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Abstract

During a nova eruption, the white dwarf ejects much of the accreted envelope at velocities often
exceeding 1000 km s−1. A substantial number of novae are observed as transient 1–10 keV X-ray sources,
as shocks form within the ejecta. For many of these systems, X-ray light curves have been obtained with
Swift/XRT while Suzaku and other missions provide deeper observations at a few epochs. We now know
that some novae are capable of particle acceleration, as evidenced by the detection of GeV γ-rays from 6
novae with Fermi/LAT. On the other hand, we also observe thermal emission from unshocked ejecta in
the optical, infrared, and radio wavelengths. Here we present selected highlights from our on-going multi-
wavelength campaigns, focusing on V745 Sco and V959 Mon. We show that not all γ-ray detected novae
are bright in X-rays, indicating that some shocks are efficient at accelerating particles while inefficient at
X-ray emission, and vice versa.
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1. Introduction

A nova eruption is a thermonuclear runaway on a white
dwarf surface that has accreted a sufficient amount of
hydrogen-rich material to achieve critical conditions in
the degenerate layer. Both cataclysmic variables (CVs;
close binaries in which the mass donor is a Roche-lobe
filling late type star on or near the main sequence) and
symbiotic stars (red giant-white dwarf pairs) can exhibit
nova eruptions, although the latter type of novae are
comparatively rare. A nova can eject ∼10−5 M⊙ of ac-
creted envelope at ∼1000 km s−1, with a total kinetic
energy of ∼1044 ergs. In the visible band, we observe
the warm (T∼10,000 K) phase of the ejecta. Of the
various parameters that determine the properties of of a
nova eruption, the white dwarf mass is arguably the most
important, in that the critical pressure needed for a run-
away is reached with a significantly lower accreted mass

when the white dwarf is massive (Yaron et al. 2005).
For example, recurrent novae (those seen in nova erup-
tion multiple times within the history of modern astron-
omy; others are thought to be recurrent on timescales of
thousands of years) are thought to harbor near Chan-
drasekhar mass white dwarfs.

Two types of X-ray emissions are widely observed in
novae. One is the supersoft emission from the white
dwarf surface, which becomes observable once the ejecta
has expanded sufficiently and hence the absorbing col-
umn has become sufficiently low (see, e.g., Schwarz et
al. 2011). The other is an optically-thin emission typ-
ically observed in the 0.5–10 keV range (Mukai et al.
2008). The widespread detection of hard X-rays shows
that strong shocks are common in novae. Shocks against
the interstellar medium are irrelevant, because they re-
quire decades to develop, not days to weeks as observed.
For novae in symbiotic systems, the blast wave immedi-
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Fig. 1. Sample Swift/XRT spectra of V745 Sco. The thin gray points are from the first observation on 2014 Feb 6; the black points are from
an observation taken 2 days later. The change in X-ray flux below ∼3 keV is due to a decreasing column density of the intrinsic absorber.

ately encounters the dense M giant wind, and a strong
external shock forms early, as was the case for RS Oph
(Sokoloski et al. 2006). For novae in CVs, it is thought
that X-rays originates in an internal shock (O’Brien et
al. 1994). This is one of many lines of evidence show-
ing that the envelope ejection in novae is a complicated,
multi-stage process, which is poorly understood at the
present.

It was a surprise when a nova in a symbiotic system,
V407 Cyg, was detected as a GeV γ-ray source with
Fermi/LAT (Abdo et al. 2010). The number of no-
vae detected with the LAT stands at 6 as of 2014 April.
Clearly, shocks in novae are capable of particle acceler-
ation. Here we present short summaries of our ongoing
multi-wavelength campaigns on two such γ-ray novae.

2. V745 Sco

V745 Sco is a symbiotic recurrent nova with previous
known eruptions in 1937 and 1989. We initiated a high
cadence Swift monitoring campaign, immediately follow-
ing the initial report of a new eruption on 2014 Feb 6.
The first observation was obtained less than 4 hours af-
ter the initial discovery, when the source was already
detected as an optically thin, absorbed, thermal source
(Mukai et al. 2014; Figure 1). Initial evolution of the
hard component was primarily due to the rapid decrease
of the absorbing column (Figure 1).

The supersoft component became detectable on 2014
Feb 10, and perhaps also in the observation take on Feb
9 at 22:18 UT (Page et al. 2014a), making it one of
the earliest appearance of the supersoft emission among
all novae. In contrast, the supersoft component did not
emerge in RS Oph, a better-known symbiotic recurrent

nova, until after Day 26 of its 2006 eruption (Osborne et
al. 2011). The quick unveiling of the supersoft emission
implies that the ejecta mass was low and/or the ejection
velocity was high. Overall, the multi-wavelength evo-
lution of V745 Sco is several times faster than that of
RS Oph, which suggests that perhaps the white dwarf in
V745 Sco is even closer to the Chandrasekhar limit than
that in RS Oph.

V745 Sco was also detected at 2 and 3σ, respectively,
with Fermi/LAT on 2014 Feb 6 and 7 (Cheung et al.
2014). Considering the temporal as well as spatial co-
incidence, we include V745 Sco as the 6th γ-ray nova.
Given the estimated distance of 7.8 kpc (Anupama 2013),
this may well be the most distant γ-ray nova to date.
V745 Sco has also been detected in the radio (Rupen
et al. 2014), with the radio emission likely due to syn-
chrotron emission — another symptom of high energy
particle population.

The analysis of the multi-wavelength data is ongoing.
Initial indications are that the temperature of the X-
ray emitting material (≤10 keV; Mukai et al. 2014) is
lower than one would expect from a strong shock for an
ejecta velocity of 4000 km s−1 (Anupama et al. 2014).
The reason for this apparent discrepancy, and its possible
connection to particle acceleration, is being investigated.

3. V959 Mon

V959 Mon (Nova Monocerotis 2012) was initially dis-
covered as a γ-ray transient Fermi J0639+0548 on 2012
June 22, when it was too close to the Sun for optical
observations, so the optical discovery was delayed until
2012 August 9 (Cheung et al. 2012). Optical spectra
are consistent with a nova that peaked near the time of
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Fig. 2. The Suzaku/XIS (FI) spectrum of V959 Mon taken 96 days after the γ-ray discovery, shown with a best-fit (above 2 keV) continuum
model, with prominent lines labeled. The lower panel shows the ratio of data to the continuum model. The strengths of the Ne and Mg
lines indicate an overabundance of these elements, consistent with this being a nova on an O-Ne white dwarf. In addition, their He-like
to H-like ratios suggest that their ionization temperatures are lower than the electron temperature.

the Fermi discovery perhaps near 5th magnitude. Shore
et al. (2013) further estimated a distance of about 3.6
kpc for V959 Mon, based largely on analogy with pre-
vious novae V1974 Cyg and V382 Vel, although others
have advocated a much smaller distance (e.g., ∼1.5 kpc;
Munari et al. 2013).

X-ray and UV monitoring with Swift commenced on
August 19, 10 days after the optical discovery and 58
days after the γ-ray discovery. By the time of the first ob-
servation, V959 Mon already was a strong X-ray source
(Nelson et al. 2012b). The spectrum was initially ab-
sorbed with an NH of ∼ 3 × 1022 cm−2. A steady de-
cline in NH was observed for the subsequent 2 months,
while other changes in the X-ray emission were less sig-
nificant, until the supersoft component emerged on or
around 2012 November 18. A coherent 7.1 hr periodic-
ity was detected in the supersoft emission as well as at
other wavelength, which is presumed to be the orbital
period of V959 Mon (Page et al. 2013). Thus, unlike
V407 Cyg and V745 Sco, V959 Mon is clearly a CV.

The decreasing NH , already noted in several earlier
cases (see, e.g., Mukai & Ishida 2001) is a signature of a
shock between two expanding systems of ejecta. The in-
ner, faster flow catches up with the outer, slower ejecta,
and the shock or shocks at the interface generate the X-
rays. The outer ejecta is sufficiently massive and a large
fraction remains unshocked, through which we observe
the X-rays. The simplest model of NH evolution is a t−2

law, which would be the case if there is an absorbing
shell expanding at a constant velocity that remains en-
tirely unshocked. Applying this model to the NH history
of V959 Mon, with both the time of ejection and the to-

tal mass as free parameters, the best-fit time of ejection
is roughly 30 days after the γ-ray discovery. Although
ejection at the time of Fermi discovery is also consistent
with the data within statistical and systematic errors,
the X-ray emission can only take place after the onset
of the faster ejection plus any time it takes to catch up
with the slower ejecta (O’Brien et al. 1994). It is there-
fore likely that the X-ray emission was low at the time
of peak GeV emission in V959 Mon.

The X-ray flux of V959 Mon was sufficiently high to
allow a Chandra/HETG observation on 2012 September
12 (Ness et al. 2012). We also obtained a Suzaku target-
of-opportunity observation of this nova on 2012 Septem-
ber 25. We show the XIS0+XIS3 spectrum from this
observation in Figure 2. The continuum temperature is
4.8 keV, implying a shock velocity of 2000 km s−2. The
strengths of Ne and Mg lines suggest overabundances of
these elements, which is consistent with the O-Ne type
(i.e., nova occurring on an O-Ne white dwarf) inferred
from optical spectroscopy (Shore et al. 2013). The H-like
to He-like ratios of these lines, however, suggest an ion-
ization temperature lower than 4.8 keV, indicating non
ionization equilibrium condition first noted for V407 Cyg
(Nelson et al. 2012a).

4. LAT Detected Novae in X-rays

As of 2014 April, we know of 58 Galactic novae reported
since the launch of Fermi on 2008 June 111, and 6 have
been detected as GeV transients with the LAT. How-
ever, it is quite likely that the distance is a key fac-

*1 http://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html
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Table 1. LAT detected Novae

Nova Hard X-rays1 Notes
V407 Cyg Moderate, delayed peak Symbiotic
V1324 Sco Non-detection Unusual optical light curve
V959 Mon Strong, delay? 7.1 hr orbital period, hence a CV
V339 Del Weak, delayed Faint progenitor, likely a CV
V1369 Cen Moderate, delayed Unusual optical light curve
V745 Sco Strong Recurrent symbiotic

1 Delays noted in this column are with respect to the epoch of γ-ray emission.

tor in the LAT detections. Although distance estimates
for individual novae are often uncertain, most, if not
all, novae within 4 kpc appear to have been detected
with Fermi/LAT, as are two novae that are more distant
(V1324 Sco, V745 Sco). It is therefore likely that parti-
cle acceleration, and the subsequent γ-ray emission, is a
universal feature of all novae, but with a range of γ-ray
luminosities.

These γ-rays are emitted probably via a leptonic,
rather than hadronic, mechanism (Martin & Dubus
2013), following diffusive shock acceleration. One might
then naively expect a strong correlation between γ-ray
and X-ray emissions in novae, but this turns out not to
be the case (Table 1).

V407 Cyg was detected as a faint X-ray source shortly
after the optical peak, but X-ray emission did not peak
until after the γ-ray emission declined (Nelson et al.
2012a). Despite repeated attempts from shortly after
discovery through 2013 November, V1324 Sco has never
been detected in X-rays (see, e.g., Page et al. 2012).
V959 Mon was a strong source ∼2 month after the γ-ray
discovery. However, we have no X-ray observations dur-
ing the γ-ray phase, and we presented arguments above
that X-ray emission was perhaps delayed. V339 Del was
initially undetected in X-rays, until first weak detection
on 2012 September 19, more than a month after optical
discovery and after the GeV γ-rays have faded (Page &
Beardmore 2013). It remained a weak X-ray source un-
til the unveiling of the supersoft emission. V1369 Cen
was not detected for over 2 months after the discov-
ery on 2013 December 2, then it became a moderately
strong (∼0.3 c/s with Swift XRT) X-ray source after
2014 February 25 (Page et al. 2014b). Only V745 Sco
has definitely been detected as a strong X-ray source
while γ-ray bright.

Thus we conclude that, while both hard X-ray and γ-
ray emissions are ultimately due to shocks in novae, they
often do not appear at the same time. This is consistent
with our knowledge of the particle acceleration in super-
nova remnants. In SN1006, the NE and SW rims exhibit
the featureless, power-law X-ray spectra characteristic of

synchrotron emission, while the X-rays from the rest of
the remnant have the typical spectrum of collisionally
excited, optically thin, thermal emission (Koyama et al.
1995). The bulk of the X-ray emission from Cas A is
thermal, but there are faint filaments at the location of
the forward shock emitting non-thermal synchrotron X-
rays from accelerated electrons (Gotthelf et al. 2001).
We can consider novae as laboratories in which to study
the relative importance of particle acceleration and ther-
mal X-ray emission in shocks.
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