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What is Backreaction?




Quantum Field Theory in
Curved Spacetime

(QFTCS)

. ‘Given’ classical Spacetime

SGrav(g,uV) — Ouv
Gap(guv) =0

we choose vacuum for simplicity

- Matter resides on given

spacetime
SMatter (8 ; é) B
— (O+m?)0 =0
where
= 0./ ,)

V=g




Analogue Gravity
For BEC Model

- ‘Given’ Spacetime
| 1
10 = ( — §V2 + Uext + 9’¢0\2)¢0

— Bur = g,uv(ga Qb())
- Matter resides on given
spacetime

Z.atiﬂ() = (— %Vz — %ﬁo . V)Qﬁo
+ gldol* (Yo + i)
— ( —+ m2)é0

where

m® =0, 6y =0y(1o)
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Backreaction?

- Since matter and background

are interacting, i.e., (using

effective action for matter)

5FMatter ~
= (T, 0

Stotal — SGrav + SMatter

T1 R B
"' ok p

Tv

A

STotal(g,uz/ye) — uv

A

Gap(8u) = (Tup) L
+Quantum...

- |t appears as a modification
term on the equation of
motion for the background
spacetime.
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Backreaction
N Analogue Gravity

?

. In the linear theory, (Gross-
Pitaevskii equation),
quantum field does not
affect the classical field
dynamics, Pe = Po+¢

, 1
10199 = ( — §V2 + Uext + g|¢0|2)¢0

- One needs higher-order
correction in mean field.



Backreaction
N Analogue Gravity

« No clear distinction between
background and matter.

- The background (spacetime)
needs to be approximated
to the known solution
(Mean-Field) in the limit that
backreaction is neglected.

- The quantum field should be
approximated to the known
form (Bogoliubov de
Gennes) in the limit that the
backreaction is neglected.
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Numper-Conserving
“ormulation




Formalism

Note that in real experiment, the numlber of particles are finite

- Dynamics of Contact Interacting Bose Gas:

H= / d%x BV@T(:?) VU (Z) 4+ Uz) VT (2)T(z) + g@T(f)WT(f)@(f)@(f)

A 1 AL A\ A
z@t\If = ( — §V2 + Uext + g\IJT\If)\IJ

A

. . ~ A
- U(1)-Conserving Ansatz: & = ¢.(1 + ¢) VT Phys. Rev. D 72, 105005 (2005).

where N =AT4 isatotal number of particle operator

é. = O(VN) is a U(1)-conserving order parameter

A

v = O(N"?) is a U(1)-conserving guantum fluctuation.
. Dilute Gas: g=O(N™Y)

M. Girardeau and R. Arnowitt, Phys. Rev. 113, 755 (1959) Y. Castin and R. Dum, Phys. Rev. A 57, 3008 (1998).

C. W. Gardiner, Phys. Rev. A 56, 1414 (1997);
M. D. Girardeau, ibid. 58, 775 (1998).



Formalism (Classical Background)

- Amended Gross-Pitaevskii Equation:

0,8 = (= 5 V2 4 U + 916 ) Setaloc* (2001) + (7)) .
- Classical Fluid Variables:  pe = ¢i¢e,  Jo:=S[9iVoe],  de = v/pee'

. Continuity-like Equation:

Dipe +V - (jc) = pAc

- Euler-like Equation:
1

0:0. —
t 2/pe

1
vz\/IO—C - §(VHC)2 =+ Uext =+ gpc+AE =0



Modification of Background Spacetime

Finite-Size One-Dimensional Homogeneous Gas
system size: ¢ duenchtheinteraction: g = goO(t)

O(t) is a Heaviside step function, go = constant
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Phys. Rev. A 106, 053319 (2022)
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Modification of Density from Condensate
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For Finite-Size Homogeneous One-Dimensional Bose Gas



Measurable Effect

For Optical Soliton

Fundamental Soliton Background: ¢@o = sech x e't/?

iNn soliton unit.

New J. Phys. 27 015001 (2025)

Photon Density Distortion



Sound Wave Kinematics
(Is the sound wave still In the
curved spacetime”?)



Formalism (Quantum Field)

- Amended Bogoliubov de Gennes Equation:

(00 + . V%Ac)zﬂ — —% (V2 + Vf" V)0 + gpe(th + $1) - Apd)
+i5é)i

VN

0p
20¢

- Madelung Representation: ¥ = pcewc(l—l—

5= pul+ i), 8= (0= i),

- Equation of Motion for Phase Fluctuation:

—pi (at +V- Uc—%Ac)pcD‘l (at + T - V%Ac)éé + (in - (pcV)+2AE) 60 =0

where D = gp. —



Geometric Form

- Generalised Sound velocity (Assumption): D = ¢?

Hydrodynamic Approximotlion:
¢* = gpc_§AE

Eikonal Approximation:

1

4
- Geometric form of Equation of Motion for Sound Wave:

(O+ m?)é0 =0

1
k2—§AE

c’\ T2 1 o1
where m* = ()77 [~ 55 (0 + V- 4+ 5AC) Ac + 28],

0 (B (2B )




Correlation Function Change

Finite-Size One-Dimensional Homogeneous Gas
quench the interaction: g = go© (1)

O(t)is a Heaviside step function, go = constant

Mode Expansion: po(Cso(,y) — Cse, (2, 9))
- 20 1
p(t,x) = anun(t, z) + al v (t, )]
n=0
10
where

up(t < 0,2) = e "rt

vn(t < 0,2) =0

U, () v 0
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The change of correlation function Csg(z,y) = (60(t, 2)60(t, y))
with and without backreaction at ¢ = 5.
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Correlation Function Change

Finite-Size One-Dimensional Homogeneous Gas

Correlation Function at the same pointat ¢t = 5
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Correlation Function Change

Finite-Size One-Dimensional Homogeneous Gas

Correlation Function at the opposite pointat t = 5
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Conclusion

- Backreaction is the modification of classical background dynamics due
to the matter field

- |In analogue gravity, choice of background and quantum field is not
natural.

- Using number-conserving approach, one can show that the sound wave
still resides in the classical background spacetime under the backreaction.

- As a result of backreaction, sound wave gains spacetime dependent
Mass.

- Modification of correlation function in backreacted spacetime can be
investigated in analogue systems.

- Backreaction effect occurs in the inverse of particle number order.



R.Schiitzhold, M.UhImann, Y.Xu, and U. R. Fischer, Qua Rev. D 72, 105005 (2005)

R. Schiitzhold and C. Maia, Journal of Physics A: Mathematical and Theoretical 41, 164065 (2008).
R. BGIbinOt, S. FngOCChi, and A. Fabbri, PhYS Rev.D 71, 064019 (2005) R. Schiitzhold POS(QG'Ph) Vol. 043 p 036 (2008)
R. Balbinot, S. Fagnocchi, A. Fabbri, and G. P. Procopio, Phys. Rev. Lett. 94, 161302 (2005).

S. Fagnocchi, Journal of Physics: Conference Series 33, 445 (2006).

Y. Kurita, M. Kobayashi, H. Ishihara, and M. Tsubota, Phys. Rev. A 82, 053602 (2010).

Thank you

S. Liberati, G. Tricella, and A. Trombettoni, Applied Sciences 10, 10.3390/app10248868 (2020).

S. Patrick, H. Goodhew, C. Gooding, and S. Weinfurtner, Phys. Rev. Lett. 126, 041105 (2021).
S. Datta and U. R. Fischer, Classical and Quantum Gravity 39, 075018 (2022).

S. Butera and I. Carusotto, Phys. Rev. A 99, 053815 (2019).
S. Butera and I. Carusotto, Journal of Physics: Conference Series 2533, 012031 (2023).

S.-S. Baak, C. C. H. Ribeiro, and U. R. Fischer, Phys. Rev. A 106, 053319 (2022).
S. Butera and I. Carusotto, Phys. Rev. Lett. 130, 241501 (2023). ad Ihelro. an Isener, Fhys. Rev. ( )

K. Pal and U. R. Fischer, Phys. Rev. D 110, 116022 (2024)

C. C. H. Ribeiro, arXiv:2408.15455 [quant-ph] (2024)

R. Balbinot, A. Fabbri, G. Ciliberto, and N. Pavloff, Phys. Rev. D 112, L121703 (2025).
G. Ciliberto, R. Balbinot, A. Fabbri, and N. Pavloff, Phys. Rev. A 112, 063323 (2025).



