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COUpling direction in synchronized oscillators

Circadian clocks (Mammal) (Plant) W. W. Chen et al.,

Nat Plants 6, 416-426 (2020).
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Synchronized metronomes
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Synchronized metronomes
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Metronome + Crank
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Metronome + Crank
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Coupling direction ratio




Question

Can R be inferred ?

Metronome sounds
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Extension of the theory

| nfe rence fO rMMu ‘ ad in FM and H. Kori, PNAS 2022 x bifferent notations

Vo — Vi +2W,

2(W1 —+ Wg)

Spike-time series Statistics
1 (2) (3) —————————— X
tg) ................................ he b Vi Variance in periods of oscillator 1
Oscillator 1 = ——— - e |
Oscillator 2 LN —> V2 Variance in periods of oscillator 2.
tgl) t;2) tgg)

Wl Correlation between periods of oscillator 1
and spike-time lags

W Correlation between periods of oscillator 2

and spike-time lags
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Extension of the theory

| nfe rence fO rMMu ‘ ad in FM and H. Kori, PNAS 2022 x bifferent notations
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Numerical demonstration

FitzHugh-Nagumo oscillator 1

FitzHugh-Nagumo oscillator 2
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Metronome experiments A s
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Metronome experiments

Observed data > Detrend
— Statistics
K — Formula
ie)
| -
)
a
0 50 100 150 200 250 300 350 400
" 0.02 \i 1 » 2
oo 0.01 |- + + Py
0 % . :
0+ * } 5& I
CD . P < 1 +
e -0.01 |- % % ™ §
< 0.02 —54*3 : ¥ %i +$ -
] 4, ‘&iiﬁ t #:_'t*-t
X -0.03 | g§ ek & Y
5%' -0.04 | + 7, : vt
-0.05 ! ! ! ! ! !

0 50 100 150 200 250 300 350 400

Oscillation counts

14/20



30 times 30 times
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Frequency
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Model

Coupled phase oscillators [wo-rending case

Describing weakly coupled limit-cycle oscillators

o /D
d_tl = w1 + k11 (01 — 02) + €Z1(01)\/ D1&1 (¢)

— 10 Frequency Coupling Phase response i.i.d noise
d_t2 = wy + kal'2(0a — 01) + €Z2(02)\/ Da&a(t)

~——

[Assumptions]

+ Weak noise € < 1
- Close frequencies w1 >~ W9

* In-phase synchronization
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Modified model

Coupled phase oscillators

e

dd_il = w1 + & (8)] + [k1 + ER1(D)]T1(01 — 02) + €Z1(61)/D1&1 (1)
dd_ef = [wo + EDa(8)] + [Ka + ERa(D)]T2(02 — 61) + €Z5(62)\/Data(t)

[Assumptions]

Weak noise €, g << 1

Well synchronized

- Phase difference > Attractor
* Spike-time lags are small.
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Derivation of inference formula

Vi Vo W71 Ws  were obtained by the lowest order approximation.

R

K
(Phase diffusion) 2 = W1
K1+ K>

Vi

K
V2 —  (Phase diffusion) 9 2 W-
Ky + Ks| °

Variances Correlations

(1-R)

Not necessary to know
the details of the function forms

19/20



Conclusions

[Theory] We derived inference formula that infers

coupling direction in synchronized oscillators.
Extension of the theory in FM and H. Kori, PNAS 2022

[Simulations] We numerically confirmed the validity.

[Experiments] Our theory could distinguish between
unidirectional and bidirectional coupling systems.
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