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A nova outburst powered by shocks
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Classical novae are runaway thermonuclear burning events
on the surfaces of accreting white dwarfs in close binary star
systems, sometimes appearing as new naked-eye sources
in the night sky'. The standard model of novae predicts that
their optical luminosity derives from energy released near the
hot white dwarf, which is reprocessed through the ejected
material>>. Recent studies using the Fermi Large Area
Telescope have shown that many classical novae are accom-
panied by gigaelectronvolt y-ray emission’. This emission
likely originates from strong shocks, providing new insights
into the properties of nova outflows and allowing them to be
used as laboratories for the study of the unknown efficiency
of particle acceleration in shocks. Here, we report y-ray and
optical observations of the Milky Way nova ASASSN-16ma,
which is among the brightest novae ever detected in y-rays.
The y-ray and optical light curves show a remarkable corre-
lation, implying that the majority of the optical light comes
from reprocessed emission from shocks rather than the white
dwarfs, The ratio of y-ray to optical flux in ASASSN-16ma
directly constrains the acceleration efficiency of non-thermal
particles to be around 0.005, favouring hadronic models for
the y-ray emission®. The need to accelerate particles up to
energies exceeding 100 gigaelectronvolts provides compel-
ling evidence for magnetic field amplification in the shocks.
ASASSN-16ma (also known as PNV J18205200—2822100, Nova
Sgr 2016d or V5856 Sgr) is an optical transient source in the con-
stellation Sagittarius that was discovered by the All Sky Automated
Survey for SuperNovae (ASAS-SN; ref. °) on 2016 October 25.02
universal time''—a corresponding modified Julian day (MJD) of
57686.02—and identified as a normal classical nova with optical
spectroscopy'>"”. The optical light curve of the nova after its discov-
ery showed three distinct phases (Fig. 1). In phase I, the apparent
magnitude of the nova, m,, rose to around 8 mag over two weeks. It
then showed a rapid brightening by a factor of around ten over just
two days (phase II), reaching a naked-eye peak visual magnitude
of 5.4 (MJD 57700). This was followed by a relatively stable decline
lasting several weeks (phase III; see Fig. 1 and Methods).
Immediately following the optical peak, our Fermi target-of-
opportunity observation detected strong y-ray emission from the

nova with a very high photon flux of F,,,~10~°photons cm™ s~
(Methods). The y-ray emission faded rapidly over the next nine
days, with only marginal y-ray detections in the following week.
This was among the fastest-evolving y-ray light curves seen to date
from a nova. The optical and y-ray light curves were tightly cor-
related, declining at the same rate and showing a simultaneous dip
in the emission around MJD 57705 (Fig. 1). The ratio of the y-ray
to optical luminosity (~0.002) remained constant while the y-rays
were detectable (Fig. 1 and Supplementary Information).

The clear correlation between the y-ray and optical light in
ASASSN-16ma led us to reconsider the standard model for nova
optical emission’”. Traditionally, the optical emission from novae
is attributed to the outwards diffusion of energy released by nuclear
burning on the central white dwarf, resulting in emission close to
the Eddington luminosity (the critical luminosity at which the out-
wards radiation force balances inward gravity). The initial rise of
the optical light curve is the result of a photosphere expanding at an
approximately constant temperature, as much of the released energy
goes into expanding the shell. At later times, the observed bolo-
metric luminosity remains approximately constant, with a balance
between the receding photosphere and an increasing temperature as
the ejecta become optically thin.

However, this standard picture provides no obvious explanation
for why the optical emission should track the evolution of the y-ray
emitting shocks, as observed in ASASSN-16ma. Furthermore, we
estimate that ASASSN-16ma reached a maximum bolometric lumi-
nosity of Ly~ 10 (d/4.2kpc)” ergss™ (Methods), where d is the
distance of the nova from the Earth, which exceeds the Eddington
luminosity by roughly one order of magnitude. Super-Eddington
luminosities have also been observed for other novae with well-
constrained distances (for example, Nova LMC 1988 #1; ref. ') and
are a long-standing mystery in the field of nova research.

We instead propose that a large fraction of the optical emis-
sion in ASASSN-16ma originates from the same strong shocks
responsible for the y-ray emission’, providing a natural explana-
tion for the synchronized y-ray and optical behaviour. This pic-
ture capitalizes on the widespread observation that novae undergo
abrupt transitions from slower to faster moving outflows'>'. In
ASASSN-16ma, the structure of the Ha emission line indicates
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Fig. 1] Optical and y-ray light curves track each other. a, y-ray (black and grey crosses and red arrows) and bolometric (blue and black circles) light
curves of ASASSN-16ma in flux units of ergs cm=2 s, using observations from Fermi-LAT, ASAS-SN and AAVSO. For the Fermi-LAT light curve, most of the
data points are daily binned, while some are combined from several daily bins with low detection significance (that is, <26). Black and grey colours (with 16
error bars) represent detection significances larger than ~3¢ (that is, TS>10) and between ~2-3¢ (that is, 10> TS > 4), respectively, while 95% upper limits
are indicated by red arrows for bins with a detection significance below ~2¢ (that is, TS <4). Inset: y-ray-to-optical-flux (luminosity) ratio of ASASSN-
16ma, which remained F,/F,,~0.002 over the entire y-ray active period. Error bars show 1o significance. b, V-band light curves of the same optical datasets
used in a, but on a magnitude (logarithmic) scale that clearly shows the three different phases of the optical light curve. Inset: close up of the emission dip
at MJD 57705 for y-rays and optical light, which directly shows the co-variance of the y-ray and optical emission on timescales as short as 0.5 days.

an acceleration of the nova outflow from <1,100kms™ in phase
I (day 2) to 2,200km s~ in phase III (day 18-25) (Supplementary
Fig. 2). Shortly after the transition, the faster ejecta rapidly expands
and collides with the previous slow ejecta. This drives a shock out-
wards, accelerating particles to relativistic speeds and powering the
y-ray emission®.

Although we observed the shocks directly by their y-ray out-
put, most of the total shock power (L, ~ 10%°M,v3ergss™", where
M;=10"*MyMweek ' and v,=2,000 v,kms™ are the mass-loss
rate and the velocity of the fast ejecta, respectively; Supplementary
Information) was radiated as thermal X-rays of temperature
kT~10keV. However, these X-rays were strongly attenuated by
the dense slow ejecta ahead of the shocks and ultimately escaped
as ultraviolet or optical light. This reprocessed emission can domi-
nate the observed optical luminosity of L, ~10"** ergss™ in
phases II and III (ref. °) and is consistent with the X-ray upper limit
derived from Swift telescope data around the optical maximum
(Methods and Supplementary Information). It is also consistent
with the observed constant ratio of the y-ray and optical luminosi-
ties (Fig. 1), assuming the efficiency of relativistic particle accelera-
tion also remains constant in time. In our model, the duration of
the optical rise in phase II is the time required for this reprocessed
radiation to diffuse through the dense, optically thick, slow outflow.
The y-rays are temporarily attenuated by inelastic electron scatter-
ing in the same outflow before their detection at the end of phase II
(Supplementary Information).

Key details of the microphysics of the non-thermal emission
can be inferred from the y-ray spectral energy distribution of
ASASSN-16ma. Based on a detailed model for the y-ray emis-
sion from radiative shocks'” (see Supplementary Information for
details), we fit the spectral energy distribution in the 100 MeV to
300 GeV energy range to two competing scenarios—the hadronic
and leptonic models®**. In the hadronic model, accelerated ions
strike other ions, producing pions that decay into y-rays. In the lep-
tonic model, the accelerated electrons emit y-rays via bremsstrah-
lung and inverse Compton processes.

Both models give qualitatively reasonable fits (see Fig. 2 and
Supplementary Information; for reference only, )(yz =3.04/6 and
3.86/6 for the leptonic and hadronic models, respectively). However,
consideration of the derived model parameters lends support to the
hadronic model. A high shock magnetization (thatis, €;> 10~*, where
the magnetic field B=1, ./6neyp and p is the upstream density) is
required to accelerate particles to energies 210-100 GeV sufficient to
explain the highest energy y-rays, providing strong evidence for mag-
netic field amplification at the shock (Supplementary Information).
This high magnetization is, however, incompatible with leptonic
models, which require €; $107° to avoid strong synchrotron cool-
ing losses behind the shock (Supplementary Information). Hadronic
models are insensitive to the magnetic field because proton syn-
chrotron cooling is negligible. The hadronic model also naturally
predicts a low-energy spectral turnover near the pion rest energy
of ~140 MeV, as observed in ASASSN-16ma. However, reproducing
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Fig. 2 | y-ray spectral energy distribution of ASASSN-16ma in two different models. The hadronic model is favoured over the leptonic model based on
how the parameters of the model fit to the Fermi y-ray spectrum. a, Leptonic model: electrons are injected at the shock with the spectrum dN,/d Iny e y~¢,
where g=2 (equal energy per logarithmic y interval). b, Hadronic model: proton injection spectrum dN,/d In (y5) « (y8)%, where g=2.7. The shock speed
and the total shock luminosity are assumed to be 2,000 km s™" and the average optical luminosity, respectively. The radiative processes forming each
spectrum are labelled. While both models can describe the data within the statistical errors, the hadronic model is favoured because the leptonic model
requires an implausibly high electron acceleration efficiency and cannot produce the >10 GeV y-ray emission in a self-consistent way (see the main text
for details). The reported errors are 1o uncertainties and the upper limits are at a 95% confidence level.

this same spectral shape in leptonic models requires a lower opti-
cal seed radiation field for inverse Compton emission than would
be present if the shocks were embedded behind a large column of
gas, as our light curve models require for independent reasons.
Finally, the inferred proton acceleration efficiency in the hadronic
model of €,~5X 10~* is compatible with the theoretical upper limit
from hybrid kinetic shock simulations' (€, <0.2; see Supplementary
Information for further explanation). In contrast, in leptonic models,
a large non-thermal electron acceleration efficiency of €,~2.5x107*
is required, in tension with the value €.~ 10~* derived by modelling
supernova remnant emission” and simulations of particle accelera-
tion in shocks. Taken as a whole, the hadronic model is favoured
over the leptonic one.

We examined the available Fermi Large Area Telescope (Fermi-
LAT) y-ray and optical data of the other five Fermi-detected classi-
cal novae®** to explore further evidence for the correlation between
optical and y-ray luminosity clearly observed in ASASSN-16ma
(V959 Mon 2012 and V407 Lup 2016 were excluded from the analy-
sis because no useful optical data were taken for V959 Mon 2012
when the y-ray counterpart was bright® and V407 Lup 2016 was
just marginally detected with a significance of 4.4¢; ref. *). The two
y-ray classical novae V339 Del and V5855 Sgr exhibited margin-
ally correlated optical and y-ray light curves with a significance of
around 20, suggesting that ASASSN-16ma may not be an orphan
(Supplementary Fig. 6). If the particle acceleration efficiency in
ASASSN-16ma is representative of all y-ray novae, then given the
y-ray-to-optical-luminosity ratios in the other novae®, we can
conclude that a significant fraction of the optical emission in these
other events must also be powered by shocks. In V1369 Cen and
V5668 Sgr, weak evidence may exist to support the claim insofar as
the y-ray emission in both events was detected only during epochs
of bright optical emission (that is, m, <5 mag for V1369 Cen and
<6 mag for V5668 Sgr; ref. 7). In addition, the y-ray emission in
most other novae begins near the first optical peak®, as expected
from shocks developing between the fast and slow flows. Prompt
y-ray observations of future galactic novae will allow the universality
of this model to be tested.

Through y-ray and optical observations of ASASSN-16ma, we
have shown that nova optical emission can be indirectly powered
by shocks below the photosphere, thus verifying a prediction first
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made by refs *°. This discovery challenges the standard model that
most ultraviolet or optical emission in novae is the result of out-
wards diffusion of the radiation from the white dwarf*. In addi-
tion, it provides a solution for the long-standing mystery of why
many novae exceed the Eddington luminosity®: shock-driven
emission, unlike the hydrostatic atmosphere of the white dwarf,
obeys no such luminosity limit (Supplementary Information). Our
results also confirm how the dense nova ejecta serve as an effective
‘calorimeter’ for relativistic particles’: the power and acceleration
efficiency of the shock are measured directly from the ultraviolet
or optical and y-ray luminosities, respectively (Supplementary
Information). Given the conditions at the shock required to explain
the observed luminosities, coupled with the need to accelerate
particles to energies exceeding 100 GeV, we find strong evidence
for magnetic field amplification at the shocks (Supplementary
Information)—a topic of active debate in other astrophysical set-
tings such as supernova remnants®.

Methods

ASAS-SN discovery of ASASSN-16ma. ASASSN-16ma was detected at
my=13.69+0.02 mag by the ASAS-SN on 2016 October 25.02 universal time
using the quadruple 14 cm ‘Cassius’ telescope at the Cerro Tololo Inter-American
Observatory in Chile'’. A rising light curve (Fig. 1) was revealed by the subsequent
observations with m, magnitudes of 11.62 +0.01 mag (day 1), 10.77+0.01 mag
(day 2) and 9.96 +0.01 mag (day 5). No object could be detected at the nova
position in the previous ASAS-SN observations beginning in March 2016, and

the final pre-discovery image taken on 2016 October 20.04 placed a limiting
magnitude of m, > 17.3 mag on the progenitor.

American Association of Variable Star Observers (AAVSO): photometry,
temperature and distance. AAVSO is an astronomical association of observers—
amateur and professional—that provides optical photometric observations of
variable sources. We downloaded the photometric datasets from the AAVSO
International Database, including both visual estimates of magnitudes and those
quantified by CCD photometry. Most of the AAVSO data are visual magnitudes,
which for experienced observers are consistent with standard V magnitudes. Some
epochs have CCD photometry, including multi-band measurements in BV, which
we used to estimate the nova temperature below. The photometry presented here
spans the date range MJD 57687-57719. Unless otherwise mentioned, a galactic
reddening of E(B—V)=0.34 mag (A, =1.06 mag with R, =3.1) was assumed”’.
From the V-band light curve, the optical evolution can be divided into
three major phases, namely phases I, II and III (Fig. 1). In phase I (from about
MJD 57687-57697), the optical emission rose at a mean rate of riry, & — 0.3
mag day', but with two apparent plateaus in the light curve during which the
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optical brightness did not change for two to three days. In phase II (from about
MJD 57698-57700), the nova brightened rapidly by ri1, ~ — 1.3 mag day~! and
the emission reached a maximum of m, =5.4 mag (or my,=4.3 mag corrected
for extinction) on MJD 57700. In phase III, the emission started to decrease

from the peak at a rate of 171, & 0.2 mag day~' until the end of the dataset. The
only clear short-term variability was a Am, = 1 mag dip around MJD 57705.5,
which lasted for one to two days. This dip feature was also present with a similar
profile in the Fermi-LAT MeV/GeV light curve (Fig. 1). We note that the ANS
Collaboration also monitored the nova using a 40 cm robotic telescope and all the
aforementioned optical features also appear in the ANS light curve®.

Colour temperatures (T.) of the nova photosphere over time were estimated
with the night sets of B- and V-band data. While the earliest dataset (MJD 57687,
about 1day after the ASAS-SN discovery) showed a relatively blue colour of
(B—V),=—0.02 mag (extinction corrected; equivalent to a colour temperature
of T.=10,300 K; ref. »°), the subsequent colours levelled off in the range of
(B—V),=0.16-0.27 mag (T.=7,200-8,100 K) with an average (B—V),=0.21 mag
(T.=7,700 K). The latest colour on MJD 57704.5 went redder to (B—V),=0.57 mag
(T,=5,500 K; see Supplementary Table 1). The observed colour near the optical
peak, (B—V )™ =0.24, was close to that typically observed for novae®, showing
that the adopted extinction was reasonable (Supplementary Table 1).

The decay rate in phase III was used to estimate the nova distance through the
maximum magnitude-rate of decline (MMRD) relationship. We used the linear
empirical equation of V-band absolute magnitude at maximum (M) and the time
(in days) needed to decline two magnitudes from the peak (t,), of

M, = (—11.32:£0.44) + (2.55 +0.32)logt,, (1)

from Downes et al.”' to estimate an absolute magnitude of M, =—8.8 +0.5 mag for
t,=10 days, implying a distance of d= 4. 2*} Zkpc, which was roughly consistent
with d= 6.4kpc estimated by Munari et al.”*. We also checked the result with the
non-linear version’',

1.32—logt,

My, = —8.02—1.23arctan|
0.23

8 (2)

which gives a consistent result of M, =—9.2 mag and d=5.1kpc. Despite the

large uncertainties and the uncertain reliability of the MMRD method*, many of
our main results, such as the acceleration efficiency inferred from the y-ray-to-
optical-flux ratio, are not sensitive to the distance. We adopted the linear MMRD
distance of d=4.2kpc as a reference distance in our analysis, but caution that the
uncertainties in the distance do not include systematic uncertainties in the MMRD.
For example, Kasliwal et al.*” found that some novae with ¢, ~ 10 days (the observed
value for ASASSN-16ma) were up to 2 mag fainter than predicted by the MMRD,
which would imply a distance of only 1.7 kpc. At this short distance, the inferred
luminosity could be consistent with the Eddington luminosity, depending on the
mass of the white dwarf. Besides the MMRD technique, we assumed the peak
brightness of ASASSN-16ma to be equal to the Eddington luminosity fora 1 M
white dwarf and M, ~ —8.7, the mean absolute magnitude of the galactic novae at
peak®, which infer distances of d=1.4kpc and 4.1kpc, respectively. The later value
is very close to our reference distance of 4.2kpc.

Variable Star NETwork (VSNET): photometry and temperature. VSNET is a
collaboration whose members share their observational results (mainly in optical)
of variable stars and new transients, including ASASSN-16ma. Supplementary
Table 1 presents the VSNET photometric measurements and the inferred colour
temperatures (using the same approach as for the AAVSO data), which are mostly
consistent with the AAVSO result.

Astronomical Ring for Access to Spectroscopy (ARAS): temperature and Ha
line. Despite its brightness, only limited optical spectroscopy of ASASSN-16ma was
possible owing to its discovery close to the Sun. Spectroscopy was undertaken by
Luckas over eight epochs from 27 October to 18 November 2016 (universal time)
and submitted to the ARAS database for distribution. The observations used an
Alpy 600 spectrograph with a low-resolution grism, mounted on a 36 cm telescope.
The exposure times varied from around 1h (immediately after discovery) to 10 min
(near the optical peak). The observations were reduced in the standard manner, with
wavelength calibration using a neon arc lamp. The resulting spectra had a resolution
of about 11.4 A full width at half maximum (520kms™) in the region of Ha.

After extinction corrections, we fit a blackbody model to the five spectra with
clear photospheric continuum emission (at late times, the spectra were consistent
with only line emission). The inferred temperatures were consistent with those
extracted from the AAVSO and VSNET photometry (Supplementary Table 1). In
addition, we detected the Ha emission line in all eight epochs of spectroscopy, with
the profile changing from an unresolved narrow line with a pair of +1,100kms™!
wings to a P Cygni profile, and finally a broad line with wings extending to
+2,200kms™ (Supplementary Fig. 2).

Pre-nova observations. While a faint near-infrared source detected in 2010 by the
Visible and Infrared Survey Telescope for Astronomy Variables in the Via Lactea
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survey was first proposed to be the progenitor™, it has been shown that this source is
1.6 arcseconds from the nova location and cannot be the true progenitor™. In fact, no
progenitor source has yet been detected to #1,> 22 mag, constrained by the Optical
Gravitational Lensing Experiment deep template image”. Taking the extinction
A;=0.63 mag and the MMRD distance d=4.2kpc into account, the absolute
magnitude of the progenitor is M,,> 8.3 mag, indicating that the binary companion
of the nova system is likely a main-sequence star, probably an M-type dwarf.

Bolometric correction of the optical light curve. For a comprehensive
comparison with the Fermi y-ray data, bolometric corrections® (BC) were
estimated for 16 epochs (that is, MJD 57687.0-57704.5) based on the temperatures
inferred from the AAVSO and VSNET photometry and the ARAS spectra.
Individual corrections were estimated using: (1) the first measurement of BC=—
0.38 mag for epochs before MJD 57687.0; (2) interpolation of the measurements
for epochs between MJD 57687.0 and 57704.5 (that is, BC=—0.11 to —0.19 mag);
or (3) the last measurement of BC=—0.19 mag for the later epochs. Although the
adopted BC values may not be ideal for all epochs (that is, early phase I and late
phase III), the corrections are sufficient for our purposes.

Fermi-LAT. We used Fermi-LAT Pass 8 observations taken from 25 October

2016 (mission elapsed time: 499,046,404 s; the ASAS-SN discovery date) to

28 November 2016 (mission elapsed time: 502,043,986 s) within a circular region of
interest of 20° radius around the nova optical position at «(J2000) = 18 h 20 m
52.12's, 8(J2000) = —28° 22’ 13.52" (ref. ''). For nearly the entire time (that is, from
25 October 2016 to 16 November 2016), Fermi-LAT was operated in a target-of-
opportunity galactic centre-biased survey mode for the nova field. This mode

was serendipitously active from the initial discovery of ASASSN-16ma, as the
target-of-opportunity observations were originally triggered for another nearby
classical nova (V5855 Sgr; observation number: 090603-1-1). Fermi-LAT resumed
observations in its regular survey mode after 16 November 2016. The period of
highest sensitivity observations covered nearly all of phases I and II and the first
eight days of phase III, ending on MJD 57708.

Fermi Science Tools (version v10rOp5; https://fermi.gsfc.nasa.gov/ssc/data/
analysis/software/) software was used to analyse the LAT data (100 MeV-300GeV)
by following the online data analysis threads of the Fermi Science Support Center.
We first constructed an emission model of the event data by considering all
catalogued sources within 30° from the nova (that is, the region of interest plus
an extra 10°) in the LAT 4-Year Point Source Catalog (3FGL; ref. *”) with the
diffuse background components of galactic diffuse emission (gll_iem_v06) and
extragalactic isotropic diffuse emission (iso_P8R2_SOURCE_V6_v06). As the
nearby sources were too faint to significantly affect the result (in fact, ASASSN-
16ma was the dominant source within 5° of the field during the time of interest),
we only allowed the intensities (normalization) of the two closest 3FGL sources
(that is, 3FGL J1816.2-2726 and 3FGL J1823.7-3019; 3° within the nova) to vary
and fixed all the other spectral parameters of the 3FGL sources in the model
file. In addition, we noticed from our trial runs that the best-fit extragalactic
isotropic diffuse emission would drop to 60% of the regular level if it was not fixed.
Therefore, we also fixed its normalization to unity (that is, the default value) to
avoid overestimating the y-ray flux of ASASSN-16ma.

An initial analysis was performed with the task ‘like_lc’ (version 1.72;
developed by R. Corbet), which is a python script for generating LAT light curves
using the unbinned likelihood analysis method. With a simple power-law model fit
to the y-ray spectrum (dN/ dE « E~'7 with a fixed I’ ,=2.1, the best-fit value found
by the binned likelihood analysis described later in this section), we extracted a one
day binned light curve in which significant y-ray emission was detected starting
from 8 November 2016 (MJD 57700, also the date of the optical peak) with a daily
test statistic (TS) =200 (equivalent to a detection significance of JTS ~146) and a
photon flux of F,;,,=(1.04£0.13) X 10~ photons cm™ s™* (100 MeV-300 GeV).
The y-ray flux then decreased with F,,, o (t—1,)=****%** (where ¢,=M]D 57700, the
y-ray onset) and dropped below the Fermi-LAT 3o detection limits (that is, TS < 10)
on 17 November 2016. After this, only weak y-ray signals with around 2o were
occasionally detected. We therefore conclude that the detectable y-ray emission
lasted for 9-15 days in total (Fig. 1 and Supplementary Table 2). In addition to
the overall trend of decreasing y-ray flux, we clearly detected a dip around MJD
57705.5. To check the spectral index of the dip, we tried to free the daily photon
index, but the dip duration was too short for meaningful constraints. However, a
general softening trend over the whole y-ray active phase was marginally observed
(Supplementary Fig. 5). This could support a weakening attenuation of the y-ray
emission as the system evolves (see Supplementary Information).

Besides the likelihood light curve, a 0.5 day binned light curve extracted
by aperture photometry using the task ‘aperture’ (version 1.53; developed by
R. Corbet) and a circular region of 1° radius was examined. Despite the non-
subtracted background, the aperture light curve was mostly consistent with the
likelihood one, with the same dip feature and a similar decline. With a finer
resolution, the aperture light curve confirmed that the y-ray onset started with the
optical peak and also showed that the dip profiles in optical and y-rays were very
similar to each other in structure (Fig. 1).

Using all the Fermi-LAT observations with daily TS > 10, we performed a
stacked spectral analysis using the binned likelihood method. For the same region
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of interest, emission model and energy range, we modelled the data with a simple
power law resulting in TS=635, I',=2.11+0.05 and F,,, ,=(5.9+0.5) x 10~
photons cm™ s™" (errors are statistical only). We found that the fit could be
improved significantly (~3¢ using the likelihood ratio test) by introducing an
exponential cutoff (dN/dE «x E~ exp(—E/E_), where E_ is the cutoff energy), to find
TS=644,5=1.86+0.11, E.=59+2.6 GeV and F,,,=(5.4+0.5) X 10~ photons
cm™2 57! (Supplementary Table 3). We also carried out a time-resolved spectral
analysis before and after the dip, which showed the spectrum getting softer from

I',=2.05+0.06 to 2.22+0.10, confirming the softening trend seen in the unbinned

likelihood light curve. Adding an exponential energy cutoff did not significantly
improve the after-dip spectral fit, in contrast with the before-dip and the overall

fits (Supplementary Table 3). This could have been caused by an unknown intrinsic
spectral change or, more likely, the lower signal-to-noise ratio of the after-dip data.
To produce a spectral energy distribution for detailed modelling, we also manually

split the data into 12 energy bins and ran binned likelihood analyses (Fig. 2; see
Supplementary Information for details of the spectral model).

We refined the position of the y-ray source using the task ‘gtfindsrc’ with
the region of interest decreased from 20° to 10° to save computational time. The
optimized coordinates were «(J2000) = 18 h 20 m 57.87 s, §(J2000) = -28° 21’
40.9” (95% error circle radius: 2.7"). The nova was 1.4’ from this position and
hence well inside the Fermi error circle.

y-ray and optical correlation in ASASSN-16ma. To estimate the significance
of the correlation of ASASSN-16ma, we computed the Pearson correlation
coefficients of the AAVSO V-band light curve with; (1) the Fermi aperture light
curves (r,); and (2) the Fermi-LAT likelihood light curves (r)). Since the y-ray
and optical light curves were sampled differently, the optical data were linearly
interpolated to pair up with the y-ray data. For the Fermi-LAT data with daily
TS> 10, the Pearson coefficients were r,=0.75 (16 degrees of freedom) and
r,=0.86 (7 degrees of freedom), which correspond to two-tailed P values of
3.7x107* (3.60) and 3.1 107* (30), respectively. Note that the above significance
values are very conservative, as the y-ray observations with low detection
significance (TS < 10) and the temporal coincidence of the y-ray and the optical
peaks were not considered.

Peak and dip offsets between the y-rays and optical light curves. Owing to the
continuous monitoring by Fermi, the y-ray peak was well constrained on MJD
57,700.05+0.05 by a 0.1 day binned light curve and the dip minimum was well
constrained on MJD 57705.75 +0.25 by a 0.5 day binned light curve. For the
AAVSO light curve, owing to the relatively low sampling rate, the optical peak
and dip minimum fell within wide ranges of MJD 57699.95-57700.34 (ref. **)

and MJD 57705.50-57705.96, respectively. After subtractions, the offsets (positive
for a y-ray delay) were from —8 to +4h and from —11 to +12h for the peak and
dip, respectively.

Swift X-ray telescope. During the y-ray active phase, the visibility of ASASSN-
16ma was limited for all satellite X-ray observatories due to the Sun angle
constraint. Thus, only one short (2 ks) X-ray observation was taken for ASASSN-
16ma by the Swift X-ray telescope in the Windowed Timing mode on MJD 57701
(9 November 2016; one day after the y-ray onset). As the data were very noisy

below 1keV, only the 1-10keV band was used to search for the X-ray counterpart.

At a 30 threshold, ASASSN-16ma was not detected with a 95% upper limit*

of <4x10 " ergscm= s™! (assuming an absorbed power-law with I'y=2 and
foreground absorption® of Ny =1.33 X 10*' cm™3 absorption corrected). This is
consistent with a 1-10keV upper limit of Ly $10%*ergss~ at the adopted distance.
About five months later, we requested another 2.4 ks Swift X-ray telescope

observation, taken in the Photon Counting mode on 23 March 2017 (MJD 57835).

The nova was still undetected with an upper limit" of <2x 107" ergs cm2 s~
(or 4x10*? ergs s7'; 0.3-10keV).

Data availability. The data that support the findings of this study are available
from the LAT Data Server (https://fermi.gsfc.nasa.gov/ssc/), AAVSO data archive
(https://www.aavso.org/data-download), VSNET official page (http://www.
kusastro.kyoto-u.ac.jp/vsnet/) and ARAS spectral database (http://www.astrosurf.
com/aras/Aras_DataBase/DataBase.htm).
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