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ABSTRACT

We present the key scientific questions that can be addressed by GMOX, a Multi-Object Spectrograph selected
for feasibility study as a 4th generation instrument for the Gemini telescopes. Using commercial digital micro-
mirror devices (DMDs) as slit selection mechanisms, GMOX can observe hundred of sources at R~ 5000 between
the U and K band simultaneously. Exploiting the narrow PSF delivered by the Gemini South GeMS MCAO
module, GMOX can synthesize slits as small as 40mas reaching extremely faint magnitude limits, and thus
enabling a plethora of applications and innovative science. Our main scientific driver in developing GMOX has
been Resolving galaxies through cosmic time: GMOX 40mas slit (at GeMS) corresponds to 300 pc at z ~ 1.5,
where the angular diameter distance reaches its maximum, and therefore to even smaller linear scales at any
other redshift. This means tha GMOX can take spectra of regions smaller than 300 pc in the whole observable
Universe, allowing to probe the growth and evolution of galaxies with unprecedented detail. GMOXs multi-object
capability and high angular resolution enable efficient studies of crowded fields, such as globular clusters, the
Milky Way bulge, the Magellanic Clouds, Local Group galaxies and galaxy clusters. The wide-band simultaneous
coverage and the very fast slit configuration mechanisms also make GMOX ideal for followup of LSST transients.
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1. INTRODUCTION

The Gemini Multi-Object eXtra-wide-band spectrograph (GMOX) is an advanced concept for an instrument de-
signed to be installed at the Gemini observatory. The development of GMOX has been prompted by a solicitation
by the Gemini observatory, who is seeking to build their third instrument of the fourth generation (Gend#3).
The Gend#3 instrument is envisioned by Gemini as a true workhorse: an instrument of high versatility and
efficiency. Our proposed GMOX is a highly configurable multi-object spectrograph, where the slit selection
mechanism is an array of Digital Micromirror Devices. Each micromirror, depending on the configuration, can
see an area on the sky as small as 40mas, thus exploiting the adaptive optics systems of Gemini (either ALTAIR
in the north or GeMS in the south). The resolution is R~5000, over the full spectral range between the U and
K bands. GMOX can pinpoint and collect deep spectra of regions with angular size as narrow as the spatial
resolution of the HST. As shown in Figure 1, GMOX’s 83 mas slit size (f/16), matching the 2-micron diffraction
limit of Gemini (50 mas), resolves the scale of the inner Solar System at the distance of the Orion Nebula, 1/50th
of a parsec at the distance of the LMC, half a parsec everywhere in the Local Group, 750 pc at redshift z ~ 1.5.
Beyond this distance the physical spatial resolution increases again with the angular distance, i.e. GMOX can
resolve spatial scales less than 750 pc at all cosmological distances (Fig. 1). GMOX can thus spatially resolve any
average galaxy in the observable Universe, according to the measured size-redshift relation (Fig. 2). At GEMS
(f/32) the minimal slit size is narrower by a factor of 2. It is obvious that an instrument with these capabilities,
standing above its predecessors in nearly all performance metrics based on combinations of sensitivity, angular
resolution, wavelength coverage and multiplexing capability, has great scientific potential for almost any
field of astronomy. GMOX has recently participated to the Gemini Feasibility Study Phase, and is currently
under further development (for more details on the GMOX Feasibility Study, the instrument opto-mechanical
and optical design, see [1-3]).

Resolving galaxies through cosmic time is the main science case for GMOX. An instrument like GMOX
can help us write new chapters in our quest for understanding how the first galaxies formed, how they assem-
bled and controlled their stellar mass, fed their central black holes and generally evolved to create the rich
phenomenology we observe in our local Universe, harboring stars and planetary systems germane to our own
existence. This contribution highlights a subset of the open questions that we have identified as of foremost
importance for the near future of astronomy. Starting from these key scientific goals we have derived a series
of requirements that GMOX must satisfy and therefore we have shaped the instrument design accordingly. The
ten key science questions we would like to address by developing GMOX are: 1) How rapid and patchy was the
process of reionization of the Universe? Which sources are responsible for it? 2) When did the first stars
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Figure 2. Size vs. redshift rela-
tion for Galaxies at z > 1 de-
rived from the Hubble deep fields.
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pected trend in the WMAP cos-
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appear and what has been their role in ending the Dark Ages? 3) How did Super Massive Black Holes
form? What are their seeds? 4) How do Galaxies build up their stellar mass? 5) What is the relation between
star formation and AGN ? 6) What is the origin of multiple stellar populations in Globular Clusters? 7)
Is the Initial Mass Function Universal? 8) What are the connections between host galaxy properties, star
Formation Rate density and Cluster Formation, evolution and disruption? 9) How does feedback from
Massive Stars affect their birth environments? 10) What is the main driver of Circumstellar Disks evolu-
tion and dispersal? In this paper we describe how each of these questions can set a series of constraints on the
instrument design and we conclude by deriving a global set of specifications for GMOX.

2. THE EARLY UNIVERSE: 3.5 GYR OF GALAXIES GROWTH

The first 3.5 Gyr of Cosmic History can schematically be divided in 4 phases: 1) The first 500 Myr, corresponding
to z > 10, the “Dark-Ages”, when galaxies begin to form in dark matter halos created by initial density
fluctuations in the primordial Universe and the first stars appear, starting the reionization of the Universe
and producing the first metals; 2) The epoch of reionization, completed about one billion years after the Big
Bang, corresponding to about 6 < z < 10. In this epoch mini-halos expand and merge while the early compact
embryos of present day galaxies are assembled. Super Massive Black Holes also have formed by the end of this
phase; 3) The second billion years, 3 < z < 6, where the stellar mass of the Universe grows from ~ 1% of its
present value to ~ 10% with significant enhancement of heavy elements. Globular Clusters and the Milky Way
Bulge are formed; 4) The “high noon”, between 2 and 6 billion years of cosmic history (1 < z < 3), when galaxies
build about 75% of their stellar mass as the star formation efficiency reaches a maximum about 3.5 Gyr after the
Big Bang. Because of cosmological redshift, these phases can be associated to different spectroscopic tracers of
ionized hydrogen. This is indicated in Fig. 3, providing a visual guide to the following sections where we briefly
examine each cosmic phase separately.

2.1 Dark ages and Population III objects

Open problems: The "Dark Ages”, i.e. the time interval between cosmic recombination (¢t ~ 0.4 Myr after
the Big Bang, z ~ 1100) and the beginning of reionization (¢ ~ 500 Myr, z ~ 10), is the ultimate frontier of
observational astronomy. Models predict that following recombination, the first dark matter halos begin to form
driven by the density fluctuations imprinted in the primordial Universe. These halos grow by accretion increasing
their virial temperature while the expanding neutral Universe cools down. Eventually the environment becomes
cool enough that Hs can radiate, allowing density to increase, up to the appearance of the first Population III
(Pop III) stars at z ~ 20 — 50. These pure H-He stars are likely very massive, and are obvious candidates for
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Figure 3. Illustration of how the main recombination lines of hydrogen scan the spectral range covered by GMOX as a
function of cosmological redshift z. The colored bands refer to GMOX’s Blue arm (blue), Red arm (green), NIR arm-J
channel (yellow), NIR arm-H channel (orange) and NIR arm-K channel (red).

beginning the reionization of the Universe and the first metal enrichment. We don’t know when they formed,
how many, their IMF, the clustering properties, the lifetime, the efficiency of production and escape of hard-UV
photons. The first galaxy seeds may appear soon after the first stars, still at redshift z > 10. Finding these
primordial objects, either as massive hypergiants, clusters or galaxy embryos, is a holy grail of present day
astrophysics. Analyzing them is the main science driver of JWST. At z > 10 the Universe is still opaque to
Lya radiation. Thus, the search for primordial objects has to be done using the Lyman-break technique beyond
~ 1 pum, mostly with HST/WFC3-IR. Deep HST imaging in the F125W, F140W and F160W filters has provided
so far only two candidates: the CLASH object in cluster MACS0647 [5] and the UDF j-39546284 object [6].
While the former appears to be multi-lensed and compatible with a geometrical solution for its z ~ 10.8 redshift
and lens model, the second, initially found as a F125W dropout, has been later classified as a F140W dropout
[7], that would push it at z ~ 11.7. However, its relatively bright flux and the fact that it is marginally resolved
by HST suggests that this system may actually be a strong line emitter at z ~ 2 — 3.

Observational Needs: Extremely-high redshift objects are expected to be faint and rare, and therefore their
search will probably remain a prerogative of JWST, with substantial investment of observing time. Predictions
are model dependent, for example [8] estimate that JWST/NIRCam may return 5 galaxy candidates at z > 10
over its ~ 10 arcmin® field. Projects like LSST, with the capability of reaching a shallower limiting depth
z =~ 26.2 mag can probe into the bright tail of this redshift range, providing a few hundreds of bright candidates
(Map =~ 25) across the sky. Spectroscopic confirmation will be needed to discriminate against low redshift
sources, as samples of Lyman dropouts identified using broad near-IR filters have low-z interlopers caused by the
Balmer/ 4000A jump (cold stars and brown dwarfs may also be contaminants, depending on the filter set used).
Deep spectroscopic observation may require substantial investment of exposure time (27 hours have been used
by the MUSE team on VLT to reach a limiting flux 1 x 107! erg s~ cm ™2 arcsec™2, [9]). Detecting very-high
redshift candidates discovered by JWST will require reaching Mag ~ 28 — 29 in the near-IR with SNR~ 1
per resolution element, in order to detect the Ly-break and the UV continuum after rebinning. Exposures
requiring several nights, possibly with AO, would still be comparable to the amount of time effectively invested
by JWST to discover the candidates in a combination of IR photometric bands. Multiplexing capabilities seem
needed to justify those substantial investments of observing time. They would be extremely useful when high-z
candidates are found near to the critical line of lensing foreground clusters, as in the case of MACS0647, as one
can acquire wide-band spectra of hundreds of lensing and lensed galaxies, complementing JWST imaging and
photometry at longer wavelengths. Reconstructing the full SEDs of all sources in the field of galaxy clusters
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adds enormous value to the deepest spectroscopic observations of individual sources at extreme redshifts. At
near-IR wavelengths, spectral resolution R ~ 5,000(10,000) is needed to cover about 80% (90%) of the near-IR
spectral range accessible from the ground without being impacted by strong sky emission lines. The spectra
would confirm the presence of the Lyman break in the near-IR and the lack of lines in the blue continuum.
While rest frames optical emission lines would be displaced at wavelengths longer than ~ 3 pm, in the JWST
regime, a spectral range including the K-band may allow detection of CIV A1549 at z < 14.49 and CIII] A1909 at
z < 11.6, tracers of metal-enriched systems. Wide wavelength coverage is also vital to reject low-z contaminants
through their [OIII] A5007 and HB A4862 emission (observable at z < 3.8 and z < 3.9 respectively). Another key
observational tracer is the Hell A\1640 line, a tracer of Pop III stars. With 10% of the strength of Ly« line, the
detection of this line provides the strongest evidence in support of the evanescent (a few Myr) Pop III sources.

2.2 Reionization and early galaxy formation

Open problems: As the Universe expands, the fraction of ionized atoms increases due to the Lyman continuum
photons of primordial sources. This process is controlled by a few key parameters: the star formation rate density,
psrr [Mo yr~! Mpc~3], the rate of ionizing photons produced per unit mass &, [s™* M3'], and the fraction
of those photons that escape to ionize the neutral intergalactic medium, fes.. The product of these three values
determines the fraction of ionized hydrogen in the Universe. The estimate of pspgr relies on the luminosity
functions of galaxies observed at high redshifts, either in their rest-frame UV or IR, extrapolated beyond our
current sensitivity levels. The fact that the visibility of the Ly« line drops significantly beyond redshift z = 6
indicates that at that redshift, about 1 Gyr after the Big Bang, reionization is nearly complete. The problem is
to explore beyond this limit to understand how reionization occurred.

At redshift z < 10 the Ly-break enters the visible range while Ly« shifts to the J-band (Fig. 3). Ground-based
facilities therefore start to play a major role, complementary to HST and Spitzer, and, in the future JWST. So
far, more than 1000 candidates have been found using HST data, but only 20 galaxies have been spectroscopically
confirmed at z > 6.5 (with the record holder being at z = 8.7, [10]) almost exclusively on the basis of the presence
of Lya emission at A ~ 1.1 ym. Using MOSFIRE at Keck-1 with 0.7” slits and a dispersion of ~ 1.2 A pix~!, [11]
could not detect Lyo emission in any candidate at z ~ 7 — 9 down to median limiting fluxes of 0.4 — 0.6 x 10717
erg s7! em~2 (50), whereas a few detections would have been expected if the distribution of Lya emission had
been the same as at ~ 6. High redshift galaxies are elusive. The scarcity of z ~ 8 galaxies suggests either a
dramatic increase in Ly« optical depth or that the number of star forming galaxy increases rapidly at redshift
~ 7. Measures of the Thomson optical depth 7 from Planck LFI polarization data, together with lensing and
high-multipole temperature data, imply a reionization optical depth 7 = 0.066 + 0.012. This suggests that faint,
star-forming galaxies are the main sources driving the reionization of the Universe, making reionization a quick
process, with the Universe passing from 20% to 90% of ionized hydrogen in the 400 Myr between 6 < z < 9 [8].
In this “late” scenario, Pop III stars may continue to form down to relatively low redshifts in isolated pockets
of primordial gas, [12]. Source CR7 of [13] is a Ly« emitter at redshift of z = 6.604 presenting only a narrow
Hell A1640 emission line (no other lines detected) in its X-shooter spectrum, which covers the spectral range
from the U to the K band. HST/WFC3 observations show that CR7 is indeed spatially separated between a very
blue component, coincident with the Ly« and He 11 emission, and two red components (~ 5 kpc away), which
dominate the mass. These findings are consistent with theoretical predictions of a Pop III wave, with Pop III
star formation migrating away from the original sites of star formation (Fig. 4). Finding Pop III systems may
eventually be not too hard: we just need to look at redshift 6 < z < 10!

A complementary approach to the study of reionization requires studying the intergalactic medium (IGM)
to determine when and how it became reionized. Quasar (QSQO) spectra provide detailed information about the
physical conditions of the IGM, and therefore play a central role in reionization studies. The structure of the
Ly« forest generally confirms that reionization was largely completed by z ~ 6, although the final stages may
extend to z ~ 5 [14,15]. Damping wing absorption in the spectra of the first z ~ 7 QSO, ULAS J1120+0641,
also appears to favor a significantly neutral IGM [16,17], and hence a late end to reionization; however, it is
only one object, and the damping absorption is subtle and difficult to measure. At the same time, studies of
QSO absorption lines can shed light on the formation of the first galaxies, constraining the effect of feedback
processes at early cosmic times. The first attempts to study early metal enrichment and feedback at z > 6 have
been made with optical and near-IR spectrographs such as X-shooter. These have demonstrated that metals
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Figure 4. Left: reproduction of Fig.7 of [13]; a false color composite of CR7 using NB921/Suprime-cam imaging (Ly«)
and two HST/WFC3 filters: F110W (YJ) and F160W (H). Component A dominates the Ly« emission and the rest-frame
UV light, whereas the (likely) scattered Ly« emission seems to extend all the way to B and part of C. Right: reproduction
of Fig.8 of [13]; HST imaging in Y J and H allows one to model the resolved CR7 components with two very different
stellar populations. While clump A is very blue and dominates the rest-frame UV flux, B+C are red and likely dominate
the rest-frame optical and the mass. GMOX is designed to spectroscopically confirm this type of results.

are present in significant quantities at these redshifts, although in far less abundance than seen at later times.
Current observations of metal absorbers traced by lines such as Civ, Cii, O1, and Mgil suggest a buildup of
metals in the circum-galactic media of galaxies during the reionization epoch though from galactic winds, i.e.,
feedback processes that are critical for shaping these early galaxies. The current statistics are still fairly sparse,
however, and it is not yet clear how rapidly the metals accumulate, or what population of galaxies they trace.
Finally, observations of the Civ 1549 and MgliA2798 broad emission lines (redshifted in the NIR for QSOs
at z ~ 7, place critical constraints on the mass of the black holes harbored in these powerful sources. Recent
studies on the highest-z QSOs have shown that black holes with masses of 10 Mg, are already in place when
the Universe is less than 0.8 Gyr old (e.g., [16,18,19]). These findings pose serious issues on black hole seeds
formation models. However, these results are based on the study of the brightest and highly accreting objects,
and are most probable not representative of the whole QSO population. Increasing the number of known QSOs
at z > 6 (there are ~ 70 QSOs known at z 2 5.7) would greatly improve our understanding of reionization and
early galaxy assembly. We may have only probed ”the tip of the iceberg” of the high-z QSO population, the
bright, rare end of a more common, fainter population. This situation is set to change over the next several years
as new quasars over 6 < z < 9 will be discovered by DES, VISTA, LSST, WFIRST, and other survey facilities.

Observational Needs: So far, the analysis of spectral properties of distant galaxies has almost exclusively
relied on SED fits to the HST photometry in the near-IR. Spectroscopy is needed to access the slope of the
continuum: the UV galaxy luminosity has a spectral slope parameterized by fy o A~7. Typically, 3 ~ 2 for star
forming galaxies [20], and the spectrum is bluer, 8 ~ 3, for dust-free and primordial stellar populations, with
some dependence on the IMF and the star formation history used to compute the SED. There are also several key
physical diagnostics of star formation and gas dynamics that are available in the rest-frame UV (e.g., Lya, CIv,
Ovr,...) and that affect photometric analysis. Disentangling the effects of dust extinction from the contribution
of emission lines to the underlying continuum is at the moment extremely difficult, given the uncertainties on
the metallicity of these early systems. Spectroscopy is needed to enable calibration corrections for the emission
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line fluxes as a function of redshift, improving both the stellar mass estimates and the characterization of how
metallicity evolves with redshift. Spectroscopy is also essential to break the degeneracy in the SED fitting between
massive/passive galaxies and star forming galaxies with strong emission lines, as both types tend to present similar
signatures in broad-band photometry. As we have seen in the previous section, spectroscopic follow up of high
redshift QSOs provides a formidable tool for analyzing the structure of the Universe at these early cosmic times.
Study of the IGM through QSO absorption lines requires sensitive (SNR > 10, and preferably > 20), moderate
to high-resolution optical and near-IR spectra of larger samples of z > 6 QSOs than are currently available. For
reionization studies, the key observable is the strength and shape of the Ly« emission line. At z > 7 this requires
near-IR spectra — primarily Y+J, but H and K are also critical for modeling the intrinsic, unabsorbed spectrum.
Resolution of R ~ 2000 is sufficient, but R > 4000 is preferable for resolving discrete Ly« absorption lines in
the QSO near zones, which affect the profile of the QSO Lya emission. A sample size of ~ 10 — 20 QSOs at
z > 7 would be excellent, which is in line with expectations from current NIR sky-surveys such as VISTA VHS.
As discussed below, AO would be a major benefit for accessing faint targets, although smaller samples could be
obtained in seeing-limited conditions. Intervening metal absorption lines are intrinsically narrow, and so higher
resolution is needed (R > 4000) to study metal enrichment of the IGM. High SNR is also needed to detect weak
lines (SNR > 20). At z > 6, the lines of interest fall over observed wavelengths of A = 9000 A up through K
band, so having optical + IR coverage is optimal. Current samples meeting these criteria in the near-IR are
restricted to 6-7 objects at z ~ 6; an increase to 20+ objects is therefore needed. Extending to redshifts z > 7 is
also a high priority. Due to the resolution and SNR requirements, particularly for fainter targets, AO would be a
major asset for the suppression of the sky background and to minimize the impact of read noise and dark current
(i.e., minimize the footprint of the spectral trace). In both cases, a southern location would be superior in order
to follow up new high-z QSOs discovered in optical+IR sky surveys such as DES4+VISTA, Pan-STARRS, and
LSST, which are predominantly southern or equatorial. On longer term, targets will come from Euclid (all sky)
and WFIRST (High Latitude Survey potentially in the south).

If Pop III objects can be found at lower redshift, a spectrograph with wide-band spectral coverage and high
throughput at intermediate resolution is essential. The case of sources CR7 of [13] is emblematic: they used
X-shooter, SINFONI and FORS2 at VLT, and DEIMOS at Keck, together with the original discovery images of
the HST. Very wide band spectroscopy with VLT/X-shooter, from U to K, has been necessary to search for the
presence of any emission lines other than Lya and the He 11A1646 line associated to Pop III stars. X-shooter,
on the other hand, has been incapable of spatially resolving the individual components of this source: high
spatial resolution is therefore the logical requirement to make a step forward. To analyze the UV slope, reaching
the line-free continuum level of high-redshift galaxies in the near-IR, one has to use spectral resolution R = 3000
to work between the OH lines. High throughput and the capability of synthesizing narrow slits are also required
to boost sensitivity if AO are available. Study of the Ly« forest requires relatively high spectral resolution to
disentangle metal lines, pushing again for spectroscopy with AO support to minimize losses and reach fainter
sources. Field coverage of the order of a few arcmin is needed to map the Lya absorption toward lensed objects
on scales the order of 1 Mpc (comoving). Multi-object capability is again needed to justify long exposure times
on faint sources, noting that cosmic variance becomes stronger at high redshift, increasing both the local source
density and the need to sample multiple regions. As GMOX can provide a very precise estimate of the distance
of hundred of sources in a field, it may enable one to trace the high frequency structure of the early Universe,
clarifying where the first galaxies formed within the clumps of cosmic-web. GMOX has the potential to be
transformative in the study of high-z QSOs, particularly if assisted by AO. Suppressing the sky background and
minimizing the trace width on the detector will make it possible to obtain high-quality optical+NIR spectra of
fainter objects than is currently possible with facilities such as VLT /X-shooter or Magellan/FIRE, hence enabling
significantly larger samples to be obtained. The Vista VHS survey expects to uncover new QSOs at z =6 — 8
down to Yag = 21. In AO mode it will be possible to obtain SNR= 10 spectra for such objects in 1.5 hours
of exposure, and SNR= 20 in 5 hours. At R ~ 5000, GMOX will have sufficient resolution to study the IGM
using the Ly« forest, as well as probe the environments of intervening galaxies through their metal absorption
signatures. High throughput and the ability to suppress sky emission using narrow slits and AO will boost
sensitivity, allowing one to obtain high-quality spectra of quasars out to z ~ 8 — 9, even as their Lya emission
shifts into the infrared. Multiply lensed QSOs can thus be used to probe the spatial structure and correlation of
the Lya clouds, with their filamentary structure, providing unique insights into the growth of cosmic structures.
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Figure 5. VLT /X-shooter spectrum of a quasar at z = 6.3. The Lyman-« forest is visible at A < 0.9 pm, while metal
absorption lines can be seen out into the near infrared. Wavelengths for Lyman-a at the redshifts of these absorbers,
potentially corresponding to galaxies along the line of sight, are marked with vertical ticks.

2.3 Galaxy building epoch

Open problems: Between 3 < z < 6, in the second billion year of cosmic history, galaxies begin to take
shape increasing their stellar mass significantly through minor and major mergers, and gas accretion. This rapid
process is accompanied by a substantial increase in heavy elements abundances. For the majority of galaxies, the
star formation rate is proportional to the stellar mass of the galaxy. Also, the star formation rate surface density
is proportional to the gas surface density (the Schmidt-Kennicutt law). This relation has a slope v connected
to the underlying physics of the scaling between star formation and cold gas. However, the Schmidt-Kennicutt
Law does not appear to be “scalable” at all gas surface densities. In particular, at low gas surface densities, the
SFR seems to change more rapidly than at high gas surface densities. This non-linear dependence suggests that
star formation may have different modes, depending on the stellar mass, the environment, and on the accretion
history of the galaxy (see also Sect. 3.1). ACDM models show that mergers of small satellites into larger galaxies
is one of the main mechanisms of the hierarchical galaxy assembly. This is supported by the direct observations of
fossil tidal features in galaxy groups: streams, tails, and bridges trace interactions that may have occurred several
Gyr earlier. Understanding the formation and erasure of structures during the build-up epoch, the efficiency of
cluster formation and the link between clusters and stellar mass functions requires spectroscopic observations of
resolved galaxies at redshifts z > 3.

Observational Needs: Observationally, at z ~ 4 the Balmer/4000A break enters the K-band while the Lyman
break swings the visible portion of the spectrum, allowing one to identify thousand of galaxies [21-24]. Observing
the features at UV and optical rest-frame wavelengths, one can select star-forming galaxies providing direct
information on their most recent episodes of star formation. To assess the contribution of older stars, one has to
move beyond 2um, to observe at near-infrared rest-frame wavelengths. While JWST will provide observations of
such galaxies at long wavelengths, optical spectroscopy from the ground will be able trace their star formation
rates in the last 100Myr, resolving localized starbursts. We expect that deep imaging of JWST/NIRCam will
help to discover thousands of sources in this redshift range, calling for substantial parallel spectroscopic followup
to derive precise redshifts and characterize the star formation activity, while eliminating low redshift interlopers.

The high density of sources in this redshift range is ideal for multi-object spectroscopy. GMOX must be able
to cover deep fields of several arcmin? in a reasonable amount of time to match JWST/NIRcam search areas.
This critical redshift range requires access to the full wavelength range, from the UV to the near infrared. GMOX
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must provide such a spectral range, covering from the U-band (where the Ly-a line becomes accessible at z ~ 3)
to the K-band (where the [O11] A3727 line, which is a tracer of star formation, is observable up to z ~ 6) in
order to trace with continuity the evolution of star formation over the full redshift range. Resolution R > 3,000
provides accurate spectroscopic redshifts and assesses the contribution of line emission to the photometric fluxes
for different classes of objects. Reaching the line-free continuum level of high redshift galaxies requires spectral
resolution R 2 4000 to work between the OH lines. High throughput and the capability to synthesize narrow
slits are also required to boost sensitivity. Study of the Ly« forest requires relatively high spectral resolution to
disentangle metal lines.

2.4 “High noon” of cosmic history

Open Problems: Between 1 < z < 3 galaxies experience a “growth spurt”, as the rate of mass buildup and
AGN activity reaches its peak [25,26]. To understand this phase of cosmic history we need to assess the SED of
galaxies, not just globally, but resolving their substructures. Since galaxies are not homogeneous, it is critically
important to discriminate between stellar populations of different ages, their contribution to the mass of the
galaxies, the history of star formation, and the dust properties within the galaxies.

Observational Needs: The star formation rate can be traced by emission lines like Ha and [O11] A3727 and
by the rest-frame UV emission. Stellar masses can be derived by fitting the stellar continuum with SED models.
From these synthetic spectra one can build a grid of observed stellar mass-to-light ratios as a function of D(4000)
(i.e. the ratio of the flux density at 3850,3950A to the flux density at 4000,4100A; [27]), and the H§ absorption
feature [28]. Having full access to different star formation rate indicators, consistently calibrated across a wide
range of redshifts, would allow us to robustly derive how star formation changes within the galaxies. Minor
mergers can provide a significant increase in galaxy size without a substantial stellar mass increase, leaving a
well defined compact core of older star (e.g. [29]); vice-versa, adiabatic expansion powered by large-scale mass
loss such as AGN feedback (e.g., [30]) can generate an expansion of the total stellar light profile. Discriminating
between these two scenarios requires extreme AO to resolve galaxies bulges from disks, large field of view to
compare several galaxies in a cluster and wide spectral coverage to map rest-frame indicators of stellar mass,
age and star formation activity up to z ~ 2 (see contribution of S. Sweet at the 2015 Gemini Science Meeting).
At even lower redshifts, the capability of taking wide-band spectra with high spectral and spatial resolution
allows one to probe the origin and kinematics of stellar populations in normal, starburst, interacting, and active
galaxies. A ~ 0.1” resolving power can probe scales of~ 50pc at the distance of Coma cluster. Enabling massive
spectroscopy of resolved stellar populations in the nearest galaxies will revolutionize our understanding of stellar
populations and probe the relationship between super massive black holes and their host galaxy.

Moderate spectral resolution (R~4000) is needed to resolve broad emission lines associated with central AGN
activity (e.g. Ha, HB, Civ and Mg11). The width of these broad emission lines combined with a measurement
of the AGN continuum monochromatic luminosity can be used to estimate the mass of the powering black hole
through scaling relations (e.g., [31]). Wide spectral coverage would allow one to track black-hole accretion and
AGN activity throughout cosmic time. An instrument with such characteristics would be the perfect instrument
to investigate the existing relation (if any) between AGN activity and galactic star formation. Wide spectral
coverage and R ~ 4000 from the UV to the near IR is needed to measure the intensity of nebular emission lines
(e.g., [O 11] AX3727, 3730, HS3, [O 111] AA4960, 5007, Hey, [NII] AN6548, 6584, and [S11] AA6717, 6731), stellar
continuum, and absorption features (e.g., Balmer lines, Cait H and K, Mgb) as galaxies evolve over this redshift
range. Resolution of a few thousand allows resolving Hydrogen emission lines to measure star formation rate and
Balmer decrement (Ha/Hf3), which provides a direct measurement of dust attenuation. These can be analyzed
to yield dynamical information on the evolution of the disks, giving new insights into the inflow of material onto
galaxies and the processes controlling star-formation in galaxies. The on-sky density of targets requires a multi-
slit spectrograph. High spatial resolution is needed targeting single regions of enhanced star formation, measuring
spectral variations across individual galaxies. Resolving power R ~ 5000 (60 Km/s nominal) corresponds to a
few km/s when the spectra are cross correlated. With such velocity resolution, it will be possible to probe into
the properties and kinematics of galactic companions, constraining the frequency of satellite accretion and their
relevance in the build up in the galaxy size and stellar mass.
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3. THE LOCAL UNIVERSE

While Sect. 2 focused on cosmic scales, this section highlights some of the possible cases where an instrument
like GMOX can help understand our Universe in finer details, down to the level of individual stars.

3.1 Galactic-Scale Star Formation

Open Problems: Star formation, the main process shaping galaxies from the cosmic dawn to present times,
is better described than understood [32]. The missing link is the connection between the small scale of the single
proto-star (~ 0.1 pc) and the large scale of extended star-forming structures and molecular complexes (several
kpc). Galactic-scale star formation occurs in hierarchical structures of which bound star clusters occupy the
densest peaks [33]. Star clusters can survive for even a Hubble time, as globular clusters, and provide a fossil
record of the ancient star formation. The youngest massive clusters are easily detected to up to ~ 100 Mpc, and
provide excellent tracers of current star formation. Hence, understanding cluster formation can provide a path
for unraveling the physics of galactic-scale star formation, what regulates it, and its links to the properties and
structures of the host galaxy. Young star clusters (YSCs), i.e. bound or semi-bound systems younger than ~ 100
Myr, are excellent tracers of recent star formation in all galaxies, and many of their properties have been studied
over the past 10-15 years (see e.g. [34] and references therein); however a number of open questions remains.
The reason why super-star-clusters, i.e. ~ 10 Mg clusters, form in starburst galaxies (even dwarf ones) and
mergers, but not in large spirals, remains a mystery, although the process is likely linked to ISM pressure and
density (e.g. [35]). The cluster formation efficiency, i.e., the number of clusters formed per unit of star formation,
appears to be a decreasing function of the star formation rate (SFR) surface density Ygprr, both locally and
globally (Fig. 6), but available data are scant in the key range of very high and very low ¥gppr, where models and
predictions can be discriminated [36]. Adding to the uncertainties in the fact that most of the properties of YSCs
are derived under the assumption of a universal stellar IMF, both at the low and high end, but evidence in this
sense is contradictory [37-40] The process of cluster disruption is also under hot debate. Two models have been
put forward to explain the decline in number of bound clusters with age: mass independent disruption (MID,
[41]) stating that the disruption timescale does not depend on mass and environment and that the number of
clusters decreases with time simply following a ¢! relation, and mass dependent disruption (MDD, [42]) stating
that the disruption of clusters depends on the initial mass of the cluster as well as on the environment of the
cluster in the galaxy. Another fundamental question that has not yet been definitively addressed is related to
the presence or not of an upper-mass truncation in the young star cluster mass function. Such a truncation is
present in globular cluster populations and seems to be related to the galaxy where the population has formed
[43]. However the results of the cluster mass function analysis of young star cluster populations in local galaxies
are still contradictory [44,45].

Observational Needs Many key questions related to the formation and evolution of young star clusters have
not yet been answered because of the limited information we can access with imaging data. Conditions for the
formation of super star clusters, cluster formation efficiency, and the IMF are best investigated in the youngest
among the YSCs, i.e. those that are younger than ~ 10 Myr. This is because the youngest among the clusters are
still closely linked to their natal environment, which is needed to garner insights into the open problems above.
As an example, in order to probe the universality (or not) of the stellar IMF at the high end, young massive (M
> 20 M) stars still need to be present, i.e., the cluster needs to be very young. Almost all galaxies contain YSC
populations, but these are best observed in the local Universe, where the YSCs can be isolated and measured
amidst the galaxy background. However, starbursts and mergers are rare occurrences in the local Universe, thus
placing a lower limit around ~ 100 Mpc in order to probe a large enough range of galactic environments (several
ULIRGs and mergers are located within this volume). The key parameters to understand cluster formation and
evolution are their masses and ages. Typically the age and other properties of the young (< 500 Myr) clusters
are determined by SED fitting of UV and optical images. However, the determination of the age is hampered
by the degeneracy between the age and extinction, i.e. red clusters could be young and reddened or old and not
reddened. Disentangling age from dust attenuation, requires U-to-J SEDs. The Dn(4000) feature is a powerful
age indicator, when coupled with the long wavelength leverage up to J, required to derive the dust geometry
(see Fig. 7). Extinction determination is further aided by the availability of multiple hydrogen recombination

Proc. of SPIE Vol. 9908 990849-10

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/16/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Figure 6. The cluster formation ef-

100F [];.1;,[3], ‘f"'f*"lg LA Y ficiency I', i.e., the ratio of cluster
I . . .
[ = MB3 elsum_num = formation rate to the star formation
+ M83 equol-arec st ﬁ ‘,.-" rate, as a function of the SFR sur-
) MB3 whole - T e : face density Y srr, for galaxies and
- - . .
- L = 1 galactic regions (from [34]). Only
| 5 St | clusters younger than 10 Myr are in-
L', " cluded. The low and high Yspgr re-
—_ gions of the plot are not well de-
e 10k | fined by current data due to the dif-
— 3 4 ficulty of accessing this portions of
L' ! ’m@' = =, obs fit—Geddard10 4 the parameter space: the low end
£ .. fiducial model—Kruijssen12 | .
[ PN L Ty Y.srr is populated by dwarf galax-
e S T 1 ies, which require sensitive instru-
» [] Silvavilla&larsen11 . .
O Adamel1 ments, and the high end is populated
> Goddard10 | by starburst galaxies, which are rare.
7 Cook12
Annibali11
¥ Limé&leel5
1 D
e A . | . . . I . . .
-4 -2 0 2

1

log Zgrz [Meyr™ kpc™]

emission lines, e.g., Ha, HB, PS [46]. Other age indicators will be observable thanks to the GMOX spectral
coverage. For example, the He 11 4686 (Wolf-Rayet feature) is created by Wolf-Rayet stars in clusters with typical
ages of 4-6 Myrs, while the CO bandheads at 2.3 pum are caused by red super giants dominating the spectra
after the WR stars have disappeared. lIonizing photon fluxes are also required to determine the shape of the
high end of the IMF. Extensions to wavelengths longer than J are required when dealing with natal clusters
(< 2 Myr) which are still very embedded. Finally, cluster ages, which are derived from model-matching, are
sensitive to the cluster metallicity, implying that metallicity measurements are required for accurate age (and
mass, which depends on the age) determinations. Another important aspect which is still not fully constrained
by observations is related to the effect of cluster feedback on the efficiency of gas removal from the region where
the cluster has formed. Simulations are not able to remove gas from a cluster which has formed within a giant
molecular cloud of 106 Mg, [47]. However, observational census of very young clusters in local galaxies shows
that the central clusters are able to remove the left-over gas. It remains still to be answered which form of
feedback is the most efficient: radiation pressure from very young massive stars, or mechanical feedback from
stellar winds and supernovae explosions. By studying the emission lines of the H textscii regions around these
young stellar clusters, the cluster feedback can be studied in detail, using the detection of lines with different
ionization potential (e.g. Hey, Si1, Sii1, O11r and lines produced by shocks from the supernova ejecta like Fell.

GMOX needs to be able to obtain high quality spectra of large samples of young clusters in local group
galaxies, allowing age determination via spectral fitting techniques [48]. This will give a significant improvement
in the accuracty over the photometric determinations by resolving the degeneracy between age and extinction.
The high spatial resolution is needed to isolate individual clusters. GMOX should have high multiplexing
capability (200 - 500) to allow the spectral age determination of large samples of clusters in galaxies allowing the
study of the environmental dependencies of the cluster properties and survival rate. Multi-object capabilities
are the only way to efficiently observe YSC populations in external galaxies, where several hundreds to a few
thousand YSC can be included within a field-of-view of ~ 1’ x 1’. To disentangle the age-extinction degeneracy,
U-to-J coverage is needed. Masses are finally derived from the total flux at the long wavelengths (> 7,000
Angstrom, up to at least J-band). The broad wavelength coverage is also needed to enable age determination of
clusters from 1 to up to ~ 10 Myr as several age dating features, emitted by stars of different ages, are covered
in the spectrum: e.g. Balmer lines, Wolf-Rayet feature, CO-band heads (from red supergiants), Ca triplet, Mg
lines. The use of adaptive optics is essential for this study in order to identify and isolate the individual clusters
and to obtain as high a SNR as possible. A spectral resolution of 2000 is enough to identify the spectral features.
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Figure 7. Left: Optical spectrum of a star cluster in a nearby dwarf galaxy, NGC3741 (shown at right, with a white circle),
demonstrating how the wavelength coverage 3400-8000 is a minimal requirement to age-date clusters. Longer wavelength
baselines are required in the presence of significant amounts of dust. Right: This color composite of NGC3741 shows that
multi-object spectroscopy would be an efficient way to observe the clusters in this galaxy (yellow circles).

3.2 Massive star formation in Local Group Dwarfs

Open problems: The Local Group (LG) of galaxies offers the best opportunity to study massive stellar
evolution and star formation (SF) in environments with a variety of properties, such as galaxy type, metallicity,
gas density, dynamics and star formation history (SFH). SF modes and regulating factors as well as the interplay
of stars and dust can be studied in detail given the vicinity of LG galaxies.[49] Ultimately, the resolved young
populations of LG galaxies provide a crucial anchor point for the study of integrated properties of distant star
forming galaxies. Given the typically low metallicities of dwarfs in the LG, they are ideal laboratories to study
SF and evolution in conditions similar to the early Universe. They are indeed very important for understanding
the efficiency of metal enrichment of the interstellar medium, which might differ between the LG spirals (Milky
Way and M31) and dwarfs. A question arises whether the observed low metallicity in dwarfs reflects a quiet SFH
or their inefficiency in retaining and mixing their own nucleosynthetic products.

Observational Needs: Massive stars are usually born in dense stellar environments, making it quite challeng-
ing to perform spectroscopy of individual objects (Fig. 8). Adaptive optics can provide the angular resolution
needed in such crowded fields. Accurate spectral typing and estimates of stellar parameters are needed to con-
struct H-R Diagrams. From the latter it is possible to estimate stellar masses and ages, thus characterizing
the upper-end of the IMF in low-metallicity environments and the recent SFH. Given the typical size of these
dwarf galaxies on the sky, 10s to 100s hot massive stars are present within 1 square arcminute, the exact value
depending on the target dwarf galaxy. Other than the hot O and B stars, A-type supergiants can also be ob-
served and their metallicities can be estimated from the many Fe lines available. These young stars reflect the
current metallicity of their surroundings. Usually the star forming dwarf galaxies also present a number of cool
red supergiants, which are slightly older than the hot OB stars. Covering the Call triplet (8498, 8542, 8662 A),
visible in these stars, enables to estimate the metallicity of intermediate age populations and compare it to that
of younger stars, thus quantifying their hosts’ chemical enrichment.

Excellent image quality, typical of GLAO correction (~ 0.3” in the visible) is needed to achieve the angular
resolution needed to work in the crowded fields typical of nearby galaxies. A field of view of the order of
1 x 1 square arcmin is adequate to cover the typical extension of nearby dwarf galaxies. Medium resolution
spectroscopy, R~ 3000 is needed to show the presence of distinct populations, distinguishable by kinematics,
metallicity and spatial distribution (as found e.g. in Sculptor Dwarf Spheroidal Galaxy but not in Carina).
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Figure 8. Left: GALEX image of the dwarf galaxy Sextans A, with the footprints of the HST/WFPC2 observations
by [50,51] superimposed. This galaxy represents a typical example of star-forming, low-metallicity, Local Group dwarf
galaxy. Right: stellar temperature estimates from photometric SED fitting, by [50,51]. HST observations like these can
be used for GMOX target selection. The typical HST imaging cameras FoV can be covered with ~ 3 GMOX pointings.

3.3 Globular Clusters

Open problems: One of the most-obvious assumptions made by astrophysics for over half a century was
to consider globular clusters (GCs) as: “ the purest and simplest stellar populations we can find in nature”
[52]. However, in the last few years an overwhelming body of observational evidence, both photometric and
spectroscopic, has shown that this old, simplistic paradigm can’t be applied to most (if not all) GCs, [53].
Multiple generations of stars in GCs are now the rule rather than the exception. De facto, a new era in GC
research has started. In the local Universe, GCs do not appear to be brewing multiple generation of stars [54],
so special conditions, encountered only in the early Universe, may be instrumental for the occurrence of the
GC’s multiple population phenomenon. Ultimately, studying and understanding how multiple stellar systems
were born and have evolved in GCs will help us shading light on the series of events that characterized the early
childhood of the Universe. Formally, all GCs exhibit multiple main sequences (MSs), and the most reasonable
explanation is that stars in each of these MSs are characterized by a different Helium abundances [55]. Helium
abundance cannot be directly measured by spectroscopy, except for high temperature, highly evolved stars [56].
Nevertheless, spectroscopic investigations of GCs have found large star-to-star variations in light-element (O,
Na, Mg, Al ans Si) abundances. These variations have distinct patterns: O and Mg abundances are positively
correlated, and are anticorrelated with Na, Al and Si abundances. Such patterns leave little doubt about the
chief nucleosynthesis culprit: high-temperature hydrogen fusion that includes CNO, NeNa, and MgAl cycles [57].
The main outcome of H burning, helium, is expected to be directly related to the observed chemical pattern of
light elements in GCs. Stars on the MS that are highly enriched in He should have large depletions of O and Mg
and large enhancements of Na and Al (possibly Si as well). In addition, first-generation stars are found to be O-
rich, C-rich and N-poor. Conversely, second-generation stars, whose material has been CNO-cycle processed, are
O-poor, C-poor and N-rich. The kinematic properties of different stellar populations represent another key piece
of the puzzle for a complete picture of the formation and evolutionary history of GCs. According to a number
of different formation scenarios [58-60] second-generation (2G) populations should form more concentrated in
the GCs inner regions, and then slowly diffuse towards the outskirts, preferentially along radial orbits [61]. Even
if formation and early dynamics did not produce strong differences in the kinematic properties of 1G and 2G
populations, the effects of the long-term evolution driven by two-body relaxation, combined with the predicted
(and observed) differences in the spatial distribution of 1G and 2G stars, can still leave significant fingerprints
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Figure 9. The upper panel shows a multi-
color HST/WFC3 image of a field in the
center of Omega Cen. The lower map
shows the predicted positions of the stars
highlighted by the white box. Each streak
represents the motion of the stars over the
next 600 years, sampled every 30 years.
Radial velocity measures will allow one to
reconstruct the 3d kinematics of the differ-
ent stellar populations of the cluster.

in the current kinematic properties. However, line-of-sight velocities of GC stars have been measured so far only
for the brightest giant stars. GMOX sensitivity and angular resolution will allow us to reach deep into the main
sequence, giving us access to orders of magnitude more stars. Moreover, using only red giants represents a major
limitation for studies focused on the global internal kinematics of GCs. In fact, because of the fast evolutionary
timescale, giant stars have basically all the same dynamical mass, i.e. the mass of the current turn-off stars. It is
only by reaching the main sequence that it would be possible to study the effects of energy equipartition, mass
segregation and anisotropy [62]. When proper motions are also available for the same stars, GMOX line-of-sight
velocities will allow us to constrain the 3D velocity and thus, the whole phase-space distribution functions, setting
critical constraints on the dynamical and evolutionary status of the clusters. The core of GCs is the place where
the most interesting dynamical interactions happen. Only state-of the art spectroscopy of faint stars in crowded
fields will fully unlock these highly-demanding scientific investigations.

Observational Needs: Multiobject spectroscopy in the full visible range and with the capability of operating
in crowded fields is ideally suited for studies of globular clusters. The apparent half-mass radius of most galactic
globular clusters is about 1 arcmin, so field of views of this order are adequate for measuring hundred of stars
in a single exposure. Because of crowding, high angular resolution is mandatory to target single sources down
to the very center of GCs. Moderate resolving power (R> 3000) from the near UV (X > 3400A) to 1 pm is
adequate to obtain spectra of turnoff and sub-Giant Branch stars in Galactic globular clusters, targeting e.g.
CN (3883 A) and CH (4305 A) molecular bands to derive nitrogen and carbon abundances. Spectral resolution
R > 5000 is needed to explore the close link between He enhancement and the simultaneous depletion/increase
in light elements of faint stars on different main sequences. These targets can be photometrically selected and
then spectroscopically analyzed to infer their light-element abundances. Near-UV capability would be especially
useful to directly measure key CNO-cycle molecular bands: NH (~3400A), CN (~3800A, ~4150A), and CH
(~4300A). Near infrared coverage is needed to constrain the possible occurrence of cool, low-mass companions
that may contaminate the results. By using narrow slits to increase resolving power and exploiting the wide
spectral coverage it is possible to measure line-of-sight velocities. It should be possible to reaching the less
massive MS stars and achieve higher precision than that achievable with proper motions from HST.

GMOX must be capable of collecting accurate high-resolution spectra of a few hundred stars in a single
pointing. The field of view should be at lest 1 square arcminute. The spectral coverage should range from the
near-UV to the near-IR, resolution R > 3500.
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Figure 10. A combination of photospheric and accretion spectra can reproduce the observed emission; line veiling,
however, affects the spectral features and biases the stellar type estimates. A global solution is necessary to properly
derive the parameters of pre-main-sequence stars. (Adapted from [74]).

3.4 Star Formation and Circumstellar Discs

Open problems: Planets form in evolving protoplanetary disks around young stars located in young open
clusters (YOCs) and star forming regions (SFRs). The evolution of the gaseous content of protoplanetary disks
plays a key role in the planetary formation process (e.g. [63]). By studying disks around stars in galactic
YOCs and SFRs of different age it is possible to infer what processes drive disk evolution. Two processes
are thought to be the main drivers of disk evolution: viscous accretion and photoevaporative or disk winds
[64]. Driven by turbulence, some disk material is accreted to the innermost regions while angular momentum
is transported to the outer parts. At the hot, inner edge of the disk, ionized gas is funneled by the magnetic
field to accrete onto the central star (magnetospheric accretion, see [65,66]). Mass accretion gives rise to
characteristic spectral signatures: a hot continuum, easily detected as an excess emission in the UV (A <364
nm) and as veiling across the entire visible region [67,68], and strong and broad emission lines originated by
the high velocity material infalling on the star [69]. The UV excess and the luminosity of the emission lines
correlate with the total accretion luminosity (Lgee) [68,70,71]. However, disentangling photospheric spectrum
from the accretion emission is not easy due to the opposite effect of accretion, which makes photospheric features
shallower and the spectrum bluer, and extinction, which reddens the spectrum. On top of that, accretion is
a highly variable process also on small timescales (minutes to hours, e.g., [72]). This has strong implications
on non-simultaneous observations across different wavelength ranges. In practice, not only the estimated mass
accretion rates but even the most fundamental stellar parameters (effective temperature, radius, luminosity)
are often poorly defined, adding large scatter to the HR diagram of nearly coeval populations that in principle
should nicely trace theoretical isochrones (with binaries). The availability of the X-shooter spectrograph at
the 8m ESO/VLT telescope has helped astronomers shed some light on this issue. By covering the spectral
range from A ~ 300nm to A ~ 2500 nm simultaneously with high-sensitivity and medium resolution, X-shooter
allows one to beat the degeneracies between the stellar and accretion parameters. The detailed analysis carried
out by [73] of the broad X-shooter spectra of two apparently old (30 Myr) but accreting stars in the ~ 1
Myr Orion nebula cluster (ONC) has shown that their correct stellar parameters places these targets in the
same region of the HR diagram as the other stars in this region (see Fig. 11). The better determination of
the stellar parameter was possible thanks to the large wavelength coverage of the spectra, leading to a better
determination of both accretion and extinction, as well as the spectral type, of the targets. Similarly, [75] have
used mostly Keck/LRIS spectra to show that spectral type classification of young stars is inaccurate if veiling due
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to accretion is not quantified and considered together with extinction. The importance of covering a wide spectral
range simultaneously is ultimately dictated by the very short timescales on which accretion varies, as short as
minutes to hours [72]. An estimate of veiling on a non-simultaneous spectrum does not allow one to achieve the
same precision in the determination of stellar parameters; this possibly is the main cause of the longstanding
problem with the exceedingly large age dispersion in young clusters. The UV-excess is surely the most direct
tracer of accretion, but the accretion luminosity, and thus the mass accretion rates, can also be derived using
the luminosity of various emission lines. Recent works with X-shooter have demonstrated that robust estimates
of accretion are obtained, once stellar parameters and extinction have been properly derived, combining the
luminosity of multiple emission lines [76,77]. The best correlation between line and accretion luminosity is found
for high upper-level Balmer lines (e.g., Hy) in the blue part of optical spectra and Paschen series lines, such as the
Pag line in the near-infrared. This line, as well as other near-infrared emission lines, are accurate proxies as their
fluxes are less affected by extinction. Moreover, infrared spectroscopy can also be used to probe the substellar
regime. The other main processes driving the evolution of protoplanetary disks are winds, which are best studied
spectroscopically through the analysis of forbidden emission lines [78]. High-velocity components of forbidden
lines trace jets while the low-velocity component traces slow disk winds, possibly photoevaporated by the high-
energy (X-ray and UV) photons coming from the central star [79]. Studying forbidden lines in young stars
allows one to determine the physical conditions of these winds, such as temperature and density [80]. Another
important parameter to be considered, besides, age, is the effect of environment. Recent studies indicates that
disk accretion last longer in environments with lower metallicity, such as in the outskirt of our Galaxy and in the
Magellanic Clouds [81]. Such studies may lead to a connection between star and planet formation in our solar
neighborhood and other galaxies throughout cosmic history. However, these results require confirmation, relying
solely on photometric surveys and a single accretion indicator, the Ha line, which is not the most accurate tracer
of accretion. It is necessary to accurately determine stellar and accretion parameters of statistically significant
samples of targets at different metallicity (i.e. in the Magellanic Clouds) using the same methodology described
above for close-by targets.

Observational Needs: X-shooter is the best instrument available today to investigate the nature of pre-
main-sequence objects, allowing one to determine self-consistently the Spectral Type, extinction and accretion
luminosity, the jet/disk wind properties, and the relative importance of these processes. X-shooter, however,
is limited by the lack of multi-object capability and operates only in the seeing limited regime. Great progress
would be enabled by a wide-band multi-object spectrograph: young galactic clusters in the Milky Way reach
extremely high density (about 30,000 stars/pc? in the core of the Orion Nebula Cluster) and are therefore ideally
suited for multi-slit spectroscopy. Wide band spectral coverage is needed to measure lines from different atomic
species with different ionizing conditions, including H recombination lines (the entire Balmer and Paschen series
as well as the higher transition Brackett series) and a large number of molecular transitions of Hy and CO in
the near-IR. Resolution should be adequate to resolve the broad Ha line (AX ~ 100 km/s) of classical T Tauri
stars. Using extremely narrow slits allows one to study the central regions of clusters, characterized by strong
and highly non-uniform background, and source crowding. It also allows one to increase spectral resolution to
probe the kinematics of the inner regions close to the source of jets and outflows.

GMOX must have multi-slit capability over a field of view of at least one square arcmin. Very-wide band
spectral coverage, U-to-K, allows one to measure the rich spectrum characteristic of young stellar objects. Res-
olution R > 5000 is needed to resolve the broad Ha line tracing accretion and jets kinematics. The ability to
select narrow slits (~ 0.1”) with AO allows one to penetrate the inner regions of young clusters, minimizing
confusion and background.

4. LSST TRANSIENTS

By probing 100 times more volume than the recent generations of transient searches such as Pan-STARRSI1
and PTF, LSST is going to enable the next level of time domain studies, probing variability both in position
and time. Rarely observed events will become commonplace, new and unanticipated events will be discovered.
The impact of LSST on astrophysics has been recognized by the latest Decadal Survey; Gemini is expected to
play a key role, in particular with the spectroscopic followup of transients. The most compelling case for LSST
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Figure 11. Position on the HR Dia-
gram of the two objects in the Orion
Nebula Cluster discussed in the text.
The empty stars represent the target
stellar parameters reported in the
literature, while the positions deter-
mined with our method are shown
with filled stars. The evolutionary
tracks shown in the plot are by [82].
(Adapted from [73]).
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follow-up with Gemini is probably provided by exotic sources that emerge from below the detection threshold,
rising in brightness over time scales of hours, or a few days. One can refer to true transients as objects whose
character is changed by the event, usually as the result of some kind of explosion or collision, whereas variables are
objects whose nature is not altered significantly when they increase in brightness. The 5 or 6 band photometry
of LSST will have limited predictive power to constrain the nature of enigmatic transients: medium resolution
spectroscopy over a wide-band spectral range is absolutely needed.

A convenient way to represent the basic characteristics of explosive events is to plot the peak luminosity
versus characteristic time scale. Figure 12 shows the location of some of them. The absolute magnitudes on
the right can be composed with the distance modulus of the local Universe: long-period novae at Vgps >~ —7
could be detected at their peak by LSST up to the distance of the Virgo cluster (DM=+31). Spectroscopic
followup is within reach. Supernovae occupy the upper part of the diagram. The spectroscopic light curves of
their expanding shells provides us with a 3-dimensional movie of the chemical enrichment of galaxies, including
the production and decay of radioactive materials and dust grains which are a prerogative for the existence of
life. Supernovae are also fundamental distance indicators and have provided the first direct evidence for cosmic
acceleration [83,84]. This discovery rested on observations of several tens of supernovae at low and high redshift.
These samples have been observed with a variety of telescopes, instruments, and photometric passbands. The
low-redshift SN Ia measurements that are used both to anchor the Hubble diagram and to train SN Ia distance
estimators are themselves compiled from combinations of several surveys using different telescopes and selection
criteria. When these effects are combined with uncertainties in intrinsic SN Ia color variations and in the effects
of dust extinction, the result is that the current constraints are largely dominated by systematic rather than
statistical errors. An instrument allowing one to observe similar supernovae over a wide range of redshifts,
minimizing background confusion from the host galaxies, would allow reduction of the systematic uncertainties
that eventually propagate into our knowledge of fundamental parameters of the cosmos. Supernovae are also
connected to the Gamma-ray bursts (GRBs), the most violent cosmic events associated with the birth of a rapidly
spinning stellar black hole. Long duration GRBs probably result from the deaths of certain types of massive
stars [85]. Since the explosion is mostly directional (jetted) with conical opening angles ranging from less than a
degree to a steradian, a detection depends on the location of the observer. The initial emission of gamma rays is
followed by an optical afterglow from the interaction of the relativistic debris and the circumstellar medium. An
observer outside the cone of the jet misses the burst of gamma-ray emission, but can still detect the subsequent
afterglow emission [86], an off-axis orphan afterglows. Since the beaming fraction (the fraction of sky lit by
gamma-ray bursts) is estimated to be between 0.01 and 0.001, the true rate of GRBs is 100 to 1000 times the
observed rate. Since a supernova is not relativistic and is spherical, all observers can see the supernovae that
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Figure 12. Peak V-band lumi-

T

24 . . .
SN2005ap nosity of known transients, ei-
« ther explosive (supernovae) or

2oL u . .
SN2008es SNZ006gy eruptive (novae, luminous blue
variables - LBVs), as a func-

=20 - . .

’ tion of duration, color coded
to represent the true color at

o -181 SCPO6F6 R . .
© T f maximum brightness.  Also
s ax g SN2008D .

] S shown are other peculiar tran-
> 1 sients (reproduction of Fig.8.1
2 SN2005E f LSST Science Book
= SN1999eu o cience Book)
=R Shi200sha * SN2001dc ]

8 SN2008S
g NGC3000T

121 41
~10f M31N07-11d 4 M85 0T .
NGC8910T V58 Mon
—4—M31RV
8l ]
M810T1 M810T3
L L I ]
10° 10' 10°

Timescale [day]

accompany GRBs. Understanding the nature of GRBs is another fascinating program that can be attacked by
a sensitive wide-band spectrograph at Gemini.

Observational Needs The next generation spectrograph for the Gemini telescope should be able to operate
over a very-wide spectral range covering the visible bandpasses, where LSST operates, with extension to the
infrared, as dictated by both AO performance and cosmological redshift. The spectra of e.g supernovae are
extremely rich of emission lines, like e.g. Ha, Hel5570, 10830, C18729,9812, O1 5577, 6300, 6364, Mg1. 4571, SiI
10990, 16450, St 10824, 11309, Carr 7292, 7325, 8499-8663, Feir 7155, 12570, 15330, 16400, Cotr 15430. To track
the rest frame optical spectrum up to z ~ 2, beyond the limit of the furthest supernova discovered by the HST,
one has to reach the K-band with spectral resolution adequate to reject OH lines.

To trace light curves, the spectrograph must be stable and allow for accurate, absolute spectrophotometric
calibration. The ability to rapidly acquire a target minimizes overhead, in particular for programs dealing with
relatively bright targets of opportunity or long term monitoring programs, reducing the impact on regularly
scheduled observations. Multi-object capability is always a plus, allowing one to e.g. identify the host galaxy if
a supernova appears in a remote cluster. Temporal resolution is also a plus, and readout times as short as a few
seconds may represent an interesting capability for certain types of transients, like e.g. planetary transits.

5. SUMMARY OF GMOX SCIENCE REQUIREMENTS

As expected for a multi-purpose facility instrument like GMOX, the top-level requirements have been derived not
just from a single application case but from a set of compelling science cases, taking into account the technical
constraints provided by the facilities to be used (Gemini, GeMS) and the current status of technology (DMDs,
detectors). In the following, we summarize the science driven requirements for GMOX.

Spectral Coverage: Extra-wide spectral coverage, from the U-band to the K-band accessible from the ground,
emerges as a general requirement. It allows for better science by measuring multiple spectroscopic tracers of each
target, disentangling the role played by the various regions contributing to the spectrum. Continuous spectral
coverage allows measuring/recovering the redshift of sources with missing or mediocre estimates, e.g. from photo-
z methods, and in general to trace similar physical phenomena across cosmic history. Simultaneous coverage is
a huge advantage in terms of observing efficiency, but there are cases involving the study variable objects, like
transients or accreting Pre-Main-Sequence stars, where simultaneity is scientifically needed. Simultaneous, wide
spectral coverage also provides significant advantages from the operational point of view, as one instrument can
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be permanently mounted at the telescope and overhead is minimized. It also allows one to optimally exploit the
best seeing conditions and bright vs. dark time. Our nominal spectral range will be from 350nm to 2.4um.
Multi-object capability: This capability facilitates another huge gain in observing efficiency. In principle,
IFUs are a possibility but they do not cover an extended spectral range AND a wide field of view with high
spatial resolution at a reasonable cost. Other more conventional approaches (reconfigurable slits, lenslets) are
not well matched to the sharpness provided by extreme adaptive optics at an 8 m telescope, and to the variety
of conditions that may be encountered, from poor seeing to extreme Strehl ratio. Therefore, our approach is
to use MEMS devices, in particular the Digital Micromirror Devices made by Texas Instruments, as they are
commercially available at low cost, are extremely reliable and have pristine cosmetic quality. Using a single
DMD per spectrograph arm GMOX can easily take ~ 400 full, well separated spectra in parallel with extremely
rapid and accurate target acquisition.

Sensitivity: Exploiting AO allows one to reach the ultimate sensitivity achievable from the ground. Spec-
troscopy in the nearly diffraction limited regime enables the use of extremely narrow slits, reducing the noise due
to the sky background to minimum levels. To work with adaptive optics, the spectrograph must be capable of
synthesizing and aligning slits of a few micron, matching the diffraction limit of the telescope A/D = 25 mas at
1 pm). Keeping the field of view entirely within the unvignetted field of view of Gemini (3/1) is also important
to minimize thermal background in the K-band. Again, DMDs appear ideally suited for this application.
Efficiency: To reach the faintest sources, the highest possible throughput must also be pursued. The optics and
detectors will therefore require different optimization vs. wavelength and slit sizes. For this reason we envision
three spectroscopic arms: Blue (350-589 nm), Red (589-1000 nm, cut at the GeMS laser wavelength) and NIR,
the last being split into three channels to cover the Y+J, H and K bands. Also the capability of acquiring a
multitude of sky-spectra adjacent to each target, essential for accurate sky-subtraction, provides de-facto and
increase by a factor of two in efficiency over systems requiring beam-switching.

Spectral Resolution: A resolving power of about R = 5,000 emerges as a general requirement. On the other
hand, for a slit spectrograph the resolving power is not a fixed parameter, as it depends on the slit width selected
by the user. Optimal sampling of the slit on the detector (about 3 pixels/slit) can be achieved only at a central,
“nominal” value of the slit width. Narrowing the slit one achieves higher spectral resolutions at the expense
of worse sampling, and viceversa. For a Gemini facility instrument, this means that the resolving power may
depend on the observing conditions, since to exploit the AO to reach the faintest sources one will use narrow
slits thus increasing spectral resolution. We have made the assumption that in 2022 Gemini will routinely op-
erate with some level of AO correction. We have therefore set our nominal resolving power R ~ 5000 for a slit
width of 0.25” in the infrared, 0.33” in the Red channel, and 0.41” in the Blue channel. These values generally
correspond to what can be routinely achieved with limited AO performance, e.g. with ground layer correction,
or in laser-only mode (no tip-tilt).
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