1 Science Programs organized by Instrument Concepts

1.1 IRIS: InfraRed Imaging Spectrometer (local stellar pops: where?)

1.1.1 Overview of capability and expected performance

This instrument is intended to provide moderate spectral resolution (~ R=4000) spatially resolved spectroscopy and imaging over a small field of view in the wavelength region from 1µm to 2.5µm (extensions of this range to 0.6µ and 5µ are desirable). It will be fed by an adaptive-optics-corrected beam and will be capable of working spatially at the diffraction limit of the 30m telescope at all wavelengths longer than 1µm. Spectroscopy will be spatially resolved through use of an integral-field unit (IFU). In addition to reconstructing images from the spectrum from each IFU resolution element, this instrument will have a diffraction-limited, larger-field direct imaging mode. A parallel imaging capability would be advantageous for some projects, as well as for providing simultaneous knowledge of the point-spread function. This is the highest priority instrument for TMT because (1) it best takes advantage of the capabilities unique to a 30m telescope with images corrected to the diffraction limit, and (2) it offers a range of capabilities that will be used for a broad range of science areas. 

Using conservative assumptions based on the performance of existing systems, it is anticipated that IRIS+NFIRAOS will allow point sources as faint as K = 28 (KAB = 30) to be detected at the 3(( level in the K-band with 3 hour exposure times.

1.1.2 Overview of anticipated science areas

· The physics of galaxy formation. Spatially resolved studies of galaxies and assemblages of sub-galactic-mass objects providing measurements of kinematics, chemistry and physical conditions on scales ~ 100 parsecs will be possible for objects from the epoch of peak star formation in the Universe (z=1 – 4).

· AGNs, Black Hole demographics and growth throughout cosmic history: Photometric, spectroscopic and, for Local Group galaxies, astrometric studies of stellar and gas orbits in the centers of galaxies will improve our understanding of the nature of supermassive black holes and their effect on their surroundings in the local Universe and extend our knowledge of galactic-size black hole formation and growth to z≥4.

· Stellar populations in galaxies from the Local Group to the Virgo Cluster. The combination of precise photometry of large samples of stars in galaxies up to distances of 15 Mpc and spectroscopy of the brightest red-giant and supergiant stars in the same fields will allow direct determinations of the metal abundance distributions and star-formation histories of hundreds of galaxies in the local Universe.

· The Evolution of Star Clusters and the IMF. 3-dimensional orbits and stellar luminosity functions will be able to be measured in the cores of dense stellar systems ranging from the Galactic Center, to core-collapse globular clusters, to young star-forming clusters.
· The Detection and Characterization of Extrasolar Planets and Planet-forming environments. Studies of extrasolar planets and proto-planetary disks are in their infancy with AO systems coming on line on 8 and 10m telescopes. The number of good targets (nearby, young stars) is limiting progress in this field.  IRIS will be a very powerful facility for characterizing extrasolar planets and disks as it will provide much improved diagnostic capability and dramatically increase the sample of systems.
· Solar System studies. IRIS will have better physical spatial resolution and much higher sensitivity for studying solar system objects (planets, moons and asteroids) than many space missions of the past two decades. 

1.1.3 Specific Science Cases: Detailed Discussions

1.1.3.1 Studies of Galaxies at High Redshift (C. Steidel, CIT)

A major breakthrough scientific application of IRIS+NFIRAOS will be the spatial dissection of galaxies during the peak epoch of galaxy formation, in the range z ~ 1-4, which evidently harbors the most active period of star formation and AGN accretion in the history of the universe. Observations of these galaxies with the TMT will exploit both the light gathering power and the unique angular resolution at near-IR wavelengths provided by this facility. While large samples of galaxies throughout this redshift range are already known, and the current generation of 8 – 10 metre telescopes will learn a great deal more in the next decade, spatially resolved spectroscopy, which will allow differences in chemistry, kinematics, and physical conditions to be mapped as a function of spatial position within the galaxies, is required to go beyond measurements of crude global properties, and thereby gain fresh understanding into the physics of galaxy formation. IRIS, with its imaging and IFU capabilities, will provide the crucial first steps in a comprehensive survey of these systems. 

Galaxies at z = 1 – 4 generally show considerable spatial structure in the highest-resolution images available at present, which are those recorded with the Hubble Space Telescope Advanced  Camera for Surveys (ACS); examples are shown in Figure 8. These data show that the target galaxies exhibit a tremendous diversity in spatial structure and surface brightness at the spatial resolution of the ACS; however, it is not clear what these galaxies will look like at the diffraction limit of the TMT – at some angular resolution they should break up into luminous point-like super star clusters and/or individual giant HII regions, and the detection of objects of this nature will provide a breakthrough in characterizing the assembly of disks and spheroids. It is anticipated that the TMT will come close to detecting the brightest clusters and star-forming regions, as the diffraction limit of  the TMT at 2 microns is roughly 15 milli-arcseconds, which corresponds to ~100 pc nearly independent of redshift through the redshift range of primary interest. For comparison, the largest rich star clusters in nearby galaxies can have sizes approaching a few tens of parsecs. Clusters at z ~ 3 that have masses in excess of 106 solar masses and are viewed within the first 108 years of their evolution should be within the detection threshold of IRIS in K-band imaging mode.
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The near-IR provides access to well-calibrated diagnostic emission and absorption lines throughout the rest-frame optical part of the spectrum during the z=1-4 era. However, spatially resolved spectroscopy of forming galaxies is challenging because the targets are faint in the near-IR; even the brightest examples, as in Figure 8, have KAB~22-24.5 in the continuum. The typical total angular size of the galaxies of interest is ~ 0.5-2 arc seconds in diameter, and so a spectroscopic field of ~ 2 arc seconds would comfortably map the emission line and continuum characteristics of the entire luminous region. 
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The sensitivity of spatially resolved spectroscopy of high-z galaxies with the TMT is uncertain, as knowledge of spatial structure on scales below those that have been observed to date is required. Moreover, there will almost certainly be a diffuse component made up of unresolved stars and gas emission. To deal with these eventualities, it is essential to have flexibility in the spatial sampling of the IRIS IFU. In Figure 9 we demonstrate the detection of H( in four real galaxies, observed at 0.1(( resolution by HST/ACS. It has been assumed that the H( line flux traces the UV continuum light and has the same ratio of H alpha to UV everywhere in the galaxy. We further assume that the total H( flux is 10-17 ergs sec-1 cm-2, which at the redshift of the galaxies (z=2.3) corresponds to star formation rates of ~ 4 solar masses per year (i.e., similar to the Galaxy today). A Strehl ratio of 0.5 is assumed. The color scale shows the S/N ratio for the H( line at each 0.05" spatial sample after 1 hour of integration, parsed into four 900 second exposures. Kinematic information could be obtained in regions with S/N ~5 per spatial sample, while chemical information would require S/N ~ 20 (see Figure 10 for a sample spectrum); clearly, night long integrations will be required to achieve the latter goal. It is conceivable that higher sensitivity could be obtained for regions that may be obscured in the far-UV but bright at Hα, or that finer spatial sampling could reveal regions with very high surface brightness; it is the nature of the pioneering work that will be done with IRIS + NFIRAOS that we can only guess as to what will be found. The interline background in H and K is assumed to be 18.5 AB per sq. arcsec. Finally, we note that the detector dark current is 0.03 electrons/s/pixel, and finer sampling would not gain significantly in sensitivity unless the dark current is significantly reduced relative to this assumption. 
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While this science case has focused on extended extragalactic sources, there are also more compact sources that could be observed, and these include the most distant galaxies discovered by JWST, young star clusters in distant systems, or AGN in distant galaxies. Assuming negligible contributions from detector dark current and read noise, it is estimated that S/N=5 per spectral resolution element per 20 milli-arcsecond IRIS IFU spatial element is achieved in one hour with R = 4000 for a source with KAB~ 26 (140 nJy) landing entirely on a single IFU element. In 10 hours, a spectrally unresolved emission line with a flux of ~ 10-20 erg/sec/cm2 can be detected at the 5 sigma level; as an example, this is equivalent to a line luminosity of ~ 4 x 106 solar luminosities at z=10.

1.1.3.2 The Initial Mass Function in Young Clusters
The large majority of stars are believed to form in rich clusters containing between 104 and 106 stars, and with volumes of 3 to 30 pc3. Such compact clusters are expected to be the most prominent features in protogalactic clumps and merging galaxies. The massive stars in these clusters are the primary source of heavy elements injected into both the interstellar medium of their host systems and the nearby intergalactic medium (IGM). Understanding the kinds of stars that form in these regions and the processes that control their formation is an essential first step in understanding the star forming history of galaxies.  

Of  primary interest to the evolution of galaxies and the IGM is quantifying the mass function in these clusters. The mass function of stars more massive than 5 Msun controls  the total quantity and relative abundances of heavy elements enriching the ISM and IGM. The ratio of high (M >> 5 Msun)  to low (M << 1 Msun) mass stars  also provides a measure of the amount of material available for recycling into subsequent generations of stars compared with that contained in stars with lifetimes well in excess of the Hubble time.  

Of equal interest is gaining an understanding of the star formation process in these rich, dense clusters. Recent theoretical work (Elmegreen and Shadmehri, 2003; McKee and Tan, 2003) suggests that conditions during cluster  formation may favor the formation of protostellar cores characterized by higher turbulent speeds, higher initial core densities and, as a result, higher time averaged accretion rates during the stellar assembly phase. These conditions, combined with a high volume density of protostellar cores may also produce a larger fraction of more massive stars. Chemical composition – through its affect on protostellar properties – may also play a role in determining both the core accretion rates and emerging IMF. 
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Direct observations of rich, dense clusters should in principle enable determination of (1) the shape of the IMF over the entire range of masses, from ~100 Msun to well below 1 Msun;  (2) the time-averaged accretion rates characteristic of protostellar cores through direct observation of the ‘stellar birthline’ in very young clusters; and (3) the relationship between emerging stellar masses and local stellar density within a given cluster, which is a potential measure of the importance of collisions between protostellar cores and mergers in forming high mass stars. By studying clusters in a number of galaxies it is possible to probe the effects of parameters such as metallicity on the IMF.

Familiar examples of nearby rich, dense clusters are (1) the Arches Cluster located near the center of the Milky Way galaxy, and (2) R136 in the Large Magellanic Cloud. Attempts to carry out detailed studies of these regions with current facilities have thus far been limited primarily by crowding, which limits the accuracy of photometric probes of the IMF and the location of the birthline, as well as precluding spectroscopy of all but the brightest cluster members. Breakthrough observations that enable probes of clusters spanning a wide range of initial density and chemical composition in a range of environments, including systems external to the Milky-Way, will be possible with IRIS on the TMT owing to the tremendous gain in angular resolution and light gathering power with respect to extant facilities. Below, we outline a breakthrough program that utilizes both the diffraction limited imaging and IFU capabilities of IRIS + NFIRAOS and will allow the study of the IMF over a range of metallicity, cluster density, and galactic environment. The target clusters will also provide a sample with which to study the effect of the same parameters on the star formation process, or more specifically the location of the stellar birth line for the low mass stars still descending onto the main sequence. 

These data will not only allow for an unprecedented investigation of the IMF which is critical to star formation history calculations in the early universe, but also for a new exploration of aspects of the star formation process in massive clusters. For example, what is the spatial distribution of the more massive stars relative to the lower mass stars? If massive stars preferentially form in the densest parts of clusters, this implies collisions or mergers could play a role in their formation. Do the most massive stars form in the most dense clusters? With deep imaging in a range of stellar environments including the Milky Way, and Magellanic Clouds, we hope to explore the location of the stellar birthline for low mass stars (Palla and Stahler, 1990) (Figure 11). This locus in the Hertzsprung--Russell Diagram (HRD) may be a function of cluster density or metallicity since it depends on the mass accretion rate. 
An IRIS study of the IMF would consist of both imaging and spectroscopic components, and these are described below.

1.1.3.2.1 IRIS Imaging of Rich, Dense Clusters. 
We develop the technical justification for this science case using the known properties of young massive clusters in the Milky Way galaxy and the LMC based on the recent work of Hillenbrand and Carpenter (2000, hereafter HC00). The HC00 method deduces a mass function from an infrared CMD, from which one seeks to find a statistical estimate for the mass function, taking into account the observational uncertainties, a distribution of stellar ages, a distribution of intrinsic excesses (due to accretion disk emission), and a distribution of line of sight extinction. Since the observed colors are degenerate to different combinations of these parameters, the method seeks to find the most probable mass for any point in the CMD given that the excess, extinction, and age have statistical distributions which can be determined independently or reliably assumed. An appropriate set of stellar models is then used to find the most probable mass for any star (or localized group of stars) in the CMD. In the following, we describe the necessary data sets needed to obtain these distributions, and the IMFs in star clusters in and beyond the Milky Way.  
The basic imaging data needed for this program are deep high angular resolution near-infrared images in H and K. With maximum sizes of a few parcsecs, which corresponds to ~1 arcsec at the distance of M33, the clusters will fit well within the IRIS imaging field. We have carried out calculations to determine the photometric limits for Arches or R136 like clusters from the LMC to M82. While imaging in Galactic clusters is also crucial,  this work can be done to well below a solar mass on current 8m telescopes with adaptive optics. Determining the distributions of age, excess, and extinction to individual stars will, however, need to be carried out in Galactic clusters with a 30 meter facility.  
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We have computed photometric crowding and photon statistic limits for target environments in the LMC, M33, and M82 using the radial profiles of the Arches and R136, coupled with the crowding limit algorithm given by Olsen et al. (2003). The input luminosity function used for these calculations is a hybrid based on measurements in the Arches cluster (Blum et al. 2002) for the high mass stars (~/> 2 Msun) and measurements in the Trapezium by HC00 for the low mass stars (~/< 3 Msun), and the result is shown in Figure 12. The Arches radial profile is a fit to a re-analysis of the Figer et al. (1999) HST data by Blum et al. (2002), while the profile for R136 is taken from Mackey and Gilmore (2003). 

The limiting K-band magnitude as a function of location in an Arches-like cluster, and the corresponding lower mass limit that can be probed, are shown in Tables 1 (TMT) and 2 (8 metre telescope). The distance moduli used for the calculations were 18.5, 24.5, and 27.8 for the LMC, M33, and M82, respectively. K-band magnitudes are for crowding limited photometry to 10%  accuracy. Mass to K magnitude transformation is that given in Blum et al. (2002).

This program utilizes the diffraction limit of the TMT, and only modest exposure times are required to reach the limiting magnitude imposed by crowding in M33 and M82. Because the LMC is closer than the other galaxies crowding is less of a concern, and deeper photometric measurements can be obtained than in the more distant systems. 
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1.1.3.2.2 IRIS IFU Spectroscopy of Rich, Dense Clusters. 
[image: image8.jpg]4.0015

4.001

4.0005

3.9995

3.999

My, (< 0.0L po) (M)

8000,

7000

6000}

5000}

4000

7999 7.9995

8
Ry (kpe)

80005 8.001



The HC00 method relies on individual spectra to produce the distributions of age and excess emission for a given cluster. These properties are derived from the spectral types of the individual stars. Ideally, the spectra would sample the entire range of colors and magnitudes in the (K, H-K) CMD. HC00 applied the spectroscopically derived distributions uniformly to their photometric data that covered a relatively narrow range of masses. For more distant clusters, we will need to assume the distributions of excess emission and age for stars in the CMD that are too faint to be observed spectroscopically. Appropriate distributions can be estimated from the Galactic and LMC clusters that are more nearby and sample a range of metallicities and densities. 
Based on the analysis of HC00, the mass function results appear to be robust even for relatively large uncertainties in the excess and age distributions. Assuming the distributions will be broadly similar in the massive clusters we observe, then one to two hundred stars with good quality spectra (S/N 100 - 50, where hotter, more luminous stars need higher S/N due to weaker features) will be sufficient. 

HC00 used optical colors and spectra to derive the extinction to and ages of individual stars. With appropriate colors corresponding to each, they used the observed H - K to derive the excess emission to each star. For this program the extinction and intrinsic excess can be determined iteratively using the infrared spectra obtained with the IRIS IFU. For the hot stars, the colors will be dominated by extinction (reddening) except for a few high mass objects still enshrouded in their birth material (e.g., W31, Blum et al. 2001). For the low mass stars, accurate spectral type classifications exist which will allow for the extinction and excess to be determined iteratively from the near infrared colors and spectra (See, e.g.,Ali et al. 1997).  

The expected performance with the IRIS IFU is shown in Figure 13, and it is clear that within the Local Group we will be able to obtain spectra of stars with masses of at least a few tens of a solar mass.

1.1.3.3 The Galactic Center (A. Ghez, UCLA)
One of the scientific goals of having diffraction-limited performance on a 30-meter telescope is a detailed study of the center of the Milky Way Galaxy.  The proximity of our Galaxy's center presents a unique opportunity to study a supermassive black hole and its environs with much higher spatial resolution than can be brought to bear on any other galaxy.
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Over the last decade, near-infrared monitoring of stars within the Milky Way's central cluster using 10-meter class telescope has enabled complete Keplerian orbit reconstructions for ~10 sources that have demonstrated the existence of a central black hole of mass 3.7(0.2 x 106 MSUN and at a distance of 8 (0.4 kpc (Schodel,R. et al. 2002, Nature, 419, 694; Schodel, R., Ott, T., Genzel, R., Eckart, A., Mouawad, N., & Alexander, T. 2003, ApJ, 596, 1015; Ghez et al. 2003b, 2004; Eisenhauer, F.,Schodel, R., Genzel, R., Ott, T., Tecza, M., Abuter, R., Eckart, A.,& Alexander, T. 2003, ApJL, 597, L121).  These results, which are based on stars with orbital periods as short as 15 years, provide the most convincing case to date for a supermassive black hole at the center of any normal type galaxy.

A 30-meter telescope offers a three-fold benefit to stellar-dynamics experiments at the Galactic Center. First, when working at the diffraction limit, source confusion and errors  due to crowding are reduced. For the 10-meter telescope experiments, the region in which orbital motion is detectable has a confusion limit of K~17 mag.  For the 30-meter telescope this limit is extended down to K~22 mag and the number of stars with detectable orbital motion is increased by an order of magnitude to 100 stars (see Figure 14). Second, the astrometric precision is improved.  The astrometric precision achievable with adaptive optics is expected to scale as D2/3.  Since the astrometric limit of bright stellar sources at the Galactic Center achieved today with 10-meter class telescope is  ((10 ~ 1mas, a 30-meter telescope should achieve at least ((30 = 0.5mas.  This is a conservative estimate as future adaptive optics platforms may provide astrometric limits ~1% of the diffraction limit corresponding to ((30 = 0.1mas. Third, the precision of the radial velocity measurements will also be improved.  The current experiments achieve radial velocity limits of ~20-50 km/sec for the orbiting early-type stars. For these stars, one might conservatively expect radial velocities to be measured to within ~10 km/sec.  Since the fainter, cooler stars, which will be detected with the 30 meter telescope, have a richer set of spectral features, one might be able to achieve radial velocities of ~1 km/sec as has been done in the case of non-adaptive optics spectroscopy of cool stars in the central parsec of the Galaxy (Figer, D.F., et al., 2003, ApJ, 599, 1139).  Thus the achieved (v may be ten times smaller than our above estimate.

This three-fold improvement greatly expands the astrophysical reach of experiments based on stellar orbits at the Galactic Center. This was explored in great detail by Weinberg, N.N., Milosavljevic, M., & Ghez, A.M., 2005, ApJ in press, preprint(astro-ph/0404407) and  Weinberg, Milosavljevic, & Ghez (2005b; hereafter WMG05). In what follows we summarize what can be achieved with an experiment that has a time baseline of 10 years, comparable to the current 10-meter class experiments, a sampling frequency of 10 observations per year, and has measurement uncertainties of [((, (v] = [0.5 mas, 10 km/sec] (case I) and [((, (v] = [0.1 mas, 2 km/sec] (case II), with the recognition that the parameter uncertainties are expected to lie somewhere within this range. 

To estimate the uncertainties in the parameters that describe the gravitational potential through which the monitored stars move, WMG05 generate mock orbital data assuming a particular model for the potential (e.g., black hole mass, extended matter density profile). The orbital parameters are drawn from a power-law distribution function assuming randomly oriented orbits and considering only those orbits detectable with the 30-meter telescope (i.e., N = 100 stars with semi-major axes in the range 300 AU < a < 3000 AU). A Markov Chain Monte Carlo method is then used to extract parameter constraints from orbital fits.
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WMG05 determine how well the 30-meter telescope constrains the mass and distance to the massive black hole at the Galactic center and the extended matter distribution of stars and dark matter around the black hole. They also demonstrate that relativistic effects are detectable with the 30-meter telescope. Finally, they show that interstellar interactions between monitored stars and background massive remnants will be observed with the 30-meter telescope if the population of stellar-mass black holes predicted by theory exists. We now summarize their results.

MBH and R0:  For case I, the fractional uncertainties in MBH and R0 are less than 0.1% at the 99.7% level (Figure 15 a factor of ~100 times better than present uncertainties. For case II the fractional uncertainties in MBH and R0 are smaller than those of case I by almost a factor of five. 

As shown by Olling & Merrifield (2000, MNRAS, 311, 361; 2001, MNRAS, 326, 164) measuring the Galactic constants R0 and the Galactic rotation speed (0 to high accuracy will constrain the shortest-to-longest axis ratio q = c /a of the Galactic dark matter halo to similar accuracy. The shape parameter q is an important diagnostic of dark matter models and structure formation and is currently poorly constrained in all galaxies including the Milky Way.

Measuring the Extended Matter Distribution: Modeling the extended matter distribution as a power-law profile, WMG05 find that the presence of extended matter is detectable (i.e., observations yield a lower bound) assuming case I as long as the mass in extended matter within 0.01 pc Mext (r < 0.01 pc) > 1500 solar masses. The 30-meter telescope will measure Mext and the power-law density slope ( to 20 - 30% accuracy (Figure 15). Thus, if the dark matter distribution matches theoretical expectations and forms a density spike (Gondolo, P. & Silk, J., 1999, Physical Review Letters, 83, 1719) its influence on the orbits will be detectable with the 30-meter telescope. A detection would constitute a measurement of the gravitational influence of dark matter on the smallest scales yet.

Measuring Relativistic Effects: If only one star with e > 0.96 is monitored over a single period at a measurement accuracy corresponding to case I, the orbital pericenter advance due to the relativistic prograde precession will be measured to 5( accuracy. Several such high eccentricity stars are expected to be detected in the 30-meter telescope's sample of 100 stars. Detecting higher-order relativistic effects such as frame dragging due to the spin of the black hole requires an astrometric precision  < 0.05mas or the favorable detection of a star on a highly compact and eccentric orbit.

Interstellar Interactions: WMG05 estimate the rate at which monitored stars experience detectable encounters with background stars and stellar remnants.  The rate of such encounters is proportional to the mass of the background sources. They find that if the background sources are dominated by stellar-mass black holes, as predicted by estimates of mass segregation in the vicinity of a massive black hole (Morris, 1993, ApJ, 408,496; Miralda-Escude, & Gould, 2000, ApJ, 545, 847), approximately 10% of all stars monitored at a case I precision will experience detectable deflections in their orbital motions.  Monitoring orbits with the 30-meter telescope therefore provides a viable means of measuring the mass function of stellar-mass black holes.

In conclusion, the monitoring of stellar orbits around the massive black hole at the Galactic center at the high astrometric and spectroscopic resolution attainable with the 30-meter telescope enables one to probe the deep gravitational potential of the region. Many exciting measurements are achievable even for modest (factor of a few) improvements over the astrometric capabilities of current 10-meter class telescopes.
1.1.3.4 Supermassive Black Holes in other Galaxies (L.Ferrarese, NRC/HIA/DAO)

Observational evidence for supermassive black holes (SBH) residing in galactic centers has advanced along two separate routes. With few notable exceptions (e.g. the Milky Way, Ghez, et al. 2003, ApJ, 586, L127; NGC 4258, Miyoshi et al. 1995, Nature, 373, 127), dynamical measurements of SBH masses, MBH , based on resolved stellar or gas kinematics have been exclusively HST material. On the other hand, dynamical detections based on (spatially unresolved) reverberation mapping techniques (e.g. Peterson et al. 2004, ApJ, in press; astro-ph/040729), or indirect measurements based on scaling relations which link MBH  to nuclear or galactic properties (e.g. the MBH - relation, or the r-Lnuc and MBH -Lnuc relations for AGNs, see Ferrarese & Ford,  2004, Space Science Reviews, in press; astro-ph/0411247) are better suited to ground-based facilities. 

A requirement for detections relying on the dynamical modeling of spatially resolved (stellar or gaseous) kinematics is to map the SBH “sphere of influence”, i.e.  the region of space within which the SBH dominates the gravitational potential and therefore the kinematics of the surrounding material. The sphere of influence has radius

rh = G MBH / 2 ~ 11.2(MBH/108 M) /(σ/200 km sec-1)2  pc

with   the stellar velocity dispersion. Non-AO equipped ground-based telescopes can target 108 M SBHs (rh ~14 pc) within (under the very best seeing conditions) 5 Mpc. Reaching out to 25 Mpc, HST/STIS could grant access to galaxies in the Virgo and Fornax clusters. 

Ten years of research with HST have produced almost three dozen detections of SBHs in galactic nuclei. These detections have revealed the existence of a symbiotic relationship between SBHs and their host galaxies, in particular, the relation between SBH masses and the velocity dispersion of their host bulge, 

MBH = 1.7 x 108 (σ/200 km sec-1)4.6
(Ferrarese & Merritt 2000, Gebhardt et al. 2000) has proven invaluable in the study of SBH demographics (e.g.  Yu & Tremaine 2002; Shankar et al. 2004) and has generated intense activity on the theoretical front, changing the way we view SBH and galaxy formation (e.g. Bromley et al. 2004 and reference therein).

At present, further progress is impeded by three main shortcomings: 

· HST’s resolution has been exploited to its fullest; whole interesting classes of objects are expected to  host SBHs whose sphere of influence is well below HST’s resolution, and therefore remain unexplored. For instance, small (< 106 M) SBH have intrinsically small spheres of influence; very massive (> 109 M) SBHs are found in massive, rare galaxies generally at large distances, placing their sphere of influence beyond HST’s resolution capabilities. 

· HST’s light gathering abilities are limited, confining stellar dynamical studies to high surface brightness  objects. For instance, an HST stellar dynamical study of the nuclear region of M87, which is characterized by a low stellar surface brightness, is unfeasible.

· The lack of an Integral Field Unit onboard HST limits the accuracy with which the intrinsic dynamical structure of the galaxy can be derived.  Many nuclei exhibit complex and asymmetric kinematics, therefore long slit spectroscopy almost always fails to produce an unambiguous dynamical picture of galactic cores.

As a consequence of these shortcomings, the following issues remain to be addressed:

· Build an unbiased local sample. Current detections are mostly in early type galaxies in uncrowded environments. Targeting galaxies across the entire Hubble sequence and in a variety of environments is an essential diagnostic tool for theoretical models addressing the formation and evolution of SBHs.

· Explore the high (> 109 M) and low (< 106 M) mass end of the supermassive black hole mass function, including addressing the existence of Intermediate Mass (100-105 M) Black Holes in globular clusters. 

· Extend local scaling relations, linking MBH  to overall galaxy properties, beyond the local universe.

· All of these goals require a boost in both resolution capabilities and light gathering ability over those provided by HST, as can only be provided by the next generation of diffraction limited ground based large telescopes. 

1.1.3.4.1 Resolved Dynamical Studies in the Local Universe. 
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Figure 16 is meant to address resolution constraints. For each galaxy in the CfA redshift sample (Huchra et al. 1990), the SBH mass has been estimated using the known relation with bulge luminosity (as in Ferrarese & Ford 2004); the latter was taken to be a fraction of the total magnitude following Fukugita et al. (1998). The solid lines identify SBHs for which rh is equal to the diffraction limited resolution of a 2.4m (HST), 8m and 30m (TMT) aperture at 8550 A (i.e. assuming the observations are carried out using the Ca triplet absorption lines). The figure shows that late type galaxies host SBHs too “small” to be detected by HST, while only a handful of Sa galaxies are within HST’s grasp. It is only with an 8m diffraction limited telescope that a complete study of galaxies spanning the entire Hubble sequence can be performed. Even then, little would be gained below 106 solar masses; the TMT will make it possible to lower this limit by an order of magnitude.

TMT’s advantage becomes more tangible once sensitivity requirements are considered. Figure 17, which is restricted to a representative sample of local early type galaxies for which central surface brightnesses are available (Faber et al. 1989), shows that the lack of sufficient sensitivity sets a significant percentage of the sample beyond the reach of both HST and an 8m aperture, while TMT would be able to detect all but the least massive SBHs within 100 Mpc. 
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The advantage of 2-dimensional spectroscopy is harder to quantify. Suffice it to say that current studies show the kinematics of galaxies to be very complex (e.g. Emsellem et al. 2004). Not accounting for this complexity can lead to an incorrect dynamical description, and to biased estimates of the central potential and SBH mass.

In conclusion, TMT shall prove instrumental in building an unbiased sample of SBHs in the local universe (points A and B). The combination of resolving power and sensitivity will not simply augment the sample of galaxies observed by HST, but will open new frontiers, by allowing to investigate the existence (yet unaddressed) of SBHs below 106 M, explore the demography of SBHs in the richest Abell clusters within 100 Mpc, and address the connection between SBHs and galaxy morphology and environment.

1.1.3.4.2 SBH Beyond the Local Neighborhood. 

The existence of scaling relations linking MBH to the overall properties (luminosity, velocity dispersion) of the host galaxy are reasonably well established locally. How these relations evolved in time is a direct probe of the mechanisms that regulate the joint evolution of galaxies and SBHs. Figure 18 shows the detection capability of TMT/IRIS, for three SBH of mass 107, 108 and 109 M, as they are moved to higher and higher redshifts.  Considering resolution requirements only, a SBH can be probed up to the [image: image13.png]3500
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redshift at which the projected size of its radius of influence falls below the resolution capabilities of the instrument. This happens at z~ 0.4, 0.1 and 0.025 as the SBH mass is decreased from 109 to 107 M. It is interesting to note that, because of the non-monotonic nature of the relation between angular size and redshift, the sphere of influence of a 1010 M SBH (not shown) can be resolved at any redshift (provided that progressively bluer absorption lines, e.g. Mgb or Ca H,K, are used to measure the kinematics as the redshift increases). 

A non negligible number of AGNs (Tran et al. 2001) are found to host well defined, thin, 100-pc scale nuclear disks of gas and dust, the kinematics of which has been used successfully to constrain the central potential and measure the mass of the central SBH (e.g. Ferrarese & Ford 1999,  Barth et al. 2001). Measurements of MBH from emission line kinematics are limited by resolution requirements only, it follows that, at least in principle, TMT could map the very massive SBHs throught the Universe. For studies based on stellar kinematics, sensitivity becomes the limiting factor, at least as far as the most massive SBHs are concerned (Figure 18). Resolution requirements can be relaxed for more massive black holes, and the signal can be binned over several resolution elements (the S/N calculations used in producing Figure 18 indeed assume spatial binning such as to have no more than four independent datapoints within the SBH sphere of influence). The advantage of binning is however largely offset by the fact that massive SBHs reside in giant elliptical galaxies, and central surface brightness decreases as the total magnitude increases (for Mv < 20, Faber et al. 1989). As a consequence, a stellar dynamical detection of SBHs more massive than 3108 M is restricted by sensitivity requirements to within z < 0.1, while for less massive black holes, the detection is restricted by resolution requirements as shown in Figure 11. 

TMT would therefore allow us to follow the evolution of 108 M SBHs to a redshift of 0.1 (through either stellar or gas kinematics), of 109 M SBHs to z~0.4 (both through stellar and gas kinematics up to z~0.1, through gas kinematics further out), and of 1010 M SBHs throughout the Universe (through gas kinematics).

Furthermore, dynamical detections of SBHs out to z=0.1 will allow a direct calibration of “secondary mass estimators” able to push SBH detections to high redshifts. Reverberation mapping (e.g. Peterson 2002) holds tremendous potential as a mass estimator, but its use is at present hindered by the lack of an independent confirmation of the SBH masses derived using the method. A dynamical detection of SBHs in reverberation-mapped AGNs (of which many examples are available within z < 0.1) would provide such confirmation, as well as offer a direct insight onto the morphology and kinematics of the Broad Line Region (Onken et al. 2004). In this regard, TMT’s contribution would be comparable to that provided by HST in anchoring the distance scale ladder, by measuring secure Cepheid distances to local galaxies, then used to calibrated further reaching distance estimators. 

The redshift evolution of the MBH relation has been investigated up to a redshift 0.35 using Keck/LRIS (Treu et al. 2004). The current generation of ground-based telescopes is adequate for reverberation mapping studies, for which the main challenge is the ability to schedule monitoring programs, rather than resolution or light gathering capabilities. However, TMT will be instrumental in measuring the large scale (within one effective radius) stellar velocity dispersion of high redshift bulges. TMT’s advantage is twofold: the high spatial resolution will help in preventing the AGN light from contaminating the stellar continuum of the host (the availability of a coronographic finger would further enhance this performance), and the increased collective area will aid the detection of stellar absorption lines in the low surface brightness off-nuclear regions (diffraction limited spatial resolution is not required for stellar velocity dispersion measurements on these spatial scales, therefore spatial binning is acceptable). Repeating the same exercise made in producing Figure 18, but now using the average surface brightness within one effective radius, shows that in a three hour exposure it will be possible to measure stellar velocity dispersion in bulges with effective radii as low as 1.5 kpc (expected to host SBHs of 108 M) up to z~2.5 (provided the spectra are binned within the entire region). Not accounting for contamination from the central AGN, which would produce a considerably degraded performance, a 10 meter class telescope could only reach out to z~ 1.0.

In conclusion, TMT’s resolving power and sensitivity will make it possible to break several barriers: investigate the existence of SBHs across the entire Hubble sequence, study the demography of SBHs as a function of environment, extend the SBH mass function by a factor two in MBH, extend dynamical measurements of massive (108 to 109M) SBHs to z~0.4, and very massive (>1010 M) SBHs throughout the Universe. It will anchor the calibration of reverberation mapping as a mass estimator, and allow investigators to study the redshift evolution of SBH scaling relations up to z~2.5. It is with TMT that the next giant leap in SBH research, comparable in magnitude to the one which followed the launch of HST, will be taken.
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1.2 IRMOS: InfraRed MultiObject Spectrometer (Abraham)

1.2.1 Overview of capability and expected performance

IRMOS will provide spatially resolved spectroscopy over multiple small (~2 arcsec) AO-corrected fields within a larger (~5 arcmin) field.  Although the initial concept utilizes deployable integral-field units operating behind a “MOAO” AO system, other concepts that allow multi-object, spatially-resolved spectroscopy with a scheme for rapid reconfiguration of the targeted objects will be considered.  

This instrument is intended to study multiple, extended objects.  For many of the anticipated science areas, the apparent size and anticipated low-surface brightness of the sources leads to a requirement for near-diffraction-limited spatial resolution: ~ 0.05 arcsec per integral-field element. Spectral resolutions between 2000 and 10000 will cover the range of science from “identification” and discovery quality spectra to the spectra required to work between the atmospheric OH lines and to make detailed determinations of physical properties of galaxies during the era of galaxy formation.

1.2.2 Overview of anticipated science areas

Properties of galaxies during the era of peak star formation. One of the key science drivers for TMT is the detailed study of galaxy evolution in situ at 1<z<2.5. Something like half of all the mass in stars forms over this redshift range. Current-generation 8m-class optical/IR telescopes, and ground-based radio and sub-mm telescopes and satellites have set the stage for galaxy evolution work over 1<z<2.5, but resolved studies of galaxies at these high redshifts will only become routinely possible with IRMOS on TMT. This instrument’s unique capability to undertake highly multiplexed spectroscopic observations with both high angular and spectral resolution between 1µm and 2.5µm will allow detailed studies of chemistry, outflows, star-formation rates and kinematics to be undertaken. 

Properties of extremely high redshift galaxies. Although 8 and 10m telescopes will have discovered some galaxies at z>5, IRMOS will usher in the era of routine spectroscopic study of this era. Surveys for objects at these large redshifts is one of the drivers for JWST; IRMOS will provide the spectroscopy to allow astrophysical interpretation. The properties of galaxies at these redshifts, their clustering characteristics, volume density and the evolution of galaxy properties from this early era to intermediate redshifts are all areas for which little will be known until JWST and ELTs are operating.  Because these objects are anticipated to be very faint, the multiplexing capabilities of IRMOS will be important for building even modest samples. The surface density of targets is unknown but is potentially very high (see figure XXX, taken from Le Delliou et al. 2004). Note that integration times will be very long and multi-object capabilities will be essential to build up meaningful samples.
Observations of the optically faint extra-galactic Universe. IRMOS is anticipated to be a work-horse instrument for a wide range of programs studying extended source that are very faint in the optical. In addition to the specific cases listed above, clusters of galaxies and proto clusters at z>1, faint galaxies over a wide range of redshift which are not undergoing vigorous star-formation and dusty systems are all classes of objects for which IRMOS will provide a powerful diagnostic capability. The surface density of targets is very high: ~25 arcmin-2 to ~1(Jy at 2 microns, even if we restrict consideration only to the redshift range z=1.5-3.5; these would tend to have line fluxes >10-17 ergs/s/cm2 in H-alpha (for example). 
1.2.3 Specific science cases: detailed discussions
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1.2.3.1 Galaxy formation at 1<z<2.5

Observational data now suggests quite strongly that the peak era for galaxy formation is the redshift range 1<z<2.5. As shown in Figure XX, about half the stellar mass seen in the current Universe formed over this redshift range. Because of band-shifting of visible-wavelength features to longer wavelengths, at 1<z<2.5 most of the best-understood and best-developed diagnostic spectral emission features fall in the near-IR. As will be described below, high angular resolution is important both for astrophysical interpretation of spectra and for reducing the brightness of the night sky background underneath each resolution element for greatly improved sensitivity.

At redshifts near the peak in the cosmic star-formation activity, around half the galaxy population is morphologically peculiar. We do not know if this morphological peculiarity is due to mergers distorting the appearance of familiar-looking systems, or because we are observing genuinely new categories of young galaxies that are rare in the local Universe. In either case, because of the inherent lack of symmetry in much of the galaxy population, resolved spectroscopic observations are far more useful for disentangling underlying dynamics than long-slit observations. Undertaking kinematical investigations of nascent galaxies at 1<z<2.5 represents a key opportunity for TMT: our present knowledge of the dynamical states of these galaxies is essentially nil, and even absolutely basic questions about the nature and origin of this population remain wide open, such as ‘are the many linear systems that are seen edge-on disks, or cigar-shaped collapsing proto-galaxies?’ Because of photon starvation, instruments such as IRMOS will be needed to understand the relationships between these galaxies and local galaxies, to determine the relative importance of ordered versus chaotic motions, and to measure their dynamical masses. Resolved spectroscopy will allow us to measure their stellar mass-to-light ratios, probe the relative concentration of their dark matter halos, and probe the relative importance of stellar populations (e.g. do their inner rotation curves rise toward a distinct core, indicating the presence of a high mass concentration or bulge)?
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A nice coincidence is that the spectral resolution (R~5000) required to determine galaxy chemical abundances and probe outflows, as well as to undertake kinematical mass determinations, is about what is needed to resolve out narrow-line sky background contamination from hydroxyl molecules in the upper atmosphere. This line emission is responsible for the bulk of the night sky contamination between one and 1.6 microns. In the simulation above, note how the point-by-point signal-to-noise across the face of a galaxy is sufficient to determine line ratios (and by inference chemical composition) with high signal-to-noise.

We can show via simulation (see Figures XX and XX above) that diffraction limited observations are not necessarily optimal for dynamical work, because galaxies are inherently low surface brightness objects, and observations may become limited by detector characteristics (such as dark current) for spatial sampling finer than 0.05” at spectral resolutions around R~5000. On the other hand, a spatial resolution sufficient to resolve bright features on the surface of the galaxies will be essential (see Figure XX below, which shows an exploration of the spatial sampling required to recover metallicity gradients). While we do not yet know what the absolutely optimal spatial sampling is for undertaking dynamical investigations (for example, it is clear from HST observations that these distant galaxies still have unresolved bright structures at resolutions of 0.1 kpc, but how these break up at higher resolution is unknown), a spatial sampling of 0.05” will be appropriate for probing large-scale metallicity gradients and spatial variations in extinction (see Figures XX and XX below). 

The individual exposure times for most dynamical investigations will be rather long in order to achieve the required signal-to-noise, but the target density is rather high. This is the primary motivation for the multiplexing capability of IRMOS. A target density of >30 galaxies/arcmin-2 can be expected over the redshift range 1<z<2.5, and even if we restrict consideration to quite precisely defined subsamples of interest, in most cases the advantage from multiplexing remains high. For example, one obvious set of targets will be ‘big disks’ at high redshifts. According to Labbe et al. (2003) the surface density of very large (effective radii > 0.6 ”) and very bright (rest-frame luminosities are a factor of three brighter than typical Sc galaxies) galaxies with clear disk-like is about one per square arcmin between 1.4<z<3 down to K=22.

1.2.3.2 Studies of extremely high redshift galaxies.

Progress over the past two years hints that we may be closing in on a population of young galaxies at redshifts which make them prime candidates for being the sources of cosmic reionization.  Photometric redshift analyses of the Hubble Ultra-Deep Field (HUDF), and other deep HST data, has uncovered an abundant population of candidate z~6 objects at z'<28.5 mag (Bunker et al. 2004, Bouwens et al. 2004). This result comes hard on the heels of deep narrow-band imaging surveys which have revealed tantalizing evidence of a first population of star-forming galaxies at z>6 (Hu et al. 2002, Kodaira et al. 2003, Rhoads et al. 2003). While these observations set the stage for the exploration of the z>6 Universe, it is already clear that existing facilities have simultaneously hit the walls of photon starvation and poor existing near-IR spectrographs, and the near-IR capability of IRMOS coupled to a 30m-class facility is needed for a true exploration of the sources of reionization. For example, to date only a few objects have had Lyman alpha at z>6 spectroscopically confirmed, and it is likely that the only objects being picked up are the subset of very active star-forming objects with little dust obscuration. Early results from the HUDF (and based largely on uncertain photometric redshifts) report a sharp decline in star-formation history between z=3 and z=6 (Bunker et al. 2004).  The comoving star formation rate contributed by galaxies with L_UV>0.1 L* drops a factor of six from z=3 to z=6 and at this level these objects contribute too few UV photons to reionize the Universe. This short-fall in ionizing photons might be accounted for by a very abundant population of undetected faint galaxies, or by a radically top-heavy stellar initial mass function. However, another very real option is that reionization might have occurred at z>6 as suggested by WMAP observations. Very little guidance can be gleaned from theoretical work on the abundance of very high-redshift sources. As shown below, even the best of the current models predicts source densities that vary by an order of magnitude depending on assumptions made regarding photon escape fraction, dust models, and the initial mass function. Clearly this is an area of astrophysics that will continue to be dominated by observations. Without a proper census of these systems, and more specifically a luminosity function which maps out the contribution fainter galaxies make to the UV background, it is unclear how closely related these brighter systems are to the true sources of reionization. Such work will rely heavily on the multiplexing capability of IRMOS.

The resolved mapping capability of IRMOS will also allow searches for high-redshift systems to efficiently target the caustics of foreground lenses in order to take advantage of lensing amplification to detect fainter sources. This strategy has already resulted in an apparent success, the z ~ 7 galaxy detected by Kneib et al. (2004) behind Abell 2218. (In fairness, the same strategy has also resulted in an apparent false alarm, the z~10 system reported by Pello et al. 2004, which proved to be an artifact). Given the relatively modest effort expended in looking, it is difficult to understand how the z ~ 7 object reported by Kneib et al. (2004) fits into the picture of a  rapidly declining co-moving star-formation rate, because the volumes probes by searches along caustics are much smaller than those probed by narrow band surveys (Hu et al. 1998, Malhotra et al. 2001, Hu et al. 2003), or the color-based dropout surveys described earlier. However, if the volume density of background sources is high (Santos et al. 2003), the lensing boost may well provide an efficient means for obtaining a glimpse of the first galaxies forming beyond z >7, and allow IRMOS to probe very far down the luminosity function of the earliest galaxies. In any case, it is clear that observations that go deeper than current data, and which probe to higher redshifts, are needed to make major progress in determining the sources of reionizing photons in the early universe, and that IRMOS stands poised to make a major contribution to our understanding of the the space density of very high redshift systems. 
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Figure � SEQ Figure \* ARABIC �11�: Postage stamp images of 56 GOODS-N galaxies with z = 1.5 – 2.0. Each box is 3 arcsec on a side. Note the complex morphologies of these systems. With IRIS in both imaging and IFU modes it will be possible to observe systems of this nature with unprecedented angular resolution in the restframe  visible.
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Figure � SEQ Figure \* ARABIC �12�: Examples of high-z galaxies as observed with the IRIS IFU with 0.05 arcsec angular sampling and R = 4000 at the wavelength of restframe H_. A line flux of 10-17 ergs sec-1 cm-2 has been assumed, which corresponds to a SFR of 1.5 solar masses year-1
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Figure � SEQ Figure \* ARABIC �13�: The composite spectrum for a sample of 10 galaxies at z = 2.4, obtained in seeing-limited mode for whole galaxies using the Keck NIRSPEC. The [NII]/H_ ratio indicates approximately solar metallicities in the HII regions, and the ratio of the SII lines suggests densities of ~1000cm3. Using IRIS, spectra of this quality could be obtained for positions in individual galaxies at a spatial scale of 0.1 – 0.2 kpc at any redshift <4. Courtesy of C. Steidel, CIT.
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Figure � SEQ Figure \* ARABIC �14�: Hertzprung-Russell Diagram for young star forming clusters (from Paller and Stahler 1990). The effect of higher time-averaged accretion rate during the stellar assembly phase is to raise the birth line in the HRD.  The location of post birthline PMS tracks for masses spanning the range from 0.2 to 5 solar masses.
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Figure � SEQ Figure \* ARABIC �15�: :  Hybrid K-band luminosity function adopted for the crowding calculations. The upper end (M >/~ 2 Msun) is adopted from Blum et al. (2002). The mass function is slightly steeper than the mass function of Figer et al. (1999) and Stolte et al. (2001). 





Table 1: Limiting K-magnitudes, set by crowding, and the corresponding lower mass limits that can be probed with the TMT working at its diffraction limit.








Table 2: Limiting K-magnitudes, set by crowding, and the corresponding lower mass limits that can be probed with an 8 metre working at its diffraction limit.
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Figure � SEQ Figure \* ARABIC �16�: MK that can be sampled with a S/N = 50 at R = 4000 on IRIS in IFU mode during a 3 hour total exposure time. These numbers hold for the uncrowded outer regions of clusters. For some embedded Milky Way clusters, the limiting MK will be similar to the LMC owing to the compensating effects of extinction and distance.
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Figure � SEQ Figure \* ARABIC �17�: The K-band magnitude limit and number N of stars with detectable orbital motions as a function of the aperture of a diffraction limited telescope. Results are shown for power-law K-band luminosity functions normalized to observations by Schodelel et al. (2003) with the slopes matching the range found by Genzel, et cal. 2003, ApJ, 594, 812. Courtesy A. Ghez, UCLA.





�


Figure � SEQ Figure \* ARABIC �18�: Left panel: The constraints on MBH and R0 obtainable with the 30-meter telescope. The solid contours show the 68%, 95%, and 99.7% confidence levels for case I. The dashed contour shows the 99.7% confidence level for case II.  Right panel: The constraint on the extended mass distribution obtainable with the 30-m telescope. The input models have power-law slope of (=1.5 and (=2 and enclosed mass of 6000 solar masses within 0.01pc. The line styles are the same as in the left panel.





�Figure � SEQ Figure \* ARABIC �19�: Estimate of the SBH mass vs distance for galaxies in the CfA Redshift sample. Spatial resolution requirements necessary for resolved dynamical studies are met only by galaxies which lie    above the solid lines (representing the diffraction limit of HST, and 8m and 30m aperture at 855nm.
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Figure � SEQ Figure \* ARABIC �20�: SBH radius of influence vs. central surface brightness for the early-type galaxies sample of Faber et al. (1989). The size of the symbol is proportional to the galaxy distance, as shown in the legend. The solid lines show the constraints dictated by re resolution (the vertical segment) and sensitivity (slanted lines) requirements for a 2.4 (HST), 8m and 30m (TMT) diffraction limited apertures. The photometric zero points for the 8m and 30m apertures are assumed equal to the HST/STIS photometric zero points (in other words, it is assumed that the increase in aperture size is exactly balanced by the decrease in the size of the resolution element), which gives a S/N=50 in a 9000s exposure (~3 HST orbits) for V=13 mag arcsec-2.The spectra are spatially binned to match the SBH radius of influence (a condition typical of the best HST spectra obtained to date). Exposure are assumed to be 9000s.
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Figure � SEQ Figure \* ARABIC �21�: Detectability of three SBHs, with mass (from top to bottom) 107, 108, and 109 M, as a function of redshift using TMT/IRIS. 


Red continuous line: projected radius of the SBH sphere of influence, in arcsec. A M=0.2 =0.8 cosmology has been assumed, with H0=75 km/s/Mpc. Red dashed line: TMT resolution at 8550 A (the redshifted wavelength of the Ca triplet absorption lines is shown on the top axis). Blue continuous line: K-band surface brightness, in mag per “resolution element”. The latter is defined as equal to the largest of the TMT resolution and half the radius of the SBH sphere of influence.  The central surface brightness is estimated from the total magnitude using the relation of Faber et al. (1998), while the B-band magnitude is estimated using the SBH mass – host luminosity relation of Ferrarese & Ford (2004). Galaxy colors are from Fukugita et al. (1996) and Bruzual & Charlot (2003). Surface brightness dimming as (1+z)4 has been assumed, as well as a luminosity evolution of  = –1.75z (Cross et al. 2004).Blue short-dashed line: K-band surface brightness at which S/N=10 is reached in three hours of integration, at a spectral resolution corresponding to half the expected central velocity dispersion of the galaxy. These are given for point sources, a correction to the case of uniform illumination has been applied, by assuming that 30% of the PSF energy is included in a resolution element. NOTE: The figure projects a worse case scenario, since the photometric zero points are appropriate to K-band observations, while the observations proposed here are carried out at significantly shorter wavelengths, at which the sky background is much reduced. Blue long-dashed line: as above, but for a 10 hour total exposure.
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Figure XX: The mass assembly history of galaxies, characterized by the cumulative fraction of the local stellar mass in galaxies formed as a function of redshift. The curves are based upon observational measures of the evolving star-formation rate density (shown as an inset), for two different redshifts of first star formation. Note that around half the mass in stars currently existing in the universe formed over the redshift range 1<z<3.





Virtual Telescope Simulations





The promise of resolved spectroscopy for probing high-redshift galaxy physics can gauged by using software to model a ‘virtual IRMOS’ and then using this to analyze snapshots from N-body simulations. Several figures in this section have been generated using this approach. 


In order to adapt N-body simulations (made up of separate populations of dark matter, stellar, and gas particles) for use with our virtual IRMOS, we displace the simulation box to a specified redshift, assign a composite spectrum to each stellar population particle based upon its age, assign a dust content (and an impact parameter) to each gas particle based on an assumed dust-to-gas ratio, and then propagate beams of light from the luminous component of the galaxy along an observer's line of sight using a cell-based radiative transfer code. Synthetic sky spectra are then added to the beams to mimic the effects from the earth’s atmosphere, and detector noise is incorporated. The output data is then analyzed using the same software pipeline used to process real observations. 


An example run from such a virtual telescope pipeline is shown below. The panel at left shows a synthetic ‘segmented’ near-infrared image of a simulated z=1.4 galaxy merger, in which pixels below a signal-to-noise threshold have been set to black. The input data is a snapshot from a state-of-the-art N-body + gas hydrodynamical simulation produced by Springel et al. and described in � HYPERLINK "http://xxx.lanl.gov/pdf/astro-ph/0411379" ��http://xxx.lanl.gov/pdf/astro-ph/0411379� and � HYPERLINK "http://xxx.lanl.gov/pdf/astro-ph/0411108" ��http://xxx.lanl.gov/pdf/astro-ph/0411108�. The simulation was constructed in order to examine the structure of merger remnants resulting from collisions of gas-rich spiral galaxies. The models incorporate quite a sophisticated approach to feedback, using a multiphase description of star-forming gas. Feedback from star formation pressurises highly overdense gas, altering its effective equation of state, resulting in much larger gas fractions than possible in earlier work. This gas is allowed to accrete onto a central black hole, which grows to a certain size before feedback terminates its growth. The total instantaneous star-formation rate in the snapshot is 50 solar masses per year.


The right-hand panel shows a flux-weighted velocity map for the simulation obtained by a virtual IRMOS in 2 hours of integration time. Rotation in the individual galaxies is seen, as well as systemic offsets in the individual components of the merging system.�
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Point-By-Point Chemistry
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An illustration of the signal-to-noise achievable in two hours with IRMOS within small regions across the face of a simulated galaxy. The simulation shown corresponds to the merger of two disk galaxies at z=2.5, with star formation activity modulated by the effect of a central galactic nucleus which raises the specific entropy of the hot gas in the merger product. A narrow-band infrared image is shown at top. Below this is the spectrum obtained by summing all the pixels contained within the small white box near the nucleus of one of the galaxy images. The emission lines recovered are Hb, [O III ]4959 and [O III]5007. 








Mapping Metallicity at Different Resolutions
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A test of the minimum spatial resolution required to resolve the metallicity gradients produced by a hydrodynamical simulation of a young disk galaxy. The true distribution of metallicity is shown at top left, and a narrow-band infrared observation corresponding to this is shown at top right. The three panels at the bottom illustrate the distribution of [NII]/[SII] obtained at three different angular resolutions in two hours with TMT. Note that [NII]/[SII] is a robust tracer of metallicity and that the large-scale distribution of metals is recovered well at 0.05” spatial resolution, while significant artifacts emerge as the resolution is degraded.
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