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Basic principle

e UV radiative excitation of H to an elec-
tronically excited state

UV Pumping of H,

e De-excitation by UV emission to a vibra-
tionally (and rotationally) excited state

e De-excitation of the vibration level by
spontaneous emission and collisions

e Collisions heat the gas

Complications: \

10 - 15%
» Dissociation

e UV radiation may dissociate directly

Collisional
Deexcitation, Heating

e The electronically excited state may resuls \§§
In a dissociation. nunmm{ }'

=5
n«::ncr-«‘to“ cm

e There aremany possible transitions be-

tween the ro-vibrational levels. Hollenbach & Tielens (1999)
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Advantages of the H molecule

e Vibration levels close to a harmonic

oscillator, i.e. almost equidistant: AL W e
) gE; 14 ; 5?15°°|K| f°f - ol SRCRARERRRETRRAA O
= P =
e Rotational transitions only with EBOOOO ’% —ZT
AJ = 2. All rotational transition co- % | d /
efficients are by far smaller thanthe & | 2" / o
vibrational coefficients. _g R J\ // 5
e The main gas heating originates § 00cor 32
from vibrational transitions. i r\—/— |
e Dominant spontaneous emission be o \;'S\/ Lol
tween neighbouring vibrational lev- Internucleus distance, r [10™%cm]
els.

e Dominant collisional transitions as
well between neighbouring levels.
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The two-level approximation
Hollenbach, Tielens, Burton (1985-1999)

Basic idea:
Put all excited levels into one virtual L
level at the average energy. UV pumping

e Recombination heating is treated dissociation

as separate process, so that re spontaneous

. . . emission
combination virtually populates \ /
U‘- el —_—
only the ground state. '3
8
7

. . \ 7 7
e The resulting energy barrier of A [/

about 23000 K is so large that no 5\,\ ! - ' /

exciting collisions occur.

collisfons = gas heating
3) / + cooling
e 10 % of the molecules are disso- .../~

ciated by the UV pumpindp = evels £,
1/9Roump ,,.

recombination

Rotational
levels B."
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The two-level approximation

Balance equations:

n>|i|2 (YdownNgas+ A+ Rp) = N, X Roump
nHZ (Rpump‘|‘ RD) NH Rrecomkngas‘|‘ rf|i|2 (Ydownngas+ A)

Level population:
INHRrecomdgas

NG, =
H2 YdownNgas+ A+ 10X Rj

Resulting heating rate:

[ =AE ?’downngasr';;2

Advantage of the two-level approch:
Analytic solution — enables deeper insight into the governing physical rules.

Disadvantage of the two-level approch:
It is quantitatively wrong.
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Comparison with the full treatment
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Heating rate at the surface of a PDR from the analytic two-level solution (lines) and from the nume
model treating the full vibrational level structure of Ktots) for a radiation field oy = 10° Draine
fields and various densities.
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Comparison with the full treatment

r/n [erg/s]
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Comparison fory = 1.

Main problem:

The huge energy gap between ground state and the virtual excited level prevents ¢
sional cooling. In the real system cooling by transitions to the first vibrationally excite
state start to dominate @&t> 800 K (see Sternberg & Dalgarono 1989).
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Can we save the two-level treatment?

First step:
Add cooling

e 99 % of the H is in the ground state. Only transitions from this state may contribut
significantly to cooling.

e The effective cooling arises from those upward transitions that are eaten up
spontaneous emission or dissociation.

Cooling rate:

—AE . A1+ Rp
rcooI — _AE1,071,0 eXp( 170) ngasﬂH2 L0 =

Y1.0Ngas+A10+Rp.1

KT
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Influence of cooling
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H, vibrational heating rate at the surface of a PDR including the effect of vibrational cooling for
radiation field ofy = 1.
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Can we save the two-level treatment?

Second step:

Define the actually equivalent two-level molecule

Consider heating rate from the full system:

. Rpump( ) X AE())
"= 2 TETAG) + Rol]/ 1] ged

Equivalent two-level system heating:

Roumptot X AEe

M=
M2 1 TAett + Ro.ef] / [YetNoad
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Determine constants from asymptotic behaviour

Ngas— ©0.

Rpumgtot X AEef = Z Z Rpump(i) X AE(j)

] 12]

—  AE.q=9920K

Ngas— 0, x — oo

YeﬁRpumptotAEeﬁ _ Rpump(i)AE(j)y(j)
RD,eff Z .

J
— Yeft = Y10, RD,eff =901 10135_1%

Ngas— 0, x — O

'}’efprumptotAEeff _ z Rpump(i )AE( J )7(])
J

V.Ossenkopf H vibrational heating



Comparison with the full treatment
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Heating rate at the surface of a PDR from the two-level solution with adjusted effective molecu
parameters (lines) and from the numeric model treating the full vibrational level structure(dots)
for a radiation field ofy = 1.
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Comparison with the full treatment
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Conclusions

e It is actually possible to treat the energy balance withirHterms of a two-level
approximation
— Cooling and heating have to be treated independently
— The constants for the cooling are determined by the lowest actual transition.

— For the heating all transition parameters have to be computed as effective
rameters (not onlAE as by Burton et al.)

e The approximation works independently from the physical laws used for the tel
perature and radiation field dependence,dRyump andRp.

e The approach can be applied in an equivalent way for the treatment of the f
ro-vibrational system.

e The error produced by the two-level approximation is small compared to the
uncertainty of most of the entering quantities.
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