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Spitzer Puzzle in AT2017gfo
Spitzer GW170817 3

Figure 1. Panel 1: Combined Spitzer 3.6µm and 4.5µm image, depicting that the faint transient GW170817 is buried in the bright
host galaxy NGC4993. Panel 2: Subtracting the galaxy light by fitting a GALFIT model clearly shows the red transient in the first
epoch image, +43d after merger. Panel 3a: Proper image subtraction of Epoch 3 reference data from Epoch 1 using the ZOGY algorithm
boosts the S/N of our detection of GW170817. Panel 3b: ZOGY subtraction of Epoch 3 reference data from Epoch 2 yields a marginal
detection of GW170817. The orientation of all four panels is such that North is up and East is left. The dimensions of the panels are
2.750 ⇥ 2.750, 1.380 ⇥ 1.380, 0.690 ⇥ 1.380 and 0.690 ⇥ 1.380.

magnitude compared to that reported in Villar et al. 2018.
We undertake the following consistency checks.

• We get consistent magnitudes for aperture photometry
and PSF photometry. For a 2.5 pix aperture, the aperture
magnitudes are 21.99 ± 0.04 for Epoch 1 and 24.14 ± 0.30
AB mag for Epoch 2, consistent with the results from PSF-
fit photometry in Table 1.

• The sum of PSF-fit fluxes of the (Epoch 1 - Epoch 2)
and (Epoch 2 - Epoch 3) di↵erence images equal the the flux
in the (Epoch 1 - Epoch 3) di↵erence image. Specifically, the
sum of the measured flux in the first two di↵erence images is
(5.47 ± 0.14 µJy) + (1.04 ± 0.21 µJy), which is consistent
with the measured flux in the (Epoch 1 - Epoch 3) di↵erence
image of (6.39 ± 0.21 µJy).

• If we increase the Gaussian FWHM of the PSF-fit to
3.5 pix and apply the appropriate correction factor, we mea-
sure a magnitude of 21.93 ± 0.06, consistent with the 2.8 pix
FWHM measurement at Epoch 1.

• We get consistent fluxes for Epoch 1 using either the
shallow archival reference or the deeper Epoch 3 reference.
The PSF-magnitude of Epoch 1 in the archival di↵erence is
21.79 ± 0.09 AB mag, consistent with the late-time di↵er-
ence albeit with larger error bars.

• We get consistent fluxes for Epoch 1 if we directly ap-
ply ZOGY to subtract Epoch 3 without first applying the
GALFIT-model. We derive 21.94 ± 0.25mag. The subtrac-
tion is noisier by direct subtraction, hence, we prefer the
two-step method described above.

• We re-do aperture corrections with a di↵erent sky an-
nulus (5–7 pix) and scaling the ZOGY PSF to the standard
PRF after re-normalizing the sky. We also take into account
color corrections for this red source by multiplying the mea-
sured 4.5µm flux by 1.024 (and 3.6µm flux by 1.0614) . This
gives 21.92 ± 0.09mag at Epoch 1 and 23.94 ± 0.4mag at
Epoch 2, consistent with Table 1.

Converting to flux density, we get F⌫ = 6.43 ⇥ 10�29

erg s�1 cm�2 Hz�1 at Epoch 1 and F⌫ = 1.04⇥ 10�29 erg
s�1 cm�2 Hz�1 at Epoch 2. Now, �⌫-L⌫ would be a strict
lower limit on the total bolometric luminosity. If we assume
a power-law ⌫-L⌫ approximation to bolometric, the assumed
correction factor is the ratio between the central frequency

and bandwidth i.e. a multiplicative factor of 4.3 (since Chan-
nel 2 of Spitzer/IRAC spans 3.955µm to 5.015µm).

At this late phase, we expect optically thin, nebular con-
ditions and a blackbody approximation with a photosphere
is unlikely to be applicable. Nevertheless, we proceed with
blackbody calculations as another way to estimate the bolo-
metric correction. The observed Spitzer/IRAC color ([4.5] -
[3.6]) of 1.3mag suggests a blackbody temperature of 420K
at Epoch 1 (the Epoch 2 color is not constraining). This sug-
gests a multiplicative bolometric correction factor of ⇡16. In
the rest of the paper, we assume a ⌫-L⌫ approximation to
the bolometric luminosity of 7.8⇥1038 erg s�1 at Epoch 1
and 1.3⇥1038 erg s�1 at Epoch 2.

We check whether synchrotron emission could con-
tribute to the observed flux. Assuming the spectral index
presented in Mooley et al. (2018), and a flux density of 44µJy
at 3GHz measured at the same phase, we estimate that the
synchrotron contribution at 4.5µm would be 1.1⇥10�30 erg
s�1 cm�2 Hz�1 at Epoch 1. This is ⇡60 times smaller than
the observed flux density and hence, we conclude that the
synchrotron contribution is negligible.

3 IMPLICATIONS ON ABUNDANCES OF

R-PROCESS ELEMENTS

At the epochs of the Spitzer observations (t & 40 days)
the ejecta of kilonovae are expected to be optically thin to
optical/infrared photons. The bolometric luminosity should
then be independent of viewing angle and follow the instan-
taneous radioactive heating rate, L(t) ⇡ Mej✏̇(t)f(t) where
Mej is the ejecta mass, ✏̇(t) the radioactive power per gram,
and f(t) the e�ciency with which radioactive energy is ther-
malized. The late-time Spitzer data can thus be used to de-
rive constraints on the ejecta mass and composition that are
independent of the complex ejecta opacity and geometry.
The main limitation is the uncertain bolometric corrections.

The radioactive power of r-process matter is often de-
scribed by a power-law, ✏̇(t) / t�4/3, which is the behavior
of a statistical distribution of isotopes with beta-decay half-
lives roughly equally distributed in log time. The thermal-
ization e�ciency for such an isotopic distribution is approx-
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Spitzer detection at 4.5μm (non-detection at 3.6 μm)
Day 45Kasliwal+, Villar+18

• The detection and limit => T ~ 500K if blackbody. 
• Optically thick emission with 0.05c and 500K => L ~ 1039 erg/s. 
• The β-decay luminosity is ~1039 erg/s. 

So, fully thermalized dust emission may be the solution: 
    τdust > 1 => Mdust >~ 10-3Msun or ~ 0.03Mej 
But, do dust grains form in kilonova? (e.g., Takami+14, Gall et al., 2017)
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Fig. 2. Best four-parameter x2 fits of the three-component IR continuum model {upper solid line) to the set of continuum points {gray error bars). 

{a-e) The hot component is given by the long-dashed line, the free-bound ( with edges ) and free-free H i continuum is given by the dotted lines, and the dust 
continuum is given by the heavy solid line. The dust continuum from all five epochs is shown in (/) and demonstrates the dichotomy in the temporal 
evolution between the early-time (60 and 260 days) and late-time (615 and 775 days) dust spectral energy distribution. At 615 days there is more flux at 
shorter wavelengths than expected from the decline in the dust continuum at the first two epochs. Note that the flux scales differ by an order of magnitude in 
the different panels. References for the data shown in Fig. 2 are given in Table 3. 
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JWST view of core-collapse 
supernova

SN 2023ixf (Medler+2025)

SN2023ixf clearly exhibits an IR excess by dust. 
The dust emission dominates t >~ 400 day.



JWST view of supernova Ia
SN 2021aefx (Kwok+23, see also DerKacy+23)

• Forbidden emission lines of metals (M1, E2 etc). 

• Lines at >7μm are fine-structure lines (M1). Very prominent but less important for cooling.

• No clear dust emission in typical SNe Ia.

4 KWOK ET AL.

Figure 1. Combined optical + NIR + MIR spectrum of Type Ia SN 2021aefx in the nebular phase. The optical data are from SALT/RSS
and the NIR and MIR data were obtained with JWST/NIRSpec and JWST/MIRI, respectively. The optical flux is calibrated to ground-based
photometry and the MIRI flux is scaled to the MIRI F1000W photometry. The NIRSpec flux is unscaled from the JWST pipeline and matches
up well to the optical and MIR. The spectrum has been dereddened and corrected for the host-galaxy redshift. For presentation purposes, the
optical spectrum and the MIR spectrum past 12.5 µm have been rebinned to lower resolution. The flux axis uses a non-linear (arcsinh) scale to
better show all the features across a wide range of wavelength and F⌫ . All subsequent spectra presented in the paper use a linear flux scale.

Figure 2. JWST MIRI F1000W verification image showing
SN 2021aefx during target acquisition, before placement on the
LRS slit. Part of the central region of the host galaxy, NGC 1566,
can be seen in the bottom left corner; gas and dust features can be
seen in the image on the right. Cosmic rays have been removed
from the image.

bias and dark subtraction, background subtraction, flat field
correction, wavelength calibration, flux calibration, rectifica-
tion, outlier detection, resampling, and spectral extraction.
The final NIRSpec “stage 3” one-dimensional (1D) spectrum
extracted by the automated pipeline, available on the Mikul-
ski Archive for Space Telescopes (MAST)2, was of suffi-
ciently good quality that we did not rerun any portion of the
pipeline. Unfortunately, the MIRI stage 3 1D spectrum ex-
tracted by the automated pipeline, available on MAST, was
noisy and unsuitable because the automated extraction aper-
ture was not properly centered on the SN trace. Thus, we
re-extracted the spectrum by manually running stage 3 of the
pipeline (calwebb spec3) from the stage 2 (calwebb spec2)
data products, while forcing the correct extraction aperture.

We identified an issue with the original MIRI/LRS slit
wavelength calibration from the JWST pipeline that has been
noted and confirmed by others and is under investigation
(S. Kendrew & G. Sloan, private communication). Spectra of
the candidate Herbig B[e] star VFTS 822, which exhibits hy-
drogen emission lines (Kalari et al. 2014), were taken as part
of calibration programs JWST Cycle 0 COM/MIRI 12593

(PI: S. Kendrew) and JWST Cycle 1 CAL/MIRI 15304 (PI:
S. Kendrew). From the data publicly available on the MAST
archive, we measured wavelength centroids and uncertainties

2 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
3 https://www.stsci.edu/jwst/phase2-public/1259.pdf
4 https://www.stsci.edu/jwst/phase2-public/1530.pdf
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Early Consideration in AT2017gfo
Kilonova conditions are somewhat similar to SNe Ia 
• Less massive ejecta with a large fraction of radioactivity. The 
velocity is faster. => Dust formation is qualitatively not favored and 
perhaps more difficult than SNe Ia (Takami+14).  

• Fine-structure lines of Fe group are at >10μm. Heavier elements 
have 1 - 10 μm. => It is not surprising that the nebular emission is 
strong at 5μm (KH+23). 

4 K. Hotokezaka et al.

Table 1. Spitzer AB magnitude of the kilonova GW170817 at 43 days.

Wavelength model_1st, -+1,+2
model_1st, -+2,+3

model_2nd-3rd,-+1,+2
model_2nd-3rd,-+2,+3 Observed(1) Observed(2)

3.6 `m 24.6 24.5 22.4 23.8 > 23.21 > 23.3
4.5 `m 22.7 22.8 22.8 22.7 21.88 ± 0.04(±0.05) 22.9 ± 0.3

(1) Kasliwal et al. (2022). The 3f upper limit at 3.6 `m is shown. The systematic error is shown in the parenthesis.
(2) Villar et al. (2018). The 3f upper limit at 3.6 `m is shown. The error of the 4.5 `m detection is dominated by systematic uncertainties.

Figure 3. Synthetic spectra for the kilonova in GW170817 at 43 days. The solar r-process abundance pattern with the first peak elements (� > 69, model_1st)
and that without the first peak elements (� > 88, model_2nd-3rd) are used in the upper and lower panels. The ionization fractions are assumed to be equal
for -+1 and -+2 (left) and for -+2 and -+3 (right). The total flux is obtained by adding the contributions of all lines, where the Doppler-shifted line profile
is assumed to be a Gaussian in frequency space with a broadening parameter Eej = 0.12 and 0.072 for model_1st and model_2nd-3rd, respectively. Blue,
orange, and green vertical lines indicate the wavelength of each line in the rest frame for -+1, -+2, and -+3, respectively. The height of the vertical lines
corresponds to the total flux in a line divided by Eej/_D; . Also depicted are the Spitzer-4.5 `m detection, the 3.6 `m upper limit, and the spectral responses as a
vertical bar, a triangle, and dotted lines. (https://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/calibrationfiles/spectralresponse/).
The bar indicates the range of the AB magnitudes estimated by the two di�erent groups (Kasliwal et al. 2022; Villar et al. 2018).

elements, where two types of mixing are important; (i) the mix-
ing between di�erent final and intermediate terms within the same
configuration and (ii) the mixing between di�erent configurations.
The former e�ect starts to appear for elements around the second
r-process peak, / & 50. The latter is important for heavier elements,
e.g., / & 74. Note, however, that fine structure transitions are usu-
ally less sensitive to these e�ects compared to other transitions such
as optical lines. Our list is also limited by the availability of energy
levels in the NIST database. For example, Ir III, Pt III, and Au III
as well as elements of / > 91 are not contained. In such cases,
one must rely on atomic structure codes to infer the energy levels.
For instance, Gillanders et al. (2021) studied the energy levels of
Pt III and Au III by using GRASP0 and showed that there are no
emission lines in 3 `m to 5 `m arising from the transitions between
the lower-lying energy levels. Nevertheless, we should keep in mind
that there can be additional lines.

Another caveat is that we do not include electric dipole tran-
sitions (E1). This is a reasonable assumption for the typical ion,
of which the energy scale of E1 transitions is usually larger than

1 eV. However, some lanthanide ions, e.g, Ce II and Tb II, have
E1 transition lines in mid-infrared. Including these lines may also
a�ect our conclusion. Finally, we use collision strengths computed
with HULLAC, which are not as accurate as those with the R-matrix
method. For the transitions between the levels within the ground
term of Se III and that between the ground and first excited level of
W IV, we find that our collision strengths agree within a factor of
2 with those presented in Sterling et al. (2017) and Ballance et al.
(2013), where the R-matrix method is used. However, for Te III
and excitation to the higher levels of W IV, our collision strengths
can be lower by a factor of ⇠ 5 (Madonna et al. 2018; Ballance
et al. 2013). This di�erence may be due to the fact that we do not
include resonant excitation. Therefore, the relative line intensities
may change if more accurate collision strengths are used.

4 CONCLUSION

We study the kilonova nebular emission in the range of 3 – 5
`m, where the Spitzer Space Telescope observed the kilonova in

MNRAS 000, 1–5 (2022)
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e.g., / & 74. Note, however, that fine structure transitions are usu-
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as optical lines. Our list is also limited by the availability of energy
levels in the NIST database. For example, Ir III, Pt III, and Au III
as well as elements of / > 91 are not contained. In such cases,
one must rely on atomic structure codes to infer the energy levels.
For instance, Gillanders et al. (2021) studied the energy levels of
Pt III and Au III by using GRASP0 and showed that there are no
emission lines in 3 `m to 5 `m arising from the transitions between
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method. For the transitions between the levels within the ground
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2 with those presented in Sterling et al. (2017) and Ballance et al.
(2013), where the R-matrix method is used. However, for Te III
and excitation to the higher levels of W IV, our collision strengths
can be lower by a factor of ⇠ 5 (Madonna et al. 2018; Ballance
et al. 2013). This di�erence may be due to the fact that we do not
include resonant excitation. Therefore, the relative line intensities
may change if more accurate collision strengths are used.
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We study the kilonova nebular emission in the range of 3 – 5
`m, where the Spitzer Space Telescope observed the kilonova in
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AT 2023vfi in GRB 230307A
JWST observation at 29 day (Levan+24)

Gillanders & Smartt 25

Blackbody 500 K

• Late-time IR emission is clearly continuum. 
• It is unlikely that emission lines overlap and form a blackbody like shape. 
• Something have large opacities around 5μm (or at 500 K). 
• Atoms have relatively low opacities. (Masaomi, Dan, Quentin, private communication)
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Refractory elements in r-process

Refractory elements 
1st: Zr, Mo, Ru 
3rd: W, Os, Ir, Pt 
They condense at < 1400K. 
(if they are in equilibrium)



Refractory elements in r-process

50 

• • i  5 

Fig. 3. X-ray scanning pictures of particle shown in Fig. 1. 

(1453°K at 10 -~ atm, Table 3), W will in any case be 
completely condensed at these temperatures. Vapor 
pressure data have been used in the form: 

o = _ A E / T  + B E log PE 

The constants A and B are the enthalpy and entropy 
O of vaporization divided by 2.303R, PE is the vapor 

pressure of  the pure phase of  an element. The same 
constants A and B have been taken as those used by 
Kelly and Larimer [8]. These constants have been 
derived from data in Hultgren et al. [9]. 

The reactions considered are of  the kind: 

E (gas) -~ E (solid) (1) 

At equilibrium: 

G ° = - R T  In K eq = - R T l n  aE (2) 
PE 

where G ° = standard free energy change of  the reac- 
tion, K eq = equilibrium constant, and a E = activity of  
element E in the alloy. 

The partial pressure PE over the alloy is set equal 

Palme & Wlotzka 1976

In meteorites, they are sometimes 
seen in Pt-nugets, where they 
condense together.



Refractory elements in r-process

• Mass fraction of refractory elements (Tc >~ 1400K) is ~ 0.01 - 0.1.

• This is roughly sufficient to make the ejecta optically thick at ~ 30 day.
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Refractory elements condensation (Domoto, KH, Kasen in prep)

Equilibrium state of refractory elements can be crystal.



Takami+14 rules out the grain formation

DUST FORMATION IN MACRONOVAE 3

Table 1
Grain Species Considered in the Calculations

Grain Species γ/104K δ a0 (Å) σ (erg cm−2) Teq (K)

C 8.640 18.974 1.281 1400 1800–2000
Fe 4.842 16.557 1.411 1800 1060–1180
Sr 1.456 7.067 2.364 165 430–500
Hf 7.390 16.220 1.745 1510 1630–1820
Pt 6.777 17.826 1.533 1770 1440–1600

Note. — The Gibbs free energy for the formation of clusters is approxi-
mated by∆g̊/kT = −γ/T + δ, where the numerical values γ and δ are derived
by least-squares fittings of the thermodynamics data (Chase, Jr. et al. 1985;
Arblaster 2005) in the temperature range of T = 200–2500 K. The radius of
the condensate per atom and the surface tension of the condensate are given
as a0 and σ, respectively (Elliott & Gleiser 1980; Nozawa et al. 2003). The
equilibrium temperatures Teq are presented for the density range of ni = 106–
108 cm−3. See Nozawa & Kozasa (2013) for the details of the dust formation
calculations.

Figure 1. Condensation efficiency, which is defined as the mass fraction of
atoms finally locked up in dust grains, of carbon, iron, strontium, hafnium,
and platinum in the low-density (square) and high-density (circle) cases. The
density of each element is fiρ where fi = 1 (filled) or fi = 0.5 (open) and ρ is
given by equation (3).

in the case of efficient r-process nucleosynthesis. We con-
clude that the dust grains of heavy (Ai ! 50) elements are not
expected to be formed in the low-density case. In particular,
the condensation of r-process elements (Ai ! 100) is likely
to be extremely difficult (see equation 5), unless the inhomo-
geneity of ejecta is taken into account.
In the high-density ejecta with inefficient r-process nucle-

osynthesis (κ = 0.1 cm2 g−1), the necessary condition of dust
formation is relaxed. The results of dust formation are also
shown in Figure 1. The condensation efficiency of carbon is
unity for fi = 1. Carbon grains form at t ∼ 7 days. Despite
the high density, the condensation efficiency of Fe grains is
only fcon = 2× 10−4 even for fi = 1 because of the low con-
densation temperature. Since Fe grains form much later than
t0 = 7 days7, we exclusively focus on carbon for applications
to GRB 130603B in the next subsection.

3.2. Dust model for macronovae

7 Fe grains could form at earlier time in non-uniform ejecta, e.g., at the
head of the ejecta where gas is rapidly cooled.

Figure 2 shows the condensation efficiency and average ra-
dius of carbon grains as a function of the isotropic equivalent
mass of carbonMC(4π/∆Ω), whereMC is the mass of carbon
available for dust formation. The density of ejecta is calcu-
lated as the isotropic equivalent mass divided by 4πR3/3. The
condensation efficiency is unity above MC(4π/∆Ω) ∼ 10−2,
below which it decreases rapidly.
Once dust grains are formed in the ejecta, they absorb emis-

sion from the ejecta and emit photons with energies corre-
sponding to their temperature. Assuming that dust emission
is optically thin, we can choose the mass and temperature of
dust so that its thermal emission explains the NIR emission
of GRB 130603B. Figure 3 demonstrates one of the exam-
ples of a spectrum of the dust emission. For dust temper-
ature of 1800 K, the mass of the required carbon grain is
Md,C ∼ 8×10−6M!, which corresponds toMC ∼ 4×10−3M!

and fcon ∼ 2× 10−3 for ∆Ω = 4π (see Figure 2). Smaller the
∆Ω is, larger the fcon is for a given Md,C = (4π/∆Ω) fconMC.
For instance, in the case of (4π/∆Ω) = 10,MC ∼ 5×10−4M!

is required, which corresponds to fcon ∼ 2× 10−2. Note that
the required mass of carbon gas is consistent with the mass
of ejecta which is shown in recent simulations, and that car-
bon grains do not evaporate because the dust temperature is
lower than its evaporation (equilibrium) temperature. The
opacity coefficient of the carbon grains is κC ∼ 1.1× 104
cm2 g−1 at the J-band (1.2µm), which does not depend on
their radius as long as the grain radius is much smaller than
the wavelength. At 7 days in the rest frame, the absorption
probability is above unity at wavelengths shorter than the J-
band under the parameter choice : (3Md,C/∆ΩR3)κCRβ ∼
0.7(4π/∆Ω)(λ/1.2µm)−1.2. The absorption and emission co-
efficients are proportional to λ−1.2 (Zubko et al. 1996). Thus,
the dust grains absorb macronova emission and re-emit radia-
tion in NIR bands.
Compared to a spectrum of the r-process model, which pre-

dicts a rather broad-line spectrum, the dust model provides an
even more featureless spectrum. The spectrum of dust emis-
sion also deviates from a blackbody spectrum at wavelengths
of ! 5µm because of the λ-dependence of the emission co-
efficient. Thus, a spectrum of the dust model can be obser-
vationally distinguished from both the r-process model and a
pure blackbody spectrum.
Based on the discussion above, we can propose an alter-

native model for the NIR brightening of GRB 130603B, and
generally NIR macronovae, which is schematically drawn in
Figure 4. First, a macronova not powered by r-process ele-
ments happens (see Section 4 for possible heating sources).
The low line opacity coefficient, e.g., κ∼ 0.1 cm2 s−1, makes
this event bright in a blue band on timescale of a few day, as
in the original work (Li & Paczyński 1998). Then, when the
temperature of ejecta decreases to ∼ 2000 K, dust formation
begins and the ejecta become opaque again by dust. The high
opacity allows the macronova emission to heat dust grains,
which emit absorbed photons in NIR bands. In other words,
the observed NIR macronova can be the dust emission.

4. DISCUSSION AND SUMMARY
We have investigated dust formation in macronovae

based on the temperature and density estimated from GRB
130603B. We have shown that dust of r-process elements
hardly form even if they are abundantly produced. On the
other hand, dust of light elements such as carbon can be

Condensation fraction The issues:

1. Takami+14 considered only 
low density ejecta. So, 
atom-atom collision rarely 
occurs. 

2. They use classical 
nucleation theory, which is 
not reliable for small cluster 
formation (Draine 1979).

No dust



Collision time
• The most important time scale is collision time, tcol

a1

a
v

Relative velocity

Number density of 1
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2kBT
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• For example, atomic collision:
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t�1
col(a) = ⇡a2vn1

Takami+14 took Mej ~ 0.01Msun and v = 0.2c -> tcol >> t at T = 1500K.

If tcol > t at T ~ 1500K, dust formation is impossible



Nucleation Theory
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cleation (mJ·m−2), α′ is the effective interfacial energy for heterogeneous nucleation (mJ·m−2), J0
is a kinetic factor related to ion diffusion and nuclei surface properties, A is a pre-exponential ki-
netic factor related to ion diffusion and nuclei surface properties, and Ea is the apparent activation
energy ( J·mol−1). kB is the Boltzmann constant (1.38 × 10−23 J·K−1), and T is the temperature (K).

Recently, nanoscale advanced techniques have enabled a more comprehensive understanding
of nucleation, especially its thermodynamic and kinetic aspects (α, J0, "G∗, and Ea). Using
Equation 2, α (or α′) and J0 can be calculated, respectively, from the slope and y-intercept in a
linear regression analysis of ln (J) versus 1/σ 2. Utilizing the obtained α (or α′), "G∗ can also
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• Potential maximum appears, 
i.e., the surface energy vs 
volume energy 

• Nucleation rate ~ exp(-ΔG/kT)

Classical Nucleation
• Spherical shape with surface 
tension of ∞ size. 

• Monomer capture and emission



Nucleation Theory
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Non-classical paths may reduce the potential barrier and 
thus reduce the nucleation time.

Jun et al., 2022



Outline
• Observational Clues


• R-process condensation: amounts and equilibrium.


• Why the previous work concluded no dust formation in 
kilonovae?


• Kinetic approach for r-process dust formation


• Dust formation in kilonovae and implication



R-process cluster formation in kilonovae
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R-process cluster formation in kilonovae

Cluster size, n

Fr
ee

 e
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y/
k B
T

Critical size

No condensation

Condensation

Reaction rates are from Matsuka+19 
Including cluster ‘fission’.

‘classical’ picture
‘molecular’ picture



Grain formation in kilonova

Zr, W, Os… atom

Clusters
N
-m

er
 a
bu

nd
an

ce

Time (day)

Zr, W, Os, Pt condense into grains at ~10 days. 
They can produce the infrared continuum at later times. 
Reaction rates of W are from Matsuka+19

Domoto, KH, Kasen in prep



When grains may form?

Dust free

Dust rich

Domoto, KH, Kasen in prep

Very sensitive to velocity, i.e., density at Tcon.



Dusty Kilonova Transfer
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Dusty Kilonova

Dusty Kilonova

Clean Kilonova



Classical and Non-Classical
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Comparison with Classical Nucleation Theory
Takami +14

All possible 
routes included

Monomer-only

Our results are consistent 
with the CNT results if we 
turn off fission.



Summary
• t ~ 30 day, we see Lβ~4πσR2Tc4 with Tc ~ 500K. 


• If dust, τdust ~ 1 => Mdust ~ 10-3Msun


• The mass in refractory elements with the solar r-process is Mref ~ 
10-3Msun in Mr ~ 0.05Msun


• Atomic collision time ~ 10 x dynamical time at T ~ 1500K, where 
refractory elements condense. 


• Solving rate equations, we get Mdust ~ 10-3Msun


• If dust, we should be able to see transition from emission-line-
dominated to dust-dominated KN in 10 - 30 days.


• KNe with low ejecta mass should be dust free. 


