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1 INTRODUCTION

ABSTRACT

We present near-infrared spectroscopy of the 2022 eruption of the recurrent nova
U Sco, over the period from 5.2 to 45.4 days after outburst. This is the most intensive
infrared study of this nova. Our observations started early after the outburst and
extended almost to the end of the “Super Soft” X-ray phase. A major find is the
presence of coronal lines from day 9.41, one of the earliest appearances of these in any
nova, classical or recurrent. The temperature of the coronal gas is 7 x 10° K. There is
also evidence for the presence of much cooler ( < 2.5 x 10* K) gas. Remarkable changes
are seen in the He1 1.083 um line, the strength of which declines, then recovers, in
anti-correlation with the X-ray behaviour. We conclude that shock ionisation is the
dominant excitation mechanism for the coronal line emission. There is evidence in
the infrared spectra for the presence of black body emission at ~ 20000 K, which
we tentatively identify with the irradiated secondary, and for free-free/free-bound
emission. For the previously determined binary inclination of 82°7, the implied ejection
velocities are as high as 22000 kms~!. These velocities appear unprecedented in nova
outflows, and are comparable to those seen in supernovae, thereby marking U Sco as
a truly remarkable object.

Key words: stars: individual: U Sco — novae, cataclysmic variables — infrared:
stars

tions of RNe repeat on timescales <100 yr (see Anupama
2008, for a review).

Recurrent novae (RNe) are a subset of the cataclysmic vari-
able binary systems in which a cool component (the sec-
ondary) transfers matter via an accretion disk (AD) onto a
white dwarf (WD; the primary). The base of the layer ac-
creted on the WD becomes degenerate, and eventually hot
enough to initiate a thermonuclear runaway, resulting in a
nova eruption. In time, accretion resumes and eventually an-
other eruption occurs. All novae are recurrent but the erup-
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2 U Sco: NATURE AND RECENT ERUPTIONS
2.1 The binary

U Sco is the most frequent eruptor of the known Galactic
RNe. It is known to have undergone eruptions in 1863, (1873,
1884, 1894), 1906, 1917, (1927), 1936, 1945, (1955), 1969,
1979, 1987, 1999, 2010 (2016) (dates in brackets are probable
eruptions; see Darnley 2021; Schaefer 2022). U Sco is an
eclipsing binary, consisting of a 1.55 +0.24 My WD and a
0.88 + 0.17 Mg secondary; its inclination is ¢ = 82°7 4 2°9
(Thoroughgood et al. 2001). The orbital period prior to the
2022 eruption was 1.2305658 4+ 0.0000041 days, as measured
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Figure 1. Black points: V' band light curve of 2022 eruption;
AAVSO datal. The dashed vertical line indicates the assumed
time origin, MJD 59736.72 (see text). Times of the observations
described here are indicated by short vertical lines. Red points: H
band light curve of the 2010 eruption (Pagnotta et al. 2015). Blue
points: H photometry as described in text for the 2022 eruption.

from 2016.78 (the time of the putative 2016 eruption) to
2022.4 (Schaefer 2022). Schaefer also found an increase of
22.4 parts-per-million in the orbital period across the 2010
eruption, concluding that the period change is most likely
due to the reaction of the binary to the asymmetric ejection
of material during the nova eruption.

While the uncertainty is relatively large, the mass of
the WD in U Sco seems uncomfortably high, although the
mass limit for differentially rotating white dwarfs can be
as high as 4 Mg, i.e., far higher than the canonical Chan-
drasekhar limit (e.g., Yoon & Langer 2005). Hachisu et al.
(2000) modelled the light curve from the 1999 eruption, and
found a WD mass of 1.37+0.01 M, very close to that found
by Shara et al. (2018) on the basis of modelling the erup-
tions of classical and RNe. We assume 1.37 Mg here. The
secondary star is a sub-giant of spectral type K2 (Anupama
2008). Therefore, unlike RN systems such as RS Oph, in
which the secondary is a red giant with a strong wind, the
secondary in U Sco is evolved but has little or no wind. For
this reason the evolution of an eruption in U Sco is expected
to differ significantly from that in a RN system with a giant
secondary.

There is evidence that less mass is ejected during an
eruption of U Sco than is accreted by the WD between out-
bursts (Kahabka et al. 1999), suggesting that the WD mass
in U Sco is increasing. As the WD likely has CO composi-
tion (Mason 2013), U Sco is a candidate Type Ia supernova
progenitor (Starrfield et al. 2020).

The distance of U Sco is poorly constrained (Schaefer
2010), but is known to be large, between ~ 8.5 kpc and
~ 15.4 kpc. Where we need to use a distance here, we use
10 kpc.

2.2 A brief summary of three recent eruptions

The 1979 eruption of U Sco was observed at ultraviolet
wavelengths by Williams et al. (1981), and at optical and
ultraviolet wavelengths by Barlow et al. (1981). While both

H mag

studies noted the presence of high ionisation states, such
as C1v, Nv, O1v, Ovi, they did not report any forbidden
lines. Indeed, Anupama (2008) stated that, up until the 1999
eruption, no forbidden lines had been reported during out-
burst. Barlow et al. and Williams et al. also estimated that
the ejecta mass was low, ~ 107" Mg, and that there was
evidence for an overabundance of He relative to H.

The 1999 eruption was observed in the optical by Mu-
nari et al. (1999). These authors reported a narrowing of
Ha, implying a deceleration of ~ 270kms~! day~', and
an increase in the degree of ionisation as the eruption pro-
gressed. Anupama et al. (2013) found short-term spectral
variations during the 2010 eruption, and reported intrin-
sic linear polarisation due to electron scattering from the
disc and jets. They estimated the mass of ejected hydro-
gen was ~ 4.6 x 107% M. Maxwell et al. (2012) determined
that the helium abundance in the ejecta was not signifi-
cantly different from solar, in contrast to previous estimates,
which had N(He)/N(H) ranging from 0.16 to 4.5 (Evans
et al. 2001; Iijima 2002). In an erratum, Maxwell et al.
(2015) gave N(He)/N(H) = 0.117 + 0.014. All post-1979
eruptions have been characterised by high ejection veloci-
ties (~ 10000 km s~ ! e.g., Barlow et al. 1981; Williams et
al. 1981; Iijima 2002; Anupama et al. 2013).

Drake & Orlando (2010) carried out 3-dimensional hy-
drodynamic simulations of the 2010 eruption. They found
that, as the ejecta encountered the secondary star, the sec-
ondary gave rise to a “bow shock”, in which the ejecta were
shocked to a temperature of a few x10° K. They further
concluded that high wind and equatorial gas densities re-
sult in X-ray emission that exceeded the observational up-
per limits, and that the circumstellar gas density is therefore
rather low. Hachisu et al. (2000) modelled the light curve of
the 1999 eruption, and concluded that the “burning” phase
of the eruption, which is accompanied by a strong wind, per-
sisted for the first ~ 20 days of the eruption. In this case one
might expect the bow shock associated with the secondary
to persist for that length of time.

Near-infrared (NIR) observations were obtained during
the eruptions of 1999 (Evans et al. 2001) and 2010 (Banerjee
et al. 2010; Mason et al. 2012; Maxwell et al. 2012; Rudy et
al. 2022). Evans et al. (2001) noted the presence of an excess
in the continuum, which they attributed to free-free emis-
sion. Evans et al. reported that there were no coronal lines in
the 1999 eruption spectrum, but it is likely that the strong
line at ~ 2.05pm in their data was [AlIX] A = 2.045 pm
rather than Hel 2.059 um (see below). This is also likely to
be the case for the line at approximately the same wave-
length seen in the 2010 eruption and tentatively identified
as Hel by Mason et al. (2012). Following the report of coro-
nal line emission in the 2022 eruption (Banerjee et al. 2022),
Rudy et al. (2022) reported re-examinations of their spec-
tra of the 2010 outburst, and those of other observers (e.g.,
Banerjee et al. 2010; Mason et al. 2012; Maxwell et al. 2012).
They noted the presence of coronal lines in the 2010 outburst
as well, which either had not been identified, or had gone
unnoticed.

2.3 The 2022 eruption

U Sco was reported to be in outburst on 2022 June 06.72
(MJD 59736.72; Moriyama 2022), which we take as the time
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Table 1. Observing log.

IR spectroscopy of U Sco 3

2022 Date MJD Instrument  Resolution™ A range Airmass Day' H TsB
(A/ANX) (pm) U Sco  Standard (mag) (K)
June 12 59742.10 F2 200-1200 0.9-2.5 1.06 1.08 5.21 — —
June 16 59746.13 F2 200-1200 0.9-2.5 1.03 1.04 9.41 11.64 + 0.06 19000 + 2000
June 17 59747.14 F2 200-1200 0.9-2.5 1.25 1.19 10.25 11.97 +0.05 16500 + 1000
59747.14 F2 1700-3200 2.00-2.32 1.23 1.19 "
June 19 59749.11 F2 200-1200 0.9-2.5 1.03 1.03 12.22  12.374+0.07 —
59749.11 F2 1700-3200 2.00-2.32 1.03 1.03 "
June 20 59750.47 SpeX 1200 0.7-2.55 1.65 1.55 13.59 — —
June 30 59760.08 F2 200-1200 0.9-2.5 1.03 1.03 23.19 13.19+0.08 20000 =+ 1000
59760.08 F2 1700-3200 2.00-2.32 1.03 1.03 "
July 5 59765.10 F2 200-1200 0.9-2.5 1.19 1.19 28.21 13.86 £0.07 —
59765.10 F2 1700-3200 2.00-2.32 1.27 1.32 "
July 16 59776.27 GNIRS 1200 0.9-2.5 1.29 1.26 39.38  15.62+0.14 —
July 22 59782.32 GNIRS 1200 0.9-2.5 1.34 1.32 45.43 1548 +£0.07 —

*See http://www.gemini.edu/instrumentation/flamingos-2/components#Grisms for how R for F2 varies across the spectral interval.

Tt =0 was at MJD 59736.72.

origin. The visual light curve from the AAVSO archive® is
shown in Fig 1.

The 2022 eruption has been extensively observed at ra-
dio (Sokolovsky et al. 2022), optical (Siviero & Munari 2022;
Woodward et al. 2022) and X-ray (Orio & Gendreau 2022;
Page et al. 2022; Page & Osborne 2022) wavelengths. Prelim-
inary descriptions of NIR observations were given by Baner-
jee et al. (2022) and Rudy et al. (2023). We present here the
complete series of our NIR spectroscopic observations.

3 OBSERVATIONS
3.1 Gemini Observatory

Infrared spectra covering all, or portions, of the 0.9-2.5 um
wavelength interval were obtained at the Gemini South and
North telescopes from 2022 June 12 to 2022 July 22 us-
ing the facility instruments FLAMINGOS-2 (F2; Eikenberry
et al. 2004) and the Gemini Near-InfraRed Spectrometer
(GNIRS; Elias et al. 2006). Observing details are provided
in Table 1. Most of the spectra were obtained with the JH
and HK grisms in F2, each of which provides resolving pow-
ers, R, ranging from 200 to 1400 (corresponding to 200-
1500kms ™). Several higher resolution spectra of a large
portion of the K band were obtained with F2’s R3k grism.
GNIRS in its cross-dispersed mode and its 32/mm™' grat-
ing was employed for the final two epochs. Observing times
varied from one minute during the early epochs when U Sco
was bright, to 32 minutes for the final epoch when it had
faded considerably.

AQ dwarfs served as telluric standards. They were ob-
served at air masses closely matching those of U Sco, ei-
ther immediately before, or immediately after, U Sco. Data
reduction utilizing both IRAF (Tody 1986, 1993) and FI-
GARO (Currie et al. 2014) employed the standard proce-
dures of spectrum extraction, spike removal, wavelength cal-
ibration (using spectra of argon arc lamps), removal of H1
lines from the spectra of the standard star, cross-correlating

1 https://www.aavso.org/
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the spectra of U Sco and the telluric standard star, shifting
the spectrum of the former to align it with the spectra of
the standard star, and ratioing the former by the latter.

3.2 IRTF

NASA Infrared Telescope Facility (IRTF) observations were
obtained with SpeX (Rayner et al. 2003) in short-crossed dis-
persed (SXD) mode with a 0”5 x 15" slit (spectral resolving
power 1200, corresponding to ~ 250 km sfl), in sub-arcsec
seeing (FWHM [K] ~ 0765) under photometric conditions.
The source was nodded between two positions along the slit.
These data (comprising 478 s of total on-source integration
time) were reduced and corrected for telluric absorption(s),
flux calibrated, and order merged with the SpexTool pipeline
(Cushing et al. 2004). The A0V standard star (for telluric
correction) HD 148968 was observed at comparable air mass.
The accuracy of flux calibration of the resultant spectra is
~ 10%.

Our time coverage is one of the longest over which an
eruption of U Sco has been followed in the NIR. A difficulty
with following this nova for longer periods is its very rapid
fading, the time ¢2 (t3) to decline by 2 (3) magnitudes from
maximum, being 1.2 (2.6) days (Schaefer 2010).

Where possible, aperture photometry was carried out
on acquisition frames obtained in the H band to facilitate
positioning of the object in the spectrograph slit. Calibration
was achieved using multiple field stars with known H magni-
tudes from the 2MASS (Skrutskie et al. 2006) and UKIDSS
(Dye et al. 2006) surveys. These H magnitudes are listed in
Table 1, and included in Fig. 1. This figure also includes the
H-band light curve from the 2010 eruption (Pagnotta et al.
2015, see that paper for details), on which our H band mag-
nitudes are superposed. The 2022 H photometry agrees well
with the 2010 H light curve, and there is excellent agree-
ment between the shapes of the 2010 H and 2022 V' light
curves.
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Figure 2. Top: sequence of lower resolution spectra. The 2022 spectra are labelled by date in the form MM-DD, and have been
multiplied/divided by the factors indicated. Prominent H1, He and coronal lines are identified. Bottom: R3k spectra, labelled by date in

the form MM-DD, have been multiplied/divided by the factors indicated. Top radial velocity scale (in kms™

1) is for [Al1X] only. Black

lines at bottom of panel indicate approximate wavelengths of the “core” and “horn” components. See text for details.

4 OVERVIEW OF THE SPECTRA

The lower resolution (< 1200) spectra are shown in Fig. 2
(top panel). H1 recombination lines are prominent, but
they are not useful for analysis, because they coincide with
He 11 recombination lines. For example, six Hell lines are
close in wavelength to Brvy at 2.1661 pm. The strongest of

these is the 10-7 transition at 2.1891 pm, while He1r 14-8
(2.1652 pm) almost exactly coincides with Br~ (see Fig. 2,
bottom panel).

Low excitation lines are often seen in the IR spectra
of novae in eruption (see compilation in Banerjee & Ashok

2012). However, other than the H1 recombination lines,

© 2023 RAS, MNRAS 000, 1-12



there were no low excitation lines in the IR spectra of U Sco.
Or1 1.1287 um was present up to day 10.25, but the upper
level of this transition is pumped by Ly 8 fluorescence, thus
pointing to a high excitation environment.

4.1 Coronal lines

A preliminary account of our data was given by Banerjee
et al. (2022), who reported the first identification of coro-
nal lines in an outburst of U Sco. Seven coronal lines: [S1X]
1.252 pm, [P 1] 1.375 pm, [SixX] 1.431 pm, 1.560 pm, [Sivi]
1.965 pm, [Al1x] 2.045 pm and [Sivil] 2.483 pm were clearly
present on day 9.41 (see Fig. 2). The last of these is at
the extreme red end of the spectrum (where telluric correc-
tion is challenging), which limits its usefulness as a diag-
nostic. This is one of the earliest detection of coronal lines
in any nova, classical or recurrent. Rudy et al. (2023) did
not detect any of these coronal lines in a spectrum obtained
only 20 hours earlier. We did not detect the [Caviii] line at
2.321 pm, which is often seen in the coronal phase of novae.

In the spectra of 16 June and later, we consider that the
feature at ~ 2.05 um is mainly due to [Al1X] A = 2.045 pm.
Her A = 2.059 um contributed partially on that date, but
faded in subsequent spectra. This feature was present in
both the low and high resolution data. In all cases the line
profile is complex, and can (in common with several other
lines) be divided into four components. The evolution of
the [AliX] line, as revealed by the high-resolution data, is
shown in Fig 2. Its profile on June 17 and 19 has a charac-
teristic “horned” structure, typical of jets? emitted orthog-
onal to the binary plane (Menzel & Payne 1933; Munari et
al. 1999), together with two lower velocity components (the
“core”) that likely arise in the binary plane. In time the
horns decline in flux, while the core increases relative to the
horns. There is no evidence that the velocities, as determined
from the peak wavelengths of the lines, changed with time.
The mean radial velocities, V;, for the four components are
+2870+60kms™"', +10004130kms ™", =770+ 130kms ™",
and —2660 + 80kms ™! (see Fig 3, left). Assuming that the
horns do indeed arise in jets ejected perpendicular to the
binary plane, the velocities, Vo = V;/ cosi, implied by these
components, allowing for the binary inclination of 82°7, are
42260041000 kms™*, and —20900 £600kms™" (see Fig. 3,
left).

The above uncertainties are the standard errors in
the mean radial velocities; including the uncertainty in
the inclination (4£2°9) gives +2260074:50" kms™!, and
—209007 15700 kms ™" respectively. However as U Sco is an
eclipsing system, the constraint that the binary inclination
i > cos *(R./a), where a is the binary separation (6.5Re;
Thoroughgood et al. 2001) must be included, so that 7 > 80°
for a K21V secondary. This means that the lowest value al-
lowed by these uncertainties is a physical lower limit. Re-
markably, such high velocities are comparable to those mea-
sured in supernovae in the NIR (e.g., Hsiao et al. 2019).

A further, and compelling reason, to associate the horns
with a fast polar flow, orthogonal to the binary orbital
plane that contains a material overdensity (Drake & Or-
lando 2010), is that they are seen only in the coronal lines,

2 By “jets” here we mean highly collimated outflows.
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not in the HI lines (see Fig. 2). Assuming geometric dilu-
tion of the electron density ne o r~2, the coronal lines are
expected to be first seen from regions that have dispersed
the most rapidly, allowing the electron density to fall below
the critical density for each transition. The kinematics of a
bipolar flow, which is collimated by an equatorial overden-
sity, are such that matter along the polar direction always
has the highest velocity, and thus declines most rapidly in
density, allowing the emergence of coronal lines. At later
times, emission in the coronal lines may be expected to be
seen from other regions of the ejecta (e.g., matter in the
equatorial region), as it is expanding at lower velocities and
will thus take more time to drop below the critical density.
The H1 lines are likley to have been emitted from all regions
of the ejecta. Horned profiles were also seen in the coronal
lines, but not in the H and He lines, in the classical nova
V5668 Sgr (see Figure 16 of Gehrz et al. 2018), who also
argued that they arise in fast flowing polar material.

In our early spectra of the 2022 eruption, the [SiVI]
1.965 pm line (which was observed at low resolution only)
is overwhelmed by Brd at 1.9451 pum, but as the latter
fades the [Sivi] line predominates. Its profile over the period
June 17 to July 22 is shown in Fig. 4. The mean implied ve-
locities of the horned components, allowing for the binary in-
clination, are —24400+1200 km s~ ' and 1250041300 kms ™",
where the uncertainties here are the standard errors of the
means. Including the uncertainty in the binary inclination
gives —244007350° kms™ and 1250075200 kms ™' respec-
tively (see Fig. 3, right).

The temperature of the coronal gas can be determined
using the iterative method outlined in Woodward et al.
(2021) and Evans et al. (2022). We assume E(B — V) =
0.2 £ 0.1 (cf. Schaefer 2010), and use effective collision
strengths T (i.e., the collision strength Q averaged over a
thermal electron energy distribution) from the Iron Project
(Hummer et al. 1993; Lennon & Burke 1994; Galavis et al.
1997; Badnell et al. 2006) online database®, as well from the
literature (Brage et al. 2000). The Y values used are listed
in Table 3.

In view of the complexities of the line profiles, one can
not simply take ratios of total line fluxes, but must identify
individual velocity components. The components most easily
isolated are those that have the highest radial velocities,
namely the “42870kms™'” and “2660kms™~ " components
(i.e., the horns/jets); we refer to these as the “red jet” and
“blue jet” components respectively. We use the [Sivi] A =
1.965 pm and [Six] 1.403 pm lines. The Si coronal line ([Si1X]
A = 1.560 pm) is problematic as it is superimposed on higher
order members of the hydrogen Brackett series.

The coronal temperatures Tco, for these components are
listed in Table 2. There is no evidence for any temporal
change in T¢o, for either component, the mean values being
(Teor in K) log Teor = 5.88+0.04 for the blue jet component,
and log Tcor = 5.82 4 0.04 for the red jet component; the
overall mean is log Toor = 5.85 £ 0.03 (Tcor = 7.1[£0.5] x
10° K, kT = 61.3 ¢V), which we use henceforth.

The critical electron densities (above which the upper
levels are mainly collisionally rather than radiatively de-
excited), are given in Table 3. They have been calculated at

3 http://cdsweb.u-strasbg.fr/tipbase/home.html
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Figure 3. Left: velocities as determined from the [Al1X] line; left axis, radial velocity V;, right axis, velocity Vp after allowing for binary
inclination. Red points and lines, core components; blue/black lines and points, horn components. Right: velocities as determined from
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log Teor = 5.85, except for [S1x] and [Sivii], for which 10° K
is the highest value available in the Iron Project database.

4.2 The Hel lines

On June 12 (day 5.21), the Her 1.083 yum line was broad,
with at least four components. Thereafter, it consisted of a
strong core, with wings to the blue and red (see Fig. 5, top
panel). In each spectrum there is almost certainly a contri-
bution from Pa~ 1.094 ym, which is superimposed on the

contribution from any red wing the HeT line may have. For
plasma temperatures up to 3 x 10* K, the Pa~y flux is ex-
pected to be ~ 0.6 that of Paj for a wide range of elec-
tron densities if “Case B” applies. Thus, for example, on
June 16 Pa~ would have had a peak flux above the ad-
jacent continuum of ~ 9 x 107 W m~2 um~!, compa-
rable with ~ 7 x 107 W m™2 um~" for the peak of the
red wing of the observed feature, and much less than the
41 %107 Wm 2 um~" for the peak of He itself. There-

fore, in our analysis below, we consider the blue wing only.

© 2023 RAS, MNRAS 000, 1-12



Table 2. Coronal gas temperatures for the “jets”, determined
using Si lines as described in text.

Date Day logT (K)
Blue jet  Red jet
June 16 9.41 6.03 6.01
June 17 10.25 5.90 5.80
June 19 12.22 5.82 5.76
June 30  23.19 6.02 5.90
July 5 28.21 5.77 5.70
July 16 39.38 5.75 5.76
July 22 45.43 5.90 5.83

Table 3. Critical densities at 7.1 x 10° K for coronal lines. IP
is the ionisation potential of the lower ionsation state. Y is the
effective collision strength at 7.1 x 10° K unless otherwise noted.
See text for details, and for definition of T.

Line X (um) IP (eV) kT. (eV) T Neris (cm™3)
[S1x] 1.252 329 137 0.907*  6.30 x 10°
[Pvi]  1.375 220 93 0.315  4.30 x 10°
[Six] 1.431 351 146 0.415  1.01 x 10°
[Siix] 1.560 304 127 0.275*  1.02 x 10°
[Sivi] 1.965 167 70 0.404  2.32 x 10°
[Alix]  2.045 285 119 0.720  2.94 x 10%
[Sivi]  2.483 205 86 0.695*  1.04 x 10°

*At 10° K.

The central wavelengths of the core and blue wings
have been converted to radial velocities, as shown in Fig. 5.
There is no evidence that the radial velocity of the mate-
rial responsible for the core component changes with time.
The implied radial velocity is essentially zero (mean value
=95+ 120kms™!). The mean FWHM of the core emission
is 750 + 100 km s ~!. The wavelength of peak flux of the core
is close to zero; thus we conclude that this component arises
in material (e.g., a torus) ejected in the orbital plane, almost
perpendicular to the plane of the sky.

On the other hand there is some evidence that the ma-
terial emitting the blue wing decelerated as

Vi(kms™') = —3260[4+280] + 49[+11] ¢

where t is in days. The implied deceleration is considerably
less than that implied by the narrowing of H«a during the
2010 eruption (Munari et al. 1999), but is of the same order
as the deceleration implied by the narrowing of Pa 8 in the
2019 eruption of V3890 Sgr (Evans et al. 2022). The initial
radial velocity of the blue wing (~ —3000kms™') is close
to that of the [Alix] line (~ —2700kms™'; see Fig. 3, left
panel), suggesting that the blue wing of the He1 1.0833 pm
line arises in the same jets as the material responsible for
[Al1x]. If this is the case the deprojected velocities approach
25000 kms ™.

We attribute the feature at 2.116 um to a blend of He1
IS'P° A = 21138 um and *P°-*S A = 2.1120 um (see
Fig. 2). This feature is commonly seen in erupting novae
(Raj 2015, and references therein), and was present in the
2019 eruption of the RN V3890 Sgr (Evans et al. 2022).
In the high resolution spectra, the feature is asymmetric at
the earliest epoch, with a weak blue wing superposed on a
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Figure 5. Top: evolution of the He1 1.083 um profile as revealed
by low resolution spectroscopy. Spectra have been multiplied and
displaced by the factors indicated. Dates (2022) are given in the
form MM-DD. Bottom: velocities of the core (filled black squares)
and blue (filled blue squares) wing components of He1 1.083 pm.
The left-hand axis gives the radial velocity V;; the right-hand axis
gives the space velocity Vp (after allowing for binary inclination)
giving rise to the blue wing. Black dotted line is the mean velocity
as determined from the peak of the Herl 1.0833 um core; blue
dotted line is a linear fit to the Hel 1.0833 pm wing.

stronger core. Although the line weakened considerably af-
ter ~ day 12, making the properties of the two components
difficult to measure, fitting two gaussians to it reveals a pic-
ture that is broadly similar to the He1 1.0833 um line (see
Fig. 5), supporting the view that it is due to Hel (rather
than [Calx]; see Evans et al. 2022). However, there is also
a distinct possibility that this feature has a contribution
from an unidentified coronal line at ~ 2.1 um, seen earlier
in several classical novae, for example V1974 Cyg (Wagner
& Depoy 1996), V959 Mon (Banerjee et al. 2012), and V5668
Sgr (Gehrz et al. 2018).

The presence of a HeT line in the coronal gas at tem-
perature 7.1 x 10° K is very surprising. At this temperature,
essentially all the helium is doubly-ionised (see Arnaud &
Rothenflug 1985). This suggests that there is a region of the
circumstellar environment in which the temperature is con-
siderably lower. The data in Arnaud & Rothenflug (1985)
suggest that, below 2.2 x 10* K, helium is predominantly
neutral, whereas between 4 x 10* K and ~ 6.3 x 10* K it
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Table 4. Swift photometry. Data are in magnitudes.

Swift filter: v b u uvwl uvm?2 uvw2
Effective A (A) = 5410 4321 3442 2486 2221 1991
Day*
4.53 11.46 +£0.03 — — — 11.02 £0.03 —
9.09 13.04 £0.03  12.81 £ 0.03 — 11.84 £0.02 12.07+£0.03 11.7540.02
9.25 — — — — — 12.09 +0.03
10.09 13.17+£0.03 13.03+£0.03 12.04 +£0.03 12.06 £0.02 12.31 £0.03 12.04 +0.02
10.22 — — 11.98 +£0.02 — 12.03 £ 0.03
12.08 13.73+£0.03 13.68 £0.03 12.65+0.03 12.534+0.02 12.81+£0.03 12.57 +0.02
12.30 — — — — 12.98 +0.03
13.41 13.94 £0.04 13.92+£0.03 12.89+0.03 12.81 £0.03 13.03£0.03 12.86 +0.02
13.62 — — — 12.924+0.03 12.67 £+ 0.03
23.22 14.44 +£0.04 14.63£0.03 13.504+0.03 13.404+0.03 13.58 £0.03 13.43 +0.02
27.47 14.58 £0.04 14.80 +£0.03 13.61+0.03 13.57+0.03 13.71+0.03 13.59 +0.03
28.67 — — — 13.96 £0.04 13.85+0.04
38.80 16.254+0.10 16.21+£0.05 15.234+0.05 15.204+0.05 15.40+0.06 15.25+0.04
42.72 16.86 £0.14 17.15+£0.09 16.26 +0.07 16.14 £0.07 16.62+0.09 16.19 +0.06
45.83 — — 16.24 +£0.11  16.39 + 0.08 — —

*Day numbers, with t = 0 at MJD 59736.72, are means of individual values.

is primarily in the form of He11. Helil predominates above
~ 8 x 10* K. We conclude that, in addition to the hot
(7.1 x 10° K) “coronal” region, there must exist a cooler
(<2 x 10* K) region where the helium is neutral. We sug-
gest that this material resides in the torus containing the
750kms ! gas, postulated above.

There may be some supporting evidence for the exis-
tence of the orbital plane torus in the Swift X-ray data,
which imply a hydrogen absorbing column of Ny ~ 3 X
10?* em™? along the line of sight to U Sco. Using the con-
version given by Liszt (2014) for the intersellar medium,

N(H1/E(B-V)=283x 10" cm ?mag™"! ,

together with the assumed E(B — V) = 0.2, suggests that
only ~ 1.7 x 10*" cm™? of this is interstellar. The difference
between these values, ~ 1.3 x 10! cm ™2, presumably is due
to H1 in the circumstellar environment. Even allowing for
the uncertainty in E(B — V), the difference is at least ~
5 x 10*° cm ™.

To estimate the H1 column density in the circumstellar
gas, we assume wind density o« 72, ejected over a period
0t (=~ 20 days; Hachisu et al. 2000). The column density at
time ¢ is

M 5t
T ArmV? ottt —6t)

(cf., Evans et al. 2022) where M is the mass ejection rate in
the eruption and mv is the mean atomic mass. For a mass-loss
rate ~ 107" Mg yr~! (Hachisu et al. 2000), V = 750kms~*
for the core component (see above), and ™ ~ 1,

Ne12x102 -0t o2 ,

t(t — ot)

where both ¢ and §t are in days, so that N ~ 8 x 10%° cm ™2
after ~ 30 days. Given the crudeness of the analysis, and
the uncertainty in converting E(B — V') to Nu, this is sur-
prisingly close to the estimated circumstellar contribution
to Ng.

4.3 The IR continuum

We have obtained BVI photometry of U Sco from the
AAVSO database. We also have UV/Optical Telescope
(UVOT) photometry from the Neil Gehrels Swift Observa-
tory (Gehrels et al. 2004), in the v (5468A), b (43924), u
(3465A), uvwl (2600A), uvm2 (2246A), uvvw?2 (1928A) fil-
ters; the Swift photometry is given in Table 4.

At the shortest (<1 um) wavelengths, the data are rea-
sonably fitted by a black body function. However, for a
more satisfactory fit we require photometry at the shortest
wavelength (uvw?2), together with complementary photome-
try at longer wavelengths. We select UVOT and AAVSO
data within < 88 min (< 10% of the orbital period) of
the IR spectroscopy. The datasets that satisfy these crite-
ria are for June 16, June 17 and June 30 (see Fig. 6). We
have fitted black body curves to the UVOT/BVR data; the
black body temperatures, Tgg, are 19000 £ 2000 K (June
16), 16500 &+ 1000 K (June 17), 20000 £ 1000 K (June 30).
We have also fitted black body curves to Swift data that
do not coincide closely with the IR data. Fig. 7 shows the
time-dependence of Tgg, its bolometric flux and luminos-
ity, and the angular diameter and linear size of the emitter.
A distance of 10 kpc has been assumed. The temperature
of the black body remained constant (~ 20000 K) over the
40 days of our IR observations, but its flux/luminosity, and
therefore its dimensions, declined significantly.

Evans et al. (2001) suggested that the black body might
be the WD itself, but this can not be the case, as the nova is
in the “Super Soft” X-ray phase*, and therefore much hotter,
at this time (see below). Neither can it be the accretion disc,
the bolometric luminosity of which in U Sco is ~ 535 Lg
for an accretion rate of 2.5 x 1077 Mg yr~' (Hachisu et al.
2000) and a 1.37 Mg WD of radius 0.01 Rg. This luminos-
ity is of the same order as that of the black body; moreover,
the dimensions are comparable with the binary separation.
However, as the disc in U Sco is seen almost edge-on, the ob-

4 See e.g. Page, Beardmore & Osborne (2020) for an explanation.
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Figure 6. Top: UV-optical-NIR SED of U Sco on June 16. Data
dereddened by E(B—V') = 0.2. Red points: Swift UVOT photom-
etry and H band photometry obtained as described in Section 3.
Blue curve is black body fit to UVOT data. Red curve is black
body + free-free/free-bound emission at 7.1 x 105 K; brown curve
is black body + free-free/free-bound emission at 2.5x 10° K. Mid-
dle: as top, but for June 17. Bottom: as top, but for June 30. In
all cases, helium is entirely neutral for the 2.5 x 10* K case, and
completely ionised for the 7.1 x 10% K See text for details.

served luminosity of the disc is less than the accretion lumi-
nosity. Using the formalism of Paczyriski & Schwarzenberg-
Czerny (1980) for a standard limb-darkened disc (i.e., one
that has not been subject to a nova eruption), we find that
the bolometric luminosity of a nearly-edge-on disc is fainter
than that of one seen face-on by a factor ~ 1.1 x 1073, In
any case it is very likely that the accretion disc is destroyed
early in the eruption (Drake & Orlando 2010).
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Figure 7. Top: time-dependence of Tgpg. Middle: time-
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Figure 8. Top: Swift X-ray counts; arrow indicates maximum
count rate. Upper middle: Black body temperature of the Swift
source; arrow indicates maximum temperature. Lower middle:
evolution of the peak flux of the Her 1.0833 um line. Inset shows
entire decline over the period of our observations. Bottom: evo-
lution of the [Sivi] 1.96 pm/[Six] 1.43 pm flux ratio. Red points,
fluxes of receding jets, blue points those of approaching jets (see
Section 4.1).

Might the black body be the secondary star? The K2IV
secondary has radius 2.1Re (Thoroughgood et al. 2001);
assuming effective temperature Teg ~ 4600 K, typical of
field K2 stars (Zombeck 1990), the bolometric luminosity
Lpor ~ 1.8Lg. Thus the black body can not be the pris-
tine secondary. However, in the absence of the accretion disc
(which is destroyed in the eruption), the secondary must be
irradiated by the hot WD. We estimate this effect using the
formalism of Kovetz, Prialnik & Shara (1988). For a WD
temperature given by kTwp =~ 60 eV (see Fig. 8 below), the
temperature of the irradiated secondary is Ti;y ~ 19400 K,
with a corresponding luminosity ~ 545 L. The observed
black body temperature is therefore close to that expected
for an irradiated secondary, while the luminosity is of the
same order. Given the crude nature of our estimates, the
irradiated secondary seems the least unlikely explanation.

Notwithstanding the nature of the black body seen in
the NIR, the comparison of the Swift and NIR data shows
that there is clear excess radiation in the NIR, as noted
by Evans et al. (2001). We interpret this as free-free/free-
bound emission. We have fitted the excess with a free-
free/free-bound continuum, using the observed H g flux of
~ 1.31 x 107" ergs s7' em™2 (Woodward et al. 2022),
which provides an estimate of the continuum level. For sim-
plicitly, we assume that the electrons arise from H and He
only, and gas temperatures of 7.1 x 10° K (corresponding to
the coronal gas, in which the He is completely ionised) and
2.5 x 10* K (in which the He is neutral). The calculation
of the free-free/free-bound emission is done separately for
the two temperatures. These are included in Fig. 6. There is
essentially no difference between the hotter and the cooler
free-free/free-bound emission for June 16 and 30. However
the hotter continuum overshoots the UVOT data for June
17; the continuum coming from the cooler gas is in close
agreement. We tentatively suggest that the free-free contin-
uum arises in the cooler region from which the Her lines
originate (see Section 4.2).

4.4 Coronal line excitation

The spectra in Fig. 2 reveal the remarkable fall and rise
of the Her 1.0833 um line. The dependence of its peak flux
(continuum-subtracted) is shown in the lower middle panel
of Fig. 8 (estimating the total line flux is complicated due
to variations in the line width). The variation in the He line
are replicated in the evolution of the [SiVi] emission line at
1.965 pm, which is seemingly absent after day 23.19, only
to reappear on day 39.38. This is demonstrated by the flux
ratio [Sivi| 1.96 um/[SiX] 1.43 ym, using the fluxes used to
determine the coronal gas temperatures given in Table 2.
This ratio, which gives a measure of the relative excitation
of the gas, also reaches a minimum at ~ 30 days. These re-
lationships are also shown in Fig. 8, in which the upper two
panels are the Swift X-ray counts and black body temper-
ature of the X-ray source. Given the relatively low cadence
of our IR observations, the data are consistent with the Her
line flux, and the [Sivi]/[SiIx] flux ratio, both reaching min-
ima between days 29.21 and 39.38.

The X-ray counts reach a maximum on day 29.1. The
black body temperature (Twp; note the distinction between
this black body temperature and that discussed in Sec-
tion 4.3) of the Swift source, which we identify with that
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of the WD, peaks at kTwp ~ 98 eV (Twp ~ 1.1 x 10° K),
on day 32.4. The X-ray counts and Twp peak at around the
same time. Thus there seems to be a correlation between the
time of the minima in the fluxes of the Hel and [Si V1] lines,
and of the peaks in the X-ray counts and Twnp.

The behaviour of the flux ratio of the two Si lines (Fig. 8;
[Sivi], IP = 167 eV; [Six]), IP = 351 eV) clearly demon-
strates that the degree of ionisation peaked around day ~ 30,
despite the fact that the black body temperature of the Swift
X-ray source rarely exceeds kTwp ~ 60 eV.

Included in Table 3 are the ionisation potentials of the
lower ionisation stages (e.g., the ionisation potential of Siv
for [Sivi]), and the temperatures T\ at which half the pho-
tons emitted by the corresponding black body can ionise
the lower ion (see Woodward et al. 2022). The dependence
of Twp on time shows no value on day 5.21 (see Fig. 8), when
the X-ray counts were too low to provide a solution. How-
ever, at the earliest times, kTwp ~ 50 eV, which seems too
low to photoionise and produce any of the high-ionisation
coronal lines seen (e.g., [Al1X], [Siv1i], [SiX]).

We tentatively conclude that shock ionisation and ex-
citation must be operating throughout the eruption, but
that photoionisation also contributes, possibly significantly,
at around the soft X-ray peak when the WD temperature
was at its maximum.

In the absence of a secondary wind (as is present in the
case of RNe with giant secondaries), presumably internal
shocks arise in collisions between parcels of ejecta moving
at different velocities. However a definitive conclusion must
await a robust analysis of the dynamics of the eruption.

5 CONCLUSION

We have presented near-infrared spectra of the RN U Sco,
covering the period 5.2 to 45.4 days after its 2022 eruption.
This is the most intensive infrared observations of this ob-
ject. We find that

(i) coronal lines were present at 9.41 days after the out-
burst, one of the earliest appearances of coronal lines in a
nova, classical or recurrent;

(ii) the temperature of the coronal gas was 7.1 x 10° K,
and there is evidence for the simultaneous presence of much
cooler ($2 x 10* K) gas;

(iii) there is evidence in the IR data for a 20000 K black
body, which we tentatively identify with the secondary, ir-
radiated by the hot white dwarf;

(iv) the ejecta are distributed partly in polar “jets” in
which the coronal lines largely arise, and an equatorial
“torus” in the binary plane, from which line emission from
the cooler gas originates;

(v) for orbital inclination 82?7, jet ejection velocities as
high as 2 x 10*kms~! are implied. These are comparable
with velocities seen in some supernovae.

These properties mark U Sco as a truly remarkable sys-
tem.
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