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Spitzer Puzzle in AT2017gfo

Spitzer detection at 4.5 um (non-detection at 3.6 um)
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- The detection and limit => T ~ 500K if blackbody.
- Optically thick emission with 0.05¢c and 500K => L ~ 1039 erg/s.
- The B-decay luminosity is ~103% erg/s.

So, fully thermalized dust emission may be the solution:
T dust > | => Mdust >~ 10-3Msun Or ~ 0.0gMej
But, do dust grains form in kilonova? (e.g., Takami+14, Gall et al., 2017)



SN 1987A

(Wooden+1992)

775 day



JWST view of core-collapse
supernova

SN 2023ixt (Medler+2025)
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SN2023ixf clearly exhibits an IR excess by dust.
The dust emission dominates t >~ 400 day.




JWST view of supernova la

SN 2021aefx (Kwok+23, see also DerKacy+23)
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* Forbidden emission lines of metals (M1, E2 etc).

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

* No clear dust emission in typical SNe la.




Early Consideration in AT2017gfo

Kilonova conditions are somewhnat 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 la (Takami+14).
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Fine-structure lines of Fe group are at >10um. Heavier elements
have 1 - 10 um. => It Is not surprising that the nebular emission is

strong at 5um (KH+23).



AT 2023vfi in GRB 230307A

JWST observation at 29 day (Levan+24)
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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 5um (or at 500 K).

Atoms have relatively low opacities. (Masaomi, Dan, Quentin, private communication)



Outline

Observationall GlUES
R-process condensation: amounts and equilibrium

Why the previous work concluded no dust formation in
kilonovae?

Kinetic approach for small grain formaion

Dust formation in kilonovae and implication



Refractory elements In r-process

——— Solar r-residuals (scaled at Eu)
¢ HD 222925
¢ HD 122563 .
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¢ 0 Refractory elements
Wﬁ\ 1st: Zr, Mo, Ru
B MR Srd: W, Os, Ir, Pt

They condense at < 1400K.
(If they are in equilibrium)
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Refractory elements In r-process

e Palme & Wlotzka 1976

—— Solar r-residuals (scaled at Eu) ‘
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Fig. 3. X-ray scanning pictures of particle shown in Fig. 1.

50 60 70 ‘ In meteorites, they are sometimes
Atomic number, 2 seen in Pt-nugets, where they
condense together.
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Refractory elements In r-process

~—— Solar r-residuals (scaled at Eu) 7
¢ HD 222925 ]
¢ HD 122563

w

no

od2!

—
L}

T L v

Log relative abundance

Cumulative mass fraction

\
\

—— Solar r-residuaHike |
—== HD 222925-like
HD 122563-like

80 70 90 1500 1000 500
Atomic number, Z Condensaltion temperature (K)

Q

=
2
—
—
[
A
@©
C
€
2
o
=
>
C
o
c
<
T
-
C
&)

* Mass fraction of refractory elements (Tc >~ 1400K) is ~ 0.01 - 0.1.
e This is roughly sufficient to make the ejecta optically thick at ~ 30 day.




Equilibrium
Refractory elements condensation (pomoto, KH, Kasen in prep)

Pure (solar)
==+ Pure (kilonova)
| = Alloy (kilonova)
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Crystal phase

Gas number density (cm 3)

Equilibrium state of refractory elements can be crystal.



Takami+14 rules out the grain formation

Condensation fraction The issues:

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

no dust formation
in high—density case

O high—density case
(fi=0.5)

® low—density case
(f,=1.0)

OCCUrS.
o dust 2. They use classical
¢ ¢ ¢ i nhucleation theory, which is

not reliable for small cluster

Fe Sr Hf Pt : ;
(15t peak) (2nd peak) (3rd peak) formation (Draine 1979).




Collision time

 The most important time scale is collision time, tcoi
If tcor >t at T ~ 1500K, dust formation Is impossible

Number density of 1 @
2

C_(j(a) = Ta Un

Relative velocity
2kpT
mi
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 For example, atomic collision:

5 14 Mej . Xcon ™ ( v )3 L :
col.,atim ~ a
1,at y 0.05 0.03 0.09¢ 10 day

Takami+14 took Mej ~0.01Msun and v =0.2Cc > tcar >>tat T = 1500K.




Nucleation Theory

Classical Nucleation

- Spherical shape with surface
tension of « size.
- Monomer capture and emission

Jun et al., 2022

ad Energylandscape for nucleation

Critical
nucleus size

Solution Crystal

- Potential maximum appears,
l.e., the surface energy vs
Intermediate volume energy

Reaction coordinate - Nucleation rate ~ exp(-AG/kT)
memmm CNT ===s= NCNT




Nucleation Theory

Jun et al., 2022

a Energy landscape for nucleation

b CNTand NCNT nucleation pathways
Critical CNT

nucleus size
SOIUtion CrySta| . /\.

NCNT

NCNT Amorphous phase
NCNT
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Intermediate o..

PoI meric '
Reaction coordinate C{]am Liquid-like precursor

s CNT s wws NCNT

Non-classical paths may reduce the potential barrier and
thus reduce the nucleation time.
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R-process cluster formation in kilonovae

No condensation

Condensation
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Reaction rates are from Matsuka+19



R-process cluster formation in kilonovae

No condensation

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



Grain formation in kilonova

Mg =0.05M g, Ve =0.08C

Clusters

Time (day) Domoto, KH, Kasen in prep

/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



When grains may form?
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Domoto, KH, Kasen in prep Ejecta mass (M)

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



Dusty Kilonova Transfer
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Classical and Non-Classical

Mel = 0-014MO. VQl = 0.2OC. Xref = 1.0 Mej = 0.022”0 M Ve, = 0.0SC, X(ef = ‘-0

Low density, this work High density, this work

Mass fraction

Low density, previous work High density, previous work

Mass fraction

10 15 20 ‘ 10 15 20
Time since the merger (day) Time since the merger (day)




Comparison with Classical Nucleation Theory

Takami + 14
(efficient r—process) :
‘ All possible
- =05 routes included

v no dust formation

Monomer-only

high—density case l
(inefficias AEARASS

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

ST Hf Pt

(1st peak) (2nd peak) (3rd peunk)
dust species




Summary

t ~ 30 day, we see Lg~41t0R2T4 with Tc ~ 500K.
If dUSt, Tdust ~ 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 Maust ~ 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.



