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Astrochemistry is an interdisciplinary
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Astrochemistry, or “Molecular Astrophysics”

Definition: The study of the formation and
destruction of molecules in the Universe,
their interaction with radiation, and their
feedback on physics of the environments

| write about molecules with great diffidence, having not yet rid myself of the tradition
that atoms are physics, but molecules are chemistry, but the new conclusions that hydrogen
is abundant seems to make it likely that the above mentioned elements H, O, and N will

frequency form molecules
- Sir A. Eddington, 1937



What is a molecule?

* The smallest particle of a substance that retains the chemical and physical properties of that substance
* They are composed of two or more atoms, a group of like or different atoms held together by chemical
forces

What molecules can
you think of?



What is a molecule?

* The smallest particle of a substance that retains the chemical and physical properties of that substance
* They are composed of two or more atoms, a group of like or different atoms held together by chemical
forces

What molecules can
you think of?
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What is a molecule?

* The smallest particle of a substance that retains the chemical and physical properties of that substance
* They are composed of two or more atoms, a group of like or different atoms held together by chemical
forces

How many molecules do
you think have been
detected in space?



A Molecular Universe!

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms
CH NH Hz0 MgCN NH3z SiCs HCaN CyH CHa0H CH3CHO
CN SiN HCO" Hy" H2CO CHs HCOOH CNCHO CH3CN CH3CCH
CH® S0 HCN SiCN HNCO C3N CH2NH HNCNH NH2CHO CH3NH2
OH co’ 0Cs AINC H:CS PH; NH;CN CH50 CH35H CH;CHCN
[&8] HF HNC SiNC C2Hz HCNO HzCCO NHaD™ Ca2Hy HCsN
Haz N2 H2S HCP CaN HOCN C4H HaNCO'! CsH CgH
Si0 CF~ NzH" cCP HNCS HSCN SiHy NCCNH™ CHaNC c-C2H40
[ PO CaH AlOH HOCO HOOH e-CyHz CH5Cl HC,CHO CH;CHOH
S0 02 S04 H20" Cy0 -CzH' CH2CN MgCsN H2Cy CsH
SiS AlO HCO HaCl” 1-CzH HMgNC Cs HC307 Cs8 CH3NCO
NS CN HNO KCN HCNHY HCCoO SiCy NH;OH HC3NH HCRO
Ca OH" HCS! FeCN Hz0O" CNCN H:CCC HC3S" CsN HOCH2CN
NO SH” HOC™ HO2 38 HONO CHy H,CCS HC;H HCyNC
HCl  HCIT SiCa TiOz c-CaH MgCCH HCCNC C4S HCyN HC3;HNH
NaCl SH CaS CCN HC:N HCCS HNCCC CHOSH -2 C30 c-CaHOCH
AlCI TiO Cy SiCSi H2CN H:COH™ CH2CNH
KCl ArHY COz S:H CsN
AlF - NST CHz HCS HNCHCN
PN HeH™ C:0 H5C SiHzCN
SiC VO MgNC NCO MgCyH
Ccp NHz CaNC CH3CO"

NaCN NCS H2:CCCS

N2O CH2CCH
5 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms  PAHs Fullerenes
HCOOCH: CHz0OCH;z CH3COCH3z HCyN CsHg CgHsCN 1-C1oH7CN  Cgo
CH3C3N CH;CH20H HOCH;CH;OH  CH3CgH n-C3H-CN  HC_N 2-CpH-CN  Ciy”
CsH CH3;CH2CN CH3;CH,CHO CyH;OCHO i-C3H7;CN CyHs Cro
CHaCOOH HC:N CH3CsN CHaCOOCHa 1-CsHsCN
H2Cy CH;C4H CH3CHCH,O CH3COCH;OH  2-C;H5CN
CH;OHCHO  CgH CH;OCH:0H CsHg
HCsH CH;CONH2

CH,CHCHO  CsH
CH,CCHCN  CH,CHCH; > 3 O O M | |
NH2CH.CN  CH3CH,SH O e C u e S
CH;CHNH  HC;O

CH;SiH; CH;NHCHO

NH2CONH:  H2CCCHCCH

HCCCH:CN  HCCCHCHCN McGuire 2022, httDS://a rXiV.OrE/ pdf/Z 109.13848

CH;CHCCH  H,CCHC3N
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A Molecular Universe!

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms 250 — | l | l
CH NH H20 MgCN NH3 SiCs HC3N CyH CH30H CH3CHO wn Total: 241
CN SiN HCO' Hy' HyCO CHy HCOOH CNCHO CH3CN CH3CCH Q )
CH® S0 HCN SiCN HNCO CsN CH:NH HNCNH NH2CHO CH3zNH2 5
OH co’ 0cCs AINC H,CS PH; NH,CN CH30 CH3SH CH,CHCN Q 1 . 1 /
cO  HF HNC SINC  CuoHa HONO — H.CCO NHsD* C2H, HC5N Q S!nce 1968: 3.9 detect!ons year
o No S HCP  CN HOCN  CuH HNCO™ G CoH S o0pl— Since 2005: 6.0 detections/year
Si0 CF” NoH' CcCp HNCS HSCN SiHy NCCNH™ CH3NC c-CoHyO 2 -

s PO CyH AlOH HOCO HOOH c-C3Hy CHaCl HC,CHO CH,CHOH 8
50 02 S04 H,O" 0 I-CsH' CH2CN MgCsN Ha2Cy CsH 8 \(\L
SiS AlO HCO H2Cl” 1-CzH HMgNC Cs HC307 Cs8 CH3NCO -U —
NS CN HNO KCN HONH® HCCO SiCy NH,OH HCNH” HC0 O m
Cy;  OH HCS' FeCN  HzO' CNCN H,CCC HC,S' CsN HOCH,CN s 150 - O T
NO SH” HOC HO, 38 HONO CHy H,CCS HC,H HC4NC (O] —_
HClL HCOU SiCz TiOz e-ClaH MgCCH HCCNC C4S HCyN HC3HNH Q ? l T "::
NaCl SH Cs2S CCN HCuN HCCS HNCCC CHOSH -2 C30 c-CaHOCH Y g o
AlCT TiO Cy SiCSi H2CN H2COH™ CH2CNH (@] _ s — S}I,
. cQ ~— N~
KCl  ArH CO2 S:H CsN [ - O O <
AIF NS©  CHe HCS HNCHCN Q100+ = = Q>
PN HeH" - — O ~— < ~
eH Ca0 H5C SiHsCN E - D_: 0 <
SiC VO MgNC NCO MgCyH S 8 8
P NH» CaNC CH3CO" Z b l S!f
NaCN NCS H2CCCS g
N2O CH2CCH (D]
: : > 50 o)
8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms  PAHs Fullerenes '_': <
HCOOCH: CHz0OCH;z CH3:COCH3z HCyN CsHg CsHsCN 1-CipH7CN - Cgp LU DZ:
CH3C3N CH3CH,0OH HOCH,CH,OH CH3CgH n-C3H;CN  HCy N 2-C1gH7CN  Cgp” =3 NObeya ma (1982)
C;H CH3CH,CN CH3CH;CHO CyH;OCHO i-C3H7CN CyHs Cro E l
CHaCOOH HC:N CH3CsN CHaCOOCH3 1-CsHsCN S
H2Cy CH;C4H CH;CHCH, O CH3COCH;OH  2-C;H5CN U O |
CH;OHCHO  CgH CH;OCH:0H CsHg | | | | ‘
o (Ot 1940 1960 1980 2000 2020
CH2CHCHO  CgzH
CH,CCHCN  CHzCHCHy > 3 O O M | | Year
NH;CH2CN CH3CH2SH O e C u e S
CH3CHNH HC-0
CH3SiH; CH3NHCHO
NHz:CONH2 H:CCCHCCH . .
ncoemen  nocencnoy  MICGUire 2022; https://arxiv.org/pdf/2109.13848
CH,CHCCH HCCHC3N
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A Molecular Universe!

# of molecule discoveries per observatory

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms
CH NH H20 MgCN NH3 SiCs HC3N CyH CHa0H CH;CHO
CN SiN HCO' Hy' HyCO CHy HCOOH CNCHO CH3CN CH3CCH
CH® S0 HCN SiCN HNCO CaN CH2NH HNCNH NH2CHO CH3NH2
OH co’ 0cCs AINC H,CS PH; NH,CN CH30 CH3SH CH,CHCN
co HF HNC SiNC C2Hz HCNO H2CCO NHaD™ Ca2Hy HCsN
Haz Na HaS HCP CyN HOCN CyH HoNCO! CsH CgH
Si0 CF” NoH' CcCp HNCS HSCN SiHy NCCNH™ CHaNC c-CoHyO
s PO CaH AlOH HOCO HOOH e-CyHz CHaCl1 HC,CHO CH;CHOH
S0 02 50, H.0O" CyO -CzH' CH2CN MgCsN HaCy CsH
SiS AlO HCO HaCl” 1-CzH HMgNC Cs HC307 Cs8 CH3NCO
NS CN HNO KCN HONH® HCCO SiCy NH,OH HCNH” HC0
Ca OH" HCS' FeCN Hz0O" CNCN H.CCC HC3S" CsN HOCH2CN
NO SH” HOC HO, 38 HONO CHy H,CCS HC,H HC,NC
HCl  HCIT SiCa TiOg e-C3aH MgCCH HCCNC C4S HCyN HC3;HNH
NaCl SH CaS CCN HC3N HCCS HNCCC CHOSH -, C30 c-CaHOCH
AlCT TiO Cy SiCsi H2CN H2COH™ CH2CNH
KCl  ArHY CO2 S:H CsN
AlF - NST CHz HCS HNCHCN
PN HeH" .0 H5C SiHsCN
SiC VO MgNC NCO MgCyH
Ccp NHz CaNC CH3CO"

NaCN NCS H2CCCS

N0 CH2,CCH
8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms  PAHs Fullerenes
HCOOCH: CHz0OCH;z CH3:COCH3z HCyN CsHg CsHsCN 1-CipH7CN - Cgp
CH3C3N CH3CH,0OH HOCH,CH,OH CH3CgH n-C3H;CN  HCy N 2-CpH-CN  Ciy”
CsH CH3;CH2CN CH3;CH,CHO CyH;OCHO i-C3H7CN CyHs Cro
CHaCOOH HC:N CH3CsN CHaCOOCH3 1-CsHsCN
H2Cs CH3CyH CH3;CHCH,0 CH3COCH;OH  2-C;H;CN
CH;OHCHO  CgH CH;OCH:0H CsHg
HCH CH3CONH,
CH2CHCHO  CgzH
CH,CCHCN  CHyCHCH; > 3 O O M | |
NH2CH,CN CH3;CH25H O e C u e S
CH3CHNH HC-0
CH3SiH; CH3NHCHO
NHz:CONH2 H2CCCHCCH . .
ncoemen  nocencnoy  MICGUire 2022; https://arxiv.org/pdf/2109.13848
CH,CHCCH  H;CCHC3N

Facility #  Facility +#
IRAM 30-m 64 SMA 2
NRAO 36-ft 33 SEST 2
GBT 100-m 28 SOFIA 2
NRAO/ARO 12-m 27 Hat Creek 20-ft 2
Yebes 40-m 19 IRTF 2
Nobeyama 45-m 15 PdBI 2
NRAO 140-ft 13  OVRO 2
Bell 7-m 8 MWO 4.9-m 2
ALMA 8  Hubble 1
SMT 7 IRAS 1
Herschel 7  BIMA 1
Parkes 5  NRL 85-ft 1
FCRAO 14-m 5 ATCA 1
ISO 5  Mitaka 6-m 1
APEX 4  McMath Solar Telescope 1
Onsala 20-m 4  UKIRT 1
KPNO 4-m 4  Odin 1
Effelsberg 100-m 4 FUSE 1
Algonquin 46-m 3 KAO 1
Mt. Wilson 3  Mt. Hopkins 60-in 1
Spitzer 3 Aerobee-150 Rocket 1
Haystack 3  Millstone Hill 84-ft 1
CSO 2 Goldstone 1
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A Molecular Universe!

2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms 7 Atoms
CH NH H20 MgCN NH3 SiCs HC3N CyH CHa0H CH;CHO
CN SiN HCO H; H:CO CHs HCOOH CNCHO CH3CN CH;CCH
CH S0 HCN SiCN HNCO CaN CH2NH HNCNH NH2CHO CH3;NH2
OH co’ 0Cs AINC H:CS PH; NH;CN CH30 CH35H CH;CHCN
CO HF HNC SiNC CzHz HCNO H2CCO NHaD™ Ca2Hy HCsN
Haz Na HaS5 HCP C3N HOCN CyH HaNCO! CsH CsH
Si0 CF~ NzH” cCP HNCS HSCN SiHy NCCNH™ CH3NC c-C2H40
[ PO CaH AlOH HOCO HOOH e-CyHz CH5Cl HC,CHO CH;CHOH
S0 02 50, H.0O" CyO -CzH' CH2CN MgCsN HaCy CsH
SiS AlO HCO HaCl” 1-C3H HMgNC Cs HC307 Cs8 CH3NCO
NS CN HNO KCN HCNHY HCCO SiCy NH;OH HC3NH" HCRO
Ca OH" HCS! FeCN Ha O CNCN H.CCC HC5S" CsN HOCH.CN
NO SH” HOC” HO2 C3S HONO CH,y H,CCS HC,H HCyNC
HCl  HCIT SiCs TiOg c-CaH MgCCH HCCNC C4S HC4N HC3;HNH
NaCl SH C28 CCN HC3N HCCS HNCCC CHOSH c-HaC30 c-C3HOCH
AICT TiO Cy SiCsi H2CN H2COH™ CH2CNH
KCl  ArH COz S:H CsN
AlF NST CHa2 HCS HNCHCN
PN HeH™ .0 HSC SiH;CN
SiC VO MgNC NCO MgCyH
cp NHz CaNC CH3CO

NaCN NCS H2:CCCS

N0 CH2CCH
8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms  PAHs Fullerenes
HCOOCH: CHz0OCH;z CH3COCH3 HCoN CsHs CsH;CN 1-C1pH7CN  Cego
CH3C3N CH;CH20H HOCH;CH;OH  CH3CgH n-C3H-CN  HC_N 2-CpH-CN  Ciy”
C-H CH3;CH2CN CH3;CH,CHO Cz:H;OCHO i-C3H7CN CyHs Cro
CH3COOH HC7N CH3CsN CHaCOOCHs 1-CsHsCN
H2Cs CH3CyH CH;CHCH,0O CH3COCH;OH  2-C;H;CN
CH,OHCHO  CgH CH;OCH:OH CsHg
HCsH CH;CONH2
CH2:CHCHO  CgH
CH;CCHCN  CH2CHCHg > 3 O O M | |
NH;CH2CN CH3;CH25H O e C u e S
CH3CHNH HC;0O
CH351H; CH3;NHCHO
NHz:CONH2 H2CCCHCCH . .
HCCCH:CN  HCCCHCHCN McGuire 2022, httDS://a XIV.0 rg/ Ddf/Z 109.13848
CH;CHCCH  H;CCHC3N

# of molecule discoveries per observator

Facility
IRAM 30-m
NRAO 36-ft
GBT 100-m
NRAO/ARO 12-m [,
Yebes 40-m
Nobeyama 45-m
NRAO 140-ft
Bell 7-m

ALMA

SMT

Herschel

Parkes

FCRAO 14-m
ISO

APEX

Onsala 20-m
KPNO 4-m
Effelsberg 100-m
Algonquin 46-m
Mt. Wilson
Spitzer

Haystack
CSO

5
4
4
4
4
3
3
3
3
2

The first molecules detected in the ISM were CH, CN and
CH+ during the mid- twentieth century via an optical

absorption spectroscopy (McKellar, 1940)
16
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A Molecular Universe! # of molecule discoveries per observatory

Facility #  Facility #
IRAM 30-m 64 SMA 2

: 2 Atoms 3 Atoms 1 Atoms : : 5 ,-\lmu.t.a 6 Atoms T Atoms NRAO 36-ft 33 SEST 2
CH NH H20 MgCN  NHs SiCs HC3N C4H CH30H CH3CHO
CN  SiN HCO H, H,CO CH; HCOOH CNCHO  CH3CN CHyCCH GBT 100-m 28 SOFIA 2
CHY SO HCN SiCN HNCO CsN CH;NH HNCNH NH,CHO  CHyNH:z NRAO/ARO 12-m 27 Hat Creek 20-ft 2
OH CO' 0Cs AINC  H,CS PH; NH,CN CH;0 CH3SH CH,CHCN
O HF HNC SiNC CoHa HONO H.CCO NH3D CaHy HCsN Yebes 40-m 19 IRTF 2
H: N H2S HCP CaN HOCN CH H,NCO'  CsH CeH
Si0  CF NoH' cCP HNCS HSCN SiH, NCCNH®  CHaNC c-CaH 0 Nobeyama 45-m 15 PdBI 2
cs PO C.H AIOH  HOCO HOOH  ¢-C3H, CH5C1 HC,CHO  CH,CHOH NRAO 140-ft 13 OVRO 2
SO 0s 50, H.0 Ca0 I-C3H CH2CN MgC;N HaC, CsH
SiS  AlO HCO HoClY 1-CsH HMgNC  Cs HC30° Cs8 CH3NCO
NS CON HNO KCN HCNH HCCO SiC, NH,OH HCyNH HC;0
C. OH HCS' FeCN  Hs0 CNCN H.CCC HO,S8* CsN HOCH,CN =% J . > =
NO SH HOC HO, CaS HONO CH, H,CCS HC,H HC4NC 3 &7
HCI  HCIY  SiCe TiO2 c-CH MgCCH  HCCNC .S HC;N HC3HNH ' P SOFIA DeteCted the HeH+
NaCl SH C.8 CCN HC,N HCCS HNCCC CHOSH e-HyC30  e-C3HOCH g : : D .
ACl TO Gl SCSi HON H.COIH CHLCNI Molecule in a Planetary Nebulal!
KCl  ArH'  CO» S.H CsN
AIF NS CHa HCS HNCHCN
PN  HeH .0 HSC SiH;CN
SiC VO MgNC NCO MgC,H
CP NH, CaNC CH5CO

NaCN NCS H2CCCS

N.O CH,CCH
8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms PAHs Fullerenes
HCOOCH;  CH3OCHy CH3COCH: HCoN CsHg CeHsON  1-CyoH:CN - Co
CH3C3N CH;CH,OH HOCH,CH,OH  CH3CgH n-C3H;CN  HCy N 2-CipH;CN  Cg : J
C-H CH3CH,CN CH3CH,CHO  C,H;OCHO i-C3H,ON CyHg Cno Ground state
CHsCOOH  HC:N CH3CsN CH3COOCH; 1-CsH5CN : 2 s
HaCq CH,CyH CH3CHCH,0  CH3COCH,OH rotational transition HeH* J=1->0
CH.OHCHO  CsH CH;OCH:0H  C3Hg [ - 4 at 149.1 pm
HCgH CH3CONH; ' ‘
CH,CHCHO — CgsH
CH,CCHCN  CH,CHCH; > M | |
NH,CH,CN  CH3CH,SH O e C u e S
CH;CHNH HC,0
CH;SiH; CH;NHCHO
NH2CONH:  H2CCCHCCH . .
HCCCH:CN  HCCCHCHCN McGuire 2022, httDS//arX|V0rE/Ddf/210913848
CH,CHCCH ~ H,CCHC3N
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A Molecular Universe!

# of molecule discoveries per observatory

Facility #  Facility +#
IRAM 30-m 64 SMA 2
2 Atoms 3 Atoms 4 Atoms 5 Atoms 6 Atoms T Atoms NRAO 36-ft 33 SEST 2
CH NH H20 MgCN  NH; SiCs HC3N CaH CH30H CH;CHO
CN  SiN HCO' Hy' H.CO CH; HCOOH CNCHO  CH3CN CH;CCH GBT 100-m 28 SOFIA 2
CH  SO* HCN SiCN  HNCO CsN CH,NH HNCNH ~ NH,CHO  CH;NH, NRAO/ARO 12m 27 Hat Creek 20-ft 9
OH CO"  0OCs AINC  H,CS PH; NH,CN CH;0 CH,SH CH,CHON
CcO  HF HNC SINC  CoHa HCNO H.CCO NHsD* CaHy HCsN Yebes 40-m 19 IRTF 2
Ha Na H.S HCP CayN HOCN C4H HaNCO! CsH CgH
Si0 CF* NoH ccp HNCS HSCN SiH, NCCNH®  CH3NC CaH,0 Nobeyama 45-m 15 PdBI 2
cs PO C.H AIOH  HOCO HOOH  ¢-CyHs CH;CI HC,CHO  CH,CHOH NRAO 140-ft 13  OVRO 2
S0 02 50, H.0O" Ci0 -CzH' CH2CN MgCsN HaCy CsH
siS A0 HCO H.ClY 1G5l HMeNC  Cs HC50° CsS CHzNCO Bell 7-m 8  MWO 4.9-m 2
NS CN HNO KON HCNH' HCCO  SiCy NH;OH HC;NH®  HC50 ALMA 8 Hubble 1
c. OH  HCS' FeCN  Hs0° CNCN  H.CCC HC3S* CsN HOCH.CN
NO  SH HOC' HO, €358 HONO  CH; HoCCS HC,H HC;NC SMT 7 IRAS 1
HCl  HOIY  Sics Ti0:  CsH MgCCH  HCCONC €4S HCN HC3HNH Herschel 7  BIMA 1
NaCl SH €S CCN  HCoN HCCS HNCCC CHOSH  ¢HyC30  C3HCCH
AlCI TiO Ca SiCSi H.CN H,COH™ CH,CNH Parkes 9 NRL 85-ft 1
KCl  ArH® €O, S, H CsN FCRAO 14-m = ATCA 1
AIF NS CHa HCS HNCHCN ]
PN HeH' (.0 HSC SiH;CN ISO 5 Mitaka 6-m 1
Sic Vo MeNC NCO MeCsH APEX 4 McMath Solar Telescope 1
cp NH, CaNC CH;CO"
NaCN NCS H2CCCS Onsala 20-m 4 UKIRT 1
N0 CILeC KPNO 4-m 4 Odin 1
8 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms PAHs Fullerenes
HCOOCH;  CH5;OCH; CH3COCH, HCoN CoHe CoHsCN  1-CroH:CN Cao Effelsberg 100-m 4 FUSE 1
CH3C3N CH3CH,0H HOCH,CH,OH  CH3CgH n-C3H;ON - HOpN  2-CoH;ON gy Algonquin 46-m 3 KAO 1
CyH CH3CH,CN CH3CH,CHO CoH;OCHO i-CyH7CN CyHs Cao . . .
CHsCOOH  HO:N CH3CsN CHsCOOCHs  1-C5HsCN Mt. Wilson 3 Mt. Hopkins 60-in 1
H2Cg CH3CyH CH3;CHCH;O CH3COCH:0OH  2-C;H;CN Spitzer 3 Aerobee-150 Rocket 1
CH,OHCHO  CsH CH;0CH.OH  CHq . .
HC,H CHsCONH, Haystack 3  Millstone Hill 84-ft 1
CH,CHCHO  CeH CSO 2 Goldstone 1
CH,CCHCN  CH,CHCH; > 3 O O M | |
NH:CHzCN  CH3CH25H O e C u e S
CH;CHNH  HC-0
CH3SiH; CH3;NHCHO
i o [ ] . [ ] '
NH.CONH:  H.CCCHCCH ) . > 90% Identlf'ed b Radlo Astronom
HCCCH:CN  HCCCHCHCN McGuire 2022, httDS://a erV.OrE/ pdf/Z 109.13848 y y.
CH,CHCCH  H,CCHC;N
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# of molecule discoveries per observatory

Facility #  Facility #

RAM 30-m 64 SMA 2

RAO 36-ft 33 SEST 2

BT 100-m 28 SOFIA 2

RAO/ARO 12-m 27 Hat Creek 20-ft 2

ebes 40-m 19 IRTF 2

Nobeyama 45-m 15 PdBI 2

NRAO 140-ft 13 OVRO 2

12m Radio Telescope, Control Room @ SMT, iil\;Am Z i\fxg:'g . i
Kitt Peak, AZ Mt. Graham, AZ - 7 IRAS 1
erschel 7 BIMA 1

Parkes 5 NRL 85-ft 1

FCRAO 14-m 5 ATCA 1

ISO 5  Mitaka 6-m 1

APEX 4  McMath Solar Telescope 1

Onsala 20-m 4  UKIRT 1

KPNO 4-m 4  Odin 1

Effelsberg 100-m 4 FUSE 1

Algonquin 46-m 3 KAO 1

Mt. Wilson 3 Mt. Hopkins 60-in 1

Spitzer 3  Aerobee-150 Rocket 1

Haystack 3  Millstone Hill 84-ft 1

CSO 2 Goldstone 1

IRAM 30m Radio > 90% Identified by Radio Astronomy!

Telescope, Granada, Green Bank Radio Telescope,
Spain 100m, in West Virginia




The Electromagnetic Spectrum E = % = hv

Penetrates Earth's
Y N Y
Atmosphere? | A
Radiation Type Radio Microwave Infrargd Visible Ultraviolet  X-ray Gamma ray
Wavelength (m) 10 05x107° 10°® 107 1072

3 1072 107
Approximate Scale l’"’ - -.
of Wavelength ﬂ ; ; _%

Buildings Hunjans Butterflies Needlg Point Protozoans Molecules  Atoms  Atomic Nuclei

Frequency (Hz) .
10* 8 10*? 10*° 10*° 10' 10°°

Temperature of
objects at which
this radiation is the

most intense B
wavelength emitted 100 10,000 K 10,000,000 K

-272 °C -173|C 9,727 °C ~10,000,000 °C

Submillimeter and millimeter (or Terahertz) radio astronomy ~ cm to a few mm wavelengths (1012 Hz)
20



Emission of E&M Radiation Deeply Connected to the Temperature of the Source!

Radiated by Objects
at this Temperature

Types of Radiation

Typical Sources

> 108 Kelvin (K)

Gamma-rays accretion disks around black holes

Gas in clusters of galaxies;

X-rays 100-108 K supernova remnants; stellar
corona
: Supernova remnants; very hot
Ultraviolet 104-106 K
stars
Visible 103-104 K Planets, stars, some satellites
Infrared 10-103 K cool clouds of dust and gas;
planets
Cool clouds of gas; newly formed
Microwave 1-10 K stars; cosmic microwave
background
Radio emission produced by
Radio <1K electrons moving in magnetic

fields
*] K=-457.87°F, 106K ~ 106 °F .




Submillimeter and Millimeter Radio
Telescopes Probe Cool Molecular Gas!

® P Visible light image

Most Interstellar gas is cold! Radio telescopes let us see
objects we can’t see in visible light — such as the dust

and gas inside dense molecular clouds that will form

stars like our Sun! This is the type
of object |

study! 2>

Starless Core: Birthplace of low-
mass stars (M < afew Mg)
Dense (10%4- 10> cm™3) & cold (< 10K)

10K =-441.67°F!

Low temp. at poles of Mars —243



Submillimeter and Millimeter Radio Starless Core B68

Telescopes Probe Cool Molecular Gas!

Most Interstellar gas is cold! Radio telescopes let us see
objects we can’t see in visible light — such as the dust

LA Rip

and gas inside dense molecular clouds that will form Pr—— LABOCA 870umi
stars like our Sun! This is the type
- of object | DUST

study! 2>

Nielbock et al., 2
Millimater

Starless Core: Birthplace of low-

mass stars (M < afew Mg)
Dense (10%4- 10> cm™3) & cold (< 10K)

10K =-441.67°F!

Low temp. at poles of Mars —243




Submillimeter and Millimeter Radio Starless Core B68

Telescopes Probe Cool Molecular Gas!

Most Interstellar gas is cold! Radio telescopes let us see
objects we can’t see in visible light — such as the dust

and gas inside dense molecular clouds that will form

stars like our Sun! This is the type
of object |

study! 2>

Nielbock et al.,

Millimeter

Starless Core: Birthplace of low-

mass stars (M < afew Mg)
Dense (10%4- 10> cm™3) & cold (< 10K)

10K =-441.67°F!

Low temp. at poles of Mars —243




Submillimeter and Millimeter Radio Telescopes Probe Cool Molecular Gas!

f‘:%-}"‘t R “'.* : : - -
The Whlrlpool galaxy |maged in visible light (left) showing young stars and star-forming regions
delineating the spiral arms and a radio image (right) showing emission from the CO molecule & .. "yt
tracing the molecular clouds in which stars form (Credit: NASA / PAWS)




. | Probes of a variety of physical (temperature, density,
lm pOrta nce Of mO|eCU |eS N Space . ionization, gas kinematics) and environmental (heating and

cooling gas) conditions!

Diffuse Clouds:
- densities ~ 1- 10 cm-3
-T~100K
- Starlight (UV radiation) can penetrate

Dense Clouds:
- densities ~ 103 - 104 cm-3
-T~10-100K
- Starlight cannot penetrate

"Hot Cores”:
- densities ~ 103- 106 cm™3
-T~10-300K

- An embedded forming star

+ NASAESA, CSA, STScl ™

% 7
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Importance of molecules in

space!

Probes of a variety of chemical conditions (chemical

processes, 'Age" indicators, prebiotic chemistry (origin of

life?)

HCCCH2CN
CH,CHCCH

HCCCHCHCN
HyCCHC3N

McGuire 2022; https://arxiv.org/pdf/2109.13848

2 Atoms 3 Atoms 1 Atoms 5 Atoms 6 Atoms 7 Atoms
CH NH H20 MgCN NH3z SiCs HC3N C4H CH30H CH3CHO
N SiN HCO Hj H.CO CHg HCOOH CNCHO CH3CN CH;CCH .
CH® SO° HCN SiCN HNCO C3N CH2NH HNCNH NH,CHO  CH3NH, Complex Orgar"C Molecules
OH CO 0Cs AINC  H,CS PH; NH,CN CH30 CH,SH CH,CHCN — - — (.
CO HF HNC SiNC CoH2 HCNO HzCCO NHaD CaHy HCsN
Ha Na HsS HCP CyN HOCN CyH HaNCO CsH CsH O
Si0  CF' NzH* cCP HNCS HSCN SiH, NCCNH®  CHaNC e-CoH, 0 . ~ _
[ PO CaH AlOH HOCO HOOH e-CaHs CH3Cl HC:CHO CH;CHOH ° Contalns at IeaSt 6 or more atoms O O f_"n l""J J
SO 0. 50, H20 C30 I-C3H CH,CN MgCyN H.C, CsH . a O
SiS  AlO HCO H2ClY 1-C3H HMgNC  Cs HC30° (ol CH3NCO C Contalns at |eaSt one Ca rbon atom
NS CN HNO KCN HCNH HCCO SiC, NH,OH HC3NH HC50
Ca OH HCS™ FeCN Hs 0O CNCN HCOC HC357 CsN HOCH:CN
NO  SH HOC HO, €3S HONO  CH, H,CCS HC,H HC,NC Herbst & van Dishoeck 2009
HCl HCI™ SiCa TiOg c-C3H MgCCH HCCNC C4S HC4N HC:HNH
NaCl SH C.S CCN HC,N HCCS HNCCC CHOSH ¢-H2C30 ¢-C3HCCH
AICI  TiO Ca SiCSi H2CN H,COH CH.CNH
KCl  ArHY  CO» S.H CsN
AlF NS CHa HCS HNCHCN
PN HeH a0 HSC SiH;CN . .
op0ee R e e Of interest to astrochemists and
Stz al 3
NaCN NCS H:CCCS . .
astrobiologists, COMs are the precursor
5 Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms  PAHs Fullerenes . . .
-Ii(‘{}()(‘lla CH;OCH; CHzCOCH3 1 HCyN CgHg CsHsCN 1-Ch1oH-CN Can mOIecu Ies Of preblotlc Chemlstry
CH3C3N CH3CH,0H HOCH,CH,0H  CH3CeH n-CsH;CN  HCy;N 2-C10H7CN  Cep
C-H CH3CH,CN CH3CH2CHO CoHsOCHO i-C3H;ON CoHs Cro
CH:COOH HCsN CHzCsN CH3COOCHS 1-CsHs CN
HCé CH3C4H CH3CHCH,0 CH;COCH,OH  2-C3;H5CN . H .
* Understanding the formation of COMs in the
HCGH CH3CONH; . . . .
cencio various physical conditions throughout our
NH2CH2CN  CH3CH.SH H H H f h |
e e universe Is an active area of researcn!
CH;SiH; CH;NHCHO
NH;CONH.  H.CCCHCCH


https://arxiv.org/pdf/2109.13848

Importance of molecules in

space!

Probes of a variety of chemical conditions (chemical

life?)

processes, 'Age" indicators, prebiotic chemistry (origin of

Complex Organic Molecules

e Contains at least 6 or more atoms
e Contains at least one carbon atom

c}r}

-

2 Atoms 3 Atoms 1 Atoms 5 Atoms 6 Atoms 7 Atoms
CH NH Hz0 MgCN NHa SiCs HC3N CyH CH30H CH3CHO
CN SiN HCO Hy H,CO CHy HCOOH CNCHO CH3CN CH;CCH
CH™ S0~ HCN SiCN HNCO CaN CH2NH HNCNH NH2CHO CH3zNHa2
OH co’ 0cCs AINC H,CS P, NH,CN CH50 CH3SH CH,CHCN
O HF HNC SiNC CzHz HCNO H2CCO NHzD CoHy HCyN
Haz N2 H2S HCP C3N HOCN CyH HaNCO! CsH CsH
Si0 CF° NzH" CcCp HNCS HSCN SiHy NCCNH™ CHaNC c-CaH4O
s PO CyH AlOH HOCO HOOH c-C3Hy CH3Cl1 HC,CHO CH,CHOH
50 02 S50, H.0' Cy0 -C3H' CH2CN MgCsN Ha2Cy CsH
SiS AlO HCO H,Cl" 1-C3H HMgNC Cs HC307 Cs8 CH3zNCO
NS CN HNO KCN HONHY HCCO SiCy NH,OH HCNHY HCRO
Ca OH HCS! FeCN Hs O CNCN H.CCC HC3S* CaN HOCH:CN
NO SH” HOC™ HO, CsS HONO CH;y H,CCS HC,H HC4NC
Hcr o Hor SiCs TiO, c-CaH MgCCH HCCNC C4S HCyN HC3HNH
NaCl SH CaS CCN HCN HCCS HNCCC CHOSH -, C30 c-C3sHCCH
AICT TiO Ca SiCSi H2CN H2COH™ CH2CNH
KCl  ArHY CO2 S:H CsN
AlF NS~ CHaz HCS HNCHCN
PN HeH™ Cs0 HSC SiH;CN
SiC VO MgNC NCO MgCyH
P NHaz CaNC CH3CO

NaCN NCS H2:CCCS
N2O CH,CCH
& Atoms 9 Atoms 10 Atoms 11 Atoms 12 Atoms 13 Atoms  PAHs Fullerenes
HCOOCHs CH3OCHz CH3COCH3 HCyN CgHg CgHsCN 1-C1pH7CN Ceo
CH3C3N CH;CH20H HOCH;CH,OH  CH3CgH n-C3H;CN  HCy N 2-C1gH7CN  Cgp”
CzH CH3CH,CN CH3;CH;CHO CyH;OCHO i-C3H;CN CyHs Cro
CH3COOH HC:N CH3CsN CH3COOCHs 1-CsHsCN
H2Cg CH3C4H CH3;CHCH,O CH3;COCH,OH  2-CsH;CN
CH,OHCHO  CgH CH3zOCH.0H CsHg
HCH CH;CONH2
CH:CHCHO  CgH
CH,CCHCN  CHyCHCH;
NH2CH,CN CH3;CH25H
CH3zCHNH HC;0O
CH3SiH; CH3;NHCHO
NH:CONHz  HxCCCHCCH McGuire 2022; https://arxiv.org/pdf/2109.13848
HCCCH:CN  HCCCHCHCN
CH,CHCCH  H;CCHC3N

Herbst & van Dishoeck 2009

Methyl or wood S
alcohol, is extremely
’ <

D Methanol
CH;OH

toxicl

Green apple smell!
Found in fermented
foods, including yogurt

Acetaldehyde
CH;CHO

and aged wines
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Big Questions in Astrochemistry: COMs as Prebiotic Precursors?

ONE PANEL GUIDE TO...
ASTROBIOLOGY

NOPE, NO CATS ON
THIS ONE EITHER

Otweaman~
@M~ O
O {mvnovmre B
LG 0
Oovvran— O
& (6]
0—[:’:—‘-_ (0]

ERRANTSCIENCE.COM

ETHANE

o

)

2 >-e. FORMIC-
e ACID

ACETO-
NITRILE

AMINO ACIDS
«,.
"\./t\} »

Y

http://www .esa.int/spaceinimages/Images/2001/05/Astrobiology

Do organic molecules synthesized in space contribute to the chemical evolution
needed for the emergence of life on Earth?
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How do we investigate the vast chemical inventory in the universe?

ONE PANEL GUIDE TO...
ASTROBIOLOGY

NOPE, NO CATS ON
THIS ONE EITHER

It

ERRANTSCIENCE.COM




How do we investigate the vast chemical inventory in the universe?

Orion Nebula

VISIBLE LIGHT

NASA, ESA, Massimo Robberto
(STScI, ESA), Hubble Space
Telescopé Orion Treasury
Project Team

Hydrogen atom

@ Electron

e Proton

Red = ionised hydrogen, H-alpha
Green = ionised oxygen
Blue = ionised hydrogen, H-beta

EMISSION OF LIGHT BY HYDROGEN

level 1

Brightness

level 2

level 3

level 4
level 5
level 6

Wavelength (nanometers]

Clouds of gas will emit spectral lines at specific
wavelengths corresponding to energy
transitions of certain atoms and/or molecules!

level 6

level 5

level 4

7 AN
/ level 3




Continuous light source

Cloud of gas

| ¢ R T
~ . Light

CONTINUOUS SPECTRUM

Spectrum that contains all wavelengths
emitted by a hot, dense, light source

e

Wavelength

Brightness—>»

Brightness—»

3

TG, S

v

EMISSION SPECTRUM

Shows colored lines of light emitted
by glowing gas

A |

Wavelength

ABSORPTION SPECTRUM

Shows dark lines or gaps in light after
the light passes through a gas

1L

Wavelength

Brightness—>»




Continuous light source

Light

CONTINUOUS SPECTRUM

Spectrum that contains all wavelengths
emitted by a hot, dense, light source

Brightness—»

Wavelength ———

Excited
chate

Lower
Ener gy
lewel

Lowwest
erer gy
lewel

Emission

Higher-enargy
photan is emitted

Electran

Mucleus

Lotk - emar gy
photon is emitted

Absorption

Incoming phaton is
absorbed by the atom

Fucleus

4

Electran

Incoming photon is
abzorbed by the atom

Brightness—»

Wavelength —>»

Brightness—>»

Wavelength ———m ———»




PICTURE OF A SPECTRUM

GRAPH OF A SPECTRUM

Astronomer’s interpretation:

Peaks and valleys are labeled

with the elements and compounds
\ that caused them.

- Hydrogen *\

A\

@ Electron

e Proton

’ =
. ! , [ ; Hydrogen atom
3
5 -

Brightness

Brightness
(might be labeled as
intensity, counts, flux,
power, absorbance, 500 600
tansmitance, Wavelength (nanometers)

or reflectance) :

Color
(often labeled as wavelength, but can also
be labeled as energy or frequency)




Orion Nebula

VISIBLE LIGHT =

L)

-

NASA, ESA, Massimo Robberto
(STScI, ESA), Hubble Space
Telescop® Orion Treasury
Project Team

We can also determine
the cooler, molecular
composition of gas in
our universe through

spectroscopy!

Red = ionised hydrogen, H-alpha
Green = ionised oxygen
Blue = ionised hydrogen, H-beta

Ammonia, NH;

B Blue/Grey = WISE/Infrared Dust emission




Orion Nebula

. s e

c1977 %

NOBEYAMA
2H+ AND CO

“ OMC-3

» OMC-2

g5/ —-@: Orion KL

Optiéal lmagé: (c) Hiromitsu Kohsaka“

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

1

] Radio Image: Tatematsu et al.

Shimajiri et al.
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Discovery of CO

in the Star Forming Region,
NOBEYAMA OrionKLat 115 GHz

Orlon Nebula *‘ b -

2H+ AND CO (J =1 — 0 transition)
NGC1977 in 1970 at Kitt Peak, Arizona!
“ OMC-3
CO Rotational Levels
2 . a0
e g % (0] [y ] . CO
; ¢ 4 X . E/k .
. \ J=1-0
e | 3 33.2°K
— —g Orion KL r Lt
3 1 A=0.87 mm (345 GHz) g
i
%20'-
é <
2 16.6 °K g .
z *
A+=1.3 mm (230 GHz)
10f v
1 S:3% *
+ +
. . AL : A=2.6mm(115GHz) o +
"L : BTN ~~ + Radio Image: Tatematsu et al. 4 erattttt " thaae
|Optlcal Image: (c) Hiromitsu Kohsaka Shimajiri et al. § U =0 0 -5 5 s
FREQUENCY DISPLACEMENT (MHz)

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

Wilson et al.,, 1970



Spectroscopy: Primary Molecule Identification Method!

e Molecular Energy Levels consist of:

Molecular Energy Levels
1) ELECTRONIC STATES

- electrons change levels
- energies in visible, UV

; 2) VIBRATIONAL STATES Electronic ~ 10,000 cm"'
O\f - normal modes of nuclear motions
- occur in infrared region ; /mnal ~ 100-1000 cm-"
| - 1
3) ROTATIONAL STATES = Rotational ~ 10 cm

- end-on-end motion of nuclei
- energies in microwave/millimeter-wave regions

Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

e Molecular Energy Levels consist of:

Molecular Energy Levels
1) ELECTRONIC STATES

- electrons change levels
- energies in visible, UV

; 2) VIBRATIONAL STATES Electronic ~ 10,000 cm"'

O\f - normal modes of nuclear motions /‘
- occur in infrared region Vibrational ~ 100-1000 cm-?

\ /

— Rotational ~ 10 cm"’

3) ROTATIONAL STATES
- end-on-end motion of nuclei

- energies in microwave/millimeter-wave regio

e Electronic states have vibrational/rotational structure

e VVibrational states have rotational structure Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

ELECTRONIC STATES

® Need energies ~ 0.5 - 1 eV to excite molecules (~ 5,000 Molecular Energy Levels

- 10,000 K)
* Need a UV/optical “pump” to excite levels, provided by

background star
e Molecular material in front of source cannot be dense
(< 100 cm?2) Electronic ~ 10,000 cm’
— used in Diffuse Clouds
e Diffuse clouds contain primarily diatomic species
= UV radiation photo-dissociates molecules readily

* Almost always 2-3 atom species

- relatively simple spectra observed in ABSORPTION
¢ Also important in stellar photospheres of cool stars

- molecules can survive radiation field

Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

ELECTRONIC STATES

Photospheric Spectra (Stars)

1.2
11}

1l

048 ¢
o8t ||/
(i
0.7
06 - |
0.5
0.4
03 f

0.2 F
0.1

(i

TiO

G700

Figure 5. The 6630-7200 A region of the JD 245 1221 opiical specirum of
IRAS (8182 —-a000, showing the 3 (1, 03, (2.0 and (0, 0) bands of Tr( and
some of the atomic emission lines recorded in Table 4.

6800 G900 7000

7100

7200

’MW' WVMM

HD 67440 CN
&
it &

[RAS O51EI-A000

e U W‘M

P o |
™ L'EMM*

Wy |
M \_\J J Fel Ho A

N

S 3"'J|J k] 3'~'|.§l'.| 4000 4100 4200 'll'.ll.'l 441 4500

Figure 4. The spectrum of TRAS (H152 6000 (10 244 942060 compared
with those of HD 96746, G2lab (above) and HD 145544, G2 -1 {helow).

Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES
* For a simple two-atom molecule, think back to your Molecular Energy Levels
‘'simple harmonic oscillator’ whose energy can be
quantized!

hc
A E—T—hv

E

mnan ~ 100-1000 cm-1

\ /

=4

- -

specac.com 42



Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES
* For a simple two-atom molecule, think back to your Molecular Energy Levels
‘'simple harmonic oscillator’ whose energy can be
quantized!

hc
E—T—hv

mnan ~ 100-1000 cm-1

\ /

specac.com 43



Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES

o , Molecular Energy Levels
* [n the real world, eventually your 'spring snaps

® The gap between higher excited states thus begins to
narrow

mnan ~ 100-1000 cm-1

\ /

specac.com 44



Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES

® For molecules with several atoms, the type of possible

vibrations increases, and more fundamental bands

observed!

® The total number of possible vibrations for a molecule is
equal to 3N-6 where N is the # of atoms in the molecule
e E.g., water, H,O, has 3!

if)

i) symmetric stretch, (i) asymmetric stretch and (iii) bending modes.

specac.com

i)

Molecular Energy Levels

=4

mnan ~ 100-1000 cm-1

\ /
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES

® For molecules with several atoms, the type of possible

vibrations increases, and more fundamental bands

observed!

® The total number of possible vibrations for a molecule is

equal to 3N-6 where N is the # of atoms in the molecule

e E.g., water, H,O, has 3!

i) ii)

i) symmetric stretch, (i) asymmetric stretch and (iii) bending modes.

specac.com

i)

Absorbance

vq(S\/mmetric) vz(Bending)
VE(Asymmetrlc) LY 3240 cm 1640 cm
3490 cm
4000 3000 2000

Wavenumber / cm

1

1000
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES

lar Energy Level
® Need energies ~ 200 - 2000 cm-' to excite molecules Molecu ergy Leveis

(300 - 3000 K)

* Need an IR “pump” to excite levels: background source
e Provided by DUST from Circumstellar Envelopes:
strong IR emission background

® Young Protostar as background: IR source

® Density restrictions not as high as in optical region /’—

e Used to study chemical composition of circumstellar Vibrational ~ 100-1000 cm’
\ /

shells close to stellar photosphere

i)
* Molecules in denser material near cloud cores @/ O\f

e Spectra primarily observed in absorption, except H,

e Useful for symmetric molecules
- HCCH, H3*, CCC, H,CCH,

Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES

T Pse

ks, +oans

g F, +oanel

C,H, & HCN Vibrational

2.5

20F

AFGL 341

i

AFGL 2477

CH, }
T"‘h‘ —_—
| m’”’”ﬁ

Spectra around Evolved Stars

Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES

T Pse

2.0f

ks, +oans
i
]

Often hard to
distinguish —
individual '

modes!

g F, +oanel

2.5

i3
=]

C,H, & HCN Vibrational

s

CM,

/

AFGL 341

CH, }
/-’f\RW i?uw%”“’”.ﬁ.
- (;r'd&'a“’l"-f“-’_

AFGL 2477

IRAS
1945442920

Spectra around Evolved Stars

Credit: L. Ziurys
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES .
IR Spectra of Star-Forming Core

107
3 H,O stretch

CO,

combi ..--

NIR38 (A, = 60 mag)

------------ Continuum fit

Flux density (Jy)

107® l I I I I I I
3 4 o 6 7 8 9

Wavelength (um)

14

NIRSpec FS (NIRCam WFSS) and MIRI LRS spectra of NIR38 and J110621. Credit: Nature Astronomy (2023). DOI: 10.1038/s41550-022-01875-w
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Spectroscopy: Primary Molecule Identification Method!

VIBRATIONAL STATES .
IR Spectra of Star-Forming Core

107
3 H,O stretch
(;O .....

oMbl ..o Silicates

|
‘ ——— NIR38 (A, = 60 mag)

------------ Continuum fit

Flux density (Jy)

1076 l

| T T T | T
3 4 o 6 7 8 9

Wavelength (um)
NIRSpec FS (NIRCam WFSS) and MIRI LRS spectra of NIR38 and J110621. Credit: Nature Astronomy (2023). DOI: 10.1038/s41550-022-01875-w
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Spectroscopy: Primary Molecule Identification Method!

ROTATIONAL STATES

e Submillimeter and millimeter observations! Molecular Energy Levels
¢ |nterstellar Molecular Gas is primarily COLD

(T~ 10-100K)
e Rotational Levels predominantly populated

— two-body collisions with H,

® No background source needed
e Spontaneous Decay results in narrow emission lines
® Rotational Spectrum is “Fingerprint” Pattern

e Unique to a Given Chemical
Compound! \

e Allows for unambiguous identification R -
: . . otational ~ 10 cm-!
e Rotational Transition Frequencies ?

— quantized and proportional to moments of inertia

Credit: L. Ziurys



Spectroscopy: Primary Molecule Identification Method!

ROTATIONAL STATES

e Submillimeter and millimeter observations! Molecular Energy Levels
¢ |nterstellar Molecular Gas is primarily COLD

(T~ 10-100K)
e Rotational Levels predominantly populated

— two-body collisions with H,

® No background source needed
e Spontaneous Decay results in narrow emission lines
® Rotational Spectrum is “Fingerprint” Pattern

e Unique to a Given Chemical
Compound! \

e Allows for unambiguous identification R -
: . . otational ~ 10 cm-!
e Rotational Transition Frequencies ?

— quantized and proportional to moments of inertia

l=pr?
A H
—9
Credit: L. Ziurys
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Rotational Spectroscopy

V= 2B (J _I_ 1) Increasing the size/mass of a

Frequency molecule shifts transitions to
| lower frequencies!

B = 2T
Rotational Constant TT-C :6
l 2
I = Qur s

Moment of Inertia

| M1

Reduced Mass T 1 m2

Credit: B. McGuire
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Intensity (K)

Rotational Spectroscopy

A
CO

,| 300K

3
>
5

2 C
L

1

0 o I I‘ I I | | I | I 1 ! I | ! I I ‘ I | I II

0 500 1000 1500 2000
Frequency (GHz) J=0

Credit: B. McGuire
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Intensity (K)

Rotational Spectroscopy

CO
10K

Stronger transitions at
lower frequencies for
colder objects!

Energy

500 1000 1500 2000
Frequency (GHz)

J=0
Credit: B. McGuire
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Rotational Lines at Radio Wavelengths: The Best Probe of Complex Molecules

0.040+ 13 Detection Wavelengths
centimeter

o 0.035} o
= sub-millimeter

£ 0.030f infrared

> 0.025¢
g
g 0.020F

£'0.015¢

3 1
£ 0.010f ?

ol
0.005¢ 18

0.000f — e . . .
0 25 50 75 100 125 150
Atomic Mass (amu)

The heavier a molecule/ more complex, the more

likely it is to be first detected at longer wavelengths.

McGuire 2022; https://arxiv.org/pdf/2109.13848
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Rotational Lines at Radio Wavelengths: The Best Probe of Complex Molecules

Detection Wavelengths

0.040¢+ 13
centimeter

o 0.035} o
= sub-millimeter

£ 0.030f infrared

> 0.025¢
g
g 0.020F

£'0.015¢

3 1
£ 0.010f ?

0.005¢ 18

0.000f — e . . .

0 25 50 75 100 125 150
Atomic Mass (amu)

The heavier a molecule/ more complex, the more

likely it is to be first detected at longer wavelengths.

McGuire 2022; https://arxiv.org/pdf/2109.13848

Probability Density Estimate

Source Types
0.025r R
Dark Cloud
0.020+ LOS Cloud
0.015
0.010
0.005
0.000f

25 50 75 100 125 150
Molecular Mass (amu)

The heavier a molecule/more complex, the more
likely it is to be first detected in a dark cloud or
carbon star.
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Rotation Spectroscopy/Molecular Spectroscopy via Radio Telescopes

ROTATIONAL STATES

* Interstellar rotational spectra | | /
are obtained with | ARO 12m

Radio Telescopes
e Employ Heterodyne SIS Mixer detectors with
Multiplexing Spectrometers
— High spectral resolution data (1 partin 108)
= vis Optical/IR resolutions ~ 1 partin 103 -104
e At higher frequencies electronics can not handle
incoming signal, it needs to be translated to a lower
frequency where it can be amplified and processed!

Heterodyne Receiver Layout

Antenna Optics Mixer IF amp
TA Lopt L mix GIF
Tope T i Tp Detector

T

Walker 2016
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Rotation Spectroscopy/Molecular Spectroscopy via Radio Telescopes

ROTATIONAL STATES

e Radio spectrometers measure the spectral
pattern of individual rotational transitions!

® The time to integrate is defined by the radiometer
equation, where the signal-to- noise level, o,,,, is
proportional to the square root of the
integration time, t;,,; ™ O

sYs
R

tint 9
Tms
® g, = 'Ms noise in observation
e C is sensitivity constant ~x2 because half of the
time is spent off the source
e off-source = position switch
e off-frequency = frequency switch
* T,,s = system temperature (contributes to ‘noise’)
* R = bandwidth, i.e., frequency range observed

For a 10x better signal-to-noise, need to integrate 100x longer!

0.4

Methanol Tlnt 5min Dala'
CH3OH O = O 07 K -- Baseline
% 0.2 i ﬁ
2 r/nq “ }" f
§ O-ODA Wﬁm ‘v'v'o\?Wn/{—;kaqﬁJ—:m St SRR BN
= E \
J
-0.2 3
96738 96740 96742 96744 96738 96740 96742 96744
Frequency (MHz) Frequency (MHz)
Acetaldehyde Tt = 500min —— Daw
0.2 -- Baseline
CH3CH 0. = 0.007K
Q 0.1
Z 00 ‘ AR s o A
: |
= —0.1
o I/—H\.
-0.2 . D
ng 1
95945 95950 95955 95960 95965 95945 95950 95955 95960 95965
Frequency (MHz) Frequency (MHz)

Scibelli & Shirley 2020
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Rotation Spectroscopy/Molecular Spectroscopy via Radio Telescopes
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51 2mm
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3 190
@ ] 0'1 T T T T I T T T T ISIBOI T T IRIA.S4-AI
S o] 0.05 CHLDOH
O 1 1 1 I Il I} Il I ) 1 -
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Rotation Spectroscopy/Molecular Spectroscopy via Radio Telescopes

5] Smm
44
*l-i .
= 2
c-u T T T T T TT — T T
5 p
51 2mm
44
=
=14
o4
130 149 7
B O' 1 T T T T I T T T T ISI.BO T T T IRIA'S4-AI
: 0.05 CH,DOH
- O L L L L L L 1 1 .
— :l T T T I T T T T T T

"z 20 'L1157-mm ]
Frecuency (GHz) ]

Credit: L. Ziurys

Unit for the power output per unit frequency of a receiving

antenna is the ‘Antenna temperature’, T,". It is the temperature
of a resistor whose thermal power per unit frequency would be

the same as that produced by the antenna:
T, =P, /k

T,"= 1 K corresponds to P, = kT,” = 1.38 x 10722 W Hz™! ——— , e .
(where k = boltzmann constant [W Hz™! / K]) 92000 93000 94000

Frequency (MHz) Lefloch 2018 62




Rotation Spectroscopy/Molecular Spectroscopy via Radio Telescopes

The collecting area of these radio telescopes is dependent on the wavelength of incoming light and the size of the
telescope!

0 = 31 arcminutes

Radio telescopes have a
resolution:

1° = 60 arcminutes
1 arcminute = 60 arcseconds

Note: 1 radian = (3600 x 180)/mt = 206265"

6~A4/D

Depends on wavelength of
light and size of telescope
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Rotation Spectroscopy/Molecular Spectroscopy via Radio Telescopes

The collecting area of these radio telescopes is dependent on the wavelength of incoming light and the size of the
telescope!

— Larger dish = smaller beam
. Shorter wavelength = smaller beam

Radio telescopes have a
resolution:

6~A4/D

Depends on wavelength of
light and size of telescope @ 3mm
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Radio telescopes Optical telescopes

Submillimeter and Millimeter Radio | 50 NOOOOO don't try to

Vosrsboouside ) j\ QJ clouds? np. observe before twilight
Telescopes Identify Molecules via
Rotational Spectroscopy!

ends!! <(( pls no clouds :'(

Radio waves let us see
objects we can’t see in

visible ||ght, like the gas | can operate day & night u can literally stand on :’l::::"a mountain &
in star forming regions me and | will be fine

"1 am essentially
, aseveral-ton
spectrometer

OrionA ( f ’Ammonia
‘ '\) NH:
NH3(1,1)

L/*«_.M/\\/'\_M._
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Radio telescopes Optical telescopes
A

Submillimeter and Millimeter Radio
Telescopes Identify Molecules via
Rotational Spectroscopy!

i y NOOOOO don't try to
I be outside 24/7 © € ry
can be outside Al J clouds? np. observe before twilight ..
ends!! :(( pls no clouds :'(

Radio waves let us see
objects we can’t see in

| am essentially
a several-ton

0 o g . S \ t & /“ ; spectrometer
visible ||ght, like the gas lcan operateday 8 mlght  u can oty stianiion :‘l::;'a mountain &
in star forming regions me and | will be fine

Dish acts like a mirror and focuses long wavelength
radio light onto electronic device that receives it and
records an objects’ spectrum, i.e., it’s intensity vs.
frequency (or wavelength)

OrionA ( !\ ’Ammonia
‘ \) NH;
NH3(1,1)

L/*«_.M/\\/'\_M..
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Radio telescopes Optical telescopes
4

Submillimeter and Millimeter Radio
Telescopes Identify Molecules via
Rotational Spectroscopy!

I can be outside 247 £ ® NOOOOO don't try to

o«
L clouds? np. observe before twilight N
= ends!! <(( pls no clouds :'(

Radio waves let us see
objects we can’t see in

~ 1 am essentially
a several-ton

0 o g . \ ,,' L’ //‘ " spectrometer
VISI b Ie llg ht, | Ike the gas | can operate day &“ni'ght Lu can literally stand on :‘need”a molRtanS
in star forming regions me and | will be fine s

Dish acts like a mirror and focuses long wavelength
radio light onto electronic device that receives it and
records an objects’ spectrum, i.e., it’s intensity vs.
frequency (or wavelength)

We know if a bright line occurs

OrlonA | IAmmlonia
Q! "l where a certain molecule is

predicted to emit at, we have
NH3(1,1)

WM identified that molecule!
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Molecular Lite Cycle

Diffuse Clouds Dense Clouds

Star Formation

Planetary Nebula . 'Q

CHpHCHO

Star Formation

/ Cloud Dispersion

Stellar Deaths

Evolved Stars Protoplanetary Disks Planet Formation
/ Other Solar
/’ Systems

Comets

/ Meteorites

" ), Life seeded from space?

Credit: L. Ziurys
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Molecular Lite Cycle

Lecture 2

Diffuse Clouds Plense Clouds
2 CH N,

%

Star Formation
Planetary Nebula

CH°0HCHO

Star Formation

/ Cloud Dispersion

Planet Formation

Stellar Deaths
Evolved Stars

& ‘g// Meteorites

" . ), Life seeded from space?

Other Solar
Systems

Credit: L. Ziurys
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Lecture 2

Plense Clouds

Star Formation
Lecture 3
CHLDHCHO

Star Formation

/ Cloud Dispersion

Planet Formation

Stellar Deaths

Other Solar
Systems

G// Meteorites

E >, Life seeded from space?

Credit: L. Ziurys

70



Lecture 2

Molecular Lj

ycle

DiffuseClouds plense Clouds
HCO.:. N 25 CHNHL

.l

Star Formation

Planetary Nebula *

Lecture 3
CH,OHCHO

HCN ,
Star Formation

\
A CO: \ /Cloud Dispersion

HCCH

Stellar Deaths

Evolved Stars

Protoptagqetary Disks Planet Formation

G// Meteorites

Life seeded from space?

Lecture 4 Comets

Credit: L. Ziurys
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Electron transition Vibration Rotation

S 3“)

SUMMARY:

R

L]

« Astrochemistry is an interdisciplinary field that
studies “the formation and destruction of molecules PEECEECNNT 4000 00 10

____—_ cm-1 (Wavenumber)

in the Universe, their interaction with radiation and ey ——
. . . ultrawolet raviole IS e ear-infrare nirare ar-infrare Icrowaves
their feedback on the physics of the environments” —————————————

800 2,500 25,000 1,000,000

« More than 300 molecules have been detected in space so far, and > 90% of molecular detections are
from radio astronomy observations!

« In addition to allowing us to probe different physical conditions across our universe, it is possible to
study the increasing complexity of different molecules in various environments, letting
astrochemists better understand, for example, the formation of complex organic molecules (COMs) that
may be precursor to molecules important for the emergence of life on Earth

« Itisthrough spectroscopy that we can observe these large molecule in space, and it is rotational
spectroscopy, or molecular spectroscopy, at submillimeter and millimeter wavelengths that allow us to
detect these heavier/larger molecules in cold interstellar gas

« Submillimeter and millimeter radio telescopes are powerful instruments that let observational
astrochemists (like myself) study the properties of interstellar molecules in high detail!
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