N

N

Which Milky Way masses are consistent with the
slightly declining 5—25 kpc rotation curve?
Y. Jiao, F. Hammer, J. L. Wang, Y. B. Yang

» To cite this version:

Y. Jiao, F. Hammer, J. L. Wang, Y. B. Yang. Which Milky Way masses are consistent with the
slightly declining 5-25 kpc rotation curve?. Astronomy and Astrophysics - A&A, 2021, 654, pp.A25.
10.1051,/0004-6361,/202141058 . hal-03368718

HAL Id: hal-03368718
https://hal.science/hal-03368718
Submitted on 6 Oct 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03368718
https://hal.archives-ouvertes.fr

A&A 654, A25 (2021)
https://doi.org/10.1051/0004-6361/202141058
©Y. Jiao et al. 2021

tronomy
Astrophysics

Which Milky Way masses are consistent with the slightly declining

5-25 kpc rotation curve?

Y. Jiao', F. Hammer!, J. L. Wangz, and Y. B. Yang1

' GEPI, Observatoire de Paris, Université PSL, CNRS, Place Jules Janssen, 92195 Meudon, France
e-mail: francois.hammer@obspm. fr
2 CAS Key Laboratory of Optical Astronomy, National Astronomical Observatories, Beijing 100101, PR China

Received 12 April 2021 / Accepted 1 July 2021

ABSTRACT

Context. Discoveries of extended rotation curves have suggested that spiral galaxy halos contain dark matter. This has led to many
studies that estimated the total mass of the Galaxy, mostly using the Navarro, Frenk, and White (NFW) density profile.

Aims. We determine the effect that the choice of the dark matter profile has on the predicted values of extrapolated total masses.
Methods. We considered a recently reported Milky Way (MW) rotation curve, first because of its unprecedented accuracy, and second
because the Galactic disk appears to be least affected by past major mergers that have fully reshaped the initial disk.

Results. We find that the use of an NFW profile (or its generalized form, gNFW) to calculate the dark-matter contribution to the MW
rotation curve generates apparently inconsistent results such as an increase in baryonic mass that leads to an increase in dark matter
mass. Furthermore, we find that NFW and gNFW profiles narrow the total mass range, leading to a possible methodological bias
particularly against low MW masses. Using the Einasto profile, which is better suited to represent cold dark matter halos, we finally
found that the slightly decreasing rotation curve of the MW favors a total mass that can be as low as 2.6 x 10'! M, disregarding any
other dynamical tracers farther out in the MW. This is inconsistent with values higher than 18 x 10'' M, for any type of cold dark
matter halo profiles under the assumption that stars and gas do not affect the predicted dark matter distribution in the MW.
Conclusions. This methodological paper encourages the use of the Einasto profile to characterize rotation curves with the aim of

evaluating their total masses.

Key words. Galaxy: kinematics and dynamics — Galaxy: structure — dark matter — methods: numerical

1. Introduction

Gaia DR2 provided accurate stellar proper motions to calculate
the circular velocity curve of the Milky Way (MW) up to 25 kpc
(Eilers et al. 2019; Mroz et al. 2019). The result was based on
a thorough analysis of a very large sample of 26000 RGB
stars in the MW disk (Eilers et al. 2019), resulting in a slightly
but robustly determined decrease in circular velocity from 5 to
25 kpc. While Eilers et al. (2019, see also Hogg et al. 2019) used
spectrophotometric distances in their analysis, their finding was
confirmed by Mroéz et al. (2019) using 773 Classical Cepheids
with precise distances. Subsequent analyses of these rotation
curves (RCs) have led to a total MW mass near or well below
10'2 M, (Eilers etal. 2019; de Salas et al. 2019; Grand et al.
2019; Karukes et al. 2020). Karukes et al. (2020) have used a
considerable number of baryonic matter distributions to derive
the overall mass distribution, while the de Salas et al. (2019)
have accounted for very large error bars after cumulating all the
systematics described in details by Eilers et al. (2019).

The accuracy of the MW RC also allows testing different
mass profiles for the dark matter (DM) distribution in the MW
halo. Recent studies have shown that the three-parameter Einasto
profile (Einasto 1965, see also Retana-Montenegro et al. 2012)
provides a better description of the CDM halo density pro-
file than the NFW profile (Navarro et al. 2004, 2010; Gao et al.
2008), and it is even than the three-parameter generalized gNFW
(Klypin et al. 2016).

We propose to test the Einasto and NFW (Navarro et al.
1997) density profiles and their effect on the total mass

estimates when spiral rotation curves are fit. We consider the
MW RC because of its unprecedented accuracy, and also because
the history of the MW is likely quiescent when compared
to other spirals (Hammer et al. 2007) because the last MW
major merger occurred ~10 Gyr ago, as has recently been con-
firmed based on the resulting debris identified by Gaia DRI
(Belokurov et al. 2018) and as will soon be confirmed by Gaia
DR2 (Haywood et al. 2018; Helmi et al. 2018).

In Sect. 2 we present our proposed treatment of the error
bars for the Eilers et al. (2019) RC, and then describe the choice
and mathematical descriptions of the baryon and DM models.
In Sect. 3 we compare the y? probability distribution for DM
represented by the NFW or Einasto profiles. In Sect. 4 we discuss
which mass range is consistent with the combined constraints
provided by the fit of the MW RC and by adopting DM halo
profiles from the cold dark matter (CDM) theory.

2. Methods
2.1. Rotation curve and error bars

Eilers et al. (2019) provided a thorough analysis of the possi-
ble systematic errors that may affect the MW RC and sum-
marized (see their Fig. 4) four different types of systematics.
The first type includes the neglected term in their Jeans equa-
tion (see their Eq. (3)), which is a cross-term made by the ver-
tical density gradient of the product of the radial and vertical
velocities. This term is found to be small but not negligible at
large distances. For example, Mackereth et al. (2019) showed
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that vertical velocities are higher for young stars, which is
expected because the gaseous disk is likely affected by (former)
gas infall. This may affect the derived RC because Eilers et al.
(2019) selected relatively young stars (<4 Gyr) for the MW RC
in order to avoid asymmetric drift effects.

However, the effect is expected to be smaller (<5 km sl at
12 kpc) than the RC amplitude. The second possible systematics
is empirical, and it is an estimate of the error variations with
radius after splitting the sample into two parts. We consider here
only the first type of systematics because it likely includes the
second.

Adding to this, Filers et al. (2019) considered a third cat-
egory of systematics with a quite different nature because it
proportionally applies in the same way to all RC points. It
is revealed by the three almost horizontal lines in Fig. 4 of
Eilers et al. (2019). This last category of systematics includes
the effect of changing the distance of the Sun to the Galactic
center, the proper motion of the latter, and it can be extended to
the change in scale length. These uncertainties have to be applied
to the derived mass as a whole after the fitting analysis. Added
together, they correspond to an additional systematic uncertainty
of ~2% on the velocity scale and ~4% on the mass scale. We
note in agreement with Christina Eilers (Eilers, priv. comm.) that
summing all the errors of Fig. 4 of Eilers et al. (2019) (as it has
been done by de Salas et al. 2019) would strongly overestimate
the error bars (see the discussion above), which dilutes the sig-
nificance of the MW RC.

In the following we adopt the same parameters for the posi-
tion of the Sun and for the solar velocity as Eilers et al. (2019).
Karukes et al. (2020) have shown that the choice of the solar
velocity may significantly affect the determination of its mass,
while it has been considered determined at a 2—3% level by
Eilers et al. (2019).

2.2. Milky Way baryonic mass models

The contribution of the baryonic components to the MW mass
or RC is still uncertain, and this may well affect the determi-
nation of the DM distribution. Following Karukes et al. (2020),
we adopt here a large number of models from the literature
to describe the MW baryonic component, as described below.
The baryonic component and its distribution in the bulge, disk,
thick disk, gas, and even halo gas is still debated (see the review
by Bland-Hawthorn & Gerhard 2016), and some modeling also
introduces an ionized gas component (Cautun et al. 2020). The
basic idea is to cope with uncertainties on baryons by using a
very large grid of possible models, although we are aware that
some baryons models may not be fully consistent with other
important constraints from vertical dynamics of the disk stars
(Bovy & Rix 2013) or from microlensing (Wegg et al. 2016).
Pouliasis et al. (2017) generated a new axisymmetric model
(Model 1) including a spherical bulge and a thin and thick
disk. This model satisfies a number of observational constraints:
stellar densities at the solar vicinity, thin- and thick-disk scale
lengths and heights, and the absolute value of the perpendic-
ular force K, as a function of distance to the Galactic center.
Although the disk is made of a thin and a thick disk, the asso-
ciated density profiles are both described by a Miyamoto—Nagai
profile (Eq. (1)). Pouliasis et al. (2017) concluded that Model I
supersedes the axisymmetric model (Model A&S) proposed by
Allen & Santillan (1991) because there is growing evidence for a
strong thick-disk component and because the bulge is less promi-
nent and less classical than assumed in Model A&S. Model A&S
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Table 1. Parameters for Model I, Model A&S, and Model S.

Parameter ModelI Model A&S Model S
Myuige (10" M,) 1.067 1.406 2.5
Mpin (10190,)  3.944 8.561 11.2
My (1010 M) 3.944 - _

arin (Kpc) 5.3 5.3178 5.73
amick (kpc) 2.6 - -

bpuige (kpe) 0.3 0.3873 0.87
binin (kpc) 0.25 0.25 _

bick (kpc) 0.8 — _

consists of a stellar thin disk with a Miyamoto—Nagai profile
(Miyamoto & Nagai 1975) and a central bulge with a Plummer
profile (Binney & Tremaine 2011). The description of the bulge
and disks for both Model I and Model A&S is expressed in the
form (Pouliasis et al. 2017) for (R, z) cylindrical coordinates,

2. My
pthin(R, Z) - thin £ thin
4n
1/2 " .
(Rzathin +3 (Zz + b?hin) )(athin + (Z2 + btzhin) )
5/2
ey 3/2
(R2 ’ [athin - (Zz + btzhin) ] ) (ZZ + btzhin)
(1
3b? My
pbulge(r) = blllf,e—2"'ges/2’ (2)
4 (}"2 + bbulge)

where r = VR? + 22, and Minin, Minick, Mbuiges inin» Ginicks Pinin
binick> boulge are the disks and bulge mass and scale constants,
respectively (see Table 1).

Sofue (2015) presented a model (Model S) of the MW by
attempting to fit a ‘grand rotation curve’, which defines the com-
bination of the actual rotation curves (up to 20—25 kpc) with esti-
mates based on orbital motions of objects beyond 25 kpc in the
MW halo, e.g., distant globular clusters. The bulge was approx-
imated by a de Vaucouleurs profile (de Vaucouleurs 1958). We
chose to adopt a Plummer profile (Eq. (2)) for the bulge, and the
disk was assumed to follow an exponentially thin density pro-
file. The surface mass density of the disk is expressed as (Sofue
2015)

Za(R) = Zg exp (—R/awmin), 3)

where X is the central value and ag;, is the scale radius (see
Table 1). This model provides the highest baryonic mass when
compared to other models in the literature (see Fig. 1). Neverthe-
less, we consider it useful for testing the effect of an extremely
high baryonic mass for the MW disk and bulge.

A great addition to our choices of baryonic components was
presented by Iocco et al. (2015), and they allowed several possi-
ble combinations of models for the bulge and the disk. For the
bulge we chose the two triaxial mass density distributions E2 and
G2 presented by Stanek et al. (1997),

E2 : pbulge(-x, y’ Z) = pO e_rl (4)
G2 : pbulge(xs y9 Z) = pO e_r£/27 (5)
with
2 2 2 2 2\2 4
r?:x—2+y—2+z—2,r‘2‘=(x—2+y—2]+z—4, (6)
xb yb Zb xb yb Zb
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Fig. 1. Top: contribution to the rotation curve of different baryonic mod-
els and model components. Red points indicate the rotation curve of
the Milky Way from Eilers et al. (2019). The error bars are estimated
by bootstrapping and include the systematic uncertainties from the
neglected term (see text). Bottom: fit of the rotation curve by the best-
fit model (solid blue curve, total mass of 2.8 x 10'! M), and with the
most massive MW model for which the y? probability reaches P = 0.05
(dash-dotted orange line, total mass of 18 x 10'' M), both associated
with the baryonic distribution from model I of Pouliasis et al. (2017).

Table 2. Parameters for bulge E2 and bulge G2.

Parameter Bulge E2 Bulge G2
Mypuige (10'° M) 241 2.12

xp (kpc) 0.899 1.239

Yo (kpc) 0.386 0.609

zp (kpc) 0.250 0.438

where (x,y,z) are the coordinates along the major, inter-
mediate, and minor axes. For the thin and thick disks, we
adopted a double exponential of the three models (CM from
Calchi Novati & Mancini 2011, dJ from de Jong et al. 2010 and
J from Juri¢ et al. 2008) as described below (see Table 3):

CM : p(R,2) = Zihin (—

1 R z
+fibick —— exp | —— — — 7
fthlck 2H, eXP( L, H, )) ( )
L.dJ: p(R,2) = pusins (eR@/L‘ exp (——R - )
’ . ’ - 1n,
L, H
Rz
+ finieke”/" exp (—L—2 - Fz)) ®)

In decreasing order of baryonic mass, Model S, Model A&S,
and then Model I assume significantly higher mass baryonic
components than the six combinations of bulge (G2, E2) and
disk (CM, dJ, J), which is illustrated by Fig. 1 or by comparing
Table 1 with Tables 2 and 3.

Table 3. Parameters of disk CM J and dJ.

Parameter Disk CM Disk]J Diskd]
Mpin (101901)  3.11 3.17 3.33
Mpick (100 M) 0.82 0.90 0.78

Ly (kpc) 2.75 2.6 2.6

L, (kpc) 4.1 3.6 4.1

H; (kpc) 0.25 0.3 0.25
H; (kpc) 0.75 0.9 0.75

2.3. Milky Way dark matter models

We considered the NFW and Einasto profiles to describe the den-
sity profiles of DM halos in spherical coordinates (). The gen-
eralized NFW profile (gNFW, see Zhao 1996) can be expressed
as in de Salas et al. (2019),

_ Po
—(r/ro) (1 + r/rg)>”

where rg is the scale radius, and pg is the characteristic dark
matter density. For y =1, the profile becomes the NFW profile
(Navarro et al. 1997) for which we investigate which parameters
are able to fit the MW RC, after letting the two NFW parameters,
ro and mnpw =4 T po rg, vary from 2 to 100 kpc and from 1 to
50x 10" My, respectively. For the gNFW profile we let the addi-
tional parameter, y, vary from 0.1 to 3 (see also Karukes et al.
2020). For each tested mass configuration, we verified later that
the investigated parameter space was sufficiently large to avoid
having missed any solution.

Using the Retana-Montenegro et al. (2012) mathematical
framework, the Einasto profile can be written as

p(r) = po exp [— (%)1/}

o)

©))

(10)

where n can determine how fast the density decreases with r.
To determine which models are able to fit the MW RC, we let
the three Einasto parameters, bg =3 X n, g = B and mg=4
T Po 3 n T(bg), vary from 3 to 30, 0.05 to 3 and from 1 to
50 x 10" M, respectively. For each tested mass configuration,
we verified later that the investigated parameter space was suffi-
ciently large to avoid any missing solution.

In order to determine a non-indefinite total MW mass, the
DM halo mass has to be limited by the virial radius, Ry;;, which
enclosed M,;, which is the virial mass. We define the virial
radius as the radius of the sphere for which the average dark mat-
ter density equals 200 times the critical density of the Universe
Per- We adopted a critical density of p; = 1.34x 1077 Mg pc=3,
which comes from Hinshaw et al. (2013). With this definition,
the relation between virial radius and virial mass is

4
My = 200 x ?”pchﬁir. (1)

3. Results
3.1. Deriving the total MW mass and y* probability

The total MW potential can be obtained through the Poisson
equation,
V2D = 47G Y pi, (12)
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after adding all the different MW mass components. The theoret-
ical estimate of the circular velocity is derived at different disk
radii (R) from the potential @y of the Galaxy through

0Dy
OR

v2(R) = R—|.~0. (13)

We applied the y*> method to fit the RC and calculate its asso-
ciated probability, for which we tested an extremely large param-
eter space. The y? was calculated by the sum at each disk radius
R,

N 2
2 (Vmod,i — Vobs,i)
X - 2 ’
7 g

i

(14)

where vyq 1S the modeled circular velocity for the cumulative
baryons + DM profiles, v, is the observed circular velocity, and
Osat 18 the statistical uncertainty of the measurement so that
Ostati = (0-3;115,1' + O'v_om,,-)/z’ to which we added the systematic

uncertainty oys; to calculate o; (see Sect. 2.1 and the table in
Appendix A). Hence the y? probability can be expressed as

2
Y (NT_ %)
r(%)
where N is the number of independent observed velocity points
in the Eilers et al. (2019) RC, and v is the number of degrees of
freedom.

To fit the MW RC, we investigated a very large parameter
space, allowing for the total MW mass from 1 to 50x 10'!' M, for
instance. In Fig. 2 each point (P(y?), M) represents an inves-
tigated baryon + DM model. The top panels of Fig. 2 present
the y? probability for the Model I baryon profile (Pouliasis et al.
2017) when associated with either the Einasto (left), the NFW
(middle), or the gNFW (right) profiles. The first profile shows
that high y? probabilities are reached for low MW masses. In
contrast, there is no similar trend for the NFW profile, which
selects a narrow range of MW masses to fit the RC. The situa-
tion is improved with the gNFW, although it does not recover the
whole range of masses and especially misses total masses below
5% 10" M. The bottom panels present the same for model S, for
which the probabilities are very low when associated either with
the Einasto or the NFW DM profiles. Examination of the RC fit
shows that the baryonic mass is so high that its radial profile is
setting up most of the expected RC (see also Fig. 1), leading to
differences with the observed RC at almost every radius. This is
expected because model S is clearly at odds for the MW; its disk
plus bulge mass is higher than that of M31, while half this value
is more likely (see, e.g., Hammer et al. 2007).

The two panels in the middle row of Fig. 2 compare the
results when the bulge is changed from G2 (top) to E2 (bottom),
both added to disk J. The first shows a similar behavior as Model
I associated with either Einasto or NFW DM profiles. When we
used the Einasto profile for the DM, we found that increasing the
bulge mass by 15% (from G2 to E2) is sufficient to exclude high
values of the total mass of the MW. This is expected because
when the baryonic mass is increased, a smaller amount of DM
mass is available to reproduce the MW RC. Moreover, a too large
bulge may limit the number of possible solutions that can fit the
RC at low radii. However, for the NFW profile we find that a
bulge mass increase from G2 to E2 is sufficient to prevent an effi-
cient reproduction of the MW RC, providing very low y? values.
We also find that the associated total (and DM) masses are higher

s)

2

x° N-v
Prob (=, =
m(2 . )
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Fig. 2. y? probability associated with the combination of different bary-
onic models with Einasto, NFW, or gNFW mass profiles for the DM.
From top to bottom, we show Model I, bulge G2+disk J, bulge E2+disk
J, and model S. The red points and error bars are the average and 1o
uncertainties.

than the mass for the G2 bulge, which disagrees with our expec-
tations. We note that these two properties disappear when the
three-parameter gNFW model is used, which might be because
for y < 1, this profile is less cuspy and is therefore less affected
by changes in bulge mass.

The above motivates us to investigate further why adding an
additional baryonic mass could lead to an increase of the DM
mass when the later is modeled by the NFW density profile. We
tested the effect of changing the amount of baryonic mass on
the NFW DM mass. We considered a range of baryonic masses
scaled on the mass of Model I, with scale factors f varying from
0.85 to 1.15. For f=0.85, 1, and 1.15, this confirmed that by
increasing the baryonic mass, the NFW DM model leads to a sig-
nificant increase in DM mass from 5.9, 7.2, and 10.7 x 10!! Mo,
respectively. This is an unexpected behavior because the DM
role is to compensate for the lack of baryonic mass when a
given RC is fit. Our first explanation was to relate this to the
two-parameter nature of the NFW profile. However, a similar
(although less pronounced) behavior affects the gNFW profile.
For f=0.85, 1, and 1.15, the gNFW DM model also leads to an
increase in DM mass from 4.8, 5.25, and 7.1 x 10'! M, respec-
tively. This suggests the following mechanism: for an increasing
baryonic mass, the NFW DM scale radius (ry, see Eq. (9)) has to
increase to dilute the DM mass from 5 to 25 kpc (the latest point
of the RC). Because outer density slope of the NFW and gNFW
is almost constant and shallow (—3) at large radii, this automat-
ically leads to increasing DM masses. This indicates a possible
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methodological problem of using the NFW (or gNFW) to fit the
RC as and to estimate the mass of a galaxy from it.

3.2. Systematics due to the NFW and gNFW when the total
mass is estimated

To evaluate the differences between Einasto and NFW DM den-
sity profiles in fitting the MW RC, we need to ensure that our
method does not depend on the initial conditions. In particular,
the parameter grid might affect our results because Fig. 2 shows
that the three-parameter space (Einasto or gNFW) might be more
difficult to be populated than the two-parameter space (NFW).
We further performed for each model a combination of several
Monte Carlo simulations that also accounted for the variance due
to the RC error bars, which are assumed to follow a Gaussian dis-
tribution, in order to fill the high-probability space in the (P(y?),
M) plane as much as possible.

The solid lines in Fig. 3 identify the envelop for each bary-
onic + DM model, which is defined as being the highest x> prob-
ability calculated in mass slices with sizes of 0.3 x 10" M. We
assume that only y? probabilities higher than 0.05 correspond to
a good fit of the RC, which we verified after examining the latter.
For comparison, Fig. 3 also shows the averaged probabilities.

Figure 3 shows that for all baryonic models, a narrower range
of total masses is found for the MW when an NFW or gNFW
instead of a Einasto profile is adopted for the DM. Conversely,
using the Einasto profile suffices to sample most of the points
generated by the NFW profile in the (P(y?), M) plane. We
find that the total mass solutions based on the NFW and gNFW
profiles are often included in those from the Einasto profile,
while using an NFW does not match the highest y? probabili-
ties found by the Einasto model (compare the peaks of the solid
magenta and green lines). However, in the case of a massive
bulge (E2, especially when associated with disk J), the three-
parameter gNFW may sample total MW mass values that cannot
be reached by the Einasto model.

Table 4 gives the estimated total masses based on the min-
imum y? values (best fit, highest probabilities) or on averaging
the y? probabilities in each mass slice (average). As in Fig. 3, the
rows are sorted from high- to low-mass baryonic models. This
indicates that the best fit of the MW RC for all baryonic mod-
els, except for A&S, are unavoidably related to low total masses
(from 2.3 to 3.3 x 10'! M,) if a Einasto profile is chosen for the
DM. Conversely, adopting an NFW (or gNFW) profile for the
DM leads to much higher total mass values by a factor of 2 to 4.

Of the models we studied, Model A&S possesses the second
highest baryonic mass, close to 10'' My, and we investigated
why the behavior it shows is so different from that of other bary-
onic models, especially Model 1. In addition to baryonic masses
that differ by 11%, the main difference between the two models
is the presence of a thick disk incorporating half the disk mass
in Model I, with a scale length that is half that of the thin disk
of Models I and A&S. By modifying the thick-disk scale length
of Model I to a higher value, we find that this suffices to provide
a similar behavior to Model A&S for the normalized cumulative
probabilities of both NFW and Einasto DM profiles. As previ-
ously noted for model S, this suggests that an extended and rela-
tively massive baryonic disk determines a significant part of the
RC shape.

Considering the averaged total masses slightly improves the
similarities between predictions based on NFW and Einasto DM
mass profiles. This is true for Models A&S and I, which lead to
almost consistent NFW and Einasto values of the total masses.
However, for lighter baryonic models, the NFW profile for DM

Model A&S 1

bulge B2 disk dJ 1

bulge E2 disk J |

................ N N
bulge E2 disk CM 1

bulge G2 disk dJ |

\

bulge G2 disk CM |

x? Probability
o
o

0.41

0.21

. 0 N
0.0 + + +
1.0 bulge G2 diskJ 1

15
Total mass in Rygg (1011Mg)

Fig. 3. Maximum (solid lines) and averaged (dotted lines) x> proba-
bilities for the different baryonic models. Model names are labeled in
each panel, with Einasto, NFW, and gNFW mass predictions in green,
magenta, and orange, respectively. The two panels associated with bary-
onic model E2+dJ and E2+J show no histogram for the NFW because
this density profile fails to reproduce the MW RC. The horizontal dotted
lines indicates the y? probability limit of 0.05 below which a model is
found to be unable to fit the MW RC.

still leads to a mass that is higher by factors from 1.5 to 3 when
compared to that resulting from the Einasto profile. The NFW
(and to a lesser extent, the gNFW) profile appears to preferen-
tially select a narrow range of total masses, excluding in particu-
lar the low-mass values that are favored when the Einasto profile
is used.

4. Discussion

4.1. Limitations of this study and comparison with other
works

The goal of this paper is mostly methodological, that is, we
search for the range of total MW masses that reproduces the
MW RC, and then evaluate which mass density profile is the
most suitable for estimating the DM mass. We focus on the
rotation curve provided by Gaia DR2 alone (Eilers et al. 2019;
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Table 4. Mass and y? probabilities for Einasto, NFW, and gNFW DM density profiles.

Baryon  Mpar Mot Raoo Mot Mot Raoo Mot Mo R0 Mot
model Einasto Einasto Einasto NFW NFW NFW eNFW eNFW eNFW
best fit best fit average best fit best fit average best fit best fit average
S 1370 - - - - - - - - -
A&S 0997 736734k 1862272097 7207224 4937193 15117149 5.13%066 5831095 161.9271392  526*07¢
I 0.896 2777013 134.48*1029 6567570 8.027207  184.26%2%  866119% 615730 166447950 823+
E2dl 0652 237709 127631073 3.017070 - - - 7937085 186.47+832 842068
E2] 0648 2565160 1309941778 3131093 _ - - 797109 186797992 8514079
E2CM 0634 2417030 12834%86¢  350t100 9687145 20024%077,  9.72*080 744148 182417105 8.08*001
G2dJ 0623 308372 13937483+ 4107240 8.58*140 1920071912 9.01*105 6827220 176.8972070  8.26%]4]
G2J 0.619  3.11755%  139.827381  446+300 841113 190.6471275 8767003 6707370 175.79%%4 8574
G2CM  0.605 3297480 142397048 5607395 7.53%118 1834501261 7824082 6197232 170997234 7.60%135

Notes. Models and associated baryonic mass (first and second columns), and estimated total mass using y? probabilities for Einasto, NFW, and
gNFW DM density profiles (third to eighth columns, all masses are given in units of 10'! M,). The total mass and mass ranges are evaluated
using the minimum y? (best fit, Cols. 3 and 5) and by weighting the total masses by their y? probabilities (average, Cols. 4 and 6), together with
associated 1o uncertainties. Uncertainties also account for systematics related to the Galactic distance and its motion, as well as to change in scale
length (~4% on masses, see Sect. 2.1), which have been added to the quoted error bars in this table.

Mréz et al. 2019) because its accuracy is several times better
than those of any former studies (see Fig. 3 of Eilers et al. 2019).
This is also because disk stars correspond to dynamical points
that are well anchored in the stellar disk, which is assumed to
be well in equilibrium with the MW potential. In this context,
our study broadens the recent work of de Salas et al. (2019) and
Karukes et al. (2020) because here we consider a wider range
of baryonic matter models of the MW to fit the Gaia DR2
RC!. Our resulting total masses for the baryonic Model I are
indeed quite similar to the values in Table 2 of de Salas et al.
(2019), thus confirming that using Einasto profile will predict
significantly lower total MW masses than when NFW or gNFW
profiles are used. Small differences between the two works are
probably due to the different schemes in interpreting the sys-
tematics of the Eilers et al. (2019) RC. We also retrieved simi-
lar results by Karukes et al. (2020), who also studied the effect
of changing the DM density profile. While it goes in the same
direction (the Einasto profile predicts lower total masses than
the gNFW), their results have not been applied on the accurate
Gaia DR2 MW RC, which prevents a detailed comparison.

We are aware that using the RC up to 25 kpc to constrain
the mass density profile of the MW is a limited exercise because
it needs to be extrapolated to larger radii (see Fig. 4). Extrap-
olations of the total mass from a rotation curve is incorrect,
although it has been used very often in the literature either for
giant spirals such as the MW (see, e.g., Eilers et al. 2019 and
references therein) of for dwarfs (see, e.g., Read et al. 2016).
Other works used different mass tracers such as globular clus-
ters (Vasiliev 2019), massive and very bright stars (Deason et al.
2021), or dSph galaxies assumed to be satellites of the MW
(Callingham et al. 2019). These methods have the advantage of
sampling objects much farther out in the MW halo, although
their virial equilibrium with the MW potential is less guaranteed
than for rotating disk stars (Eilers et al. 2019). A warp and flare
that occur at radii larger than 12 kpc may also limit our study,
especially in the outer disk. However, the effect is possibly lim-
ited for our y? fitting because the error bars are very large in

' The study of Karukes et al. (2020) is not principally based on the

Gaia DR2 RC, except in their Sect. 5.1, in which they favored a simi-
larly low MW mass as in our work (see also their Fig. 8).
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Fig. 4. Mass model derived from the MW RC (left panel) and extrapo-
lated to larger radii (right panel), using Model I for the MW baryonic
mass. The best-fit low- and high-mass models are shown as solid, dot-
ted, and dash-dotted lines from Einasto (green), NFW (magenta), and
gNFW (orange) models, respectively. Areas showing the possible mass
ranges are shaded using the same color code. This shows how the NFW
and gNFW bias the mass determination from RCs.

the outer disk because they account for the action of the vertical
component (see Sect. 2.1 and Mackereth et al. 2019).

There are two other limitations of our study. The first is
linked to the adoption of a spherical halo, although constraints
on the dark matter halo shape in the Milky Way are still weak
(see Read 2014). The second limitation is linked to our choice
of initial (flat) priors for DM halo profiles, and this might
alter the validity of our results. We compared our initial halos
with the Dutton & Maccio (2014) CDM simulations, in partic-
ular, through the relation between concentration and total mass
(M200). Our very broad range of parameters encompasses all the
Dutton & Maccio (2014, see Fig. 3 of Udrescu et al. 2019) val-
ues in the range of 10''-10"23 M, and in the (¢, M200) plane.
The solutions that fit the MW rotation curve are also well within
the range of halos simulated by Dutton & Maccio (2014).

Interestingly, our mass boundaries for the y? fitting of the
MW RC encompass all these values using other mass trac-
ers. The question remains which mass density profile is the
most suitable to properly evaluate the DM contribution to the
MW RC. During the submission of this paper, a study by
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Cautun et al. (2020) was published. They provide a detailed
analysis of the effect of baryons on the DM profile. It results
in a contracted halo in the spatial region in which the RC is
determined. While the total mass is assumed to be consistent
within the error bars with the Callingham et al. (2019) value
(Mo =1.17£0.18 x 10'2 M), Cautun et al. (2020) succeeded
to fit the MW RC that provided most of the constraints, given its
accuracy. Together with our study, this leads us to three impor-
tant remarks:

— When the MW RC alone is used as a constraint, we find that
the Einasto mass density profile leads to the largest range of
MW total masses that can reproduce its RC, while both NFW
and gNFW profiles lead to a narrow mass range, in particular,
by excluding total mass (Mo = M) values lower than ~5 X
10" M.

— The contracted halo density profile might be difficult to
reproduce by NFW or by gNFW profiles (Cautun et al.
2020), while it is part of the solutions of this paper using
an Einasto profile combined with the baryonic model of
Cautun et al. (2020) (see Fig. 5).

— We find that both NFW and gNFW profiles provide total
masses that increase with baryonic masses (see rows four to
nine in Table 4), which contradicts expectations that the DM
compensates for a lack of mass from baryons in a galaxy.
This contradicts the Einasto predictions, according to which
the DM mass is higher when the assumed baryonic mass is
lower.

It might have been envisioned that these limitations of the NFW
profile are related to its two-parameter nature, but this seems
to be ruled out by the (almost) similar behavior of the three-
parameter gNFW profile. Alternatively, this might be attributed
to the density profile of the models in the outskirts. Both have an
analytical form that imposes a constant slope of the density pro-
file reaching —3 at large distances, leading to an enclosed mass
value that does not converge because it increases as the loga-
rithm of the radius. Investigations by Nesti & Salucci (2013) of
the internal r <5kpc MW kinematics showed that a cusp-like
NFW (or gNFW for y > 0) profile may also experience some dif-
ficulties when combined to baryonic mass.

4.2. Can the MW has a total mass as low as 2.6 x 10'' M, ?

The Einasto profile fit of the RC points toward low total mass
values for the MW (see Table 4, Figs. 2 and 3), disregarding
any other dynamical tracers farther out in the Milky Way. How-
ever, the main result of this paper is provided by the combi-
nation of RC fitting with either an Einasto or NFW profile for
the MW DM halo, leading to a range of the total MW mass of
between 2.5 to 18 x10'! My, (see Figs. 1-4). This range is consis-
tent with many studies, including that based on other mass indi-
cators, although they generally disagree with our lowest mass
range. Figure 6 compares the orbital energy of globular clusters
(GCs) from Vasiliev (2019) with that expected from the most
likely (total mass: 2.6 X 10" M) and the highest (total mass:
15 x 10'' My) MW mass model that could reproduce the MW
RC when combining Model I for baryons and the Einasto pro-
file for DM. Both are consistent with the scenario that GCs are
gravitationally bounded to the MW except for one, Pyxis, which
appears to disagree significantly for the lighter model. However,
the Pyxis eccentric orbit, metallicity, and age indicate an extra-
galactic origin of Pyxis (Fritz et al. 2017). This indicates that
in absence of other precise mass indicators from 25 to 70 kpc,
it may be premature to conclude on the total MW mass value
from 2.6 x 10'! My and Rao = 135 kpc (y? probability = 0.999)
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0 o —
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Fig. 5. Dark-matter enclosed mass vs. radius for the mass profile of
the contracted halo of Cautun et al. (2020), from which points and error
bars are given in red. When the same baryon content is assumed, the
black curves show the result from 24 Einasto models that fit both the
RC and the contracted halo. The total mass are very similar within a
few percent, and the only small difference is that R,y ranges from 200
to 213 kpc instead of 218 kpc for the contracted halo of Cautun et al.
(2020). The inset shows a zoom of the mass distribution below 25 kpc
to show the similarity of the Einasto DM and the contracted halo near
the range of radii of the RC.

to 15 x 10'" My, and Ryop = 236 kpc (y? probability = 0.35), and
even 18 x 10'" M, with a x? probability = 0.05.

We remark that a low value for the MW mass would have
considerable consequences on the orbits of many dSph galaxies,
for instance. For example, Boylan-Kolchin et al. (2013) convinc-
ingly showed that an MW mass significantly higher than 10'? M,
is necessary to bound Leo I. Using the Boylan-Kolchin et al.
(2013) phase space plot, Hammer et al. (2020) showed that Gaia
DR?2 orbits might indicate a passage more recent than 4 Gyr ago
for many dSphs, assuming a total mass of 8.66 x 10" M, for
the MW (Eilers et al. 2019). Because MW dSphs also have a
peculiar planar alignment (Pawlowski et al. 2014), Deason et al.
(2021) opted to use halo stars. After a thorough analysis of the
possible recent accretions based on phase-space diagrams, they
derived a total mass within 100kpc of 6.07 x 10'' M2, with
which they associated systematics up to 1.2 x 10'! M. This is
only marginally consistent with a very low MW mass and makes
a future study of Gaia EDR3 results promising that combines the
MW RC and GC motions (Wang et al., in prep.).

5. Summary

Rotation curves are major tools for determining the dynamical
mass distribution in the Milky Way and spiral galaxies (Sofue
2013). They are also historically at the root for the requirement
of DM in galactic halos (Bosma 1978; Rubin et al. 1980), espe-
cially when they have been derived from the HI gas, which often
extends far beyond the optical disk. Since the end of the 70s,
many estimates of the DM content in many spiral galaxies were

2 We do not discuss their extrapolation to 11.6 x 10" M, for the total
MW mass because it depends on the NFW profile that was assumed.
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Fig. 6. Kinetic energy (KE) of the GCs from Vasiliev (2019) (crosses
with red error bars) compared to the blue and green thick lines that indi-
cate the potential energy (PE, absolute values) expected from the most
likely and the heaviest Einasto model when associated to Model I for
baryons, respectively. Error bars have been estimated with Monte Carlo
randomly sampling by considering the errors in distance and radial
velocity, as well as errors in proper motion and their covariance. The
(small) thickness of the potential lines is due to the presence of the
axisymmetric disk component.

derived, generally through extrapolations of the observed rota-
tion curves of spiral galaxies.

We have tested the most frequently used density profile to
perform numerous analyses of galaxy RCs, namely the NFW
density profile (Navarro et al. 1997), and its generalization to
three parameters, the gNFW profile. We considered the MW
RC because it is one of the most accurately determined RCs
(Eilers et al. 2019), and also because the MW has not had a
major merger since ~10 Gyr (Hammer et al. 2007; Helmi 2020).
This supports the idea that its disk is dynamically virialized to
at least 30 kpc because Gnedin & Ostriker (1999) showed that it
takes more than three dynamical times for a system to virialize
after a perturbation.

In contrast to the NFW (or gNFW) profile for DM,
the three-parameter Einasto profile (Einasto 1965, see also
Retana-Montenegro et al. 2012) may account for many types
of outer slopes, and it provides a much better fit of the sim-
ulated DM properties (Dutton & Maccio 2014, and references
therein), including for the physically motivated contracted halo
(Cautun et al. 2020). It also shows consistent results that can fit
the MW RC with most combinations of baryonic mass models,
generating a plausible wide range of possible total masses (see
Figs. 2-4).

Methodological problems due to the use of a too analyt-
ically constrained density model may affect the current esti-
mates of the MW mass such as were reported by FEilers et al.
(2019). Perhaps this also applies to the numerous galaxies for
which the RC has been analyzed. Other galaxy RCs have yet
to be analyzed using a three-parameter density model for the
DM as we did here, although see Chemin et al. (2011) for their
promising results. These future investigations should focus first
on galaxies that did not experience a recent major merger during
which most of the disk was resettled or rebuilt (Hammer et al.
2005, 2009; Hopkins et al. 2009). For example, an event like this
might complicate the interpretation of the M31 RC, whose recent
major merger 2—3 Gyr ago has had a more serious impact (see
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Hammer et al. 2018) than that of the Sagittarius passage near
the MW. The Sagittarius passage is thought to have created ver-
tical waves within the MW disk, although this is still disputed
(see Bennett & Bovy 2021, and references therein), while the
recent merger in M31 has completely destroyed the thin disk
of M31 for stars with ages older than 2 Gyr (see the model-
ing by Hammer et al. 2018, which reproduced the anomalous
age-velocity dispersion discovered by Dorman et al. 2015). In
addition, it is also possible that other two-parameter models are
affected in a similar manner, for instance, the isothermal model,
which renders comparisons of the validity of these profiles for
fitting RCs somewhat obsolete.

Using the Einasto profile, we find that the MW mass is
mostly constrained by its slightly declining RC, which leads to
higher y? probabilities for low-mass values (i.e., slightly below
3 x 10" M) for the MW, although less probable higher values
up to 18 x 10" M, cannot be excluded. This causes a revision
of the available total mass range of the MW down to values that
can be as low as 2.6x10'! M, which are also consistent with the
kinetic energy distribution of globular clusters. Further improve-
ments of the accuracy of the MW RC will be invaluable to sup-
port or reject these low total masses. They would be invaluable in
particular for determining precise orbits for the MW dSphs, for
which, given the Gaia EDR3 precision, most uncertainties now
come from our insufficient knowledge of the total MW mass.
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Appendix A: Data of the MW RC and adopted error
bars

Table A.1 provides the data for the MW RC given by FEilers et al.
(2019), for which they defined the statistical errors (o7, (km s7h
and o-jc (kms™")), and to which we added the systematic error
(see Sect. 2.1) in the last column as a fraction of the observed

velocity, following the definition made in Figure 4 of Eilers et al.
(2019).

Table A.1. Data points for the MW RC and adopted error bars.

R(kpc) ve(kms™") o (kms™") o} (kms™)  Avg/ve
5.27 226.83 1.91 1.90 0.0045
5.74 230.80 1.43 1.35 0.0045
6.23 231.20 1.70 1.10 0.0045
6.73 229.88 1.44 1.32 0.002
7.22 229.61 1.37 1.11 0.0045
7.82 22991 0.92 0.88 0.013
8.19 228.86 0.80 0.67 0.010
8.78 226.50 1.07 0.95 0.008
9.27 226.20 0.72 0.62 0.0088
9.76 225.94 0.42 0.52 0.0088
10.26 225.68 0.44 0.40 0.010
10.75 224.73 0.38 0.41 0.010
11.25 224.02 0.33 0.54 0.013
11.75 223.86 0.40 0.39 0.001
12.25 222.23 0.51 0.37 0.001
12.74 220.77 0.54 0.46 0.0046
13.23 220.92 0.57 0.40 0.0054
13.74 217.47 0.64 0.51 0.0054
14.24 217.31 0.77 0.66 0.010
14.74 217.60 0.65 0.68 0.0072
15.22 217.07 1.06 0.80 0.020
15.74 217.38 0.84 1.07 0.0257
16.24 216.14 1.20 1.48 0.0123
16.74 212.52 1.39 1.43 0.001
17.25 216.41 1.44 1.85 0.0182
17.75 213.70 2.22 1.65 0.0434
18.24 207.89 1.76 1.88 0.0377
18.74 209.60 2.31 2.77 0.0247
19.22 206.45 2.54 2.36 0.032
19.71 201.91 2.99 2.26 0.0385
20.27 199.84 3.15 2.89 0.056
20.78 198.14 3.33 3.37 0.041
21.24 195.30 5.99 6.50 0.010
21.80 213.67 15.38 12.18 0.086
22.14 176.97 28.58 18.57 0.13
22.73 193.11 27.64 19.05 0.13
23.66 176.63 18.67 16.74 0.13
24.82 198.42 6.50 6.12 0.045
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