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Monte Carlo study of Schwinger model
at finite temperature and theta
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Abstract We study the interplay between the quantum effects of the 0 term and thermal effects through
the first-principle Monte Carlo study of the Schwinger model. The sign problem is circumvented by using
the bosonization technique, effectively evading the fermion doubling problem and preserving the chiral
anomaly on a lattice simultaneously.

© 2024 Department of Physics, Kyoto University

The 0 term, the redundant term in gauge theories, has been attracting a large amount of interest due to its
intriguing features. The effects of the 6 term are purely quantum since the term does not affect the classical
equation of motion. Additionally, the 6 term explicitly breaks the CP symmetry except for the special case 6 =
7, Where the CP symmetry is not explicitly broken due to the topological nature of the term. Despite the
theoretical interest, investigating the effects of the 6 term by the Monte Carlo method is known to be very
challenging due to the sign problem.

We investigate the interplay between the quantum effects of the 6 term and thermal effects through the
first-principle Monte Carlo study of quantum electrodynamics in 1 + 1 dimensions, known as the Schwinger
model. The Schwinger model describes confinement, the chiral anomaly, and the nontrivial topological 6 vacuum,
similar to quantum chromodynamics in 3 + 1 dimensions. After reviewing the lattice formulations of the
Schwinger model, we point out [1] that the sign problem at finite 6 can be circumvented by using the bosonization
technique, in which the Dirac fermion is transformed into boson, effectively evading the fermion doubling
problem and preserving the chiral anomaly intact simultaneously. We explicitly confirm its validity and
effectiveness through detailed comparisons with analytical and previous numerical results.

Using the proposed method, we perform a precise calculation of the string tension and quantitatively reveal the
confining properties in the Schwinger model at finite temperature and 6 [1]. We find that the string tension is
strongly affected by the 6 term and can become negative for noninteger probe charges near 6= = at low
temperatures. Furthermore, we observe that the string tension becomes less dependent as temperature increases,
indicating the thermal suppression of the quantum effects of the 6 term.

We also explore the phase structure of the Schwinger model at 6 = = in the temperature and fermion mass
plane focusing on the CP-breaking quantum critical point (QCP) at zero temperature, which belongs to the Ising
universality class [2]. Specifically, we perform a detailed investigation of the correlation function of the electric
field near the QCP and find that it shares the same asymptotic form as the quantum Ising chain. This finding
indicates the existence of three regions near the QCP, each characterized by a specific asymptotic form of the
correlation length, and demonstrates that the long-range order at zero temperature is broken by infinitesimally
small thermal effects.
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Abstract The free energy of 2-flavor Schwinger model with finite 6 parameter is calculated. We use
tensor renormalization group (TRG) method, with obvious 27 periodicity of 8 parameter. We change
mass of the fermions, and check that the results are consistent in large mass limit and small mass region
to theoretical calculations.
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Fig.1 6 dependence of the free energy of 2-flavor Schwinger model
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Abstract Calibration of pointing (line-of-sight) and polarization angle (antenna orientation at the sky) is
essential for precise measurement of the CMB. We developed their calibration methods for the
GroundBIRD experiment. The developed calibration methods and results are shown in this presentation.
© 2024 Department of Physics, Kyoto University
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Axion clouds around black holes in inspiraling binaries
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Abstract We study the dynamics of axion clouds around black holes in binary systems. With the aim of
clarifying the entire picture of the evolution of the system, we systemize the tidal effects on the axion
cloud during the inspiral phase and discuss their implications to the observational signatures.

© 2024 Department of Physics, Kyoto University

With the beginning of the gravitational wave (GW) observations, we have obtained a new means to explore
fundamental physics. Axions predicted by string theory can be crucial observational targets in connection with
black holes (BHSs) [1]. Bosonic fields such as axions can extract energy and angular momentum from rotating BHs
by the mechanism called superradiance. When the axion has a mass corresponding to the Compton wavelength
comparable to the BH radius, it grows efficiently and forms a cloud around the BH.

Most of the observed BHs belong to the binary system with another compact object and emit GW from their
orbital motion. As a radiation reaction, their separation gradually becomes smaller, and they eventually merge.
This is the source of the currently detected GW events. If one of the binary is a BH with the axion cloud, tidal
interactions from the companion affect the cloud and change the evolution of the system. In particular, when the
orbital frequency passes through the gaps between the eigenfrequencies of axion, the tidal interaction works
resonantly [2,3]. This phenomenon manifests in the GW signal, and would alter the signatures appearing in the
BH’s mass-spin distribution associated with the formation of the cloud.

To confirm the detectability of the axion cloud through the GW observations and the robustness of the current
constraints on axions obtained from the BH observations, it is necessary to comprehend the evolution of the
binary system with the axion cloud. Firstly, we systemize the tidal effects that influence the axion cloud during the
inspiral phase of the binary. In particular, we find that the effect of the dissipation plays an important role in
determining the final state of the axion cloud. Furthermore, by considering the balance between the backreacton to
the orbital motion and the decrease in the angular momentum of the cloud, it is shown that the behavior of the
system changes greatly depending mainly on the mass ratio of the binary [4].

For nearly equal mass binaries, the axion cloud evaporates during the inspiral phase. On the other hand, when the
mass ratio is small, the timescale of the orbital evolution becomes long, and the situation becomes complicated.
The effect of the dissipation while the orbit passes through the resonance cannot be ignored, and it is necessary to
analyze the actual time evolution. We present a formulation to examine the evolution of the system including
those effects, and show that the axion clouds disappear by absorption to the central BH, unlike nearly equal mass
binaries. In addition, we find that the change of the GW frequency evolution can be the indicator of the presence
of the cloud and signatures regarding the BH’s mass-spin distribution hardly change [5].
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Abstract The Bell inequality is a principal touchstone of testing the local realism posited by Einstein at
the time of the formation of quantum theory. We examine the feasibility of the Bell test, detecting a

violation of the Bell inequality, through the flavor entanglement between pairs of the B mesons produced
in pp collisions at the LHC.
© 2024 Department of Physics, Kyoto University
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Abstract The J-PARC E16 experiment aims at observing the spectral change of vector mesons in nuclei
to study the chiral symmetry restoration at finite density. We measure di-electron decays of vector mesons
produced in proton-nucleus reactions. Commissioning runs have been performed since 2020. The
successful performance of the detectors was confirmed.

© 2024 Department of Physics, Kyoto University

KA ZIVRFED B HHIIEAVTAR = R L —QCD 1251 DBRIENERO O LSO THY . TDOA—F
— TG RA—=BThHD I +— 7 k% ERMIZEHMET 5 Z 13 Q0D B EOHERICETE THH (1], B
Zerp [2] B OV TRIBEE T [3] TIIME 1 QCD & VW=7 + — 7 BEis O E Bl N A TEB Y . AIREE FIC

BWTH A 7 UEEG[4]°QCD FI (5] O FEEZ AW ZEwma b T s, FIRIEE - BED X 9
TRRRIREREE N Tl A ZVRFNEDRIENHIFE I N TND—F T, TOX I RREICBITS 7 +— 7%t
i B O FERA 72 BREEIE T 72HESL LT,

ITH-, QCD FHAlZ W T, AIREBE FIZB T/ Ra AT bk 74— 7 §Efig = BfRS0 57
BBEINREINTZ, Zhazxid Thkald, AREERRE COHLIR P TXI Z—Hl+(o/w/¢)
DEEART MV ERIET D J-PARC E16 EBRZ1T-> T\ 5, 30 GeV DR B — 4 & [EE R AR D
B2 CHEMR L=y X —H OB s - E 2 ET 5, ﬁ%ﬁ%##%&¢ﬁ%@ﬁ%+ﬁm
WCHET 2 Z LIk o T, BRNREE L2+ AT ML Ogim % 2%, FRIZ o PRIFITE T
PRI fth oD HLAE IR HE ﬂﬁ<it%%%m4mw&&%wthWx«ﬁbwﬁﬁ HEmICiE LT D,
o P OBNEBEZLOREIL. BNOA ML v PR AR T 5[6] L) A CTEEL
Do

%%Ti WARIEBFH EAERA OV okt 7o —7 N5, X7 Z—HE+DO L7 b ot ipiE

YU ERLE 10 R & JERI /NS W 2b, J-PARC O ETEEN & B — AT A 2 X D 5X10° Hz O KIRSERS
%t BERNERAEE ) AT ha A—2 B LIEHT 5,

2020 FFIZE—L TG A UV EORAXRT b A—HOEREZET L, 23Ivra=r 7020k L7-, B
M, @b — MREEICERIT 2 B OEERER K OVEREREM, WELT T ZINERBEEZITS) 2 LT
bHb, 20216 AL TIAThN-H3E0aI v a = 7T 00T, AL RO B — ABE 1T L
TSN EFICEET 2 Z L 2R L, EmbsEETbBOhiEERY THhDH Z BRI
TRV, FMIARECTHRET D, —FHT, RSN TFE—AT7 A b SN D B — A ITHERH
MER DL ENARTI v a = THERISN, 2 ORREREEIL DAQ RO T, K7 =4 7 |k
UH—O¥MAESEEZTZENHBALTND, 20244 4 Al FESNTWSHaI vrga =72 TC
HEFAEMA LI E—A 8 live time #WEL7-DAQ ZEH L. U H—FEoKEbAZITY, ZDOF
— 2 HNTARY 2 — 7O TR 21TV, 2024 EERICH T o 2 BIGT 5 T ETH D, A%HE
TlX, J-PARCEI6 HEBROMEL NHFAE TOaI v a =TT OFRE, 5% O RELICHOWTHE
T 5,

References

[1] R. S. Hayano and T. Hatsuda, Rev. Mod. Phys. 82, 2949 (2010).
[2] Y. Aoki et al., Eur. Phys. J. C 82, 869 (2022).

[3] G. Aarts et al., Phys. Rev. D 105, 034504 (2022).

[4] N. Kaiser and W. Weise, Phys. Lett. B 671, 25 (2009).

[5] T. Hatsuda and S. H. Lee, Phys. Rev. C 46, R34 (1992).

[6] P. Gubler and K. Ohtani, Phys. Rev. D 90, 094002 (2014).



The Petz lite recovery map for black hole information
recovery protocol

Theoretical particle physics group Yasuaki Nakayama

Abstract The Petz recovery map reduces to the Petz lite if we consider scrambling. We show that the Petz
lite can actually recover the quantum state thrown into a black hole in two famous scrambling dynamics,
the Hayden-Preskill decoding protocol and the SYK model.

© 2024 Department of Physics, Kyoto University

Black hole information loss problem is one of the most important problems in theoretical physics,
which was proposed by Hawking in 1975. Hawking concluded by applying quantum field theory
(QFT) to gravitation that black hole is a thermal object which emits thermal radiation called
Hawking radiation and eventually evaporates remaining only thermal radiation, and it violates
unitarity of quantum physics. To maintain unitarity, entanglement entropy of Hawking radiation
must return to zero following the Page curve. Island formula, which was derived in 2019 by
holographic entanglement entropy formula and replica wormhole calculation, provides a consistent
method to realize the Page curve. According to Island formula, quantum information inside a black
hole can be extracted from Island region through Hawking radiation. We are interested in the
problem to decode the original state from Hawking radiation by some operational procedure.

Hayden and Preskill studied the condition and procedure to decode a quantum state thrown into
a black hole by considering black hole dynamics as random unitary matrix[1]. If the decoupling
condition is satisfied, we can construct a decoder acting on Hawking radiation to recover the
original state. Yoshida-Kitaev decoder is a famous example. Chandrasekaran and Levine studied
the Hayden-Preskill setup in the Sachdev-Ye-Kitaev (SYK) model[2]. The SYK model is
one-dimensional QFT considering random coupling, so it is closer to real physics than random
unitary matrix dynamics. Also, SYK is holographic dual of JT gravity, so we can study bulk physics.

Hayden-Preskill setup and Chandrasekaran-Levine’s SYK setup can be studied by the flamework
of quantum error correction (QEC). The scrambling dynamics of them can be interpreted as a
special quantum noise channel. In QEC, the condition to recover the original quantum state in code
subspace is known as the Knill-Laflamme (KL) condition, and if the KL condition is satisfied, the
recovery map is constructed as the Petz recovery map in general. When we consider scrambling
channel such as the Hayden-Preskill protocol and the SYK model, the Petz recovery map reduces to
the Petz lite, which is the adjoint of the noise channel up to the normalization constant.

In our paper[3], we show that the Petz lite can be used as the recovery map for Hayden-Preskill
setup and the SYK setup. First, in the Hayden-Preskill setup, we evaluate by replica wormhole like
calculation the relative entropy between the original state and the state after the noise channel and
the Petz lite are acted, and show that it vanishes when the decoupling condition is satisfied. We also
show that the Yoshida-Kitatev decoder is equivalent to the Petz lite. Second, in the SYK
Hayden-Preskill setup, we consider the insertion of quantum information as two-dimensional code
subspace of vacuum and the excitated state made of a fermionic operator. We check that after twice
the scrambling time, the Petz lite can recover the original information by transforming some matrix
elements to modular flowed correlators and calculating them.
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Abstract We developed a novel approach to extract information on a collective dynamics of nuclei with
the density functional theory and deep learning techniques. The results show that two dimensional latent
variables can reproduce a large part of the dynamics, while traditional multipole moments do not have
enough information on it.

© 2024 Department of Physics, Kyoto University
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k59 % OF-EDF DIF#H%E KA A OHIPAINTEITLARE TH D Z L2, HibHV FEHICK D/ REnTW
% (2], Fx 1 THERR R S B CAEHERYIZARE S LTV 2 SRR IR & SEHIEE O FALIE 2 FEf L.
autoencoder &l 0 B A G HHET- multi—task learning (2K V., 25U @ FJEARRENTLE DIELE
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DT —HDREDNEEEEIND T ERHLMNZ 5T, — T, ZEMBE—AL MIXAFTI7 ADE
WEINFLE A>TV W Z EARENTZ, LA ElT data driven 77 0 —F |2 EES < EFEE ORI &
WO | SEEE OMERIELIRIZ T D ETEB OB LR o KR L V2 D,
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Abstract The measurement of the neutron skin thickness of the medium-heavy double-magic nuclei, such
as 132Sn is a powerful method for investigating nuclear symmetry energy. To determine the skin thickness
of the '#2Sn precisely, we have performed a proton elastic scattering experiment in inverse kinematics.
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Higher-Form Symmetry and
Eigenstate Thermalization Hypothesis
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Abstract The eigenstate thermalization hypothesis is a celebrated framework for sufficient conditions of
thermalization in isolated quantum systems. We discuss how higher-form symmetry affects the ETH in
lattice field theories. In particular, p-form symmetry in (d+1)-dimensional quantum field theories leads to
nontrivial (d-p)-dimensional observables that violate the ETH. We further propose the generalized Gibbs
ensemble accommodating higher-form symmetries as the resultant thermal equilibrium.

© 2024 Department of Physics, Kyoto University

The eigenstate thermalization hypothesis (ETH) is a successful framework providing criteria for thermalization in
isolated quantum systems [1,2]. The ETH for an operator ensures thermalization for the operator, i.e., its expectation
value equilibrate to its thermal average. Although numerical and theoretical analyses support the ETH as a
fundamental mechanism for explaining thermalization in diverse systems, it remains a challenge to analytically
identify whether particular systems satisfy the ETH. In quantum many-body systems and quantum field theories
(QFTs), phenomena that violate the ETH are expected to imply nontrivial thermalization processes, and are
gathering increasing attention.

In the work [3], we elucidate how the existence of higher-form symmetries influences the dynamics of
thermalization in isolated quantum systems. Under reasonable assumptions, we analytically show that a p-form
symmetry in a (d + 1)-dimensional QFT leads to the breakdown of the ETH for many nontrivial (d — p)-
dimensional observables. In the case of discrete higher-form (i.e., p = 1) symmetry, this indicates the absence of
thermalization for observables that are non-local but much smaller than the entire system size even though the
system has no local conserved quantities. We provide numerical evidence for this argument for the (2 + 1)-
dimensional Z, lattice gauge theory. While local observables such as the plaquette operator thermalize even for
mixed symmetry sectors, the non-local observable such as the one exciting a magnetic dipole instead relaxes to the
generalized Gibbs ensemble that takes account of the Z, 1-form symmetry. The assumptions of the ETH-violation
above include the mixing of symmetry sectors within a given energy shell. This condition is rather challenging to
verify because it requires information on the eigenstates in the middle of the spectrum.

Furthermore, we reconsider this assumption from the viewpoint of the ’t Hooft anomaly to alleviate this
difficulty [4]. In the case of Z, symmetries, we can circumvent the difficulty by considering Zy X Zy-symmetric
theories with a mixed 't Hooft anomaly, and then perturbing the Hamiltonian while preserving one of the Zy
symmetries of interest. Additionally, we carry out numerical analyses for (1 + 1)-dimensional spin chains and the
(2 + 1)-dimensional Z, lattice gauge theory to demonstrate this scenario.
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Exploring Energy Transfer and Evolution of Supernova Remnants
through Year-Scale X-ray Variability
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Abstract We investigate year-scale X-ray time variabilities in Tycho’s SNR, aiming to explore the energy
transfer at shock waves. We discovered two types of time variabilities: fluctuations in nonthermal radiation
in the western "stripe" structure and gradual brightening in thermal radiation in the northeast rim.
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Spin of Ultralight Dark Matter
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Abstract In this talk, we explore the spin properties of ultra-light dark matter (ULDM) up to two. First,
we explore a novel production mechanism for spin-2 ULDM within the bigravity framework. Second, we
propose a method to distinguish the spin of ULDM in the search with gravitational wave detectors.

© 2024 Department of Physics, Kyoto University

In this study, we explore two methods to enhance our comprehension of ultra-light dark matter (ULDM),
particularly focusing on the spin properties of these particles. ULDM consists of bosonic particles that have
integer spins [1], and there is much research in the literature about spin-0 and spin-1 ULDM. In this talk, we will
show our study to extend the research of ULDM up to spin-2, mainly based on [2,3].

Firstly, we propose a novel mechanism for producing spin-2 ULDM, emerging from anisotropies in spacetime
[2]. This spin-2 ULDM model is developed within the framework of bigravity, a theory that extends general
relativity by including an extra massive spin-2 field. In the bigravity framework, we scrutinize the fixed point
cosmological background solutions found in axisymmetric Bianchi type I universes. By conducting a detailed
analysis of the stability and classification of these fixed points, we find a novel mechanism for generating spin-2
ULDM. Our findings indicate that spin-2 ULDM could originate from the transition of a universe from an
anisotropic fixed point to an isotropic one.

Secondly, we consider the ULDM search with interferometric gravitational wave detectors and propose a
novel method to distinguish spin-0, spin-1, and spin-2 ULDM signals [3]. This method utilizes cross-correlation
analysis across multiple detectors. The key feature in this analysis is the spin dependence of the overlap reduction
function (ORF), which reflects the relative positions and orientations of the detectors. The ORF patterns for spin-0
and spin-1 ULDM are significantly different from those of spin-2. This distinction is primarily attributed to the
finite-time traveling effect in spin-0 and spin-1 ULDM signals.

As a secondary outcome, we point out that the upper limit on the coupling constant for U(1)g spin-1 ULDM
needs to be revised. The standard analysis, which is based on an ORF designed for gravitational waves, does not
consider the finite-time traveling effect. By including this effect, the allowed region in the parameter space
becomes about 30 times larger than previously thought.

This study explores spin as a new dimension to dark matter research in addition to the traditional parameters,
i.e., mass and coupling, potentially broadening the scope of the study of dark matter.
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