»

/A
A/‘Y\ ; erA

:...‘.:n. r.ﬂ: :

-
-

AVAY,
VA

e o

/ Jr .DSVqs\.‘\\\

oty
o._ )/" V\’/A ‘v\\ A ,

‘....

0 A\S

[

QJ‘(
.?): >
X5

a






melgfos for felio VWavas

T hermal ContmuimiRatizien
(Black  BeEyARCEICIIEN)!



Sagittarius Star Cloud
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Spectrum of Radio Brightness

Thermal or Black Body Emission

Relatwe radio brightness

Decraasing wavelength —»
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Frequency in MH2
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Thermal Continuum Radiation

e Characteristics:

— Opaque “Black” Body

— Isothermal
3/ A2
_ In Equilibrium | _h 1/ C
e Planck’s Law: o h /ﬁ-l-
e —1

— | = Intrinsic Intensity (ergs/cm?/sec/Hz).

— h = Planck’s Constant

— k = Boltzman’s Constant
. 2 AKT
— Tin I - 5
C
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Electron accelerates as it passes near a proton.

Electromagnetic waves are released

J



Orion Nebula



http://antwrp.gsfc.nasa.gov/apod/image/0803/NGC6543HST_peris.jpg
http://antwrp.gsfc.nasa.gov/apod/image/0710/ngc3132_hst_big.jpg
http://antwrp.gsfc.nasa.gov/apod/image/0509/m42_gleason_big.jpg

Spectrum of Radio Brightness

Free free emission

Relative radio hrighthess
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Relglgafor Raefio Wavas

1.Free-EFreerEmISSIoNn]
2.SYyNChrotroniRad alio1;;
e Strong magneticHield

* |onized gaSESHOVIRURINE UVISHE
VEIOCItIES



Electrons accelerate around magnetic field lines

Electromagnetic waves are released




Spectrum of Radio Brightness

Synchrotron radiation

Relative radio hrighthess

100 1000 10000 100,000
Fregquency in MHz

NRAO/AUI/NSF
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Relative radio brightness

Spectrum of Radio Brightness

Spectrum of Radio Brightness

Relative radio brighthess

100 1000 10000
Frequency in MHz
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Spectrum of Radio Brightness
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Neon

Sodium

Hydrogen

NRAO/AUI/NSF
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Spectral-Line Radiation

Recombination Lines

* lonized regions (HIl regions
and planetary nebulae)

* Free electrons temporarily
recaptured by a proton

« Atomic transitions between
outer orbital (e.g., N=177to
M=176)

h*v = EmEn

+-33 10° (:2 1
N~ _—



Hyperfine Transition of Hydrogen
 Found in regions where H is atomic (HI).

« Spin-flip transition
Higher Energy "Excited" State
— Electron & protons have “spin” A

— In a H atoms, spins of proton and v
electron may be aligned or

anti-aligned. C i)

— Aligned state has more energy.

v

— Difference in Energy = h * frequency
« Frequency = 1420.4058 MHz

— An aligned H atom will take 11 million years to flip

— But, 10%7 atoms in Milky Way
10 H atoms per second emit at 1420 MHz
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Doppler Shift
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Doppler Shift

RestFrequeny — ObservedFequency
RestFrequeng

Velecity =c-

c = speed of light = 3 x 10° km/sec

Rest Frequency = 1420.4058 MHz for the
hyperfine transition of Hydrogen

If V >0, object is moving away from us

If V <0, object is moving toward us.






Spectral-Line Radiation

Milky Way Rotation and Mass?

I For any cloud

—— —
T —

— Observed velocity = difference
between projected Sun’s motion
and projected cloud motion.

For cloud B

— The highest observed velocity
along the line of site

Galactic | — VRotation = Vobserved + Vsun*SIn(I—)

Center — R=Rg,, *sin(L)

Repeat for a different angle L
and cloud B

— Determine Vg iion(R)

— From Newton’s law, derive M(R)
from V(R)




Missing Mass




Interstellar Molecules

About 90% of the over 140 interstellar molecules discovered with
radio telescopes.

Rotational (electric dipole) Transitions \

Up to thirteen atoms \0
Many carbon-based (organic) q
Many cannot exist in normal laboratories (e.g., OH)

H, most common molecule:

— No dipole moment so no radio transition.

— Only observable in UV (rotational) or Infrared (vibrational) transitions.

— Astronomers use CO as a tracer for H,

A few molecules (OH, H,O, ...) maser



INTERSTELLAR MOLECULES

Chemical NMName of Year of Fart of Chemical Name of Year of Part o
symbol mglecule discovery spectrum symbol molecule discovery  spectru:
Two atoms
CH methylidyne 1937 visible C,S tricarbon monosulfide 1986 radio
CN cyanogen radical 1940 visible HCCN (uonamed) 1991 radio
CH* methyladyne ion 1941 visible N B
OH hydroxyl radical 1963 radio Five atoms o . RN
co carbon monoxide 1970 radio HCOOH ~-formic acid 1970 radio
H, molecular hydrogen 1970 ultraviolet HCN ‘: -cyanoacetylene 1970 ‘radio
Ccs carbon monosulfide 1971 radio CH,NH . ~methanimine 1972 - ‘radio
Si0 silicon monoxide 1971 radio NH,CN " cyanamide 1978 radic
50 sulfur monoxide 1973 radio H,CCC . ketene 1976 - radic
NS nitrogen sulfide radical 1975 radio CcH butadiynyl radical 1978 “radio
Sis silicon sulfide . 1975 radio CH, methane 1978 rudio
C, diatomic carben 1977 infrared SiH, silane ' 1984 - . jefrarc.
NO nitric oxide 1978 radio CH, ‘eyelopropenylidene -
HC1 hydrogen chloride . 1984 infrared CH,CN © cyanomethyi radical
PN phosphorus nitride 1987 radio Csi (unpamed)
NaCl sodjurh chloride = . 1987 radio * H,C, _propadienylidene
AIC1 aluminum chloride 1987 radio . ;
KCl potassium chloride 1987 radio Six atoms S
AlF aluminuzm fluoride 1987 radio CH,OH 7 methyl aleahol 1970 adio
Sic silicon carbide - 1989 radio CH.CN methyl cyanide 1971 -~ ragio
cp phosphorus carbidé 1985  radio NH.CHO ' formamide 1971 - e
SiN silicon nitride 1990 radio CH,SH - methyl mescaptan 1979 i
NH nitrogen hydride 1991 ultraviolet CH, " ethylene 1980 - me
‘ CH ~pentynylidyne radical 1986 tadio
Three atoms : CH,NC methyl isocyanide 1987 - rfadlo
HO water : 1968 radio HCCCHO | propynal 1989 - rddio
HCO* formyl icn 1970 radio HC, _ butatrienylidene 1990 ragdio
HCN hydrogen cyanide 1970 radio . ey
HNC hydrogen isocyanide 1971 radio Seven atoms e
0cs carbonyl sulfide 1571 radio CHCH methylacetytene 1971 radio
HS hydrogen sulfide 1972 radio CH!Ci[O acetaldehyde 1971 radio -
CH ethynyl radical 1974 radio (‘;]-1351]-]z methylamine 1974 radio
N H* diazenylium 1974 radio CH,CHCN vinyl cyanide 1975 radio
80, sulfur dioxide 1975 radio HCN cyanodiacetylene 1976 ri,[b
HCO formyl radical 1976 radio cH hexatriynyl radical 1986 ‘radio
HNO nitroxyl radical 1977 radio -5
HCS thioformylium 1980 radio Eight atoms
i{%* ::}::;"mde‘;;“b‘de }gg; i’:;’r‘:red CH,OHCO  methyl formate 1975 radio
c :S (unnamed) 1988 radio CH,CN methyl cyanoacetylene 1983 ﬂfﬂo
SiH, silylene (unconfirmed) 1990 radio Nine atoms :
Ge dicarbon monexide 1991 radio CHCHOH  ethyl alcohol (ethanol) 1976 radio
Four atoms ) (CH),0 dimethy! ether 1974 radio
. . CH,CH,CN ethyl cyanide 1977 radio
ﬁ ]-(1330 ?:)nmor(jlahyde :gg; ra:fo HC:N : cyanotriacetylene 1977 radio
rmalae radio 4 -
Hil o isocyanic acid tom radio CH,CH methyl diacetyiene 1984 leo
HCS thioformaldehyde 1971 radio Ten atoms
CH acetylene 1976 infrared . . .
iNz eyanoethynyl radical 1976 radio (CH,),CO acetone {unconfirmed) 1987 radio
HNCS isothiocyaanic acid o 1979 radio E‘lewn atoms
HOCO* protonated carbon dioxide 1980 radio
CH propynylidyne 1984 radio HCN cyano-octatetrayne 977 radio
Cc0 tricarbon monoxide 1984 radio .
HCNH* protonated HCN 1984 radio Thirteen atorms
H,0" protonated water 1986 radio HC,N cyanotetracetylene 1981 radio
4 Sky & Telescope; April, 1992

= . |




Six amn':_ar“
CH,0H
CH.CN

NH,CHO .

CH,SH
CH,

CH
CH,NC
HCCCHO
H,C,

Seven atoms

CH,C,H
CHCHG
CH,NH,
CH,CHCN
HCN

cH

Eight atoms

CH,0HCO
CH,C,N

Nine atoms

CH,CH,0H
(CH,),0
CH,CH,CN
HCN
CH,CH

- - - methyl alcahol

.. methyl cyanide
o+ formamide
- methyl mercaptan
" ethylene
- pentynylidyne radical

' methyl isocyanide

" ‘propynal-

~ butatrienylidene

methylacetylene
acetaldehyde
methylamine

vinyl cyanide
cyanodiacetylene
hexatrivnyl radical

methyl formate
methyl cyanoacetylene

ethyl alcohol (ethanol}
dimethyl ether

ethyl cyanide
cyanotriacetylene
methyl diacetylene

1970

1971
1971 -

1979
1980

1986 -
1987

1989

1990

1971
1971
1974
1975
1976
1986

1975
1983

1974
1974
1977
1977
1984




Molecules Discovered by the GBT
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Discovery of Ethanol

Ethyl alcohol has been of interest to mankind since
the dawn of the earliest civilizations (Hallo and Simp-
son 1971; Seltman 1957). During early October of 1974
we detected a truly astronomical source of ethyl
alcohol located in the general direction of the center of
our Galaxy. Preliminary estimates indicate that the
alcoholic content of this cloud (Sgr B2), if purged of
all impurities and condensed, would yield approxi-
mately 10% fifths at 200 proof. This exceeds the total
amount of all of man’s fermentation efforts since the
beginning of recorded history.

In the laboratory, ethyl alcohol exists in the frans
and gawuche conformations (Sasada ef al. 1971) although
it is uncertain which is the most stable (lowest energy)
form. Figure 1 shows a simplified diagram of the con-
figurations of the atoms in the frans and gauche con-



Interstellar Molecule Formation

Need high densities (100 =10° H atoms/cm?3)

— Lots of dust needed to protect molecules for stellar UV

e Form in dust clouds = Molecular Clouds
« Associated with stars formation

— But, optically obscured — need radio telescopes
Low temperatures (< 100 K)
Some molecules (e.g., H,) form on dust grains

Most form via ion-molecular gas-phase reactions
— Exothermic

— Charge transfer



Grain Chemistry

.
A .
. @
DUST AND ) 5
MOLECULAR GAS CLOUD (S
7
YOUNG

: ' STARS
Material driven out fr

active star-forming region
collides with a nearby

interstellar cloud, causing
a shock front.

Atoms and small molecules

coat the surfaces and are ’

embedded in the interiors ; SILICATE CORE
of tiny dust grains in 4

interstellar clouds. The

energy of a shock powers

chemical reactions that

produce larger molecules

such as glycolaldehyde.

The shock also provides
energy to free some
molecules from the grains
and ejects these molecules
into the surrounding gas.



lon-molecular gas-phase reactions
Examples of types of reactions

C*+ H, - CH,* + hv (Radiative Association)
H,* + H, - H;* + H (Dissociative Charge Transfer)
H," + CO - HCO" + H, (Proton Transfer)
H,* + Mg — Mg* + H, + H (Charge Transfer)
He* + CO —- He + C* + O  (Dissociative Charge Transfer)
HCO* + e - CO + H (Dissociative)
Ctr+e—> C+ hv (Radiative)

Fe* + grain — Fe + hv (Grain)
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PREBIOTIC .
MOLECULES » o PREBIOTIC

Molecules: R - ;-
Seeds of Life: :

PROTO-PLANETARY NEBUL. '







