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Quantum matter at low energy

o quasi-particles or collective excitations of matter
e can be relativistic at low energies

E
E=+/p*+m?
Py
E=—p|
E=—\/p?+m?
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Bose-Einstein condensates with repulsive interaction

2 2
w = (p_+2,1¢%)p_

2m m 1

e Bogoliubov dispersion relation

0.5 1.0

e bosonic atoms with repulsive contact interaction strength A

o condensate density ¢2
e low momentum: phonons w ~ c|p|
o high momentum: particles w ~ p?/2m
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Fermions

o two-dimensional materials like graphene

o Dirac points in electron dispersion relation

o low energy excitation behave relativistic

e gap can be opened by breaking parity or time reversal

e - ——
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Photonic crystals

o materials with periodic structure of refractive index
o band structure for propagating light

o Weyl points have been realized '1?

o analog of massless Weyl fermions

B ky brokenP

o

gyroid

Normalized frequency (/A o)

[1[Ly, Wang, Ye, Ran, Fu, Joannopoulos & Soljagic, Science 349, 622 (2015)]
[21[Goi, Yue, Cumming & Gu, Laser Photonics Rev. 12, 1700271 (2018)]
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Space and time-dependent geometry

emergent spacetime geometry in quantum matter with metric g,

depends on material properties like

« velocity of sound

o fluid velocity

« Fermi velocity

« band gap opening field

« refractive index structure

what happens if these depend on space and time?
we get a spacetime metric g, (¢, x) with curvature!
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Why are curved spacetimes interesting?

Motivation from general relativity
o the emergent metric has non-trivial curvature
o Einsteins field equations

Ruv() = 5 R(x) s () = 816y Ty ()

e not satisfied for emergent spacetime geometry
Quantum field theory in curved spacetime
o works with classical background geometry g, (x)
e considers quantum fields for matter and radiation propagating on this background
particle concept
particle production / Hawking radiation
information theoretic questions

— _— —
FRIEDRICH-SCHILLER-

A Emergent spacetime geometry for quantum matter Jena, 30.03.2026
UE'\#II\A/ERSITAT Stefan Floerchinger 6/43



Black holes...

.. or other spacetimes with horizons
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e Hawking radiation and temperature T = 1/(8x Gy M)
e Bekenstein entropy S = A/(4Gy)
e and much more to be studied
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Interplay of spacetime geometry and matter

e how is geometry influenced by matter field fluctuations?
o effective theory governing the geometry?

e origin of general relativity

e renormalization

e cosmological constant problem

o statistical and quantum fluctuation in the geometry?
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(Quantum) Information

o general relation between information theory and quantum field theory
e non-trivial space-times particularly interesting

e geometries with horizons

o relation between information theory and gravitation

e experimental insights

— _— —
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Beyond Riemannian geometry

e emergent spacetime geometry is not necessarily Riemannian
e spin connection

o Newton-Cartan

e torsion, non-metricity

e multi-metric

e Finsler geometry
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Relativistic fermions in materials

graphene

o low energy theory of Dirac materials

[yl = / dtd*x {=P [y°0; + ve(t)y - V+ A(HT] ¥}

o time dependent Fermi velocity v (t)
« change in twist angle for bilayer graphene
« change in pressure
o light pulses
o time-dependent gap or mass parameter A(t)I" can be
o breaking spatial inversion " = 1
« Kekulé modulation of hoping ' = y3 cos(a) + y° sin(a)
o Haldane mass breaking time parity I" = 3%
e can be manipulated with fast electronics
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Fermions in curved spacetime

e action for Dirac fermions in general spacetime
[y = / dtd’x+g {-¥ [y¥ e 8, (9, + Q) + mI'| ¥}
o tetrad field e,/ inverse to e, so that g, (x) = e?, (x)eﬁv(x)nnﬁ

e spin connection Q,, = wyap[y?, ¥#1/8 with

Wuap = Nay [6,,eyv - rﬁveyp] ep’v

o local Lorentz transformations
o general coordinate transformations
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Weyl scaling transformation

o transform Dirac fields (with conformal weight Ay = (d — 1)/2 = 1)

Y(x) - e ¢{p(x), P(x) - e ¢ (x)

o transform tetrad field e?, (x) — e (x)e?,(x)
« and accordingly metric like g, (x) — e2¢™) g, (x)
e spin connection transforms like

Wypap = Wuap + e(,;,eﬂ" —egue, | e
e gap term is not invariant mI" = e¢ ) mI’

o allows to transform a time-dependent mass term into a constant mass term
o only ratio A(t)/ve(t) matters for particle production
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Fermionic particle production
e time dependence of ratio A/vg

Afvp
Ao/vol

Aglvy]

o leads to particle production

A oo
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Evolution of cosmic large-scale structure

[Springel, Frenk & White, Nature 440, 1137 (2006)]
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Quantum origin of fluctuations

o Universe was almost homogeneous at early times
o small fluctuations magnified by gravitational attraction

o primordial quantum fluctuations from inflation
[Mukhanov & Chibisov (1981), Hawking (1982), Starobinsky (1982), Guth & Pi (1982), Bardeen, Steinhardt & Turner
(1983), Fischler, Ratra & Susskind (1985)]

Correlation

Density
fluctuations _M_

Time

Pair creation
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Non-relativistic quantum fields

e Bose-Einstein condensate in two dimensions
[Gross (1961), Pitaevskii (1961)]

r[o] =/ dtd2x{hq>*(t,x) [;% - V(t,x)] @(t,x)

2
- h—Vd)*(t, X)VO(t,x) — M<1>*(t, x)2d(t, x)2}
2m 2

o low energy theory for bosonic atoms
o optical trap potential V/(t, x)
e coupling strength A(t)

FRIEDRICH-SCHILLER- .
UNIVERSITAT Emergent spacetime geometry for quantum matter Jena, 30.03.2026
E

Stefan Floerchinger 17/43
NA ¢



Feshbach resonance

Scattering length

e allow to control scattering length or effective s-wave interaction strength through
magnetic field B
o can be made time-dependent by varying magnetic field

/I(t) D@ (8, x)%D(t, x)?

- e . —————
FRIEDRICH-SCHILLER-

A Emergent spacetime geometry for quantum matter Jena, 30.03.2026
UE'\#II\A/ERSITAT Stefan Floerchinger 18/43



Superfluid and small excitations

V(@)

o complex non-relativistic field can be decomposed
; 1
@ = (VG + = (61 + o]
V2

real fields ¢; and ¢, describe excitations on top of the superfluid
low energy field ¢, (t, x)
stationary superfluid density no(x) and vanishing superfluid velocity

V=EV50=0
m
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Sound waves / phonons
o small energy excitations are sound waves or phonons
o propagate with finite velocity, similar to light

cs(tx) = //1(1‘):10(X)

o local speed of sound

e sound waves propagate along

ds® = —dt® + (dx —vdt)> =0

cs(t,x)?

e acoustic metric for vanishing fluid velocity v = 0

-1 0 0
1
Buv = 0 cs(t,x)2 0
0 0 cs(t,x)?

BRIEDRIGELSCHITEERS Emergent spacetime geometry for quantum matter Jena, 30.03.2026
UE%I\A/ERSITAT Stefan Floerchinger " 2043



Relativistic scalar field

o Low energy theory for phonons (with ¢ = ¢>/v2m)

1
I[¢] = / dt dzx@{—ig’” Ot avas}

o metric determinant /g = /—det(g,)

o acoustic metric depends on space and time like the space-time metric in general relativity
o phonons behave like a real, massless, relativistic scalar field in a curved spacetime !
e quantum simulator for QFT in curved space
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Density profiles

o assume specifically for r = |x| < R

1- =

212
7

no(r) = ng X

o experimental realization with optical trap and digital micromirror device

e approximate realization in harmonic trap

Density

Position
e emm ———
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e variable transformto 0 < u < o

uR

u(r) = ——

RZ

0
8
6
4
2
0
00 02 04 06 08 10
R

o |eads to Friedmann-Lemaitre-Robertson-Walker metric

d 2
ds? = —dt? + 22(t) | —2— + uPdy?
1—«u?

e negative spatial curvature k = —4/R?
o time-dependent scale factor from time dependent scattering length ~ A(t)

a(t) = nﬂo—

e . ——
FRIEDRICH-SCHILLER-

A Emergent spacetime geometry for quantum matter Jena, 30.03.2026
UE'\#II\A/ERSITAT Stefan Floerchinger 23/43



Hyperbolic geometry
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Experimental realization in a Bose-Einstein condensate

e,
P
A
normalized density difference

20um

20 -10 0 10 20
mean density difference distance from the center in um

o ———
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Geometries with constant spatial curvature

Geometry

Density

spherical flat hyperbolic
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Propagating sound waves

. 0.4
. ! ‘ | 0

' . ' -0.4

. 0.8
! 0

. -0.8
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Mode functions and Bogoliubov transforms

o field gets expanded in modes

006000 = [ [0 vi0) + 8 (10000

o temporal mode functions satisfy

: 2
V() + 2%\4(0 + k;;—(";)ka(t) -0

e vacuum state only unique for 4(t) = 0 where one has positive frequency soliutions

Vi (t) ~ exp(—iwgt)
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Laplace operator

|/<|[Sm969 (sin6dg) + = 2963] for k>0
A=107+ 10, + 50 for k=0
|K|[Smhva (sinh o 05) + =93] for k<0

e eigenfunctions

Yim(0,¢)  for k>0 with /eNg,me {-/,..,1}
Him(u, @) =3 Xum(u, @)  for k=0 with keRi,meZ
Win(o, @)  for k<0 with /eRf, meZ

o eigenvalues with k = ||/

—k(k++/|k]) for x>0
h(k) = {—k? for k=0
—(k2+%|/<|) for «<0
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Eigenfunctions

e positive spatial curvature « > 0: spherical harmonics

Yim(0, @) = 4 f% em? Py (cos 6),

e vanishing spatial curvature « = 0: Bessel functions

Xim(u, @) = eme Im(ku),

e negative spatial curvature x < 0: sperical harmonics with complex angular momentum

ril+1/2)
me P‘r/111/2 (cosh o),

Wino-¢) = D e me1 1
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Bogoliubov transforms

in region I: positive frequency modes vy, vacuum so that 3,,|Q) = 0
in region lIl: positive frequency modes uy, vacuum so that Ekm|‘1‘) =0
e Bogoliubov transform

U = agVvi + Brvy, Vk = @ Uy — Bruy,

e results in excitation spectrum
1
Sk(t) = 5 + Ni + Ak cos (0 + 2wk t)

e constant term in spectrum N = |8/
o oscillating term Re[ay By % “kt]
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Expansion history

r Decelerating Universes 1 Coasting Universe Accelerating Universe

RN AN P
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Cosmology in d = 2 + 1 spacetime dimensions

o analytic solutions for many choices of a(t) = const x t¥
e y < 1decelerating, y = 1 coasting, y > 1 accelerating
o depends on number of e-folds, exponent y and time after expansion ceases

k=0, t=t;, 1 e-fold 2 e-folds 10 e-folds

15— y=12 7

15[ m— — 110
M0 (t-t)/B 1 A 1110 (t-t)/at 1
1 y=12
& /
05 /\/
o 1 2 3
kAt
e o ———
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Observation of particle production

density

contrast 5,

no ramp v=05

o rescaled density contrast
(0 = |2 (e, %) = 0] ~ e
0

o access correlation functions of relativistic scalar field through density fluctuations
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Density contrast correlation function

3 1e-3
2
S
517
[ i
Y4
-1 H
0 5 10 15 20 25
distance in pm
o correlation function
(6c(x)dc(y))
o before and after expansion
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Time dependent correlation functions after expansion

hold time
a le-3 b a  x107 ——
5 - —
—At=15ms ., _g5 3 ] At= Loms
4 | == at=3.0ms ) s 2f 1 y=05
8 5 |0 .
e o AN. 0 T initial state
2 2.f(1) pr:|/ms $ .
1 th =0ms &
So S
3 kY i v = 2.4pm/ms
g1 — 2
20 SFT T
1 c 2 H 7 =05
0 S [l
s \
1 2 1 \
0 8 o
<
0 S
0 s e W B _20 5 10 15 20 25
distance in um
distance in pm
Experiment Theory

e analogous to baryon acoustic or Sakharov oscillations in cosmology
o optical resolution important for detailed shape

e - ——
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Oscillations in Fourier space

8
p
c6 <
H 2
K =
54 8
£ &
2
0.5
o
02 04 6 0.8 02 04 06 0.8 10
Kin 1/um Kin 1/um
8 At=1.5ms At=1.5ms
— =05
— =10
<6 &§'® — =15
2 =
£ &
2
0.5
0
02 0 08 1 2 0 8 10

7 06 0
Kin 1/um

4 0.6
kin 1/um
o Fourier spectrum of excitations

Sk(t) = % + N + Ak cosRuwy (t — tr) + %)

o decelerated, coasting and accelerated expansion
o good agreement with analytic theory (solid lines)
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Quantum recurrences
o uniform expansion with a(t) = Qt is special
o shows quantum recurrences of the incoming vacuum state at special values of

wavenumber k .
2 2
_m .1
('n(af/ai)) 4} |
with integer n =1,2,3, ...

e at these points one has trivial Bogoliubov coefficient 8 = 0
o can be seen experimentally as a discontinuity in the phase !

-3
At

At =3.0ms

Phase /2n
o
@

0.5

0.2 0.4 0.6 0.8 1.0
kin 1/um

ERIEDRICH:SCHITTERS Emergent spacetime geometry for quantum matter Jena, 30.03.2026
LE ena, 30.03.
JUE':]I\A/ERSITAT Stefan Floerchinger 38/43



The scattering analogy
Region | Region Il Region Il
v A L
. V() - €
- e etk
N | s n
incoming ; ‘ outgoing
vacuum Y vacuum
o evolution equation
a(t) >+ k| /4
v (t)+2—v (t)+ vk (t) =
VT a0 (1)

o rescaled mode function () = v/a(t)vi(t) and conformal time dt = a(t)dn
o stationary Schrédinger equation (V () = 42/4 + 3a/2 and E = k?)

2
Uk(m) + [E=V()lyk(n) =

o Yo(n) = +/a(t) is solution for k2 + |«|/4 = 0
Jena, 30.03.2026
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Some example potentials

Amax

Scalefactor a(r)

Barrier

Gmin r Well J-peaks

Time ¢

=

S
>

=

SH
-

1 A ns
v -HA ;‘

potential V(1) = 4%/4 + 3a/2 has Dirac peaks when 2 has discontinuity
coasting universe a ~ t leads to square barrier

“radiation dominated” universe a ~ t2/3 has only Dirac peaks

particular anti-bounce leads to square well

- e . —————
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Resulting particle spectra

Wavenumber k [H)' /2]

Wavenumber k [Hy' /2]

Wavenumber k [H}' /2]
05 1. 15 2 25 3 05 1. 15 2 25 3 05 1. 15 2 25 3
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e resulting particle spectra

Si(t) =

Wavenumber k [rr/An®]

Wavenumber k 71/ An®]

o reflection amplitude has zero crossings that explain phase jumps

Barrier d—peaks
/10 /
=0.1 —
< <
é —0.2] E
~0.3] /
P
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01 0. 01 02 03 04 0 or 02 03 04
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Periodic universes

Vin)

Scatteing landscapa
s
2 >
s |5
«—3
A
N
9
¥
%
3

=

§

Analogue cosmology

« combination of expanding and contracting phases where a ~ t%/3
e potential landscape with attractive and repulsive Dirac peaks
o can be solved with transfer matrix method

500
M(-iH Mo M(-1n o
(/\A)A(ﬂl)/(\jﬂ)/(‘ﬂ ) - ™ S
ey o S50 10 H
7 H H = /\
Py (n) Vg (1) + 10 et —
—A Q| ‘/\ 055 ix 152
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£ \
N 1 /
i () Y PR R (U S/ . N -
0.7 I 2 3 an
_ Frequency wy ;']
— e o ——
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Conclusions

e Bose-Einstein condensates as quantum simulators for quantum fields in curved spacetime
o symmetric spaces with constant curvature can be realized with specific density profiles

o time-dependent coupling allows to simulate expansion or contraction

e particle production

o Sacherov oscillations after expansion allow detailed investigations

e scattering analogy allows to gain insights into many possible “cosmologies”

o fermion production in expanding geometry could be realized with Dirac materials

o extensions to three dimensions, other geometries, different field content, and more, to
come
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