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Cosmology and the standard model

James D. Bjorken*
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

~Received 21 October 2002; published 26 February 2003!

We consider the properties of an ensemble of universes as function of size, where size is defined in terms of
the asymptotic value of the Hubble constant~or, equivalently, the value of the cosmological constant!. We
assume that standard model parameters depend upon size in a manner that we have previously suggested, and
provide additional motivation for that choice. Given these assumptions, it follows that universes with different
sizes will have different physical properties, and we estimate, very roughly, that only if a universe has a size
within a factorA2 of our own will it support life as we know it. We discuss implications of this picture for
some of the basic problems of cosmology and particle physics, as well as the difficulties this point of view
creates.
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I. INTRODUCTION

Our universe seems, according to the present-day
dence, to be spatially flat and to possess a nonvanishing
mological constant@1#. These features, while not yet rock
solid experimentally, are hardly what would have be
anticipated by the founding fathers of cosmology. The c
mological constant in particular is, for cosmologists and g
eral relativists, the great mistake. And for elementary part
physicists it is the great embarrassment. It is fair to say
each school would just as soon see it go away. But in
paper we assume that it will not do so, and that the pres
evidence will prevail.

The cosmological constant is a peculiar quantity. By de
nition it has something to do with cosmology. But it also h
something to do with the local structure of elementary p
ticle physics, where it represents the stress-energy densim
of the vacuum:

Lcc5E d4xA2gm45
1

8pGE d4xA2gL. ~1!

Instead of the parameterm, the cosmologist will useL, as
defined above, but expressed in terms of the properties o
spacetime of our distant future, a future dominated by d
energy and exponential expansion:

ds25d t̂22e2H` t̂~dr̂21 r̂ 2du21 r̂ 2sin2udf2!. ~2!

This matter-free spacetime is equivalent to static de S
space, characterized by a horizon radiusR` ,

ds25S 12
r 2

R`
2 D dt22S 12

r 2

R`
2 D 21

dr22r 2~du21sin2udf2!

~3!

via the coordinate transformations

r 5 r̂ eH` t̂

*Email address: bjorken@slac.stanford.edu
0556-2821/2003/67~4!/043508~18!/$20.00 67 0435
i-
os-

n
-
-
e
at
is
nt

-
s
r-

he
k

r

t5 t̂2
1

2H`
ln~12H`

2 r 2!. ~4!

This horizon radius is determined in terms of the asympto
Hubble constant

H`5 lim
t→`

H~ t !

R`
215H`5AVLH0 ~5!

which in turn is determined by gravitational dynamics of t
vacuum energy characterized bym

1

R`
2

5H`
2 5

8pG

3
m45

L

3
. ~6!

We see from the above equations that, despite the
mally infinite extent of the spatially flat Friedmann
Robertson-Walker expansion universe, Eq.~2!, the presence
of a nonvanishing cosmological constant provides a way
ascribing an intrinsic, observer-independent, size param
to our universe.1

In this paper we shall be considering an ensemble of u
verses similar to our own but with different intrinsic size
R` .2 The ambivalence between the elementary particle v
of the cosmological constant as vacuum energy or pres
and the cosmological view of it as a size parameter for
universe is sharpened by looking at it from this viewpoint.

1Given V51, the only other objective choice of size parame
would seem to be to utilize one of the several landmark times c
acterizing the history of our universe, e.g. the time of electrowe
or strong phase transition, of matter-radiation equality, or of dec
pling. Our choice is that of matter-dark energy equality, and appe
to us to be the most fundamental.

2Note thatR` is not the scale-sizeR(t) characterizing the expan
sion of our own Robertson-Walker universe. We arenot assuming
that the fundamental constants are time-dependent. Each unive
the ensemble undergoes its own big bang, and is characterize
distinct values of standard-model parameters.
©2003 The American Physical Society08-1
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particular, conventional wisdom would say that all of t
basic parameters of the standard model, such asLQCD or the
electroweak vacuum condensatev, are to the best of ou
knowledge independent of each other. This means that
are also independent of the vacuum energy or pressure c
acterized by the scalem, since the cosmological term is jus
another term in the standard-model Lagrangian density. T
in turn implies thatLQCD andv are also independent of th
sizeR` of the universe. By definition this is not the case f
the cosmological term~cf. Fig. 1!. For universes smaller tha
our own, the vacuum energy density grows. And for u
verses smaller than about 10 km, the vacuum energy den
exceeds 1 GeV/fm3, the energy scale of the QCD vacuum

Does this matter at all? It is at least arguable that it do
To really understand the vacuum state is one of the m
important goals of fundamental theory, and it is often p
sumed that one must go to unified theories, such as st
theory, to attain true enlightenment. But this would imp
that, for the vacuum state, the cosmological degrees of f
dom talk to the elementary particle degrees of freedom s
as a quark, gluon or Higgs boson in an essential way. T
point of view is reinforced by the fact that the dark-ener
term in the action is formally renormalized by the quantu
corrections contributed by all the other terms in the actio

If there is an interconnection between dark energy a
QCD vacuum fluctuations, we might suspect that interes
things occur when the cosmological vacuum energy sc
and the QCD vacuum energy scale become comparable.
haps there is a discontinuous change, such as occurs for
at the electroweak scale. Or perhaps the QCD scale doe
wait for such a catastrophe to occur, but changes cont
ously as the size parameter of the universe changes, in a
which is similar to the way the cosmological constant its
changes. It is this latter option we entertain in this paper,
option we have in fact already suggested@2#. What we as-
sume is, first, thatall dimensionful parameters X of the sta
dard model may vary with R̀, but that to leading approxi-
mation they are straight lines in a log-log plot, i.e. the
satisfy a simple renormalization-group equation

FIG. 1. Dependence of fundamental constants on the hor
sizeR` of the universe according to conventional wisdom.
04350
ey
ar-

is

-
ity

s.
st
-
ng

e-
h

is

d
g
le
er-
ED
not
u-
ay
f
n

R`
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]R`
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1

2
m

]X

]m
5pXX1•••. ~7!

We shall discuss the unspecified corrections and other de
a little more in Sec. II.

By itself the above assumption includes the convention
wisdom option, illustrated in Fig. 1, and contains little new
However we in addition assume thatall fundamental dimen-
sional parameters X flow toward a fixed point occurring f
universes of approximately Planck or GUT size, and that t
is the only such fixed point.Note that only two parameter
are needed to describe the gross dependence ofX on R` , and
that they are fixed by the value ofX at the fixed point and the
value ofX observed by us. This is illustrated in Fig. 2. Th
first part of the fixed-point assumption should not be a
surprise, since we do expect new physics to occur at
Planck or grand unified theory~GUT! scale. The second par
of the assumption is really what provides the motive pow
for the remainder of this paper, and it is not much more
this stage than an application of Occam’s razor. In de
there are probably exceptions to the rule, but perhaps ins
can be gained even in the absence of being able to appre
the exceptions. But leaving aside the possible, even prob
complications, what we have at this point is a description
the ensemble of universes we are considering, character
by the value ofR` , in terms of modified standard-mode
parameters. And we again emphasize thatthere are no extra
parameters which have been introduced.Therefore we can
hope to explore in principle the properties of such univers
using well-defined extrapolations of the laws of chemist
atomic physics, nuclear physics, etc., with no extra arbitr
assumptions. In particular we can explore the ‘‘bandwidt
of features possessed by our own universe. That is, we
try to determine the minimum and maximum sizesR` for
which nuclear matter exists, or for which hydrogen-burni
stars exist, or for which elements as heavy as carbon e
and are produced. These and other examples will be
cussed in Sec. III, where we shall estimate that if the rad

n FIG. 2. Dependence of the fundamental constants on the hor
sizeR` according to the scaling assumptions.
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
of a universe in our ensemble of universes is within a fac
A2 of our own, the conditions of life as we know the
appear to be satisfied.

Up to this point we may regard the ensemble of univer
under consideration as an abstract set, in the manne
Gibbs, and the study of their properties as an abstract in
lectual exercise, perhaps of value in the long run in und
standing either microphysics beyond the standard mode
the macrophysics of our visible universe. However, there
clear motivation to go further, and to presume that such
ensemble actually exists. In particular we may assume
our universe is one member of a multiverse, with the rema
ing members causally disconnected from us, as discu
extensively by Rees@3# and others@4#.

If such a multiverse ensemble really exists, then a prim
quantity of interest is the number distributionn(R`) of uni-
verses of a given size, defined as

R`

dN

dR`
[n~R`!. ~8!

As mentioned above, we will roughly determine in Sec.
the bandwidthDR` /R` within which the conditions for life
as we understand it exist; it is of order 1. Then if

DN5n~R`!
DR`

R`
@1 ~9!

we may argue that it is not improbable that life should ex
in the multiverse. This is just the condition

n~R`!@1 ~10!

which appears not to be a heavy constraint. The above lin
argument, and concomitant set of problems, parallels
lines of argument used to understand our place in our o
universe. Why do we live on Earth rather than Mercury
Pluto? The former is too hot, the latter too cold. Is our ex
tence improbable, in the sense that the parameters chara
izing Planet Earth are very finely tuned? The simplest ans
is that if life as we know it exists elsewhere in the univer
i.e. there is a sufficiently large population of planets to all
the replication of conditions found on Earth, no fine tuning
required. The jury is still out with respect to what that answ
is @5#. But we may argue that the question is, at least
principle, a scientific question. And indeed the hypothesis
a multiverse softens the above constraint to only require
the multiverse contain planets with conditions suitable
supporting life as we know it.

There is an even more specific—and speculative
scenario which can be entertained and which is discusse
Sec. V. It is a reductionist version of evolutionary cosmolo
as envisaged by Smolin@6#, utilizing a speculative model o
black hole interiors dubbed gravastars by Mazur and Mot
@7,8#. In this scenario, the interiors of mature black holes
nonsingular and described by the aforementioned static
Sitter metric which characterizes the future of our own u
verse. This strongly suggests a cosmology of nested b
holes. The interiors of the black holes in our universe co
prise daughter universes, within which there are granddau
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ter black-hole universes, etc. Going in the opposite directi
we may surmise that our universe consists of the interior o
black hole existing in a mother universe, which in turn
embedded within a grandmother universe, etc. An import
issue in this picture of cosmology is the determination of
various species of daughter universes~supermassive galactic
center black holes, stellar-collapse black holes, . . . ! and
their size distribution relative to the size of the parent. Oth
important parameters are the fertilities of mothers, i.e.
number of daughter universes created per mother, as a f
tion of R` and species. We will try to estimate these para
eters from data and astrophysical theory, and then try to
timate, for example, the number of sister universes there
in the multiverse, and thereby to re-examine questions po
above, such as estimating the number of planets, galax
and/or universes within the multiverse which might supp
life as we know it.

By now we have clearly entered a highly speculati
level. Indeed we have organized this note such that at
beginning of each new section readers making it to that p
can become dismissive and bail out. But in the hope t
there is at least one person left reading this paragraph,
continue on.

Why all this speculation? From the point of view of th
writer, it is motivated by the gravastar scenario, and the
lated ideas of emergent gravity and emergent stand
model, as advocated by Volovik@9# and others@10#. The
vacuum is visualized as similar to a quantum liquid such
helium at low temperatures. In the ‘‘gravastar’’ scenario, t
black hole universes are droplets of the quantum liquid, w
order parameters which depend on the size of the drop
The cosmological constant is small because in the gro
state of the liquid droplet the pressure~which is measured by
the cosmological constant! vanishes, up to surface correc
tions. In the picture advocated in this note it is not only t
cosmological-constant term in the standard-model Lagra
ian density which is a size-dependent order parameter, bu
the others as well. Indeed for an infinite universe, charac
ized by an infinite value of the de Sitter horizon radiusR` ,
the entire standard-model Lagrangian trivializes to a f
field theory@2#. All standard-model interactions are therefo
viewed as dependent upon the existence of a boundary to
universe. Evidently in the opposite Planck or GUT limit e
erything becomes strongly coupled.

The crux of this set of ideas lies in the development o
microscopictheory along these lines. And the construction
such a theory may be aided by having a rough picture of
most likely cosmological context for these ideas. It is th
which is our primary motivation. But there are a host
obstacles. Some of these are taken up in Sec. VI, whic
devoted to lessons learned and to conclusions, such as
are.

II. STANDARD MODEL PARAMETERS

The fundamental premise of this paper was already sta
above Eq.~7!, and we expect this hypothesis to be mo
accurate for the dimensionful parameters most closely a
ciated with vacuum energy. These are the cosmologi
8-3
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
constant scalem, LQCD , the electroweak condensate val
v, and probably a large mass scale associated with neu
mass, in particular the massesM of the heavy gauge-single
Majorana particles associated with the seesaw mechanis
neutrino mass generation. These masses appear to be
range 101321015 GeV, near the GUT scale. For all thes
quantities, we assume that Eq.~7! holds to good accuracy.

The fact thatLQCD varies withR5R` ~hereafter we drop
the subscript! leads to an important consequence, nam
that the strong coupling constantas(q

2) must also vary with
R. Since

1

as~q2!
>bsln

q2

LQCD
2

, bs5
3322nf

12p
~11!

and

M pl
2

LQCD
2

>~M pl
2 R2!ps, ps'

1

3
~12!

it follows that

1

as~q2,R2!
5bspsln M pl

2 R22bsln
M pl

2

q2
. ~13!

What we have is a new renormalization-group equation
as

R2
]

]R2 S 1

as
D5bsps1O~as! ~14!

which we may compare with the usual expression for
running ofas with q2,

q2
]

]q2 S 1

as
D5bs1O~as!. ~15!

It is important that this behavior holds foras evaluated at
the GUT scaleM. As long as coupling constant unificatio
makes any sense at all, we may infer that the electrow
and electromagnetic couplings must also possess the s
behavior. Since

as
21~M2,R2!5bsln

M2

LQCD
2

'a1
21~M2,R2!.a2

21~M2,R2!

~16!

it follows that the electroweak couplings at the weak sc
are

a i
21~v2,R2!5a i

21~M2,R2!1bi ln
M2

v2

5bsln
M2

LQCD
2

1bi ln
M2

v2
. ~17!
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But becauseM /v andM /LQCD scale as powers ofM plR, it
follows that

a i
21~v2,R2!5~const!ln M plR, i 51,2 ~18!

and

a1~v2,R2!

a2~v2,R2!
[tan2uW5const. ~19!

Therefore the weak mixing angleuW is to good approxima-
tion independent of R, as is the ratio a/aW
>a(R2)/a2(v2,R2). The usual diagram of gauge couplin
running and unification is shifted in scale asR is varied.
Because the weak mixing angle does not depend uponR, the
entire figure becomes self-similar~Fig. 3!. To leading order,
1/a and 1/aweak depend linearly on lnR and vanish at the
Planck or GUT radius~Fig. 4!.

Finally, we shall again invoke Occam and assume that
large Higgs Yukawa couplingsl andhtop

2 are no exception to
the rule, and that they also obey the same rule, namely
the inverse couplings vary linearly with lnR and vanish forR
at the Planck or GUT scale. The usual renormalization gro
equations connecting the Higgs self-couplingl to the top-
quark Higgs couplinghtop ~with important QCD corrections!
remain unchanged. The new equations are again

R2
]

]R2 S 1

ht
2D 5const, R2

]

]R2 S 1

l D5const ~20!

and may be used to determine howl andhtop, evaluated at
either the GUT scale or the infrared scale, vary asR is var-
ied.

We now return to consideration of other standard-mo
parameters with dimension of mass, starting with the mas
of top quark, Higgs bosons, and electroweak gauge bos
all of which have a mass formula of the form

m5gv ~21!

where g stands for a generic dimensionless coupling co
stant. This implies a renormalization-group equation of
form

R

m

]m

]R
5

R

v
]v
]R

1
R

g

]g

]R
5pv1~const!•g2 ~22!

which clearly possesses an orderg2 ‘‘radiative correction’’ to
the leading behavior. What is clearly happening is that
ratio m/v is stable, and does not run as a power ofR but only
as a power ofg, i.e. of lnR.

In the case of these particles the corrections are not v
important, because their masses are so close to the valu
the electroweak VEVv. A more dramatic example is give
by the electron mass, which in a sense lies at the oppo
extreme. We do not know whether to regard the ratiome /v
as a function of dimensionless coupling constants, i.e. dep
dent only on lnR, or as a ratio of fundamental scales, i.
dependent on a power ofR. In the former case we have
8-4
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FIG. 3. Running of the cou-
pling constants for~a! our uni-
verse, and for~b! a universe with
horizon size of 1022 cm.
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;~ ln MR!n ~23!

whereM is the GUT or Planck mass scale. In the latter ca
the flow is

v
me

;~MR!pe, pe'0.1. ~24!

For numerical estimation of the former case we shall cho
n54 for the electron. Our motivation is simply to assign o
power of someg2, of typical order of magnitude, i.e
(ln MR)21, per mass hierarchy level. Thus for bottom
strange, down, electron, we taken51,2,3,4 respectively.

FIG. 4. Dependence ofa andaweak ~evaluated in the infrared!
versus log10R.
04350
e

e

Returning to the question ofR dependence of electro
mass, we can evaluate each case. The results are show
Fig. 5, and we may regard the shaded region as a o
parameter region of uncertainty. We also plot in Fig. 6 theR
dependence of the ratio of electron mass to proton m
which is a crucial parameter for chemistry and conden
matter physics.

The R dependence of other small masses present in
standard model should be similarly regarded, especially
up and down quark masses which drive chiral symme
breaking of the strong interactions and are responsible for
pion mass. For the strong interactions there is to good
proximation only the scaleLQCD , which by itself deter-

FIG. 5. Dependence of the electron mass, scaled to the e
troweak VEV v, versus log10R. The shaded region is a region o
uncertainty.
8-5
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
mines all masses other than that of the pions. In partic
the proton mass is proportional toLQCD , as well as the
masses of all mesons and baryons other than the pions~and
kaons!. But the scale set by the pion mass, whose squ
varies linearly with the light quark masses and withLQCD ,
does matter. It is theR dependence of the ratio of pion t
proton mass which will be the crucial parameter for nucl
physics. Its square is plotted in Fig. 7. In Fig. 8, we also p
(mK /mp)2, which is proportional to the ratio of strange
quark to down-quark mass.

The remaining parameters of the standard model areu,
the CP-violating parameter within QCD, and the Cabibb
Kobayashi-Maskawa~CKM! mixing parameters, which ar
closely related to the small quark and lepton masses. In
dition there are neutrino masses and mixings. The underly
physics still awaits better understanding, and we have l
to add here. These parameters do not appear to be of
importance for what follows in the remainder of this pape

FIG. 6. Dependence of (me /mp) on log10R.

FIG. 7. Dependence of (mp /mp)2 on log10R.
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III. PROPERTIES OF MATTER IN THE ENSEMBLE
OF UNIVERSES

One of our main goals is to investigate the properties
universes assumed to be almost the same as ours, i.e.
radii R almost the same as ours, and with cosmological ini
conditions similar to ours. However we shall also consid
more extreme cases, namely universes with radii within
orders of magnitude of our own. One reason for consider
such large bandwidth is that there will be some properties
these universes which are robust, and do not vary all
much over all those powers of 10. For example the weak
electromagnetic fine-structure constants are in this con
robust, having values in this range ofR which are within a
factor two of what we observe. On the other hand it is w
known, especially amongst the ‘‘anthropic’’ community, th
other properties of our universe are very finely tuned a
will only exist over a quite small bandwidth. We shall pa
special attention to such ‘‘anthropic’’ constraints, as d
cussed for example in the book by Barrow and Tipler@4#,
and will be interested in the bandwidth inR for which they
are satisfied.

We shall begin by considering how the properties of
ementary particles, of nuclear matter, and of ordinary ma
vary with R. We then investigate how the structure of astr
physical objects of interest, such as planets, stars, etc. va
R is varied.

A. Elementary particle properties

Even for the smallest universe that we shall consider, w
radius 100 microns, there is good separation~a factor 10–20!
between the electroweak scale and the strong interac
scale. Heavy quarks, electroweak gauge bosons, Higgs
ticles, etc. are still unstable and will not grossly influence
phenomenology of ordinary matter. A marginal case is tha
the strange quark. An estimate of its effect is given by
ratio of kaon to pion mass exhibited in Fig. 8. We see t
even for the extreme cases the ratios always stay comfort

FIG. 8. Dependence of (mK /mp)2 on log10R.
8-6
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
above unity, suggesting that we do not err badly in negle
ing strange-quark contributions to ordinary matter. T
strange hadron masses appear to stay high enough to a
semileptonic weak decays at the very least to proceed.

B. Nuclear and atomic matter

Crucial to the properties of nuclear and atomic matter
the values of the fine-structure constant~here constrained to
a reasonable range of values!, the ratio of electron to proton
mass, the ratio of pion to proton mass, and the neutr
proton mass difference. As long as the electron-proton m
ratio stays small, atomic physics and chemistry will rem
recognizable. We see from Fig. 6 that this is in fact the ca
Likewise, in Fig. 7 we see that the pion mass stays w
below the proton mass over all the range to be consider

We conclude that over the 60 orders of magnitude
shall consider, it would appear that chemistry and conden
matter physics will be at least existent and reasonably rec
nizable. As for nuclear matter, it should exist in recogniza
form as the pure chiral limit is approached, because the l
range force due to pion exchange is not crucial. It might b
the nucleons a little more~or less!, but probably not enough
to change the phase structure. However as the pion m
increases, there is more potential for trouble. According
Fig. 7, this appears to occur only in the largest or smal
universes that we shall consider. All this will be discussed
more detail in Sec. III D.

On the other hand, as the pion mass decreases,
neutron-proton mass difference varies in a nontrivial way
is composed of two pieces. The dominant one is due to
mass difference of the up and down~current! quarks, and the
other is electromagnetic@11#. Schematically we may write

Dm5~mn2mp!5a1~mu2md!1b~amp!

5a2S mu2md

mu1md
Dmp

2

mp
1b~amp!

5a3

mp
2

mp
1b~amp!

>0.1 mpF S mp

mp
D 2

2aG ~25!

where we assume thatai , b, and the ratio of the difference o
up and down quark masses to their sum are to good app
mation scale-independent. In the last line we have used
accepted values of the two contributions@11# in approximate
form to provide a useful mnemonic. Note that the elect
magnetic and quark contributions toDm are of opposite sign
As the chiral limit is approached, the neutron becomes sta
and the proton unstable. The latter case is clearly a ser
matter for atomic physics and chemistry, which might ev
cease to exist. However, from Fig. 9 we see that the o
cases where this becomes a problem are for universes w
radii are ten to fifteen orders of magnitude larger or sma
than the radius of our universe. The cosmologies for th
cases will evidently be nontrivially different from our own
and we will briefly return to this issue later.
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C. Stable cosmological objects

Other than black holes, all the large stable cosmolog
objects exist as a consequence of the Pauli principle.
mion degeneracy pressure in one form or another prov
the repulsion that prevents such objects to gravitation
collapse. This mechanism is so robust that we can expe
to operate over the whole 60 orders of magnitude of radR
which we consider. Three obvious classes to consider
planets, white dwarfs, and neutron stars. In these three c
the degeneracy pressure is provided by nonrelativistic e
trons, relativistic electrons, and neutrons respectively. We
gin by briefly reviewing these cases.

The density of a planet-like object is fixed by the inte
atomic force, and the spacing of atomic nuclei is of ord
(ame)

21. This gives for the baryon number of a planet
radiusr the value

B>A~amer !3 ~26!

whereA is the mean atomic number of the nucleus.~If heavy
elements are not produced in the universe of interest, then
take A51, and limit our attention to Jupiter-like planets!
The chemical binding energy per nucleus is of order the
dberg, and from this we can determine the total chem
energy and equate it with the gravitational energy in orde
determine the characteristic sizer of the planet:

Uchem;~a2me!
B

A
;

B2

r S mp

M pl
D 2

;Ugrav. ~27!

Upon eliminatingr, this leads to

B;
a3/2

A2 S M pl

mp
D 3

. ~28!

In a similar way, we may consider white dwarfs, where re
tivistic electron degeneracy pressure balances the gra
tional energy. In that case the baryon number is given by

FIG. 9. Dependence of the neutron-proton mass differenceDm,
scaled to the proton mass, on log10R.
8-7
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
B;r 3pF
3 ~29!

where pF is the Fermi momentum of the electron plasm
The energy-balance equation is

Udegen;pFB;
B2

r S mp

M pl
D 2

;Ugrav ~30!

which simplifies to

B;S M pl

mp
D 3

. ~31!

Finally, we may consider the case of the neutron star. I
similar to the white dwarf case. One simply replaces
electron Fermi momentumpF with LQCD which character-
izes the neutron Fermi momentum, and arrives at the s
result.

We see that in all three cases the baryon number, he
the mass, of the object scales as the inverse third powe
the proton mass, and therefore scales as the approp
power ofR. The result is shown in Fig. 10. We therefore c
anticipate the existence and can understand the properti
these massive objects, throughout the 60 orders of magni
of R we consider. Stars, however, are another matter.
question of whether these large objects ignite and burn,
for how long, depends on details. Before addressing ste
structure we consider some of the finer points having to
with the nuclear force.

D. The nuclear force

The simplest system in nuclear physics is the dinucleon
is a delicate case, especially in the context of astrophys
because the nonexistence of bound diprotons an
dineutrons is needed to keep stars burning@4,12#, and the
existence of a deuterium bound state is an essential ing
ent for fusion reactions in stars as well as in big-bang

FIG. 10. Dependence of baryon numberB of astrophysical ob-
jects upon log10R.
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cleosynthesis. What is needed is the dependence of the b
ing energies upon (mp /mp). There is no consensus on wh
the answer is. Depending upon the method, different ma
tudes and even signs are obtained@13–15#. What is impor-
tant in our application is the value of (mp /mp) for which the
deuteron becomes unbound, as well as the value of (mp /mp)
for which the diproton and/or dineutron might becom
bound. We choose here an estimate which lies in
midrange of what is generally considered@15,16#, and has
the sign dictated by naive intuition; as one approaches
chiral limit, the binding energies increase. Our choices are
follows:

Deuteron bound ifmp /mp<0.16

Diproton bound if mp /mp<0.08. ~32!

We emphasize that these choices are uncertain, but prob
by not more than a factor 3. However, it is arguable@15,16#
that the dinucleon remains unbound even in the chiral lim
in contradiction to the choice made above. But, it will tu
out that in what follows we will not consider any region o
parameter space where, given the parameters we have
sen, the diproton is bound, so that for us the issue is mo

Finally, we may consider the mechanism for produci
carbon in stars. This depends upon the existence of the
thropically famous triple-a reaction@17#

4He14He→8Be

8Be14He→12C12g ~33!

with the resonance in12C predicted by Hoyle@18#, together
with the absence of a crucial level in16O. The parameter
sensitivity of this process, which is of orderdE;100 keV in
a system with binding energy scales in the 10 MeV range
discussed by Oberhummeret al. @19#, among others@20#.
The result is that an 0.3 percent variation in the over
strength of the nuclear force is enough to strongly mod
this delicately balanced mechanism. If such a perturba
were applied to the deuteron, it would change its bind
energy by about five percent. We conclude that at most
triple-a process represents a parameter sensitivity a facto
greater than what one obtains from considering dinucle
binding. However, the actual sensitivity of the triple alp
mechanism may be considerably less, because the dinuc
binding could be more sensitive to the long-range pionic
of the force than the interactions between compact, clos
shell alpha particles. It would be helpful to have a go
description of the dependence of the intermediate-ran
isosinglet, spin-independent attractive force upon pion m
But at present this seems not to exist.

IV. COSMOLOGY

In this section we explore how big bang cosmologic
evolution depends on the ultimate ‘‘size’’R of the particular
universe which is created. There are a variety of epoch
the history of a universe which are especially sensitive
parameter variations. Before going into more details
8-8
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
briefly sketch them here to set the stage:
~1! We take as initial condition of the universe its sta

just after inflationary reheating~the assumption that inflation
indeed occurs will not be too important!, with the initial
temperature taken to be of the Planck or GUT scale. T
universe is always taken to be spatially flat. The magnitu
of the primordial density fluctuations, which eventually a
count for the observed fluctuation spectrum in the 3 deg
microwave background, is in principle a parameter to
specified. In practice we shall choose it to be equal to wh
is in our universe,dH5dr/r;231025, independent ofR.

~2! The baryon asymmetry of the universe is assumed
be generated in some intrinsic way from unknown, extend
standard-model mechanisms at a very high tempera
scale. The details of this mechanism are at present very
certain. Therefore theR dependence of this asymmetry w
be treated in a way similar to how the electron mass w
treated. We assume that for universes with a size of order
Planck radius, the baryon asymmetry is large, of order un
We assume that the interpolation from the Planck size
large universes like our own may behave as a power ofR, or
as a power of lnR, each option taken to be an extreme ca
The result is shown in Fig. 11. While the uncertainties b
come large for universes very different in size from our ow
at least the dependence uponR is monotonic.

~3! As the universe cools, the phase transitions at e
troweak and QCD scales proceed in a way similar to
universe.~The baryon asymmetry may be modified at t
electroweak scale via ‘‘sphaleron’’ effects@21#, and if so it is
the modified asymmetry which is shown in Fig. 11.! Differ-
ences appear at the epoch of nucleosynthesis, at a tem
ture of order 1023mp . The mechanisms are sensitive to t
time at which neutrinos decouple from the plasma and ba
onic chemical equilibrium is lost. The abundances of4He,
deuterium, and hydrogen~and even2He) become sensitive
to the parameters and require a detailed discussion.

~4! At some very uncertain temperature scale,~cold! dark
matter decouples from the plasma and evolves, eventu

FIG. 11. Conjectured dependence of the baryon-to-photon
tropy ratioh upon log10R.
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becoming a major component of the matter density. T
physics of this is obscure. We shall assume that the cold d
matter is composed of WIMPs, by which we mean that th
interactions with each other and with ordinary matter a
characterized by a scale somewhere around the electrow
scale.

~5! The epochs of matter-radiation equality and of deco
pling of radiation from matter are also parameter sensiti
What happens during these periods provide initial conditio
for the subsequent evolution of large-scale structure form
tion. All of this will require a detailed discussion.

A. Nucleosynthesis

As the universe cools below the QCD phase transiti
quarks and antiquarks bind into mesons and baryons, and
mesons soon disappear. Neutrons and protons are ke
chemical equilibrium by electroweak scattering processes
duced by neutrinos. Eventually the neutrinos decouple,
criterion for decoupling being that the expansion rate of
universe exceed the collision rate. The expansion rate f
radiation dominated universe is

H2;
T4

M pl
2

. ~34!

EquatingH to the collision rate gives

H;
T5

v4
. ~35!

This leads to the criterion

S T

mp
D;S v

mp
D S v

M pl
D 1/3

. ~36!

This result is plotted in Fig. 12.

n- FIG. 12. Dependence of the temperature at which neutrinos
couple from matter, scaled to the proton mass, upon log10R.
8-9
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
In our universe, neutrino decoupling occurs at a tempe
ture of about 0.7 MeV. At that temperature the ratio of ne
trons to protons has been depleted by about a factor se
due to the Boltzmann factor containing the neutron-pro
mass difference. The remaining neutrons capture into de
rium, which is then converted quickly to4He by fusion re-
actions. The net result is a primordial helium abundance
22 percent or so.

Had neutrino decoupling occurred much earlier, t
neutron-proton ratio would have been unity. All the baryo
would end up as deuterium, which would then convert
fusion to helium. Conversely, if decoupling were to occ
much later, then the neutrons would be removed by the n
trino reactions, and there would be nothing left at low te
peratures but hydrogen. We therefore expect the depend
of the abundance of primordial helium to change from ve
high for R smaller than the radius of our universe to very lo
for R greater.

However, for very large or smallR the situation is more
complicated and in fact uncertain. AsR varies the ratio of
pion to proton mass varies, and with it the binding energy
the dibaryons. For large values of (mp /mp), the deuteron
probably does not exist, and the fusion reactions are bloc
If the pion mass is very small, then the diproton may
bound, and instead of hydrogen in the final state of pro
universes, there would initially be2He. Further complicating
the situation is theR dependence of the ratio of neutro
proton mass difference to electron mass, which for smaR
can fall below unity, leading to a stable neutron. In additio
if ( mp /mp) is sufficiently small, the neutron-proton ma
difference changes sign. The situation is sketched out in
13, where we identify various regions in the two-dimensio
parameter space ofR and (mp /mp) for which the baryogen-
esis scenarios qualitatively change. There are seven dis
regions of the parameter space we consider. Regions I
and V are characterized by an unstable deuteron. Region
VI, and VII are characterized by a stable neutron. In mos
region VII the proton is unstable. In regions I and II neut

FIG. 13. Regions of parameter space for which cosmolog
evolution is qualitatively different. See the text for the details.
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nos decouple at such a low temperature that the fraction
neutrons in the mix is less than 5 percent. Conseque
those universes evolves into predominantly hydrogen. In
gion VII the opposite occurs, and the4He fraction exceeds
90 percent. Only in region III is the situation qualitatively th
same as for our universe. IfR lies between 1024 cm and
1033 cm, this is assured to be the case, although this con
sion rests heavily upon the assumption made in Eq.~32!.

We now briefly describe the individual baryogenesis h
tories for the seven regions we have identified:

Region I: In this region the deuteron is unbound, and
decoupling of neutrinos occurs so late that then/p ratio is
less than 5 percent. The result is a nearly pure hydro
universe. However fusion reactions within stars will not pr
ceed because of the absence of deuterium.

Region II: Again then/p ratio is less than 5 percent, an
a predominantly hydrogen universe is formed. But now
deuteron exists, so that in principle stars can burn hydro
into helium.

Region III: As noted above, this region resembles—a
includes—our own universe.

Region IV: In this region the deuteron is unbound. A
though neutrinos decouple relatively early, when then/p ra-
tio is not too small, the fusion reactions are blocked. T
extra neutrons decay, and we are again left with a hydrog
dominated universe. But as in region I, fusion reactio
within stars are blocked.

Region V: This region differs from region IV, becaus
here the neutron is stable. The universe will be mixed hyd
genic and neutron, with fusion reactions again blocked
cause of the absence of deuterium.

Region VI: In this region, deuterium exists. Then/p ratio
at neutrino decoupling is not small, so that nucleosynthe
of 4He should proceed. The neutron is stable, but primord
neutrons are presumably found in the helium. Fusion re
tions in stars should be able to proceed.

Region VII: In most of this region the proton is unstab
and decays to the neutron with positron emission. Thep/n
ratio is large enough~but less than unity! so that primordial
4He will be produced. Because the deuteron is stable, fus
reactions in stars may proceed. Hydrogen-based chem
will not exist, although perhaps some deuterium-bas
chemistry might survive.

It is noteworthy that in all seven regions the electr
chemical potential does not vanish. An electron plasma w
persist until decoupling occurs at a much lower temperat
scale.

B. Stars

The properties of these regions are perhaps well eno
defined that one could go further and map out the subseq
cosmological history in a little more detail. We shall not t
to do so here. But before going on to more general cosm
logical questions, we will consider~within our region III! the
additional oft-cited constraints on the existence of long-liv
stars and of the conditions appropriate to the production
carbon and other heavier elements@4,6,12#. An immediate
reason for doing so is anthropic; we would like to know t

l

8-10
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
bandwidth inR within which the changes in standard mod
parameters are small enough to preserve the condition
our universe which are conducive to life as we know it.

Quite a long list of ‘‘anthropic’’ constraints exist. Upo
examination of the items on that list, it should come as
surprise that the most restrictive by far is the existence of
triple-a fusion-reaction chain which allows the production
carbon and thereby the existence of heavier elements.
already mentioned in Sec. III that this constraint could be
times more sensitive than the constraints used above reg
ing the existence of bound deuterium. Examination of F
13 shows that this enhanced sensitivity roughly transla
into

U log10

R

R0
U,0.2 ~37!

or that

0.7,
R

R0
,1.5 ~38!

whereR0 is the radius of our universe. In other words, if th
radius of a universe in our ensemble of universes is wit
roughly a factorA2 of ours, the standard model paramete
are close enough to our own not to upset the conditi
necessary for existence of life in that universe.

C. Large scale structure

As the universe continues to cool and expand, the er
matter dominance emerges. In the scenario we consider@the
cold dark matter model with a cosmological constantL
CDM!#, it is the cold dark matter that is essential in initiatin
the growth of density fluctuations. The baryons carry less
the energy density, and they stay coupled to the photons
much longer, thereby being unable to fully participate in t
growth of inhomogeneities until decoupling is reached.

We review briefly the standard calculations in order to s
the parameter dependencies@21#. The abundance of cold
dark matter WIMP particlesX is estimated by equating the
rate of production and/or annihilation to the Hubble expa
sion rate at the time or temperature of WIMP decoupling

nX^sv&;H;
T2

M pl
. ~39!

HerenX is the number density andT the temperature at de
coupling. Normalizing the abundance to the abundance
photons, proportional to the cube of the temperature, giv

S nX

ng
D;

1

M plT^sv&
;

20

mXM pl^sv&
~40!

where we use the fact that within a factor two the wea
interacting massive particle~WIMP! decoupling temperature
is twenty times lower than the rest mass of theX particles
over a very wide range of parameters@21#.
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We may further relate this to the abundance of baryo
by introducing the baryon-to-photon entropy ratioh, already
discussed above and depicted in Fig. 11:

VX

VB
;S mX

mp
D S nX

ng
D S ng

np
D;

20

mpM pl^sv&h
. ~41!

When this is evaluated for our universe, the cross sec
estimate is

^sv&;^s&;10237 cm2. ~42!

This cross section is close to the electroweak scale. Th
fore we assume, as do many others@22#, that it scales with
the inverse square of the electroweak VEVv and perhaps
some power of a coupling constant,

^sv&;
an

v2
~43!

with n taken to be two or three.
We may now look at theR dependence of the ratio of dar

matter to baryonic matter. It is plotted in Fig. 14. We see t
dark matter will dominate over baryonic matter provided t
radius of the universe is greater than 1024 of our own.

We may also determine the temperatureTEQ when the
contributions of matter and radiation are equal, and wh
signals the onset of matter-dominated expansion of the
verse. From Eq.~40! we find

rX

rg
;

mX

T S nX

ng
D;

20

T Mpl^sv&
;

20v2

T Mpla
n

~44!

from which it follows

TEQ;20
v2

M pla
n

. ~45!

FIG. 14. Estimated ratio of dark matter to baryonic mat
VX /VB as a function of log10R.
8-11
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
This is plotted in Fig. 15. Also shown there is the tempe
ture at which radiation decouples from ordinary matter a
the universe becomes transparent. The formula which c
trols this is@21#

Td;
a2me

40
. ~46!

We see that ifR is less than 105 the size of our universe

Td,TEQ ~47!

while the opposite is true for larger universes. Therefore
small universes the WIMP degrees of freedom will first fe
the Jeans instability, with the growth of fluctuations in ba
onic matter occurring later. For the large universes the ba
onic fluctuations grow together with the WIMP fluctuation
It is not immediately clear how much of a difference th
might make in the creation of large-scale structure.

The evolution of the large scale structure is in genera
complex topic. The most straightforward part of the subj
consists in the growth of small density perturbations in
linear regime. As mentioned above, we assume that the t
cal scale of primordial perturbations, present at the earl
epoch we consider when temperatures were at the Planc
GUT scale, are of order

S dr

r D
0

;231025 ~48!

as measured by the cosmic microwave background temp
ture fluctuations. These density perturbations remain fro
at more or less this value during the radiation-domina
epoch, but grow rapidly once the matter-dominated ep
begins, provided their wavelength is less than the hori
scale at the timetEQ of matter-radiation equality. The growt
of the amplitude scales with the scale factor of the unive

FIG. 15. TemperatureTEQ for which nonrelativistic matter and
radiation are equal as a function of log10R. Also shown is the tem-
peratureTd at which matter and radiation decouple, versus log10R.
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S dr

r D
R

;S R

REQ
D S dr

r D
0

~49!

provided the perturbation is small and one remains in
linear regime. After matter dominates radiation, t
Robertson-Walker scale factor of the universe is given by

R~ t !5R0S sinh
3

2
H`t D 2/3

. ~50!

When the sinh factor equals unity, one has equal amount
ordinary ~dark plus baryonic! matter and dark energy. W
denote this point in time with a subscriptL

sinh
3

2
H`tL51 ~51!

and define this as ‘‘cosmological freezeout.’’ For later time
when dark energy is dominant, the growth of fluctuatio
will cease, and again be frozen in place. Our own univers
in this state of transition, with the present timet0 given by

tanh
3

2
H`t05AVL'0.84. ~52!

It will in general suffice to equate the present timet0 with
tL .

The total amount of growth of initial perturbations, from
matter-radiation equality to late times, is therefore simp
given ~assuming linearity! by the redshift factor betweentEQ
and tL . Putting in the numbers for our universe, for sho
wavelength modes, one finds

S dr

r D
L

;S RL

REQ
D S dr

r D
0

5~11z!EQS dr

r D
0

;S TEQ

TL
D S dr

r D
0

;~33104!S dr

r D
0

. ~53!

This marginally contradicts the linearity assumption. The
fore for fluctuations of wavelength large compared to t
critical wavelengthlEQ , the total amount of growth will
remain in the linear regime. Consequently we expect that
largest structures exhibiting very high density contrast w
be limited in size to roughlylEQ , defined as the wavelengt
or frequency ~in comoving conformally flat coordinates!
which is comparable to the horizon scale attEQ . Since

l;E
0

t dt8

R~ t8!
5

3t

R~ t !
;t1/3;R~ t !1/2 ~54!

it follows that the physical size of this structure at presen

r 05R0lEQ5F12tEQ

H`
2 G 1/3

>H`
21S 8tEQ

tL
D 1/3

5
81/3H`

21

~11z!EQ
1/2

~55!

which scales as the inverse square root of the redshift fac
as shown. For our universe, this implies that the density c
8-12
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
trast should be small on scales larger than about 1/400 o
size of the universe, characterized above byH`

21 , and large
on scales smaller than that. This is consistent with wha
observed.

As we mentioned above, we expect that these gross
tures of this structure formation are~for the L CDM sce-
nario! determined by the cold dark matter which is the dom
nant component of the matter density. On the other hand
structure on smaller scales may crucially depend upon
baryonic component of the ordinary matter, because, acc
ing to our WIMP hypothesis, the dark matter component a
as a collisionless dilute gas, while the baryonic componen
more susceptible to nongravitational dissipative mechanis

We may now investigate how much things change as
radiusR of the universe is varied. We have assumed~quite
arbitrarily! that the primordial fluctuation scale is;2
31025 independent ofR. As described above, this fluctua
tion in general grows linearly withR from the timetEQ of
matter-radiation equality until the timetL at which dark mat-
ter and dark energy~cosmological constant! contribute
equally to the Hubble expansion. The former is given in F
15 and Eq.~45!, while the latter is given by Eq.~51!:

TEQ;
20v2

M pla
n

, tL;H`
21[R. ~56!

We must convertTEQ to tEQ using the fundamental relation
ship between them, valid in the radiation-dominated epo

tEQ;
M pl

TEQ
2

. ~57!

We thereby obtain

S dr

r D
L

;S tL

tEQ
D 2/3S dr

r D
0

;S RTEQ
2

M pl
D 2/3S dr

r D
0

[~11z!EQS dr

r0
D . ~58!

The sizer 0 of the largest structures, relative to the sizeR of
the universe, follows from Eq.~55! and has a similar form:

r 0;S tEQ

tL
D 1/3

R;S RTEQ
2

M pl
D 1/3

R[~11z!EQ
21/2R. ~59!

The R dependence of the red-shift factor (11z)EQ is shown
in Fig. 16. We see that for a rather large bandwidth, of or
10 to 15 powers of ten, the amplification of the primord
perturbations is within an order of magnitude of what
present in our own universe. We also recall that for univer
larger than 1024 of ours, the baryonic fractionVB /VX is
small, but not negligibly so. Therefore we may surmise th
whatever the mechanism is that creates black holes in
centers of galaxies, it will probably still be operative in th
class of universes as well. However, the basis for this c
clusion is very fragile, since it rests upon our assumptions
the properties of dark matter.
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V. EMERGENT COSMOLOGY

If the ensemble of universes we have been conside
actually exists, then there are anthropic consequences
mentioned in the Introduction. From the behavior found
the previous section, we may conclude that if the numbe
universes per octave~factor two! in radiusR is large com-
pared to unity, then it is reasonable that we should be pre
in the ensemble@23#. There is a caveat; if the mean numb
of planets per universe~of our sizeR) which are appropriate
for the support of life as we know it is small compared
unity, then the number of universes per octave needed
make reasonable our existence must be correspondingly
creased. The planetary situation is not well understood@5#,
so this option is not academic. But either way, it would n
seem outrageous that enough universes exist to take ca
the problem.

There are probably as many models of multiverses
there are practitioners foolish enough to deal with the id
In this section we shall play with a specific model, motivat
by the idea of emergent field theories, a concept born fr
analogies with condensed matter physics@9#. The model will
also be related to the ideas of evolutionary cosmology de
oped by Smolin@6#, albeit in a more deterministic frame
work. As mentioned in the Introduction, our reason for i
dulging in this fantasy is to try to obtain some guidance
the search for a satisfactory microscopic emergent theor

The basic premise underlying the emergence approac
that the vacuum of particle physics and cosmology is ana
gous to a quantum liquid in equilibrium at very low temper
ture. Such a system has essentially zero pressure. Bu
measure of vacuum pressure is the cosmological cons
itself, explaining not only why it should be zero, but why
is not quite zero: a droplet of vacuum of finite size will ha
pressure due to surface effects. This is just what happen
the de Sitter universe@cf. Eq. ~4!#.

Chaplineet al. @8#, and Mazur and Mottola@7#, have re-
cently carried this notion further, and argue that a black h

FIG. 16. Dependence of the amplification of primordial fluctu
tions,RL /REQ5(11z)EQ , upon log10R.
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
is to be considered a droplet of quantum liquid, with a no
singular interior which is in fact static de Sitter space. T
value of the cosmological constant in the interior diffe
from its value exterior to the horizon and serves as a kind
order parameter. In what we have described, this is gene
ized to all the standard model parameters, which evide
are also discontinuous across the horizon. This picture
ready-made for the cosmological setting in which we fi
ourselves: not only does our universe contain a large num
of ‘‘daughter’’ black-hole fluid droplets, but our universe i
self can be considered the interior of a much bigger drop
which presumably exists, along with many other ‘‘siste
droplets, in a much larger ‘‘mother’’ universe. From th
starting point, one easily sees that a genealogy can be
fined. The properties of mother and daughter universes
depend upon how different in size they are from our ow
and how differently the physics works at those size scale
is this question that we take up in this section, building up
what was learned in the previous sections. We shall not v
ture very far beyond one generation in either direction; th
will be more than enough uncertainty at this level.

It is easiest and most direct to first consider the daug
universes, because there are some data. There are at lea
kinds of daughters—the supermassive, galactic black ho
of horizon size roughly 15 orders of magnitude smaller th
the size of our universe, and the stellar-size black ho
which are six to eight orders of magnitude smaller still. D
spite the greater uncertainty in the underlying astrophys
we specialize to the former because they are closest to u
size.

Rather than characterizing the black hole size by its h
zon radius, it is also useful to give it in terms of the volum
of comoving matter needed to form the black hole, which
assume is baryonic in origin. In our universe the mass
such black holes is in the range of 106 to 109 solar masses, o
1053 to 1056 proton masses, out of a total of about 1079 in the
universe. So the fraction by volume of total comoving ba
onic matter that ends up in one of these black holes is 10223

to 10226. Taking a cube root gives the fraction in linear sca
of roughly 1028 to 1029. This should be compared with th
fraction in linear scale of about 1023 for the largest scale
structures found in our universe.

Our main purpose in spinning out these numbers is to
to infer the most likely size of our mother universe. Ev
dently the first rough guess would be 15 powers of ten lar
than our own. But by the time one goes out those fifte
orders of magnitude, the cosmology has significan
changed, and it is possible that one must go even further.
us review what was learned in the previous section for
cosmology of a candidate mother universe, say, of rad
1045 cm.

The early evolution of a mother universe of this si
would be similar to our universe. Nucleosynthesis would
cur in one of three possible scenarios~cf. Fig. 13!, but in all
cases hydrogen would predominate in the long run. The th
cases are distinguished by the nonexistence of deute
and/or the relative abundance of primordial helium. As
temperature decreased, decoupling of matter from radia
would occur during the radiation-dominated epoch~cf. Fig.
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15!. This means that the growth of density contrast wou
from the outset involve both the baryonic matter and the d
matter. However, the growth factor, which scales with t
redshift at the timetEQ of matter-radiation equality, is less b
about a factor ten than for our universe~cf. Fig. 16!. In
addition, the ratio of baryonic to dark matter is much le
instead of ten percent, the number is somewhere betwe
percent and 0.01 percent. All of these features will ma
baryonic structure formation more difficult. What is mo
important for our consideration here is whether these mo
universes can give birth to daughter black holes. Baryo
matter has to aggregate in the potential wells created by
dark matter and undergo gravitational collapse. While it a
parently is more difficult for this to happen, it is not cle
that the number of black holes that might be created is in
small compared to unity, when for our universe the cor
sponding number~for ‘‘galactic’’ black holes! is 1010 or so.
We shall make a guess that the fertility curve looks som
thing like what is depicted in Fig. 17; this would allow
mother universes to be present, but make it unlikely t
grandmothers exist. But we must emphasize the many h
uncertainties involved, not the least of which is the assum
tion that the primordial fluctuation spectrum does not depe
uponR.

Relative to our universe, the fraction of matter in th
mother universe which is baryonic is, as already mention
less than for our universe. This might affect not only t
frequency of occurrence of black-hole formation, but also
size distribution. We do not try to estimate the effect, main
out of lack of competence. But it is likely that the ratio o
size of mother to daughter indeed grows with overall scaleR,
in the way sketched out in Fig. 18. But we emphasize that
are approaching a level of almost complete guesswork.

Despite all these uncertainties, it seems relatively safe
conclude, given our assumptions, that the model of nes
black holes for the multiverse allows at most one or tw
generations of parents, with a number of sister univer
small compared to 1010, the number of~galactic! black hole

FIG. 17. A guess for the dependence of fertility, i.e. the num
nD of daughter universes per mother, upon sizeR.
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
daughters in our universe. It seems very unreasonable to
sume a large number of ‘‘ancestor’’ generations, unless
primordial density fluctuations were to increase is magnitu
with R. However, intuitively we would if anything expect th
opposite to occur.

Since the size distribution of sister universes span a
factors ten, the fraction with size close enough to our u
verse to in principle support life as we know it will be a fe
powers of ten less than the total population of sisters. T
means that the total number of universes in such a nes
black-hole multiverse which could support life as we know
is bounded above by ten to a small power. It follows that
overall number of planets in the multiverse that are can
dates for habitable environments is not all that different~on a
logarithmic scale! from the number in our own universe.

The above inferences are rather strong, and therefore
vite an additional critical look: are these conclusions avo
able? In such a soft topic as the contents of this paper,
answer is almost certainly yes. One assumption we h
been making, mainly from a desire for simplicity and de
niteness, is that the ensemble of universes we conside
parametrized only by the sizeR and nothing else. The othe
cosmological parameters, such as magnitude of the ba
asymmetry and/or the magnitude of the primordial dens
fluctuations, may well represent independent initial con
tions, unconstrained or at best loosely constrained by
value of the size parameterR. In such cases the conclusion
about abundances of mother and grandmother universe
inoperative. Exploration of such alternatives seems howe
to be premature, and in any case beyond the scope of
paper.

VI. LESSONS AND CHALLENGES

While everything we have discussed is very speculative
must be admitted that, given the starting hypothesis of s
dependent standard-model parameters, we have been a

FIG. 18. A guess for the ratio of the average sizeRM of a
mother universe, assumed to be a supermassive black hole int
to the sizeR of its daughter, versusR.
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look at old questions from a somewhat different perspect
This in itself can be a benefit, inasmuch as a fresh poin
view is often a key to making progress. And in fact there a
some of the classic big questions for which partial answ
can be set forward:

~1! Why are there such hierarchies in scale amongst st
dard model parameters?

This question includes the classic ‘‘hierarchy problem
namely the smallness of the electroweak scalev relative to
the Planck or GUT scale, which stimulates the introduct
of weak-scale supersymmetry by so many practitioners
also includes the question of why the electron mass is
much smaller than the top-quark mass. And it even inclu
the question of why the cosmological-constant scale is
much smaller than the QCD and electroweak scales, no
mention the Planck or GUT scale.

The answer to this general question, given the multive
hypothesis, may be that for most universes in the ensem
there is no such huge hierarchy. If the size distribution
universes is maximum for relatively small values ofR, say
the GUT scale or smaller, then the typical universe has
large disparity of scales. Only the large, rare, universes
ours enjoy that property as a consequence of the assu
scaling behavior of parameters~which of course must even
tually be explained!.

~2! Why is the fine-structure constant 1/137 so small?
The answer to this famous old question is the same

above: in small universesa is not small; only in large ones
like ours is it small. There are corollaries which are answe
in the same way. The most immediate is the more mod
version of the above question: why are the gauge coup
constants at the GUT unification scale so small? And dire
related to this question is why the QCD scaleLQCD is so
small relative to the GUT scale. All these questions are
swered in the same way: because we live in a very la
universe.

~3! Why is our universe so large?
This is the obvious follow-up question to the previo

ones. And the answer to this is weakly anthropic: our u
verse is large because we inhabit it. The discussions in
previous sections show it could not be otherwise, given
scaling assumptions underlying this note.

But in addition to these questions, there is the most
portant one, which remains without much of an answer:

~4! Why should the assumed ‘‘fixed-point’’ scaling beha
ior be true?

One response is that it~Fig. 2! looks just as credible as th
conventional-wisdom alternative~Fig. 1!—which in itself
sheds no light on the above questions. But at best this
sponse is highly subjective and leaves much to be desired
give a more satisfactory reply would be to relate the scal
behavior to the microscopic theory. This has not been do
But there are some interesting guidelines which the assu
behavior suggests. One concerns the limit of the stand
model for infiniteR. In that limit all dimensionless coupling
constants vanish, and the standard model becomes trivia@2#.
In other words, the presence of nontrivial interactions of
particles with each other depends upon the existence
nonvanishing cosmological constant. In the emerge

ior,
8-15
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JAMES D. BJORKEN PHYSICAL REVIEW D67, 043508 ~2003!
‘‘gravastar’’ scenario, this states that the standard-model
teractions are present only because of the presence of th
Sitter horizon, in the neighborhood of which exists ne
beyond-the-standard-model physics. It is as if all t
standard-model forces are in some sense Casimir effe
However, the standard kind of Casimir effect, which depe
upon the size of the system as an inverse power, will no
the trick. There are terms in the standard-model action, s
as the Higgs boson mass term and the cosmological-con
term itself, which do have the typical behavior. But most
them, after appropriate rescaling of fields, depend only lo
rithmically upon the size parameterR. To see this, write
schematically the standard model Lagrangian as

L5F21c̄D” c1~Df!21gc̄cf1g2f42mMf2 ~60!

where the first three terms are gauge, fermion, and Hi
kinetic energy terms, and the last terms are Yukawa coupl
quartic Higgs boson coupling, and Higgs boson mass te
respectively.3 The covariant derivative is

D5]2gA ~61!

andg is a generic label for gauge or Higgs coupling; we ta
l;g2 because the assumedR dependence is then universa
Under the rescalings

A5g21A> , c5g21c> , f5g21f> , D> 5]2A> ~62!

we find

L5g22$F> 21c>̄ D> c> 1~D> f> !21c>̄ c> f> 1f> 42mMf> 2%

;~ logMR!L> . ~63!

The action is

S5
1

\E d4x L5
1

\~R!
E d4xL> ~64!

with

\~R!;
1

~ ln MR!
. ~65!

The entire Lagrangian density gets multiplied by a fac
ln MplR, as if the Planck constant itself is scale depende
vanishing in the limit of infiniteR.

We have not considered in this paper such a possibi
and have in fact essentially set the Planck constant, the s
of light, and the Planck mass to unity, not allowing them
vary with R. As long as the universes in the multiverse a
causally disconnected from each other, this can be defen

3We here conjecture, as in our previous note@2#, that the Higgs
boson mass is the geometric mean of the cosmological and Pl
or GUT scales.
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as no more than a convention in the choice of units@24#.
However, if there is a connection between the univers
such as in the nested-black-hole scenario, then it is no lon
obvious that this is a safe assumption. Relaxation of such
assumption might in fact lead to additional insight. Howev
exploration of this possibility is beyond the scope of th
work.

In addition to the questions above, for which our approa
might provide some insight, there are others for which o
present lack of understanding is highlighted, and which n
better answers in order to sharpen the consequences o
scaling assumptions which we have made. These includ

~5! What is the mechanism by which the electron and
light quarks get their mass?

This is often viewed as a minor detail in the grand sche
of standard model problems. But in the context of this pap
the lack of understanding of the origin of light quark an
lepton masses is translated into relatively great uncertaint
the understanding of the relationship of our universe to ot
universes of different size.

~6! What is the nature of the dark matter?
~7! What is the origin of the baryon asymmetry, and wh

determines its magnitude ofh53310210?
~8! Why is the value of the primordial density fluctuatio

(dr/r)0 equal to231025?
These three cosmological questions are hardly novel@25#;

they are evidently crucial to better understanding the prop
ties of the ensemble of universes we consider. Perhaps
only novelty is that we omit~here! the question of the
‘‘small’’ cosmological constant, usually added to the abo
list.

It is also worth noting that, while the flatness proble
~why V51) and the scale-invariant spectrum of primord
fluctuations represent something of a triumph for the idea
inflation, there remains no good answer to the eighth qu
tion: themagnitudeof the primordial fluctuation spectrum i
simply fit to the data, and not understood at all from mo
fundamental considerations. And, as discussed at the en
the previous section, it is possible that these parame
should be considered as independent characterization
members of the ensemble of universes, i.e. as initial con
tions not strongly dependent upon the size parameterR.

Finally, there are the lessons, if any, which are learn
from this exercise that may be applied to the hypothesis
emergence. The idea of emergence provides some motiva
for the scaling behavior assumed from the beginning of t
paper. But it has many daunting problems associated wit

~1! Why are violations of Lorentz covariance so small?
Condensed-matter analogs of emergence suggest in

eral that symmetries such as Lorentz covariance are just
energy approximations. At high enough energies deviati
are to be expected. But experiment severely limits such
viations. For example, noncovariant corrections to cha
renormalization, an ultraviolet-sensitive quantity, are limit
@26# to less than one part in 1031. This comprises a stagger
ingly restrictive constraint. It would seem essential that th
be a very small parameter which characterizes the violatio
And the scaling behavior of parameters studied here sugg
that a necessary~but far from sufficient! condition for the
ck
8-16
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COSMOLOGY AND THE STANDARD MODEL PHYSICAL REVIEW D67, 043508 ~2003!
Lorentz-violating terms in the Lagrangian is that they sc
as inverse powers of the radiusR of the universe. If this is so
then very small universes exhibit very little symmetry, wh
the very large ones like our own exhibit Lorentz symmet
etc., with very small corrections.

~2! What is the structure of event horizons?
In the nested black hole, or ‘‘gravastar’’ scenario, there

‘‘new physics’’ at horizons. This is endemic in th
condensed-matter analogues@10#. And in our picture,
standard-model parameters~including the cosmological con
stant! are discontinuous across horizons, indicating tha
the surface of discontinuity conventional-physics desc
tions of what is going on are incomplete. There also app
to be violations of the weak energy conditions of classi
general relativity@27#. One manifestation of this appears
be that there are large classes of null geodesics~in particular
those which have nontrivial transverse motion! which are
‘‘bound’’ to the horizon. There is a nontrivial problem he
of providing a consistent description.

In addition, if our universe is to be regarded as the
Sitter interior of a gravastar, then there must be in our u
verse preferred comoving observers, presumably not
selves, with respect to which there is the ‘‘physical’’ horizo
associated with our black-hole interior. It then becomes
interesting question as to where we should regard ourse
relative to these central observers: how far away are t
and in what direction? Might there be observational iss
associated with this preferred center of our universe? W
these are quite interesting questions, they also lie beyond
scope of this paper.

~3! How are gravastars formed?
If the gravastar picture is in fact viable, then there must

a time evolution of the ‘‘new physics’’ which is associate
with the horizon. But for large black holes, it is hard to fin
an intrinsic, local parameter associated with the horizon,
cause classically it can be regarded as an artifact assoc
with a choice of coordinate systems. In the emergence
nario, general covariance is only a low energy approxim
tion. This implies that the description of gravastar formati
will require a ‘‘best’’ choice of coordinates. What should b
chosen?

This is only one of the difficult issues involving gravast
formation. Another involves rotation: no ‘‘eternal rotatin
gravastar’’ generalization of the nonrotating case has b
,
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found.4 In nested-black hole cosmologies, it is necessary t
all the black-hole universes~including ours! are character-
ized by a value of spin as well as mass. This is not onl
complication, but also an opportunity for linking standa
model discrete symmetry violations, in particularCP, to the
existence of a spin axis for the new physics at the de S
horizon—physics which presumably controls the nontriv
interaction features of the standard model.

On the more positive side, some insight on the history
gravastar formation might be gleaned by comparing the
mation of a daughter black hole with the formation of o
own parent universe. The characteristic time for the form
tion of the daughter can be easily taken to be at the very l
many millions of years, a time scale much larger than
size of the gravastar. If we assume the same for our pa
universe, it follows that the formation time for our univers
should be considered to be much larger than the size pa
eter R—in other words orders of magnitude larger th
1010 yr @28#. This might imply that the formation time of the
‘‘new physics’’ on the de Sitter horizon likewise is long com
pared to 1010 yr. Some kind of cosmological ‘‘bounce’’ sce
nario @29# might have the best chance of providing a co
crete implementation of this inference.

~4! What is the microscopic physics underlying the em
gence scenario?

This question remains unanswered. Necessary condit
are that the gauge bosons of the standard model, as we
the graviton, should be considered collective modes of
presumed ‘‘quantum liquid’’ vacuum. They quite likel
should be all considered Goldstone modes@2,30# associated
with various kinds of spontaneous symmetry breakdow
The pattern of internal symmetries, especially in the ferm
representations, must be an essential clue.

Finding the answer to this last question may well affo
the best chance of turning the very speculative materia
this note into something considerably more concrete.
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