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Abstract

The ultraviolet (UV) spectral domain occupies a unique position in stellar astrophysics,
serving as the bridge between the thermal continuum of photospheres and the high-energy,
non-thermal processes of stellar coronae and winds. This article provides a review of stellar
physics in the UV, addressing both the theoretical framework and observational applications
across the Hertzsprung-Russell diagram. We explicitly structure our discussion around key
scientific questions, demonstrating that accurate spectral synthesis in this regime demands
Non-LTE radiative transfer codes, which in turn rely on precise atomic collision and recom-
bination rates. We highlight how a critical scarcity of modern laboratory astrophysics data
limits these models, particularly for complex ions. Moving to observational diagnostics, we
review how UV spectroscopy constrains diffusion and radiatively driven winds in hot sub-
luminous stars, and traces shock dynamics and abundance patterns in Planetary Nebulae
and Supernova Remnants. In the context of star clusters, we illustrate how UV sensitivity
to light-element variations (C, N, O) allows us to disentangle multiple stellar populations
that appear degenerate in optical bands. We conclude that future progress depends on facil-
ities capable of high-resolution spectroscopy, time-domain monitoring, and polarimetry to
recover these diagnostic tracers and resolve the physics of stellar feedback.
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1 Stellar Astrophysics in UV: Scientific Questions

The Ultraviolet (UV) regime occupies a critical “middle ground” in the electromagnetic
spectrum, bridging the gap between the thermal continuum of the optical window and the
high-energy, non-thermal processes dominated by X-rays. Spanning the wavelength range
roughly from the Lyman limit (~ 912 A) up to the atmospheric cutoff (~ 3200 A or 4000 A,
depending on definition). The UV band corresponds to energy transitions of a few electron
volts (eV). This is the energy scale that high enough to excite or ionize many atoms and
molecules. Thus the UV maps where material is, as all bands do, while also offering par-
ticularly direct constraints on its ionization and excitation state through abundant resonance
lines and photoionization thresholds.

We further subdivide the UV range into near-UV (NUV; ~2000-4000 A), far-UV (FUV;
~912-2000 A), and sometimes extreme-UV (EUV; é 912 A). The precise numerical bound-
aries are conventional, but the subdivisions track distinct physical regimes. While NUV
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Fig. 1 The Earth atmosphere transmission curve in UV, optical, and near infrared. Most of the flux in UV
wavelength is absorbed by the Earth atmosphere. The vertical purple and red dashed lines illustrate the wave-
length separation

photons mostly probe photospheric continua and relatively low-ionization lines, FUV and
EUV emission requires much higher energies, predominantly revealing hot, tenuous plas-
mas (coronae, shocked winds, hot white dwarfs, AGN accretion disks). Because these high-
energy photons are highly effective at ionizing and dissociating molecules, their absorption
governs the physical and chemical state of the surrounding gaseous environment. The UV
band therefore provides a direct link between stellar atmospheric physics, mass loss, and the
radiative feedback that shapes the surrounding gas.

According to Wien’s Law, the Planck function for hot stars (O and B types massive stars,
as well as White Dwarfs) peaks directly in the UV. Even for solar-type stars that peak in the
optical, the UV provides a unique probe of stellar activity (Ayres et al. 1981; Noyes et al.
1984). Chromospheric and coronal emissions, indicative of magnetic heating and flares,
are best traced in the UV. The UV spectrum is also densely packed with resonance lines
of abundant metallic ions (e.g., C IV, Mg II, Si IV). These lines are incredibly sensitive
diagnostics of stellar atmospheres, allowing us to measure mass-loss rates (Morton 1967;
Puls et al. 2008; Walborn and Panek 1984), accretion flows in young stellar objects (YSOs)
(Calvet and Gullbring 1998), and the interaction between stars and their circumstellar envi-
ronments. Beyond the surface of the star, ultraviolet radiation acts as the primary currency
of energy exchange in the interstellar medium (ISM). UV photons are responsible for pho-
toionizing hydrogen and metals in H II regions (Osterbrock and Ferland 2006), powering
photodissociation regions (PDRs) on molecular-cloud surfaces (Haardt and Madau 1996,
2012; Hollenbach and Tielens 1999), and governing much of the heating and chemistry of
the diffuse interstellar and circumgalactic medium (Tumlinson et al. 2017).

Through these mechanisms, the UV output of massive stars creates a feedback loop that
regulates star formation efficiency and drives the phase structure of the galactic environment.
Without understanding the UV radiation field, we cannot accurately model the chemical
enrichment or the thermodynamic state of the gas from which future generations of stars
will be born.

Despite its diagnostic power, UV astronomy is intrinsically challenging because the
Earth’s atmosphere is largely opaque at these wavelengths.

Unlike optical wavelength window, which can be observed freely from the ground be-
cause the Earth atmosphere is almost transparent to it, UV radiation is mostly absorbed by
the atmosphere. This situation is illustrated in Fig. 1,' which shows the transmission of the

IThe Earth atmosphere transmission curve is calculated with the ESO SKYCALC Sky Model Calcula-
tor (https://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=SKYCALC). The
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Earth’s atmosphere as a function of wavelength. The atmospheric transmission drops pre-
cipitously below ~ 4000 A. Only a narrow NUV window at the very long wavelength end
of UV can be accessed from high-altitude ground-based observatories, and even there atmo-
spheric extinction and airglow are severe. This “UV Barrier”, produced mainly by absorp-
tion in ozone (O3) and molecular oxygen (O,), strongly attenuates solar and astrophysical
UV at the surface. It reduces biologically damaging UV fluxes for modern surface ecosys-
tems while simultaneously preventing ground-based astronomy from accessing most of the
cosmic UV spectrum.

For decades, this absorption meant that the UV universe remained a theoretical abstrac-
tion. It was not until the dawn of the space age that we could lift the curtain. Essentially all
astrophysically useful UV spectroscopy and deep imaging must be carried out from above
the atmosphere, using sounding rockets, balloons, satellites or instruments on platforms such
as the Hubble Space Telescope (HST). Over the past few decades, a small number of dedi-
cated missions have defined the field: the International Ultraviolet Explorer (IUE; Boggess
et al. 1978), the Far Ultraviolet Spectroscopic Explorer (FUSE; Moos et al. 2000), the Ex-
treme Ultraviolet Explorer (EUVE; Bowyer and Malina 1991), GALEX (Martin et al. 2005),
and HST’s UV instruments e.g. STIS (Woodgate et al. 1998), COS (Green et al. 2012),
GGRS (Brandt et al. 1994), FOS (Harms and Fitch 1991) and ACS (Ford et al. 2003) among
them. These missions have produced rich archival datasets, but their lifetimes, sky coverage,
and instrument capabilities are limited compared to the vast diversity of optical and infrared
facilities.

The importance of the UV extends far beyond the study of local stellar environments.
It has become the Rosetta Stone for understanding the early universe. With the advent of
the James Webb Space Telescope (JWST, Gardner et al. 2023), the observational frontier
has been pushed to redshifts of z &~ 10 and beyond. While JWST is an infrared telescope,
the physics it observes is rooted in UV. Due to cosmological redshift, the rest-frame UV
light emitted by the early generation of stars and galaxies is stretched by a factor of (1 4 z),
arriving at the detectors as near- and mid-infrared radiation.

As demonstrated with the early B-type star A Lep’s spectrum? in Fig. 2, while the B0.5V
type star showing an intrinsic Spectral Energy Distribution (SED) peaks in UV (the black
spectrum at z = 0), its spectrum is shifted into the infrared bands as the redshift increases.
Consequently, for many commonly used filters at z 2>1-2 in the optical and near infrared,
these observations essentially probe rest-frame UV wavelengths. In this regime, the stan-
dard diagnostics of “local” UV stellar physics represent the primary tools for exploring the
Epoch of Reionization (EoR). The Lyman-break technique is employed to select candidate
galaxies by identifying the abrupt spectral cutoff caused by neutral hydrogen absorption
in the intergalactic medium (IGM). Similarly, the UV continuum slope serves as a critical
proxy for estimating dust extinction, metallicity, and the age of stellar populations in these
high-redshift systems.

However, interpreting these high-redshift data demands accurate rest-frame UV stellar
spectra and population models: the stellar IMF, rotation, binarity, metallicity, and nebular
reprocessing all imprint themselves on the UV continuum and line spectrum. Uncertainties
in UV stellar physics propagate directly into uncertainties in inferred star formation rates
(SFRs), stellar masses, ionizing-photon production efficiencies, and even the timing and

curve spectrum is based on the Cerro Paranal Advanced Sky Model (Noll et al. 2012; Jones et al. 2013), with
PWYV = 2.5 mm and a resolution of A/AX = 2000.

25 Lep spectrum from the CALSPEC database: lamlep_stis_008.fits.
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Fig.2 The spectrum of a B-type star A Lep (B0.5V) at different redshifts. The photometry bands of selected
HST ACS (Ford et al. 2003) and JWST NIRCam bands from the JWST PEARLS program (Windhorst et al.
2023) are also plotted

topology of reionization. In this sense, the “infrared revolution” launched by JWST is deeply
rooted in UV astrophysics.

Given this unique role of ultraviolet radiation in shaping our understanding of the uni-

verse from the immediate solar neighborhood to the epoch of reionization, we here present
a comprehensive review of the UV in stellar physics.

In the following sections, we structure our discussion around the following fundamental

scientific questions:

What physical mechanisms (acoustic waves, magnetic reconnection, Alfvén waves) drive
chromospheric, transition-region (TR) and coronal heating?

How does magnetic activity (flares, spots, chromospheric emission) evolve with stellar
age and rotation?

What is the chemical composition of stellar chromospheres, transition regions and coro-
nae, how it varies with spectral type and is it related to the heating?

e Why is NLTE required in UV stellar-atmosphere studies?
e How can we use UV line diagnostics of NLTE processes to infer how the atmospheric

a

parameters (e.g. temperatures, densities, and ionization conditions) vary with depth and
spectral type?

How does stellar UV/EUV radiation field varies and how it influences exoplanet atmo-
spheric chemistry?
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How can we find and characterise the diverse populations of hot subluminous stars?

e How can we decipher their formation and evolution as well as the processes in their
atmospheres from the spectra?

How and when did this mass-loss arise?

How was the lost material redistributed in the ISM?

e How was the density perturbation in the ISM created and maintained?

2 The Basics of UV/EUV Stellar Physics

UV spectroscopy provides a uniquely powerful window into the physical conditions of stel-
lar lower atmospheres. Many of the strongest lines of key ions (e.g., C II-IV, Si II-1V, Mg II,
Fe II, NV, O VI) lie in the UV, allowing direct probing of temperature, density, and velocity
structures in regions inaccessible at other wavelengths for any distant star — from the upper
photosphere through the chromosphere and transition region to the stellar wind. UV spec-
troscopy is therefore an essential tool for models of stellar activity, chromospheric heating,
and star—planet interactions via radiation fields and winds. EUV spectroscopy mostly probes
the outer layers of stellar atmospheres and has a significant effect on planet atmospheres.

Much of what we know about stellar atmospheres of several classes is based on the little
we know about our own star, the Sun. The Solar chromosphere extends from the tempera-
ture minimum to the hydrogen ionization limit (~20,000 K), with UV emission dominated
by the highly variable supergranular network. This network structure persists into the thin
transition region (TR), a mysterious interface exhibiting systematic redshifts and large non-
thermal widths likely caused by radiative cooling flows and line-of-sight effects. However,
the TR’s extremely low filling factors suggest that much of its emission is physically un-
related to the overlying corona, challenging standard connectivity models. While the solar
corona provides abundant forbidden line diagnostics, stellar observations are restricted to
the brightest high-temperature transitions (e.g., Fe XVIII, Fe XX1) visible against the disk
background.

The Solar and stellar UV has been observed at very high spectral resolution with many
instruments. There is ample literature showing that many stars have nearly the same UV
spectra and features as the solar ones. For a short review of the solar UV spectral observa-
tions see the first section in Del Zanna and Mason (2018).

The UV spectrum is dominated by several continua, mostly from carbon and silicon, and
a large number of lines from ions formed in the chromosphere and the transition region, as
well as from molecules. They are very difficult to model as outlined below.

Within the HR diagram, it turns out that all stars with convective envelopes produce UV
spectra indicating the presence of chromospheres. For example, F-type and cooler main-
sequence stars, and at least some late-A stars, show UV evidence for chromospheres. It
was once thought that as in the Sun the energy to heat the chromospheres is related to the
presence of an inner radiation region, a convective envelope and rotation. However, even
fully convective late-M dwarfs and some brown dwarfs show chromospheric signatures. As
in the solar case, many stars have cycles of activity. For a review on observational aspects of
stellar chromosphere see e.g. Hall (2008).

As the Del Zanna and Mason (2018) review is mostly focused on the EUV we refer
the reader to it, and here just point out that the majority of the EUV lines are formed in
the TR and corona, i.e. at any temperatures between ~0.5 and a few MK. There are ample
diagnostics to measure the plasma state that are unavailable in the UV. Unfortunately, the
only sky survey in the EUV was carried out in the early 1990s with low sensitivity and low
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spectral resolution by the EUVE SMEX, hence we know very little in the EUV band about
the quiescent coronae of stars (very active flare stars also emit strongly in the X-rays and we
have plenty of observations from Chandra and XMM-Newton). There is a misconception
that only nearby stars can be observed in the EUV. However, EUVE discovered over 500
sources and we now know that there are far more stars of all spectral type and age that
are within a few hundred pc in different directions within the local cavity that are easily
observable at the shorter EUV wavelengths.

SIRIUS, proposed to ESA, is a high-spectral resolution mission to fill this knowledge
gap by observing wavelengths below 260 A (see more details about the SIRIUS mission in
Barstow et al. 2026, this collection). High-resolution observations of Doppler shifts, densi-
ties and especially profiles of coronal lines measured by SIRIUS would provide key infor-
mation on coronal heating and the role of the dissipation of magnetohydrodynamic (MHD)
waves. With Doppler measurements and dimmings SIRIUS will be able to observe coronal
mass ejections in stars for the first time.

The First Ionisation Potential (FIP) effect was first noticed in the active solar corona by
Pottasch (1963) when analysing Sun-as-as-star EUV fluxes. It is characterised by a relative
overabundance of low-FIP elements (<10 eV), such as Fe, Mg and Si compared to high-FIP
elements (> 10 eV), such as C, N, O, relative to their photospheric values. Whether it is the
low-FIP elements that are enhanced or the high-FIP ones that are depleted is still not clear
(see the review by Del Zanna and Mason 2018).

EUV and X-ray observations of the hot plasma in stellar coronae have shown a large
variety of results, with both FIP and the opposite, Inverse FIP (IFIP) effects present. Vari-
ous studies (cf. Wood and Linsky 2010; Seli et al. 2022) have indicated a clear correlation
of such variations with stellar class, although several results as they have been presented
are misleading. First, the Sun shows a bimodal coronal abundance pattern: Plasma at tem-
peratures up to about 1 million K has abundances close to photospheric values, whereas
hotter plasma around 3 million K shows a stable FIP bias of about 3, meaning that low-FIP
elements are enhanced by roughly a factor of three relative to the photosphere. Secondly,
most of the measurements have been taken from high-temperature lines observed in the X-
rays, and are not directly comparable to EUV measurements. As chemical variations in the
solar lower corona are clearly related to magnetic activity (cf. Laming 2015), EUV SIR-
IUS observations could provide a significant diagnostic tool of stellar magnetic activity and
atmospheric dynamics.

2.1 Atmosphere Modelling

The ultraviolet (UV) spectral window represents the maximum opacity for most hot and
intermediate-temperature stars across the Hertzsprung-Russell (HR) diagram. Unlike the
optical, which often probes the deep photosphere where conditions may approximate ther-
modynamic equilibrium, the UV spectrum is formed in the upper atmospheric layers where
density drops precipitously. The UV is not only a wavelength range shorter than the optical,
it is a regime where LTE often fails badly; for hot luminous stars with strong winds, even
hydrostatic and plane-parallel assumptions break down. In this sub-section, we review the
modern theoretical framework for stellar atmospheres as constrained by UV observations.
We will address the following key questions:

1. Why is NLTE required in UV stellar-atmosphere studies?

2. What physical mechanisms drive chromospheric, transition-region and coronal heating?

3. What is the chemical composition of stellar chromospheres, transition regions and coro-
nae, how it varies with spectral type and is it related to the heating?
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4. How can we use UV line diagnostics of NLTE processes to infer how the atmospheric
parameters vary with depth and spectral type?

2.1.1 Why NLTE in UV

The foundational assumption for classical stellar atmosphere modeling is that of LTE. This
assumption posits that the properties of the stellar plasma at any given point are in equi-
librium and can be described by a single, local temperature (7). This includes the particle
velocity distributions, atomic excitation, and ionization states. In the LTE regime, the popu-
lation of atomic levels is governed by the relatively simple Saha-Boltzmann equations. The
radiation source function (S,) is equivalent to the Planck function (B, (T)).

For the most basic case of a two-level atom with complete redistribution, the source
function is:

Sv=(1 _ev) Jy + € BV(T)7 (1)

Here, the J, term represents the “scattering” part of the source function, where the radiation
field itself dictates the emission, while the B, (7)) component is the “thermal” part, where
particle collisions (thus the local temperature T') create and destroy photons. The parame-
ter €, is the thermalization parameter. Its definition €, = Au,CfCuz measures the probability
that an atom in the upper level (1) will be de-excited by a collision (C,;, the collisional
de-excitation rate) rather than by spontaneously emitting a photon (A,,, the Einstein-A co-
efficient).

The situation of LTE in equation (1) is the case where collisions completely dominate. In
a dense environment, such as deep in the stellar photosphere, the mean free path of a photon
is short and the radiation field is fully thermalized, so collisions are very frequent. This
means the collisional de-excitation rate becomes large, far outweighing the spontaneous
emission rate: C,; > A, thus €, & 1. The source function S, in LTE becomes equal to the
Planck function B, (T).

However, the UV spectrum forms in the low-density environment of the outer layers of
stellar atmosphere, where the particle density (rn.) drops. Since collisional rates are a func-
tion of density, the frequency of these thermalizing collisions plummets. However, the rates
of radiative processes (like spontaneous emission, A,;, or photo-excitation, which depends
on J,) do not depend on the local gas density. Thus C,; << A,; and the photon-destruction
probability parameter €, < 1, leading the source function is scattering-dominated with
S, =~ J,. In this case, the source function S, is no longer “coupled” to the local gas tem-
perature T (via B,(T)). Instead, it is now “coupled” directly to the mean radiation field
J,,. The gas scatters photons instead of creating them thermally (Hubeny 1997; Hubeny and
Mihalas 2015; Amarsi et al. 2016).

This decoupling has profound, systematic consequences for UV stellar physics. The high-
energy UV radiation field drives ionization and excitation rates that the local thermal pool
cannot sustain, necessitating a NLTE treatment:

e Spectral Diagnostics and Abundances: The UV radiation field frequently causes overi-
onization (stripping more electrons than Saha-Boltzmann predicts) or optical pumping
(populating excited levels via non-local photons). For instance, classical LTE analysis of
B type stars yielded contradictory abundances from different ionization stages of Silicon
(the “Si discrepancy”; Nieva and Przybilla 2012). NLTE modeling resolved this by cor-
rectly predicting the depopulation of Si III and enhancement of Si IV due to the UV field.
Similarly, the modern downward revision of solar abundances relies on NLTE corrections
to account for UV photo-ionization affecting neutral species (Asplund et al. 2021).
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o Atmospheric Structure (NLTE Line Blanketing): The UV opacity is dominated by the
“Iron Curtain” of millions of overlapping metal lines. NLTE models account for the ove-
rionization of species like Fe, which changes the opacity and thus the radiative heat-
ing/cooling rates. This leads to the phenomenon of surface cooling and back-warming,
altering the temperature stratification 7 () of the star. This structural change shifts the
entire Spectral Energy Distribution (SED), modifying the ionizing flux budget (Lanz and
Hubeny 2007; Martins et al. 2005).

e The Photosphere—Wind Connection: Radiative driving of stellar winds relies on momen-
tum transfer (Castor et al. 1975) through UV resonance lines (e.g., C IV, N V). The
strength of this driving force depends critically on the ionization fraction of these species
at the base of the wind (Vink et al. 2001). NLTE models can self-consistently solve for
the ionization strata that launch and sustain the wind (Kudritzki and Puls 2000), making
NLTE a prerequisite for any hydrodynamic study of mass loss.

2.1.2 Modelling the Chromosphere

The solar chromosphere is a complex, non-linearly coupled system extending from the vir-
tually neutral photosphere dominated by hydrodynamics to a fully ionised and magnetically
dominated corona. The chromosphere is troublesome as it is dynamic, highly-structured and
needs to be described by non-local 3D radiative transfer and NLTE atomic physics. Its dy-
namics define the structure of the overlying magnetic field. The chromospheric heating feeds
the mass-energy cycle of the corona and is dominated by small-scale events with shocks and
time-dependent effects being omnipresent. We are very far from being able to model all
these eff/ects and understand observations.

The state-of-the-art in current chromospheric modelling of the quiet Sun is provided by
BiFROST (Gudiksen et al. 2011), a code that solves the MHD equations with 3D radia-
tive transfer (RT) assuming a static atmosphere, LTE, and a small number of mean opac-
ities. The radiation losses in the chromosphere are calculated with a 1D RT hydro code
(RADYN) for the quiet Sun, while the optically thin losses are obtained from the CHI-
ANTI database. Time-dependent ionization for some key elements (H, He) are included.
See Leenaarts (2020) for a review. All these codes have generally consistently failed to re-
produce the main features of lines and continua in solar regions, see e.g. Kalkofen (2012).
The Solar Atmospheric modelling Suite, (SAMS?) is a 5-year challenging project funded by
STFC (UK) to create advanced models to include all the above effects.

As we do not know the processes forming stellar atmospheres, in order to understand
stellar UV spectra we have to start with semi-empirical modeling of the Sun as a star. The
common approach has been to create a spectral model for each typical region of the Sun
(e.g. cell centres, supergranular network, faculae, sunspots), then create segmentation maps
of the solar surface based on images, to estimate the percentage contribution of each region
and then combine all to produce an irradiance spectrum of the Sun as a star. The spectral
models have been typically created with NLTE RT calculations. Perhaps the best attempt
was obtained by Fontenla et al. (2014) after a long series of improvements over decades.
Still, agreement in lines and continua was poor. A major problem has always been the UV
continua, with order of magnitude discrepancies, requiring the introduction of ad-hoc fudge
factors such as extra opacities. An improvement was presented by Haberreiter et al. (2014).
A more accurate semi-empirical approach is to estimate irradiances from proxies of solar
activity, see e.g. Deliporanidou et al. (2025).

3https://sams—project—uk.github.io/.
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The UV continuum and lines from neutrals/singly ionised atoms are emitted by the photo-
sphere and chromosphere, although their formation is strongly affected by photo-ionization
originating from all layers of the atmosphere, and by recombination from ions present in
the transition region. The hydrogen and helium lines are most affected and have been the
most difficult to model. The lower lines of the hydrogen Lyman series up to € are optically
thick and self-reversed. Proper modeling of neutrals and singly-ionised atoms would require
large collisional-radiative models (CRM) where at least 2-3 charge states are included. Such
models have never been developed nor coupled with RT and MHD. CRM for hydrogen and
helium with some opacity effects have only been developed to study astrophysical nebulae.
The first CRM model for the solar outer atmosphere was developed by Del Zanna et al.
(2020) for helium.

2.1.3 Modeling Transition-Region Lines

Plasma diagnostics based on UV TR lines are very limited, as discussed in (Del Zanna and
Mason 2018). On the other hand, the strongest TR lines are in the UV. It has long been known
that the modeling of the lines from the ‘anomalous’ ions, belonging to the Li- and Na-like
sequences (such as Si1v, C 1V) under-predicts their radiance by large factors (2—6) compared
to those from other ions forming at similar temperatures. This problem was present even in
the analysis of the earliest irradiance observations by Pottasch (1963), although noticed a
decade later (see the review in Del Zanna and Mason 2018).This problem was not noticed
for a long time when analysing UV stellar spectra. It was only by combining observations
of AU Mic by several instruments with lines from many sequences that it was shown for the
first time that the problem was clearly present in stellar UV spectra (Del Zanna et al. 2002).

The collisional and radiative rates for the strong lines were known relatively well even
in the 1970’s. The problem with their modeling lies primarily with the ion balance: at TR
densities, density-dependent effects (suppression of dielectronic recombination and ioniza-
tion from metastable states) and charge transfer shift the formation temperature and increase
the line radiances by large factors. The physics has been known for a long time and a few
of these effects were included in some solar studies with various approximations (see the
review by Del Zanna and Mason 2018). Within stellar physics, Sim and Jordan (2005) de-
veloped a very approximate ionisation equilibrium by including density and charge transfer
effects for some carbon and silicon ions and showed improvement in 1D emission measure
analyses of UV observations of the K2 V dwarf star € Eri.

Improved modelling was developed by G. Del Zanna, with contributions from his PhD
student R. Dufresne. Given the limitations in the available atomic data, various approxi-
mations needed to be implemented; details and references can be found in the CHIANTI
version 11 paper (Dufresne et al. 2024), where such advanced ionization equilibrium mod-
els for several elements have been made available to the community. The analysis of a solar
plage UV spectrum showed significant increases, nearly resolving all inconsistencies. For
example, the radiances of the SiIV lines were increasd by a factor of 6.

Clearly, considering its dynamical and spatial structure, modelling the TR would require
the inclusion of time-dependent effects, but even the current models still need improvements.

The CHIANTI version 11 advanced models were applied by Deliporanidou and Del
Zanna (2024) to analyse HST/STIS observations of a range of stars spanning the HR dia-
gram: € Eridani (K2 V), @ Centauri A (G2 V), Procyon (F5 V) and Proxima Centauri (M5.5
Ve). This allowed the first measurement of the FIP effect in stellar TR. The resulted relative
elemental abundances were compared with up-to-date photospheric abundances, showing
no evidence for the FIP effect in the TR of this stellar sample, as expected on the basis of
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the solar results (Del Zanna and Mason 2018) but in contradiction to the claim that stellar
atmospheres have an FIP effect that varies with spectral type. It is now known that the TR
of the Sun and stars have little variability with the activity cycles (see, e.g. Del Zanna and
Andretta 2015; Ayres 2015), which may be one reason why the FIP effect is not present.

2.1.4 Modelling Coronal Lines

Modelling coronal lines is relatively straightforward, as they generally have little opacity
effects, hence can be calculated in the optically thin regime. As in the case of the Sun,
modelling stellar EUV fluxes of coronal lines can be achieved with some form of emission
measure modelling, if enough information is available, or with activity proxies (see, e.g.
Namekata et al. 2023; Deliporanidou and Del Zanna 2024). As EUV fluxes have a funda-
mental effect on exoplanet atmospheres (cf. Linsky 2019), accurate modelling is important.

2.1.5 Shortcomings in Atomic Data and Radiative Transfer Modelling

The main processes requiring atomic data needed to build collisional-radiative models are:

. Collisional excitation (CE) by electrons and protons;

. Radiative rates for spontaneuous emission;

. Collisional ionisation (CI) and photo-ionisation (PI) from populated states;

. Charge transfer (CT) interaction with neutrals (mainly H,He);

. Radiative recombination (RR) from populated states to all states;

. Dielectronic recombination (DR) from populated states to all states, corrected with its
suppression due to density effects;

. Photo-excitation (PE).

8. Other parameters are needed such as line broadening.

AN R W=

]

Since the 1960s semi-empirical 1D static atmospheric models have been developed with
simple RT codes and approximate small atomic models. PANDORA, written by Loeser
under the guidance of Avrett at CfA, formed the basis of many following codes, which
provided standard atmospheric models still widely used such as the VAL (Vernazza, Avrett,
Loeser), see e.g. Vernazza et al. (1973) and FAL (Fontenla, Avrett, Loeser), see e.g. Fontenla
et al. (1990). Significant improvements such as the multilevel accelerated lambda iteration
(MALI) method were developed by Rybicki and Hummer with a series of papers, one being
Rybicki and Hummer (1992). MULTTI is another widely-used code (Carlsson 1986), recently
extended to 3D, but within solar physics the most widely used code is the RH (named after
Rybicki and Hummer) code (Uitenbroek 2001). Within astrophysics, many RT codes have
been written such as TLUSTY (see Hubeny and Lanz 1995, and following papers), whilst a
recent one is MCFOST (Tessore et al. 2021). For a review of some of the RT methods see
e.g. Hubeny and Mihalas (2015), Rutten (2021) and references therein.

Something all the RT codes have in common is the lack of updated atomic rates and
atomic modelling, as recently pointed out in Dufresne et al. (2025). The CE rates commonly
used are often semi-empirical impact-parameter or g-bar approximations used in the 1960s
and early 1970s. Even in the few cases when better atomic data were used, the fundamental
limitation is that it is very difficult to accurately calculate collision (and radiative rates)
for neutrals (and singly ionised atoms) even with the most sophisticated codes. Hydrogen
CE rates are emblematic: all the RT codes still use incorrect rates, and all the published
calculations have their own limitations, as discussed by Del Zanna et al. (2025a). Several
groups used to provide accurate CE rates with R-matrix scattering codes. The UK Atomic
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Processes for Astrophysical Processes (APAP) Network* produced rates for all ions from
the H- to Mg-like isoelectronic sequences, recently revised by Del Zanna et al. (2025a).
In addition, complex heavy ions require large scale scattering calculations such as those
carried out to provide data in the 50—170 A region (see references in Del Zanna 2012). The
CE rates produced by the UK APAP network cover about 90% of all the published rates for
astrophysical ions included in atomic databases, see e.g. CHIANTI v.10 (Del Zanna et al.
2021). However, most experts passed away (cf. Del Zanna et al. 2025b) or retired.

Accurate radiative rates for low-lying bound states are now available for most atoms/ions,
calculated with the Multi-Configurational Hartree—Fock (MCHF) approach, pioneered by
the late Charlotte Froese Fischer (cf. the ATSP program Froese Fischer et al. 2007), or with
the multi-configuration relativistic Dirac-Fock (MCDHF) method, pioneered by the late Ian
P. Grant (cf. the GRASP program; Grant et al. 1980), but rates for high-lying states are
mostly missing.

CI rates from ground states are relatively well-known as they have also been measured
experimentally, but those from excited states are not. Moreover, most RT codes still include
electron impact ionisation rates calculated with approximate formulae.

CT rates generally adopted in RT codes were calculated with very approximate meth-
ods unsuitable for chromospheric temperatures. Updated rates have been collected from the
literature and made available via the CHIANTI database v.11 (Dufresne et al. 2024).

The main improvement in RT codes was the inclusion in the 1980s and 1990s of accurate
photo-ionisation (PI) cross sections produced by the Opacity Project (OP, Seaton 1987).
These data are still state-of-the-art R-Matrix calculations in LS coupling, but are summed
over the final states. One problem is that these cross sections have been used within the RT
codes to calculate the inverse process of radiative recombination (RR), which is incorrect.
Badnell (2006) calculated with the distorted wave (DW) approximation (which does not
take into account resonances related to auto-ionising levels) initial and final-state resolved
RR rates for all ions in the sequences from H-like up to Mg-like for all elements up to Zn.
Calculations have been later refined and level resolved PI cross sections calculated from
them and made available at the UK APAP website. These PI cross sections should be used
within RT codes as carried out in Dufresne et al. (2025). These cross-sections plus additional
ones in a format compatible with the CHIANTI data have been made available on ZENODO
as described in Dufresne and Del Zanna (2026).

DR rates have usually been neglected in RT calculations or just the Burgess formula
Burgess (1964) has been used, which is only valid at coronal temperatures. Level-resolved
DR rate coefficients were calculated for all H- to P-like ions as part of the DR Project (Bad-
nell et al. 2003) and are available on the UK APAP website. However, DR rates are strongly
damped at high densities. Only approximate estimates of this DR suppression have been
used in the literature, all derived from hydrogenic models developed by A. Burgess in the
1960s and the results published in Summers (1974). Such estimates are not reliable at low
temperatures. Generally, most DR calculations are anyway inaccurate at chromospheric tem-
peratures, as originally shown in his seminal paper by Storey (1981) and in a few following
studies. Calculating low-temperature DR is very difficult. The last project of the UK APAP
network was to calculate DR for the very complex iron ions, as iron is fundamentally impor-
tant in astrophysics. The first paper (Zhang et al. 2025) discussed the higher charge states
where one laboratory measurement is available. The second paper presents the calculations
of the even more complex lower charge states.

4https :/lwww.apap-network.org/.
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However, the main limitations of all the atomic models used in RT calculations are the
small sizes of the atoms, limited to a few states, neglecting all the recombination and radia-
tive cascades from the states not included. The improvement of the atomic models included
by Dufresne et al. (2025) resulted in a factor of 10 decrease in the UV continuum without
any fudge factors, resolving a discrepancy that has been present since the 1960s. Clearly,
improving atomic models is a necessary step.

Finally, it is important to point out that a large number of EUV/UYV lines are still uniden-
tified and almost all of them do not have accurate reference wavelengths.

2.1.6 Lines from Neutrals: New Diagnostics

Diagnostics for the solar upper chromosphere have generally been limited to Mg1I h and
k, Ca1r H and K, and hydrogen He. For the lower chromosphere, UV continua and some
molecular lines have been used to probe the atmospheric conditions around the temperature
minimum region.

The UV spectral range is full of hundreds of emission lines from neutrals, many of which
are unidentified (cf. Sandlin et al. 1986) but could potentially be used as diagnostics of the
chromosphere. Only a few from the lower states have been studied with NLTE RT calcu-
lations, the notable ones being the CT1 1355.8 A line emitted from the 2s22p4 f ' D state
(Lin et al. 2017) and the O1 1355.6 A intersystem line (Lin and Carlsson 2015). These lines
are estimated to be formed in the mid-chromosphere. The modelling carried out by the au-
thors is complex but still the CT1 line is predicted to have a strong self-reversal, which is not
observed.

A large fraction of lines from neutrals in the UV are however emitted by Rydberg states.
These lines have not been studied until recently. The hydrogen CRM model developed by
P.J. Storey (Hummer and Storey 1987; Storey and Hummer 1995) and the helium one de-
veloped by Del Zanna et al. (2020) indicate that levels within neutrals having principal
quantum number higher than n = 10 are in local thermodynamic equilibrium (LTE) with
the ground state of the singly-charged ion in the solar chromosphere. This simplifies enor-
mously the modelling, as the populations of the Rydberg states can be calculated with the
Saha-Boltzmann equation; the local emissivities of the Rydberg lines can then be calculated
once the A-values are known. As previously mentioned, general atomic structure codes fail
to produce such values. One way to calculate accurate A-values for the Rydberg lines in neu-
trals is to use the R-matrix codes and the frozen core approximation, as carried out by Storey
et al. (2023) for neutral carbon, where data for states up to n = 30 were calculated. Opacity
effects still need to be included, either with escape factors as shown in Storey et al. (2023)
or with a full RT calculation as shown in Dufresne et al. (2026). Rydberg lines from carbon
are predicted to be formed between the temperature minimum and the mid chromosphere,
offering new diagnostics in this poorly study region, for the Sun and other Stars.

We are clearly a long way to even attempt a physical understanding of the solar chromo-
sphere and transition region. There is not much hope to resolve the coronal heating prob-
lem without understanding the main physical processes occurring in the chromosphere. The
fine structure and the dynamics of these regions clearly indicate that all previous models
of plane-parallel static atmospheres are not realistic. The SAMS project will deliver open-
source codes with additional physics and the community will be welcomed to contribute.

Until we understand the solar atmosphere there is not much hope to understand stellar
atmospheres. However, EUV/UV observations of stars do provide useful information on
how magnetic activity evolves with stellar age and rotation, and given the strong influence
of the UV/EUV radiation field on exoplanet atmospheric chemistry, modelling stellar fluxes
is important.
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Scientific advances will be achieved by combining high-spectral resolution observations
with advanced modelling. We have given a few examples of how relatively simple atomic
modelling can provide significant improvements, opening the potential for many unexplored
spectral diagnostics in the UV. New missions need a supporting infrastructure, e.g. labora-
tory astrophysics, atomic and molecular physics — measurements and theory, and improved
physics modelling, but most importantly a critical mass of well-trained researchers, without
which the science outcomes cannot be achieved.

Laboratory astrophysics support was strong in the 1970s and 1980s but has almost com-
pletely disappeared. Knowledge in atomic physics has disappeared in most countries. For
example, the CHIANTI database has become the international reference for atomic data but
was developed by a few with almost no financial and no community contributions. Similarly,
all other atomic databases for astrophysics have relied on efforts by singles for improve-
ments. There is a lack of international coordination. Very little atomic rates are calculated
nowadays, also because the work of the producers is never acknolwedged, whenever data
are ingested in atomic databases. In essence a situation not sustainable for the future.

3 The Afterlife of Stars with UV
3.1 Studying Hot Subluminous Stars in the Ultraviolet

The evolution of stars is still not completely understood. In particular, the region of the
hot subluminous stars (sdO/B/A) located in luminosity between the main sequence and the
white dwarfs remains as one of the last uncharted territories despite the fact that no less than
97% of all stars are evolving through this region at some point during their lives. The main
reasons are short evolutionary timescales or peculiar evolutionary channels. Entirely new
types of stars have been and are still being discovered, whose formation and evolution are
often unclear. About 20 new types of objects were found within the last twenty years only.

The zoo of hot subluminous stars is quite diverse. Most stars are entering the hot sub-
luminous regions after they have passed the asymptotic giant branch (AGB). However, the
evolution becomes so fast that only relatively few objects are observable on this post-AGB
speedway. Close binary interactions are invoked to explain the formation of other types of
hot subluminous stars (Heber 2016). Because their envelopes are stripped by mass-transfer
to a binary companion during or even before the first giant phase, those stars are either in the
relatively stable helium-burning phase (extreme horizontal branch, EHB) or they are slowly
cooling down to become helium WDs. Since the existence of single and helium-rich types
of sdO/Bs seems to be inconsistent with them being stripped by companions, diverse merger
scenarios involving He-WDs in tight binaries have been invoked to explain their formation.

Hot subluminous stars also play an important role in a broader context. Likely formed by
different types of stellar interactions, they are suited to explore those interactions. Their at-
mospheres are chemically peculiar and serve as laboratories to study mixing, mass loss, and
diffusion processes. They are regarded as important contributors to the UV-excess seen in
early-type galaxies and are crucial to understand the HB morphology and evolution of glob-
ular clusters. Stripped stars of intermediate mass are regarded as important to explain the
reionization of the Universe. Some of the diverse types of pulsators among the sdO/Bs are
well suited for asteroseismic modelling. And close binary sdO/Bs are among the best candi-
dates for the progenitors of type Ia supernovae and sources for gravitational wave radiation
detectable with space-based instruments.
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3.1.1 The Role of UV Surveys to Detect sdO/Bs

Hot subluminous stars are bright in the ultraviolet (UV). Already, the first dedicated surveys
to search for those “faint blue stars” used near-ultraviolet bands observable from the ground
to identify them (Humason and Zwicky 1947). UV surveys from space lead to the discovery
of new sdO/Bs. The first all-sky UV survey was conducted with the S2/68 telescope on
the ESRO satellite TD1, which provided low-resolution spectrophotometry down to visual
magnitudes of ~ 10 mag and found ~ 1500 candidate sdO/Bs (Carnochan and Wilson 1983).
The first published scientific analyses of sdO/Bs were based on pointed observations with
a spectrophotometer on board the Netherlands Astronomical Satellite (ANS) (van Duinen
et al. 1975; Wesselius et al. 1976).

The Very Wide Field survey of UV-excess objects conducted with a camera onboard
Spacelab-1 covered about half of the celestial sphere down to 9.3 mag and also led to the
discovery of some sdO/Bs (Viton et al. 1988). An objective prism telescope surveyed ~
9% of the sky operated from Skylab during the manned missions, and among the observed
sdO/Bs was the first composite hot subdwarf with MS component showing a UV-excess
(Laget et al. 1978). The FAUST far-ultraviolet imager observed 4% of the sky during the
NASA ATLAS-1 mission and detected several sdO/Bs (Brosch et al. 1995).

The catalogue of the all-sky GALEX mission was used and is still in use to select sdO/Bs
(Vennes et al. 2011; Geier et al. 2019). Although state-of-the-art catalogues of hot sublumi-
nous stars are now compiled based on Gaia data, a combination with UV photometry is still
advantageous, especially when searching for UV-excesses in composite systems (Dawson
et al. 2024). The UVIT telescope on board of the ASTROSAT observatory (Subramaniam
et al. 2016) and the UVOT telescope onboard Swift observatory (Gehrels et al. 2004; Rao
et al. 2022) are used to detect such excesses caused by sdO/Bs in pointed observations of
clusters. Finally, HST photometry allowed us to observe much fainter objects and revealed
the complex populations of EHB stars in globular clusters (Piotto et al. 2015) as well as a
hidden population of intermediate-mass sdOs in the Magellanic Clouds (Drout et al. 2023).

Significant progress has been made in tackling the main science questions by detecting
hot subluminous stars in different populations, where new types are still discovered.

3.1.2 UV Spectroscopy as Key for Detailed Characterisation

The first UV spectra of hot subluminous stars taken with the S2/68 instrument have been
shown by Carnochan et al. (1975). However, the era of UV spectroscopy of sdO/Bs started
with IUE, which allowed for the first time pointed high- and low-resolution spectra to be
obtained for a substantial number of objects. SAO/Bs were already included as commission-
ing targets (Heap et al. 1978) and the first quantitative spectral analyses in the UV were
performed using IUE data (Heber et al. 1984) and led to several key discoveries.

The first metal abundance patterns measured in the UV (Baschek et al. 1980; Lamon-
tagne et al. 1985) confirmed sdO/Bs to be chemically peculiar, and diffusion processes were
invoked to explain those patterns. Mass loss by stellar winds in luminous sdOs was first
detected in the UV (Hamann et al. 1981) as well as the first stripped sdO next to a Be type
star (Thaller et al. 1995). The crucial role of UV spectra to improve model atmospheres and
address issues such as the uncertain temperatures of the hottest sdO/Bs or the Balmer line
problem became apparent (Werner 1996).

FUSE spectroscopy (see Fig. 3) extended the available wavelength range downwards
and allowed to measure the abundances of more and heavier elements (Ohl et al. 2000).
A few sdO/Bs have also been observed by the ultraviolet spectrometers on board of the
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Fig. 3 FUSE spectrum of the intermediate He-sdOB HZ 44 (gray) with the best model (red, with heavy
metals: blue) from Dorsch et al. (2019)

Voyager spacecrafts (Wesemael et al. 1985) and the TUES echelle spectrograph attached to
the ORFEUS telescope deployed by the space shuttle (Rauch and Strauf} 2025).

The improved sensitivity of HST allowed for more detailed studies, also for fainter stars,
already starting with the GHRS spectrograph (Lanz et al. 1997; Gies et al. 1998). STIS spec-
tra were used to show that the surface abundances of iron-group elements do not influence
the pulsation properties of sdBs (O’Toole and Heber 2006) and to provide the full abun-
dance patterns of super-metal-rich He-sdOBs (Dorsch et al. 2021). COS spectra were used
to perform the first detailed studies of sdO/Bs in globular clusters (Chayer and Dixon 2014;
Latour et al. 2017). UV spectra of sdO/Bs have also been used to improve atomic data for
iron-group elements (Landstorfer et al. 2024).

3.1.3 Scientific Objectives

All of those results illustrate the progress made in characterizing UV-spectra of sdO/Bs
both on the observational and on the modelling side. UV photometry and spectroscopy play
a crucial role in solving the open questions related to the formation and evolution of hot
subluminous stars, and with that, the role of interactions for the evolution of stars in general.

e Detecting all of the hot subluminous stars, including the ones which only reveal them-
selves through weak UV-excesses next to much brighter companions, in different Galactic
and extragalactic populations, is necessary to put constraints on the frequency of diverse
types of interactions. It is predicted by theory and has been shown by observations that the
binary properties of sdO/Bs differ between those populations (Geier et al. 2024). Studying
those differences will allow us to understand the underlying interactions better. Clusters
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are of special importance because they allow us to put stricter constraints on the progeni-
tor properties. To probe the Galactic halo, the bulge, open and globular clusters, as well as
satellite galaxies, we need deeper photometric UV surveys with higher spatial resolution
to mitigate crowding.

e The UV is the only wavelength range where abundances of heavy and even trans-iron
elements are detectable in hot subluminous stars, and the best to determine their metal
abundances in general. Those abundance patterns give important clues for potential for-
mation channels, where episodes of stripping or mixing are involved. Very recently, it has
been shown that the abundance patterns of some peculiar He-sdOBs are consistent with
predictions from i-process nucleosynthesis models (Battich et al. 2025). If confirmed, this
will not only help to constrain the evolutionary history of those stars but might have much
wider implications for the origin of the heavy elements in the Universe.

e The atmospheres of sdO/Bs show many peculiarities, which make them ideal laboratories
to study hot, radiative atmospheres in general. Their compositions can be so extreme that
the structure of the atmosphere is changed significantly, radiative levitation and gravita-
tional settling play a role, vertical stratification and Zeeman splittings have been observed,
some sdOs show weak and potentially metallic winds, and many of the spectral features
in the UV still remain unidentified due to the lack of atomic data. Hot subluminous stars
are therefore ideal testbeds to improve models for hot stellar atmospheres and have been
used to that end ever since.

3.1.4 Future Prospects and Needs

Access to UV spectrographs with resolutions sufficiently high to resolve the spectral features
is needed to make further progress along those lines. It has to be pointed out that archival
UV spectra of sdO/Bs have a particularly high legacy value. The archival collections of IUE,
FUSE, and STIS are still in use to test improved models. It is therefore crucial to keep those
collections publicly available. The growing diversity of hot subluminous stars, where new
discoveries are still made, calls for a significant extension of this collection, ideally cover-
ing the full diversity of those objects. The recently completed STIS/COS treasury program
17697 observed 37 sdO/Bs of diverse types and marks an important step in this direction.
It has to be pointed out that it is mostly the lack of atomic data for many species that limits
the diagnostic value of the spectroscopic data we have at hand. Theoretical and experimental
research in this direction needs to be maintained and extended to make further progress.

3.2 Planetary Nebula

Planetary Nebulae (PNe) are critical laboratories of late stage stellar evolution of low-to-
intermediate mass stars (1-8 Msun) as they transition to white dwarfs. Though they are
short lived (5000-20,000 yrs) phase, e.g. Badenes et al. (2015), they provide a key, co-eval
snapshot of stellar death. Their progenitor stars dominate all stars above one solar mass, so
PNe, via their ejecta, are responsible for a large fraction of the chemical enrichment of the in-
terstellar medium (ISM), strongly shaping galactic chemical evolution given their numerical
dominance, e.g. Maciel et al. (2015), Stanghellini and Haywood (2018). The numbers cur-
rently known in our Galaxy remain modest, ~ 4000 and as recorded in the MASH and then
HASH database, e.g. Parker et al. (2006), Miszalski et al. (2008), Parker et al. (2016). Their
shells are effectively ionised plasma and so PNe exhibit a rich, strong emission-line spectra
across a wide range of the electromagnetic spectrum including in the UV. This enables them
to be detected out to large distances in our own Galaxy and in the closer external galaxies,
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e.g. Reid and Parker (2006, 2013) for the Magellanic Clouds and Bhattacharya et al. (2019)
for more remote examples. Indeed, PNe are a key observational tracer of distant low-mass
stars. PNe emission lines also allow determination and analysis via high S/N spectroscopy
quality chemical abundances, e.g. Tan et al. (2024). Estimation of shell expansion veloci-
ties and ages can also be straightforwardly measured, e.g. Gesicki and Zijlstra (2000), so
permitting the probing of the physics and timescales of stellar mass loss. Measured PNe ra-
dial velocities can trace their kinematic properties permitting us to determine if they belong
to a younger or older stellar population, e.g. Smith et al. (2017). The kinematic properties
and visibility also make PNe useful kinematical probes for understanding the structure of
galaxies, and to test whether a galaxy contains a substantial amount of dark matter. The PN
formation rate also provides the death rate of stars born billions of years ago and so they
directly probe Galactic stellar and chemical evolution. They exhibit a wide variety of com-
plex morphologies that also provide clues to their formation, evolution, mass-loss processes,
and possible shaping role by magnetic fields (Sabin et al. 2015) and binary central stars (De
Marco 2009; Hillwig et al. 2016). As the central star fades to become a white dwarf and the
nebula expands, the integrated flux, surface brightness and radius change in ways that can
be predicted by current stellar and hydrodynamic theory (Dopita and Meatheringham 1991).
However, key physical processes—such as mass-loss mechanisms, ionization dynamics, and
the role of binarity in shaping nebulae—remain poorly understood. A dedicated ultraviolet
(UV) space based telescope equipped with a UV optimised spectrograph can address these
gaps. A key feature is that the central stars of PNe (CSPNe) emit predominantly in the UV,
and critical diagnostic lines for gas/dust physics also lie in this regime which is accessi-
ble only from Space. For an excellent review of the PN phenomena see Kwitter and Henry
(2022) and for how to identify them Frew and Parker (2010) and how to find them Parker
(2022), see Fig. 4, including from existing narrow-band surveys (Parker et al. 2005; Drew
et al. 2005, 2014).

3.2.1 Selected Scientific Objectives

Below a selection of key scientific objectives that can be tackled in late stage stellar evolution
in general and planetary nebulae and their hot, central stars in particular via UV studies are
briefly described.

e Jonization and Dynamics: High-resolution UV spectroscopy will resolve velocity struc-
tures (e.g., shocks, winds) via lines like C IV (1548-1550 A) and O VI (1032-1038 A),
probing the interplay between CSPNe winds and nebular expansion.

e Chemical Abundances: UV-sensitive emission lines (e.g., C III], O III], N IV]) enable
precise measurements of CNO abundances, crucial for constraining nucleosynthesis and
AGB nucleosynthetic models.

e Central Star Properties: UV continuum and absorption features will determine CSPNe
temperatures (>30,000 K), luminosities, and mass-loss rates, critical for evolutionary
models.

e Morphological diversity: High spatial resolution UV imaging coupled with spectroscopy
can resolve collimated outflows and ionization fronts, testing the binary hypothesis for
shaping and interaction with magnetic fields for fundamental shaping of bipolar PNe.

e Dust and Molecular Gas: Far-UV absorption edges (e.g. 2175 A bump) and electronic
transitions (e.g. Hy, PAHs) map dust composition, destruction zones.

e Temporal Evolution: Time-domain UV monitoring will track CSPNe variability (e.g.,
pulsations, wind fluctuations) and nebular recombination timescales.
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H 4 light yearé —

Fig.4 An iconic montage of 22 well-known PNe, arranged in a spiral pattern by order of approximate phys-
ical size. Each nebula’s size is calculated from the SB-r statistical distance scale from Frew et al. (2016). It
can be applied to PNe exhibiting the entire range of surface brightness, morphology and size. The largest
PNe have a surface brightness about a hundred thousand times fainter than the smallest and can reach up to
3 pc across. General image credit: ESA/Hubble and NASA, ESO, NOAO/AURA/NSF. Names of these PNe
starting at the top left hand corner and following the spiral are: Abell 33, K 1-22, NGC 7293, IC 5148/50,
NGC 2818, NGC 6853, NGC 5189, IC 4406, Shapley 1, IC 289, Fleming 1, NGC 3132, IC 4406, NGC 6720,
NGC2440, NGC 1501, NGC 2392, NGC 6543, NGC 6826, NGC 7009, IC 418, NGC 7027, HD 44179).
Image reproduced with permission from Parker (2022), copyright by the author

3.2.2 Some Proposed Technical Requirements

Desired spectral Capabilities should ideally cover the Far-UV (900-1700 A) and near-UV
(1700-3000A) with R > 5000 (and ideally much higher) for spectroscopy in order to resolve
some key line profiles and weak emission features. Overall system sensitivity should be
able to detect faint emission lines, e.g. flux < 10~ erg/s/cm?, especially for distant and
extended PNe of low surface brightness. Furthermore it would be advantageous to be able
to undertake multi-epoch Observing via a system of flexible scheduling so as to be able
to monitor temporal changes on timescales of days to years. This would initially be for a
carefully selected high value PNe targets.

3.2.3 Broader Impacts

UV spectroscopy can help revolutionize understanding of stellar feedback, ISM enrichment,
and white dwarf formation. Data will also benefit hot star winds, exoplanet host star environ-
ments (via white dwarf metal pollution studies), and dust life-cycle models. By addressing
questions in late-stage stellar evolution, these data will complement JWST and ALMA ob-
servations, providing a complete picture of matter recycling in galaxies. In conclusion a
new medium aperture UV optimised Space telescope, such as that proposed by elements of
the Chinese astronomical community and as championed by CIOMP(Changchun Institute
of Optics, Fine Mechanics and Physics), with a photometric and spectroscopic capability is
imperative to unlock the secrets of PNe. Such a facility would offer unprecedented insights
into the final acts of stellar lifecycles. The proposed instrument will fill a critical gap in UV
astrophysics, ensuring Chinese leadership in stellar evolution research.
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3.3 UV Emission in Supernovae Remnants (SNRs) and Their Correlation with X-ray
Emission

Supernova remnants (SNRs) play a vital role in galaxy evolution. Besides influencing the
dynamics and kinematics of the ISM, the shock wave and ejecta also enrich it by mixing in
the nucleosynthetically processed material from the pre-supernova progenitor. Most impor-
tantly, SNRs serves as records of historical galactic star formation. Constraints on models
of late time shock—ISM interaction aside, their study also provides an insight in to the as-yet
poorly understood evolutionary state of the pre-SN progenitor and its CSM. Deep (up to
Msec) Chandra X-ray imaging of several SNRs have highlighted several complex phenom-
ena, both resolving and raising questions about (a) progenitor environment and shock inter-
action, (b) progenitor ZAMS and metallicity and (c) the nature (clumpy, gaseous, or dusty)
and the physical properties of the ISM itself. Evolving SNRs (< 10,000 yr) tend to be both
optically and X-ray bright, with the X-ray emission attributed to heated gases (T ~ 1077 K,
possibly by a reverse shock) contained within a cooling (10*~ K) shell. Complementing the
X-ray and optical observations with UV, allows us to uniquely assign an origin (ISM, CSM
or ejecta) to each component of its morphology (knots, filaments, X-ray bright streamers
etc.), in turn leading to a complete picture of the supernova event and its evolution.

One of the most pressing questions in stellar physics, galaxy evolution and heavy metal
abundance, is the one linking terminal fate of one generation of stars with the birth of the
next generation. While it is broadly understood that the matter generated via nuclear burn-
ing in stars must be redistributed in to the interstellar medium (hereafter, ISM) via some
form of mass-loss (continual, episodic or terminal), and that next generation of stars must
arise from this enriched material, via density perturbations induced in the ISM, this picture
is far from complete. The ISM serves as an excellent laboratory to study shock dynamics,
as well as to carry out stellar archaeology, in order to search for traces of stellar explosions
over the last 10® yr and more. It consists of matter at temperatures ranging from 10 — 100
K (cool, molecular clouds comprising primarily of neutral Hydrogen) to 10* K (warm, par-
tially ionized gases), to 10° K (coronal gases from stars, and other, strongly ionized, media,
generated via supernovae and their shocks). The densities range from 10° to 1072 cm™.
From the viewpoint of stellar archaeology, the warm, and hot, ionized media, are the most
interesting as they comprise primarily of nebular structures, created via mass ejections from
a previous generation of stars at various evolutionary stages. Clearly, enrichment of the ISM
must occur in the final stages of shock dissipation, but again, the mechanism is poorly un-
derstood, and merits a further study.

Among the more important questions that remain unanswered are:

o How and when did this mass-loss arise?
e How was the lost material redistributed in the ISM?
e How was the density perturbation in the ISM created and maintained?

All of these questions are also intricately connected with the terminal, explosive, stages of
stellar evolution, which is a process not yet well understood. Moreover, non-terminal mass
loss, plays an equally important role via the as-yet poorly understood physical processes
which lead to partial ejection of the envelope of massive stars (> 8 M), several centuries to
decades prior to the terminal supernova explosion. With explosion energies of up to 10°! erg,
supernovae (hereafter, SNe) of all kinds are obviously the most energetic origins of the blast
wave, leading to shocks with initial velocities of up to several times 10* km s~!, eventually
reducing down to a few ~ 100 km s~! as it rams through the low density ISM. Thus, the
next question is: How does the shock deposit its energy into the ISM, and what are the most
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appropriate conditions under which the maximum transfer of energy takes place? Briefly,
the temporal evolution of an SNR covers four stages: (a) the free expansion phase, lasting
for ~ several x 10% yr (dominated by thermal emission) (Chevalier 1977), (b) the adiabatic
(Sedov—Taylor) expansion phase, which is reached when Misy >~ Mejecia, (X-ray / FUV line
emission and thermal bremsstrahlung), with a duration of ~ 10* yr, (c) The “snow-plow”
phase (up to 10° yr), dominated by radiative cooling, is reached when Mgy >> Mjecra, and
T <10 K, leading to optical and UV line emission, and finally, (d) the final mixing the
ISM and ejecta (De Pasquale et al. (2010) and references therein). The duration for which
an SNR remains in each phase, and its multi waveband spectra, is determined by strength
of the SN shock, the Mjea and the density of the CSM. All of these in turn depend on the
properties of the unknown progenitor, as well as on the mass and thermodynamic properties
of the ISM.

Observationally, SNRs have been seen to brighten in different electromagnetic bands, as
they age. Young SNRs are X-ray bright but faint in the UV/optical/IR bands, with X-ray
spectrum in 0.3-10 keV bands dominated by thermal emission from a plasma in a state
of non-equilibrium (i.e. the thermal profile of e is distinct from that of the ions) ioniza-
tion. Gases at the leading edge of the shock front cool more rapidly, and the interaction
of the shocked, cooling, gases with the ISM produces structures resembling flames, fila-
ments, knots, sheets and filaments that we typically associate with SNRs in the UV/opti-
cal/IR bands.

Overall, in each emission band, an SNR can be center-filled, or shell-like (or a combina-
tion of both), with recent 1-D magneto-hydrodynamical simulations implying that an aging
remant can morph from one type to another (RaTPAC simulation, Brose et al. (2021)). This
implies that, in addition to a changing peak emission band as SNR evolves from free ex-
pansion phase to the Sedov phase, when the swept up ISM at the shock front contributes
to its emission, the remnant’s structure as seen in each band — radio, IR/optical/UV, X-ray
and y-ray, also changes from one type to another. SNR ages, usually estimated directly from
expansion velocities (e.g. the X-ray expansion of Cas-A (Koralesky et al. 1998)), are subject
to many uncertainties. The primary assumption therein is that the ejecta is expanding in to a
near-uniform ISM. However, as a recent study of previously unidentified nebular structures
located in regions of low galactic extinction (Fesen et al. 2021), shows, it is possible for a
relatively young SNR to have slow-moving shock fronts with v ~ 70 to 100 km/s, implying
an anomalously large extent. Such a situation is possible only if the SN-ejecta expands in to a
relatively low density environment, e.g., a low density bubble created by slow (compared to
SN shock velocities) moving winds from the progenitor. Shock dissipation via cycles of ion-
ization and recombination peak within the walls of this cavity, as forward and reverse shocks
are refracted by the inhomogeneous layers of material located there. Such a scenario has now
been proposed for the near completed shell like Cygnus loop, which is proposed to be the
remnant of a core-collapse supernova in a late-O / early B-type stars (see Fesen et al. 2018
and references therein). The structural asphericity is attributed to a sharp drop in density
in southern walls of the cavity. However, this model does not explain the limb-brightened
X-ray emission seen from north-south interface region seen in my own observations of the
Cygnus nebula. Note that while the progenitor mass implies a core-collapse explosion, no
central compact object (CCO) or residual binary companion has been observed within the
physical extent of the loop to date.

A well resolved image of most SNRs in the optical or UV shows the nebulae taking the
form of intertwined sheets, filaments and knots. Recent 850 um polarimetric observations of
Serpens Mains molecular cloud (Kwon et al. 2022) reveal embedded magnetic fields tracing
the paths of the filaments — i.e. the filaments glow because the ionized plasma is tied to
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the magnetic field! In the context of a SNR, these fields may have been embedded in the
ejecta, or could have been compressed by the shock as it rammed in to the ISM. While
SNRs provide an opportunity for stellar archaeology, especially of massive stars, whose
exothermic lifetimes are comparable to the luminous lifetime of their remnants (i.e. ~ 10°
yr), resolving the progenitor effects from those of the ISM is an as-yet developing science,
which relies as much on multi waveband observations as on hydro-dynamic and magneto-
hydrodynamic modeling of hot, ionized plasma. A census of galactic SNRs (Green 2019)
detected about 300 objects, most of them in the late evolutionary stages, and provides a
direct and definitive estimate of the recent supernova rate in the Milky Way galaxy. The
well-resolved, nearby, objects are also relatively young (< 10,000 yr), and indicative of
the SN-rate in the local galactic region. It is to be noted that although neutron stars are
theorized to be born in supernovae (and hence localized with their remnants), there are 50
young pulsars without an associated SNR! Diffusive shock acceleration of the non-thermal
tail of electron distribution in the collisionless, forward, shock may also be responsible for
Galactic, ultra-high energy cosmic rays (E = 10~'4 eV), as well as for the synchrotron
radiation seen at radio frequencies. The electromagnetic band in which a SNR’s luminosity
peaks depends on its age. The unique signatures in all parts of the electromagnetic waveband
constrain models of late time shock - ISM interaction, as well as (depending on the age, and
the presence of a central compact object), provides an insight in to the evolutionary state of
the pre-SN progenitor and its CSM. For SNRs that are both optical and X-ray bright, it is
important to complement the high temperature (10°~7 deg K) phenomena with UV imaging,
sampling regions of 10> K gas both in the filaments and in other interacting medium.

Since the launch of Astrosat, a new window has opened up in this field — the UV
1300-1800 A band. This band contains a dense set of diagnostic lines spanning a range
of ionization stages, from low-ionization species (e.g. C II, Si II) to higher-ionization reso-
nance lines (e.g., Si IV, C IV), which together trace radiative shocks and post-shock cooling
layers in hot gas. The existence of multiple shock fronts, dominated by various ionizaton
states, shows the complexity of the local ISM, indicative of intense massive star formation
activity in the past.

4 Star Clusters with UV
4.1 Multiple Stellar Populations in Star Clusters

Multiple stellar populations (MPs) in globular and massive clusters manifest as star-to-star
variations in He, C, N, O, Na, Al, and sometimes Mg, with classic C-N and O—Na anti-
correlations (Carretta et al. 2009; Gratton et al. 2019; Bastian and Lardo 2018). UV filters
that cover strong molecular bands (e.g., NH, CN) and crowd metal-line blanketing, notably
HST/WFC3 F275W, F336W, and F343N, amplify color differences between first- (1P) and
second-population (2P) stars at fixed luminosity (Sbordone et al. 2011; Piotto et al. 2015;
Milone et al. 2017). Pseudo-colors such as Cra7sw F336w.razsw Of Cun g1 Mmap onto nitrogen
and helium sensitivity and underpin “chromosome maps,” enabling robust photometric tag-
ging from the main sequence (MS) through the red giant branch (RGB) (Milone et al. 2017;
Nardiello et al. 2018).

UV-based tagging is particularly powerful where optical color-magnitude diagrams
(CMDs) show weak separation. Even modest changes in N and He drive disproportion-
ate UV flux differences for MS, subgiant branch (SGB), and RGB stars, allowing accurate
population fractions and radial trends to be measured (Piotto et al. 2015; Dalessandro et al.
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2012). Integrated-light UV spectroscopy further ties photometric MPs to abundance patterns
in unresolved or distant clusters.

4.2 Rotation, eMSTOs, and UV-Dim Stars

Extended main-sequence turn-offs (eMSTOs) in young and intermediate-age clusters (< 2
Gyr) are interpreted as signatures of a distribution of stellar rotation rates rather than age
spreads (Bastian and de Mink 2009; Li et al. 2014; Niederhofer et al. 2015; Georgy et al.
2019). Rotation affects internal mixing and stellar lifetimes, leading to broadened MSTOs.
UV passbands enhance color shifts, improving contrast between slow and fast rotators
(Georgy et al. 2014; Milone et al. 2018; Kamann et al. 2020). The fraction of fast rota-
tors correlates with UV color spreads, supporting rotation as the primary cause of eMSTOs
(Milone et al. 2018; Sun et al. 2019; Kamann et al. 2020).

UV-dim stars, which appear redder in UV than in optical bands, may contribute to eM-
STOs in young massive clusters. They are thought to have circumstellar disks, with stronger
UV absorption by dust causing the UV-dim phenomenon (D’ Antona et al. 2023). Fast rota-
tion is suggested to facilitate disk formation, but recent studies indicate that most UV-dim
stars are slowly rotating (Leanza et al. 2025). The formation of UV-dim stars may be in-
fluenced by their environment, and further research is needed to clarify their origins and
correlations with disks, metallicity, or cluster masses.

4.3 UV Bright Population and Binary Products

Ultraviolet observations are indispensable for uncovering the hidden products of binary evo-
lution in clusters, where dense stellar environments foster mass transfer, mergers, and com-
pact remnant formation. While only a few percent of Galactic clusters have UV data, studies
already show that UV photometry and spectroscopy uniquely reveal hot companions such as
white dwarfs, sdBs, and post-AGB stars that are invisible in the optical. In white dwarf bi-
naries, UV diagnostics constrain cooling ages, progenitor masses, and magnetic or accretion
signatures, enabling tests of the initial-final mass relation and binary-interaction channels
(Hansen et al. 2007). For blue stragglers, blue lurkers, and yellow stragglers, UV data pro-
vide the only direct means to identify mass-transfer histories, bifurcated sequences, and
hidden companions, linking observed populations to binary formation pathways (Landsman
et al. 1997; Sindhu et al. 2019; Rao et al. 2022). By combining UV sensitivity to hot compo-
nents with the well-calibrated ages and distances of clusters, these observations yield critical
insights into stellar interaction physics, the demographics of exotic stars, and their role in
shaping cluster and galaxy evolution.

5 Datain Need
5.1 All-Sky UV Survey

The GALEX surveys covered roughly 60% of the sky (/24,000 square degrees) while
UVIT@AstroSat and UVOT@Swift observations each cover only ~100 square degrees
(Roming et al. 2005; Kumar et al. 2012; Bianchi et al. 2017). Most of the unobserved re-
gions lie along the Galactic plane, leaving the UV properties of the majority of Galactic UV
sources largely unknown.
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A new all-sky ultraviolet (UV) survey is essential because this wavelength regime traces
astrophysical processes that are invisible at optical and infrared wavelengths. UV obser-
vations provide direct signatures of hot, young, and massive stars, white dwarfs, accreting
compact objects, and the diffuse interstellar and circumgalactic medium. Mapping the sky in
the UV uniquely reveals star formation histories, stellar populations, and the physics of gas
flows that regulate galaxy evolution. While GALEX delivered transformative insights, its
incomplete coverage, limited depth, and angular resolution leave significant gaps. A mod-
ern, sensitive all-sky UV survey would uncover faint populations, and complement multi-
wavelength data. A all-sky survey with a large dynamic range and homogeneous coverage,
akin to 2MASS in the near-IR, would provide a foundation for selecting spectroscopic tar-
gets, enabling time-domain follow-up, discovering unknown objects, and supporting UV
and panchromatic studies for decades to come.

5.2 FUV Spectroscopy

Far-ultraviolet (FUV; 90-200 nm) spectroscopy has proven indispensable for probing stellar
photospheres, winds, and circumstellar environments. However, exisiting data remain in-
comp/lete, hinder our ability to address many fundamental questions in stellar astrophysics.
Current knowledge relies predominantly on archival observations from Hubble Space Tele-
scope HST/COS and STIS above 115 nm, with comprehensive sampling limited to only
a fraction of stellar types (Green et al. 2012). Coverage below 115 nm, where key reso-
nance lines such as O VI (1032, 1038 A) and CIII (977 A) reside, is extremely sparse since
the loss of Far Ultraviolet Spectroscopic Explorer (FUSE; 1999-2007) (Moos et al. 2000).
This significant data deficiency critically impacts constraints on hot-star mass loss, chro-
mospheric heating processes, and the ionizing flux that regulates interstellar and planetary
environments (Fullerton et al. 2006).

Critical gaps include: (1) systematic measurements of wind-sensitive resonance lines in
massive stars across the full range of metallicities, which are essential to quantify feedback
and calibrate stellar evolution models (Massa et al. 2003; Fullerton et al. 2006); (2) time-
resolved FUV spectra of cool stars, particularly active M dwarfs, needed to quantify flare-
driven variability and its impact on exoplanet atmospheres (France et al. 2012; Loyd et al.
2018); (3) simultaneous FUV coverage of stellar populations in clusters and star-forming re-
gions to establish evolutionary trends and environmental effects (Pineda et al. 2021); and (4)
robust empirical connections between observable FUV lines and the unobservable extreme-
UV continua of hot stars, which dominate galactic ionization budgets (Heap et al. 2021).

The FUSE facilitated major advances, extending coverage down to 90 nm at R ~ 20,000,
and revealing wind variability and interstellar absorption (Moos et al. 2000). The HST in-
struments STIS and COS provided sensitive FUV spectroscopy above 115 nm, enabling
studies of massive-star winds, stellar flares, and the radiation environments of exoplanet
hosts (Green et al. 2012). Low-mass stars, especially M dwarfs, have constituted a major
focus. The Far Ultraviolet M-dwarf Evolution Survey (FUMES) established correlations be-
tween FUV line luminosities and stellar rotation, showing the decay of high-energy output
with age (Pineda et al. 2021). Time-domain observations highlight the importance of flares:
comparisons of HST FUV spectra with TESS optical light curves demonstrate that optical-
only models underestimate FUV flare energy by orders of magnitude, revealing stars that
are “optically quiet but FUV loud”. Collectively these findings underscore that direct FUV
monitoring is essential to assess exoplanet atmospheric erosion and habitability.

Archival surveys continue to expand our view of stellar populations. HST/COS and STIS
spectra have been used to probe massive-star winds and the radiation environments of young
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clusters, though coverage remains sparse and often single-epoch. GALEX imaging has also
revealed extended FUV structures around evolved stars, tracing circumstellar scattering and
shocks. Together, these studies highlight both the vitality of FUV spectroscopy and its limi-
tations: current progress relies heavily on archival HST data, where deficiencies in sensitiv-
ity, cadence, and coverage that leave fundamental questions unresolved.

Resolving these open questions demands next-generation FUV spectrographs with high
spectral resolution (R 2 20,000), large collecting areas, and efficient coverage below
120 nm. Such capabilities would enable precise measurements of massive-star mass-loss
rates, systematic mapping of chromospheric heating, and statistical studies of flare-driven
FUYV variability in M dwarfs. New concepts such as INFUSE, an integral-field unit spectro-
graph designed for spatially resolved FUV observations of stellar feedback in star-forming
regions, illustrate the potential of these future instruments (Haughton et al. 2024). CubeSat-
scale efforts, such as SPRITE, aim to provide new access to FUV spectroscopy from small
platforms (Bowen et al. 2024). On a large scale, a 610 m class UV space telescope would
extend FUV spectroscopy to faint stellar populations in the Milky Way and nearby galaxies,
advancing models of stellar evolution, feedback, and planetary habitability. While concept
studies such as LUVOIR and HabEx, which were later combined into Habitable Worlds Ob-
servatory (HWO) (National Academies of Sciences, Engineering, and Medicine 2023), rec-
ognized the importance of FUV coverage, realizing these goals depends on breakthroughs
in detectors, coatings, and gratings (The LUVOIR Team 2019; Gaudi et al. 2020). Ulti-
mately these fundamental questions can only be resolved with renewed investment in FUV
spectroscopy.

5.3 EUV Spectroscopy

Extreme-ultraviolet (EUV; 10-90 nm) spectroscopy provides a unique window into stellar
physics, probing continua and resonance lines that directly trace hot atmospheres, stellar
coronae, and accretion processes. The EUV contains critical diagnostics such as the He Il
Lyman series and strong iron lines (Fe IX—Fe XVI), which reveal plasma at 10°-107 K.
Despite its importance, EUV spectroscopy has been largely inaccessible since the Extreme
Ultraviolet Explorer (EUVE; 1992-2001) (Bowyer 1994), leaving major questions in stellar
astrophysics unresolved.

Key open problems requiring EUV spectroscopy include: (1) the detailed photospheric
composition and chemical stratification of hot white dwarfs, shaped by diffusion and ra-
diative levitation (Barstow et al. 1997, 2014); (2) the true ionizing continua of hot stars
and subdwarfs, where models disagree on the Lyman continuum flux below 912 A due to
uncertain wind opacities (Heap et al. 2021); (3) the mechanisms of stellar coronal heating,
whether wave-driven or reconnection-dominated, which can be disentangled only with EUV
iron line diagnostics (Linsky et al. 2020); and (4) the impact of stellar EUV radiation on ex-
oplanetary atmospheres, which governs atmospheric escape and habitability (Linsky et al.
2014).

EUVE demonstrated the potential of EUV spectroscopy, producing the first surveys of
white dwarfs, active cool stars, and cataclysmic variables. However, its modest collecting
area and resolution limited detailed studies, and no successor has been launched. Current
FUV and X-ray facilities can only partially address these questions: FUV spectra constrain
some transition-region lines, while X-rays probe hotter coronae, but the crucial 10°-10° K
plasma and the stellar ionizing continuum remain inaccessible. Roadblocks include high
interstellar absorption in the EUV, incomplete atomic data for complex ions, and the tech-
nological difficulty of building efficient optics and detectors at short wavelengths.

@ Springer



Stellar Astrophysics in the Ultraviolet: Setting the Scene Page 25 of 37 42

Resolving these questions requires a new generation of EUV spectrographs with high
spectral resolution (R 2 10,000) and large collecting areas to overcome interstellar attenua-
tion and capture faint stellar fluxes. Advances in multilayer coatings, grazing-incidence op-
tics, and high-efficiency EUV detectors are essential. A dedicated EUV observatory would
enable transformative science: mapping white dwarf abundances, directly measuring stellar
ionizing continua, diagnosing coronal heating mechanisms, and quantifying stellar irradia-
tion of exoplanets. Only with renewed access to EUV spectroscopy can these long-standing
questions in stellar astrophysics be definitively answered.

5.4 Time-Domain UV

The ultraviolet (UV) domain provides uniquely sensitive diagnostics of stellar variability,
tracing phenomena that are often invisible at longer wavelengths. Variability in the UV
arises from instabilities in radiatively driven winds, magnetically modulated outflows, ac-
cretion shocks in young stars, and flares from cool dwarfs. Because many of the strongest
resonance lines (e.g., CIV, NV, Si IV, O VI, Ly«) lie in the UV, even modest fluctuations in
density, temperature, or ionization state translate into large changes in spectral line profiles
(Fullerton et al. 1996; Martins et al. 2015; Sundqvist and Owocki 2013). Time-resolved UV
observations therefore provide direct probes of stellar mass loss, rotation, magnetic fields,
and pulsations, as well as the energy input into circumstellar environments and exoplanet
atmospheres (France et al. 2016).

Time-resolved UV data thus probe fundamental questions: how structured are OB-star
winds and how does this affect mass-loss rates? (Fullerton et al. 1996; Martins et al. 2015)
How stochastic is accretion in pre-main-sequence stars? (Gémez de Castro 2013)What is
the flare frequency—energy distribution of M dwarfs, and what does this imply for planetary
atmospheres (France et al. 2016; Loyd et al. 2018)? And what can early UV light curves of
transients such as supernovae or tidal disruption events (TDEs) reveal about stellar structure
at the moment of explosion or disruption (Gezari et al. 2012; van Velzen et al. 2021).

Past campaigns with IUE, HST, FUSE, and Swift/UVOT demonstrated the diagnostic
power of time-domain UV. Yet these studies are limited to small, heterogeneous samples
with sparse cadence, preventing population-level statistics across stellar types. Currently,
ULLYSES incorporates multi-epoch monitoring, filling the UV time-domain gap for 250
massive stars with low metallicity (Roman-Duval et al. 2025; Vink et al. 2023). By pairing
time-resolved UV with simultaneous X-shooter data, ULLY SES offers the first large, multi-
wavelength view of the dynamic lives of massive stars, laying the foundation for interpreting
high-redshift galaxy UV spectra with JWST, Roman (Akeson et al. 2019), and Extremely
Large Telescopes (ELT; Padovani and Cirasuolo 2023).

The future requires dedicated UV time-domain facilities. ULTRASAT will pioneer wide-
field NUV monitoring at minute cadence, enabling flare statistics, wind demographics, and
early transient detection (Shvartzvald et al. 2024). Proposed missions such as CETUS (Heap
et al. 2021), Polstar (Scowen et al. 2022), CASTOR (Coté€ et al. 2024), and Pollux (Neiner
et al. 2026) would extend capability to FUV spectroscopy, spectropolarimetry, and wide-
field surveys, while flagship concepts (such as HWO) promise exquisite time-resolved UV
spectroscopy for targeted samples. In parallel, advances in atomic physics and radiation-
hydrodynamic modeling are needed to interpret variability signatures robustly.

In short, while time-domain UV studies have revealed the ubiquity of wind variability,
stochastic accretion, and energetic flares, the field remains at the case-study stage or limited
to small heterogeneous samples. Moving to systematic, population-level surveys with im-
proved atomic data and predictive theory is essential to answer the outstanding questions of
stellar mass loss, accretion, magnetism, and disruption.
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5.5 Polarimetry in UV

Ultraviole polarimetry represents one of the most powerful yet underutilized and gener-
ally neglected frontiers in stellar astrophysics. Because polarization encodes the geometry
of scattering and magnetic alignment, UV polarimetric measurements provide a uniquely
direct view of asymmetries in stellar atmospheres, winds, and circumstellar environments.
Polarization across these lines is sensitive to wind clumping, magnetic channeling, and the
imprint of circumstellar structures, offering insights that cannot be obtained from photome-
try, spectroscopy, or optical polarimetry alone (Kasen et al. 2003; Ignace et al. 2015).

How do massive stars lose mass through radiatively driven winds? What role do mag-
netic fields play in shaping these outflows and channeling material? How do disks around
young stars and compact binaries evolve under intense UV radiation? UV polarimetry ad-
dresses these questions by measuring continuum and line polarization, sensitive to clump-
ing, magnetic confinement, and disk geometry. Resonance lines such as CIV, SiIV, and NV
are especially valuable, since their polarized line profiles encode information about wind
geometry and variability (Kasen et al. 2003; Ignace et al. 2015).

Despite this potential, the development of UV polarimetry has lagged far behind other
techniques. The Wisconsin Ultraviolet Photo-Polarimeter Experiment (WUPE), flown in
1990, remains the only space-based mission dedicated to UV polarimetry (Stanford et al.
1985). Subsequent UV observatories, including HST and FUSE, lacked polarimetric ca-
pability, leaving the field effectively dormant for more than three decades. This gap has
severely constrained progress: while optical and infrared polarimetry have revolutionized
studies of magnetic fields, disks, and dust, the most energetic stellar environments—where
mass loss, feedback, and accretion are governed by UV radiation—remain beyond reach.
The absence of UV polarimetry is thus a fundamental limitation in our ability to trace the
flow of mass and energy from stars into the interstellar medium.

The challenges are primarily technological. Efficient polarization optics are difficult to
implement at short wavelengths, where birefringent materials become inefficient and trans-
parent choices are limited largely to MgF,, which restricts bandwidth and achromatic de-
sign (Keller et al. 1998; Neiner et al. 2025). At still shorter UV wavelengths, transmissive
retarders vanish entirely and one must rely on reflective or thin-film polarizers, which suffer
reduced efficiency and polarization purity (Keller et al. 1998). Wave retarders in the UV
can also act as weak polarizers, introducing unwanted instrumental effects that complicate
calibration. Calibration itself is especially demanding: coatings, gratings, and mirrors can
all introduce significant polarization systematics, requiring full Mueller-matrix characteri-
zation to achieve accuracy at the sub-percent level (Chipman et al. 2015). Moreover, stellar
UV fluxes are intrinsically low, necessitating large collecting areas and high-throughput in-
strumentation to reach adequate signal-to-noise (Chipman et al. 2015). Overcoming these
hurdles will demand innovations in detector technology, careful polarimetric design, and
sustained attention to calibration strategies.

Momentum is now building toward a revival of the field. For example, the pro-
posed PolStar MIDEX mission was conceived as a dedicated far-UV spectropolarime-
ter (100-300 nm), targeting massive star winds, magnetospheres, and circumstellar disks
(Scowen et al. 2022). Another proposed mission, URIEL (Ultraviolet Researcher to Investi-
gate the Emergence of Life) is designed to carry out low dispersion (600-1,000) UV /spec-
tropolarimetry in the 140-400 nm spectral range to investigate the formation of planetary
systems, its interaction with stellar winds and search for signatures of prebiotic molecules
(Gdmez de Castro et al. 2022). On longer timescales, future missions, such as PolStar, Arago
(Muslimov and Neiner 2022), and Pollux onboard the flagship HWO, will provide UV-
optical-IR polarimetric capabilities that would enable population-level studies across stellar
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types and environments. If realized, these missions could capture not only static geometries
but also time-dependent signatures, such as rotational modulation, binary interactions, and
flares, connecting UV polarization with stellar dynamics on multiple timescales.

In conclusion, UV polarimetry offers transformative potential for stellar astrophysics,
with the ability to directly constrain mass loss, magnetic confinement, and circumstellar
structure in the UV-dominated regime where these processes are most active. Yet this poten-
tial has scarcely been realized, with the last dedicated measurements now over thirty years
old. The primary barriers are instrumental, not scientific. Investment in dedicated polarimet-
ric capability on future UV missions would therefore open an entirely new window on stellar
physics, addressing some of the most persistent questions about how stars interact with and
shape their environments.
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