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again grows!
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- In 1930s, in some metals a nonmonotonic change in electrical resistance
(電気抵抗) with temperature was found

1. Introduction
・Puzzle of the electrical resistance
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A mysterious minimum point was discovered
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1. Introduction

- The behavior can be understood by tree-level 
scatterings among a conduction electron or phonon
[e.g. textbook by C. Kittel] e�
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How can we 
explain it?

・Puzzle of the electrical resistance
- Electrical resistance is induced by scatterings of itinerant electrons

(eg, Drude model, etc.)

(Puzzle)
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・Kondo effect
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- Kondo showed the increment is provided by
2nd-order scatterings with impurity electrons
[Kondo effect] J. Kondo, PTP,32 (1964) 37
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J. Kondo, PTP,32 (1964) 37Jun Kondo (1930 – 2022/3/11)

2003年文化功労者
2020年文化勲章

Notable awards
1973年日本学士院恩賜賞

：
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~k0 "
<latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="E9E63uhCZDjJbb9OVwlC4XSGW6Q="></latexit><latexit sha1_base64="E9E63uhCZDjJbb9OVwlC4XSGW6Q="></latexit><latexit sha1_base64="/+a4FRxu97OC6aDu+KWKUCu+1Uc="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit>

~k "
<latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="9paT0p9OE50B9k4YmfUonx1387M="></latexit><latexit sha1_base64="9paT0p9OE50B9k4YmfUonx1387M="></latexit><latexit sha1_base64="XTg5E6tF4MhC0wTcqm6mFMwfax4="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit><latexit sha1_base64="d+8Lzi4XZIcPSpIunOu4A17RPno="></latexit>

~k0 "
<latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="E9E63uhCZDjJbb9OVwlC4XSGW6Q="></latexit><latexit sha1_base64="E9E63uhCZDjJbb9OVwlC4XSGW6Q="></latexit><latexit sha1_base64="/+a4FRxu97OC6aDu+KWKUCu+1Uc="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit><latexit sha1_base64="/uXLgVfFvl52htdemuSl46PE+Z0="></latexit>

- Scattering amplitude up to 2nd order can be evaluated

He↵ = J
X

kk0

~skk0 · ~S
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with spin operator of 

spin operator of 

(J > 0)
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[         is driven from Anderson model with Rayleigh-Schrodinger perturbation method]He↵
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・ Theoretical detail
- Effective Hamiltonian for Kondo effect 

⇠ �J2DF ln

✓
T

⇤

◆
[S�, S+]
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= JSz
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: DOS at Fermi surface
: UV cutoff (bandwidth)⇤

<latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="riBCbJlXqC3mdj6dVeyOJ5EYXPc="></latexit><latexit sha1_base64="riBCbJlXqC3mdj6dVeyOJ5EYXPc="></latexit><latexit sha1_base64="nv1Fi5HAlecP5UaA1m/915w560I="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit><latexit sha1_base64="UmhuiH5MAgUgffnHcR5aS6Mr7Og="></latexit>

DF
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appears!

J. Kondo, PTP,32 (1964) 37

<latexit sha1_base64="SNts0XxHroKrMZ4mAa6G/AeBjLo="></latexit>

lnT

(→non-Abelian)

<latexit sha1_base64="0+bh9ssidR2DjnIJqCEDRAe0l1U="></latexit>

He↵

Schrieffer-Wolff, PR149 (1966) 491
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1. Introduction

・Nonperturbative nature

/ �lnT
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explained by the 2nd order calculation 
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1. Introduction

・Nonperturbative nature

/ �lnT
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super nonperturbative
<latexit sha1_base64="+3Of01vmgjmkyqMR5mEkSucSCJI="></latexit>

lnT ! 1 (T ! 0)

- Yosida showed that itinerant and impurity electrons form a
spin-singlet condensate called Yosida singlet state

cf, Wilson’s RGE shows a Landau pole at P W Anderson (1970)

K.Yosida (1966)

<latexit sha1_base64="+Ehi7LTsbkuUlm6UxaB/FnMNfwc="></latexit>

TK = ⇤ exp (�1/JDF )

Derivation of       by a resummationTK
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Abrikosov (1965)

explained by the 2nd order calculation 
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1. Introduction

・Kondo effect in QCD

1. Heavy impurity

2. Fermi surface 

3. Non-Abelian interaction

- Conditions for Kondo effect in QCD

heavy quark

quark matter

color interaction

<latexit sha1_base64="KSanzQdZZV+gTms15trJvtvUEgg="></latexit>=
<latexit sha1_base64="KSanzQdZZV+gTms15trJvtvUEgg="></latexit>=
<latexit sha1_base64="KSanzQdZZV+gTms15trJvtvUEgg="></latexit>=

- Nowadays the Kondo effect is referred to as quantum phenomena 
driven by the heavy-light condensate (Kondo condensate)

q
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<latexit sha1_base64="1o+Ss9Bkic02d/GZE+68eflPRYo="></latexit>c heavy-light condensate

= sibling of chiral condensate(χSB), diquark condensate(CSC) ...

heavy quark
<latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="JvsEmTuR1pXwZOdBQUShxJuCuI0="></latexit><latexit sha1_base64="JvsEmTuR1pXwZOdBQUShxJuCuI0="></latexit><latexit sha1_base64="eV09GtxKXLsNgOZKlU9aszvtMtI="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit>

<latexit sha1_base64="JftGJe+w0K3ALpWtK2GO7IarnH8="></latexit>

light quark matter
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・NJL analysis of Kondo effect

1. Introduction

- NJL-type model for the Kondo effect is

 
<latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="5FcL88IHrBm52qW2EFWP4CACjXA="></latexit><latexit sha1_base64="5FcL88IHrBm52qW2EFWP4CACjXA="></latexit><latexit sha1_base64="HPQ5bovt7lglFKR8buGonMm5KcE="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit>

L =  ̄(i@µ�
µ + µ�0) + †i@0 � �( † � nQ)

<latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Y7xBU2NxFc2bOT5Aq/wplAlW878="></latexit><latexit sha1_base64="Y7xBU2NxFc2bOT5Aq/wplAlW878="></latexit><latexit sha1_base64="s0B7+Xf8HaJu5K20cKU2G+iDF3I="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit><latexit sha1_base64="mFm+9N7+m8SIruioaZzbiMe6UV4="></latexit>

: light fermion 
<latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="VFVPkZDiUY2ei00fe2qvu8K9bxE="></latexit><latexit sha1_base64="VFVPkZDiUY2ei00fe2qvu8K9bxE="></latexit><latexit sha1_base64="wTLEdugkuaIkKJWC08OWxPZRUTQ="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit>

: heavy fermion within HQET

Le↵ = G( ̄�µT a )( †�µT
a )

<latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="RdkaBXUqmWDcQjOcOi4xqJNjcSU="></latexit><latexit sha1_base64="RdkaBXUqmWDcQjOcOi4xqJNjcSU="></latexit><latexit sha1_base64="XdMpALlWBcSoNJP9RQTlDy+C1Bw="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit><latexit sha1_base64="VjWMEuzohnjNwf8Eil7aJ6zAQC4="></latexit>

He↵ = J
X

kk0

~skk0 · ~S
<latexit sha1_base64="/OAzZzm3OLx+JW21nRpb0dkQgok="></latexit><latexit sha1_base64="/OAzZzm3OLx+JW21nRpb0dkQgok="></latexit><latexit sha1_base64="/OAzZzm3OLx+JW21nRpb0dkQgok="></latexit><latexit sha1_base64="/OAzZzm3OLx+JW21nRpb0dkQgok="></latexit>

c.f.                                

+Le↵
<latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="28UmTMCVZsoCh8vzKcEd0Qpsh4g="></latexit><latexit sha1_base64="28UmTMCVZsoCh8vzKcEd0Qpsh4g="></latexit><latexit sha1_base64="INERNEpi/YNk5wIXbmBgh3HEKW4="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit><latexit sha1_base64="T7bxXAM0cgOZW336b9Qs1Qc0MDE="></latexit>

with
<latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="JENcW5qHzSy8b7GBBcA4KcwA9rk="></latexit><latexit sha1_base64="JENcW5qHzSy8b7GBBcA4KcwA9rk="></latexit><latexit sha1_base64="71mII4H15ZmfTpiQmJ+f41i3R78="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit><latexit sha1_base64="ZZmZD34wIxvb1N5+TwFkGWuJ9vE="></latexit>

zYasui-Suzuki-Itakura(2019) 

- The Fierz transformation at               yieldsO(1/N0
c )

<latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="qTa26y4DhGXwKx6mQrRN1n7qL4M="></latexit><latexit sha1_base64="qTa26y4DhGXwKx6mQrRN1n7qL4M="></latexit><latexit sha1_base64="shr0WBCZhv9x7wjiOA2UoTw3E4g="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit><latexit sha1_base64="5MxqOBQs3q0NL6oBM4hqG/K9Ci0="></latexit>

+G
h
| ̄ |2 + | ̄i�5 |2 + | ̄~� |2 + | ̄~��5 |2

i

<latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="hGpb2GUDmFDxH3Kn/TT/r9xy04o="></latexit><latexit sha1_base64="hGpb2GUDmFDxH3Kn/TT/r9xy04o="></latexit><latexit sha1_base64="0VdhALxvJPv6Bm+c8hgNPdfXUnw="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit><latexit sha1_base64="5yrqaGQ5oB7VQNWh6ZFlNwWVMJY="></latexit>

Le↵ =
<latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="8CR7lBze9b0KiLOIYrO+oZ+XeNI="></latexit><latexit sha1_base64="8CR7lBze9b0KiLOIYrO+oZ+XeNI="></latexit><latexit sha1_base64="wuHI+s+XZoGwXO7byrOH0vELffE="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit><latexit sha1_base64="yNSOtRmO6f25gQzo1H4XvJM0RTo="></latexit>

⇤p = (1 + k̂ · ~↵)/2
<latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="NmkRsZ1FzJgPA/tULvZjR3uYlSU="></latexit><latexit sha1_base64="NmkRsZ1FzJgPA/tULvZjR3uYlSU="></latexit><latexit sha1_base64="Fy5WxoskVZByZUiHsQkx0B0w97c="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit><latexit sha1_base64="tGgSn6/rCCbmX33xf300Mejpt+U="></latexit>

- The ansatz of mean fields (in momentum space) is

with

only positive-energy
parts of     and     join 

<latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="VFVPkZDiUY2ei00fe2qvu8K9bxE="></latexit><latexit sha1_base64="VFVPkZDiUY2ei00fe2qvu8K9bxE="></latexit><latexit sha1_base64="wTLEdugkuaIkKJWC08OWxPZRUTQ="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit><latexit sha1_base64="YYy0i/spOU9oXMyJiz5q9FAJKW4="></latexit>

 
<latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit><latexit sha1_base64="VGpuaGUbT8klfcnCLo43U9p2tE0="></latexit>

<latexit sha1_base64="D6Lxd71f4EreQQcKJ5WBYBI4OfY="></latexit>

Gh ̄~� i = �k̂

<latexit sha1_base64="Ihsh049GnNp579V587aeJ9n85vE="></latexit>

Gh ̄ i = �
<latexit sha1_base64="SeMZzJrhapvRb/ZGUPoGhM56AQU="></latexit>,

<latexit sha1_base64="kPTTDwxbywmYLSR25wu4MmW2t5Y="></latexit>

Gh ̄⇤p i = �/2

for original Kondo problem

<latexit sha1_base64="p52U5KB7xtWDkl2FF8LlBxciEQU="></latexit>

~k(    is momentum of the fermions) <latexit sha1_base64="wXeLFliTS5It45yjSXNJkfLJCzY="></latexit>

� ⇠ (Kondo condensate)
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・Fermionic excitations

1. Introduction

- Dispersion relation of the fermions are obtained as

E�
k =

1

2

⇣
k � µ�

p
(k � µ)2 + 8|�|2

⌘

<latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="C1lcxRoDZQryEntSX5N8nXukoEc="></latexit><latexit sha1_base64="C1lcxRoDZQryEntSX5N8nXukoEc="></latexit><latexit sha1_base64="aaC5tZFIl1k2C4/yzFWAGnaPD8g="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit><latexit sha1_base64="p/QrvkOaPClL88/gPfBXhhtVIN4="></latexit>

quasi-particle (q.p.)

quasi-hole (q.h.)

anti-particle (a.p.)Ẽk = �k � µ
<latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="2SvkFr7LPOlPEqFWUfZG1jmrFpY="></latexit><latexit sha1_base64="2SvkFr7LPOlPEqFWUfZG1jmrFpY="></latexit><latexit sha1_base64="3TE8zPCQ+N5dfL5mfdWBrFKonso="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit><latexit sha1_base64="4QfaX+9WCwxkQ8IQj6SaDSH7AmI="></latexit>

- Schematic picture is drawn as
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� = 0
<latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="ZigStj3XT3FegdNybtWx1Bo46OY="></latexit><latexit sha1_base64="ZigStj3XT3FegdNybtWx1Bo46OY="></latexit><latexit sha1_base64="boVpk8EiIwtxB4wU5wetuOhodQY="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit><latexit sha1_base64="ZRNHAlg/6Dh+N+x7guvu2sBISrs="></latexit>

� 6= 0
<latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="pPdt6ea0RNO6WgDrglT+/y9CXaQ="></latexit><latexit sha1_base64="pPdt6ea0RNO6WgDrglT+/y9CXaQ="></latexit><latexit sha1_base64="bHVriiTlpgMJB/bmzHhiArFiJ5Y="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit>

µ
<latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="cecaVMJ8wCko5zlBKcn9GqO6rxA="></latexit><latexit sha1_base64="cecaVMJ8wCko5zlBKcn9GqO6rxA="></latexit><latexit sha1_base64="tTjKmipmdTosQLTFzPiRPtEyB28="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit><latexit sha1_base64="tqG6FhAXVAb/Rc2heFobw23L4G0="></latexit>

(q.p.) : E = E+
k

<latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="q0jsiSxkY/1S/nczktbfyd5VbXU="></latexit><latexit sha1_base64="q0jsiSxkY/1S/nczktbfyd5VbXU="></latexit><latexit sha1_base64="lTpyZr9I+BcviLHIRTBmqRoGg0I="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit><latexit sha1_base64="Z4NMIZjG+/Y/LsWW/MznJu5QLHY="></latexit>

(q.h.) : E = E�
k

<latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="zAOQpS/BKeMWKD6Dpq1t+zWfoEg="></latexit><latexit sha1_base64="zAOQpS/BKeMWKD6Dpq1t+zWfoEg="></latexit><latexit sha1_base64="XiCRVUMerofaprmYinL2tGWZmNM="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit><latexit sha1_base64="FNSFn+A50wPfIW1YD4J1B6kf01o="></latexit>

(a.p.) : E = Ẽk
<latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="e05DxpIVsiZF7d7rw0INzxJ1v6s="></latexit><latexit sha1_base64="e05DxpIVsiZF7d7rw0INzxJ1v6s="></latexit><latexit sha1_base64="s3oQBYelcqBV0P6KOtGGydD1aHY="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit><latexit sha1_base64="iwSSx7Iq81J9oZkvPBPXgg/NEw0="></latexit>

zYasui-Suzuki-Itakura(2019) 

light:

light:

heavy:
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phase diagram at T = 0
<latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="z/uafMf0reNd1Wk5j6vZ0NNz3ZI="></latexit><latexit sha1_base64="KX1AlJIBOopawYp+VMxKikFP24M="></latexit><latexit sha1_base64="5XlP77GcRTiy/a332JyeWqTfz3Q="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit><latexit sha1_base64="A61ro/FLCW+OyQyQenyGYgeHk0c="></latexit>

T = � = 0
<latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="jve6xGMdxj3GLr1zwpDFeZySi1w="></latexit><latexit sha1_base64="jve6xGMdxj3GLr1zwpDFeZySi1w="></latexit><latexit sha1_base64="tfyw6cpU6BLB53/vGn0hN4TKaK8="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit><latexit sha1_base64="RQb0GBMZhnzuXpJHlQTXsMmQLpk="></latexit>

�
/⇤

cu
t

<latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="oVV/Epqr47FWtA2jrnzegdZHTlY="></latexit><latexit sha1_base64="oVV/Epqr47FWtA2jrnzegdZHTlY="></latexit><latexit sha1_base64="9x5NhCJD0+MfwgTauycsjYugwJ4="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit><latexit sha1_base64="AnQ0Bfyq6KZ2Mger4otn2P0Fv4s="></latexit>

� 6= 0
<latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="pXaEXlBW4CE5WHiucJZ1qWlnxHY="></latexit><latexit sha1_base64="pXaEXlBW4CE5WHiucJZ1qWlnxHY="></latexit><latexit sha1_base64="OMYUmgoh8W4LJcDSvxEfOtXZysI="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit><latexit sha1_base64="AUARnr5EGRm5X1QwkBmKjO2ly/M="></latexit>

・ Phase diagram

1. Introduction

- Thermodynamic potential at finite temperature is

- Solving a gap equation yields

- The Kondo phase at low temperature and high density emerges

zYasui-Suzuki-Itakura(2019), DS-Suzuki-Araki-Yasui(2020)
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- Phase structures
- Kondo excitons (fluctuation modes)
- Wilson’s RGE analysis
- Kondo effect under magnetic field
- Transport coefficients
- Interplay with chiral condensate
- Magnetic responses

<latexit sha1_base64="2ctn5cm3kP4ifYT7S+av/6yPqGc="></latexit>

···
<latexit sha1_base64="PP140mWcjw5i69AV02Fzx0yFAD4="></latexit>

(with T, µ, µ5)

・
・
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・Heavy quark spin polarization by Kondo effect

1. Introduction

- Kondo effect is expected to lead to a novel mechanism of heavy quark 
spin polarization (HQSP)

B
<latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="ub7n/fi4fUHinDonKf7r/cPE+C8="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit>

light quark
<latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="+B7z9xj9rm7bpp5CCfwXDCctWeU="></latexit><latexit sha1_base64="+B7z9xj9rm7bpp5CCfwXDCctWeU="></latexit><latexit sha1_base64="A2RqVfW0UMMav5xTyOinIL0NRwM="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit><latexit sha1_base64="Lq5OyDYKcQ1nJwSBUDaC/RWnR6c="></latexit>

heavy quark
<latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="JvsEmTuR1pXwZOdBQUShxJuCuI0="></latexit><latexit sha1_base64="JvsEmTuR1pXwZOdBQUShxJuCuI0="></latexit><latexit sha1_base64="eV09GtxKXLsNgOZKlU9aszvtMtI="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit><latexit sha1_base64="GNXCXWoywYHvQkoNNSAZZbflaqo="></latexit>

without Kondo effect

B
<latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="ub7n/fi4fUHinDonKf7r/cPE+C8="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit>

<latexit sha1_base64="/LniIVBlHP76g7Qp8Jofpg7lo0c="></latexit>

HNR = �
~r2

2mQ
� eQ

mQ

~S · ~B + · · ·

<latexit sha1_base64="GXIBhplrNFRu6D3LVLIl/tsM9WE="></latexit>

0 (mQ ! 1)

no HQSP emergence of HQSP

with Kondo effect

B
<latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="ub7n/fi4fUHinDonKf7r/cPE+C8="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit>

light spin

heavy spin

light and heavy
spins are correlated!

<latexit sha1_base64="6MRgRBcosd+c+SmCouuAe9LtXi0="></latexit>

h ̄⇤p i
<latexit sha1_base64="FTxQrHjhXsLTrrav9hXkF3UeZ5A="></latexit>

k̂ · ~↵[        term is essential]
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・Application to metals

1. Introduction

- The idea of HQSP can be applied to Dirac (Weyl) metals with nonrelativistic
bands, in the presence of their condensate (=hybridization)

<latexit sha1_base64="FglCX4+mHOMN5GLGxBPg3jzj910="></latexit>

momentum

<latexit sha1_base64="mAzWmzrFTA0n+NZEJm87ASk7i1c="></latexit> en
er
gy

NR

Dirac

<latexit sha1_base64="FglCX4+mHOMN5GLGxBPg3jzj910="></latexit>

momentum

<latexit sha1_base64="mAzWmzrFTA0n+NZEJm87ASk7i1c="></latexit> en
er
gy

NR

Dirac condensate
(=hybridization)

c.f. Co3Sn2Se2  
Xu+ PRB(2018) 

B
<latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="ub7n/fi4fUHinDonKf7r/cPE+C8="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit>
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・Application to metals

1. Introduction

- The idea of HQSP can be applied to Dirac (Weyl) metals with nonrelativistic
bands, in the presence of their condensate (=hybridization)
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Xu+ PRB(2018) 
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Dirac NR

condensate
(hybridization)

solid-state physics hadron/QCD physics

- concept of Kondo effect

- systematic treatment
- extension to relativistic system

import

export

appearance of novel
spin magnetization
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・Model

2. Heavy quark spin polarization

- The NJL-type Lagrangian with the mean-field approximation is

<latexit sha1_base64="conxmnVz6TvDSKNkQ78uYm/9lCA="></latexit>

Dµ = (@µ + ieqAµ) 
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D0 v = (@0 + ieQA0) v

assuming ansatz                            with
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- The Lagrangian turns into
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L = �̄iG�1
0 �� eq ̄A � eQ 

†
vA0 v +

2|�|2

g

with the inverse of Green’s function
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・Summary of Green’s function

2. Heavy quark spin polarization

with

- The dispersion relations are

(q. p.)

(q. h.)
(a. p.)
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・Evaluation of HQSP

2. Heavy quark spin polarization

- The HQSP in the imaginary-time formalism within the linear response theory
can be obtained via

is the heavy-quark spin operator
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Ãµ (B)

- The vertex      must be corrected to satisfy the following Ward-Takahashi
identity (WTI) of U(1)EM symmetry
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・Vertex corrections

2. Heavy quark spin polarization

- The WTI for each component reads

with
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The off-diagonal elements must be corrected (the diagonal ones need not)

- The approximate solutions for small    relevant to external     are<latexit sha1_base64="8Sz/rYwx7V22pjF4OhxqkQ4BDRs="></latexit>q

For simplicity we take

NOTE: NG modes for charged      do not
contribute by the longitudinal nature
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・HQSP response function

2. Heavy quark spin polarization
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- The HQSP response function        is defined by

(    is the elementary charge)<latexit sha1_base64="WOOwcPq5oaartka2szYkcgdaCZM="></latexit>e
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H(q0, q)i� = eB̃i(q0, q)⇧̃H(q0, q)

- I will investigate        in the following two limits

(dynamical limit)

(static limit)
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・Temperature dependence of

2. Heavy quark spin polarization
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êQ = +2/3 , êq = �1/3
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D. S., Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028
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・Temperature dependence of

2. Heavy quark spin polarization
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D. S., Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028
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・Comparison with HQSP from Zeeman effect

2. Heavy quark spin polarization

−0.02

−0.01

 0

 0.01

 0.02

 0  0.01  0.02  0.03
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- The HQSP response function         by Zeeman effect is evaluated from 
<latexit sha1_base64="7byqO89wwfwgT51Wiezkc/PXnQQ="></latexit>
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êQ(2⇡mQT )1/2

8⇡2
(1�

p
2)⇣(1/2)

<latexit sha1_base64="bGi55xvd8wXKYStCFSonKDeBoX8="></latexit>⇣
⇧̃ZI

H

⌘dyn
= 0
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mQ = 1.27GeV

- HQSP at             in the static limit is
dominated by that from Kondo effect

<latexit sha1_base64="B+0p+5sXB/EZup8P8BA9qxDhAGI="></latexit>

T ⇡ 0

- HQSP in the dynamical limit is entirely
dominated by that from Kondo effect

- Significance of Kondo effect 
for HQSP was shown

static limit

D. S., Y. Araki, K. Suzuki, S. Yasui, PRD 105 (2022) 074028
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・Application to solid-state physics
- The emergence of HQSP was triggered by

3. Spin magnetization in metals

① relativistic fermion
with Fermi surface

B
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② condensate
(spin correlation) 

③ spin polarization
of heavy fermion

- A similar system can be realized in Dirac (Weyl) metal where nonrelativistic
bands coexist in solid-state physics

<latexit sha1_base64="FglCX4+mHOMN5GLGxBPg3jzj910="></latexit>

momentum

<latexit sha1_base64="mAzWmzrFTA0n+NZEJm87ASk7i1c="></latexit>energy

NR

Dirac

<latexit sha1_base64="FglCX4+mHOMN5GLGxBPg3jzj910="></latexit>

momentum

<latexit sha1_base64="mAzWmzrFTA0n+NZEJm87ASk7i1c="></latexit>energy

NR
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c.f. Co3Sn2Se2  
Xu+ PRB(2018) 

When condensate occurs

Novel spin magnetization
is expected
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・Toy model
- The Hamiltonian is                                                  with

3. Spin magnetization in metals

<latexit sha1_base64="FfL7pOC6oZmSywuNh6Ze3hn0Hx4="></latexit>H = HDirac +HNR +Hhyb

in a matrix form

with

- Magnetic interactions are obtained by gauging the fermions

magnetic interactions of nonrelativistic fermion are assumed to be absent 
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condensate (hybridization)
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z

・Spin magnetization (spin polarization)
- The spin magnetization is defined by

3. Spin magnetization in metals

<latexit sha1_base64="WYu7BEFP4ABAQy6BUqXcEcBjpY4="></latexit>� = gµB
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MS(q0, q) = ��hS(q0, q)i = �SO(q0, q)B(q0, q)

with the gyromagnetic ratio 
: g-factor
: Bohr magneton 

- is evaluated within the linear response theory
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�SO is called the spin-orbital (SO) crossed susceptibility (     spin response function) <latexit sha1_base64="h1GL+nNuQxTZ2IEi/mzBNAAAbg4="></latexit>'

by field-theoretical (diagrammatical) calculation 

by solving the Schrodinger equation perturbatively
and using (spin) Berry connection, etc.

<latexit sha1_base64="V7kSUoOAR0T3iyfxpBU1Ly2SWvs="></latexit>µB

<latexit sha1_base64="xYimf0QOqgexhBGKz3T2XKOjCcc="></latexit>g

or
intuitive interpretation

with wave packet
Xiao-Yao-Fang-Niu PRL(2006)
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・SO crossed susceptibility 

3. Spin magnetization in metals
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- The dynamical limit is more remarkable

- The emergence of significant spin
magnetization is indeed realized

Y. Araki, D. S., K. Suzuki, S. Yasui, PRRes. 3 (2021) 023098
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・SO crossed susceptibility 

3. Spin magnetization in metals
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- The dynamical limit is more remarkable

- The emergence of significant spin
magnetization is indeed realized

z
- Understood by (half-)relativistic version
of Van Vlack paramagnetism textbook by Kittel Y. Araki, D. S., K. Suzuki, S. Yasui, PRRes. 3 (2021) 023098
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・Summary of HQSP
- I showed a new mechanism of heavy quark spin polarization (HQSP)
induced by the Kondo effect in a magnetic field 

4. Conclusion

B
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h ̄⇤p i

light heavy

- Future lattice simulations in QC2D are expected to measure the HQSP 

- HQSP at             in the static limit is mostly dominated from Kondo effect
<latexit sha1_base64="B+0p+5sXB/EZup8P8BA9qxDhAGI="></latexit>

T ⇡ 0
- HQSP in the dynamical limit is entirely dominated from Kondo effect

- Comparison with the Zeeman effect was done

- The same effects (spin magnetization) in Dirac/Weyl metals with 
nonrelativistic bands were demonstrated

no sign problem

Quantitative understanding of Kondo effect (my hope)

- The HQSP is a new dense-QCD phenomena in     like CME, CSE, etc.B
<latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="Ge6Po/3Xx/C/cHv71mpZR0MBag8="></latexit><latexit sha1_base64="ub7n/fi4fUHinDonKf7r/cPE+C8="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit><latexit sha1_base64="oyDc2zWBMz3iFLZyjj13dn08MXQ="></latexit>
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Back up
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intra-band process inter-band process

<latexit sha1_base64="wjhBrXFNeb7SQwBCUqPYbxXLD7g="></latexit>

= 0 (dynamical limit)

<latexit sha1_base64="gYo9XrbiN3UDExSFjGULXgqOENo="></latexit>

6= 0 (static limit)

<latexit sha1_base64="HT8JHJFfbTEtSb0EyYZxVTiFCsQ="></latexit>

6= 0 (dynamical limit)
<latexit sha1_base64="gYo9XrbiN3UDExSFjGULXgqOENo="></latexit>

6= 0 (static limit)
<latexit sha1_base64="S3kIWNq60nkcp+rH4emz+WMl0xo="></latexit>

(first q ! 0, next i!̄n ! 0)

<latexit sha1_base64="02ywY7o/GSeJLaoIDAqswN0wXm0="></latexit>

(first i!̄n ! 0, next q ! 0)

・Dynamical limit/static limit
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・CSE conductivity with Kondo effect

<latexit sha1_base64="VXK8qxXteV/age1F1WgW+zarxO0="></latexit> �
st
a
[G

eV
]

<latexit sha1_base64="R3TU5ArqOaIYOmFFBk6NZ863Yhc="></latexit> �
d
y
n
[G

eV
]

slightly enhanced
largely enhanced

・CSE conductivity with diquark condensate (in QC2D)
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<latexit sha1_base64="xPX6k8DJOAnzWuMsYowwZnSu2KY="></latexit>

⇥1/3 (static limit) for � 6= 0
<latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="pPdt6ea0RNO6WgDrglT+/y9CXaQ="></latexit><latexit sha1_base64="pPdt6ea0RNO6WgDrglT+/y9CXaQ="></latexit><latexit sha1_base64="bHVriiTlpgMJB/bmzHhiArFiJ5Y="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit><latexit sha1_base64="btJjDT7ZsrJunT8jxtqOChP7JnA="></latexit>

becomes exactly 1/3!
[changed from                 ]

<latexit sha1_base64="RkU79kjn4N70BF7WKEQCWvxWHNo="></latexit>

lim
q!0

R

Ncµ/(2⇡
2)

<latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="XsXHtd3Jso0uA52l379BoDuOWHc="></latexit><latexit sha1_base64="XsXHtd3Jso0uA52l379BoDuOWHc="></latexit><latexit sha1_base64="fbUpZXHSTbAo69M2HjKTzcaK/v4="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit><latexit sha1_base64="xpAkDBfG56aPtkgoGQ11qhAPK4M="></latexit>
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