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The origin of dust in galaxies is still a mystery (1, 2, 3, 4). The majority of the refractory ele-
ments are produced in supernova explosions but it is unclear how and where dust grains con-

dense and grow, and how they avoid destruction in the harsh environments of star-forming



galaxies. The recent detection of (0.1-0.5 solar masses of dust in nearby supernova remnants
(5, 6, 7) suggests in situ dust formation, while other observations reveal very little dust in
supernovae the first few years after explosion (1, 8, 9, 10). Observations of the bright SN
2010j1 have been interpreted as pre-existing dust (11), dust formation (12, 13) or no dust at
all (14). Here we report the rapid (40-240 days) formation of dust in its dense circumstellar
medium. The wavelength dependent extinction of this dust reveals the presence of very large
(> 1 um) grains, which are resistant to destructive processes (15). At later times (500-900
days), the near-IR thermal emission shows an accelerated growth in dust mass, marking the
transition of the supernova from a circumstellar- to an ejecta-dominated source of dust. This
provides the link between the early and late dust mass evolution in supernovae with dense

circumstellar media.

We observed the bright (V ~ 14) and luminous (My ~ —20) Type IIn SN 2010j1 (16) with
the VLT/X-shooter spectrograph covering the wide wavelength range 0.3-2.5 um. Peak brightness
occurred on 2010 Oct 18.6 UT, and observations were made at 9 early epochs and at one late epoch,
26-239 and 868 days past peak, respectively (Methods, Extended Data Table 1, Extended Data
Figures 1-5). Figure 1 shows the intermediate-width components of the hydrogen emission lines of
Hy at 14340.472 and PS at 4112818.072 and of the oxygen ejecta emission lines [O 1] 116300.304,
6363.776 (rest frame). The emission profiles change with time, exhibiting a substantial depression
of the red wings and a corresponding blueshift of the centroids of the lines (Extended Data Figure
6) due to preferential extinction of the emission from the receding material on the far side of

the supernova (12, 17, 18). The effect is less pronounced at longer wavelengths, as expected



if the attenuation of the lines is due to dust extinction, and rules out that the blueshifts are due
to electron scattering (14) (Supplementary Information). The early epoch hydrogen lines have a
Lorentzian half width at half maximum (HWHM) in the range 1,000-2,000 km s ~!. The middle
and right panels of Figure 1 show that the line profiles at the late epoch are narrower (HWHM
~ 800 + 100kms™') and also exhibit blueshifts of the oxygen lines, which indicates that ejecta

material is involved in the dust formation at this stage.

Figure 2 shows the temporal evolution of the inferred extinction, A,, as derived from the
attenuation of emission lines in the early spectra. The extinction has been calculated from the
ratios of the integrated line profiles at each epoch. We assume that the first epoch at 26 days past
peak is nearly unextinguished and use it as a reference. The monotonic increase of the extinction as
a function of time indicates continuous formation of dust. The extinction at 239 days is Ay ~ 0.6
mag. Interestingly, the shape of the normalized extinction curve shows no substantial variation
with time. Scaling and combining the data from the eight individual early epochs allows us to
produce the first directly measured, robust extinction curve for a supernova. The extinction curve
is shallow, with Ry = Ay/E(B — V) = 6.4, and can be represented by a mix of grey-extinction dust
grains (A, = constant) and either standard Small Magellanic Cloud (SMC) or Milky Way (MW)
extinction grains (19). The extinction contribution of the grey dust is 40 % in the V band. We
fit several dust models to the extinction curve using amorphous carbon dust characterized by a
power-law grain size distribution (20) with slope @, and minimum and maximum grain radii (@pn

< Amax) 1In the interval [0.001, 5.0] um.



Figure 3 shows the resulting confidence interval for the two parameters a,, and @ around
the best fit values of a,,;, = 0.001 um, a.x = 4.2 um and @ = 3.6. It is evident that only size dis-
tributions extending to grain radii that are significantly larger than that of MW interstellar medium
(21, 22) dust (2 0.25 um) can reproduce the supernova extinction curve (Figure 2). The 2 o lower
limit on the maximum grain size iS dm,x > 0.7 um. We cannot perform a similar analysis of the
late epoch because the intrinsic line profile at this epoch is unknown and likely highly affected
by extinction (13). However, we note that the blueshift velocities change only marginally with

wavelength (Extended Data Figure 6), suggestive of large grains also at this epoch.

Figure 4 illustrates the continuous build-up of dust as a function of time. The increasing
attenuation of the lines is accompanied by increasing emission in the near-infrared (NIR) spectra,
from a slight excess over a supernova blackbody fit at early times to total dominance at the late
epoch. We fitted the spectra with black bodies which for the NIR excess yield a constant black-
body radius of (1.0 + 0.2) x 10'6 cm at the early epochs, and a temperature that declines from ~
2,300 K to ~ 1,600 K from day 26 onwards. At the late epoch, we obtain a black-body radius of
(5.7 £0.2) x 10'¢ cm and a temperature of ~ 1,100 K. The high temperatures detected at the early
epochs suggest that the NIR excess is due to thermal emission from carbonaceous dust, rather than
silicate dust, which has a lower condensation temperature of ~ 1, 500 K (1). The high temperatures
rule out suggestions that the NIR emission is due to pre-existing dust or a dust echo (11) (Extended
Data Figures 7, 8, Supplementary Information). Fitting the NIR excess with a modified black body,
assuming the grain composition found in our analysis of the extinction curve (Figure 3), gives a

dust temperature similar to the black-body temperature, which is at all epochs (and considered dust



compositions) larger than 1,000 K. The dust masses inferred from the extinction and NIR emission
agree very well. The inferred amount of dust at the late epoch (868 days) is ~ 2.5 x 1073 My, if
composed of carbon, but could be up to an order of magnitude larger for silicates (Methods). Our
results indicate accelerated dust formation after several hundred days. SN 2010jl will contain a
dust mass of ~ 0.5 M, similar to that observed in SN 1987A (5, 6), by day ~ 8000, if the dust

production continues to follow the trend depicted in Figure 4.

The most obvious location for early dust formation is in a cool, dense shell behind the su-
pernova shock (18, 23), which sweeps up material as it propagates through the dense circumstellar
shell surrounding SN 2010j1 (24) (Supplementary Information). Dust formation in the ejecta is
impossible at this stage because the temperature is too high. The postshock gas cools and gets
compressed to the low temperatures and high densities necessary for dust formation and gives rise
to the observed intermediate width emission lines. By the time of our first observation 26 days
past peak, the supernova blast wave encounters the dense circumstellar shell at a radius of ~ 2.0
x 10'® cm for a blast wave velocity of ~ 3.5 x 10* km s™!. As indicated by the blueshifts of the
ejecta metal lines (Figure 1), the accelerated dust formation occurring at later times (Figure 4) and
at larger radius is possibly facilitated by the bulk ejecta material, which travels on average at a

velocity of ~ 7,500 km s™! at early epochs (Extended Data Figure 4).

Our detection of large grains soon after the supernova explosion suggests a remarkably rapid
and efficient mechanism for dust nucleation and growth. The underlying physics is poorly under-

stood but may involve a two-stage process governed by early dust formation in a cool, dense shell,



followed by accelerated dust formation involving ejecta material. For Type IIP supernovae, the
growth of dust grains can be sustained up to 5 years past explosion (25). The dense CSM around
Type IIn supernovae may provide conditions to facilitate dust growth beyond that. The process
appears generic, in that other Type IIn supernovae like SN 1995N, SN 1998S, SN 2005ip, and SN
2006;jd exhibited similar observed NIR properties (8, 10, 26, 27) and growing dust masses, consis-
tent with the trend revealed here for SN 2010j1 (Figure 4). Moreover, it establishes a link between
the early small dust masses inferred in supernovae (1, 8, 10) and the large dust masses found in a
few supernova remnants (1, 5, 7). Large grains (0.1 < anax < 4.0 um), provide an effective way to
counter destructive processes in the interstellar medium (28). Indeed, large grains from the inter-
stellar medium have been detected in the Solar System (29). Simulations indicate that grains larger
than ~ 0.1 um will survive reverse shock interactions with only a low fraction being sputtered to
smaller radii (15). For a grain size distribution of a;,= 0.001 um, ap, = 4.2 um and @ = 3.6
(Figures 2 and 3), the mass fraction of grains above 0.1 um is ~ 80 %, i.e., the majority of the

produced dust mass can be retained.



Methods summary

We obtained optical and near-infrared medium-resolution spectroscopy with the ESO VLT/X-
shooter instrument of the bright Type IIn supernova SN 2010j1 at 9 epochs between 2010 November
13.4 UT and 2011 June 15.0 UT. The continuum emission of the spectra was fit with a combination
of black-body, modified black-body and host galaxy models, allowing us to quantify the tempo-
ral progression of the temperature and radius of the photosphere as well as the temperature and
characteristics of the forming dust, which causes conspicuous excess near-infrared emission. We
analysed the profiles of the most prominent hydrogen, helium and oxygen emission lines. From
Lorentzian profile fits, which are good representations of the emission lines, we measured the
blueshifts of the peaks and the half widths at half maximum of the lines, and derived the wave-
length dependent attenuation properties of the forming dust at each epoch. The uncertainties were
obtained using Monte Carlo calculations by varying the Lorentzian profile parameters. We gen-
erated synthetic UBVRIJHK lighcurves and calculated the energy output of the supernova. This,
together with calculated dust vaporization radii, temperatures of the dust grains at different dis-
tances from the supernova, and the radius evolution of the forward shock, were used to constrain
the location of the forming dust. Different dust models, characterised by either single grain sizes or
a power-law grain size distribution function and either amorphous carbon or silicates, were fitted
to the extinction curves and the near-infrared excess emission. From these fits, we derived the

temporal progression of the dust mass of the forming dust at each observed epoch.
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Figure 1 | Evolution of the hydrogen and oxygen line profiles in the spectrum of SN 2010jl.
Line profiles for a, Hy 14340.472 and b, PS5 112818.072 for epochs from 26 to 239 days and ¢, Hy
and P at 868 days. d, The [O1] 416300.304, 6363.776 doublet (zero velocity set at 16300.304),
and e, the [O1] 411297.68 line. The dashed-dotted lines in all panels denote zero velocity, at red-

shift z = 0.01058, as determined from narrow emission lines in the spectrum.

Figure 2 | Supernova dust extinction curves. a, The evolution of the extinction, A,, of the
hydrogen lines (open circles with standard deviations; Methods). The solid lines represent the (lin-
early interpolated) extinction curves. b, The grey-shaded area represents the range of extinction
curves relative to Ay (filled triangles with error bars). Grey curves are the SMC and MW extinc-
tion curves, while the red curves include a grey component (Methods). ¢, Fits to the optical depth
within the 1, 2 and 3 o (68.3, 95.4 and 99.7 %) confidence interval (Methods). Dashed and solid

curves are models with ‘best fitting’ and MW parameters, respectively.

Figure 3 | Maximum grain size and slope of the grain size distribution. Confidence contours,
as constrained by the normalized optical depth 7(1) (see Figure 2). The most favorable power-
law models lie within a parameter range for @ between ~ 3.4 and 3.7 and require large grains of
amax 2 1.3um (1o). The confidence limits are as in Figure 2. Even at the 30~ confidence limit
the maximum grain size is larger (apn.x = 0.5 um) than MW maximum grain sizes for a power law

model (apax ~ 0.25 um) (20) or more sophisticated models (21, 22).
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Figure 4 | Temporal evolution of the dust mass. Carbon dust masses and standard deviation
derived from the extinction (green band) and the NIR emission (red bars and band; Methods) in-
cluding a literature data point at 553 days (13). The light grey shaded area illustrates the evolution
of the early (My o t*3 at t < 250 days) and late (Mg o >* at t > 250 days) stages of dust formation
when SN 2010jl switches from circumstellar to ejecta dust formation. The grey and blue symbols
correspond to literature data for SN 2005ip (triangles), SN 2006jd (dots), and other supernovae
(bars) (1, 5, 6, 9, 10, 27, 30). The length of the symbols for SN 1995N and SN1987A correspond
to the quoted dust mass range. For other supernova the standard deviation is either smaller than

the size of the symbols or have not been reported.
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