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Introduction

matter

dark matter

dark energy

what is the dark matter?

e WIMP —p Particle DM (> eV)

e Light DM such as axion and dark photon (< eV) >




Talk plan

Light DM - Axion DM and dark photon DM

lon traps as light DM detectors

Entanglement of ions for light DM detection

Application to high-frequency GWs



Talk plan

1. Light DM - Axion DM and dark photon DM



Axion DM

Axions can behave as cold DM in the universe
if it oscillates around the bottom of the potential <«

» a(t) = ap cos(mat — Pq)
7 A

corresponding to the determined by the axion mass (w = My )
abundance of the axion DM



Axion DM

Axions can couple to photons through the Chern-Simon coupling

1

4

JayaF* F,, = gmaﬁ . B

In the presence of background magnetic field, axions can convert into photons

B

In a cylindrical magnet, the axion DM induced electric field is

E,. . = €qa/2ppM sin (Mgt — ¢q)
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Dark photon DM

Dark photons also can behave as cold DM as well as the axion DM.

axion DM oscillating scalar field a(t) = Qg cos(mat — ¢a)

oscillating dark electric field

El(t) — E% sin (mDpt — ngP)

dark photon DM f K
corresponding to the abundance frequency is determined
of the dark photon DM by the dark photon mass
. . - 1 v /
Dark photons can couple to photons through gauge kinetic mixing 55 ik ij
Induced electric field by the dark electric field is
E’(t) 42

Epp., = eppy/2ppM sin (mppt — ¢pp)

gy

where €epp = ecos@




Light DM induced electric fields

light (wave) DM such as axion DM and dark photon DM can induces weak electric fields

Ea,z — €q\/ 2pDM Sin (mat — ¢a) X ga/y

DM induced very weak electric fields
Epp,, = epp+/2ppm sin (mppt — ¢pp) X €

# It is possible to search for light DM by detecting induced weak electric fields

ex.) Josephson parametric amplifier

# In this talk, we demonstrate that ion traps can be utilized for light DM search
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lon traps as light DM detectors



Paul ion trap

lon traps are expected to work as qubits, in particular, for implementation in quantum computers.
ex.) Paul traps, Penning traps

Paul traps

In x-y plane, ions are trapped by quadrupole electric potential V(t)

-~

\_

Along z-axis, a static electric field is applied and vibration modes f

(harmonic oscillator) appear, the Hamiltonian is Hy = wzaTa \/
O >

=  The ground |0) and first excited |1) states behave as a qubit




Effect of DM on a single ion

An ion has a vibration mode along z-axis.
The Hamiltonian is given by H, = w,a'a

If there exists an electric field, it couples with the vibration mode as

Hx =ezEx ,

eEXZ T tw,t —iwyt
~ ’ ae . w0
\/2m10Nwz( )
= eex sin(mxt — ¢x) pD—M(aTemt + ge ") <X = a or DP>

MIONWz

This system is just a forced harmonic oscillator and exactly solvable.
The solution is given by the displacement operator, D(5) = exp (ﬂa* — 5*a)

1ox
®(T)) = D(B)|0)  where B=axT, ax= -X¢ il
2 MIONT X

However, in a realistic situation,
we need to take into account of noises which also excite the vibrational qubit.



Heating noises

clectrode y \

The main noise is the thermal photons from electrodes.
The total Hamiltonian including the thermal noise is given by

U _
Hiotal = WzaTa B ZW(kj)b;r-bj + Hx + Hpeat ./”

J

PDM
MIONW,

Hheat — Z gJ (aTbJe—z(wZ—w(kJ))t _l_ abjez(wz—w(k.?))t)
J

where Hyx = eexsin(mxt — ¢x) (a’e™=* + ae™™=")

From the total Hamiltonian, by tracing out the noise, one can calculate the excitation rate from |0) to |1).

o . 2,9 _ Cex PDM
# (Excitation rate) ~ nt + |a X| t ax — 9

L A
I I

Noise DM signal

mioNmx

n : heating rate by the noise




Sensitivity of a single ion

For a measurement during 7', SNR (Signal to Noise Ration) is

SNR =

|04X‘2T2 _ ‘OzX‘zT?’/Q €€ x

ax — ——

AT Vi 2

After Tiota1/T times measurements, the SNR is improved as

Tiotal |04X |2T3/2 |aX |2TTt1/t21
SNR = « c L tota
T Vi Vi

PDM

mioNmx

Then, the 95% C.L. sensitivity of a single ion in a Paul trap to the axion-photon coupling Y9a~ is

5 1/4 i ~1/2
T T
— 44 %1011 -] n total
. d Sl (0.1 51 1 day 0.4 s

Cf . ( MION )1/2 ( Ma )—1/2 PDM
100 mT 37 GeV 10 neV 0.45 GeV cm ™3

(o)
)

and to the gauge kinetic mixing € is

o

e =6.4x 10712 x L V(T \ V(T N
: 0.1 s1 1 day 0.4 s

MION
37 GeV

)1/2( mpp )1/2( ODM )—1/2
10 neV 0.45 GeV cm ™3

* The coherence time of DM is

Tcoh —
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Sensitivity of a single ion
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Mixing parameter €

Sensitivity of a single ion
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Entanglement of ions for light DM detection



e Using multiple N ions, the excitation rate is enhanced by N

Quantum enhancement with entangled ions

e On the other hand, noise is enhanced by N

—>

SNR is enhanced by

SNR = VN x SNR;

T

statistical enhancement

K N ions are trapped \

It is possible that quantum entangled ions allow enhancement of the signal by 2

—>

SNR is enhanced by

SNR = N3/2 x SNR;

!

gquantum enhancement




Spin qubits

In a Paul trap, there is another type of qubit called a spin qubit in addition to the vibrational qubit.
A spin qubit is composed by internal states of an ion such as 1"'Yb* and 40Cat.

For example, 1" Yb* has hyperfine structure due to spin-spin interaction

ﬂe spin qubit of 1"1Yb* \

spin triplet |6>

2
6512 12.6 GHz

spin singlet |g>

In general, states of an ion is described as |g,0), |e,0), |g,1), |le,1) .

Thanks to the existence of spin qubits, through sideband resonances, one can control the qubit states.

» We can create entangled vibrational qubit states in a Paul trap



Quantum enhancement with entangled ions

1. We first prepare a GHZ (Greenberger- Horne-Zeilinger) state where spin qubits are entangled

1
v Gy...,9,0) = |V =—(9,9,...,9,0)+ le,e,...,e,0
19,9 9,0) = |¥gHz) ﬁ(lgg g,0) + | ))

2. We create an entanglement among vibrational qubits by the Hadamard gate and red sideband resonance

W) = % [('g’m\%‘gv”)@NJr (\g,0>\;§!g, 1)>®N]

O'vib—’LCL Q

1 ot
Ba'—B*a iBiol., —iBio2 . 2 iBiol. Ovip = @+ 0
D(ﬁ) = € = e ! vib 1% vib ~ (1 S Z/BrO-VIb) e’ vib 2

3. DM acts on the state

1

¥5) = D(B) 92} ~ -

( 9,0) + 19, 1) . 19,00 — g, 1) \*V
( 2 A )

9,0) — g, 1) . . 19,00 + g, 1) \*V
+e( NG + [t 73 ) ]

1 (9,00 £1g,1)) _ (lg,0) +1g,1)) 2 (9.0 +1g,1)) _ .(l9,0) T 1g,1))
where we have used Ovib NG =+ 7% and o, 7 i NG




Quantum enhancement with entangled ions

4. By applying the inverse operation of the red side band resonance and the Hadamard gate, we obtain

Wy) =

[( |g,0> +Br |6,0>)®N —I—G@( |e7()> _|_Br |g70> )®N]

Sl

5. Operation of the CNOT gate and the Hadamard gate only for the first spin qubit yields

Us) ~ |9,9,9,---,9,0) —dNBi le, 9,9, ...,9,0) + - -

6. We observe the |e,9,9,...,9,0) state, then the DM signal is enhanced by N?

| <e,g,97 t 0 7970|\I]5> |2 :®ﬁ12

fOn the other hand, the excitation by noises is only enhanced by \/N,\
since the noises are expected to be incoherent.

» SNR is enhanced by SNR = N3/2 x SNR;

\_ J




Quantum enhancement with entangled ions
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Mixing parameter €

Quantum enhancement with entangled ions
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Application to high-frequency GWs



High-frequency GW detection

Recently, detection methods for high frequency GWs are well studied theoretically and experimentally.

In particular, “Axion-graviton correspondence” draws much attention.

e Mmagnon excitation by axion DM H magnon excitation by GWs
(Al, T.lkeda, K.Miuchi, J.Soda (2020),
Al, J.Soda (2020))

@ @

e axion to photon (resonant) conversion H graviton to photon (resonant) conversion
1 1
B B <ZFWF’“’ — ZFWFQBg“O‘h”B>
e & o o .> e o e o o o .> o o
a Y My Y

—> We can utilize axion DM experiments for detecting high-frequency GWs
~ 'uev ~ GHz



GW detection with ion traps

1 1 1 1
00 k 1 2 k1
Hipe = §T“”5gw/ ~ §T 0goo = §mionR0koza¢ T = Zmionhklng T
heavier and bigger is better
Paul ion trap Penning ion trap

size: lpym ~ 100pm 10um ~ 100mm ?

the number of ions: 1 ~ 20 100 ~ 108




Summary

® Light DM such as axions and dark photons induce weak electric fields

® We showed that Paul ion traps can be used as sensors for weak electric fields

ma)) o Paul traps work as light DM detectors.

® Sensitivities of Paul ion traps to axion-photon coupling and gauge kinetic mixing can
reach previously unexplored parameter space.

® We also demonstrated a scheme to enhance the signal by using entangled ions
» ® The signal can be enhanced by N? rather than [NV

Currently, entanglement of ions in a Paul trap with high fidelity is realized for N < 20 .

The rapid development of ion traps or other qubit systems for quantum computers may lead to
the realization of a much larger number of entanglements with high fidelity in the near future.

® Application to high-frequency GWs (in preparation)



