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Large-Scale, Optical/Near-IR Galaxy Surveys With a 4-m Space Telescope

Surveys are a new way to do science, and at least for the foreseeable future, a good one.  So let’s just do it. 









          -- Jim Gunn (2008)

Critical Questions
Our understanding of galaxy formation and evolution has been revolutionized in the past decade, thanks, in large part, to large-scale, ground-based surveys like the Sloan Digital Sky Survey (SDSS) and DEEP2. Already, these surveys can claim full or partial credit for:

· Connecting the fluctuations of the CMB with the modern universe of galaxies (Tegmark et al. 2005) 

· Measuring the internal properties of galaxies leading to the discovery of the color bimodality of galaxies (Blanton et al. 2003) and its evolution between z~1 and z~0.1 (Blanton 2006)  

· Finding that the fraction of early-type galaxies increases with the local density of galaxies, but that galaxy scaling relations do not change (Park et al. 2007) 

· Clearly defining the fundamental plane for early-type galaxies and investigating the residuals about it (Graves et al. 2008)

· Solidifying the stellar-bulge – nuclear black hole connection (Kauffmann et al. 2003a,b) and discovering the starburst – AGN connection (Heckman et al. 2004)

The critical questions now for galaxy evolution concern the processes that led to the observed findings listed above. To identify and understand these processes, we need to conduct surveys of galaxies at higher redshifts, which means observing them in the near-IR. The survey images should have the resolution to show structural details, and the spectra should be good enough at least for to determine redshifts. Large numbers of galaxies are needed at each redshift, so we can we can slice the observed sample into subsamples by velocity dispersion, color, luminosity, etc. to look for correlations and trends. Surveys of large areas on the sky are needed at each redshift to avoid problems caused by field-to-field variance. 
There are plans to conduct moderate- to high-redshift surveys with large, ground-based telescopes such as Subaru/HyperSuprimeCam and LSST, but these surveys are only in the optical (CCD detectors); with the exception of WFMOS (in China), they are imaging surveys only; and they are limited by astronomical seeing. To go beyond current and planned ground-based surveys, we need to go to space. The benefits of space for understanding galaxy assembly are well known (Somerville 2005). With a space telescope, we can go into the near-IR to see old stellar populations, which represent the bulk of the mass of a galaxy, and we can apply powerful restframe-optical diagnostics such as [OII], [O III], H, D4000, [NII], H to the spectra of moderate-redshift galaxies. A large space telescope will give the high angular resolution needed to study the internal structure of moderate-redshift galaxies, with the high Strehl needed to study the host galaxies of AGN’s.

It might seem that the combination of JWST and JDEM would meet our needs. However, JWST does not have a wide field of view: its planned deep-wide survey for galaxy assembly will cover an area of only 100 arcmin2 (Gardner et al. 2006). Current JDEM concepts have a very wide field of view, but they have limited light-gathering power and angular resolution due to a small telescope aperture (1.5 m), and have a zodi-limited sensitivity due to slitless spectroscopy. There is thus a gap in the planned capabilities for studying galaxies evolution (and large-scale structure, and cosmology). This gap can be filled by a 4-m wide-field, optical/near-IR telescope currently under study by NASA for a complementary science case.

Specific Opportunities

NASA is sponsoring two mission concept studies of an UV-optical terrestrial planet finder, both of which employ a 4-m telescope (the largest telescope with monolithic primary that fits within existing launch vehicles). In both concepts, the telescope is paired with a free-flying external occulter  (Cash 2006), which blocks light from the star but not light from planets 75 mas or more from the star. With the burden of starlight-suppression off-loaded onto the occulter, the telescope is free of special constraints, and both study teams have chosen a design having a wide-field telescope, which is diffraction-limited in the near-UV (to look for ozone in exoplanet atmospheres). Because the occulter must be maneuvered from star to star, a process that usually takes about 2 weeks, 60%-85% of the mission time is available for surveys, or ~6000 hours per year over a mission lifetime of 5 years. 
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The availability of telescopes with a large, diffraction-limited field of view provides a stimulus to innovative instrument concepts (Robberto 2009). In particular, the commercial development of digital micromirror devices (DMD’s) presents another important opportunity, as a DMD can be used to create a set of pseudo-slits for multi-object spectroscopy. For example, the “CINEMA” device from Texas Instruments (Fig. 1) is a 2048x1080 array of micro-mirrors, each of which can be commanded to an OFF or ON tilt angle. Current versions of the device achieve a contrast ratio higher than 1:2500 (8.5 mag), and the micromirrors can be coated for IR sensitivity. The use of slits brings important benefits to spectroscopy by:

· Fully exploiting the very low background outside the Earth atmosphere, with a substantial gain in sensitivity over the slitless approach;

· Eliminating confusion of spectra in a crowded field, which is critical for faint galaxies
· Identifying redshifted spectral features unambiguously, since the source position is defined by the slit

· Providing protection against systematic errors, such as variable spectral purity (defined by the slit width rather than by the source size) or flat-field errors.
Figure 2 illustrates the advantages of slit spectroscopy (left) and of a large telescope aperture (right).
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Figure 2: Exposure times and S/N for stellar spectroscopy (left) and spectroscopy of emission-line sources (right). The assumed instrumental parameters for both are optical throughput=0.6, RP=400, wavelength coverage=1.0-1.7, readnoise=6 e-, dark=0.01 e-/s, and zodi=2 zodipole.

Left: The S/N achieved in a 1000-s exposure by the 4-m telescope for an input flux (in erg/s/cm2/A), F 1x10-17 (top) or 1x10-18 (bottom). The solid curves are for slit spectroscopy with DMD’s; the dotted curves, for slitless spectroscopy.
Right: Exposure times needed to measure the redshift of H emission with an uncertainty, ez< .001(z+1). The solid curve is for a 4-m telescope; the dash-dot curve, for a 1.5-m telescope (JDEM). Both curves assume slit spectroscopy with DMD’s. If JDEM does not do slit spectroscopy, the exposure times for it will be substantially longer.
A Survey/Exoplanet Space Telescope

We envision a 4-m telescope that will carry a wide-field imager and a wide-field, multi-object spectrograph with pseudo-slits to isolate the galaxies for spectroscopy and to lower the zodiacal background. At 1, the wide-field imager will have a resolution of 0.05”, corresponding to ~0.4 kpc over the redshift range, z=0.8-2.5, so the structure and color distribution of an L* galaxy (Re~2-4 kpc) can be mapped in detail. The spectrograph will consists of ~10 multi-object spectrographs each having a digital micro-mirror device (DMD) to isolate galaxies for spectroscopy, and each DMD consisting of a 2Kx1K array of 0.25x0.25 micromirrors. The spectrograph concept is similar but more compact than the spectrograph proposed for SPACE (Cimatti & Robberto, 2008), now merged with DUNE to become ESA’s EUCLID mission. The main exoplanet instrumentation consists of two integral-field spectrographs covering the wavelength range, 0.4-1.0  with CCD detectors. Each has a selectable spectral resolution, R~2000 or R~70, so it can be used for spectroscopy of galaxies as well as planetary systems. 
What is the relation of the survey side to the exoplanet side of the telescope? The 2000 decadal survey committee made clear that the exoplanet telescope at that time, called TPF, had a dual mission: it was to search for evidence of life on planets orbiting nearby stars, and it was to carry out “revolutionary” astrophysics research. Despite its name, “comparable weight” was to be given to the two science goals. Since the time of the decadal survey, this idea has run into trouble for two reasons: (1) the TPF coronagraph had such stringent requirements that a general-astrophysics camera could have only a very limited field of view, and (2) astrophysicists studying galaxy evolution did not want to be tied to an exoplanet telescope whose future was uncertain at best. The first problem is solved by the introduction of an occulter-based exoplanet mission, but the second problem is still to be addressed. We suggest that the importance of a wide-deep imaging and spectroscopic survey would in itself justify a 4-m telescope, so its development should proceed apace, while funds for developing the occulter should be made available so that the occulter would be ready as soon as or soon after the survey telescope. 
The primary motivation of the 4-m space telescope, then, is to follow galaxies back in time, to higher redshifts. However, galaxies are fainter at higher redshifts, so it can reasonably be asked whether a 4-m telescope is adequate for the job. The answer is, this telescope will be more powerful than any current or planned telescope for galaxy surveys. The lower background in space combined with the steep reduction in the zodi background brought by the use of slit spectroscopy gives the 4-m space telescope a major sensitivity gain over any current telescope on the ground. For deep near-IR spectroscopy, a 4-m space telescope is more sensitive than any of the giant telescopes now being planned. Its potential multiplexing capabilities for spectroscopy are higher than the next generation of ground-based wide-field spectroscopic surveys like WFMOS, as the high density of faint galaxies sets a relatively bright confusion limit in seeing-dominated conditions. Finally, the 4-m space telescope has ~6000 hours of observing time per year compared to ~1000 hours/year for ground-based telescopes, so it can afford to take longer exposures to reach more distant galaxies.
How Understanding of Galaxy Formation and Evolution May Be Advanced

We take as an example one of the unsolved problems in galaxy evolution, which is: what were the processes leading to the observed red/blue sequences of galaxies today? Figure 3, reproduced from Blanton (2008), shows the color-magnitude distribution of low-redshift galaxies with Blanton’s annotations to suggest possible paths and drivers of evolution. These candidate drivers can be tested by observations with a 4-m survey telescope. 

Star formation. The high angular resolution of the telescope (0.05” at 1 ) translates to a spatial resolution of ~400 pc for galaxies with redshifts, z~0.8-2. This spatial resolution is sufficient to locate where within a galaxy star-formation is occurring – in spiral arms? in a circumnuclear starburst ring? global starburst? – and thus, to identify the particular process provoking star formation.

[image: image2.png]Processes affecting colors and magnitudes

“quenching”due to
ram pressure/ vvvvvvvv T T IRARERERES IRARERERES T
starvation, AGNi, 1
: 0.8 - passive fadin “dry” mergers
gas depletion 4 fadin i 8
: L
0.6
12
|
>
0.4 :
ongoing star-formation
0.2 1

A -18 -19 -20 -21 -22
. M, — 5 logph

FAINT —————> BRIGHT





Figure 3. Processes affecting colors and magnitudes of galaxies (from Blanton 2008).

Mergers. The high sensitivity and angular resolution of the 4-m telescope will make it easier to detect low-contrast diagnostics of mergers such as tidal tails, bridges, and other distortions. In addition, spectroscopic redshifts of merger candidates will tell if they are truly interacting galaxies or coincidental overlays in the line of sight. 
Quenching. Fortunately, the myriad of possible processes that can quench star formation is matched by the myriad of diagnostic approaches applied to SDSS observations of low-redshift galaxies, including colors, morphologies, luminosities and stellar masses, stellar spectra (e.g. D4000-HA diagrams) and emission-line spectra (e.g. BPT diagrams), and environmental parameters. All these approaches are available to a 4-m survey telescope for use on galaxies at moderate redshift. 
Connections to Other Areas of Science

In August 2008, there was a conference celebrating 8 years of operation of the Sloan Digital Sky Survey. As the title of the conference, “The Sloan Digital Sky Survey: From Asteroids to Cosmology” suggests, the SDSS has made important discoveries in nearly all fields of astrophysics. We expect that this survey/exoplanet telescope will too. Obvious applications besides galaxy evolution include: dark energy; the large-scale structure of the universe; quasars, absorption systems, and the intergalactic medium. The important point here is that the same survey observations can be used for all these applications. Other applications besides galaxy evolution include: 
· Dark Energy, since this survey telescope has the potential of employing all three major techniques: supernovae (detection, photometry and redshift estimate), baryon acoustic oscillations (through multi-object spectroscopy in slit mode) and weak lensing (through wide field imaging of exquisite quality). The large telescope area will allow for signal-to-noise ratios much higher than those estimated for  JDEM.

· Search for quasars at high redshifts (z>7), detected through their large emission lines (FWHM>5000km s-1). These elusive objects can provide critical information on how massive black hole form and evolve.

· Absorption signatures tracing the structure of the cosmic web of matter, through the study of the absorption of photons from Ly and Ly transitions through the Inter-Galactic Medium, seen in the line of sight of high-redshift QSOs.

· Analysis of strong gravitational lensing, due to the capability of simultaneously taking hundreds of very deep-IR spectra of lensed background galaxies. This capability could open an entirely new window on the primordial universe.

· Wide-field spectroscopic surveys of Galactic star-forming regions; this would allow e.g. to discriminate spectroscopically cluster members from background objects, allowing to build the most accurate and unbiased HR diagrams of pre-main-sequence objects,  reconstructing the origin of the IMF in the substellar regime and the modes of recent star formation in our surroundings.

· Search for ultracool dwarfs in the vicinity of the Sun, allowing e.g. to detect Y-type dwarfs at distances up to ~100 pc. 

Observations carried out for a specific survey program can provide unique discoveries in an entirely different field. This is one of the great values offered by deep wide-field surveys, always enabled by a new generation of revolutionary astrophysical instrumentation. 

Recommendation
We strongly recommend that NASA establish an ad hoc Science Working Group, just as it did for JWST, to generate the science requirements and design reference missions for a combined survey/exoplanet telescope. 
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Figure 1. A DMD from Texas Instruments.
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