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Why	
  quantum	
  dynamics	
  in	
  
(bio)molecules?	


•  Harmonic	
  approxima3on	
  
is	
  some3mes	
  enough	
  
–  Classical	
  and	
  quantum	
  

completely	
  agree	
  each	
  
other	
  

•  There	
  are	
  residual	
  
anharmonic	
  effects	
  
–  Frequency	
  shih	
  
–  Energy	
  flow	
  (transfer)	
  

•  Bond	
  vibra3ons	
  (should)	
  
have	
  quantum	
  character	
  
–  kBT	
  	
  ~	
  200	
  cm-­‐1	


ω	
  ~	
  3000	
  cm-­‐1	


ω	
  ~	
  2000	
  cm-­‐1	
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:	
  Quantum	
  behavior	


:	
  Classical	
  behavior	


acetylbenzonitrile	




Recent	
  advance	
  in	
  spectroscopy	


Rubtsov,	
  Acc.	
  Chem.	
  Res.	
  42,	
  1385	
  (2009).	
  

Dual-­‐frequency	
  2D-­‐IR	
  experiment	


Botan,	
  Backus,	
  Pfister,	
  MoreQo,	
  Crisma,	
  Toniolo,	
  	
  
Nguyen,	
  Stock,	
  Hamm,	
  PNAS	
  104,	
  12749	
  (2007).	
  

Isotopically	
  labelled	
  pump-­‐probe	
  experiment	


Hot	
  azobenzene	


>>>	
  Vibra3onal	
  energy	
  flow	
  experiment	
  <<<	




Further	
  experiment	
  on	
  energy	
  flow	

Henrike	
  M.	
  Müller-­‐Werkmeister,	
  Yun-­‐Liang	
  Li,	
  Eliza-­‐Beth	
  W.	
  
Lerch,	
  Damien	
  Bigourd,	
  Jens	
  Bredenbeck	
  
Angew.	
  Chem.	
  Int.	
  Ed.	
  52,	
  6214–6217	
  (2013)	


Brandt	
  C.	
  Pein	
  and	
  Dana	
  D.	
  DloQ*	
  
J.	
  Phys.	
  Chem.	
  A,	
  2014,	
  118	
  (6),	
  pp	
  965–973	




Energy	
  flow	
  in	
  molecular	
  wire	


D.	
  Segal	
  and	
  B.	
  K.	
  Agarwalla	
  	
  
Vibra3onal	
  Heat	
  Transport	
  in	
  Molecular	
  Junc3ons	
  	
  
Annu.	
  Rev.	
  Phys.	
  Chem.	
  2016.	
  67,	
  185-­‐209.	
  	


Ballis3c	
  transport	
  	
  
of	
  heat	
  (phonon)	




Vibra3on	
  affects	
  electron	
  transfer	


P.	
  Antoniou,	
  Z.	
  Ma,	
  P.	
  Zhang,	
  D.	
  N.	
  Beratan,	
  and	
  S.	
  S.	
  Skour3s,	
  
Phys.	
  Chem.	
  Chem.	
  Phys.	
  17	
  (2015)	
  30854-­‐30866	




	
  	
  	
  	
  	
  	
  	
  	
  	
  	


N.	
  Fujii,	
  M.	
  Mizuno,	
  Y.	
  Mizutani,	
  	
  
J.	
  Phys.	
  Chem.	
  B	
  115,	
  13057	
  (2011).	
  	
  Cytochrome	
  c	


Energy	
  flow	
  in	
  a	
  protein	




Recent	
  theore3cal	
  development	
  	

Modeling	
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Ab	
  ini&o	
  real-­‐3me	
  path	
  
integral	
  (not	
  yet	
  implemented)	


A	
  small	
  system	
  	
  
linearly	
  coupled	
  to	
  
harmonic	
  bath	
  
(~exactly	
  solvable)	


Molecular	
  dynamics	
  with	
  Force	
  fields	


Ab	
  ini&o	
  Dynamics	
  (~CPMD)	


Perturba7on	
  theory	
  	
  
with	
  normal	
  modes	
  	
  
+	
  anharmonicity	
  	
  
(Leitner,	
  Straub,	
  Fujisaki)	


Tier	
  models	
  
with	
  normal	
  modes	
  	
  
+	
  anharmonicity	
  	
  
(Gruebele,	
  Leitner,	
  us)	
MCTDH	
  

(Meyer)	

VSCF/VCI	
  
(Bowman,	
  Yagi)	


Small	
  DoF	
 Large	
  DoF	


Centroid	
  MD	
  	
  
(Voth,	
  Cao)	
  
Ring	
  Polymer	
  	
  
(Manolopoulos)	


Quantum	
  correc3on	
  factors	
  (Skinner)	


Semiclassical	
  methods	
  	
  
(Miller,	
  Geva)	




No3ce!	


•  I	
  only	
  consider	
  quantum	
  dynamics	
  of	
  
molecular	
  vibra3ons	
  
– Not	
  electrons	
  
•  Dynamics	
  on	
  an	
  electronically	
  ground	
  state	
  	
  
•  No	
  nonadiaba3c	
  dynamics	
  	
  

– No	
  reac3on	
  (bond	
  breaking	
  or	
  bond	
  forming)	
  
– No	
  conforma3onal	
  change	
  	
  
•  Vibra3ons	
  around	
  a	
  single	
  stable	
  point	
  (basin)	
  

•  But	
  it	
  is	
  s3ll	
  difficult!	
  



Basic	
  strategy	
  for	
  quantum	
  dynamics	


•  Represent	
  a	
  Hamiltonian	
  
and	
  a	
  wavefunc3on	
  using	
  
some	
  “basis”	
  func3ons	
  

•  Solve	
  the	
  linear	
  
simultaneous	
  equa3on	
  
(Schrodinger	
  eq.)	
  as	
  an	
  
ini3al	
  value	
  problem	
  

•  If	
  the	
  basis	
  func3on	
  is	
  
good,	
  the	
  convergence	
  is	
  
obtained	
  for	
  large	
  
number	
  of	
  basis	
  func3ons	
  

•  Exponen3al	
  wall	
  for	
  the	
  
degree	
  of	
  freedom!	
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VSCF/VCI	
  method	


•  Clever	
  way	
  to	
  select	
  the	
  
basis	
  func3ons	
  

•  Borrowing	
  the	
  concept	
  from	
  
quantum	
  chemistry	
  
calcula3on	
  
–  Hartree	
  method	
  

•  Integral	
  for	
  the	
  mean	
  
poten3al	
  is	
  3me-­‐consuming	
  
–  There	
  are	
  approximate	
  ways	
  

to	
  deal	
  with	
  it	
  
–  N-­‐mode	
  representa3on	
  

•  Configura3on	
  interac3on	
  
(CI)	
  is	
  applied	
  for	
  vibra3on	
  
–  So	
  called	
  VCI	
  

H.	
  Fujisaki,	
  K.	
  Yagi,	
  K.	
  Hirao,	
  J.E.	
  Straub,	
  Chem.	
  Phys.	
  LeQ.	
  443	
  (2007)	
  6	


Configura3on	
  
Interac3on	
  

K.	
  Yagi:	
  
Sindo	
  code	




Methods	
  based	
  on	
  Path	
  integral	
  	


David	
  Chandler	
  and	
  Peter	
  G.	
  Wolynes	
  
J.	
  Chem.	
  Phys.	
  74,	
  4078	
  (1981)	


“Isomorphism	
  between	
  quantum	
  
theory	
  and	
  classical	
  sta3s3cal	
  
mechanics	
  of	
  polyatomic	
  fluids”	


Single	
  par3cle	
  	


Many	
  par3cles	
  	




Quantum	
  mechanical	
  free	
  energy	
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  finding	
  the	
  state	
  around	
  	
  

( ) ( )NNA cccc ,,log,, 1
1

1 !! ρβ −≡

Defini7on:	
  	
  Free	
  energy	
  for	
  centroid	
  variables	


∂A
∂ci

=

1
P

∂V ri,s( )
∂ri,ss=1

P

∑
#

$
%

&

'
( δ

1
P

ri,s
s=1

P

∑ − ci
*

+
,

-

.
/

i=1

N

∏
PI

δ
1
P

ri,s
s=1

P

∑ − ci
*

+
,

-

.
/

i=1

N

∏
PI

 = 1
P

∂V ri,s( )
∂ri,ss=1

P

∑
#

$
%

&

'
(

c j=
1
P

rj ,s
s=1

P
∑  for all j

 

Free	
  energy	
  gradient	
  ~	
  effec7ve	
  force	
  (poten7al	
  of	
  mean	
  force)	


( )Ncc ,,1 !



Computa3onal	
  condi3ons	


System:	
  	
  N2H5
-­‐	
  ion,	
  	
  RIMP2/SV(P)*	
  	
  

• 	
  Bead	
  #:	
  P	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  =	
  	
  	
  	
  1,	
  4,	
  8,	
  16,	
  32	
  
	
  
• 	
  	
  Polymer	
  #:	
  L	
  	
  	
  	
  	
  	
  =	
  	
  	
  	
  	
  41	
  
	
  
• 	
  	
  Step	
  #:	
  Nstep	
  	
  	
  	
  	
  =	
  	
  	
  500	
  
	
  
• 	
  	
  Cycle	
  #:	
  Mcycle	
  =	
  	
  	
  	
  40	
  
	
  
cf.	
  	
  #	
  of	
  ab	
  ini7o	
  calcula7on:	
  32*41*500*40	
  =	
  26,240,000	
  	


	
  For	
  ab	
  ini7o	
  calcula7ons,	
  we	
  used	
  Turbomole	
  	
  	
  

[R.	
  Ahlrichs,	
  M.	
  Baer,	
  M.	
  Haeser,	
  H.	
  Horn	
  and	
  Ch.	
  Koelmel,	
  Chem.	
  Phys.	
  Le5.	
  162,	
  165	
  (1989)]	
  



Quantum	
  string	
  method	
  	
  
(centroid	
  intrinsic	
  reac3on	
  coordinate)	


deprotonated	
  ammonia	
  dimer,	
  N2H5
-­‐	
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M.	
  Shiga	
  and	
  H.	
  Fujisaki,	
  
	
  J.	
  Chem.	
  Phys.	
  136,	
  184103	
  (2012)	
  

“Centroid	
  variables”	
  	
  
are	
  used	
  as	
  coarse-­‐grained	
  	
  
variables	
  

Quantum	
  
effects	
  

Small	
  &	
  solid	
  atoms：	
  classical	
  coordinates	
  
Large	
  &	
  transparent:	
  quantum	
  centroids	
  

Centroid	


Quantum	
  
par3cle	


M.	
  Shiga　	




S3ll	
  difficult	
  to	
  treat	
  quantum	
  dynamics	
  
within	
  path	
  integral	
  formalism	


•  Simplifica3on	
  of	
  the	
  
model	
  
–  System	
  bilinearly	
  coupled	
  

to	
  a	
  harmonic	
  bath	
  
•  Perturba3ve	
  expansion	
  
•  Semiclassical	
  approaches	
  

–  Use	
  of	
  bunches	
  of	
  classical	
  
trajectories	
  with	
  complex	
  
weight	
  

–  Nega3ve	
  sign	
  problem	
  
•  Convergence	
  is	
  very	
  slow	
  	
  

•  Quasi-­‐classical	
  method	
  
–  Neglect	
  of	
  phase	
  

informa3on	


Only	
  classical	
  	
  
trajectory	
  is	
  allowed	


Any	
  trajectory	
  
is	
  possible!	


Only	
  classical	
  	
  
trajectory	
  is	
  allowed	




Our	
  previous	
  aQempts	
  (2005~2010)	


•  Chemical	
  detail	
  in	
  
vibra3onal	
  energy	
  
relaxa3on	
  
–  Calculate	
  anharmonicity	
  of	
  

force	
  fields	
  or	
  ab	
  ini3o	
  
poten3al	
  and	
  regard	
  them	
  
as	
  perturba3on	
  

–  We	
  used	
  simply	
  3me-­‐
dependent	
  perturba3on	
  
theory	
  
•  Short-­‐3me	
  approxima3on	
  
•  Some	
  dynamic	
  extension	
  is	
  
possible	
  
–  H.	
  Fujisaki,	
  G.	
  Stock,	
  	
  	
  J.	
  

Chem.	
  Phys.	
  129,	
  134110	
  
(2008)	
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Normal	
  mode	
  approx.	

Anharmonic	
  
coupling	


Reduced	
  density	
  matrix	


Fujisaki,	
  Zhang,	
  Straub,	
  J.Chem.Phys.124	
  (2006)	
  144910	
  
Fujisaki,	
  Straub,	
  J.	
  Phys.	
  Chem.	
  B	
  111	
  (2007)	
  12017.	




Applica3ons:	
  porphyrin	
  +	
  imizadole	


imizadole	
  
Mizutani,	
  Kitagawa,	
  	
  
Chem.	
  Rec.	
  1,	
  258	
  (2001).	
  

Myoglobin	


QM	
  poten3al:	
  UB3LYP/6-­‐31G(d)	
  	
  
Ground	
  state:	
  spin	
  quintuplet	


Zhang,	
  Fujisaki,	
  Straub,	
  J.	
  Chem.	
  Phys.	
  130,	
  025102	
  (2009).	
  



What	
  is	
  lacking	
  in	
  previous	
  studies?	

•  Just	
  truncated	
  (“model”)	
  

molecule	
  
–  Not	
  “real”	
  system!	
  
–  We	
  first	
  should	
  try	
  	
  QM/MM	
  

poten3al	
  construc3on	
  
•  Perturba3on	
  theory	
  ~	
  short-­‐

3me	
  approxima3on	
  
–  Longer	
  3mescale	
  is	
  not	
  captured	
  
–  Power	
  law	
  decay	
  
–  Energy	
  flow	
  into	
  lower	
  

frequency	
  modes	
  
•  Func3onally	
  important	
  mo3ons	
  

–  Quantum-­‐classical	
  
correpondence?	


Myoglobin	


Greubele-­‐Wolynes,	
  	
  
Acc.	
  Chem.	
  Res.	
  37	
  (2004)	
  261	
  

Highly	
  excited	
  	
  
bond	
  vibra3on	
  
of	
  methanol	


porphyrin	




Tier	
  model	
  for	
  quantum	
  systems	

•  “Graph	
  theory”	
  of	
  quantum	
  

mechanics	
  
–  Node:	
  state	
  (e.g.	
  normal	
  mode	
  

basis	
  set)	
  	
  
–  Link	
  (edge):	
  interac3on	
  (e.g.	
  

due	
  to	
  anharmonic	
  coupling)	
  
•  History	
  

–  Seminal	
  work	
  
•  Sibert,	
  Reinhardt,	
  Hynes	
  (1984)	
  

–  Mul3-­‐photon	
  excita3on	
  
•  Tietz,	
  Chu	
  (1981)	
  
•  Chang,	
  WyaQ	
  (1985)	
  	
  

–  Energy	
  flow	
  problem	
  for	
  highly	
  
excited	
  states	
  
•  Logan,	
  Wolynes	
  (1990)	
  
•  Stuchebrukhov,	
  Marcus	
  (1993)	
  
•  Gruebele	
  (1995~)	
  
•  Leitner,	
  Wolynes	
  (1998~)	
  

Parent	
  
node	


1st	
  3er	


2nd	
  3er	

3rd	
  3er	
Anharmonic	
  

coupling	




Implementa3on	
  (1)	

•  Hamiltonian	
  

–  Normal	
  mode	
  representa3on	
  +	
  
anharmonic	
  correc3ons	
  

	
  
–  We	
  decide	
  the	
  mode	
  space	
  

(lowest	
  ~	
  highest	
  modes)	
  
–  Lowest	
  modes	
  are	
  dangerous!	


•  3	
  mode	
  representa3on	
  

–  Poten3al	
  energy	
  surface	
  is	
  
calculated	
  by	
  quantum	
  
chemisty	
  sohware	
  (Gaussian)	


–  We	
  obtain	
  the	
  anharmonic	
  
coefficient	
  using	
  numerical	
  
differen3a3on	
  of	
  the	
  poten3al	
  
or	
  hessian	
  matrix	
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Implementa3on	
  (2)	


•  State	
  selec3on	
  
–  For	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  term	
  

–  Resonance	
  condi3on	
  

	
  

•  Matrix	
  elements	
  
–  For	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  term	
  

–  Sum	
  up	
  over	
  all	
  terms	
  if	
  
the	
  Fermi	
  resonance	
  
parameter	
  	
  

–  is	
  above	
  a	
  threshold!	
  
•  Quantum	
  dynamics	
  
–  Leap-­‐frog	
  method	
  

•  Simple,	
  stable	
  and	
  efficient	
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Then	
  we	
  accept	
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if	
  it	
  is	
  not	
  included	
  in	
  other	
  3ers!	
 φ(t +Δt) = φ(t − Δt) +
2Δt
i!
H φ(t)

th

V
f

E Eα β

α β
>

−



Leap-­‐frog	
  method	


•  Classical	
  leap-­‐frog	
  method	
  

•  Quantum	
  leap-­‐frog	
  method	


φ(t +Δt) = φ(t − Δt) +
2Δt
i!
H φ(t)

x(t +Δt) = x(t)+v(t +Δt / 2)Δt,
v(t +3Δt / 2) = v(t +Δt / 2)+ f (x(t +Δt))Δt



	

 Kasyanenko,	
  Tesar,	
  Rubtsov,	
  Burin,	
  Rubtsov,	
  J.	
  Phys.	
  Chem.	
  B	
  115,	
  11063	
  (2011).	
  	


Energy	
  transfer	
  observed	
  	
  
with	
  pump-­‐probe	
  and	
  	
  
2D-­‐IR	
  spectroscopy	
  	


orth	
 meta	


para	


for	
  Acetylbenzonitrile	
  (AcPhCN)	


Igor	
  Rubtsov	




What	
  to	
  monitor?	
  Normal	
  mode	
  
energy	
  and	
  kine3c	
  energy	


•  Normal	
  mode	
  energy	
  of	
  
a	
  molecule	
  	
  
–  High	
  frequency:	
  localized	
  
–  Low	
  frequency:	
  
delocalized	
  

•  Kine3c	
  energy	
  of	
  an	
  
atom	
  	
  
–  “Thermo-­‐meter”	
  
–  Conversion	
  between	
  
normal	
  mode	
  and	
  kine3c	
  
energy	
  is	
  needed	
  	


Normal	
  mode	
  energy	
  x	
  2	


ikU

( )kn t

:	
  orthogonal	
  matrix	
  for	
  diagonalizing	
  	
  
	
  	
  the	
  hessian	
  matrix	


:	
  popula3on	
  on	
  mode	
  k	
  at	
  3me	
  t	




Approximate	
  calcula3on	
  of	
  quantum	
  
kine3c	
  energy	


•  Normal	
  mode	
  
conversion	


Exact	
  form	


Approximate	
  form	




Technical	
  notes	

•  Calc.	
  level:	
  B3LYP(6-­‐31G(d,p))	
  

in	
  implicit	
  solvent	
  (chroloform)	
  
–  We	
  can	
  improve	
  a	
  bit	
  more	
  
–  No	
  explicit	
  solvent	
  

•  From	
  11th	
  through	
  47th	
  modes	
  
are	
  included	
  
–  Modes	
  with	
  less	
  than	
  200	
  cm-­‐1	
  

or	
  higher	
  than	
  CN	
  vibra3onal	
  
frequency	
  are	
  excluded	
  

–  Lowest	
  modes	
  are	
  always	
  
dangerous	
  for	
  this	
  type	
  of	
  
calcula3ons!	
  

•  Dimension	
  of	
  the	
  resul3ng	
  
Hamiltonian	
  matrix	
  ~	
  10000	
  (at	
  
most)	
  
–  Convergence	
  is	
  checked	


•  CN	
  harmonic	
  frequency	
  is	
  scaled	
  
down	
  according	
  to	
  higher	
  level	
  
calcula3on	
  and	
  experiment	
  
–  Stuchebrukhov,	
  Marcus	
  (1993)	
  
–  Otherwise,	
  oscillatory	
  behavior	
  

•  For	
  classical	
  calcula3on	
  
–  We	
  just	
  solve	
  the	
  Newton	
  

equa3on	
  from	
  an	
  ini3al	
  condi3on	
  
mimicking	
  the	
  CN	
  mode	
  excita3on	
  

–  Other	
  modes	
  ini3ally	
  have	
  
thermal	
  energy	
  with	
  300K	
  

–  A	
  small	
  number	
  of	
  trajectories	
  go	
  
out	
  of	
  the	
  basin.	
  Such	
  a	
  trajectory	
  
is	
  excluded	
  from	
  the	
  calcula3on	
  

–  Normal	
  mode	
  energy	
  and	
  kine3c	
  
energy	
  are	
  defined	
  to	
  go	
  along	
  
with	
  quantum	
  ones	




Numerical	
  result:	
  Convergence	
  check	


Low	
  threshold:	
  #	
  of	
  state	
  ~	
  10000	
  
High	
  threshold:	
  #	
  of	
  state	
  ~	
  5000	
  	


1)	
  Subpicosecond:	
  almost	
  the	
  same	
  
2)	
  2nd	
  3er	
  is	
  not	
  sufficient	
  at	
  all	
  for	
  	
  
	
  	
  	
  	
  describing	
  relaxing	
  behavior	


H.	
  Fujisaki,	
  K.	
  Yagi,	
  H.	
  Kikuchi,	
  T.	
  Takami,	
  G.	
  Stock,	
  Chem.	
  Phys.	
  482	
  (2017)	
  86.	




Comparison	
  between	
  quantum	
  and	
  
classical	
  dynamics	

Quantum	
  dynamics	


Classical	
  dynamics	


H.	
  Fujisaki,	
  K.	
  Yagi,	
  H.	
  Kikuchi,	
  T.	
  Takami,	
  G.	
  Stock,	
  Chem.	
  Phys.	
  482	
  (2017)	
  86.	




Energy	
  transfer	
  between	
  	
  
CN	
  and	
  CO	
  bonds	


Relaxa3on	
  3me	
  ~	
  5	
  ps	
  
In	
  accord	
  with	
  exp.	


Rising	
  3me	
  ~	
  5	
  ps	
  
Too	
  fast	
  or	
  CO	
  energy	
  	
  
is	
  too	
  small	
  (few	
  %)	


H.	
  Fujisaki,	
  K.	
  Yagi,	
  H.	
  Kikuchi,	
  T.	
  Takami,	
  G.	
  Stock,	
  Chem.	
  Phys.	
  482	
  (2017)	
  86.	


Explicit	
  inclusion	
  of	
  solvent	
  molecules	
  
Necessary!	




Mode	
  selec3vity	
  of	
  quantum	
  energy	
  
flow	


Red:	
  Quantum	
  energy	
  exchange	
  
Green:	
  Classical	
  energy	
  exchange	


CO	
  mode	


Ring	
  mode	


H.	
  Fujisaki,	
  K.	
  Yagi,	
  H.	
  Kikuchi,	
  T.	
  Takami,	
  G.	
  Stock,	
  Chem.	
  Phys.	
  482	
  (2017)	
  86.	




AcPhCN	
  +	
  chroloform	
  system	
  	
  
should	
  be	
  considered	


•  Generate	
  trajectories	
  using	
  
MD	
  code	
  (amber)	
  

•  Take	
  snapshots	
  from	
  them	
  
•  (Par3ally?)	
  Op3mize	
  the	
  

cluster	
  system	
  
•  Calculate	
  the	
  frequencies	
  and	
  

anharmonic	
  coefficients	
  
•  Construct	
  the	
  3er	
  model	
  
•  Quantum	
  dynamics	
  calcula3on	
  

–  Solute-­‐solvent	
  quantum	
  energy	
  
transfer	
  	
  

–  Not	
  yet	
  done!	




N-­‐methylacetamide	
  +	
  water	
  cluster	


Y.	
  Zhang,	
  H.	
  Fujisaki	
  and	
  J.E.	
  Straub,	
  	
  J.	
  
Phys.	
  Chem.	
  A	
  113,	
  3051-­‐3060	
  (2009).	




Summary	
  I	

•  Quantum	
  dynamics	
  simula3ons	
  are	
  needed	
  to	
  understand	
  

and	
  interpret	
  recent	
  3me-­‐resolved	
  spectroscopic	
  
experiments	
  

•  To	
  go	
  beyond	
  the	
  previous	
  study	
  using	
  perturba3on	
  theory,	
  
we	
  developed	
  a	
  molecular	
  3er	
  model	
  with	
  chemical	
  detail	
  
–  Applica3ons	
  to	
  acetylbenzonitrile	
  
–  Second	
  and	
  third	
  as	
  well	
  as	
  first	
  3ers	
  are	
  important!	
  	
  

•  Simple	
  perturba3on	
  approach	
  is	
  not	
  enough	
  for	
  this	
  system	
  
–  Partly	
  agrees	
  with	
  Rubtsov’s	
  experiment	
  

•  Further	
  analysis	
  and	
  refinement	
  is	
  needed	
  
–  To	
  include	
  the	
  solvent	
  effects,	
  we	
  need	
  a	
  cluster	
  model	
  
–  Mul3resolu3on	
  idea	
  to	
  construct	
  a	
  “cheap”	
  poten3al	
  for	
  a	
  large	
  

molecular	
  system	
  
–  BeQer	
  ways	
  to	
  construct	
  state	
  space	
  

•  Matrix	
  product	
  state	
  (MPS)?	
  



Rela3on	
  to	
  (quantum)	
  chaos	


•  Highly	
  excited	
  
molecules	
  (or	
  nuclei)	
  
are	
  “quantum	
  chao3c”	
  
–  Classically	
  corresponding	
  
dynamics	
  is	
  chao3c	
  
•  ScaQered	
  phase	
  space	
  
portrait	
  

–  Energy-­‐level	
  sta3s3cs	
  
well	
  described	
  by	
  
Wigner	
  distribu3on	
  
•  Similar	
  to	
  Random	
  matrix	
  
system	
  

hQps://
sieste.wordpress.com/
2012/04/21/phase-­‐space-­‐
plot-­‐of-­‐the-­‐kicked-­‐rotor/	


H.	
  Fujisaki	
  and	
  K.	
  Takatsuka,	
  Phys.	
  Rev.	
  E	
  63,	
  066221	
  (2001)	


Nonadiaba3c	
  chaos	
  
system	


Phase	
  space	
  structure	
  	
  
of	
  a	
  kicked	
  rotor	
  	
  
(classicalchaos	
  system)	


Wigner	
  	
  
distribu3on	




	
  “Chaos”	
  in	
  atoms	
  and	
  molecules	


J.	
  Larson,	
  B.M.	
  Anderson,	
  and	
  A.	
  Altland,	
  
Phys.	
  Rev.	
  A	
  87,	
  013624	
  (2013)	


Chaos-­‐driven	
  dynamics	
  in	
  spin-­‐orbit-­‐coupled	
  
atomic	
  gases	


Nonadiaba3c	
  chaos	


H.	
  Fujisaki,	
  Phys.	
  Rev.	
  A	
  70,	
  012313	
  (2004)	


Nonadiaba3c	
  	
  
coupling	
  	
  
Is	
  strong	


intermediate	


weak	




Controlling	
  quantum	
  dynamics	

•  Laser	
  shaping	
  technology	
  has	
  

been	
  developing	
  in	
  
experiment	
  
–  Femtochemistry	
  (Zewail)	
  
–  Modula3on	
  of	
  3me	
  and	
  

frequency	
  component	
  of	
  a	
  
laser	
  pulse	
  

•  Popula3on	
  inversion	
  
–  Basic	
  concept:	
  π-­‐pulse	
  
–  Rabi	
  oscilla3on	
  between	
  two	
  

quantum	
  states	
  	
  
•  General	
  methods	
  for	
  control	
  

–  Gene3c	
  algorithm	
  (machine	
  
learning)	
  

–  Op3mal	
  control	
  theory	




System	
  and	
  problem	
  to	
  be	
  studied	

T.	
  Takami	




Op3mal	
  control	
  theory	
  (OCT)	

T.	
  Takami	




A	
  kicked	
  rotor	
  in	
  an	
  external	
  field	

T.	
  Takami	




Op3mal	
  control	
  of	
  a	
  kicked	
  rotor	

T.	
  Takami	




An	
  analy3c	
  field	
  applied	
  	
  
to	
  a	
  kicked	
  rotor	


T.	
  Takami	
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