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In the surroundings:
Warm Molecules
and Dust grains

Molecular bands

"Primitive" dust seeds

Molecular bands in photosphere and extended atmosphere
Structure of extended atmosphere
Connection with pulsations

Identification of possible "primitive" dust species
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San r soot ?

SOFIA Teletalk Dec 2, 2015

All stars O-rich initially
Fusion + dredge-up

Silicates C abundance 1
If [C/O] > 1 = Carbon star

\T/ ' - Also CS abundance C-rich

cznz HON Totally different
chemistry
5 10 In circumstellar matter

Wavelength m

Yamamura et al. (1999)




Top 3 reasons t{@ dy these IN the

Dec 2, 2015

1 (~3,000 K); their surroundings even
energy distribution in IR.

ro-vibrational bands in the IR.

3. Dust grains have characteristic vibrational modes in the IR.
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Meet thejtullerenes

SOFIA Teletalk Dec 2, 2015

Fullerenes:

Cro(Ds)  Crs (D) : large cage-like
molecules made of
carbon.

Crs:2 (Cav)  Crs:3 (Cay) Cso0:1 (Dsq)

& @

Cs2:3 (C2)  Cs4:22 (D2)  Cgs:23 (D24)
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A Fullerene Family
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Switchable Open-Cage Fullerene for Water Encapsulation'r

Qianyan Zhang’. Dr. Tobias Pankewitz,
Shuming Liu”, Prof. Dr. Wim Klopper®™",
Prof. Dr. Liangbing Gan'*’

Article first published online: 16 NOV 2010
DOI: 10.1002/anie.201004879
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Issue

Angewandte Chemie
International Edition

Volume 49, Issue 51, pages
9935-9938. December 17,
2010

Single water molecule trapped in stoppered

molecular cage.
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"They are stronger than steel and as flexible as plastic, conduct energy
better than almost any material ever discovered and can be made from
unexotic raw materials such as methane gas.” (CNET)




Buckmlnst IIer &“Bucky")o

1895-1983

ec2, 2015

Architect
Engineer
Author

Designer

nventor

~uturist

“Selfishness is unnecessary and hence-forth
unrationalizable.... War is obsolete."
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om hexagons and pentagons — the
ause the “rounding” of the dome.
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The discovery of
United States, a soccerball)
AT Coand C_,

letter is suggested to have
the truncated icosahedral
structure formed by
replacing each vertex on the
seams of such a ball by a
carbon atom.

Fig. 1 A football (in the

Kroto et al. 1985

2@, :Buckminsterfullerene”

We are disturbed at the number of letters and syllables in the
rather fanciful but highly appropriate name we have chosen in
the title to refer to this Cg, species. For such a unique and
centrally important molecular structure, a more concise name
would be useful. A number of alternatives come to mind (for

example, ballene, spherene, soccerene, carbosoccer), but we
prefer to let this issue of nomenclature be settied by consensus.



Why@l We care7
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g messengers: they are the only
ge aromatics in space, they tell us
s to their large extended family.

The us we don‘t understand some of the
physics and interstellar chemistry that's
happening in space, give us clues, and show what
the role is of super-stable carbonaceous species
In space.

They could play a role in some unexplained
spectral phenomena (DIBs, ERE, BL, extinction).




The discovery . .
of

Ceoand C_,

Survival of the fittest:

discovery of
Csoand C

Widespread and
abundant in space?

Graphite
vaporization.

et al.

1985 A
Time of
flight mass
spectra.

a

’ High He pressure

Low He pressure
52 60 68 76 B4

No. of carbon atoms per cluster
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EarI Searches

Dec 2, 2015

Electronic transitions.

neutral C. in ISM: not found
(overview: Herbig, 2000).

C,.: Two diffuse interstellar
bands (DIBs) found close to
lab position; promising case,
(Foing & Ehrenfreund, 1994).
CONFIRMED 2015!

0.3—0.9% of cosmic Cin C_*

Normalized intensity

BDh40 4220

AVERAGE
STAR

; . | I TR R ‘
9,650 9,700 9,750
Wavelength (A)




Cso & C,, vibrational modes

Neutral C..: 4 IR active modes: 7.0, 8.5, 17.4, 18.9 pum.

Dedicated searches (ISO/SWS: Clayton et al., 2995; Moutou et al., 1999) &
tentative detection (Spitzer: Sellgren et al., 2007).
Note: cation'spectra different (see e.q. Berne et al., 2013)

.- -l

‘o’. . |

Neutral C'70‘.‘3:2)R active modes.

Menéndez & Page (2000)




Wavelengths, widths & relative strengths
| match mgaspred (lab) yalules.l

Brightness

\'W«mww

Wavelength [microns)

Buckyballs In A Young Planetary Nebula Spitzer Space Telescope ¢ IRS
ssc2010-06a

NASA / JPL-Caltech / J. Cami (Univ. of Western Ontario/SETI Institute)

Cami et al. (2010)
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More CI etectlons
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dez et al. (2010, 2011); Bernard-Salas et al.

013.
3 Incomplete
& Kwok 2017 list!

R arcia-Hernandez et al. 2011, Clayton et al. 2011.
Post-AGB (O-rich?): Gielen et al. 2011.

S\ E

Reflection Nebulae: Sellgren et al. 2010, Peeters et al.
2012

Orion Nebula: Rubin et al. 2011, Boersma et al. 2012.
YSO: Roberts, Smith & Sarre, 2012.




How do be‘?‘orm fullerenes in space7

What other fullerenes exist in space?

What is their relation to other dus’f;/c?%p@nents?
How much C_ is there? ./' r

What happens\iaffterforma’[ié/{l? 70 .
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PAH 6.2 um
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Deh dr@ nated PAHs
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1.0 RN IR AR RRR For(sma")d-PAHS:
N XAl Expect specific
0.8 — mfl features around
2 ) gl 5-5, 10.6 and
3 L sl 19m.
£ 0.6 - ml oM
o L i _ .
N i Il Consistent with
S 0.4 - 5
g Mt Il larger PAHs.
@) = al
C B —
02 - )
0.0 - 3

10 20 30 40
wavelength [um]

Mackie et al. (2014)



Flux (M]y/sr)
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5N

Intensity (arb. units )
N

no laser

M

790 795 800 805 810 815 820 825
m/Z Zhen et al (2014)
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Without Iaser
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Zhen et al (2014)
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532 NMm Cluster size (C-atoms)
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Molecular striptease explains Buckyballs in space

Dec 09, 2014

lllustration of how a big PAH (upper left) starts with a molecular striptease, stripping off H-atoms one
by one, until the naked carbon skeleton is left over. De C60 ‘Buckyball’ is at the lower right. Credit:
Leiden University Linnartz/Tielens




Fullerene Form tieon in Evolved Stars

SOFIA Teletalk Dec 2, 2015

, this scenario is promising for
e rs as well:
PAHSs are often seen in PNe.
Hot central stars = lots of UV photons!

When you have a good idea, there’s always
observations to prove you wrong.
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Fullerenesiin evolved stars

SOFIA Teletalk Dec 2, 2015

e formation of fullerenes in evolved stars,
we should consider that:

ommon in evolved stars:
ample of galactic PNe show 17.4/18.9 micron bands
(Otsuka et al. 2014).




FuIIerene and Mlxed
Big-11-

Number
O== N W £ NO= N W £ NNO= N W L~ O

PNe with normal PAHs

100 120 140

Effective T (1000 K)

Sloan et al. (2014)




FuIIere Evolutlon

SOFIA Teletalk Dec 2, 2015

lerenes are extremely stable, they
ar en in more mature PNe, even those
where PAHs *are* seen.

What happens to the fullerenes as the young
PNe evolve, and PAHSs start appearing?

—> Fullerenes should not be destroyed...
Maybe turned into fullerene derivatives?




FuIIerenes N}

SOFIA Teletalk

. v FuIIerene | | -
[ VvV Mixed ol
2" A Big 11
[ o PAH-like O
- O 21 um (Class D2) ]
' ® Red o |
1 _— —
| % FO I star (7,500 K) © O -
(11
y <+ BOV star (30,000 K) &
X
or A % -
< . Ay
PNY
v 7
-1 + v =
w
* /Reddening
-0.5 0.0 0.5 1.0 1.5

Sloan et al. (2014) B-V
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Fullerenesiin evolved stars

SOFIA Teletalk Dec 2, 2015

e formation of fullerenes in evolved stars,
we should consider that:

ommon in evolved stars:
ample of galactic PNe show 17.4/18.9 micron bands
(Otsuka et al. 2014).

* Fullerenes do not require the strongest or hardest UV fields; in fact
fullerenes are generally seen in the somewhat more mild
environments (Sloan et al.,, 2014). Note: in Tc 1, fullerenes much
further from star than PAHs, and in different geometry!

* Fullerenes are seen in the least reddened sources.

Shocks, maybe associated with developing ionization front?
"Special” objects?




h fullerene nest
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he formation of fullerenes in evolved star
ents, we are currently carrying out:

es of C., PNe.

O ectroscopy: properties of the central
stars; physical conditions and elemental
abundances in the (ionized) nebula.

IR spectroscopy: use SOFIA to determine the
properties of the PDR around the ionized zone.

Need UV spectroscopy for C abundance.




Gemlnl T- ReS' observatlons

SOFIA Teletalk : Dec 2, 2015
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C,, ring: edge of ionized
zone [ PDR?

10 ,PAH‘(;s.ﬁh'ﬁi):' "k . 37 '
s o

- Determine Go, n, T
with [Ol] and [ClI] cooling

Dec offset ()

lines and far-IR
continuum.

FIFI-LS and HAWC will
observe all C,_-Pne.




Meta IIerenes

Dunk et al., 2013, PNAS.

+
Na@C, Na@Cg,* Metallofullerenes:

form as easily as
fullerenes in "dirty”

; . . . , atmospheres.

50 60 70 80 90

n, number of carbon atoms
12C .+
23 120+ .
Na@'“Cgp*" ~

2Na@12C,,13C* \

+ . : ; - - -
Cso 741 743 745 747 749 743.975 743.995 744.015
/: m/z
Na@Cg, & Cq,
Co'
m H l ll“lll,ll,u,“‘“, |
600 700 800 900 1000 1100

m/z



= "r'-l .| ARY N/ TITT e urTYy TEI B ]

?

IR meta@fullerenes

SOFIA Teletalk Dec 2, 2015

Dunk et al., 2013, PNAS. “
LA K *i 0 =
Con —— T 20 E
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C - =T~ -40 S
— | |-®=T1u@)| TN >
60 T1u(2) 60 %
L TIUM)| T~ « 80 o>
—Kk—=1570 o
Na@C6O — | | 00 & Symn?etry
0 A 2 3 breaking
C60 Charge state (e) activates silent
modes: e.g.

feature at ~6.5
micron

l

| T T T T T T J|¥ T |
0 200 400 600 800 1000 1200 1400 1600 1800
Frequency (cm'1)




F, (normalized)
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Fullerene and Mixed spectra

SMP LMC 002

SMP LMC 056

SMP SMC 024

SMP SMC 016

SMP SMC 013

[ SMP SMC 018

SMP SMC 015

- SMP SMC 001

SMP LMC 008

| SMP LMC 048

i SMP LMC 025

| Class B PAHs

aawn AN RN SRR ER RN ER RN ANE Nl A=

6 7 8 9
A (um)

IR post AGB

Dec 2, 2015

Fullerene-rich post-AGB stars
exhibit additional features as well!

Could these be the silent modes?

Sloan et al. (2014).
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abundance ~10% of cosmic C.
In certain estimates;

range from ~1075 to ~1.5%.
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Laboratory confirmation of C4™ as the carrier
of two diffuse interstellar bands

1 1 : 2 s | " .
E. K. Campbell’, M. Holz', D. Gerlich” & J. P. Maier |mp||e5 ~0.5% ofc in C

d0i:10.1038/nature14566

Normalized Intensity

9,620 9,660

4000 5000 6000 7000 8000 9,000
Wavelength (A)
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Abundaneesy Strengths . _
() (L)

Fraction of C in DIB carrier

SOFIA Teletalk

rong DIBs require:

High Abundance and/or
Small(er) size and/or

Large Oscillator strength: can we find species (or
mechanisms) with much stronger transitions?




T e " BRI PARY ) TP e wTTY TTIR Y D

1

DIBs &EUllerenes
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en in UV-dominated environments

ns to fullerenes in less extreme
di ouds?

— chemical evolution, with great potential for
DIB carriers, given C..* abundance!
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lled (spatially resolved) physical
nd abundances for the PNe to figure
e formation (and dust processing).

Stu ysical and spectral characteristics of
fullerene derivatives.

What is the overall fullerene abundance?

What happens to the cages? Can they survive and
play arole in the DIBs?

Big picture: formation, processing and
destruction of carbonaceous dust.




Key' P@mts ' 2

. |

Fullerene famllyqls p*resent in spac\e

In evolved sta . \
*Mostly neutral C,, some C, bU

70!

-

Formatlon PAHs = C,, In R‘eﬂectlon Nebulae

g o Planétary Nebulae may req we’other routes.
!

-P(/)9$Ib|y dorsed\network rowth in
‘\\'\:(’ / /’\ \\ 2 \

Somethmg \happens to'the fullerenes
FuHerene S|gna‘tLLre d|sa,p]6ears in PNe s> evolution into.. ?




I v : » l T 1/

‘ ol L l ‘
Creditsftoithe Cas
Collaborators: Jeronimo Bernard-Salas, Els Peeters, Sarah Malek,

Cameron Mackie, Neil Bhatt, Sanaz Golriz, Elisabetta Micelotta,

Anthony P. Jones, Giovanni Fanchini, Nick Cox, Masaaki Otsuka, Ciska
Kemper, Greg Sloan.

SOFIA Teletalk Dec 2, 2015

Thanks to: Martin Houde, John de Bruyn, Lou Allamandola, Xander

Tielens, Bart Vandenbussche, Laszlo Nemes, Harry Kroto, Paul
Dunk, Sydney Leach, Pascale Ehrenfreund, Bernard Foing.

With support from: NASA/JPL
Spitzer Science Center
NSERC
University of Western Ontario
SETI Institute




