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Outline

 Motivation & traditional telluric correction techniques
« TERRASPEC: Synthetic forward modeling

« Examples
- Keck + NIRSPEC (L-band)

- HET + HRS (R-band)
- HET + Pathfinder (Y-band, H-band)
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Motivation

Near-IR observations

1) offer significant potential for increased sensitivity to low-
mass planets

2) facilitate a vast amount of important non-exoplanet
astronomy.
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Motivation

Near-IR observations:

1) offer significant potential for increased sensitivity to low-
mass planets

2) facilitate a vast amount of important non-exoplanet
astronomy.

Consequently:

- many new near-IR spectrographs are planned, being built,
or being commissioned (Barnes, Mahadevan, Martin,
Quirrenbach)

- existing facilities are being re-examined and upgraded
(Figueira, Plavchan).
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Motivation

Atmospheric transmission

(AAQ Ch 7. pg 145)

Wavelength (um)

Telluric absorption in the spectrum is a significant problem
In the infrared and must be precisely corrected!
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Traditional telluric correction procedure

1)Observe “telluric standard” star(s) (e.g. w/out stellar
features in waveband of interest)

2)Scale (1) to air-mass of target spectrum
3)Divide (2) into target spectrum

4)Plug the resulting perfectly corrected target spectrum
Into the next step in your data analysis pipeline.
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Traditional telluric correction procedure

1)Observe “telluric standard” star(s) (e.g. w/out stellar
features in waveband of interest)

2)Scale (1) to air-mass of target spectrum

3)Divide (2) into target spectrum

1) Plag-theresultingperfectycorrectedtarget speetrum

5)Iterate (2) & (3) until you get tired and give up.
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Why doesn't this work?

. Atmosphere columns (particularly H O) are highly
dependent on where and when you are looking.

- Rarely are telluric standards spatially close to target stars.

- Even if they are, observing them coincidentally with target
observations adds overhead and complication

« Correct airmass scaling requires multiple telluric
standards

- Expensive in observing time
- or specialized instrumentation (e.g. MOS)
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Why doesn't this work?

. Atmosphere columns (particularly H O) are highly
dependent on where and when you are looking.

- Rarely are telluric standards spatially close to target stars.

- Even if they are, observing them coincidentally with target
observations adds overhead and complication

« Correct airmass scaling requires multiple telluric
standards

- Expensive in observing time
- or specialized instrumentation (e.g. MOS)

« Without heroic effort, observational correction typically
good to a few percent.
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How to do we obtain a more precise correction?

Get Help!
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LBLRTM - A line-by-line radiative transfer
model of the Earth's atmosphere

A public release RT code from Atmospheric and Environmental Research, Inc., (Clough
et al. 2005) (FASCODE heritage)

B sl 6 built-in atmospheres (or custom):

' ' " column profiles for P, T, 38 species
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example: 1976 Standard US Atmosphere
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HITRAN Line Database

Joumal of Quantitative Spectroscopy & Radiative Transfer 110 (2009) 533-572

Contents lists available at ScienceDirect
ournal of
Journal of Quantitative Spectroscopy & pectuatapy &

adiative

Radiative Transfer e

journal homepage: www.elsevier.com/locate/jqgsrt

The HITRAN 2008 molecular spectroscopic database

L.S. Rothman **, LE. Gordon?, A. Barbe?, D.Chris Benner€, P.F. Bernath 9, M. Birk ¢, V. Boudon ¥,
L.R. Brown#, A. Campargue ", J.-P. Championf, K. Chance?, LH. Coudert', V. Dana’, V.M. Devi ¢,
S. Fally k1 J.-M. Flaud I R.R. Gamache, A. Goldman M D. Jacquemart”, L. Kleiner’,

N. Lacome ", W.J. Lafferty °, ].-Y. Mandin’, S.T. MassieP, S.N. Mikhailenko 9, C.E. Miller#, _
N. Moazzen-Ahmadi’, O.V. Naumenko 9, A.V. Nikitin9, |. Orphal’, V.I. Perevalov 9, A. Perrin’,
A. Predoi-Cross %, C.P. Rinsland ¢, M. Rotger >, M. Simeckova®?, M.A.H. Smith®, K. Sung?,
S.A. Tashkun9, |. Tennyson", RA. Toth®, A.C. Vandaele ", . Vander AuweraX
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Outline

« Traditional telluric correction techniques
« TERRASPEC: Synthetic forward modeling

« Examples
- Keck + NIRSPEC (L-band)

- HET + HRS (R-band)
- HET + Pathfinder (Y-band, H-band)
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The TERRASPEC Algorithm

(Terrestrial Absorption Spectrum Corrector)

Observing hot stars is not practical because of H O variability &
observing time constraints

Forward model telluric absorption using Line-By-Line RT Model

Standard Atmosphere Non-linear
(Tropical, U51976, EtC) |:> LBLRTM I:> |ea5t_square5
+ (Clough et al. e :
2005) F— minimization
Current Ozonesonde (MPFIT, Markwardt 2008)
+
Current Radiosonde % y
+
Observing conditions Synthetic telluric absorption function
(ZA range, altitude, (R~500K)

summit temperature,
airmass range)

Wavelength dependent instrument profile
Continuum normalization corrections
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The TERRASPEC IDL wrapper

TERRASPEC: Terrestrial Absorption Spectrum Caorrector

Nuit I Help I Clip Continuum Clip Region | Lock Cuntinuuml Lock Disp Soln Setup Linelist I Calculate Model I

Rezet ”F«ler‘ts Ib.OOO Re=zet | Lock IP | Setup Model | Optimize Model |

Load Spectr‘um:l /honeschenderywark/pathf inder/ 20100806/ vega/ test 39 futo Scale |

Target Hmin £475,088

1.0 -
! Hmane £507,808
Hin 0.67339
Ha 1.0352

YMin (M) |$,96727

YMa (M) |3, 0599

Units  Wavenumbers —i |

futo Scale

# Corrected < IP
Hmin £475,088
Hhax B507,508
LBLRTH Fini ully ) ¥Hin 0.96667

rmedel_o54 ik

Plot Comp Spectrum |

Wrad D.0000000

@8 @ (v | O e smonspeonn (911 o L UMMM 8 %o e & O
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The TERRASPEC IDL wrapper

I:ll:usel ﬂl

RER Line File [TAPEL Target}:l homedchenderAworkAradtransLBLETHA aer_v_2, 2/ line_filedaer_w_2.2

Ymin (ldcm):  B441, 0000 Yma (1dcm):  B542,0000

« 11 Molecules “™ First Sewven +r Mone

7 {1y H20 7 (2 co2 m (3) 03 7 (43 N20 7 {5} CO 7 (&) CH4 F (¥} 0z
{8y NO - (9} 502 - (100 HozZ - (11} HHZ I (12} HNOZ - (13} OH - (14} HF
- (15} HCL - (16} HER I {173 HI - (18 CLO - (133 OCs - (203 H2CO
I (21} HOCL - (22) W2 I (23} HCW I (24 CH3CL 1 (26) H202 - (26) C2HZ

-1 (27) C2HE - (28} PH3 -1 (29} COF2 - (303 5FE - (31} H25 -1 (32} HCOOH

- (33} HO2 24 0 I (35} CLONDZ 1 (36 MO+ -1 (Z7) HOER - (38) C2H4

S LHOUT - MOCPL I MLTE &2 S sED 1 F1E0 1 BLKL
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The TERRASPEC IDL wrapper

TERRASPEC: Line-by-Line Radiative Transfer Mocdel Controller (LELRT M)

Elu:usel Helpl
[_ Summary ] Record 1 ] Record 1,2 ] Fecord 3 ] Model = 0 ] Record 12
EI Calculation Range: Ymin (1/cm): B471,0142 Wias (1lzm) s ER11,8818
BER Li Atmozpheric Model = Scaling Yalue
Mum, Mol, Scaled |B vnone w0 vl e 3
Ymin (1 Ex US Standard 1976 — | A~ ~ A0 Ij;g+3031511|-:+00
1: H20 = |
A1l
(1) Dbzerver Location (default: Hauna Kea) Observation Zenith Ang (deg)
)] Latitude {deg) |19,860 Height (km) |2,075 Fixed |E5,000 Labngeabe e Ezisz;*::_:sfl
15y
Continuum Fit Coeff,
I (21)
1 (27 Cio} |31,22023 C(1) |+3.25631E-05
1 (33) : [
Responze Coeff, Width |0, 0541485
1 LHOU | R | | ”
L Sat 1 |0,510481 L 5at 2 | 0,00329416 L Sk T |, R Lok & || R
R Sat 1 |3,00000 R Sat 2 |5, 00000 Bolar TR 00 Bolab s | B 40000
Optimize Parameters:
Continuum Fit: Columh Scalings Fesponze Functiont Other Par=z:
= Ciod 7 (1) H20 1 (&) CO FLSat1 FFRSat i 1 Zenith Ang
7 CiLh*y 7 (2) c02 1 (B CH4 FLSat? IR Sat?
C.Ben | _icizme J(3) 03 4 (7) 02 LSat 2 R Sat 3
I C{EI*EE - (4} NZD AL Sat 4 R Sat 4




Outline

« Traditional telluric correction techniques
« TERRASPEC: Synthetic forward modeling

« Examples

- HET + Pathfinder Telluric Standard
- Keck + NIRSPEC (L-band)

- HET + HRS (R-band)

- HET + Pathfinder (Y-band, H-band)
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HET + PATHFINDER (H-band) Telluric Std:

(Brandon Botzer)
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HET + PATHFINDER (H-band):

(Brandon Botzer)
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Keck + NIRSPEC @ L-band:

A worst case scenario (hopefully)

Observed Spectrum
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Keck + NIRSPEC @ L-band:

A worst case scenario (hopefully)

Observed Spectrum
Telluric Correction X Optical Fringing
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Keck + NIRSPEC @ L-band:

A worst case scenario (hopefully)

Observed Spectrum = ( Telluric Correction x Optical Fringing )
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Keck + NIRSPEC @ L-band:

A worst case scenario (hopefully)

Derived instrument profile (aka. Valenti, Butler, & Marcy 1995)
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HET + HRS
@ R:(Sara Gettel)

Mormalized Flux
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Wavelength (4}
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HET + HRS
@ R:(Sara Gettel)

C. Bender: Advances in Telluric CI

Mormalized Flux
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HET + PATHFINDER (H-band):

(Brandon Botzer)
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HET + PATHFINDER (H-band):

(Brandon Botzer)
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HET + PATHFINDER (H-band):

(Brandon Botzer)
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HET + PATHFINDER (H-band):

(Brandon Botzer)
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Some comments...

« The telluric absorption function can be forward modeled
with sufficient precision to remove it from spectra,
without the aid of a telluric standard.

 The achieved correction can be at the S/N of the target
spectrum, considerably better than possible with
observed tellurics.

« The modeling procedure can use the synthetic telluric
solution to derive the instrument profile.
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Future efforts

 Improve correction speed to enable use by large surveys

« Multi-order corrections that automatically derives species
Information over full spectrograph bandwidth

« Explore limits on velocity precision of near-IR, telluric
corrected spectra
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