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Multiple outflows and delayed ejections 
revealed by early imaging of novae
 

Novae are thermonuclear eruptions on accreting white dwarfs in 
interacting binaries. Although most of the accreted envelope is expelled, 
the mechanism—impulsive ejection, multiple outflows or prolonged winds, 
or a common-envelope interaction—remains uncertain. Gigaelectronvolt 
γ-ray detections from >20 Galactic novae establish these eruptions as nearby 
laboratories for shock physics and particle acceleration, underscoring the 
need to determine how novae eject their envelopes. Here we report on near-
infrared interferometry, supported by multiwavelength observations, of 
two γ-ray-detected novae. The images of the very fast 2021 nova V1674 Her, 
taken just 2–3 days after discovery, reveal the presence of two perpendicular 
outflows. The interaction between these outflows probably drives the 
observed γ-ray emission. Conversely, the images of the very slow 2021 
nova V1405 Cas suggest that the bulk of the accreted envelope was ejected 
more than 50 days after the eruption began, as the nova slowly rose to its 
visible peak, during which the envelope engulfed the system in a common-
envelope phase. These images offer direct observational evidence that the 
mechanisms driving mass ejection from the surfaces of accreting white 
dwarfs are not as simple as previously thought, revealing multiple outflows 
and delayed ejections.

A classical nova is a transient astronomical event characterized by sud-
den dramatic brightening of an interacting binary star system, resulting 
from a thermonuclear runaway on the surface of a white dwarf that has 
accreted hydrogen-rich material from its companion1,2. The energy 
released by the thermonuclear runaway causes the accreted envelope 
to expand tremendously, although this energy alone may not be suf-
ficient for completely ejecting it from the binary system3. As novae are 
observed to expel material at velocities ranging from approximately 
500 to 10,000 km s−1 (refs. 4,5), some additional mechanism might be 
at work. The possibilities include multiple outflows and winds powered 
by continuing nuclear burning on the white dwarf5–8, and/or expul-
sion through a common-envelope interaction drawing energy from 
the orbital motion of the binary companion9,10. Understanding how 
novae expel their envelopes has never been more important, given 
the now-routine detection of gigaelectronvolt (GeV) γ-ray emission 
from more than 20 Galactic novae by the Large Area Telescope (LAT) 
on the Fermi Gamma-Ray Space Telescope11–14. These detections have 

established novae as a new class of particle accelerators and confirmed 
the presence of strong, energetic shocks within the nova ejecta15,16. More 
recent studies showed that these shocks can contribute a substantial 
fraction of the nova luminosity, highlighting their importance in pow-
ering these enigmatic events17,18. The fact that the luminosity of some 
novae could be powered by shocks means that novae are particularly 
valuable laboratories to better understand the shock-powered tran-
sients, with substantial implications for other interaction-powered 
events such as super-luminous supernovae (for example, ref. 19), Type 
Ia-Circumstellar Medium supernovae (for example, ref. 20) and stellar 
mergers (for example, ref. 21).

The formation mechanisms of the energetic shocks that lead to 
the GeV γ-ray emission from novae are still poorly constrained. Recent 
models suggest that these shocks are internal to the nova ejecta; more 
specifically, they occur at the interface of multiple (at least two) ejec-
tions: an initial, slower ejection/outflow possibly directed towards the 
orbital plane due to the binary motion, followed by a faster outflow/
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the perpendicular direction compared with the other flow. This is in 
striking agreement with the multiple-ejections scenario suggested to 
explain the formation of shocks in novae. This is also consistent with 
the early spectroscopic follow-up of the nova, which revealed unusually 
high velocities for a classical nova—consistent with the rapid light curve 
evolution—and exhibiting two spectral components in the hydrogen 
Balmer lines: a premaximum P Cygni profile with an absorption trough 
at blueshifted velocity of around 3,800 km s−1, and a broad emission 
that emerges around a day after peak, with absorption at blueshifted 
velocities of around 5,500 km s−1—co-existing with the premaximum 
absorption (Fig. 1 and Supplementary Figs. 7 and 8). This spectral evolu-
tion is common in nova spectra as discussed in ref. 5, which associated 
these two components with physically distinct ejections or outflows 
(the full spectral evolution of V1674 Her is presented in Supplementary 
Figs. 4–6). These outflows will rapidly interact, leading to bright high-
energy GeV emission16, which was indeed a defining feature of nova 
V1674 Her during the first few days of the eruption42. Therefore, it is 
reasonable to suggest that the central ellipsoidal structure is associated 
with the premaximum P Cygni profile, while the rapidly expanding caps 
or outflow correspond to the faster spectral absorption component 
that emerged after the peak.

We use the PMOIRED tool to fit the V1674 Her visibilities and clo-
sure phases measured by the interferometer with different models 
approximating the nova image and to measure the projected size of 
the ejecta (for example, central component + elongated ring; see Sup-
plementary Information for more detail). Based on these models, we 
measure angular radii of 0.90 ± 0.07 mas and 1.23 ± 0.11 mas for the 
faster component, in the first and second epochs, respectively (Sup-
plementary Figs. 10 and 11 and Supplementary Table 2). We assume 
that the faster flow started expanding around the time the nova was 
first detected in γ-rays (the main tracer of the shocks between the 
slower and faster flows5,18), which started around t = 0.5 ± 0.5 days. 
Using a velocity of 5,500 ± 500 km s−1 (measured from the optical 
spectra, as a proxy for the total expansion velocity), an expansion 
duration Δ(t) = 1.7 ± 0.5 days, a radius 0.90 ± 0.07 mas, and assuming 
we are observing the system at 67° inclination46, we derive a distance 
d ≈ 5.5 ± 1.7 kpc towards V1674 Her (based on the expansion parallax). 
Similarly, using the second epoch (an angular radius of 1.23 ± 0.11 mas), 
an expansion duration Δ(t) = 2.7 ± 0.5 days, with the same assump-
tions, we derive a distance d ≈ 6.4 ± 1.2 kpc towards V1674 Her. These 
distances are consistent with distances derived from other methods 
(Supplementary Information and Supplementary Fig. 9). This implies 
that the association of the rapidly expanding ejecta component in the 
CHARA images with the faster spectral component in the Balmer lines is 
reasonable and supports our interpretation of the structures observed 
in the CHARA images.

Resolving the evolution and asymmetry of multiple ejecta com-
ponents just 2–3 days into a nova event is remarkable. These images 
provide observational evidence that nova ejection is more complex 
than a single ballistic event, consistent with the multiple-outflow sce-
nario, and offer valuable insights into the formation of shocks in novae.

The second case presented in this study is nova V1405 Cas, which 
was discovered on 2021 March 18.42 UT (t0) at a visible brightness of 
9.6 mag, and is the extreme opposite of V1674 Her, given its slow evolu-
tion. The nova reached a V-band magnitude of approximately 7.5 a few 
days after discovery. Thereafter, the brightness increase halted for a 
couple of weeks, before rising again to reach a peak in the V-band of 
5.1 mag around 53 days after its initial discovery (Fig. 2). During this 
phase (which is often referred to as the premaximum halt), the opti-
cal spectral lines exhibited P Cygni profiles characterized by shallow 
absorptions and velocities that initially measured around 1,500 km s−1 
but rapidly decreased to about 700 km s−1 (Fig. 2b and Supplementary 
Figs. 20 and 24). This apparent deceleration is probably the result of 
decreasing opacity in the ejecta5,47. The presence of shallow absorptions 
and the rapid decrease in velocity suggest an origin in a low-density 

wind that travels more freely in the polar directions—possibly driven 
by radiation powered by the near-Eddington luminosity of the nuclear 
burning white dwarf3,5,10,16–18,22 (Fig. 1a). As these flows interact, they 
lead to the shocks responsible for particle acceleration and high-
energy emission. This picture was first inspired by the radio imaging 
of the 2012 Fermi-detected nova V959 Mon (see fig. 2 in ref. 10), which 
showed evidence for two outflows expanding in orthogonal directions. 
This scenario garnered further support based on early spectroscopic 
follow-up of a large sample of novae by ref. 5, which showed consistent 
evidence for multiple spectral components, characterized by distinct 
velocities, and which were associated with multiple physically distinct 
ejections (see also refs. 4,6,7,22–27). If the binary motion indeed plays 
a role in expelling the nova envelope during the early stages of the 
eruption3,10,28, by transferring angular momentum and energy to the 
ejecta, novae would become miniature common-envelope systems 
evolving in real time, that is, on observable timescales (days or weeks). 
This would make novae ideal laboratories in our Galactic backyard to 
constrain the physics of common-envelope interaction, which dictates 
the future evolution of more than 10% of stars29, yet these processes 
remain poorly constrained observationally and uncertain theoretically 
(for example, refs. 30,31).

Decades of imaging of old nova shells show a clear departure from 
spherical symmetry in many novae, with diverse structures, includ-
ing elliptical morphologies, rings, polar caps/knots and clumps32–35. 
While some of these structures could have been influenced by the 
binary companion and its role in shaping the ejecta28, static images of 
nova remnants observed years to decades after eruption do not allow 
us to build a complete chronological picture of the ejecta’s shaping 
and morphological evolution. High-resolution imaging taken during 
the early days of the eruption is necessary to better understand the 
ejection scenario in novae—a challenging task given the small size of 
the ejecta during these early stages (a few milliarcseconds projected 
on the sky). However, recent advances in optical/near-infrared (NIR) 
interferometry with facilities such as the Center for High Angular 
Resolution Astronomy (CHARA36) Array and the Very Large Telescope 
Interferometer37,38, which are capable of resolving structures down 
to a few milliarcseconds (mas), now make it possible to observe nova 
ejecta during the early days of the eruption. Because some novae reach 
brighter than 5–6 magnitudes in the optical/NIR, they are ideal targets 
for such facilities. Previous efforts were carried out for some novae, 
such as the recurrent nova T Pyx (2011)39, which revealed evidence 
for bipolar ejections, and the classical nova V339 Del40, where the 
size of the early expanding fireball was measured. Here, we report on 
early (days to weeks) imaging of two Galactic Fermi-detected novae, 
namely V1674 Her and V1405 Cas (both erupted in 2021), obtained 
with the CHARA Array, revealing evidence for multiple and delayed 
ejections. These novae sample the two extremes of the nova popula-
tion, with V1674 Her being one of the fastest novae ever observed and 
V1405 Cas evolving very slowly, staying near its peak brightness for 
around 200 days.

Nova V1674 Her (Nova Herculis 2021) was detected in eruption 
on 2021 June 12.19 UT (t0) at a visible brightness of around 8.5 mag. It 
rose to peak very rapidly, reaching a maximum visible brightness of 
6.0 mag in less than 16 h. It then declined by 2 magnitudes in around 
a day, making it one of the fastest evolving novae on record41,42 (Sup-
plementary Fig. 3). The nova was detected as a Fermi source during the 
first 2 days of the eruption, implying the presence of energetic shocks 
leading to high-energy GeV emission42–44. We obtained CHARA NIR 
interferometry for V1674 Her on UT 2021 June 14 and 15, with the Michi-
gan Infra-Red Combiner-eXeter (MIRC-X) instrument45, just approxi-
mately 2 and 3 days into the eruption (Fig. 1). The CHARA images show 
a clear deviation from spherical symmetry, with evidence for two 
ejecta components: (1) a bipolar outflow moving towards the northeast 
and southwest directions and expanding at a greater rate relative to 
(2) a central structure, with an ellipsoidal morphology, extended in 
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wind emanating from the system during the premaximum halt. While 
most novae show a premaximum halt during the rise to visible peak, 
this halt could last between a few hours in fast novae and up to several 
weeks in slowly evolving novae48,49.

After this first peak, V1405 Cas was detected as a GeV source 
detected by Fermi (more than 2 months into the eruption), imply-
ing the presence of strong energetic shocks within the nova ejecta50. 
This also implies that the shock onset appears delayed by more than 
2 months after the outburst (in contrast to the case of V1674 Her where 
GeV emission was detected after less than a day), raising questions 

about the mass-loss history—whether a substantial part of the envelope 
was ejected late and/or subsequent winds from the white dwarf were 
launched only after a substantial delay.

The nova stayed bright for more than 200 days, showing multiple 
flares or maxima where the nova colours show substantial changes 
(Supplementary Fig. 16). It then gradually dimmed in the visible over 
several months (see the full light curve in Supplementary Fig. 14). Such 
slow evolution is the antithesis of V1674 Her’s rapid eruption, empha-
sizing the diversity of nova ejection mechanisms and the complexity 
of mass-loss processes.
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Fig. 1 | Early imaging of nova V1674 Her reveals a shift from spherical symmetry 
with potential multiple outflows. a, Multiple-ejection schematic illustration—
an early slower flow followed near optical peak by a faster outflow; their collision 
produces GeV γ-ray-emitting shocks (purple arrows). b, CHARA images at 
t = 2.2 and 3.2 days after discovery (t0 = 2021 June 12.19 UT; Supplementary 
Information), reconstructed with BSMEM (Methods). The images show a central 
elongated component surrounded by an extended structure elongated roughly 
perpendicular to it; we interpret the inner feature as the slow flow and the 

extended feature as the fast outflow. c, Hβ spectral line profiles taken on days 0.7 
and 2 since t0. The dashed orange, blue and green lines represent vrad = 0 km s−1, 
−3,800 km s−1 and −5,500 km s−1 relative to rest wavelength, respectively. d, The 
AAVSO visible (green stars for V-band and blue points for visual measurements, 
noted Vis.) and GeV γ-rays (black squares for detections and magenta triangles 
for 1σ upper limits, noted UL in the legend) light curves of V1674 Her. The error 
bars represent 1 − σ uncertainties. The vertical dashed lines represent the dates of 
the CHARA imaging.
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Fig. 2 | Early imaging of nova V1405 Cas reveals a delay in ejection of more than 
50 days into eruption. a, Three CHARA images obtained on days 53, 55 and 67 
since t0, reconstructed with BSMEM (Methods). b, Hα spectral line profiles taken 
on days 53, 55 and 65, since t0. The dashed orange, blue and green dashed lines 
represent vrad = 0 km s−1, −700 km s−1 and −2,100 km s−1 relative to rest wavelength, 

respectively. c, The AAVSO V-band (green stars) and GeV γ-ray (black squares for 
detections and magenta triangles for 1σ upper limits, noted UL in the legend) 
light curves of V1405 Cas (Methods). The error bars represent 1 − σ uncertainties. 
The vertical dashed lines represent the dates of the CHARA epochs.
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Several slow novae have been observed to exhibit a similarly long-
lasting premaximum halt, followed by a gradual rise to the visible 
peak over several weeks49,51–53, the origins of which have not been fully 
understood yet. Nevertheless, a few ideas have been proposed, some of 
which suggested that, during this early rise to visible peak, the binary 
motion might play a role in driving the mass loss and eventually expel-
ling the nova envelope (for example, refs. 28,54), during a short but 
important phase of common-envelope interaction (see Supplementary 
Information for more details). With the new insights brought by the 
presence of strong, energetic shocks during the early days and weeks 
of a nova, emphasis on the role of the binary motion in driving the mass 
loss and expelling the nova envelope has gained traction more recently 
(for example, refs. 3,10). However, direct observational evidence for 
delayed ejection of the bulk of the nova envelope and the potential role 
of the binary motion in driving the mass loss in novae is still lacking. 
Therefore, resolved imaging of slowly evolving novae such as V1405 Cas 
during their peak brightness can substantially improve our understand-
ing of the role of the binary in driving the mass loss in novae.

Motivated by these findings, we obtained two CHARA observations 
of nova V1405 Cas near its visible peak, and a third observation 2 weeks 
later (approximately 53, 55 and 67 days after discovery; approximately 
0, 2 and 14 days from peak, respectively). Surprisingly, the first two 
observations showed a resolved central source with little to no ejecta 
around it (Fig. 2). In these two images, the central source accounts 
for more than 95% of the emission, whereas any potential extended 
structure contributes only a few per cent. This extended component 
is possibly responsible for the premaximum P Cygni profiles observed 
during the rise to peak brightness (Fig. 2b and Supplementary Fig. 20).

The diameter of the resolved central source in the first CHARA 
epoch is 0.99 ± 0.02 mas (Supplementary Figs. 25–27 and Supplemen-
tary Table 5). Using a distance of 1.73 kpc measured by Gaia (Supple-
mentary Information), this translates to a source size of around 1.71 AU 
(that is, a radius of around 0.85 AU), meaning that the size of the emit-
ting photosphere, in the H-band, is indeed similar to that of a red giant 
star. If the nova envelope was impulsively ejected at t0 and expanded 
for 53 days with velocities ranging between 700 km s−1 and 1,500 km s−1 
(as measured from the troughs of the P Cygni profiles in the optical and 
infrared spectra before peak brightness; Supplementary Figs. 19 and 
20), then the line-emitting region should have a size between 23 AU and 
46 AU at visible peak. Although the size of the line-emitting regions is 
not necessarily representative of the continuum-emitting region, at 
peak brightness it should give us a rough estimate of the size of the 
photosphere (responsible for the majority of the emission), implying 
that the majority of the emission should be originating in an extended 
structure (which would be resolved out by CHARA).

The large discrepancy between the expected radius of the photo-
sphere (~23–46 AU, if the envelope is impulsively ejected at the begin-
ning of the eruption) and the measured radius of the emitting source 
responsible for the majority of the emission (~0.85 AU), suggests that 
the bulk of the nova envelope is not fully expelled 53–55 days into the 
eruption—indicating a delayed ejection of the envelope.

In the third epoch, there is a remarkable change in the structure 
of the system and the origin of the emission: the central source is now 
responsible for only ~45–50% of the emission, while the rest of the 
emission is originating in an extended structure, which is resolved 
out by CHARA. At this stage, the nova also shows: (1) a broad emission 
component characterized by a half width at zero intensity of around 
2,100 km s−1 in the optical spectral lines, (2) GeV γ-ray emission detected 
by Fermi-LAT (see ref. 50 and Fig. 2) and (3) hard X-ray emission orig-
inating in shock-heated plasma detected by the Neil Gehrels Swift 
Observatory 5 days after the third CHARA epoch (see Supplementary  
Fig. 15). The expansion or expulsion of the nova envelope may be driven 
by multiple mechanisms. The faster outflows observed in the optical 
spectral can plow into the puffed-up envelope, helping it to escape the 
system. Such interaction could lead to energetic shocks, which power 

high-energy emission (detected by Swift and Fermi)—again, in agree-
ment with the multiple-outflow scenario suggested to explain shocks 
in novae. In addition, the binary orbital motion can also play an impor-
tant role in expelling the bulk of the puffed-up envelope. References 
9,28 argued that the binary motion could transfer angular momentum 
and energy to the ejecta, which might help expel the nova envelope.

Moreover, the imaged central source shrinks in size between the 
second and third epoch, which is consistent with the density of the 
material near the binary dropping. Based on the above, we conclude 
that the bulk of the nova envelope probably continued to engulf the 
binary system for more than 50 days in a common-envelope phase dur-
ing the rise to peak visible brightness, and was only expelled after more 
than 55 days, eventually leading to shock interactions, as indicated by 
the delayed detection of high-energy emission.

After the first visible peak, the light curve of V1405 Cas exhibits 
multiple flares (at least nine) over a period exceeding 200 days, with 
some reaching amplitudes greater than 2 magnitudes (Supplementary 
Fig. 14). During the flaring activity, new absorption features in the 
spectra appear at progressively higher velocities (Supplementary 
Figs. 17, 18 and 20–24). This suggests that the multiple flares may result 
from renewed mass-ejection episodes, with new material launched at 
increasingly faster velocities. As faster material catch up with previ-
ously ejected slower material, further shock interaction manifests, 
contributing to the nova’s multiwavelength emission18,55,56. This under-
score the complexity of mass-loss processes during nova eruptions.

In summary, our results highlight the potential role of the binary 
motion in driving mass-loss in novae3,10,54 and encourage future theo-
retical studies and modelling to explore this role. They also provide 
observational evidence for a delayed ejection of the bulk of the enve-
lope during a nova, indicating that nova ejections are more complex 
than a single, impulsive event at the start of the eruption. By increas-
ing the sample of novae observed with CHARA and other optical 
and NIR interferometers in the future, we can confirm if this delayed 
ejection is common in other novae, which would establish novae as 
ideal laboratories in our Galactic backyard to constrain the physics of 
common-envelope interaction.

Methods
CHARA NIR interferometry
We utilized the Georgia State University CHARA Array36 to observe 
nova V1674 Her on UT 2021 June 14 and 15 (days 2 and 3) and nova V1405 
Cas on UT 2021 May 10, 12 and 24 (days 53, 55 and 67), to probe angular 
scales with submilliarcsecond resolution using the method of NIR 
interferometry. The Michigan InfraRed Combiner – eXeter (MIRC-X45) 
combines the light from all six CHARA telescopes simultaneously in the 
NIR H-band (typical λ0 = 1.62 μm, Δλ = 0.25 μm), providing sufficient 
Fourier space (u,v) coverage for simple interferometric imaging. The 
observations of nova V1674 Her combined all six telescopes using 
the PRISM102 mode with a spectral resolving power of R ≈ 102. The 
observations of V1405 Cas used only five telescopes because the S1 
telescope was not in delay. The observations used the GRISM190 mode 
on May 10 and 24 and the PRISM50 mode on May 12, providing spectral 
resolving powers of R ≈ 190 and 50, respectively. In Supplementary 
Figs. 1 and 12, we present the CHARA (u,v) coverage for the different 
epochs. The raw data were reduced using the publicly available data 
pipeline57 to produce visibility amplitudes on up to 15 baselines and 
closure phases on up to 20 closed triangles. We used an integration 
time of 30 s (ref. 58). The calibration of the instrumental transfer func-
tion required observations of single stars with known diameters esti-
mated by SEARCHCAL59–61. We used a calibration script written in IDL by  
J. D. Monnier to average the measurements over 2.5-min intervals with 
the ‘deep cleaning’ option to remove outliers. For nova V1405 Cas, we 
used HD 211982 (0.570 ± 0.015 mas), HD 135969 (0.215 ± 0.006 mas), 
HD 145965 (0.211 ± 0.005 mas), HD 151259 (0.425 ± 0.011 mas) and HD 
219080 (0.69 ± 0.069 mas). The calibrators on UT 2021 May 12 were 
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located at a declination of −23° at a very large angular separation on 
sky from V1405 Cas (declination +61°). For nova V1674 Her, we used 
HD 177433 (0.537 ± 0.012 mas) and HD 184607 (0.540 ± 0.012 mas). 
The calibrated OIFITS files are available through the JMMC Optical 
Interferometry Database62. The log of the CHARA observations is listed 
in Supplementary Tables 1 and 4.

At these early times in the evolution of the novae, we see some 
modest evidence (Supplementary Figs. 10 and 11) for small visibility 
changes across the spectrum when observed in medium resolution 
(R190), for instance due to strong hydrogen lines. However, the effect 
is relatively small (and hardly seen in the closure phase spectra), so we 
have combined all the spectral channels together for imaging, assum-
ing grey emission. In the future, a more sophisticated treatment could 
account for the line emission as a separately imaged component, but 
for now we are interested in the overall geometrical changes during 
the first few weeks of the main continuum emission (first few weeks 
of the eruption).

For the CHARA aperture synthesis imaging presented here, we 
used a maximum entropy imaging algorithm that is directly fitted to 
the V2 and closure phase quantities, first described by ref. 63 and later 
implemented in a publicly available package called the BI-SPECTRUM 
MAXIMUM ENTROPY METHOD (BSMEM)64. We used BSMEM (v1.5) to 
fit to OIFITS data that were averaged on 15-min timescales. To provide 
a prior for BSMEM, an elliptical Gaussian was fitted to the visibility 
data for each epoch. All imaging presented used the same BSMEM set-
tings: pixel scale 0.1 mas, width 64 × 64 pixels, constrained V2 at origin 
to 1.00 ± 0.05, Gaussian elliptical prior, maximum 50 iterations, and 
regularization hyperparameter evaluation using classical Bayesian 
with known noise scale (−rt1). For more discussion on our approach 
to imaging with NIR interferometry data, see the overview in ref. 65.

Our results are shown in Supplementary Figs. 2 and 13. Each col-
umn shows a different epoch. The top row for each nova shows the 
prior image used based on an elliptical Gaussian fit to the visibility 
data. The middle row shows the BSMEM image using a linear scale. We 
also include in the middle panel the percentage of the flux contained 
within 1 mas of the brightest pixel. The bottom row shows the square-
root intensity, to highlight low-surface brightness emission within 
the field of view.

We note a few further details here. The bright spots around the 
ring for nova V1674 Her on day 3 are probably due to the limited CHARA 
baselines; the visibility data themselves are consistent with a more 
continuous, elongated ring, with brightness varying with azimuth 
and peaking along the diagonal; Supplementary Information). For 
the final epoch of nova V1405 Cas on day 63, about 50% of the flux is 
overresolved, but we lack short baselines to make a reliable image; 
thus, the spots in the background are probably artefacts from a diffuse 
low-surface brightness shell with scale >5 mas. This epoch also showed 
signs of line emission in the H-band spectrum, and we also carried out 
imaging limiting to 1.5–1.6 μm, avoiding most of the strong emission 
lines. These results were consistent with those from the full spectrum, 
albeit with lower reduced chi-squared values, and were therefore not 
shown in Supplementary Figs. 2 and 13 for clarity.

Optical and infrared spectroscopy and photometry
We obtained optical spectra for novae V1674 Her and V1405 Cas using 
a diversity of facilities and instruments. In Supplementary Tables 3 
and 6, we list the log of these observations. Below we summarize the 
observations and data reduction.

We have used the Gemini-North Multi-Object Spectrograph66 on 
the 8.1-m Gemini-North to observe nova V1674 Her on 2021-06-17, 06-19, 
06-27, 07-01, 07-04, 07-07 and 07-09 (days 5, 7, 15, 19, 22, 25 and 27). 
The observations were taken using the 0.5″ slit and the R831 grating to 
provide a range of 4,500–6,800 Å at a resolving power R ≈ 4,400). The 
Gemini Multi-Object Spectrograph spectra were reduced with the aid 
of DRAGONS v3.1.067, applying bias subtraction and flat fielding, and 

establishing a wavelength solution based on the arc spectra. Because 
the latter were obtained during daytime, the zero point of the wave-
length solution was checked for instrument flexure by measuring the 
Oxygen 5577.33 Å sky emission. Deviations were found to be at most 
0.1 Å and were corrected when necessary.

Optical spectra were obtained for nova V1674 Her with the Super-
Nova Integral Field Spectrograph68 on the University of Hawaii UH2.2m 
telescope through the Spectroscopic Classification of Astronomical 
Transients69 survey. The SuperNova Integral Field Spectrograph is an 
integral field unit covering 3,400–9,000 Å at R ≈ 1,000 over a 6′ × 6′ 
field of view with a spatial sampling of 0.4 arcsec per spaxel. The two-
dimensional frames are converted into three-dimensional (x, y, λ) 
datacubes, flat-fielded with a continuum lamp exposure and extracted 
into a one-dimensional spectrum by applying aperture photometry 
to each wavelength slice. Spectra are then corrected for the optical 
system throughput and atmospheric extinction70 using observations of 
spectrophotometric standard stars71. Reference 69 provides a detailed 
description of the processing pipeline.

We make use of publicly available spectra reported to the 
Astronomical Ring for Access to Spectroscopy (ARAS)72. The data 
consist of a combination of low-resolution (R ≈ 1,000), medium-res-
olution and high-resolution (up to R ≈ 20,000) spectra obtained by 
citizen scientists.

On 2021 March 23.13 and 28.12 UT (days 5 and 10 since t0), we 
obtained observations of nova V1405 Cas using the Visible and Near-
Infrared Imaging Spectrograph mounted on the 1.0-m telescope of the 
Aerospace Corporation. A description of the telescope is given in ref. 
73. The raw spectra were compensated for atmospheric absorption and 
converted to absolute flux using observations of the G-type standard 
stars Hip 63333 and Hip 2087.

We make use of publicly available data reported to the American 
Association of Variable Stars (AAVSO)74 to create the optical light curves 
for both novae. The data consist of blue (B), visible (V), red (R), and 
infrared (I) photometry and visual (Vis.) estimates.

Fermi-LAT γ-ray observations and analysis
We downloaded the Fermi Pass 8 γ-ray data (P8R3_V3) of V1674 Her and 
V1405 Cas from the LAT Data Server. The obtained data cover an energy 
range from 100 MeV to 300 GeV within circular regions of radius 10° 
centred on the targets. The standard analysis software, Fermitools (ver-
sion 2.2.0), was used for the LAT data reduction and analysis. Only type 
3 data (front and back conversion types) in the event class 128 (standard 
source class) were used. As Earth’s limb is a bright source of γ-rays that 
influences the LAT observations, events with apparent zenith angle 
larger than 90° are removed. We also excluded the time periods with 
bad data quality flags to obtain good time intervals.

Daily γ-ray light curves of the novae were extracted using the 
binned likelihood method. Note that MJD 59339 had a problem, so no 
data were available on this day. To solve this, we fixed the isotropic back-
ground emission and extended the analysis day from 1 day to 1.1 days. In 
the analysis, emission model files were built for the fields based on the 
spatial and spectral information of the 4FGL-DR3 catalogued sources 
located within 20° from the targets75. The γ-ray spectra of both novae 
were assumed to follow a simple power-law model for simplicity. Except 
for the normalization factors of the novae, all the spectral parameters 
in the model file including the Galactic diffuse and isotropic emission 
(that is, gll_iem_v07 and iso_P8R3_SOURCE_V3_v1) were fixed to the 
4FGL-DR3 best-fit values to avoid overfitting due to the low-count sta-
tistics. For V1674 Her, the implied (best-fit) photon index is −2.3 and the 
emission was active on 2021 June 12 and 13 (during the first day since t0 
(ref. 76)). To estimate the photon index of V1405 Cas, we first extracted 
a preliminary γ-ray light curve with a fixed photon index. We defined 
the γ-ray active phase by the first and last dates with TS ≿4 over a 24-h 
period (where TS is the likelihood ratio test statistic) in the light curve. 
This interval of data was then reanalysed using the likelihood method to 
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obtain the best-fit photon index, which is −2.74 ± 0.23 in the period from 
2021 May 21 to June 2 (days 64–76 after eruption). Binned likelihood 
fitting was then performed daily for both novae from 2021 March 18 to 
June 9. For those daily bins with significant detections (that is, TS ≿4, 
over a 24-h period), the inferred photon fluxes with 1 − σ uncertainties 
are presented (where σ represents the standard deviation). Otherwise, 
95% upper limits are reported.

Swift XRT and UVOT observations
The Neil Gehrels Swift Observatory (Swift) observations of V1405 Cas 
began on 2021 March 24, 5.6 days after the discovery, with exposures 
initially obtained every 3 days, with the cadence subsequently dropping 
to weekly and then fortnightly until the end of 2021 June. The data have 
been downloaded from the UK Swift Science Data Centre.

The Swift X-ray Telescope (XRT) data were processed with the 
standard HEASOFT analysis software, together with the correspond-
ing calibration files. Given the brightness of the ultraviolet/optical 
emission, only grade 0 (single-pixel X-ray events) were considered 
in this work to minimize contamination from optical loading77. Upon 
this more detailed examination, the XRT detection reported in ref. 78 
(using grade 0–12 multipixel events) was determined to be spurious. 
During the first 3 months following the eruption, the vast majority of 
the Swift datasets did not show significant X-ray detections, and so 
3σ upper limits are reported in Supplementary Fig. 15. However, the 
observations on 2021 May 31 and June 15 (days 74 and 89 since t0) did 
reveal an X-ray source at the location of the nova. Detailed checks show 
that the spectrum of this source is inconsistent with optical loading: 
the combined emission from the two detections can be approximated 
with a single-temperature optically thin thermal plasma of kT > 2.6 keV 
(where k is the Boltzmann constant and T is the temperature in Kel-
vin, so their product kT represents the thermal energy per particle), 
assuming an absorbing column NH = 3.8 × 1021 cm−2 (ref. 78), providing 
an observed (unabsorbed) flux estimate of 1.2 (1.5) × 10−12 erg cm−2 s−1 
over 0.3–10 keV. Because ‘false’ X-rays from optical loading would 
appear much softer, the X-ray detections on these 2 days are there-
fore considered to be real. Subsequent observations from 2021 June 
30 to July 30 (days 104–134) did not show significant X-ray emission; 
however, the upper limits on the count rates are consistent with the 
two detections.

The Swift UltraViolet and Optical Telescope (UVOT) obtained 
photometry in three ultraviolet filters: uvw2, uvm2 and uvw1 centred 
around 190, 220 and 260 nm, respectively. Due to the brightness of 
the source, the calibration of the readout streak79 was used with the 
UVOTPY80 software.

Data availability
The data used in this article are available via figshare at https://doi. 
org/10.6084/m9.figshare.30330472 (ref. 81).
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