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Figure 5. Marginalized posterior distributions of ⇢DM,� for the di↵erent cases analyzed in section 3, with baryonic components
allowed to vary. Blue, green and brown lines correspond, respectively, to the mass models that assume an NFW, gNFW and
Einasto dark halo profile. Lines showing the results of our baryonic model B1 (see section 3.1) are shown in a darker color than
those associated to the analyses of the baryonic B2 model (see section 3.2), that prefer a higher ⇢DM,� value.

the same mass, the double exponential stellar disk of model B2 contributes more to the circular velocity curve at
intermediate-to-large Galactocentric distances (3–10 kpc) than the Miyamoto-Nagai disks of the model B1. However,
the presence of two disks in the B1 model (with di↵erent scales but same mass) enhances the contribution of baryons
to the circular velocity curve with respect to model B2. Therefore, less dark matter is needed in order to fit the
measured circular velocities in the case of the baryonic model B1, and the resulting ⇢DM,� value is ⇠ 30% smaller
than its estimate from the analysis of the model B2.

The di↵erence in the two baryonic models can also be seen comparing the distance at which the dark matter
contribution to the circular velocity curve becomes larger than the contribution of baryons. In particular, we obtain
that for the analysis using the model B1 this distance corresponds to Rvc,eq ⇠ 10–16 kpc, where the values are the
minimum and maximum of the marginal 68% posteriors for the three dark matter profiles (NFW, gNFW and Einasto).
Similarly, the dark matter mass enclosed in a sphere of radius r overcomes the baryonic mass inside the sphere at a
radius rM,eq ⇠ 8–14 kpc. On the other hand, when a baryonic B2 model is used, the distances at which dark matter
contributes more than baryons are Rvc,eq ⇠ 4–11 kpc and rM,eq ⇠ 3–9 kpc. These distances are closer to the Galactic
centre when the model B2 is used, which is consistent with a larger ⇢DM,� with respect to the model B1.

Regarding a change in the dark matter profile, we find that choosing a spherical NFW, gNFW or Einasto halo does
not greatly a↵ect the ⇢DM,� estimates, given a baryonic model, as can be inferred from Fig. 5.

The obtained values of ⇢DM,� from the analyses of the B1 and the B2 baryonic models are around ⇢DM,� ⇠
0.30GeV/cm3 and ⇢DM,� ⇠ 0.38GeV/cm3, respectively. These values are consistent with most of the previous
studies (some recent examples are [18, 31–35]), but smaller than others (such as the recent estimates of [36, 37]). One
explanation could be the di↵erent method used to estimate ⇢DM,�, since [36, 37] exploit the local z-Jeans equation
method, which is based on the vertical movement of stars in a region close to the Solar System (see e.g. [3, 38]). This
method is likely to overestimate ⇢DM,� when the assumption of equilibrium breaks down. Observations of asymmetries
in the densities and velocities of stars in the disk show that the disk is likely experiencing vertical oscillations, probably
because of the passage of a massive satellite (see e.g. [39, 40]). In addition, the Solar System could be placed at an
overdense region, compared to the surroundings, and it could also be possible that the baryonic models for gas and
dust are incorrect. We further comment on this possibility in the next section.

4.2. Sensitivity to disk uncertainties

In the previous section we discussed that the main di↵erence between the best-fit values of ⇢DM,� that we obtain
from the analyses of the two baryonic models, B1 and B2, arise from the di↵erence in their disk structure. Thus, the
estimate of ⇢DM,� using the rotation curve method is particularly sensitive to di↵erences in the shape of the Galactic
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NFW gNFW Einasto

M200 [1011 M�] 5.2+2.0
�1.1 5.5+3.1

�1.4 2.8+7.7
�1.2

c200 15+5
�4 14± 5 12± 4

Slope parameter � = 1 � = 1.2+0.3
�0.8 ↵ = 0.11+0.20

�0.05

⇢DM,� [GeV/cm3] 0.301+0.028
�0.025 0.300+0.028

�0.027 0.301± 0.027

r200 [kpc] 173+19
�13 174+29

�15 182+43
�51

rs [kpc] 10+5
�3 9+12

�8 11+10
�4

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

priors. This is an expected behaviour for two reasons: a) the constraining power of vc is not enough to fit all the
baryonic parameters together with those of the dark matter, and b) the baryonic contribution to vc, for most of the
range of R values covered by the data, is smaller than the contribution of the dark matter component, as can be
realized from the circular velocity curve figures. We also checked that doubling the uncertainties on the baryonic
parameters does not make a significant di↵erence in the ⇢DM,� estimate, and neither to its uncertainty. However,
when we imposed flat priors on our baryonic model, we found that the analysis preferred to fit the data with the dark
matter distribution alone, ending up making the contribution from baryons too small to be realistic. This already
points towards the dependence of the estimated ⇢DM,� on the assumed baryonic distribution.

3.1.3. Changing the dark matter profile

We now study the e↵ect that changing the dark matter profile has on the inferred value of ⇢DM,�. We use the same
varying baryonic parameters for model B1 as in section 3.1.2; however, for the dark matter profile, we now generalize
from standard NFW to gNFW with � being a free parameter. In other words we now let the inner slope � of the
⇢gNFW dark matter halo (Eq. (7)) become a free parameter of the mass model. The values of the dark matter fitted
and derived quantities are shown in Tab. II. One can see that the resulting value of ⇢DM,� is essentially the same as
before, despite the freedom in the dark matter profile. However, the additional inclusion of another free parameter
in general broadens the obtained uncertainties of the velocity curves. The standard NFW profile with � = 1 is well
contained within the 68% credible region when � is allowed to change.

On the other hand, the values of the baryonic parameters are not a↵ected by this change in the dark matter profile,
since they are still prior dominated (see the discussion in section 3.1.2).

On a similar basis, running the analysis by implementing an Einasto profile to model the dark matter distribution
(Eq. (8)) also has a negligible e↵ect on the estimate of ⇢DM,� (see Tab. II). Since this profile is naturally less peaked
at the centre, the virial mass is reduced by about a factor of two with respect to the standard and generalized NFW
studies. However, their values are compatible within their uncertainties.

In Fig. 7 of the appendix A we show the plot including the 2D marginal credible intervals for the parameters of
Tab. II.

3.2. Analysis of model B2

We now repeat the study presented in the previous section, although this time modelling the baryonic components
with those of the model B2 (see section 2.1.2 for the details). The fact that the resulting ⇢DM,� is driven by our
choice of the baryonic model will become clearer in this section.

We again allow baryons to change with Gaussian priors as described before (see section 3.1.2), with the exception
of the parameters for the gas distribution, for which we consider standard deviations corresponding to 25% and 20%
from the central values of their masses and characteristic scales, respectively. The reason for this broadening is that
these components are distributed in a clumpier way in the Galaxy, so the axisymmetric profiles provide a worse fit to
the COBE maps in the analysis of [21].

As we did in our study of the baryonic model B1, we start by assuming an NFW dark halo in section 3.2.1 and
change it later in section 3.2.2.
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Clusters

Dwarfs

In the absence of baryons, the CDM haloes are 
well described by a Navarro, Frenk & White (1996) 
profile:

(see also Einasto or generalised NFW profiles)

The MW mass profile 5

M200 2 [1, 2]⇥1012 M�, and were first introduced in Grand et al.
(2017), plus 10 additional lower mass haloes, with M200 masses
just below ⇠1012 M� (Grand et al. 2019a). The Auriga systems
are zoom-in resimulations of MW-mass haloes selected from the
EAGLE 1003 Mpc3 periodic cube simulation (Schaye et al. 2015)
that are relatively isolated at z = 0, that is have no objects more
massive than half their halo mass within a distance of 1.37 Mpc.
See Grand et al. 2017 for more details, as well as for illustrations
and properties of the central galaxies in the Auriga haloes.

The Auriga simulations successfully reproduce many proper-
ties of observed central and satellite galaxies, such as the stellar
masses and star formation rates of spirals (Grand et al. 2017; Mari-
nacci et al. 2017), the density and kinematics of stellar haloes (Dea-
son et al. 2017; Monachesi et al. 2019b), and the luminosity func-
tion of MW satellites (Simpson et al. 2018). Here, we use both res-
olution levels of the Auriga project: the medium resolution, or level
4, and the higher resolution, or level 3, simulation– only 6 systems
were resimulated at this resolution. The level 4 runs have initial gas
and DM particle masses of 5 ⇥ 104 M� and 3 ⇥ 105 M� respec-
tively, and gravitational softening ✏ = 0.37 kpc, while level 3 has a
8 times better mass resolution and 2 times better spatial resolution.

3.1.2 APOSTLE

APOSTLE is a suite of 12 pairs of MW-mass haloes selected
to resemble the Local Group in terms of mass, separation, rela-
tive velocity and local environment (Fattahi et al. 2016; Sawala
et al. 2016a). They were selected from a DMO simulation of a
1003 Mpc3 periodic cube, known as COLOR (Hellwing et al.
2016), and were resimulated at three resolution levels. Here we
have used the medium resolution runs, which have an initial gas
particle mass of ⇠1.2 ⇥ 105 M� and gravitational softening ✏ =
0.31 kpc, and the four volumes (8 haloes in total) simulated at 12
times higher mass resolution and 121/3 better spatial resolution.
Each APOSTLE volume contains two galactic-size haloes, corre-
sponding to the MW and M31, and here we use both haloes of each
pair.

The APOSTLE simulations were run with a modified ver-
sion of the Gadget 3 code (Springel 2005) with the reference EA-
GLE galaxy formation models (Schaye et al. 2015; Crain et al.
2015), which were calibrated to reproduce the galaxy mass func-
tion, galaxy sizes and the relation between black hole mass and
galaxy mass. The EAGLE model reproduces galaxy rotation curves
(Schaller et al. 2015), the bimodal distribution of star formation
rates and the cosmic star formation history (Furlong et al. 2015),
the Hubble sequence of galaxy morphologies (Trayford et al. 2015)
and the Tully-Fisher relation over a wide range of galaxy masses
(Ferrero et al. 2017).

3.1.3 EAGLE_recal

We have also used the MW-mass haloes from the L025N0752 box
of the EAGLE project run with the recal model (labelled as Recal-
L025N0752). We refer to this run as EAGLE_recal hereafter. This
consists of a cosmological volume simulation in a periodic cube
of side-length 25 Mpc with a mass resolution 8 times better than
the fiducial EAGLE simulation. The simulation contains 7523 DM
particles with mass of 1.2⇥106 M� and a similar number of bary-
onic particles with initial mass 2.3 ⇥ 105 M� respectively, and
gravitational softening ✏ = 0.35 kpc (for more details see Schaye
et al. 2015). The EAGLE_recal simulation has been run using the

same galaxy formation model as the standard EAGLE run, but with
recalibrated parameter values that account for the higher mass reso-
lution of the EAGLE_recal run. The EAGLE_recal galaxies match
observed galaxy properties at least to the same extent (and in some
cases better) than the standard EAGLE galaxies (e.g. see Furlong
et al. 2015; Schaller et al. 2015; Schaye et al. 2015).

The APOSTLE and EAGLE_recal simulations have a simi-
lar implementation of galaxy formation processes, but use different
parameter values, and thus we expect them to make similar predic-
tions. There are clear advantages in studying the halo and galaxies
in the two samples, since we can test the robustness of the results
against changes in mass resolution as well as in some of the param-
eters describing the subgrid galaxy formation models. Furthermore,
with EAGLE_recal we can study the effect of galaxy assembly in
a much larger sample of objects than in APOSTLE and thus better
characterise the halo-to-halo variation.

We select from the EAGLE_recal simulation Galactic mass
haloes, that is halos which, in the DMO version of the simulation,
have mass, M200 2 [0.7, 3]⇥ 1012 M�, and whose counterpart in
the hydrodynamic simulation is also a main halo. These selection
criteria results in 34 haloes.

3.2 Sample selection

For all three simulation suites we make use of the hydrodynamics
and DMO versions. Finding the counterpart of a DMO halo in the
hydrodynamic simulation and viceversa is straightforward since we
are only interested in main haloes, not subhaloes.

Our strategy is to model the MW halo as an NFW profile in the
absence of baryons which is subsequently modified by the Galactic
baryonic distribution. For this we select from the three simulation
suites those systems whose density profile in the DMO version is
well described by an NFW profile – this represents most of the
haloes in our sample (78%). Some haloes are not in equilibrium,
typically because of transient events such as mergers (e.g. see Neto
et al. 2007); including such haloes would misrepresent the long-
term relation between the DM distributions in the DMO and hy-
drodynamics simulations so we do not consider them further.

We proceed by fitting an NFW profile (Navarro et al. 1996,
1997) given by:

⇢(r) =
⇢0R

3
s

r(r +Rs)2
(7)

⌘ M200

4⇡R3
200

c
3

ln(1 + c)� c
1+c

R
3
s

r(r + R200
c )2

, (8)

where ⇢0 is the characteristic density, Rs = R200/c is the scale
radius and c is the halo concentration. If we know the halo mass,
then the NFW profile is determined by a single parameter, which
can be taken as the concentration (see Equation 8).

To find the best fitting NFW profiles, we minimise

�fit =
1

N � 1

NX

i=1

(log ⇢i � log ⇢NFW; i)
2
, (9)

where the sum is over all the N radial bins used for the fit. As ar-
gued in previous studies (e.g. Neto et al. 2007; Schaller et al. 2015),
we limit the fits to the radial range [0.05, 1]R200. We perform the
fitting using a single free parameter: the halo concentration, c. We
have also tested two-parameter fits, in which the total mass, M200,
is also allowed to vary and found very similar results.

Our final sample is composed of only the haloes whose DMO

MNRAS 000, 1–21 (2019)
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Figure 1. The radial dependence of the ratio, ⌘DM, between the enclosed
DM mass in the full physics run, MDM(< r), and in the DMO only run,
MDMO

DM (< r). Each line corresponds to a galaxy from either the Auriga,
APOSTLE and EAGLE_recal hydrodynamical simulations. The lines are
coloured according to the stellar mass of the central galaxy (see colour bar
at the top of the panel). We show results only for distances twice as large as
the Power radius (see main text).

mass profiles between the DMO and full physics versions, mergers
can take place at different times. To account for the fact that the
full physics version of a halo might not be in equilibrium, we use
the Neto et al. (2007) criterion and further remove any systems in
which the subhalo mass fraction is higher than 10 per cent. Our fi-
nal sample consist of 33 medium-resolution and 5 high-resolution
Auriga haloes, 16 medium-resolution and 6 high-resolution APOS-
TLE haloes, and 27 EAGLE_recal haloes.

2.3 DM halo profile in the presence of baryons

To study the halo profile in hydrodynamic simulations, we start
by comparing the enclosed DM mass at different radial distances
between the full physics run, MDM(< r), and the DMO run,
M

DMO
DM (< r). While in the DMO case all the mass is modelled

as being inside DM particles, actually each DM particle should
be thought as containing a fraction fbar of baryons and a fraction
1� fbar of DM, where fbar = ⌦b/⌦m is the cosmological baryon
fraction. This means that the DM mass for the DMO run is given
by (1� fbar)M

DMO
tot , where M

DMO
tot denotes the total mass in the

DMO simulation.
We account for the limited resolution of the simulations by

studying only regions with r > 2rconv, where rconv is the conver-
gence radius from Ludlow et al. (2019b, see also Power et al. 2003).
We limit to twice the convergence radius since in hydrodynamics
simulations the different mass ratio between DM and star particles
enhances the artificial two-body scattering process (for more details
see Ludlow et al. 2019a).

Figure 1 shows the radial dependence of the ratio, ⌘DM =
MDM(< r)/MDMO

DM (< r), between the enclosed DM mass in the
full physics and in the DMO simulations. Each halo in our three
simulations is shown as a curve whose colour is given by the stellar
mass, M?, of the central galaxy. We find that in all cases the inner
r < 10 kpc halo is contracted (i.e. ⌘DM > 1), which implies that

Figure 2. The DM halo response to the assembly of a central galaxy.
Top panel: shows the increase in the enclosed DM mass, ⌘DM =
MDM/MDMO

DM , between the baryonic and DMO runs. This is plotted as
a function of the ratio, � = MDMO

tot /Mtot, between the total enclosed
mass in the DMO and the baryonic runs. The DM mass in the DMO run
is given by MDMO

DM = (1 � fbar)MDMO
tot while the total mass in the hy-

drodynamic run is Mtot = MDM +Mbar. The points correspond to 112
galaxies in three suites of simulations whose mass ratios were evaluated at
radial distances from 1 kpc up to R200. The thick grey line corresponds
to the best fitting function described by Equation 4. This sits on top of the
running mean, which is show by the orange line. Centre panel: shows the
ratio between the individual points and the best fit function. The orange line
with error bars shows the running mean and 68 percentiles of the distribu-
tion. Bottom panel: shows a comparison with the mean ⌘DM predicted by
the Blumenthal et al. (1986) (dashed line) and Gnedin et al. (2004) (solid
line) approximations to an adiabatically contracted halo.

the condensation of baryons at the centre of their haloes leads to
an increase in the enclosed DM mass too. The increase is largest
for the most massive central galaxies, indicating that the more con-
centrated the baryons, the larger the halo contraction. Farther from
the halo centre the situation is more complex, with some systems
still having ⌘DM > 1, while others (especially the ones with low
M? values) having ⌘DM < 1, that is a decrease in the amount of
enclosed DM mass compared to the DMO case. These results are
in good agreement with other hydrodynamics simulations, such as
NIHAO (Dutton et al. 2016) and IllustrisTNG (Lovell et al. 2018),
who also predict that in galaxy formation simulations on average
the DM halo gets contracted and that the size of the contraction
varies among different systems.

The response of the DM halo to galaxy assembly can be pre-
dicted to a large extent using the adiabatic contraction method in
which the DM distribution has the same action integrals in the full
physics case as in the DMO case (Sellwood & McGaugh 2005;
Callingham et al. 2019a, the latter study have explicitly tested this
prediction using the Auriga project). However, as we have dis-
cussed in the introduction, this is a rather involved process and

MNRAS 000, 1–19 (2019)
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MW-mass haloes 
in 3 simulations: 
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• APOSTLE 
• EAGLE.

Grand+ 2017
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Figure 1. The radial dependence of the ratio, ⌘DM, between the enclosed
DM mass in the full physics run, MDM(< r), and in the DMO only run,
MDMO

DM (< r). Each line corresponds to a galaxy from either the Auriga,
APOSTLE and EAGLE_recal hydrodynamical simulations. The lines are
coloured according to the stellar mass of the central galaxy (see colour bar
at the top of the panel). We show results only for distances twice as large as
the Power radius (see main text).

mass profiles between the DMO and full physics versions, mergers
can take place at different times. To account for the fact that the
full physics version of a halo might not be in equilibrium, we use
the Neto et al. (2007) criterion and further remove any systems in
which the subhalo mass fraction is higher than 10 per cent. Our fi-
nal sample consist of 33 medium-resolution and 5 high-resolution
Auriga haloes, 16 medium-resolution and 6 high-resolution APOS-
TLE haloes, and 27 EAGLE_recal haloes.

2.3 DM halo profile in the presence of baryons

To study the halo profile in hydrodynamic simulations, we start
by comparing the enclosed DM mass at different radial distances
between the full physics run, MDM(< r), and the DMO run,
M

DMO
DM (< r). While in the DMO case all the mass is modelled

as being inside DM particles, actually each DM particle should
be thought as containing a fraction fbar of baryons and a fraction
1� fbar of DM, where fbar = ⌦b/⌦m is the cosmological baryon
fraction. This means that the DM mass for the DMO run is given
by (1� fbar)M

DMO
tot , where M

DMO
tot denotes the total mass in the

DMO simulation.
We account for the limited resolution of the simulations by

studying only regions with r > 2rconv, where rconv is the conver-
gence radius from Ludlow et al. (2019b, see also Power et al. 2003).
We limit to twice the convergence radius since in hydrodynamics
simulations the different mass ratio between DM and star particles
enhances the artificial two-body scattering process (for more details
see Ludlow et al. 2019a).

Figure 1 shows the radial dependence of the ratio, ⌘DM =
MDM(< r)/MDMO

DM (< r), between the enclosed DM mass in the
full physics and in the DMO simulations. Each halo in our three
simulations is shown as a curve whose colour is given by the stellar
mass, M?, of the central galaxy. We find that in all cases the inner
r < 10 kpc halo is contracted (i.e. ⌘DM > 1), which implies that

Figure 2. The DM halo response to the assembly of a central galaxy.
Top panel: shows the increase in the enclosed DM mass, ⌘DM =
MDM/MDMO

DM , between the baryonic and DMO runs. This is plotted as
a function of the ratio, � = MDMO

tot /Mtot, between the total enclosed
mass in the DMO and the baryonic runs. The DM mass in the DMO run
is given by MDMO

DM = (1 � fbar)MDMO
tot while the total mass in the hy-

drodynamic run is Mtot = MDM +Mbar. The points correspond to 112
galaxies in three suites of simulations whose mass ratios were evaluated at
radial distances from 1 kpc up to R200. The thick grey line corresponds
to the best fitting function described by Equation 4. This sits on top of the
running mean, which is show by the orange line. Centre panel: shows the
ratio between the individual points and the best fit function. The orange line
with error bars shows the running mean and 68 percentiles of the distribu-
tion. Bottom panel: shows a comparison with the mean ⌘DM predicted by
the Blumenthal et al. (1986) (dashed line) and Gnedin et al. (2004) (solid
line) approximations to an adiabatically contracted halo.

the condensation of baryons at the centre of their haloes leads to
an increase in the enclosed DM mass too. The increase is largest
for the most massive central galaxies, indicating that the more con-
centrated the baryons, the larger the halo contraction. Farther from
the halo centre the situation is more complex, with some systems
still having ⌘DM > 1, while others (especially the ones with low
M? values) having ⌘DM < 1, that is a decrease in the amount of
enclosed DM mass compared to the DMO case. These results are
in good agreement with other hydrodynamics simulations, such as
NIHAO (Dutton et al. 2016) and IllustrisTNG (Lovell et al. 2018),
who also predict that in galaxy formation simulations on average
the DM halo gets contracted and that the size of the contraction
varies among different systems.

The response of the DM halo to galaxy assembly can be pre-
dicted to a large extent using the adiabatic contraction method in
which the DM distribution has the same action integrals in the full
physics case as in the DMO case (Sellwood & McGaugh 2005;
Callingham et al. 2019a, the latter study have explicitly tested this
prediction using the Auriga project). However, as we have dis-
cussed in the introduction, this is a rather involved process and
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Figure 1. The radial dependence of the ratio, ⌘DM, between the enclosed
DM mass in the full physics run, MDM(< r), and in the DMO only run,
MDMO

DM (< r). Each line corresponds to a galaxy from either the Auriga,
APOSTLE and EAGLE_recal hydrodynamical simulations. The lines are
coloured according to the stellar mass of the central galaxy (see colour bar
at the top of the panel). We show results only for distances twice as large as
the Power radius (see main text).

mass profiles between the DMO and full physics versions, mergers
can take place at different times. To account for the fact that the
full physics version of a halo might not be in equilibrium, we use
the Neto et al. (2007) criterion and further remove any systems in
which the subhalo mass fraction is higher than 10 per cent. Our fi-
nal sample consist of 33 medium-resolution and 5 high-resolution
Auriga haloes, 16 medium-resolution and 6 high-resolution APOS-
TLE haloes, and 27 EAGLE_recal haloes.
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DMO simulation.
We account for the limited resolution of the simulations by
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gence radius from Ludlow et al. (2019b, see also Power et al. 2003).
We limit to twice the convergence radius since in hydrodynamics
simulations the different mass ratio between DM and star particles
enhances the artificial two-body scattering process (for more details
see Ludlow et al. 2019a).
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MDM(< r)/MDMO

DM (< r), between the enclosed DM mass in the
full physics and in the DMO simulations. Each halo in our three
simulations is shown as a curve whose colour is given by the stellar
mass, M?, of the central galaxy. We find that in all cases the inner
r < 10 kpc halo is contracted (i.e. ⌘DM > 1), which implies that

Figure 2. The DM halo response to the assembly of a central galaxy.
Top panel: shows the increase in the enclosed DM mass, ⌘DM =
MDM/MDMO

DM , between the baryonic and DMO runs. This is plotted as
a function of the ratio, � = MDMO
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mass in the DMO and the baryonic runs. The DM mass in the DMO run
is given by MDMO

DM = (1 � fbar)MDMO
tot while the total mass in the hy-

drodynamic run is Mtot = MDM +Mbar. The points correspond to 112
galaxies in three suites of simulations whose mass ratios were evaluated at
radial distances from 1 kpc up to R200. The thick grey line corresponds
to the best fitting function described by Equation 4. This sits on top of the
running mean, which is show by the orange line. Centre panel: shows the
ratio between the individual points and the best fit function. The orange line
with error bars shows the running mean and 68 percentiles of the distribu-
tion. Bottom panel: shows a comparison with the mean ⌘DM predicted by
the Blumenthal et al. (1986) (dashed line) and Gnedin et al. (2004) (solid
line) approximations to an adiabatically contracted halo.

the condensation of baryons at the centre of their haloes leads to
an increase in the enclosed DM mass too. The increase is largest
for the most massive central galaxies, indicating that the more con-
centrated the baryons, the larger the halo contraction. Farther from
the halo centre the situation is more complex, with some systems
still having ⌘DM > 1, while others (especially the ones with low
M? values) having ⌘DM < 1, that is a decrease in the amount of
enclosed DM mass compared to the DMO case. These results are
in good agreement with other hydrodynamics simulations, such as
NIHAO (Dutton et al. 2016) and IllustrisTNG (Lovell et al. 2018),
who also predict that in galaxy formation simulations on average
the DM halo gets contracted and that the size of the contraction
varies among different systems.

The response of the DM halo to galaxy assembly can be pre-
dicted to a large extent using the adiabatic contraction method in
which the DM distribution has the same action integrals in the full
physics case as in the DMO case (Sellwood & McGaugh 2005;
Callingham et al. 2019a, the latter study have explicitly tested this
prediction using the Auriga project). However, as we have dis-
cussed in the introduction, this is a rather involved process and
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needlessly complicated. Instead, we could use some previous adi-
abatic contraction approximations, such as the Blumenthal et al.
(1986) and Gnedin et al. (2004) ones, however these systematically
under- or over-predict the halo contraction (e.g. Abadi et al. 2010;
Duffy et al. 2010; Pedrosa et al. 2010; Dutton et al. 2016; Artale
et al. 2019).

We have found that the ratio of the enclosed DM mass, ⌘DM =
MDM(< r)/MDMO

DM (< r), at a given distance, r, is highly cor-
related to the ratio of total enclosed mass, �tot = M

DMO
tot (<

r)/Mtot(< r), at the same distance (the masses with a DMO
prefix are for the DMO only runs and the ones without a prefix
are for the full physics runs). This relation is shown in Figure 2,
where each data point corresponds to the pair of (�tot, ⌘DM) val-
ues for each galaxy measured at different distances from the centre.
The tight correlation of the (�tot, ⌘DM) pairs is especially surpris-
ing when comparing with Figure 1 since it illustrates that points
for a given ⌘DM value correspond to measurements at large r for
high M? galaxies and at low r for low M? galaxies. For exam-
ple, we typically find ⌘DM = 1.5 at r > 20 kpc for galaxies
with M? > 7 ⇥ 1010 M� and at r < 8 kpc for galaxies with
M? < 1 ⇥ 1010 M�. Alis: I struggled to follow these last two
sentences. If not vital to the story I’d remove as it’s a bit confusing.

The median trend between �tot and ⌘DM (see solid orange
line in Figure 2) is well captured by the function

⌘DM =
1

A �tot +B
exp

✓
C

�tot +D

◆
, (4)

with the best fitting parameters having the values: A = 0.31 ±
0.02, B = 1.11 ± 0.06, C = 0.45 ± 0.04 and D = 0.22 ±
0.02. The best fitting function is show by the grey line in the top
panel of Figure 2 which sits exactly on the median trend (i.e. the
orange line). To better appreciate the fit, the centre panel of the
figure shows the ratio between the individual data points and the
best fitting function.

The bottom panel of Figure 2 compares our measured rela-
tion between �tot and ⌘DM with the predictions of two widely em-
ployed approximations for the adiabatic contraction process. We
find that both the Blumenthal et al. (1986) and Gnedin et al. (2004)
methods underestimate the DM halo contraction at high �tot val-
ues, while for �tot < 0.5 the results are mixed. In particular, for
�tot > 0.2 both methods are accurate at the 5 per cent level, and
while this level of agreement might seem good, the systematic off-
set is actually larger than the typical standard deviation seen in the
individual data points (see vertical error bars in the middle panel).
Note that a 5 per cent error in the relation between �tot and ⌘DM

translates to roughly a 10 per cent error in the determination of
MDM.

Equation 4 represents a non-linear deterministic relation be-
tween the enclosed mass ratios �tot and ⌘DM, which in turn can
be expressed as a relation between M

DMO
DM (< r), MDM(< r) and

Mbar(< r). Thus, given any two radial mass profiles, we can solve
for the third. For example, we can predict the DM mass profile
in the full physics simulation, MDM(< r), given the DM profile in
the absence of baryons and the final baryonic profile. This is exactly
what we are interested to do here, since we know that MDMO

DM (< r)
is well described by an NFW profile while Mbar(< r) can be in-
ferred from observations. These two quantities can be combined
with Equation 4 to predict the DM profile of the MW.

We finish this section by testing how well Equation 4 can be
used to infer the contraction of the DM halo. For each halo in our
sample, we take the Mbar(< r) profile from the hydrodynamic
simulation and take M

DMO
DM (< r) as the best fitting NFW profile

Figure 3. Testing the extent to which our method can recover the contracted
DM distribution as a function of radial distance. The vertical axis shows the
ratio between the predicted enclosed DM mass, Mpred

DM (< r), and the value
measured in the hydrodynamic simulation, MDM(< r). The predicted DM
mass is calculated from an NFW fit to the corresponding halo in the DMO
run. The top panel shows individual galaxies (grey lines) as well as the
mean and the 68 percentiles of the distribution (thick orange line). The bot-
tom panel compares the mean and the 68 percentiles for galaxies in each
one of the three simulation used here: Auriga (blue line), APOSTLE (green
line) and EAGLE_recal (red line). Our method for inferring the DM halo
contraction is unbiased and works equally well for all three simulations. The
halo-to-halo scatter grows from 5% at r = 100 kpc, to 7% at r = 10 kpc
and reaches 13% at r = 2 kpc.

to the DM distribution in the DMO run. We then solve Equation 4
for MDM(< r) at each r value (note that MDM appears on both
the left- and right-hand sides of the equation and thus the solu-
tion must be found iteratively). The solution represents the pre-
dicted DM mass, Mpred

DM (< r), which we then compare against
the actual DM mass distribution measured in the full physics run,
MDM(< r). The results are shown in top panel of Figure 3. The
mean ratio of predicted and measured DM masses is unity for all r
values, showing that the method is unbiased. Nonetheless, individ-
ual haloes can deviate from the mean prediction since the size of
the contraction is weakly dependent on the assembly history of the
system (e.g. Artale et al. 2019). The halo contraction can be best
predicted at large radial distances, where the halo-to-halo variation
is ⇠5 per cent and it is dominated by deviations of the DMO halo
from an NFW profile. In the inner parts, individual haloes can de-
viate more from our prediction, but still at a reasonable level, with
the halo-to-halo scatter being 8 per cent at the Sun’s position and
13 per cent at 2 kpc.

The bottom panel of Figure 3 addresses a crucial question:
do the predictions depend on the galaxy formation model? To find
the answer, we test the accuracy of the method separately for the
Auriga, APOSTLE and EAGLE_recal samples. For each of the
three simulations we show the mean and the dispersion of the ra-
tio between predicted and measured DM masses as a function of
radial distance. We find very good agreement between APOSTLE
and EAGLE_recal, which was to be expected since these two sim-
ulations use similar galaxy formation models. We also find good
agreement with the Auriga sample, which even though is systemat-
ically higher, the difference is smaller than the scatter associated to
individual systems. The response of the DM halo to the baryonic
component depends on the galaxy assembly history (e.g. Duffy
et al. 2010; Dutton et al. 2016; Artale et al. 2019) and the good
agreement between the halo contraction predictions in our three
simulations suites are an outcome of the fact that these simulations
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Figure 4. The contraction of Galactic DM halo for different halo masses
and concentrations. We show the ratio of enclosed DM masses between the
contracted halo and the original NFW halo. In all cases, the MW halo in the
absence of baryons is described by an NFW profile with mass, M200, and
concentration, cNFW, that is then contracted using the Galactic baryonic
distribution. The top panel shows haloes with mass, M200 = 1⇥1012 M�,
and different concentrations. The bottom panels shows haloes with the same
concentration, cNFW = 8, but different masses. The orange shaded region
shows the 68 percentile halo-to-halo scatter in the predicted contracted halo
profile as determined in Figure 3 (the scatter is shown only for the orange
line prediction). The vertical dotted line show the Sun’s position, r� =
8.2 kpc.

4 THE CONTRACTION OF THE MW’S HALO

This section has two goals. We start by investigating the expected
DM halo contraction given the distribution of baryonic mass in the
MW. Then, in the second part, we study any biases and systematic
errors that arise from not accounting for this contraction. In par-
ticular, we study how the inferred MW total mass and DM halo
concentration compares between the usual approach taken in the
literature, i.e. that the MW halo is well described by an NFW pro-
file, versus when modelling the DM halo contraction.

4.1 Galactic halo contraction

To investigate the contraction of the Galactic DM halo we use the
MW baryonic components described in section 3 with the parame-
ter values given in Table 1 and in the fifth column (labelled as “best
fitting values for contracted halo") of Table 2. The latter values are
obtained by fitting the MW baryonic components and a contracted
halo model to Galactic observations (please refer to section 5 for
details). The enclosed MW baryonic mass as a function of radial
distance is shown in Figure 5.

Since both the mass and the concentration of the Galactic halo
are uncertain, we study the halo contraction for a range of halo
masses and concentrations. In all cases, we assume that in the ab-

Figure 5. The radial enclosed mass profile of NFW haloes (dotted lines)
and their contracted versions (solid line) given the MW baryonic distribu-
tion. The solid black line show the Galactic enclosed baryonic mass pro-
file. The top panel corresponds to initial NFW haloes of the same mass but
different concentrations. The bottom panel corresponds to haloes with the
same concentration but different masses.

sence of baryons the MW dark halo is well described by an NFW
profile (see the discussion in the introduction) which, in the pres-
ence of baryons, is adiabatically contracted according to the rela-
tion discussed in subsection 2.3.

Figure 4 shows the increase in the enclosed DM mass due to
the presence of the MW disc. For example, if the MW forms in a
1 ⇥ 1012 M� halo with an average concentration, cNFW = 8 (or-
ange line in top panel), then the baryonic disc leads to an increase
in the enclosed mass for distances r < 50 kpc. While the mass in-
crease is largest for small r, it is also significant at larger distances
such that the Sun’s orbit encloses twice as much DM, and a 20 kpc
radius encloses 30 percent more DM. The shaded region around
the orange line corresponds to the typical halo-to-halo scatter in
the size of the halo contraction (see Figure 3) and illustrates that
we can predict with a high degree of confidence that the Galactic
halo is contracted.

At distances, r > 100 kpc, we notice a small (barely vis-
ible) decrease in the enclosed mass for the contracted halo case,
which corresponds to a slight halo expansion. This is because at
those distances the enclosed baryonic mass is below the universal
baryonic fraction for the given halo mass and thus the halo expe-
riences the opposite effect; it expands, but only slightly. Note that
while our MW model does include a CGM component, this is not
massive enough to bring up the halo baryonic content to the cos-
mic baryon fraction. For example, if the Galactic DM halo mass is
1.0⇥1012 M�, then within R200 the baryon fraction is 73% of the
cosmic baryon fraction.

The top panel of Figure 4 also shows the contraction of equal
mass haloes with different concentrations. The blue and green
curves correspond to concentrations in the absence of baryons of
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sence of baryons the MW dark halo is well described by an NFW
profile (see the discussion in the introduction) which, in the pres-
ence of baryons, is adiabatically contracted according to the rela-
tion discussed in subsection 2.3.

Figure 4 shows the increase in the enclosed DM mass due to
the presence of the MW disc. For example, if the MW forms in a
1 ⇥ 1012 M� halo with an average concentration, cNFW = 8 (or-
ange line in top panel), then the baryonic disc leads to an increase
in the enclosed mass for distances r < 50 kpc. While the mass in-
crease is largest for small r, it is also significant at larger distances
such that the Sun’s orbit encloses twice as much DM, and a 20 kpc
radius encloses 30 percent more DM. The shaded region around
the orange line corresponds to the typical halo-to-halo scatter in
the size of the halo contraction (see Figure 3) and illustrates that
we can predict with a high degree of confidence that the Galactic
halo is contracted.

At distances, r > 100 kpc, we notice a small (barely vis-
ible) decrease in the enclosed mass for the contracted halo case,
which corresponds to a slight halo expansion. This is because at
those distances the enclosed baryonic mass is below the universal
baryonic fraction for the given halo mass and thus the halo expe-
riences the opposite effect; it expands, but only slightly. Note that
while our MW model does include a CGM component, this is not
massive enough to bring up the halo baryonic content to the cos-
mic baryon fraction. For example, if the Galactic DM halo mass is
1.0⇥1012 M�, then within R200 the baryon fraction is 73% of the
cosmic baryon fraction.

The top panel of Figure 4 also shows the contraction of equal
mass haloes with different concentrations. The blue and green
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distance is shown in Figure 5.
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sence of baryons the MW dark halo is well described by an NFW
profile (see the discussion in the introduction) which, in the pres-
ence of baryons, is adiabatically contracted according to the rela-
tion discussed in subsection 2.3.

Figure 4 shows the increase in the enclosed DM mass due to
the presence of the MW disc. For example, if the MW forms in a
1 ⇥ 1012 M� halo with an average concentration, cNFW = 8 (or-
ange line in top panel), then the baryonic disc leads to an increase
in the enclosed mass for distances r < 50 kpc. While the mass in-
crease is largest for small r, it is also significant at larger distances
such that the Sun’s orbit encloses twice as much DM, and a 20 kpc
radius encloses 30 percent more DM. The shaded region around
the orange line corresponds to the typical halo-to-halo scatter in
the size of the halo contraction (see Figure 3) and illustrates that
we can predict with a high degree of confidence that the Galactic
halo is contracted.

At distances, r > 100 kpc, we notice a small (barely vis-
ible) decrease in the enclosed mass for the contracted halo case,
which corresponds to a slight halo expansion. This is because at
those distances the enclosed baryonic mass is below the universal
baryonic fraction for the given halo mass and thus the halo expe-
riences the opposite effect; it expands, but only slightly. Note that
while our MW model does include a CGM component, this is not
massive enough to bring up the halo baryonic content to the cos-
mic baryon fraction. For example, if the Galactic DM halo mass is
1.0⇥1012 M�, then within R200 the baryon fraction is 73% of the
cosmic baryon fraction.

The top panel of Figure 4 also shows the contraction of equal
mass haloes with different concentrations. The blue and green
curves correspond to concentrations in the absence of baryons of
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c
NFW = 5 and 11, respectively, which, while being in the tails

of the c
NFW distribution, are not very extreme values. The plot il-

lustrates that the size of the halo contraction depends sensitively on
the halo concentration, with lower concentration haloes contracting
more.

The bottom panel of Figure 4 shows that the size of the con-
traction 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
1.5⇥1012 M�, respectively. We find that, given the same baryonic
distribution, lower mass haloes contract more.

To understand why the size of the DM halo contraction de-
pends 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 be-
ing the main factor that determines the contracted DM distribu-
tion in the inner halo, with the original DM profile having only a
secondary effect. Thus, lower mass or lower concentration haloes,
which have less mass in their inner region, must contract more than
higher mass or higher concentration haloes.

We now study if the profile of the contracted halo can be de-
scribed by a simple parametric form, such as an NFW profile or
more flexible generalisations. We illustrate this assuming that the
MW galaxy formed in a halo which in the absence of baryons is
described by an NFW profile with mass, M200 = 1 ⇥ 1012 M�,
and concentration, cNFW = 8. As we shall see later in section 5,
this halo profile is nearly identical with the best fitting model for
the Galactic halo. The original NFW halo as well as its contracted
version are shown in the top panel of Figure 6 with blue dashed
and black solid lines, respectively. The various green dotted lines
show NFW profiles for a halo with the same mass but different con-
centration values and they illustrate that the contracted halo profile
cannot be described by an NFW function.

The bottom panel of Figure 6 shows the best fitting NFW pro-
file (solid blue line), in which both the concentration and the mass
are free parameters, to the contracted halo (solid black line). Be-
cause the contracted halo does not follow an NFW profile, the re-
sulting best fitting NFW function depends somewhat on the radial
range use for the fit. Here, we fit over the radial range 5  r  200
(the fit looks qualitatively similar if we would have used a different
radial range), to obtain the blue line in the bottom panel of the fig-
ure. The best fitting NFW shows large differences, ⇠20 percent and
even higher, with respect to the contracted halo model, indicating
that an NFW profile is a poor description of a contracted halo pro-
file. Alis: Is it worth including a bottom panel showing deviations
of the fit(s) as a function of radius?

We have also tried a more flexible function, the so-called gen-
eralised NFW (gNFW) profile given by

⇢(r) =
⇢0

r�(r +Rs)3��
, (11)

which, has a third parameter, �, on top of the two parameters, Rs

and ⇢0, of the NFW profile. We have fitted the gNFW profile over
the same radial range to obtain the orange line shown in the bottom
panel of Figure 6. The gNFW parametrization does better at match-

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 distri-
bution. 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 pro-
files with the same halo mass but different concentrations. Bottom panel:
The best fitting NFW (blue line) and generalised NFW (orange line) den-
sity profiles to the contracted Galactic DM halo (thick black line). The grey
shaded region corresponds to r < 1 kpc and shows the regime where the
halo contraction has been extrapolated to scales lower than the ones where
we have tested the applicability of the method.

ing the contracted profile in the region r < 5 kpc, even though that
region was not used for the fit, however still performs poorly for
r > 8 kpc. In particular, the gNFW best fit still shows a ⇠20 per-
cent difference with respect to the contracted profile in the radial
range 8 kpc < r < 20 kpc. This is worrisome since this radial
range represents the sweet-spot between where the MW rotation
curve is least uncertain and the region where the halo potential be-
comes dominant, and thus observations in this region have the po-
tential to give the best constraints on the Galactic DM halo.

The inability of an NFW or gNFW function (as well as other
functions such as an Einasto profile) to describe the contracted pro-
file is a direct manifestation of the fact that in the radial range
5 kpc < r < 30 kpc the DM density varies as ⇢DM / r

�2 (i.e.
r
2
⇢DM is flat – see middle red curve in the top panel of Figure 6).

The gNFW and Einasto profiles have a region where ⇢DM / r
�2,

however this is typically limited to a very narrow range in r, while
we predict that the contracted Galactic DM halo has a much wider
such region. More general profiles, such as the Schaller et al. (2015)
or the Dekel et al. (2017) ones, have more free parameters and po-
tentially can provide a better match to the contracted halo profile.
However, in practice their flexibility is also one of their limitations
since the observational data is not good enough to provide interest-
ing constraints given the increased number of free parameters (e.g.
when fitting the MW rotation curve, Karukes et al. 2019 have found
that the Rs and � parameters of the gNFW models are highly de-
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halo contraction has been extrapolated to scales lower than the ones where
we have tested the applicability of the method.

ing the contracted profile in the region r < 5 kpc, even though that
region was not used for the fit, however still performs poorly for
r > 8 kpc. In particular, the gNFW best fit still shows a ⇠20 per-
cent difference with respect to the contracted profile in the radial
range 8 kpc < r < 20 kpc. This is worrisome since this radial
range represents the sweet-spot between where the MW rotation
curve is least uncertain and the region where the halo potential be-
comes dominant, and thus observations in this region have the po-
tential to give the best constraints on the Galactic DM halo.

The inability of an NFW or gNFW function (as well as other
functions such as an Einasto profile) to describe the contracted pro-
file is a direct manifestation of the fact that in the radial range
5 kpc < r < 30 kpc the DM density varies as ⇢DM / r

�2 (i.e.
r
2
⇢DM is flat – see middle red curve in the top panel of Figure 6).

The gNFW and Einasto profiles have a region where ⇢DM / r
�2,

however this is typically limited to a very narrow range in r, while
we predict that the contracted Galactic DM halo has a much wider
such region. More general profiles, such as the Schaller et al. (2015)
or the Dekel et al. (2017) ones, have more free parameters and po-
tentially can provide a better match to the contracted halo profile.
However, in practice their flexibility is also one of their limitations
since the observational data is not good enough to provide interest-
ing constraints given the increased number of free parameters (e.g.
when fitting the MW rotation curve, Karukes et al. 2019 have found
that the Rs and � parameters of the gNFW models are highly de-
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c
NFW = 5 and 11, respectively, which, while being in the tails

of the c
NFW distribution, are not very extreme values. The plot il-

lustrates that the size of the halo contraction depends sensitively on
the halo concentration, with lower concentration haloes contracting
more.

The bottom panel of Figure 4 shows that the size of the con-
traction 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
1.5⇥1012 M�, respectively. We find that, given the same baryonic
distribution, lower mass haloes contract more.

To understand why the size of the DM halo contraction de-
pends 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 be-
ing the main factor that determines the contracted DM distribu-
tion in the inner halo, with the original DM profile having only a
secondary effect. Thus, lower mass or lower concentration haloes,
which have less mass in their inner region, must contract more than
higher mass or higher concentration haloes.

We now study if the profile of the contracted halo can be de-
scribed by a simple parametric form, such as an NFW profile or
more flexible generalisations. We illustrate this assuming that the
MW galaxy formed in a halo which in the absence of baryons is
described by an NFW profile with mass, M200 = 1 ⇥ 1012 M�,
and concentration, cNFW = 8. As we shall see later in section 5,
this halo profile is nearly identical with the best fitting model for
the Galactic halo. The original NFW halo as well as its contracted
version are shown in the top panel of Figure 6 with blue dashed
and black solid lines, respectively. The various green dotted lines
show NFW profiles for a halo with the same mass but different con-
centration values and they illustrate that the contracted halo profile
cannot be described by an NFW function.

The bottom panel of Figure 6 shows the best fitting NFW pro-
file (solid blue line), in which both the concentration and the mass
are free parameters, to the contracted halo (solid black line). Be-
cause the contracted halo does not follow an NFW profile, the re-
sulting best fitting NFW function depends somewhat on the radial
range use for the fit. Here, we fit over the radial range 5  r  200
(the fit looks qualitatively similar if we would have used a different
radial range), to obtain the blue line in the bottom panel of the fig-
ure. The best fitting NFW shows large differences, ⇠20 percent and
even higher, with respect to the contracted halo model, indicating
that an NFW profile is a poor description of a contracted halo pro-
file. Alis: Is it worth including a bottom panel showing deviations
of the fit(s) as a function of radius?

We have also tried a more flexible function, the so-called gen-
eralised NFW (gNFW) profile given by

⇢(r) =
⇢0

r�(r +Rs)3��
, (11)

which, has a third parameter, �, on top of the two parameters, Rs

and ⇢0, of the NFW profile. We have fitted the gNFW profile over
the same radial range to obtain the orange line shown in the bottom
panel of Figure 6. The gNFW parametrization does better at match-

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 distri-
bution. 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 pro-
files with the same halo mass but different concentrations. Bottom panel:
The best fitting NFW (blue line) and generalised NFW (orange line) den-
sity profiles to the contracted Galactic DM halo (thick black line). The grey
shaded region corresponds to r < 1 kpc and shows the regime where the
halo contraction has been extrapolated to scales lower than the ones where
we have tested the applicability of the method.

ing the contracted profile in the region r < 5 kpc, even though that
region was not used for the fit, however still performs poorly for
r > 8 kpc. In particular, the gNFW best fit still shows a ⇠20 per-
cent difference with respect to the contracted profile in the radial
range 8 kpc < r < 20 kpc. This is worrisome since this radial
range represents the sweet-spot between where the MW rotation
curve is least uncertain and the region where the halo potential be-
comes dominant, and thus observations in this region have the po-
tential to give the best constraints on the Galactic DM halo.

The inability of an NFW or gNFW function (as well as other
functions such as an Einasto profile) to describe the contracted pro-
file is a direct manifestation of the fact that in the radial range
5 kpc < r < 30 kpc the DM density varies as ⇢DM / r

�2 (i.e.
r
2
⇢DM is flat – see middle red curve in the top panel of Figure 6).

The gNFW and Einasto profiles have a region where ⇢DM / r
�2,

however this is typically limited to a very narrow range in r, while
we predict that the contracted Galactic DM halo has a much wider
such region. More general profiles, such as the Schaller et al. (2015)
or the Dekel et al. (2017) ones, have more free parameters and po-
tentially can provide a better match to the contracted halo profile.
However, in practice their flexibility is also one of their limitations
since the observational data is not good enough to provide interest-
ing constraints given the increased number of free parameters (e.g.
when fitting the MW rotation curve, Karukes et al. 2019 have found
that the Rs and � parameters of the gNFW models are highly de-
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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: 
• Obtained from the 6D phase space of the 

classical MW satellites using Gaia DR2 data
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Figure 9. Top panel: The Galactic rotation curve (the symbols with error
bars) as a function of radial distance. The solid red line corresponds to the
best fitting MW mass model assuming a contracted DM halo. The dashed
blue line shows the best fitting MW mass model assuming the DM halo
follows an NFW profile. Both models were fitted to only the Eilers 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.

where p (D|✓) is the probability of the data given the model
parameters, p (✓) is the prior distribution, and p (D) is just
a normalisation factor. We take three Gaussian priors for
(⇢0,bulge, Rthin, Rthick) which are given in the fourth column of
Table 2. For the remaining parameters we consider no prior infor-
mation, that is we take a flat prior over a range much larger than
the constraints inferred from the data. The likelihood, p (D|✓), is
taken as the product of the likelihood associated to each of the 41
data points described in subsection 5.1, that is 38 circular velocity
measurements plus one data point for: the total mass, thin to thick
disc ratio, and the vertical force at the Sun’s position.

We are interested in obtaining a global model that fits equally
well all the measurements within their uncertainties. However,
when considering only statistical errors for the Eilers et al. (2019)
rotation curve we find that the reduced chi square is close to two
and that this large value is mostly driven by a few points, espe-
cially a dip in Vcirc at R ⇠ 9 kpc that is several � away from
the overall trend. Such outlying data points could drive the model
away from the set of parameters that give a good global fit and
force it to parameter values that better reproduce this local fea-
ture, even though such features are not expected to be captured by
the model. To mitigate any such issues, we increase the errors to
� =

p
�
2
stat + (µ�sys)2, where �stat and �sys denote respectively

the statistical and systematic Vcirc uncertainties associated to each
data point as given by Eilers et al.. The quantity µ = 0.21 denotes
a weight factor whose value we have found by requiring that the re-
duced chi square is unity. Increasing the errors as discussed mostly

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 ap-
proach using the EMCEE python module (Foreman-Mackey et al.
2013). We fit two different models for the DM halo: firstly, a pro-
file 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

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 esti-
mate 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
velocity values as

p
GM(< r)/r, where G denotes the Newton

gravitational constant and M(< r) the enclosed mass within ra-
dius, r. The latter measurements are inferred from the dynamics
of globular clusters with proper motions measured by Gaia DR2
and several various HST programs (for details see Eadie & Jurić
2019). Care should be taken when comparing these measurements
against our model since their errors might be underestimated. For
example, Eadie et al. (2018) have tested their method against cos-
mological simulations to find that often their estimates are affected
by systematic uncertainties that are not incorporated in their quoted
error bars. Alis: May have to explain more here why we didn’t use
other data points in the fit (e.g. Watkins et al., Posti & Helmi). I
think we can say that these have not been tested using simulations
(like Callingham et al.), but the same could be said for the Eilers
measurement, so will need to tread carefully.

Figure 9 shows that the contracted halo model matches well
the Eilers et al. (2019) and the Callingham et al. (2019b) measure-
ments. Alis: Worth mentioning how it agrees with data points that
haven’t been used for the fit. e.g. the difference with Eadie & Juric
is likely because a power-law model is used, which is an oversim-
plification. Good agreement with Posti & Helmi, Watkins slightly
high, but not by much. This can be appreciated especially in the
bottom panel of the figure, which shows the difference between the
predictions of this model and the various data points. In particular,
we notice two regions where the data show systematic variations
from the model. Firstly, at r ⇠ 9 kpc, the data shows a small,
but statistically significant, dip compared to the model. This dip
is probably due to localised irregularities in the kinematics of our
galaxy since the dip is also present when comparing against a run-
ning average of the Vcirc data. Such local irregularities are not in-
cluded in our global Vcirc model and thus it should not be surprising
that the model does not reproduce them. Secondly, at r ⇠ 20 kpc,
four neighbouring data points are systematically 2-3 � below the
model predictions. This could be a manifestation of systematic er-
rors in the Eilers et al. Vcirc data since the region r ⇠ 20 kpc
is where some of their model assumptions potentially break down
(see their Figure 4).

The best fitting parameter values for the contracted halo model
are given in the fifth column of Table 2 as well as in the top
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Figure 10. Posterior distribution for the seven parameters of the MW mass model. The red shaded region correspond to the contracted halo model while the
blue shaded regions correspond to an NFW halo. The darker and lighter contours enclose respectively 68 and 95 percentile of the total probability. The stellar
masses are given in units of 1010 M� and the disc scale lengths in kpc. For convenience, the ML values as well as the 68 percentile range are quoted in the
top-right corner of the plot as well as in Table 2. The grey dotted lines in the last three diagonal panels show the priors for the bulge mass, and the thin and
thick disc scale lengths.

right-hand corner of Figure 10. The maximum likelihood (ML)
model corresponds to the MW residing in a DM halo with mass,
M

DM
200 = 0.99+0.18

�0.20 ⇥ 1012 M�, and concentration before baryon
contraction, cNFW = 8.2+1.7

�1.5. The ML value for the concentration
is actually equal to the median concentration of ⇠1 ⇥ 1012 M�
haloes (e.g. Neto et al. 2007; Hellwing et al. 2016) and thus im-
plies that the MW resides in an average concentration halo. Note
that we did not use a prior for the concentration and thus the very
good agreement between our inferred value and the theoretical pre-

dictions can be interpreted as a confirmation that our model gives a
good description of the Galactic data.

The total mass of our galaxy is, M
total
200 = 1.12+0.20

�0.22 ⇥
1012 M�, in good agreement with the Callingham et al. (2019b)
measurement as well as other mass determinations (see Figure 7 in
Callingham et al.). As discussed previously, most of our constraints
come from the Vcirc data and thus, even though we used the Call-
ingham et al. value in our fit, the good agreement of our M total

200

value with the Callingham et al. measurement should not be taken
as a given. We actually have checked this by excluding the Call-
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0.12 ± 0.012. This value is derived from the analysis of MW disc
stars in the SDSS data by Jurić et al. (2008).

The last measurement we consider is the value of the vertical
force at 1.1 kpc above the plane at the Sun’s position, which we
take as (Kuijken & Gilmore 1991) :

Kz(R�) = 2⇡G⇥ (71± 6) M� pc�2
. (13)

To implement this constraint, we express it as a function of the
local total surface mass density, ⌃, which is given by (McKee et al.
2015):

⌃ =
Kz

2⇡G
+�⌃ , (14)

where �⌃ represents a correction term for the fact that the circular
velocity varies with Galactocentric radius and with the z coordinate
above the disc plane. We calculate the �⌃ term using Eq. (53) from
McKee et al. (2015), combined with the Eilers et al. (2019) rotation
curve to obtain �⌃ = 9 M� pc�2.

We note that most of the constraining power comes from the
Eilers et al. (2019) circular velocity data. This is due to a combina-
tion of Eilers et al. having the most data points, 38 in total, and to
the fact that most of the measurements are very precise, with errors
below 2 km s�1, corresponding to less than 1% relative errors. In
contrast, the vertical force measurement has an 8% relative error,
while the total mass estimate has a 15% relative error.

5.2 The fitting procedure

To obtain the best fit model, we follow the Bayesian frame-
work in which the probability of a set of parameter values,
✓ = (logMDM

200 , c
NFW

, ⇢0,bulge,⌃0,thin,⌃0,thick, Rthin, Rthick),
given the data, D, is

p (✓|D) =
p (D|✓) p (✓)

p (D)
, (15)

where p (D|✓) is the probability of the data given the model pa-
rameters, p (✓) is the prior distribution of parameter values, and
p (D) is a normalisation factor. We take three Gaussian priors for
(⇢0,bulge, Rthin, Rthick) which are given in the fourth column of
Table 2. For the remaining parameters we consider no prior infor-
mation, that is we take a flat prior over a range much larger than
the constraints inferred from the data. The likelihood, p (D|✓), is
taken as the product of the likelihoods associated with each of the
41 data points described in Section 5.1, that is 38 circular velocity
measurements plus one data point each for the total mass, thin to
thick disc ratio, and the vertical force at the Sun’s position.

We are interested in obtaining a global model that fits equally
well all the measurements within their uncertainties. However,
when considering only statistical errors for the Eilers et al. (2019)
rotation curve we find that the reduced �

2 is close to two and that
this large value is mostly driven by a few points, especially a dip in
Vcirc at R ⇠ 9 kpc that is several � away from the overall trend.
Such outlying data points could drive the model away from the set
of parameters that give a good global fit and force it to parameter
values that better reproduce this local feature, even though such fea-
tures are not expected to be captured by the model. To mitigate any
such problems, we increase the errors to � =

p
�
2
stat + (µ�sys)2,

where �stat and �sys denote respectively the statistical and sys-
tematic uncertainties for each Vcirc data point as given by Eilers
et al.. The quantity µ = 0.21 denotes a weight factor whose value
we have found by requiring that the reduced �

2 should be unity.
Increasing the errors as discussed mostly affects the points in the

Figure 10. Top panel: MW Galactic rotation curve (symbols with error
bars) as a function of radial distance. The solid red line is the best fitting
MW mass model assuming a contracted DM NFW halo. The dashed blue
line the best fitting MW mass model assuming no contraction, i.e. that the
DM halo follows an NFW profile. Both models were fitted only to the Eilers
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.

Figure 11. The rotation curve of the best fitting MW contracted NFW halo
model separated into contributions from individual components. The solid
lines show the maximum likelihood model and the shaded region the 68
percentile confidence regions. The symbols with error bars show the Bovy
& Rix (2013) determination of the stellar disc and DM halo of the MW.
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Figure 9. Top panel: The Galactic rotation curve (the symbols with error
bars) as a function of radial distance. The solid red line corresponds to the
best fitting MW mass model assuming a contracted DM halo. The dashed
blue line shows the best fitting MW mass model assuming the DM halo
follows an NFW profile. Both models were fitted to only the Eilers 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.

where p (D|✓) is the probability of the data given the model
parameters, p (✓) is the prior distribution, and p (D) is just
a normalisation factor. We take three Gaussian priors for
(⇢0,bulge, Rthin, Rthick) which are given in the fourth column of
Table 2. For the remaining parameters we consider no prior infor-
mation, that is we take a flat prior over a range much larger than
the constraints inferred from the data. The likelihood, p (D|✓), is
taken as the product of the likelihood associated to each of the 41
data points described in subsection 5.1, that is 38 circular velocity
measurements plus one data point for: the total mass, thin to thick
disc ratio, and the vertical force at the Sun’s position.

We are interested in obtaining a global model that fits equally
well all the measurements within their uncertainties. However,
when considering only statistical errors for the Eilers et al. (2019)
rotation curve we find that the reduced chi square is close to two
and that this large value is mostly driven by a few points, espe-
cially a dip in Vcirc at R ⇠ 9 kpc that is several � away from
the overall trend. Such outlying data points could drive the model
away from the set of parameters that give a good global fit and
force it to parameter values that better reproduce this local fea-
ture, even though such features are not expected to be captured by
the model. To mitigate any such issues, we increase the errors to
� =

p
�
2
stat + (µ�sys)2, where �stat and �sys denote respectively

the statistical and systematic Vcirc uncertainties associated to each
data point as given by Eilers et al.. The quantity µ = 0.21 denotes
a weight factor whose value we have found by requiring that the re-
duced chi square is unity. Increasing the errors as discussed mostly

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 ap-
proach using the EMCEE python module (Foreman-Mackey et al.
2013). We fit two different models for the DM halo: firstly, a pro-
file 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

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 esti-
mate 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
velocity values as

p
GM(< r)/r, where G denotes the Newton

gravitational constant and M(< r) the enclosed mass within ra-
dius, r. The latter measurements are inferred from the dynamics
of globular clusters with proper motions measured by Gaia DR2
and several various HST programs (for details see Eadie & Jurić
2019). Care should be taken when comparing these measurements
against our model since their errors might be underestimated. For
example, Eadie et al. (2018) have tested their method against cos-
mological simulations to find that often their estimates are affected
by systematic uncertainties that are not incorporated in their quoted
error bars. Alis: May have to explain more here why we didn’t use
other data points in the fit (e.g. Watkins et al., Posti & Helmi). I
think we can say that these have not been tested using simulations
(like Callingham et al.), but the same could be said for the Eilers
measurement, so will need to tread carefully.

Figure 9 shows that the contracted halo model matches well
the Eilers et al. (2019) and the Callingham et al. (2019b) measure-
ments. Alis: Worth mentioning how it agrees with data points that
haven’t been used for the fit. e.g. the difference with Eadie & Juric
is likely because a power-law model is used, which is an oversim-
plification. Good agreement with Posti & Helmi, Watkins slightly
high, but not by much. This can be appreciated especially in the
bottom panel of the figure, which shows the difference between the
predictions of this model and the various data points. In particular,
we notice two regions where the data show systematic variations
from the model. Firstly, at r ⇠ 9 kpc, the data shows a small,
but statistically significant, dip compared to the model. This dip
is probably due to localised irregularities in the kinematics of our
galaxy since the dip is also present when comparing against a run-
ning average of the Vcirc data. Such local irregularities are not in-
cluded in our global Vcirc model and thus it should not be surprising
that the model does not reproduce them. Secondly, at r ⇠ 20 kpc,
four neighbouring data points are systematically 2-3 � below the
model predictions. This could be a manifestation of systematic er-
rors in the Eilers et al. Vcirc data since the region r ⇠ 20 kpc
is where some of their model assumptions potentially break down
(see their Figure 4).

The best fitting parameter values for the contracted halo model
are given in the fifth column of Table 2 as well as in the top
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Figure 10. Posterior distribution for the seven parameters of the MW mass model. The red shaded region correspond to the contracted halo model while the
blue shaded regions correspond to an NFW halo. The darker and lighter contours enclose respectively 68 and 95 percentile of the total probability. The stellar
masses are given in units of 1010 M� and the disc scale lengths in kpc. For convenience, the ML values as well as the 68 percentile range are quoted in the
top-right corner of the plot as well as in Table 2. The grey dotted lines in the last three diagonal panels show the priors for the bulge mass, and the thin and
thick disc scale lengths.

right-hand corner of Figure 10. The maximum likelihood (ML)
model corresponds to the MW residing in a DM halo with mass,
M

DM
200 = 0.99+0.18

�0.20 ⇥ 1012 M�, and concentration before baryon
contraction, cNFW = 8.2+1.7

�1.5. The ML value for the concentration
is actually equal to the median concentration of ⇠1 ⇥ 1012 M�
haloes (e.g. Neto et al. 2007; Hellwing et al. 2016) and thus im-
plies that the MW resides in an average concentration halo. Note
that we did not use a prior for the concentration and thus the very
good agreement between our inferred value and the theoretical pre-

dictions can be interpreted as a confirmation that our model gives a
good description of the Galactic data.

The total mass of our galaxy is, M
total
200 = 1.12+0.20

�0.22 ⇥
1012 M�, in good agreement with the Callingham et al. (2019b)
measurement as well as other mass determinations (see Figure 7 in
Callingham et al.). As discussed previously, most of our constraints
come from the Vcirc data and thus, even though we used the Call-
ingham et al. value in our fit, the good agreement of our M total

200

value with the Callingham et al. measurement should not be taken
as a given. We actually have checked this by excluding the Call-
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Figure 10. Posterior distribution for the seven parameters of the MW mass model. The red shaded region correspond to the contracted halo model while the
blue shaded regions correspond to an NFW halo. The darker and lighter contours enclose respectively 68 and 95 percentile of the total probability. The stellar
masses are given in units of 1010 M� and the disc scale lengths in kpc. For convenience, the ML values as well as the 68 percentile range are quoted in the
top-right corner of the plot as well as in Table 2. The grey dotted lines in the last three diagonal panels show the priors for the bulge mass, and the thin and
thick disc scale lengths.

right-hand corner of Figure 10. The maximum likelihood (ML)
model corresponds to the MW residing in a DM halo with mass,
M

DM
200 = 0.99+0.18

�0.20 ⇥ 1012 M�, and concentration before baryon
contraction, cNFW = 8.2+1.7
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plies that the MW resides in an average concentration halo. Note
that we did not use a prior for the concentration and thus the very
good agreement between our inferred value and the theoretical pre-

dictions can be interpreted as a confirmation that our model gives a
good description of the Galactic data.

The total mass of our galaxy is, M
total
200 = 1.12+0.20

�0.22 ⇥
1012 M�, in good agreement with the Callingham et al. (2019b)
measurement as well as other mass determinations (see Figure 7 in
Callingham et al.). As discussed previously, most of our constraints
come from the Vcirc data and thus, even though we used the Call-
ingham et al. value in our fit, the good agreement of our M total
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value with the Callingham et al. measurement should not be taken
as a given. We actually have checked this by excluding the Call-
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Figure 13. Examples of observables that may be used to constrain the de-
scription of the Galactic DM halo as either a contracted NFW or a pure
NFW profile. The solid red and blue dashed lines show the marginalised
probabilities of the observables inferred from fitting the MW rotation curve
with contracted and pure NFW profiles, respectively. The three panels show:
disc stellar mass (top), baryonic surface density within 1.1 kpc from the
disc at the Solar position (middle), and escape velocity at the Solar position
(bottom). The diamonds with horizontal error bars show recent measure-
ments and their 68% confidence limits: Bland-Hawthorn & Gerhard (2016)
estimate of disc stellar mass based on a compilation of studies, Read (2014)
and McKee et al. (2015) estimates of the baryonic density at the Sun’s po-
sition, and the recent escape velocity measurement of Deason et al. (2019b)
and the updated value of Grand et al. (2019).

guish between the two. Current measurements at that distance are
not yet accurate enough, however, since, for example, the Calling-
ham et al. 2019b mass measurement has a 15% uncertainty which
translates into a 7.5% error in Vcirc. The mass uncertainties could
be reduced to the 10% level (5% in Vcirc) when accurate proper
motions become available for most of the ultra-faint MW satellites
(see Figure 11 in Callingham et al. 2019b) and could be reduced

even further by combining with other halo tracers such as globular
clusters and halo stars.

The MW CGM is still uncertain and assuming different CGM
masses could decrease the discrepancy between the models. For
example, if the MW halo contained the universal baryon frac-
tion, within 200 kpc we would expect a baryonic mass of 12.5 ⇥
1010 M�, of which slightly more than half is in the form of stars
and cold dense gas at the centre of our galaxy (see Table 2). Thus,
by varying the CGM mass from zero to its maximum allowed value
(the universal baryon fraction; it is unlikely that a halo could con-
tain many more baryons than the mean cosmic fraction), Vcirc can
vary by up to 4% at r = 200 kpc. This variation is smaller than the
predicted difference between the contracted and pure NFW models
at that distance, but nonetheless it is an important systematic that
needs to be accounted for.

The best fitting contracted and pure NFW halo models imply
different masses for the Galactic stellar disc, and one way to test for
this is by comparing the baryonic surface density at the Solar posi-
tion. In the middle panel of Figure 13 we show the total baryon pro-
jected density within 1.1 kpc from the disc plane. The contracted
NFW halo model predicts a surface density that is systematically
lower (by nearly 20%) than the NFW halo model. The two recent
determinations of Read (2014) and McKee et al. (2015) favour the
contracted NFW halo model; however, due to large uncertainties,
the pure NFW model cannot be ruled out.

The escape velocity at the Solar location can also be used to
differentiate between the two models, as illustrated in the bottom
panel of Figure 13. Although the two Vesc distributions overlap, the
contracted NFW halo model predicts a Vesc value that is systemat-
ically higher by ⇠15 km s�1. Current Vesc measurements are not
precise enough to differentiate between the two models, although
the Grand et al. (2019) value, which is an update of the Deason et al.
(2019b) measurement accounting for systematics such as halo sub-
structure and stellar halo assembly history, favours the contracted
halo model.

Another way to differentiate between the two halo models is
to compare them with the stellar to halo mass relation. This is a
specially powerful test since the NFW halo model predicts a lower
total mass but a higher stellar mass than the contracted NFW halo
model. Using the Moster et al. (2013) abundance matching results,
we find that, for the contracted NFW halo model, the MW stellar
mass is 0.13 dex above the mean trend (0.9� away). In contrast,
for the pure NFW halo the stellar mass is 0.26 dex higher than
the mean, a 1.8� outlier. We obtain a similar result if instead we
consider the Behroozi et al. (2013) abundance matching relation,
with the MW stellar mass being 0.7 and 1.4� above the median
trend for the contracted and pure NFW halo models, respectively.
The main difference between the Moster et al. and Behroozi et al.
relations is that the latter has a larger scatter in the stellar mass at
fixed halo mass (0.15 dex versus 0.22 dex). Thus, comparison with
the stellar to halo mass relation also favours the contracted halo
model but is not conclusive.

In Table 3 we provide a summary of the observables we just
discussed and study the extent to which various Galactic measure-
ments favour either the contracted or the pure NFW halo models.
We calculate the joint likelihood of the measured values (assuming
Gaussian uncertainties) and compare with our predictions for those
observables inferred using the contracted and pure NFW halo mod-
els. In all cases, we find that the contracted halo model is preferred,
but due to the large uncertainties, the differences are rather modest.
One way to discriminate between the two models is to calculate the
joint probability of the measurements shown in Table 3. To be con-
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contracted NFW halo model predicts a Vesc value that is systemat-
ically higher by ⇠15 km s�1. Current Vesc measurements are not
precise enough to differentiate between the two models, although
the Grand et al. (2019) value, which is an update of the Deason et al.
(2019b) measurement accounting for systematics such as halo sub-
structure and stellar halo assembly history, favours the contracted
halo model.

Another way to differentiate between the two halo models is
to compare them with the stellar to halo mass relation. This is a
specially powerful test since the NFW halo model predicts a lower
total mass but a higher stellar mass than the contracted NFW halo
model. Using the Moster et al. (2013) abundance matching results,
we find that, for the contracted NFW halo model, the MW stellar
mass is 0.13 dex above the mean trend (0.9� away). In contrast,
for the pure NFW halo the stellar mass is 0.26 dex higher than
the mean, a 1.8� outlier. We obtain a similar result if instead we
consider the Behroozi et al. (2013) abundance matching relation,
with the MW stellar mass being 0.7 and 1.4� above the median
trend for the contracted and pure NFW halo models, respectively.
The main difference between the Moster et al. and Behroozi et al.
relations is that the latter has a larger scatter in the stellar mass at
fixed halo mass (0.15 dex versus 0.22 dex). Thus, comparison with
the stellar to halo mass relation also favours the contracted halo
model but is not conclusive.

In Table 3 we provide a summary of the observables we just
discussed and study the extent to which various Galactic measure-
ments favour either the contracted or the pure NFW halo models.
We calculate the joint likelihood of the measured values (assuming
Gaussian uncertainties) and compare with our predictions for those
observables inferred using the contracted and pure NFW halo mod-
els. In all cases, we find that the contracted halo model is preferred,
but due to the large uncertainties, the differences are rather modest.
One way to discriminate between the two models is to calculate the
joint probability of the measurements shown in Table 3. To be con-
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Figure 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
dashed). Modelling the MW using a contracted halo results in a 10 per cent
higher DM density at the Sun’s position than in the case of an NFW halo.

Having precise measurements of the escape velocity at the So-
lar location can also be used to differentiate the two models, as we
illustrate in Figure 12. Although the two Vesc distribution overlap,
the contracted halo model predicts a Vesc value that is systemati-
cally higher by ⇠15 km s�1. The current Vesc measurements are
not precise enough to differentiate between the two models, al-
though the Grand et al. (2019) value, which is an update of the
Deason et al. (2019b) measurement that accounts for systematics
such as halo substructure and stellar halo assembly history, favours
the contracted halo model.

Another method to differentiate between the two halo models
is to compare them with the stellar to halo mass relation. This is an
especially powerful test since the NFW halo model predicts a lower
total mass, but a higher stellar mass than the contracted halo model.
Using the Moster et al. (2013) abundance matching results, we find
that for the contracted halo model the MW stellar mass is 0.13 dex
above the mean trend (0.9� away). In contrast, for the NFW halo
the corresponding stellar mass is 0.26 dex higher than the mean,
or equivalently a 1.8� outlier. Thus, comparison with the stellar
to halo mass relation also favours the contracted halo model. Alis:
Maybe also mention the Behroozi stellar mass-halo mass relation.
Is that different at all?

6.2 DM density at the Solar position

One of the key products of Galactic mass models is the local density
of DM, which is important for DM direct detection experiments.
The inferred local DM density given by our model is shown in
Figure 13, where the solid and dashed lines correspond to the con-
tracted and the NFW halo models, respectively. The contracted halo
model indicates a local DM density of 9.0+0.5

�0.4 ⇥ 10�3 M� pc�3,
that is 0.34+0.02

�0.02 GeV cm�3, in agreement with other literature
values (e.g. see Figure 1 in the review by Read 2014). We also find
that the NFW halo model predicts a DM density that is systemati-
cally lower by 10%, which is due to the fact that the baryonic disc
is more massive and thus accounts for a larger fraction of the mat-
ter distribution at the Solar position. This results confirm previous
studies who have found that the unknown MW baryonic distribu-

tion is the main systematic uncertainty in the determination of the
local DM density (e.g. Buch et al. 2019; Karukes et al. 2019; de
Salas et al. 2019).

The comparison between the contracted and the NFW halo
models highlights the need for using a physically motivated global
model for our Galaxy. Often, for example as we have found in Fig-
ure 9, the data can be equally well fitted by several models that are
degenerate in the properties of the baryonic and the DM compo-
nents. In such cases, hydrodynamical simulations can play a very
important role by offering plausible arguments why certain models
are preferred and thus can help to break the degeneracy between
the baryons and DM distributions. By analysing the response of the
DM halo to the presence of baryons, our study illustrates the sys-
tematic biases in the inferred local DM distribution by incorrectly
modelling the halo using an NFW profile. Biases are also likely to
be present when modelling the MW halo as a gNFW profile, since
this latter functional form is not flexible enough to capture the con-
tracted DM halo (see bottom panel of Figure 6).

6.3 The total mass of our galaxy

Using the contracted halo model we find that the total mass of the
MW within a radius that encloses a mean density 200 times the crit-
ical density is M total

200 = 1.12+0.20
�0.22 ⇥1012 M�, in good agreement

with many recent measurements based on the Gaia DR2 data (e.g.
Posti & Helmi 2019; Watkins et al. 2019; Eadie & Jurić 2019).
While our method uses the Callingham et al. (2019b) total mass
measurement as one of the data points we fit our model to, we infer
roughly the same total mass when we remove the Callingham et al.
data point (although with somewhat larger uncertainties), and thus
our determination can be seen as a largely independent confirma-
tion that the MW total mass is ⇠1⇥ 1012 M�.

Our results also highlight that the total mass estimate is sen-
sitive to systematic uncertainties arising from the modelling of the
DM halo. Depending on which measurement is being studied, in-
correctly modelling the MW halo as an uncontracted NFW profile
can both overestimate and underestimate the total mass. For exam-
ple, modelling the enclosed mass within a fixed Galactocentric dis-
tance as an NFW profile with the typical halo mass–concentration
relation leads to overestimating the total mass (see Figure 7; the
same holds true also for escape velocity modelling but the system-
atic error is lower – see Figure 8). In contrast, modelling the entire
rotation curve as an NFW profile leads to an underestimation of
the total mass (see Table 2 and Figure 10). This is because to ac-
count for the baryon induced DM halo contraction, the data prefers
a high concentration for the NFW profile which, given the halo
mass–concentration degeneracy inherent in this kind of modelling,
results in a too low DM halo mass. This potentially explains why
mass estimates based on fitting the rotation curve (e.g. Bovy et al.
2012; Kafle et al. 2014) are systematically lower than determina-
tions based on other methods (e.g. see the comparison in Wang
et al. 2015).

6.4 Limitations and future improvements of the current
approach

Our model assumes a spherically symmetric DM halo, however
cosmological simulations predict ellipsoidal haloes (e.g. Bett et al.
2007; Schneider et al. 2012). This simplification is unlikely to af-
fect our results since the baryonic distribution leads to a roughly
spherical DM distributions in the inner region, i.e. for r . 20 kpc,
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Table 3. Summary of observables and measurements that can be used to
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).

Observable Study Cont.
halo

NFW
halo

L ratio

Theoretical predictions† – X –
Fit to MW rotation curve (1) X 2.1
Stellar disc mass (2) X 1.4
Abundance matching (3) X 3.2

(4) X 2.0
Baryon surface density (5) X 1.7
at Solar position (6) X 3.5
Escape velocity (7) X 1.2
at Solar position (8) X 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).

by varying the CGM mass from zero to its maximum allowed value
(the universal baryon fraction; it is unlikely that a halo could con-
tain many more baryons than the mean cosmic fraction), Vcirc can
vary by up to 4% at r = 200 kpc. This variation is smaller than the
predicted difference between the contracted and pure NFW models
at that distance, but nonetheless it is an important systematic that
needs to be accounted for.

The best fitting contracted and pure NFW halo models imply
different masses for the Galactic stellar disc, and one way to test for
this is by comparing the baryonic surface density at the Solar posi-
tion. In the middle panel of Figure 13 we show the total baryon pro-
jected density within 1.1 kpc from the disc plane. The contracted
NFW halo model predicts a surface density that is systematically
lower (by nearly 20%) than the NFW halo model. The two recent
determinations of Read (2014) and McKee et al. (2015) favour the
contracted NFW halo model; however, due to large uncertainties,
the pure NFW model cannot be ruled out.

The escape velocity at the Solar location can also be used to
differentiate between the two models, as illustrated in the bottom
panel of Figure 13. Although the two Vesc distributions overlap, the
contracted NFW halo model predicts a Vesc value that is systemat-
ically higher by ⇠15 km s�1. Current Vesc measurements are not
precise enough to differentiate between the two models, although
the Grand et al. (2019b) value, which is an update of the Dea-
son et al. (2019b) measurement accounting for systematics such
as halo substructure and stellar halo assembly history, favours the
contracted halo model.

Another way to differentiate between the two halo models is
to compare them with the stellar to halo mass relation. This is a spe-
cially powerful test since the pure NFW halo model predicts a lower
total mass but a higher stellar mass than the contracted NFW halo
model. Using the Moster et al. (2013) abundance matching results,
we find that, for the contracted NFW halo model, the MW stellar
mass is 0.13 dex above the mean trend (0.9� away). In contrast,

Figure 14. The DM density at the position of the Sun derived when mod-
elling the Galactic DM halo as a contracted (solid red) or as a pure NFW
halo (blue dashed). Modelling the MW as the contracted halo results in a
10% higher DM density that in the pure NFW halo case.

for the pure NFW halo the stellar mass is 0.26 dex higher than the
mean, a 1.8� outlier. We obtain a similar result if instead we con-
sider the Behroozi et al. (2013) abundance matching relation, with
the MW stellar mass being 0.7 and 1.4� above the median trend for
the contracted and pure NFW halo models, respectively. The main
difference between the Moster et al. and Behroozi et al. relations
is that the latter has a larger scatter in the stellar mass at fixed halo
mass (0.15 dex versus 0.22 dex). Thus, comparison with the stellar
to halo mass relation also favours the contracted halo model but is
not conclusive.

In Table 3 we provide a summary of the observables we just
discussed and study the extent to which various Galactic measure-
ments favour either the contracted or the pure NFW halo models.
We calculate the joint likelihood of the measured values (assuming
Gaussian uncertainties) and compare with our predictions for those
observables inferred using the contracted and pure NFW halo mod-
els. In all cases, we find that the contracted halo model is preferred,
but due to the large uncertainties, the differences are rather modest.
One way to discriminate between the two models is to calculate the
joint probability of the measurements shown in Table 3. To be con-
servative, for each observable that has more than one entry in the
table, e.g. abundance matching, we choose the entry that discrim-
inates the least between the models. We find that the contracted
NFW halo model has a 12 times higher likelihood (p-value of 0.08)
than the pure NFW one.

6.2 DM density at the Solar position

One of the key products of Galactic mass models is the local density
of DM, which is important for direct detection experiments. The in-
ferred local DM density given by our model is shown in Figure 14,
where the solid and dashed lines correspond to the contracted and
pure NFW halo models, respectively. The contracted halo model
indicates a local DM density of 9.0+0.5

�0.4 ⇥ 10�3 M� pc�3, that
is, 0.34+0.02

�0.02 GeV cm�3, in agreement with other literature val-
ues (e.g. see Figure 1 in the review by Read 2014). The NFW halo
model predicts a DM density that is systematically lower than this
by 10%, which is due to the fact that the baryonic disc is more mas-
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† 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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(the universal baryon fraction; it is unlikely that a halo could con-
tain many more baryons than the mean cosmic fraction), Vcirc can
vary by up to 4% at r = 200 kpc. This variation is smaller than the
predicted difference between the contracted and pure NFW models
at that distance, but nonetheless it is an important systematic that
needs to be accounted for.

The best fitting contracted and pure NFW halo models imply
different masses for the Galactic stellar disc, and one way to test for
this is by comparing the baryonic surface density at the Solar posi-
tion. In the middle panel of Figure 13 we show the total baryon pro-
jected density within 1.1 kpc from the disc plane. The contracted
NFW halo model predicts a surface density that is systematically
lower (by nearly 20%) than the NFW halo model. The two recent
determinations of Read (2014) and McKee et al. (2015) favour the
contracted NFW halo model; however, due to large uncertainties,
the pure NFW model cannot be ruled out.

The escape velocity at the Solar location can also be used to
differentiate between the two models, as illustrated in the bottom
panel of Figure 13. Although the two Vesc distributions overlap, the
contracted NFW halo model predicts a Vesc value that is systemat-
ically higher by ⇠15 km s�1. Current Vesc measurements are not
precise enough to differentiate between the two models, although
the Grand et al. (2019b) value, which is an update of the Dea-
son et al. (2019b) measurement accounting for systematics such
as halo substructure and stellar halo assembly history, favours the
contracted halo model.

Another way to differentiate between the two halo models is
to compare them with the stellar to halo mass relation. This is a spe-
cially powerful test since the pure NFW halo model predicts a lower
total mass but a higher stellar mass than the contracted NFW halo
model. Using the Moster et al. (2013) abundance matching results,
we find that, for the contracted NFW halo model, the MW stellar
mass is 0.13 dex above the mean trend (0.9� away). In contrast,

Figure 14. The DM density at the position of the Sun derived when mod-
elling the Galactic DM halo as a contracted (solid red) or as a pure NFW
halo (blue dashed). Modelling the MW as the contracted halo results in a
10% higher DM density that in the pure NFW halo case.

for the pure NFW halo the stellar mass is 0.26 dex higher than the
mean, a 1.8� outlier. We obtain a similar result if instead we con-
sider the Behroozi et al. (2013) abundance matching relation, with
the MW stellar mass being 0.7 and 1.4� above the median trend for
the contracted and pure NFW halo models, respectively. The main
difference between the Moster et al. and Behroozi et al. relations
is that the latter has a larger scatter in the stellar mass at fixed halo
mass (0.15 dex versus 0.22 dex). Thus, comparison with the stellar
to halo mass relation also favours the contracted halo model but is
not conclusive.

In Table 3 we provide a summary of the observables we just
discussed and study the extent to which various Galactic measure-
ments favour either the contracted or the pure NFW halo models.
We calculate the joint likelihood of the measured values (assuming
Gaussian uncertainties) and compare with our predictions for those
observables inferred using the contracted and pure NFW halo mod-
els. In all cases, we find that the contracted halo model is preferred,
but due to the large uncertainties, the differences are rather modest.
One way to discriminate between the two models is to calculate the
joint probability of the measurements shown in Table 3. To be con-
servative, for each observable that has more than one entry in the
table, e.g. abundance matching, we choose the entry that discrim-
inates the least between the models. We find that the contracted
NFW halo model has a 12 times higher likelihood (p-value of 0.08)
than the pure NFW one.

6.2 DM density at the Solar position

One of the key products of Galactic mass models is the local density
of DM, which is important for direct detection experiments. The in-
ferred local DM density given by our model is shown in Figure 14,
where the solid and dashed lines correspond to the contracted and
pure NFW halo models, respectively. The contracted halo model
indicates a local DM density of 9.0+0.5

�0.4 ⇥ 10�3 M� pc�3, that
is, 0.34+0.02

�0.02 GeV cm�3, in agreement with other literature val-
ues (e.g. see Figure 1 in the review by Read 2014). The NFW halo
model predicts a DM density that is systematically lower than this
by 10%, which is due to the fact that the baryonic disc is more mas-
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Summary
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• 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: 

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

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

MDM
200 = 1.0 ± 0.2 × 1012M⊙

Mtotal
200 = 1.1 ± 0.2 × 1012M⊙

cDM = 8.2 ± 1.6


