
I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
81

B
la

ck
H

ol
e

B
in

ar
ie

s
3

Lo
ng

-T
er

m
E

vo
lu

tio
n

50
00

0
50

50
0

51
00

0
51

50
0

52
00

0
52

50
0

53
00

0
M

JD

0204060
G

X
 3

39
−

4
020406080

C
yg

 X
−

1
012345

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

LM
C

 X
−

3

RXTE ASM Count Rate

B
la

ck
H

ol
es

:
V

ar
ia

bi
lit

y
on

al
lt

im
e

sc
al

es

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
82

B
la

ck
H

ol
e

B
in

ar
ie

s
4

S
pe

ct
ra

lS
ta

te
s

E
ne

rg
y 

[k
eV

]

10
-4

10
-3

10
-2

10
-1

E × ph cm
-2

 s
-1

 keV
-1

3
5

10
20

O
bs

28

O
bs

29

O
bs

30
O

bs
31

(L
M

C
X

-3
;W

ilm
s

et
al

.,
20

01
)

X
-r

ay
S

ta
te

s:

•
L

X
&

0.
05

L
E

dd
:

so
ft

st
at

e/
hi

gh
st

at
e:

–
th

er
m

al
ly

do
m

in
at

ed

–
lo

w
va

ria
bi

lit
y

(f
ew

pe
rc

en
tr

m
s)

•
L

X
.

0.
05

L
E

dd
:

ha
rd

st
at

e/
lo

w
st

at
e:

–
po

w
er

la
w

sp
ec

tr
um

,

–
hi

gh
va

ria
bi

lit
y

(f
ew

10

pe
rc

en
tr

m
s)

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
83

B
la

ck
H

ol
e

B
in

ar
ie

s
5

S
pe

ct
ra

lS
ta

te
s

�
�
�

�
�
�

�
�
�

�
�
�

T
hi

n 
A

cc
re

tio
n 

D
is

k
B

H R
S

90
km

H
ot

 C
or

on
a

10
10

0
E

ne
rg

y 
[k

eV
]

1

10

10
0

Flux [arbitrary units]

Γ=
1.

9

B
la

ck
H

ol
e

X
-R

ay
S

pe
ct

ru
m

:

•
C

om
pt

on
iz

at
io

n
of

so
ft

X
-r

ay
s

fr
om

ac
cr

et
io

n
di

sk
in

ho
tc

or
on

a
(T

∼
10

8
K

):

po
w

er
la

w
co

nt
in

uu
m

.

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
83

B
la

ck
H

ol
e

B
in

ar
ie

s
6

S
pe

ct
ra

lS
ta

te
s

�
�
�

�
�
�

�
�
�

�
�
�

T
hi

n 
A

cc
re

tio
n 

D
is

k
B

H R
S

90
km

H
ot

 C
or

on
a

10
10

0
E

ne
rg

y 
[k

eV
]

1

10

10
0

Flux [arbitrary units]

Γ=
1.

9

B
la

ck
H

ol
e

X
-R

ay
S

pe
ct

ru
m

:

•
C

om
pt

on
iz

at
io

n
of

so
ft

X
-r

ay
s

fr
om

ac
cr

et
io

n
di

sk
in

ho
tc

or
on

a
(T

∼
10

8
K

):

po
w

er
la

w
co

nt
in

uu
m

.

•
T

ho
m

so
n

sc
at

te
rin

g
of

po
w

er
la

w
ph

ot
on

s
in

di
sk

:
C

om
pt

on
R

efl
ec

tio
n

H
um

p



I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
83

B
la

ck
H

ol
e

B
in

ar
ie

s
7

S
pe

ct
ra

lS
ta

te
s

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

T
hi

n 
A

cc
re

tio
n 

D
is

k
B

H R
S

90
km

H
ot

 C
or

on
a

10
10

0
E

ne
rg

y 
[k

eV
]

1

10

F
e 

K

F
e 

K

10
0

Flux [arbitrary units]

Γ=
1.

9

α

β

B
la

ck
H

ol
e

X
-R

ay
S

pe
ct

ru
m

:

•
C

om
pt

on
iz

at
io

n
of

so
ft

X
-r

ay
s

fr
om

ac
cr

et
io

n
di

sk
in

ho
tc

or
on

a
(T

∼
10

8
K

):

po
w

er
la

w
co

nt
in

uu
m

.

•
T

ho
m

so
n

sc
at

te
rin

g
of

po
w

er
la

w
ph

ot
on

s
in

di
sk

:
C

om
pt

on
R

efl
ec

tio
n

H
um

p

•
P

ho
to

ab
so

rp
tio

n
of

po
w

er
la

w
ph

ot
on

s
in

di
sk

:
flu

or
es

ce
nt

F
e

K
α

Li
ne

at
∼

6.
4

ke
V

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
84

B
la

ck
H

ol
e

B
in

ar
ie

s
8

H
ar

d
S

ta
te

0.
1

1.
0

keV (keV cm
−2

 s
−1

 keV
−1

)

10
10

0
E

ne
rg

y 
[k

eV
]

−
4

−
2024

χ

Fr
itz

et
al

.(
20

06
)

se
e

al
so

P
ot

ts
ch

m
id

te
ta

l.
(2

00
3)

F
it

of
C

om
pt

on
iz

at
io

n
m

od
el

to
R

X
T

E
/IN

T
E

G
R

A
L.

k
T

m
ax

=
1.

21
ke

V,

τ p
=

1.
01

,

ℓ h
/ℓ

s
=

2.
70

,

ℓ n
t/

ℓ t
h

=
0.

05
,

Ω
/2

π
=

0.
3/

2

χ
2
/d

of
=

46
6/

34
8

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
85

B
la

ck
H

ol
e

B
in

ar
ie

s
9

R
el

at
iv

is
tic

Li
ne

s

∆Φ

02468

Iνo [arbitrary units]

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

8.
0

E
ne

rg
y 

[k
eV

]

−
0.

15
−

0.
05

−
0.

10
0.

00
0.

10
0.

20
0.

30
z=

(E
e
/E

o
) 

−
 1

To
ta

lo
bs

er
ve

d
lin

e
pr

ofi
le

af
fe

ct
ed

by

•
gr

av
.R

ed
sh

ift

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
85

B
la

ck
H

ol
e

B
in

ar
ie

s
10

R
el

at
iv

is
tic

Li
ne

s

02468

Iνo [arbitrary units]

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

8.
0

E
ne

rg
y 

[k
eV

]

−
0.

15
−

0.
05

−
0.

10
0.

00
0.

10
0.

20
0.

30
z=

(E
e
/E

o
) 

−
 1

  5
o

 1
0

o

 2
0

o

 3
0

o

 4
0

o  5
0

o  6
0

o  7
0

o

 8
0

o

To
ta

lo
bs

er
ve

d
lin

e
pr

ofi
le

af
fe

ct
ed

by

•
gr

av
.R

ed
sh

ift

•
Li

gh
tb

en
di

ng

•
re

l.
D

op
pl

er
sh

ift



I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
85

B
la

ck
H

ol
e

B
in

ar
ie

s
11

R
el

at
iv

is
tic

Li
ne

s

Line Emissivity

co
ns

ta
nt

po
w

er
 

   
   

  l
aw

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Iνo [arbitrary units]

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

E
ne

rg
y 

[k
eV

]

−
0.

15
−

0.
05

−
0.

10
0.

00
0.

10
0.

20
0.

30
z=

(E
e
/E

o
) 

−
 1

 0
.0

 0
.5

 1
.0

 1
.5

 2
.0

 2
.5

 3
.0

i o
=

 4
0

o

To
ta

lo
bs

er
ve

d
lin

e
pr

ofi
le

af
fe

ct
ed

by

•
gr

av
.R

ed
sh

ift

•
Li

gh
tb

en
di

ng

•
re

l.
D

op
pl

er
sh

ift

•
em

is
si

vi
ty

pr
ofi

le

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
85

B
la

ck
H

ol
e

B
in

ar
ie

s
12

R
el

at
iv

is
tic

Li
ne

s

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��
��

��
��

��
��

��
��

��
��

��
��

��
��

��
��

�� ���������� ����������

ro
ta

tin
g 

B
la

ck
 H

ol
e

velocity

velocity

no
nr

ot
at

in
g 

B
la

ck
 H

ol
e

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

Iνo [arbitrary units]

4.
5

5.
0

5.
5

6.
0

6.
5

7.
0

7.
5

E
ne

rg
y 

[k
eV

]

−
0.

15
−

0.
05

−
0.

10
0.

00
0.

10
0.

20
0.

30
z=

(E
e
/E

o
) 

−
 1

 0
.0

0
 0

.2
5

 0
.5

0
 0

.7
5

 0
.9

98
1

i o
=

 4
0

o

To
ta

lo
bs

er
ve

d
lin

e
pr

ofi
le

af
fe

ct
ed

by

•
gr

av
.R

ed
sh

ift

•
Li

gh
tb

en
di

ng

•
re

l.
D

op
pl

er
sh

ift

•
em

is
si

vi
ty

pr
ofi

le

•
sp

in
of

bl
ac

k
ho

le

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
86

B
la

ck
H

ol
e

B
in

ar
ie

s
13

R
el

at
iv

is
tic

Li
ne

s

10
 1

C
yg

 X
−

1

−
10−
50510

4
6

9
E

ne
rg

y 
[k

eV
]

normalized counts
 
cm

−2 
s

−1 
keV

−1
χ

W
ilm

s
et

al
.

(2
00

6)

X
M

M
-N

ew
to

n
O

bs
er

va
tio

n
of

C
yg

X
-1

:
P

ow
er

-la
w

fit
to

E
≤

5
ke

V
an

d
E

≥
8

ke
V

:

st
ro

ng
re

si
du

al
s

in
F

e
K
α

re
gi

on

us
es

a
m

od
ifi

ed
tim

in
g

m
od

e
of

th
e

E
P

IC
-p

n
ca

m
er

a
on

X
M

M
-N

ew
to

n

w
hi

ch
ig

no
re

s
da

ta
fr

om
be

lo
w

∼
3

ke
V

;i
nn

er
3

C
C

D
co

lu
m

ns
ig

no
re

d

be
ca

us
e

of
pi

le
-u

p

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
87

B
la

ck
H

ol
e

B
in

ar
ie

s
14

R
el

at
iv

is
tic

Li
ne

s

10
 1

C
yg

 X
−

1

−
10−
50510

4
6

9
E

ne
rg

y 
[k

eV
]

normalized counts
 
cm

−2 
s

−1 
keV

−1
χ

W
ilm

s
et

al
.(

20
06

a)

4–
9

ke
V

sp
ec

tr
um

:
w

el
l

ex
pl

ai
ne

d
(χ

2 re
d

=
1.

3)
w

ith
:

•
P

ow
er

la
w

Γ
=

1.
90

±
0.

01

•
na

rr
ow

lin
e

E
=

6.
52

±
0.

02
ke

V,
σ

=
80

±
35

eV
,

E
W

=
14

eV

•
re

la
tiv

is
tic

lin
e

(K
er

r)
E

=
6.

76
±

0.
1

ke
V,

em
is

si
vi

ty
∝

r−
4.

3±
0.

1
,

E
W

=
40

0
eV

P
ar

am
et

er
s

si
m

ila
r

(b
ut

no
te

qu
al

)
to

C
ha

nd
ra

in
te

rm
ed

ia
te

st
at

e

ob
se

rv
at

io
ns

(M
ill

er
et

al
.,

20
02

)



I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
88

B
la

ck
H

ol
e

B
in

ar
ie

s
15

R
el

at
iv

is
tic

Li
ne

s

10
 1

10
 2

ob
s1

01020 01020 01020 01020

C
yg

 X
−

1

χcounts/s/keV

4
6

9
E

ne
rg

y 
[k

eV
]

ob
s2

ob
s3

ob
s4

C
yg

X
-1

(X
M

M
-N

ew
to

n,
E

P
IC

-p
n

m
od

ifi
ed

tim
in

g
m

od
e,

10
–2

0
ks

ec

ea
ch

)

(F
rit

z
et

al
.,

20
07

)

I

E
F

CO

D
R
I

L

A
I

N

R

D
N

XAEA

E
S
I
I

C

M L
MV

A

AI

AD

R

E

L
GE

6–
89

B
la

ck
H

ol
e

B
in

ar
ie

s
16

R
el

at
iv

is
tic

Li
ne

s

2
4

6
8

10

2
4

6
8

10
2

4
6

8
10

2
4

6
8

10

0.91.01.11.20.91.01.11.2

1.01.2 0.8 1.1 1.0

C
yg

nu
s 

X
−

1

X
T

E
 J

15
50

−
56

4
G

R
O

 J
16

55
−

40

G
R

S
 1

91
5+

10
5

Data/Model

E
ne

rg
y 

[k
eV

]

R
el

at
iv

is
tic

lin
es

ar
e

se
en

in
m

an
y

G
al

ac
-

tic
B

la
ck

H
ol

es

•
G

X
33

9−
4:

N
ow

ak
,W

ilm
s

&
D

ov
e

(2
00

2)
,M

ill
er

et
al

.
(2

00
4)

•
G

R
O

J1
65

5−
40

:
B

ał
uc

iń
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