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Qubit interaction with dark matter

Qubit : 2-level system
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Interaction with external field
(electro-magnetic field, dark matter, GW, …)

Time evolution of states induced by dark matter

e.g.) Rabi oscillation:

3

した情報は gi に押しこめたものとする。このうち ωx,ωyに比例する項は非対角項を持つので、これがあると状態
|0→と |1→の間の遷移が起きる。後に述べるが、ダークマ
ターと qubitの相互作用も大体 (7) の形に書けるので、
以下の計算自体は外場が電磁波でなくダークマターの場
合にもそのまま使える。
計算は相互作用表示が便利である。∣∣∣ψ̃〉 ≡ eiH0t |ψ→,

H̃1 ≡ eiH0tH1e→iH0t を定義すると、シュレディンガー
方程式は

i
∂

∂t

∣∣∣ψ̃
〉
= H̃1

∣∣∣ψ̃
〉

(8)

となる。例として、H1 が ωx に比例する場合を考えよう。このとき、
H̃1 =

gx
2

(
eiωt + e→iωt

)
(

0 e→iω0t

eiω0t 0

)

である。ここで ω # ω0 として速く振動する項を落とすと、シュレディンガー方程式を解くことができて
∣∣∣ψ̃(t)

〉
=

[
cos

(
gxt

2

)
− iωx sin

(
gxt

2

)] ∣∣∣ψ̃(0)
〉

(9)

が得られる。初期条件を基底状態 ∣∣∣ψ̃(0)
〉
= |0→に選んだ

とすると、時刻 tπ/2 = π/(2gx) では ∣∣∣ψ̃(t)
〉
= (−i |1→+

|0→)/
√
2 という重ね合わせ状態になり、tπ = π/gx では∣∣∣ψ̃(t)
〉
= − |1→ のように完全に励起状態になる。このよ

うに ω = ω0 に相当する電磁波を qubitにあてると、tπを半周期として２状態間の振動が起きる。これは Rabi

振動と呼ばれ、qubitの状態操作の基本である。tπ/2 や
tπ に相当する電磁波を π/2パルスや π パルスと呼び、
Rπ/2x , Rπx などと表記する5。ここでは H1 ∝ ωx を仮定したが、H1 ∝ ωy のときも x ≃ y の置き換えをすれば
(9) はそのまま成り立つ。

ゲート操作
上で見たように、適切なパルスをあてることで qubit

の状態を |0→ と |1→ の適当な重ね合わせにすることが
できる。このような操作をゲート操作と呼ぶ。上記の
x, y, z に関する π パルスを利用すると、次の行列で表
されるような操作が可能であることは容易に確かめられ
るだろう。

(
0 1

1 0

)
,

(
0 −i

i 0

)
,

(
1 0

0 −1

)
. (10)

これらはパウリ行列と同じ恰好なので、それぞれX,Y, Z

ゲートなどと呼ばれる。ただし qubit の物理系によって
5π/2, π といった名前は、それぞれブロッホ球上で角度 π/2, π の回転に相当するものと思っておけばよい。

は (7) の係数 gi のうちいくつかはゼロになるので、実際にこのようなゲートを構成するには工夫が必要な場合
もある。また次の Hadamardゲートと呼ばれるものも
応用上よく登場する :

1√
2

(
1 1

1 −1

)
. (11)

ここまでは単一の qubit に関する操作であったが、も
う少し非自明な操作も考えてみよう。例えば qubit を
２つ用意して、qubit A の状態によって qubit B に対
する操作を変えるようなことを考えてみる。典型的な
例は Controlled-NOT（CNOT）ゲートと呼ばれるもの
で、qubit A の状態が |0→A だったときには B の状態は
変化させず、|1→A だったときには B の状態を反転させ
る（|0→B ≃ |1→B あるいは |1→B ≃ |0→B にする）ようなゲートである（この反転操作は上記 X ゲートに対応す
る）。このとき、qubit A の状態は操作の前後で全く変
化しないので、制御 qubit と呼ばれる。こういった２
状態操作は、量子計算や量子シミュレーション、エラー
訂正のアルゴリズムなどで必須であるし、本稿に直接関
係するところでは、状態の読み出しやエンタングル状態
（後述）を作るのに利用される。
では具体的にどうやって CNOTゲート操作を実現す
ればよいだろうか。一見 qubit Aの状態を測定しなけ
れば qubit B に行うべき操作が確定しないような気が
するかもしれないが、実は「物理」がこれを自動化して
くれる場合がある。例えば qubit A と qubit B が次の
ような相互作用を持つ系を考えよう :

H = −ω
A
0

2
ωA
z − ωB

0

2
ωB
z + ηωA

z ω
B
z . (12)

一例として、次節で登場するNV中心の場合には qubit A

を電子スピン、qubit Bを核スピン、ηはそれらの間の超
微細相互作用とみなすことができる。この模型での固有状
態 |0A0B→と |0A1B→のエネルギー差は ∆E0 = ωB

0 −2η、
|1A0B→ と |1A1B→ のエネルギー差は ∆E1 = ωB

0 +2η で
ある。このとき、振動数 ω = ∆E1 のパルスをあてることで、|1A0B→ と |1A1B→ の間にのみ Rabi振動を起こす
ことができる。つまり、qubit Aが |1→の場合のみ qubit

B の状態の遷移が起こるようになっている。このとき
に πパルスを使うと、これは（Bの位相因子を除いて）
CNOT ゲートになっている。
この他、qubit 同士の相互作用として ωA

+ω
B
→ + ωA

→ω
B
+の形もよく登場する（ω± ≡ (ωx ± iωy)/2）6。Qubitの

種類によって相互作用の形は違い、それによって特定の
２状態操作が構成しやすかったり、逆に工夫が必要だっ
たりする。いったんゲート操作が与えられればその後の

6片方を cavity 光子の生成消滅演算子とみなすと、これは qubitと cavity 光子の結合系を表す Jaynes-Cummings 模型と呼ばれるものになる。
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(BBR). In this study, we evaluate the DM sensitivity un-
der two distinct conditions: a room-temperature (300 K)
environment and a cryogenic environment cooled to 4 K
(see later). By utilizing devices such as acousto-optic
deflectors and spatial light modulators, the spatial con-
figuration of the array can be freely designed [38]. This
facilitates placing Rydberg atoms at positions separated
by more than the blockade radius rb, the characteris-
tic distance below which van der Waals or dipole-dipole
interactions between Rydberg atoms become significant
and multiple Rydberg excitations are suppressed. While
atoms in Rydberg states experience a repulsive force from
the trap due to the ponderomotive force acting on the ex-
cited electron, alkaline-earth-like atoms in Rydberg man-
ifolds are still trappable owing to the unexcited valence
electron [39]. This enables an experiment utilizing a large
number of well-isolated Rydberg atoms almost pinned to
their initial positions (Fig. 1(a)). The Rydberg atoms
can be state-selectively ionized by a pulsed electric field,
and the formed ions will subsequently be driven out of
the trap and detected with an electric-charge-sensitive
detector such as a microchannel plate. In a typical ex-
perimental setup, the atoms are initially loaded into a
magneto-optical trap (MOT) and subsequently loaded
into the OTA by overlapping the trapping lasers with
the MOT atomic cloud. The atoms are prepared in their
Rydberg states by extinguishing the MOT and applying
an excitation laser.

In the present analysis, we consider a class of wave-
like DM that induces an oscillating e!ective electric field,
which can drive transitions between Rydberg states. The
observation of such transitions could be interpreted as a
possible signal of wave-like DM.

For the DM detection, we consider the following exper-
imental setup. We use ytterbium (Yb) Rydberg atoms
trapped in OTAs under a static magnetic field (the total
number of Rydberg atoms is denoted by nRyd). The ex-
ternal magnetic field is varied to scan over DM masses;
we consider a magnetic field of O(1) kG, which yields
a frequency scan range of O(1 → 10)GHz (see Fig. 2).
Such a strong magnetic field does not hinder the readout
quality of the Yb Rydberg states [40]. Using the trapped
Rydberg atoms, the following measurement cycle is re-
peated: (i) state preparation, in which all Rydberg atoms
are initialized in a specific state |i↑; (ii) exposure to the
DM-induced e!ective electric field for a finite duration;
and (iii) readout of the Rydberg state. Then, the number
of Rydberg atoms found in a target state |f↑ is counted
and denoted as Nexcite. If Nexcite is large enough com-
pared to the noise level, we may claim the discovery of
the wave-like DM. Using this counting-based approach,
we demonstrate that the proposed method can achieve
sensitivity to certain DM parameter regions yet to be ex-
plored. A schematic overview of the experiment is shown
in Fig. 1.

To make our discussion simple and concrete, we con-
sider the Rydberg states of 174Yb for DM detection. Its
electron configuration at the ground state is [Xe]4f146s2.

(a) (b)
Ionization limit

Ground state

Rydberg states

| ⟩#

| ⟩$
DM

DM

Rydberg
atom

!!

"
#

$

"

#

FIG. 1. Schematic overview of the experiment. (a) Rydberg
atoms trapped in OTAs. The tweezer array is su!ciently
sparse that the site separation is larger than the Rydberg
blockade radius rb. Each green cone indicates the tightly fo-
cused laser to trap a Rydberg atom. (b) Energy levels of
a Rydberg atom and the excitation due to the DM-induced
e”ective electric field. The Rydberg state is prepared by ex-
citing the atoms from the ground state to the highly excited
state via two-photon excitation (purple arrows). The dashed
line indicates the intermediate state for the two-photon exci-
tation.

One of the electrons in the 6s orbit can be highly ex-
cited, realizing a Rydberg state, on which we focus here-
after. In the absence of external magnetic and electric
fields, the energy eigenstates are labeled by four quan-
tum numbers: ω (e!ective principal quantum number,
with which the energy of the electron is given by →R/ω2

with R ↓ 13.6 eV), ε (orbital angular momentum), F
(total angular momentum), and m (the z-component of
the total angular momentum). The Rydberg state with
fixed ω, ε, F , and m is denoted as |Q↑ ↔ |ω, ε, F,m↑.
Excitation and deexcitation of Rydberg atoms: To esti-
mate the sensitivity, we consider both excitation and de-
excitation processes of Rydberg atoms induced by the
DM-induced e!ective electric field and by background
BBR. In this Letter, we use the natural unit, i.e., ⊋ =
c = 1.
We focus on the dynamics of a highly excited elec-

tron in a Rydberg atom. The e!ective Hamiltonian is
described in the following form:

Ĥ = Ĥ0 + Ĥint. (1)

Here, Ĥ0 denotes the “free” part, which includes the po-
tential due to the nuclear core and inner-core electrons,
as well as the e!ects of external magnetic or electric fields
(if present). Ĥint describes the interaction between the
electron and the DM-induced e!ective electric field and
is given by

Ĥint = e ϑE(t) · ϑ̂r, (2)

where ϑ̂r ↔ (x̂, ŷ, ẑ) denotes the position operator of the
electron. The DM-induced e!ective electric field oscil-
lates with angular frequency equal to the DM mass mX ,
and ϑE is given by

ϑE ↔ Ēϑn sin(mXt+ ϖ), (3)

[Chigusa, Hazumi, Herbschleb, 
Mizuochi, KN (2023)]

NV center in diamonds Cold neutral atoms

[Chigusa, Kasamaki, Kusano, Moroi, KN, 
Ozawa, Umemoto, Takahashi, Vutha (2025)]

[Chen, Fukuda, Inada, Moroi, 
Nitta, Sichanugrist (2022)]

Superconducting qubit
Superconducting qubit: Capacitor + Josephson junction (JJ)

Josephson Junction

JJ

Superconductor

Arg  Cooper Pair  = θA

Insulator

Q

Q
Superconductor

Arg  Cooper Pair  = θB

1

ω
0

2
ω ω21

ω = ωB → ωA: canonical variable of this system

⇒ H0 =
1

2C
Q2 → J cos ω # 1

2

C

(2e)2
ω̇2 → J cos ω ↔ Q = CV # C

ω̇

2e

Superconducting qubit has discrete energy levels

⇒ |0〉 and |1〉 can be used as |g〉 and |e〉, respectively

different types of qubits interact differently with dark matter
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FIG. 1: The reach of diamond NV-center magnetometry on dark
matter models. (Top) The case of axion dark matter coupling with
electron. (Bottom) The case of dark photon dark matter with ki-
netic mixing with the ordinary photon. Note that the dc magne-
tometry (lighter region) and the resonance search (GHz/heavier
region) require different sequences and cannot be performed si-
multaneously; see the text for details. Together shown by colored
lines are constraints from red giant stars [24], solar axion search in
XENONnT [25], cosmological bounds on dark photon [26, 27], and
dark photon dark matter search constraints [10, 28–36]. The yellow
band shows the DFSZ axion model [37, 38] under the constraint of
0.28 < tanØ < 140 [39]. The black dashed lines show tangent lines
of the sensitivity curves to guide the eye.

where N is the number of NV centers and tobs is the total ob-
servation time. When the spin projection noise is the dom-
inant noise source, the Ramsey sequence is sensitive to a

magnetic field as weak as4

¢Bsp ' eø/T §
2

∞e
p

Nøtobs
' 13fT

µ
1012

N

∂1/2 µ
0.5µs
ø

∂1/2 µ
1s

tobs

∂1/2

,

(14)

where the exponential factor represents the sensitivity loss
according to the spin dephasing with a relaxation time T §

2 .
This factor makes øª T §

2 /2 to be the optimal choice to max-
imize the sensitivity [40], which is assumed on the right-
hand side.

The sensitivity on dark matter models is estimated

by solving
q≠

S2
Æ

e°ø/T §
2 = ¢Ssp. We replace

°
B eff

z
¢2

by

B 2
eff/3 to take into account the randomness of the direc-

tion of ~Beff. The resulting sensitivities on gaee for ax-
ion and ≤ for dark photon are shown in Fig. 1. We
draw three lines for three experimental setups: (N , tobs) =
(1012,1s), (1012,1year), (1020,1year) with ø = 0.5µs. The
first choice is close to the current experimental conditions.
Obtaining N = 1020 requires a volume of approximately
103 cm3 for a NV concentration of 1.6 £ 1017cm°3 in dia-
monds with high sensitivity [17]. The large volume can
be obtained using a synthesis technique for a large dia-
mond [41] or combining smaller diamonds. The sensitiv-
ities of the dc magnetometry drastically oscillate for heav-
ier masses, so we do not plot them for m > 10°7 eV and
show their tangent lines instead. Together shown are con-
straints from red giant stars [24], solar axion search in
XENONnT [25] and cosmological bounds on the dark pho-
ton [26, 27]. See Ref. [12] for a summary of existing con-
straints on the axion and the dark photon. Although the
currently reported¢S’s are worse than¢Ssp, it can approach
¢Ssp in principle by optimizing the experimental setup, for
example, improving read-out fidelity such as photon col-
lection efficiency and suppression of noises from equip-
ment [14].

If øDM ø tobs, many different values of ~Beff and ± are sam-
pled during the measurement, and the observation result of
each Ramsey sequence distributes with an average hSi = 0

and a standard deviation
q≠

S2
Æ

. On the other hand, if

øDM ¿ tobs, both ~Beff and ± are fixed during the whole mea-
surement duration. Even in this case, the directional depen-
dence on ~Beff of the sensitivity can be averaged by, e.g., using
different sets of NV centers with different axis directions.5

Also, if 1/m ø tobs ø øDM, the overall factor cos(mt +±) os-
cillates over successive Ramsey sequences, resulting in the
same distribution of Sfin. However, when 1/m ¿ tobs, which
is shown by dash-dotted lines, a randomly sampled value

4 In this expression, we neglect the possible sensitivity loss from the imper-
fect readout, overhead time, and shot noise (see, e.g., [14]) for simplicity.

5 The orientation of NV centers in the diamond sample can be aligned [42–
45].

[Chigusa, Hazumi, Herbschleb, Mizuochi, KN (2023)]

Projected sensitivity of NV diamond for axion-electron coupling



Projected sensitivity of Rydberg atom for dark photon

[Chigusa, Kasamaki, Kusano, Moroi, KN, Ozawa, Umemoto, Takahashi, Vutha (2025)]
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FIG. 2. Resonance frequency ffi as a function of the external
magnetic field B. The upper three lines are for Case 1 (with
ω̄ = 40, 50, and 60), and the lower two lines are for Case
2 (with ω̄ = 70 and 80), from above. For Case 2, data are
shown only for B → 500G due to numerical instability at
higher fields.

numbers (ωε0 → 0.72 and ωε1 → 0.05 [48]). In both cases,
Ef > Ei (for the magnetic field B adopted in the present
analysis). With such setups, we can access dark-photon
DM with mX ↭ O(100)µeV, for which the de Broglie
wavelength 1/mXvDM is O(1)m or longer.

In Fig. 2, we show ffi as a function of the external
magnetic field B for Case 1 with ε̄ = 40, 50, and 60 as
well as for Case 2 with ε̄ = 70 and 80. For Case 1, we can
see that ffi is of O(10)GHz and varies by several percent
or more when B ↑ O(1000)G. By appropriately tuning
B as well as ε̄, it is possible to continuously scan the DM
mass in the O(100)µeV range, which conventional cavity-
based experiments hardly access. It is also notable that
much smaller values of ffi, significantly below 10GHz,
are achievable, as exemplified by Case 2.

Both the DM-induced signal and the background noise
contribute to Nexcite. The expected number of signal
events is given by

Nsignal = nRyd ϑ
(DM)
i→f tbin, (8)

where tbin denotes the total integration time per fre-
quency bin. Notice that, because the resonance condi-
tion should be met, we need to specify the final state.
We expect that the duration of a single measurement
cycle can be comparable to the exposure time (which
is taken to be the coherence time ϖ), owing to the re-
cent e!orts to minimize the sequence time and develop-
ments that enable continuous loading [49–51]. Also, the
atoms remaining in |i↓ after the exposure to the DM-
induced field may be brought back to their ground states
via optical means, allowing the sequence to be repeated
without state preparation. Therefore, each bin consists
of ↑ tbin

ω repeated measurement cycles. Errors in state
preparation could be minimized by applying an ioniza-
tion electric field pulse immediately after the prepara-

FIG. 3. Expected sensitivity to dark-photon DM, assuming
tbin = 10 s, nRyd = 103, and εDM = 0.45GeV/cm3. The
external magnetic field is varied within 0 → B → 2000G for
Case 1 and 0 → B → 500G for Case 2. For Case 1 (Case 2),
sensitivity regions for ω̄ = 30↑60 (ω̄ = 70↑88) are shown from
right to left; the regions overlap for large enough ω̄. The dark
gray region above dashed lines is excluded by cosmological
or astrophysical considerations [54–56], while the light gray
regions are excluded by haloscope experiments [24, 57–79] or
quantum cyclotron [80]. (We use the dataset provided by
[81].)

tion to drive away the atoms initialized in the undesired
state (see Ref. [52]) and carefully engineering the pulse
shape of the optical excitation to the Rydberg state [53].
Thus, the BBR-induced absorption is expected to be the
dominant source of the background noise. In this case,
presuming that the readout procedure involves ionizing
all states above a threshold energy Eth, the associated
number of noise events is evaluated as

Nnoise = nRyd

∑

ε

ϑ(rad)
i→ε ϱ(Eε ↔ Eth) tbin. (9)

We set Eth = Ef (so that Ei < Ef is required to identify
the excitation signal).
If Nexcite is observed to be su”ciently large compared

to the noise level in a specific frequency bin, it may indi-
cate the Rydberg atom excitation due to DM. We evalu-
ate the sensitivity to dark-photon DM, adopting the fol-
lowing criterion to define sensitivity: Nsignal > 2

↗
Nnoise.

To determine the appropriate scan step, we approxi-

mate ϑ(DM)
i→f as follows: ϑ(DM)

i→f = ϑ(DM)
i→f (ςfi = mX) if

ςfi ↔ ϖ↑1 ↘ mX ↘ ςfi + ϖ↑1 and ϑ(DM)
i→f = 0 otherwise.

The scan step of the magnetic field is then chosen such
that the width of each frequency bin becomes 2ϖ↑1.
In Fig. 3, we present the expected sensitivity for Case 1

with 30 ↘ ε̄ ↘ 60 as well as for Case 2 with 70 ↘ ε̄ ↘ 88.
Two representative temperatures, T = 4 and 300K,
are considered and the magnetic field is varied within
0 ↘ B ↘ 2000G for Case 1 and 0 ↘ B ↘ 500G for Case
2. Here, we take nRyd = 103 and tbin = 10 s; the sensi-



Error correction-like

[Chigusa, Hazumi, Herbschleb, 
Matsuzaki, Mizuochi, KN (2025)]

[Sichanugrist, Fukuda, Moroi, KN, Chigusa, 
Mizuochi, Hazumi, Matsuzaki (2024)]

Hybrid-spin decoupling

ratio the fine-tuning condition, which follows from

ωeεe + ωNεN = 0, (1)

with ωe and ωN the gyromagnetic ratios of the electron and nuclear spins, respectively,
and εe and εN the time the state spends within each spin. The following section shows
the origin of this condition.

Nitrogen
atom Vacancy

Diamond lattice
B = 0

ms

|0→

|±1→

B > 0ms

|↑1→

|+1→
Hyperfine mn

|↑1→
|0→
|+1→

|+1→
|0→
|↑1→

Interaction (repeat n times)
Initialised
electron
spin |e→

Rω/2y Rεe/2
Z Rεe/2

Z Rω/2x

Nuclear
spin |N→ RεN

Z

Laser MW
ω
2

ω
2

|+1→
ω

|+1→
ω

|+1→
ω

|+1→
ω

RF
|↑1→
ω

|↑1→
ω

Electron
spin |e→

Nuclear
spin |N→

Delay
ϑ̃e
2 Delay

ϑ̃N

Delay
ϑ̃e
2

Initialise
|e→

Interact with noise and
signal (repeat n times)

Swap Swap

Readout
|e→

a c

b d

Fig. 1 Protocol. a In a diamond lattice, a substitutional nitrogen atom and a neighbouring missing
carbon atom form a nitrogen-vacancy (NV) centre. The negatively charged NV centre has an electron
spin, while the nitrogen atom has a nuclear spin. b Energy level diagram for the electron spin of
the NV centre only for simplicity (not to scale). Spin-1 systems have a splitting at zero field, while
a magnetic field B splits its |±1→ states, and hyperfine coupling splits these further depending on
the state of the nuclear spin. c Graph of the proposed protocol. Swap gates allow both spins to
contribute to the sensing result. d Example pulse sequence to implement the graph from c. A green
laser initialises the electron spin, and a microwave (MW) creates a superposition. After an initial
interaction delay, the state is swapped to the nuclear spin, and later it is swapped back. Swaps are
possible by using three controlled-not gates using the hyperfine splitting, an example is indicated
with the cyan arrow for a transition in b. Finally, the final state of the electron spin is read with a
MW and laser pulse. Not to scale, notably generally ω̃e ↑ ω̃N .

Figure 1d shows an example implementation of this protocol for NV centres. A
laser pulse initialises the electron spin into the |0→ state [1]. Next, a microwave (MW)
ϑ/2-pulse creates a superposition. During a delay ε̃e/2, the electron spin interacts
with the environment. Then, a swap gate, e.g. implemented by applying MW (for the
electron spin) and radio frequency (RF; for the nuclear spin) pulses to specific energy
level di!erences, moves the electron spin state to the nuclear spin state [31]. After a
delay ε̃N , the state is switched back to the electron spin, which interacts for another
ε̃e/2. Note that the timescales in Eq. (1) are related to these timescales as εe = nε̃e

4

2

scales. The same conclusion holds if we treat the DM
field as a classical stochastic field [30, 31].

To detect the DM signal, we start from the initial state
|ωinit→ =

⊗
N

i=1 |0→i and let the system evolve under the

total Hamiltonian H =
∑

N

i=1 Hi +Hint for a time dura-
tion ε ↭ 2ϑ/(mv2). We move to the interaction picture

with respect to
∑

N

i=1 Hi assuming that |ϖ0 ↑ m|ε ↓ 1
so that we can apply the rotating wave approximation
(RWA) and neglect the rapidly oscillating terms. Then,
the e!ective Hamiltonian in the interaction picture is
given by

HI = ϱ
N∑

i=1

(ςx

i
cosφ↑ ςy

i
sinφ). (1)

In addition to the DM signal, we take into account the
e!ect of environmental noise. For simplicity, we focus
on the Markovian noises described by the Lindblad mas-
ter equation [32, 33]. In this letter, we consider the bit-
flip noise for individual sensors in the interaction picture,
which is described by the Lindblad operators Li = ςx

i
for

i = 1, 2, . . . , N . The time evolution of the density matrix
↼ in the interaction picture is then given by

d↼

dt
= L[↼] ↔ ↑i[HI , ↼] + ↽

N∑

i=1

Di[↼], (2)

Di[↼] ↔
1

2
(ςx

i
↼ςx

i
↑ ↼), (3)

where ↽ is the bit-flip rate and assumed to be the same for
all sensors. Since we are interested in the situation where
the noise is stronger than the signal, we assume ↽ ↗ |ϱ|
and ↽ε ↭ 1 in this letter. Even if we restrict ourselves
to individual noises, i.e., noises acting on each sensor
independently, there are other types of noise such as de-
phasing noise, de-excitation noise, and excitation noise.
However, as explained in App.B, these noises can be re-
duced to the bit-flip noise in, for example, the following
way. First, we construct a logical qubit by constructing
the GHZ state [34] from 3 physical qubits. Then, we ap-
ply QEC-like operations [19–21] to project noises to the
bit-flip noise. Therefore, we may focus on the bit-flip
noise.

QEC-like Error Mitigation Protocol — Throughout
this letter, we assume that we may apply quantum op-
erations such as unitary gates and measurements on the
sensors in an arbitrary short time without introducing
any error. Under these assumptions, we propose a QEC-
like protocol to mitigate the e!ect of the bit-flip noise.
Our sensing protocol consists of sequentially repeating
adaptive steps, such as Refs. [27–29, 35].

A schematic diagram of our protocol is shown in Fig. 1.
We divide the sensing time ε intoNω intervals of duration
”t = ε/Nω . ”t is chosen such that N↽”t ↓ 1 and
m”t ↗ 1, so that the probability of having two or more
bit-flip errors during each interval is negligible and the

. . .

...
. . . ...

. . .

|0→1 E!t

Ec

E!t

Ec
...

|0→N E!t E!t

Unit interval

FIG. 1. A schematic quantum circuit of our QEC-like error
mitigation protocol.

RWA is valid, respectively. Note that our protocol can
be applied even if the RWA is not valid by performing a
similar analysis as Ref. [36]. Each unit interval, shown as
the dashed box in Fig. 1, consists of two steps; first, we let
the system evolve under the master equation for a time
duration ”t, which is denoted as the quantum channel
E!t in Fig. 1. Since the time evolution is governed by the
Lindblad equation, the quantum channel E→N

!t
is given

by

E→N

!t
[↼(t)] = ↼(t+”t) ↘ ↼(t) + L[↼(t)]”t. (4)

Here, we have used the fact that N↽”t ↓ 1 to expand
the time evolution up to the first order in ”t. Next, we
apply a control operation Ec to mitigate the bit-flip errors
that may have occurred during the time interval ”t. As
we have claimed, we assume that this control operation
takes negligible time and does not introduce additional
noise.
We now describe the construction of the control op-

eration Ec for mitigating bit-flip errors. The DM sig-
nal Hamiltonian HI excites |0→ =

⊗
N

i=1 |0→i to |W → =
1

↑
N

∑
i
ςx

i
|0→, motivating us to define the logical code

space as HL = {|0→
L

↔ |0→ , |1→
L

↔ |W →}. We de-
sign Ec to (approximately) detect and correct single bit-
flip errors such that the state after Ec lies within the
code space. Then, what can be the syndrome measure-
ment and the recovery operation? A bit-flip error on
the i-th sensor transforms a code state a |0→+ b |W → into
a |i→ + b |2, i→ + O(N↓1/2), where |i→ and |2, i→ span the
error subspace HEi . However, these error subspaces are
not orthogonal to the code space, reflecting the fact that
bit-flip errors cannot be perfectly distinguished from the
DM signal [13]. We also note that error subspaces are
mutually non-orthogonal, i.e., ≃2, i|2, j→ ⇐= 0 for i ⇐= j.
Thus, instead of projective syndrome measurements,

we employ a POVM with the following measurement op-
erators:

M0 ↔ |0→≃0|+ |W →≃W | , (5)

Mi ↔
√

N

N ↑ 1
|i→

↔
≃i|

↔
+

√
N(N ↑ 1)

N ↑ 2
|2, i→

↔
≃2, i|

↔
,

(6)

MS ↔ |S→≃S| , (7)

[Fukuda, Moroi, 
Sichanugrist (2025)]
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図 6: リュードベリ原子によるダークフォトンの kinetic

mixing に対する感度の見積もり（Case1-2と示された
領域） [7]。灰色の領域は他の実験からの制限。
ン電場と電子の相互作用ハミルトニアンは単純に次のよ
うに書ける :

H1 = ωe "E(DM)(t) · "r = ωe "E(DM)(t) · ("r10σ+ + h.c.).

ここで "r は電子の位置演算子で，遷移確率は行列要素
"r10 → 〈1|"r |0〉 の２乗に比例する。リュードベリ原子の
ような主量子数の大きな原子ではこの行列要素が大きく
なるのがメリットである。具体的な数値を求めるには，
始状態と終状態の波動関数を数値的に求めて積分する必
要がある。この相互作用ハミルトニアンもやはり (7) の
形をしているので，同じように励起確率を求めることが
できる。図 6 にダークフォトンに対する感度を示す。こ
こではリュードベリ状態にある 103 個の Yb 原子を光ピ
ンセットでトラップするセットアップを想定している8。

4 量子エンタングルメント
Qubitはもちろんそれ自体量子論的な対象であるが，

実はここまでは「量子」の本質的な部分にはあまり踏み
込んでこなかった。本節ではエンタングル状態を用いて
感度を向上させる試みについて，少しだけ触れておこう。
エンタングル状態とは，簡単に言うと |ψ〉 = |ψ〉A ⊗

|ψ〉B のように部分系の状態の直積に分解できないような状態のことであり，量子論の中でも特に古典的概念か
らはほど遠い状態と言える。その中でも最もシンプルな
Greenberger-Horne-Zelinger (GHZ) 状態を，ここでは

|ψGHZ〉 =
1√
2

(
|+〉→L + |−〉→L

)
. (25)

8Yb 原子のように最外殻に２電子を含むような原子は，光ピンセットでトラップし易いという利点がある。

図 7: GHZ状態を利用したダークマター測定の量子回
路。黒丸と≃を繋ぐ線がCNOTゲートで，黒丸側が補助
qubit，≃側が target qubitを表す。HはHadamardゲー
ト，DMはダークマターによる状態の発展を表す [8]。
と定義する。ここで |±〉→L は L 個の qubit の |±〉 状
態の直積を表す。このGHZ状態はHadamardゲートと
CNOTゲートの組み合わせにより生成することができ
る。L = 4 の場合の量子回路を図 7 に示した。
量子センシングの観点からは，GHZ状態を利用する
利点は（一見）明白である。このGHZ状態に対してダー
クマターによる Rabi振動が作用したとすると，

|ψGHZ〉 →
1√
2

(
eiLω |+〉→L + e−iLω |−〉→L

)
(26)

となり，位相変化が個別の qubitの場合に比べて L 倍
になる（φ = gt/2）。ここで (9) から，Rabi振動による
時間発展が |+〉 → eiω |+〉, |−〉 → e−iω |−〉 となること
を使った。この位相を読み出すため，図 7 の後半のゲー
ト操作をしよう。その結果，状態は

|ψ〉 = 1√
2
[cos(Lφ) |0〉+ i sin(Lφ) |1〉]⊗ |+〉→L−1

となり，位相 Lφ の影響が一つ目の qubit に渡された。
あとはこの qubit の励起確率を調べれば良い。

P0→1 = sin2(Lφ) ∼ (Lφ)2. (27)

こうして，qubitの数 L に対して L2 のエンハンスが得
られた。もしエンタングルしていない L 個の qubit を
使った場合は，せいぜい L 倍のエンハンスしか得られ
ない。したがって，エンタングル状態を使うことでダー
クマターの結合定数に関する検出感度も（非エンタング
ル状態に比べて） √

L 倍になることが期待される。
ところが，話はそう単純ではない。一般にエンタング
ル状態はノイズに弱いことが知られている。ノイズの
種類にもよるが，個別の qubit の緩和時間を T とする
と，エンタングル状態の緩和時間は τGHZ = T/L 程度
になってしまう。すると，実際には (27) の φ は個別の
qubit の場合の位相の 1/L 倍になり，L の依存性は消
えてしまう。これが観測時間 t = τGHZ の１回の測定の結果である。一方，この１回の観測時間は 1/Lだけ短

Next talk by H.Fukuda
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High frequency gravitational waves

[Ema, Jinno, Mukaida, KN (2015); 
Ema, Jinno, KN (2020)]

[KN, Tang (2018)] [Ema, Mukaida, KN (2021)]

Inflaton annihilation Bremsstrahlung Inflaton decay

Recent findings of high-frequency GW sources:

High-frequency GWs are keys for identifying inflaton!
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Ex) Inflation with Gauss-Bonnet correction

where we have defined ⇣ ⌘
2m2

⇠0

3M2
pl
. The scalar spectral index ns and the tensor-to-scalar ratio

r are then evaluated through Eqs. (25) and (40). Furthermore, we demand that the density
perturbation satisfies the condition (26) to determine the inflaton mass m. The results
for (ns, r) for various values of � and ⇣ are shown in Fig. 1. We find that the results are
consistent with those presented in Ref. [18]. Red and blue lines correspond to the parameter
region derived by the CMB data only and CMB + baryon acoustic oscillation (BAO) data,
respectively [1]. We see that unlike in pure GR without the Gauss-Bonnet term, the �2 model
can be made consistent with the observational bounds. The range of � and ⇣ consistent with
the observation is presented in Fig. 2, and the consistent inflaton mass is shown in Fig. 3.
This results gives us a lower bound on the inflaton mass as mmin ' 1.94⇥ 1013 GeV for the
1� CMB only region of Fig. 1 and mmin ' 1.98 ⇥ 1013 GeV for the 1� joint CMB + BAO
region. These points are marked in Fig. 1, Fig. 2 and Fig. 3 by a red point for the CMB
only region value and blue point for the joint CMB + BAO region value.

Figure 1: Prediction of ns and r for various values of ⇣ and �. The value of � varies along
each line from 0.04 to 0.6. The crosses mark an increase in � by 0.04. Three dots represent
our reference parameter points.
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[Mudrunka, KN (2023)]

This paper is organized as follows. In Sec. 2 we briefly review the inflaton dynamics
and summarize the formulae for evaluating the curvature perturbation in the presence of
Gauss-Bonnet coupling. In Sec. 3 we calculate the characteristic GW spectrum predicted in
the model through the perturbative inflaton decay and show that the high frequency GW
amplitude is so huge that it is can be a smoking gun signature of the model. Sec. 4 is devoted
to conclusions and discussion. For readers’ convenience, comparisons of the formulae for the
curvature perturbation with other literature are summarized in Appendix A.

Throughout this paper we use the following convention. The derivative with respect to
the conformal time a (t) d⌧ = dt will be denoted by 0 with a(t) being the cosmic scale factor,
while the dot will be kept for the derivative with the cosmological time, e.g., a0 = aȧ.

2 Inflation with Gauss-Bonnet term

In this section we review the inflation with Gauss-Bonnet term correction. First we derive
the background dynamics of the inflaton and then study the scalar and tensor perturbations
generated during inflation. In the calculation of the power spectra we follow the procedure
described in Ref. [15].

2.1 Inflaton dynamics

The model we study in this article is described by the following action

S =

Z
d
4
x
p
�g


1

2
M

2
plR�

1

2
@
µ
�@µ�� V (�)�

1

16
⇠ (�)R2

GB

�
,

where R is the Ricci curvature, Mpl the reduced Planck scale, � is the inflaton field, V (�)
the inflaton potential, ⇠(�) is some function of the inflaton which is taken arbitrary in this
section and R

2
GB denotes the Gauss-Bonnet term,

R
2
GB = R

µ⌫↵�
R

µ⌫↵�
� 4Rµ⌫

R
µ⌫

+R
2
.

Due to the inflaton field coupling to the Gauss-Bonnet term, it is no longer a topological
term and contributes to the field equations in a non-trivial way. The field equation is [11]

M
2
plGµ⌫

+
1

4
Rrµr⌫⇠ +

1

2
G

µ⌫
r

2
⇠ �

⇣
r

⇢
r(µ⇠

⌘
R

⇢

⌫) +

✓
1

2
g
µ⌫
R

⇢�
�

1

2
R

⇢ �

µ ⌫

◆
r⇢r�⇠ = T

µ⌫
,

(1)
where Gµ⌫ is the Einstein tensor and Tµ⌫ is the energy-momentum tensor. For now we
consider arbitrary coupling function ⇠ (�) and inflaton potential V (�). Later we will restrict
our calculation to a specific choice. For the flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) universe the modified Friedmann equation is

3M2
plH

2
�

3

2

H
3
⇠
0

a2
=

1

2
�
02 + a

2
V (�) , (2)

where H = a
0

a
, or alternatively in terms of cosmological time

3M2
plH

2
�

3

2
H

3
⇠̇ =

1

2
�̇
2 + V (�) , (3)

2

Under the slow roll approximation, the tensor spectral index nT and tensor-to-scalar ratio
r for this model is

nT = 3� 2⌫T = �2✏�
2

3
↵, (39)

r ⌘
Ph

P 
' 16✏+

32

3
↵ + 4�. (40)

So far there is no severe observational constraint on the tensor spectral index nT . On the
other hand, the tensor-to-scalar ratio should be smaller than about 0.05 [1]. Detailed analysis
will be done in the next section.

3 Gravitational wave background

In this section we show that the inflation model with a simple power law potential can be
consistent with the CMB observation after the Gauss-Bonnet correction is taken into account.
Then we show that the Gauss-Bonnet term leads to the inflaton decay into the gravitons
during the reheating phase, so that the very abundant high frequency GW background is
the unique prediction of this model. To be concrete, we restrict ourselves to the following
choice of ⇠ (�) and V (�):

⇠ (�) = 8⇠0e
���/Mpl , V (�) =

1

2
m

2
�
2
. (41)

Thus we have three model parameters: ⇠0,� and m. In Sec. 3.1, these parameters are
determined so that the model is consistent with the CMB observation. In Sec. 3.2, we
compute the high frequency graviton spectrum produced by the inflaton decay by using the
parameters determined in Sec. 3.1.

3.1 Viable model consistent with the Planck result

In order to compare theoretical predictions for (ns, r) with the observations, the slow-roll
equation (6) was integrated using the fourth order explicit Runge-Kutta scheme. We assumed
that inflation lasts for 60 e-folds. The endpoint of the inflation is determined by the condition
max (✏,|⌘|,|↵|,|�|,�) = 1. For our �2 potential they are explicitly given by

✏ = ⌘ =
2M2

pl

�2
, (42)

↵ = �
2

M
3
pl

�⇠0m
2
�e

���/Mpl = �3�⇣
�

Mpl
e
���/Mpl , (43)

� =
2

3M4
pl

m
2
�
2
⇠0�

2
e
���/Mpl = �

2
⇣
�
2

M
2
pl

e
���/Mpl , (44)

� =
8

9M8
pl

m
4
�
2
⇠
2
0�

4
e
�2��/Mpl = 2�2

⇣
2 �

4

M
4
pl

e
�2��/Mpl , (45)
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So far there is no severe observational constraint on the tensor spectral index nT . On the
other hand, the tensor-to-scalar ratio should be smaller than about 0.05 [1]. Detailed analysis
will be done in the next section.

3 Gravitational wave background

In this section we show that the inflation model with a simple power law potential can be
consistent with the CMB observation after the Gauss-Bonnet correction is taken into account.
Then we show that the Gauss-Bonnet term leads to the inflaton decay into the gravitons
during the reheating phase, so that the very abundant high frequency GW background is
the unique prediction of this model. To be concrete, we restrict ourselves to the following
choice of ⇠ (�) and V (�):
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Thus we have three model parameters: ⇠0,� and m. In Sec. 3.1, these parameters are
determined so that the model is consistent with the CMB observation. In Sec. 3.2, we
compute the high frequency graviton spectrum produced by the inflaton decay by using the
parameters determined in Sec. 3.1.

3.1 Viable model consistent with the Planck result

In order to compare theoretical predictions for (ns, r) with the observations, the slow-roll
equation (6) was integrated using the fourth order explicit Runge-Kutta scheme. We assumed
that inflation lasts for 60 e-folds. The endpoint of the inflation is determined by the condition
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Ex) Inflation with Gauss-Bonnet correction

where we have defined ⇣ ⌘
2m2

⇠0

3M2
pl
. The scalar spectral index ns and the tensor-to-scalar ratio

r are then evaluated through Eqs. (25) and (40). Furthermore, we demand that the density
perturbation satisfies the condition (26) to determine the inflaton mass m. The results
for (ns, r) for various values of � and ⇣ are shown in Fig. 1. We find that the results are
consistent with those presented in Ref. [18]. Red and blue lines correspond to the parameter
region derived by the CMB data only and CMB + baryon acoustic oscillation (BAO) data,
respectively [1]. We see that unlike in pure GR without the Gauss-Bonnet term, the �2 model
can be made consistent with the observational bounds. The range of � and ⇣ consistent with
the observation is presented in Fig. 2, and the consistent inflaton mass is shown in Fig. 3.
This results gives us a lower bound on the inflaton mass as mmin ' 1.94⇥ 1013 GeV for the
1� CMB only region of Fig. 1 and mmin ' 1.98 ⇥ 1013 GeV for the 1� joint CMB + BAO
region. These points are marked in Fig. 1, Fig. 2 and Fig. 3 by a red point for the CMB
only region value and blue point for the joint CMB + BAO region value.

Figure 1: Prediction of ns and r for various values of ⇣ and �. The value of � varies along
each line from 0.04 to 0.6. The crosses mark an increase in � by 0.04. Three dots represent
our reference parameter points.
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[Mudrunka, KN (2023)]

This paper is organized as follows. In Sec. 2 we briefly review the inflaton dynamics
and summarize the formulae for evaluating the curvature perturbation in the presence of
Gauss-Bonnet coupling. In Sec. 3 we calculate the characteristic GW spectrum predicted in
the model through the perturbative inflaton decay and show that the high frequency GW
amplitude is so huge that it is can be a smoking gun signature of the model. Sec. 4 is devoted
to conclusions and discussion. For readers’ convenience, comparisons of the formulae for the
curvature perturbation with other literature are summarized in Appendix A.

Throughout this paper we use the following convention. The derivative with respect to
the conformal time a (t) d⌧ = dt will be denoted by 0 with a(t) being the cosmic scale factor,
while the dot will be kept for the derivative with the cosmological time, e.g., a0 = aȧ.

2 Inflation with Gauss-Bonnet term

In this section we review the inflation with Gauss-Bonnet term correction. First we derive
the background dynamics of the inflaton and then study the scalar and tensor perturbations
generated during inflation. In the calculation of the power spectra we follow the procedure
described in Ref. [15].

2.1 Inflaton dynamics

The model we study in this article is described by the following action
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where R is the Ricci curvature, Mpl the reduced Planck scale, � is the inflaton field, V (�)
the inflaton potential, ⇠(�) is some function of the inflaton which is taken arbitrary in this
section and R

2
GB denotes the Gauss-Bonnet term,

R
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Due to the inflaton field coupling to the Gauss-Bonnet term, it is no longer a topological
term and contributes to the field equations in a non-trivial way. The field equation is [11]
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where Gµ⌫ is the Einstein tensor and Tµ⌫ is the energy-momentum tensor. For now we
consider arbitrary coupling function ⇠ (�) and inflaton potential V (�). Later we will restrict
our calculation to a specific choice. For the flat Friedmann-Lemaitre-Robertson-Walker
(FLRW) universe the modified Friedmann equation is
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, or alternatively in terms of cosmological time
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Under the slow roll approximation, the tensor spectral index nT and tensor-to-scalar ratio
r for this model is

nT = 3� 2⌫T = �2✏�
2

3
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32

3
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So far there is no severe observational constraint on the tensor spectral index nT . On the
other hand, the tensor-to-scalar ratio should be smaller than about 0.05 [1]. Detailed analysis
will be done in the next section.

3 Gravitational wave background

In this section we show that the inflation model with a simple power law potential can be
consistent with the CMB observation after the Gauss-Bonnet correction is taken into account.
Then we show that the Gauss-Bonnet term leads to the inflaton decay into the gravitons
during the reheating phase, so that the very abundant high frequency GW background is
the unique prediction of this model. To be concrete, we restrict ourselves to the following
choice of ⇠ (�) and V (�):

⇠ (�) = 8⇠0e
���/Mpl , V (�) =

1

2
m

2
�
2
. (41)

Thus we have three model parameters: ⇠0,� and m. In Sec. 3.1, these parameters are
determined so that the model is consistent with the CMB observation. In Sec. 3.2, we
compute the high frequency graviton spectrum produced by the inflaton decay by using the
parameters determined in Sec. 3.1.

3.1 Viable model consistent with the Planck result

In order to compare theoretical predictions for (ns, r) with the observations, the slow-roll
equation (6) was integrated using the fourth order explicit Runge-Kutta scheme. We assumed
that inflation lasts for 60 e-folds. The endpoint of the inflation is determined by the condition
max (✏,|⌘|,|↵|,|�|,�) = 1. For our �2 potential they are explicitly given by
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Huge GW background from 
inflaton decay to gravitons!



Bremsstrahlung GW is ubiquitous when inflaton decays
[KN, Tang (2018)]

GW as a probe of reheating

[Barman, Bernal, Xu, Zapata (2023)]
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(See [Murayama, Noether, Schutte-Engel (2025)] for fermion decay)



Superheavy particles are produced by instant preheating
[Felder, Kofman, Linde (1998)]
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FIG. 1: Example graviton bremsstrahlung decays �!   ̄+h
of a scalar � (dashed) into fermions  (solid), involving one
graviton h (wiggle, blue) in the final states.

Instant preheating. – After the period of inflation,
driven by the inflaton, inflaton’s energy density is con-
verted into conventional matter and thus enters the Big
Bang cosmology through reheating process. However,
during the early stage of reheating, known as preheat-
ing, particles much heavier than the inflaton can be e�-
ciently produced [35, 36]. As we discuss, even temporary
production of such superheavy particles and their sub-
sequent decays can naturally result in significantly en-
hanced emission of GWs from graviton bremsstrahlung.

If a scalar particle � is coupled to the inflaton, such
particles are produced non-perturbatively through the
inflaton oscillations after period of inflation. Since �’s
mass depends on the field value of the inflaton, it is time-
dependent. Then, �’s mass can be as heavy as the Planck
scale temporarily. If � is further coupled to some lighter
particle species, � decays into them [37]. This scenario of
instant preheating allows for � particles to be very e�-
ciently produced while they decay when their masses are
close to the Planck scale. This implies that branching
ratio for processes in Eq. (1) can naturally be as large as
⇠ O(0.1). Not only is this an ideal setting for e�cient
graviton bremsstrahlung but it also establishes a testing
ground for Planck-scale physics, since the graviton en-
ergy may be close to the Planck scale.

This scenario can be readily realized within a minimal
setup as we now show. Consider Lagrangian

L � �
1

2
m

2
��

2
�

1

2
�
2
�
2
�
2 + y� ̄ , (2)

where � is the inflaton, � is a scalar field that is directly
coupled to the inflaton through the four-point coupling
�, and  is a fermion that has a Yukawa coupling to the
� particle with a coupling constant y. We have omitted
canonical kinetic terms.

After inflation ends, the inflaton oscillates with an am-
plitude �i ⇠ MPl and � particles are non-perturbatively
produced. The number density of the produced � parti-
cles after just half of oscillation can be estimated as [36]

n� '

✓
k⇤
2⇡

◆3

, k⇤ =
p
�m��i , (3)

when ��i � m�, with k⇤ being the typical momenta.
Produced � particles can e�ciently decay before the next
half oscillation of the inflaton starts if the Yukawa cou-
pling y is sizable. In this scenario of instant preheat-
ing [37], sizable fraction of the inflaton energy rapidly
transforms into radiation during just the first half of os-
cillation.
From Yukawa coupling, the decay rate of � is given by
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y
2
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8⇡
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y
2
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'

y
2
�m��it

8⇡
. (4)

Thus, the decay time is given by tdec '
p

8⇡/(y2�m��i).
For � particles to decay within half of oscillation, the
decay time should be smaller than the inflaton oscillation
period 1/m�. Hence, we require

m� . y
2
��i

8⇡
, (5)

for the instant preheating to occur. Correspondingly, the
mass of � at the instance of its decay is given by

m�(tdec) ' ��(tdec) '

s
8⇡�m��i

y2
. ��i . (6)

When the upper bound of Eq. (5) is saturated, the infla-
ton energy loss is most e�cient. The energy loss of the
inflaton in one half oscillation is then given by

�⇢�

⇢�
⇠

m�(tdec)n�
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�
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4⇡3
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In the last inequality we used Eq. (5) and m� ⇠

1013 GeV, �i ⇠ MPl.
We note that e↵ectiveness of our scenario depends on

the strength of the coupling � between inflaton � and
�. This coupling also induces radiative correction to the
inflaton potential through the Coleman-Weinberg poten-
tial VCW ⇠ (32⇡2)�1(��)4 log � . If one is to require
that inflaton dynamics are not spoiled by this correction
in the setup at face value, this implies an upper bound
� . 10�3. Such restriction would result in ine�cient
particle production and also the e↵ective mass of � is
bounded as m� . ��i ⇠ 1015 GeV. Hence, the graviton
bremsstrahlung e�ciency would also be suppressed.
We emphasize, however, that in many realistic infla-

tion models such a constraint can be avoided and large
enough � ⇠ O(1) is achieved. One such scenario is the
Higgs inflation model and/or its variants [38], in which
the inflaton non-minimal coupling to the Ricci curvature
ensures the flatness of the potential. Another scenario is
a setup based on supersymmetry (SUSY), in which the
radiative correction is mostly cancelled out between the
bosonic and fermionic contributions. For SUSY version
of the instant preheating, we consider the Kahler poten-

A simple model:
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Br�!  ̄h ⇠ 0.1 may be possible in instant preheating!

Higgs inflation [Bezrukov, Shaposhnikov (2007)]

[Murayama, KN, Takahashi, Yanagida (2014)]Sneutrino inflation

Produced particles can be as heavy as Planck scale

Example:
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FIG. 2: Expected GW energy spectrum at present time from
graviton bremsstrahlung associated with heavy particle de-
cays during reheating for several choices of (�, y) (solid),
along with sensitivity curves (black, dashed) of proposed
and existing GW detectors, the fifth observing run (O5) of
the aLIGO-Virgo detector network [64], Laser Interferometer
Space Antenna (LISA) [65], Cosmic Explorer (CE) [66], Ein-
stein Telescope (ET) [67], Big Bang Observer (BBO) [68],
DECi-hertz Interferometer Gravitational wave Observatory
(DECIGO) [69] and resonance cavities [70, 71]. Contributions
from thermal plasma [8–10] (blue, dashed) are displayed for
reference.

factor at the � decay and the completion of reheating, re-
spectively. In the limit of most e�cient instant preheat-
ing, the Universe soon turns into radiation domination af-
ter inflation, so w = 1/3 and ✏ = 1. Ine�cient prolonged
reheating phase would result in small ✏. The peak value
of the GW spectrum in Eq. (13) at energy Ep approxi-
mately follows ⌦GW ⇠ ✏⌦radBr�!  ̄h(⇢�/⇢tot)zdec . For
E0 . Ep, the spectrum is proportional to E0. Here, we
do not go into details regarding the exact range how far
the spectrum of Eq. (13) can be extended to low frequen-
cies [11]. When the upper bound on Eq. (6) is saturated,
we have (⇢�/⇢tot)zdec ⇠ O(1) and ✏ = 1, and hence we
can expect huge generated amount of GWs. The typical
GW frequency, fp = Ep/(2⇡), can be estimated as

fp ' 4.6⇥ 1013 Hz⇥

✓
adec

areh

◆✓
m�

MPl

◆✓
1015 GeV

Treh

◆
,

(14)

where Treh is the reheating temperature.
Fig. 2 shows GW energy spectra from graviton

bremsstrahlung in our scenario for several character-
istic parameter choices of (�, y) along with sensitivi-
ties of proposed and existing GW detectors, considering
m� = 1013 GeV and �i = MPl. Here, we consider e�-
cient preheating such that the radiation-dominated Uni-
verse begins soon after inflation ends, with �y

2 & 10�4

in Eq. (5). For reference, we also showcase the expected
GW contributions from thermal plasma [8–10] taking the
maximum reheating temperature of Treh = 1016 GeV.

It can be seen that the peak position of the GW en-
ergy spectrum is determined by m� and peak frequency
ranges ⇠ 109 � 1013 Hz. Over broad range in frequen-
cies, bremsstrahlung GWs can dominate thermal plasma
GWs by orders of magnitude. Intriguingly, recently pro-
posed GW detectors based on resonant cavities [70, 71]
are sensitive to GWs from graviton bremsstrahlung due
to heavy particle decays during instant preheating. Fur-
ther, at lower frequencies, our scenario can also be tested
by proposed GW experiments such as DECIGO [69].

We have demonstrated multiple venues for successful
realizations of instant preheating. On the other hand,
scenarios with small couplings between inflaton and �,
when the inequality of Eq. (5) is not satisfied, are also
interesting to further explore. In such a case, most of �
particles do not decay in one inflaton oscillation period
and resulting Bose enhancement can lead to broad
parametric resonance [35, 36]. Then we expect mixture
of GWs from the bremsstrahlung and that from the
large density fluctuation of the scalar field [72–80]. We
leave detailed investigation of this for future work.

Conclusions. – We have demonstrated that quan-
tum gravitational processes accompanying all particle
decays can be unsuppressed and produce huge amounts
of GWs. As we have shown with concrete particle
physics models, this can naturally occur for graviton
bremsstrahlung from superheavy particle decays within
preheating stage after period of inflation in the early
Universe. The masses of such decaying particles can
be close to the Planck scale in our scenario and hence
the observation of resulting GWs can be a direct probe
of the Planck-scale physics that are challenging to
probe otherwise. Interestingly, such GWs can dominate
among other known GW sources over a wide frequency
range and are within the reach of recently proposed
experiments. On the other hand, if there are significant
yet unexplored modifications of quantum field theory
close to the Planck scale, then the decay rates, spectra
or the graviton dispersion relations could be altered and
a↵ect resulting GW spectra. Thus, observations of high
frequency GWs can carry unique opportunities for new
insights into the Planck-scale physics.
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[Hu, KN, Takhistov, Tang (2024)]GWs from instant preheating

High frequency GWs tell us what is inflaton!
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