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Molecules in the Interstellar Medium or Circumstellar Shells (as of 02/2016)

2atoms 3atoms 4atoms 5atoms 6atoms 7 atoms 8 atoms 9 atoms 10 atoms 11 atoms 12 atoms >12 atoms

Hap Cs3* c-C3H Cs* CsH CgH CH3C3N CH3C4H CH3CsN HCgN c-CgHg * HC4N

AFF CoH C3H C4H FHCy CH2CHCN  HC(O)OCH3  CH3CH,CN  (CH3),CO CH3CgH n-C3H;CN Ceo*

AlCI C,0 C3N C4Si CoHg* CH3CoH CH3COOH (CH3)20 (CH0H), CoHsOCHO  /-C3H/CN Cro*

Co** C,S C30 C3Ho CH3CN HCsN C7H CH3CH0H  CH3CHCHO  CH30C(O)CH3 CpHsOCH3?  Cp**

CH CHy C3S c-C3Hp CH3NC CH3CHO CgHa HC7N

CH* HCN CoHap* HCCN CH30H CHaNH, CH,OHCHO  CgH

CN HCO NH3 CHy* CH3SH c-CoH40 HCgH * CH3C(O)NH, M O I ec u I es d ete Cted
co Hco* HCCN HC3N HC3NH* HaCCHOH  CHpCHCHO (?) cgh- -

co* Hes* HCNH* HC,NC HC,CHO CgH™ CH,CCHCN  CgHg I n s pace
cP Hoc* HNCO HCOOH NH,CHO ;:gvco HaNCHoCN CH3CHaSH (?)

siC H,0 HNCS HoCNH CsN CH3CHNH

HCI HyS HocOo* HyC0 FHC4H*

KCl HNC H,CO HoNCN FHC4N

NHHNO HON NGy  oHCO Almost 200 molecules have been
NO MgCN HoCS SiHg * HoCCNH (?) .
© wme mor oo o detected in space
NaCl NoH* c-SiC3 CqH™ HNCHCN

OH N0 CH3* HC(O)CN

PN NaCN C3N~ HNCNH

SO ocs PH3 CH30

so* SOz HCNO NHz*

SiN ¢-SiCy HOCN HoNCO* (?)

Sio co,* HSCN ;‘ocg“w

Sis NH, Ho0,

cs Ha* ) CgH*

HF SiCN HMgNC

HD AINC ;'&%O

FeO? SiNC

0, HCP

CF* CCP

SiH ? AIOH

PO HyO*

AIO HoCI*

OH* KCN

CN— FeCN

SH* HO,

SH TiO,

Her CoN

-

ArH*

NO* ?
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Preblotlc molecules: " .
the buul ng blocks of Ilfg‘.

[« Molecules containing the 5 key elements for the
development of LIFE (C, N, O, S, P).

e Relevant for prebiotic chemistry due to its
structural and functional role in DNA, RNA, ATP...

e The detection in has open
the possibility of understanding how LIFE could
emerge on Earth.

ohoto credit: Jenny Mottar
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Osservatorio Astrofisico di Arcetri (Florence) - Star Formation Group:
Understanding the formation of prebiotic molecules
in star-forming regions

1 - Detection of prebiotic molecules in star-forming regions

2 - Derivation of physical parameters: molecular abundances and temperatures.

3 - Comparison with chemical models — how are they formed?
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O-bearing N-bearing
e 2 atoms: CO, C'70, C'80Q, C30

3 atoms: HCO, HC'80+, HC'0+, H'3CO*
e 4 atoms: H,CO, H2'3CO

e 5 atoms: CH.CO, HCOOH

e 6 atoms: CH3OH, "3CH3;OH

e 7 atoms: CH3CHO, c-H2COCH2

« 8 atoms: CH3:0CHO, CH,OHCHO

e 9 atoms: CH3OCH3s, C2Hs0H,

« 10 atoms: CH3COCHs3, (CH20H)2

e 2 atoms: NH, CN, NS

o 3 atoms: HCN, H'3CN, HC'™N, HN'3C,
H1SNC,N'5SNH+

e 4 atoms: HNCO, HNC'80

« 5 atoms: HC3N

e 6 atoms: NH2CHO, CH3CN, CH3'3CN
o 7 atoms: HCsN, CH3NCO, C2H3CN
e 9 atoms: C2HsCN

Only C and H S-bearing Deuterated
+ 3 atoms: CCH « 2 atoms: SO, 350, '3CS, 13345, ¢34 | | * 3 atoms: DCN, DCO+

e 4 atoms: NH2D

e 6 atoms: CH2DCN, CH2DOH,
CH30D

* 5 atoms: c-C3H: « 3 atoms: SOz, 34502, H,S, OCS,
« 7 atoms: CHsCCH 0'3CS, 180CS, 0C34S, HCS*

Si-bearing e 4 atoms: H2CS

. 2 atoms: Si0, SiS H recombination lines

P-bearing « H-alpha  H-gamma,
e 2 atoms: PN e He-alpha
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Ethylene glycol (CH20H)2in G31

IRAM 30m




IRAM 30m

Trnb (K)

Tmb (K) Tmb (K) Tmb (K) Tmb (K)

Tmb (K)

Ethylene glycol (CH20H)2in G31

0.06
0.04

0.02

—-0.02

0.06
0.04

0.02

—-0.02

0.06
0.04

0.02

—-0.02

0.3

0.2

o

0.4

L L e e e

a)

L B e e R

b) 4

L o e

e ©)

bl ly

T T T T

d)

L Ll 1

EETREEEEEEEEEEE R

60 80 100 120 140

60 80 100 120 140

FTN IS N i |

T W NS NS |

TN RN RN R

9)

AREREEEREEEREE)

Coaloaa 1oty laaldl

IRRAS RARE REAS
h)

EREEEREEEEEEEES;
Lol bl

Coadoa ot leald

60 80 100 120 140

60 80 100 120 140

60 80

100 120 140

60 80 100 120 140

1 1 1 1 1

T T T T
sl el

1 1 1 1 11

RmEpEEE

PR NN RS W

T

60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140

T T, | AR RRARRARERRRRE AR RARE AR RAREE
E 0) 4 03¢ P) 3
2 ] o2f

M T N NN |

W I W W i

[T T

T

LT NN NS |

-1
visg (km's )

-1
visg (km s™)

Rivilla et al. 2017a

60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
T T T T T T T T T T F FT T T T |
r r E E t) o
1 1 1 1 1 1 1 1 1 1 £ 1 1 1 1 1 E 1 1 1 1 1
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
s s R R R R S R e R T
P u) 7 [ V) 7] E w) ] E x)
b ] £ A ]
E E f E E E H E
£ Int ]
u
1 1 1 1 1 1 1 1 1 1 & 1 1 1 1 1 1 1 1 1 1
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
ARARRAREERARESSAERAY R RS a R e am e et
o " ] ]
ks 1 1 1 1 1
60 80 100 120 140 60 80 100 120 140



n
Ethylene glycol (CH20H)2in G31 - f
€ ]
o 4
s 2 ]
~ 4
> 4
el
T R EAREEE R R R R R s RS R R f
b b) 3 91 9 ; or
—~ &) 1 L | L | L L | L L | L L L | L L | L
X L I . F = E 1
= f\ F ] F ] 219.5 219.6 219.7 219.8 219.9
a E | 3 E 3 E 3
£ E E E E
— F A £ 1
1 1 1 1 1 E 1 1 1 1 I: E 1 1 1 1 I: 4;
60 80 100 120 140 60 80 100 120 140 c [
8 L
T T T F T T T T 3 F T T T T L 27
E 4 - < o)
0.06 [ e) ] E E = h 4 ~ F
< ‘ ER ] s D 7
0.04 B - 4] F 3
~ E E E ] 0 %oy e A
‘g 0.02 ; F E F ] P N P .
= 0 (/u‘,di E R k R 220 220.1 220.2 220.3
-0.02 P A I A | R | I S S T N | -AI|||I|AIIIIII|III|: :A||||I|||I|AIIIIII|:
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
T T T T T F ] F T I: o
0.06 £ 0 3 E 3 F H 3 3
—~ F ] E ]
F ] E ] S -
S oo 3 1 h ; 2 ]
£ o002 E E F ] &3
— F ] F 3 >
IRAM 30m 0 : | : B
-0.02 1 1 1 1 1 1 1 1 1 1 F 1 1 1 1 I: E 1 1 1 1 I: v o
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 . TR TR
220.7 220.8
R YR e e T Frr e
0.0 a3 B P) 3
- F ] E ] |
2 002 s E F E ]
3 F { 0ip E S -
= F ] E q o v J
0 E ] 5]
A 0 J 3 ,
—0.02 Dovlunbiu it T P RS P Eoolovstonutoratiiil Bttt i1d > ]
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 - J
I J . i
T T T T T T T T T T F T T T T T FT T T F -
L "4 E ) 3 E E [ P L N L
< : 1 3 220.9 221 221.1 221.2 221.3
~ E T 3 3 E 3 Frequency (GHz)
a F E ]
£ - E E E E
= E ] £ |
L 1 I 1 L I L I 1 1 E .1 I 1 I 13 Bt 1 L I L | 7]
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 | i
c ]
T e AR naLe FrTTT T ARRRRRNEERRRARNRERRE 3 4
03F u) ] b v F w) 3 E x) 3 £ 3
T o E 1 \ ] B 1
2 F 3 F e F = F | B -
< : I TN | B MM ﬂ
a ] E ] I
£ O01F E H | E f E F E !
o ] ! : E E E L L
0 \ - E 230.6 230.7 230.8
L 1 I 1 I 1 L 1 i 1 Bl L 1 L I I 1 I 1 14
60 80 100 120 140 60 80 100 120 140 60 80 100 120 140 60 80 100 120 140
[ A Amananas b
04F y)—: 3 c ]
4 J (o] o
@
] ] 9 i
1t ] LTE model £ !
] BN /\ 1
] = 1
. Y ]
Boal 1 | L | E. 1 L L

60 80 100 120 140 60 80 100 120 140

231 1 231.2

w b ) e bm s Rivilla et al. 2017a e 08
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relative abundances

Source [EG/GA]
Hale-Bopp (comet) >6
Lemmon (comet) >3
Lovejov (comet) >5
IRAS 16293-2422 1
NGC 1333 IRAS2A 5
NGC7129 FIRS2 2
SgrB2N 1.3
G31.41+0.31 5
Orion hot core >10
W51e2 >16
G34.3+0.2 >6
G-0.02, G-0.11,G+0.693 1.2-1.6

Hollis+00,02, CrovisierO4a, Fuente+04, Requena-Torres08, Beltran+09, Jargensen+12, Belloche+13

10

0.001 —=—

0.1 ¢

0.01 |

EG/GA> 1

lIIIlllIIII

100 10000

Rivilla et al. 2017a

Maury+14, Biver+14, Coutens+15, Brouillet+15, Lykke+15, Taquet+15, Rivilla+17a.

Observational results: EG/GA abundance ratio
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What can be infer about the formation of COMs from the results of the observations?

If two species are chemically linked (i.e. they have a common
precursor and/or one is formed from the other) their relative
abundance should be nearly constant regardless the luminosity.




relative abundances

Chemical pathways

COM

Chemical pathway

(CHL,OH); (BEG) | [1] CH,OHCHO + 2 — (CH,OH),
2]
CH>OH +CH20OH — (CH20H)> Bennett & Kaiser07
CH2OHCHO (GA) | [3] 2HCO — CO + H2CO — HOCCOH; Garrod+08
HOCCOH + H — CH>;OCHO;
CH,OCHO + H — CH,OHCHO Woods+13
4] MCO + CH,O — CH,OHCHO Balucani+15
CH;OCHO (MF) | [5) CH;0 + HCO — CH;0CHO Fedoseev+14
6] CH30CHs + O — CH3OCHO + H (gas phase)
= Butscher+15
CH3OCH3; (DME) 7] CHs;0 + CHs; — CH30CH3
CH;CIHLOMH (ET) | 8] CH,OH + CH; — CH,CH,OH
E'b')"'l"'llll "I"_
OF DME/MF3 "
1 ;}Il _________ 1 L DME and MF formed from the common precursor CH3O
T I
0.1 — i} { {L 1]
: EG/ET ]\ Y,
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0.001 1 111
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Chemical pathways

COM

Chemical pathway

(CHLOH); (EG) | [1]

CH,OHCHO + 2H — (CH,OH);

CH,OHCHO (GA) | [3]

2]
CH.OH +CH>OH — (CH20H)s Bennett & Kaiser07
9HCO — CO + H,CO — HOCCOH. Garrod+08
HOCCOH + H — CH,OCHO:
CH,OCHO + H — CH,OHCHO Woods+13
HCO + CH,0H — CH,OHCHO Balucani+15

CHs;OCHO (MF)

CH;0 + HCO — CH30CHO Fedoseev+14

5
6] CH3;0CH3; + O — CH3OCHO + H (gas phase)

CH;OCH; (DME) | [7]

CH3;O + CH; — CH3;0CH; Butscher+15

CH;CILOH (ET) | [8]

CH2OH + CH3 — CH3CH2OH
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relative abundances
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MF formed directly from DME in gas-phase (Balucani+2015)
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OC,OH <— HC O—» CH Co(ketene_> CH CHO

(ketenyl)

B H,CO ‘CH OH~~ } CH ,OH

HCO CHO
CH OH <:CH O ‘ (CH OH)2

(ethylene glycol)

HCO

> === CH OHCHO

\ HOCCOH (glyoxal) (glycolaldehyde)
H\CHQOCHO H

= (F) Woods+13, Fedoseev+15 . A
—— (A) Sorrell+01, Woods+12 — (D) Beltran+09,Woods+12 S,
—— (E) Charnley&Rogers+05 —— Charnley&Rogers+05 < @ ¢

Fedoseev+15 - (B) Bennett&Kaisser07, Garrod+08, Butscher+15
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Chuang et al. 2015
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Chuang et al. 2015
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Chuang et al. 2015

H,C(OH)CH,OH
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relative abundances

Chemical routes

COM Chemical pathway
(CILOM), (EG) | ] CH,OHCHO + 2H — (CH,0H),
2] - -
CH2OH +CH20OH — (CH2OH), Bennett & Kaiser07
CHLOMCHO (GA) | [3] 9HCO — CO + H,CO — HOCCOM; Garrod+08
HOCCOH + H — CH>;OCHO;
CH.OCHO + H — CH,OHCHO Woods+13
4] HCO + CH;OH — CH;OHCHO Balucani+15
CH3OCHO (MF) [5] CH30 + HCO — CH30CHO Fedoseev+14
6] CH3OCH3 + O — CH3OCHO + H (gas phase)
CH,OCH, (DME) [ [7] CH;0 | CH; — CH;0CH; Butscher+15
CH,CH,OH (ET) | 8] CHLOH + CH; — CHsCH,OH
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HO—P—0—P—0—P—0

Chemical reactivity

Structural stability

N
| N
OH 0o

OH OH

:E) ™ Cell
O T
= \ /(_) Extracellular fluid
T + Nucleus
(&) ——& Cytoplasm

Cell membrane

Carbohydrate
Glycoprotein
() Globular protein

Protein Channel
(Transport protein)

\ Cholesterol

(@] Glycolipid
Surface protein Alpha-helix protein
Globular protein (Integral protein)

(Integral) cytoskeleton

Peripheral protein

Phospholipid

(Phosphatidylcholine)

Phospholipid bilayer

Hydrophilic head

¥’ Hydrophobic tail

5 end
?_

Phosphate-
deoxyribose’
backbone

T\Lg@{;‘:ﬁ 7@
Va

Thymine

Adenine

3 end

(“If,y

oo_

Cytosme\'/"°
Guanine 5 end
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Prebiotic chemicals—amino acid and phosphorus—
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Phosphorus and glycine recently
detected in the 67P comet !

These prebiotic ingredients are
present in the pristine material of
our solar system
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Phosphorus and glycine recently
detected in the 67P comet !

These prebiotic ingredients are
present in the pristine material of
our solar system

What about Phosphorus in the ISM?
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e P is though to be synthesised in massive stars and injected to the ISM through
supernova explosions (Koo et al., 2013).

P+ in several diffuse clouds (Jura & York 1978)

e It is barely detected in space PN, PO, CP, HCP, C3P and PHjs in circumstellar
envelopes of evolved objects
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supernova explosions (Koo et al., 2013).
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* P-bearing malecules in the ISM

e P is though to be synthesised in massive stars and injected to the ISM through
supernova explosions (Koo et al., 2013).

P+ in several diffuse clouds (Jura & York 1978)

e It is barely detected in the ISM PN, PO, CP, HCP, CsP and PHj3 in circumstellar
envelopes of evolved objects

Little is known about the chemistry of Phosphorus

/ What about star formmg reglons7 \
i e Only a very few detectlons of PN ‘towards hot cores AR e
(Turner&Bally 1987, Ziurys & Frlberg 1987, Turner et al 1990)

i R Pre_v10us searches of PO .were,uns.uccessful




., P-bearing malecules in the ISM

e P is though to be synthesised in massive stars and injected to the ISM through
supernova explosions (Koo et al., 2013).

P+ in several diffuse clouds (Jura & York 1978)
e It is barely detected in the ISM PN, PO, CP, HCP, CsP and PHj3 in circumstellar

envelopes of evolved objects

Little is known about the chemistry of Phosphorus

/ What about star formmg reglons7 \
i e Only a very few detectlons of PN towards hot cores R
(Turner&Bally 1987, Ziurys & Frlberg 1987, Turner et al 1990)

i R Pre,v10uls searches of PO were.uns.uccessf_ul

e 5 Our group started a project to study e S ol
\ B P-bearing molecules in star-forming regions | / .
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o pN 2’1 at 93 9 GHz in a sample of 27 masswe dense cores .




P bearlng molecules |n a sample of masswe dense cores

o PN(Z 1) at 93 9 GHz in a sample of 27 masswe dense cores..
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8 new detections
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B Fontani, Rivilla et al. (2016)
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Fontani, Rivilla et al. (2016)

source Av N{( N(
(kms™! x10"' em™2 x10' em™

00117-MM2 1.62 T - . e -
AFGL5142-EC  3.8(0.6 5. : T B . T S Sy I
05358-mm3 6(2) "o g e S - ST e
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G034-F1 1.6% oy . :
G028-C1 1.60 -+ Not detected
120293-WC 1.62 Ly, , L G
122134-G 1.6% » Good constraint on
122134-B 1.6° 3

00117-MM1 2.94
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180891732 3(1) . y
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(G5.89-0.39 5.2(0.8 4. < 14
19035-VLA1 3.59
1941042336%  <1.6(0.4
ON1 2.9(0.5
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2303345951 3.59
NGC7538-IRS9 3.5¢
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Searchlng for PO

et PN brlghtest detectlons of 2 massive star formmg reglons

'New IRAM 30m obsefvations

. 3P0 quad_rupl»_ets at 1, 2 and 3mm.

Frequency (GHz) Transition Siju? (D?) Eup (K)
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P-bearing molecules: Chemical modelling

 Very little is known about P-chemistry.
* PN and PO has been already included in the chemical network to explain our detections.




P-bearing molecules: Chemical modelling

 Very little is known about P-chemistry.
* PN and PO has been already included in the chemical network to explain our detections.

* The two P-bearing molecules are chemically related and form purely in a sequence of gas-phase
ion-molecule and neutral-neutral reactions during the cold collapse phase.

( PO formation NNV RGNS PN formation )

4 )
H;O0" + P — HPO™ + H, Cold starless phase

HPOT +e~ — PH+ O
HPOT +e- —{ PO H

PNH O

Pt +Hy — PHYJ
PH +e¢e~ — PH+H
O+PH —PO}H

Rivilla et al. 2016.



P-bearing molecules: Chemical modelling

PO /PN

Freeze out
Cold starless phase Warm—up protostellar phase
SN | ' | ' | - | ' | I
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X

— P abundance = 5x107°
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1000

Rivilla et al. 2016.



P-bearing molecules: Chemical modelling

Desorption ~35 K

Cold starless phase Warm—up protostellar phase
E ; I ' 3
100 £ <
T(K) ; :
10F E
B ' ]
0.0001
X -8
10
1077
S
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— P abundance = 5x10°
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| | | | |
- I | I [ l
~ 1000 |- d)
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O 1 F
o i | |
—4 -3 ~2

Rivilla et al. 2016.



P-bearing molecules: Chemical modelling

L

Cold starless phase Warm—up protostellar phas

abundance of
H;0" increases ¢

Water ices desorb
~100 K

IIIII|'|T| TTT

T | T IIIII|T|

— P abundance = 5x107°

[ — — - P abundance = 2x107'°

PO /PN

Rivilla et al. 2016.



P-bearing molecules: Chemical modelling

 The abundance of H30" increases:

(JAME or R EACliONS

-

H;0" — HPNT 4+ H,0

Rivilla et al. 2016.




P-bearing molecules: Chemical modelling

* The abundance of H3O* increases: Gr\ ME ©F RE —\CM@NS

g
H;0t — HPN* + H,0

+ e- + e- Dissociative recombination
of HPN*
ge———
PNH H PH+ N

Rivilla et al. 2016.
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P-bearing molecules: Chemical modelling

« The abundance of H;0* increases: G(—\ ME o©F RE —\CM@NS
4
H;0t — HPN* + H,0
K" + e- + e- Dissociative recombination
of HPN*
PNH H PH+ N
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P-bearing molecules: Chemical modelling

« The abundance of H;0* increases: G(—\ ME o©F RE —\CM@NS

4 A

H;0t — HPN* + H,0

K" + e- + e- Dissociative recombination
of HPN*
PNH H PH+ N
+0
POHH

\_ y,

PN is gradually destroyed and PO is additionally produced

Rivilla et al. 2016.
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PO /PN
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_ Multi-transition PN analysis: the full sample (18 sources)
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