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Abstract:

The QCD axion is not only a leading contender as a solution to the Strong CP problem, it is also a natural dark matter candidate.
In particular, the post-inflationary axion is particularly attractive because of the possibility of a unique prediction of the axion
mass if axion makes up all of dark matter. On the other hand, QCD axion models often suffers from the so-called axion quality
problem, where the axion shift symmetry is unprotected from quantum gravity effects. In this talk | will discuss the tension
between solutions to the quality problem and viable cosmology for post-inflationary QCD axions. | will start with a simple Z_N
solution as an illustrative example of the close connection between the quality problem and the domain wall problem. | will then
analyze proposals in the literature that involve more complex symmetry structure and show that they share a set of
cosmological issues. Our study suggests that a viable post-inflationary QCD axion model is likely to have a non-standard
cosmological history which could significantly impact the prediction of the "correct" axion mass.
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Quality/Cosmology Tension for a Post-Inflation QCD Axion

» pre- vs post-inflation QCD axion, in the context of axion dark matter
» The axion quality problem

« Solving the quality problem seems to imply unconventional cosmology:

1. the skeleton: Zp

2. possible embeddings: SU(N), U(1)’, SUN) X SU(N)
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The Strong CP Problem

The quark sector of the Standard Model has two possible sources of CP
violation:

- The complex phase Ockyy in the CKM matrix

« @term:

~UL ULV 1 0,
str (GG ), G = ZemG,

167

The Strong CP problem: iy ~ O(1) while 8 < 10717

Pirsa: 25100197 Page 4/38



Axion Solution to the Strong CP problem

- a 2r periodic scalar @, with a continuous shift symmetry that is only broken
by the coupling with gluon
1

1672
- QCD dynamics generate a potential for 8, that relaxes @ to CP-even point

V(@,) ~ m2f2 [1 — cos (N6, + 9)]

(N6, +6) tr (6,6

N = number of hills
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Pre- and Post-inflationary QCD Axion
- In 4D, 6, is the pNGB of U(1)p(, spontaneously broken at the scale f,

- “Minimal model”: U(1)p,, charged complex scalar that gets a vev and
couples to heavy quarks

Z D —y®Q0, D = ve'ls V(@)

- Mixed anomaly between U(1)p, and SU(3), leads to 6, coupling to gluons

* Depending on whether this phase transition happens before or after inflation,
axions have vastly different cosmology
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Pre-inflation QCD Axion

U(1)p broken before inflation: our universe consists of a uniform axion field

Vo,

\ /
J'II’I 1.""-. ;j \
/ "9

When T < m,, start oscillating like matter

Dark matter abundance depends on the initial axion value 6,

0,=1=f ~101GeV

a

Pirsa: 25100197 Page 7/38



Post-inflation Axion

At T > f,, symmetry restored
V(D)

4CH
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Post-inflation Axion

axion value after PQ phase transition )

4CH

Cosmic string: 6, winds from 0 to 2z
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Post-inflation Axion

I' S Ageps QCD phase transition generate the potential

V(e,) /\
fﬁ \\\ /

/

/'Jl \\/ \
/ \ domain wall
0,

N = Npy: number of domain walls attached to each axion string,
number of hills in the potential as 6, — 6, + 2z

domain wall
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Pre- vs Post-inflation Axion

 Post-inflation axion produce topological defects

- If Npw > 1, the string-wall network is stable and violate Standard
Cosmology: domain wall problem

» When Npy, = 1, string-wall network could collapse

- Dark matter abundance from post-inflation axion is then in principle

exactly calculable .

o

.._._.} 4__
Pull in and collapse
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Post-inflation Axion Dark Matter
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High resolution simulation of Ny, = 1 axion from the mini:nal model
e.g. [Buschmann et al '24]: m, € (45,300) ueV, or f, = 1019-11 Gev
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Post-inflation Axion Dark Matter
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prediction of m, requires understanding of defect evolution
This talk: solving the quality problem suggests non-miminal defects
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The Axion Quality Problem
V(@,) ~ m2f2 [1 — cos (Npwb, + 9)J

- Continuous shift symmetry of @, is already explicitly broken

- If additional breaking is not small, V(6,) no longer has a CP-even
minimum

- Quantum gravity is expected to break all global symmetries, can
estimate a ®"/ M;z_4 breaking

« Need to forbid shift symmetry breaking operators to high power of n
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Z p solution to the quality problem: first pass

. To forbid CI)p/M;_d', want to make ® — e¢"*”P® a gauge symmetry

- Under the Z, symmetry, axion shifts by 6,— 0,+2xlp

- Coefficient of axion coupling to gluon must be a multiple of p:

Sp -
——0,G,G" s €Z

- Domain wall number looks like Ny, = sp > 1
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Zp solution to the quality problem: second pass

27
. Npw = sp: neighboring vacua separated by 6, — 6, + —

Sp
k
- Under Z,,, 6, — 6, + 2x/p: neighboring vacua are gauge equivalent
whens = =% 1

- There exist a field @ = pé, that is 27 periodic, with Npy, = 1
Vo,
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Zp solution to the quality problem: third pass
P, Z
1672

trG,,G" = trG,,G"

1672

- Theoretically, both €, and 0 are valid 27 gauge invariant variables, with

different values of Npy, \

- w: domain wall number associated with each type of string
cosmic strings where @, winds by 2z (@ by 2np):w =p
cosmic strings where @ winds by 27 ©@,by2n/p:w=1

- To actually solve the domain wall problem, need N, = 1 and abundance
of w = 1 strings
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Zp solution to the quality problem: third pass
it . G* =

1622 ¥ 1672

trG,,G"

« the correct w = 1 strings do not form at the PQ phase transition in minimal
model

V(®)| |
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Zp solution to the quality problem: third pass
pb, Z
1672

trG,,GH = trG,,G*

1672

- w = 1 strings don’t form at the PQ phase transition in the minimal model

w=1 (Zp) string exists in the theory, but not produced in the early universe.
We also expect its tension to be much higher than f,

. Zp needs embedding inside bigger continuous group [Lazarides, Shafi 1982]
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Z P solution to the quality problem: another case

. Under Zp: ® — ¢'?™'P®, where g and p are integers (e.gg = 2,p = 5)
kagk—4 oo

. D /Mpi_ are forbiddenupto k = p

- axion shifts by 8, — 6, + 2zq/p

« Axion-gluon coupling coefficient must be a multiple of p:

L g G,,Gm

672 ¢
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Z P solution to the quality problem: another case

- Npw = sp: neighboring vacua separated by 8, — 6, + 27z/sp
. Underaz' € Z , transformation, axion shifts by 6, — 6, + 2zkq/p
* Neighboring vacua are gauge equivalent for

s=+1,kq=i1 mod p

. 2
eg.g=2,p= 5V(9)4 7

» 2’
>0 — 0 t2n
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Z P solution to the quality problem: another case

reg.q=2p=5y@)* it 5 o
[ ;'# Y A A
\ .
ATATATAY
4 EE
3 ~+0,— 0,2

» The correct string is a composite

£ ®
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Quality problem vs domain wall problem: summary
. Solution to the quality problem require some gauge symmetry (e.g. Zp) to
forbid U(1)p, breaking operators.

- Naively lead to Npy; > 1 when counted with respect to 6,
 To solve the domain wall problem:
- The necessary kinematic condition: exists a & where Npw = 1.

 The sufficient dynamic condition that is much more nontrivial and often

forgotten: the correct w = 1 strings actually form and have dominant
abundance in the early universe.
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Quality problem vs domain wall problem: summary
. Solution to the quality problem require some gauge symmetry (e.g. Zp) to
forbid U(1)p, breaking operators.

- Naively lead to Npy, > 1 when counted with respect to @,

» To solve the domain wall problem:

- The necessary kinematic condition: exists a & where Npw = 1.

 The sufficient dynamic condition that is much more nontrivial and often

forgotten: the correct w = 1 strings actually form and have dominant
abundance in the early universe.

Minimal model does not satisfy the sufficient condition

Any model that does? What is the behavior of the defects?
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SUWNV) — Sp(N) solution to the quality problem
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2), SU(3). SUW)| U(l)pq U(1)g U(1),

S| o | o 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

On 1/2 Yo 1 3 N +1/2 -1 0
L 112 | 4% 1 1 N | =172 o0 +1
£y 12 | -Y; 1 1 N ~1/2 0 —1

- S is in anti-symmetric two-index representation of SU(/),
&< N> = V(]‘JVfZ ® 6)819"

LD —yQQLS*QR -+ yLﬁLSﬁR + h.c.
N0

. chiral rotation to remove 6, from fermion interactions: ﬁm—;tr(Gé)
V4
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SUWNV) — Sp(N) solution to the quality problem
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | UQ)y SU(2), SU(3). SUWN)| U(l)pq U(l)g U(1),
S 0 0 1 1 NN | +1 0 0

» The lowest dimensional PQ-breaking operator is the Pfaffian,
__ shilsadg sk _ _ N6, [2
PLS = ev2V-1NS) ... 8y, =V detS = [y/detS | €’

- Minimal 27 invariant variable is @ = 4°6,/2

~

- 20 -
tr(GG) = -——=tr(GG), Npy = 2
1672

a

2
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SUN) = SO(N) solution to the quality problem
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

Field | Lorentz Gauge symmetries Global accidental symmetries
name | spin | U(l)y SU(2)p SU(3). SUWN)| U(l)pq U(l)g U(1),

S| 0 | o0 1 1 NN +1 0 0

Q; 1/2 +Yo 1 3 N +1/2 +1 0

Qu | 12 | ¥ 1 3 N +1/2 -1 0
L7 112 | Y 1 1 N | =172 o0 +1
2u | 118 | =¥ 1 1 N ~-1/2 0 -1

- § is a symmetric two-index representation of SU(/): <S> =vl e
LD —yQQLS* Qr+yrLrSLr + h.c.
k

. chiral rotation to remove @, from fermion interactions: T ‘;tr(Gé)
T

Pirsa: 25100197 Page 27/38



SUN) = SO(N) solution to the quality problem: even /4
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

N0 "
g T%—;tr(GG): neighboring vacua separated by 8, — 6, + 2z/ WV
T

- They are not gauge equivalent: S (and thus 6)) is invariant under Z, C Z
center of SU(A). So only 8, — 6, + 4x/ .V is gauge equivalent. Minimal
27 periodic variable is @ = A 60,/2: Npy = 2

4CH)
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SUN) — SO(N) solution to the quality problem: odd ./
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

‘16 2tr(GG) neighboring vacua separated by 6, — 6+ 2z/ /W
T

- There is no Z, subkgroup of Z , anymore. Ny, = 1. But § is still charge 2
under Z ,: the “correct” axion string is generated by zX, k= (W £ 1)/2

v, €

M

-

: *HH-—M? + 2n

a
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SUN) — SO(N) solution to the quality problem: odd ./
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

- the correct w = 1 string is a composite

3
+ At the time of PQ phase transition, expect < @
strings with all kinds of w to form

* the correct string can only form by post-formation mergers

* Poor analytic understanding: global string has divergent tension, cannot
apply kinematic constraint as gauge strings [Copeland, Kibble, Steer 2007]

« Some numerical study: [Hiramatsu et al 2020] conducted simulations for
Abelian case, mergers seem to tend to minimize global winding

See also [Klaer, Moore 2017], [Hiramatsu, Ibe, Suzuki 2020], [Niu, Xue, Yang 2023]
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SUN) — SO(N) solution to the quality problem: odd ./
[Ardua, Di Luzio, Landini, Strumia, Teresi, Wang ‘2020]

» What is the minimum required abundance of w = 1 strings to annihilate
the whole network?

w =]
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U(1)’ solution to the quality problem: charged relics

[Barr and Seckel 1992]

» The model adds new colored particle: they need to have hypercharge

to avoid creation of fractionally charged relic

copies | SU(3)c | SU(2)L | U(1)y
Qo | (p+aq) 3 )4
ép q 3 o
é—q p 3 b
o, | 1 0
o, | 1 0

-1/3, 2/3...
1/3, -2/3...
1/3, -2/3...
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U(1)’ solution to the quality problem: domain wall
[Barr and Seckel 1992]

6, — po
T qu GV = i G, G*
1622 1672
- Again, existence of a field 6, with N, = 1 does not automatically
mean the correct string will be produced

5D

. The desired w = 1 axion string corresponds to a composite O, -D,
string, where 6, winds by 27za and 6, winds by 2zb such that
aqg — bp = 1, i.e. (a, b) strings

» Same unanswered guestions about composite string formations
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U(1)’ solution to the quality problem: charged relics
[Barr and Seckel 1992]

« The model adds new colored particle: they need to have hypercharge
to avoid creation of fractionally charged relic

copies | SU(3)c | SU(2)L | U(1)y | U(1)
Qo || (p+9) 3 0 0
@p q 3 0 p
é—q p 3 0 —q
@, 1 0 P
D, 1 0 q
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U(1)’ solution to the quality problem: Landau pole

[Barr and Seckel 1992]

 The large number of new colored and hypercharged particles can
cause Landau pole below the theory cutoff
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SU(N); X SUN)r — SU(N)y, solution: charged relics

[Di Luzio, Nardi, Ubaldi 2017]

* No viable region that doesn’t have a Landau pole problem while
maintaining sufficiently high quality
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Conclusion

» Post-inflation QCD axion is an attractive solution to the Strong CP
problem because of the possibility to uniquely predict the axion mass if
axion makes up all of dark matter

- Domain wall problem often plague high-quality post-inflation axion
models. Even when Ny, = 1, the correct axion strings with w = 1 do
not necessarily form in the early universe.

- Additional constraints such as fractionally charged relics and Landau
poles make model building even more nontrivial.
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Conclusion: remaining questions

* Does a viable high quality post-inflationary axion model exist?

« SU(N) with odd N spontaneously broken by a symmetric two-index
representation seems to be a leading candidate

« Correct strings only form by mergers, which is poorly understood for
global strings

- How would the number densities of strings evolve?
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