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* Introductory overview
* SMA spectral-line surveys (with SWARM)
* [RC+10216, VY CMa, IK Tau,
CRL 618, NGC 7027, (CRL 2688)
* SAQO Spectroscopy lab collaboration
* Summary and future outlook



Diffuse Clouds Dense Clouds

.

CH,OHCHO

Star Formation

/ Cloud Dispersion

Evolved Stars Prﬂtﬂplanetary Disks

Other Solar
/" Systems

Comets

/ Meteorites

Figure 1: The life cycle of the interstellar medium and its relationship to planets and solar systems,
as traced by molecular material.
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I. AGB stars (e.g. IRC+10216)
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II. Proto Planetary Nebulae (e.g. CRL 618) Distance~1.5 kpc
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I: Inner shell NGC 7027 molecular envelope
M1: Middle 1 shell model diagram
M2: Middle 2 shell
O: Quter shell

III. Planet ebu;ae 2. NGC 7027) Distance ~ 900 pc
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NGC 7027

HST Legacy Archive, APOD 26 Sept. 2016, D. Cadrecha
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Flux density (Jy)

Line Survey of IRC+10216
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FI1GURE 9. Sample spectrum from the SMA spectral line survey of IRC+10216 by Patel
et al. [5]. In this particular spectrum, four narrow U lines with flux density of < 0.3 Jy were
observed between 306.2 and 306.5 GHz. The line profile of AICI on the left at 305.85 GHz
is an example of a species in the outer envelope that has reached the terminal velocity.

Patel et al. (2009) ApJ,692,1205
Patel et al. (2011) ApJSS,193,17
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Kinetic Temperature (K)
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Figure 2: Spectrum and channel map of SiN emission near 305 GHz.

Patel et al. (2013) Life cycle of Dust conference, Taipei

T 1T T T T ‘ T T 1T
i A i
1000 1€ — > S1CC i
c N ]
L N . . ]
B <« Si1C, SiN ] ol 1
i \ - . .
- > NaCl,AlF >
\ Q
\ § L]
100 = h \ = ~
r \ ] 22t s
L \ ] 3)
o
i ‘ ] 2 :
L | S .
g L]
O
Q
u>j [ ]
o - i
10 = — "
E This work ‘\~\ E "
I Kwan & Linke (1982) S i
~.
.. Truong—Bach et al. (1991) N
L N o . | . | . | . | .
0] 200 400 600 800 1000
1 L1 ‘ 1 L1 ‘ 1 L1 ‘ E <K)
1 . u
1 10 100 Radius (arcsec)
1 1 | ‘ 1 1 I ‘ 1 1
10 10%7 Radius (cm)

100 1000 Stellar Radii




[T T T TR [ T T TV T T T T " T [TT T T TTTT [T Tt T T T TTTTTH
Discovery of SiICSi in IRC+10216 a £ it -33]
1a] - | 2 k- g 5
I I | 1 - i o ]
=l ‘ 3 + i ;
: : : E
> ol —H A
: 5 91 —251 el
" : 1 1 NS
[ 5 & L
| : : E EE B In L
T,=31(5) K T,=118(12) K _ T,=280(50) K LA o m L L B L o L
Cl) | l(l)O | 2(|)O | 8(|)O | 4(|)O /a 5 :_ 1 ]7_:_ - 18_:_ 0.1
Bupp (K) o T " T T
&) L i il
— 5 0F @ % T 0.05
_5 SiCSi L 1n -
107° L 7 T 5-5F = =
I It & ol
&) - sic, ] SEEEEN R RS T AT R S ST T .y
S - 5 0 -5
v Ao (arcsec)
- SiCSi -
f e 112 lines, 80-350 GHz, with IRAM 30m (103) and SMA (9)
§ . e 22 |lines measured in the laboratory (McCarthy et al. 2015)
E e Emission arises from a region 6” in radius; expanding shell
E i e Abundance of SiCSi is similar to that of SiCC due to the lower
dipole moment and larger partition function, SiCSi lines are
N nearly a 100 times fainter than lines of SiCC.
1015

r (cm)

J. Cernicharo, M. McCarthy, C Gottlieb et al., 2015, ApJ,806,L3



Metal Oxides in VY CMa
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FIGURE 3. Line profiles of TiO (solid red line) and TiOz (dashed blue line) observed in VY CMa = AlO 344.454 GHz
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FIGURE 7. Left: Spectra of AIOH, AlO, and AICI in VY CMa observed with the SMA [20].
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Preliminary results from the CRL 618 SMA line survey (1 Jan - 5 Jan 2016) 2015B-S022
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Figure 12. Fit of our model to the spectra. The black spectra are the same as those in Figure 3. Red spectra are derived from our model. The green spectrum shows
the possible HCCC'>N (0000) line at 344.3853481 GHz predicted from our model assuming an abundance ratio of [HC3N]/[HCCC!>N] = 150.

Lee et al. (2013) ApJ, 770, 153



30

SMA
Ex+Vex
CRL618

8
|
BE

3
In[87kv/hc”A W/g ]
26

24

a HCSN
a HC4N Isotopologues

T_ =349 K
N=9.03E+16 cm ~

A

500 1000
E,/k (K)

1500

2000

Lee et al. (2013)

Figure 10. Population diagram for HC3N and its singly 3C substituted isotopologues. The line intensity of the isotopologues has been multiplied by a factor of 10.
The solid line is a linear fit to the data. The HC3N data points with an upper arrow are not optically thin and thus excluded from the fitting.

« BC fractionation in HCCCN and HCCCCCN isotopologues as probe of formation

of these cyanopolyynes (Taniguchi et al. 2016).

« From our CRL 618 line survey, a similar analysis of cyclic C3H2 (in the extended halo)
which 1s complementary to the one for HCCCN by Lee et al. (in the dense core) is in progress.



Relative J2000 Declination {arcsec)

—L
.

—t
-

-

(-

|
)

I
—_
-

|
—_
o)

NGC/7027 HCO+ 4-3 306734 MHz

I | I | I | |

64.8535 km/'s

| I | I | l I

15 10 5 0 -5 =10 —15
Relative J2000 Right Ascension (arcsec)

14

12

10




IRC+1021
SiC, SiCSi
H2Cs
CH2NH

AICI, AICN
KCI, KCN

CS, SiO, SiS, SiCC

CsN
CsH, CsH, MgNC

H-CO, H2C4
CHsCCH, I-CsH, CH3sCN

HCP, PHg, PN

NaCN,
NaCl AlF

HCS+
NNH+*

CO, CN

HCO+

HCN, HCsN

CCH
c-CsH, ¢-CsHo

HCCNC
HCsN, HC7N,
HNC

CRL 618/2688

NGC 7027



N,/N("°Co) Xi/Hy
107"
1077
CN/
o2 HON T e
o= N 6
EESUNNRRRPPRTELLS” S ’p~\\ - ~ ’/ \~\ | —
cS e ;ST ~ A | 1V
N /’ \.\ _ - ~ ]
__:_\ ______ / N N
~ /
HNC '~ 7 g
107° | N . ,
I / \\ \\ ,/
NN J .
/ N > 110
/ "\ ]
/ \
107" ; / |
/ «: 10°°
HCO™ ]
CRL 2688 CRL 618 NGC 7027 NGC 6720 M4 —9 NGC 6781 NGC 7293

Bachiller et al. (1997) A&A, 324,1123

« From AGB to PPN: more CN bearing molecules; less refractory
 Si bearing molecules depleted in PPN & PN, already in grains
- H2CO in PPN: onset of grain surface chemistry



McCarthy group laboratory
(Harvard -> CfA)

e
P
Z===
z=

------

« Fourier transform molecular beam broadband and
cavity spectrometers

« Laser ablation source for metal bearing molecules,

e.g., 1102, TiOs3, T120, T120:s...

Millimeter wave molecular beam spectrometer



Planned new measurements:

S103,51,5,51,0,S130
Vibrationally excited S1CS1 and S1C,
AlO», AlO3, Al,0O7, AlLOs...



Summary

Wide bandwidth SMA spectral line surveys

provide very rich data sets for astrochemistry research

SAQ spectroscopy lab studies: new molecules; identification
of dust-grain seed particles progenitors; vibrationally excited
transition frequencies

Future SMA line surveys: CRL 2688, Ex & Vex observations of
CRL 618; sample of carbon-rich AGB stars -

How unique 1s IRC+102167

Time monitoring of vibrationally excited lines in Mira



