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Introduction

» Testing the nature of gravity is one of the key topics in the modern
physics and astronomy.

» The direct detection of gravitational waves (GWSs) by LIGO opened a new
window to look into this important question.
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> |t is well-known that there are four fundamental forces in nature, such as
electromagnetic, strong, weak and gravitational interactions;

» Also, parity conservation is violated by the weak interaction;
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> Question: Does gravity respect parity conservation?
» In GR, parity reversal is a good symmetry;
» However, in many modified gravity theories, parity can be violated;

» GWs provide us a new tools to explore this fundamental symmetry in
gravity.

[ GW Birefringence J
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Benchmark Model: Chern- Simons Modified Gravity

» One typical parity-violating gravity is the Chern-Simons Gravity

Chern-Simons Coupling Pontryagin density
~ 1
— T ~uvpo pPT A
_ 4 [ g DT A ;U/i| RR = §€ R )\IWR oo
5= /d g [FUR {4¢ B i ] ’ Parity-odd

where k = (167G)~! with G the Newton constant while a denotes the CS coupling with one

length dimension.

> ¢ is an axion field, which can play a role of dark matter or dark energy;

» Due to the CS coupling, the axion background in the Universe behaves
as the birefringence material for GW propagation.

Jackiw & Pi (2003); Alexander & Yunes (2009)
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Two GW Polarization Bases

» Linearly Polarized GWSs: plus (+) and cross (X) polarizations

hi hx 0 A GW moves along
(hij) = |hx —hy O], z-direction
0O 0 O
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Two GW Polarization Bases

» Circularly Polarized GWSs: Left-handed (L) and Right-handed (R)

7 ]- g ~ . _ +OO~R —i27f
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Right-handed

@z @ @ @ @ Credit: M. Isi(2022)
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GW Birefringence in CS Gravity: Earlier Studies

» CS gravity can generate GW birefringence in the axion background: the
left- and right-handed circular polarizations propagate differently

» Background: FRW metric + spatially homogeneous scalar field

» Modified GW Equations of Motion ds? = a(n)?[—dn?® + (8;; + hij)]

P\ 1
DhR’L —[—Z R’LOZ [—_(¢” - 2H¢,)azh,R’L + ¢/Dath7L]J AR,L — :|:1

Ka? a?
@ [ Parity Violation ]

> Dispersion relation: | w” = k% — iw[2H + 4\g Lo’ kH /(ka®)]
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GW Birefringence in CS Gravity: Earlier Studies

» Dispersion relation:

w® = k* —iw2H + ADrpad’ kH/ (ka®)]

» Amplitude Birefringence:

obs dC f )
hI%jL(f) — hgi(f) X exp (:FKZA X Gpe X 100Hz) ka = drapoHy /K,

» We can constrain k, by modifying the GW waveform template with this
birefringence factor and comparing with the observed GW events.

® GWTC-3 data: k= —0.0197008 | TCKNg, etal (2023)

® GW170817 (multi-messanger): |4 = —0.1270:¢] | M. Lagos, et al. (2024)
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GW Birefringence inside the Milky Way

> In the real world, the ALP should have spatial dependence, no matter if it
is dark matter or dark energy candidate.

Fuzzy DM Symmetron
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Solve small-scale Screening to evade
structure problems S fifth force constraint
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Fuzzy Dark Matter: GW Birefringence inside the Milkky Way

» GW birefringence in an FDM profile with spatial variations in CS gravity

Ohe F i(a/k)0% [0,60.0, — 0,6020.] hry, = 0.

» Since we are mostly interested in effects around the galactic scale, we
can ignore the cosmological expansion, so that we take the flat metric.

» Further assume GW wavelenath are much smaller than the variation of

the FDM background profile, o, .4 <« w, k. we can apply the Eikonal
Approximation to perform our calculation.
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Eikonal Approximation

» GW waveform: hgy = h} Leis where the dominant evolution comes
from the phase S, while hOR LIS sIowa varying.

W = —8tS, k= azS
» Dispersion relations: |
D* = (& = 1) |1 F = (@00 + kdho) | F — [(w? + k)00 + wh(02 + 3}¢)] = 0

Real part > Imaginary part 0.0 K w,k.

» Real part: dispersion » Velocity birefringence

» Imaginary part: dissipation » Amplitude birefringence
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Eikonal Approximation: Dispersion

» Leading-order dispersion relation:
D* = (W — K [1 F (a/k)(wd,¢ + kd,p)] = 0.

» w=k is always the solution, which means that both polarizations of GWs
move in the speed of light even there is an axion background.

» We can check this by examining the GW paths:
de'  OD*/Ok;  2k[1F (a/k)(w0d.¢ + kdi9)] £ (a/k)(w? — k*)0;¢ 5i o
dt — OD*/ow 2wl TF (a/k)(wd.p + kDo) T (a/k)(wW? — k2)D.0 = 7

dk;  OD*/0x" F(a/k)(w® — k) (w0,0:¢ + k0i0;) _ 0
dt ~ 0D* /0w 2w[l F (a/k)(wd¢ + kB:0)] F (a/k)(W? — k2D,
dw  OD*/ot _ +(a/k)(w® — k) (w0, 0:¢ + Kk} 9)

@ 0D 0w [l (a)R) (w06 £ k0d)] T (a/r) (@ — N0

» The frequency and wavenumber of GW keep the same, and
GWs still travel along a straight line for both polarizations.

5 T ) e = i 14
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Eikonal Approximation: Dissipation

» Dissipation effects:

D* = (& = 1) |1 F = (w06 + ko) | F — [ + k)00 + wh(02 + 3}¢)] = 0
» Here w and k can take complex values

det  OD*/ok; k6l {1 F (o/K)(wD.0 + kD) + i(c/2k)[20,0.0 + (w/k) (0% + 02¢)]}

dt ~ 0D 0w w{lF (a/r)(wd.o+ kdr0) F i(0)2)[20:0:0 + (k]w)(D26 + 570)]}
~ {1 +i(a/k)[20,0.¢ + (0] ¢ + 02¢)]}0L,

dk;  OD*/ox Fi(a/k) [(w? + k?)0;0.0;¢ + wkd; (0,0 + 07)]

dt ~ 0D*)0w 2w {1 F (a/r) (0.0 + kdsd) F i(c/2k)[20,0.0 + (k/w) (026 + O2H)]}
~ Fi(aw/2K) [2@&;8@ + 020, + 838@] ,

dw  OD*/ot ilo/k) [(w? + k2)020,¢ + wk(936 + 0,02)]

A~ 0D 0w 2w (1T (a/R) (w000 + kD) F i(a)2m) 20,0, + (k)w) (020 + O20)]}
~ ti(aw/2k) [20;0.¢ + 8,079 + 0} ¢] | (36)
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Eikonal Approximation: Dissipation

| L _dp dz
> Define = 8t¢+az¢dt ~ O+ 0,0,

» Integration of above equations gives:

Ak; = Fiowd;o/ (2k)

Aw = Fiawd,p/(2k) .
» The phase of the GW varies:

to Xo . .
AS = —/ dtAw + / dr' Ak; = Fiaw(d, — ¢e)/(2K) ,
te Xe

» GW amplitude birefringence:

by, = Wy exp(iAS) = A exp (aw(d, — de)/(26)) |
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Fuzzy Dark Matter: GW Birefringence inside the Milky Way

» Locally, the fuzzy DM profile is given by
V2
P(t,x) = V 4PNFW

me

A. Khmelnitsky & V. Rubakov (2014)
> Dueto d,¢p > 9,¢ for my ~10-22 eV

8t¢ \/ PNFW COS m¢t + oz( )) :

cos (myt + a(x)) .

> The magnitude birefringence can be givenby <" A\
R,L(f) -_ R,L(f) X eXp KA X 100 HZ l i E;'é_;:\;\
, . T
k'y = m(a/K)\/2pe sin(mgt + ) .|| TIMe Modulatlon!J T "
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Fuzzy Dark Matter: Extra-Galactic GW Birefringence

» FDM Field in Cosmology: | ¢(t) = ¢ (1/a)*? cos(mgt + a.), || 6o = v2oori/ma

» The field amplitude and phase should change at different spatial points,
with the typical scale as the inverse of de Broglie wavelength mgv. For
v«1, such variations can be ignored compared with mg,.

» GW propagation: Ohgr 1 = e [i(qb” — 2H¢")0.hy 1, — ¢'00.hrL| ,

1
ka? | a?

» GW birefringence:

ex _ 10 K’ix f
L) = e exp (27 x o)

for ppom << pg!
2025/5/+ Z.-X. Xiong & DH: 2406.13394 TR &, #5 18
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Intfroduction to Symmetron

» Symmetron can be a dark energy candidate, which can avoid the strong
fifth force constraints in the solar system by screening the light scalar field.

» Symmetron Scalar ¢ + Z, Symmetry:oc — —o

= [ d*z\/=g |kR — 1gﬂ'/auaa,,a—lf(a) + [ d*a/=GLw(¥, Guv)
2

» To guarantee the Weak Equivalence Principle, the matter fields v should
couple universally to the Jordan-frame metric §,, = A%(0)g,.

» Due to the Z, symmetry, the
coupling function A(o) is
0.2 - -). - - -
Alo) =1
() =1+ 7

The symmetron-matter
2025/5/9 coupling < VEV of o P K.Hinterbichler & J. Khoury, et al. (2010,2011) .




Intfroduction to Symmetron

> Symmetron Effective Potential Vet (o o)+ Z A3 (g
1 A ,u4 Y ) /1’2 2
V(o) = 2ua+ a+4/\ 4(0_)\ |
Vetr(¢) Vee(6)
4 ¢

High density 2 ¢o=0 > Low density 2 g0 >
suppressed scalar force scalar force is effective
2025/5/9 o Ko Hinterbichler & J. Khoury, et al. (2010,2011) |,




Symmetron: GW Birefringence inside the Milkky Way

Z, Symmetry » Scs = / dz* \/—g(a/4)o* Ry, RN

» Different from original CS gravity, this new term explicitly breaks parity

> Directly apply the results in the conventional CS gravity by ¢ 2> o2.

>

Amplitude Birefringence by eikonal approximation

Xi

heL(f) = hyr(f) exp (Z Akidﬂvi) = hyt(f) exp (AR,LHQ

Xout

100Hz

)
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where |k)y = (210/K)(0in0:0im — Tout0200ut)
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Symmetron: Extra-Galactic GW Birefringence

» Cosmological Symmetron Profile: adiabatic solution to its effective potential

Vg = V(0) + A(0)pm + AX(0)pac
= V(0) + pe [A(0)ma + AY(0) (1 — Q)] _
1 pe(Qna=3 +4Q,) o
2 _ 1 |,2_ Pcifm o
» 77 [“ M2 ) A L1 (S
v e
iAR,La 1 9 9 2 72, HY
DhR,L = — lﬁa,2 [—; [(0’ )” — 2%(0’ )’] azh,R,L + (U ),Dath,L KA = %

. . d.
> Amplitude Birefringence: |hru(f) = hite* ~ hit exp (—/\R,Lm 10({ T Gpc)
® GWTC-3data:  T1cK.Ng, etal. (2023)

K = —0.0191L8'8§§ » a(M/Mp)* < 8 x 10722 Gpc?
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Conclusions

>

>

2025/5/9

Observation of GW birefringence is a remarkable way to test parity
violation in gravity;

We have studied the GW birefringence over a nontrivial spatial
distribution of the fuzzy DM and symmetron in the Milky Way ;

It is found that both GW circular polarizations moves with the speed of
light in both models, while their relative amplitudes would be changed,
generating the amplitude birefringence!

For the fuzzy DM, its galactic distribution produces the dominant effect,
which shows a remarkable time modulation.

In the symmetron model, we introduce a new Z,-symmetric CS-like
interaction, which generates the GWB. It is interesting to note that the
galactic contribution is suppressed due to its screening mechanism.

. THANK YOU !
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Introduction

» Up to O3 run, the LVK Collaboration observed 90 GW events.

Masses |n the Stellar Graveyard
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Directional Dependence of GW Birefringence in the MW

» Subdominant Spatial Dependence: d,¢ < 9.¢ for mg ~10-22 eV

k'y = m(a/Kk)0.0(Re) cos(k, ).

where (k,r) represents the angle between the incident GW and the radial direction of the
Solar system in the Milky Way. The spatial variation of the Solar system r is given by

0,6(Ro) = —— \/§ (1 + 880/ “) cos(mgt + o). (57)

m¢R@ 1 + R@/’rs

» Formg ~1022 eV & Rp =8 kpc

0. ¢ 1
at¢ m¢R@

~ O(107%).
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