CARBON CHEMISTRY AND CARBON BALANCE
IN EVOLVED STARS:
THE CASE OF IRC +10216

Synergy ALMA/Herschel &
other telescopes and lambdas

José Cernicharo
ICMM (CSIC)
Group of Molecular Astrophysics
Spain

Main Collaborators:
M. Guélin, M. Agundez, J.P. Fonfria
Luis Velilla, G. Quintana Lacaci
C: Joblin, J.A. Gago

NANBESSMOS

erc

uropean Research Council
. Aa(") —100




AGB stars exhibit a large dynamical range of temperatures,
Densities and molecular abundances.

Angular resolution from a few milliarcseconds to several arcseconds
is needed to characterize the physics and chemistry of these
objects.

Chemistry requires the observation of abundant and key species
without no permanent dipole moment (C,H,, CH,, SiH,, C,, ...).

A single line with a given angular resolution will ONLY provide a
very limited view of the reality of the object.

Synergy between radio and infrared, single dish and interferometric
observations absolutely mandatory.
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The Herschel archive contains far-IR spectra taken with PACS and SPIRE
of a large number of objects

The ISO archive contains hundreds of spectra of evolved stars in the near,
mid and far infrared domain

Spitzer archive contains very sensitive data of hundreds of objects

Ground based mm/submm telescopes have, and could still provide, line
surveys of a few objects of perhaps 10-20 objecits i

ALMA will provide selected frequency observations of a large number of
stars but only line surveys for 1-3 objects

The NANOCOSMOS Synergy project will provide line surveys of hundreds
of evolved stars in the 30-50, 70-116 GHz domain

=> A-synergy is needed to get the maximum scientific output for physics
and chemistry of AGBs and post-AGBs in the ALMA era




IRC +10216:

Chemical study of the envelope

iWhy is so interesting the study of chemical
composition of IRC +102167

]l 10 mm; ESO/La Silla
B. Stecklum & H.-U. Kaufl

— IRC+10216 is a prototype of C-rich stars

— 50% of the molecules known in space have been detected in its CSE
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Astronomical obsrvaon l frquencies
Radiative transfer modelling, Dynamical Evolution, Chemical
modelling




IRC+10216 CO J=2-1







The chemical composition of the dust formation zone of
IRC+10216

CO (2-1)
30m IRAM




10°

IRC+10216
100
CO J=2-1
Extreme
Outer 30m
data

110

EOuter carbon
Radicals
shell

[y

—100 Inner

 Refractory
Species.
Dust
Formation

7 Zone
200 100 0 Aa(") -100 —200



The Physical and Chemical
Conditions in the middle and
external zones of IRC+10216




IRC+10216 at large scales
CO J=2-1 velocity maps as

o Observed with the 30m
radiotelescope.
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Angular scales corresponds
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o to a time evolution of
o 10000 yr for d=120 pc and
Vexp=14.5 km/s (4007).
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Observed T-MB(mCO J=2-1) in IRC+10216 with the IRAM 30m Telescope
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METHODS: Radio astronomical obserwvations

Line survey at A3 mm carried out with the IRAM 30-m radio
telescope:

80.05-115.75 GHz

1339 emission lines (~37 lines/GHz)

1100 assigned to rotational transitions of 70 molecules
(+all isotopoloques and vibrationally excited states)
240 unassigned lines (only 31 with T,* > 10 mK)

high sensitivity: rms(T,") < 1 mK for most frequencies
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RESULTS:

THE OUTER ENVELOPE

——— Chemical kinetic models
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RESULTS: THE OUTER ENVELOPE -—-—- Chemical kinetic models
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RESULTA: SPECIFIC RESULTS : ANIONS

2006 C.H™ +10216 y TMC-1 (McCarthy et al.)

2007 C,H™ +10216 (Cernicharo et al.)
2007 C H™ +10216 y TMC-1 (Remijan et al.; Brinken et al.)

2008 C;N- +10216 (Thaddeus et al.)

2008 C.N- +10216 (Cernicharo et al.)

CsH en L1527 (Sakai et al. 2007)

C,H en L1527 (Agundez et al. 2008)

CsH en L1544 y L1521F (Gupta et al. 2009)
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ABSTRACT

We report the detection in the envelope of the C-rich star IRC +10216 of four series of lines with harmonically

related frequencies: B1389, B1390, B1394, and B1401. The four series must ar|

ise from linear molecules with

mass and size close to those of C,H and C,N. Three of the series have half-integer rotational quantum numbers;
we assign them to the A and >~ vibronic states of C,H in its lowest (»,,) bending mode. The fourth series,
B1389, has integer J with no evidence of fine or hyperfine structure; it has a rotational constant of 1388.860(2)

MHz and a centrifugal distortion constant of 33(1) Hz; it is almost certainly the

C,N~ anion.

TABLE 2
DeERIVED ROTATIONAL CONSTANTS

Series

B D

(MHz) (Hz) N,.  J-Range

B1339
B1300
Bl1304
Bl1401

1388.860(2) 33(1)
1380.878(7)  —35(3)
1304.600(10) 32(4)
1401.559(26)  139(7)

13 8, 2940
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2041"
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C;N-: Identification based on comparison with ab initio calculations
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Fic. 1.—Spectra of IRC +10216 observed with the IRAM 30 m telescope,
showing lines from the B1389 series assigned here to C;N™. The marginal
weak line UB3278 is worth noting, because it is within (.1 MHz of the J =
10 line of CCH™ (see text). [See the electronic edition of the Jowrnal for a
color version af this figure.]
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Fig. 2.—Spectra of IRC +10216 observed with the [IRAM 30 m telescope
showing selected lines pertaining to the series B1300, B1304, and B1401.
These three series of lines are assigned to vibronic states of the »,, bending

mode of CH.



The Physical and Chemical  awa
Conditions in the innermost &
regions of IRC+10216
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A mandatory step to understand the chemistry
of the whole envelope

IR Tools:

Millimeter/Submillimeter tools




The Herschel view of IRC+10216:

The middle and inner zone of the CSE

e (Observed with the three instruments on board Herschel

e Continuum and spectroscopic observations
* Full line survey with HIFI :

* Infrared pumping

» s




| ! | |
Ty t ¥ 1
| “ ; IRC+102186 1
5 I " ||’ )| :’\. m lV\ B, HIFI Band 1b HeN ]
. [ | [ H
/ AVAV VAR Wi "m;f}.-“”:'-' \ |
o — | - : L : | : : ] 'r Lo : I .
0.2 |
Ty [
0.1 |
| L | |
560000 580000 v (MH?z) 600000 620000
N | T ] L I T T = T I T T T T I T T ]
C 1 TA N HCN ~—3Iv; HCN SiNS .
— N 0.1 - sic, -
- 1 -l 1 ]
- 1 oo05F _:
- : 0k .
L A l 1 L 1 A L (:?“H ' il E E I 1 Hl(;N Ij|a+11q -‘I 1 1 1 1 I 1 1 N
577000 v(MHz) 578000 615000 616000 wv(MHz) 617000
I‘l\A : T I T T T I T T T T I T '_l T l : : T T I T T T T ] T T T T ] :
0.15 | HCN 3v2 H*Cl l-I“bCl—rl E 0.3 [ —— -
' E SiC, ] Ty £ HCN vy+1,° fo ]
0.1 F | o 3 0.2 F =
0.05 F H . 0.1F E
0 f ] : .
: ] 0
r . ] N ) H(‘N |y|. 1 3

1 I 1
624500

1 | 1 1 1 1 | 1
625000 v(MHz) 625500

I | .
626000

Cernicharo et al., 2011, A&A, 521, L8

! |
615900



&

o
2 9.
[aa]

&
g

: 9.
§>
A:
> 8,
o

10

o (03

(O)

v}

0.05

-30 0 30
velocity (km s ')

Cernicharo et al. 2010, A&A, 521, L8

17

10~ 1 r(") 10
e —_ S S— :I T T II'-.ILIIII‘ T T T ||||| T T 1T ||||/...._____!__\\| T T ||||‘
1 C s \
.- N=8.87 (5) x 10" cm™ | . e
'q‘ -7 \\ x:]_(-.-
*f;it$ T =204 (2) K 1 w0 e )
‘ﬁs x \
i*\:\‘\ . - < L A TK
e 4 10°L
s E i
i 10°° . .
400 500 %g%k(ﬁgo 800 900 Lo 107 (o) 107
u
Tﬂ*(K)l"'l"'l"'l"'l LA DL L L e
0.1 L  *42227R3z221 L R44207234,9 9,207 <Bp28  _

1000

500



4
28 10 T T T T T T T T T T T T T T T T T T T T T T T T T

2 1
HCN 2Zvs—v
- | "2 HCN 2vg-vh .
s , HCNu; ]
HCN 3v5-2v5 —
v -
2.6 10* —— HCN 3vi—2v4 =
F(Jy) _
¥ v v
2.4 10* =
A A
i T o, 25+vi-208
h
22 10
LCLH Brg—vs, & wetSvi—vitvs & Dve—Svg I
|
— C,H, v;1+vé—vi
2 =) 0 I_ Csz 2v2+vé—2vi & 31’;—21/2
215" CoHp Qvitvs —2vy 1,52 1, -1 7
& 2 2 1 2 — CQHQ U4+2U5—V4+U5
L s 2v,+vs—2ry 1 q o _
Csz V4+2V5_V4 +V5
I } ]
- 3 .
e 10t C.H, vi+vs—vy; — |U—HC®CH v & CH, vi+vg'—v) |
de B, ek C.H, 1g
& 21}2—1/;
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
13 135 14 14.5 15

Mum) ISO-SWS

Cernicharo et al., 1999, ApJ Letters, 526, L41



FL/FC

0.95

0.9

0.85

0.8

HCHMN
VaTlig

CEHE
n U3‘|‘L"4_
EEHE
L't 1s CEHE
| ot 2, g (7)

Cernicharo et al., 1999, ApJ Letters, 526, L41

| IRC+10216

ISO-SWS

HCN

VTR
UI+EUE_UE

I-'rE + Ia'rdr-l_ 1’5_

C,H,
F§+1’5
Vaot+atg— g

L-"E]—l*'4
[ +L"4— L

11— Vs
Ul-l_yji__l-’_q__vﬁ

Bu,

2.0



- Vgt Us
L g Vgtly | .

Observations of AW
C,H, and HCN - ) I,
with TEXES at the IRTF I

4000

611 VoTlV,4tVlVg U3(0u+)
0, we
PhD of J.Pablo Fonfria 2| o,
(Fonfria et al., 2008, Ap)J) 2 Vot vs(m,)
B ‘ V2(0g+)
()
8 — 51%
o2

1000

U5(7Tu)

C,H, vibrational levels

o G.S.(c,")




F/ Fconl.

F/ Fconh

F/ Fcant.

F/ Fem:n‘.

A (um)

13.44 13.43 13.42 13.41 13.4 13.39 13.38 13.37 13.36 13.35 13.34
2.5 T . . = T — . —— —
£l hen THON CeHy "CHy (v v Ry(5) | H™CCH HON wp' T0°R(11) | CoHg CH, b, H®ccH | ey ]
o [Rra" Vo' RAB)  2v5 -1y RU9) (2uitus)’~2u, () vs' ~0°Ry(7) (vetv) - 'RAB) vs' ~0RAT) (2uetug) ~20 RAT) 05 ~0'RUB)  (vytve)*-uy'RAT) 3
F e f—‘ lczHa (faHz . Cgﬂz o Cz}lz .—I HCN ,—‘ C,;H2 CzH, q
150 Fs‘_:}ﬂﬂe{ﬁ-] e vs'~0'Re(6) (2vg+vg)' 2, )R,(6) (Brgtvg) —Ryy R(5f) (vi+vg)’ —[W 'RAT) 20,1 'R (10) 2u5°, —vs Ro(11) | (2v,+15) "' —20,°R,(15) "
: i q 8 t
0.5 CgHy CaHy — 11,8 . _ HCN CaHy 2
C 20, "+ 20, "R (13) (v +ug)’ —v 'R - B.f 2 0 F OR,(13 CoH, 2ug —ug R{10) — 2u," 1, R, (15) (va+2ug) — (vgtug) _RA9) ]
0 s s s s ! . s 25 —v5 R(8) | s . s ! s . . . I s . s | . . . ]
744 745 746 747 748 749 750
13.33 13.32 13.31 13.3 13.29 13.28 13.27 13.26 13.25 13.24 13.23
2.5 — — r ———— —— ———— ——— ——— —— - o
b 'cgn,_ é,_Hg |::,,_H2 Caltz ' G Calle ' Colly (2uytus) 20, RA(16) ' CaHy ' CoH, ' CoHy | ]
o Hv vytug) —y_, "Ro(?) (vy+vs)” = 'R(J) 2v5"—v5'R(B) 2ws”,—vs'R(12)(Ruy+15)° 20, °R(7) (vy+vs).—vy'R,(14) CH, 2vs°—vs'R,(9) (v4+05)a|—y41R(9) (v4+v5)°_l—v41R,{1l]) (v4+1f5)°_|—u41R=(15} E
E C2H2 C2H2 Calla ’im(:(.ﬂ Ve *—0°R (10) 1 C IH 2 ap R ]_0_
s :_a 13,3-_ p HCN 21,"—v,'R{11) (Ve vg) v, RAB) 315", R (13) | 30520, 2R(0) :I . o e Cell ( v.,ws)3 v,: Rl _I
5L T A ' ¢ || HON vg'-0"R (13) CoHy 2ug’ 15 Ry(10)
C ¢ CaHp (vgtvg) —va (Re(9) e'_u_' l ]
1 ’ y '\»J'\ft_
0.5 <HON vy'-0'R,(12) (i, HCN eVt Callp Bu’—2u5°R(10) ]
o 22 (vat2vg)' (v +v)’ R (12) s ~OR(8) 2vg'—v,'R(16) | CaHly (ve+2ug)'—(ve+ve) RIB) . . . | 2 ROT T G 2ug) (v RAD) ]
750 751 762 753 754 755 756
13.22 13.21 13.2 13.19 13.18 13.17 13.18 13.15 13.14 13.13
2.5 —— —— — T T — —— — —— —
E HCN ' ' czHg " CH, (v4+v|_., v, 'R.(10) chz 'HCN v, -:ﬁ (5)  CuH 'coH, 2ug°—vg R(12) " CH, "cH, ]
5 BVe vy R(13) 5 —0"R,(11) o (2vy+vg) ' —2u," Ry(11) (2u4+u5) —2V4 Rqy(19) (vytvs) v R{11) —f—L—e HON  2vs —vs Ry(16) (vetvg)’ —uy'R{13]
2 CoH, ! ]
HCN 2vg _vﬁ Rf{l l) H' .('('H CzHa (2 . ) 2 22 R{lﬂ) T CBHE 2" Vz R,(14) ]
uzl—UoRe(lf-I-) vy ~0°R.(12) 2w, -ws'R,(15) V“ N v4 (”4"'"‘5) + V4R (17) e
APy ﬁ ZIRe A
W :
E CeHz chz *-’f 2y¢+u,) z:q LR,(12) HCN J =
o [CoHp 2v5°,—vs'R(14) v —vz R (13) (u,l+2v5]l (u_,+y5) R,(m) 2u° —vgl R,(14) (v.|+v5}l Vs R,(le) czuz (v4+2v5) (v4+:us) R{11) 2v,"— vy 'R(15) -
758 758 759 760 761 762
13.12 13.11 13.1 13.09 13.08 13.07 13.086 13.05 13.04 13.03
2. v T r — T T By s Sy T T — 1 I
> F—CHL (2ug+ug) —20, R,(11) CH,  CoH, (vy+2ug) —(v,+b5) i R(18) HCN 2u,"—v,'R,(20) HCN 20,°-1,'R,(16) Fe.h, C.H, THPCCH  CoHy (vetvg)® —u, 'Ry(20) ]
2 i CoHy CoHj (2 +vs) -2 "R {20) CzHa | CoH, HON 2w 'R (14) (vy+vs)’ —v'RA18)  v5—OR,(16) HCN CaHa E
0 [vs'-OR,{13) 2vg*—vg'R(13) Csz (w4+vs)’ v 'RA(14) (vyt2us)®~(ve+ ) R(13) | 1" —O0R,(17) CzHe : CgHg Bugt— vy 'R(S) (v +vs)* v 'Ro(14) ]
i ! —1Rf(13 2 'R, (18 ~0R,(15 ]
150 f (vatve)* iRA13) CeHe H'CCH v;—0R,{15) w 1,5 (e) s ~ORAIS) 1 f‘ =
. Cally (2vgtvg)'-2v,°, ¢(13) vs'~0R,(14) ; I l’ ll 3
0.5 HCN 1 CH, CQHE (v’ RL18) HCN J ‘—| CoH, 2vs*—vgR/(14) (v +25) —(v‘+vs} _R{18) CoH, 3
o va' —OR,(18) (g +vg)* v, R,uzP H'CCH vg'~0R,(14) zugg—vzﬁ,{llﬁ) CoHy (2v,+vs) 20, "R (12) cﬁna (et v Re(19) (zmuﬁ) -2v, R,(la) zuﬁ v R,(lﬁ) (v4+2u5) -(u,wﬁy R(M) |
762 763 764 'F’65_1 766 767 768
v (em )

Fonfria et al 2008, ApJ, 673, 445



T,/ Fconl

1.5

0.5

<
1.5

0.5

1.5

0.5

1.5

0.6

1.5

0.5

1.6

0.5

vs)®-wy'R, (vy+wg)’

2”50‘_ Vsl R‘.

21!52 lr"sl Re

0 1 a 1
(vatvs) vy R, (vgtwg) vy Ry (vt
L4 T

ErTTTrT T TR —r— gt ——r—— T ——r R T TR T Sy
E Ve =30 1 S =3 P Jow =2 1 Vow =Pl 1 Jow =30 | Jiow=30 1 Jiou= E
e~ | —F e~ % ¥ % —F 3 S - N— 3
T N - = ___ﬁ“\v’_’—s.f_ e — | e —— —— \,_7,

3 N i . el - - S | I\ 3
3 —— L R L . L 3 . =
: " 3 1

| o 13 L L " I 3 L I i 1 L I L L I | 1 L L I L 1 [ L I

N AR 1T —t - + * T T ™t T T T ™ T T T T ™ T T T LI LJ T

- = P R = = — = = — =

3 le 16 + le 34 ¥ le 20 ¥ le 26 3 le 27 r 3 le 28 3 J}w 27 3 "ln 28 E
e o 1 - 1 N E 3 - 1 B 3 R - 1 3
—\|+————F+— 44—k —

—— " ,t‘ - - - " N pree—— P — N el 4 N —
E -’_\\\j.ﬂr ] e é ‘\‘_,'r.—- - _\\-/ j

:A | I | g ;5 L 1 3 1 i 3 L 1 E L 1 3 3
E+ 11 L T B B e e i B B B B i B S e e 3
3 -9 = - F = 1 - - - ] 3
E Vow =24 3 Sw=31 i =18 § Jew=2" I Su=P6 1 3
3 - L 3 k3 k 3 I I E
- ~\| — ~ ni— r\‘_\ N - - \\ —t o~ -

- e W J - - — B \ J b -y ¥ —

" V3 N~ N\ 1 T\~ ™ T T —3
3 L 1 3 A | i | E
:‘ " 3 I ' | I 4 4 - i 4

L - T T LA | 1 L] Ty ] T 4
E . Jl“ = 12 X Jm = 17 1 Jm, =119 3 3
3 - - 3 s 3 3
— - o Y = o P - e - —
- E — N N\ A I . - e _,:L\ ™ . — 1 SHn,_gifyrm—
3 = \ \, J?'—"-&_“ \\)Jr\ P ~\‘r/. x.-"/- \w I \ |I S
- - ‘s_.ir 3 b o 2 4 L
- 1 | L E " i | R i I t L | 3 | -
Er T L Y T T g T T T 1 T 1 v L] 1 E
E ' 3 = E - 3 s . 3 3
E_ J'" - l -+ le - 19 " J|" — 10 h 4 Jiﬂl - 16 - 4 le - 8 X 3
3 il f P = \ . 3 =l \ — =5 A\ o — IS i . - ”
. o . N/ w N ~ s - -
- <7 N\ 34— ,f—‘\\:“;"’_.;\_‘ o '\\_ i, f/—\‘\\l.f»(___?‘__—r ™ N A N~
3 \ff = 3 J + S ; A 4 3
- 1 = - B 3

S R T T T S R B T e R BT EEPE S -
T I T 7710 1§ LI 3] 1 | I 1 1 LIRE 3} I | I - =
= dow = B F i = 15 T dow = 7 = 3 how = 10 s Sow = F E =
- o~ E e - . B - - = = - -
F—\| A FT—N\ ——\ S\ SF—\ = - 3
: \ . “\ f * / . ; 4 1 / F 3 5 3
3 ,—/ 1 “ e — W e ,-'w-“"\\' i < e e i e R ¥ = -~
K~ W / £ \/ N 3 N i E W\ E
3 ¥ * S 3 3 E3 ¥ E
| ol P P P PP PR A = PP | Ml e P P PR S <P PR | = P | e TN "l PR I P e P -

20 -20 0

-20 0

20 -20 0D

20
vikm

-20 0
..t,

*

DATA

MODEL C,H, + HCN + ISOTOPES

20

-20 0

Fonfria et al 2008, ApJ, 673, 445

20

-20 0

20

-20 0

20



% [ s \ ! Fonfria et al 2008, ApJ, 673, 445
= / o
P
] - K¢ E
sSf » p |l X(C,H,)
- 5 Z 1 7.510°%
I §_+ P, ] ZI1l 8.010°
— u
: ZIll 8.0 10°
- Pg [V
I 1 % -
: ) - x(HCN)
G| oo Z1 2510°
g -
5 k ZIl 5.010%
P, (v,) is a metastable E S -5
lelvel4n0 connected ‘; ZI" 5'0 10
radiatively to the I <
ground state — 12 C/ 13 C=41
However, v+ vsis |
connected to the = ——— Z I 1- 5 R*
ground state and o L=
Vgt Vs=>Vy Y | o | L Z " 5'20 R*

! 10 107 ZIll > 20 R.



log,q (abundancia relativa)

-14

780
I Temperatura (K)

Co

logyo (abundancia relotiva)

. ~ \
| \_§ t ]\ 1 1 1 1 | T~ N\
10" 2 10" 310"
Radio (cm)

—~4

-10

—-12

1390 850 780
4Il Temperatura (K)

L CH,

L
\CNC C,H,

[\ cHy
foN =
;/ L RN T T —
e\ \ e
« N
. N\
. AN\
\ \
\ 2\
[ 1 \;l 1 l 1 1 | 1 l 1 i
10" 2 10" 310"
Radio (cm)

Thermodynamical Equilibrium

With PAHs

Without PAHs



yiNocosins A new path to form PAHs in evolved stars

Merino, et al., 2014, Nature Comm. DOI: 10.1038/ncomms4054
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Graphene etching on SlC grains as a path to
interstellar polycyclic aromatic hydrocarbons

formation
P. Merino', M. Svec?, JL Martinez?, P. Jelinek?, P. Lacovig®, M. Dalmiglio®, S. Lizzit*, P. Soukiassian™®
Etched haro! A tin-Gago'?
34 Graphene ). Cernicharo” & J A Martin-Gago
Z 24 Graph
£ e
= MM U WY
o
I 14
04
o 5 10 15 20 25

Length (nm)

Figure 2 | Graphene etching on high-temperature and atomic H dose. (a) STM image (5 x 5nm?) showing a graphene region V=100mV; the small
mesh corresponds to the atomic honeycomb atomic lattice of graphene. (b) The image shows at the upper side a graphene plane, whereas at lower
part the surface has strongly roughened. 40 x 40 nm? V= —100mV. (¢) Profile on STM images recorded before (blue) and after (black) being exposed to
atomic H with the surface kept at 1,200 K, taken along the dotted line indicated in. The total roughness (rm.s.) of the surface increases from 0.22 to
0.69 A. (bd-f) Series of STM images showing the graphene surface eroded after atomic H exposure at high temperature. (d) STM image (10 x 10 nm?)
recorded on the most eroded part that shows the formation on the surface of small molecules and nanostructures. V= —200 mV (f) STM image

(2.2 x 4nm?) zooming in on a detail of the surface showing protrusions corresponding to localized molecular orbitals of a PAH-like molecule. (e) Overlaid
optimized DFT model of a proposed PAH formed.
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Carbon Balance in the dust formation zone

In the region 1-5 stellar radii the total number of carbon atoms contained in C,H,
and HCN is a factor 5-10 less than for radii > 5 R... Most carbon locked in CO (and
into the grains ?)

If PAHs are formed in the 1-5 R, zone from gas phase molecules then TE chemistry

predicts the contrary of the observations, i.e., a decrease of the abundance of C,H,,
HCN, CH,, C,H,, and even Si1C,.

Molecules as CH,, C;, Cs, CN, C,H,, C,H,, and other small hydrocarbons should be
abundant. Very little is known on the abundance of these species near the star. They
deserve IR observations similar to those of Fonfria et al. for acetylene and hydrogen
cyanide. (and also for Si bearing non polar species such as SiH,, Si,, ...)

A detailed balance of Carbon has to be made in the innermost zones before
concluding about the formation of large carbon-bearing species such as PAHs and
the possible content of C in dust grains. Grain chemistry has to be considered.

Mm/submm Line Surveys (ALMA): Polar Carbon species, CCH, C_.H, HCN, HNC,
SiS, Si10, CS, CO,...



The ALMA view of IRC+10216

tracing the dust formation zone
in the mm/submm domains




The Spatial Distribution of Matter as seen by ALMA
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Figure 1. Spatial distribution of the brightness emission of the J=3-2 lines of H*CN and HC'*N in the central region of IRC+10216. The synthetic beam of
ALMA is shown in yellow. The central cross indicate the position of the continuum emission. This figure corresponds to three frames of the associated online
video.
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The ALMA view of IRC+10216: A forest of U Lines
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What are the Carriers of the U lines ?

O.(‘l. T T T T T T T T ] _T1 7T T T [ T T T T ]
* |-doubling lines (AJ=0) of HCN - 5 Lovemt-ae-ad
| | |
detected for v,=1,2,3. 0z | IH
, 01F e 1]
* These lines are narrow and weak. JE N NS
E s L ]
. . 263420 263430 263440
* Frequencies for I-doubling e o
.. . . 0.2 | vo=2 J=4 !
transitions from levels iv,+nv,+jv, fy) | n
n>2 are poorly known. They could 01| H |
. , [
be responsible for a few tens of | 7o .
0 e hi__w,.":.:'
lines s s nwsn s 100
262460 262470 262480 262490
03[ == e
i & )
0.2 | i l‘
ol rol
j‘ ‘ A1
0! e &

270430 270440 270450 270460
v(MHz)



ON THE EXPLANATION OF THE SO-CALLED CN LASER*

HCN lasers....
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Fig. 1. Pattern of levels in HCN. The 11'0 level is split by
l-type doubling.
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SiC, vibrationally excited
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SiS and other diatomic highly
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Lack of SiC, TiC and other refractory species in
the dust nucleation zone

SiC is not detected in the survey (through SiC v=1 and 2°SiC)

The most abundant species in gas phase containing a SiC bond is SiC,
Additional SiC-bearing species needed to explain the observed SiC graln
feature ?

Si,C, SiC,, Si C_. ? However, none of the SiC, molecules already detected in the
external shells of IRC+10216 are present in the dust formation zone. Si C
promising candidates but lacking laboratory spectroscopy.

SiO and SiS very abundant with slowly decreasing abundance in the dust
growth zone.

No molecules with known spectrum containing Mg, Al, K, Na, Fe, Ti (oxides or
carbides) detected in the dust formation zone. All of them (Metal-CN) are
formed in the external radical shell at ~14” (none of them observed with
Herschel)

Unknown molecules responsible for the forest of narrow U lines observed with
ALMA. All of them participating in the dust nucleation and grain growth. These
molecules disappear at distances >1”.
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What will happens to IRC+10216

within a few hundreds/thousands years ?
It will evolve towards the Protoplanetary phase. The central star will
become warmer and will irradiated from inside the CSE created in the
AGB phase with a strong UV flux (T,,=30000 K and even higher in the
PN phase) . CRL2688, Red Rectangle, NGC6302,




CRL618 Spectral Line Survey: Pardo & Collaborators
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Data & final model

1 mm window

256.3

256.2

2566.1

2564....

a[200](2000)

41 NDDOGH ﬁv

®1 NODO H

ﬂﬂ\_ ZmUHlH
mToo_Qmon

NEDH

51 NOOO, H—>

£
HOD"HD L

& l—

8 [ No2dgH
jam

O

I T T _ _ :

mewmmma -
a[200](2000)
— NH ]
a[z01](2010)_|
—  N°OH

—HIO®HD -

a[100](1000)

@[000](2000)
— NPOH

HO0%HD

<l atoot)(zo010)
N®OH |

NEOH

‘ 0
i1

a[oe0](0€00) —
N®OH

m”_”—._ﬂl._“”_:.nﬁcvl

a[110](1100)

N®OH

NEOH

NEOH

NEOH

NEOH

al111)(1170)

d[orol(ogo0) _

A[1101(1100) 7

a[200](20071)

s
d

[2o00](=00T)

——

AE

NEOH

o' NOH

[101](10T0)
NEOH

B e B A

al111-1(1170)]

NEOH
AHT_M_TS_:SS 5

MODEL

NEOH

|
<
T




FL/FC

0.8

0.6

0.4

synthetic

spectrum
ISO-SWS data |
Ne[I1]
CeHg vy )
HCN v, , .
CeHz V11 -
HCN v,
CaHy Vs o o b :‘TQ’ZM“ ] CyHp vg |
m'icen :

(d] ‘ LCGHS vy ]

| | 14.8 A (um) 14.9 | ‘ |

13 14 15 16

A um)  Cernicharo et al., 2001, ApJ, 546, L123 & L127




1.05

Fo/Fet

0.95

1.05 Hb)

0.95

Cernicharo et al., ApJ, 546, L123 & L127
T T T T | T T T | T T T

H. 0-0 S(3)

model (NHy +

T T T I T T

e el fE P T AT
model Uiy b Cpiie + O

twisting —
| twiskng

wagging |

CH, |

9

Many U-bands

. in the mid-IR
1 all them in absorption.

Medium size
molecules 10-15

I Atoms ??

The source is rich in

. polyacetylenes C H,

| but radicals C,H are

lacking

Why IRC+10216 is rich in C,H and CRL618 in C H, species ?



Log (Relative Abundance)

-10

n(Hy)=5 10" em™> G=100

Ty=250

- cont line = UMIST + HC

.....
......
-
.
*a

.................

.......

L
N
.
.
ny

™

dashed line - UMIST + HC
Conll + Hy = Co,Hy + H

n CoHl |
. I . : | ; : " ] i T L IX 1
—4 -2 0 2

Log (Time [years] )



Looking for new molecules : Modelling

Chemical

modelling

specific

to a C-rich
PDR
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ApJ, 608, L41
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IR and radio data provide a
powerful tool to study the
chemistry of Carbon-rich
evolved stars.

Herschel archival data excellent
complement to focused ALMA
observations

IR::::: C,H,, CH,, C,H,, SiH,,C,

In some sources the spectral
confusion will be huge.

In order to understand the
message ALMA will send us a
close collaboration with
laboratory astrophysics
(spectroscopy, chemistry,
theory) has to be maintained
and strengthen.




José Cernicharo
ICMM, CSIC, Spain

Christine Joblin,
IRAP, CNRS, France

José A. Martin-Gago,
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4
Astronomers, Chemists, Physicists, and Engineers
working together at the frontiers of knowledge.

Understanding the formation of cosmic dust and chemical
complexity in Space and on Earth _NANV%SHMOS




HEMT RECEIVERS

STARDUST
chamber

GAS EVOLUTION
chamber

PIRENEA/ESPOIRS
Upgrades

MOLECULAR
ANALYZER

,chnical Activitie>

Working activities and Goals

OBSERVATIONS
High-res: ALMA, NOEMA
Surveys: 30m IRAM & 40m
IGN
IR: CARMENES/3.5 m Calar
Alto telescope. TEXES. VLTs

Determine gas
composition at the
dust formation zone

LABORATORY EXPERIMENTS
Spectroscopy
Dust formation & processing

Identify dust
nucleation seeds &
key processes

THEORY- Quantum chemistry
Structure, energetics
Dynamics

Create cosmic dust in
the laboratory

MODELLING
Radiative transfer
Chemical models

Identify dust growth
processes

,ientific Activities

Identify some key
catalytic reactions in
molecular formation

, GOALS

56
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