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Abstract: 

Metal-free stars in the early universe will inhabit regions of space that have not yet been chemically enriched by earlier supernovae.  However, the easiest regions to characterize at early times are volumes that have been ionized by flux from nearby, bright galaxies or proto-clusters of galaxies.  This project is a search for tiny, star-forming dwarf galaxies in regions around very luminous star-forming galaxies at z~7.7 discovered by the James Webb Space Telescope.  The project would yield constraints on the size of the ionized “bubble” around a large galaxy or proto-cluster and a systematic search for HeII (1640 Å) emission indicating a metal-free or top-heavy stellar initial mass function characteristic of Population III star formation.  All the observations described use first-light instrumentation currently under development for TMT.

Summary Table:

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

	TMT
	IRMS
	0.5
	imaging
	1.07
	300
	MCAO
	2´

	TMT
	IRMS 
	1.0
	multi-slit
	1.07, 1.44
	4000
	MCAO
	2´

	TMT
	IRIS
	0.5 
	IFU
	1.44
	4000
	MCAO
	1´´


Scientific Motivation:   

An understanding of the progress of reionization and the discovery of Population III or metal-free star formation are currently extremely active areas of research in the study of the earliest epochs in the universe.  Theories of reionzation invoke ionized “bubbles” that begin around large, early star-forming galaxies and eventually grow together to produce a fully reionized intergalactic medium (IGM).  Reionization likely extends from very high redshifts (z > 11) to z ~ 6.2 (Becker et al. 2001; Fan et al. 2002; Bennett et al. 2003; Spergel et al. 2007; Dunkley et al. 2008); thus, these bubbles likely grow during the epochs when Lyman aappears in the near infrared.  Because Lyman a is so readily scattered by neutral hydrogen, the presence of Lyman a emission is a direct indication that the IGM is locally ionized.  As a result, mapping of Lyman a sources is a probe of the growth of these bubbles (e.g., Furlanetto, Hernquist, & Zaldarriaga 2004).

Theories suggest that the first stars to form in metal-free, pristine gas may have a unique stellar initial mass function and an extremely “hard” radiation field (Bromm, Coppi, & Larson 1999, 2002; Abel, Bryan, & Norman 2000; Bromm, Kudritzki, & Loeb 2001).  As a result, the primary identifying feature in the rest-frame ultraviolet spectra of early stars is a strong HeII (1640 Å) emission line.  One of the best environments to discover these sources is the chemically unevolved surroundings of a large galaxy or proto-cluster of galaxies at high redshift.  The central sources are likely to have ionized a local “bubble” through which strong Lyman a emission can escape from surrounding dwarf galaxies.   Thus, near-infrared observations of these dwarfs could reveal strong Lyman a and He II emission and possibly a continuum.  The presence of all of these features will allow enough diagnostics to indicate the very hard radiation field characteristic of Population III.   In addition, if the He II emission is spatially extended, the almost certainly emission arises from star formation instead of an active galactic nucleus (AGN).

Approach: 

Our approach is to search for dwarf galaxies near brighter systems using narrow band imaging (R ~ 300 – 1000) with the IRMS spectrometer as an imager on TMT.  If strong Lyman a emitters are found, both the Lyman a and the HeII lines will be observed using IRMS as a multi-object spectrometer. The shape of the Lyman a line will reveal information regarding the local optical depth to neutral hydrogen and HeII will provide a probe of the hardness of the ionizing radiation field produced by the galaxy.  Finally, if strong HeII is discovered, the object will be re-observed with the IRIS instrument’s IFU mode to determine whether the emission is spatially extended (i.e., whether the source is likely an AGN).
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Limiting Factors and the Current State of the Art: 

The early, distant epochs of the universe are extremely elusive with present-day facilities because of a lack of sensitivity.  Current telescopes will likely discover larger populations of Lyman a sources.  However, with discovery limits in the vicinity of a few x 10-18 erg/s/cm2, 8-10-meter class telescopes will likely not reveal Lyman a emission from dwarf galaxies at z ~ 7, unless they are gravitationally lensed (see Figure 1).
   Thus, this project is essentially impossible in the era before 20-to-30-meter telescopes. 

Technical Details: 

This multi-step project includes 3 tiers of observations:

1. By 2016, the James Webb Space Telescope will regularly deliver deep infrared images that reveal the most massive star-forming galaxies and proto-clusters of galaxies at z > 7.  We will identify the most luminous at z ~ 7.7, where Lyman a falls in an atmospheric window between night sky lines, and conduct a narrow-band imaging search with IRMS.  Using current state-of-the-art models, we will search for Lyman a from tiny dwarf galaxies in the locally ionized region around the star-forming galaxy.  Because the size scales of ionized “bubbles” at that epoch are of order of Mpc (~3.3´) the 2´ field of view of the IRMS imager will allow a deep image of a substantial fraction of the edge of the bubble.  The actual length scale over which these sources are discovered will reveal or set a lower limit on the size of the local bubble.  The exposure time of 4 hours will allow detections in the range of ~6 x 10-19 erg/s/cm2.

2. If we discover multiple strong Lyman a sources in the first phase of the project, we will follow the strongest up with longslit observations using the IRMS instrument. We will focus on both the profile of the 1.07 mm Lyman a feature and on the region in which HeII is expected, at 1.44 mm (H-band).  Most likely, two separate observations of 4 hours each, in J and H, at R ~ 4000 will be required.  The likely sensitivity to unresolved emission is ~1.5 x 10-19 erg/s/cm2.  If a very strong HeII feature is discovered (relative to the UV continuum limits from JWST and the Lyman a feature), the observations will provide compelling evidence for a very hard radiation field from pristine star formation and/or an AGN.  If no strong HeII feature is revealed, deeper observations will be pursued to set more meaningful limits.

3. If a strong HeII is present, we will use IRIS in its IFU mode to observe this feature at 1.44 mm for ~half a night (depending on the strength of the feature).  If it is spatially extended, the HeII emission does not arise from an AGN.

Preparatory, Supporting, and Followup Observations: 

The baseline “legacy” surveys already being planned with JWST’s NIRCam instrument will almost certainly reveal many luminous, extremely high-redshift (z > 7) sources for starting targets.  

Anticipated Results:
Currently, it is extremely difficult to estimate the likelihood of success.  These sources are fainter than anything yet discovered.  Extrapolating from known sources at lower redshifts is necessarily misleading because we are seeking the epoch at which both Lyman a and HeII emission are anomalously strong. Overall, the high redshift(s) for reionization (z > 11) suggested by the WMAP satellite results suggest that the primary epoch of Population III star formation is probably before z ~ 7.7.  Thus, strong HeII emission may not appear until higher redshifts are probed with similar techniques.

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

Depending on the results, this project can readily be extended to other large galaxies and proto-clusters discovered by JWST and to other redshifts, especially the 4 large “windows” in the J-band (z ~ 7.7 to z ~ 10).  If necessary, it is possible in the H and K bands as well.  If the dwarf galaxies are more numerous or more luminous than expected, they may warrant the development of multi-object IFUs and/or a larger multiplexing capability for multi-slit observations in the near-infrared.

Summary: 

Although the proposed project is necessarily very high risk, the potential payoffs likely justify two nights of TMT time: a much greater understanding of reionization at z ~ 7.7 and, possibly, the discovery of Population III star formation.

Figure 1.  The region of Lyman a parameter space accessible with 8-to-10-meter class telescopes.  We plot the flux of Lyman a sources at z~7.7 as a function of their expected number counts.  The red shaded region is an estimate of the currently accessible region from lensing studies (upper portion) or direct narrow-band imaging (middle and right portions).  The data points indicate measurements from the literature at other redshifts.








� Although lensed sources provide important constraints on the Lyman a luminosity function, they cannot provide the spatial information required to probe the topology of reionization.





