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Why are molecules important?

Liljegren+2020
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More efficient coolants than atoms £ Model without CO
® — can change temperature drasti- §*%] _
” 22000 Model with CO
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100d 200 300 400 500

1/25



Introduction Observational histor sics of CO ve Il SNe Type Ibc SN MIR prediction:
0000 [e]e]e}

[e]e]e} 000000000 (e} (e]e] [e]

Why are molecules important?

Liljegren+2020

.. . 6000 -
More efficient coolants than atoms £ Model without CO
® — can change temperature drasti- §*%] _
” EZOOO Model with CO
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100d 200 300 400 500
® Governs when and how dust forms by

® Locking up dust ingredients.

® Determining when the temperature falls below the dust formation
threshold (1000 — 2000 K).
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Introduction

Why are molecules important?

Liljegren+2020

6000 1

More efficient coolants than atoms

® — can change temperature drasti-
cally.

Model without CO
4000 -

Model with CO
2000

Temperature [K]

100d 200 300 400 500
® Governs when and how dust forms by

® Locking up dust ingredients.

® Determining when the temperature falls below the dust formation
threshold (1000 — 2000 K).

Their molecular IR and radio emis-
e sion (ALMA, JWST) may be used
to probe mixing and morphology.

Declination (J2000)

8.10 28.00 5:35:27.90
Right Ascension (2000)
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SN 1987A : First detection of molecules in SNe

‘Splyr‘on}i/‘fq‘*llgz??l —— CO fundamental at 4.6 um Wooden+1993
[ a CO overtone at 2.3 pum -, ’ }(%)2)111 I oo, N (As.i T TR
r _ 2 S o
C /\/ s J Hamental at 8.1 um .
? J! 2 (c) 415 days 2

I |
%

4 Undur!(ations reveal
expansion velocity
(~1800 km/s).
Wing extent reve

temperature
(3000-1500 K.

Lot it aui]

23 2.4 25

b Aol vaal

Wavelength (um)
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SN 1987A : First detection of molecules in SNe
1987- 1988 1989 —
-80 4Jun 12 Sep 21Dec 30Mar 8Jul 16Oct 24Jan 4May
- -
L = CO fundamental
- © s Si O fundamental
- - a
a «CO23n
-90} T .
.
.
.
SiO forms N
later than CO (~250d)?.
— 100r 56 Co~decay
‘\.‘E =4
g
& i . -
R CO overtone declines rapidly
B . as it requires high T. .
~ -no} °
.
Bouchet and Danziger 1993
120 . . . . . o R
100 200 300 400 500 600 700

Days after outburst
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Observations of molecules in other SNe

SN CO CcO SiO Reference
2.3um | 4.6pum | 8.1um
Type IIP/pec:
SN 1987A X X X Spyromilio+1988, many others
SN 1995ad X Spyromilio & Leibundgut 1996
SN 1998dlI X Spyromilio 2001
SN 1999em X Spyromilio 2001
SN 2002hh X Pozzo+2006
SN 2004dj X x* Kotak+2005, Szalai4-2011
SN 2004et X x* X Kotak+2009
SN 2005af x* X Kotak+2006
SN 2017eaw X Rho+2018
Type lin:
SN 1998S X Gerardy+2000, Fassia+2001
Type Ib/Ic/llb:

SN 2000ew X Gerardy+2002
SN 2007gr X Hunter+2007
SN 2011dh X Ergon+2015
SN 2013ge X Drout+2016
SN 20200i X Rho+-2020

Adapted (and expanded) from Cherchneff & Sarangi 2011. * = right side of band.
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Observations of molecules in other SNe

® SN 2004et (Kotak+2009) is the only other SN than 1987A where we
have complete information about the molecular cooling. Only reemits a
moderate fraction of the powering of the O-rich zones.

sun
15M_ model—
sun

19M_ model
sun
SN 2004et CO, fundamental band
1st overtone band ¢

Estimated total lum.m
(incl. dust corr.)

2 [ ]
. . .
15 .C
;
05
EOO 300 600 700

400 500
Time [days]

25

Power (% of 56co decay)

4
3}

3]

Heating of the O/Si zone, 12 Msun model - - -
15M_ model—
'sun
19 M_ model
sun
SN 2004et SiO, fundamental band
Estimated total lum. =

(incl. dust corr.)

200

Jerkstrand+2012

300 600 700

400 500
Time [days]
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Inferred CO masses in SN 1987A and SN 2017eaw

10°
107"
1072
1073
107

Mass (Msun)

1073

107
1077

100

Other SNe have yielded similar estimates.

Sarangi+2013)

+1995)

6)

Post—explosion time (days)

® There is about 0.1 M, of C available in the O/C zone, 10~3 M, in the
H-zone..which zone makes the CO?
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The physics of CO formation, and implementation into the
SUMO COde Liljegren+2020,2022

Currently SUMO has a chemical network of 22 molecules, 115 chemical reactions. Four
molecules (CO, SiO, SiS, SO) are part of the time-dependent NLTE machinery.

Reaction Example Comment

Formation

Radiative association C + O — CO + hv C mostly ionized in the H, He zone
Formation or destr.

Neutral-neutral C+0,+<CO+0

Charge exchange COt + 0 <& CO + Ot

Destruction

Compton electrons CO +e,, > C+0,CO"

UV dissociation To be added.

He™ attack CO + He" — He + C* + O  Prevents formation in He-zone.

See also Petuchowski 1989, Lepp 1990, Liu 1992,1995,1996, Gearhart 1999, Cherchneff
2008,2009,2010, Sarangi 2013,2015, Héflich (e.g. in Rho 2021,..)

® Conditions favorable in dense, mostly neutral, O/C core region of ejecta.

® Conditions less favorable in H and He-layers, whether in ejecta or CSM.

® FExpected impact of CSI? Not large : radiation cannot reach SN core for decades.
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Molecules in NLTE - cross section issues

o>

Currently, neither theoretical nor experi- ®
mental data is available for all the col-

e |ision rates needed to calculate molecule

NLTE statistical ro-vibrational populations
in (hot) SNe environments.
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Molecules in NLTE - cross section issues

® At least 5 schemes proposed for
Av # 1 collision rates. We use
Chandra & Sharma 2001.

® To split out the

experimental /theory data for
vibrational rates to rovibrational,
we assume indepedence of j
(Laporta 2012). We allocate the
rate to Aj = 0. For now we
force rotational LTE so does not
really matter.

® For other molecules than CO, no
thermal collision data at all
available — use the CO scheme
for all 4 molecules. Data are
available for fast electrons.

Collisional Stimulated| | Spontaneous
de-excitation| | emission emission
T ™ v, ]
1 1 1
1 1 1
1 1 1
1 [
1 [
1 T,
L — V', j+1
1
v . v,
A 4 V', j-1
- V', j+1
ry - v
T y V', j-1
1 !
1 "
1 [
1 1 1
1 1 1
1 1 1
1 1 1 VI J
C°".'s'°."a| Photoexcitation
excitation
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Carbon monoxide in Type Il SN models vijegren-+2020
® A 1-zone study with just C and O, but with self-consistent NLTE
physics for CO formation and cooling.
* Our standard model forms a few times 1073 M, of CO. The mass
grows up to about 250d and is then quite constant in time.

1077 o co
The suppression at early 102, 8 oog
times is mainly due to charge s® =
. . 10744 o fe)
transfer destruction with O . ° ° O Spyromilos 88
. 10°% W Lliu+92-LTE
o [0 Liu+92-NLTE
= 10 <& LuitDelgano 95
2
o
= 10_7_%
1078 4 ~——o
C,
107 4 — co+
10—10
0™

200 300 400 500 600
Time [days] 9/25



Observational history
0000

[e]e]e}

s of CO

Type Il SNe

oeo

Type Ibc SNe

MIR predictions

000000000 (e}

Dust Summary
(e]e] [e]

Carbon monoxide in Type [ SN models Liljegren+2020

® There is a very strong coupling between molecule formation and
molecule cooling — important to treat both of these self-consistently.

Temperature [K]

COmass [Mo]

of C dust

6000
4000
CO cooling allows formation
20001 ¢ already at 200-300d]
1072
10724
104
No CO cooling

s ® O cooling

10° T r r r r
200 300 400 500 600
Time [days]
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Carbon monoxide in Type Il SN models vijegren-+2020

® CO time evolution can probe the density and zone powering.

1072 o P Teeme—e et 1072
<&
Lo o O O
< 107 Oq S 107
o @
© @
E = £
o w2 density o ¢ 0.5xdep E
© .94 e Original mod O 4] e " / o e Original mod
10 o 0.5x density 10 o e 2x dep E
o O Spyromilio+ 88 o O Spyromilio+ 88
W Liu+92-LTE W Liu+92-LTE
[ Liu+92-NLTE O Liut92-NLTE
o @ LuitDelgano 95 o @  LuitDelgano 95
0° T T T v T 1075 T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Time [days] Time [days]
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Type Ibc SNe
©00000000

Liljegren & AJ 2022 - molecular chemistry of Type Ibc SNe

® |Improvements

® Network extended, updates of reaction rates/cross sections. Issue: SN
environment is hot — molecules excited. Most other applications gas is
quite cold — molecular data efforts geared toward low temperatures.

® High-energy cross sections implemented for CO, SiO, SiS, SO.

® Measured CO thermal collision strengths incorporated.

® Self-consistent Compton destruction, with high-energy cross sections
implemented for CO, SiO, SiS, and SO.

® Full composition (KEPLER models).

Multi-zone modelling (1-zone in L20).

e Upcoming
® Photoionization/dissociation.
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CO formation and destruction in Type Ibc SNe
® Formation dominated by ® Destruction first by O™ charge
radiative association C + O — transfer, (Petuchowski 1989) then
CO. Latest rate : Gustafsson 2015. Compton electrons. (ltikawa 2015.)
CO growth when O reaction switches off.
COl - Create COI- Destroy |
1076 4 1076
—~ 1078 - B g - @ Cl+01->COI+0 _ lo—s.o <® PN
£ B gg ] CZ‘,.*:)IV.,):”.CF" & o o 'S & COI4O0Il->COII+OI
sue{®S8gg ® 8w Qi Sy XXk, L 00 % x| T ame
%‘i e ! ! ! ! ! B :E:L*‘;’ZZI{':CC(;)IL*;"" = b4 X X @ o @ @ cotoz>coz+ol
107121 ® | L & recombination %10.12. ®* % 6060 0 o conoa-coaion
107141 ® 10-14 4 oy
8 g v
10710 1 T . L ‘ I L 10716 T T A T
100 200 300 400 500 600 100 200 300 400 500 600
Time [days] Time [days]
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Carbon monoxide in Type Ibc SNe
e CO formation is significant only in the O/C zone.
® As in the Type Il model, CO mass is quite constant in time. Here a
factor ~10 lower than in Type Il model due to the lower density, at
a few times 10~* M.
® Growth begins at 500-600d as O charge transfer switches off.
Chemistry now out of steady state so change is slow.

COl

1076 4 \——"'/

o Fe/Hezone
10 | o Si/Szone

10 0/Si/S zone

0/Ne/Mg zone

0/C zone

Molecular mass [M ]

1072 L T T T T T
100 200 300 400 500 600

Time [davsl] 14 /25
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® But, again, strong density sensitivity.

Molecular mass [Mo]

107

Molecular mass [Mo]

Ibc SNe

co Sio

1072
)
=
@
2
S
£
k<]

3107
2
—_ g

100 200 300 400 500 600 100 200 300 400 500 600
Time [days] Time [days]
Sis SO
107

|

Molecular mass [M o]
s

x=50
Standard model

X=800

100 200 300 400 500 600
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Impact on temperatures in Ibc SNe : small in standard

model.
6000
e Fe/Hezone
LN o Si/Szone
\.\ e 0/Si/Szone
5000 - N ®  O/Ne/Mgzone
\;\\\ 0/C zone

— 4000 ’ .
X,
(]
2
© 3000
[
Q.
£
(7}
= 2000

1000

—— No molecular cooling
— = Molecular cooling
0

1 (')0 2(')0 3(')0 4(')0 5(')0 6(')0
Time [days]
Two contributions:

e |ower CO mass formed due to lower density.
* Collisional excitation less efficient with cross section data implementgd,,
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Carbon monoxide in Type Ibc SNe

® CO does not affect emission from the important O/Ne/Mg zone (or the
O/Si/S zone). This is important because it suggests low metal masses
inferred from nebular atomic lines (e.g. AJ+42015) is robust.

® |t does significant, but still only partial, cooling of the O/C zone :
10-40%.

Cooling fraction

0/Si/S 0/Ne/Mg 0/C
0.6 1

0.41 siol
sisi 0.4 col 944 col
sol Nell ol
call ol Nill

0.2 sil Mgl cl
i 027 N 0.21 Nell
si

0.0 1 0.0 0.01

200 400 600 200 400 600 200 400 600
Time [days]
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Comparison to CO overtone observations in Ibc SNe

1036-+

35 |
10% 0

2000ew
2007gr
2011dh
20200i

eoPen

103 T X= %0
—— Original model
— x= 200
—— x = 400
X = 600
X = 800

1033 4

Luminosity in CO (dv = 2) X My;(mod)/My;(obs)

100 150 200 250
Time [days]

® Too little data to draw any particular conclusions : hopefully JWST will

improve situation.
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Impact on optical spectra
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MIR predictions relevant for JWST

e CO fundamental band ; with SiO overtone at early times.

Flux [ergs s~' cm™2 A-1]

1e—19 600 days
4 —

1e—16 100 days 1e—18 330 days
a4 s 6 7 4 5 6 7
A [um]
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e SiS fundamental band :

Flux [ergs s~ cm~2 A-1]
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MIR predictions relevant for JWST

detectable early on, swamped by [Ne 1] later.

1e-18 100 days 1e-18 350 days 1e-18 600 days
— Sis
— Nell
21 41 2 --- Total flux
1' 2_ 1'
0 0+ 01 =
12 14 16 12 14 12 14

22/25



Introduction

4000

3500

Temperature [K]
N N w
o wn o
e & o3
o o o

1500

1000

500

Physics of CO
[e]e]e}

Observational history

0000

Type Il SNe

[e]e]e}

Predicted dust formation epochs

Si/S zone
3
<
5
®
o)
8
£
@
A

Dust formation N
100 200 300 400 500 600
Time [davsl
0/Ne/Mg zone
3
e
5
®
o)
8
£
@
°
Dust formation \
100 200 300 400 500 600
Time [davs]

Type Ibc SNe MIR predictions Dust
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0/Si/S zone
5000 § [
45009 —— Standard model
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3500 x
30001
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Dust formation ]
10004
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5000 4
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10004 | Dust formation
100 200 300 400 500 600

Time [davs]

Summary

~400d.

~300 - 600d.
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Summary

Observations show that molecules, in particular SiO and CO, appear to form in
all types of SN ejecta. Their large cooling abilities means they can dramatically
change the temperature evolution of the layers where they form.

This in turn means they governs when dust formation can begin (T < 2000 K).

A molecular chemical network, and NLTE cooling of CO, SiO, SiS and SO,
have been implemented into the SUMO spectral synthesis code.

A first 1-zone carbon-oxygen study tailered to Type Il SNe shows formation of
~ 1073 M, of CO, but strong variations with assumed density (clumping).

A full ejecta model for a Type Ibc SN has also been investigated. The lower
densities in Ibc ejecta leads to less efficient molecular cooling - the standard
model shows only small changes to temperature evolutions. However, the
higher clumping models show larger effects.

The models give predictions for MIR emission and guidance for what JWST
data may tell us.
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