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Anisotropic Universe?
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Is the universe isotropic?

Cosmological Principle _
« Homogeneity: No special spot FIat2FLRW m2etr|c: . ; ;
* [sotropy: No special direction ds” = —dt” + a(t)”(dz” + dy” + dz")

* Often cited “proofs” of the cosmological principle

Cosmic Microwave Background (CMB): Ll sEle Strucure (L3S)

Highly uniform, ST{T) ~ 107>

(=] (=} d |

Planck SDSS
Credit: University of Vermont & SDSS



Dipoles of Cosmological parameters from CMB

Yeung & Chu, PRD 105, 083508 (2022)

* Divide the sky into 48 pixels (Healpix)

* Take half-skies centering on each pixel

* Analyze CMB temperature half-sky
power spectra

Analytical half-sky

Pixel of interest

Masked out pixels

 ACDM + half-sky spectra + MCMC

* Infer cosmological parameters
of each half-skies

Pixelated half-sky



CMB Parameter Dipoles

Yeung & Chu, PRD 105, 083508 (2022) @ Shek Yeun .
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CMB Dipoles

Shek Yeung
Yeung & Chu, PRD 105, 083508 (2022)

* Dipole directions are roughly aligned/anti-aligned, ~ 45° from CMB
kinematic dipole
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Quasar polarization |
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Other Anisotropic Observations
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Zhao & Santos, Universe 3, 9 (2015).

Declination

Hutsemékers, A&A
337 #19928(1°78)

* Quasars polarization vector

150 200 250
Right Ascension

* Related to the spinning axis of Quasars |
* Rotational direction of spiral galaxies

* Dipole distribution

* Fine structure constant a

* From quasar absorption spectrum §
» Varies with > 40; dipole distribution “

* Type la Supernovae

* Enhanced acceleration near
CMB kinematic dipole
direction

A
1 King et. al., MNRAS 422,
3370-3414 (2012)
0
-1
Lower H, Il 2

Luongo et. al, PRD 105, 103510 (2022) 7



Il. Bianchi Type | Models?



Bianchi Type | Model 1L

; Ui
* Homogeneous but anisotropic metrics l

ds* = —dt* + a*(t)dz? + b*(t)dy? + c*(t)dz? l

Boris Ng

. Oregon
a, b, c: Bianchi Type | (BTl) scale factors Homogeneous,
a# b # cin general anisotropic

Gu

Hy

S STCGTW; VﬂT/‘VZ 0
i b ¢
= — H —_— — HZ — —
a’ Y b c
Asymmetry parameters:
_ Hyo _ _ Hzo _
 Hyo e, = Hyo

Ay

‘0’ denotes today’s value
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1078

Ng, Chu, PRD 112, 023553 (2025).

T ——rr
a, ACDM
a, ay ;) = £1E-5
:_ —_— b, Cl'y (2) =+1E-5
C, Qy (2) = j:].E—5

ACDM Photon

Decoupling time

108 106 104 102  10° ¢(Gyr)



Anisotropic observables

* null geodesic: comoving distance is
t2 dt Co =cos® Cy = cos ¢
Dc(©,¢,t1,ty) = | ——— SRS
oA, 611, 2) /tl aeft (©, @) Se =sin® Sy =sing

0 (0, ¢,1) = 1/a2C3S + b253S3 + c2C3

e Sound waves at decoupling form an ellipsoidal N
surface in the comoving frame ©: Polar angle

* Anisotropic observables can be constructed, e.g. s bulinudig ) 7l

a. Hubble parameter: dq¢r/Aeft

b. CMB/BAO angular acoustic angles 0(0, ¢) = ——

)8
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Modified Recombination

* Peebles’ simplified recombination formalism

Re-excitement:
Recombination

Case I: Ly-a y meets a ground is undone
state H atom and excites it
Ly-ay ==~-__
Tt Resonant Escape:

Case I.I. Ly-a y cosm'ol.oglcally Ly-a photon redshifted

redshifted before hitting an H s cannot excite H —>
successful recombination,
rate = A,

Cosmological redshift: Hubble parameter
Ve
han
) ! changes

A, = 1 o
128¢(3) (1 — X.)n(T/E;)3 H— 3 (H; + H, + H,) decoupling time

11 Photon/baryon ratio



Constraints w/ Self-Consistent Recombination

;“¥>2§.; |

( ."L g
e Data: (0,)+ oT/T<2x 107,103 & Boris Ng
B Prior A
Prior B * Prior A: &, <0, PriorB: ,>0
B ACDM

 Assume a = b # c. Weak correlation with
standard parameters

e o) <[0(10719) or 0O(1078)]
* Consistent with previous works
—+—1 I .
0.120 7 * Log-Bayes Factor: < 1
W, ) | Not worth a
0.116 [ /M / /i) - * AAIC: <2 bare mention
< | ©F  ACDM ~ BTl in fitting observed (6,)
T
5x1010 - - [\/\m Ng, Chu, PRD 112, 023553 (2025).
e 3 0
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Directional variations of parameters in BTI

RBoris Ng

BTI cannot explain the observed
large-scale CMB anisotropy!

v,

1000, (0, ¢)

Asymm. Param. Set Al

s
= fa‘/" e
. s
i
i

Asymm. Param. Set A2

e Small variations: 10~%

* Parity even # dipole
(parity-odd)
___________— ___________—
L.O4A087 1L.OAT18 L.OAOBS 1.OA118 /

Ng & Chu, PRD 112, 103545 (2025)
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Constrained realization simulations

ACDM N body simulations conditioned to reproduce the current structures in the

"=~ 1CORE-LOCAL

MANTICORE-LOCAL 60°

L
30° S

https://cosmictwin.or
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Reconstructing the CMB Optical Depth

For pixel n

( 5/ ] Smax ! (1+ :.)E | + nHe/nH
T(n) = 4 iz L X =

Halo mass distribution

from Sibelius or Manticore

\ 0.14 -

0121

x baryon mass fraction
from TNG300-1

Wangzheng
Zhang

Yiwei Li

Baryon Fraction

0.16 1

1 + tanh ( V{Zre) = ¥(2) ) ‘

Ay

Baryon Fraction vs Halo Mass (TNG300-1)

Individual hales
—_— [Mean
==+ Cosmic f_b = 0.157

2.0 25 3.0 3.5 4.0 45 5.0
log10(Halo Mass) [10"M,/h]
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Preliminary results Y.L, w.zhang, m.-C. chu, 2026

Simulated Hemisphere Means vs Fitted Dipole Model (SIBELIUS)

! w % Simulabed Hemisphere Means l .
S I B E Iil U S —+— Fitted Dipole Mode! Dipole Direction Comparison D | p O | e
——- Average T = 00644 SIBELIUS vs CMB Mean Dipole
direction

...............................
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Summary

|| < 0(1078)
Parity even

CMB Dipoles

Bianchi
Type |
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https://unsplash.com/@patmcmanaman
https://unsplash.com/@patmcmanaman

Godel’s Rotating, Static Universe (1949)

ds? = a?[—d7? + dz® — (e** /2)dy” + d=* — Re“dTdy]

There exists closed time-loops: after completing an orbit,
one goes back to the starting point at an earlier time!

Light cones in standard cosmology
x 2
A universal time with the future all

pointing in the direction of
decreasing density/temperature

K. Godel, Rev. Mod. Phys. 21: 447-450 (1949).

W. Rindler, Am. J. Phys. 77, 498 (2009).
http://en.wikipedia.org/wiki/G%C3%B6del metric

Godel’s
universe

£ Futures are
not ‘parallel’

At large 7, fas®particles
go backward in time 21


http://en.wikipedia.org/wiki/G%C3%B6del_metric

CMB Constraint of Rotating Universe

* Treat the rotation as perturbations; use CMB data to constrain
rotation speed Q2

* For closed universe (Hawking 1969)
o« <107 -7x 10" rad/yr

* For open universe (Hawking 1969)

o <2 x 107" rad/yr

 For flat universe (Barrow et al. 1985)
e < 1.5x10715 rad/yr

Bianchi models
(1%t order effect)
uniform Q

RW model e For flat ACDM universe (Su and Chu 2009)
(2" order) Q(r) < 10-° rad/yr

22



Our Rotating Universe Model

Su, Chu, ApJ 703, 354 (2009).

ds* = a*(m{[1 —|f(r.n)]dn* = [1 =|h(r,n)]dr* = [1 = h(r,n)|r*d6? Simon Su
~ BRLR -
Effect of Rotation on CMIB

* Add rotational perturbations to the flat RW
model (standard model) v
* C)(r, i7): angular velocity —

* Allows non-uniform rotation

* Flat RW model
e Supported by observation

« 2"d order perturbations, f, 4, k
* Parity symmetry

* Q< 10rad/yr | at CMB decoupling

—[1 — k(r,n)|d=* +2r%a(n)Q(r, n)dbdn}.

——

Original WMAP

Rotation + WMAP
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Summary

Dipoles in Cosmological parameters from CMB
Bianchi Type | models?
Rotating universe?

Foreground effects?

25



Outline

Dipoles in Cosmological parameters from CMB
Bianchi Type | models?
Rotating universe?

Foreground/Local effects?
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