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Motivation

Pulsar timing signal

Wave-like DM - oscillation energy momentum tensor

a(x,t) = A(x) cos(mgyt + a(x))
— T, = 0,,a0,a — %gw((@a)Q — m2a?)

Oscillation redshift

(t) — o

9y (At) = Z S Wk te) — V(1)

Timing signal: At « Pp,, « a?

Pulsar timing signal from ultralight scalar
dark matter
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Pulsar polarization signal

CP-odd wave-like ALDM - non-trivial dispersion relation
ccl F,, FH
C o WGanyy v

k
—> W4 ~ k£ gayy (d—l—Va,-E)

Oscillation polarization

APA = gayy [a(Xp, Tp) — a(Xe, te)]
Polarization angle signal: APA o a
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CLT: The axion field a:

Gaussian distribution with zero mean
Random phase:

uniform distribution in [0, 21)

a(x,t)|~ —'?i(:) Z(Av)?’/zpvx fx(V)lcos|wt — k - X +|dy]

ve
Rayleigh Standard halo model (SHM)
distribution: a = 2 1 (v + VQ)2
f(V) - 71_3/2@8, EXp | — Ug
Timing signal: At « Ppy o< a? Polarization angle signal: APA «< a
Non-Gaussian distribution Gaussian distribution
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Questions

1. The influence of the non-Gaussianity for
data analysis?

2. How to describe the At — APA cross-
correlation?
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Correlation of the signal

APA® = (APAY,,...,APAS ..., APA®

Pttt

a a T
. Polarization signal APAR;y, - APAR v, )

Auxiliary Gaussian parameter X, one signal with zero mean

Ja o . _
APAp,n ~ Ga~yy [Q(Xpsru tpsr) — a(X67 te):| = — m'Y'Y { /ppsrXII;’n — ‘/peXp,n} Encode Space-t”‘ne
o ‘ information in Gaussian
X0, = 3 (A0 2ay T(V) cos [maf D — v xOf + 6, | parameter
vesQ

The covariance matrix

C9 — (APA*(APA®)) — ga’w m\/p 0y p(x9) 0

a

” Yij = % — x5 /le

17 \2

(CY ) prsgm = (X X)) = =5 Wh)

COS [ma(tig) — t(J) ) )+ meve X(?'J)

Spatial correlation
between two pulsars

2025/5/10 Wave DM: separation < de Broglie wavelength (I. = (mgve) 1) 6



. Timing signal AL = (AL AL A At A )T

Quadratic form of Gaussian distribution with zero mean

G
At~ = iyt = Ly)a(xp,t = Ly) — alxe ta(xe,1)]
A — TG e e psry/psr (2) .
ton = 53 Pe Xy Y — posr XPRY P Y)Y = ... cos — sin
a
T2 G? Cross-correlation

(a) _ (Ata( ta)T) _ Z(_l)t—i—_jp(xg,))p(xgj)) [ngy") 0 C(’U) C(“J‘ C(“J‘)]

/ Anti-symmetry

202 . . ) ii\2 . . ..
u G; 3 ()™ p(x) p(x) e (#54) |eos [2ma (), = t9h) + 2mavg - Xé?)]

AmS between two pulsars

(At2 Ate ) =
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A comparison between ALDM PTA and SGWB

PTA

SGWB

Spectrum
Coherent length

Signal strength

Space correlation

Monotonic, 2ntf = 2m,
Non-relativistic, ~kpc
Pulsar term, enhanced with
large ppsr

Depend on pulsar positions

Power law
Relativistic, ~pc

Only earth term

Depend on pulsar angular

separations (H-D curve)




II. At — APA correlation

No two-point correlation Three Gaussian variables

TG Garry

(885, PN, = = TR S (1) p0) ) (XXX = 0
a '?r,j
LO: three-point correlation
a a a "TGchm )i+itk (J‘) x(® @) v(j) v &)y (k)
(APAS, APAZ, Ate) = © 2 Vo) (x®) (XXX V)

!}5

The product of two

WGQE'W i+j+k (4) (5) (| — 1 (yik 2 _1(,0k)?
=—— )y (=) \/p(xﬁ' o )p(x)em1 ) i) exponential factors

5
2m2

.7,k
. i i (k) ik ik

X sin [ma(té,L + ), = 2t,7)) + mave - (x5 + xY ))] - Correlation between PA

and timing!
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Data analysis framework

|. Non-Gaussian timing signals: quadratic forms

A G e ye ypsry P (1) ppsr > pe limit Atpn =1 XY
tpn = 2m3 [Pe pntpn = Ppstdpn p,n] o
a (2) ppsr = pe limit Aty , = c2( XY —UV)
100 oo 3 - 5 1
— iy =1 = = —K
1L pe<<)0p V@ ] 1t Pe =~ Pp Py =1 _:_> fAt( ) o
- = = == (Gaussian E —_—rxryr =0 \

0.100} 0.100: rxryr = 0.5 \ fac(2) = ie
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no A ;

0.001¢ 0.001§

_4;
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2025/5/10 Obtain PDF by Fourier transform
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The non-Gaussianity as small correction

Expand case (1) PDF with Gauss-Hermite series

o

fx(@) =4 s

nnl
n:02 n!

2ro

lexp (—

332

102

|

X

V20

12
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Gaussian function

faul2) = o (J2])

Non-negative truncated series

Hermite polynomials: orthogonal
and complete basis

— agp ~ 0.96, as =~ —0.059, a4 =~ 0.19, ag =~ —0.053, - --

LO: Gaussian

Process the timing signal under

Gaussian limit?
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Smaller non-Gaussianities, converge at largen
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Difficulties
1. Popular methods (e.g. Copula)
dependent on models

First approach: At~ Gaussian distribution 2. Numerical methods (e.g. MCMC): cost
too much

Il. PTA analysis under Gaussian limit

Deterministic noise

At ALY + At” ] At -H At

Assume: Gaussian noise ALDM signal
fat(z) = ! exp [—%zT( t(a))lz]
Likelihood / / \/det(21rCt(a))
1 1 n)y_ . . .
L, = /exp [_g(Atﬂ - z)T(Cf N H(At, — z)] fate(2)dz, Gaussian approximation
\/det (%Cﬁ“’”) S
(9) . L A\ (7ot
— L)Y = exp | —-At, C, "At,
Vdet(2mCy) 2
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Another approach: realistic distribution, but small-signal limit

At = AtY + At™ [ At At®

Marginalized the Gaussian likelihood for p® <L pP \
_ 1 1 T m)y—1 1 1q-1 a
L, = /-exp [——(Ato —aDyy) (CV) M At, — chmy)] exp [—— S a:] AtY = c, XY
(n) 2 2 1
\/det(QWC't )

1 1
x|exp [—inS_ly] exp [5(—yTS—1CXyC;(1m + mTC;{lCXyS_ly)] dxdy

By taking small-signal limit, the Gaussian likelihood

]' mn — ] 1 mn — a n —
L9 o exp [—Emf(og NlAt,| |1 §C§At3j(0§ N1l (el 1 At |+ O(c3)
LO: Gaussian NLO: 2-point correlation: (AtAt)

The same LO!
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The noise matrix

C;/'=(Cr+Cr+Cco)t

» Uncorrelated white noise

In practice, combine ALDM signal and red noise

® = diag{®*, "},

C;

Fe Feo
Fr diag{FT, FJ,..., FJ;}

— C/+C!=F"®F
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|—> ALDM timing signals (CHpmsam = (A2 AL2 ) = (Fo) @0 Fo
—— Correlated (between pulsars) red noise (C})pmsgm = (Fo) @7 Fo

(Cgu)iﬂan;fi'am X 5})(}‘6?’711’1

I (C) = (C) T FT (@ + F(CP) T FT)

2D-DFT

F(Cy)™
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Il. PTA-PPA analysis

Core concept: PTA and PPA are independent.

Approach I: Gaussian likelihood L = L;Lps o exp _é(Ato - Ata)T(Ct(“))—l(Ato — At“)]

X exp _L(APA, - APAY)T(C1))1(APA, — APA®
2( ) ( PA)

Approach II: integrate out the auxiliary Gaussian parameters

L, x /da: dy exp {—% (Ato — C1D.—uy)T(Ct(n))_l (Ato - ClDIy)]

1
x exp |~ (APA, o) (CH)) " (APA, — czx)}
1
X exp ) (:ETS_I:B + yTS_ly + ‘yTS_lcxyC)_{lm - :I!TC)EICXyS_ly)]
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With
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L, X €xp [—% (Atg“(c§”>)—1Ato + APAOT(CI‘:’Q)—IAPAO)] Gaussian likelihood

/‘ X exp
:1 n n
2APAT(CU)) Y (CxD,Cxy — CXYDtCX)(CF(,g)—lAPAO}

/— X eXp | SC1C

1 n)y\— )y —
3APAT(CL) " Cx(Cl) " APA,|

\
~——  Two-point function (APAT APA )

K Three-point function ~ (APAJ APAJ At))
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Summary

€ ALDM-induced polarization and timing signals display distinct spatial and temporal
dependencies

@ Polarization: multivariate Gaussian distribution; first PPA limits on ALDM
established with the PPTA collaboration

€ Timing: non-Gaussian behavior due to quadratic dependence on Gaussian
variables; however, a Gaussian approximation remains a good starting point for PTA
data analysis (analysis ongoing with the PPTA collaboration)

& Polarization-timing: 1%t non-trivial correlation is the three-point functions
(APA APA At), which determines the LO correction to the marginalized likelihood in
combined PTA-PPA analysis
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Thanks for your attention
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