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I 2 P =l 2 I 5 R ) K ORI R A AT R 2R R AR A TR
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B FEA BRI A BT AR AR AR AL, T R AR R g 12 A B G I S A P R
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5557 B AH QIR — ™ [0 2 Q] S e R R IE o 48 T IS 00 32 B AR AR T RAMX,
Hb# (outer halo) FHAMFEIREERARAE SN NTE R E . ShEIFTCE BN T, MR
PEETHEE, Carney”” WHSMEALLEERTEL R > 25 kpe, AR AFRAETY . & T4 140
G, MZEATHIF R > 200 kpe HIRERAES,

7E H H BT B HUAF 2 W0 Wl £ BE i 2 Ak b, AR R R ] DL I 2 R & 42 ok in DA
B, WP A R AR IS B S B TR e R (s EROR ) Bk
# (tidal radius)"”""*" ", MR (escape velocity) ™ T, LUK 1B 4 FE Y (timing
argument) T A
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TAEMAH R Z MR H AN ERE RS2 20k, 2 SR 2 A B AR &R B 2.
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1974 4 Einasto 28 A" 5, —ABRAFRE R IR & AT i TG54

M(R) = RV.(R)*/G (1)

XHE R NER¥E, M(R) Z R EHENERNRE, Vo(R) 290 R AAREGERT L
SRR, G RS . R (1) AT AR R RS, WSLE M(R)10% Mgz,
H TR RIS, Vo(R) BN B ih 4o (B0 BN R) Ab7R B R A GEAR O 1 5] 328 3)) 18



2 # BB R R RN ZBFNE 177

P A, [ A R R 9 B R i 20 kpe™™ . AAL Burbidge 4R (1) T
BT, L& T AREE RS .

BB MBI s A ME R, AE Bk TAR R EA b SRS 1 oAl —
BERON IR M TR0 g e S AR 2R R, S R DL
TREES ST B R R ARSRIET, DLIRI AN SR AR B AT 2R R 2 A ) A — B R S 8 ()R
BRI AL AARAC, KBHARORE, K PH P 3 ) o JE WA TAE W1 Watkins 2 A"
26 MEERALFGEE VR, 15 H Mg = (9+3) x 10" M, (R < 300 kpe, HE#E A%
IF) [R5 73 AT )

F—J7 1, ALY — e TAERE], A RO PR R B R AR ) H Ol E, 4 KA S)
HFILSR 128 B f5, (8] 1530 E A TR fE R B AR R, 55 5T S I U (10 B0 3 B2 5
B R BORA A, (T S AR R T

L%, WEEIE AR, S RPARME, A HEEaMEZRK Fla, 2006 F
Battaglia 28 N™*™ Fl TF £i% (truncated flat model) fl NFW #i% (fi Navarro. Frenk
1 White $2 H BB 25514538 Mg = 5.0732 x 108" My M Mg = 94758 x 101 Mg
(R < 120 kpe), fHZEJLIT 1 5.
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PR 32 AR SR D1 PR R, 2 R SIS T B 3D 0 2 AL e, AR SRR R AR (EAE B R L
HOR B B]) DAFAEFEA SRS, R B IR AR B % 42, R —PARTu 2 4h, FERIE
R REE R 07, 1957 4E, von Hoerner" ' MEE FHES H L F LA (HH Rk e R Ak
W E A HIE T BT B AR R 0ig3))

Tiidal = R(m/2Mg)'? | (2)
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EHTEFERAR RO EE Ry WV AR raa FIBUER m, (B RTfE SRR R PTE Mg, fERRN
(2) 1, BLOFE R ATEPREERAE (W05 RR BV R SE) SRICLIE, #1% F12 ruga w iG55
PR AR B A% ) 2% FERC R, T BT & e W] FH AR R A 0 X R FE R B (BRIR R D) L BB L
(PR R) S5k E 5Ll 5.
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Mg = RoV2./2G (6)
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A, M(Re) 2 KBHENE B2 WA R E, Vo NKRFHENZZ)# . 2007 4, Smith
2 N“"FIF RAVE 38 K2 TAEFT #2410 HVS FEA, 133 Ve ~ 544 kms™, Rey =
R exp(V2,/2V2 — 1) ~ 58 kpe, ML R & M = 1.42705) x 1012M.

MEN SIS ERT  Vige M ZEVELE T B2 ME— B8 A TR K BH 8 LA 25 & 43 A
(RIS H RTS8 B, DM R AR TR R A T A I RO A s AR B, K PH S B
P Vi T2 B e TR BH R LA P (4R 2R o IE DR At SR b 56 T A Mk i i P £
TAE, B 20 4D 20 FAGRMETF ™, FHZEE M2 KE . wH w
RKE, Ve MBI ATHCH (550 + 50) kmes—1"" .

X (7) T IR OEE R < Rey 70 E N RART R ITE, 7658 K RE b Ak iR
AT TERE N ST, XN 7 BN RO B AL B 96 55 B Ve (R) . 1995 4F, Peebles”™ 45 !
Vise = 210 km-s~—! (R = 200 kpc), 7433 Mg = 2x1012Mg (R < 200 kpc). 2010 4£, Brown
S N UL F 2RI Vo (R) 5 R WIS R

Vese(R) = —2.30 x 107*R® 4+ 0.0588R* — 6.62R+ Z (8)
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A, AR AR ] R T A

R=a(l —ecosy) , t=(a®/GMp)**(x—esiny) , (9)

b R OB R LI HRTHOBER, ¢ S KMLE (RIIAI %) to = 0) JR TSI TR, o A1
e S RINIESIIE L HRAEAGIE, x RIS, G V9951 WAL T Mo N EIUEE
MR o AR R S LR R AL U RO, TV = dR/de il iR R R
Pl E, T LA P AR 0 B SR AR T ¢ TR RO 0 4R o T R &
BRI, ARG %R R A ARG (RS RNE), B e = 1. TR, FIA LA
AT LHES R AR o BB a DLRIZSUR I I B R Mp. Wi ¢ 3R 452
BRI AR AL AR IR LG 1:2 (ST LA IF), R A A 45 0] SR B

DA RIURAL A 3R, MBI R — R R R 4, % TR R R AN T
B R, X Mo ~ Mo, MATH A A BRI SR P B o 7 Ak N HESLIA A5 i 1)
B R R T R, SRR T, SR TA R

R AR b R TS WU R R R G, B A R B
P SLA R RIS R AR R (SR R) IS BUERONE I (e = 1): IR R
FERLT to = 0 IS0 (B ¢ BUFT4R0Y), TRAUR SR RS S EnES): HATIl &R & (s
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PEER) AT Y AR R AR h, M ARHGIA I I AR £ 25 T DA, 76 R AT
TR R R R SRR R IR
4k Kahn 1 Woltjer ™ I TAEZ JG, —RefE 7N bk 7 i T Lo st (g ik b g 7 A />
BT, b AR RO E R RKZH THEE R Leo I, filtn,
B0 Sohn 28 N B XL R Leo T HIZS M EIHEHTHITE, fHHH M = 3157138 x 1012 Mg .
B LA b RSN, BT TS SR 2R R R H b — e, Wi AR R A
B A 2 WA SR T I b, DL R B IRk GE R S, X R VE R

3 T EIMR A

3.1 RARFRERE
FEAH K Mc WIME ARy, %% F S0 R & (00 ) B, G Jaffe #84™, TF
Y NFW B, DR RS IR BRI (pseudo-isothermal sphere model)”, 252, jXHbfi
R 32 22 I A8 T K FH P DAZE (1) 0 5 53 A
BN, 558 REIE) PR 80 %R A A 5 AN E 1 e ] SR Y a2 Jaffe 152
TP (TF BB R BAE N Jaffe B2 Sh ™), 2R i) R 25 BE AR 10 A3 A 66 B 7
V2 R?

— c cut . 1
PB) = G (R Ron)? (10)

MR < Roy W, DRI — K FHBEEHZ: X R > R N, BEDHIE poc R A
TR TREA E . Jaffe RIS R &R

M =V2R.../G (11)
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(1) Bk

FESEZBR TAEH, AR R (K B A BRI 7 5 100 5, 3% AR S M B M (10052 45 3
Ak, —LeRs Ry, BAEIRERX Mo WEMH 2 mA R AR EZE", 2005 4E, Bettaglia
SENLLO AMER R 44 DERRE H . 130 Bk T 5037 8 M 57 NEIRLA EE AREE R, FIH
TF BRI NFW B85 55 SR R E, 1558 Me = 1.2708 x 1012M,, (TF A8
Mg = 0.8%03 x 1012M,, (NFW B, REHTE BEH KL 50%, HEE 027 S5HE T
G AT AR L IF AR 2 . L%, Sakamoto 25 N pH0 At 5 5L TR F £ 1 bl e 45 1
KAWL R . XMV, 5 Mo HATHTREEUS 0 e kS FEAR LE, 1508 128 B vs AN 2 5 M £
TR RN EEN EEF R,
3.2 BITNE

TEYZIB B T iE S FAR R RN, 75 BRI REE R BIE R . ST 12 ZRAERR
ERRE B HE ik, BRI GERSH AT (DIl EE) B0k, AL AR T AR R
PRI IADE R, P BB NS e 4 . 1 1980 4 Miyamoto 25 A" 5, 7E T
EDAR EATE, F5X AR KRR 2 8 VO A BRI A Th . A5 8 T R AR ol (1)
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WPk RARIYIT B LR HUIE AR R AL, XEE V] = |V,/cosl], V, R E ILFrdE+ H
PR RARMIAZ RS, 0 A B AR RS R BH ARG 15K M 46T BRI B A R W HUE,
K—REEAE AR . (2) WFEALWE R, WA E BAs RAEPEE > ESTE EE &0
FPESN AR, XA (VY] = V3[(V,)|e X PR LT R A AR 8 Bk, 7T D4R
R, EHBHEEERR, RENEEE N Mo MALEE Y KmZER"",

Bt VLBI B AR 2 (8] S A R, 0 2 PR B R A4 (BRI R AR R) BI4axs
EAT 3 T o e Mo BT RE™ ™"

EAT 1 51 N 258 55 A H A i 3 7 PR BT 2R 0 = PR i (i % AR AR 4. 9, 2010 4F
Watkins 22 N7 FI ] 26 MR RAOULIEEE ZRL /31 Mg = (0.9 4+ 0.3) x 102M,, (R <
300 kpe) (Wid R & FPE - AR), M F 6 MEERMBAITERG, MRS A
Mg = (1.4 £0.3) x 1012M, (R < 300 kpc), W& 127800 50%.

1999 4F Wilkinson Al Evans'™ {1 TAE, 717 LU — AN 358 B A 1 47 0000 3k} 2
B AATRRIIRE A 27 ANTREERE (17 AERIREFIA 10 MEER), Hd 6 4 (2 1Bk
WEBIF 4 ANERER) SIS EAT. SRR, R RHMFEE, BAEARETEEE
FEEE R Leo I FTR R F &S A RENZ R Wi— B3H TRREEMAT, FiRES
BPSE RAAELE (B IR 30) e M8, XFE AL AT B B A AR, BovIX I TAE A B 470 E
()73 B RARAN B A J BE AR S0 1/4. 2003 4F, Sakamoto 28 A" B RREA S %R} (11
MERR, 137 NECIREEA 413 PKF>0dg 8, K2k o s 847) i =S TR,
% HE T Wilkinson 1 Evans” 4516 .

NEAE i s FH 630 B VA SR R R, BB Vi (ZSIANEE) e S5 HAT
45, it Dauphole 1 Colin™ {4 T % A FE4HIKI B .

3.3 EHERLeol

1 2 F DUl BRI R RS R B R, DUEFEE R Leo I PR Rz, [FHIE3)
R R, RO EE A 261 kpe, 764 LR v (438 2l U &5k 200 kmes—1 ", B
I, —HEEEE Mo RS ZREZEMER, 7THTHRMERCE R > 200 kpe Ab4RI
REE AN R4 55— J71H, B4R K51 R R, A ANEEUNEIEER
SO RS AR . ST IR AL, 1E A AR RN, Leo 19 T LUK EE— 1E
INEE R AR BRI FEA Fp BB Leo 1, Bif4E Leo 1, FFREATRNMERILEX Ritit. BT L
& Wilkinson Fl Evans”™ 1999 4E[f) TAE L& Sakamoto Z£ A" 2003 £/ TAE4E, B 20 th4d
80 AEARLASNe, MR TE B JUAE eh, AR GBS AR ITAr S BB R R Leo 1
T R R 5 A A AR R A A

b TVERFEARREE R 2 — 2 51318 3) 5 7 5 BRI R &4, Leo 1 fETTITHEHEE
W 2 R 2R R P T A ep R TR R 2013 4, Sohn 25 NI HST HIMLI
Bkl B IRTE Leo I R AAFR R HAT 20 & pw = (0.1140 £ 0.0295) mas-a—' Al
pn = (—0.1256 £0.0293) mas-a~*; EHHAHMN VI FEE N V, = (101.0 £34.4) km-s™*, M
IMiHAF Leo 1 [ =425 (M SR, FRH LR H Mg = 3.15715% x 1012 M.
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1 HRGR

F 145 20 20 70 FARLIK, G THUM R E A TREIENE LR, bk 29 B
SR X E N A4y 3 MiE oL (1) — R SCHR RS 1A Mo £, 122 B (2) [F—58 STk
MFEZETTE . ARIE 3 A 2 DAFER) M {5 (75 2. 5. 84 13, 20 25, 29, 4L 7
F)s (3) Fl—RCERBA R 5 2 MR Mo B ((CEF5 13 —F). Qo0ai g o
PSCHERILL 1 ANEERTE, 5 3 BB R L 2 NS5 R, IR 1 L 30 A Mg MEfE, H
I8N JENE Me 1015 60% (18 /N), HHEAW 4295 MR 10 8 B8 VR AN v B HE B VA1 H
) Mc #1255 10% (3 4Y), HATTEIR 5 10% (3 4N).

HH 2 BT B0 T DA -

(1) Mg 25005 45 R AR A SR GETE A e . B SCk [5) 7% 20) 10
Mg = 1.2708 x 1012 M, 3CHk (3] 75 18) 1 Mg = 1.9735 x 1012M,, %, Hix—RHE
M [IN5E J5 3 AR TG K

(2) INFA Mg MBI ZERB K, £/ 0.2 x 102My, #K 3.15 x 1012M,,, P HiHZE
15 fi. ANid, BEAE I E] HER X — 2 88 4a /), fEiRIT 10 fEA SRR 4 i EhA, X
SRR GEARLRE FE IR o BE AR 25 5 3G DR DA K 5 IR SO S5 DR 3 K

(3) M L, Mc WI5EfH 1K SRR TR BE R B KO B (Rinax) TEGETE E R
ZRINIEM I, (HZBRE AR5 2 2 5 5Kk A H 7 sk [57] (F 5 25)
Bl Mg = (0.9 ~ 1.4) x 10'2M,, (R < 300 kpc), 1 C#k [23] (F 5 17) A H Mg =
2.0 x 10"2M, (R < 200 kpe), & HLOERTE N, B Me BMEE I ELRTE KT LI 1 .
FIJE, 7T e 5 BT BUR ERRARFEA AN R LR TTVE A F A K.

(4) BPAEXE T8 —Fp 58 7595, Mo WEMEMZERMEAYS K, GREGR TR 2, £
H Mopin M Moo 235902 [F) 2R 58 T7 % M WU5E 85 R B ME AR K AR . B R 5 BUE 7T
Wy Mpin 5 Moy ZHH 2~80 55, Mg 5 Ry, WA RIS IEARE.

(5) R 1 WA 4 FSCHR (F 505008 24 5+ 8. 13) 4AH 1 4% 428 [ BIUIE A1 4% 1) [|] M B IX
PR s 1 DU T HE S ) M 5o AXMER 1, NAZ & 0] AR PUIEAS 1) M W2 R T 4%
BRI SEAR ARSI 45 5, WTTTIE S 1 85 ol 2 B T2 SR 2R 51 13 m E fa BR™

(6) TERF Mg 45 RS K M2 40 FEWIR], LUE2h %07k N SN 72, B I Bl
Ko I EARIEIGE 1) Mo EAU T8 B0 10 4, oBade st FEE v A T ik i 252 vk D) 32 0
FORMITRR, CRRN M WELRIAZ, Ay AT .

(7) MR 1 Fr8UE, B R T Mo MEME R AR ISR & 45 R BT
1 Mg HHREARZ, WA, J7ik B JRERR AR AR BE Y0 BB 45 J7 TH A
7, H7F R BEEURE BT IR M EINZRE 4 R . BATKIL, 1974—1989 E[H] 19 4~ Mc i
ELERAFMEN Mg = (0.71 £+ 1.16) x 10'2Mg, 1M 1990—2014 E[A] 20 44551 2 P ¥
N Mg = (1.36 £ 1.54) x 10"2M,, (JEFHWMBIERIT S 22 F1 27 AR RIOME S R, WA
Mg = (1.20 £1.18) x 1012 M) . MR LELE AT {55, R R8T MK T 1 x 1012M .
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*1 RURREBMNESER—NE
¢ N RHLOEE i & . SCHR
W E T77 g N ‘
B METTE Jpe 10120, IRERRAR %k 5y 2
1 R e 70 <0.2 dE [31]
60 0.34+0.15 Woo Mz
2 | EETRECE B[] +dSph 10
AR 60 0.76 + 0.21 K] +dSp & o mamAEss
B 50 0.27 Bk +dSph SO A SR [12]
R e 78 0.20% 5% B[] +dSph [27]
R 100 0.26 £0.08  fEE R B o LRI E
5 b S e e s _ (31]
100 1.0+0.3 AT EIRE = W oo A& m R A
e 44 0.89 +0.26 BRH [14]
iBH) 59 >1.4+0.2 % RRL LA [24]
0.51 4+ 0.31 B o DAAR A
8 % 91 R oo DHERDVE [15]
20413 W oo A& R FRME A
9 By 25 0.3 ¥ RRL 224 [26]
10 B 50~220 0.5+0.2 BRH + AR W o &R AR [17]
11 5 3 0.50~0.64 [EIpLe Vo B 220 ~ 230 km-s™!  [46]
12 i85 50~140 0.2415:43 KA+ R R [22]
0.937013 IaEE
B 36~230 Lol E dSph .
13 i 1.25+0:84 i +dSp % E L [18]
TH 4 120 1.34+0.2 Leo I Ve B 220 km-s™*
14 By > 40 0.5 EENCi [19]
15 BEhE 230 1.3 EKHA] +dSph [28]
16 B5)% 40 0.79 Bk ] [20]
17 i 200 2.0 FERER [23]
y TR #51.9738
18 5 N —1.7 I‘ AL = 3
i85 0 41 0.5410.02 RH + HEER (3]
y T 1.8%01 KA+ fER R +
19 iBE) Lo “UFE Leo | 4
¥ 50 0.54+0:01 KT3I A Leo 4]
057077 K LR R TF i
20 B 120 e i+ ﬁ:gj * *’E‘% [38]
0.9415-42 KPS R NFW 57
21 Wb i [ 58 1.42%5%, [ [47]
22 TN 3 2.43 Leo I [51]
23 i85 60 1.0153 WA R [56]
24 | EEETRELUE 80 0.697539 e R [39]
_ 0.940.3 R A
25 1B 300 R R . - 57
1.440.3 FeH 6 MERRMBAT 57]
26 By 50~120 1.26 +0.24 [58]
27 T HERE 3151158 Leo I [69]
28 By 1.0~2.4 Leo I 90% B X 7] [70]
"E/\jé# jL 0.6~3.1 M. H‘ GHE‘A
g | HER Ejiﬁ 200 fER o K3 FA [29]
T8 2 M 3 Al 1.1 Mo IR EE
Fr o TR



184 XX 2 HE 33 %

®2 AEFERE Mc NEERTEE

- Muin  BOEE | Mumae  BOEE

Tk 102Ms fkpe SRS 1020y fkpe SRS T
183N T5k 0.24 50~140 [12] 2.0 91 8]
WA A 0.2 70 1] 0.89 44 [6]
IR | 0.5~0.64 [11] 2.0 200 [17]
REE SRS 1.3 120 [13] 3.15 [27]
FoAt 7592 0.34 60 2] 0.69 80 [24]
L ik 0.2 70 1] 3.15 [27]

5 /NS RERE

g5 BRTIR AT L, BR T N ER R AR AR AR BRI RS FE T R I GRSt e M4k, 16
ZRARGUER R 2R Mo NEAE T FENE, WnaRm 2 5B R R B, 7R ER R AR B2 5]
APIELE (B A AVERERE), RESBRRERR KRN H1T, JBEE R Leo T I, 555,
ROk, fEARZARTARSE A, Mg BIIRER 28 SR 51— RIS R — R 5%,
ANFEEF AT Mo 28K ZERATIA 2~8 f5. 55— 71, 1ENRI RERSHZ —M
BT AR A E , X TR R B AT, R RS A AR A AR, R TR
DR 28 N R ot B L oA AT 26 BN R G X B A AT 2 AR, Bl EE I AN R Y
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Approaches for Measurements of the Mass of
the Milky Way Galaxy

ZHAO Jun-liang!?

(1. Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030, China;
2. Shanghai Normal University, Shanghai 200233, China)

Abstract: As one of the important parameters of the Milky Way Galaxy, the Galactic mass
has been determined or estimated in many different ways since 1920s, including kinematics
of tracers, tidal radius of both globular clusters and dwarf satellite galaxies of the Galaxy,
local escape velocity, timing argument theory, etc. Different kinds of tracers can be used for
estimating the Galactic mass, including globular clusters, satellite galaxies and some other
bright halo population objects, such as field horizontal branch stars, RR Lyraes variables,
red giant stars, etc. In order to measure the whole dynamical mass of the galaxy, tracers
with galactocentric distances as far as possible should be used.

In order to determine the Galactic mass based on kinematics of tracers, it is neces-
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sary to gain space velocities of the tracers, both line-of-sight velocities and proper motions
(transverse velocities). However, in earlier time it was very difficult and even impossible to
measure proper motions of tracers because they are far away from us. In this case, only
observational data which can be used for mass determination are line-of-sight velocities of
tracers, and some theoretical assumptions for tracers’ orbits are necessary to be introduced.
As VLBI and space techniques become applicable to astrometry, proper motion data have
been available for some satellite galaxies to estimate the Galactic mass.

Besides the above method, some other approaches can also be used for estimation of
the Galactic mass. (1) There is a relation among the tidal (limiting) radius of a satellite,
its mass and Galactocentric distance and the Galactic mass, which can be used to estimate
the Galactic mass. (2) In the solar neighborhood, there is a simple relation between the
Galactic mass and the local escape velocity, which has been used for determination of the
Galactic mass. (3) If a pair of galaxies, such as the Galaxy and a dwarf satellite, is well
represented by point masses and isolated, their total mass may be estimated by measuring
their separation, relative velocity, and time since the expansion of the universe began. The
total mass is nearly equal to the Galactic mass, because the mass of the satellite is much
less than the Galactic one. This is so-called timing argument.

The major results for the Galactic mass obtained from different approaches since 1970s
are collected and briefly discussed. It is shown from these results that many of values of
the Galactic mass are with significant statistical uncertainties and in the quite wide range
of (2 ~30) x 10" M.

So far as the Galactic mass is concerned, one expects that the future will belong to joint
analyse of data sets of both the line-of-sight and proper motions of the satellites together
with large samples of distant BHB stars. On the other side, the Gaia mission was successfully
launched in December of 2013, and the mission is expected to measure the proper motions
of the dwarf spherodial satellites of the Galaxy to an accuracy of a few to tens of km-s™*,

which will significantly reduce the uncertainties of values of the Galactic mass.

Key words: Galactic mass; dark matter; rotational curve; tidal radius; escape velocity;

timing argument; proper motion
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