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e Conclusions



Particle in a Box



Particle in a leaky Box

p(t) = e 2"
“\If(t) “ 6—i(E—iF)t
“H“=F — il



Particle in a leaky Box in a reservoir

“\If(t) “ _ e—i(E—l—iF)t
“H“= F + il



Particle in a leaky Box coupled to a particle in a Box immersed in a reservoir

g_(E-T g
“\ g E+iT H'+ H

e+ = B+ /g? — 1" Real if |g| > ||

[PT Hamiltonian = Open system with exact balance between source and sink]




Timereversal: 7 (H) = H~ 7 — —1 I
- [PT.H]=0
Parity: exchange the two boxes P = ((1) (1)) (7;7-)2 —1
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Hermitian 2x2

Symmetry perspective: h = FEly+ §.0
Any two theories are related by SU(2) [ — (%%
7= %, DD — E — ¢’ sin(a) g’ cos(a)
0 -\ J'cos(a) E+ ¢ sin(a)

Generate a non-Hermitian Matrix by setting =~ & — &

Equivalently: transform couplings: ¢ — O(«).g



Symmetry perspective: h=FEly+g§.cd

5.22
2

Complexify transformation: 7 = e* Hermitian
G= (%) Iy E — ig’ sinh(&) g’ cosh(&)
0 == g’ cosh(&) E + ¢'isinh(&)

g =g cosh(a) , T =g’ sinh(&)

ex = B+ 1/g”(cosh(d)? — sinh®(4)?) = B + ¢



Pseudo-Hermitian Hamiltonians H=n"'hn, hl=h, nl=n

Schrédinger Equation:  i0;|v)) = H |¢) Metric: 7°

N . d
Unitary time evolution: — (& |n?| W) = i(®|Hn?|¥) — i(®n*H|V) =0

dt

PT symmetric phase = pseudo-Hermitian Hamiltonian



Dirac mass term O = 1)

- O = O, +i0, Has charge 2 under axial U(1) @75
Axial mass term Oz = i9)y50

Non-hermitian mass term Moy + Msiys1) (Me2O 4+ Me240)

Spectrum W = \/k2 + Mg — Mg

Real for | Mo| > | M5



Gravity in asymptotically AdS = QFT

! Holographic Dictionary
Gravity Quantum Field Theory
- o i Metric Energy Momentum Tensor
conformal boundary
Gauge field Conserved current
Scalar field Scalar operator

Notice: Symmetry in QFT = gauge principle in AdS



v 1
S = /d4a:\/—g {R — 2\ — \ch\Q — m2\gb\2 — 5‘@4 — 1F2

PT = Non-Hermitian boundary conditions at » = oo

_ it Non-H Iti
i b . () . Hermitian Orj ermitian
rooor: dpo = M’ ¢o = M'e" = (1 - M
- $o <O> ho —= M’ o — A oG
O~ - + ... Po o =Me =1+ M



v 1
s = [dtoy=g |R =20~ Do — m?lof? - Jjolt — 1

How does PTwork here: 7 : A — —A ., i— —i , ds*®— ds?

¢r — ¢r , G1 — —¢r1

P:A——A |, ds®— ds?
¢r — ¢r , P1 — —P1

PT leaves boundary conditions invariant: PT Hamiltonian



T=0:

IR Solution: @IR = ]
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We find usual domain wall solutions

Domain wall moves towards IR with &
approaching 1

For [¢|>1 no real solution!
PT phase transition

At {=1 exceptional line: formally pure AdS

Background is equivalent to hermitian
solution with bcs

o =V1—-EEM | ¢g=+1-M



T>0:

Finite Temperature = black hole = uo(r —7m) + ...

(O M-
Surprisingly we find 20r T=0
real solutions for |g|>1 ! .
e TM=1/2
: — TM=2/3
10 — TM=1
5t
: : - X
— et -8 2.0



What is going on? Does finite temperature stabilize the system
beyond the PT “guantum” phase transition even for |¢|>1 ?

» NO! »

0.5f
Quasi-normal mode 04 B Eﬂ :;ﬁ
spectrum shows instability 03F — TM=1
precisely at x=1 0.2}
(“pseudo”-diffusion mode), 0.1}
No stable solution found AN — i S~
W — —ZF(.CC) 0.1}




QFT homework:

E = \/E2+M2 — M2+ oMz Y

Thermal mass /

Instability in (axial) density fluctuations
1o k?

w+1Dk? + il

(p5p5) &



Time dependent non-hermitian coupling: = (v|®), = 2(W|~'0,1|®) Eglgst?fazadeh]
ring

Non-unitary time evolution, what to do?

2 Options: « Just live with it

* Repair unitarity in some way

How to repair? With a “gauge” field !

(i(0, - iA)|T) = H|T) A

H = n_l(t)hn(t) , A= in_lﬁm
\_ _J

[Chernodub, Millington]



[PT Hamiltonian = Open system with exact balance between source and sink]

* Non-unitary: change openings simultaneously and in the same way

* Unitary: change openings in the same way but also do something more,
corresponding to the gauge field (forward vs backward hopping ...)

_ _ _Go 9 A
h=go, , n=¢e , Ay =1i0:a0,



In Holography this can be done explicitly, time evolution can be calculated in both cases!

Time dependent boundary conditions: ¢ = [1 — £(t)|M

For unitary evolution introduce gauge field: A, =1

Note: in the unitary time evolution formalism we can not reach the exceptional point or go
into the PT broken regime! Singularity in the gauge field.



Non-unitary evolution I:
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Non-unitary evolution Ill: ¢ = (0.8 — ¢ = 0.8
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With excursion into PT broken regime!
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Unitary evolution: scalars as before but also gauge field A;(r = o) =i

Compare to Hermitian description:

00
-05
8 -
=N
Ty
o
< |
'
y
¥
¥
“15Fe 4 ow o# ow ﬂ—j

f-_'************

T

— Hermitian
¥ Gauge Transformed

N
20

30

¢ =1 =¢(t)?¢(0)

R e *—.,‘&*

/r-fsk-q——n— e

—— Hermitian
#* Gauge Transformed

-
|
o1 — 1
9. 21 |
‘x?“ |*
|ﬁ |
|
-24 I|
"
|
\ [
-27 'y
\#
+]
0 10 20




We have constructed the first example of PT holographic model

PT phase transition exists at ¢=1 just as in PT QM

Predicitons for PT quantum field theory
PT-quantum quenches show very interesting phenomenology

Unitary with gauge field equivalent to Hermitian theory

If 3 holographic material — violate energy conditions in Laboratory?

THANK YOU!
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