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These capabilities of ARCUS are needed and 
unique for stellar, exoplanetary, and ISM studies
• X-ray spectroscopy (10-60 A) with R≈3500.
• FUV spectroscopy (970-1350 A) with R=22,000 (13.6 km/s) and 6 

times higher sensitivity than FUSE.
• Both capabilities are simultaneous and uniquely important for 

studying variable sources.
• 7 day period high Earth orbit supports long duration uninterrupted 

observations with low geocoronal emission.



The ability to observe spectra of several 
Lyman lines from nearby targets is unique
• HST could only observe Lyman-α 

and FUSE could only observe the 
higher lines with low sensitivity.
• ARCUS FUV resolution is 14 km/s.
• D and H Lyman lines separated by 

81 km/s are resolved by ARCUS 
FUV spectrograph.
• D/H≈1.5x10⁻⁵ in the local ISM, so a 

broad range of optical depths is 
available by observing 2 or even 3 
H and D Lyman lines.
• HEO greatly suppresses geocoronal 

Lyman-α foreground emission

Line 𝝺(nm) f 𝛕(H) 𝛕(D)

Lyman-α 121.67 0.4162 60,000 0.9

Lyman-β 102.57 0.0791 11,800 0.17

Lyman-𝛄 97.25 0.02899 4,200 0.06

Lyman-𝛅 94.97 0.01394 2,040 0.021

H and D Lyman line center optical 
depths for log N(HI)=18.5



Importance of the Lyman lines for interstellar 
astronomy
• The local ISM within 15 pc includes 

many partially ionized clouds 
identified by velocity vectors.

• The clouds are measured by 
interstellar N(HI) along many 
sightlines to stars.

• Inference of N(HI) involves 
reconstructing the intrinsic Lyman 
emission line using information 
from the D and MgII lines.

• Since H Lyman-α is very optically 
thick, reconstructing the higher 
Lyman lines would be very helpful.

Wood et al. ApJS 159, 118 (2005)



Importance of the Lyman lines for the study 
of stellar activity and transients
• Lyman-α is the brightest emission line 

for G stars and as bright as all other 
emission lines for M stars. Measuring 
the intrinsic Lyman-α flux is essential 
for estimating the total FUV stellar 
emission.

• ISM absorption makes it difficult to 
measure the intrinsic Lyman-α 
emission. The D line helps.

• Analysis of the Lyman-α and Lyman-β 
lines together would be a great test 
because very different interstellar 
absorption.

• Simultaneous X-ray and FUV 
spectroscopy will supply unique data 
for studying stellar flares, coronal 
mass ejections, and activity indicators. 
See talks by Osten and Shkolnik. This 
is mostly GO science.

• Previous studies required difficult 
coordination and scheduling between 
several spacecraft.

• The ARCUS FUV spectrograph will 
include 97-120 nm lines of C II, C III, Si 
III, He II, O VI, Fe XVIII, and Fe XIX in 
addition to the 120-158 nm emission 
lines studied by HST.



FUSE spectra of cool stars (Redfield et al. 2002)
Fig. 1. from A Far Ultraviolet Spectroscopic Explorer Survey of LateType Dwarf Stars
Redfield et al. 2002 ApJ 581 626 doi:10.1086/344153
https://dx.doi.org/10.1086/344153
© 2002. The American
Astronomical Society. All rights reserved. Printed in
U.S.A.

Fig. 2. from A Far Ultraviolet Spectroscopic Explorer Survey of LateType Dwarf Stars
Redfield et al. 2002 ApJ 581 626 doi:10.1086/344153
https://dx.doi.org/10.1086/344153
© 2002. The American
Astronomical Society. All rights reserved. Printed in
U.S.A.



Importance of the Lyman lines for exoplanet 
atmospheres and mass loss
• Stellar Lyman-α emission photo-

dissociates H20 and CH4 in 
exoplanet atmospheres.
• Stellar emission below 120 nm 

photo-dissociates CO2, CO, H2 and 
N2 in exoplanet atmospheres.
• Exoplanet mass loss can be 

observed by Lyman-α  and other 
lines during transits. Low 
geocoronal emission is important. 
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Figure 9. Cumulative photodissociation spectra. The curves show what

Loyd et al. ApJ 824, 102 (2016). For   
ϵ Eri, GJ 581, and Sun



Importance of the Lyman lines for Galactic 
chemical evolution using D/H as a test
• The D/H ratio in the gas phase 

varies in the Galaxy due to 
astration, removal of D from gas 
phase on to grains, patchy infall of 
near-primordial gas, and 
incomplete mixing. 
• D/H ratios for most sightlines 

within the Local Bubble (100-200 
pc) are based only on Lyman-α.
• Main uncertainty is N(HI). 

Simultaneous analysis of both 
Lyman-α and Lyman-β would test 
previous studies.

Friedman et al. ApJ 946, 34 (2023)



Local Cavity (Bubble) as determined from dust absorption (blue 
is low dust and red is high dust). Views from above and from 
the Galactic plane. (Pelgrimes et al. A+A 636, A17 (2020)) V. Pelgrims et al.: Modeling the magnetized Local Bubble

Fig. 1. Crosscuts along the planes XY, XZ, and YZ in the L19 3D dust extinction map. The Sun is at the center. The X axis points from the Sun to the
Galactic center at Galactic longitude l = 0�, the Y axis points towards l = 90� and the Z axis points to the North Galactic pole. The Galactic center
is to the right in the left and middle panels and back to the reader in the right panel. The color scale shows log (A0v), where A0v is the differential
extinction, in units of magnitude per parsec.

Fig. 2. Example of radial profiles of differential extinction (A0v(r) ⌘
dAv(r)/dr) as a function of distance to the Sun (r). Ten lines of sight
were randomly chosen in the XY plane of the Galaxy. For each profile,
the inner and outer radii of the LB shell, as determined in Sect. 2.2.1,
are marked with filled circle and square, respectively.

tessellation of the celestial sphere (Górski et al. 2005). We set
the Nside parameter to 128, providing an angular resolution of
about 270.5. Out to the 400 pc radial distance that we probe,
the 3D extinction map is therefore well over-sampled and we
do not miss material in the line-of-sight cones. To each node
of our spherical grid, we assign a value derived from the 3D
extinction map. Because the latter utilizes a uniform Cartesian
grid, we need to convert from Cartesian to spherical coordinates.
Here, we rely on a linear interpolation over the nearest neighbors
of the Cartesian grid. For each line of sight, we thus obtain a
radial profile of the differential extinction, A0v(r). The interpola-
tion process induces spurious noise in the differential extinction
curves. To eliminate this noise, we smooth these curves using
a one-dimensional Gaussian smoothing kernel, with a standard
deviation of 25 pc. This value corresponds to the maximum res-
olution of the 3D extinction map of L19. In Fig. 2, we show ten
differential extinction curves randomly chosen in the XY plane
of the Galaxy.

For each line of sight, we compute the first and second
derivatives of A0v(r) with respect to r. We then define the radius
of the inner surface of the LB shell, rinner, as the distance to

the first (closest to the Sun) inflection point, where the curve
changes from convex to concave, that is, the first point at which
d2A0v(r)/dr2 = 0. A cursory look at Fig. 1, particularly at the
first quadrants of the left and right panels, reveals localized dust
structures which are most likely unrelated to the LB shell and,
therefore, should be ignored. The iterative procedure described
in Sect. 2.2.2 makes it possible to bypass these dust structures
and prevent them from biasing the determination of the shell
inner surface.

Similarly, we locate the radius of the outer surface of the LB
shell, router, at the second inflection point, where the A0v(r) curve
changes from concave to convex. Because of the complex dust
density distribution in the ISM, especially in the Galactic disk,
we find that our derived router is not reliable in some places1. For
this reason, we focus on the modeling of the inner surface in the
next subsection.

We apply the above method to the 3D extinction map of
L19. The result is shown in the triptych of Fig. 3, where the
inner and outer surfaces of the LB shell are plotted in red and
green, respectively. Figure 3 conveys a good sense of the com-
plex geometry of the LB shell. An intervening cloud can be
spotted towards (l, b) ⇡ (0�, �50�) in the fourth quadrant of the
middle panel. It also emerges from Fig. 3 that the shell is rel-
atively thick (ranging from 50 to 150 pc) and, more crucially
with regard to our study, present all around the cavity, includ-
ing the area towards the Galactic polar caps (|b| � 60�). This
was not immediately obvious from the 3D extinction map alone,
where the LB looks more like an open chimney. Towards the
polar caps, the LB shell extends roughly from 200 to 300 pc, in
agreement with the conclusion reached by Skalidis & Pelgrims
(2019), who estimated the shell extent based on stellar distances
and polarization data only.

2.2.2. Mathematical model for the inner surface
of the LB shell

The inner surface of the LB shell can be visualized in 3D or in
map format as shown in the top panel of Fig. 4. In order to char-
acterize the geometrical shape of this surface, to extract its main

1 About 2% of the lines of sight do not present a second inflection point
within the radial distance of 400 pc, which delineates the probed ISM
volume. 22% have their second inflection point closer than 50 pc from
the edge, a distance at which we estimate that the second derivative of
the radial profile might be biased by the applied smoothing.
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Conclusions

• The combination of X-ray and FUV spectroscopy will make ARCUS a major 
contributor to our understanding of stellar activity and transients, 
exoplanet atmospheres, interstellar medium, D/H and Galactic chemical 
evolution. 
• Analysis of the fluxes and spectral shapes of the Lyman-α, Lyman-β, and 

Lyman-𝛄 lines (with much higher sensitivity than FUSE) will play critical 
roles in each of these topics.
• The 7 day orbit of ARCUS is essential for minimizing geocoronal emission 

and providing long uninterrupted observing programs.
• The ARCUS development team (specifically Kevin France) should provide 

the highest feasible spectral resolution, throughput, and line profile shapes 
for the Lyman and other lines in the FUV. 



Any questions ?


