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Abstract

This paper proposes that the dynamical thawing of an ultralight axion field
¢(x,t) in the late universe can explain multiple large-scale CMB anomalies—low-{
power suppression, hemispherical asymmetry, and TB/EB cross-spectra—from a
single origin. Long-wavelength modes of post-inflationary relic axions and horizon-
scale local energy concentration structures (eDAS; excess Directional Asymmetric
Structure, also referred to as pseudo-topological energy-dense asymmetric struc-
tures) are amplified as Hubble damping weakens, inducing late ISW contributions
and direction-dependent cosmic birefringence. The photon-axion coupling g¢, gen-
erates a spatially anisotropic polarization rotation (n), producing TB and EB
cross-spectra.v3.1 Final refinements: (1) Complete mathematical definition of
eDAS with all variables explicitly explained; (2) Enhanced figure captions with de-
tailed physical interpretation; (3) Added timescale context to Table 1; (4) Acknowl-
edgments include AI collaboration; (5) Final formatting optimized for arXiv sub-
mission. Keywords: CMB anomalies, ultralight axion, cosmic birefringence, ISW
effect, eDAS, parametric resonance, TB/EB cross-spectra, LiteBIRD
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1 Introduction

1.1 Observational Evidence of CMB Anomalies

The final Planck satellite data report three large-scale anomalies that statistically deviate
from the standard ACDM model [I, 2].Low-¢ power suppression. The temperature
power spectrum C} 7 in the range ¢ < 30 is systematically lower than ACDM predictions.
The statistic
1/2
Sy = / (C(0)2d(cos 0) (1)

1

places the observed value outside the 95% confidence level [I]. Hemispherical asymme-
try. The large-scale structure of the CMB temperature map shows statistically different
properties in the two hemispheres. The dipole modulation amplitude

Agip ~ 0.07 £ 0.02 (68% C.L.) (2)

has a probability p ~ 0.003 of being a mere statistical fluke [2]. TB/EB cross-spectra.
In standard cosmology with parity conservation, C}'® = CFP = 0. However, Minami &
Komatsu (2020) detected a polarization rotation § = 0.35° &+ 0.14° [3, [4].

1.2 Limitations of Previous Work

1. Lack of unified explanation: Individual models increase degrees of freedom while
reducing predictive power [5].

2. Unexplained polarization anomalies: Temperature-focused models do not ad-
dress TB/EB cross-spectra [6].

3. Neglect of late-universe origins: Most studies focus exclusively on the inflation-

ary epoch.

1.3 Approach and Contributions

We show that the late-time thawing dynamics of post-inflationary relic ultralight axions
can explain all three anomalies through a single mechanism. Specific contributions are:

e Full mathematical definition of eDAS (pseudo-topological structure), with explicit
backreaction constraints and distinction from oscillons/solitons

e Quantification of the parameter space satisfying resonance condition ¢ > ¢, in-
cluding threshold f-value

Systematic derivation of ISW and polarization rotation transfer functions

Quantitative predictions verifiable by LiteBIRD/Simons Observatory

Specification of four independent falsifiability conditions

Bayesian evidence framework using nested sampling (MultiNest)



2 Model Setup

2.1 Axion Field Dynamics
The potential of the pseudo-Nambu-Goldstone boson axion ¢(x,t) is [7, 8, @, [10]:

V(p) = A* [1 — cos (?)} (3)

In the small-amplitude approximation, the mass is:

A2
m¢:7

Late thawing condition. The axion begins oscillating at the redshift where H (zihaw) ~
mg/3. The precise relation is

(4)

m
H (zavaw) = Ho/ Do (15 2en)? O = 5 8
giving, for zipaw > 1,
me o 1/3
1 aw = PSTE Qi 6
b (2] s, ©)

The target range zpayw € [0.5,2.0] requires my € [10733,1073!] eV. The Klein-Gordon
equation in the FRW background:

. VL
¢+3H¢—?+V’(¢):O (7)
Slow-roll conditions:
» :
= 1 =|— 1 8
= oz <Ll =ge) < ®)

Numerical calculations confirm ey < 0.01, |ng| < 0.1 throughout the target range.

2.2 Post-Inflationary Axion Relic

The relation between today’s relic amplitude A¢ and the field value at inflation end ¢enq
must account for the relativistic-to-non-relativistic transition. For non-relativistic axions

(pg o a™?): o o
~ Qend me _1 fo
Ao~ ¢end( - ) (Hend) eXp( s /t F(t)dt) (9)

end

The factor (mg/Henq)/? accounts for the onset of field oscillations [I3] [14]. For natural
inflation (f ~ 10'%-10'2 GeV, ¢ena ~ O(f)), this gives Agp ~ 1073107 Mp;. Field

decomposition:
Nepas

¢relic(X7 t) = (bO(t) + 5¢long(X; t) + Z AQbi(X, t) (10)



2.3 eDAS: Mathematical Definition, Distinction from Existing
Concepts, and Formation Mechanism

2.3.1 Mathematical Definition of eDAS

eDAS (excess Directional Asymmetric Structure; also referred to as pseudo-topological
energy-dense asymmetric structure) is defined as a horizon-scale local energy density
concentration that is not a simple Gaussian fluctuation but an asymmetric energy con-
densate with pseudo-topological character. It is assumed to form when long-wavelength
modes and the local phase structure of ¢(x,t) interact as Hubble friction weakens during
late-time thawing.The i-th eDAS contribution to the axion field is:

Ag;(x) = A¢p; exp [—(X%‘?)T X [14 acos (k; - (x —x;) + ;)] (11)

where:
e A¢;: maximum field amplitude at the eDAS centre [units: energy scale]
e x;: 3-vector centre position [units: length]

e o: spatial width, ¢ ~ 0.1-1H ! [units: length]; determines the physical size of the
structure

e «a: asymmetry amplitude, 0 < a < 1 (larger o = stronger directional bias) [dimen-
sionless|

e k;: pseudo-topological phase wavevector, |k;| ~ o~ [units: inverse length]; charac-
terizes the oscillation scale of the directional asymmetry

e ¢;: random phase constant, ¢; € [0,27) [dimensionless]

The cosine modulation superimposed on the Gaussian envelope produces a directionally
biased asymmetric structure, implying that the axion field can locally form winding-like
phase structures. This provides the physical basis for one-sided energy-density excess
during thawing, which in turn drives late ISW and birefringence generation. The total
eDAS field contribution:

Nepas

bepas(x, 1) = Z Agy(x,t) (12)

Under a sparse-density assumption, Nepag ~ 10?-10% is expected depending on A* and
f.Energy density and backreaction constraint. The energy density of a single eDAS:

Ag;)?
PeDAS,i =~ ( 202) (13)
The full backreaction condition:
Nepas(Ag)?
(peDAS) = 202—(‘/]0) < 0.1pcrit (14)

where Vo ~ (¢/H)3. For ¢ = Hy' and A¢ = 1072Mpy, this gives Nepas < 3 X
103.Connection to set-based notation. The compact notation eDAS; = {x;, R;, A¢;, &}
maps to Eq. via R; +» 0 and & <> alk;|™! (nonlinear amplification length scale).

bt



Table 1: Comparison of eDAS with existing local structures. Note: Hy ' = 1.5 x 10 years
(current Hubble time), m;"' ~ 107 years for my ~ 1075 eV.

Property eDAS Oscillon
epoch Late universe (z ~ 0.5-2) After preheating
Lifetime ~ H™' (metastable, ~ 10 yr) 10%m " (~ 10 yr)
Size Horizon scale (~ H~!, ~ 10® Mpc) ~ m;l (~ 10 Mpc)
CMB effect ISW + polarization rotation simultaneously None
Formation mechanism Parametric resonance (late thawing) Inflaton oscillation

Soli
Vars

Sta.

~ 7

No
Phase tr

2.3.2 Distinction from Oscillons and Solitons

Key distinctions: eDAS (1) has horizon-scale size, (2) induces ISW effect and polarization
rotation simultaneously, and (3) forms only during late-time thawing [16].

2.3.3 Parametric Resonance Conditions

The Mathieu equation for the perturbation mode:

d;(i?k + 3Hd<;9fk + (z_z +mj[l — qcos(2m¢t)]) o =0 (15)
with resonance parameter ,
0= (16
Resonance threshold: ¢ > ¢, ~ 0.1, i.e.
o > 0.632f (17)

For f ~ 10" GeV and ¢eng ~ f, one obtains ¢y ~ 0.7f, naturally satisfying this condition.
Resonance is suppressed and eDAS does not form for f < 10'® GeV [14, [15]. Growth rate:

()

Setup: Grid 1282, spacing Az = 0.5m¢_)1, periodic boundaries, 4th-order Runge-Kutta.
Simulation code will be released on GitHub upon arXiv submission [27].Key results:

N [

M ~

2.3.4 3D Numerical Simulation

e 278 local structure candidates identified

After applying size filter (R; > 5m,") and amplification condition (p; > 0.1): 17
physical eDAS clusters selected

e Mean growth rate: (yu;) = 245 + 78

e Maximum growth rate: pip.x = 1,340

Mean size: (R;) = 12 £ Sm(;1



Mode amplification via parametric resonance (¢ = 0.3, H/m, = 0.01)

103 | | =k = kres (resonance mode)
| |--- k> ks (non-resonance)

102 |

101 |

Amplification d¢y, /¢ (0)
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Figure 1: Exponential amplification of specific modes via parametric resonance. Approx-
imately 1800-fold amplification at ¢t ~ 100m;1. Initial conditions: ¢ = 0.3, H/m, = 0.01.
This demonstrates that eDAS structures can form naturally within ~ 100 oscillation
timescales.

2.4 Energy Constraints

Dark energy contribution constraint:

Oph? ~ L2 p2 < 0.12 (19)
Perit
Backreaction condition: 21
0
AU (20)
P

Both conditions are simultaneously satisfied for mg € [10723,1073!] eV and f € [10'6,10"]
GeV.

3 Photon-Axion Coupling and Polarization Rotation

3.1 Chern-Simons Interaction

g [
Ly, = %ngWF“ — —g4,0E - B (21)
Polarization rotation angle [17, [18]:
. 9oy [T dlOP
=— dz ———|[1 e 22
8 =22 [z T+ (o) (22)



Growth rate uy as a function of wavenumber (3D simulation, ¢ = 0.3)
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Figure 2: Growth rate py as a function of wavenumber k. Strong resonance occurs at
k ~ 0.65-0.75mgy, corresponding to horizon-scale modes. Red dashed lines indicate the
theoretical resonance band boundaries predicted by Eq. (18).

where dl/dz = ¢/[(1 + z)H(z)]. The reionization correction [19]:

ze(2) H(ze) (1+42)?

V@)= TR HE) (T o) 23)
Inhomogeneous eDAS contribution:
B(R) = B +0B(R), () = Y AiWi(i) (24)
where W;(n) is the line-of-sight projection weight of the i-th eDAS.
3.2 TB/EB Spectrum Generation
Stokes parameter transformation [20]:
(Q£14U) () = eP(Q £iU)(R) (25)
First-order cross-spectra:
CfP = 2BCT" + ) B(Wi)Cf® (26)
CPP m 2BCF" +3 Bi(Wi),CF" (27)



4 Transfer Functions

4.1 Late ISW Effect

The late ISW temperature deviation [21]:

ATisw
T

mo
(n) = —/ dn 6_7(")877@(77,7%77)

Trec
Transfer function [1T) 12]:

NMF%@%%M

The axion growth factor satisfies:
. . L2 )
D¢+2HD¢+ (E_Fmd)) D¢=0
Including nonlinear corrections:

7-NL(k7 77) = T(k7 77)

kNL

k 2
1+ QNL (—) ] s QaNL, 0.1-0.3

4.2 Polarization Rotation Transfer Function
_ 1 : /%ﬂbe(kvzl) !
Toth2) = 5 [ a2 G P )

5 Statistical Validation Methodology

5.1 Surrogate Testing

(30)

(31)

(32)

1. Phase randomization: Generate Ng,, = 10,000 surrogate maps by randomizing

Fourier phases while preserving power spectrum.

2. Pixel shuffle: Destroy spatial correlation structure by randomly permuting pixel

positions.

3. Parametric bootstrap: Generate optimal ACDM simulations with the same in-

strumental characteristics.

p-value:
Nsurr
1

= 1(X; > Xobs
P Nsurr;( 2 Xote)

(33)

FDR correction via Benjamini-Hochberg procedure [22]; FDR < 0.1 required at o = 0.05.



5.2 Bayesian Model Comparison
The Bayesian evidence is:

P(D|M) = / L(0)7(6)do (34)

with £(0) evaluated on Planck 2018 low-¢ TT, TB/EB and BICEP/Keck data [23].
MCMC sampling will employ emcee or CosmoMC; evidence calculation will use nested
sampling (MultiNest) [26].Bayes factor:

PDMaxion
b PO M)

~ P(DIMscou) %

Since 6 parameters simultaneously explain 3 anomalies, the Occam factor suggests B > 3
(weak evidence) is ezpected; the actual value will be evaluated via MCMC on Planck/BICEP
data.

6 Predictions and Falsifiability Conditions

6.1 Key Observational Predictions
TB/EB cross-spectra:

(+1) 2 [ 9 AP AN
_— ~ 0.1 uK* | =———— — <1
2m Ce 0 a 10_2Mp1 50 (6 ~ OO) (36)

Spatial temperature-polarization correlation:

Corr(CFT,CIP) > 0.5 (£ < 50) (37)

6.2 Parameter Space

6.3 LiteBIRD Detection Predictions

Table 2: Detection feasibility for LiteBIRD [25]. Sensitivity estimates assume full mission
duration (3 years) and include both instrumental noise and foreground residuals.

Observable Predicted value | Sensitivity | Significance
WD OB (1 < 100) ~ 0.1 uK? 0.02 uK? 5o
LD OEB (¢ < 100) ~ 0.05 uK? 0.02 uK? 2.50
Aqip 0.01-0.1 0.005 2200
Spatial correlation > 0.5 (£ < 50) 0.1 High

6.4 Falsifiability Conditions

The model is excluded if any of the following are confirmed:

1. Coupling constant upper limit: |gs,Ad|ons < 1072Mp; = TB/EB signal gener-
ation impossible.

10



Observational constraints on axion parameter space
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Figure 3: Axion parameter space. The yellow region satisfies all constraints simul-
taneously: TB/EB signal generation (gs,A¢ > 1072Mp), CAST experimental limit
(gpy < 6.6 x 107 GeV 1), and backreaction condition (¢ < 0.1).

2. Cosmological constraint violation: ¢ > 0.1 with wpg ¢ [—1.1, —0.9].

3. Absence of spatial correlation: Corr(C?7, CFP) < 0.1 (¢ < 50).

4. Alternative model dominance: Bjierative > 10 © Baxion-
7 Comparison with Alternative Models

Table 3: Comparison with alternative models. Checkmarks (v') indicate the model nat-
urally explains the phenomenon; triangles (A) indicate partial or parameter-dependent
explanation; crosses (X) indicate no explanation. DoF = degrees of freedom.

Model Low-/ suppression | Hemisphere asymm. | TB/EB | DoF
work (axion eDAS) v v v 6

Inflation modification v A X 4-6
Isocurvature fluctuations A v X 3-5
Modified gravity A A A 8-10

Only the present model explains all three phenomena simultaneously with 6 free
parameters, with natural particle-physics motivation (Peccei-Quinn mechanism [7]).

11



8 Conclusions and Outlook

8.1 Summary

1. eDAS structure: Horizon-scale pseudo-topological energy condensates; resonance
condition ¢g > 0.632f satisfied in the natural inflation range; backreaction con-
straint gives Nepag < 3 x 103,

2. Unified explanation: ISW effect and polarization rotation induced simultaneously
by a single field.

3. Transfer functions: Explicit derivation of ¢ - ® — ATisw and ¢ — [ pathways.
4. Testability: C/P prediction detectable at 50 with LiteBIRD.

5. Falsifiability: Four independent falsifiability conditions specified.

8.2 Future Work

e Direct fitting to Planck 2018 + BICEP/Keck data; Bayesian evidence via MCMC
with nested sampling (MultiNest)

e High-resolution 10243 grid simulation to study eDAS formation in greater detail
e Public release of simulation code and analysis pipeline on GitHub

e Development of optimal observing strategy for LiteBIRD (expected launch 2029)
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