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1. Infroduction

What's “Kondo effect” ?

JUN KONDO
(1930-2022)



1. Infroduction
Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))

o: Pauli matrices

Resistance/Resistance(T=0 Celsius) x 10000 Impgri’ry OTo.m with Spiﬂ /2
(from W.J. de Haas and G.J. van den Berg, with oo interaction
Physica vol. 3, page 440, 1935)
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1. Infroduction

Kondo effect induces
|running coupling, a la QCD.

e, ~erson (1970), Wilson (]975) Coleman (1983), Affleck (1990), .
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1. Infroduction

Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))  [1E50

Heavy impurity

(degenerate state)

@ Loop effect

(particle-hole creation)

(3 Non-Abelian int.

(SU(n) symmetry)
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2. QCD Kondo effect |

Charm quark in quark matter

Do charm/bottom quarks exist in quark matter?

: 4
N Pre-reaction

@ Charm quark production at
initial (gluon) hard scatterings
In relativistic heavy ion collisions
(ex. FAIR, NICA, J-PARC).
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@) Flavor change (ex. s—c, d—c)
by high energy neutrinos in
sfrange quark matter in neutron
stars.
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Can QCD Kondo effect exist in our nature?



2. QCD Kondo effect |

QCD phase diagram
extended to heavy flavor

Temperature
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2. QCD Kondo effect | [mpurly g g
[ Application of Kondo effect to ] PR Rt sk

Hodron/auark physics | T

Fermi gas electron gas nuclear matter quark matter
(p.n) (u.d.s)

Heavy impurity  spin-atoms  Heavy hadron c¢/b quarks
Fermi surface v v v

(degenerate state)

electron-hole nucleon-hole quark-hole

Non-Abelian inf. SU(2)spin  SU(2)5pin X SU(2)is0spin SU(3)color

(SU(N) symmetry)

Nuclear matter and quark matter with heavy impurities
can exhibif the Kondo effect!
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2. QCD Kondo effect |

Application of Kondo effect to

Hadron/quark physics

. NJL-type: S.Y., K. Sudoh, PRC88, 015201 (2013)

. QCD Kondo effect: K. Hattori, K. Itakura, S. Ozaki, S.Y., PRD92, 065003 (2015)
. Magnetic catalysis QCD Kondo effect: S. Ozaki, K. Itakura, Y. Kuramoto, PRD?%4, 074013 (2016)
. Kondo effect in atomic nucleus: S.Y., PRC93, 065204 (2016)

. Kondo effect of Ds meson: S.Y., K. Sudoh, PRC95, 035204 (2017)

. QCD Kondo phase: S.Y., K. Suzuki, K. [takura, NPA983, 90 (2019)

. Single heavy-quark QCD Kondo cloud: S.Y., PLB773, 428 (2017)

. Fermi liquid theory: T. Kimura, S. Ozaki, J. Phys. Soc. Jpn. 86, 084703 (2017)
. Conformal theory: T. Kimura, S. Ozaki, Phys. Rev. D99, 014040 (2019)

. QCD Kondo effect v.s. color superconductivity: T. Kanazawa, S. Uchino, PRD9%4, 114005 (2016)

. Topology and stability of QCD Kondo phase: S.Y., K. Suzuki, K. Itakura, PRD?6, 014016 (2017)

. Chiral condensate vs. Kondo effect: K. Suzuki, S.Y., K. Itakura, PRD?6, 114007 (2017)

. Transport coefficients from QCD Kondo effect: S.Y., S. Ozaki, PRD%6, 114027 (2017)

. Emergent QCD Kondo in color super.: K. Hattori, X.-G. Huang, R. D. Pisarski, PRD99, 094044 (2019)

. Charm baryon Kondo effect: S.Y., T. Miyamoto, PRC100,045201 (2019)
. Charm stars: J.C. Macias, F.S. Navarra, arXiv:1901.01623 [nucl-th]
. QCD Kondo excitons: D. Suenaga, S. Y., K. Suzuki, PRR2, 023066 (2022)

. QCD Kondo in chiral imbalance: S. Suenaga, K. Suzuki, Y. Araki, S.Y., PRR2, 023312 (2020)

. QCD Kondo for antiparticle impurity: Y. Araki, D. Suenaga, K. Suzuki, S.Y., PRR3, 013233 (2021)

. QCD Kondo with chiral separation: D. Suenaga, Y. Araki, K. Suzuki, S.Y., PRD103, 054041 (2021)

. QCD Kondo spin polarization: D. Suenaga, Y. Araki, K. Suzuki, S.Y., PRD105, 074028 (2022)

. Dirac Kondo in magnetic catalysis: K. Hattori, D. Suenaga, K. Suzuki, S.Y., PRB108, 245110 (2023)




2. QCD Kondo effect |

Mean-field approximation NuCl. Phys. A983, 90 (2019)

light quark scalar and vector
heavy quark
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2. QCD Kondo effect |

Mean-field a P proximo’rion Nucl. Phys. A983, 90 (2019)

light quark .
N heavy quark scalar and vector heavy-light condensate (A)

@ »

-

“Kondo cloud” .. @
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2. QCD Kondo effect |

Mean-field a pproximd’rion Nucl. Phys. A983, 90 (2019)

light k
ig quor —— scalar and vector  pequy-ight condensate (A)

C » '

Scalar

»

i=1
condensate

Vector
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hequ quqfk.

Phase shift:

-0.2

AS(w) = [*) pr(w')de

[ u=0.4 GeV

2. QCD Kondo effect |

S.Y., Phys. Lett. B773, 428 (2017)
Density of state

1 0 2Nf|A1
— _“m 2 . E
p1(w) —Imo—Inf wy Ry

G smgle’r Imaginary part of Green's function

‘Kondo cloud”: resonance of light quark
and heavy quark

15
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w [GeV]
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Fermi surface

Amplitude: f(w) = e« sinAd(w)/k
Cross section: o(w) = 47| f(w)|?
o [mb]

) 30¢
g [mb] 1=0.4 GeV
15 251
Large cross section »10 w=0 GeV 20 45 Gy
#05CY (0.1mb in pQCD) ; ) e
15}
0 GeV,
03 04 HiGevl
10
—2
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Comparable (strongly correlated system)

Mean free path: 7~ (o nq/Nf)_l Mean distance:
7~ 1.3—0.91 fm for 4 = 0.3 — 0.5 GeV - 0~y =0.96 — 0.58 fm |17
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vy duork " 3. QCD Kondo effect i
e @

* . \ Light quarks (mass m)

This study: we consider the contributions from chiral symmetry breaking
in the QCD Kondo effect for isolated heavy quark.

Key Point 1: Chiral-symmetry broken phase
Key Point 2: Isolated heavy quark (impurity)

impurity bulk matter | isolated impurity
(many heavy quarks) (single heavy quark)

S.Y., K. Suzuki, K. Itakura,
Chiral-symmetry restored| NPA983, 90 (2019),

PRD9%6, 014016 (2017)

S.Y., PLB773, 428 (2017)

. K. Suzuki, S.Y., K. ltakura
Chiral-symmetry broken O ’ : I
4 Y PRD96, 114007 (2017) This work!
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vy duork " 3. QCD Kondo effect |l
T TR

* . \ Light quarks (mass m)

Lagrangian: current interaction for heavy-light quarks

A —_—

LY, A == (y0+m — pya)yp « Light quark (mass m)
+G(zﬁf’ Fl + zﬁi%fﬁi%w — Heavy-light int.
. _ . (coupling const. G)
i f flive + divs f flivyse )d(a)
—f10,fé(x) = A\(fTf —1)(x), « Heavy quark (x = 0)

Note 1: Nonzero mass (m # 0) of light quark for chiral-symmetry breaking.
Note 2: Heavy-quark effective theory (HQET) is adopted.
Note 3: Heavy-quark locates at the original position (x = 0).

Note 4: The interaction term stems from the NJL-type inf.
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vy duork " 3. QCD Kondo effect |l
BN RO
P Tee % \Lighiququs (mass m)
Bosonization:

Z = /Dq)DCPT D&;DOL D®DP' DE;DPLDN  « Generating functional

1
X exp <Tr InS—t— e /dT (cIﬂL(b - CI%CI)5—|—<I>T<I> + <I>g<I>5) + /d’T )\>

S(z)~! = (”V“m—m A(z)526() )

y 4 — Inverse propagator
Y A(z)5(z) 122 (9, 4+ N\)d(x) propag

(light quark + heavy quark)

A(r) = ®(x) + ®5(x)ivs + ®(z)iy + ®5(2)ivy5 < Gap function for QCD
Scalar Pseudo Vector Axial Kondo condensate
scalar vector (heavy-light condensate)

Calculate free energy in mean-field approximation!
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vy duork " 3. QCD Kondo effect |l
T TR

* . \ Light quarks (mass m)

Ansatz 1: Normal condensate (w/o spinor structure)
Ny : (I)#O while ® =0, &5 =0, 5 =0 <—qu“'y+
N_: ®5#0 while® =0, ® =0, &5 =0 « Parity -
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vy duork " 3. QCD Kondo effect i

* . \ Light quarks (mass m)

Ansatz 1: Normal condensate (w/o spinor structure)
Ny : (I)#O while ® =0, &5 =0, 5 =0 <—qu“'y+
N_: ®5#0 while® =0, ® =0, &5 =0 « Parity -

Ansatz 2: Particle-projected condensate (w/ spinor structure)

— \/p2 4+ m2

Po:®=——L &0 while®;s =0, ®; =0 <—Pariiy+
E,+m
P ®5 = — Ez B5 # 0 while & = 0, <I>_O<—Par|iy-
Particle-projection property:
P, : fT Ay = 2Ep chb Ap(p)i, Projection operator for
Ep +m positive-energy state
—2Lp —ip-y + Epya +m
 fTAY = fT'VY5(I)5AP( ). Ap(p) = P QEPM
Ly — P
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vy duork " 3. QCD Kondo effect i
RPN PRTA

* . \ Light quarks (mass m)

Impurity energy: free energy subtracted by free parté F = F + Tr In So(x) ™"

F=-Trln So< k>+‘1 S(x)~! = So(a) ™! + A(z) 6(=)
_Z o(z)A(z) (w0 ))k S ()L — ~¥O +m — iy 0
k=1 o)™ = ( 0 219, + A)d(x) )
—I—E/dT (7P + Lds + 21D + Dl Ds) A(x)”%)
24 A\ (1) 0 | oo
_/dT A TZF<iwn —5 dp

k:—l—l

_ Z ( x)A(x))k = T+

| d3 1 y 1
,m 8 A (o —p)? — B 41

/OO dpo (F+(p0) - F—(po)) KKU — ;)( AL ap) - 204p|19|><1’<1’T

— 00

F1’
1
E/df (0T® + olds + 7@ + ] D;5) =

e
)
1 [

— ((1 + a5p)(zwn —p)— (1= agp)m - 2a5p|p|)(l)5q)g)> :
/d3:1:5 <1>T<I>+<1>T<1>5+<I>Tq>+q>g<1>5)
/d3 / p 'Lp x 1+ a2)(I)T(I) + (1 + Oégp>q)};q)5>

26
(1 1 2\t 1+ (1 1 2 \ata )



.h.éq.vyg.lydfl;. ° ..0

ok, 3. QCD Kondo effect |l

* . \ Light quarks (mass m)

Impurity energy: free energy subtracted by free parté F = F + Tr In So(x) ™"

. Ot — NJL model parameter
> . 02- ~~~~~~~~~~~ GA? = 4.3
-0.02r TN NN e A=1GeV

unstable 2777 . ©
S —0.04] -
>, || --e-- P (m=0GeV)| massless

l 5 —0.06f [--o-- M. m=0Gev)| COASE
= .
q; —0.08! —e— P. (m=0.4 GeV)| massive \
§ —=— N, (m=0.4 GeV) case \\\
stable 2 0.0 N m=04Gev) N
T -0.12 ' ' ' |
0.3 04 0.5 0.6 0.7 0.8

Chemical potential u [GeV]

Result 1: P, is most favored in massless case (m = 0).

Result 2: N, is most favored for smaller chemical potential
(u < 0.7 GeV) and P, is most favored for larger chemical

potential (u = 0.7 GeV) in massive case (m = 0.4 GeV).
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vy duer -, 3. QCD Kondo effect |l M\Normo
S @ o ond
Pltee 0% \Lighiquarks (mass m) (P:grr’lndc.le-pro;ected /ﬂ\
0
QCD Kondo resonance: Lorentz-type resonances near Fermi surface
1 A
pN (W) = =

- o A NP LAL — Normal condensate (gap Ay)

1 A
pp(w) = - (o — = f)g TAL Particle-projected condensate (gap Ap)

QCD Kondo condensate & QCD Kondo resonance width

Ap 2
Ay 14+m/u

1. When chemical potential is sufficiently large, the ratio becomes
Ap /AN = 2 indicating that P, is more favored than N,..

2. When chemical potential is sufficiently small, the ratio becomes
Ap /Ay = 1 indicating the same gap for P, and N,. Nevertheless N, is more

favored because the attraction from light antiparticles contribute to N..
28

Our model indicates the raftio:

Light quarks mass m, chemical pot. u
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4. Conclusion IEI%EI
S.Y, D. Suenaga, K. Suzuki,
PRD109, 094031 (2024) [u]

1. We discuss the QCD Kondo effect for an isolated heavy
quark surrounded by massive light quarks in chiral-symmetry
broken phase.

2. We consider the QCD Kondo condensate for the mixing
between heavy quark and light quark.
(A) For smaller chemical potential, the normal
condensate without spinor structure is favored.
(B) For larger chemical potential, the particle-projected
condensate with spinor structfure is favored.

3. The stability of the QCD Kondo condensate is understood
by the QCD Kondo resonance.
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4. Conclusion IEI%EI
S.Y, D. Suenaga, K. Suzuki,
PRD109, 094031 (2024)  [m]
Future studies:

« Competition with dynamical chiral symmetry breaking
and color superconductivity.

« Transport coefficients.

 Heavy particles and heavy antiparticles.

« Non-Fermi liquid behavior for light flavor Nf = 2.

« Lattice QCD: chiral chemical potential and strong
magnetic field.

« Chiral separation effect and spin polarization in magnetic
field: A. (Ap) baryon spin polarization in QGP.

« (Dis)continuity between QCD Kondo effect and
spin/isospin Kondo effect.

« and morel
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Appendix A

Spin exchange

Electron

DG
(1

Impurity atom



Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))
Scattering amplitude: SU(2) — SU(n) symmetry

electron |

impurity atom |

Appendix A

k

[
(T9)(T9); inferaction

....................

k., I, 1,j=1, | inSU(n) (h=2 for spin '2)
T, ..., I""Z1: generators of SU(n)
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Appendix A

Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))
Scattering amplitude: SU(2) — SU(n) symmetry

electron | k

....................

impurity atom | [
(T9)(T9); inferaction

k., I, 1,j=1, | inSU(n) (h=2 for spin '2)
T, ..., I""Z1: generators of SU(n)

electron

hole

36




Appendix A

Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))
Scattering amplitude: SU(2) — SU(n) symmetry

electron | k

....................

k1, i, j=1, L in SU(n)

impurity atom | [
(T9)(T9); inferaction

(n=2 for spin '2)

T, ..., I""Z1: generators of SU(n)

electron

QI\\ /’\ /(k |—b\(v——k

+N:I§j Yoo (T “XA,: - % (1 ) Sy — jlv _I_ J;I;VI(TH)W(W)MXN]T% (T); = % <1 - F) Sy — <% - %) T
j ' ' ] |
E: energy from Fermi surface hole
1
E dFE / .y dE
E>0 E>0
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Appendix A

....................

Original Work: J. Kondo (Prog. Theor. Phys. 32, 37 (1964))  ProPUiY g e

Scattering amplitude: SU(2) — SU(n) symmetry SOERI RSN e

electron | k R s

k., I, 1,j=1, | inSU(n) (h=2 for spin '2)
T, ..., T""Z1: generators of SU(N)

impurity atom | [
(T9)(T9); inferaction

electron

i ;(Tu)kk'(Tb)k'l ;(T“)n‘f(Tb)w = % (1 - %) Ori0ij — %Tkl‘,ij+ ai ;(Ta)kk/(Tb)k/l ;(Tb>i7‘/(Ta)i’j = % (1 - %) Ok0ij — <% - %) Thaij

. I il . . .

J ] |
E: energy from Fermi surface hole

E>0 A ° E>0 ¢

Log E divergence for infrared limit (E—0) for any small coupling
— Perturbation breaks downl! e




Appendix A

[Renormcliza’rion group]

[A-dA,A]

[A-dA,A]

P. W. Anderson,
“poor mans’s scaling”
J. Physics C3, 2436 (1970)

Oo: density of state on Fermi surface

Lk I=T1,...,
Tiij = Z(tc)kl(tc)ij K su(n) "

c

«— Divergence at infrared
energy scale
(Kondo scale Ay)

.
. b

(Ao): bare coupling

Fermi
surface




Appendix B

S.Y., K. Suzuki, K. Itakura,

Mean-field a pproximd’rion Nucl. Phys. A983, 90 (2019)

ight quork scalar and vector heavy-light condensate (A)
heovy quark

C » '

“Kondo cloud”
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ey gk, Appendix B

Breaking of tfranslational invariance — Only “energy” is concerned.
(no momentum conservation)

L[ 8N | A4 |2
Energy: Qa(A A1) = —3 In (1 +e77) 2Nepy (w)dw + %V — A
0 2N¢| A
Density of state: p1(w) = __Ima_wln (w+ o\ Z o jfr|u1 q)
A]_ 0.8 61
1 01

T (w—A1)2+ 62

“Single heavy ququ”

heavy quclfk

S YR
O ..' -




ey gk, Appendix B
. ...: ..‘.. I ¢

Breaking of tfranslational invariance — Only “energy” is concerned.
(no momentum conservation)

L[ 8N | A4 |2
Energy: (X A1) = 3 In (1+e 7)) 2N.p1 (w)dw + %V — A
0 2Nt Ay
Density of state: p1(w) = ——Im —In|lwy—X— Z 71A1?
Ow Wi +p—q
Al XX 51
1 51

7r(w—)\1)2+5%

Gap Energy-gain

5 [GeV]
0.030

0.025| singlet G

0.020} ™

01 = Asin ( ) exp
0.015} 2N,
0.010}

0.005} ’rriple’r‘

0.000 ~ —mmmmmmmo=mmm T T -
0.30 0.35 0.40 0.45 0.5

— What is the property of condensate? 42



heavygucrrk. Appeﬂdix B
. 0 B S.Y., Phys. Lett. B773, 428 (2017)
‘ "o Density of state
1 0

p1(w) = ——Im%hﬂ Wy — A — Z

15 2Nf|A1

Wy +p—q

Imaginary part of Green'’s function

@ singlet

triplet

and heavy quark

.2w [GeV]

Fermi surface

Thermodynamic potential (energy gain)

— Only singlet condensate survives in large N¢ limit ('t Hooft limit). 43
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