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ABSTRACT

ve used the UKIRT infrared Fabry-Perot system to obtain high spectral resolution H, 2.12 um line
resolution = 30-35 km s~ ') for a number of Herbig-Haro objects. Objects observed include HH 1/2,

HH 7-11

, HH 19, HH 32A, HH 40, and HH 43B; all are associated with jetlike features of collimated optical

outflows.
lines (e.g.
a factor
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In most cases the velocity structure in the H, line resembles that of the higher excitation optical
, Ha), but the FWHM and the maximum velocities of the H, lines are significantly smaller (by about
of 2). We conclude that for the observed objects the following two mechanisms seem to be most
t for the H, emission: (1) shock heating of external molecular gas in the wings of the bow shock

associated with the working surface of a high-velocity jet; and (2) shock heating of external molecular gas
entrained in the flow by internal shocks occurring in the jet itself and/or in its boundary layer. The first
mechanism is of course only relevant for Herbig-Haro objects associated with the jet’s end (e.g, HH 1 or HH
32A), while the second one applies only to Herbig-Haro objects observed along the flow axis (e.g., HH 40 or

HH 7-11

).

" Conclusion: Near the (high speed) tips of t'.he_' jets, the observed H, must be in gas-that .

_is already entrained in the jet, otherwise it would be collisionally dissociated by the shock. -
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Following the 1976 discovery of bright H, °
By Gautier et al., line emission in OMC-1, in
theoretical papers modelled the emission

as the cooling of ambient molecular cloud

. material that had been suddenly heated

by a jump-shock due to the 1mpac$0f a
protostellar wind. :

“All three models found that H, is fully”
dlssoc1atéd 1) % J—shocks with Veloc1t1es
b 20-24 km/s ;

London et al. (1977)
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| low-velocity cutoff is for 7;., = 1900 K. The high-velocity

cutoff is the velocity above which all the molecules are
destroyed. The density limits at each velocity are set to match
maximum and minimum contours on Grasdalen’s map.
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_But the H, Ifhies were soon
found to be >>24 km/s wide.
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ABSTRACT

Spectra of the Hs » = 1-0 S(1) emission line in Orion, observed at various positions with a reso-
lution of 20 km s7!, are presented. The intrinsic full width at half-maximum of the line ranges from

18 to 58 km s~ over the observed positions. Analysis of the line profiles shows that the emitting
gas is probably expanding from a region near the BN and KL infrared sources at velocities typically
of 40 km s~! but as high as ~100 km s~!, and that it is associated with the source of the broad

lines seen in the spectra of many other molecules. Strong constraints are placed on models of the
physical processes responsible for the broad emission lines.
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A shocks (W1th magnetlc precursors)

Reahstlc elouds hgye B ﬁelds and are shghtly 1omzed

_ Tons stream ahead of neutrals gradually acceleratmg
".the cloud before the neutral windkarrives.

X Heatmg 15’ much less extreme; little H2 d1s5001ated

Deceletation shock
in the wind

v(km s-1)
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. BUT: ;
.- Lines from highly excited levels
. (20,000-25,000 K) are much stronger than

RATIOS OF MOLECULAR HYDROGEN LINE INTENITIES IN SHOCKED GAS: EVIDENCE
FOR COOLING ZONES
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ABSTRACT
Column densities of molecular hydrogen have been calculated from 19 infrared vibration-rotation and pure
rotational line intensities measured at peak 1 of the Orion molecular outflow. The run of column density with

energy level is similar to a simple cooling zone model of the line-emitting region, but is not well fitted by [ RelatiVe line intenSitieS closely match COOling :

predictions of C-shock models current in the literature.

- predicted by C-shock models. -

T Y —————————— curves for gas excited by, J-shocks.
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In a calculation with the detailed shape of the cooling func- # ’ e L @600
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Two decades later: /-
Use 8m telescope and high angular resolution '(b%l’ﬂ A
to look for spatial variations in line ratios, |
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0".6 x 0",9 Binned Spectrum
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Rest A Upper Level Observed Dereddened
Vac. (/1m)h Energy (K)h Intensityd Rel. Intensity"

1-0 S2) 2.0338 7585 80.8 43.0

| 43 517) 2.0475 42022 0.39 020
5-3 0(9) 2.0571 30,064 . 0.13 007

[ 3-2 522) 2.0616 47012 0.13 0.07
3-2 5(65) 2.0656 20,857 4. 3.2 1.7
2-1 503) 2.0735 13,890 234 12.0
4-3 5(18) 2.0781 43614 0.17 0.09
43 5(7) 2.1004 27,707 0.34 0.17
4-3 5(19) 2.1163 45204 0.35 0.17
3-2 S(23) 2.1181 48.690 0.25 0.12
1-0 S(1) 2.1218 6952 203.3 100.0
3-2 5@) 19912 : 1.5 073
4-3 S(6) : 26615 3.5¢ 0.16 0.08
5-4 5(13) : 39,539 0.20 0.10
2-15Q2) 154 13,151 . 8.7 42
4-3 520) 16 46,783 0.08 0.04

| 545014 163 40948 ( 0.08 0.04
2-1 527 . 52,643 : 0.13 0.06
5-4 5(15) . 42379 0.23 0.11
4-3 S(5) : 25,624 L1 051
3-2.503) 201 19,087 3.1 143
7-5 O(7) .20 36,590 0.13 0.06
8-6 O(5) : 39221 0.08 0.04
43 5@ . 48345 0.23 0.10
1-0 S(0) 6472 40.5 18.4
5-4 5(17) 45275 0.27 0.12
2-1 5(1) 12,551 16.2 72
3-2 525) 51.939 _ 0.14 0.06
43 5@) 24,734 0.36 0.16
3-25Q2) 18,387 1.6 0.69
4-3 503) 23955 L1 046
2-1 5(0) 12,095 3.6 149
3-2.5(1) 17,819 2.6 1.06
6-5 S(15) 45,526 007
1-0 Q(1) 6149 51.1

| 1-0 0(2) 6472 16.2
1-0 0(3) 6952 70.0
1-0 Q(4) 7585 20.3
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NOTE: H, ‘gro'und' state dissociation energy % 5.1,0.00 K



HH7 Least Squares Model Fit: T1=1803K T2= 5200K
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107" — N[T1}/N[T2] = 68. _
- s 98.5% of Hyin LTE at T~ 1800 K -
- AN (consistent with C-shock) ]
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iy Wh’at is'the- origin of the 5200 K H, ?

s 'UV ﬂuorescence (common if clouds 1rrad1ated by hot stars),
buz’non z‘hermal population dzstrlbutlo_ wzth T,i» >> 70110t Observed.

2. H, heated by ionization created b eed (>50 km/s) shock, '
but o hydrogen recombination limes(e.g., Bry) detected in HH7 .
. Emission.from newly fo&ed i (“formatlon pumpmg”)
- - 'Newly formed H, ejected from grain in highly exc1ted states :
- E=4.5 eV — grain surface potential ~ a few A '
| (unknown distribution between v and J states)
- 5000 K =0. 453\/ SO N0 energy problem | X
- But why would a single temperature describe this hot Hz, whzch one *
expects would cool rapza’ly7 i ¥, > ’
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Is this high temperature Hz-cq?lponent

. present in shocked gas elsewhere?

-

.,J Orion “bullets”/”’fingers”
~©  Ballyetal. (2014)
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Use Gemlm/GNIRS n long-sht mode
’ to sample a Wlde range of shocks in OMC-1
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+H, populatlon dlstrlbutlons 51m11ar to HH7

s ..Hlél@St pct of 5000 K (3%) gas found. at tip of ﬁnger (118-117)

Peak 1 H2 lines Least Squares Model Fit: T1=1764K T2= 4482K Peak 1 N H2 lines Least Squares Model Fit: T1=1752K T2= 4524K
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One mystery solved

( C—Shocks can agcout for almost all of the

lme emzsszon Jrom H,in hlgh Speed Shocks)'

One new mystery to solve:

‘What is the origin Of the 5000 K H ? ';' g
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