
S
upernovae

have

lum
inosities

com
parable

to
w

hole

galaxies:

∼
10

51
erg

s −
1

in
light,

100×
m

ore
in

neutrinos.

S
N

1994d
(H

S
T

W
F

P
C

)

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E
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Type
Ia

S
upernovae,II

(S
pectra

ofseveralS
N

e
atm

axim
um

lightJha
etal.,1999,F

ig.6)

D
ifferent

supernovae
can

have
very

sim
ilar

spectra.

=⇒A
llow

s
their

classification.

(F
ilippenko,1997,F

ig.1);
t:

tim
e

after
m

axim
um

light;
τ

:
tim

e
after

explosion;
P

C
yg

profiles
give

v
∼

10000
km

s −
1

R
ough

classification

(M
inkow

ski,1941):

Type
I:

no
hydrogen

in
spectra;

subtypes
Ia,Ib,Ic

Type
II:

hydrogen

present,subtypes

II-L,II-P
N

ote:
pre

1985
subtypes

Ia,
Ib

had
differentdefinition

than
today

=⇒
bew

are
w

hen
reading

older
texts.

E
arly 

S
pectra:

N
o H

ydrogen  / H
ydrogen

S
N

 I
S

N
 II

S
i/ N

o S
i

S
N

 Ia
H

e poor/H
e rich

~
3 m

os. spectra
H

e dom
inant/H

 dom
inant

“N
orm

al” S
N

II

Light C
urve decay

after m
axim

um
:

Linear / P
lateau

1993J
1987K

1987A
1988A
1969L

1980K
1979C

1983N
1984L

1983I
1983V

1985A
1989B

C
ore C

ollapse  of 
a m

assive progenitor
w

ith plenty of H
 .

S
N

 IIP
S

N
 IIL

S
N

 Ic
S

N
 Ib

S
N

 IIb

T
heory

C
ore C

ollapse.
O

uter Layers stripped
by w

inds (W
olf-R

ayet Stars)
or binary interactions
Ib: H

 m
antle rem

oved
Ic: H

 &
 H

e rem
oved

C
ore collapse.

M
ost (N

O
T

 all)  
H

 is rem
oved during 

evolution by
tidal stripping.

B
elieved to originate

from
 deflagration  or

detonation  of an
accreting w

hite dw
arf.

courtesy
M

.J.M
ontes



I

E
F
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D
R

I

L

A
I
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R

D
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E
S
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AI

AD
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Type
Ia

S
upernovae,V

(F
ilippenko,1997,F

ig.3)

Lightcurves
ofS

N
e

I

allvery
sim

ilar,

S
N

e
IIhave

m
uch

m
ore

scatter .

S
N

e
II-L

(“linear”)

resem
ble

S
N

e
I

S
N

e
II-P

(“plateau”)

have
const.

brightness
to

w
ithin

1
m

ag
for

extended
period

of

tim
e.

940
950

960
970

980
990

1000

JD
−

2450000

12 101416
B

+
1

U
+

2

V R
−

1

I−
2

magnitude

(S
N

1998bu
in

M
96,Jha

etal.,1999,F
igs.2

and
4)

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E
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Type
Ia

S
upernovae,V

II

C
lue

on
origin

from
supernova

statistics:

•
S

N
e

II,Ib,Ic:
never

seen
in

ellipticals;rarely
in

S
0;generally

associated
w

ith

spiralarm
s

and
H

IIregions .

=⇒
progenitor

ofS
N

e
II,Ib,Ic:

m
assive

stars
(&

8
M

⊙
)
=⇒

core
collapse

•
S

N
e

Ia:
alltypes

ofgalaxies,no
preference

for
arm

s,alm
ostno

scatter
in

lightcurves

=⇒
progenitor

ofS
N

e
Ia:

accreting
carbon-oxygen

w
hite

dw
arfs,undergoing

therm
onuclear

runaw
ay

R
ule

ofthum
b:

1...3
S

N
e

per
galaxy

and
per

century

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E
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Type
Ia

S
upernovae,V

III

C
/O

C
/ON
i

N
i

S
i/S

C
/O

Initial W
D

E
nergy transport by heat
conduction over front

(v<
<

c_sound)
ignition of unburned fuel

ignition of unburned fuel by
com

pression in detonation

D
eflagration P

hase
(2...3sec)

D
etonation P

hase
(0.2...0.3sec)

after
P.H

öflich



I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E
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Type
Ia

S
upernovae,IX

S
N

Ia
=

E
xplosion

ofC
O

w
hite

dw
arfw

hen
pushed

over
C

handrasekhar

lim
it(1.4

M
⊙

)
(via

accretion?).

=⇒
A

lw
ays

sim
ilar

process

=⇒
V

ery
characteristic

lightcurve:
fastrise,rapid

fall,exponentialdecay

(“F
R

E
D

”)
w

ith
half-tim

e
of60

d.

60
d

tim
e

scale
from

radioactive
decay

N
i 56→

C
o

56→
F

e
56

(“selfcalibration”
oflightcurve

ifsam
e

am
ountof

N
i 56

produced
everyw

here).

C
alibration:

S
N

e
Ia

in
nearby

galaxies
w

here
C

epheid
distances

know
n.

A
tm

axim
um

light:

M
B

=
−

18
.33

±
0
.11

+
5

log
h

100
(L

∼
10

9
...10

L
⊙
)

(5.33)

Intrinsic
dispersion:

.
0.25

m
ag

(possibly
due

to
size

ofclusters
analyzed?!?)

O
bservable

outto
1000

M
pc

N
ovem

ber 20, 1995

O
ctober 30, 1995

 S
upernova


“S
N

 1995ar”

P
erlm

utter et al.

S

upernova C
osm

ology P
roject

N
eigboring G

alaxies

B

efore
 S

upernova E
xplosion

S
upernova

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E
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Type
Ia

S
upernovae,X

I

1.0
1.5

2.0

−
20

−
19

−
18

−
17

−
20

−
19

−
18

−
17

Mmax − 5log(Ho/65)

−
20

−
19

−
18

−
17

1.0
1.5

2.0

BVI

BVII

∆m
15 (B

)obs

(P
hillips

etal.,1999,F
ig.8)

C
aveats:

1.
A

re
they

really
identical?

=⇒
history

ofpre-W
D

star?

2.
C

orrection
for

extinction
in

parent

galaxy
difficult.

3.
B

aade-W
esselink

for
calibration

E
q.(5.33)

depends
crucially

on

assum
ed

(B
−

V
)-T

eff relation.

4.
S

om
e

S
N

Iae
spectroscopically

peculiar
=⇒

D
o

notuse
these!

5.
D

ecline
rate

and
color

vary,but

m
ax.brightness

and
decline

rate

correlate
(see

figure).

Lightcurves
ofH

am
uy

etal.S
N

Ia
sam

ple
(18

S
N

e
discovered

w
ithin

5
d

past

m
axim

um
,w

ith
3
.6

<
log

cz
<

4
.5,i.e.,

z
<

0
.1)



Lightcurves
ofH

am
uy

etal.S
N

Ia
sam

ple
(18

S
N

e
discovered

w
ithin

5
d

past

m
axim

um
,w

ith
3
.6

<
log

cz
<

4
.5,i.e.,

z
<

0
.1), after

correction
ofsystem

atic

effects
and

tim
e

dilatation
(K

im
etal.,1997).

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C
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A
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E

L
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Type
Ia

S
upernovae,X

IV

R
ecalibration

ofS
N

Ia
distances

w
ith

C
epheids

gives
(G

ibson
etal.,2000):

log
H

0
=

0
.2

{

M
m

ax
B

−
0
.720

(±
0
.459

)

·
[∆

m
B

,15
,t −

1
.1

]−
1
.010

(±
0
.934

)

·[∆
m

B
,15

,t −
1
.1

] 2
+

28
.653

(±
0
.042

)
}

(5.34)

w
here

∆
m

B
,15

,t
=

∆
m

B
,15

+
0
.1

E
(B

−
V

)
(5.35)

w
here

∆
m

B
,15 :

observed
15

d
decline

rate,

E
(B

−
V

):
totalextinction

(galactic+
intrinsic).

E
q.(5.34)

valid
for

B
-band,equivalentform

ulae
existfor

V
and

I.

O
verall,the

calibration
is

good
to

better
than

0.2
m

ag
in

B
.

I

E
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D
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I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E

5–74

S
tandard

C
andles:

E
xtragalactic

42

Tully-F
isher,I

B
R

V

(after
S

akaietal.,
2000,F

ig.1)

Tully-F
isher

relation
for

spiralgalaxies:
W

idth
of21

cm
line

ofH
correlated

w
ith

galaxy
lum

inosity:

M
=
−

a
log

(

W
20

sin
i

)

−
b

(5.36)

w
here

W
20 :

20%
line

w
idth

(km
s −

1;typically
W

20 ∼
300

km
s −

1),
i

inclination
angle.

F
or

the
B

-
and

I-B
ands

(S
akaietal.,2000):

B
I

a
7.97±

0.72
9.24±

0.75

b
19.80±

0.11
21.12±

0.12

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A
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AD

R

E

L
G E
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Tully-F
isher,II

Q
ualitative

P
hysics:

Line
w

idth
related

to
m

ass
ofgalaxy:

W
/2

∼
V

m
ax ,w

here

V
m

ax
m

ax.velocity
ofrotation

curve

=⇒
A

ssum
e

M
/L

=
const.(good

assum
ption)

=⇒
w

idth
related

to
lum

inosity.

D
etailed

physicalbasis
unknow

n.
M

ightbe
related

to
galaxy

form
ation

(“hierarchicalclustering”,see
later).

I-band
is

better
(less

internalextinction).

C
aveats:

1.D
eterm

ination
ofinclination

i.

2.Influence
ofturbulentm

otion
w

ithin
galaxy.

3.C
onstants

dependenton
galaxy

type
(S

a
and

S
b

sim
ilar,S

c
m

ore
lum

inous

by
factor

of∼
2).

4.O
ptical extinction.

5.Intrinsic
dispersion

∼
0.2

m
ag.

6.B
arred

G
alaxies

problem
atic.



“Faber-Jackson”
law

for

ellipticalgalaxies:
T

he
lum

inosity
L

ofan
elliptical

galaxy
scales

w
ith

its
intrinsic

velocity
dispersion,σ

,as
L
∝

σ
4.

N
ote

thatellipticals
have

virtually
no

H
ydrogen=⇒

cannotuse
21

cm
.

M
32

(com
panion

ofA
ndrom

eda),

courtesy
W

.K
eel

E
llipticals:

M
B

=
−

19
.38

±
0
.07

−
(9

.0
±

0
.7

)(log
σ
−

2
.3

)
(5.37)

Lenticulars
(Type

S
0):

M
B

=
−

19
.65

±
0
.08

−
(8

.4
±

0
.8

)(log
σ
−

2
.3

)
(5.38)
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D
n -σ

T
he

Faber-Jackson
law

is
a

specialized
case

ofthe
m

ore
generalD

n –
σ

-relation:

T
he

intensity
profile

ofan
ellipticalgalaxy

is
given

by
de

V
aucouleurs’r

1
/4

law
:

I
(r)

=
I

0
exp

(−
(r/r

0 ) 1
/4
)

=⇒
L

=

∫

I
∝

I
0 r

20
(5.39)

B
ecause

ofthe
virialtheorem

(E
k
in

=
−

E
p
ot /2):

12
m

σ
2

=
G

m
Mr
0

⇐
⇒

σ
2∝

Mr
0

(5.40)

w
here

σ
:

velocity
dispersion.

A
ssum

e
a

m
ass-to-lightratio

M
/L

∝
M

α
(5.41)

(α
∼

0
.25).

and
use

r
0

from
E

q.(5.39)
to

obtain

L
1
+

α
∝

σ
4−

4
αI

α−
1

0
(5.42)

T
his

is
called

the
“fundam

entalplane”
relationship

(D
ressler

etal.,1987).
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E
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D
R
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D
n -σ

O
bservationalversion

ofthe
fundam

entalplane
relationship:

Instead
ofinserting

r
0

and
I

0 ,m
easure

diam
eter

D
n

ofaperture
to

reach
som

e
m

ean
surface

brightness
(typically

sky
brightness,20

.75
m

ag
arcsec −

2
in

B
),and

use

calibration.

N
ote:

A
ssum

ptions
are

1.M
/L

sam
e

everyw
here.

2.ellipticals
have

sam
e

stellar
population

everyw
here

C
alibration

paper:
K

elson
etal.(2000).

I

E
F

CO

D
R

I

L

A
I

N

R

D
N

XA E A

E
S
I

I

C

ML
MV

A

AI

AD

R

E

L
G E

5–79

H
ubble

C
onstant

1

P
ath

to
H

0

To
obtain

H
0 ,w

e
need

distances,and
redshifts.

R
edshifts:

Trivial

D
istances:

H
ubble

S
pace

Telescope
K

ey
P

rojecton
E

xtragalactic
D

istance

S
cale .

S
um

m
ary

paper:
Freedm

an
etal.(2001),there

are
a

totalof29
papers

on
the

H
S

T
key

project!

S
trategy:

1.U
se

high-quality
candles:

C
epheid

variables
as

prim
ary

distance
calibrator.

2.C
alibrate

secondary
calibrators

thatw
ork

outto
cz

=
10000

km
s −

1:

•
Tully-F

isher,

•
Type

Ia
S

upernovae,

•
S

urface
B

rightness
F

luctuations,

•
F

undam
ental-plane

for
E

llipticals.

3.C
om

bine
uncertainties

from
these

m
ethods.



I

E
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D
R

I

L

A
I

N

R

D
N
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E
S
I
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C
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A
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H
ubble

C
onstant

2

V
elocity

F
ield,I

B
efore

determ
ining

H
0 :

correctfor
influence

ofvelocity
field

(cluster
m

otion
w

ith

respectto
com

oving
coordinates).

T
he

observed
redshiftis

given
by

1
+

z
=

(1
+

z
R )

(

1
−

v
0c

+
v

Gc

)

(5.43)

w
here

v
0 :

observer’s
radialvelocity

in
direction

ofgalaxy

v
G :

radialvelocity
ofthe

galaxy,difficultto
find

z
R :

cosm
ologicalredshift

O
lder

galaxy
catalogues

often
attem

ptto
correctthe

m
easured

values
ofz

to
produce

“corrected

redshifts”,e.g.,by
setting

v
G

=
0

and

1
+

z
=

(1
+

z
R )

(

1
+

v
0c

)

∼
1

+
z

R
−

v
0c

=⇒
z

R
∼

z
+

v
0c

(5.44)

since
v

0
w

as
notw

ellknow
n

before
C

O
B

E
=⇒

introduces
unnecessary

problem
s

=⇒
correction

notused
in

recentredshiftsurveys!
(see

H
arrison

&
N

oonan,1979,for
details)

(C
O

B
E

D
M

R
;B

ennettetal.,1996)

v
0

is
easy

to
find

=⇒
M

easure
velocity

ofE
arth

w
ith

respectto
3

K
radiation.

C
O

B
E

finds

∆
T

=
3
.353

±
0
.024

m
K

of3K
black-body

spectrum
ofT

=
2
.725

±
0
.020

K
,using

∆
T

/T
=

v
/c.

v
0

=
(369

.1
±

2
.6

)km
s −

1·cos
θ

C
M

B
(5.45)

w
here

θ
C

M
B

=
∠

(
v
,
v

C
M

B ),and
v

C
M

R
points

tow
ards

(l,b)
=

(264
. ◦26

±
0
. ◦33

,48
. ◦22

±
0
. ◦13

)

(α
,δ)J2000.0

=
(11

h12
. m
2
±

0
. m
8
,−

7
. ◦06

±
0
. ◦16

)

in
constellation

C
rater.

T
he

constellation
C

rater
(“B

echer”)
in

Johan
E

lertB
ode’s

S
ternatlas

(after
S

law
ik/R

eichert,A
tlas

der
S

ternbilder,S
pektrum

,2004)

I

E
F
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D
R

I

L

A
I

N
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D
N

XA E A

E
S
I

I

C
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R
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L
G E
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H
ubble

C
onstant

5

V
elocity

F
ield,IV

To
getfeeling

for
v

G
outto

V
irgo,need

to
study

localvelocity
field

surrounding
localgroup

and

beyond.

Tw
o

m
ajor

velocity
com

ponents:

1.
V

irgocentric
infall(know

n
since

m
id-1970s)

2.
M

otion
tow

ards
greatattractor

(“S
even

S
am

urai”,1980)

plus
virialized

galaxy
m

otions
w

ithin
clusters.

G
eneralanalysis:

build
m

axim
um

likelihood

m
odelofvelocity

field
including

above

com
ponents

plus
H

ubble
flow

.
S

ee
Tonry

etal.

(2000)
for

details.

G
alaxy

m
oves

w
ithin

localgroup
w
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