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Abstract

Nova Her 2021 (V1674 Her), which erupted on 2021 June 12, reached naked-eye brightness and has been detected
from radio to y-rays. An extremely fast optical decline of 2 magnitudes in 1.2 days and strong Ne lines imply a
high-mass white dwarf. The optical pre-outburst detection of a 501.42 s oscillation suggests a magnetic white
dwarf. This is the first time that an oscillation of this magnitude has been detected in a classical nova prior to
outburst. We report X-ray outburst observations from Swift and Chandra that uniquely show (1) a very strong
modulation of supersoft X-rays at a different period from reported optical periods, (2) strong pulse profile
variations and the possible presence of period variations of the order of 0.1-0.3 s, and (3) rich grating spectra that
vary with modulation phase and show P Cygni—type emission lines with two dominant blueshifted absorption
components at ~3000 and 9000 km s~ indicating expansion velocities up to 11,000km s~ '. X-ray oscillations
most likely arise from inhomogeneous photospheric emission related to the magnetic field. Period differences
between reported pre- and post-outburst optical observations, if not due to other period drift mechanisms, suggest a
large ejected mass for such a fast nova, in the range 2 x 107°-2 x 10~* M_... A difference between the period found
in the Chandra data and a reported contemporaneous post-outburst optical period, as well as the presence of period
drifts, could be due to weakly nonrigid photospheric rotation.

Unified Astronomy Thesaurus concepts: Novae (1127); Classical novae (251); Fast novae (530); X-ray novae
(1818); DQ Herculis stars (407); X-ray astronomy (1810); X-ray transient sources (1852); Cataclysmic variable
stars (203); White dwarf stars (1799); Stellar winds (1636)
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1. Introduction

Nova Herculis 2021 (TCP  J18573095+1653396,
ZTF19aasfsjq, hereafter V1674 Her) is proving to be one of
the most fascinating nova events so far during this young
century. It was discovered on 2021 June 12.5484 UT, at an
apparent visual magmtude of 8.4 by Seidji Ueda (Kushiro,
Hokkaido, Japan)'®; an earlier detection of June 12.1903 UT
was subsequently reported by the All-Sky Automated Survey
for Supernovae (ASAS-SN; Aydi et al. 2021). Later on the

& hitp: //www.cbat.eps.harvard.edu /unconf /followups /J18573095

+1653396.html
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same day of discovery, the object was observed to reach a peak
magnitude of approximately 6 (Munari et al 2021; Quimby
et al. 2021; see also AAVSO Alert Notice'?), thus just visible
to the unaided eye. Early spectroscopy indicated the object to
be a very fast, reddened, classical nova (Munari et al. 2021;
Aydi et al. 2021).

V1674 Her subsequently garnered copious attention from
radio to y-rays. Quimby et al. (2021) found an extremely fast
decay timescale, #,, of 2 magnitudes in only 1.2 days using
high-cadence optical photometry, and a remarkable plateau in
the pre-maximum light curve at 8§ magnitudes below peak that
lasted for 3 or more hours. Li (2021) found an uncataloged
gamma-ray source at the nova position based on Fermi-LAT
data in the 0.1-300GeV range obtained on 2021 June

° https: //www.aavso.org/aavso-alert-notice-745


https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0003-0440-7193
https://orcid.org/0000-0001-5624-2613
https://orcid.org/0000-0001-5624-2613
https://orcid.org/0000-0001-5624-2613
https://orcid.org/0000-0002-2647-4373
https://orcid.org/0000-0002-2647-4373
https://orcid.org/0000-0002-2647-4373
https://orcid.org/0000-0001-5186-5950
https://orcid.org/0000-0001-5186-5950
https://orcid.org/0000-0001-5186-5950
https://orcid.org/0000-0003-1563-9803
https://orcid.org/0000-0003-1563-9803
https://orcid.org/0000-0003-1563-9803
https://orcid.org/0000-0002-1041-7542
https://orcid.org/0000-0002-1041-7542
https://orcid.org/0000-0002-1041-7542
https://orcid.org/0000-0001-7016-1692
https://orcid.org/0000-0001-7016-1692
https://orcid.org/0000-0001-7016-1692
https://orcid.org/0000-0002-1359-6312
https://orcid.org/0000-0002-1359-6312
https://orcid.org/0000-0002-1359-6312
https://orcid.org/0000-0003-4896-2543
https://orcid.org/0000-0003-4896-2543
https://orcid.org/0000-0003-4896-2543
https://orcid.org/0000-0001-6135-1144
https://orcid.org/0000-0001-6135-1144
https://orcid.org/0000-0001-6135-1144
https://orcid.org/0000-0003-0156-3377
https://orcid.org/0000-0003-0156-3377
https://orcid.org/0000-0003-0156-3377
https://orcid.org/0000-0002-5967-8399
https://orcid.org/0000-0002-5967-8399
https://orcid.org/0000-0002-5967-8399
https://orcid.org/0000-0003-1589-2075
https://orcid.org/0000-0003-1589-2075
https://orcid.org/0000-0003-1589-2075
https://orcid.org/0000-0001-6952-3887
https://orcid.org/0000-0001-6952-3887
https://orcid.org/0000-0001-6952-3887
mailto:jdrake@cfa.harvard.edu
mailto:starrfield@asu.edu
http://astrothesaurus.org/uat/1127
http://astrothesaurus.org/uat/251
http://astrothesaurus.org/uat/530
http://astrothesaurus.org/uat/1818
http://astrothesaurus.org/uat/1818
http://astrothesaurus.org/uat/407
http://astrothesaurus.org/uat/1810
http://astrothesaurus.org/uat/1852
http://astrothesaurus.org/uat/203
http://astrothesaurus.org/uat/203
http://astrothesaurus.org/uat/1799
http://astrothesaurus.org/uat/1636
https://doi.org/10.3847/2041-8213/ac34fd
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ac34fd&domain=pdf&date_stamp=2021-12-03
https://crossmark.crossref.org/dialog/?doi=10.3847/2041-8213/ac34fd&domain=pdf&date_stamp=2021-12-03
http://creativecommons.org/licenses/by/4.0/
http://www.cbat.eps.harvard.edu/unconf/followups/J18573095+1653396.html
http://www.cbat.eps.harvard.edu/unconf/followups/J18573095+1653396.html
https://www.aavso.org/aavso-alert-notice-745

THE ASTROPHYSICAL JOURNAL LETTERS, 922:1.42 (9pp), 2021 December 1

12.0-13.3. Sokolovsky et al. (2021) reported the detection of
V1674 Her on 2021 June 15-17 at radio frequencies.

Optical and infrared spectroscopy showed P Cygni profiles
in addition to flat-topped Balmer line profiles with substantial
substructure and an increasing line width with time, with
widths up to 11,000 km g ! (Albanese et al. 2021; Balam et al.
2021; Aydi et al. 2021). Woodward et al. (2021a) reported the
appearance of infrared coronal emission lines based on data
obtained on 2021 June 24, while Wagner et al. (2021) observed
strong [Ne V] A3426 and [Ne III] A3869,3968 coronal lines on
2021 June 30 and concluded that V1674 Her is a neon nova
originating on an ONe white dwarf (WD); based on its rapid
photometric decline, Wagner et al. (2021) also declared
V1674 Her to be “the fastest nova on record.”*"

A monitoring program by the Neil Gehrels Swift Observa-
tory (Swift) began on 2021 June 13.5. The nova was detected
by the X-ray Telescope (XRT) on June 14.41 (day 2.22 after
the ignition time of June 12.1903 based on the ASAS-SN data;
Aydi et al. 2021) and a supersoft X-ray source (SSS) was seen
to emerge on July 1 (day 18.9; Page et al. 2021). Swift UV
observations were reported by Kuin et al. (2021).

Perhaps the most remarkable of the findings on V1674 Her is
the detection of a 501.42 s periodic signal in archival r-band
Zwicky Transient Facility (ZTF; Bellm et al. 2019) data
collected between 2018 March 26 and 2021 June 14 (i.e.,
during pre-outburst quiescence) by Mroz et al. (2021).
Shugarov & Afonina (2021) and Patterson et al. (2021)
subsequently reported the detection of a 0.15302(2) day orbital
period, with Patterson et al. (2021) also finding a 501.52s
period. Mroz et al. (2021) interpreted the 501 s period as the
spin period of a WD in an intermediate polar system (IP).

IPs host a magnetized WD with a magnetic field of 10*7 G
and an accretion disk that is disrupted close to the WD by the
magnetic field that channels accretion onto the polar caps from
the disk at the magnetospheric radius (e.g., Patterson 1994;
Wickramasinghe 2014; Mukai 2017). Thus, V1674 Her is the
first such object whose magnetic nature was possibly revealed
early in the outburst. This discovery prompted a Chandra
Director’s Discretionary Time (DDT) High Resolution Camera
(HRC-S) X-ray photometric observation and the subsequent
detection by Maccarone et al. (2021) of X-ray oscillations at a
period of 503.9s with an amplitude of 0.6 to 1.4 times the
mean count rate. The oscillations were confirmed by Neutron
Star Interior Composition Explorer (NICER) observations that
found a period of 501.8 £0.7 s and that the count rate varied
by up to a factor of ~20 over a 20 minute observation (Pei et al.

2021). This result places V1674 Her in a small group of four
novae in which modulations of the SSS flux over the likely
rotation period of the WD were observed (V4743 Sgr,
V2491 Cyg, and V407 Lup being the other three). Periodic
modulation has been seen in an additional handful of sources,
but the nature of those variations remains less clear.

The distance to V1674 Her is presently not well determined.
Bailer-Jones et al. (2021) list d = 6.0+3§ kpc based on Gaia
EDR3. A distance of d ~ 4.75 kpc was found by Woodward
et al. (2021b) using a variation of the maximum magnitude rate
of decline (MMRD) method to derive the distance and
extinction simultaneously. Currently, we adopt a nominal
distance of 5 kpc.

20 This indeed appears to be the case for Galactic novae, although we note that
similarly fast candidates have been identified in M31 (e.g., Henze et al. 2014).
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Figure 1. Swift-XRT 0.3-10 keV light-curve (top panel) and hardness ratio
comparing the 1-10 and 0.3-1 keV bands (middle panel); a hardness ratio
value <1 indicates that the SSS is dominating the emission. The bottom panel
shows the BB temperatures from the fit described in the text. The arrows denote
30 upper limits. The vertical dotted line marks the time of the Chandra
observation.

Here, we present the first results of Swift X-ray monitoring
observations and a second Chandra DDT observation of
V1674 Her, this time made at high spectral resolution using
the Low-Energy Transmission Grating (LETG) and HRC-S
detector. We report the Swift observation details in Section 2,
the Chandra observation and analysis in Section 3, before
discussing and summarizing the results in Sections 4 and 5.

2. Swift Observations and Analysis

Swift observed V1674 Her typically every 1-2 days, from
1.3 days after the eruption, and continued up to day 44 (July
26); there was then a gap of 12 days, before regular
observations resumed on day 56 (August 7). Given the optical
brightness of the nova, most observations during the first 10
days were taken using the Windowed Timing (WT) mode of
the XRT to help minimize the effect of optical loading.*!
Photon Counting mode was then used from days 10-29, before
the source count rate again increased and required WT mode.
Only single pixel (grade 0) events were considered throughout.
Data were analyzed using HEASoft version 6.28 and the latest
calibration files.

Spectra were extracted for each continuous snapshot of Swift
data (typically 0.5-1ks in duration) from the time when the
SSS appeared (day 18.9) until the most recent observation, thus
averaging over any variation caused by the periodicity.

2.1. X-Ray Light Curve

The early X-ray flux from V1674 Her was relatively faint
and had a (1-10keV)/(0.3-1.0keV) hardness ratio HR > 1,
likely due to optically thin emission. From day 18.9 a new
supersoft component was seen below 1keV. An exponential
rise in the count rate followed, with superimposed short-term
variations possibly due to the ~500s periodicity (Figure 1).
The soft X-ray flux peaked around day 40.

21 https: //www.swift.ac.uk /analysis /xrt/optical_loading.php
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2.2. Spectroscopic Analysis

Spectroscopic analysis of the Swift pulse-height spectra
comprised model parameter estimation using the XSPEC fitting
engine. A combination of an optically thin component (to
model the underlying shock emission), and a blackbody (BB)
together with absorption edges at 0.55, 0.67, 0.74, and
0.87keV (corresponding to N VI, N VI, OVIl, and O VIII,
respectively) was used to model the spectra during the SSS
phase; the BB component strongly dominated during this time.
This model led to good fits, with reduced Cash statistic values
of <1.5. We also examined fits to the rauch_H-Ca_so-
lar_90.fits atmosphere grid,”> which provided equally
statistically acceptable results.

BB fits to the spectra indicated that the overall absorbing
column remained constant, at a level of 2.9 x 10%! cm_z, so fits
were subsequently performed with Ny fixed at this value.
Between days 18.9 and 27.7, the BB temperature remained
approximately constant, at kT ~54eV; after this time, the
emission steadily became hotter, reaching kT ~ 130eV
(1.5 x 10° K; the highest SSS temperature for a Galactic nova
seen by Swift to date) on day 39.6. At some point during the
observing gap between days 44 and 56, the SSS phase started
to fade and cool, reaching a minimum of ~ 50 eV by day 67.
After this time, the temperature started to increase again,
returning to ~100eV by day 74.2. The BB temperatures are
shown in the bottom panel of Figure 1.

During the SSS phase, the dominant absorption edges
required to improve the BB fit changed. At the beginning,
when the SSS temperature was lower, the edges at 0.55 and
0.67 keV were a significant improvement on the BB-only fit.
As the BB temperature started to increase, these became less
important, with the higher-energy 0.74 and 0.87 keV edges
starting to dominate. We note that the trend of increasing and
then decreasing BB temperature was also found if the spectra
were fitted without absorption edges, and when using
atmosphere model fits.

Comparison between the Chandra grating data (Section 3.2)
and the approximately contemporaneous XRT observation
shows a very similar overall spectral shape.

3. Chandra Observations and Analysis

V1674 Her was observed by Chandra using the LETG
+HRC-S grating and detector combination. The observation
began at 2021 July 19 UT07:40 (day 37.3 of the outburst) for a
net exposure time of 29641 s. Data were analyzed using CIAO
software version 4.13 with calibration database CALDB
version 4.9.5.%

3.1. Timing Analysis

Light curves were first constructed from both the zeroth-
order and the 1 order (tg_m=1,—1) signals after applying
barycentric corrections to photon arrival times. The extraction
region for zeroth order was a circle of radius 3.8 arcsec while
the default source and background region were used in the case
of the +1 orders. Background was negligible in comparison to
the source signal. The zeroth-order light curve is illustrated in
Figure 2.

2 hup: //astro.uni-tuebingen.de / ~rauch/TMAF/flux_H-Ca.html
B https://cxc.harvard.edu/ciao/
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In order to search for periodic signals, including near the
~501.42 s signal found in the ZTF data (Mroz et al. 2021), we
employed a Lomb-Scargle (LS) periodogram (Lomb 1976;
Scargle 1982) and epoch folding. To determine the uncertainty
in the period, 1000 light curves comprising a constant and sine
wave with the same pulsed fraction, count rate, and 30ks
duration as observed by Chandra were analyzed. Each
simulation corresponded to a different Poisson realization of
the model. The recovered period had a standard deviation
of 0.11s.

Both zeroth- and first-order events were analyzed separately,
each yielding the same result. The best-fit period from the
zeroth-order data was 501.72+0.11s and is shown in
Figure 2. This period is also close to the 503.9s period
reported for the initial Chandra HRC-S observation obtained on
2021 July 10 UTO1:12 by Maccarone et al. (2021) and the
501.8 +£0.7s period reported from a NICER observation
obtained between 2021 Jul 10 and 2021 July 12 (Pei et al.
2021). However, as we discuss later in Section 4.4, it is also
likely different from the ZTF period reported by Mroz et al.
(2021), and the period found by Patterson et al. (2021)

The zeroth-order light curve folded at the 501.72 s period is
illustrated in Figure 2 and shows significant departures from a
pure sine wave. A fourth-term LS periodogram shows power at
w, 2w, 3w, and 4w with aliases of the main period at w/2, w/3,
and w/4. We fit the light curve using a model including these
harmonics in a Fourier series and sinusoidal components with
frequencies that are integer multiples of the main frequency w
(VanderPlas 2018). The phase-folded light curve through the
Chandra observation shows large variations in the pulse profile.
This is also evident in the light curve in Figure 2. Using similar
methods to the period search described above, we also searched
for period variations within the observation to probe for period
drifts or quasi-periodic oscillations (QPOs). Suggestive period
variations were found at the level of ~0.1-0.3 s. However, we
were unable to verify their significance as variations were of a
similar magnitude to uncertainties.

Phased light curves were also extracted for different
wavelength ranges from the dispersed spectral orders. The
pulsed fraction as a function of wavelength is also illustrated in
Figure 2.

3.2. Spectroscopic Analysis

The first-order spectrum was extracted from the event list
using the CIAO tgextract routine. Owing to the fairly
narrow wavelength range of the bright spectrum, higher-order
contamination of the first-order spectrum was negligible.

In the top panel of Figure 3, the spectrum of V1674 Her is
shown with gray shadings. To put this spectrum into context,
additional Chandra LETGS spectra of other bright nova SSS
are overplotted for comparison: LMC 2012 (ObsID 14426),
V407 Lup (ObsID 20632), and KT Eri (ObsID 12203), scaled
with the factors given in the top right legend. The positions of
some prominent spectral lines and ionization energies (edges)
have been included. In the bottom panel, spectra extracted for
the “high” and “low” phases highlighted in the phased light
curve in Figure 2 are shown.
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Figure 2. The timing analysis of the LETG+HRC-S observation of V1674 Her. Top: the HRC-S zeroth-order light curve in 50 s bins. Bottom left: the LS power
spectrum of V1674 Her derived from the HRC-S zeroth-order light curve sampled with 1 s binning with some significant frequencies highlighted, including the w-22
beat period reported by Patterson et al. (2021). The inset shows the x* vs. period plane centered on the strongest peak of the power spectrum and a Gaussian fit to it.
Bottom right (top): the light curve folded at a period of 501.72 s, with 40 bins/cycle and a fit of a model comprising a series of sine waves whose frequencies are
integer multiples of the main frequency w. Note that the error bars are smaller than the symbol size. The phase ranges for states deemed “high” and “low” for which
phase-dependent spectra are extracted in Section 3.2 are highlighted with red and blue symbols, respectively. Bottom right (bottom): the pulsed signal fraction (defined
as (max-min)/max in the count rate light curve) in different wavelengths derived from the dispersed +1 order signal.

4. Discussion The normalizations to model atmosphere and BB fits to the
Swift spectra around the time of the Chandra observation
4.1. V1674 Her Is a Very Fast Nova indicated luminosities of approximately L~ 1 x 10°® ergs ™

With an optical decline from peak by 2 magnitudes in 1.2 and 3 x 10°" ergs™", respectively, for a Skpc distance. A
days (Quimby et al. 2021), V1674 Her is classed as a very fast luminosity derived using a BB approximation to the SSS
nova (one of the fastest known). Such rapid fading is spectrum must be considered uncertain. However, the con-
commonly ascribed to a comparatively low mass of ejected gas sistency between the BB and atmosphere model values to
(107°-10 M) at high velocity (up to 10,000kms '; e.g., within a factor of a few lends modest support to the order of

magnitude derived. The SSS emission is then essentially at the
Eddington Limit (L=1.26 x 10®®ergs™' for a ~1 M, WD;
the actual limit will be lower for SSS emission because the gas
is not fully ionized).

Gehrz et al. 1998), which itself arises from a low accreted mass
at the time of eruption; for a low accreted mass, a high-mass
WD is needed to achieve the pressure necessary for nuclear
ignition (Starrfield et al. 2016, and references therein; see also
Starrfield et al. 2020). A high WD mass is also indicated by the

detection of optical Ne lines, leading Wagner et al. (2021) to 4.2. Phase-dependent X-Ray Emission

propose that V1674 Her is an ONe WD, which is expected to There are two potential explanations for the periodic
have a mass >1.05 M. (Doherty et al. 2015; but see also modulation of the SSS X-ray emission. As noted in
Althaus et al. 2021). Section 1, Maccarone et al. (2021) have interpreted the

A low ejecta mass and high ejecta velocity can be expected modulation as being due to the spin period of the WD. Before

addressing that, we also note that g-mode pulsations could be
responsible. Indeed, some hints of g-mode pulsations during
the SSS phase of other novae were reported by Drake et al.
(2003) and Leibowitz et al. (2006), and the periodicity that is
present both before and after the thermonuclear runaway
(TNR), is a reasonable g-mode period (Starrfield et al. 1984).

to lead to a rapid fall in the column density to the WD
photosphere and thus a rapid emergence of the SSS, as was
observed. First seen at 18.9 days after outburst, the SSS is in
the fastest quartile to emerge among the Swift novae (Schwarz
et al. 2011; Page et al. 2020).
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Figure 3. The Chandra LETG+HRC-S spectrum of V1674 Her. Top: rest wavelengths of prominent spectral lines are noted in different colors for the different ions,
and to put V1674 Her (gray shadings) into context, overplotted are other bright nova SSS spectra. Bottom: the spectra extracted for “high” and “low” phases indicated
in the phased light curve shown in Figure 2. Also shown is the “low” state spectrum renormalized to the same total flux as the “high” state spectrum.
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In the case of novae, partial ionization zones of carbon and
oxygen near the surface might potentially drive pulsations; this
is the mechanism in the PG 1159 stars (Starrfield et al. 1984).
However, the temperature of the V1674 Her WD is far hotter
than the pulsating WDs and the amplitude of the oscillations is
much greater than in well-known pulsating WDs (Cérsico et al.
2019). Moreover, while a small change in pulsation period pre-
and post-outburst appears to have occurred (Section 4.4), the
enormous change in photospheric temperature and structure
with such a small period change makes a g-mode pulsation
explanation unlikely. We conclude that WD spin modulation,
originating due to the strong magnetic field, remains the most
likely explanation for the pulsed emission.

V1674 Her is then probably a member of a very small group
of novae that have shown modulations in the SSS flux at the
spin period of the WD. Three other novae, namely, V4743 Sgr
(Ness et al. 2003; Leibowitz et al. 2006; Zemko et al. 2017;
Dobrotka & Ness 2017), V2491 Cyg (Ness et al. 2011; Zemko
et al. 2015), and V407 Lup (Aydi et al. 2018; Orio et al. 2021,
in preparation), have shown pulsations with timescales of the
order of tens of minutes during the SSS phase, and have later
exhibited the same modulations in X-ray flux due to accretion
at quiescence. This is typical of IPs. The transient M31 SSS
described by King et al. (2002) likely belongs to the same
group.

Modulation in the SSS at the WD spin period indicates the
presence of either inhomogeneous surface emission, or
inhomogeneous absorption. The latter might be expected from
material corotating and constrained by the strong magnetic
field, such as an accretion stream. A pure absorption source of
modulation seems unlikely based on the wavelength-dependent
pulsed fraction shown in Figure 2. The pulsed fraction is
smaller toward longer wavelengths, which is opposite the trend
expected for absorption unless very high ionization renders the
longer wavelengths transparent.

The modulation then seems most likely due to an
inhomogeneous photosphere. Such a variation in emission
might potentially be caused by ongoing accretion causing
temperature variations over the photospheric surface (possibly
due to the burning of accreted fresh H-rich fuel), or the strong
surface magnetic field affecting the photosphere and perhaps
the nuclear burning shell beneath. Accretion heating is ruled
out because the pulsed fraction is large and the SSS appears
close to the Eddington luminosity, which is orders of
magnitude higher than the accretion luminosity prior to
outburst.

4.3. High-resolution SSS Spectrum

Comparisons with previous LETG+HRC-S spectra of
particularly bright SSS are shown in Figure 3. The “Wien
tail” high-energy cutoff in principle provides a first-order
estimate of the effective temperature and indicates V1674 Her
is hotter than the other novae shown, although complications
due to the O VI absorption edge in V1674 Her render the
comparison more uncertain.

In the soft range, the effects of Ny dominate. We note in
passing that KT Eri had lower Ny, even lower than LMC 2012,
while V1674 Her has a similar flux decline with wavelength to
other SSS spectra with Ny; ~ 10*! cm ™2,

V1674 Her has conspicuous P Cygni-like line profiles while
in RS Oph, for example, absorption lines were deeper and less
blueshifted. The most prominent P Cyg profile is the O VIII
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Figure 4. The Lya lines of hydrogenic O and N demonstrating P Cygni
behavior, with structured blueshifted absorption out to velocities of
11,000 km s~ ' or so. The spectrum from the entire observation is shown
(blue—red background) in addition to spectra corresponding to the “high” and
“low” states.

Ly« transition near 19 A, with the Lyg and possibly Ly~
transitions also in evidence. The O VIII absorption lines are
clearly blueshifted with respect to the labels (placed at rest
wavelength), more so than in V407 Lup and KT Eri but less
than in LMC 2012. The He-like O VII line is also detected at
21.6 A with a P Cyg profile The intercombination and
forbidden lines at 21.8 and 22.1 A are not seen in emission
suggesting the resonance line at 21.6 A is photoexcited. The
N VI He-like lines are not clearly detected.

The spectra show significant variations with phase. The
pulsed fraction versus wavelength (Figure 2) is smallest in the
cores of strong absorption lines, indicating saturation. The
lower panel in Figure 3 reveals comparatively much stronger
emission line components in the “low” state spectrum relative
to the “high” state. Absorption features are largely similar
between states. The low state has comparatively more flux
shortward of about 15 A, indicating that the temperature could
be somewhat higher than in the high state.

Classic P Cyg profiles comprise an emission line component
formed in a dense, radiatively driven outflow close to the stellar
photosphere, while the blueshifted absorption arises because
the radiation passes through the outflow material rapidly
expanding in the direction of the observer. Figure 4 shows the
OvIl and NVII Ly« transitions in velocity space. The
emission peaks are noticeably redshifted, confirming an origin
behind or within the fast outflow.

The blueshifted absorption in Figure 4 has considerable
structure with two dominant components visible in both high
and low states centered on velocities of approximately 3000
and 9000 km s~ '. These profiles demonstrate that the outflow is
inhomogeneous and expanding at remarkable speeds up to
11,000 km ~!, similar to the velocity broadening seen in
Balmer line profiles (e.g., Aydi et al. 2021).

4.4. Detection of a Spin Period Change of the White Dwarf?

The ZTF data (obtained pre-outburst 2018 March 26-2021
June 14) indicate an optical rotation period of
P =501.4277 +0.0002 s (Mroz et al. 2021, and reanalysis of
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those data for this work). This is different from the X-ray
period derived here, P = 501.72 + 0.11 s. Similarly, the optical
period of Patterson et al. (2021; post-outburst from data
between 2021 July 1-August 10) of 501.52+0.02s, is
significantly longer than the ZTF period and also shorter than
the Chandra period.

It is tempting to interpret the periods in terms of rigid
rotation and angular momentum loss resulting from the
outburst. However, the Patterson et al. (2021) data straddle
the Chandra observation, indicating that either X-ray and
optical periods are different, or that period variations hinted at
by the analysis in Section 3.1 are real. We investigate these
possibilities below.

4.4.1. Period Change with Rigid Rotation

The Mroz et al. (2021) and Patterson et al. (2021) periods at
face value imply a change of AP=0.09+0.02s or
AP/P~10"*, which might be attributed to the outburst. If
period drift or a QPO is not to blame, there are two mechanisms
through which this might have happened: an increase in scale
height of a substantial portion of the WD envelope related to
the TNR and a consequent increase in moment of inertia; or the
loss of mass in the explosion that carried away angular
momentum.

The photospheric radius of a nova SSS is known to be
expanded relative to that of the underlying WD by factors as
much as 10 (e.g., Balman & Gamsizkan 2017). While the
structure and mass of the expanded envelope are highly
uncertain, by approximating the envelope as a spherical shell
and dropping factors of approximately unity we can estimate
the fractional moment of inertia change as

AL M — 1), (1)

where M.,, is the mass of the expanded envelope in solar
masses, ¢ is the factor of expansion of the bulk of the mass
relative to the quiescent white dwarf radius, and for simplicity
we have assumed a WD mass Mwp ~ M., (Mwp could be as
high as 1.35M.). The envelope mass could be in the range
107°-10"*M..,, depending on the accreted mass required for
TNR and the amount of mixing with underlying material (e.g.,
Gehrz et al. 1998). Taking a large expansion factor, e.g., € =5,
and assuming rigid rotation (see Section 4.4.2), fractional
period changes of 10~* could then potentially be explained by
a simple moment of inertia change.

The angular momentum loss rate, d.J/dt, resulting from mass
loss can be written (e.g., Kawaler 1988)

d.] 2 dMeJ 2 ra "
& =Z9R2 0 ,
dt 3 dr P

2
Run )
where dM,;/dt is the ejected mass-loss rate, Rwp is the WD
radius, n is related to the complexity of the magnetic field
(n=2 for a radial field and 3/7 for a dipole in the
Kawaler 1988 formalism), and r, is the Alfvén radius, at
which point the outflow exceeds the local Alfvén speed and is
no longer forced to corotate by the magnetic field.

Assuming the ejected mass is a smaller fraction of the total
WD mass than the fractional change in rotation period, we can
ignore the change in moment of inertia of the WD due to mass
loss. Further assuming for simplicity that the mass-loss rate is
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Figure 5. The WD surface magnetic field strength as a function of the ejected
mass for different values of the ratio of outflow velocity at the Alfvén radius
and the interval over which mass loss occurred, v/At.

constant (R4 otherwise depends on Mej), from Equation (2)
conservation of angular momentum then gives

2 2 ra " AQ
—MiRypl — | = Iwp—, 3
3 €j WD(RWD) WD 0 ( )
where A() is the change in angular velocity. For a dipolar field
(n=3/7) and the observed period change, and writing
Iwp = aMWDR&,D and eliminating the factor of order unity,
we have for the required Alfvén radius

M 7/3
A 1040 2¥R | 4)
Rwp

¢

For a uniform sphere, o = 0.4, but is considerably lower for a
centrally condensed WD and depends on mass. Adopting
a~ 0.2 (e.g., Roy et al. 2021; Boshkayev et al. 2017), and for
Mwp =~ 1M, the Alfvén radius is ry/Rwp~2 x 107°/M,;.
Thus, for r4/Rwp of order unity, the implied ejected mass is of
the order of 10 °M., with the required ry /Rwp growing
rapidly for smaller ejected mass.

The Alfvén radius can also be written in terms of the surface
magnetic field strength, By, and the mass-loss rate, M, and
outflow velocity, v, as (e.g., adopting Equation (4) of
Kawaler 1988 to the dipole case)

1/4
ra _ 1 /2( 1 )
= (ByR —_— . 5
Rum (BoRwp) e (5)
Combining Equations (4) and (5) and writing M= M / At,
with Ar being the interval over which M, is lost, we can
determine the required surface field strength, By, as a function
of Mej’

Bo = L(10-4anypy s 22) L 6
0= E( aMwp) A_t G (6)
¢j

This is illustrated in Figure 5 for different values of v/At; as a
reference, for an outflow at 1000kms~' and an ejection
timescale of the order of a day (NIO5 s), v/ At~ 10°.

We noted above that, in the case of a fast nova, we might
expect a low ejected mass (say M. ~ 10_6M9; e.g., Gehrz et al.
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1998). In contrast, Figure 5 demonstrates that for typical IP
magnetic field strengths an ejected mass in the range
2x107°-2x 107* M, is required. Such a mass is not
unprecedented: Vanlandingham et al. (1996) estimated
Mej~ 1.8 x 107 *M., in the case of the fast nova V838 Her

([2 ~ 2d)

4.4.2. Period Change with a LIMA Analogy

The difference in Patterson et al. (2021) and Chandra
periods, and the possible presence of a QPO as noted in Sect
3.1, lead us to consider a third period change mechanism: that
the effective photosphere post-outburst is not rigidly rotating
with the underlying WD, but is at or slightly beyond r4 where
the magnetic field can no longer enforce strict corotation. The
optical photosphere lying closer to the WD can then have a
shorter rotation period than the X-ray photosphere, and both
periods could be subject to drift. The observed rotation period
could also change through the outburst and SSS phase
according to the mass-loss rate and changing photospheric
radius, with expectation of a longer period earlier in the SSS
phase when mass-loss rates in the radiatively driven outflow
would be larger.

Such a mechanism is reminiscent of the Low-Inertia
Magnetic Accretor (LIMA) model (Warner & Woudt 2002)
in which accretion onto an equatorial belt of the WD causes the
belt to vary its angular velocity when the magnetic field is
insufficiently strong to enforce rigid rotation.

5. Summary

High-resolution Chandra spectroscopy and photometry
reveal spectacularly strong X-ray pulsations in the SSS of
Nova Her 2021 and remarkably fast outflows with two
dominant velocity components at up to 11,000kms .
Reported pre- and post-outburst optical pulsation periods are
significantly different. They could potentially be explained by
an expanded envelope and moment of inertia change. Instead,
if interpreted in terms of angular momentum loss due to mass
ejection, the optical period change implies
2 % 107°-2 x 10~* M, was lost. The X-ray pulsation period,
with a pulsed fraction of about 60% and a strongly varying
pulse profile, appears to be longer than the reported
contemporaneous post-outburst optical pulsation period,
although the Chandra data are also suggestive of the presence
of a QPO with period variations similar to the optical and X-ray
period differences. In either case we speculate that this could be
due to different X-ray and optical photospheric depths, rotating
nonrigidly relative to the underlying WD.
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