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Foreword

Dear colleagues,

The scientific conference “Astrophysics and Cosmology after Gamow: Theory and
Observations” is devoted to the 100 year Jubilee of Georgij (George) Antonovich
Gamow, one of the great physicists and cosmologists of the 20th century.

Gamow has made an important and sometimes decisive contribution to mod-
ern pliysics, cosmology and biology. His work provided solutions to fundamental
problems, such as the concept of a Hot Universe and neutron capture processes
for production of chemical elements and also has been important for the progress
in modern technology. His theory of quantum gunnelling in nuclei is part of the
basis of nuclear physics, which is now becoming a powerful industrial branch of the
subject. It is not surprising that in the USA Gamow took part in the development
of muclear weapons. While I do not know exactly what his input was, I am sure
that he was not a layman there. Gamow himsell used to say that his main input
in this scientific area was to invite Edward Teller to the USA. He was his friend
long before the nuclear race started. The great Russian poet Sergej Yesenin wrote

prophetic lines'

Litsom k litsu
Litsa ne uvidat’.
Bol’shoye viditsya na rasstoyanii.

It can be translated as

When you are close to something great
You do not recognize its importance.
You should stand at a greater distance to see its essence.

In large measure these words could be applied to Gamow’s personality. He was born
in Odessa and, even after becoming a refugee in the USA, he retained his character
and his sharp Odessian humor. In my opinion, he did not succeed in full to adjust
to another culture and medium, different from Russian, Ukrainian and particulary

1apis'mo k zhenshchine” (%A letter to a woman”)



Foreword

(3]

from Odessian culture. That can be the reason why he did not receive any special
award for his scientific work, which had made an epoch in science. Ounly UNESCO
recognized Gamow’s significant contribution to the popularization of science, which
he accomplished with the same skill and brightness as he clid his scientific work.

During Soviet times, Gamow’s name was scarcely mentioned in the land where
he was born, where he grew up, studied physics and attained his first scientific
achievements. His book entitled “My World Line: an Informal Autohiography” was
first translated into Russian only in 1994, just before the first meeting to honour
Gamow was held in Odessa.

A century after his hirth, enough time has elapsed to recognize and appreciate in
full the importance of Gamow’s place in science, his contribution and his charming
personality. The scientific community is now well aware of his work, and, at last,
historians in different countries, not only in his native Russia and Ukraine, study
his life and achievements.

G.S. Bisnovatyi-Kogan

I

Plenary and Memorial Talks



George Gamow — a Giant in 20th Century
Science

M.M. Shapiro

University of Maryland, College Park, MD, USA
e-mail: mmshapiro@mailaps.oryg

I had the good fortune to meet George Gamow sixty-two years ago, and we be-
came [riends. At the time he was already known for his ground-breaking work on
radioactivity and for his collaborative research with Edward Teller whom he had
brought to the physics department of George Washington University in Washing-
ton, D.C. soon after Teller immigrated to the USA. Our early encounters occurred
at the David Taylor Model Basin, a US Navy laboratory where George served as a
consultant, and I was involved in research on the physics of underwater explosions.
[It was thanks to this experience that I was invited by J. Robert Oppenheimer to
join the wartime laboratory in Los Alamos, NM.]

After a post-war stint in Oak Ridge, 1 returned to Washington at the invitation
of Franz IKurie to join his Nucleonics Division at the Naval Research Laboratory.
There 1 founded the Laboratory for Cosmic-ray Physics, and soon learned of the ex-
citing ideas about the early universe which were being explored by Gamow with his
associates Herman and Alpher. They were developing the theory of what has come
to be known as the Big Bang — a name somewhat derisively suggested by Sir Fred
Hoyle, whose own proposal of a steady-state universe competed with Gamow’s the-
ory. [I note parenthetically that at a conference celebrating Hoyle’s 60th birthday,
he told me privately that, upon the discovery of the cosmic microwave background,
he “threw in the towel”].

In 1953 [ agreed to be director of the Nucleonics Division at the Naval Research
Laboratory, succeeding Dr. Franz Kurie. My first initiative in this position was
to telephone George Gamow, inviting him to serve as a consultant to the Division.
He agreed, and his regular Friday visit was the highlight of the week. We could
always expect to learn something new and exciting. For example, we might hear of
the (apparently) colliding galaxies in Cygnus. Or he would tell of John Wheeler’s
“geons”, and their possible role in elementary particle physics. The breezy, humor-
ous tone in which he recounted these developments was typical of the light touch
that made his popular books so readable.
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George’s wide range of interests was legendary. His seminal contributions to
cosmology and to nuclear physics would have assured him of a niche among the
giants of 20th century science. But his keen probing mind explored the life sciences
as well. Thus his insights into the puzzle of the genetic code helped pave the way
to its solution. T was privileged to hear his early lectures on this problem at the
Cosmos Club in Washington, D.C.

In addition to his work in fundamental science, George was also interested in a
variety of applied problems. He was in deniand as a consultant in government and
industrial laboratories; many areas of defense research benefited frow his originality
and his masterly grasp of physics. A discussion with Gamow was animated by his
appetite for exploring new ideas, and by his intuitive perception of the meaning
underlying a new discovery. He always seemed to be in high spirits, fond of telling
humorous anecdotes, and dashing off Ogden-Nash-type verses on the spur of the
moment.

When first encountered personally, George’s irrepressi ble jocularity evoked pleas-
ant surprise. I remember the puzzled reaction of William G. Penney (later Lord
Penney, head of the UK's atomic energy program) during a wartime conference on
the physics of underwater explosions — also attended by John von Neumann. Pen-
ney had known of Gamow, but had not previously met him. It was a revelation to
Penney that this celebrated physicist could be so frolicsome in the midst of a serious
technical discussion. Penney turned to me in puzzlement and remarked: “This man
Gamow — sort. of a buffoon, isn’t he!”

Gamow’s gift of communication, so evident in his widely appreciated books,
mace him a charming platform personality. He could amuse and edify and inspire
anaudience of laymen or students or savants, Jjust as he could hold a coterie of friends
spellbound. T rememiber the impression he made on an audience of adolescents in
the Washington area, who had Hocked to hear his Christmas lectures on “Big-
Bang Cosmology”. The Philosophical Society of Washington, which spounsored the
lectures, anticipated that the demand for seats would be great, so we arranged
for the use of the spacious Lisner Auditorium of George Washington University.
On two successive evenings, marked by freezing weather, the hall was filled with
youngsters enthralled by his contagious enthusiasm and his instinct for showmanship
(he inflated balloons to represent the expanding universe).

The abiding love of George Gamow was the pursuit of astrophysics and cos-
mology. Predictably, he was in his glory at the Texas Symposia on Relativistic
Astrophysics. At the 1964 conference in Austin, when the newly discovered quasars

were the mystery of the hour, no one expressed the general mood as succinctly as
George, who gaily recitec:

“Twinkle, twinkle, little quasar
How T wonder what you are ...”

At a subsequent “Texas Conference” in New York, George basked in the ex-
citement over the discovery of the universal microwave raciation he had predicted
fnany years earlier as a remnant of the primordial “big bang”.

Gamow’s income was divided into three parts — one part came from teaching,
another from consulting, and the third from hook writing. His legacy, too, may

George Gamow - a Giant in 20th Century Science

i ibuti ; raveling ¢ ries of
be summed up in a trichotomy: his contributions to unraveling the :n]y.ster |
the i | | et it is associates 1s superb
nature, the impact. ol his magnetic personality on his associates, anc i
LA Ry J . .

interpretation of science to the general public.



Reflections on George Gamow’s Unique
Scientific Legacy and Personality

I.B. Pustylnik

Tartu Observatory, Tartu district Toravere, Estonia
e-mail: 1zoldQ@aar.ee

Abstract

We discuss the rich scientific legacy of CGieorge Gamow, an outstanding figure
in XXth century physics and cosmology, whose talent bridged the gap between
East and West long before the decline of the totalitarian system. Our analysis
is based partly on Gamow’s original scientilic and popular papers, partly on
the reminiscences of his colleagues and contemporaries. G. Gamow’s creative
style is unique in a sense, representing a peculiar amalgam in which artistic
imagination, a sober rational approach of a scholar and psychoanalytic insight
are all combined in one creative personality. We discuss how these different
facets of Gamow’s rare talents are reflected in his transparent physical mod-
els, specifically that of a hot primordial Universe and confront some of his
predictions with the realities of contemporary extragalactic research and ob-

servational cosmology.

Keywords: history of astronomy

1 Introduction

In my contribution I will concentrate on some peculiarities of George Gamow’s
unique creative style without going into the technical details of his fundamental
discoveries. This will be the subject of presentations prepared by cosmologists,
specialists in relativity and theoretical physics. Earlier excellent reviews have been
presented on the occasion of G. Gamow’s 90th birthday anniversary and published
in Russian by the well-known physicists A.D. Chernin [2] and V.Ya. Frenkel [3].
My modest analysis is based partly on Gamow's own books — “Thirty Years that
Shook Physics” [7], “One, Two, Three... Infinity” [8]. “Biography of Physics” 6]
and on two memorial volumes “Cosmology, Fusion and other Matters” [1] and the
most recent one — “The 1996 George Gamow Symposium” (held in Washington)
[17). It can be regarded as a continuation of my earlier article published eight years
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February of 1987 with the aid of a neutrino telescope has been claimed by the
Japanese team of scientists (Kamiokanda II) (for more details see [10]) and later on
independently coufirmed by an American and Soviet—Italian groups.

The theory of potential barrier penetration and the theory of beta decay de-
veloped by G. Gamow jointly with E. Teller serve now in large measure as the
foundations of our understanding of why various radioactive elements have their
characteristic lifetimes. These, so-called aeonglasses constitute now a part of the
Aourishing branches of both stellar and galactic evolution as well as the early history

of the solar system.

3  Different Facets of Gamow’s Talent

Il one tries to grasp the most essential and at the same time the most intriguing

facets in George Gamow’s character as a scientist oue tends to agree with Stanislav
M. Ulam, a mathematician and a close associate of G. Gamow who asserts that
curiosity was directed towards the large lines of the theories
ke us understand the scheme of things in the universe — the
the very set-up of the dimensions, and physical variables
t — the stage on which

“his overwhelming
which attempt to ma
foundations of physics,
and the constants from which theoretical physics is buil
at is the nature of space and time in the very small
This view is echoed by many others. Thus
Big Bang Cosmology,
ed that the main job

all phenomena take place, th
and in the universe at large” [18].
according to R.A. Alpher and R. Herman (Reflections on
p. 11) in his paper “Any Physics Tomorrow” Gamow propos
of theory was to express new empirical constants through existing constants of
locity of light, Planck’s constant, and a fundamental length
ant in a special category; and the gravitational
constant, for macrophysics. In the last chapter of his famous “collective portrait”
of the most outstanding physicists of the 20th century entitled “Thirty Years that
Shook Physics” Gamow tries to catch a glimpse of future physics. Starting with
a bitter and reproaching remark that “we are now dragging through the lean and
infertile years in theoretical physics and looking for better luck in the years to come”
and stating that “we have no crystal ball for predicting the future development”
at the straw of cosmonumerology and dimensionless analysis. He selects
constant as the fundamental constants of

nature and suggests that the third august quantity should be the classical electron
radius. According to his view every physical quantity can be expressed through
these three. Even his popular book *Nr Tompkins in Wonderland” whose hero,
the little clerk of a big city bank, is transferred in his dreams into the imaginary
worlds governed by quantum theory and the principles of relativity carries a subtitle

“Stories of ¢, G, and h”.

One of the most amazing features of his talent which brought G.
arency, visuality of his physical models. Accord-

Gamow always tried to find even in most abstract
ith precisely understood models”
with G. Gamow’s

nature, namely, the ve
for microphysics; Boltzmann’s cons!

he grasps
the velocity of light in vacuum, Planck’s

Gamow public

recognition is the extreme transp
ing to the testimony of S. Ulam *
theories, motivations or similes, i.e., analogies w
(18]. It looks as if this facet of his rare talent has something to do

artistic abilities. Admittedly he made the most ingenious illustrations in several
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of his popular books. It may sound a paradox but the more complicated and ab-
stract seemed to be the task he faced, the more eloquently his artistic Imagination
manifested itsell. Let me illustrate this thought with just two examples. In his
critical essay reviving Gamow’s crucial role in elaborating the drop model of atomic
nucleus, R.H. Stewer, American historian of science, offers a straightforw
nation: “Possibly the very shape of the nuclear potential wel
from above resembles a volcanic cone containing energetic alpha particles inside it -
sparkled his thoughts” (The 1996 Gamow symposiun, p.36). Here is another, per-
haps, even more striking example of what S. Ulam defines as Camow’s urge “to find
even in most abstract theories, motivations or similes, i.e. analogies with precisely
understood modlels” (Cosmology, Fusion and other Matters, G. Gamow’s memorial
volume 1972, p. 60). In his popular book “Biography of Physics”, Gamow intro-
duces an uninitiated reader to a rather intricate notion of quantum mechanics -
penetration by an a-particle through a high potential barrier surrounding uranium
nucleus. He uses a “visible simile” analogy between de Broglie waves and the waves

of light. As always, he himself makes the illustration for his hook and sketches the
slab of glass reminding the reader of a f

. : atiliar phenomenon iy geometric optics of
the total interpal reflection of light. Next, making a mental experimert he draws
au.ot..her imaginary slab of glass siipposedly only several waveleneths away from the
ongmfwl one explaining through Snail’s law of refraction tle (liﬁf;rence I);tv\feell ge-
ometric and wave optics t} ’ !

; ereby vividly ilustrating how
roni one glass slab to (he other withouyt

ard expla-
I = which when viewed

the photon can “jump”

ttating Re) H N A e J -a WS and t ren;
'-» g a C()ll][)l(h@llSl()ll of “1(‘3 lll("-('.h'd['llSlll l(—'.El(llllg to l'll.l(‘.l(?.a.l' [)‘c'll'l'iel' penetration.
O“e cannog help lﬁ‘-@]illu th

at this rare facet ol G.

L Gamow’s numerous talents has
artistic perception of the

world.

something to do wit] his

4 Oppenhen‘ner’s Syndrome?

An intriguing question,
ol an eminent nucle
heimer’s syndrome.
much reflections on t
.b‘\;' him and his colle
Inquisitive mip
the Americap N
J. von Neuman,

which invariably e
ar physicist ig scrutiniz

To what extent G. Q as prone to this syndrome, how
he devastating nature of the forces released from the “bottle”
vy tigh ooV la'; Orcaltjé i.“,.g ,“LI)I lyil W ’a..l II' Ga,.nlow wo]-l{ed'alt
1. After the war Gamow , ¥ “vl 1A -‘Elllstelff l_llllllself and with
study the effect of nuclear blast | ‘ : '0\ 5 00 the surtace st o
udy et or Pmiec; bu sL 1ocl:\ waves on the surface structure of shi ps and
see the reminiscences of F.. S;\acfc;lcl()ifll “?‘ileojg)%l(?tév o Syt
thmllt 1sleems to'us th'at Gamow’s famous ¢

.g_ Fs on this deljcate issue. Tt is well
T-division Gamow sketched sever .
of arms) dedicated to th jec
M. Carson Mark. The s}
good fellow”
room. Another

nerges, whenever the scientific legacy

ed, is an issue of the so-called Oppen-
amow w

(for more details
AmMow Symposium”, p. 26).

artoons to some extent betr
known that
al mock shields
€ Project. One of them
| leld is encircled on a]) sides by the motto
a portrait of 4 hero Gamow pllaces i

fthe same shiel( containg

ay his uneasy
during his work iu the famous
(reminiscent of a medieval coat
depicts the leader of T-division
“For he is a jolly
a sinister atomic mush-
a number of figy, rines, presumably,
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. . wrlir ) sthing which looks like either
the children of “jolly, good fellow” crawling out ol 30;110“]1 g ol pictute emanates
e ' ' | : 7, the whole ure eme
e | 2 whale or : ‘1 of plenty. Unwittingly,
the belly of a whale or a hor : ore
) ‘ i CDTESS g > 1S another exa
some apocalyptic-sarcastic or even sardonic exps osmvene’ss. lle}e l--( o reating
l - ine i ironic: f G. Gamow's evasive style at
is time both amusing and ironical) o e ees: SIp
ple (this time i “ Two, Three... Infinity” he muses: “In
: ne ticklis sject. In his book “One, Two, Three... 1 A '
the same ticklish subject. WO e ecentlv) 0 a world
respect to nuclear energy we live (or rather lived until quite rc?el 311)01“ tche o
S ' ‘ ing in a subfreezing temperature for wh
imilar to that of Eskimo, dwelling in a subfreezing temperature .
simuilar £o that l J ’l' id alcohol. Such an Eskimo would never have heard
id is ice ¢ e - liquid alcohol. € § '
solid is ice and the only lig ‘ ubbing two pieces of ice against each other,
about fire, since one cannot get fire by rubbing pieces s 1 would have 1o
and would consider alcohol as nothing but a pleasant drin ,|51;1c.e L erploxity of
o : - int. And the great p SXITY
ieing its t e above the burning point. !
way of raising its temperature a ‘ od process of liberating on large scale the
humanity cansed by the recently discovered proces [ to the astonishment of
ergy lﬁc]den in the interior of the atom can be compared to ]l m;i‘ ¢ time” (“One
ener ‘ . ; . ‘ner for the first time .
imaginar - Eskimo when shown ordinary alcohol burner for the : .
our Imaginary sSHi ' 168). Curiously enough, in the same book Gamow refers
inity” ) Urious : A
vo, Three... Infinity”, p. 168). A . . e difference
e “nciple of statistic disorder and even the buruing ¢uestion of the diflerenc
to the principe - St l" ing forms of matter again addressing the meaningful fig-
iving ar sn-living forms ol matte - >Hs i - Cif
reen living and non g e e ical brocess i
e f 1100110]0 «“\We should have a much closer analogue ol a l-"f)lOg ¢ l‘(ir solution’
: ‘ ) ' slece WE 1a wal
l;”e o le, the presence of a single alcohol molecule (CoHsOH) in a we or soutior
'or example, the prese o e ocess that v
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- carhbc & ' . .. . - 10w
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i ‘ - . - e e " < ¢
¢ Co-l s s la into pure whisky, we should be forcec 0 cons .
begin to turn this soda RN 236). And following this pas-
) Ol ing matter” (*One, Two, Three... Infinity™, p. 230). tudying the structure
B iption of r ogress in studying t
‘ipt ecent, progr o
< - {s to a description ol 1 ‘ s as
sage Gamow proceeds ‘ ) o rer all? Because it is as
s‘;.gtl ';im slest. living forms — viruses. So why spirits after rll. e etomal
ol :ls the virus or because G. Gamow himself brooc mlg 1 .f - o s
M 10US ¢ ! S ) . . o P 1"O111
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¢ - ! L B 2 1 - 1@ ) 110 G [ $
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immortal figure of doctor Faust. The cl - Shook Physics” is by no means inci-
i > to his book “Thirty Years that Shoo ysic \ 4 massless
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/2 was not so easy to swallow even for the
- then they sought refuge in the world of
In fact, the book was completed
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and chargeless particle with thc? spin 1 |
outstanding physicists of the thirties. Anc .
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Gamow more and more in the epilogue of his
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Abstract

teorge Gamow was a man with boundless interests and imagination that Look

him from relativity theory to quantum mechanics and nuclear physics, back
to cosmology and then to genetics. He had made seminal contributions Lo
these key areas of modern knowledge which ensured him an enduring place
among the giants of modern science. A brief review of his worl is given, and
new results inspired by Gamow's Big Bang are presented.

Keywords: cosmology

1 Introduction

Gamow wrote twenty-five books, which is plenty for the lifetime of a scientist. The
most famous of these is a popular science book entitled “Mr Tompkins in Paperback™
printed 19 times since the first publication in 1965. In 1994, it was published again
in English in Cambridge, England, and — at last! - in his native Russian for the
first time in Moscow. Mr. Tompkins is back (although, in truth, he never really

N strophys. Tr, X
(M4 G. Smoot of 4, Ao vs. Trans., 10, 167 (1997).
15 R TOPRys. J., 396, 1,1 (1992)

- Sunyaey, Ya B 7014 R
. -B. ZePdoy
[16] E. Teller, j,
G“'mow 1\/[@

iCh) A'n. . g w
. Reige ) o n. Rev. Astron. Astrophys., 18, 537 (1980).
. morial Vojume, iopon 2% Pusion and Other Matters, George
17 E. Harper, w C. Park rado Associated Univ. Pregs p 00 (ib??)
.,' al‘eGD . o0, P. Z).
Spo LIS O N .
O? gf;;/e{i by the George [’_Vasjl\inclexson_(eds) The George Gamow Symposium:
ungton, ASp Conf SQ "glon University qn the C rreoi ym,p.?b t ;
(1§ s. Ulam, | - Ser. 129, (1997). fie Carnegie Institution

went, away).

He enjoyed writing books on popular science, while his major interest was to
attack and solve the problems of nature — in physics, cosmology and biology. People
often asked him how he wrote books that were so successful. And he replied [1]:
“Well, it is a deep secret, so deep that I do not know the answer myself!”

I F. Regi
Gamo ces (ed '
w Memopig Volume )Ccosmology, Fusion qnd Otf But now we know the answer: it was because he wrote books about what he
‘ . A el . P /] . o ' T . !
her Matters, George himself was doing in science. And what he was doing was excellent. His three most

» Coloradg Asso

clated Unjy, p
\,. I 1,@ . ‘,)’_' - .—79 - .y - . -
ss, p. 272 (1972). significant contributions to science are:
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* He discovered the quantum nature of al pha-decay in nuclear physics (10‘)8)

. he propose(i the theory of the hot initial state of the Universe based on whi;h l’
predicted the existence of the cosmic microwave background radiation (1946—1953,)e

¢ he found the clue to the genetic code in hiclogy (1954). i

. And in addition to these contributions, he proposed nume

lous areas of modern science and technology. G

that led him to toss off ideas like lawn seed.
Edward Teller, the father of the American H-

for more than 35 years, recalled: “Now. G
' . . . ’
an exceedingly nice guy,

rous other ideas in var-
amow exercised random brilliances

bomb and Gamow’s close friend
e amow had a fertile imagination. He was
really believed I was a “l';themlzti el more\,. he was the only one of my friends who
al : a 1c1an... Now, I'm sorry
of Camon's thec : 4111 8OITY to say that ninety
heorins et 1 ) ] 8 Y percent
But he dior o ?{ e;i(;“ rong, and it was easy to recognize that they were wrong
of his inventions He WOul;StE?e of tholse people who had ne parti(:ulai' pride in ali;'
. . s e Nrow out his latest il - l
vass dellhe . ' s latest 1dea and then treat it as a jok
ghtful person to work with.” (See Blumberg ar; e
nberg and Panos [2].)

'II)O L 15 Y eyl
i cmm_lll:, 150 scientific papers. Among these, three
(¢ By . D e
?f‘d glory to him. He wrote these p loned above that brought world recognition
us production w: . apers as a single author. N
as d g A gle author. Most of the rest of
as done with coauthors, Nobe] Prize winners H : C ot 0
: ners H. Bethe, F. Bloch,

4 1 ’ . l‘lr, al](l L. L«':ll](iau EUHOJ D‘ ' g o \I - 0 -” ' ' ‘
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If, to be conservative, we
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e !
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mathematica| estimate oG
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2 e
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Before teaming up with Gamow, Teller hacd worked primarily on the application
of quantum theory to molecules. But their association influenced him to transfer his
emphasis to nuclear physics. As a result ol their work in Washington, “he stepped
onto a path leading to the development of nuclear energy for purposes of war and
peace”, as Teller’s biographers said (Blumberg and Panos [2]), and this may be
equally said about Gamow himsell.

Probably their most important contribution to pure nuclear physics at that time
was the formulation of what is now known as the Gamow—Teller selection rule for
beta-decay.

Gamow and Teller were also getting more and more interested in the applica-
tions of nuclear physics to astropliysical phenomena. They stuclied the problem of
thermonuclear reactions in stars to explain their energy sources. In 1938, in Wash-
ington, Gamow organized a conference on energy production in the sun and other
stars. Among the invited physicists and astronomers was Hans Bethe.

As Gamow described in his autobiography [1], Bethe “on his arrival knew noth-
ing about the interior of stars, but everything about the interior ol the nucleus”.
Towards the end of the conference, he came out with a possible scheme of nuclear
reactions involving hydrogen and carbon which could produce enough energy to
explain the observed radiation of stars — the famous carbon cycle (for this work he
was awarded the Nobel Prize in Physics in 1967).

Soon after that, Gamow and his research student Charles Critchfield in collab-
oration with Bethe developed another scheme of thermonuclear synthesis that was
hased on direct proton-proton reactions. We know now that proton-proton reac-
tions play the dominant role in the sun and stars fainter than the sun, whereas for
brighter stars, such as Sirius, the carbon cycle is dominant.

During World War Il, Gamow worked in the Division of High Explosives of
the U.S. Navy studying the propagation of shock and detonation waves in various
ordinary, not nuclear, highly explosive materials. It would have been, of course,
more natural for him to work on nuclear weapons, but he was not cleared for such
work until 1948 (after Hiroshima, as he usually emphasized).

The reason was presumably his Russian origin and also his free manner of speech,
as he himself suspected. He loved to tell stories and was a great master of this art.
One of his lovely stories was about his service as a colonel in the field artillery of

the Red Army at an age of about twenty [1]. There was more of art than of reality
in his story, but security officers of any nation do not like stories like that.

3 Los Alamos
154948

Gamow joined Los Alamos Scientific Laboratory in July 1948. He was welcomed
there by Teller and some other friends, Stanislav Ulam among them. If Teller is
known as the “father” of the bomb, then Ulam is recognized as its “mother”. They
both credited Gamow with initiating the theoretical work in the United States that
ultimately led to the biggest manmade explosion. Teller referred to the subject
of thermonuclear reactions as “Gamow’s game”. Teller said that the champion at

Gamow’s game was Bethe.
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7 . . al
We cannot say much about Gamow’s work at Los Alamos because we know very
little about it. Mauy years passed, but the information is still mostly classified Sb
we do not know exactly which “ten percent” of Gamow’s ideas were used in t}

H-bomb production. ¢

| Gz;mmow Joked afterwards that his major contribution to the development of the
American hydrogen bomlb was bringing Edward Teller to the US |
\ lHO\;’(—)\l’GI; when Teller testified against Robert Oppenheimer, the father of the
~-bomb, befor ‘ i y 11i8si ‘ X '
» before the Atomic Energy Commission (and as a result Oppenheinier was
r - E i ¢

macle to leave , N . o
ade to leave Lo§ Alamos), Gamow said openly that he considered the accusati
against Oppenheimer as false and absurd. C T RS

N \\\\’1(;‘1:;1(],: ,nglﬁ: Illncll?]gl;ll ne I\lrh;t'; Gamow would have felt about the “balance of terror”,
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We will mention here only a few aspects of the theory in its historical retrospec-
tive.

First of all, it is remarkable that Gamow believed that the idea of the hot
initial state of the Universe was put forward not by him, but by his teacher [Fried-
mann. In his autobiography which was already quoted [1], he wrote: “According to
Friedmann’s original theory of the expanding Universe, it must have started with
a singular state at which the density and temperature of matter were practically
infinite.”

Note two points in this phrase: original theory and infinite temperature. We
studied all of Friedmann’s published work on cosmology; their total number is
not too large — two articles in international and Russian journals and one popular
science book. Our inspection has revealed not a word about the initial temperature
of the Universe. A possible (or most probable?) explanation for Gamow’s reference
to temperature in Friedman’s original theory is that this idea was considered as
natural or even trivial by Friedmann himself and the people around him. It seems
to have been cosmological folklore in Leningrad in the 1920s, so Gamow could not

pretend to own this idea.

It is also interesting that Gamow’s initial aim to explain the ohserved abundance
ol all chemical elements in the Universe was not achieved in his theory. Only helium
and a few other light nuclei could be produced during cosmological nucleosynthesis.
Other elements are assumed now to be produced in stars, especially when they

explode as supernovae.
Finally, the prediction of the cosmic thermal radiation which was considered ini-
tially as a simple by-product of Gamow’s theory has proved to be its most impressive

result.

Let us say something about this radiation and its prediction.

The cosmic microwave background radiation is a wonderful — and at the same
time quite natural — phenomenon. It appeared when neither the earth nor the sun
and stars existed in the Universe. It may sound like an ancient myth of creation,
but so it is that the Universe was full of light from the very beginning, and this
light was not radiated by cosmic bodies. It was born together with the Universe
and is still filling the cosmic space. Now it exists in the form of radio-waves, mostly
in the band from 10 cm to 1 mm, and can be observed with radiotelescopes (or
radiometers) from the earth’s surface as well as from orbiting space stations.

If one assumes that the matter of the Universe was very hot at a remote past,
as Gamow believed, then one would expect that the thermal radiation was in the
space alongside with ordinary matter, like protons and electrons. This is a direct
consequence of the general laws of physics known since the end of the XIXth century.
And this radiation could not disappear with time, but evolved together with other
forms of cosmic matter. This evolution led, first of all, to the cooling of matter —
both particles and radiation - because of their expansion together with the Universe

as a whole.
The whole expansion of the Universe is described by I riedmann’s cosmology. His

theory covers all about the dynamics and geometry of the Universe. And it may be
used to find the law of cooling for matter and radiation during the cosmic evolution.
But one needs to know something else to be able to say which temperature the
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racliation has now. To talk about the present temperature we need to know what
temperature the radiation had in at least one moment in the past.

Gamow was the first to recognize that this problem could be solved with the
help of nuclear physics applied to the hot and dense matter in the early Universe. In
principle, his idea was very simple. He suggested the calculation of the temperature
of the cosmic matter at the epoch when thermonuclear reactions took place in this
matter. It could be made if we know what the output of these reactions should be.
For instance, the reactions should give about 30 percent of heliun (by mass), asitis

observed in the present Universe. And this is enougl to calculate the temperature
of the cosmic matter.

He made this suggestion to his young colleagues, Ralph Alpher and Robert
Herman. They performed extremely complicated calcul

ations and found the present
temperature of the cosmic radiation. This was

5 degrees ahove absolute zero 3].
Gamow himself hated complicated calcul
at working out simple arithmetic. But he
temperature — even without an
of Friedmann’s theory

ations. He said that lie was hopeless
also made his estimation of the radiation
¥ nuclear physics. He used only the sim plest formulae
6, in another version) cilel:r(llczl;(tll;gi:; if:gil(zf tll‘lirm()dyn?mi(:s' e (o Waf Z §Or
are . abs - . - . 4. 01k

How did he Mmanage to do it? It wag sOulz'lﬂe e T i e ol

— they knew definitely that something o,
simple formulag, to get this resylt

implicit assumption was mace

ing even for his young colleagues
additional was neecled, in addition to these
[6]. A closer look at Gamow’s work shows that an
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from the WMAP data seem to be especially impressive: these are the cosmic energy
composition [8) and the idea of a finite Universe [‘)] . R
The WMAP observations, together with the earlier stuche:s o.[ .dl-S‘i;“ fiill:;‘lmmi(ol;
and in agreement with all the bulk of the concorc‘la.nce Flz-‘tta., 111;1lcal,(.'.m(;ad.'l;-k mact_ter
cosmic euergy ingredients are dark energy (70%, in round lm,ll]cly )er's) (| Md;a . ‘(1955
(25%). The rest is ordinary luminous matter or I)aryoné“(;mo) .al;l;m;lg n,e“trmos'
than 1%) which is the cosmic microwgv'e l.)a‘cl\'gry(.)uud (CMDB) p s, neu
gravitons and other possible relic relativistic p;u’tlcl.es. o ersood. Tndeed, the
The energy ingredients ELII\G well measlurledi\|:]Ll|itL)eoro}1 rj)e lt:ll:z Cc’enst.ram.ed o CO,SmO-
microscopic properties of dark energy anc C a1 CT, er ¢ unconstrained Y cosmo-
logieal abeerva o le“f o (Al\[l(;ttﬁll{ﬁf((\)ll‘lﬂlr%;\lg lfl?cl)tons (0.005%) have a clea-r.
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Ay ~ Ap ~Ap~ Ar ™~ 109 M5 (1)
. IR .
e M 19 GeV is the Planck mass, L.e. t.he mass at f\:thh 13- Palt{f)llii nc;?(l)l:][; |
where Ay ~ 10- © its Gehwarzschild radius; here it is used as a ¢ n -
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lll(lle[)en(lent Tovarlt?t:;elt a ql;a‘rtet, with the same (approximately) values ol the
ents are members a set,
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Friedmann integral. The integral is the conservation value appropriate to cosmic
internal symmetry.

Cosmic internal symmetry as a remarkable time-independent feature of the
evolving Universe must have roots in fundamental physics. A link to theory is iden-
tified above under the assumption that the energy ingredients are well cleséribed by
simple physics. Specifically, it is assumed that dark energy is cosmic vacuum o
the Einstein cosmological constant; and dark matter are weakly interacting sta‘ble
particles with masses near the electroweal energy scale ~ 1 Te\-/' . 1f so, the Ci)clentitv
theory: it is a power of the hierar‘chv‘ I]Llll?b(—‘l" X = —e " 'cﬂ_so given b e

hy v X = Mp /Mgy ~ 10'5:

A~ XyMp ~ 10% M5 (2

~—

The numerical value of the integral

The large dimensionless number
measure of the cosmological figures
Among them are

(1) the vacuum densj .
) acuum density and the present-day non-vacuum densities

agrees well with the empirical result.
X provides a common natural quantitative
and phenomena associated with new symmetry.

pv ~ pp ~ PB~ pR ~ X—SAJ;J)I ~ ]O—IZOAIFLI! (3)
f) N . -
(2) the total dark matter mass in the finite Universe
Mp ~ XyMp; ~ 1080 ) p: Y
(3) the total num|
a her g 'k
er of TeV dark matter particles
Np~ X5 1075, (5)
(4) the total number
number of CMB photons
JVR ~ XG ~ 1“90; (6)
(5) the cosmic entropy per
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D~ X ~10's, (7)
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It is suggested in this paper that the interplay between gravity and electroweak-
scale physics is behind new symmetry. Such a conjecture invokes a special signifi-
cance of the electroweak energy scale in fundamental physics. It assumes that the
origin of species and the generation ol cosmic perturbations are due to a common
physical process at the epoch of the electroweak temperatures. The essential items
of the conjecture are as follows:

(1) The electroweak freeze-out described by the model ol Section 4 which shows
how the WIMP dark matter might originate as a thermal relic of the hot Universe;
this is a standard approach which may easily be refined in many (secondary) details.
The model involves cosmic radiation with the density ~ f\fIg—W at the electroweak
epoch and shows how radiation might come into the internal symmetry relation,
Ap ~ Ap ~ Ay, with dark matter and vacuum. If electroweak baryogenesis (see
below) produces baryons in the desirable quantity, the complete symmetry relation
for all the four energies would be guaranteed.

(2) Electroweak breaking of supersymmetry which gives rise to dark energy with
the observed density. Fundamental theory predicts that there may be various huge
contributions to the total energy density of physical vacuum. In particular, it
is known that the contributions may be both positive and negative, and at least
some of them may be infinite on the absolute value: the vacuum energy density
of fermionic particles is —oo, while it is +00 for bosonic particles. Zeldovich [14]
proposed that the contributions might cancel each other, so ghat the net result
would be the zero vacuum density, if there could be an exact symmetry between
the fermions and the bosons. That was the first guess on supersymmetry, a few
yvears before the supersymmetry concept was invented. This symmetry proves to be
violated, and because of this the expected value for the total vacuum density must
be non-zero. It may be assumed that violation is due to electroweak-scale physics.
But why is the net sum as it is? Though no answer to the question has been found
(15], Zeldovich’s idea looks very attractive in the context of the gravity-electroweak

interplay.

(3) Electroweak baryogyenesis which is based on the Sakharov—Kuzmin mecha-
The criteria for baryogenesis include baryon number violation, C and CP
ure from thermal equilibrium. Electroweak baryogenesis is
ause these criteria can be satisfied in the current Standard
ive predictions of the theory are favorable,

nisim.
violations, and a depart
especially interesting bec
Model of particle physics. The quantitat
while some additional assumptions are yet needed.

(4) Electroweak phase transition which is accompanied by non-causal super-
horizon density fHuctuations as seed of the observed cosmic structure. The density
amplitude of the Auctuation § might have a natural level at the electroweak epoch.
More discussion of this aspect of the gra.vity—electroweak interplay will be given in

a separate paper.

The phenomenological and microscopic understanding of cosmic internal sym-
metry and gravity-electroweak interplay is a new challenging problem in cosmology

stemmed from the impressive new discoveries made in the field after Gamow.
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Abstract

In this paper I review some of the scientific contributions to the field of cosmol-
ogy and especially to the cosmic origin of the chemical elements and prediclion
of CMB of (by) G. Gamow. I also outline some aspects of the history of the
discovery of CMB radiation. Finally 1 will emphasize the role of CMB as a
very powerful tool of modern astronomy and tell about the [uture PLANCK
mission.

It is a great pleasure and honour for me to be a speaker at this Commemoration
Meeting to recall Gamow’s outstanding contributions to astronomy and cosmology.
For the preparation of this paper 1 used some material from books by Zeldovich
and Novikov [1, 2] and my own review [3]. Many details are in the monograph [4].
George Gamow was the founder of the modern theory of the Hot Universe. It
is really the first theory of the physics of the Universe.

Modern cosmology is a vast, rapidly developing field of knowledge. During a
rather long period in the second quarter of the XXth century its theoretical basis
was the set of cosmological models devised by the Soviet mathematician Alexander
Friedmann. Its observational basis was the work that led to the discovery by the
American astrophysicist Edwin Hubble of the law describing the redshift in the
spectra of galaxies.

Though the kinematics of the evolving Universe became known decades ago,
only in more recent years did research into the physics of processes occurring in the
expanding Universe receive a reliable observational and theoretical basis. Describ-
ing the situation in cosmology at the beginning of the 1960s Steven Hawking (5]
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George Gamow and the Discovery of CMDB

Lemaitre had proposed that the initial state of the matter in the Universe may
be thought of as a sea of neutrons. Later it was found that this assumption led to
a contradiction with observations.

The situation was as [ollows. A neutron is an unstable particle. When free, it
decays in about 15 minutes into a proton, an electron, and an antineutrino. Hence,
as the Universe expands, neutrons inevitably decay, and protons appear. A newhorn
proton would couple to a surviving neutron and form the nucleus of a deuterium
atom (a deuteron). A deuteron would join another deuteron, and so forth. The
reaction of forming progressively more complex atomic nuclei would rapidly proceed
until alpha particles (nuclei of helium atoms) formed. Calculations show that more
complex atomic nuclei would practically never he formed. The entire matter would
thus convert to helium. This conclusion sharply contradicts observations. We know
that young stars and interstellar gas mostly consist of hydrogen, not of helium.

Observations of the abundance of chemical elements in nature thus completely
reject the hypothesis of the cold neutrons heginning of the expansion ol the Universe.
In the 1940s, George Gamow (7] published a paper that suggested a “hot sce-
nario” of the initial stage of the expansion; this paper was followed by several more
written by him and then by his colleagues Ralph Alpher and Robert Herman (see

references and some details in [1]). It was assumed that the temperature of matter

at the onset of expansion was extremely high.
authors of the Hot Universe scenario was to analyze

The main objective of the
cosmological expansion and to obtain the cur-

nuclear reactions at the start of the
rently observed ratio of abundances of various chemical elements and their isotopes.

Why was it initially assumed that all chemical elements had to be born at the
start of the expansion of the Universe? The fact is that it was erroneously decided
in the 1940s that the time that had elapsed since the Big Bang was 1-4 billion
(10°) years (instead of the current estimate of 15 billion years). We are aware now
that this error was caused by the underestimation of the distances to galaxies and
overestimation of the Hubble constant. Comparing this time (1-4)x 10?
years, with the age of the Earth, that is (4-6)x 10Y years, Gamow and his colleagues
zzonclucled that even the Earth and other planets, let alone the Sun and other stars,
matter and that all chemical elements had formed at
niverse because they simply could not be

consequent

had to grow [rom the primary
the early stage of the expansion of the U
formed at any later period.

We know now that the time of expansion of the Universe is 15 x 10% years.
The Earth has been formed not from primary matter but from matter that went
through the stage of nuclear reactions (nucleosynthesis) in stars. The theory of
nucleosynthesis in stars successfully explains the main body of observations of the
. al elements, assuming that primordial stars grew from matter
a mixture of hydrogen and helium. The matter of old first-
generation stars, enriched in heavier elements, was ejected into space. New stars
and planets grew out of this matter. As a result, the need to explain the origin of
all elements (including such heavy elements as iron, lead, etc.) at the early stage ol
expansion disappeared. But the main idea of the hot Universe hypothesis proved

to be correct.

abundance of chemic
that mostly consisted of
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The theory suggested by George Gamow and his colleagues established that ]
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The prediction of the existence of the CMB radiation was done by G. Gamow
and his collaborators. Unfortunately nobody tried to search for CMB. Later we will
discuss why it so happened.

The subsequent history is well known. Penzias and Wilson [9] stumbled across an
unexplained, regular radio noise at a wavelength of 7.3 em. At the same time Dicke,
Peebles, Roll, and Wilkinson [10] were preparing an apparatus for the measurement
of the radio hackground at a wavelength of 3 cm with the deliberate intention of
verifving the theory of the hot Universe and determining the temperature of the
CMB radiation. At that time they had made corresponding theoretical estimates.
(see the book by Dicke [11]). Then hearing ol the results ol Penzias and Wilson,
Dicke and his group quickly interpreted their results as confirmation of the theory
of the Hot Universe and assigned a temperature of about 3 I<.

[t was in this accidental manner that Penzias and Wilson made the spectacular
discovery of the twentieth century, the discovery proving that the Universe had been
hot at the beginning of its expansion. In 1978, they won the Nobel Prize for Physics
for this discovery.

Let us return now to a problem that belongs to the history of science but that still
excites interest in physicists and astrophysicists. The brilliant American scientist
Steven Weinberg [12] wrote in his book “The first three minutes: A 11‘10(]@}'11 \f.iew
of the origin of the Universe”: “I want especially to grapple here wit.h‘ a lustorlc-fll
problem that I find both puzzling and fascinating. The detection of the cosmic
microwave radiation background in 1965 was one of the most important scientific
discoveries of the twentieth century. Why did it have to be made by accident? Or
to put it another way, why was there no systenatic search for this radiation, years
hefore 19657”

The reader is reminded that the prediction of the radiation at a temperature of
several degrees Kelvin that fills the Universe was made by Gamow 15 yea..rs l.Jefore-
the discovery by Penzias and Wilson, at the end of the 1940s and the beginning of
the 1950s.

Could it be that sufficiently sensitive radiotelescopes, capable of detecting this
radiation, were simply nonexistent? We will see later that this is a rather unlikely

reason. Weinberg expresses this opinion too. But the crux of the matter lies else-

where.
Phvsics offers numerous examples in which the prediction of a new phenomenon

was made long before the discovery could become technically f;e.asible. Neve'rtheless,
if the prediction had solid ground and was important, physicists never let it f)u't.of
sight. The prediction used to be tested immediately after the te(‘hl’ll(ffﬂ possibility
arose. Weinberg gives an example of the prediction of the antiproton in the 19395.
At that period, physicists could not even dream of the equipm.ent needed for }ts
experimental discovery. In the 1950s, however, it became possible, and a special
accelerator was constructed in Berkeley to test this problem.

In the case of the cosmic microwave background, however, radioastronomers
knew nothing about it or about the possibilities of detecting it until the middle of

1960s.

Why did it happen?
Weinberg gives three reasons. The first is that the Hot Universe theory was
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developed by Gamow and his colleagues to explain the abundances of a]] chemical

elements in nature by their synthesis at the very beginning of expansion. As we

mentioned above, this hypothesis had to be abandoned since heavy elements were

sy.fnt.hesized in stars. Ounly the lightest elements date back to the e.a.rliest 1moments

(ﬁ[‘ expansion. The first version of the theory contained other imperfections as well

l(t)\;s; slllle b:;?;ﬁ:?::fiﬁgs ‘izgx'lc:)(;;ec:ei?l}il)yt at t.lnn.a elll(‘_! of the 1940s and in the
A . garded as quite reliable.

In addition during this period Fre Hoyle, Thomas Gold and Herman Bondi
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tell is that the residual temperature from the original heat of the Universe is not
higher than 5 K.” They do not seem to have recognized that the unique spectral
characteristics of the relic radiation would set, it apart from the other effects.”

It so happened that I played my part at the next stage of this story. I started to
work in cosmology at the beginning of the 1960s, shortly before the microwave back-
ground was discovered. I had just completed the postgraduate course at Moscow
University; my science adviser was Professor Zelmanov. He was mostly interested
in the mechanics of motion of masses in cosmological models when no simplifying
assumption are made about their uniform distribution. He was less interested in
specific physical processes in the expanding Universe. At that time, I knew almost
nothing about the Hot Universe model.

Not long before the end of my postgradiate tern, I was attracted to the following
problem. We know how different types of galaxies radiate in different ranges of
wavelength of the electromagnetic radiation. With certain assumptions about the
evolution of galaxies in the past and having taken into account the reddening of
light from remote galaxies owing to the expansion of the Universe, one can calculate
today’s distribution of galactic emission over such wavelengths. In this calculation,
one has to remember that stars are not the only sources of radiation, and that many
galaxies are extremely powerful sources of radio waves in the meter and decimeter
wavelength ranges.

I began the necessary calculations. Having completed the postgraduate term, I
joined the group of Professor Zeldovich. Our interests focused mostly on the physics
of processes in the Universe.

All calculations were carried out jointly with A. Doroshkevich. As a result, we
obtained the calculated spectrum of galactic radiation, that is, ol the radiation that
must fill today’s Universe if one takes into account only the radiation produced
when galaxies were born and stars began to shine. This spectrum predicted a high
radiation intensity in the meter wavelength range (such wavelengths are strongly
emitted by radio galaxies) and in the visible light (stars are powerlul emitters ?n
the visible range), while the intensity in the centimeter, 11‘11Ili|‘11ete1"-¢111cl some still
shorter wavelength ranges of electromagnetic radiation niust be considerably lower.

Since the Hot and Cold Universe scenarios were eagerly discussed in our group
(consisting of Zeldovich, Doroshkevich and myself), the paper thgt I')oroshk.ev.ich
and I prepared for publication added to the total the putative l'achatlon. surviving
from the early Universe if it indeed had been hot. This hot Universe radiation was
expected to lie in the centimeter and millimeter ranges and thus fell into the very
interval of wavelengths in which the radiation from galaxies is weak! Hence, the
relic radiation (provided the Universe had been hot!) was predicted to be more
intensive, by a factor ol many thousands or even millions, than the radiation of
known sources in the Universe in this range of wavelengths.

This background could, therefore, be observed! Even though'tbe to't.al amount
of energy in the microwave background is comparable with th(.?, visible light energy
emitted by galaxies, the relic radiation would be in a very diﬂergnt range ol wave-
lengths and thus could be observed. Here is what Penzias [14] said about our work
with Doroslikevich [15] in his Nobel lecture:

“The first published recognition of the relic radiation as a detectable microwave
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phenomenon appeared in a brief paper entitled “Mean Density of Radiation in the
Metagalaxy and Certain Problems in Relativistic Cosmology” by A.G. Doroshkevich
and [.D. Novikov in the spring of 1964. Although the English translation appeared
later the same year in the widely circulated Soviet Physics-Doklady, it appears to
have escaped the notice of otlier workers in this field. This 1'(-21'11'(11‘1‘<élxble paper 11(;L
only points out the spectrum of the relic radiation as a blackbody microwave phe-
nomenon, but also explicitly focuses upon the Bell Laboratories 20-ft horn reflector
at Crawford Hill as the best available instrument for its detection!”

1 l()ll{l paper was not noticed by observers. Neither Penzias and Wilson. nor Dicke
and his 'kers were aware of it hef i ’ e
;3 his cc;wm kers were aware of it before their papers were published in 1965
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carefully studied possible sources of noise. Of course, his instrument could not
have been as sensitive as those with which the American astronomers worked in the
1960s. Results obtained by Shmaonov were reported in 1957 in his Ph.D. thesis and
published in a paper [19] in the Soviet journal Instruments and Experimentol Meth-
ods. The conclusion of the measurements was: “The absolute effective tem perature
of the radiation backgrouud ... appears to be 4 £ 3 K”. Shmaonov emphasized
the independence of the intensity of radiation on direction and time. Errors in
Shmaonov’s measurements were high and his 4 K estimate was absolutely unreli-
able, but nevertheless we now realize that what he recorded was nothing other than
the cosmic microwave background. I want to add that Shmaonov's observations
were reanalyzed by N. Kaidanovsky and Yu. Parijsky [20]. Their conclusions were:
“Thus, one can conclude that the contribution of the relic radiation (CMB) was
2 £ 1 K. Of course the result is rough but unambiguous”. Unfortunately, ueither
Shmaonov himself, nor his scientific advisors, nor other astronomers who saw the
results of his measurenients, knew anything about the possibility of the existence
of the relic radiation and so failed to pay the results the attention that they de-
served. They were soon forgotten. When Doroshkevich and I, having completed
our calculations, were calling in 1963 and 1964 on several Soviet radioastronomers
with the question “Do you know of any measurements of the cosmic background
in the centimeter and shorter wavelength ranges?” not one ol them remembered
Shmaonov’s work.

It is rather amusing that even the person who niade these measurements failed
to appreciate their significance, not only in the 1950s — this is easy to explain -
hut even after the discovery of the microwave background by Penzias and Wilson
in 1965. True, at that time Shmaonov was working in a very different field. His
attention turned to old results only in 1983, in response to semiaccidental remarks,
and Shmaonov gave a talk on the subject at the Bureau of the Section of General
Physics and Astronomy of the USSR Academy of Sciences. This event took place
27 years after the measurements and 18 years after the publication of the results of

Penzias and Wilson.

But even this is not the final chapter.
measurements by Japanese radioastronomers at the beginuing of the 1950s may also
have detected the radiation hackground. This work, as well as that of Shmaonov,
went unnoticed then, was not realized later, and remained practically unknown to

Some years ago I was informed that

the scientilic community.

Fate takes unexpected and tortuous turns. Nevertheless, the entire story is very
instructive. To hit upon a phenomenon is not yet equivalent to discovering it.
One has to realize the significance of the find, and give the correct explanation. A
combination of circumstances and sheer luck do play a role here — no doubt about
it. Nevertheless, success does not come by accident. Success requires lots and lots of
work, vast knowledge, and persistence in the work itself and in bringing the results

to the attention and recognition of others.

The discovery of CMB was one of the most unexpected astronomical discoveries
of the last centu;v. In contrast to that the existence of the “ripples” (the tiny varia-
tions that are seevn in the background radiation temperature) in the CMDB radiation
had been predicted and the corresponding proposal to search for them submitted
to NASA in the 1970s. These “ripples” have been discovered by COBE-satellite in
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1992, see [21]'. This project was preceded by the Russian project RELIKT, which
was the first space project devoted to the investigation of the CMB anisotropy.
The “ripples” contain the key to the mystery of why cosmic structure finally
developed. Observations of the ripples provide data to investigate the process of
the birth of the Universe, the origin of primordial small irregularities in the matter
distribution in the Universe and they allow us to estimate main cosmological param-
eters (the Hubble constant, the total amount of matter iy the Universe, the amount
gf barvonic matter and other parameters). All this information can be extracted
hl'om' the e}ngular power spectrum of the CMB anisotropy. It is the dependence of
the mtensltsy of the variations of the CMB temperature on the angular scale (or
mretsponcllmg lnmlt.lpolc number { of spherical harmonics). The theoretical power
spectrum has clear peak S 'd cos i is ioni
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[n particular, this field is quite sensitive to the presence of tensor perturbations
(primordial gravitational waves) and a deviation from zero of the so calle pseudo
scalar or “magnetic” part of polarization would be an indicator of gravitational
waves or vector perturbations. WNMAP performed the first measurments of the
CMIB polarization.

Cosmologists need much more information about the Universe which can be
extracted from the CMB. The new mission PLANCK will be the third space CMB
mission. PLANCK is designed to extract new important information available in
the CMB anisotropy and polarization (see details in [4]). We hope that in a few
years PLANCK will open a new era in cosmology.

But let us come back to George Gamow who started all this chain of discoveries. I
want to conclude with a quotation from the Smoot and Davidson book [30]: Gamow
“could ask questions that were ahead of his time”, recalls astronomer Vera Rubin,
who studied under him.
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Abstract

ory ol the Universe was pioneered 60 years ago by
As a consequence of the, later dubbed, Hol
and after some decay protons, and a history

The presently accepted the
ramow, Alpher and Herman.
Big-Bang, matter was neutrons,

of stccessive captures built up the elements.
It wasn’t until some 15 years later (with the discovery of Cosmic Microwave

Background radiation) that Gamow and colleagues theories were validated and
present day Standard Big-bang Nucleosynthesis theory was developed.

We will discuss the importance of state of the art observations and mod-
elling in the quest to determine precise values of the primordial abundance of

I and *He, using observations of astrophysical objects and modern day atomic
In particular, we will present the search for understanding and

paramelers.
determinations.

coping with systemalic errors in such
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1 Introduction

ard Big Bang (SBB) model of the universe were laid
an in work produced between 1945 and 1953
[1-4]. Their work placed Friedmann’s and Lemaitre’s conception of the universe on
a physically observable basis. They had the advantage ol knowing already about
the expansion of the universe, discovered by Hubble [5]. Their ideas proposed a way

to create all the chemical elements.
SBB states that the Big Bang was hot and dense,

The principles of the Stand
down by Gamow, Alpher and Herm

and that the conditions were
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ripe for nucleosynthesis during a short time window of a few minutes. Before that

moment the radiation was t0o hard to permit any nucleide to survive, after that t.l;e

.ten'u)ejral:ure. had gone too low. Therefore the frst light nucleides were formed only

a time window of approximately 15 minutes, and the relative abundances th ‘t

result depend on the production and the destruction rates during the nucleosyntl o

period, which are a function of the baryon-to-photon ratio 1) (:ee e 0- [()]) YHeE
, e.g. .

Closile?(;a‘:ﬁle 1(1;181333 iE}?{]J'SI:gge?t‘s f!lat at the hig%l density and temperature reached
cose fo C.O-nsj(]el-’j WI;}S, ‘:":e“wt(;wtlg.l'of.the ratio neutrons to protons would have
i reseamhzrs e hat tl lere are 110 stable nuclei with atomic weight
e, Sutoma o -.’ he cpnc usion that ther(f, Was no nucleosynthesis after

arevolution and nucleosynthesis then Jed to Big Bang Nucle-

osynthesis theory J

\-\’zlson 8 Lcll]izgi))v (‘B?l\“s) .t(.> be lel but abandoned for 10 years, until Penzias and
already been l)l‘c(leii'iz-clclgSllCl'lc Microwave Background radiation (CMB) that had
. o Rl DY Gamow and ¢ da ) o

tion back to Standard Big B colleagues. People then turned their atten-

_ ang Nucleosynthesis (S J :
model was developed by Peebles. W ynthesis (SBBN) and a very comprehensive
e )

. . Q| o, Fowler THos-
(see, e.g. [6]). goner, Fowler, Hoyle, Schramm, Steigman, etc.

al following the R: .
owing the Big Bang is shown in Figure 1
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SBBN has been very successful at least in three predictions:

o it very well predicts primordial abundances of Deuterium, Helium 4, Helium
3, Lithium 7 covering 9 orders of magnitude, a commendable achievement.

e it predicts the number of neutrino species.
e it predicts the neutron half life.

There is a very delicate balance between the reaction rates and the expansion of
the universe, therefore on the density and temperature, and hence, the primordial
abundances of the first elements can be used to determine the baryon-to-photon
density 1. Figure 2 shows the relationship between the primordial abundances of
1He/H, 3He/H, D/H and “Li/H and the ratio of the density of baryons-to-photons
in units of 107'% (130). One element alone should be enough to determine 7, but
consistency with the others would make the theory very robust, while confirming
the parameters of atomic physics used in deriving the predictions.

Of all the light elements, 'He is the easiest to measure, but, as Figure 2 shows,
it is the least sensitive to 7, and therefore. in order to be used as a diagnostic, it
has to be measured with very high precision.

T L
= = 0.24
Yo E / 4 0.23
'_\ :
SHe /H B \\E 10-6
i \ L L l [ N
T T ! ! v LA i
d 4 1074
D/H E ]
R ! 1 ! ! : Y —— ]‘0-5
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| L 1 o113
) o 3 4 5 678910
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Figure 2: Relationship between the primordial abundances of ‘He/H, *He/H, D/H
and "Li/H and the ratio of the density of baryons-to-photons in units of 10717 (n10).
Notice on the right, the 9 orders of magnitude that the abundarices cover.
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2 Primordial Helium (Y,

Abundances of "He and its primordi ¢ inf
) diﬂ«'L- o and its p.nmmd.lal value (Y},), have been inferred for many years
(.Iyt e;1eut - authors. Analysing their results, it becomes apparent that the clifferem
eterminations a rogressive 'ging, ¢ igni ther '
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2.2  4He abundance

Many elforts have concentrated over the years on Y, determinations, and although
the value obtained seems to be converging, substantial scatter still remains. Given
that the determination of Y, relies on a good determination of heavier elements
abundance, let us review the method commonly used for that purpose.

Chemical abundances in ionized regions of the interstellar medium (HII regions)
are determined from their optical spectra (an example of which is represented in
Figure 4) applying relations of the type of eq. (1) to the emission-line spectrum as
the intensity of a line is linked to the ionic abundance through a function of the

electron temperature (T¢).
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ectrum of an HII galaxy. The intense recombination and

Figure 4: Optical blue sp : mbis
are indicated. G. Hagele, private communication.

collisional forbidden lines

N(X) _ I(\)
NH*) f(Te)I(Hﬁ) ' )

T, is found by the analysis of suitable temperature sensitive spectral features,
OIII]AX 4363/(4959,5007) ratio as it is easy to understand from atomic

e.g. the [
nic abundances are then summed to obtain the chem-

physics first principles. The io
ical abundance of a particular element. For example,
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N(He*) _ L, 1(ASST6)

N(HT) I(H )
N(He™™) ~ T2 I(A\4686)
N(H®) I(Hp)

N(He) N(He") LM He++)

N(H)  N(H*) ' N(H?)
gives the total abundance of He.

2.3 Photoionization models

In cases where the T, cannot be rigourously

empirical methods. in particul :
how thev work i '

ork is pres in Fi 5

1 1s presented in Figure 3.
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3 Uncertainties in Y,, Determinations

The uncertainties affecting Y, can be identified in terms of the individual steps that
the method includes and can be grouped into three broad categories: the physics,
the stellar parameters and the nebular parameters. We can list some of them, but
several others exist (e.g., observational errors). In table 1 they are listed in three
categories, according to the ingredient of the method where they originate. As it
can be seen, some of them are intertwined. We will discuss all of them, except
the physics that affect our abundance determinations through atomic parameters.
There is nothing we astrophysicists can do about it, but to wait for better laboratory

results.

Table 1: Sources of uncertainty

Category Source of error
physics altomic parameters
underlying stellar absorption
stellar
parameters
-— | jonization structure
nebular
temperature structure
paramelers

H 1 collisional enhancement

3.1 Underlying absorption

The stars that photoionized the nebulae also show their own spectra. They are
young hot stars, with H and He lines in absorption, therefore the nebular emission
measured is underestimated. One solution is to subtract from the spectra a good
estimate (obtained [rom theoretical stellar models) of the stellar population. We
is then left with the pure emission spectrum. Nowadays, state-of-the-art stellar
population synthesis models with high spectral resolution allow us to perform a

good underlying absorption correction.

3.2 lonization structure

The simplest assumption to derive the He abundance from the Hel and Hell abun-
dances is that the ionized He and the ionized H spheres coincide. If this is not the
case, and the effect is not taken into account, the He abundance is either underes-
timated or overestimated depending on whether neutral helium is contained in the
ionized hydrogen sphere, or HO is contained within the He? sphere. 1f HII regions

were density-bounded in all directions, the problem would not exist.

There are several ways to deal with the uncertainty associated with the ionization

structure:
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¢ applying selection criteria to the object sample,
e building tailored photoionization models,

e using narrow long-slit data.

A frst possibility is applying selection criteria to the regions analyzed. Sinc
the ionization structure depends on the shape of the lonizing Spectr'um the s
lect§i011 criteria depend on the stellar popuiation. We can therefore exclu,de those
regions ionized by stellar clusters that do not guarantee ionization correction fac
tors ICF(He) ~ 1. This has the disadvantages that precious data points are lost
methods are not so robust as they should be, and selection criteria are \TR\;
model-dependent. S
i Sttt of he i e o Al ) s s
ol this method are that it is t:ime—conélunil(l)v(me Ol t 'he l??d o’ S
very constrained to ensure that the Dréciicte lmlélll“*( i inle o el

A third possibility is using lone-sl; . AR~

g long-slit d
not solved, its impact is lessened ow
of the transition zone is smaller th

ata. In this way, although the problem is
ed to geometrical reasons (the relative volume
an in the case of a complete sphere, about 2/3)

3.3  Temperature Auctuations
Temperature f i i
uctua ic ]
o yve flu e(‘ tl()(lis 1tnsu!e the HII regions can bias the abundance deterni
ntentics lil.l és \ ) io link the abundance of an element with the relative
o o O 18 the. el40 a 1ydrogen recombination line, and the relation depends
answer is no, as éach ,e(f tron temperature. But, does one value of T, fit all? The
’ ' o .
one for all introd n 18 associated with a typical tem perature, and adopting
. ,l Toduces a bias in the derived abundance ’
1e dependlence of ine i i ries.
sionally ered e lgtfol,ﬁe- 111?113&3' on T¢ varies from recombination to colli
sionall - Recombinatij i ik i |
structure according to ation lines (like, e.g. Hel) weight smoothly the T
I(A\587 /
(A5876) :T‘“‘N(Heﬂ (5)
I(Hp) N(H+)

while collisional |j ik |
sional lines (like, e.g. [OIII) \ 5007A) are enhanced in T peaks as

I(A5007) :
T = TP x et N(OTT) ()
N(HT)

Therefore, if

e 010., if there are temperatyre Aucty
18 determined from the ra -
temperature wil] he bi
lines may give

tio of coflis: ations in the region and the temperature
ased tox IC;) Islonal lines, as is often the case, the inferr
N L 1‘ =l . 19

) an estimate Close; ) S the peaks. On the other hand, recombinatio?

bination lines are weaker thap Coll-o.tlle average values. The problem is that recom

C X 1 . H [

sional lines, so they are more difficult to obser'®

In any cas i
Y case, this beco
CoOme: : 1
1168 a very hairy problem. 7 he temperature used to find

the ionic ,

abundances ;

CS INus et .

be over or . ust be deter mined with car N ances Wil
r underestimate are, otherwise the abundance
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3.4 Collisional enhancement of Balmer lines

Another problem is caused by the collisional enhancement of Balmer lines. The
expression here

N(Het) ~To I(\) (7)
N(H*) = I(Hjp)
holds under the hypothesis that the intensities derive {rom recombination only.
Helium intensities have an important collisional part, which is routinely computed
and subtracted out. Balmer lines have a much smaller collisional part, which is
nevertheless important at the present required state of precision. To have an idea
of the relative importance of collisions in Balmer lines, let us consider the collisional-
to-recombination ratio of HB: the ratio depends on the ionic fractions of neutral and
ionized hydrogen and on the Boltzmann [actor of the transition from the ground

state to the upper level of the line.

J(HB)e ~ N(H°) o~ DE/RT (8)
J(HB)r ~ N(H*)

. . . S < f . .
Typical values for the ionic ratio are around 107, values for the Boltzmann factor

are listed below for the typical range of HIl temperatures.

Table 2: Boltzman factor as a function of temperature

o o~ DE/KT
e

10000 | 3.7B-7

12500 | 7.212-6

15000 | 5.2E-5

17500 | 2.1E-4

20000 | G.1E-4

the collisional contribution to the Balmer lines is
ature regions. This is a big difficulty because

the hottest regions are also the most metal poor regi.ons m.ld are .t}he m?st important
from the point of view of the determination of primordial .hehum given that the
amount of (unseen) He® is minimal, and so is the extrapolation to Z = 0. |

An additional difficulty is that the collisional contribution is higher ff)r Hea than
for HB, and thus it mimicks (and can be misunderstood for) the redclemng due the
interstellar attenuation. Therefore, unrecognized collisions have two main _eﬁegts,
one direct and one indirect. The direct one is that the relative hydrogen contribution
therefore the He/H ratio is underestimated. The indirect one is
erpreted in terms of pure extinction, the lines
are underestimated.

Due to the Boltzmann factor,
particularly important in high-temper

is overestimated,
that if the Balmer decrement is int
blueward of Hf are overestimated, and those redward.of Itlﬁ :
The global effect on helium abundance cleppnds on which lines are used, bup su‘1c‘e
the most intense ones (A 5876 and 6678 A) are redward of Hp, the net effect is

usually that He is underestimated. .
As an example, [12] used tailored photoionization models to study quantitatively
s ) ,

the eflect of collisional excitation of Balmer lines on the determination of the helium
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abundance (}7) in individual photoionized regions. The geometry of the mode
very complex, simulating a filamentary structure with stellar sources spre
where. The revised ¥ values for the five objects in their sample yield a
ol +0.0035 in Y),, giving ¥}, = 0.2391 £ 0.0020.
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It is interesting to note that the Songaila 1994 point for D/H has been include
just for historical reasons, as it was soon recognised to be wrong.

4  Concluding Remarks

Given the concordance obtained with WMAP D/H determination (e.g. [19]), §s
the n value secure? The answer is no. Cosmic Microwave Background results con-
strain combinations of cosmological parameters, therefore independent individual
determinations of them are still very important.

Concordance of primordial abundances has been considered a triumph of moden
cosmology; regaining it represents an important goal.

In the process, as the community h

lot about chemical evolution of gal
determinations.

as done in the past, we are sure to learna
axies and ahout systematic effects in abundance
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Abstract

We present results of an analysis of ~ 4500 Lya absorption lines found in
high resolution spectra of 18 distant quasars. Applying methods developed in
our previous papers we nolice a possible deviation of the spectrum of primor-
dial density perturbations at small scale from that predicted by the standard
ACDM model. These data restrict the mass of the dominant component of

DM particles to Mpar = (1.5-5) keV.

Keywords: cosmology, quasars, Lya absorption lines

1 Introduction

The main goal of observational cosmology is to supply the most accurate values of
the basic parameters that are needed to construct a reliable model of the universe.
Great technological advances — CCD cameras, fiber optics, adaptive optics, new
methods of construction of large mirrors of up to 10 m in diameter and satellite
observatories made it possible to observe very distant galaxies and quasars, perform
deep galactic surveys and observe the sky with higher precision at wavelengths
ranging form microwaves to gamma-rays. The Hubble constant — the fundamental
cosmological parameter — has been only quite recently measured with accuracy
better than 10% by different methods. The Hubble Space Telescope Key Project
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Almost at the same time it has been suggested that the distribution ol hydrogen
could be clumpy and clouds of neutral hydrogen could produce discrete absorption
lines [2]. Such discrete absorption lines have been discovered soon after. It took
some time before astronomers realized the nature and potential of the ahbsorption
lines appearing in high resolution spectra of distant (z > 2) quasars. By now it
is generally accepted that the Lya absorption lines, usually called the Ly« forest,
are connected with clouds of intergalactic hydrogen. These clouds form a new
class of objects that are more abundant than galaxies and less clustered (for a
thorough review see [31]). In the framework of the cold dark matter (CDM) scenario
of structure formation Lya clouds form as a natural outcome of the process of

gravitational concensation.

9  Formation and Evolution of Lyman-a Clouds

s

teristics of absorption lines are the redshift, zqps, the
column density of neutral hydrogen, Nur, and the Doppler parameter. b, while the
theoretical description of structure formation and evolution deals with the mean
linear number density of absorbers, neps(z), temperature, overdensity and entropy
of DM and gaseous components, and with the ionization degree of hydrogen. To
connect these theoretical and observed parameters, a physical model ol formation

ion of Lya clouds also called absorbers is required. Many such models
e last twenty years (see references in [31],

The main observational charac

and evolut
were proposed and discussed during th
[11] and [12}).
In our considerations we assume that:
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ol gravit.at.ional instability applied to CDM or WDM
The majority of DM pancakes are partly
owing to their successive merging

1. The DM distribution forms an interconi

pancalkes)
by the Zeldovich theory
initial power spectrum (10, 13}.
and their properties vary

relaxed, long-lived,
on in transverse directions.

and expansiol and compressi
itational potential wells formed by the DM distri-

_ Qas is trapped in the grav
and the observed Doppler parameter, b, trace

bution. The gas temperature
the depth of the DM potential wells.

ure, the gas density within the wells is determined by
ed during the previous evolution. The gas entropy is
f heating by shock waves that develop in the course
heating by the UV background and local sources

[}

3. For a given temperat
the gas entropy creat
changing, mainly hecause 0O
of merging of pancakes, bulk
and due to radiative cooling.

4. The gas is ionized by the UV background and for the majority of absorbers
. g \

ionization equilibrium is assumed.

5. The observed properties of absorbers are changing because of merging, trans-
versal compression and/or expansion and disruption of DM pancakes. The
bulk heating and radiative cooling leads to slow changes of the entropy and



54 M. Demiaiiski and A.G. Doroshikevig

density of the trapped gas. Random variations of the intensity and spectrup

of the UV backgrouud enhance random scatter of the observed properties of
absorbers.

6. In this simple model we identify the velocity dispersion of the DM compo-
hlent compressed within pancakes with the tem perature ol hydrogen and the
Doppler parameter b of the absorbers, W
motions within pancakes as subsonic and
distort the measured Doppler parameter.

e consider the possible 111aCroscopic
assume that they cannot essentially

The formation of DM pancakes as an inevitable first step of evolution of smal
perturbations was firmly established hotly by theoretical considerations [35], [32) aud
by numerical simulations [33]. Theoretical analysis and numerical simulations shov
the successive transformation of sheet-like elements into filamentary-like elements
and, at the same time, the merging of both sheet-like and filamentary elements into
richer walls. Such continuous transformation of structure goes on all the time.

e spatially flat ACDM model of the Universe with
and mean density given by
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density for pancakes with ¢ > gy and the factor (1+2)? describes the cosmological
expansion of the pancakes population.

The formation of pancakes with small ¢ is suppressed due to the small scale
cutoll in the initial power spectrum. For pancakes with small qep, the redshift
variations of the mean number density is described by the expression

¢ V3(1+2)? erf(vEnr)

Nahg ~ GXP(—é.‘h,r)a (13)
"™ Holy 1677(2) @0 VEnr ’

where &nr(2) = qunr(2)/ 872 and the value ¢ characterizes the coherent length of
the initial density field [13].

3 The Database

The present analysis is based on the 18 spectra listed in Table 1. The available
Lva lines were arranged into three samples. The richest sample, S}7, includes 4369
afmorbers with 10¥® em™2 > Ny, > 10'2 em~—2 from the first 14 high resolution
spectra. For comparison, we use the most reliable sample .:‘>|'§ which includes 2643
absorbers from all 18 spectra with 1013 em=2 < Ny < 10'% em™2 . These lines are
more easily identified and they are not so sensitive to outer rm’xclgm inﬂnence‘s. The
sample ]2 contains 2126 weaker lines with Ny < 1013 em™2 from the first 14
()SOs. It is mainly used to characterize possible variations of the UV background.
To decrease the scatter of absorbers characteristics we exclude from these samples

45 absorbers with b > 90 km/s.

4 Statistical Characteristics of Absorbers

In this section, the functions ¢,&,d and Fj are found for the ACDM cosmological

model (1) with by, = 16 km/s, ph? = 0.02 and the function (G2(z)) with
” Kp© -
Go = 50, O = (@(p@(;) = 0.9, Oy = < 1:> =0.1. \J.-])

ative results of this section depend on the completeness and represen-
and the quite arbitrary choice of ©5 and Op. As was noted
ange in the course of absorbers evolution
aged over the sample. For the sample

Some quantit
tativity of the samples
above, for each absorber these factors ch
and, in fact, the accepted values are aver

S{3, ~ 10-15% of the weaker absorbers could be related to the artificial “noise”.
4.1 Redshift variations of the mean observed characteristics

Redshift variations of two observed characteristics of absorbers, (b), and (lgNy ),
are plotted in Figure 1. For both samples S17 and Si3, the mean values (b) and

(lgNy 1) surprisingly weakly vary with redshift,

(b) = (28.6 + 1.6) km/s, (b)= (31.7%1.6) km/s, (15)
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Table 1: QSO spectra used in our analysis

Zem  Zmin Zmaz Number of 1] lines

0000 — 260" 411 34 1.1 431
0055 — 259° 366 3.0 36 534
0014 +813% 341 27 32 262
0956 +122° 330 26 3.1 256
0302-003*%2 320 26 3.1 356
0636 + 680°  3.17 25 3.0 313
1759 + 7541 3.05 2.4 3.0 307
1946 4+ 766°  3.02 24 3.0 461
1347 — 2462 263 2.1 2.6 361
1122 — 4412 242 |9 2.4 353
217-282 241 19 923 262
2233-606° 224 15 99 293
HOlL—2642 2,15 18 2.1 277
0515~ 4412 179 |5 1.7 76
2126 - 158" 326 2.9 3.2 130
700+ 6425 272 9 2.7 85
12254317° 220 17 99 155
13814170 200 17 9, 69

I v 1006Y. 2

Lu (Iel. al. (rlg.%); “unpublished, courtesy of Dr. Kijm:

al. (2001); *Kirlman & Ty lor (1997); 6 ’
(1993); BR.odriguez el al.

i A ,3Hu gt al., (19952; 4 Djorgovski et
(1995): 5, "stiani & D'Odorico (2000); "Giallongo et al.
5); " IKhare e al. (1 997); lol\'nlk;_l,n'li et al. (1996).
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Figure 1: Redshift variations of the Doppler parameter, 1<7b> (.top lpzTnel)Ma:i
(lg(Ng1)) (bottom panel) for samples Si3 (squares) and Sy (triangles). Mea
ve;lues (15) and fits are plotted by straight lines.

4.2 The mean size of absorbers

also allows a rough estimation of their real size along the
ation hetween ¢ and &, this size should be
For the model parameters given in (14)

Our model of absorbers
line of sight, Ar. Due to the strong correl
obtained by averaging Ar as givcilg by (3).
and for both samples, S13 and Sig, we have

(Ar) ~ (80 — 100)h~'kpe, (16)

o ~ 150h~" kpc for weaker absorbers. For all samples

and this size increases up eith & disporsion o, ~

the PDFs of the sizes are similar to the Gaussian function
0.5(Ar).

The mean size of
parameter, b, as follows:

3/2 ‘
4 /0.3
: ~po— | _

(16). This difference agrees with
absorbers in the sample.

absorbers in redshift space is associated with the Doppler
[< 140

o b oal spacE
As usual, it is larger than that in the real spa

the domination of relaxed gravitationally bound ! hesample.
The expected mean transverse size of absorbers is comparable with