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A triumph of science!

Successes
known physics

describes the properties of the
known elementary particles and
the forces by which they interact
allows for precision calculation

a predictive framework

Standard Model
of the
Elementary Particles

QUARKS @ LEPTONS @@ BOSONS @ HIGGS BOSON

Puzzles
hints of new physics

Why is the Higgs light?

Why don’t couplings unify?
Why are neutrinos massive?
Why three generations?

Why is there dark matter?
Why is there dark energy?
Why less antimatter?

Why homogenous & isotropic?
Why no strong CP violation?
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A puzzle with the neutron’s electric dipole moment

consider this configuration:

(

—26
dp < 107" ecm the strong nuclear force
exhibits a symmetry (CP)

naive dimensional analysis
d, ~exfm~ 10" ¥ecm

experiment
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Why does the strong nuclear force exhibit CP symmetry?
this is called the Strong CP Problem

* more precisely: why is © = © + Arg det M, < 1 fine-tuned?



Dynamical relaxation to zero

[t turns out that 0 costs energy:

promote 6 to a field

' 4

[Peccei, Quinn, Weinberg, Wilczek 1977-78]

A dynamical 0 relaxes to zero:

o-0-0

p—_d
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By-product: a new particle

Quantum excitations around 0=0
are a new kind of particle

astro & cosmo probes of axions

-

Axion Fact Sheet\

SPIN =0

CHARGE =0
COLOR =0

(model-dep)

MASS = ultralight (ueV)

INTERACTIONS = feeble
LIFETIME = cosmological/
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The QCD Axion’s cousins: axion-like particles

[axions in string theory: Svrcek & Witten (2006), Arvanitaki et al (2009)]

Whereas the QCD Axion plays a special
role of solving the Strong CP Problem,
axion-like particles (ALPs) are generic in
theories Beyond the Standard Model.

ALPs from symmetry breaking ALPs from extra dimensions
(similar to pions in QCD) (such as string theory)

3 extended spatial dimensions

N compactified
internal dimensions
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Does the QCD axion or an ALP exist in nature?



(Astrophysical Probes |

observe the influence of axions
\on stars, gas, & compact objects)

Cosmic Probes

observe the influence of
axions on cosmological relics

Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth




Stars emit axions

Various channels for axion emission
(different channels dominate for different star types)

axion
/
’ axion
electron / p;
electron Jace . Compton_ | /’
b trahl (main sequence, giants) €lectron
rems raniung ion )
(white dwarf) aee
axion
I, Javy  axion
neutron / . - o= o
neutron —_— Primakoff effect
bremstrahlung ¢ YJann (main sequence, giants)

(neutron star)

|
neutron |
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What kinds of stars emit axions?

let’s look at some examples



Example: white dwarf stars

axion luminosity (for white dwarf stars)

L~ (16 % 10—4 L@) ( Jaee )2 MwD Tc

10-13) \1M, ) \107K

constraints
”

Miller Bertolami (2014)
ma:() meV

,,,,,,, ma:2.5 meV
0.0001 —omme m =5 meV

ma:7.5 meV

-+ m=10 meV

e | e Ct rO n Z m =15 meV

,,,,,, m =20 meV

- m=30meV  gEIerT | B e

ion = o — 37

MB]

Jace <3 x 107" (30)
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Example: neutron stars

(a few of) The Magnificent 7

robust luminosity & age measurements

LT KSVZ m, = 16 meV
o)
i 102.
=
z
£ 107
g
=3
NG|
1072
1074 1 s . - — 0
10 10 103 10 10° 106
Age [yrs]
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tan 3

angular parameter:

| . RGB | HB |
13
=
104 | =
] =
E
1094 -
] \ F
oy
I I
2]\
oty 5?5 | 1= | .-
1073 10-2 10°! 10°

[Buschmann, Dessert, Foster, AL, & Safdi (2021)]

QCD Axion constraints

axion mass: m, [eV]

Gann <5 x 10717

Y
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Example: supernovae

SN 1987A Neutrino burst

40| |®

30

1y |

ot

energy in MeV

Kamiokande
® |MB
A Baksan

T T T T
4 6 8 10

time in seconds

12

[constraints: Chang, Essig, McDermott (2018)]

Constraints

E.ion < 5 x 10°% erg/sec

10?

108§
Fiducial
Fischer, 11.8M
Fischer, 18 M

Nakazato, 13 M

105§

10° 10! 102
ma [MeV]
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how to test that stars emit axions?

we want a signal, not just a constraint!



Axions convert to photons in a B-field

~ —19 Jaee 2 Ja~vy~
I' ~ (10~ "“photons /sec)

10—13 10-11/GeV
’ & 2 T 2 o —2
5T 100 cm 10 pc

~zero signal at earth from a nearby WD
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Example: our Sun

our Sun may be
emitting axions helioscopes

107°

IIIII|T|'| IIII|'|T|'| TTTTTH

\ ; 107 &
\ 2 -
\ E 1078
! E o
A we are searching for these by 107 ot
o . o ﬁ B - L _ /a
axion |V axionsinlaboratories on Earth = o ___:_::4\;-‘:: wew
\ axion-photon interconversion 3 ol """""" E
‘\ in a strong magnetic field c |
\ CAST g g Helg -
@) = : 3
X-ray g 10ME E
C>§ 10—IGEIIIILLHI L 111l I:IrI)IIII,I,IJ IIIII|,|,|J IIIIILI,IJ IIIIILI,I] IIIIILI,I] IIIILI_I,I] IIIE

107 10® 107 10° 10° 10* 10° 102 100" 1 10
axion mass: m, [eV]
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Axion-photon conversion at compact stars

[D. E. Morris (1986)] [Raffelt & Stodolsky (1987)]
[Gill & Heyl (2011)] [Fortin & Sinha (2018)]

Strong magnetic field:

= Neutron stars (magnetars): ~1012- 101G
= Magnetic white dwarfs: ~106-10°G

Filling large volume:

= Neutron stars (magnetars): ~10 km
= Magnetic white dwarfs: ~0.01 Ry

Hot plasma radiates axions:
= Core temperature: 107 K ~few keV

Eo = Teore = Efy — X-Tay

signal = thermal X-ray emission (T_,,. ~ 10/ K ~ keV)
background = surface emission negligible (T,

~ 104 K)

urface
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Expected X-ray signal from MWDs

quasi-thermal spectrum

[Dessert, AL, Safdi, arXiv:1903.04088]

top 10 magnetic white dwarf candidates

10-10F PSR R ik
axion Spectrum——— //// \\\ MWD [MQ] RWD [RQ] L'Y [LQ] Teff [K] B [MG] dWD [pC} F2_10 [erg/ch/s}
= photon spectrum —— | =" \\ 1 RE J0317-853 1.32 0.00405 0.0120 30000 200 29.54 6.8 x 107
2 L0-12 = \ WD 20104310 1* 0.00643* 0.00566 19750 520 30.77 4.4 x 107
-~ Bl /,’ 1 . —14
"5 - Suzaku (95% CL) WD 0041-102 (Feige 7) 1.05 0.00756 0.00635 18750 35 31.09 3.0 x 10
< -7 1 WD 10314234 0.937 0.00872 0.0109 20000 200 64.09 2.3 x 107
E e WD 1533-057 0.717 0.0114 0.0121 18000 31 68.96 1.3 x 107
10-1 f// 1 WD 10174367 0.730 0.0111 0.0082 16500 65 79.24 7.1x 1071
= ] WD 1043-050 1.02 0.00787 0.00388 16250 820 83.33 54x107"
% WD 1211-171 1.06 0.00754 0.00992 21000 50 92.61 5.4 x 10715
x 10716} 1 SDSS 131508.97+093713.87 0.848 0.00968 0.01347 20000 14 101.7 3.5x 1071
= \ WD 1743-520 1.13 0.00681 0.00184 14500 36 38.93 2.9 x 10715
3
\\
1018 i . . . . K
1 ) 1 1 .
0 0-5 o 0 50 1000’s of known WDs (Gaia), but only
B [keV] 100’s have B-field measurements rank by
, expected
_ —13 . .
Yace = 10 rising through 1-10 keV where P
gors = 10°1 GV X-ray flux

a0 backgrounds are falling

dwp = 29.54 pe
T.=2x10"K
=1.7keV

(for m, =107 eV and |gce 8ayy| = 102 GeV'?)
Andrew LOl’lg (Rice University)
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Searching for X-rays from Magnetic White Dwarfs

[Dessert, AL, Safdi (2019, 2021)]

Chandra observation Constraints on axion emission / X-ray conversion
> 37.42 ks (~10 hr) of data, Dec 18, 2020 = Upper limit on product of couplings gace * Sayy
= No photon counts observed near source = Can be recast as a limit in g,,, alone

6 9 10~8
]
4t | 8 10-9 '
| 7
g 2 % 10710
§ 6= ‘_I( one-loop Cgee
=, gﬁ % P e (W-phobic)
g 0 5 £ O 107 g 2
D| % E 1 SN1987A z S = /
58 5| signal template ‘g =0 10-12 RE J0317-853 (this work)
. o,
[ % 3 1 :
al = + uncalibrated | | C aee — a 3 < Q%ﬂz
! Gaia 2016 (calib.) 9 10725 77% & )9
T - Dec. 2020 (calib.) - <
B N R B R R R T v P P PPN
(RA- RAy) x cos(Decy) [arcsec] ST U e (L N (e e e (e R
mg, [eV]
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Radio from the galactic center probes axion dark matter

constraints derived from an analysis of

archival Green Bank Telescope data

CAST i

’ GBT ]
MWDs J

energy conservation:

Mg - E
fy = ma/27m ~ (0.2 GHz) (m 2 SKA 100 Discovery _ -~ ]
o ]
‘neutron star wibr T ]
@ galactic center : PIPR :
| \\\I | =& \/ 1| \4' g | | | I \I | | | | I |
10-° 107° 107 1072
Ma [peV]

The galactic center neutron star population
provides a strong magnetic field to resonantly
convert axion dark matter into radio emission
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have we missed any interesting channels?

let’s look at exotic axion couplings



ALP emission from exotic couplings

[Zhang, Hagimoto, & AL, 2309.03889]

/ standard axion couplings \ /exotic axion couplingh

axion axion axion astro implications:
U 4
/’ I, LFV: V4 « axion emission off of
electron 4 electron muon  muon e|ectron  muon muons in a neutron star

baryon-destruction in a
neutron star & heating

axion axion a);'on « connections with lab
4 / probes of axion LFV &
/ 4 BNV: ,’ . BNV interactions
proton ¢ proton neutron ,¢ neutron neutron antineutron

. AN /

Lot = Japp Opa vy y51/2my,
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ALP emission from exotic couplings

\

[Zhang, Hagimoto, & AL, 2309.03889]

axion axion emissivity 2 T 8
’ LEV 10 3 Jaep
LFV: % eq ~ (4.8 x 10" erg/cm” /sec) | == —
electron ,# muon 10— 10° K
- J
constraints on axion-LEV interactions
Calibbi et al. :
9| (SN 1987A, p—ea) |
10 E ] for a neutron star, strong lab limits
This work imply that axion emission is
. subdominant to standard neutrino
_ Bryman & Cford 8 pilger et al. emission via the Murca processes
3
S Derenzo
= 10710 TWIST E due to the strong temperature
i ETR dependence, much stronger limits
———— CEerelo iR A R b U il can be derived from SN 1987A by
' considering its hot proto-neutron star
T —4
1011 3 aen] S (4x 107
i [gaenl 5 (410 )<50MeV>
106 107 108 10°
mq [eV]

10° K =~ 86.2 keV
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can axions source their own electromagnetic radiation

let’s look at compact clumps of cold axions



What if the axion DM is clumped up?

[Amin, AL, Mou, Saffin, arXiv:2103.12082]

dense axion star:
a coherent “clump” of axion dark matter

background background
ot ) ~ plr) coswit magnetic field electric field
©o wsm t 1B tE
+++
— u"" \.;~~~

Rrm !~ (100m) (1()7L6€V)71 Q\» /‘

coupling to electromagnetism: ——
new terms in Maxwell’s equations

¢ —V2p+ 09,V =gy E-B, . .
E-VxB_g (¢B+v¢xE> induced induced
@ _l, oFF . v ’ electric dipole magnetic dipole
int 49a7¢ m B=_V x E,
V-E=-g,,V¢-B, .
V.B—0 ! a source of EM radiation!
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EM radiation from an axion clump

[Amin, AL, Mou, Saffin, arXiv:2103.12082]

lattice simulation: EM power radiated:
radiation from clump in external B/E fields departure from dipole approx. at larger coupling
50% »
I =
I £
401 % %
~ o 30f —
S
E 20;
10t
0o—"
00 02 04 06 08 10 12 14
C = gaypowR/4
shading shows intensity of EM field o 4o
S (%) R,
Pdipole — 197 <|B‘ + |E’ )
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Astrophysical Probes

observe the influence of axions
on stars, gas, & compact objects

Cosmic Probes

observe the influence of

\axions on cosmological relics)

Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth




Axion dark radiation influence on CMB

[Baumann, Green, & Wallisch (2016)]
[CMB S4 Science Book (2016)]

Precision CMB measurements

constrain the presence of a “dark testable parameter space
radiation” in the Universe 10° A
AN,z > 0.027
10?
Pdark - "H‘.““““““}‘;,;J“W
~ elioscopes (CAST)
AN, ~ . Planck 2018 10 i Py
eff Y O 3 (Planc ) . ADMX Stellar Cooling 10
Pone v ol i
AN.g = 0.027 10
10%2 — 1108
. . 1013 Tr ~ 10" GeV 1010
For thermalized axions we expect:
. 10— {102
| | P — b ) ANegg > 0.027 v & Y
| | i e Ay [GeV] & T [GeV]
% 1_5 i (1)57 | Covonl vl llluﬁ- Covnnl vl v vl el e
Z ] ' 107 1007 107% 107° 107* 107® 1072 107' 1 10
4 01 0.095 me [eV]

0.047
0.027

M | T Ty Ty Ty T T ALY | T
10—2 10—t 100 10t 102 103 104 10° 109

decoupling temperature: T [MeV]
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Decaying axion radiation & BBN

[Cadamuro & Redondo (2011)]

Axion decays during
nucleosynthesis would disrupt

Axions decay through their the aE)undance of light elements.
coupling to photons
) :
a-- I'y ggwmi z
Y g

astro & cosmo probes of axions
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Another way of probing axions with the CMB

assume interaction

with electromagnetism:
standard Chern-Simons coupling

w1 oF F axion-induced birefringence:
int 1Y9a~~ an electromagnetic wave a= g, / dX* 8,a(X)
Gy = _ g %em traveling through a varying axion field 24 C K
“r T fa has its plane of polarization rotated

A= Qro Q2 ~ #/9

rotation angle
Do
—Aoem

rotated
CMBy —0.42° A

2

axion string loop
Aa =271 f,
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Birefringence from an axion string network

[Jain, Hagimoto, AL, Amin]
[simulation: Buschmann et. al. (2022)]

axions can form cosmic strings
network evolves throughout the cosmic history effect of the whole network:
anisotropies build up over time

Simulation volume

Hubble volume

z = 1100

n=0.1

logm,/H = —3.58

x need my < 3Hepmp & 1028 eV for the network to survive until after recombination
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Effect on CMB polarization

How does birefringence affect T(’fb) — T(’fb)
the CMB’s temperature and ) N ) 19 AP/ ~
polarization? [Q + ZU](’I?,) — [(Q + ZU>€ ](n)

axion string -induced

primordial CMB sky

XN < WY 8,4 2117 /§ \ =22 !
%/ﬁ b Xy . BBy {é@ -
% L LS s 2N R
"7,, N%(\ 1 :
-60 - 60 -160 160
(exaggerated by ~30x)
/_\ _\ | . . . .
F — mode ) B — mode / \_/ Signal of axion string-induced (TB) #0
| | ) cosmological birefringence (EB) #0
pol pattern ~ '~ pol pattern | 7= BB . - .
R S |\ Cg ~ Sln(4oz) (Ce — Cg )
| /

Andrew LOl’lg (Rice University)
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Constraints on axion string networks

measurements of CMB polarization:
no evidence for anisotropic birefringence

100717 L L A= Y
: ¢ Planck 2018 ACTPoOL 1
(S Planck 2015 | & SPTpoL i
_ s0- ¢ BICEP2 / Keck 1
x r POLARBEAR i
c b dud :
~ C | 1 i
r 0 0 A "y ]
L 00Ff-g-9918371 1 TTigt¥ 9708549 1405t el by - - - 0.00
ham r i T ? T ? + b l ]
3 —2.5 [ ] B 0.02
S~ . s 10
—5.0 } ® ]
F & 4-0.04
—-7.5 ]
_10.07””“”‘|HH|HH|HH|HH"“l“""|“”|”i70'06
0 5 10 15 20 25 30 200 400 600

multipole ¢

[Jain, Hagimoto, AL, Amin]

a constraint on axion strings networks
& their coupling to electromagnetism:

B Planck 2018
Bl SPTroL

A = dimensionless axion-photon coupling
&o = dimensionless loop density (Hubble units)

(o = dimensionless loop length (Hubble units)

0.75 | .
o [
~ 050 .
0.25 .
o b e b T
025 050 0.75
A% Co

already valuable constraints: SPTPOL: A2€O < 37 at 95% CL
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Implications

CMB observations constrain:

SPTPOL: A%*&y < 3.7 at 95% CL

Typical axion-photon coupling: Typical loop abundance:

A=1/3 o = 30
\ /

AQ&O ~ 3.3

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

—ZE T R AT RN ETIT SRR R ENNRTIT BN E R AR R AR SRRy
10° 10% 107 10® 10 10* 107 102 107! 10°

my [eV]
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Projected sensitivity

future telescopes
probes of isotropic + aniso. birefringence

Current LiteBIRD SO CMB-S4-like PICO
o Ao \/% o Ao \/%: o Ao %2[: o Ao \/% o Ao %2?
" 1107 %deg?| ' " 11073deg?| ' " 1107 *deg?| ' " 11075%deg?| ' " 1107 5deg?
- - - 1.3 2.7 0.9 |/0.56 3 0.29 || 0.1 14 0.065 [|0.05 0.4 0.035
- - 1.5 3.3 1.0 ||0.66 4 0.35 ||0.11 2.0 0.08 (|0.06 0.5 0.04
- - - 1.4 3.5 1.0 ||0.64 5.0 0.4 |/0.13 2.5 0.09 ||0.08 1.2 0.06
30 2 3 1.6 4.0 1.1 ||0.71 5.5 0.4 {/0.15 3.3 0.1 {/0.09 14 0.065

BLE II. Current and forecasted 68% CL bounds on the uniform and the anisotropic CPR parameters.

future CMB polarization measurements will
drastically improve sensitivity to axion-
string induced anisotropic birefringence

astro & cosmo probes of axions

diagonal = allows multipoles to vary independently

horizontal = restricts to a scale invariant spectrum

\

T | | T T T I \

\

1 IIIII\II

\
\

10 100
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Astrophysical Probes

observe the influence of axions
on stars, gas, & compact objects

Cosmic Probes

observe the influence of
axions on cosmological relics

Terrestrial Probes

create axions on Earth or detect
axions as they pass by the Earth
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Connection with astrophysics

Astrophysical implications
worth exploring more closely:

« Radio bursts from NS encounters

« Transient rather than stochastic

« NS environment contains plasma
allowing for resonant conversion

(not considered here)

« Robust rate estimates require
careful population modeling

astro & cosmo probes of axions Andrew Long (Rice University)



the loop crossing model
simplified string network



The loop-crossing model

Assumptions

Model Parameters

All loops are circles

Randomize loop orientation
Randomize loop location in space
All loops same radius at any time
Loop radius evolves tracking Hubble

R(t) = Co/H(2)

Number of loops tracks Hubble

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

loop-crossing model

early time -> small loops

late time -> large loops

{mcw A? C()v 60}
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effect of
varying ALP mass



Collapse of the string-wall network

Axion strings become connected together by domain walls

... the string-wall network collapses (for Ny, = 1)

m, < 3H my > 3H

\

My < 3Hoyp >~ 3 X 10729 eV (string network survives until after recombination)

let’s consider: { ~

My, Z 3Hy ~ 5 X 10733 eV (string network collapses before today)

astro & cosmo probes of axions Andrew Long (Rice University)



Impact on birefringence

( assuming Npy = 1 ) raise the ALP mass

(network collapses earlier)

me =2 %1072 eV (2, = 404)

10—1,
~
20
5]
=,
3
[\l
o -2
g\)lO =
Q
[
+
N
0
10»3,
3 deg 3 10! 102

strong scale dependence @ possible to measure m,
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signatures of
non-Gaussianity



Birefringence non-Gaussianity

axion-string induced birefringence:
loop-like features are visibly non-Gaussian

features loops with ‘edges’

birefringence angle « (deg)

=30

structureless noise

right ascension (deg)

Non-Gaussian axion
birefringence map

Gaussian random field
with same power spectrum

— w
(e (=]

) uoryRUIDP

|
(Sop

|
w0
S

How to best quantify the non-
Gaussian birefringence and
develop tests to extract these

features from the data?

astro & cosmo probes of axions
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Measures of NG 1: kurtosis

distribution over ajy’S
less Gaussian at lower ell

aOO
*#00:7751><10 4
F 60,0 =0.4
5 Anoozlol

2

ago az1 a22
’M207*500><105 [ fi2,1 = —6.93x107° [ jiz0=-5.03x107°
[ 62,0=0.1 [ 62,1 =0.14 [ 62,2 =0.14
*An207056 *An21:041 7A@2:038
L A N
-1 0 1
[ dig,0 [ [ Qg2
b fis.0 =4.85x 107° b i1 =119x107° I fge=—2.62x10"°
’0‘80—007 ’0'81—005 ’0’82—005
*AI{go—OlQ *Aligl:OO'? *A%82—007

L/\ll

0.0 02 —0.2 0.0

0.2

f
—0.25 0.00 0.25 —0.2

i a3 i G4 i as.5

b fis,3 = 9.26 x 107° b ofiga = —258x107* | g5 =—1.26x 107*

’0'83—005 ’0‘84—005 ’0’85—005
AI{gg—OOG A){g4:006 AR85—005

A AN

kurtosis

a measure of Gaussianity

A

Oy —

(

(dem)|)

= 3 for Gaussian

m

A

AOym —

(

<&£m>|2>2

scaling with multipole index
more Gaussian on smaller scales

. = . ez | analytical model
- . \ . =1 ~ inverse with # loops
N T G =10 G 2
oo, ...:::::000.*\‘ A/%e (1 4 )
T e 860\ Al
‘1(I)° | | ‘1(I)1 | ‘1(|)2
¢

recall: R(t) = (o/H (1)
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Measures of NG 2: bispectrum

bispectrum

A& & (bt
b — =l 1 b2 £3) . A A
3-point correlations busts =haby 2. DL D <m1 ma m3> i Hlamalams

m1=—{1 ma=—L3 m3=—{3

single realization
largest in squeezed triangle form

; 7 10° -u
b, 0505 - X  squeezed
. 102 10-1 | " :
L e B ecquilateral
’ —~ 10_2 L xx’il‘
. g _3: .. %
106 01070
. B a e
< -4 . M
* 63 — C . e
. . 10-9 <1075 F "% %
[ ] Q 6: o "
. ° - o 10_ -
) . —107? o> s
. % ; .io | . . . - 10—7 -
° [} .... . ° ¢ _8 :_
e. e " ~107° LU
/62 10_9 __|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0 10 20 30 40 50 60 70 80 90 100
-1073
deg
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Measures of NG 2: bispectrum

bispectrum

- A
b _ 1 1 42 £3\ 4 a .
3-point correlations DRI DD DD D (ml my m3> Hama SlamaSlyms

m1=—{1 ma=—L3 m3=—{3

average bispectrum
and comparison with Gaussian random field

5 0L %
m%o 10 - squeezed
Z 107t F ’ ¥ equilateral
'E -y R - . ¢ (Gaussian
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Measures of NG 3: scattering transform

std. method

power spectrum comparison

pow-spec vs. scatt-transform

signal:  Ip(x)

M e I Power spectrum
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machine learning
for axion string identification



Machine learning for axion strings

Neural network training Inference
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Machine learning for axion strings

training
simulated maps Noops
81 | .
10! 102 103 \ Huber loss with
86f |\ training & validation data
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how well is it working? ... not bad!
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what about
isotropic
birefringence



Are strings responsible for isotropic birefringence?

_ _ o . our conclusion: the isotropic signal is in tension
reported detection of isotropic birefringence: 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) 8 8

T T T T T T T T T T T T T T T T T T T T T T T T T T

j 1 I n | . L L I | I I I I | L L L L 1 L L L L

0 10 20 30 40 50
A%&o
Isotropic BF B SPTpoL B Isotropic BF + SPTPoOL

gy = —1.21°7033. (68% CL)

note that: [ = —agg/V4rm ~ 0.34°

astro & cosmo probes of axions Andrew Long (Rice University)



Are strings responsible for isotropic birefringence?

loopholes allowing large iso-BF

reported detection of isotropic birefringence:

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

gy = —1.21°7033. (68% CL)

(1) environmental effects
a nearby loop in our Hubble volume
would dominate the isotropic signal

(2) Hubble-scale gradients
the massless axion field is expected to be
inhomogeneous on the Hubble scale

(3) late-forming network
if the string network is not present just after
recombination, the small-scale BF is suppressed

note that: [ = —agg/V4rm ~ 0.34°
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Constraints from anisotropic birefringence

stable string network collapsing string-wall network
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