The ortho-para
chemistry of H,CO in
protoplanetary disks
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Purpose: Exploiting OPRs as new physico-
chemical probes of proto-planetary disks
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Introduction
Ortho-to-para ratios (OPRs)

* Comets

* Laboratory experiments:
o H,0 ices [Hama et al. (2016)] 5
o H,CO ices [Yocum et al. (2023)]

Thermal equilibrium

* Modeling:

10 20 30 40 50 60 70 80
Temperature (K)

o NHs in molecular clouds [Faure et al. (2013)]
o NH; deuterated isotopologues [Hily-Blant et al. (2018); Harju et al. (2025)]
o H,0 in molecular clouds [Faure et al. (2019)]

o H,CO in TW Hya [Gaillard et al. (2026), ACS Earth and Space Chemistry]
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Introduction

Ortho-to-para ratios (OPRs) in disks

OPRs
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Observations

TW Hya

o Distance: ~ 50 pc
o Age: 7 - 10 Myrs [Ruane et al. (2017)]

o Stellar mass: 0.8 My [Canta et al.
(2021)]

o Disk mass: 0.023 My [Kama et al.
(2016)]

o OPR = 3 above 60 au:
* Gas-phase processes ?
* Pebble drift below 60 au ?
* Specificity of this disk ?
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Modeling
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TW Hya
704
* Assumptions/laws: 60
o Parametric modeling: Power &
laws 5
L 404
o Steady-state abundances (10° - ™_ -
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Modeling

TW Hya
* Assumptions/laws:
o Parametric modeling: Power
laws 5

O Steady-state abundances (106 - ™
107yrs)

O Free parameters:
° [C/O]volatile = 1
°( =5x10%s?
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UGAN
Hily-Blant et al. (2018)

* Nuclear spin isomers of hydrides of C, N, O, S + H.CO

* Theory of Quack (71977)
o Conservation of the total nuclear spin

o Permutation symmetry
* Adaptedto T< 100K

o-CH; + O — 0-H,CO +H 1

o-H,CO +H 1/2

CH; + 0 —
s {])HQ(J() SH O1/2

H,CO + C,H — C,H, + HCO,

— C,H, + CO+ H

7/9



ML L L L L L
i 0-Ho,CO TvS et al. (2021) - - - 7
p-H,CO TvS et al. (2021)
1013 | —
% E p-chO E
5 - -
[
[ - -
o
51012_— —
= - -
@) — -
O C -
-~ Model 1 .
1011|||||||||||||||||||||||||||||
30 60 90 120 150 180
r (au)

[M. Galllard et al.: ACS Earth and Space
Chemistry 2026 10 (3), 687-696]

0.5

TW Hya

R rrrrrrrrrrrprrrrd | I I D I

- TvS et al. (2021) - - -

= Model 1 — 4

s Model 2 — 1

- Model 3 — -

:_ e = - _:jEI'emperature profile
:I I | 1111 | I T | 1111 | 1 111 I:

30 60 90 120 150 180

r (au)
< > - e
Inner radius Outer radius 8/9

(ice desorption?)



Conclusion 00 e HCO OPR ]

— iy,

First model of H,CO OPR chemistry in a disk Zzz
H.CO column densities : 025_%
Sensitive to C/O and ( ﬁo.zo—i
C,H/H,CO: a new C/O tracer 0.157]
OPR: 0.10
A probe of kinetic temperature > 0'05‘;
Not sensitive to C/O and 000 a0 90 130 150 180

r (au)

Inherited from H,via nuclear-spin selection rules
OPR ~ 3 below 60 au: pebble drift ?
Perspectives:
Other disk environments (HD 163296, DiskStrat ALMA LP PI: Romane Le Gal [see 516])

Explicit inclusion of adsorption and desorption : next step
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Backup



Formation:

ortho para

* Neutral-neutral
Kinetic measurement above 300 K

o-CHs + O — 0-H,CO +H 1 - Rate coefficient : 1.2x107° cm?3s’
o-H,CO +H 1/2 [Hack et al. (2005)]
p-H,CO +H 1/2

55% [Xuetal (2015)]

p-CH3 + 0 — {



H.CO in UGAN

Destruction :

* Ion-polar molecule * Neutral-radical

H,CO + HCO" — H,COH" + CO H,CO + CN — HCN + HCO,

H,CO + C,H — C,H, + HCO,

Capture theory [Su & Chesnavich (1982)] — C,H, + CO+H

Rate coefficient ~ 8x10°cm3s' (@ 30 K) - Measured down to 22 K for CN and 37 K
for CoH using the CRESU technique

[Douglas et al. (2023) & West et al. (2024)
resp.]

Rate coefficient ~ 4x10"" cm3s?, ~ 1x10°
cm3s’ (@ 22 K and 37 K resp.)
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Impact to the C/0 ratio CR ionization rate in our model of TW Hya
[Lee et al. (2024), Cleeves et al. (2018)]
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Physical structure of disk ocer
TW Hya

Vertical temperature profiles
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Modeling

Table 2: Physical parameters used for our three disk models of TW Hya.

TW Hya Parameters unit Fiducial Model 1 Model 2 Model 3¢
M, M, 0.8
Mg M, 0.023¢
Yy 0.14
Tin au 4
Tout au 200
Te au 35
H. au 3.5 3.5 3.5
YH 1.325 1.325 1.3¢
¥, g/cm—? 5.2 11.0 11.0
oy o . s 2.5 1.0 1.0
* Initial gas-phase abundances: 10 e~ 17 36 36
T K 16(r/re)~"%  16(r/r.)=%%  16(r/r.)~"
- 0
o [C]=2.75x%x10° T, K 5A(r/r)=05  BA(r/r)-05  25(r /r.) 0%
i 4007
_ 20 1.5 1.5 0.4
o [0]1=2.75%x10° 3.5
) 1.0 1.0 0.2

o [ 10.15
(r/re)™
NoTES—* For the temperature in Model 3, the expressions refer to the lower and upper layers. * From

i -5
0 [N]=4.2%x10
Canta et al.2t Qi et al. 22, © From Kama, M. et al.23. @ y = n(He)/ny. © Exponent taken from Lee

O [~ S] _— 8 X 1 0-8 et al.1T F Atmospheric profiles for the lower and upper layers; a constant value is adopted for the upper
L layer atmosphere.

Lu(r) — 1, C T A Tnl(r) = Tac(r/re) 7Tm
T(r,z) = Tw(r) + +(7) mﬁq{1+¢aM1(7 ”)} (r) clr/re)
’ SH(N )1 1,(r) = Toolrfre) s

[Gaillard et al. (2026), ACS Earth and Space
Chemistry]




H.CO in UGAN

Table 3: Summary of key updated and new reaction rate coefficients adopted in the UGAN

network.
Rates :
Reactants Products a [em?® 571 8 v |K|] Reference Comment
CH:" -+ ¢ — CH, + H 5.34(—08) —0.72 0 (1)  Update
~ CH, + H, 5.23(— 08) 072 0 (1) Update
CHs formation pathway —* Sﬁﬂ | E ' HH Tgé 7) _g'?g g {1) Ep:atc
o ge . —  CH, + Hy —0.7 ate
* Modified Arrhenius law S CH 42, aﬁng 08; 0720 H UEdatc
O + Hy —  OH" + H, 4.65(—10) —0.14  0.67 (2) Update
S H,0° - H 2.08(-10) —0.40 _ 4.86 (2)  Update
CH, + O o H,CO ¢ H 6.94(~11) | 0 0 (3)
k(T) = o (T/300)” exp(—v/T) To—s CO My I 6811 | 0 0 (3) 0 T dependence 77
MC0 - CN = HCN T HCO 37(-12) 109 B2 @ New
H,CO + CoH  —  CoH, + HCO 238(—11)  —041 3.0 (5)  New
S CH, + CO+H  251(—11) —037 -354 (5  New
,C0 - ICOT & LGOI & CO _ 2.87(—09) 046 0 This work Now
H,CON ' e CO H H, 23907 078 0 6)  New
S HCO + H 4+ H  231(—07) -078 0 6)  New
— H,CO + H 2.39(-07) —0.78 0 (6) New
— CH + H,0 1.54(—08)  —0.78 0 (6) New
— CHy + OH 4.62(—08) —0.78 0 (6) New

NoOTES —The rate coefficients are of the form k(T) = a (T/300)” exp(—~/T). Fits are reliable over the

kinetic temperature range 7' = 10 — 100 K. Numbers in parenthesis are pimera of ten. References: (1)
Kamiriska et al.®%; (2) Hillenbrand et al.*¥; (3) Hack et al.®%: (4) West et al.*%: (5) Douglas et al.®%: (6)
Hamberg et al.38



Introduction

Context

Ortho-to-para ratios (OPRs) of H.CO

ISM
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OPR H2CO VS H;O
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OPR(H,)
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Temperature (K)

H.CO OPR is governed by H, OPR

Analytical OPRs departs from the UGAN values :

Temperature (K)

temperature dependence of the OPR of CH3*

reactions in UGAN :

H,COH* + e — H>CO

In para-rich H; gas :
OPR(CH,)~7/13 ~ 0.54 and OPR(H,CO)-27/13 ~ 2.1,

OPR(H,CO) =1 + 20PR(CH,) =

Temperature (K)

27 + 310PR(H,)
13 + 9OPR(H,)
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