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Abstract: A cosmological network of axion strings in our Universe today may leave its imprint on the polarization pattern of the cosmic microwave
background radiation through the phenomenon of axion-string-induced birefringence. | will explain how this signal arises, discuss how it depends
on the properties of the string network and the axion-photon coupling, describe how existing measurements of anisotropic birefringence place
constraints on axion strings, and discuss how the non-Gaussian nature of this signal could be leveraged in searches with future data.
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Summary

» If a hyper-light axion-like particle exists in Nature, the associated cosmological network
of axion strings can leave an imprint on CMB polarization through birefringence

» We use existing measurements of anisotropic birefringence (Planck, SPT, ...) to place
constraints on this scenario. Next-generation telescopes (CMB-S4) will probe O(1)
electromagnetic anomaly coefficients and thereby probe the axion’s UV embedding

« We find that it is difficult (but not impossible!) to reconcile the detection of isotropic
birefringence with strong limits on anisotropic birefringence coming from axion strings

- We argue that measurements of anisotropic birefringence could not only reveal the
presence of a hyper-light ALP in Nature, but also lead to a measurement of its mass

« QOur ongoing work (very early stages) seeks to use machine learning techniques (spherical
CNN) to detect the subtle signal of axion strings in CMB polarization data

CMB birefringence from axion strings Andrew Long (Rice University)
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axion-like particles
& cosmic axion strings
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Theory landscape: axion-like particles

axion-like L D %(80})2 L %mQG,Z

particles

ALPs from extra dimensions
(such as string theory)

3 extended spatial dimensions

N compactified
internal dimensions

A ’f
Arvanitaki et. al. (2009), “string axiverse” [Gendler et. al. (2023)] e [E\ ]

CMB birefringence from axion strings Andrew Long (Rice University)
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Theory landscape: axion-like particles
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Axion strings from ALPs

early-universe phase transition
Field space Physical space
£ = 00> — (|8 — f2/2)° Axion
4.--—-"_"'_'- .
_ f+s(=z) jia(z)/f string
Q(z) = 75 €
® . string thickness
o % = microscopic
— Aa —» *2nf, string length
A = cosmological
v Axion
a
/fa o0 o oo string
/ loop
Clockwise (+) @ ee
“post-inflation scenario” ocKwise (+); or
assume: Tpy > fo anti-clockwise (-) Aa — X2rf,

CMB birefringence from axion strings Andrew Long (Rice University)
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A cosmic string network

Simulation volume

Hubble volune

e .
n =155

[ ]
logm, /H = 8.99

EMEReDingence from axion strings

the network contains long strings & string loops
string tension pulls bent string segments (L < dg)
string segments cross & reconnect

reconnections forms new loops

loops (L < dp) emit axions and collapse
distribution over loop lengths tracks Hubble
average energy density tracks Hubble

what’s the energy spectrum of axion emission?
how many strings in the universe today?

» does the network maintain scaling?

« should be O(10) strings per Hubble volume
distribution over loop lengths

Pirsa: 24030125
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A cosmic string network

Simulation volume

Hubble volume

i =0.1

logm,/H = -3

the network contains long strings & string loops
string tension pulls bent string segments (L < dg)
string segments cross & reconnect

reconnections forms new loops

loops (L < dp) emit axions and collapse
distribution over loop lengths tracks Hubble
average energy density tracks Hubble

what’s the energy spectrum of axion emission?
how many strings in the universe today?

» does the network maintain scaling?

« should be O(10) strings per Hubble volume
distribution over loop lengths

CMB birefringence from axion strings
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To scale or not to scale?
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Cosmological probes of axion strings

Kaiser-Stebbins effect 2 CMB
string wakes = LSS

grav wave emission @ PTA, LVK, LISA
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How can we detect axion strings in the Universe today?

particle emission = dark
radiation ... BBN ... cosmic

rays ... CMB effects

birefringence &% CMB ...
galaxy polarization/shape

Integrated polarization

E |
0
v

Mirror image

LA
xk"““- 1“\1_101 a
e i3

ApPE [¥in et. al. (2024)]
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birefringence
from axion strings
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How could we detect an axion string?

standard Chern-Simons coupling

_ _1 n
‘ﬁﬂnt = 490’)")’G’FF an electromagnetic wave a = lga,w / dX*# aﬂa(X)
Gamry = _Aac;m traveling through a varying axion field 2 C
=00 T fa has its plane of polarization rotated

A:ZQPQngN#/g

rotation angle
R o s
_Aaem

—0.42° A

rotated
CMBy

Q

axion string loop
Aar =07
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The loop-crossing model

All strings are circular loops
Randomize loop orientation ¢ =
Randomize loop location in space £ = 10
All loops same radius at any time

Loop radius tracks Hubble

R(t) = Go/H (1)

Number of loops tracks Hubble 0

p(t) = Eop(t)H(t)?

loop-crossing model

early time -> small loops
late time -> large loops

{maa A7 CO? gﬂ}gaw_flaem

7 fa

EMEReDingence from axion strings o (Rice University)
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Expected birefringence signal

A = dimensionless axion-photon coupling

&0 = dimensionless loop density (Hubble units)

a network of circular loops ¢o = dimensionless loop length (Hubble units)
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*need my < 3Hoyp = 10728 &V for the network to survive until after recombination
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Analytical understanding

(a(f1) a(42)) = (-Aaem)Q Nboth (Y1 - Y2)

10t
103
102
10!

10°

0L
ﬁ Min[z. (¢, 0p), Zemn)
}‘\'}41 P 1072 — 2*(C: 90)
Yo §§ 107 102 107 10°

opening angled,  [rad]

@ MERH6Dingence from axion strings Andrew Long (Rice University)

Pirsa: 24030125 Page 17/44



Analytical understanding
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Effect on CMB polarization

How does birefringence affect T(’fb) 7 T(‘fb)
the CMB’s temperature and ) R . L2iADT/ A
polarization? [Q + ZU] (n) =i [(Q + zU)e ? ](n)

axion string-induced
primordial CMB sky birefringence angle Planck’s CMB sky

_:_ ! o Fiox 1
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ool pTarfc(:efn \T/ - Sllnatemn | >_ cosmological birefringence (EB) #0
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N i Cy° ~ sin(4A®) (C7° — CFP)
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Constraints from anisotropic birefringence

no evidence for anisotropic birefringence
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Constraints from anisotropic birefringence
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Implications

SPTpPoL: A%&) < 3.7 at 95% CL

A=1/3 &o = 30
\ /

AZ&) ~ 3.3

... already probing an O(1) anomaly coefficient!
... but still large uncertainties in &, (from sims)

CMB birefringence from axion strings g (Rice University)
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Projected sensitivity

probes of isotropic + aniso. birefringence
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what about
isotropic
birefringence
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Are strings responsible for isotropic birefringence?

same rotation angle across the whole sky
(using Planck & WMAP data)

ago = —1.21°79:33 (68% CL)

[Minami & Komatsu (2020)
[Diego-Palazuelos et. al. (2022)

[Eskilt (2022)], [Eskilt & Komatsu (2022)
[Eskilt et. al. (2023)

note that: 3 = —apo/V4nm = 0.34°

CMB birefringence from axion strings Andrew Long (Rice University)
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Are strings responsible for isotropic birefringence?

same rotation angle across the whole sky
(using Planck & WMAP data)

the isotropic signal is in tension

with limits on anisotropic BF if they both arise

from axion-string induced birefringence

T T

measurement

1 T T T T

model simulations

ago = —1.21°7933° (68% CL)

[Minami & Komatsu (2020)] \
‘ [Diego—PaIgzuelos et. al. (2022)] ,’,' \\ A2 =05, o =1
[Eskilt (2022)], [Eskilt & Komatsu (2022)] et R TSRS S A
[Eskilt et. al. (2023)] = —2 il 0 1 2 3

monopole agy [deg]

B = —agy/Var =~ 0.34°

EMEReDingence from axion strings

note that;

Andrew Long (Rice University)
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Are strings responsible for isotropic birefringence?

the isotropic signal is in tension
with limits on anisotropic BF if they both arise

same rotation angle across the whole sky from axion-string induced birefringence
(using Planck & WMAP data) E =

ago = —1.21°7933° (68% CL)

i T . e B LS 0

[Minami & Komatsu (2020)
[Diego-Palazuelos et. al. (2022)

[Eskilt (2022)], [Eskilt & Komatsu (2022)
[Eskilt et. al. (2023)

10 20 30 40 50
A&
Isotropic BF B SPTror M Isotropic BF + SPTPoOL

note that: 3 = —apo/V4nm = 0.34°

@ MAEBDeDingence from axion strings Andrew Long (Rice University)
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Are strings responsible for isotropic birefringence?

loopholes allowing large iso-BF

same rotation angle across the whole sky

(using Planck & WMAP data) a nearby loop in our Hubble volume

would dominate the isotropic signal

B 040.33°
oo — —1.21 —0.32° (68% CL) "
: _ the massless axion field is expected to be ' é
[Minami & Komatsu (2020 h

Di A5 e §2022 inhomogeneous on the Hubble scale
1ego- alazuelos et. al.

(

(

)

)

[Eskilt (2022)], [Eskilt & Komatsu (2022)
[Eskilt et. al. (2023)

if the string network is not present just after
recombination, the small-scale BF is suppressed

note that: 3 = —apo/V4nm = 0.34°

CMB birefringence from axion strings Andrew Long (Rice University)
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effect of
varying ALP mass
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Collapse of the string-wall network

Axion strings become connected together by domain walls

string-wall network

me < 3H Mg > 3H

t’
‘\ “\'\N

mg S 3Hows ~ 3 X 10—29 eV (string network survives until after recombination)

let’s consider: a3 _
mg 2 3Hp ~ 5 x 10 eV (string network collapses before today)

CMB birefringence from axion strings Andrew Long (Rice University)
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Impact on birefringence

(assuming NS — 1)

(network collapses earlier)

me =2x1073 eV (2, =19)

101 -

£+ 1)CE /27 [deg?]
=
IR S R S WY S

deg ' 10' 102

1
W
w

C
C

after the network collapses at redshift z. the accumulation of birefringence is shut off

@ MAERDeDingence from axion strings Andrew Long (Rice University)
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Impact on birefringence

(assuming Npw = 1)
(network collapses earlier)

me =2 x107% eV (2, = 404)

101 4

o;?c
3
..k
2
- 5 |
gw__l()' E
S
—
L
Y
=
108 -
deg . 1 02
5 3 10 y 10

after the network collapses at redshift z. the accumulation of birefringence is shut off
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Implications
(assuming NS — 1)

(network collapses earlier)

=10, A% =10 &
Y 5
BICEP2/Keck o S
10_1 = x©
~
& ol/ACTpol
=, m,=1x10"%eV, 2=0
§ m, =hx 10™% eV, z=6
;“‘ 10_2 | mn,=2x10"*eV, 2=19
L= — m,=1x10"%eV, z=54
<) —_— m,=5x 10 ¥eV, z=148
: —_ i, =2x107% eV, =404
<
S
10-3 _
T T ‘ ‘ e T
10! 102
/4

strong scale dependence 2 possible to measure m,

@PAEBDeDingence from axion strings Andrew Long (Rice University)
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Similar results for stable string-wall networks

(‘assuming Npy > 1)

OIICIIIIIZCTI similar behavior to string network
due to string versus string-wall

)

@ MAEHRDeDingence from axion strings Andrew Long (Rice University)

Pirsa: 24030125 Page 34/44



Complementary studies: stable axion domain walls

expected if H;¢;~~ f,
independent of propagation

Before oscillation

Pl

After oscillation

INDE==3{] if LS is from the vacuum R

A® =c,a if LSy is from the vacuum L.

imposes bound on mass & decay constant

opw = 8f2my < (1MeV)?, possible to accommodate detection of

isotropic BF and evade limits on anisotropic BF

—20
fs <S4 x10°GeV 1 eV_ (no random-walk enhancement)
: —

Andrew Long (Rice University)
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signatures of
non-Gaussianity
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non-Gaussianity in birefringence maps

loop-like features are visibly non-Gaussian

features loops with ‘edges’

2
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E N

i 15 0 —15% =30

right ascension (deg)

Non-Gaussian axion
birefringence map

Gaussian random field
with same power spectrum

|
(HJE)) UOIYeUI[IIP

|
)

How to best quantify the non-

Gaussian birefringence and
develop tests to extract these

features from the data?
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Measures of NG 1: kurtosis

less Gaussian at lower ell a measure of Gaussianity

&o,0 . T
B ,’;j}:,‘: = 7.7,201 % 10 < Aprm, — (OfEm}‘ > '
- oo =1 Kgm = 55 =3 for Gaussian
- ( ‘affm - (aﬁm) ‘ >
TR
B ‘;::':J l“'.‘,‘
4 hY
a =2 0 2
Qa0 C'22:1 5'2:2
jiz,o = —5.00 % 107° jiz,1 = —6.93 x 107° ft22 = —=5.03 x 1075
d2.0=019 821 =0.14 dop =0.14
F Aks o = 0.56 F Aks = 0.41 F Aks s = 0.38
/ A more Gaussian on smaller scales
- A} J A
[ -,'-\ - ..\ L ; \‘
j A ; \ [ / \ 1075 & = G =01
J 5, / F 4 |
1 PN 1 et \\ 1 | A & \ * (o =10.316 " R
) 0 1_—05 00 05 _—05 00 05 10°F - e ¢ G=1 ~inverse with # loops
dgo dg,1 Gy 2 & - . SRy S =10
s =4.85 x 1077 fina =119 x 107° fisa = —2.62 x 107° < 107 F * e, “esoen,,. T
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2
. Co
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A " A recall: R(t) = (o/H(t)
CMB bifls j; \ 7 _/I \l"x i [\ 32 Andrew Long (Rice University)
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Measures of NG 2: bispectrum
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Measures of NG 2: bispectrum

. R
. § bertats = gype, (] ’ s)dé-.ﬁf Gy
3-point correlations e "Elm‘m;elm;fzmz_fg my my mg) © o Hamatoms

and comparison with Gaussian random field

0%
10 - squeezed
1071 F o« equilateral
10-2 T x ¢ Gaussian
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Measures of NG 3: scattering transform

power spectrum

signal:  I(x)
plane wave: ¢y (x)

Pic(x) = (|To * ¢xc|*) (x)

scattering transform
wavelet: 17! (x)

I (x) = (|1 “)(x)
Ijl,ll,Jz,lz (X) _ <|I.717l1 - ¢j2’l2| ) (x)
= (I ),
=

131731,32,12>

31:.?2

xall :l2

CMB birefringence from axion strings
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I Power spectrum
Il Scattering transform
B Combined

\r._ﬁ -

NG information

(b) A%0 =06, A=2f5, (=03
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Machine learning for axion strings
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package: DeepSphere (Python)
architecture: 3 conv+pool layers

goal: to train an Al to
identify features of
axion strings in CMB
polarization maps

how well is it working? ... not bad!
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Summary

» If a hyper-light axion-like particle exists in Nature, the associated cosmological network
of axion strings can leave an imprint on CMB polarization through birefringence

» We use existing measurements of anisotropic birefringence (Planck, SPT, ...) to pléce
constraints on this scenario. Next-generation telescopes (CMB-S4) will probe O(1)
electromagnetic anomaly coefficients and thereby probe the axion’s UV embedding

« We find that it is difficult (but not impossible!) to reconcile the detection of isotropic
birefringence with strong limits on anisotropic birefringence coming from axion strings

- We argue that measurements of anisotropic birefringence could not only reveal the
presence of a hyper-light ALP in Nature, but also lead to a measurement of its mass

« QOur ongoing work (very early stages) seeks to use machine learning techniques (spherical
CNN) to detect the subtle signal of axion strings in CMB polarization data

(@MAERDeDingence from axion strings Andrew Long (Rice University)
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