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between two mesostates generate a set of trajectories [12] or
sample the flux of trajectories [11,13,14] of a given trajectory
type. This generates microstate probability distributions con-
ditioned on each trajectory type (e.g., A— A,A— B,B —
B, B — A) whose average entropy over all subensembles is
less than the system entropy in the full equilibrium ensemble;
the reduction in entropy is the mutual information between
the system microstate and trajectory type [Eq. (10c)]. By
resolving one of these variables, either the current trajectory
type or the system microstate, information is gained about the
other.
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m; (system finishes a reactive trajectory from mj to m;). These
terms are equal in magnitude and have opposite sign since the
two sets of transitions leading to changes of trajectory type are
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the joint entropy H (¢, S_) to quantify the irreversible entropy
production,
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APPENDIX B: TRAJECTORY-ORIGIN SUBENSEMBLES

The transition rate for a ¢’ — ¢ transition within a trajectory-origin subensemble is unchanged from the original system
dynamics Ty since they are Markovian. The local detailed-balance relation that quantifies time asymmetry is

ToP@' 5 pes_ig)
TyoP@.52) — ps-19)

(BI)

Therefore a ¢’ — ¢ transition where p(S_|¢) changes has some time asymmetry in the trajectory-origin subensembles. The net
flux for a ¢’ — ¢ transition within subensemble s_ is the difference between the forward and reverse transition frequencies:

Ty P®.5) =T p(@.5-) = Ty ($)P(S- 1) — Tyy ($)P(s- 1) (B2a)
= Tyg 7 (¢)[P(S_[¢p') — P(s_|9)]. (B2b)

Thus there is net flux within the subensemble toward microstates with lower values of p(s_|¢); that is, a net flux away from
the origin mesostate S_ = m; towards the M — 1 other mesostates, which act as absorbing boundary conditions for dynamics in
subensemble S_ = m;. To maintain steady state within the subensemble, trajectories are regenerated in mesostate m; with flux
equal to the total flux of trajectories departing S_ = m; to all other mesostates,

> s (B3)
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Now consider the change in joint entropy H(®, S_). As before, the joint entropy is split into three contributions

0 =dH(®,S.) (B4a)
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The environment entropy change for transitions within a subensemble is
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which is the average energy change in the system for dynamics in each trajectory-origin subensemble. This cancels the first term
in the expression for subensemble entropy change (B5c), since these two contributions account for all energy changes at steady

state, which by definition is zero.

The irreversible entropy production for transitions within a subensemble is
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where 6.0/ ¢m i indicates a sum over microstates ¢ and ¢’, neither of which is in any mesostate mj other than m;, and [® [®;S_]
is the information change due to system transitions within the same trajectory-origin subensemble.
The irreversible entropy production within a subensemble S_ = m; is

PS-=m)Zm = D Toum(@)PES- = mil¢))in

.0’ M

P(S- = mil¢)

— 7 B8
pS_ = mié) (B8

[1] J.-H. Prinz, B. Keller, and F. Noe, Phys. Chem. Chem. Phys. 13,
16912 (2011).
[2] B. Peters, Annu. Rev. Phys. Chem. 67, 669 (2016).
[3] P. Metzner, C. Schutte, and E. Vanden-Eijnden, Multiscale
Model. Simul. 7, 1192 (2009).
[4] W. E and E. Vanden-Eijnden, J. Stat. Phys. 123, 503 (2006).
[5]1 M. D. Louwerse and D. A. Sivak, Phys. Rev. Lett. 128, 170602
(2022).
[6] J. D. Chodera and F. Noé, Curr. Opin. Struct. Biol. 25, 135
(2014).
[7] V. S. Pande, K. Beauchamp, and G. R. Bowman, Methods 52,
99 (2010).
[8] C. Schutte, F. Noé, J. Lu, M. Sarich, and E. Vanden-Eijnden,
J. Chem. Phys. 134, 204105 (2011).
[9] N.-V. Buchete and G. Hummer, J. Phys. Chem. B 112, 6057
(2008).
[10] A. M. Berezhkovskii and A. Szabo, J. Chem. Phys 150, 054106
(2019).
[11] A. K. Faradjian and R. Elber, J. Chem. Phys. 120, 10880 (2004).
[12] C. Dellago, P. G. Bolhuis, F. S. Csajka, and D. Chandler,
J. Chem. Phys. 108, 1964 (1998).
[13] T. S. Van Erp, D. Moroni, and P. G. Bolhuis, J. Chem. Phys.
118, 7762 (2003).

[14] R. J. Allen, P. B. Warren, and P. R. ten Wolde, Phys. Rev. Lett.
94, 018104 (2005).

[15] T. M. Cover and J. A. Thomas, Elements of information theory,
2nd ed. (John Wiley & Sons, Hoboken, 2006).

[16] Z. W. Tan, E. Guarnera, and I. N. Berezovsky, PLoS Comput.
Biol. 14, e1006686 (2018).

[17] E. Vanden-Eijnden, in An Introduction to Markov State Models
and Their Application to Long Timescale Molecular Simulation,
edited by G. R. Bowman, V. S. Pande, and F. Noe (Springer,
Berlin, 2014), Chap. 7, pp. 91-100.

[18] D. M. Busiello, D. Gupta, and A. Maritan, Phys. Rev. Res. 2,
023011 (2020).

[19] U. Seifert, Rep. Prog. Phys. 75, 126001 (2012).

[20] R. Elber, Annu. Rev. Biophys. 49, 69 (2020).


https://doi.org/10.1039/c1cp21258c
https://doi.org/10.1146/annurev-physchem-040215-112215
https://doi.org/10.1137/070699500
https://doi.org/10.1007/s10955-005-9003-9
https://doi.org/10.1103/PhysRevLett.128.170602
https://doi.org/10.1016/j.sbi.2014.04.002
https://doi.org/10.1016/j.ymeth.2010.06.002
https://doi.org/10.1063/1.3590108
https://doi.org/10.1021/jp0761665
https://doi.org/10.1063/1.5079742
https://doi.org/10.1063/1.1738640
https://doi.org/10.1063/1.475562
https://doi.org/10.1063/1.1562614
https://doi.org/10.1103/PhysRevLett.94.018104
https://doi.org/10.1371/journal.pcbi.1006686
https://doi.org/10.1103/PhysRevResearch.2.023011
https://doi.org/10.1088/0034-4885/75/12/126001
https://doi.org/10.1146/annurev-biophys-121219-081528
https://doi.org/10.1103/PhysRevX.11.041047
https://doi.org/10.1038/s41467-017-02388-1
https://doi.org/10.1063/5.0105099
https://doi.org/10.1016/j.cplett.2006.05.062
https://doi.org/10.1021/ct900689m

