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Abstract. In a paper publ ished in 1953, i.e. m o r e t han a 
decade before the observat ional discovery of the cosmic 
microwave b a c k g r o u n d radia t ion , George G a m o w 
predicted theoretical ly the t empera tu re of this 
rad ia t ion . H e est imated it to be 7 K, which is very 
close to the subsequent ly measured value of abou t 3 K. 
G a m o w found the present t empera tu re of the 
b a c k g r o u n d rad ia t ion on the basis of general formulas 
of cosmological dynamics . This predict ion was in no 
way related to p r imord ia l nucleosynthesis . This cir­
cumstance has and is still causing misunders tand ing in 
those cases in which the au tho r s have raised doub t s 
abou t G a m o w ' s results, a l though an actual error has 
never been demons t ra ted . A detailed analysis makes it 
possible to unde r s t and h o w G a m o w ' s calculat ion is 
possible. The p rob lem lies in the fact tha t G a m o w 
makes a certain addi t iona l implicit a ssumpt ion which 
allows him to dispense with informat ion on nuc leo­
synthesis. This assumpt ion is discussed in the context of 
the state of cosmology in the per iod from the fifties to 
the seventies, and of the current s ta tus of this b r anch 
of science. 

1. Introduction 
A b o u t 100 years ago the possibili ty of the the rmal death of 
the Universe was actively discussed by physicists. Later , 
50 years ago, the the rma l b i r th of the Universe had begun 
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to a t t ract a t tent ion: in the midfort ies George G a m o w 
proposed the idea of a ' ho t ' beginning of the Universe . In 
this way the rmodynamics and , together with it, nuclear 
physics have entered cosmology, because right from the 
beginning it has been assumed tha t nuclear react ions, 
which have determined the observed chemical composi t ion 
of cosmological mat te r , should occur in the ho t and dense 
early Universe . G a m o w ' s theory is frequently called 'Big 
B a n g ' cosmology. F o r G a m o w , the science of evolut ion of 
the Universe , founded mainly by F r i e d m a n n | — w h o was 
G a m o w ' s teacher at Leningrad Univers i ty — consisted only 
of the dynamics and geometry of the Universe . 

One of the results of Big Bang cosmology is the 
theoret ical predict ion of the relic rad ia t ion , which is the 
n a m e suggested by I S Shklovskii , or a cosmic microwave 
backg round , which is the n a m e usual ly employed in the 
West . This rad ia t ion represents a ther mo dynamic-equi ­
l ibrium dis t r ibut ion of p h o t o n s which fills uniformly the 
whole observable Universe . It was discovered by the direct 
observat ions of Amer ican r ad ioas t ronomers A A Penzias 
and R W Wilson in 1965 (Nobel Prize 1978), bu t was 
predicted long before tha t by G a m o w (who pe rhaps should 
be called a R u s s i a n - A m e r i c a n theoretician?). In m o d e r n 
physics and cosmology the b a c k g r o u n d rad ia t ion has been 
the object of investigation and also a means for the s tudy of 
the large-scale s t ructure of the Universe and its evolut ion 
(see, for example, the b o o k s of Peebles [1], Zel 'dovich and 
N o v i k o v [2], and Weinberg [3]). The notes be low deal with 
this b a c k g r o u n d or relic rad ia t ion and h o w G a m o w 
calculated its present t empera tu re . M o r e specifically, we 
shall consider one fairly short paper [4] wri t ten by G a m o w 
on the subject in 1953. 

The paper in quest ion is entitled " E x p a n d i n g universe 
and the origin of ga lax ies" and was publ ished in Kongelige 
Danske Videnskab ernes Selskab, Matematik-Fysiske 

f Also spelt Friedman or, in Russian, Fr idman. 
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Skrifter. G a m o w was a member of the Dan i sh Academy of 
Sciences and his election was p roposed by Bohr . W e do no t 
k n o w why he preferred to publ ish in this Dan i sh j o u r n a l 
and not , for example, in Physical Review to which he 
normal ly cont r ibuted . It is unlikely tha t there would have 
been any diffi-culties in publ ica t ion in the U S A . True , in the 
case of a different paper which was also wri t ten in 1953, he 
did indeed have a p rob lem: none of the Amer ican jou rna l s 
wan ted to publish it and he publ ished it in the following 
year (1954) in the same Dan i sh jou rna l ; however , this was 
no t a paper on physics bu t on genetics (by the way, G a m o w 
regarded this genetics paper as his most impor t an t 
cont r ibut ion to science; see, for example, the bookle t of 
F r enkeP and Chernin [5]). 

There are at least three reasons why it is wor th recalling 
the cosmological paper of 1953 in connect ion with the 
ninetieth anniversary (in 1994) of G a m o w ' s b i r th . Firs t , this 
is a very simple paper . Second, there is still some mystery 
abou t this paper , which is capable of surprising the reader 
and placing him at a loss (see Section 3). The third and final 
reason is tha t undoub ted ly the paper is i l luminat ing b o t h in 
the historical and par t icular ly in the methodologica l sense. 
Moreover , G a m o w himself liked it very much . 

Very briefly, in his paper G a m o w took two n u m b e r s — 
the age of the Universe and the average density of mat te r in 
the Universe — and found a thi rd number , the b a c k g r o u n d 
rad ia t ion t empera tu re . 

It is well k n o w n tha t est imates of quite impor t an t 
cosmological pa rame te r s follow from the b a c k g r o u n d 
rad ia t ion t empera tu re : the specific en t ropy of the Universe 
(which is sometimes used in discussions of the the rmal 
death) , the charge asymmetry of the Universe , the concen­
t ra t ions of neut r ino and other b a c k g r o u n d (relic) particles, 
etc. [ 1 - 3 ] . 

However , the quest ion is: can this third quant i ty (and 
then all its consequences) be found by combina t ion of the 
two n u m b e r s with which G a m o w star ted? If we look up 
cosmological m o n o g r a p h s [ 1 - 3 ] , we can see tha t the 
rad ia t ion t empera tu re is found by calculat ions relat ing to 
the p r imord ia l nucleosynthesis , which is the process of 
nuclear conversion leading to the appearance of nuclei 
heavier t han the p r o t o n t h r o u g h o u t the Universe (see 
Section 2). It is then necessary to k n o w at least one 
m o r e number , which is the comological a b u n d a n c e of 
hel ium. 

The mystery of G a m o w ' s work and its p a r a d o x is h o w 
could he get his result us ing jus t two numbers? 

G a m o w ' s p rob lem is presented to the interested reader 
be low in Section 5; this is preceded by Section 4 where the 
necessary pre l iminary informat ion, given also in G a m o w ' s 
paper , is provided. The reader who solves the p a r a d o x in 
Section 5 can omit Section 6, where 'guiding ideas ' are 
given, and he can also bypass Section 7, where the ' answer ' 
is provided, and go direct to the concluding comment s in 
Section 8. 

G a m o w speaks no t only of the b a c k g r o u n d rad ia t ion in 
his paper [4], bu t also of the gravi ta t ional instabili ty of the 
ho t Universe . This is also a very interest ing bu t separate 
topic , which is outs ide the scope of m y note . 

2. Big Bang 
The his tory of the predict ion and discovery of the 
b a c k g r o u n d rad ia t ion has n o w its own extensive 
l i terature, with pe rhaps the best account in the famous 
b o o k of Steven Weinberg The First Three Minutes [6], 
which has become widely k n o w n and has been t rans la ted 
into m a n y languages, including Russ ian (the t rans la t ion 
was edited by Ya B Zel 'dovich) . W e shall no t recount the 
his tory again and ment ion jus t one episode. 

In the first repor t of Penzias and Wilson [7] and in the 
paper by Dicke and his Pr inceton colleagues which 
accompanied the former (and which gave the correct 
cosmological in terpre ta t ion of the discovery of the 
b a c k g r o u n d rad ia t ion) [8], there is surprisingly no ment ion 
whatever of the Big Bang and of G a m o w ' s work . Later , 
th ings fell into place bu t not immediate ly and no t wi thout 
struggle. F o r example, there is a story tha t in 1967 (a year 
before his dea th) G a m o w chaired one of the sessions at the 
F o u r t h Texas Symposium on Relativistic Astrophysics . 
This session was specifically devoted to the b a c k g r o u n d 
rad ia t ion and, to the accompan imen t of laughter and 
applause , G a m o w said: " I f I have lost a nickel and 
somebody took it away, h o w can I p rove tha t it is my 
nickel? However , I have lost my nickel exactly where it has 
been found l a t e r " [9]. 

W h e n in 1965 Penzias sent a draft of his new paper , 
wri t ten after Ref. [7], on the b a c k g r o u n d rad ia t ion , G a m o w 
answered by a brief no te in which he po in ted out tha t the 
subject was first discussed no t by Dicke (as it would appear 
to be stated in the prepr in t ) , bu t in G a m o w ' s own paper in 
1946 [10], and tha t the t empera tu re of the b a c k g r o u n d 
rad ia t ion at the present epoch was first est imated by his 
s tudents R A Alpher and R H e r m a n in 1948 [11]. Their 
value was 5 K and then in 1953 G a m o w himself obta ined 
7 K [4]. This no te was publ ished by Penzias [9]. 

The t empera tu re of the b a c k g r o u n d rad ia t ion has n o w 
been measured exceptionally accurately. In 1965 Penzias 
and Wilson repor ted 3.1 =b 1 K, bu t the latest ( summer 
1993) measurements carried out on b o a r d the C O B E 
Amer ican satellite was 2.726 ± 0.001 K [12]. In 
cosmology, where the most impor t an t pa rame te r s are 
frequently k n o w n to the nearest order of magn i tude or 
still are no t yet fully determined observat ional ly, this is an 
unusua l and h a p p y exper imental s i tuat ion. 

However , equally surprising is the success of the 
theoret ic ians — Alpher , H e r m a n , and G a m o w — w h o 
were able to calculate the b a c k g r o u n d rad ia t ion 
t empera tu re m a n y years before the exper imental 
measurements of this quant i ty . 

The fact tha t G a m o w and his s tudents Alpher and 
H e r m a n obta ined an est imate of 5 K or 7 K and no t 3 K, is 
no t in conflict with the direct measurements and cannot be 
regarded as a discrepancy: just the opposi te , the agreement 
is exceptionally good. After all, the calculat ions have been 
carried out on the basis of numer ica l pa rame te r s k n o w n 
very unrel iably to the cosmologists in the forties and fifties: 
these pa rame te r s have no t been k n o w n even to within one 
order of magni tude . 

The controversy abou t the pr ior i ty on the subject of the 
Big Bang and the b a c k g r o u n d rad ia t ion is possibly of 
interest in the his tory of science and even then no t so 
much for itself bu t ra ther as an indicat ion of the a t t i tude of 
the par t ic ipan ts of the controversy, and especially tha t of 
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G a m o w as a 'victor ' (universally regarded as such, a l though 
only pos thumous ly : Weinberg ' s best seller The First Three 
Minutes publ ished in the U S A in 1977 is usual ly taken as 
the last word on the subject), to the paper s which I shall 
consider below. It is par t icular ly relevant tha t G a m o w 
regarded his paper of 1953 and the work of his s tudents 
[11] as an a rgument in the pr ior i ty dispute. 

Alpher and H e r m a n [11] developed the general concept 
of G a m o w on the ' ho t ' beginning of the Universe and of the 
nuclear react ions in the early Universe , and found the 
t empera tu re of 5 K on the basis of the cosmological 
p r imord ia l nucleosynthesis , as is n o w stated in t ex tbooks 
(usually over two to three pages). Alpher and H e r m a n 
carried out a very difficult, t ime-consuming, and pioneer ing 
investigation in a bril l iant manner . Their calculat ions have 
since been repeated and sometimes corrected by m a n y 
theoret ic ians; however , they have always been confirmed. 
At present , the p rob lem is tackled on the basis of the latest 
ideas in the physics of e lementary particles. This is done by 
numer ica l s imulat ion and compute r calculat ions are 
cont inuously revealing new and nontr iv ia l details and 
var iants of the kinetics of nuclear t r ans format ions in the 
early Universe , first studied by G a m o w and his s tudents . 
Apparen t ly , for m a n y years there will be something to 
calculate in the Big Bang theory. 

3. 4Vicious circle' and 'baroque graphics' 
G a m o w ' s paper [4] was very different: he used an 
exceptionally simple me thod with three steps to ob ta in 
almost the same quant i ta t ive result of 7 K. G a m o w often 
said tha t he is no t very good with sums and he could no t 
m a k e two addi t ions in succession wi thout an error . L o n g 
and cumbersome calculat ions, needed in dealing with 
cosmological nucleosynthesis , were for the young and he 
p roduced a result which looked like sleight-of-hand. Like a 
magician, he p roduced his results — one, two, three! — out 
of a hat , greatly surprising his co l labora tors at the t ime 
(who m a n y years later were still bewildered by this [13]), as 
well as later researchers , professional cosmologists , and 
his tor ians of science (as discussed later). 

In a recent (1990) paper , Alpher and H e r m a n [13] wri te 
abou t the myster ious ways of their teacher as follows: 
" . . . in a Dan i sh j o u r n a l he est imated a 7 K b a c k g r o u n d 
t empera tu re by means of a s t range linear ext rapola t ion of 
mat te r and rad ia t ion d e n s i t i e s . . . " and later they say: 
"Aga in three years later he persisted with yet ano ther 
a rcane calculat ion, obta ined 6 K . " (They mean here 
G a m o w ' s review in Ref. [14].) 

It seems tha t Alpher and H e r m a n do no t like very much 
wha t was pr in ted 'in a Dan i sh j o u r n a l ' . I confirmed this 
impression by direct exchange of letters. In a letter to me 
(dated 25 September 1991) Alpher and H e r m a n expressed 
their respect and admira t ion for G a m o w , bu t in their 
opinion G a m o w ' s paper did not add anyth ing posit ive 
to their results "bu t , ra ther confused the i s sue" . 

Let me disagree with this opinion, par t icular ly because 
neither in their review [13] nor in this persona l letter did 
Alpher and H e r m a n poin t out any error in G a m o w ' s 
calculat ions. 

A t t e m p t s to find this error were m a d e by compilers and 
c o m m e n t a t o r s in a collection of classical papers on 
cosmology publ ished in 1986 by Co lumbia Univers i ty 
[15]. This is wha t they say: " G a m o w used a b a r o q u e 
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Figure 1. G a m o w (drawing based on a photograph taken in the sixties) 
and the dependence of the density on time in an expanding hot Universe: 
the two asymptotes are matched at the demarcation point t*. Gamow 
called this diagram 'divine creation curve' . 

graphical ext rapola t ion m e t h o d . . . If one does the 
calculat ion s t ra ightforwardly one will find tha t the answer 
depends on knowing the present rad ia t ion t empera tu re , 
which renders the me thod circular. Somehow G a m o w 
managed to set a present p r o t o n t empera tu re of 7 K out 
of this a r g u m e n t . " 

The reader will p robab ly agree tha t such words as 
s trange, ba roque , a rcane are unusua l in scientific 
language. It ha s frequently happened tha t au tho r s of 
scientific texts have lifted their heads in a helpless 
gesture: this has been done somehow, bu t we do no t 
unde r s t and how. 

Weinberg also discusses the paper of interest to us . H e 
has publ ished no t only the bestseller The First Three 
Minutes [6], bu t also a solid m o n o g r a p h on cosmology 
[3], apar t from his work rewarded with the N o b e l Prize in 
1979. In his bestseller [6] he considers the letter, ment ioned 
above, from Penzias to G a m o w and of the answering no te 
in which G a m o w speaks of the theoret ical predict ion of 
rad ia t ion 'with an approximate ly correct t empera tu re of 
7 K ' . In this connect ion, Weinberg makes the following 
critical comment : "However , a close look at this 1953 paper 
shows tha t G a m o w ' s predict ion was based on 
mathemat ica l ly fallacious a rguments having to do with 
the age of the Universe and no t on his own theory of 
cosmic nuc leosynthes i s . " 

This expression used by Weinberg should be ra ther 
unde r s tood tha t G a m o w ' s reasoning seems logically 
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incorrect to Weinberg and tha t the let ter 's objection is no t 
so much to the specific number , which is the age of the 
Universe used by G a m o w and adop ted in the cosmology of 
the fifties, as to the way in which G a m o w is reasoning (this 
was ment ioned by L B O k u n ' ) . The extent to which the 
actual age of the Universe is impor t an t to the topic in h a n d 
will be considered in Section 8. 

4. What is 'given' 

G a m o w ' s work is based on two clearly formulated initial 
assumpt ions . The first is the cosmological mode l used in 
the calculat ions. G a m o w adop t s F r i e d m a n n ' s open mode l 
and assumes tha t the present epoch cor responds to the 
asymptot ic inertial stage of expansion of the Universe . The 
distances between the bodies in space and the rad ius of 
curva ture of the Universere as a whole then increase simply 
p ropor t iona l ly to t ime and the relative velocities of all the 
bodies remain cons tant : 

R oc t, v oc cons t . ( i ) 

This is obviously the simplest var iant of cosmological 
dynamics . 

G a m o w uses for his pu rpose the expression for the 
density of mat te r in this model . Ma t t e r is assumed to be 
'o rd inary ' , i.e. nonrelat ivist ic. The relevant formula is 
obta ined as a result of division of the mass by the 
volume, since in F r i e d m a n n ' s world the density is uni form: 

Mm 3 

p m = —— T oc t (2) 
H m (4n/3)R3 v 1 

Here , Mm is the mass of mat te r in a spherical vo lume of 
rad ius R (which, in par t icular , can be the rad ius of 
curvature) . 

The above two formulas describe the asymptot ic 
behaviour , when t ime tends to infinity, of the exact 
F r i e d m a n n solution for the open model , which can be 
wri t ten in the following pa ramet r i c form: 

R = / ? m ( c o s h rj — 1 ) , 

t = (sinh rj — rj), (3) 

Pm = 
6R^ 
KR3 

where rj is the pa rame te r of the solut ion; c is the velocity of 
light in vacuum; K = %nG/c2 is the Einstein gravi ta t ional 
cons tant ; G is the N e w t o n i a n gravi ta t ional cons tant ; 
Rm = GMm/c2 is an a rb i t ra ry constant of the solution, 
related to the mass of mat te r Mm inside a given volume. 
The asymptot ic expressions given by E q n s (1) and (2) 
cor respond to the limit rj —> oo in Eqn (3). 

G a m o w assumed the following numer ica l values of the 
present age of the world and the present density of mat te r : 

t0 = 1 0 1 7 s « 3 x 10 9 yea r s , 

p m ( ; 0 ) = 1 0 - 3 0 g c m - 3 . 
(4) 

These values, like the general concept of F r i e d m a n n ' s open 
Universe , had been generally accepted in the cosmology of 
the fifties. The values given by E q n (4) led G a m o w to the 
final formula for the density of mat te r in an expanding 

: P m ( ' o ) 
*0 1 0 2 1 ; " 3 g cm" (5) 

The second initial a ssumpt ion adop ted by G a m o w in the 
paper under discussion is related no t to the dynamics bu t to 
the the rmodynamics of the Universe . This had not been (up 
to 1965) in any sense generally accepted: it was the idea of a 
' ho t ' beginning of the Universe . G a m o w assumed specif­
ically tha t the t empera tu re of mat te r in the Universe 
t h r o u g h o u t all the epochs of his tory was different from 
zero and at the very beginning of the expansion it could be 
very high. A t h e r m o d y n a m i c equil ibrium existed at the t ime 
and, therefore, together with mat te r the Universe also 
conta ined b l ackbody rad ia t ion with the same 
tempera tu re . In the course of cosmological expansion the 
rad ia t ion cooled, bu t did no t d isappear and consequent ly 
was conserved in the Universe right down to our epoch. 
This was the theoret ical predict ion of the relic or fossil 
(background) rad ia t ion , which G a m o w m a d e first in a 
paper in 1946. 

At a given t empera tu re T the the rmo dynamic -
equil ibrium rad ia t ion has the energy density 

8r = ClT (6) 

where a is the S t e f a n - B o l t z m a n n constant . 
The energy density cor responds , in accordance with the 

formula E0 = mc2, to the mass density of the r a d i a t i o n ! 

r2 ' (7) 

In the course of adiabat ic expansion the rad ia t ion 
t empera tu re falls in accordance with the law 

T o e / ? " 1 , (8) 

which cor responds to the adiabat ic exponent y = f. F o r 
this reason the mass density of the rad ia t ion varies in an 
expanding universe as 

p r oc T4 o c / ? " 4 . (9) 

If we compare E q n s (2) and (9), we can see tha t the 
relat ionship between the density of mat te r and the density 
of rad ia t ion changes in the course of cosmological 
expansion as follows: 

(10) 

In the early Universe the rad ia t ion has a higher density 
t han tha t of mat te r : 

Pr oo for R -> 0 , f -> 0 . (11) 

universe: 

The dynamics of the expansion dur ing the early epochs 
of p redominance of the rad ia t ion is described by G a m o w 
with the aid of the asymptot ic relat ionship 

R oc f 1 / 2 , (12) 

which follows from the exact solution for an open universe 
filled with rad ia t ion [it is clear tha t in the limit of Eqn (11) 
the presence of mat te r in the Universe can be ignored if we 
are dealing with the dynamic prob lem] . This , like the 

f It should be explained that the energy density and the mass density of the 
radiation are defined here in a reference system in which the gas of 
photons has no anisotropy and no general translational motion. 
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solut ion for mat te r of E q n (3), is usual ly wri t ten in the 
pa ramet r i c form: 

R = Rr sinh rj, 

t = — (cosh?/ — 1) , (13) 

Pr 
3R; 
KR4 

where Rx is an a rb i t ra ry cons tant which plays the same role 
in the solution as the constant Rm in E q n (3). The origin of 
t ime is selected in the system of equa t ions (13) so tha t t ime 
begins at the beginning of the cosmological expansion. W e 
can readily see tha t in the limit rj —> 0 and t —> 0, Eqn (12) 
is a consequence of Eqn (13). Solut ion (12) is the pa rabo l ic 
expansion law, which — in N e w t o n i a n language (see, for 
example, Ref. [1]) — cor responds to the dynamics with 
zero to ta l e n e r g y ! (E = 0). This law is a general asymptot ic 
expression for two other types of dynamics: elliptic (E < 0) 
and hyperbol ic (E>0). 

In the same limit the expression for the rad ia t ion density 
conta ined in solut ion (13) becomes 

Pr 
3 

32nGt2 
= 4.5 x 1 0 5 ; " 2 g cm" (14) 

(In this, G a m o w ' s last formula, there is an u n i m p o r t a n t 
misprint : the original text has 4.4, instead of 4.5.) 

It should be poin ted out tha t all the formulas given 
above have been k n o w n in cosmology before G a m o w : in 
one form or ano ther they can be found in the work of 
F r i e d m a n n , Lemai t re , To lman , Einstein, and de Sitter. 
G a m o w n o w applies them to a completely new prob lem, 
which follows from his idea of the ho t beginning of the 
Universe : he wan t s to find the present t empera tu re of the 
b a c k g r o u n d rad ia t ion . 

5. Three simple steps 
G a m o w achieved his aim thus . Firs t he found a 
'demarca t ion p o i n t ' ( G a m o w ' s te rm) in the his tory of 
the Universe . This is the m o m e n t t = at which the earlier 
epoch of the p redominance of rad ia t ion changes to the 
epoch of the p redominance of mat te r . This m o m e n t can be 
found from E q n s (5) and (14) and from the condi t ion 

P r ( ' * ) =Pm(t*)'-

= 2.2 x 1 0 1 5 s = 73 x 10 9 

y e a r s . (15) 

At this m o m e n t the densities of b o t h componen t s of the 
cosmological med ium are 

9.4 x 1 0 " 2 6 g c m - ' , t = t*. (16) 

G a m o w then m a d e the second step: from E q n (16) he 
found, with the aid of the S t e f a n - B o l t z m a n n law (6), the 
rad ia t ion t empera tu re at the 'demarca t ion po in t ' : 

f We recall that the nonrelativistic Newtonian analogue of the Friedmann 
solutions is constructed for a sphere of finite radius and both the kinetic 
energy (in a reference system in which the centre of the sphere is at rest) 
and the potential energy (with its zero at infinity) are defined for this 
sphere. It is remarkable that in this case all the local properties of 
nonrelativistic models and in particular the laws of behaviour of the 
densities of matter and radiation can be described literally by the same 
formulas as in Fr iedmann's solutions (see, for example, Refs [1 - 3 ] ) . The 
total energy E is taken to be the sum of the kinetic and potential energies 
of any sphere of finite radius 'cut out ' from the overall distribution of 
matter which has no boundaries. 

T, = T(tJ = 320 K . (17) 
The thi rd and last step gave the final result. G a m o w 

took the t empera tu re at the 'demarca t ion p o i n t ' and used it 
to find the present t empera tu re by means of E q n s (1) and 
(8): 

7 K . (18) 

The aim he set out was achieved and, as we can see, this 
was done by the simplest mathemat ics . "Elementary , my 
dear W a t s o n " , as G a m o w said in a similar s i tuat ion in one 
of his popu la r science b o o k s . 

6. Exact but useless solution 

The cosmological mode l used by G a m o w describes a 
universe filled with mat te r and radia t ion . H e avoided all 
ma themat i ca l compl icat ions by employing only the 
asymptot ic formulas which follow from this model . 
However , it is not difficult to derive also the exact 
formulas . If he did no t wish to integrate the relevant 
equa t ions of the F r i e d m a n n cosmology (because, after all, 
they are nonl inear) , G a m o w could have found the solution 
in the l i terature, in the pape r s of Lemaid t re or in the work 
of his s tudents Alpher and H e r m a n . I shall n o w give this 
exact solution in a pa ramet r i c form, similar to E q n s (3) and 
(13) [16]: 

R = Rm(coshri — 1) +RT sinh , 

t = (sinh rj — rj) + — (cosh rj — 1) 

(19) 

Here each of the equalities represents a sum of the relevant 
expressions from the solut ions which apply only to mat te r 
[Eqn (3)] or only to rad ia t ion [Eqn (13)], a l though the 
equa t ions from which the solution is obta ined are 
nonl inear . It should be po in ted out tha t in E q n (19) the 
cons tan ts of in tegrat ion are defined somewhat differently 
t han in the case of the solut ions represented by E q n s (3) 
and (13) 

Rm — - 3/2 

Rr=- Pr 
1/2 

(20) 

K1,2(PC-P) 

Here , 

P = Pm + Pr -
(21) 

is the critical density, and H is the H u b b l e constant . To be 
specific, the solut ion is wri t ten in such a way tha t R in 
E q n (19) is the rad ius of curva ture of the co-moving three-
dimensional space. 

It is easily seen tha t the exact solut ion of E q n (19) 
conta ins b o t h asympto tes used by G a m o w for long and 
short t imes, measured from the onset of expansion. H e r e 
everything is the same as in G a m o w ' s case, bu t the present 
t empera tu re of the b a c k g r o u n d rad ia t ion cannot be 
obta ined in any way from the solut ions represented by 
E q n s ( 1 9 ) - ( 2 1 ) . 
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In fact, the s t ructure of solut ion (19) is evidently such 
tha t the mat te r and the rad ia t ion occur symmetrically, and 
the cons tan ts Rm and Rr represent ing each of the 
componen t s of the cosmological med ium are 
independent . They are a rb i t ra ry in the sense tha t , if we 
wish, we can select any values of the densities of mat te r and 
rad ia t ion for the present epoch. In other words , for the 
present density of mat te r and the present age of the 
Universe the solution admits , in principle, any present 
value of the rad ia t ion density (and, consequently, of the 
rad ia t ion t empera ture ) which can differ arbi t rar i ly from the 
real observed t empera tu re , Thus , the exact solut ion does 
no t establish any re la t ionships between the rad ia t ion and 
mat te r and, consequently, does no t solve G a m o w ' s 
p rob lem. 

However , h o w could G a m o w find the solution on the 
basis of approx ima te asymptot ic formulas? D o G a m o w ' s 
calculat ions rely on some addi t iona l implicit assumpt ion 
which in t roduces the required relat ionship between the 
mat te r and rad ia t ion? W e recall tha t a definite relat ionship 
of this type appears in calculat ions of cosmological 
nucleosynthesis when the correct hel ium yield (30 
m a s s % , according to the observat ion) is t aken into account . 

In G a m o w ' s paper everything is so simple and 
t r ansparen t so tha t apparen t ly one can see t h rough the 
reasoning and there is no th ing there except the obvious . It 
would seem tha t G a m o w is boldest in the use of two 
asymptotes , ma tched at the 'demarca t ion po in t ' in place of 
the exact solution. However , this app roach is used very 
widely in theoret ical physics and usually leads to clear and 
reasonable results. In the h a n d of an experienced 
theoret ic ian the app roach is an effective means of analysis 
which rapidly achieves its target . The ma tch ing m e t h o d 
na tura l ly cannot p rov ide absolutely exact n u m b e r s and is 
suitable only for app rox ima te est imates. But the crux of the 
mat te r is not the precision of the result, bu t whether it can or 
cannot be obta ined. 

7. Matching method 
All tha t G a m o w does looks very na tu ra l . W h o would 
doub t tha t at the beginning of the cosmological expansion 
of the Universe rad ia t ion p redomina tes and tha t its 
dynamics is described by the parabol ic law? It is equally 
reasonable to assume tha t in the opposi te limit mat te r 
p redomina tes and the dynamics becomes inertial (if the 
density is less t han the critical value, as assumed at 
G a m o w ' s t ime and is still frequently assumed at present) . 
The first th ing tha t one wan t s to do under such 
circumstances is to ma tch the asympto tes and see wha t 
the result is. This is precisely wha t G a m o w did. 

However , if the result (especially so grandiose as the 
b a c k g r o u n d rad ia t ion t empera tu re ) is obta ined , it would be 
desirable to see h o w it was reached. G a m o w left it to his 
readers as an independent exercise. Judging by wha t 
happened (Section 3), no t all succeeded in this exercise. 
Let us therefore t ry and examine carefully the ma tch ing 
p rocedure adop ted by G a m o w with the aid of some leading 
ideas suggested by the exact solut ion of E q n s ( 1 9 ) - ( 2 1 ) . 

Firs t of all, we have to allow for the fact tha t each of the 
asympto tes used by G a m o w represents in fact the result of 
going to the limit with respect to two generally independent 
pa ramete r s . The first is the rat io of the densities p r / P m

 a n d 
the second is the rat io of the energies \Eg\/E, where 

Eg = —GM/R is the gravi ta t ional po ten t ia l energy per 
uni t mass , M is the mass inside a sphere of rad ius R, 
E = j (dR/dt)2 + Eg is the to ta l energy per uni t mass . Here , 
N e w t o n i a n cosmological dynamics is used again (the reader 
is referred once m o r e to Refs [1 - 3 ] ) . The asympto te of very 
short t imes cor responds to the condi t ions 

^ > \ , ^ M , (22) 

and the asympto te of very long t imes cor responds to 

^ < 1 , (23) 

Pm E 

If the limits t —> 0 and t —> oo are considered, then 
obviously b o t h condi t ions in each pair , given by E q n s 
(22) and (23), are satisfied s imultaneously. However , if 
these asymptot ic expressions are applied to some 
in termedia te value of t ime between zero and infinity, the 
p rob lem of s imultaneously satisfying these condi t ions 
requires a separate analysis. 

F o r example, at some infinite value of t ime it m a y be 
found tha t p r / P m ^ 1> D u t \Eg\/E > 1. In this specific case 
b o t h the asymptotes used by G a m o w are invalid and a 
solut ion of the R oc t2^ type is to be used (this is the 
E i n s t e i n - d e Sitter solut ion for mat te r under zero pressure) . 

G a m o w excludes this possibility. His ma tch ing of the 
asympto tes implies tha t there have been no epochs in the 
his tory of the Universe when p r / p m <̂  1, bu t \Eg\/E 1. 
The ma tch ing means tha t the two condi t ions (22) are 
s imultaneously satisfied at short t imes and tha t at the 
'demarca t ion p o i n t ' they s imultaneously change to the 
two condi t ions (23). In other words , it is assumed tha t 
there is a certain coincidence in the his tory of the Universe: 
a t rans i t ion from the epoch of p r e d o m i n a n t rad ia t ion 
occurs s imultaneously with the t ransi t ion from the 
parabol ic to the inertial expansion. This is the addi t iona l 
implicit condi t ion which makes G a m o w ' s p rob lem soluble. 

This can be readily followed on the basis of the exact 
solut ion given by E q n s ( 1 9 ) - ( 2 1 ) . Accord ing to this 
solut ion, the mat te r and rad ia t ion densities are equal for 
the following rad ius of curvature : 

1 R2 

R = R Y m = - ^ . (24) 

On the other hand , the dynamic regime changes at 

R=Rpi = 2JRT+2ARm, (25) 

where condi t ion (25) is equivalent to the condi t ion rj = \. 
If it is assumed, following G a m o w , tha t the second event 

is also s imul taneous , then the following condi t ion should be 
obeyed: 

RYm=Rvl or RY = 5JRm. (26) 

E q n (26) in t roduces into the p rob lem an explicit 
re lat ionship between the characterist ics of mat te r and 
radia t ion , which in the exact solut ion are represented by 
the cons tan ts RY and Rm. It can readily be seen tha t when 
this condi t ion is satisfied, the exact solution yields a specific 
value of the present t empera tu re of the b a c k g r o u n d 
rad ia t ion and this value is very close to tha t obta ined 
by G a m o w (for the same values of the cosmological density 
and age of the Universe) . 

As demons ta ted above, in G a m o w ' s paper there are no 
a rb i t ra ry cons tan ts separately describing the characterist ics 
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of mat te r and rad ia t ion in the exact solution. The addi t iona l 
condi t ion of the type given by Eqn (26) is not formulated 
explicitly by G a m o w anywhere . Moreover , he does not use 
this condi t ion explicitly. W h a t he does no t use, he does not 
formulate . "This only is the witchcraft tha t I have u s e d " , 
G a m o w could say on the subject because he loved 
quo ta t ions , explicit or implicit, and was a master of 
riddles, jokes , and inoffensive hoaxes b o t h in science and 
everyday life (this is clear from his au tob iog raphy [17] and 
from the memor ia l collection [9] and the bookle t [5] 
dedicated to him). 

8. Four comments 
The mystery of G a m o w ' s paper is n o w solved and it 
remains to m a k e just a few brief comments . 

(1) Condi t ion (26) does no t have to be exact to achieve 
the aim tha t G a m o w set himself in his paper . It is in fact 
sufficient tha t the rat io \RTm — Rvi\/Rrm should no t be too 
large compared with unity. This au tomat ica l ly limits, to a 
greater or lesser extent, the range of the exact solution 
which comes out from the asympto tes employed by G a m o w 
(see Section 7). In par t icular , the equali ty Rm = RY, close to 
E q n (26), is no t in conflict with anyth ing and the adop t ion 
of this equali ty simplifies very greatly the exact solution 
[18]. 

(2) The addi t iona l implicit condi t ion, which makes 
G a m o w ' s p rob lem solvable, does no t follow directly 
from any independent physical or as t ronomica l ideas. It 
is qui te arbi t rary . 

However , this condi t ion does no t contradic t any th ing in 
science and is fully consistent with the s ta tus of cosmology 
in the fifties. W e can say tha t it does no t contradic t t o d a y ' s 
cosmology either if we avoid looking at things in too 
n a r r o w a way. (This seems appropr i a t e when we are 
speaking of the Universe as a whole.) 

Can we say then tha t the addi t iona l condi t ion is justified 
post factum, when the measurements give a t empera tu re 
very close to tha t predicted? 

As is always t rue in such cases, the agreement between 
the theoret ical result and the exper iments or observat ions 
can be regarded as a success by a theoret ician, bu t it does 
no t p rove experimental ly all the assumpt ions m a d e in the 
theory. In par t icular , G a m o w ' s r e s u l t — w h i c h is so close to 
the observa t ional da ta — does no t mean at all tha t the 
his tory of the Universe consisted of jus t the two epochs 
described by him and separated by the 'demarca t ion po in t ' . 
M a n y n o w favour, for example, a cosmological mode l in 
which the dynamics of the Universe is assumed to have 
obeyed the parabol ic law from the beginning of expansion 
to the present epoch. This is t rue of the inflation theory very 
popu la r in the last decade. In this case the p redominance of 
rad ia t ion is followed by an epoch which cont inues even 
t o d a y (and then for an indefinite t ime) and is characterised 
by the inequalit ies 

This epoch is excluded completely from G a m o w ' s 
cosmological p ic ture (see Section 7). U n d e r such 
circumstances G a m o w ' s me thod of ma tch ing the 
asympto tes does no t work and the rad ia t ion t empera tu re 
cannot be determined by his approach . Therefore, 
calculat ions of nucleosynthesis based on the inflation 

mode l also give a correct value of the m o d e r n t empera tu re 
of the b a c k g r o u n d radia t ion . 

(3) Let us n o w recall the age of the Universe used by 
G a m o w and see h o w it affects the results of calculat ions. 
The expressions from Sections 4 and 5 m a k e it possible to 
present G a m o w ' s final result as follows: 

T° = Violet!!-3
 ^ 3 x 1 0 ° years K - ( 2 8 ) 

In the seventies, when Weinberg ' s b o o k [6] was wri t ten, 
it would have been necessary to replace 3 x 10 9 years with 
13 x 10 9 years . The t empera tu re would then have been 
twice as high as tha t given by G a m o w , i.e. the difference is 
no t very large. 

However , in agreement with the 'historical t ru th ' , we 
should adop t the value used in cosmology at the t ime no t 
only for the age of the Universe bu t also for the density of 
mat te r . This density had been assumed at the t ime to be 
p = (1 — 3) x 1 0 ~ 3 1 g c m - 3 . The new age and density would 
have then given T = 5 — 8 K, which can be regarded as no 
worse tha t the result given by G a m o w . 

However , this is not all. By the seventies it had become 
clear tha t , in addi t ion to the b a c k g r o u n d p h o t o n s in the 
Universe , there should also be neu t r inos and other u l t ra -
relativistic b a c k g r o u n d part icles (mostly no t found in the 
l abora tory) . Their cont r ibut ion to the density of the 
Universe might be between 5 and 50 t imes greater t h a n 
the cont r ibu t ion of p h o t o n s . If this is t rue, G a m o w ' s 
formulas would give T0 = 2 — 5 K, i.e. a range of 
t empera tu res which includes the current exact 
experimental ly determined value of the b a c k g r o u n d 
rad ia t ion t empera tu re . 

(4) The value of 3 K for the b a c k g r o u n d rad ia t ion 
t empera tu re appears in the l i terature in 1950. This value 
was ment ioned by G a m o w in an enter ta ining popu la r paper 
publ ished in Physics Today [19]. F r o m where did he take 
this value? 

Here is the answer, provided by Alpher and H e r m a n 
[13]: " K n o w i n g na tura l ly of our calculat ions at the t ime, he 
could t ake it simply from us and in his inimitable manne r he 
could r o u n d out the resul t !" 

The calculat ions of Alpher and H e r m a n gave the value 
of the t empera tu re , subject to the na tu ra l uncer ta int ies of 
which G a m o w would be aware , ranging from 1 K to 10 K. 
The logar i thmic midpoin t of this interval is precisely the 
r o u n d number 3. This was the number adop ted by G a m o w . 
There are no 'scientific' reasons to prefer it to , for example, 
the value 5 K, obta ined at tha t t ime formally from 
calculat ions of cosmological nucleosynthesis . 

However , one can guess tha t G a m o w had a very 
persona l relat ionship with theoret ical physics. H e 
regarded it as a free and even somewhat l ightweight 
art , and from t ime to t ime he received in re turn greater 
or lesser prizes. Prizes such as the value of 3 K in Physics 
Today, reached wi thout effort or p rob lems , bu t agreeing 
accurately with the first measurements of Penzias and 
Wilson. Obviously, the value of 7 K in G a m o w ' s paper of 
1953 is also one of those prizes. 
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9. Conclusions 
There is no error in G a m o w ' s paper . The paper represents 
a ra re successful p roduc t of the theoret ical art . The text of 
the paper is still fresh and clear, and m a y seem even to be 
slightly naive. 

The paper is correct. It m a y lack something one would 
like to see there, bu t it conta ins all tha t is required in 
accordance with the familiar triple formula: depth (in 
concept ion) , boldness (solut ions are grasped and 
matched) , and h a r m o n y (steps one, two, three!) . 

In the foreword to G a m o w ' s au tob iog raphy [17], 
S U l a m wrote : " M y late friend, ma themat ic i an 
S Banach , told me once: good mathemat ic ians see 
analogies between theorems or theories, bu t the very 
best see analogies between analogies. This ability to see 
analogies between models used in theoret ical theories was 
possessed by G a m o w to an un imaginab le degree. In our 
days, when m o r e and m o r e complex ma themat i c s is used, 
and it is refined beyond all measure , it is surprising to see 
h o w far G a m o w could go by means of intuitive pictures and 
analogies taken up by compar i sons from his tory or even 
from a r t . " 

Acknowledgements. I am grateful for an exchange of letters 
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of A l a b a m a , Tuscaloosa , A L , for telling me abou t G a m o w ' s 
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preserved and describes h o w he calculated some t ime ago 
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Final ly, I would like to ment ion with gra t i tude the 
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and theoret ic ians at the Ioffe Physicotechnical Ins t i tu te in 
Leningrad , when they were p repar ing a new original course 
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quest ion asked then by A L Efros: in cosmology, the 
t empera tu re of the b a c k g r o u n d rad ia t ion is calculated in 
such a complex m a n n e r in te rms of nuclear react ions, bu t 
could one t ake just two asymptotes , this one and tha t one, 
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