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Molecular Complexity in the ISM

2 3 4 5 6 7 8 9 10 11 12 13
H, GC, c-CH C, CH CeH CH,C,N CH,C H CH,C,N HC,N CeHe c-CgH:CN
AF CH ICH CH  I-H,C, CH,CHCN HCOOCH, CH,.CH,CN (CH.)),CO  CH.CH C,H.OCH,

AICl CO CN CSi  CH, CHCH CHCOOH? (CH,),0 (CH,0H),  C,HOCHO i-C,H,CN

C2 CS CO ICH, CHCN HCN CH CH,CH,0H  CH,CH,CHO CH,OCOCH, n-C,H,CN

CH CH, CS «¢CH, CHNC CH,CHO CgH, HC,N CH,CHCH,0 *+ Ce0: Cro
CH* HCN CH, CH,.CN CH,OH CH,;NH, CH,OHCHO CgH CH,OCH,OH

CN HCO NH, CH, CHSH ¢CH,0 I-HCH CH,CONH,

CO HCO* HCCN HC,N  HCNNH* CH,CHOH CH,CHCHO CgH- , ,
CO* HCS* HCNH* HC,NNC HC,CHO CgH- CH,CCHCN  CjH, 40 - -
CP HOC* HNCO HCOOH NH,CHO NH,CH,CN : ;
CSi H,0 HNCS H,CNH C.N CH,CHNH 30 1 -

HCl H,S  HOCO* H,C,0 I-HCH
KCl HNC  H,CO H,NCN I-HC,N
NH HNO H,CN HNC, c-H,C,0
NO MgCN H,CS SiH4  H,CCNH ]
NS MgNC H,0* H,COH* CN- 0 ]
NaCl N,H* ¢SiC, CH  HNCHCN 2 5 0 13 -13
OH N, CH;  HCOCN
PN  NaCN C,N- HNCNH
SO 0OCS PH, CHs0
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10 4

Number of molecules

Number of constituent atoms

(http://www.cdms.de/)

o 2% TS N . Around 200 molecules discovered mainly in massive star-forming regions
S0 CO,  CH (SgrB2, Orion), evolved stars, dark clouds, diffuse medium.

SiS NH, HMgNC
CS Ht  HSCN

He /S;&NC Complex Organic Molecules : > 6 atoms + C atoms (Herbst & van Dishoeck, 2009)
Fe0?  SING One third of detected molecules are COMs.

0, CCP

CF*  AIOH . . . .

SiH  H,0* The Bricks of Organic Chemistry are detected in the ISM

PO  H,CI*

AIO, KCN o

OH",  FeCN Pre-biotic molecules (HCOCH,OH, NH,CHO,...) but no amino acid !

CN- HO,



Key Questions

COMs and Prebiotic chemistry around Sun-like Protostars: What evidence ?
A handful of hot corino sources are known: how well ?
IRAS16293-2422: TIMASS (Caux et al. 2011), PILS (Jorgensen et al. 2016)

How and when do Complex Organic Molecules form around Sun-like systems ?

Which heritage to (exo)planetary systems ?

What is the ultimate molecular complexity that can be reached in SFRs ?
—> Origin of cometary material ? Amino-acids ?
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7\ The IRAM Large Program ASAI

ASA'

Goals:

(Astrochemical Surveys At IRAM)
(Lefloch, Bachiller et al. 2018)

- Evolutionary view on chemistry along Solar-type Star Formation:
« Influence of environmental conditions: feedback processes

Unbiased, high sensitivity spectral line surveys from 70 to 280GHz

ASAI Source Sample: 10 templates illustrative of the
different chemical stages of a sun-like protostar

ASAI

Sources Coordinates d Lum. 3 mm 2 mm 1.3mm dv Comment

(J2000) (b3) (Lo) (mK) (mK)  (mK)  (kHg)
TMC1 D4h41™41,90¢ +25°941'27.1" 140 - - 4.2-4.2 - 48.8, 195.3 Early prestellar core
L1544 05R04™17.21¢ +25°10'42.8" 140 - 2.1-7.0 - - 48.8 Evolved prestellar core
Blb 03733720.80¢ 4-31 °07'34.0” 230 .77 2.5—1[}.6(*) 4.4-8.0 4.2-46 195.3 First Hydrostatic Core
L1527 D4R 39™53.80% +26 °03'11.0" 140 2.75 2.1—(‘5.7(*) 4.2-7.1 4.6—4.1 195.3 Class 0 WCCC
IRAS4A 03M29710.42% 4+31°13/32.2" 260 9.1 2.50-3.4 5.0-6.1 4.6-3.9 195.3 Class 0 Hot Corino
L1157mm 20h39706.30% 4-68 02'15.8" 250 3 3.0-4.7 5.0-6.5 3.8-35 195.3 Class 0
SVS13A 03h29™03.73¢ +31°16'03.8" 260 34 2.0-4.8 4,2-5.1 4.6-4.3 195.3 Class I
AB Aur (‘I‘} 04k 55™ 45 845 +30°3333.04" 145 - 4.6-4.3 4.8-3.9 2.1-4.3 195.3 protoplanetary disk
L1157-B1 20h39710.20¢ 4-68 °01'10.5” 250 - 1.1-2.9 4.6-7.2 2.1-4.2 195.3 Outflow shock spot
L1448-R2 03h25™40.14% +30°43'31.0" 235 - 2.8-4.9 6.0-9.7T  2.9-49 195.3 Outflow shock spot
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"/:\ 3mm band: chemical content

A S A | After analysing the 3mm line surveys (1% U lines)
2 3 4 5 6 7 8 9 10 11 12 13
H, G, c-CH  Cs C,H CgH CH,C,N CH,C,H CH,C,N HC,N CeHs c-CgHsCN
AF CH I-CH CH I-H,C,  CH,CHCN HCOOCH, CH,CH,CN  (CHy),CO  CH,C.H C,H;OCH,

AICl C,O CN  CSi C,H, CH,C,H  CH,COOH?  (CH,),0 (CH,0H),  C,H,OCHO  i-C;H,CN
c2 CcS CO ICH, CHCN HCN CH CH,CH,0OH  CH,CH,CHO CH,0COCH, n-C,H,CN
CH CH, Cs5S ¢-C;H, CH,NC CH,CHO  CgH, HC,N CH,CHCH,0

CH* HCN CH, CH,CN CH,OH CH,NH, CH,OHCHO CgH CH,OCH,OH

CN HCO NH, CH, CH.SH  ¢CH,0  I-HC.H CH,CONH,

CO HCO* HCCN HC,N  HC,NH* CH,CHOH CH,CHCHO  CgH-

CO* HCS* HCNH* HC,NC HC,CHO CgH- CH,CCHCN  C,H,

CP HOC* HNCO HCOOH NH,CHO CH,NCO  NH,CH,CN

CSi H,0  HNCS H,CNH C,N CH,CHNH : . T
HCl HS  HOCO' HGCO  LHCH Four main chemical families:
KCI HNC  H,CO H,NCN I-HC,N -

NH HNO H,CN HNC, c¢-H,C0 Hydroc_arbons. CXHV

NO MgCN H,CS  SiH4 H,CCNH O_bearmg "C.HO

NS  MgNC H,0* H,COH* C,N- X*y—z

NaCl N,H* ¢-SiC, C,H- HNCHCN

OH N, CH,  HCOCN . )

PN NaCN CN-  HNCNH S-bearing : C,HyO,NS,

sO  0CS  PH CH,0 . - -

SO* SO, HCNO NH. also : Si-bearing, P-bearing

SiN  ¢SiC2 HOCN H,NCO*
Si0 CO,  CH*

SiS NH, HMgNC . . .

cs  Hy o HSCN  Fjrst S-bearing COM detected in low-mass SFRs: CH,SH y‘\\g
HF  SIiCN 3 9

HD AINC (also Majumdar et al. 2016)

gef’-’ o No evidence for COMs larger than glycolaldehyde, dimethyl ether, ethanol
CF* AIOH .

SiH  H,0* New molecular SpPecCIesS. NO*, NS* (cernicharo et al. 2014, 2018), A

PO H,CI*

AlO, KCN

OH*, FeCN B. Lefloch - ICISE 2018 - Quy Nhon

CN-  HO,



*
e 3

"/:\ Statistics

A Time
S Al
L1544 Blb 51 IRAS4A
PSC 50 FHSC Class 0 48
150 150 300
100 I 100 I 200
50 50 100
0 . l - 0 I . . 0 I - . |
0 N C s 0 N C s 0 N C s
L1157mm L1527 SVSI3A
Class 0 41 Class 0/1 47 Class I 35
60 150 100
40 I 100 I © I I
- B HE0D >0 _ 0 - =
0 N C s 0 N C s 0 N C s
L1157-B1 47 L1448-R2 40 116293 41
Shock Shock Class 0
60 300
200
100

200
40
100
[] .
0 —_ 0
o} N C S 0 N C S

ASAI sample
Number of detected molecular species : 35 -51

Number of molecular lines : 178 — 413 (o= 5-12 GHz1)
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"/:\ Two Chemical Classes

A .
S | Time
L1544 B1b IRAS4A
PSC FHSC Class 0
150 150 300
100 I 100 I 200
50 50
>3 8 § F R IER
0 N C S 0 N C S 0 N C S
L1157mm L1527 SVSI3A
Class 0 Class 0/1 Class I
60 150 100
40 100 © I I
Bomn [Fonl_ 0 - =
0 N C S O N C S 0 N C S
L1157-Bl1 L1448-R2 116293
Shock Shock Class 0
200 60 300
100 40 I I 200 I
o I B _ = 23 I I 103 N e =
0 N C S O N C S 0 N C S
r=N(O)/N(C) = 1 defines two chemical classes: SVe BN ST
O-rich : hot corino sources : r=0/C > 1.5 ‘ P _c’v\(/:(():r(':rg
C-rich : WCCC r=0/C <15 -mm-.
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'7\ COMs In the Prestellar Phase

|
S.A" COMs are present at the prestellar stage
Bacmann et al. (2012), Cernicharo et al. (2012), Oberg et al. (2010)

A

TMC1: benzonitrile c-CzH:CN
(MacGuire et al. 2018)

Vastel et al. (2014), Jimenez-Serra et al. (2015)

First systematic census of COMs in a PSC
CH,0OH, CH,CHO, CH,0CHO, CH,;0OCHj,
H,CCO, HCOOH

CH,CN, CH,NC, CH,CHCN

1 1 1 L 1 L 1 L 1 L 1 1

80000 90000 100000 110000
Rest Frequency (MHz)
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S Al

Vastel et al. (2014), Jimenez-Serra et al. (2015)

Density [em™]

o
n
T

101

L1544I5’rr_157um I CHBOH i

Temperature [K]

"/:\ COMs In the Prestellar Phase

Log Abundance

3.0 3.5 4.0 4.5
Log Radius (AU)

Emission of CH;OH and other COMs arise from the outer

layers where strong UV-photodesorption of water ice is observed
Vastel et al. (2014), Bizzochi et al. (2014)

Origin of COMs is a challenge

—> Non-thermal desorption of CH;OH and C,H, from grain
mantles + gas phase reactions could account for the formation of
some COMs in the gas phase : CH,CHO, H,CCO ?
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"/:\ COMs around Solar-Type Protostars

S Al IRAS16293-2422

TIMASS (cauxetal. 2011) :
H,CCO, CH,CHO, NH,CHO, HCOOCH,,
CH,OCH,, CH,CN, HOCH,CHO

Abundance wrt HCOOCH,

-
<

Two contributions :

Compact, Hot, dense region : Hot corino
Td> 100K : X=1(-9) — 1(-8)

Extended, Cold Envelope :

X=3(-12) — 2(-10)

"|RAS16293 out Cold Cloud  GC Clouds _ Comets  IRAS16293 in

Hot Cores

Ketene/Methyl Formate : Cold / Hot objects

(Jaber et al. 2014, Kahane et al. 2013, Jorgensen et al. 2012)

116293 Hot Corino

Continuum CH,OCHO
Al .
(Bottinelli et al. 2007)
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7\ Molecular Deuteration

A Sk ]
Hy* +HD —> H,D* +H, Enhanced molecular D/H in cold gas
(AE = +230K)
10" |
F PRESTELLAR PROTOSTARS
CORES
10° ¢ } 1
} CLASS | ]
ol ; } jl I#ﬂ ] =2 1 . |  Decrease of molecular
l ]. } l} } t ) 1 deuteration in Class | -
a 107k } CLASS 0 )
[ ! X
10
10 e HDCO
i m D,CO ]
| _ PROTOSOLARNEBULADMH __ ______| + CH.DOH|]
10” TIME

Bianchi et al. (2017)



68°01'00" 68°02'00"

68°00'00"

'7\ Shocks as COM factories

Lefloch et al. (2017)
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'7\ Shocks as COM factories

Abundances are all similar (but NH,CHO) : 10-% [H,]

Relatively to CH,0H: X =2% -5 % X[CH;0H]

Which formation route for glycolaldehyde ?
Grain surface (CH;0OH + HCO) ?
Gas phase (H,CO* + H,CO) ?

Woods et al. (2012, 2013)

A New Scheme: The Ethanol Tree
(Skouteris et al. 2017)

A
S Al
T II T T T T TT I.-I:
1157-B1 % -
T 10°L IRASEA}_,—E;{ E
> .
mm - -
S B s 116293
-9 }—E -7 |
10 ¢ L 7IRAs4A
1078 107" 1078
X(CH,0H)
II LI II T T T T LI I:
S L1157—B1 A
m 10 E }:gj - - _E
g\! T 3
i IRAS2A -~ ]
S 10 | /’Ir’ i E
T I — - 1
~1 ; ¥ - 116293
10_10 E |/| L IR;AS%A Lol IE
107° 107° 107"
X(C,H,0H)

Linear correlations: chemical families:

a common origin ?

CH,CH,0H
ethanol
Cl, OH
CH,CHOH CH,CH,OH
(0] (o]
0.59 0.335 0.075 0.81 0.19
HCOOH CH,COOH CH,CHO H,CO HCOCH,OH
formic acid acetic acid acetaldehyde formaldehyde glycoaldehyde




(/\ Prebiotic Molecules: NH,CHO

S Al

Formamide NH,CHO: an important molecule for prebiotic chemistry
- the four most abundant elements of biological systems: C,H,O,N )
- the simplest molecule with a peptide bond

A precursor of prebiotic chemistry (saladino et al. 2012)

o]
HQNW)LOH
R
Amino acids
NH.
N L *r: e i
=
Gjl\/j fﬁ& - Hj\NH - RJ\OH
” N H o 2 Carboxylic
Formami ide acids
Nucleic acid
bases / l

CHO CHO
<N I N’J HO—H  HN—H
H OH H OH
0 H OH H OH
Acyclonucleosides H OH H—0H
CHoOH CHo0H
Sugars Amino Sugars

Detected in Comets: Hale-Bopp (Bockelee-Morvan et al. 2000), 81P/Wild2 (Elsila 2009), 67P (Altwegg 2016)
—> Exogenous delivery on Earth (Ferus et al. 2014) ?
Detected in high-mass SFRS (Bisschop et al. 2007)
solar-type protostar IRAS16293-2422 (Kahane et al. 2013).
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(/\ “ebiotic Molecules: NH,CHO

S Al

Formamide NH,CHO: an important molecule for prebiotic chemistry

- the four most abundant elements of biological systems: C,H,O,N )
- the simplest molecule with a peptide bond

Lopez-Sepulcre et al. (2015)

ASAI: Search for NH,CHO in solar-type environments

“Source d M Lpg Type
(pc) (Mp) (Lo)

TMC1 140 21 —  PSC - young

L1544 140 2.1 1.0 PSC - evolved
Not detected Bl 200 1.9 1.9 Class 0 - early

L1527 140 0.9 1.9 Class 0, WCCC

L1157-mm 325 1.5 4.7 Class 0, WCCC?

IRAS 4A 235 5.6 9.1 Class 0, HC

SVS 13A 235 0.34 21 Class 0/1

Detected OMC-2 FIR 4 420 30 100 IM proto-cluster
Cep E 730 35 100 IM protostar
L1157-B1 250 — — outflow shock

NH,CHO is detected only in hot corinos and shocks
Not in PSC and WCCC sources
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NH,CHO/HNCO= 0.1
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C ‘-. '—$—|I '9'
Dol 0 o Tmm=t T 0l 0 il il

10 9 -8 -7

107 107 107 10 10

X(HNCO)
NH,CHO and HNCO are
chemically related
Several formation pathways
for HNCO (also : Marcelino 2009)



Xmethyl formate Xmethyl formate Xmethyl format

Xmethyl formate
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0,001 |

0,000
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0,001

S A | CH,OH H,CO H,CCO
10,00 1,000
100 0,100 || 1
010 0,010
001 0,001
2 S o O A
ny;,}r’-" &'&“’ ny,m“dg:,\@ o {p&' q’\@) 0,000 Gy,v'l' r qs;’w:}"%kd‘@o@? A
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N N
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1,000 | 1,000 l 10,00
0,100 | 0,100 1,00 ]L
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0,001 L 0,001 0,01
R A D o o W v NaP SN B -\ S N
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1,000 | 1,000 | 1,000 |
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"/j\ From hot corinos to hot cores

Relative O-bearing
abundances vary little
with respect to luminosity
But : H,CCO and CH,;CHO

Good correlation between
CH;0CH; and CH;0CHO:

a common origin ?
(Balucani et al. 2016)

Relative C,H:N abundance
increases with luminosity

(Ospina-Zamudio et al. 2018)
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' Srngle dish I|ne SUIVeys such as ASAI show A . = -
- Molecular complexrty is already present in the earlrest phases of star formatron ~

~atadegree comparable to that of massive SFRs.#* - _
- No leap in molecular complexity from low- to high-mass Star Formrng Regrons.-’
i I\/Iolecules of prebrotrc |nterest are drscovered complex and simple!

- Shocks are as. chemrcally rich as protostellar envelopes acta major factor of
chemical feedback. They are true Iaboratorres Whlch help to characterlze
' molecule formatron pathways

. ‘-'Hrgh angular resolutron observatlons Wlth NOEMA and ALMA are openrng a hew
- wrndow for the (astro)chemlstry of Star Forrﬁrng Regions.
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