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Early route

a Planck

b BBN+BAO

c WMAP+BAO
d ACTPol+BAO
e SPT-SZ+BAO

Late route

f SHOES g HOLICOW
h STRIDES i TRGB1

j TRGB2 k Miras

l Masers m SBF

Potential Tension

Riess, Adam G. "The expansion of the
universe is faster than expected." Nature
Reviews Physics 2.1 (2020): 10-12.
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Another way to measure the Universe?
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How to know the elapsed time in the timer?




Initial state

Final state

Internal dynamics

dh
— = (1)
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Standard timers in dynamical systems

Initial state —L

Final state

dynamics
dh .
P AQ

Physical evolution time
At = tr — t;

Redshift in observable /@



A single parameter standard timer
Initial state: Initial statistical distribution of dynamical systems

dN
S(M:t;) =
(M;t:) dM;
Dynamic: time evolution of parameter in dynamical systems

dM M dM
e f = g(M;) — g(M;) = —At
Final state: Statistical dlstrlbutlon of dynamlcal systems at physical time t
dN dM; g (My)
S(M:t) = = S(M; t;
W0 =g anr, — "M g gn) + A0

Observed state: Redshifted statistical distribution of dynamical systems
detected at redshift z ,
g' (M)

So(Mzit) = So(Mziti) e = vy AL

Redshift-time relation: Comparing the observed state with the initial
state gives the redshift-time relation

( d M,
S(M;ty) ——— , g(M,) > At,
So(M,;t) ~ 4 1 o' (M)
S (g7 (ALL): © . g(M,) < At,
\ g7 (AL) )g’(g‘l(Atz)) g(M:)



A multi-parameter standard timer

Initial state: Initial statistical distribution of dynamical systems
dN
d™ M;
Dynamic: time evolution of parameter in dynamical systems
dM
— = —f(M
- (M)

Final state: Statistical distribution of dynamical systems at physical time t

dN
d™ M

J?;j — 8M@ (ti)/an (t)

S(M, ti) =

S(M; t) = det J(M, At) = S(M; #;) det J(M, At)

Observed state: Redshifted statistical distribution of dynamical systems
detected at redshift z

dN

So(M_;t) = I (2)

det J(M,,, At,)




Primordial black holes as a standard timer candidate

Comoving scale
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The Primordial origin gives an identical primordial mass function

n(M) = frBH exp[ an(M/ k)

V2noM 207
PBH binaries were formed with an identical probability distribution
dP_ 3 . 3/2a'2 e

dade  4’PBH £3/2 (1—¢2)3/2



Standard Timers from Primordial Black Hole Clustering

The primordial mass function of PBHs
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How to extract the physical evolution time?



The evolution of the PBH mass function

(Mﬂ_dN_dNML_ Mtdm
M) =y = am am - MMt gy
aM a
— _ 3
E__W:MB _Mi —53(At)
(M:t) = (A4't)‘ikh = n(M;t,) M
ML = I gy T N R B 1 53 (an)) 23
_ n(5(At); t;)

n(M;t) = M?, M < §(AY)

52(At)



Can we see them?
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How to extract the redshift from the observable?



Primary Hawking radiation from the PBH clustering

P(E) = j H,(E,M)n(M)dM,
0
1 TI(E,M) G*M*E* E < (8nGM) ™1

H,(E,M) = [Z(E,M) <
p(E, M) 21 e8TGME _ 1 1(E, M) {GZMZEZ,E>(8T[GM)_1

Redshift in the observed photon flux

LE(1+2);2z) (1+2)%E%V [
4nd?(z) 4nd?(z) ),

F(E;z) = H,(E(1+ z), M)n(M; z)dM

H,(E(1 + 2), M) = H,(E,M(1 + 2))

4nF(E;Z)~j°°H (B, M) M \A+2V
Ez ) TP "1+2° d?(z)




Redshift from the inverse problem

oo

P(E):f K(E,M)f(M)dM = f(M) = jooK‘l(E,M)P(E)dE
0 0

AtF(E; z) JOOH (E. M) M (1+Z)VdM
E2 ), P "1z d?(z)

f(M) = foo Hy ' (E, M )4”F(E )

0

M )(1+Z)V
' Z

fM) =n(1+z d?(z)
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Standard Timers from Primordial Black Hole Binaries

The initial probability distribution on a and e

dP 3 . 3/2a%? e
dade  4’PBH £3/2 (1—¢2)3/2
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How to extract the physical evolution time?



The evolution of probability distribution in PBH binaries

arp dpP
da.de;, da;de;

det J(a, e, At)

_(0a;/da; 6ai/5‘et)
I(a,e,At) = <aei/6at de; /de,

1 52 ___,4
+24e +96e

dt 5 c5a3(1—e2)7/2

da 128  G*Mpgy < 73 37 )

de  608G>Mppy e - 121
dt 15 c5a* (1 — e?2)5/2 €



Can we see them?
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How to extract the redshift from the observable?



Inspiral Merger Ring-
down

Lo Redshifted Chirp Mass
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-1.0 = Numerical relativity u
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B. P. Abbott et al. Observation of Gravitational Waves from a
Binary Black Hole Merger. Phys. Rev. Lett., 116(6):061102, 2016.
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dP/da

1078

fow/Hz
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dP 1 dP

da, - 1+ zda;

—— dP/da;
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dz
H(z)(1+ z)

Z

H(z) =H0Jﬂy(1 +2)*+Qp (1 + 2)°+Q,

At =




Thank you !




Thank you and welcome to visit
HKUST
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Standard timers in dynamical systems

Initial state —
S(h; t;) ar
yLi) = 77—
dh; Final state
dP dh;
Slh;tf) =
Dynamics () dh; dh
dh
o= f(h) Physical evolution time

/ At = tr — t;
Cosmic redshift z(t)
Z \

dP dhl(Z)
Observed state S, (hsity) = p-rs=on
l VA




Standard timers in dynamical systems

Initial state —

dP
S(h; t;) = ——
dh; Final state

I\ | s ) - 2.0
Dynamics ~— | {f "7 dh; dh
dh_ . fF 9
= =/

P(E) = j K(E, h;)S,(hy; tr)dh,
Observed state

So(hyits) = j K~Y(E,h,)P(E)dE
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