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ABSTRACT

Near-infrared bands due to the iron monohydride (FeH) molecule are a characteristic feature of late-M and -L dwarfs.

We have created aline listat 2200 K for the FeH E 4I1-A 411 electronic transition near 1.58um (6300 cm—1) based on laboratory
spectra and an ab initio calculation of the band strength.

A variety of M and L dwarfs were observed near 1.6pm with high spectral resolution (R ~ 70,000) using the Phoenix
spectrograph on the 8.1 m Gemini South telescope.

The FeH E-A transition made a surprisingly strong contribution to the observed spectral energy distributions and needs to be
included in modeling of late-M and L dwarfs.
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1. INTRODUCTION
The Wing-Ford band is present in the near-infrared spectra of late-M-type stars near 990 nm (Wing & Ford 1969).

The molecule responsible for this distinctive feature remained elusive until Nordh et al. (1977) were able to correlate the Wing-
Ford band with a band of iron monohydride (FeH) at 989.6 nm.
Wing etal. (1977) were also able to identify this band at higher spectral resolution in sunspots.
Phillips et al. (1987) carried out the definitive rotational analysis of several bands and proved that the Wing-Ford band was the
0-0 vibrational band of the F#Ai-X*A; electronic transition of FeH.
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The spectral energy distributions (SEDs) of late-M-type stars and L dwarfs display absorption bands of many molecular
species including the metal hydrides CaH, CrH, and FeH (Kirkpatrick 2005; Bochanski et al. 2007).
A strong Wing-Ford band is a characteristic feature of L-type objects (Kirkpatrick 2005).
M-type stars (with surface temperatures around 2300-3900 K) have strong oxide bands due to TiO and VO, but as the
temperature decreases to that of L-type objects (~1300-2500 K) the TiO and VO bands become fainter and are replaced by CrH
and FeH bands (Kirkpatrick et al. 1999).
The bands from these molecules remain distinguishing features until the temperature reaches that of T-type brown dwarfs
(~800-1300 K) and then CrH and FeH fade, vibration-rotation bands of H20 strengthen, and CH4 appears (Burgasser et al.
2006).
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Wallace&Hinkle (2001b) identified 68 lines of a newinfrared band system of FeH at 1.58um (6300 cm—1) in the spectrum
of a cool sunspot (Wallace & Hinkle 2001a) by comparison with a laboratory spectrum.
On the basis of ab initio calculations of the properties of the low-lying electronic states by Langhoff & Bauschlicher (1990), the
lines were tentatively assigned to the 0-0 vibrational band of the FeH £1-A4I electronic transition.
Some of these FeH lines were also seen weakly in the spectrum of the early-M star G] 411 (M2+ V) and more strongly in the late-
M star GJ] 569B (M8.5 V).
Cushing et al. (2003) used mediumresolution spectra to show that the FeH absorption features near 1.6pm are prominent in
late-M and -L dwarfs (M8 to L7.5).
The 0-0 band of £41-A41 FeH transition was rotationally analyzed by Balfour et al. (2004), who noticed an additional infrared
electronic transition at 1.35um (7400 cm—1) due to the E4I1-X*A transition.
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The lines of the Wing-Ford band and E 4I1-A 411 transition show a substantial Zeeman effect in the sunspot spectrum
(Wallace & Hinkle 2001b).



Magnetically sensitive lines of these transitions are potentially useful in the determination of magnetic fields in M and L objects
because suitable atomic lines become difficult to find in cool sources (Reiners & Basri 2006).
Themolecular g values needed are nowavailable for a number of lines in the F 4Ai-X 4Ai transition based on laboratory Zeeman
experiments and the analysis of sunspot data (Harrison et al. 2008a; Harrison & Brown 2008b).
As the suitability of a line for magnetic field determinations increases with wavelength, the E-A lines are also potentially useful
if g-values can be determined.
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Dulick etal. (2003) provided a line list for the F 4Ai-X 4Ai transition based on term values derived from the analysis of Phillips
etal. (1987) and extrapolated them to higher v’s and J’s.
Line intensities were based on an ab initio calculation of the transition dipole moment and calculated Honl-London rotational
line strength factors.
They were also able to compute molecular opacities for a range of temperatures and pressures encountered in M and L dwarf
atmospheres, and the comparison of a calculated SED with an observed L5 dwarf spectrum showed reasonable agreement at
low resolution.

T 21) w4 5(2003)I& Phillips 5(1987) DRHFHSFLNTIBEDMEICEDILNT,FA-X*A; BEOIR) X F#iRH

L. #nhoz&UEL v & JIZoMELELT=,
IR, BEIBFE— AV OIFEREHE LA HE Sz Honl-London EERERERFRBISE DV TLET,
WolFFER M BEUV L BEARTEET 2SFTSERERELENITHT 2D FOFEHAELZHETHELTE, &
HEEhi- SED EEAIENT- LS BEDARY MLEDLETIE, BEGETEENGE—BARENELT:,

In this paper, we report on our line list for the FeH E*I1- A*I1 transition near 1.58um (6300 cm—1) based on a combination
of laboratory spectra and ab initio calculations, and our highresolution observations of a series of M and L dwarfs.
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2. ASTRONOMICAL OBSERVATIONS

High-resolution infrared spectra were obtained for target M and L dwarfs using the 8.1 m Gemini South reflecting telescope and
the NOAO Phoenix spectrometer (Hinkle et al. 1998).

The observations (GS-2007A-C-2) were carried out during one night, 2007 March 2.

The program stars, listed in Table 1, were selected to be bright representatives of their spectral subclass.

The sample brackets the mid-M to mid-L spectral types.

In addition, hot stars with no intrinsic spectral lines in the regions observed were observed to remove fringing and telluric lines.
A set of ten flats and darks was also observed.
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The Phoenix spectrometer is a cryogenically cooled echelle spectrograph that uses order-separating filters to isolate
individual echelle orders.
The detector is a 1024x1024 InSb Aladdin II array.
The size of the detector in the dispersion direction limits the wavelength coverage in a single observation to about 0.5% (1550
kms—1, or ~80 A at 1.6um).
One edge of the detector is blemished, so the wavelength coverage on all but the brightest sources is typically trimmed by a few
percent to avoid this area.
The spectra discussed here were observed with the two pixel slit resulting in a spectral resolving power of R =A/AX ~ 70,000.
The two pixel wide slit is narrow on the sky, 0.18", so there were significant slit losses.
However, the highest possible resolution was felt to be appropriate for this program.
The spectral region observed was centered on 1.6524um = 6050 cm—1.
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Each program star was observed at two different positions along the slit separated by 6 on the sky.
While seeing varied during the observations, the typical delivered image quality was subarcsecond so stellar images at different
positions on the slit were well separated on the detector.
Each observation was ratioed to an average flat minus an average dark.
Differencing the observations at two different positions along the slit then removed sky and dark backgrounds.
The array image frames were then reduced to one-dimensional spectra using the IRAF routine APALL.
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The wavelength calibrations were computed by using a set of telluric wavelengths obtained from the hot-star spectra.



A number of telluric lines, mostly fairly weak, are present in the spectral interval observed.
Using the IRAF routine TELLURIC, the program stars were ratioed to the hot-star spectra.
This worked well to remove the telluric spectrum and to remove any fringing present.
In practice, virtually no evidence of telluric absorption is visible in the program star spectra.
BREBERX, Ry FRE—DARY ML bFon-—EDMREREERL THHESNELT,
BRINARY MLERIZE, FEAEDNGY BULMBRAZBEFELET,
IRAF JL—F > TELLURIC 2L T, 70T S LDRZ—%&HKRY FRA—DARY MLIZHFIESEE LT
UL, TILLARY FILEREL, BET S OERETHIDICOIFSHAELE L,
ERICIE. TOTFLOEDARY MLIZIETIVVRIROHUIEEER ShFEE A,

Table 1
Observational Log of Objects

Source Spectral Magnitude Total Integration
Type (K) (minutes)

GJ 191 M6 5.1 4
LHS 292 M6 8.0 20
GJ 406 M6 6.1 1

LHS 3003 M6 8.9 20
GI 644C M7 8.8 20
LP 944-20 M9 9.5 80
LHS 2065 M9 10.0 80
DENIS 1048-39 M9 8.6 20
2MASS J1507-16 L5 EE:3 60

Note. The reduced program star spectra are shown in Figure 2.

3. AB INITIO CALCULATION OF BAND STRENGTH N FREOE—RENE
(COMPUTATIONAL APPROACH)

The calculations are very similar to those performed for our study (Dulick et al. 2003) of the FeH F-X transition.
In order to obtain an equivalent treatment of the E, A, and X states, we optimize the orbitals using the state-averaged
completeactive-space self-consistent-field (SA-CASSCF) approach, with equal weights for each state.
The SA-CASSCF calculations are performed using symmetry and equivalence restrictions and therefore the wave functions have
Coov symmetry even though the calculations are performed in C2v symmetry.
The active space consists of the Fe 3d, 4s, and 4p orbitals and the H 1s orbital plus one additional o orbital based on preliminary
calculations.
In C2v symmetry, this corresponds to an active space of six a1, two b1, two b2, and one a2 orbitals.
More extensive correlation is included using the internally contracted multireference configuration interaction approach (IC-
MRCI; Werner & Knowles 1988; Knowles & Werner 1988).
The CASSCF configurations are used as reference configurations in the IC-MRCI calculations and only the valence electrons are
correlated.
We estimate the effect of higher excitations using the Davidson correction, which is denoted by +Q.
We obtain one state of A1 symmetry and three states of B1 symmetry, because there is a *® state between the E #I1 and A “I1
states for some internuclear separations.
It is easy to identify the @ state as there is little mixing between the @ and II states even though the IC-MRCI calculations are
performed in C2v symmetry.
Scalar relativistic effects are included using the oneelectron Douglas-Kroll (DK) approach (Hess 1986).
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The Fe basis set can be described as (20s15p10d6f4g)/ [7s7p5d3f2g].
The primitive set is derived from that of Partridge (1989).
The s, p, and d primitives are contracted based on a DKSCF calculation of the 5D state of the Fe atom.
The inner 16 s primitives are contracted to three functions and the outermost four are uncontracted, the inner ten p primitives
are contracted to two functions and the outermost five are uncontracted, and the inner six d primitives are contracted to one
function and the outermost four are uncontracted.
The fand g sets are taken from our averaged atomic natural orbital set (Bauschlicher 1995).
For hydrogen, the correlation-consistent polarized-valence triple zeta set (Dunning 1989) is used, but the contraction
coefficients are taken from a DK-SCF calculation.
The CASSCF/IC-MRCI calculations are performed using Molpro (Werner & Knowles 2002).
The computational results are summarized in Table 2 for the equilibrium bond length, re; the dissociation energy from v = 0, DO;
the equilibrium vibrational frequency, we; the vibrational anharmonic correction, wexs the term energy measured from
equilibrium, Te.
Table 3 provides the Einstein Avvvalues for the v'— v' vibrational bands.
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Table 2
Summary of the MRCI+Q Results

State Fe (_f?\) Dg (eV) wWe (em™) WeXe (em™) Te(cm_l)

X 1.564 1.54 L7771 323 0
A 1.545 1.58 1799.1 343 —408
E 1.645 1.80 1579.1 31.8 7263

4. LINE STRENGTHS AND LINE LISTS

The line list was generated by determining the intensities of all the peaks contained in the E 411-A 4IIregion (4990-6320 cm—1)
of the FeH archived spectrum (1983/01/19#2) from the National Solar Observatory (NSO).

The FeH spectrum was recorded in 1983 with the Fourier transform spectrometer of the McMath-Pierce Solar Telescope using
InSb detectors at a resolution of 0.05 cm—1.

It contains thermal emission from a King-type carbon tube furnace loaded with iron filings and a mixed atmosphere of hydrogen
and helium operating at 2400 - C and ~250 Torr (experimental details are taken from the log sheet).

Phillips et al. (1987) used spectra taken at the same time and explain in more detail the experimental setup.
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The lines in the NSO spectrum were measured using WSpectra (Carleer 2001) to generate a line list containing the
wavenumber and intensity of 6357 lines.
The region studied (4990-6320 cm—1) contains lines primarily from the E 4Ili-A 41li electronic transition, and includes
numerous unidentified lines.
From this list, 262 lines (including Q-branches) were successfully assigned using term values taken from Balfour et al. (2004).
For these identified lines, we have also included in the line list the calculated Einstein A value, lower state ] value, branch, Q2 value,
lower state energy, and lower state e/f parity.
The lower state energy values for all unidentified lines (96% of all lines) are estimated as the average of all the lower state values
from the identified lines (i.e.,, 2250 cm—1).
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The intensity values quoted in the line list are actually line strengths (S") in HITRAN units (cm molecule—1).
In Sl units, S' is defined (Bernath 2005) as
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The factor Sy is the square of the transition dipole moment and Q is the internal partition function.

S'values are line intensities as used in the HITRAN database of molecular line parameters (Rothman et al. 2009).

Using S' the Beer-Lambert law for the transmission, T, of radiation through a path length 1 is given by
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in which g(v —v10) is a normalized line shape function and N is the total concentration (and applies only at a certain temperature,

T).
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The NSO laboratory emission spectrum of FeH was fitted with Voigt lineshape functions using the WSpectra program which
provides line positions (cm—1) and line intensities (arbitrary units).
There was no need to calibrate the wavenumber scale as known CN lines were found to agree satisfactorily (+0.005 cm—1) with
previous measurements (Ram et al. 2010).
The intensity scale proved more difficult to calibrate and this was carried out by simulating the spectrum using PGOPHER
(Western 2007).
Table 4 lists the constants that were used to calculate the spectrum with PGOPHER.
The transition strength, Soo (1.391 D2) was calculated from our Einstein A value for the 0-0 band of the E-A transition (Ao =
1.458 x 105 s~1), by using

from (Bernath 2005).
For this calculation, the estimated band origin “v was taken to be 6216 cm—1 (see Table 4).
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The simulated spectrum was not a very good match to the observed spectrum, but we only required estimates for the
calculated Einstein Ay~ values of the observed lines.
The calculated Einstein AJ'—]" values were corrected with a v3 factor for the differences between observed and calculated
frequencies.
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In order to calibrate the intensity scale of the NSO laboratory spectrum we first had to select only the transitions which were
known (i.e, calculated from Balfour et al. 2004).
This allowed us to determine the integrated cross-section ( J 0 dv) from the A]'—]" value (Bernath 2005), with
NSO EERERANRY MLDBERT—ILERIET BIZ1E, £TEEENDER (DF Y. Balfour etal. 2004 MNSEHE) @
HEERT DVENSHY E LT,
RERAWT, Ay fE(Bernath 2005) SHEAMETE (J odv) ZRETHIENTEFHEL

Ajrﬁjfr(‘z 2J'+1
odv = ————— (4)
8zv? 2J7+1

which was then used to calculate S’ for each line

RIS, SNEFERALTERD S R LEL

"
Sf=fm1’v2'J aul exp _xq 1 —exp £ : (5)
(0] kT kT

The equations stated are given in SI units.

In order to allow a conversion of S' from SI units (m2 s—1 molecule—1) into HITRAN units (cm molecule—!) a conversion factor
of 100 c~1 has to be applied.

Pugh & Rao (1976) provide information for converting between various possible units for the line intensity S'.
wHIN-AREKE S BiTEZONFET,

S' % SI Bfii (m2s! 7F1) M5 HITRAN B (cm 5F-1) ITEBRTES K SIZTBICIE, 100c-1 DEHRZREZEA
TEIRLENHYFT,

Pugh & Rao (1976) (&, #RE8E S' DS FEISFLRHEMUEERT H-HDEREFRELTULET,

We were then in a position to transform the laboratory intensities into HITRAN intensities by comparing them to the
calculated intensities in HITRAN units.
This proved more difficult than it first seemed.
After detailed analysis of the laboratory line intensities it was discovered that they more closely resembled emission from FeH
at 2200 K (as oppose to 2673 K) and this was the temperature used to calculate the intensities in HITRAN units.
The corresponding partition function is given by Dulick et al. (2003) as Q2200K = 5534.78.
The observed intensities (Semission) were converted from emission to absorption (Nassar and Bernath 2003) by

D%, REREDREZ HITRAN B THESI-RELET S & T, HITRAN BEICEMTESLSI1ZY

F L1
CNEHRMB oK YBHLWOZ EAHIBALELT,
EEREDIRRE IS LT=FEER. (2673K & IIXEBAIZ) 2200K TO FeH MoDHEKIZEY KBTS I EM



FIBALFE L=, THIE, HITRAN B TREZHETHEOICFERESNHEETL -,
X9 52 ELREENIE Dulick etal. (2003) [2&k 2T quaook=553478 £5ZX 5N TLVET,
BUASNI-ERE (G X, ROAEICE Y BETH S IRIRICEH S NE LTz (Nassar and Bernath 2003),

Sabsorption =

§
Semission

Fexp (—f7)

The linear calibration factor was found to be 7.968 x 1021 (Figure 1).

(6)

The intensities of all of the lines in the laboratory spectrum of the E 4I1-A 411 region were then converted into HITRAN units (at
2200 K) for the final line list.
RRIEREE 7968 x 1021 THH LMY ELE (® 1),
RIZ, “-A‘TBEOEBREARY MLDTRTDS A VOBREH, RIEKESA4 > )R MAD HITRAN Bfi (2200
K) [ZEHshFE L=,

Table 5
Sample Line List of the E *IT— A *IT Transition of FeH
Wavenumber Intensity E lower Einstein A J lower Branch Q
(cm™1) (em molecule™!) (cm™!) &Y (cm~1) & Parity

6137.8061523 0.6618295E—18 2250.00

6137.7275391 0.1444019E—18 2250.00

6137.5366211 0.1247505E—-17 1178.08 0.62512580E+05 0.350E+01 R 1.5f
61374711914 0.2174224E—17 375622 0.71171470E+05 0.185E+02 R 0.5f
6137.3930664 0.7319333E—19 2250.00

6137.3613281 0.5026452E—18 2250.00

6137.2729492 0.3660579E—18 2250.00

6137.0297852 0.1381187E—17 324722 0.72471440E+05 0.175E+02 R 1.5e
6136.9233398 0.6917597E—18 2250.00

6136.7304688 0.1066923E—17 2250.00

(This table is available in its entirety in machine-readable and Virtual Observatory (VO) forms in the online journal. A portion is shown here for
guidance regarding its form and content.)
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Figure 1. Scatter plot of the calculated line strength values S’ and the observed
line strength values Sypsorption- The calibration factor of 7.968 x 102! is shown
as the dotted line.



5. STELLAR MODELS

The spectral line synthesis of the FeH line opacity is done with the line formation computer code SYNTH3 (Kochukhov 2007).
With this code, we are able to compute large spectral regions, including all lines in the line list and we account for blends.
The pressure broadening was approximated by van de Waals broadening, which becomes important at effective temperatures
below 3000 K, and is treated in the hydrogenic approximation (Schweitzer et al. 1996, and references therein).
For this we need the ionization energy of FeH which we choose at 6 eV (Wende et al. 2009), although this value differs from the
actual value, the effects on the model are negligible.
SYNTH3 accounts for H, He, and H2 as collisional perturbers in the van de Waals broadening.
However to match observed line wings of FeH, it is still necessary to apply an enhancement factor as Schweitzer et al. (1996) did
for other molecules.
An enhancement factor is commonly used for spectral synthesis of molecules and helps to account for collisional perturbations
(Wende et al. 2010).
We use a factor of 2.5 which has been obtained by comparing model atmospheres to high-resolution spectra.

FeH & BBAEDARY MURERKIEZ, a2 Ea—4 31— K SYNTH3 (Kochukhov 2007) %{#F L TiThhZE
ER
COIA—FEFERTHE. T4 VAMADTARTDIF A VEBLKRERANRY MLIEBZFETE, JLUFEER
TEFEY,
FENEMVIET 7Y T« T—IVRERY ISR > TEMSh, ShiE 3000 KREDHEMEETER LAY KFALIT
(Schweitzer etal. 1996 & & UZ DESEXH) kb,
ZD=®HIZIE. 6eV T:ERLIz FeH DA A MEIRILF—HWMETT (Wendeetal. 2009), & DIEITEREDEE (FEL
YETH. ETIADEEFIERTEET,
SYNTH3 &, 77> T T—LVRGENYIZEFTHEREFMEE LT H. He. HXUV H2 &AL ET,
==L, 8N fz FeH D54 >4 U5 E—EE 8 BIZIL. Schweitzer (1996) MDD FIZDLNTITof=&k 5 (1
REREERT PRENHYET,
ERRERBIIDFDARY MLERIZ—BIICERSIN, BRICEHEBZHPTHDIHEILLFET (Wende etal. 2010),
CCITRETIVARESBRBEARY MLERKT ST LITLoTRONRE 25 ZEALET,

The underlying atmosphere models are MARCS models (Gustafsson et al. 2008) with solar composition (Grevesse etal. 2007)
and in the opacity sampling, all of the available atomic and molecular species were taken into account.
We create a sequence of models with effective temperatures of 2500 K, 2700 K, 2900 K, and 3100 K, and log g = 5.0.
No dust is included in these calculations, but itwould be important at effective temperatures below 2500 K.
At these low temperatures, we do not expect any significant influence from convective velocity fields and therefore we include
no micro- or macro-turbulent broadening in the line formation (Wende et al. 2009).

ERLBDZRERETIVIE. AB5HRL (Grevesseetal. 2007) Z{A 7= MARCS ET /L (Gustafssonetal.2008) THY) .

FERES T U TR, MATELZRFESUNFENTATERELE LT,
EIRE 2500K, 2700K. 2900K, H&K U 3100K, logg=50 D—EDETILEERLET,
INLDFEICFEEFIEFNTOEREAN, 2500K REDEMRETEIEEIZLGY FES,
D& S HEETIE, REES, S DERGHZEFIFRING =0, ROWMKIZIT I/ 0FE<I OERDLEAY X
EHFEHA (Wendeetal 2009),

6. RESULTS AND DISCUSSION

We have successfully produced a line list for the E 4I1i-A 4I1i region of FeH which can be applied to atmospheric models.



The line list contains assigned lines from Balfour et al. (2004) and the remaining lines are unassigned with an estimated average
lower state energy of 2250 cm—1.

An error of 5% (£112.5 cm—1) in the estimated lower state energy will result in an error of less than +0.5% in the calculated
intensity for a temperature shift of +100 K.

The assigned lines do not include the E 4[1—1/2-A 4I1—1/2 subband because the lines could not be assigned with certainty
(Balfour et al. 2004).

A sample of the FeH line list is shown in Table 5 and the full line list is available as supplementary material.

Ft=blE. KKRETIVISERATES FeH O E ;- A L EEOR Y X FEERT D EITHRMILE LT,

##1) X MIZIE, Balfour 5(2004) MSEY BTHENENEENTUOET, KUY DHRIE 2250 cmt & LS HEE FHERK
BIRILF—[FEYBTONTLVEL,

HEE SNBLDREET RIILX—D +£5% (+1125cm-1) DIREX, £100K DBEED T MMIxT 2 EREDREL +
0.5% FRimlZHEYET,
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Figure 2. Comparison of the SEDs of ebservations from the Gemini South observatory with the NSO laboratory spectrum and & model atmosphere containing FeH at
2700 K. Each object has been scaled and plotted on an arbitrary absorption axis.



BlYBTONFAUITIE E Ny - AT, TN FREFNTOERA, ChIE, 54 VEERCEIYETSHIE
MTEEAN>T1=HTT (Balfour etal. 2004),
FeH 42 YR MDYV TIVER 5 ITRLET, BELETA Y VA MIHERERE LTAFTEET,

Figure 2 shows the observations obtained from the Phoenix spectrograph on Gemini South.
What is immediately apparent is the abundance of FeH lines in this region, with almost all of the absorption caused by FeH.
Although some of the objects are rapid rotators and the lines suffer from rotational broadening, in particular, LP 944, 2MASS
1507, and DENIS 1048, it is still clear that the FeH absorption lines make a significant contribution to the SED in this region.
From these observations, we have been able to successfully identify lines due to the E 4I1-A 411 transition in the near-infrared
spectra of L and M dwarfs.
A single setting of the Phoenix spectrograph gave coverage only in the relatively narrow 6036-6064 cm~! region.
Although the region is not large, comparison of the observed SEDs with the NSO laboratory spectrum and the 2700 K model we
are able to assign almost every feature to the FeH molecule.
If we only include the assigned FeH lines into our model, then the spectra are not reproduced, however, inclusion of the unassigned
FeH lines gives a very reasonable agreement with the dwarf spectra (see specifically LHS 292 in Figure 2).

21F, PIZZHEOT IV IAGKBNORONBEERERLTVEY,

T CIThNBDIE. COREIC FeH WMSEBICHFEL. RIDIFEAETRTA FeH (&> THIEFRISNDHIET
ER
—HBOXRKITEEEERATHY . T LP 944, 2MASS 1507, DENIS 1048 7 EDFRIFEERLEANY R L TLET AN
FeH WUUERAC DFRIEHD SED [TKELKHFES LTSI &AL LTHLMNTT,
CNOOEAINS, L BELE M BEODEFNRRY MLIZEITS ET-A EBICKIBREFET S LICHYILE
L7=.
TIZ VI ADRBDE—RETIE, LLEHIIELY 6036 ~ 6064 cm? FBIHDAHEHN—TEELT,
REERECHY FEAL, BTSN Iz SED & NSO REREARY MLEKY 2700K ETILEHKT HE. FEFTA
TOFH % FeH NFICEIVHTH I ENTEFT,
BYLSTOHN: Fel 54 VDHEETMZEDHDE, ARY MUFBRSAFRAL, BYHTLATLVEL FeH 5
AUEEHDE, BEARY FLEDOFRICEGENGE—BMNELNAFT GFICE 2 O LHS292 #58),

The conversion from arbitrary line intensities to HITRAN line intensities as discussed in Figure 1 shows more scatter than
expected.
The straight line fit is not as good as we would have liked and there are many reasons why this could be the case.
We analyzed the laboratory spectrum in detail to try and determine the effective temperature, but we obtained different metal
hydrides are known to have complicated perturbed spectra and calculations of both line positions and line intensities are
unreliable.
The E and A states are not isolated and suffer from extensive perturbations which affect both line positions and line intensities.
Calculations with programs based on effective Hamiltonians such as PGOPHER do not work well at high-resolution for FeH.

B 1 THALLELSIS, FEDS A MEMND HITRAN 4 VBEADERTE, PERLY IKERESD2ENR

BNFEY,
EfRDT 1 v MNEFHFLEFERFTREHYEFEAN, CNITEEDEANEZ OGNET,
FAF=BIIENEEZRET H-OITKBREARY MLZFHMBICHTLE LD, SETELEBKFMSEMTETHR
N PLEFDZEAMONTEY ., ROMEEBROBEDHADHERBETELZN EA/DMYELT,
E REBE A KBEIHDHMEINTELT . SMVDMEL TS VOREDEAICFHE L5 A HLETIEBOZEETRZITES,
PGOPHER Z EDEMNZIV =T UIZE DK TAT S LICL HEHEIL, FeH DEMREETIE S EHIELEEA,



The intensity calibration factor (7.968 X 1021) was obtained by fitting the points shown in Figure 1.
Although the points show considerable scatter, the relative intensities of the lines are based mainly on experimental observations
of a sample with a temperature close to that of a late-M or early-L dwarfs.
The ab initio calculation of the Einstein AO0 value is used to provide an absolute intensity calibration.
Due to the clear influence of FeH on the SEDs of late-M and -L dwarfs our E 4I1-A 411 (6320-4990 cm—1) line list should find
application in spectral simulations.

SERERIERE (7.968%x102) (&, B 1 ISRITRETA VT4 T THIEICK>THIESNFELT
RIZEINZYDIESDENRSNFTH, ROMEXEEIFEIC. M REAF-(E L HOZEDREISEVVEEDY VT
IVDOEBHRRICE DV TUVET,

TA184 Y Aw ED abinitio FEIT. MEABEDRIEZIT I =OIERINET,
HE M BB KIUERY L B4EE0 SED (Ixt9 5 FeH MBLALREZICKY. E *TI-A4 *11 (6320-4990cm-1) #R1) X b
FRART ML 2alb—2aVITGATESEFT T,

7. CONCLUSION

We have obtained a line list at 2200K for the E 4I1i-A 4I1i FeH transition near 1.6pumbased on experimental measurements and
an ab initio calculation of the band strength.

The FeH line list can be used in model atmospheres of cool stars and brown dwarfs.

The line list contains assigned lines from Balfour et al. (2004) and additional unassigned lines which are included with an
estimated average lower state energy (2250 cm—1).

RERAITE £/\ FIBEDIHRERMETEICE DT, 1.6 um {HEDE *1;- A *1; FeH BFED 2200K TOHR' X F#HEFL
F L1

FeH 54 V)R ME, -V A —PEREEDARETIVICERATEEY,

##1) X MIZIE, Balfour 5(2000)M5EY BTONBAEFENTULET, ThE. HEFHEMKEIRILF— (2250
cm?) [CTEENDEBMOKREY ATOITLHYET,

Observations near 1.6pum were made at high-resolution with the Phoenix spectrograph at Gemini South on L and M dwarfs
and almost every feature can be assigned to FeH.
When we include the FeH line list in a model atmosphere we are able to match the observed SEDs.
We believe that this shows the need to include the E - A FeH line list when modeling late-M and -L dwarfs.

DIITHICHAITIZVIRDNBFREFERLT. L BELE M BREZEMREET Loum HEDEAMNTHN. (F

[FFRTORFEM FeH ITIREB T HENTEE LT,
FeH 54 V) A FEETIATHIZEDD &, BEISITz SED E—HSEBDHIENTEEY,
CNIEERAMUZRE LRI LEEEZETIVET AMRICE-AFeH 54 V)R M EEBHIMENHLLERLTNSE
EAoNET,
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