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Emission Mechanisms

Spectral Lines (ERA Chap. 7) Free-Free (ERA Chap. 4) Synchrotron (ERA Chap. 5) Pulsars (ERA Chap. 6)
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Submillimeter and Millimeter Radio Telescopes ldentify Molecules via

Rotational Spectroscopy! - ~N
Important to know all because...
Electron transition Vibration Rotation *Electronic states have
vibrational/rotational structure
%q‘\/‘\‘\\. .>‘k * Vibrational states have
‘ / rotational structure
A $ n ~ /
50,000 25,000 12,500 4,000 400 10
< S R S S R N -1 (\Wavenumber)

Far-
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I N R R R e s> ' (Wavelength)
200 400 800 2,500 25,000 1,000,000
1) ELECTRONIC STATES 2) VIBRATIONAL STATES 3) ROTATIONAL STATES
- electrons change levels - normal modes of nuclear motions - end-on-end motion of nuclei
- energies in visible, UV - occur in infrared region - energies in microwave/millimeter-wave regions
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; . NOBEYAMA Discovery of CO
' . in the Star Forming Region,
Orion KL at 115 GHz
(J =1~ 0 transition)
in 1970 at Kitt Peak, Arizona!
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Rotational Lines of Molecules at Radio Wavelengths
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* We look at the excitation conditions of a 0.05 E oo | HOOOHS, L1157-B1 ;

£ N PN 1

molecule to know what to look for e — - ‘ , sl ". -

o g £ ' ' ' f ' ' ' ' f ' ' ' 1 =

* We use radiative transfer to calculate 0.05 L L1{46-R2

physical parameters, such as column 0 MM AT N PV RO I
densities and masses IRAM 30m 92000 93000 94000
\ j e Frequency (MHz) Lefloch 2018
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Line Radiative Transfer (ERA 7.3, 7.4, +7.7, THz Astronomy Chap. 2)

*Key Things to Remember!

To get column density, N,, you need to know the
@citation Temperature is defined by the BoItzmann\ physical states of your molecule and calculate the

equation and gives the ratio of the populations in each spontaneous emission coefficient
level (T, or Ty):
hv/k Fig. 7.5 (ERA)
Tew — T Pgu
Ny gp EU /]\
*When T, ~ T, then LTE a good approximation!
\_ Ay B, By, hv,
z Optically thick lines (e.g., 12CO) or dust emission can be \ EL \L

used to determine the temperature of a cloud!

In practice... we look up these terms
in Splatalogue!
https://splatalogue.online

Optically thin lines (e.g., 13CO or C180) or dust emission is
directly proportional to the cloud’s optical depth (and

\thus column density and cloud mass)! )
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https://splatalogue.online/

Line Radiative Transfer (ERA 7.3, 7.4, +7.7, THz Astronomy Chap. 2)

) Fig. 7.15 (ERA)
*Key Things to Remember!

250 |- I I I I I I I I l |
Related to A, the upper energies give clues i ]
into what type of environments are molecular 500 L . ]
lines are likely to emit at and are directly I 120160 (J>J—1) ]
connected to the minimum gas temperature i i
needed for significant collisional excitation, < 150 - * ]
Ea] - i
I
E £ : b :
Tmin ~ rot &E 100 ]
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Practical use =2 Rotation Diagrams

Contact: sscibell@nrao.edu

100F 25
_ CH3CHO A CHyCHOE Corrected Source Size
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g S0F 40.9=30.3 r 4a.4-30.3) . .
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= o ) 21 . e 1. .
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Isotopologues (ERA 7.7)

“Molecules that differ only in isotopic composition; that is, only in the numbers of neutrons in their component atoms”

c'%o ‘so isco
1.0
0.0 c . .
329.5 330.0 330.5 331.0 331.5 332.0 The process called ISOtO Ic

S 3 fractionation comes into play when
1.0 — . .

E = it becomes energetically favorable
0.0 . to substitute an abundant isotope

332.5 333.0 333.5 334.0 334.5 335.0 . ’

- o == 5 \thh aless abundantone y
1.0 =
b o b o

335.5 336.0 336.5 337.0 337.5 338.0

Jorgensen et al. 2016

E.g.,
C'80, 13CO, C170, C3S, H13CO+, HC'80+, H13CN , H'5CN, 2°Si0, '3CH,OH, DCN, DCO*
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Isotopologues (ERA 7.7)

HDO 225.896 GHz H,'80 203.407 GHz

25.6

Benefits of observing Isotopes:

25.8

26.0

* Usually optically thin lines
* Therefore can be used to measure 2.2
the column densities needed to
estimate the total mass of molecular R oo
gas in a source “roa2sa CH,OH 241.85 GHz
* Intensity ratios of optically thin lines
from different J levels can be used to
measure excitation temperature,
which is close to the kinetic
temperature in LTE

Dec. (ICRS)

Flux (Jy per beam km s7)
Flux (Jy per beam km s~)

—_—
0.1" (40 AU)

cl’oW=2-1
(0]
25.8

26.0

Dec. (ICRS)

26.2

Flux (Jy per beam km s7")
Flux (Jy per beam km s7)

26.4

)
—_——
0.1" (40 AU) ® .

0.1"(4_0AU)
° *Chemical ‘clocks’ that can age 5:38:18.14  18.12 RAzlg;g) 18.08 = 5:38:18.14  18.12 RA:‘?:.:;) 18.08
molecular clouds and trace the disk of V883 Ori Tobin 2023, N
. . n tur
chemical evolution* ISk'o n obin 2023, Nature
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Isotopologues (ERA 7.7)
Benefits of observing Isotopes:
 *Chemical ‘clocks’ that can age

molecular clouds and trace the
chemical evolution*

Big Question in Astrochemistry:

How much of the material formed early
on in the molecular cloud gets

inherited to the next stages of star and

planet formation?

Isotopes help us answer this question!

N,H* N2 pco+

c-Co N - N, N2(g) ~ Nx(gr)

O - Hz0(gr) -~ H20(g) CO(g) -~ CO(gr) HD + H3* -~ H,D*

® | ©

H forms by H,, forms by H,0 forms on CO freezes out N, freezes out

recombination recfolrgbination surface of dust grain onto dust grain onto dust grain
+ - of H atoms

ofH™ and e wandering on H Hy0(gr) o /H2+\‘ |"|D .

H* dust grain o.:. a0 N, « N,H* /" H;D

PO L4
—. H H o v H,0(g) e . H, +
‘/H 2 3
e H UV photons desorb H,0 N, H ™ begins to build up because H,D™ begins to build up because
from dust grain \ CO no longer destroys it N, no longer destroys it

Oberg & Bergin 2021
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Isotopologues (ERA 7.7)

Comets - Disk = Protostars

- —2
-2+ Young proto-
] planetary disk
] 0OCC ~Class 0 s
HDO:H20 ratio does not strongly : JFC e ® |4
evolve from the protostar phase to ®) ® ”
the disk! < _3'; e7p ; I =
S 1 @ ’ fa
.. . . a N _.. S
Limited reprocessing of material T Earth’s oceans| 4 S
from early star formation to solar _8’ 1 ’ 3
system bodies —4+ r
] Protosolar |
Local ISM
)
_5 i
Tobin 2023, Nature
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Diffuse Clouds Dense Clouds
23 CHNH.

Molecular
Life Cycle

Star Formation
Planetary Nebula

CH.OHCHO:

Star Formation

/ Cloud Dispersion

Protoplanetary Disks Planet Formation

Within Galaxies... 2

Stellar Deaths
Evolved Stars

/,
/.

Meteorites

Other Solar
Systems

M51 - Whirlpool Galaxy

Life seeded from space?

Credit: L. Ziurys
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il “‘High-mass” Star formation
VEE - X 1d M >8-10 Solar Masses

\ (more than 8 to 10 times the mass of our Sun) Su pergiant
‘ Protostars i .
‘ ) Carg
o

"Rich chemistry throughout! o R .
: sy - 2 :____‘ .‘

]
Red Giant ® ™ . Star-Forming

*® w Nebuld = g . e L4

» T T

0

Neutron Star Supernova

“Low-mass” Star formation | Sun-like Star
M < a few Solar Masses .

Planetary Nebula . > # .
White Dwarf Black Hole

NASA and the Night Sky Network

} . ! bl National °
ASTR 5340 - Introduction to Radio Astronomy / Radio I
Contact: sscibell@nrao.edu \ggsEEEDN'RF vy £stronomy
: . : INA®) Observatory




Low-mass (M

< a few M) Star Formation

a)

~200,000 AU

Dense starless cores
embedded in larger
filaments

t,q ~ 5 million yrs.

Dense (10° cm®) &
cold (10K) prestellar
cores that will
dynamically collapse

tiso ~ .2 million yrs.

~500 AU |

~100 AU

L

~50 AU

Protostar forms.
Accretion of remnant
cloud material.
Outflows present.

~1 million yrs.

Pre-main sequence
star left with a
circumstellar disk

1-10 million yrs.

Rocky and icy
planets continue to
grow into mature
planetary system

10-50 million yrs.
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Molecular Line Data
Low-mass (M < a few Mg) Star Formation

Taurus Molecular Cloud CO 1-0

Molecular clouds are
comprised of molecular gas
(mostly H, and CO) and
dust which form
filamentary structures

\_ J

V cr intervals:
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Molecular Line Data ~15.0

150 Taurus Molecular Cloud Filament L1498 A
q’ E
e N 5 e & ™
The filamentary structures 3 -15.6 =
Q )
are also traced by more S 158 z
‘exotic’ molecular species, 38 6.0 g
such as NH; and CCS ' g
-16.2 £
-15.0% Low-mass (M < a few Mg) Star Formation =
0
~15.2 £
3 —154 5'0 1.5
3 -156 ' 10
Q o~
o _ 0
§ 15.8 § 05
-16.0 2
:%. 0.0
~16.2 g
172 171 170 169
Galactic Longitude
. . ! = al National 2
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Molecular Line Data

( Dense (10° cm3) & cold \
(10K) starless and
dynamically evolved
prestellar cores collapse
due to gravity and external

\ cloud pressure )

Oberg & Bergin 2020

CCS (greyscale) > freeze out towards denser and colder center

N2H+ (contours) = traces high densities in and around core

2512 30

Dec (J2000)

S
" | cos matrt 10000 AU

| | | Ll
05 04 25 20 15 10

RA (J2000)

(Jy beam™1)
0.5

0.4

-0.3

*Molecules are powerful probes of the physical conditions!
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Sensitive, unbiased line surveys are ongoing \ _
and continually finding new molecules in the “GOTE - | Ka-Band
dense cloud TMC-1! B, i

R ANRD l L ull ’ . \J L 1l

- - \ T \
QUIJOTE Pro ject (31-50 GHz) 10000 20000 25000
Frequency (MHz)

Flio™Tof ! "312-30s" Hceﬂ U

Yebes 40m WW% A A7 0 e |
D] S h - l . . : ) ) CeHsON

315"4 31525 310"6 32311 32312 32313 32314

5 T T
E 909808 o5~ ERETIN

WMM«W%

32428 32429 32430 32431 32645 32646 32647 32648 32952 32953 32954 32955

Bubos [0 10500 T T Ty . 4 /
Iy U y
F i 4 1F \ 1
/dd \ M\;ﬁw o ‘ GBT 100m Dish
E HC,0 ?

L L L L L L
33767 33768 40055 40056 40057 43978 43979 43980
v(MHz) a v(MHz) v(MHz)

+ Newly Discovered
Hydrocarbon Chains and Cycles
Cernicharo et al., 2021 & QUIJOTE team Credit: Herschel Gould Belt Team




Molecular Line Data
Low-mass (M < a few Mg) Star Formation

( \ 015 Fecgl | " | | | ces| TMel
A protostar forms. 0.1 e Gt "TCN cs HpCs I
| | |

[| |

Accretion of remnant ]
cloud material. '
Outflows and jets are

resent.
- P J

" L
|

I
o
Q
@
2 |
J

| _ }—-
L1544

LIS27IRS | IRAS 04308+2557

~1 million yrs.

92000 93000 94000

Frequency (MHz)
Lefloch et al., 2018

. . i l National
ASTR 5340 - Introduction to Radio Astronomy (/ | Q i ‘@ |
Contact: sscibell@nrao.edu \%‘&%’t?” RO P




Molecular Line Data

-

\_

A protostar forms. A
Accretion of remnant
cloud material.
Outflows and jets are

resent.
P J

~1 million yrs.

IRAS 16293-2422

Intensity (Jy beam™1)

Large program targeting many lines: ALMA PILS

Low-mass (M < a few Mg) Star Formation

1" (120 AU)
—

N
o
L

o
9
|

©
o
|

| IRAS 16293-2422

o
'S

o
o

0.0 1

TRAS 16293~2422

Manigand et al., 2020

L

351.20 351.25 351.30

351.35 351.40 351.45 351.50
Frequency (GHz)

351.55
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Molecular Line Data

-

IRAS 16293-2422

Low-mass (M < a few Mg) Star Formation

A protostar forms. A
Accretion of remnant
cloud material.

Life appeared on

Outflows and jets are BN Earth about 4 billion
t % years ago, but we do
resent. not know the
K p /} Jorgensen et al. 2012, 2016 processes that made
it possible.

~ Glycolaldehyde ——
4} (CH,OHCHO) , One of the proposed
scenarios is the so-

called ribonucleic acid

= 4 @ i
= RNA-world, which () oetectodinhe s
] suggests that early
= 0‘ - . —r  Biochemistry (aqueous solution) syr
o forms of life relied T/ Powner+2009, Patel+2015, and k
Q solely on (RNA) to _— Jas phase) chemisiry route by Rivilla+2019b

-2t Q . .
o %) store genetic

information and to
B ! 1  catalyze chemical Aminoscstonivie; (10) Glyow
. ! . . . reactions. (pyrimidine ribonucieotide)

RA Offset [*']
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IRAS 16293E

—
DBMEM

I B
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w
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T

)

m-
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|

1629324228

59'00" L 1629324224

Declination (2000.0)
w
o
I

ﬁ

Rho Ophiuchi

30"k

_24030’00” __n | 1 I 1 I I | I I | I I | 1 I _I_

16"32™33%  30° _7° 24° 21° 18°

Stark et al., 2004 Right Ascension (2000.0)

Fractionation Il, Florence, Italy, Nov 4t"- 7th, 2024
Contact: sscibell@nrao.edu

IRAS 16293-2422
Complex

Next to the chemically rich IRAS 16293-2422 A

and B protostellar system resides a prestellar

core IRAS 16293E, whose COM inventory has
not yet been investigated
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IRAS 16293E

—24°28'30'

N

Color-scale: N,D* ﬁ)euterated COMs (dCOMs) in \
Black contours: ND, particular provide an exciting probe

[T I T T T T T I T =
= 30 - 800um DBMEM _ p into chemical histories, as high
S A?, § deuteration levels in protostellar
% 28'00" | - §§. 13 systems (e.g., IRAS16293 A and B with
‘; o' | 1 ) ,i 2-8% and D,/D ~ 20%) compared to
S D) ST 5 typical values in the ISM (D/H ~ 10)
S 59'00" L 16293—24224] g : suggest COMs are forming during the
5 i 1 % time deuteration is enhanced - in
& 30" F : 16°32"50' cold (10 K) prestellar cores!
.t | Lisetal., 2016
—-243000 F

. L * To date, only a handful (< 3) of
167327733 .30 <7 _ <4 <1 18 prestellar cores have had detections
starketal, 2004  Right Ascension (2000.0) of both singly- and doubly-deuterated

Additionally, IRAS 16293 A, B and E all \rf;;?nso?f Fhe simplest COM —
show some of the highest levels of (Lin etal., 2023)

.. IRAS16292E is a prime target
I
deuteration in the ISM! weamh for COMs and dCOMs! /
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Single-pointed observations w/

IRAS 16293E 7 S

L I
, + 800pum DBMEM

w
O~

Singly Deuterated Methanol!

[\V]
(00]
o
o

80 CH2DOH 20,2 - 10,1 €0 50
CH,DOH 1¢,1—00,0 €0
= 60 E =6K 40 _
@ N o Hl Y 30 Eu = 2K
(&) 1629324228 £ w0 1
&

1629324224

Ty (MK)
8
-

Declination (2000.0)
w
(@)

[AV]
@_ -
o
O- - -
| L L L L

20 UJ £ 10

] oflafa 7 w OM W
30 16293E (DCO+) — -20 -10
i ) 3 6 8 0 5

~ARO beam | Velocity (knvs) 0 2 4 6 8 10

_24030’00” ~Yebes beam Velocity (km/s)
. S R S R Doubly Deuterated Methanol! 0 CHDIOH 212 12 en
16P32™33°% 305 27 245 215  18° “ E —ok
Starketal, 2004  Right Ascension (2000.0) o R "
30 E,=6K]| % )
N = 10
o 20 S !Jj
E 10 0
£ o -10
-20
-10 0 3 i 6 8 10
-20 Velocity (km/s)
0 2 4 6 8 10 . . .
Velocity (km/s) Scibelli et al., in prep
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I RAS 1 6293 E COM and dCOM column densities and excitation temperatures

Acetaldehyde
00
180 - CH3CHO 505 —40.4 A 80 CH3;CHO 515-414 A
E,=14K 60} E =16K
6o} sl ﬂ “ 28
2wl fﬂ Linear Fit: CH;CHO A
= 20t Tex = 6.57+ 0.31
< ool P . WA LLIJWM mﬂﬁﬂq 264 (IRAS 16293E S -0.56
OM Niot =2.27e12 + 0.60
—20} ~ o -0.59
20t = 1 "~
0 2 i 6 8 0 % 2 4 6 8 10 OO R
Velocity (km/s) Velocity (km/s) 23 B Tt
6 6 g 22 - )
CH3;CHO 2, ,—11,, A ] CH;CHO 25101 A —
20 E,=5K E,=2K 201
g
)
& 18 .
i I 5 10 15 20
E, (K)
205 2 i 6 8 o —20 2 7 6 8 10

Velocity (km/s) Velocity (km/s)
Scibelli et al., in prep
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IRAS 16293E
The enhanced deuterated methanol in

[Striking similarity in abundances in IRAS 1293 A, B and E! ] PIENEEIENS [HAS LE2EE) (BT [ 1S Sel

i |
In particular, CHD,0OH shows the best agreement during the prestellar phase!

101 @ IRAS 16293A 0 IRAS 16293B % IRAS 16293B (Band3) W IRAS 16293E

Abundance w.r.t CH;0H

13CH;0H CH,DOH CHD,0OH CH;CHO HCOOCH; CH3;0OCHj3 CH,CHCN
Including data from: Jargensen et al. 2018; Calcutt et al. 2018; Manigand et al. 2020; Drozdovskaya et al. 2022, Nazari et al. (2024)

Scibelli et al., in prep

el National ‘
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Molecular Line Data
Low-mass (M < a few Mg) Star Formation

/ \ _ ls Challenging to observe COMs in
A protoplanetary § 24 such small objects, need
disk show gaps in g T sensitive telescopes!
rings that signify ; i,;i
planet formation! % Methanol, CH;0H, line profile

& 35

-08 -06 -04 -02 00 02 04 06 08
Relative Right Ascension (arcsec)

Flux density (mJy)

\.
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HD 163296

MWC 480

MAPS
» Large Program

Disk structure is
even seen in
molecular
emission!

Oberg et al., 2021
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Molecular Line Data

-

A protoplanetary
disk show gaps in
rings that signify
planet formation!

\

HD 100546

Larger COMs now seen in disks around more massive A and B stars!

° @
CH3OH CH30CHO
.. »
[ [ Y
2 0 -2 2 0 -2

Booth et al., 2024a

2 0 =2
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Molecular Line Data

; : 0.06
10000F 2 2T e s E

i : 0.05
(Rocky and icy planets and\ [ < ]

5000 - | .

moons, as well as

planetesimals (e.g.,

asteroids, comets),
continue to grow into a

\ mature planetary system) 5000

0.04¢

Distance (km)
o
o
o
w
Flux (Jy km /s / beam

0.02

0.01
-10000
[ > e | fo00
-10000 -5000 0 5000 10000
(Lai et al. 2017) Ristance (lam) ALMA Map In Titan’s atmosphere vinyl
cyanide, CH,CHCN,
detected. Thought to be
important for forming cell-
like membranes in liquid
methane oceans
. . ) bl National .
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Molecular Line Data el e

HRXH H

(CH,0H),  CH;CHO  NH,CHO  C,HsOH

(Rocky and icy planets and\

moons, as well as 8
. =
planetesimals (e.g., B
&
asteroids, comets),
continue to grow into a &
mature planetary system . c
5 ... COMs in
é 8 y Ak
3 = Biver 2019
S
o
—-100 10 —-100 10 —100 10 —-100 10
Velocitv (km s
. . ol National
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Molecular Line Data

* The first confirmed interstellar comet! Al A Obsarvation of OilBodesy Ggrdiner et al., 2020

* The HCN abundance similar to that of
comets in our Solar System

* The CO abundance is among the
highest observed in any comet within
2 au of the Sun!

* 2l/Borisov must have formed in a
relatively CO-rich environment in the
very cold, outer regions of a distant
protoplanetary accretion disk (similar
to our our proto-Kuiper belt)

ALMA interferometer

December 15-16 2019

. -

Maps from rotational line spectra

. . i : N i |
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Molecular Line Data |
High-mass (M > 8-10 M) Star Formation [SEEs NOBEYAMA

" NGC1977
Molecular clouds are . .
comprised of molecular gas
(mostly H, and CO) and
dust which form b _ | T
filamentary structures 'ORION -~
\- j 'NEBULA . h

M42 °

. . . = AR el e Radio Image: Tatematsu et al.
Optical Image: (c) Hiromitsu Kohsaka" Shimajiri et al.

https://www.nro.nao.ac.jp/~kt/html/kt-e.html

ASTR 5340 - Introduction to Radio Astronomy ([ |
Contact: sscibell@nrao.edu \%‘SEEERN/?“

bl National i
. Radio :
Astronomy .
N39A\®) Observatory ='e

 § N




High-mass (M > 8-10 M) Star Formation

40 |- - 2mm OBEYAMA

20 L + AND CO

. Ll b T A.JHJLM bbbl bl L L, IIHIJW.MH. Ll LMJl ol

1203 0 |14I35|1‘05| I1IA4|1clf’l ‘1.If':5|1lo5l [wl.5\10I5| 55 10° l1‘46\1oi5‘ lw.‘65‘1‘05‘ 700 1«‘75‘1‘05‘
e :

o
T

o
T

Tl b b

Wiy ©

Antenna Temperature (K)
==

N

0

TR T S T ST AN T SO ST SO AT SO ST SR |

L | TN SR S N N S L |
1.3 10° 1.35 10°

1.4 10° 1.4510° 1510° 15510° 1.610° 16510° 1.710° 1.7510° ge: Tatematsu et al.
Frequency (MHz Shimajiri et al.
9 y (MHz) Tercero et al., 2010
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Molecular Line Data

High-mass (M > 8-10 M) Star Formation

Dec
[32000] |

</
4
4

-5°22'30"
-5°22'35"

-5°22'40"
Hot /]
Core

-5°22'45"

Contours: Methyl Formate 8.6 km/s
channel map (Favre et al. 2011)
Emission: 2.12 micron excited H,
emission (Lacombe et al. 2004)

-5°22'50”

A L A A " L
5"35™14%

A 1
14 13%
R.A.[2000)

Compact Ridge

8-atom molecule,
Methyl Formate,
HCOOCH,, tracing the
star-forming ‘hot core’

N

First identification of rotational
transitions in the second
vibrationally excited state!

Sakai et al. 2015

%

357155 150 145 140

Vo

$I5™1ss 150 145 140
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Molecular Line Data
High-mass (M > 8-10 M) Star Formation

Orion Source | SiO emssion

[km s]

Dec offset [mas]
o

-500

500 0 -500

RA offset [mas]

The presence of a disk-outflow system (Hirota et al. 2017) indicates that
“Orion source |” is accreting, confirming its nature as a young, forming star.

. . bl National .
ASTR 5340 - Introduction to Radio Astronomy { Q o @
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Molecular Line Data
High-mass (M > 8-10 M) Star Formation

Orion Source | SiO emssion First detection of salts in star forming core!

” Sodium chloride (NaCl), potassium chloride (KCl),
' and their 37Cl and 4K isotopologues
)

[km s]

Dec offset [mas]
o

-500

500 0 -500
RA offset [mas]
The presence of a disk-outflow system (Hirota et al. 2017) indicates that
“Orion source 1” is accreting, confirming its nature as a young, forming star. Ginsburg et al. 2019.
. . i l National :
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Molecular Line Data

At the center of our galaxy,
high mass clouds are
chemically rich!

High-mass (M > 8-10 M) Star Formation

“Famous” cloud Sgr B2 is
the #1 source of new
molecule detections! Lots
of complex chemistry!

McGuire 2022

# of molecule discoveries per source

Source # Source #
Sgr B2 69 L1527 2
TMC-1 57 L1544 2
IRC+10216 55 NGC 2024 2
LOS Cloud 42 NGC 7023 2
Orion 24 NGC 7027 2
L483 9 TC1 2
W51 8 W49 2
VY Ca Maj 6 CRL 2688 1
B1-b 4 Crab Nebula 1
DR 21 4 DR 21(OH) 1
IRAS 16293 4 Galactic Center 1
NGC 6334 4 IC 443G 1
Sgr A 4 K3-50 1
CRL 618 3 L134 1
G+0.693-0.027 3 L183 1
NGC 2264 3 Lupus-1A 1
W3(OH) 3 M17SW 1
rho Oph A 3 NGC 7538 1
Horsehead PDR 2 Orion Bar 1
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Molecular Line Data
High-mass (M > 8-10 M) Star Formation

4 L
At the center of our galaxy,
. CSO (275 GHz)
high mass clouds are 2 o
. . .e
chemically rich! <
=
(2]
& 12m (150 GHz)
£ 0+ -
IRAM (100 GHz)
“Famous” cloud Sgr B2 is 29 . A A -
the #1 source of new PRIMOS (20 GHz) WWWA
molecule detections! Lots

of complex chemistry! 1000 500 : 500 1000

McGuire 2022
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Figure 1. Summary of the chemical scheme of the primordial RNA-world scenario.

Molecular Line Data

High-mass (M > 8-10 M) Star Formation o —
9 | | ® [von ] %}
At the center Of our MOLEC ULI\F‘T’ CLOUD ‘ o P (15)
galaxy, high mass ' @. G . A N
clouds are : :
chemically rich! Lo L

2 j !
oL

(12
(6) ;
—IE

1 in the ISM yet

Credit: Victor M. Rivilla,
Nasa Spitzer Space e e
Telescope, IRAC 70761 (1) Hydrogen Cyanide

ste by Rivilla+2019b

Recent Detections of

biologically relevant Jiménez-Serra et al. 2020

molecule UREA (NH,CONH,) GMC

I G+0.693-0.027 Freq. (GHz)
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“Low-mass” Star formation [EEEEEE-YITW [1/oNg-s o ' jll “High-mass” Star formation
M < a few Solar Masses ‘ VEEENCES c1d M > 8-10 Solar Masses

. \ (more than 8 to 10 times the mass of our Sun) Superglant

Protostars ‘
.
»®

Red Giant - . Star-Forming
» Nebula

»

"Rich éhemistry throughout!

Neutron Star Supernova

Planetary Nebula y > .
White Dwarf Black Hole

NASA and the Night Sky Network

. . ) il National
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EVOLVED STARS

(Dorschner & Henning,

» IMPORTANT in astrochemistry because material is 7 0 T 1995, A&A Rev.)
cycled back to the ISM! g 50 -
» Mass loss from evolved stars % 30 5
= Supplies 85% of material in ISM = s
: : o
» Material cycled in = 9.9%
. . 2 7.5
circumstellar shells of low-mass giants = 7 3%
* Remainder from Supernoave and Wolf-Rayet Stars ? 50
: L M
 Material ends up in diffuse clouds ?g 3 8 3.2% 2.9% 5 g
B 25 - 51— 2.6%
* Collapse to form dense clouds e | Z ‘j ; ry | & 11.6%
_ _ H|® SG |AGB| Ms
 Important in evaluating >
— Composition of ISM Shellar type
= Galactic Chemical Evolution Credit: L. Ziurys
. . ol National ,
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Molecular Line Data Asymptotic Giant Branch (AGB) Stars

”
’,

Dusty envelope
clumpy ? B
asymmetric? -

. Dust Grains born from material
22 ejected from stars!

v

radial pulsation
Mira - SR - irregular

What does this mean for molecule formation?
We know that where there is dust, molecules are

likely form!!
. . i l National :
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Molecular Line Data

“Famous” case: Carbon-rich star IRC+10216!

Asymptotic Giant Branch (AGB) Stars

# of molecule discoveries per source

Source # Source 7#
(Also known as CW Leonis) Ser B2 69 L1527 2
TMC-1 57 L1544 2
IRC+10216 55 NGC 2024 2
LOS Cloud 42 NGC 7023 2
Orion 24 NGC 7027 2
L483 9 TC 1 2
W51 8 W49 2
VY Ca Maj 6 CRL 2688 1
B1-b 4 Crab Nebula 1
DR 21 4 DR 21(OH) 1
IRAS 16293 4 Galactic Center 1
NGC 6334 4 IC 443G 1
Sgr A 4 K3-50 1
IRAM 30m Radio Telescope, CRL 618 3 L134 1
Granada, Spain G+0.693-0.027 3 L183 1
NGC 2264 3 Lupus-1A 1
W3(OH) 3 M17SW 1
. i rho Oph A 3 NGC 7538 1
Cernicharo et al 2015 Horsehead PDR 2 Orion Bar 1 McGuire 2022
) ) ! bl National
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Molecular Line Data
“Famous” case: Carbon-rich star IRC+10216!

{ T T T T { T T T T T T T {
[RAM A2 mm line survey ‘
. i of TRC+10216 |
Ty (K)
| sio | . ‘ | |
Sis — 134 136 138
5 | <« CS V(GHZ) |
I @ HC,N | Cernicharo et al 2015
: 2sic, — l *sic, CeH— |
N l v, #sic,
I C,H N : S‘SC ; | |
4
AR A B s I N O
| ’ J ‘ ‘ ‘ J Rich in large carbon-chain
0 feddand ol Ly ot llu.llv Al L n— .¢Lm el } il bl L L — B Jl d sili ich
‘ . ‘ . . ‘ . . | . ‘“ 'I | ana siucon-ric
]
130 140 150 160 170 molecules!
Cernicharo et al., 2000 Frequency (GHz)
. . i ll National
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Molecular Line Data

“Famous” case: Carbon-rich star IRC+10216!
IRAM 30m Radio
Telescope,
Granada, Spain

ALMA interferometer
HCN 4v,
| L | L L | L | | 1 I 1 I * o
268100 268200 268300 v(MHz) 268400 268500 268600 <
T T MGG e ) -
1E HCN 5v, 1 HoceN
Pl faca 2vg SiC; 2vg
L 1 U . B
os b ! HCN 8v, vy 25\

'Zooming in’ with higher
resolution and more sensitive
v telescope 2> Many ‘U’ lines,
271900 which are ‘unidentified’!

o —
271800

E. 1 . . 1 . . 1 . . 1 . . L . 1 n
271300 271400 271500 271600 v(MHz) 271700

Cernicharo et al., 2013
. . ol National
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Molecular Line Data

Supergiant Stars

Oxygen-rich Supergiant star VY Canis Majoris

3 I T I | T . | ' T ' | . ARO10m (SMT)

, i 7sio i

: v=2 S10 H,O0

v,=2
2 Sio ]

Sio v=1
> v=1
10,000 AU i \C . )
co | <0 HCN
YSi0 | y=2
1 v=1 J/ -
< Sio i

Tenenbaum et al., 2010 0 ot N RN el u! Jl.iL L, . Ll T

ol National

o
\ﬂ Radio
@ Astronomy
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C-rich vs. O-rich o T
2 - ¥a"2 — .‘ r A=y M
‘ & £ ARO 10m (SMT)
< j | | O-rich: H,0, SiO, CO
¢ ) ~ ol N L b L
10,000 AU P S
— L IRC +10216 1
Wl o | | Cerich: CO, HCN,
IRC + 10216 1 H,C,, SiS, CS, CH,
10 .
. 51 e CON 7
' R |
o Jl.hl L. — ——4 Tenenbaum et al., 2010

* i |
Cernicharo et al 2015 220 230 240 250 260 270 280
Frequency (GHz)
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C-rich vs. O-rich

¢ VY CMa Spectrum dominated by SO,, SiO, SiS
¢ [IRC+10216 Spectrum dominated by C,H, HCN

0.016 | . . T T | LA (‘
VY CMa Elam)
i 295is ARO 10m (SMT)
__ 0.008 |-
. *é HCN
E?: L v,=1
DT T oo T 0.000
10,000 AU
C | | | f I l .
1 T [ ! 29g; J: !
oozt || IRC +10216 o1 i
c,H HCO
|RC +1 021 6 Na¥cl kot
& 001 M !
e N v
‘ 0.00 — Wﬁw v
C | L | 1 | 1 | ] | 1 ]
266600 266800 267000 267200 267400
Cernicharo et al 2015 Frequency (MHz) Tenenbaum et al., 2010
. . i l National ;
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C-rich vs. O-rich e

Both objects overall very line rich! R -
T T ] T | T [ T | T ] T "3,.'-’- :ﬁ}' = /' e
0os H| [VY CMa o
100+ lines Lo ‘ W
ARO 10m (SMT)
| 0.04
T ) = 0.00
10,000 AU é: T “| P T *NOTE: VY Cmais
: ~10x farther
0.08 IRC +10216 "‘ away!!!
IRC + 10216

0.04
| | 1 | I | 1 | ] | 1 | 1 | 1

. 0.00
220 230 240 250 260 270 280

Cernicharo et al 2015 Frequency (GHz)

Tenenbaum et al., 2010
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Molecular Line Data

Planetary Nebula
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Molecular Line Data

Planetary Nebula

Molecular Content:
NGC 7027 CO, CN, HCN, HCO*, N,H*, CCH, C;H,,
HC;N, OH, CH, CH*

0.2 _I | || T T | | T | T I l T I | T I | T ] T I Ll T ]
- 13co CN co HCN -
0.15 | .
o CN -
—_ : image of CO :
X 01f : -
o cl7o : H30a H2% -
[+ 4 o \ \ . . H13co+* -
Young PN: ~ 700 years old T i e EE : : e ]
t o~ ~ - . ' ' . ' H378 HCS* ---'He28a | , -1
g y star 0.05 n . : : H3§ﬂ : -
200,000 K i HeN HEaN B ]
- - Hedla | . o i
ol ]
i L | 1 1 1 1 | 1 1 1 | 1 i
220 230 240 250 260
Rest Frequency (GHz) Zhang et al. 2008
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Molecular Line Data

Planetary Nebula

Oldest Known Planetary Nebula: The Helix

T T T T T T v T T T T
(a)
500 |- Helix Nebula HCO J=150
L ¥ A R
2 I il B
S e £
§ ok " — o
Z ¢ g
e) (@)
e
a L L] i 4
| 500 0 -500
RA Offset (Arcsec)
-500 = . ' =
e el e b e G e ) Zeigler et al., 2013
500 0 500
R. A. Offset (arcsec)
. . ol National
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Lack a Definite Morphology

- Semi-transparent in the visible (A, ~ 1)

- Total hydrogen column density: N~ 102" cm-2
- Readily penetrated by UV radiation

Credit: L. Ziurys

. . ) B Nati I ;
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Lack a Definite Morphology

- Semi-transparent in the visible (A, ~ 1)

- Total hydrogen column density: N~ 102" cm-2

- Readily penetrated by UV radiation

* Densities low: No radio/mm emission lines

» Not sufficient density for collisional excitation
* Molecules observed in ABSORPTION

e  Common molecules observed

OH, H, (HD), CH, C,, CH*, NH,

CO, Hy*

Credit: L. Ziurys

intensity

Diffuse Clouds

*line of sight to the
blazar/radio-
continuum source =

observer cloud star

N 4 7

interstellar lines stellar line

—> A

B0355+508 aka NRAO150

HCO TR |i T
S T e SRS e T

2co0: \ Vv S W

| OH:‘{‘(‘)JFH%\;}'AN—\:" - ,-\-u.lj-ll.. NP
- ,,,_"J\:-»«.,A_\‘J_.__._«A,_,,:..I e -
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S o~ - U ol -
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Yy Vv
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ey Ml et LR P T B P
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r £ n IT [N
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e v VN
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Lack a Definite Morphology Diffuse ClO UdS

- Semi-transparent in the visible (A, ~ 1)
- Total hydrogen column density: N~ 102" cm-2

- Besttraced by 21 cm Hl line
- Readily penetrated by UV radiation

-T,~100K
-n~1-100 particles/cm?® (H°+ H,)

- X, ~ 103 (Fractional ionization)

molecular hydrogen;

o o . P . D L
- e . N ia s o 4 >
2 T, e s SV 1 T e il > 4 . = -y o o e e
s> “ PG e NS g S LA P i R
Pabs < g .

- SR,
The Milky Way in Molecular Hydrogen (mapped by CO!) traces Molecular Clouds ™

Reminder! Typical Conditions of Molecular Clouds: T~10-50K; n~103-108 cm-3
Credit: L. Ziurys
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