Wolf-Rayet

Stars
(WR Stars)



What are Wolf-Rayet Stars?

*evolved (composition)

*hot stars (> 10,000 K)

*with emission lines and

fast stellar wind outflow (several 1000 km/s)

Two Types:
1)Evolved stages of massive stars
2)Central stars of planetary nebulae (CSPN)

Massive WR stars have huge mass loss rates and
optically thick winds



(Miszalski, Crowther, Moffat 2012)
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WR Star winds and Photospheric Radii

n_> 102
T > 2/3
120 R(Sun) r.o A0
HD 96548 HD 164270 HD 66811
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Type and Origin of massive WR Stars

Types
*\WN — He-rich and N rich
- WNL — H is present
- WNE — H is not present
WC — H-free, C-rich He composition (O<C)
WO — H-free, O-rich composition (O>C), He may be present

Evolution Scenarios single stars (modified by rapid rotation):
O — WN(H - rich) - LBV — WN(H - poor) - WC — SN Ic,

O — LBV —- WN(H - poor) - WC — SN Ic
2540 M,
O —- LBV/RSG — WN(H — poor) — SN I|b. (Crowther 2007)

Binary stars: (today believed to possibly be the dominant source)
Striping of envelope, He-rich star or core remains



Classification criteria

WN type

WC type

WO type
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N 111 present, N Iv weak or absent

He 1 present, lower Balmer series shows P Cygni profiles

N 111 much stronger than N 1v

He 1 shows strong P Cygni profiles

N 111 at 4640 A as strong as He 11 at 4686 A

N 11 stronger than N 1v

He 1 shows weak P Cygni profiles

N 111 at 4640 A weaker than He 11 at 4686 A

N i1t as strong as N 1v, N v present but weak
N1, Niv and N v equally strong

N 1v stronger than N v, N 111 weak or absent

N 1v equally strong as N v, N 111 weak or absent
N 1v much weaker than N v, N 111 weak or absent
N v weak or absent, He 11 strong

C 111 stronger than C 1v, C I present

O v weak or absent

C 11t stronger than C 1v, C IT not present

O v weak or absent

C 111 equally strong as C 1v

O v weak or absent

C 111 weaker than C 1v but much stronger than O v
C 111 much weaker than C 1v but stronger than O v
C 11 much weaker than C 1v but as strong as O v
C1v strong, C 111 weak or absent

O v stronger than C 1v

O 1v absent

O v (5590 A) weaker than C1v (5801 A)

O vi stronger than O 1v

C 1v strong, C 111 absent

O 1v equally strong as O vI

O 1v (3400 A) and O vi (3811 A) very strong

WR Star
classification
criteria

Rectified flux + Constant

20 T RNTL RN TR SR

wcC

15+, OIV

Rectified flux + Constant
>
T

Clll

WC9

(Doom 1987)

I T S e ieein L o165 et v oo 5 o & o A e B
3500 4000 4500 5000 5500 6000

Wavelength (A)

(Crowther 2007)



Sp T. log L M Voo log N(LyC) M, Example
Type kK Lo Mgyr=t | kms™! | phs™! mag (Crowther 2007)
WN stars

3-w 85 5.34 -5.3 2200 49.2 -3.1 WR3

4-s 85 5.3 -4.9 1800 49.2 4.0 WR6
S5-w 60 5.2 -5.2 1500 49.0 4.0 WR61
6-s 70 5.2 —4.8 1800 49.1 4.1 WR134
7 50 5.54 4.8 1300 49.4 -54 WR84

8 45 5.38 4.7 1000 49.1 -5.5 WR40

9 32 5.7 4.8 700 48.9 —6.7 WR105
WNha stars

6ha 45 6.18 -5.0 2500 49.9 —6.8 WR24
9ha 35 5.86 —4.8 1300 49.4 7.1 WR108
WC and WO stars

(WO) | (150) (5.22) (-5.0) (4100) (49.0) (-2.8) | (BAT123)
“4) (90) (5.54) (—4.6) (2750) (49.4) (-4.5) | (BATS52)
5 85 5.1 —4.9 2200 48.9 -3.6 WRI111
6 80 5.06 4.9 2200 48.9 -3.6 WR154
7 75 5.34 4.7 2200 49.1 4.5 WR90

8 65 5.14 -5.0 1700 49.0 —4.0 WRI135
9 50 4.94 -5.0 1200 48.6 —4.6 WR103
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OB star + OB star A binary evolution
scenario with WR
sta rs (Danchi, Monnier, Tuthill)

Mass transfer primary - secondary

WR star+ OB star

Mass transfer secondary - primary
WR star+ WR star

Supernova explosion primary

Compact object+ WR star
Supernova explosion secondary

Binary pulsar

or

two runaway pulsars

(Doom 1987)
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Final Fate of Wolf-Rayet Stars

Supernova

\WNL — Type |l supernova?

*\WNE — Type Ib supernova

\WC / WO — Type Ic supernova

Gamma-ray burst (GRB) — if enough rotation
*Hypernova (failed GRB or off-axis)

*Just collapse / faint red transient

PN (CSPN)

Remnant

Neutron star

Black hole

*\White Dwarf (CSPN), binary interaction



