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(Clue: axions gain weight)

what happens when axion strings 
interact with the standard model 
plasma?
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1. Introduction to Axion Strings and Friction  

2. Finding  : A Semi-Analytic Model with Simulation Inputs 

3. Conclusion
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giving birth to axions
ℒ(ϕ) =

1
2

|∂μϕ |2 − λ( |ϕ |2 − f 2
a)2

ℒEFT =
1

32π2 (θ +
a
fa ) GG̃

UV U(1)PQ

Anomalous a: angular mode of ϕ

IR
QCD phase transition

Symmetry breaking around fa 𝒪(107 − 1012 GeV)

𝒪(GeV)Cold dark matter
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Misalignment Mechanism 

U(1)PQ symmetry breaking during 
inflation (or restoration during reheating) 

Topological Origin 

U(1)PQ symmetry breaking after 
inflation 

θi a
fa

∈ [0,2π]

ϕ = ( fa + r)ei a
fa

1
fa



universe of (QCD) axion strings (and loops)

ℒ(ϕ) =
1
2

|∂μϕ |2 − λ( |ϕ |2 − f 2
a)2UV

IR QCD phase transition

Symmetry breaking AFTER inflation

𝒪(GeV)

Cold dark matter

Ed Hardy

L

radiation (axions)

Stephen Hawking CTC

ICTP group simulation

loops

long strings (of correlation 
length ‘L’)
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a
fa

∈ [0,2π]

1
fa

1
H



why is friction (with SM particles) important?

ρs(t) ≡
ξ(t) μ

t2

number of strings per 
Hubble volume

ξ(t) = 0.2 ln ( fa
H )

From simulations,

ξ(t) ≡ ( t
L )

2

∝ t

After formation, intuitively,

Hence , intercommutation ( )  is unexpected 

Higher string tension  ( ) slows down loop formation for higher  values. 

Observed dark matter abundance for 

∝ ξ(t)

μ ∝ f2
a fa

fa ∼ 1012 GeV
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Energy density

∝ ln t

f2
a ln

fa
H



why is friction (with SM particles) important?

ρs(t) ≡
ξ(t) μ

t2

number of strings per 
Hubble volume

ξ(t) = 0.2 ln ( fa
H )

From simulations,

ξ(t) ≡ ( t
L )

2

∝ t

After formation, intuitively,

Higher string tension ( ) slows down loop formation for higher  values. 

For lower  values, something similar to string tension is required, which decreases interaction 

Friction does the job!  DM relic abundance satisfied with  

∝ f2
a fa

fa

fa ∼ 108 GeV
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Energy density

∝ ln t



(leading) sources of friction
Spin 0 Spin 1

2
Spin 1

ℒint = − λδ2( ⃗x)ϕ†ϕ

dσ
dz

≈
λ2

8πq

q

z

x-y plane

(iγμ∂μ −
∂μaγμγ5

2fa ) ψ = 0

dσ
dz

=
2 sin2(

πcaf

2 )

q

ℒint = caf
∂μa
2fa

ψ̄γμγ5ψ

dσ
dz

≈
α2

EM

q

ℒint = αEMδ2( ⃗x)AμAμ

Everett, Vilenkin

PA,Anson Hook,JH, and GMT
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calculating friction…

nk = n ( γE + γ ⃗v ⋅ ⃗k
T )

x-y plane

E,k
v

z

F
l

= Incident Flux ×
dσ

dθ dz
× momentum change

= ∫
∞

0

d3k
(2π)3

nk
q

|k | ∫
2π

0
dθ

dσ
dθ dz

k(1 − cos θ)

−2α2
EMvγT3

−
λ2ζ(3)

2π2
vγT3

F
l

= −βABvγT3{ [βAB =
3

2π2
ζ(3)sin2(

πcaf

2
)]

(scalar)

(photon)

(fermion)
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experimental motivation

cajohare.github.io/AxionLimits/

9107 GeV ≤ fa ≤ 109 GeV

fa ∼ 1012 GeV



(Previous Work)
but numerics is HARD!

ICTP group
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Berkeley group



the Velocity One Scale (VOS) model

2
dL
dt

= 2HL(1 + v2) + cv +
Lv2

ℓf

dv
dt

= (1 − v2)[ k
L

− v (2H +
1
ℓf )]

ℓf =
μ

βT3

Stretching

time

tc ∝
1
f 2

aL ∝ t
1
2

v =
ℓf

L

θ =
β

f ( tc
tPl )

1
2

Kibble (friction)

Scaling

tK ∝ t
4
3
c

L =
3

2θ(1 + c)
t

5
4

t
1
2
c

ln N

v =
2(1 + c)

3θ ( t
tc )

1
4

ln N

t* : 2H = ℓ−1
f

L = k(k + c)t

v =
k

k + c

c: loop chopping efficiency 

k: momentum parameter 

c = k = 1 
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importance of friction

t* =
β2

f ln2 N
t2
c MPl

time

tc ∝
1
f 2

a

tK ∝ t
4
3
c

t* : 2H = ℓ−1
f

time

tc ∝
1
f 2

a

tK ∝ t
4
3
c

t* : 2H = ℓ−1
f

kibble regime extends till  

oscillations start for 

 107 GeV ≤ fa ≤ 2 × 109 GeV

{
QCD PHASE TRANSITION QCD PHASE TRANSITION

without friction with friction
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calculating number density

method: log-uniform 
distribution

n(t0) = ∫
t0

tK

dt̃ ( dn
dt̃ ) [ a(t̃)

a(t0) ]
3

Inputs :

Rescale  :                         ρs ρs(t) =
4
5 ρscaling

num (t)

ρscaling
VOS (t)

ρK
VOS(t)

Set the length scale:                         

 

ℓcrit(t) = min{α ℓf(t),
β

xIR
L(t)}

kmin(t) = max{(α ℓf(t))−1, (
β

xIR
L(t))−1}

method: varying 
emission spectrum
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simulation input



calculating number density

n(t0) = 0.2
Γa f2

a

2π
1

t3/2
0 ∫

t0

tK

dt̃
ξ3/2(t̃ )

t̃3/2
lcrit(t̃ )

Ωr(ttoday) =
n(ttoday)

nreq
DM(ttoday)

ℓf
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lf

method: log-
uniform 
distribution

na(t0) = ∫
t0

tK

dt̃ [ a(t̃ )
a(t0) ]

3

∫
fa

max[ 1
HL , 1

Hℓf
]
d ( k

H ) 1
k

d ·ρa

d ln k

method: varying 
emission spectrum



Non-Linear Effects

H = ma

t0

ρ(t0) ≫ m2
a(t0)f2

a

(even for soft modes)

∂ρa

∂k
(t, k) = [ a(tosc)

a(t) ]
3 ∂ρa

∂k (tosc, kosc)

ma(t) ≈ ma(t0)( t
t0 )

2

tl

ρIR(tl) ≃ m2
a(tl)f2

a

Ωr ≡
ρa

ρDM
=

m0
a na(tℓ)
ρc,0 Ωc [ a(tℓ)

a0 ]
3
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dilution (varying emission spectrum)
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in conclusion
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what happens when axion 
strings interact with the 
standard model plasma?

meV ≤ ma ≤ 0.1eV

in addition to  ma ∼ μeV
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calculating number density

method: 
log-uniform 
distribution

n(t0) = ∫
t0

tK

dt̃ ( dn
dt̃ ) [ a(t̃)

a(t0) ]
3

dn(t̃ )
dt̃

= ∫
ℓcrit(t̃ )

0
dℓ

dnℓ(t̃ )
dℓ

dNa

dt̃
ℓ

dNa

dt
=

dEa

dt

k
= Γa f 2

aℓ

𝒪(102)

n(t0) = 0.2
Γa f2

a

2π
1

t3/2
0 ∫

t0

tK

dt̃
ξ3/2(t̃ )

t̃3/2
lcrit(t̃ )
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We integrate between all acceptable loop sizes



calculating number density (again)

= ∫
t0

tK

dt̃ [ a(t̃ )
a(t0) ]

3
ΓK(t̃ )
H(t̃ )

ρs(t̃ )∫
mr

kmin(t̃ )

dk
k

F ( k
H(t̃ )

,
mr

H(t̃ ) )

na(t0) = ∫
t0

tK

dt̃ [ a(t̃ )
a(t0) ]

3

∫ d ( k
H ) 1

k
d ·ρa

d ln k d ·ρa

d ln k
(t) = ΓK(t) ρs(t) F (x ≡

k
H

, y ≡
mr

H )

method: varying 
emission spectrum

F(x, y) ∝
1
xq

n(t0) = 3
0.2 ln Nμ0 ln N

ξ0t3/2
0

q − 1
q ∫

t0

tK

dt̃
t̃3/2

L2
K(t̃ ) (

xq
0 − yq

xq
0 y − yqx0 )
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We integrate between all applicable k modes



calculating number density (again)

method: varying 
emission spectrum

Ωr(t0) =
n(t0)

nreq
DM(t0)

21
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comparing the methods

( dn
dt )

M2
∝ ∫

mr

kmin

dk
H

1
k

d ·ρa

d ln k

∼ ∫
mr

kmin

dk
H

1
k2

Γkρs

∼ Hρsℓcrit

( dn
dt )

M1
∝ 𝒩(t) ℓcrit(t) ∼

ρs(t)
L(t)

ℓcrit(t)

they differ in considering the length scale over which density changes, 

while being similar for q=1, when friction not included
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