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It’s hard to be ‘it’ in (q)tag when 
you’re following Bohmian paths.
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A Rich History of Trajectory-Based Dynamics…

Surface Hopping
FSSH

AIMS

Ehrenfest Trajectories
AI-MCEaTG

DISH

CTMQCQTAG

FMS
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de Broglie - Bohm Mechanics

Physical Review, (1952), 166-179, 85(2)
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de Broglie - Bohm Mechanics
<latexit sha1_base64="xiebU48+B17bJiqWdite0c1Wh0w=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIRUIlQQhYkAosjEXQi9SEynGd1qrjRLaDqKLOLLwKCwMIsfIEbLwNbpoBWo5k+dP/nyP7/F7EqFSW9W3kZmbn5hfyi4Wl5ZXVNXN9oy7DWGBSwyELRdNDkjDKSU1RxUgzEgQFHiMNr3858hv3REga8ls1iIgboC6nPsVIaaltbjtVSUsP+2rv7Dy9yF1Cb1I6cHoeEsO2WbTKVlpwGuwMiiCratv8cjohjgPCFWZIypZtRcpNkFAUMzIsOLEkEcJ91CUtjRwFRLpJusoQ7mqlA/1Q6MMVTNXfEwkKpBwEnu4MkOrJSW8k/ue1YuWfugnlUawIx+OH/JhBFcJRLrBDBcGKDTQgLKj+K8Q9JBBWOr2CDsGeXHka6odl+7hsXx8VKxdZHHmwBXZACdjgBFTAFaiCGsDgETyDV/BmPBkvxrvxMW7NGdnMJvhTxucPcc+Y2w==</latexit>

 (x, t) = A(x, t)eiS(x,t)/~

Polar wavefunction w/ real amplitude A(x,t) and phase S(x,t)

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>
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r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)

Physical Review, (1952), 166-179, 85(2)
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Time-dependent Schrodinger Equation (TDSE)

Physical Review, (1952), 166-179, 85(2)

<latexit sha1_base64="Kv67mnxYbotuGFQ2UbDPHo9udeI="></latexit>
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Ar2S + 2rA ·rS
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(1) + (2) and separation into real and imaginary components
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(3b)
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Quantum Hamilton-
Jacobi Equation

Continuity Equation for 
probability density

(3a)

(3b)

(4a) (4b)
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m

Quantum Hamilton-
Jacobi Equation

Continuity Equation for 
probability density

(3a)

(3b)

Switching to Lagrangian frame; label trajectory momentum

(4a) (4b)

<latexit sha1_base64="WTgjD9c6WMhQ/Wpx9EEV667ff6c="></latexit>

d(A2)t
dt

= � (A2)t
m

rp(x, t)
���
x=qt

<latexit sha1_base64="ntjBy9Stse0CdBgZFc2jUE7hb/A="></latexit>

dSt

dt
=

p2t
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�
�
V +Q

����
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de Broglie - Bohm Mechanics
<latexit sha1_base64="xiebU48+B17bJiqWdite0c1Wh0w=">AAACCnicbZC7TsMwFIadcivlFmBkMVRIRUIlQQhYkAosjEXQi9SEynGd1qrjRLaDqKLOLLwKCwMIsfIEbLwNbpoBWo5k+dP/nyP7/F7EqFSW9W3kZmbn5hfyi4Wl5ZXVNXN9oy7DWGBSwyELRdNDkjDKSU1RxUgzEgQFHiMNr3858hv3REga8ls1iIgboC6nPsVIaaltbjtVSUsP+2rv7Dy9yF1Cb1I6cHoeEsO2WbTKVlpwGuwMiiCratv8cjohjgPCFWZIypZtRcpNkFAUMzIsOLEkEcJ91CUtjRwFRLpJusoQ7mqlA/1Q6MMVTNXfEwkKpBwEnu4MkOrJSW8k/ue1YuWfugnlUawIx+OH/JhBFcJRLrBDBcGKDTQgLKj+K8Q9JBBWOr2CDsGeXHka6odl+7hsXx8VKxdZHHmwBXZACdjgBFTAFaiCGsDgETyDV/BmPBkvxrvxMW7NGdnMJvhTxucPcc+Y2w==</latexit>

 (x, t) = A(x, t)eiS(x,t)/~

Polar wavefunction w/ real amplitude A(x,t) and phase S(x,t)

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>

i~@ 
@t

= �
⇣ ~2
2m

⌘
r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)

<latexit sha1_base64="Kv67mnxYbotuGFQ2UbDPHo9udeI="></latexit>

@A

@t
= � 1

2m

⇣
Ar2S + 2rA ·rS

⌘

<latexit sha1_base64="bEbrwOnC9Ve2iE/ltUJ3csvlyHk="></latexit>

@S

@t
= �

⇣ (rS)2

2m
+ V (x)� ~2r2A

2mA

⌘

(1) + (2) and separation into real and imaginary components

(1)

(2)

<latexit sha1_base64="nVY/0zx3eZYiIy5D9sEr60RPyFs=">AAACI3icbVDLSsNAFJ3Ud31VXboZLEJdtCRFVARBdOOyoq2FJpab6USHTiZhZiKUkH9x46+4caEUNy78FydtwUc9MHA4517unOPHnClt2x9WYWZ2bn5hcam4vLK6tl7a2GypKJGENknEI9n2QVHOBG1qpjltx5JC6HN64/fPc//mgUrFInGtBzH1QrgTLGAEtJG6pWM3kEBSNwapGXB8lX1znZ1Ux3bFFeBzwFd7t/UsrYdZtVW97JbKds0eAU8TZ0LKaIJGtzR0exFJQio04aBUx7Fj7aX5NcJpVnQTRWMgfbijHUMFhFR56ShjhneN0sNBJM0TGo/UnxsphEoNQt9MhqDv1V8vF//zOokOjryUiTjRVJDxoSAx6SOcF4Z7TFKi+cAQIJKZv2JyD6YVbWotmhKcv5GnSatecw5qzuV++fRsUsci2kY7qIIcdIhO0QVqoCYi6BE9o1f0Zj1ZL9bQeh+PFqzJzhb6BevzC3O6pBY=</latexit>

@S

@t
= � (rS)2

2m
� V �Q

<latexit sha1_base64="nMdgN7u8AJfGOhk75Ta7BkUHBOA=">AAACKXicbVBNS8NAEN34bf2KevSyWAQ9WBIR9SJUvXhUtFVoYplsN+3iZhN2N0IJ+Tte/CteFBT16h9x0wbU6sDCm/feMDsvSDhT2nHerbHxicmp6ZnZytz8wuKSvbzSVHEqCW2QmMfyOgBFORO0oZnm9DqRFKKA06vg9qTQr+6oVCwWl7qfUD+CrmAhI6AN1bbrXiiBZF4CUjPgePPoZmcr/+51frhdWgQEHAp9iPCF8UV52646NWdQ+C9wS1BFZZ217WevE5M0okITDkq1XCfRflbsI5zmFS9VNAFyC13aMlBARJWfDS7N8YZhOjiMpXlC4wH7cyKDSKl+FBhnBLqnRrWC/E9rpTo88DMmklRTQYaLwtTcH+MiNtxhkhLN+wYAkcz8FZMemFy0CbdiQnBHT/4Lmjs1d6/mnu9W68dlHDNoDa2jTeSifVRHp+gMNRBB9+gRvaBX68F6st6sj6F1zCpnVtGvsj6/AB3Ipok=</latexit>

@(A2)

@t
= �r(A2rS)

m

Quantum Hamilton-
Jacobi Equation

Continuity Equation for 
probability density

(3a)

(3b)

<latexit sha1_base64="vzhtzzh1TYCfIqe07BzU348ccN4=">AAACBHicbVC7SgNBFJ2NrxhfUcs0g0GwCrsiahMIsbGMaB6QLMvsZDYZMju7ztwVw5rCxl+xsVDE1o+w82+cPApNPHDhcM693HuPHwuuwba/rczS8srqWnY9t7G5tb2T391r6ChRlNVpJCLV8olmgktWBw6CtWLFSOgL1vQHF2O/eceU5pG8gWHM3JD0JA84JWAkL1+IPSh3JPEFwdedKu+lDyMvvS/fejDy8kW7ZE+AF4kzI0U0Q83Lf3W6EU1CJoEKonXbsWNwU6KAU8FGuU6iWUzogPRY21BJQqbddPLECB8apYuDSJmSgCfq74mUhFoPQ990hgT6et4bi/957QSCczflMk6ASTpdFCQCQ4THieAuV4yCGBpCqOLmVkz7RBEKJrecCcGZf3mRNI5LzmnJuTopVqqzOLKogA7QEXLQGaqgS1RDdUTRI3pGr+jNerJerHfrY9qasWYz++gPrM8f2p2YPg==</latexit>

pt = rS
���
x=qt

<latexit sha1_base64="M87/MrGJt8ONqGvJSKWJ1WZMjnQ=">AAACD3icbVDLSsNAFJ3UV62vqEs3waJUxJKIqJtCqRuXLdgHtCVMptN26GQSZ27EEvMHbvwVNy4UcevWnX/j9LHQ1gMXDufcO3Pv8ULOFNj2t5FaWFxaXkmvZtbWNza3zO2dmgoiSWiVBDyQDQ8rypmgVWDAaSOUFPsep3VvcDXy63dUKhaIGxiGtO3jnmBdRjBoyTUPW50A4jBxoXDSEtjjOFc7rhy1SqwXPyRufF+4dSHJuGbWzttjWPPEmZIsmqLsml/6YRL5VADhWKmmY4fQjrEERjhNMq1I0RCTAe7RpqYC+1S14/E9iXWglY7VDaQuAdZY/T0RY1+poe/pTh9DX816I/E/rxlB97IdMxFGQAWZfNSNuAWBNQrH6jBJCfChJphIpne1SB9LTEBHOArBmT15ntRO88553qmcZYulaRxptIf2UQ456AIV0TUqoyoi6BE9o1f0ZjwZL8a78TFpTRnTmV30B8bnD0i8nC4=</latexit>

ṗt = �r(V +Q)
���
x=qt

Switching to Lagrangian frame; label trajectory momentum

<latexit sha1_base64="gwUvudfvXCj1l+N0YYYshHIkRko=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokIupGKLpxWcE+oA1hMp20QyeTOHMjlJCNv+LGhSJu/Qx3/o3TNgttPXDhcM69M/eeIBFcg+N8W6Wl5ZXVtfJ6ZWNza3vH3t1r6ThVlDVpLGLVCYhmgkvWBA6CdRLFSBQI1g5GNxO//ciU5rG8h3HCvIgMJA85JWAk3z7o9WPIHnIfrnqhIjRLfMizKPftqlNzpsCLxC1IFRVo+PaXeYmmEZNABdG66zoJeBlRwKlgeaWXapYQOiID1jVUkohpL5sekONjo/RxGCtTEvBU/T2RkUjrcRSYzojAUM97E/E/r5tCeOllXCYpMElnH4WpwBDjSRq4zxWjIMaGEKq42RXTITE5gMmsYkJw509eJK3Tmntec+/OqvXrIo4yOkRH6AS56ALV0S1qoCaiKEfP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8AfbIl0s=</latexit>

q̇t =
pt
m

(4a) (4b)

<latexit sha1_base64="WTgjD9c6WMhQ/Wpx9EEV667ff6c="></latexit>

d(A2)t
dt

= � (A2)t
m

rp(x, t)
���
x=qt

<latexit sha1_base64="ntjBy9Stse0CdBgZFc2jUE7hb/A="></latexit>

dSt

dt
=

p2t
2m

�
�
V +Q

����
x=qt
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Gaussian parameters are consistent with Bohmian trajectories
<latexit sha1_base64="7UxLMjkg7MeH1VFK5JcNHLAjUk0="></latexit>

G(x, t) =
⇣at
⇡

⌘1/4
exp

h
� at

2
(x� qt)

2 + iS(qt) + iS 0(qt)(x� qt) +
iS”(qt)

2
(x� qt)

2

| {z }
⇡ iS(x, t)

i
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Gaussian parameters are consistent with Bohmian trajectories
<latexit sha1_base64="7UxLMjkg7MeH1VFK5JcNHLAjUk0="></latexit>

G(x, t) =
⇣at
⇡

⌘1/4
exp

h
� at

2
(x� qt)

2 + iS(qt) + iS 0(qt)(x� qt) +
iS”(qt)

2
(x� qt)

2

| {z }
⇡ iS(x, t)

i

Substitute into TDSE and divide by G(x,t), separate real and imaginary parts, switch to Lagrangian frame

<latexit sha1_base64="0WWI9asgz2g8QvKYP8pbSZiCWb4="></latexit>

QG + V +
dS
dt

� (rS)2

2m
= 0

<latexit sha1_base64="DjPMkpBeVWcqpubMLRZ8Ls5B3bo=">AAACJ3icbVBNS8NAEN3U7/pV9eglWIR6sCRF1IsietCjov2AJobJZmMXN5uwuxFKyL/x4l/xIqiIHv0nbtsctPXBwOO9GWbm+QmjUlnWl1Gamp6ZnZtfKC8uLa+sVtbWWzJOBSZNHLNYdHyQhFFOmooqRjqJIBD5jLT9+7OB334gQtKY36h+QtwI7jgNKQalJa9y7IQCcBY4EageBpZd53kWqPxopNccDj6DX+7ObSPPGlG+29q98s69StWqW0OYk8QuSBUVuPQqr04Q4zQiXGEGUnZtK1FuBkJRzEhedlJJEsD3cEe6mnKIiHSz4Z+5ua2VwAxjoYsrc6j+nsggkrIf+bpzcLAc9wbif143VeGhm1GepIpwPFoUpsxUsTkIzQyoIFixviaABdW3mrgHOiCloy3rEOzxlydJq1G39+v21V715LSIYx5toi1UQzY6QCfoAl2iJsLoET2jN/RuPBkvxofxOWotGcXMBvoD4/sHkGqm6Q==</latexit>

dS
dt

=
(rS)2

2m
� V �QG

<latexit sha1_base64="ntjBy9Stse0CdBgZFc2jUE7hb/A="></latexit>

dSt

dt
=

p2t
2m

�
�
V +Q

����
x=qt( )

Real component…
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Gaussian parameters are consistent with Bohmian trajectories
<latexit sha1_base64="7UxLMjkg7MeH1VFK5JcNHLAjUk0="></latexit>

G(x, t) =
⇣at
⇡

⌘1/4
exp

h
� at

2
(x� qt)

2 + iS(qt) + iS 0(qt)(x� qt) +
iS”(qt)

2
(x� qt)

2

| {z }
⇡ iS(x, t)

i

Substitute into TDSE and divide by G(x,t), separate real and imaginary parts, switch to Lagrangian frame

<latexit sha1_base64="0WWI9asgz2g8QvKYP8pbSZiCWb4="></latexit>

QG + V +
dS
dt

� (rS)2

2m
= 0

<latexit sha1_base64="DjPMkpBeVWcqpubMLRZ8Ls5B3bo=">AAACJ3icbVBNS8NAEN3U7/pV9eglWIR6sCRF1IsietCjov2AJobJZmMXN5uwuxFKyL/x4l/xIqiIHv0nbtsctPXBwOO9GWbm+QmjUlnWl1Gamp6ZnZtfKC8uLa+sVtbWWzJOBSZNHLNYdHyQhFFOmooqRjqJIBD5jLT9+7OB334gQtKY36h+QtwI7jgNKQalJa9y7IQCcBY4EageBpZd53kWqPxopNccDj6DX+7ObSPPGlG+29q98s69StWqW0OYk8QuSBUVuPQqr04Q4zQiXGEGUnZtK1FuBkJRzEhedlJJEsD3cEe6mnKIiHSz4Z+5ua2VwAxjoYsrc6j+nsggkrIf+bpzcLAc9wbif143VeGhm1GepIpwPFoUpsxUsTkIzQyoIFixviaABdW3mrgHOiCloy3rEOzxlydJq1G39+v21V715LSIYx5toi1UQzY6QCfoAl2iJsLoET2jN/RuPBkvxofxOWotGcXMBvoD4/sHkGqm6Q==</latexit>

dS
dt

=
(rS)2

2m
� V �QG

<latexit sha1_base64="ntjBy9Stse0CdBgZFc2jUE7hb/A="></latexit>

dSt

dt
=

p2t
2m

�
�
V +Q

����
x=qt( )

<latexit sha1_base64="0BVu366NxU12ZsN5Q6vXib97ZaM=">AAACDnicbVDLSsNAFJ3UV62vqEs3wVKsm5KIqBuh6MZlRfuApoTJdNIOnTw6cyOUkC9w46+4caGIW9fu/BsnbRbaemDgcM69d+49bsSZBNP81gpLyyura8X10sbm1vaOvrvXkmEsCG2SkIei42JJOQtoExhw2okExb7LadsdXWd++4EKycLgHiYR7fl4EDCPEQxKcvSK3Q8hGacOXNqewCSxfQxDgnlyd5RWxw4cp4mfOnrZrJlTGIvEykkZ5Wg4+peaS2KfBkA4lrJrmRH0EiyAEU7Tkh1LGmEywgPaVTTAPpW9ZHpOalSU0je8UKgXgDFVf3ck2Jdy4ruqMltWznuZ+J/XjcG76CUsiGKgAZl95MXcgNDIsjH6TFACfKIIJoKpXQ0yxCoVUAmWVAjW/MmLpHVSs85q1u1puX6Vx1FEB+gQVZGFzlEd3aAGaiKCHtEzekVv2pP2or1rH7PSgpb37KM/0D5/AC7BnNE=</latexit>

q̇t =
S 0(qt)

m

<latexit sha1_base64="LmRYou45G2thrA+wk236h7N+oVs=">AAACFHicbVDLSgNBEJyN7/ha9ehlMUgiYtgNol4E0YvHiCYRkrD0TmaTIbMPZ3qFsOxHePFXvHhQxKsHb/6Nk8dBjQUDRVV3T3d5seAKbfvLyM3Mzs0vLC7ll1dW19bNjc26ihJJWY1GIpK3HigmeMhqyFGw21gyCDzBGl7/Yug37plUPApvcBCzdgDdkPucAmrJNfdbnQhTyFw8PWj5EmhaaQWAPQoivS4Ws9Kdi3tZGmTgomsW7LI9gjVNnAkpkAmqrvmpp9MkYCFSAUo1HTvGdgoSORUsy7cSxWKgfeiypqYhBEy109FRmbWrlY7lR1K/EK2R+rMjhUCpQeDpyuHC6q83FP/zmgn6J+2Uh3GCLKTjj/xEWBhZw4SsDpeMohhoAlRyvatFe6CjQZ1jXofg/D15mtQrZeeo7FwdFs7OJ3Eskm2yQ0rEIcfkjFySKqkRSh7IE3khr8aj8Wy8Ge/j0pwx6dkiv2B8fAPhM563</latexit>

ȧt = �2S 00(qt)

m
at

Real component…

Imaginary component…

<latexit sha1_base64="M87/MrGJt8ONqGvJSKWJ1WZMjnQ=">AAACD3icbVDLSsNAFJ3UV62vqEs3waJUxJKIqJtCqRuXLdgHtCVMptN26GQSZ27EEvMHbvwVNy4UcevWnX/j9LHQ1gMXDufcO3Pv8ULOFNj2t5FaWFxaXkmvZtbWNza3zO2dmgoiSWiVBDyQDQ8rypmgVWDAaSOUFPsep3VvcDXy63dUKhaIGxiGtO3jnmBdRjBoyTUPW50A4jBxoXDSEtjjOFc7rhy1SqwXPyRufF+4dSHJuGbWzttjWPPEmZIsmqLsml/6YRL5VADhWKmmY4fQjrEERjhNMq1I0RCTAe7RpqYC+1S14/E9iXWglY7VDaQuAdZY/T0RY1+poe/pTh9DX816I/E/rxlB97IdMxFGQAWZfNSNuAWBNQrH6jBJCfChJphIpne1SB9LTEBHOArBmT15ntRO88553qmcZYulaRxptIf2UQ456AIV0TUqoyoi6BE9o1f0ZjwZL8a78TFpTRnTmV30B8bnD0i8nC4=</latexit>

ṗt = �r(V +Q)
���
x=qt

From QHJE, with p = ∇S



18

Gaussian parameters are consistent with Bohmian trajectories
<latexit sha1_base64="7UxLMjkg7MeH1VFK5JcNHLAjUk0="></latexit>

G(x, t) =
⇣at
⇡

⌘1/4
exp

h
� at

2
(x� qt)

2 + iS(qt) + iS 0(qt)(x� qt) +
iS”(qt)

2
(x� qt)

2

| {z }
⇡ iS(x, t)

i

Substitute into TDSE and divide by G(x,t), separate real and imaginary parts, switch to Lagrangian frame

<latexit sha1_base64="0WWI9asgz2g8QvKYP8pbSZiCWb4="></latexit>

QG + V +
dS
dt

� (rS)2

2m
= 0

<latexit sha1_base64="DjPMkpBeVWcqpubMLRZ8Ls5B3bo=">AAACJ3icbVBNS8NAEN3U7/pV9eglWIR6sCRF1IsietCjov2AJobJZmMXN5uwuxFKyL/x4l/xIqiIHv0nbtsctPXBwOO9GWbm+QmjUlnWl1Gamp6ZnZtfKC8uLa+sVtbWWzJOBSZNHLNYdHyQhFFOmooqRjqJIBD5jLT9+7OB334gQtKY36h+QtwI7jgNKQalJa9y7IQCcBY4EageBpZd53kWqPxopNccDj6DX+7ObSPPGlG+29q98s69StWqW0OYk8QuSBUVuPQqr04Q4zQiXGEGUnZtK1FuBkJRzEhedlJJEsD3cEe6mnKIiHSz4Z+5ua2VwAxjoYsrc6j+nsggkrIf+bpzcLAc9wbif143VeGhm1GepIpwPFoUpsxUsTkIzQyoIFixviaABdW3mrgHOiCloy3rEOzxlydJq1G39+v21V715LSIYx5toi1UQzY6QCfoAl2iJsLoET2jN/RuPBkvxofxOWotGcXMBvoD4/sHkGqm6Q==</latexit>

dS
dt

=
(rS)2

2m
� V �QG

<latexit sha1_base64="ntjBy9Stse0CdBgZFc2jUE7hb/A="></latexit>

dSt

dt
=

p2t
2m

�
�
V +Q

����
x=qt( )

<latexit sha1_base64="0BVu366NxU12ZsN5Q6vXib97ZaM=">AAACDnicbVDLSsNAFJ3UV62vqEs3wVKsm5KIqBuh6MZlRfuApoTJdNIOnTw6cyOUkC9w46+4caGIW9fu/BsnbRbaemDgcM69d+49bsSZBNP81gpLyyura8X10sbm1vaOvrvXkmEsCG2SkIei42JJOQtoExhw2okExb7LadsdXWd++4EKycLgHiYR7fl4EDCPEQxKcvSK3Q8hGacOXNqewCSxfQxDgnlyd5RWxw4cp4mfOnrZrJlTGIvEykkZ5Wg4+peaS2KfBkA4lrJrmRH0EiyAEU7Tkh1LGmEywgPaVTTAPpW9ZHpOalSU0je8UKgXgDFVf3ck2Jdy4ruqMltWznuZ+J/XjcG76CUsiGKgAZl95MXcgNDIsjH6TFACfKIIJoKpXQ0yxCoVUAmWVAjW/MmLpHVSs85q1u1puX6Vx1FEB+gQVZGFzlEd3aAGaiKCHtEzekVv2pP2or1rH7PSgpb37KM/0D5/AC7BnNE=</latexit>

q̇t =
S 0(qt)

m

<latexit sha1_base64="LmRYou45G2thrA+wk236h7N+oVs=">AAACFHicbVDLSgNBEJyN7/ha9ehlMUgiYtgNol4E0YvHiCYRkrD0TmaTIbMPZ3qFsOxHePFXvHhQxKsHb/6Nk8dBjQUDRVV3T3d5seAKbfvLyM3Mzs0vLC7ll1dW19bNjc26ihJJWY1GIpK3HigmeMhqyFGw21gyCDzBGl7/Yug37plUPApvcBCzdgDdkPucAmrJNfdbnQhTyFw8PWj5EmhaaQWAPQoivS4Ws9Kdi3tZGmTgomsW7LI9gjVNnAkpkAmqrvmpp9MkYCFSAUo1HTvGdgoSORUsy7cSxWKgfeiypqYhBEy109FRmbWrlY7lR1K/EK2R+rMjhUCpQeDpyuHC6q83FP/zmgn6J+2Uh3GCLKTjj/xEWBhZw4SsDpeMohhoAlRyvatFe6CjQZ1jXofg/D15mtQrZeeo7FwdFs7OJ3Eskm2yQ0rEIcfkjFySKqkRSh7IE3khr8aj8Wy8Ge/j0pwx6dkiv2B8fAPhM563</latexit>

ȧt = �2S 00(qt)

m
at

Real component…

Imaginary component…

<latexit sha1_base64="M87/MrGJt8ONqGvJSKWJ1WZMjnQ=">AAACD3icbVDLSsNAFJ3UV62vqEs3waJUxJKIqJtCqRuXLdgHtCVMptN26GQSZ27EEvMHbvwVNy4UcevWnX/j9LHQ1gMXDufcO3Pv8ULOFNj2t5FaWFxaXkmvZtbWNza3zO2dmgoiSWiVBDyQDQ8rypmgVWDAaSOUFPsep3VvcDXy63dUKhaIGxiGtO3jnmBdRjBoyTUPW50A4jBxoXDSEtjjOFc7rhy1SqwXPyRufF+4dSHJuGbWzttjWPPEmZIsmqLsml/6YRL5VADhWKmmY4fQjrEERjhNMq1I0RCTAe7RpqYC+1S14/E9iXWglY7VDaQuAdZY/T0RY1+poe/pTh9DX816I/E/rxlB97IdMxFGQAWZfNSNuAWBNQrH6jBJCfChJphIpne1SB9LTEBHOArBmT15ntRO88553qmcZYulaRxptIf2UQ456AIV0TUqoyoi6BE9o1f0ZjwZL8a78TFpTRnTmV30B8bnD0i8nC4=</latexit>

ṗt = �r(V +Q)
���
x=qt

From QHJE, with p = ∇S

Can think about Bohmian 
trajectories defining a path 
for a Gaussian wavepacket, 
or for a set of Gaussian 
basis functions.
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gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

Nd-dimensional Gaussian basis function with position (q), phase (p), 
and width (a) parameters

The time-dependent wavefunction is constructed from adaptable Gaussians 

ak=4.5

qk=2.0

pk=0.0

Basis View
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gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

 (x, t) =
NbX

k=1

ck(t)gk(x, t)
<latexit sha1_base64="Pxi/X1Oq0vddBYW2IXkqF7P6Jh4=">AAACHnicbVDLSsNAFJ34tr6qLt0MlkILUhIf6EYQ3bgSBfuApobJdNIOmTyYuRFLyJe48VfcuFBEcKV/47QG1NYDMxzOuZd773FjwRWY5qcxNT0zOze/sFhYWl5ZXSuubzRUlEjK6jQSkWy5RDHBQ1YHDoK1YslI4ArWdP2zod+8ZVLxKLyGQcw6AemF3OOUgJac4oEdK15JbdfDd9kOVI9tlQRO6h9b2U164bgZpo5fgWpP/z9VTrFk1swR8CSxclJCOS6d4rvdjWgSsBCoIEq1LTOGTkokcCpYVrATxWJCfdJjbU1DEjDVSUfnZbislS72IqlfCHik/u5ISaDUINC7lgMCfTXuDcX/vHYC3lEn5WGcAAvp9yAvERgiPMwKd7lkFMRAE0Il17ti2ieSUNCJFnQI1vjJk6SxW7P2artX+6WT0zyOBbSFtlEFWegQnaBzdInqiKJ79Iie0YvxYDwZr8bbd+mUkfdsoj8wPr4AiFaheQ==</latexit>

Nd-dimensional Gaussian basis function with position (q), phase (p), 
and width (a) parameters

Generic wavefunction constructed from Gaussian basis functions, 
each multiplied by a complex amplitude c(t)

ak=4.5

qk=2.0

pk=0.0

Basis View

The time-dependent wavefunction is constructed from adaptable Gaussians 
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gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

 (x, t) =
NbX

k=1

ck(t)gk(x, t)
<latexit sha1_base64="Pxi/X1Oq0vddBYW2IXkqF7P6Jh4=">AAACHnicbVDLSsNAFJ34tr6qLt0MlkILUhIf6EYQ3bgSBfuApobJdNIOmTyYuRFLyJe48VfcuFBEcKV/47QG1NYDMxzOuZd773FjwRWY5qcxNT0zOze/sFhYWl5ZXSuubzRUlEjK6jQSkWy5RDHBQ1YHDoK1YslI4ArWdP2zod+8ZVLxKLyGQcw6AemF3OOUgJac4oEdK15JbdfDd9kOVI9tlQRO6h9b2U164bgZpo5fgWpP/z9VTrFk1swR8CSxclJCOS6d4rvdjWgSsBCoIEq1LTOGTkokcCpYVrATxWJCfdJjbU1DEjDVSUfnZbislS72IqlfCHik/u5ISaDUINC7lgMCfTXuDcX/vHYC3lEn5WGcAAvp9yAvERgiPMwKd7lkFMRAE0Il17ti2ieSUNCJFnQI1vjJk6SxW7P2artX+6WT0zyOBbSFtlEFWegQnaBzdInqiKJ79Iie0YvxYDwZr8bbd+mUkfdsoj8wPr4AiFaheQ==</latexit>

Nd-dimensional Gaussian basis function with position (q), phase (p), 
and width (a) parameters

Generic wavefunction constructed from Gaussian basis functions, 
each multiplied by a complex amplitude c(t)

ak=4.5

qk=2.0

pk=0.0

Basis View

The time-dependent wavefunction is constructed from adaptable Gaussians 

Time-Evolution of Gaussian Parameters
<latexit sha1_base64="mF91QN19/9ji5mzgrglfg+aXx0Y=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclURE3QhFNy4r2Ae0IUwmk3bo5OHMjVBCVm78FTcuFHHrN7jzb5y0WWjrgYFzz7mXO/d4ieAKLOvbWFhcWl5ZraxV1zc2t7bNnd22ilNJWYvGIpZdjygmeMRawEGwbiIZCT3BOt7ouvA7D0wqHkd3ME6YE5JBxANOCWjJNQ/6gSQ08+9dyDMf8stpnRRlmLtmzapbE+B5Ypekhko0XfOr78c0DVkEVBCleraVgJMRCZwKllf7qWIJoSMyYD1NIxIy5WSTM3J8pBUfB7HULwI8UX9PZCRUahx6ujMkMFSzXiH+5/VSCC6cjEdJCiyi00VBKjDEuMgE+1wyCmKsCaGS679iOiQ6B9DJVXUI9uzJ86R9UrfP6vbtaa1xVcZRQfvoEB0jG52jBrpBTdRCFD2iZ/SK3own48V4Nz6mrQtGObOH/sD4/AHtm5oQ</latexit>

dqt
dt

=
pt
m

<latexit sha1_base64="uSz9LJBWlfJP+8aL0ogMTETFexU=">AAACFXicbVDLSsNAFJ34rPVVdekmWISKWhIRdVMQ3bhswT6gKWEymdShk0mcuRFLzE+48VfcuFDEreDOv3H6WGjrgQuHc+7l3nu8mDMFlvVtzMzOzS8s5pbyyyura+uFjc2GihJJaJ1EPJItDyvKmaB1YMBpK5YUhx6nTa93OfCbd1QqFolr6Me0E+KuYAEjGLTkFg6cQGKS+rELWepDVjl0BPY4LjX2a3vOBeumD5mb3ldutZ93C0WrbA1hThN7TIpojKpb+HL8iCQhFUA4VqptWzF0UiyBEU6zvJMoGmPSw13a1lTgkKpOOvwqM3e14ptBJHUJMIfq74kUh0r1Q093hhhu1KQ3EP/z2gkEZ52UiTgBKshoUZBwEyJzEJHpM0kJ8L4mmEimbzXJDdYxgQ5yEII9+fI0aRyV7ZOyXTsunl+M48ihbbSDSshGp+gcXaEqqiOCHtEzekVvxpPxYrwbH6PWGWM8s4X+wPj8AWZGnvM=</latexit>

dpt
dt

= �r(V +Q)
���
x=qt

<latexit sha1_base64="C5t4hrE+HN2/JTfh2pS+Vha9bfg=">AAACEnicbZBNS8NAEIY39bt+VT16WSyCHixJEfUiiF48KlgrNKVMNhtdutmE3YlQQn6DF/+KFw+KePXkzX/jts1BrQMLL887w+y8QSqFQdf9cipT0zOzc/ML1cWl5ZXV2tr6tUkyzXiLJTLRNwEYLoXiLRQo+U2qOcSB5O2gfzb02/dcG5GoKxykvBvDrRKRYIAW9Wq7fqSB5SH0sMhDLI73xqDpKwgk0HTI48LavVrdbbijopPCK0WdlHXRq336YcKymCtkEozpeG6K3Rw0CiZ5UfUzw1NgfbjlHSsVxNx089FJBd22JKRRou1TSEf050QOsTGDOLCdMeCd+esN4X9eJ8PoqJsLlWbIFRsvijJJMaHDfGgoNGcoB1YA08L+lbI7sJGgTbFqQ/D+njwprpsN76DhXe7XT07LOObJJtkiO8Qjh+SEnJML0iKMPJAn8kJenUfn2Xlz3setFaec2SC/yvn4BlSKnoU=</latexit>

dat
dt

= �2rpt
m

at



22

gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

 (x, t) =
NbX

k=1

ck(t)gk(x, t)
<latexit sha1_base64="Pxi/X1Oq0vddBYW2IXkqF7P6Jh4=">AAACHnicbVDLSsNAFJ34tr6qLt0MlkILUhIf6EYQ3bgSBfuApobJdNIOmTyYuRFLyJe48VfcuFBEcKV/47QG1NYDMxzOuZd773FjwRWY5qcxNT0zOze/sFhYWl5ZXSuubzRUlEjK6jQSkWy5RDHBQ1YHDoK1YslI4ArWdP2zod+8ZVLxKLyGQcw6AemF3OOUgJac4oEdK15JbdfDd9kOVI9tlQRO6h9b2U164bgZpo5fgWpP/z9VTrFk1swR8CSxclJCOS6d4rvdjWgSsBCoIEq1LTOGTkokcCpYVrATxWJCfdJjbU1DEjDVSUfnZbislS72IqlfCHik/u5ISaDUINC7lgMCfTXuDcX/vHYC3lEn5WGcAAvp9yAvERgiPMwKd7lkFMRAE0Il17ti2ieSUNCJFnQI1vjJk6SxW7P2artX+6WT0zyOBbSFtlEFWegQnaBzdInqiKJ79Iie0YvxYDwZr8bbd+mUkfdsoj8wPr4AiFaheQ==</latexit>

Nd-dimensional Gaussian basis function (GBF) with position (q), 
phase (p), and width (a) parameters

Generic wavefunction constructed from Gaussian basis functions, 
each multiplied by a complex amplitude c(t)

The time-dependent wavefunction is constructed from adaptable Gaussians 

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>

i~@ 
@t

= �
⇣ ~2
2m

⌘
r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)

<latexit sha1_base64="quadHTrnxl+2vagChDd3g59aFlM="></latexit>

i~d~c
dt

= S
�1(H� i~D)~c

A quick aside…

<latexit sha1_base64="nJmEYWi5NngOt5IHYHrc7RQXk0k=">AAACCXicbVC7TsMwFHV4lvIqMLJYVEhMVYIQsCBVsDAWQR9SG0WOe5O6dZzIdpCq0JWFX2FhACFW/oCNv8FNO0DLke7V0Tn3yr7HTzhT2ra/rYXFpeWV1cJacX1jc2u7tLPbUHEqKdRpzGPZ8okCzgTUNdMcWokEEvkcmv7gauw370EqFos7PUzAjUgoWMAo0UbySvjWy1h/dNHhRIQccOgx/GB6H3dkrnilsl2xc+B54kxJGU1R80pfnW5M0wiEppwo1XbsRLsZkZpRDqNiJ1WQEDogIbQNFSQC5Wb5JSN8aJQuDmJpSmicq783MhIpNYx8MxkR3VOz3lj8z2unOjh3MyaSVIOgk4eClGMd43EsuMskUM2HhhAqmfkrpj0iCdUmvKIJwZk9eZ40jivOacW5OSlXL6dxFNA+OkBHyEFnqIquUQ3VEUWP6Bm9ojfryXqx3q2PyeiCNd3ZQ39gff4ApP+Zqg==</latexit>

Sij = hgi|gji
<latexit sha1_base64="zFtaih49GP3T+Ib8pluBSw2EKQM=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiCUBIRdSMU3RTcVLAPaEKYTCfptJNJmJkIJe0nuPFX3LhQxK1Ld/6N0zYLbT1w4cw59zL3Hj9hVCrL+jYWFpeWV1YLa8X1jc2tbXNntyHjVGBSxzGLRctHkjDKSV1RxUgrEQRFPiNNv38z9psPREga83s1SIgboZDTgGKktOSZR1Uvo73RlcMQDxmBoUfh8BaewAYc6kcPOmJieGbJKlsTwHli56QEctQ888vpxDiNCFeYISnbtpUoN0NCUczIqOikkiQI91FI2ppyFBHpZpODRvBQKx0YxEIXV3Ci/p7IUCTlIPJ1Z4RUV856Y/E/r52q4NLNKE9SRTiefhSkDKoYjtOBHSoIVmygCcKC6l0h7iKBsNIZFnUI9uzJ86RxWrbPy/bdWalyncdRAPvgABwDG1yACqiCGqgDDB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gBmxJuN</latexit>

Hij = hgi|K + V |gji
<latexit sha1_base64="pQ9tx/yjUJDwmHcJ02/1KZk9Jy4="></latexit>

Dij =
D
gi
���

fX

d=1

�̇jd

���
⇣ @gj
@�jd

⌘E

B. Gu and S. Garashchuk, Quantum Dynamics with 
Gaussian Bases Defined by the Quantum Trajectories, 
Journal of Physical Chemistry A, (2016), 3023-3031, 
120(19)

*bold-face indicates a matrix, arrows indicate a vector

<latexit sha1_base64="jI/xFYSbgeKgQ0xiCHGS/msHllw=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCQi6kYounFZwT6gCeFmMm2nnTycmQgldOvGX3HjQhG3/oE7/8ZJm4W2XpjL4ZxzuXOPn3AmlWV9GwuLS8srq6W18vrG5ta2ubPblHEqCG2QmMei7YOknEW0oZjitJ0ICqHPacsfXud664EKyeLoTo0S6obQi1iXEVCa8kzscG0OwBtcOtm9NzjGSd4gb9IbOGPPrFhVa1J4HtgFqKCi6p755QQxSUMaKcJByo5tJcrNQChGOB2XnVTSBMgQerSjYQQhlW42uWSMDzUT4G4s9IsUnrC/JzIIpRyFvnaGoPpyVsvJ/7ROqroXbsaiJFU0ItNF3ZRjFeM8FhwwQYniIw2ACKb/ikkfBBClwyvrEOzZk+dB86Rqn1Xt29NK7aqIo4T20QE6QjY6RzV0g+qogQh6RM/oFb0ZT8aL8W58TK0LRjGzh/6U8fkDz6+ZIQ==</latexit>

�j = {qj , pj , aj , sj}
Set of basis parameters defining the j-th GBF
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gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

 (x, t) =
NbX

k=1

ck(t)gk(x, t)
<latexit sha1_base64="Pxi/X1Oq0vddBYW2IXkqF7P6Jh4=">AAACHnicbVDLSsNAFJ34tr6qLt0MlkILUhIf6EYQ3bgSBfuApobJdNIOmTyYuRFLyJe48VfcuFBEcKV/47QG1NYDMxzOuZd773FjwRWY5qcxNT0zOze/sFhYWl5ZXSuubzRUlEjK6jQSkWy5RDHBQ1YHDoK1YslI4ArWdP2zod+8ZVLxKLyGQcw6AemF3OOUgJac4oEdK15JbdfDd9kOVI9tlQRO6h9b2U164bgZpo5fgWpP/z9VTrFk1swR8CSxclJCOS6d4rvdjWgSsBCoIEq1LTOGTkokcCpYVrATxWJCfdJjbU1DEjDVSUfnZbislS72IqlfCHik/u5ISaDUINC7lgMCfTXuDcX/vHYC3lEn5WGcAAvp9yAvERgiPMwKd7lkFMRAE0Il17ti2ieSUNCJFnQI1vjJk6SxW7P2artX+6WT0zyOBbSFtlEFWegQnaBzdInqiKJ79Iie0YvxYDwZr8bbd+mUkfdsoj8wPr4AiFaheQ==</latexit>

Nd-dimensional Gaussian basis function (GBF) with position (q), 
phase (p), and width (a) parameters

Generic wavefunction constructed from Gaussian basis functions, 
each multiplied by a complex amplitude c(t)

The time-dependent wavefunction is constructed from adaptable Gaussians 

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>

i~@ 
@t

= �
⇣ ~2
2m

⌘
r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)

<latexit sha1_base64="quadHTrnxl+2vagChDd3g59aFlM="></latexit>

i~d~c
dt

= S
�1(H� i~D)~c

A quick aside…

<latexit sha1_base64="nJmEYWi5NngOt5IHYHrc7RQXk0k=">AAACCXicbVC7TsMwFHV4lvIqMLJYVEhMVYIQsCBVsDAWQR9SG0WOe5O6dZzIdpCq0JWFX2FhACFW/oCNv8FNO0DLke7V0Tn3yr7HTzhT2ra/rYXFpeWV1cJacX1jc2u7tLPbUHEqKdRpzGPZ8okCzgTUNdMcWokEEvkcmv7gauw370EqFos7PUzAjUgoWMAo0UbySvjWy1h/dNHhRIQccOgx/GB6H3dkrnilsl2xc+B54kxJGU1R80pfnW5M0wiEppwo1XbsRLsZkZpRDqNiJ1WQEDogIbQNFSQC5Wb5JSN8aJQuDmJpSmicq783MhIpNYx8MxkR3VOz3lj8z2unOjh3MyaSVIOgk4eClGMd43EsuMskUM2HhhAqmfkrpj0iCdUmvKIJwZk9eZ40jivOacW5OSlXL6dxFNA+OkBHyEFnqIquUQ3VEUWP6Bm9ojfryXqx3q2PyeiCNd3ZQ39gff4ApP+Zqg==</latexit>

Sij = hgi|gji
<latexit sha1_base64="zFtaih49GP3T+Ib8pluBSw2EKQM=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiCUBIRdSMU3RTcVLAPaEKYTCfptJNJmJkIJe0nuPFX3LhQxK1Ld/6N0zYLbT1w4cw59zL3Hj9hVCrL+jYWFpeWV1YLa8X1jc2tbXNntyHjVGBSxzGLRctHkjDKSV1RxUgrEQRFPiNNv38z9psPREga83s1SIgboZDTgGKktOSZR1Uvo73RlcMQDxmBoUfh8BaewAYc6kcPOmJieGbJKlsTwHli56QEctQ888vpxDiNCFeYISnbtpUoN0NCUczIqOikkiQI91FI2ppyFBHpZpODRvBQKx0YxEIXV3Ci/p7IUCTlIPJ1Z4RUV856Y/E/r52q4NLNKE9SRTiefhSkDKoYjtOBHSoIVmygCcKC6l0h7iKBsNIZFnUI9uzJ86RxWrbPy/bdWalyncdRAPvgABwDG1yACqiCGqgDDB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gBmxJuN</latexit>

Hij = hgi|K + V |gji
<latexit sha1_base64="pQ9tx/yjUJDwmHcJ02/1KZk9Jy4="></latexit>

Dij =
D
gi
���

fX

d=1

�̇jd

���
⇣ @gj
@�jd

⌘E

B. Gu and S. Garashchuk, Quantum Dynamics with 
Gaussian Bases Defined by the Quantum Trajectories, 
Journal of Physical Chemistry A, (2016), 3023-3031, 
120(19)

*bold-face indicates a matrix, arrows indicate a vector

<latexit sha1_base64="jI/xFYSbgeKgQ0xiCHGS/msHllw=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgupCQi6kYounFZwT6gCeFmMm2nnTycmQgldOvGX3HjQhG3/oE7/8ZJm4W2XpjL4ZxzuXOPn3AmlWV9GwuLS8srq6W18vrG5ta2ubPblHEqCG2QmMei7YOknEW0oZjitJ0ICqHPacsfXud664EKyeLoTo0S6obQi1iXEVCa8kzscG0OwBtcOtm9NzjGSd4gb9IbOGPPrFhVa1J4HtgFqKCi6p755QQxSUMaKcJByo5tJcrNQChGOB2XnVTSBMgQerSjYQQhlW42uWSMDzUT4G4s9IsUnrC/JzIIpRyFvnaGoPpyVsvJ/7ROqroXbsaiJFU0ItNF3ZRjFeM8FhwwQYniIw2ACKb/ikkfBBClwyvrEOzZk+dB86Rqn1Xt29NK7aqIo4T20QE6QjY6RzV0g+qogQh6RM/oFb0ZT8aL8W58TK0LRjGzh/6U8fkDz6+ZIQ==</latexit>

�j = {qj , pj , aj , sj}
Set of basis parameters defining the j-th GBF
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…and can be calculated at an arbitrary time via matrices K and T

gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>

i~@ 
@t

= �
⇣ ~2
2m

⌘
r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)Nd-dimensional Gaussian basis function (GBF) with position (q), 
phase (p), and width (a) parameters
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…and can be calculated at an arbitrary time via matrices K and T

gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>

i~@ 
@t

= �
⇣ ~2
2m

⌘
r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)Nd-dimensional Gaussian basis function (GBF) with position (q), 
phase (p), and width (a) parameters

<latexit sha1_base64="b5FnfVxhpQwMgiVGpUrnsNZGPmk=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIrkoiom6EoghdVrQX2oQymU7aoZNJmJkIJWTjxldx40IRt76DO9/GSZqFtv4w8PGfc5hzfi9iVCrL+jYWFpeWV1ZLa+X1jc2tbXNntyXDWGDSxCELRcdDkjDKSVNRxUgnEgQFHiNtb3yd1dsPREga8ns1iYgboCGnPsVIaatvHiSO58N6N73M4a6bOgFSI4xYcpP2zYpVtXLBebALqIBCjb755QxCHAeEK8yQlD3bipSbIKEoZiQtO7EkEcJjNCQ9jRwFRLpJfkUKj7QzgH4o9OMK5u7viQQFUk4CT3dmK8rZWmb+V+vFyr9wE8qjWBGOpx/5MYMqhFkkcEAFwYpNNCAsqN4V4hESCCsdXFmHYM+ePA+tk6p9VrVvTyu1qyKOEtgHh+AY2OAc1EAdNEATYPAInsEreDOejBfj3fiYti4Yxcwe+CPj8wf4iJhA</latexit>

HZ = SZE

The time-dependent wavefunction in the QTAG algorithm is 
constructed from solutions to the time-independent 
eigenproblem w/ eigenvectors Z and eigenvalues 𝛆 :

<latexit sha1_base64="nJmEYWi5NngOt5IHYHrc7RQXk0k=">AAACCXicbVC7TsMwFHV4lvIqMLJYVEhMVYIQsCBVsDAWQR9SG0WOe5O6dZzIdpCq0JWFX2FhACFW/oCNv8FNO0DLke7V0Tn3yr7HTzhT2ra/rYXFpeWV1cJacX1jc2u7tLPbUHEqKdRpzGPZ8okCzgTUNdMcWokEEvkcmv7gauw370EqFos7PUzAjUgoWMAo0UbySvjWy1h/dNHhRIQccOgx/GB6H3dkrnilsl2xc+B54kxJGU1R80pfnW5M0wiEppwo1XbsRLsZkZpRDqNiJ1WQEDogIbQNFSQC5Wb5JSN8aJQuDmJpSmicq783MhIpNYx8MxkR3VOz3lj8z2unOjh3MyaSVIOgk4eClGMd43EsuMskUM2HhhAqmfkrpj0iCdUmvKIJwZk9eZ40jivOacW5OSlXL6dxFNA+OkBHyEFnqIquUQ3VEUWP6Bm9ojfryXqx3q2PyeiCNd3ZQ39gff4ApP+Zqg==</latexit>

Sij = hgi|gji
<latexit sha1_base64="zFtaih49GP3T+Ib8pluBSw2EKQM=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiCUBIRdSMU3RTcVLAPaEKYTCfptJNJmJkIJe0nuPFX3LhQxK1Ld/6N0zYLbT1w4cw59zL3Hj9hVCrL+jYWFpeWV1YLa8X1jc2tbXNntyHjVGBSxzGLRctHkjDKSV1RxUgrEQRFPiNNv38z9psPREga83s1SIgboZDTgGKktOSZR1Uvo73RlcMQDxmBoUfh8BaewAYc6kcPOmJieGbJKlsTwHli56QEctQ888vpxDiNCFeYISnbtpUoN0NCUczIqOikkiQI91FI2ppyFBHpZpODRvBQKx0YxEIXV3Ci/p7IUCTlIPJ1Z4RUV856Y/E/r52q4NLNKE9SRTiefhSkDKoYjtOBHSoIVmygCcKC6l0h7iKBsNIZFnUI9uzJ86RxWrbPy/bdWalyncdRAPvgABwDG1yACqiCGqgDDB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gBmxJuN</latexit>

Hij = hgi|K + V |gji

H and S denote the Hamiltonian and overlap matrices, 
respectively, whose elements are integrals over the appropriate 
GBFs:
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…and can be calculated at an arbitrary time via matrices K and T

gk =
NdY

⌫=1

⇣a⌫,k
⇡

⌘1/4
exp

⇣
� a⌫,k

2
(x⌫ � q⌫,k)

2 + ıp⌫,k(x⌫ � q⌫,k)
⌘

<latexit sha1_base64="mtkeVIfAQDHxsag5KI2kvRI88VU="></latexit>

<latexit sha1_base64="dapPSDcd449kHUFOXqN17P6LXvQ="></latexit>

i~@ 
@t

= �
⇣ ~2
2m

⌘
r2 + V (x) 

Time-dependent Schrodinger Equation (TDSE)Nd-dimensional Gaussian basis function (GBF) with position (q), 
phase (p), and width (a) parameters

<latexit sha1_base64="b5FnfVxhpQwMgiVGpUrnsNZGPmk=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIrkoiom6EoghdVrQX2oQymU7aoZNJmJkIJWTjxldx40IRt76DO9/GSZqFtv4w8PGfc5hzfi9iVCrL+jYWFpeWV1ZLa+X1jc2tbXNntyXDWGDSxCELRcdDkjDKSVNRxUgnEgQFHiNtb3yd1dsPREga8ns1iYgboCGnPsVIaatvHiSO58N6N73M4a6bOgFSI4xYcpP2zYpVtXLBebALqIBCjb755QxCHAeEK8yQlD3bipSbIKEoZiQtO7EkEcJjNCQ9jRwFRLpJfkUKj7QzgH4o9OMK5u7viQQFUk4CT3dmK8rZWmb+V+vFyr9wE8qjWBGOpx/5MYMqhFkkcEAFwYpNNCAsqN4V4hESCCsdXFmHYM+ePA+tk6p9VrVvTyu1qyKOEtgHh+AY2OAc1EAdNEATYPAInsEreDOejBfj3fiYti4Yxcwe+CPj8wf4iJhA</latexit>

HZ = SZE

The time-dependent wavefunction in the QTAG algorithm is 
constructed from solutions to the time-independent 
eigenproblem w/ eigenvectors Z and eigenvalues 𝛆 :

<latexit sha1_base64="nJmEYWi5NngOt5IHYHrc7RQXk0k=">AAACCXicbVC7TsMwFHV4lvIqMLJYVEhMVYIQsCBVsDAWQR9SG0WOe5O6dZzIdpCq0JWFX2FhACFW/oCNv8FNO0DLke7V0Tn3yr7HTzhT2ra/rYXFpeWV1cJacX1jc2u7tLPbUHEqKdRpzGPZ8okCzgTUNdMcWokEEvkcmv7gauw370EqFos7PUzAjUgoWMAo0UbySvjWy1h/dNHhRIQccOgx/GB6H3dkrnilsl2xc+B54kxJGU1R80pfnW5M0wiEppwo1XbsRLsZkZpRDqNiJ1WQEDogIbQNFSQC5Wb5JSN8aJQuDmJpSmicq783MhIpNYx8MxkR3VOz3lj8z2unOjh3MyaSVIOgk4eClGMd43EsuMskUM2HhhAqmfkrpj0iCdUmvKIJwZk9eZ40jivOacW5OSlXL6dxFNA+OkBHyEFnqIquUQ3VEUWP6Bm9ojfryXqx3q2PyeiCNd3ZQ39gff4ApP+Zqg==</latexit>

Sij = hgi|gji
<latexit sha1_base64="zFtaih49GP3T+Ib8pluBSw2EKQM=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiCUBIRdSMU3RTcVLAPaEKYTCfptJNJmJkIJe0nuPFX3LhQxK1Ld/6N0zYLbT1w4cw59zL3Hj9hVCrL+jYWFpeWV1YLa8X1jc2tbXNntyHjVGBSxzGLRctHkjDKSV1RxUgrEQRFPiNNv38z9psPREga83s1SIgboZDTgGKktOSZR1Uvo73RlcMQDxmBoUfh8BaewAYc6kcPOmJieGbJKlsTwHli56QEctQ888vpxDiNCFeYISnbtpUoN0NCUczIqOikkiQI91FI2ppyFBHpZpODRvBQKx0YxEIXV3Ci/p7IUCTlIPJ1Z4RUV856Y/E/r52q4NLNKE9SRTiefhSkDKoYjtOBHSoIVmygCcKC6l0h7iKBsNIZFnUI9uzJ86RxWrbPy/bdWalyncdRAPvgABwDG1yACqiCGqgDDB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gBmxJuN</latexit>

Hij = hgi|K + V |gji

H and S denote the Hamiltonian and overlap matrices, 
respectively, whose elements are integrals over the appropriate 
GBFs:

Propagation over time is done via the propagator 
matrix K and time-overlap matrix T:

<latexit sha1_base64="scEpZ4p+p62UDBY2VfoWsYAdSAY=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAIClpmxNtGKLpxWaE3aOuQSdMxbZIZkoxQxnkSN76KGxeKCK70bcxMu1DrgcDH/5/Dyfm9kFGlbfvLys3Mzs0v5BcLS8srq2vF9Y2GCiKJSR0HLJAtDynCqCB1TTUjrVASxD1Gmt7wMvWbd0QqGoiaHoWky5EvaJ9ipI3kFo9rbkwHyU28y/f5gbOXnHcYEj4j0Hdpqu4l9747SCl1OzIz3WLJLttZwWlwJlACk6q6xY9OL8ARJ0JjhpRqO3aouzGSmmJGkkInUiREeIh80jYoECeqG2fnJXDHKD3YD6R5QsNM/TkRI67UiHumkyN9q/56qfif1450/6wbUxFGmgg8XtSPGNQBTLOCPSoJ1mxkAGFJzV8hvkUSYW0SLZgQnL8nT0PjsOyclJ3ro1LlYhJHHmyBbbALHHAKKuAKVEEdYPAAnsALeLUerWfrzXoft+asycwm+FXW5zfPNaGu</latexit>

T (m,m�1)
ij = hg(m)

i |g(m�1)
j i

<latexit sha1_base64="KJQSkUKBT69sEqWF7ly9n0PoC9A="></latexit>

K(m) = Z(m)exp(�iE(m)⌧)(Z(m))†

<latexit sha1_base64="eNuXXiUnlvb6oDFjxHJpIWOkzV8="></latexit>

 (x,M⌧) = (~g(M�1))T
 

MY

m=2

K(m�1)T(m�1,m�2)

!
K(0)~b(0)(0)

For M time steps:

<latexit sha1_base64="+NOEQVWYFyP2TmsFHBteaVXgIGM=">AAACGnicbVDLSgMxFM3UV62vUZdugkVoQcqMiLoRim5cVrAP6NSSSW/b0ExmSDKlZex3uPFX3LhQxJ248W9MHwttPRA4nHMuN/f4EWdKO863lVpaXlldS69nNja3tnfs3b2KCmNJoUxDHsqaTxRwJqCsmeZQiySQwOdQ9XvXY7/aB6lYKO70MIJGQDqCtRkl2khN2/Xvk5yTH116nIgOB+z1gSad0VTNDfIPXqRYbnDs5D05STTtrFNwJsCLxJ2RLJqh1LQ/vVZI4wCEppwoVXedSDcSIjWjHEYZL1YQEdojHagbKkgAqpFMThvhI6O0cDuU5gmNJ+rviYQESg0D3yQDortq3huL/3n1WLcvGgkTUaxB0OmidsyxDvG4J9xiEqjmQ0MIlcz8FdMukYRq02bGlODOn7xIKicF96zg3p5mi1ezOtLoAB2iHHLROSqiG1RCZUTRI3pGr+jNerJerHfrYxpNWbOZffQH1tcPKteftw==</latexit>

b(0) = h~g(0)(x)| (x, 0)i
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The QTAG algorithm evolves basis coefficients and trajectories

1. Computing Basis Coefficients

Compute Hamiltonian Matrix Elements

Solve Eigenvalue Problem HZ=SZ𝜀

Update Basis Coefficients from Eigenvalues/
vectors

Compute Overlap Matrix Elements

Update Basis Parameters {p,a,s}

Update Positions (q)

Compute Time Overlap Matrix Elements

Calculate Momentum from Wavefunction

2. Updating Trajectory Parameters
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1. Computing Basis Coefficients

Compute Hamiltonian Matrix Elements

Solve Eigenvalue Problem HZ=SZ𝜀

Update Basis Coefficients from Eigenvalues/
vectors

Compute Overlap Matrix Elements

The QTAG algorithm evolves basis coefficients and trajectories

<latexit sha1_base64="nJmEYWi5NngOt5IHYHrc7RQXk0k=">AAACCXicbVC7TsMwFHV4lvIqMLJYVEhMVYIQsCBVsDAWQR9SG0WOe5O6dZzIdpCq0JWFX2FhACFW/oCNv8FNO0DLke7V0Tn3yr7HTzhT2ra/rYXFpeWV1cJacX1jc2u7tLPbUHEqKdRpzGPZ8okCzgTUNdMcWokEEvkcmv7gauw370EqFos7PUzAjUgoWMAo0UbySvjWy1h/dNHhRIQccOgx/GB6H3dkrnilsl2xc+B54kxJGU1R80pfnW5M0wiEppwo1XbsRLsZkZpRDqNiJ1WQEDogIbQNFSQC5Wb5JSN8aJQuDmJpSmicq783MhIpNYx8MxkR3VOz3lj8z2unOjh3MyaSVIOgk4eClGMd43EsuMskUM2HhhAqmfkrpj0iCdUmvKIJwZk9eZ40jivOacW5OSlXL6dxFNA+OkBHyEFnqIquUQ3VEUWP6Bm9ojfryXqx3q2PyeiCNd3ZQ39gff4ApP+Zqg==</latexit>

Sij = hgi|gji
<latexit sha1_base64="zFtaih49GP3T+Ib8pluBSw2EKQM=">AAACEHicbVDLSsNAFJ34rPUVdelmsIiCUBIRdSMU3RTcVLAPaEKYTCfptJNJmJkIJe0nuPFX3LhQxK1Ld/6N0zYLbT1w4cw59zL3Hj9hVCrL+jYWFpeWV1YLa8X1jc2tbXNntyHjVGBSxzGLRctHkjDKSV1RxUgrEQRFPiNNv38z9psPREga83s1SIgboZDTgGKktOSZR1Uvo73RlcMQDxmBoUfh8BaewAYc6kcPOmJieGbJKlsTwHli56QEctQ888vpxDiNCFeYISnbtpUoN0NCUczIqOikkiQI91FI2ppyFBHpZpODRvBQKx0YxEIXV3Ci/p7IUCTlIPJ1Z4RUV856Y/E/r52q4NLNKE9SRTiefhSkDKoYjtOBHSoIVmygCcKC6l0h7iKBsNIZFnUI9uzJ86RxWrbPy/bdWalyncdRAPvgABwDG1yACqiCGqgDDB7BM3gFb8aT8WK8Gx/T1gUjn9kDf2B8/gBmxJuN</latexit>

Hij = hgi|K + V |gji

<latexit sha1_base64="b5FnfVxhpQwMgiVGpUrnsNZGPmk=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIrkoiom6EoghdVrQX2oQymU7aoZNJmJkIJWTjxldx40IRt76DO9/GSZqFtv4w8PGfc5hzfi9iVCrL+jYWFpeWV1ZLa+X1jc2tbXNntyXDWGDSxCELRcdDkjDKSVNRxUgnEgQFHiNtb3yd1dsPREga8ns1iYgboCGnPsVIaatvHiSO58N6N73M4a6bOgFSI4xYcpP2zYpVtXLBebALqIBCjb755QxCHAeEK8yQlD3bipSbIKEoZiQtO7EkEcJjNCQ9jRwFRLpJfkUKj7QzgH4o9OMK5u7viQQFUk4CT3dmK8rZWmb+V+vFyr9wE8qjWBGOpx/5MYMqhFkkcEAFwYpNNCAsqN4V4hESCCsdXFmHYM+ePA+tk6p9VrVvTyu1qyKOEtgHh+AY2OAc1EAdNEATYPAInsEreDOejBfj3fiYti4Yxcwe+CPj8wf4iJhA</latexit>

HZ = SZE

<latexit sha1_base64="o0jlysi9gDpOdqh/OlpbAsVXLr8="></latexit>

~c(0) = Z(0)exp(�iE(0)�t)(Z(0))†~b(0)

(1a)

(1b)

(1c)

(1d)

Analytical integral if 
available, approximated 
using LHA or BAT if not

LHA = Local Harmonic 
Approximation


BAT — Bra-ket Averaged 
Taylor Expansion
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The QTAG algorithm evolves basis coefficients and trajectories

Update Basis Parameters {p,a,s}

Update Positions (q)

Compute Time Overlap Matrix Elements

Calculate Momentum from Wavefunction

2. Updating Trajectory Parameters

<latexit sha1_base64="mF91QN19/9ji5mzgrglfg+aXx0Y=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclURE3QhFNy4r2Ae0IUwmk3bo5OHMjVBCVm78FTcuFHHrN7jzb5y0WWjrgYFzz7mXO/d4ieAKLOvbWFhcWl5ZraxV1zc2t7bNnd22ilNJWYvGIpZdjygmeMRawEGwbiIZCT3BOt7ouvA7D0wqHkd3ME6YE5JBxANOCWjJNQ/6gSQ08+9dyDMf8stpnRRlmLtmzapbE+B5Ypekhko0XfOr78c0DVkEVBCleraVgJMRCZwKllf7qWIJoSMyYD1NIxIy5WSTM3J8pBUfB7HULwI8UX9PZCRUahx6ujMkMFSzXiH+5/VSCC6cjEdJCiyi00VBKjDEuMgE+1wyCmKsCaGS679iOiQ6B9DJVXUI9uzJ86R9UrfP6vbtaa1xVcZRQfvoEB0jG52jBrpBTdRCFD2iZ/SK3own48V4Nz6mrQtGObOH/sD4/AHtm5oQ</latexit>

dqt
dt

=
pt
m

<latexit sha1_base64="C5t4hrE+HN2/JTfh2pS+Vha9bfg=">AAACEnicbZBNS8NAEIY39bt+VT16WSyCHixJEfUiiF48KlgrNKVMNhtdutmE3YlQQn6DF/+KFw+KePXkzX/jts1BrQMLL887w+y8QSqFQdf9cipT0zOzc/ML1cWl5ZXV2tr6tUkyzXiLJTLRNwEYLoXiLRQo+U2qOcSB5O2gfzb02/dcG5GoKxykvBvDrRKRYIAW9Wq7fqSB5SH0sMhDLI73xqDpKwgk0HTI48LavVrdbbijopPCK0WdlHXRq336YcKymCtkEozpeG6K3Rw0CiZ5UfUzw1NgfbjlHSsVxNx089FJBd22JKRRou1TSEf050QOsTGDOLCdMeCd+esN4X9eJ8PoqJsLlWbIFRsvijJJMaHDfGgoNGcoB1YA08L+lbI7sJGgTbFqQ/D+njwprpsN76DhXe7XT07LOObJJtkiO8Qjh+SEnJML0iKMPJAn8kJenUfn2Xlz3setFaec2SC/yvn4BlSKnoU=</latexit>

dat
dt

= �2rpt
m

at

<latexit sha1_base64="scEpZ4p+p62UDBY2VfoWsYAdSAY=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAIClpmxNtGKLpxWaE3aOuQSdMxbZIZkoxQxnkSN76KGxeKCK70bcxMu1DrgcDH/5/Dyfm9kFGlbfvLys3Mzs0v5BcLS8srq2vF9Y2GCiKJSR0HLJAtDynCqCB1TTUjrVASxD1Gmt7wMvWbd0QqGoiaHoWky5EvaJ9ipI3kFo9rbkwHyU28y/f5gbOXnHcYEj4j0Hdpqu4l9747SCl1OzIz3WLJLttZwWlwJlACk6q6xY9OL8ARJ0JjhpRqO3aouzGSmmJGkkInUiREeIh80jYoECeqG2fnJXDHKD3YD6R5QsNM/TkRI67UiHumkyN9q/56qfif1450/6wbUxFGmgg8XtSPGNQBTLOCPSoJ1mxkAGFJzV8hvkUSYW0SLZgQnL8nT0PjsOyclJ3ro1LlYhJHHmyBbbALHHAKKuAKVEEdYPAAnsALeLUerWfrzXoft+asycwm+FXW5zfPNaGu</latexit>

T (m,m�1)
ij = hg(m)

i |g(m�1)
j i

(2a)

(2b)

(2c)

(2d)
<latexit sha1_base64="87JNyiWoDSpC3RPlMMN6nRrBQ2Q=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0VoRUoiom6EohuXFfqCJpbJdNIOnUzCzKRQQv7Bjb/ixoUibt2482+cpF1o9cLAedzLnXu8iFGpLOvLKCwtr6yuFddLG5tb2zvm7l5bhrHApIVDFoquhyRhlJOWooqRbiQICjxGOt74JvM7EyIkDXlTTSPiBmjIqU8xUlrqm8fOhODES++Til1NrxLH82EzZydWNc1NnFFN+mbZqll5wb/AnoMymFejb346gxDHAeEKMyRlz7Yi5SZIKIoZSUtOLEmE8BgNSU9DjgIi3SS/KYVHWhlAPxT6cQVz9edEggIpp4GnOwOkRnLRy8T/vF6s/Es3oTyKFeF4tsiPGVQhzAKCAyoIVmyqAcKC6r9CPEICYaVjLOkQ7MWT/4L2ac0+r9l3Z+X69TyOIjgAh6ACbHAB6uAWNEALYPAAnsALeDUejWfjzXiftRaM+cw++FXGxzfwKJzu</latexit>

~b(1) = T(1,0)~c(0)

Unaltered Bohmian trajectories 
are notoriously numerically 
challenging, can modify 
momenta for added stability:

• Linear fitting (implemented here)

• Momentum convolution

• Wavefunction convolution
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Applications to single-surface systems w/ 
quantum features, molecular tunneling, 
coupled system-bath models, etc.
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1. Computing Basis Coefficients

Compute Hamiltonian Matrix Elements

Solve Eigenvalue Problem HZ=SZ𝜀

Update Basis Coefficients from Eigenvalues/
vectors

Compute Overlap Matrix Elements

Nonadiabatic dynamics requires minor matrix modifications

<latexit sha1_base64="b5FnfVxhpQwMgiVGpUrnsNZGPmk=">AAACBXicbZDLSsNAFIYnXmu9RV3qYrAIrkoiom6EoghdVrQX2oQymU7aoZNJmJkIJWTjxldx40IRt76DO9/GSZqFtv4w8PGfc5hzfi9iVCrL+jYWFpeWV1ZLa+X1jc2tbXNntyXDWGDSxCELRcdDkjDKSVNRxUgnEgQFHiNtb3yd1dsPREga8ns1iYgboCGnPsVIaatvHiSO58N6N73M4a6bOgFSI4xYcpP2zYpVtXLBebALqIBCjb755QxCHAeEK8yQlD3bipSbIKEoZiQtO7EkEcJjNCQ9jRwFRLpJfkUKj7QzgH4o9OMK5u7viQQFUk4CT3dmK8rZWmb+V+vFyr9wE8qjWBGOpx/5MYMqhFkkcEAFwYpNNCAsqN4V4hESCCsdXFmHYM+ePA+tk6p9VrVvTyu1qyKOEtgHh+AY2OAc1EAdNEATYPAInsEreDOejBfj3fiYti4Yxcwe+CPj8wf4iJhA</latexit>

HZ = SZE

<latexit sha1_base64="o0jlysi9gDpOdqh/OlpbAsVXLr8="></latexit>

~c(0) = Z(0)exp(�iE(0)�t)(Z(0))†~b(0)

(1a)

(1b)

(1c)

(1d)

<latexit sha1_base64="K1Hq52itCFusecxXr+b6smrAxUE=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSBahV0RtRGCNpYRzQPyWO5OJptJZmeXmVkhrPsJNv6KjYUitpZ2/o2TR6GJBy4czrmXe+/xIs6Utu1vK7OwuLS8kl3Nra1vbG7lt3eqKowloRUS8lDWPVCUM0ErmmlO65GkEHic1rzB1civ3VOpWCju9DCirQB8wbqMgDaSmz+8dRPWT9sJQHrR5CB8TrHvsjY8+G6/Dbgpx5qbL9hFeww8T5wpKaApym7+q9kJSRxQoQkHpRqOHelWAlIzwmmaa8aKRkAG4NOGoQICqlrJ+KEUHxilg7uhNCU0Hqu/JxIIlBoGnukMQPfUrDcS//Mase6etxImolhTQSaLujHHOsSjdHCHSUo0HxoCRDJzKyY9kEC0yTBnQnBmX54n1eOic1p0bk4KpctpHFm0h/bREXLQGSqha1RGFUTQI3pGr+jNerJerHfrY9KasaYzu+gPrM8fIoCdRg==</latexit>

Saa
ij = hgai |gaj i

<latexit sha1_base64="dl/8FaXAdERdvYAtuFdYs3rOJbQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpbNdtOu3Wzi7qZQQn6HFw+KePXHePPfuGlz0NYHA4/3ZpiZ50WcKW3b31ZhaXllda24XtrY3NreKe/uNVUYS0IbJOShbHtYUc4EbWimOW1HkuLA47Tlja4zvzWmUrFQ3OtJRN0ADwTzGcHaSO5dL2GP6UOCvfTS7pUrdtWeAi0SJycVyFHvlb+6/ZDEARWacKxUx7Ej7SZYakY4TUvdWNEIkxEe0I6hAgdUucn06BQdGaWP/FCaEhpN1d8TCQ6UmgSe6QywHqp5LxP/8zqx9i/chIko1lSQ2SI/5kiHKEsA9ZmkRPOJIZhIZm5FZIglJtrkVDIhOPMvL5LmSdU5qzq3p5XaVR5HEQ7gEI7BgXOowQ3UoQEEnuAZXuHNGlsv1rv1MWstWPnMPvyB9fkDpkeSBQ==</latexit>

Sab
ij = 0

<latexit sha1_base64="t5XIBcRD8+VK/Sb8qXlmo+TYwgc=">AAACFXicbVDLSgMxFM3UV62vqks3wSIISpkRUTdC0U3BTQX7gD6GO2k6TZvJDElGKGN/wo2/4saFIm4Fd/6N6WOhrQfu5XDOvST3eBFnStv2t5VaWFxaXkmvZtbWNza3sts7FRXGktAyCXkoax4oypmgZc00p7VIUgg8Tqte/3rkV++pVCwUd3oQ0WYAvmAdRkAbyc0eF92E9YatBGB42eAgfE6x77IWPNwcVUz33V4LGnJsuNmcnbfHwPPEmZIcmqLkZr8a7ZDEARWacFCq7tiRbiYgNSOcDjONWNEISB98WjdUQEBVMxlfNcQHRmnjTihNCY3H6u+NBAKlBoFnJgPQXTXrjcT/vHqsOxfNhIko1lSQyUOdmGMd4lFEuM0kJZoPDAEimfkrJl2QQLQJMmNCcGZPnieVk7xzlnduT3OFq2kcabSH9tEhctA5KqAiKqEyIugRPaNX9GY9WS/Wu/UxGU1Z051d9AfW5w/5gZ9U</latexit>

H
aa
ij = hgai |K + V

a|gaj i
<latexit sha1_base64="J4h8uhIzAjHk+tcCafJYAiGq82U=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBC8GHZF1IsQ9JJjBPOAPJbeyWQzyezsMjMrhE2+wou/4sWDIl7Fm3/jZJODJhY0FFXddHd5EWdK2/a3tbS8srq2ntnIbm5t7+zm9varKowloRUS8lDWPVCUM0ErmmlO65GkEHic1rzB7cSvPVCpWCju9TCirQB8wbqMgDaSmzstuQnrj9sJeOPrJgfhc4p9l7VhVE3Fke/2215Tpo6by9sFOwVeJM6M5NEMZTf31eyEJA6o0ISDUg3HjnQrAakZ4XScbcaKRkAG4NOGoQICqlpJ+tYYHxulg7uhNCU0TtXfEwkESg0Dz3QGoHtq3puI/3mNWHevWgkTUaypINNF3ZhjHeJJRrjDJCWaDw0BIpm5FZMeSCDaJJk1ITjzLy+S6lnBuSg4d+f54s0sjgw6REfoBDnoEhVRCZVRBRH0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPlHKgRA==</latexit>

H
ab
ij = hgai |V ab|gbji

Single-surface Multi-surface
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1. Computing Basis Coefficients

Compute Hamiltonian Matrix Elements

Solve Eigenvalue Problem HZ=SZ𝜀

Update Basis Coefficients from Eigenvalues/
vectors

Compute Overlap Matrix Elements

Nonadiabatic dynamics requires minor matrix modifications

ntraj

nt
ra

j

<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

<latexit sha1_base64="ZwOBCByYt3YwMAOf9zh3COtkam8=">AAACGHicbVC7TsMwFHV4lvIKMLJYVEjtUpKCgLGCpWOR6ENqSuS4TmvqOJHtIFVpPoOFX2FhACHWbvwNTtsBWo5k6eicc3V9jxcxKpVlfRsrq2vrG5u5rfz2zu7evnlw2JRhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWN7zN/NYTEZKG/F6NItINUJ9Tn2KktOSaZw5DvM8I7LsUPiTFSikdQ2eAVFJL4Virj5l6XkodMc25ZsEqW1PAZWLPSQHMUXfNidMLcRwQrjBDUnZsK1LdBAlFMSNp3okliRAeoj7paMpRQGQ3mR6WwlOt9KAfCv24glP190SCAilHgaeTAVIDuehl4n9eJ1b+dTehPIoV4Xi2yI8ZVCHMWoI9KghWbKQJwoLqv0I8QAJhpbvM6xLsxZOXSbNSti/L9t1FoXozryMHjsEJKAIbXIEqqIE6aAAMnsEreAcfxovxZnwaX7PoijGfOQJ/YEx+AHmIns4=</latexit>

hg
(2
)

i

|Ĥ
|g
(3
)

j

i

<latexit sha1_base64="w89hgpgP3/SFlZ92CT5tT4x+t48=">AAACGHicbVC7TsMwFHV4lvIKMLJYVEjtUpKCgLGCpWOR6ENqSuS4TmvqOJHtIFVpPoOFX2FhACHWbvwNTtsBWo5k6eicc3V9jxcxKpVlfRsrq2vrG5u5rfz2zu7evnlw2JRhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWN7zN/NYTEZKG/F6NItINUJ9Tn2KktOSaZw5DvM8I7LsUPiTF81I6hs4AqaSWwrFWHzO1UkodMc25ZsEqW1PAZWLPSQHMUXfNidMLcRwQrjBDUnZsK1LdBAlFMSNp3okliRAeoj7paMpRQGQ3mR6WwlOt9KAfCv24glP190SCAilHgaeTAVIDuehl4n9eJ1b+dTehPIoV4Xi2yI8ZVCHMWoI9KghWbKQJwoLqv0I8QAJhpbvM6xLsxZOXSbNSti/L9t1FoXozryMHjsEJKAIbXIEqqIE6aAAMnsEreAcfxovxZnwaX7PoijGfOQJ/YEx+AHmens4=</latexit>

hg
(3
)

i

|Ĥ
|g
(2
)

j

i

<latexit sha1_base64="cX71C3k6GkgUH1bC2LKH5wgP2/w=">AAACGHicbVC7TsMwFHXKq5RXgZHFokIqS0kQAsYKlo5Fog+pCZHjOqmp40S2g1Sl/QwWfoWFAYRYu/E3uGkGaDmSpaNzztX1PV7MqFSm+W0UVlbX1jeKm6Wt7Z3dvfL+QVtGicCkhSMWia6HJGGUk5aiipFuLAgKPUY63vB25neeiJA04vdqFBMnRAGnPsVIacktn9kM8YARGLgUPqRV63QyhvYAqbQxgWOtPuaqLbKcW66YNTMDXCZWTiogR9MtT+1+hJOQcIUZkrJnmbFyUiQUxYxMSnYiSYzwEAWkpylHIZFOmh02gSda6UM/EvpxBTP190SKQilHoaeTIVIDuejNxP+8XqL8ayelPE4U4Xi+yE8YVBGctQT7VBCs2EgThAXVf4V4gATCSndZ0iVYiycvk/Z5zbqsWXcXlfpNXkcRHIFjUAUWuAJ10ABN0AIYPINX8A4+jBfjzfg0vubRgpHPHII/MKY/dMueyw==</latexit>

hg
(1
)

i

|Ĥ
|g
(1
)

j

i

<latexit sha1_base64="nMLzmeNYx5MTdZVdsD9madttsBI=">AAACGHicbVC7TsMwFHV4lvIKMLJYVEhlKUmFgLGCpWOR6ENqQuW4TmrqOJHtIFVpP4OFX2FhACHWbvwNbpoBWo5k6eicc3V9jxczKpVlfRsrq2vrG5uFreL2zu7evnlw2JJRIjBp4ohFouMhSRjlpKmoYqQTC4JCj5G2N7yd+e0nIiSN+L0axcQNUcCpTzFSWuqZ5w5DPGAEBj0KH9Jy9Wwyhs4AqbQ+gWOtPuaqI7JczyxZFSsDXCZ2TkogR6NnTp1+hJOQcIUZkrJrW7FyUyQUxYxMik4iSYzwEAWkqylHIZFumh02gada6UM/EvpxBTP190SKQilHoaeTIVIDuejNxP+8bqL8azelPE4U4Xi+yE8YVBGctQT7VBCs2EgThAXVf4V4gATCSndZ1CXYiycvk1a1Yl9W7LuLUu0mr6MAjsEJKAMbXIEaqIMGaAIMnsEreAcfxovxZnwaX/PoipHPHIE/MKY/d/uezQ==</latexit>

hg
(2
)

i

|Ĥ
|g
(2
)

j

i

<latexit sha1_base64="QywZPdy7ENIzVJeDLkSeKWiaGPw=">AAACGHicbVC7TsMwFHV4lvIKMLJYVEhlKQkgYKxg6Vgk+pCaEDmu05o6TmQ7SFXaz2DhV1gYQIi1G3+Dm2aAliNZOjrnXF3f48eMSmVZ38bS8srq2npho7i5tb2za+7tN2WUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlD26nfuuJCEkjfq+GMXFD1OM0oBgpLXnmqcMQ7zECex6FD2n5/GQ8gk4fqbQ2hiOtPuaqI7KcZ5asipUBLhI7JyWQo+6ZE6cb4SQkXGGGpOzYVqzcFAlFMSPjopNIEiM8QD3S0ZSjkEg3zQ4bw2OtdGEQCf24gpn6eyJFoZTD0NfJEKm+nPem4n9eJ1HBtZtSHieKcDxbFCQMqghOW4JdKghWbKgJwoLqv0LcRwJhpbss6hLs+ZMXSfOsYl9W7LuLUvUmr6MADsERKAMbXIEqqIE6aAAMnsEreAcfxovxZnwaX7PokpHPHIA/MCY/eyuezw==</latexit>

hg
(3
)

i

|Ĥ
|g
(3
)

j

i

<latexit sha1_base64="6ltRG4Zx7Az90tHPvnzc2wxk9SI=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJql5JUCBgrWDoWiT6kplSO66SmjhPZDlKV5jNY+BUWBhBi7cbf4KYdoOVIlo7OOVfX97gRo1JZ1reRW1vf2NzKbxd2dvf2D8zDo5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03dHtzG8/ESFpyO/VOCK9APmcehQjpaW+ee4wxH1GoN+n8CEp2eV0Ap0hUkk9hROtPs7Uajl1RJbrm0WrYmWAq8RekCJYoNE3p84gxHFAuMIMSdm1rUj1EiQUxYykBSeWJEJ4hHzS1ZSjgMhekh2WwjOtDKAXCv24gpn6eyJBgZTjwNXJAKmhXPZm4n9eN1bedS+hPIoV4Xi+yIsZVCGctQQHVBCs2FgThAXVf4V4iATCSndZ0CXYyyevkla1Yl9W7LuLYu1mUUcenIBTUAI2uAI1UAcN0AQYPINX8A4+jBfjzfg0vubRnLGYOQZ/YEx/AHZYnsw=</latexit>

hg
(1
)

i

|Ĥ
|g
(2
)

j

i

<latexit sha1_base64="nvRiKyCzXcfvVthMuOf0iGyEY5U=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJql5JUCBgrWDoWiT6kplSO66SmjhPZDlKV5jNY+BUWBhBi7cbf4KYdoOVIlo7OOVfX97gRo1JZ1reRW1vf2NzKbxd2dvf2D8zDo5YMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03dHtzG8/ESFpyO/VOCK9APmcehQjpaW+ee4wxH1GoN+n8CEpVcvpBDpDpJJ6CidafZypdjl1RJbrm0WrYmWAq8RekCJYoNE3p84gxHFAuMIMSdm1rUj1EiQUxYykBSeWJEJ4hHzS1ZSjgMhekh2WwjOtDKAXCv24gpn6eyJBgZTjwNXJAKmhXPZm4n9eN1bedS+hPIoV4Xi+yIsZVCGctQQHVBCs2FgThAXVf4V4iATCSndZ0CXYyyevkla1Yl9W7LuLYu1mUUcenIBTUAI2uAI1UAcN0AQYPINX8A4+jBfjzfg0vubRnLGYOQZ/YEx/AHZunsw=</latexit>

hg
(2
)

i

|Ĥ
|g
(1
)

j

i

Hamiltonian Matrix

ntraj

<latexit sha1_base64="sc3ZPYWwNnJkPEp5jM/FMag5dtk=">AAACCXicbVC7TsMwFL3hWcorwMhiUSGVpUoQAsYKFsYi0YfUhshxndTUcSLbQapCVxZ+hYUBhFj5Azb+BvcxQMuR7tXROffKvidIOVPacb6thcWl5ZXVwlpxfWNza9ve2W2oJJOE1knCE9kKsKKcCVrXTHPaSiXFccBpM+hfjvzmPZWKJeJGD1LqxTgSLGQEayP5NupwLCJOUeQz9GD6HerIiXKbl92joW+XnIozBpon7pSUYIqab391ugnJYio04Viptuuk2sux1IxwOix2MkVTTPo4om1DBY6p8vLxJUN0aJQuChNpSmg0Vn9v5DhWahAHZjLGuqdmvZH4n9fOdHju5UykmaaCTB4KM450gkaxoC6TlGg+MAQTycxfEelhiYk24RVNCO7syfOkcVxxTyvu9UmpejGNowD7cABlcOEMqnAFNagDgUd4hld4s56sF+vd+piMLljTnT34A+vzB3b3mOg=</latexit>

hgi|gji(1)

<latexit sha1_base64="FHtupARLpb1P3ProPEFo2IaPfss=">AAACCXicbVC7TsMwFHXKq5RXgZHFokIqS5VUCBgrWBiLRB9SUyLHvUlNHSeyHaQqdGXhV1gYQIiVP2Djb3AfA7Qc6V4dnXOv7Hv8hDOlbfvbyi0tr6yu5dcLG5tb2zvF3b2milNJoUFjHsu2TxRwJqChmebQTiSQyOfQ8geXY791D1KxWNzoYQLdiISCBYwSbSSviF1ORMgBhx7DD6bfYVdOldusXD0eecWSXbEnwIvEmZESmqHuFb/cXkzTCISmnCjVcexEdzMiNaMcRgU3VZAQOiAhdAwVJALVzSaXjPCRUXo4iKUpofFE/b2RkUipYeSbyYjovpr3xuJ/XifVwXk3YyJJNQg6fShIOdYxHseCe0wC1XxoCKGSmb9i2ieSUG3CK5gQnPmTF0mzWnFOK871Sal2MYsjjw7QISojB52hGrpCddRAFD2iZ/SK3qwn68V6tz6mozlrtrOP/sD6/AF4fZjp</latexit>

hgi|gji(2)

<latexit sha1_base64="PvM9PmSwYvAMdCAyJN4uruKwCjc=">AAACCXicbVC7TsMwFHXKq5RXgZHFokIqS5UAAsYKFsYi0YfUhshxb1NTx4lsB6kKXVn4FRYGEGLlD9j4G9w2A7Qc6V4dnXOv7Hv8mDOlbfvbyi0sLi2v5FcLa+sbm1vF7Z2GihJJoU4jHsmWTxRwJqCumebQiiWQ0OfQ9AeXY795D1KxSNzoYQxuSALBeowSbSSviDuciIADDjyGH0y/wx05VW7T8vHhyCuW7Io9AZ4nTkZKKEPNK351uhFNQhCacqJU27Fj7aZEakY5jAqdREFM6IAE0DZUkBCUm04uGeEDo3RxL5KmhMYT9fdGSkKlhqFvJkOi+2rWG4v/ee1E987dlIk40SDo9KFewrGO8DgW3GUSqOZDQwiVzPwV0z6RhGoTXsGE4MyePE8aRxXntOJcn5SqF1kcebSH9lEZOegMVdEVqqE6ougRPaNX9GY9WS/Wu/UxHc1Z2c4u+gPr8wd6A5jq</latexit>

hgi|gji(3)

<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0
<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0
<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0
<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0
<latexit sha1_base64="Nh7TLHkIWAHD9QsOwjc+3htkUJM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVrXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBexGMug==</latexit>

0

Overlap Matrix
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Trajectories in the nonadiabatic picture still evolve on single surfaces*

Update Basis Parameters {p,a,s}

Update Positions (q)

Compute Time Overlap Matrix Elements

Calculate Momentum from Wavefunction

2. Updating Trajectory Parameters

<latexit sha1_base64="mF91QN19/9ji5mzgrglfg+aXx0Y=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclURE3QhFNy4r2Ae0IUwmk3bo5OHMjVBCVm78FTcuFHHrN7jzb5y0WWjrgYFzz7mXO/d4ieAKLOvbWFhcWl5ZraxV1zc2t7bNnd22ilNJWYvGIpZdjygmeMRawEGwbiIZCT3BOt7ouvA7D0wqHkd3ME6YE5JBxANOCWjJNQ/6gSQ08+9dyDMf8stpnRRlmLtmzapbE+B5Ypekhko0XfOr78c0DVkEVBCleraVgJMRCZwKllf7qWIJoSMyYD1NIxIy5WSTM3J8pBUfB7HULwI8UX9PZCRUahx6ujMkMFSzXiH+5/VSCC6cjEdJCiyi00VBKjDEuMgE+1wyCmKsCaGS679iOiQ6B9DJVXUI9uzJ86R9UrfP6vbtaa1xVcZRQfvoEB0jG52jBrpBTdRCFD2iZ/SK3own48V4Nz6mrQtGObOH/sD4/AHtm5oQ</latexit>

dqt
dt

=
pt
m

<latexit sha1_base64="C5t4hrE+HN2/JTfh2pS+Vha9bfg=">AAACEnicbZBNS8NAEIY39bt+VT16WSyCHixJEfUiiF48KlgrNKVMNhtdutmE3YlQQn6DF/+KFw+KePXkzX/jts1BrQMLL887w+y8QSqFQdf9cipT0zOzc/ML1cWl5ZXV2tr6tUkyzXiLJTLRNwEYLoXiLRQo+U2qOcSB5O2gfzb02/dcG5GoKxykvBvDrRKRYIAW9Wq7fqSB5SH0sMhDLI73xqDpKwgk0HTI48LavVrdbbijopPCK0WdlHXRq336YcKymCtkEozpeG6K3Rw0CiZ5UfUzw1NgfbjlHSsVxNx089FJBd22JKRRou1TSEf050QOsTGDOLCdMeCd+esN4X9eJ8PoqJsLlWbIFRsvijJJMaHDfGgoNGcoB1YA08L+lbI7sJGgTbFqQ/D+njwprpsN76DhXe7XT07LOObJJtkiO8Qjh+SEnJML0iKMPJAn8kJenUfn2Xlz3setFaec2SC/yvn4BlSKnoU=</latexit>

dat
dt

= �2rpt
m

at

<latexit sha1_base64="scEpZ4p+p62UDBY2VfoWsYAdSAY=">AAACHnicbZDLSgMxFIYz9VbrrerSTbAIClpmxNtGKLpxWaE3aOuQSdMxbZIZkoxQxnkSN76KGxeKCK70bcxMu1DrgcDH/5/Dyfm9kFGlbfvLys3Mzs0v5BcLS8srq2vF9Y2GCiKJSR0HLJAtDynCqCB1TTUjrVASxD1Gmt7wMvWbd0QqGoiaHoWky5EvaJ9ipI3kFo9rbkwHyU28y/f5gbOXnHcYEj4j0Hdpqu4l9747SCl1OzIz3WLJLttZwWlwJlACk6q6xY9OL8ARJ0JjhpRqO3aouzGSmmJGkkInUiREeIh80jYoECeqG2fnJXDHKD3YD6R5QsNM/TkRI67UiHumkyN9q/56qfif1450/6wbUxFGmgg8XtSPGNQBTLOCPSoJ1mxkAGFJzV8hvkUSYW0SLZgQnL8nT0PjsOyclJ3ro1LlYhJHHmyBbbALHHAKKuAKVEEdYPAAnsALeLUerWfrzXoft+asycwm+FXW5zfPNaGu</latexit>

T (m,m�1)
ij = hg(m)

i |g(m�1)
j i

(2a)

(2b)

(2c)

(2d)
<latexit sha1_base64="87JNyiWoDSpC3RPlMMN6nRrBQ2Q=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0VoRUoiom6EohuXFfqCJpbJdNIOnUzCzKRQQv7Bjb/ixoUibt2482+cpF1o9cLAedzLnXu8iFGpLOvLKCwtr6yuFddLG5tb2zvm7l5bhrHApIVDFoquhyRhlJOWooqRbiQICjxGOt74JvM7EyIkDXlTTSPiBmjIqU8xUlrqm8fOhODES++Til1NrxLH82EzZydWNc1NnFFN+mbZqll5wb/AnoMymFejb346gxDHAeEKMyRlz7Yi5SZIKIoZSUtOLEmE8BgNSU9DjgIi3SS/KYVHWhlAPxT6cQVz9edEggIpp4GnOwOkRnLRy8T/vF6s/Es3oTyKFeF4tsiPGVQhzAKCAyoIVmyqAcKC6r9CPEICYaVjLOkQ7MWT/4L2ac0+r9l3Z+X69TyOIjgAh6ACbHAB6uAWNEALYPAAnsALeDUejWfjzXiftRaM+cw++FXGxzfwKJzu</latexit>

~b(1) = T(1,0)~c(0)

*Momenta poorly defined for 
basis functions on surfaces w/ no 
density, may have to consider 
how to move them initially:

• Synchronize to populated state 
(implemented here)


• Move them classically

• Place them in coupling region

Single-surface
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Holstein Model — Coupled Harmonic Oscillators

Potential Approx. — LHA

Trajectories — 25

Width Scale — 6.0

Mass — 1.0 a.u.

Decpl. Pop. — 0.3

dt — 0.01

Q0 = -2.0

P0 = 0.0

A0 = 1.0

S0 = 0.0

Parameters

ψ0

<latexit sha1_base64="6iu5XccN0fTgadSqrDeins+WQLo=">AAACAHicbVBNS8NAEJ3Ur1q/oh48eAkWwVPJFlEvQtGLxwr2A9oaNttNu3SzCbsbsYRc/CtePCji1Z/hzX/jts1BWx8MPN6bYWaeH3OmtOt+W4Wl5ZXVteJ6aWNza3vH3t1rqiiRhDZIxCPZ9rGinAna0Exz2o4lxaHPacsfXU/81gOVikXiTo9j2gvxQLCAEayN5NkHTS9FKLvsBhKTdOShLK1mj/dVzy67FXcKZ5GgnJQhR92zv7r9iCQhFZpwrFQHubHupVhqRjjNSt1E0RiTER7QjqECh1T10ukDmXNslL4TRNKU0M5U/T2R4lCpceibzhDroZr3JuJ/XifRwUUvZSJONBVktihIuKMjZ5KG02eSEs3HhmAimbnVIUNsotAms5IJAc2/vEia1Qo6q6Db03LtKo+jCIdwBCeA4BxqcAN1aACBDJ7hFd6sJ+vFerc+Zq0FK5/Zhz+wPn8A88aWAA==</latexit>

V11 =
k1
2
x2

<latexit sha1_base64="J1c2QFRYV1Yn8cz1YF53EyjHhvg=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoiCUJom6EohuXFewD2hgm00k7dPJgZiINIWs3/oobF4q49Qvc+TdO2yy09cCFwzn3cu89bsSokIbxrRUWFpeWV4qrpbX1jc0tfXunKcKYY9LAIQt520WCMBqQhqSSkXbECfJdRlru8Hrstx4IFzQM7mQSEdtH/YB6FCOpJEffbzqpZWWXXY8jnA4dK0utrDI6GTnG0b11nDiGo5eNqjEBnCdmTsogR93Rv7q9EMc+CSRmSIiOaUTSThGXFDOSlbqxIBHCQ9QnHUUD5BNhp5NXMniolB70Qq4qkHCi/p5IkS9E4ruq00dyIGa9sfif14mld2GnNIhiSQI8XeTFDMoQjnOBPcoJlixRBGFO1a0QD5AKRar0SioEc/bledK0quZZ1bw9Ldeu8jiKYA8cgAowwTmogRtQBw2AwSN4Bq/gTXvSXrR37WPaWtDymV3wB9rnD+symR8=</latexit>

V22 =
k2
2
(x� x0)

2 + y0
<latexit sha1_base64="ae6jmvPlJZCTE8nQUwZe8Yw5GBc=">AAACBHicbVDLSgMxFM3UV62vUZfdBItQF5bJKOpGKLpxWcE+oJ0OmTTThmYeJBmxDLNw46+4caGIWz/CnX9j+lho64F7OZxzL8k9XsyZVJb1beSWlldW1/LrhY3Nre0dc3evIaNEEFonEY9Ey8OSchbSumKK01YsKA48Tpve8HrsN++pkCwK79Qopk6A+yHzGcFKS65ZbLgpsrNL4iLaTY+Ja5cfdD856tqZa5asijUBXCRoRkpghpprfnV6EUkCGirCsZRtZMXKSbFQjHCaFTqJpDEmQ9ynbU1DHFDppJMjMniolR70I6ErVHCi/t5IcSDlKPD0ZIDVQM57Y/E/r50o/8JJWRgnioZk+pCfcKgiOE4E9pigRPGRJpgIpv8KyQALTJTOraBDQPMnL5KGXUFnFXR7WqpezeLIgyI4AGWAwDmoghtQA3VAwCN4Bq/gzXgyXox342M6mjNmO/vgD4zPH+XZllY=</latexit>

V12 = c1e
�c2(x�c3)

2

x0 = 1.0 a0     y0 = 15.811 a0

k1 = k2 = 10.0 Eh/a0-2   c1 = 1.0 Eh


c2=1.581 a0-2   c3 = 2.0 a0

Potential
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Holstein Model

Potential Approx. — LHA

Trajectories — 25

Width Scale — 6.0

Mass — 1.0 a.u.

Decpl. Pop. — 0.3

dt — 0.01

Q0 = -2.0

P0 = 0.0

A0 = 1.0

S0 = 0.0

Parameters

ψ0

Coupled Harmonic Oscillators
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Potential Approx. — LHA

Trajectories — 25

Width Scale — 6.0

Mass — 1.0 a.u.

Decpl. Pop. — 0.3

dt — 0.01

Q0 = -2.0

P0 = 0.0

A0 = 1.0

S0 = 0.0

Parameters

ψ0

Holstein Model
Coupled Harmonic Oscillators
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Potential Approx. — LHA

Trajectories — 25

Width Scale — 6.0

Mass — 1.0 a.u.

Decpl. Pop. — 0.3

dt — 0.01

Q0 = -2.0

P0 = 0.0

A0 = 1.0

S0 = 0.0

Parameters

ψ0

Holstein Model
Coupled Harmonic Oscillators
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Single Avoided Crossing

Potential Approx. — BAT

Trajectories — 35

Width Scale — 15.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.1

dt — 1.0

Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

Parameters

ψ0

<latexit sha1_base64="j/fcP97cBo7IWdmGpvv8ufqK6mM=">AAACBHicbVDLSgNBEJyNrxhfUY+5LAYhQQg7IupFiPHiMYJ5QLKE2ckkGTI7u8z0SsKyBy/+ihcPinj1I7z5N04eB00saCiquunu8kLBNTjOt5VaWV1b30hvZra2d3b3svsHdR1EirIaDUSgmh7RTHDJasBBsGaoGPE9wRre8GbiNx6Y0jyQ9zAOmeuTvuQ9TgkYqZPN1TsxxsnVdQGftIGNIAYiB0mhMioWO9m8U3KmsJcJnpM8mqPayX61uwGNfCaBCqJ1CzshuDFRwKlgSaYdaRYSOiR91jJUEp9pN54+kdjHRunavUCZkmBP1d8TMfG1Hvue6fQJDPSiNxH/81oR9C7dmMswAibpbFEvEjYE9iQRu8sVoyDGhhCquLnVpgOiCAWTW8aEgBdfXib10xI+L+G7s3y5Mo8jjXLoCBUQRheojG5RFdUQRY/oGb2iN+vJerHerY9Za8qazxyiP7A+fwCUZJbI</latexit>

V11 = A(1 + tanh(Bx))
<latexit sha1_base64="D+zBm6/BNec9p8ONKvulVW5wxcU=">AAACBHicbVBNS8NAEN34WetX1GMvwSK0B0tSRL0ItV48VrAf0Iay2W7bpZtN2J1IS8jBi3/FiwdFvPojvPlv3LY5aOuDgcd7M8zM80LOFNj2t7Gyura+sZnZym7v7O7tmweHDRVEktA6CXggWx5WlDNB68CA01YoKfY9Tpve6GbqNx+oVCwQ9zAJqevjgWB9RjBoqWvmGt24XE6urgvOaQfoGGLAYpgUquNisWvm7ZI9g7VMnJTkUYpa1/zq9AIS+VQA4ViptmOH4MZYAiOcJtlOpGiIyQgPaFtTgX2q3Hj2RGKdaKVn9QOpS4A1U39PxNhXauJ7utPHMFSL3lT8z2tH0L90YybCCKgg80X9iFsQWNNErB6TlACfaIKJZPpWiwyxxAR0blkdgrP48jJplEvOecm5O8tXqmkcGZRDx6iAHHSBKugW1VAdEfSIntErejOejBfj3fiYt64Y6cwR+gPj8weawZbM</latexit>

V22 = A(1� tanh(Bx))
<latexit sha1_base64="+W97HDD9GqLr8TlRbuzmUIw9dlw=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwYtgNol6EYDx4jGAekGyW2ckkGTL7YGZWDet+ihcPinj1S7z5N06SPWhiQUNR1U13lxdxJpVlfRtLyyura+u5jfzm1vbOrlnYa8gwFoTWSchD0fKwpJwFtK6Y4rQVCYp9j9OmN6pO/OY9FZKFwZ0aR9Tx8SBgfUaw0pJrFhpuYpfTyyrtJifXj91y6ppFq2RNgRaJnZEiZKi55lenF5LYp4EiHEvZtq1IOQkWihFO03wnljTCZIQHtK1pgH0qnWR6eoqOtNJD/VDoChSaqr8nEuxLOfY93eljNZTz3kT8z2vHqn/hJCyIYkUDMlvUjzlSIZrkgHpMUKL4WBNMBNO3IjLEAhOl08rrEOz5lxdJo1yyz0r27WmxcpXFkYMDOIRjsOEcKnADNagDgQd4hld4M56MF+Pd+Ji1LhnZzD78gfH5A+Sokx8=</latexit>

V12 = Ce�Dx2

A = 0.01 Eh         B = 1.147 a0-1

C = 0.005 Eh      D = 1.0 a0-2

Potential
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Potential Approx. — BAT

Trajectories — 35

Width Scale — 15.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.1

dt — 1.0

Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

Parameters

ψ0

Avoided Crossing
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Potential Approx. — BAT

Trajectories — 35

Width Scale — 15.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.1

dt — 1.0

Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

Parameters

ψ0

Avoided Crossing
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Potential Approx. — BAT

Trajectories — 35

Width Scale — 15.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.1

dt — 1.0

Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

Parameters

ψ0

Avoided Crossing
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Dual Avoided Crossing

Potential Approx. — BAT

Trajectories — 35

Width Scale — 25.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.01

dt — 1.0

Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

Parameters

ψ0

<latexit sha1_base64="q0gIPinr6kOtL4t+8pk5Rzx4qO0=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU9mIqBeh6MVjBfsB7VKyabYNzSZrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmhYngxvr+t1dYWV1b3yhulra2d3b3yvsHTaNSTVmDKqF0OySGCS5Zw3IrWDvRjMShYK1wdDv1W09MG67kgx0nLIjJQPKIU2Kd1G72Mown136vXPGr/gxomeCcVCBHvVf+6vYVTWMmLRXEmA72ExtkRFtOBZuUuqlhCaEjMmAdRyWJmQmy2b0TdOKUPoqUdiUtmqm/JzISGzOOQ9cZEzs0i95U/M/rpDa6CjIuk9QySeeLolQgq9D0edTnmlErxo4Qqrm7FdEh0YRaF1HJhYAXX14mzbMqvqji+/NK7SaPowhHcAyngOESanAHdWgABQHP8Apv3qP34r17H/PWgpfPHMIfeJ8/AnuPTA==</latexit>

V11 = 0
<latexit sha1_base64="8KHvoB1/+AbcYHN70uC1oBpPPDk=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARBGlJgqgboVYElxXsA9o0TKaTdujkwcxELDELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufceN2JUSMP41nILi0vLK/nVwtr6xuaWvr3TEGHMManjkIW85SJBGA1IXVLJSCviBPkuI013eDX2m/eECxoGd3IUEdtH/YB6FCOpJEffaziJZaUXpUvSTUrVh66VHl87hqMXjbIxAZwnZkaKIEPN0b86vRDHPgkkZkiItmlE0k4QlxQzkhY6sSARwkPUJ21FA+QTYSeT+1N4qJQe9EKuKpBwov6eSJAvxMh3VaeP5EDMemPxP68dS+/cTmgQxZIEeLrIixmUIRyHAXuUEyzZSBGEOVW3QjxAHGGpIiuoEMzZl+dJwyqbp2Xz9qRYqWZx5ME+OABHwARnoAJuQA3UAQaP4Bm8gjftSXvR3rWPaWtOy2Z2wR9onz994ZR6</latexit>

V22 = �Ae�Bx2

+ E0
<latexit sha1_base64="+W97HDD9GqLr8TlRbuzmUIw9dlw=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwYtgNol6EYDx4jGAekGyW2ckkGTL7YGZWDet+ihcPinj1S7z5N06SPWhiQUNR1U13lxdxJpVlfRtLyyura+u5jfzm1vbOrlnYa8gwFoTWSchD0fKwpJwFtK6Y4rQVCYp9j9OmN6pO/OY9FZKFwZ0aR9Tx8SBgfUaw0pJrFhpuYpfTyyrtJifXj91y6ppFq2RNgRaJnZEiZKi55lenF5LYp4EiHEvZtq1IOQkWihFO03wnljTCZIQHtK1pgH0qnWR6eoqOtNJD/VDoChSaqr8nEuxLOfY93eljNZTz3kT8z2vHqn/hJCyIYkUDMlvUjzlSIZrkgHpMUKL4WBNMBNO3IjLEAhOl08rrEOz5lxdJo1yyz0r27WmxcpXFkYMDOIRjsOEcKnADNagDgQd4hld4M56MF+Pd+Ji1LhnZzD78gfH5A+Sokx8=</latexit>

V12 = Ce�Dx2

A = 0.1 Eh         B = 0.28 a0-2

C = 0.015 Eh      D = 0.06 a0-2

E0 = 0.05 Eh

Potential
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Potential Approx. — BAT

Trajectories — 35

Width Scale — 25.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.01

dt — 1.0

Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

Parameters

ψ0

Dual Avoided

Crossing
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Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

ψ0

Potential Approx. — BAT

Trajectories — 35

Width Scale — 25.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.01

dt — 1.0

Parameters

Dual Avoided

Crossing
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Q0 = -5.0

P0 = 10.0

A0 = 2.0

S0 = 0.0

ψ0

Potential Approx. — BAT

Trajectories — 35

Width Scale — 25.0

Mass — 2000.0 a.u.

Decpl. Pop. — 0.01

dt — 1.0

Parameters

Dual Avoided

Crossing
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Gaussian parameters are consistent with Bohmian trajectories
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Gaussian parameters are consistent with Bohmian trajectories
The time-dependent wavefunction is constructed from adaptable 
Gaussians 
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The time-dependent wavefunction is constructed from adaptable 
Gaussians 

…and can be calculated at an arbitrary time via matrices K and T

Gaussian parameters are consistent with Bohmian trajectories



50

Gaussian parameters are consistent with Bohmian trajectories
The time-dependent wavefunction is constructed from adaptable 
Gaussians 

…and can be calculated at an arbitrary time via matrices K and T

The QTAG algorithm evolves basis coefficients and trajectories
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Gaussian parameters are consistent with Bohmian trajectories
The time-dependent wavefunction is constructed from adaptable 
Gaussians 

…and can be calculated at an arbitrary time via matrices K and T

The QTAG algorithm evolves basis coefficients and trajectories

Nonadiabatic dynamics requires minor matrix modifications
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Trajectories in the nonadiabatic picture still evolve on single 
surfaces*

Gaussian parameters are consistent with Bohmian trajectories
The time-dependent wavefunction is constructed from adaptable 
Gaussians 

…and can be calculated at an arbitrary time via matrices K and T

The QTAG algorithm evolves basis coefficients and trajectories

Nonadiabatic dynamics requires minor matrix modifications
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Proof-of-concept models look promising in low dimension

Trajectories in the nonadiabatic picture still evolve on single 
surfaces*

Gaussian parameters are consistent with Bohmian trajectories
The time-dependent wavefunction is constructed from adaptable 
Gaussians 

…and can be calculated at an arbitrary time via matrices K and T

The QTAG algorithm evolves basis coefficients and trajectories

Nonadiabatic dynamics requires minor matrix modifications
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Prof. Sophya Garashchuk

Prof. Alexey Akimov

Thank You!


