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ABSTRACT

We present a 0.8-2.5 um spectrum of the Very Late Thermal Pulse object V4334 Sgr
(Sakurai’s Object), obtained in 2020 September. The spectrum displays a continuum
that rises strongly to longer wavelengths, and is considerably brighter than the most
recent published spectrum obtained seven years earlier. At the longer wavelengths the
continuum is well fitted by a blackbody with a temperature of 624+8 K. However, there
is excess continuum at the shortest wavelengths that we interpret as being due to hot
dust that has very recently formed in an environment with C/O ~ 2.5. Other possible
sources for this excess continuum are discussed — such as the stellar photosphere dimly
seen through the dust shell, and light scattered off the inner wall of the dust torus —
but these interpretations seem unlikely. Numerous emission lines are present, including
those of Her, C1, [C1], and O1. Our observations confirm that emission in the Her
1.083 pm and [C1] 0.9827/0.9852 um lines is spatially extended. The [C1] line fluxes
suggest that the electron density increased by an order of magnitude between 2013
and 2020, and that these two lines may soon disappear from the spectrum. The flux
ratio of the 1.083 um and 2.058 um He1 lines is consistent with the previously-assumed
interstellar extinction. The stellar photosphere remains elusive, and the central star
may not be as hot as suggested by current evolutionary models.

Key words: stars: AGB and post-AGB — stars: carbon — circumstellar matter —
stars: evolution — stars: individual, V4334 Sgr (Sakurai’s Object) — infrared: stars

1 INTRODUCTION

V4334 Sgr (Sakurai’s Object; hereafter SO) has been widely
considered to be the product of a Very Late Thermal Pulse

(VLTP) in a low (~ solar) mass star. The star became
carbon-rich in mid-1996 ), and in late
1997 it ejected a carbon-rich dust shell that became opti-
cally thick in mid-1998; by the end of that year the dust
had completely obscured the central star (see Figure 2 of
IDiirbeck et all[2000).

As of late 2021, the star has not reappeared. However,

observations during the last 1% decades
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12007, 2008; Hinkle & Joycd 2014; van Hoof et all [20154H,
[201]; [Hinkle et. all [2Q2d) have shown that the optical and
near-infrared (NIR) spectra originating inside the dust shell
are starting to become detectable.

A comprehensive account of the infrared (IR) emis-
sion from SO was given by [Evans et all (2020), who also
reviewed determinations of the distance and interstellar red-
dening; we assume their values here, namely D = 3.8 kpc
and E(B — V) = 0.62. [Chesneau et al| (2009) showed that
the dust around SO takes the form of a disc/torus (here-
after “disc”). The presence of an optically thick disc, the
opacity of which is unknown, clearly renders the determina-
tion of the total (interstellar plus circumstellar) reddening
somewhat uncertain. This is discussed below.

Here we present a 0.8-2.5 um spectrum of SO, obtained
at the Frederick C. Gillett Gemini North Telescope. The new
spectrum indicates that the trends reported since 2007 are
continuing.
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Figure 1. JK images of SO obtained on the 3.2 m NASA Infrared
Telescope Facility on 2020 June 07.46 UT. Left: J-band image,
right: K-band image. Scale is ~ 45” x 30”. North is up, east is
left. SO is arrowed.

45
40 | Hel (a) 1
GNIRS 2020 Sep
357 GNIRS 2013 June 1
E 30¢+ ]
=
Y= 251 [Cn g
93 20 t ]
S 15t
[
10 1
5 ;I n
(M
0 4
Bl
=
(o]
E
2
©
2
s
s 9}

09 1 12 L5 18 2 23
A (Um)

Figure 2. (a) Comparison of the observed 2013 June spectrum

(red; ) and the 2020 September spectrum
(black). (b) The 2020 spectrum (black), dereddened by E(B —
V) = 0.62; wavelength scale is logarithmic to stretch the scale at
the shortest wavelengths. The full red curve is a two-blackbody fit
to the continuum; the blue curves are the individual blackbodies
at the temperatures indicated. The dotted red curve is a 10* L),
8 x 10* K blackbody, reddened by Ay = 9.3 mag, as described in
the text.

2 OBSERVATIONS AND DATA REDUCTION

Spectra of SO and a telluric standard, HIP 90404 (A0V),
were obtained on UT 2020 September 29 for programme
GN-2020B-FT-206. The facility NIR spectrograph GNIRS

M) was used in its cross-dispersed mode with
a 0745 x 770 slit, yielding a spectral resolving power, R, of
~ 1200 across the 1.0-2.5 pm band, and slightly lower R at
shorter wavelengths. The standard nod-along slit (ABBA)

mode was used with a nod of 175 from slit centre. The slit
was oriented at a position angle of 35° east of north. The
total exposure time on SO was 2400 seconds. SO and the
telluric standard were observed at airmasses within several
hundredths of 1.4. The spectra were obtained in clear skies
with good and stable seeing. Measurements of the spectral
images yield full widths at half maxima of 0”57 and 0751,
at 1.0 um and 2.2 pm, respectively.

Data reduction with the Gemini IRAF MM) and
Starlink FIGARO (Shortridge et al] w) packages involved
the standard steps of flat-fielding, spatial and spectral rec-
tification of the images, removal of the effects of cosmic ray
hits, order by order extraction of the spectra, spectral cross
correlation and combining of the negative and positive spec-
tra, and wavelength calibration using an argon lamp. Fol-
lowing the removal of most of the photospheric hydrogen
recombination lines in the spectrum of the telluric standard
and wavelength alignment of the SO and telluric standard,
flux calibration was achieved by ratioing the two spectra un-
der the assumption that HIP 90404 has the continuum of a
9480 K blackbody and the JHK magnitudes listed in SIM-
BAljﬂ. We estimate that the flux calibration is accurate to
+20%.

The J and K band images shown in Fig. [Tl were ob-
tained with the SpeX (Rayner et al“llﬁ) guider imager on
the NASA Infrared Telescope Facility on 2020 June 07.46
UT, using a five point dither with 40 s exposure time at
each position, and at an average airmass of 1.26. Data reduc-
tion was done in a standard manner, involving sky and dark
subtraction, and flatfielding. Instrumental magnitudes ob-
tained through aperture photometry were calibrated against
several 2MASS field stars; we find J = 16.89 4+ 0.09 mag,
Ks = 12.66 + 0.22 mag for SO at this epoch.

3 RESULTS AND DISCUSSION

The observed spectrum, extracted over a 1" region of the slit
centred on the continuum peak, is shown in Fig. Zh, along
with the spectrum obtained by [Hinkle & Joycd (2014) with
GNIRS on 2013 June 14. The comparison indicates that sig-
nificant changes occurred in the intervening ~ 7 years. In our
spectrum, the apparent emission features around 1.8-1.9 ym
are due to incomplete removal of the hydrogen absorption
features in the spectrum of the telluric standard.

Fig. Bb shows the new spectrum, along with blackbody
fits to the continuum, which are discussed in Section [B.11
Numerous emission lines are present, especially in the 0.8—
1.7 pm region. This spectral interval is shown in more detail
in Fig. Bl where most of the lines are identified.

3.1 The continuum

As is evident from Fig. Bh,b, the flux density was rising
from ~ 1.4 um to longer wavelengths in 2013 and 2020, in-
dicating emission by dust. In this respect the 2013 and 2020
spectra are broadly similar. However there are two key dif-
ferences: First, in 2020 there is an additional excess above

L http://simbad.u-strasbg.fr/simbad/
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Figure 3. Identification of emission lines in the 2020 September spectrum; see also Table [l and Fig. [l Wavelength scale is logarithmic
to stretch the scale at the shortest wavelengths. The small dips in the apparent continuum near 1.27 pm and in the 1.35-1.40 pm interval
are due to incomplete cancellation of strong telluric O and HoO absorption bands, respectively. The emission features in that interval

are real and intrinsic to SO.

the dust continuum at the shortest wavelengths: no contin-
uum around 1 pum was detected by [Hinkle & Joyed (2014);
its contribution was S107'® W m™2 ym~" at 1.4 um. Sec-
ond, the continuum flux density was considerably greater
at all wavelengths in 2020; for example it was three times
higher at 2.4 pym.

The spectra and photometry indicate a steady rise in
the flux in the K band, from K, > 18.4 in 2009 March, to
K¢ ~ 14 around the time of the observation,
to 13.204+0.02 in 2017 October (see Table 2 and Figure 3 in

M), to Ky = 12.66 4+ 0.22, close to the time
of the 2020 September GNIRS observation.

We assume that the NIR continuum is subject to inter-
stellar extinction only; we briefly explore the effects of inter-
nal extinction below. A fit of two blackbodies to the contin-
uum from the 2020 spectrum, dereddened by E(B — V) =
0.62 , see also below), gives temperatures
of 624 £ 8 K (“Component 17) and 2170 + 25 K (“Com-
ponent 2”) for the two components (see Fig. 2b). Compo-
nent 1 is clearly due to emission by dust. Assuming that the
dominant dust component is amorphous carbon (AC; see

, and references therein for a justification
of this), we deduce a dust mass of 5.7[£1.6] x 107 Mg and
a bolometric dust luminosty of 38[+£10] Ly for a distance
D = 3.8 kpc.

Hinkle & Joycd (2014) determined that, in 2013, the
dust continuum (corresponding to our Component 1) had
a temperature of 590 K; a recalculation using the same pro-
cedure as that used here (i.e. same dereddening, same black-
body fit), for consistency, yields 550 +40 K; the correspond-

ing dust mass and luminosity are 8.5[£3.8] x 107'° My and
31 L respectively. There is no significant difference between
the dust masses in 2013 and 2020.

The interpretation of Component 2 is not as straight-
forward. The value of [Af]max for this component is 1.07 x
107" W m~2, or ~ 0.5Lg at 3.8 kpc. There appear to be
three possibilities, which we discuss below: (a) the stellar
photosphere is being viewed, through several magnitudes of
visual circumstellar extinction, (b) light from an embedded
stellar remnant is scattered off the inner wall of the dust disc,
(c) the emission is from extremely hot, very recently-formed
dust.

(a) The stellar photosphere. Evolutionary models (e.g.,
Hajduk et all 2005) suggest that, in its current (~ 2021.0)
state, SO should have had an effective temperature T, ~
10° K and bolometric luminosity L. ~ 10*®Lg. Such a
source, at a distance of 3.8 kpc, would have [A fa]max =~
2.2x 107" W m™2, but would be seen through a large (but
unknown) amount of circumstellar extinction and reddening
(parametrised by the visual extinction, Ay, in magnitudes).
A reddening law in which A, is approximately proportional
to A~! has the effect of making a blackbody appear cooler
than it actually is, and for large reddening a 10° K blackbody
can appear as cool as ~ 3000 K.
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Table 1. Emission lines in the spectrum of SO; the spectrum was extracted over a 1” region of the slit, centered on the continuum peak.

Aobs and Ajq are the measured and listed vacuum swavelengths respectively, the latter from van Hoof (2018) unless specified otherwise.

Dereddening in the penultimate column is by E(B — V) = 0.62. :b
Transition Line flux (1071® W m~2) &=
Aobs (um)  Identification Aig (pm)* u—0 Observed Dereddened Comment §
0.8455 o1 0.8448 Sp—3ge 0.45 4 0.04 1.11 £0.10 o
0.8732 [CY 0.8729 1Sp—1Dg 0.44 +0.05 1.09 £0.14 Wavelength from Haris & Kramida (2017). &
0.9090 C1 0.9094-0.9097 Sp_3pe 1.13+£0.13  2.3240.25 Blend of 5 lines. =3
0.9417 C1 0.9408 Dy —1Pg 0.50+£0.05  1.03+0.12 :
0.9825 (C1] 0.9824 D33Py 0.90 £ 0.05 1.924+0.12 Wavelength from Haris & Kramida (2017).
Detected by Hinkle & Joyce (2014).
0.9852 (C1] 0.9850 1Dy —3Py 4.00 £ 0.07 8.45+0.16 Wavelength from Haris & Kramida (2017)
Detected by Hinkle & Joyce (2014)
1.0405 N1 1.0405 2D3/2—2Dg/2 0.30+£0.03  0.63+0.05 Detected by Hinkle & Joyce (2014).
1.0411 *Ds/2—Dg ),
1.0698 C1 1.0688 3p-3pe 1.294£0.13  2.4740.09
1.0835 He1 1.0833 3po_33 8.94+0.12 16.88+0.24 Detected by Hinkle & Joyce (2014).
1.0940 CN? 1.53+0.14 2.86 £0.07 Detected by Hinkle & Joyce (2014) but unidentified.
See Section [3.2.4]
1.1003 N1 1.0992 2Fr/,—2F2 o 1234015 2.314£0.07 Detected by Hinkle & Joyce (2014) but unidentified.
1.1298 O1 1.1290 3Dg—3P; 0.4440.03  0.80+0.05
1.1671 C1 1.1656-1.1677 0.3440.05  0.4240.06 Blend of 6 lines.
1.1762 C1 1.1751-1.1781 0.65+0.03  1.11+0.06 Blend of 4 lines.
1.3756 C1 1.3727 1So—1P¢ 0.2240.02  0.3440.04
1.4085 CN? 0.36£0.04  0.88+0.09 See Section 324l
1.4429 C1 1.4424 3Dg—3P, 0.434+0.04  0.6840.06
1.4557 C1 1.4547 p—1P¢ 0.54+£0.03  0.81+£0.05
1.4650 C1 1.4641 3F3—3P3 0.154+0.03  0.2240.03
1.5036 Mg1 1.5029-1.5052 3g0_3p 0.10 4 0.01 0.1740.02  Blend of 3 lines.
1.6902 C1 1.6895 1Fg—1Dy 0.1940.02  0.2440.03
2.0602 He1 2.0589 3po_33 0.454+0.03  0.53+0.04 Detected by Hinkle & Joyce (2014).

Weak P-Cygni profile?

*Where a line is identified as a “Blend” the range of wavelengths is given.



We have explored the [L., T, Ay] parameter space, and
guided by the values in m for L. and T, and
reasonable values of Ay; for example, @)
determined that Ay was in the range 8-12 in the period
1999-2001. The reddening law for the circumstellar dust is of
course unknown; we assume that it is interstellar-like in the
0.8-2.6 um wavelength range. We find that a L. = 10* L,
T. = 8 x 10* K blackbody, reddened by an amount corre-
sponding to Ay = 9.3, is satisfactorily similar to Compo-
nent 2 (see Fig. Bb). However such a source would easily
have been detected by [Hinkle & Joyce (lZQlA) in 2013 June,
even allowing for 7-year variations in the stellar and dust
parameters. This interpretation seems therefore unlikely.

(b) Scattered light. Might Component 2 be due to light
from the obscured star, scattered off the inner wall of the
disc? (Chesnean et all (2009) show that the inclination of the
disc is ~ 75°, and its large scale height (~ 50 au, scaled to
D = 3.8 kpc) is such that it limits the opening angle at
the “poles”; they also determine the dimensions of the disc
which, scaled to 3.8 kpc, are >~ 115 x 150 au.

The scattering of light of a star embedded in an IR
reflection nebula has been considered by [Holbrook & Temi
(1998) and [Pendleton, Tielen (1990), and we pri-
marily use the latter approach here. The flux from Compo-
nent 2 in 2020 was ~ 107 W m™ 2 ym~'. With a 0745
slit, and possible extended emission over ~ 1”7 (see Sec-
tion [ below), this corresponds to an intensity Iy 2 11.4 x
107° Wm 2 um ™! s, the lower limit arising because the
extent of the scattered light may be less than that given
in Section [ Using the formulae in and

, we get
I = ( L. ) By (T%)
AT dro T r2

o droTA r2 4

Athin

[ESENES

Athick (1)

for the optically thin and optically thick cases respectively,
where “optically thin” and “optically thick” refer to the op-
tical depth 7 of the scattering layer. L. and T are the lumi-
nosity and temperature of the illuminating star respectively,
and r ~ 120 au is the distance of the star from the scattering
surface. A¢nin = 7/ cos 0 and A¢nick = cos 0o/ (cos 0+ cos bp),
where 0 (o) is the angle of scattering (incidence). We take
optical constants for AC grains from [Hanner (@ the
albedo w ~ 0.019 for 0.1 pm AC grains at 1.3 ym (the wave-
length of maximum intensity).

The luminosity of the cooler dust seen in SOFIA data
in mid-2016 was ~ 3000 L ). There are
no long wavelength data later than 2016 but the time-
dependence of the dust luminosity ) sug-
gests that it would have been of this order around the time
of the 2013 and 2020 NIR spectra. The 3000 L component
must be radiation from the central star, reprocessed by the
circumstellar dust; this value therefore serves as an estimate
of the luminosity of the embedded star.

We have no value for T., but the function Bx(T%)/T:
has a maximum value of 9.98 x 107 W m™2 pm~' K~*
1.3 pum, irrespective of the value of T. Combining this with
the lower limit on I, we obtain a lower limit A 252x107%,
We have no information about the scattering geometry, or
of the optical depth 7 to the scattered light through the
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dust shell. But surely this lower limit on A can be satis-
fied by a wide range of scattering geometries and optical
depths. If Component 2 is scattered light then its intensity
seems consistent with the presence of an embedded source,
of unspecified temperature.

However Component 2 was not present in 2013. From
Equation (), the scattered intensity is o< Ls. The dimen-
sions of the disc are such that any scattered light would, by
virtue of the finite speed of light, lag behind variations in
the star by ~ 1.5 days, so the stellar and scattered light vari-
ations would essentially be in phase. The absence of Com-
ponent 2 in 2013 would therefore have to be because either
(i) the central star was much fainter in 2013 than it was in
2020, by a factor 2 10 (the flux ratio 2020/2013), (ii) the
light reaching the scattering surface from the (unchanged)
star was reduced by internal extinction, or (iii) the scattered
light is itself obscured by internal extinction en route to the
observer.

Case (i) would require that the luminosity of the star
in 2013 would need to have been <300Lg, but the dust
luminosity in 2013 is known to be 2 3500Le
), which sets a lower limit on the luminosity of the em-
bedded star. This inconsistency would lead us to conclude
that this interpetation is unlikely.

However, given SO’s proclivity for continuous dust ejec-

tion ), it it not inconceivable that a dis-
crete dust cloud (such as those described by
) happened to have been ejected around 2013 — away
from our line-of-sight — so that light from the central star
was prevented from reaching the scattering surface. There-
fore, the observed scattered light would correspondingly be
reduced. This behaviour is similar to that of the R Coronae
Borealis stars during their well-known “dust dips”
). Such a cloud might also obscure the scattered light
even if the star itself is visible from the scattering surface.
These two scenarios refer respectively to cases (i) and (iii)
above.

In case (ii), the cloud must completely hide the star
from the scattering surface, and its dimensions perpendicu-
lar to the light path must therefore be comparable with the
disc scale height.

We assume a spherical cloud of radius ¢, where ¢ is a
few au, and estimate the likely properties of the putative
dust cloud as follows. Comparing the 2013 and 2020 fluxes
at 1.25 um (where there are no prominent spectral features)
we estimate the optical depth in the cloud to be 7125 =~
2.1, assuming that the underlying continuum source has not
varied between 2013 and 2020. Taking optical constants for
AC grains from ), we determine the extinction
efficiency Qext at 1.25 um to be 0.253. The optical depth,
together with the extinction efficiency, gives the number of
grains per unit volume, n, in the cloud as

n = 7'1.25/[71'112Qext 26” )

where a is the grain radius and 2/ is the path length through
the cloud.
The mass of dust in the obscuring cloud is

" 4rp3 47ra3p 8mrap /2 T1.25
3 3 9 Qext

2
~ 40x10°" (ﬁ) ( a ) Mo
au 0.1 pm

Mdust ~
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where p is the density of the grain material itaken here to
be 1.5 gm cm ™3, the value assumed in m,
although it transpires that the crucial result is independent
of p). The temperature of the dust in the cloud, assuming

AC and the data in Appendix Bl of [Evans et all (2017), is

I " 1/(B+4)
Taust (K) =~ 540 -
aust () {(3350L@) <O.I,um>}

for a grain that is half-way between the star and the scat-
tering surface. The parameter (8 is defined such that the
dust emissivity is Qabs AP for AC, B = 0.754 (see

). The reference value of L, = 3350Lg
is from [Evans et all (2020) for 2014, the nearest datum to
2013. Radiation from such a cloud would have [Af]max at
~ 6.8 pm.

The dust mass can be converted to [Afx]max for the ob-
scuring dust cloud using the formulae in [Evans et all (2017).
The quantity [Afi]max is independent of grain size, temper-
ature and density:

. L. T1.25 (4
Milmax = 3555 52 Qoxt (F)
Thus

_ L L N\% 2
Afalmax &~ 2.45 x 1072 [ 22 (_) (_)
AR o 10 <3350L@) Tau) \au) °

where [Afa]max is in W m”2.

Even a modest £ = 5 au (<K the disc scale height) and
r ~ 50 au (about half-way from the star to the scatter-
ing surface) gives [Afa]max =~ 2.44 x 107 W m™2, signif-
icantly larger than the observed 1.07 x 107! W m~2 for
Component 2. Hence, emission from the dust cloud would
overwhelm the fluxes in Fig. [2l The same conclusion applies
to a dust cloud that obscures the scattered (as opposed to
the direct) light, although in this case the dust temperature
would be somewhat cooler.

We argue that Component 2 in 2020, and its absence
in 2013, was the result of neither an intrinsic fading of the
star (case (i)),the extinguished starlight scattered off the
inner wall of the disc (case (ii)), nor the effect of a dust
cloud preventing scattered starlight from reaching the ob-
server (case (iii)).

(c) Hot dust. We consider whether the component with
blackbody temperature 2170 K is extremely hot, freshly-
formed, dust. While this temperature may appear high
for dust, it is not unusual for carbon dust. For example
(@) found 7' = 2300 K on day 26 in super-
nova SN 2010j1, while hot dust has been found in novae (e.g.
21400 K in V2362 Cyg (Lynch et all 2008) 263 days after
outburst, and 2000 K in V838 Her (Harrisson & Sgringfgllggd
[1994). Also, it is well-known that very small (~ 10 A) car-
bon grains (such as those that are newly formed) can at-
tain very high temperatures by stochastic heating by single
ultra-violet photons (@ ) There was no silicon
carbide feature at 11.5 ym in the mid-IR spectrum of SO
), so this hot component is likely to be
carbonaceous rather than SiC.

If, as seems probable, the dust is AC, then its ac-
tual temperature is somewhat less than 2170 K. For a
grain with 8 = 0.754, the wavelength of maximum fy is
given by AmaxZ = 2890 x 5/(8 + 5) wpm-K rather than

2300
L T=2LI0K@BY
2100 1
C/0=25
_ C/O=4
S
= 1900 | T=1880K (AC) ]
3
C/0O=2
1700 | 1
1500 . . . . . .
-14 -12 -10 -8 -6 -4 -2
log P (bar)

Figure 4. Condensation temperature for graphite grains for the
values of C/O indicated. Data from Table 2 of

(1997). Data for blue curve (C/O = 2.5) have been linearly in-
terpolated from Table 2 of [Lodders & Fegleyl. Dotted horizontal
lines depict temperatures of hot blackbody and AC dust (Com-
ponent 2), from Fig. Bb.

Amax? = 2890 pm-K. The flux from Component 2 peaks
at ~ 1.3 um, so that the dust temperature is 1880 K. This
is clearly in line with hot carbon dust seen in other sources.

While the stellar photosphere of SO was still visible,

Asplund et all (1999) determined the C/O ratio to be ~ 2.5.

The condensation sequence in these conditions has been con-

sidered by |[Lodders & Fegley (1994), who found that the
condensation temperature for graphitic %as opposed to amor-
phous, as discussed here and in M) carbon in
such an environment is very sensitive to the pressure. Their
results for C/O = 2 and 4, together with our own linear
interpolation for C/O = 2.5, are shown in Fig. @ Allowing
for possible differences between the condensation conditions
for AC and graphite, and for uncertainties in the C/O ratio,
it seems probable that AC could condense at ~ 1880 K at
pressure ~ 10~ 7® bar), requiring a density of carbon atoms
~ 1.2 x 10° em ™.

The 2020 data, combined with those from 2013, suggest
therefore that Component 2 represents the very recent (since
2013 June) ejection of further AC-forming material. If this
is the case the dust mass is ~ 2.6 x 107'* M (again for the
case of AC), far lower than the earliest dust mass deduced by
[Evans et all (2020) (~ 5x1071° M) following the 1998 dust
ejection event. Alternatively, Component 2 may be a small
dust “cloud”, as defined by [Hinkle et al! (2020), produced
by a single brief ejection event, and which may not grow any
further.

Evans et all (2020) suggested that a dust component
having temperature 437 K in 2014 March, and 411 K in
2016 July, pointed to renewed mass-loss and dust formation
sometime in the period 2008-2014, when the dust mass from
this formation event was a few x107% M. The dust we see
now at 624 K (Fig. 2b) is very likely from the same ejection
event that produced the 550 K dust seen by
in 2013. This indicates that there has been further mass-loss
and dust formation between 2013 and 2020. Our identifica-
tion of Component 2 as yet another, more recent, dust for-
mation event demonstrates that, as far as dust production
is concerned, SO continues to be active. Further observa-
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Figure 5. Difference between the emission spectrum in 2013 (red;

[2014) and in 2020 (black; this work) in the 0.95—
1.15 pm region. The continuum has been subtracted from both
spectra to highlight the difference in the emission lines.

tions are required to verify whether Component 2 is indeed
a post-2013 dust formation event, in which case the dust
temperature will show clear evidence of declining.

We conclude that the stellar remnant remains unseen —
and that SO is still puffing out clouds of soot.

3.2 The emission lines

Numerous emission lines are present in the 2020 September
spectrum, some of which were reported by

(@) With the exception of the He1 line at 2.059 ym, these
lie in the 0.87-1.7 um region; this portion of the spectrum
is shown in Fig. Bl Each line has been fitted with a gaus-
sian with respect to the adjacent linear continuum; the line
centres, fluxes, and the proposed identifications are given
in Table[Il The line fluxes generally increased between 2013
June and 2020 September, as illustrated for the 0.95-1.15 pm
region in Fig.

Most of the lines arise from transitions in which the
upper level is only a few eV above the ground; the only
exceptions are the HeT lines, which arise from levels ~ 20 eV
above ground. This is significant in view of the expectation
that the central star has an effective temperature T\, ~ 10° K
and luminosity L. ~ 103% L (see above). This is explored
in Section below.

38.2.1 The O1 lines

The O1 lines at 0.8448 yum (*P—3S°) and 1.1290 um
(3D$—3P2) are both prominent in Fig. B} however the
1.3168 pm line (351—3P2) is not detected. In most stellar
environments this would suggest that continuum fluores-
cence is unlikely to play a significant role in the excitation
of the first two of the above OT lines (e.g.,
2018). The 7002A and 7254 A O71 lines, which would
also be expected if continuum fluorescence were important

(Rodriguez-Ardila et all M), were not present in an opti-
cal spectrum of SO obtained in 2013 (van Hoof et. all[2015a).
Also, if recombination were significant, the 7990 A line, the
lower level of which is the upper level of the 0.8448 um line,
is expected to be present; but this line was also absent in
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the 2013 optical spectrum d}@n_HQQfﬁ&U[ZQlBA) Although

there is no near-simultaneous red-NIR spectroscopy, we are
led to conclude that continuum fluorescence and recombina-
tion are unlikely contributors to the excitation of O1.

This leaves collisional excitation (by electrons or
shocks) and Ly-8 (Bowen) fluorescence (which arises from
a close coincidence between the wavelength of Ly-£,
1025.7222 A and that of the *P—3D° transition in OT,
1025.76 A), as possibilities (e.g., Srivastava et all 12016).
However the presence of Ly-/ photons in a H-deficient envi-
ronment is clearly problematic, and it is unlikely that such
photons will have remained in the circumstellar environment
since before the H-deficient phase. While the role of Ly-8 in
the case of SO might be taken by He1r 6-2 (A = 1025.273 A),
the upper level of this transition is at 50 eV, in stark contrast
to the relatively low excitation seen in the GNIRS spectrum
(see Table [l). In any case there are no other Hell lines in
either the optical (van Hoof et all 21!155) or the NIR spec-
trum presented here. Furthermore, there are no other plau-
sible transitions in other ions that have wavelengths close to
that of the *P—?D° transition in OT1.

We therefore consider collisional excitation to be the
most likely excitation mechanism, but even this mechanism
is not without difficulty. For electron excitation, the ex-
pected flux ratio I(1.1290 pm)/1(0.8448 pm) has been calcu-
lated by [Bhatia & Kastned (1995), to be $0.03 for a wide
range of electron temperatures (5000 K — 100000 K) and
densities (10* cm™® — 10'? em™?), far lower than the (dered-
dened) value in SO, ~ 0.75. On the other hand, there may be
some evidence for electron collisional excitation of [C1] lines
(see Section below), and collisional excitation of Hel

1.083 ym line in SO was suggested by [Eyres et all <|1_9_9_Q)

Collisional excitation in shocks might also be a possibility,
and has been invoked by lvan Hoof et. al! (2007) to account
for the decline in emission line fluxes (Section [3.2.2]).

Previous investigations of excitation mechanisms have
been in the context of environments in which abundances
are, even if not solar, not too far removed therefrom. Exci-
tation mechanisms need to be re-examined for environments
in which hydrogen is severely deficient.

3.2.2  The [C1] lines.

The [C1] lines at 0.8729, 0.9824 and 0.9850 um (also re-
ported by lvan Hoof et all [2007, 21!155) are of particular in-
terest. The two longest wavelength lines (also observed by
[Hinkle & Joyce 2014, who did not report the 0.8729 pum line)
originate from the same D, level and, combined with the
shortest wavelength line, provide useful constraints on the
emitting gas.

At electron temperature T, = 10* K, the critical elec-
tron density above which the upper Dy level is mostly
collisionally, rather than radiatively, de-excited is n. =
1.6 x 10" em™® (Liu et all [1993). [Liu et all also find that
the flux ratio 7(0.9824 pm + 0.9850 pm)/1(0.8729 pm) is a
potential pointer to the excitation mechanism; we note that
this ratio is essentially independent of the assumed redden-
ing as the lines are close in wavelength. We find this flux
ratio to have the value ~ 9.5 in the 2020 September spec-
trum (Fig. B and Table [). Hinkle & Joyce (2014) found
fluxes of 5.9 x 107 W m~2 and 2.4 x 107*® W m~2 in
the 0.9824 pm and 0.9850 um lines, respectively, in 2013
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June; a re-examination of their 2013 spectrum suggests that
the 0.8729 ym line may be weakly present, with a flux of
2.1[£0.5] x 107" W m™2, but in any case the upper limit
on the flux ratio is ~ 14.

Figure 2 of [Liu et all M) shows the parameter space
for the flux ratio, n. and T.. Assuming T. = 10* K, the
above two values of the flux ratio seem inconsistent with
radiative recombination. On the other hand they seem con-
sistent with collisional excitation by electron impacts if the
electron density increased from ~ 10° ecm™® in 2013 to
~ 10%* cm ™2 in 2020. The implied rise in n. may be linked to
the increased density in the region where the “Component 2”
dust has formed. Given the critical density for collisional de-
excitation from the D5 level, we might expect the 0.9824 ym
and 0.9850 pum lines to be quenched if n. continues to rise.
van Hoof et all (2007) have argued that the decline in the
emission line fluxes is inconsistent with photo-ionisation, but
is consistent with excitation in a shock, of uncertain origin,
that occurred at some time prior to 2001, after which the
gas cooled and recombined.

3.2.8 The Hel lines

The Her triplet at 1.0833 pum is the strongest emission fea-
ture in the spectrum in 2013 and 2020, and increased in
strength by a factor of ~ 3.5 between the two epochs (see
Fig.B). A weak P Cygni profile in the Hel line at 2.0589 pum
appears to be present in both 2013 and 2020 spectra (see
Fig. [6)); the absorption appears to be broad and centered
at ~ —700kms~!. This value is similar to those deduced
for SO in mid-1998 (Evans et al., to be submitted), and of
the same order as determined by [Hinkle et all (2020) for the
[C1] lines (see Section [32:2)). There is no obvious P-Cygni
profile in the He1 1.083 pum line. This is not unexpected as
details of the radiative transfer in each of these two lines is
different.

The dereddened flux ratio I(1.0833 pum)/1(2.0589 pm
~ 32. This is close to the value (30-33; see l%ﬁunjm
) for a gas having electron temperature 10* K and elec-
tron density in the range 10* — 10° cm™3; furthermore this
line ratio excludes values of n. < 10* cm™2. This seems con-
sistent with the n. values implied by the [C1] lines (see Sec-
tion B222). This suggests that the Hel lines do not suffer
significant circumstellar extinction, consistent with a geom-
etry in which the Hel emission arises in jets that are per-
pendicular to the dust disc M) and the lines
of sight to the jets do not pass through the dust disc.

3.2.4  Molecular features

m M) reported NIR spectra of SO shortly after
its VLTP. The Ballik-Ramsay (1963) Cz bands (A%, —
X"®11,) at 1.4494 pm (1-2), 1.5063 pm (2-3), 1.7762 pm (0
0), 1.8326 um (1-1) were prominent in absorption, as were
the first overtone CO bands. [Eyres et all (1998) also re-
ported that the red system of the A%l — X23 electronic
transition in CN was very prominent in absorption at 1.1 pm
(v =0 — " =0), and was the strongest of the CN bands
in their spectral range.

Much later in the evolution of the VLTP,
(IM) found the presence of small molecules (HCN, acety-
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lene, polyynes) in the mid-IR. Around the same time (2003—
2004) [Worters et all (2009) found that the CO fundamental
was prominent in absorption against the dust shell.

lvan Hoof et all (2018) reported a complex of some five
emission lines around 0.9 pm, which had been emerging since
2013; they tentatively identified some of the latter features
with the (1,0) and (0,0) transitions in the red system of the
A?TI — X2 electronic transition in CN.

We find no evidence for emission or absorption by CO or
Cz over the entire wavelength range in the 2020 September
observation. The case for or against CN is less clear-cut.
We note that, while all the stronger lines in the 0.8-2.5 ym
range are robustly identified, there are prominent features
that remain unidentified, around 1.0940 pm and 1.4075 pm;
these are tantalisingly close to some of the CN Av = 0
and Av = 1 band-head positions m@) Indeed
the 1.09 um feature was tentatively identified with CN by
Hinkle et all (2020).

Fig. [[l shows the expected emission from optically thin
120N in Local Thermal Equilibrium (LTE) at 1000 K,
calculated using molecular data from [Brooke et all (2014).
However the situation is complicated by (a) the likelihood
that the environment of SO is highly non-LTE (see, e.g.,
Liu, Dalgarno & Lgpﬂ M, for the effects of non-LTE on
CO emission), (b) the certain presence of *CN, in view of
the low >C/*C ratio, and the fact that optical depth effects
are not included in our simple model. A simple comparison
is not feasible without detailed modelling along these lines.
There are no other plausible candidates for these features.

An emission feature at 1.09 um was detected in the
NIR spectrum of the peculiar helium nova V445 Pup by
|Ashok & Banerjed (2003), who attributed it to C11; how-
ever other expected C1I lines were not obviously present.
This object, like SO, displayed numerous He and C1 lines,

but none of hydrogen dAﬁth_&'_Bjmgr,]fA [ZLKE) Both SO

and V445 Pup have C-rich, H-deficient environments.

3.3 Where is the hot central star?

The evolutionary track given in [Hajduk et all (IM) sug-

gests that SO’s central star should, at the time of the
2020 observation, have had an effective temperature close to
10° K. However, as noted in Section B2 the emission lines
— with the exception of Hel — arise in upper levels having
relatively low excitation. Moreover, all the identified species
are neutral.

This inevitably raises the question: is the expected hot
remnant of the 1996 VLTP present? One might reasonably
expect a source at 10° K to ionise the surrounding gas, but
there is no evidence for a higher degree of ionisation and
excitation. Even at slightly lower temperatures, for example
~ 30000—50000 K (typical of the central star temperatures
of a large number of planetary nebulae), a higher degree
of excitation would be expected in the NIR spectrum (e.g.,
). A plausible explantion is that ionising ra-
diation does not reach the emitting gas seen in Fig.[3|because
of internal extinction by the dust. However the dust geome-
try takes the form of a disc (Chesneau et al“ﬂﬁ), and some
hard radiation must emerge along the disc axis. Indeed, that
there is emitting material, which is extended, along this axis
is demonstrated by the observations of [Hinkle et all (2020)
(see also Section @ below): in the presence of a hot (~ 10° K)
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Table 2. Helicentric radial velocities of peak emission as deter-
mined from the Hel and [C1] profiles in Fig.

Offset 0790 0”45 0”0 0745 0790

along slit (") NNE NNE Centre SSW SSW
He1 velocity (kms™!)  +321  +210 50 -125 111
[C1] velocity (kms~—!) 4217 4169 61  -151 195

source, there would surely be highly ionised material, such
as He1l, in this region.

Another explanation is that material close to the cen-
tral star, and located within the dust disc, is indeed highly
ionised. However this ionised material would be visible at
long wavelengths even through ~ 10 mag of visual extinc-
tion. For example, [Asplund et all <|J_9_9_Q) determined the
neon abundance in SO’s photosphere to be ~ 1.4 dex higher
than solar, so we would expect to see evidence of higher
ionisation states of Ne, such as [Ne1i] (12.814 um), [Ne111]
(15.555 um) and [Nev] (14.322 um), at which wavelengths
extinction by the dust would be much reduced. However
none of these lines are present in Spitzer IRS and SOFIA
spectra of SO (Evans et all 2006, [2020), while the first
two are present in the Spitzer IRS spectrum of the VLTP
V605 Aql (Evans et all [2006).

The implication is that there is no hot star; at present
the temperature of the “photosphere” of the central object
of SO is much less than 10° K, and that the evolutionary
models, at least for SO, may need revisiting.

4 EXTENDED EMISSION

IHinkle & Joycd (2014) found that emission in the Hel

1.0833 pm line in 2010 September had radial velocities in the
range ~ —800kms™" to ~ +200kms™"'; they further found
that the emission was extended, by about ~ 179 to zero in-
tensity. They found that [C1] 0.9850 pm was also extended,
but that its range of radial velocities was significantly dif-
ferent (~ —400kms™" to ~ +300kms™ ") from that of Her.
Recent observations ) show that the He1
emission region had expanded during the period 2010-2019,
and has a bipolar structure with a dark lane at position
angle ~ 120°, consistent with that of the dense dusty disc
detected by |Chesneau et all (2009), and with that of the old
planetary nebula at whose centre SO is located.

Our 2020 September data (Fig. B]) also show that the
Her1 and [C1] 0.9850 pm emission are extended. At 0’9 NNE
of the central star, the radial velocity of peak Hel emission
peaks is ~ +300kms~!, but significant emission is present
up to ~ +900kms~'. There is no evidence for emission
beyond ~ 1” from the central object at this position an-
gle. [Hinkle et all (2020) found that the He1 1.0833 um and
[C1] 0.9850 um lines were resolved in a 2015 spectrum, the
linewidths in their 2015 spectrum implied an expansion ve-
locity of ~ 500 kms™*.

The emission to the SSW is much weaker and is
blueshifted, with the peak emission at heliocentric radial ve-
locity of ~ —200kms~!. Similar emission profiles are seen
in the [C1] 0.9824/0.9850 pm lines (note that, in Fig. [8 the
0.9824 ym [C1] line appears as a feature ~ 800 kms™" blue-
ward of the stronger 0.9850 ym line). We have determined
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Figure 8. Top left: the Hel 1.0833 pum profile at five positions along the slit. Top right: same for the [C1] 0.9824/0.9850 pm lines; the

heliocentric velocity in this case is that for the stronger 0.9850 um line; the shorter wavelength line appears as a feature at —796 kms

,1.

Each spectrum is the sum of three adjacent rows (covering 0745). Bottom left: same for O1 1.1290 um. Bottom right: same for C1
1.0688 um. The error bars are £1o; the error bars are negligible for some of the higher signal-to-noise spectra.

the peak heliocentric velocities for each of the He1 1.0833 pim
and [C1] 0.9850 pm lines in the top two panels of Fig.[8l The
velocities of peak emission are given in Table

There is marginal evidence for extended emission, out
to 0”45, in the Ot line at 1.1290 ym, and in the C1 1.0688 um
line. The signal-to-noise ratio for these two features is rather
low (see Fig. ).

Although the signal-to-noise ratios in some of the line
profiles are rather low, Fig.[§suggests that the line profiles of
the He1, O1and C1 lines are broadly similar, indicating that
they arise in the same region. This would be consistent with
our conclusion (see Section B2]) that they suffer similar
extinctions.

5 CONCLUSIONS

We have presented a new 0.8-2.5 um spectrum of the Very
Late Thermal Pulse object V4334 Sgr (Sakurai’s Object).
We conclude that:

(i) the effective temperature of the stellar remnant is un-
likely to be as high as that implied by current evolutionary
models;

(ii) the large increase in continuum flux density near 1 pum
is due to a very recent episode of extremely hot, likely amor-
phous carbon, dust formation;

(iii) the stellar component remains unseen;

(iv) the Her lines suffer negligible circumstellar extinc-
tion, suggesting that they arise in jets having lines of sight
that do not pass through the dust disc;

(v) the relative intensities of the [C1] NIR lines suggest a
rise in the electron density from 2013 to 2020;

(vi) there is some evidence for emission by the CN radical;
there is no evidence for emission by other molecules in the
0.82-2.5 pm range.

In view of the continuing rapid spectral evolution of
Sakurai’s Object, further IR observations of it in this and
other wavelength bands are strongly encouraged
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