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Axion dark matter

predictive!

No free parameters from 
initial conditions

𝑓𝑓𝑎𝑎 ≲ 𝐻𝐻𝐼𝐼

𝑓𝑓𝑎𝑎 ≳ 𝐻𝐻𝐼𝐼𝑎𝑎 𝑡𝑡0

𝑓𝑓𝑎𝑎
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Axion Strings
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𝑚𝑚𝑟𝑟
−1~ 𝑓𝑓𝑎𝑎−1

string core

Axion Strings

𝜋𝜋

𝜋𝜋/2
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0
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𝜇𝜇 =
𝐸𝐸
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~ 𝜋𝜋𝑓𝑓𝑎𝑎2 log
𝑚𝑚𝑟𝑟
𝐻𝐻

𝑑𝑑~ 𝐻𝐻−1

domain walls form 
and annihilate

strings form relic axions

our focus 
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Why it’s hard

• a few lattice points per string core
• a few Hubble patches

𝑁𝑁~103

𝑯𝑯−𝟏𝟏 𝒎𝒎𝒓𝒓
−𝟏𝟏

≪ 70log𝑚𝑚𝑟𝑟
𝐻𝐻
≤ log ~ 6
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Why it’s hard

• a few lattice points per string core
• a few Hubble patches

𝑁𝑁~103

𝑯𝑯−𝟏𝟏 𝒎𝒎𝒓𝒓
−𝟏𝟏

≪ 70log𝑚𝑚𝑟𝑟
𝐻𝐻
≤ log ~ 6

simulation

Idea: take advatage of the attractor

6

extrapolation of the
scaling regime 
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The Attractive Solution

𝝃𝝃 ≡
𝑵𝑵𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
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. . . .

Number of strings per Hubble

string length in one Hubble volume in units of 𝐻𝐻−1
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The Attractive Solution

𝝃𝝃 ≡
𝑵𝑵𝒔𝒔𝒔𝒔𝒓𝒓𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝑯𝑯−𝟑𝟑

𝑯𝑯−𝟏𝟏

𝝃𝝃 = 𝟏𝟏 𝝃𝝃 = 𝟐𝟐 𝝃𝝃 < 𝟏𝟏

. . . .

Number of strings per Hubble

string length in one Hubble volume in units of 𝐻𝐻−1

different initial conditions

extr. at 𝐥𝐥𝐥𝐥𝐥𝐥𝒎𝒎𝒓𝒓
𝑯𝑯

= 𝟕𝟕𝟕𝟕

𝛏𝛏 ~ 𝑶𝑶(𝟏𝟏) usually assumed!
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𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

≡ spectrum of axions

The Axion Spectrum from Strings
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≡ spectrum of axions

The Axion Spectrum from Strings
Theoretical expectation
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• in between an approximate power law   
𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

~ 𝟏𝟏
𝒅𝒅𝒒𝒒

• natural cut-offs at 𝐻𝐻 and 𝑚𝑚𝑟𝑟

• peak at 𝐻𝐻 because strings have curvature of 𝑂𝑂(𝐻𝐻)

• area fixed by energy conservation
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𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔
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≡ spectrum of axions

The Axion Spectrum from Strings

𝟏𝟏
𝒅𝒅𝒒𝒒 > 𝟏𝟏

Theoretical expectation

𝟏𝟏
𝒅𝒅

𝟏𝟏
𝒅𝒅𝒒𝒒< 𝟏𝟏

• in between an approximate power law   
𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

~ 𝟏𝟏
𝒅𝒅𝒒𝒒

• natural cut-offs at 𝐻𝐻 and 𝑚𝑚𝑟𝑟

• peak at 𝐻𝐻 because strings have curvature of 𝑂𝑂(𝐻𝐻)

Davis, Shellard, Dabholkar,
Yokoyama, …

Sikivie et al.

• area fixed by energy conservation



Marco Gorghetto

The Axion Spectrum



Marco Gorghetto

The Axion Spectrum

log
𝑚𝑚𝑟𝑟

𝐻𝐻 = 4

𝒎𝒎𝒓𝒓

𝟐𝟐



Marco Gorghetto

The Axion Spectrum

log
𝑚𝑚𝑟𝑟

𝐻𝐻 = 4 5

𝒎𝒎𝒓𝒓

𝟐𝟐

𝒎𝒎𝒓𝒓

𝟐𝟐



Marco Gorghetto

The Axion Spectrum
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The Axion Spectrum

log
𝑚𝑚𝑟𝑟

𝐻𝐻 = 4 5 6

𝒎𝒎𝒓𝒓

𝟐𝟐

𝒎𝒎𝒓𝒓

𝟐𝟐

𝒎𝒎𝒓𝒓

𝟐𝟐

𝒒𝒒 = 𝟕𝟕.𝟕𝟕𝟕𝟕 ± 𝟕𝟕.𝟕𝟕𝟕𝟕 < 𝟏𝟏

UV dominated
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The Axion Number density

extrapolation of 𝒒𝒒 to log𝑚𝑚𝑟𝑟
𝐻𝐻

= 𝟕𝟕𝟕𝟕 needs care 
𝒒𝒒 < 𝟏𝟏

𝒒𝒒 > 𝟏𝟏

?
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The Axion Number density

extrapolation of 𝒒𝒒 to log𝑚𝑚𝑟𝑟
𝐻𝐻

= 𝟕𝟕𝟕𝟕 needs care 
𝒒𝒒 < 𝟏𝟏

𝒒𝒒 > 𝟏𝟏

?

𝑓𝑓𝑎𝑎 (GeV)

101210111010109108

110102103104
𝑚𝑚𝑎𝑎 (𝜇𝜇eV)

𝒒𝒒 < 𝟏𝟏

1.7 � 10112 � 1010
𝒒𝒒 = 𝟏𝟏

3 � 108
𝒒𝒒 = ∞

domain walls

105

< 𝒎𝒎𝒔𝒔𝒔𝒔𝒂𝒂𝒎𝒎 >
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Summary

string density∝ log𝑚𝑚𝑟𝑟
𝐻𝐻

String networks are driven towards an Attractor Solution

for log𝑚𝑚𝑟𝑟
𝐻𝐻
≤ 6 :

UV dominated spectrum difficult to extrapolate

Depending on the extrapolation, more than 1 order of magnitude
change w.r.t. previous estimates

Knowing the precise dependence of q on time is of extreme importance



Thanks!



Backup
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Bigger grids give only a small improvement in log 𝑚𝑚𝑟𝑟

𝐻𝐻

Precision calculation of 𝑞𝑞 for small log 𝑚𝑚𝑟𝑟
𝐻𝐻

, to find 𝑞𝑞(log 𝑚𝑚𝑟𝑟
𝐻𝐻

)
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Future possibilities
Bigger grids give only a small improvement in log 𝑚𝑚𝑟𝑟

𝐻𝐻

Adaptive mesh, win factor of 10?  

Precision calculation of 𝑞𝑞 for small log 𝑚𝑚𝑟𝑟
𝐻𝐻

, to find 𝑞𝑞(log 𝑚𝑚𝑟𝑟
𝐻𝐻

)
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Instantaneous axion spectrum
From differences of the total spectrum one obtains the instantaneous axion spectrum

𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

early time

late time
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Instantaneous axion spectrum
From differences of the total spectrum one obtains the instantaneous axion spectrum

𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

𝒅𝒅𝝆𝝆𝒂𝒂
𝒅𝒅𝒅𝒅 𝒅𝒅𝒔𝒔

early time

late time

𝒒𝒒 = 𝟕𝟕.𝟕𝟕𝟕𝟕 ± 𝟕𝟕.𝟕𝟕𝟕𝟕 < 𝟏𝟏

UV dominated

𝒒𝒒 = 𝟕𝟕.𝟕𝟕 + 𝟕𝟕.𝟕𝟕𝟏𝟏 log𝑚𝑚𝑟𝑟
𝐻𝐻 cannot be excluded

𝒒𝒒 > 𝟏𝟏 for log𝑚𝑚𝑟𝑟
𝐻𝐻

= 𝟕𝟕𝟕𝟕

however:
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Consequence of axion mass

𝑛𝑛𝑠𝑠𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑛𝑛𝑚𝑚𝑠𝑠𝑠𝑠𝑎𝑎𝑚𝑚

=
8 𝜋𝜋 𝑓𝑓𝑎𝑎2 𝑘𝑘−1 𝐻𝐻∗2 𝜉𝜉 𝐻𝐻∗ 𝐹𝐹 𝑚𝑚

𝜃𝜃02 𝑓𝑓𝑎𝑎2𝐻𝐻∗
~ 0.8 𝜉𝜉 𝐻𝐻∗ 𝐹𝐹 𝑚𝑚 𝑭𝑭 𝒎𝒎 = 𝟏𝟏 = 𝟏𝟏

𝑭𝑭 𝒎𝒎 → ∞ = 𝐥𝐥𝐥𝐥𝐥𝐥𝜶𝜶 ∼ 𝟕𝟕𝟕𝟕

𝑓𝑓𝑎𝑎 (GeV)

101210111010109108

110102103104
𝑚𝑚𝑎𝑎 (𝜇𝜇eV)

< 𝒎𝒎𝒔𝒔𝒔𝒔𝒂𝒂𝒎𝒎 >

1.7 � 1011

instantons 𝛼𝛼 = 8

2 � 1010
𝒎𝒎 = 𝟏𝟏

3 � 108
𝒎𝒎 = ∞

domain walls

𝛼𝛼 = 3

~ 10

?
105

Yokowama

Sikivie
Moore

Shellard
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Why it’s hard

log𝑚𝑚𝑟𝑟
𝐻𝐻
≤ log ~ 6

𝑁𝑁𝑥𝑥

𝑯𝑯−𝟏𝟏 𝜹𝜹𝒔𝒔
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Local Strings
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Energy budget
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Physical total spectrum
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Physical instantaneous spectrum
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Finite volume dependence
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