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Spitzer Survey of M31 Novae 
(Shafter, Bode et al. 2011) 

•  10 CNe in M31 observed with IRAC/IRS, 3-7 
months after discovery, 8 detected 

•  Complemented by ground-based 
observations: optical light curve (2m LT; 0.65m 
Ondrejov; 0.28m Zlin); spectral type (HET) 

•  Dust formation detected in M31N 2006-10a; 
2007-07f (+ [NeII]12.8um in 2007-11e) 

•  2006-10a – no silicate feature, Md ~ 2x10-6Msun  
assuming graphite grains 
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E.g. IRAC, IRS results 
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Comparison to Galactic Novae 
- condensation time 
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•  tcond from Evans & 
Rawlings (2008); 
Strope et al. (2010) 

•  Upper limit for both 
M31 novae 

•  Apparent strong 
correlation (note 
outliers) 
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Figure 11. Observed condensation time of dust grains in the nova ejecta, tcond, vs. nova speed class (t2[V ], except for M31N 2007-07f, which is t2[R]). Data for
Galactic novae are given as open triangles, with the two suspected dust-forming novae in M31 shown as filled red squares. These, and the special cases of the Galactic
novae PW Vul and V445 Pup, are discussed more fully in the text.
(A color version of this figure is available in the online journal.)

maximum than 2007-07f, which again is consistent with the
higher dust shell luminosity and inferred dust temperature
in 2006-10a compared to 2007-07f. Indeed, M31 2006-10a
might have been observed not too long after tcond at around
the time of tIRmax. Evidence for this comes from its position
on Figures 11 and 12, coupled with TBB (∼720 ± 100 K)
being much lower than Tcond (∼1200 K). There is in fact a
steep drop in observed effective dust grain temperature in well-
observed dusty novae coinciding approximately with infrared
maximum arising from what Bode & Evans (1983) termed the
“infrared pseudo-photosphere” in the optically thick (in the
infrared) dust shells of prolific dust formers such as NQ Vul
(Ney & Hatfield 1978). As the dust formation rate reduces in
the expanding shell, the observed optical depth also reduces and
TBB increases again. Mitchell et al. (1983) found even better
agreement with observations if grains were subject to some size
reduction around the time of infrared maximum, possibly due
to sputtering. In NQ Vul, the temperature minimum lasted from
around 62 to 130 days post-outburst.

All but one of the faster M31 novae lie above the region
occupied by the Galactic novae at infrared maximum (the
exception being M31N 2006-11a). The non-detection of dust
emission in these objects may then be due to them either being
observed well after dust emission maximum, or the fact that
they did not produce large amounts of dust in the first place.
The latter appears to be the case for 2006-11a at least, as it
does lie in the region of the plot occupied by the dusty Galactic
novae.

We may estimate the total mass of dust in M31N 2006-10a,
Md, assuming an isothermal, optically thin dust shell of uniform

spherical grains of radius a from the equation

Md ≈ aρgd
2Fλ

B(λ, Tg)
Qabs(λ, a)

, (2)

where d is the distance, ρg is the bulk density of the grain
material, Fλ is the observed flux density at wavelength λ, B is
the Planck function at λ and grain temperature Tg, and Qabs is the
grain absorption coefficient. If Qabs ∝ λ−α for small dielectric
absorbers, it can be shown that

Tg = 2890
λmax

( 5
α + 5

)
, (3)

where λmax is the wavelength of maximum emission in µm.
In the case of M31N 2006-10a, the IRS spectrum in Figure 2

shows no apparent 10 µm silicate feature and the emitting grains
are more likely carbon based, as seen at some point in the
evolution of most dust-forming novae (Evans & Rawlings 2008;
Gehrz 2008). Taking for simplicity graphite spheres of size
small compared with the wavelength of emission, then α ≈ 2
(Evans 1994). Thus, with λmax = 4 µm, Tg = 516 K, and if
a = 0.1 µm, then Qabs = 4.72 × 10−2 (Draine 1985, although
this neglects any temperature dependence of the absorption
coefficient). Taking ρg = 2000 kg m−3 (Love et al. 1992) and a
distance to M31 of 780 kpc (Holland 1998; Stanek & Garnavich
1998), Md ∼ 2 × 10−6 M&. This is consistent with the range
of dust masses derived for Galactic novae, particularly the more
prolific dust formers (see, e.g., Gehrz 2008).
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Time of maximum IR emission 
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•  Also apparent 
correlation here 

•  QU Vul – peak of 
10um emission 

•  tcond ~1-3 months 
after o/b, (mean 
~2m; tIRmax ~3m) 

•  M31 novae 
observed at 3-7m   

The Astrophysical Journal, 727:50 (13pp), 2011 January 20 Shafter et al.

0 20 40 60 80 100 120
0

100

200

300

Figure 12. Time of infrared maximum, tIRmax, vs. nova speed class for Galactic novae (open triangles, tIRmax data from Evans & Rawlings 2008, see also Table 11).
An outlier is QU Vul, which is discussed more thoroughly in the text. Red squares denote the observations of novae in M31 ∆t days after discovery (near optical
maximum) with objects of particular interest noted (see the text for details). Values of t2 are from V-band measurements for M31N 2006-10a and the Galactic novae,
while the M31 novae are mainly based on R-band measurements (again see the text for details).
(A color version of this figure is available in the online journal.)

4. SUMMARY AND CONCLUSIONS

We have conducted the first infrared survey of novae in the
nearby spiral, M31, using the Spitzer Space Telescope. The
primary motivation behind the survey was to determine the
feasibility of using Spitzer observations of M31 novae to study
dust formation property as a function of nova speed class and
spectroscopic type. We observed a total of 10 novae in M31
with Spitzer over a two-year period: M31N 2006-09c, 2006-10a,
2006-10b, 2006-11a, 2007-07f, 2007-08a, 2007-08d, 2007-10a,
2007-11d, and 2007-11e. Eight of these novae were observed
with IRAC (all but M31N 2007-11d and 2007-11e) and eight
with the IRS (all but M31N 2007-07f and 2007-08a), with six
novae observed with both instruments.

Observations of Galactic novae show that dust formation
typically occurs with a timescale, tcond, of between ∼1 and
∼5 months post-eruption (mean ∼2 months), depending on
the speed class of the nova. For a typical nova, the peak
infrared signature occurs shortly thereafter, with the time to
infrared maximum, tIRmax, averaging about three months post-
eruption. Thus, our observing strategy was to schedule our
Spitzer observations approximately three months post-discovery
when the infrared signature due to dust formation was expected
to reach a maximum. Unfortunately, the constraints imposed
by the Spitzer scheduling process did not allow us to time
our observations as precisely as we would have liked, and our

observations occurred anywhere between ∼3 and ∼7 months
post-eruption. Our principal conclusions can be summarized as
follows.

1. We were able to detect six of the eight novae observed
with IRAC. Of these, only M31N 2006-10a showed clear
evidence for an infrared excess peaking at λ ∼ 4 µm. The
IRS spectrum of this nova showed no evidence of silicate
emission features and thus we assume that the dust was
carbon based in this case. We were then able to estimate
the total mass of dust formed to be Md ∼ 2 × 10−6 M$.
This is comparable to the mass of dust found in Galactic
novae forming the more extensive dust shells. Another
nova, M31N 2007-07f, showed evidence of possible dust
formation through a weaker infrared excess detected to peak
at longer wavelength. Our observations of these two novae
occurred 116 and 203 days post-discovery, respectively.
Thus, it is plausible that our observations of M31N 2007-
07f occurred after the peak IR flux was achieved as
suggested by our comparison with the times of infrared
maximum in Galactic dust-forming novae. Both novae are
Fe ii systems with relatively slow light curve evolution:
t2(V ) = 82 days and t2(R) ∼ 50 days, respectively.

2. We find a surprising correlation between the condensation
time for dust grains (tcond) and nova speed class (t2) for
Galactic novae (see Figure 11). Although upper limits, the
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Figure 11. Observed condensation time of dust grains in the nova ejecta, tcond, vs. nova speed class (t2[V ], except for M31N 2007-07f, which is t2[R]). Data for
Galactic novae are given as open triangles, with the two suspected dust-forming novae in M31 shown as filled red squares. These, and the special cases of the Galactic
novae PW Vul and V445 Pup, are discussed more fully in the text.
(A color version of this figure is available in the online journal.)
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 Thus tcond effectively independent of t2  - including errors in 
MMRD from Downes & Duerbeck (2000)  

Zeroth Order Model 
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tcond =

[

L

16πV 2
ejσT 4

cond

〈Qa〉

〈Qe〉

]
1

2

, (1)

where L is the luminosity of the nova as seen by the grains (usually assumed to be the

bolometric luminosity - see Section 2.2), Vej is ejection velocity, 〈Qa〉 is Planck mean

absorptivity, 〈Qe〉 is the Planck mean emissivity and Tcond is the dust condensation

temperature. Hence, from Equation 1

tcond ∝ L1/2V −1
ej . (2)

Using the Maximum Magnitude - Rate of Decline (MMRD) relationship from Warner

(2008), it can be shown that

2.5 log L ∝ − log tb22 (3)

and thus if b2 % 2.5 (Warner 2008), then

L ∝
∼ t−1

2 . (4)

An empirically determined relationship from Warner (2008) gives

log Vej = 3.57 − 0.5 log t2, (5)

where Vej is in kms−1 and t2 is in units of days. Therefore

Vej ∝ t−0.5
2 . (6)
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Substituting Equations 4 and 6 into Equation 2 shows tcond is then predicted to be

approximately independent of t2. Taking, for example, the value of b2 = 2.55 ± 0.32 from

Downes & Duerbeck (2000) results in the t2 dependancy of:

tcond ∝ t−0.01±0.06
2 . (7)

However, as can be seen in Shafter et al. (2011) this is clearly not the case and this basic

analysis needs modifying. Our modification of the theory is described below.

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 (as first

discussed in Evans & Rawlings 1994). We also assume that the dust is formed at the

extremities of the ejected shell, as this is the coolest part.

The initial first step is to take the bolometric luminosity as constant (e.g. Warner

2008) and defined by the speed class and then we find the fraction of this luminosity that

is redward of the Lyman limit for any given nova at any given time. We define the peak

absolute magnitude, MV , of a given nova using the MMRD relation

MV = 2.5 log t2 − 11 (8)

(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 Evans et al. 2005), MV is then converted to

luminosity to give the bolometric luminosity Lbol corresponding to each t2.



•  Grain nucleation and growth in outermost neutral 
regions 

•  H absorption cuts off emission incident on forming 
grains at Lyman limit  

 Again, from MMRD: 
 

 with BC~0 at peak, derive Lbol from t2. 
 Central source continuum evolves according to 

 
(Bath & Harkness 1989; T0 = 8000K, Evans et al. 2005)   

First Order Model 
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– 7 –

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 longward of the Lyman limit can be calculated from the effective

temperature, Teff , given by the following equation from Bath & Harkness (1989); Bode

(2010)

Teff = T0 × 10∆V/2.5, (9)

where T0 is the pseudo-photospheric temperature at visual peak (= 8000 K as noted above,

Evans et al. 2005) and ∆V is the change in magnitude from peak. In order to find Teff as a

function of time we produced model light curves for each t2 value. With these light curves

we then found the time after outburst for any value of ∆V .

To do this, first the outburst amplitude, A, for each t2 value was estimated using the

57◦ line in the amplitude−log t2 relationship plot in Warner (1995; 57◦ is used because it is

the flux average inclination of the accretion disk). A standard exponential decline was then

assumed. The time after outburst corresponding to each ∆V was calculated using

t =
ln A − ln(A − ∆V )

ln A − ln(A − 2)
t2. (10)

We then calculated how the luminosity redward of the Lyman limit, LLy, declined over time

for each t2 value.

Assuming the nova emits as a black body (although this is a first approximation for

our purposes - see Hauschildt 2008), we integrated the black body function to find the

luminosity redward of the Lyman limit that is received by the nucleation sites at a given

time, LLy.



•  A vs t2 (Warner 1995) 
and exponential decline 

•  Unabsorbed  luminosity 

 where R is radius of  
pseudophotosphere with 
T=Teff 

Model Optical Light Curves 
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LLy = 4π2R2

∫

∞

91.2 nm

Bλ(T )dλ, (11)

where R is radius of the pseudo-photosphere. Plots were produced of LLy against t for

various t2 values (see Figure 1). It can be seen from the figure that, as expected, LLy drops

much faster for faster novae. For example, potential dust formation sites in a t2 = 40 days

nova see more central source luminosity at t = 30 days than potential sites in a t2 = 25

days nova do at the same epoch, despite the constant bolometric luminosity being higher

for the faster nova.

Fig. 1.— A plot showing how the luminosity seen by potential dust forming sites changes

over time for different speed classes. The left-hand side plot shows the luminosity produced

by a nova that will be seen by the grains for t2 = 10 (highest initial luminosity), t2 =

15, 20, 30, 40 and t2 = 50 (lowest initial luminosity). The right-hand side plot show the

same, but expressed as a ratio of the total luminosity produced by a nova with a given t2

value, with t2 = 10 being the fastest declining and t2 = 50 being the slowest.



Resulting Effective Luminosity 

12 

– 8 –

LLy = 4π2R2

∫

∞

91.2 nm

Bλ(T )dλ, (11)

where R is radius of the pseudo-photosphere. Plots were produced of LLy against t for

various t2 values (see Figure 1). It can be seen from the figure that, as expected, LLy drops

much faster for faster novae. For example, potential dust formation sites in a t2 = 40 days

nova see more central source luminosity at t = 30 days than potential sites in a t2 = 25

days nova do at the same epoch, despite the constant bolometric luminosity being higher

for the faster nova.

Fig. 1.— A plot showing how the luminosity seen by potential dust forming sites changes

over time for different speed classes. The left-hand side plot shows the luminosity produced

by a nova that will be seen by the grains for t2 = 10 (highest initial luminosity), t2 =

15, 20, 30, 40 and t2 = 50 (lowest initial luminosity). The right-hand side plot show the
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t2 = 10, 15, 20, 30, 40, 50 days (t2 = 10 highest luminosity)  



•  Nucleation centres C8, a ~ 0.26nm (Evans & Rawlings 
2008) 

•  Qabs for graphite and ACH2 (Zubko et al. 
1996)calculated for 0.26 < a < 5nm 
 For graphite 

 
 and ACH2 

 
 Solved numerically for Td = Tcond = 1200K (Evans & 
Rawlings 2008) to give tcond vs t2  

Dust Model 
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As part of the revised theoretical exploration, we have considered different types of

grain material, for example using data from Zubko et al. (1996). In terms of the size of

nucleation centres, Pontefract & Rawlings (2004) have shown that C8 as a nucleation centre

acts as a solid sphere, where grain radius, a ∼ 0.26 nm. A Mie theory code was run to

generate Qabs values for a range of grain sizes from 0.26 ≤ a ≤ 5 nm over 0.05 ≤ λ ≤ 1 µm

for Tcond = 1200 K (which appears to be a common condensation temperature for nova

dust; Evans & Rawlings 2008). Absorption efficiencies at longer wavelengths were found by

extrapolation.

We chose to explore results for graphite and ACH2 (amorphous carbon is thought

to form in H-rich environments, Zubko et al. 1996), although the formation of spherical

nucleation centres may by less likely in the case of graphite. The results showed that, as

expected in the Rayleigh regime, Qabs ∝ a. We then calculated the Planck mean emission

for graphite as

〈Qe〉 & 0.15aT 1.5
d (12)

and that for ACH2 as

〈Qe〉 & 400aT 0.46
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where Td is the temperature of the grains and a is in cm in each case. These Planck means

are not valid over all temperatures, but sufficient for these calulations (i.e. easily cover the
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nucleation site for graphite
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5Lbol
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ejt
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∫

∞
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and for ACH2
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∞
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]0.22

. (15)

With the assumption that Tcond = 1200 K, Equations 14 and 15 were solved numerically to

give tcond for each value of t2.

3. Results and Discussion

We have compared the predicted Tcond − t2 relationships from the above model with

the data produced by Shafter et al. (2011) using their observations and those of references

therein. This is shown in Figure 2. The graphite and ACH2 lines shown in the figure were

produced by performing the numerical integration described at the end of Section 2.2 over

a range of t2 values.

As can be seen from Figure 2, the results for both graphite and ACH2 appear to

agree well with the observations and there do not appear to be great differences between

the relationships for the two types of carbon. The only known dust-forming nova where

carbon-based dust has not been observed is QU Vul, where SiO2 dust was formed, t2 = 20

days and tcond = 40 days (Evans & Rawlings 2008; Strope et al. 2010), which appears

to match our theoretical relationship. Several novae have been observed to form both

carbon-based and silicon-based dust (Evans & Rawlings 2008), although the dust in CO

novae is thought to consist mainly of amorphous carbon grains (Gehrz 2008).
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As part of the revised theoretical exploration, we have considered different types of

grain material, for example using data from Zubko et al. (1996). In terms of the size of

nucleation centres, Pontefract & Rawlings (2004) have shown that C8 as a nucleation centre

acts as a solid sphere, where grain radius, a ∼ 0.26 nm. A Mie theory code was run to

generate Qabs values for a range of grain sizes from 0.26 ≤ a ≤ 5 nm over 0.05 ≤ λ ≤ 1 µm

for Tcond = 1200 K (which appears to be a common condensation temperature for nova

dust; Evans & Rawlings 2008). Absorption efficiencies at longer wavelengths were found by

extrapolation.

We chose to explore results for graphite and ACH2 (amorphous carbon is thought

to form in H-rich environments, Zubko et al. 1996), although the formation of spherical

nucleation centres may by less likely in the case of graphite. The results showed that, as

expected in the Rayleigh regime, Qabs ∝ a. We then calculated the Planck mean emission
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d (12)

and that for ACH2 as

〈Qe〉 & 400aT 0.46
d , (13)

where Td is the temperature of the grains and a is in cm in each case. These Planck means

are not valid over all temperatures, but sufficient for these calulations (i.e. easily cover the

range around 1200 K - the Planck mean for graphite is valid over the temperature range

of approximately 500 K to 4000 K, with that of ACH2 being valid approximately between

500 K and 2000 K).

Thus, considering the energy balance between absorbed and emitted energy by a
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Results 
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Fig. 2.— Plot from Shafter et al. (2011) showing dust condensation time, tcond, 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 red squares.

The outlying Galactic novae PW Vul and V445 Pup and discussed in more detail in Shafter

et al. (2011). Overlaid are results from the model described in the text for graphite (black

line) and ACH2 (blue line) carbon-rich dust.
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Concluding Remarks 
•  There is a strong correlation of dust 

condensation timescale with speed class 
•  The ‘first order’ model produces surprisingly 

good agreement with results, despite the 
simplistic assumptions made 

•  Refinements would include more realistic 
spectral energy distributions as seen by 
nucleation centres, luminosity evolution, etc. 

•  NIR obs of dust in M31 novae possible with 
ground-based 8m-class telescopes   

Cape Town, 6th February 2013 


