*ﬂ e Ferml [}l.a‘ti h'él.Acc:é'le'fator Laboratory

g

Ly

Fermilab-PUB-91/324-A
November 1991

o
|
|
Late Time Cosmological Phase Transitions I: 2
Particle Physics Models and Cosmic Evolution E
. | rc':
JN—Z0—CEL |z
Joshua A. Frieman!
Christopher T. Hill! ¢ 729 7
{ insl? '
Richard Watkins | ,”/, 4/ ;L
1Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois, 60510 2
. Q
i o =
" 2Enrico Fermi Institute 2
[%2]
Department of Astronomy and Astrophysics o
The University of Chicago |
5640 South Ellis Avenue, Chicago, IL, 60637 -
» [S%}
b
3
Abstract
_ ~
We describe a natural particle physics basis for late-time phase transitions in the Uni- | &
. o
verse. Such a transition can seed the formation of large scale structure while leaving a | =
minimal imprint upon the microwave background anisotropy. The key ingredient is an é
ultra-light pseudo-Nambu-Goldstone boson with an astronomically large (O(kpe-Mpe)) | !,
Compton wavelength. We analyze the cosmological signatures of and constraints upon 2
a wide class of scenarios which do not involve domain walls. In addition to seeding C

structure, coherent ultra-light bosons may also provide unclustered dark matter in a
spatially flat universe, 24 =~ 1.
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I. Introduction

In a few remarkable instances, modern particle physics theory has predicted the ex-
istence of new phenomena on macroscopic distance scales. One well-known example
* is the axion, a hypothetical pseudo-Nambu Goldstone boson (pNGB) associated with
the Peccei-Quinn symmetry, introduced to solve the strong CP problem.! Axions arise
when a global U(1)pq symmetry is spontaneously broken by the- vacuum expectation
value of a complex scalar at the scale f,, (B) = f,e?*/f+; at this scale, the axion, the
angular field a around the infinitely degenerate minimﬁm of the potential, is a mass-
less Nambu-Goldstone boson. QCD instantons explicitly break the global symmetry
at the scale fx ~ 100 Mgv, generating the axion mass, mq ~ O(my fr/fa). Since its
couplings and mass are suppressed by inverse pov‘vers; of f,, the axion is very light and
very weakly interacting. N evertheless, it can play an important role in astrophysics and
B cosp;ology; igdeed, astrophysical and cosmological arguments constrain the global sym- -
" thetry breaking scale t6 lic ia'a narrow window around f, ~ 10° — 1012 GeV. Thus, the
axion mass m, ~ 107%eV(10'2GeV/f,), and its Compton wavelength is macroscopic,
Aa ~ (faf 1022GeV) cm. Although motivated by the strong CP problem, the axion
is a particular instance of a more general phenomenon, a;nd it portends an important
lesson: the physical world may contain many new phenomena in the far infrared which
are not directly accessible in the laboratory, but which may play an important role in
the development of the early Universe. |
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Axions may be generalized to include familons and majorons,? as well as more exotic

objects3. Recently, a class of pNGBs closely related to familons (called ‘schizons’), with
masses of order my ~ mzfermion / f, has been analyzed in some detail?. If one associates
M fermion With a hypothetical neutrino mass, m, ~ 0.01-1 eV, and f ~ Mgur — My ~
10!5 —10'® GeV, one arrives at a cosmologically interesting scale for the boson Compton

wavelength, Ay ~ f/m? ~ kiloparsecs — Megaparsecs. This naturally leads to the idea

of a “late time phase transition (LTPT),” i.e., a vacuum rearrangement occuring at the
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very low temperature T, ~ m,, which may generate structure on a correspondingly large
scale.® If it occurs after decoupling of the cosmic background radiation at Ty, ~ 0.3
eV, such a late transition opens the possibility of forming large-scale structure without
imprinting an excessive angular anisotropy éT'/T on the 3° K microwave background. It
was originally proposed. that “soft” domain walls, with thickness of order mgl ~ f/m2,
would form in the discrete symmetry breaking at T. ~ m, and generate non-linear
density fluctuations, while (it was hoped) avoiding direct imprinting of the walls upon
the background radiation.®

The idea of a late time phase transition is, we believe, more general than the par-
ticular realizations that have Been-suggested. However, it is in need of specific detailed
models and further theoretical refinement before it can be assessed and tested. Pre-
liminary numerical analysis has suggested that soft domain walls of ultra-light pNGB’s
may remain potentially problematic, since it. has been argued that at least one large
.wé;li'»-ulti-rdt;él:yihé:-:teﬁds- 'a;crosé-dufi Hubble i'olﬂrhes, leading to unacceptably large mi-
crowave background fluctuations”. It is unclear, however, whether these simulations are
ultimately definitive; they do not necessarily have the resolution to see the formation of

* which Widrow and others have argued may

small structures, such as “vacuum bags,’
provide an attractive mechanism for the formation of accretion centers.® Moreover, it is
conceivable that one might still arrive at a viable soft-domain wall scenario with suit-
able modifications, e.g., if the walls are subject to strong friction due to the surrounding
medium, or if they divide regions of differing neutrino mass®. In this paper, we will not
consider domain wall scenarios further.

Recently, Press, Ryden, and Spergel (PRS) have considered an alternative possi-
bility of a second-order late time phase transition and its consequences for large-scale
structure,!® without invdking domain walls. In their model, non-linear fluctuations in

an evolving soft boson field directly generate large-scale structure (and voids) on scales

~ 30h~1 Mpc. In addition, the coherent oscillations of the field provide dark matter
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with critical density, Q¢ = 1. The soft bosons are non-relativistic, but their’ Compfon
wavelength is so large that they do not cluster on galaxy or cluster scales, in agree-
ment with the fact that the inferred density of matter clustered on these scales is only
2 ~ 0.1 — 0.2. In this model, the dark matter in galaxies and clusters is thus purely
baryonic; this is marginally consistent with limits on the baryon density €, from big
bang nucleosynthesis. If viable, this scenario is attractive, since it brings together a
variety of cosmological problems and solves them in one model. Yet, an important issue
is whether such a model is reasonable from the viewpoint of particle physics.

Our only rational guideline in thinking about ultra-low mass particles is the principle
of “Naturalness.” This is a well-defined operational principle in theoretical elementary
particle physics, first stated by ‘t Hooft!!. In this regard, small mass scales must be
“protected” by symmetries, such that when the small masses are set to zero they cannot
be generated in any order of perturbation theory, owing to the restrictive symmetry.
We will ‘not e;n'te: Eeré in‘tL; :a‘:genera.l or cdmpiete dié;uésion of this mechanism, and how
to insure its implementation, since the literature of particle theory is infused with this
principle (see eg., refs. (4, 12) for a more lengthy discussion of naturalness in the Schizon
models and in thermal physics of soft—bosons).‘ In its stroﬁgest form, the principle of |
naturalness requires that small mass scales (or large hierarchies) must appear as a
consequence of some plausible mechanism (in addition to being protected once they
- appear). While the cosmological implications depend upon dyna.micé and are generally
insensitive to whether or not a given model Lagrangian has been fine~tuned, the form
of a.ny given low-energy effective Lagrangian, and its finite temperature corrections??,
will be strongly influenced by the symmetries of the interactions of the full theory. Let
us summarize the constraint of naturalness in the present context.

As mentioned above, there can exist a general class of pNGBs (“schizons”*), with

masses m, ~ m?em"-m /fs, where the decay constant f, is naturally associated with



the GUT or Planck scale, f, ~ 103 — 10!® GeV. Here, the small schizon mass is pro-
tected by fermionic chiral symmetries or additional discrete symmetries and is therefore
technically natural. That is, when certain fermion mass terms are set to zero in the
Lagrangian, the schizon mass goes to zero; the fermion mass terms will not be generated
in any order of perturbation theory. Familons or schizons are really not significantly
less compelling than axions; indeed, if one accepts the existence of axions, then it would -
seem undemocratic of nature not to supply pNGB brethren such as familons or schizons.

From this perspective, the “soft boson” model of PRS, while cosmologically inter-
esting, is highly unnatural. The Lagrangian is that of a self-interacting complex scalar
field, with potential V(¢f¢) = A(«,bfqb — v?)? and the scale v ~ 10'7 GeV. The mass
term for the scalar field, my = 2X!/2v, is fine-tuned to be of order my ~ 2 x 10728
eV =~ (30 kpe)~!, by fixing the self-coupling constant to be A ~ 10-108, Moreover,
the ﬁeld‘is assumed to have normal strength interactions with other particles. In any
' .Qu@tﬁh: ﬁel&-theofétié version. of the'mo;iel,, these. interactions would lead to an un-
controllable quadratic divergence‘ of the mass term (and a logarithmic divergence of the
self-coupling). Thus, to maintain the small mass term one must fine-tune the theory in
each order of perturbation theory. Also, even if one is willing to accept the unnatural
fine-tuning of the Lagrangian, the initial condition imposed-on the field, ¢, /v < 1073
is ad hoc and fine-tuned. Nevertheless, given the intleresting cosmological consequences
of the PRS scenario, we feel it is worth pursuing more plausible particle physics models
which can incorporate its attractive features.

Thus, in this paper we attempt to “naturalize” and amplify the proposal of a late
time phase transition. We will largely dispense with domain walls and instead follow
the route of PRS without, however, invoking unnatural fine-tunings of parameters or
of initial conditions. In Sec. II, we exploit the aforementioned properties of pNGBs to
construct a class of well-defined LTPT models which are acceptable from the point of

view of naturalness. In Sec. III, we abstract the general features of these models and
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discuss the resulting cosmological scenarios in detail. We follow with the conclusion,
in which we also speculate on other possible consequences of an ultra-light pNGB field
which became dynamical at recent epochs. In the second paper of this series (hereafter,
paper II), we study structure formation arising from the dynamics of a light pNGB field
under a wider variety of initial conditions, and we explore concomitant constraints from

the microwave background anisotropy.

II. Models

Above, we argued Athat an ultralight boson mass scale naturally arises only in models
which implement symmetries in an appropriate way. In this section, we review two
classes of toy models with the desired properties: neutrino schizon models and a hidden
axion model. .

o :"Cfonsiaér first the low en;:rgy effective La.g‘ra.ngian‘ which contains a neutrino field v:
L= %a“¢au¢ + DLiyk8,vL + PRiv*8,vR + moLvre™®f + h.c. (2.1)

where (g, L;) are respectively right— and left-handed projections, v(g 1) = (1 £ v°)v/2. -
The term proportional to mg can arise from a Yukawa coupling gizvp® + h.c., where
the complex scalar field & has a non-zero vacuum expectation value, (&) = fe'%/f//2,
and mg = gf/v/2. This is a familiar chiral Lagrangian, possessing the continuous chiral
symmetry:

vL — e%ur; vR — e %up; ¢ — o+ 2af (2.2)

Such a theory has several important and well-known properties: (1) it can be embedded

in a fully renormalizable theory in which a U(1)-invariant complex field develops a

vacuum expectation value, (®) = f, and ¢ is then the residual Nambu-Goldstone boson;

. (2) L is itself renormalizable for a small cut—off A, up to suppressedv counterterms of

order A/ f; (3) ¢ will be identically massless unless terms are introduced which explicitly
6



break the chiral symmetry; (4) ¢ satisfies “Adlér decoupling,” i.e., we may rei)lace v
everywhere by v':

vy, = VLe""#/zf; vh = vpe#/2f, (23)
and we thus see that ¢ disappears in the mass term but couples derivatively to the neu-
trino as 0#¢v'y5y,v'/ f. Therefore, for small $ momentum g, ¢ emission or absorption
amplitudes will tend to zero. As a consequence of this decoupling theorem, ¢ will not
mediate a long range 1/r? force (we note, however, that the decoupling theorem can be
violated when the symmetry is broken by a chirally non-invariant mass term).

Let us now consider explicitly breaking the symmetry. To the Lagrangian of (2.1)
we may add a small mass term of unknown origin. Usually this comes from some deeper
symmetry breaking in the theory which breaks the continuous U(1) down to a discrete
subgroup Zy. For example, let us break U(1) — Z,. This implies that § — ¢ + nrf
remains an invariance. So we now have:

f

The physical mass of ¢ is determined by shifting ¢ to a local minimum and then ex-

L' =L+ x*cos (% + 0) (2.4)

panding the cosine to quadratic order in ¢. We obtain:
my = 26%/f (2.5) .
and the quartic interaction term A¢*/4!, where
A =16x*/f1. (2.6)

The limit x — 0 is the symmetry limit of the theory in which we recover the full
continuous U(1) chiral symmetry. Therefore, x can be naturally small in the technical
sense; radiative corrections from the full theory, or even for the effective theor.y, -wil-l only
multiplicatively renormalize x, since when x = 0 the symmetry prevents these effects
from generating a nonzero x (hence, small kp4,e produces a small Krenormalized X Kbare
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in perturbation theory). Of course, as we stated above, the mass term comes from some
deeper structure in the theory, and when we take the symmetry limit we kpow that this
deeper symmetry breaking structure has also gone to its symmetry limit. However, just
adding the mass term for ¢ has one special property: it breaks the symmetry only in
the mass term of ¢ and the decoupling theorem will séill hold.

What kind of deeper structure might give rise to such a mass term for ¢? In the case
of QCD, the proton and neutron are analogues of the v field and the pion is the analogue
of @. The deeper structure that breaks the chiral symmetry there is the presence of light
quark masses, which are not chirally invariant. This leads to the nonzero pion mass, and
a small non—chirally invariant contribution to the nucleon mass (the o term). We can
make an analogy to this situation in the present case by adding an explicit neutrino mass
term to the Lagrangian that breaks the chira.l symmetry. The low energy Lagrangian
then bcgox_nes':

1

. é (2.7)
+ (mol'/LuRe"Mf + eoLvRr + h.c.) + k4 cos (? + 0)

Notice that the U(1) symmetry is now bfoken here to the trivial center by the neutrino
-mass terms as well as the cosine term, and therefore only the residual discrete symmetry
¢ — ¢+ 2n7f remains as an invarian;:e. (As a consequence, the argument of the pNGB
potential is now ¢/ f instead of 2¢/f.) |

Now, if £ — 0 we must also set € — 0 to recover the true symmetry limit. However,

a nonzero x will always be induced at one loop by the presence of a nonzero € and mg.4

With a cutoff A < f, we find the induced term:

moeA?

Ll—loop =_—8-7;2_—

cos(4/£) o (2.)

We can freely view this as the origin of the scale x? ~ ,/mgeA. Thus far, this is a

neutrino version of the schizon model of Hill and Ross*. We note, however, that we
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have ignored the possible effects of CP-violation which can lead to induced Yukawa
couplings of ¢ to Jv, and thus to new long-range forces between neutrinos of quasi-
gra.vitationa.l strength*13; a more general model should allow for a CP-phase on the €
term as discussed below.

In this theory we see that the induced scalar mass will be of order:
md ~ moe(A?/f2) ~ mqe. (2.9)

The mass for ¢ can now be technically naturally small since we can tune the symme-
try breaking parameter € to be arbitrarily tinylfor large my; e.g., the observed neutrino
mass is m, ~ mg ~ 1 eV while my ~ (100 Mpc)~! if e ~ 107% eV. The symmetry
guarantees that radiative corrections will not change this resulf.

This theory will generally have a late-time phase transition at a temperature of order
the neutnno mass, T ~ mo ~ 1 eV.12 However, having to input the small parameter ¢

is still not completeiy satxsfactory Preferable i is a. scheme in which the scale of ~ 100
Mega.pa.rsec is generated by a strongly natural mechanism that involves only the putative
scales of particle physics, such as m, ~ 1 eV and Mgyr or Mpianck, in concert ‘with
some additional symmetry principle. -

In the Lagrangian of eqn.(2.7), we observed the appearance of a (“large”) quadrati-
cally divergent contribution to the induced mass of ¢, eq.(2.8). Can we somehow reduce
the degree of divergence of this induced term? Yes, in fact residual symmetries can
readily control this. Consider first the following schizon Lagrangian invariant under a

residual Z; discrete symmetry:

1
L ==8,¢68*¢ + iy 8, v + xiv*0
27 * WY XEYTORX (2.10)
+ (mo + ee‘¢/f+p)17LuR + (mqo — ee‘¢/f+ﬁ);2LXR + h.c.
where the allowed CP-violating phase, 3, is arbitrary. The continuous U(1) chiral

symmetry is broken down to a residual Z; discrete symmetry:

vox;. x—ov  $—od+nf (2.11)
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If one now computes the induced ¢ mass term, one observes that the A? term of eqn.(2.8)

cancels. The leading contribution is now only log-divergent:

mg €2

L1-toop ~ 2 3 In(A?/m?) cos(2¢/ f + 20) . (2.12)

The ¢ mass scale that is now induced is of order
me ~moe€/ f. (2.13)

In this case, if € ~ mg ~ m,, we retrieve the desired result that my ~ m2/f, so that an
ultralight schizon emerges without inputting a tiny mass scale.

These models can be easily generalized to further soften the contribution of fermion
loops and eliminate the cut—off dependence in the induced ¢ mass altogether. Consider

the Zy-invariant chiral theory of N neutrinos,

-1
E = —8“¢8"¢ + Z V,z‘y“Buu, + (mo + ee‘(¢/f+2"’/N)) v LVJR +h.c. (2.14)

(Hereafter, we suppress possible CP-violating phases ﬁ.) The U(1) chiral symmetry is

broken to a residual Z) discrete symmetry:

Vi = Vip1; VUN-1—V; ¢ P+ 27r_7f/N . (2.15)

The 1-loop correction is now

N-1 M4 . Az - A
.Zlemzl I/_T?' ’ (2.16)
j=0 J
where

2my

MJ"-‘ =m? + € + 2mopecos (? + —]T) . (2.17)

This respects the discrete symmetry. For N > 2, the sum X; M 4 is 1ndependent of ¢;

thus, the ¢-dependent term is mdependent of the cutoff A, and for N > 2 we can write

M4
Ve =2 g
j

10

(2.18)



In this case, the ¢-potential is explicitly calculable.

In addition to neutrino schizons, one can readily envisage other candidates for “natu-
ral” low mass elementary particles. For example, consider!? a hidden, unbroken SU(2)
gauge theory (“quasicolor”) containing n/; massless fermion flavors (“quasi-quarks”),
which unifies with SU(3). at a scale Mgy7. By the usual renormalization group, this
new force will become confining at an energy scale

Agcp
Mgur

(33—-2n;)/(22-2n})
) y (2.19)

Asyz) ~ Mgur (
Taking Mgur ~ 10'7 GeV, ny = 6, n} = 4, and using Agcp =~ 0.1 GeV, we obtain
Asu(z) = 0.1 eV. If the “quasi-quarks” are massless, then this theory will contain ‘ma.ss-
less quasi-pions, some diquark “quasi-baryons” with masses of order 2A sy (2), and ‘an
a.na.logﬁe of the n' with a mass of order Asy(z) (due to macroscopic instanton effects).
These are all “quasi-hadron” boundstates on the scale of Asy(s), and all of the phe-
nomena w111 be natural in the éivz‘r-ong“ sense. A quasi-hadronic phase transition would : '
occur when the Universe has a tezﬁperature T =~ Asy(a), i-e., at a redshift z ~ 400. If
such a phase transition occurred within the hidden sector of a unified theory, e.g., if
the SU(2) is the tow energy remnant of the hidden E4 of superstring models, we would
only know of its existence through the gravitational effects that it produces. If the
0 parameter of the SU(2) theory becomes associated with a dynamical field through
a Peccei-Quinn-like mechanism, i.e., via an anomalous global symmetry with sponta-
neous symmetry breaking scale fg,, the resulting pNGB, the ‘quaxion’, will obtain a
mass Mgq = AzsU(z)/fqa- For fya ~ Mgur ~ 10'7 GeV, we again find mgs ~ 10728 eV,
with a Compton wavelength of order 30 kpc.
It is also possible that such cosine potentials can be generated nonperturbatively in
a theory if the associated symmetry has an anomalous current; this happens in QCD
where instantons nonperturbatively generate a large ' mass, or a nonvanishing axion

mass, through the axial U(1) anomaly. In the present context the prefactor of the
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cosine potential might be the large scale A* ~ f* multiplied by an extra “tunneling
suppression” factor of order exp(—8w/a), yielding a very small mass for the pN GB.
The application of ideas ﬁke this to soft-boson models has been suggested by Ovrut
and Thomas!®; this may ultimately be a very appealing way of generating soft—boson
mass scales.

To study phase transitions in these models, we need to know their behavior at fi-
nite temperature T'.12 For the neutrino schizon models, this involves integrating over
a thermal Fermi-Dirac distribution of neutrinos to get the one-loop finite temperatﬁre
effective potential V(¢). There are two subtleties here: first, one is interested in study-
ing effects at T ~ m, ~ eV, yet the light neutrinos freeze out of thermal equilibrium
at Tr ~ 1 MeV. Although the neutrinos are no longer in thermal equilibrium, their
distribution function retains the form of a redshifted thermal distribution éo long as
they are sezm-rela.tnnstxc (Thls d1stnbut1on is cha.ra.ctenzed by an effective temper-
" ature Tc 1t _‘Tpa(t p) / a.(t), where a(t) is the cosm1c scale factor; one thus computes
Vr,,;(#).) Second, the reactions that keep ¢ in thermal equilibrium have rates of order
T ~ T3/f3. The field will be in thermal equilibrium if this rate is larger than thé Hubble
expa.ns-ion rate H, where, for a radiation-dominated universe, H ~ T?/Mpianck- Thus,
the condition that ¢ be in equilibrium, I' 2 H, corresponds to T 2 f2 /Mp;a,,ck. Hence,
for f ~ Mgur, ¢ decouples thermally very early. However, we emphasize that this
does not invalidate use of the effective potential. In the neutrino—schizon models, one
computes the temperature corrections by calculating the value of operators to which ¢
couples, such as v, in the appropriate density matrix for the neutrinos. We emphasize
that this is a coh.erent or classical field treatment of ¢ and v, corresponding to a clas-
sical limit of quantum mechanics, and it is not invalidated by the small reaction rates

for ¢ particles to scatter incoherently off of a given v excitation!®
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The relevant temperature corrections have been calculated for the Zn neutrino

schizon models in ref. 12. In the high temperature limit, T > my, the result is

ME(8) (M;(¢))

AVT(¢)=Z S| =5 (2.20)

j
Comparison with eqn.(2.18) shows that, for the Z; model, the coefﬁcient of the cosine
potential changes sign at a critical temperature T ~ (mg % €): the schizon undergoes a |
second order phase transition at a temperature comparable to the neutrino mass. If the
zero-temperature minimum of the potential is at ¢/ f = 7, with maxima at ¢/f = 0, 2,
then at temperatures T 2 m,, ¢/f = 7 becomes a local maximum of the potential,
and the zero-temperature maxima become minima. This is illustrated in Fig. 1. On
the other hand, for the N > 2 models, because of the ¢-independence of the expression
) p M;, in the sum of the vacuum contribution of eq.(2.18) and the finite temperature
. contributiong of 'gg,(Z..ZO)' the ¢ dependence-cancels at T > my. In this case, the ¢
" ﬁotenfi;i .b.eéo;e.s-’asyﬁ;)toticm}.‘ﬁat“a;é the tenﬁineraturé is raised, as shown in Fig.2.
As a result, the transition at T ~ m, in this case is analogous to the transition for
an axion potential arising from QCD instantons at T ~ Aqcp in which the axion
mass turns on. Note that this is also thé expected finite temperature behavior for the
hidden SU(2) quaxion model outlined above. There is, however, a qualitative difference
between the Zns3 and quaxion models: for the schizon models, the potential turns
off only logarithmically a.# the temperature is raised, while for quaxions the instanton-
induced potential is suppressed roughly as an inverse power of the temperature. For
axion models, it is well known that the temperature dependencé of the mass plays an
important role in determining the cosmological bound on f due to the density of coherent
axion oscillations. For‘ the schizon models, however, this temperature dependence is
small: when the schizon starts oscillating, its mass differs only logarithmically from its
zero temperature value. The cosmological implications of these different behaviors will

be discussed in the next section.
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In the model of Ovrut and Thomas!3, it appears that there is no temperature
dependence of the potential for T < f; in this case, the “phase transition” will simply
involve the ‘unfreezing’ of the boson field when the Hubble expansion parameter becomes
of order the ¢~mass. If, however, the tunneling effects which generate the potential are
associated with a mass scale M, then we would generally expect the potential to turn

on as a power of temperature at T ~ M, as in the (qu)axion model.

IIL. Cosmology and Late Time Phase Transitions

Having discussed a variety of underlying particle physics models for late phase transi-
tions, we now turn to their cosmological implications. We will examine consequences
that are relatively insensitive to the details of particular models. Thus, we assume the
existence of a generic pNGB with a phenomenological Lagrangian given as a function
|- of tempersture: - - D
| | LongB = % L $0" % + Vr(¢) , (3.1a)

where the ﬁnite-temperatu;e} potential is
Vr($) = p*(2 + e(T)eos(8/£) — 11) . (3.18)

Here, ¢ is a real pNGB scalar field, f is the scale of global spontaneous symmetry
breaking, assumed to be of order the grand unification or Planck scale, f ~ 1015 — 10!?
* GeV, and u is an explicit symmetry breaking scale associated, e.g., with a light neutrino
mass or a hidden strong interaction scale, taken to be of order 10~2—1.0 V. By suitable
rescaling of u we can set ¢(T" = 0) = 1, and we have inserted a éonst;mt term in the
potential to insure a vanishing cosmological constant in the usual way.

From the discussion of particle physiés models in Section II, we extract three broad

classes of models for the temperature-dependence of the potential:
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IL.

III.

Models in which ¢(T') ~ 0 at high temperatures, T > T. ~ u, and the potential
turns on approximately logarithmically at ; critical temperature T' ~ T, ~ u; for
these models, ¢(T') ~ 1 for T < Tc. The Zn schizon models with N > 2 are in this
category.

Models in which ¢(T) is a slowly varying function of temperature that changes sign
at a critical temperature T, ~ p, defined by ¢(T,) = 0; for example, in the Z;
schizon model, ¢(T') ~ In(T./T), where T. ~ p ~ m,. For models of this type, the

Universe goe-é-through a second-order phase transition at the critical temperature

T.. For T # T., we will generally assume |c¢(T)| ~ 1.

Models in which ¢(T') ~ 0 for ﬁigh temperatures, T > T, and the potential turns on
roughly as a power law in temperature near a critical temperature, ¢(T) ~ (T./T)",
n ~ a few (for T R T.). For these models, ¢(T') ~ 1 for T < T.. For example,
the quaxion model, whe:re the instanton-induced potential is suppressed at high
,ié;nj;ei'atdre, 'is 'o;.' tlus type S ) | '

We will not explicitly consider a fourth logical possibility, that ¢(T') is constant

for all T, as in the Ovrut-Thomas model with a high energy tunneling scale. This

possibility is implicitly included in some of the cases discussed below.

Abstracting from the models of the preceding section, we generally expect the critical

temperature to be of order the explicit breaking scale, T, ~ u; we will define

§=Tc/u=0(1) (3.4)

as a third parameter of the model, which is naturally of order unity. We note that, in

some cases, the potential term in eqn.(3.1) may actually be absent until the Universe

cools to the electroweak symmetry breaking scale, T ~ 100 GeV. Indeed, in the schizon

models this is necessarily so since the potential term arises from quark or lepton masses,

which do not appear until electroweak breaking.
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With the generic tempéta.ture-dependence of the potential in hand, we now discuss
the cosmological evolution of the scalar field in broad outline. We focus here upon the
spatially homogeneous, zero-momentum mode of the field, ¢—5(t) = (¢(Z,t)), where the
brackets here denote spatial averaging. In paper II, we study the evolution of spatial
fluctuations in the field; here, we are implicitly assuming that these fluctuations do not
strongly perturb the zero mode. This is certainly the case if the fluctuation amplitude is
. small compared to ¢ as would be expected, e.g., after inflation if the reheat temperature
Tru < f: in this case, aside from inflation-induced quantum fluctuations, the field will
be homogeneous over many present Hubble volumes. On the other hand, if inflation
did not take place, or if Try > f so that the global symmetry is broken again after
inflation, we generically expect large spatial gradients (“Kibble gradients”) in the field
due to the fact that ¢/f is uncorrelated on scales larger than the Hubble radius when
the transition at T ~ f occurs. In this case, it may not make sense to talk of a zero-
i ﬁAxomeix.'tumllm.bdé.";; buf‘; at leastm the aBse.rié'e of ﬁght boson producti'on by topological
4defects, the zero-mode treatment does lead to an estimate of the scalar energy denﬁity
which should be accurate in ofder of magnitude, since the (neglected) gradient energy
term is comparable to the potential energy term?®.

We assume that at temperatures f 2 T >> T, ¢ is a classical field expectation

value, ra.ndomly' placed on its potential. The scalar equation of motion is
$+3HG+ —2 =0, (3.5)

where the Hubble parameter is given by H? = (87/3m2;)p for a spatially flat universe.
At these high temperatures, the Compton wavelength of the field is much larger than the
Hubble radius, so the potential term is negligible compared to the Hubble damping term
(¢ is effectively massless). In this limit, the solution is time-independent, $(t) = ¢,

i.e., the field is frozen to its initial value.
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As the temperature drops below T, defined by the point where
|m2(T)| = |d*Vr, /dé? 3=, = 9H*(T}) , (3.6)

the ¢ field becomes free to roll down the potential, modulo Hubble damping. There
will then result spatially coherent oscillations about the potential minimum; once the
amplitude is sufficiently small that the oscillations are approximately harmonic, the
$ stress tensor is that of a nonrelativistic particle (pressureless dust). The coherent ¢
oscillations may currently dominate the mass density of the universe, providing (unclus-
tered) dark matter, but they must satisfy 3¢y < 1. This condition provides a constraint
on the parameter space of f, u, and ¢ (see below). -
We now discuss the cosmic evolution of the scalar field for the three classes of models

in more depth.

. IIL1 MODELTI .

For these models, the potential is flat at high temperatures and turns on rapidly at
the critical temperature T, (see Fig.2). We shall approximate their behavior by letting

c(T)y=0, T>T,
(3.7)
=1, T<T,

The model is described by 3 parameters, f, u, and £ (or T.), and it is useful to define 3
important characteristic temperatures: T, is the critical tempera.turé as defined above
(i.e., when the potential goes from being flat to curved); T, is the temperature, defined
above, when the Hubble damping ceases and the field begins to oscillate in the potential;
and T is the temperature when the energy density of the scalar field begins to dominate
over baryons (if ever). By definition, T, < T..

We will assume that the initial value of the field, ¢, is not extremely close to

the maximum or minimum of the zero-temperature potential. For a typical initial
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value of the field, the potential energy density at the critical temperature is of order
Vr.(#:) ~ p*. It is convenient to define a parameter a which characterizes the ratio of
the scalar energy density to the baryon density,

o(T) = (M)T (3.8)

PB

Thus, the temperature T is defined by a(T4) = 1. Since pp(T.) = QBperit(Te/To)?,

and using T, = £u, we have

pTd 3 M 0.02
= —— = 8, —_— —_— 9
olTe) = g & = &% (eV) <th2 (3.9)

where, in the last equality, we have used the present microwave background temperature,
To = 2.4 x 10~4 eV, and the critical density pcri: = 8.1 x 1071142eV*, We also define .

the ratio

= () (3.10)
oo P Eegr) :

" Thus, the temperature T}, at which the field starts oscillating, is defined by 3(T,) = 1.
It is convenient to divide the discussion of this model into two sub-cases: 1) a(Te) <

1, i.e, p < (£3/8.5)(2ph?/0.02) eV: baryons dominate at T = T. and T. > T4} 2)

a(T.) > 1: ¢ dominates at T,, and T4 > T.. We consider these two cases separately.

II1.1.1 Case 1: ao(T.) <1

Since baryons dominate at T., we must use the baryon density to determine the
expansion rate in the denominator of 8 (eqn.3.10); for a typical field value on the

potential, we have |m%| =~ ut/f? and so

B(T:) = a(T2) (2;';3’;,) | O (a)

For this case, since a(T:) < 1, we have B(T.) < m%,;/24rf2. Again, we subdivide the

possibilities:
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4 la) f > mpi/V24r = 1.4 x 1018GeV: in this case, we are guaranteed to have
B(T.) < 1, so that T, < T.: once the potential ‘turns on’, the field remains frozen
to its initial value for a while, because of Hubble damping. As a result, the scalar
energy density remains approximately constant (instead of redshifting), acting as a
cosmological constant during this phase. Since the baryon density redshifts, the ratio
a(T) grows as a ~ T3, giving us the more general relation 8(T') = a(T)m%,/24r f2, so
that B(T) < a(T). Thus a(T) reaches unity before (T') does: ¢ is frozen to its initial
value unfil after it dominates the energy density, i.e., we have the relation T, > Tg > T..

This can be seen from evaluating

4 1/3
I
Ty =T
wa 0 <QBPcrit>
1/3
_ g \4/3 [ 0.02
=2eV (eV) (Qth

~ while the critical temperature is given by

T pt O\ |
= = ——— 3.13
To (a(Tc)Qchrit) ( )

Thus Ty4/T, = a'/3*(T.) < 1. The evolution of the scalar and baryon densities is shown

(3.12)

schematically in Fig. 3.

Once the temperature drops below Ty, the scalar energy density dominates the
expansion rate, and the expression for §(T) changes. Initially, z;.t T just below Ty, the
field is still frozen a.t.its_ initial value, so the density V(@) ~ u* =~ constant. In this
case, we find (T < T4) = ﬁ:’—'ﬁ. Since f > mp;/+/24w, this implies 8(T < Ty) < 1,
so the field remains approximately frozen. In actuality, however, the field does evolve
toward the minimum, but on a timescale slower than the expansion time H~!. When
B(T) < 1, the field slowly rolls down the potential with a characteristic growth rate
¢ ~ exp(mit/3H) ~ exp(3Ht3). One can think of this as a brief period of slow rollover

quasi-inflation beginﬁing at T' = T4 and ending when the field begins to roll rapidly
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down the potential at T = T).. As we shall see, however, this epoch must be very brief,
so that the universe never enters a full-blown exponential de Sitter inflation.

With a simple approximation, we can analyze the slow rollover epoch: we assume
that the baryon density is negligible compareci to the scalar density at T < T4 and that
the scalar energy density remains constant from T = T down to T' = T, beloﬁr which
it subsequently scales as non-relativistic matter. As a result, we have, at the present
epoch,

QB (BE) ~ (T, /Tq)® = e 3N (3.14)
Qc# Pe /o

where N, = In(T4/T,) is the number of e-folds of the scale factor during the quasi-
inflationary epoch between Ty and T, (note that we are not assuming exponential ex-
pansion duﬁng this phase). Since big bang nucleosynthesis suggests 25 ~ 0.01 — 0.21,
;ve require |

e (1£05)+ -1n(n4,) | (3.15)

| e-folds of qua.sx-mﬂatxon, i.e., the scalar field should slow-roll only for about 1 expansxon
time.

The slow roll-over of a scalar field in a potential of the form (3.1) has been analyzed
recently in the context of a model of inflation!®, and we can apply those results here.
The slow rollover phase ends, and the field begins\oscillating, when the field reaches a .

value ¢ = $,., given implicitly by |V'(¢,)mpi/V ()| = V48, or

sin(¢r/ f) _ 487r.
1+cos(¢,/f) mp

Note that this generally happens while [V"($)[ < 9H?, i.e., slightly before the field

(3.16)

begins oscillating according to our criterion (3(T) = 1) above. For example, for f =
mpi, we have @,/ f = 2.98, while for f = mpi/v/24n, ¢,./f = 1.9. If the field begins (at

T =~ Ty4) at a value $ = ¢;, the number of slow roll e-folds before it begins to oscillate is

o _ 167 f2 sin((};r/zf)
Ne(¢1,0r, f) = m? la I:Sin(<$1/2f)]

(3.17)
Pl
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To achieve N, = 0.5 — 1.5 requires, for example, ¢,/f = 2.63 — 2.82 if f = mp; and
é1/f =017 - 0.79 if f = mp;//24r. Note that these values are only indicative: for
N, ~ 1, the approximation we have adopted that p(¢) > pp is not well justified.

1b) f < mpy/v/24m: In this case, from eqn.(3.11), we have B(T) > a(T), so that ¢
starts to oscillate before it dominates the energy density. Once it begins oscillating, pg
scales like non-relativistic matter, i.e., like pp, so it never dominates the energy density,
ps < pp for all T. (See Fig. 4). In this case, ¢ cannot be the dark matter, but it can
still play an important role in structure formation (see paper II).

For this case, the parameter space ggain naturally splits into two regimes: 1bi) either
the oscillations occur after the phase transition, T < T., which happens if 8(T.) < 1,
or (1bii) the field starts oscillating as soon as the potential turns Aon, T, = T., which

corresponds to B(T.) > 1. From eqns. (3.9) and (3.11), in the first regime (1bi),

Ca< £3eV 24r 2 Qgh®

< T. < T 3.18
B85 mh, 002 ° o STe (318)
and the oscillations begin at the temperature
4,2 1/3 |
K Mmpg ' :
T, =T - . 3.19
- ° (247rf303pc,.'“) (3.19)

The second regime (1bii) corresponds to

247 f2 s/ #\ [ 0.02 '
L < 85 (2\7) o) <1, T

In this case, the ratio of the Hubble radius to the ¢ Compton wavelength when it begins

T, . (3.20)

oscillating is approximately N, ~ §*/*(T,), or

1/2
3mp; w2 [ 0.02
No= ImEL (B (002 G
TS Jamer \eV/)  \aph? (3:21)
which may be substantially larger than one. This is in contrast to the usual case, e.g., for
- the axion, which starts oscillating when N, = my/3H = H~1/3)4 ~ 1. This difference

has important ramifications when we consider structure formation in these models.
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Briefly, in the scenario of ref.(10), the scalar field generates non-linear perturbations
on the scale of its Compton wavelength; unless N, > 1 or the transition occurs before
recombination, this may lead to unacceptably large microwave background anisotropies

(see paper II).

II1.1.2 Case 2: o(T.) > 1

In this case, the scalar field dominates the energy density at T,,, and Ty > T, > T.,..
From the discussion below eqn.(3.13), before the field starts redshifting we have §(T') ~
mp; /24w f2. We therefore split the discussion again into two subcases.

2a) f > mp;/v/24r : in this case, B(T.) < 1, so the field is frozen at T. (i.e.,
T. > T.) and may undergo a brief quasi-inflationary slow-rollover. This is similar to
case (1a). Inflation actually begins at T ~ Ty given by eqn.(3.12). However, in the-range

Ta > T > Tc, the potentxa.l is ﬂat and the field does not roll classically. The number of
e-folds of mﬂatmn between T a.nd T, is constra.med by the requirement, analogous to

eqns.(3.14) and (3.15), that
a(T,) = a(T.)e?N{T=T) = LIPS (3.22)
Q QB
where a(T,) is given by eqn.(3.9). Since, for case 2, a(T.) > 1, this yields the require-
mex;t that N.(T.,T,) < (1/3)ln(Q5') < 0.5 — 1.5; again, the number of inflationary
e-folds must be small. For fixed p and £, eqn.(3.22) fixes the number of e-folds re-
quired to have the proper ratio of scalar to baryon density today; from eqns.(3.16) and
" (3.17), this fixes the required initial value of the scalar field §;. Since the number of
e-folds is small, the initial value of the field must in general be reasonably large, i.e.,
not fine-tuned very close to the origin.
2b) f < mp;/\/f4_7r : here, B(T.) > 1, so the field starts oscillating at the critical
temperature, T, = T.. In this case, the ratio of the scalar to baryon densities is pre-
served, a(Ty) = a(T.). For Q4 < 1, we thus require a(T.) < 1/Qp; using eqn.(3.9), this
22



yields the constraint

. .
Pers
g < ¢ T3 L =1.4h%€%V , Q,<1 - (3.23)

where thé present value of the Hubble parameter is Hy = 50hso km/sec/Mpec, and
observations indicate 1 < hsg < 2. (We use the parameter hso because its default
value, hsy = 1, yields marginal agreement with globular cluster ages if @ = 1.) For
fixed physical scale p, we may think of this as determining the required value of £. For
p = O(eV), the scalar field provides closure density if { = O(1). Since we expect ¢ to
be of order unity, this shows that the natural explicit symmetry breaking scale for a
coherently oscillating field that dominates the present energy density is in the eV range.
That this is far below the QCD scale, Agcp ~ 100 MeV, that sets the scale f;n' axion
oscillations, does not contradict the fact that axions méy also dominate the densit& (f
f~1012 GeY), because the'temperature _dependence of the axion potential is different
; .(sée- .'zz;ode'lTItII'.beiow).A IR

For closure density bosons (24 = 1), using () from eqn.(3.23) we find the critical

temperature

T. = u(u) = 00h57Pev (£) | (2, =1) (3.20)

€

and the redshift of the transition,

T 3.-2/3 (-1 \*/3 _
142 = 7 = 3.7 X 10°hyg (2\7) i (e=1) (3.25)

If we require the transition to occur after recombination, i.e., at z. < 1000, and before

the first known quasars, i.e., z. > 5, eqn.(3.25) gives
8x107% eV < phyt/? < 0.4 eV (3.26)
This also corresponds to the .ra.nge |
0.2 < ¢hil? < 0.7 (3.27)
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(For completeness, for case 2a above, the corresponding constraint is 5 < z. < 10%,
which yields a range for u identical to eqn.(3.26).) For reference, we note that the ratio
of the Hubble radius to the scalar Compton wavelength at the onset of oscillations is

given in this case by
mpl

N, ~g'*(T.) = V2arf

. (3.28)

For case 2b, this is larger than one.

The parameter space for the different cases of Model I is displayed in Fig.5.

IIT.2 MODEL II

For these models, the high temperature potential does not vanish, but is inverted
from the low temperature potential, as in Fig. 1. We approximate the behavior of this
class of models by choosing the temperature-dependent coefficient in eqn.(3.1) to have

* theform: -

=0 ,T=T (3.29)
= 1, T<T.
The analysis is similar to that of Model I, the primary difference being that in some cases
the field may now oscillate before the critical temperature is reached. We must now
deﬁné two temperatures: T, ,Sl) (T,Sz)) is the temperature when the field starts oscillating
in the high-temperature (low-temperature) pote;ntial. Clearly, T,(.l) >T,. > T,(.z).

We divide the ana.l&sis into the same subcases as for Model 1. Then, for cases la, 1bi,
and 2a, the behavior of Model II is identical to Model I, because the field is always frozen
in the high temperature potential (3(T > T.) < 1); for these cases, the constraints are
summarized in Fig. 5. We now turn to the cases where the field does oscillate in the'

high temperature potential.
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1bii) For p in the range given by eqn.(3.20), the field begins oscillating in the
high temperature potential, corresponding to T > T. = T{?). The onset of these
oscillations occurs when B(T,Sl)) = 1, which implies

Tvgl) #4"“}1 1
T, (QBPcm247l‘f2) : (3:30)

As in Model I, for this case the scalar oscillations never dominate the energy density of
the universe. Nevertheless, it is of interest to study the behavior of the field.

When the field starts oscillating at ) , typically there will be rough equipartition
between the kinetic and potential energy of the field, and the energy density decreases
with the expansion. After a short time, the kinetic energy has redshifted to become
negligible compared to the potential energy, and the energy momentum tensor of the
field approximates that of a vacuum state, with vacuum energy pyac =~ 2u*. This does
not lead to mﬁatxon, however, because by constructlon the scalar field never domma.tes
the tota.l energy denmty for this case. Deﬁmng Py = p¢ Pvac, it is easy to show that

p¢ redshifts like non-relativistic matter, o ~ R™3. This implies that the oscillation

HT) = & (%)/ | (3.31)

during the high temperature phase. Using eqns.(3.13) and (3.30), the amplitude at the

amplitude decays as

critical temperature is then

¢(T )

/247l'f 53/2 (ﬂ QBh2>l/2

-1/2
=# (Te) = mpj 3 p 0.02 ,

(3.32)

In this case, T{?) ~ T., and the ratio of the Hubble radius to the Compton wavelength
at the onset of the low temperature oscillations is just the factor by which the amplitude
has been damped in the high temperature phase,

N, = GY%(T.) = (‘EE;T")) B (3.33)

1
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2b) As for Model I; this is the most interesting case, since the scalar field can dom-
inate the energy density. As above, we have T > Ta > T, ~ T,gz); the situation
is qualitatively similar to Model I (Qb), except that in this case due to the high tem-
perature damped -oscillations, the field may be localized near the origin at the critical
temperature, #(T.) < f. This factor is straightforwardly estimated:

#(Te) _ ( 24m f? ))1/2 _ ?4W_f_ (QB)M (3.34)

é1 m",‘,,a(Tc mpi Q_¢-

where in the second equality we have used a(T.) = Q¢/2p. In this case, the ratio of

the Hubble radius to the Compton wavelength at T, = T is

1/2(m ml-;‘l — ‘31 QB 1/2
W= m) = 2 = o (o) (3:39)

For some applications in paper II, we will be interested in the case where the high

tempera.ture (m a.ddltxon to the low temperature) oscillations begin after recombmatlon, :

- ie, 28 ) < T(l)/To < 103 Usmg eqn. (3.30), this happens if

\/247\’}1.50 - QB 1/4
0.2 _— — 3.36
B < eV ( —— (0.06) ( )
I11.3 MODEL III: QUAXIONS
For this class of models, we take the coefficient in eqn.(3.1) to be
. .

T)=(= , T>T.

«(T) ( T ) > (3.37)

=1, T<T.
From the effective Lagrangian viewpoint, the parameter n > 0 corresponds to a fourth
parameter of the model (compared to three for models I and II); however, it is deter-
mined by microphysics. In this case, the potential is flat at T > T. and gradually turns

on, reaching full strength (and its zero-temperature value) at T,. For field values away

26



from the maxima of the potential, it is convenient to expand Vr(¢) around the potential

minimum, ¢ = ¢—nf,

Vr($) = £(T) + %mi('-’")éz (3.38q)

= (2)’

We define the parameters a(T') and B(T') as before. In this case, like the axion, the

where

T>T. (3.38b)

field can start oscillating at T, > T., and it is convenient to divide the cases slightly
differently than above?’: 1) a(T,) < 1, i.e., a baryon-dominated universe when the
oscillations begin, and (2) a(T.) > 1, in which case the scalar field dominates the
energy density when it begins to oscillate. For a typical initial field value, py(T,) ~ ;‘4;4,

so that
4.

. - (ps\ . p
. oTy) = (pa)'T, = GoraTIToF (3.39)

IIL3.1 Case 1: «(T,) < 1

In this case, py(Tr) < pa(Tr). The temperature T, when the field starts oscillating is
determined by G(T;) = mis(T,.)/QH2 (T,) = 1, where the temperature-dependent mass is
given by qu.(3.38b) and the expansion rate at T, is fixed by the baryon energy density.

Straightforward manipulation gives

L. _ [ mh 8_5(ﬁ.) 0.02 |/ T.>T
T.  |2arf2 & \ev/ \Qph? /| - 1otr > de

(3.40)
_ m};,_8._5(i) 0.02 \1*/° r<r
24rf? €3 \eV/ \ Qph? voTr e
From (3.39) and (3.40), we have |
24w f? (T.\" | _
a(T,) = - (E) (3.41)
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so the condition a(T,) < 1 requires

1/n
% < (%} / (3.42)
As Before, we subdivide this case into two subclasses depending on the value of f:
la) f > mpi/v/24r : In this case, from (3.42) we immediately have T, < T.. Since
the field does not begin oscillating until the potential reaches its zero-temperature form,
the high-temperature behavior of the potential is irrelevant in this instance. This is
therefore identical to Model I, case la.
1b) f < mpi/v/24x : in this case, the ratio T\/T. may be smaller or larger than one,

depending on the value of u. From eqn.(3.40), the condition T, = T, clearly corresponds

' £eV [(Qph?\ [24nf?
= rit — Tr = T .43
= Herit = 32" \ 0.02 mL, ) c (3.43)

to

. (Compa.re equas. (3 18) and (3.20).) We thus subdnnde this case into two subclasses:(1bi)
7 < ,ucm, which 1mphes T. < Tc, a.nd (lbu) 7 > Werity 3-€., Tp > T

1bi) g < perie: this is identical to case (1bi) of Model I. Again, the high-temperature
nature of the potential plays no role, since T, < Te. .

1bii) g > perie: in this case, the field starts oscillating while the potential is still

evolving. The condition a(T,) < 1 restricts pu to the range

mpy (nkiie b
(m) > or >1 , T >T, (3.44)

Although the scalar field never dominates the energy density in this case, it is of interest
to study the damping of its oscillations in the evolving potential. As before, .if we
subtract the instantaneous zero-point energy by defining 4 = ps — f(T), then for the
harmonically oscillating field we find

- - me
3H 1—-—}=0 .
Pp +3Hpy ( m¢) . (3.45).

28



which implies
me(T)
R3

(3.46)
Since gy ~ mi(T)d;z, the oscillation amplitude decays as ¢ ~ m‘;l/z(T)R":"/z. Using
eqn.(3.38b), this gives the amplitude at T,

(;-S(Tc) _ (E)(n+6)/4

- 3.47
5 T (3.47)

and the relative energy density

:_g_% - @:.)n/z (3.48)

where the ratio in parenthesis is given by the first eqn.(3.40) and we have assumed

_q‘i;l ~ f. As in the axion case, the commencement of ¢ oscillations in the evolving

. potential reduces the relative scalar energy density.

' IIL3.2 Case 2: o(T,) > 1

In this case, the scalar field already dominates the energy density when it begins to

oscillate, Ty > T,. From eqns.(3.10) and (3.38), for T; > T > T,, we find
2 n
_ _Mp E
— mby :
24 f2 ’

(3.49)
T<T,
where we have used the fact that pp =~ pt for T > T,.

As usual, this motivates us to consider two subcases:

2a) f > mpy/V24r : This case is similar to Model I, case (2a). That is, in order
to end up with an acceptable value of 24/S2p, the scalar field must undergo a very
brief period of slow rolling quasi-inflation. The only difference is that, in the present
case, the field can in principle start evolving classically a't T > T.. However, from

eqn.(3.49), the rollover rate in this high-temperature regime is exponentially suppressed,
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since ¢ ~ exp(3HtB) and B ~ T~™. As a result, in practice, the initial value(s) of ¢,
required to give 4/ < 1/(0.01 —0.2) in this case will be similar to that in Model L.
2b) f < mpi/v/24~w : in this case, from eqn.(3.49), we have

A/ |
T, mpr_- 1
—_— = 1 3.50
T. (241rf2) > ( )

and the field starts oscillating above the critical temperature. In the temperature range
T. > T > T., the field oscillates in the evolving potential, and its energy density is

approximately (Cf. eqn.(3.38))

ps = f(T) + my(T)* (3.51)

The oscillation amplitude $ decays according to eqn.(3.47); again assuming a typical
initial amplitude ¢, ~ f and using eqn.(3.50), we find

(3.52)

(64+n)/2n
24~ f?
- pg(Te) = p ( — ! )

Pl

Now the analysis follows along the lines leading to eqn.(3.23): we form the ratio a(T.) =

. pe(Te)/pB(T:) and use the fact that this ratio is conserved for T < T, i.e., a(Tp) =

a(T:). Then setting 4 < 1, i.e., a(T.) < 1/Qp, yields the constraint

3 2
£ perit ™Mp;

<
g= T3 (2471']’3

>(6+n)/2n " >(8+n)/2n '

™m
— 1.4h3 €%V (5#

(Qp<1) (3.53)
Unlike eqn.(3.23), the cosmological constraint on the scale u here depends on f, as in
the usual axion case; in particular, as f is decreased below the Planck scale, the upper
bound on u is relaxed?!, depending on the index n..
Assuming the scalar field saturates closure density determines the parameter ¢ and,
analogously to eqns.(3.24) and (3.25), we have the critical temp;erature
1
- 4/3 (24mfI\ ="
= pé(p) = 0.9853%eV (i) < f ) , (p=1) - (3.54)

eV md,
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and the redshift of the transition,

3l

+

_ 4/3 4 2
1 + 2 = % = 3.7 % 103h502/3 (;%‘) (2m7;f ) ] (qu = 1) (3'55)
0 Pl

@l

IV. Conclusions

We have studied a variety of particle physics models which can potentially generate the
observed large-scale structure in the context of late ‘time phase transitions involving
ultra-low mass bosons. Some of these models can simultaneously explain the dark—
matter in the Universe. These models are distinguished in containing a fundamental
large distancé scale, d, which emerges as a hierarchical ratio of microscopic scales, e.g.,
d ~ Mgyr/m3. Symmetry principles, abstracted and borrowed from experience with
QCD, allow us to build underlying theories of such a phase transition at a very low
: ' energysca.le, Tc S:'e,v', ths.t' are te'chnicﬁlly and even strongly natural. This low energy
scale corresponds to a moderately recent cosmologicél epoch, z. < 1000, and such
models may therefore have other potentially striking observational signatures, as in the
scenarios for large-scale periodic structure discussed in ref.(21).

, The common element of the models considered here is the existence of an ultra-light
pseudo-Nambu-Goldstone boson, a lighter ;:ousin of the conventional QCD axion, which
becomes dynamical at this late epoch. We have analyzed the cosmic evolution of this
field in three broad classes of models é.nd have identified the regions of parameter space
for which it can make a significant contribution to the energy density of the Universe.
Unlike the conventional axion, an ultra-light boson associated with global symmetry
breaking at the GUT scale, f ~ 101® GeV, can provide 24 ~ 1 without invoking special
inifial conditions. We note that such a field is generically very weakly céupled and thus
difficult to detect.
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For completeness, we close with several comments about other possible implications
of, and constraints upon, these models. The first have to do with topological defects. If
inflation does not take place, or if it does occur but with reheat teméerature Truy > f,
the boson field is not expected to be homogeneous over scales larger than the Hubble
radius at the critical temperature 7,.. In this case, the symmetry breaking at T. ~ pu
can lead to the formation of domain walls, which may endanger the isotropy of the
microwave background. As in axion models, there are a number of ways fo avoid
this domain wall problem!. For example, one can have additional terms in the scalar
potential which explicitly break the residual discrete symmetry?? (bias the potential),
lifting the vacuum degeneracy; this effectively destroys the topological stability of the
wélls, driving them into the false vacuum regions. As long as the vacuum asymmetry is
large enough, the walls can disappear before they do any damage.?! Alternatively, if’the
broken global symmetry is U(1), then cosmic strings form in the transition at T ~ f;
’ these. béédﬁ;é the boundaries of the walls wh.mh form later at T ~ p. In models with
N =1 minimum of the boson potential, there is one wall per string, and the wall-string
system destroys itself before it dominates the energy density.23 We note that in this
case the strings radiate bosons until the boson mass turns on at T., and the resulting
cosmic energy density of string-radiated bosons may be lafger than that calculated
from ‘misaligmﬁent’ production in section III by a factor ~ In(ft,) ~ 100.17 In order
for the gravitational effects of the strings not to perturb the microwave background, the
symmetry brealﬁng scale is then restricted to roughly f < 107 GeV.

A final speculative possibility concerns the interesting cosmological role of an ultra-
light field which has not yet become dynamicﬂ (is still frozen) or only became dynamical
at 'moderate redshift (say, z ~ 8 — 10). The origin of the smallness of the cosmological
constant is .still shrouded in mystery, but let us suppose that there is some mechanism
which sets the ultimate true vacuum energy density of the universe to zero. Then, at

late times, classically we expect the vacuum energy to be dominated by the lightest field
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wﬁich has not yet evolved to its ground state. If there is an ultralight pseudo-Goldstone
boson which has yet to start oscillating, i.e., if it satisfies T, < Ty, = 2.4 x 107% eV,
then it will act as a (temporary) cosmological constant, with present vacuum energy
of order pyac ~ pt. If p ~ 3 x 1073 eV, then Qyqc =~ 1. This may have potential
benefits such as increasing the age of the universe (for fixed value of the Hubble pa-
rameter) and boosting the large-scale transfer function for density fluctuations. The
simplest way to implement this is to have T. < T, which requires £ = T,./u < 0.08; one
could relax this bound somewhat if the global symmetry breaking scale f 2 mpi/ Vv24r.
Alternatively, if the field became dynamical at moderate redshift, it could lead to an
epoch of cosmological loitering, in which the scale factor of the universe passes through
a moderate Eddington-Lemaitre-like coasting phase, allowing extra time for the growth

of large-scale structure??.
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FIGURE CAPTIONS

Figure 1: The temperature-dependent potential Vr(¢) = V(¢) + AVr(¢) for the
pseudo-Nambu-Goldstone field in the Z; schizon model. The field exhibits a second

order phase transition at a temperature T ~ my; this is characteristic of models we

classify as Type II (from ref.(12)).

Figure 2: The temperature-dependent potential for the scalar field in a Z; schizon
model; this is typical of Zy models with N > 2: the potential is flat at high temperature,

developing a minimum at T ~ mq. We classify these as Type I models (from ref.(12)).

Figure 3: The evolution of the scalar and baryon energy densities py and pp as a
function of the scale factor a(t) for model I, case la. In this case, the scalar field

presently dominates the energy density.

Figure 4: The evolution of p¢ and pp for mddei I, case 1b. Here, the scalar field never

dominates the energy density of the universe.

Figure 5: The parameter space for models I and II, showing the different cases in the

plane f (GeV) vs. u/€® (eV).
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