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Abstract:  Mid-infrared molecular absorption line spectroscopy of protostars can probe the mass and molecular abundance of gas infalling from the parent molecular cloud core.  Similar observations of nearly edge-on circumstellar disk systems can probe the molecular abundances of disks.  The latter observations are complementary to observations of molecular emission from disks in that they can probe larger gas column densities, enabling the detection and study of rarer molecular species.  Probing the properties of infalling gas will address the fundamental star formation questions of (1) whether stars form via dynamical collapse and (2) whether there is a relation between initial core properties, mass infall rates, and final stellar masses.  The molecular abundances of infalling gas and circumstellar disks, when taken together, will provide unique insights into the ability of planet formation environments (disks and cloud cores) to synthesize biogenic molecules or their molecular precursors.  

Summary Table:

Summarize the observations in terms of telescope, instruments, number of nights, observing mode and instrument and AO requirements.

	Telescope
	Instrument
	# Nights
	Mode
	( range((m)
	(/((
	AO Mode
	FOV

	TMT
	 MIRES
	34
	
	7-14
	105
	
	


Scientific Motivation: 

Do stars form via dynamical infall?

Stars are believed to form from the gravitational collapse of molecular cloud cores, with the formation process including a phase of dynamical infall.  Molecular cloud core properties (temperature, density, turbulence, magnetic field strength) are believed to determine the mass infall rate that will ensue when the core undergoes gravitational collapse.  Greater thermal, turbulent, and/or magnetic support is expected to lead to higher mass infall rates.  Despite these long-standing expectations and many observational attempts to test them, the robust detection of the dynamical infall phase of star formation has remained elusive.  Possible detections of infalling gas at millimeter wavelengths are uncertain because of possible contamination from molecular outflows or background gas.  Observing gas in absorption against the stellar or disk continuum is now thought to be the most robust way to detect and probe infalling gas (Chandler et al. 2005).

Molecular absorption spectroscopy with the GSMT, therefore, provides a way to test  fundamental predictions of star formation theory.  While similar molecular absorption spectroscopy will be carried out with ALMA, shorter wavelength (mid-infrared) spectroscopy with the GSMT is complementary in probing (1) warmer gas closer to the star (i.e., at higher velocities) and (2) the properties of symmetric molecular species that do not have rotational transitions at millimeter wavelengths (CH4, C2H2).  The compact mid-infrared continuum also probes a narrower pencil beam through the infalling gas distribution.  

What is the origin of the chemical building blocks of life?

Another long-standing question concerns the origin of the prebiotic molecules that gave rise to life of Earth. The difficulty of synthesizing complex biological compounds in the environment of the young Earth (Schlesinger & Miller 1983) has led to serious consideration of the possibility that prebiotic molecules have an exogenous origin.  In one hypothesis, cosmic material that was initially chemically processed in molecular clouds underwent gravitational collapse, rained down onto the nebular disk, and underwent further chemical processing there.  The chemically processed material was then incorporated into icy bodies and delivered to Earth by asteroids, comets and meteorites.  

The GSMT can test several aspects of this scenario by probing the molecular abundances of clouds, infalling gas, disks, and comets.  These observations provide unique insights into the extent to which clouds and disks can synthesize the precursor molecules. The abundances of disks and comets can be probed using molecular emission line spectroscopy (see related proposal).  We describe here how the molecular abundances of clouds, infalling gas, and edge-on disks can be probed via absorption line spectroscopy.
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Figure 1.  High resolution Spitzer IRS spectrum of a Class I source.  The mid-infrared molecular bands of the organic molecules HCN, C2H2, and CO2 are found to be strongly in absorption, indicating the presence of warm gas along the line of sight. 

Probing molecular gas in absorption in the mid-infrared

Recent work carried out with the Spitzer Space Telescope demonstrates the feasibility of probing molecular gas in absorption in the mid-infrared.  Figure 1 shows the R=600 Spitzer IRS spectrum of a Class I source, a young star with a strongly rising mid-infrared continuum.  The mid-infrared molecular bands of the organic molecules HCN, C2H2, and CO2 are found to be strongly in absorption, indicating the presence of warm gas along the line of sight. The absorption features may arise in a circumstellar disk viewed close to edge on and/or in infalling molecular gas.  The contributions from either or both components can be distinguished with high resolution spectroscopy.

Figure 2 shows high resolution spectroscopy of the same Class I source carried out with the R=100,000 mid-infrared spectrograph TEXES on Gemini North.  At high spectral resolution, the molecular absorption is resolved into individual lines of C2H2 and HCN (left, center).  Absorption by NH3, which is undetected in the Spitzer IRS spectrum, is also detectable at high spectral resolution (right).  More generally, molecules that lack a strong band at mid-infrared wavelengths are elusive at the low spectral resolution of Spitzer IRS, but detectable at high spectral resolution.  
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Figure 2.  R=100,000 TEXES/Gemini spectroscopy resolves individual lines of C2H2 and HCN (left, center).  It also reveals absorption by NH3 (right), a molecule is undetected in the Spitzer IRS spectrum.  The horizontal bar in the right panel indicates a velocity width of 10 km/s.  The on-source integration time in each spectral region was approximately 30 minutes.

By comparing the high resolution absorption profile with a derived systemic velocity (e.g., Doppmann et al. 2008), we can determine the relative contributions to the molecular absorption profile from (1) gas in an edge-on disk, (2) gas infalling into the system from the molecular cloud core, and (3) gas outflowing from the system in a wind.  These potential components will be centered at the systemic velocity, redshifted relative to the systemic velocity, and blueshifted relative to the systemic velocity, respectively.

Approach: 

We will use high resolution mid-infrared spectroscopy with a GSMT to search for and characterize molecular absorption from infalling envelopes and nearly edge-on circumstellar disks.  We will target known Class I objects and candidate edge-on disks in nearby (d < 200 pc) star forming regions.  The observations will measure the physical properties (temperature, density) and molecular content of infalling envelopes and disk atmospheres.  By targeting young (<1 Myr old) Class I objects, sources that possess an associated molecular cloud core as well as a central forming star, we will be able to relate the properties of the infalling gas to both the initial conditions of star formation (the cloud core properties) and its outcome (the properties of the forming star).  Taken together the proposed suite of observations will (1) demonstrate that stars form through a phase of dynamical infall, (2) probe the relation between cloud core properties, mass infall rates, and emergent stellar masses, and (3) probe the chemical pathways by which cloud cores and disks synthesize complex molecules of biological interest.

To detect infalling gas, a simple strategy is to focus on molecular species that are known to be common in molecular clouds (e.g., HCN, C2H2).  For the study of prebiotic molecules, a simple strategy is to focus on measuring the abundances of building block molecules (e.g., NH3, HCN, HCOOH, etc), which are important chemical precursor species.  Molecules such as HCN, NH3, HNCO, and HC3N are known to react spontaneously in liquid water to produce amino acids.  Formic acid (HCOOH) is an important chemical precursor of glycine, the simplest biologically important amino acid.  Amino acids are the building blocks of proteins and DNA.  Thus, the abundances of these simple molecules are of significant interest.  It may be possible to detect more complex species if their abundances are high.

High resolution spectroscopy is critical to distinguishing between the potential contributions from infalling gas, a circumstellar disk, and outflowing winds.  It is also critical in order to enable the detection of weak absorption features from rare molecular species.  Given the expected degree of line crowding, a resolution of R > 20,000 is needed to resolve blends and measure individual lines.  Since infall velocities can be very small (< 5 km/s), higher spectral resolution (R~100,000) is needed to resolve the contribution from infalling gas. 

Class I sources have been identified and characterized with data from infrared space missions (IRAS, ISO, Spitzer) and ground-based facilities (optical through millimeter).  While most of these objects are expected to be young objects with infalling envelopes, some fraction may be systems that have a strongly rising MIR continuum because they have disks seen nearly edge-on.  We will select our targets from known samples of Class I objects and supplement these with samples of edge-on disks identified via NIR imaging and other means.  We need to sample a range of core properties in order to explore the relation between initial conditions and infall rates.  This suggests a sample of ~20 Class I objects and ~5 additional edge-on disks identified from NIR imaging, for a total sample size of ~25 targets.

The high sensitivity of GSMT will be critical to studying the abundances in typical systems.  The source shown in Figures 1 is by far the brightest source with known mid-infrared molecular absorption.  Higher sensitivity will be needed to study absorption in much fainter sources.

Broad wavelength coverage is also needed, because we will need to study multiple lines from a given species in order to measure temperatures and column densities.  We will also need to study multiple species in order to measure relative molecular abundances. 
Limiting Factors and the Current State of the Art: 

What are the limiting factors for this problem (e.g. sensitivity, spatial resolution, time resolution)? Why hasn’t this problem been solved with current facilities?
High sensitivity at high spectral resolution is the critical limiting factor to date.  Thus the large collecting area of a GSMT will enable critical breakthroughs.  Important path-finding work can be carried out in advance of GSMT with high resolution mid-infrared spectrographs such as TEXES on Gemini or VISIR on the VLT.  Because of the lower sensitivity of these facilities, studies with these facilities will be restricted to primarily strong absorption features (> 10% of continuum) in bright sources (> 5 Jy continuum at 12 microns).  

Thus, with existing 8-m class facilities, it will not be possible to search for weak absorption lines from rare molecular species even in the brightest sources.  More importantly, it will be difficult to characterize molecular absorption in typical Class I systems (~0.6 Jy at 12 microns; Furlan et al. 2008), much less the absorption from rare molecular species in these sources.  These sensitivity considerations strongly limit the number of sources that can be studied as well as the range of molecular species that can be probed with current facilities.

Technical Details: 

How would you actually carry out this program?  Justify the sensitivities, exposure times, number of fields, total cost in terms of telescope hours or nights. Mode of observation, queue, classical, TOO, synoptic etc.

The above program requires measuring resolved line profiles of multiple lines of multiple molecular species.  Given the need for high signal-to-noise spectra (in order to detect weak absorption features) the selected targets will be located in nearby star forming regions, within ~160 pc.  Class I sources in Taurus have a median flux density at 12 microns of 0.6 Jy, and 17 sources are brighter than 0.3 Jy at 12 microns (Furlan et al. 2008).  Assuming similar numbers of Class I sources in Ophiuchus, Chamaeleon, and Lupus, we would be able to select from these samples ~20 sources brighter than 0.3 Jy at 12 microns that span a range of core properties.  We can also select 5 nearly edge-on disks from HST imaging studies (e.g., Padgett & Stapelfeldt 2004; Schneider et al. 2005).

The sensitivity of a MIR echelle on a 30-m telescope has been previously estimated (e.g., the MIRES instrument study for the TMT).  These results predict that we will be able to obtain S/N = 300 in 2 hr on a 0.3 Jy continuum.  Such a high signal-to-noise is needed to detect weak absorption features and to measure high quality absorption line profiles.

Molecules of interest include H2O, HCN, C2H2, CH4, NH3, HCN, HNCO, and more complex molecules such as HCOOH and CH3OH.  We need to probe multiple lines of the same species that span a range of excitation potential in order to derive the excitation temperature and column density of the absorbing gas as a function of velocity.  We assume that we would need a minimum of 1 setting per molecule to accomplish this.

At an average of 1.5 hours per setting and a 25 object sample, we would require 340 hours of observing time or 34 nights.  

Such a project is best carried out in a queue scheduled observing mode in order to optimize observations of molecular species that require low water vapor or a particular observed target radial velocity.

Preparatory, Supporting, and Followup Observations: 

What data are needed in advance of, or in support of these projects? If these require observing time on 4-10m class telescopes estimate the amount of time needed.  What followup observations are needed?

The proposed study would benefit from path-finding studies of mid-infrared molecular absorption lines on 8-m class telescopes, e.g., with TEXES on the Gemini.  By studying a handful of bright targets such as that shown in Figures 1 and 2, we can hope to understand what molecular species are easily detectable and what are the optimal set of wavelength settings for a more in depth study with the GSMT. 

Anticipated Results:
What would you expect to get from the observations? Describe simulated data and results where appropriate.

Discussed above. 

Requirements and Goals Beyond the GMT and TMT Baseline Instrument Designs:

Are there capabilities needed for this science that are not in the TMT and GMT telescope, AO system and baseline instrument configurations?  If so, what is the flow-down from the high level goals to the instrument requirements?  

Describe the need for specific observing conditions or operations mode(s) (needed image quality; atmospheric transmission; need for ‘interrupt-driven’ observations)

Water vapor is an important consideration for some spectral features (e.g., H2O lines, the C2H2 Q-branch).  In addition, an appropriate radial velocity shift is often needed to avoid telluric absorption lines in order to enable the detection of absorption features.  The needed radial velocity will be different for different spectral features, depending on whether we are trying to avoid telluric lines of the same species that we are observing or lines of a different species.  Queue scheduling would enable a match to water vapor as well as the needed radial velocity shifts. 

Describe the potential of the resulting database for ‘mining’ in service of carrying out complementary scientific programs; planning future programs

Describe the potential role of other ground- and space- based facilities in carrying out the proposed investigation (e.g. JWST; ALMA; LST)

The high sensitivity and lower resolution of MIRI on JWST (R = 3000), will allow it to detect molecular absorption bands from faint sources.  However, it will not be able to resolve individual line profiles.  This is critical in order to determine whether the absorption arises in a circumstellar disk, infalling gas, or an outflowing wind.  It will also be very difficult to detect at the R=3000 resolution of MIRI molecular species that do not have strong bands in the mid-infrared.  ALMA will be a powerful tool with which to address the properties of cool infalling gas.  Mid-infrared observations will be complementary in probing (1) warmer gas closer to the star, (2) abundances of symmetric molecular species that do not have rotational transitions at millimeter/sub-millimeter wavelengths, and (3) absorption along a more compact line of sight than is probed at millimeter wavelengths.

Summary: 
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