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We present a method for measuring the cosmic matter budget without assumptions about spec-
ulative Early Universe physics, and for measuring the primordial power spectrum P∗(k) non-
parametrically, either by combining CMB and LSS information or by using CMB polarization. Our
method complements currently fashionable “black box” cosmological parameter analysis, constrain-
ing cosmological models in a more physically intuitive fashion by mapping measurements of CMB,
weak lensing and cluster abundance into k-space, where they can be directly compared with each
other and with galaxy and Lyα forest clustering. Including the new CBI results, we find that CMB
measurements of P (k) overlap with those from 2dF galaxy clustering by over an order of magnitude
in scale, and even overlap with weak lensing measurements. We describe how our approach can
be used to raise the ambition level beyond cosmological parameter fitting as data improves, testing
rather than assuming the underlying physics.

I. INTRODUCTION

What next? An avalanche of measurements have
now lent support to a cosmological “concordance model”
whose free parameters have been approximately mea-
sured, tentatively answering many of the key questions
posed in past papers. Yet the data avalanche is showing
no sign of abating, with spectacular new measurements
of the cosmic microwave background (CMB), galaxy clus-
tering, Lyman α forest (LyαF) clustering and weak lens-
ing expected in coming years. It is evident that many
scientists, despite putting on a brave face, wonder why
they should care about all this new data if they already
know the basic answer. The awesome statistical power of
this new data can be used in two ways:

1. To measure the cosmological parameters of the con-
cordance model (or a replacement model if it fails)
to additional decimal places

2. To test rather than assume the underlying physics

This paper is focused on the second approach, which has
received less attention than the first in recent years. As
we all know, cosmology is littered with “precision” mea-
surements that came and went. David Schramm used to
hail Bishop Ussher’s calculation that the Universe was
created 4003 b.c.e. as a fine example — small statistical
errors but potentially large systematic errors. A strik-
ing conclusion from comparing recent parameter estima-
tion papers (say [1–4] by the authors for methodologically
uniform sample) is that the quoted error bars have not
really become smaller, merely more believable. For in-
stance, a confidence interval for the dark energy density
that would be quoted three years ago by assuming that
four disparate data sets were all correct [1] can now be
derived from CMB + LSS power spectra alone [4–7] and
independently from CMB + SN 1a as a cross-check.

FIG. 1. Measurements of the linear matter power spectrum

P (k) computed as described in the text, using the concordance

model of [5] (solid curve) to compute window functions. The loca-

tions of the CMB points depend on the matter budget and scales

with the reionization optical depth as e2τ for k ∼
> 0.002. Correcting

for bias shifts the 2dF galaxy points [8] vertically (b = 1.3 assumed

here) and should perhaps blue-tilt them slightly. The cluster point

scales vertically as (Ωm/0.3)−1.2, and its error bars reflects the

spread in the literature. The lensing points are based on [9]. The

LyαF points are from a reanalysis [10] of [11] and have an overall

calibration uncertainty around 17%.

This paper aims to extend this trend, showing how
measurements can be combined to raise the ambition
level beyond simple parameter fitting, testing rather than
assuming the underlying physics. Many of the dozen or
so currently fashionable cosmological parameters merely
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[Springel et al. 2008]
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Dark matter heating

2 kpc

View from top

ρth = 300 atoms/cc
Tgas,min = 10 K

Mres = 300 M⊙

Δx = 4 pc
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Less star formation ⇒ more cusp
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Leroy, Nature 2015
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Decreasing star formation⇒More DM cusp! 
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ABSTRACT
We use a new mass modelling method, GravSphere, to measure the central dark mat-
ter density profile of the Draco dwarf spheroidal galaxy. Draco’s star formation shut
down long ago, making it a prime candidate for hosting a ‘pristine’ dark matter cusp,
unaffected by stellar feedback during galaxy formation. We first test GravSphere on
a suite of three tidally stripped mock ‘Draco’-like dwarfs, placed on orbits similar to
the real Draco around the Milky Way, containing realistic populations of binary stars,
and with realistic foreground contamination. We show that we are able to correctly
infer the dark matter density profile of both cusped and cored mocks within our 95%
confidence intervals. While we obtain only a weak inference on the logarithmic slope
of these density profiles, we are able to obtain a robust inference of the amplitude of
the inner dark matter density at 150 pc, ⇢DM(150 pc). We show that, combined with
constraints on the density profile at larger radii, this is sufficient to distinguish a ⇤
Cold Dark Matter (⇤CDM) cusp – that has ⇢DM(150 pc) >⇠ 1.8⇥108 M� kpc�3 – from
alternative dark matter models that have lower inner densities.

We then apply GravSphere to the real Draco data. We find that Draco has
an inner dark matter density of ⇢DM(150 pc) = 2.4+0.5

�0.6 ⇥ 108 M� kpc�3, consistent
with a ⇤CDM cusp. Using a velocity independent SIDM model, calibrated on ⇤SIDM
cosmological simulations, we show that Draco’s high central density gives an upper
bound on the SIDM cross section of �/m < 0.57 cm2 g�1 at 99% confidence. We
conclude that the inner density of nearby dwarf galaxies like Draco provides a new
and competitive probe of dark matter models.

Key words:

1 INTRODUCTION

The standard ⇤CDM cosmological gives an excellent de-
scription of the cosmic microwave background radiation (e.g.
Planck Collaboration et al. 2014), the growth of structure
on large scales (e.g. Springel et al. 2006; Baur et al. 2016)
and the offsets between mass and light in weak lensing sys-
tems (e.g. Clowe et al. 2006; Harvey et al. 2015). Yet, it
contains two mysterious ingredients – dark matter and dark
energy – that remain elusive. One path to constraining the
nature of dark matter is to probe its distribution on ever
smaller scales, where ⇤CDM is less well-tested and where
differences between competing dark matter models are max-
imised (e.g. Spergel & Steinhardt 2000; Bode et al. 2001;
Baur et al. 2016). This ‘near-field cosmology’ showed early
promise, turning up a host of ‘small scale puzzles’ that con-

? E-mail: justin.inglis.read@gmail.com

tinue to challenge ⇤CDM today (e.g. Bullock & Boylan-
Kolchin 2017). The oldest of these is the ‘cusp-core’ problem:
the inner rotation curves of dwarf irregular galaxies rise less
steeply than expected from pure dark matter structure for-
mation simulations (Moore 1994; Flores & Primack 1994).
This implies that the central dark matter density of these
dwarfs is lower than expected in a pure-dark matter ⇤CDM
cosmology.

Many solutions have been proposed to the cusp-core
problem, falling in to three main classes. The first class
changes the nature of dark matter itself. Such models include
‘Self Interacting Dark Matter’ (SIDM; Spergel & Steinhardt
2000; Rocha et al. 2013; Elbert et al. 2015; Kaplinghat et al.
2016; Schneider et al. 2017; Robles et al. 2017); ‘Warm Dark
Matter’ (e.g. Dalcanton & Hogan 2001; Bode et al. 2001;
Avila-Reese et al. 2001; Lovell et al. 2014; Schneider et al.
2017, but see Macciò et al. 2012 and Shao et al. 2013); ‘fuzzy
DM’ (Hu et al. 2000), ‘fluid’ DM (Peebles 2000) and ‘wave-

c� 0000 The Authors
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A dark matter core in an ultra-faint dwarf
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Conclusions
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• We have found “smoking gun” evidence for dark matter 
heating in dwarf galaxies.

• Dwarfs with more star formation have lower central 
dark matter densities.

• At least some ultra-faint dwarfs appear to have dark 
matter cores.

• Our new “EDGE” simulation campaign will shed light on 
the formation and evolution of the smallest galaxies.


