


Wolf-Rayet 2 & (£ ?

“Conti scenario” cf. Conti 1976, Crowther 2007, Smartt 2009
mass, age, binarity, metallicity, rotation

Miniiar ~ MS post-MS SN/remnant
Dy — lIn

>80Me O3 = WNH=» lc/BH(GRB)

40-80Me O5-4 =i lc/BH

25-40Me O7-6 ==p Ib/BH

v (binary) =g ||b/NS
8-25Ms BI-O08 —————————p RSG == [|P/NS




Wolf-Rayet EDEZE 1%

> Limited (short) life time of ~ 5x10° yr (~10% of total life time
Y

... Clue to Age & Initial Mass Function

P Cluster of WR/LBV/RSG/YHG/OB

... Good tracer of massive-star formation in massive star clusters
(WR/O WCIWN, LBV,YHG, ...)

P Isolated WR stars ... where were they formed?

[> Mass Loss with strong stellar wind (>10-° Me/yr)

... Evolution of massive stars

In spite of ~6000 expected number of WR,
only ~500 WR have ever discovered in our Galaxy




Lifetime of Massive Stars

Lifetime [H-b + He-b(~10%)]
cf. Crowther+ 2006; Meynet & Maeder 2003
9 Me 305 Myr

25Me 7.3 Myr

\ 40 Mo 5.1 Myr
& 60 Me 4.0 Myr
\ 85 Me 3.5 Myr

120 Mo 3.1 Myr
fit: log(t/Myr)=0.55{log(M/Me)-2.3)}"2+0.45

WR  ~04 Myr
< LBV ~0.01 Myr?

~&-C2006 -*-MM2003 fit

O

P Cluster Age LBV/WR/YHG/RS
<25 Myr  all stars remain in main-seq
2.5-3.5 Myr super-massive stars evolve into
LBV/WR
3.5-5 Myr 40~60 Me stars evolve into
LBV/WR

10 Minit (M 100 > 5 Myr all LBV/WRs have become SN
( ©) YHG/RSGs appear

Lifetime (Myr)




log (L/Ly)

9.5

Evolution of Massive Stars

Arches cluster
Martins+ 2006; Meynet&Meader 2005
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WRERKEDFE (2000F L | RIMER)

[1] 2MASS & Spitzer/GLIMPSE
cf. Mauerhan, Dyk, Morris 201 |,A,142,40

¢ strong free-free emission in NIR-MIR (WN & WCQC)
¥¢ dust thermal emission in MIR (WCLd)

% color-color: ]-H vs H-Ks, J-Ks vs Ks-[8.0], [3.6]-[4.5] vs [3.6]-[8.0]

colorrmag: Ks vs |-Ks  -->"“redder”
rate: ~50% ?

merit:  no need of survey obs ... ||H,Ks(2MASS), [3.6],[4.5],[5.8],[8.0](GLIMPSE)
demerit: the stellar spectra of this wavelength are R-|, so not-easy to distinguish
affected by extinction (especially )
confusion in crowded area (Spitzer)
not distinguishable from Be stars
scattered by strong emission line components (especially CIV/CIII in Ks)




Flux [W/m?*/ ¢t m]

UV-Vis-NIR-MIR Spectrum
WR6 (HD50896)
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[2] NIR-NBF(CIV, Hell, ...)
cf. Shara+ 201 I arXiv, 1 106,21965; 2009,A), 138,402

¥¢ strong line (Hell, CIV, ...) emission in NIR (WN & WC)
% 6 [NBF] (K) system: [cont- | ],[Hel],[CIV],[Br ¥ ][Hell][cont-2] .. not simple!

rate: ~100% ?

Our choice |
% 2 [NBF: CIV, Hell] + | [BBF: Ks] system ...so simple & effective !

larger [CIV]/[Ks] for WCE, larger [Hell]/[Ks] for WN & WC
Axs from [NBF]/[Ks]

merit:  almost 100% rate ... completeness
capable of not only picking candidates up, but also finding extinction
demerit: need to make NBF and make imaging (survey) observations




%, - Mauerhan,
Shara+ 201 | a < B — - Dyk,Morris
3 ' S 201 |
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Key Line Emission
for Selective Detection of Various kinds of Massive Stars

ra absolute | <\ -+ Ks 1.83 2.17 2.19 2.06 2.11 2.08

K-mag cont Pacx Bry Hell Hel Cill CIvV
WC 4~ -6 Ic O X O
WN 5~-6 Ib O X O X
LBV/WNh -6 (11?) O © X O X
RSG/YHG 9~-10 ! O X /(O) X X
O 4~ -6 - O /N X X
MYSO ! - O O X X




Details of Narrow-Band-Filter

CIV (NBF)

Br r +Hell

Clil

Wolf-Rayet Stars (WO)

o) CIV:2052-2092nm(peak=2072nm, width=40nm)
I Ks: 1990-23 |Onm(peak=2150nm, width=320nm)

wavelength { £4xm) grey: Shara’s filter system
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Simulation with NICE spectra

CIV /Ks ®NICE WR ®NICE nonWR HWwd1
0.40 /\
0.35 ’
o
0-30 WC4-8
[ |
0.25
o P
0.20 .
WN4-8 \ /WC9 YHG B2-M2(SG)

—wwa o —cestsessovsor—— [LIEE

[ < il
0.10 LBV 04:09.5 calculation
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Transmittance [%]

100

80

40}

20

Pax Filter of ANIR

N207:2052-2092nm(peak=2072nm, width=40nm)
Ks: 1990-2310nm(peak=2150nm, width=320nm)
N187: 1871-1879nm(peak=1875nm, width=8nm)

simulation: blue @ 5640m, green @ 2600m

60 }:




OAOWEFC by Yanagisawa (201 IUM)
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exchange mechanism




Cold Stop
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f&E. LLTDE 3 [2NBF(CIV&Hell)+1BBF(Ks)] v

75 H¥miniTAO+ANIR
N207(CIv2078), N187(Hell8-6+Pacx 1875), Ks

<A ZXGIRCS
N207(CIV2078), N219(Hell10-7 2189), Ks

EWLOAOWFC(GtEIS)
N209(CIv2078/ClI2108), N218(Hell10-7 2189/Bry2166), Ks

N187(Hell8-6+Pacx 1875)IC DW\TIF R DK ES R
BWOAOWFCICDWTIERDRD SEEESIR




Extinction Law

Nishiyama+ 2006; 2008

mean effective wavelengths: |=1.25, H=1.64, Ks=2.14 micron
The power-law approximation for [.2-2.2 micron is excellent !

Av A AR A = 1.000:0.188:0.108 :0.062 > Axs/Av ~ I/16!

THE WAVELENGTH DEPENDENCE OF THE INTERSTELLAR EXTINCTION

Ratio of Extinctions IRSF vdH? RL85 CCM89°  Hed® Indebetouw®’
A T 1.44 £ 0.01 1.58 1.83 1.82
AR TEH K ceeeeeeeiiiiieeiiniininnn o 1.33 1.78 1.63 1.68 -
Az 87 e e 0.494 £+ 0.006 0.55 1 e 0.73 - 0.67
AKTE] K eoeeeeeeeeeeeeeeeeeeinnnns o 0.49 0.66 0.68 0.63 -
V2 T2/ O N S 1.42 + 0.02 1.38 1.64 1.88 1.61 1.63
Al A oo R T 0.573 £ 0.009 0.58 0.62 0.65 0.62 0.62
Al ALY coteemd A 0.331 £ 0.004 0.36 e 0.42 . 0.40
ARTAT oo A 0.33 0.40 0.40 0.39 .
VISR * S e 1.99 £+ 0.02 1.80 1.54 1.61 1.73 1.65

 Calculated from the theoretical curve; van de Hulst (1946).

> Observations toward the GC; Ricke & Lebofsky (1985).

¢ Analytic formula derived from RL85 results; Cardelli et al. (1989).

4 Averaged ratios derived from observations toward many lines of sight.
° He et al. (1995).

" Indebetouw et al. (2005).




GALACTIC LATITUDE

-0.050 0.000 0.050 0.100

-0.100

CIV/Ks imaging of 3 Galactic Center clusters (5’'x5’)

Detection of known and candidates WR

Mauerhan+ 2010; Wang+ 2010
HST/NICMOS Pax survey image
~50% are stars in clusters; ~50% are isolated (inter-cluster) stars
extinction law from Nishiyama+ 2006

50" = 11.64 pc for Ro=8.0 kpc 39'x 15"=91 x 35 pc

ANRSS i

AKs:O.95
(foreground)

Axs=2.89

Aks=2.18

SGR A WEST 0.1 DEG. (~14 PC)

0.200 0.100 0.000 359.900 359.800 359.700
GALACTIC LONGITUDE




5.1
Galactic Center cluster | O

R(CIV) G(Ks) B(Pacx)

[42WR] i(WC8-9)
WR100a(WN?7) i(WN9)
WRI0] ja(WN9)
a(WC8-9) k(WN9)
bévv\\jmgg I(WNO)
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dc(WN8) b
dd(WN?7) nc(WN8)
de(WCLd) nd(WNO)
df(WCLd) SNl
dg(WCLd) 0a(WC9)
di(W oc(WN9)
e(WN8) od(WCLd)
ea(WCLd) S elke)
{WC9) of (WC9)
fa(WC5-6d)D og(WCLd)
g(WC9) oh(WC9)
h(WN8-WC9) 0i(WC9)




Galactic Center cluster
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>
oM Axs=3.48 (Av=56)

0.05 it

0.00

Apparent Ks magnitude [mag]
cf. Ak=2.8 in central 5" (Stolte+ 2002; Martins+ 2008)




#17 (WN5b)

l
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Quintuplet

*
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Liermann2009
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Quintuplet cluster

0.30
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Arches cluster

[l6WR]
WR102
a(VWWNS8)
aa(WN9)
ab(WN?7)
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ad(WN9)
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0.30

0.25

0.20

o
o

CIV/Ks ratio
o
o

Arches cluster

10

I 12 13
Apparent Ks magnrtude [mag]

#11:0.1 10(WNS8-9) => ~0.120
Aks=2.30 => |.] << 3.41(MI0)
#12:0.109(WNS8-9) => ~0.120
Aks=2.43 => |.] << 2.07(M10)

0.130 ... standard (zero-extinction)

Aks=2.43 (Av=39)




SRR FU\EIR D Extinction 9270

Dong+ 201 |
Extinction distribution in GCR (39" x |5)
extinction law from Nishiyama+ 2006

Ax; peak=2.22, median=2.32 (Ax=0.76Ar90N)

"""" rrrrrrr 1T rrrrrr 1T rrrrrrrrrr[rrrr T
~ 12 <! ]
- D) (- _
3~ = ~|3
50| 2 wnfg ]
o = c ™| P -
. = U
@) Q O o) -
D) A~ -
-E @ *
= @) <§O i
@4 wn 7
NulZ N i
- =
(@ o
- ]
||||d|| ||||||| | I O T T T T | I T T T w T T T T T T T




3 Clusters & Galactic Center Region

I Galactic Center Clusters (~0.4°)

L e | ' | 1 | 1 7 Arches
| =+0.16 deg=+9'.6 | =+0.12 deg=+7".2
b=-0.06 deg=-3".6 b=+0.02 deg=+1".2

Arches

Quintuplet s
(3 5 Myr) (younger;2-4 Myr)

Sick]

55 00" ¢

S gr Ak SgrA*
\ D=8.28+0.33 kpc
(evolved;5=/ Myr) ’=2.41 pc

w0 RA=17h45m40.04s
5" Dec=-29°00'28.12"
050  (epoch2000.0)
251 =-0,0557 deg=-3".34

" 2°h=-0.0462 deg=-2".77

5'x5’

5 00" | !
3= 30

F1G. 1.--Six centimeter r
for D=8.0 |<PC & Morris 1987b), which illus g ! nencl s
Nomenclature for the regions A-D and Hl H8 are from Yusef-Zadeh &
Morris (1987b); nomenclature for the E1 and E2 Filaments is from Morris Matsur\aga+ 201 | Nature
& Yusef-Zadeh (1989). The Central, Quintuplet, and Arches clusters are
indicated by stars at the central location of the respective clusters. The

|"=0.0388 pc




