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Previous results
on rotation curves of MW
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characteristic density of M1.06 0.09 10 kpc0
7 3r =  -

( ) · .
At the location of the Sun the implied dark matter density
is R 0.30 0.03 GeV cmdm

3r =  -
( ) , presuming the halo is

spherical. Our estimate of the velocity contribution of the dark
matter halo also reveals that the dynamics of the Milky Way are
becoming dominated by dark matter beyond R14 kpc, i.e.,
the largest contribution to the circular velocity curve originates
from the dark matter halo, whereas the inner part is dominated
by the stellar components.

6. Summary and Discussion

In this paper we presented new measurements of the Milky
Way’s circular velocity curve between 5�R�25 kpc. Gaia’s
precise six-dimensional phase-space information for a large
sample of tracer stars, together with the new measurements of
the Galactocentric rest-frame (Gravity Collaboration et al.
2018), have enabled the most precise measurements of the
circular velocity to date. Combining our equatorial circular
velocity curve measurement with the kinematics of the Galactic
halo from stellar streams will enable new constraints of the
three-dimensional profile and flattening of the Milky Way’s
halo (e.g., Xue et al. 2015).

We derive the circular velocity based on a Jeans model under
the assumption of an axisymmetric gravitational potential. We
used 23,000 stars at the upper RGB as a tracer population,
which are well suited because they are frequent and very
luminous, and hence observable over large Galactic distances.
We select all stars close to the Galactic plane, because the
Milky Way’s disk is a cold and precise tracer of kinematic
structure. We make use of the fact that red giant stars—similar

to red clump stars—are standardizable candles, which allowed
us to obtain precise spectrophotometric distance estimates from
a linear data-driven model (Paper I).
The dynamics of the inner 5 kpc of the Milky Way disk are

strongly influenced by the presence of the Milky Way bar and
thus need to be modeled in a nonaxisymmetric potential, which
is beyond the scope of this paper. Beyond R5 kpc, Jeans
modeling yields a precise and robust estimate of the circular
velocity curve, which shows a gently declining slope of
(−1.7±0.1) km s−1 kpc−1, with a systematic uncertainty of
0.46 km s−1 kpc−1. Our result is in reasonably good agreement
with another recent analysis of the Milky Way’s circular
velocity curve based on classical cepheids by Mroz et al.
(2019), who find a slope of (−1.41±0.21) km s−1 kpc−1.
However, our derivative is significantly less shallow than
previous studies by Bovy et al. (2012), Bovy & Rix (2013), or
Reid et al. (2014) suggest, who estimate a slope that is
consistent with a flat circular velocity curve, which is excluded
by our estimate with >3σ significance.
A declining circular velocity curve has not been observed in

many other disk galaxies in the local universe, which rather
show a flat or even increasing circular velocity curve (e.g.,
Rubin et al. 1980; Sofue et al. 1999). Galaxies with declining
circular velocity curves have yet only been reported at higher
redshift. For instance, Genzel et al. (2017) studied six massive
star-forming galaxies at z≈2 and found declining circular
velocity curves, claiming that these galaxies are baryon-
dominated and their dark matter content is smaller than in
disk galaxies in the local universe (see also Lang et al. 2017).
They argue that the observations suggest that baryons in the
early universe during the peak epoch of star formation

Figure 3. New measurements of the circular velocity curve of the Milky Way are shown as the black data points. The errorbars are estimated via bootstrapping and do
not include any systematic uncertainties. We note the systematic error at the location of the Sun, which influences our results at the 3% level (see Section 5.2). The
blue dotted curve shows a linear fit to our data (Equation (7)), whereas the red curves show 100 random draws from the posterior distribution of the fit parameters to
the circular velocity modeled as a sum of stellar components, i.e., bulge, thin and thick disk (gray curves), and a dark matter halo estimated by an NFW-profile (yellow
curves, also showing 100 random draws from the posterior). The measurements of various other studies of the circular velocity are shown as colored data points. The
light gray shaded region marks the region, where dynamics are strongly influenced by the Milky Way’s bar.
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Figure 5. Comparison between the circular velocity curve measured from Eilers et al. ( 2019 ) (black) and this work (red). The best-fitting Einasto DM profile, 
with the baryonic model from de Salas et al. ( 2019 ), is also shown here. The grey shaded region represents the bulge region, which we do not model due to the 
non-axisymmetric potential near the galactic bar. The red shaded region represents the total uncertainty estimate from the dominating systematic sources, as 
shown in Fig. 6 . 
profile is a generalization to the well-known NFW profile, which 
is a common approximation to DM density profiles found in 
cosmological simulations (Navarro, Frenk & White 1997 ). Unlike 
the standard cuspy NFW profile, which di verges to wards smaller 
r , the gNFW profile adds a free parameter that modulates the 
inner and outer asymptotic power law slope of the standard NFW 
profile, allowing it to be completely cored with a power law slope 
down to −3 in density at radii larger than the scale radius. The 
Einasto profile is also widely used to describe the density profile 
of galaxies (Einasto 1965 ; Retana-Montenegro et al. 2012 ). The 
functional form of an Einasto profile also allows for a cuspy or 
cored profile. Unlike the asymptotic power-law behaviour for an 
NFW/gNFW profile, the Einasto profile has an exponential decrease 
in density outside the centre region. In light of the steady decrease 
we observe in the measured circular velocity curve, we test which 
model provides a better fit to the new data presented in this 
work. 

For the gNFW profile, we calculate the circular velocity curve 
based on the density profile of the form 
ρgNFW ( r ) = M 0 

4 πr 3 s 1 
( r /r s ) β (1 + r/r s ) 3 −β

, (11) 

where M 0 is the mass normalization, r s is the scale radius, and β
is the characteristic power for the inner part of the potential. When 
β = 1, we reco v er the standard NFW profile. The Einasto profile is 
defined as 
ρEin ( r ) = M 0 

4 πr 3 s exp ( −( r /r s ) α) , (12) 
where M 0 and r s are defined similarly as in equation ( 11 ), and α
determines how fast the density distribution falls with galactic radius. 

The model circular velocity at any given R is then computed from 
the total enclosed mass, calculated by integrating the density profile. 
6  R ES U LTS  
The posterior distributions for both profile fits are shown in Fig. 7 . 
We take the median of the posterior distribution as the final fitted 
parameters for the DM profiles, listed in Table 3 . The statistical 
uncertainties are estimated with the 16 th and 84 th percentiles in the 
posterior distributions. Virial masses ( M 200 ) and radii ( r 200 ), as well 
as concentration parameters ( c 200 ), are calculated based on the best- 
fitting parameters in the density profiles, assuming the cosmological 
parameters from Planck Collaboration VI ( 2020 ). They are defined 
such that the average energy density within r 200 is 200 times the 
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(LMC) may have a↵ected the MW disc location with respect
to its halo (Conroy et al. 2021; Erkal et al. 2021), but is
unlikely to have a↵ected its internal dynamics or morphology
(Laporte et al. 2018).

Gaia DR3 (Gaia Collaboration 2023b) has provided
improved parallaxes and proper motions, whose systematic
uncertainties are smaller by a factor of 2 when compared to those
of Gaia DR2 (Lindegren et al. 2021a,b). Gaia Collaboration
(2023a, hereafter D23) measured a robust RC of the MW out to
R = 14 kpc from the 3D velocity space of a clean sample of OB
stars and another sample of RGB stars using Gaia DR3 data.
This was followed by three studies investigating the outer MW
RC (Wang et al. 2023a; Zhou et al. 2023; Ou et al. 2023), which
used di↵erent star samples and methodologies. Wang et al.
(2023a) derived distances from the Gaia parallaxes (⇡) of a very
large number of stars for which there are also radial velocities
from Gaia DR3. These latter authors implemented a Lucy’s
inversion method (LIM; Lucy 1974), from which they populated
6D phase space cells (l, b, ⇡, Vr, µ⇤↵, µ�). These authors then
determined the average values of the velocity components and
their dispersions, which were tested and shown to provide
reliable results. Ou et al. (2023) followed a technique similar
to that of Eilers et al. (2019), namely using spectrophotometric
distances to establish the RC of over 30 000 RGB stars. A
similar approach was adopted by Zhou et al. (2023), although
their distances were estimated using di↵erent priors.

Figure 1 compares the three corresponding RCs; they show
many consistencies, except in the inner (where Wang et al. 2023a
have lower velocities) and outer (where Zhou et al. 2023 have
higher velocities) parts. This latter discrepancy should signifi-
cantly a↵ect the estimation of the dynamical mass1 of the MW.
The goal of the present paper is to verify whether these di↵er-
ences can be attributed to di↵erent methodologies in order to
establish the MW RC and to determine the dynamical mass of
our Galaxy from Gaia DR3. In Sect. 2, we describe the Jeans
equation, and show how we derive the systematic uncertainties
for the Wang et al. (2023a) RC using a method similar to that of
Eilers et al. (2019) and to that of Ou et al. (2023). In Sect. 3, we
show the approach we take to determine the MW dynamical mass
using a set of models including baryonic and DM components. In
Sect. 4, we show that the three RCs can be reconciled together,
providing a sharp velocity drop at large radii, and we provide the
MW dynamical mass range and its uncertainty. In Sect. 5, we
describe the limitations of our estimates, and compare them to
estimates based on other tracers. We also test whether or not we
can detect the Keplerian decline of the MW RC.

2. Methods: RC determination and associated
uncertainties

2.1. The RC derived from Jeans equation

Assuming an axisymmetric MW potential and a disc at
equilibrium, Wang et al. (2023a) used the Jeans equation
(Binney & Tremaine 2008, Eq. (4.222a)) to measure the circu-
lar velocity curve:
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1 In the following, we use the term dynamical (or total) mass, (Mdyn),
to refer to the sum of the baryonic and dark matter masses. This latter
is also referred to as the virial dark-matter mass (Mvir) inside the virial
radius, above which no additional mass is expected.

Fig. 1. Comparison of the three di↵erent measurements of the MW RC
based on Gaia DR3.

where ⌫ denotes the matter density distribution. By assuming a
steady state, a disc that is symmetric about its equator (@⌫/@z = 0
at z = 0), and an exponential radial profile of the tracer popula-
tion with a scale length of hR = 2.5 kpc (Jurić et al. 2008), the
circular velocity curve can be derived using R(@�/@R) = V
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For the three velocity components, we apply:

hV2
X
i = hVXi2 + �2

hVXi, (3)

where X presents R, �, and z, respectively.
Concerning the RC of Wang et al. (2023a), we adjusted the

bin size to improve the calculation within each bin. Specifi-
cally, we calculated hV2

�i and hV2
R
i using the same 1 kpc width

bins as was done by Wang et al. (2023a). However, we derived
the gradient term @hV2

R
i/@R after centring the 1 kpc bin width

around each data point. Figure 2 shows that the slightly modified
RC is consistent with that of Wang et al. (2023a) within 22 kpc,
which means that systematic uncertainties associated with the
choice of the bin size and position are very small. The largest
modification is for the point at R = 24.5 kpc, whose velocity
amplitude decreases by 8 km s�1. However, this velocity is more
consistent with the decreasing slope of the RC between 13 and
23 kpc. Data beyond 27.5 kpc are lacking (within a height of
3 kpc, i.e. |z| < 3 kpc), and so we do not derive the last point
at R = 27.5 kpc.

We derived the RC and the associated systematic uncertain-
ties within the height of 3 kpc, i.e., |z| < 3 kpc, which provides
the most extended RC in Wang et al. (2023a). The cross term
@hVRVzi/@z was also neglected in the calculations of several pre-
vious works (e.g. Eilers et al. 2019; Wang et al. 2023a) because
it is generally considered to be two to three orders of magnitude
smaller than the remaining terms at many radii. This term is fur-
ther analysed in Sect. 2.2.1.

2.2. Systematic uncertainties

The MW has various and complex dynamical structures, which
implies that the assumptions of the time-independent gravita-
tional potential and of a smooth density distribution are rough
approximations of the true dynamics. For example, the observed
velocity field in our Galaxy has been found to have asymmetri-
cal motions with significant gradients in all velocity components
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Keplerian decline of MW rotation curve

4



Gary Mamon (IAP), Does the outer Milky Way lack Dark Matter? Théorie, Univers & Gravitation, Saclay, 16 Oct 2025

Outline

Analysis of pseudo Milky Way galaxies in cosmological hydrodynamical simulation 

Reanalysis of Milky Way data
• Catalog
• Distances to stars
• Galactocentric frame: data and errors
• Analysis in radial bins
• Bayesian star-by-star analysis 

Jeans equation of local dynamical equilibrium
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From phase space to local space
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distribution function = 6D phase space density  
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Stationary axisymmetric Jeans equation

7

applied to stars in disk with scale length h(R) & scale height H(R)   
flaringnon-exp’l disk

The exponential disk approximation followed by all previous studies (with too large h)!!

exponential disk approximation 

×
no -term approximation ×

The neglect of the x-term followed by all previous studies except Koop+24!
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Consequences on Dark Matter
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Table 4. Estimated MW dynamical mass and associated Einasto profile parameters for the RC of the present work (TW) and for that of Ou et al.
(2023, O23).

Baryon model Mbar Mdyn M0 h n

[1011
M�] [1011

M�] [1011
M�] [kpc]

TW O23 TW O23 TW O23 TW O23

B2 0.616 2.05+0.08
�0.06 2.19+0.17

�0.12 3.72+0.45
�0.70 1.23+0.63

�0.58 11.41+1.15
�1.62 5.5+1.46

�1.56 0.43+0.12
�0.09 0.87+0.20

�0.15

E dJ 0.607 1.97+0.09
�0.06 2.07+0.15

�0.11 3.72+0.36
�0.63 1.82+0.64

�0.72 12.30+1.10
�1.63 7.3+1.46

�1.74 0.40+0.13
�0.09 0.73+0.18

�0.14

E J 0.603 1.97+0.09
�0.06 2.08+0.16

�0.11 3.72+0.36
�0.70 1.70+0.65

�0.72 12.21+1.12
�1.68 7.03+1.49

�1.79 0.40+0.13
�0.09 0.76+0.19

�0.14

E CM 0.589 1.97+0.09
�0.06 2.10+0.17

�0.12 3.55+0.43
�0.73 1.26+0.69

�0.61 11.63+1.20
�1.77 5.81+1.58

�1.71 0.43+0.14
�0.10 0.85+0.21

�0.16

G dJ 0.575 1.98+0.09
�0.07 2.14+0.17

�0.12 3.47+0.51
�0.78 1.02+0.64

�0.52 11.34+1.28
�1.86 4.99+1.52

�1.54 0.45+0.15
�0.10 0.94+0.21

�0.17

G J 0.571 1.98+0.09
�0.06 2.15+0.19

�0.13 3.39+0.50
�0.76 0.89+0.62

�0.51 11.29+1.26
�1.82 4.72+1.60

�1.64 0.45+0.14
�0.10 0.97+0.24

�0.18
G CM 0.557 1.99+0.10

�0.07 2.16+0.18
�0.13 3.31+0.58

�0.91 0.64+0.56
�0.38 10.63+1.40

�2.01 3.85+1.52
�1.35 0.49+0.16

�0.11 1.06+0.23
�0.19

Average 1.99+0.09
�0.06 2.13+0.17

�0.12

peculiar point around 23 kpc. Figure 8 of Wang et al. (2023a)
shows that the declining slope is shared for stars selected at dif-
ferent heights, for which di↵erences are most likely caused by
the asymmetric drift e↵ect. Points near and above R = 24 kpc
might also be a↵ected by the asymmetric drift systematic errors,
which is similar to the findings of Ou et al. (2023) for their RC.

5.2. Does the Milky Way warp have a significant impact on
the rotation curve measurement?

The MW has a warped disc. Observations show that the MW
disc is flat out to roughly the Solar Circle, where it then bends
upwards and downwards in the northern and southern hemi-
spheres. The amplitude of the warp clearly increases with radius
and varies with azimuthal angle. The position and kinemat-
ics of the Galactic warp also depend on the stellar populations
(Poggio et al. 2018; Wang et al. 2020; Chrobáková et al. 2020a;
Li et al. 2023).

Wang et al. (2020) analysed the stellar warp of di↵erent stel-
lar populations by combining LAMOST DR4 and Gaia DR2.
These authors concluded that the Galactic warp might not be
caused by the gravitational interaction scenarios but by the gas
infall process, and gravitational interactions such as that due to
the Sgr passages are also addressed.

On the other hand, there has been no major merger in the
MW for between 9 and 10 Gyr, which corresponds to the GSE
event, as described in Sect. 1. Interactions with nearby dwarfs or
satellites are not expected to have a great impact on disc stabil-
ity, though Sgr passages near the disc edge have been suggested
to have a↵ected or even possibly formed the warp (Bailin 2003).
Even in the latter case, if the Sgr main interaction with the disc
occurred more than 5 Gyr ago, it is likely that the MW disc is
in relative equilibrium (quasi-equilibrium within 30 kpc)6 with
some oscillations. Those oscillating asymmetries on either side
of the galactic plane are called corrugations. From a sample of
40 nearby low-inclination disc galaxies, Urrejola-Mora et al.
(2022) identified that 20% of the galaxies exhibit vertically
perturbed galactic discs, which could be described by corru-
gations. One of the most famous corrugations in the MW is

6 At 30 kpc, a star rotating at 170 km s�1 would have the time to make
4.5 orbits, i.e. a su�ciently large number to consider the system to be
at equilibrium (Gnedin & Ostriker 1999).

Fig. 7. Circular velocity of the Milky Way. The red (blue) data points are
the measurements computed in the present work (and in Ou et al. 2023),
with error bars including systematic uncertainties. These are compared
with data points from D23 (OB: magenta triangles, and RGB: green
triangles, stars) that have not been corrected for asymmetric drift.

the Monoceros Ring located at low Galactic latitudes. Although
this is more likely to be explained by disc flaring (Wang et al.
2018; Bergemann et al. 2018), scenarios of a perturbed disc
by an ancient disrupted dwarf galaxy have also been pro-
posed (Conn et al. 2007, 2012; Johnston et al. 2017). Corruga-
tions start from the Sun and at least four ripples are seen in the
disc outskirts (Newberg et al. 2002; Ibata et al. 2003; Xu et al.
2015); these blur our representation of a flat disc and can pro-
duce wiggles in the RC that are di↵erent from those due to spiral
arms.

Chrobáková et al. (2020b) used N-body simulations and
found that the Jeans equation could provide a reasonable approx-
imation to the system dynamics if the amplitude of the radial
velocity component is significantly smaller than the azimuthal
one. It is possible to assume an axisymmetric steady disc to mea-
sure the RC globally using the Jeans equation. In Fig. 1 (see
Appendix A), we also compared the RC with di↵erent limits for
the vertical heights and they show good consistency even in the
outer disc. The warp could a↵ect spatial and velocity measure-
ments, and especially the vertical velocities, which are expected
to be its main kinematic signature. In order to measure the e↵ect
of the vertical velocity, we analysed the neglected cross-term
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Dark Matter mass profile analysis of 2 datasets:
TW = “This work” of Jiao+23
O23 = Ou, Eilers et al. (2024)

Jiao+23 dataset → faster than Gaussian cutoff of DM density profile!

Ou+24 dataset → ~exp’l cutoff of DM density profile, w much smaller Einasto scale
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back to Jeans equation
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Explanations of keplerian outer rotation curve
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The Milky Way is special:
Tidal truncation of its outer Dark Matter
from encounter with object more massive AND very concentrated

Systematic errors in the analysis of Gaia data

Dark Matter is rare in massive galaxies contradicts MW mass profile
from globular clusters, streams

Ibata+24Watkins+19

Dark Matter does not exist contradicts CMB power spectrum Planck mission
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Test using 
cosmological hydrodynamical simulations 
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TNG50:
box size L=51 Mpc
gas resolution 70 pc
star & DM resolution 300 pc

Milky Way analogs: 
10.4 <  < 11.2
disky: c/a < 0.45
central galaxies
 with > 85% of halo mass

log(M⋆/M⊙)

→ 129 galaxies
→ analyzed 25
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Keplerian slope in TNG50 MWs?
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stationary axisymmetric Jeans
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Stellar Density profiles
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steepening of stellar density!
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Observational evidence of steepening of exponential disk
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(Methods), which are suspected to originate from stellar-dynamical 
side effects of the bar-formation process22.

When dividing stars into mono-age populations, the surface den-
sity profile varies systematically with stellar age. In the bulge region 
(R < 3.5 kpc), except for the oldest age bin (10–12 Gyr), younger popula-
tions have generally lower luminosity density, which is broadly consist-
ent with the recent quiescent star formation history of the bulge23–26. 
The mono-age population of 8–10 Gyr exhibits the highest excess over 
the disk, which may indicate bar formation in the Galactic Centre27. In 
the disk region (within 3.5 < R < 14 kpc), younger populations show 
steeper positive slopes within 7.5 kpc and flatter slopes beyond it, with 
a consistently steep negative slope at R > 7.5 kpc for the youngest age 
bin of 0–2 Gyr. The flat inner disk profile of the summed populations 
is a combination of the negative slopes of old populations and the 
positive slopes of young populations in this region. Given this trend of 
luminosity profile with age, the inner disk profile of the Milky Way as a 
whole is steeper with a more negative slope at earlier epochs. The more 
radially extended luminosity profile of the younger populations serves 
as direct evidence for the inside-out formation of the Galactic disk28. 
However, the broken shape of the disk profile in mono-age populations, 
except for the oldest age bin, suggests that the Galactic disk has a more 
complex growth history than a simple increase of scale length. In the 
outer disk beyond 14 kpc, the steep decrease of the density profile may 
indicate a truncation of the Galactic disk29, beyond which the stars are 
populated, possibly by radial migration30 from inner regions31–33. The 
steepest negative slope of the youngest population is consistent with 
the radial migration origin of the outer disk as younger populations 
are expected to have experienced less migration.

Although the origin is not yet clear, the broken disk profile pre-
sented here may greatly change our understanding of the Milky Way’s 
structure and global properties. Earlier estimates of many fundamental 
global properties of the Milky Way (for example, total stellar mass and 
size) and the decomposition of the rotation curve were all based on the 
assumption of a single-exponential disk profile and, thus, may be subject 
to significant change. Here we explore the impact of the broken disk 
profile on the size estimate of the Milky Way. In light of the complex disk 
profile and the presence of the significant bar/bulge, a size metric other 
than the scale length—one that is independent of the assumed density 
distribution—is needed to describe the global structure of the Milky Way. 
The half-light (or effective) radius is just such a size quantity and is widely 
used in extragalactic studies34,35. The half-light radius R50 is defined as the 
radius within which half of a galaxy’s bolometric luminosity is emitted.

The wide radial range, in particular the coverage of the inner Gal-
axy, of the nonparametric luminosity surface density profile enables 
the direct measurement of the half-light radius of the Milky Way. We 
obtained 5.75 ± 0.38 kpc. This measurement does not strongly depend 
on the choice of the wavelength of the monochromatic luminosity or 
the bolometric luminosity for the density profile (Methods). Because 
the inner disk profile flattens, the half-light radius of the Milky Way 
is significantly larger than that expected from a picture of the Milky 
Way’s structure with a bulge and single-exponential thick and thin disk 
components (3.12 ± 0.28 kpc would be measured under this assump-
tion; Methods). A similarly large half-light radius was obtained in  
ref. 28 based on earlier APOGEE data and a sophisticated Galaxy for-
mation model. Note that in their model, the bulge component was 
not considered and a single-exponential profile was assumed, which 
coincidentally have opposite effects on the half-light radius and result 
in a measurement close to that of this work (~5.9 kpc).

To compare the size of the Milky Way with other galaxies, we 
selected a sample of 3,743 low-redshift (0.01 < z < 0.06), massive 
(log(M

∗

/M

⊙

) > 10), disk-dominated (bulge-to-total ratio B/T < 0.5), 
face-on, star-forming galaxies from the Sloan Digital Sky Survey 
(SDSS)36. The half-light radii of these galaxies were measured based on 
SDSS images and are provided in ref. 37. The selected galaxies were split 
into barred and nonbarred samples based on the probability of bar 

In this work, we took advantage of the wide spatial coverage of the 
APOGEE survey and derived the nonparametric surface brightness pro-
file of the Milky Way in a radial range from R = 0 to 17 kpc. We used the 
chemical abundances, ages and distances of individual stars observed 
with APOGEE7 and Gaia16,17. We transformed the observed density of 
stars to the intrinsic density of the underlying stellar population by 
correcting for the survey selection function, doing so separately for 
stars with different abundances. The three-dimensional (3D) lumi-
nosity density distributions of the intrinsic populations of different 
abundances were then integrated in the vertical direction to obtain 
the luminosity surface density profile of mono-age and entire stellar 
populations (Methods).

When including stars of all ages from 0 to 12 Gyr, the nonpara-
metric luminosity surface density profile is rather complex (Fig. 1). 
The inner upturn at Galactocentric radius R < 3.5 kpc is driven by the 
Galactic bulge18. The luminosity surface density profile of the disk 
consists of several components: a nearly flat plateau between 3.5 
and 7.5 kpc, an exponential component between 7.5 and 14 kpc with 
a scale length consistent with previous studies of the structure of the 
Galactic disk2and a steep decrease beyond 14 kpc. Such a broken disk 
density profile clearly deviates from a single-exponential profile for 
the Galactic disk. The flattened inner disk density profile is in broad 
agreement with recent studies of the structure of mono-abundance 
populations (MAPs) based on different spectroscopic surveys15,19,20. 
We validated this feature using Gaia data with robust parallax observa-
tions (Methods). The challenging task of deriving the nonparametric 
surface brightness profile of the Milky Way, given our position inside 
the Galaxy, means that few attempts have been made so far. Existing 
measurements beyond R > 8 kpc with an exponential-like profile21 
are consistent with this work. A negative luminosity profile, with the 
inner part being flatter, is frequently seen in local disk galaxies5,22, but 
the break usually occurs in the low-density environment at the galaxy 
peripheries. Some rarer cases have profile breaks in the inner disk 
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Fig. 1 | Luminosity surface density profiles of the integrated and mono-
age stellar populations of the Milky Way. Coloured and black lines indicate 
the luminosity surface density (ΣL) profile of mono-age and the total stellar 
populations, respectively. The shaded regions indicate the 1σ uncertainty on 
the luminosity surface densities. The vertical dashed line marks the half-light 
radius of 5.75 kpc. The grey dashed-dotted line illustrates a single-exponential 
profile with a scale length of 2.6 kpc (ref. 2) normalized to the surface density 
of the radial bin between 8 and 9 kpc. Inset, Lines and shaded regions show the 
accumulated luminosity surface density profile and associated 1σ uncertainties 
as a function of age.
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7-parameter fit for linear model
log D = a0 + aG mG + ab−r(B − R) + aA AG + aZ [M/H] + aT log T + ag log g

color

magnitude

normalization

surface
gravity

temperature

metallicity

absorption

scatter

Previous distance studies:
* many assumed constant disk scale length
* Ou et al. did not use best absorption model
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Distribution of star distances
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Wide range in number of outer stars

17

Data Distance 
model Comments Parallax bias 

correction
Dust 

model
Number in 

19.5 - 26.5 kpc

Ou et al. Hogg+19
On 7000+ spectral 

elements; all 
parallaxes (even < 0) 

+0.017 mas Intrinsic 311

APOGEE StarHorse  
Anders+22

Assume exponential 
disk

5-parameter model 
Lindegren+21 70

APOGEE DistMass 
Stone-Martinez+24 machine learning 0 9

APOGEE Ours 0.017 mas DustMap 
Green+18 25

APOGEE Ours 5-parameter model 
Lindegren+21

DustMap 
Green+18 25
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Equatorial → Galactocentric frame
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 = covariance matrix of errors 
            in galactocentric frame
CGC

Ceq =

ϵ2
μα* ρ ϵμα* ϵμδ 0

ρ ϵμα* ϵμδ ϵ2
μδ 0

0 0 ϵ2
los

CGC = Jgal→GC ⋅ Jeq→gal ⋅ Ceq ⋅ JT
eq→gal ⋅ JT

gal→GC

 = covariance matrix 
         of velocity moments
Cσ

P(VR, Vϕ, VZ) = ∫ d3Vtrue
1

(2π)3/2 |CGC |
exp [−

1
2

(V − Vtrue)T ⋅ C−1
GC ⋅ (V − Vtrue)] exp [−

1
2

(Vtrue − Vtrue)T ⋅ C−1
σ ⋅ (Vtrue − Vtrue)]

=
1

(2π)3/2 |CGC + Cσ |
exp {−

1
2 [(V − V)T ⋅ (CGC + Cσ)−1 ⋅ (V − V)]}

Cσ =
σ2

R 0 σRZ

0 σ2
ϕ 0

σRZ 0 σ2
Z
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Binned rotation curve

19

from
our preliminary analysis

Our outer rotation curve is noisy,
given our small sample of 25 outer stars
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Conclusions

20

Previous analyses of Gaia data → rapidly decreasing outer rotation curve (perhaps Keplerian)
 exponential or gaussian truncation of Dark Matter density profile!⇒

Analysis of outer rotation of curves of Milky Way - like galaxies in cosm’l hydro simulation TNG50 
→ Keplerian behaviour when solving Jeans eq. by fixing scale length of exponential disk,
     while scale length is lower at large radii 

Besides stellar density profile of disk, issues are:

* very ≠ distances to stars between teams (modeling & dust extinction to stars)                                         
→ 9 to 311 stars in range of galactocentric radii 

* uncertain bias in Gaia astrometric parallaxes (used for refined distance modeling)

* possible warp in disk: increasing warp inclination ⇒ steeper outer rotation curve   

Too early to lose sleep over Dark Matter!
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Extra slides
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Keplerian outer rotation curves?

22

simulated MWs: –2 slope 3D density profiles in very wide range of radii
encompassing where MW rotation curve appears to be keplerian
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Distribution of star distances
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Cross term

24

non-zero Z-derivative, but could be small
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Robustness to parallax bias
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Bayesian analysis

26

P(Model |Data) = L(Data|Moments, Scales)

→ ω(Moments |R)ω(Scales |R)ω(Vc |R)

→ p(R |Dobs) (1)

1

Gaussians
Power-Laws

Posterior Likelihood

Priors

ℒ = ∏
i

p(Datai |Model) ⇒ − ln ℒ = − ∑
i

ln p(Datai |Model)

Markov Chain Monte Carlo (MCMC): 
posterior from jumps in parameter space according to ln ℒ(Mi) − ln ℒ(Mi−1)

Moments: velocity moments: σR, σϕ, σZ, σRZ Scales: 
disk scale length: h(R)
disk scale height: H(R)

with possible improvements following what Giacomo wrote


