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Table II. Dark matter related quantities obtained from the fit of the baryonic model B1, when th
components are allowed to vary, using an NFW, a gNFW and an Einasto dark matter halo. For t
are extra free parameters of the analysis. Top rows correspond to fitted variables and the last row
values correspond to the maximum and 68% credible region of the marginal posteriors.
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DM halo

•

Stellar bulge

•

Thin stellar disc

•

Thick stellar disc

•

HI and molecular gas discs

•

Hot gas (CGM)
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Adding baryons

MW-mass haloes
in 3 simulations:
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•

Auriga

•

APOSTLE

•

EAGLE.
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Modelling the DM halo response to baryons
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ssly complicated. Instead, we could use some previous adicontraction approximations, such as the Blumenthal et al.
and Gnedin et al. (2004) ones, however these systematically
or over-predict the halo contraction (e.g. Abadi et al. 2010;
et al. 2010; Pedrosa et al. 2010; Dutton et al. 2016; Artale
019).
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Taking the MW stellar and gas masses
(which I will describe in a few slides):

Figure 2019
4. The contraction of Galactic DM halo for different halo masses
MC+
and concentrations. We show the ratio of enclosed DM masses between the
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Figure 5. The radial enclosed mass profile of NFW haloes (dotted lines)
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The bottom panel of Figure 4 shows that the size of the contraction also depends on halo mass, but to a lesser extent than
its dependence on halo concentration. In this case, the blue and
green curves correspond to DM halo masses of M200 = 0.5 and
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distribution, lower mass haloes contract more.
To understand why the size of the DM halo contraction depends on both halo mass and concentration it is useful to compare
the radial profile of the DM with that of the baryons. This is shown
in Figure 5 where the thick black line shows the enclosed baryonic
mass, and the various coloured lines show the enclosed DM mass
profile for a range of halo masses and concentrations. The dotted
lines correspond to the original (i.e. uncontracted) NFW profiles
while the solid lines show the contracted DM distribution. We find
that in the inner region, where baryons dominate, the contraction
process leads to DM profiles that are much more similar than the
original NFW distributions. This can be thought as the baryons being the main factor that determines the contracted DM distribution in the inner halo, with the original DM profile having only a
secondary effect. Thus, lower mass or lower concentration haloes,
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scribed by a simple parametric form, such as an NFW profile or
halo which we infer in section 5. The green dotted lines show NFW promoreMarius
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generalisations. We illustrate this assuming that the
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The Galactic DM halo

Figure 6. Top panel: The density profile of an NFW halo (blue dashed
curve) with mass, M200 = 1 ⇥ 1012 M , and concentration, cNFW = 8,
and its contracted version (solid black line) given the MW baryonic distribution. This halo profile is roughly the same as the best fitting Galactic DM
halo which we infer in section 5. The green dotted lines show NFW pro9 files with the same halo mass but different concentrations.
MW total mass
profilepanel:
Bottom
files with the same halo mass but different concentrations. Bottom panel:

Complete MW mass model
MW components

Dehnen & Binney (1998);
Klypin+ (2002); McMillan
(2011, 2017); Bovy+
(2012); Kafle+ (2014)

Free parameters

•

Baryon contracted spherical DM
halo

•

NFW halo before applying baryonic
contraction; Mass & concentration

•

Hernquist bulge (Bissantz & Gerhard 2002)

•

Mass

•

Exponential thin stellar disc

•

Mass & scale length

•

Exponential thick stellar disc

•

Mass & scale length

•

HI and molecular gas discs

•

Fixed from observations (Kalberla & Dedes 2008)

•

CGM (hot gas)

•

Fixed from hydrodynamical simulations
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The MW rotation curve

Eilers et al (2019) rotation curve:
•
•

Axisymmetric Jeans modelling of the 6D
phase space of ~23,000 red giant stars
Precise parallaxes obtained from combining
Gaia DR2, APOGEE, WISE and 2MASS

Callingham et al (2019) total mass:
•

Marius Cautun
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Obtained from the 6D phase space of the
classical MW satellites using Gaia DR2 data

MW total mass profile
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Best fitting MW mass model

The MW ma

affects the points in the range R 2 [8, 13] kpc (these are the ones
with very small statistical uncertainties of ⇠1 km s 1 ) and leads to
errors that are at most a factor of 1.5 times higher than the statistical
ones.
To find the best fitting model parameters and their associated
confidence intervals we employ a Markov Chain Monte Carlo approach using the EMCEE python module (Foreman-Mackey et al.
2013). We fit two different models for the DM halo: firstly, a profile that gets contracted according to the baryon distribution, and,
secondly, an (uncontracted) NFW profile.

5.3 The best fitting models
5.3.1 The contracted halo model
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Figure
9. Top panel: The Galactic rotation curve (the symbols with error

The best fitting MW rotation curve using the contracted halo model
is shown as the solid red line in Figure 9. The black data points in
the figure show the Eilers et al. (2019) Vcirc data while the dark
blue square shows the Callingham et al. (2019b) total mass estimate converted to a Vcirc value at the halo radius, R200 . The other
coloured data points represent the Posti & Helmi (2019), Watkins
et al. (2019) and Eadie & Jurić (2019) enclosed mass estimates
at various Galactocentric
radia which were converted to circular
p
velocity values as GM (< r)/r, where G denotes the Newton
12
MW total mass profile
gravitational constant and M (< r) the enclosed mass within ra-

e follow the Bayesian frameof a set of parameter values,
⌃0,thin , ⌃0,thick , Rthin , Rthick ),

et al. (2019) and the Callingham et al. (2019b) data points. Bottom panel:
The difference between the data and the best fitting contracted halo model.
The dashed blue line shows the difference between the NFW halo model
and the contracted halo one. The two models give the same rotation curve
to within 1 km s 1 or less in the range 5 kpc < r < 60 kpc.
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Figure 11. The rotation curve of the best fitting MW contracted NFW halo
13 individual components. The solid
model separated into contributions from
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Best fitting MW mass model

The MW ma

affects the points in the range R 2 [8, 13] kpc (these are the ones
with very small statistical uncertainties of ⇠1 km s 1 ) and leads to
errors that are at most a factor of 1.5 times higher than the statistical
ones.
To find the best fitting model parameters and their associated
confidence intervals we employ a Markov Chain Monte Carlo approach using the EMCEE python module (Foreman-Mackey et al.
2013). We fit two different models for the DM halo: firstly, a profile that gets contracted according to the baryon distribution, and,
secondly, an (uncontracted) NFW profile.

5.3 The best fitting models
5.3.1 The contracted halo model
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Figure
9. Top panel: The Galactic rotation curve (the symbols with error

The best fitting MW rotation curve using the contracted halo model
is shown as the solid red line in Figure 9. The black data points in
the figure show the Eilers et al. (2019) Vcirc data while the dark
blue square shows the Callingham et al. (2019b) total mass estimate converted to a Vcirc value at the halo radius, R200 . The other
coloured data points represent the Posti & Helmi (2019), Watkins
et al. (2019) and Eadie & Jurić (2019) enclosed mass estimates
at various Galactocentric
radia which were converted to circular
p
velocity values as GM (< r)/r, where G denotes the Newton
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Figure 10. Posterior distribution for the seven parameters
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mass model.
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even further by combining with other halo tracers such as globu
clusters and halo stars.
The MW CGM is still uncertain and assuming different CG
masses could decrease the discrepancy between the models. F
example, if the MW halo contained the universal baryon fr
tion, within 200 kpc we would expect a baryonic mass of 12.5
10
10 M , of which slightly more than half is in the form of st
and cold dense gas at the centre of our galaxy (see Table 2). Th
by varying the CGM mass from zero to its maximum allowed va
(the universal baryon fraction; it is unlikely that a halo could c
tain many more baryons than the mean cosmic fraction), Vcirc c
vary by up to 4% at r = 200 kpc. This variation is smaller than
predicted difference between the contracted and pure NFW mod
at that distance, but nonetheless it is an important systematic t
needs to be accounted for.
The best fitting contracted and pure NFW halo models im
different masses for the Galactic stellar disc, and one way to test
MW total
mass at
profile
this is by comparing the baryonic surface
density
the Solar po
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Local DM density

MC+ Figure
2019 13. The DM density as the position of the Sun when modelling the
Galactic DM halo as a contracted profile (solid red) or as an NFW one (blue
17
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dashed). Modelling the MW using a contracted halo results in a 10 per cent

tion is the main systematic uncertainty in the determ
local DM density (e.g. Buch et al. 2019; Karukes e
Salas et al. 2019).
The comparison between the contracted and th
models highlights the need for using a physically mo
model for our Galaxy. Often, for example as we have
ure 9, the data can be equally well fitted by several m
DM
+0.5
−3
−3
ρ⊙ =in9.0
× 10of the
M⊙baryonic
pc and the
degenerate
the−0.4
properties
nents. In such cases, hydrodynamical simulations ca
+0.02 plausible arguments
−3
important role by offering
why c
≡
0.34
GeV
cm
−0.02
are preferred and thus
can help to break the degene
the baryons and DM distributions. By analysing the re
DM halo to the presence of baryons, our study illus
tematic biases in the inferred local DM distribution b
modelling the halo using an NFW profile. Biases are
be present when modelling the MW halo as a gNFW
this latter functional form is not flexible enough to ca
tracted DM halo (see bottom panel of Figure 6).
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Which DM halo model is preferred:
a contracted or a NFW profile?
Contracted
halo

NFW halo

Theoretical predictions
Fit to the MW rotation
curve data

NFW model has 2 times
lower likelihood

Abundance matching

In NFW model the MW is
a 2 sigma outlier in the
Mstar—Mhalo relation
NFW model predicts a
too low escape velocity

Escape velocity at
Sun’s location
MC+ 2019
Marius Cautun
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choose between a contracted and a pure NFW profile as the best description
of the Galactic DM halo. None of the measurements can yet be used to rule
out either of the models, so here we show which of the two is preferred by
each measurement, which is indicated by the X symbol. The last column of
gives the ratio of likelihoods between the contracted and pure NFW halos
for each measurement (a value larger than unity means that the contracted
NFW halo model is preferred).

Which DM halo model is preferred:
a contracted or a NFW profile?
Observable

Study

Cont.
halo

Theoretical predictions††
Fit to MW rotation curve
Stellar disc mass
Abundance matching

–
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

X
X
X
X
X
X
X
X
X

Baryon surface density
at Solar position
Escape velocity
at Solar position

MC+ 2019
Marius Cautun

NFW
halo

L ratio
–
2.1
1.4
3.2
2.0
1.7
3.5
1.2
1.7

References: (1) this work, (2) Bland-Hawthorn & Gerhard (2016), (3)
Moster et al. (2013), (4) Behroozi et al. (2013), (5) Read (2014), (6) McKee
et al. (2015), (7) Deason et al. (2019b), (8) Grand et al. (2019b).
†† Many hydrodynamical simulations find that the DM halo profile changes
in the presence of baryons (e.g. Gnedin et al. 2004; Abadi et al. 2010; Duffy
et al. 2010; Schaller et al. 2015; Dutton et al. 2016).
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Figure 14. The DM density at the p
elling the Galactic DM halo as a co
halo (blue dashed). Modelling the M
10% higher DM density that in the p

for the pure NFW halo the stella
mean, a 1.8 outlier. We obtain
sider the Behroozi et al. (2013) a
the MW stellar mass being 0.7 an
MW total mass profile
the contracted and pure NFW ha

Summary
•

The baryons lead to a contraction in the inner regions of the DM haloes. For the
MW, it predicts a 1.3, 2 and 4 times increase in the DM density at respectively
20, 8 and 1 kpc.

•

The MW rotation curve is well fitted by a contracted DM halo model with
parameters:
DM
12
DM

M200 = 1.0 ± 0.2 × 10 M⊙
total
12
±
M200 = 1.1 0.2 × 10 M⊙

c

= 8.2 ± 1.6

This is spot on the LCDM prediction for the mass—halo concentration.
•

Marius Cautun

An NFW halo model fits the data almost as well, but very different stellar mass
estimates for the MW.
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MW mass profile

