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Example HPF science data
Sky emission (OH & O2)

Stellar spectrum with telluric absorption

LFC

Sky Fiber
Science Fiber

Calibration Fiber

Zoom in of single order

Example HPF flat lamp echellogram showing beams
(28 orders, 3 fibers per order)





• TERRASPEC: A synthetic telluric 
forward modeling algorithm
• Presented at EPRV I
• LBLRTM wrapper

• Updates
• Now (mostly) using HITRAN 2016

• O2, H20
• Updated to latest version of 

LBLRTM



• TERRASPEC: A synthetic telluric 
forward modeling algorithm
• Presented at EPRV I
• LBLRTM wrapper

• Updates
• Now (mostly) using HITRAN 2016

• O2, H20
• Updated to latest version of 

LBLRTM
• Ongoing work

• Measuring the  
PSF/LSF/instrumental response 
function



Measure the instrumental “line spread 
function” (LSF)
Ø Dispersion solution and sampling varies 

across the focal plane 
Ø Use unresolved calibrator such as a laser 

frequency comb (LFC) to map LSF variation 
across the focal plane

Plot of HPF's super-resolution LSF showing 5 
LFC comb line samples from the four corners 
as well as the center.



Figure 1:  Example fits of single gaussian profiles to 
LFC emission lines observed  with HPF (Halverson 
et al. 2014, Proc. SPIE, 9147, 91477Z) to 
characterize the PSF.

Figure 2:  (Top)  LFC emission lines.  (Bottom) FWHM of 
Gaussian profile fits to the LFC lines.  The solid line is a 
polynomial characterizing how the FWHM smoothly varies 
across the echelle order.

Measure the instrumental “line spread function” (LSF)
Ø Dispersion solution and sampling varies across the focal plane 
Ø Use unresolved calibrator such as a laser frequency comb (LFC) to map LSF variation across the focal plane



• TERRASPEC: A synthetic telluric 
forward modeling algorithm
• Presented at EPRV I
• LBLRTM wrapper

• Updates
• Now (mostly) using HITRAN 2016

• O2, H20
• Updated to latest version of 

LBLRTM
• Ongoing work
• Measuring the  

PSF/LSF/instrumental response 
function
• Incorporating sky emission lines



The Hydroxyl Radical OH
Sky Emission

Rotation Vibration

Ø Originates in Earth’s upper atmosphere ~80-100 km up
Ø Chemical reactions form OH in excited rotational and vibrational (rovibrational) 

levels with non-LTE level populations
Ø The OH radiatively decays to the ground rovibrational levels giving rise to a 

rich spectrum of emission lines that make up the majority of the sky emission 
in the infrared and present an unwanted source of contamination (Rousselot et 
al. 2000; Meinel 1950)

OH



OH Sky Emission

Source: http://faculty.virginia.edu/skrutskie/airglow/adams/airglowpage.html
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Mean Zenith H-band OH Airglow Power Spectral Density

Adams &  Skrutskie - http://people.virginia.edu/~mfs4n/airglow/adams/air.ps

Power spectra showing OH emission is variable in time and space



HPF Sky 
Spectrum

H band (1.49-1.80 µm) K band (2.16-2.46 µm)

0.81 → 1.28 μm

Mostly OH

O2 in the reddest orders



Why forward model sky emission lines? 
Why not just subtract the sky?

• Synthetic sky spectra are free from extra photon-noise and read noise
• Can account for small wavelength differences between science/sky fibers to 

avoid interpolation
• Fitting emission lines in science spectrum can overcome spatial & time 

variability between science and sky fibers or on/off exposures
• Sky emission might be incorporated into telluric absorption line fitting
• Fits provide information on instantaneous conditions in the upper 

atmosphere
• Possible to inform the atmospheric model 
• Ancillary atmospheric and climate science?



Oliva et al. 2015

2 hour exp. deep 
sky spectrum from 
GIANO on the TNG 
3.5m

E. Oliva et al.: The sky emission in the near infrared
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Fig. 3. Upper panel: GIANO echelle spectrum of the H atmospheric band. Lower panels: extracted spectra in regions relatively free of line
emission. The horizontal dashed lines show the level of 300 photons/m2/s/arcsec2/µm (equivalent to 20.1 AB-mag/arcsec2).

The broadest band is C-16650. It coincides with the re-
gion used by Maihara et al. (1993) to measure an aver-
age sky continuum of 590 photons/m2/s/arcsec2/µm (equivalent
to 19.4 AB-mag/arcsec2). We find that about 65% of this flux
can be ascribed to five emission features (4 lines from hot-
OH and one unidentified, see Fig. 3) that lie close to the cen-
tre of this band. Taken at face value, this would imply that
the true continuum is ≃200 photons/m2/s/arcsec2/µm (equiva-
lent to 20.6 AB-mag/arcsec2). However, this number is affected
by large uncertainties intrinsic to the procedure used to extract
or average the continuum level from the spectrum and to varia-
tions in the sky lines between different epochs. Indeed, to reach
a more reliable conclusion one would should re-analyse the raw
data of Maihara et al. (1993) and correct them for the contribu-
tion of the sky-emission lines before computing the continuum
level.

We attempted to measure the sky continuum emission us-
ing the extracted GIANO spectrum. This spectrum is shown
in Fig. 4 and listed in Table 4 (available at the CDS). The
H-band has a high enough signal-to-noise ratio (S/N) to show
a faint continuum of about 300 photons/m2/s/arcsec2/µm (equiv-
alent to 20.1 AB-mag/arcsec2). It corresponds to 5 e−/pixel/hr
at the GIANO detector. A formal computation of noise (i.e.

including read-out, dark-current and photon statistics) yields a
convincing 5σ detection once the spectrum is re-sampled to a
resolving power of R = 5000. The contribution by systematic
errors is more difficult to estimate. On the one hand, the proce-
dure used to subtract detector dark and persistency (see Sect. 2)
has correctly produced a zero continuum in the bands where
the atmosphere is opaque (the uppermost order in the 2D frame
of Fig. 3). On the other hand, we cannot exclude that second-
order effects have left some residual instrumental artefacts in the
H-band. An analysis of the dark frames affected by persistency
indicates that second order effects tend to increase the residuals,
rather than over-subtracting the residual continuum level in the
H-band. Therefore, we are reasonably confident that the true sky
continuum cannot be larger than the observed value.

In the Y and J bands our spectra have a lower S/N
because the efficiency of the GIANO detector drops at
shorter wavelengths. The measured upper limits correspond to
about 19 AB-mag/arcsec2 and are compatible with the mea-
surements by Sullivan & Simcoe (2012). In general, the Y and
J bands are much less contaminated by line emission and the
higher resolving power of GIANO is no longer needed to find
spectral regions that properly sample the sky continuum.
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The Excitation Diagram
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�vacuum Line log10 (Fi/F1-0 S(1)) S/N

1.66458 8-6 S(5) �2.33+0.05
�0.06 7.7

1.66649 1-0 S(10) �2.13+0.04
�0.05 9.9

1.67182 5-3 O(4) �1.96+0.03
�0.03 14.8

1.67502 6-4 O(2) �1.94+0.02
�0.02 19.3

1.68649 4-2 O(6) �2.29+0.06
�0.07 7.1

1.68703 11-8 Q(3) �2.57+0.11
�0.14 3.6

1.68772 1-0 S(9) �1.42+0.01
�0.01 55.5

1.70180 8-6 S(3) �2.35+0.07
�0.08 6.0

1.70799 6-4 Q(8) �2.42+0.06
�0.07 6.6

1.71466 1-0 S(8) �1.58+0.02
�0.02 20.9

1.72878 7-5 Q(1) �1.68+0.02
�0.02 20.9

1.73264 6-4 O(3) �1.64+0.02
�0.02 21.3

1.73573 7-5 Q(2) �2.31+0.06
�0.06 7.3

1.74626 7-5 Q(3) �2.14+0.09
�0.12 4.1

1.74803 1-0 S(7) �0.98+0.01
�0.01 75.4

1.75630 4-2 O(7) �1.99+0.03
�0.03 16.4

1.76045 7-5 Q(4) �2.15+0.04
�0.05 10.1

1.76393 8-6 S(1) �2.22+0.09
�0.11 4.4

1.78795 1-0 S(6) �1.28+0.02
�0.02 23.6

1.79652 6-4 O(4) �2.09+0.05
�0.06 8.3

1.95756 1-0 S(3) �0.25+0.00
�0.00 220.2

1.97925 7-5 Q(11) �2.50+0.09
�0.12 4.3

1.98734 9-7 S(0) �2.68+0.11
�0.15 3.4

2.02969 6-4 O(7) �2.09+0.03
�0.03 13.4

2.03376 1-0 S(2) �0.52+0.00
�0.00 287.5

2.04157 8-6 Q(8) �2.65+0.11
�0.15 3.4

2.04182 8-6 O(3) �1.93+0.02
�0.02 19.1

2.06556 3-2 S(5) �1.41+0.01
�0.01 58.6

2.07318 9-7 Q(1) �2.29+0.06
�0.07 6.6

2.07351 2-1 S(3) �0.79+0.00
�0.00 200.6

2.08410 9-7 Q(2) �2.45+0.12
�0.16 3.2

2.09293 7-5 Q(13) �2.79+0.10
�0.13 3.8

2.09958 4-2 O(11) �2.76+0.12
�0.16 3.3

2.10041 4-3 S(7) �2.37+0.05
�0.06 7.9

2.10066 9-7 Q(3) �2.44+0.05
�0.06 7.6

2.10900 7-5 O(6) �2.44+0.08
�0.10 4.7

2.12183 1-0 S(1) 0.00+0.00
�0.00 717.1

2.12797 3-2 S(4) �1.68+0.01
�0.01 41.6

2.14598 4-3 S(6) �2.46+0.06
�0.07 6.6

2.15187 9-7 Q(5) �2.53+0.06
�0.07 6.6

2.15423 2-1 S(2) �1.16+0.00
�0.00 104.9

2.17270 9-7 O(2) �2.73+0.11
�0.16 3.3

2.17686 10-8 S(1) �2.47+0.05
�0.06 7.6

2.20095 4-3 S(5) �1.89+0.02
�0.02 21.7

2.20140 3-2 S(3) �1.20+0.00
�0.00 95.5

2.20499 7-5 O(7) �2.34+0.05
�0.06 8.3

2.21074 8-6 O(5) �2.15+0.05
�0.06 7.6

2.22330 1-0 S(0) �0.48+0.00
�0.00 384.3

2.23030 9-7 Q(7) �2.68+0.10
�0.13 3.9

2.24772 2-1 S(1) �0.76+0.00
�0.00 243.0

2.25372 9-7 O(3) �2.22+0.05
�0.05 8.5

2.26676 4-3 S(4) �2.18+0.05
�0.06 7.7

2.28703 3-2 S(2) �1.57+0.01
�0.01 47.0

2.34448 4-3 S(3) �1.53+0.01
�0.01 41.3

2.34554 9-7 O(4) �2.53+0.09
�0.11 4.5

2.35563 2-1 S(0) �1.28+0.01
�0.01 56.5

2.38645 3-2 S(1) �1.34+0.01
�0.01 39.4

2.40659 1-0 Q(1) 0.17+0.00
�0.00 612.5

2.41344 1-0 Q(2) �0.49+0.00
�0.00 169.9

2.42373 1-0 Q(3) �0.25+0.00
�0.00 315.2

2.43749 1-0 Q(4) �0.80+0.00
�0.00 143.9

�vacuum Line log10 (Fi/F1-0 S(1)) S/N

5. MEASURING AND CORRECTING FOR EXTINCTION

[Attempts to calculate extinction were met with in-
conclusive results. It appears that either extinction is
negligible or I am unable to measure it with enough sig-
nificance to be reported. It is possible there is some flaw
in my analysis that is giving erroneous results for the
extinction, and this issue merits further investigation.]

6. ANALYSIS OF H2

The near-IR rovibrational lines of H2 arise from radia-
tive transitions from the upper to lower states. H2 is a
homonuclear diatomic molecule with no permanent elec-
tric dipole moment, so rovibrational transitions can only
occur via low probability electric-quadrupole transitions.
Under most conditions, even in the dense gas found in
PDRs such as the Orion Bar, the lines from the H2 rovi-
brational transitions are optically thin. Since these lines
are optically thin, their flux is linearly proportional to
the number, or column density, of molecules transition-
ing out of the upper state. This is why H2 makes such
a good probe of PDRs. Since the flux of a line depends
only on well known constants and the column density of
H2 in the upper state Nu, we can calculate Nu with the
following equation:

Nu =
Ful

gu�EulhcAul
, (1)

where Ful is the flux from the radiative transition from
upper (u) to lower (l) rovibrational states, �Eul is the
di↵erence in energy between the states in wave number
(cm�1), Aul is the transition probability, h is Planck’s
constant, c is the speed of light, and gu is the quantum
degeneracy of the upper state. The value of gu depends
on the upper rotation state Ju and whether the H2 is
ortho or para:

gorthou = 3(2Ju + 1), gparau = 2Ju + 1. (2)

In the Orion Bar, we measure relative fluxes for 89
lines with S/N > 3 from which we convert into rela-
tive Nu using the process described above. We report
Nu measured from our observed transitions in Table 2.
The Nu reported are normalized to the Nu derived from
bright line 5-3 O(3) which arises from v = 5 & J = 1
at high enough excitation energy (26735 K) to only be
excited by UV fluorescence. Many of these transitions
come from the same upper state (e.g. 1-0 S(1) and 1-0
Q(3)) providing independent confirmations of the Nu of
those upper states. The large number of observed tran-
sitions in our deep spectrum of the Orion Bar gives us
significant diagnostic power as to the conditions within
the emitting H2 gas.

TABLE 2 H2 rovibrational state column densities

H2 line vu Ju log10 (Ni/N1-0 S(1))

1-0 Q(1) 1 1 2.22+0.00
�0.00

1-0 Q(2) 1 2 1.97+0.00
�0.00

1-0 S(0) 1 2 2.02+0.00
�0.00

1-0 Q(3) 1 3 1.63+0.00
�0.00

1-0 S(1) 1 3 1.72+0.00
�0.00
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4.2. Excitation Diagram of H2 Level Populations

Figure 3 shows an excitation (or Boltzmann) diagram for the relative H2 rovibrational level column densities (or level
populations) we observe in the Orion Bar. This diagram is a plot of the logarithmic column density of a transition’s
upper state Nu divided by its quantum degeneracy gu vs. the excitation energy above the ground state (v = 0, J = 0),
and is a convenient diagnostic tool for determining excitation mechanisms.
The spin of the two protons in H2 can be either aligned or anti-aligned, forming two distinct spin isomers called

ortho-H2 (spins aligned) and para-H2 (spins anti-aligned). Since protons are fermions, the wave function of ortho-H2

can only have odd values of Ju while para-H2 can only have even values of Ju. In collisional equilibrium, the statistical
weights for nuclear spin give an ortho-to-para ratio of 3. The value of gu depends on the upper rotation state Ju and
whether the H2 is ortho or para:

gortho
u

= 3(2Ju + 1), gpara
u

= 2Ju + 1. (5)

H2 that is primarily excited and de-excited by collisions (e.g. as in gas heated by a shock) has thermal rovibrational
level populations. In an isothermal region, the rovibrational level populations follow the Boltzmann distribution:

Nu

gu
/ exp

✓
�Eu

kT

◆
, ln

✓
Nu

gu

◆
= �Eu

kT
(6)

where Eu is the energy above the ground rovibrational state, k is the Boltzmann constant, and T the kinetic tem-
perature of the gas; in other words the level populations follow a linear trend on an excitation diagram with a slope
inversely proportional to T . If multiple temperature components are present, or there is a temperature gradient, the
slope will flatten at higher excitation energies. This occurs because hotter gas dominates the excitation of states at
the highest energies above ground, while cooler gas dominates the excitation of states at the lowest energies.
UV excitation of H2 is a non-thermal process that leads to populations which do not show a monotonically decreasing

trend for all the data-points on an excitation diagram, but instead follow a characteristic “sawtooth” pattern (see Figure
3). This pattern occurs because quantum selection rules for the radiative transitions limit variation the change in J for
a given transition but the change in v. The bulk of the H2 in a PDR exists in the pure rotation v = 0 states which lie
at low enough excitation energies that collisions thermalize their level populations so that they reflect the underlying
kinetic temperature of the gas. UV excitation takes a small fraction of the underlying level populations of J at v = 0
and, in e↵ect, redistributes them to higher v.
One can in principle fit straight lines to a series of rovibrational states of constant v to derive a “rotation temperature”

or of constant J to derive a “vibrational temperature,” but one should be careful not to confuse these quantities
with the actual kinetic temperature of the gas. Instead, they are merely a shorthand for characterizing the relative
level populations. For UV excited H2, the level populations have high vibrational temperatures and lower rotation
temperatures. While linear fits of these ladders (trends in constant v or J) have been used in past studies of UV
excited H2, they are not an ideal description for our rich data set, which probes up to high J for many rotation
ladders. For example, some of the data-points in v = 1 rotation ladder deviate from a linear fit by up to ⇠ 5 orders of
magnitude. We therefore forgo the use of rotation or vibration temperatures in favor of comparing the rovibrational
level populations we measure in the Orion Bar directly to values predicted by PDR models.

5. MODELING AND INTERPRETATION

5.1. Simulating H2 in The Orion Bar With Cloudy

With IGRINS, we observe 85 NIR H2 emission lines which arise from 69 independent rovibrational states with
excitation energies up to Eu/k = 50000 K above the ground (v = 0, J = 0) state. Our large dataset allows us to test
our understanding of the physics in the Orion Bar by comparing the observed H2 rovibrational level populations to
model predictions. For our models, we use version 13.03c of Cloudy6 (Ferland et al. 2013), a one-dimensional plasma
simulation code that solves for the physical conditions of a slab (or sphere) of gas irradiated by a photoionization
source. It includes detailed physics for radiative transfer through the gas and the state of the constituent ions, atoms,
molecules, and dust and predicts the physical conditions of the gas and the emergent spectrum. This version of Cloudy
includes a fully self consistent treatment of H2 including the excited electronic and rovibrational states, radiative and
collisional excitation, photodissociation, and reformation on dust grains (Shaw et al. 2005).
Collisions in dense gas, such as the Orion Bar (n & 105 cm�3), can modify the H2 rovibrational level populations

(Sternberg & Dalgarno 1989). For the Cloudy models, we have replaced the H2-H0 collision rate coe�cients from

6 Cloudy: http://nublado.org

Isothermal level populations described by the 
Boltzmann distribution:
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�vacuum Line log10 (Fi/F1-0 S(1)) S/N

1.66458 8-6 S(5) �2.33+0.05
�0.06 7.7

1.66649 1-0 S(10) �2.13+0.04
�0.05 9.9

1.67182 5-3 O(4) �1.96+0.03
�0.03 14.8

1.67502 6-4 O(2) �1.94+0.02
�0.02 19.3

1.68649 4-2 O(6) �2.29+0.06
�0.07 7.1

1.68703 11-8 Q(3) �2.57+0.11
�0.14 3.6

1.68772 1-0 S(9) �1.42+0.01
�0.01 55.5

1.70180 8-6 S(3) �2.35+0.07
�0.08 6.0

1.70799 6-4 Q(8) �2.42+0.06
�0.07 6.6

1.71466 1-0 S(8) �1.58+0.02
�0.02 20.9

1.72878 7-5 Q(1) �1.68+0.02
�0.02 20.9

1.73264 6-4 O(3) �1.64+0.02
�0.02 21.3

1.73573 7-5 Q(2) �2.31+0.06
�0.06 7.3

1.74626 7-5 Q(3) �2.14+0.09
�0.12 4.1

1.74803 1-0 S(7) �0.98+0.01
�0.01 75.4

1.75630 4-2 O(7) �1.99+0.03
�0.03 16.4

1.76045 7-5 Q(4) �2.15+0.04
�0.05 10.1

1.76393 8-6 S(1) �2.22+0.09
�0.11 4.4

1.78795 1-0 S(6) �1.28+0.02
�0.02 23.6

1.79652 6-4 O(4) �2.09+0.05
�0.06 8.3

1.95756 1-0 S(3) �0.25+0.00
�0.00 220.2

1.97925 7-5 Q(11) �2.50+0.09
�0.12 4.3

1.98734 9-7 S(0) �2.68+0.11
�0.15 3.4

2.02969 6-4 O(7) �2.09+0.03
�0.03 13.4

2.03376 1-0 S(2) �0.52+0.00
�0.00 287.5

2.04157 8-6 Q(8) �2.65+0.11
�0.15 3.4

2.04182 8-6 O(3) �1.93+0.02
�0.02 19.1

2.06556 3-2 S(5) �1.41+0.01
�0.01 58.6

2.07318 9-7 Q(1) �2.29+0.06
�0.07 6.6

2.07351 2-1 S(3) �0.79+0.00
�0.00 200.6

2.08410 9-7 Q(2) �2.45+0.12
�0.16 3.2

2.09293 7-5 Q(13) �2.79+0.10
�0.13 3.8

2.09958 4-2 O(11) �2.76+0.12
�0.16 3.3

2.10041 4-3 S(7) �2.37+0.05
�0.06 7.9

2.10066 9-7 Q(3) �2.44+0.05
�0.06 7.6

2.10900 7-5 O(6) �2.44+0.08
�0.10 4.7

2.12183 1-0 S(1) 0.00+0.00
�0.00 717.1

2.12797 3-2 S(4) �1.68+0.01
�0.01 41.6

2.14598 4-3 S(6) �2.46+0.06
�0.07 6.6

2.15187 9-7 Q(5) �2.53+0.06
�0.07 6.6

2.15423 2-1 S(2) �1.16+0.00
�0.00 104.9

2.17270 9-7 O(2) �2.73+0.11
�0.16 3.3

2.17686 10-8 S(1) �2.47+0.05
�0.06 7.6

2.20095 4-3 S(5) �1.89+0.02
�0.02 21.7

2.20140 3-2 S(3) �1.20+0.00
�0.00 95.5

2.20499 7-5 O(7) �2.34+0.05
�0.06 8.3

2.21074 8-6 O(5) �2.15+0.05
�0.06 7.6

2.22330 1-0 S(0) �0.48+0.00
�0.00 384.3

2.23030 9-7 Q(7) �2.68+0.10
�0.13 3.9

2.24772 2-1 S(1) �0.76+0.00
�0.00 243.0

2.25372 9-7 O(3) �2.22+0.05
�0.05 8.5

2.26676 4-3 S(4) �2.18+0.05
�0.06 7.7

2.28703 3-2 S(2) �1.57+0.01
�0.01 47.0

2.34448 4-3 S(3) �1.53+0.01
�0.01 41.3

2.34554 9-7 O(4) �2.53+0.09
�0.11 4.5

2.35563 2-1 S(0) �1.28+0.01
�0.01 56.5

2.38645 3-2 S(1) �1.34+0.01
�0.01 39.4

2.40659 1-0 Q(1) 0.17+0.00
�0.00 612.5

2.41344 1-0 Q(2) �0.49+0.00
�0.00 169.9

2.42373 1-0 Q(3) �0.25+0.00
�0.00 315.2

2.43749 1-0 Q(4) �0.80+0.00
�0.00 143.9

�vacuum Line log10 (Fi/F1-0 S(1)) S/N

5. MEASURING AND CORRECTING FOR EXTINCTION

[Attempts to calculate extinction were met with in-
conclusive results. It appears that either extinction is
negligible or I am unable to measure it with enough sig-
nificance to be reported. It is possible there is some flaw
in my analysis that is giving erroneous results for the
extinction, and this issue merits further investigation.]

6. ANALYSIS OF H2

The near-IR rovibrational lines of H2 arise from radia-
tive transitions from the upper to lower states. H2 is a
homonuclear diatomic molecule with no permanent elec-
tric dipole moment, so rovibrational transitions can only
occur via low probability electric-quadrupole transitions.
Under most conditions, even in the dense gas found in
PDRs such as the Orion Bar, the lines from the H2 rovi-
brational transitions are optically thin. Since these lines
are optically thin, their flux is linearly proportional to
the number, or column density, of molecules transition-
ing out of the upper state. This is why H2 makes such
a good probe of PDRs. Since the flux of a line depends
only on well known constants and the column density of
H2 in the upper state Nu, we can calculate Nu with the
following equation:

Nu =
Ful

gu�EulhcAul
, (1)

where Ful is the flux from the radiative transition from
upper (u) to lower (l) rovibrational states, �Eul is the
di↵erence in energy between the states in wave number
(cm�1), Aul is the transition probability, h is Planck’s
constant, c is the speed of light, and gu is the quantum
degeneracy of the upper state. The value of gu depends
on the upper rotation state Ju and whether the H2 is
ortho or para:

gorthou = 3(2Ju + 1), gparau = 2Ju + 1. (2)

In the Orion Bar, we measure relative fluxes for 89
lines with S/N > 3 from which we convert into rela-
tive Nu using the process described above. We report
Nu measured from our observed transitions in Table 2.
The Nu reported are normalized to the Nu derived from
bright line 5-3 O(3) which arises from v = 5 & J = 1
at high enough excitation energy (26735 K) to only be
excited by UV fluorescence. Many of these transitions
come from the same upper state (e.g. 1-0 S(1) and 1-0
Q(3)) providing independent confirmations of the Nu of
those upper states. The large number of observed tran-
sitions in our deep spectrum of the Orion Bar gives us
significant diagnostic power as to the conditions within
the emitting H2 gas.

TABLE 2 H2 rovibrational state column densities

H2 line vu Ju log10 (Ni/N1-0 S(1))

1-0 Q(1) 1 1 2.22+0.00
�0.00

1-0 Q(2) 1 2 1.97+0.00
�0.00

1-0 S(0) 1 2 2.02+0.00
�0.00

1-0 Q(3) 1 3 1.63+0.00
�0.00

1-0 S(1) 1 3 1.72+0.00
�0.00
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To extract the line fluxes, we used a flux density weighting scheme designed to scale with S/N across each line profile.
Figure 2 shows that the lines all have similar profiles, which we confirm by stacking multiple dim lines and comparing
the stacked profile to the brightest observed H2 line, 1-0 S(1). We therefore use the bright 1-0 S(1) line as the basis

for our weighting scheme, and calculate the weights wx,v by squaring the flux F 1�0 S(1)
x,v found in each pixel in position

(x) and velocity (v) space for the 1-0 S(1) line:

wx,v =
⇣
F 1�0 S(1)
x,v

⌘2
(1)

The weights are then normalized as follows:

wx,v = wx,v

.X

x

X

v

wx,v (2)

The background B per pixel is determined from the median value of all pixels in the PV diagram that are  0.8%
the flux of the brightest pixel. The 0.8% limit was chosen to ensure that no line flux ends up in the background
determination. We subtract the background from the flux in each pixel Fx,v, multiply by the weights wx,v, and then
sum the result to get the extracted flux F :

F =
X

x

X

v

⇣
wx,v

�
Fx,v �B

�⌘
. (3)

Each line extraction is visually inspected to ensure that it is a real feature. Lines that appear to be contaminated
by blends, misidentifications such as OH residuals, or noise spikes are rejected. For propagation of the statistical
uncertainties, the interpolation and extraction process is repeated for the variance reported by the data reduction
pipeline. Table 1 gives the fluxes for all lines with S/N> 3.

3.6. Possible E↵ects of Dust Extinction

The dense molecular gas of the Orion Bar co-exists with copious amounts of dust. If there is enough dust in the
foreground of the observed H2 emission, the di↵erential extinction across the H and K bands could be significant enough
to a↵ect the line ratios we use to derive the rovibrational level populations. An e↵ective way to measure extinction is
to compare observed to theoretical line flux ratios from pairs of lines arising from the same upper level that are widely
separated in wavelength. Two such line pairs in our data with su�cient S/N are the 3-1 O(5)/3-2 S(1) transitions
spanning � = 1.55220� 2.238645 µm and the 3-O O(6)/3-2 S(2) transitions spanning � = 1.58115� 2.28703 µm. To
test for extinction, we combine the statistical uncertainty in the line ratios with an assumed 10% systematic uncertainty
in the relative flux calibration and telluric correction. The observed line ratios for these two pairs of lines di↵er by < 1�
from their intrinsic line ratios, showing no significant extinction. We calculate the 1� upper limit for the extinction
to be AV < 3.0 mag or AK < 0.35 mag by artificially reddening the Orion Bar spectrum with the near-IR extinction
law from Rieke & Lebofsky (1985). This is consistent with the foreground extinction towards the ionized gas at the
slit location of AV ⇠ 1.3 mag or AK ⇠ 0.15 mag measured from the Balmer decrement by Weilbacher et al. (2015),
although this measurement does not take into account the Bar’s internal extinction. Our value for extinction in the
Bar is lower than the values of AK = 2.3 ± 0.8 mag and 2.6 ± 0.7 mag for two regions in the Bar ⇠ 2200 NE of the
slit measured by Luhman et al. (1998). However, it is possible that the bright H2 emitting region we targeted is a
sightline with low internal extinction, and that the internal extinction across the Bar is variable depending on the
chosen sightline.

4. ANALYSIS

4.1. Calculating H2 Level Populations

Since the near-IR H2 lines are optically thin, the line fluxes are linearly proportional to the column density of
molecules in the upper states of the transitions. We calculate the column density of H2 in the upper state Nu from
the following equation:

Nu =
Ful

�EulhcAul

, (4)

where Ful is the flux from the radiative transition from upper (u) to lower (l) rovibrational states, �Eul is the di↵erence
in energy between the states in wavenumbers (cm�1), Aul is the transition probability (s�1), h is Planck’s constant,
and c is the speed of light.
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�vacuum Line log10 (Fi/F1-0 S(1)) S/N

1.66458 8-6 S(5) �2.33+0.05
�0.06 7.7

1.66649 1-0 S(10) �2.13+0.04
�0.05 9.9

1.67182 5-3 O(4) �1.96+0.03
�0.03 14.8

1.67502 6-4 O(2) �1.94+0.02
�0.02 19.3

1.68649 4-2 O(6) �2.29+0.06
�0.07 7.1

1.68703 11-8 Q(3) �2.57+0.11
�0.14 3.6

1.68772 1-0 S(9) �1.42+0.01
�0.01 55.5

1.70180 8-6 S(3) �2.35+0.07
�0.08 6.0

1.70799 6-4 Q(8) �2.42+0.06
�0.07 6.6

1.71466 1-0 S(8) �1.58+0.02
�0.02 20.9

1.72878 7-5 Q(1) �1.68+0.02
�0.02 20.9

1.73264 6-4 O(3) �1.64+0.02
�0.02 21.3

1.73573 7-5 Q(2) �2.31+0.06
�0.06 7.3

1.74626 7-5 Q(3) �2.14+0.09
�0.12 4.1

1.74803 1-0 S(7) �0.98+0.01
�0.01 75.4

1.75630 4-2 O(7) �1.99+0.03
�0.03 16.4

1.76045 7-5 Q(4) �2.15+0.04
�0.05 10.1

1.76393 8-6 S(1) �2.22+0.09
�0.11 4.4

1.78795 1-0 S(6) �1.28+0.02
�0.02 23.6

1.79652 6-4 O(4) �2.09+0.05
�0.06 8.3

1.95756 1-0 S(3) �0.25+0.00
�0.00 220.2

1.97925 7-5 Q(11) �2.50+0.09
�0.12 4.3

1.98734 9-7 S(0) �2.68+0.11
�0.15 3.4

2.02969 6-4 O(7) �2.09+0.03
�0.03 13.4

2.03376 1-0 S(2) �0.52+0.00
�0.00 287.5

2.04157 8-6 Q(8) �2.65+0.11
�0.15 3.4

2.04182 8-6 O(3) �1.93+0.02
�0.02 19.1

2.06556 3-2 S(5) �1.41+0.01
�0.01 58.6

2.07318 9-7 Q(1) �2.29+0.06
�0.07 6.6

2.07351 2-1 S(3) �0.79+0.00
�0.00 200.6

2.08410 9-7 Q(2) �2.45+0.12
�0.16 3.2

2.09293 7-5 Q(13) �2.79+0.10
�0.13 3.8

2.09958 4-2 O(11) �2.76+0.12
�0.16 3.3

2.10041 4-3 S(7) �2.37+0.05
�0.06 7.9

2.10066 9-7 Q(3) �2.44+0.05
�0.06 7.6

2.10900 7-5 O(6) �2.44+0.08
�0.10 4.7

2.12183 1-0 S(1) 0.00+0.00
�0.00 717.1

2.12797 3-2 S(4) �1.68+0.01
�0.01 41.6

2.14598 4-3 S(6) �2.46+0.06
�0.07 6.6

2.15187 9-7 Q(5) �2.53+0.06
�0.07 6.6

2.15423 2-1 S(2) �1.16+0.00
�0.00 104.9

2.17270 9-7 O(2) �2.73+0.11
�0.16 3.3

2.17686 10-8 S(1) �2.47+0.05
�0.06 7.6

2.20095 4-3 S(5) �1.89+0.02
�0.02 21.7

2.20140 3-2 S(3) �1.20+0.00
�0.00 95.5

2.20499 7-5 O(7) �2.34+0.05
�0.06 8.3

2.21074 8-6 O(5) �2.15+0.05
�0.06 7.6

2.22330 1-0 S(0) �0.48+0.00
�0.00 384.3

2.23030 9-7 Q(7) �2.68+0.10
�0.13 3.9

2.24772 2-1 S(1) �0.76+0.00
�0.00 243.0

2.25372 9-7 O(3) �2.22+0.05
�0.05 8.5

2.26676 4-3 S(4) �2.18+0.05
�0.06 7.7

2.28703 3-2 S(2) �1.57+0.01
�0.01 47.0

2.34448 4-3 S(3) �1.53+0.01
�0.01 41.3

2.34554 9-7 O(4) �2.53+0.09
�0.11 4.5

2.35563 2-1 S(0) �1.28+0.01
�0.01 56.5

2.38645 3-2 S(1) �1.34+0.01
�0.01 39.4

2.40659 1-0 Q(1) 0.17+0.00
�0.00 612.5

2.41344 1-0 Q(2) �0.49+0.00
�0.00 169.9

2.42373 1-0 Q(3) �0.25+0.00
�0.00 315.2

2.43749 1-0 Q(4) �0.80+0.00
�0.00 143.9

�vacuum Line log10 (Fi/F1-0 S(1)) S/N

5. MEASURING AND CORRECTING FOR EXTINCTION

[Attempts to calculate extinction were met with in-
conclusive results. It appears that either extinction is
negligible or I am unable to measure it with enough sig-
nificance to be reported. It is possible there is some flaw
in my analysis that is giving erroneous results for the
extinction, and this issue merits further investigation.]

6. ANALYSIS OF H2

The near-IR rovibrational lines of H2 arise from radia-
tive transitions from the upper to lower states. H2 is a
homonuclear diatomic molecule with no permanent elec-
tric dipole moment, so rovibrational transitions can only
occur via low probability electric-quadrupole transitions.
Under most conditions, even in the dense gas found in
PDRs such as the Orion Bar, the lines from the H2 rovi-
brational transitions are optically thin. Since these lines
are optically thin, their flux is linearly proportional to
the number, or column density, of molecules transition-
ing out of the upper state. This is why H2 makes such
a good probe of PDRs. Since the flux of a line depends
only on well known constants and the column density of
H2 in the upper state Nu, we can calculate Nu with the
following equation:

Nu =
Ful

gu�EulhcAul
, (1)

where Ful is the flux from the radiative transition from
upper (u) to lower (l) rovibrational states, �Eul is the
di↵erence in energy between the states in wave number
(cm�1), Aul is the transition probability, h is Planck’s
constant, c is the speed of light, and gu is the quantum
degeneracy of the upper state. The value of gu depends
on the upper rotation state Ju and whether the H2 is
ortho or para:

gorthou = 3(2Ju + 1), gparau = 2Ju + 1. (2)

In the Orion Bar, we measure relative fluxes for 89
lines with S/N > 3 from which we convert into rela-
tive Nu using the process described above. We report
Nu measured from our observed transitions in Table 2.
The Nu reported are normalized to the Nu derived from
bright line 5-3 O(3) which arises from v = 5 & J = 1
at high enough excitation energy (26735 K) to only be
excited by UV fluorescence. Many of these transitions
come from the same upper state (e.g. 1-0 S(1) and 1-0
Q(3)) providing independent confirmations of the Nu of
those upper states. The large number of observed tran-
sitions in our deep spectrum of the Orion Bar gives us
significant diagnostic power as to the conditions within
the emitting H2 gas.

TABLE 2 H2 rovibrational state column densities

H2 line vu Ju log10 (Ni/N1-0 S(1))

1-0 Q(1) 1 1 2.22+0.00
�0.00

1-0 Q(2) 1 2 1.97+0.00
�0.00

1-0 S(0) 1 2 2.02+0.00
�0.00

1-0 Q(3) 1 3 1.63+0.00
�0.00

1-0 S(1) 1 3 1.72+0.00
�0.00
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To extract the line fluxes, we used a flux density weighting scheme designed to scale with S/N across each line profile.
Figure 2 shows that the lines all have similar profiles, which we confirm by stacking multiple dim lines and comparing
the stacked profile to the brightest observed H2 line, 1-0 S(1). We therefore use the bright 1-0 S(1) line as the basis

for our weighting scheme, and calculate the weights wx,v by squaring the flux F 1�0 S(1)
x,v found in each pixel in position

(x) and velocity (v) space for the 1-0 S(1) line:

wx,v =
⇣
F 1�0 S(1)
x,v

⌘2
(1)

The weights are then normalized as follows:

wx,v = wx,v

.X

x

X

v

wx,v (2)

The background B per pixel is determined from the median value of all pixels in the PV diagram that are  0.8%
the flux of the brightest pixel. The 0.8% limit was chosen to ensure that no line flux ends up in the background
determination. We subtract the background from the flux in each pixel Fx,v, multiply by the weights wx,v, and then
sum the result to get the extracted flux F :

F =
X

x

X

v

⇣
wx,v

�
Fx,v �B

�⌘
. (3)

Each line extraction is visually inspected to ensure that it is a real feature. Lines that appear to be contaminated
by blends, misidentifications such as OH residuals, or noise spikes are rejected. For propagation of the statistical
uncertainties, the interpolation and extraction process is repeated for the variance reported by the data reduction
pipeline. Table 1 gives the fluxes for all lines with S/N> 3.

3.6. Possible E↵ects of Dust Extinction

The dense molecular gas of the Orion Bar co-exists with copious amounts of dust. If there is enough dust in the
foreground of the observed H2 emission, the di↵erential extinction across the H and K bands could be significant enough
to a↵ect the line ratios we use to derive the rovibrational level populations. An e↵ective way to measure extinction is
to compare observed to theoretical line flux ratios from pairs of lines arising from the same upper level that are widely
separated in wavelength. Two such line pairs in our data with su�cient S/N are the 3-1 O(5)/3-2 S(1) transitions
spanning � = 1.55220� 2.238645 µm and the 3-O O(6)/3-2 S(2) transitions spanning � = 1.58115� 2.28703 µm. To
test for extinction, we combine the statistical uncertainty in the line ratios with an assumed 10% systematic uncertainty
in the relative flux calibration and telluric correction. The observed line ratios for these two pairs of lines di↵er by < 1�
from their intrinsic line ratios, showing no significant extinction. We calculate the 1� upper limit for the extinction
to be AV < 3.0 mag or AK < 0.35 mag by artificially reddening the Orion Bar spectrum with the near-IR extinction
law from Rieke & Lebofsky (1985). This is consistent with the foreground extinction towards the ionized gas at the
slit location of AV ⇠ 1.3 mag or AK ⇠ 0.15 mag measured from the Balmer decrement by Weilbacher et al. (2015),
although this measurement does not take into account the Bar’s internal extinction. Our value for extinction in the
Bar is lower than the values of AK = 2.3 ± 0.8 mag and 2.6 ± 0.7 mag for two regions in the Bar ⇠ 2200 NE of the
slit measured by Luhman et al. (1998). However, it is possible that the bright H2 emitting region we targeted is a
sightline with low internal extinction, and that the internal extinction across the Bar is variable depending on the
chosen sightline.

4. ANALYSIS

4.1. Calculating H2 Level Populations

Since the near-IR H2 lines are optically thin, the line fluxes are linearly proportional to the column density of
molecules in the upper states of the transitions. We calculate the column density of H2 in the upper state Nu from
the following equation:

Nu =
Ful

�EulhcAul

, (4)

where Ful is the flux from the radiative transition from upper (u) to lower (l) rovibrational states, �Eul is the di↵erence
in energy between the states in wavenumbers (cm�1), Aul is the transition probability (s�1), h is Planck’s constant,
and c is the speed of light.

v=0 (pure rotation)

v=1 (rovibration)
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Relative populations of OH levels deduced from airglow spectra

Infrared lines (GIANO) Optical lines (UVES)

Fig. 1. Derived column densities of the OH levels plotted against the energy of the levels above the ground state of the molecule. Left panel: values
derived from the infrared lines discussed here; right panel: reproduced with permission from Fig. 16 of Cosby & Slanger (2007); c⃝ Canadian
Science Publishing or its licensors – summarises the results based on optical (UVES) spectra. The steep straight lines in the left panel show
the distribution predicted by standard models with rotational levels thermalised at 200 K. The quasi-flat tails reveal the hot-OH component, see
Sect. 3.1 for details.

discuss the OH lines, the other emission features and the con-
tinuum emission in the Y, J, and H bands.

3.1. OH lines and the hot-OH component

Table 1 (available at the CDS) lists the lines identified as
OH transitions. For each Λ-doublet we give the wavelengths
(in vacuum) and the total observed flux of the doublet, nor-
malised to the brightest transition. For the fluxes we assumed
that the two components of each doublet have equal intensities,
i.e. that the “e” and “ f ” sub-levels are in thermal equilibrium;
this is appropriate for the density and temperature of the meso-
sphere. The listed wavelengths are derived from the newest OH
molecular constants by Bernath & Colin (2009). These include
highly excited rotational states and allowed us to identify OH
lines from rotational levels as high as J = 22.5, thus adding
important constraints on the hot component of OH emission.
This component has already been reported by Cosby & Slanger
(2007) and in Paper I. It is not included in any of the models
of OH airglow emission normally used for astronomical appli-
cations. These assume that the OH molecules have a very high
vibrational temperature (Tvib ≃9000 K) and a much lower rota-
tional temperature (Trot ≃ 200 K). In other words they assume
that the gas density is high enough to make collisional transi-
tions between rotational states much faster than radiative de-
excitations. This brings the rotational temperature to values sim-
ilar to the kinetic temperature of the gas. The net result is that
all the lines from levels with rotational quantum number J > 8.5
are normally predicted to be extremely faint and totally negligi-
ble. The number of lines that are missed by standard models can
be directly visualised in Fig. 1 which plots the column densi-
ties of the upper levels of the measured lines as a function of the
excitation energy of the levels. The steep lines show the distribu-
tion expected for a single gas component with rotational levels
thermalised at T = 200 K. The points in the quasi-flat tails repre-
sent emission lines from hot molecules that are not thermalised.
According to Cosby & Slanger (2007), this hot component is re-
lated to low-density clouds at higher altitudes. Here the gas den-
sity is lower than the critical density of the rotational levels, and
therefore, the population of the levels remains similar to what is
set at the moment the OH molecule is formed.

To provide a practical tool for predicting the intensities of
all OH lines we have fitted the observed level distribution with
a mixture of two components. The first is the standard model
(cold-OH), while the second (hot-OH) has a rotational temper-
ature that is empirically determined from the observed values.
Each vibrational state must be separately fit to obtain a good
match. This simple model works as follows: let Nu (cm−2) be the
column density of a given state (v, J, F) of the OH molecule. This
quantity is related to the excitation temperatures by the standard
Boltzmann equations, i.e.

Nu

guNOH
= e−Ev/kTv

!
ηrc

e−EJ,F/kTrc

U(Tv, Trc)
+ ηrh

e−EJ,F/kTrh

U(Tv, Trh)

"
(1)

where gu is the statistical weight of the level, NOH the total col-
umn density of OH molecules, Ev the vibrational energy of the
level, Tv the vibrational temperature, EJ,F the rotational energy
of the level, Trc the rotational temperature of the cold compo-
nent, ηrc the fraction of cold molecules, Trh the rotational tem-
perature of the hot component, ηrh the fraction of hot molecules
and U(Tv, Tr) the partition function. The photon flux of a given
transition arising from the same level is given by

Iul = Nu · Aul (2)

where Aul (s−1) is the transition probability. The points in Figs. 1
and 2 are computed from Eq. (2) using the observed line in-
tensities together with the molecular parameters of Bernath &
Colin (2009) and the transition probabilities of van der Loo &
Groenenboom (2007). The steep straight lines in the left-hand
panel of Fig. 1 plot the function defined in Eq. (1) for Tv =
9000 K, Trc = 200 K and ηrc = 1 (i.e. only cold OH). The same
function is displayed in Fig. 2 which shows the results obtained
adding a hot-OH component with parameters (ηrh, Trh) adjusted
for each vibrational level; the values of the parameters are indi-
cated in each panel.

The hot-OH component is most prominent in the lowest vi-
brational state (v = 2) and becomes progressively weaker and
cooler going to higher vibrational states. It virtually disappears
at v = 9.

A47, page 3 of 6
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Fig. 2. Same as Fig. 1 but with separate panels for each vibrational level. The straight solid lines represent the cold-OH component while the
dashed curves show the distribution obtained adding a fraction of hot-OH molecules. The numerical fraction and rotational temperature of the
hot-OH molecules is reported within each panel. See Sect. 3.1 for details.

3.2. O2 and unidentified lines

The lines that cannot be associated with OH transitions are listed
in Table 2 (this table is available at the CDS). For identifying the
O2 lines, we used the HITRAN database (Rothman et al. 2009).
Most of the identified transitions have already been reported in
Paper I. A comparison between the two spectra shows that the
intensity ratio between O2 and OH lines has varied by almost a
factor of 2 between the two epochs. This is not surprising be-
cause the oxygen lines are known to vary by large factors even
on timescales of hours. In our case the variation can be used to
select those features that follow the time behaviour of the O2
lines. These lines are identified as “O2?” (i.e. probably O2) in
Table 2.

The remaining features are not identified. Of these 34 lines
are closely spaced doublets with equal intensities. A represen-
tative example are the lines at λλ17164.5, 17165.5 Å visible in
the lower right-hand panel of Fig. 3. Several of these features
have already been detected in Paper I. They are very similar
to other Λ-split OH doublets detected in our spectra. However,
their wavelengths do not correspond to any OH transition with
Ju ≤ 40.5 and vu ≤ 10. The possibility that these doublets are
produced by OH isotopologues (e.g. 18OH) should be investi-
gated, but is beyond the aims of this paper.

3.3. The sky continuum emission

Within the H-band (1.5–1.8 µm) we detected:

– 514 lines of OH, half of which are produced by the hot-OH
component described in Sect. 3.1;

– 41 lines of O2, including two broad and prominent band
heads;

– 79 unidentified features.

Table 3. Spectral bands with low contamination from lines.

Band λ-range (Å) ∆λ/λ Line flux1

C-15167 15 153–15 183 0.0020 0.6 (210; 20.5)
C-15215 15 195–15 235 0.0026 –
C-15265 15 245–15 285 0.0026 1.6 (400; 19.8)
C-16000 15 980–16 020 0.0025 1.2 (320; 20.0)
C-166502 16 620–16 680 0.0036 2.3 (380; 19.9)
C-16784 16 770–16 798 0.0017 0.5 (170; 20.7)
C-16822 16 808–16 836 0.0017 –
C-16934 16 918–16 950 0.0019 1.3 (390; 19.8)
C-16976 16 962–16 990 0.0016 1.0 (360; 19.9)
C-17152 17 134–17 170 0.0021 0.7 (190; 20.6)
C-17580 17 555–17 605 0.0028 2.2 (430; 19.7)

Notes. (1) First entry is the lines flux in photons/m2 /s/arcsec2. Numbers
in brackets are the equivalent continuum flux (i.e., the line flux
averaged over the band width) in photons/m2/s/arcsec2/µm and in
AB-mag/arcsec2. (2) Region used by Maihara et al. (1993) to define
the sky continuum.

Finding spectral regions free of emission features and far from
bright airglow lines is already difficult in our spectra. It becomes
nearly impossible at the lower resolving powers foreseen for
MOONS (R ≃ 6600) and other faint-object IR spectrometers.
In Fig. 3 we show the observed 2D echellogram of GIANO and
the extracted 1D spectra of selected regions with relatively low
contamination from lines. Their main parameters are listed in
Table 3. They were selected with the following criteria:

– The width of the band must correspond to at least ten resolu-
tion elements of MOONS (i.e. ∆λ/λ > 1/660).

– The band must include only faint lines whose total flux, av-
eraged over the band width, is less than 500 photons/m2/
s/arcsec2/µm (equivalent to 19.6 AB-mag/arcsec2).
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Model OH rovibrational level populations to predict emission line 
intensities
Ø Deep sky spectra reveal the detailed non-LTE behavior of the OH 

rovibrational level populations (Cosby & Slanger 2007; Olivia et al. 2015) 
Ø We forward model OH emission line intensities based on these known 

trends and theoretical transition probabilities from Brook et al. (2016) 
using a three parameter toy model

Ø The three parameters are
Ø Vibration temperature
Ø Rotation temperature of cold OH component
Ø Total fraction of hot vs. cold OH



Toy Model



Vibration Temperature

Rotation Tem
perature

Fraction “hot” OH



LFC, etalon, or arc lamp give line 
profiles

Toy model of OH rovibrational 
level pops give line fluxes

Theoretical OH rovibrational 
energy levels give wavelengths

Synthetic OH Sky Spectrum

Observed sky spectrum

MCMC
Best Fit



Figure 5: Examples of sky OH 
emission lines observed in the HPF sky 
fiber including the best fit model and 
residuals.  Even with single Gaussian 
instrumental dispersion profiles and a 
three parameter toy model for the OH, 
we are able to successfully forward 
model and fit the OH sky emission 
lines.  This method successfully fits 
bright lines, dim lines, and line blends.



Incorporating sky emission lines with telluric absorption modeling

Ø Toy model gives precise sky line flux ratios 
Ø Sky emission from upper atmosphere
Ø Telluric absorption happens (mostly) in lower atmosphere
Ø Sky emission lines on top of science spectrum
Ø Sky lines give you at very specific wavelengths…

Ø A probe of telluric absorption
Ø Relative flux calibration (continuum)

Model Sky Line Fluxes
(at Specific Wavelengths) Continuum

Synthetic Telluric Model

Telluric Absorption 
Function



• TERRASPEC: A synthetic telluric 
forward modeling algorithm
• Presented at EPRV I
• LBLRTM wrapper

• Updates
• Now (mostly) using HITRAN 2016

• O2, H20
• Updated to latest version of 

LBLRTM
• Ongoing work
• Measuring the  

PSF/LSF/instrumental response 
function
• Incorporating sky emission lines



• TERRASPEC: A synthetic telluric 
forward modeling algorithm
• Presented at EPRV I
• LBLRTM wrapper

• Updates
• Now (mostly) using HITRAN 2016

• O2, H20
• Updated to latest version of 

LBLRTM
• Ongoing work

• Measuring the  
PSF/LSF/instrumental response 
function

• Incorporating sky emission lines
• Future Work

• Improving performance
• Automation



Conclusions
• Forward modeling sky emission lines (OH, O2, ect.) can be done with 

toy models that use only a few parameters for each molecule if we 
know the instrumental LSF/PSF well

• We plan to try incorporating sky emission line modeling with our 
telluric absorption modeling


