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THE ASTROCHEMISTRY FUNDAMENTS

i

/ OBSERVATIONS \

O

EEEEEEEEEEE

What can molecules tell about
the environment in which they
exist?
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: PLANETARY FORMATION

Dense cores of molecular clouds
collapse due to their own gravity,
forming stars within them.
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. Giant cloud of gas and dustin interstellar 55 98 begin to form within the cloud.

1 Il ._:‘.I.': II"
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‘As the disks rotate, protoplanetary
disks form around young stars.
Additionally, young stars eject winds

It is a laboratory of astrochemistry. 3 it h ¢ cloud
-
What is the origin of planetary formation? at disperse the parent cloud. 2
What is our origin? 3
» ==
5. Planets form fmm-lhtr di'ilu. g n-uw.mllr system is
Mdisk ~ 10-20% M*
99 %Gas + 1% dust °
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DUST SETTLING AND MIGRATION

Vertical Settling

Radial Drift

a) Sticking

b) Bouncing

c) Fragmentation with mass transfer
d) Fragmentation

1

MIR

Scattered Light

(sub-)mm

.._./

Z Distance in AU

i]Tu rbulent Mixing (radial or vertical)

10 | 100

3.0 mm ALMA
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PDS 70

wodv4d

o ALMA ~ 855 um - Band 7

e T Tauri Star (near-IR)

e Distance: 370 light-years from Earth
e Age: ~5 Myr

e PDS 70 c has 5 Mjup

Hashimoto et al. (2020)
Wang et al. (z020)
Isella et. al (2019)

When creating a model to attempt to reproduce the observed emission, it is possible to understand its density,
temperature, and energy flux in order to determine its chemical components. o
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PRODIMO (PROTOPLANETARY
Di1sKk MODEL)

A chemical-radiative code called ProDiMo is used to model protoplanetary disks (PPDs).

lﬂ'?lﬂll:'ﬂg data . I Mstar : stellar mass
. I Lstar [Lsun] : stellar luminosity
,l. I Teff : stellar effective temperature
L ALY : LIM/Lstar

~ 1+1D h'j"dr'ﬂﬂTﬂH': disk structure I pUV : UV powerlaw exponent
l . . ! Xrays : use Xray chemistry and heating?

I Xray_Lum : X-ray luminosity
ttering . I Xray_Temp : X-ray emission temperature

: ol A=
Eﬂﬁtlnuum Fﬂdlﬂtl"fﬂ TF[IHS'.FEF . I|I||-_'| I CRI * cosmilc ray ionisation of HZ2
|7-— l . I CHI_ISM : strength of incident wvertical W

dust parameters
! rho_gr : dust grain material mass density

chemistry & gas thermal balance | T,qs )

i amin ] : minimum dust particle size

I
. I amax i : maximum dust particle size
Eﬂﬂ"l"ErgEd sounda gpﬂgdﬂ : I apow : dust size distr f(a)~a™-apow
| I settle metho : dust settling (Dubrulle et al. 1995)

! a _settle : turbulence alpha

8.8 ! hollow sphere : max hollow volume ratio

dust opacity list2X.txt I dust_opacity list file

I NDUST : number of selected dust species

» write output files _ Mg®.7Fe@.35103[s]
ProDiMoPy am(-Zubko[s]

vacuum| s ]

Woitke et. al zoo




PRODIMO (PROTOPLANETARY
D1sKk MODEL)

A chemical-radiative code called ProDiMo is used to model protoplanetary disks (PPDs).

initializing data

~» 1+1D hydrostatic disk structure

l

continuum radiative transfer < =

!

!

!

!

!

i1 '.l‘l"ll';f'!" . |
4 |

I

I

I

|7 chemistry & gas thermal balance | T,qs )
if

converged sound speeds . !
| .

outer zone
I Mdisk
I Rin

Rtaper

Rout
epsilon
gtaper
MCFOST_H@e
MCFOST_RREF
MCFOST_BETA
dust_to gas
raduc

reduc

inner zone

M2disk
R2in

1 R2out
1 aZmax

! eZpsilon

» write output files
Pro DiMOPy Woitke et. al 2009

I MCFOST _HZ
! MCFO5ST_R2
I MCFOST B2
! d2ust_to gas
! reduc

[Msun]
[AU]

[AU]
[AU]
[-]
[-]
[AU]
[AU]

: disk mass
: inner disk radius
: tapering-off radius
: outer disk radius
: column density exponent
: tapering-off exponent
: scale height ...

. belonging to reference

: flaring power
: the dust-to-gas mass ratio

: disk mass
» inner disk radius
: outer disk radius

: column density exponent
: scale height ...

. belonging to reference

: tlaring power
: the dust-to-gas mass ratio

radius

radius




7 SPECTRAL ENERGY DISTRIBUTION (SED) FOR PDS 70 =

—— Model PDS 70
® Fluxin 855 pum

® Photometric data
UV I I radio

wavelength 10° 101

Wavelenght [um]

e

1 al(F, k)

,I'-'|:I"‘,'I Bs h':'_\|.|'¢.-|:r'lj.;"::| i n;ih'Hﬂ_[Tl{f}] ' -"'":,”L.le[.l"']

With Iv: Spectral intensity, Sv: Source function (radiation contributed by the disk), Bv: Planck function (blackbody

approximation), Jv: Radiation field, and kv,abs, kv,sca, kv,ext {cm}*{-1} as the absorption, scattering, and extinction ©
CoeffICIentS Of the dUSt, reSpeCt|V6|y. (\\"oitkectg!. 2009, 2016; Kamp et al.

o010, 2o17; Thi et al. 2011, 2020)
/




” SPECTRAL ENERGY DISTRIBUTION (SED) FOR PDS 70 =

A=855 um

200 7

100 T 1

yla
£'[]erg/cm2/s/Hz/
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200 100 (14 100 200
fau] ® Fluxin 855 pm
® Photometric data

101
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UV RADIATION FIELD AND GAS TEMPERATURE
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PRODIMO (PROTOPLANETARY
D1sKk MODEL)

A chemical-radiative code called ProDiMo is used to model circumplanetary disks (CPDs) for
a Brown Darf Model.

B.08/70d I Mstar L
® 6.00al16 I Lstar [ 6 4e-10

1851.8@ I Teft K 2-

| UV [

I pUV [
: ! Xrays [ . T
1. I Xray_Lum | s
8. I Xray Emin [k z
2.. I Xray Temp [K 3 o] e Men?
2. | Mdisk L :
8. ! dust_to gas [ 79013
2. | £PAH [ - .
8. ! ChemHeatFac | -
1. ! CRI 1, \ oo
8. I CHI_ISM [ 2-
B. I alpha wvis | 12014
8.: I v _turb [k . : ; : .
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= 1. DISK STRUCTURE OF PDS 70 C

-10.0

-12.5

y [g/cm3]

BD_PDS70c

-15.0

Gas_densit

-17.5

-20.0

r [aul
> (r): Surface density

h(r) :The disk scale height (gas pressure height) can be
calculated using hydrostatic equilibrium.

For dust density, the gas-to-dust mass ratio is fixed at 1/100. The settling varies radially, depending on the grain size.

-12.0

-15.0

-18.0

N
=
o

-24.0

y [g/cm3]
BD PDS70c

Dust_densit
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N 2. THERMAL BALANCE OF PDS 70 C

2.4
2.0
@) @)
o o
A EE' N EEI
o o 16 &
.
: >
)
. (@]
1.2 =
. 0.8
10 2 10 2 101 100

r [au]

We can obtain population levels of molecules, flow lines, emission
lines, heating-cooling levels, and population levels of species
abundances

(Woitke et al. 2009, 2016; Kamp et al.
2010, 2017; Thi et al. zo11, 2020)

° Con Ik y Ak: These are the different heating and cooling rates [erg cm~°s™*], and nsp: abundances. °




*3.CHEMICAL BALANCE OF PDS 70 AND PDS 70C*=

H20+# Abundance H20O Abundance
BD_PDS70c BD_PDS70c
0.6 0.6 -
-4.0 4.0
0.5 0.5
-6.0
N
3
8.0 ¢
o =
° T
. >
Q)
. -10.0 S
-12.0
0.5 1.0 1.5 2.0
r [au] r [au]
Equation of the formation and destruction rate -> Species densities:
dn; . / ph v
— = D RiieTynjme + ) (R + R, )n;
Jjkt J
- n; ZH- v Np + Z(H““ + RS
¢ i€—rjk T Srijk i—=jk, (Woitke et al. 2009, 2016; Kamp et al.
. jki jk ; 2010, 2017; Thi et al. 2011, 2020)

Chemical rates, absorption energies, species masses are required. UMIST, KIDA. °



"SYNTHETIC SPECTRUM OF PDS 70 AND PDS 70C

Synthetic spectral fluxes in mJy, modeled over the
range from 0.6 to 28 um, corresponding to the
near-infrared (NIR) and mid-infrared (MIR) regimes
for the PDS 70 system (top) and PDS 70c (bottom).
The peaks in PDS 70c, they are likely associated
with molecular features from species such as H,0O,
CH.,, and CO. This wavelength range is crucial for
comparison with James Webb Space Telescope
(JWST) observations, which are highly sensitive in
the NIR and MIR, allowing for detailed analysis of
the chemical composition and structure of these
environments.

Flux (m]y)

wodv4d
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SYNTHETIC SPECTRUM WITHOUT CONTINUUM

—— Substracted Continuum

0.030
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Wavelenght [pm]

This figure shows the continuum-free spectrum for the PDS 70 ¢ model in the wavelength range of 0.6 to 10 microns. The
blue curve represents the flux (in mJy) as a function of wavelength, highlighting various spectral features. The spectrum
< reveals prominent peaks in the mid-infrared, indicating the presence of specific molecular transitions. >




SYNTHETIC SPECTRUM WITHOUT CONTINUUM

—— Full Madel
—_— 0
L

OH
Enlaces de

é hidrégeno —_— I:II-HEG
9);.-*"’ . j./J.s F}'HEE}

o ®l
, )‘I.
L ol Ll J}.\"w' '

2 4 LF
Wavelenght [pm)]

This figure presents the synthetic spectrum without the continuum for a protoplanetary disk, highlighting the emission lines of various
chemical species such as CO, C, OH, ortho-H20 (0-H20), and para-H20 (p-H20) within the wavelength range of 0.6 to 10 microns. Each

emission line is represented with distinct colors (e.g., CO in red, OH in yellow, etc.), showcasing their individual contributions to the °
overall spectrum.
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CONCLUSIONS

1.The ProDiMo modeling accurately reproduces the thermal structure, gas density, and spectral
energy distribution (SED) of the PDS 70 and PDS 70 c disks. The SED, particularly at 855 um, shows
strong agreement with observational data, offering crucial constraints for the physical and chemical
properties of circumplanetary and protoplanetary disks.

2.The flow of molecular emission lines in PDS 70c, alongside key compounds like H20 and CO, is
essential for understanding the chemical pathways and thermal balance in the disk. These insights
are fundamental for studying how circumplanetary environments influence moon formation and the
overall composition of these emerging bodies.

3. Future work will focus on using the PSyCo code to model the formation of moons within the PDS
70c circumplanetary disk. This will enable a deeper understanding of the disk’s evolution and the
formation of secondary bodies, advancing our knowledge of satellite systems.
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- 15.0

12.5

10.0
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~» 1+1D hydrostatic disk structure

l

continuum radiative Tﬂansfer@
l( Lt

‘ chemistry & gas thermal balance @
f '

converged sound speeds
—

I write output files

ProDiMoPy

Woitke et. al 2009



