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Kondo effect

Metals: Fermi liquid+phonons+impurities: p ~ po + T2
But in some metals at low temperatures p ~ — log(T)
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Kondo effect

Scattering with magnetic impurities
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Antiferromagnetic coupling x < 0
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1/k

Perturbation theory breaks down at Tx = |¢ — ef|e

High T - weak coupling Low T - strong coupling

Impurity  Conduction
Spin Electron Non magnetic
Spin state
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Kondo effect

@ Single impurity problem solved
Wilson's RG, Nozieres' Fermi liquid description, the Bethe Ansatz,
large-N limits, conformal field theory...

o Multiple impurities:
Heavy fermion compounds with strange metal behaviour

p~T

may be described by a Kondo lattice
@ Holography: non-perturbative, large-N

Goal today: construct a holographic model for a single impurity
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CFT approach

Kondo model [Kondo’ 66; Affleck & Ludwig '90s]:
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@ s-wave reduction: 141 dimensions
e Kondo coupling marginal classically (CFT)
@ Asymptotic freedom: UV fixed point
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CFT approach

Uv CFT

e Symmetries: Spin SU(N), k channels SU(k), Charge U(1)
e Kac-Moody algebra: SU(N), x SU(k)n x U(1)
[J3, Jp) = if U

n+m

n
+ko 6 6n —m
e Finite number of highest weight states. SU(2)x: spin < k/2

@ Sugawara construction:

1 1 Lo
Pl —— A P4k d(x)S -

H=———
2n(N + k) 2n(k + N) 47 Nk
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CFT approach

IR CFT

@ Redefinition of spin current:
J? ="+ nm(N+ k)\ko(x)S?

@ Critical coupling

@ Hamiltonian:

1

_ ara 1 A A 1 2
H_7277(N—|—k)jj +727r SIS —

(k+ N) 47Nk

No impurity!
[Affleck & Ludwig '95]
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CFT approach

o IR CFT = UV CFT with shifted spectrum

@ IR spin representations = UV spin representations 4 impurity spin

Example: one channel, spin N =2, SU(2)1 x U(1), Simp = 1/2
@ UV: Neveu-Schwarz boundary conditions
(spin, charge)= (0,0), (+1/2,1)
@ |IR: Ramond boundary condition
(spin, charge)= (£1/2,2), (0,1)

@ Phase of electron wavefunction on a circle changes by 7/2
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CFT approach

Possible phases in SU(2):
@ Underscreening: 2si,p, > k
Fermi liquid + impurity of spin |siyp — k/2|
o Critical screening: 2si,, = k IR fixed point: k free left-movers

@ Overscreening: 2siy,p < k Non-trivial IR fixed point:
non-Fermi liquid behavior

Qualitatively similar for higher spin
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o N — oo, Ak = 0, AN fixed
@ Spin of impurity: Young tableaux with @ boxes

@ Totally antisymmetric representation:
S%=x"T%
Slave fermions, dimension [x] =0

x'x=@

Additional U(Nf) symmetry
e Critical (k = 1) or overscreening (k > 2)
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Kondo coupling as double-trace deformation:
A 8(x) 257 = i d(x) (L 200 ) (X T°)
_1 f t
= 52k 0(x) (¢Lx) (X zZ)L)
1
= Sk 8(x) el

e O SU(N) singlet, charged under U(Nf) x SU(k) x U(1)
e Dimensions: [¢/] = [0] =1/2

@ Mean field transition:
T > Tk, (O)=0, SU(k)x U(Nf) x U(1)

T < Tk, (O)#0, SU(k)x U(Nf) x U(1) — U(1)p
[Senthil, Sachdev, Vojta]
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Summary of Kondo effect at large N
@ s-wave reduction: 1+1 chiral CFT + impurity
@ double-trace coupling
@ 0+1 superconductor

These will be the main ingredients to construct a holographic model
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Impurities in stringy models

Supersymmetric defects with localized fermions

e D5/D3 AdS, C AdSs
[Kachru, Karch, Yaida] [Harrison, Kachru, Torrobal]

e M2/D2 in ABJM AdS, C AdS,
[Jensen, Kachru, Karch, Polchinski, Silverstein]

e D6 in ABIJM AdS, C AdSs, [Benincasa, Ramallo]
with backreaction [ltsios, Sfetsos, Zoakos]

e D(8 — p) in Dp background S”=P C S8P [Benincasa, Ramallo]
other sphere wrappings [Karaiskos, Sfetsos, Tsatis|

@ Spectrum of Wilson loops
[Mueck] [Faraggi, Pando Zayas| [Faraggi, Mueck, Pando Zayas]
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Stringy model

N D3
N; D7
Ns D5

@ 3-7 strings
@ 3-b strings
@ b5-7 strings

chiral fermions (current algebra)
slave fermions

bifundamental scalar (tachyon)

D5 branes become magnetic flux on D7 branes
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Stringy model

e N. — 0o : AdSs x S° background

/ Fs = gs(27)?(2ma’)? N,
55

@ 7-7 strings: gauge field A, dual to J,
N 2
Sp7 D —— tr<A/\dA+3A/\A/\A>

Global symmetry:
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Stringy model

5-5 strings: gauge field a,, dual to Q@

Sps O Ns TD5/P[C4]/\f

Dual to completely antisymmetric Wilson loop
[Yamaguchi '06; Gomis, Passerini '06]

Charge @ = number of fundamental strings
Size of D5 on S° [Camino,Paredes, Ramallo '01]

ds2s = d6? +sin® 0 ds2,, 0q = NQW

Maximal charge @ = N, — 1

C. Hoyos (TAU) Kondo model Crete 2013 18 / 36



Stringy model

@ 5-7 strings: bifundamental scalar ¢ dual to O

@ Double-trace coupling for O analogous to Kondo coupling

@ Double-trace coupling can lead to condensation
[Pomoni, Rastelli '08,'10]

@ Holographic dual: boundary condition for ® [Witten '01]
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Bottom-up model

@ s-wave reduction: 1+1 CFT — AdS;3
ds® = g, dx"dx” = 1 d—zz —h(z)dt? +dx* ), h(z) =1-2°/z}
e z2 \ h(z) ’ "
Temperature: T = 1/(27zy)
@ SU(N)-spin, k =1 channel of chiral fermions, U(1) charge

N
Scs:—/A/\dA
47

@ Impurity AdS,: U(1) symmetry, operator O
1
Spads, = — / *x5(x)v/—g [4;""”7‘,,,,, + 8™ (Dp®)" D,® + M?dTd

Dm® = 0n® + iAn® — iap®
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@ Gauge field: charge @ determines the spin representation of impurity

Charge is an irrelevant operator: UV behavior is modified
Scalar field effective mass fixed at the BF bound

1
M§HZM2_02:_Z

@ Scalar field at the BF bound:
& = zY?(alog(z) + B)

UV conformal dimensions A = %
We set M2 =0, Q = -1/2
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Kondo coupling

@ Double-trace deformation = boundary condition [Witten '01]

a=kf

@ Renormalization:
® = 2M/2Bg(ko log(Az) + 1) = z'/?B(r log(uz) + 1)

@ Running coupling
K0

K= —— —————
1+n0|n </Al)

Dynamical scale: A = Ael/%o

@ k < 0 “antiferromagnetic’: UV asymptotic freedom
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Normal phase (¢ = 0):
e Background charge Q = —1/2:

R

Broken phase (¢ # 0):
e Background charge Q = —1/2:

2(2)~ 2 4y + O((log 2)?)
e Background scalar field:
& = (z/zy)?Br (k7 log(z/z1) + 1)
@ Values of ut, k7 and 81 determined numerically
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Kondo coupling

@ Finite temperature solution:

® = (z/z1)?B7 (kT log(z/21) + 1) = Bo(ko log(Az) + 1)

@ Temperature-dependent coupling
R0

"= 1+lio|n(2ﬂ%)

@ High-temperatures T > Ak:

o Low temperatures T < Ak
1

KT~ ——F— >0
In (z57)
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Instabilities in the normal phase

Scalar field @ BF bound ® = e~*t¢:

1
2 _
h0,(hd;¢) + w ¢ + 4z2¢ =0

Tachyonic modes w = —i€2 exist when

« 1
B Hiag1 1) —log4

This is possible Vk except k. < k <0,

1

=—~ —(. 74
H_% “ogd 0.3606

K¢

Stable at high temperatures, unstable at low temperatures
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@ Free energy = Euclidean action = - Action

@ Counterterms scalar field:

So /dtf( ; ><I>T¢+/<;/dtﬁ2

o Counterterms gauge field:

Sat—+ /dt [ ,ytt 2

F—Fo=—af— %Q(u + Q) —2Q%” +2Q%B — Q*B° — kB

+ finite bulk integral
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Thermodynamics of the broken phase
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Chern-Simons field

dwdw'dgdq’
o / / Gy A )0 (0,00 —)3(g — AL )

AL 4B ()5(w — YA, )+ 7()0(w — )3(q — ¢V Am(w, )]

k
DH(w, q) = o [e“z”é)z — jwett + iqe“x”} ,

B! (w) = F g0 = g2 g ™3,
27

3t¢
h(z)

J"(w) = \/Egm”a,,CDTCD = — o
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Background fields

@ Solutions:
2 2
th - _Tﬂ—jz(w) + 5th; sz - Tﬂ-]t(w) + (5sz
@ Normal phase:
th - sz =0
@ Broken phase:
21 at¢2
x — Y, sz =

F,« conjugate to A; : charge localized at the defect
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Fluctuations

0= L 5Ful )+¢>2h(z)/dq/5A( ')
—27_(_ txwaq 27T Zw7q7

k # [ dd ,
- A FZX ) 77\ —0A ) )
0 2715 (w q)+h(z)/27r6 t(w, q")
k
0= ngth(Wa Q)-

Zero-momentum fluctuations in the broken phase:
6Am = 0m\, OA=0, Mw,q)=216(q)\(w)

Fluctuations transverse to AdS, defect §A, decouple from JA.,
A =1 scalar operator localized at the impurity
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Fluctuations

@ Equation of zero-momentum fluctuations
w2¢2

h(z)

9, (h(2)¢?d,\(w)) + Mw)=0

@ Boundary:
8 vz

¢h(2)

(AYo(wz) + Bp(wz))

@ Horizon:

Mw) ~ d))){ZZ) (Cout(]- —Z)HHe2 g1 - Z)l—iw/2>

@ Quasinormal modes: A=10, Coup =0
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Correlators

@ Action of Chern-Simons field fluctuations

dw | ikw ~

5= lim / o [A(w)(SAX(—w) +w2¢2X(w)azi(—w)] .

s m

o Counterterms

o1 w2 o1 fdow?s o
Set = I|m02/dtdx5(x)\/ AL = z|[>n0§ 57)\@1))\( w).

@ Correlation function
2

X X 5
(S IP)w,q,q") ~ 5?(5 + Sct)
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Correlators

@ Two-point function:

I ad) = | s = 2606 | @),

@ Frequency-dependent coupling:

KT
1-— mrlog(

F”(w) - weWE)

e Conductivity:

o(w) x %ImG(w).
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Conductivity & resistivity
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conductivity vs w/(27 T) DC resistivity vs T/u

Lowest quasinormal mode ~ Kondo resonance 5% ~ —1.4i

Resistivity grows at low temperatures!
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Holographic toy model implements the large-N and CFT approach:
@ Current algebra in 1+1 from s-wave reduction
@ Wilson line as slave fermions on defect
@ Kondo coupling = double-trace coupling
and captures main physical properties:
@ Dynamical scale generation and asymptotic freedom

@ Raise in the resistivity at low temperatures
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Future directions

Compute other properties: entropy, heat capacity, magnetic
susceptibility, Wilson's ratio, spectrum of operators

Multi-channel Kondo model
Impurities in different representations of spin

Several impurities with interactions

Models with small spin?
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