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Inflowing pristine matter from the 
intergalactic medium may fuel star 
formation in the disk or be heated, 
subsumed into the corona.

Outflows driven by star formation and/
or AGN activity circulate baryons, 
metals, and energy into the corona 
(and perhaps beyond the halo).

An extended corona of gas may be a 
remnant of the collapse of the galaxy, 
perhaps near the virial temperature of 
the dark matter halo.

The visible stars in a galaxy trace 
only a portion of the baryonic 
matter important to its evolution.
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Figure 2
An overview of using absorption line experiments to probe gas in the Universe. (a) Light from a background object (in this case a quasar
on the right) follows a ray through the Universe toward an observer (left). As the ray passes through the halos of galaxies (the darkest
regions in the background image), absorption due to Hi and metals is imprinted on the spectrum; additionally, baryonic matter collected
into the filaments also absorbs some light, largely in the Hi Lyman-series transitions, giving rise to a forest of absorption. (b) A sample
high-resolution spectrum of a high-redshift (zem = 3.0932) quasar recorded at high resolution by UVES on the VLT (D’Odorico et al.
2016). This spectrum has an ultrahigh signal-to-noise ratio, SNR ≈ 120 to 500, with a spectral resolution R ≡ λ/"λ ≈ 45,000. Intrinsic
emission lines from the quasar are marked across the top. Many redshifted absorption lines are seen in these data. Those at wavelengths
longward of the quasar Lyα emission all arise from metals; those shortward of the Lyα emission are largely from Hi, though with some
interloping metal lines. The absorption line profiles encode critical information about the physical state of the gas. The insets show
absorption profiles from Hi (left) and representative metal lines (right) associated with the z ∼ 2.9 absorber producing the strong
spectral break seen near 3600 Å. Abbreviations: UVES, Ultraviolet and Visual Echelle Spectrograph; VLT, Very Large Telescope.

identifiable by their distinctive absorption break in quasar spectra (see Figure 2). These lower-
density absorbers are found in more extended regions around galaxies (Figure 1a,d) and are sub-
sequently observed with a higher frequency than the higher column density systems (Figure 1b).

At even lower column (surface) densities, the gas becomes optically thin to ionizing radia-
tion and traces low-density circumgalactic and intergalactic gas. The intergalactic medium (IGM)
manifests itself observationally as a forest of Hi absorption lines in the spectra of background
quasars, with 1012 ≤ N (Hi) ≤ 1.6 × 1017 cm2, the so-called Lyα forest. Its absorption is caused
not by individual, confined clouds but by a gradually varying density field characterized by over-
dense sheets and filaments and extensive, underdense voids that evolve with time (McQuinn 2016).

1.3. Basic Concepts of Absorption
As light from a distant source propagates to an observer, a fraction can be absorbed via electronic
resonance transitions in intervening atoms, ions, or molecules and subsequently re-emitted along
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Péroux & Howk (2020) Spectrum from D’Odorico+ (2016)



The circumgalactic medium plays a fundamental role in and potentially 
provides unique constraints on the baryon cycle that drives galaxy evolution.

Ancient outflows

Metal-poor infall

Metal-poor infall

Recycling?
Satellite stripping?

Primordial corona?

Hot-mode accretion?

Metal-rich W
inds

Metal-rich Winds

CGM = CircumGalactic Medium



*Metals ejected from galaxies by feedback, 
which shape the galactic mass-metallicity 

relationship, are stored in the CGM.

The Mass–Metallicity Relation 7

measurement error, we switch to using the luminosity in the
native SDSS passbands, k-corrected to the median redshift,
z ∼ 0.1. To quantify the influence of dust, we correct the
galaxy luminosities for intrinsic attenuation using the atten-
uation curve of Charlot & Fall (2000) and assuming that the
stars experience 1/3 of the attenuation measured in the neb-
ular gas. The nebular attenuation is determined simultane-
ously with the metallicity assuming a metallicity-dependent
Case B Hα/Hβ ratio (Brinchmann et al. 2004; Charlot et al.
2004). We assume that the correction for intrinsic attenuation
automatically accounts for any inclination-dependent effects.

In Figure 5 we systematically examine the impact of dust
and M/L variations on the luminosity–metallicity relation by
adopting different measures of galaxy luminosity: 1) the ab-
solute g-band magnitude corrected for inclination-dependent
attenuation following Tully et al. (1998); 2) the absolute g-
band magnitude corrected for intrinsic attenuation, as de-
scribed above; 3) and the absolute z-band magnitude cor-
rected for intrinsic attenuation. In panels 1-3 of Figure 5
we indicate the distribution of metallicity at a given lumi-
nosity by displaying the contours which enclose 68 and 95%
of the data in bins of 0.4 mag. The contours provide a non-
parametric description of the distribution which is unbiased
as long as the errors in luminosity are small relative to our
adopted bin-size. For comparison, we also show the tradi-
tional least-squares linear bisector fit to the data in panel 1
(12+log(O/H) = −0.186(±0.001)Mg + 5.195(±0.018)). Be-
cause we do not know a priori the true functional form of
the luminosity–metallicity relation, we focus on the contours.
Comparison of the first two panels of Figure 5 shows that cor-
recting the luminosity for attenuation reduces the scatter and
flattens the luminosity–metallicity relation at high mass. This
trend is even more pronounced when the extinction corrected
z-band magnitude is used (panel 3). Because the z-band is
less sensitive to dust and recent starbursts, the range of M/L
ratios is smaller, and the scatter is reduced by ∼ 20% com-
pared to the uncorrected g-band. However, even in the z-band,
M/L ratios can vary by factors of a few. This effect is illus-
trated in panel 4 where we plot the median z-band luminosity–
metallicity relation for galaxies in four bins of Dn(4000). As
discussed in Kauffmann et al. (2003a), Dn(4000) is a good
measure of the mean stellar age of the population. Our inter-
pretation of panel 4 is that at fixed metallicity, galaxies with
lower Dn(4000) are shifted to brighter magnitudes because of
the lower M/L ratios of their young stellar populations. This
confirms our intuition that the underlying physical correlation
is between stellar mass and metallicity.

5. THE MASS–METALLICITY RELATIONSHIP

With our new prescriptions for measuring stellar mass and
gas-phase metallicity it is now possible to examine the mass–
metallicity relationship of our sample of SDSS star-forming
galaxies. Figure 6 shows that a striking correlation is ob-
served, extending over 3 decades in stellar mass and a fac-
tor of 10 in metallicity. The correlation is roughly linear from
108.5 M⊙ to 1010.5 M⊙ after which a gradual flattening occurs.
Most remarkable of all is the tightness of the correlation: the
1σ spread of the data about the median is ±0.10 dex, with
only a handful of extreme outliers present. The relationship is
well fitted by a polynomial of the form:

12+log(O/H) = −1.492+1.847(logM∗)−0.08026(logM∗)2

(3)
where M∗ represents the stellar mass in units of solar masses.
This equation is valid over the range 8.5 < logM∗ < 11.5.
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FIG. 5.— The luminosity–metallicity relation of SDSS galaxies in the g and
z-bands. In the first panel we have corrected Mg to face-on orientation, but
we have not corrected for internal attenuation. In panels 2-4 we correct Mg
and Mz for internal attenuation, assuming that the stars experience 1/3 of the
reddening measured in the gas. The solid black contours in panels 1-3 enclose
68 and 95% of data with statistics computed in bins of 0.4 mag in luminosity.
The median half-width of the distribution is listed in the lower right corner.
For comparison, the dashed line in the first panel shows the least-squares
linear bisector fit to the data. The fourth panel shows the median z-band
luminosity–metallicity relation for galaxies in four bins of Dn(4000): from
bottom to top, 1.0 - 1.2, 1.2 - 1.3, 1.3 - 1.4, 1.4 - 1.8. Data for the contours in
panels 1 and 3 are given in Tables 1 and 2.
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FIG. 6.— The relation between stellar mass, in units of solar masses, and
gas-phase oxygen abundance for ∼53,400 star-forming galaxies in the SDSS.
The large black points represent the median in bins of 0.1 dex in mass which
include at least 100 data points. The solid lines are the contours which enclose
68% and 95% of the data. The red line shows a polynomial fit to the data.
The inset plot shows the residuals of the fit. Data for the contours are given
in Table 3.

The principal difference between the mass–metallicity

Tremonti+ (2004)

Star formation inefficiencies + 
outflow

1. How does the CGM 
reflect galaxy evolution?

*Many baryons “missing” from galaxies are 
stored in the CGM, reflecting the outflows that 
shape the stellar mass-halo mass relationship.
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The baryonic and metal content of the CGM trace baryons 
collected from the assembly of the galaxy, expelled from the 
galaxy, and contributed by satellites.



*Infall of IGM/CGM gas is 
required to fuel multi-Gyr star 

formation in galaxies.

SMGs
LIRGs/ULIRGs

SpiralsG
as

 c
on

su
m

pt
io

n 
tim

es
ca

le
 (G

yr
)

Adapted from Daddi+ (2008)

selectio
n

Milky Way

2. What role does the CGM 
play in shaping galaxies?

Flows through or from the CGM provide 
fuel for star formation in galaxies.

CGM: circumgalactic
medium

WHIM: warm-hot
intergalactic medium

cosmological hydrodynamical simulations indicate most of these baryons are in the low-density
ionized gas of the IGM, for which deriving the density from observations is highly model-
dependent. At lower redshifts, a larger fraction of baryons are collected on the galaxy halo scale,
including in the circumgalactic medium (CGM; Werk et al. 2013, Tumlinson et al. 2017). A
major fraction of the baryons at lower redshift is found in hot gas (105–106 K), including the gas
in groups and clusters as well as the warm-hot intergalactic medium (WHIM; Cen & Ostriker
1999, Davé et al. 2001). This gas can be probed in X-ray experiments and more recently through
the distortions the gas imprints on the CMB spectrum owing to thermal and bulk motions of free
electrons (the thermal and kinetic Sunyaev-Zel’dovich effects; Lim et al. 2018, de Graaff et al.
2019, Tanimura et al. 2019).

We can use the combined masses of the neutral (Section 2.1.2) and molecular gas (Section 2.2)
to trace the conversion of gas into stars over cosmic time. In the broadest terms, H2 clouds form
from Hi, and these molecular clouds then cool, fragment, and initiate star formation in galax-
ies. Thus, the cold gas (neutral+molecular) is expected to provide the reservoir of fuel for star-
formation activity. Figure 5 provides a cumulative view of the observed densities of these dense
baryonic phases. Focusing on the total, we note an increase in the combined density with time, in-
dicating that the cold gas reservoir at early times is insufficient to provide for all of the stellar and
cold gas content seen today (comparing the sum at lower redshift with the value seen at the highest
redshifts). At z ! 2.5, the total density of condensed matter is relatively constant; we see the con-
version of Hi into H2 and stellar mass. However, at lower redshifts the Hi is rapidly depleted into
molecular gas, whereas the stellar mass density grows at an even higher pace. At z ≤ 2.5, the com-
bined neutral and molecular gas densities decrease strongly, though the total mass in condensed
matter grows, reaching nearly twice its value at the highest redshifts. The growth in stellar mass
cannot be accounted for by the decrease in cosmic molecular hydrogen density, necessitating sig-
nificant accretion of additional gas onto galaxies to form the bulk of the stellar mass.We note that
observational evidence for accretion is scant and should be the focus of upcoming observational
programs. This requires a continuous conversion of other forms of matter into these condensed
forms in order to provide for the overall growth.
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Figure 5
Cumulative view of the redshift evolution of the total density of condensed matter summing the molecular
gas, neutral gas, and stars. At z > 3, we witness the formation of H2 gas from Hi, resulting in a constant
amount of condensed matter (horizontal dashed line). At z < 3, the amount of neutral gas decreases, and the
molecular gas is rapidly consumed into star formation.
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Péroux & Howk (2020)

*The need for conversion of CGM/IGM material into 
the fuel for star formation is a global phenomenon in 
the Universe.



Coronal precipitation?

Cold- or hot-mode 
accretion?

Recycling?

Fountain-induced 
accretion?

Physical 
processes in 
the CGM that 
may fuel star formation

We want to 
understand which

 of these is important!



What are the priorities for HWO for 
studying the flow of baryons and 

metals in and out of galaxies?

What technologies and requirements are 
most important?



We want to trace the mass reservoirs of warm and hot 
ionized gas AND the processes that transform this into 

cold gas that can form stars.

• FUV spectroscopy (<1200 Å)

• Diffuse imaging



Understanding the baryon cycle requires access to the FUV
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While the hottest gas may bear 
much of the mass, the ACTION is  
all in the EUV/FUV ions that cool 
the gas to the star-forming regime.

 Chapter 4—Observatory Science 

4-5 

multiple sightlines in each galaxy observed. 
These sightlines can be a combination of 
background quasars, background galaxies, and 
“down-the-barrel” sources within the targeted 
galaxy (e.g., Barger et al. 2016). Achieving this 
significant scientific gain will require both the 
new capability of a multi-object 
UV spectrograph, as well as greater UV 
sensitivity than provided by HST/COS in order 
to have the requisite surface density of 
sufficiently bright background quasars for 
absorption line studies. The latter will require 
either a larger aperture mirror than HST, or a 
UV-optimized design—or, ideally, both. Based 
on experience with HST/COS, a signal-to-noise 
requirement (SNR) � 5 is required to detect 
absorption lines from the stronger ionic species 
(e.g., C IV 154.9 nm, C III] 190.9 nm, Si III 
189.2 nm) given their typical column densities 
(see Werk et al. 2013; Bordoloi et al. 2014). 
Motivating the wide bandpass, absorption 
measurements from multiple ionic species are 
necessary to model the temperature and density 
of the gas with radiative transfer codes such as 
CLOUDY (Ferland et al. 2017).  

Typical nearby galaxies have sizes �2 arcmin, 
requiring a field of view (FOV) of at least 
2.5 arcminutes on a side for imaging and at least 
1 arcminute on a side for multi-object slit 
spectroscopy. Sub-arcsecond (��.� arcsec, full-
width half-maximum; FWHM) angular 
resolution is required to resolve both star 
formation in the host galaxy and filamentary 

structure in the IGM and CGM. To enable 
associating gas with galaxies requires measuring 
the gas kinematic velocities to a precision of 
�5 km/s, corresponding to a spectral resolving 
power of R � 60,000. 

4.2 Objective 10: What Caused the 
Reionization of the Early Universe?  

Objective 10: To determine the sources responsible for 
initiating and sustaining the metagalactic ionizing 
background (MIB) across cosmic time.  

4.2.1 Rationale 
Most of the hydrogen in the universe 

became ionized over a relatively short period of 
time around 13 billion years ago, during the 
Epoch of Reionization (EOR). During this 
period, primordial gas clouds devoid of heavy 
elements began to collapse into proto-galaxies, 
forming the first stars and black holes. 
Identifying whether the first stars or black holes 
were primarily responsible for initiating the EOR 
is still a major open question in cosmology. This 
question can be generalized to understanding the 
evolving population of sources responsible for 
the metagalactic ionizing background (MIB) as a 
function of cosmic time. 

The timing and duration of the EOR is 
crucial to the subsequent emergence and 
evolution of structure in the universe (see e.g., 
Madau et al. 1999; Ricotti et al. 2002; Robertson 
et al. 2015). The relative roles played by star-
forming galaxies, low-luminosity active galactic 

 
Figure 4.1-3. While visible and near-UV observations offer access to neutral gas, observations of near-UV and far-UV features 
are required to probe the more dominant warm and hot components of the IGM. This graphical representation shows the wealth 
of diagnostic lines the far-UV and near-UV offer to astrophysical investigation, comparing transition strength to rest-frame 
transition wavelength (Tripp 2019). 

Tripp (2019) from the HabEx Final Report

Access to λ ~ 1000 Å is critical



We want to map the morphology of the gas, tracing the 
energy and mass exchange through the CGM

• FUV spectroscopy (<1200 Å)

• Diffuse imaging

• Multiplexed spectroscopy

• Large aperture

The Large UV Optical Infrared Surveyor LUVOIR

The LUVOIR Final Report 6-5

have found that the gaseous halos of Milky-Way-like galaxies may outweigh their disks 
(Werk et al. 2014), and that a large share, perhaps the majority, of all the metals ever pro-
duced by stars are outside galaxies (Peeples et al. 2014). The major strides in characterizing 
the CGM have left many important questions open:

1. Where are the missing baryons that are needed to fuel galaxies? 

2. Where are the metals, and what do their distribution within and outside galaxies 
tell us about feedback? 

3. How are galaxies quenched, and what happens to their CGM? Is it consumed, 
ejected, or heated? And how is quenching maintained? 

Solving these problems requires pushing the boundaries of CGM characterization far be-
yond the limits of today’s measurements, to z = 1–2, for two major reasons. First, this period 

Figure 6-2. Diffuse gas in and around galaxies requires UV capability for most of cosmic time. The 
top row shows a simulated galaxy at z = 0.7 from the FOGGIE suite (Peeples et al. 2019), rendered in 
some key diagnostic ions. The temperature and density regimes probed by these ions are marked in 
the “phase diagram” of this galaxy’s gas (lower left). At upper right we show how these lines, ranging 
from Mg X at 680 Å to Mg II at 2800 Å, vary in observed wavelength with redshift. Even with redshift, 
most of this diffuse gas is visible only in the UV for the last 10 Gyr of cosmic time. X-ray lines such 
as O VII and O VIII (both around 20 Å) probe gas at ~1 million K but not the cooler phases where 
accretion and recycling occur. The 1000–1200 Å range marked “Far-UV” is critically important to 
capture O VI 1032 at z > 0.1 and the EUV ions Ne VIII and Mg X at z > 0.5 rather than z > 1.
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Corlies & Schiminovich (2016)

z ~ 0.2

2′
 @

 z
~

0.
2

Morphological information – 
Where are the filaments and winds?

Cooling rates – 
Do galaxies acquire their gas from the CGM? 
Do winds lose their energy to radiation? 

Physical Scales – 
What are the relevant length, density scales for 
halo structures? Pressures, temperatures?

O VI C IV C III Si IV

See also van de Voort & Schaye (2013), Bertone & Schaye (2012)



[O II] emission from Makani

Rupke+ (2019)



Spectral imaging technologies
The Large UV Optical Infrared Surveyor LUVOIR

The LUVOIR Final Report 6-11

parsec-scale sizes in nearby galaxies and sub-kpc sizes at z < 2 (right panel of Figure 6-6), 
where the relevant diagnostics are still in the space UV. The ability to resolve gas flows at 
parsec to kiloparsec scales in the key UV diagnostics lines is a unique ability of a large UV-
sensitive space telescope.

The resolved gas flows observing program (Appendix B.11.4) uses 75 hours with 
LUVOIR-A to map the M82 superwind as it propagates out from the galaxy at 300 (or more) 
different locations in the flow spread across 6 footprints of the microshutter array. At each 
position, LUMOS can detect emission in Lyα, O VI, C IV, or any other diagnostic line, mea-
sure the line kinematics relative to the optical lines (such as H-α) and to other UV lines, 
and estimate the gas mass, metallicity, and kinetic energy. Obtaining these kinds of richly 
detailed physical diagnostics at ~20 parsec spatial resolution is a transformative capability 
for the understanding of galactic winds driven by SNe and AGN.

Diffuse CGM, the faintest light in the universe. Ground-based IFU spectrographs such 
as VLT/MUSE and KCWI at Keck are pioneering the search for CGM gas emission at z > 2, 
where the relevant diagnostic lines pass into the visible bands (Figure 6-2). Gas reservoirs 
extending over hundreds of kpc appear to be illuminated by radiation from the stars and 
AGN in the galaxies (Cantalupo et al. 2014) and some large structures can be resolved 
(Martin et al. 2016). However, their spatial resolution corresponds to physical scales of > 10 

Figure 6-6. Two examples of using LUMOS to examine the small-scale physics of galactic outflows. At 
left, X-ray and optical images of the M82 starburst are tiled by the 2’ x 2’ MSA, and one 0.14” x 0.086” 
micro shutter matches well to the bright knots of emission. At right, the zoomed region from left has 
been rescaled to z = 0.2 to show how these clumps of interacting gas can be mapped at the sub-ki-
loparsec level of individual shutters.
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Matsubayashi et al. (2012) 

LUMOS MSA
 2x2 arcmin

Microshutter arrays

______ Rowof sub-slits

Telescope Focal

.lane
Telescope

Slicer Mirror
— Array

Row of sub-pupils
Focusing Mirrors

A

 
 

 

 

 
Fig. 1. Image slicer concept. The field of view is divided into N strips on a slicer mirror (here N=6). Each of N slices re-

images the telescope pupil, so there are N images in the pupil plane. Because of a tilt adapted to each individual slice, 
the N images are arranged by the Focusing Mirrors along a line and form a long pseudo-slit (i.e. row of sub-slits). 

 

 

2. AN INNOVATIVE METHOD: DESCRIPTION 
 

Classically slices are individually polished while our alternative method intends to manufacture one or more stacks of 
slices by a single polishing process. Fig.2 schematically describes main steps of manufacturing process: 

a) Plane rectangular slices are massively produced by classical polishing and cutting processes with respect to tight 
thickness, parallelism, and perpendicularity requirements. Back and lateral sides serve as reference surfaces 
during next processes. 

b) All slices are arranged and maintained by optical contact. Because of the use of optical contact, the block 
constituted by slices is equivalent to the blank of glass used in the traditional polishing of more classical 
mirrors. The position of the vertexes of each slice on the block is known with a very high accuracy with respect 
to the borders of the block and it will depend on the final orientation of each active surface in the slicer mirror. 

c) The block constituted by slices is polished thanks to standard polishing techniques to achieve the required shape 
(either spherical or asphercial, see section 6.2). After that, the block is dismantled in order to obtain all 
individual polished slices (after only one polishing process). 

d) Slices are re-arranged by block or individually (depending on the design) to get one or more final stacks of 
slices. 

All these steps are overcome by Winlight Optics. Individual slices or blocks are stacked in a "blind" process during 
which metrology is not required allowing fast stacking process. The current stacking process only takes few hours for a 
dozen of slices with some simple manipulations.  

All slices are maintained by optical contact. The choice of optical contact between slices allows insuring both the 
cohesion into the optical assembly and the preservation of the alignment. Furthermore, the internal stress of each slice 
remains constant from the polishing to the stacking (final positioning in the instrument). This point is crucial to preserve 
the optical quality of the system. 
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We want to use multiobject spectroscopy to 
understand the energy requirements for launching 

outflows.

• FUV spectroscopy (<1200 Å)

• Multiobject spectroscopy

not represent a non-detection in our sample. Our final target list
includes seven sightlines that are listed as S1–S7 in Table 1.

In addition, we retrieved the FUSE spectra for our sightlines
from MAST. The spectra span a wavelength range of
905–1187Å within which an important absorption line O VI
λ1032 lies. Since O VI is not the focus of this work and we only
use it for a comparison with Si IV, a simpler spectral reduction
was performed. The stellar continuum within ±1000 km s−1 of
1032Å was normalized using first- and second-order poly-
nomial functions. We did not attempt to run Voigt-profile
decomposition for O VI λ1032 given the low S/N of the FUSE
data. The normalized O VI absorption lines and relevant
discussion are presented in Section 6.1.

All HST, FUSE, and GALEX data used in this paper can be
found in MAST: 10.17909/T9FG6R.

2.2. Wavelength Calibration and Spectral Co-addition

As mentioned in Section 2.1, each sightline was observed
with four exposures which produce four spectra that need to be
co-added. The standard CalCOS pipeline provides data
reduction for spectral co-addition and wavelength calibration
with an uncertainty of nearly one resolution element. We show
the original CalCOS-processed stellar spectra in Figure 2. In
the following work, we process and present the spectra in their
original resolution; we do not perform any binning to the
spectra unless otherwise specified.

Several authors have pointed out that problems may arise
with CalCOS wavelength calibration and spectral co-addition,
and thus have written their own pipelines to process HST/COS
spectra in order to minimize the uncertainties. To justify that
CalCOS products are reliable for our scientific analysis, we
used three other pipelines to calibrate and co-add the original
spectra and compared the results with those from CalCOS. The
three pipelines we investigated are (1) the IDL routine
x1d_coadd.pro by Danforth et al. (2010), (2) the spectral co-
add code by Wakker et al. (2015), and (3) the PyCOS pipeline
by Liang & Chen (2014 and viaprivate communication). We

discuss the details of these pipelines and compare them with
CalCOS in Appendix B. All the co-added spectra processed
using these three methods can be found in Zheng et al. (2016,
data set: https://doi.org/10.5281/zenodo.168580).
In brief, our investigation shows consistency between

CalCOS products and those from other pipelines. A couple of
lines using the method of Wakker et al. (2015) have minor
wavelength shifts with respect to the CalCOS spectra but all
within one resolution element. We note that such good
agreement between CalCOS and the other three pipelines is
mainly due to the straightforward setup of our observations.
For each of our sightlines, the observation was completed
with four exposures in one single visit and the spectra
were taken under the same setting. The background stars are
all UV-bright to ensure high S/N. Thus the possibility of
spectral misalignment is largely reduced. CalCOS pipeline is
most likely to become problematic in situations where faint
QSO observations and multiple spectra are obtained at
different epochs. We proceed with our analysis using the
CalCOS co-added spectra that we have tested to be
scientifically reliable by direct comparisons with three other
different methods.

2.3. Line Identification, Continuum Fitting, and Voigt-profile
Fitting

Our observations include interstellar absorption lines of S II
λλ1250, 12536, Fe II λλλ1142, 1143, 1144, P II λ1152, Si IV
λλ1393, 1402, Si II λλλ1190, 1193, 1304,7 Si III λ1206, and
C II λ1334. In Figure 2, we highlight these lines in gray. Due to

Figure 1. Left: distribution of the target stars (S1–S8) in the disk of M33. The background image is from the Galaxy Evolution Explorer (GALEX). S8, indicated by an
open circle, is not used in our analysis (see Section 2.1). Right: number of stars within the COS aperture along each sightline. The background HST/WFPC images
were retrieved from the MAST archive. Images taken with the F170W filter are used when they exist. The red cross indicates the center of the COS aperture, and the
blue circle shows its size (2 5 in diameter). At the distance of M33 (840 kpc), 2 5 is ∼10 pc.

6 S II lines are in fact triplet: 1250, 1253, and 1259 Å. However, S II λ1259 is
blended with the vLSR∼−350 km s−1 component of Si II λ1260, which we
will discuss in Section 7.3 and Appendix A. We do not include S II λ1259 in
our analysis. We also exclude Si II λ1260 and only use Si II λλλ1190,
1193, 1304.
7 In each of our COS spectra, Si II λ1304 is strongly affected by nearby
airglow emission O I λλ1302, 1304 due to oxygen atoms in the exosphere of
the Earth. For this line, we retrieve night-only photons from the spectra, the
process of which is described in detail in Y. Zheng et al. (2017, in preparation).
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LUVOIR Final Report



The cosmic baryon cycle dictates the 
manner in which galaxies form stars (or cease 
forming stars). 

HWO will allow us to probe the exchange of 
matter between a galaxy and its surroundings 
in ways we never could with Hubble. 

HWO will provide the greatest advances with:
• Good sensitivity to λ > 1000 Å.
• Robust diffuse imaging capability.
• Multiobject spectroscopy in the UV.
• High spectral resolution  

(preferrably )R ≳ 50,000 − 100,000


