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““Hydrogen is the most Hydrogen is the most 
important constituent important constituent 

of the Universeof the Universe..””

G. Herzberg





In this talkIn this talk・・・・・・・・・・・・・・・・

Overview of Interstellar Space and Interstellar 
Molecules

(ex)    H3
+ and HCO+

Submillimeter-wave Spectroscopy and New 
Initiatives in Submillimeter Astronomy

Multiply deuterated species in space
Anions in the lab and in space             
Biological molecules in space



He

Cosmic Abundance

Others

H



21cm21cm--Line of Hydrogen AtomLine of Hydrogen Atom
van de Hulst (Leiden Observatory)

1944   pointed out possibility of H  21cm line.
Ewen, Purcell (Harvard University)
Oort, Muller (Leiden Observatory)

1951   detection of the line
Christiansen, Hindman (Australia, AAO)

Hydrogen Maser (N. F. Ramsey)
1 420 405 751.786Hz

21.10611405 cm







Discovery of Interstellar MoleculesDiscovery of Interstellar Molecules

1814   Fraunhofer lines
1904   Absorption lines of Ca,K against bright stars
1934 Discovery of 4 Diffuse Interstellar   Bands

(DIBS)     Still remain unidentified.          
1937-1941 Discovery of CH+,CH,CN 4230-4300 Å
1951   Bates, Spitzer : skeptical about interstellar

molecules. 
1955~ Townes, Shklovsky: Pointed out possibility

of observing molecules with radio telescopes.

OH, NH3, HCN, CO……………



Free radicals, ions.
Carbon chains
Cyclic molecules

H－C≡C－C≡C－C≡C－C≡C－C≡C－C≡N



HC3
N

HC3N

HC5N



Formation of molecules in Formation of molecules in 
interstellar spaceinterstellar space

Ion-molecule reactions

Neutral molecule reactions

Surface reactions on dust grains

H3
+ HCO+

CN  +  C2H2 HC3N  +  H

H2, CO, CO2, H2CO, CH3OH……….



Discovery of XDiscovery of X--ogenogen

1970 L. E．SNYDER，D. Buhl
Detected strong  emission lines from 

unidentified species

1975 W. Klemperer
HCO+ to be a likely carrier of the “U-lines”.

1975 R. C. Woods
mm-line of HCO+ in the lab.  Verified X-ogen  
was  HCO+ . 



Ion-molecule reaction

Ｈ２ Ｈ２
+    +   e-

H３
＋ + CO HCO+ + H2

H3
+ + X HX+ + H2

Ｈ２
+ +   Ｈ２ H3

+ +   H 



Particle density of 
standard atmosphere

3×1019  /cm3

Collision interval

∼10-9 sec

Molecular Clouds

10 /cm3

Collision interval

∼100 years

From B. E. Turner



HH33
++

H3
+ in the laboratories 

H3
+ in Jupiter 

H3
+ in Dark clouds 

H3
+ in Diffuse clouds 

Dissociative recombination of H3
+

with electrons



T. Oka, Phys. Rev. Lett. 45, 531-534(1980)

Discovery of H3
+ spectra



J.P. Maillard et al,  Astrophys. J. 363, L37(1990)



H3
+ in Jupiter





Detection of Interstellar H3
+

Dark cloud

Diffuse cloud

ＳＮ１９８７Ａ Miller, Tennyson, Lepp, and Dalgarno(1992)

Geballe and Oka(1996)

Geballe, McCall, Hinkle, and Oka(1999)



Formation and destruction of Formation and destruction of 
HH33

++

H2 → H2
+                                : ζ ∼10-17s-1

H2
+ + H2 → H3

+ + H               : k1

In dark cloud       
H3

+ +  CO → HCO+ +  H2           : k2

[H3
+ ] ∼ ζ [H2 ]/ k2 [CO]

In diffuse cloud       
H3

+ +  e- → 3H,  H2 + H         : kd

[H3
+ ] ∼ ζ [H2 ]/ kd [e- ]



In dark cloudsIn dark clouds

[H3
+ ] ∼ ζ [H2 ]/ k2 [CO]
ζ=3×10-17 s-1

k2=1.8×10-9 cm3s-1

[CO]/[H2]=1.5×10-4

[H3
+]=1.1×10-4 cm-3

Observed Column densities

[H3
+]L=6×1014 cm-2      W33

=4×1014 cm-2 GL2136  ⇒ L=1~2 pc



In diffuse cloudsIn diffuse clouds

[H3
+ ] ∼ ζ [H2 ]/ kd [e-]
ζ=3×10-17 s-1

kd=1.8×10-7 cm3s-1   (4.6×10-7)

[e-]/[H2]=5.6×10-4

[H3
+]=1.1×10-7 cm-3

Observed Column density

[H3
+]L=3.8×1014 cm-2     Cyg OB2 No.12

⇒ L=400~1200 pc



HighHigh--resolution Spectroscopy of resolution Spectroscopy of 
Negative ionsNegative ions

OH- (OD-)   
IR, FIR 

SH- (SD-)
IR, sub-mm

FHF-, ClHCl-, NH2
-, NCO-, NCS-, N3

-

IR



Microwave and mmMicrowave and mm--wave wave 
spectroscopyspectroscopy (2006~(2006~

CN- (Gottlieb et al, J.Chem.Phys. 2007)
C3N- (Thaddeus et al, ApJ. 2008)
CCH- (Brünken et al, A&A, 2007)
C4H- (Gupta et al, ApJL, 2007; Cernicharo et al, A&A, 2007)
C6H- (McCarthy et al, ApJL, 2006)
C8H- (Gupta et al, ApJL, 2007)

Mystery of Mystery of ““B1377B1377””

Kawaguchi et al (1995) 
Detected a series of emission lines toward IRC+10216.   
Linear molecule of the rotational constant of 
1376.86868 MHz.
Aoki (2000)
“Carrier of B1377 is very likely to be C6H

-.”

McCarthy et al (2006)
Succeeded in the laboratory detection of B1377, and in 
astronomical detection in TMC-1.

C5N- (Cernicharo et al, 2008)



Waterloo subWaterloo sub--mm systemmm system

The frequency range of 270-890 GHz is 
covered with four BWOs (Backward-wave 
oscillator)  with  ~1 mW power.
The absorption cell is designed to detect 
positive ions.
Mostly operated in extended negative glow 
discharge mode with longitudinal magnetic 
field of ~250 Gauss.



Double modulation sub-mm system at Waterloo



Submillimeter-wave system in Ibaraki
Now moved to Waterloo



TThree types of discharges are hree types of discharges are 
tried for detection of anionstried for detection of anions

Glow discharge
Hollow anode discharge
Extended negative glow discharge



Hollow-anode cell

1.8 m

1.6 m

7 cm





in “hollow anode” dischargeCN-



C4H
- in extended negative glow discharge



SubSub--mm observations of Cmm observations of C33NN--

•• Production ;
C2N2 ≤1 mTorr + C2H2 ~2 mTorr + Ar 12 mTorr
in either 
“hollow anode discharge” or 
extended negative glow discharge 
of  4~10 mA,  cooled to 210 K.    
Freq. range    ~ 504 GHz 

Thaddeus et al,  HC3N (20 %) + Ar (80 %)  ~15 mTorr
dc discharge current of 20 mA at 200 K.



Extended Negative Glow



Hollow-anode discharge
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von Engel “Ionized Gases”

Density of negative 
charges is high in negative 
glow and anode glow



Why subWhy sub--mm now?mm now?

Ground- and satellite-based astronomical and/or 
atmospheric observation platforms. 

Higher spatial resolution with shorter
wavelength.    
Better sensitivity.

Easy to use laboratory system.
multipliers.
BWOs.



Atmospheric Opacity in the submillimeter-wave region



SubSub--mm facilities for mm facilities for 
interstellar chemistryinterstellar chemistry

SMA(e-SMA)      8x6 m      Mauna Kea
SOFIA                  2.5 m       Airborne(747)
Herschel(HIFI)     3.5 m       Satellite
CARMA               6x10 m    White Mts.
ALMA                64x12 m    Atacama

+4x12 m
+12x7 m 



Getting the WHOLE pictureGetting the WHOLE picture

Constellation OrionConstellation Orion
left: visual wavelengthsleft: visual wavelengths
right: farright: far--infrared imageinfrared image

An object can look radically different depending An object can look radically different depending 
on the type of light collected from it:on the type of light collected from it:

From NASA
web page



Visible Near Infrared Mid-Infrared

Visible:  dark nebula, heavily obscured by 
interstellar dust
Near-IR:  dust is transparent, embedded proto-
stars can be observed
Mid- and far-IR: glow from cold dust is 
directly observable From NASA web page



SOFIA SOFIA ---- The Next Generation The Next Generation 
Airborne ObservatoryAirborne Observatory

2.5 meter telescope mounted in a 747-SP
“First Light” expected winter 2004-2005
150 flights per year when fully operational
First observatory designed to support E/PO

NASA/DLR





L. E. Snyder et al,
Astrophys. J. 619,
914-930(2005)



GlycineGlycine in Comet Tailin Comet Tail

Glycine has been identified in a dust sample 
collected by the Stardust Spacecraft from the 
tail of Comet Wild 2. 

http://www.newscientist.com/article/
dn17628-found-first-amino-acid-on-a-comet.html

http://scientificinquiry.suite101.com/article.cfm/
comet_tail_with_glycine_amino_acid_amazes_all



In futureIn future・・・・・・・・・・・・・・

Sub-mm astronomical observations with very high 
spatial resolution.

ALMA
In the process of star and planet formation, what 
kind of molecules can survive and be entrained 
into the planetary system?  Life related molecules?
Lab. data are essential in such identifications.



““To understand hydrogen is to To understand hydrogen is to 
understand all of physics,understand all of physics,

Victor Weisskopf

chemistry, and biology.”



Hydrogen, light colorless odorless gas,
which given enough time
turns into human being

氢， 軽質量 無色 無味的気体，

如果給它足够的時間

它会逐漸演変成今天的人類





Discovery of multiply deuterated Discovery of multiply deuterated 
species in spacespecies in space

[D]/[H] [D]/[H] ∼∼ 1.51.5××1010--55

DD22CO : Turner(1990)     CO : Turner(1990)     OriOri--KL                    0.3%KL                    0.3%

Ceccarelli Ceccarelli et alet al (1998)    IRAS 16293(1998)    IRAS 16293--2422     5%2422     5%

Loinard Loinard et alet al (2001)        16293E                    26%(2001)        16293E                    26%

NHDNHD22 (2000) ,  ND2000) ,  ND33 (2002) (2002) 

CHDCHD22OH (2002), CDOH (2002), CD33OH (2004) OH (2004) 

DD22S (2003)S (2003)



H/D exchange reactions of HH/D exchange reactions of H33
++ with HD are  with HD are  

exothermic.exothermic.
HH33

+    +    +  HD  +  HD  →→ HH22DD++ +  H+  H22 +  230 K+  230 K
HH22DD++ +  HD  +  HD  →→ DD22HH++ +  H+  H22 +  180 K+  180 K
DD22HH++ +  HD  +  HD  →→ DD33

++ +  H+  H22 +  230 K+  230 K

Under liquidUnder liquid--NN22 cooled environment , such cooled environment , such 
reactions become dominant.reactions become dominant.

Formation of Deuterated SpeciesFormation of Deuterated Species



Spectroscopy of HSpectroscopy of H22DD++ and Dand D22HH++

Shy, Farley, Wing (1981): Ion beam Shy, Farley, Wing (1981): Ion beam 
Amano & Watson (1984), Amano (1985):  Amano & Watson (1984), Amano (1985):  νν11 band   (Hband   (H22DD++))
LubicLubic & Amano (1984):  & Amano (1984):  νν11 band   (Dband   (D22HH++) ) 
Foster et al. (1986): Foster et al. (1986): νν2 2 //νν3  3  bands (Hbands (H22DD++))
Foster, McKellar, Watson. (1986): Foster, McKellar, Watson. (1986): νν2 2 //νν3  3  bands (Dbands (D22HH++ ))
PolyanskyPolyansky & McKellar (1990): All available data were fitted & McKellar (1990): All available data were fitted 
together to improve  molecular  constants.  (Dtogether to improve  molecular  constants.  (D22HH++) ) 
FFáárnrnííkk et al. (2002): et al. (2002): 

Molecular beam experiments of Molecular beam experiments of vibrationalvibrational overtone overtone 
and  combination bands (2and  combination bands (2νν22, 2, 2νν33,, νν22++νν33).).

IR 



Bogey et al. (1984):                   1Bogey et al. (1984):                   11010--111111 HH22DD++ (372.4 GHz)(372.4 GHz)
Warner et al.(1984): Warner et al.(1984): 
Saito, Kawaguchi, Hirota (1985):  2Saito, Kawaguchi, Hirota (1985):  22020--222121 HH22DD++ (156.0 GHz)(156.0 GHz)
Jennings, Jennings, DemuynckDemuynck, , BanekBanek, , EvensonEvenson (unpublished):     (unpublished):     

110101--000000 HH22DD+ + (1370.1 GHz) (1370.1 GHz) 
111111--000000 DD22HH++ (1476.6 GHz)(1476.6 GHz)
222020--221111 DD22HH++ (1370.1 GHz)(1370.1 GHz)

Hirao & Amano (2003):          1Hirao & Amano (2003):          11010--110101 DD22HH++ (691.7 GHz)(691.7 GHz)
Amano & Hirao (2005):          3Amano & Hirao (2005):          32121--332222 HH22DD++ (646.4 GHz)(646.4 GHz)

mm-, sub-mm, FIR



Energy Level Diagram of HEnergy Level Diagram of H22DD++



Energy Level Diagram of DEnergy Level Diagram of D22HH++

μ ∼ 0.48D



Extended negative glow discharge source.Extended negative glow discharge source.
(Magnetic field: 200G).(Magnetic field: 200G).

Double modulation.Double modulation.
HH22/D/D22/Ar = 3 /2 /17 mTorr, I = 8 mA, /Ar = 3 /2 /17 mTorr, I = 8 mA, 

T ~ 77 KT ~ 77 K

Experimental DetailsExperimental Details

Search around 691.705 (90) GHz.Search around 691.705 (90) GHz.
(Polyansky and McKellar)(Polyansky and McKellar)

￬￬



T. Hirao and T. Amano, Astrophys. J. Lett. 597, L85(2003).



DD22HH++ HAS BEEN DETECTED HAS BEEN DETECTED 
IN SPACE!!!IN SPACE!!!

C. Vastel, T. G. Phillips, and H. Yoshida
Ap. J. Lett. 606, L127-L130(2004).

16293E  pre-stellar core
[D2H+]  ∼ [H2D+]



VastelVastel，，PhillipsPhillips，，Yoshida sayYoshida say

Slight difference in observed vLSR between
H2D+ and D2H+.
They suggested that H2D+ rest frequency 
might not be accurate enough.

Bogey et al 372421.34(20) MHz
Warner et al 372421.380(100) MHz

⇒ Prompted us to remeasure H2D+ line



Interstellar Detection of HInterstellar Detection of H22DD++

Stark, van der Tak, van Dishoeck, 1999

Caselli, van der Tak,, Ceccarelli, Bacmann, 2003




