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Abstract 

Within the context of a class of higher dimensional models of gravity we in-

vestigate the heating of the universe following an inflationary phase. High 

temperatures, typically on the order of 1017 GeV can be achieved. This allows 

for a subsequent production of baryon asymmetry and, if existing, superheavy 

cosmic strings. 
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1. Introduction 

In higher dimensional models of inflation l) the time evolution of the internal 

space can play the role of an inflaton scalar field f in the reduced effective 

four.dimensional theory. Due to its gravitational origin, the potential for )P 
becomes exponentially flat for large f . Sufficient inflation is obtained without 

extreme fine tuning of parameters. Higher dimensional gravity leads to a violation 

of the four dimensional equivalence principle due to the presence of additional 

couplings of~ to gravity. As a consequence l), the potential W(9'l which deter­

mines the time evolution of the inflaton is different from the potential V(9') 

whichde~rmines the Hubble parameter H during the inflationary phase. One finds 

that V(~) vanishes exponentially for large 9'. During inflation H is several 

orders of magnitude smaller than the inverse characteristic length scale of 

the internal space L-1 . This leads to acceptable values for the density fluctua­

tions 4f/f . Typically, d5'/f ~ 1D-4 - 10-5 on galactic scales can be obtained. 

The fluctuations decrease for largerlength scales (they are about a factor 10 

smaller on the present horizon scale). This picture for density fluctuations 

has been confirmed by independe~t calculations of Pollock 2) . 

In this paper we concentrate on the question of entropy production after the 

inflationary period. We calculate the interactions of the inflaton field with 

other (gauge non singlet) particles. We arrive at the remarkable conclusion that 

the temperature of the universe following inflation and subsequent JP decay is 

unusually large, typically on the order of 1017 GeV. We expect this result to 

be valid for a wide class of higher dimensional models. This confirms an earlier 

rough estimate 1) based on the large mass term of the 9' field in the ground 
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state. Pollock has reached at a similar conclusion using constraints from df/j' 

as an input J) 

Heating of the universe is due to the decay of the coherent field ~ when it 

approaches its ground state value. This is best described in a four dimensional 

language. We therefore perform in section 2 the dimensional reduction of the 

higher dimensional action, including the most general gravitational invariants 

with up to four derivatives. The effective four dimensional Newton's constant 

depends on the volume of the internal space and therefore on 9? . This is not 

a very convenient formulation since the relevant physics depends on ratios of 

length scales such as H/Mp, L-1/Mp etc. A formulation with a constant value 

of Mp is obtained by an appropriate Weyl scaling of the four dimensional metric. 

This is described in section 3. For the discussion of both sections 2 and 3 the 

geometry of the internal space is kept arbitrarily. We present not only the terms 

needed for a discussion of heating, but also those relevant for the inflationary 

period and the calculation of df'/f 1) 

In sections 4 and 5 we proceed to a detailed calculation of the post inflation 

heating temperature for the model of ref. 1 with the ground state ~4 x s0 . An 

explicit calculation of cubic and quartic interactions of the inflaton with 

non singlet scalars can be found in the appendix. We find a maximal heating 

efficiency, so that almost all of the potential energy stored in the inflaton 

(geometry of internal space) is converted into heat after the inflationary period. 

In the conclusion we compare our results with those obtained from the more stan-

dard four dimensional inflationary scenarios. In higher dimensional theories 

a high heating temperature is compatible with very small interactions during 
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the inflationary phase, due to the predicted exponential behaviour of the coup!-

ing strength. We also argue that the existence of an inflationary solution is 

a crucial criterion for the selection of the "true" ground state of a higher 

dimensional theory. 

2. Dimensional reduction: The co~pled system of a scalar singlet and gravitation 

In the next three sections we perform the dimensional reduction for the model 

of ref. 1, expanding on a "ground state" ~4 x s0 . We start with the action *) 

s v, [/;§"{.,_R'+!~~R-"",_t~r<~Pi~ &R. + [_) (1) 

This is the most general form of an approximation including up to four derivatives 

for the effective action of d dimensional gravity. The isometry group 50(0+1) 

of the sphere 5° will appear as a gauge symmetry in the reduced four dimensional 

action. We only keep the singlets under 50(0+1) for the purpose of this section **) 

Since non-singlets appear at least quadratic in the effective action, we are 

guaranteed that every solution of the field equations for singlets in the reduced 

four dimensional theory corresponds exactly to a solution of the higher dimen-

sional field equations. (The truncation to 50(0+1) singlets is "consistent" in 

the sense of ref. 5.) There is a one to one correspondence between cosmologies 

*) Our conventions are specified in ref. 1. 

**) Dimensional reduction. for the full theory, including all infinitely many 

non-singlet excitations, has been carried out at the linearized level in 

ref. 4. 
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based on the reduced four dimensional action and the solutions of the higher 

dimensional field equations discussed in ref. 1. 

The most general ansatz for the vielbein ~ ~ (x
1 
if) consistent with SO(D+1) 

symmetry is 

~ '" 
~ .., 

7 -· e (x) 
/ 

~ ., e.,_ = 0 

~ 

e/ 
~ = 0 

A 

" e,/f<jJL'(x) e,. = 

Here e_,-<- c.. ( ~ ) is the internal vielbein corresponding to the ground state 

(2) 

manifold For a sphere s0 the function ~ (x) can be interpreted as an x de-

pendent ratio of the radius L(x) over the constant ground state radius L
0

. The 

volume of the internal space is proportional to~ (x) 0 . A variation of ~(x) 

only changes the volume, but not the shape of the internal space and is therefore 

a singlet with.respect to the isometry group SO(D+1). The only other singlet 

excitation is the four dimensional gravitational field described by the vierbein 

•m 
eiJ (x). 

Actually, the ansatz (2) holds for the volume degree of freedom plus gravitation 

for arbitrary internal space (there may, however, be additional scalar singlets). 

We perform dimensional reduction for this system for general ground states and 

use the special properties of s0 only at a l~te stage in section 4. This permits 

an easy use of parts of our results for more realistic theories. To obtain the 

effective four dimensional action we insert the ansatz (2) into the action (1) 
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and integrate over the internal coordinates. The curvature tensor corresponding 

to the ansatz (2) is calculated easily: 

A 

R.,"F9 
-'. 

R...,a.~<~h 

A 

Rabul 

R'""P~ 
- ,u- ., 1 '_,_ ( -I ) J ~-1·•e.,e" .<:- 'L,,.f..,+.£ f..,.,. i ~ I )/ 

0 

Raocd 

0 

e -I_ ( "/•< "/or "/ad 7>< ) f'".£ -2-~/ <" 

(3) 

(4) 

Here Rmnpq(x) and Rabcd(y) are the four dimensional and internal curvature tensors 

respectively, calculated from the vielbeins ~m(x) and ~!(y). The semicolon denotes 

" ~ 

four dimensional covariant derivatives. All other components of R~~~~ vanish mnpq 

(except index permutations in eq. (3)). We notice that all derivative terms of 

t<x) appear in the combination f- 1£;/ and introduce the variable 

s(x) ln fix) (5) 

The effective d dimensional action (1) for the singlet degrees of freedom yields 

for an arbitrary internal space 

s fri'x [d"'fe!';;>-1-- /£ 
X" Vv 

(6) 

:t ~ :tc, +- /f.,_. - e v r 
"" 

;e.~" + ;e. k ~ + :t. l<'f (7) 

lc, = 
0 ~ 

e nrDs($r2otR~-2s)R (8) 
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£"'" = e -rTJs {fbCD+1)$+-Z(D1D+~)ot-+;p+zr)· 

· R -,-zs] s;/' s;"' 

o~-flD<'>+i+D«+YJR~-zs] y"/' 1 
~ 

v {( 

• ~ 0 • b • • abd ) 
= k!f 'Ds ot R jl R. 4 b 'R. • +I R .. ,w~ R h:p- lf-5 

0 

+- .) R. "'7' -Zs + e S 

~ 

:e~ = -e """'''Ds (<t R." rr R. ..... R -~ + IR ~-n R-"f"l ) 

:eKR e ""'t Ds [2-ND+ I )""R Sy ~ ... .,_ 2-1)13 R"''\/· ~" 
~ 

+- i!-D«- R s. 
/ 

,.4 'V /'">) ' 
/' +2~R s;y .\ 

(9) 

(10) 

(11) 

(12) 

£k, -e ~JJs { [ Tl( 0+ t/ .c .,_ J!v{ D+ tfS .r2DiD+I)0] sy~"~ ..,~" 

['- '-] ->'.,J +- '1-D (/)+I ).o _,_ Z /)? Sy ~ s; ., 

+ [ If- D'- <L +- D/13] S; ~ s; 
., 

.., 

+ [ <-llj« '"gb 'f] s;/ s,. ~ s. /'" 

+ [ Dje .,_ ~;-Dr J sy_,y s; "'" j 
(13) 
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Here all four dimensional index manipulations are carried out by multiplication 

"''ll "'1-1 "' pq"' R-v r"" ""'"""" ...... "'""" R~ withe (x) or its inverse e (x), e.g. A == 1? R , = e / e tnn 1 IJ m mn/ mpnq 
...... _,-v ~ A/ ...... ,J-<.....,_ "" _/..l......,_ 

R =-n R s. =<>Ns. =em e Ys .• , e=C«Le_.- etc. 
t -'1} I (/ d~ n / 

1!1 . cd t:> 0 Ab e> e> .• IJ 0 4.. 

(We also have defined R. Ab = "' Rc..ttelb ~ R == "'! Rcth.) e = vtJ!..C" eoe. ,I . " . 
~= fd 'Je 1 

..-.«, 0"" l> 0 
~ ~ = e e t_ ( x) . ) If A abed does not depend on the internal 

coordinates, the integration over K0 is trivial and ~ is the effective four 

dimensional Lagrange density """ •) for the coupled system s(x), e
11

(x). 

3. Weyl scaling 

The field equations derived from (6) involve up to four derivatives. The degrees 

of freedom s(x) and ~~(x) are coupled in a complicated way. Essentially, this 

theory describes some kind of generalized Brans-Dicke theory with Brans-Oicke 

scalar~ s(x). In particular, we note that the terms involving only two deriva­

tives of~ ares-dependent and that the s;~ s;~ terms depend on the four dimen­

sional curvature. The appearance of an s dependent Newton's "constant" makes 

comparison with standard cosmology somewhat cumbersome. We rather want to decouple 

the kinetic terms for the graviton and for s at least for those terms which in-

valve only two derivatives. This is done by an appropriate Weyl scaling of the 

vierbein, resulting in a constant coefficient of the curvature scalar in the 

Einstein-Hilbert piece ~G of the action. This is always possible for a region 

of s where the coefficient of R in (8) does not change sign. We note that for 

<>GR.< o J s > a the effective Newton's constant is positive only in 

•) 0 
For Rabcd depending on y one has to take "mean values" over internal space 

for quantities like RabRab appearing in ~-
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s > sc 

exp -2sc 
& 

<-«-~ 

~ 9 ~ 

Within this range *) of s we rescale the vierbein 

em{x) = w(x)em(x) 

" " 

(14) 

(15) 

with w(x) chosen so that the coefficient of the curvature scalar R built from 

em(x) is constant. (Since the Weyl scaling (15) becomes singular at s-'> s , we 

" c 
expect the four dimensional action to have singularities for s~ sc' correspond-

ing to a "coordinate singularity" in field space.) The quantities appearing in 

(8)-(13) are to be replaced as follows: 

~ e==--w-e 

~ ~ 

~r = v :Jr 
jr"" ~ tV-<'} _... 

- -< f R - ( ( I -" RM"F~ - -w 7. -"r1 "1-~ 7"'- 'J..,17•r) k"' y c4.,.,) 

(
,.4.-i) ,A.Y -""" ~-J) 

+- e""' e1 J,.r ~ ewr e,. "i""'l- e.., e1 ~-p -1- e., e,. '7-.1 · 

( ( fl,"" !; 7 - (h 1.} ~" ( £,.,_ <> !y-) J 
--
*) For «.- R > 0 this range extends to all values of s. 
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R," w-' f R.m" -}'~" (hw) /- -z"lm" !k"'~."V~w!'" 

+-Ze:'e" ~[! f..-w),.,{kv);r -?£,,.,!. ""] ~ 
/ ~ / / j 

R ~ 'ZJ-'{ R- 6 (hwl/_,..- 6 (£-n.,.,~/ (P.,..;);'" j 

(16) 

In equation (16) and the following, covariant derivatives are formed with the 

rescaled metric 9!"" . We therefore have to replace in (9), (12) and (13) 

S;r -e> 5;/' 

5; ;!" -> S; :7- ( £..,..,~, >;/' -(f:,.v y s;.,~ +-j/'~ { kw);f S; .f (17) 

S " _,_ ( "" /" 
1/ -'> 1J s;,..: -t- Z { t'n<J)/"" S; ) 

Choosing the scale factor 

1J (x) ~{ -~s >( 
0 

~+-Zo<IZ ~-Zs 

~ -r Z<>< k. 
)-~ 

(18) 

one obtains in the rescaled variables: 

o ' fz( -"-:£G.,. /lk'" = - e ( $ ,- 2-:.R. )R, + ::;:; e T s) S/ ~-

+ total divergence (19) 
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The Planck mass Mp can be identified 

M/ 
= 

0 

;;, + z "" R. 
/6-,r 

' and { (s) is given by 

11" • z .1. 

{~{5) ~ _P_ ( 1 + Z«-R. ~-2..5 r '/J (s) 
/6TT 6 

0 

j'(s)"'- D"-r.&D + it-(D".ct-J$-r2y)~ e.rr-2s 
.,_ 

;- 'rot [ ( D"- ;z;p + 12 )-<- 1- J73 d-;y] i., ~ -'1-s 

After Weyl scaling, the scalar potential reads ( ev :=: e V) 

Vis) =( 11r" t ( b +l.c R. "'1'-zsy-<- --ri-h) 
/61T 

{ 

D_z. II> D h D ~ ~ 

· («-R (4t<'..t.R~ +(/P.at.<PfR~ ) "«(>-'1-s 

(20) 

(21) 

(22) 

+ & R -r -2s + <- S (23) 

This potential vanishes exponentially for large positive s. The exponential be-

haviour is very general and reflects the gravitational origin of the scalar: 

Typically, the potential is a rational function of~. but the kinetic terms, 

-I 
as usual in gravitation, involve l ./i/ , suggesting the choice of the new 
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variable s. The factor exp-Os corresponds to the inverse of the volume of internal 

space. Of course, we still need to perform an appropriate rescaling of the scalar 

field in order to obtain the usual normalization of the part of the kinetic term 

which involves only two derivatives. In general this will not change the exponential 

behaviour of the scalar potential. 

For the higher derivative terms, we obtain after Weyl scaling 

v 

:£~~,,_ + Je'"'.,. i><.,_ = :tl<k +- £><, +Zs, -r:C., +- :C,,_ (24) 

+ total divergence 

:eA., - e -p Ds ( «- R." j<3 R..., R.~".,. y R,.,.Ft R.-•n ) 
(25) 

£KR. = e- ~])s ( J • -z 
+ Z« R, ~-Zs) 

·[c,.<(sJf.<. /< -""" 5y ~ ra,ts)R sY' s., I 
' 

• -1 
1- e ~ Ds ( & +- Z.t.. R, ~ - Zs ) -

[ 6:, (s) ~-" R,y ,_ ~., 1 ~ {s) S;v fl. '/ (26) 
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[ 
~ ~ , ] c~ a_, I&!; (3D -r.<,D)«. + 1>j3 + D 0 o 

r [ 1Z D ( l> -2)«- r 2( 21>~- 3/:J +2)6 ·r'/-D(b-2) i'] &..:: R kef -Zs 

+- [ '1-( 3D':...I'+-b + 12)<, +'f(:P'- 3P+<. };6 r'l-( b-~f)'] .c' R. '"~-li-s 

a,,(s) =[Nb<-2);Sr2D'";y]&\ ['fD7+i?"0'"0 ] &..::R ""f-2s 

2_ ... 

r[ 'ti l>'"-Zb-'t-}8 +8 {D'"-9-);y]..:: R ""r'-li-s 

t_, ( s) = ( z D«. + ~ )f, + [ '1-{l>-6)-<- r 2,1 b-2)<5] «. R 4oef -2..5 

(J.,_IsJ = 'f-]) 0 $ <-[>'ID-.z,J;y -~] .c.R ""l"-2-s 

( 
-" y /'.,) ) ,t5" = -e ""'1' Ds c.. Is! 5;/' s;, + 6_,_/s)~/'y 5; 

c.. is!= 1>"(-<: r J-6 t- 0 )- ZD ( 6"'-+J6 t-Zy )X5 

" r 'f ( :3«- .,_ :y r y ) X5 

2, 

G,_(SJ= ZDib+2)0 -1?1> 0 x5 +'f-rr+~y)xs 

0 

Xs = 
2..:: R kef' -2s 

[; + .2.c. ~ ~ -2..s 

The terms Jes3(4) contain cubic or quartic products of derivative terms of s 

like S: ,14-Y S ~ S ..J or S;P S. p S. v S. v . Their explicit form will not be 
1/ ; ; 'l' / / / 

(27) 

(28) 

(29) 

needed for our purpose. Indeed, after .rescaling of s to a ~calar field r with 
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dimension of mass, the terms £ 53 and £ 54 correspond to dimension seven or 

eight operators. If all typical energies E are much smaller than MF , their con­

tribution is suppressed by three or four powers of E/Mp , Even for energy scales 

in the vicinity of the Planck mass, the contributions of ~ 53 and ae54 can be 

neglected whenever sis evolving slowly. This is the case for the inflationary 

solutions of ref. 1 for which an approximation for the action quadratic in the 

time derivatives of s is appropriate. Neglecting Je 53 and ae54 , we collect the 

various terms of the effective four dimensional action: 

S"1 = - ft~~x <j 11, [ 1~'/r.,_ R. +- PiefDs («-R.,;-s}.,fl."': ;y'}vf'"R.~'"'f") 

'[ <. ,M Z~l!s ( ,., ""' o-""'g · 
+ V(s)- ;r f {s>J +-(i.t-id.R.""f-zs)'" a,(sh'} +a/s),, sy ~" 

- tteep Ds ( (Sr:&A""t-2.5) ~,ls!R.~' ,_ ~ (s)R""/' ) s / :t- '-y );,?-
' ? 

-r l1eef 'Ds ( 6,/s) 7;"' .; ... ., + c,Js) s/., S, /<"' ) J 

(30) 

The functions V(s), f 2 (s), a. (s), b. (s) and c. (s) are given in (23), (21), (27) 
1 1 1 

and (29). We observe that even after Weyl scaling the kinetic term for sis still 

rather complicated. We do not expect to achieve much more decoupling by a simple 

rescaling of s. Fortunately, the effective four dimensional action simplifies 

considerably for some of the situations of interest. 
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4. The Friedmann universe 

For our present universe and for most of its evolution 

relevant length scales are much larger than the Planck 

since the big bang all 

-1 length Mp . We therefore 

can neglect all higher derivative terms and the action (30) is well approximated 

by 

c 

5" =- f,!'x ·/"''( tfr A. - t (is) sJ/ <;,"' + VIs) S (31) 

Stability of Minkowski spacetime (and of the Friedmann universe) requires positive 

kinetic energy for the scalar field 

f
2

(s) > 0 

This allows to normalize the kinetic term in the standard way be introducing 

a rescaled sccilar field r 
t "' { (s) ~/' ~· /< 

= CP, r cp. 
'/ ' 

r~ r cls 1 f[s') 
0 

By definition we have 

4V 
dCf (cp~o) = ~(S=o) OS = 0 

The second requirement of stability is a positive (or zero) mass term for ?' 

(32) 

(33) 

(34) 
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:u 
/"f 

;;."v _, ;>Y 
<;Cf" (Cf=O)= ~ (O)W (S=O) :p 0 (35) 

Finally, a vanishing cosmological constant needs 

V<'f= OJ = V<s =OJ 0 (36) 

If the requirements (32), (35) and (36) are fulfilled the scalar field will settle 

at its minimum at a very early stage of cosmology. If enough entropy is created 

to heat the universe (this will be discussed in the next section) the subsequent 

evolution of the universe is given by the standard hot big bang model. To a 

very good approximation we can completely neglect the scalar field when its mass 

term ~~is large. (Corrections to the Friedmann universe are suppressed by powers 

of T)<r 

To be more quantitative we turn now to a specific model 1)G) with internal space 

forming a 0 dimensional sphere s0. Condition (36) needs a fine tuning of the 

higher dimensional cosmological constant 

e = .L.})(D-1) 
'!-

&'"' 

~ 

~ = 1l(b-l)oi: +- (b-tj8 + 2(1 

The ground state radius and M p are 

L ~ = ~ 
0 [, f > 0 

1-f"- ls X= CD-tj'S+2;y ~= 
/6 7T ~ 

) 

(37) 

(38) 

> 0 
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with 

c s 
'R.~G<t = - Zf ( "!<>-~ 1/oo( - {ad Jb~ ) 

• - }>(D-1) __!!_ 
(39) 

R ~ 

2)' 

One finds for the scalar potential (23) 

..., "- :t " -z 
V(sl ~(.!..!l'..) DCD-1) ~-D.s (t-.-,-2.s) {I +CU!f-2s) ,6.,. ~r , 

<>= p ( T> -/)<(.. (40) 

> 
For the kinetic term one obtains 

ftto) == 11/ 
/6 TT Fo 

F, ~ z • J 
~I( { 1zr +Hl>-b)_f;r+(D

2-6D+U)X -9-DCD-3);{( 
(41) 

For 0 > 3, the .kinetic energy is positive provided 

't ..:::. 
IZ ~(" .,_ 'f- ( l>-6) 'J';u- CP,_-6D + 12.-) r"' 

~b ( D-3) ;r 
(42) 

(the upper bound· is positive). We may expand the scalar potential in powers of~ 

V (Cf) = t/f'"' cf" + l- .Y'f c/+- ;,_ A.9' 7'1-+- o ( ~;) (43) 

and one finds 

"' = DID-/) 
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H" :._p_ /f 
( 1-t-r>)" 5 F, err 

-v, 

~ 

=~ 

"' 
"DCD-1) .!!.e._ { ~ 
( 1-roY) F, :v~ r;r (A-D){ 1 + 6)- .z, J 

(A is defined in the appendix (A.14), • .-v...M I The ratio /'9' ;-v'f' "' '0 1' r<, D fiT 

(44) 

gives roughly the range of ~ for which the polynomial expansion is a valid 

approximation. We note that~~ is positive (F
0
>0) and is very roughly of the 

order M~ . There is no reflection symmetry tp ~ - Cf . 

Conditions {32) and (35) assure stability only for the coupled system of singlet 

and gravitation in the low momentum range. The complete stability discussion 

for the model under consideration has been carried out in ref, 4. In our context, 

where we use this model only as a prototype imitating cosmology for more realistic 

models, we only require stability for the singlet (42) together with j'>~ If> 0 

(38). This assures a realistic cosmology for late times if nonsinglet modes are 

not excited. 

5. Heating of the universe 

We have seen that the effective action reduces to the Einstein-Hilbert action 

at low momenta. In addition there are the massless gauge fields of SO(D+i). In 

a more realistic model there would also be fermions with mass much smaller than 
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Mp . If early cosmology provides the required initial conditions one will end 

with the standard hot big bang cosmology. Assume that an inflationary period 

- which occurs for a reasonable choice of parameters in our model - ends at t 1 

with a scale factor a exponentially big compared to the inverse Hubble parameter 

so that the a-2 term in the cosmological equations can be neglected compared 

to H
2 = 82;a2 until today (k=D cosmology). This solves the horizon and flatness 

problem l) We also assume that inflation is responsible for homogeneity and 

isotropy up to effects of small density perturbations ~f/f whose spectrum is 

calculable in our model 1)3). The transition from the inflationary phase to the 

Friedmann universe must be such as to produce enough entropy and furthermore, 

the universe must be heated to a sufficiently high temperature T
0 

in order to 

subsequently create the observed baryon asymmetry 8). If cosmic strings 9) are 

responsible for galaxy format-ion, they should be produced after inflation (or 

near the end of the inflationary phase) . In grand unified models with symmetries 

like SU(5) monopoles are produced 10) by the breaking to SU(3)xSU(2)xU(1). This 

symmetry breaking should occur before or during the inflationary phase so that 

monopoles are sufficiently diluted. Also, the heating of the universe should 

not produce strong density fluctuations. 

We define T
0 

to be the temperature to which the universe is heated after inflation, 

T8 the temperature at which baryons are produced, Ts the temperature charac­

terizing the phase transition producing strings and TG the temperature at which 

a grand unified symmetry like SU(5) (or another symmetry whose breaking leads 

to monopoles) would be restored. Realistic cosmology requires 

To> T8 (45) 
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To> Ts (46) 

To< TG (47) 

If the last condition is violated, the grand unified symmetry will (again) be 

broken after inflation thus producing an unacceptable monopole abundance. We 

note, however, that in higher dimensional models the topology of the internal 

space may not be consistent with SU(5) symmetry even if the higher dimensional 

symmetry is of the grand unified type. In this case there is no danger of re-

storation of SU(5) and condition (47) can be dropped. Consistency of the four 

dimensional description allows T
0 

to be on the order of the compactification 

scale Me, but it should not be much higher. (Only a finite number of low mass 

modes from the infinite tower of four dimensional fields should be in thermo-

dynamic equilibrium.) 

Estimates of T8, T5 and TG depend on details of the model and its symmetry breaking. 

If cosmic strings associated with the breaking of a local symmetry are to play 

a role in galaxy formation, T5 should be~ 4·1016 GeV. Sufficient baryon asymmetry 

is produced in many models if the universe cools down from such high temperatures. 

On the other hand, T G should be safely ab_ove T S so as to avoid monopole produc­

tion after inflation. 

A possible scenario could have a compactification scale M ~ 1017 - 1018 GeV 
c 

at which the higher dimerisional symmetry breaks to a four dimensional 

SU(3)c x SU(2)L x U(1)y x U(l)G symmetry. The topology of the internal space 

may not be compatible with SU(5) symmetry so that there is no restriction from 

TG even if the universe is heated to a temperature T
0 

of the order of Me. The 
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abelian symmetry U(1)G could play the role of a generation group, in which case 

the scale M1 of its spontaneous breaking should be a factor 10-20 smaller than 

Me in order to produce a realistic fermion mass spectrum 11 ). Spontaneous break­

ing of a U(1) group produces strings and the string tension would be of the right 

order of magnitude for the strings to be relevant for galaxy formation 

(TS ~ M1 ~ 1/10 - 1/20 Me). Finally, the baryon asymmetry may be produced at 

T8 6 TS. The crucial point for this type of scenario is a heating temperature 

T0 around or somewhat smaller than the compactification scale Me. 

Our present model with SO(D+l) symmetry is not a realistic one {it has no chiral 

fermions) and we therefore did not attempt to calculate explicitly the scales 

of symmetry breaking. (Although in the present model for 0 9 the grand unified 

symmetry S0(10) would indeed be broken for a large range in parameter space.) 

We believe, however, that high heating temperatures T0 around or somewhat smaller 

than the compactification scale are possible for a wide class of higher dimensional 

inflationary scenarios 1)3) - in sharp contrast with most inflationary models 

discussed so far. The reason is simply that the scalar potential does not have 

a polynomial form - the flat exponential tail responsible for inflation does 

not imply a small mass term at the origin of f . We found indeed a scalar mass 

on the order of ±he compactification scale (44). Also, the cubic and quartic 

couplings at the origin are not very small. In the remainder of this section 

we wish to demonstrate, using the {calculable) couplings ofT to nonsinglet 

fields, that T0 is not very different from Me for the scalar potential (40) of 

our model. We will neglect for this discussion all higher derivative terms and 

use (31). We do not expect that the inclusion of higher derivative terms will 

significantly change the qualitative results. 
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We have the following picture for heating after the inflationary phase 12 ): Once 

the scalar field has moved outside the flat tail of the potential it follows 

a damped oscillation around the minimum at r = 0 {The motion towards 

9' ~ 0 could even be overdamped.) Its total energy density E, composed from 

potential and kinetic energy, determines the Hubble constant 

H~ 

E = 

ifTT' 
--;:. 
3Mp 

F 

V( Cf) + l_ ·:u 
:u o/ 

As long as interactions with other particles can be neglected, gravitational 

damping leads to a decrease in energy and this in turn lowers H 

.z, 
£::<:-3Hcp 

(48) 

(49) 

Assume now that 1' has cubic couplings to particles whose mass is smaller than 

its own mass ~? . Suppose that it decays into these particles with a decay rate 

f'. As long as the lifetime '7:: = f' -I of cp is longer than the Hubble time 

H- 1 this effect can be neglected for the motion of~. However, once ~ and H 

become comparable the decay of lP induces a damping force comparable to the 

gravitational damping (49). The energy of the· coherent motion of <p is converted 

into kinetic energy of its decay products and the entropy therefore increases. 

The scalar singlet~ itself has no renormalizable couplings to the 'massless' _ _,.,, 
gauge bosons and chiral fermions. (Unrenormalizable terms~ sP~~ r etc., 

however, are possible.) Cubic couplings to non-singlet heavy :calar fields/( 
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or heavy non-singlet fermions .A F are expected. If r decays into X -particles 

these in turn will de.cay into the massless gauge bosons, quarks and leptons 

thereby establishing thermodynamic equilibrium. Once E is essentially converted 

into radiation energy the motion of ~ becomes irrelevant and further evolution 

of the universe corresponds to a radiation dominated Friedman universe. 

We note that higher dimensional models lead to an infinite variety of ;r particles. 

They have cubic (and higher order) couplings to 9 . The requirement that there 

be some ;r particles with masses smaller than ~f is fulfilled in our model for 

a wide range of parameters 4l. There is, in fact, no reason why )P should be 

the lightest one amongst the particles with masses of the order M . *) 
c 

The temperature T0 may be roughly estimated by assuming that all the ~ field 

energy E{t2} is converted into radiation energy once f1 and H(t
2

) become equal 

at time t 2 . 

w·T~ 
0 

t;, 

. 

< L 

3 H ito)f-Jp 
£(t:,J 

8Tr 

( 
1o )v~ , -=- H'"r!i 

8" N f '17 

~ 

.!_ H v. 
'r p 

3 f"7" Hp'-
87r 

rr.. 
(50) 

(Here N oK.- N, 
30 

where N denotes the number of effective degrees of freedom in 

*) Even if T would be the lightest among the heavy particles, entropy may 

still be created through quartic interactions. - if the mass gap between X par­

ticles and 9' is not too large - or by interactions of r with massless particles 

involving intermediate (virtual) ir particles or other nonrenormalizable intractions. 
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equilibrium at T . N is of the order 102 for very early cosmology.) The partial 
0 

width for cp decaying into two scalars X; (neglecting the mass of ;(
1
• ) is 

(1i(; "' -'­J6rr 

~ 

"))Xi 

/''f 
(51) 

Here 1-1 f( lS given by (44) and we have calculated a typical cubic coupling Vlt · 

(as well as the quartic coupling Ax) in the appendix. We note that /ri may belong 

to a representation of fairly high dimension (54 for the example in the appendix) 

which multiplies the previous decay rate formula. Also, 1' may couple to several 

boson and fermion representations (for which the decay rates are similar since 

the typical Yukawa couplings of 9' to heavy fermions are of the order of the 

gauge coupling). A rough estimate of f1 (also accounting for the mass of 7( par-

ticles) is 

r"' 
L 

-)}\ 

/''f 
or 

2.-

.4/'f (52) 

with ~X a typical cubic scalar coupling and h a typical Yukawa coupling. In 

principle, both VJ and 1-1~ depend on the expectation value oflP . For our scenario 

however, this effect is not very strong and we evaluate the quantities at the 

minimum at Cf = 0. 
~ 

(Correction terms to 11?' are of the order Y?' Cf and for 

VX of the order /.X 'f .) 

We present in table 1 the relevant mass scales for the case 0=9 with two sets 

of values of the parameters. The first set ¥ =-O.j&, o(. =J" :> 0 leads to 

an inflationary scenario l). For these values the "ground state" .;lt4 x s9 is 

classically unstable 4) (only the singlet sector is stable as required for rea-
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listie cosmological equations once non-singlet excitations are neglected). In 

particular the field s1 discussed in the appendix has both negative ~~ and 

negative kinetic term. (Also the absolute value of ~X is larger than ~r ). We 

have nevertheless calculated the cubic coupling VX to get a feeling about the 

orders of magnitude involved. More generally, we find that there is a conflict 

between parameter values required for sufficient inflation and those that are 

needed for low momentum stability of the ground state. We may interprets this 

to mean that for the "inflationary parameters" the 50(10) symmetry must be span-

taneously broken, but we will not pursue the question of the true ground state 

for these parameters in our toy model. A second set of parameters OC = o/ 1 =- 3P :> o 

was chosen so that j£ X < f: /'1' . For these values all modes considered 

in ref. 4 are stable at· low momenta. Both parameter sets give similar values 

for f' and T0 , We conclude that typical values off' are 

1017 GeV and typical heating temperatures are also a few 

-1 of order L0 ~ 

times 1017 GeV. 

a few 

We are confident that these results hold qualitatively for a wide range of para-

meters in our toy model.They may be characteristic for many other higher dimensionaL 

models. If the cubic and quartic couplings are not small the typical value of 

T is of order l - 1 . On the other hand the overall coupling strength of dimen-
o 0 

sionless cubic couplings is of the order of the gauge coupling g, dimensionless 

. quartic couplings are,., g2 and cubic scalar couplings,..,. gl -1 (In our model 
0 

2._6-1 2 2 -1 g .... 
1

_ ) . For realistic models g cannot be too small (g ~ 1/4) and both l
0 

. . 017 1018 G V and T0 are therefore w a typ1cal range 1 - e . 

One may obtain an independent upper bound on. the heating temperature if one 

assumes that after the end of the inflationary period the Hubble parameter mono-
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tonically decreases. In this case the radiation energy density cannot exceed 

(3/B~)H2 (t 1 )Mp 2 where H(t1) is the Hubble parameter at the end of the infla­

tionary period. This gives the bound 

'· ~ 7 T;_, 

T,_, I 
lj }/ 

""-H ~1-/1 '~ ,_ r t-4) 

i .:;, /{ 

(The parameter 7 may be called heating efficiency). During the inflationary 

period H is given 1) by the potential V(s) (eq. 40) 

H'- Srr 
3 

_y__ 
f-1'-

f 

and one has 

Tl-1 ,s (_N' )-V~ V. Vv- = 
H 

-~ 
IM 

(53) 

(54) 

(55) 

with VM the maximum of V in the region relevant for inflation. This maximum is 

at zM with 

D G ro
11
'- -r ?-,., ( "D +-If- - ll <> +- '1-<> ) - D = 0 (56) 

c = ~-2..5 

The maximum temperature does not depend strongly on the specific form of V 

* !--{ AM L 

T,_, "' 6/- f \.):, \<- • /0 lr GeV 

z_ <0 A 
VH ~ ( !:1L) ;5 -I v. 

16rr ; '" 

(57) 
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For the two sets of parameter values discussed above we find . 
TM 

:1\-1/4 17 • ,fJ.-1/4 17 . . = 2.8
1
_ •10 GeV and TM = 2.2;- ·10 GeV respect1vely. Compar1son 

with T
0 

(table 1) shows that the heating efficiency 7 is near its maximal value 

"! = 1. The maximum temperature TM (53) was also estimated for this model by 

Pollock J) who estimated H(t1) from the requirement that density fluctuations 

IJ.fl f' are in an acceptable range. He finds typical values T M ~ a few times 

10
17 

GeV. A rather consistent overall picture arises: The heating temperature 

is a few times 1017 GeV. The heating efficiency is maximal and heating takes 

place very fast ( (1 Z H l t,, )). The temperature is high enough so that a subse­

quent phase transition at Ts* 4#10
16 GeV could produce superheavy co~mic strings. 

s· r -1 1nce 0 ~L0 no unacceptable monopole number needs to be produced. There seem 

to be no particular difficulties to produce a baryon asymmetry. We expect that 

a similar picture can be realized in a more general class of higher dimensional 

models. 

6. Conclusions 

Let us compare our picture for heating after inflation with higher dimensional 

theories with the standard four dimensional inflationary scenarios. We note, 

first of all, that the characteristic scale in the transition is the compactifi­

cation scale L - 1 , typically on the order of a few times 1017 GeV. This is two 
0 

orders of magnitude higher than a standard grand unification scale. Presumably, 

this still is sufficiently below the Planck mass so that a classical description 

in terms of a few invariants of the effective action can be trusted. The mass 

term of the inflaton, which determines the frequency of its oscillations around 

the ground state value, is on the order of the compactification scale. 
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After inflation is over, the heating of the universe critically depends on the 

couplings of the "inflaton" field to other matter fields. In the standard four 

dimensional inflationary scenarios these couplings can be freely chosen and the 

discussion is restricted, in general, to renormalizable polynomial interactions. 

For polynomial interactions the strength of these couplings essentially is the 

same during the periods of inflation and subsequent heating. This usually leads 

to the following dilemma: The couplings must be very small during inflation so 

as not to disturb the flatness of the inflaton potential and thereby ensure that 

inflation will last long enough. On the other hand, small couplings during the 

heating period lead to comparatively low heating temperatures, certainly much 

too low for the production of cosmic strings relevant for galaxy formation, and 

often problematic for a creation of baryon asymmetry. 

In higher dimensional models all these couplings are calculable. They turn out 

to be relatively large during the heating period. The mass term for the inflaton 

field typically is of order L0- 2 . A high heating temperature on the order of 

the compactification scale is predicted. Nevertheless, the dilemma noted above 

does not occur in higher dimensional inflation. Indeed, the strength of all inter-

actions decreases strongly if the internal length scale becomes larger than the 

compactification length L0 (which 1s relevant for the ground state and for the 

heating period). This is related to the fact that before Weyl scaling, the four 

dimensional Newton's constant is proportional to the inverse volume of the internal 

space (compare (A.10)). It is one of the characteristic features of our higher 

dimensional inflationary scenario that the internal radius is significantly larger 

than L
0 

during the inflationary phase. The couplings of the inflaton field to 

other fields are therefore predicted to be very small during i_nflation. This 

may be equivalently expressed by saying that higher dimensional models do not 
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predict polynomial interactions, but rather a specific exponential behaviour 

for the strength of the interactions. 

There is another notable observation in our particular model which may have more 

general significance. We found that the parameter range (in oty51 
y required 

for sufficient inflation did not overlap with the range for classical stability 

of the ground state. Although the singlet sector is stable for a range of para-

meters compatible with inflation, so that the model is well suited for a study 

of cosmological solutions, the appearance of unstable non singlet modes (besides 

other failures) excludes it from being considered as a fully realistic model. 

Taking into account the non singlet modes the cosmology of the action (1) with 

a choice of parameters·compatible with inflation would asymptotically not approach 

the state~ 4 x s0 but some other state with a different symmetry- one which 

we do not know. 

This brings us to the question of selection criteria for the "true" ground state 

of higher dimensional models. The field equations obtained from the effective 

action of a d-dimensional field theory (or a string theory) may admit many solu­

tions with (approximate*)) Poincare-symmetry PE' E ~d. They may be interpreted 

as "compactifications" with a flat E dimensional space-time embedded in a d 

·dimensional space-time. Many of these solutions may be classically stable and 

possible quantum mechanical tunnelling rates to other solutions may vanish or 

be small compared to the inverse age of the universe. All such solutions can 

be considered as ·candidates for ground states. (~t is even conceivable that there 

*) This includes the case of (anti)-de Sitter symmetry if the cosmological con-

stant is sufficiently small. 
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is a continuous spectrum of such solutions, depending on initial conditions for 

the relevant set of differential equations - compare the discussion of non-compact 

internal spaces in ref. 13, 11). This would imitate the free continuous para-

meters DJJZ; y in our model becoming dynamical quantities.) For every stable 

candidate ground state there would be an associated Friedmann universe approach-

ing it asymptotically if the initial conditions for the matter density are appro-

priately set. (We discard here possible complications from stable massless scalar 

modes. The conditions for being an "attractor" universe in the words of Maeda 14 ) 

are then essentially equivalent to classical stability of the asymptotic flat 

solution as required in ref. 1.) 

Will the universe evolve to one of these candidate ground states, and if yes, 

to which one? It is essentially a cosmological question if the required initial 

value for the matter density being very near the critical density is generated. 

Early cosmology must create on effective E dimensional universe where the curvature 

for the E-1 spacelike coordinates is very small compared to the Hubble parameter 

H2 - otherwise this solution would recollapse in a time of the order H- 1 and 

never become flat. A large amount of entropy (with f~M~H2 ) should also be created. 

This is exactly what inflation and subsequent heating of the universe are supposed· 

to achieve. 

Inflation in the sense of a fast (exponential) expansion of some of the spacelike 

dimensions compared to the other (internal) ones may be a relatively frequent 

phenomenon - in the sense that the field equations admit many solutions of this 

type. Although a special choice of parameters (initial values) may be necessary, 

no extreme fine tuning is needed to Jbtain sufficient inflation. (In our example 
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one needs 0'-:,:, ;1.3 to within a 10 % range.) Our example suggests, however, that 

not every inflationary solution finally ends in an asymptotic approach to a stable 

ground state solution. If inflation does not last forever (this may anyhow be 

excluded by instabilities of de Sitter space) the Hubble parameter must finally 

end its almost constant behaviour. If there is no classically stable solution 

with H decreasing to zero, to which the universe can make a transition after 

inflation, it is plausible that the universe will recollapse and after a short 

time all characteristic scales will again be of order M . 
p 

We can now formulate a criterion for the ground state: The ground state should 

be a stable solution with (approximate) Poincare symmetry PE for the field equa­

tions derived from the effective action. In addition there must exist an asso-

ciated inflationary solution ending through transition to a universe which 

approaches asymptotically this ground state. We may call this criterion "evolutionary 

selection". If there is no inflation, none of the space dimensions will ever 

grow big. If there is no transition to a stable asymptotic solution the large 

characteristic length scales created by inflation presumably recollapse. Combining 

the requirements of inflation and of a stable asymptotic state with approximate 

Poincare symmetry may be very restrictive - and perhaps a more or less unique 

universe can be ·singled out. 

There are of course many other solutions without asymptotic approximate Poincare 

symmetry. If all their characteristic length and time scales are near the Planck 

length we would hardly call them "ground state" because of the lack of static 

properties (approximate invariance under time translations) and spatially extended 

homogeneous structure, which are both required to give meaning to the distinction 
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between a local excitation and the ground state itself. (Otherwise all excitations 

could equally well be called "ground states".) Imagine that the universe was 

originally characterized by such "random solutions" with length scales of order 

M~ 1 . (Classical description may not make sense at this stage and it may be more 

appropriate to speak of a soup of quantum bubbles.) If a region of the universe 

(by chance or, if preferred, by tunnelling from "nothing" 15)) fulfils the initial 

conditions of an inflationary solution, some space dimensions will expand ex-

ponentially. At the end of inflation they may recollapse into the quantum bubble 

soup - no interesting (classical) structures would emerge with such a short lived 

"excursion" from the random state. As a possible alternative, the large space 

dimensions could survive (and even further expand) by the approach to one of 

the ground state candidates. This would create a long living-universe capable 

to produce structure and eventually intelligence. For this picture it is not 

important if our universe evolved from a small region of the original soup (to 

the extent that the concept "small" makes sense at the beginning of the universe ... ) 

or if it covers the whole universe. Also, our universe could be an extended ob­

ject in a higher dimensional world iS) (described by a non-compact internal space) 

or rather have the more traditional topological structure 
E: 

~ xcompact internal 

space. 

Entropy production (heating) is a crucial ingredient in a possible transition 

to a Friedmann universe. We conclude from our investigations that this is pro-

bably not a very severe additional restriction - at least not in four dimensions. 
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Appendix 

Mass and couplings of non-singlet scalars 

In addition to the scalar singlet r our model contains infinitely many scalars 

in nontrivial representations of the gauge symmetry SO(D+1). The sign of their 

mass and kinetic term decides on classical stability of the ground state. Their 

couplings to the scalar singlet qo are important for their possible production 

by decay (or fast oscillations) of ~ and therefore for the heating of the universe 

at the end of the inflationary phase. We denote such a non-singlet scalar field 

by ;t . All couplings must be at least quadratic in/( due to SO(D+i) symmetry. 

Possible couplings are· <p /(. t 
1 

c.p z. I(_ z.. etc.,. 

For a ground state with given symmetry there is an elegant way of calculating 

simultaneously the masses of non singlet fields i( and all couplings to singlets 

~ ~ . 
of the form ~ /( We only need to compute the contr1butions to the 

effective action which are quadratic in j(. We evaluate them for arbitrary con­

figurations of fields which are singlets with respect to the symmetry of the 

ground state. Neglecting higher derivatives of I( and assuming /( to be a complex 

field, the effective action has the form 

/") r I{ f "' t .. ? s X = c:A. cl1>< 'j D ;:(~ 9-- ;:( - f1x. ,{' z J (A.l) 

Here we have scaled X so that Cx = ~ 1. For negative £x the kinetic energy 

is negative indicating classical instability. The "mass term" M~ is a functional 

depending on arbitrary background values of the singlet fields 7 , ~/'.J etc. 
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It contains all information about interactions with singlets which are quadratic 

in X and do not involve derivatives of X . 

In order to extract the mass term for )( and its cubic and quartic couplings 

to <f we evaluate M~ for constant 'f and vanishing (four dimensional) curvature 

( 7""f6" = o ) , thus reducing M~ to a single function of cp For the grou.nd­

state at f = 0 the mass term /Zl- f;t 1 z.. and the cubic and quartic couplings 

-v Cf I x<t .!- ;< "'~ l'l 1 '- are given by .z /2-i(l 1'-

"' Hz~ ( Cf' = o J ,/'J: = 
(A.2) 

"'x 
c/11 ~ = _x_ (Cf~o) 
oiCf 

(A. 3) 

:A.x 
d~H" 

= X ({y=o) 
cl '1'2_ (A.4) 

(This procedure can be generalized for the analysis of stability of the infla-

tionary phase and a calculation of effective interactions during this phase. 

2 
We would have to evaluate MX for a curved background and expand around nonzero~.) 

The sign of£~ and the field equations can be read off from the work of ref. 4. 

As an illustration we look at the scalar in the symmetric second rank tensor 

representation of SO(O+i) corresponding to s1 (l = 2) in ref. 4. Its field equations 

for flat four dimensional space and given constant radius L of the internal space 

are ( Ct_ = - sign(a2)) 
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A /'(V Q3 

~ :1d,;r--x = 0 
T "",_ 

-<:- -~ :; 
L = L, ~ -2.s = 2 f ""'f' -2-s 

a:t.. = 

a; 

$ ( c,_ + c.,- """f - Z.s ) .z f 

;;,>­
( c.4 ..- ~ ~ -2-s .,.. c3 "'? --4-s) ¥-)'-

CA = - t ]) ( D - I) ) 

G~ = c [)"-- D .,_ 'f-) r 
C-l = ( - -}; ]) ,_ _,. D3 - ~ D;c +- (.<-D ) "'-

+(-±7;!3 +3D2--±I> +-6 )/"' 

+- ( 41 D,_+ :JD- 12-) if 

c,_ ~ 
c, -Deb- I)«:+ UD+ I yJ T 2 (&D-r I) if 

c,+C-;c rC3 = I t r:>'-+- 1 )) n Y'-!- 'f- ( 3D'-r.Zb- I) if 

c~ _,_ c., = ( 3 D + 1 ) lr -r ¥-J' ) 

(A.5) 

(A.6) 

(A. 7) 

(A.S) 
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In eq. {A.5) the metric is the higher dimensional metric g!JV and we have to 

correct this by the \1/eyl scaling {18). In terms of the dimensionless variable 

s one finds 

H;/ls! = - w-'cs! <13 15) 
a._,(s) (A.9) 

We note that M5(s) has the typical exponential dependence on s and vanishEs for 

large s like 

-2.-

~ H/(s) ~-± D{D-I}(I+o)~(-Ds)Lo (A.lO) 
s _,"" 

This indicates that all couplings of s to nonsinglet fields are exponentially 

suppressed during the inflationary phase of ref. 1. Radiative corrections from 

loops involving nonsinglet fields will therefore not spoil the exponential flat-

ness of the potential ~(s). 

For vanishing four dimensional curvature we can use relation (33) for dr/ds =f!s) 

and it is now straightforward to calculate the mass !J~ and the couplings .Y.z 
1 

A;: : 

/' " 

-JX 

c~ -r Cz... + c..) 

Gy- + G:;:· 

~ 

-<) 

=(c,..,.c.,-)- 1 /1-)) + .Zc> ){c.f-rc,_ -rc3 ) 
1-rc> 

+ .?,r[ (C., +-C.Lr-C~)C:;­

Cy.. +Gs-

_, J 
-c.~ -.Zc, JJ { (o) ;<f 

(A.ll) 

(A.12) 
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~ _, 
::tx = (A - 1:> ) f ( o J .,;;r 

+- ~-z/o) A_ { _ 'ro . ( C- 1 ·H-z+ c,) 
Z'f (l+u-)'- ( c,_..,. c,) 

+- 2- ( D +-~)c.~+- ( :1-IH- If-~ )c3 

c.,_ + "-s-

+ 

'II G,- ( "-2. r Z c,) 
( c,_ .,_ c,- ).v 

-z,(D+-~ )c,(c 1 ,.c.,_.,.c,) 
I+G"" I c,_;-c,J' 

8 c.,/' ( c_.-c,_ + c 3 ) 

( C-.,_ T- c, )' r 

~ ,_ 
A= -z [<-l>ID-IJtb-6)"'- + Dib-l)fD-<.)-ys t-:<-D<><-y 

(A.13) 

-,.;,Jb-1)~"-- 2Jl!+IJ;Slf+ '~-r" r { 1:0Dib-J)oG" 

']_, 
-1-lfD(!J-I)"f'!- Z'P( Zb- 7')q +-(T:>-I)(D-2-)jf,-r rsj'- ~£~~) ( (A.14) 

To get a feeling for typical orders of magnitude, we take D 9 and~~ 0. One 

obtains 

/X" 

v ;{ ~ 

lf-4 ,$ .,.. :(,60 y' 

-it;s+lfj) 

_,_ 
Lo 

(5'-s-3 -nZ'J;$+ 13376 -s-.?oG:)y /(o;L:,_ 
7-(;d+'f-j') 

(A.15) 

(A.16) 
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ilx = { (1T8'1--Jh.38c -r3zsZ'¥ +-(13316-;:;s,;'f-C:.,..zo8o Z')y . , 
~ ~ J m>p r 13py- "fQ' l . 

+ i? [( ~-:o) -82c p +- (3"3?6- S2.oc )0 H~"-.,. f"';r -s-y'-J 
< _,_ r (o)Lo 

'"~~ + "'r > 

with 

N ~ 
C.. -= 6j.....,..Cc;;;-

r'lo) Lo_,_, 

= s- :ze.,.. H j( 

1'1- ·~ +""'I 

_, 
=(A3~y-8'f-y) 

(A.17) 

(A.18) 

(A.19) 

One finds for two characteristic cases the following order of magnitude for the 

quartic coupling 

<:<: f'S I A.;{ _,. 
_, 

lyl : 

J'<i' 
3 

(A.20) I y I ;::, I ;J I : ,1 -~-
i! ~ '05 



Table 1 

0=9 

L~l 

0-rl 
lj<x.l 

z. 
vx 

r 
T. 
. 

TM 

;y ~-C). 'Y 
~=/ 
~>0 

' 10 GeV 4(3 -1/2 17 

1. 2 l-l 
0 

3.2 L-l 
0 

3.9~-1 L~2 

3.2~-1 L~l (•) 

1.3~-3/4. 1018 GeV (•) 

2.8~-1/4.1017 GeV 
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If = 5" !"' 
.,(_ = 0 

~ / 0 

2~-l/ 2 · 1017 GeV 

10 L -l 
0 

3 L-l 
0 

10~-1 L~2 

A-1 L -1 r o 

GeV 3.6;-3/4. 1017 

2.2~-1/4. 1017 GeV 

(*) For realistic cases with IJV > 21-Jx we would expect this value to be 

lowered by a factor IJ'i" /21-Jx ~ 1/6. 
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