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Abstract We constrain the mass of the Milky Way’s dark matter halo, based on the kinematics of 9627

K giants at Galactocentric distances ranging over 5 kpc < r < 120 kpc drawn from LAMOST DR5.

The substructure in this sample has been identified and removed carefully to enable construction of

the underlying line-of-sight velocity dispersion at different radii from the Galactic center. We interpret

the radial profile of the line-of-sight velocity dispersion using a spherical Jeans equation under the

assumptions of anisotropy/isotropy and that radial velocity dispersion is approximately equal to line-of-

sight velocity dispersion σr(r) ≈ σlos(r). If we assume that the dark matter halo follows an NFW profile

and the stellar halo is isotropic (β = 0), then σlos(r) can be directly used to estimate the virial mass of

the Galactic dark matter halo, Mvir = 1.08+0.17
−0.14×1012 M⊙, and concentration parameter c = 18.5+3.6

−2.9.

In case that the stellar halo is anisotropic, we cannot avoid differentiation of sparse velocity dispersions

according to the Jeans equation, which may cause overestimation of the mass. We use an isotropic case

to test and find that d ln(σ2
los(r))/d ln r overestimates the virial mass by 15% but within 1-σ error. We

use d ln(σ2
los(r))/d ln r to fit the NFW profile and get Mvir = 1.11+0.24

−0.20 × 1012 M⊙ and c = 13.8+3.0
−2.2

in case of β = 0.3.
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1 INTRODUCTION

The mass of the Milky Way (MW) dark matter halo

is especially important for understanding the seeming

anomalies of the Λ cold dark matter (ΛCDM) model that

appear through comparisons with the properties of our

Galaxy and its nearest neighbors. For example, the in-

ferences of “missing satellites” (Klypin et al. 1999) and

“too big to fail” (Boylan-Kolchin et al. 2011; Ferrero

et al. 2012) problems rely on the precision with which

the MW halo mass can be constrained. Recent studies

claim that the missing massive satellites problem would

disappear if the assumed mass of the MW halo is less

than 1 × 1012 M⊙ through analysis of MW-like simu-

lations (Wang et al. 2012; Cautun et al. 2014). In addi-

tion, exploring the virial mass Mvir, concentration c and

radial mass profile M(< r) of the MW dark matter is

crucial for modeling dynamics of our Galaxy and the lo-

cal group. For instance, Xue et al. (2008) (re)opens the

question of whether all of the MW’s satellite galaxies

are on bound orbits in case the MW halo mass is only

∼ 1 × 1012 M⊙.

With the development of large sky surveys, the sam-

ple size of halo tracers has increased from dozens to

thousands, so the precision of the halo mass estimate

has been improved a lot, while the total mass estimate

of our Galaxy has been reduced from ∼ 2 × 1012 M⊙

to ∼ 1 × 1012 M⊙. Wilkinson & Evans (1999) found

a Galactic halo mass of 1.9+3.6
−1.7 × 1012 M⊙ using kine-

matics of 27 satellites and globular clusters. Sakamoto

et al. (2003) made use of a mixed sample of 11 satel-

lites, 137 globular clusters and 413 solar neighborhood
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field stars to get a halo mass of 2.5+0.5
−1.0 × 1012 M⊙

or 1.8+0.4
−0.7 × 1012 M⊙ depending on the inclusion (or

not) of Leo I. The Sloan Digital Sky Survey (SDSS;

York et al. 2000) enabled the first selection of 2400

blue horizontal-branch (BHB) stars in 2008, which were

used by Xue et al. (2008) to obtain a Galactic halo

mass of 1.0+0.3
−0.2 × 1012 M⊙. Subsequently, the Sloan

Extension for Galactic Understanding and Exploration

(SEGUE; Yanny et al. 2009) took BHB stars and K gi-

ants as special spectroscopic targets and produced∼5000

BHB stars and ∼6000 K giants. Similar mass estima-

tion was obtained by Kafle et al. (2012) using 4664

SDSS/SEGUE BHB stars. More than 5000 SEGUE K

giants were adopted as tracers by Kafle et al. (2014) to

derive a halo mass of 0.80+0.31
−0.16 × 1012 M⊙. Huang et al.

(2016) used a 5700 halo SEGUE K-giant sample in com-

bination with 16 000 red clump giants in the outer disk

from the Guo Shou Jing Telescope (the Large Sky Area

Multi-Object Fiber Spectroscopic Telescope, LAMOST;

Zhao et al. 2012; Deng et al. 2012) and the Apache Point

Observatory Galactic Evolution Experiment (APOGEE;

Eisenstein et al. 2011; Majewski et al. 2017) to measure

the rotation curve of the MW, and ultimately the Galactic

halo mass. They found that the mass of the Galactic dark

matter halo was Mvir = 0.90+0.07
−0.08×1012 M⊙. In conclu-

sion, large sample size and high-quality data can indeed

improve the precision of Galactic halo mass estimation.

At present, LAMOST DR5 can provide ∼ 9627 halo K

giants (about two times the number of SEGUE halo K gi-

ants), so it is worth constraining the halo mass with this

largest halo K-giant sample.

The dynamical approach is crucial particularly for

measurement of the Galactic dark matter halo mass. The

most straightforward tool is circular velocity. Many stud-

ies aimed to calculate the Galactic circular velocity curve

as far as possible using various distant tracers through

either calibrating from numerical simulations or from

the spherical Jeans equation (Honma & Sofue 1997;

Xue et al. 2008; Deason et al. 2012; Kafle et al. 2012;

Bhattacharjee et al. 2014; Huang et al. 2016). The spher-

ical Jeans equation ingeniously links the circular velocity

curve to the velocity dispersion and number density pro-

file of the stellar tracers.

The spherical Jeans equation has long been a clas-

sical tool for dynamical modeling of the Galactic po-

tential. Recently, Wang et al. (2018) utilized star parti-

cles of 24 MW-like galaxies in APOSTLE (Fattahi et al.

2016; Sawala et al. 2016) simulations to investigate the

performance of the spherical Jeans equation in recov-

ering the virial mass Mvir and concentration parame-

ters c of the underlying dark halo and warned that vi-

olations of both the steady-state and spherical symme-

try assumptions resulted in large systematic uncertain-

ties. Meanwhile, Kafle et al. (2018) tested the perfor-

mance of the spherical Jeans equation in recovering the

underlying mass profile from 10 to 100 kpc adopting 17

MW-like simulations by Bullock and Johnston (Bullock

& Johnston 2005; Johnston et al. 2008), and found a

dispersion of ∼ 14% caused by violations of both the

steady-state and spherical symmetry assumptions and an

unexplained bias of ∼ 12%. However, the inherent na-

ture of the MW is still unclear, such as is the velocity

anisotropy radius-independent? Is the MW halo spheri-

cal? Is the Galactic halo out-of-equilibrium? These stum-

bling blocks will be partly offset by the Gaia probe.

Currently, with the largest halo K-giant sample from

LAMOST, the spherical Jeans equation is still a good

choice to measure the underlying mass profile and poten-

tial of the MW. Therefore, we aim to use LAMOST DR5

K giants and the spherical Jeans equation to constrain the

halo mass profile.

This paper is organized as follows. In Section 2, we

introduce our K-giant star sample. Section 3 presents

the kinematical model used in data analysis. Our re-

sults of the MW’s dark matter halo mass are presented

in Section 4. Finally in Section 5, we give a conclusion

briefly.

2 DATA

LAMOST is a 4 m special reflecting Schmidt telescope

located at Xinglong Station of National Astronomical

Observatories, Chinese Academy of Sciences (Cui et al.

2012). It is equipped with 16 spectrographs and 4000 op-

tical fibers, which can acquire spectra of 4000 objects

during one exposure to a limiting magnitude as faint as

19 (Zhao et al. 2006, 2012). LAMOST has a 5◦ field

of view, and medium resolution (R = 1800) covering a

wavelength range from 3700 Å to 9000 Å. The LAMOST

Experiment for Galactic Understanding and Exploration

(LEGUE) is one of the survey components, enabling us

to study the formation and evolution history of the MW

(Zhao et al. 2012).

LAMOST DR5 contains more than 9 million spec-

tra in total, which were observed from October 2011 to

June 2017. The Universite de Lyon Spectroscopic anal-

ysis Software (ULySS) package is used to obtained the
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stellar atmospheric parameters of A-, F-, G- and K-type

stars, with precisions of 167 K, 0.34 dex, and 0.16 dex for

Teff , log g and [Fe/H] respectively (Wu et al. 2011).

K-giant stars are selected from LAMOST DR5 ac-

cording to the selection criteria of log g < 4 and 4000 <

Teff < 5600 by Liu et al. (2014). The distances of these K

giants are derived using the Bayesian method described

in Xue et al. (2014), based on the fiducial isochrones

in SDSS extinction-corrected g − r vs. Mr and [Fe/H].

The photometry of LAMOST K giants is obtained from

cross-match with Pan-STARRS1 (Chambers et al. 2016)

and calibrated to the SDSS photometric system. The ex-

tinction for LAMOST K giants is corrected based on

E(B−V ) of Schlegel et al. (1998) and the coefficients in

Schlafly et al. (2012). The typical distance uncertainty of

LAMOST K giants is 13% (see Xue et al. 2018 in prepa-

ration for details). Only stars with distance uncertainties

< 40% are kept for the following analysis. To exclude

contaminations from disk stars, we apply additional cuts

of |Z| ≥ 5 kpc and [Fe/H] ≤ −1. The (stellar-)halo

substructures are quantified using 4distance in combina-

tion with the Friends-of-Friends algorithm similar to Xue

et al. (2011) and Janesh et al. (2016). All groups with

member stars > 10 are excluded. More details are de-

scribed in Yang et al. (2018, in preparation). Please note

that we only can exclude most of the substructure, not all.

Finally, there are 9627 K giants in our sample, and they

are out to r as far as 120 kpc.

The Cartesian coordinate system (X, Y, Z) we used

in this paper has its origin at the Galactic center, with

X pointing to the direction from the Galactic center to

the Sun, Y in the direction of Galactic rotation and Z

towards the North Galactic Pole. The position of the Sun

is assumed to be at (8, 0, 0) kpc (Reid 1993). The spatial

distribution of 9627 LAMOST halo K giants is shown as

Figure 1. Most of the K giants are located within 40 kpc

and 486 K giants are beyond 40 kpc.

The Galactocentric line-of-sight Vlos is converted

from the heliocentric radial velocity Vhelio by adopting

a value of 220 km s−1 for the local standard of rest

(LSR) and a solar motion of (U⊙

LSR, V ⊙

LSR, W⊙

LSR) =

(10.00, 5.25, 7.17)km s−1 (Dehnen & Binney 1998) ac-

cording to Equation (1)

Vlos =Vhelio + 10.0 cos(b) cos(l) + 7.2 sin(b)

+ (Vlsr + 5.2)(sin(l) cos(b)).
(1)

Figure 2 shows the velocity distribution of LAMOST

halo K giants is approximately symmetrical with respect

to Vlos = 0 km s−1 at a given radius or as a whole.

Therefore, there is no prominent substructure in the sam-

ple. Next, we will describe how to constrain the underly-

ing halo mass using the spherical Jeans equation.

3 DYNAMICAL MODELING

3.1 Spherical Jeans Equation

The spherical Jeans equation is a widely used dynamical

modeling tool to trace the underlying mass profile and

potential of a dark matter halo. It gives the relation be-

tween radial velocity dispersion σr and the Galactic total

potential Φ

1

ρ

∂(ρσ2
r )

∂r
+ 2

βσ2
r

r
= −∂Φ

∂r
, (2)

where σr(r) is the Galactocentric radial velocity disper-

sion. ρ is the number density profile and it can be de-

scribed by a single power law based on the calculation of

Xu et al. (2018)

ρ ∝ r−4. (3)

β is the velocity anisotropy, which is defined as (Binney

& Tremaine 2008)

β = 1 −
σ2

θ + σ2
φ

2σ2
r

. (4)

Here σθ and σφ are the velocity dispersions in two

tangential directions. β quantifies the degree of radial

anisotropy in spherical coordinates: when β = −∞, the

orbits are circular with σr = 0; when β = 1, the orbits

are purely radial with σθ = σφ = 0; and when β = 0,

the system shows an ergodic velocity distribution where

σ2
θ + σ2

φ = 2σ2
r .

In case no proper motions are available, an assump-

tion that Galactocentric radial velocity dispersion ap-

proximates the Galactocentric line-of-sight velocity dis-

persion σr(r) ≈ σlos(r) must be made when apply-

ing spherical Jeans modeling. This assumption has been

widely used in previous studies.

Next we will discuss implementation of the spher-

ical Jeans equation in two cases. If the Galactic stel-

lar halo is velocity isotropic (β = 0 in Eq. (2)), then

the spherical Jeans equation is integrable. The line-of-

sight velocity dispersion profile can be used to map the

underlying mass distribution directly, which can avoid

possible systematic bias caused by numerical differen-

tiation on sparse discrete data points of σlos(r). In the

anisotropic case (β 6= 0 in Eq. (2)), the circular velocity
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Fig. 1 Spatial distribution of halo K giants drawn from LAMOST DR5, projected in the Y − X plane (left) and Z − X plane

(right). The center of the coordinate system is the Galactic center.
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Fig. 2 Left: Distribution of Vlos for LAMOST halo K giants along with the distance to the Galactic center r. Right: Distribution

of Vlos for the K-giant sample. The mean line-of-sight velocity of the distribution is −6 km s−1. Compared with a typical radial

velocity error of 7 km s−1, the velocity distribution could be taken as symmetrical with respect to 0 km s−1.

curve, derived from σlos(r) and ρ, has to be used to con-

strain the halo mass profile. Verification of the system-

atic bias caused by numerical differentiation on sparse

discrete data points will be described in Section 4.

If the halo of MW is assumed to be isotropic with

β = 0, Equation (2) can be simplified to

1

ρ

∂(ρσ2
r )

∂r
= −∂Φ

∂r
. (5)

In this case, Equation (5) is integrable
∫

∂(ρσ2
r )

∂r
= −

∫

ρ
∂Φ

∂r
, (6)

σ2
r = −1

ρ

∫

ρ
∂Φ

∂r
∂r. (7)

Therefore, σlos can be used to fit Φ directly, which can

avoid the differentiation of sparse data points of σlos and

reduce additional errors introduced by numerical differ-

entiation.

In case of an anisotropic stellar halo, the differenti-

ation of velocity dispersion cannot be avoided. Because

the mass profile M(< r), circular velocity curve Vcirc(r)

and potential have the following relation (Gilmore et al.

1989), the spherical Jeans equation can be reduced as

shown in Equation (9)

V 2
circ(r) = r × ∂Φ

∂r
=

GM(< r)

r
(8)

V 2
circ(r) = −σ2

r

(

d ln ρ

d ln r
+

d lnσ2
r

d ln r
+ 2β

)

. (9)

The systematic bias of best-fitting Mvir caused by

d ln(σ2
los(r))/d ln r will be discussed in Section 4.
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Fig. 3 The histograms of Vlos with Gaussian-fit overplotted in each radial bin, from r = 5 kpc to r = 35 kpc.

3.2 Galactic Potential

The Galactic total potential we adopt contains an expo-

nential disk, a spherical Hernquist (1990) bulge and a

dark matter halo described by the Navarro-Frenk-White

(NFW) profile (Navarro et al. 1996). The total potential

can be expressed simply as

Φ(r) = Φdisk(r) + Φbulge(r) + ΦNFW(r), (10)

with the spherically symmetric disk and bulge of

Φdisk(r) = −GMdisk(1 − e−r/b)

r
, (11)
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Fig. 4 The histograms of Vlos with Gaussian-fit overplotted in each radial bin, from r = 35 kpc to r = 120 kpc.
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Fig. 5 The estimations of line-of-sight velocity dispersion σlos

as a function of Galactocentric radii r.

Φbulge(r) = −GMbulge(1 + c0)

r
, (12)

where Mdisk = 6.8 × 1010 M⊙ and b = 2.5 kpc, and

Mbulge = 0.5×1010 M⊙ and c0 = 0.6 kpc. The potential

of a spherical NFW dark matter halo can be expressed as

ΦNFW(r) = −4πGρsr
3
vir

c3r
ln

(

1 +
1 + cr

rvir

)

, (13)

where c is the concentration parameter defined as c =

rvir/rs, in which rvir is the virial radius of the Galaxy
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Fig. 6 The comparison of σlos(r) for LAMOST K giants with

those for SEGUE K giants and SDSS BHB stars in earlier stud-

ies. LAMOST K giants (black dots) show consistent velocity

dispersion with SEGUE K giants (red), but different velocity

dispersion from SDSS BHB stars (blue).

and rs is the scale length (Navarro et al. 1996). We regard

c and Mvir as free parameters. The characteristic density

parameter ρs is given by

ρs =
ρcrΩmδth

3

c3

ln(1 + c) − c/(1 + c)
, (14)
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Fig. 7 The probability distribution of the best-fit Mvir and c

through the MCMC fitting when β = 0, fitted from velocity

dispersion directly.

with ρcr being the critical density of the Universe

ρcr =
3H2

0

8πG
, (15)

where the contribution of matter to the critical density

Ωm = 1, H0 = 70 km s−1 Mpc−1 and the critical over-

density at virialization δth = 200. Now we can derive the

virial mass from the virial radius as follows

Mvir =
4π

3
ρcrΩmδthr3

vir. (16)

Simplified spherical Jeans equation (Eq. (7)) shows

the velocity dispersion σlos is a function of radius r with

free parameters c and Mvir. We then vary (c, Mvir) to

sample the parameter probability density function us-

ing emcee, which implements an efficient Markov Chain

Monte Carlo (MCMC) technique1 (Foreman-Mackey

et al. 2013).

3.3 Velocity Dispersion σlos(r)

The Galactocentric radial velocity dispersion profile

σr(r) is one of the most important inputs for the spherical

Jeans equation. Under the assumption of σr(r) ≈ σlos(r)

for halo stars, especially distant ones, we need to cal-

culate line-of-sight velocity dispersions in different ra-

dial bins instead. The Galactic stellar halo is abundant in

1 Emcee is a Massachusetts Institute of Technology-licensed pure-

PYTHON implementation of Goodman and Weare’s Affine Invariant

MCMC Ensemble sampler. The user guide for emcee can be found at

http://dan.iel.fm/emcee/current/.

Fig. 8 The line-of-sight velocity dispersion profile predicted

by the best-fit potential and observational velocity dispersion in

binned r when β = 0. The best-fit parameters of the NFW pro-

file are Mvir = 1.08+0.17

−0.14 × 1012 M⊙ and c = 18.5+3.6

−2.9 . σlos

values calculated from Vlos are presented by dots. The black

line is the best-fit velocity dispersion curve. The grey lines show

68% confidence interval.

substructures, which leads to double peaks in the veloc-

ity distribution. Although most of the substructures have

been eliminated from our sample, we do not rule out the

possibility that there is still some substructure remain-

ing. To remove effects of substructures, a Gaussian with

mean at Vlos = 0 is adopted to calculate σlos in each ra-

dial bin. Due to the typical distance uncertainty of about

13%, the radial bins we adopt are 5−8, 8−10, 10−14,

14−18, 18−22, 22−26, 26−30, 30−35, 35−40, 40−60,

60−80 and 80−120 kpc. Specifically, if there is a sample

of Nk K giants in a radial bin, which follows a Gaussian

distribution centered at 0 km s−1 and with a dispersion of

σp, then the likelihood of the sample given σp is

L
(

Vlos,i|σp

)

=

Nk
∏

i=1

1√
2πσp

exp

(

− (Vlos,i − 0)2

2σ2
p

)

.

(17)

The best-fit velocity dispersion is derived by MCMC fit-

ting.

To verify the effect of different radial-bin segmen-

tation on the velocity dispersion, we calculate σlos by

adopting different radial-bin segmentation. The results

are very similar and all within a 1-σ confidence interval.

We conclude that the radial-bin segmentation has minor

effects on the final result.

4 RESULTS AND DISCUSSION

We calculated the velocity dispersion profile of the

LAMOST DR5 halo K giants, and compare it to the ve-

locity dispersion of SEGUE K giants and SDSS BHB
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cases. We find K giants have a different velocity dis-

persion profile from BHB stars within 20 kpc as shown

in Figure 6. Therefore, different stellar populations may

appear to exhibit different motions. Then we apply the

dynamical modeling described in Section 3 to the ve-

locity dispersion profile and constrain the mass profile

to 100 kpc and the virial mass of the MW dark mat-

ter halo under the assumption of β = 0 or β = 0.3

respectively. When we assume the MW stellar halo is

isotropic, we use velocity dispersion profile σlos(r) to

fit the NFW profile directly to constrain the halo mass

shown in Figure 9. In addition, we calculate circular ve-

locity curve Vcirc(r) through differentiation of velocity

dispersion and use Vcirc(r) to fit potential. We find that

numerical differentiation of sparse data points will over-

estimate the halo mass by 15%, but it is within the error

bars of mass estimation (see Fig. 11). Figure 13 shows

the circular velocity curve and mass profile in case of

β = 0.3.

4.1 The Line-of-sight Velocity Dispersion Profile

σlos(r)

Using the method described in Section 3.3, we calculate

σlos in each radial bin. Figures 3 and 4 show that the

velocity distributions in some radial bins (e.g. [26 kpc,

30 kpc], [35 kpc, 40 kpc]) are asymmetric, which we at-

tribute to the existence of substructure. Figure 5 de-

picts the dispersion of line-of-sight velocity σlos chang-

ing with radius r. We find σlos(r) decreases slightly with

radius r.

Figure 6 σlos(r) for LAMOST K giants and those

for SEGUE K giants and BHB stars published in ear-

lier studies (Xue et al. 2011, 2014). LAMOST K giants

exhibit consistent line-of-sight velocity dispersion with

SEGUE K giants. However, σlos(r) of SDSS BHB stars

is systematically lower than that of K giants, especially

within 20 kpc. BHB stars are older than K giants, so dif-

ferent stellar populations may show different kinematics.

We have no idea whether the difference is inherent or just

a gloss caused by less precise distances of K giants than

BHBs.

4.2 Galactic Halo Mass in Case of β = 0

Now we use σlos(r) to constrain the underlying mass pro-

file of the halo employing Equation (7) and the method

described in Section 3. Mvir and c are two free pa-

rameters of the NFW dark matter halo. With the em-

Fig. 9 The distribution of best-fit line-of-sight velocity disper-

sion profile (Y −axis on left) and the mass profile (Y −axis on

right) predicted by the best-fit model for β = 0. The black line

is the best-fit model. The grey lines show 68% confidence in-

terval.

Fig. 10 The probability distribution of the best-fit parameters

Mvir and c when β = 0, fitted to a circular velocity curve.

cee package, we find a best-fitting model with Mvir =

1.08+0.17
−0.14×1012 M⊙ and c = 18.5+3.6

−2.9. The correspond-

ing virial radius of the MW is about 205+10
−9 kpc.

Figure 7 depicts the result of MCMC fitting of Mvir

and c. The banana-shape reflects the degeneracy between

Mvir and c.

Figure 8 features the velocity dispersion profile pre-

dicted by the best-fit Galactic potential with Mvir =

1.08+0.17
−0.14 × 1012 M⊙ and c = 18.5+3.6

−2.9, which matches

the observed velocity dispersion very well. With the

equation ∂Φ
∂r = GM(r)

r2 , we can derive the mass pro-

file predicted by the best-fit Galactic potential shown in

Figure 9.
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Fig. 11 The best-fit circular velocity curve and the mass profile predicted by the best-fit model when β = 0. The dots are estimations

of Vcirc in each radial bin calculated from differentiation of σlos(r). The red lines are the best-fit Vcirc(r) and M(< r) based on

Vcirc estimations, with 68% confidence interval shown in orange lines. The black lines are the best-fit Vcirc(r) and M(< r) based

on σlos(r) estimations, with 68% confidence interval shown in grey lines.

Fig. 12 The probability distribution of the best-fit parameters Mvir and c when β = 0.3, fitted from the circular velocity curve.

4.3 Galactic Halo Mass in Case of β = 0.3

When assuming the Galactic stellar halo is anisotropic,

the line-of-sight velocity dispersion profile σlos(r) has

to be differentiated before constraining the halo mass.

However, we only have 12 data points of σlos(r), so nu-

merical differentiation using sparse data points may in-

troduce extra systematic bias. We use an isotropic case

to test the effect of d ln(σ2
los(r))/d ln r on the estimation

of Mvir.

We calculate circular velocity curve Vcirc(r) accord-

ing to Equation (9) when assuming β = 0, then apply

estimations of Vcirc to fit Mvir and c using an MCMC

fitting. We find a best-fit NFW profile with Mvir =

1.24+0.27
−0.21 × 1012 M⊙ and c = 17.4+3.8

−2.9, which corre-

spond to a virial radius of 215+14
−13 kpc. The best fit pa-

rameters and their probability distributions are displayed

in Figure 10.

Figure 11 shows the comparison between the mass

profiles derived from σlos(r) or Vcirc. We find that Vcirc
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Fig. 13 The best-fit circular velocity curve (black line) and the mass profile (black line) predicted by the best-fit potential for

β = 0.3, with 68% confidence interval shown in grey lines. The dots are estimations of Vcirc in binned r derived from σlos.

Fig. 14 The mass profiles when β = 0 and β = 0.3. The red line shows the mass profile calculated from σlos(r) directly when

β = 0, with 68% confidence interval shown in orange lines. The black line is the mass profile with 68% confidence interval shown in

grey lines in case of β = 0.3, calculated from Vcirc(r). The two mass profiles are consistent and M(< 100 kpc) = 0.8×1012 M⊙.

estimations (black dots with error bars) agree well with

the two best-fit circular velocity curves. The circular ve-

locity curve and mass profile derived from Vcirc(r) (red

curves) are higher than those derived from σlos(r) (black

curves). We attribute such overestimation to the numeri-

cal differentiation of sparse data points. However, both

circular velocity curve and mass profile derived from

Vcirc(r) are located within the 1-σ uncertainty bound-

ary of the results from σlos(r). We verify that numeri-

cal differentiation of sparse data points overestimates the

virial mass by 15%, but within 1-σ error. Therefore, we

can use d ln(σ2
los(r))/d ln r to get Vcirc(r) and ultimately

constrain the mass profile and halo mass when assuming

MW stellar halo is anisotropic.

In case of β = 0.3, we follow the procedure de-

scribed above to get circular velocity curve Vcirc(r) and

then use the MCMC fitting to derive the best-fit halo

mass. We find the best-fit Mvir and c are 1.11+0.24
−0.20 ×

1012 M⊙ and 13.80+3.0
−2.2 respectively, and the virial ra-

dius is about 207+14
−13 kpc. The best-fit results of Mvir and

c are shown in Figure 12. The best-fitting circular ve-

locity curve and mass profile in case of anisotropy are

plotted in Figure 13. The best-fitting Mvir in the case of

β = 0.3 is smaller than that in case of β = 0 when they

are all derived from Vcirc(r). However, it is larger than

Mvir derived from σlos when β = 0. This is because

of overestimation from the numerical differentiation of

sparse data points.
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Figure 14 shows the distribution of total mass for

both β = 0 derived from σlos (red curve) and β = 0.3

derived from Vcirc (black curve). The mass profile of

the isotropic case is higher than the mass profile of the

anisotropic case, but the two mass profiles are consistent

within 1-σ.

Mvir and c have strong degeneracy as shown in

Figures 7, 10 and 12. The higher concentration parame-

ter we derived exhibits a more concentrated halo. Similar

results are also concluded in several previous studies

(Deason et al. 2012; Kafle et al. 2014; Piffl et al. 2014;

Huang et al. 2016). The higher c values in our work than

the prediction from simulations are due to the baryons,

which are not considered in simulations (Kafle et al.

2014; Piffl et al. 2014). Baryons are expected to increase

the concentration of the halo (Kafle et al. 2014).

5 CONCLUSIONS

We have constrained the virial mass and mass profile

to 100 kpc for the MW using 9627 K-giant stars from

LAMOST DR5. The profile of line-of-sight velocity dis-

persion is presented out to 100 kpc, which slightly de-

creases with radius. Adopting spherical Jeans equation,

we construct a theoretical velocity dispersion model di-

rectly from Galactic potential with the assumption of

β = 0. After fitting observations to the model, we con-

clude the best-fit virial mass and concentration parameter

of the MW’s dark matter halo are Mvir = 1.08+0.17
−0.14 ×

1012 M⊙ and c = 18.5+3.6
−2.9 respectively. This result re-

veals a more concentrated halo.

We also derive a virial mass from circular velocity

curve calculated by the differentiation of sparse veloc-

ity dispersions, and the best-fit NFW profile has Mvir =

1.24+0.27
−0.21 × 1012 M⊙ and c = 17.4+3.8

−2.9 when β = 0.

We conclude that d ln(σ2
los(r))/d ln r overestimates the

virial mass by 15% but within 1-σ error, so it is fine to

estimate virial mass from Vcirc with the Jeans modeling.

The Galactic virial mass is calculated from Vcirc

when β = 0.3. The best-fit parameters we obtained are

Mvir = 1.11+0.24
−0.20 × 1012 M⊙ and c = 13.80+3.0

−2.2. The

corresponding virial radius is about rvir = 207+14
−13 kpc.

Finally, we constrain the Galactic mass profile to 100 kpc

with the best-fit Mvir and c. We find the total mass en-

closed within 100 kpc is about 0.8 × 1012 M⊙ for both

cases.
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