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Interstellar dust play multiple major 
roles

Ø Planet�Formation

Ø Mass�inference

Ø Chemistry

Ø Coupling�with�B-field

1



EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)
1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se
t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules
Prestellar phaseProtostellar phasePre–main sequence phase t <

 0.03 M
yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II
Lo

g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

Dust�growth�
�×𝟏𝟎𝟏𝟎

Interstellar dust has to grow fast

100�nm 10km

Dauphas & Chaussidon 2011
Adapted from André 1994,

 Lada 1987
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Dust�growth�
�×𝟏𝟎𝟏𝟎

Interstellar dust has to grow fast

100�nm 10km

Dauphas & Chaussidon 2011
Adapted from André 1994,

 Lada 1987

How do we measure dust size?

3



Emissivity index 𝜷 as a dust size tracer

(sub-mm/mm regime)

Modified black body

𝐼! 	≈ 𝐵! T 1 − 𝑒"#!
	 ≈ 𝐵! T 𝜏!	
	 ∝ 𝐵! T 𝜅!

𝐼! 	∝ 𝜅%
𝜈
𝜈%

𝜷
𝐵! T

Compiègne et al. 2011 4

near-infrared wavelengths consists of stellar light scattered
by the dust grains in the superficial layer of the disk (see
Fig 1). The morphology and color of the scattered light
is most sensitive to grains with sizes between 0.01-10 µm,
which correspond to the transition between the Rayleigh
and the Mie scattering. As a general trend, as grains grow
the scattering phase function becomes more isotropic and
the color of the scattered light turns redder (Bohren and
Huffman, 1983). In addition, the strength of mineral spec-
troscopical features, e.g. the silicate resonance feature at
10 µm, decreases (see Kessler-Silacci et al., 2006, and
references therein). As discussed in § 7, spatially resolved
and spectroscopic observations of disks allow therefore to
measure the size of dust grains in the surface layer of the
disk.

Observations at longer wavelengths probe the dust prop-
erties in the disk interior where most of the mass is located.
From far-infrared to millimeter wavelengths, the disk emis-
sion is dominated by the thermal emission from warm dust
which is controlled by the dust opacity ⌫ . For dust grains
with minimum and maximum sizes amin and amax, a good
approximation is a power law, ⌫ / ⌫

� , where the spectral
index � is sensitive to amax but does not depend on amin

for amin < 1µm (Miyake and Nakagawa, 1993; Draine,
2006).

The dust opacity spectral index � does not depend only
on the grain sizes of the emitting dust, but also on other fac-
tors such as dust chemical composition, porosity, geometry,
as well as on the the grain size distribution, normally as-
sumed as a power law of the form dN = n(a)�q

da (e.g.
Natta et al., 2007). The main result is that, regardless of all
the uncertainties on the dust model, dust grains with sizes
of the order of 1 mm or larger lead to � values lower than
about 1 (Fig. 4, see also Natta and Testi, 2004).

The inferred range of � values in young disks has also
an important consequence on the derivation of dust masses
through sub-mm/mm photometry, which implies knowl-
edge of the dust opacity coefficient. Solids with sizes much
larger than the wavelength of the observations do not ef-
ficiently emit/absorb radiation at that wavelength and are
therefore characterized by low values of the dust opacity
coefficient. Physical models of dust emission have been
used to quantify the effect of changing � on the millimeter
dust opacity coefficient. For example, for the dust models
of D’Alessio et al. (2006) with a slope of 2.5 for the grain
size distribution, a dust population with � ⇡ 0.2 has a dust
opacity coefficient at 1 mm lower by nearly 2 orders of mag-
nitude than a dust population with � ⇡ 1.0� 1.5. This dif-
ference can be understood by the fact that, for a given slope
of the grain size distribution, a value of � much lower than
1 requires extending the distribution to very large grains,
much larger than the observing wavelength. Similar results
are obtained with the dust models considered in Ricci et al.
(2010b). Despite the fact that the absolute value of the dust
opacity at any wavelength strongly depends on the adopted
dust model, this shows how inferring relations which in-
volve disk dust masses without accounting for possible vari-

 0
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 2

 2.5

 3

10-3 10-2 10-1 100 101

β (
0.
88

m
m

-9
m
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Maximum grain size (cm)

Porous icy grains
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Compact icy grains
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Fig. 4.— Spectral index � of the dust opacity ⌫ / ⌫
�

calculated between the wavelengths of 0.88 mm and 9 mm
as a function of the maximum grain size, for a grain size
distribution n(a) / a

�q characterized by a minimum grain
size of 0.01 µm. Different colors corresponds to grains with
different chemical composition and porosity. Red: grains
composed by astronomical silicates, carbonaceous material,
and water ice, with relative abundances as in Pollack et al.
(1994) and a porosity of 50%. Blue: compact grains with
the same composition as above. Green: compact grains
composed only of astronomical silicates and carbonaceous
material. For each composition, the colored region shows
the values of � in the range q = 3.0 to q = 3.5. Despite
the dependence of � on the grain composition and the value
of q, maximum grain sizes larger than about 1 mm lead to
values of � less than unity. This opacities have computed
following the prescription as in Natta and Testi (2004).

ations of the � parameter throughout the sample can lead to
potentially large biases and errors.

6. DUST EVOLUTION BEFORE THE DISK FOR-
MATION

This review focuses on the dust evolution in protoplanetary
discs as the first step of the formation of planetesimals and
larger bodies in planetary systems. Nevertheless, many of
the physical processes described in the first two sections are
also expected to occur in molecular cloud cores and in the
envelopes of protostars before the disk formation stage.

Grain coagulation and growth in cores and protostellar
envelopes have been modeled by several authors (e.g. Os-
senkopf , 1993; Weidenschilling and Ruzmaikina, 1994; Sut-
tner et al., 1999; Ormel et al., 2009). These models show
that grains can form fluffy aggregates very efficiently as a
function of core density and time. The growth is favored by
the presence of ice mantles, which are expected to form in
the denser and cooler interior of the clouds. Taking the most
recent calculations by Ormel et al. (2009), on a timescale

13

Testi et al. 2014
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𝛽 < 1



Emissivity index 𝜷 as a dust size tracer

100�nm 10km
𝛽 > 1 𝛽 < 1

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)
1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se
t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules
Prestellar phaseProtostellar phasePre–main sequence phase t <

 0.03 M
yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II
Lo

g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

5

Dauphas & Chaussidon 2011
Adapted from André 1994,

 Lada 1987



Dauphas & Chaussidon 2011
Adapted from André 1994,

 Lada 1987

What dust size in protostars ?

100�nm 10km
𝛽 > 1 𝛽 < 1

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)
1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se
t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules
Prestellar phaseProtostellar phasePre–main sequence phase t <

 0.03 M
yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II
Lo

g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

6

From Cacciapuoti



What dust size in protostars ?

100�nm 10kmGalametz et al. 2019
𝛽 < 1𝛽 > 1 𝛽 < 1

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)
1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se
t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules
Prestellar phaseProtostellar phasePre–main sequence phase t <

 0.03 M
yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II
Lo

g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

7

Dauphas & Chaussidon 2011
Adapted from André 1994,

 Lada 1987



André 2000,
Lada & Lada 

100�nm 10kmGalametz et al. 2019
𝛽 < 1𝛽 > 1 𝛽 < 1

x

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)
1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se
t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules

Prestellar phaseProtostellar phasePre–main sequence phase t <
 0.03 M

yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

E
A

39C
H

13-D
auphas

A
R

I
30

M
arch

2011
12:46

?

t =
 0

Fo
rm

atio
n

 o
f th

e cen
tral p

ro
to

stellar o
b

ject

B
irth

lin
e fo

r
p

re–m
ain

 seq
u

en
ce stars

Pro
to

p
lan

etary d
isk?

D
eb

ris +
 p

lan
ets?

SN

0 2 4 6 8 10 12 14 16 18

0 10
–2

10
–1

10
1

10
3

10
5

10
7

10
0

10
2

10
4

5
10

15
20

25
30

35
40

45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

D
isk?

10
10

2

5
10

15

0

0.1

0.2

0.3

0.4

0.5

0
20

40
60

80
100

120
27A

l/ 24M
g

27A
l/ 24M

g

27A
l/ 24M

g

27A
l/ 24M

g

M
elting of planetesim

als

N
ebula earliest condensates

G
alactic background

δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰) δ26Mg* (‰)

Chondrules
Prestellar phaseProtostellar phasePre–main sequence phase t <

 0.03 M
yr

t ≈
 0.2 M

yr

t ≈
1 M

yr

t ≈
 10 M

yr

t =
 0 M

yr

t =
 1–4 M

yr

t =
 1–5 M

yr

λ (μm
)

C
lass III

Log(λFλ) Log(λFλ)

Frag
m

en
t

1

D
isk

10
10

2

λ (μm
)

C
lass II

Log(λFλ) Log(λFλ) Log(λFλ)

1

B
lack b

o
d

y

C
o

ld
 b

lack b
o

d
y

su
b

m
m

Infrared excess

10

10

10
2

1
10

10
2

10
3

λ (μm
)

λ (μm
)

λ (μm
)

C
lass I

C
lass 0

C
o

ld
 b

lack b
o

d
y

su
b

m
m

1
10

10
2

10
3

Stellar b
lack b

o
d

y

C
o

re

P
aren

t clo
u

d

abcd

356
D

auphas·
C

haussidon

Annu. Rev. Earth Planet. Sci. 2011.39:351-386. Downloaded from www.annualreviews.org
by University of Chicago Libraries on 11/10/11. For personal use only.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II
Lo

g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.

EA39CH13-Dauphas ARI 30 March 2011 12:46

?

t = 0
Formation of the central protostellar object

Birthline for
pre–main sequence stars

Protoplanetary disk?

Debris + planets?

SN

0
2
4
6
8

10
12
14
16
18

0

10–2
10–1

101

103

105

107

100 102 104

5 10 15 20 25 30 35 40 45

0.0

0.1

0.2

0.3

0.4

0.5

0

1

Disk?

10 102

5 10 15

0

0.1

0.2

0.3

0.4

0.5

0 20 40 60 80 100 120
27Al/24Mg

27Al/24Mg

27Al/24Mg

27Al/24Mg

Melting of planetesimals

Nebula earliest condensates

Galactic background

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

δ26
M

g*
 (‰

)
δ26

M
g*

 (‰
)

Chondrules

Pr
es

te
lla

r p
ha

se
Pr

ot
os

te
lla

r p
ha

se
Pr

e–
m

ai
n 

se
qu

en
ce

 p
ha

se

t < 0.03 Myr

t ≈ 0.2 Myr

t ≈1 Myr

t ≈ 10 Myr

t = 0 Myr

t = 1–4 Myr

t = 1–5 Myr

λ (μm)

Class III

Lo
g(
λF

λ)
Lo

g(
λF

λ)

Fragment

1

Disk

10 102

λ (μm)

Class II

Lo
g(
λF

λ)
Lo

g(
λF

λ)
Lo

g(
λF

λ)

1

Black body

Cold black body

submm

Infrared excess

10

10

102

1 10 102 103

λ (μm)

λ (μm)

λ (μm)

Class I

Class 0

Cold black body

submm

1 10 102 103

Stellar black body

Core

Parent cloud

a

b

c

d

356 Dauphas · Chaussidon

An
nu

. R
ev

. E
ar

th
 P

lan
et.

 S
ci.

 20
11

.39
:3

51
-3

86
. D

ow
nl

oa
de

d f
ro

m
 w

ww
.an

nu
alr

ev
iew

s.o
rg

by
 U

ni
ve

rsi
ty

 of
 C

hi
ca

go
 L

ib
ra

rie
s o

n 1
1/

10
/1

1. 
Fo

r p
er

so
na

l u
se

 on
ly

.
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with 𝜷 ? -> Need for realistic dust

models
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What dust size in protostars ?



Dust models are the start of synthetic 
observations

ADDA 𝑄!"#	

𝑄#$!

Dust Model

Opt. properties

Sky model

Synthetic obs.

Yurkin & Hoekstra 2011

Reissl et al. 2016

Dullemond et al. 2012

The CASA Team et al. 
2022
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MHD Simulations from 
Hennebelle et al. 2020



Dust models are the start of synthetic 
observations

ADDA 𝑄!"#	

𝑄#$!

Dust Model

Opt. properties

Sky model

Synthetic obs.

Yurkin & Hoekstra 2011

Reissl et al. 2016

Dullemond et al. 2012

The CASA Team et al. 
2022
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MHD Simulations from 
Hennebelle et al. 2020



ADDA
Dust Model

𝑄!"#	

𝑄#$!
Opt. properties

Running dust model 

Yurkin & Hoekstra 2011

11

Discrete�Dipole�Approximation



Pilot sample for new dust model

Themis�2.0�optical�constants�(a-Sil�grains)�

Laboratory-measured�optical�properties
12

a-C:H

a-Ca-C

a-SilFe

core/mantle grains (CM)

Jones et al 2014, Ysard et al. 2024

Demyk et al. 2022



Pilot sample for new dust model

Sphere Porous sphere AggregateSpheroid

Themis�2.0�optical�constants

(a-Sil�grains)�

13

a-C

a-SilFe
Jones et al 2014, Ysard et al. 2024



Porosity has a major effect on IR 
properties. 𝑄!"#	

𝑄#$!
𝑄%&' ∝ 𝜅( = 𝜅)

𝜈
𝜈)

*

Slope

Carpine et al. 2025a

Porous�=�
more�
emissive

Emisivity Emisivity index



𝜷 doesn’t depend only on grain size
𝑄!"#	

𝑄#$!
𝑄%&' ∝ 𝜅( = 𝜅)

𝜈
𝜈)

*

Aggregate�
stands�out�!

Slope

Carpine et al. 2025a

Porous�=�
more�
emissive

Emisivity Emisivity index



Pilot sample – iced grain

Aggregate

Themis�2.0�optical�constants

(a-Sil�grains)�

16

a-C

a-SilFe
Jones et al 2014, Ysard et al. 2024

Aggregate + H2O ice



Ice coating also has an impact on 𝜷

Ice�changes�𝛽

Slope

𝑄!"#	

𝑄#$!
𝑄%&' ∝ 𝜅( = 𝜅)

𝜈
𝜈)

*

17Emisivity Emisivity index



Dust Radiative transfer

ADDA 𝑄!"#	

𝑄#$!

Dust Model

Opt. properties

Sky model

Synthetic obs.

Yurkin & Hoekstra 2011

Reissl et al. 2016

Dullemond et al. 2012

The CASA Team et al. 
2022
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MHD Simulations from 
Hennebelle et al. 2020



MHD protostar simulation

MHD Simulations from 
Hennebelle et al. 2020

Source�:��1	𝐿⨀

Dust�

aC������45�nm�-�700�nm����(37.5%)
aSil�����10nm��-�370nm�����(62.5%)

Log-n�distribution

Reissl et al. 2016,
Brauer et al. 2017
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Dust models influence index 𝜷
Carpine et al. 2025b (in prep.)

Weingartner & Draine 2001

Hensley & Draine 2023

Ysard et al. 2024

20
Reissl et al. 2016,
Brauer et al. 2017

Same�MHD�simulation,�same�dust�size�
distribution,�compact�grains.

Emisivity index



Perspective for complete 
database of dust aggregates 

Themis�2.0�optical�constants

21

a-C:H

a-Ca-C

a-SilFe

core/mantle grains (CM)

Jones et al 2014, Ysard et al. 2024

5µm

200nm



Take home messages

Need for realistic dense medium dust models

Dust optical properties depend on shape, porosity and structure 
of the grains.

Dust composition will highly impact dust emission properties

New dust models can bring major contribution for interpretation 
of observations from ALMA, JWST

22Size (distribution),        Structure,        Porosity,        Composition,         Ice mantle  


