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Abstract
Mapping Ultra-Low Surface Brightness Ha Emission Around Nearby Galaxies
Nicole DyAnn Melso

The circumgalactic medium (CGM) is thought to contain the massive reservoir of
gas exchanged over the course of galactic evolution, including the fuel for future star
formation and the remnants of a galaxy’s merger history. Models and observations suggest
that the CGM has a very low density, and faint optical or UV emission from this gas is
exceedingly difficult to detect. This thesis is a combination of simulations, instrumentation
and observations aimed at ultimately understanding the distribution and kinematics of
ionized gas in the CGM. We present a suite of small-box hydrodynamic simulations created
to study the interaction between smooth gas inflow and supernovae-driven outflow at the
disk-halo interface where the galactic disk transitions into the CGM. They track the fate
and kinematic evolution of gas accreting onto the galactic disk and find evidence of partial
mixing with the enriched outflow. We use equilibrium photoionization models to create
mock surface brightness maps of Ha and OVI emission. These observables motivate the
need for new instrumentation and in suit, we present the newly commissioned
Circumgalactic Ha Spectrograph (CHaS): a custom integral field unit (IFU) spectrograph
tailored to detect low-surface brightness optical emission in the low-redshift universe.
CHaS is deployed in the focal plane of the MDM Observatory Hiltner 2.4-meter telescope,
conducting wide-field (10’ x 10”) spectral imaging with a competitive survey speed

proportional to the high instrument grasp. A microlens array segments the field of view



into > 60,000 spectra with a spatial resolution of 2.6” and a resolving power of R [10,000.
Accordingly, CHaS is capable of resolving structure on scales less than 1 kpc (at 10 Mpc)
and distinguishing emission lines separated by less than 40 km/s. As designed, a 50-100h
exposure with CHaS would be the deepest Ha image and velocity field ever obtained,
reaching a surface brightness of a few mR on scales of a few arcmin. Shorter, hour-long
integrations with CHaS reveal a detailed map of the denser interstellar medium and bright
emission at the disk-halo interface. We present results for three early commissioning
targets: NGC 4631, NGC 7331 and NGC 1068, including high-resolution velocity maps and
detections of new extended emission line regions far into the halo. We report a previously
unnoted ribbon of ionized gas around NGC 1068, extending tens of kpc from the galactic
disk beyond the known outer filamentary structure. Ongoing observations will provide a
deeper probe of ionized gas far into the CGM of many nearby galaxy targets, detecting

faint extended emission and mapping the velocity of ionized gas beyond the disk.
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(Top) Isopleths of the in owing gas mass ux in equilibrium with the star
formation rate surface density_srr (solid), 10 —srr (dashed), and 20 —srr
(dotted). The orange circle, purple square, and pink triangle mark the ini-
tial density and in ow velocity conditions used in our three simulation runs.
(Bottom) 1D pro les of the volume-weighted ram pressure (black solid) and
thermal pressure (black dashed) of the steady-state supernovae-driven out-
ow as a function of z-position. The ram pressure of in owing gas in three
simulation runs is shown in solid colors corresponding to the labels in the top
panel. All three in ow simulations have the same thermal pressure shown as
adashed orange line. . . . . . . . . ..

Density, pressure, temperature, z-velocity, colour density, and normalized
colour density slices showing the time evolution of the BURSTS50 simulation.
Each panel is a slice in the y-z plane at x = 0 with dimensions [0.35 x 3.5]
kpc. Note that z-axis is vertical and each slice is only showing the tof0%
of the box, as the full simulation is 5 kpc in the z-direction. The time step
for each panel is noted along the bottom of the plot. The plane of the disk
is the yellow high-density region at z = 0. Gas is injected at the top of the
box, and can be seen between z 2.5 kpc to z 1.5 kpc at the rst
time step. This injected gas is given an initial density 08:35 10 26 g cm 3,
an initial temperature of 10* K, and an initial velocity of 50 km s 1. The
colour density traces the density of only the injected gas, while the rest of the
gas in the domain starts with a near-zero colour density eld. We divide the
colour density by the total gas density to create a normalized colour density
eld, which represents the fraction of injected gas present in a cell volume.
We have changed the aspect ratio in these slices (compressing them along the
z-direction) to ensure they t in this gure. Movies (with the correct aspect
ratio) for all three simulations showing the frame-by-frame time evolution can
be found inthe appendix . . . . . . . . ... ... ... . o
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1D pro les of the average density, temperature, pressure, and z-velocity as
a function of z-position in each of three simulation runs. The density and
pressure pro les are weighted by volume, and the temperature and z-velocity
pro les are weighted by mass. A negative z-position is above the disk and
a positive z-position is below the disk. The opaque (darker) pro le lines are
averaged over all of the gas in the simulation box. The transparent (lighter)
pro le lines are averaged over only the injected gas. We separate in owing gas
from the total gas content using the normalized colour eld, which represents
the fraction of injected gas present in a cell volume. We apply a normalized
colour cut of > 50% The pro le of the out owing gas (black) is taken at the
last time step before in owing gas is added at the top boundary. The pro les
of the three simulation runs are taken after the 1 kpc long in ow burst has
entered the box at the last time step before the top boundary is switched back
tOOUtOW. . . . e e e 47

Phase diagrams for the BURSTS50 simulation (left), BURST100 simulation
(middle) and IMD10 simulation (right). These are 2D pro les of the average
cell mass in each density-temperature bin. The grey scale maps the distribu-
tion of all of the gas in the simulation box. The injected gas distribution is
overlaid with a colour scale (rightmost colour bar). We separate injected gas
from the total gas content using the normalized colour eld, which represents
the fraction of injected gas present in a cell volume. Injected gas is selected
using a normalized colour cut o 50% To demonstrate the gas phase evo-
lution, we have plotted each simulation at three di erent time steps noted in
the upper right corner of each panel, with earlier time steps at the top and
later time steps at the bottom. Black vertical lines separate each panel into
three temperature regimes: cold (T 10°°K), warm (10*°K < T < 10P°K),
and hot (T 10P°K). . . . . . . . . . e 48

Zoomed-in density, pressure, temperature, z-velocity, colour density, and nor-
malized colour density slices showing cloud formation in the BURST50 simu-
lation. Each panel is a slice in the y-z plane at x = 0 with dimension®:35 2]
kpc. Note that z-axis is vertical and each slice encompasses the rst region
of 2x resolution re nement ( 1 kpc) and the second region of 4x resolution
re nement ( 0:5 kpc). The plane of the disk is the yellow high-density region
at z = 0. The bottom left panels show the colour density eld, which traces
the density of only the injected gas. The rest of the gas in the domain starts
with a near-zero colour density eld. We divide the colour density by the total
gas density to create a normalized colour density eld (bottom right), which
represents the fraction of injected gas present in a cell volume. The time step
for each panel is noted along the bottom of the plot. We have changed the
aspect ratio in these slices (compressing them along the z-direction) to ensure
they tinthis gure. . .. . . . .. . ... . 49
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2.6 In this plot we have isolated the properties of the cloud population above
the disk using a z-position cut of z = 0:2to z= 1 kpc and a density cut
of 5 10 ? g cm 3. For gas that meets this selection criteria, we generate
a 2D distribution of the integrated mass in each purity velocity bin. The
purity fraction (also called normalized colour density) indicates the amount
of mixing: a high value corresponds to pure in ow material. It is calculated as
the ratio of the injected gas density in each cell (traced by the colour density
eld) to the total gas density in each cell. The velocity axis is in units of
km s 1. We compare the three simulation runs: BURST50 (left), BURST100
(middle) and IMD10 (right). The time steps (noted in the upper left corner)
are selected such that the injected gas in each simulation has just reached the
galactic disk. For the BURST50 simulation, the selected time step matches
the second panelin Figure 2.5.. . . . . .. ... ... ... .. . 50

2.7 In this gure, we split the simulation box into three vertical segments and
follow the ow of injected gas through the segments over time. We de ne a
segment below the disk extending from = 0:2 kpc to the bottom boundary of
the box atz = 2:5kpc and a complementary segment above the disk extending
from z = 0:2 kpc to the top z-boundary edge of the box az = 2.5 kpc.

A middle segment centered on the galactic disk extends from0:2 to +0:2
kpc. We track the injected gas through the simulation box using the colour
density eld, which is the injected gas density in a given cell volume. (Left)
The integrated injected gas mass in each of three simulation box segments
over time. The injected mass in each segment is calculated by summing the
product of the colour density and the cell volume. The dashed black line is
the total injected mass (See Table 4.1). (Right) The absolute value of the
mass injection rate in each of the three segments. All plots are shown as
a function of time since the injection start time (See Table 4.1). The top,
middle, and bottom panels are for the BURST50, BURST100, and IMD10
simulations respectively. . . . . .. ... 51

2.8 The top panel shows the average mass as a function of temperature for the
injected gas throughout each simulation. These pro le were made at the time
step directly before the gas hits the disk. The bottom three panels focus only
on injected gas in the disk segmeni%j < 0:2 kpc). The mass of injected gas
inside the disk segment was calculated the same way as in Figure 2.7, but here
we additionally split the injected gas into four temperature bins. Temperature
cuts are de ned as: cold (T< 10 K), warm (10° T < 10* K), warm-hot
(100 T<3 10K),andhot(T 3 1°K)................ 52



2.9 Edge-on column density predictions for HI (top) and OVI (bottom) compared
at time steps where the injected cloud has reached 1 kpc in the BURST50,
BURST100, and IMD10 simulations. The right panels are 2D maps of the
predicted column density projected along the x-axis (integrated over the 0.35
kpc simulation width). The left panels are 1D pro les of the average column
density binned by z-position. A negative z-position is above the disk, and a
positive z-position is below the disk. These three simulations are compared
with column density predictions for the nal out ow time step before in owing
gasisinjected . . . . . . .. 53

2.10 Edge-on emission surface brightness predictions for Ktop) OVI (bottom)
compared at time steps where the injected cloud has reached 1 kpc in
the BURST50, BURST100, and IMD10 simulations. The right panels are 2D
maps of the predicted surface brightness projected along the x-axis (integrated
over the 0.35 kpc simulation width). The left panels are 1D pro les of the
average surface brightness binned by z-position. A negative z-position is above
the disk, and a positive z-position is below the disk. These three simulations
are compared with the emission predictions for the nal out ow time step
before inowing gas isinjected. . . . .. ... ... ... .. ... .. ..., 54

2.11 Density, z-velocity, and normalized colour density slices showing the time
evolution of the SMALL50 simulation. Each panel is a slice in the y-z plane
at x = 0 with dimensions [0.35 x 3.5] kpc. Note that z-axis is vertical and
each slice is only showing the tog@0% of the box, as the full simulation is 5
kpc in the z-direction. The time step for each panel is noted along the bottom
of the plot. The plane of the disk is the yellow high-density region at z = 0.
Gas is injected at the top of the box over a quarter of the surface area, and
can be seen betweenz 2:5kpctoz 1:5kpc at the rst time step. This
injected gas is given the same initial conditions as the BURST50 simulation.
The normalized colour density eld represents the fraction of injected gas
present in a cell volume. We have changed the aspect ratio in these slices
(compressing them along the z-direction) to ensure they tin this gure. .. 55

3.1 Zemax ray-trace of the CHS design. In this gure, we split the design into
three subsets: the relay optics, the entrance optics, and the spectrograph op-
tics. The total sequential optical path through all three is: (relay optics)
telescope focal plane, at pick-o #1, concave spherica#l, convex spheri-
cal, concave spherica#2 , (entrance optics) at pick-o #2, microlens array,
(spectrograph optics) collimator eld corrector bundle, collimator primary,
collimator asphere, grating, camera asphere, camera at, camera primary,
camera eld corrector, detector. . . . . ... .. L o e 63
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The top panels show non-sequential Zemax ray-trace showing a section of the
CH S plano-convex microlens array in two orientations: (left) convex side
facing towards the telescope focal plane and (right) convex side facing away
from the telescope focal plane. The array can be ipped 180 degrees in the
optical path without altering the imaging capability. Orientation 1 re-images
the telescope pupil inside the array. Orientation 2 re-images the telescope
pupil outside the array, allowing us to access it and add additional masking.
The bottom panels show non-sequential ray trace imaging at the microlens
array and at the detector. The bottom left panel shows the geometric pupil
of the telescope in the telescope focal plane. The plano-convex lenslets re-
image the telescope pupil, resulting in the micro-pupils shown in the bottom
middle panel. This re-imaging/demagni cation adds space between lenslets
for the spectra to disperse. At the detector (bottom right), the spectra extend
vertically and do not overlap for many resolution elements. . . . ... ... 108

The CH S VPH grating di raction e ciency (average polarization) as a func-

tion of wavelength at a xed angle of incidence. The solid lines are rigorous
coupled wave analysis (RCWA) carried out at Bragg incidence for central
wavelengths of 490 nm (blue), 660 nm (green), and 900 nm (red). The same
RCWA analysis is done for o -axis incidence angles with a Bragg deviation
of 2.5 degrees creating the angular Bragg envelope shown by the shaded
regions. The dotted lines are the average lossless Kogelnik e ciency predic-
tions again performed at Bragg incidence for 490 nm (blue), 660 nm (green)
and 900 nm (red). The symbols are the manufacturer measured rst order
di raction e ciencies at three distinct laser wavelengths (488 nm, 650 nm,
904 nm) taken using a 98 mm aperture and averaged for measurements across
the grating. All data products in this plot were supplied by Wasatch Phonics. 109

The CH S optomechanical design modeled in SolidWorks. The top view is
the East side of the spectrograph and the bottom view is the West side. CIS

is primarily composed of two trusses. The main truss houses the relay, focal
plane, and collimator optics. The camera truss houses the custom camera
optics. The majority of the mechanical frame is assembled from prefabricated
joint connector kits. The main truss is built from the 80-20 T-slot Aluminum
Building System and the camera truss employs the Rock West Composites
CARBONNect carbon ber system. The camera and grating rotate about

the labeled pivot axis. The relay optics are mounted on the side of the main
trUSS. . . . e e 110

We have designed custom mounts for the entrance optics, grating, and camera
optics. Many of these optics are retained using spring-loaded or clamped
mounting systems so that they can be removed from their mounts without

the need to break any epoxy bonds. Here we show an overview of the custom
mount designs in SolidWorks. Zoom in regions are exploded views of retention
mechanisms. . . . . . . ... e e 111



3.6 Zemax ray trace showing the optical performance of the spectrograph (tele-
scope and relay not included). The top panels are the unconvolved PSF
(without the microlens array) in each of the three wavelength con gurations.

The bottom panels are the convolved pupil images (with the microlens array)
for each lenslet pitch at a central wavelength of 658 nm. . . . .. .. .. .. 112

3.7 The minimum detectable ux (S/N = 10) as a function of angular scale at
three di erent integration times: 1 hr, 10 hr, 100 hr. We compare these
sensitivity limits with the expected emission ux from the ultra-faint extra-
galactic UV background (EUVB) and the galactic UV background. We show
that CH S is able to reach these sensitivity limits within 10-100 hours of
Integration. . . . . . ... e e e e 113

3.8 CH S early commissioning targets and observational planning. The top spec-
trum shows the sky background emission lines from the atmosphere. We
compare the expected emission from each target galaxy with the telluric sky
emission. Each black horizontal line is a galaxy centered on its redshifted H
emission. For galaxies in the SING survey, the length of the line corresponds
to the H velocity width (W,o) (Kennicutt et al., 2003). For galaxies not in
the SINGS survey (NGC 5477, NGC 5457, NGC 5907, and NGC 4656), we
use HI velocity width measurements (Davies et al., 1980; Rots, 1980). Note
that the black lines for NGC 5907 and NGC 4656 are full widthv and not
W,o measurements. The grey lines correspond to the redshifted NIl emission
(assuming the same width). Nebulae targets are shown as vertical lines at the
emitted wavelength of H and NII. The shaded regions behind the spectrum
show the approximate Iter response curves for the H (6 nm FWHM) and
NIl (3 nm FWHM) Iters. The red vertical dashed line marks the emission
line wavelength present in the Ne reference lamp. . . . .. ... ... .... 114

3.9 Example data from early commissioning. The left panel is an Himage
from the SINGS survey for comparison. The middle panel is a preliminary
stack of NGC 7331 (Deer Lick) data taken on 14 June 2021. Thisis a 1
hour integration composed of 180 second exposures. These observations were
taken with a Moon illumination of 15%and a Moon separation ofLl17 . Sky
line emission in the background has not been subtracted, and can be seen in
the upper right panel. The cross-hair artifact is a calibration mask installed
throughout the commissioningrun. . . . . . . . . ... ... ... ...... 115
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3.10 Example data from early commissioning. The left panel is an RGB image of
the CH S spectra colored by velocity. This map has a resolution of2 pixels
or 60km/s. If we zoom in on the center of the nebula and create a plot of
the 1D spectral pro les (middle panel) we see the expansion of the nebula.
Emission lines in each 1D pro le have been t and colored based on if they are
redshifted or blueshifted. In the rightmost panels we see that the Dumbbell
nebula nearly lIs the 1°° 10P°FOV. The smoothed CH S Data resembles a
narrowband H image of the nebula. The cross-hair artifact is a calibration
mask installed throughout the commissioningrun. . . . . . . ... ... ... 116

3.11 (left) Calibration Lamp in H Iter with the CH S mask in front of microlens
array. This demonstrates the dispersion along the spectral axis, where each
image of the mask is a line in the Ne lamp. (middle left) Ne calibration
lamp in the NIl Iter. This is a zoomed-in single quadrant of the lamp,
showing the individual lenslets and the cross-hair mask. (middle right) The
e ective point-spread function (EPSF) of the calibration lamp lenslet pupil
images. (right) Stars dispersed in the NIl Iter in a single image (at the same
telescope focus) hitting di erent combinations of lenslets. In the broader H
Iter, stars dispersed in the CH S eld show prominent absorption features. 117

3.12 Early commissioning exure measurements. The blue points are the measured
exure proceeding the microlens array in the entrance optics. The black points
are the measured exure following the microlens array in the spectrograph op-
tics. Each measurement is the magnitude of the drift calculated by summing
exure along the spectral direction and exure along the cross-spectral di-
rection in quadrature. The shaded regions represent the expected drift due
to exure over a range of exposure times spanning from 300 seconds (dotted
line) to 600 seconds (solid line). These are calculated using the commissioning
exure goals outlined in Section 3.5.3. . .. .. ... ... ... ... ..., 118

3.13 CH S noise budget including sky background and MDM 4K detector noise.
We plot the standard deviation™ ~ of each noise source per lenslet per frame
as a function of the exposure time per frame. We assume a CCD binning of
2 2and a spot size per lenslet of 60m (corresponding to an area per lenslet of

4 pixels). The expected read noise (black dotted line) is constant per frame
but remains a function of the number of frames per total integration time. The
expected dark noise (dashed black line) increases with the exposure time per
frame. These sources are added in quadrature to estimate the total detector
noise (solid black line). Discrete points are detector dark data from our 2021
commissioning tests. The MDM 4K detector is a mosaic of 4 CCDs. Each
data point is the average detector noise (bias subtracted) at the center of each
guadrant, and the error bars are the standard deviation between quadrants. 119
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3.14 A comparison of e ective grasp vs. resolving power between integral eld

4.1

4.2

4.3

4.4

4.5

spectrographs. Symbols and coloring distinguish the telescope size, instru-
ment commissioning status, and focal plane coupling. When an e ciency
measurement is not available we assume= 0:2. The CH S design (nomi-

nal and high resolution) occupies a unique quadrant of this parameter space,
maintaining a high grasp and moderate resolving power. . . . .. ... ... 120

Instrument spatial response derived from smoothed sky at data. We note
that away from the eld edges the local response is relatively constant to
within 10%on 200 pixel scales. This smoothed sky at calibration approx-
imately corrects the relative intensity across the eld at a single wavelength,

but it does not account for the wavelength-dependent instrument response
within each narrow Iterband. . . ... ... ... ... ........... 156

A collection of multi-wavelength data for NGC 4631. HI column density
maps are a product of the HALOGAS project (Heald et al., 2011). We
have labeled the ve tidal spurs categorized by (Rand, 1994). The Him-

age is from the SIRTF Nearby Galaxies Survey (SINGS) (Kennicutt et al.,
2003). The NUV/FUV co-added intensity map is from the GALEX mission
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Chapter 1: Introduction

1.1 Gas in the Local Universe

The evolution of nearby galaxies is closely linked with the distribution and properties
of gas in the local universe, as nearly all processes that drive galactic evolution involve the
exchange of gas. Galaxies accrete from their surroundings in order to sustain on-going star
formation, and the expulsion of material from the disk regulates their growth. A massive
supply of gas lies beyond galaxies, but the vastness of the Universe dilutes the gas density
below the detection threshold of many modern day observations. This baryonic matter traces
the dark matter distribution, owing along sheets/ laments of dark matter and pooling at
the over-dense intersections of these laments (within the dark matter halos) where gas has
collapsed to form galaxies (Davis et al., 1985; Frenk et al., 1985). Understanding the hidden
reservoirs of baryonic matter at low-redshifts, and ultimately the cycling and redistribution
of this material over time, is key to assembling a complete picture of galaxies at present day
and their co-evolution with gas in the local universe .

Gas in the local universe is studied over a wide range of cosmic scales spanning many
orders of magnitude. Despite its proximity, the distribution of gas in the local universe is not
well constrained. We begin with a brief overview of the multi-scale gas distributions found
in and around nearby galaxies. Although much of the baryonic content of the Universe lies
beyond the collapsed matter in stars and galaxies (Shull et al., 2012b), our understanding of
the gas distribution in the local universe starts nearby with our knowledge of stars and gas

in the disk of galaxies including our own Milky Way.



1.1.1 The Interstellar Medium

The gas and dust between stars is known as the interstellar medium (ISM). In the Milky
Way as well as in many other spiral galaxies the ISM forms a thin disk ranging in thick-
ness from< 100 pc in the Galactic Center to 1 kpc along the Galactic Warp (Dickey
& Lockman, 1990; Levine et al.,, 2006). This disk is primarily composed of cold neutral
atomic (HI) gas, although 20% of the ISM is ionized (HII) and 20%is molecular H,)
gas (Draine, 2011). The ISM is ionized by a variety of mechanisms. Photoionized gas is
found around young stars in the form of HIl regions and around white dwarfs in planetary
nebulae, while collisionally ionized gas is associated with shock processes such as supernova
(SN) explosions or stellar winds. The localized ionizing feedback from processes within the
galactic disk in uences the properties of the ISM across redshifts (e.g., Kewley et al., 2013).
Understanding the gas phase and metal distribution in the ISM at low redshifts is essential
to studying galactic evolution and the exchange of gas between the interstellar medium and
the surrounding gas reservoirs. There is not an abrupt end to the interstellar medium or a
strict edge to a galactic disk, and gas in the interstellar medium merges into the surrounding

halo gas at the disk-halo interface.

1.1.2 The Disk-halo Interface

The disk-halo interface is an important transition region between the galaxy and its
environment; it is the boundary layer between the interstellar medium in the galactic disk
and the circumgalactic medium in the surrounding halo. Gas at the disk-halo interface
exhibits the temperature, density and metallicity gradients expected in a transition region.
It bridges the cool, high density, enriched ISM with the warm/warm-hot, low density, low
metallicity CGM. The disk-halo interface is the site of all gas exchange with the galactic
disk. In owing gas at the disk-halo interface is in the nal stages of cooling and accreting
onto the galaxy, providing the fuel for future star formation. Out owing gas is expelled

from the disk directly into the disk-halo interface. The interaction between in owing and
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out owing gas at the disk-halo interface likely regulates gas cycling and accretion, closely
in uencing the evolution of the galaxy. Gas observed at the disk-halo interface is structurally
and dynamically diverse. The disk-halo interface is lled with a layer of di use ionized gas
extending a few kpc above the galactic plane (Reynolds, 1993; Rossa & Dettmar, 2003) and
lagging the rotation velocity of the disk (Boettcher et al., 2016; Bizyaev et al., 2017). A
large number of HI clouds are found embedded in this di use layer within a few kpc of the
Milky Way disk exhibiting velocities consistent with gas infall and co-rotation (Saul 2012).
Superbubbles bursting out of the galactic disk form chimneys of out owing gas at the disk-
halo interface, launching high-velocity ionized gas far into the CGM (Norman & lkeuchi,

1989; Sembach et al., 2003).

1.1.3 The Circumgalactic Medium

The circumgalactic medium (CGM) lies beyond the disk-halo interface transition. This
material originates from a blend of sources captured in the galactic potential, pooling around
the disk and extending to approximately the virial radius. By proximity, gas in the CGM is
involved in nearly all aspects of galaxy evolution, motivating the importance of understanding
the properties of the CGM in detail (Putman et al., 2012). There is no shortage of metaphors
for the existence of the circumgalactic gas and its symbiosis with the galaxy; the CGM is a
harbor/reservoir exchanging a gaseous tide with the galactic disk, the extended atmosphere
of a galaxy from which the disk breathes, and the ecosystem within which the galaxy thrives.
Feedback from the galactic disk spews mass, energy, and momentum from the galaxy into the
surrounding CGM, ionizing and enriching the halo with metals from the interstellar medium
(Rubin et al., 2014; Fielding et al., 2017). Gas from the CGM accretes onto the galactic
disk, replenishing the ISM and fueling future star formation (Erb, 2008; Hopkins et al., 2008;
Putman et al., 2009). In addition, the CGM is the link between individual galaxies and the
large scale structure of the universe. Gas from the intergalactic medium enters the CGM

along large-scale laments, bringing a fresh in ux of hydrogen gas into the halo (Joung et al.,



2012b; Kere? et al., 2005; Brooks et al., 2009). The CGM is also populated with satellites and
stripped material from the merger history of the galaxy. All of these gas sources distributed
throughout the halo create a spatially and kinematically complex multi-phase mixture of

gas.

1.1.4 The Intergalactic Medium

The halos of galaxies are connected by large-scale sheets and laments of gas known as
the intergalactic medium (IGM). Often referred to as the cosmic web, the IGM is a complex
network of connections following the dark matter distribution between galaxies. This web
dilutes with cosmic expansion and is very low density in the local universe (McQuinn, 2016).
Despite this, the IGM is expected to harbor the majority of the baryons in the low-redshift
universe, far more than are found in galaxies and their surrounding halos (Cen and Ostriker
1999). Gas in the massive IGM is highly ionized. A cooler component of the IGNM < 1)
is photo-ionized by the UV background radiation; however, the predominant phase is the
warm-hot (1° < T < 10') intergalactic medium (WHIM) ionized by shock heating during
its collapse (Dave et al., 2001). Large scale gas ows in the IGM are expected to channel a
fresh in ux of gas into the CGM, and in return the presence of metals in the WHIM suggests

the IGM is enriched by gas expelled from galaxies (Danforth & Shull, 2008; Shull, 2014).

1.2 Detecting the Circumgalactic Medium

Observations of the CGM can be categorized by both methodology and wavelength. Here
we describe two complementary methods for detecting the CGM: absorption measurements
and emission measurements. We focus on Optical and UV observations, probing the ubig-
uitous warm (10* K < T < 1 K) and warm-hot (1® K < T < 10° K) ionized gas

phase.



1.2.1 Absorption Signatures

One way to study the halo of a nearby galaxy is to pick a bright distant background source
(for example a quasar) and measure the amount of light absorbed by intervening gas in the
foreground CGM. This approach is a high signal-to-noise measurement, probing extremely
low column densities with exceptional sensitivity. While hydrogen absorption measurements
must combat the very low neutral fraction beyond the galactic disk, the sheer abundance
of hydrogen results in detectable Lymann series absorption (Danforth et al. 2010). Other
prominent absorption lines come from the ionization states of heavier elements but require
estimates of the metallicity to infer the total ionized mass (Werk et al. 2014; Danforth et
al. 2016). Warm gas is typically studied at low-redshifts using low and intermediate ion
UV absorption including for example Sill, Silll, CIlI, CIIl, Ol and CIV, SilV, OVI, and
OlV for warm-hot gas at slightly higher ionizations. A general drawback to absorption
measurements is that they require a bright background source, restricting measurements to
a single line-of-sight and precluding them from mapping the gas distribution in the CGM. An
additional challenge at low redshifts is that almost all of the available absorption transitions
are limited to UV wavelengths. For example, hydrogen Balmer absorption is not an accessible
diagnostic as almost all of the neutral gas is in the ground state (Draine, 2011). Therefore,

most absorption-line studies of gas at low-redshift must be conducted from space.

1.2.2 Emission Signatures

A more direct probe of the warm/warm-hot ionized CGM is to study this gas in emission
produced by the cooling or recombination of excited/ionized gas. Emission originates from
the ionized gas itself and is unrestricted to speci ¢ backlit sightlines. However, high signal-to-
noise measurements in emission are much more challenging, in large part because the CGM
is so diuse and the emission intensity scales as the density squared. A number of optical
emission lines including H, H , [S I1], [N 1], [O 1], [O 1], [O I] trace ionized gas in the

low-redshift universe and can be detected with sensitive ground-based instrumentation. The
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strongest hydrogen recombination transition is the Ly line emitted in the UV, which may
trace photionized or collisionally ionized gas in the CGM. Ly emission at low-redshifts
can be measured with spaced-based or balloon-born instrumentation such as FIREBall,
but it is inaccessible from the ground. Space-based measurements of UV metal emission
lines including CIV and OVI are a complimentary probe, predominantly tracing collisionally

ionized warm-hot gas.

1.3 Integral Field Spectroscopy

Integral eld unit (IFU) spectrographs, or instruments capable of taking spatially resolved
spectra, have completely revolutionized the collection of astronomical data. Spectra provide
an essential third dimension to typical imaging, probing the velocity along the line of sight.
Much of the motivation for integral eld spectroscopy stems from the desire to collect spectra
over spatially extended objects. Collecting position and velocity data in three dimensions is
non-trivial, as this information is recorded on a two dimensional detector. A much simpler
approach to this problem is to collect spectra along a long slit, restricting the position
measurement to one axis, with limited spatial information along the other dimension. Long
slit spectrographs require many slightly shifted exposures to map a larger region. In contrast,
integral eld spectroscopy yields a signi cant gain in e ciency, simultaneously collecting

spectra over the full eld of view.

1.3.1 Early IFU Spectrographs

Early conceptualizations of integral eld spectrographs proposed many of the same spatial
sampling techniques used in modern IFUs, including microlens arrays, ber-fed systems
(Vanderriest 1980), and microlens arrays coupled to optical bers (Courtes, 1982). One of
the rst IFU spectrograph prototypes was the TIGER instrument, constructed using the
microlens array design presented in Courtes (1982). Microlens arrays provide a continuous

full- eld spatial sampling; the lenslets are tightly packed and each lenslet bins light over a



small portion of the eld of view. The lenslets re-image the pupil of the telescope, destroying
the spatial information within each lenslet bin but creating a uniform PSF independent of
spatial variations (Bacon, 1995). The grid of pupil images from the lenslet array fed into a
spectrograph will result in a spectrum for each lenslet, although these spectra must be short
(or shortened using a bandpass Iter) to avoid overlap. Fiber-fed spectroscopy is a similarly
straight-forward method of dividing the eld of view. Here ber bundles are used to create
a direct mapping of the focal plane, and these bundles can be re-formatted in many di erent
ways at the entrance to the spectrograph. In some systems these bundles can be shued
around the eld of view to cover a specic target. For certain applications, they may be
coupled with a microlens array to improve the lling factor. The use of optical bers to map
the focal plane was prototyped by Vanderriest (1980) and led to development of the SILFID

ber-optics spectrograph (Vanderriest & Lemonnier, 1988).

1.3.2 Cutting-edge IFU Spectrographs

The design of modern day IFU spectrographs is partially driven by the development of
increasingly large aperture, high spatial resolution telescopes requiring correspondingly larger
and, in some cases higher resolution, IFU spectrographs. The development of image slicers
has largely met the demand for high spatial and spectral resolution integral eld spectroscopy
implemented over a small eld of view. Image slicers sample the eld with a system of mirrors
that reformat the focal plane into a long slit and feed it through a traditional spectrograph.
For point sources, slicers are the only focal plane coupling with the ability to fully preserve all
spatial information, making them ideal for applications requiring di raction limited spectral
imaging (Bershady, 2009). Slicer systems are compact and e cient but also complex and
costly to build and are usually reserved for 8-10m class research instruments or telescopes
with adaptive optics. A few examples of slicer IFUs currently in operation are the MUSE
spectrograph on the VLT (Bacon et al., 2010), KCWI on Keck Il (Morrissey et al., 2018). As

an example of space-based applications, the NIRSpec IFU on JWST employs an image slicer



to collect spectral imaging over 8% 3%FOV (Prieto et al., 2004). Many more instruments
with similar image slicer focal plane coupling have been proposed for the next generation of
extremely large telescopes. The main limitation to slicer integral eld units is that they are

di cult to implement over a wide- eld of view.

At the opposite end of the spectrum is the design of cutting-edge IFU spectrographs for
wide- eld systems. These spectrographs are designed to be powerful survey instruments and
are less concerned with maintaining di raction limited spatial resolution. They often rely
on focal plane coupling methods that facilitate wide- eld coverage, primarily ber bundles
and microlens arrays. For example, the SDSS-V Local Volume Mapper is a 1 steradian IFU
survey with a 1.4 degree eld of view (Konidaris et al.,, 2020). This spectrograph is fed
by ber bundles coupled to a microlens array, such that the eld is fully sampled by the
microlens array and reformatted by the ber bundles.

Future IFU spectrographs will likely utilize a combination of spatial sampling techniques
to leverage the bene ts of multiple con gurations. The design for IRIS on the Thirty Meter
Telescope (TMT) for example has a hybrid IFU with the ability to alternate between a mi-
crolens array and an image slicer in order to span a wide range in plate scale and bandpass
con gurations (Larkin et al., 2010; Moore et al., 2014). As the size of ground based instru-
mentation continues to grow integral eld units will have to scale as well. Many large IFU
systems today are assembled in replicate; multiple copies of the same spectrograph design
are combined to create an instrument with a wider eld of view at a fraction of the cost of

scaling up the size of the optical components (Bacon et al., 2010; Hill et al., 2010).

1.4 Motivation

This thesis is motivated by the desire to understand the distribution and kinematics
of gas in the low-redshift CGM. The total mass and distribution of gas surrounding spiral
galaxies in the present-day universe remains uncertain. Low-redshift observational surveys

of multiphase gas have been unable to recover the total mass needed to both fuel long-term



star formation and account for all of the baryons created in the Big Bang. Any calculation
of the total low-redshift baryon content must include the collapsed gas within galaxies, the
circumgalactic gas trapped in their galactic halos, and the laments of intergalactic gas that
make up the large-scale structure. However, an observational census of these sources suggests
that 30% of low-redshift baryons remain undetected (Tumlinson et al. 2011; Prochaska et
al. 2011; Shull et al. 2012). The circumgalactic (CGM) and intergalactic medium (IGM) are
thought to harbor these missing baryons in a di use ionized component, producing tenuously
faint emission that has eluded detection. In addition to recovering the gas distribution,
measuring the kinematic properties of circumgalactic gas in the local universe is also crucial
to constraining the mass of the dark matter halo and understanding the evolution of nearby
galaxies. Multiple lines of evidence also suggest the circulation of gas between the IGM, CGM
and the galactic disk. The unsustainable star formation rates observed in spiral galaxies
imply that the galactic disk must be accreting fuel from the CGM and IGM. In turn, the
detection of heavy metals (originally produced in stars) in the IGM and CGM suggests gas
from the galactic disk is expelled far into the surrounding environment (Danforth & Shull,
2008; Tumlinson et al., 2011; Shull, 2014). This expelled metal-enriched ISM may mix with
gas in the halo and be recycled back into the galactic disk as the fuel for future star formation.
This thesis is a combination of simulations, instrumentation and observations designed
to map the low-redshift CGM and uncover key spatial and kinematic properties.
Simulations: In Chapter 2 we present a suite of small-box simulations designed to study
in owing and out owing gas at the disk-halo interface. We produce a set of mock obser-
vations used to inform future work. Hydrodynamic simulations are an excellent tool for
informing our understanding of gas dynamics in the low-redshift universe. They probe in-
tricate processes beyond our observational capabilities with exquisite detail. While it is
useful to study the CGM in a cosmological context, the resolution in most large-scale sim-
ulations is too low to measure accurate gas properties on sub-kpc scales. Higher resolution

can be achieved using multiple approaches. Select halos within a cosmological simulation



can be re ned individually to higher resolution (Joung et al., 2012b; Corlies et al., 2020) or
small-scale local simulations can be run to model speci c initial conditions on an extremely
ne grid (Heitsch & Putman, 2009; Li et al., 2017b; Schneider et al., 2020; Abruzzo et al.,
2021). Simulations link observational properties with physical gas properties such as the
density, temperature, metallicity, and ionzation state. Additionally, mock observations gen-
erated from simulations can be used to identify speci ¢c observational signatures for varying
ionization mechanisms and processes such as gas cooling, mixing and ablation.

Instrumentation: In Chapter 3 we describe the Circumgalactic H Spectrograph (CH S),
a new integral eld unit spectrograph designed to detect ultra-low surface brightness emis-
sion. Integral eld unit (IFU) spectroscopy is particularly well-suited for faint, di use ob-
servations of ionized gas in emission, and it samples the CGM in the context of the full
eld of view, capturing the extended gas distribution and its radial/spatial dependencies.
Ground-based IFUs o er enhanced velocity resolution and less expensive long-term survey
capabilities compared to their space-based counterparts. Many of the challenges facing op-
tical IFU spectrographs are applicable to multi-wavelength spectral imaging. For example,
correcting emission intensity for dust attenuation and resonant scattering, subtracting strong
emission from the galactic disk, interpreting complex emission signatures, and deblending
spectral contamination from the ISM in low inclination systems. Understanding how to deal
with some of these challenges at low redshifts may become increasingly relevant as the avail-
ability of low surface brightness H imaging at high redshift increases with the advent of
JWST (Prusinski2021). A principal goal of this thesis has been the development of an IFU
spectrograph that can map the properties of gas in the CGM. This new instrument, CHp,
is part of a larger multi-wavelength e ort to push the boundaries of low surface brightness
spectral imaging.

Observations: In Chapter 4, we pursue a deep spectral imaging campaign targeting a
small set of nearby galaxies. We present spectral imaging of NGC 4631, NGC 7331, and
NGC 1068 with the Circumgalactic H Spectrograph. Deep, wide- eld integral eld spec-
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troscopy around nearby galaxies is poised to reveal extended emission structure far into the
CGM. Similar emission mapping has been particularly successful in detecting extended Ly
halos around high-redshift galaxies (Wisotzki et al., 2016). Empirical spatial and kinematic
properties of the CGM detected in optical emission can be correlated across wavelengths and
compared with UV absorption measurements and absorption survey ensemble properties to

achieve a full picture of the low-redshift CGM (Zabl et al., 2021).
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Chapter 2: Simulating Gas In ow at the Disk-Halo Interface !

2.1 Introduction

Gas accretion is needed throughout the cosmic evolution of spiral galaxies in order to
replenish the galactic disk with hydrogen and fuel long-term star formation (Erb, 2008;
Hopkins et al., 2008; Putman et al., 2009). Without a fresh in ux of low metallicity gas
(Chiappini et al., 2001; Fenner & Gibson, 2003; Sommer-Larsen et al., 2003), most star-
forming galaxies including the Milky Way will exhaust their supply of disk gas (Chomiuk
& Povich, 2011; Leroy et al.,, 2013), although stellar out ows can delay this (Leitner &
Kravtsov, 2011).

There are a variety of external gas reservoirs beyond the galactic disk that may contain
ample gas for sustaining a constant star formation rate. The majority of low-redshift baryons
lie in the intergalactic laments that make up the large-scale structure (Cen & Ostriker, 1999;
Shull et al., 2012a). These laments feed into the potential wells around galaxies, where
circumgalactic gas pools to form the galactic halo. Due to its proximity to the galactic disk,
this circumgalactic medium (CGM) is a direct source of fuel for future star formation and
closely in uences galaxy evolution (Putman et al., 2012; Tumlinson et al., 2017). The CGM
is a multi-phase combination of in owing material from the intergalactic medium (IGM),
gas stripped from orbiting satellite clouds, and enriched out ow expelled from the galactic

disk. All of these sources are thought to fuel the galactic disk but with di ering accretion

1 This chapter is a slightly edited version of a paper published in The Astrophysical Journal. The full
citation for this work is Nicole Melso, Greg L. Bryan, Miao Li. Simulating Gas In ow at the Disk-Halo
Interface. ApJ, 2019, 872, 47
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processes (Putman, 2017).

Cosmological simulations have demonstrated that gas enters into the CGM along the
cosmic web, resulting in lamentary in ow within the hotter, more di use halo gas. This
inow can be primarily cold when the halo virial temperature is relatively low (and so
cooling is e ective) and/or at high redshift, when the lament density is higher (e.g., Kere?
et al., 2005). The in ow transitions to hotter gas ows at higher masses and lower redshifts.
There is evidence from recent simulations that such ows heat, either via shocks or mixing
before entering the galaxy (Nelson et al., 2013), although the numerical resolution in such
cosmological simulations tends to be relatively poor in the CGM. Cosmological numerical
models of halos with masses similar to the Milky Way suggest that low-redshift accretion is
dominated by warm-hot (1> < T < 1P K) lamentary inow at 50 150km s ! (Joung
et al., 2012b); such in ow fragments and mixes with feedback from the galactic disk (Joung
et al., 2012b; Fernandez et al., 2012).

The majority of in owing gas is expected to accrete towards the outskirts of a galaxy,
avoiding strong feedback form the galactic center (Stewart et al., 2011; Fernandez et al.,
2012). Even towards the outskirts of a galaxy, gas will encounter stellar feedback on its path
to the disk. In cosmological hydrodynamic simulations, interactions between lamentary
in ow and the surrounding halo/out owing gas are important for creating over-densities in
the laments that facilitate gas cooling and fragmentation (Kere? et al., 2009; Joung et al.,
2012b; Fernandez et al., 2012). Interactions between in owing and out owing gas at the
disk-halo interface are likely similarly important in the nal stages of gas accretion, but
are di cult to study with the kpc-scale resolution in cosmological zoom-in hydrodynamic
simulations.

All gas exchanged between the galaxy and the surrounding halo must pass through a
boundary layer where the galactic disk transitions into the lower galactic halo. This region
is called the disk-halo interface (Norman & lkeuchi, 1989; Ford et al., 2010; Putman et al.,

2012), and it is a crucial boundary for studying the nal stages of gas accretion. Across the
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Table 2.1: Summary of gas injection parameters in each simulation.

Name Velocity [km s 1] Density [cm 3] Temperature [K] Start Time [Myr] Stop Time [Myr] Mass’ [g]

BURST50 50 0.05 10 50 75 210 10M
BURST100 100 0.05 10 50 62 211 10°M
IMD10 10 0.05 10 0 70 104 10PM

disk-halo interface, there is a transition in the phase, density, and kinematic properties of the
gas. A layer of dense, cold HI gas makes up most of the disk mass in the solar neighborhood,
ranging in thickness from< 100 pc in the galactic center to 1 kpc along the Galactic
Warp (Dickey & Lockman, 1990; Levine et al., 2006). This neutral component transitions
into a di use warm ionized component (or Reynolds Layer) extending to a height of 2

kpc (Reynolds, 1993; Ha ner et al., 2003; Gaensler et al., 2008). An extensive population
of cold HI clouds have been found embedded in this warm gas layer within 2 kpc of the
galactic disk (Lockman, 2002; Ford et al., 2010; Peek et al., 2011; Saul et al., 2012). The
volume above the di use warm ionized layer is lled by warm-hot/hot gas blending into the
Galactic halo (Miller & Bregman, 2013, 2015)

The gas distribution at the disk-halo interface is likely to be quite dynamic, due to
multiple e ects. This includes the impact of feedback expelling hot gas to large scale heights
as well as possible gas cooling close to the galactic disk (Joung & Mac Low, 2006; Hill et al.,
2012; Putman et al., 2012; Creasey et al., 2013; Li et al., 2017b). Additional evidence of
gas cooling is provided by the observed HI cloud populations associated with the disk-halo
interface (Lockman, 2002; Ford et al., 2010; Peek et al., 2011; Saul et al., 2012). These clouds
are thought to condense out of the surrounding medium, and a variety of models have been
proposed to facilitate this gas cooling (Bregman, 1980; Norman & Ikeuchi, 1989; Houck &
Bregman, 1990; Fraternali & Binney, 2008; Marasco et al., 2012; Joung et al., 2012a). The
survival of these clouds, and therefore their ability to fuel the galactic disk, is dependent on
their mass, their height above the disk, and their interactions with the surrounding gas as
well as galactic out ow (Heitsch & Putman, 2009).

Extragalactic observations around spiral galaxies reveal multiple pieces of evidence sup-
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porting the presence of gas in ow. One of the strongest pieces of direct evidence for accretion
comes from absorption line spectra of UV-bright stars across the disk of M33. Since M33
is inclined at 55, these observations are able directly probe the vertical gas kinematics, re-
vealing disk-wide ionized gas in ow (Zheng et al., 2017). At greater distances, the disk-halo
interface has been observed in handful of edge-on extragalactic systems. These observations
probe the vertical velocity structure of the gas indirectly through measurements of the radial
velocity pro le. Gas in the halos of edge-on galaxies exhibits a kinematic transition where
both neutral gas (Sancisi et al., 2001; Fraternali et al., 2002; Oosterloo et al., 2007; Heald
et al., 2011) and ionized gas (Rand, 2000; Heald et al., 2006, 2007; Bizyaev et al., 2017) de-
crease in rotational velocity as a function of distance from the galactic disk. This rotational
velocity gradient suggests the presence of gas in ow at the disk-halo interface, as in owing
gas should lag the rotational velocity of the disk and accreting gas merging with the galactic
disk should be co-rotating. In the Milky Way, this trend is observed in the populations of
discrete intermediate velocity HI clouds observed at the disk-halo interface, which are known
to exhibit net in ow velocities (Wakker, 2001; Lockman, 2002; Ford et al., 2010; Peek et al.,
2011; Saul et al., 2012). In a recent sample, these HI clouds can be split into a kinematically
warm population lagging the rotation of the disk at larger scale heights and a kinematically
cold co-rotating population within 1 kpc (Saul et al., 2012).

The presence of out owing gas at the disk-halo interface regulates gas accretion and pos-
sibly even re-fuels the galactic disk in a fountain cycle of expulsion and re-accretion (Shapiro
& Field, 1976; Bregman, 1980). Multiple feedback mechanisms expel gas from the galactic
disk, in uencing the evolution of the galaxy as well as the composition of the circumgalactic
medium. Radiative feedback sends ionizing photons into the halo while mechanical feedback
adds material, energy, and momentum from the disk back into the surrounding CGM. One
of the most energetic and ubiquitous forms of mechanical feedback is stellar feedback in the
form of overlapping supernovae explosions (Joung & Mac Low, 2006; Creasey et al., 2013;

Fielding et al., 2018), which can launch multi-phase out ows of metal-rich gas into the CGM

15



with velocities of 1 100km s ! (Li et al., 2017b; Kim et al., 2017).

We present a suite of small box hydrodynami&NZO simulations designed to study
the interaction between in owing and out owing gas at the disk-halo interface with pc-scale
resolution. This work builds upon simulations of gas out ow presented in Li et al. (2017b),
where they studied the energy, mass, and metallicity of gas blown out of the galactic disk by
overlapping supernovae explosions. We have added gas in ow to these simulations, the setup
for which is described in Section 2. Section 3 presents the results of our simulation suite, and
an overview of the gas evolution, cloud fragmentation, and eventual accretion outcomes. We
use this simulation suite in conjunction with photoionization modeling to make observational
predictions in Section 4. Finally, we discuss the implications of this work and summarize

our ndings in Sections 5 and 6 respectively.

2.2 Methods

The simulations in this paper were performed using the adaptive-mesh hydrodynamics
codeEnzo (Bryan et al., 2014). Each simulation is a small box centered on the galactic
plane with supernovae-driven out ow throughout the simulation volume. The initial setup
as well as the supernova out ow prescription are identical to thelO  KS model detailed in
Li et al. (2017b). We refer to that paper for details, but also brie y describe the initial setup
in Section 2.2.1 below. In this work we have augmented that work by injecting in owing
gas at the top boundary of the box in order to study the interaction between in owing and
out owing gas at the disk-halo interface; in ow characteristics are described in more detail

in Section 2.2.2.

2.2.1 Initial Setup

These simulations focus on a local volume of gas centered on the galactic disk. Each sim-
ulation is initialized as a rectangular box (elongated along the z-axis) with [x,y,z] dimensions

[0:35 0:35 5] kpc. A disk of gas is set up in the x-y plane at the center of the box (z =
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0), and a strati ed density halo extends 2:5 kpc above and below the disk (with an initial
temperature of 10* K). The x and y boundaries of the box remain periodic throughout the
simulation, and the z-axis boundaries are initially set to out ow. After a time delay (given
in Table 4.1 under Start Time ), the top z-axis boundary is changed to in ow and we in-
ject a 1 kpc-long lament of gas in owing towards the galactic disk. We use adaptive mesh
re nement (AMR) to resolve the detailed interactions between the in owing and out owing
gas. There are two levels of grid re nement within the simulation volume, one at 1 kpc
from the disk and another at 0:5 kpc. Each sub-grid increases the resolution by a factor
of two. The nest grid within  0:5 kpc of the galactic disk achieves a spatial resolution of
2 pc.

We model the galactic disk near the solar neighborhood with a gas surface density)
of 10 M pc 2, corresponding to a SFR surface density{rg) 0f 6:31 10 M * kpc 2yr !
on the Kennicutt-Schmidt (KS) relation (Kennicutt, 1989). The photoelectric heating rate is
set to a constant value ofl:4 10 2° ergs s?! per H atom. The gas is initially isothermal and
distributed in hydrostatic equilibrium, with gravity modeled as the combination of a baryonic
stellar disk and an NFW dark matter halo. We apply a gas cooling curve appropriate for
half solar-metallicity gas, ranging in temperature fron800 1 K (Rosen & Bregman, 1995;
Tasker & Bryan, 2006).

In order to drive inhomogeneous out ows, supernovae are injected near the midplane.
Each supernova addslO M of gas and1C! ergs of thermal energy. The horizontal (x-
y) distribution of supernovae is random. We implement both core-collapse and Type la
supernovae using two di erent vertical distributions. Most of the supernovae90%) are
core-collapse, modeled as a gaussian vertical (z) distribution with a scale heiglt = 150
pc. The remaining10% are Type la supernovae distributed exponentially along the z-axis
with a scale heighth, = 325 pc. Supernovae are set 0 at a constant rate of spr=mg =
42 10 ° kpc ? yr 1, where we assume one SN explosion for evany = 150 M of

star formation. This supernovae prescription drives material towards the out ow z-axis
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boundaries of the simulation box. See Li et al. (2017b) for more details of the initial setup

as well as a detailed analysis of the resulting out ows.

2.2.2 In ow Conditions

In order to inject a cloud into the domain, the top z-axis boundary condition is changed
from out ow to inow. This is generally done after a time delay (see Table 4.1) in order
to allow the out ow to become established. Supernovae continue to expel gas towards the
boundaries, but this out ow is now met by a layer of in owing material. All injected gas
at the boundary is given an initial density, temperature, and z-velocity towards the disk.
The initial values for these injected gas parameters are set by a nhumber of considerations,
including the desired in ow mass ux as well as the ram pressure of the out owing gas. We
characterize the in ow rate in terms of the star formation rate surface density, motivated
by the idea that the in owing gas should more than replenish the ongoing star formation
in the disk. Accordingly, we compare the injected mass ux ¥ ) with the star formation
rate surface density (srr). For example, if in ows of a given rate had a (temporally and
spatially averaged) covering fraction ofL0% then the in ow rate (when on") required to
maintain star formation, on average, would bé.0times the mean star formation rate surface
density. Based on this logic, we explore ranges froth 20 times the mean star formation
rate surface density. An additional constraint is that the ram pressure of the injected gas
must be greater than the ram pressure of the out owing gas. If this condition is not met, the
injected gas will be unable to enter the box, an issue which we discuss more in the following
explanation of Figure 2.1.

Figure 2.1 (top) shows the combinations of gas density and z-velocity resulting in an
injected mass ux equivalentto2 _sgr (solid), 10 _spr (dashed), and20 _srr (dotted).
The orange circle, purple square, and pink triangle denote the initial values used in each of
our three simulation runs (See Table4.1); they fall on the three given mass ux isopleths

respectively. Figure 2.1 (bottom) shows 1D pro les of the ram pressure (black solid) and
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thermal pressure (black dashed) of the out owing gas at 50 Myr. By this time, the supernovae
explosions have set up a continuous (steady-state) stream of inhomogeneous out ow at the
z-axis boundaries. At these boundaries, the ram pressure{, = V?) of the steady-state
out owing gas dominates the total pressureR;am +P wermai ). The ram pressure of the injected
gas for each simulation is shown in solid colors corresponding to the legend in Figure 2.1a.
The ram pressure of the 50 km ¢ and 100 km s? injected gas exceeds the ram pressure of
the out owing gas, allowing injected gas with these initial conditions to enter the box at 50
Myr. Gas injected at 10 km s! comes close to equating the mass ux with the star formation
rate surface density v = —sgr), but the ram pressure of this low-velocity injected gas falls

a factor of 3 below the ram pressure of the out owing gas. As described in Section 2.2.3, we
manage to simulate this low-velocity in ow by immediately injecting gas into the simulation
box at the rst time step, when the out ow ram pressure is much lower.

In addition to setting the initial density, temperature, and z-velocity of the injected gas,
we have also added a colour density eld to tag the injected gas and track its progression
throughout the simulation volume. The colour density is the density of only the injected
gas (from the top boundary), while the rest of the gas in the domain starts with a near-
zero colour density eld (including SN injected gas in the mid-plane). We can divide the
colour density by the total gas density to create a normalized colour density eld, which
represents the fraction of in owing gas present in a cell volume. In our analysis we use both
the colour density and the normalized colour density. In some analysis, we use a normalized
colour density cut of> 50%to separate the properties of the injected gas from those of the

out owing gas.

2.2.3 Simulation Overview

We have run three variations of our basic simulation: BURST50, BURST100, and IMD10.
Each follows the initial setup described in Section 2.2.1 but with di erent in ow rates. The

number in the naming scheme for each simulation is the z-velocity of the injected gas in km
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s 1. The injected gas is given an initial density (n = 0.5cm 3) and temperature (T = 10*
K), both of which are kept constant across all runs. The runs are di erentiated by the start
time of the gas injection, the z-velocity of the injected gas, and the injection stop time. The
injection duration (stop  start) is set so that the in owing gas in each simulation reaches
a length of 1 kpc, corresponding approximately to a mass df® M . We halt the gas
injection by reverting the top z-boundary condition to out ow, creating a nite burst of
injected gas in owing towards the galactic disk.

The BURST50 and BURST100 simulations inject a burst of in owing gas at 50 km g
and 100 km s? respectively. Both of these runs simulate inhomogeneous supernovae-driven
out ows interacting with an in owing 1 kpc-long burst of injected gas. We delay the
injection start time by 50 Myr in order to set o enough supernovae to develop a steady-
state out ow at the box boundaries. The IMD10 run immediately injects gas at 10 km ¢
starting from the rst time step. We are able to lower the in ow velocity in this run because
steady state out ow has not yet been established at early times, the out ow ram pressure
is much lower, and the 10 km s! injected gas enters the box relatively unopposed. The
injected gas is initially only in contact with the halo and later impacts the out owing gas
closer to the disk. We again stop injecting gas when the 10 kmsin ow reaches about 1

kpc in length.

2.3 Results

We present the results of our three primary simulations: the BURST50, BURST100,
and IMD10 runs. This analysis was performed using the python package yt (Turk et al.,
2011). We begin with an overview of the physical gas structure (Section 2.3.1) and the time
evolution throughout each simulation (Section 2.3.2). We then detail the fragmentation of

the injected gas (Section 2.3.3) and its ultimate fate upon reaching the disk (Section 2.3.4).
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2.3.1 Physical Structure

We begin by brie y describing how the in owing, high density gas reacts as it impacts the
out owing, lower-density material. This situation produces the classic three-wave structure
familiar from supernovae studies. When we inject gas at the top of the simulation box, we
create a contact discontinuity at the boundary between the out owing and injected material,
as well as a weak forward" shock propagating down into the out owing gas, and a relatively
high-density reverse" shock of decelerated injected gas, which piles up behind the cloud
front. This reverse shock propagates up into the in owing wind (which is assumed to be
relatively cool) but at a speed lower than the in ow rate so that the reverse shock is swept
down towards the galaxy.

This structure can initially be clearly seen at the upper boundary condition immediately
after injection (not shown), but rapidly evolves into a more complicated mixture of clouds
as instabilities set in. As is well known, higher density gas above lower density gas at a
contact discontinuity in a gravitational eld creates a boundary that is Rayleigh-Taylor (RT)
unstable. The reverse shock in the injected gas ampli es the growth of the RT instability by
increasing the density disparity at the contact discontinuity. Rayleigh-Taylor ngers form
from the cold, high-density injected gas. Over time, these features grow in length, and
shearing with the out owing gas triggers the Kelvin-Helmholtz (KH) instability. The RT
and KH instabilities in combination lead to the eventual fragmentation of the injected gas
into smaller clumps (Section 2.3.3) that will either mix into the out owing gas, pass through
the disk, or successfully accrete (Section 2.3.4). This rapid cloud formation means that the

precise form of injected gas is unlikely to dramatically change the results we nd below.

2.3.2 Global Evolution

The details of the global gas evolution are explored in Figures 2.2.4. Figure 2.2 shows
slices in density, temperature, pressure, z-velocity, colour density and normalized colour

density for four di erent time steps throughout the BURST50 simulation. At the boundary
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where the injected gas impacts the out ow, the injected gas decelerates rapidly and the
z-velocity slices show a layer of stalled material. This corresponds to an over-dense layer
in the injected gas density exceeding the initial conditions. In the temperature slices, this
density enhancement allows the gas layer to cool e ciently, driving the temperature ta0*K
and below. Rayleigh-Taylor ngers of cold, over-dense injected gas are seen falling into the
less-dense halo environment at all stages of the time evolution in Figure 2.2. These in owing
ngers Il low-density voids in the inhomogeneous out ow where there is only halo gas and
the resulting shear drives Kelvin-Helmholtz instabilities with the adjacent out owing gas,
resulting in smaller fragments and generating strands of small clouds. The colour density
and normalized colour density (lower two sets of panels) track the progress of the in owing
cloud as it fragments and mixes with the out owing gas. We discuss the properties of these
fragmented cloud structures in more detail in Section 2.3.3.

The density and temperature slices in Figure 2.2 show the multiphase structure generated
by this interaction. The corresponding pressure slices generally show less variation on small
scales (although by no means none: a rich set of shocks and other hydrodynamic features
are clearly present). Instead, the (thermal) pressure variation is dominated by the mean
pro le as a function of height above the disk. We brie y examined how well the conditions
of hydrostatic pressure equilibrium are ful lled in these simulations, nding that the thermal
pressure is, on average, su ciently large to support the hot gas (see also Figure 2.1); however,
signi cant local pressure variations are common, in agreement with previous work (e.g.,
Joung & Mac Low, 2006).

By the third panel (95 Myr) in Figure 2.2, the velocity gradient across the kpc-long
cloud has caused it to collapse into a relatively narrow high-density region, although with
long cloud chains extending down toward the disk. Out ow begins to re-establish by the last
time step (105 Myr), and will blow back a small portion of injected gas that did not manage
to reach the disk (see also Section 2.3.4). The pressure, temperature and velocity slices at

this point show the rst SN shocks behind the in owing cloud. Movies showing the full
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frame-by-frame time evolution for all three simulations are provided in the supplementary
materials.

Figure 2.3 shows one-dimensional pro les of the average density, temperature, pressure,
and z-velocity as a function of vertical height in each simulation (including a run without
in ow). The lighter transparent lines separate the properties of the injected gas (only) from
those of the total gas using a normalized colour density cut of 50% For consistency,
these pro les are made when the gas injection is complete at the last time step before the
top boundary is switched back to out ow (i.e. the one-kpc cloud has just fully entered the
grid). For the BURST50 simulation, this time step corresponds to the rst panel (75 Myr)
in Figure 2.2.

In all three simulations, as can be seen in the velocity pro les, the injected gas enters the
box and accelerates (gravity only) towards the disk. It quickly decelerates when it reaches
z 15 20 kpc, forming a high-density reverse shock. This high-density region is spread
between two drops in the velocity pro le, beginning with a drop in the injected gas velocity
and ending with a drop in the total gas velocity at the boundary where the injected gas
and the out ow collide. The vertical extent and amplitude of the density enhancement in
the region between the reverse shock and contact discontinuity are inversely related and set
by the velocity gradient across the contact discontinuity, which varies between simulations.
The 100 km s! (BURST100) run experiences the sharpest deceleration upon impacting
the out owing gas, resulting in the highest density enhancement over a narrow (0:25
kpc) extent. The velocity gradient in the 10 km s (IMD10) run is much smaller and its
broad, low-density reverse shock region spans1 kpc. In all simulations, injected gas that
makes its way past the contact discontinuity through low-density gaps in the out ow resumes
accelerating towards the disk and fragments into smaller clouds as seen in Figure 2.2. These
clouds are denser and cooler than the average surrounding medium. We discuss these cloud
structures and the role of mixing in Section 2.3.3.

In Figure 2.4 we show phase diagrams for each simulation at three di erent time steps.
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Again, for consistency, we compare across simulations at time steps with similar injected
cloud heights. We have superimposed the injected gas properties (colour scale) on top of
the total gas properties (gray scale) using the normalized colour density cut. Gas is initially
injected in the warm phase with a temperature o10* K and a density 0f8:37 10 26 gcm 3.
Over time the in ow distribution broadens to encompass a wide range of densities and
temperatures; however, the majority of the injected gas mass cools to lower temperatures

(below 10* K) and higher densities.

2.3.3 Cloud Properties

In studying the gas evolution, we nd that the injected gas fragments into strands of
dense cold cloud structures (Figure 2.2). In order to study these structures in detail, we
create zoomed-in slices of the density, temperature, pressure, z-velocity, colour density, and
normalized colour density surrounding the disk. These slices are shown in Figure 2.5 for
the BURSTS50 simulation. Each slice is centered on the galactic disk with a z-axis extent
of 2 kpc, encompassing the rst resolution re nement at 1 kpc and the second re nement
at 0.5 kpc. We have shifted the time step in each panel forward by 10 Myr relative to
Figure 2.2 in order to allow the injected gas time to extend into this region. The cleanest
example of these structures is the second time step (95 Myr) in Figure 2.5, right before the
injected gas hits the disk. The density, temperature and velocity slices show that these cloud
structures are dense, cold and in owing towards the disk. We see from the colour density
structure that these clouds are composed of injected gas; however, in the normalized colour
density structure, it is clear they are not pristine. Recall that the normalized colour density
eld tracks the fraction of in owing gas in each cell (so that entirely pristine injected gas
has a normalized colour density of 1). The injected cloud structure seen at 95 Myr has a
normalized colour density of about [0.6 - 0.8], meaning that the injected gas in these cloud
structures has mixed with the out ow/halo gas. The gas surrounding these dense cloud

structures has a slightly lower normalized colour density but has also mixed with some of
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the injected gas. This mixing picture is consistent with the late time phase diagrams in
Figure 2.4, where we see a growing component with higher temperatures and lower densities
in the injected gas. With a normalized colour density cut 060% we are certainly selecting
some of this injected gas mixed with the hot, low density out ow.

In Figure 2.6 we make a quantitative measurement of the mixing between the injected
and out owing gas across simulations. We have applied a z-position cut fromz =-0.2to z =
-1 to select gas in the rst re nement region above the disk (recall that negative z-position
values are above the disk). An additional density cut (> 5 10 2 g cm 3) is applied
to each simulation in order to select for gas in the observed cloud structures. Using this
cut data, we plot the total mass distribution binned by purity fraction (normalized colour
density) and z-velocity. Note that we have not made a purity cut to select only the injected
gas; therefore, this plot includes the mass in high density out ow structures as well. In
the BURST50 and BURST100 simulations, we nd that the majority of the sampled gas
lies in two components: a very low-purity out owing component (with z-velocity< 0) and
a higher-purity in owing, mixed component. Most of this higher-purity component is not
pristine, and extends down to a purity fraction 0f50%in the BURST50 simulation. We nd
slightly less mixing in the BURST100 simulation, where the majority of the gas mass does
not mix below 60% In the IMD10 run we only see one component. Both the low-purity
out owing gas and the pristine gas are completely absent and all of the selected gas is mixed
with a purity fraction of 40 90% Note the strong correlation between in ow velocity and
purity fraction, an indication that deceleration of the clumps is driven primarily by mixing
with the out owing gas. See also the lower panel in Figure 2.1; the pressure of the out owing
gas cannot contribute much to the deceleration of the in ow, suggesting an alternate source

such as mixing is responsible.
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2.3.4 Inow Fate

Injected gas that makes it to the galactic disk will either successfully accrete onto the disk
or pass through it entirely. We study the fate of the injected gas by splitting the simulation
box into three segments. Each segment is a smaller box with the same x-y dimensions as the
simulation box and a non-overlapping vertical extent. The middle segment is centered on
the galactic disk, extending 0:2 kpc in the z-direction. The other two segments are above
and below the disk starting at z = 0:2 kpc and extending to the edge of the box at z =

2:5 kpc. These three segments combined encompass all of the gas in the simulation. We
calculate the mass of injected gas in each segment by integrating the product of the colour
density and the cell volume throughout each segment. We do not use the normalized colour
density cut, as discussed in previous plots, because this quantity includes some of the out ow
mixed with the injected gas and would violate our expectation of injected mass conservation
as material is exchanged between segments.

Figure 2.7 shows the integrated mass of the injected gas (left) and the mass injection
rate (right) in each segment as a function of time. Note that the total injected gas mass
(dashed line) is a roughly constant value equal to the total mass in Table 4.1. The only
time the injected mass is lost from the system is towards the end of the simulation when
it either passes through the disk and exits the bottom z-boundary or gets swept up in the
re-established out ow and exits the top z-boundary. At the start of each simulation, a nite
gas mass has been injected into the top segment above the disk. As the injected gas moves
towards the disk it begins spilling over into the disk segment. Any mass that does not stick
in the disk then passes through to the bottom segment below the disk. At the nial time step
in Figure 2.7, the injected gas mass in the disk segment has been accreted. Mass remaining
above or below the disk has been pushed back towards the top boundary or passed through
the disk respectively. We nd in Figure 2.7 that the fate of the injected gas depends strongly
on the injection velocity. In the faster 50 km s* and 100 km s? runs, nearly all of the gas

makes it to the disk, but only a small fraction (206 of the total injected gas mass in the
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BURST50 simulation and 106 in the BURST100 simulation) sticks in the disk and actually
accretes". The majority of the injected gas in these high-velocity runs plunges straight
through the disk into the bottom segment. This picture is con rmed in the late-stage time
evolution panels in Figure 2.5, where large clouds of injected gas are seen exiting the disk
and out owing towards the bottom z-boundary. In the 10 km s run, only about half of
the injected gas makes it to the disk, but nearly all of that mass (%86 of the injected gas
mass) accretes. The mass that does not make it into the disk segment in the IMD10 run is
swept up in the re-established out ow and exits the top z-boundary of the box.

In Figure 2.8 we quantify the temperature of the injected gas accreting onto the galactic
disk. The top panel shows the initial temperature distribution of the injected gas in each
simulation at a time step directly before the gas hits the disk (panel 3 in Figure 2.2). We
see a spike in all simulations at the injection temperature of0* K. However, in all three
simulations the gas quickly redistributes towards lower temperatures. The bottom three
segments show the injected gas temperature evolution as a function of time in the disk
segment of each simulation. Here we have split the gas into four temperature regimes: cold
gas (T < 10 K), warm gas (10® T < 10* K), warm-hot gas (100 T < 3 10 K), and
hot gas (T 3 1 K). While a large fraction of warm gas does pass through the disk in
the BURST50 and BURST100 simulations, the large majority of the accreted injected gas

present in the disk at the end of all three simulation has cooled beloi?® K.

2.4 Observational Predictions

We use this suite of simulations to predict observational signatures of gas accretion.
These predictions were made using reference tables generated by Corlies & Schiminovich
(2016a) with the photoionization codeCLOUD{Ferland et al., 1998). Speci cally, we are
using the g1qg1l run at redshift z = 0 detailed in Corlies & Schiminovich (2016a). This model
was interpolated over a temperature range spannind0® 10°] K and a number density

range spanning[10 ¢ 1(?] cm 3. Density and temperature values from our simulation
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suite were referenced with these interpolate@LOUDMbles to model the ion fraction and
emissivity used in the following analysis. In Section 2.4.1 we generate mock column density
observations in HI and OVI. We chose these two ions because they have observable counter-
parts and are representative of low and high-energy ionization species. Simiarly, we create
surface brightness maps of Hand OVI emission in Section 2.4.2. The photoionzation model
applied assumes an extragalactic UV background (EUVB) as well as solar metallicity and
abundances. This model does not include a source of ionizing photons from the disk. We
do not expect ionizing radiation from the disk to signi cantly a ect our OVI predictions, as

we nd collisional ionization is the dominant source of OVI ionization in our simulations.
lonizing photons from the disk may signi cantly a ect the HI and H results; however,
accurately accounting for radiative transfer of hydrogen ionizing radiation is a beyond the

scope of this paper (e.g., Wood et al., 2010).

2.4.1 Absorption: Column Densities of HI and OVI

In order to calculate the number densityny; for a given elementX in ionization state i
(eg HII: X = Handi = 2), we substitute the simulation density i) and the ion fraction
computed by CLOUD¥y; =ny ) into Equation 2.1. For metal ions, we add a factor for
the elemental abundancer(x =ny) relative to hydrogen, which is the simulated metallicity
scaled by the solar abundance. We create an approximate metallicity eld, assuming that
the injected gas has a metallicity o0:2Z (Prochaska et al., 2017). The rest of the gas in
the simulation volume is given solar metallicity, including the disk, out ow, and disk-halo

gas.

Nxi = Nh (Nx =nu)(Nxi =nx ) [cm °] (2.1)

Once we have the ion number densityy; , the projection ofny; along the line of sight (the
x-axis of the simulation box) is the column density shown in Figure 2.9. Here we compare the

BURST50, BURST100, and IMD10 simulations. In addition, we have included an out ow
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panel (without any in owing gas) at the time step immediately preceding the gas injection.
The right panels in Figure 2.9 are 2D edge-on column density maps of HI (top) and OVI
(bottom). In the left panels, we have averaged across the width of each projection, creating
1D pro les of column density with respect to z-position. These maps reveal a number of
interesting structures in the injected gas, out owing gas, and galactic disk. We compare
these predicted column density features with observations. We restrict our comparison to
observations of the Milky Way because the initial conditions in this simulation were modeled
after the solar neighborhood. In addition, the proximity of studying our own galaxy a ords
us a wealth of data.

Regions of high HI column density seen in the top panels of Figure 2.9 probe cold neutral
gas. This gas is especially prominent at three locations: (i) the galactic disk, (ii) behind the
shock front, and (iii) in the cold high-density cloud structures above the disk. We discuss
each of these features in comparison with observations of atomic hydrogen 21-cm emission
in the Milky Way.

In the galactic plane, measurements of the HI distribution probe the structure of the
galactic disk and the properties of the interstellar medium. From Figure 2.9, we nd a mean
log HI column density of[21:1 215] at the disk mid-plane across the simulations. We
compare this prediction with maps of the integrated HI 21-cm emission intensity from the
Leiden-Argentine-Bonn (LAB) all-sky survey (Kalberla et al., 2005). Using the LAB data
cube, the mean log HI column density integrated over the velocity range400km s * within

10 of the Galactic plane is 21.5. This number is consistent with our predictions; however
it may be a lower limit on the true Galactic column density because it was derived under
the assumption that HI 21 cm emission in the Galactic plane is still optically thin.

Beyond the Galactic plane, a number of HI features are observed at the disk-halo interface.
In our simulations we nd dense cloud structures within about 1 kpc of the disk. As seen in
the out ow panel in Figure 2.9, some of these cloud structures are associated with the SN

feedback. The rest are formed from the fragmented injected gas in owing towards the disk.
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In Figure 2.9, both sets of clouds have HI column densities of a few tim&@° cm 2. Similar
neutral hydrogen clouds have been observed at the disk-halo interface of the Milky Way in a
number of HI surveys. Tangent point observations of 21 cm emission with the Green Bank
Telescope (GBT) discovered 30 such cloud structures within 0.5 to 1.5 kpc of the disk
with HI column densities in the range [0.4 - 2.7] 10'° cm 2 (Lockman, 2002). These clouds
are co-rotating with the galactic disk, exhibiting only low-velocity deviations on the order of
15 km s . Recent advancements in observational survey sensitivity, speed, and resolution
have led to the cataloging of thousands of neutral hydrogen clouds surrounding the Milky
Way. The GALFA-HI survey conducted at the Arecibo Observatory identi ed 1245 low to
intermediate velocity clouds with HI column densities ranging fronf0:1  2:8] 10 cm ?
(Peek et al., 2011; Saul et al., 2012). This sample is divided into cold and warm clouds,
with median column densities 0f0:6 10 cm 2 and 0:9 10 cm 2 respectively. The
cloud column densities in our simulations are certainly consistent with the broad range of
low-intermediate velocity cloud properties, but they exceed the mean observational column
densities. Its possible that this column density excess is caused by the 2 pc minimum grid
resolution in our simulations, which constrains clouds from fragmenting below the resolution
limit.

At slightly higher latitudes, our simulations predict signi cant HI column densities behind
the shock front in the pile-up of injected gas. This wall feature is produced by the sudden
deceleration of the injected gas in contact with the SN-driven out ow. Gas in this density
enhancement is able to cool down to (and belom)0* K, increasing the neutral fraction
and raising the HI column density to 10 10%° cm 2, as seen in Figure 2.9. This HI
feature is much less pronounced in the IMD10 simulation due to the smaller velocity gradient
across the injected gas cloud (and resulting lower densities). Similar high-density wall/ridge
structures have been observed alongside high-velocity clouds interacting with the Galactic
halo and ISM. We compare with the Smith Cloud, a high-velocity cloud interacting with the

Galactic halo. The Smith Cloud is rather large, with an area of 3 1kpc and an HI mass
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of 10° M ; however, the tip of the Smith Cloud is only 2.9 kpc below the galactic plane,
making it a rough analogue to the injected gas in our simulations. GBT 21-cm observations
of the Smith Cloud show a decelerated ridge of high-density gak, =2 10?° cm? along
the edge of the cloud (Lockman, 2016; Lockman et al., 2008). The large HI mass of this ridge
associates it with decelerated gas from the Smith Cloud and not swept-up material from the
surrounding halo gas (Hill et al., 2013). The Smith Cloud also appears to be fragmenting at
this boundary, exhibiting indications of Rayleigh Taylor and Kelvin Helmholtz instabilities

as it interacts with gas in the Galactic halo (Lockman, 2015)

In contrast to HI, regions of high OVI column density probe highly ionized, usually
hot (10°° K) gas. We nd that collisional ionization is the primary ionization source for
the OVI gas in our models (see also Smith et al., 2011). Accordingly, the distribution of
OVI in our simulations primarily traces the supernovae driven out ow. We compare our OVI
column density predictions with Li et al. (2017a), who performed a detailed study of the OVI
density distribution in simulated out ow generated using an identical SN prescription. In Li
et al. (2017a), the OVI density was calculated using the product of the O/H solar abundance
(5 10 %) and the temperature-dependent OVI ionization fraction from Sutherland & Dopita
(1993). The OVI column densities stated in Li et al. (2017a) were calculated for a time-step
of 140 Myr with error bars noting the time variation in the latter half of the simulation. Our
out ow time step of 50 Myr is therefore outside the range of these error bars. Although we
cannot make a direct comparison between the two sets of the predictions, we note similarities
and di erences below. Using CLOUDY, we predict an average OVI density ofoy, =
1:8 10 & cm 2 within  100pc of the disk. This is roughly consistent (to within2 ) with
the average OVI density ofngy; = (2:4 0:3) 10 8 cm 3 predicted by Li et al. (2017a)
within  100pc of the disk. When we calculate the average OVI density within 200pc from
the disk at 50 Myr we nd that the value remains approximately constant atl:8 10 8 cm 3.

Li et al. (2017a) reports a very similar average OVI density afoy; =(1:8 0:3) 10 8cm 3

within  200pc at 140 Myr, which has dropped relative to their prediction close to the disk.
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All of these values are consistent with absorption line studies of nearby stars, which measure
the OVI density of the local ISM to bengy; =(2:2 1:.0) 10 8m 2 (Jenkins, 1978; Oegerle
et al., 2005; Savage & Lehner, 2006; Bowen et al., 2008; Barstow et al., 2010).

2.4.2 Emission

We next turn to line emission as a complementary probe of the disk-halo conditions, again
for the same two ions. The emission intensity () is calculated from the CLOUD&missivity
using Equation 2.2. Here (; T ) is the temperature and density dependent emissivityh
is Planck's constant,c is the speed of light, and is the wavelength of the recombination
transition ( 6563Afor H and 1032Afor OVI). The projection of the emission intensity
integrated along the line of sight is the surface brightness shown in Figure 2.10. On the
right we have plotted edge-on projections of théel and OVI emission surface brightness for
each of the three simulations and compared them with surface brightness predictions for an
out ow time step preceding the gas injection. The corresponding average emission pro les

as a function of z-position are plotted on the left panels.

(AT )hc [photons st cm 2 sr 1] (2.2)

The H emission in Figure 2.10 traces high-density structures of warm, partially ionized
gas and highlights regions of strong gas cooling. Most notably, regions of high lémis-
sion intensity correspond to (i) the high-density ISM ejected from the disk via supernovae
feedback, and (ii) the dense wall of injected gas piling up behind the shock front.

We compare these predictions with observations from the Wisconsin Happer (WHAM)
(Ha ner et al., 2003). WHAM surveyed the distribution and kinematics of H emission in
and around the Milky Way. These observations probe the warm/warm-hot gas in the ISM
as well as revealing a number of Hstructures at the disk-halo interface. In Figure 2.10 the

galactic disk and supernova-driven out ows produce H emission intensities ranging from
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10° to 10° photons s * cm 2 sr 1. Gaps in the inhomogeneous out ow reveal the hot halo
gas with essentially no H emission intensities. As with the column density, we expect to
under-predict the emission intensity due to the shortened projection path length (0.35 kpc)
through our simulation box. WHAM observations along the Sagitarius-Carina Arm reveal
similar H emission values ranging from» 2 10° photons s! cm 2 sr ! in the galactic
planeto 1 10 photonss?!cm 2 sr ! beyond the disk (Krishnarao et al., 2017). Models
of the disk scale-height place these emission measurements within a vertical height of 3 kpc
of the Galactic disk, making them an excellent analog for our simulation box height. The
WHAM emission maps also reveal patches below the detection limits similar to the predicted
gaps in our H emission maps.

Another prominent H feature in our simulation suite is the dense wall of decelerated
injected gas. In Figure 2.10 we see a thick wall of elevated Hmission trailing the leading
edge of the injected gas. Looking closely, this wall is actually composed of many thin density
enhancements projected on top of one another in the edge-on inclination. This e ect is due
to the inhomogeneous out ow halting the injected gas at di erent heights above the galactic
disk. As mentioned in Section 2.4.1, we compare this feature with the Smith Cloud, an HVC
at the Milky Way disk-halo interface interacting with the ISM. More than half the mass
of the Smith Cloud is ionized, producing a smooth distribution of H emission (Wakker
et al., 2008; Hill et al., 2009). In addition, H observations with WHAM reveal a ridge
of elevated H emission trailing the HI ridge by a few hundred pc. Although the HI and
H ridges are not coincident, their similar morphology suggests a physical connection. Gas
in this ionized feature is likely shock heated, with an H emission intensity ranging from
[3:17 556] 10 phs®cm 2sr ! (Hill et al., 2013). In our simulations, H emission
associated with the deceleration of injected gas ranges in mean intensity from abut
15] 10* ph's *cm 2 sr ! (Figure 2.10). Overlapping H ridges are seen trailing the cloud
front by as much as half a kpc. While we cannot make a direct comparison with the neutral

and ionized ridge morphology observed in the Smith Cloud, we note that we are able to
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reproduce a reasonable range of elevated Kmission intensities where the shocked ionized
component is separated from the decelerated neutral gas.

Similar to H , OVI emission also traces gas cooling, but in the highly ionized hot gas. In
agreement with the low OVI column densities predicted in the injected gas in Figure 2.9, we
do not predict signi cant OVI emission from the injected gas in Figure 2.10. We conclude
that the injected gas is not heated (abovel(®® K) and re-cooled on its path to the disk.
However, we do predict signi cant OVI emission from the SN-driven out ow with an average
intensity of 1:84 10* ph's 1 cm 2 sr ! projected along the z-axis. We compare owloudy
prediction with OVI emission predictions from Li et al. (2017a) which were calculated using
the OVI ion fraction described in Section 2.4.1 and an oscillator strength of 5 for thel038A
emission line (Osterbrock, 1989). As noted in Section 2.4.1, Li et al. (2017b) makes emission
predictions at a time step of 140 Myr with error bars time averaged over the later half of the
simulation. Our nal out ow time step at 50 Myr falls outside the range of these error bars;
however, we still make an approximate comparison. The z-axis projection in Li et al. (2017a)
predicts an OVI 1032A emission intensity of[0:5 6] 10° phs!cm 2 sr ! at a time
step of 140 Myr, which is about a factor of three lower than our emission predictions. Note
that both our predictions and the Li et al. (2017a) predictions are the result of projecting
through the entire simulation box (along the z-axis), and need to be divided by two in
order to compare with the following observations taken within the Milky Way. Observations
with FUSE detected OVI 1032Aemission along 23 sight lines with intensities ranging from
(1.9 86) 10 phs!cm 2sr ! (Otte & Dixon, 2006). Despite extinction, higher emission
intensities in this survey were actually found at low-latitude sight lines in the nearby ISM. In
addition, high-latitude observations of OVI emission have been obtained with SPEAR close to
the North Galactic Pole, measuring an emission intensity ¢0:5 2:0) 10*phs *cm ?sr?
(Welsh et al., 2007). Our OVI emission predictions (as well as the prediction from Li et al.

(2017a)) are roughly consistent with this range of observational values.
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2.5 Discussion

In this work, our in owing gas cloud was deliberately idealized: we assumed a constant
density, temperature and in ow velocity. This was done in part because our goal is to un-
derstand the physical processes operating in the in ow/out ow interaction, and our out ow
properties are already quite complicated, with multiphase gas ejected from realistically gen-
erated supernovae explosions. We brie y discuss physical origins for this in owing gas cloud
in Section 2.5.1 and elaborate on select results from Section 2.3 including the evolution of
the injected cloud structures (Section 2.5.2) and the ow of injected gas plunging through
the galactic disk (Section 2.5.3). We compare this work with the existing literature (Section

2.5.5) and make note of some of the simulation limitations and assumptions (Section 2.5.6)

2.5.1 Inow Origin

The original source of the injected gas cloud in this simulation could be either cosmological
in ow, gas stripping from satellites, or gas recycling, all of which are expected to fuel the
galactic disk. Cosmological inow in the form of substantial cold lamentary ows has
been seen in a wide variety of simulations (e.g., Kere2 et al.,, 2009; Nelson et al., 2013;
Hobbs et al., 2013; Joung et al., 2012b). The properties of these ows close to the disk-halo
interface are not entirely clear. As demonstrated by the breadth of work discussed in Section
2.5.5, understanding the ow of cold clouds through a hot CGM is challenging and requires
additional numerical, observational and analytic studies. However, it seems possible and
maybe even likely that at least some gas clouds with a cosmological origin can get close to
the disk without being completely mixed into the CGM (Stewart et al., 2017).

Additionally, the in ow in these simulations could originate from recycled gas ow. As-
suming that out ows are highly mass loaded (as seem to be required to reproduce galaxy
properties), much of the ejected gas will fall back into the CGM, and eventually back onto the

galactic disk. This was found in early (relatively low-resolution) simulations of momentum-

35



driven winds (Oppenheimer et al., 2010) but has since been conrmed and quanti ed in
higher resolution simulations with more physically based feedback (Muratov et al., 2015;

Anglés-Alcazar et al., 2017).

2.5.2 Cloud Evolution

Despite our simpli ed initial conditions, we found that the injected gas rapidly fragmented
into small clumps through a series of instabilities, both hydrodynamic (Rayleigh-Taylor,
Kelvin-Helmholtz) and thermal (via radiative cooling). These clumps initially accelerated
ballistically from their starting in ow velocity (see Figure 2.3). The amount of acceleration
immediately after injection (before slowing due to interactions with the out owing material)
was larger for simulation runs with a lower injection velocity (e.g. the IMD10 gas gained 40
km s ! while BURST100 only added 20 km s' to its initial velocity).

Over time, the in owing clouds in all three simulation runs were decelerated as they
interacted with the out owing gas. As demonstrated in Figure 2.6, clouds within 1 kpc of
the disk have a narrow velocity distribution that appears to peak around a typical cloud
velocity in each simulation ( 40km s ! in the IMD10 simulation to 100 km s ! in the
BURST100 simulation). It is tempting to associate this with a terminal” velocity; however,
the analogy with the classic computation should not be taken too far, as the clouds are not
coherent entities. Unlike a penny dropped from a tall building, the clouds have no interstitial
forces to hold them together. Instead, as evident from the tight correlation in Figure 2.6,
deceleration is directly associated with gas mixing. Therefore, a simple momentum balance
argument is probably a better explanation of the resulting cloud velocity distribution.

Irrespective of the physics causing the cloud deceleration, it appears that the fragmen-
tation of our injected gas into denser{f 1 cm 3), cold (T < 10* K) clumps with velocities
of 50-100 km st is di cult to avoid. Even in our IMD10 case, where the in ow ram pres-
sure is below the out ow ram pressure, we nd in owing clouds penetrating down to the

disk with velocities of 40 km s!. In this low-velocity case, fragmentation of the injected
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cloud results in dense cloud clumps that are able to overcome the out owing ram pressure.
Radiative cooling is key to the creation of these cold dense clouds and should be traced by
the associated Ly and H emission (as described in Section 2.4).

Another interesting aspect of the cloud evolution is the spatial correlations in the clouds.
This can be seen in Figure 2.5 but is much clearer in the supplied movies. The clumps
are not randomly distributed throughout the hotter background material lling the disk-
halo interface, but tend to occur in chains or laments (which themselves are clustered).
This clustering appears to be due to a combination of e ects. The physical process of
cloud fragmentation causes larger clouds to break up into smaller localized groups, and this
group morphology facilitates a hydrodynamic shielding e ect (like Canadian geese ying in

formation) that prevents stripping and disruption.

2.5.3 Out ow Past the Disk

As mentioned in Section 2.3.4, some of the injected gas passes through the galactic
disk and continues towards the bottom boundary of the simulation box. This is especially
prevalent in the BURST50 and BURST100 simulations where the in owing gas has higher
ram pressure and is able to penetrate through low surface density regions in the disk. The
bottom panels in Figure 2.5 show the in ow colour density and normalized colour density
for gas within 1 kpc from the galactic disk in the BURST50 simulation. Recall that the
in ow colour density is the density of the injected gas and the normalized colour density is
the ratio of injected gas density to total gas density. The third (105 Myr) and fourth (110
Myr) in ow colour density time steps in Figure 2.5 show the 50 km s! injected gas plunging
through the galactic disk. This gas is then swept away from the galactic plane with the
SN out ow. Before hitting the disk, the injected gas has a high normalized colour density
(> 0:6). Some mixing with the out owing gas has occurred, but the injected gas is still close
to pristine. After exiting the disk, the injected gas exhibits a broader range of normalized

colour density values. We nd clumps of injected gas with high normalized colour density
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values which have not mixed signi cantly during their passage through the disk. However,
we also nd injected gas with low & 0:6) normalized in ow colour density values, suggesting

that some of the injected gas passing through the galactic disk has mixed with the ISM.

2.5.4 In ow Extent

In the simulations above, in owing gas was injected across the entire cross-sectional area
of the top z-boundary. This input geometry is somewhat arbitrary, and we have completed
an additional simulation with a substantially smaller cloud to ensure that the extent of
the cloud does not signi cantly in uence the physical results. This small cloud simulation
(SMALLS50) uses the same density, temperature, and injection velocity as the BURST50 run.
We inject gas from a smaller square region in the center of the top z-boundary amounting to
a quarter of the total box cross-sectional area. The rest of the area on the outer edges of the
top z-boundary remains set to out ow. For consistency with the other runs, we inject this
cloud until it reaches a kpc in length at which time we revert the full cross-sectional area of
the top z-boundary to out ow. Due to the reduced cloud extent, the resulting injected cloud
mass is only about a quarter of the BURSTS50 injected cloud mass. The time evolution of
the SMALLS50 simulation in density, z-velocity, and normalized colour density is shown in
Figure 2.11. We run this simulation to 90 Myrs, by which time the cloud is clearly on its way
to interact with the disk. It has fragmented into smaller clumps and descended to within a
kpc of the disk midplane.

The structure and evolution of this smaller injected cloud is similar to that of the injected
gas in the BURST50 simulation. The injected gas forms a high-density front in contact with
the out owing gas and fragments into dense cold clumps. The maximum z-position of the
injected gas in the SMALL50 simulation slightly lags the BURST50 injected gas at each
time step. Injected gas in the BURST50 simulation was able to penetrate down towards
the disk through gaps in the out ow along the edge of the simulation box where gas has

not been injected in the SMALLS50 run. The phase diagrams for the SMALL50 simulation
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have an analogous distribution to the phase diagram of the BURST50 simulation. As in
the BURSTS50 simulation, the evolution of the SMALL50 phase diagrams show the majority
of the injected gas redistributing to lower temperatures and higher densities over time. At
equivalent time steps, the SMALLS0 injected gas is not as close to the disk as the BURST50
simulation. Accordingly, the phase diagram of the SMALL50 injected gas has not fully
populated the higher pressure isobars that BURST50 injected gas achieves at lower latitudes.
However, this is largely a timing issue (the SMALL50 gas infall occurs more slowly because
it was injected directly into a stream of out owing gas at the box center) and as time goes
on, it evolves in the same manner as the BURSTS50 run.

One notable di erence in this geometry is that the out owing gas is able to pass around
the injected cloud creating shearing between the edge of the injected cloud and the adjacent
out owing gas. This shearing strips away a small fraction of the injected cloud mass. Most
of this stripped material sits at high-latitudes stalled behind the injected cloud, but some
(< 4% of the total cloud mass) is pushed out of the box with the out owing gas. The
normalized colour density eld (Figure 2.11) shows mixing along the shear layer, with the

high-latitude stripped gas exhibiting a purity of less than60%

2.5.5 Comparison to previous work

We are not the rst to explore the evolution and fate of gas owing into a galaxy. Heitsch
& Putman (2009) examined the evolution of similar gas in ow both in simpli ed wind-tunnel
experiments and in hydrostatic strati ed atmospheres without out ows. They found that
injected gas clouds rapidly generated head-tail morphologies and ablated, generally surviving
only a few kpc. This result was dependent on the size of the cloud, with larger clouds
exhibiting longer survival times over greater distances. They note the importance of cooling,
as some of the warm ionized material stripped from the infalling clouds was later able to
condense and re-cool close to the disk. Our results are not inconsistent with this work.

The closest comparison is with their larger mass, strati ed cases where they nd similar
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cloud fragmentation and cooling due the compression of these cloud fragments on their way
through the halo. This cooling increases the HI mass and helps stabilize the clouds against
disruption, allowing them to travel greater distances. In agreement with our cloud velocity
values, they also showed an early phase of near-ballistic acceleration followed by deceleration
when they reached velocities of 100 km s,

Similar results were also found in a set of simulations carried out using the FLASH code
(Kwak et al., 2011; Shelton et al., 2012; Gritton et al., 2014, 2017), where they studied
individual cold clouds interacting with a hot atmosphere. Outows in these simulations
were generally implemented using the constant density and velocity wind-tunnel model.
These studies also concluded that low mass clouds were quickly destroyed, with larger clouds
exhibiting longer survival times. Additionally, they note the importance of cooling and
mixing in models of massive clouds1® 10°M ), which increase their HI mass on their
way to the disk by accreting a substantial amount of ambient halo gas through condensation.

In addition, Marinacci et al. (2010) and Marinacci et al. (2011) examined the evolution of
clouds moving through the hot halo near the disk under similar conditions to those examined
here. However, in these simulations the clouds were presumed to be fountain ows, the
motion was not primarily vertical, and the hot halo was uniform and static. They carried
out two-dimensional simulations, likewise reporting that the clouds compress, fragment, and
cool e ciency thorough radiative cooling. They also concluded that cold clouds interacting
with a hot halo medium will gain mass from their surroundings and decelerate due to the
transfer of momentum that accompanies this exchange of material. Thermal conduction was
included in the Marinacci et al. (2011) simulations byArmillotta et al. (2016), who found
that the conduction in higher temperature halos (abovéd 10° K) suppressed hydrodynamic

and thermal instabilities and reduced the importance of re-cooling.

2.5.6 Simulation Caveats

In ow conditions: As noted earlier, our in ow conditions are quite simplied. The
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constant density and velocity of material injected across the upper boundary condition of the
simulation box corresponds to large, di use clouds. In addition, we have assumed they are
relatively cold. Although these bulk conditions are motivated by cosmological simulations,
their smooth injection is probably unrealistic. More likely, the clouds would have internal
structure related to velocity, density and temperature perturbations (including turbulence).
We argue that this would probably only increase the likelihood for the clouds to fragment
into smaller clumps, and so strengthen the results that we nd here. However, we recognize
that very strong turbulent velocities or greatly enhanced temperatures may provide a source
of non-thermal pressure and change the cloud evolution entirely.

Radiative transfer: We make quite simpli ed assumptions about the radiative conditions
in the cloud. In particular, we assume optically thin radiative cooling (likely reasonable
given the densities) and a uniform photo-heating rate discussed in more detail in Li et al.
(2017Db). In reality, some ionizing radiation probably leaks out of the disk and may heat
the gas (e.g., Bland-Hawthorn & Maloney, 1999; Dove et al., 2000). Also, radiation pressure
from both ionizing and infrared radiation could provide additional lift for the clouds (Murray
et al.,, 2010). We suspect both of these e ects will be relatively minor in determining the
dynamics of the clouds in this simulation. Although heating of low temperature clouds may
be important in some cases, radiation pressure is almost certainly sub-dominant to thermal
and ram pressure.

Magnetic elds: There is only limited information on the magnetic eld strength in clouds
above the disk; however, elds are certainly observed to have strengths similar to the ther-
mal pressure in the interstellar medium (e.qg., Heiles & Crutcher, 2005). Numerical models
of the disk which do include elds (e.g., de Avillez & Breitschwerdt, 2005; Hill et al., 2012;
Walch et al., 2015) generally nd their dynamical impact to be relatively mild, although
there is some indication they may provide additional support for the vertical scale height.
If important in in owing clouds, they may help to prevent fragmentation by providing dy-

namical support, as well as preventing or slowing the development of the Kelvin-Helmholtz
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or Rayleigh-Taylor instabilities.

Numerical Resolution: The numerical resolution in our simulations (2/4/8 pc within
0.5/1.0/2.5 kpc of the mid-plane) was chosen to be su ciently high to resolve the Sedov
phase of our SNe explosions within all but the highest density regions Li et al. (2017b);
Joung et al. (2012b). However, the cold clouds in the multiphase medium are not fully
resolved. Indeed, without the addition of thermal conduction it is unlikely that we can fully
resolve the cloud properties at any resolution. Instead they will continue to break up into

smaller clumps down to the grid scale (Choi & Stone, 2012).

2.6 Summary

We have carried out a set of numerical simulations modeling a cloud of gas in owing
towards the galactic disk from a height of 2.5 kpc. We include realistic heating and out ows
in order to better understand gas interactions at the disk-halo interface. Our galactic model
is taken from Li et al. (2017b) and is aimed at approximating conditions similar to the local
neighborhood of the Milky Way. We include SN explosions resolved with a 2 pc spatial grid,
which should be su cient to model their energetic input. The gas accretion is simulated
with a smooth in ow of gas at the upper boundary condition. We explore three models
which vary in the velocity of the in ow, ranging from 10 to 100km s %. In each case, a
similar amount of total gas is injected before the in ow is curtailed and the resulting ow is

evolved for 50-100 Myr. We summarize the following key results:

1. Cloud Evolution The initial di use cloud interacts with the out owing gas, forming a
forward shock, contact discontinuity and reverse shock. Most of the cloud mass ends
up behind the discontinuity, cooling and fragmenting via Rayleigh Taylor and Kelvin
Helmholtz instabilities. The clumps have typical densities of 1 cnf and temperatures
of about 1000 K. The dense clumps can accrete onto the disk even when the ram
pressure of the out ow exceeds that of the original di use cloud (Figures 2.1, 2.2 and

2.4).
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2. Cloud Velocity and MixingThe clouds initially accelerate ballistically before being de-
celerated by interactions with the out owing material. Close to the disk, we nd typical
cloud velocities ranging from 40-108m s *,depending on their initial injection rate.
This approximately corresponds to intermediate velocity clouds. The deceleration ap-
pears to be largely controlled by mixing, with velocities of dense gas correlating strongly
with the amount of mixing the cloud has experienced. Clouds do mix somewhat with
the ambient medium but retain more than 50% of their original gas (Figures 2.3 and

2.4).

3. Cloud Fate and Accretionin these models, infalling gas clouds often penetrate through
the disk, either because they hit an area with low disk surface density, or because they
have a high ram pressure. Most of the penetrating gas is reaccelerated by the out ow
on the other side of the disk and expelled. Only in the case with the lowest initial
velocity (10 km/s) does a majority of the cloud mass end up accreting on to the disk

(Figure 2.7).

4. Observational comparisonNVe generate mock observables for HI (a low ionization ion)
and OVI (a high ionization ion). We predict that in ow produces signi cant HI col-
umn densities of 10?° cm 2 in the compressed injected gas, with even higher values
for simulations with higher in ow rates. This is consistent with observational column
densities of IVC's as discussed in section 2.4.1. We nd correspondingly high ldmis-
sion in the high-density (reverse shock) region with an elevated emission intensity of
[1 15] 10*phs !cm 2sr i Closer to the disk, emission from the fragmented cloud
structures is di cult to distinguish from the background out ow emission intensity.
Because the clouds stay largely cool, we nd that there is relatively little OVI absorp-
tion or emission. We make comparisons to observations, nding rough agreement with

many existing Milky Way measurements. (Figures 2.9 and 2.10).

This work highlights the importance of interactions between in owing gas clouds and
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out owing gas at the disk-halo interface. The compression, fragmentation and cooling of
in owing gas results in the formation of cold, dense clouds which descend to the disk (and
beyond) without being destroyed. Future work is required to explore a wider parameter
space, both of cloud properties and of disk conditions. In addition, we have neglected a

number of physical e ects, the importance of which should be examined in later work.
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Figure 2.1: (Top) Isopleths of the in owing gas mass ux in equilibrium with the star
formation rate surface density —sgr (solid), 10 —ser (dashed), and 20 —spr (dotted).
The orange circle, purple square, and pink triangle mark the initial density and in ow
velocity conditions used in our three simulation runs. (Bottom) 1D pro les of the volume-
weighted ram pressure (black solid) and thermal pressure (black dashed) of the steady-state
supernovae-driven out ow as a function of z-position. The ram pressure of in owing gas in
three simulation runs is shown in solid colors corresponding to the labels in the top panel.
All three in ow simulations have the same thermal pressure shown as a dashed orange line.
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Figure 2.2: Density, pressure, temperature, z-velocity, colour density, and normalized colour
density slices showing the time evolution of the BURST50 simulation. Each panel is a slice
in the y-z plane at x = 0 with dimensions [0.35 x 3.5] kpc. Note that z-axis is vertical and
each slice is only showing the tofy0% of the box, as the full simulation is 5 kpc in the
z-direction. The time step for each panel is noted along the bottom of the plot. The plane
of the disk is the yellow high-density region at z = 0. Gas is injected at the top of the box,
and can be seen between z 2.5 kpc to z 1.5 kpc at the rst time step. This injected
gas is given an initial density 0f8:35 10 26 g cm 3, an initial temperature of 10* K, and an
initial velocity of 50 km s 1. The colour density traces the density of only the injected gas,
while the rest of the gas in the domain starts with a near-zero colour density eld. We divide
the colour density by the total gas density to create a normalized colour density eld, which
represents the fraction of injected gas present in a cell volume. We have changed the aspect
ratio in these slices (compressing them along the z-direction) to ensure they tin this gure.
Movies (with the correct aspect ratio) for all three simulations showing the frame-by-frame
time evolution can be found in the appendixg



Figure 2.3: 1D pro les of the average density, temperature, pressure, and z-velocity as a
function of z-position in each of three simulation runs. The density and pressure pro les are
weighted by volume, and the temperature and z-velocity pro les are weighted by mass. A
negative z-position is above the disk and a positive z-position is below the disk. The opaque
(darker) pro le lines are averaged over all of the gas in the simulation box. The transparent
(lighter) pro le lines are averaged over only the injected gas. We separate in owing gas
from the total gas content using the normalized colour eld, which represents the fraction
of injected gas present in a cell volume. We apply a normalized colour cut®»f50% The
pro le of the out owing gas (black) is taken at the last time step before in owing gas is
added at the top boundary. The pro les of the three simulation runs are taken after the 1
kpc long in ow burst has entered the box at the last time step before the top boundary is
switched back to out ow.
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Figure 2.4: Phase diagrams for the BURSTS50 simulation (left), BURST100 simulation (mid-
dle) and IMD10 simulation (right). These are 2D pro les of the average cell mass in each
density-temperature bin. The grey scale maps the distribution of all of the gas in the sim-
ulation box. The injected gas distribution is overlaid with a colour scale (rightmost colour
bar). We separate injected gas from the total gas content using the normalized colour eld,
which represents the fraction of injected gas present in a cell volume. Injected gas is selected
using a normalized colour cut o& 50% To demonstrate the gas phase evolution, we have
plotted each simulation at three di erent time steps noted in the upper right corner of each
panel, with earlier time steps at the top and later time steps at the bottom. Black vertical
lines separate each panel into three temperature regimes: cold (T10°*°K), warm (10*°K

< T < 10°°K), and hot (T 1CP°K).
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Figure 2.5: Zoomed-in density, pressure, temperature, z-velocity, colour density, and nor-
malized colour density slices showing cloud formation in the BURST50 simulation. Each
panel is a slice in the y-z plane at x = 0 with dimension§0:35 2] kpc. Note that z-axis

is vertical and each slice encompasses the rst region of 2x resolution re nementl( kpc)
and the second region of 4x resolution re nement (0:5 kpc). The plane of the disk is the
yellow high-density region at z = 0. The bottom left panels show the colour density eld,
which traces the density of only the injected gas. The rest of the gas in the domain starts
with a near-zero colour density eld. We divide the colour density by the total gas density
to create a normalized colour density eld (bottom right), which represents the fraction of
injected gas present in a cell volume. The time step for each panel is noted along the bottom
of the plot. We have changed the aspect ratio in these slices (compressing them along the
z-direction) to ensure they tin this gure.
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Figure 2.6: In this plot we have isolated the properties of the cloud population above the disk
using a z-positioncutof z= 0:2toz= 1kpc and a density cutofs 10 2> gcm 3. For gas
that meets this selection criteria, we generate a 2D distribution of the integrated mass in each
purity velocity bin. The purity fraction (also called normalized colour density) indicates
the amount of mixing: a high value corresponds to pure in ow material. It is calculated as
the ratio of the injected gas density in each cell (traced by the colour density eld) to the
total gas density in each cell. The velocity axis is in units of kns 1. We compare the three
simulation runs: BURST50 (left), BURST100 (middle) and IMD10 (right). The time steps
(noted in the upper left corner) are selected such that the injected gas in each simulation has
just reached the galactic disk. For the BURSTS50 simulation, the selected time step matches
the second panel in Figure 2.5.
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Figure 2.7: In this gure, we split the simulation box into three vertical segments and follow
the ow of injected gas through the segments over time. We de ne a segment below the
disk extending fromz = 0:2 kpc to the bottom boundary of the box atz = 2:5 kpc and a
complementary segment above the disk extending from= 0:2 kpc to the top z-boundary
edge of the box atz = 2.5 kpc. A middle segment centered on the galactic disk extends
from 0:2to +0:2kpc. We track the injected gas through the simulation box using the colour
density eld, which is the injected gas density in a given cell volume. (Left) The integrated
injected gas mass in each of three simulation box segments over time. The injected mass in
each segment is calculated by summing the product of the colour density and the cell volume.
The dashed black line is the total injected mass (See Table 4.1). (Right) The absolute value
of the mass injection rate in each of the three segments. All plots are shown as a function
of time since the injection start time (See Table 4.1). The top, middle, and bottom panels
are for the BURST50, BURST100, and IMD10 simulations respectively.
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Figure 2.8: The top panel shows the average mass as a function of temperature for the
injected gas throughout each simulation. These pro le were made at the time step directly
before the gas hits the disk. The bottom three panels focus only on injected gas in the disk
segment {zj < 0:2 kpc). The mass of injected gas inside the disk segment was calculated
the same way as in Figure 2.7, but here we additionally split the injected gas into four
temperature bins. Temperature cuts are de ned as: cold (¥ 1¢° K), warm (10° T < 10*

K), warm-hot (100 T <3 10 K),andhot (T 3 10 K)

52



Figure 2.9: Edge-on column density predictions for HI (top) and OVI (bottom) compared
at time steps where the injected cloud has reached 1 kpc in the BURST50, BURST100,
and IMD10 simulations. The right panels are 2D maps of the predicted column density
projected along the x-axis (integrated over the 0.35 kpc simulation width). The left panels
are 1D pro les of the average column density binned by z-position. A negative z-position
is above the disk, and a positive z-position is below the disk. These three simulations are
compared with column density predictions for the nal out ow time step before in owing
gas is injected
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Figure 2.10: Edge-on emission surface brightness predictions for Ktop) OVI (bottom)
compared at time steps where the injected cloud has reached1 kpc in the BURST50,
BURST100, and IMD10 simulations. The right panels are 2D maps of the predicted surface
brightness projected along the x-axis (integrated over the 0.35 kpc simulation width). The
left panels are 1D pro les of the average surface brightness binned by z-position. A negative z-
position is above the disk, and a positive z-position is below the disk. These three simulations
are compared with the emission predictions for the nal out ow time step before in owing
gas is injected.
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Figure 2.11: Density, z-velocity, and normalized colour density slices showing the time evo-
lution of the SMALL50 simulation. Each panel is a slice in the y-z plane at x = 0 with
dimensions [0.35 x 3.5] kpc. Note that z-axis is vertical and each slice is only showing the
top 70%of the box, as the full simulation is 5 kpc in the z-direction. The time step for each
panel is noted along the bottom of the plot. The plane of the disk is the yellow high-density
region at z = 0. Gas is injected at the top of the box over a quarter of the surface area,
and can be seen betweenz 25kpctoz 1.5 kpc at the rst time step. This injected
gas is given the same initial conditions as the BURST50 simulation. The normalized colour
density eld represents the fraction of injected gas present in a cell volume. We have changed
the aspect ratio in these slices (compressing them along the z-direction) to ensure they t
in this gure. 55



Chapter 3: Design, Engineering, and Early Commissioning of the

Circumgalactic H Spectrograph (CH S) 2

3.1 Introduction

Where are the atoms in the Universe? This question highlighting the last remaining
frontier in our study and census of the evolving distribution of baryonic matter remains
elusive due to the challenges of detecting gas at its lowest densities. A true mapping requires
observations that can reach exceedingly low surface brightnesses. Pioneering work with
Fabry-Perot, deep long-slit and integral- eld unit (IFU) spectroscopy (e.g. Vogel et al. 1995,
other refs) has sought to measure faint light from intergalactic clouds and galaxy halos, and
this remains very much a eld in its early stages.

The Circumgalactic H Spectrograph (CH S) is a wide- eld integral eld spectrograph
designed to measure faint emission from diuse gas in the local universe. The primary
science goal for CHS is to observe the circumgalactic medium (CGM) around low-redshift
(z < 0:.01) galaxies. The CGM, loosely de ned as the halo of gas extending from the disk of
a galaxy to the virial radius and beyond, is the site of gas accretion, recycling and refueling
onto a galaxy. Accordingly, the properties of the CGM have an important in uence on
the evolution of the galaxy, and, in turn, feedback from the galactic disk closely a ects the

properties of the CGM. Around low redshift galaxies, the properties of the CGM are not well

2 This chapter is a slightly edited version of a paper submitted to the Publications of the Astronomical
Society of the Paci c. The full citation for this work is: Nicole Melso, David Schiminovich, Brian Smiley,
Hwei Ru Ong, Barbara Cruvinel Santiago, Meghna Sitaram, Ignacio Cevallos Aleman, Sarah Graber, Marisa
Murillo, Marni Rosenthal, loana Stelea. The Circumgalactic H Spectrograph (CH S) I. Design, Engineer-
ing, and Calibration. PASP, 2021, Submitted.
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known beyond the disk-halo interface that extends to a few kpc from the galactic disk. CIS

is tailored to make a direct detection of line emission from di use ionized gas throughout
the CGM on 1-100 kpc scales. Its unprecedented observations will address fundamental
guestions by investigating how much baryonic mass surrounds nearby spiral galaxies, how
this matter is distributed, and how gas ows between the circumgalactic medium and the
galactic disk.

As an integral eld spectrograph, CH S can simultaneously map the mass, distribution,
and kinematics of ionized gas undergoing cooling or recombination. Spectral imaging is
well-suited for faint, di use observations because it o ers unconstrained pointing, wide- eld
spatial sampling, and superior survey speed (Bershady, 2009; Morrissey et al., 2018). GH
is a dedicated instrument for the Hiltner 2.4-meter telescope at MDM Observatory on Kitt
Peak, bringing full- eld spectral imaging capabilities to the observatory. The MDM facilities
include both the Hiltner 2.4-m telescope and the McGraw-Hill 1.3-m telescope, which are
owned and operated by a consortium consisting of Dartmouth College, Columbia University,
Ohio State University, Ohio University, and the University of Michigan. CH S will be a
permanent facility instrument at MDM Observatory, available to the consortium. This is
the debut paper for the Circumgalactic H Spectrograph, and we motivate the instrument
construction in Section 3.2 by outlining the scienti ¢ requirements. We present the optical
design in Section 3.3, the mechanical design in Section 3.4, the expected performance in
Section 3.5, and the early commissioning results in Section 3.6. We conclude with a discussion
of the spectrograph optimization in Section 3.7, a brief outline of plans for future work in

Section 3.8, and a summary of key points from this publication in Section 3.9.

3.2 Scienti ¢ Requirements

Many of the CH S design goals are motivated by the observational and theoretical prop-
erties of ionized gas in the low-redshift CGM. We brie y discuss these properties and their

corresponding scienti c requirements. Gas in the CGM is a multi-phase mixture, but the pre-
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dominant mass component at low-redshifts is hydrogen gas in the low density, warm/warm-
hot (3:5 < logT < 55 K) ionized phase. Several sources and ionization mechanisms con-
tribute to the ionization of the CGM. lonizing photons from stars, AGN and the extragalactic
UV background photoionize gas far into the galactic halo and beyond (Shull et al., 2012b;
Haardt & Madau, 2012; Bland-Hawthorn et al., 2017), while mechanical feedback processes
such as supernovae shocks and AGN winds expelled from the galactic disk collide with and
collisionally ionize the surrounding gaseous halo. Accordingly, ionized gas is expected to be
ubiquitous in the galactic halo, it is present at key interfaces, and it likely plays an important
role in gas exchange with the galactic disk.

Multiple lines of evidence suggest an extended and complex distribution of gas in the
low-redshift CGM. The most massive component of the CGM - the warm/warm-hot ionized
medium - is traced by low ion and intermediate ion metals in UV absorption. This massive
gas reservoir extends hundreds of kpc from the disk of a galaxy out to the viral radius
and beyond (Shull, 2014; Borthakur et al., 2016). In order to cover the extended physical
size of the CGM in a single exposure, CHs is optimized to operate with high e ciency
over a wide eld of view. The maximum eld of view sampled by CHS is set by the
observatory telescopedetector pairing. CH S is deployed in the focal plane of the Hiltner
2.4-meter telescope, utilizing nearly all of the telescope's unvignetted focal plarig{ 109
to conduct wide- eld spectroscopic imaging with the MDM4K detector. Accordingly, CHS
is exceptionally e cient in mapping large regions of the CGM in a single exposure, targeting
nearby galaxies (d< 35 Mpc) where the CGM is expected to Il the full eld of view. The
spatial resolution within the CH S FOV is motivated by the expected gas distribution and
the size of the small-scale substructure that populates the halo. The amalgamation of many
absorption sightlines (through the gaseous halos in a large sample of galaxies) probes the
radial gas distribution of the CGM in low-z galaxies as an ensemble. For example, the non-
uniform covering fraction and spread in the equivalent width of Si Il absorption features

suggest that the bulk of the halo mass in the CGM of low-redshift galaxies has a patchy
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gas distribution with varying density (Borthakur et al., 2016). In systems like M31 where
multi-sightline absorption measurements are available within the same halo, many properties
of the CGM are found to have a radial dependence including column density and gas-phase
structure. Similar to the ensemble properties of low-redshift spiral galaxies, low/intermediate
ions in M31 are shown to have a non-unity covering fraction0(85) within 1:1R, and Si
column density that varies by a factor of 5 10 within 0:5R,; (Lehner et al., 2020).
Simulations of the CGM are often in agreement that cicumgalactic gas distribution is patchy
(Oppenheimer et al., 2018) and hosts many sources of multi-scale structure (Joung et al.,
2012b). Examples of multi-scale substructure in the CGM include small clumps/clouds on
the order of 0.01-10 kpc in diameter (Churchill et al., 2003; Stocke et al., 2013; Crighton et al.,
2015), radial gradients over scale lengths of 10-100 kpc (Borthakur et al., 2016), and large
lametary structure spanning 10 1000kpc in length (Ha ner et al., 1998; Churchill et al.,
2012). Well-resolved spatial coverage is needed to distinguish between a smooth density
gradient, a fragmented population of clouds/clumps, the presence of satellites, or gas in
large-scale laments. CH S is designed to have a spatial resolution &f3 2:6 arcseconds or
1-5 kpc at a distance of 10 Mpc. Spatial resolution of the order of a 100 to 1000 pc may not
probe the smallest scale structure, but should resolve features on the average length-scale
of substructure in the CGM. Most importantly, integral eld spectroscopy with CH S will

be made in the context of the full eld of view (unrestricted by sightlines to a background
source), capturing the extended gas distribution and its radial/spatial dependencies.

In the spectral dimension, selecting a kinematic search window for gas associated with
the low-redshift CGM requires systemic velocity limits over a span of redshifts as well as
an expected range of Doppler kinematics in the galaxy rest frame. Redshiftsaok 0:008
correspond to a maximum systemic velocity of 2400 km/s, or a shift of 50A. Doppler
shifts due to local gas kinematics within the halo o set the spectral feature centroid with
respect to the systemic velocity. A number of di erent dynamic components contribute to

the Doppler o sets in the CGM, including gas co-rotating with the galactic disk (Ho et al.,
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2017; Zabl et al., 2019; French & Wakker, 2020), in owing gas replenishing the galactic
disk (Martin et al., 2012; Rubin et al., 2012; Zheng et al., 2017; Ho & Martin, 2020), and
out owing gas spewed back into the CGM (Ho et al., 2014; Rodriguez del Pino et al., 2019).
Despite the variety of dynamic components in the halo, the gas within the virial radius is
typically gravitationaly bound with CGM velocities not exceeding the escape velocity of
the galaxy (550 km/s for Milky Way mass galaxies) (Tumlinson et al., 2017). Accordingly,
with CH S we aim to measure Doppler kinematics as large as00 km s?! in a given
lter (25 A), encompassing the majority of gas in the low-redshift CGM of Milky-Way-
like galaxies. Throughout the gaseous halo any given sightline may contain multiple velocity
components, velocity gradients, or shear resulting in broad or multi-peaked spectra. In order
to decouple these velocity components, CHs should be able to resolve individual emission
lines. Therefore, an upper limit on the velocity resolution is the minimum linewidth due
to random motions (i.e. thermal broadening and non-thermal turbulent motions), typically
measured by the Doppper parameteb = ((kT=m)? + ¢, ). Warm/warm-hot ionized
hydrogen gas at 10°® 10°° K with a < 20 km s ! contribution from non-thermal
broadening (Tumlinson et al. (2017) and references therein) has a minimum linewidth of

20 50 km s 1. These numbers are on par with the typical spectral line widths observed
in the CGM (Werk et al., 2013), and inform thel5 30 km s ! velocity resolution selected
for CH S.

Traditionally the CGM has been studied in absorption, requiring a bright background
source to make high signal-to-noise (S/N) measurements along a restricted line-of-sight. An
alternative to absorption studies is to observe the CGM in emission, providing a direct de-
tection of ionized hydrogen in the CGM. CH S is designed to detect and map ionized gas
throughout low-z CGM using faint emission signatures. Emission radiation traces the re-
combination of photoionized gas and the recombination/cooling of collisionally ionized gas
and collisionally excited gas. The most prominent emission signatures from ionized/excited

hydrogen are the Balmer Ly and H transitions respectively. Ly is emitted in the UV,
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and is inaccessible to ground-based observations at low-redshifts. Accordingly the namesake
emission signature for CHS is the H line. While the H line is sucient to map the
distribution of ionized gas in the CGM, the CGM is ionized by a variety of processes, and
it is impossible to decouple contributions from star formation, AGN, and shocks/feedback
with only the H tracer. Fortunately, each ionization mechanism possess a unique signature
of spectral line ratios between [S I1] (6718, [N I] ( 6584, [O lll] ( 500%, [O ] ( 37279,
[O1] ( 6300, H and H ( 486) that can be used to map the e cacy of di erent ion-
ization mechanisms throughout the galactic halo (Baldwin et al., 1981). Spectral imaging
can construct 2D maps of these line ratios, quantifying the strength of individual ionization
mechanisms throughout the halos of low-redshift galaxies. Therefore, CH must be capable
of targeting a broad range of optical emission lines.

One of the main obstacles impeding a direct detection of ionized gas in the CGM is the
di use nature of the gas, producing an extremely tenuous emission signal. This detection
requires an instrument capable of making very low surface brightness observations without
being dominated by the sky background or detector noise. Emission intensity scales as the
hydrogen number density squared and is dependent on the incident rate of ionizing photons.
Very few direct detections of CGM emission have been made in the low-redshift regime
beyond the Milky Way halo, and the warm/warm-hot gas that comprises the majority of
baryons in the local universe remains largely undetected (Shull et al., 2012b). In select low-
redshift edge-on systems, spectroscopic detections of lmission have been made beyond
the edge of the HI disk, where the ionized disk gas maintains a high-column density in the
edge-on projection (Bland-Hawthorn et al., 1997; Fumagalli et al., 2017). Warm/warm-hot
ionized gas beyond the disk-halo interface and far into the CGM is expected to have a
density of 10 6 <ny < 10 2 (Tumlinson et al., 2017). This range in density should produce
exceedingly faint emission on the order of 1 10 mR at a distance of 50 100 kpc
from the disk of a galaxy (Corlies & Schiminovich, 2016b). Such limits are similar to the 3.3

MR statistical detection of H emission between 50-100 kpc in the composite halo of a large
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sample of stacked SDSS spectra (Zhang et al., 2016). These surface brightness values set a
sensitivity limit for CH S, and require observations that push down t®:1% 1% of the
sky-background intensity depending on the Iter bandpassl§, = 2 RA 1) (Leinert et al.,
1998).

In summary, we adopt four main science requirements from the properties of the CGM:

1. Target a broad range of optical emission lines: H( 6563, H ( 4861, [S ] ( 6718,
[N 1] ( 6589, [O 1] ( 5007, [O 1] ( 3727, [O1]( 6300

2. Cover the extended physical size of the CGMbQ 100kpc) in the local universe (d
< 35 Mpc) while resolving individual structures/features on scales of 0.1-1 kpc at a

distance of 10 Mpc.

3. Coverage over a continuous systemic velocity range from(0 2400]km/s (z < 0:008
with the ability to measure rest frame Doppler kinematics as large as 600 km/s

down to a velocity resolution of 15-30 km/s.

4. Achieve sensitivity to emission on the order df 1-10 mR (approximately0:1% 1%

the sky background intensity).

3.3 Optical Design

In this section we detail the CH S optical path. CH S has a catadioptric design con-
sisting of a Schmidt collimator and camera with a high-di raction e ciency volume phase
holographic (VPH) grating. While the CH S optical performance and di raction e ciency
were originally optimized for H emission, the reduced chromaticity in the catadioptric de-
sign has also allowed us extend the operational wavelength range to nearly the full optical
range. We have optimized a blue channel and a near IR channel mode to work with a single
di raction grating and without the need to swap any of the main instrument optics. The
instrument maintains a narrow bandpass around each line center but covers a wide span of

low ionization emission lines.
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One triumph of the CH S design is the cost-savings a orded by the incorporation of many
commercially available optics. The catadioptric design leverages the excellent wide- eld opti-
cal performance of the Schmidt telescope along with the comparably low-cost manufacturing
of optical spheres. The CHS collimator is a Celestron Rowe-Ackerman Schmidt Astrograph
(RASA) telescope, and the asphere in the camera is a mass-produced Celestron corrector
plate. All of the mirrors in the relay system are either government surplus or o -the-shelf

optics.

Figure 3.1: Zemax ray-trace of the CHS design. In this gure, we split the design into
three subsets: the relay optics, the entrance optics, and the spectrograph optics. The total
sequential optical path through all three is: (relay optics) telescope focal plane, at pick-o
#1 , concave spherica#l , convex spherical, concave sphericé® , (entrance optics) at pick-

o0 #2, microlens array, (spectrograph optics) collimator eld corrector bundle, collimator
primary, collimator asphere, grating, camera asphere, camera at, camera primary, camera
eld corrector, detector.
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3.3.1 Focal Plane Optics

CH S sits in the focal plane of the MDM Hiltner 2.4-m telescope. It attaches to and
utilizes the MDM Multi-Instrument System (MIS), which is installed immediately preceding
the telescope focal plane. The MIS is a modular system including a nder module (with
calibration lamps), a guider module, and a Iter wheel module. We do not use the lter
wheel module, and have instead installed a commercial motorized lter wheel close to the
telescope focus, allowing us to switch between a set of narrowband lters. CH also has its
own shutter installed near the focal plane of the telescope. The CI8 shutter is a Uniblitz
CS65 shutter controlled by a Uniblitz D880C driver. This driver is connected to the MDM
4K detector electronics box and is set up to be automatically triggered by the detector
exposure commands.

With the nder and guider MIS modules installed, the telescope back focal distance is
reduced to approximately 3 inches. Accordingly, a system of relay optics is needed in order
to extend and re-image the telescope focal plane down into the entrance of the spectrograph
with enough clearance to avoid collision between the MIS and the CI$ collimator. The
O ner relay design used in CH S can be seen in Figure 3.1. It consists of two identical
concave spherical mirrors, one convex spherical mirror, and two at pick-o mirrors, which
in total relay the focal plane by 655 mm. All of the optics are coated with a UV Enhanced
Protective Silver High Re ective Coating (> 97% @ 400 1000nm) applied by Teledyne
Acton Optics. The nal at in the relay is positioned to redirect the re-imaged focal plane
into the spectrograph entrance optics, including the microlens array and eld correcting lens

unit.

3.3.2 Microlens Array

The entrance to the spectrograph is a microlens array, which sits directly in the re-imaged
focal plane exiting the relay system. The lenslets themselves re-image the pupil of the

telescope and act as a focal reducer, converting the F/7.5 telescope input to an F/2.5 output
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that can be fed into the fast collimator design. We have purchased two custom mirolens
arrays from Advanced Microoptics Systems (a): one array with 250 m pitch lenslets and
one array with 125 m pitch lenslets. Hereafter, these are referred to as the ML250 array
and ML125 array. The ML250 and ML125 arrays have 60, 000and > 240 0000individual
lenslets respectively, creating a powerful integral eld spectrograph with high spatial and
spectral resolution.

We present the CH S microlens array parameters in Table 3.1. Each array isG8 68
mm clear aperture Fused Silica optic composed of hexagonal plano-convex lenslets, covering
nearly the full eld of view of the Hiltner 2.4-m telescope. An anti-re ection (AR) coating is
applied to the planar side of each array with a re ectance of 1% between 400 nm and 900
nm. On the convex side of the array, a black chromium mask is applied between the lenslets,
lling in the gaps where the lenslets intersect and creating a circular aperture around each
hexagonal lenslet pro le. The fused silica on this side has<a4% re ectance and the black
chromium mask itself has a re ectance ok 5% between 400 nm and 900 nm. This mask
is used to stop down the lenslet aperture slightly and to keep light from scattering at the
lenselet interstices. An additional eld mask can be installed next to the microlens array
to block a speci c pattern of lenslets, masking bright regions and maximizing the spectral
lling factor at the detector.

As seen in the non-sequential ray trace in Figure 3.2, each plano-convex array can be
ipped 180 degrees in the optical path without altering the imaging capabilities. Both
microlens arrays were designed with F/2.5 lenslets. They are slightly slower than the F/2.2
collimator in order to reduce the amount of light lost o the edges of the grating. For
plano-convex lenslets, the e ective focal length is independent of the array thickness, and
each array is 2 mm thick to avoid deformation. When calculating the e ective focal length,
each lenslet can be treated as a thick lens re-imaging the telescope pupil via refraction. The
lenslet diameter (D), e ective focal length €. ), and radius of curvature (R) are derived from

Equation 3.1 for material with index of refraction (n) at the desired wavelength. However,
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spherical aberration at the convex surface of the lenslets causes marginal rays at the edges
of the lenslet aperture to have a shorter focal length than the paraxial rays. This aberration
can be mitigated slightly by masking the lenslets (with black chromium), although they are
not masked to the limit of the paraxial approximation as this would drastically reduce the
throughput. As a result of this aberration, the true focus is not quite equal to the e ective
focal length given by the paraxial approximation. The best-focus of the telescope pupil image
lies at the circle of least confusion of the caustic envelope created by spherical aberration.
We calculate the nominal best focus position of the lenslet array via non-sequential ray trace;
however, it can also be ne-tuned with the motorized collimator focus.

fe

F=2=Rn 1) (3.1)

The microlens array is positioned in the focal plane of the telescope, such that the eld is
focused on the side of the array with optical power (both con gurations in Figure 3.2). The
microlens array samples the eld of view and each lenslet bins the focused eld positions from
a small patch of sky. The exit pupil of each lenslet is a demagni ed image of the telescope
pupil (Courtes, 1982), referred to as a micropupil. The microlens array creates a grid of
micropupils that form the focal plane of the collimator and the entrance to the spectrograph
(Figure 3.2). Since the telescope pupil (not the eld) is re-imaged at each lenslet, the PSF is
independent of spatial eld variation (Bacon, 1995). Without the di raction grating, these
micropupils are directly re-imaged onto the detector with demagni cation through the colli-
mator/camera optics (Figure 3.2). With the grating in place, the space between micropupils
can be lled with the dispersed spectra. A camera aligned with the dispersion direction
images the spectra on the detector. The vertical distance between adjacent lenslets sets the
distance between micropupils and the maximum length of the spectra before they begin to
overlap. This restricts the spectral bandpass, as a narrowband lter is used to shorten the
spectra and avoid overlap. When the lenslets are aligned with the dispersion direction, the

vertical distance to the next spectrum is approximately half the lenslet pitch, and the spec-
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Table 3.1: Microlens array parameters as manufactured by Advanced Microoptics Systems
(A S). E ective focal lengths are calculated using the thick lens approximation at a central
wavelength of = 0:6583nm for low-redshift H . Both arrays are made of Fused Silica (n

= 1.4563 @ 0.6583 nm).

Pitch Aperture Radius E Focal F/# Thickness
(mm) (mm) (mm) (mm) (mm)
0.25 0.225 0.001 0.257 3% 0.563 2.5 2.0
0.125 0.113 0.001 0.129 3% 0.283 2.5 2.0

Table 3.2: Optical performance of spectrograph convolved with lenslet pupil imaging.

Pitch RMS Radius GEO Radius FWHM sigma

Zemax Zemax Measured Measured
(mm) ( m) ( m) ( m) ( m)
0.25 19.0 27.3 57 24
0.125 8.9 13.5 30.5 13

tra quickly overlap within a few resolution elements. However, slightly rotating the lenslets
with respect to the dispersion direction signi cantly lengthens the vertical distance to the
next micropupil (Bacon et al., 2001). With a slight rotation of approximately 5-6 degrees,
each spectrum now grazes past its immediate neighbors, improving spectral packing and

extending the allowable bandpass.

3.3.3 Collimator & Camera

Following the entrance optics, the diverging beam from the microlens array is collimated
by a Celestron 36 cm Rowe-Ackermann Schimdt Astrograph (RASA). This is a commercially
available telescope released by Celestron in 2016. The RASA design consists of a spherical
mirror, an aspheric corrector plate, and a low-dispersion 4-element eld corrector lens bundle.
The focus of the telescope lies outside the optical tube in front of the asphere, as it is originally
intended to be used with a camera at prime focus. Among commercially available telescopes,
the RASA has a large aperture (356 mm), and a fast (f/2.2) wide- eld4:3 FOV) design

that combined result in an impressively high étendue. The optical performance is<a6:3

67



micron RMS spot size across the full FOV and spanning the full optical bandpass.

The CH S camera is a custom folding Schmidt design consisting of an aspheric corrector
plate, a folding at mirror, and a spherical primary mirror. The folding Schmidt design
allows the MDM4K dewar to be attached to the camera without increased obscuration;
however, it requires a large custom-machined optical at. The asphere at the camera en-
trance is the mass-produced Celestron 28cm RASA corrector plate (the same as the C12
Schmidt-Cassegrain corrector plate). The folding at following the asphere is a custom optic
manufactured by Sydor. It has a cut machined out of the center to accommodate the return
beam and pass light through to the detector. Following the at, the primary is a custom
sphere manufactured by Optimax. The primary redirects light back through the central cut
in the at where it passes through a eld corrector lens and is focused onto the MDM 4K
detector. The CH S camera design achieves an excellent optical performance, producing
RMS spot sizes ok 10 microns over al0 10 arcmin FOV and a wide range of central
wavelengths spanning400 900]nm.

Like the RASA, this camera design is shorter than a classical Schmidt telescope. The
distance from the sphere to the corrector plate is less than the radius of curvature, allowing
easier accommodation of the focal plane detector in the design. The shortened Schmidt
design proposed by Wynne (1977) reduces the instrument packaging and can allow for the
correction of spherical aberration, astigmatism, coma, eld curvature, and longitudinal (ax-
ial) chromatic aberration over a large bandpass and wide eld of view. The Wynne (1977)
design includes a singlet self-achromatic eld corrector lens, such that the chromatic focal
shift at the front and back surfaces of the lens are equal and opposite. The C8H eld
corrector is a singlet fused silica lens that cancels the Petzval eld curvature and minimizes
optical aberrations over the wide spectral range. However, it is not self-achromatic and has
a small focal shift on the order of a micron over the full optical bandpass [400- 900 nm].

The self-achromatic shortened Schmidt design is partially constrained by the distance

between the asphere and the sphere. In the folded Schmidt con guration this distance
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is limited by the converging return beam passing through a central cut in the folding at.
Moving the at closer to the primary places it further upstream in the return beam, requiring
a larger cutout that introduces additional obscuration. In the CH S camera design we
minimize this obscuration, as the axial achromatic shift within each narrowband (3 nm)
observation is negligible. See Section 3.8 for plans to address chromatic focal adjustment

over the full optical bandpass.

3.3.4 VPH Grating

The CH S diraction element is a volume phase holographic (VPH) grating mounted on
a rotational stage between the collimator and camera. VPH gratings are capable of achieving
an incredibly high e ciency response, and the peak di raction e ciency can be shifted to the
desired central wavelength by adjusting the angle of incidence (Barden et al., 2000; Baldry
et al., 2004). These properties are well-suited for CHB, as the diraction e ciency is the
limiting factor in maximizing the instrument throughput and the CH S design is optimized
to operate with a narrow bandpass over a wide range of central wavelengfd0 900]nm.

VPH gratings consist of a thin layer of dichromated gelatin sandwiched between two
glass plates to create a durable optic. The gelatin layer has a modulated index of refraction,
creating sinusoidal fringes analogous to grooves in a typical surface relief grating. These
fringes can be slanted relative to the grating normal as is the case in a blazed ruled grating
(Section 3.3.4.2). Similar to the design of a ruled grating, the fringe frequency and fringe slant
in a VPH grating are determined by (1) the central wavelength and di raction order, (2) the
allowable collimator-to-camera angle constrained by the instrument packaging or geometry,
and (3) the desired angular dispersion, which factors linearly into the instrument spectral
resolution. Diraction in a VPH grating follows the classical grating equation (Equation

3.2) such that light at a given wavelength incident at an angle on a grating with fringe
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frequency will be diracted in order m at an angle .

m =sin sin (3.2)

The CH S grating was manufactured by Wasatch Photonics with a fringe frequency of
= 1200 lines/mm. This contributes to the moderate resolving power (R 10,000 20;000
and sets a collimator-camera angle that ranges from [35 65] depending on selected
wavelength. The CH S grating is a large-format optic [340 mm x 290 mm x 20 mm] with an
elliptical clear aperture. It is capped using fused silica substrates, each polished to excellent
surface quality (meanPV = 1:197=RMS = 0:212 over a 98 mm aperture) and coated with a
broadband @00 1000nm) anti-re ective coating (< 2% re ectance for Bragg incidence at

658 nm). The CH S grating parameters are summarized in Table 3.3.

3.3.4.1 Diraction E ciency

The CH S VPH grating operates with high di raction e ciency over a narrow instrument
bandpass ( 3 nm) at central wavelengths ranging from [400 - 900] nm, but it's maximally
optimized for a central wavelength of 660 nm corresponding to slightly red-shifted (z = 0.006)
H emission. Light passing through a VPH grating is di racted according to the classical
grating equation. However, the di raction e ciency is moderated by Bragg re ection; light
is coherently di racted with high e ciency when scattering in the gelatin volume creates
constructive interference (Baldry et al., 2004). Bragg re ection occurs in the grating fringe
plane resulting in equal and opposite angles of incidence and diraction with respect to
the fringe structure inside the grating gelatin. Setting the angle of incidence equal to the
angle of di raction with respect to the fringe structure inside the grating gelatin, accounting
for refraction in air, and substituting into in Equation 3.2 results in the Bragg condition
given in Equation 3.3. Using notation that is consistent with previous literature, angles
without a subscript are measured in air (, ), angles with a subscript 1 are measured in the

substrate glass (1, 1), and angles measured within the grating gelatin as well as the gelatin
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Table 3.3: The grating and camera angles for key wavelengths in the three di erent channels
(blue, red, and infrared). The Bragg angle is measured inside the gelatin relative to the
grating fringes. The fringe slantis = 4:5 The angle of incidence and angle of di raction
are measured in air relative to grating normal. The camera angle is the sum of the angle of
incidence and angle of di raction measured relative to the optical axis of the collimator.

Wavelength Bragg Incidence Diraction =~ Cam Anamorphic Angular Dispersion Linear Dispersioh
+ + + + +
490 nm 126 234 11.0 -11.0 -234 344 094 107 28Rt 27R 1 72 mAl 77 mA1?
658 nm 170 29.7 170 -17.1 -298 468 091 110 200A * 28R * 74 mA ! 81 mA'‘?
658 nm°® 32,0 49.9 417 -41.7 -499 916 086 116 3¥A ! 3A ! 95 mA ! 110 mA?
900 nm 236 395 262 -26.4 -397 659 086 1.17 28R ! 3XR ! 79 mA! 92 mA?
430 m per pixel in 2x2 detector binning
bhigh dispersion mode using alternate VPH grating with a fringe frequency of 2173 linesam ! and a fringe
slant of 2.5

parameters themselves are given a subscript 25( 5, N, ny). Additionally, parameters
that speci cally satisfy the Bragg condition are noted with a subscript b (25, ). In the

case where there is no fringe slant (Littrow), , = = 2= 2.

m » 2b=2n23in 2b (33)

As seen in Equation 3.3, the Bragg condition depends on the fringe frequency in the
grating ( = cos ), the wavelength of light ( ), and the angle of incidence in the grating
gelatin with respect to the fringe structure ( o). Therefore, the diraction e ciency at a
given wavelength can be maximized by selecting an angle of incidence that satis es the Bragg
condition. In other words, changing the angle of incidence shifts the peak di raction e ciency
to a specic wavelength. The CH S grating is mounted on a rotational stage between
the collimator and camera; rotating the grating allows us to dial-in" our observational
wavelength, achieving the maximum di raction e ciency by selecting the optimal angle of
incidence.

While we try to operate as close to the Bragg condition as possible, VPH gratings are
still able to achieve high di raction e ciencies at wavelengths and angles of incidence that
are slightly o -Bragg. Varying the wavelength at a xed angle of incidence creates a spectral

e ciency response in the grating that peaks at the Bragg wavelength and falls o as the de-
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viation from the Bragg wavelength increases. This wavelength-dependent e ciency response
is called the spectral Bragg envelope (Kogelnik, 1969). Similarly, for xed wavelength, VPH
gratings have an angular e ciency response (angular Bragg envelope) that peaks at the
Bragg angle of incidence and falls o with increasing angular deviation from Bragg. Both
the spectral e ciency and angular e ciency response contribute to the grating bandpass.
The Bragg condition is not the only factor involved in setting the di raction e ciency.
Unlike ruled gratings, VPH gratings have a number of additional parameters inherent to the
gelatin layer including the gelatin thickness (d), the average index of refraction in the gelatin
(ny), and the index of refraction modulation amplitude (n ,) that creates the fringe pattern.
These values are often called tuning parameters because they in uence the diraction e -
ciency in tandem with the Bragg condition. The tuning parameters are xed in the grating
design. For example, in the CHS grating we select a thin gelatin depthde =3 m) and a
high index of refraction modulation amplitude ( n = 0:11) in order to maximize the angu-
lar bandpass (  / ﬁ) and spectral bandpass { / C‘“TdB) while still ensuring that the
di raction e ciency peaks around a central wavelength of 660 nm (Equation 3.4) (Barden
et al., 2000).

nzd (34)

2
Figure 3.3 shows the predicted (average polarization) CHs diraction e ciency. The

solid lines are rigorous coupled wave analysis (RCWA) carried out at Bragg incidence for
central wavelengths of 490 nm (blue), 660 nm (green), and 900 nm (red). We note that over
the narrow CH S bandpass ( 3 nm) there is very little change in the spectral e ciency
response. On axis, CHS is always operating close to the Bragg wavelength, and the perfor-
mance is not particularly dependent on the shape of the spectral Bragg envelope. Instead,
CH S is more sensitive to deviations from the Bragg angle of incidence. O -axis eld po-

sitions covering the 10 arcmin CHS FOV undergo angular magni cation through the fast,

wide- eld collimator optics. In the spectral direction, this angular magni cation results in
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a 2:5degree spread in o -Bragg incidence angles encountered by the grating, which shifts
the Bragg wavelength by 70 nm at a central wavelength =660 nm (well outside the 3

nm lIter bandpass) (Robertson et al., 2000). This can be seen in Figure 3.3 where RCWA
analysis is done at the same central wavelengths for o -axis incidence angles with a Bragg
deviation of 2.5 degrees, creating the e ciency response shown by the shaded regions. The
0 -axis diraction e ciency at the central wavelength decreases according to the pro le of
the angular Bragg envelope.

A feature of interest in Figure 3.3 is the o set between the peak wavelength (sometimes
called the blaze wavelength) and the Bragg wavelength. This occurs when we rotate the
grating to operate away from the overall optimization 660 nm. For example, the solid blue
line represents RCWA e ciency predictions at Bragg incidence for a central wavelength of 490
nm, but the curve actually peaks at a blaze wavelength of 530 nm. This is a feature at Bragg
incidence and is not an o -axis shift in the Bragg wavelength. Recalling Equation 3.4, the
peak e ciency depends on the amplitude of the index of modulation§ ;) and the e ective
thickness (d). To center the e ciency response on 490 nm at Bragg incidence, the ideah,
should be 0:08 The fringe structure in the CH S grating is over-modulated (high n,)
for bluer wavelengths and under-modulated for redder wavelengths, manifesting as a shift
in the e ciency response and an o set between the blaze peak and the Bragg wavelength
(Wasatch private correspondence). If CHS had a wider bandpass and the spectral e ciency
response was a more important factor in the overall di raction e ciency, we could rotate the
grating to a Bragg angle corresponding to a blaze wavelength peak at 490 nm. However, this
is unnecessary with the narrow instrument bandpass, and we achieve a much smaller spread
in the angular e ciency response by operating close to Bragg incidence and accepting an
o set between the Bragg wavelength and blaze wavelength. Looking at the shaded o -Bragg
angular e ciency response for 490 nm and 900 nm, the angular e ciency curves converge
at the Bragg wavelength (where the deviation from o -Bragg incidence angle is zero). For

xed wavelength very close to the Bragg wavelength, the e ciency response as a function of
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eld angle (in the spectral direction) is minimized and symmetric. Operating at the blaze
wavelength would cause an asymmetric e ciency response at opposite eld angles with a
larger spread in the relative e ciency across the FOV.

In summary, the CH S VPH grating boasts a high di raction e ciency of > 70% for
narrowband observations over the full eld of view spanning central wavelengths from [490 -
900] nm. In addition, the grating performance is particularly superb near the Hline (660
nm) where we achieve a full- eld di raction e ciency of > 90% The cross markers in Figure
3.3 are the manufacturer measured rst order diraction e ciencies at three distinct laser
wavelengths (488 nm, 650 nm, 904 nm) averaged across the grating aperture. These con rm

the predicted on-axis e ciency close to the central wavelength.

3.3.4.2 Fringe Slant

The nal parameter in the CH S VPH design is the fringe slant, similar to the blaze
angle in a ruled grating. When the fringe structure within the gelatin is normal to the
grating surface, the optic operates as a transmission grating in the Littrow Con guration
(the angle of incidence is equal to the angle of diraction ). As the fringes are slanted
with respect to the grating surface, the angle of di raction follows the traditional grating
equation; however, for a xed angle of incidence, slanting the fringes decreases the di raction
e ciency. The peak e ciency in a VPH grating occurs when the Bragg condition is satis ed
relative to the slanted fringes (g = ). The optimal angle of incidence (;) and the
corresponding angle of di raction ( ;) inside the grating gelatin are now o set by the fringe
slant (Equation 3.5) following the sign convention for in (Burgh et al., 2007). Refracted
through the substrate glass, the angle of incidence and angle of di raction in air are also no
longer equal. Therefore, the fringe slant can be used to tune the collimator-to-camera angle,

the linear dispersion, and the anamorphic demagni cation.

b= 2 = 2+ = (3.5)
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A common reason to design a VPH grating with slanted fringes and operate away from
the Littrow con guration is to avoid optical ghosts. Spectrographs with VPH gratings are
subject to optical ghosts when light re ected o the detector surface is re-collimated by
the camera, recombined by the grating, and re ected back towards the focal plane (Burgh
et al., 2007). Depending on the alignment, this re ection can be directed into the camera
and re-imaged on the detector. For example, spectrographs with VPH gratings operating in
Littrow directly align the ghost light redirected o the grating with the FOV of the camera.
Adding a fringe slant mitigates this issue by moving the primary angle of diraction in
air and therefore the camera away from the ghost light that would exit the grating at the
Littrow di raction angle if there were no fringe slant | = .

For a given angle of incidence in the grating medium,, adding a fringe slant shifts
the primary angle of di raction by 2 (Equation 3.5). When the primary angle of di raction
is shifted away from Littrow by an angular range equal to half the camera FOV, the ghost
image falls completely o the detector | L ] FOV/2). Slightly larger fringe slants
are required for systems with fast, wide- eld collimating optics, resulting in a spread in
incidence angles entering the grating and therefore a spread in di raction angles exiting the
grating. The CH S camera FOV at the detector is the same as the angular spread exiting the
collimator but with demagni cation from the camera optics and animorphic demagni cation
from the grating (in the spectral direction). A fringe slant of 5 shifts the Littrow ghost
completely out of the CH S FOV. This is a large fringe slant, but not so large that it results
in a very shallow di raction angle ( 0). Shallow di raction angles align the camera nearly
perpendicular to the back grating substrate, which can act like a mirror re ecting any light
that bounces o the detector straight back into the camera (Burgh et al., 2007).

The CHaS grating has a manufactured fringe slant of 4.5, slightly short of the 5
needed to remove optical ghosts from the eld entirely. For bright targets where optical
ghosting is a concern, the CHS grating could be operated a few degrees o -Bragg incidence

for a slight sacri ce in the diraction e ciency. Depending on how the grating is installed
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in the optical path, the fringe slant can be either positive or negative, although the sign of

the slant will a ect the spectral resolution. We discuss this more in Section 3.5.2.

3.4 Mechanical Design

Part of the intent behind CH S, and the motivation for incorporating many commercial
optics, is to develop a design that can be replicated or scaled for future applications. To
make this feasible, we also require a mechanical design that is relatively modular, simple
to construct, and cost e ective. Here we detail the commercial and custom aspects of the

CH S mechanical design.

3.4.1 Truss Design and Pivot

CH S is primarily composed of two trusses. The main truss houses the focal plane
optics, relay system, collimator optics, and grating. The camera truss houses the custom
camera optics. The majority of the mechanical frame is assembled from prefabricated joint
connector kits. The main truss is built from the 80-20 T-slot Aluminum Building System and
the camera truss employs the Rock West Composites CARBONNect carbon ber system.

The main truss and the camera truss are connected at a pivot point shown in Figure
3.4. This is the mounting location for the grating and the axis around which the camera
and grating rotate independently. The camera drive rotation stage is a Harmonic Drive
FHA25-US250-160-BL with a fail-safe brake and rotary position sensor. This motor was
chosen to satisfy our mechanical requirements; namely, the ability to support the camera
load with a 260 ft-lb max torque and zero backlash precision. The grating angle is controlled
separately from the camera angle using a Newport rotation stage URS100BPP. This motor
meets our2(°°bi-directional repeatability requirement, allowing us to position the grating
angle to within one resolution element on the detector (two resolution elements with the
ML125 array) (See Table 3.3).

To design each truss we balance the support provided by additional structure with the
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deformation caused by added weight. This deformation is simulated in SolidWorks using
static displacement modeling. The main truss is designed to minimize exure by keeping
the center of gravity close to the telescope focal plane. In order to minimize torque on the
Camera Drive, the center of mass of the camera truss is kept as close as possible to the
drive axis. The current operation employs counterweight arms, which are attached to the
camera truss whenever the drive is engaged. Once the camera is at the proper angle, these
counterweight arms are detached replaced with rigid bracing arms that maintain position
without the signi cant added mass of the counterweight. Future iterations may streamline
this changeover process by combining the function of the static bracing arms and dynamic

counterweight arms into one.

3.4.2 Optics Mounts

We have designed custom mounts for the entrance optics, grating, and camera optics.
Many of these optics are retained using a spring-loaded or clamped mounting systems, so
that they can be removed from their mounts without the need to break any epoxy bonds.
An overview of the custom mount designs can be seen in Figure 3.5.

The camera primary and at mirrors are mounted nearly identically, with slight mod-

i cations to the at mirror mount to accommodate the detector/dewar attachment. Four
delrin padded clips are used to clamp down on the edges of the mirror surface, maintaining
the axial spring force and serving as a safety stop in the event of a mechanical mount failure.
These clips de ne the axial positioning of the mirror surface. In addition, exure arms are
epoxied to the sides of the mirrors at four points to provide radial positioning and support.
While the head of the exure arms remains epoxied to the side of the mirror, the rest of the
arm can be detached from both the mirror and the mount. Dowel pins are used to position
the clamps and exure arms repeatably. The mirror mounting plates are aluminum and
are attached the carbon ber camera frame at four mounting blocks. Due to the di erence

in the coe cient of thermal expansion (CTE) between the aluminum mounts and carbon
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ber camera frame, both mirror mounts have accordion-like relief slots cut out to allow for
di erential compression and expansion during natural thermal cycling.

The grating mount employs a similar spring-loaded design to avoid transferring mount
deformation to the optic or placing unwanted stress on the glass substrates. This epoxy
free design also facilitates removal of the grating from its mount, allowing us to ip the
grating to switch the fringe slant orientation. Three padded Te on bosses along the inside
perimeter of the mount frame are opposed by plunger-like springs, constraining the three
degrees of freedom laterally in the grating plane. Axially, the grating is clamped with light
spring force against three additional Te on pads, all of which are outside the grating clear
aperture and constrain out-of-plane rotation. The camera asphere is captured in its mount
with a nylon retaining ring. Nylon-tipped set screws installed in the side of the mount allow
for lateral centration/adjustment in the plane of the optic. The collimator optics are left
installed in the Celestron optical tube, which is attached as-built to our main truss using
the existing dovetail rails. All smaller mirrors in the relay/focal plane are bonded directly
to small aluminum mounting plates with epoxy.

The microlens array is mounted in the cylindrical entrance optics attachment shown in
Figure 3.4. This component is connected at the collimator prime focus using the standard
camera adapter for the Celestron RASA. In our current iteration, the microlens array is
sandwiched between two thin metal mounting plates. The lip of the mount clamps along
the edge of the array where there are no lenslets, allowing it to remain outside of the clear
aperture. A separate cartridge piece slots into the entrance optics cylinder. Threaded spring
plungers constrain the cartridge from tilting out of plane. The mount is attached to the
cartridge and positioned with dowel pins. These dowel pins are able to slide along slots
in the mount, and graduated markings on the cartridge demarcate the angle of the array.
This design allows us to orient either side of the microlens array towards the collimator
(Figure 3.2) and to rotate the array without removing it from the entrance optics housing.

The mount can be shimmed o the cartridge to adjust the position of the microlens array
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relative to the collimator focus.

3.4.3 Enclosure and Ba ing

Both the main truss and the camera truss are enclosed with black anodized sheet metal.
The enclosure is made of custom paneling and bent sheet metal parts manufactured by
Protocase. On the main truss, the sheet metal paneling sits captured inside the channel of
the T-slotted extruded aluminum pro le secured by rubber gaskets. A sub-assembly of bent
sheet metal is used to enclose the side of the main truss where the relay optics protrude.
On the camera truss, the enclosure panels are connected to the CARBONNect main blocks
at the frame joints. A custom fabric bellows manufactured by Nabell connects the main
truss enclosure to the camera truss enclosure, completing the light-tight envelope around
the instrument optical path.

We have run a non-sequential ray trace to model scattering within the instrument, and
designed custom ba ing accordingly. The Celestron RASA collimator has its own propri-
etary internal ba ing, included in this model to the best of our ability. A ba e around the
front surface of the grating and the front surface of the camera asphere set the system stop.
In a Schmidt telescope, it is important to ba e the center of the optical axis to prevent light
from double passing through the eld corrector lens. This already exists in the Celestron
RASA, and the obscuration from the entrance optics prevents scattered light very close to
the optical axis from passing through the rest of the spectrograph. In the folding Schmidt
camera design we ba e the center of the camera asphere and around the central hole in the
at mirror to prevent light hitting the at from passing straight through to the detector.

We are continuing to investigate scattering within the instrument and will assess the need

for additional ba ing as we push to lower surface brightness limits.
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3.4.4 Instrument Control Systems

The CH S systems are split into two control racks: A power/communications control rack
and an instrument control rack. The power/communications control rack houses a dedicated
CH S computer, a remote network power controller, and a network switch connected via
Ethernet to the observatory control room network. This system can be mounted as ballast at
the end of the counterweight arms. The instrument control rack is mounted above the main
truss, close to the Iter wheel/shutter. A removable enclosure panel on the top of the main
truss includes feedthrough ports for all electronic connections required for components inside
the truss, as well as redundant ports for future components. This system houses intermediate
electronics and controllers that are best kept close to the instrument, including: the camera
drive controller, a separate power source for the camera drive, the Newport rotation stage
(grating motor) controller, and the shutter control board. Connections between the two
control systems are limited to a USB line to the computer and 120V mains to the power

controller.

3.5 Expected Performance

We discuss the expected instrument performance assessed in the design stage via com-
puter modeling and analytic calculations. These performance metrics map to the scien-
tic requirements presented in Section 3.2. We have been working to conrm the ex-
pected performance through laboratory testing, calibration measurements, and engineer-

ing/commissioning time at the observatory (Section 3.6).

3.5.1 Optical Performance

The optical performance of CH S depends on the imaging properties of three subsystems:
the telescope, the relay, and the spectrograph. CIb is deployed on the Hilther 2.4-m

telescope, an /7.5 Ritchey-Chretien telescope with a plate scale of 11%8m. The focal
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plane of the telescope is re-imaged into the entrance of the spectrograph by an O ner relay
system with an nearly one-to-one mappingng = 1:001269. A microlens array at the
re-imaged focal plane covers nearly the full® 1079 unvignetted eld of view of the 2.4-m
telescope paired with thef60 mm 60 mm]MDM Blue 4K detector. These properties are
summarized in the Telescope Performance Section of Table 3.7.

The spectrograph performance is the performance of the microlens array, collimator op-
tics, diraction grating, and camera optics combined. Recall that CHS has two inter-
changable microlens arrays (ML250 and ML125), and the pitch of the lenslets in the mi-
crolens array sets the angular resolution. Using the plate scale of the re-imaged focal plane
exiting the O ner relay, the ML250 and ML125 arrays result in an on-sky angular resolution
of 2:83%and 1:4X°respectively. When we insert the microlens array at the entrance to the
spectrograph, each lenslet results in a pupil image. The pupil image is demagni ed by the
focal reduction in the lenslet (Equation 3.6), demagni ed by the camera-to-collimator focal
ratio (Equation 3.7), and convolved with the spectrograph PSF (Figure 3.6) before being

imaged on the detector.

F
wo= My (3.6)

In this Section the theoretical optical performance and PSF of the spectrograph are
calculated analytically as well as modeled with Zemax sequential and non-sequential ray
tracing. We begin by setting a design goal for the imaging properties of the spectrograph
without the microlens array. It is important that the underlying PSF be signi cantly smaller
than the object size at the entrance, or the re-imaged telescope pupil spots generated by the
microlens array; this assures that the imaging performance is primarily set by the properties
of the microlens array and not degraded by the spectrograph optics. We have designed
CH S so that the spectrograph optics have an underlying PSF with a geometric radius of
< 10 m in all three channels across the full eld of view. Using Equation 3.6 and the

clear aperture of the masked lenslets (Table 3.1), each pupil image has a radiu865 m
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with the ML250 array and 19 m with the ML125 array. Assuming both the pupil image
and the 10 m spectrograph PSF are Gaussian, the blurred radius adds in quadrature and
we expect geometric spot radii of approximatel 80 m and 175 m for the ML250 and
ML125 arrays respectively. Using Equation 3.7 to account for demagni cation through the
spectrograph, we calculate that each pupil image on the detector should have a geometric

radius of approximately28 m for the ML250 array and14 m for the ML125 array.

W= —/—/— W =
fcol fcoI I:tel

00. fcam 0 fcam I:Ien W (37)

Zemax modeling of spectrograph PSF without the microlens array is shown by the (uncon-
volved) spot diagrams in the upper panel of Figure 3.6. We see that the Schmidt collimator
and camera design achieves our desired wide- eld imaging performance<ofl0 m in all
three channels on and o axis. Modeling the lenslet and spectrograph together in Zemax
at a wavelength of 658 nm, we generate the convolved pupil images shown in the bottom
panel of Figure 3.6. From these models we measure an expected geometric radius of 27
microns (19 microns RMS radius) for the ML250 array. The ML125 array model produces a
13.5 micron geometric radius (9 micron RMS radius). These values are slightly smaller than
the analytic estimates above where we assumed a larger spectrograph PSRE®fm . We
summarize these models in Table 3.2 alongside the optical performance measurements made

during early commissioning (described in Section 3.6).

3.5.2 Spectroscopic Performance

CH S operates in the optical with a full spectral range of 400 - 900 nm. We target
individual emission lines within this range (Section 3.2), intentionally limiting the instrument
operational bandpass to 3 nm using a narrowband Iter. Each lenslet is dispersed into a short
spectrum with limited overlap. The dispersion at the detector is expected to b@4 A pix *
at 658 nm (See Table 3.3), and each ML250 array spectral resolution element has a FWHM

of about45 m or 1.5 pixels. Accordingly, CH S has a spectral resolution of approximately
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0:6 A corresponding to a velocity resolution of 2km s 1. The ML125 array with smaller
pitch lenslets cuts the size of each spectral resolution element approximately in half, which
allows us to distinguish emission features down to a velocity resolution of ke s 1.

Many aspects of the CHS design factor into the spectroscopic performance of the in-
strument. As seen in Equation 3.8, the spectral resolution () depends on the lenslet
pitch (w), the lenslet focal reduction Eens=Fe), demagni cation through the collimator
and camera optics {.am=fc0), @anamorphic demagni cation from the grating ), and the

angular dispersion @ =d ).

il W Fung O 69)
feo dl feol Frer d

We isolate terms where the di raction grating contributes to spectral resolution in order

to write out a resolution merit function for the grating as de ned in Bershady (2009); this

merit function is the product of the logarithmic angular dispersion and the anamorphic factor

(Equation 3.9).

diog  rd. cos( ) (3.9)

1 d d _ 2n;sin( a,)cos( )
r

Taking the derivative of Equation 3.2 and substituting Equation 3.5, we can write the
resolution merit function in terms of the fringe slant. As mentioned in Section 3.3.4.2, ne
tuning the fringe slant directly in uences the spectral resolution by changing the anamorphic
demagni cation and the angular dispersion. A negative (clockwise) fringe slant increases
the angle of diraction at Bragg incidence, improving the angular dispersion. A positive
fringe slant (counterclockwise) provides greater anamorphic demagni cation at the cost of
lowering the angular dispersion. There are instances where we may benet from a specic
fringe orientation, balancing these two factors. Accordingly, the CHS VPH grating can be
installed with the fringe slant in either a positive or negative orientation.

The remaining terms in Equation 3.8 are optimized to improve the spectral resolution
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while maintaining high S/N. Note that the camera design is slightly faster than the collimator
(Table 3.6), with a shorter focal length { .am) that de-magni es the eld of view and improves
the linear dispersion. The focal reductionKe,=F) provided by the microlens array is set

to approximately match the telescope aperture ratio to the collimator aperture ratio. The
lenslet pitch (w) is selected to carefully balance the angular resolution, spectral resolution,
and S/N. Decreasing the pitch of the lenslets in the microlens array decreases the angular
extent of each lenslet and reduces the size of the spectral resolution element (similar to
reducing the slit width in long-slit spectroscopy). This both improves the spatial resolution
and boosts the resolving power. The drawback to decreasing the lenslet pitch is that it also

R

results in a reduced the S/N from each lenslet, which goes asv. We discuss this trade-o

more in Section 3.5.4 and Section 3.7.

3.5.3 Mechanical Performance

The primary performance requirement for the CHS mechanical design is to maintain
minimal exure over long integration times. CH S does not have imposed pointing con-
straints when attached to the telescope, so it experiences a full range of gravity vectors.
Throughout each observation, the spectrograph undergoes a slowly changing gravitational
load as the telescope slews to track. It is also subject to more abrupt changes during normal
operation such as slewing to a di erent target or tracking past the meridian. Any exure
within the instrument that causes the image of the sky to shift around on the microlens array
or the image of the array to shift around on the detector will blur and degrade the spectral
imaging quality. We specify an allowable exure in early CHS commissioning, requiring

that:

1. Flexure causing the sky to shift around on the microlens array (in the re-imaged tele-

scope focal plane) should not exceed half a lenslet’8%in the nominal con guration.

2. Flexure that causes the microlens array image to shift around on the detector should
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not exceed half a spectral resolution element or 30 microns (1 pixel in 2x2 binning in

the nominal con guration).

While these numbers are su cient to avoid degrading the spectral imaging in early com-
missioning, we aim to make the fully commissioned exure requirements for CI$ a factor
of 5 tighter than the commissioning requirements. This would reduce the acceptable drift
due to exure to < 10%of the spectral imaging performance. These numbers become more
stringent by an additional factor of 2 if we swap out the ML250 microlens array for the

smaller pitch, higher resolution ML125 array.

3.5.4 Sensitivity Performance

To demonstrate the sensitivity performance, we calculate the minimum detectable ux

CH S can measure while requiring that we achieve a S/N of 10.

S

= g (3.10)
S+ Seky + pak + RN
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(3.11)

The emission signal S in units of photons is the product of the line uxl(), the instru-
ment e ciency ( ), the geometric area of the telescopeAp), the angular extent on the sky
( ), and the exposure time (t). Noise contribution terms added in quadrature include shot
noise from the emission signal, shot noise from the sky-background emission, dark current
from the detector, and read noise from the detector. Our sensitivity analysis (Figure 3.7)
includes all of these noise sources. However, in order to discuss the key factors that con-
tribute to instrument sensitivity performance, we simplify Equation 3.10 into two regimes:

a sky-background limited regime where sky emission noise dominates and a detector limited
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regime where detector dark current and read noise dominate.

5 = g (3.12)

In the sky-background limited regime, the expression for signal to noise is reduced to
Equation 3.12. Here we note that the signal improves with a larger angular extent Y and
longer exposure time (t). Importantly, the sky-background noise is reduced by improving
the spectral resolution (). The sky background intensity is wavelength dependent, and
the ability to resolve the sky-background intensity at a speci ¢ wavelength decreases the
sky-background noise contribution (more in Section 3.7).

S | Agt

N = N,(Dt+RN 2N;=N2) (3.13)

Equation 3.13 applies to situations where the dark current or read noise dominate. In-
creasing the exposure time per frame will reduce the read noise below the dark current. The
read noise falls below the (non-overlapping) sky background noise at an exposure time per
frame of about 1,285 seconds. However, there is no gain in S/N as long as we remain dark-
current limited, and longer exposures per frame will require a greater level of instrument
stability to avoid image degradation.

In Figure 3.7 we plot the CH S 10 minimum detectable ux as a function of angular
scale. This calculation follows Equation 3.10. We show three integration times (1 hour,
10 hours, and 100 hours) and assume that each integration is composed of 900s exposures.
Lenslets in each microlens array only cover a few arcseconds in angular size. While it would
be exceedingly dicult to reach sensitivities on the order of 1-10 mR in each resolution
element, part of the power of using a microlens array is that individual lenslets can be
binned together to measure a xed solid angle on the sky. We measure larger spatial scales
by combining the signal from many neighboring lenslets. Combining the signal from multiple

lenslets is made easier by the fact that PSF of each lenslet is an image of the pupil and is
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invariant to the on-sky spatial structure in each lenslet. Although we are probing a coarser
spatial scale with this lenslet binning, the measurement maintains a xed spectral resolution.
The S/N improves with increasing scale and integration time in accordance with Equation
3.12.

We compare the CH S sensitivity limits with emission observed in the local universe.
Observational measurements and upper limits are shown as discrete symbols labeled in Figure
3.7. Bright H features include the M82 Cap (Lehnert et al., 1999), the Virgo laments
(Kenney et al., 2008), edge-on galaxies (Christlein et al., 2010), NGC 7793 (Dicaire et al.,
2008), UGC 7321 (Adams et al.,, 2011), NGC 247 (Hlavacek-Larrondo et al., 2011), the
outer disk of M31 (Madsen et al.,, 2001), the Leo Ring (Donahue et al., 1995), and the
Virgo HI cloud (Weymann et al., 2001). The dashed and solid light grey lines around 100
mR represent H emission observations and surface brightness predictions for the Magellanic
stream/bridge (Bland-Hawthorn et al., 2007; Barger et al., 2013). CHS is capable of making
most of these detections on arcminute scales in1 hour. Emission from the circumgalactic
medium is much more tenuous, requiring measurements that push the boundaries of low
surface brightness imaging. Faint emission from ionized hydrogen in the outskirts of galaxies
and well into the CGM is a probe of the local ionizing ux (Sunyaev, 1969). The predominant
sources of ionizing radiation in the CGM is the UV continuum from the galactic disk and the
photo-ionizing extragalactic UV-background (EUVB). Constraints on the low-redshift (z =
0) EUVB photoionization rate range from . 2 8 10 s ! (Adams et al., 2011; Madau
& Haardt, 2015; Fumagalli et al., 2017; Caruso et al., 2019). The Hemission intensity
(quoted in Rayleigh) scales as the emission measure given in Equation 3.14. We use this
approximation to calculate a rough estimate of the CGM surface brightness assuming a
warm gas temperatureT = 104 K, an EUVB ionization rate =4 10 ¥* s ! and a
column densityNy, 10 cm 2 for case B recombination (g) in optically thick Lymann
Limit systems. With these assumptions, warm ionized gas far into the CGM should produce

an exceedingly faint emission signal on the order of a few mR. The Zhang et al. (2016)
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statistical detection of circumgalactic H emission achieved by stacking millions of SDSS
sightlines has a similar ux of 3 mR. Higher column density gas or gas ionized by stronger
UV continuum ux from the galactic disk would produce brighter emission on the order of
a 10 mR. For example, high velocity clouds in the halo of the Milky Way ionized by the
Galactic disk exhibit H emission intensities of 30-70 mR (Putman et al., 2003). Following
a calculation similar to Equation 3.14 and assuming a 50 kpc region, the light blue shaded
parallelogram region shows the predicted CGM emission intensity for a range of hydrogen
densitieslog nq=cm 3= 4:5to  3:5 corresponding to an overdensity of 100 1000
with clumping on scales o2 25 kpc. We show that CH S can probe the majority of this
phase space within a few tens of hours. Within 10-100 hours, CH is capable of reaching
a sensitivity faint enough to place our own constraints on the EUVB photoionization rate.
A 50-100h exposure with CHS would be the deepest H image and velocity eld ever

obtained, reaching a surface brightness of a few mR on scales of a few arcmin.

2=0 Nni

=M=

=2:75ly T3 cm © pc (3.14)

3.6 Early Commissioning

We have completed early commissioning of CEs at MDM Observatory on the Hiltner
2.4-m telescope. This includes successfully interfacing with the telescope and MDM Blue 4K
detector, constructing and aligning the full optical path of the spectrograph, and testing a
nearly nalized light-tight enclosure. Using calibration data and on-sky measurements taken
during early commissioning in May-June 2021, we have compiled a preliminary performance
assessment. This is intended as an early validation of the expected performance, and we mir-
ror the subsections outlined in Section 3.5. A full treatment of the instrument performance
is left for a future publication detailing the nal commissioning results.

We summarize the on-sky commissioning activity in Figure 3.8. Here we compare the
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expected emission from each target/galaxy with the telluric emission from the atmosphere.
The spectrum in the top panel shows the sky background emission lines (Leinert et al.,
1998). Each black horizontal line in the bottom panel is a galaxy centered on its redshifted
H emission. The length of the line corresponds to thé/,, velocity width (Kennicutt et al.,
2003). The corresponding grey lines represent the redshifted NII emission (assuming the
same width as H). The shaded regions show the approximate Iter response curves for the
Baader H (6 nm FWHM) and Astrodon NII (3 nm FWHM) lters. Most of our primary
targets have H emission that is redshifted into the NII lter. Nebulae targets and galaxy
targets that are too blue for the NIl Iter were observed in H . We use this gure to plan
the correct Iter for a given target and understand the prominent sky lines present in each
observation. A list of the primary targets and the amount of total integration time we have
currently acquired for each is given in Table 3.4.

As an example of the commissioning data, we show a stack of the Deer Lick Galaxy NGC
7331 in Figure 3.9. In many ways this stack resembles a narrowband image of the galaxy,
with an H image from the SINGS survey provided for comparison. On closer inspection
we see the imprint of the lenslet array in the CHS stack, resembling a pointillism image
of the galaxy. This stack is not just an intensity map of NGC 7731, but also a spectral
image dispersed along the x-axis. This can be seen in the continuum spectrum dispersed
for each star. The two zoom-in panels in Figure 3.9 show discrete emission. In the discrete
disk emission panel, H emission from the galactic disk is redshifted into the NIl Iter.
Depending on the gas velocity in a given lenslet bin, each emission line may be Doppler
shifted slightly with respect to the systemic velocity. Small wavelength shifts are dispersed
through the grating and the pupil image for each lenslet is slightly o set from the lenslet
center along the spectral direction. These pixel-scale o sets in the emission line position
with respect to the centroid of each lenslet are measured via comparison with a rest-frame
image of a calibration lamp. This e ect can be seen in the bottom right zoom-in panel of

discrete disk emission. Note how the pupil images do not form a perfect grid pattern and

89



instead look distorted, re ecting velocity o sets in the gas at this location. The discrete
sky emission comes from the atmosphere at a nearly uniform velocity and therefore has a
constant Doppler shift with respect to the microlens hexagonal grid pattern. Accordingly,
we see the sky emission as a uniform image of the microlens array in the top right zoom-in
panel.

In addition to the list of galaxy targets in Table 3.4, we have used CHS to observe a
variety of nebulae during early commissioning. Wide eld spectral imaging with CHS is
great for mapping large nebular regions such as planetary nebulae, emission nebulae and
supernova remnants. CHS maps these bright targets extremely e ciently, allowing us to
tile large regions with only a few exposures per pointing. These targets often |l the full eld
of view, and are excellent for instrument calibration. In Figure 3.10 we show CIb images
of the Dumbbell Nebula. Like many nebulae, the Dumbbell Nebula hosts interesting velocity
structure, and we highlight the capability of CH S to map this structure in a single 180s
exposure with a velocity resolution of 30km s . We produce an RGB image of the CHS
spectra colored by velocity (with steps of 30 kns ') to demonstrate the stunning visual
properties of this data. We plot 1D pro les for each spectrum at the center showing both
single and multi-component emission lines from gas expanding away from the central white
dwarf at velocites of 30 km/s. In future runs, CH S will be capable of collecting similar
spectral maps in multiple optical emission lines, probing shock structure and the strength of

various ionization mechanisms in a collection of a few short exposures.

3.6.1 Optical Performance

During commissioning calibration lamps were routinely collected for all lters. The opti-
cal commissioning performance can be measured across the eld of view using these calibra-
tion lamps, an example of which is shown in Figure 3.11. This Ne lamp is taken in the NII
Iter and is a direct measure of the spectrograph PSF (without the telescope) in discrete

emission at 65983 . We measure an average circular FWHM spot size of 1.9 pixels in the
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Table 3.4: Primary target integration summary from early commissioning May/June 2021.
Each integration is composed of 180 second exposures. We require a Moon illumination of
50%and a Moon separation of 55.

Target Alternate Name Total Integration
NGC 4631 Whale Galaxy 3.0 hrs
NGC 4656 Whale Friend Galaxy 2.1 hrs
NGC 7331 Deer Lick Galaxy 4.1 hrs
NGC 5906 Cat Scratch Galaxy 5.05 hrs
NGC 6946 Fireworks Galaxy 1.2 hrs
NGC 5033 Dungeness Galaxy 1.85 hrs

YObserved in H Iter

commissioning lamps or 57 microns. This can be seen in the e ective PSF in Figure 3.11
and is on par with predictions in Section 3.6.1. There is a slight astigmatism in the PSF,
most prominent at the edges of the eld. This is most likely due to a tilt in the co-planar
alignment of the camera focal plane with the detector CCD (Bacon, 1995).

We apply a World Coordinate System solve to the on-sky commissioning images using
stellar catalogs in each pointing. We recover a plate scale at the detector@#57%pix ! in
the cross-spectral direction and:421%°pix ! in the spectral direction. In both directions,
the telescope plate scale d¥:34°pix ! is magni ed by the ratio of the CH S collimator
to camera focal length. In the spectral direction, the anamorphic magni cation from the
grating (installed with a negative fringe slant) accounts for the additional factor of 1.09 in
the plate scale measurement (See Table 3.3).

In order to recover an estimate for the angular spatial resolution, we measure the average
separation between detected lenslets in our commissioning data. Here we use images with
a WCS solve and very little expected velocity structure. Recall that the on-sky angular
resolution for the ML250 array should be2:83°°(Section 3.6.1). We measure an angular

resolution of 2.77°°  0:06° consistent with this expectation.

91



3.6.2 Spectral Performance

We measure the linear spectral dispersion using two independent methods. (1) Using
the broader (6 nm) H Iter, we detect multiple emission lines from the Ne lamp (Figure
3.11). The separation between lines at known wavelengths can be used to solve for the
dispersion. (2) Bright M-type stars dispersed in the commissioning data show spectral
absorption features in the NIl Iter. These absorption lines can be compared with existing
high resolution spectra to solve for the dispersion. Both methods recover an operational
linear dispersion of0:373 0:001 A pix . We use this dispersion measurement and the
optical performance assessed in Section 3.6.1 to estimate the spectral resolution. Given a
FWHM of 1.8 pixels and a dispersion 00:373 A pix * we achieve a commissioning spectral
resolution of0:67 A or 30 km s 1. The ML125 array results in spots with a measured FWHM

of 1.01 pixels, corresponding to a spectral resolution 6377 Aor 17 km s 1.

3.6.3 Mechanical Performance

As described in Section 3.5.3, our initial CHS mechanical performance requirements
can be assessed using two critical exure measurements: (1) exure in the entrance optics
including the relay system and optics mounted at the prime focus of the RASA, and (2) ex-
ure in the spectrograph including the collimator, camera, and pivot. Flexure in the entrance
optics blurs the re-imaging of the telescope focal plane on the surface of the microlens array.
This is a degradation in the spatial resolution of the instrument, but it does not manifest
as a broadened PSF of the lenslet image at the detector. Instead, this exure is akin to
blurring the image of the sky and then feeding it through the spectrograph optics. Within
the spectrograph, a drift along the spectral direction degrades the spectral resolution, while
a drift in the cross spectral direction degrades the spatial resolution element.

A preliminary measurement of the instrument exure was obtained during early commis-
sioning, probing both exure in the entrance optics and exure in the spectrograph optics.

This was done by installing a cross-hair mask on both the Iter and microlens array, slewing
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the telescope in RA (the exure is much smaller in Declination), and measuring the shift in
both cross-hair images at the detector. The shift in the cross-hair on the microlens array
probes the exure in the spectrograph optics, while the shift in the cross-hair on the lter
probes the exure in the entrance optics and spectrograph optics combined. The di erence
between these two measurements isolates the exure in the entrance optics. We summarize
the results in Figure 3.12. The blue points are the measured exure proceeding the mi-
crolens array in the entrance optics. The black points are the measured exure following
the microlens array in the spectrograph optics. Each measurement is the magnitude of the
drift calculated by summing exure along the spectral direction and exure along the cross-
spectral direction in quadrature. However, we note that the exure in the entrance optics is
primarily in the spectral direction and the exure in the spectrograph optics is primarily in
the cross-spectral direction. The shaded regions represent the expected drift due to exure
over a range of exposure times spanning from 300 seconds (dotted line) to 600 seconds (solid
line). These are calculated using the commissioning goals outlined in Section 3.5.3. These
measurements along the equatorial axes and the exure measured during on-sky observations
show a very similar trend. We nd that the current exure is consistent with our limiting
requirements at an exposure time of around 600s. Early commissioning runs used a very
conservative exposure time of 180s. Exposures can be lengthened80s< te,, < 600sin
subsequent commissioning runs without degrading the spectral imaging beyond our prelim-
inary requirements.

A similar mechanical concern is the stability of both the telescope and collimator focus.
We are exploring focus stability between observations in our early commissioning data. Our
initial assessment is that focus is stable throughout the night after a small adjustment at

the start of evening.
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3.6.4 Sensitivity Performance

The CH S noise budget including the sky background and MDM 4K detector noise is
shown in Figure 3.13. Here we plot the standard deviatioR_N of each noise source per
lenslet per frame as a function of the exposure time per frame. This is independent of the
total integration time composed of N frames. We use a CCD binning @ 2 and a spot size
of 60 m (corresponding to an area per lenslet of 4 pixels). The expected read noise (black
dotted line) is constant per frame but remains a function of the number of frames per total
integration time. The expected dark noise (dashed black line) increases with the exposure
time per frame. These sources are added in quadrature to estimate the total detector noise
(solid black line). Discrete points are detector dark data from our 2021 commissioning tests.
The MDM 4K detector is a mosaic of 4 CCDs. Each data point is the average detector
noise (bias subtracted) at the center of each quadrant, and the error bars are the standard
deviation between quadrants. These measurements con rm that the read noise and dark
current are similar to the detector speci cations and demonstrate the light-tight capabilities
of our instrument enclosure in the dome environment. In addition to the detector noise, the
sky background noise can have a range of values covered by the blue shaded regions in Figure
3.13. These values assume a sky background intensity oR2A * (Leinert et al., 1998). If
the microlens array is partially masked and the bandpass is narrow enough that continuum
from the sky spectra does not overlap at all, then the sky background is the lower boundary
of the light blue shaded region. In this case, CHS is detector-limited by the dark noise in
the MDM 4K. However, even with a narrow bandpass of 30 - 68, the continuum from the
sky background in neighboring lenslets overlaps by a factor of 2-3 (shown by the darker blue
shading). In this nominal con guration without any masked lenslets, the sky background
noise becomes comparable to or slightly exceeds the dark noise and SHs sky-background
limited. The total noise (again summed in quadrature) is shown by the shaded gray region
over the range of sky background values.

In addition to the detector noise performance, the sensitivity relies on the full instrument
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throughput. In Table 3.7 we outline the expected performance of the telescope, spectrograph
and detector combined, predicting a total throughput ofl5% 20%without the atmosphere.
From our early commissioning data, we measure a full-system e ciency of approximately
8% including the atmosphere. We note that this is only a preliminary assessment. This
measurement was made using a bright star placed at the center of the eld. We compare
with the SDSS r-band magnitude, as this is the closest to our NIl Iter. This measurement
has been corrected for th&5% Il factor of the microlens array; the star is detected over
multiple lenslets and about25%o0f the ux is blocked by the black chromimum mask between
lenslets. We suspect that this decrement in the expected throughput is due to a combination
of the aged telescope coating, vignetting within the spectrograph, the commercial lter per-
formance, and atmospheric attenuation. Due to the observatory shutdown, there have been
signi cant delays in the washing and re-coating of the telescope primary mirror over the past
few years. The mirror will be re-coated within the coming months, and we intend to perform
follow-up throughput measurements. In addition, early commissioning measurements show
a clear vignetting towards the edge of the eld of view, likely due to small optical misalign-
ment within the spectrograph. Misalignment or obscuration in the spectrograph pupil could
decrease the e ciency across the full eld. While many of our optics have been optimized for
high-throughput performance, the early commissioning runs used a set of commercial lters.
We intend to replace these with custom high-throughput narrowband lIters as part of our
future upgrades (Section 3.8. Finally, a small correction may be needed for atmospheric
attenuation. Follow-up throughput measurements will be made in photometric conditions

to assure a high-quality measurement with minimal contribution from the atmosphere.

3.7 Discussion

We discuss CH S in comparison with other integral eld spectrograph designs and review
the trade-o decisions considered while optimizing the instrument for sky-background limited

observations of di use signal. There are a variety of excellent integral eld designs currently
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in operation, primarily distinguished by their method for subdividing of the eld of view. The
main focal plane coupling options include: ber bundles, microlens arrays, and image slicers.
CH S is a pupil-imaging spectrograph utilizing a microlens array to divide up the eld into

> 60;000 spectra. This optical design yields a similar result to that of a slicer or ber
bundle, but is easier and much less expensive to implement over a wide eld of view. With
CH S, the position of each spectrum is a direct coupling with the focal plane. Observing
with a microlens array is exible and does not require any reshu ing or stringent alignment

of the focal plane optics. The lenslets cover the full eld of view with a neat00% lling
factor and minimal throughput losses. Unlike a slicer, pupil imaging spectroscopy with a
microlens array does not preserve imaging information within the spatial resolution element;
each lenslet produces an image of the telescope pupil (Section 3.3.2). However, the focal
plane is not reformatted, so there is no need to reconstruct the image in post-processing.
The spectral images collected with a microlens array comprise a full 3D data cube. The
cube is conveniently attened to t on the detector all at once so it is collected without
the need to scan through the spectral direction. Accordingly, CHS is able to capture the

full bandpass in a single exposure, whereas scanning through frequency space reduces the
integration e ciency by a factor of 1=Ngcan.

On the whole, there are many ways in which CHS has been tailored to collect very low
surface brightness measurements of extended emission. The key advantages of this design
can by summarized by stating that CH S is a large grasp, high throughput instrument with
moderate spectral resolution. While there are a variety of di erent instrument merit criteria,
one common parameter space for assessing relative performance between instruments is the
combination of coverage vs. resolution (Bershady, 2009). One instantiation of this parameter
space is plotting the e ective grasp vs. resolving power as shown in Figure 3.14. Here
we compare CHS with many excellent existing and planned integral eld spectrographs.
CH S occupies a unique quadrant of this plot, maintaining both a high e ective grasp and

a moderate resolving power.
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Designing an instrument with high grasp is an excellent way to optimize light collection
and make exceptionally sensitive di use observations. The CHs e ective grasp is driven
by the instrument's large eld of view (1° 1) and high e ciency ( = 20%). While many
integral eld spectrographs are paired with4 8 meter class telescopes, prioritizing high spa-
tial resolution over wide- eld imaging, CH S is paired with a 2.4-meter telescope operating
over a wide eld of view. This combination of integral eld spectroscopy and smaller aper-
ture telescopes is not only an excellent compliment to more complex near di raction limited
instruments but also o ers many distinct advantages. Regardless of aperture, the instrument
grasp scales inversely with the telescope f-ratio; therefore, smaller aperture telescopes with
reasonably fast optics can o er competitive survey speeds for high-étendue di use obser-
vations. Fast survey speed in addition to the less-competitive subscription rate of smaller
observatories is an ideal combination for collecting deep Himages of extended emission
that push to exceedingly low surface brightness detection limits. While CHs is not the
highest grasp instrument, it is a competitive survey instrument comparing favorably with
many more complex instruments installed at much larger observatories.

In addition to achieving a high grasp, the CH S design also boasts a competitive resolving
power. Maintaining a moderate spectral resolution is a compelling instrument criterion for
mapping discrete, ultra-low surface brightness emission. Recall that the sky background
noise at a speci ¢ wavelength is reduced by attaining a smaller spectral resolution element,
such that the signal to noise is proportional t01=p_ (Equation 3.12). Notably, this
resolution-driven sensitivity gain is only realized for discrete emission line mapping, where
the signal is independent of the bandpass. In narrowband imaging of continuum emission,
the signal is a function of wavelength and the S/N in the sky-background limited regime is
proportional to the square root of the bandpassp(_). Simply using a narrower lter to
observe continuum emission does not improve the S/N, as both the signal and sky background
noise are decreased in the smaller bandpass. However, mapping ultra-faint surface brightness

features in discrete emission instead of continuum emission stands to improve the S/N by
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factor of . This S/N improvement is simply a matter of sky background rejection for faint
sky-background limited observations. We leave for future work a comparison with alternative
spectrograph designs such as Fabry-Pérots or Interferometers, some of which may achieve a
similarly high grasp and moderate spectral resolution. Because of the complexities of these
instruments, there are trade-o assessments and questions regarding their backgrounds that
need to be included in a more detailed comparison.

We include a brief comparison with The Dragony Telephoto Array. The Dragony
Telephoto Array is a wide- eld narrowband imaging telescope composed of multiplicate
Cannon cameras (Danieli et al., 2020). This instrument achieves an exceptional grasp by
virtue of its wide 12ded eld of view and ultra-high throughput anti-re ection coatings.
The Dragony array was originally designed to observe faint continuum emission using the

100nm bandpass SDSS g and r Iters. A recently proposed Dragon y Filter Tilter upgrade
to this instrument would place ultra-narrowband lters at the aperture of each camera lens
(Lokhorst et al., 2020). These lters are designed to rotate, taking advantage of the fact
that a small tilt in the angle of incidence shifts the Iter wavelength of peak transmission.
Multiple images with di erent Iter angles would comprise a rough spectrum with a spectral
resolution of 1 nm. This is an interesting implementation of the sensitivity gain achieved
by sky background rejection via discrete emission line mapping (Bland-Hawthorn et al.,
2017). Quoting a grasp of 11,000 n¥ arcmin? and a resolving power of 656 (Lokhorst
et al., 2020), the upgraded Dragon y Telephoto Array would be able to reach a sensitivity
of approximately 3 times fainter than CH S if the signal was binned over the full eld of
view. However, as seen in Figure 3.7, the Dragon y sensitivity limit on 10 arcsecond scales
is actually nearly a factor of 3 brighter than CH S. This occurs because the sensitivity
in this regime relies strongly on the grasp per spectral resolution element and not solely
on achieving unparalleled grasp. Our moderate resolving power advantages &Hto reach
very faint sensitivity limits on smaller scales. However, we consider this scale-dependent

di erence in sensitivity between instruments to be complementary. Bright emission regions
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surveyed on large scales with Dragony Telephoto Array could be followed up with deep,
high velocity resolution integral eld spectroscopy with CH S. In turn, interesting CGM
features observed with CHS could be compared with larger associated structures observed
with the Dragon y Telephoto Array.

Another common merit criterion for spectral imaging is the balance of spectral vs. spatial
information. We do not record an exceptionally high number of spectral resolution elements
per spectrum Ng  35) because we have intentionally restricted the CHS bandpass t@0A.
However, the instrument does have an exceptional number of spatial resolution elements
in each image N =[5 10,23 1)) corresponding to the number of lenslets per
microlens array. The product of the spatial and spectral resolution element®d(  Ng)
or the total number of resolution elements CHS ts onto its detector is quite high. In
the trade o of mapping 3D spectral imaging information onto a 2D detector, this product
is a good indication that we have designed CH5 to optimize its information collecting
power (Bershady, 2009). Selecting the spatial and spectral sampling for C8is a trade-o
between angular resolution, spectral resolution, and S/N. Binning over a larger patch of sky
by increasing the pitch of each lenslet improves the collected signal but results in a poorer
spatial and spectral resolution. Because the sky background noise at a speci ¢ wavelength
decreases with ner spectral resolution, it is advantageous to maintain a moderately high
spectral and spatial resolution. By decreasing the lenslet pitch one can obtain higher spectral
resolution without a loss in sensitivity. Furthermore, part of the power of using lenslets in
the CH S design is that they can binned together to measure a xed solid angle on the sky.
Binning the lenslets collects more signal while maintaining a favorable spectral resolution at
the expense of probing a coarser spatial scale.

Of course there are a number of other concerns to be weighed in the optimization of
the spectrograph. For example, the spectral resolution is crucial in setting the velocity res-
olution of the instrument. Setting the velocity resolution too high decreases the S/N by

over-resolving the kinematic, thermal, and turbulent structure within each emission feature.
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On the contrary, setting the velocity resolution too low may also decrease S/N by includ-
ing more sky continuum in each given spectral bin. Additionally, low resolution may cause
nearby lines and multi-component emission features to be blurred together. It is also im-
portant to consider the detector properties to ensure that the imaging properties are set
within reason. Too much de-magni cation either from the di raction grating or the collima-

tor/camera optics shrinks the eld of view into a small image on the detector. In addition

to being an ine cient use of detector space, having detector pixels that are larger than the
spatial/spectral resolution element is a loss of information. On the other hand, setting the
magni cation or linear dispersion too high spreads out the signal over too many detector pix-
els, increasing the contribution from detector noise sources in the CCD. The full optimization

is speci ¢ to both this instrument and the accompanying scienti ¢ requirements.

3.8 Future Work

We are currently analyzing the CH S commissioning data, calibrating the instrument
performance, and constructing a pipeline for reducing the CHs science data. Early stages
of this work can be seen in Section 3.6. The results of these e orts will be presented in detail
in future CH S publications. Future observational surveys with CHS will map ultra-low
surface brightness emission in the CGM, targeting a select sample of nearby galaxies and
building towards the deepest H image and velocity eld ever obtained. Here we propose
a number of possible instrument upgrades, many of which would be bene cial to achieving
our science goals as we progress towards making CGHavailable to the MDM consortium:

Filter upgrades: While CH S currently operates with a set of commercial lters, we may
invest in custom narrowband Iters for future observations. The peak transmission of these
Iters would be centered on a single emission line at a speci c redshift, but they could be
tilted in a manner similar to the proposed Dragon y upgrade in order to shift the wavelength
of peak transmission (Lokhorst et al., 2020). Accordingly, a small set of Iters could be used

to cover a broad range of redshifts and emission lines while maintaining a high throughput.
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Since CH S currently uses a commercial Iter wheel and does not rely on the MIS Buckeye
Iter wheel, the design is amenable to deploying our own Columbia Lion Iter wheel and
tilting mechanism. We intend to explore this option in more detail to examine the e ects
it may have on the performance of our particular system. For example, a tilted Iter may
cause the spectral range to vary across the eld of view (Bacon et al., 2001; Lokhorst et al.,
2020).

Dispersion upgradesCurrently the CH S spectral dispersion direction is xed and verti-
cally aligned with the camera axis. Many slit-based spectrographs have the ability to change
the position angle of the slit to capture a spectrum along a speci ¢ region/feature. Target
acquisition with CH S does not strictly require this exibility, as each feature is mapped
with multiple lenslet apertures in 2D. However, there are situations where it may be useful
to have the spectral dispersion misaligned with the morphology of a given target, such that
the spectra do not overlap with an adjacent feature of interest. A change in the position
angle would tilt the spectra with respect to vertical. This is di erent from a rotation in the
microlens array, which changes the spacing of the spectra without re-orienting them. The
Hiltner 2.4m has an instrument rotator already in place above the MIS near the telescope
focal plane, which could be used with minor modi cations to re-orient CHS to access dif-
ferent position angles. CHS is currently attached this rotator, but operates with it locked
in place.

There is also the possibility of operating CHS with a higher-dispersion VPH grating
borrowed from the Cosmic Web Imager (Rahman et al., 2006). This spare grating is designed
to operate at a central wavelength of 685 nm with a fringe frequency of 2173 lines/mm. Since
this fringe frequency is almost twice that of the CHS grating, the CWI grating can improve
the dispersion by a factor of 2. This high-dispersion mode was included in the Zemax
optimization of the optical design, but it remains untested. The CWI grating requires a
much larger angle of incidence d82 at 658 nm resulting in a collimator to camera angle

of greater than 90 degrees. The CH5 pivot has a maximum camera angle of0 , so high-
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dispersion measurements cannot currently be extended beyond a central wavelength &25
nm. Access to the H line in this high-dispersion mode could be implemented with slight
modi cations to the mechanical design. Namely, a modi cation allowing the collimator to tilt
with respect to the grating would extend this high-dispersion mode to longer wavelengths.
Flexure upgrades:We are considering installing temperature sensors throughout the op-
tical path to detect/quantify thermal exure in real time as well as a digital protractor
readout for the relative pivot angle between the collimator and camera. Actuators to control
the tilt/position of the camera primary mirror would be particularly helpful for the spec-
trograph alignment and focus. As described in Section 3.3.3, the camera eld corrector is
not self-achromatic, and there is a small focal shift across the full optical range between the
blue, red, and IR channels. To some extent this shift can be adjusted with the collimator
focus; the collimator focus and the camera focus are in nite conjugates of the spectrograph
pupil. Changing the collimator focus adjusts the camera focus, but at the expense of a well
collimated pupil incident on the diraction grating. It is better to address this focal shift
within the camera itself, either by shimming the at mirror/detector or by shimming the
camera primary mirror. Installing linear actuators on the primary mirror mount would allow
us to adjust the focus within the camera. In addition, the ability to tilt the primary would
ease our co-planar alignment of the camera focal plane with the detector CCD (Bacon, 1995).
Even a small tilt at the focal plane considerably degrades the PSF at the edges of the eld.
We are also considering active control upgrades in the microlens array and relay optics.
As mentioned in Section 3.5.3 and 3.6.3, spectral imaging degradation is due to exure
shifting the image of the sky on the microlens array and the image of the microlens array
on the detector. Active control in the relay would re-image the same patch of sky onto the
same lenslet, removing exure in the entrance optics. Active control in the microlens array
would maintain a xed position of the lenslet spectra on the detector. Ideally this control
would have multiple degrees of freedom, allowing us to rotate the microlens to change the

grid orientation and tip-tilt the array to adjust the focus.
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Calibration upgrades:CH S currently employs a cross-hair calibration mask at the lenslet
array, primarily used for centration and exure testing. Future iterations of this mask may
serve the same purpose, using a less conspicuous calibration feature near the edge of the
eld. We may also invoke science masks, for example, blocking speci c lenslets to create a
sparser spectral packing with less overlap. More detailed masks with features on the scale of
individual lenslets may be manufactured via photolithography. These masks will need to be
placed very close to the spectrograph focal plane and precisely aligned with the microlens
array in a repeatable manner.

Calibration lamps are currently collected using a set of reference lamps stored inside the
telescope multi-instrument systems (MIS). Light from these lamps is re-directed into the
instrument using a pick-o ( nder) mirror installed on a linear stage, which is brought in
and out of the focal plane for each calibration image. In the future we may construct a
dedicated CH S calibration system housing a set of CHS speci c reference lamps. Di use
light from these reference lamps could be fed directly into the telescope focal plane, allowing
for a faster calibration lamp acquisition between exposures. This custom calibration system
could also be used to illuminate a single lenslet (via coupling with a ber) to create a faint
calibration spectrum continuously collected during each exposure. This would be a xed
reference and an independent measurement of the spectrograph PSF, which could inform a
closed-loop feedback system for the active control described above.

Detector upgrades:The detector noise properties for CHS are currently a xed quantity,
as we utilize the MDM Observatory Blue 4K detector. The MDM 4K detector has a dark
current of 0:01 e =pix=secand a read noise 05 e . The noise budget for CH S is summarized
in Table 3.7. As the exposure time per frame increases, the noise contribution from the
dark current dominates. Near-term detector advancements, especially detectors o ering a
lower dark current, would allow us to push towards non-overlapping sky-background limited
observations. One such upgrade could be to utilize a CMOS detector, o ering decreased dark

noise and fast read times that could greatly bene t ultra low-surface brightness applications.
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Future variants on the CH S design where the detector selection is a free parameter might

employ a detector with a smaller footprint, which could be placed at the prime focus of

the Schmidt camera with very little obscuration. This would eliminate the need for more

complicated/custom packaging like the folding Schmidt design presented here.

3.9

Summary

CH Sis a narrowband (3 nm), moderate resolution (R 10,000, wide- eld (1 1®)
integral eld spectrograph designed to detect faint optical emission from di use gas in

the local universe (z< 0:01).

. CH S has a catadioptric design optimized to perform over a 400 - 900 nm operational

wavelength range. It is capable of targeting a broad number of optical emission lines

including H , H , [SIH], [NII], [O H1], [O H], and [O 1].

CH S collects a total of1:75 10° resolution elements K NR) in a single expo-
sure while maintaining a high grasp and moderate resolving power. This an ideal

combination for e ciently mapping discrete, ultra-low surface brightness emission.

A 50-100 hour integration with CH S would be the deepest H image and velocity
eld ever obtained, probing emission with a surface brightness of a few milli-Rayleigh

while maintaining a S/N of 10.

. CH S is deployed on the Hiltner 2.4-m telescope at MDM Observatory. We have

completed a successful early commissioning at the observatory, and we are working

towards making CH S a facility instrument available to the MDM consortium.
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Table 3.5: CH S O ner relay design

Surface Radius  Thickness Semi-Diameter Material Decenter X Decenter Y Tilt X TiltyY
1 Object Innity 654.627 33.0
2 Coordinate Break 0.0 0.0 8.364 0.0
3 Concave Sphere -609.6 75.0 MIRROR
4  Coordinate Break -305.927 0.0 0.0 8.364 0.0
5 Coordinate Break 0.0 0.0 -16.728 0.0
6 Coordinate Break 0.0 -3.0 0.0 0.0
7  Convex Sphere -310.661 25.4 MIRROR
8 Coordinate Break 0.0 3.0 0.0 0.0
9 Coordinate Break 305.927 0.0 0.0 -16.728 0.0
10 Coordinate Break 0.0 0.0 8.5 0.0
11 Concave Sphere -609.6 75.0 MIRROR
12 Coordinate Break -551.031 0.0 0.0 8.5 0.0
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Table 3.6: CH S optical design parameters

Parameter Value Unit Comments

Design Requirements

Operational wavelength range 400 - 900 nm broad range of optical emission lines
Operational Bandpass 3 nm avoid overlapping spectra

Optical Overview

Telescope aperture ratio f=7:5 MDM Observatory Hiltner 2.4m

O ner relay aperture ratio f=75

Microlens array aperture ratio f=2:5

Collimator aperture ratio f=2:2 14" Rowe-Ackerman Schmidt Astrograph (RASA 14)
Camera aperture ratio f=2:1

Collimator focal length 790 mm

Camera focal length 590 mm

Microlens Array

Array dimensions 68 68 mm

Clear aperture 66 66 mm

Material Fused Silica refractive index n = 1.4563 @ 0.6583 nm
Thickness 2.0 mm

Aperture ratio f=2:5 w/ black chromium mask

Lenslet pitch [ML250, ML125] [0.25, 0.125] mm

Lenslet clear aperture [nominal, high-res]  [0:2250:113] 0:001 mm

Lenslet radius of curvature [ML250, ML125] [0:257, 0:129] mm !

E ective focal length [ML250, ML125] [0.563, 0.283] mm thick lens approx. at = 0:6583nm
VPH Grating

Fringe frequency () 1200 lines/mm

Fringe slant/Blaze ( ) 4 deg positive or negative

Dimensions [340 290 20] mm fused silica substrate

Bulk index (ny) 1.35

Index modulation amplitude ( n) 0.11

E ective thickness (d) 3 m
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Table

3.7: CH S performance and sensitivity calculations

Parameter Value Unit Comments
Design CBEY
Telescope Performance
Primary clear aperture diameter 2.32 m MDM Observatory Hilter 2.4-m
Secondary obscuration diameter 0.745 m
Geometric area 37914 n
Plate scale 11.33 %%mm Focal Plane of 2.4-m
Imaging Performance
Field of view 10 x 10 arcmin
RMS spot radius <10 m Monochromatic point source at spectrograph input
Pupil image diameter [60 (4), 30 (2)] [57(4), 30 (2)] m (pixels) [ML250, ML125]
Spatial Resolution p:83 142 [2:77, 1:42) arcsec [ML250, ML125]

Image Plate Scale [x, y]

[0.418, 0.455]

[0.421, 0.457%rcsec pix *

Commissioning Measurement

Spectroscopic Performance

Spectral resolution [0.4, 0.8] [0.67,0377] A 6563 nm [nominal, high-resolution]
Velocity resolution 30 (15) 30(17) kms 1 [ML250, ML125]

Dispersion 0.4 0.373 A=pix

Number spectral elements (N) 35

Number spatial elements (N) 5 10423 107 [ML250, ML125]

Detector Performance MDM Observatory B4K Detector
Detector pixel size [angular] 15 [0.17] m [arcsec] unbinned

Detector read noise 5 4.4 e

Detector dark current 0.01 0.007 e pix 'sec? At a temperature of -124 C

Detector binning 2 2 pixels

Predicted Throughput/E ciency

Telescope 0.77 R = 0.88 per surface, aged

Filter 0.97 3nm Astrodon NI Filter

Relay 0.86 R > 97% 5 optics

Mircolens 0.95

Collimator/Camera 0.9/0.9

Grating 0.9 H Figure 3.3

Detector QE 0.85 MDM B4K

System throughput 0.15-0.2 0.08 predicted without atmosphere

H Sensitivity Calculation

Sky background intensity 259 100 R (phs *cn?sr?) Leinert et al. (1998)

Exposure time per frame 625 seconds stacked to reach full integration time
Sky background noise 50 eper lenslet per frame nominal 250 m lenslets w/o overlap
Dark current noise 100 e per lenslet per frame nominal 250 m lenslets

Read noise 100 eper lenslet per frame nominal 250 m lenslets, 2 pixel binning
10 Detection Limit See Figure 3.7

1 hour integration 109 (8674) mR (ph s cm 2sr 1) 30 arcsec angular scale, 900s exposures
10 hour integration 34 (2706) mR (ph st cm 2sr 1) 30 arcsec angular scale, 900s exposures
100 hour integration 11 (875) mR (ph s cm 2sr 1) 30 arcsec angular scale, 900s exposures '

YThe current best estimate (CBE) is the same as the design goal unless independently measured or modeled
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Figure 3.2: The top panels show non-sequential Zemax ray-trace showing a section of the
CH S plano-convex microlens array in two orientations: (left) convex side facing towards the
telescope focal plane and (right) convex side facing away from the telescope focal plane. The
array can be ipped 180 degrees in the optical path without altering the imaging capability.
Orientation 1 re-images the telescope pupil inside the array. Orientation 2 re-images the
telescope pupil outside the array, allowing us to access it and add additional masking. The
bottom panels show non-sequential ray trace imaging at the microlens array and at the
detector. The bottom left panel shows the geometric pupil of the telescope in the telescope
focal plane. The plano-convex lenslets re-image the telescope pupil, resulting in the micro-
pupils shown in the bottom middle panel. This re-imaging/demagni cation adds space
between lenslets for the spectra to disperse. At the detector (bottom right), the spectra
extend vertically and do not overlap for many resolution elements.
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Figure 3.3: The CH S VPH grating di raction e ciency (average polarization) as a function

of wavelength at a xed angle of incidence. The solid lines are rigorous coupled wave analysis
(RCWA) carried out at Bragg incidence for central wavelengths of 490 nm (blue), 660 nm
(green), and 900 nm (red). The same RCWA analysis is done for o -axis incidence angles
with a Bragg deviation of 2:5 degrees creating the angular Bragg envelope shown by the
shaded regions. The dotted lines are the average lossless Kogelnik e ciency predictions again
performed at Bragg incidence for 490 nm (blue), 660 nm (green) and 900 nm (red). The
symbols are the manufacturer measured rst order diraction e ciencies at three distinct
laser wavelengths (488 nm, 650 nm, 904 nm) taken using a 98 mm aperture and averaged for
measurements across the grating. All data products in this plot were supplied by Wasatch
Phonics.
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Figure 3.4: The CH S optomechanical design modeled in SolidWorks. The top view is the
East side of the spectrograph and the bottom view is the West side. CIS is primarily
composed of two trusses. The main truss houses the relay, focal plane, and collimator optics.
The camera truss houses the custom camera optics. The majority of the mechanical frame
is assembled from prefabricated joint connector kits. The main truss is built from the 80-20
T-slot Aluminum Building System and the camera truss employs the Rock West Composites
CARBONNect carbon ber system. The camera and grating rotate about the labeled pivot
axis. The relay optics are mounted on the side of the main truss.
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Figure 3.5: We have designed custom mounts for the entrance optics, grating, and camera
optics. Many of these optics are retained using spring-loaded or clamped mounting systems
so that they can be removed from their mounts without the need to break any epoxy bonds.
Here we show an overview of the custom mount designs in SolidWorks. Zoom in regions are
exploded views of retention mechanisms.
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Figure 3.6: Zemax ray trace showing the optical performance of the spectrograph (telescope
and relay not included). The top panels are the unconvolved PSF (without the microlens
array) in each of the three wavelength con gurations. The bottom panels are the convolved
pupil images (with the microlens array) for each lenslet pitch at a central wavelength of 658
nm.
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Figure 3.7: The minimum detectable ux (S/N = 10) as a function of angular scale at three
di erent integration times: 1 hr, 10 hr, 100 hr. We compare these sensitivity limits with the
expected emission ux from the ultra-faint extragalactic UV background (EUVB) and the
galactic UV background. We show that CH S is able to reach these sensitivity limits within

10-100 hours of integration.
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Figure 3.8: CH S early commissioning targets and observational planning. The top spectrum
shows the sky background emission lines from the atmosphere. We compare the expected
emission from each target galaxy with the telluric sky emission. Each black horizontal line is
a galaxy centered on its redshifted H emission. For galaxies in the SING survey, the length
of the line corresponds to the H velocity width (W) (Kennicutt et al., 2003). For galaxies
not in the SINGS survey (NGC 5477, NGC 5457, NGC 5907, and NGC 4656), we use HI
velocity width measurements (Davies et al., 1980; Rots, 1980). Note that the black lines for
NGC 5907 and NGC 4656 are full widthv and not W, measurements. The grey lines
correspond to the redshifted NIl emission (assuming the same width). Nebulae targets are
shown as vertical lines at the emitted wavelength of Hand NII. The shaded regions behind
the spectrum show the approximate Iter response curves for the H(6 nm FWHM) and

NIl (3 nm FWHM) lters. The red vertical dashed line marks the emission line wavelength
present in the Ne reference lamp.
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