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Abstract

Context. Highly excited molecular hydrogen (H2) has been observed in many regions of shocked molecular gas. A recently published K-band spectrum of Herbig-Haro 7 (HH7) contains several vibration-rotation lines of H2 from highly excited energy levels that have not been detected elsewhere, including a line at 2.179 μm identified as arising from the v = 2,  J = 29 level, which lies above the dissociation limit of H2. One emission line at 2.104 μm in this spectrum was unidentified.

Aims. We aim to complete the analysis of the spectrum of HH7 by including previously missing molecular data that have been recently computed.

Methods. We re-analysed the K-band spectrum, emphasising the physics of quasi-bound upper levels that can produce infrared emission lines in the K band.

Results. We confirm the identification of the 2 − 1 S(27) line at 2.1785 μm and identify the line at 2.1042 μm as due to the 1−0 S(29) transition of H2, whose upper level energy is also higher than the dissociation limit. This latter identification, its column density, and the energy of its upper level further substantiate the existence of a hot thermal component at 5000 K in the HH7 environment.

Conclusions. The presence of the newly identified 1 − 0 S(29) line, whose quasi-bound upper level (v = 1, J = 31) has a significant spontaneous dissociation probability, shows that dissociation of H2 is occurring. The mechanism by which virtually all of the H2 in levels with energies from 20 000 K to 53 000 K is maintained in local thermodynamic equilibrium at a single temperature of ∼5000 K remains to be understood.
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1. Introduction
The interaction of the collimated outflow from the protostar SSV13 (Strom et al. 1976) and the molecular cloud out of which it formed has produced a collection of Herbig-Haro (HH) objects, HH7-HH11, in a more or less linear arrangement on the sky. The most distant of these from SSV13, HH7, has a classic bow shock shape. It is bright in line emission from shock-excited vibrational states of molecular hydrogen (H2), first observed in the v = 1 − 0 S(1) transition by Zealey et al. (1984), Hartigan et al. (1989), and Garden et al. (1990) and subsequently in vibrational levels 0 − 4 and rotational levels 1 − 15 by Burton et al. (1989) and Fernandes & Brand (1995). HH7 also emits strongly in pure rotational lines of H2 and CO (Neufeld et al. 2006; Yuan & Neufeld 2011; Neufeld et al. 2019; Molinari et al. 2000) as well as in [OI]63μ (Sperling et al. 2020), Hα, [OI]λ6300, and [SII]λ6716 (Hartigan et al. 2019). The vibrationally excited H2 lines, observed mainly in the 2.0 − 2.5 μm interval, are emitted predominantly in the hottest shock-heated gas, while the pure rotational low-J transitions of H2 and the pure rotational transitions of CO, observed in the mid- and far-infrared, arise in a somewhat cooler gas downstream.
Much more highly vibrationally and rotationally excited molecular hydrogen was found by Pike et al. (2016, hereafter P16) in a 3″ × 3″ region near the tip of the HH7 bow shock, in K-band spectra they obtained at a resolving power, R, of 5000. Figure 6 of their paper shows the 2.01 − 2.45 μm spectrum of a 0[image: equation]6 × 0[image: equation]9 area in that region. Their paper demonstrated the existence in HH7 of a small percentage (1.5%) of the emitting H2 at a temperature of ∼5000 K. Subsequently, Geballe et al. (2017) discovered the presence of small percentages of 5000 K H2 in shocked gas at several locations in the Orion Molecular Cloud. Giannini et al. (2015) detected a similar phenomenon in another bright HH object, HH1, at a somewhat higher temperature, ∼6300 K.
P16 identified a weak emission line at 2.179 μm in the HH7 spectrum as the 2 − 1 S(27) transition of H2, which arises from the upper level, v = 2,  J = 29, whose energy is above the dissociation limit of the ground state of H2; this corresponds to 51965.84 K, using the latest measurements (Hölsch et al. 2019) and the Committee on Data for Science and Technology (CODATA) definition of fundamental constants (Tiesinga et al. 2021). The column density of H2 in the upper level could only be crudely estimated by P16, as the Einstein A coefficient for that transition was not known. P16 also reported the detection of a faint line near 2.104 μm, which they were unable to identify.
Roueff & Abgrall (2022) have recently proposed a simple and efficient method for computing the emission spectrum produced by quasi-bound levels, providing accurate wavenumbers and Einstein emission coefficients. The application to H2 allowed them to calculate the Einstein coefficient of the 2−1 S(27) transition and suggested that the line at 2.104 μm in HH7 is the 1 − 0 S(29) transition of H2, whose upper-state energy also lies above the dissociation limit.
The present paper analyses these two high excitation lines in the light of the new theoretical developments. Section 2 revisits the observations of HH7, Sect. 3 summarises the recent theoretical achievements, and Sect. 4 contains the resulting extended observational analysis of the H2 line emission in HH7. We provide a discussion of our results in Sect. 5.
	[image: thumbnail]	Fig. 1. Observational data showing highly excited H2 lines in HH7. Top two panels: spectra of a 0[image: equation]6 × 0[image: equation]9 area of HH7 in two narrow wavelength intervals, each containing a line of H2 from a quasi-bound energy level and one adjacent line, from Fig. 6 of P16. Vertical dashed lines are the line wavelengths calculated as described in Sect. 3. Bottom: spectral images of the four lines shown above, extracted from the NIFS data cube. The field of view is 2[image: equation]5 × 2[image: equation]5 and corresponds to the left part of Fig. 2 of P16; the field centre corresponds to RA = 3:29:08.42, Dec = +31:15:27:45 (J2000), with an estimated uncertainty of 0[image: equation]25.



2. Observations
A detailed description of the observations of HH7 and a reduction of the spectral data have been given by P16. In brief, the Gemini facility integral field spectrometer, the Near Infrared Field Spectrometer (NIFS; McGregor et al. 2003), was used at the Frederick C. Gillett  Gemini North Telescope on Maunakea, Hawai’i, to obtain spectra of a 3″ × 3″ region near the tip of the HH7 bow shock, for program GN-2007B-Q-47. The angular resolution of the spectra was 0[image: equation]35. Within this 3″ × 3″ region, the spectra showed H2 ro-vibrational line emission from upper-state levels covering a wide range of energies, including a dozen in the range 40 000 − 50 000 K. Because some rotational energies and associated rotational quantum numbers of the upper levels of these lines are high (J ≳ 15), collisions rather than the absorption of ultraviolet (UV) photons are probably the main producer of the populations in those rotational levels. Somewhat lower values of J associated with high vibrational quantum numbers are commonly found in dense photon-dominated regions (PDRs) such as NGC 2023, the Orion Bar, S140, and IC63. (Burton et al. 1992; McCartney et al. 1999; Kaplan et al. 2021). H2 is excited in PDRs by UV pumping, which is followed by electronic fluorescence, but the ΔJ = ±1 selection rule for electronic transitions maintains J at values below ∼131.
P16 concentrated their analysis on the spectrum of the 0[image: equation]6 × 0[image: equation]9 area shown in their Fig. 2; the spectrum is plotted in their Fig. 6. The upper two panels of our Fig. 1 show in more detail two 0.01 μm wide portions of that spectrum, each containing one of the two highly shock-excited H2 lines discussed in the Introduction. Wavelength calibration employed the spectrum of an argon lamp and is accurate to ∼0.00002 μm. The horizontal scales are vacuum laboratory wavelengths and as such can be directly compared with the theoretically calculated wavelengths (see Sect. 3). The uppermost panel contains the previously unidentified line at 2.1042 μm along with the nearby 4 − 3 S(7) line. Similarly, the middle panel contains the previously identified 2 − 1 S(27) line and the adjacent 5 − 4 S(15) line. Spectral images of the four lines, extracted from the NIFS data cube, are shown in the bottom panel of the figure and demonstrate that, to within the limits imposed by the noise levels, the four emission lines have identical morphologies, which also match the morphology of the strong 1 − 0 S(1) line shown in Fig. 2 of P16. Based on the fluctuations in the baseline, we estimate the confidence of the detection of the 1 − 0 S(29) line to be 3.5σ. The wavelengths of these two weak lines are slightly different than those reported by P16 and are more accurate.
3. Theoretical aspects
Molecular quasi-bound levels correspond to states whose energies lie above the dissociation limit of the ground state of the molecule but well below the dissociation energy of the electronically excited molecule. For H2, the Schrödinger equation relevant to excited rotational levels is
[image: thumbnail](1)
where [image: equation], with V(R) the ground state electronic molecular potential of H2 and μ = Mp/2 the nuclear reduced mass of H2.
	[image: thumbnail]	Fig. 2. H2 molecular potentials in eV as a function of the interatomic distance, R, expressed in atomic units. The zero value corresponds to photo-dissociated H2. The black curve is the electronic potential of the [image: equation] ground state from Czachorowski et al. (2018) expressed in eV. The blue and red curves denote the effective potentials with J = 29 and J = 31, respectively. The quasi-bound levels v = 2,  J = 29 and v = 1,  J = 31 are also displayed in blue and red, respectively, in the allowed ranges of interatomic distances.



Figure 2 displays the electronic molecular potential of the [image: equation] ground state of H2 as well as the effective potentials corresponding to J = 29 and J = 31, the two quasi-bound levels (sometimes referred to as shape resonances) previously mentioned. The presence of the centrifugal potential, [image: equation], significantly modifies the shape of the electronic contribution, V(R), by reducing the potential well, shifting the minima to larger interatomic distances and exhibiting broad bump maxima above the dissociation limit, peaking near 4.5 atomic units.
Figure 2 also displays the resonant quasi-bound eigenvalues, Er, which are located above the dissociation limit and are trapped inside the centrifugal barrier. The associated wave function for each level has a non-vanishing probability in the interatomic range displayed, becomes vanishingly small after the second turning point when Er ≤ Veff(R), and has an oscillatory behaviour for large R when Er becomes larger than Veff(R). The associated quasi-discrete stationary states have complex energy eigenvalues, E = Er − (i Γ/2), where Er is the energy at resonance and Γ characterises the width of the level and determines its lifetime against dissociation, τ = ℏ/Γ, due to tunnelling from the quasi-bound to the continuum oscillatory dissociating state at large interatomic distances. Roueff & Abgrall (2022) computed the various resonance energy level positions of H2 and the corresponding emission spectrum arising from these levels by using the recent highly accurate molecular potential of the H2 ground state of Czachorowski et al. (2018) and extending the effective potential by a constant value from the maximum value of the potential function. This method allows one to use a standard numerical integration of the Schrödinger equation applied to strictly bound levels and has been demonstrated to be very precise for determining the resonant energy level positions and the emission rates. However, it does not allow a derivation of the widths or the dissociation lifetimes. Those are obtained through different methods based on scattering properties (Schwenke 1988; Selg 2010).
These computations predict wavelengths of 2.1785 μm for the 2 − 1 S(27) transition and 2.1042 μm for the 1 − 0 S(29) transition. The predicted wavelengths for the two stronger lines in Fig. 1 are 2.10043 μm for 4 − 3 S(7) and 2.18179 μm for 5 − 4 S(15). As can be seen in the figure, all are in excellent agreement with the observed wavelengths. Therefore, we are confident in the previous identification of the 2 − 1 S(27) line by P16 and in our identification of the weak and previously unidentified feature at 2.1042 μm as the 1 − 0 S(29) line. These two transitions are the only lines in the 2.01–2.45 μm interval from quasi-bound levels that would have been detectable in our data. (We note in Table 1 the small Einstein A coefficient of the 2 − 0 Q(29) line at 2.4007 μm.)
Table 1. 
Properties of the two detected quasi-bound levels, v = 2,  J = 29 and v = 1,  J = 31, of H2 and their emission spectrum.

4. Column density analysis
The analysis undertaken here follows that described in P16 for the H2 line emission from HH7 reported in that paper, with the addition of the 1–0 S(29) and 2–1 S(27) lines presented here. A two-component Boltzmann distribution with temperatures Thot and Twarm was fitted to the column densities obtained from the de-reddened line intensities,
[image: thumbnail](2)
with each component described by a Boltzmann distribution at the corresponding temperatures, as per P16. This is shown in Fig. 3.
	[image: thumbnail]	Fig. 3. Level column densities, divided by their degeneracies, Ni/gi, plotted as a function of level energy, Ti, for the H2 lines measured in HH7. They are normalised to unity for the (v, J)=(1, 3) upper-state level at 6952 K, which emits the 1–0 S(1) line. The two blue points (in the lower right) are for the newly analysed 2–1 S(27) and 1–0 S(29) lines. The dashed red line shows the best two-temperature LTE fit, as described in Sect. 4.



We obtain Twarm = 1783 ± 20 K and Thot = 5133 ± 17 K, with 98.5% of the total column of excited H2 gas in the warm component of the gas and 1.5% in the hot component. This compares to values of Twarm = 1803 ± 12 K and Thot = 5200 ± 12 K found without these two extra lines included in the analysis2. The additional lever arm provided by the two higher excitation energy levels has only led to a marginal decrease in the derived temperatures; in other words, the result is essentially the same.
We conclude that the two quasi-bound H2 lines are well modelled by the same hot local thermodynamic equilibrium (LTE) component as per all lines measured in HH7 arising from energy levels ≥15 000 K. The level populations for the two quasi-bound lines are ∼10−5 times that of the v = 1, J = 3 upper level of the brightest H2 emission line, 1 − 0 S(1).
5. Discussion
Table 1 summarises the present knowledge available for the two quasi-bound levels of H2 v = 2, J = 29 and v = 1, J = 31, that have been detected. The upper level involved in the 2 − 1 S(27) transition at 2.1785 μm, 676 K above the dissociation energy of the ground state, is very stable against dissociation, whereas that of the 1 − 0 S(29) transition at 2.1042 μm, located 845 K higher, has a dissociation probability of approximately five percent and a dissociative lifetime, τd = ℏ/Γd, resulting from quantum tunnelling through the centrifugal barrier (see Fig. 2) of 4.083 × 106 s, corresponding to less than two months. This indicates that the shock wave in HH7 is partially dissociative.
As shown in Fig. 3, the 5000 K component represents a small percentage of the line-emitting H2 in HH7. As noted previously, similar small percentages have been observed in HH1 and in the Orion molecular outflow. Figure 3 also shows that H2 in energy levels greater than ∼20 000 K above the ground state are populated only by this component. In the case of HH1, Giannini et al. (2015) observed a wide range of neutral and ionised species emitting in close proximity to the H2, many at optical wavelengths. Their analysis yields a temperature range of 8000 − 80 000 K to account for the emission. They further find that neutral and fully ionised regions coexist inside the shock. However, for the heavily extincted H2 line emission from HH7 (AV = 12 − 28 mag; P16), the species producing the optical emission lines observed by Solf & Boehm (1987), Hartigan et al. (1989); Hartigan et al. (2019) cannot be mixed with the H2.
In view of the detections by Giannini et al. (2015), P16, and Geballe et al. (2017) of 5000 − 6000 K H2 in diverse environments, it seems likely that a small percentage of H2 existing at those temperatures is a common occurrence in collisionally shocked molecular gas, at least in cases where collisions between outflows and ambient molecular material occur at velocities of many tens of km s−1, as is the case for HH1, HH7, and the Orion Molecular Cloud. In addition, although transitions emitted from quasi-bound levels have only been detected towards HH7, we expect that they are present in HH1 and OMC-1 at roughly the same intensities relative to the stronger H2 lines, as in HH7.
It is generally accepted that the maximum temperatures of nearly all of the vibrationally excited H2 in each of the above shocked clouds and in many others are suppressed by continuous shocks, in which the collisional acceleration of the ambient clouds and deceleration of the colliding outflows from the protostars are sufficiently gradual to heat the H2 only to temperatures of ∼2000 K and prevent its dissociation (for more details, see Sect. I of P16 and references therein). The existence of H2 at a range of lower temperatures in gas cooling behind the continuous shocks, which has been demonstrated by observations of pure rotational lines (e.g., Neufeld et al. 2019), is also unsurprising. However, it seems remarkable that virtually all of the highly ro-vibrationally excited H2 in levels with energies from 20 000 K to 53 000 K is maintained in LTE at a single temperature of ∼5000 K, and that there is virtually no H2 at temperatures between 2000 K and 5000 K. The mechanism that produces this bimodal temperature distribution is unclear.
The location and morphology of the 5000 K gas also is unclear. The gas could be located in thin (currently unresolvable) sheets where the molecular cloud is being collisionally accelerated, the wind is being collisionally decelerated, or both. Its line emission could alternatively also be occurring in small clumps of unusually hot and/or unusually dense gas scattered along the shock front. Comparisons of the velocity profiles of lines originating from levels whose populations are dominated by the gas at 5000 K with those from levels dominated by the 2000 K component, at higher spectral resolution than has been employed to date, might reveal small differences and constrain the relative locations of the two components. The good fit of the v = 1, J = 31 column density to the fit to the population–energy diagram (Fig. 3) indicates that dissociation is taking place in the 5000 K gas.
One can consider if the short lifetime of the v = 1, J = 31 quasi-bound level indicates a significant continuous reformation of molecular hydrogen in the gas phase at high temperatures. We have estimated the formation rate of H2 through radiative association via that resonance level, i, H + H ↔ H2i → H2 + hν, following the theory of Bain & Bardsley (1972), to be
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where Ad = 1/τ and M is the reduced mass of the colliding atoms. The contribution of v = 1, J = 31 with I = 1 and similar values of Ar and Ad is the most efficient by orders of magnitude. However, the derived value for its contribution at 5000 K is 1.37 × 10−30 cm3 s−1, which is negligible.
Although it is difficult to assess the direct implication of the measurable presence of these quasi-bound H2 states for shock chemistry, their detections confirm the predictability of theoretical computations based on highly accurate potential curves. The physical conditions associated with the astrophysical environments in which their lines are emitted may not be reproducible in the laboratory due to their very large rotational quantum numbers. Thus, they probably offer the only way to probe these levels. Martin et al. (1996) introduced quasi-bound levels of H2 in their master equation studies of collisional excitation of H2 by H and specifically mentioned the v = 2, J = 29, and v = 1, J = 31 quasi-bound levels detected here. However, they find that the highly excited rotational levels are not thermally populated for the range of physical conditions that they considered, in contrast to what astronomical observations have revealed. Finally, we note that the contribution of quasi-bound levels to the partition function of H2 and its isotopologues has been recently computed by Zúñiga et al. (2021) using the same potential as us.


1 We contacted K. Kaplan to check if the two transitions at 2.1785 μm and 2.1042 μm were present in his PDR spectra obtained with the Immersion Grating INfrared Spectrometer (IGRINS), and they were not.


2 The errors quoted here are the formal errors derived from the least squares fit.
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	[image: thumbnail]	Fig. 1. Observational data showing highly excited H2 lines in HH7. Top two panels: spectra of a 0[image: equation]6 × 0[image: equation]9 area of HH7 in two narrow wavelength intervals, each containing a line of H2 from a quasi-bound energy level and one adjacent line, from Fig. 6 of P16. Vertical dashed lines are the line wavelengths calculated as described in Sect. 3. Bottom: spectral images of the four lines shown above, extracted from the NIFS data cube. The field of view is 2[image: equation]5 × 2[image: equation]5 and corresponds to the left part of Fig. 2 of P16; the field centre corresponds to RA = 3:29:08.42, Dec = +31:15:27:45 (J2000), with an estimated uncertainty of 0[image: equation]25.
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	[image: thumbnail]	Fig. 2. H2 molecular potentials in eV as a function of the interatomic distance, R, expressed in atomic units. The zero value corresponds to photo-dissociated H2. The black curve is the electronic potential of the [image: equation] ground state from Czachorowski et al. (2018) expressed in eV. The blue and red curves denote the effective potentials with J = 29 and J = 31, respectively. The quasi-bound levels v = 2,  J = 29 and v = 1,  J = 31 are also displayed in blue and red, respectively, in the allowed ranges of interatomic distances.
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	[image: thumbnail]	Fig. 3. Level column densities, divided by their degeneracies, Ni/gi, plotted as a function of level energy, Ti, for the H2 lines measured in HH7. They are normalised to unity for the (v, J)=(1, 3) upper-state level at 6952 K, which emits the 1–0 S(1) line. The two blue points (in the lower right) are for the newly analysed 2–1 S(27) and 1–0 S(29) lines. The dashed red line shows the best two-temperature LTE fit, as described in Sect. 4.
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	Transition
	[image: equation]
	λ
	A
	Ar
	τd
	[image: equation]



	label
	(cm−1)
	(μm)
	(s−1)
	(s−1)
	(s)
	(K)





	2 − 0 O(31)
	1387.04
	7.2096
	2.704E−11
	5.482E−06
	8.130E12
	676.0 



	2 − 0 Q(29)
	4165.40
	2.4007
	4.592E−08
	5.482E−06
	8.130E12
	676.0



	2 − 0 S(27)
	7034.45
	1.4216
	2.240E−07
	5.482E−06
	8.130E12
	676.0 



	2 − 1 Q(29)
	1944.67
	5.1423
	3.947E−07
	5.482E−06
	8.130E12
	676.0 



	2 − 1 S(27)
	4590.29
	2.1785
	2.944E−06
	5.482E−06
	8.130E12
	676.0 



	2 − 2 S(27)
	2399.19
	4.1681
	1.873E−06
	5.482E−06
	8.130E12
	676.0 



	2 − 3 S(27)
	489.60
	20.4248
	2.582E−10
	5.482E−06
	8.130E12
	676.0 



	1 − 0 Q(31)
	1974.02
	5.0658
	2.452E−07
	5.219E−06
	4.083E06
	1520.5 



	1 − 0 S(29)
	4752.38
	2.1042
	2.101E−06
	5.219E−06
	4.083E06
	1520.5 



	1 − 1 S(29)
	2531.65
	3.9500
	2.872E−06
	5.219E−06
	4.083E06
	1520.5 



	1 − 2 S(29)
	586.98
	17.0364
	4.963E−10
	5.219E−06
	4.083E06
	1520.5





      

      
Notes.[image: equation] is the computed transition frequency; λ is the corresponding vacuum wavelength. A is the sum of the electric quadrupole and the magnetic dipole contributions to the Einstein radiative emission coefficients of the transition from Roueff & Abgrall (2022). Ar is the total radiative decay probability, and τd is the dissociation lifetime of the upper level. [image: equation] is the quasi-bound upper level energy expressed in K above the dissociation limit.



    

  
    
      Fig. 3. 

      
        [image: thumbnail]
      

      
        Level column densities, divided by their degeneracies, Ni/gi, plotted as a function of level energy, Ti, for the H2 lines measured in HH7. They are normalised to unity for the (v, J)=(1, 3) upper-state level at 6952 K, which emits the 1–0 S(1) line. The two blue points (in the lower right) are for the newly analysed 2–1 S(27) and 1–0 S(29) lines. The dashed red line shows the best two-temperature LTE fit, as described in Sect. 4.

      

    

  OEBPS/aa45358-22-eq8.gif





OEBPS/aa45358-22-eq9.gif





OEBPS/aa45358-22-eq4.gif





OEBPS/aa45358-22-eq5.gif





OEBPS/aa45358-22-eq6.gif





OEBPS/aa45358-22-eq7.gif





OEBPS/aa45358-22-eq21.gif
A} Ag
A+ Ay

res (sz?

A/
= (21} @r+nes+t
aj M”) Q@I+ D@J+1)

exp(—Ei/KT),





OEBPS/aa45358-22-eq20.gif
Ni = Njhot + NV warm-









OEBPS/aa45358-22-eq1.gif





OEBPS/aa45358-22-fig2_small.jpg





OEBPS/aa45358-22-eq2.gif





OEBPS/aa45358-22-eq3.gif





OEBPS/aa45358-22-eq19.gif
Eb
oner





OEBPS/aa45358-22-fig3_small.jpg





OEBPS/aa45358-22-eq16.gif





OEBPS/aa45358-22-eq15.gif
I +1)
LR





OEBPS/aa45358-22-eq18.gif





OEBPS/aa45358-22-eq17.gif
Eb
oner





OEBPS/aa45358-22-eq12.gif
J(J+1)

V(R 1) = V(R) +
2uR?





OEBPS/aa45358-22-eq11.gif
W ha®)

2. dR?

VAR, I) fos (R) = Evs frs (R)





OEBPS/aa45358-22-eq14.gif
xf
X'xf





OEBPS/aa45358-22-eq13.gif
xf
X'xf





OEBPS/aa45358-22-fig1.jpg
Rel. Flux Density

Rel. Flux Density

T T . d T T T
n
HH7
1 - -
0.5 — -
res. f{\./ f ]
/ I \/\j[\ /\ / I \/‘
I
| I N
4-3 3(7) 1-0 5(29) 1
M . . N R L
2.1 2.102 2.104 2.1086
Lab Vacuum Wavelength (um)
1+ ’\ -
HH7
05 /\\ / .
I
:
1 -
5-4 S5(15)
I2.176I I2.175I . 2.18 I I2.152I ‘2‘184‘

Lab Vacuum Wavelength (um)






OEBPS/aa45358-22-fig2.jpg
29 e

dissociation limit






OEBPS/aa45358-22-fig3.jpg
= = =
S e e
& 9 =

Normalised Column Density, N/g
=
S

HH7 Model Fit: T,,,=1783K; T, ,= 5133K

warm

N[T,..m] = 98.5%

warm

N[T,,] = 1.5%

IIIIl.IIIIIIIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIIIIlIIIIIIII

= T E
C e ]
L = _
= f¥f§1¥ =
IIIIIIIII|IIIIIIIII|IIIIIIIII|“{IIIIIIII|IIIIIIIII|IIIIIIIII—
0 1x10* 2x10* 3x10* 4x10* N

Energy Level (K)

6x10°





OEBPS/aa45358-22-eq10.gif





OEBPS/aa45358-22-fig1_small.jpg





OEBPS/dash.png





