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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 inflatiocnary phase. High
temperatures, typically on the crder of 101? 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 1), the time evolution of the internal

space can play the role of an inflatoen scalar field ? in the reduced effective

. four dimensional theory. Due to its gravitational origin, the potentisl for @

becomes exponentially flat for large @ - Sufficient inflation is obtained without
extreme fine tuning of parameters. Higher dimensional gravity leads to s violation
of the four dimensicnal equivalence principle due to the presence of additional
couplings of ?D to gravity. As a consequence 1}, the potential w(?al which deter-
mines the time evolution of the inflaton is different from the potential V(gb)
which determines the Hubble parameter H during the inflationary phase. One finds
that V(?J) vanishes expenentially for large 99. During inflation H is several
5rders of megnitude smaller than the inverse characteristic length scale of
the internal space L“i. This leads to ascceptable values for the density fluctua-
tions ¢ig>//? . Typically, cjg)/gD £ 10_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 gensity fluctuétions

has been confirmed by independent calculations of Pollock 2).

In this paper we concentrate on the question of entropy production after the
inflationary pericd. We calculate the interactions of the inflaten field with
other (gauge non singlet) particles. We arrive at the remarkable conclusion that
the temperature of the universe following inflation and subsequent ?D 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 b based on the large mass term of the qp field in the ground



state. Pollock has reached at a similar conclusion using constraints from ti?/}:
as an input 3).

Heating of the universe is due to the decay of the coherent field qp 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 dimensienal action, including the most general gravitationzl invariants
with up to four derivatives. The effective four dimensicnal Newton's constant
depends on the volume of the internal space and therefore on 99. This is not

a very converient formulation since the relevant physics depends on ratiocs of
length scales such as HIMP , L_llMP etc. A formulstion with a constant value

of MP is obtained by an appropriate Weyl scaling of the four dimensicnal metric.
This is described in section 3. For the discussion of both sections 2 and 3 the
geometry of the internal space is kept arbitrerily. We present not only the terms
needed for a discussion of heating, but also those relevant for the inflaticnary

period and the calculation of Af/g 1).

In sections 4 and 5 we proceed to a detailed calculation of the pest inflation
heating temperature for the model of ref. 1 with the ground state yﬂﬁ % Sﬂ. An
explicit calculetion of cubic and quartic interactions of the inflaton with
non singiet scalars can be found in the appendix. We find a maximal heating

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

(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

the inflationary phase, due to the predicted exponentiel behaviour of the coupl-
ing strength. We also argue that the existence of an inflationary solution is
a erucial criterion for the selection of the "true" ground state of a higher

dimensional theory,

2. Dimensional reduction: The coupled system of @ scalar singlet and gravitation

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

*
of ref. 1, expanding on a "ground state"yAKa X SD. We start with the action )

S=r fdd;a“?//z("‘ﬁk*/@faﬁﬁq 55z R +5@+£) (1)

L
Y

This is the most general form of an approximation including up to four derivatives
for the effective action of d dimensional gravity. Tne isometry group SO(D+1)

of the sphere SD will appear as a gauge symmetry in the reduced four dimensicnal
action. We only keep the singlets under S0{0+1) for the purpose of this secticn )
Since non-singlets appesr 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-

sionsl field equations. (The truncation to S0(B+1) singlets is consistent" in

the sense of ref. 5.) There is a one ta 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 st 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 ?;L”'{xl ?) consistent with S0{D+1)

symmetry is

8" = & "o

ol

e, = 0

- aq _ o

2. =

A e 4 (2)
.3&“ = &, (?.)[(X)

Here eo_aco‘(?) is the internal vielbein corresponding to the ground state
manifold . For a sphers SD the function f {x) can be interpreted as an x de-
pendent ratio of the radius L(x) over the constant ground state radius Lo' The

volume of the internal space is proportional te Z (x)D. A variation of f(x)

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

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

excitation is the four dimensional gravitational field described by the vierbein

%E(x),

Actually, the ansetz (2) holds for the volume degree of freedom plus gravitaticn

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

We perform dimensicnal reduction for this system for general ground states and
use the special properties of SD anly at a late 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 actien (1)

and integrate over the internal coordinates. The curvature tensor corresponding

to the ansatz (2) is cslculated easily:
- ~r
R“’Jhloq = RmnPr’
Iy e D & -1
Rpans = = €87 47U L, 07, )L @

A 2} _ .
— - v =2
Rabeot = Rabad AR (/7.:(, 7&9/—/740{ 7&:, )? £ »Z//u €J » (4)
~ ) o
Here R (x} and R (y) are the four dimensional and internal curvature tensors
mnpq abcd

respectively, calculated from the vielbeins EE(X) and %i(y). The semicolon denotes
four dimensional ceovariant derivatives. All other components of ﬁmﬁ“ vanish
(except index permutations in eg. ({3)). We notice that all derivative terms of

—t
g(x) appear in the combination ,e f and introduce the variable
/

s(x) = 1n £00) (5)

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

for an arbitrary internal space

S

1

fa/“x fo(hy é(?) t\/i £ ' (6)
K® D

-~ -~ ~r

A
s
Kin —&V—r Rz,+‘fka +‘Z?K'r

g
il

&
+

s

(7)

Lo= —€ »prs(éwfzucr‘i@uu)ﬁ )



£, = € s090Ds {[D(D+1) 5+ 2(Drt)e +DE+2y)-
F\g ,aeef—.&s] 5,-/¢ 5)_/‘
5 (9)
+[ 208+ (4D +20)R sop=25 | 3, “u
v o= ‘”‘FDS {("é ét*/o’égb ﬁqﬂyéaem éaw{ )!qoﬂ #s

*‘55%—2,5 +£_§ (10)

a4

- ar -~ ~ g 'anpf-)
m___,e@}obs (acRLf/J‘RmR "+a’R~~m/\> ) (11)
ng =& %DSI«’,D(DH}&R s}./.g.’%z/l}é ﬁﬂvsf S, »

FU4Da R s, ";,‘ +21}6R’”5,-7‘ f (12)

A

Loy = ~& sepls {[ DD+ 1w + D*(D41)8 +3D(D+f)¢v]s,/g”;;,_g"
+LeD% e e + 20761 5,0 s s, "

+t#—b"’a¢ +D75] 5)//; s, 4@

+[ 2073 r 8Dy ] S, e S0 5,7

+ [D’%-#‘I—Dafjsj/.ﬁ, S'/./m) j

(13)

Here all four dimensional index manipulations are carried out by multiplication

. ~m . . w| g 4 iy Y M may 5
with ep(x) or its inverse eﬁ(x), e.g. Hmn = '?7 qumpnq' R =e /"'e, Rm,, ;
e ! ~ ] Ar A m ‘V'_ A et
R=’7MRmn}'Si :?f‘fs;fwe,m 3”3’5;?,8-—0(&196/ etc.
2 ab 2 e

col 2 2 e a
(We also have defined R ap = # Reaott, , R=% Ras, € = et €,

L p ° AL
o= 1dye, 3

coordinates, the integration over kP is trivial and & is the effective four

/

o A v e .
=ce £ (x). ) If Habcd does not depend on the internal

*
dimensional Lagrange density for the coupled system s(x), EE(X). )

3. Weyl scaling

The field eqguations derived from (6) involve up to four derivatives. The degrees
of freedom s{x) and %ﬁ(x) are coupled in a complicated way. Essentially, this
theory describes some kind of generalized Brans-Dicke theory with Brans-Dicke
scalar ~ s(x). In particular, we note that the terms involving only two deriva-
tives of Eﬂ are s-dependent and that the siy s;lJ terms depend on the four dimen-
sional curvature. The appearance af 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-
volve only two derivetives, 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 SCG of the action; This is always possibie for s region
of s where the ceefficient of R in (8) does not change sign. We note that for

océ <Q, S>>0 the effective Newton's constant is positive only in

*

o .

) Fozr Rabcd depending on y one has tc take "mean values” over internal space
[ o

for quantities like Rabﬁab appearing in £



the range

s > sC
$
exp —Esc = = me— (14)
Lo R :

"
Within this range ) of s we rescale the vierbein

;E(X) = w(x}eE(x) (15}

with w(x) chosen so that the coefficient of the curvature scalar R built from
eﬂ(x) is constant, (Since the Weyl scaling {19) becomes singular at s >S5, we
expect the four dimensional action to have singularities for s-» Se carrespond-
ing to a "coordinate singularity” in field space.) The quantities appearing in

(8)-(13) are to be replaced as follows:
-
& = g ¢ e
~ 2
Gro= WG

-v_‘,«_' -2 iy
g7 = w g

~r

RM“F‘? = WHL { R"”"f? - (’)7»1#,'7”7 - 7»1.?47;,,,)(15’?—2‘)2/‘ CA’IJ ,2 ~

) AW P A
e € Yy O €y 2, — 8L g Gy 0L 8y Vg )

(), g — (), (z,w)/./)j

v/‘.

* )
) For « R > 0 this range extends to all values of s.
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Al

= W | Ry ™ G B} S = L, (o) ()
+2em"e”‘_’[(¢w);,,(zw);/‘ Al ), 16

R = wf R & (fnw)y o 6 (Brn)y (b)), ™

pl

(18)

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

rescaled metric g/u, . We therefeore have to replace in (9), (12) and (13}
i T S
— - 5
Sjun =Sy (hw;ﬂgfr(&.w% 5:_1,#2“4(&1.&))/5, S, (17)
#e - A ~
S pl (5}7,,4*2(%1\))%“5; )

Choosing the scale factor

o =%
D -
w(x)=e¢f(—z~s)(5+z"¢g“’2° <3
&+ 2 R (18)
aone obtains in the rescaled variables:
_ o / 2 s
Lo+Zu, =—e(S5+r2cR)R + tef (5)5/./ S;
+ total divergence (19)
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The Planck mass Mp can be identified
Z
M °
_f = 5+ 2aR (20)
l6m
2
angd f(s) is given by
2 M. o 2
(s)=1p (4 4+ 2R _, 0 5.V ° 2% 1)
f e - ewp2s) g (s)

g*(s)= DY+ 2D + 4(D’“d,+z/5+zy)§- berpp — 25

o2
F e [ (D 2D +12 ) +%r€~y]-§—; o ~ s (22)

After Weyl scaling, the scalar potentisl reads (é\'\; = eV )
() = H )7 3 ~%
Vis) w(!é;r ) (§+2: R ca?;—.as) zaz/a(——])s )
. {(dézf/&;géab’*a/éafaw’(éaw) du‘fo_éps

+5Kta7v~2,s+c i (23)

This potential vanishes exponentially for large positive s. The exponential be-
haviour is very general and reflects the gravitaticnal origin of the scalar:
Typically, the potential is a rational function of f, but the kinetic terms,

. . . =i
as usual in gravitatien, involve Z Zx/‘ , suggesting the choice cof the new

12 -

variable s. The factor exp-Ds corresponds tc the inverse of the volume of ipternal

space. Of course, we still need to perform an appropriate rescsling of the scalsr

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.

Fer the higher derivative terms, we cbtain after Weyl scaling

€ + £ Ku.f,:fm,""qu"“f&*fu*fsv— (24)

+ total divergence

Ly = —e secpo DS (oc'?zw RmRm”+Xf€m,,F7 R )

(25)

L = € #epDs (S + 2acQ° e.,efg—z,s)_z’ -
[ @R S g.",«-az(s)/?m’s% . |
* € tp Ds ( "‘-ZotR?zgo—Zs)"‘-

~ hd '
[5:'(5)5;, &}_/‘rt_é(s)sjvﬂf‘l_/‘j (26)

)
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a,ts) = [(30°+20) + Vs + D7y ] 87
+[12D(D>-2)x +2(zD’“—3D+z/)g +4D(>-2)y ] émfmfwzs
+[# (3D 1D v R +9(p‘—3p+é;ﬁww-z)}]o&f%"uf»%
@(s) =[D(0r2y8 r2D*y 8% [408+9D% ] 5 R ap—2s
+[ #¢ D‘—zv_q»)/; +8(D*—4)y ] wZR? Tepo - b5
8,(s)= {ZDaﬁ-]%é)é’rf_‘:"(bw—é)achZCDd%]xéufs ~2s

b,(s)= 4Dy & +[7(D-2)y -88 ] <R @ep-25

(27}
_ A » L
Ls, = —€ wpDs (64[5)5,7 Sy P lSIS a S ) (28)
2
++(306T’% *X)XS
C (3)= ZD(D-F_?,_)J ""gDa’X.s +4L‘(/)(+2/X)X52,
2 fs —25
s < ‘ﬁb (29)
& + 20 R cogp ~25
The terms je contain cubic or quartic products of derivative Ferms of s

s3(4)

. AW A v . . .
5 .57 854 5, . Th licit £ 11 not b
iike 5‘/./“,\, % S/, oT //“ >, >, w2 eir explicit form will not be

neaded for our purpose. Indeed, after .rescaling of s to a scalar field ?z; with

- 14 -

dimensicn of mass, the tarms £ 3 and £s4 correspond to dimension seven or
eight 0p61;at0rs. If all typical energies E are much smaller than MP , their con-
tribution is suppressed by three or four powers of E/MF . Even for energy ‘scales
in the vicinity of the Planck mass, the contributions of 5653 and 5554 can be
neglected whenever s is evolving slowly. This is the case for the inflationary
solutions of ref. 1 for which an approximastion for the actien guadratic in the
time derivatives of s is appropriste. Neglecting fsa and 5654, we collect the

various terms of the effective four dimensicnal action:
| FA H = 2 v /(.,ffs'
%) # % r
S =_f¢/x? {Ié R+@oDS(¢R7$RyR +y5.y,>.-R )

- D a7 vl
A (OREIN AR Mt rrs/ prmn L SLl RS VY

~ 2= Ds (g R 4 (IR, ) s,
(5+zxé'oef>—zs)(g IR IR ) 5

A -» W2
+ aaefabs(c,(s)s;f 5. +c,,(s)s//n,sj', )JZ

(30}

The functions V(s}, f2(s), ai(s), bi(s) and ci(s) are given in (23), (21), (27)
and (29). We observe that even after Weyl scaling the kinetic term for s is still
rather complicatad. We do not expsct 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 mest of its evolution since the big bang all
relevant length scales are much larger than the Planck length M;l. We therefore

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

by

SFﬂ—f/“X?%{ﬁLR - if*{s)g/_/ Sj’u * VlS)E (31)

737

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

kinetic energy for the scalar field
2
f(s) > 0 (32)

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

a rescaled scalar field ?P

{{(S) S//,‘ S] A _ qf/ CPI o

z (33)
@ = fo/s’/(s‘)
=4
By definition we have
a2V
%(qa:o) = 5;"(5=O) = O (34)

The second regquirement of stability is a positive (or zerc) mass term for ?p

_ 18 -

z 25 N4 -
S = o (q;_—:o)-,-{ (0)5—3‘;‘(5 o) 2 O (35)
Finally, a vanishing cosmological constant needs
Vig-0 =Ms =0y =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 cosmclogy. If enough entropy is created

to hest 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 pi is large. (Correcticns to the Friedmann universe are suppressed by powers
A
'

To be more quantitative we turn now to a specific model 16) with internal space
forming a O dimensional sphere SD. Condition (38) needs a fine tuning of the

higher dimensional cosmological constant

S z
= L -y 2 .
£ = ?‘D(D 1 g
(37)
g = D(D_f)x+(b~1)/6+23(
The ground state radius and MP are
2 .
{38)

S , A= d-ngr2y > o
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~ 18 -
with and one finds
o 5 . 2
Rasm=~z’§,”("7ac’7bd“7m(7ac) ) z D(D-1) M.E
] /(? Z = . gE—
R s (39) . (1+6) 5’ ° m
- D(b-1) M ~ :
Vp =2 TPET T (A—D)[we')-z,j
One finds for the scalar potential (23) 2 (1+5) ? & i/ -
(44)
z 2 —_
M, (D~ bt 2
Ves) = (e )" PR pogy s (1-sap-25) (1 6 2ep-25) ; | . "
lemr ¢ (R is defined in the sppendix (A.14). The ratio &by’/%, © E MP /12D
- gives roughly the range of ? for which the polynomial expansion is a valid
D(d-Dx (40)
G~ = — : . 2 . s -
= — approximation, We note that p,f is positive (FD> 0) and is very roughly of the
ﬁ' 'order M%, . There is no reflection symmetry @ —» — .
For the kinetic term one obtains
. Conditions {32} and (35) assure stability only for the coupled system of singlet
2 .
,f (0) = g%_. - 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,
— -2 2 P z : where we use this model only as a prototype imitating cosmology for more realistic
Fo =& {1265 400-6)Cx+D LD +12) { —4D(D-3) 1Y |

{41) models, we only require stability for the singlet (42) together with T“;O} A > O
(38). This assures a realistic cosmology for late times if nonsinglet modes are

For D > 3, the kinetic energy is positi\}e pravided not excited.

< 12"+ ¢ (D=4) Fa+(P=6D#12) T
4 ¥D(D-3)x

5. Heating of the universe

(42}

(the upper bound-is positive). We may expand the scalar potential in pawers of? We have seen that the effective action reduces to the Einstein-Hilbert action

CPS-) at low momenta. In addition there are the massless gauge fields of S0(D+1). In

Vig) = b bR T 5 29t 0 (3

(43) 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 inflationsry period

- which occurs for a reasonable choice of parameters in our model - ends at £
with a scale factor a expanentially big compared to the inverse Hubble parameter
so that the a-2 term in the cosmological equations car be neglected compared

to H2 = 52/32 until today (k=0 cosmology}. This solves the horizon and flatness

problem 7). We also assume that inflaticn is responsible for homogeneity and

isotropy up to effects of small density perturbations [{F/kl whose spectrum is

calculable in cur model 13)

. The transiticn from the inflaticnary 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 1'0 in order %o

8). If cosmic strings 9

subsequently create the observed baryon asymmetry are
responsible for galaxy formation, they should be produced after inflation {or
near the end of the inflationary phase). In grand unified models with symmetries
liée SU(5) monopoies are produced 10 by the breaking to SU(3)xSU(2)xU(1). This
symmetry breaking should occur before or during the inflationary phase soc that
monopoles are sufficiently diluted. Also, the heating of the universe should

not produce strong density fluctuations.

We define TD 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 ancther symmetry whose breaking leads

to monopoles) would be restored. Realistic cosmology requires

w2 T (45)

- 20 -

Ta>Tg (46)

Tu < TG (47)

If the last condition is violated, the grand unified symmetry will (again)rbe
broken after inflation thus producing an unacceptable monopole abundance. We
note, however, that in higher dimensionsl models the topology of the internal
space may not be consistent with SU{9) 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(9) and conditicn (47) can be dropped. Consistency of the four
dimensional descripticn allows T0 tc be on the order of the compactification
scale Mc‘ 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 TB’ TS and TG depend on details of the medel and its symmetry breaking.

If cosmic strings associated with the breaking of a local symmetry are to play
a role in galaxy formation, TS 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, should be safely above T, so as to avoid monopole produc-

G

tion after inflation.

S

A possible scenario could have a compactification scale Mciv 1017 - 1018 GeV

at which the higher dimersional symmetry breaks to a four dimensional
SU(3)C X SU(E)L X U(1)Y X U(l)G symmetry. The topology of the internal space
may not be campatible with SU(5) symmetry so that there is no restriction from

TG even if the universe is heated to a temperature T0 of the order of MC. The
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abelian symmetry U(l)G could play the role of a generation group, in which case
the scale M1 of its spontanecus breaking should be a factor 10-20 smaller than

11). Spontaneous break-

MC in order to produce a realistic fermion mass spectrum
ing of a U{l) 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 ﬁ M1 ¥ 1710 - 1720 MC). Finally, the baryon asymmetry may be produced at

TB % TS' The crucial peint for this type of scenario is a heating temperature

To around or somewhat smaller than the compactification scale Mc.

Qur present model with SO(D+1) 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 D = 9 the grand unifieg
symmetry S0(10) would indeed be broken for a large range in parameter space.)

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

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

inflationary scenarios DR 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 P - We found indeed a scalar mass
on the order of the compactification scale (44). Alsc, the cubic and guartic
couplings at the origin are not very small. In the remainder of this section
we wish to demonstrate, using the (calculable) couplings of ?J to nonsinglet
fields, that TO is not very different from MC for the scalar potential (40) cof
our model, We will neglect for this discussion all higber derivative terms and

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

significantly change the quelitative results.

.22 -

12},

We have the following picture for heating after the inflationary phase : Once
the scalar field has moved outside the flat tail of the potential it follows

a damped cscillation arcund the minimum at ?’== (& . {The motion towards

?> = 0 could even be overdamped.) Its total energy density E, composed from

potential and kinetic energy, determines the Hubble constant

. 8m
H 3 Hp
E = Vigy+ +¢* (48)

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

damping leads to a decrease in energy and this in turn lowers H
- . 2
E ~ - 3Heg@ (49)

Assume now that ?: has cubic couplings to particles whose mass is smaller than
its own mass g - Suppose Gthat it decays into these particles with a decay rate
. as long as the lifetime ‘T = of qa is longer than the Hubble time
H_l this effect can be neglected for the motion of P . However, once [ and A
become comparable the decay of ?J induces a damping force comparable tc the
gravitational damping (49). The energy of the’ coherent motion uf'?r is converted
into kinetic energy of its decay products and the entropy therefore increases.
The scalar singlet ?) itself has no rencrmalizable couplings to the 'massless’

]
gauge bosons and chiral fermions. (Unrenormslizable terms -~ 9P55~~ F etc.,

however, are possible.) Cubic couplings to non-singlet heavy scalar fields j{
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or heavy non-singlet fermions XF are expected. If ?0 decays into ¥ -paerticles
these in turn will de‘cay into the massless gauge bosons, quarks and leptons

therehy establishing thermodynamic equilibrium. Once E is essentially converted
inte 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;( particles.

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

be some particles with masses smaller than p? is fulfilled in our model for

4)

a wide range of parameters . There is, in fact, nc reason why ? should be

¥
the lightest one amongst the particles with masses of the crder Mc' ;

The temperature T0 may be rcughly estimated by assuming that all the ?’ field

energy E(tz} is cenverted into radistion energy once [T and H(tz) become equal

at time t2.
R 3HYEIML 3T
N*TY = E(g)= 20800 20 Mp
xmr g7
# A
. ao ys‘ Z, ) ‘n £ Iz
T () M e L
° grN r s
. (50}
" N
(Here N :%N, where N denctes the number of effective degrees of freedom in
R Even if cf would be the lightest among the heavy particles, entropy may

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

ticles and ? is not tooc large - or by interactions cof ?: with massless particles

involving intermediate (virtual) x pafticles or other nonrenormalizable intractions.
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equilibrium at TU. N is of the order 102 for very sarly cosmoleogy.) The pattisl

width for q: decaying intc two scalars x‘. (neglecting the mass of . ) is

2

s A= 2 (51)
Here Hg 1s given by (44) and we have calculated a typical cubic coupling 1)?('
{as well as the quartic coupling Rx) in the appendix. We note that 'Z‘. may belong
to & regresentation of fairly high dimension (54 for the example in the appendix)
which multiplies the previous decay rate formula. Also, ‘f’ may couple to several
boson and fermion representations (for which the decay rates are similar since
the typical Yukawa couplings cf @ to heavy fermions are of the order of the
gauge coupling). A rough estimate of I (a1s0 accounting for the mass of ¥ par-

ticles) is

- 2
me £ or 2 (52)
/"? /cf

with %, a typical cubic scalar coupling and h a typical Yukaws coupling. In

A
principle, both 1))( and He depend an the expectation value of? . For our scenario

however, this effect is not very strong and we evaluate the quantities at the
P . Py
minimum atqp = 0. {(Correction terms to p? are of the order \)? C,P and fer

'})x of the order Ax P )

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

of values of the parameters. The first set B’ =-D.9/5, o '“~—“—/5 Z © 1leads to

1)

an inflationary scensrig For these values the "ground state" %4 x S9 is

4)

classically unstable (only the singlet sector is stable as required for rea-
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listic cosmological equations once non-singlet excitations are neglected). In
particylar the field 51 discussed in the appendix has both negative pi and
negative kinetic term. (Alsc the absolute valve of Hy is larger than Hep }. We
have nevertheless calculated the cubic coupling w& tc get a feeling sbaut the .
crders 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 interprete this

to mean that for the "inflationary parameters" the S0(10) symmetry must be spon-
taneously broken, but we will not pursue the guestion of the true ground state
for these parameters in our toy model. A second set of parameters =&, )’=3757O
was chosen so that /xzz < {; ¢ . For these values all modes considered

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

for [ and T°. We conclude that typical values of f7 are of order Lo_ix a few

1017 GeV and typical heating temperatures are also a few times 1017 GeV.

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

TO is of order Lo_i. On the other hand the overall coupling strength of dimen-
sionless cubic couplings is of the order of the gauge coupling g, dimensionless
.quartic couplings are ~ 92 and cubic scalsr couplings ~ gLD_l. (In our model

gztfs_i). For realistic models g2 cannot be too small (9225 1/4) and both LO_1

and T0 are therefore in a typical range 1017 - 1018 GeV.

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

assumes that after the end of the inflaticnary period the Hubble parameter mono-

_ 2§ -

tonically decreases. In this case the radiation energy density cannot exceed

(B/BnerQ(tl)Mpz where H(tl) is the Hubble parameter at the end of the infla-

tionary period. This gives the bound

L=k
@, %
T, ¥ ¢ M, HUE)
(53)
7 £ A
(The parasmeter 7 may be called heating efficiency). During the inflationary
period H is given Y by the potential V(s) (eq. 40)
HY = %ﬂ:i\—r/’- (54)
F
and one has
= I/ "
T £ » - - 55
L, € INF) Ty, Ty (58)

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

at 2M with

% —
Dezl + 2, (Dre—Ds+45 ) — D o (56)
2 = Lo - 2.5
The maximum temperature does not depend strongly on the specific form of V
~We Y,

- ¥ (= 7
PR VT 10T GeV

A (57)

z -
() AT
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For the two sets of parameter values discussed above we find

* _
T, - 2.8/3'1/4-10” Gev and T, = 2.2/3 4. 10" Gev respectively. Comparison

with TU (table 1} shows that the heating efficiency 7 is pear its maximal value
'7 = 1. The maximum temperature TM (53) was also estimated for this model by
Pollock 3), who estimated H(ti) from the requirement that density fluctuations

‘kf/f’ are in an acceptsble range. He finds typical values TM% a few times

1017 GeV. A rather consistent overall picture arises: The heating temperature

17

is a few times 10™° GeV, The heating efficiency is maximal and heating takes

place very fast (/732 H(#,)). The temperature is high enough so thet a subse-
16

guent phase transition at YS:? 4+10° " GeV could produce superheavy cosmic strings.

Since ToﬂvLO—l no unacceptable monopele number peeds 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 scenarics. We note,
first of all, that the characteristic scale in the transition is the compactifi-
cation scale Lo_l, typically on the order of a few times 101? GeV. This is two
orders of magnitude higher than a standard grand unification scale. Presumably,
this still is sufficiently below the Planck mass so that a classicsl 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 rencrmalizable polynomial intersctions.
For polynomial interactions the strength of these couplings essentially is the
same during the periods of inflation and subseguent 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 inflateon potential and thereby ensure that
inflation will last long enough. On the other hand, small couplings during the
heating pericd 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 cut
to be relatively large during the heating period. The mass term for the inflaton
field typically is of order LO_2. A high heating temperature on the order of
the compactification scale is predicted. Mevertheless, 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 Lo {which 1s relgvant 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 scenaric that the internal radius is significantly larger
than L0 during the inflationary phase. The couplings of the inflaton field to
cther fields are therefore predicted to be very small during inflation. This

may be eguivalently 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 q@/slb/ } 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
ather failures} excludes it from being considered as a fully realistic¢ model.
Taking into account the non singlet medes the cosmology of the action (1) with

a choice of parameters'éompatible with inflation would asymptotically not approach
the state‘/(4 X SD 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 *)) Poincaré-symmetry PE’ E £ ¢. They may be interpreted
as "compactifications” with a flat E dimensional space-time embeddecd in a d
dimensional space-time. Many of these solutions may be classically stable and
possible guantum mechanical tunnelling rates te other solutions may vanish or

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

be considered as -candidates for ground states. ("t is even conceivable that there

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

stant is sufficiently small.

a0 -

is a continucus spectrum of such solutions, depending on initial conditions for
the relevant set of differential equaticns - compare the discussion of non-compact
internal spaces in ref. 13, 11). This would imitate the free continucus para-

meters a%/é; y  1n our model becoming dynamical quantities.} For every stable

~ candidate ground state there would be an asscciated Friedmann yniverse 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 essentislly equivalent to classical stability of the asymptotic flat

selution 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 cosmolegical question if the required initial
value for the matter density being very near the critical density is generated.
Early cosmology must create on effective £ dimensional universe where the curvature
for the E-1 spacelike coordinates is very small compared to the Hubble parameter

H2 - ptherwise this solution would recollapse in a time of the order H_1 and

never become flat. A large amount of entropy {with fﬁstHz) should also be crsated.

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 soluticns of this
type. Although a special choice cf parameters {initial values} may be necessary,

no extreme fine tuning is needed to abtain sufficient inflation. (In our example



-3 -

one needs a/%-7d to within a 10 % range.) Our example svggests, 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 soclution

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 Mp.

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

be a stable soluticn with (approximate) Peincaré symmetry PE for the field equa-
tions derived from the effective action. In addition there must exist an asso-

ciated inflaticnary 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 te & stable asymptotic sclution the large
characteristic length scales created by inflation presumably recollapse. Combining
the requirements of inflation and of a stable asymptotic state with spproximate
Paincaré 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 Poincaré
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 translationsjand spatially extended

hamogeneous structure, which are both required to give meaning tec the distinction

~ 32 -

hetween a local excitation and the ground state itself. (Otherwise all excitastions
could equally well be called "ground states”.) Imagine that the universe was
originally characterized by such “"randocm sclutions” with length scales of order

i

M; (Classical description may not make sense at this stage and it may be more

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

" 15)) fulfils the initial

(by chance or, if preferred, by tunnelling from "nothing
conditions of an inflationary solution, some space dimensions will expand ex-
ponentially. At the end of inflation they may recollapse into the guantum 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 cne 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 & 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 16) (described by a non-compact internal space)
E

or rather have the more traditional tecpolegical structure @ x compact internal

space.

Entropy production {heating) is a crucial ingredient in & 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 sv our model contains infinitely many scalars
in nontrivial representations of the gauge symmetry S0(D+1). The sign of their
mass and kinetic term decides on classicel stability of the ground state. Their

couplings to the scalar singlset ¢p are impertant for their possible production

by decay {or fast oscillations} of qp and therefore for the heating of the universe

at the end of the inflationary phase. We denote such a non-singlet scalar field
by x - All couplings must be at least guadratic in X due to SO(D+1) symmetry.

Possible couplings are’ ¢ (. 2’} qp?';{?’ etc. ..

For a ground state with given symmetry there is an elegant way of calculating
simultaneously the masses of non singlet fields Z and all couplings to singlets
of the form ?Nxz’ . We only need to compute the contributions ta the
effective action which are guadratic in X . We evaluate them for arbitrary con-
figurstions of fields which are singlets with respect to the symmetry of the
ground state. Neglecting higher derivatives of % and assuming x to be a complex

field, the effective action has the form

{2 % # L #
- ¥ ¥ R
Here we have scaled Y so that £, = 1 1. For negative Exy the kinetic energy

is negative indicating classical instability. The "mass term” Mi is a functional

depending on arbitrary background values of the singlet fields ? ) g/,; etc.
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It contains all information about interactiecns with singlets which are guadratic

in x and do not involve derivatives of;{ .

In order tec extract the mass term fcr/-( and its cubic and gquartic couplings
to ? we svaluate Mi for constant ? and vanishing (four dimensional) curvature
. 2 . . .
(R/w?s = ) , thus reducing MZ to a single function ofcp . For the ground-
state at ?: 0 the mass term/(zz fzf?’and the cubic and gquartic couplings

Ve @ fx?'// L, ¢ 1nt® are given by

M= g =o) e
- ('{LH/IZ ((' "—'O)
Ay < g v (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.

We would have to evaluate Mf( for a curved background and expand around nonzero ¢ .}

The sign of SK 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 S0(D+1) corresponding to S,_I(l = 2) in ref. 4. Tts field equations
for flat four dimensional space and given constant radius L of the internal space

are (&‘x = - sign(ae))
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§ o3 L3 O

}‘avz—;:/?i =

[ m* =Lﬂ_&z¢fb—*zs = jg—f—w Gogp — 25

S
2y = = (G +ismp-2s) 35
Qg = ( e, -\"C?/%’fgr-z,sf'éj&?—«%)_‘:s:—

D

< = —32(0-0%

cz = (D*=-D + ‘r‘-)f

cy = (—4D*+ DP- 2D+ D )=
+(~4DPe3D* -0+ )5

+ ( A41D*+ 3D ~12) ¥

¢ = €

.y = ’Dibf.')=6+2/(D-H%+2(éD+I)X

CatloptCy = ( D7+ %D?‘?)ﬁ *F(3D - 1)y

Cy+ e = ( 3D+ 1)(/.,. y,a,)

(A.5)

(A.8}

(A.7)

{A.8)
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In eq. {A.5) the metric is the higher dimensicnal metric @pv and we have to

correct this by the Weyl scaling (18). In terms of the dimensionless variable

s one finds

e
A.9

a, (s) (A-9}

We note that ﬂ;(s) has the typical exponential dependence on s and vanishes for

large s like

-2
Corm MZZ(S) —> - L DID-i)i+5) ﬂoﬁp(—Ds)Lo

(A.10)
S~ o0

This indicates that all couplings cf s to nonsinglet fields are exponentially
suppressed during the inflationary phase of ref. 1. Badiative corrections from
loops involving nonsinglet fields will therefore not spoil the expenential flat-

ness of the potential W(s)

For vanishing four dimensional curvature we can use relation (33) for &@Rﬁﬂ% =7ﬁg)

and it is now straightforward to calculate the mass pi and the couplings ﬂf(, ;ir :

— (A.11)
Ty + L zf

/L“ C4+CL+C,3 5
2 =

Y P(eree) (- D e e N eire, vey)

- 2;[; (Cat+ly rCy JCs <, -‘12C13_]§ f7_?5)) jfi“

(,,4_ -f-C.Js-
(A.12)}
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= (A - D)fu'-(o) )

f [a) { # G _(£4+Cz+63)
(1+6)*  (cyrcs)

(D"" o)l (2D + ¢ 5 e,
Cp + Cg

geg-lcy +2cy) - 2(D* 2 )Cg(c,,+c%+c,3)

(Cq,._,f‘Cg-)b I+GE (Cq-'f’cs-)?’
L+ Bescarentcsy) f
( Cp+ce)®
(A.13)
A = =2 [2D(0-D(d—6 )"t DD D258 ¥ Dy

#2UD=1)ATE 2D Sy + 4y rpfaened-ye®

#4DUD-1)48 - 2D (2D F oy #(D-1)(D-2)8 7 Yy - o) (yj 1)

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

obtains

T fM/S + 48C Yy L (A.15)

S = ?5/5*4“3’)

N (553~ 335%*(3375 S“ZDG)X/(O)L
?-(/57»%3/) (A.16)
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;11 = {(_4;54. —1£385 + 33352)/5 + (13316 - 8864 +2080 3’2)3/

+8[ (553 —Xza’ys + (3376 —5203)3,]&0/5 +/gr/5y 2y

e
AT

?(/S-HJ—X)
(A.17)
with
e- i - ML
e Lt = (43328 ~ 8¢y )Fl (A.19)

One finds for two characteristic cases the following crder of megnitude for the

quartic coupling

, I
<.<1/3/ : 21,2/@

[yl ?v?/@l' : /?% _— (A.20)
%
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Table 1

0=9 y=-9038 Y =355
o« = < = O
A > O 27 O
ot 4/6 172, 1017 Gev 2/;3’1/2 - 10%7 gev
| syl 12t 10 17t
| | a2t 3Lt
1g(L 3.%/43‘1 2 10,871 2
r 3.2/3‘1 Lt /AS‘l L
T 1 3//3‘3/4. 10%8 gev (M) 3 s//3’3’4 10V Gev
T, 2 %/xS‘lfq 10%7 gev 2 2/;3'1/4- 10" gev

. .
™ for realistic cases with p? 2 2, we would expect this velue to be

lowered by a factor He /2p?f % 1/6.

- 40 -

References

1} Q. Shafi and C. Wetterich, Phys. Lett. 1298 (1983) 387, 1528 (1985} 51,
DESY preprint 86-122 (1986), to appear in Nucl. Phys. 8;
C. Wetterich, Monopole '83, p. 117, ed. J.L. Stone, Plenum Press, Mew York
(1984}, Nucl. Phys. B252 (1$85) 309.
These papers contain more references to other work con higher dimensional
cosmology. See alse in M. Yoshimura, talk at 23rd International Conference
on High Energy Physics, Berkeley, 1986

2

—

M.D. Pcllock, ICTP preprint IC/86/222 {1986)
3) M.D. Pollock, ICTP preprint IC/86/252 (1986)
4) M. Reuter and C. Wetterich, DESY preprint 86-080 {1986},
to appear in Wucl. Phys. B
5) M, Quff, B.E.W. Nilsen and C.N. Pope, Phys. Rep. 130 {1986) 1
6) C. Wetterich, Phys. Lett. 113B (1982) 377
7} A. Starobinski, Phys. Lett. 91B {1980} 99,
A, Guth, Phys. Rev. D23 (1981) 347;
A.D. Linde, Phys. Lett. 108B (1982) 389;
A. Albrecht and P. Steinhardt, Phys. Rev. Lett. 48 (1882) 691

8) For a review and further references see
E. Kolb and M. Turner, Ann. Rev. Nucl. Science, 33 (1883) 645

9

—

Ya. Zeldovich, Mon. Not. R. Ast. Soc. 192 (1980) 683,
A. Vilenkin, Phys. Rev. Lett. 46 (1981) 17, Phys. Rev. D23 (1881} 852,
T. Kibble, G. Lazarides and Q. Shafi, Phys. Lett. 113B (1982) 237

10) See proceedings of the 1982 Nuffield Workshop on the Very Early Universe,
Cambridge University press

i1) €. Wetterich, MNucl. Phys. B279 (1987) 71%;
J. Bijnens and C. Wetterich, DESY preprint 86-076 (1986), tc appear in
Nucl. Phys. 8

12) See, for instance, the reprint volumé 'The Inflaticnary Cosmology' published
by World Scientific press (1986)

13) C. Wetterich, Nucl. Phys. B255 (1985) 480
14) K. Maeda, Phys. Lett. 166B (1986) 59

15) £.P, Tryon, Nature 266 (1973) 396;

Atkatz and H. Pagels, Phys. Rev. D25 (1982) 2065;
Hawking and I.G. Moss, Phys. Lett. 110B (1982) 39;
Vilenkin, Phys. Lett. 117B (1982) 25;

Linde, Lett. Nuovo Cimentoc 39 {1984) 401;
.0, Pollock, Phys. Lett. 167B (1986) 301

Erruom



- M -

16) V.A. Rubakov and M.E. Shaposhnikov, Phys. tett. 1258 (1983) 136, 139;
C. Wetterich, Nucl. Phys. B253 (1985) 368;
G.W. Gibbons and D.L. Wiltshire, DAMPT preprint (1986)



