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Outline

New trajectory-based nonadiabatic
dynamics methods with a surface
hopping (SH) motif!

SH based on exact factorization (SHXF)
Quantum-trajectory SH (QTSH)

Fully-integrated SH (FISH)




The TSH protocol

Effective potential in TSH
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SH based on exact factorization (SHXF)



Overcoherence in TSH

electrons Off-diagonal elements in the density matrix
remain constant, after the dynamics leaves away
o _ 2 _ the nonadiabatic coupling region.
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Xu, J.; Shi, Z.; Wang, L. JCTC. 2024, 20 (6), 2349-2361.

Electronic propagation in the conventional TSH
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Han, D.; Akimov, A. V. JCTC. 2024, 20 (12), 5022-5042.

SHXF tackles overcoherence

electrons Exact factorization (XF) ansatz
(¥(q,t)) = x(q, )P (t; q))
il)(r,t;q) = [Hgo + Hyp | (1, £ q) under Yqvt, (1 (&; Q1P (L q)) = 1

Abedi, A.; Maitra, N. T.; Gross, E. K. U. PRL. 2010, 705 (12), 123002.
Agostini, F.; Min, S. K.; Abedi, A.; Gross, E. K. U. JCTC. 2016, 12 (5), 2127-2143.
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Ha, J.-K,; Lee, I§S,; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.
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SHXF tackles overcoherence
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While FSSH suffers from the overcoherence, SHXF and other decoherence-

corrected methods such as BCSH and SDM shows a clear damping in coherence.
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SHXF tackles overcoherence
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Quantum-Trajectory SH (QTSH)



Too “strict” energy conservation in TSH

electrons
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In TSH, the velocity adjustment procedure
enforces energy conservation at the level of
individual trajectories.
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Han, D.; Martens, C. C.; Akimov, A. V. JCTC. 2025, 21 (6), 2839-2853.

QTSH achieves ensemble-level energy conservation

electrons

An optional decoherence

correction can be added.

i (r, t; q) = Hpo (¥ (1, t; q)

Hopping
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Nuclear propagation is governed by
kinematic momentum and quantum force

nuclei

Quantum-Classical Liouville Equation
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QTSH achieves ensemble-level energy conservation

Energy conservation & internal consistency a,(t) = the active-state index of kth trajectory at t
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QTSH achieves ensemble-level energy conservation

Enerqy conservation & internal consistency
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Fully-Integrated SH (FISH)



Conventional NBRA-TSH

electrons No on-the-fly electronic computation and propagation!

NBRA = Neglect of Back-Reaction Approximation Obtain a “guiding” trajectory first and run multiple stochastic SH

calculations to achieve statistical convergence.
lhlp(r' ’ q) — HBO (CI)l/J(T, ) CI)

fMD trajectory 1
I —
) \ —
HOpplng Ndata_sets* (b) initial_times
gi-j = max 0, (a) MD trajectory N 7250 500 750

I T— v —
b H ' Smith, B.; Akimov, A. V. JCP. 2019, 151 (12), 124107. ———

Velocity adJUStment Akimov, A. V. JPCL. 2023, 14(51), 1167311683, ()
q T q + 3 VL—>]M u
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b '|_|_|_|'
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a = Usually just set to the ground state pyclej



Han, D.; Shakiba, M.; Akimov, A. V. JPCL. 2025, 16 (28), 7168—7176.

FISH cuts out multiple SH calculations in NBRA-TSH

Following the NBRA-based approach, we prepare a
quiding trajectory and multiple batches as in NBRA-TSH.

rMD trajectory 1
T —

(b) Ninitial_times

MD trajectory N 250 500 750

\

’—-----

N ey S

~
batch ~S~o_

Ndata_sets*

(a)

Each batch is divided into coherent histories called

“patches.”

Pi(to)  Pi(ty) Pitz) - Py(ty)  Pilty) Pi(t2)
Ty.1(ty,t2) Ti.1(to,ty) Ty.1(ty,t2)
Ty.1(to, ty)
Ty .o(to. ty)
Wi =Ty.0(to, t1)To.1(ty, t2)... " p
h 4
To.1(to, ty) “patch”
Pb(trul) = Zri 'b(tn'tlwl)l)i(tn)
x4 To_o(to, tq) :
(a) (b) Time

Population is propagated recursively up to the transition probability T;_,,. The transition probability T;_,, from a
branching point, shown as a node, is determined by a coherent evolution with the corresponding initial state i.

Po(O) = ) Teop(tw OPi(tn) £ € [, tsa]

Tinp (tn t) = lep()]? with |¢;(£,)1% = 1

. [
Ci = _%Eici — z dl]C]
J

Coherence from the previous patch is
not considered. — The time duration
for each patch can be considered as a
characteristic decoherence time.
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FISH cuts out multiple SH calculations in NBRA-TSH

Total number of electronic integrations

— _ Nstep
NBRA-TSH = Ninitiai_times X Ntraj X Nstep FISH = Ninitial times X atches X Npatches X Ngtates

FISH is beneficial when Ngiqte <K Nipg.

Fullerene NBRA simulations

Decoherence frequency y is given by
the reciprocal of patch time duration.
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For the fullerene system, FISH can agree with the conventional NBRA-mSDM.



Conclusion

SHXF (SH based on eXact Factorization) tackles with the overcoherence problem with a

decoherence term beyond the BO Hamiltonian, emerging from the electronic equation from
XF.

QTSH (Quantum-Trajectory Surface Hopping) eliminates the need for the velocity
adjustment with the quantum force from the quantum-classical Liouville formalism and

achives the ensemble-level energy conservation.

FISH (Fully-Integrated Surface Hopping) serves as a further reduction of the conventional
NBRA-TSH, considering all possible branching that would be usually expressed as multiple

SH trajectories in the recursive summation of coherent histories.
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Suppl. Exact coherence

For an abstract electron-nuclear state |¥(t)), the density matrix operator is given as p(t) = |W(t))(W¥(t)].

From the Born-Huang expansion,

l

where Hgz,(R)|i(t; R)) = E;(R)|i(t; R)). Trllen
(P|¥), = |F; (R, )|* + |F(R, 1)|?

B0 = [WONP()] = j dR [RYRIYO)W(®)] j dRIRYR | IR RO

|F2 (R, t)lz
= [[ 1R R O (R, 0lice; RN ROKR'|dRAR /\/\
ij . R

Thus, the reduced electron density matrix elements are
o) = Trimyp(® = [ dR"(RIP@IR"YAR" = )" [ dR liCe; RNF(R,OF; (R, 0 R)
ij
pij(R,t) = Fi(R,t)F; (R, 1),
(pij () = de Fi(R,t)F; (R, )



Suppl. Towards the MQC equations from XF

Molecular wave function is factored into the nuclear and electronic wave functions (WFCs).

Y(r,R,t) = y(R,t)Dg(r,t) VR j |Dp(1,t) |2 dr = 1 Partial Normalization Condition

= |¥Y(r R, t)|%drdR = |y(R,t)|?dR X |®g(r t)|%dr

Total probability Marginal probability Conditional probability
for R for r under R

The probability amplitude | y|? stands for the exact time-dependent nuclear density.

cf. Born-Huang expansion
(00

XROP =) nROP  ¥ERO =Y xR O RO)

Abedi, A.; Maitra, N. T.; Gross, E. K. U. PRL 2010, 705 (12), 123002.
Abedi, A.; Maitra, N. T.; Gross, E. K. U. JCP 2012, 137 (22), 22A530.



Suppl. Towards the MQC equations from XF

Coupled XF equations
—ihV, + A, (R, t)]?
{ ihd,x(R,t) = Z[ : ”;M”( O e | xw )

v

ihd, Pgr(r,t) = (Hgo(r,R) + U, P[®g, x] — €(R,t))Pr(R, 1)

Time-dependent (TD) PES

e(R,t) = (Pr(t)|Hpo + Ugy ¥ — ih0t|CDR(t))r

TD vector potential

Av(Rr t) = (q)R(t)l - ihvvq)R(t)>r

Electron-nuclear correlation operator

ycou —ihV, — A, (R, t)]* —ihV,x _
Pldg, x] = Z M, [ + ( Y + A, (R, t)) - (—ihV,, — A, (R, 1))

Leading to Diagonal BO correction Major electron-nuclear correlation

Abedi, A.; Maitra, N. T.; Gross, E. K. U. PRL. 2010, 705 (12), 123002.
Abedi, A.; Maitra, N. T.; Gross, E. K. U. JCP. 2012, 137 (22), 22A530.



Suppl. Towards the MQC equations from XF

Inserting the polar form of nuclear WFC, y(R,t) = |¥(R, t)]| exp (%S(R, t)), into the nuclear
TDSE:

[V,S(R, t) + A, (R, t)]° 1 Vilx(R 1)
Realpart 0:S(R,t) = — z —€e(R,t) + h*
2M, 2M,, |x(R,t)]
% %
Quantum Hamilton-Jacobi equation
. 2 1 2
imaginary part - 3, x(R,)|> = > ——V, - [(V,S(R,t) + A, (R, 1)) x(R, t)|?]
> v
Continuity equation — Throw away
(Within MQC, we assume its solution, i.e., a delta function).

cf. Hamilton-Jacobi equation

atS + H(R, VRS, t) =0 Min, S. K.; Agostini, F.; Gross, E. K. U. PRL. 2015, 115 (7), 073001.

Agostini, F.; Min, S. K.; Abedi, A.; Gross, E. K. U. JCTC. 2016, 12 (5), 2127-2143.



Suppl. Towards the MQC equations from XF

|dentifying the classical momentum: B, = V,.S + A, by neglecting the quantum potential.

2
3,S(R. ) ~ — z IV,S(R,t) + A, (R, t)]

—€e(R,t
oM, e(R,t)

v

| V.S(R,t) + A,(R,D]Z P
m SRi)= —z - M - - Mv VSR, t)[ —€(R,t)  Inthe Lagrangian frame
i Y,

1%

[ 2
= —z _ZIIJVWV—;\Z-(PV—AV)] (R D) = —(E(R,t)+ZAV-I%>

Applying v,

. . P,
= b A, =-v, (E(R, £) + Xy Ay - -

4

) := 0 (by setting the Gauge condition)

“ B, =4 .

7 under e(R,t) + )., A

U
Min, S. K.; Agostini, F.; Gross, E. K. U. PRL 2015, 115 (7), 073001.
Agostini, F.; Min, S. K.; Abedi, A.; Gross, E. K. U. JCTC 2016, 12 (5), 2127-2143.



Suppl. Towards the MQC equations from XF

Approximation to the electronic TDSE

ihd, Dg(r,t) = (Hgo(r,R) + Ug, T [®g, x] — €(R, 1)) x(R, 1)

Neglecting the 2"d order terms generating the DBOC contribution

—ihV,
U, F[dpg, x] = ZM ( l)( LA J(R, t)) (—iaV, — A, (R, t))

m)  adgp(rt) — lhz— V,Pr(r,t)

= (HBO(r» R) + z - <_if;(v”x + A4, (R, t)) - (—ihv, — 4, (R, 1)) — (R, t)> Pp(r,t)

Min, S. K.; Agostini, F.; Gross, E. K. U. PRL 2015, 115 (7), 073001.
Agostini, F.; Min, S. K.; Abedi, A.; Gross, E. K. U. JCTC 2016, 12 (5), 2127-2143.



Suppl. Towards the MQC equations from XF

Approximation to the electronic TDSE
o 1 (—iAV,x
indp(r,) = ( Hao(r,R)+ ) (

M,
v

+ A, (R, t) — Pv) : (—ith)> dp(r,t)

1 [(—ihV
- X L A, R D)) Ay(R, ) + €(R, )| DR(r, 1)
" M, X
Utilizing the polar form Quantum momentum
—inV,x Vylx(R,t)| Vylx(R,t)]
+A,(R,t) =V, S+ A,(R,t) — ih =P+ P P, =—i
X Y Y Y IX(R, 0)] v Y |x(R, )|

> ihdp(r,t) = (HBO(r R) + Z— (— Lth)> Op(r,t)

lZ— Ay(R, t)+<ZIZ—V'Av(R,t)+E(R»t)>

v

(I)R (1‘, t)

= 0 (The Gauge condition)
» ihdp(r,t) = (HBO(T' R) — 2— (A, (R, t) + thv)> dp(r,t)

Min, S. K.; Agostini, F.; Gross, E. K. U. PRL 2015, 115 (7), 073001.
Agostini, F.; Min, S. K.; Abedi, A.; Gross, E. K. U. JCTC 2016, 12 (5), 2127-2143.



Suppl. Towards the MQC equations from XF

The XFMQC equations

. Py .
ih®p(r,t) = (HBO(T, R) — z v (A, (R, t) + lhvv)> Dp(r,t)

2iP
Fy = —~(@p(0)|Vy HaolPr(®))y + ) 2t (4, (R, 04, (R, 0) = (7,04 (0)]V, @p(1)), )
” u

Beyond the conventional Ehrenfest terms, the resulting coupled TDSEs explicitly contain the electron-
nuclear correlation terms arising from the XF formalism, without adding any ad hoc decoherence
correction.

Min, S. K.; Agostini, F.; Gross, E. K. U. PRL 2015, 115 (7), 073001.
Agostini, F.; Min, S. K.; Abedi, A.; Gross, E. K. U. JCTC 2016, 12 (5), 2127-2143.



Suppl. Auxiliary-trajectory Propagation in SHXF

Auxiliary trajectory propagation

When the coherence criterion, that is, € < ICl-I2 < 1 — €, are satisfied for a state, the auxiliary
trajectory is spawned for that state.

The initial aux. position R; is set to the real position at the spawning time ¢t;.
R;(t;) = R(t)

The aux. momentum P; is set by rescaling P; = a; P based on

the energy conservation.

1 1
—P/M™'P;, +E; = EPTM—1P +E

2 .
“
The aux. position is propagated by the current aux. momentum. \\\
R;(t + At) = R;(t) + M~1P;(t)At —”

When the coherence criterion is no longer satisfied, Aux. trajectory

or a hop occurs, aux. trajectories are initialized.

R

Ha, J.-K.; Lee, I. S.; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.



Suppl. Auxiliary-trajectory Propagation in SHXF

Quantum momentum

The nuclear density is assumed to be combination of Gaussian functions having each aux.
position as its center.

R, — R;
= D= 3w Jeso| -
O-lV
i
ih
:Psz(R (R )) av 2,011 L,V
Oy

Eventually, the sign of qguantum momentum is determined by the displacement between the real
position and average position. By this procedure, each trajectory possesses its own quantum
momentum constructed by its auxiliary trajectories.

Ha, J.-K.; Lee, I. S.; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.



Suppl. Auxiliary-trajectory Propagation in SHXF

Phase gradient

The phase gradient is computed by the momentum difference during the coherence.

t t t
¢i,v — —j dt’ vai — f dt’ Fi — j dPl
t t

i ti i

¥
$iv(t) = Pi(t) — Pi(t;)

Thus, quantum momentum and phase gradient become physical quantities in terms of the
relative position and momentum.

Ha, J.-K.; Lee, I. S.; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.



Suppl. Auxiliary-trajectory Propagation in SHXF

Decoherence correction through the electron-nuclear correlation term

The newly deduced electron-nuclear correlation contribution to the density is the following.
21P
- XF _ 14
Pii = E v E (jv — Piv)pjjpii
% .
v J

h
pEF == ) =Ry = (Ry)

MVUV

' Z(¢j,v - Gbi,v)lpjjpii
J

The direction of the decoherence is determined by the interplay between the relative position
and momentum.

Ha, J.-K.; Lee, I. S.; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.



Suppl. Auxiliary-trajectory Propagation in SHXF

Auxiliary trajectory propagation & decoherence correction

h

p())(é: = _M_a (R — (R)| (1 — do)pP11Po0
h

pi1 = ~ 7ol (B —(R)) (b0 — d1)Po0p11

<0 >0

The electron-nuclear correlation acts as the
decoherence correction, increasing p;; and
decreasing pgg-

Aux. trajectory

N A A An,

Ha, J.-K.; Lee, I. S.; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.



Suppl. Auxiliary-trajectory Propagation in SHXF

Auxiliary trajectory propagation & decoherence correction

h

Poo = ~ ol (R — (RDf
h

P11 = ~ 7ol (R — (R))

(@1 — do)P11P00
“(Cﬁo — (1511,000,011

>0

\ Aux. trajectory

/ decreasing p;.

>0

The electron-nuclear correlation acts as the
decoherence correction, increasing py, and

™ TNy, S . Decoherence facilitates the population transfer

to the active state — The active state serves
! z c A as the pointer state!
R

Ha, J.-K.; Lee, I. S.; Min, S. K. JPCL. 2018, 9 (5), 1097-1104.
Shu, Y.; Truhlar, D. G. JCTC. 2023, 19 (2), 380-395.



Suppl. Auxiliary-trajectory Propagation in SHXF

Branching correction on the auxiliary trajectory propagation

When the dynamics encounters the classical turning point, there are some difficulties for
defining the auxiliary momenta

Case I. An auxiliary trajectory encounters the turning point.

In this case, the auxiliary trajectory needs to reflect. However,
the aux. momentum is computed by the positive scaling of the
real momentum. Thus, a special treatment is necessary.

Pi = ai(> O)P

Inspired by the BCSH method, one can the density of the
auxiliary state and initialize the auxiliary project out trajectory.

Arribas, E. V.; Vindel-Zandbergen, P.; Roy, S.; Maitra, N. T. PCCP. 2023, 25 (38), 26380—-26395.
Xu, J.; Wang, L. JCP. 2019, 150 (16), 164101.



Suppl. Auxiliary-trajectory Propagation in SHXF

Branching correction on the auxiliary trajectory propagation

When the dynamics encounters the classical turning point, there are some difficulties for
defining the auxiliary momenta

Case Il. The real trajectory encounters the turning point.

In this case, the auxiliary trajectory would experience abrupt
momentum reversal, which could cause a wrong
decoherence correction.

Eiot Here, one can collapse the state to the active state. The
criterion for the turning point is based on the BCSH turning

point descriptor.

FT(t + A)P;(t + At) - FT(t + At)P;(t) < 0 = turning point

R Ha, J.-K.; Min, S. K. JCP. 2022, 156 (17), 174109.
Xu, J.; Wang, L. JCP. 2019, 150 (16), 164101.



Suppl. The Wigner-Moyal approach to quantum Liouville

For the full system’s Hamiltonian H =T + 1, the quantum Liouville equation is

With a complete orthonormal electronic basis, {|i)}, applying the resolution of identity, [ =

p
J Z(Hlkpk] kaHk])

In the Wigner-Moyal representation, the nuclear operators becomes functions of the nuclear
phase space coordinates, z = (q, p). Products of operators are represented by the star (or
Moyal) product:

Lh<—>

AB - A(q,p)*B(q,p) = A(q,p)ez"B(q,p)

where & = (ﬁq V)p — Vq V,, and the arrows indicate the direction that differential operators act.



Suppl. The Wigner-Moyal approach to quantum Liouville

The quantum-classical Liouville equation (QCLE) is then obtained if one keeps only the lowest
order nonclassical term in the expansion of the Moyal product:

AB > AB +— {A B}

where {4, B} = V,AV,B — V,,AV B is the Poisson bracket of the phase-space functions. Applying
the Wigner-Moyal transformation to the quantum Liouville equation yields

ihap”( ,t)

Z(Hlk(z)pk] (Z t) plk(z t)Hk] (Z))

+ 72({171-,( (2), prj (2 )} — {pu(z, 1), Hi;(2)})



Suppl. Derivation of QTSH equations

Starting from the QCLE equation,
N-1

ap
ih J z (Hlkpk] kaHk])

N
2

N—1
Z ({Hir, pr;} — {pixs Hij})
k=0

We have

N-1

~[dp;; ‘ |

T [d_f (2,8) = Vqpij (2, 0)q = Vppij (2, t)p] = > (Hie@pij (.0 = pu(z, OHy,)
k=0

N-—
ih
+ Z (VaHuVoPrj = VoHucVapis — VapucTpHies + VppicVgHis).

We classify terms in equations according to phase-space derivatives. First, consider the
equation involving only the density matrix functions themselves (black equations):

dp;
” p;(z t) E(Hlk(z)mu(z t) — pi (2, t)Hy ;)




Suppl. Derivation of QTSH equations

Applying our phase-density ansatz, p;;(z,t) = p;;(t)g(2), yields

N-1
ih p;]( )g(z) + lhpl] (t)zVZg z lk(z)pk] (t) plk(t)Hk] (Z)) g(z)
or
N-
a ; v,
l & ](t) z lk(z)ﬁkj(t) _ ﬁik(t)ij(Z)) _ ( gﬁu (t)

We work out blue and red equations as well, with the full Hamiltonian matrix definition,

1 . _
Hij ~ (EPTM_lp + Vii) 51] — lhpTM 1hij'



Suppl. Derivation of QTSH equations

The blue and red equations:

N-1
. . ih
—Lthpij(z, t)q — ? Z (_VpHiqupkj - quikVkaj)
k=0
'h N-1
. o A~ " — " l —
qVqpij(z,t) = qp;; = —ihM ' pVgp;; + (lh)?M ! Z (hixVgPrj + Vapirh;)
k=0
— ithpij(z, t)p = (VqukVppkj + Vppiquij)

. 1
Vppij(z, t)p = E(Fl + F])Vppl] +



Suppl. Derivation of QTSH equations

Applying p;;(z,t) = p;;(t)g(z) to both equations and normalization conditions, }; p;; = 1,
N—-1

L L ih _ _ . _ ih _ _
qp;j = M 'pp;; — ?M ! Z(hikpkj + Pichyj) = q=M'p — 71"1 1Z(hikpki + Pichyi) -

N-1
1 if
pijp =7 (Fi+ Fj)pij + ) Z ((PTM"quhik)ﬁkj t Dik (PTM_quhkf))
k=0
N-1

ih
>p= ) Fipi+= ) ((0"M Veha )i + b ("M Vghie) )
=0 k,i
Thus,

. _ ih . .
qg=M"'p- —M 1 Z(hikpki + Pikhii)

N—
Z B+ ) (0" M Vo) + (0" M Vghi)).
i=0 k,i



Suppl. Derivation of QTSH equations

The dlfferentlal equation for q is S|mpI|f|ed by

__M z(hlkpkl + plkhkl) - __M E(hlk(akl + l,Bkl) + (alk + lﬁlk)hkl)

h
— _%M hlk((akl + l:Bkl) (akl lﬁkl)) — __M Z Zl:Bkl ik — = hM~ Zﬁkl ik
= —AM- Zﬁlkhlk = —2h ) Puchye.

Lk:ii<k
Thus,

a=M7p-2n ) Puhy.
I kii<k



Suppl. Derivation of QTSH equations

The differential equation for p is simplified by

Lh
2 ((pTM 1V hlk)pkl + plk(pTM V hkl))
k,i
ih
== ((pTM ', hyy ) (ag; + iBri) + (ai + iBu)(p"M™V hm))

7
= %Z(pTM_lvqhik)((aki +ifi) — (ag; — i) = %Z 2iBri(p"M~'Vghy)

—hZ(pTM-lv i) = hZ(pTM‘lv hu)Buc =20 ) (B"M™Vahi)Bic

ki:i<k

Thus,

N—-1
= z Fip;; +2h z (p" MV, hy ) Bix

=0 Lk:i<k



Suppl. The superexchange model dynamics in QTSH

Enerqy conservation & internal consistency

— Ey N\ e Hoo
Ny N AO.015 — El/\“"' H11
1 1 . -1 2h ~ £ 0.010 ——£2/... X Ha2
Etor = N Z EPkM Pr t Eaal ™ N_Z 3Pijkdijk > The superexchange model
T diag tr 5% Econ g 0.005 \_/
ay (t) = the active-state index of kth trajectory at t ¢ 0'0* 7

-10 R(E?h) 10
QTSH on the superexchange model
Superexchange, hko = 4.0 a.u. Superexchange, hko = 5.0 a.u.
>04 t= 0.0fs ﬂ — WPO 304 t=0.0fs ” — WPO
= — WP1 7 — WP1
- —— WP2 C —— WP2
g E
20.2 °0.2
© ©
Q o
) @)
: A : I\
0.0 , , ‘ ‘ , 0.0 , , , | .
-40 =20 0 20 40 —-40 =20 0 20 40

R (Bohr)

The low-momentum case, multiple crossing due to
a temporary trap on the 1t excited state.

R (Bohr)

After passing the coupling region once, transmission goes on,
l.e., just the adiabatic dynamics on the ground-state PES.



Suppl. Individual-state population in NBRA-TSH and FISH

NBRA-mSDM FISH, y=0.5 fs~1
1.0 1.0

0.0 meCABIRAS 0.0 . —
1 10 100 1000 1 10 100 1000
Time (fs) Time (fs)

(a) (b)
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