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PREFACTE

In the past halt century astronomers have provided mankind with o new view of the
umiverse, with pimpses of the nature of infmity and cierntty (hat bepgar the fmnagihation,
Particubarly. in the past decade, NASA's orbiting spacecralt as well as ground-based
astronomy have brought to man's attention heavenly bodies, sources of enerpy, stellar and
waliactic phenomena, about the nature of which the world’s scientists can only surinise,

Esoteric as these new discoveries may be, astronomers look to the anticipated Space
Telescope to provide improved understanding of these phenomena as well as of the new
secrets of the cosmos which they expect it to unveil. This instrument, which can observe
objects up to 30 to 100 times fainter than those aceessible to the most powerful Earth-based
telescopes using similar techniques, will extend the use of various astronomical methods to
much greater distances. 1t is not impossible that observations with this telescope will provide
plimpses of some of the carliest galaxies which were formed, and there is &4 remoter
possibility thatit will tell us something about the edge of the universe.

The rescarches of the past 10 years. plus the possibility of even more Tundamental
discoveries in the next decade, are fascinating laymen and firing the imagination of youth.
NASA’s inquiries into public interest in the space program show that a major source of such
interest is stellar and galactic astronomy., NASA’s enabling Act, the Space Act of 1958, lists
a primary purpose of NASA, “the expansion of human knowledge of phenomena in the
atmosphere and space”™; the Act requires of NASA that “it provide for the widest
practicable and appropriate dissemination of information concerning its activities and the
results of those activities.”

In the light of the above, NASA is publishing for science teachers, particularly teachers
of secondary school chemistry, physics, and Earth science, the following four booklets
prepared by the American Astronomical Society (AAS) with the cooperation of NASA:

The Supernova, A Stellar Spectacle, by Dr. W, C. Straka,
Department of Physics, Jackson State University, Jackson,
Mississippi.

Extragalactic Astronomy, The Universe Beyond our Galaxy
by Dr. Kenneth C. Jacobs, Department of Astronomy,
University of Virginia, Charlottesville, Virginia,

Chemistry Between the Stars, by Dr. Richard H. Gammon,
National Radio Astronomy Observatory, Charlottesville,
Virginia.

Atoms in Astronomy, by Dr. Paul A. Blanchard, Theoretical
Studies Group, NASA Goddard Space Flight Center,
Greenbelt, Maryland.
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[he Natonal Sciene: Foundation has cooperated in this project by funding for the
AAS a High School Astronomy Fducation Workshop in June 1974 at the University of
Richmond in order to pive the manuscripts o thorough pedagogic review in terms off
curricutar relevanee and classroom use, The resulting publications provide exciting accounts
of recent discoveries in the cosmos, and of the nature of the scientific thought and
techniques by which scientists are trving to understand these discoveries.

NASA expresses s appreciation to the authors and to the members of the AAS Task
Group on Bducation in Asttonomy €TGEA), whose enthusiasm and energy carried the
project to completion, particaluarlv to De, Gerrit [, Verschuur, Director of the Fiske
Planctarium, University ot Colorado, who served as Director of the project: Dr. Donat G.
Wentzel, Astronomy Program, University of Maryland, initiator of the project; Dr. Paul H.
Knappenberger, Jr, Dircctor, the Science Museum of Virginia and Chairman of the TGEA,
who served as Workshop Director, and Herman M. Gurin, Executive Officer of the American
Astronomical Society, To those who were enrolled in the Workshop and (o others whose
judgments and suggestions helped  give  the manuscripts the necessary scientific and
curricular validity, NASA is grateful,

Appreciation is also expressed to the National Science Founduation for its support of
the Workshop, to the University of Richmond for its cordial and efficient service as host to

the Workshop, and to the NASA Goddard Space Flight Center for its assistance in making
possible the publication of this project.

Technical Monitor for the project was Dr. Nancy W. Boggess, Staff Astronomer,
Astrophysics Division, Office of Space Science, NASA. Coordinators of the project were Dr.
Nancy G, Ronuan, Chief, Astronomy/Relativity, Office of Space Science, NASA, and Dr.
Frederick B, Tuttle. Director, Fducational Programs Division, Office of Public Affairs,
NASA. Assisting until his retirement in June 1974, was Mr. Myrl H. Ahrendt. astructional
Materials Officer, Fducational Programs Division.

September 1976 National Aeronautics and Space Administration
Washington, DC
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A NOTE TQ THE TEACHER

This brochure is designed to present in @ single unit a new ficld of astronomy, and is
intended for the high schiool reacher of physics, chemistry, astrenomy, or earth science
courses. Some of the concepts and language may be unfamiliar; the final translation of this
material to the appropriate student level is lefi to you, the teacher. Probably only your best
students will be able to read this unit without your interpretation. To aid you in explaining
this material to your students, make use of the comprehension questions following sections
HI through VIII, respectively, the supplemental material at the end of the unit, and
especially the section of demonstrations and projects, Many of the ideas tor things to do
were generated at a teacher-astronomer workshop, sponsored by the National Science
Foundation and held in Richmond, Virginia, in June 1974, (Special thanks to Jeanne Bishop
and Ed DeJulio for their help in putting these ideas together.) Teachers wishing to contact
the author may write him at his present address: Battelle Pacific Northwest Laboratories,
Batelle Boulevard, Richland, Washington 99352,

Richard H. Gammon
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CHAFPTER |

CONCEPTUAL GOALS OF THIS UNIT

To achieve the conceptual goals of this unit, the student should attain a general

understanding of the Tollowing:

A.

The physical conditions in interstellar space in comparison with those of the
Earth, particularly in regard to gas density, temperature, and radiation.

The concept of quantized molecular motion (electronic, vibrational, rotationul );

the corresponding energy ranges of radiation (ultraviolet, visible, infrared, radio);
the windows of atimospheric transparency,

Methods for identifying molecules in space; definition of a spectrum and the
information it can give about the chemistry and physical conditions in interstellar
dust clouds.

The “organi¢” nature of interstellar chemistry; the kinds of molecules found:
some possible ways these molecules are made and destroyed in space, including
the role of the interstellar dust grains.

Application of our knowledge of interstellar molecules to study the birth of sturs,
the structure and movement of our galaxy, the history of interstellar matter, and
the origin of the universe and of life.

10
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CHAPTER 1l

REVIEW OF BASIC CONCEPTS

Matter may be separated into the simplest substances, eilled elenzents, Lach element is
made up of gtoms of anly one kind. Atoms ol different clements nuy combine chenueally
o Torm w cornponnd, Any chemival combination of two or more sitoms is called amofecide.
A mixtre is o combination of different substances that can he separated only by physical
means: o compound can be separited into its constituent elements only by chemical means.

The simplest clement is hydrogen. Every atom ol hydrogen has one (posjtively
charged) proton in the nucleus, around which orbits one (pegatively charged) clectron.
Atoms of the heavier elements have more protons in the nucleus, us well as a4 number of
neutral  particles, called  newrrons, and o correspondingly  greiter number of orbiting
clectrons. The number ol protons, the atomic number, determines the eicmental nature of
1 atom. Atoms of the same element which have different pumbers of neutrons are called

atopes, Isotopes are distinguished by atomie weight, the sum of the weights ot all the
individual protons and neutrons i the pucteus.

EFruergy is the ability to do work, Energy can be classified as porential or kinetic.
Potential energy is, for example, the stored and ready energy ol a battery, or a mousetriap.
Kinetic energy is the energy of an object in motion - tor example, a speeding ¢ar, The
average Kinetic energy of the rundom motions of molecules in a gas is measured as the gas
remmperature. Exeept in nuelear reactions, energy is conserved, Energy may be transmitted
through empty space in the form of waves of clectromagneic radiation, Not only visible
light, but also X-rays .l radio waves are examples of electromugnetic radiation.

The frequency (F) of o wave is the number of wavecrests passing by cach second. The
wavelength (N) is the distance between conseeutive wavecrests. The  frequency and
wavelength of electromagnetic waves are refated through the speed of light (¢= 3 X 10t0
cm per second).

)\ = ¢

Electromagnetic waves are not continuous but rather are divided (quantized) into small
definite amounts of energy called phaotons. The energy (E) of a single photon depends upon
the frequency (1) of the radiation as

E=hf

where I is a fundamental constant of quantum physics called Planck’s constant (6.6 X 1073
joule-see).

All matter emits a type of clectromagnetic radiation called thiernral radiation since the
intensity and wavelength emitted depend upon the tempersture of the matter. Hot stars and
light bulbs emit white light; cooler stars and toasters emit red light; our bodies send out
infrared radiation; and cold gas clouds in space emit radio waves. The cooler the matter, the
longer the wavelength of the emitted thermal radiation.



Shne e seientists need o express very Largze and very small guantities, they use seicneific
g ringl, expressing nuribers i powers of ten Tor example, 29700 = 297 X 10"
0.0008 = 1.5 X 1O,
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CHAPTER (1|

THE NATUREOF INNTERSTEL LAR SPACE

Our Sun* isa typical star, similzar to many of ghe estiggred hundred Billien stars )zl
gogelher fom or glhogy, the Aaky Ways, Viewed fiorm exclragalactic spices, the Miky Wa y
woull ok mich like the spial glaty Anboneds (ligure 1), oie of  oyr closesl
reighboring pakixies, Like Andromeds, the Mitky Way is adisk-shaped collctsioy of slars,
s, and dust - -a @ilict i phaonogrphre cordabont 105 light years (By) aeros, Dy Tess han
103 ly thick, [Oneligh tyearis the distanee light grvels inone year, of abowed si= trilion
niles (6,000,000,000,000) |

The space betweene the stars is almost enpty, «achien bie centimeter contadnire onth ¢
averige only o hydrogn atom (ny, = | per en? ), For comparison, e dersiry of the
Eareh's atmosprlere isabout 101 9 molkeules ™, The galactie s and dustare yol evenly
spread  througheont spice butare cotlectal into petierms OF denser material colledd *spiraal
ams” I spira] galaies like our owrand Andromeda figare 1), these amas, elarFy triced
by bright yourngstars ary kanes of dust, axppetr topnesil putwad rom the ente, Our Sum
islouted inore of these arms ata distarnce of 30,000 lighat v ears fromy the ventor. Forys,
the center of the Miky Way lies in the d reclion of the constella tion Sagitearive s (Figure 2 9,
The entire, asteollction of stars, gas, and Jist pirawheels dosvly aboutils wn g at sy &
rite that we complete ghe gralic tic menrypo-roun] - mee ewery two hundre d naillien yars.
(We've gonearound oncesinee theage of dinosans!y

Keeping immind thais karger views of the Milky Wayap d our place with dnit alet s take
closer Look at inrezvellear space, the nearly enply spice belween the stirs orm which wa
cime, Mostof fhe obserwed matterineour galaky hasconde msed into ind ivid wil strs, spiced
ticht yeus aparl. Fo visulize the dislapn e betwee n stas, shreink our Sun o tle size of 4
pingpong ball, and place it in New York Cily < then the pingspong balls meprezsen ing ou
reighboringsta s waonld te pLaced in Colorido!

Stars makceuprowghly 90 percent of the myss of the Milky Way . The remaining 1 €
pereint of gilaclic mitternotnowin the form ofstam isscaltered uevenly  firongkon tihe
vast reaches ot inteste e spice. This sttt betveen ghe staws, clled itentedar melter,
collects in great ragged  patches of gasand st cd Fed Aneasie llar olenieds, Flese oloud s i Bl
about 10 percent ofinte stellar space and mnge ansiz2 Frony snxall blobs withyn d igyecterless
thare 0. Tlight wear wp toenomous blinkets of giy stre tehing cieross 50 ligh tye Ly or moves,
Within  these cloudts, the number density of hy drergen ateams varies from 10 per oy’ e
“thin™ cowds tonmrore than 1000 perem in he desser,da ke relouds. Thouh nud nore
dense than fhe glacic aerage of one atom perem?’, thest elouds sill repPrsesiy 4 neirly
potfect vacunme by wrtlely standerds, The ternpe rite e with dn interste e dlosuds s vary ow,
tess than 100° Kelvin, or mmore (han 280° beloyw zero Fahrenheit, The 90 percenat of
peterstedar_space between the dust claidsis mach oree (12> 101 K) and o gtie t (ny <<
O per an),

13



Fieee 1 Anedromedd C30Y, 0 nerdy spieal galixy, Viewed from the perspective of extragalitic e, our own gilixy, the
Milky Weags gt Rook: somoeting like this, and the Sun would be focated about tworRirds of the way out from the 15
1 | wrter (1Tl Ohservatory photograph)




Figure 2 - View of stars and dust clouds toward the galactic center, located in the constellation Sagittarus. (Hale Observatory
photograph)
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[n appearance, interstellar space looks like the sky on o stormy day.
clouds resemble turbulent storm clouds., swirling streamers and ragged clumps continually
eviaporating, condensing, and colliding with each other every million years or so. Within
these clouds. Tong known as the birthplace of new stars, a great variety of orginic molecules
have recently been discovered, To understand how such i rich chemistry might take pluce in
space, we need finst to know what Kinds of atoms make up the gas and dust in clouds, The
cosmic abundances of the most common elements (table 1) have been determined from

The interstellar

chiervical analysis of the ldrth

from the Sun and other stars.

 Crust,

moon rocks, meteorites, and the Light reaching us

Fable |
Cosmiv Abundanees of the Moast Commnon Flements
) Abundanee
Flerment Symbol "\}h,"mg tnumber of atoms
Weisht . . )

B : B B relative (o hydrogen)
Hxdrogen 11 1 1,00
Holiu m e 4 0,1
(Carhoy { 12 0.0003
Nitrogen N 13 0.0u001
Owygen 0 & 10,0007
Neoi Ne MY 0,0003
Magnesitan My R 0.00003
Siticon Si .4 0.00003
Sullur 5 32 0,000004
Iren |'e 56 O,0000]
Uranium U 238 ~ 101!

The interstellar matter exists in gaseous

and solid forms, The gas consists almost

entirely of hydrogen (90 percent) and helium (10 percent) in relative amounts that have
chonged littk since the beginning of the universe, The cosmic abundance of elements heavier
than helium is constantly increasing as these elements are produced in stars by nuclear
fusion reactions at temperatures of more than a million degrees Kelvin., All of the clements
heavier than helium together constitute only ~ 0.2 peréent of the hydrogen abundance by
number of atoms, or about 1 percent by muss. The most abundant of these “heavy”
elements are carbon, nitrogen, and oxygen. These three clements are found in the gas. in the
clementii atomic form, und also in molecular combination with cach other and with
hydrogen.

Most of the clements hoavier than oxygen are largely missing from the interstellar gas,
having frozen out of the gas as small specks of dust called inrersiellar graies. The interstellar
mirtter is gradually being enriched in the heavy elements which make up these grains 1s new

8
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stars form out of the interstellar gas, convert hydrogen to heavier elements, and eventually
return this reprocessed matter to interstellar space, sometimes in the violent manner ol
stellar explosion (see the unit on supernovae), In this cycle, which takes about 10% years,
the interstellar dust grains accumulate as a kind of stettar debris or star dust, What aee these
arains like? Rocky”? Ash? Though still not certain, there is good evidence that the in otlar
dust grains are u fine grit of mixed sandy and sooty particles of irregular shapes and - ooted
sizes, These grains are very cffective in blocking out starlight, so that to us the .. of
interstellar gas and dust appear as dark silhouettes against the background of surrounding
stars (figure 2). For this reason, the astronomer Herschel spoke of the interstellar dust
clouds two hundred vears ago as “holes in the sky.” From the way in which the dust
scatters the starlight. astronomers have determined that the dust grains have an average size
of ~ 0.1 micron. (One micron is one millionth of a meter: theretore, one centimeter = 10t
microns.) Although the dust grains are very scarce compared to the hydrogen atoms, one
dust grain for every 10! 2 hydrogen atoms, these graing play a very important role in muaking
and destroying molecules in dust clouds.

In order to understand how motecules form in dust clouds, we need to know not only
the kinds and amounts of atoms but alse the physical conditions (tuble ). In particular,
what are the forms of energy available to heat the clouds, to help make and break the
molecules found there? In comparison to conditions on Earth or near a star, the interior of
an interstellar cloud is quite a cold and dark place, with temperatures not far above absolute
zero. Even atsuch low emperatures, there is kinetic energy in the random motion of the gas
and dust, There is also potentidl energy in the gravitational attraction of each part of the
doud for the matter in the rest of the cloud. If this gravitational self-attraction is much
ereater than the kinetic energy, then the clowd will certainly contract to form a new star. If
the kinetic energy s greater, then the cloud will evaporate and disuppear as its matter
spreads out with time, much like smoke or a drop of ink in u glass ol water,

Fuble {1
A Typical Interstellin Cloud

Within the cloud:
Gias teniperature = 20 K
Caus density = 10 hvdrogen atonis per ¢m

Pust density e 1071 dust prains per e

The cloud itself:

Size ~ 10 light yearstD
Miiss ~ 50 solur massest3)
Liletime =~ [0 million years

Speed with respect to ather clonds = [0 kin 5!
Distanee botween clojds ~ T00 light years
Distanes of nearest dust elouds o Farth <400 light years

NOTES: (1) One lght year is ~ 105 ¢,
{2} The Sun lis one solar miss v~ 28 [ Al

9
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In addition to Kinetie and potential energy. the cloud receives energy in the form of
radiation from the surrounding interstellar space, Flectromagnetic radiation (microwave., | R.
VIS, UV XR, ganima) and high-cnergy cosmic ray particles constantly strike the clouds
from ull sides. The cloud is bathed in the diffuse light of all the surrounding stars within a
few thousand Hght yvears. This starlight is the average ol stars of different temperatures
teolorsy but is strongest in the ultraviolet range (near the wivelength A ~ 1000 A), These
UV rays have enough energy to start most chemical reactions, by breaking cliemical bonds.
This starhight s effectively blocked by the interstellar dust srains and can therefore
penetriate only the outermost layers of a dense dust cloud. Molecules deep within a dust
cloud are protected by the dust trom this destructive ultraviolet radiation, much as the
Farth’s atmosphere protects us from most of the Sun’s harmful UV rays. Maore energetic
rudiation, such as wamma rays and cosmic ray particles with energies greater than one
hundred million eleerron volis, can pass completely through even the densest dust clouds,
(One electron volt is the energy an electron receives in Breing aceeleruted across an electrical
potentitl of ane volt.,)

Radiation of longer wavelength than visible light (for example, infrared, microwuve,
rdio) is better able to bend around™ the dust particles and thus (o penetrate deeperinto
interstethur clouds. I particutar, all space (including the dust clouds) is evenly filled with the
cosinic microwave radiation. This radiation, discovered in - 1965 hy scientists at Bell
Telephone, is thermal in nature, cquivident o the rdiation emitted by an object at o
temperature of 3 Ko Astronomers think this radiation is the remnant of the fireball at the
explosive origin of our universe (see the unit'on extragalactic ustronomy).

The interstellur clouds ualso possess the Kinetic energy associated with the swirling
streams and flows ot gas within clouds, and with the collisions between differeni clouds at
supersonic speads (~ 10 km s or 20 000 mph). Within the denser interstellar clouds -
those contracting to forni new stars - the most impertint energy source is the conversion of
gravitational potential energy inte kinetic eneray as the cloud shrinks. [A faniliar example
ol the conversion of potential to kinetic energy would be an apple falling from a tree.
Before it fulls, the apple has the gravitational potential energy of its position high in the
tree, As it falls to the ground, this potential energy becomes energy ol motion (kinetic).
When the apple hits the ground and stops. it is warmed (slightly) as the kinetic energy is
converted to heat.] In the case of the collapsing molecular cloud, the wus and dust, heated as
the L]UUL' contracts, cools again by releasing this eoergy in the form of infrared and
nicrowave radiation. '

Energy iy also contained in the mugnetic fields in interstelar clouds. These ficlds.
although about 10% times weaker than the Earth’s magnetie field, have an important effect
on the shape and stability of the clouds.

And finally, there is the energy released by spontancous chemical reactions within the
clouds. The most important of these reactions. H + [ = H, +4 ¢V, converts hydrogen from
atomic to molecular torm. In equilibrium cach of these ene gy sources has about the same
aount of energy.

The unique nature of interstellar space results in o unigue chemistry. As shown in table
HH, the interstellar clouds are much colder and much less dense than is the atmosphere of

10
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the LEarth or of a typical star. Most stars are simply too hot to allow atoms to stay bound
together as molecules, The strength of the chemical bond between atoms, a few electron
volts, allows molecules (o survive only near stars like the Sun (T ~ 6000 K) or codler.
Molecules can’t exist in very hot places (T ~ 10* K), like the regions of ijonized hydrogen
surrounding bright young stars, or in most of interstellar space outside of the dust clouds,

Tuable 1IN
Compurison of Physical Conditions

Temperature Gas Density - o
Place a Chienmistry’]
latoms, molecules per em™)
I arth's Atmosphicre 00 16! Yy
Interstellar Cloud 0 0 Yeu
Star’s :\\mnsplwre“ ! 10,400 s Mo
SNOTE: 11y Starof type A, semewhat hotter and more massive than the Sun,

What kind of chemistry is possible in dust clouds where temperatures are much lower?
At the density typical of interstellar clouds, the molecules in the gas collide with cach otler
only about once o year on the average, after traveling a collision-tree distance from here to
the Sun (1 AU). A chemical reaction can take plice only when the reacting atoms or
molecules collide. The chunce of collision is obviously decreased by decreasing the number
density of particles. Lowering the temperature also decreases the collision rate by reducing
the speed of the colliding particles.

Not cvery collision leads to u chemical reaction, Most reactions between stuble
molecules require excess initial energy (activation energy), even il the final products are
more stable than the starting reactants. The most important effect of the low temperature in
dust clouds is that less energy is available at the moment of collision for overcoming this
activation barrier,

The two effects of decreased temperature and density combine to make chemical
reactions in space much slower than on Earth, Compared to conditions on Euarth, collisions
between molecules in interstellar clouds are rare indeed, and those infrequent collisions
which do oceur are much less likely to lead to a chemical reaction,

A consideration of these slow resction rates, as well as the harsh radiation in space, led
most chemists and astronomers to the conclusion that only very simple molecules would
form in interstellar space. They were astonished in the late 1960s when large organic
molecules were first discovered in dust clouds. How were these molecules detected and
identified? To unswer this question, we must first have a brief introduction to molecular
speetroscopy, which is the study of molecules by means of their characteristic radiations or
“spectral fingerprints.”

e
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COMPREHENSION QUESTIONS

Compure the density (stoms/em?) and remperature (dewrees Kelvind in (a) a typical
interstetlar cloud, (b) the space between the interstellar clouds, and (¢) the Earth's
atmosphere,

(a) 10-10% e, 10-100 Ky = 0.1 e, 104 K (0) 10'2 ¢m?, 300 K.

Name the five most abundant elements in the universe, What is the relative abundance
of cuch compared with that of hydrogen? Origin of cueh?

I, He, C, N, and O (see table D). Hydrogen and helium have been present sinee the
beginning: others are mule in stars,

What are interstellar grains made of? How are they lformed?

Fine sandy and sooty purticles, formed from matter ejected {rom stars.

What are the main energy sources in interstetlar clouds? Which is the largest?

Kinetic energy ol random motion, potential encrgy ot gravitational self-attraction,
interstellar radiation and cosmic rays, magnetic fields, and chemical reactions. All are
roughly equil in energy.
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CHAPTER IV

SPECTROSCOPY: ATOMS, MOLECULES, AND LIGHT

Atoms are stranger than baseballs. Newton’s laws off motion describe the motion of
baseballs, but fail to describe the unfamiliar world of atoms. The behavior of matter on the.
atomic scale (~ 10 em) is described by the theory of quantum mechanics, according to
which, a particle’s energy and position are guantized or divided into very small units
measured in terms of Planek’s constant h (h =6 X 107 27 ergesec.)

Let’s consider the hydrogen atom., The single clectron moving around the nucleus must
oceupy one of a fised number of orbits or vnergy levels, Since the orbit is quintized, so is
the energy of the clectron in that orbit. [n the lowest energy orbit (the grownd state), the
clectron is closest to the nucleus. 1T sufficient energy is provided (e.g., heat, light, collision
with another atom). then this ground state electron can be boosted (excited) to a higher
energy level or state, into an orbit farther from the nucleus. In this process, the atom
absorbs a definite amount of energy as the electron “jumps” (mukes a fransition) from the
ground to the excited state. In the veverse process (sponzaiieous enussion), the electron

jumps from the excited state to a lower energy state as the atom emits o photon (guantum

of radiation) whose energy precisely equals the difference in energy between the two states.
These downward radiative transitions are very rapid. For example, excited atoms which cimit
photons of visible light only remain in the exeited state Tor about 10% seconds. The energy
of euch electron arbit depends on all the other electrons circling the nucleus and on the
charge of the nucleus.

Since this charge is different for atoms of different clements, cach clement has a
unique set of energy levels and hence emits and absorbs o characteristic speetrun, a unique
set of photon ¢nergics, The study of these clectronic transitions in atoms is called aromic

Cspectroscopy. The measured spectrum, 3 kind of atomic fingerprint, is a record of the

amount of energy absorbed or emitted hy a particular atomic species as the wavelength of
the analyzing radiation is varied or “swept.”” When the energy of this radiation agrees with
the difference in energy between two levels of the atom, the spectral record will show a
sudden dip or peak (a “‘spectral line™) depending on whether the atom has absorbed or
emitted the radiation. The process of sweeping the wavelength of the radiation to find an
agreement (“resonance™) is exactly the same as sweeping i radio dial to find a station. Each
kind of atom und molecule has its own “stations.” '

A molecule us it union of atoms alse behaves in a quantum mechanical manner, What
was saidh about transitions in atoms also applivs to the more complicated motions possible in
molecules. The bonding electrons in a molecule do not move in circles about a single nucleus
as in atoms but rather in complex noncireulor orbits about all the atoms in the molecule. As
in the atomic case, the motions of clectrons in molecules are quantized. Because molecules
contain more than onc atom, nuclear motions are also possible. The atoms in & molecule can
vibrate against each other in the manner of balls on a spring, and the entire molecule can
tumble end-over-end (rotate). Each of these Wifferent kinds of molecular motion (electronic,
vibrational, rotational) is quantized and to vach there corresponds a unigue set of quantized
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¢ levels, Different molecular species absorb or emit characteristic photons of a
well-de fined energy when they undergo transitions from one energy level to another. The
study of the structure of molecules by means nt these trunsitions is called meddecudar
spectroscopy. Careful laboratory measurements of the unique spectra of many ditfferent
molecules have usually allowed astrochemists to decide which moleeule is producing a

detected interstellar “station™ or spectral line.

The different types of molecular motion with the u)rwspmulmg ranges of photon
energy are presented in table TV Also given is the typical lifetime of the molecule in the
excited state and examples of interstellar molecules identified via their characteristic spuctra
in cach energy range. Notice the variation in lifetime, from less than a millionth of i second
for an clectronic transition to more than ten thousand years for a transition in the radio
range. ‘These slow radio-frequency 4ransitions oceur between closely spaced energy levels in

Joth atoms and moleeudes, Such fine splittings of energy levels can result, for example, from

a magnetic coupling between an electron and the atomic nucleus, both of which behave like
finy nuignets.

Tuble IV
Molecular Spectroscopy

. Wiveleng .
Fype of Motion Inergy Ranee Vavetength Litetiine (seconds) Obsserved Spuecies
Atem)
Hevtronic S Ultraviolet- 10=5 — 1o~4 10-7 CHLCN.CHT
Visible .

Vibrational Intrared 1o=4 - 107! 102 CO, 5i02, dust
Rotational Mivrawive 01-1.0 108 COHON, H,O
Fine Structure Radio Lo-10° 10!2 O, CH 5011, 1)

The molecular transitions which give the most sinformation about the interstellar
chemistry are those in the microwave range, associated with changes in the rotational
energy. For example, a vapidly tumbling molecule of carbon monoxide spontancously emits
a microwave photon and then tumbles more slowly since some of the cnergy of rotation has
been converted to microwave radiation. One reason that rotational transitions of small
molecules are a useful probe of interstellar clouds is that the energy spacing between
rotational levels isroughly equal to the kinetic energy of molecules in the gas. This means
thut a molecule can be knocked into higher rotational states (made to tumble faster) by
collisions with other molecules in the eas,
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COMPREHENSION QUESTIONS

Name the types of molccular motion that correspond in energy to (a) ultraviolet-
visible, (b) infrarcd, and (¢) microwave radiation. Give gn example of an interstellar
specivs observed in each of these energy ranges,

See table 1V,

Why are rotational transitions best for observing molecules in dust clouds?

The spacing between rotational energy levels is about equal to the energy of molecules
in the gas, ’




CHAPTER V
MOLECULAR SIGNALS FROM SPACE
Iterstellar space is criss-erossed by waves of rad ntion of all energies. from radio waves

to gamma rays (figure 3y Most of this radiation is blocked by the Larth’s atmosphere and
never reaclics us,
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Figure 3 -~ The electromagne tic spectrum and the corvesponding transmission of the Earth's
aemosphere at different wavelengths.

Only in visible light and radio waves cun we look out through clear “windows” in the
atmosphers to the universe beyond (figure 3), From ancient times until the middle of this
century, mar's view of the cosmos was limited to wavelengths passing in through the
“visible wird ow'” (A = 3000-10 000 A) in our atmosphere, With the birth of the science of
radio astromemy after World War [I, astronomers began to assemble o picture of the heavens
in radio waves (N ~ 1 em-10 m), which reach us through the “radio window,”” Except for i
few narrow slits in the infrared range, the atmosphere gases block the radiation from space
at all wavelengths outsice the radio and visible windows.

Since the 1960s astronomers have begun to study the infrared and ultraviolet radiation
from space by placing their telescopes above most or all of the Earth’satmosphere with the
aid of high-Mying jets, balloons, sounding rockets, and orbiting astronomical satellites, Since
molecules emit radiation of wavelengths from radio through ultraviolet, these recent
observations in spectral ranges outside the visible window, particularly those in the radio
and microwave range, have provided a new understanding of the chemistry and the physical
conditions in interstellar space.
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Interstellar dust clonds could only be stadied in detail after the developient of the
oplical spectroscope at the beginning of this century, With this instrument at the focus of 2
telescope, collected starlight could be spread out (dispersed ) into its constituent colors or
wavelengths, as with g prism, allowing the dentitying spectral Tetines of ditferent atoms
and molecules to be distinguished (resolved), The first two interstellar species identitied in
this way were ionized caleiune and neatral sodivm atoms, Fach was tound absorbing its
identitying radiation fronn the light of certain bright stars, located beliind the cloud.

By spreading out the collected starlight even more tinely into its separate colors, later
meastirements revealed that cach broad absorption feature was asually o blend of several
more narrow features, formed in several distinet interstelar clouds with ditterent random
niotions along the line ol sight from the Larth to the particular star observed, The stight
increase or decrease in the frequency of received radiation with motion of an interstellar
clowd toward or away from the Earth is an example of the Doppler effect (see Glossary ), A
more familiar example of this same effect is the dropping piteh of a passing train whistle, In
the interstellar example, the Doppler shift in Frequency is proportional to the velocity of the
molecular cloud toward or away from the Earth, This motion is the combined effect of the
rotation of the Earth about its own axis, the revolution of the Farth about the Sun, and the
nearly circular motions of the Earth and the clowd about the center of the galaxy.,

These optical measurements ol interstellar atomic absorption spectra giave an carly
picture of the physical nature of interstellar clouds. The first clues about the nature of the
mterstellar chemistry came with the detection of the first three interstellar molecules: CH,
CH', and the cyanogen radical CN. These three diatomic molecules were found in dusty
regions of space, often in the same clouds and with the same random motion as the
previously detected caleium and sodium, selectively absorbing their characteristic radiation

Each of these three molecules is o diatomic union of carbon with cither hydrogen or
nitrogen, and each is a highly reactive chemical species, cither a free radical (CN, CHD or g
molecutar ion (CNY). Al three are found in the energetic environments ol both candle
flames and comet tails, as unstable fragments of Larger molecules (table V).

The observed abundance of these three molecules relative to hydrogen is very low, even
considering the relative cosmic abundance of the atoms. For example, the observed
abundance of the molecule CH compared with hydrogen is CH/H = 1077, which means there
of carbon atoms to hydrogen atoms is much greater, C/11~ 3 X 1074, This means that only
a small fraction of the available carbon is used to form these molecules. Where is the rest?
And why do all three contain carbon?

These chemical questions could not be answered from optical observations alone,
which are limited to nearby clouds of moderate density by the blockage (extinction) of
it possible to “see” through the dust clouds to the fur reaches of the Milky Way. Optical
astronomers found that starlight passing through interstellar clouds is not simply blocked by
the dust grains but also becomes redder in color (is “reddened”™). Figure 5 shows how



rE0

Wi =3 = ==
s
5 i
L
. [ W - - s —
e . - ,
gy 2 ~ _ ,
gL 3 SCALE
2 | , ~ 30K
G L U SE——— [ . _ _
00 T Mm m‘w Wﬂ r\«uw i f”%
. f T
25
b=
i
4
[ %]
£4q
02 |-
) CN CcH' CH
[ | N | I L1
872 3876 4230 4232 4301 4305

WAVELENGTH OF STARLIGHT (A) =i
Figure 4 - The optical absorption spectra of interstellar CN, CH*, and CH. Above each

ground and excited electronic states of each molecule. Arrows mark the
trunsitions. The crosses (+) in the spectra show the expected position of the
unobserved lines from higher rotational states, indicating that these molecules
are very cold (T ~ 3 K). The broken arrows (—w-—+) indicate that the spacing
between the ground and excited states has been reduced.

different wavelengths of starlight are blocked by the dust. From this graph, an average dust
grain size of ~0.1u can be determined. Notice the hump in the ultraviolet range (A ~
2200 A). This feature (the “sighature of graphite”) may indicate that interstellar grains
contain a sooty material like graphite. How much a certain cloud blocks the starlight also
gives a measure of the gas density in that cloud, since astronomers find that there is a nearly
constant ratio between the observed extinction and the abundance of gas in the same
direction.

Molecules and dust go together. Dust clouds rich in molecules are found to be the
darker ones, the ones from which the harmful ultraviolet starlight is almost completely
blocked.
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Fable V
Comiparing Mulecules Fonmd in Comets and in bnierstellar Clouds

Cometary Molectle (fraginent? D)
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SO by The new comet Kohoutek, which rounded the Sun at the beginning of 1974, was adisappointment to
the public but not o astronomers and chemists: in the visible light and radio radiation ol this comet,
sevenil iew commictary imolecules were tentatively identified (O, HON, CH,CN, and iij()" ).
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wavelengths, The bump at a wavelength of A ~ 2200 A has been called the
“signature of graphite.” Notice that ultraviolet light is mostly blocked, but
infrared light is nearly unaffected by the dust.
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About the sume time that the sharp optical tines of CIL CHTand ON were first
detected, several broad (diffuse) interstellar absorption features were also discovered, the
most prominent ot a wavelength A = 4430 A, Although first detected in the 1930s, these
Sdiffuse interstellar Tiies® have still not been identified. Suggestions Tor the origin of these
broad lines range from hydrogen molecules to the porpliyring, a cluss of very complex
organic molecules like chlorophyll. Observations do suggest that these dilTuse hnes are
produced by molecules in or on the dust grains, or by the grains themselves. We will Fnow
much more about the chemical nature of the graing when the diffuse lines and the
“signature of graphite’ are fmally understood.

With the advent of rockets and orbiting astronomical observatories (OAQ), celestial
meastrements in the ultraviolet spectrum (A < 3000 A) from above the Earth’s atmosphere
have become possible, Such observations are similar in principte to the Earth-based
measurements at visible wavelengths: intersteltar atoms and molecules are detected in
absorption against bright background stars. Molecular hydrogen (H,), the most abundant of
all the molecules in space. was first detected in the early 1970s using an ultraviolet detector
carricd above the atmosphere by a rocket.

More recent ultraviolet observations of the interstellar gas and dust from aboard the
unmanned satellites like the OAO “Copernicus” has shown that the gas in the regions
between interstellar clouds is very “thin” (n;, ~ 0.05 em™?) md that the hydrogen is
overwhelmingly in atomic rather thun molecular form (lL,/H < 10°7). In intersteltar clouds
of increasing density, the hydrogen is converted more and more to molecular form by the
reaction, H + H = + 4 ¢V, which takes place on the surface of the dust grains. Deuterium, a
heavier isotope of hydrogen, was also detected in these denser clouds, in combination with
the normal hydrogen (H) as the molecule HD.

The satellite measurcments have shown that the interstellar grains scatter and absorb
stdrliﬁht more t;f'llutiv;ly in the ultmvioltt tlmn in tlu: Vi‘%ibk‘ range ('f'igure; 4) Far this

Satellites have also been measuring X-rays and (;DsmiL: rays from space. Since this
“hard” radiation can break all chemical bonds, it does not directly carry the “fingerprints”
of interstellar molecules. However, interstellar cosmic rays and X-rays are important energy
sources for heating and ionizing the depths of the denser interstellar clouds where no
ultraviolet startight can enter.

Ground-based astronomical observations at infrared wavelengths are severely limited by
absorbing atmospheric gases, principally water vapor near the Earth’s surface. Infrared
astronomers have managed to get above some of this water vapor by placing infrared
telescopes atop high and dry mountains (such as the Hawaiian telescope on 13,600-foot
Mauna Kea), or by sending them aloft in high-flying balloons or on jet planes (like the
NASA Galileo). The best infrared “windows™ are really just narrow cracks compared with
the radio and visible windows. These bands of partial atmospheric transparency occur at
far-infrared wavelengths near 10, 20, and 100 microns (figure 3).
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Thc visible window extending beyond Ty is slammed shut by strong water absorption
at 3u, The 1-3g band s called the “near infrared’™ and can he observed from the ground.
’l'humdl radiation in this band is emitted by cool stars (T ~ 3000 K). and it is in the cooler
outer Layers of such stars that circtanstellar molecules and dust have been most extensively
studied. Vibrational motions in most molecules produce identitying spectral features in the
14;.1 band, Some ol the molecules identified in the Tight of cool, luminous stars include
H, O HONCD CNL CO,and T1O Whether and how these circumstellur molecules can be safely
i nnul from their parent star into distant interstellar clouds, where many of the same
molecules have been identified by their radio spectra, is not yet known,

Infrared observations have been more helpful in determining the chemical comporition
o the dust than of the gas, A wide emission feature of heated circumstetlar dust grains near
FOu is strong evidence for sand-like minerals called silicates. In general, the spectral features
of solids are much broader and Tess definitive than those of free suseous molecules or atoms.
A very similar silicate feature has been seen in 10u observations of the Orion Nebula (figure
0, the galactic center (figure 2), Comet Bennett, and a Martian dust storm. This silicate
feature is not produced by quartz itsell’ (SiO,) but probably by a mixture of silicate
mincrils like those found in meteorites. )

These sundy specks are believed to condense out of the oxygen-rich gases in the outer
fayers ol certain cool and Tuminous stars, It the parent star has instead more carbon than
oxygen, then circumstellar grains of soot or graphite are expected to form. Grains of
carborundum (SiC) have been identified in the 10-micron spectrum of one star with about
an equal abundance of oxygen and carbon.

As the circumstellar grain is blown away [rom its parent star by the stellar wind into
interstellar space, it probably grows larger as heavy clements in the gas strike the grain and
stick. The mineral core of the grain very likely becomes coated by a shell of condensed
atoms or even large stable molecules (CII4 » NH, H,0). (Remember that the Earth is a rock
coated with Tife!) The size of grains has been l'()uml to increase with increasing distance into
dense dust clouds. In addition, the 2.7-micron infrared “fingerprint™ of ice has been seen in
the spectrum of the dust in the Orion molecular cloud (figure 6).

In the future, infrared observations may be made from above the atmosphere with an
orbiting infrared telescope of much higher sensitivity, With such an instrument, the infrared
spectra of interstellar methane (CH, ) and carbon dioxide (CO,) will very likely be detected.
Infrared astronomers will prohe dupcr into the dark clouds to study the sites of star birth,
already known as hot spots of intense infrared radiation (A ~ 100u) from heated dust grains,
and ulso as rich sources of interstellar molecules,

Radio observations of molecules in dust clouds have dominated our emerging picture
of the intersteflar chemistry. The radio window of high atmospheric transparency stretches
from théfast water absorption feature (A ~ 1 ¢m) out to the very long radio wavelengths (A

< 10 m) which bounce ofl the Earth’s ionasphiere. Since photon energy is proportional to
requency (E = hi), a radio photon has much less energy than a photon of visible light. The
detector at the focus of a radio telescope is similar in principle to your heme radio set and
can measure even the extremely weak radio signals from space. All the radio energy
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The Orion Nebula, g bright region of swirling ionized gases about 1200 Iy
away. Behind the visible nebula is an enormous black cloud of gas and dust
which contains several newlhy  forming stars as well as o great variety of
difterent molecules. The observed sizes of strong  emissions {rom water,
hydrogen cvanmide, and carbon monoxide are indicated by the contour lines.
The HCON cloud is about 3 light vears across. (Hale Observatory photograph)
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collected by all the radio telescopes wround the world sinee the beginning of radio
astronomy as a seienee (> 1945) js equal 1o the Kinetic eneray of one falling snow flake,

Although o working radio telescope had been developed in the 1930s, it was not until
the end of World War 11 that the technical capability of radar was turned up to the heavens
and - the scienee of radio astronomy begin, Iven the densest interstellar dust cloads, totally
impenetrable in visible light, are tansparent to radio waves, which can “see”™ through the
entire wilaxy and heyond.

The cosmic predominance of hvdrogen had been realized sinee the 19305, about the
time that the optical spectra of CEH L CHL and N were first observed, But it was not until
F95 1 that radio signals from hydrogen atoms ininterstellar space wers detected directly,
This hydrogen “lingerprint,” which oceurs at a wavelength X = 21 cm, was soon used (o map
out Tor the first time the vast pinwheeling spiral arms ot the Milky Way in clouds ol

hydrogen o,

No new interstellar molecules were discovered for over 20 years. In 1963, the radio

axyeen and hydrogen (table 1),

With the detection of OIL the theoretical viewpoint seemed confirmed that conditions
i interstellar space were too harsh to permit any chemistry more complex than simple
diatomic moiecules. Within § years, this theory was overthrown by the detection of the
A= 1 em radiation from the stable polyatomic molecule ammonia (NI, ) in the enormous
dust clouds in the galactic center (figure 2). A few months later, strong microwave signals of
water (H, Q) were picked up from across the calasy, so strong in fact that astronomers soon
realized that these signals could only be produced by a natural interstellar maser, the radio
cousin of the powerful manmade faver,

The next year (1969) saw the first inkling of the organic nature ol chemigtry in space
with the detection of interstellar formaldehyde (1, CO), commonly known as embalming

VD already contains more than thirty different molecular species, detected in more than
100 different “rudio stations” covering the wavelength range from A = 36 em to A= 1.2 mm,
Nearly halt’ of these interstellar detections were made with the 36-foot-diameter radio
telescope operated by the National Radio Astronomy Observatory and located on Kitt Peak,
near Tueson, Arizona (figure 7),

The best places in the sky to find new species have been in the massive interstellar
clouds located near the galactic center, in the constellution Sagittarius (figure 2), and in
roughly the opposite direction, in the very dense dust cloud behind the relatively nearby
(1200 ly) Orion Nebula (figure 6). The molecular signals of interstellar hydrogen eyanide
(HCN), reccived from cach of these sources by the 36-foot radio telescope, are shown in
figure 8,

Look again at the list of detected molecules (table VI, Notice that most of the
molecules in this list are organic (carbon-containing), polyatomic specics, with as many 7
nine atoms (CH, OCH, ). Also notice that most are made up of the atoms of highest cosmic
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Malecules Bdentilied in Interstetlar Space .

Table VI

Name Stricture Year Nane Structure
19317 c H 1974 Carbonyl sulfide 0O € 3
1940 ¢ ) c N H
14 Vilwe
’ 1971 Acelonilrile N C C H
H
1961 Hydrowyl 0O H 1971 Isoeyanic acid N C O
+ -
N 1971 Hydrogen so—cyanide H N - C
1964 Adrin H H
H H
1971 Methylucetylene H C € € H
H
1968 Waler o H H H
1971 Acetaldehyde c C H
0 H
H
1964 FFormaldehy de cC 0 H
H 1971 Thiolormaldehyde s C
H
1970 Carbon mrpoxide c 0
) - 5
1970 Hvdrogen H H 1972 Hydrogen sulfide H i H
1970 Hydrogen cyanide H C N H
1972 Methylenimine N-C
1970 X=ouen ———a? H H
1970 Cyanocetylene H C-C~—C._ N o ) )
y H B C N 1973 Sulfur monoxide £5--0
H -
1970 Methylulcohol 0--C -H , .0
ethyl aleoho H“‘D C,,_H 1974 Dimethyl ether H--C ¢--H
I R S
H HH H
_.OH H H
1970 Formieacid 0-C. 1974 Methyl amine H-C—N_
NEe “H
H
1971 Carbon monasulfide C=s
. H .H
1974 Viny! cyanide C=Cc
H e
| H
o _N-H
)71 FFormamide I ,
1971 Pormamide 0-C .y 1974 Acetylene radical c=CcH
. +
- . , 1974 P —
1971 Silicon oxide Si=0 N=N_ H

ERIC

Aruitoxt provided by Eic:




Figure 7 - The  36-foot«diameter  radio  telescope of  the National Radio Astronomy

Observatory, located on Kitt Peak. near Tucson. Arizona. Nearly hall’ of the
known interstellar molecules were first found with this telescope, which can
focus and detect radio wavelengths in the range A= 1 em - 0.1 em.

abundance (HoN. O, C), as s living matter, and that many are familiar on Earth: water,
ammonia. formaldehyde, carbon monoxide, wood aleohol (CH, O, and formic acid
(CHCOOH, the “sting”™ in a bee sting). Attempts to find even more complex compounds in
space, like vinegar (CH;COOMD and grain alcohol (CH, CH, O, will likely Be successful
soon, Perhaps cven the simpler amino acids, already identified in meteorites, may be found
foating in interstellar clouds,

With the future development of larger and more sensitive radio telescopes, many more
new interstellar molecules will certainly be found, not only in the Milky Way but in other
galaxies also. At present. the only molecules found beyond the Milky Way have been OH
and tormaldehyde.

Just how big can interstellar molecules become? (Remember the suggestion of u
chlorophyll-size molecule to explain the diffuse interstellar lines.) And how can astro-
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INTEMEITY OF ENISSION

by the Kitt Peak telescope (figure 7) at a wavelength near A3 mm. Shown are the
emissions of hydrogen cyanide received from the dust clouds in Orion and the
galactic center. Also shown is the still unidentified spectrum of “X-ogen’ in the
Orion cloud, perhaps produced by HCO*, The vertical axis is proportional to the
intensity of the received radiation; the horizontal axis is frequency (like your
radio dial), but converted by the Doppler relation to velocity in order to show
the motion of the emitting cloud of gas.
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chenists really tell what’s out there and how much there is of cach clement? These chemical
and physical questions lead us into the dark clouds where these molecules are Tormed and

from which they send us their radio signals,

COMPREHENSION QUESTIONS

Nume the two main windows in our atmosphere. What happens to celestial radiation at
other wavelengths? How are astronomers observing these other radiations?

Visible window and radio window (see figure 3). Other radiation is absorbed or
reflected by the Earth’s atmosphere. Observations are made by going above the
atmosphere with rockets, balloons, and satellites.

What were the first three interstellar molecules discovered? How are they similar
chemically?

CH, CHY and ON (see figure 4). All contain two atoms, all contain carbon, and all are
reactive species.,

What evidence supports the sandy nature of the grains, the covering of frozen gases?
The 10u silicate feature observed in spectra of the dust, the incredse in grain size into
dust clouds, and the 2,7u “fingerprint” of frozen water. ‘
Nume Tour interstellar molecules which are familiar on Earth,

Warter, ammonia, carbon monoxide. and formaldehyde (see table VI).
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CHAPTER VI

MOLECULES AS INTERSTELLAR PROBES

Look again at figure 80 What can these molecular signals tell us about interstellar spuce?
The first task is to identify the sender of the signals. Fach different molecular species has a
unique set of energy levels and henee a unigue set ol spectral features (¢ ‘Jines™) by which it
can be identified. By aceurate laboratory measurements of rotational lines, the size and
shape of many different species have been determined. The geometries of several known
interstellar molecules are presented in figure 9. The lines between the atons represent
chemical bonds of length ~ 1 A,

The interstellar molecular lines are not observed in space at exactly the sume frequency
measured in the faboratory, but appear slightly shifted to higher or lower frequency by the
Doppler effect. The shift is very small, less than 0.01 percent of the faboratory [requency,
but can be accurately measured. This shift, together with the shape of the spectral line can

be analyzed to give clues about the temperature and gas motions inside the molecular cloud.

These shifts also complicate the problem of identifying intersteflar molecules. With
more than 100 lines of dozens of different species already observed, the identification of
new interstellar species is only sure when confirmed by a second line or isotopic form (e.g.,
1200 and '3C0). Several radio interstellar lines have been observed for which no matching
laboratory spectrum has been found, such as the A3-mm line of X-ogen (figure 8). These
unidentified signals probably come from unstable molecular species not yet studied in the
laboratory, suggesting that conditions in interstellar space lead to some unusual chemical
compounds not known on Eurth.

After an interstellar line is assigned to the molecule responsible, what else can be
learned from the spectral “fingerprint” itself about the abundance of that species and
physical conditions in the dust cloud? The intensity of absorbed or emitted radiation, as
measured by the depth or height of the spectral feature, can often be directly related to the
number of absorbing or emitting molecules in the line of sight to Earth. Typical column
densities of interstellar molecules are found to be in the range n(molecule) = 10'4 - 106
cm2, which corresponds to a volume density of ~ 102 ¢m3 in a cloud of hydrogen density
Ny ™ 104 ¢cm?. To illustrate just how thin the molecular soup in interstellar clouds really
is. imagine that on your journey through interstellar space you decide to quench your thirst
with water collected from a nearby dust cloud. Even with a bucket two meters across, you
would have to sweep through the cloud at the speed of light fora whole year just to collect
a single drop of water, '

Whether an interstellar molecule will emit or absorb the surrounding radiation depends
on the temperature of the molecules compared with the temperature of the radiation. For
example, the molecules observed in figure 4 are very cold (T = 3 K) and hence absorb the
light of hot stars (T =~ 10,000 K) shining through the thinner clouds. In the radio range,
however, the molecules are usually detected in emission, This is because the molecular
temperature in dense clouds is nearly the cloud temperature, which is always greater than
the cosmic radiation temperature (3 K).
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How do molecules get from one energy level to the next under interstellur conditions?
The excitution ol interstellar molecules s Largely determined by the competing effeets off
collisions with the interstellar gas (mostly 1) and the absorption and emission of radiation
(mostly starlight and the cosmic microwave radiation), 1t is g tug-of=war between collisions
and radiation for control ol the molecules,

Sinee cach molecular species hus its own pattern of enerey levels and rates of chapging
levels, cach species is affected by the conditions in the cloud inits own way. This makes the
analysis ol spectra like those in figure 8 very difficult, but also means that cach molecyle
serves as an independent probe of the clowd.

NH, H,0 H,CO
0
N
Hfg==sj===2tH c

1y
HCN ——ri
H - ¢ ————N
HC,N

Figure 9@ — The shapes of several of the known interstellar molecules. These geometries were
determined by laboratory spectroscopic measurements, The lines between atoms
represent chemical bonds of length about 1.5 A. Extra lines represent the
stronger double (=) and triple (=) bonds of “unsaturated™ species.
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With increasing density, the collisions begin to win the fight with radiation for control
of the molecules, In this cuse the temperature of the molecules approaches the kinetic
temperiature of the gas, For example, the A2 4-mm emission signals of interstellar carbon
monoxide are now being used as a “thermometer™ for measuring the gas temperature in
mterstellar clouds, At sulticiently high gas density, collisins dre frequent enough to make
the moleculur temperature equal to the gas temperature, This equilibrivum case is common
on Farth hut quite rare in the interstellar clouds.

Al the other extreme, i clouds ol very low density, collisions with hydrogen are so
ritre thart the radistion wins out and the molecular temperature comes elose to 3 K. In this
way the spectra of the molecule CN (figure 4) provided @ direet measurement ol the cosmie
microwave radiation,

Most molecular signals correspond to the intermedinte case in which the competing
effects of collisions and radiation are about equal. A molecule inan excited rotational state
spontancously  emits a microwave photon (typically once a month) in the downward
frunsition to o lower energy stifte, Some molecules have longer lifetimes in the exeited stuates
than others, which meuans that tess frequent collisions witlr the gas are required 1o keep them
in (he excited state, The gas density at which molecules are knocked into the first excited
state just ay fust as they spontancousty return (o the ground state is about one thousand
hydrogen molecules per cubic centimeter for carbon monoxide and more than one million
per cubic centimeter for hydrogen cyanide,

Several interstellar molecules absorh and emit radiation in a very strange manner, as if
their temperatures were far from equilibrium with either the temperature of the gasin the
cloud or the surrounding radiation. The most spectacular examples of this weird behavior
are interstellar water (1,0) and formaldehyde (H,CO). The water signals are very intense
and probably come from the hot and dense cores of interstellar clouds, already collapsing to
form new stars. While most molecular signals come from diffuse clouds light years across,

the water emissions pinpoint hot spots olten smaller in size than our solar system, flickering
of and on from week to week, often brighter than the sun. All these properties mark the
water emission as the result of a celestial maser (Microwave Amplification by Stimulated
Emission of Radiution), the longer wavelength cousin of the Juser, The water emission
received from the center of the molecular cloud in Orion is shown in figure 10.

In contrast to these super-hot emissions, the A6-cm absorption line of formaldehyde
(FI,CO) is super-cold, less than the 3 K temperature of the cosmic background radiation.
Formaldehyde is a cosmic refrigerator, trying to cool down the universe,
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COMPREHENSION QUESTIONS

What is the Doppler effect? What kinds of motion produce this effect in the spectra of
interstellur molecules?

(See Glossary lor definition.) Rotation of Earth, revolution of Earth about Sun, and
rotation ot the Milky Way produce the Doppler effect in the spectra of interstellar

molecules.

What are the two competing effects that determine the temperature of an interstellar
molecule?

Radiation and vollisions with H,.

Name a molecule which is a useful thermometer for meuasuring the temperature of

interstellar clouds: one useful for measuring the cosmic 3 K radiation: and one useful
For measuring a “super-hot™ molecule,

Carbon monoxide: CN: H, 0,
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CHAPTER VII

CHEMISTRY IN SPACE: TRYING TO EXPLAIN WHAT WE FIND

The discovery of vast interstellar clouds of ammonia, formaldehyde, and water in the
fate 1960s was totally unexpected by nearly all astronomers and chemists. Since that time,
the pace of new discoveries of molecules in interstellar clouds has kept far ahead of any
sutisfactory theories which explain these observations, Before considering ways of making
and breaking interstellar molecules, let’s try to get a general picture of the nature of the
interstellar chemistry dircctly from the astronomical observations: which kinds of molecules
are found, whieh are missing?

of g.xrhmmunhunmn spu,m is ler Thc Qrganic mulcgulgs absmwd are gcnc,ally more
abundant than the inorganic molecules (figure 10). Although molecular forms of silicon
(Si0) and sulfur (OCS, CS, I1 (S., and SO) are observed, such molecules represent only a
tiny fraction of the available cosmic abundance of these clements. For example, less than
one silicon atom in ten million is found in the gascous form of silicon monoxide (Si0),
compared with the silicon atoms bound as silicate minerals in the solid particles of
interstellar dust, The different kinds of atoms making up the observed interstellar molecules
inctude 1, C, N, O, Si. and S. Attempts to detect molecules containing other heavy clements
(Fe, Mg, and P) have not yet been successful. Ultraviolet measurements from orbiting
satellites indicate that, even in the low-density regions between the dust clouds, these
heavier elements are missing from the interstellar gas and probably have becn captured by
the dust grains,

The most abundant molecule in dense clouds is hydrogen (H, ), which is at least one
thousand times more abundant than carbon monoxide (CO). Carbon monoxide, a very
stable molecule in interstellar clouds, is about one hundred times more plentiful than the
sum of all of the remaining interstellar molecules together (figure 11). This means that most
‘pccic‘; are vcry scarce rcl'ntivu to hydm'ﬂ;n For c\;umplc thcrc is; uh(mt one l‘ommldehydc
lll()lt:-LLlLll’ !m‘m to i muc,:h greater cxtent tlmn any ol Ihg Dthcr hmvy clemgnta in SpglLL‘,
Nearly one tenth of the available carbon is observed as carbon monoxide, Comparable
fractions may be in the form of methane (CH, ) and carbon dioxide (CO,). However, these
two molecules have no identifying radio * st;ltmns » by which they might be detected in dust
clouds.

In contrast to carbon, less than one percent of the other heavy elements is found in
molecutar form. In particular, the fraction of cosmic nitrogen in observed molecular form is
very low (e.g., N[-!S/N ~ 104), Perhaps some of this nitrogen exists as the stable molecule
N, . which also has no radio spectrum.

Another puzzle in the chemistry. of nitrogen in space is that, unlike automobile
exhaust, the interstellar gas is free of nitrogen oxides. Not one molecule containing a
chemical bond between nitrogen and oxygen has been detected, although many different
oneg(NO, NO*, NNO, NO, HNO, and HNO,) have been looked for,
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Figure 10 — The radio emissions of interstellar water (H, O) and hydroxyl (OH) from the
core of the Orion molecular cloud. These super-strong maser radiations
pinpoint sites of starbirth deep within the cloud. Compare the complex pattern
of H,O and OH emission at different velocities with the simple velocity peak of

HCN in the same source (figure 8).
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Figure 11 — The abundances of several interstellar molecules with respect to carbon
monoxide. Also shown is the “expected” abundance if molecules formed in

proportion to the product of the cosmic abundances of their heavy atoms.

different species. Which molecules are found where? In general, the abundance of an
interstellar molecule depends strongly on the conditions in the dust cloud: temperature, gas
density, and the intensity of the surrounding radiation. Dust and molecules go together.
Molecules are not found in the unshielded regions between clouds. The size of molecules
depends on the density in the cloud. Simple, unstable molecules are observed in the clouds
of lowest density; larger, more stable species are found in the darker, denser interstellar
detected in the massive clouds near the galactic center (figure 2). Molecules detected
throughout the galaxy (OH, CO, and H, CO), are found to lie closer to the thin plane of the

increasing molecular complexity. Large molecules are nearly as abundant as simple ones.
This suggests that even larger molecules will certainly be detected in the future.

~ Ways of making and breaking interstellar molecules can be divided into two types: (1)
chemical reactions in the gas phase, and (2) reactions on the surfaces of the dust grains. Two

comments apply to either type.
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First, the only important reactions in interstellar clouds are those which can occur
spontancously at very low temperatures. For example, reactions between free radicals or
molecular ions occur on every collision without requiring any starting (activation) energy,
even at interstellar temperatures of less than 50 K. Second, the production of interstellar
molecules must be “local.” This means that species must be formed in the dust clouds where
they are obscrved. Molecular formation occurs much more easily in the warmer, denser gas

-surrounding an emerging young star or in the outer atmosphere of the older stars where the
dust grains are made, However, it’s unlikely that molecules formed near stars could survive
the million-year journey through the harsh ultraviolet rays of interstellur space to the shelter
of the dust clouds where we find them.

Simple diatomic molecules can form directly when two atoms collide. Usually the two
colliding atoms just bounce apart again without forming a molecule. One time in a million,
the atoms stick together, In this process (“radiative association™), the new molecule is
stabilized by sending off encrgy as a photon of light. In the thin clouds where this process is
important, atoms collide with euach other only once a year on the average. So the overall
process is a very slow way to make molecules. An important molecule formed in this way is
CH" (C* + H = CH* + photon). The CH* molecule then collides and exchanges with other
atoms in the interstellar gas to form more stable species (CH' + O = CO + H"). 7

How molecules are formed in dark dust clouds is not well understood. We do know
that inside such clouds, the hydrogen is in the less reactive molecular form and that no
ultraviolet radiation is available to promote chemical reactions. One theory is that
high-energy cosmic rays passing through these dark clouds jonize the hydrogen (H, CR HZ +
¢”). This ionized hydrogen is quite reactive and can lead spontaneously to the large
molecules found in such ¢louds. (H} + H, ~ Hf:: + H/H‘g +CN - H,CN" + H/H,CN* + ¢~
= HCN + H). Reuctions of this type, with at least one partner having an electrical charge
(ionized), are called ion-molecule reactions.

Interstellar molecules may also be formed on the surfaces of dust grains, which sweep
up atoms from the gas in sticking collisions. These captured atoms and molecules find each
other on the grain surface, react to form new molecules, and eventually escape again to the
gas. This process (grain-X + Y — grain + XY + energy) is probably responsible for the
formation of interstellar hydrogen molecules (X =Y = H), and probably OH (X=H, Y = 0).
The great drawback in such a scheme is the almost completely uncertain nature of the
grains, especially their surface properties (pitted or smooth?) and composition. Are the
attractive forces between the grain and the attached atoms weak (physical adsorption) or
strong (chemical adsorption)?

The grains may cven act as catalysts, promoting reactions between interstellar species
that would not otherwise take place. In laboratory experiments using a catalyst of ground
meteorites (probably similar in composition to interstellar grains), simple molecules (CH,,
NH3 and H,0) have been converted into many of the same complex species observed in
space,

An important problem with all reactions on grain surfaces is how to get the newly
formed species off the grains again and back into the gas where the interstellar molecules are
observed,
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How are interstellar molecules destroyed? In unshielded interstellar space, most
molecules would be destroyed by ultraviolet radiation within a few hundred years (for CO. a
few thousand years). This “ultraviolet lifetime™ increases rapidly with increasing depth into
the protective dust clouds (figure 12), For dark clouds in which more than 99 percent of the
starlight is blocked. molecules can survive more than a million years, close to the lifetime of
the cloud itselt. Molecules in the centers of such dense clouds can only be destroyed by the
high-energy Xerays or cosmic rays. or by reacting to form new sprecies.

Inturstetlar molecules can also be removed from the gas by sticking onto the grains, On

the average, a molecule in the gas will collide with a dust grain every 1O® vears in a cloud of
density ng, ~ 107 and temperature T~ 10 K.

Which formation theory agrees best with the observations? One important difference
between the theories is that molecules tormed on grains are expected to be hydrogen-rich
(“saturated™), whereas molecules formed in the gas by ion-molecule reactions are expected
to be hydrogen-poor (“unsaturated ™). We can arrange the interstellar molecules in families
or sequences according to their hydrogen content (figure 13). Included in these sequences
are. molecules searched for but not yet found in intersteltar space. The result is clear:
interstellar - space favors  hydrogen-poor molecules, despite the overwhelming cosmic
abundance of hydrogen. Sequences of chemically refated molecular species (figure 13) show
that wnsutirated molecules (e.g., H -~ C = N) seem to be favored over the corresponding
suturated species (e, CHy - NH, ) This trend is surprising at first, since cach molecule
might be expected to grow by adding hydrogen stepwise (.., CO + H = HCO, HCO + H —
H,CO. I,CO + H, - CH,OH), especially in view ol the enormous overabundance of
hydrogen. This chain, which saturates o multiply-bonded species with its full complement of
bonds to hydrogen atoms, is predicted to be an important mechanism for the chemistry
occurring on the surfaces of the dust grains. Most of the observed molecules are not
saturiated: this suggests that other mechanisms are more important. In particular, gas phase
reactions ol the jon=molecule type do predict the observed predominance of unsaturated
species. Unsaturated bonds are stronger than saturated ones, which means that molecules
like H -- C = N can survive harsh radiation fields tonger than can the corresponding
saturated species, CH, - NH,. The observed interstellur abundances must ¢ertainly reflect
the balunce of formation and destruction tor euch species. a kind of natural selection. or
“survival ol the fittest.”
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STARLIGHY BLOCKAGE (%)

Figure 12 — The lifetimes of interstellar molecules before being destroyed by ultraviolet
starlight. Notice that in unshielded interstellar space, most molecules would
survive less than 100 years. In a dust cloud of moderate density, one in which
the starlight is 95 percent blocked, the molecules might last more than a million
years. Note the longer lifetime of CO, a molecule very abundant in clouds.

38




O

ERIC™

Aruitoxt provided by Eic:

PATTERNS OF OBSERVED MOLECULES
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Figure 13 — The prevalence of ‘“unsaturated” over “saturated” molecules in patterns of
related species observed or not observed in interstellar clouds. Molecular species
within the symbol are observed, those within the symbol
have been looked for but not found. The trend is clear: for a given sequence of
molecules, the unsaturated (hydrogen-poor) ones are favored over the saturated
(hydrogen-rich) ones. Question marks indicate a possible detection and no
symbol means that no interstellar search has been made.
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COMPREHENSION QUESTIONS

most commonty in the observed molecules? In life?

H, and CO:H, C, N, and O, H, C, N, and O.

What are the important physical conditions in interstellar clouds that determine the
abundance of molecules?

Temperature, density, and radiation.

Name three ways of making and three ways of destroying interstellar molecules.

Formation may be achieved by radiative ussociation, ion-molecule reactions, or
reactions on grain surfaces. Destruction may result from ultraviolet radiation, freezing
onto grains, or chemical reaction.
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CHAPTER VIH

INTERSTELLAR MOLECULES AND OTHER AREAS OF ASTRONOMY

One of the most interesting applications of our recent knowledge of intersteliar
chemistry has been the use of the molecular signals from interstellar clouds to study the
birth of new stars. How does u dust cloud become ua star? Before interstellar molecules were
known, astronomers could only make theoretical models to describe the gravitational
contraction_of a cloud to form a pre-star (“protostar’). Now, with the aid of the molecular
signals from the cloud, astronomers cun watch the process of stur-birth directly. By

astronomers can trace the growth of the densest cores of dark clouds. cores which will soon
light up as new stars.

Interstellar molecules and new stars go together, since the densest clouds, where
molecules are most casily formed and survive the longest, are also the regions most likely to
contract gravitationally to form new stars. The evolution of thin clouds to dark clouds to
protostars is paralleled by the evolution of molecules from simple digtomics to the larger
polyatomic species found in the densest clouds.

The most diffuse interstellar clouds, those with temperatures near 100 K and gas
densities from 10 to 100 hydrogen atoms per cubic centimeter. contain only simple
diatomic molecules (figure 4). In the denser and darker clouds. whicly have lower
temperature (5-20 K) and higher density (ny, = 102 — 10* em?), rudio dmission from
more complex molecules like NH, and H, CO has been detected. These massi ‘e dark clouds
are gravitationally unstable and already collapsing to form very compact. dondensations
called globules (figure 14), It is thought that globules contract to form protostars, compact
regions of greatly increased temperature and density, which appear as hot spots of infrared
emission located within the cooler surrounding gas. These hot spots will soon become new
stars. Within these protostellar cores, the temperature (T 2 500 K) and density (ny, 2 108
em’?) are great enough to produce the spéctacular water maser signals, as. for example, in
the Orion cloud {figures 6 and 10). Interstellar clouds where HCN has been observed have
densities of more than a million hydrogen molecules per cubic centimeter and will probably
become new stars within the next million years.

Some regions of the Milky Way are found to be *'star tactories,” places of active and
continual star formation. These regions of star birth contain interstetlar clouds with
densities of thousands or even millions of hydrogen moleeules per cubic centimeter, and
have a total mass of more than a million Suns. The temperature and density within these
superclouds are sufficient to allow the formation of a great variety of complex molecular
species (CH,OH, HCyN, and CH,CN). These massive molecular clouds are often next to
giant “HIT regions,” hot regions of glowing ionized gas surrounding bright young stars.
Examples of such massive molecular clouds are Orion (figure 6) and the molecular source
near the Cone Nebula, NGC 2264 (figure 15).
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ure 14 — M16, a complex region of jonized and neutral gas. The small, sharply defined

Fig 1
clumps are dense, compact dust clouds called globules. (Hale Observa ory

photograph)
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Figure 15 - The cone nebula, NGC 2264, Near the tip of this cone, radio astronomers have
found a dense molecular cloud with a protostellar core, This region is similar to
the Orion cloud (figure 6) and is likewise rich in interstellar molecules. (Hale
Observatory photograph) ) :

B
L]

o

ERIC

Aruitoxt provided by Eic:



O

ERIC

Aruitoxt provided by Eic:

The richest molecular source known is a gigantic cloud of gus and dust near the very
center of the Milky Way (figure 2). Nearly every known interstellar molecule can be
observed in this cloud, and some have been detected only in this cloud.

Interstellar molecules are helping us learn not only about the life eycles.of Stars, but
also about the shape and motion of the Milky Way itself. The mussive dust clouds, unkpown
before the discovery of interstellar molecules, provide some of the *missing mass” needed to
explain the observed speed at which the Milky Way spins about its center. The widespread
distribution of sone molecules (OH, CO, and H, CO) throughout the galaxy is now allowing
astronomers to make molecular maps of the structure of the Milky Way. These maps
mueasure regions of high density and low temperature which complement the maps made in
the AZl-cm radiation of hydrogen atoms. Molecular signals are also being used to probe the
unusual motions of dense gas at the very center of the galaxy, where fantastic explosions
may be oceurring.

The molecular observations also have improved our understanding of the nuclear
history of the interstellar matter. All the heavy clements and their isotopes are produced in
the recyeling of the interstellar material through stars every billion years or so. The isotopic
ratios, especially '3C/'2C and PEN/'N, tell us which kind of star processed the matter
most recently. The interesting result of measurements of isotopic pairs of molecules (e.g.,
P20 and 13CO) is that the isotopic abundance ratios all around the Milky Way are about
the same as here on Earth (table VID. This means that the stellar history of the interstellar
matter is very similar throughout the galaxy or that the Milky Way is very well stirred, quite
an unexpected result,

Table VI
Compuring the Chemical lsotope Ratios Found on Earth and in Space

Element Hutio of [sotopes - RE@HYE "\hl“mmlw, = Observed Molceyle
! Larth Spaee

C 12/13 89 89 £15 1H,co, e’

O 16/18 488 ~ 500 H,co0, Co

§] 16/17 2700 =2700 Ofl

N 14/15 270 20 £70 HCM

5 33/34 22 2415 Cs

5 32/33 125 =100 cs

The lust application of interstellar molecules we discuss involves u question that has
brought together ustronomers, chemists and biologists, namely, what do the observed
interstellar molecules say about the origin of life in the universe?

The kinds of molecules observed ‘in interstellar space are strikingly similar to those
produced in laboratory experiments designed to simulate the conditions of the varly Earth
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before life began about 3.5 billion years ago (table VII). In the famous Miller-Urey
experiments (1953), amino acids were produced by an electrical spark in a mixture of
simple gases (H,0, NH, CH,, and H,). Since then, an impressive array of “prelife”
molecules have been found to form under conditions designed to simulate the early Earth
and the presolar nebula (the early dust cloud which later formed our Sum). In 1970,
chemists synthesized amino acids in the laboratory by simply heating a solution of NH, and
H, CO!

Table VI
Comparing the Kinds of Molecules Identified in Interstellar Space with

the Kinds Produced in Laboratory Experiments of Pre-Life Chemistry

Molecule Space Laboratory Molecule ~ Space Laboratory
0 v v HC,CN v v
1,00 v v HC,CHI, v .
CH,COH v v NH,CHO v v
HON v v HCOOI v v
CH,CN v v Cl1,CO0l .. v
HNCO v . . . \

, Amino acids . \/
CHBQH \/ \/ Sugars - \/
CH,CH,0H cen v Porphyrins cns v

Of the interstellar molecules observed, the species most important for “‘pre-life”
chemistry include water, ammonia, formaldehyde, hydrogen cyanide, and cyanoacetylene.
Formaldehyde (H, CO) is known to polymerize to form various sugars essential for life. The
molecules hydrog:n cyanide (HCN) and cyanoacetylene (HC,N) are the key starting
materials in the spontaneous formation of the basic building blo;ks of the nuclei acids.

Most of these “pre-life” syntheses have two essential features in common: first, simple
molecular forms of C, N, and O as starting materials in a reducing (hydrogen-rich)
atmosphere, and, second, a source of energy. Despite the vastly different ranges of density
and temperature, these same conditions apply to the interstellar dust clouds. One important
difference is liguid water, usually included in these laboratory experiments as representing
the oceans, but missing from the interstellar environment. Remember that the early
atmosphere of the Earth was different before life arose — rich in hydrogen, with no
molecular oxygen and no ozone (O,) layer to keep the Sun’s ultraviolet rays from
penetrating to the ground. Conditions are similar in upper layers of the present-day
atmosphere of Jupiter, which probably LDntde many of the same molecular species
observed in interstellar clouds.

It’s also interesting to compare the kinds of molecules found in interstellar clouds with
the kinds of molecules produced in the dust cloud which contracted to form our own solar
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system. Perhaps the best record of this pre-Earth chemistry is in the form of meteorites and

comets, Some meteorites, especially those ot the carbonerich type culled carbenracen as
chondrires, have been found (o contain muny important pre-life molecules, Among tho se
recently found in meteorites are most of the amino acids, Tiquid formaldehyde, and large
porphyrindike molecules, Comets, which come from very fiar out in our solur system, mey
contain the purest record of the chiemical nature of the presolar dust ¢loud, Many of the
molecular species observed in comets are the same as those found in interstellar clouds
(table V), Other cometary species ook like reactive fragments of larger molecules, blusted to
picees by the Sun's radiation,

The similarity of molecular species found in interstellar clouds, meteorites. and comets,
and in laboratory experiments in “*pre-lite” chem istry. is striking. 1t seems that interstellar
clouds contain the starting materials tor life even belore they contract to Form new suns,
The chemistry which leads to lite on Earth appears to be the natural and probable chemistry
throughout the Milky Way. If life has evolved elsewhere in the galaxy, it must be based on o
similar chemistry .

COMPREHENSION QUESTIONS

Q' Whatis o protostar and how can it be identificd in space?

A A protostar is 4 new star just forming at the center of a contriacting interstellar cloud.
It is usually seen as a hot spot of infrared radiation and molecular emission, especially
when it produces tlwe water maser,

Q:  Nume three applications of the study of interstellar molecules to other areas of
astronomy,

A: The early stages of star Formation: the structure and motion of the galaxy; and the
history of the recyceling of interstellar matter through stars.

Q:  Nume five interstellar molecules considered by biochemists to be important for the
origin of lile.

A: H,0.NH; H,CO, HCN, and HC,N,
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EXERCISES AND PROJECTS

DEMONSTRATIONS AND PROJECTS

1.
2.

Conducting a field trip to a nearby planetarium.

Finding the interstellar dust clouds for yourself. On a clear, moonless winter night, the
Milky Way and the clouds of interstellar gas and dust can be easily seen with the
unaided eye (figure 2) (Why is the dust in the plane of the galaxy easier to find that
that out of the plane?). The region near Cygnus the Swan is especially favorable for
observation. In the dust clouds in this direction radio astronomers have found H, O,
OH, H CO, CO, and NH,, each identified by its characteristic radio radiation. Anéthcr
1mpmrtmt and nearby (IEDD 1y) molecular cloud is behind the Orion nebula (figure 6).
Locate the Orion nebula in the winter sky; this is possible with the unajded eye, but is
easier with binoculars or a small telescope. Behind the glowing gases is an enormous,
dense, and cold dust cloud, which has been found to contain an abundance of different
molecules as well as several new stars just starting to form. ’

Constructing crossword puzzles. Have students construct crossword puzzles of
unfamiliar words in this unit,

illustrating interstellar clouds. Show film-loop or time-lapse sequence of development
of clouds in our atmosphere. Have discussion, comparing atmospheric clouds with
interstellar clouds.

Illustrating density of interstellar space. Let the classroom represent one cubic
centimeter of interstellar space. Then let a fine pencil dot (or width of one hair)
represent one hydrogen atom. This comparison, one dot per classroom, represents a
very dense interstellar cloud (ny ~ |0® cm?), about 1000 times more dense than
average interstellar space.

Tracing interstellar clouds, Have students draw in the spiral arms of the Andromeda
galaxy by tracing the dark dust lanes (figure 1);they may also trace the outline of the
obscuring dust clouds in Sagittarius (figure 2); and find the black specks (“glooules”)
in M16 (figare 14). More advanced students may try the laboratory exercises (see
references to H. Kruglak, Chapter X) on dust cloud distance.

Playing a game to make molecules in space. In a box, place at least 100 white marbles
(hydrogen), 7 blue marbles (oxygen), 3 black marbles (carbon), and one green marble
(nitrogen). Mix well. The “atoms” in the box represent the relatve abundances of H,
N, C, and O in interstellar space (except that we have reduced hydrogen 102 times to
save marbles). The game is designed to show what kinds of molecules would form in
random collisions in a gas of this mixture. Have a student draw two marbles from the
box, representing the formation of diatornic molecules. Notice that two white marbles
(H,) are drawn almost every time, and very rarely do molecules without hydrogen
form (CO, CN, etc.). If the class has a chemistry background, the game can continue by
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10.

11.

12,

13.

14.

allowing cach molecule formed (pair of nuarbles drawn) to continue to grow (draw
more marblesy until “stable™ molecules are formed (CH,, NI, H,0. and H,).
Compare the list of game molecules made with the observed interstellar list (table VI),

Making ball-and-stick models of interstellar malecules ( sce table VIand Figure 9),

Hiustrating “activation’ or starting energy for chemical reactions. Collect livdrogen
and oxyzen gas by electrolysis of water. Mix (e gases and note that no thing happens, N
Apply spark, Discuss. For another example, steike amateh to make it Hght.

Hlustrating the potential energy between atoms and the change from potential to
kinetic energy as the atoms approach each other. Two balls (or better air-carts on g
track ) attached by a spring may be used to represent pravitational attraction. Separate
and release. Relate to contruction of interstellar clouds. To show how the energy of
motion becomes heat, measure temperuture change in a bag of lead shot, dropped
several times from a height of several melers.

Discussing the conversion of radiation into heat, Conduct the discussion in the context
of (1) warming yoursell neur a campfire, and (2) cooking with 1 microwave oven . For
ananalogy of the change in the rotational motion of molecules by absorbing radiation,
shine light on a radiometer. Discuss.

IHustrating the resonance behavior of two tuning forks, Discuss in relation to muser
action of water molecules in space,

Discussing how a radio works. Expluin how different channels (e.g., rock. clussical) are
“tuned in”oat different wavelengths, Relate to the “radio stations” of different
molecules.

Demonstrating how interstellar dust blocks starlight. Fill a bell jar with smoke to
simulate an interstellar cloud. Shine o narrow beam of white light through the smoke in
a darkened room. Note the change in color of the emerging light, The effect is even
better when viewed first through red and then blue filters. Another way to make
Usmokeis to puta few drops of sitver nitrate in a beaker of tap water,

Explaining the Doppler effect. Discliss the change in pitch of passing car horns. Use a
ripple tunk and vibrator to make water waves, or alternatively, a pyrex tray of water on
an overhead projector.

Describing the nature of interstellar space (creative writing exercise), Imagine you are g
hydrogen atom drifting through an interstellar cloud. Describe your experience.
Relating interstellar molecules to life. Make g wall chart comparing molecules
important for life with those already Tound in space. Discuss the nature of [ife and
implications of the discovery of “prelife’” molecules in space for the possibility of life
elsewhere,
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EXERCISES WITH ANSWERS

N

Give the electromagnetic spectrum from gamma rays to radio waves, the wavelengths in
cach energy range, and the corresponding kinds of molecular motion. How well does
the radiation at cach wavelength penetrate the Earth’s atmosphere or an interstellar
dust cloud?

Compare the interstellar dust grains (size, shape, temperature, and chemical composi-
tion) of (1) meteorites, (2) comets, and (3) the Earth.

Write o report on U.S. (*“Viking”) and Soviet planctary probes, emphasizing the
lite-sensing experiments.

Read the science fiction novel, The Black Cloud, by the astronomer Fred Hoyle, On
the basis of what you now know about the physical and chemical nature of interstellar
clouds, discuss why you think life could or could not exist there.

A gus molecule in a typical interstellar cloud {(rudius 101y (~ 107 ¢m) and gas
temperature 50 K) is moving with a velocity of about I kms. How long will it take to
g0 ucross the entire cloud?

The ¢nergy levels of simple diatomic molecules like CO are given by the formula
E=BJ(J+1)

where E is the energy, B is the rotational coustant of the molecule, and J is the
rotational quantum number which labels the various levels — the lowest or ground state
(J=0), the first excited state (J=1), etc. The molecule CO was first found in
interstellar space by the radiation emitted in the transition from the J=1 to J=0
level. If B = 1.0 ¢!, what is the energy of this transition in cm™!, in terms of degrees
Kelvin (1 em! = 1.4 K)?

Consider an ideal molecule with only two energy levels. The dots represent relutive
numbers of molecules in ecach level.

o . . s e . UPpPEr 7 o
AL = - - AE = E(upper) = E(lower)
IR RRRE _+«. lower :
A B C

(a) Which distribution of molecules represents the lowest temperature?
(b) Which will appear in maser emission, which in absorption?
(e) Which population indicates a temperature closest to AE?

(d) Name an interstellar molecule whose spectrum indicates a population like A, and
one whose spectrum indicates a population like C,

o8
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8.

As an example of the Doppler effect, consider that we are located at position (B) in un
ideul galaxy in which all the matter moves in perfectly circular orbits about the galac tic
center (A). If we detect an interstellar molecule in a s cloud i the center (A), what
would be the measured velocity of cloud (A) with respect to our position (B)? Answer
the sume question for the measured velocity of a source (C) located farther from the
center than we are, but so that A, B, and C fornm st nﬂhl ling.

TOP VIEW

SIDE VIEW

ANSWERS:

1.

Refer to figure 3. Radiation of wavelength A > 1y can penetrate dust clouds. Radiation
with wavelength decreasing from the visible is increasingly blocked by the dust ( figure
5). Only when the energy becomes very high (F 2 100 MeV) can radiation and costic
ray particles penetrate the densest dust clouds.

Dust Grains Metegrnes ~ Comets 7 Earth

104 - 102 em | 1 —10km

size 106 — 104 ¢ ~2X 10 km
shape (7) Irregular (?) Irregular (7) ~ Round Round
temperature | 10-20 K - - 300K

L » Silicates, Fe Silicates, Fe [ce ball, Rock core
composition {7 7T e Spran e R

’ organic shell oTgEANICS organics organic shell

The outer layers of meteorites become quite hot (> 103 K) during their fall through
the atmosphere: inner parts remain cooler. Comets are cold (<50 K) until they
approach the sun, which heats then and evaporates material to form the tail.

Duplte organic molecules observed, life is unlikely in dust clouds, whe lack liquid

“water (essential for life as we know it) and which last only lDﬁ—lD7 yrs, tog short a

period for self-replication under interstelar conditions.
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Distance = rate X time

i 1012 cm 101 ¢m
time= = -~ = -
I km s 10° ¢m 5!
10144 ) e
t = ' - = 3 X 10° years

3 X107 s/yr
which is about the lifetime of the cloud. Of course, collisons with other molecules

would occur in a much shorter timne.

E=BI(d+1)

E(J=1)=B(1)(2) =128 I 0

E(h=03=0

AE=E(J=1)-EJ=0)=2(1.9cm!)
AE=3.8cm!-38(l.4)=53K

This energy spacing is about equal to the temperature in the coldest of the interstellar
dust clouds.

(a) A iscoldest,
(b) Cisa maser, A will absorb.
(c) Bhasa temperature T~ AE,

(d) A: H,CO or the optical lines Df CH*, CH, CN.
C: H Dmasgf

Both sources (A) and (C) would show the same velocity, zero, since for the purely
circular motion, all positions on the line ABC have no motion along that line, only
perpendicular to it. In this case the Doppler shift is zero and the observed frequency of
the molecular transition will agree with that measured in the laboratory. For an
example in the real world, look at figure 8; notice the measured velocities of
interstellar HCN in the galactic center (which corresponds to ideal position A) and in
Orion (which in fact lies nearly in the idealized anticenter position C). The velocities
are not exactly zero or equal because (2) there are non-circular motions in the Milky
Way, and (b) the Earth and these two sources are not exagtly ona stranght line passing
through the center of the galaxy.
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GLOSSARY

activation energy — (see chemical reaction).
angstrom (A)— a unit of length equal to 10 em, the scale of atoms,

carbonaceous chondrite— a particulitr type of nonstony meteorite, rich in carbon and
carbon-containing chemical compotnds.

catalyst— a substance which promotes a chemical reaction, without itself undergoing
chemical change.

chemical reaction— a process, involving atoms, <4 wwhich a chemical bond is broken or
formed. If the final products of the reaction are more stable than the initial reactants,
the reaction is ‘“‘exothermic” and energy is given off in the process. Exothermic
reactions take place spontaneously unless inhibited by an energy barrier, The energy
that must be supplied to overcome this barrier and cause the reaction to take place is
called the activation energy. Important types of reactions are association (A + B =
AB), the reverse — dissocation (AB =+ A + B), and exchange (AB + C— AC + B). If one
of the reactants is an ion, the reaction is called an ion-molecule (AB + C* = AC* + B).

circumstellar— around a star, as opposed to biterstellar, between the stars.

column density of molecules— the total number of molecules within a box of cross sectional
area |1 cm? stretching along the line of sight from the Earth to the celestial source (see
number density).

cosmic microwave background— the thermal radiation (3 K) which bathes all space and

. which astronomers interpret as the Doppler-shifted remnant of the primordial fireball
| from the explosive beginning of the universe.

j COSIMic ray pafii:t:iéz the bare nucleus of an atom, stripped of all its electrons, and moving at
speeds approaching the velocity of light. The energy of such a particle is very great, up

ffﬂm 1020 clectron volts.

Doppler effect - the apparent increase or decrease in the received frequency of an oscillating
signal due to the relative motion of the source of the waves and the observer. For
clectromagnetic radiation of velocity ¢, the fractional change in frequency (f) for a
relative velocity (v) is given by Af/f - v/c.

wtromagnetic radiation— a combination of electric and magnetic field distrubances with a

olt (eV)- the energy an electron receives in being accelerated across a voltage
ence of one volt.

- (see chemical reaction).

fis the absorption and scattering of starlight by the interstellar dust grains.
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extragalactic— outside our galaxy.

galactic— within our own galaxy, the Milky Way.

intersteflar— between the stars.

ion- an atom or molecule (molecular ion) which has more or fewer electrons than protons,
and which therefore is negatively or positively charged. lonization, the loss of electrons
by an atom or molecule, produces positive ions (e.g., C*, CH* )

ion-molecule reaction— (see chemical reaction).

ionosphere— layer of charged particles (ions and electrons) at the top of the Earth’s
atmosphere,

isotope~— two atoms of the same clement which have different atomic weights are called
isatopes of that element.

Kelvin~ the temperature scale so calibrated that absolute zero temperature is O degrees
Kelvin, which is —273° Centigrade or —459° Fahrenheit. A difference of one degree
Kelvin is the same as one degree Centigrade.

light year— distance traveled in one year at the speed of light, about 10'® c¢m.

maser~ the self-amplification of the characteristic microwave radiation of a particular
molecule or atom. For visible light, the same effect produces a laser (light amplification
by stimulated emission of radiation). In both cases, the effect is the same. Just as one
tuning fork can make an identical fork resonate, some molecules (atoms) emit resonant
radiation that stimulates other molecules to do likewise. In this way the intensity of
the radiation is greatly amplified. One requirement for a maser to occur is that
molecules (atoms) must be “pumped” into the upper state, from which they pass to
the lower state by emitting the resonant radiation.

micron (u)-— one millionth of a meter.
Milky Way— our own galaxy.

molecule— chemical union of two (diatomic) or more (polyatomic) atoms. Organic
molecules contain carbon; inorganic molecules do not. A free radical is a molecule in
which one or more electrons are “free” or available to form udditional chemical bonds.
Free radicals are therefore very reactive.
NGC~ New General Catalogue, a list of non-starlike objects compiled by the astronomer
. Dreher in 1888,

nuclear synthesis— the nuclear process in which atoms of one element are transformed into
atoms of a different element.

nucleie acids— the molecules DNA and RNA, which are the building blocks of the genetic
code in living matter.
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photon - a quantum of clectromagnetic radiation with cnergy (E) given by E = hf, where Uis
the frequency and his Planck’s constant.

porphyrin - a class of large orgunic molecules with a complex ringlike structure surraunding
a central metal atom. Porphyrins have high stability and are important in living systems
(e.g., hemoglobin (Fe) and chlorophyll (Mg) ).

protostar— a newly forming star, usually observed as a pointlike source of intense infrared
(but not visible) radiation at the center of a contracting interstetfar cloud.

resonance— (in spectroscopy) the agreement in energy of a photon of radiation with the
difference between two energy states of an atom or molecule. In this case the photon is
catled “*resonant.”

saturated — a condition of hydrogen-rich molecule that has each carbon, nitrogen, of oxygen
atom bonded to the maximum number of possible hydrogen atoms. It this is not the
case, the molecule is called “unsaturated” or hydrogen-poor.

silicate— mineral containing silicon, oxygen, and metal atoms, such as sand. -

solar wind - (see stellar wind).

spectrum— the unique set of wavelengths of radiations which an atom or molecule
characteristically absorbs or emits. The record of one such wavelength is also called 4
spectrum, spectral “line,” or “feature.”

stellar wind— the flux of radiation and fast particles which stream outward from a star. The
stellar wind of the Sun is called the solar wind.

spectroscope— an instrument used to spread out (disperse) electromagnetic radiation into its
components at each frequency (as a prism disperses sunlight into colors), and to record
the spectrum of this dispersed radiation.

temperature— the measure of thermal energy (see Kelvin).

transition— chunge from one energy state of an atom or molecule fo a higher or lower state,
with an absorption or emission of resonant radiation.

turbulence— swirling or streaming motion, as shown, for cxuample, in siorm clouds or
rushing water in a mountain stream.

unsaturated— (see saturated).

wavelength (\)— the length of a wave, measured from crest o crest.

i
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