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GMOX FEASIBILITY STUDY EXECUTIVE SUMMARY

A EXECUTIVE SUMMARY

We present the Feasibility Study of GMOX, the Gemini Multi-Object eXtra-wide-band spectro-
graph, as the 4" generation Gemini facility instrument. We envision GMOX as a spectrograph
covering the entire optical/near-IR wavelength range accessible from the ground (from ~3500 A
in the U-band up to 2.4 pm in the K-band) with resolving power R ~ 5,000, adequate to miti-
gate the effect of telluric airglow lines. Using existing Micro Electro Mechanical Systems (MEMS)
technology, GMOX can simultaneously acquire hundreds of spectra of faint sources in crowded
tields with unparalleled spatial resolution. GMOX optimally adapts to both seeing-limited and
diffraction-limited conditions provided by ALTAIR and GeMS at Gemini North and South, re-
spectively. On a large fraction of nights, these systems deliver nearly diffraction-limited imaging
in the near-IR (A\/D = 50 mas at 2 ym) and exquisite, seeing-limited images across the visible.
Fed by GeMS (f/33), GMOX can synthesize slits as small as 40mas (corresponding to a single
HST/WEC3 CCD pixel) over its entire 85" x 45” field of view, reaching the ultimate sensitivity to
point sources while resolving structures smaller than 300 pc across the observable Universe. Both
the slit and field size double at the native f/16 focal ratio of Gemini.

Resolving galaxies through cosmic time is the key science driver for GMOX. Space telescopes
like the HST, JWST and WFIRST have the capability of resolving typical galaxies at any redshift.
Thanks to HST, we have learned that imaging alone is not adequate to disentangle the physical
processes leading to the formation, growth and evolution of galaxies over time, both intrinsic
(bursts of star formation, activity of central black holes,...) and extrinsic (mergers, feedback,...).
Ground based spectroscopy in the seeing-limited regime provides integrated information that is
often misleading, as galaxies are not homogeneous: individual sub-regions are dominated by
different processes. The problem is exacerbated by the need to analyze statistically significant
samples of galaxies in different environments and at different redshifts, from the voids and su-
pervoids, to the sheets and filaments, up to the richest and densest clusters. Adaptive optics
on 8m class telescopes could play a crucial role if equipped with a spectrograph delivering pin-
point accuracy, comparable to the diffraction limit of the telescope, flexibility to adapt to the actual
AO performance, extremely large wavelength coverage and extensive multi-object capability. The
combination of these requirements is prohibitive for multi-object spectrographs or integral field
units. GMOX is the first instrument with such a capability, complementing JWST/NIRSpec below
1pm and with superior spatial and spectral resolution up to 2.5um. Its versatility will enable excit-
ing discoveries in many fields of astrophysics, from studies of individual, isolated faint sources to
the analysis of highly crowded fields such as globular clusters, the Galactic Bulge, the Magellanic
Clouds, nearby galaxies and galaxy clusters. We expect GMOX to become the ideal workhorse
instrument for Gemini, highly requested and extremely productive in all observing conditions.
Future facilities like LSST will also dramatically increase the demand for spectroscopic followup;
GMOX will allow Gemini to play a critical role in this field well over the next decade.

GMOX is comprised of three arms: Blue, Red and Near-IR observing the same field through
dichroic mirrors. The split focal planes are reimaged onto three Digital Micromirror Devices
(DMDs) of the latest generation, commercially available; each DMD covers the field with 2048 x
1080 mirrors of 13.7m size, sampling at 0.083”/mirror at £/16 and 0.040”/mirror at £/33 (GeMS).
Each mirror can be individually tilted by +12°; those tilted in the “ON” state reflect the light to
the spectroscopic channel, acting as slits. The multitude of other mirrors left in the “OFF” state
project an image of the field to an ancillary imager for slit acquisition, AO tip-tilt control, or
parallel deep imaging. The Near-IR arm is split into three channels, dedicated to the YJ, H and
K-bands. With a total of 2 large format CCDs and 3 H4RG IR detectors, the full spectra of all
selected sources are simultaneously collected, each spanning about 25,000 pixels.

PAGE 1
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Figure 1: Left: A 10” x 10” portion of the Hubble Ultra Deep Field, with a prominent dual-nucleus galaxy.
The image is rendered with the original 50 mas pixel sampling of ACS/WEC (courtesy Z. Levay, STScI). The
vertical bars are intended to represent the spectra that can be obtained by GMOX, with smallest apertures
comparable to the pixels of the HST cameras. This 10”x10” field is approximately 150 times smaller than
the actual field of view of GMOX, at Gemini f/16. Right: a sketch of the data obtained by GMOX at each
pointing. Five detectors capture the full wavelength range from U to K, each one dispersed over about
25,000 pixels, for hundreds of targets spread over the GMOX field of view.

GMOX data products in parallel, single exposure

up to ~400 well separated spectra U-to-K
R~1,500-15,000

Blue Red

Three images
ol - - -
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Our conservative estimates show that under normal seeing conditions GMOX approaches
Signal-to-Noise=5 at Jap ~ 22 in 1000s, per resolution element. With Adaptive Optics, the ca-
pability of using ultra-narrow slits with minimal sky background allows GMOX to reach unprece-
dented sensitivity across its entire spectral range. The possibility of defining slit widths by multi-
ples of 83 mas (at £/16) or 40 mas (at f/33 of GeMS) is, in fact, critical. GMOX can instantaneously
and optimally synthesize slits that with any other approach would be completely impractical to
handle, especially given the sensitivity of an AO-fed system to the weather conditions. GMOX
removes the need for pre-imaging weeks in advance and fully relaxes the requirements on long-
term stability of the focal plane, while allowing real-time monitoring of the perfect slit alignment
during the longest integrations. With AQ, it enables adapting the slit width (and therefore the
spectral resolution) to the quality of the PSF across the field. It enables tip-tilt control on fainter
natural stars observed in white light within the field to maximize Strehl ratio and extend AO cor-
rection well into the visible range. It enables wide-field Integral Field Spectroscopy through the
use of Hadamard transforms. As accurate slit positioning is nearly instantaneous, GMOX is ex-
tremely efficient even for the simplest, single source observations: the target can be acquired with
a mouse click, regardless of its position in the field. Pointing corrections, blind offsets, etc., are no
longer needed.

GMOX leverages previous studies to bring this technology to fruition for future space mis-
sions. Our team has unique experience with DMD technology, having built two DMD-based
instruments, and experience in general with the concept, construction and operations of major
instrumentation for ground-based and space observatories. We have crafted a well defined in-
strument concept for GMOX, one that addresses all critical technical considerations. We believe
that GMOX will deliver unique science and superior performance (field size, wide-band coverage
and sensitivity) at a lower cost than any competing IFU or multi-slit spectrograph.
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B INTRODUCTION

B.1 GEMINI AND THE GIFS REQUEST FOR PROPOSAL

The Feasibility Study for GMOX presented in this document responds to the principles listed in the
Gemini Instrument Feasibility Study (GIFS) - Request for Proposal for the next facility instrument.
The twin Gemini telescopes represent the largest observing facility accessible to the entire US
astronomical community, as well as to the other member states. To satisfy the needs of a such
a large constituency, they must enable the most demanding research programs in almost every
field of observational astronomy. In planning a future facility instrument for Gemini, extreme
versatility is thus the first key requirement for a workhorse instrument. At the same time, to
be competitive, a Gemini facility instrument must also offer some unique observing capability
that optimally exploits the characteristics of the telescopes. Both Gemini telescopes have been
designed with ultimate performance in the IR in mind, with the lowest possible emissivity at
the expense of a relatively modest field of view. Both are now equipped with state-of-the-art
adaptive optics systems, in particular Gemini South has the only Multi-Conjugate AO (MCAO)
system currently offered to general observers, GeMS. A facility instrument exploiting these unique
capabilities, together with conventional seeing-limited conditions, would enable new and exciting
discoveries.

Synergy with other observing capabilities must also be taken into account. With the advent
of a new generation of large facilities performing wide-field imaging surveys (DES, Pan-STARRS,
Sky Mapper, VISTA, LSST, Euclid, WFIRST), the need for deep and efficient spectroscopic follow-
up is becoming critical for almost every field of astrophysics. The National Research Council (NSF)
Report of the Astro2010 Decadal Survey’s Panel on Optical and Infrared Astronomy from the
Ground[1] asserts the need for
“Massively multiplexed optical /NIR spectrographs and spectroscopic surveys on 4 to 8-m tele-
scopes to map large-scale structure for the study of dark energy and cosmology, measure the
evolution of galaxies across redshift and environment using spectral diagnostics, and to study the
chemical and dynamical history of the Milky Way with large spectroscopic samples of stars. Sev-
eral SFPs [Science Frontiers Panels] identified the need for surveys at least an order or magnitude
larger than those currently underway; such surveys require new instrumentation for either fully
or highly dedicated facilities as well as large survey teams”.

More recently, the NSF report Optimizing the US Ground-Based Optical and IR Astronomy
System|[2] issued the following guidelines:

e The National Science Foundation should support the development of a wide-field, highly
multiplexed spectroscopic capability on a medium- or large-aperture telescope in the South-
ern Hemisphere to enable a wide variety of science, including follow-up spectroscopy of
Large Synoptic Survey Telescope targets. Examples of enabled science are studies of cos-
mology, galaxy evolution, quasars, and the Milky Way.

e The National Science Foundation should work with its partners in Gemini to ensure that
Gemini South is well positioned for faint-object spectroscopy early in the era of Large Syn-
optic Survey Telescope operations, for example, by supporting the construction of a rapidly
configurable, high-throughput, moderate-resolution spectrograph with broad wavelength
coverage.

We believe that this last recommendation could have been more ambitious. Gemini can play a
unique role in the next decade, complementary to JWST, LSST and the future 30-meters telescopes,
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if equipped with a facility class spectrograph combining very-wide-band coverage and multiplex-
ing capability with the sensitivity and spatial resolution provided by an extreme Adaptive Op-
tics system, a technology for which Gemini currently plays a leading role. A facility instrument
with all these characteristics, joined to ease of operations for immediate follow-up of transients
and targets of opportunity, would allow the large Gemini astronomical community to advance
in completely unexplored territories, enabling transformational science in fields ranging from
Solar System studies to the nature of the early galaxies at the edge of the Universe.

Such an instrument does not exist, nor is it planned at any other major facility. However, we
have identified a viable, low risk path to build it, and we are presenting the concept in response
to this Gemini Request for Proposals.

B.2 FROM THE REQUIREMENTS TO GMOX

In developing GMOX, we have been guided by a key science theme that will play a dominant
role in astrophysical research for the foreseeable future: Resolving galaxies through cosmic time,
ideally suited to the strengths of the Gemini telescopes and to the STAC principles of this call. Our
exercise led to the following list of top-level requirements:

1. A spectrograph with wide spectral coverage, from the UV to the near-IR (NIR) to capture
all major spectroscopic tracers of star formation from the local Universe to high redshift
galaxies, with resolution adequate to work effectively between the telluric OH lines; we
have set as baseline R ~ 5, 000.

2. High observing efficiency, i.e. high throughput and substantial multi-object capability to
justify long integrations on a multitude of faint targets.

3. The capability of exploiting all seeing conditions, including the best ones delivered by the
extreme AO systems of Gemini, exploiting the full AO corrected field of view. This translates
to extreme accuracy and versatility of the slit alignment mechanism.

4. Minimal overheads: aligning hundreds of slits with pinpoint accuracy means that slits must
be configurable in a fraction of a second, matching the source position and width to the
actual acquisition image while monitoring in real time the perfect alignment for deep, hour
long exposures; this requirement is naturally satisfied by a MEMS device.

The main instrument layout and parameters have been derived from these top-level require-
ments, taking into account the constraints provided by the telescope design, including the AO
systems, and the status of current technology (detector size and performance, MEMS availability
and size). The resulting design is introduced hereafter.

B.3 INTRODUCING GMOX

The GMOX concept breaks the standard paradigm where Multi-Object-Spectrographs are optimal
for wide-field coverage and Integral-Field-Units (IFUs) are optimal when fine spatial sampling is
needed. By exploiting existing Micro Electro Mechanical Systems (MEMS) technology, in particu-
lar commercially available Digital Micromirror Devices (DMDs) used as slit selectors, it is possible
to build a spectrograph with very-wide bandpass coverage, from U to K like the VLT /X-shooter, as
well as with multi-object capability, unique spatial resolution and very high sensitivity. The latter
two can be achieved by optimal exploitation of the Gemini AO systems: ALTAIR at Gemini-North
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or, even better, the MCAO system GeMS at Gemini-South. The combination of wide spectral cov-
erage, multi-object-capability, spatial resolution and sensitivity guaranteed by GeMS would put
GMOX in its own new, unique class.

A schematic optical layout for GMOX is presented in Figure 2, with the main parameters sum-
marized in Table 1. Light coming from the telescope (i.e. from the top in the figure) is split by
two dichroics into three arms: the Blue arm, for the wavelength range approximately 3500-59004,
the Red arm, for the wavelength range approximately 5900-9800A, and the IR arm for the wave-
length range 9800-24000A. Each arm has reimaging optics that project the focal plane onto a DMD
of 2048 x 1080 tiny mirrors, each one capable of deflecting the light +12°. The reflected beams
are first captured and corrected by an off-axis system, then reimaged to either an imaging camera
(OFF mirrors) or to a spectrograph (ON mirrors) to take, simultaneously, hundreds of spectra at
R ~ 5,000. In the case of the IR arm, the spectra are so long that three different detectors are
required: one for the Y], H, and K bands, respectively.

A single DMD mirror, at the standard f/16 focal length of Gemini, corresponds to a slit width
of 83 mas, and 40 mas at the /33 of GeMS. This is the size of e.g. a pixel of the highest resolution
camera currently operating on the Hubble Space Telescope, WFC3-UVIS. We define the GMOX
nominal slits using three, four and five mirrors for the IR, Red and Blue channels, respectively,
corresponding to 0.25, 0.33 and 0.41 arcsec slits, but any combination is possible. With these slits
the resolving power is approximately R = A/AX = 5000 with about 3 pixel/slit sampling at the
detector; different combinations span the range from R = 25,000—15, 000 for single mirrors slits to
R ~ 1250 —2000 with 1” slits. The field of view of 171” x 90” (at f/16) matches the 3.1" unvignetted
field of Gemini.

The capability of adjusting the slit position and width by multiples of 83 mas (40 mas at GeMS)
allows GMOX to exploit all seeing conditions, including the best possible delivered by the extreme
AO systems of Gemini, matching the variations across the corrected field of view. In background
limited conditions, the Signal-to-Noise ratio scales as /7/dg;, where 7 is the system throughput
and dg;; is the width of a square slit; for point sources, a 30% throughput loss due the presence of a
complex AO system like GeMS is compensated by using slits smaller by 17%; as slits get narrower
the sensitivity to point sources increases. By exploiting the diffraction limited performance in
the near-IR (A\/D ~ 50 mas at 2 micron) delivered by Gemini AO systems, the sensitivity gain
provided by GMOX can be substantial, especially in the IR.

Using the imaging channels, GMOX can optimally configure all slits in a fraction of a second,
adapting the slit position and width to the actual image quality, variable across the field in the case
of AO, and monitoring in real time the perfect alignment for deep, hour long exposures. GMOX
can also provide tip-tilt guiding on field sources, optimal to reach the highest Strehl ratios, with
improved sensitivity as the imaging channels can tip-tilt in “white light” with wider bandpass
while still reflecting the light of the target sources to the spectrograph.

B.4 GMOX AND THE GEMINI-STAC PRINCIPLES

We developed GMOX’s concept taking into account the principles set by the Gemini Science and
Technology Advisory Committee (STAC) in their 2012B report on feasibility design studies, [3]. In
particular:

1. “The instrument should be a workhorse instrument, meaning that it has broad scientific
appeal and enables a wide range of science cases.”

GMOX is the ultimate workhorse instrument. It provides parallel spectroscopic and imag-
ing capabilities, from the U to the K-band. Spectroscopy can be performed on a single object
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Parameter

Gemini North & South, no AO (f/16)

Gemini North, ALTAIR LGAO (f/16) | Cemini South, GEMS MCAO (£/33)

Field of View
DMD mirror scale

Nominal slit width
Blue Arm:

Red Arm:

NIR Arm - YJ channel:
NIR Arm - H channel:
NIR Arm - K channel:

1717? % 90?7 857) X 45)7

83 mas/mirror 40 mas/mirror

0.42" (5 mirrors)
0.33” (4 mirrors)
0.25"” (3 mirrors)
0.25” (3 mirrors)
0.25” (3 mirrors)

0.20” (5 mirrors)
0.16” (4 mirrors)
0.12"” (3 mirrors)
0.12” (3 mirrors)
0.12” (3 mirrors)

GMOX Arms/Channels
Blue Arm:

Red arm:

NIR arm - Y] channel:
NIR arm - H channel:
NIR arm - K channel:

Nr. of dichroics
Nr. of DMDs
DMD type
DMD mirrors

Detectors:
GMOX spatial scale:
Sampling

Max nr. of spectra

Slit-viewing cameras

3500 < A < 5890A, R=4500
5890 < A < 9700A, R=4500
0.97 < X < 1.35:m, R=3800
1.46 < A < 1.81um, R=4500
1.93 < A < 2.45um, R=4500

4 (Blue arm, Red arm, YJ-band, H-band)
3 (Blue, Red, NIR arms)

Cinema 2K, 2048 x 1080 mirrors
13.0pm side, 13.7um center-to-center

Blue , Red: 2 CCDs E2V290-99, 9216 x 9232 pixels
NIR: 3 FPAs, model H4RG-10, 4096 x 4096 pixels

90” x 90” over 1350 x 1350 pixels

Blue and Red Arm: 3 pixel/nominal slit width
NIR Arm (all channels): 2.75 pixel /nominal slit width
~ 200 — 500, depending on slit size and separation

Blue, Red: 2 Andor sCMOS (4096 x 4096 x 12 um)
NIR: 1 H2RG (2048 x 2048 x 18 um)
1 pixel per DMD mirror (all arms)

Table 1: GMOX baseline parameters.

PAGE 6



GMOX FEASIBILITY STUDY INTRODUCTION

CAMERA

GMOX

() (b)

Figure 2: Simplified optical concept for GMOX. (a) GMOX on Gemini, shown beneath an ISS-sized cube for
scale. (b) Schematic layout of the GMOX 3-arm concept, unfolded for clarity. Roughly to scale.

or on multiple objects, up to several hundreds, with every slit optimally and nearly instanta-
neously positioned to maximize throughput. The full spectrum of each source falls on about
25,000 pixels at R ~ 5,000. Imaging can be performed on three band-passes in parallel.
GMOX can exploit any level of seeing and adapt to non-uniform PSFs varying across the
field. In standard seeing limited conditions, GMOX is more capable, versatile, and efficient
than any other existing or planned wide-band mid-resolution spectrograph. Fed by the AL-
TAIR or GeMS AO systems, GMOX can use extremely narrow slits to reach unprecedented
sensitivity levels. Using Hadamard Transform Spectroscopy, GMOX can also operate in in-
tegral field mode over its large field of view with performance comparable to state-of-the-art
IFUs.

2. The proposals should be science driven and include science cases. Science cases that provide
synergies with new capabilities coming online (e.g. LSST, JIWST, ALMA, etc) are highly
desirable, especially including capabilities needed to follow up survey discoveries.

We have been guided by a well defined, compelling science theme that will remain cen-
tral to astrophysics in the years to come: Resolving Galaxies Through Cosmic History. We
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have elaborated a variety of science cases to illustrate how GMOX can carry out an enor-
mous range of programs, as appropriate for a facility instruments. These include unique
observations exploiting Gemini extreme-AQO capabilities. The wide band-pass coverage, the
possibility of working under any seeing condition, the ultimate rapidity of slit configuration,
and the parallel imaging capability also make GMOX ideal for immediate followup of new
discoveries made by other observatories, LSST in particular.

3. The instrument should fit within the technical constraints of the Gemini telescopes as they
now exist.

GMOX can be mounted at both Gemini-North and Gemini-South; it can operate in seeing
limited conditions as well as with any level of Adaptive Optics correction, while matching
the allocated space envelope, weight, position of center of mass and all other requirements
posed to new Gemini instrumentation. Moreover, GMOX is ready to exploit any further up-
grade of the AO systems without modifications. Demand may eventually arise for doubling
GMOX, having a version at each Gemini telescope!

4. The expected cost of the instrument shall be capped at a cost that is to be determined as part
of the process of defining the RfP.

We have made an effort to keep GMOX within the cost cap of the RfP; our cost estimate
compares favorably with other instruments of similar scale. The addition of contingency,
however, puts GMOX well above the cost cap. We are presenting descope options but the
exceptional advantages offered by the baseline deserve a reconsideration of the initial cost
cap. This would be consistent with Recommendation 4b of the Optimizing the U.S. Ground-
Based Optical and Infrared Astronomy System report: “The National Science Foundation
should work with its partners in Gemini to ensure that Gemini-South is well positioned for
faint-object spectroscopy early in the era of Large Synoptic Survey Telescope operations,
for example, by supporting the construction of a rapidly configurable, high-throughput,
moderate-resolution spectrograph with broad wavelength coverage”.

5. The technical risk of the instrument should be modest, i.e. the success of the instrument
should not depend upon some not-yet-proven technology.

For GMOX we have assumed in our baseline the 4K IR detectors under development e.g.
for WFIRST and the latest generation of CCDs. The instrument, however, can be built using
existing detectors with some compromise in performance and efficiency. DMDs have been
built in tens of millions of parts for the consumer market, are extremely reliable and have al-
ready been used in astronomical instruments by our team. All optical elements have modest
size. Overall, the technical risk of GMOX is low. Details are provided in the second part of
this document.

6. The instrument should be highly efficient, maintaining the 8-m aperture advantage.

GMOX boosts efficiency by splitting the beam in 3 arms for optimal throughput with ded-
icated coatings, and through the capability of optimally aligning slits and their width “on
the fly” for hundred of sources observed in parallel over a very wide spectral range. Even
in seeing limited conditions, the efficiency gain with respect to single object spectrographs
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like VLT /X-shooter in crowded fields (all fields are crowded in deep observations!) may be
higher by a factor of a few hundreds.

7. Although proposals for all instruments fitting these criteria will be fully considered, it is the
majority opinion of the STAC that a wide-bandwidth moderate-resolution spectrograph is
likely to prove most compelling.

GMOX is by the design a wide-bandwith, moderate-resolution spectrograph. It is also
multi-object, with extensive parallel imaging capability, and AO capable.

B.5 SUMMARY: GMOX’S UNIQUE STRENGTHS

In summary, the are two key factors that make GMOX rather unique: a) the capability of taking
wide-band spectra of multiple targets in crowded fields; and b) the capability of using extremely
narrow slits.

To map the parameter space uniquely probed by GMOX we can consider three different cases
for each factor. For the source density we can distinguish between:

e Crowded fields, with several tens or even hundreds of sources per square arcminute. Ex-
amples are: Clusters of Galaxies, Nearby Galaxies, Magellaninc Clouds, Globular Clusters,
Galactic Bulge, Galactic Young Clusters.

e Rich fields, with a few tens of sources per square arcminute. Examples: Outskirts of globular
clusters, Orion Nebula.

e Sparse fields, i.e. a few targets, or possibly just one target per square arcminute. These
are the cases typically accessible by conventional long-slit spectrographs. Examples: Rare
primordial galaxies, targets of opportunity, field brown dwarfs.

while for the spatial resolution we can distinguish between:

e Diffraction-limited mode, with Extreme AO delivering \/D ~ 0.05” in the near-IR. Needed
to resolve substructures in galaxies, extremely crowded fields (LMC, nearby galaxies,...)
spectroscopy of faint targets.

e Seeing-enhanced mode, with AO providing a significant reduction of the seeing-limited PSF,
achieving e.g. FWHM= 0.25”. Standard observing mode for GMOX, appropriate for fields
not crowded, target of opportunity followup etc.

e Ordinary seeing conditions, with FWHM =~ 0.8” — 1”. Targets requiring low spectral resolu-
tion.

These cases can be arranged in a 3 x 3 table that graphically captures the regimes where GMOX
has UNIQUE capabilities, where GMOX is not unique but definitely more EFFICIENT than other
instruments with comparable capabilities, and where GMOX simply replicates capabilities offered
by other COMMON instruments.

FWHM | Crowded Field | Rich Field Sparse

0.05” UNIQUE UNIQUE EFFICIENT

0.25” UNIQUE EFFICIENT | COMMON

1” EFFICIENT COMMON | COMMON
Table 2
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In general, GMOX has rather unique capabilities when one has to operate in crowded /rich
tields with extreme spatial resolution to avoid confusion or to pinpoint key targets. The Hubble
Legacy Archive provides us with thousands of exciting fields falling within this category. As the
target density or the requirement on spatial resolution decrease, instruments like MOSFIRE or
KMOS are a viable alternative, and the choice of instruments becomes richer as one decreases the
source density and/or the requirement on the spatial resolution. Still, even in this case GMOX
provides strong advantages from the point of view of ease of operations and wide-spectral cover-
age.
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C SCIENCE CASE: RESOLVING GALAXIES THROUGH COSMIC HISTORY
c.1 GMOX SCIENCE TEAM

e T. Heckman (JHU, Science Team Lead): Galaxies

e M. Gennaro (STScl, Science Team Deputy): Resolved Stellar Populations

e A. Adamo (Stockholm University): Star clusters formation

e G. Becker (UC Riverside): High redshift Quasars

e A. Bellini (STScl): Globular Clusters

e L. Bianchi (JHU): Resolved Stellar Populations

e A. Bik (Stockholm University): Massive Stars

e R. Bordoloi (MIT): Circumgalactic Medium

e A. Calamida (STScl): Globular Clusters

e D. Calzetti (UMass): Star Formation in the Local Group

e G. De Rosa (STScI): AGN and high redshift Universe, calibrations

e S. Deustua (STScl): Calibration program

e J. Kalirai (JHU, STScI): Resolved Stellar Populations

e J. Lotz (STScI): clusters of galaxies

J. MacKenty (STScl): Galaxies, DMD operations

C. FE. Manara (ESA): Circumstellar discs

M. Meixner (JHU, STScl): Resolved Stellar Populations

C. Pacifici (STScl): Galaxy Evolution

M. Robberto (JHU, STScI): Local Star Formation

E. Sabbi (STScl): Massive Star Clusters

K. Sahu (STScl): Galactic Bulge, planets

J. Tumlinson (STScl): Galaxy Evolution
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C.2

1.

® N & ks LD

10.

TEN KEY SCIENCE QUESTIONS ADDRESSED BY GMOX

How rapid and patchy was the process of reionization of the Universe? Which sources are
responsible for it?

When did the first stars appear and what has been their role in ending the Dark Ages?
How did Super Massive Black Holes form? What are their seeds?

How do Galaxies build up their stellar mass?

What is the relation between star formation and AGN ?

What is the origin of multiple stellar populations in Globular Clusters?

Is the Initial Mass Function Universal?

What are the connections between host galaxy properties, star Formation Rate density and
Cluster Formation, evolution and disruption?

How does feedback from Massive Stars affect their birth environments?

What is the main driver of Circumstellar Disks evolution and dispersal?
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C.3 SETTING THE STAGE

Cosmic Dawn, New Worlds, and Physics of the Universe are the three overarching science themes
envisioned in the 2010 NRC Decadal Survey report New Worlds, New Horizons in Astronomy
and Astrophysics [NWNH, 1]. Transformational science in these fields requires synergistic use of
both ground-based and space-based observatories with highly dedicated instruments spanning
all wavelength ranges. The theme of New Worlds drives, e.g., the development of high-contrast
coronographic imagers and spectrographs to directly resolve planets and map the structure of
protoplanetary disks. The theme of New Physics drives, e.g., the design of wide-field surveys
both in imaging and spectroscopy to investigate weak lensing and baryon acoustic oscillations.

In this study we mostly concentrate on the first theme, Cosmic Dawn. Thanks to the exquisite
resolving power of the Hubble Space Telescope, in combination with photometric data from the
Spitzer Space Telescopes, we are now pushing the observational frontier beyond z ~ 10, corre-
sponding to ~ 400 Myr after the Big Bang. With nearly 1000s likely detected galaxies at z > 6,
including about 20 credible candidates at = ~ 9 — 11 we can for the first time probe the growth
and evolution of galaxies from the reionization epoch to the present.

Galaxies grow with time and space telescopes like the HST, and in the future JWST and WFIRST,
can spatially resolve any average galaxy across the visible universe. Thanks in particular to the
HST, we have learned that galaxies are not homogeneous even at the highest redshifts, but grow
mainly by hierarchical merging; their formation, growth and evolution is regulated by a variety
of factors, both intrinsic (bursts of star formation, activity of central black holes,...) and extrinsic
(mergers, feedback,...) that still need to be interpreted in a coherent, comprehensive framework
capable of explaining the observed variety of systems. Ground based spectroscopy, in the seeing-
limited regime, provides integrated information that is often misleading, as different regions can
be dominated by different physical processes and stellar populations. The problem is exacerbated
by the need to analyze statistically significant samples of galaxies in different environments and
at different redshifts, from the voids and supervoids, to the sheets and filaments, up to richest and
densest clusters.

Resolving galaxies through cosmic time is the main science objective of our proposal. An
instrument like GMOX, capable of observing hundreds of sources in parallel over 4 decades of
the electromagnetic spectrum using slits as small as 1/25th of an arcsecond, can write new chap-
ters in our quest for understanding how the first galaxies formed, how they assembled and con-
trolled their stellar mass, fed their central black holes and generally evolved to create the rich phe-
nomenology we observe in our local Universe, harboring stars and planetary systems germane to
our own existence.

GMOX can pinpoint and collect deep spectra of regions with angular size as narrow as the spa-
tial resolution of the Hubble Space Telescope (Figure 1). As shown in Figure 3, 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. 4). GMOX can thus spatially
resolve any average galaxy in the observable Universe, according to the measured size-redshift
relation (Fig. 5). At GEMS (f/32) the minimal slit size is narrower by a factor of 2. The potential is
enormous. Exploiting galaxy clusters like MS 1358.4+6245 [4], capable of gravitationally magnify-
ing a z = 4.92 background galaxy by a factor 5 to 100, depending on the individual lensed image,
one can analyze bursts of star formation in regions the size of a globular cluster, about 10 pc, at
the age of formation of globular clusters, about 1 Gyr after the Big Bang!
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Figure 3: GMOX’s capability to synthesize slits matching the diffraction limit of an 8m telescope allows
one to analyze the physical status of compact regions across cosmic distances. The angular slit widths of
GMOX at Gemini with ALTAIR and GeMS are marked in magenta and black, respectively; they are close
to the diffraction limit at A = 2um of the D = 6.5 m JWST telescope and of the D = 2.4 m Hubble. Major
resolution thresholds are marked by red circles. (adapted from Fig. 4.1 of “From Cosmic Birth to Living
Earth”, AURA Report, 2015)

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, wave-
length coverage and multiplexing capability, has great scientific potential for almost any field
of astronomy. The history of astronomy shows that when there is a breakthrough in observing
capabilities new discoveries are made that eclipse the results of science cases planned years in
advance. Bearing in mind this lesson, the purpose of this section is to identify a range of scien-
tific topics in which GMOX is likely to enable major advances. We have mostly focused on cases
where GMOX can contribute with stand-alone programs, but LSST follow-up observations have
also been considered. The themes reflect, to some degree, the scientific interests of our science
team and mostly derive from extensive experience with the HST. We devote one section to each
topic, ordered approximately by cosmic time.
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Figure 4: The nominal field of view of GMOX is 170.66” x 90" at f/16 and 85" at GEMS (f/32). These
angular sizes corresponds to a comoving distance (left axis) that varies with redshift. The minimal size,
corresponding to one “open” micromirror, is also plotted on the right vertical axes. We assumed Hy =
69.6 kim/s, ,, = 0.286 and a flat Universe.

Cc.4 Cosmic HISTORY: 3.5 GYR OF GROWTH

The key science case leading to the concept of GMOX is the study of the formation and evolution
of galaxies through the analysis of their single components. This theme can only be briefly sum-
marized for the purposes of this document.

Galaxy evolution can be divided in 4 historic phases, up to the “present epoch” at z < 1:

1. The first 500 Myr of cosmic history, corresponding to z > 10. In the early stages of the so-
called “Dark-Ages” galaxies begin to form in dark matter halos created by initial density
fluctuations in the primordial Universe. 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, correspond-
ing 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 of cosmic history, 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.
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Figure 5: Size vs. redshift relation for Galaxies at z > 1 derived from the Hubble deep fields. The solid
blue curve shows the expected trend in the WMAP cosmology if physical (proper) sizes do not evolve. The
dashed red curve shows the trend if sizes evolve as H~'(z), and the dotted green curve shows H~%/3(z).
The bars at the sides represent the slit sizes that GMOX can synthesize at £/16 (leeft) and at /32 (right).
The red, green and blue bars represent the nominal slits corresponding to a resolving power R=5,000. The
colored arrows indicate the minimal slit width for the two configurations, (adapted from Ferguson et al.
Ap] 600:L107-L110, 2004).

Because of cosmological redshift, these phases can be associated to different spectroscopic trac-
ers of ionized hydrogen. This is indicated in Fig. 6, providing a visual guide to the following
sections where we briefly examine each cosmic phase separately.
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Figure 6: 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-] channel (yellow), NIR arm-H channel (orange) and NIR arm-K channel (red).

C.4.1 DARK AGES AND POPULATION III OBJECTS
C.4.1.1 OPEN PROBLEMS

The "Dark Ages”, i.e. the time interval between cosmic recombination (¢ ~ 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 beginning the reionization
of the Universe and the first metal enrichment. We don’t know when they formed, how many,
their initial mass function, 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
the James Webb Space Telescope.

At z > 10 the Universe is still opaque to
Lya radiation. Thus, the search for primor-
dial objects has to be done using the Lyman-
break technique beyond ~ 1 pm, mostly
with HST/WFC3-IR. Deep HST imaging in | fastoraslow process?

Key Questions:
e How did reionization occur? Was it a

the F125W, F140W and F160W filters has pro- | ¢ How patchy was the reionization pro-
vided so far only two candidates: the CLASH cess: . .
object in cluster MACS0647 [5] and the UDF j- e How much did pop III stars contribute

39546284 object [6]. While the former appears | o reionization?
to be multi-lensed and compatible with a geo-
metrical solution for its z ~ 10.8 redshift and lens model, the second, initially found as a F125W
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dropout, has been later classified as a F140W dropout [7], that would push it at z ~ 11.7. How-
ever, 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 = ~ 2 — 3.

C.4.1.2 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. Predic-
tions are model dependent, for example Robertson et al. [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 sam-
ples 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 s7! ecm™2
arcsec 2, 9]. Detecting very-high redshift candidates discovered by JWST will require reaching
Map =~ 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
spectral energy distributions of all sources in the field of galaxy clusters adds enormous value to
the deepest spectroscopic observations of individual sources at extreme redshifts (see also Sec-
tion C.4.5 on galaxy clusters).

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 ym, 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 H/3 A4862 emission (observable at z < 3.8 and z < 3.9 respectively).
Another key observational tracer is the Hell 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.
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C.4.1.3 GMOX REQUIREMENTS

Parameter Value Justification
pondpass | N | o oee DY andopel et e s of i
Resolving Power 3000-5000 To remove telluric lines
Slit width <0.3” To reduce background to reach faint objects
Multiplexing Capability > 3 sources To observe objects lensed multiple times

Observing Efficiency

Simultaneous coverage
of the NIR bands

To maximize the outcome of very long exposures
necessary to follow-up high redshift candidates

Table 3: Summary of requirements for case C.4.1
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C.4.2 REIONIZATION AND EARLY GALAXY FORMATION
C.4.2.1 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 for-
mation rate density, psrr [Mg yr—! Mpc—3], the rate of ionizing photons produced per unit mass
Eion [s71 Mél], 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 psrgr relies on the luminos-
ity functions of galaxies observed at high red-
shifts, either in their rest-frame UV or IR, ex-
trapolated beyond our current sensitivity lev- R
els. The fact that the visibility of the Ly« line reionized? ) ) ]
drops significantly beyond redshift z = 6 in- 0 What are the main contributors to reion-
dicates that at that redshift, about 1 Gyr after ization? )

the Big Bang, reionization is nearly complete. * How dlfi feedbackl processes shape the
The problem is to explore beyond this limit to ﬁFSt galaxies and their circum-galactic en-
understand how reionization occurred. O

At redshift = < 10 the Ly-break enters the
visible range while Ly« shifts to the J-band (Fig. 6). 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 (Fig. 8), but only 20 galaxies have been spectroscop-
ically 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 um. Using MOSFIRE at Keck-1 with 0.7” slits and
a dispersion of ~ 1.2 A pix™!, [11] could not detect Ly« emission in any candidate at z ~ 7 — 9
down to median limiting fluxes of 0.4 — 0.6 x 10717 erg s=! cm™2 (50), whereas a few detections
would have been expected if the distribution of Ly 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
Lya 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 Sobral et al. [13] is a Lya emitter at redshift
of z = 6.604 presenting only a narrow Hell A\1640 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 obser-
vations show that CR7 is indeed spatially separated between a very blue component, coincident
with the Lya and He II 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. 7). Finding Pop III
systems may eventually be not too hard: we just need to look at redshift 6 < z < 10!

While a number of observations favors a relatively late end to reionization (z ~ 6 — 7), the
constraints are still quite weak. For example, the number density of star-forming galaxies at z > 6

Key Questions:
e When was the inter galactic medium
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Figure 7: Left: reproduction of Fig.7 of Sobral et al. [13]; a false color composite of CR7 using
NB921/Suprime-cam imaging (Ly«) and two HST/WEFC3 filters: F110W (Y]) 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 Sobral et al. [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.

appears to be uncomfortably low to produce the required number of ionizing photons unless
the escape fraction of these photons is considerably higher than observed in galaxies at lower
redshifts; on the other hand, faint galaxies could conceivably produce enough ionizing photons to
complete reionization much earlier. Electron scattering optical depth measurements from Planck
are consistent with late reionization, but these have large error bars. The declining fraction of
galaxies that show Ly« in emission at z > 6 can interpreted as evidence for scattering by neutral
gas in the IGM; on the other hand, the sizes of the Lya halos around these galaxies may simply
be increasing with redshift, leading to slit losses and non-detections. A complementary approach
to the study of reionization requires studying the intergalactic medium (IGM) to determine when
and how it became reionized.

Quasar (QSO) 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 = ~ 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 are present in significant
quantities at these redshifts, although in far less abundance than seen at later times. Current ob-
servations of metal absorbers traced by lines such as C1v, CI1, OI, and MglI suggest a buildup of
metals in the circum-galactic media of galaxies during the reionization epoch though from galac-
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Figure 8: Number of galaxies per redshift bin identified using deep HST imaging surveys.

tic 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 C1v A1549 and MgIIA2798 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 109M@ 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 repre-
sentative 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.

C.4.2.2 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 contin-
uum: the UV galaxy luminosity has a spectral slope parameterized by f, oc A\=". Typically, 8 ~ 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 initial mass function and the star formation history
used to compute the spectral energy distribution.

There are also several key physical diagnostics of star formation and gas dynamics that are
available in the rest-frame UV (e.g., Lya, C1v, OVI,...) and that affect photometric analysis. Dis-
entangling 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
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early systems. Spectroscopy is needed to enable calibration corrections for the emission 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
titting 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 pro-
vides 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 > T this requires near-IR spectra — primarily Y+]J, but Hand K are also critical for modeling the
intrinsic, unabsorbed spectrum. Resolution of R ~ 2000 is sufficient, but R > 4000 is preferable
for resolving discrete Lya 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 crite-
ria 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 back-
ground 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 DES+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).

C.4.2.3 GMOX REQUIREMENTS

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 Sobral
et al. [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 11A\1646 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 Ly« absorption toward
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Figure 9: 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-« at the redshifts of
these absorbers, potentially corresponding to galaxies along the line of sight, are marked with vertical ticks.

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
tirst galaxies formed within the clumps of cosmic-web.

GMOX has the potential to be transformative in the study of high-z QSOs, particularly if as-
sisted 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 Yap = 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 res-
olution 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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Parameter Value Justification
To detect Ly and metal lines (restframe UV)
for z ~ 7 sources (Y]).
Bandpass YtoK To characterize their continuum slope (H+K).
To observe Hell A\1646 for Pop III stars.
. To resolve Ly« absorbers,
Resolving Power 5000 detecting weak lines between OH lines
Slit width ~0.2" AO-assisted to boost SNR of the faint high-z sources

Multiplexing Capability

Observing Efficiency

simultaneous coverage
of the NIR bands

To maximize the outcome of very long exposures
necessary to follow-up high redshift candidates

Table 4: Summary of requirements for case C.4.2
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C.4.3 GALAXY BUILDING EPOCH
C.4.3.1 OPEN PROBLEMS

Between 3 < z < 6, in the second billion year of cosmic history, galaxies begin to take shape in-
creasing 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. C.5.1).

ACDM models show that mergers of small
satellites into larger galaxies is one of the main
mechanisms of the hierarchical galaxy assem-
bly. This is supported by the direct observa-
tions 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 red-
shifts z > 3.

Key Questions:

e Are there different modes of star forma-
tion through cosmic history, depending
on the environment?

C.4.3.2 OBSERVATIONAL NEEDS

Observationally, at = ~ 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, 22,
23, 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 wave-
lengths, 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 spec-
troscopic followup to derive precise redshifts and characterize the star formation activity, while
eliminating low redshift interlopers.

C.4.3.3 GMOX REQUIREMENTS

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 must provide such a spectral range, covering
from the U-band (where the Ly-« line becomes accessible at z ~ 3) to the K-band (where the [O11]
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A3727 line, which is a tracer of star formation, is observable up to z ~ 6) in order to trace with con-
tinuity 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 photomet-
ric fluxes for different classes of objects. Reaching the line-free continuum level of high redshift
galaxies requires spectral resolution R % 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
Lya forest requires relatively high spectral resolution to disentangle metal lines.

Parameter Value Justification
Bandpass U-to-K To bracket the rest-frame spectra between
P the Lyman and Balmer break
> 3000 To derive spectroscopic redshifts
Resolving Power To study Ly« forest
& > 5000 To assess the contribution of line emission to the photometric

fluxes for different classes of objects

2

2 larcmin To map the Lya absorption toward lensed objects

on scales of the order of 1 Mpc (comoving)

Slit width <0.4(UVIS)-0.25(IR) To boost sensitivity, possibly with AO
2

Field of View

Multiplexing Capability | 10 — 50 targets/arcmin® | High density of targets

Table 5: Summary of requirements for case C.4.3
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C.4.4 “HIGH NOON” OF COSMIC HISTORY

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 spectral energy distribution of galaxies, not just as a whole, but spatially resolving their sub-
structures. 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.

C.4.4.1 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 spectral
energy distribution 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 4000,41004A; [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 in-
crease in galaxy size without a substantial stel-
lar mass increase, leaving a well defined com-
pact core of older star [e.g. 29]; vice-versa, adi-
abatic expansion powered by large-scale mass
loss such as AGN feedback [e.g. 30] can gener-
ate an expansion of the total stellar light pro-
file. Discriminating between these two sce-
narios requires extreme AO to resolve galax-

Key Questions:

e What are the main drivers of the en-
hanced star formation activity?

e Why does star formation stop early in
certain galaxies (“quenching”) without
later resuming?

e Where are the low-mass galaxies pre-

ies bulges from disks, large field of view to dicted by ACDM mode.IS?
compare several galaxies in a cluster and wide ° Whe}t ae e velifiong beivraen s
formation and AGNs?

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.

C.4.4.2 GMOX REQUIREMENTS

Moderate spectral resolution (R~4000) is needed to resolve broad emission lines associated with
central AGN activity (e.g. Ha, HpB, Civ and MgiI). 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.
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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] AA3727, 3730, Hp, [O 111] A\4960, 5007, He,
[NII] AN6548, 6584, and [SI1] AN6717, 6731), stellar continuum, and absorption features (e.g., Balmer
lines, Call 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/Hp), 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.

Parameter Value Justification
Bandpass U-to-K To study nebular emission at restframe optical
To resolve Ha-[NII] doublet
R > 2000 To measure Star Formation Rate
Resolving Power To measure Balmer decrement

To probe kinematics of components
14000-5000 To fneasure AGN activity F

Field of View > 1 arcmin? To map galaxies and their satellites

Slit width | < 0.4(UVIS)-0.25(IR) | To resolve individual components
Multiplexing Capability | > 100 targets/arcmin? | To measure spatial variations across galaxies

Table 6: Summary of requirements for case C.4.4
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C.4.5 CLUSTERS OF GALAXIES
C.4.5.1 OPEN PROBLEMS

Rich clusters of galaxies offer a unique opportunity to study the assembly and dynamics of the
largest over-densities in the Universe, the impact of these environments on galaxy evolution, and
the evolution of the background lensed galaxies. Detailed maps of the cluster galaxy dynamics
can place additional constraints on the cluster dark matter profile, and help distinguish between
recently accreted galaxies (which may be undergoing ram-pressure stripping, harassment, and
triggered star-formation, [32, 33, 34]) and cluster relics (which may have assembled at z > 1 via
multiple gas-poor mergers, [35, 36]). Mapping the outskirts of clusters will probe the large-scale
filaments feeding the over-densities, and the evolution of galaxies in those filaments [37].

C.4.5.2 OBSERVATIONAL NEEDS

The HST CLASH survey [38] and Frontier Fields [39] have provided us with high angular resolu-
tion imaging of rich clusters at z = 0.3 — 0.6. Cluster galaxies at these redshifts have many rest-
frame optical spectroscopic tracers, including [O11]3727, Ca H+K 4000 Abreak, H3/[O111]5007, Mg
b, Nal, [O1]6300, He, [NI1], and [Si11]. By probing these features with ~ 0.25” resolution, we can
trace the chemical abundances of stars and gas, as well as central AGN activity, gas ionization, and
star-formation rates on ~ 1 — 3 kpc scales for L* and brighter galaxies. In the core of the Frontier
Fields cluster Abell 2744 at z = 0.308, we find ~ 150 galaxies with I < 22 mag within the HST
ACS field of view (~ 3.4' x 3.4'), [40]. High multiplexing capability over a comparable field of
view is needed in order to be able to study all the cluster members.

Deep observations of strong-lensing clusters,
such as the Frontier Fields, can also probe
highly magnified galaxies beyond z ~ 1. Abell . .
2744 has ~ 10 0.3 < z < 1.5 background galax- N HOW 41 (grleRCEs o, Go.e, Ei. Wi
ies magnified to I ~ 20 — 22 mag, and other immaet A cliustas? .

~ 15 magnified to I ~ 22 — 23 mag. Spec- o.What are t.he details of the dark matter
troscopic z of these sources are powerful con- distribution in galaxy clusters?

straints on the lensing maps; moreover, their
high magnifications (factors of 2 — 20) allow
detailed spectroscopic studies of galaxies at higher spatial resolution, fainter than those typically
probed by blank field studies. [4] report the discovery of a z = 4.92 lensed galaxy in Abell 1703
magnified 25 times by cluster lensing: this means that GMOX at GEMS could probe structures as
small as ~ 20pc when the Universe was 1 Gyr old!

Building [O11]3727 maps of z ~ 1 galaxies magnified by a factor of 3 would yield star-formation
and kinematic maps on kpc scales. Deep ”blind” observations of the cluster critical curves —
regions of highest magnification— could potentially yield detections of intrinsically faint high-
equivalent-width (» 100 A) Lyo emitters at z = 3.5 [41]. Although these detections will be rare,
they will place important constraints on the Ly — « escape fractions of faint galaxies similar to
those responsible for reionization.

Key Questions:

C.4.5.3 GMOX REQUIREMENTS

Deep spectra with resolution R > 3000 over a wide spectral range is needed to measure the red-
shift of both lensing and lensed objects. Multi-object capability (= 200 sources) in fields of the
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Figure 10: HST image of the galaxy cluster MACS J1149+2223 with an enlargement of the z=0.54 elliptical
galaxy producing an Einstein cross of a z=1.49 supernova. The intensity of the 4 images is amplified by a
factor ~ 20 while the separation is about 2”. Resolving Einstein crosses of this type is a requirement for

GMOX.

order of an arcminute is needed to produce accurate dark matter maps. High spatial resolution
(~ 100 mas) enables the study of lensed objects” structure.

Parameter Value Justification
Bandpass UtoK Srlfes:?;ii;)z (if (I)Jg/ and optical rest-frame
Resolving Power > 3000 Redshift and chemical abundances
Field of View ~ 1 arcmin? Match the typical galaxy cluster size
Slit width ~0.2" Resolve structures in lenses objects
Multiplexing Capability | ~ 100 targets/arcmin? | Obtain spectra of each galaxy in the clusters

Table 7: Summary of requirements for case C.4.5
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c.5 CosMic HISTORY: 10 GYR OF DECLINE

Approximately 3.5 Gyr after the Big Bang, at z ~ 1.9 the cosmic star-formation rate started to
decline exponentially, with an e-folding timescale of 3.9 Gyr [42]; the Sun formed during this
epoch, about 4.5 Gyr ago (¢ = 0.44), from the ashes of generations of more massive stars that had
fully evolved through the previous 8 Gyr of cosmic history.

C.5.1 GALACTIC-SCALE STAR FORMATION
C.5.1.1 OPEN PROBLEMS

Star formation, the main process shaping galaxies from the cosmic dawn to present times, is better
described than understood [43]. 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 [44]. 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 struc-
tures 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.
45, and references therein]; however a number
of open questions remains. The reason why
super-star-clusters, i.e. ~ 105 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. 46]. The clus-
ter 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 ¥ grr, both locally and
globally [45, Figure 1], but available data are scant in the key range of very high and very low
Y. srr, where models and predictions can be discriminated [47]. Adding to the uncertainties in the
fact that most of the properties of YSCs are derived under the assumption of a universal stellar Ini-
tial Mass Function (IMF), both at the low and high end, but evidence in this sense is contradictory
[48, 49, 50, 51]

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,
52] 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 dis-
ruption [MDD, 53] 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

Key Questions:

e What are the connections between host
galaxy properties, star formation rate
density and cluster formation, evolution
and disruption?

e What are the environmental dependen-
cies of the upper end of the IMF?
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Figure 11: Left: The cluster formation efficiency T, i.e., the ratio of cluster formation rate to the star for-
mation rate, as a function of the SFR surface density ¥ grr, for galaxies and galactic regions [45, from].
Only clusters younger than 10 Myr are included. The low and high ¥srpr regions of the plot are not well
defined by current data due to the difficulty of accessing this portions of the parameter space: the low end
Y srr is populated by dwarf galaxies, which require sensitive instruments, and the high end is populated
by starburst galaxies, which are rare.
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truncation is present in globular cluster populations and seems to be related to the galaxy where
the population has formed [54]. However the results of the cluster mass function analysis of young
star cluster populations in local galaxies are still contradictory [55, 56].

C.5.1.2 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 2 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
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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-] 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. 12). Extinction determination is further aided by
the availability of multiple hydrogen recombination emission lines, e.g., Ha, H3, P3 [57]. 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 ;sm are caused by red super giants dominating the spectra after the
WR stars have disappeared. Ionizing 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 10° Mg [58]. 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. Ha,
St1, S, O111 and lines produced by shocks from the supernova ejecta like Fell.

C.5.1.3 GMOX REQUIREMENTS

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 [59]. 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-] 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 indi-
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Figure 12: 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).

vidual clusters and to obtain as high a SNR as possible. A spectral resolution of 2000 is enough to
identify the spectral features.

Parameter Value Justification
Bandpass U-to] %g 32?3?;%1; ersle age-extinction degeneracy
Resolving Power ~ 5000 To determine age from emission and absorption features
Field of View ~1x1 To map resolved galaxies up to their outskirts
Slit width ~0.2" To resolve individual clusters

Multiplexing Capability

200-500 sources

To measure large samples of clusters in resolved galaxies

Table 8: Summary of requirements for case C.5.1
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C.5.2 MASSIVE STAR FORMATION IN LOCAL GROUP DWARFS
C.5.2.1 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, metal-
licity, 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.[60]
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 metallici-
ties 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 under-
standing the efficiency of metal enrichment of .
the interstellar medium, which might differ be- Key Questions: ) )
tween the LG spirals (Milky Way and M31) e How dc?e§ skt .formatlon proceed in
and dwarfs. A question arises whether the ob- low-metallicity env1ronrr}ents? )
served low metallicity in dwarfs reflects a quiet s What factors deter.mlne the chemical
SFH or their inefficiency in retaining and mix- history of dwarf galaxies?

ing their own nucleosynthetic products.

C.5.2.2 OBSERVATIONAL NEEDS

Massive stars are usually born in dense stellar environments, making it quite challenging to per-
form spectroscopy of individual objects (Fig. 13). Adaptive optics can provide the angular resolu-
tion needed in such crowded fields. Accurate spectral typing and estimates of stellar parameters
are needed to construct 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 observed and their metal-
licities 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 enrich-
ment.

C.5.2.3 GMOX REQUIREMENTS

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 13: Left: GALEX image of the dwarf galaxy Sextans A, with the footprints of the HST/WFPC2
observations by [61, 62] 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 [61, 62]. HST observations like these can be used for GMOX target selection. The typical HST imaging
cameras FoV can be covered with ~ 3 GMOX pointings.

Parameter Value Justification
Bandpass U-to-H To derive stellar parameters and reddening law
Resolving Power R ~ 3000 To differentiate distinct stellar populations
Field of View > 1 arcmin? To match typical nearby dwarf galaxies sizes
Slit width 0.4 —0.04 To reach faint sources in crowded fields with AO
Multiplexing Capability | ~ 100/sq.arcmin | To get strong statistics on stellar populations

Table 9: Summary of requirements for case C.5.2
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C.5.3 GLOBULAR CLUSTERS
C.5.3.1 OPEN PROBLEMS

One of the most-obvious assumptions made by astrophysics for over half a century was to con-
sider globular clusters (GCs) as: “ the purest and simplest stellar populations we can find in nature” [63].
However, in the last few years an overwhelming body of observational evidence, both photomet-
ric and spectroscopic, has shown that this old, simplistic paradigm can’t be applied to most (if not
all) GCs, [64]. Multiple generations of stars in GCs are now the rule rather than the exception. De
facto, anew era in GC research has started. In the local Universe, GCs do not appear to be brewing
multiple generation of stars [65], 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 se-
quences (MSs), and the most reasonable ex-
planation is that stars in each of these MSs
are characterized by a different Helium abun-
dances [66]. Helium abundance cannot be di-
rectly measured by spectroscopy, except for
high temperature, highly evolved stars [67].
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 fu-
sion that includes CNO, NeNa, and MgAl cycles [68]. 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 [69, 70, 71] second-generation (2G) populations should
form more concentrated in the GCs inner regions, and then slowly diffuse towards the outskirts,
preferentially along radial orbits [72]. 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) dif-
ferences in the spatial distribution of 1G and 2G stars, can still leave significant fingerprints 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 kine-
matics 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 se-
quence that it would be possible to study the effects of energy equipartition, mass segregation and
anisotropy [73]. 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

Key Questions:
e What is the origin of the multiple stellar
populations observed in globular clusters?
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Figure 14: 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 repre-
sents 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 different stellar populations of the cluster.

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.

C.5.3.2 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 mea-
suring 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 (A > 3400A) to 1 ym 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
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reaching the less massive MS stars and achieve higher precision than that achievable with proper
motions from the Hubble Space Telescope.

C.5.3.3 GMOX REQUIREMENTS

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.

Parameter Value Justification
Bandpass U-band To determine CNO abt.mdances .
Near-IR To detect cool companions affecting v;.qq
Resolving Power R% 3500 To resolve molecular bands
Field of View ~ larcmin? To cover the typical half-mass radius of most globular clusters
Slit width 0.3” —0.04” To boost sensitivity and resolve individual targets in crowded fields

Multiplexing Capability

100 — 500 targets

To efficiently build rich statistical samples

Table 10: Summary of requirements for case C.5.3
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C.5.4 FORMATION AND EVOLUTION OF THE GALACTIC BULGE
Cc.5.4.1 OPEN PROBLEMS

The Galactic bulge is the nearest spheroid and the only one for which we can access information
from individual stars. Understanding the details of the Galactic bulge formation and evolution
is therefore of great importance in both placing our own Milky Way in a broader, cosmological
context and for testing our theories of galaxy assembly and evolution. Photometric studies of the
bulge [74, 75, 76, 77] and stellar spectroscopy [78, 79, 80, 81, 82] point to a rapid bulge formation
scenario from dissipational collapse or mergers: a classical Bulge. However, red clump star counts
show that the bulge morphology is boxy/peanut-shaped [83, 84, 85], suggesting that the Bulge has
formed by vertical heating of stars in the inner thick/thin disk, induced by the central bar [86, 87]:
a pseudo Bulge.

C.5.4.2 OBSERVATIONAL NEEDS

To understand whether our bulge is a classical, pseudo or mixed-origin one, a combination of
kinematic and chemical information is needed, across a large area. Access to the Calcium-Triplet
spectral region is fundamental to characterize the chemical properties of bulge stars. This spectral
region encompasses many Fe lines, as well as numerous a-elements lines (Mg, Si, Ti). Full spectral
modeling allows the determination of [Fe/H] and [ca./Fe], as demonstrated e.g. by [88] for the
RAVE survey of the Galactic Disk using A = 8410 — 8795A, R ~ 7000, SNR > 30 (we aim at SNR
> 70). Line-of-sight velocities can be obtained by cross-correlation with template spectra; at our
target SNR we expect uncertainties of ~ 1 km/s.

Existing surveys of the bulge are performed
using fiber-fed spectrographs (FFSs). Given
the high degree of crowding, FFSs are limited
by the fiber size to observe bright sources, i.e.
red giant and asymptotic branch stars. High
angular resolution, like the one provided by
the GeMS AO module, is needed if one wants
to reach the yet unexplored main sequence
regime. Moreover, for the same reason, all the existing surveys do not reach very close to the
galactic midplane, while AO-capability could provide access to these most crowded regions. The
BRAVA [89, 90, 91], ARGOS [92, 93, 94, 95] and GIBS [96] surveys use FFSs and have targeted
red clump or brighter giants —Irc(AB) = 14.5 — 15.5 mag, depending on extinction— in the Ca-
Triplet region with resolving power between 6500 and 11000, and SNR of~ 50 — 80. The APOGEE
survey also uses FFSs but explores a different wavelength regime, the H-band, with a resolving
power R~ 22500 [97]. The aforementioned surveys observe ~ 100 targets per pointing, exploiting
the large FFSs FoV. Large numbers of stars are needed to characterize the populations metallicity
and velocity distribution function, their latitudinal and longitudinal dependencies, their higher
moments.

Key Questions:

e How did the Milky Way Bulge form?

e Do we understand spheroids formation
and evolution?

C.5.4.3 GMOX REQUIREMENTS

To be competitive with FFSs, GMOX needs to compensate for the smaller Gemini FoV by having
a greater sensitivity, reaching much fainter targets in the same exposure time, thus still having
several hundred possible targets per pointing (Fig. 16). This is certainly possible thanks to the
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combination of AO and DMDs. The requirement is for GMOX to reach SNR ~ 100 in 1 hour at
I(AB) ~ 17.5 mag.

Spectral resolution R ~ 4,000 is more than enough to measure radial velocities with ~ km/s
accuracy since numerous lines can be used for spectra cross-correlation. At this spectral resolution
the Ca-Triplet region of the spectrum can be used for accurate metallicity estimates (+0.2 dex). The
Ca-Triplet region is also relatively free from telluric absorption and it encompasses several lines
that can be used to measure elemental abundances, specially for a-elements. A large spectral
coverage is needed to allow a full modeling of the stellar spectra, that takes into account not only
the stellar parameters (Teg, log g, [Fe/H]) but also the foreground extinction. The latter is highly
patchy towards Bulge sightlines and recent findings show that it cannot be modeled with a single-
parameter standard extinction law [100].

Accessing the blue region of the spectrum is of high importance for a bulge survey, since it can
help removing foreground dwarf stars contamination using gravity sensitive indicators such as
the Mgb/MgH feature.

The ability to synthesize very narrow slits is fundamental to beat the effects of crowding, which
are very severe towards the Galactic Bulge.

Parameter Value Justification

To determine T.g, [Fe/H], [a/Fe], gravities
Bandpass U-to-K from giant to dwarf stars
extinctions and remove foreground contaminants

To measure v,qq wWith ~ km/s accuracy
Resolving Power R ~ 4,000 To measure Ca-Triplet and
other abundance diagnostics

Field of View 1 — barcmin? To have good statistics
Slit width 0.4 —0.04 To beat crowding and increase sensitivity
Multiplexing Capability =~ 100 — 500 stars To increase statistics in very crowded fields

Sensitivity | SNR=100in lhr atI g = 17.5

Table 11: Summary of requirements for case C.5.4
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C.5.5 YOUNG STELLAR CLUSTERS IN THE GALAXY AND IN THE MAGELLANIC CLOUDS
C.5.5.1 OPEN PROBLEMS

Young, massive stellar clusters in our Galaxy
and in the Magellanic Clouds, close enough to
be well resolved in their individual stellar com-
ponents, are of prime interest for studying how
stars form and understanding the role played
by the environment. HST has produced spec-
tacular images and large photometric datasets,
resolving individual sources well below 0.5
M, at the peak of the stellar Initial Mass Func-
tion, at the distance of the Magellanic Clouds.
The wealth of data sets the basis for comparing massive star clusters in different environments
(by metallicity, stellar density, etc.) providing critical insights into the processes that regulate star
formation through cosmic history.

At the moment we are far from reaching consensus on what regulates the details of the star for-
mation process. For example, the hierarchical star formation scenario predicts that the age spread
is very small for compact clusters and increases with spatial scale [101]. In contrast, the turbulent
core model predicts that star formation is continuously active for several Myrs [102]. The relevance
of the many different physical processes involved, of the different initial conditions describing the
status of the molecular clouds, and feedback from massive stars is not completely understood yet
[43]. This is mostly due to the lack of systematic and homogeneous spectroscopic studies that, in
principle, should span a large range of conditions. The main product of star formation, i.e. the
shape of the IMF, is still a subject of debate. Observationally, the high-mass end (M z 1Mp) of
the IMF appears to follow the well established “universal” Salpeter’s slope. The M =~ 0.5 M,
turnover of the IMF, however, cannot be explained without additional physical assumptions to
set the stellar mass scale. Bate [103] and Krumholz et al. [104] have recently suggested that the
characteristic mass scale is determined by the mass over which radiative feedback becomes able
to suppress fragmentation. On the other hand, early deuterium burning may play a fundamental
role, and this may explain why the typical stellar mass is so close to the hydrogen burning limit
[43]. The IMF in the brown dwarf regime is still poorly constrained; at the low mass end, we don’t
even know how to disentangle e.g. a low mass object that formed in the field from an ejected
planet. Binarity, variability, accretion, mass loss are just some of the phenomena that complicate
the study of young stellar objects.

Given the short time scales, reconstructing different populations, estimating ages and mem-
bership is the first fundamental step. The high extinction caused by the parental molecular clouds
makes near-infrared spectroscopy the tool of choice. Massive stars provide us with a range of
spectral lines usable to classify them down to 1 subtype (using e.g. He I at 1.70, 2.058, 2.113 um,
the N 111 complex at 2.115 im, and He 11 at 2.1185 um, the H Brackett series). Knowing the spec-
tral type we can derive extinction, and therefore estimate temperature and luminosity: for targets
of known distance, we can put them in the HR diagram. By comparison with isochrones, one
can then derive ages and eventually reconstruct the star formation history of embedded regions.
The same strategy can be adopted for lower mass stars, still in a Pre-Main-Sequence phase, as
described in detail in Section C.5.6.

In addition to studying individual sources, reconstructing the global dynamic status of young
clusters is also a key tool for understanding star formation, since different theoretical models

Key Questions:

e How do massive stars form?

e How does feedback from massive stars
affect their birth environments?

e What determines whether star clusters
will stay bound or dissolve?
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Figure 16: HST image of 30 Doradus
in the Large Magellanic Cloud, which
is a prime target for multi-object spec-
troscopy of crowded fields using AO.

make different predictions on e.g. velocity dispersion, mass segregation, ejection, and cluster
dispersal. Members of our team have started an ambitious program to study massive star clusters
of different characteristics (by metallicity, stellar density, etc.) using proper motions. Their targets
are located in the Galactic Disk (i.e. Trumpler 14, Westerlund I and II), Galactic Center (Quintuplet
and Arches), and in the Magellanic Clouds (30 Doradus, NGC346). These systems, characterized
by a high level of internal structure and sub-clustering [105, 106, 107, 108, 109, 110, 111, 112] are
ideal laboratories to investigate how star formation events develop and how high and low mass
stars affect their mutual evolution. Spanning an age range of few million years, these systems
provides snapshots of the early evolutionary phases of stellar clusters.

C.5.5.2 OBSERVATIONAL NEEDS

Observations show that the extinction towards star forming regions is strongly varying from star
to star. Experience with VLT /X-shooter shows that a wavelength coverage from U to K enables
us to observe the less embedded stars in the optical regime. This enables access to lines like Ho
allowing a much better determination of the stellar parameters. In fact, stellar atmosphere models
[FASTWIND, 113] can be fitted to the spectrum to derive the fundamental stellar parameters based
on the shapes of the line profiles [see e.g. 114]. In order to classify OB stars using the absorption
lines in the NIR range, a resolution of one thousand is enough. However, for full spectral model-
ing, including wind features, a R = 4000 is necessary. Spectra of SN R ~ 100 — 200 allow deriving
the effective temperature, mass loss rate from Ha or Bry emission (stellar winds, seen in emission,
will fill in the Ha and Bry absorption lines), rotational velocity, gravity (from the stark-broadened
Brackett lines). The massive stars are bright in the H- and K-band, making it easier to achieve high
SNR. However, sensitivity requirements are more strict if we want to detect the embedded stars
in the optical. An O7 star at a distance of 3 kpc with a Ay = 10 mag, will have a magnitude V' = 18
mag. To obtain a clearer picture of massive stars feedback in the ISM one needs spectrographs
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capable of reaching such limits with high SNR in reasonable time.

One would also like to push spectral classification down to much lower masses, e.g. 2-3 Mg,
targeting stars still in the pre-main sequence (PMS) phase. Just like the most massive stars in
their post-main sequence phase, PMS stars can be used for age measurements, once their spectra
have been classified, e.g. using the CO absorption at 2.3 micron, Ca lines at 9000 A to confirm
their suspected PMS nature and the classification by Kenyon and Hartmann [115] to derive their
temperatures and luminosities. By comparing the ages of the massive stars and the PMS stars
we will be able to see whether star formation proceeds differently, in time, at the two ends of the
stellar mass spectrum.

For reconstructing the internal dynamics of massive star clusters, the problem is to measure
the radial velocities for a large number of stars in crowded environments. Angular resolution of
the order of 0.05 to 0.1 arcsec is required to resolve single stars in the core of the clusters, while
high SNR (> 50 — 100) and medium resolution (R = 5000 — 10000) spectra are needed to measure
radial velocities dispersions of the order of ~ 2 — 5 km/s. Wide spectral range paired with multi-
slit capability is needed to efficiently map different regions of the Milky Way and nearby galaxies:
infrared coverage will be needed to measure the radial velocities of the highly extinguished mas-
sive clusters towards the Galactic center. Optical wavelengths A\ = 390 — 508 nm can be used
to measure radial velocities from the OB stars in the Magellanic Clouds. A dedicated monitoring
program (e.g. once a month for one year) would also allow us to obtain the first complete cen-
sus of the spectroscopic binaries in the crowded cores of the young clusters. Ejection is a natural
byproduct of unstable 3-body problems, so the mass spectrum of binaries is a further observa-
tional constraint for models of massive star formation. Combined with high-precision relative
proper motions, radial velocity data would allow us to determine the 3D dynamics of a complex,
young stellar system (M > few103Mg), a fundamental observational constraint to characterize
star formation and the early phase of cluster evolution.

These studies critically need an instrument combining high multiplexing capability, the ability
to cover a wide wavelength range and high spatial resolving power to operate in crowded fields
with minimal background contamination. Last but not least, for these studies access to the full
southern hemisphere is definitely a plus: the Magellanic Clouds are not accessible from Mauna
Kea.

C.5.5.3 GMOX REQUIREMENTS

High multiplexing capability is very important to produce the necessary statistics to properly
assess the global properties of the clusters. Large spectral coverage is needed to ensure that more
extincted clusters can be observed with the same quality. High angular resolution is fundamental
to observe as close to the clusters cores as possible.
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Parameter Value Justification
Bandpass U-to-K To measure stellar parameters ar}d Urad
over a broad range of cluster extinctions
To measure radial velocities with ~ 5 km/s
Resolving Power R ~ 5,000 precision (cross-correlation) and to allow full

Field of View

Slit width
Multiplexing Capability

Sensitivity

1 — 5 arcmin?

0.4—-0.04
=~ 100 — 500 targets
SNR=8in lhratI4g = 18

atmospheric modeling of massive stars

To match the typical sizes of galactic and
Magellanic Clouds star forming regions

To beat crowding and increase sensitivity

To increase statistics in very crowded fields

Table 12: Summary of requirements for case C.5.5
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C.5.6 STAR FORMATION AND CIRCUMSTELLAR DISCS
C.5.6.1 OPEN PROBLEMS

Planets form in evolving protoplanetary disks around young stars. As most stars form in young
open clusters (YOCs) and star forming regions (SFRs), we need to look at these systems to study
also planet formation. Galactic YOCs and SFRs provide detailed snapshots of young stars and
their disks at similar age; to study their evolution one has to compare regions of different age.

According to the current paradigm, the evolution of the gaseous content of protoplanetary
disks plays a key role in the planetary formation process. The migratory path of forming planets
is determined by the surface density of gas in the disk. Also planet population synthesis mod-
els rely on the radial distribution of the gas surface density [e.g., 116]. The evolution of the gas
surface density of circumstellar disks is mostly regulated by two processes: viscous accretion and
winds, mainly photoevaporative or disk winds [117]. 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 [118, 119]). Mass accretion gives rise to characteristic
spectral signatures: the shock on the photosphere produces a hot continuum, easily detected in
the UV as an excess emission in the Balmer continuum region (A <364 nm) and as veiling of pho-
tospheric absorption features across the entire visible region [120, 121]. At the same time, strong
and broad emission lines arise in the optical and near-infrared spectra due to the high velocity of
the material infalling on the star [122].

Both observations and models show that
the near-UV excess correlates with the total ac-
cretion luminosity (Lg..) as well as with the lu-
minosity of various emission lines [123, 124,
121]. However, disentangling photospheric
spectrum from the accretion emission is not
easy. First, the veiling due to accretion makes
the photospheric features shallower: if veil-
ing is not taken into account properly, the de-
rived spectral type is earlier than the real one
[125]. Second, the accretion continuum makes
the spectrum appear bluer, while the redden-
ing makes it redder. The need to assume a red-
dening law (important to correct the measured UV fluxes) adds uncertainty, as well as the fact that
accretion is a highly variable process also on small timescales (minutes to hours, e.g., [126]). This
has strong implications on non-simultaneous observations across different wavelength ranges,
since systematic errors due to variability are difficult to take into account. 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 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 as-
tronomers 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. Recently, Manara et al. [127]
have used X-shooter to clarify the nature of two accreting objects in the ~ 1Myr Orion nebula clus-
ter (ONC) whose positions on the HR diagram, determined with photometry and spectroscopy

Key Questions:

e What is the age of young stars?

o Are there multiple star formation bursts
in young clusters?

e What is the main driver of disk evolu-
tion and dispersal?

e How do stars acquire their final mass?

e How does disk evolution depend on
metallicity?
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Figure 17: 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 [125]).

over a limited bandpass, were compatible with 30 Myr old isochrones (see Fig. 18). An analysis
of the full X-shooter spectra has allowed us to reconstruct the stellar and accretion properties of
these two objects, revealing that they were misclassified in the literature. Their newly determined
stellar properties place these objects on two completely different positions in the HR diagram, and
to an age estimate compatible with the mean cluster age. It is interesting to understand why the
two objects were misclassified. In the case of OM1186, the Spectral Type (SpT) had been correctly
determined but the stellar luminosity (L) was underestimated due to the degeneracy between
Ay and L. derived from broad-band photometry. For the second object, OM3125, the error was
in the SpT, due to the narrow wavelength range covered by the spectrum used in previous obser-
vations. In this case, the strong veiling of the photospheric signatures led to the assignment of a
much earlier SpT.

Other independent works are showing the importance of using broad-band spectra to properly
derive stellar and accretion properties of young stars. In particular, Herczeg and Hillenbrand [128]
have used mostly Keck/LRIS spectra to show that spectral type classification of young stars is
inaccurate if veiling due to accretion is not quantified and considered together with extinction (see
Fig.15). 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 [126]. 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 M are obtained, once
stellar parameters and extinction have been properly derived, using the luminosity of multiple
emission lines [129, 130] instead of the luminosity of a single line. Among the various emission
lines that can be used for these estimates, the best correlation between line and accretion lumi-
nosity is found for high upper-level Balmer lines (e.g., Hv) in the blue part of optical spectra
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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 [131]. 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 [132]. Studying forbidden lines in young stars allows one to determine the physi-
cal conditions of these winds, such as temperature and density. An analysis of forbidden emission
lines in the Lupus SFR using X-shooter spectra has shown that these winds are slow (Vpeax < 20
km/s), dense (ng > 10® cm—3), warm (T ~ 5000-10 000 K), and mostly neutral as expected either
from photoevaporative or disk wind models [133]. Photoevaporation sets the final fate of the disk
and fixes the “t=0" for the evolution of planetary systems in the following Gyrs of frictionless
regime.

To further understand disk evolution it is necessary to study regions of different ages and
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 [134]. 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 (see also Sect. E.3.4).

C.5.6.2 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 Ho 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.

C.5.6.3 GMOX REQUIREMENTS

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. Resolution R > 5000 is needed to resolve the broad Ha line tracing accretion and
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Figure 18: Position on the HR
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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.

Parameter Value Justification
Bandpass U-to-K To disentangle the effects of accretion, extinction to
derive accurate stellar parameters
~ 5000 To resolve accretion tracing lines and

Resolving Power

Field of View
Slit width

Multiplexing Capability

Observing Efficiency

~ 1 arcmin?

~0.1”
~100s sources

Simultaneous coverage

obtain jets kinematics

Matched to typical scale of young
star forming regions

To minimize confusion and background

To obtain spectra of all available Pre-Main-Sequence
stars in a star forming region

To avoid systematics due to short
timescales variability

Table 13: Summary of requirements for case C.5.6
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C.6 LSST TRANSIENTS

By probing 100 times more volume than the recent generations of transient searches such as Pan-
STARRSI1 and PTE, LSST is going to enable the next level of time domain studies, probing vari-
ability 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 (See Section B), in particular
with the spectroscopic followup of transients .

C.6.1 GMOX CAPABILITY FOR LSST FOLLOW-UP OBSERVATIONS

We have made the exercise of going through the high-priority scientific questions that LSST is
going to attack, listed in the index of the LSST Science Book, marking those that are well suited for
follow-up with a wide-band, moderate resolution spectrograph at Gemini reaching the sensitivity
levels of LSST, 24.5 mag per single visit (Figures 19 to 26) rebinning the spectra at somewhat lower
resolution. Almost the entire list provides a strong match, with the possible exception of solar
system studies dealing with e.g. statistical analysis of multitudes of small bodies scattered across
the sky, and the themes of Barionic Acoustic Oscillations and Weak Lensing, typically dealing with
scales much larger than the Gemini field of view: (the fundamental BAO length scale, about 150
Mpc, is about 100 times the largest angular scale probed by the unvignetted Gemini field of view).
In fact, an instrument like DESI at the Mayall 4-m telescopes, capable of simultaneously measuring
8,000 redshifts over a 8 square degree field of view, seems ideally matched to follow the multitude
of LSST transients that will appear on each LSST field. Some of these objects, though, will require
an 8m telescope with the ultimate sensitivity provided by extreme AO, either because they are
too faint even at their peak or just because all interesting transients eventually fade away. Gemini
cannot, and should not compete with e.g. Mayall in terms of very-wide-field coverage and routine
monitoring, but can provide the ancillary capability of reaching the faintest sensitivity levels.
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suited to GMOX follow-up observations.
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Figure 23: Same as Figure 19, related to the study of galaxies.
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Figure 24: Same as Figure 19, related to the study of supernovae.

12 Strong Lenses . . . . .. . . .. .. 413
12.1 Basic Formalism . . .. . .. o0 i e e 413
12.2  Strong Gravitational Lenses in the LSST Survey . .. ... ... . ... ...... 417
12.3  Massive Galaxy Structure and Evolution . . . ... .. .. .............. 427
124  Cosmography from Modeling of Time Delay Lenses and Their Environments . . . . 429
12.5  Statistical Approaches to Cosmography from Lens Time Delays . . ... ... ... 432
12.6  Group-scale Mass Distributions, and their Evolution . . ............... 434
12.7  Dark Matter (Sub)structure in Lens Galaxies . . ... ................ 436
12.8  Accretion Disk Structure from 4000 Microlensed AGN .. .............. 441
129  The Dust Content of Lens Galaxies . . . . .. .. ... i i it . 442
12.10 Dark Matter Properties from Merging Cluster Lenses . . . . . . ... . ... ... .. 445
12.11 LSST’s Giant Array of Cosmic Telescopes . . . . . . . . .o v v it it it u e 448
12.12 Calibrating the LSST Cluster Mass Function using Strong and Weak Lensing . . . . 450
12.13 Education and PublicOQutreach . . . . . . ... ... .. o o 455

References . . . . . . . . . . e 457

Figure 25: Same as Figure 19, related to the study of strong gravitational lensing.
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Figure 26: Same as Figure 19, related to the study of dark energy, dark matter and new physics.

The most compelling case for LSST follow-up with Gemini is probably provided by exotic
sources that emerge from below the detection threshold, rising in brightness over time scales of
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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 pho-
tometry 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 27 shows the location of some of them. The ab-
solute magnitudes on the right can be composed with the distance modulus of the local Universe:
long-period novae at Vs >~ —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 ex-
panding 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 pre-
rogative for the existence of life. Supernovae are also fundamental distance indicators and have
provided the first direct evidence for cosmic acceleration [136, 137]. 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 tele-
scopes 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 ob-
serve 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.
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Figure 27: Peak V-band luminosity of known transients, either explosive (supernovae) or eruptive (no-
vae, luminous blue variables - LBVs), as a function of duration, color coded to represent the true color at
maximum brightness. Also shown are other peculiar transients (reproduction of Fig.8.1 of LSST Science
Book)
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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 prob-
ably result from the deaths of certain types of massive stars [138]. 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 fol-
lowed 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 [139], 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 accompany GRBs. Un-
derstanding the nature of GRBs is another fascinating program that can be attacked by a sensitive
wide-band spectrograph at Gemini.

C.6.1.1 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 su-
pernovae are extremely rich of emission lines, like e.g. Ho, He15570, 10830, C18729,9812, O1 5577,
6300, 6364, Mg1. 4571, Si1 10990, 16450, St 10824, 11309, CaIlr 7292, 7325, 8499-8663, Fell 7155,
12570, 15330, 16400, Col1 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 spec-
trophotometric calibration. The ability to rapidly acquire a target minimizes overhead, in partic-
ular 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 rep-
resent an interesting capability for certain types of transients, like e.g. planetary transits.

C.6.1.2 GMOX REQUIREMENTS

While GMOX requirements have been derived from the whole set of science cases described in
Section ¢, GMOX also fulfills the requirements set for LSST follow-ups. By design, GMOX is
indeed the versatile, quickly configurable, medium-resolution, wide-band, high efficiency spec-
trograph required for maximizing the scientific return of the LSST mission. We envision a perfect
and highly productive synergy between GMOX and LSST.
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D 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). Table 19 provides a summary of the
requirements, briefly discussed hereafter.

1. 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 mea-
suring multiple spectroscopic tracers of each target, disentangling the role played by the
various regions contributing to the spectrum. Continuous spectral coverage allows measur-
ing /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. Simul-
taneous 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 pro-
vides significant advantages from the operational point of view, as one instrument can 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 2.4,m.

2. 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.

3. Sensitivity: Exploiting Adaptive Optics should allow one to reach the ultimate sensitivity
achievable from the ground. Spectroscopy 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 um). 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.

4. Efficiency: To reach the faintest sources, the highest possible throughput must also be pur-
sued. 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+], 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.
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5. Spectral Resolution: A resolving power of about R = 5,000 emerges as a general require-
ment. On the other hand, for a slit spectrograph the resolving power is not a fixed parame-
ter, 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 as-
sumption that in 2022 Gemini will routinely operate 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 cor-
respond to what can be routinely achieved with limited AO performance, e.g. with ground
layer correction, or in laser-only mode (no tip-tilt).

E GMOX CAPABILITIES

E.1 EXPOSURE TIME CALCULATOR

Using the basic instrument parameters (listed in Table 1) we have developed an exposure time
calculator (ETC) to predict GMOX sensitivity across its entire spectral range. To provide generic
users with a reliable and well developed Graphic User Interface, we adopted the infrastructure
of MOSFIRE XTcalc, a gui based ETC written in IDL by Gwen Rudie, and publicly available at
http:/ /www2.keck.hawaii.edu/inst/mosfire/etc.html.

We extended the original source code to include optical wavelengths and made all changes
required by GMOX and Gemini. The parameters for the Gemini telescope, including the reflectiv-
ity of the Ag-coated mirrors and throughput of the science channels of ALTAIR (80%) or GeMS-
CANOPUS (70%), were provided by the Gemini team. We assumed the IR sky background at
Mauna Kea from the Gemini web page, at zenith with 1.6mm water vapor column. We added the
thermal emission of the telescope, assumed to radiate as a blackbody at 280 K with 10% emission.
When ALTAIR or GeMS are included, extra emissivity factors of 20% and 30%, respectively, are
added. For GMOX we included losses by the DMDs due to a) their Al-coated mirror surface, b)
the double pass through the case window with standard AR-coating provided by TI for the Visi-
ble range and optimized coating for the IR bands, c) throughput losses due to the gaps between
mirrors, and d) the extra background due to the contrast achieved by DMDs (see Section G.2.3.2).
We combined the throughput of all optical components in each GMOX channel, including the effi-
ciency of the VPH gratings. For the detector quantum efficiency, we used standard curves for the
E2V CCDs and the measured QE curve for IR (see Section G.2.3.2 for details on GMOX’s through-
put). Figure 28 shows our best prediction for the total throughput curves, from telescope aperture
to detectors included, in the three basic GMOX configurations: with Gemini only, with ALTAIR
and with GeMS. Finally, to be conservative in our sensitivity estimates, we added an extra 15%
throughput loss to account for slit losses and all other unknown. This extra factor is not shown in
Figure 28.

We used typical dark current and read noise figures of advanced CCDs and IR Focal Plane
Arrays, the latter driven in non-destructive readout mode to bring the readout noise down to 3.75
electrons using Fowler 16 sampling; this is the defauld value for MOSFIRE ETC.
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Gemini + GMOX Total Instrumental Efficiency [M1->Detector]
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Figure 28: GMOKX total on-sky throughput, from the telescope to the detectors. The three sets of lines
represent, for each filter, the total throughput without AO (top), with ALTAIR (middle, assuming 80% gray
transmission) and GeMS (bottom, assuming 70% gray transmission.

E.2 SENSITIVITY ESTIMATES

Given the wide range of conditions in which GMOX can operate, from relatively mediocre natural
seeing to nearly diffraction-limited MCAO conditions, the variety of configurations (pure Gemini,
ALTAIR, GeMS) and the choices of slit size, it is hard to encapsulate in a few parameters the results
of the calculation. We will thus refer to three representative cases:

1. good seeing (0.6” in the V-band) with moderate AO correction. Here we assume “ground-
layer” AO correction or a “seeing enhanced mode”, where the size of the PSF at visible
wavelenghts is reduced by 50% (see Section F.1). We consider this to be the typical case, en-
countered during average seeing, when the guide stars are far from the target field, or when
using ALTAIR with the wide-field corrector, or when the AO system is operated without
tip-tilt correction.

2. relatively poor seeing (0.8 — 1.0” in the V-band) without AO correction.

3. excellent seeing (0.4” in the V-band) and full AO correction. In these conditions, occurring
about 20% of the time, the AO provides high Strehl ratios (> 70%) either at the center of the
field (ALTAIR) or over the full field in the IR (GeMS).

Case 2 corresponds to the nominal configuration, with 0.41” x 0.41” slits for the Blue arm, 0.33" x
0.33” for the Red arm and 0.25” x 0.25” for all channels of the Near-IR arm, i.e. to 5x5,4x4 and 3 x 3
micromirrors/slit for the Blue, Red and Near-IR arms, respectively. With this setup, the resolving
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Figure 29: Screen capture of the XTCalc Gui developed for MOSFIRE and adapted to GMOX, for the default
case of an emission line.

power is the nominal R = 5,000 on each module except for the Y] channel, where it drops to about
R = 3880. Since in Case 1 and 3 the slits are respectively expanded and reduced, the resolving
power decreases and increases. In practice, depending on the seeing and on the availability of the
tip-tilt stars, these conditions can be found simultaneously across the field when the AO system is
in operation. Also the same source can be observed in a certain condition (e.g. diffraction limited)
in the IR and in another condition (e.g. seeing limited) in the Blue. As we will see, GMOX can
naturally adapt to optimally match the science requirements (resolving power, sensitivity, spatial
resolution...) to the observing conditions.

For our estimates we considered square slits with size equal to the PSFs (slit losses are ac-
counted for in the ETC). We assumed an integration time of 3,500 s split over 2 exposures of
1,800s; we adopted SNR = 5 per resolution element. Since the ETC returns the SNR per spectral
pixel (i.e. coadded over the cross dispersion direction), we requested SNR = 5 divided the square
root of the number of spectral pixels under the slit (a value also reported in Tables 15 and 16). The
resolving power decreases as the slit width increases, following a relation that we have assumed
to be linear (Table 14). This implies that in the visible range the sensitivity per resolution element
to a flat continuum spectrum increases with the slit width as the resolution decreases, while in
the infrared, where the background is stronger, the sensitivity per resolution element increases
with narrower slit widths. ALTAIR and GeMS have comparable performance, ALTAIR being su-
perior in terms of higher throughput and correspondingly lower emissivity at IR wavelengths,
while GeMS is capable of synthesizing narrower slits with less sky background. With extreme AO
correction, GeMS is ultimately superior.
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Resolving Power vs. Slit Sampling

Mirrors/slit slit width Blue Red IR
f/16 £/33 || R (NAMN) | Pixel/slit | R (A/AMX) | Pixel/slit | R (A\/A)X) | Pixel/slit
1 0.083” | 0.040” 22,500 0.60 18,000 0.75 13,500 0.92
2 0.167” | 0.080” 11,250 1.20 9,000 1.50 6750 1.83
3 0.250” | 0.120” 7500 1.80 6000 2.25 4500 2.75
4 0.333” | 0.160” 5625 2.40 4500 3.00 3375 3.67
5 0.417” | 0.200” 4,500 3.00 3600 3.75 2700 4.58
6 0.500” | 0.240” 3750 3.60 3000 4.50 2250 5.50
7 0.583” | 0.280” 3214 4.20 2571 5.25 1929 6.42
8 0.667” | 0.320” 2812 4.80 2250 6.00 1687 7.33
9 0.750” | 0.360” 2500 5.40 2000 6.75 1500 8.25
10 0.833” | 0.400” 2250 6.00 1800 7.50 1350 9.17
11 0.917” | 0.440” 2045 6.60 1636 8.25 1227 10.1
12 1.000” | 0.480” 1875 7.20 1500 9.00 1125 11.0

Table 14: GMOX spectrograph characteristics.

GMOX at f/16: Gemini North and South without AO; Gemini North with ALTAIR

Field of View 1717 x 90”
Sampling 83 mas/micromirror
Blue arm Red Arm IR Arm
3500 — 5890 A | 5890 — 9700 A | YJ: 0.97 — 1.35 ym | H: 1.46 — 1.81 um | K: 1.83 — 2.45 um (K)
Nominal: Enhanced 0.3” Seeing at V
Mirrors/slit 5 4 3 3 3
Slit Width 0.42” 0.33” 0.25” 0.25” 0.25”
R = \/AX 4500 4500 3700 4500 4500
sampling (pixel/slit) 3 3 2.75 2.75 2.75
AB limit mag. 23.3 23.0 23.0 23.4 22.1
Regular Seeing: 0.6” Seeing at V
Mirrors/slit 12 10 8 8 8
Slit Width 1.00” 0.83” 0.67” 0.67” 0.67”
R = \/AX 1875 1800 1590 1930 1930
sampling (pixel/slit) 7.2 7.5 7.3 7.3 7.3
AB limit mag. 23.6 23.2 23.1 23.0 221
ALTAIR: FWHM = 0.05" at ]
Mirrors/slit 3 2 1 1 1
Slit Width 0.25” 0.16” 0.08” 0.08” 0.08”
R = \/AX 7500 9000 11100 13500 13500
sampling (pixel/slit) 1.8 1.5 0.9 0.9 0.9
AB limit mag. 23.2 22.9 23.0 23.5 22.5

Table 15: Summary of baseline configurations achieavable with GMOX in the various channels for our
three representative cases: nominal/enhanced seeing (with Altair throughput), regular seeing (without
Altair throughput) and extreme AO correction (with Altair throughput). For each case, we list the number
of mirrors opened to synthesize a slit (row 1), corresponding to different slit widths in the sky, depending
on the f/# of the telescope and AO system (row 2). The resolving power is then derived from the baseline
configuration, set to R = 4,500 and 3 pixels/slit for the Blue channel and red channel, and 2.75 pixels/slit
for the IR channels (row 3). The sampling (pixels/slit) is reported in row 4. Finally, in row 5 we report the
limit magnitude providing SNR=5 per resolution element in 3600s integration, split in two exposures of
1800s each.
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GMOX at £/33: Gemini South with GEMS

Field of View 85" x 457
Sampling 40 mas/micromirror
Blue arm Red Arm IR Arm
3500 — 5890 A | 5890 — 9700 A | YJ: 0.97 — 1.35 um | H: 1.46 — 1.81 pum | K: 1.83 — 2.45 um (K)
Nominal: GLAO 0.3” Seeing at V
Mirrors/slit 10 8 6 6 6
Slit Width 0.40” 0.32” 0.24” 0.24” 0.24”
R =M)AX 2250 2250 1850 2250 2250
sampling (pixel/slit) 8 6 55 55 55
AB limit mag. 23.3 22.9 22.9 23.3 21.9
GEMS: FWHM = 0.05" at ]
Mirrors/slit 3 2 1 1 1
Slit Width 0.12” 0.8” 0.04” 0.04” 0.04”
R = )/AX 7500 9000 11100 13500 13500
sampling (pixel/slit) 1.8 1.5 0.9 0.9 0.9
AB limit mag. 23.1 22.8 22.8 23.4 22.5

Table 16: same as Table 15 for the case of GeMS with enhanced seeing and extreme AO.

E.3 EXAMPLES OF GMOX GUARANTEED TIME PROGRAMS

In Section C we have highlighted some of the big science questions that astronomers will be asking
at the time GMOX will be available. From those questions we have derived the general require-
ments of the instrument and estimated its performance. We can now reverse the point of view,
envisioning a scenario in which an instrument with the capabilities predicted for GMOX is avail-
able to the community. We then ask the questions: what could a typical user propose to observe
if GMOX existed? What kind of observing proposals, beyond those dealing with the aforemen-
tioned big questions, could the Gemini TAC expect to receive once GMOX is available? To answer
these questions, we have crafted a few examples derived from the expertise of our science team.
They can be regarded as possible examples of guaranteed time programs tailored to illustrate the
versatility of our instrument concept.

E.3.1 GALACTIC OUTFLOWS

There is now good evidence that galaxies with high star-formation rates are the source of large
galactic-scale winds that carry enriched material out of the galaxies. These are seen as blue-
shifted absorption features in galactic spectra. GMOX will be able to map this distribution in
3-D velocity/space by observing favorable asterisms of background galaxies. This will enable us
to understand the dynamical evolution of the winds, how they are accelerated by the galaxy, and
how they interact with the surrounding medium, giving us new insights into the enrichment of
the IGM and on the possible feedback mechanisms that control the inflow of material back onto
galaxies.

Constraining the properties of galactic outflows is crucial in defining the whole picture of
galaxy evolution. However, properties such mass outflow rate, location, maximum velocity, and
total gas column density are not well-constrained by observations of optical and ultraviolet reso-
nance lines in galaxy spectra. The existing studies place entire galaxies in the slits and hence can-
not resolve the flows and relate them back to the detailed local properties of the driving sources
[140, 141]. GMOX can perform the first spatially resolved “down the barrel” study of galactic
outflows in local face-on spatially resolved galaxies. We plan to use individual bright young star-
clusters scattered throughout the disk, as background sources to sample multiple sight-lines, pro-
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Figure 30: HST image of M83,
degraded to 0.5” resolution
™\ ] with a footprint of the GMOX
FoV superimposed. The three
windows highlight three star
s : clusters, where slits can be
placed. The three mock spec-
3 tra, show the blue shifted
N ] NaD doublet, with three out-
flow velocities (50, 100 and
200 km/sec respectively), seen
at GMOX resolving power
R=4000.

viding us with a 3D mapping of the properties of the blue shifted outflowing gas.

The nearby face-on grand design spiral M83 is a prime target, as its proximity and orientation
allow for detailed observations of a starburst and 3D mapping of its outflow. The 2D spiral disk
structure has already been extensively mapped at high resolution at all wavelengths accessible
from space and from the ground (Chandra, FUSE, GALEX, HST, Spitzer, Herschel, CO, VLA,
and HI at 21cm). The combination of this wealth of data provides an excellent complement to
this experiment for quantifying star formation and its feedback into the ISM. GMOX is the ideal
instrument for obtaining high resolution (R ~ 5000), high SNR spectra of a magnitude limited
(V' < 18 mag) sample of star clusters in M83 (see Fig. 30). For a target with V' ~ 18 mag (Vega),
one hour integration with a 0.33” slit at R~ 5000, will yield a SNR of ~ 60 per spectral pixel, and
higher that 100 per resolution element.

E.3.2 EXOPLANETS IN THE GALACTIC BULGE

Most of the exoplanets discovered to date are nearby, —within ~500 pc of the Sun. But, as a result,
the frequency and the physical properties of planets in different galactic environments (metal-
licity, stellar age, density, etc.) remain poorly constrained. The farthest exoplanets discovered
were identified in the Galactic Bulge by the SWEEPS program, through continuous monitoring
of 180,000 stars for 7 days with HST [142]. SWEEPS identified 16 candidate planets with orbital
periods between 0.45 and 4.2 days and orbital radii R < 1Rj,,. Taking into account recent re-
sults that hot Jupiters can have radii up to 2 Ry, [143], the total number of planet candidates
increases to 35. However, photometric transit observations alone are insufficient to distinguish
between planetary, brown-dwarf, and low-mass stellar companions because these all have similar
radii. Radial-velocity (RV) measurements provide unambiguous confirmation since the expected
RV amplitude is ~28 km/s due to a 0.1 M companion of a 1 M, star, and ~2.8 km/s for a planet
of 10 Mjy,p. Indeed, [142], used the FLAMES-UVES combination to confirm the planetary nature
of 2 brightest candidates, thus demonstrating the feasibility of the RV technique.

Among the 35 candidates, 15 are brighter than V' = 22.5 mag, and GMOX, because of its high
image quality and throughput, can be used for a systematic RV study of this entire sample. Since
the SWEEP:s field is comparable to the GMOX FoV, all the planet candidates can simultaneously be
observed with GMOX, allowing us to determine the physical properties (such as mass and radii)
of exoplanets in the Galactic bulge, and whether the planetary frequency in the Galactic bulge is
similar to the local neighborhood’s. The high multiplexing efficiency makes it possible to obtain
in one shot all the spectra for the Bulge candidate planet host in our sample, thus assuring a great
degree of homogeneity in the data.
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E.3.3 EXTREME HORIZONTAL BRANCH STARS IN GALACTIC GLOBULAR CLUSTERS

Horizontal Branch (HB) stars consist of a helium burning core of ~ 0.5 Mg surrounded by a hy-
drogen burning shell and a hydrogen envelope of varying mass. The range of hydrogen envelope
masses is thought to result from a spread in mass loss on the previous red giant branch (RGB)
phase, a process very poorly understood. The temperature of an HB star (at a given metallicity)
depends on its envelope radius, i.e. mass: the cooler HB stars have more massive envelopes. The
hotter and least massive HB stars (Extreme HB, EHB), at the blue end of the HB, have too little
envelope mass to sustain hydrogen shell burning. They dominate the UV flux in old stellar pop-
ulations and are visible at cosmic distances. Understanding their properties and evolution is vital
for interpreting the integrated UV light from old galaxies, and may hold the key to solving the
long-standing “"UV-upturn problem”, the raise of far-UV flux with decreasing wavelength found
in giant ellipticals.

The origin and evolution of EHB stars in GGCs is still hotly debated, since these stars cannot be
explained within the framework of canonical stellar evolution models. Several competing forma-
tion scenarios have been proposed; the first is the hot flasher scenario, where the EHB progenitor
has lost a significant amount of mass during the RGB phase, most likely due to stellar collisions
or close binary interactions. This enhanced mass loss triggers a thermonuclear flash during the
early white dwarf cooling phase, leading to extensive mixing of nuclear burning products, such
as carbon and nitrogen [144, 145, 146, 147]. A second evolutionary channel is the He-enhanced
scenario, where the high temperatures of EHBs are attributed to a greatly enhanced star initial He
abundance [148]. Finally, some EHB stars in GGCs have been suggested to form via the merger of
two He-rich white dwarfs [149]. Among the field population, the majority of EHB stars are found
in short-period binary systems, with periods less than 10 days [150]. This forms a contrast with
the apparent scarcity (< 25%) of close binaries in GGCs found by [151, 152], on the basis of the
radial velocities measured for EHB stars in three clusters. If EHB binaries in clusters are indeed
as rare as current measurements suggest, this would indicate an evolutionary history where an
initial He enhancement plays a dominant role, or point towards the binary fraction of EHB stars
in GGCs decreasing with time due to the high stellar densities in these systems [151]. On the other
hand, spectroscopic studies of ~150 HB stars in w Cen showed that some EHB stars are Carbon
enhanced [153], and that moreover there is well-defined positive correlation between the atmo-
spheric Helium and Carbon abundances, including Carbon abundances up to a hundred times
solar. Given the fact that He-enhanced scenario does not predict any metal enhancement, our
results point toward the Hot flasher scenario for at least the most Helium-enriched stars of the
sample, see Fig. 31.

Another massive GGC, NGC 2808, shows a well-populated EHB, with stars lying below the
canonical zero-age HB in a UV - visual color-magnitude diagram [155]. NGC 2808, as well as
w Cen, are suspected to have a He-enhanced stellar sub-population which forms the bluest main-
sequence. These He-enriched stars could be the progenitors of the EHB stars observed in these two
clusters. However, spectra of the blue (and supposedly He-enriched) main sequence stars in w Cen
reveal a carbon abundance of only [C'/M] = 0.0 [156] Thus the Hot flasher and He-enrichment sce-
narios make markedly different, and testable, predictions for the Helium and Carbon abundances
of the blue hook stars. Other massive GGCs show extended HBs with a substantial fraction of
EHB stars and the signature of multiple generations of stars, such as NGC 6441 and NGC 6338
[157]. Understanding the origin of EHBs in GGCs is then important not only for a mature under-
standing of the late evolution of low-mass stars, but also in the context of the interpretation of the
multiple stellar populations observed in quite a few GGCs.

The main challenge in characterizing the EHB populations in GGCs is due to the faintness
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Figure 31: Helium abundance vs. the mean carbon abundance. This diagram shows an obvious relation
between the abundances of the two elements, which is illustrated by the linear regression (black solid line)
based on the 30 stars for which a carbon abundance was obtained. Dotted lines indicate the solar helium
and carbon abundances. [Adapted from 154, , Fig.7].

of the targets (18 < V < 21 mag) and to the extreme crowding of the field (from 5 to 20 stars
per arcsec? outside the cluster core). Moreover, Nitrogen lines have never been detected or had
meaningful upper limits derived for EHB stars in any GGCs due to their relative weakness. We
specifically searched for them in FORS2 spectra of w Cen EHB stars, but were limited by the rather
low spectral resolution (2.6 A) and high noise level of the data. Most of the EHB stars for which
spectra have been collected are in the outskirt of the clusters. In w Cen, the ~ 150 HB stars with
spectra from FORS2, FLAMES and VIMOS on the VLT telescope are all located at a distance of
more than 3 arcminutes from the cluster center (core radius, r. ~ 1.5"). Thanks to the high spatial
resolution of GMOX we would be able to sample EHB stars closer to the cluster core, or inside the
half-mass radius in other GGCs. This will allow us to sample a larger number of targets. In w Cen
for example, about 20 EHB stars could be observed with 1 GMOX pointing at a distance of ~ 1’
from the cluster center, and 10-15 objects inside the half-mass radius (r, ~ 5"). If including hot HB
stars, we will be able to sample 30-40 stars per pointing.

Using GMOX, with an exposure time of 1h (including overheads) we can reach a Signal to
Noise (5/N) ratio ranging from 20 (visual) to 35 (blue). This means that with four spectra a S/N
40-70 can be reached. These spectra will be at least a factor of two more accurate than the FLAMES
and FORS?2 spectra and they will allow us to measure Carbon and Nitrogen abundances down to
1% by mass. By observing different fields around the cluster core and up to the half mass radius
we will be able to sample ~ 250 EHB stars with 3 nights of observations. The other massive GGCs
are smaller (r. < 1’) but still have a substantial fraction of EHBs and hot HBs outside the cluster
core. In the case of NGC 2808 for example, there are ~ 200 EHB stars outside the cluster core.
These could be observed again with different GMOX pointings in a 2-3 night campaign.

Spectral coverage in the blue and visual will provide the opportunity to observe simultane-
ously lines of both Carbon (CI11: 4647, 4650, 4651, 4665, 5696 A; C1v: 4658, 5801, 5811 A) and
Nitrogen (NII: 4040, 4240 A, N1II: 4634, 4640 A) in the HB stars. Coverage in the near-infrared is
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Figure 32: HST image (left), and
Spitzer/HST combined image
(right) of NGC 602 in the Small
Magellanic Cloud from [164]. This
region can fit into the GMOX For
and spectra of all YSO candidates
and young massive stars can be
obtained in one night.

needed to constrain the possible occurrence of cool, low-mass companions that may contaminate
the results. A resolution R > 3500 is required in the entire spectral coverage.

E.3.4 CHARACTERIZING YOUNG STELLAR OBJECTS IN THE MAGELLANIC CLOUDS

GMOX in 1 hr can detect with minimal confusion the continuum of a T Tauri star in the LMC at
SNR =~ 5, opening the possibility of studying in detail Pre-Main-Sequence stars (PMS) outside
the Milky Way. The Spitzer SAGE-LMC [158], SAGE-SMC [159], and Herschel HERITAGE [160]
programs have surveyed the LMC and SMC with relatively high spatial resolution (~ 2" — 30”)
at IR wavelengths, up to 500 ym. Thousands of PMS stars and Young Stellar Objects (YSOs)
have been identified [161, 162, 163, 164, 165, 166] creating the largest and most complete census of
young stars in an extragalactic environment. Confusion, contamination, and reddening vs. tem-
perature degeneracy, however, hamper progress when using only photometry, even from HST.
Spectroscopy allows us to characterize the spectral type, measure accretion, and discriminate be-
tween optically bright YSOs and post-asymptotic giant branch stars, as demonstrated by [167]
using the AAOmega spectrograph. These spectra span the 3700-8800 A range with R ~ 1300,
well within the GMOX range. Unlike AAOmega, GMOX will be capable of taking spectra in the
youngest, richest and most crowded clusters like NGC 602 (Fig. 32), allowing detailed studies of
star formation in low metallicity environments.

E.4 GMOX IN THE CONTEXT OF OTHER MAJOR FACILITIES

It is not possible to encapsulate in a single figure of merit the strengths of GMOX and compare
them with the spectrographs operating at other 8-m class telescopes. Figure 33 shows the area
covered by GMOX in a Resolving Power vs. Wavelength diagram, against the areas occupied by
the spectrographs at Keck and VLT. GMOX occupies the central part of the field, matching the
parameters of several other instruments . Diagrams of this type do not capture all weaknesses or
strengths of each instrument, but convey the message that GMOX is not a niche instrument but a
most powerful workhorse.

It is more appropriate to limit the comparison to multi-slit and IFU instruments, designed to
work on narrow fields like those delivered by the Gemini telescopes. Spectroscopic observations
of dense fields using long-slit or multi-object spectrographs based on either fibers or punched
plates are problematic, if not impossible in the case of an AO-fed system. Working with plates
drilled with slit widths below 0.5” poses very strong requirements to the long-term geometrical
stability of the focal plane, besides the obvious inconvenience of doing pre-imaging weeks in
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Figure 33: Illustration of the parameter space ”spatial resolution” vs. “field coverage” for the complement
of spectrographs at Keck (left) and VLT (right), with the area covered by GMOX.

advance and having to guess the optimal width vs. realistic seeing conditions. Increasing the
slit size decreases resolution, increases the background and source confusion, which combine to
limit sensitivity and data quality. To minimize problems, one concentrates on the brightest, most
isolated sources. Better results can be achieved with modern instruments like MOSFIRE, having
the capability of moving slits across the field, but the number of slits is limited (up to 46 in the
case of MOSFIRE) and the physical size of the devices makes this approach optimal for relatively
wide fields, e.g. about 6 x 6 arcmin in the case of MOSFIRE. Given these limitations, a general
consensus has emerged that IFU instruments are better tailored for observations of crowded fields.
It is therefore instructive to compare GMOX with current IFU instruments, following the excellent
summary provided by Tim-Oliver Husser in his recent PhD Thesis at the University of Gottingen.
There are three main approaches to Integral Field Spectroscopy:

I Lenslet array - An array of micro-lenses splits up the image and the light from each is dis-
persed by a spectrograph [168]. An example for this kind of IFU is the SAURON instrument
[169] at the 4.2 m William Herschel Telescope on La Palma.

IT Fibers - The most common technique for IFUs uses a bundle of optical fibers in the image
plane, which transfer the light to the spectrograph [170]. A major problem with this approach
is the gaps between the fibers, i. e. the spatial coverage is not contiguous. This disadvantage
can be overcome by using lenslets in front of the fibers, which focus all their light into the
fibers [171]. Examples are the Potsdam Multi-Aperture Spectrophotometer (PMAS, see [172])
at the 3.5m telescope on Calar Alto, or two existing instruments at the VLT: ARGUS [173], the
IFU mode of the FLAMES+Giraffe spectrograph, and the Visual and IR Multi-Object Spectro-
graph (VIMOS, see [174]).

III Image-slicer - The need for fibers can be eliminated by using segmented mirrors, which divide
the image into slices that are then laid out end to end and transferred to the spectrograph [175].
An IFU of this type called SINFONI [176] is attached to one of the VLT telescopes. A more
recent example is MUSE [177].

Table 17 and 18 show a list of IFUs in the optical and IR domain operating at 8m class tele-
scopes, plus the next generation of IFUs planned for the 30-m class telescopes. Figure 34 illus-
trates how these instruments cover the pixel/slit size vs. field size parameter space. There is an
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obvious “main sequence” due to the anticorrelation between field coverage and spatial resolution.
A few instruments stand out for their larger field of view: MUSE and SINFONI at VLT and the
future IFU for the ELT (preliminary requirements). JWST/NIRSpec stands out for its large field of
view in MSA mode (represented by a square), while NIRSpec/IFU falls within the main sequence.
Most of the IFUs operate in the Infrared fed by Adaptive Optics. IFUs working in the visible are
generally operated in seeing limited conditions. GMOX is represented by red and blue squares,
to indicate that it covers both the visible and the IR wavelength range. The slit size can be tuned
to adapt to both seeing limited and AO conditions (again, with fine tuning on each individual
source). The field coverage is typically 2-3 orders of magnitudes larger than IFUs with similar
spatial resolution.

Overall, the main competitors of GMOX will be MUSE in the visible and JWST/NIRSpec-
MSA in the IR. MUSE is an extraordinary instrument: first a field slicer divides the focal plane
into sub-fields that are sent to 24 identical IFUs (Laurent et al., 2010), where secondary image
slicers split further the slits feeding the light to the spectrographs. Each of the 24 spectrographs
has a 4K x4K CCD detector with 15 ym pixels. The wavelength coverage is 4650A to 9300A with
a spectral resolution of AX=2.6, i.e. R = 1770 at the blue end and R = 3590 at the red end. Two
different modes are available: in the wide field mode (WFM), the field of view is 60” x 60” with a
spatial resolution of 0.2”, while for the narrow field mode (NFM) is 8” x 8” and 0.025” respectively,
requiring an adaptive optics system under development. For both modes, the number of spatial
pixels is 300x300.

In comparison to MUSE, GMOX covers a much wider spectral range with higher spectral res-
olution; at GeMS, GMOX has the same field of view of MUSE, otherwise the field is four times
larger. In terms of sensitivity, in the current wide-field mode MUSE has no losses associated with
an AO bench but has more reflections: overall the losses may compensate each other. MUSE de-
livers typical images of 0.7” [9]; if GeMS is just able to provide a 50% reduction of the natural
PSF, GMOX should outperform MUSE on individual sources. Of course, MUSE will still produce
unique science each time an IFU is strictly needed to map every single pixel in the field, unless a
Hadamard Spectroscopy IFU mode is implemented on GMOX.

In what concerns JWST /NIRSpec, there are obvious advantages from operating in space: much
lower background and continuous spectral coverage from 1 to 5 micron. Still, GMOX has it’s
own strengths: spectral coverage across the visible range, higher spectral resolution (R ~ 5000
vs. R =~ 2700, nominal values),a larger number of slits (2.1 million mirrors in a single DMD
against the 250,000 shutters in the set of 4 MSA) and narrower slits: a 200 x 450mas shutter covers
an area 56 times larger than a 40 x 40mas mirror at GeMS. In practice, GMOX has the spatial
resolution of the NIRSpec IFU with the field coverage of the NIRSpec MSA. Concerning sensitivity,
the dark sky continuum observed on Mauna Kea can be approximated as a 5800K gray body times
the atmospheric transmission, scaled to produce 18.2 mag/arcsec 2 in the H band, (Maihara et
al. 1993 PASP, 105, 940). By comparison, the sky brightness in space ranges from ~ 4 x 10719
erg cm—2 s~ ! A~1 arcsec™! (low-zodi) to ~ 1.2 x 107 18erg em—2 s7! A~! arcsec™! (high-zodi),
corresponding to 1/5th to 1/15-th of the dark-sky continuum on the ground. The smaller slit size,
together with the larger aperture, makes GMOX on Gemini competitive with JWST /NIRSpec over
the ~ 80% fraction of the near-IR spectrum unaffected by telluric lines.

Another practical advantage of GMOX is the higher filling factor (~ 91% for the DMD, ~ 64%
for the MSAs). The presence of a wide gap between slits in NIRSpec MSAs means that only a frac-
tion of the sources in a field will be optimally aligned within the “sweet spot” of each aperture;
multiple exposure will thus be needed to acquire all interesting targets that could have been ob-
served simultaneously if the gap were minimal, as in the case of GMOX. This represents a substan-
tial operational overhead. The 5% gap between DMD mirrors increases throughput, allows one
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to use multiple elements to modulate the slit width, and simplifies data processing and analysis.
Ease of scheduling and availability contribute to make GMOX a precious resource complementary
to JWST/NIRSpec.

Instrument Type Range [A] Resolution | Field of View | Pixel Size
VLT-ARGUS I 3700 -9500 | 5600-46000 | 12" x7” 0.52”

6.6”x4.2” 0.30”
Gemini-GMOS I 4000 - 11000 | 630-4300 57x7” 0.2”
Subaru-Kyoto 3DII | I 3600 -9200 | 1200 3.6”x2.8” 0.096”
VLT-VIMOS I 4000 - 11500 | 200-3000 13”x13” 0.33”

54" x54” -0.67”
VLT-MUSE I 4650-9300 | 2.6 A 60" x60” 0.2”

87 x8” 0.025”
GMOX MEMS | 3650 -24000 | 4500 90" x45” nx0.083”

Table 17: Selection of available IFUs for the visible domain in comparison to GMOX. The types are (I)
lenslets, (II) fibers and (III) image-slicer.

Instrument Type Range [pm] | Resolution Field of View Pixel Size
VLI-KMOS III 0.8-2.5 1800-4200 24 x2.8" x2.870.2”
VLT-SINFONI | III 1.1-245 15004000 8”x8” 0.25”

III 1.1-2.45 1500-4000 37 x3” 0.17

I 1.1-2.45 1500-4000 0.8”x0.8” 0.025”
Keck-OSIRIS I 1.0-24 3400-3800 up to 0.45”x1.28” 0.02”

I 1.0-2.4 3400-3800 up to 1.68” x2.24” 0.035”

I 1.0-24 3400-3800 up to 2.4”x3.2” 0.05”

I 1.0-24 3400-3800 up to 4.5” x6.4” 0.10”
Gemini-NIFS | III 094-24 5000-6000 37 x3” 0.103”x0.04”
GMT-IFS III 09-25 5000-10000 0.53”7x0.27” 0.006”

I 09-25 5000-10000 1.06” x0.54” 0.012”

I 09-25 5000-10000 2.20”x1.125” 0.025”

I 09-25 5000-10000 4.40”x2.25” 0.050”
ELT-IFU™ TBD 05-24 5000-20000 0.27—-10" 0.0047-0.040”
TMT-IRIS L 11T 0.8-25 4000-8000 0.064”(BB)[0.458”(NB)]x0.512” | 0.004”

L 1II 0.8-25 4000-8000 0.144”(BB)[1.008”(NB)]x1.154” | 0.009”

I 1II 0.8-25 4000-8000 1.17x2.275” 0.025”

I 111 0.8-25 4000-8000 2.2”x4.55” 0.050”
JWST-NIRSpec | MEMS | 0.6 -5 100, 1000, 2700 | 3.6"x3.4’ 0.2”x0.46"
JWST-NIRSpec | III 0.6-5 100, 1000, 2700 | 3.0”x3.0” 0.1”x3"”
GMOX MEMS | 3650 -24000 | 1500-15000 90" x45” nx0.083”

Table 18: Same as Table 17

"Requirements from
https://www.eso.org/sci/facilities/eelt/docs/ES0-191883_2_Top_Level_Requirements_for_ELT-IFU.pdf

In the future, most of the new developments will presumably concentrate on the instrumen-
tation for the 30m-class telescopes, that will approach their first light at the same time as GMOX.
GMOX will probably remain unique among 8m class telescopes. At some point in the next decade
the new facilities will start operating with Adaptive Optics, outperforming Gemini at IR wave-
lengths. It is quite possible, however, that the technological advances allowing 30m telescopes to
reach their diffraction limit in the near IR, requiring e.g. 4> = 16 times more actuators, will en-
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Figure 34: illustration of the spatial resolution vs. field coverage achieved by current and future IFUs at
8-m and 30-m class telescopes, plus JWST. Blue and red colors indicate visible and infrared spectral range,
respectively. The vertical line is indicative, representing the region that separates AO vs. non-AO optimized
systems.

able 8m telescopes like Gemini to push their diffraction limited performance well into the visible
regime; 8m telescopes could then play a critical, complementary role to the 30m telescopes. GMOX
is able to take full advantage of these new capabilities, and can remain a formidable workhorse
for Gemini till the end of the next decade and beyond.

F CONCEPT OF OPERATIONS

Versatility and ease of operations are key features of GMOX. The instrument can adapt to the va-
riety of seeing conditions and AO performance encountered at the focal plane of Gemini without
changing its opto-mechanical configuration, except for the DMD pattern: from the hardware point
of view, the “reaction time” of GMOX is nearly instantaneous. This means that during the night
GMOX can perform a large variety of observations, limited only be the efficiency of the ancillary
systems, adaptive optics in particular.

F.1 GEMINI AO AND GMOX

An Adaptive Optics System like ALTAIR on Gemini-North achieves the highest Strehl ratio using
natural guide stars (NGS). For best performance, the natural star has to be brighter than V' ~ 13
and within ~ 25”7 from the target; with these restrictions NGS-AO is viable only for a limited
number of targets. Using a laser guide star (LGS), the natural guide star is needed only for tip-tilt
correction, relaxing the requirements on its brightness (V' < 17) and distance from the target (up to
about 60”). Still, especially at high galactic latitudes, this is often not enough. The popular “deep
tields” (Hubble, Goods, Chandra, Candels, Frontier Fields...) surveyed at multiple wavelengths
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Figure 35: NAOS performance measured on CONICA in the K-band for full LGS-AO (left), and without
tip-tilt (center). The seeing limited PSF (right) is shown for reference. With full LGS-AOQO, the Strehl ratio
was 22% and the FWHM ~ 85 mas. Without tip-tilt, the Strehl ratio was reduced to 10 % and the FWHM
increased to 130 mas. For comparison, the K-band FWHM without AO is 300 mas. (from Davies et al, 2008,
ESO Messenger 131, 7)

to study galaxy formation and evolution are especially problematic: to minimize scattered light
from nearby sources, they are usually selected in regions with the minimum number of even
moderately bright stars.

To overcome these limitations one can increase the complexity of the AO systems, developing
e.g. a Multi-Conjugate AO system like GeMS on Gemini-South, delivering excellent correction
over a ~ 85”7 x 85” field of view. But even with GeMS, the sky coverage is not 100% and the actual
Strehl ratio depends on the availability, brightness and distance of multiple tip-tilt stars. The
opposite approach is to reduce complexity and accept a somewhat modest wavefront correction,
but over most of the sky. This is the case of Ground Layer AO systems, that correct for the common
turbulence located near the entrance pupil of the telescope neglecting the uncorrelated higher
altitude contributions. When most of the atmospheric turbulence lies in the ground layers, GLAO
substantially improves the image quality over a large field. This is the strategy adopted e.g. by
the SAM AO system at the SOAR telescope, which delivers 0.4” images in the I band on about
50% of the nights. At Gemini, this type of approach is implemented on Gemini-North with the
Field Lens Option, a convex lens that conjugates ALTAIR to the ground level rather than at high
altitude. The field covered by the ALTAIR Field Lens is 50” diameter, limited by the size of the
lens itself, but the unvignetted field delivered by ALTAIR is 120” in diameter. It may be possible
to upgrade the field lens to deliver larger field of view.

An even simpler approach has been developed at ESO, the so-called “seeing enhanced mode”
[178]. Starting with the fact that with GLAO the sky coverage increases as the acceptable Strehl
ratio decreases, one can take the extreme position of ignoring the tip-tilt star and work with the
laser only. In good seeing conditions, always needed for any type of AO, the higher order correc-
tion provided by the laser will tend to concentrate the flux in the core of the PSE. The tip-tilt jitter,
left uncompensated, will broaden the PSF core on top of the extended halo; a small broadening of
the PSF core is enough to significantly degrade the Strehl ratio, but in fact the FWHM still remains
much better than the seeing limit (Fig 35). Dispensing completely with tip-tilt correction has the
huge advantage of 100 % sky coverage. Seeing enhanced AO can be regarded as the guaranteed
minimum improvement achievable with an all-sky AO system; while its performance can be dis-
appointing from an imaging perspective, for slit spectroscopy the reduction of the FWHM is a
strength to be exploited.

GMOX design parameters are largely driven by the telescope focal ratio, the physical size of
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Figure 36: Summary of AO performance in different regimes. GMOX can adapt to each source, adjusting
the position of the slit and its width “on-the-fly” for optimal signal-to-noise. (from https://www.noao.
edu/meetings/ao-aas/talks/Christou_Gemini_AO_AAS.pdf).

the DMDs and the size of the latest generation of detectors. There is little room for tuning. The
fact that they nicely match the unvignetted field of view of Gemini, the field of view delivered
by GeMS and (potentially) by ALTAIR and the core of the diffraction limited PSF can be regarded
as a fortuitous: GMOX can optimally exploit the enhanced image quality provided by the AO
systems, regardless of the achieved level of correction. The illustrative cases shown in Figure 36,
i.e., seeing limited, classical AO, and MCAOQO, as well as any other type of performance delivered
e.g. with a GLAO system, are all good matches for GMOX. A simple field acquisition image is
enough to optimally position the slits on targets, with widths that can be matched to the FWHM
of individual targets, variable across the field and in wavelength. Hereafter we will consider three
different observing conditions to illustrate how the instrument can be optimally operated. In prin-
ciple, these conditions could be obtained on the same night following the vagaries of observing
conditions or the sudden appearance of a target of opportunity.

F.2 NORMAL SEEING CONDITIONS, PARTIAL AO CORRECTION

In about 50% of the nights the V-band seeing at Gemini is between 0.8” and 0.4”. In these con-
ditions the AO provides a substantial reduction of the FWHM over the full field of view, by a
factor ~ 2 — 2.5. A FWHM ranging from 0.2” to 0.4” from K to U is considered typical for e.g.
Ground-Layer AO correction. It is reasonable to assume that partial AO correction, or some sort
of “seeing enhanced mode” will represent the standard observing condition of GMOX; in fact, the
nominal slit widths and resolution have been tuned around these conditions. Dispensed from the
need to find a natural guide star in the immediate vicinity of the target, GMOX can thus operate
at R ~ 5,000 over the full wavelength range. As shown in Figure 3, the mean half-light radius
of galaxies at redshift z > 2 is in the range 0.2” to 0.4”, so partial AO correction is entirely ade-
quate for spectroscopic studies of these sources. With GEMS this size will correspond to resolving
powers of R ~ 2,500.

Depending on the size/brightness of the target and on the science goals, the slit width can be
adapted to match the broader PSF, reducing slit losses but degrading spectral resolution, or made
narrower to preserve or even push the resolving power above nominal values. The assignment
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of the optimal slit width for each individual source in the field can be made in real time by an
algorithm using the field acquisition image to extract positions and FWHM or half-light radii, and
a functional form for the FWHM vs. slit size relation.

Since these seeing conditions are statistically the most frequent, GMOX can perform ultra-deep
observations split over several nights, reaching SN R > 10 at m(AB) = 25 in 40 hours (see Figure
14). Binning the reduced spectra could push this limit to levels not far from those achieved by
JWST /NIRSpec at full R = 3,000 resolution.

F.3 POOR/BAD SEEING CONDITIONS

In about 30% of the nights the V-band seeing at Gemini is worse than 0.8”. When the seeing is
worse than ~ 0.8”, GMOX can simply bypass the AO system to maximize throughput.

Since the lack of AO correction mostly impacts the potential performance of the IR channel,
observations in natural seeing may focus primarily on spectroscopy in the visible range or on
spectroscopy of sources that do not require AO correction. These include spectroscopy of bright
QSOs, stellar spectroscopy in the Milky Way bulge and halo, and immediate follow-up of LSST
transients. In this case, the spectroscopic visible channels will be prime, the IR (and the field imag-
ing cameras) secondary. On the other hand, IR observations may turn out to be more valuable in
bright time and the IR channel would then be prime. Low mass pre-main sequence objects in
nearby star forming regions and bright = ~ 6 QSOs (Jap ~ 21) represent typical classes of IR
sources that can be targeted in these conditions. To maintain the resolving power above R ~ 1,000,
needed for acceptable OH subtraction, IR observations should in any case avoid slits of the order
of 1”7 (at £/16). The slits in the secondary channels can be kept identical to preserve the source
area being observed (possibly the default case for extended sources), tuned to match the A~/°
variation of the seeing with wavelengths (possibly the default case for point sources), or adjusted
to achieve some different resolving power. It is also possible to observe any target sequentially
with different slit widths, e.g. 5” for initial flux calibration and 1” for science.

When the visible channels are prime, they tend to drive long integrations on the CCDs keep-
ing the object at the same position under the slit. Moves to correct for bad pixels, to observe in
nod-shuffle mode, or to sample the slit in the spectral direction will require minimal overhead,
driven by the telescope slew time, guide star acquisition and detector readout time, while the re-
configuration of the DMDs will be, again, instantaneous. Viceversa, if the IR channel is prime it
may be preferable to nod more frequently for optimal sky subtraction. In general, the secondary
channel and the imaging cameras will take data in parallel with readout times compatible with
the prime setup, i.e. integration times and frequency of telescope slews. Since the target flux will
be known, e.g. from the target acquisition images, setting the optimal readout parameters should
be done automatically. All field images will be processed in real time to monitor slit alignment
and changes of atmospheric conditions. They may also be taken in different filters, if scientifically
valuable.

F.4 EXCELLENT SEEING CONDITIONS, FULL AO CORRECTION

In the 20% of the nights with excellent seeing conditions, the AO systems can achieve their ulti-
mate performance allowing GMOX to unleash its full potential. At GeMS, it could be possible to
select slit widths as small as 41mas, enabling the deepest observations of unresolved point sources
in crowded fields such as the Large Magellanic Clouds, Globular Clusters, etc.

Extreme AO correction improves the FWHM across the full spectral range, but the gain will
always be larger in the near-IR and marginal in the UV. Therefore, the IR channel will always be
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prime. If the source density is high enough, the tip-tilt stars can be monitored by GMOX’s field
cameras, otherwise GeMS has to remain in charge. In the first case, GMOX can take data in the
Blue channel, otherwise the dichroic in GeMS will prevent wavelengths shorter than 5900 A to
reach GMOX. It is therefore possible that in the most exquisite seeing conditions GMOX will be
incapable of taking spectra shortward of 6000 A.

As a final remark, we must notice that GMOX will always be able to take hundreds of spectra
and 3 multi-color images in parallel. If a program requires the acquisition of one or a few spectra,
nothing prevents one from pointing to random sources “on the fly”, selected just on the basis
of colors (e.g. from LSST) or kinematics (from Gaia) or any other criterion. While proposers
can always select multiple targets of lower priority in their fields, the Observatory may fill-in
with other targets whenever possible, implementing a policy similar to the "pure parallel]” mode
that has been so successful on HST. If an average observation lasts 1 hour and takes 400 spectra,
one will end up with hundreds of thousand spectra per year. Despite its small field of view,
GMOX can be rightfully considered as one of the “massively multiplexed spectrographs” of the
next generation.

F.5 OBSERVING MODES

GMOX observations will be carried out following observing templates implementing different ob-
serving strategies. Planning tools, based on those developed for JWST /NIRSpec, will be provided
to facilitate users to craft their observations. A standard observing template could contain the
following steps:

e Telescope pointing; guide and AO setup
After pointing the telescope to a target, one performs the standard operations of guide star
acquisition and AO control loop initialization. These procedures are not controlled by the
GMOX GUL

e Target Acquisition: Basic DMD setup

A typical GMOX observation starts with the 3 imaging channels taking in parallel an ac-
quisition image of the field. Since the mapping of the celestial field on both the DMD and
the detectors has been calibrated, i.e. the Pixel-to-DMD maps are supposed to be always
available, it is sufficient to use just one of these images to drive the selection of the slits on
each DMDs. If a finding chart is at hand, target acquisition can be as simple as point-and-
click on the target in the “prime” image, the one where it has been detected with the highest
signal to noise. The operator may have predefined the slit width on the basis of the science
case, or just adopt a value adequate to the current observing conditions. The control system
automatically determines the centroid of the selected source and set/accept the slit width;
tilting the relative group of micromirrors is instantaneous and the science integration can
begin (Figure 37). The total acquisition time will largely depend on the overhead associated
with acquiring and displaying a short image; exposures of 10-20 s in broad-band should
generally be adequate to identify typical spectroscopic targets, or at least reference sources
nearby. We should remark that if the telescope pointing is just adequate, say within a few
arcseconds, there is no need for extra moves to put the source “under the slit”, no matter
how narrow it is: it is the slit that follows the source with great accuracy. Overall, with some
optimization of the Graphic User Interface, it should be possible to start science integrations
within 60s.
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Point and Click

Figure 37: Flow diagram of the basic target acquisition of GMOX, applicable for single sources like e.g.
immediate followup of transients and targets of opportunity.

e Target acquisition: advanced DMD setup

The basic scheme discussed in the previous point can be refined adding a set of functions to
handle more complex cases, like the acquisition of faint and/or multiple targets. First, the
acquisition images may be processed to remove bias, correct for flat field and mark saturated
bad pixels that may affect the measure of the centroids. Second, on the cleaned image(s) an
automatic routine (SExtractor or similar) can be run to build a catalog of sources to be cross-
matched with the target catalog provided by the user. SExtractor would return, together
with the centroids, the size of the targets; both information can be used to automatically
fine-tune the slit widths, according to predefined criteria and constraints like e.g. the range
of acceptable resolving powers, to optimally match the science goal to the actual seeing
conditions or AO performance. The importance of accurate centroiding and slit width tuning
is nicely illustrated by Figure 2 of Sanchez-Janssen et al. 2014 (REF A&A 566, A2 (2014))
showing the fraction of transmitted flux, as a function of FWHM-to-slit width ratio, when
a Gaussian point source is displaced perpendicular to the slit by a fractional amount of the
slit width, Az = (z — x¢)/w. The plot only shows the minimal loss, accounting only for
geometrical effects.

If the field is heavily crowded, it will be necessary to carefully craft the input catalog to pre-
vent spectral overlap, as usual with a multi-slit spectrograph. However, unlike conventional
instruments, DMDs allow one to override any preset targets with a simple mouse click. All
these operations, with the exception of any last minute manual intervention, can be made au-
tomatic, with execution time depending only on the capability of the control system; again,
once the configuration file has been created, the slit set up is instantaneous. Also, in this case
the duration of the setup depends mostly on the overheads; since the field images have lim-
ited pixel size, image processing analysis should proceed quickly. Setting the optimal slits
for hundreds of targets, if their list has been previously prioritized, should not take more
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Figure 38: Fraction of transmitted flux as a function of FWHM-to-slit width ratio for a Gaussian point
source that is displaced perpendicular to the slit by a fractional amount of the slitwidth, Az = (z — z()/w.
The inset panel shows the flux loss relative to the case where the object is perfectly centered within the slit.
A slitlength I = 10w is assumed. (from Sanchez-Janssen et al. 2014 (REF A&A 566, A2 (2014))

than 2 or 3 minutes.
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Figure 39: Flow diagram of the advanced target acquisition of GMOX, to be used with faint and/or large

numbers of targets.

A further refinement, probably mandatory in the early days of operation, is to take three
short check-out images in parallel before starting long science exposures; the imaging chan-
nels will show the full field with each selected target masked by a dark spot, or a bar; in our
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experience with IRMOS at KPNO, the symmetry of the PSF wings leaking from both sides
of the slits provides a formidable tool to immediately assess the quality of the alignment.
Further fine tuning could still be possible at this point, but should not be needed.

e Science Exposures: Integration on both the imaging and the spectroscopic channel proceed
in parallel. The mode of operation is typically driven by the “prime” spectroscopic chan-
nel(s). Selecting an exposure of e.g. 900 s for the Blue and Red channels, followed by a
dithering move, means that the IR spectroscopic channels can match the length of the CCD
integration with a sequence of multiple short ramps, say 6 x 150 seconds. The imaging chan-
nels can be used in multiple ways, e.g. a) to monitor the slits, taking a frame every few
seconds; b) to perform deep integration, possibly in a variety of filters; and c) for guiding
or tip-tilt control, in subarray mode. The imaging channels can also provide absolute flux
calibration: absolute spectrophotometry with GMOX is easy to implement.

The acquisition strategy can be refined to allow for a) source dithering, moving the tele-
scope and slit pattern a few pixels away to remove bad/hot pixels; b) slit sub-samplings
(both along the dispersion and cross-dispersion directions) to smooth the detector response
and allow for better subtraction of the OH lines; and ¢) nod-and-shuffle on the CCD channels
for improved removal of OH lines. Observing templates can implement different strategies,
allowing the operator to pick up the science program best matched to the observing condi-
tions without hardware reconfiguration.

Generally, a science image will contain both sources and sky spectra, all paired with the appropri-
ate flat fields and line images. For IRMOS we have developed in IDL a data processing pipeline
that can automatically process the data. As long as calibration images are available, processing of
the spectra can proceed in parallel and be made nearly automatic. Final calibration will require
data relative to telluric standard stars.

F.6 NON-STANDARD OBSERVING MODES, HADAMARD TRANSFORM SPECTROSCOPY

GMOX can be easily configured as an IFU performing Hadamard Transform Spectroscopy. In
a Hadamard Transform Spectrograph (HTS), the telescope focal plane is projected onto a set of
N long slits (e.g. a 180" x 90” field can be split into N = 180 slits each 180" x 0.5”). Of these
slits, V/2 are open’ and N /2 — 1 are closed. The “barcode” is built following the terms in the
tirst row of an N x N Hadamard matrix (an orthogonal matrix whose entries are either +1 or -1).
Spectra received by the N /2 open slits will turn out badly superimposed, as if one had taken a
slitless spectrograph randomly masking half of the field. But by changing the bar code NV times,
i.e. scanning the full Hadamard matrix row by row, and reading each image one can eventually
reconstruct the full datacube in (x, y, lambda) [see ref. 179, for a demonstration with IRMOS at Kitt
Peak]. This is because each row of the Hadamard matrix represents an orthogonal vector on the
N-dimenionsional space probed by each pixel. Moreover, the inversion is analytic and immediate
thanks to the symmetry of the Hadamard matrix. Producing a HTS datacube takes the same time
needed to scan the field with a single long-slit, but the exposure time on-source at the end is N /2
(90 times, in our example) longer. The gain achieved in signal-to-noise (Fellgett advantage) is
VN /2 (=6.7 for N = 180) when detector noise dominates. If a strong emission line is present in a
limited portion of the spectrum, the Fellgett advantage at the line peak is even higher.
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Figure 40: Schematic of Hadamard transform spectroscopy for a single pixel. A set of 7 images is acquired,
providing 7 values (ng.. ¢) for a given pixel. The flux collected each time has been modulated by a mask at
the focal plane, allowing only a certain combination of “spaxels” to be integrated. For example, ng = o +
11 + 12 + 14, where ¢); represents the points in the sky, each at a certain wavelength, that the spectrograph
directs onto the same pixel. The set of 7 images provides, for each pixel, a system of linear equations in 7
unknowns that can be immediately inverted thanks to the orthogonality of the matrix. We have therefore
1o = ng + n1 + ng + n4, and so on (neglecting a global multiplicative constant).

The Fellgett advantage decreases when the sky brightness is high, so a HTS is especially effi-
cient over narrow or medium passbands lacking strong airglow lines. For GMOX, it may be more
practical to put gratings tailored to specific spectral regions, e.g. the Ha+[NII] region, on the filter
wheels of the relative imaging channels. Then, by simply loading a set of predefined slit patterns
on the DMDs and driving the detector readout time in-sync with the DMD patterns, GMOX is
transformed into an IFU spectrograph. Having three channels in parallel, one could for example
produce three IFU datacubes showing the 3-d kinematics of ionized Hydrogen in H 3 (Blue Chan-
nel), Ha (Red Channel) and Brvy. Three lines allow one to reconstruct the density, temperature
and foreground extinction of each kinematic component of the ionized gas, over the full field of
view of GMOX. This capability is unparalleled by any other existing or planned instrument.

GMOX can be operated in many other ways. Spectroscopy of transiting planets may require
real-time monitoring of atmospheric transmission: in this case, the imaging channels can provide
photometry of a large number of nearby stars to achieve high precision. Also, bright sources can
be masked out to study their surrounding nebulosity, or companions, allowing for a “spectro-
corongraphic” mode. The list may continue, and we have no doubt that our colleagues will find
more creative ways of exploiting the versatility of GMOX to enable a wide range of exciting dis-
coveries.

F.7 CALIBRATION STRATEGY

GMOX operations require preliminary mapping of the transformation between the different focal
planes: telescope, DMDs, and detectors. Other calibration steps, e.g. dark, flat field and the
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dispersion solution are similar to those typically performed with multi-slit spectrographs. We
discuss these calibration steps in some detail below.

e Initial Calibration: Mapping Imaging Detectors vs DMDs (minimum cadence: 1 per week)
The three modules will take in parallel a calibration image to set the correspondence between
the DMD mirrors and the pixels of the three imaging cameras. This requires turning-on a
flaf-field lamp(s) of the Calibration Unit and then directing a grid of DMD mirrors (“pin-
holes”) to the camera channels (Figure 41). Each image is immediately processed to extract
the centroid of the pinholes on the imaging detectors, allowing one to create the 2-d polyno-
mial function mapping the DMD on the CCD, and vice-versa. This operation can be com-
pleted within a few minutes and made automatic. A check of the focusing of the cameras on
the DMD planes can also be performed at this point.

Three maps, one for each DMD-imager pair

DMD plane | ecieeiieeeeeee

Detector plane

Figure 41: Illustration of the strategy to create the DMD-to-Detector map. The regular, known grid of
pinholes is created on the DMD plane and imaged on the imaging channels. The image on the right is
an actual calibration image of IRMOS at KPNO, showing strong field distortion generated by the off-axis
optical layout.

e Initial Calibrations: DMDs vs. sky (minimum cadence: 1 per month)

The second part of the initial calibration is the mapping of the DMDs and detectors on the
sky. This requires observing a known asterism, in parallel on each imaging channel. During
commissioning it will be necessary to observe an astrometric reference field to map field off-
set, rotation and distortion of each channel. Once this information is at hand, it is possible to
find the cross-correspondence between DMDs and detector of the different channels. Rou-
tine checks can be performed on any field to validate the offset values. The correct focusing
of the telescope focal plane on the DMD plane can also be checked at this point.

e Darks, flats, dispersion solutions (minimum cadence: daily)
Darks and flats will be needed for each detector; darks can be taken during daytime and in
parallel for all 8 detectors. Flats for the 3 imaging detectors can be taken in ”full-imaging”
mode (all DMDs “on”) during day-time. For the spectroscopic channels the simplest ap-
proach is to take flats and arcs for each DMD/slit configuration used on the previous night;
this operation can be performed hours later, as long as flexure between the DMDs and de-
tectors is negligible. Other approaches may eventually become viable. In the case of JWST,
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which benefits from a stable space environment and needs to minimize the actuation of
moving parts, the plan is to derive the flats from an extensive set of global calibration data.
Vice-versa, in the case of IRMOS at Kitt Peak, both flats and arc lamps are acquired ”on the
fly” at the end of each exposure, before reconfiguration of the the DMD pattern, due to align-
ment instability of the system. Assuming the light sources are adequate, these exposures can
be quite short (10S) and the entire procedure can be made automatic.

e Flux calibration (minimum cadence: 2 daily)

Spectrophotometric standard stars can be used to obtain the intrinsic response function of
the instrument and derive an absolute flux calibration of the science data. These observa-
tions will need to be performed with a wide slit aperture (5”) in order to measure most of the
flux of the standard. We will be able to identify a set of suitable standard stars covering the
full spectral range of GMOX by leveraging Gemini expertise, as well as HST and JWST cali-
bration plans, where spectrophotometric calibration is performed from the UV to the NIR at
the 5% accuracy level.

e Telluric correction (minimum cadence: 1 per science observation)
Red and NIR spectra are affected by telluric absorption lines. Since these atmospheric ab-
sorption lines vary with time and often do not scale linearly with airmass, it will be neces-
sary to observe a telluric standard star at a similar airmass, with the same setup used for the
science target and close in time to the science observation. GMOX “point-and-click” mode
allows one to minimize this type of overhead. Note that the blue channel does not require
telluric correction.

e Other modes:

Different observing modes may require dedicated calibration files. For example, in the Nod
& Shuffle mode, each frame requires darks taken following the same shuffling pattern as the
science data to remove bias pattern, dark current and charges trapped on pixels that do not
shuffle charges efficiently (charge build-up). This observation mode, on the other hand, is
sensitive to the flat field errors. Depending on the characteristics of the detector, flat fields
taken with an internal lamp may have significant fringing. Fringing, however, is removed by
the science data since the sky is subtracted using the same pixels. If the fringing is stronger
than the pixel-to-pixel variations, it may be appropriate to avoid flat fielding, especially if
the data have been dithered.
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CONCEPT OF OPERATIONS

Calibration Step Method Frequency Frequency
(minimum) (goal)

GMOX geometry: Cal. Flat Field on ~ Every week

DMD vs Detector DMD grid

Astrometry: Astrometric Field ~ Every month

DMD vs Sky

Spectroscopy: Flat Cal. Flat Field on  End of night/daytime
Fields DMD pattern

Spectroscopy: Cal. Arcs on DMD  End of night/daytime
Dispersion solution pattern

Spectroscopy: telluric Telluric standard 2-3 times per night
correction stars

All detectors: dark Dark shutter Every week

and bad-pixel map

Imaging Detectors: Flat  Cal. Flat Field End of night/daytime
Field

Every few months
Every year

Every week

Every week

2-3 times per night
Every few months

Every week

Figure 42: Cadence of the calibration steps required by GMOX.
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G TECHNICAL REQUIREMENTS AND A FEASIBLE INSTRUMENT DESIGN

In this section we outline the instrument concept and demonstrate its feasibility. We start with
an overview of the top-level technical requirements. This is followed by a brief discussion of
performance trades. We then provide an overview of the design including a discussion of how
GMOX would integrate with the adaptive optics systems on both Gemini North and South. Then
the optical, mechanical, electrical, and software aspects of GMOX are presented to demonstrate
feasibility. And finally, we discuss design options and technical risks.

It is important to note that this is a feasibility study, not a conceptual design study, and the
level of detail presented here is intended only to demonstrate feasibility. There are numerous
details that have been left to future phases of the design.

G.1 TOP-LEVEL REQUIREMENTS

The top-level technical requirements for GMOX are derived from two sources: the science cases
and the observatory requirements. Each science case requires a basic set of instrument parameters,
e.g. bandpass, resolving power, and efficiency. The observatory requirements fall into one of two
categories; environmental and instrumental. The environmental requirements describe the envi-
ronment the instrument will operate in, while the instrumental requirements define the optical,
mechanical, thermal, and electrical constraints imposed by the telescope.

We have summarized these requirements in three tables. Table 19 summarizes the science-
driven instrument requirements; Table 20 lists the Observatory environmental requirements; Ta-
ble 21 details the observatory instrument requirements.

G.2 INSTRUMENT DESIGN

To provide the highest sensitivity with very wide and simultaneous spectral coverage, in addi-
tion to the flexibility to fine-tune slit widths in real time, we have baselined an instrument with
three arms and five spectroscopic channels. We use the term “arm” here to denote a functionally
complete spectrograph module containing: (1) any fore-optics needed to modify the beam ahead
of the slit, (2) a DMD-based programmable slit array, (3) a collimator, (4) one or more dispersing
channels with a grating, camera, and science-grade detector, and (4) an acquisition/slit-viewing
camera. Our baseline approach would employ a single channel in the Blue and Red arms, and
three channels in the NIR arm to cover the Y+J, H, and K bands. Fig. 2 provides a simplified
schematic view of the GMOX optical layout, showing the three arms split by dichroic mirrors.

G.2.1 ADAPTIVE OPTICS MODES

GMOX is designed with Adaptive Optics (AO) in mind and takes full advantage of the capabilities
offered by GeMS on Gemini South and ALTAIR on Gemini North. Here we describe how we
intend to integrate GMOX with GeMS and ALTAIR.

G.2.1.1 GMOX wWITH GEMS

