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The First Interstellar Radlcal

As of 1900, two types of lines known 1n stellar spectra: stellar lines or
atmospheric lines

In 1904, J. Hartmann (Potsdam) studied the binary star o Orionis and
observed velocity variations in stellar lines.

“Among the lines...the calcium line at A3934 [K] exhibits a very peculiar behavior.
It...does not share in the periodic displacements of the lines caused by the orbital
motion of the star.”

“We are thus led to the assumption that at some point in space in the line of sight
between the Sun and o Orionis there 1s a cloud which produces that absorption...we
admit the further assumption, very probable from the nature of the observed line,
that the cloud consists of calcium vapor.”

*




Interstellar Na-

In 1919, Mary Lea Heger (Lick) found the sodium D lines are
“stationary” in binaries 3 Sco & o Ori.

“The close relationship between the D lines of sodium and the H and K
lines of calcium in the two stars...is very striking. We have still to look
for an explanation of the peculiarity in these lines.”

“Do sodium clouds similar to the hypothetical calcium clouds exist in
space?...Are there any other star lines which we might suspect of a
behavior similar to that shown by the H and K and the D lines?”




Molecular Radicals

* Unidentified lines observed 1n late 1930s
» Assigned to CH, CH", CN 1n the early 1940s
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Adams, ApJ 93, 11 (1941)




Interstellar H- (21 cm)

356 NATURE

September 1, 1951 vo. 1ee

OBSERVATION OF A LINE IN THE GALACTIC RADIO SPECTRUM

Radiation from Galactic Hydrogen at
1,420 Mc./sec.

HE ground-state of the hydrogen atom is|

hyperfine doublet the splitting of which,
termined - by the method of atomic beams, |__

1,420-405 Mc./sec.t. Transitions occur between t
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declnavion — o~ ; SCannng 1S eIected DY Tie eartr
rotation.

The line was first detected on March 25, 1951.
appeared in emission with a width of about 80 ki
and was most intense in the direction 18 hr. right
ascension. Many subsequent observations have
established the following facts. At declination —5°
the line is detectable, by our equipment, over a
period of about six hours, during Whlch the apparent
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Cambridge,
Mass.

June 14.

me 150 ke. above the
shift varied during an
» shift and its variation

riod of reception shifts

lar time, as it ought to.
adxr he drawn fram thean



Ubiquity of H-

/""\
IE@J The HI Nearby Galaxy Survey (THINGS) ‘:)
F. Walter, E. Brinks, E. de Blok, F. Bigiel, M. Thornley, R. Kennicutt
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Dense VS, lefuse lcuds

5 Dense molecular cIouds: e D1ffuse clouds

H%H '  ; p  HHm
n(H2)~ 104 106 m—3, ,.:; B 0 n(Hz) 101 103 m-3

3 .
Wie Sl

ApJ 493, L113 (1998) . Photo:‘Jose Férnandez Garcia




A Census of Galactic Radlcals

« H' 3x10° My= 6x10% g ~ 3x10° radicals

* Optical studies: e Radio studies:
~CH ~ 5%x1057 ~C,H' ~3x]08
— CH* ~ 8x1058 ~C,H, ~2x10
~CN ~7x105 _ (HCO*) ~ 5x1057
—OH ~ 1x10% _ (HOC*) ~ 8x1055
- NH ~2x10°” e Infrared studies:

- C, ~5x10°% — (Hy")  ~2x10%
~-C, =i

Based on abundances from Snow & McCall, ARAA 44, 367 (2006)




Dlscovery of the DIBS

. kk57 80, 5797 seen as unidentiﬁed bands
— C Per, p Leo (Mary Lea Heger, Lick, 1919)

* Broad (“diffuse”)

» Possibly “stationary”

O

T T Lick Observatory
Sep-Oct 1919

25780  A5797

Intensity

Apache Point Observatory
Oct 8 2001

C Per

5700 5720 5740 5760 5780 5800 5820 5840 5860

Wavelength (A)
B. J. McCall, in preparation




TABLE 1

MEASUREMENTS IN THE SPECTRUM OF BOSS 6142

Plate Star Di,2

Aug. 27.
27.
28,
28.

Sept.

30.73
30.
Oct. 1.

High velocity. .

Low velocity
Other stars

Obs.
km /sec km/sec
— 57 (—18)
—I45 20
— 33 _ 17
—Ic50 20
—124 I8
—130
—I12
—118
+ 65
+105

Comp.
km/sec
Go214%
f2o0
g70f
1058
163
1064
160
1070
1078t
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Assumed Stellar
High-velocity group ... 5779.7 6283.3

Low-velocity group .... 5781.1 6284.6
Difference +1.3

For Comparison

Boss 6142
Other stars

P. W. Merrill, ApJ 83, 126 (1936)

Assumed Interstellar

5780.4
5780.6
+0.2

5780.5
5780.4

P. W. Merrill, PASP 483, 179 (1936)

6284.0
6284.1

+0.1

6284.0
6283.9




DIBs as Radlcals‘7

Finally I should like to mention still another method of obtain-
ing free-radical spectra in absorption: the study of the spectra
of distant stars. These spectra show features that can be definitely
ascribed to absorption in the inferstellar medium. In addition to a
number of free atoms, the radicals CH, CH*, CN, and OH have
been unambiguously identified in the interstellar medium. Their
concentration is of course extremely small, of the order of one
molecule per cubic meter. A number of additional features ob-

served in interstellar absorption have resisted all attempts at

identification, but they are, at least in my opinion, very likely

due to some free radical or ion present in the interstellar medium.

Eerhord HEIEI:'ET'!_I
The Spectia
and Structures
of Simple
Free Radicals

An Introduction to
Molecular Spectroscopy
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* Mostly 1n the l

— 4175-8763 £
* None known 1

e Few 1n near-1
— 9577, 9632, 1




Examples [orentzian Proﬁles

— (SQUSSIAN

— | grentzian

4470
Wavelen

Snow, Zukowski, & Massey, ApJ 578, 877 (2002)




Examples Smooth Proﬁles

HD 204827

6136 6138 6140 6142 6144
Wavelength (A)

M. Drosback, Ph.D. Thesis (2006)

5782
Wavelength

Krelowski & Schmidt, ApJ 477, 209 (1997)
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Examples: Fine Structure

0.9k

'HD149757

-R=600,000

" HD 24398
- (this work)
[ R=300,000

[ HD 24398
| (Galazutdinov
et al.,, 2002a)
- R=120,000

[(Kerr et al., 1998)

5796

5797 5798
Wavelength (A)

1.05 |

0.95 |

- HD 24398
- (Walker

| et al., 2001
| R=120,000)

1.00 M'“TMN‘

| HD 24398

(this work,

[ R=300,000)

Wavelength (A)

Galazutdinov et al., MNRAS 345, 365 (2003)




Examples Molecular Structure?

Wavelength /A
6612 66813 6614 8815
| ! | !

HD149757 R=220,000
t (Galazutdinov
et al., 2002)

!\VMM\,/\W” - W

L HD 24398
R=300,000
(this work)

i o LU 1 | | l 1
15128 15124 15122 15120 15118 16116
Wavenumber /cm

Sarre et al., MNRAS 277, L41 (1995)

6195.0 6195.5 6196.0 6196.5
Wavelength (A)

Galazutdinov et al., MNRAS 345, 365 (2003)

6612 6613 6614

Kerr et al., MNRAS 283, L105 (1996)




The APO DIB Survey

Apache Pomt Observatory 3.5-meter

3,600-10,200 A ; A/AA ~ 37,500 (8 km/s)

119 nights, from Jan 1999 to Jan 2003

S/N (@ 5780A) > 500 for 160 stars (115 reddened)

Measurements & analysis still underway




Echelle Imag

Fraunhofer Lines

H: Call ~3968 A
K: Call ~3934 A

D: Nal~ 5890 A

A: O, ~ 7650 A




Intensity

Stellar Spectra

HD 50064
Ep .\ = 0.84

D A

| |
6000 8000
Wavelength (A)

120000 — Cyg OB2 #12
100000 — EB-V =32

80000 —

Intensity

60000 —

40000 —

20000 —

0 | |
(510]0]0) 8000
Wavelength (A




Relative Intensity

Stellar Spectra

—— B Orionis
—— HD 183143

4428

m )

0.6 —
5780, 5797
v 1.0
1.00 1
> 2
0.4 g 2 097
& 0.95-] £
E CH % 0.8
5 o
T 0.90 — &
o 0.7
0.2 —
0.85 | | | | I | | | |
4299 4300 4301 4302 5760 5770 V\?;Sglen ;7?;% 5800
Wavelength (A) 9
| | | | |
4000 4500 5000 5500

Wavelength (A)
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Overview of Prehmmary Results

» Spectral atlas of DIBs
— for comparison to laboratory spectra
— Version 1: HD 204827

— Version 2: Four reddened stars

 DIB correlations

— between DIBs & other species

— chemistry, environment of carriers

— among DIBs

— spectra of carriers




DIB Spectral Atlas: Verswn 1

» Initial target: HD 204827

— heavily reddened: Eg =1.11

— early spectral type: ~BOV

— fairly bright: V=7.94

— member of open cluster Trumpler 37

 1n Cepheus OB2 association

» Abundant C,

* Champion of C,;

4048 4050 4052
Wavelength [}o&]
Adambkovics, Blake, & McCall, ApJ 595, 235 (2003)




Spectroscoplc Bmary'

| | 1 | | | | 1 | | |
4540 4545

Wavelength (A)




Great Test for DIBs
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 DIB count: 259 confirmed, 115 new, 374 total!
Atlas to be released late 2007 or early 2008




DIB Spectral Atlas: Version 2

Four heavily reddened stars:

Star Sp. Type = N(C,)

HD 204827 | BOV : 440x1012

Cye OB25 | O7f . 200%10!2

HD 166734 O8e : 160x1012

HD 183143 | B7lae : < 6x1012




Atlas Plots: 4300-4500 A
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Atlas Plots: 4900-5100 A
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Atlas Plots: 6500-6700 A
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Statlstlcs % Status

Criterion Criterion Confirmed
(2 stars) (4 stars) DIBs

10 o 50 270
80 4 o 291

4 o — 350

e Issues still to address:

— defining the continuum
— blends of DIBs with each other

» Complete atlas sometime 1n 2008




DIB Correlations: H & H

A5780 Well correlated with H no correlatlon W1th H,
[a la Herbig ApJ 407, 142 (1993)]

(linear fit, ot 1=0.589
w/o outliers) (linear fit)

I I I I
20 25 . . 20 25
log (DIB 5780) log (DIB 5780)

York et al., in preparation
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The “C, DIBs”

e First set of DIBs known to be correlated with a

known species!

. Tuairisg atlas

N(C,) (10" cm™?)

1.5 :
A\ { _HD 183143

HD 167971
1.4 -

HD 179406

1.3 : {  HD 206267 : §
VAN Y T
: : HD34078 5 5

1.2+ ) i HD 147889

1.1 -

HD 204827
1.0 —

= A

0.9 -

4960 4965 4970 4975 4980 4985 5170
Wavelength (A)

5180 5540 5550
Thorburn et al, ApJ 584, 339 (2003)




Correlatlons Among DIBS

* Assumptions:
— gas phase molecules

— DIBs are vibronic bands

— low temperature
* carriers all in v=0

— relative intensities fixed
* Franck-Condon factors
* independent of T, n

e Method:

— look for DIBs with tight
correlations in intensity

* Prospect:

— 1dentify vibronic spectrum of
single carrier

— spacings may suggest ID




Correlation Plots
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Example Bad Correlatlon

LI I LI I I HD185418I LI I LI I I

HD 20041

HD 183143
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HD 175176

HD 147888

|
|

HD 210121

|
i

HD 147889
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4959 4962 4965 4968 6267 6270 6273
Wavelength (A) W(6270) (mA)




Relative Intensity

0.8

0.6

0.4

Example: Good Correlation

1 1
HD 144470
HD 48099

HD 206267

HD 192639

HD 203938

—~—

~\

HD 168076

HD 229059

I
nA

HD 46711

6192 6196 6200 6612 6616 6620

Wavelength (A)

7 1=0.985 ;
(3
80 — - T
<< 60 — %‘ +
E
g Ty
© +
s t
40 — i
+
.
+
%ﬁ
8% measurement errors
,_|¥ could be causing deviations?

I I I I
100 200 300 400
W(6613) (MmA)




More on L6613 & K6196

Observed r=0.985
Assume perfection
Add Gaussian noise
1000 M.C. trials
Double the noise
1000 M.C. trials

Statistically OK 1if we
underestimated errors

S|

| . I . . |
0.970 0.920 0.990 1.000
Correlation coefficient

requency

Lh
=
|

0 20 40 G 50 100
WE196) (mA)



Statlstlcs of Correlatlons

58 strong DIBs

Pairs of DIBs
observed 1in >40 stars

1218 pairs

Generally well
correlated

Few very good
correlations
— 118 with r > 0.90
— 19 withr> 0.95




Why So Few Perfect Correlat10ns‘7

* Assumption of a common ground state bad?

— energetically accessible excited states?
* spin-orbit splitting?
— if linear molecules

 low lying vibrationally excited states?
— 1f very large molecules

e “Vertical” transitions?

— 1ntense origin band

— weaker vibronic bands
e correlations could be seen with weaker bands?




The RGETRI K] Solutlon

Laboratory spectroscopy 1s essential!

Blind laboratory searches unlikely to work

~107 organic molecules known on Earth

~10%%0 stable molecules of weight < 750
containing only C, H, N, O, S

Observational constraints & progress are
also essential!

Computational chemistry will play an
important role

Close collaborations needed!




SCRIBES: Sensitive Cooled Resolved lon BEam Spectroscopy

drift region

 Infrared spectra of 1ons important 1n:
— astrochemistry

— atmospheric chemistry
— propulsion/combustion

* Optical spectra — DIBs ?
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