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The serious cosmological problems created by the axion-string/axion-domain-wall system in stan-
dard axion models are alleviated by positing the existence of a new confining force. The instantons
of this force can generate an axion potential that erases the axion strings long before QCD effects
become important, thus preventing QCD-generated axion walls from ever appearing. Axion walls
generated by the new confining force would decay so early as not to contribute significantly to the
energy in axion dark matter.
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Introduction— The idea of axion fields [1] arose in the context of the Peccei-Quinn (PQ) mechanism [2] for solving
the “Strong CP Problem” [3], i.e. explaining why QCD interactions approximately conserve CP. It was soon realized
that axion fields can have many interesting cosmological effects, including coherent axion oscillations as dark matter
[4], and topological defects in the axion field, specifically “axion strings” and “axion domain walls”, that form in the
early universe. If such defects persist they can “overclose” the universe (i.e. dominate the present energy density in
the universe) [5], while if they disappeared in the early universe by radiating away their energy (predominantly into
axion particles) they could significantly increase the axion dark matter density, thus tightening the constraints on
axion models [6-10].

In this letter we address the last point. We propose a mechanism that can greatly suppress the contribution to dark
matter from axions radiated by strings and domain walls, and alleviate the constraints on axion dark matter models.

In a typical axion model one has a complex scalar field, ®, with a zero-temperature potential of the “Mexican hat”
form: A [|®[* — (F,/2)?] ®. This form is dictated by the Peccei-Quinn symmetry, which is a global U(1) under which
the phase of ® rotates. When the cosmic temperature falls well below F,, ® develops a vacuum expectation value
(VEV): ®(z#) = (F,/v/2)e’=")/Fa The value of a(z*) varies randomly in space, so that cosmic strings form, around
which a(a*)/F, winds by 27. As the universe expands, these strings quickly form a scale-invariant distribution on
super-horizon scales, with the number density of strings of length ¢ given by n(¢)d¢ oc £=%d¢ for ¢ > H~!, where H
is the Hubble parameter. String loops with ¢ < H~! quickly radiate away their energy. Thus the energy density in
strings goes as f;o,l (F20)n(0)dl ~ F2t=2 ~ (F,/Mp)?piotal, which is negligible, as generally it is assumed F, < Mp.
However, as explained below, string evolution changes when 7' reaches the QCD scale.

The PQ symmetry has a QCD anomaly, which means that at the quantum level it is violated by non-perturbative
QCD effects (instantons). When the cosmic temperature falls to near the QCD scale (Agcp ~ 200 GeV), the effects
of QCD instantons “turn on” and lift the degeneracy of the axion field, giving it a potential of the cosine function
form [3],

V(a) = cA4QCD (1 — cos (NFi + 9Q0D>) = cA4QCD (1 — cos (1 + 9Q0D>> , (1)

a

where ¢ is a dimensionless quantity; N is a model-dependent integer that gives the strength of the QCD anomaly;
and the angle 0gcp is a parameter appearing in the only CP-violating term in the QCD lagrangian. Note that since
O(zt) = (F,/V/2)e!®")/ Fa the field a(x*)/F, can take physically distinct values in the interval [0,27). The sponta-
neously broken PQ symmetry with the shift symmetry of axion, a — a4+ constant, generates a non-vanishing potential
proportional to —(A4QCD<I> +h.c.), where we can treat AéCD — e_i“(wu)/FaAéCD under the PQ transformation. This
kind of phase introduction was shown most succinctly in [11]. Therefore the potential in Eq. (1) has N degenerate
minima at a/F, = —0gcp/N +2rk/N, with £ = 0,1,2, ..., N — 1. The axion field will settle into one of these minima,
thus canceling out 0gcp. This is how axion models solve the Strong CP problem. It is sometimes convenient to
express various quantities in terms of f, = F,/N so that N drops out of the expressions, as we have done in the



second equality in Eq. (1). For example, the axion mass is ¢'/2A2,p/ fa. !

When the QCD-instanton potential for the axions “turns on”, the axion field typically finds itself misaligned from a
minimum and starts to oscillate coherently about it [4]. These long-wavelength oscillations are equivalent to a gas of
low-momentum axions, and play the role of cold dark matter. This is the “misalignment” mechanism for producing
axion dark matter. It was shown in [4] that the present energy density in these coherent axion oscillations depends
linearly on f,. This gives an upper bound on f, of roughly 10*! GeV.

If N # 1 the axion field has several degenerate minima a/F, = 0gcp/N + 2kn/N, k = 0,1,2,--- ,N — 1. The
regions of the universe where the axion (randomly) chooses different minima are separated by domain walls. As one
goes around a string, a/F, winds by 27, so that the axion field passes through N different minima, implying that each
string has N walls attached to it. Thus, once V(a) turns on, a foam-like “strings-wall network” forms that cannot
disappear by radiation. Its energy density scales as a~!, where a is the cosmic scale factor. Since energy density in
relativistic and non-relativistic particles scale as a~* and a3, respectively, the string-wall system would eventually
dominate by many orders of magnitude the energy in baryons and other particles. This is the famous “axion domain
wall problem” [5].

This disaster could be avoided if the spontaneous breaking of the PQ U(1) symmetry happened before or during
inflation. Then the density of strings (and thus of the walls that eventually attach to them) could be so diluted by
inflation as to be harmless. However, recent analyses based on BICEP2 data suggest that this possibility is excluded
[12, 13]. The resulting isocurvature fluctuations would have large amplitude in conflict with measurements of the
CMB temperature power [14, 15]. Regarding the determination of r, the foreground subtraction must be carefully
carried out [16].

That seems to leave only one way to avoid axion strings and walls “overclosing” the universe, and that is to assume
that N = 1 [17]. If N = 1, walls would still form, but with every string having just one wall attached to it. As
pointed out by Vilenkin and Everett [18], if N = 1, then once the walls form they quickly get chopped up into finite
sized areas bounded by closed strings, and are able to shrink and disappear by radiating away their energy. The
energy in these finite patches of wall is easily shown to be roughly comparable to the energy in the coherent axion
oscillations (and much larger than that in strings). As these patches oscillate they radiate their energy predominantly
into axion particles. The ratio of the energy in the axions radiated by decaying walls to the energy in the coherent
axion oscillations is denoted by ad°¢. The factor a9 is the subject of a long-running controversy. a°¢ has been
calculated by different groups with widely varying results. [6, 7] obtained ~ 0.19; [8] obtained 6.9 + 3.5; and [9, 10]
obtained ~ 186.

This highly uncertain factor a“¢¢ enters in an important way into bounds (coming from the observed dark matter
abundance) on the axion decay constant f, and the axion mass m,. Visinelli and Gondolo [12] have recently found
these to be

dec

fa=(8.740.2) x 101°GeV(a®®® +1)77 m, = (71 + 2)peV (e +1)5/7, (2)

if axions make up all the dark matter in the universe. Since there may be other significant contributions to the dark
matter density, these would be an upper bound for f, and a lower bound for m,.

Elimination of strings and walls by new confining force- We now propose a mechanism that would greatly suppress the
contribution of decaying axion strings and walls to the dark matter density. Suppose we introduce a new non-abelian
gauge interaction based on the group Gj. Let there be a fermion @ that transforms only under Gy, which will be
called the Gj-quark. The Standard Model quarks transform only under the Standard Model gauge group and will be
denoted by w;,d;, with i = 1,2,3. As typical of axion models, suppose there are two Higgs doublets, ¢; and ¢, with
the up-type quarks wu,; coupling to ¢; and the down-type quarks d; coupling to ¢o. Suppose that the field we called
® couples to @ and also to the doublet Higgs fields ¢1 and ¢o (so that the global symmetry of the lagrangian that
rotates the phase of ® also rotates the relative phases of ¢1 and ¢3). In particular, suppose we have the following
couplings:

3 3
> Viaguior + Y Yadniduiss + YoQrQu® + goida® + H.e. )

=1 i=1

1 The distinction between F, and fo, is equivalent to that after integrating out all the quarks f, is defined from the coefficient of the
gluon anomaly term as (g2a/3272 fo)GG while F, is defined from the phase(s) of the PQ-charged scalar fields.



Thus both ordinary quarks and @) are charged under the Peccei-Quinn symmetry, which therefore has both a QCD
and a G}, anomaly. As before, let us write (®) = (f/v/2)e!*/ /. If f > v1,vs, where v; = (¢;), then we may write
F, =+/f?+v?+v3 = f. And the zero-temperature potential for the axion field can be written

V(a) =Vocep(a) + Vi(a) = CA4QCD (1 — Ccos (NQCDFi + 9@01))) + C/A;LL (1 — Cos (NhFi + 9h>) . (4)

a

Here Ay, is the confinement scale of the G}, force, which we assume > Agcp; 0, is the CP-violating phase of the
G}, interactions; and Nocp and N}, are integers giving the strength of the QCD and G}, anomalies of the PQ U(1)
symmetry. In this model, Nocp = 6 and N;, = 1. Note that it is trivial to have N}, = 1, as it is not connected with
the number of Standard-Model quarks.

When T falls below Fy, strings form. When T" ~ A > Agcp, the G), instanton effects “turn on”, generating
Vi(a), but Voep(a) has not yet turned on. Vj(a) causes axion walls to form. Since Nj, = 1, each string has only
one wall attached to it, and the Vilenkin-Everett mechanism will operate, chopping the walls into finite patches that
radiate away their energy into axions. As will be seen, these “decay axions” contribute negligibly to dark matter.

After the strings and the walls generated by V},(a) have disappeared, the axion field will settle to the value a/F, =
—0p,, with fluctuations of order 7%/A%. Thus, the axion field is everywhere aligned. Consequently, when 7'~ Agcp
and Voep turns on, no walls are formed (except for rare closed surfaces produced by thermal fluctuations).

One problem that is immediately apparent is that V},(a) would destroy the solution to the Strong CP Problem.
It would freeze the axion field at the value a/F, = —;, and prevent it from adjusting to cancel fgcp. In fact, the
effective strong CP phase would be 6 = —Ngcpbn +09gcp-

This difficulty would be avoided, however, if the potential V},(a) turned off again before the temperature fell to
Agcep. This can happen as follows. It is well-known that in QCD if any quark were exactly massless the Strong CP
Problem would be solved, since the Strong CP phase 6 could be absorbed into a phase redefinition of the massless
quark field. For the same reason, a massless quark would make physics invariant under a shift a(z#*) — a(z#) + 0,
meaning that the potential Voep(a) would be flat. (This is why the axion mass comes out proportional to the
squareroot of the mass of the lightest quark [19].) In an analogous way, if some Gp-quark had a zero mass, then the
potential V},(a) would be flat. Suppose, therefore, that in addition to ), which has non-zero Peccei-Quinn charge, we
assume there exists another Gp-quark )’ that has vanishing Peccei-Quinn charge. The mass of @)’ therefore, does
not come from the vacuum expectation value of ® (whose phase is a/F,), but from the vacuum expectation value of
some other scalar field X that does not transform under the Peccei-Quinn symmetry. Suppose that there is a phase
transition at some critical temperature T, where Agcp < Te < Ay, such that (X) # 0 above T, but (X) = 0 below
T.. (Such inverted phase transitions are possible and have been studied in the past [20].) What happens in this case
is that when T falls below T, the quark @’ becomes exactly massless, and V},(a) becomes flat, i.e. turns off, and the
axion dynamics and axion mass would be controlled by Voep(a) alone, allowing the standard axion solution of the
Strong CP Problem to work. (It should be noted that a massless Q" would be confined by the non-abelian G}, force
into Gy, “hadrons” whose mass was of order Ay, and thus too large to have been observed.)

One sees that we have paid some price in complexity to solve the axion domain-wall problem, for we have now
introduced not only the G, interaction and Gj-quark @, but also the fields ' and X, and any further fields required
to give X an inverted phase transition.

Let us now return to the question of how much the “decay axions” contribute to the dark matter density. In our
scenario, domain walls form when the potential V}, turns on at a temperature of order A;. These walls get chopped
up by the Vilenkin-Everett mechanism, and the resulting finite loops of string and patches of domain wall radiate
their energy into axions. However, when T falls to T¢, and V}, turns off, these decay axions become massless. At that
point, as we will now see, their contribution to the energy density of the universe is very small compared to that of
thermal energy in other massless particles and remains small.

Let the temperature at which the axion field begins to oscillate due to V}, be called T, with Ty ~ Ap. One therefore
has, roughly, that m.(Ty) ~ H(T.) ~ T?/Mp. First, let us consider the axions in these coherent oscillations.?
For these coherent axions one has p,(T%) ~ ma(Tu)na(T) ~ m2(T.)EF2, so that ng(Ty) ~ ma(T.)F2 ~ T2F?/Mp.
These coherent axions have typical wavelength \(T.) ~ m;(T.) ~ Mp/T?. When the temperature falls to T,
the (now massless) axions have number density and typical wavelength given by n,(T.) ~ (T2F2/Mp)(T./T.)? =
(F2T3)/(MpT,) and \(T.) ~ (Mp/T?)(T\/T.) = Mp/(T.T.). The energy density in these massless axions is thus
pa(Te) ~ ng(To)w(T,) ~ (Fa/Mp)?>T* < T?, i.e. much less than the thermal energy in other massless particles.

2 Above T*, the axion mass is suppressed exponentially [21].



The amplitude of the coherent axion oscillations evolves in time in the following manner. When the oscillations
due to Vj, begin (at T = T.), they have amplitude of order F, and the axion mass is mq(Tx) ~ T2/Mp. As the
axion mass due to Gy, instantons turns on adiabatically to its full value m, ~ Ai /F,, the amplitude of the coherent
oscillations is reduced by a factor (my(T%)/ma)Y? ~ (Tw/An)\/Fo/Mp. (This is because the number density of
coherent axions, which is proportional to ma? is an adiabatic invariant [4].) As the temperature then drops to T,
the amplitude of axion oscillations is reduced by a further factor (T,./T.)3/2, due to the expansion of the universe.
Finally, the axion mass starts to turn off adiabatically when T' ~ T, and axion oscillations cease at a temperature
T! ~ T, where mq(T") ~ T.2/Mp. As the axion mass changes from 7, to mq(T"), the amplitude of axion oscillations
grows by a factor (M, /ma(T!))Y/? ~ (An/T.)\/Mp/F, (again, because the number density is an adiabatic invariant
[4]). Altogether, then, multiplying these factors, one finds that the amplitude of the axion oscillations produced

by Vi at the time when they cease at T is of order F,[(T./Ap)\/Fu/Mp|[Te/T. > ?[(An/T!)\/Mp/F,] = Fa%.

Since Ty ~ Ay and T, ~ T.. The amplitude of the coherent axion oscillations due to V;, when they cease is of order
F.(T./ Ah)l/ 2 < F,. In other words, the amplitude of the coherent oscillations in the angle a/F, due to the potential
V3, become small as that potential turns on and then remain small when it turns off again. As a consequence, the
variations in a/F, these oscillations cause will be very small compared to the misalignment of a/Fy, when Vgep turns
on, and have a negligible effect on the present axion energy density.

One sees, then, that the coherent axions produced when V}, turns on have negligible effect on the present dark
matter energy density.

The analysis of the axions produced when strings and walls decay is very similar. When the domain walls form
at T, the horizon length is ¢, = H~Y(T.) ~ Mp/T?. There is typically one horizon-length string per Hubble
volume. A horizon-length string has mass mg,.(T.) ~ F2{,, and therefore the energy density in strings is of order
pstr(Ty) ~ F20;2. This energy is radiated into axions of typical wavelength £,. Thus the number density of these
“decay axions” is of order ng(T.) ~ F20;' ~ T?F?/Mp. One sees that this is of the same order as the number
density of coherent axions. Moreover, their typical wavelengths are the same. Thus the analysis we made of the
coherent axions applies to the decay axions as well. By the time the temperature falls to Agcp, all the energy in
axions coming from the strings, walls, and coherent oscillations that were due to V}, have become negligible. And
no new strings form when T" ~ Agcp, so that the axion dark matter present today is virtually entirely due to the
coherent oscillations coming from Vocp. In effect, then, we have made ade¢ in Eq. (2) equal to zero.

Up to this point we have been discussing a scenario where there is a new confining force that generates a potential V},
and gives the axion a mass when the temperature is high compared to the QCD scale, thereby allowing the Vilenkin-
Everett mechanism to get rid of all the strings before the QCD instanton effects turn on. However, we can see that
the potential V}, could be generated in a different way, without a new confining force. Suppose, for example, that (just
as in the previous discussion) there are fields ® and X, where ® breaks the Peccei-Quinn symmetry spontaneously
at a scale F, and X has an inverted phase transition at some scale T, < F,. And suppose that these fields have a
tree-level potential V(®, X) = IA(|®> — F2)2 4+ $gX2(® + ®*) + V(X).

When T < f,, but > T., one has (X) # 0, and the axion has a potential Vj,(a) = 2g(X)?(F,e'@/Fe + F,e~'/Fo) =
g(X)2F, cos(a/F,) = $(g(X)?/F,)a®. This gives a unique minimum (i.e. N = 1). Thus the walls that are produced
will lead to the destruction of the string-wall system by the Vilenkin-Everett mechanism. When T falls to T, the
vacuum expectation value of X disappears and the tree-level V}, disappears. The scenario is thus very similar to
the one discussed before. One difference is that there are one-loop diagrams involving the coupling g that give a
small mass to the axion for low temperatures. This potential has the form V}/(a) ~ 1529%(9? + ®*%) = L5 g%a®.
One must have g small enough so that this loop-induced potential does not interfere with the axion solution to the
Strong CP Problem, but large enough that the domain walls produced by V} can eliminate the string-wall system
by the Vilenkin-Everett mechanism. The energy/length of a string is of order F2. The surface tension of the walls
produced by V4, is of order F2m, ~ F2(g(X)?/F,)'/2. The condition that the walls are chopped up by the Vilenkin-
Everett mechanism by the time temperature of the universe is 7. is roughly that (g(X)2/F,)'/? > T2?/Mp. If we
take T. ~ (X), then this gives roughly g > (X)?F,/M3%. On the other hand, in order for the potential V}/(a) not to

prevent the PQ solution to the String CP Problem, one must have g2 < E(AéCD/fg). Combining these two limits

on g, one obtains (X) < 51/4MPAQCDf;1NQ_é/D2 (recalling that f, = F,/Ncgop). If we take f, ~ 10'2 GeV, these
conditions can be satisfied with (X) ~ 1 TeV, and g ~ 1078 GeV, which suggests that the term gX?2® comes from
a Planck-suppressed higher-dimension operator.

This last model is not meant as a fully realistic one, but only to illustrate that the V}, required to eliminate strings
by our mechanism can arise in another way than from a new confining force.
Conclusion— In typical axion models, axion domain walls form when the temperature reaches the QCD scale. If N > 1
walls are attached to each axion string, then a persistent string- wall network forms that overcloses the universe. But
even if each string bounds just one wall, so that axion walls can be eliminated by the Vilenkin-Everett mechanism,




the axion particles so radiated would augment the axion dark matter density, which would tightens constraints on
models of axion dark matter.

We have proposed a mechanism by which axion strings can be eliminated long before T reaches the QCD scale,
thus preventing the formation of problematic axion domain walls at that scale. In this scenario, an axion potential
V3, generated by some non-QCD interaction turns on when 7" > Agcp. This potential produces axion domain walls
with N = 1 that eliminate the strings by the Vilenkin-Everett mechanism. Consequently, no axion domain walls are
produced at the QCD phase transition, as they have no strings to attach to. This scenario requires that V},(a) turn
off again at some temperature T. > Agcp, as otherwise V3, (a) would interfere with the axion solution of the Strong
CP Problem [3].

Turning off V},(a) requires introducing a sector of fields that undergoes an inverted phase transition of the type
discussed in [20]. This, of course, involves some complication of the model.

Some issues bear further investigation. It is worth doing a more detailed calculation of the density of axions radiated
from the V}, walls to confirm that it is negligible. It would be useful to construct more detailed models, including
specific dynamics for the required inverted phase transition.
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