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1. Introduction

Classical novae are cataclysmic variable systems, composed of a white dwarf that is accret-
ing material from a secondary star [100], [24], [18]. The eruptions of novae, marked by the rapid
increase in optical luminosity, are the result of a ThermoNuclear Runaway (TNR) occurring on
the surface of the white dwarf [24], [18], [144]. The systematic investigation of classical novae
is relatively recent, dating back to the end of Nineteenth Century [50]. A large part of historical
observations is in the optical domain, that presently can rely on high cadence photometric and spec-
troscopic observations. Novae are suitable objects also for multifrequency investigation with large
ground based and satellite based instruments, since they emit over the whole electromagnetic spec-
trum: a multifrequency picture of the nova process can be built combining the optical observations
with high energy and radio ones [54]. Novae are of general interest since they are a suitable arena
to study the accretion processes and can also be used as standard candles. A general introduction
to the topics related to cataclysmic variables and novae can be found in [54].

In this paper, I review some aspects of the phenomenology of Galactic and extragalactic novae
in the context of multifrequency observations. Firstly, the basic data about Galactic and extragalac-
tic novae will be presented to provide a starting point for discussion. Then the optical photometric
and spectroscopic observations, the pillars of nova classification, will be presented. The obser-
vations in the different regions of the electromagnetic spectrum are discussed in the following
sections. The possible gravitational emission of novae is discussed in the last section.

2. Novae: the basic facts

Novae are usually classified into classical novae and recurrent novae, according to the number
of observed eruptions, one or more. The predicted recurrence times range from tens to hundred
years for recurrent novae and is above tens thousand years for classical novae. The interval between
outbursts is mostly determined by the mass of the white dwarf and by the accretion rate [165].
Recurrent novae have an high rate of mass transfer that explains the short interval between outbursts
[94]. Recurrent novae are possible progenitors for type Ia supernovae [146], [134].

The typical signature of a nova is the rapid rise to the maximum optical brightness, followed
by a decline. Novae are classified using observations in the optical domain (see next sections), that
suggest two distinct spectral classes, the Fe II novae and the He/N novae, according to the most
intense lines besides the Balmer ones [159], [160], [161]. He/N novae show high ejection velocities
and fast declines. On the other hand, Fe II novae exhibit low to high ejection velocities and either
fast or slow declines. As discussed in Sec. 4, all novae go through both He/N and Fe II phases, but
with different durations, according to [164].

The early decline observed in the optical domain is accompanied by a rise of the ultraviolet
component. The presence of a dip produced by dust formation causes an increase of the infrared
emission. During the later stages, radio and X-ray emission appear, with the former lasting for
longer times. A model addressing multifrequency evolution has been proposed by [56], [73]. Most
of the envelope is expelled by winds. After achieving the maximum expansion, the photosphere
begins to shrink, with ejecta still undergoing expansion. Ejecta that are optically thin emit free-free
radiation, while the photosphere is dominated by blackbody-like emission.
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Galactic novae have been cataloged by [48], [47], [115], [116]; a live catalog of the most
recent novae is maintained by [88]. To date, more than four hundreds Galactic novae are known.

The rate of Galactic novae is a key parameter for the understanding of the nova events and
for the chemical evolution of the Galaxy, since novae can contribute with 7Li, 15N, 22Na, 26Al.
An investigation of the galactic nova rate has been presented by [135]. Novae are preferentially
concentrated close to the Galactic plane, in particular close to the Galactic center, with a bias for
observation of brighter novae in the Northern hemisphere. The estimated galactic nova rate is 50+31

−23
yr−1. For comparison, other estimations of the rate are reported in Table 1.

Authors Rate (yr−1)
Allen 1954 [7] 100
Sharov 1972 [140] 260
Liller and Mayer 1987 [75] 73±24
Della Valle 1988 [37] 15±5
Ciardullo et al. 1990 [28] 11 to 46
van den Bergh 1991 [154] 16
Della Valle and Livio 1994 [43] 20
Hatano et al. 1997 [58] 41±20
Shafter 1997 [127] 35±11
Shafter 2002 [128] 36±13
Matteucci et al. 2003 [79] 25
Mroz 2015 et al. [85] 13.8±2.6
Shafter 2017 [135] 50+31

−23

Table 1: Compilation of estimated galactic nova rates reported in literature

The distribution of orbital periods built using the data by [115], [116] is reported in Fig. 1,
where novae with evolved secondary stars and periods exceeding 10 hours have been excluded. The
orbital period has been measured only for a small fraction of the observed novae. The distribution
shows a dominance of systems above the period gap of cataclysmic variables, with a peak in the
region between 3 and 4 hours, as discussed by [149]. Novae are mostly systems with a high mass
accretion rate onto the white dwarf [149].

The relatively high luminosity of novae makes them observable in close galaxies, such as M31,
M33, LMC, avoiding the problem of variable interstellar extinction in the Milky Way. A review
of extragalactic novae has been presented by [133]. One subject of investigation of extragalactic
novae is the connection with the stellar populations in their galaxies and its impact on the rate and
evolution. The rate of novae in galaxies spanning different types has been tackled by [166] using
population synthesis techniques. A parameter governing the nova rate in a galaxy is the evolution
of its star formation rate (SFR). The nova rate is usually re-scaled to unit mass using the K-band
luminosity for comparison. The re-scaled rate is higher for less massive galaxies and lower for
elliptical galaxies, where star formation is concentrated in an initial burst. An investigation of
theoretical nova rates in galaxies belonging to different Hubble types has been performed by [79].
Other possible differences in nova properties are related to the site of nova event, in disk or in bulge:
bulge novae belong to an older stellar population that is related to less massive white dwarfs.

The main contributions to the statistics of extragalactic novae is given by the close galaxies
M31, M33, LMC, that will be discussed in the following. The catalogs of extragalactic novae
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Figure 1: Distribution of the orbital periods of Galactic novae, data from [116]

[101], updated at June 2017, contain 1071 novae in M31 1, 50 in M33 2, 50 in LMC 3.
The nova rate in M31 has been investigated for a long time, beginning with the first pho-

tographic surveys. A compilation of rates is presented in Table 2. Due to saturation of plates,
the photographic surveys [66], [12], [118], [119], [120] were missing novae occurring close to
the galaxy nucleus [22]. Novae can in fact appear in any part of M31 [27], most of them being
concentrated in the halo and in the bulge [22].

Authors Rate (yr−1)
Hubble 1929 [66] 30
Arp 1956 [12] 26
Capaccioli et al. 1989 [22] 29±4
Shafter and Irby 2001 [136] 37+12

−8
Darnley et al. 2006 [34] 65+16

−15

Table 2: Compilation of estimated nova rates in M31 reported in literature

The rate of novae in M33 is predicted to be larger than in M31, since M33 is an early galaxy
[39]. The estimated rate ranges from less than 0.4 yr−1 [141] to 4.7±1.5 yr−1 [39], including the
recent estimated value 2.5+1.0

−0.7 yr−1 [163].
The rate in LMC is of the order of a few novae per year: 2 to 3 novae per year [55], 2±1 yr−1

[23], 2.5±0.5 yr−1 [41], 2.4±0.8 yr−1 [86]. The K-band luminosity specific nova rate is higher
than in other galaxies, probably due the peculiar star formation history that showed a second burst.

3. Photometric evolution

The light curve of novae during the decline are not always smooth, but peculiar features such
oscillations, dips, cusps, flares can appear. The photometric behavior of novae has been system-

1http://www.mpe.mpg.de/∼m31novae/opt/m31/index.php
2http://www.mpe.mpg.de/∼m31novae/opt/m33/index.php
3http://www.mpe.mpg.de/∼m31novae/opt/lmc/index.php
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atized by [145], who built a catalog of 93 light curves and devised a classification system. There
are seven prototype classes, marked by the features exhibited during the decline: the F-class novae
with flat top (2% of all novae); the C-class novae have a cusp (1%); the J-class novae show jitters
(16%); the P-class novae show a plateau (21%); the O-class novae show oscillations (4%); the
S-class systems show a featureless decline (38%); the D-class novae show dips (18%). A smooth
decline can be expected only for less than one half of novae. A synoptic view of the decline curves,
modeled after [145], is reported in Fig. 2. Also extragalactic novae can show the non standard
photometric and/or spectroscopic behaviors sometimes observed in Galactic novae.
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Figure 2: The classification of the novae light curves, after [145]; data from [145]

The model by [56], [73] predicts a universal decline law for novae that do not show peculiar
features (cups, dips, oscillations..), for a range of compositions and masses of the white dwarf, after
rescaling by a suitable time factor. The universal light curve behaves as t−1.75 in the time range
corresponding to the drop from to 2 to 6 magnitudes below the optical maximum and as t−3.5 in
the time region corresponding to the drop from 6 to 10 magnitudes below maximum, where t is the
time elapsed from the outburst in days.

Luminous novae are often discovered and monitored by citizen astronomers. Photometric data
for most novae are available in the archives of AAVSO 4 and VSNET 5. The last decade has wit-
nessed the operation of all-sky surveys aimed to monitor the variability of known and new sources
with high temporal cadence. The surveys discover and monitor a large number of transient sources,
whose variability can be searched in archival data. The high cadence of observations has allowed
to investigate the orbital period of novae and to monitor the often missed pre-maximum stage. The
ground based Optical Gravitational Lensing Experiment (OGLE) has monitored several novae in
the Galaxy [85]. The survey of Galactic novae by Mroz et al. [85] has observed the eruptions of 39
novae (one third of them discovered by the survey), detected 80 post-nova candidate systems and
estimated the orbital periods of 18 novae. The space based Solar Mass Ejection Imager (SMEI)
instrument performs photometric observations with a cadence of about 100 minutes. The instru-

4https://www.aavso.org/
5http://ooruri.kusastro.kyoto-u.ac.jp/mailman/listinfo/
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ment has measured the light curves of 13 galactic novae [64], [65] and has investigated the poorly
known pre-maximum stage for some of them. Some novae observed by SMEI were discovered
by ground based observatories several weeks after the maximum, indicating a possible missing of
novae eruptions, even for bright novae, as discussed by [135].

While the maximum and the decline stages of novae are well covered, the pre-eruption and
the long term behaviour of novae are still poorly understood: photometric and spectroscopic ob-
servations are at best sporadic before the maximum and decrease in cadence when novae enter the
nebular stage. The long term evolution of novae has been discussed by [99]. The first investigation
about the pre-eruption photometry of novae has been performed by [117]. Among the 11 stud-
ied novae, five of them exhibited a slow brightness rise in the years preceding the outburst; most
systems showed the same quiescent magnitude before and after the eruption event. A recent inves-
tigation by [32] included 22 novae. The pre-eruption brightness increases where less frequent than
expectations, being confirmed only for two systems. Most novae did not exhibit variations of the
quiescent magnitude before and after the eruption. It has been suggested that novae can undergo
hibernation between successive eruptions [137], due to the lack of observations supporting an high
mass transfer rate maintained more than a century after the outburst. Mass loss dominates during
the nova outburst, separating the secondary star from its Roche lobe and switching off the mass
transfer after irradiation. During the hibernation phase, the combination of magnetic braking and
gravitational wave emission decreases the distance of the nova components, finally re-establishing
the contact with the Roche lobe. The model predicts that old novae show a relatively high bright-
ness lasting for decades, due to the irradiation by the white dwarf. When the irradiation fades,
the accretion rate slows down. The hibernation model predicts a cyclic evolution between the two
stages stages with high and low mass transfer. When the mass transfer rate slows down, the nova
enters a stage where dwarf nova outbursts appear, while the total brightness decreases. The hiber-
nation stage can be as long as hundreds thousands or million years. The model predicts that the
majority of novae spend more than 90% of their lives as detached and close binaries. The hiberna-
tion hypothesis is supported by the measurement of the decline rate of old novae [49] and by the
observation of shells around the dwarf novae Z Cam [138], AT Cnc [139]. The presence of shells
demonstrates that some dwarf novae have undergone nova eruptions in the past, and some novae
can become dwarf novae after the thermonuclear outburst, as predicted by the hibernation model
[137]. The observations of nova V1213 Cen performed by [87] during the pre-maximum and the
outburst stages have showed the awakening of the object from the hibernation phase. After the
outburst that occurred in 2009, V1213 Cen showed a slow fading by about one half a magnitude
per year until 2016. The pre-eruption data showed the presence of some dwarf nova outbursts, with
a duration of one to two weeks, a spacing of two or three weeks and an amplitude of about three
magnitudes, as in U Gem systems. The brightness in quiescence is compatible with the brightness
of dwarf novae. The nova eruption of V1213 Cen occurred less than a week after the onset of a
dwarf nova outburst.

The study of novae in quiescence, necessary to understand the conditions that produce the
outburst and the possible variations after the eruption, has received a great deal of attention. The
systems marked as old novae in the catalogs of cataclysmic variables [47] do not necessarily have an
identified optical counterpart with spectra. A large effort mining in the archive of astronomical pho-
tographic plates for novae and transient or flaring events in general, is ongoing. The plate archives
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of world observatories contain records of astronomical data that can extend for more than one cen-
tury, but not all plates have been digitized so far. A search for old novae and flaring cataclysmic
variables, blazars and X-ray binaries in the plates of several observatories is being performed by
[67]. A search in the plates of DASCH has been presented by [98]. The observational search for
old novae is based on multicolour photometry and spectroscopy [148], [98]. Old novae are se-
lected by their position in the color-color diagram, since the combined effect of the white dwarf,
red dwarf and accretion disk shifts it away from the main sequence curve [148]. The spectroscopic
observations are used for the classification of the object as a nova or a generic cataclysmic variable.

Before the beginning of recent surveys, sparse coverage existed for extragalactic novae. The
Magellanic survey [86] has monitored 20 eruptions of novae in LMC and SMC, one half of them
original discoveries. The Palomar Transient Factory (PTF) has monitored 29 novae in M31 [21].
Eight novae of the sample have also been monitored in the near-ultraviolet using the Galaxy Evo-
lution Explorer (GALEX). Two novae, M31 2009-10b and M31 2010-11a, showed UV emission
peaking some days before the optical maximum, possibly due to an aspherical outburst.

4. Spectroscopic evolution

The spectra of novae can be classified into two main classes, Fe II and He/N novae [159], [160].
Fe II novae show a slow to moderately fast decline and Fe II lines as the strongest non Balmer lines
in early spectra, replaced by auroral and forbidden lines in the nebular stage. The physical emission
mechanism is wind ejection. Fe II novae account for about 80% of Galactic novae. He/N novae
show a fast decline and broad He or N lines as the strongest non Balmer lines in the early spectra,
replaced by coronal lines in the nebular stage. The physical emission mechanism is shell ejection.
The spectral classes are related to the two distinct nova populations in the Milky Way: fast novae
are closer to the galactic plane than slow novae [38]. He/N and Fe II [159], [160] differ also in the
maximum brightness, the former are not only faster but also more luminous than the latter [45].
He/N are more concentrated around the Galactic plane, while Fe II novae can be as far as 1 kpc
from the plane [45]. A handful of novae are classified in the hybrid class, since their spectra show
an evolution from the Fe II class to He/N class. The early and nebular spectra of V2362 Cyg (Fe
II), V2491 Cyg (He/N) and V458 Vul (hybrid) are reported in Fig. 3.
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Figure 3: Spectra of novae of different spectral classes: the Fe II nova V2362 Cyg [105], the He/N nova
V2491 Cyg (Poggiani, in preparation), the hybrid nova V458 Vul [104]

The recent eruptions of V5558 Sgr [147] and T Pyx (see e.g. [68], [51]) have shown that some
novae could also switch from an He/N spectrum to a Fe II spectrum. The suggested mechanism
is the combination of weak winds and shell ejection. A global framework has been proposed by
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[164]. The physical conditions leading to He/N and Fe II spectra suggest an origin in the white
dwarf ejecta or in a circumbinary gas envelope whose origin is the secondary star. Novae where the
two classes of spectra are observed in sequence can be modeled with a variable contribution of the
two mechanisms during the decline stage. Most novae are expected to show both kinds of spectra
during their early evolution.

The complexity of the nova phenomenon has triggered the spectroscopic investigation of large
samples of novae. The SMARTS Consortium [156], [157] has prepared a spectral atlas of South-
ern novae, continuously updated, as the successor of the Tololo nova atlas [161], [162]. In 2017
the atlas contained the optical/IR photometric and spectroscopic observations of some tens novae,
secured using the ANDICAM dual channel imager and the RC spectrograph at the SMARTS 1.5
m telescope [156]. The atlas has been used for a number of synoptic investigations [157]. Novae
can form dust, that is not necessarily accompanied by a dip in the light curve. The Ks band flux
shows an increase before the onset of the dip, also for novae where dust formation is not marked
by a brightness drop. The combination of the SMARTS monitoring with Swift observation has
shown that He II 4686 in fast He/N novae exhibits a temporary increase just before the starting of
the super-soft phase (see below), fading at the turn-on.

Since 2005 I am monitoring Northern novae at the Cassini 1.5m telescope, using the BFOSC
Imager/Spectrograph [111]. Optical spectra are secured during the decline with the densest possible
sampling. The sample includes more than twenty Galactic novae and some extragalactic novae:
V1663 Aql [102], V1722 Aql, V809 Cep, V962 Cep, V2362 Cyg [105], V2467 Cyg [106], V2468
Cyg, V2491 Cyg, V2659 Cyg, V407 Cyg, V339 Del, KT Eri, V959 Mon, V2615 Oph, V2670
Oph [107], V2944 Oph, V496 Sct, V556 Ser, V5558 Sgr [103], [108], V5584 Sgr [110], [113],
V458 Vul [104], V459 Vul [109], the extragalactic novae M31 2009-10b, M31 2010-07a, M31
2011-07 and M33 2010-07a [112]. Some novae showing a peculiar photometric and spectroscopic
behavior have been investigated. V2362 Cyg showed a secondary brightening during the decline,
corresponding to a secondary mass ejection [105]. V2467 Cyg exhibited oscillations during the
decline, with an early appearance of nebular lines [106]. The very slow nova V5558 Sgr hosts a
white dwarf with a mass at the lower limit to trigger a nova outburst [103], [108]. V458 Vul is an
hybrid nova that switched from the Fe II to the He/N class after the outburst [104]. M31 2009-10b
is one of the most luminous novae observed in M31 [112], while M33 2010-07a is the first nova in
M33 exhibiting a secondary mass ejection [112].

Spectroscopic observations of novae are continuing to produce a wealth of information about
the nova phenomenon. An example is given by the early spectra of nova V1369 Cen [70]. The
presence of lithium in the spectra, combined with the galactic nova rate, can explain the observed
over abundance of lithium in young star populations.

The close galaxies M31, M33, have been the subject of targeted spectroscopic investigations.
The possibility of two nova populations in M31, in bulge and in disk, has been suggested by [34]. A
multi-year spectroscopic investigation of 46 novae in M31 has been performed by [151], doubling
the number of novae with measured spectra [130]. The fraction of novae belonging to the Fe II
and to the He/N class were 82% and 18%, respectively, mirroring the population of Galactic novae.
The spectral class is related to the speed class, as in alactic novae: He/N novae are faster and more
luminous. There is no correlation between the spectral class and the position of the nova event
in M31. A spectroscopic survey including eight novae in M33 has been presented by [131]. Five
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novae out of eight belonged to the He/N class, while two of them to the Fe II class, a remarkable
difference compared to the Galaxy and M31, dominated by Fe II novae. The large fraction of He/N
novae in M33 can be related to its younger stellar population, that leads to more massive white
dwarfs than those found in the Galaxy or M31. The novae in LMC has been investigated by [132],
who secured photometric data for 29 novae and spectroscopic data for 18 objects. The fractions of
novae belonging to the Fe II and He/N class are very close, in contrast to the dominance of Fe II
novae in the Galaxy and in M31, but in broad agreement with the M33 sample. The high fraction
of He/N novae can be explained, as in M33, by the young stellar population that leads to massive
white dwarfs. Another consequence is the high number of recurrent novae, about 10%. The He/N
novae in LMC show a faster decline than novae in the Milky Way and in M31.

Some historical novae have been super-luminous, among them the galactic novae V1500 Cyg
[40] and the extragalactic LMC 1991 [40], [125], SN 2010U in NGC 4214 [33], M31 2007-11d
[129], M31 2009-10b [112]. V1500 Cyg probably is an hybrid nova [129], while the extragalactic
objects all belong to Fe II class, that should be fainter than He/N novae. The simple correspondence
between Fe II novae and older stellar populations with less massive white dwarfs does not neces-
sarily hold; probably the super-luminous novae are systems with cool dwarfs accreting material at
a very slow pace [33].

5. Distances

The distance of novae are a key parameter to estimate their spatial distribution and their phys-
ical parameters. The classical methods use the Maximum Magnitude Rate of Decline (MMRD)
relations [31], [44], [36], [46], [124] or the absolute magnitude achieved 15 days after the maxi-
mum [20], [22], [30], [46], [153].

Novae are among the most luminous transients and are good candidates as standard candles
to measure extragalactic distances [152], [44], although novae in distant galaxies are difficult to
detect with medium size telescopes. The Very Large Telescope (VLT) has been used to search for
novae in NGC 1316, an early type galaxy in the Fornax cluster [42] at about 20 Mpc. The authors
discovered and monitored four novae, estimating the distance of the galaxy with an MMRD relation
and the rate of novae in NGC 1316, suggesting that novae can be used as standard indicators and
offer an advantage compared to Cepheids, since they can appear in all type of galaxies.

A new class of faint and fast novae has opened a discussion about the validity of the MMRD
relations [72]. The authors have performed a photometric and spectroscopic monitoring of novae in
M 31, M 81, M 82, NGC 2403, NGC 891. The target galaxies were observed every night, producing
light curves with high sampling. The parameters of the observed novae were not consistent with the
standard MMRD relations, opening a new region of the luminosity vs. decay time diagram. Fast
Galactic novae are brighter than slow novae and belong to the He/N spectral class. The observed
extragalactic novae belonged to the Fe II spectral class. The nova outburst is governed mainly by
the mass of the white dwarf [77], but the role of composition, temperature and accretion rate must
be included [72]. The faint and fast novae could contain hot and massive white dwarfs [72], as
predicted by [165].

The parallax is a primary distance indicator. The first data release of GAIA has produced new
estimations for the parallax of 16 cataclysmic variables, among them the three old novae V603 Aql,
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RR Pic, HR Del [114]. The GAIA parallaxes of V603 Aql, RR Pic are in broad agreement with
the HST parallax estimation. When compared to the measurements based on the shell expansion
velocity, the GAIA estimations for RR Pic and HR Del are biased towards slightly smaller distances
compared to GAIA. The future releases of GAIA data will provide a large number of parallaxes for
other novae and cataclysmic variables in general.

A different estimation method for the distance of Galactic novae has been presented by [97].
The approach is based on the location of the red clump giants in the infrared color-magnitude dia-
gram and uses a combination of reddening-distance relations and independent reddening estimates.
The method has been calibrated against the distance of novae with shells, with measured expansion
parallax [46]. The authors have estimated the distance of 73 novae and set limits for 46 objects.

6. Recurrent novae

To date, there are 10 known recurrent novae in the Galaxy [122], 4 in LMC [94] and 12 in
M31 [134]. The photometric evolution of all galactic recurrent novae (37 eruption events in total)
has been presented by [122].

An example of the photometric data is shown in Fig. 4 for the historical light curve of T Pyx,
that underwent outbursts in 1890, 1902, 1920, 1944, 1966 and 2011 [123].
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Figure 4: The historical light curve (left) and the 1966 outburst (right) of T Pyx; data from [122]

Recurrent novae are classified into three classes. The systems T Pyx, IM Nor and CI Aql
have an orbital period smaller than one day and secondary stars belonging to main sequence. The
systems U Sco, V394 CrA and V2487 Oph have orbital periods of the order of one day and evolved
secondaries. The systems T CrB, RS Oph, V745 Sco and V3890 Sgr have orbital periods of the
order of years and red giant secondaries. Most recurrent novae show fast decline times and belong
to the He/N spectral class.

The fraction of recurrent novae in M31 is about a few percent [134]. Among them, nova
M31 2008-12a is of special interest, since there are more than ten recorded outbursts, due to the
short observed recurrence time, 351±13 days. The effective period could however be one half of
the observed period, 175±11 days [60]. The white dwarf of M31 2008-12a has a mass close to
the Chandrasekhar limit, making the nova a strong candidate as a supernova Ia progenitor. The
outbursts have triggered multifrequency observations with ground and space based instruments.
The optical, infrared and X-ray monitoring of the 2015 outburst has been reported by [35]: the
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eruptions of 2013-2015 show a similar behavior, suggesting the presence of a red giant donor. The
predicted 2016 and 2017 outbursts have been successfully observed [69], [19].

7. Infrared studies

The infrared region of the spectrum provides a great wealth of information about the physical
processes in novae. The first observations of FH Ser by [53] showed an increase of the flux above
a few µm in correspondence to the fading in the optical light curve, suggesting that the nova had
formed dust. The infrared observation of novae can be split between the near infrared and normal
infrared regions, at about 3 µm.

The observations in the near infrared region, involving the J, H, K bands (about 1 to a few
microns), have been used to devise a classification system [14] in analogy to the system based on
the optical post-outburst spectra discussed above. The Fe II and He/N classes appear as separate
classes also in the near infrared. Carbon lines appear only in Fe II novae, but not in He/N novae,
while hydrogen Paschen and Brackett lines appear in both classes. The richness in carbon lines
could be explained by the different hardness level of the radiation by the central remnant after
the eruption, the higher content of UV photons could reduce the amount of the neutral carbon
producing the above lines [14]. A relevant process in the near infrared is the CO emission, since it
could allow the determination of the yield of 13C and the test of nucleosynthesis models and their
impact on the chemical evolution of Galaxy [14]. The CO fundamental band lies in the region
of the M band, where observations are affected by a strong sky background. The CO emission is
studied in the near infrared via the first overtones, starting at 2.29 µm (K band) [14].

The infrared region above 3 µm [52] is particularly suitable for dust investigations. The com-
position of dust is variegate, including silicates, amorphous carbon, hydrocarbons, SiC [52]. The
formation of dust is often marked by the appearance of a dip in the optical light curve due to the
obscuring effects of dust. The optical fading is accompanied by a strong increase of the infrared
radiation, produced by the heating and the re-emission of the dust particles. An example is given by
the evolution of V705 Cas, a dust forming nova, reported in Fig. 5. The left part of figure presents
the optical curve, with an evident dip explained by the formation of an optically thick carbon dust
shell [78]. The infrared (3.6 and 3.8 µm) light curve shown in the right part achieves the maximum
during the dust obscuration undergone by the optical radiation.

8. Radio studies

The radio emission of novae spans a time interval of years, more extended than that related to
the optical emission, of the order of months [121], [71]. The main mechanism of radio emission is
the thermal bremsstrahlung of the ejecta, that in principle is a tracer of the ejected mass. The radio
emission can be explained by a spherical isothermal shell of ionized gas with a density gradient
behaving as a power law [18]. The ejection can be instantaneous, as in the Hubble flow model, or
continuous, as in the variable wind model [121]. The Hubble flow model predicts a quadratic rise
during the optically thick stage and an inverse cubic fading during the later optically thin stages.
The multifrequency radio curves of V1500 Cyg [63] are reported in Fig. 6.
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Figure 5: The V band light curve (left) and the L band light curve (right) of the dusty nova V705 Cas;
optical data from [145], infrared data from [78]
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Figure 6: The light curves of V1500 Cyg at different frequencies; data from [63]

The E-nova Project 6 at the Very Large Array (VLA) monitors novae over several frequencies
in the region between a few GHz and some hundreds GHz, starting observations within a few days
after the eruption. The radio observations are accompanied by optical and X-ray observations.
V407 Cyg, the first nova detected in gamma rays, is among the novae included in the program [26].

9. X-ray studies

Novae are a natural X-ray emitters, since they contain accreting white dwarfs. The first high
energy observations date back to EXOSAT [91] and ROSAT [74], which showed intensity vari-
ations around nova outbursts and the progressive decrease of the spectrum hardness towards a
super-soft phase. The hard and soft components are related to shocks within the ejected material
and to the nuclear burning on the surface of the white dwarf. The use of high spectral resolution
gratings has allowed the discovery of a large number of emission lines with the observations of
XMM-Newton and Chandra [93], [89]. High resolution X-ray spectroscopy is the main tool to

6https://sites.google.com/site/enovacollab/home
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obtain information about the temperature and the chemical composition of the burning white dwarf
[93]. The advent of Swift has allowed the production of light curves with high cadence, starting
within the first days after the eruption, for several tens novae [96]. The Swift observations include
novae in the Galaxy, M31 and the Magellanic Clouds. The combination of Swift and the spectral
capabilities of XMM-Newton and Chandra is providing information over different aspects of the
nova process.

An example of X-ray investigation of a nova is the study of RS Oph during the outburst that
occurred in 2006 and triggered multifrequency observations. The X-ray observations showed the
evidence of shocks of ejecta [16], [143]. The shock had a bipolar geometry with an equatorial ring,
as shown by the radio interferometric [90] and HST observations [17]. After the outburst, the X-ray
flux in the region of a few keV initially declined, before the onset of a cusp around day 30, that
marked the beginning of the super-soft phase (Fig. 7). The drop in the wind density produces a
shrinking of the photosphere and the decrease of the optical depth, exposing the hotter layers. The
residual burning ended at day 80, when the cusp dropped in intensity.
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Figure 7: The Swift light curve of RS Oph in the 0.3-10 keV band; data from [126]

The spectra before and after the super-soft phase can be modeled with collisional plasmas
[89]. The emission before the onset of the super-soft stage can be explained by shocks, while the
emission after the stage is produced by radiatively cooling thin ejected material [89]. The universal
decline law by [56], [73] predicts the on and off times of the super-soft phase [57].

The sample of novae detected by Swift contains several objects that showed the super-soft
phase [126], allowing a systematic investigation of several processes. The early turn-on and turn-
off of the super-soft phase are related to an high ejection velocity, that is related to a fast decline of
the optical light curve. The relations holds also for novae in M31 [59]. The super-soft phase is often
correlated with the presence of the forbidden [Fe X] line at 6374 in the optical spectra [126]. After
the end of the super-soft phase, the X-ray flux shows a large variability, including modulations
related to the orbital variability or to the rotation period of the white dwarf, and flaring or dimming
events [93].

The high resolution X-ray spectra show a variety of behaviours during the super-soft stage,
since they can be dominated by the continuum and the absorption features of the white dwarf
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or by broad and intense emission lines or by a combination of the previous features [93]. The
previously observed thermal bremsstrahlung continuum started showing broad emission lines with
the improvement in the energy resolution of instrumentation [92]. The main transitions are H-like
or He-like. Absorption spectra can suggest the composition of the white dwarf.

10. Gamma ray studies

Gamma ray emission in novae had been predicted, but it was expected in the MeV region in
association to positron annihilation and nuclear de-excitation in the decays of nitrogen, oxygen and
sodium [29]. A discussion of the corresponding gamma ray emission has been presented by [61].
The first detection of gamma rays from a nova occurred, surprisingly, in the high energy region,
when the Fermi-LAT instrument [13] observed the radiation of the symbiotic nova V407 Cyg in
the region 0.1 to 10 GeV [3].

The unexpected GeV emission was caused by the interaction of material in the nova shell with
the environmental medium of the red giant secondary. V407 Cyg is a symbiotic nova where ejecta
expand inside a dense circumstellar wind, thus particles can be accelerated in a blast wave. After
V407 Cyg, the Fermi-LAT has detected GeV gamma ray emission in the classical novae V959 Mon,
V1324 Sco and V339 Del [4]. The environment around classical novae has a smaller density than
that around symbiotics, thus the acceleration is produced by a bow shock driven by the expelled
material in the ISM or many small shocks produced by the presence of turbulence [4]. V959 Mon,
V1324 Sco and V339 Del all showed a soft spectrum for a interval of a few weeks. The observation
of gamma ray emission in different type of systems suggests that all novae are potential gamma ray
emitters. The physical processes involved depend on general properties of the systems, such as the
mass of the white dwarf or the mass transfer rate. The main mechanisms for gamma ray emission in
novae are the hadronic and the leptonic scenarios [4]. In the hadronic scenario, nova ejecta interact
with nuclei in the environment medium (novae) or with the stellar wind (symbiotics), producing
neutral pions that decay to photons. In the leptonic scenario, gamma rays are produced by the
interaction of accelerated electrons with photons via inverse Compton scattering or with atoms
via bremsstrahlung. The Fermi-LAT instrument has observed GeV emission from two additional
novae, V1369 Cen and V5668 Sgr [25], detecting gamma rays from two days to tens days after the
outburst. The gamma ray emission showed a longer duration, but was fainter, compared to V959
Mon, V1324 Sco and V339 Del [4]. V1369 Cen and V5668 Sgr showed peculiar outbursts in the
optical decline curve during the gamma ray active period. The counting maps of four gamma ray
novae observed by Fermi LAT are reported in Fig. 8.

Excluding the symbiotic nova V407 Cyg, the Fermi-LAT instrument has detected gamma rays
from six novae, out of the 69 novae detected in the optical domain over the same interval. The
discrimination between the hypotheses of gamma ray emission not being a general properties of
novae or the faintness of gamma ray emission has been addressed by [84], who showed that novae
with a magnitude R≤12 and within 8 kpc are potentially detectable by Fermi-LAT [84].

Gamma ray novae offer the possibility to investigate the physical mechanisms related to rela-
tivistic particle acceleration at non relativistic shocks [81]. The high density of ejected material at
the epoch of emission of gamma rays produces radiative shocks, the X-rays following the shock are
absorbed in neutral gas and processed into optical radiation. The fraction of the shock power that
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Figure 8: Count maps of four new gamma-ray novae observed by Fermi-LAT; adapted from
https://fermi.gsfc.nasa.gov/science/eteu/binaries/

is involved in the acceleration of relativistic particles is governed by the relative ratio of gamma
ray and optical luminosity, For two novae, V1324 Sco and V339 Del, the ratio is above the value
estimated from galactic cosmic rays, favouring hadronic models. Emission of X-ray radiation in
the range 10 to 100 keV is predicted to occur in coincidence with GeV emission.

The investigation of the shocks and the relativistic particle acceleration occurred in the nova
outburst [82] can involve possible gamma ray emission in the TeV region. The gas upstream the
shock is shielded by ionization and is neutral. The acceleration region is confined to a a thin
photo-ionized layer ahead the shock. The maximum energy that can be achieved by the above
acceleration mechanism is in the range from 10 GeV to 100 TeV. The highest energy gamma
rays can be detected by using ground based atmospheric Cherenkov detectors, such as MAGIC
or the Cherenkov Telescope Array CTA [5]. The TeV gamma rays could be associated with TeV
neutrinos, that are suitable sources for IceCube. The theoretical modeling of gamma and neutrino
emission in gamma ray novae has been presented by [142].

The ground based atmospheric Cherenkov telescope MAGIC has monitored several novae and
dwarf novae in the energy region above 50 GeV [6]. If the GeV emission is produced by the inverse
Compton scattering of electrons accelerated in a shock, protons in the same environment could also
be accelerated at high energies and contribute to the TeV spectrum. No significant TeV emission
was observed in nova V339 Del after its outburst. The interpretation of MAGIC and Fermi data of
V339 Del showed that the total power related to accelerated protons was smaller than the 15% of
the total power related to accelerated electrons.

11. Gravitational wave emission

The first direct detection of gravitational waves from the binary black hole merger GW150914
[1] has opened a new observational window in astronomy, that now includes other black hole
mergers and the first coalescence of a binary neutron star system [2].

Cataclysmic variable, including novae, are candidate emitters of gravitational wave in the sub-
Hz region, together with massive black hole binaries and stellar mass black holes inspiraling onto
supermassive black holes [83], [158]. The frequency region below one Hz cannot be explored us-
ing ground based interferometers, because of seismic noise, but using laser interferometers based
in space [155]. Space based operation allows to attain much longer arm lengths, of the order of
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millions km, compared to ground based interferometers. The concept of the space based interfer-
ometer LISA has been initially developed by ESA and NASA [76]. A gravitational wave produces a
tidal acceleration on test masses pairs, measured using the modulation of the frequency of the laser.
The initial LISA project proposed a 5 Million km arm length with a system of three spacecrafts
containing the free falling test masses and arranged as an equilateral triangle lagging the Earth
by 20 degrees. After the stopping of the NASA support in 2011, LISA was reshaped as eLISA,
with a different orbit and a shorter arm length [9]. The new LISA project has been approved in
June 2017 and is scheduled for launch after 2030. The three spacecrafts of LISA (mother and two
daughters) will orbit around the Sun in nearly circular orbits, forming an interferometer with one to
two million km arm length. The spacecrafts contain test masses in free fall that are shielded from
external disturbances. The spacecraft is centered on the test mass with a group of thrusters. The
acceleration of the spacecraft relative to the test mass is measured and subtracted.

The LISA interferometer has been preceded by the LISA Pathfinder, the demonstrator of the
future instrument and of the related technologies [10]. The Pathfinder contains a small version of
the final LISA arm, with two test masses (2 kg Au-Pt cubes) at a distance of 0.38 m. The LISA
Pathfinder has been launched in December 2015, successfully demonstrating the feasibility of free-
falling test masses in orbit and showing a noise smaller than a factor 5 than the initial design [11],
close to the specifications of the original LISA design.

Different noises contribute to the sensitivity of space based interferometers. The region below
milliHz is dominated by the acceleration noise, the product of residual forces acting on the test
masses. The region above some tens mHz is dominated by the shot noise of the laser. Space
based interferometers show also a noise produced by a background with astrophysics origin, the
confusion noise of the unresolved population of galactic binaries [62], [15].

Cataclysmic variables emit gravitational waves at twice the orbital frequency and at the corre-
sponding harmonics, as other binary systems. Since orbits become more and more circularized in
time, the contribution of the harmonics is negligible. The gravitational wave strain produced by a
binary system is given by [150]:

h = 8.7×10−21
(

µ

M�

)(
M

M�

) 2
3
(

100pc
r

)(
f

10−3Hz

) 2
3

(11.1)

where M = M1 +M2, µ = M1M2
M1+M2

, M1, M2 are the masses of the primary and secondary star, r
the cataclysmic distance and f the frequency.

The strain h is reported in Fig. 9 for the sample of 156 cataclysmic variables investigated
by [80], split into novae (crosses) and non novae cataclysmic variables (empty circles). The solid
curve is the sensitivity of the LISA interferometer [8]. The dashed curve is the contribution of the
confusion noise 7, the astrophysical background produced by unresolved binary systems [62], [15].
The instrumental noise and the confusion noise have been estimated for 1 year of integration time
and unit signal to noise ratio.

Novae are not the easily detectable sources, compared to other cataclysmic variables, because
of their long orbital periods.

7http://www.srl.caltech.edu/ shane/sensitivity/
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Figure 9: Gravitational wave emission of novae (crosses) and of non novae cataclysmic variables (empty
circles), data from [80]; the solid curve is the instrumental sensitivity of the LISA interferometer, while the
dashed line is the binary confusion noise, where both noise curves have been estimated assuming 1 year of
integration time and unit signal to noise ratio [8]

12. Conclusions

Classical and recurrent novae are multifrequency laboratories that allow the exploration of a
rich variety of processes involved in their eruption. The historical photometric and spectroscopic
observations in the optical domain are now performed with high temporal cadence. The evolution
of X-ray and gamma ray instrumentation has allowed the investigation of new phenomena, such as
the rich patterns of X-ray spectra and the unexpected GeV emission. The high luminosity of novae
makes them potential standard candles, since they can be observed up to a distance of tens Mpc.
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