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In QCD, the 𝜃-term

𝜃
𝑔!"

32𝜋"
𝐺#$% '𝐺%#$ ∈ ℒ&'(

violates CP and induces a neutron electric dipole moment

𝑑) ≃ 5×10*+, 𝜃̅ e ⋅ cm

However, experimental constraints show 𝑑) ≲ few×10*",e ⋅ cm, 
which suggests

𝜃̅ < 10*+-
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STRONG CP PROBLEM

Strong CP problem

𝜃̅ = 𝜃 + arg det ℳ
ℳ: quark mass matrix



One good solution to the strong CP problem is the QCD axion:

𝐶%
𝑎
𝑓%

𝑔!"

32𝜋"
𝐺#$% '𝐺%#$

• 𝑎: axion field, Nambu-Goldstone boson for spontaneously broken U(1)PQ, acquires
small mass because U(1)PQ is explicitly broken by chiral anomaly

• 𝑓%: scale for spontaneous breaking of U(1)PQ
• the potential of 𝑎 is minimized by

𝑎 = −
𝜃̅𝑓%
𝐶%

thus, the effective 𝜃̅ angle is dynamically driven to zero
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QCD axion
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Production

Apart from solving the strong CP problem, the QCD axion is also a good dark-matter 
candidate, typically produced via three different mechanisms:

• Thermal production
• Misalignment production
• Decay of Axionic strings
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Apart from solving the strong CP problem, the QCD axion is also a good dark-matter 
candidate, typically produced via three different mechanisms:

• Thermal production
• Misalignment production
• Decay of Axionic strings

Production

For misalignment production, the axion energy density can be obtained by solving its 
equation of motion

𝜌% =
1
2
𝑎̇" + 𝑉.&

𝑃% =
1
2
𝑎̇" − 𝑉.&

𝑎̈ + 3𝐻𝑎̇ +
𝜕𝑉.&
𝜕𝑎 = 0

𝑉.& ≈
+
"
𝑚%
"𝑎"

for 𝜃 = %
/!
≲ 𝒪(1)
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Misalignment production

𝐻 ≫ 𝑚! 𝑇

𝑎~𝑐𝑜𝑛𝑠𝑡.

General behavior: 
• 𝐻 ≫ 𝑚! , 𝑎 is overdamped, 𝜌! ≈ −𝑃! ≈ 𝑉"# ~𝑚!

$ ,	scales like vacuum energy
• 𝐻 ≪ 𝑚! , 𝑎 rapidly oscillating, virial theorem ⇒ 𝑃! ≈ 0, scales like pressureless matter

𝜌!(𝑇) ≈
1
2
𝑚!
"(𝑇)𝑎#"

𝜌! ≈
𝜌! 𝑇$

𝑚! 𝑇$
𝑅 𝑇$

𝑅 𝑇

%

𝑚!(𝑇)

𝐻 ≪ 𝑚! 𝑇
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𝜌!(𝑇) ≈
1
2
𝑚!
"(𝑇)𝑎#"

𝜌! ≈
𝜌! 𝑇$

𝑚! 𝑇$
𝑅 𝑇$

𝑅 𝑇

%

𝑚!(𝑇)

𝑎~𝑐𝑜𝑛𝑠𝑡.

Misalignment production

General behavior: 
• 𝐻 ≫ 𝑚! , 𝑎 is overdamped, 𝜌! ≈ −𝑃! ≈ 𝑉"# ~𝑚!
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𝐻 ≫ 𝑚! 𝑇

𝐻 ≪ 𝑚! 𝑇 initial field value
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%
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𝑚! 𝑇$
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𝑅 𝑇

%

𝑚!(𝑇)

number density cosmic expansion
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Relic abundance

QCD axion relic abundance:

Ω!ℎ" ≈ 2×10+
𝑓!

10,- 𝐺𝑒𝑉

./-
𝜃#"ℱ(𝜃#)

• for 𝑓!~10," GeV, easy to obtain Ω!~Ω)0 for 
𝜃#~𝒪(1)

• however, having larger 𝑓! leads to overclosure 
unless 𝜃# is fine-tuned

6

D. Marsh, Phys.Rept. 643 (2016)
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axion parameter space?
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• Standard misalignment production relies on the 
standard evolution of the axion mass.

• If 𝑚! 𝑇 evolution modified, 𝑎 will start/stop 
oscillating at a different time, thus changing its 
relic abundance.

Is there a way to enlarge the QCD 
axion parameter space?

D. Marsh, Phys.Rept. 643 (2016)



Relic abundance

• Standard misalignment production relies on the 
standard evolution of the axion mass.

• If 𝑚! 𝑇 evolution modified, 𝑎 will start/stop 
oscillating at a different time, thus changing its 
relic abundance.

Is there a way to enlarge the QCD 
axion parameter space?

How to realize such a scenario?
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Mass evolution

Take a closer look at 𝑚% 𝑇

𝑚%
" 𝑇 𝑓%" ∼ S

𝑚=
"𝑓=" , 𝑇 > Λ&'(

𝑚=
"𝑓="

Λ&'(
𝑇

)
, 𝑇 < Λ&'(

𝑚% 𝑇 evolution would be modified if Λ&'( is different from its SM value in the early 
universe. 

7

𝑛 ≈ 6.68
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Mass evolution

Take a closer look at 𝑚% 𝑇

𝑚%
" 𝑇 𝑓%" ∼ S

𝑚=
"𝑓=" , 𝑇 > Λ&'(

𝑚=
"𝑓="

Λ&'(
𝑇

)
, 𝑇 < Λ&'(

𝑚% 𝑇 evolution would be modified if Λ&'( is different from its SM value in the early 
universe. In fact

𝑚=
"𝑓=" ≃ 𝑚=-

" 𝑓=-"
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Λ&'(
Λ&'(-

B

Obviously, the axion mass could receive large enhancement from having a larger Λ&'(.

How to modify Λ&'(?

7
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Dynamical QCD scale

Promote the strong coupling to a dynamical quantity

−
1
4

1
𝑔!-"

+
𝜙
𝑀⋆

𝐺#$𝐺#$

• 𝜙: scalar, SM singlet
• 𝑀⋆: UV scale
• Strong coupling larger if 𝜙 < 0; restores to SM value 𝑔&' if 𝜙 = 0

S. Ipek, T. Tait, 
PRL 122, 112001 (2019)
D. Croon, J. Howard, S. Ipek, T. Tait
PRD 101, 055042 (2020)

With this setup, the strong coupling runs as
1

𝛼! 𝜇, 𝜙
=
33 − 2𝑛/

6𝜋
ln

𝜇
Λ&'(- + 4𝜋

𝜙
𝑀⋆

Asking 𝛼!*+ → 0

Λ"#$% : SM confinement scale
𝑛& : # of massless flavors at 𝜇

Λ&'( = Λ&'(- exp
24𝜋"

2𝑛/ − 33
𝜙
𝑀⋆

8
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With this setup, the strong coupling runs as
1

𝛼! 𝜇, 𝜙
=
33 − 2𝑛/

6𝜋
ln

𝜇
Λ&'(- + 4𝜋

𝜙
𝑀⋆

Confinement scale truly dynamical!

Asking 𝛼!*+ → 0

Λ"#$% : SM confinement scale
𝑛& : # of massless flavors at 𝜇

Λ&'( = Λ&'(- exp
24𝜋"

2𝑛/ − 33
𝜙
𝑀⋆

Λ#() ≫ Λ#()' , if 𝜙 < 0

Negative for SM
particle content
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Mass evolution

Take a closer look at 𝑚% 𝑇

𝑚%
" 𝑇 𝑓%" ∼ S

𝑚=
"𝑓=" , 𝑇 > Λ&'(

𝑚=
"𝑓="

Λ&'(
𝑇

)
, 𝑇 < Λ&'(

𝑚% 𝑇 evolution would be modified if Λ&'( is different from its SM value in the early 
universe. In fact

𝑚=
"𝑓=" ≃ 𝑚=-

" 𝑓=-"
𝑣A
𝑣A-

Λ&'(
Λ&'(-

B

Obviously, the axion mass could receive large enhancement from having a larger Λ&'(.

How to modify Λ&'(?

How about the Higgs VEV?

7

𝑛 ≈ 6.68

QCD confine/deconfine 
at different times!



Higgs VEV

approaches SM value as
Λ"#$ decreases.

𝑣' immediately after early
confinement is triggered

The evolution of Higgs potential will also be affected

𝑉 ℎ, 𝑇 =

𝑉# ℎ +
𝑇+

2𝜋"
C

123,5,6,7

−1 8𝑛1𝐽9/8(𝑚1
"/𝑇") , 𝑇 > Λ'() or 𝑇 < 𝑇:

𝑉# ℎ − 2𝜅𝑦7ℎ +
𝑇+

2𝜋"
C

123,5,6,&!
−1 8𝑛1𝐽9/8

𝑚1
"

𝑇"
, Λ'() > 𝑇 > 𝑇:

During early confinement, Higgs VEV is shifted from zero, causing EWSB. (prepare explanations)

9
246 GeV



Mass evolution
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Obviously, the axion mass could receive large enhancement from having a larger Λ&'(.

How to modify Λ&'(?

How about the Higgs VEV?

7

𝑛 ≈ 6.68

Enhancement from having both
a larger 𝜦𝑸𝑪𝑫 and a larger 𝒗𝒉!

QCD confine/deconfine 
at different times!



General setup

• At earlier times, 𝜙 in true vacuum with 𝜙 < 0, both Λ'(), 𝑣3 and thus 𝑚! enhanced
• Later, 𝑉 𝜙 evolves and 𝜙 = 0 becomes the true vacuum. 𝜙 transitions to the true

vacuum, 𝑚! decreases and its evolution back to normal
• The transition must occur before BBN
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re-oscillationdampingoscillation𝑎 frozen

oscillation

Cosmological evolution of the axion field

𝑇↑ 𝑇↓ 𝑡

𝑎 frozen
𝑇*+, 𝑡

𝑇↑′

Standard picture

Dynamical QCD

• Could be triggered by
early confinement if
Λ"#$ large enough

• If Λ"#$ relatively small,
could also be between
𝑇-.% and Λ"#$

relic abundance suppressed by

𝑆 = L!
L!"#

≈ M⋆ N↓ M⋆"# N&"'
M⋆ N↑ M⋆ N↑

)
N↑N&"'
N↑N↑

)

When de-confinement
occurs ∼ 𝑇/
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oscillation𝑎 frozen

oscillation

Cosmological evolution of the axion field

𝑇↑ 𝑇/
𝑡

𝑎 frozen
𝑇*+, 𝑡

Standard picture

Dynamical QCD

Still oscillating even after
the early confinement ends

relic abundance suppressed by

𝑆 = L!
L!"#

≈ M⋆"# N&"'
M⋆ N↑

N&"'
N↑
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Evolution of energy density: Example 1

Axion mass suddenly
increases due to early
confinement and
oscillation starts

Vacuum decay occurs and QCD de-confines.
Axion mass falls below H and axion field becomes
damped

Axion mass follows the standard
evolution and crosses H later,
field oscillation starts again

During early confinement, 
d.o.f in strong sector are 
bound state hadrons 
instead of free quarks and 
gluons, thus 𝐻 is modified 
since 

𝐻0 ≈
8𝜋𝐺
3 𝜌1

𝜌1 =
𝜋0

30𝑔⋆ 𝑇 𝑇3
13



Evolution of energy density: Example 2

Vacuum decay occurs
and QCD de-confines.
However, axion mass
still above H, axion field
keeps oscillating

Axion mass suddenly
increases due to early
confinement and
oscillation starts

During early confinement, 
d.o.f in strong sector are 
bound state hadrons 
instead of free quarks and 
gluons, thus 𝐻 is modified 
since 

𝐻0 ≈
8𝜋𝐺
3 𝜌1

𝜌1 =
𝜋0

30𝑔⋆ 𝑇 𝑇3

Suppression relatively
strong due to long period of
early oscillation
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Evolution of energy density: Example 3
Vacuum decay occurs before SM EWPT, axion mass
falls below H. EWPT occurs twice in this case

Suppression relatively weak
due to short period of early
oscillation

Axion mass suddenly
increases due to early
confinement and
oscillation starts

During early confinement, 
d.o.f in strong sector are 
bound state hadrons 
instead of free quarks and 
gluons, thus 𝐻 is modified 
since 

𝐻0 ≈
8𝜋𝐺
3 𝜌1

𝜌1 =
𝜋0

30𝑔⋆ 𝑇 𝑇3
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Evolution of energy density: Example 4

Early confinement occurs after SM EWPTAxion mass jumps above H after SM EWPT but
before early confinement due to large Λ"#$

During early confinement, 
d.o.f in strong sector are 
bound state hadrons 
instead of free quarks and 
gluons, thus 𝐻 is modified 
since 

𝐻0 ≈
8𝜋𝐺
3 𝜌1

𝜌1 =
𝜋0

30𝑔⋆ 𝑇 𝑇3
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Parameter scan
damping + re-oscillation

no early
confinement
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Parameter scan

no early
confinement

damping + re-oscillation

18



Enlarged parameter space

Larger values of 𝑓% (or smaller axion mass) accessible if suppression of relic
abundance is realized by having a dynamical QCD scale.
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Conclusion and outlook

• QCD scale can be made dynamical by coupling the gluon field strength term to
a scalar field.

• The dynamical QCD scale modifies the evolution of the temperature-
dependent axion mass which makes it possible for the axion field to start
oscillating earlier than in the standard scenario.

• Axion relic abundance suppressed since axion field spend more time being
matter-like.

• With the suppression factor, the correct DM relic abundance can be obtained
for larger PQ scale without fine-tuning the initial misalignment angle.

20

Ø If sufficiently large mass and long period of early oscillation, axions may create 
an early epoch of matter domination

Ø Early confinement (and de-confinement if it exists), together with the early 
EWPT may lead to interesting GW signals

……


