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Evidence for dark matter in the inner Milky Way

Fabio locco?*, Miguel Pato3* and Gianfranco Bertone®

The ubiquitous presence of dark matter in the Universe is
today a central tenet in modern cosmology and astrophysics'.
Throughout the Universe, the evidence for dark matter is
compelling in dwarfs, spiral galaxies, galaxy clusters as well
as at cosmological scales. However, it has been historically
difficult to pin down the dark matter contribution to the total
mass density in the Milky Way, particularly in the innermost
regions of the Galaxy and in the solar neighbourhood?. Here
we present an up-to-date compilation of Milky Way rotation
curve measurements®™, and compare it with state-of-the-art
baryonic mass distribution models'*-2¢, We show that current
data strongly disfavour baryons as the sole contribution to the
Galactic mass budget, even inside the solar circle. Our findings
demonstrate the existence of dark matter in the inner Galaxy
without making any assumptions about its distribution. We
anticipate that this result will compel new model-independent
constraints on the dark matter local density and profile, thus
reducing uncertainties on direct and indirect dark matter
searches, and will help reveal the structure and evolution of
the Galaxy.

Existing studies of the dark matter density in the inner Galaxy
fall into two categories: mass modelling and local measurements.
In mass modelling, the distribution of dark matter is assumed to
follow a density profile inspired by numerical simulations, typically
an analytic fit such as the well-known Navarro-Frenk-White” or
Einasto® profiles, with two or more free parameters whose best-
fit values are then determined from dynamical constraints. The
statistical error on the dark matter density in the inner Galaxy—
and in particular in the solar neighbourhood—is in this case very
small”®, of the order of 10%, but this reflects only the strong
assumptions made about the distribution of dark matter. The dark
matter density profile is in fact observationally unknown, and
the aforementioned classes of profiles are inspired by simulations
without baryons, whose role is not negligible in the inner Galaxy.
Local measurements are instead based on the study of observables
in the solar neighbourhood?. These methods can be used to assess
the evidence for dark matter locally through an estimate of the
gravitational potential from the kinematics of stars. However, the
value found for the local dark matter density is usually compatible
with zero at ~3¢ unless one makes strong assumptions about the
dynamics of the tracer populations.

Here we report on a comparison of the observed rotation
curve of the Galaxy with that expected from visible matter alone.
As we shall see, this approach provides an alternative way to
constrain additional contributions of matter to the rotation curve,
and therefore to infer the existence and abundance of dark matter.
Although this has been historically one of the first methods to detect
dark matter in external galaxies, it has long been thought to provide

weak constraints in the innermost regions of the Milky Way, due to
a combination of poor rotation curve data and large uncertainties
associated with the distribution of baryons. We show that recent
improvements on both fronts allow us to obtain a convincing proof
of the existence of dark matter inside the solar circle.

We start by presenting a new, comprehensive compilation
of rotation curve data derived from kinematic tracers of the
Galactic potential, which considerably improves on earlier (partial)
compilations®**!. Optimized to Galactocentric radii R =3-20kpc,
our database includes gas kinematics (HI terminal velocities**, CO
terminal velocities®, HI thickness®, HII regions”®, giant molecular
clouds®), star kinematics (open clusters’, planetary nebulae',
classical cepheids", carbon stars'?) and masers"’. This represents an
exhaustive survey of the literature that intentionally excludes objects
with only kinematic distances, and those for which asymmetric
drift or large random motions are relevant. In total we have
compiled 2,780 measurements, of which 2,174, 506 and 100 are
from gas kinematics, star kinematics and masers, respectively (see
Supplementary Text). For each measurement, we translate the
kinematic data into a constraint on the angular velocity w. =v./R
and on the Galactocentric radius R. The upper panel of Fig. 1 shows
the rotation curve v.(R) for the full compilation of data, including
only statistical uncertainties (see Supplementary Text for a test of
systematics on observational data).

The contribution of stars and gas to the total mass of the
Galaxy has historically been subject to significant uncertainties,
in particular towards the innermost regions where its dynamical
role is most important. Substantial progress has been made
recently, and data-based models that encode the three-dimensional
morphology of the baryonic distribution have become available in
the literature. To bracket the uncertainties on the stellar and gas
distributions, we consider here all possible combinations of a set of
detailed models for the stellar bulge'*"?, stellar disk**** and gas™?*®
(see Supplementary Text). The stellar bulge models encompass
alternative density profiles in the inner few kiloparsecs and different
configurations of the Galactic bar. The stellar disks implemented
provide instead the best descriptions of star observations across the
Galaxy, including parameterizations with and without separation
into thin and thick populations. Finally, the gas is split into its
molecular, atomic (cold, warm) and ionized (warm, hot, very hot)
components, paying special attention to the localized features in the
range R=10 pc -20 kpc.

The gravitational potential of each model is computed
through multipole expansion®, and the corresponding rotation
curve is shown in the lower panel of Fig. 1 with its original
normalization. We calibrated each bulge with the microlensing
optical depth measurement towards the central Galactic region®***
(t) =2.17%347 x 107°, each disk with the dynamical constraint
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Figure 1| The rotation curve of the Milky Way. In the top panel we show our compilation of rotation curve measurements as a function of Galactocentric
radius, including data from gas kinematics (blue dots; HI terminal velocities, CO terminal velocities, HI thickness, HIl regions, giant molecular clouds), star
kinematics (open green squares; open clusters, planetary nebulae, classical cepheids, carbon stars) and masers (open black circles). Error bars correspond
to 1o uncertainties. The bottom panel shows the contribution to the rotation curve as predicted from different models for the stellar bulge (blue), stellar
disk (green) and gas (black). We assume a distance to the Galactic Centre Rp =8 kpc in both panels, and a local circular velocity vo =230 km s~ in the

top panel.

on the local total stellar surface density** X, =38 +£4 Mg pc?,
and for the gas we adopted a CO-to-H, conversion factor of %
(0.5—3.0) x 10 cm™? (K kms™")~! for R > 2kpc. This procedure
ensures that all baryonic models comply with the existing
observational constraints and moreover it assigns a realistic
uncertainty to the contribution of each model to the rotation curve.
Note that we do not attempt to account for the poorly understood
systematics of each single baryonic model, but instead use the
spread due to all morphological configurations as an estimate of
the systematics on the baryonic contribution.

We assess the evidence for an unseen (dark) component
of the gravitational potential of our Galaxy in the form of a
discrepancy between the observed rotation curve, w., and that
expected from the set of baryonic models described above, w;,.
We stress that we do not make any assumption about the nature
or distribution of dark matter: our analysis therefore provides
a model-independent estimate of the amount of dark matter in
the Galaxy. For each baryonic model, the two-dimensional chi-
square’ is computed and used to assess the goodness-of-fit. We
have explicitly checked through Monte Carlo calculations that this
statistic has an approximate x? distribution for the case at hand.
The analysis is restricted to Galactocentric radii R > R, =2.5kpc,
below which the orbits of the kinematic tracers are significantly non-
circular. We adopt a distance to the Galactic Centre R, =8kpc, a
local circular velocity v, =230 km s™', and a peculiar solar motion®
(U,V, W) =(11.10,12.24,7.25) km s".

The upper panel of Fig. 2 shows the angular velocity as a function
of the Galactocentric radius. Observational data are shown with red
dots, and the grey band shows the envelope of all baryonic models
discussed above, which we interpret here as bracketing the possible
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contribution of baryons to the rotation curve. The discrepancy
between observations and the expected contribution from baryons
is evident above Galactocentric radii of 6-7kpc. The residuals
(@ — w})'* are plotted in the middle panel of Fig. 2 for a fiducial
baryonic model'**** (the one shown by the black solid line in the
upper panel), and they can be readily interpreted as the contribution
of an extra component to the Newtonian gravitational potential
of our Galaxy. Interestingly, the gravitational potential from a
dark matter distribution such as those suggested by numerical
simulations (Navarro-Frenk-White or Einasto profiles) smoothly
fills the gap without fine tuning. We stress that we do not perform
a fit of the dark matter profile parameters to the data, but simply
superimpose the residuals expected from a standard Navarro—
Frenk-White profile as typically implemented in the literature.

The main conclusion of our analysis is summarized in the bottom
panel of Fig. 2, where we plot the x? per degree of freedom for
each baryonic model and for all data up to a given radius R (but
above R.,). The evidence for a dark component rises above 50
(thick red line) well inside the solar circle for all baryonic models.
Indeed, whereas the relative discrepancy between observational data
and baryonic models is higher at larger Galactocentric radii, it is
at lower radii that uncertainties are smallest. Hence, the evidence
grows swiftly at relatively small radii and saturates above R,. We
have tested the robustness of our results against variations of Ry,
vy, peculiar solar motion and data selection as well as against
systematics due to spiral arms’. The results change only mildly for
all cases, and the conclusions drawn from Fig. 2 remain unchanged
(see Supplementary Text).

The comparison of the Milky Way observed rotation curve with
the predictions of a wide array of baryonic models points strongly
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Figure 2 | Evidence for dark matter. In the top panel we show the angular velocity measurements from the compilation shown in Fig. 1 (red dots) together
with the bracketing of the contribution of all baryonic models (grey band) as a function of Galactocentric radius. Error bars correspond to To- uncertainties,
and the grey band shows the envelope of all baryonic models including 1o uncertainties. The contribution of a fiducial baryonic model is marked with the
black line. The residuals (wf 7w§)1/2 between observed and predicted angular velocities for this baryonic model are shown in the central panel. The blue
dashed line shows the contribution of a Navarro-Frenk-White profile with scale radius of 20 kpc normalized to a local dark matter density of 0.4 GeV cm™3.
The bottom panel shows the cumulative reduced x?2 for each baryonic model as a function of Galactocentric radius. The black line shows the case of the
fiducial model plotted in black in the top panel, and the thick red line represents the reduced x2 corresponding to 5¢ significance. In this figure we assume
a distance to the Galactic Centre Rp =8 kpc and a local circular velocity vo =230 kms™, and we ignore all measurements below Reyt = 2.5 kpc.

to the existence of a contribution to the gravitational potential of the
Galaxy from an unseen, diffuse component. The statistical evidence
is very strong already at small Galactocentric radii, and it is robust
against uncertainties on Galactic morphology and kinematics.
Without any assumption about the nature of this dark component
of matter, our results open a new avenue for the determination of its
distribution inside the Galaxy. This has powerful implications both
on studies aimed at understanding the structure and evolution of
the Milky Way in a cosmological context, and on direct and indirect
dark matter searches, aimed at understanding the very nature of
dark matter.
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