
E x 1 : limdblad-keedyshfmctioualinteg.ee#

We f ix s o m e d e t a i l s of der i va t ion .

a ) t h e Tro t te r step.
- Recall § I t ) = eh"-to)§Ltd

energies@
Est)

"sit,enhyiI t [st)§ i t ,
- F o r t e n = t o + n ' s t

, § m
= situ), represent

I n = I I .±dHE,u , drw) e -Edition'¥z¥¥¥!¥nHaul
merit

- Fo r definiteness, wo r k w i t h a single degreeof freedom,

a LE I = - i f wo'a'toi, 5 I + y@Is I t - {anta,§})
f o r bosomic

creation/annihilation operates I t , ok. T h i s will illustrate

t h e m a i n points④ ,

- F i n d t h e mat r i x element Sut , = <& t u t , Isit,14-ut,Y appearing
m i t h e coherent state representation of fun .
Convince yourself t h a t t h e Lindblad structure i s reproduced.

b)completet h e steps t o a cont inn functional integral.

O t t i s a subtlety nolo comteport m ' Hamilton

functional integral, i E v e n i f it, I a r e normal ordered, t h i s

n e e d n o t b e t h e c a s e for
4 t h (example?).T h i s has to b e accounted

for by a p i n g m i time, inserting a resolution of 1

between t ime steps n , n T T .
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So l u t i o n :

< ¥ t s o ¥ ¥ ,
• The matrix element involves

<lot, n t , I ldtnxd.nl
tsfllolt.nl/4-,nl1la,n+ige-&tI4tnj&n&n

= <lot,n . , I ¢+ n Y 44-u l duna)
t

s t (aol.nu/-
iwoaIEa-8oitalolt,uY4auldnunY&#na4tnGET#

n"+ coltutildtukdultiwoata" - fatal¢-un)
01¥ lo-nil

+2<4*+11 a lot+,n>s l a n t a t lol.n,,Y
I n t

QEW

= e-Hindu - l o t i o n ) e-Colina-n- tend-un)

x ( 1 t s t L-Iwo¢t*n+,lotn t i w o 4 in d-un

+ 2 8 A n l a i t - 84+4,dint,
- 84-n" d-ut,1)

'Exeesfist(i¥¥uH4+u t i 491k¥-un)-iLl. t)

¥
onlykeep

eidtti@to:#t - i # 'to--if i d . # l o t -wooled.)
¥ 7 F E

0Gt) +284+4-* - 84¥44 -gotta})
t f → a s

•

many t u n e steps E s t
→ ¥,-9¥; i n particular, Idt i# I l l o t

=-Igtilototolt
⇒ s-fit [tiptoed+ - i o - *deal - i a 1

✓ a s

a = - n '(H+ - H - ) t 8 ( 2 L + L I
- L IL , -L IL ) , t e a
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E x . L i Mean field dynamics m i operator and Kelaysh theor
y

w e studythehindbladol4wakhasemoo
a) -compute t h e evolution of t h e field operator

expectation va lue

a# x ) Y t ) = a t trellis's'HD ← Hide) ILE1)

H i n t : Use cyclic union'ance t o bring
t o a form cantoning

only commuter's c i t ,$651, [E,&w)I .

- Make t h e a n s a t e § = I I sale) , §ki)-14lbX dKY w i t h

coherent states 1415)). You obtain a dissipative Gross-Pitaevskiieg,

- Further simplify with a n s a l t ¢ l e , t ) a ¢ I t ) , and s o l v e

for t h e stationery
state w i t h ¢ I t ) = VE' e " t . Determine

v , s o a s function of re - r p L assuming a l l other parametes

positive),

b ) N o w d e r i v e t h e s a m e equation
i n ' t h e deterministic l i m i t of

Keedysh field theory: stat,I - I

- Wri te t h e Lindblad-Keldysh a c t i o n for the
workhorse of4 Lindblad eg.

- Perform a Keedy-a rotation
a n d expand t o first order n i I q

s [ I t = Lott EaYE , I - = Hee-Ea)/E1

- compare t h e dissipative
Gross-Pitaerskii equation t o t h e

deterministic equation of m o t i o n §f¥/ = O .
C 0/9=0
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Solution 2 :

• generally for operator I I i

Ot ta - tr#lift,5 1 + Eriksen - l iana , 53)

- f t i [ i t , 'A'I + I t a l i a ' Ea-H i hi,A''3))
- f i [ i t , # I t § y a ( h i ,A'IE, t

'Ea [ 'A' ,Eat)
.

• L i n d b l a d ¢4 , I t = ICE) , dixit)-{Icily I t ) :
④

i qa lu i t ) = [ - I n 02-m-n'(re-pp)]dixit) + A-inko'tix)&#It)
I etc .

° §#I I Blx,#, § = 1441×4411 w/ Elle)141×17=4×1/444

t r e k ) - 1 into Windex) 441×114*4)

→ not@(x,t ) = f-Imf-µ- ike-fp) t@-in)#exit) 121f l a t )

° homogeneous a n s a t z i d e , t ) = ¢ I t )

n'2+4 ← l -m-n'(re-zp) + a-in#lost)¢ lt)

° A l t ) a ez ' - t s p
- v e tµ m t g s o ) - n'(+ be-sp) + R so)Igor v

8 e - t p >0 : go = o , v f e e ¥ F÷÷i¥ :y e - g p< O i s o = o , r - m-ge o .

x@e.g. ffd9g It#only),44×1]- Sday six-g)E-Ily) =-9¥Ida,✓
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e ) a U s e a c t i o n T i c , q b a s i s i n t h e lecture n o t e s :

S L I . , Tea? = fl4ofliottItmtiCreTrpYolc-
lz@1oe-agog2oEl-c.c.I

+ i f@( g e t8ps) t 2 k t old2)lol, 12
a deterministic h i n t

S CE , da? = 4144"§¥µ, t ol' §f¥µ,I
• equation of m o t i o n

o = s¥µ, ⇒ n o t e=L-En-m - rice-tr) t ¥441214

a
a

* y - ''¥
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E x . 3 i Keldyshthearyfarthemoisyquentnosciar
Consider t h e L i n d b l a d equation@

a t I = - i t wooita, I 1 + rediisat-Iata,gg)

t zpliatsoi-{Eat,§})

a ) F i n d the Keldysh ac t ion ( ± basis, t u n e domani)

b ) Perform a Keldysh rotation t o 9,a b a s i s a n d frequency

d o m a i n (Fourier convention ¢ I t ) = fake e -"wthw))

c ) Find t h e G re e n functions
941w), G R (w)

d ) Optional: Fourier transform back the l a s t r e s u l t t o t h e tune dorm,

using residue t h e o r em .

H i n t for c ) i

- w r i t e t h e theory n i mah ix farm (discrete nidices c ,q
a nd continuous

frequency)
s = Ebola

* LG")aeroler

- compute the sourced partition function
u s rig t h e Gaussian identity

I dcol',¢ ) e-Eu#ab i ' l av d e r - i {Haja t j ! ¢a

= N e-Eu j
'ta Gautier

,
N = eat@4)

- compute the Green function a s the second variation of
t h e sourced

partition function.

t e x a m p l e where L t L
= a a t i s n o t normal ordered, b u t for

quadratic theories w e m a y ignoret h e i s s u e .
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So l u t i o n 3

a .b) s-ftp.dzflaidws.aiiius) Gilman (" W "94W'))
=p ' t ( w )

G-'Lw,w') = (0 w-wa-ike-hep)

W-wo t i t le-gp)
zigetyp))81W-W)

E p Rtw) E p -

→ a , w ,w.)
-(GermPRGAnn G§g,w-w. ) GRIA-PRA''

G#W? 0

G a u s s i a n integral iZLjc.sal-eiu.tl#aIiiDGcwiwD(gie9Yw})

←

eidciiiiahiiiusacw.ws/
1j:Yfy)

⇒ (domain)> sold'd.mu'D
<4947447M) <login)

dgqw.gg/Eee-
(§¥¥8g;

" i

l e d ,notes!'"
' '

.
)

= i Glw) scar-w') ✓

• am.fi:1?II'=ptw.w.iae-
mfi:#etiihe '---← ..''"w.tw#yejp) C

t - t i

Gi's ← ftp.ei'G l a s

←
(e-iwoie-
WMME.jp

one."'te - be-8
mga t e ) @

"wait
@
( r e - 8M t O
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Appendixilfmctfwhmitz-soLE.ec)
e ' SHEIK + I I ¥*)

- We w a n t t o perform integration o v e r Eg, which appears linearly
i n the

exponent. I t w i l l produce a s-constraint o n ¥ , §¥*.
- A quick& dirty way i s noticing

t h e analogy t o Fourier transform,

Sdp e ' P
× s ( x )

- A c leaner argument u s e s a regularI t a l i a n a n d Gaussian integration.

W e focus o n a single degreeof freedom, i . e . I
= Setteff

joie, e ' ¥44'#its
t 4¥'t)§§¥

¥
I i IDE,-SIDE,I t )

¥

= l i ne foot, e ' t#PITCH,
t ol''t)§§¥

¥
I ¥ ,loaft h a t ,t ' ) 4gIt')

r - s o I t
w i t h C Lt - t ' ) = I setup,µ¥ c -'It,t ' ) = f -SH-t')

- I f wi t )Nlt)Gauss
(detail) e-ft, i n I t ) C I t , t ' ) WH')=.hgiocleti t )e -mfegualhm

-so
← Ie-Ew i t h I t )

= S l w) slut)

w i t h functional s - constraint 8 (w) ⇐ ITS(w i t ) )

T h e l a s t equality follows because m ' t h e
l i m i t r → o , t h e

Gauss ian distribution becomes very n a r r o w a n d
centered around

w I t ) ← W I t ) = O f t .
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