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Abstract: <p>I will discuss the calculation of the axion dark matter relic abundance produced by strings and domain walls in the early universe.
These objects appear if the global symmetry that the axion is associated with is unbroken at the end of inflation, and in this scenario there is, in
principle, a unique prediction for the axion dark matter mass. | will present results from numerical simulations that indicate that the density of
strings may be significantly larger than previously thought, leading to a corresponding change in the required axion dark matter mass. | will also

discuss the difficulties in computing the energy spectrum of axions produced in the physically relevant regime, and the remaining uncertainties and
challenges.</p>
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Axion strings and dark matter

Ed Hardy

Based on work with:
Alex Azatov, Marco Gorghetto, &
Giovanni Villadoro
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Qutline

- QCD axion dark matter
» String dynamics:
* The important quantities
* What we can reliably determine

+ Remaining uncertainties

« Domain walls

* Future possibilities
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Boundary between regimes

Depends on the details of reheating

(e.g. for quadratic inflation  m“¢” + ¢"mdx, I = g'm/(8x))

In the PQ breaking after inflation regime if any of:

Hubble scale during inflation
Reheating temperature when radiation domination begins
Maximum temperature during perturbative inflaton decay

Effective temperature during preheating (if this occurs)

H;
Ty = VI'Mpy

T ~ (MEH/T)

8 e
T]n'(' =V Mp H

1 /4

/

are larger than f,
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String theory axions

SUSY LD Re(f(P)FF+ilm(f(®)FF

String theory —mmm» SUSY for consistency + no free parameters  f (®) ~ — +

Closed string axions:
Never a U(|) global symmetry in the 4D EFT

Inflation in a 4D EFT means PQ breaking before inflation

Open string axions:
« 4D EFT has a global U(1) symmetry

High scale inflation means PQ breaking after inflation
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U(1) breaking after inflation

0 ™
In principle extremely predictive | uniqgue DM axion mass |
- J

and possible future experiments (dotted) :
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Theoretical uncertainty

[

on the axion DM mass

Reliable prediction: interpret ongoing experiments, design future experiments

Precise agreement with an experimental discovery mmm@» minimum inflation scale
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String and domain walls

/i

A
Inflation /reheating
U(l) PQ breaking 4+ Axion strings form
A
+ scaling
. regime y
i nOs
Y
QCD scale 4+ Domain walls form
and annihilate

Significant proportion of DM axions

produced by strings and domain walls
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Axion emission during scaling

Theoretical result:

y / & f o .
. £ (‘f_) 1 u) < (ﬂ = Length of string per Hubble volume
scaling — 9 : ‘ ,
H < L i (f) = string tension = energy per length
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Axion emission during scaling

Theoretical result:

, _ P 3 Wi :
’ £ (\Z‘.) n U) & (\f) = Length of string per Hubble volume
‘scaling — ) : : :

b & iy i (ﬂ = string tension = energy per length

§(t)p(t)

Rate of energy release per volume P, 3

. ~
emitted —
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Axion emission during scaling

Theoretical result:

1 u] 7! U) { (ﬂ = Length of string per Hubble volume
Pscaling = o :
2 & i ! (f) = string tension = energy per length

Rate of energy release per volume P, i1od =~ 3
S CITLTTeC 3

(

Number of axions released depends the spectrum of emitted axions

emitted >

assume spectrum of form: L UL, X F o
p v ((JA l‘ll'll”{‘d f{ (f_)

£ 3\

’ dn‘el_\'iutl /rx; k dk i
| —m—m ~ [)‘ S F it s
T A emitted X H®)) & /j[

\
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AXion emission at mass turn on

Very roughly  Eoitted ~ & (8) pu (t) H (1‘_‘_)2 same order of magnitude as emitted

by string network in scaling

But depends on details of string network/ domain wall dynamics

Current work provides initial conditions for string network at axion mass turn on

Full computation will involve studying e.g. spectrum of axions emitted
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String dynamics

Hard to study analytically, can help with qualitative understanding, but full network has complicated

interactions and dynamics

Instead resort to numerical simulations
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Numerical simulation

Simulate full complex scalar field on a lattice (no benefit to simulating just the axion field)

Evolve using algorithm that is 4th order in space, 2nd order in time
Parallelised (relatively simple way, order | improvements with significantly more work?)
Identify strings by looking at field change around loops in different 2D planes

mEmp> group identified lattice points and form strings
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Why it's hard

Large separation of scale

, : N 1
String core is very thin 04 ~ f_
Ja

Hubble distance is much larger H™! ~ i oAl L

=
—~

String tension depends on the ratio of string core size and Hubble scale

H@#)

—- 71’)‘(]) log (av (t))
Os

p(t) ~ 7 f2log

Physical scale separation v ~ 1[’):)’“

mmp loga ~ 70
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Why it's hard

Numerical simulations need
* afew lattice points per string core B e ¢ o o o

+ a few Hubble patches

Can only simulate grids with ~ ](_](]()3 points b S S R T

simulations:  loga < log(i) ~ 6

physical:

Current literature just gives results at small scale separation
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Fat string trick

)

Increase the string core size with time V' (t) = X (¢) (|f.x'5|3 - jﬁ)

; | .
M= 2 N gy L g

a(t)?  t VA fa

Same maximum value of log in the two cases, but fat string trick means going from

a~ 10 to a ~ 1000 takes t/t)~ 10" instead of t/ty ~ 10?
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Fat string trick

7.
Increase the string core size with time V' (t) = X (¢) (|f;"’|; — ]i)

. | o
A(t) = .)\[?-) o & -y O~ — ~ ¢1/2
‘ al t)* t \/)\fu

Same maximum value of log in the two cases, but fat string trick means going from
- . )
a~ 10 to a ~ 1000 takes t/t)~ 10" instead of t/ty ~ 10°
+ (Can see convergence to a scaling solution more clearly

+ Redshifting means that initial energy has less impact on the spectrum, more time to
calculate the energy emitted between shots

* Larger separation between k ~ H and k ~ 1/ds at early times

Look at results with and without using this trick
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String length per Hubble volume

Find a log increase, theoretically plausible since the tension is increasing
1.4
1.2
1.0 =
0.8
¢(a)
0.6
0.4
0.2

0.0
2 £ 4 ) 6

log (ﬁ,;’”) = log ()

| If extrapolation is valid, grows to ~ 10 at QCD scale |

.

Pirsa: 18010075 Page 18/42



Setting initial conditions

Start with overdense/ underdense, at different times, also with random field initial conditions

0.4

Log(a)

| Final result is not dependent on the details of the phase transition |
-’
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Scaling solution: non-fat

Parameters of the scaling solution slightly different, otherwise physics seems similar
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Distribution of loop length

7 late time

.010 == . early time

i 10~ --""

Cumulative
string length In
loops with

length < L 10

10

\ .

0.001 0.010 0.100 1 10

A scaling solution is established
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Numerical checks

E.g. number of Hubble patches at end of simulation

pr———
|Deviates when

~ 2 Hubble
| lengths in box |

on

&(a) 1.0

l..LJI]'t.H
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Global strings in 2D

In 2D strings are equivalent to point charges:
Away from string cores, define a dual EM field that obeys Maxwell's equations

Strings source the EM field, flux through a loop is 27 f,n

‘enclosed

Potential between two strings v (r) = _N% logr
e 2600

S

Mass of equivalent charges M~ ff log (ﬂ)
=g log N =

String number density ~ log reasonable based on how long charges take to annihilate
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Global strings in 2D

1.0
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Energy emitted by strings

| . . _ 0 i (AT
Theoretical "prediction” from measured £ (t) and expectation that w (t) ~ 7 f;log | ¢

Og

| ¢ Pem |
- L;)‘(pf'ree T pst)
50 Pem = St

40

30
Significant proportion

of energy going into

the scalar radial modes

jals onl
gimulation radials Of y -

4.5 5.0 5.5 6.0

[ loga |
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Distribution of axion momenta

dPinge 4
dk
dPinst _ : H
— = spectrum of axions radiated

(1) dpmerL

dk km  “soft” spectrum with (k~1) oc H~1 Davis, Shellard, Dabholkar, ... ‘89-'99
(2) dPinst 1! l H—1
dk k “hard”’ spectrum with (k1) ] Sikivie et al. ‘89
og a
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Impact on relic density

Suppression of number density compared to m = 00

Suppression of Naxior

0.50
.~// i
J/
0.20 .
//

0.10

0.05

0.02

m
1.2 1.4 1.6 1.8 2.0
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Theoretical expectation

At large log, global string tension is large, dynamics the same as local strings up to corrections

]

log

™~/

Analytic solution for Nambu-Goto string:
* loop bounces many times

- m > 1 and majority of energy emitted at momentum k ~ H

Alternative, coupled strongly to the axion:
+ collapsing loop Is overdamped

=it — I8
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Collapsing loops

Ensemble of non-circular loops Spectrum emitted

"B . \
( gradient ~ —1.2 )

AL

10

k/Ry !

Power law with m > 1 so predicts emission dominantly at &k ~ H

Pirsa: 18010075 Page 29/42



Collapse time for different log

Cosine:
prediction for local string

0.6
R
Ao oot
0.4
Increasing
0.2 . M
log a S
0.0
0.0 0.2 0.4 0.6 0.8 1.0 .2 1.4

Convergence towards the local string cosine prediction
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Spectrum from the network

Look at the energy emitted in a small time interval

05 [ gradient ~ —(.8 )

-

0.1

dP ot 0.05
dk

0.01
0.005

0.001
1 -~ 10 o0 100

Much more UV dominated than expected
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Spectrum from the network

Can also measure the total spectrum in the simulation

dpu)l
dk e

H(6) H(5) H(4.5)
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Spectrum from the network

Good agreement with prediction from ¢ (¢) and instantaneous emission spectrum

F(k/I)

1 < 10 50 100 500 1000
kKIH
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Spectrum from the network

Strong disagreement with predicted spectrum assuming m = 1

0.50

0.10

0.05

5 10 50 100 500 1000
K/H
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Consistency check

Number density of axions can also be predicted

More IR dominated than the energy in the system

'

log a

All consistent with a more UV dominated power spectrum than expected in the physical regime
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Domain walls

To get a final result, also need to study the dynamics of domain walls

Depends on the anomaly coefficient:
* N =1, unstable, automatically decay

* N > 1,stable in the absence of extra PQ breaking, current simulations seems marginally

ruled out unless fine-tuned
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Domain walls

Axion mass becomes cosmologically relevant when
ma (To) ~ H (Tp)
Subsequently it increases fast, and quickly mgq (1) > H (1)

But typical size of domain walls still ~ 1/# (T;;) , momentum of lowest harmonics ~ H (T})

emission at higher harmonics strongly suppressed

Could this delay the destruction of the domain wall network? Potentially a big effect on the relic

abundance!
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Impact on the relic abundance

&

+ Extrapolation of & (&)~ log ( fa ) Is plausible (but a dynamical change is not ruled out)

+ Unfortunately cannot reliably determine m from the full simulation

rii 1 (1 - ¢ o (1 = —
—& ~(.8¢ (T = Aocp) f(m) ‘-f (m ]_ | .
n1||i;~;;1_| Shi _f(ff}. — OQ) = ltlf_;(l‘ ~ 70
3+ 10° : B
108 10° 1010 410 1011 1.7-10" 1012
— ' ' L ' > fu(GeV)
dmnsn‘n walls instantons @ = 8 ?
»
o T T | T
mg (uev) _
; 10° 104 103 102 10 1
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Possible improvements

Bigger computers, running for longer, lead to relatively little gain in the range of log (ev)

Effective field theory approach is tempting: carry out a simulation where the degrees of freedom

are evolving strings

Might be possible to parameterise the probability of passing through, rate that curves straighten

out etc. but not straightforward

Adaptive mesh, win a factor of 10?

Q\ ¥
y W

\
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Previous literature

Hiramatsu, Kawasaki, Saikawa, Toyokazu Sekiguchi , e.g. arXiv:1202.585
* Extract the spectrum at small scale separation
+ But are looking at the region to the right of the string core peak

* Find m >> | (which might be physically correct but not justified from their analysis)

- Find &(#) ~ | (since at small scale separation)

* Use this to compute relic abundance

Moore, arxiv: 1509.00026
+ Simulation at small tension and extracts axion number density directly
+ No extrapolation
- Results are compatible with our measurements of £ (£) and spectrum, but not physically

reliable
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Conclusions

« If PQ symmetry is broken after inflation there is in principle a unique axion DM prediction, this

Is experimentally important and related to early universe cosmology
* Exact calculation is challenging, and cannot directly study physically relevant regime
« String density increases ~ log (e) in the regime we can study
+ Emitted spectrum does not match theoretical expectation for the physically relevant regime

* More than order of magnitude changes in axion DM mass compared to previous results
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Thanks
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