galaxies that are at very
large distances but which have had a previous pericentric passage
with one of the two large bodies (e.g. Gill, Knebe & Gibson 2005).
Numerical simulations of Local Group environments are a particu-
larly useful comparison to observational data sets in understanding
the orbital diversity of the dwarf population (e.g. Barber et al. 2014;
Garrison-Kimmel et al. 2014). Timing arguments suggest that most
galaxies located near or beyond the periphery of the Local Group
will not have had time to have had a close interaction at any point in
their history (McConnachie 2012). Table 1 lists all the dwarf galax-
ies in the Solo survey, along with their positions, current distance
estimates, and relevant observational details.

All the galaxies listed in Table 1 are close enough to resolve
their brighter stellar populations (at least in their outskirts) from the
ground. Many of the closest targets in this list are reasonably well
studied, particularly the members of the Local Group. However, a
systematic, modern survey including more distant dwarfs is lacking.
Arguably the most systematic study of a subset of these galaxies
is Massey et al. (2006), who surveyed 10 star-forming galaxies to
determine certain properties relating to star formation activity. In
addition, the Local Cosmology from Isolated Dwarfs (LCID) survey
studied six nearby isolated dwarf galaxies in the Local Group using
deep HST imaging (see Gallart et al. 2015 and references within).
This imaging reaches the main-sequence turn-off for these dwarfs,
and has provided some of the most detailed insights into the star
formation histories and stellar content of these galaxies available
(e.g. Monelli et al. 2010a,b; Hidalgo et al. 2011, 2013; Skillman et al.
2014; Gallart et al. 2015). Many of the more distant dwarfs listed in
Table 1 are relatively poorly studied in the era of modern wide-field
CCD studies. An examination of the data tables in McConnachie
(2012) reveal that many of the dwarfs’ basic properties are derived
from the Third Reference Catalogue survey by de Vaucouleurs et al.
(1991), and a homogeneous wide-field study of the entire sample has
been conducted recently. Of course, there are notable programmes
that have focused on other aspects of the properties of these systems.
For example, Dalcanton et al. (2009) have studied many nearby
targets using HST/ACS and WFPC2. HST is ideal for studying the
resolved stars in the centres of the galaxies, but its limited field of
view makes it less ideal for wide-field structural and stellar content
studies. HST has been used for structural studies of these galaxies.
For example, Hidalgo et al. (2009) uses two HST fields to look
for gradients in stellar populations in the Phoenix dwarf. However,
the total luminosity of this galaxy (van de Rydt, Demers & Kunkel
1991) is still based on imaging that covers only part of the galaxy,
and no direct measurement has ever made of the integrated light of
this galaxy. Overall, the lack of a systematic, homogeneous wide-
field study of the nearby dwarf population means that much of their
basic data may still be uncertain. It is this important niche that Solo
is designed to filled, while being complementary to the ground- and
space-based studies that have been undertaken of individual targets.

2.2 Data acquisition and processing

The Solo dwarfs have been observed with Canada–France–Hawaii
Telescope (CFHT)/MegaCam for mostly (but not exclusively)
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Most known dwarf galaxies How do they evolve?

What can we learn about 
cosmology and galaxy 
formation from them?



Cosmological 
simulations?
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M ~ 103-105 Msun Previously:
Simulation particle
= Single stellar population
= Integrated attributes of IMF
= Feedback energy bundled

Now: 
LYRA tracks individual stars to spatially 
and temporally locate energy and yield 
deposition

SSP particles become stars

data from Sukhbold et al. 2016
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Single SN

Temp Rho
Avoid overcooling 
by resolving the 

SNe
Mgas ~ 4Msun  

27% of thermal energy is 
transformed to kinetic 

(Sedov solution) 
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300 pc



Superbubbles at high z

Beautiful ISM structure in response to clustered SN

z~8 z~4



Cosmological LSS
Realistic merger history

the  LYRA model

Individual variable SN

Resolved Sedov radiiResolved IMF

Individual stars

Multi-phase ISM

Resolved GMCs Clustered SNe

Star cluster formation

Realistic CGM

SN-driven outflows



Suite of LYRA dwarfs

~109 Msun halo mass
106-7 Msun stellar mass

Resolution:
4 Msun 

AREPO gas cells

Generally great 
agreement with 
observations!



Stellar - halo mass

Magnitude - metallicity

Generally 
difficult to match!

(z=3)

Photoionization will 
affect this!
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Photometric modeling 
reveals 
size and magnitude 
in line with 
classical MW dwarfs

Stellar size - magnitude
classical dwarfs

ultra-faint dwarfs

MW globular clusters

(z=3)
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Stellar kinematics

Dispersion dominated

Rotation Dispersion
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Properties are in line with dSph morphology



What happened at high 
redshi2?
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Phases of the ISM
within 0.1 Rvir

Loading factors
measured across Rvir surface



Prediction #1
IGM pollution



Are dwarf galaxies 
responsible for the weak 
absorption at high-z in 
the IGM?
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Figure 10. The line density of Mg ii absorbers plotted by redshift,
separated into three equivalent width ranges. Also plotted are the
corresponding points at earlier redshift from Sey↵ert et al. (2013, small
black points) ,Nestor et al. (2005, hollow triangles), and Churchill
(2001, holllow squares). Dashed lines give the MLE fits for a power
law distribution on our high redshift data.

on our high redshift points, where the normalization N⇤
is fixed such that dN/dz integrated by redshift with the
survey path density g(z,W ) recovers the number counts
of our survey; these fits are shown as dashed lines in
Figure 10. These results and parameter fits are listed in
Table 6 and Table 7, respectively.
The line density dN/dz can further be converted to

the more physical comoving line density dN/dX. Here
we divide the distribution into two equivalent width bins
separated at Wr = 1Å, and 5 redshift bins to illustrate
di↵erences in evolutionary trends.
As with the equivalent width distribution, error bars

include a Poisson contribution from the number of sys-
tems in each bin, and an additional (much smaller) con-
tribution from uncertainty in the completeness values
used to adjust the survey pathlength (dz or dX). The
overall accuracy of the FIRE survey points is likely lim-
ited by statistical errors—even with 100 sightlines we
average just 10-25 absorbers per bin, corresponding to a
20-30% uncertainty. In contrast the low redshift studies
from SDSS have thousands of absorbers per redshift bin
and therefore have errors dominated by systematic e↵ects
not explicitly quantified in these studies (and therefore
not captured in the figure). As argued by Sey↵ert et al.
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Figure 11. The comoving line density of Mg ii absorbers plotted by
redshift, separated into di↵erent equivalent width ranges correspond-
ing to weak and strong absorption systems. Also plotted are the cor-
responding points at earlier redshift from Sey↵ert et al. (2013, small
black points) ,Nestor et al. (2005, hollow triangles), and Churchill
(2001, holllow squares). The dashed line indicates a constant comov-
ing population.

(2013) these likely arise from di↵erences in (a) contin-
uum fitting procedures, and (b) algorithms for measur-
ing Wr, and (c) use of a sharp Wr cuto↵ when defining
samples used to derive dN/dX. Comparison of di↵erent
Mg ii surveys from SDSS QSOs suggests a systematic
scatter of ⇠ 10� 15%, far larger than the ⇠ 1% random
errors (Sey↵ert et al. 2013) These di↵erent errors must
be considered when comparing in regions of overlap such
as the bottom panel of Figure 11.
The larger survey confirms and strengthens two key

findings of Paper I by both reducing Poisson errors on
points at z < 5, and adding new redshift coverage at
z > 6. First, the comoving absorption density (i.e. the

Chen+2017

Weak

Strong

Weak MgII absorption 
stays constant out to 
z~7
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IGM enrichment (MgII)



CIV



Absorber size

Dwarf galaxies may be 
dominant polluter at 
high-z
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from smaller mass halos in the early universe.

Figure 13. Comparison of the comoving absorber number density
with Wr > 0.3Å with halo statistics from Illustris. The green triangles
at low redshift are from Nestor et al. (2005), black points are from
this paper. The red and blue curves correspond to integrating the
dark matter halo mass function down to a fixed, redshift-independent
mass or to a fixed star formation rate, respectively. The solid and
dotted lines respectively denote models in which halos have 50% cov-
ering fraction out to R = 90 proper kpc or total cross sections that
scale with dark matter mass as in Churchill et al. (2013). The mass
functions are taken from Torrey et al. (2014). The accounting of SFR
vs halo mass are based on Behroozi et al. (2013)

While straight halo mass cuts are conceptually simple,
we are not limited to this criterion. Numerous authors
have investigated the density of halos as a function of
both stellar mass and star formation rate (SFR). In fact
for Paper I we found that dN/dX was reproduced bet-
ter at high redshift using weighted integrals of the lu-
minosity function rather than the mass function. This
was a purely empirical calculation, which used observed
luminosity functions that required corrections for obser-
vations di↵erent redshifts, filters, and systematic survey
completeness.
In Illustris, we have additional direct access to the star

formation history of each simulated galaxy. Since the
average SFR at fixed halo mass is larger at earlier times
(Behroozi et al. 2013), we may integrate instead down
to a fixed, redshift-independent SFR, which corresponds
to lower dark matter halo mass at higher redshift. This
achieves the desired e↵ect of seeding smaller halos with
Mg ii at early times.
The blue lines in Figure 13 show the result of this cal-

culation for Illustris, using a constant-radius 90 pkpc
halo for objects above SFR> 0.5M�/yr (blue dashed
line) and Churchill’s mass-dependent radial scaling for
objects with SFR> 0.02M�/yr (solid blue line). As be-
fore the minimum SFRs are selected to fit low redshift
(Nestor et al. 2005) measurements. This methodology
increases dN/dX by an order of magnitude or more at
high redshifts, partially mitigating the discrepancy with
a redshift-independent, fixed-mass bound on the integra-
tion. However there is no single value for the SFR cuto↵
that fits all redshifts; the value chosen here is a com-
promise but predicts too many Mg ii absorbers at low
redshift and slightly too few at early times.

Figure 14. Minimum dark matter halo mass cuts required to repro-
duce the observed comoving absorber line densities, which decline by
an order of magnitude or more in our survey’s redshift range. The
black and red points give the mass cut in models where halos have a
fixed, 90 kpc cross section with 50% covering fraction and where halo
cross sections scale as in Churchill et al. (2013), respectively. The
triangular points at lower redshifts correspond to data from Nestor
et al. (2005), and the circular points derive from our data.

5.2.1. Can Low-Mass Galaxies Yield Enough Magnesium to

Enrich Gaseous Halos?

At face value the small halo masses at high red-
shift in Figure 14—corresponding to even smaller stellar
masses—require us to consider whether the these objects’
stellar populations could plausibly produce enough mag-
nesium to fill their intra-halo media at the radii required
for observation.
If we define the galaxy yield ⌘ as the ratio of magnesium

mass in the circumgalactic halo to the galaxy’s stellar
mass, then for a mass-independent halo radius:

⌘⌘ MMg

M⇤
(10)

=
1

M⇤
⇡R

2
NMg IIf

�1
mMg II

=2.5 ⇥ 10�5

✓
R

90 kpc

◆2 ✓
M⇤

1010M�

◆�1 ✓
NMg II

1013 cm�2

◆

⇥
⇣



0.5

⌘✓
f

0.1

◆�1

,

where  represents the Mg ii absorption covering fac-
tor, R is the gaseous halo radius, f is the Mg ii ionization
fraction, mMg II = 24.3u is the mass of a magnesium ion,
and NMg II = 1013cm�2 represents the typical column
density of a modestly saturated absorption component.
For our lowest-mass halos at z ⇠ 6�7, Figure 13 provides
a lower integration limit of Mh ⇠ 1010.2M�, correspond-
ing to a stellar mass of 108M� (Behroozi et al. 2013).
For these inputs the required galactic yield of ⌘ = 0.0025
is larger than the the IMF-weighted stellar magnesium
yield of ⇠ 0.001 (Saitoh 2017). Although numerical simu-
lations do require that a significant fraction of the stellar
yield is returned to the halo (Peeples et al. 2014), it is
still the case that a 108M� stellar population produces

MgII weak absorber 
number density

Models calibrated at z<2
Chen+2017



Prediction #2
Dwarf substructure



Dwarf subhalos look like 
ultra-faint dwarfs
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Which halos do PopIII stars form in?

Three simple models introducing the first metals

Homogeneous
Metals are everywhere from the beginning

Mthres = 106 Msun

Metals are introduced in many small halos

Mthres = 107 Msun

Metals are introduced in a few large halos

Cradles of the first stars 7

Figure 5. For haloes hosting new Pop III stars, the mean halo
mass for redshift bins of �z = 1 is plotted along the left hand side
versus time. The black scatter points indicate the mean halo mass
for that redshift bin and the x indicate the median halo mass. The
error bars indicate the 15.9 and 84.1 percentiles. The right hand
side shows the percentage of haloes that fall below the M01 mass
threshold as a function of redshift. The M01 mass threshold (Eq.
3), is plotted for the constant LW background in Eq. 4. Almost
all haloes fall below the M01 relation, until ⇡ 380 Myr, when the
mean halo mass rises above the relation.

M01 relation is indicative of the increased LW intensity per-
meating the box due to a galaxy that becomes very active
in star formation at late times. This galaxy has a halo mass
of 3.6⇥108M�, a total stellar mass of 3.1⇥106M�, and has
a peak Pop III SFR of 2.7 ⇥ 10�4 M� yr�1 at z = 15 (250
Myr) and a peak metal enriched SFR of 5.4⇥10�2 M� yr�1

at z = 9.5 (500 Myr). This galaxy produces a large amount
of LW radiation which dominates the box, and drives up the
minimum halo mass required for the formation of Pop III
stars. This increase in the LW background can also be seen
in Figure 3, where by the end of the simulation, the LW
background rises to greater than 1 J21.

3.2 Lyman-Werner intensities in Pop III host
haloes

The LW background intensity at the instance of Pop III
star formation versus the host halo mass for each Pop III
halo in our dataset is shown in Figure 6. Because the LW
background only varies by a factor of five as Pop III stars
form, most points lie within a small intensity range, just
below 1 J21. Each point is colored by the redshift where the
Pop III star forms and the mass threshold from M01 (Eq.
3) for the given LW background (Eq. 4) is the solid black
line. We see again that almost all haloes form Pop III stars
below the M01 threshold. There are also a few haloes that
form Pop III stars in very high JLW, below the relation.
This situation arises when there are multiple Pop III stars
forming at about the same time, within ⇡ 100 pc of each
other. Star formation can occur in a neighboring halo of a
Pop III star whose LW radiation does not have ample time
to photodissociate enough H2 to completely suppress star

Figure 6. The average LW background for host haloes of new Pop
III stars is plotted versus the host halo mass, colored by redshift.
The Machacek et al. relation is plotted given the background LW
in Eq. 4. Almost all haloes fall below the relation, across a range
of redshifts. There are extreme cases where Pop III stars form in
small haloes located in a very intense LW radiation field or large
haloes in relatively weak radiation fields.

formation. The high JLW is generally an indicator that the
haloes will likely have their star formation suppressed, but
in cases where Pop III star formation occurs at about the
same time, star formation will not be suppressed, so long
as they are a suitable distance away from each other. As
there are only a few data points in this region, this situation
is rare. It should be noted that there are duplicate haloes
within this plot, since haloes are allowed to form multiple
Pop III stars if the conditions are su�cient and each point
represents an instance of Pop III formation. The grouped
points in the higher end of JLW are representative of such
haloes.

We find that a total of 84% of the haloes forming Pop III
stars lie below the M01 mass threshold over the entire sim-
ulation redshift range. Given that the background intensity
only varies by a factor of five, previous work suggested that
most haloes should have formed stars around or above the
M01 relationship. However, we see a large spread in host halo
masses, over an order of magnitude, and no clear relation-
ship between the instantaneous LW intensity and the host
halo mass. This behavior suggests that the LW intensity is
not the primary indicator of the mass at which a metal-free
halo collapses. H2 self-shielding is the main cause behind
this conclusion because the internal dynamics and chemo-
thermal evolution are now isolated from its large-scale envi-
ronment and mostly depends on the local conditions within
the halo. Alternatively, it is possible that there could be a
correlation between the time-integrated LW background and
the host halo mass. These calculations are outside the scope
of this paper and require further study.

3.3 Multiple stellar systems

We now inspect the number of Pop III stars and the total
mass of Pop III stars per halo. We are only tracking star-

MNRAS 000, 1–13 (2019)
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Dwarf substructure counts
PopIII halo mass may be constrained by future 
observations of dwarf substructure (JWST/Rubin)
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Figure 8
Detectability of faint stellar systems as functions of distance, absolute magnitude, and survey depth. The red
curve shows the brightness of the 20th brightest star in anMV = −6 object as a function of distance. The
orange and blue curves show the brightness of the 20th brightest stars forMV = −4 andMV = −2 systems,
respectively. The horizontal dashed lines indicate (from bottom to top) the limiting r magnitude for dwarf
galaxy searches in SDSS, Pan-STARRS, DES, and LSST single exposures, as well as stacked LSST images at
the end of the survey. The region within the (approximate) virial radius of the Milky Way is shaded blue.
Abbreviations: DES, Dark Energy Survey; LSST, Large Synoptic Survey Telescope; Pan-STARRS,
Panoramic Survey Telescope & Rapid Response System; SDSS, Sloan Digital Sky Survey.

their LFs, and their radial and angular distributions cannot be made.What we can say at present is
that the observed LF (without an incompleteness correction) peaks atMV ∼ −4, suggesting that
any real turnover in the LF must be at even fainter magnitudes.

As an illustration of the discovery potential of future imaging surveys, we construct a very
simple toy model of satellite detectability (see Figure 8). Motivated by the results of Martin et al.
(2008) for SDSS and Bechtol et al. (2015) and Drlica-Wagner et al. (2015) for DES, we assume
that a satellite must contain at least 20 stars brighter than the detection limit of the survey in order
to be identi!ed. We create realizations of satellites with stellar masses corresponding to absolute
magnitudes ofMV = −2,−4, and −6 by randomly selecting the appropriate number of stars from
an old,metal-poor mock stellar population.We then determine the median magnitude of the 20th
brightest star for each absolute magnitude and calculate out to what distance that star would be
detectable for a given survey depth. Note that the depth of a survey for the purpose of searching
for stellar overdensities is !0.5 mag shallower than the actual 5σ detection limit because colors
become uncertain and star–galaxy separation becomes unreliable at faintermagnitudes.Consistent
with Koposov et al. (2008) and Walsh et al. (2009), we !nd that SDSS should be complete at
MV ≈ −6 out to beyond the virial radius of the Milky Way. Similarly, DES should be complete
down toMV ≈ −4 within the virial radius. A complete search of the Milky Way’s virial volume to
fainter magnitudes will require full-depth LSST images.
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Take home message(s)
LYRA brings together
small scale baryonic physics and 
the cosmological context

✦ Dwarf galaxies may be dominant IGM 
polluter at high-z 

✦ Dwarf subhalos look like LG ultra-
faint dwarfs

✦ PopIII halo mass may be constrained 
by dwarf substructure counts


