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- Introduction
Gravitational wave in z-direction, fixed (+) polarization, TT gauge

ds? = dt? — [1 + h(t, z)]dx® = [1 — h(t, 2)] dy? — dz% + O(h?)

B. P. Abbott et al (LIGO Scientific Collaboration and Virgo Collaboration), Phys. Rev. Lett. 116, 061102 (2016)
m type-l: during gravitational wave, e.g., LIGO
m type-ll: after gravitational wave, e.g., Weber bars

Quantum matter (e.g., superfluid helium) as resonant mass antenna?

E.g., Detecting continuous gravitational waves with superfluid *He, S. Singh et al, New J. Phys. 19, 073023 (2017);
Phonon creation by gravitational waves, C. Sabin et al, New J. Phys. 16, 085003 (2014), etc.

Matter waves interferometers: type-I
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Hamiltonian
Non-relativistic Hamiltonian, first in flat space-time

~ 1 ~ ~ P
Ho = /d3r [m(vuﬂ) (V) + Vo (r) Ut
1 A ~ - -
+2/d3rd3r’\|/T(r)\UT(r’)W(r, YV )W (r)
Impact of gravitational wave h(t, z) ~ h(t)
m kinetic term (VW) - (V) is replaced by —(8,W1) g (6;1)
S. Fagnocchi et al, New J. Phys. 12, 095012 (2010)

m potential Vo(r) — V/(t, r) from microscopic description
m interaction W (short-range, isotropic) is approximately unaffected

leh/d3r

Interaction of a Bose-Einstein condensate with a gravitational wave, R. Schiitzhold, Phys. Rev. D 98, 105019 (2018)
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- Energy Transfer

Heisenberg picture
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= h/d3

Expectation value to first order in h
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Non-stationary states (... )g required for energy transfer

- - oV N .
E < |h|max ( % <N> + <Ekin>max)

max

Rigorous bound!
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— Example Values

ov
oh

(N) + <Ekin>max)

max

m gravitational wave amplitude h = O(1072?)

m gravitational wave frequency w = O(kHz)

m interaction time T of 100 cycles wT = O(10?) (resonance)

m energy shift AE = O(hwT Eyj,) of one excitation quantum O(hw)
— required kinetic energy (Eyin)max = O(10% eV) = O(10~ 1 J)

Bose-Einstein condensate in optical trap  c. sabin et al, New J. Phys. 16, 085003 (2014)
m recoil energy Er = k?/(2m) = O(uK)
m assume large atom number N = O(107)
B energy per particle (Ekm>max/N =0(0.1eV) = O(10° K)

Detecting one excitation quantum fiw on top of huge background. ..
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- Resonantly Rotating and Vibrating Barbell

Reaching Ey, = O(10~ ! J) is easy, but detecting small changes. . .
DBy = O (hoTv/EupBror)  with  wyip = [w = 2]

Idea: large rotational E,ot but small vibrational energy Eip

m resonant energy transfer AE,j, of one excitation quantum fAwyip

m initial quantum state of vibrational mode: ten excitation quanta

m required rotational energy E,or = 10° J

m mass m = O(100 kg) length R = O(m) frequency w0t = O(kHz)
Alternative: two barbells with scissor motion
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- Change of Potential

Bose-Einstein condensate in optical trap ¢ sabin et a, New J. Phys. 16, 085003 (2014)

Frequency of electromagnetic waves from dispersion relation
Q% = —g"KiK; = [1 = K2 + [L+ WK + K?
Amplitude from Maxwell equations V,F* = 0, (v/—9F*")/\/—g =0
(6? — Ox[1 — h]Bx — By[1 4 h]dy) AL(t,x,y) =0
Conserved Wronskian W = A%A, — A%A, ~ —2iQ| A2
(8¢[1 — h|d; — 8] — B,[1 — h],) A =0
Conserved Wronskian W = [1 — h](ALA, — ALA,) ~ —2i[1 — h|Q|A2|
In general W = A}*g’jAJ — A}*g’jAj — direction & polarization

Interaction with atoms o 1/(0? — Q2.) resonance effects. . .
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— Atomic Levels .
Undisturbed Hamiltonian with Coulomb potential V(7) = —q°/(47F)

N p?
Ho=—+V(F
0= 5 + V/(F)
Perturbation Hamiltonian due to gravitational wave
A2 A2 2 -2
2 Py =Px | X" —Y "kin | [jpot
Hi=h|Z = H" + HP
! 2m +a 83 Lt

Shift of kinetic and potential energy cancel to first order (as expected)

2
AL q N
(2, HE™ |2p,) = —h Somag — (2l AR |2p,)
Matrix elements can be non-zero
2
~ q
1s| H =h—
(sl iy [3deye) = h 355

— deformation of eigenstates
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Bose-Einstein Condensates

Combine all factors 1 + ¢h from various sources. . .

Gaussian approximation
V(t,r):r-(Mo+hM1)-r+hF1~r+hV1

Order-of magnitude estimate
m shape deformation M; = O(Er/\?) *® - ®
m shift in position F1 = O(Er/))
(for asymmetric scenarios)
m shift in energy V4 = O(ER)
(does not contribute)

— analogous order of magnitude
as kinetic energy
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Fidelity

So far: energy transfer — type-ll detection scheme

In general: detection only possible if quantum states differ — fidelity
I ~ i ~
WITew {1 [defo}w) =1 [ deliuolo+ o)
Very analogous estimate (apart from overall factor w)

oV N . 2

YN <N> + <Ekin>max - O(l)

Oh

Trapped Bose-Einstein condensates versus matter-wave interferometers
— length scales etc. Qe Concen ” HzZDR
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- Summary & Outlook

Energy transfer between gravitational waves and quantum matter,
J. Gréfe, F. Adamietz, R. Schiitzhold, Phys. Rev. D 108, 064056 (2023)

m non-stationary states required (resonance) to first order in h

® rigorous bound E < \h|max(|6V/8h\max<N> + (E_kin>max) for type-Il

m analogously A¢ < T hlmax(18V /0h|max(N) + (Eiin)max) for type-|

m Bose-Einstein condensates 777 rotating + vibrating barbell 7
Outlook

m in phase: absorb energy from gravitational wave

m opposite phase: stimulated emission of gravitons
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