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Physical structure
Chemical structure
Observations of molecules in protostellar envelopes

New era of discoveries with James VWebb Space Telescope (JWST)



Outline

¢ Physical structure
e Chemical structure
* Observations of molecules in protostellar envelopes

* New era of discoveries with James Webb Space Telescope (JWVST)



Recap...
From molecular clouds to protostars

'DIFFUSE CLOUD

 Cold cores: no star, formation of first
polyatomic molecules and ices

 DENSE\CLOUD
~ PLANETARY SYSTEM

' w»— ¢ Protoplanetary disks: the star has
- formed, evolution of remaining gas and dust

ACCRETION DISK

B. Saxton




Let us take a step back ...



Classical picture of the formation of the Solar System

Molecular Cloud

< 10° years
~10% au

Chameleon Molecular Cloud

JWST/NIRCam: NASA, ESA, CSA



Classical picture of the formation of the Solar System

Protostar

105 -5 x 10° years
~10° au

L1527

JWST/NIRCam: NASA, ESA, CSA



Classical picture of the formation of the Solar System

Protoplanetary disk -

5 x 105 — 5 x 106 years "D> 70

~100 au Benisty et al. 2021
ALMA: ESO, AUI/NRAO, NAOJ



Classical picture of the formation of the Solar System

Jupiter Planetary system

> 5 x 10° years
~10 au

JWST/NIRCam, NASA, ESA, CSA



JWST/NIRCam: NASA, ESA, CSA | ALMA: ESO, AUI/NRAO, NAOJ



This lecture

Protostar

105 -5 x 105 yrs
~ 103 au

JWST/NIRCam: NASA, ESA, CSA | ALMA: ESO, AUI/NRAO, NAOJ
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We study low-mass stars to
understand how our Sun formed

* Low-mass stars = stars with masses <2 M,
* They constitute most of the total mass of our Galaxy
* Their study sheds light on the formation and evolution of our Sun and

Solar System (Disk formation and evolution, planet formation)

Observational challenges: they are faint, thus far-IR and mm-/submm are

favourable spectral domains to study their physical and chemical evolution




Classic picture of low-mass star formation

Prestellar

Core Pre-stellar cores can undergo gravitational collapse, initiating a cascade

of processes leading to the formation of a star

/

The core is approximated as an isothermal sphere of gas
with a density profile following the power-law p « r=2

A N

30 000 AU

e

Assumption vs reality: the spherical cow
M. V. Persson



Classic picture of low-mass star formation

Prestellar

Core Pre-stellar cores can undergo gravitational collapse, initiating a cascade

of processes leading to the formation of a star

/

The core is approximated as an isothermal sphere of gas
with a density profile following the power-law p « r=2

VA BN
, : The maximum mass the core can have to be gravitationally bounded
30 000 AU is referred to as the mass of a Bonnor-Ebert sphere:
CBEC4
Mgg = )
VPoG3

where Cgg is the Bonnor-Ebert constant,
Cs is the isothermal sounds speed,
P is the pressure of the gas and G is the gravitational constant

M. V. Persson



Classic picture of low-mass star formation

Prestellar

Core The maximum mass the core can have to be gravitationally bounded
is referred to as the mass of a Bonnor-Ebert sphere

4 4
CBECS
Mpg. = JPG?
21X 0
When the mass of the core exceeds the critical mass of the Bonnor-
’30 000 A:U Ebert sphere, the core begins to collapse in free-fall from the central

regions, characterized by higher densities.

Since the expansion occurs from the inner to the outer layers of the cloud core,
this model is called the inside-out collapse.

M. V. Persson



Classic picture of low-mass star formation

Prestellar Class O
Core

| | | - ~[0%yrs
30 000 AU 10 000 AU

After the collapse has begun, more and more material accretes towards the center of the core.

When the material reaches densities and temperatures sufficiently high (T = 10¢ K)

for deuterium fusion reactions to ignite, a protostar forms at the center.

M. V. Persson



Classic picture of low-mass star formation

Prestellar Class 0 Class 1
Core
| | | j ~|04)’I"S | i ~|05)’I"S
30 000 AU 10 000 AU 300 AU
Planetary Class III Class II

System

______
e ’
. ,
Pias

s
pes

M. V. Persson



Protostellar phase: embedded stages

e Class O
Outflow — > < Massive protostellar envelope
Dick ¥ _}T £ 4 Sizes: 104 AU
| 'S - 1 .y It may harbour a thick proto-disk
Infalling envelope g < Estimated lifetime: 50 000 yrs
Outflows/Herbig-Haro (HH) objects
Main components 10 000 AU HH objects = bright clumps of gas
located along outflow direction
Outflow —
N /
N
/ e Class |
Disk },g‘:é‘)
7 ’/ V4 Less massive envelope w.r.t. Class 0
Infalling envelope b l N Presence of a disk (R disk ~ 25-500 AU)

Outflows/jets/Herbig-Haro objects
(less energetic w.r.t. Class 0)

300 AU | Adapted from M. V. Persson



Protostellar phase: indicators

pt 4 Class O
e Infrared spectral index (dr): NP -
A 4 e Class 0 =T
d log (AFy) <1< L) <
where 2.2 < A <20 pm y. R %
= L Black
d log (4) Body
* | 1 10 100 1000
: 10 000 AU
e Bolometric temperature (T bol) : A lum]
temperature of a black body with the same mean Class I
frequency as the observed continuum spectrum
N\ 4 g’_ /\ IR Excess
v\ g o | | - Bl k
. \ ° ass =L [ Black
¢ Ratio between L submm and L poi ¢ ;%"fﬁ ' Body
introduced to discriminate between Class 0 / 1! I | " .
N 12 10 100 1000
and Class | A A [um]

(A« submm = 350 Hm)

Lada 1987, Myers and Ladd 1993,
Dunham et al. 2014

300 AU



Protostellar phase:

Evolutionary stages of
Young Stellar Objects (YSOs)

Spectral
energy

distributions
(SEDs)

Class SED slope Bolometric temperature | Luminosity ratio
(@r) (Tho1) (Lsubmm/ Lbol)

0 - Tt £ 70K > 0.5%

I ar > 0.3 70 K < To) < 650K <0.5%

II 1.6 <apr <-0.3 | 650K < T <2800 K

I1I ar < -1.6 Tvor > 2800 K

log AF(A)

log AF(A)

log AF(A)

log AF(A)

Class O

Black
Body
1 | | >
1 10 100 1000
A[um]
Class I
/\®
;/lmack\\x
| Body
1 I' I I R o
1 2 10 100 1000
A [Hm]
Class 11

\

L1 ] 1 S
1 2 10 100 1000
A [um]

Class 111

1000

N\ b e Young accreting protostar
Ny g
g ¢ M, << M en
A N . . .
Lack of emission in the near-IR
10000Au  ~10%yrs
N % e Evolved accreting protostar
T
vy Y
;%ﬁ?\ M* > M env
|
O\ . . .
. Emission: composite of env + disk
_ 9.7 um silicate absorption band
300 AU
~10° yrs

e Classical T Tauri star

| M gisc~ 0.01 M
100 AU
~1 06 yrs
e Weak T Tauri star
& *—ell D) M disk< M Jupiter
100 AU

Adapted from M. Persson



Protostellar
phase:

Envelope
Disk
Outflows

Class O/I protostar
L1527 IRS (IRAS 04365+2557)

Location: Taurus molecular cloud
(d=140 pc)

i = 85°, edge-on configuration

L voi = 2.0 L

T ol =44 K

;z/x _-

JWST NIRCam & NASA, ESA, CSA, and STScl, J. DePasquale (STScl)




Diversity of
protostellar systems

Extended
Multiplicity a
They tend to form in clusters .
Diverse morphology 2
(extended and compact sources) 0
Binar
Different configurations Compact 4
(face-on, edge-on, misaligned disks) 4
6
3
O
A o
<

Tychoniec et al. 2021
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Why are high-mass stars important?

* High-mass stars = stars with masses > 8 M 6
* Few compared to low-mass stars but much more luminous
* They tend to form in clusters and associations
* Their “feedback” shape the interstellar medium

(radiation, outflows, winds, supernovae)

* They regulate galaxy evolution (heavy metal production, star bursts)

* They trigger the formation of low-mass stars

" R. Bernal Andreo



Why high-mass star formation is not well constrained?

* Few compared to low-mass stars

[There are ~100 1.0 M, star for each 30 Mg star " N. Solpeter 1955 — |
| Kroupa 2001 v ]
o . 1 OOO 3 Thies &nggﬂg %883 —- E
and | M stars live 1000 times longer] 5 de Morchi & Poresce 2001 — . 3
. = [
e Short lives - 0.100 -
O !
: : O [
* Not observable in the pre-main sequence phase . 4 519
Z .
=
* They tend to form in clusters 0001 ”

0.01 0.10  1.00
M- (Mo)

|

10.00 100

All of the above makes it extreme challenging to observe high-mass star formation

Offner et al. 2014



Outline

e Physical structure
¢ Chemical structure
* Observations of molecules in protostellar envelopes

* New era of discoveries with JWST



Physical and chemical structure of a typical Solar-type Class 0/1 protostar

It can be roughly divided into three zones, which are defined by the status
of the grain icy mantles formed during the pre-stellar phase.

Radius [orcsecw]
0

N : T T T LA B B R | ! ! =3 1()
T \\y\\\ ‘
e A
‘ C
I - Hot VN old
.

10 100 1000 10000
Radius (AU)

Cold envelope: the dust temperature (Tqust) is lower than the sublimation of CO-rich ices ( ~ 22 K);
:it is the intermediate, lukewarm envelope region.
Hot envelope (or hot-corino) : Tqust is higher than the sublimation temperature of H2O-rich ices (~100 K);



Recap: Endothermic vs exothermic reactions

Endothermic Exothermic

‘ ‘h‘ aY\Sl\'\ovx S\’a.*e. ‘('( aY\S\\'\ow S\'a,*e.

?o’( enfic\ products ?0‘\6'\".‘“\ reatiavts
Cﬁ%\'b\s C\be\s
(\-‘\\ E st (\«.3\
AN LN TN \s feleosedt — AH
N— C,Y\U‘cbns'\s cosocoe in o cxothermic (eacekion

reattavis in on endothermic feaekion

’Proobce.ss °Q Ceackion / time ’Pfoob(‘e.ss oQ ceacXion / '\me

Cold envelope & Warm envelope Hot envelope (or hot-corino)



Chemical evolution during low-mass star formation

Disk Hot core Collapsing envelope  Pre-collapse
10° 10’ 10° 10° 10*
n (cm) I
T (K)
300 100 30 10
q-IzO evaporatiorD(CO eva poration) @O freeze-ouD
j j co j
yO2 -0 COz cH,
e | |G
H20 H>0 NH3
H2°l CH3OH co,
ggg Radicals @
outflow CH,OH
cone

o i

Adapted from Herbst & van Dishoeck 2009,
Boogert et al. 2015



Chemical evolution during low-mass star formation

Disk Hot core Collapsing envelope Pre-collapse
10° 10’ 10° 10° 10°
n (cm™) |
Cold envelope ( T <22 K, n ~104 cm-3) T (K)
300 100 30 10
e Oth-generation molecules (H20 evaporatio@@O evaporation ) CO freeze-out)

e.g., H.O, CO,, CH30H, CH3:CH,OH j

Chemical processes:

Exothermic reactions gg
Radicals
Built up of ice layers: e.g., CO freeze-out Og;fL%W CHOH

Atom addition/abstraction of accreted species

¢ i

Non-thermal desorption

Adapted from Herbst & van Dishoeck 2009,
Boogert et al. 2015



Chemical evolution during low-mass star formation

Disk Hot core Collapsing envelope Pre-collapse
10° 10’ 10° 10° 10"
. X n (cm™) |
Cold envelope ( T <22 K, n ~104 cm-3) T (K)
300 100 30 10
* Oth-generation molecules q-le evaporatio@@O evaporation) CO freeze-ouD
e.g., H.O, CO,, CH30H, CH3CH,OH j
CO freeze-out
H20
Highly dependent on T, n, and Av gg
Radicals
outflow CH3OH

* ‘Heavy freeze-out’ at Ay > 6 mag cone
e ‘Catastrophic freeze-out’ at Ay > 9 mag

¢ i

Adapted from Herbst & van Dishoeck 2009,
Boogert et al. 2015



Chemical evolution during low-mass star formation

Cold envelope ( T <22 K, n ~104 cm-3)

e Oth-generation molecules
e.g., H2O, CO,, CH30H, CH3CH,OH

ICMIS animation studio, Lamberts, van Dishoeck



https://www.youtube.com/watch?v=X_jSenHTqFw

Chemical evolution during low-mass star formation

Disk Hot core Collapsing envelope Pre-collapse
10° 10’ 10° 10° 10°
Warm envelope n (cm3) |
(T =20-100 K, n ~106 cm~-3) T (K)
300 100 30 10
¢ Ist-generation molecules q-le evapora’uo@@O evaporatlon) (CO freeze-ouD
e.g, saturated species such as HCOOH,
CH3CH,OH
co
)2 =0 CO2_cH,
Hzo H20 NH3
CH3OH co,

Chemical processes:

outflow
cone

Thermal desorption of volatile species (e.g., CO)
Photochemistry: radical production

Surface reactions: radical-radical addition

Adapted from Herbst & van Dishoeck 2009,
Boogert et al. 2015



Chemical evolution during low-mass star formation

. N _ Disk Hot core Collapsing envelope Pre-collapse
Hot-corino (T > 100 K, n ~108 cm-3) A , - - .
, 10 10 10 10 10
Hot corino: innermost envelope region " (CT"EK; |
(R <200 AU) 300 100 30 10
q-le evaporatio@@O evaporation) (CO freeze-ouD
e 2nd.generation molecules
e.g, NH,CHO, HOCH,;CH,OH, COMs
02 co CO2 cH
. 4
Chemical processes:
H20 NH3

Gas-phase dominated chemistry:
endothermic reactions possible !

Thermal desorption
lon-molecule and neutral-neutral reactions

Photodissociation

Adapted from Herbst & van Dishoeck 2009,
Boogert et al. 2015



Chemical evolution during low-mass star formation
Hot-corino phase (T > 100 K, n ~108 cm*-3)

Hot corino: innermost envelope region
(R <200 AU)

Complex Organic Molecules (COMs) = molecules with at least 6 atoms
COMs are also referred to as interstellar COMs (iCOMs)

e 2nd-generation molecules
e.g, NH,CHO, HOCH,CH,OH,
COMs

ICMS animation studio, Lamberts, van Dishoeck



Dust temperature Dust composition Gas density

Colder _ Hotter @ Dust + ice (radicals) Higher _- Lower
Re c a p ‘ Dust + ice (radicals & iCOMs)

©  Dust

Molecular outflow

Circumstellar
disk

Centrifugal
barrier

| I
[ |
Cold envelope (" Warm envelope a Hot corino
T<22K, r~5,000-10,000 AU T ~22-100 K, r ~ 100 - 5,000 AU T>100K, r~10-100 AU

L)
4

%

Dust grains coated in thick icy mantles Sublimation of main frozen species Complete sublimation of icy
grain mantles

Image credit: Houge, A.

Frozen-in molecules and radicals Enrichment in iCOMs and/or
Exposure to surrounding UV field and CRs unsaturated carbon chains Enrichment in iCOMs

. J




Astrochemical modelling
Categories of models

Temperature (K) Temperature (K)

» 20 50 100 200 » 20 50 100 200 e Hot-corino Phase model:
- CH,OH(s) -
~6 | H.COls) \ 6| only 2nd generation molecules are considered
2 \
i \ HCOOH(s) !
g -8F HCOOCH3%-' """" ‘ %N -81 e Cold and hot-corino phase model:
~10 \ ~10 : :
_______________________________ / only Oth and 2nd generation molecules are considered
-12} / -12F
P | e Cold and warm-up phase model:
5 10 , ,
Time (years x 10%) Time (years x 10%)
: only Oth and [st generation molecules are considered
* All-phase model
Hot core phase
Cold phase

Garrod & Herbst 2006



Changes in chemical sighatures of protostellar envelopes

duri ng aCCI'EtiOn bu FSts Disc temperature Solids
B I @ Barerocks

H,0 snowline @ with H,0 ice

QU'ESCENT ‘0-'-..0...0:&.:-"?‘(:?' 2% 222D "")-"i h R ’:‘ "1

Water snowline = location at which the temperature
is ~1 50 K and water ice sublimates.

OUTBURST

During the burst the luminosity
(and temperature) of the protostar increases
the water snowline is shifted to larger radii where

the sublimation of water ice occurs instantaneously.

POST-
OUTBURST

L Y > ‘ » » B ’
o......o.o.-.-.g:...:.é,?.. LY PANY RLIN RN FAAEY RIESTE TAM B
I

Image credit: Houge, A.



Inheritance of (pre-) protostellar material vs reset

Disk Hot core Collapsing envelope Pre-collapse

10° 10 10° 10° 10*
|

A fraction of molecules in the hot-corino is
inevitably photodissociated however... 300 100 30 10

q-le evaporatio@@O evaporation) (CO freeze-ouD

o~ Ea CO2 cH
(Grain, 4
H20 @ H20 NH3

the cold envelope material may be incorporated Ogg!f;w
into the disk mid-plane and thus be inherited

to the planet and comet forming zones.
*

Adapted from Herbst & van Dishoeck 2009,
Boogert et al. 2015



Evidence of inheritance of protostellar material ?

Similar abundances of CHO-bearing molecules towards protostellar systems and comets

| L
- r=1.00 |
— 0.88 Ilz()\uurct \
a i o
2
§ 10 i up.lim. ]
)
3L i ;:co ]
o
N
— : CH,OH
wn 10"+ HE) 1
< :
o . H,CO
= 'HCOOCH i+ @
é : +("Té‘(|)1"((‘j(])l(())ﬁ C,H.OH+CH,OCH, 1
S T eg™?
= 1072+ HCOOH =
8 i —.—l
£
) - H o
E:, —e NH,CHO
_4 ( ||\ Cincnp.lim.
1" (120 AU) 10 ? i il
—
| ! | ! | ) | ]
10~ 1072 10° 102 10°  ESA / Rosetta / MPS for OSIRIS Team

Jorgensen et al. 2016

n(X)/n(CH,OH) (67P/C-G)

Drozdovskaya et al. 2019

However, the organic matter found in meteorites (i.e., carbonaceous chondrites)
has a more complex chemical structure (Alexander et al. 2017)



Complex organics may form already during the cold phase

Formation of simplest amino acid (glycine) in the

laboratory under cold phase conditions
(non-energetic mechanism)

Column density (10’7 cm™)

Boogert et al. 2015

Water-rich ice

30,000 au

This work

Heating and
UV processing

10,000 au

Previous

Dust settling to
cold, dark midplane

' 77 1\ -
!
100 au Sl au

loppolo et al. 2021



Outline

e Physical structure
e Chemical structure
¢ Observations of molecules in protostellar envelopes

* New era of discoveries with James Webb Space Telescope (JWVST)



Detected molecules* in space

*[Interstellar and circumstellar]

More than 300 molecules (as of 12/2023)

A large fraction of molecules were detected in hot cores/corinos

1 173 2

H He
1.00794 4.002602
Hydragen Helium
3 4 5 6 188 7 92 |8 75 || 9 3|10
Li Be B C N O F Ne
6.941 9.012182 10.811 12.0107 14.0067 15.9994 18.9984032 20,1797
Lithium Beryllium Boron Carbon MNitrogen Oxygen Fluarine Neon
11 2|12 13 14 13||15 6|16 30|17 7|18
Na Mg Al Si P S Cl Ar
2298977 24.305 26.981538 28.0855 30.973761 32.065 35.453 39.948
Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
19 2|20 21 2 2|23 1|24 25 26 1|27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \' Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
39.0983 40.078 44 95591 47.B6T 50.9415 51.9961 54.938049 55.845 58.9332 58.6934 63.546 65.400 69.723 72.64 T4.9216 78.96 79.904 83.798
Potassium Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Mickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
37 38 39 40 41 42 43 44 45 46 47 438 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
85.4678 87.62 88.90585 91.224 92.90638 95.94 o8 101.07 102.9055 106.42 107.8682 112.411 114.818 118.71 121.76 127.6 126.90447 131.293
Rubidium Strontium Yttrium Zirconium Miobium Maolybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
55 56 72 73 74 75 76 i 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta ") Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
132.90545 137.327 178.49 180.9479 183.84 186.207 190.23 192.217 195.078 196.96655 200.59 204.3833 207.2 208.98038 209 210 222
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Palonium Astatine Radon
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
223 226 261 262 266 264 277 268 281 272 285 286 289 289 293 294 204
Francium Radium Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium Roentgenium Copernicium Nihonium Flerovium Moscovium Livermaorium Tennessine Oganesson

https://cdms.astro.uni-koeln.de/classic/molecules

McGuire 2021



Detected molecules® in space 300+ molecules (as of 12/2023)

*[Interstellar and circumstellar]

Atacama Large Millimeter/submillimeter Array (ALMA)

o 250F | | | —

= Since 1968: 3.9 detections/year

ks Since 2005: 6.0 detections/year

S 500l _

< 200 -

B &

5 -

£ 1501 s /1 -

a 3 I e
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& ) =) o

- O Q <

& 100~ 3 2 83 N

= = g n <

IRAM 30m = 5 l :
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1940 1960 1980 2000 2020

Year

https://cdms.astro.uni-koeln.de/classic/molecules McGuire 2021



Observing solid-state (ice) and gas-phase molecules

Gas-phase molecules are studied in emission

A

Observer

Excited electronic state

Energy

1
=
.0
g’ Rotational
(V)
o transition
O
c
O
0
D
L
J=3
L.gJ J=2
_ J=1
0 J=0

Internuclear separation



Observing solid-state (ice) and gas-phase molecules

Excited electronic state

Gas-phase molecules are studied in emission

R
C
.0 =
.% — 7 Rotational
s = transition
R =
C
o =
' =
Q2 =
= =
= J . 3
T J 2 J=2
3 J=1
arget J=1

R R
@ Internuclear separation

Observer




Observing solid-state (ice) and gas-phase molecules

Rotational spectroscopy

1.5F T v v T T e T T v . v v T T
oEIN 235 £ & o S, SR 2 & 0.0 § 00”00 O O
: S T - A = T T e T = = O FxElzxE = =
0.5 ':'_ Im & O O O O Im O v U /6 LvLL|ITLVLLD U &
g 0 :hns-‘-wv- - -U o~ *»-‘-'{"-"' g e Vot e »"—‘M}"ﬂ\’ﬁﬂr WMM . M:’M%* Q-.JFM'J’WAA“ W‘r" 'I‘Vrv% “ohrore
E‘ 1.5 : . . . , . . , . . , ;
1.0 I ’ | " ‘
0.5 r 1 | | l ' i
0 A A e \:'-' WV N A AT A ;_,...,_,_ TN— § S—— '.\‘\.,,.\‘_.,,..,-,.'.- \,J"\_,,AUW_, iV Y L A et W T LN
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
2.500 2.505 2.510 2913 2520
Rest frequency (MHz x 10°)
Rotational transitions corresponding to gas-phase species
Target

A

Observer

Herbst & van Dishoeck 2009



Observing solid-state (ice) and gas-phase molecules

Solid-state (ice) molecules in the ice mantles are studied in absorption

Target

Observer

Boogert, Gerakines, Whittet 2015



Observing solid-state (ice) and gas-phase molecules

Solid-state (ice) molecules in the ice mantles are studied in absorption

Background star
e.g., bright IR giant,YSOs

i

Presence of background stars required to study the

composition of the ice mantles




Observing solid-state (ice) and gas-phase molecules

Absorption bands : vibrational modes of the functional groups
% Vibrational spectroscopy

Background star o CH3OH
W e.g., bright IR giant,YSOs |

5 /\/\/\ Silicates
N %% 2 / { '
VAl = CO, bena
é £ e |
A < — stretch M Silicates

10—17 | “

1 1 1 1 1 1 | 1 1 L 1 1 1 1 1
4 6 8 10 20 40 60 80

Wavelength (um)

Boogert et al. 2015



Which molecule traces what?

Chemical diaghostics of protostellar sources

Tychoniec et al. 2021

Warm inner
envelope

L ow-velocity outflow

CO H,CO SiO SO
CH:CHO CHOH
H,CCO CH3CN

__HNCO  HCN

CN

Disk | H2C0O =
c180 C170

Cold

envelope

NoD+

C180Q
NoH*
NH3

\—

‘Dco+

H13CO*

_/




Which molecule traces what?

Chemical diaghostics of protostellar sources

Jy beam~1 km s~1 Jy beam~1 km s~ Jy beam~1 km s~
0.1 1.3 26 39 5.1 61 1.1 21 331 43 03 1.1} 231 31 43

Envelope tracers
e.g., CI80O, N,D*, DCO*

Extended emission tracing
low excitation temperatures

Jet tracer e.g., SiO

Evidence of blue and red-shifted emission, molecular bullets

mJy beam~1 km s~1 mJy beam~1 km s~1 mJy beam~! km s~
88 7157 1425 2094 2763 107 802 1497 2192 2887 57 150 242 334 426

D e s S — e R s— —

I
1200 au

Tychoniec et al. 2021



Which molecule traces what?

Chemical diaghostics of protostellar sources

mJy beam~! km s~ mJy beam~! km s~ mJy beam~! km s~
300 589 879 1169 247 472 697 922 62 118 174 230

- e S e—

sputtering is the process in which solid-
state molecules on the surface of dust grains
are knocked free by high-speed atomic
particles in jets, shocks.

1600 au

Ice mantle tracers
e.g., CH;0OH, HNCO, CH;CN

Molecules that form most efficiently on ices, but are abundant in the gas phase
- desorbed during sputtering events in shocks and jets.
Tychoniec et al. 2021



Methanol (CH 30 H) 4 \

By |
'~, ) ". ‘.. ‘.
LAl B
,~ " .
v, '4-_. L )

IRAS 16293-2422

Murchison
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Arrokoth

e.g., Hoban et al. 1993;Walsh et al. 2015; Jorgensen et al. 2016;

80‘9/@
Rubin et al. 2019; Grundy et al. 2020



Methanol (CH3OH) Gateway species for the formation of complex organics

lce mantle tracer CH4 +OH — CH 5+ H,0O
CH ; +OH — CH,;0OH

W CO — HCO— H CO— CH ;O/CH OH — CH3OH

b

most efficient formation route

CO
H,O H,0
b é
S e
o S
A, (mag)

It forms most efficiently on the dust grains but it is abundantly detected in the gas

e.g., Watanabe & Kouchi 2002; Fuchs et al. 2009



Which molecule traces what?

Chemical diaghostics of protostellar sources

A Dec (')

mJy beam~! km s~ mJy beam~! km s~ mJy beam~! km s~
300 589 879 1169 247 472 697 922 62 118 174 230

- e I —— —— -_— ——

1600 au 1600 au

Ice mantle tracers
e.g., CH;0OH, HNCO, CH;CN

sputtering is the process in which solid-
state molecules on the surface of dust grains
are knocked free by high-speed atomic
particles in jets, shocks.

Observations of gas-phase methanol enable
to indirectly study the abundance of methanol ice

Molecules that form most efficiently on ices, but are abundant in the gas phase

- desorbed during sputtering events in shocks and jets.
Tychoniec et al. 2021



Protostellar systems: IRAS 16293-2422

Class O protostar
Binary system located in rho Ophiuchi (d=140 pc)
. Separation between protostar A and B: 700 AU

Iz L bol = 32 L@

Menv =3 M, |
Envelope size = 3000 AU 201
Hot corino |

10+

1" (120 AU)
A

Jorgensen and the PILS team 2016

345.130 345,134

PILS: Protostellar Interferometric Line Survey (329-363 GHz) using ALMA
Spectral resolution of 0.2 km/s

Imaging at 0.5"" angular resolution (60 AU)



IRAS 162938

Protostellar systems: IRAS 16293-2422 ;o

IRAS 16293-2422

Example of spectra from the

ALMA/PILS Survey

Most chemically-rich
Class O protostar observed

Several first detections
(e.g., sugar,
doubly deuterated species)

Jorgensen and the PILS team 2016

1 arcsec (141 au)

IRAS 16293A
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Protostellar systems: IRAS 16293-2422

First detection of a sugar in space: glycolaldehyde (C2H4O»)

Formose reaction leading to ribose (building block of RNA)

I

1" (120 AU)
A

Jorgensen and the PILS team 2016

Jorgensen et al. 2012



Observational evidence for hot cores: Sgr B2 (N)

Sagittarius B2: one of the most prominent regions forming high-mass stars in our Galaxy M ~ 10’ M
©

Location = ~100 pc from the central supermassive black hole Sgr A* (d=8.34 kpc)

Sgr B2 N(orth) contains two hot cores Sgr B2 (N1) and Sgr B2 (N2)
Hot core separation = 0.2 pc

EMOCA: Exploring molecular complexity with ALMA
(84-114 GHz)

Imaging at 1.8 " angular resolution

A.Schworer et al. 2019



Observational evidence for hot cores: Sgr B2

Chemical complexity: alcohols, iso-propyl cyanide, N-methylformamide, urea Bruntaler et al. 2021

First chiral molecule detected in space: propylene oxide -« e

e, » ‘. ’
o ¢ 49 44

Propanol Iso-Propanol

R-propylene oxide ' ,S-pfopyléne oxide

A. Schworer et al. 2019

8. Saxton/NRAO



Chemical abundances in high-, low-mass protostars are similar

101 | | lllllll 1 llIlllI T 1 lllllll | B | lIllllI 11 lllllll | L llll:
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Abundances measured toward different star-forming environments
(high-mass versus low-mass, Galactic center versus Galactic disk) are in good agreement.

This indicates that the chemistry is relatively independent of variations in their physical conditions
Jorgensen et al. 2020



Chemical abundances in high-, low-mass protostars are similar
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Abundances measured toward different star-forming environments
(high-mass versus low-mass, Galactic center versus Galactic disk) are in good agreement.

This indicates that the chemistry is relatively independent of variations in their physical conditions

Jorgensen et al. 2020



Outline

* Physical structure
e Chemical structure
 Observations of molecules in protostellar envelopes

® New era of discoveries with JWST



Pre-]JWST times

Spitzer Space Telescope: long bandwidth but low spectral resolving power R = —

Flux density [Jy]

With Spitzer it was often challenging to detect molecules in the solid-state due to low signal-to-noise ratio.

| — JWST-MIRI MRS !
Spitzer-IRS [‘
A

i'

10_2:
}/

1073 - -
5.0 5.5 6.0 6.5 7.0 7.5 8.0

Wavelength [um]

Flux density [Jy]
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—— JWST-MIRI MRS
Spitzer-IRS

Yang et al. 2022
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James Webb Space Telescope (JWST)

.. WEBB
X

SPACE TELESCOPE

Observing Side Sun-Facing Side

Primary Mirror Secondary Mirror Star Trackers Steering and Control

Antenna Communicates with Solar Power Array

Science Instruments Multilayer Sunshield Earth

NASA, ESA, CSA, Joyce Kang (STScl)

Diameter = 6.5 m
Halo orbit around L, point
Operation temperature = 50 K (-223°C)

Wavelength coverage = 0.6 - 28 pm R
Instruments: NIRCam, FGS-NIRISS, NIRSpec, MIRI liter wheel developed at

Mission duration: 10 yrs (planned), 20 yrs (expected)




\
- | E e JWST NIRCam NASA, ESA, CSA, M. Zamani



JWST ERS Ice Age

Flux density (Jy)

- 2023 CO scattering peak MCCIUre Et al. 2023

CO; H,O combi WMW -
OCN- .

CO,
combi

%
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Wavelength (um) Wavelength (um) Wavelength (um)

The sensitivity of JWST enables the identification
of weaker ice species e.g.,,OCN-, OCS, 3CO, 3CO;

It is also possible to understand what is the composition of
the ice at visual extinction > 60 mag. Before JWST we mostly
explored the parameter space up to 40 magnitudes.

Column density (10’7 cm™)

The study of interstellar ices at high visual extinction (Ay > 60 mag)

lce formation and growth
as function of visual extinction (Av)

30-40 mag



Summary

The study of the physical and chemical evolution of protostars gives constraints on our Solar System formation
Low-mass protostars tend to form in clusters and they are classified based on three indicators

High-mass star formation is challenging to constrain

Protostellar envelopes are chemically rich regions (hot cores/hot-corinos)

Unbiased line surveys are useful to understand chemical and physical processes during star formation

Giulia Perotti: perotti@mpia.de
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Useful resources

Boogert, Gerakines and Whittet 2015, ARA&A

Ceccarelli et al. 2022, PPVIlI Chapter

Dunham et al. 2014, PPV Chapter

Herbst & van Dishoeck 2009, ARA&A

Jorgensen, Belloche and Garrod 2020, ARA&A
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