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Abstract: 
Tracking the migration of baryons between galaxies and the circumgalactic space is necessary 
for establishing a comprehensive understanding of the formation and evolution of galaxies and 
supermassive black holes.  Combining 2D images of diffuse gas in emission (as enabled by wide-
area integral field spectrographs; IFS) and 1D maps of the gas in absorption (as enabled by 
echelle spectroscopy) provides a powerful tool for studying the complex interplay between gas 
and galaxies in the distant universe.  While the emission associated with diffuse halo gas is 
currently too faint to be routinely studied, new facilities in the coming decade will enable direct 
observations of diffuse circumgalactic gas in both atomic emission and absorption in typical, 
individual galaxy halos.  This white paper outlines new opportunities (observations and 
instrumentation) that will enable the construction of spatially and spectrally resolved maps of 
gas flows in and out of galaxies and supermassive black holes across cosmic time.   



Building Galaxies from Cosmic Gas: 
The matter content of the Universe is much richer and more complex than the visible structures 
in starlight alone (Figure 1).  Galaxies, and the stars and gas within them, make up < 10% of the 
ordinary matter in the Universe (e.g., Miralda-Escudé et al. 1996; Fukugita 2004).  Most of the 
remaining material resides in the vast volume of space that lies between galaxies.  This reservoir 
contains both the raw materials for building galaxies and a fossil record of feedback from 
previous generations of stars and active galactic nuclei.  Tracking the migration of baryons 
between galaxies and the circumgalactic space is necessary for establishing a comprehensive 
understanding of the formation and evolution of galaxies and supermassive black holes.   
Tremendous progress has been made in our empirical and theoretical understanding of how 
galaxies form and evolve across cosmic time.  Cosmological simulations, incorporating 
sophisticated star formation and feedback recipes, can both match the large-scale statistical 
properties of galaxies and reproduce the observed small-scale features (e.g., Vogelsberger et al. 
2014; Hopkins et al. 2014; Schaye et al. 2015; Agertz & Kravtsov 2015).  However, these 
simulations have fallen short in matching the empirical properties of diffuse gas (Hummels et al. 
2013; Ford et al. 2016; Oppenheimer et al. 2016; Rahmati et al. 2016; Liang et al. 2016; Nelson 
et al. 2018, due to a lack of resolutions necessary to resolve the density structure (e.g., McCourt 
et al. 2018;  Liang & Remming 2019; Hummels et al. 2019) or the physics of the accretion shock 
(Stern et al. 2018). 
A holistic approach to advance a deeper understanding of the interplay between gas and 
galaxies is to combine observations and simulations of galaxies and their gas envelopes, which 
would both inform our empirical understanding of galaxies in the early universe and refine the 
physical models of gas cycles.  However, distant sources are often too faint to be detected 
currently in emission.  New facilities in the coming decade, such as the James Webb Space 
Telescope and the next generation Extremely Large Telescopes (ELTs), will enable direct 
observations of the gas processed by nascent galaxies and black holes in both atomic emission 
and absorption, establishing a deep, global understanding of how galaxies and supermassive 
black holes form and evolve.  In this paper, we discuss the prospect of tracking the baryon cycle 
in emission in the coming decade.  For absorption studies, see the white paper by Rudie et al.  
 

 
Figure 1: The spatial distribution of matter in dark matter (left), stars (middle), and gas (right) from the Illustris 
simulation project. The origin of galaxies, the chemical elements, black holes, and all other objects begins with the 
flow of gas from the tenuous reservoirs of intergalactic space into dense nurseries where gas is compressed and 
converted into stars (middle panel). The physical processes that regulate this transport determine how, when and 
why galaxies grow in stellar content, form heavy elements and nurture supermassive black holes in their nuclei.  
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Mapping Gaseous Halos in Emission: 
Hydrogen is the most abundant species in the universe.  Mapping the large scale distribution of 
hydrogen therefore provides a high-fidelity view of the spatial distribution of matter in the 
cosmos.  The bulk of this cosmic gas resides in very low density environments.  Being illuminated 
by the general background radiation, the low-density gas glows at an extremely faint level.  At 
the same time, depending on the density, temperature, and ionization state of the gas, the 
interactions between hydrogen atoms and high-energy background photons are expected to 
generate varying degrees of absorption features against the background light.  By capturing 
these emission and absorption features, one can construct 3D density, pressure, and metallicity 
maps of the underlying matter distribution, and derive critical constraints for theoretical models 
(e.g., Voit et al. 2019).  
Direct imaging of faint emission from the cosmic gas produces a clear map of the matter 
distribution in the cosmos. In addition, a 2D image shows how this gas is connected and 
interacting with galaxies where stars form.  The brightness of diffuse gas emission is determined 
by a combination of two main factors: (1) the intensity of the ionizing radiation field and (2) the 
gas density, where higher density gas in the proximity of an ionizing source glows at a higher 
rate.  Recent efforts have shown that detecting emission and/or scattering from modest density 
gas around luminous QSOs is within the reach of the current world class telescopes (e.g., 
Cantalupo et al. 2014; Martin et al. 2015; Hennawi et al. 2015; Borisova et al. 2016; Cai et al. 
2018; Arrigoni Battaia et al. 2019).  Giant Lyα nebulae of surface brightness SBLyα > 10-18 erg s-1 
cm-2 arcsec-2 and spatial extent >100 kpc are ubiquitous around distant quasars (Figure 2).   
These discoveries have been enabled by wide-area integral field spectroscopic capabilities that 
allow fine tuning in the wavelength bandpass function in search of faint and relatively narrow 
emission-line signals across 2D images in the presence of large redshift uncertainties.  While the 
ubiquitous presence of giant Lyα nebulae around distant quasars suggests a causal link between 
cool gas (T~ 104 K) in the host halos and the quasar phase (see Johnson et al. 2015 for relevant 
discussion), the observed Lyα photons may be due to recombination radiation, resonant 
scattering, cooling radiation, or a combination thereof (e.g., Dijkstra 2017).  Consequently, the 
physical properties of Lyα nebulae remain uncertain. 

 
Figure 2: Examples of spatially extended Lyα nebulae detected around radio-quiet quasars at redshift z = 3-4 
(adapted from Borisova et al. 2016).  Each panel is 44 arcseconds on a side, corresponding to a physical scale of ~ 
340 kpc at the quasar redshift.  Giant Lyα nebulae with surface brightness > 10-18 erg s-1 cm-2 arcsec-2 and spatial 
extent exceeding 100 kpc are ubiquitous around these distant quasars (see also Arrigoni Battaia et al. 2019). 



Resolving Halo Gas Using Rest-frame Optical Emission Lines: 
Gas flows in and out of star-forming regions can also be directly imaged in rest-frame optical 
lines using an integral field spectrograph.  As gas is processed through stars within a galaxy, it is 
enriched with heavy elements. The distribution and kinematics of chemically-enriched gas 
provides unique clues about the process of star formation and its regulation within galaxies.  
Commonly seen emission lines from HII regions include [OII], [OIII], Hβ, and Hα.  Together, the 
relative strengths of these features constrain the underlying gas density, ionization condition, 
metallicity, temperature, relative motion, and the physics of feedback (Stern et al. 2016).   
Figure 3 showcases an example of wide-spread streams of gas being photo-ionized by the 
nearby quasar at z = 0.6, providing a tantalizing connection between quasar feeding and large-
scale galaxy interactions (Johnson et al. 2018).  The discovery was enabled by wide-area integral 
field spectroscopic observations, which show that the QSO resides in a loose group of galaxies.  
What appear to be isolated galaxies are interconnected and undergoing violent interactions, 
driving gas out to distances ~10 times larger than the stellar disks.  Some of the stripped gas is 
found to be moving at a modest speed into the luminous quasar.  Stripped gas traced by Hβ, 
[OII], and [OIII] is seen at projected distances, ranging from as large as 100 kpc from the quasar 
to within the inner 10 kpc of the central engine with surface brightness exceeding SB[OIII] = 8x10-

18 erg s-1 cm-2 arcsec-2.  The observed [O III]/[O II] ratios within each nebula are generally anti-
correlated with the projected distance from the quasar, and the lines display a relatively narrow 
internal velocity, ~ 50−130 km/s.  Together, these observed properties favor a scenario in which 
the gas is photo-ionized by the nearby quasar.   

 
Figure 3: The galactic environment of a luminous quasar at z = 0.57 (adapted from Johnson et al. 2018). The left 
panel shows a traditional broad-band image obtained using HST/ACS and the F814W filter.  MUSE, a wide-field 
integral field spectrograph on the VLT, captures faint emission features traced by Hβ, [OII], and [OIII] from diffuse 
gas moving at high speeds relative to the quasar, from -1200 to +300 km/s (middle panel).  A narrow-band image 
of the [OIII] line-emitting gas over a velocity widow of -350 to 0 km/s from the QSO is shown in the right panel. In 
both MUSE panels, the QSO light has been removed.  The surface brightness of the observed [OIII] emission exceeds 
SB[OIII] = 8x10-18 erg s-1 cm-2 arcsec-2. This line-emitting gas displays high [OIII]/[O II] and [O III]/Hβ ratios that decline 
with projected distance from the QSO.  In addition, it exhibits additional high ionization features such as HeII λ4686 
and [NeV] λλ3346, 3426 at the brightest knots, while showing a relatively narrow internal velocity dispersion of ~ 
50−130 km/s.  What appear to be isolated galaxies are in fact interconnected and undergoing violent interactions, 
driving gas out to distances ~10 times larger than the stellar disks recorded in the F814W image on the left.  Some 
of the stripped gas is found to be moving at a modest speed into the luminous quasar at the center of the panels.   
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Figure 4: Cool intragroup medium revealed in absorption and in emission.  The left imaging panel displays a deep 
HST image observed using WFC3 and the F160W filter, showing the dynamic environment of a galaxy group at 
z=0.313 that intercepts the line of sight toward a background QSO at z=1.18.  The dotted, white circles centered at 
the QSO are 10” and 20” in radius, corresponding to 45 and 90 physical kpc in projected radius at z=0.3.  A strong 
HI absorber is known at the redshift of the galaxy group (e.g., Lane et al. 1998; Rao & Turnshek 2000), with 
numerous associated absorption transitions due to Mn+, Fe+, Mg+, Mg0, and Ti+ (bottom spectral panels).  Available  
echelle spectra of the QSO resolve these transitions into multiple narrow components of FWHM < 15 km/s.  
Spectroscopically identified group members are marked by the observed line-of-sight velocity offset relative to 
z=0.31264, corresponding to the strongest absorbing components.  The galaxy group is dominated by two super-L* 
spiral galaxies at Δv=-32 and +82 km/s, with nine additional sub-L* members with Δv ranging from -260 to +220 
km/s (e.g., Bergeron & Boissé 1991, Chen & Lanzetta 2003; Kacprzak et al. 2010; Péroux et al. 2019).  The three 
imaging panels to the right display the continuum-subtracted Hα line maps of the same field, stepping in line-of-
sight velocity from Δv=-156, -26, to +60 km/s.  The absorption properties at these velocities are marked by vertical 
dotted line in the spectral panels at the bottom.  The Hα maps show that the high-column density gas previously 
known from 1D QSO absorption-line observations extends beyond 100 kpc across the galaxy group. 
 

Combining Emission and Absorption Observations 
While direct imaging of the cosmic gas in line emission produces spatially-resolved 2D maps of 
matter distributions, these observations are inevitably most sensitive to high-density clumps 
due to the inherent n2 dependence of the emission measure.  Echelle spectroscopy enables a 
uniform, spectrally-resolved 1D survey of low-density gas in absorption, and complements 
emission surveys with unparalleled sensitivities.  By comparing the relative absorption line ratios 
of different ions, robust constraints can be derived for the physical properties of the absorbing 
gas (e.g., Rauch 1998; Wolfe et al. 2005; Chen 2017; Tumlinson et al. 2017; Zahedy et al. 2019).   
Combining emission and absorption observations therefore provides a powerful tool for 
establishing a comprehensive understanding for the complex interplay between gas and 
galaxies.  Figure 4 showcases an example of diffuse gas revealed both in emission and absorption 
in a low-mass galaxy group beyond the local volume at z=0.3 (see also Epinat et al. 2018).  In 
contrast to the example presented in Figure 3, none of the group members is known to host a 
QSO.  This is therefore a typical low-mass group of star-forming galaxies with dynamical mass of 
Mdyn≈ 3x1012 Msun, similar to the Local Group.  A strong HI absorber of metallicity 0.2 solar is 
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previously known in the spectrum of a background QSO (e.g., Lane et al. 1998; Rao & Turnshek 
2000; Kanekar et al. 2014) at projected distance of d ≈ 60 physical kpc from the mass center of 
the group.   The observed modest level of metal enrichment indicates that the gas has been 
processed by stars, but its connection to known galaxies in the group is not clear.  
Recent integral field spectroscopic observations of this field have uncovered spatially extended 
Hα emitting gas with surface brightness as faint as SBHα ≈ 2x10-19 erg s-1 cm-2 arcsec-2 (three 
imaging panels on the right at the top of Figure 4).   The emitting morphology is consistent with 
the gas being stripped from the group galaxies.  One of the denser streams passes directly in 
front of the QSO with kinematics consistent with the absorption profiles revealed in the QSO 
echelle spectrum (bottom panels of Figure 4).  While the Hα images provide a 2D map for 
characterizing the extent of stripped intragroup gas, the absorption spectrum provides a greater 
resolving power in velocity space for dissecting multi-component structures. This powerful 
combination of absorption and emission-line observations not only provides critical insight into 
the dynamical environment of intragroup gas, e.g., the spatial extent and density structures of 
the gas, but also establishes a direct connection between stripped gas and strong HI absorbers. 
 

Future Prospects and Recommendations: 
With newly available wide-area integral field spectrographs on the current 8m class telescopes, 
we are beginning to map the spatial distribution of diffuse circumgalactic gas in emission.   
Combining the 2D emission maps with echelle resolution absorption spectra of background 
objects provides a new and powerful tool for studying the complex interplay between gas and 
galaxies, enabling a high-definition view of the 3D density structure in diffuse gas in the distant 
universe.  With current facilities, we expect to reach 1σ surface brightness of ≈10-19 erg s-1 cm-2 
arcsec-2 in one night, which has led to numerous detections of extended cool gas in quasar host 
halos and two cases in gas-rich galaxy groups.  The sensitivity required to detect faint emission 
from diffuse gas increases rapidly with increasing redshift and decreasing density, because the 
emission measure depends strongly on the underlying gas density following n2 and because of 
the expected cosmological surface brightness dimming that follows (1+z)4,.  To fully realize the 
potential of spatially and spectrally resolving diffuse gas in typical galaxy halos and track the 
baryon cycle across cosmic time in the coming decade, we advocate the need of wide-area 
integral field spectrographs (IFS) across the UV, optical, and near-infrared window.  Specifically, 

• In the near term, blue-sensitive IFS, covering wavelength λ<3600 Å, on 8m class 
telescopes enable detections of Lyα emission at z ≤ 2 (e.g., KCWI, Morrissey et al. 2018; 
LLAMAS, PI: Simcoe), increasing the survey sensitivity by more than a factor of 3 from 
existing studies due to the (1+z)4 gain in the signal strength; 

• Wide-area (20”x20”) near-infrared IFS, covering λ=1-2 μm, on existing 8m class 
telescope will enable studies of galaxy halos at z=0.5-2 out to ≈100 kpc, the virial radius 
of typical star-forming galaxies, using common diagnostic lines such as Hα, [OIII], and 
[OII] for constraining the ionization state, temperature, and metallicity of circumgalactic 
gas at a time when the star formation rate density declines most rapidly; 

• In the long term, the ELTs, with unparalleled light collecting power, equipped with high 
throughput IFS will enable direct imaging of low-density gas in typical halos over a broad 
redshift range, and expand the survey sensitivity to target  fainter helium and additional 
metal lines for accurate characterizations of the physical properties of cosmic gas.  
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