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1 Project overview

New and unique science opportunities in several di erent fields of astrophysics are o ered by
conducting spectroscopic studies of the Universe in the ultraviolet (UV), a wavelength regime
that is not accessible from the ground. We present in the following some of the scientific chal-
lenges that can be addressed with a space-based mission in 2035 — 2050.

By detecting the intergalactic medium in emission it will be possible to unveil the cosmic
web, whose existence is predicted by current theories of structure formation, but it has
not been probed yet. This will enable studies of the exchange of baryons between galax-
ies (and quasars) and their surroundings, unveiling how the halo gas contributes to the
evolution of galaxies and what mechanisms drive the galaxy angular momentum build-up
through cosmic time. Finally, multiple detections of the intergalactic medium in emission
will provide measurements of the UV background, a critical quantity used in simulations
of galaxy formation, still poorly constrained in observations (Section [2.1] [2.2).

Observations of the neutral gas distribution (by mapping the Lyman- emission) in low-
redshift galaxy cluster members will clarify the e ciency with which ram-pressure strip-
ping removes the gas from galaxies and the role of the environment in quenching star
formation. These observations will be crucial to understand how and when the red se-
quence of galaxies is assembled in dense environments. These observations will be key
in interpreting high redshift observations, where currently the Lyman- is more easily
accessible (Section[2.3).

By observing statistical samples of supernovae in the UV it will be possible to characterize
the progenitor population of core-collapse supernovae, providing the initial conditions for
any forward-modeling simulation and allowing the community to progress in the under-
standing of the explosion mechanism of stars, as well as the final stages of stellar evolution

(Section[2.4).

Targeting populations of accreting white dwarfs in globular clusters it will be possible to
constrain the evolution and fate of these stars and investigate the properties of the most
compact systems with the shortest orbital periods which are expected to be the bright-
est low frequency gravitational wave sources. The possibility will also be explored that
accreting white dwarfs are progenitors of Type Ia supernovae, which are fundamental
sources to constrain cosmological distances and the existence of dark matter (Section[2.5)).

A UV-optimized telescope (wavelength range 90 - 350 nm), equipped with a panoramic
integral field spectrograph with a large field of view (FoV 1 1 arcmin?), with medium spec-
tral (R = 4000) and spatial ( 1" — 3") resolution will allow the community to simultaneously
obtain spectral and photometric information of the targets, and tackle the science questions pre-
sented in this paper (Section [5). The data that result from this kind of observation will contain
an enormous amount of information and hence will have a great legacy value for the whole
scientific community. Additionally, these observations will open up completely new areas of



Figure 1: Artistic impression of the di erent science questions addressed by this proposal. From left to
right: large scale structure (OWLS, Schaye et al. 2010); circumgalactic medium around galaxies (MPIA,
credit: G. Stinson and A. V. Maccid); gas stripping (credit: X-ray NASA/CXC/UVa/, H-alpha/Optical
SOAR/MSU/NOAO/UNC/CNPq-Brazil); supernovae (credit: NASA/CXC/SAO); binary white dwarfs
(credit: David A. Aguilar).

the parameter space, allowing the proposed mission to have a great potential for serendipitous
discoveries.

In the coming years, when most of the new large facilities such as the Extremely Large
Telescope (ELT) and the James Webb Space Telescope (JWST) will focus on the infrared (IR)
wavelength range, and the Hubble Space Telescope (HST) will not be operational anymore,
a mission in the UV with the capability of observing spectroscopically large areas of the sky
will be unique. In synergy with the ELT instruments, Square Kilometer Array (SKA), and
Atacama Large Millimeter Array (ALMA), but also with other space-based missions such as the
Advanced Telescope for High Energy Astrophysics (Athena) and the Laser Interferometer Space
Antenna (LISA) it will allow us to push further our current understanding of the Universe.

In the next Sections we will present the main science themes to be addressed in the coming
decades (Figure[I] Section[2)) and we will place them in the framework of the current and future
technological development (Section [5). We will also discuss the uniqueness of the proposed
straw-man mission and instrument (Section[3)) and its synergies with future facilities (Sectiond).



2 Science cases

2.1 Unveiling large-scale structures in emission a. 1.7

The current paradigm of structure formation predicts the presence of gaseous laments connect-
ing galaxies (e.g., White et al. 1987; Bond et al. 1996), ultimately forming an intricated web
known as intergalactic medium (IGM; Meiksin 2009). At present, the existence of the IGM

is con rmed only indirectly by observations of the large scale structures traced with galaxy
surveys at low redshift and by studies of the Lymafly ) forest in absorption against back-
ground quasars. Obtaining direct images and properties of the cosmic web, and being able
to study its evolution through cosmic history will represent a major breaktrough for cosmol-
ogy. However, given the expected low densities for such gas (0:01 cm ?) and the budget

of ionizing photons in the ultraviolet background (UVB; e.g., Haardt & Madau 2012), its di-
rect observation is predicted to be very challenging (surface brightness ipreglicted to be

SBy 101 10 2%ergs?cm 2arcsec?; Gould & Weinberg 1996; Bertone & Schaye 2012;
Witstok et all 2019). A direct detection of the IGM appears to be so far elusive even with top-
notch current facilities on 10m class telescopes (e.g., Gallego et al. 2018; Wisotzki et al. 2018),
e.g., the Multi Unit Spectroscopic Explorer (MUSE; Bacon ef al. 2010) and the Keck Cosmic
Web Imager (KCWI; Morrissey et al. 2012). Being based on Earth, these instruments can target
the Ly emission only above the atmospheric cut{a & 1:7) and thus ght against a strong
cosmological surface brightness dimmingH2) 4.

Astronomers have tried to bypass these limitations by searching the IGM signal around
guasars. A quasar is expected to act as a ashlight, photoionizing the surrounding medium out to
large distances. The ionized gas would then recombine, emitting as the main product Hydrogen
Ly photons in copious amounts (e.g. Rees 1988; Haiman & Rees 2001). The boosted Ly
glow (SBy > 10 ¥ergscm 2arcsec?) should then possibly be at reach for state-of-the-art
instruments (Cantalupo et al. 2005; Kollmeier ef al. 2010).

Following this idea, several works used Lgmission from halos to constrain the physical
properties of the diuse gas phases out to intergalactic scales around individual high-redshift
guasars (Tumlinson et al. 2017, Hu & Cowie 1087; Heckman et al.|1991; Mgller|et al. 2000;
Weidinger et al. 2004, 2005; Christensen el al. 2006; Cantalupo et al. 2014; Martin et al. 2014;
Arrigoni Battaia et all 2016; Farina et al. 2017). At 3, MUSE observations can now eas-
ily (1 hour on source; surface brightness limit of} se¢ 10 18ergslcm 2arcsec?)
uncover the emission within 50 projected kpc from the targeted quasar and reaching out to dis-
tances of 80 projected kpc (Borisova et al. 2016; Arrigoni Battaia el al. 2019). However,
it is evident that detections of dilse emission at intergalactic distances100 kpc) at higle
are favored when additional active companions are present in close proximity (Hennawi et al.
2015; Arrigoni Battaia et al. 2019, 2018), or much more sensitive observations are conducted
(> 10 hours). Scienti ¢ teams have started to change their approach in unveiling the IGM emis-
sion, passing from the targeting of individual quasars to (i) short (Cai et al] 2018) or extremely
long integrations ( 40 hours; Lusso et al. 2019) of multiple high-redshift quasars, or overden-
sities hosting quasars (Cai et [al. 2017), and (ii) stacking of ultra deep observations of several
galaxies (Gallego et al. 201.8; Wisotzki et al. 2018). Therefore the detection of the gas emission
on large scale still relies on the presence of quasars. Additionally, these studies show that most



Figure 2: An example of current large-scale structures detected indrpund quasars with VUMUSE

at high redshift: the enormous Lynebula around the = 3:164 quasar SDSSJ 1020040 (Arrigoni

Battaia et al. 2018)(A) “optimally-extracted” Ly surface brightness map obtained after subtraction of

the quasar point-spread-function and continuum . The black contours indicate the isophotes correspond-
ing to a signal-to-noise ratio of=8l = 2; 4; 10; 20; 30; 50, and 100. This image reveals an extremely
bright nebula (SB, 10 *"ergs®cm 2arcsec?) extending on the NW side of the quasar. Additional

four strong Ly emitters (diagonal crosses) are associated with the quasar, and the nebular emission. Two
of these sources have been spectroscopically con rmed as AGN, making this system the third known
guasar triplet at higl. (B) ux-weighted velocity-shift map with respect to the systemic redshift of the
guasar obtained from the rst-moment of the ux distribution. A velocity shear between the SE and NW
portion of the nebula is evident. The transition region is referred to as the “Bound@zy’velocity
dispersion map obtained from the second-moment of the ux distribution. Regions of higher dispersion
(w 430 km s?) are visible in proximity of the three AGN, but overall the Lyebula shows qui-
escent kinematics (, < 270 km s?). (D) Each cut-out image (same size as A, B, and C) shows the
surface brightness map of the ELAN within a 3.75 A layer (BUSE sampling) in the wavelength range

5058 A. . 5084 A (from left to right). In all of the panels (A, B, C, D) the large white cross indicates
the position of the quasar prior to PSF subtraction. Figure adapted from Arrigoni Battaia et al. (2018).
Currently, similar large-scale emission cannot be probed atzi@mv. 1:7) because of the absence of
dedicated facilities.



of the uncertainty in the search for the direct emission from IGM laments at higisides on
the lack of well-known large-scale structures as traced by galaxies.

Notwithstanding the aforementioned diulties, state of the art integral eld unit (IFU)
spectrographs instruments started to open new possibilities in the study of the gas distributed
at large scales at high redshift, by pushing the sensitivity of observations jo SB10 °
10 ®ergstcm 2arcsec?. A new-generation space mission optmized for UV observations is
needed to complement the ongoingoets to study the large scale structure at hidiy opening
an unexplored window at low- By routinely detecting the IGM in emission at. 1.7, this
instrument will allow us to achieve the following science goals:

~

Connect the dots at low redshift: test our current view of the matter distribution atigw
detecting the cosmic web in emission (through rest-frame UV emission lines) surrounding
galaxies and quasars. This is crucial as currently we have a good understanding of the
distribution of large-scale structures as traced only by galaxies a.low

Directly study the properties (e.g., density, metallicity) of the IGM in emission, comple-
menting the information acquired from studies of the Ilfgrest.

Thanks to multiple detection of the IGM in emission, provide measurements of the UV
background at lowz that do not rely on the statistics of the IGM in absorption. The UV
background is a critical quantity used in all simulations and models of structure formation,
but it is still poorly constrained observationally. Its precise determination is key for our
understanding of galaxy formation and evolution.

Study of the gas kinematics within large-scale structures surrounding galaxies, allowing a
direct characterization of the galaxy angular momentum build-up through cosmic time.

2.1.1 The need for space-based UV observations

Recent works show that the most eient and e ective way to detect emission extending to hun-
dreds of kpc scales around higliuasars and galaxies is the use of wide- eld IFU instruments
(e.g., Figure 2; Arrigoni Battaia et al. 2018). Space-based, wide- eld spectroscopic observa-
tions in the wavelength range 90 350 nm will allow us to achieve our scienti ¢ goals.
Speci cally, a space-based instrument is needed to observe thedysition at lowz (z. 1.7),

where the surface brightness dimming is less severe. Assuming similar properties for the gas, it
will be possible to target sources with 16ower surface brightness at 0:5 with respect to

z 3. Furthermore, a wide eld of view (1 1 arcmirf, which corresponds to hundreds of kpc

atz. 1.7)is needed to both image at once large-scale structures and to survey large parts of the
sky. As we are interested in detecting large scale structures with very low surface brightness,
large pixels (e.g. 1 arcsec) are preferred (as in e.g. KCWI; Morrissey et al. 2012).

2.2 Probing the Circum Galactic Medium around galaxies in emission

Understanding the complex mechanisms regulating galaxy formation is one of the main ques-
tions today in cosmology and astrophysics. The question of how galaxies gather gas to sustain



Figure 3: Example of a mock Ly CGM halo around & = 0:7 galaxy, from RAMSES cosmological
simulations (Augustin et al., in prep). The Lyine is at 206 nm and 1" 7 kpc at the redshift of this
source. The CGM surface brightness levels shown in this map will be within reach of the proposed UV
instrument.

star formation is of particular interest, as it can shed light on the fact that the star formation
rate (SFR) has been declining fram 2 while di usely distributed hydrogen is still the dom-
inant component for the total baryonic mass budget (as compared to hydrogen in stars, Madau
& Dickinson 2014). The out owing and accreting gas interacts around galaxies on scales up
to hundreds of kpc (the Circum Galactic Medium, CGM). Studying the CGM is fundamental to
understand the cosmic baryon cycle (Steidel et al. 2010, Shull et al. 2014, Tumlinson et al. 2017)
and it will provide key constraints on the question of galaxy formation and evolution. Absorp-
tion spectroscopy has already shed light on the distribution and the chemical composition of the
CGM gas, but only on a statistical point of view, given that only one line of sight per galaxy can
be probed due to the scarcity of background quasars in the vicinity of galaxies (Noterdaeme et al.
2012, Pieri et al. 2014, Quiret et al. 2016, Rahmani et al. 2016, Krogager et al. 2017, Augustin
et al. 2018). Yet, mapping the CGM in emission is the natural next step to fully understand it.

2.2.1 The need for space-based UV observations

The achieve the science goals presented above it is key to detect and reegntliines (e.g.

Ly , ClV, OVI, CVI, OVIII) arising from the CGM of low-redshift galaxies. The signal (surface
brightness) scales with (. 2) # so that lower redshift observations are considerably easier in
turn requiring space-born UV facilities to measure rest-frame UV lines. IFU-like capabilities
are key for obtaining maps and kinematic reconstructions of the gas in the halos of galaxies. A
eld of viewof 1 1 arcmirf will cover most of the CGM region of a galaxyat 1. Modest



spatial resolution (to increase sensitivity) and spectral resolution4B00) are su cient. Such
program will be complementary to similar high-redshift projects making use of extrememly
large ground-based telescopes (i.e. EHHARMONI). An example of mock Ly CGM halo at

z= 0.7 from dedicated RAMSES cosmological hydrodynamical simulations is shown in Figure
3 (Augustin et al., in prep).

2.3 Ram-pressure stripping and quenching in galaxy clusters

The existence of a well de ned separation among massive, red, early-type, quiescent galaxies
and blue, late-type, actively star-forming objects is fundamental for the current modeling of
galaxy formation and evolution. Nowadays, “normal”’ galaxies are thought to assemble their
mass through a secular process of star formation in a relatively steady state, forming a “Main
Sequence” up to high redshift (e.g. Daddi et al. 2007, Speagle et al. 2014) and following a tight
gas-star formation rate (SFR) density relation (“KS” relation, Schmidt 1959, Kennicutt 1998).
Deviations from this dynamic equilibrium may occur in short starbursting events (typically as-
sociated with major mergers, Sanders & Mirabel 1996) or due to the cessation of star formation
(“quenching”). Both these deviations from equilibrium are poorly understood: why do galaxies
suddenly ignite the formation of thousands of stars per year? Why do they stop forming stars?
The deviations from the Main Sequence and the KS relation might be connected: the merger of
gas-rich objects may rst result in a burst of star formation, followed by a drop of SFR and the
subsequent quenching of the galaxy. The results of this process might be the compact, quiescent
galaxies observed @t 2 (e.g. Cimatti et al. 2008, Toft et al. 2014). However, it is still debated
what is the mechanism responsible for stopping star formation and how galaxies are maintained
quiescent for several Gyrs.

An additional piece of the puzzle is the correlation between galaxy colour and morphol-
ogy with both local environment and stellar mass (Dressler 1980, Bell et al. 2004, Peng et al.
2010). The dependence on the environment seems to indicate that not only internal, but also
external physical processes play a role in shaping the star formation of galaxies at all cosmic
ages (Boselli et al. 2006, Blanton & Moustakas 2009). Internal mechanisms such as feedback
from supernovae and active galactic nuclei (AGN, e.g. Hopkins et al. 2012, Croton et al. 2006),
dynamical stabilization (Martig et al. 2009), and gravitational heating (Johansson et al. 2009)
are deemed responsible for suppressing and quenching star formation at all densities. Environ-
mental processes in the form of ram pressure or viscous stripping, tidal interactions (Gunn &
Gott 1972), and the consumption of the galaxy's gas reservoir by star formation without further
replenishment from the cosmic web because of accumulation of hot plasma inducing shocks and
heating up infalling gas (e.g. Larson et al. 1980, Peng et al. 2015; Dekel & Birnboim 2006) seem
to be key players in shaping the observed colour bimodality within galaxy clusters and groups,
especially at the faint end of the galaxy luminosity function.

In the local Universe, the smoking gun of the role of ram pressure stripping in quenching
star formation is the disturbed gas content of galaxy cluster members. Radio surveys at 21 cm
revealed the HI de ciency of spiral galaxies in overdense environments, especially in the vicinity
of the cluster core (Haynes 1985) and more recently the molecular gas de ciency has also been
reported (Fumagalli et al. 2009, Boselli & Gavazzi 2014). Furthermore, these galaxies often
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