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‘ Outlook of the talk

What’s Cosmic Birefringence?

Implication for the Axiverse
Based on 2306.16355 with E. Sfakianakis

Case of Axion Domain wall

Ongoing work with R.Ferreira, T.Hiramatsu,

Explanation Beyond the Standard Model: [.Obata, O.Pujolas
AXIONS



‘ The Universe filled with a Carroll, Field & Jackiw(1990); Harari

«Bire fringence ma terial» & Sikivie (1992); Carroll (1998)

If the Universe is filled with a pseudo-scalar field (e.g. axion field) coupled to the electromagnetic
tensor via the Chern-Simons coupling

Turner & Widrow (1988) Lint 3 % gq,ycl)FwF“" - gq)yq)ﬁ B
the effective Lagrangian for axion electrodynamics is

Chem-Simons term

L=—19,00'0—LF,  F* +g,0F, F"), (3.7)
f i

Parity-odd term

Modification of the Maxwell equations:

7 Bor® )Ai(n:k) =0

where is a coupling constant of the order I'I; and the
8a Ping Al (n, k) + k2 <1 =

vacuum angle 0=¢, /f, (¢, =axion field). The equations

Left and Right handed photons travel

with different speed, at first order: /\ /_\
0p = kT EL gy \_/ — U
<

 Frequency independent
« ¢'#0




‘What 1s Cosmic Birefringence?

The direction of linear polarization gets rotated by:

_ 1 (MNobs g Nobs dq)
B =3[ dno--0) =2 [ an

Nem 2 Nem dT]

Target: CMB photons emitted 13.8 billion years ago
Lue, Wang & Kamioniski (1997); Feng et al. (2005,2006); Liu, Lee
& Ng (2006)

For a uniform rotation of the polarization plane of the
CMB photons, the observed polarization states E & B get
modified

EPpS = Eyp c0s(2B) — By sin(2B)
Bfﬁf = E} , sin(2P) + By, cos(2P)

This leads to non-zero parity-odd correlations

1
cEBobs = > sin(4p) (CEE —CcB®) + Mﬁ)

=0 in standard scenario

Carroll, Field & Jackiw(1990); Harari &
Sikivie (1992); Carroll (1998)
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The birefringence angle [ 1s degenerate with a

miscalibration angle

Minami and Komatsu (2020) developed a new
method to measure  and the miscalibration angle
simultaneously —» = 0.35 + 0.14 deg



‘ Hint of Parity-Violating physics: Axions

B =030+0.11deg (68%CL) Diego-Palazuelos et al. (2022): applied to PR4
Planck data, modelling the polarized dust (greatest uncertainty) gives
B =0.36 +0.11 deg at more than 3 o.

B =0.33+0.10deg (68%CL) Eskilt (2022): PR4 Planck data with low ‘@?ﬂ*

frequency map. Frequency dependence of the signal  oc v" == 71 = —0.357075 “;A(

J. R. Eskilt et al (2023)
_ +0.094
ﬁ = 0. 342—()_091 deg (3 60') Joint analysis of Planck and WMAP data

Zero is excluded at 99.987% C.L. and compatible with frequency independent signal

With the increase of sensibility, the confidence of detection is also increasing!

s Hint of Parity-violating physics consistent with axion explanation!

We can test axion models of dark matter and dark energy




‘ Birefringence and axion parameter space

1 MNobs Nobs d
) =5 [ an(o- =@, =280 [ an T = (0 ) < ()

Nem Nem

T Fujita et al. (2020) Axion-photon  Field displacement

m/H, coupling
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Part I: Cosmic Birefringence
from the Axiverse



. . Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell (2009)
String Axiverse a)

_;1].1

0.08 [ BHSR bounds Hy === Mpianck 491
0.07
String Theory predicts many axions distributed over many orders of 0.06
magnitude in mass and decay constant around GUT scale: 2 0.05 300
£ 0.04 |
A
This discussion then suggests the following scenario for the distribution of f, and m for different 0.03
axions. The values of f, are inversely proportional to the area of the corresponding cycle. so they 0.02
do not change much from one axion to another. Given that the compactification is such that
. . . . . . . 0.01
S 2 200 for string contributions to the QCD axion, and no special fine tuning is allowed, all axion
decay constants in this scenario are likely to be close to the GUT scale Mgyr =~ 2 X 10 GeV. 000 .. . ) 0 10 0 30 K%
On the other hand, axion masses are exponentially sensitive to the area of the cycles, so that b) logio ma (eV)
we expect their values to be homogeneously distributed on a log scale. Given that, as argued g
. . omains
above, one can expect several hundred different cycles this suggests that there may be several l Stellar  WEEN Supermassive
string axions per decade of energy. It has also been argued recently that the mixing of axions # ' T :
3 e - 100
Anthropically Constrained e
=
Black Hole Super-radiance Deﬂ+s I‘lﬂ‘f;;d a 2
‘ \\\\ T - B 50
10733 4 x 10728 3 % 1078 108
2 x 10720 3 X 10:“’ l
Axion Mass in eV QCD axion | 1
0 10 12 % 16 18
Emergent PDFs for the mass and the decay constant l0g10 fren (GeV)
Mehta et al (2021)



‘ Toy Model: Cosine Potential

Total Birefringence angle: With uniform initial conditions 6; = f¢—‘ € [—, 7]
Aem  Pini - _ Oem (B) = 0 the mean 1is zero,
ﬁ Zl 0 2nfqi 2 with Yov.i= 2nfq i
but the VARIANCE grows with VN
&
V(8) (B2) === |ZN, 97 = 0.06VNdeg — B~0.3 deg
| : N(10733eV<m, <107%%V) =25 —> Ngec =6
i i Statistical treatment of 8 is ok!
| | .
—1 + Note: Niot = Ngec X log e—— = 6 X log = 360

This 1s assuming no mixing between different axions and ci~1... (in “Glimmers from the Axiverse”
c; depends on the mass)

We move to the quadratic potential and then consider the Monodromy potential



‘ Probability distributions of my, f,, ®iy,

Initial field value follows a Gaussian

distribution N(O, Gq)) with o4 ~ Hiys 0.02 s
0.01
0.00 y
Gaussian distribution in log-space for the =~ 0-00 o€ 16L0g10( : )
decay constant ' Gev
— 0.04 14 Emergent correlation between
Mp Mass and decay constant
Probability density function (PDF) of the mass p(my, f,)~0.5 Mehta et al
within Hy < m, < Mp; — almost flat at very o P (2021)
low masses ol 3

Gendler, Marsh, McAllister &
Moritz (2023)
Found that axion-photon
coupling is more suppressed

(A?) "t M3o]

/7

Presence of correlations between model

=201

parameters (field that couples to F,,, doesn’t 30 b at lower masses
. . 20
have to be an eigenvector of the mass matrix) B T \lzg'*,-Jj’(Cl:iV‘ Correlations are important!
S10 Wil (m, /e v)2) =1<U0 9 0g10.17
Mehta et al (2021)

10



‘Implications for the Quadratic Potential

{a) The constraint comes from the different scaling of B and €,
Mp
—4 ~ ~ i
10 0.001 0.010 0.100 Loged[N] B~ op ~0.033 VN deg
4.0° \\ (10714 ’
3.5 . 2
; ) _ 6 Enforcing f~0.3 deg, N~100 (@)
o230 541078 e
— 5 5¢ a % 2 4 Inserting into the axion abundance:
oy A - 2
Q [ S | 1n-16 3 oF: P2 3 04 75 [ (f3)
2.0¢ 10 % vN in ~2°¢ v /2 (Mal
- 15 < 2 8M2 Zl 1 é_SMZN Z(Mp1>
: 17
1.0: 110 .

Asking Q4 < Q a few percent of DM gives an
14 15 16 17 57 = gmax g/
. upper bound on the decay constant:
Logyo 22 )
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‘Implications for the Quadratic Potential

a)
Mpy

10*  0.001 0.010 0.100

5 10714
—_ E ;10_15
@ |07
S| o

]

GeV

(¢in )

Log,[Qy]

The constraint comes from the different scaling of B and €,

B~ og = 0.033 \/—<fa> deg

2
Enforcing ~0.3 deg, N~100 (?)
¢

Inserting into the axion abundance:

3643 ZN q)lnzzo-q)N 75 (fa)
T 8MZ =162 T gMZ T 2 \My,

Asking Qg < Q¢ max a few percent of DM gives an

upper bound on the decay constant!
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‘ Projecting the abundance at higher masses

With just the Birefringence we cannot test the mass

Projected abundance
distribution at masses m, > 10728eV~H,, , but assuming the

eq )
same distribution on f, and ¢;, at higher masses |
01 o eaes e e m = e T qu:,max
g | =10
¢ln) | L1073
0) (9.(2 ) , ( 10-5} e
( ¢,t0t) r H Mpl I b _qgt
Ngec = |Mmax phz - (fa 10-28 1026 IOI’24 10I’22 10720 1018
T0g(10) 9 .Qr) Ho ML, with Ngec~25 ( ¢> n
eV
3 . . .
25(90.0% s (fa)? Comparmg 1t with the current bounds on Qpy;
(.Q¢ tot) - > we find m,,, that depends on (f,)!
’ 3log(10) Mp,

13



Look also at B. D. Sherwin and T. Namikawa(2021),

‘TeSting the MaSS DiStI‘ibUtiOH With M. Galaverni et al. (2023)
Birefringence Tomography

1.0F

. . 0.8} .

The B-angle 1s only approximately constant, I-dependence s
. . . = 0. — 1070 eV

comes from the contribution at different epochs: s L

- 0 r — 107= - O\‘J
1. Recombination z ~ 1090 - m, < 3 X 1072° eV - gy
2. Reionizationz ~ 7 —» m, < 10731 eV 0.0 — 10723 v

0.01 0.10 1 10 100 1000 104

redshift z

3 3 3 —33 < < —-31 .
Reionization bump can probe 107°° <m, < 107>" eV: Hiromasa Nakateuka et al. (2022)

Reilonization

Brei N VNiotP(1073% < m, < 10731 eV) ~ V2 C bump

= = ~ 0.7
Brec  NioP(1073 <m, <10-2eV) _V4

=

& I
E\_l’

:;]H

2 0.001
O

p— i
+

: e 104
Uniform mass distribution 5
10-
1 ' 10-6 PR e e ]
Independent on the total number of axions across all masses! TS 20100 5001000

{
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‘ Effect of correlations

The presence of correlations weights differently the
contribution from different axions:

° p(m,, f,) > 0 = contribution from heavier axions is
suppressed Brec ~ Brei
° p(m,, f;) < 0 - contribution from lighter axions is

suppressed Brec > Bre;

This changes the emergent distribution of Brei/Brec

]

2= 0.6f
A= 04f

Probability density

p(mg.fa)
1.0 .

0.8¢

0.2}

0.0 : : '
-1.0 -0.5 0.0 0.5 1.0

Correlation

— p(mg,f3)=0 — p(m,,f;)=0.8
— p(m,.f,)=-0.8

[a—
wn
T

[S—
o

<
n

Brei/ﬁrec
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‘ Monodromy potential

Monodromy potential, asymptotically flat at large field values

V() = M [(1 4 ﬁ—i)p _ 1] p=1

M
2p

The results change depending on the

initial condition &;, the mass m and the transition scale M

Al
I V ~
3t ¢ RS
2,
1_ l,’ - -
- Transition
I ¢p=1
0_
-4 -2 0 2 4

Background evolution depends on:

b
Vo

* Transition from linear to quadratic
potential t; ~ /6(di, — 1)/m

* Onset of oscillations t,g. ~

Both depends on the initial conditions!

Tosc= 1 0_2‘6
107} \

106 |
s |

M Qs

{ — numerical

analytical

103}

al | o\
10 Losc E tq E \

104 0001 0010 0100
TH
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[ quadratic ] linear plus transition [ linear no transition

. 6F
Monodromy potential |
>
Three types of evolution: linear potential, quadratic potential and transition of _ 4;
behavior depending on the initial condition ¢;,, the mass m and the transition scale M = 3i
5,
= t <fy
In each region, the final abundance is different with respect the model parameters 1f
— different bound on the (f,, d;,) plane oF
: Pin<3M
% s R e
GeV GeV 0 2 4 6 8
10° 10" 10° 10 10V LognMN] 102 10" 10 10% 10V Log Logio(7;)
N [ N 8
—1r \ _10—13 8 _1_ \ 10—13
- -2 11074 ° — -2 4 110714 °
3|2 ) =& g
— 8 2| = — S |l = .. o
33 C;;E l1o-15 81€ |4 s 3 vo ~ ligsdls B Fixing the transition
3 A A St =t scale M = 102 GeV
[ S ]o-16 2 _4l _16 2
A Mot02Gev & 10 4 M=102Gev 10
_50 | . . 017 0 _sL. ., , , | 110717 0
1 2 3 4 5 12 3 4 5
A
Losol ) Lol )

Linear plus transition Linear no transition



‘ Recap of Part 1

The signal can be explained with several axions per decade — depending on ¢;, and f,

The cosmic birefringence signal and the bounds on the axion abundance constrain on the (f,, d;,)
parameter space which depend on the axion potential (f; < 107 GeV for quadratic)

Expectation at higher masses of the abundance suggests a link between m,,, and (f,)
M. ~107%%eV for (f,)~1016GeV

Birefringence tomography will allow testing Axiverse PDF's

—mass distribution and presence of correlations p(mg, f,, i)

Cosmic birefringence as a complementary test for the Axiverse at lower masses (lower than those
accessible to Superradiance)

18



Part II: CB from Domain Walls

Anisotropies and Gravitational waves

19



‘ Domain Walls

DWs: field configuration between two
degenerate minima. The vacuum manifold is
disconnected — natural for axions

V(p) = %mzfg [1 + cos (N(}Wd))]

o H > m field 1s frozen at its 1nitial condition
(for DWs o4, ~ f3)

° H ~ m field starts oscillating around the
closest minima

DWs form when the width § ~ m~?! fits inside
the Hubble horizon.

20



‘ Cosmological Evolution

Domain walls soon reach an attractor regime, called “scaling”
(Press, Ryden and Spergel, 1989)

—0(1) DW for Hubble volume, Ly, ~ H™1 ~ t

Energy density in terms of the tension oy, = mf?:

~ Oqwt? _ Jaw

— decays slower than the background (p,, ~ t™2)

Their relative importance grows over time — Domain wall problem:
(Zel’dovich, Kobzarev and Okun, 1975)
° Collapse (potential bias)

10~2%27 ey

°* o< MeV3 (for axion f, < ( ) x 1013 GeV)

21



Based on F. Takahashi and W. Yin (2021),

‘ Isotropic Cosmic Birefringence Kitajima et al (2022),Gonzales et al (2022)

NdW:2

Network collapse at z,,,

Birefringence tomography:

Zrec > Zann > Zrei — Prec * Prei =0
Zann < Zrei — Brec = Prei # 0

To contribute to CB, domain walls must be around at some point
during/after recombination. Isotropic rotation is given by the
average over all sky:

em R AB(n
(B) = 0(47TC (6o — (0.5(R))) = 0.21 C<2—§Tn)> deg
With g4, = Z:;C and ¢ = f,0, taking 6, = +n
i 1
(AG) = P+(+TL' — (n)) + P_(+T[ — (—n)) = EZn

For a potential with N;, minima

By =021c(3+2)

dw

This monopole contribution comes from the symmetry breaking of
the our “local” value which selects one of the many minima

22



‘ AIIISOtI'OplC COSIIIIC BlI‘EfI’ll’lgenCe Based on F. Takahashi and W. Yin (2021),
Kitajima et al (2022),Gonzales et al (2022)

Axion DWs field fluctuations are O(1) per definition
°*  Larger anisotropies on the birefringence angle (compared to the “pre-inflationary” case

where 2L « 1)
fa

°*  Anisotropic birefringence is characterized by the power spectrum

Cfﬁ n) = %,Bizso f%]{? (kAn)Pgy(k) where ;s = % — smoking gun for DW scenario!

3
Py(k) = Izc—n (0,04 ), scalar power spectrum:

* Domain Walls: Py (k) peaks at horizon size
k ~ ky (doesn’t depend on the initial
condition)

* Before Domain Walls: spectrum highly
depends on the 1nitial conditions

kiky 23



‘ DWs at recombination and reionization

Anisotropies in the scalar power spectrum translate into
anisotropies in the cosmic birefringence,

P ==p2, | %]E (kAn)Pg (k)

Anisotropies from recombination

0k &

flat-sky 1 A
full-sky —
1 I 1 111 I 1 1 1 I Il 111
30 100 500 1000
l

0.100 [

—0.050 |-

{0+ 1)CP/(2m) [deg

Visibility function [Mpec ]

Anisotropies from reionization

3 =0.342 deg?

flat-sky H+ -

full-sky ——
1 1 |

0.01F

1041

106 |

10-8 |

0.1

10 50

1 10 100 1000

redshift z
Contributions coming from the
DW network at recombination
and reionization which peak
at different scales
— birefringence tomography
can be used to distinguish
different
formation/annihilation
scenarios
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‘ Observable 2: Gravitational waves

0.01- " W
D < \“
7 PNy —
= 10 \ ]
- ) ‘ \\‘ .
\:d_{ 1 \\ -
105}
10-8 A N 1 Il
0.1 1 10

In scaling S(k,n) = Ss.q;:(kn), spectrum peaks at
horizon size, numerically kn ~ 3

The motion of the network generates a
stochastic gravitational wave background. The
basic mechanism is easy to estimate in scaling:

° Typical curvature radius Ry, ~ t and mass
de ~ O'thZ Of the DW

°*  Quadrupole Q ~ M4, R3,, ~ o4,t* = Power

Vilenkin (1981); Preskill, Trivedi, Wilczek and Wise (1991);
Gleiser and Roberts (1998)

The energy density released in GWs 1s

Pt  Go?t3 . :
Pew ~ 5~~~ const (at horizon size)

Qow (n k) = prot(m) dlog(k) (Ptot) S(k.m)

25



‘B—modes of CMB

The relative abundance of the DW increases over time:

— the dominant contribution of the GW spectrum comes from later times

— for annihilating network z,,,, < z,., the spectrum peaks at kyeqi ~

3

Npeak

Current and future CMB constraint on the stochastic GW background from Namikawa et all, 1904.02115

10—12 »

1 0—14

Qaw

1 0—16

——§$%=1migﬁ;03af
— O = 1075, Topn = 0.3V
— O = 1077, Topn = meV
i =1077, Ton = meV

ann
de

1072

1073

1074

107°

10°%¢

1077

CMB (futm‘e) - ’

______________
-

10!
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o1/3 /(MeV)

1000

100

10

0.1+

‘ Summary of part II

Isotropic birefringence — mean value,
average over all sky

Anisotropic part — spectrum which peaks at
the horizon

Anisotropies + tomography — allow us to
distinguish different annihilation/formation
scenarios

Effect on B-modes — first bounds on DW
network that annihilate after recombination

Future works:

Effect of the network on the TT-spectrum

Birefringence non-linearities (beyond power
spectrum)

Other types of network

New observables?

27



Thank you for your attention!

sgasparotto@ifae.es
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‘ Aligned case

The expectation changes if the initial value
1s not randomly distributed around zero

but it has a preferable sign.

A
Mp
—4 -
| 10 0.001 0.010 0..1|00 Log,[N]
4.0¢ N 107 ’
3.5;— ) 6
PN [ o | -15
%3.0; §: 10 -
= 25 < sl€ |4
S 2.0 o 1107t
C 2
1.5¢
[ -17
107 - 110 0
14 15 16 17
Loglﬁ(&\)z)

In this case () = 0.033 N <:|;ir;> deg — N~10 (gfa))

Thus the abundance gives

L \2 2 L \2 2
-Qq) ~ §N<(¢1n> + G¢>~2 (fa) <(¢1n> + 0'¢>

M2 M2 )8 (i) \ ME T M2
{fa)
Mpy
—4 .
1Q O.Q(}l 0.Q10 O.IIOO 1 Log,o[N]
4.55- s
4.0F -
3 4
35
% 30_ > 3
S 2.5 L
s
2.0F
; 1
1.5
10t 0
14 15 16 17 18
L"gw(gé’\)z)
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‘ Aligned case

The expectation changes if the initial value
1s not randomly distributed around zero

but it has a preferable sign.

%)
My
10°*  0.001 0.010 0.100
L0g10[Q]
41 110714
I ] -1
— 3} ;10—15 j
%‘é : - S -4
[=] L 1 Llg
5 2 SOURUMNEN I
3 é .
I ] 7
1t ‘ 510—” 5

14 15 16 17
)
Log,o( )

In this case () = 0.033 N (®in) deg — N~10 (fa)

(fa)
Thus the abundance gives

((I)in)

)2 2 )2 2
-Qq) ~ 3 N <(¢1n) + %¢ > 30 (fa) <(¢1121) + % >
8 M2,

MI2)1 M%,] 8 ((I)in)

o)
Mpy

1074 0.001 0.010 0.100 1

4.57
4.0¢
3.5
SERX
2.5¢
2.0¢
150

14 15 16 17 18

Lng( é;);)

Log,

2
Mpl

L0g10[Q4]

GeV
(@in)
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‘ Birefringence Tomography and Evolution of DWs

VA SAEAL e With the tomographic information of the isotropic and
G e i anisotropic birefringence, we can distinguish between
— N 5 = 0.36 deg - : :
T Q | ' ) different evolutions of the network:
L
=, 0.100f
3 E Annihilation
@ 0050 B . Zrec = Zann =~ Zrei Zrei = Zann > 0
— 3 Formation
o8, k
E L Isotropic Birefringence:
+ 0 010 Zf 2 Zann Ljre:: 7& J)r{?i =0 .D)r{z(: = .-Hrci 7£ 0
% . E - Anisotropic Birefringence:
Q. BB BB \BB BB
0'005 Q\C’ Zf > Zrec ('1_)“.' rec: C DW ‘rei ~ 0 (f'ik_)“r recs (’L)W |r{zi
i RIE , : - BB T “BB BB
3D, Large ,l.-[: 80), a = 20, mhll w = Zrec =~ Zf = Zrei (l(‘ |rec~ (-"]_)'\.\,-'lrei ~ () (lC |I‘B(:1 (’L)w"rei
¥BB B8
50 lOO 500 1000 Zrei > Zf > 0 // (’]C |rec-. (—"[C rei
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‘ The issue with DWs initial conditions at large scales

To generate domain walls the spread of the initial field

value 6; = i must be 0 (m) — different choices of initial

fa
conditions: white noise, thermal spectrum or scale

invariant...

The scale invariant case (fluctuations have inflationary
origin) 1s qualitatively different — super horizon
fluctuations make the network more stable Gonzales et
all 2023

10!

10"

WET T ¥ T T T T

—
=
|

co .

UL B L

Thermal, L = 20, mdlb
Thermal, L = 80, m41j
White-noise, L = 20, mGlB
White-noise, L = 80, mfilw

MD, white-noise, eg = 0

T

T T T T L T

—

™
& 0.100
l

—

= 0.050
[t |

——
-

v

)¢

_—|— 0.010

1 5 1‘0 - 50 ‘103 59?1090 _ 50.00 Bl 1m t th
FF L e — P S IAbach O e
& /% whitenoise — | R anisotropic, but not in the
+ gravitational wave spectrum!
=1 loto ©  The main contribution at a
S b ose 2 large scale mainly comes
&  from motion at smaller
LiteBIRD 5 scales )
0.01

< 0.005

1 10 100

et

1 T'r‘”—;!, 1{'{;]: 0.N = ]ﬂ'?—rla

3 = 0.36 deg

Thermal, L = 20, md1h —

Thermal, L = 80, mdlj
White-noise, L = 20, m61B —=—
White-noise, L = B0, m6lw ===

LI I

T |

100 A00 1000
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How 1s that related to observables?

o yy = (1 - QVQ|M -2V, zz) [CEEE| , €os(2ayq ;) cos(2aq,-) + CE—E’.BIM sin(2ayq ;) Sin(?()zg‘zﬂ
+ %Qﬁ P Ifgi’;( E?Lz gL_li:{C - [005(2&0,93 — 2a0.,) — (—1)+E1+L2 cos(200., + 20{0,2”
+ CLBL: [cos(200.» — 200,2) + (—=1)FEFE2 005200, + 2aq,2)] }
+CpE| _CPE| 15207 [eos(2a0.0 — 2a0.2) — (—1) T+ cos(200 4 + 200.2)] )

CcPB L= (1 - 21/@,£|M - 2V(,L ) [CEB‘I cos(2ay ;) cos(2ag.2) + CE'EEIM sin(2ag, ;) Sill(?(.}:g‘zﬂ

2 2.0( B |
+ i1 ELLES (Cl Jfl ELLES{CEIE‘M [cos(&cmrz —2ap,,) + (—l)HL“LL2 cos(2a o, + 2(10,2)}

LiLs
+ CLBIB - [cos(2a,2 — 2a0,:) — (—1) T2 cos(2ap 2 + 2aq,2)] }

+ CEF a;zcng mfgi.ol‘;f [cos(2a0,2 — 2a,) + (—1)FTEHE2 cos(2aq 2 + 200.2) ] ):
Cirat L= =2v| L —2Val,) [CE'E‘ , cos(2ayq , ) sin(2ap,.) — Cy B‘ sin(2ayp,, ) cos(2aq_-) |
2 - L8 4 — . .
+ %1 gﬁlif (Cl llm ftlif{CﬂB‘m [51r1(2(m,:-: —2ap,.) — (—1)5+L1+L2 sin(2ap » + 2(10__2)]
) LiL2
— CL | [%in(?aoi —2a9.,) + (_1)f+L1+L9 sin(2av + ?ﬂ’o‘zﬂ }
_ Cf CE |z£ ELIL [%111 200, — 20,2) — (— 1)f+L1+L2 sin(2ag » + 2(10,2)] )1
Cril.. = (1—2V,| ) cos(2a0,.)CT 7| .

Alessandro Greco et al (2022)
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‘ Monodromic Dark Energy Model Panda et al. (2011)
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Inferred axion-photon coupling from the measured birefringence
angle for different slopes:

18] 0.4
= 2. 10729 -1
Iy 57 X 1072 GeV <0.30deg .

Or different equation of state:

/2
18I 0.05 \'
= 2.57 x 1072°GeV~1
Goy = 257 X 1077 GeV (O.SOdeg we + 1

Tightest constraint on the axion-photon coupling from Chandra X-

ray observatories: Reynés et al. (2021)
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