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Four levels of modeling
Dust temperature fluctuations

Four levels of modeling

Parametrization : RH2 = Rf nH n(H)

diffuse ISM : e.g. Gry et al. 2002
→ Constant at 4× 10−17 cm3.s−1.

Microphysical model

→ rate equations
+ equilibrium temperature

Finite number effects (Biham &
Lipshtat 2002, Garrod 2008)

Fluctuations of the dust
temperature
→ out-of-equilibrium chemistry !
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Dust temperature fluctuations

Formation mechanisms

Langmuir-Hinshelwood mechanism:
Van der Waal binding (658K)
easy migration (thermal hopping
and tunneling, 510K)
thermal desorption
experiments vs. observations

Eley-Rideal mechanism:
strong bond (∼ 10000K)
no migration
chemisorption barrier (300K)
can explain formation in PDRs
(Le Bourlot 2012)
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Dust temperature fluctuations

Dust grains absorb UV photons, re-emit in
IR

Discrete radiative processes
Small grains → small heat capacities →
large temperature fluctuations
Short peaks / long cold phases

average effect 6= effect at average
temperature
IR emission : dominant during
temperature peaks
(Draine & Li 2001)
How does it affect H2 formation?

Cuppen et al. (2006)
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Master equation approach
Approximation method

Method

Goal: average formation rate

State : dust temperature T + surface population n

Evolution : pure jump stochastic process
(atom adsorption, reaction, photon absorption, etc...)
PDF of state X obeys the master equation :∫

dY f (Y ) pY→X = f (X )

∫
dY pX→Y

interested in 〈rH2〉 =
∫

dE dn f (E , n) rH2(E , n)
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Master equation approach
Approximation method

Approximation method

Large computation time for big grains

Eley-Rideal : no non-linear term → analytical simplification
Langmuir-Hinshelwood : approximated equation for 〈n|T 〉

Garrod (2008) approximation for small population effects
approximation of the fluctuation term
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Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Distribution effects vs. out-of-equilibrium effects

Cold
and

(almost)

bare

Hot
and

bare

Cold
and

Populated
H

H

H

H
H H H

H

H

H

H
H

H
H
H

H

H

H

UV photon absorption

CoolingRe-adsorption

Efficient 
formation

Low 
formation

Competition 
between 
timescales

(fast)

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Langmuir-Hinshelwood

100 101 102

a [nm]

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

ef
fi
ci

en
cy

G0 =2

G0 =20

G0 =204

G0 =2038

0 10 20 30 40 50 60 70 80

T [K]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

f T
[K

−
1
]

0.0

0.2

0.4

0.6

0.8

ef
fi
ci

en
cy

Temperature PDF

Efficiency (fluctuations)

Efficiency (no fluctuations)

Strongly enhanced efficiency on small grains (up to 20 nm)

Dominant effect : spread of the temperature PDF
Langmuir-Hinshelwood efficient in cloud-edge conditions

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Langmuir-Hinshelwood

100 101 102

a [nm]

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

ef
fi
ci

en
cy

G0 =2

G0 =20

G0 =204

G0 =2038

0 10 20 30 40 50 60 70 80

T [K]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

f T
[K

−
1
]

0.0

0.2

0.4

0.6

0.8

ef
fi
ci

en
cy

Temperature PDF

Efficiency (fluctuations)

Efficiency (no fluctuations)

Strongly enhanced efficiency on small grains (up to 20 nm)
Dominant effect : spread of the temperature PDF

Langmuir-Hinshelwood efficient in cloud-edge conditions

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Langmuir-Hinshelwood

100 101 102 103

G0

10-34

10-32

10-30

10-28

10-26

10-24

10-22

10-20

10-18

10-16

R
f

[c
m

3
.s
−

1
]

nH =100 cm−3

nH =102 cm−3

nH =104 cm−3

nH =106 cm−3

0 10 20 30 40 50 60 70 80

T [K]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

f T
[K

−
1
]

0.0

0.2

0.4

0.6

0.8

ef
fi
ci

en
cy

Temperature PDF

Efficiency (fluctuations)

Efficiency (no fluctuations)

Strongly enhanced efficiency on small grains (up to 20 nm)
Dominant effect : spread of the temperature PDF
Langmuir-Hinshelwood efficient in cloud-edge conditions

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Eley-Rideal

100 101

a [nm]

10-4

10-3

10-2

10-1

ef
fi
ci

en
cy

G0 =1.2

G0 =12

G0 =120

G0 =1200

Constant Teq

100 101 102 103

G0

0.0

0.2

0.4

0.6

0.8

1.0

R
fu
ll

f
/R

ra
te

f

nH =102 cm−3

nH =104 cm−3

nH =106 cm−3

Only very small grains affected (below 2 nm)

Limited effect on the total formation rate

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Eley-Rideal

100 101

a [nm]

10-4

10-3

10-2

10-1

ef
fi
ci

en
cy

G0 =1.2

G0 =12

G0 =120

G0 =1200

Constant Teq

100 101 102 103

G0

0.0

0.2

0.4

0.6

0.8

1.0

R
fu
ll

f
/R

ra
te

f

nH =102 cm−3

nH =104 cm−3

nH =106 cm−3

Only very small grains affected (below 2 nm)
Limited effect on the total formation rate

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations

10-5 10-4 10-3 10-2 10-1 100 101

AV

10-19

10-18

10-17

10-16

10-15

R
f

[c
m

3
.s
−

1
]

Eley-Rideal
Langmuir-Hinshelwood
Total
Standard model

10-6 10-5 10-4 10-3 10-2 10-1 100 101

AV

10-27

10-26

10-25

10-24

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

R
f

[c
m

3
.s
−

1
]

Eley-Rideal
Langmuir-Hinshelwood
Total
Standard model

Medium and low UV fields
(G0 . a few 100): LH becomes
dominant

Strong UV fields : ER dominates
Limited effect on observable lines

102 103 104 105

nH [cm−3 ]

100

101

102

103

104

G
0

H2 S(1)

0.70

0.95

1.20

1.45

1.70

1.95

2.20

2.45

2.70

In
te

n
si

ty
ra

ti
o

:
I f

u
ll

I s
ta

n
d
ar

d

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations

10-5 10-4 10-3 10-2 10-1 100 101

AV

10-19

10-18

10-17

10-16

10-15

R
f

[c
m

3
.s
−

1
]

Eley-Rideal
Langmuir-Hinshelwood
Total
Standard model

10-6 10-5 10-4 10-3 10-2 10-1 100 101

AV

10-27

10-26

10-25

10-24

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

R
f

[c
m

3
.s
−

1
]

Eley-Rideal
Langmuir-Hinshelwood
Total
Standard model

Medium and low UV fields
(G0 . a few 100): LH becomes
dominant
Strong UV fields : ER dominates

Limited effect on observable lines

102 103 104 105

nH [cm−3 ]

100

101

102

103

104

G
0

H2 S(1)

0.70

0.95

1.20

1.45

1.70

1.95

2.20

2.45

2.70

In
te

n
si

ty
ra

ti
o

:
I f

u
ll

I s
ta

n
d
ar

d

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations

10-5 10-4 10-3 10-2 10-1 100 101

AV

10-19

10-18

10-17

10-16

10-15

R
f

[c
m

3
.s
−

1
]

Eley-Rideal
Langmuir-Hinshelwood
Total
Standard model

10-6 10-5 10-4 10-3 10-2 10-1 100 101

AV

10-27

10-26

10-25

10-24

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

R
f

[c
m

3
.s
−

1
]

Eley-Rideal
Langmuir-Hinshelwood
Total
Standard model

Medium and low UV fields
(G0 . a few 100): LH becomes
dominant
Strong UV fields : ER dominates
Limited effect on observable lines

102 103 104 105

nH [cm−3 ]

100

101

102

103

104

G
0

H2 S(1)

0.70

0.95

1.20

1.45

1.70

1.95

2.20

2.45

2.70

In
te

n
si

ty
ra

ti
o

:
I f

u
ll

I s
ta

n
d
ar

d

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations
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Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations

0 2 4 6 8 10

AV

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

R
(L

H
)

f
[c

m
3
.s
−

1
]

0 10 20 30 40 50

T [K]

0.0

0.2

0.4

0.6

0.8

1.0

ef
fi
ci

en
cy

AV =5

fT
η (fluct.)
η (no fluct.)

0 10 20 30 40 50

T [K]

f T
[K

−
1
]

AV =0.5

fT
η (fluct.)
η (no fluct.)

Out-of-equilibrium effect:
competition fluctuation
timescale vs. adsorption
timescale
core = molecular gas → rare
H atoms

additionnal fluctuations :
secondary UV photons,
cosmic rays

Possible applications : maximal molecular fraction in the diffuse
ISM, residual atomic fraction in dark cores

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations

0 2 4 6 8 10

AV

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

R
(L

H
)

f
[c

m
3
.s
−

1
]

0 10 20 30 40 50

T [K]

0.0

0.2

0.4

0.6

0.8

1.0

ef
fi
ci

en
cy

AV =5

fT
η (fluct.)
η (no fluct.)

0 10 20 30 40 50

T [K]

f T
[K

−
1
]

AV =0.5

fT
η (fluct.)
η (no fluct.)

Out-of-equilibrium effect:
competition fluctuation
timescale vs. adsorption
timescale
core = molecular gas → rare
H atoms
additionnal fluctuations :
secondary UV photons,
cosmic rays

Possible applications : maximal molecular fraction in the diffuse
ISM, residual atomic fraction in dark cores

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Effects
Langmuir-Hinshelwood
Eley-Rideal
Interstellar cloud simulations

Interstellar cloud simulations

0 2 4 6 8 10

AV

10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

R
(L

H
)

f
[c

m
3
.s
−

1
]

0 10 20 30 40 50

T [K]

0.0

0.2

0.4

0.6

0.8

1.0

ef
fi
ci

en
cy

AV =5

fT
η (fluct.)
η (no fluct.)

0 10 20 30 40 50

T [K]

f T
[K

−
1
]

AV =0.5

fT
η (fluct.)
η (no fluct.)

Out-of-equilibrium effect:
competition fluctuation
timescale vs. adsorption
timescale
core = molecular gas → rare
H atoms
additionnal fluctuations :
secondary UV photons,
cosmic rays

Possible applications : maximal molecular fraction in the diffuse
ISM, residual atomic fraction in dark cores

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Conclusions

LH formation efficient in most environments except bright
PDRs

More flexibility for the ER parameters
Dust temperature fluctuations are important for surface
chemistry
Other surface reactions: effects of secondary UV photons ?
cosmic rays ?

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Conclusions

LH formation efficient in most environments except bright
PDRs
More flexibility for the ER parameters

Dust temperature fluctuations are important for surface
chemistry
Other surface reactions: effects of secondary UV photons ?
cosmic rays ?

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Conclusions

LH formation efficient in most environments except bright
PDRs
More flexibility for the ER parameters
Dust temperature fluctuations are important for surface
chemistry

Other surface reactions: effects of secondary UV photons ?
cosmic rays ?

Emeric Bron Dust temperature fluctuations and H2 formation



Introduction
Method
Results

Conclusions

Conclusions

LH formation efficient in most environments except bright
PDRs
More flexibility for the ER parameters
Dust temperature fluctuations are important for surface
chemistry
Other surface reactions: effects of secondary UV photons ?
cosmic rays ?

Emeric Bron Dust temperature fluctuations and H2 formation


	Introduction
	Four levels of modeling
	Dust temperature fluctuations

	Method
	Master equation approach
	Approximation method

	Results
	Effects
	Langmuir-Hinshelwood
	Eley-Rideal
	Interstellar cloud simulations

	Conclusions

