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LG AW R RIGIZEN R TSI S, LU B0AE 52 17 27 B i 455 7 2 i
PR T — A BT, WA S i — R R FREAT 52 M S i — 15 A
TAE R4 TR E (50) LG 30 /15 & M-

15 My IOI5E O EA S DM . B2 AW E] 1959 4F Kahn 1 Woltjer ™ (]
TR, 4B AR P A A T HE BRI (timing argument), TS E )5 BFR AT R B EE TA
TR, ZJ5, ZROTERA UG Mg, BRiFmEsms™"" N, mm o R
FapEmE" T TME FEE"" %, B, AMIFEEEARFEEE, JRA Myg ik
RAfea B, ZWMMEE. SHARE, RRINEFG NN Mo SENE 2 545 A K2R
(BEW T 30)s

AT TR My BT R E 7 U E A4, Kb @R R 2 E AT e
FISERRIE 0 B ANTUR, A HIES TSI, 6T Mig MAREMSMLEE, FExt 2 ML
BTG, S Ah, B BE T i BT HE 75 ) T B R B T S 7 A5 S HE 2

2 FESZIE R

LG W R RINIE 3 RS L3261 LG W51 713, 111 LG 51 13 WHBRGT LG &4
JoT ) 5T B RN e oo A HEIE, I e R DR RS B IR A I S B oRE kT DAHER LG
I8h )12 Mg MDA, MR ERIE Myg RS8Rk B, f£W% 2 5ikH,
HHE BN 2 AR T HERRYE, T B A AR 2 R AL ) iR AMNE A BE L. A
B I A AN R R A A AR, AR VA S WOCHR [21], X BEAREA.
2.1 ITATHEIEA

TR HERVE AR THERE N EE R (VR FRX) S E. WRHERNR-M31 X—F
g b, WAFNEHANERERMAEZ KT LG PHADK R ERWFE, SINRREZ MY
T LG MR My, BIWHE Mo, = Muw + Musi, X E Myw 1 Mg 70 5 880 R
M31 i, WA LLAA Mg &~ M.

5 M31 AR ART R ATT R #0i8 30,  BUIRM — 4k 1 s s ™

{ R =a(l—ecosy) 7 1)

t = (a®/GMo,)Y?(x — esinx)

G N5 e TR, R AR-M31 KRG ENHET H 4 MSEE: (1) BN ER
PSR Moo, MR Mpgs (2) YUK o, SHUEEZEIE T; (3) SlEMROE e; (4)
M31 HATEYE FArab A E, Wi R x RAE.

A, A4 ANDRNERHTAEHUE: (1) M31 HAfMAROEE Ry (2) RO L
Z 0 M31 BRI Vs (3) BEIFDEEE Vs (4) A M31 _E— a0 s (RIS KR IE
ZH)) BAFTEDIIR R ¢, Wi M31 MR it s, A ¢ kR T AR (AT
Bt = (13.75 £0.11) Ga" ™),
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AR, W E AN S RAEANEHSE, W DA e UE S M R G B E, H
1S B E AR T PR, TR AR R BATIIE BUNA S (S 00N ), 8 B E
W EIBEPE NAZ I HIE, AR e = 1 F1 Vo = 0, XEPWIEFRMEL @D AN 3
N A, —HRTPAGE Ve 8, IBAREA LB E M31 A 4RI & 1 ia 3h A4 [m) ShUiE
(e = 1), DR A{TAHk a3 (A A 0 2 T A R A g K™

R A I T AL,

(1) W R-M31 WEE RN — ML R G, AFEARE RN M E &R EA]
)51 350 5

(2) BB RIEHT to =0 CRBEIE) 072, B ¢ Gl F8, TBRUE R RILH 23
HHZ3);

(3) HAET M31 4T DO Rigin g iz i, R BNAE TR O A
(4) M31 HE s UEBCON AR EE (e = 1), B XA REAATE IR 230,

ATDLIER, R HE S A I BT B S R S bR BB PR, T bR AT A I S 2 5 i 3 T B
REAIM R . N B TR R, % T R R — AR A R RN R H AT
AT B M EEGE I B, R S AN R R R BRI KB N, TH R AN E F
—HIaEE R < 200 kpe, B RIIZENPIEEAHEH; 4 R > 1 Mpe B, XERE RIEHLT
WIE AT REZ 2 oAb R RiGfem. Rk, XFFAOLNER KRS, 7E 200 kpe < R < 1 Mpe 6
Bl Py, 0 B B v A B A 5 T 1 R i G SR
2.2 FTREM@E

BEERE (V = HoR) A FH KRE FERBITHEE V 5HEE R [0 —Fhi# R
KFZ. Ak, E£ERA (L LG) BILRIRA, BT Y5 B im i 51 73mcEEH, R R
B S RPN ERMAEA M LR, B LG R R RIS E RS S 7 SR
FERBI AR N L, % BR T 22 R 50 I FE B PR 0 B T 42 (B0 EE), B
[ A RAL LG AR RS LG LIS, %A Ry B5 LG BRErxaA"":

My = (n/8G) - H - R} . (2)
Karachentsev 2 o WEH T LR R R R
Myg = (®/8G) - HZ - R3f*(£2,) . (3)

A Hy WAMIEEHE, G ATHESIHE, Qu NUBRICERZE, T f(2n) & 2 1
l%li&[lg]o

Tl BT R T 20 4 80 4E4RHT Lynden-Bell ' 1 Sandage”™" $2 . 1% 751 1) 5 o
TR LT 3 MM (EPURR): (1) B RBENS A5 fi REREFIER: (2) BAE R A1
SRS SR D R BENLIES: (3) BARE R A RS EE, SA17E LG %34 R
DR VORBEE R RAEIIHG, HAREsroEE" . BRfuke. RIEEARR
[t (V, R) $fti, @i AFL PRI V — R % &, WiiEAEH15 V = 0 MR RO Ry,
Hrp R T A T (LA 3).
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E3 LCAMEHNERMEE EELr”

HEN 21 s, AMTREEE KRR T FEEMEHRE Mc FZTE R W 2001 4
Karachentsev fl Makarov' | F LG A3 P9 20 MR R BB IE SE, BH R, =
(0.96 £0.05) Mpc: fATTIAHFE ) H A CH Hy = 7T0km-s™' - Mpe ™', WHE R (2) A/
Mg = (1.240.2) x 10'2 My, 2002 4F, Karachentsev 2\ g1 LG 4F30A 38 MRil i &1
TR R B R B E A, £33 Ry = (0.9440.10) Mpc, ALK My = (1.340.3) x 10'2 M.
] 2009 £, Karachentsev 5 N""FIFI LG ABISA 30 ANTARE RIGECHM BORL,  FFEUA
W HHON Hy = (78 £ 2) km - 571 - Mpe ™!, 15 Mpg = (1.88 4+ 0.18) x 10'2 M.

LB AR B, TR My, R R VE BT AR I A B — AR R-M31 REiZ
(X)) BUEZBNARAS, AL )R R R B TE A 2 T A2 B AR B RIS ARHE. 7
— i1, AR LGOI R RN EE SR AR HE R R R, T A
WA HE LG FLE R MG Shid B ok il L2 R B B R AT 0L, 30X 3 Al infg H i
My ERAZR AR

3 Al ERBATHNE

MNTERRERS, NUTRERSZ. BRFMED, KEERSBERR, HMRACANEZ
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NEARAS. R It LR B D)5 Ak, TS B AR AR =4k (F10]) @3h 5ok, A
TR (—4E) iR ERE L 1) 2 B R ke, HE AR Y@ IR L. SR, AR
BRIV (IR RRUDRGE R, —4E) 75508 R SR EAT, X R Aok, B R
HILEEE, BATIEHBUNA S, SEREEEZE, XM AN KRR E. 5 — 51,
WHAHE — 4 R T, IS4 AR A TR 2 5 N — 28Rk, T AR 7T B 2= 5w 2]
IR B, KILCRR SR — B T AR A2 R A AT, 5% H AR
HARE LG FIRUL, Real2 < 2 & M31,

T M31 I EATHE A EEZ X, van der Marel Fll Guhathakurta'” Migd, AN
H M31 BIEAT, AR TR A 0] s B TE M R0 W RIAT R -M31 s A SEA R T
—ANWRHRGE? IR IR Mg ERRE 20?7 4 R-M31 X —XH R RZA K
WHATEEAG ? 5 M31 Z [A)A] e A7 A A AR FH AndeT s 1) M31 fF A R M33 f 4514 45,

FLZE 1917 4E, Barnard”” 3k O FFIA IR RS Al £ 2 R K E AT A3 B Y @ it
PRI A3 M31 A A 2 KA I, R A, R R LR R AR, N % BRI
M31 [f1H47. Barnard M M31 2 &ML 3 il 12~14 mag IR E/E AR, 7E 1898,
1909 F1 1916 1X = 4FE N P& T M31 51X 3 B HE A A7 B 19284, FEEE i R A A 78
1836 4% M31 A% A1 H b — R BUR AL B e, A (R L2k e 32 80 4, SRt ah 43%
AERME M31 PFJEAT. T 100 K, FREHASHIRA LM M 5. FREET M31 1
SR R, A R W) A 100 kmes™,  HBA MR AR HATINZ) N 26 pas-a”!, £l
FEAR VLIRS FE T 3598 BX A /MBS

TN B (1) S FE R I A 5 T A0 R R EAT SR T — SR TTREIIR AR, MK R SR — P AR 4R
S, RS AL TS B, IR VBT AR DR & RS B I e Rk AR RBR B
R BERTIA 2 10 pas,  H A H At ik B I T 08 I o A T e fk 2, i RS SR v 1 58 AR B
B SR AT, FRET 1L B, Hie i, X ARAE AT EEZ) 1 Mpe
I SR RS Y N ] R

2005 4, Brunthaler %}\[27] FIFH M33 P 2 AS/KBKEEJRAT VLBA W, @i (75— H b
BB A AN R I G, W TR RIS IR BN (730 4 168) kpe (HiEXAEE
300 B 45 SR A — ), T B AR ARIET 2R BB B O (190 + 59) kmes—t (B A0 %5 R
762 5E 1000 d). 2007 4, Brunthaler 25 A g1 M31 R & IC 10 th— K KI5 1
M ZEEL (P62 4.3 a), WELET N (—3949, 31 £8) pas-a', MBI EEEEEE N
(215 + 42) km-s~ 1,

UKL AE M31 A IR 1R Bk Bk, 2008 4F van der Marel 1 Guhathakurta
P, TP TURR B Gt J7 ik A 1 M31 (R 1) 3 4. 3 00 A 51 N AN FEAS A % -
(1) M31 £ REFHi2shiEfg M31 = miEsh s (2) f2F LG 4B R R 2 T2 s)
WAE LG JOrgs e MAITHET 17 MEE RMILRIER, PHAMEE R (M33 F11C10)
FIEAT, PAR M31 #1442 (turnaround radius) ML 5 A2 R R E . H5 0015 3
M31 1) 4 AMEHMSL, AHE—3 H O R EEE, eI17E W (98) AN Jdb) B mErs
BZIBCFEME S BN Tw = (—78 £41) km-s—! fl Ty = (=38 £ 34) km-s—!, HFHAHE
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PEZIRE S T FATHEEE 10 pas-a~l, T EATIE M IORXTRZE TR T 50%. A fEE Lm0,
B8 5 10 4F, ﬁMMML%ﬂ*Leﬁk SATHEE,

2011 4, Darling”” 7E M31 RN T 5 AN/KBKEIE, FFHUITER: FRM 2~3 a I,
I F A W 1 4% A E 45 M31 (LA BE B RIRE I F1 AT, (RIS A ok 0BG AR 64 R R 3%,
HOVFIE A LA H

B, ROCEFIE HST SN Gk, 76 M31 347005 M 1 28 7 Semi k.
YT HST 55 M5 R SOV B AR LU 283 2 MR YE, I s A W, (R iy SR
FasE e, I LR R 1A E DKL 24 4 (P RURRIIRE BT 12 4F), X EER
PRI B AT R AR, sz b, AU HST MR, TS IE T4 R 25
HEEAMELT, HARESmmeseE™ ",

2012 4E, Sohn 25N E R AF T M31 WETIMEL R, RIWHIFESE 34 M31 A
HHPHE FBER T R, WKIOAMEEY, DURAT M31 ERER LR, Wik
N B5~T ae X 3 MR EAT WA (pw, pn) 73904: (—45.8,—-37.6) £ (16.5,15.4) pas-a™ !,
(—53.3, —10.4) & (24.6, 24.4) pas-a~t, (—17.9,—35.7) £ (27.8,27.2) pas-a™to

Sohn % N ffil, MB31 4] (14T LM FERE L0y +£12 pas-a~!, SHKEEIEST T
AR PRI A LG 5 2 10 AT 52 K5 B A 2.

7F RS2l TAEMEERE B, van der Marel 25 A" T — 80 J5 4 ME i i, At ATt 4
H M31 AHXHRF R BRFEE RN Ve = (-109.3 + 4.4) km-s~', T8 M EA Vp =
17.0km-s™! (f£ 1o BEXEAE Ve < 34.3 kms™), JHEE LG WitRREN Mg =
(4.27 £ 0.53) x 10'2 M.

4 HiR5iTe

F 1T H 1959 FRTRMGHIRT Mye KL EZNEER, AT BUHE
KINZHE LR THH 20 D> Mg WEME, HA=EE8 (10 A) RiFNpREERA, 6 b ZFs
FEEES, 3 AN R, 5aHAM IR E N Mg B 1A 30— T &
My MITEEMCT SO AA, A R T 5 T i RAUSR JE R M 7 v%, - LIRS A e
1 My MG HEE Hy £ 6 NEIRSE GINEET KE EX My MS{EKE
", A EE, KR (13 ) RET 21 4. B4h, 2014 4 Gonzdlez 2N %4
HI Myg = 4.2750 x 1012 M, BRI P E0RS B R 221 AR YRR L

LA 10" My, NERAL, HIRFTHIEUE AT A

(1) Mye AFEDEMEMRBEEREN 1.2 < Mg < 5.6

(2) B2 1 IrAIBEAMER 1, G Mg ARMEMEZ AT 5 278, SLbr EAR
TP . WP I R 7 5 A R R T T A A3 5 M MSE A A
Z5, ATLMSRIARIER B A ) B BUEJE N 2.5 < Mg < 3.17 (lRKZERAZ
1.3 %), DLRAN[A) 238 R T o =2 M AUEYE N 1.2 < Mg < 3.6, TMJa& Wi A5 E 21
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®1 Mc AREVEER—K

Fe  REFM Mva ik SCHRGR 5 i
1 1959 >1.8 THH R 8] T IS5 =
2 1974 ~ 2.2 TR 5 & [37] Bl to=13x10" a
3 1977 > 1.3 THI & 2]
4 1978 ~ 3.2 THI i [10]
5 1981 3.6 ESUSL IS [16] Bt =1.6x10" a
6 1982 3~6 TH T [6]
7 1985 3.1+0.4 THI R & [11]
8 2001 1.2402  FEF@EE [17]
9 2002 2.6 A3 B i [15]
10 2002 1.3+£0.3  FHEHE [1]
11 2006 1.2940.14  FHEF ML [18]
12 2008 5581085 T R [12]
13 2008 5.27 TH B [13]
14 2009 1.88 £0.18  FHEFHTE [19]
15 2010 28+05 TME ii&®E  [21,20]
16 2012 3.17+0.57 NAFE [14] LRe R
17 2012 4274053 HEEE [14]
18 2014 2.3+£07  EMEFWE [38]
19 2014 2.5+0.4 LI [4]
20 2016 2.647042 T R [39]

2R, MERKRAEN12 < Mg < 2.3, RKERAT 2 5. REME DT R
B 3 BRI T L, AT LAXE LG 4 3 R EAR ST (B0 A 2 R B A i, (HIX 3 Rhr
DNE B SR AL TR EEGIN T 2A IR, WA E LG AR RXt
SR 2 -M31 WE RGN JME A, IXTCREE S R B 5 T AT s xtuk,
2009 4F Karachentsev 25 N B 48, 12 58 M31 S KRR & M33 RIS R KR &K
#z (LMC) X & B EE R, MBS WA 5 x 1012 M J8/NNZ) 3.9 x 1012 M.
XA R, JHAERRRENS ST ER, EHAWE T IE. AR — S
3 WUEAENR, Hp B RATGARRAE R, ETREETE, HETH TR 2800
2.2 ATHIR A 3 ADEIFRAME Y, 7 T i B K R R AR T LA

(3) Nt — SR H A fS Mue M2 v EREEQT, mE 1 s EdEs Lk 3 2%
AN T B My {85 M 5S35, AT Mpgr = 3.4 x 10"2M (VFEHHEER ),
Mypge = 1.9x 1012 M, (ZHEEMAE), UMK Mpgs = 2.8 x 1012M, (f7 1 &), W] WA thlaE
(MRS OS2 £, Gt bik 3 A EEUA T, WA My = (2.73+0.44) x 102 M,
X—HEETEE N B RTETAN LG 280 112 i S ) e & A E, & 580 3 N i ik = b
TIEFTHAE I Myg R &3 248 (W3R 1), 1M Karachentsev zte N"E 2009 49— T TAE
N, X 3 B IRER HE Mg 2 AFEETECAN Mg = (1.7 ~ 2.1) x 102 M.
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VENEREL, AWIEE— T 4RI R A M31 & 1 e 45 3

BRI RMZ) )15 i Myw PTE L2 RS2 R0 DAHESE, 4o F 48 R A4 (132 3)) 2 %
Bl R R (EHOREF) mw kg, ki, DU e g RSk
MITRETRZHGER, BESNMRITRSHT, Muw PERE BRI 5. BiEE
Bn: (1) 250005 4 RHA BRSO AHE M, WA Myw = 1.2%18 x 10120, " A0
Myw = 19738 x 10120, "%, REEEERT Myw SHA S, HX—RHE Myw
(0 5E R A T . (2) AR Myw WEMMZERMKR, & 0.2 x 10120, , &k
3.15 x 102M,"", WiH M ZEE 15 WEARR R —FMIE, RREEZ TS Myw
{2 R ZE AT ik 2~8 55777,

WANE R ST LR AR R R (R R, BIRER. BHRRASE) Mizgh =il
Rl BRI, EERE. AR, PUERE. BOYRE. TMS iR
FERER RS, Fi%2 ClE R E R, LA M31 A TAEME R Z.
L RIE DAL, My, W@ E R AT E R A FLEAR, BARRIn: (1) —SelE g
BEMY KOG AR, DB Mys: EORBEEESEEE R TUEE. (2) KF
VEH T Mysy MMM ZERIBR, 5N 0.9 x 1010 My, Bk 215 x 101 M, ™, Bz
20 fi5; AL, WIERTHIE 10 ENFTRERISE R, A Mys, 5 5125 NN AR E]
445",

AU ETHE T LU, ARERME LG 23 1% E My W BN REE, BT
Myw 1 Myysy 9058 B PR GRS BE

5 HEWiE

MHRIRE, AR LG 23 HE Mg, FEBRE 3 MAR ISR % (G R
B 7R R ZEE T SR ) SR LA, T A )44 SR P AR R VR AR R0 %k (A
BAMAEEE, PR LR REE BAT) T3 Muc WEEZ MR OARE 2 %, HPy
IR FE LI 16%. 3T LG X RE— /NI b i (e KR R, g r )
ARG, HE O TRAER (W 2 M31) 3075 5 & A kS R

F— T, X E AT LG W E 0 &5 R E SRR G R #, 2014 4F Diaz
s NHRH, EHRE Mue ~ Myw + Mys» XERE LG KRR L2 T 2 /M
KA 4R R AN M31 2, TR AR AE SRR AEDREOIR 4 A, B0 LA RN S S0 Y
WAL, 1 LG AN NGEF T —W. R, X —i 5 ACDM B[4 5 58 4 R
B, BEINRZ BRATE LG WAEREM R EIE SR, REHE X LG MR
BRI RHTCA 8, AR B X P IS BA B L ML R, 7T W, %F LG
MBS0 T, B Tt R R AN, KT LG BB R 0 AR 4 T — A T ]
SBE ) 2 A,
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Estimates of the Dynamical Mass of

the Local Group of Galaxies

ZHAO Jun-liang!»?

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

Abstract: The Milky Way (MW) is a member of a small group of galaxies called as the Local
Group (LG). The LG is dominated by its two largest members, the MW and the Andromeda
galaxy (M31). The other members can be separated into one of two categories: dwarf satellites
accompanying the MW or M31, and the dozen or so independent galaxies sprinkled in space up
to ~1.5 Mpc away. This group presents a unique example where sufficient data are available
to derive its mass and dynamics, which has been the topic of many previous studies.

Since 1959 the dynamical mass of the LG has been estimated in different ways, among
which three independent methods have been most frequently used: the timing argument,
the zero velocity surface and the virial theorem. The timing argument is to use the relative
motion of MW and M31 to estimate the total mass of the LG. The methods of zero velocity
surface and virial theorem use kinematic data of all satellite galaxies to estimate the LG mass.
Furthermore, in the zero velocity surface method the mass of the LG is determined from the
external Hubble velocity field surrounding the group, and the virial mass is derived from the
internal motions of member galaxies of the LG.

In order to estimate the dynamical mass of the LG by using the timing argument, one
must know the three dimensional kinematical data of M31 with respect to the MW. While
the light-of-sight velocity of M31 is well known from Doppler measurements, determining its

proper motions has been elusive for some half century or longer, because M31 is very far
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away from us. Recently, the first proper motion measurements were obtained with the HST
equipments and have been used to derive the mass of the LG.

The major results for the mass of the LG, Mg, obtained from different approaches
since 1959, are collected in Table 1 and briefly discussed. It can be seen from the table
that the range of My g is 1.2 < Mpg < 5.6, discrepancies being quite big. However, the
range of Mg published in the recent years (2009—2014) has been obviously narrowed to
1.88 < Mpg < 4.27, from which an optimum estimator Mpg = (2.73 £ 0.44) x 102M, can
be found.

Key words: Local Group; Milky Way Galaxy; Andromeda galaxy (M31); radial velocity;

transverse velocity; dynamical mass
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