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Abstract: Gas accretion and outflows profoundly influence the formation and evolution of galaxies;
however, these processes are difficult to model and present unique observational challenges. Cosmic
Noon (z ∼ 2 − 3) is a particularly fruitful period in which to study cosmic gas flows as they
are predicted to peak during this epoch, and many of the physical and structural properties of
galaxies appear to emerge during this time as well. This white paper addresses several observational
opportunities which could change the observational landscape of galactic winds and the baryon cycle
during this critical cosmic epoch. Deep, wide-field, highly-multiplexed spectroscopy of a diverse
population of galaxies at cosmic noon promises to elucidate the physical drivers of winds. Paired
with densely-sampled background galaxy spectroscopy, we can resolve structures within the CGM
of individual galaxies for the first time, illuminating the diversity of gaseous halos and their relation
to galaxy formation. Finally, wide-field spectroscopy of galaxies in the surrounding volume can
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provide a detailed mapping of the ∼ 300 kpc environment of high-z galaxies, allowing observers to
connect gas accretion to the surrounding environment. All of these observations will be possible with
the development of a wide-field, highly-multiplexed, blue-sensitive optical spectrograph fed by a
thirty-meter class telescope. These observations are critical to the advancement of our understanding
of the baryon cycle which is intimately tied to galaxy formation and evolution.
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The Baryon Cycle and its Effect on Galaxy Evolution
The flow of gas into and out of galaxies profoundly affects their formation and evolution. This

baryon cycle provides the fuel for future star formation and black hole growth. The energy and
momentum released by stars and black holes result in outflows of interstellar gas which may be
responsible for the regulation of star formation, and perhaps sometimes, its cessation. Thus, the
transport of gas from the intergalactic medium (IGM) through the circumgalactic medium (CGM)
and into galaxies as well as the expulsion of gas out of the interstellar medium (ISM) and into the
surrounding CGM plays an outsized role in galaxy evolution (Somerville & Davé, 2015).

Feedback has been a major focus of the galaxy evolution community for decades. Order-of-
magnitude calculations suggest that sufficient energy is released in the combined explosions of
massive stars and the build-up of a central black hole to unbind a large fraction of the ISM, but
understanding the detailed physical processes by which these localized events couple to the cold
ISM to produce galaxy-scale outflows remains elusive despite substantial theoretical efforts (Naab
& Ostriker, 2017). Fortunately, different feedback mechanisms are expected to produce unique
signatures in the CGM such as specific chemical abundance and ionization patterns. And because
these mechanisms depend on different physical drivers (radiation pressure, thermal or kinetic SNe
feedback, AGN feedback), they are also expected to have specific dependencies on galaxy properties
(such as metallicity, SFR, and mass).

Another theoretical focus in the past decade has been the nature of gas accretion in the distant
Universe. The forming theoretical consensus is that high-z galaxies likely accrete a substantial
fraction of their gas efficiently through “cold flows”, dense filamentary accretion streams that flow
nearly unaffected through the galaxy halo and provide cold T ∼ 104 K gas accretion to the ISM
(Birnboim & Dekel, 2003; Kereš et al., 2005). This is possible, at least in part, because many
galaxies in the distant Universe may have not yet built stable accretion shocks (see reviews in Fox
& Davé 2017 and Tumlinson et al. 2017).

Arguably, the best epoch in which to study these processes is 2 < z < 3 during the peak of
cosmic star formation (Madau & Dickinson, 2014) and super-massive black hole growth (Richards
et al., 2006). At these redshifts, spectroscopic observations of star-forming galaxies commonly
exhibit signatures of strong outflowing winds (Shapley, 2011). At the same time, the baryonic
accretion rate onto galaxies is predicted to be near its peak (e.g., Faucher-Giguère et al. 2011;
van de Voort et al. 2011). As such, we expect the signatures of baryonic flows to be most readily
observable at 2 < z < 3. Rest-UV spectroscopy of galaxies provides ample observational probes
of the kinematics, covering fraction, and ionization state of outflowing winds. Absorption line
spectroscopy of background sources provides a uniquely sensitive probe of the physical properties
and chemical compositions of gas in close proximity to galaxies (see Figure 1).

However, observations of the baryon cycle of distant galaxies are limited by three principle issues.
(1) Essentially all absorption-based CGM studies rely on a single background probe, providing data
on a single pencil-beam through the foreground galactic halo. (2) Detailed information regarding the
environments of galaxies are unattainable for statistical high-z CGM samples. And (3) the current
high-z galaxy samples with CGM observations focus largely on ∼ L∗ star-forming galaxies with a
narrow range of stellar masses (Simcoe et al., 2006; Steidel et al., 2010; Rudie et al., 2012, 2019)
or on high-redshift QSO host galaxies (Hennawi et al., 2006). These are the galaxies which are
currently observationally feasible; however, a larger dynamic range in galaxy properties is needed
to recover trends with CGM properties.
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Figure 1: Possible observational constraints on the baryon cycle from wide-field densely-sampled moderate-
resolution spectra of high-z galaxies. These spectra will include a wealth of strong absorption features that
can help us understand the gas in and around galaxies. Absorption spectroscopy of background galaxies (pale
blue point sources) probes the spatial distribution of hydrogen and metal-enriched gas (bottom left, from
Rudie et al. 2019b, in prep) as well as the kinematics and metallicity of CGM gas (right panels, from Rudie
et al. 2019 and Zahedy et al. 2019). Wind kinematics (top left, from Steidel et al. 2010) can be derived from
the absorption profiles in down-the-barrel spectra of galaxies themselves.

Wide-field spectroscopic capabilities on thirty-meter class telescopes promise to change
the landscape of CGM science in the coming decade. This white paper focuses on how such
observational capabilities can transform our view of galaxy formation and the baryon cycle in the
distant Universe. This will be accomplished through:

1. Observing galactic winds and the CGM of a diverse population of galaxies.
2. Resolving the structure of the CGM with multiple sightlines.
3. Understanding the effect the Mpc environment has on the feeding of galaxies.

Additional white papers focus on other complementary observational probes of the CGM including
emission (see white paper led by H.-W. Chen) and combining detailed IFU observations of galaxies
with background CGM probes (see white paper led by A. Newman). Together, these observations
will transform the galaxy evolution field in the 2020s.

Observing Galactic Winds and the CGM of a Diverse Population of Galaxies
The rest-UV spectrum (1200-1900Å) of galaxies provides a wealth of strong absorption features

due to the interstellar medium within and outflowing from galaxies and the circumgalactic medium
surrounding galaxies. Continued observational effort has demonstrated that UV signatures of
winds are persistent among star-forming galaxies at low (z ∼ 0.5, Rubin et al. 2014), intermediate,
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(z ∼ 1.4, Weiner et al. 2009; Kornei et al. 2012) and high redshifts (z ∼ 2− 4, Shapley et al. 2003;
Jones et al. 2012). While winds are known to be common, detailed studies of their properties in
the distant Universe are limited by the typically poor signal to noise and low spectral resolution of
most high-redshift galaxies. Because of this, the current studies at high redshift have been limited to
stacking analyses (Steidel et al., 2010; Jones et al., 2012; Trainor et al., 2015) or to studies of small
samples of lensed galaxies (see e.g. Pettini et al. 2000; Jones et al. 2018; Chisholm et al. 2018).

In order to better understand which galaxy properties – such as the SFR, stellar mass, or
environment – are the best predictors of the strength of galactic winds, it is imperative to have a
sample with a large dynamic range in these properties. Observations in the local Universe suggest
that the speed of outflows is correlated with the star-formation rate surface density within the galaxy
(Heckman, 2002; Martin, 2005). Theoretical arguments predict the mass loading (or strength)
of the outflow to scale with the mass of the halo (Oppenheimer & Davé, 2006; Hopkins et al.,
2012) or galaxy stellar mass (e.g., Muratov et al. 2015); however, outflows remain one of the most
challenging components of galaxy formation to simulate owing to their origins on scales orders of
magnitude smaller than the galaxy size. Simulations must disentangle not only how outflows are
launched but also how they interact with the surrounding medium to drive galaxy scale outflows
(e.g., Fielding et al. 2017; Schneider et al. 2018). Direct measurements of the CGM and outflowing
ISM of high-z star-forming galaxies with a wide range in mass and SFR therefore provide a unique
window into the underlying physical drivers responsible for winds.

Wide-field spectroscopy on an ELT with high-S/N blue wavelength coverage down to 3500Å
will map the outflow velocities, covering fractions, and column densities of winds from individual
galaxies with a wide range of physical properties in order to gain empirical understanding of the
physical drivers of outflows and the manner in which cold ISM is entrained, accelerated, or formed
in outflows. Obtaining moderate S/N down-the-barrel spectra of galaxies as faint as g = 26.5
will open the study of cosmic gas flows to new populations of galaxies: those with suppressed
star formation as well as intrinsically faint low-mass star-forming galaxies. This will provide a
measurement of the degree to which the properties of the outflow (such as its maximum velocity)
depend on mass or star formation rate. Using a sample with a wide range in SFR at fixed stellar mass,
we can also understand the degree to which gas flows contribute to the down-turn in star formation.
With these observations, we can understand what role galaxy-scale winds play in regulating star
formation during the Cosmic peak in star formation.

Resolving the Structure of the CGM with Multiple Sightlines
Current observations of the CGM are limited by the use of single background sightlines

probing foreground galaxies. This is largely an observational limitation due to the areal density of
bright high-redshift galaxies and QSOs, limiting our insights to ensemble averages with no spatial
resolution. Studying the inner 50-100 kpc (roughly the virial radius of L∗ galaxies at z ∼ 2, angular
separations of 6-12 arcseconds) is crucial but particularly challenging because there are only small
samples of high-z galaxies with background QSOs at these separations (see Rudie et al. 2019).
The significant increase in aperture of the ELTs combined with a highly-multiplexed sensitive
spectrograph (such as GMT+MANIFEST), will allow for higher signal-to-noise spectroscopy of
fainter background galaxies than has been possible before. Because the surface density of UV
color-selected targets at z ∼ 1.5 − 3 more than doubles as the limiting magnitude of the survey
deepens by 0.5 magnitudes (Reddy & Steidel, 2009), the density of available background sources is
a strong function of the limiting magnitude at which spectroscopy of moderate S/N is possible.
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Figure 2: Fidelity of the environmental mapping possible with a wide-field highly multiplexed tomography
survey on an ELT. On the left is shown a 2D slice of the 3D Lyα flux field (related to the density field)
calculated using the Multidark simulation (Klypin et al., 2016). The central panel shows the state of the art
reconstruction currently possible with 10-meter class telescopes (CLAMATO, Lee et al. 2014, 2018) and
upcoming surveys (LATIS and PFS) which can only recover the >Mpc-scale environment of galaxies. The
right panel shows a reconstruction of the density map using galaxy sightlines with a density of 8000 deg−2,
possible using a survey of galaxies with r < 25.5, one magnitude fainter than is currently accessible.

With continuum spectroscopy of g = 26.5 mag sources, we can probe foreground galaxy halos
with 10 or more sightlines, providing our first 3D views of the CGM of individual galaxies (also see
the Astro2020 White Paper from A. Newman et al.) Compared with the previous high-z stacking
analysis (Steidel et al., 2010), these observations will allow for better understanding of both the
typical properties and the variation within the CGM. Such observations are possible for foreground
galaxies independent of their properties, and so should be conducted for galaxies with a wide
variety of mass, SFR, morphology, and environment. When combined with the first detailed view of
galactic winds for UV-faint galaxies using down-the-barrel spectroscopy, these observations will
provide a completely new vantage point for studying outflows in the distant Universe, connecting
the enrichment and diversity of the CGM to the wind-launching sites and detailed properties of their
hosts.

Understanding the Effect the Mpc Environment has on the Feeding of Galaxies
In addition to providing important constraints on outflows, wide-field down-the-barrel galaxy

spectroscopy on an ELT can play a critical role in our understanding of cosmic accretion. Intermedi-
ate redshift samples have found a very low incidence (3-6%, Martin et al. 2012; Rubin et al. 2012)
of redshifted absorption lines, characteristic of cosmic inflows. At high redshift, detecting such
low incidence is currently not possible given the reliance on stacking techniques for the majority
of studies. However, disentangling the effects of a shift in the manner in which galaxies are fed,
as opposed to how they process gas internally, is critical to understanding what causes galaxies to
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slow their rate of star formation. With moderate-resolution down-the-barrel spectroscopy of a large
sample of high-z galaxies with sufficient S/N to detect and characterize interstellar absorption lines
in individual galaxies, we will finally have the S/N and resolution to differentiate cosmic accretion
(detected through redshifted absorption) from the in situ ISM. Such data will enable the first detailed
study of cosmic inflows in the distant Universe by providing detailed data for individual galaxies.

Wide-field spectroscopy enables another direct observable that allows us to place galaxies into
their environmental context: Lyα tomography. The technique relies on the combined signal from
the Lyman α forest along many background sightlines to reconstruct the underlying density field
(Pichon et al., 2001; Lee et al., 2014; Stark et al., 2015). The principle figure of merit for tomography
is the sight-line separation, which sets the resolution of the map. Current tomography surveys
(CLAMATO, Lee et al. 2018 and LATIS, Newman et al. in prep) target UV-bright (r . 24.5)
galaxies at z & 2.5 which achieves an areal density of 800 sightlines per deg2 corresponding to a
mean sightline separation of ∼ 2.5 h−1 cMpc at z ∼ 2.5. At this resolution, tomographic maps can
identify protoclusters and large voids, but structures on smaller scales are washed out (see Figure
2.) With the ELTs, we can reach significantly fainter targets (r . 25.7) than are currently feasible,
enabling tomography using an areal density of approximately 8000 sightlines per deg2, or mean
separations of ∼ 300 kpc. Such a map (see Figure 2) would reach circumgalactic scales, resolving
filaments, sheets, and voids with much higher fidelity than is currently possible. When connected
with observations of infalling gas, possible with down-the-barrel spectra of galaxies within the
mapped volume, we can measure for the first time the degree of impact the gaseous environments of
galaxies have on the rate and mode of cosmic infall.

Recommendations
Advances to date in our understanding of galaxy formation and evolution through Cosmic

Noon have been possible only through the development of ten-meter class telescopes and sensitive
multi-object spectrographs. However, to push our understanding farther, larger aperture telescopes
are required. This white paper outlines three critical avenues towards understanding the effect
of cosmic gas flows on galaxy evolution. With the ELTs we can (1) observe galactic winds for
a diverse population of galaxies to uncover the physical drivers of outflows. (2) For the same
population of galaxies, resolve the CGM with multiple sightlines providing our first 3D view of
the diversity within the CGM. And (3) connect the observed galaxy and CGM properties to their
larger-scale environment to understand the effect of environment on cosmic inflows. Enabling this
transformative science requires ambitious new technologies. We recommend:

1. the development of a wide-field (∼ 20 arcminute), blue-sensitive (3500-8000Å), highly-
multiplexed optical spectrograph fed by a thirty-meter class telescope.

2. further testing to explore the efficiency of fiber-based instruments compared to slits, especially
concerning faint object spectroscopy and sky subtraction. Upcoming instruments such as PFS
and LLAMAS should clarify the throughput and systematics for fiber-based systems. Parallel
design of slit-based wide-field spectrographs may be required.

3. spectrograph designs should focus on decreasing the minimum possible spacing between
objects. The CGM science case requires observations of ∼10 background galaxies within
450 arcsec2 surrounding a statistical sample of foreground galaxies. This affects the pitch of
possible fiber-based systems as well as the efficiency of slit-based designs.
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Klypin, A., Yepes, G., Gottlöber, S., Prada, F., & Heß, S. 2016, MNRAS, 457, 4340
Kornei, K. A., Shapley, A. E., Martin, C. L., et al. 2012, ApJ, 758, 135
Lee, K.-G., Hennawi, J. F., White, M., Croft, R. A. C., & Ozbek, M. 2014, ApJ, 788, 49
Lee, K.-G., Krolewski, A., White, M., et al. 2018, ApJS, 237, 31
Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415
Martin, C. L. 2005, ApJ, 621, 227
Martin, C. L., Shapley, A. E., Coil, A. L., et al. 2012, ApJ, 760, 127
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