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• Increasing interest in non-Hermitian Quantum Mechanics 

• Experimental realisations of non-Hermitian Parity-Time-symmetric systems  
 
 
… mostly classical 

• Quantum character of PT symmetric systems is still an open problem
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�
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�
<latexit sha1_base64="ctCad7+mAVHatSXoUNeHbW+NUxg="></latexit>

âG
<latexit sha1_base64="uak2ghbdheVnbrb9F7D+Vtt1NaM="></latexit>

âL
<latexit sha1_base64="dfxmGJ+lVsy3wRoQUT522+jXBM0="></latexit>

Gain-Loss System
• Coupled mode theory for 

‣ Coupled optical waveguides subject  
to gain/loss 

‣ Coupled active/lossy ring resonators

Stefano Longhi 2017 EPL 120 64001
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âG
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âL
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�G
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�L
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G $ L + t ! �t ) �G = �L ⌘ �
<latexit sha1_base64="jBy6tam+tjT+SrXh4PfIpooVHKw="></latexit>

(PT symmetric if                       )

Gain-Loss System



Mean-field dynamics 
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  UNBROKEN PHASE 

• Real eigenvalues 
• Non-orthogonal  

eigenvectors

� > g
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� = g
<latexit sha1_base64="ANzmNhYYgrNunYZ5EoojiX/FPLQ=">AAAB8XicbVA9SwNBEN2LXzF+RS1tFhPBKtzFQhshaGMZwXxgcoS5zd5lye7esbsnhCP/wsZCEVv/jZ3/xk1yhSY+GHi8N8PMvCDhTBvX/XYKa+sbm1vF7dLO7t7+QfnwqK3jVBHaIjGPVTcATTmTtGWY4bSbKAoi4LQTjG9nfueJKs1i+WAmCfUFRJKFjICx0mO1H4EQcB1VB+WKW3PnwKvEy0kF5WgOyl/9YUxSQaUhHLTueW5i/AyUYYTTaamfapoAGUNEe5ZKEFT72fziKT6zyhCHsbIlDZ6rvycyEFpPRGA7BZiRXvZm4n9eLzXhlZ8xmaSGSrJYFKYcmxjP3sdDpigxfGIJEMXsrZiMQAExNqSSDcFbfnmVtOs176JWv69XGjd5HEV0gk7ROfLQJWqgO9RELUSQRM/oFb052nlx3p2PRWvByWeO0R84nz+KbZAr</latexit>

� < g
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  EXCEPTIONAL POINT 

• Coalescing eigenvalues 
• Parallel eigenvectors

  BROKEN PHASE 

• Imaginary eigenvalues  
• Non-orthogonal 

eigenvectorsR. El-Ganainy et al., Nat. Phys. 14, 11 (2018). 
C. E. Rueter et al., Nat. Phys. 6, 192 (2010).

When PT symmetric:



Fully quantum dynamics
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âL
<latexit sha1_base64="dfxmGJ+lVsy3wRoQUT522+jXBM0="></latexit>

�G
<latexit sha1_base64="01N5O6gcLWvo4C/jdTlDKecVa/Q="></latexit>

�L
<latexit sha1_base64="sYe85rqsF906yyPjslalTkJNQ9g="></latexit>

Local Bath Local Bath

H = g (â†LâG + âLâ
†
G) .

<latexit sha1_base64="WTtfelN3hJDbRL6Y1mjNZWX8Jyc="></latexit>

⇢̇ = �i[H, ⇢] + 2 �L
⇣
âL ⇢ â

†
L � 1

2{â
†
LâL, ⇢}

⌘
+ 2 �G

⇣
â
†
G ⇢ âG � 1

2{âGâ
†
G, ⇢}

⌘

<latexit sha1_base64="WltFo+Ekg16H5IPDDJ/DpGWzPv8="></latexit>

Von  
Neumann Dissipator “Exciter”
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âG
<latexit sha1_base64="uak2ghbdheVnbrb9F7D+Vtt1NaM="></latexit>

âL
<latexit sha1_base64="dfxmGJ+lVsy3wRoQUT522+jXBM0="></latexit>

�G
<latexit sha1_base64="01N5O6gcLWvo4C/jdTlDKecVa/Q="></latexit>

�L
<latexit sha1_base64="sYe85rqsF906yyPjslalTkJNQ9g="></latexit>

Local Bath Local Bath

H = g (â†LâG + âLâ
†
G) .

<latexit sha1_base64="WTtfelN3hJDbRL6Y1mjNZWX8Jyc="></latexit>

⇢̇ = �i[H, ⇢] + 2 �L
⇣
âL ⇢ â

†
L � 1

2{â
†
LâL, ⇢}

⌘
+ 2 �G

⇣
â
†
G ⇢ âG � 1

2{âGâ
†
G, ⇢}

⌘

<latexit sha1_base64="WltFo+Ekg16H5IPDDJ/DpGWzPv8="></latexit>

Focus on Gaussian states! (e.g. a coherent state is Gaussian)
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G
<latexit sha1_base64="znlNvdKUuTj8xBn7KQjYldwg35s=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A51DjM8=</latexit>

L
<latexit sha1_base64="QE9oDXOSeRcavWmZZHNQHB2S4vk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCk14zU</latexit>

âG
<latexit sha1_base64="uak2ghbdheVnbrb9F7D+Vtt1NaM="></latexit>

âL
<latexit sha1_base64="dfxmGJ+lVsy3wRoQUT522+jXBM0="></latexit>

�G
<latexit sha1_base64="01N5O6gcLWvo4C/jdTlDKecVa/Q="></latexit>

�L
<latexit sha1_base64="sYe85rqsF906yyPjslalTkJNQ9g="></latexit>

In the correlations! • Most famous Quantum 
Correlation (QC): 
 
            Entanglement

However… |↵Gi
<latexit sha1_base64="o3mD9Jjd3WzHv6bG+Mf7J3Z/vyI="></latexit>

|↵̃Gi
<latexit sha1_base64="hcCmcOep+Kg3zt0bJMiJYOopX88="></latexit>

|↵Li
<latexit sha1_base64="gac9Gf6m6TLRrELPEH6Pe9c/1JE="></latexit>

|↵̃Li
<latexit sha1_base64="2c03I8J3h3h71HBH0WTOaOsHOtY="></latexit>

)
<latexit sha1_base64="px8Vr4p9z17CEuat0ww4tJJ8x9I="></latexit>

NO Entanglement!
M. S. Kim, W. Son, V. Buzek, and P. L. Knight, Phys. Rev. A 65, 032323 (2002). 

|00i+ |11ip
2

<latexit sha1_base64="pFma2Ihhf7OD+X+NjeJ3wTTN6ck="></latexit>



Looking for quantumness

9

IGL = SG + SL � SGL

= SG � (SGL � SL)

= SG � SG|L

= CGL ⌘ CLG
<latexit sha1_base64="FtR3V4+Ddy0fbF4qjG2P38QVoKY="></latexit>

Si
<latexit sha1_base64="ph1ycjliUjTpqDJIx0fMQk4/UBA="></latexit>

SG
<latexit sha1_base64="EASfFuSIZ+saz2+TbdgK+Lm58Bg="></latexit>

SL
<latexit sha1_base64="2gt5Z7zSROfkNqXKWcXIAjI724E="></latexit>

SL|G
<latexit sha1_base64="WQxVA0rw/w7OHSVJLRSdxtIPLIk="></latexit>

SG|L
<latexit sha1_base64="iLJ3qKnfNltDC5bhtR5mqHSnRXw="></latexit>

SGL
<latexit sha1_base64="Isq9tYY7GzTZRJY5IAgGrTA43pI="></latexit>

IGL
<latexit sha1_base64="KSM7fz6y1cAJgSFFOti/4/sFH2U="></latexit>

Quantum: I = S(⇢G) + S(⇢L)� S(⇢) 6= CGL 6= CLG
<latexit sha1_base64="npsqk//8EnZuXL9y5IlbcD2IAzI="></latexit>

Total amount of correlations Classical Corr.

Asymmetric!
mismatch (purely quantum!) Quantum Discord: DGL = I � CGL

<latexit sha1_base64="az1omv5aqsB57DDy74i3zyrSOZA="></latexit>

H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901 (2001).

= amount of uncertainty about    
before we “look at  it”

i
<latexit sha1_base64="R4HBOEXmyvXJf3h8LRRFq3WKfC4="></latexit>



Correlations Dynamics
PT symmetric case:

G $ L + t ! �t ) �G = �L ⌘ �
<latexit sha1_base64="jBy6tam+tjT+SrXh4PfIpooVHKw="></latexit>

⇢0 = |↵Gih↵G|⌦ |↵Lih↵L| ! �0 = 14
<latexit sha1_base64="QAITMXPXpoZWbfHi4+UDB4nllxc="></latexit>

Initial state:
(totally uncorrelated)
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gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

�/g
<latexit sha1_base64="7m2BQe+I8KDKj1QbT86HvJR2iMY="></latexit>

DGL
<latexit sha1_base64="D2NKsY+XS+Vw44WkHR0UeJeuoF4="></latexit>

DLG
<latexit sha1_base64="EzVKUfo2T+CWTVl6bfWlb/kNEjQ="></latexit>

t ! 1
<latexit sha1_base64="YfjZpe5im80piF3BURMM4RDae/s="></latexit>

(a) (b) (c)

UNBROKEN PHASE (UP) EXCEPTIONAL POINT (EP) BROKEN PHASE (BP)



Correlations Dynamics
PT symmetric case:

G $ L + t ! �t ) �G = �L ⌘ �
<latexit sha1_base64="jBy6tam+tjT+SrXh4PfIpooVHKw="></latexit>

⇢0 = |↵Gih↵G|⌦ |↵Lih↵L| ! �0 = 14
<latexit sha1_base64="QAITMXPXpoZWbfHi4+UDB4nllxc="></latexit>

Initial state:
(totally uncorrelated)
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<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

�/g
<latexit sha1_base64="7m2BQe+I8KDKj1QbT86HvJR2iMY="></latexit>

DGL
<latexit sha1_base64="D2NKsY+XS+Vw44WkHR0UeJeuoF4="></latexit>

DLG
<latexit sha1_base64="EzVKUfo2T+CWTVl6bfWlb/kNEjQ="></latexit>

t ! 1
<latexit sha1_base64="YfjZpe5im80piF3BURMM4RDae/s="></latexit>

(a) (b) (c)

UNBROKEN PHASE (UP) EXCEPTIONAL POINT (EP) BROKEN PHASE (BP)



Correlations Dynamics
PT symmetric case:

G $ L + t ! �t ) �G = �L ⌘ �
<latexit sha1_base64="jBy6tam+tjT+SrXh4PfIpooVHKw="></latexit>

⇢0 = |↵Gih↵G|⌦ |↵Lih↵L| ! �0 = 14
<latexit sha1_base64="QAITMXPXpoZWbfHi4+UDB4nllxc="></latexit>

Initial state:
(totally uncorrelated)

10-1 1 101 102 103
0

0.05

0.1

0.15

m
ut

ua
l i

nf
or

m
at

io
n

qu
an

tu
m

 d
isc

or
d

10-1 1 101 102 103
10-4

10-2

1

102

0 1 2 3 4
0

0.3

0.6

qu
an

tu
m

 d
isc

or
dBP

EP

UP

UP EP

BP

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

�/g
<latexit sha1_base64="7m2BQe+I8KDKj1QbT86HvJR2iMY="></latexit>

DGL
<latexit sha1_base64="D2NKsY+XS+Vw44WkHR0UeJeuoF4="></latexit>

DLG
<latexit sha1_base64="EzVKUfo2T+CWTVl6bfWlb/kNEjQ="></latexit>

t ! 1
<latexit sha1_base64="YfjZpe5im80piF3BURMM4RDae/s="></latexit>

(a) (b) (c)

UNBROKEN PHASE (UP) EXCEPTIONAL POINT (EP) BROKEN PHASE (BP)



Correlations Dynamics
PT symmetric case:

G $ L + t ! �t ) �G = �L ⌘ �
<latexit sha1_base64="jBy6tam+tjT+SrXh4PfIpooVHKw="></latexit>

⇢0 = |↵Gih↵G|⌦ |↵Lih↵L| ! �0 = 14
<latexit sha1_base64="QAITMXPXpoZWbfHi4+UDB4nllxc="></latexit>

Initial state:
(totally uncorrelated)
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<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

�/g
<latexit sha1_base64="7m2BQe+I8KDKj1QbT86HvJR2iMY="></latexit>

DGL
<latexit sha1_base64="D2NKsY+XS+Vw44WkHR0UeJeuoF4="></latexit>

DLG
<latexit sha1_base64="EzVKUfo2T+CWTVl6bfWlb/kNEjQ="></latexit>

t ! 1
<latexit sha1_base64="YfjZpe5im80piF3BURMM4RDae/s="></latexit>

(a) (b) (c)

EXCEPTIONAL POINT (EP)

most classical  
configuration



Correlations Dynamics
PT symmetric case:

G $ L + t ! �t ) �G = �L ⌘ �
<latexit sha1_base64="jBy6tam+tjT+SrXh4PfIpooVHKw="></latexit>

⇢0 = |↵Gih↵G|⌦ |↵Lih↵L| ! �0 = 14
<latexit sha1_base64="QAITMXPXpoZWbfHi4+UDB4nllxc="></latexit>

Initial state:
(totally uncorrelated)
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<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

�/g
<latexit sha1_base64="7m2BQe+I8KDKj1QbT86HvJR2iMY="></latexit>

DGL
<latexit sha1_base64="D2NKsY+XS+Vw44WkHR0UeJeuoF4="></latexit>

DLG
<latexit sha1_base64="EzVKUfo2T+CWTVl6bfWlb/kNEjQ="></latexit>

t ! 1
<latexit sha1_base64="YfjZpe5im80piF3BURMM4RDae/s="></latexit>

(a) (b) (c)

critical behavior at  
Exceptional Point

unbroken 
phase

broken 
phase
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Physical mechanism

LOSS 

COUPLING  

GAIN Purity diminished.  
Superposition of  
non orthogonal states  

Generation of Quantum Discord

Combined action:               generally discordant state

Purity  
unaffected
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Physical mechanism
Long-time correlations dynamics: an entropic argument

SG
<latexit sha1_base64="EASfFuSIZ+saz2+TbdgK+Lm58Bg="></latexit>

SL
<latexit sha1_base64="2gt5Z7zSROfkNqXKWcXIAjI724E="></latexit>

2⌦ t+ log
⇣

�3(�+⌦)
⌦4

⌘

<latexit sha1_base64="4F48jJc0EQadrm7NisWVGC+o7o0="></latexit>

log
⇣

4g4

3 t4
⌘

<latexit sha1_base64="Bqy9T8ubYGdrbl+iFtgkRxAAmF0="></latexit>

log
⇣

4�2g2

g2��2 t2
⌘

<latexit sha1_base64="1qqPvKpeq/61ca7TuqsL8f+cXYg="></latexit>

S
<latexit sha1_base64="hhPQ+cbLOfJqKlVck+f4J6GqJGU="></latexit>

2⌦ t+ log
⇣

�(�+⌦)2

2⌦3

⌘

<latexit sha1_base64="PYOgGhNLW9Y9dwTjMJlR1fgZJDM="></latexit>

2⌦ t+ log
⇣

�g2

2⌦3

⌘

<latexit sha1_base64="CxziTj8JlzVhe6/VDlnB3yXQVPc="></latexit>log
⇣

4g3

3 t3
⌘

<latexit sha1_base64="ZtzMKuFYyZFKdhecYOVgknfNxPs="></latexit>

log
⇣

2�g2

g2��2 t
⌘

<latexit sha1_base64="Hb5u84hrydRQ1abFCCSW1NkxazA="></latexit>

BP<latexit sha1_base64="7/GYhC+z8xh41ngGYeanlUZxIVk="></latexit>

EP<latexit sha1_base64="ZnxLc5mS+X8GRqmvxGL1ReE50pM="></latexit>

PT line
<latexit sha1_base64="cfCcwo3RTf/Gdhv3UPEwD58Chv4="></latexit>

UP
<latexit sha1_base64="y2VdS1YtQc5L2eHYMYlcJfjgR/Y="></latexit>

• Competition of local and global 
entropies 

• Unbroken Phase: 
 
 
 
 
vanishing discord

I disappear..I decide!
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Physical mechanism
Long-time correlations dynamics: an entropic argument

SG
<latexit sha1_base64="EASfFuSIZ+saz2+TbdgK+Lm58Bg="></latexit>

SL
<latexit sha1_base64="2gt5Z7zSROfkNqXKWcXIAjI724E="></latexit>

2⌦ t+ log
⇣

�3(�+⌦)
⌦4

⌘

<latexit sha1_base64="4F48jJc0EQadrm7NisWVGC+o7o0="></latexit>

log
⇣

4g4

3 t4
⌘

<latexit sha1_base64="Bqy9T8ubYGdrbl+iFtgkRxAAmF0="></latexit>

log
⇣

4�2g2

g2��2 t2
⌘

<latexit sha1_base64="1qqPvKpeq/61ca7TuqsL8f+cXYg="></latexit>

S
<latexit sha1_base64="hhPQ+cbLOfJqKlVck+f4J6GqJGU="></latexit>

2⌦ t+ log
⇣

�(�+⌦)2

2⌦3

⌘

<latexit sha1_base64="PYOgGhNLW9Y9dwTjMJlR1fgZJDM="></latexit>

2⌦ t+ log
⇣

�g2

2⌦3

⌘

<latexit sha1_base64="CxziTj8JlzVhe6/VDlnB3yXQVPc="></latexit>log
⇣

4g3

3 t3
⌘

<latexit sha1_base64="ZtzMKuFYyZFKdhecYOVgknfNxPs="></latexit>

log
⇣

2�g2

g2��2 t
⌘

<latexit sha1_base64="Hb5u84hrydRQ1abFCCSW1NkxazA="></latexit>

BP<latexit sha1_base64="7/GYhC+z8xh41ngGYeanlUZxIVk="></latexit>

EP<latexit sha1_base64="ZnxLc5mS+X8GRqmvxGL1ReE50pM="></latexit>

PT line
<latexit sha1_base64="cfCcwo3RTf/Gdhv3UPEwD58Chv4="></latexit>

UP
<latexit sha1_base64="y2VdS1YtQc5L2eHYMYlcJfjgR/Y="></latexit>

• Competition of local and global 
entropies 

• Broken Phase: 
 
 
 
 
asymptotic finite discord

I disappear..I decide!



Correlations Dynamics
⇢0 = |↵Gih↵G|⌦ |↵Lih↵L| ! �0 = 14

<latexit sha1_base64="QAITMXPXpoZWbfHi4+UDB4nllxc="></latexit>

Initial state:

� L
/g

<latexit sha1_base64="hCyo3tNe2RoibL/dD9lMxmmtJmA="></latexit>

�G/g
<latexit sha1_base64="VjA3pKCBIjB0cV1DAisnQKO00Ks="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>
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<latexit sha1_base64="nG0OFtOizIVoratUJfiQWUtxbuw="></latexit>

• Beyond balanced 
gain/loss 

• I+II: vanishing Discord 

• I+III+IV: finite mutual 
information 

• III+IV: stable dynamics



Take-home messages
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<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

gt
<latexit sha1_base64="uZz7YaBx2kpQQ75aKQ0A9J4vivE="></latexit>

�/g
<latexit sha1_base64="7m2BQe+I8KDKj1QbT86HvJR2iMY="></latexit>

DGL
<latexit sha1_base64="D2NKsY+XS+Vw44WkHR0UeJeuoF4="></latexit>

DLG
<latexit sha1_base64="EzVKUfo2T+CWTVl6bfWlb/kNEjQ="></latexit>

t ! 1
<latexit sha1_base64="YfjZpe5im80piF3BURMM4RDae/s="></latexit>

(a) (b) (c)

• Quantum critical behavior of 
Exceptional Point detected by 
Quantum Discord 

• Finite Quantum Correlations in PT 
Broken Phase 

• Creation of Quantum Correlations: 
Gain 

• Long-time behavior: competition of 
local and global entropies 

g
<latexit sha1_base64="op9YQdDvwJgXXtxm6zU1a2faInk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5rBfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fzcOM7w==</latexit>

G
<latexit sha1_base64="znlNvdKUuTj8xBn7KQjYldwg35s=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BD3pMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mHGCfkQHkoecUWOl+l2vWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rw2p9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaVbK3kW5Ur8sVW+yOPJwAqdwDh5cQRXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A51DjM8=</latexit>

L
<latexit sha1_base64="QE9oDXOSeRcavWmZZHNQHB2S4vk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndRrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCk14zU</latexit>

�
<latexit sha1_base64="ctCad7+mAVHatSXoUNeHbW+NUxg="></latexit>

�
<latexit sha1_base64="ctCad7+mAVHatSXoUNeHbW+NUxg="></latexit>

âG
<latexit sha1_base64="uak2ghbdheVnbrb9F7D+Vtt1NaM="></latexit>

âL
<latexit sha1_base64="dfxmGJ+lVsy3wRoQUT522+jXBM0="></latexit>

unbroken 
phase

broken 
phase
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Thank you!


