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BACKREACTION?

We are interested in apple! k‘f ) I



Introduction of Backreaction
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BACKREACTION?

The motion of the apple is
determined by the
background gravitational
field (Earth). The earth may
move in the solar system.
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BACKREACTION?

In fact, the earth is \:)
attracted by the apple k’f "
(Weakly). i
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BACKREACTION?

We are interested in quantum
field!

The kinematics of the quantum
field is determined by the
background metric. The metric
follows the classical equation of
motion (e.g., Einstein equation or
Euler equation).

In fact, there is a backreaction.
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BACKREACTION

The Backreaction can be classified in three categories @
¢ Classical Backreaction: Coming from the averaging procedure.

o Semi-Classical Backreaction: Classical equations of motion with
quantum source. Semi-classical Einstein equation

1
Rop + iRgab =81 G(T,p)
¢ Quantum Backreaction: Purely Quantum effect. Quantum

equations of motion with Quantum source. Quantum gravity
effect.

dS.Schander, TThiemann, Front. Astron. Space Sci 8:692198
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Effective Action Approach
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BACKGROUND CHOICE

o Using (density,phase) variable (p, )9,

0= (0) + 60 = 0, + 60,

p=(p) +dp=ps+dp.

where ¥ = e,

o Action (neglecting quantum pressure)
£ed = _p (ate + = (0.9) ) elp] — Up.

o Euler equation (with quantum backreaction)

d Ao
8,0y + = (veb) Y

dp op =0

9R.Schiitzhold, PoSQG-Ph. 43 036 (2007)



Effective Action Approach
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EFFECTIVE ACTION

o The effective action is®
1
Acgr = 3 /dx\/—igg”b@aﬂ@;ﬁ.

o Backreaction

0 Actr 0 Agtr 59“b V9,5 59ab 1 A2
= = T, = ——{((VO)*).

AU.R.Fischer, in Quantum Analogues from phase transitions to black holes and
cosmology, edited by W.G.U.ruh, R.Schutzhold (Springer, Berlin 2007)
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U(l)-SYMMETRY BREAKING APPROACH

o Lagrangian
. . 1 g
L£(0,V, V) = 5(‘1’ Y — O U*V) — %|3z‘1’\2 — Ul¥|? - 5\‘1’\4~
o Field expansion with total particle number N> 1
U = ¢o + x +O(N/?),

where ¢y = O(N'/2), x = O(N\P).

o Action
S = /d%c =Sy + 51+ Sy + O(N~?),



Number Conserving Bogoliubov Expansion
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QUANTIZATION

¢ Canonical quantization

[X(tv l‘), XT(t7 I’)} = 5(95 - II)7 [X(tv l‘), X(tv ‘T/)] = 0.

< Vacuum choice
(x)=0.

o Density and Current

p = (UTW) = po + p + O(N~/?),
1
I = Egmﬁam] = Jo + Jy + O(N"'/2).

1



Number Conserving Bogoliubov Expansion
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PARTICLE NUMBER CONSERVATION FAILS

o Continuity equation (leading order)
0po + Oz Jo = 0.
o Continuity equation (subleading order)

Oupx + 0udy = —ig(dp(X?) — 657 (X?))
£ 0. (1)
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NUMBER CONSERVING BOGOLIUBOV EXPANSION (CASTIN)

o One can expand ¢

= (pe+ X+ )

Sl

o Amended Gross-Pitaevskii equation

. o2
Zat¢c - (_2m

o Bogoliubov de Gennes equation

+U+Wkﬁﬁﬂig¢dﬂ@%@-

- 92
i0X = (2 + U+ 29pc> X + 962X,
m

ayCastin and R. Dum, Phys. Rev. A 57,3008 (1998)
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NUMBER CONSERVING BOGOLIUBOV EXPANSION

¢ Lagrangian
0 1 g
U, 0) = —(T*9,U — 9, 0*T) — —09,¥|2 — U|V|*> — Z| |
L.V, 7) = S(V*0,¥ — 0¥ ) — o9, V[ — V¥ — 7|¥]
o Field expansion with total particle number N> 1
U=go+x+¢+OWNY),

where ¢o = O(N'/2), x = O(N°), ¢ = O(N~1/?), and
g=O(N1).
o Action

S:/d2$£:SQ+51+52+53+0(1/N).

14
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NUMBER CONSERVING BOGOLIUBOV EXPANSION

o Gross-Pitaevskii equation (assume)

82
Oypo = (-I + U+ ng> Po-

2m

o Bogoliubov de Gennes (BdG) equation
. ag 2 %
i0rx = “om + U+ 2gpo ) X + 996X,
m
© correction on GP equation

. o . ‘
10, = <2m + U+ 29/)0) ¢+ 985¢* + 29|xI°do + 9x°P5-
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QUANTIZATION

¢ Canonical quantization

[X(tv l‘), XT(t7 I’)} = 5(95 - II)7 [X(tv l‘), X(tv ‘T/)] = 0.

< Vacuum choice
(x)=0.

o Density and Current

p = (UTW) = po + (py + pc) + O(N~/?),
= %gw*az@] = Jo+ (Jy + Jo) + O(N"1/2),

16



DENSITY AND CURRENT

o Density
= |¢o|* = O(N)
px = (x"'x) = O0(\)
pe=2R[5¢] = O(N°).
o Current

S[¢0z¢0] = O(N)
[<XT83:X>] = O(NO)
[(f)o 2 + (*0utpo] = O(NY),

Jy =

“‘HS\HS\H

J_
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NUMBER CONSERVING BOGOLIUBOV EXPANSION

o Continuity equation (leading order)
Opo + 0zJo = 0.
o Continuity equation (subleading order)

Aupx + 0oy = —ig(dg(X1?) — 952 (X*)),
Oupe + Ozdc = ig(dg(X1?) — 52 (X?)).

o Continuity equation in working order.

A+ 8,J = O(N~Y2) ~0.



Backreaction in BEC




ction in BEC

DEPLETION

Depletion p, = (xTx) is the LoF Ve =01
number of noncondensed pesn
particles in a unit length. =035 0

In our system, the only L‘ﬁ s
quantized field is the 00— 0 T
Bogoliubov field x. Hence, Lo £ —
it is related to the created | _______ Hemm
particles. The smallness of sost

the number of depleted = )
particles compared to Nis 00— + Uf
the condition for the k
Bogoliubov approximation Figure 1: Depletion measurement’
valid.

9R.Lopes1, C.Eigen, N.Navon, D.Clément, R.P.Smith,
Z.Hadzibabic, Phys. Rev. Lett. 119, 190404 (2017) 19



ction in BEC

QUANTUM BACKREACTION

The quantum backreaction force f, we define is a deviation from the
classical Euler equation caused by the quantum fluctuation.

o Classical Euler equation

O¢J = fu 1= —0u(pv*) — ( 27;\}[ + U+ gp)

o Quantum Effect
OJ = fCl(p7 J) +f0r

Measurable quantities are not fundamental variables.?

9R.Schitzhold, M.Uhlmann, Y.Xu, U.R.Fischer, Quantum backreaction in dilute
Bose-Einstein condensates. Phys. Rev. D, 72, 105005 (2005)

20



Backreaction in BEC
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QUANTUM BACKREACTION FORCE

¢ Quantum Backreaction force

Ja = 0¢Jy — w0ipy + Ox(Jyv0 — Px ) — Jy Oz

_po g (969N | pxy W

0|5 <5ﬁ>— )

o For condensate at rest

fa=-0; Kl = 642) (px + Pc)] :

21
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SYSTEM : HOMOGENEOUS FINITE 1D GAS

o ldealized potential
1
U= p—gpo+ %8.%[5(90* £/2) + 6(z + £/2))],

allows the stationary (leading order) condensate field

$o = e**\/po.

Figure 2: Experimental realization of Homogeneous gas®

AT.FSchmidutz et al., PhysRevLett112.040403 (2014) 22



Systems & Results
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MODE SOLUTION

o Let x = e, then BAGE becomes
Op) = **52111 + (¢ +9%).

o Let ® = (¢,v*)T and quantize the field.

(o9}

O(t,z) = Z[anq)x(t, ) + al o1 ®%(t, z)).

n=0

where {®,,}>°  is the set of positive field modes.

23



Systems & Results
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MODE SOLUTION

To find a well-defined initial condition, we will start with the
noninteracting particles and suddenly turn on the coupling

g = goO(1). Using Neumann boundary condition at z = +£/2, one
gets

o Noninteracting regime (g = 0),

6—iQnt[eik’nm + (_1)71,6—731%1']

O, (t2) =
(8 2) 2001 + 00.0)

(1,0)"

where w = ££2/2 with w := Q,, = n?72/2¢2.
o Interacting regime (g = go)

B ew“t[eiknz_’_ (_1)ne—ik7,x]
V2L~ (n - B2 - 17

where w, = /K2 (k2/4 + 1). 2%

(1,w, — k)2 - 1T,

n




Systems & Results
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MODE SOLUTION

But, in the interacting regime, we have zero-norm mode.

Thus,

¢, = a?L,OHO + ﬁn,OﬁO + Z[a”ajnj - ﬂn,jaln;f]'
=1

Using this, one can calculate the {(p) and (j).

25



Systems & Results
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CONDENSATE CORRECTION

Set the ansatz {(t, x) = exp(—iut)f(t, z)/+/po, then the condensate
correction equation is

Duf = =502+ (F+ ) + 2px + (02,

with f=0at¢t=0, and 9,f= 0 at z = £¢/2 for all times. Using spinor
expression F = (f,f*)T, the equation we need to solve is

. 1 20y + (?)
(Zat0'3 + 583F— O'4> F= ( 2/);4» <1[}]L2> ) .

26
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DEPLETION

o Depletion

t2
px:7

Figure 3: Depletion at the right half

27
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NUMBER OF DEPLETED PARTICLES

o The number of total depleted particles

ON = dazp, = 2 + = —[1 — cos(2wp,t
[y = £ 53 rll = cosznt)

1000
rrrrr £=100

800

oN

600
100

200

2 0
10 15 M0 5 10 15 20 25 30

Figure 4: Depleted particles

28
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CONDENSATE CORRECTION

o Density Correction

Fatd
o e (wgnt)} }

R £=100
0 3 10 15 20 10 20 30 10 50

Figure 5: Condensate density Correction 29



BRAGG REMAINDER

Pxtrc=-g 2
22—k nt
g1 tAes o) =2 5eny

Px+p¢

1 ﬂ COS (2 kn 3:)

0.1

—0.1

— t=05 === t=1

0.2
5

10 15 20

T cos(nat)
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CURRENT

For our model, in which Jy = J,, =0,

J=Jo = —72 Z (=1)"sin(2k,z) [sin(2w,t) B sin(wap, 1)

n=1 k’” an Wan

=40

—0.1

0.3

31



Systems & Results
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POTENTIAL IN 1D FINITE HOMOGENEOUS GAS

05F =05 (=40 —_—V ==V
0.3 H
o For uniform , AL
~ MR ARN
condensate at rest, 03 ’
05 t=1,£=40 —V - Va
0.3 » :
J= JC' 0 e i P, 4 /
N TS “\’.f—
0.3
o The time evolution of J oo == L VTR
atJC = fa+ fq =0,V ~0.3 ™~ i

0.5 t=5, =40 —_—V === Va

03 s K
o The classical force o= AN

fcl = _8z Vcl(p)

Figure 6: Potential, Quantum Potential
2



Systems & Results
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SUMMARY

o We can find backreaction directly from the quantum dynamics.

¢ In analogue backreaction, one must carefully determine the
background.

¢ One needs a clear initial vacuum choice for unstable theory.

o In general, condensate correction must be considered when one
tries to measure the depletion.

o The quantum backreaction can be measured in the BEC at rest.

¢ The depletion can be used for testing the validity regime of
Bogoliubov approximation holds, and it can especially be used
for the stationarity of the system.

33



Thank you.

Group Homepage
https://physics.snu.ac.kr/fischer/



ANALOGUE GRAVITY

o First order Lagrangian L(¢, 0,,¢).
o Field expansion around classical field ¢g. (0 < e < 1)

2
6 =do+epr+ Shat -

o Action is of the form

S = S[do]

v 5 = mapg | oo

(aqsaqs On { o0 (Z))%}) ‘Ml}



ANALOGUE GRAVITY

o Euler-Lagrange equation

82L 82L 821
O (aw)a(w) Ml) - <a¢a¢ O {a@m)&b}) =
o In the form

0 (V=99"" 0u 1) — V(gn).

where g = det g,,, and g, is the analogue metric.



ACTION IN ORDER

) 1
So= [ a5 (600 — 0udin) — 5 -10:60 — Ulbol? — gidol".

; 1
Sy = /d%%(x*atx = 9ixX"X) = 5~19ax1” = Ulx/”

g * *
—2gpo|x|* — §(¢02x2 + $2x*?),

S5 = /dzx%(g*atx + X 0i¢ — 0 X — 0 ()

1
*%(&x*azC + 02" 0xx) — UX* ¢+ C"x) — 29p0 (X" ¢ + ¢ x)

—g(B5>xC + Dox*C*) — glxI* (X" o + d5x),
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