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ABSTRACT

Observations show that the time of onset of dust formation in classical novae depends strongly on their
speed class, with dust typically taking longer to form in slower novae. Using empirical relationships
between speed class, luminosity and ejection velocity, it can be shown that dust formation timescale is
expected to be essentially independent of speed class. However, following a nova outburst the spectrum
of the central hot source evolves, with an increasing proportion of the radiation being emitted short-
ward of the Lyman limit. The rate at which the spectrum evolves also depends on the speed class.
We have therefore refined the simple model by assuming photons at energies higher than the Lyman
limit are absorbed by neutral hydrogen gas internal to the dust formation sites, therefore preventing
these photons reaching the nucleation sites. With this refinement the dust formation timescale is
theoretically dependent on speed class and the results of our theoretical modification agree well with
the observational data. We consider two types of carbon-based dust, graphite and amorphous carbon,
with both types producing similar relationships. Our results can be used to predict when dust will
form in a nova of a given speed class and hence when observations should optimally be taken to detect

the onset of dust formation.
Keywords: novae, cataclysmic variables

1. INTRODUCTION

Classical nova outbursts occur in binary systems where
a white dwarf accretes matter from a less evolved sec-
ondary (either main sequence, sub-giant or red giant; see
Darnley et all 2012 for a discussion). The outburst is
produced when the white dwarf has accreted sufficient
matter for the material at the base of the accreted enve-
lope to have a pressure and temperature high enough for
nuclear fusion to occur. This leads to a thermonuclear
runaway, causing the rapid rise in luminosity and ejec-
tion of accreted material observed during outburst (see
e.g. and references therein).
Dust formation has been observed in Galactic novae
for about 40 years (Geisel et. all[1970; seeBode & Evand
for a review of the early observations), and ob-
servations have recently extended to the potentiall
much larger sample of extragalactic novae
20114d). A nova outburst in a system containing a CO
white dwarf (CO nova) can produce silicates, silicon car-
bide, carbon or hydrocarbons, or indeed a combination
of these (Gehrz et alll1998, [Evans & Gehrz[2012). Only
a small portion (probably < 0.3%; [Gehrz et all[1998) of
a galaxy’s interstellar dust originates in novae, but novae
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may be an important source of some elements and iso-
topes; indeed they are predicted to be the major source of

13C, N and 70 (Starrfield et all[1972, [Jose & Hernang

11998, [Starrfield et. all[2008).

The link between dust formation and speed class
was first suggested by |Gallaghed (1977). [Bode & Evans
(1982) explored the relationship between speed class and
IR development to explain why fast novae seemed less
able to form extensive dust shells. We now know that it
is the generally very fast Neon novae, however, that pro-
duce little or no detected dust. It may be that CO novae
generally produce more dust because they contain lower
mass white dwarfs, hence an outburst involves higher
ejected mass at lower velocities (Gehrz et all[1998). Any
dust formed in the nova environment is subjected to the
strong radiation field that it produces. However some
factors of the environment in nova ejecta are favourable
to dust formation, such as the high densities and heavy
element abundances found therein. The rates of many
reactions which must take place in order for nucleation
sites to form are also higher at the temperatures found
here i .

In novae, dust formation typically occurs between
one and five months post-outburst and observations
show that this timescale depends on the rate the nova
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fades in the optical (the speed class; |(Gehrz et all [1998,
Evans & Rawlings 12008, lShafLsr&t&l]DDilal) with dust
condensation time, t.onq, being longer for slower novae.
Indeed, Figure 11 in [Shafter et all (2011a) shows there
appears to be a strong correlation between t.onq and the
time it takes for the brightness of a nova to decline by
two magnitudes, t5. However this relationship has not
been explained theoretically.

This work therefore aims to better understand the re-
lationship between dust formation timescale and speed
class. During a nova outburst the spectrum of the cen-
tral hot source evolves as the temperature of the pseudo-
photosphere increases (e.g. [1989). At
higher temperatures more radiation is systematically
emitted at higher energies than the Lyman limit and
therefore can be absorbed by neutral hydrogen (see Sec-
tion 22)). Using this hypothesis, the basic theory de-
scribed in Section 2] is modified and the results are
compared to the observational data.

2. EXPLORING THE SPEED CLASS - FORMATION
TIMESCALE CORRELATION

2.1. A simplistic model

energy balance considerations,

|E1ans_&_Ba&dmgd (IZDDE) find the dust formation

timescale, teond, is given by

(1)

teond =

L (Qa)]*
167TV oTcond (Qo) ’

where L is the luminosity of the nova as seen by the
grains (usually assumed to be the bolometric luminosity
- see Section [22)), V,; is ejection velocity, (Qa) is Planck
mean absorptivity, (Qe) is the Planck mean emissivity
and Tiong is the dust condensation temperature. Hence,
from Equation ()

teona o< L2V, (2)

Using the Maximum Magnitude—Rate of Decline
(MMRD) relationship from ), it can be
shown that

2.5log L o< — logtl272
and thus if by ~ 2.5 (Warnei 2008), then
Lty (3)

An empirically determined relationship from [Warneil
) gives

log Voj = 3.57 — 0.5log ta,

where V;; is in kms~! and t, is in units of days. In a
survey of M31 novae, [Shafter et all (20111) find a similar

relationship from line widths. Therefore

‘/eJ Nt205 (4)

Substituting Equations (@) and (@) into Equation (2)
shows fcond is then predicted to be approximately in-
dependent of t5. Taking, for example, the value of
by = 2.55+0.32 from [Downes & Duerbeck (2000) results
in the to dependency of:

toond O £ 0-0120-06,

However, as can be seen in [Shafter et all (20114; their
Figure 11) this is clearly not the case and this basic analy-
sis needs modifying. Our modification of the theory is de-
scribed in Section 2221 If there was no significant MMRD
relationship as discussed by [Kasliwal et all (2011), teond

would be dependent on to and would be given by

tcond ~ to 5

A full quantitative analysis then reveals however that
even if we assume very low luminosities (which are more
conducive to earlier dust formation), dust is predicted to
form far later than is ever observed.

2.2. The Effect of the Evolving Underlying Nova
Spectrum on Dust Formation

As a first step in refining the simplistic model described
above, we assume the grain nucleation sites only see
emission at wavelengths longer than the Lyman limit
(see e.g. [Evans & Rawlingd 1994). Although simple
uniform-chemistry models predict that the ejecta would
be fully ionised before dust formation takes place (e.g.
[Mitchell & Evans [1984), it is well known that the chem-
istry leading to the formation of nucleation sites needs

dense, cool, neutral clumps (see [Evans & Rawlings 2008

and references therein). Indeed, there is strong ob-
servational evidence — in the form of Nat ?ionisation
potential 5.14 eV) and CO emission (e.g.
11996, Rudy et al! 2003, Das et alll2009, [Raj et all2012)
shortly before dust formation — for the presence of cool
hydrogen-neutral clumps which are likely at the outer
edge of the ionised wind; nucleation sites in such clumps
will indeed be exposed only to radiation longward of
the Lyman limit. In our analysis we assume the dust
is formed at the outer extremities of the ejected shell.
The 1n1t1a1 ste is to take the bolometric luminosity
as constant ( ) and defined by the speed
class and then We find the fractlon of this luminosity that
is red-ward of the Lyman limit for any given nova at any
given time. We define the peak absolute magnitude, My,
of a given nova using the MMRD relation

MV = 2.510gf2 —11

(see[Warner 2008, and references therein). Assuming the
bolometric correction BC = 0 at the peak of the visual
light curve (as it seems most novae at maximum have an
effective photospheric temperature of about 8000K - see

), My is then converted to luminosity
to give the bolometric luminosity, Ly, corresponding to
each ts.

The temperature of the pseudo-photosphere is at a
minimum at the time of visual maximum, which is in
turn reached within the first few days of outburst in most
novae. At this time, almost all of the radiation is at
wavelengths longer than the Lyman limit. The fraction
of radiation red-ward of the Lyman limit can be calcu-
lated from the effective temperature, Tog, given by the

following equation from [Bath & Harkness (1989):

Teﬂ _ TO % 10AV/2.5’
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where T} is the pseudo-photospheric temperature at vi-
sual peak (= 8000 K as noted above, [Evans et all [2005)
and AV is the change in magnitude from peak. In or-
der to find Tog as a function of time we produced model
optical light curves for each o value.

To do this, first the outburst amplitude, A, for
each to value was estimated using the 57° line in the
amplitude—log t5 relationship plot in Warner (1995; the
average flux observed from accretion disks with a ran-
dom distribution of inclinations will be equal to that of
57° system). A standard exponential decline was then
assumed. The time after outburst corresponding to each
AV was calculated using

~ InA—In(A-AV)
~ InA—In(4A-2)

We also performed the analysis using a very simple opti-
cal decline of

ta.

av =2
ta
which had very little effect on the final results.

We then calculated how the luminosity red-ward of the
Lyman limit, L, declined over time for each t, value.
Assuming the nova emits as a black body (although this
is a first approximation for our purposes - see
2008), we integrated the black body function to find the
luminosity red-ward of the Lyman limit that is received
by the nucleation sites at a given time, Ly, .

Lyy = 47 R? /

where R is radius of the pseudo-photosphere. Figure [l
shows L, against ¢ for various ¢t values. It can be seen
from the figure that, as expected, L1, drops much faster
for faster novae. For example, potential dust formation
sites in a to = 40 days nova see more central source
luminosity at ¢ = 30 days than potential sites in a to = 25
days nova do at the same epoch, despite the constant
bolometric luminosity being higher for the faster nova.

As part of the revised theoretical exploration, we have
considered different types of grain material, for exam-
ple using data from [Zubko et all (1996). In terms of the
size of nucleation centres we assume that Cg as a nucle-
ation centre acts as a solid sphere, where grain radius,
a ~ 0.26 nm (see|Evans & Rawlings 2008, and references
therein). A Mie theory code was run to generate Qaps
values for a range of grain sizes from 0.26 < a < 5 nm
over 0.05 < A < 1 pm for a condensation temperature,
Teond, of 1200 K (appropriate for graphite in a 1:1 ratio
C:0 environment; [Evans & Rawlings [2008). Absorption
efficiencies at longer wavelengths were found by extrap-
olation.

We chose to explore results for graphite and ACH2
(amorphous carbon is thought to form in H-rich envi-
ronments, [Zubko et all[1996), although the formation of
spherical nucleation centres is of course less likely in the
case of graphite. The results showed that, as expected in
the Rayleigh regime, Q.ns < a. We then calculated the
Planck mean emission for graphite as

BA(T)dA,
91.2 nm

(Qe) ~0.15aT]"

Luminosity, L, / 10t W

0 20 40 60 80 100
Days Since Outburst

0 20 40 60 80 100
Days Since Outburst

Figure 1. How the luminosity seen by potential dust forming sites
changes over time for different speed classes. The top plot shows
the luminosity produced by a nova that will be seen by the grains
for to = 10 days (highest initial luminosity), t2 = 15, 20, 30, 40 and
to = 50 days (lowest initial luminosity). The bottom plot shows
the same, but expressed as a ratio of the total luminosity produced
by a nova with a given to value, with t2 = 10 days being the fastest
declining and t2 = 50 days being the slowest.

and that for ACH2 as

(Qe) = 4004754,

where Ty is the temperature of the grains (in Kelvin)
and a is in cm in each case. These Planck means are not
valid over all temperatures, but sufficient for these cal-
culations (i.e. they easily cover the range around 1200 K
- the Planck mean for graphite is valid over the tempera-
ture range of approximately 500 K to 4000 K, with that
of ACH2 being valid approximately between 500 K and
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2000 K).

Thus, considering the energy balance between ab-
sorbed and emitted energy by a nucleation site for
graphite

5Lol

oo 0.18
Ty=|—bol B (Tet)Qabs (a, A\)dA 5
¢ |:12aa-2Tc4ﬁ"‘/c?t2 /91.2 nm >\( H)Q ’ (a ) :| ( )

and for ACH2

Lb . 0o 0.22
L LI — B (Tot)Qans(a, Nd\| .
64000’02Te4ff‘/c%t2 /91.2 nm A( H)Q ’ ( ) :|

(6)
We solved Equation (6) numerically for dust condensa-
tion temperatures in the range of 1000 K to 1400 K and
solved Equation (@) numerically for Teonga = 1200 K for
reference.

7~ |

3. RESULTS AND DISCUSSION

We have compared the predicted teonqg — to relation-
ships from the above model with the data produced by
[Shafter et all (20114) using their observations and those
of references therein. This is shown in Figure Bl with
additional points added for V1425 Aql
[1997), V1280 Sco (Chesneau et all 2008), V5579 Sgr
m 2011), V496 Sct (Raj et all ) and Nova
Cep 2013 (Munari et alll2013). The graphite and ACH2
relationships shown in the figure were produced by per-
forming the numerical integration described at the end
of Section over a range of to values.

As can be seen from Figure 2l the results for both
graphite and ACH2 appear to agree well with the general
trend of tcong With to from the observations, despite the
simplistic assumptions made. There do not appear to be
great differences between the relationships for the two
types of carbon. The shaded area of the figure displays
the relationship for ACH2 for Teonq between 1000 K and
1400 K. This shows that the relationship holds well for a
range of Teong. We note that many specific data points at
the lower to values lie outside our relationship, but this
reflects the simplicity of our model and the variation in
parameters, including specific dust grain types, expected
for individual nova outbursts.

It can also be seen in Figure[2] that there is a gap in
observational data between 100 = t5 = 200. We note
of course that the extreme case, V445 Pup, is an un-
usual helium nova. The apparent gap may however be
due to the relative rarity of novae of these slow speed
classes, and furthermore not every nova being observed
sufficiently systematically at such late times to detect the
epoch of dust formation. Overall, our results can be used
to predict when dust will form in a nova of a given speed
class and hence when, for example, infrared observations
should be taken to detect the onset of dust formation.

The only known dust-forming nova where carbon-
based dust has not been observed is QU Vul, where
SiOy dust was formed (t2 = 20 days and tcona = 40
days; [Evans & Rawlings 2008, [Strope et all 2010), al-
though this nova still appears to match our theoretical
relationships for carbon-based dust. Several novae have
been observed to form both carbon-rich and oxygen-rich

dust (Evans & Rawlingd[2008), although the dust in CO

novae is thought to consist mainly of amorphous carbon
grains (GehrZ 2008). As a future step it would be fea-

sible to conduct a similar analysis for silicates, although

these form later than carbon-rich dust where both types
are formed in the same nova (GehrZ 2008). Similarly,
the application of more realistic spectral energy distribu-
tions for the emission seen by the grains, and any effects
of re-emission of photons within the clumps, plus the

effects of non-spherical geometry (e.g. esneau et a
2012) should be explored.
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Figure 2. Observational data from [Shafter et all (2011d) and references therein, with the additional data points listed in the text, showing
dust condensation time, t.onq, against the speed of visual brightness decline, t2, in novae. The Galactic novae are shown as open triangles,
whilst the two suspected dust producing novae in M31 are shown as squares. The outlying Galactic novae PW Vul and V445 Pup are
discussed in more detail in [Shafter et all (2011d). The dashed line shows the results for the model for graphite when Ton,q = 1200 K. The
solid line shows the results for the model for ACH2 when T,.,,q = 1200 K, with the shaded area showing the results for ACH2 for a T.onq
in the range between 1000 K and 1400 K (with the higher T;onq being the lower limit of the shaded area).
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