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Introduction

o Strongly coupled electron systems show many interesting phases
e Non-Fermi liquid(or Strange metal)
o High T, superconuctivity
o Pseudo-gap phases - - -
e Transport coefficient
o Response of the electrical current J and the heat current (3 to an applied electric

field E and a temperature gradient vT
e Transport coefficient
(Ji) oij(w) iy ()T E;
(Q:) @ij (W)T Rij(w)T —(V;T)/T
o;j: Electric conductivity

ajj, @;;: Thermoelectric conductivity

Rij: Thermal conductivity
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Introduction

e Transport Coefficients
o Hall conductivity: ogy

Quantum Hall effect (integer or fractional)
oxy

Hall angle: tanfpg =
o Nernst response: Electric field induced by a thermal gradient, E; = —9;;V;T

en = Uyz: Nernst signal
v = en/B: Nernst coefficient
o Cyclotron resornance
o Performing explicit calculations of strongly interacting transport is extremely
hard. We apply holography method to understand such interesting phenomena
o Transport Coefficients from holography

o DC conductivity with momentum relaxation (Black and Tong, Adrade and Withers,

o DC transport coefficient from black hole horizon data (2014, Donos and Gauntlett)
o AC transport coefficient with momentum relaxation (2014, Keun-Young Kim, Kyung

Kiu Kim, YS, Sang-Jin Sin)
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DC Transport from Horizon Data

arXiv:0502.02631, Amoretti and Musso, arXiv: 0502.03789, Blake and Donos,
arXiv: 0502.04704, Lucas and Sachdev, arXiv: 0502.05386

o General action with metric, U(1) gauge field, dilaton and “axion”

: Z
S = /d4z\/fg {R— 5 [(00)% + ®1(6)(9x1)2 + 2 (¢) (Dx2)%] — V() — ¥F2
o Ansatz for background
1
ds? = _U(T)dt2 + dr? + e¥t dx? + e¥2 dy2,
U(r)
x1 = kix, x2 = koy
B
A =a(r)dt + E(Idy — ydx)
o Horizon at r = rp,
Un~T(r—rp)+---, a(r) ~ ag(r —rp) + - -
¢~ Dp+ - (1)

Vi ~ 0+,

o Symmetric gauge of the gauge potential

®1(¢) = P2(0) = 2(¢), v1(r) = va(r) = v(r), ki =k =k
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DC Transport from Horizon Data

o Fluctuations (2014, Donos and Gauntlett)

0Az;, ={—FEsx, + (z;a(r)} t + daz,; (r)
6Gte; = —Co; U(r) L+ 0g¢a, (1)
§Gmci = ev(r)dgm” (7’)

Ox: = oxi(r)

o Time dependent term contains external source
E., : External electric field
Cz; = =V, T/T: External thermal gradiant
e all time dependence in the linearized equations disappears by imposing

background equations of motion

o Number density

p=V=GZ(O)F" = Z(@)e" a(r)

Gauge/G ; E y 2015, GGI Firenze



DC Transport from Horizon Data

o Electric current

Jo; = Z(9)V—gF"i"
~Z(¢) {U(r)(~¢ij BSgray (r) + 8ay,, (1)) + a'(r)égtx, }

At the boundary (r — o0), J; becomes electric current along x; direction

o Maxwell equation
0= 8, (2(¢)v/—gF"i+)
=0 (Z(Q)V=gF™") + 8¢ (Z(d)V—gF ")
=0y Je;, — Beije "¢y, (),

o Boundary current

T (00) = Juy () + BeijCa, / T e 2060

Th

= JJ«z (T’h) + Beijg‘,;jEl
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DC Transport from Horizon Data

o Heat current

=U2(r 0gta; (1) —alr
Qe =)0 () —a(r) e, e

At the boundary(r — 00), Qz; — Tts; — pJz;: heat current

e Boudary heat current
o ’
Qwi (OO) = Qac; (""h) + BEiancj / d,’,.lefv(r )Z(¢(T/))
Th

— 2B¢;;Ca, /‘00 dr/a(r’)e—n(r')Z(d)(»,«/))

h

= QIz (T‘h) + BeijEIjzl — BEijCIj ¥o.

e Boundary currents Jz;, Qz; can be written in terms of functions at the horizon

and definite integration from black hole horizon to boundary

Gauge/G by alit, 5, GGI Firenze



DC Transport from Horizon Data

o Regularity at the black hole horizon

dag, (r) ~ —47:} In(r —rp) + -+
8gta, (1) ~ 699 +8gi2) (r —rp) + -+
(0)
— gtac'
) ) ~ o v(rn) T
grar (1) o~ e U(rn)

Fxay (1) ~ XS XS (r =)+

e Boundary currents

Jz,(00) = —(pe~"" + Beije~"h Z,)3g\) + Ea, Zy + BeijCa; 1

Qx, (00) = —4nT8g\0) + Beij Eu; 51 — BeijCa, 52
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DC Transport from Horizon Data

o Transport coefficients

(0)
o OJy., 00G,,"
oY = 9Jz;(00) = —(pe”"" 4+ Be;je~ hZh) Yta, + Zp 6ij
aEmJ‘ x.}
vij _ L 0Jz;(0) —up —op L ‘959531 B
ORAES ?W = —(pe + Be;je Zh)? e, +e”-?21
1o 500
i — L Qa; (00) — 09ta; e B o
T OE, 0E,, T
0
o 10Qu(0) | dato) B
K = — = —4T EijfZQ
T 9, Ca, T

e Einstein equations at the horizon

evh
= B2Z, + k2evndy,
evh

"~ B2Zj, 4 k2evn dy,

(0) —

[Bpe n g\ — BZyEy — pEq — 47rethCx]

(O) [ Bpe™"n ég(m BZyE; — pEy — 47re“hTCy]

Gauge/G -y Dualit 15, GGI Firenze



DC Transport from Horizon Data

o Electric transport coefficients

e?nk2®y, (p? + B2Z2 + evnk?Z),®y,)
B2p? 4 (B2Z2 + evnk2dy,)?
__ Bp (p2 + BZZ}% + 2e”hk2Zh<I>h)
B2p? 4 (B2Z2 + evnk2®y,)’

ot — 5TY —

oY = _g¥T

e Thermoelectric transport coefficients : Gt — eij%El

4me?n k2 pdy,
B2p? + (B2Z2 + evnk2y,)”
_ 4me'n B (p? + B2Z} + eVh k2 Z),9),)
© B2p2 4 (B2Z2 4 evnk2y,)’

a®% = Q¥¥ =

%V = —qy¥T

o Thermal transport coefficients: &% + eij?Zz

16m2Te2vn (B2Z), + evrk2®),)

B2p? + (B2Z2 + evnk2®y,)”
16mw2Te?vr Bp

B2p? + (B2Z2 + evnk2®y,)°

RIT — gYY —

RTY — _gYT —

Gauge/G by alit, 5, GGI Firenze



DC Transport from Horizon Data

o Hall angle (2014 Black and Donos)

om0 — 0% Bp(p*+ B?Z} 4 2e"h k2 Z;,®),)
17 o = conk2dy, (0% + B2Z2 + evn k2 Z, 0y,
o Nernst signal
eny = —(c7 1. a)¥®

_ dme?Vnk?Z2 ), B
= ph 4+ 2evn k2p2 7, &) + Z%% (B2p2 +e2vhyk4¢%)

e Has maximum at

e "hp\/p? + BQZ?L

ko =
Zndr,
o p— 0 limit
47 B B 4
poo ~F2ay Tl (=g D

5, GGI Firenze




Dyonic Black Hole with Momentum Relaxation

Background geometry

@ Dyonic black hole solution with momentum relaxation

¢ =const. , P =Py =1 | V(¢):*]j%

= diay/—
167G Jar v g

2
1 1 1
R+6—-F?— axr)?| - — /K
+6— QZ(XI):| L=

2
U(r):ﬂ,ﬁ,@ u2+q72n7‘7h ev1(r) — gva(r) — .2
2 r 4 r2’
Th
ki=ke=§, a(r):,u<177> , B=gmrp

2., 2 2
m():’r,% (1—&—“ + dm —'B>

41"]21 o2

Gauge/Gra
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Dyonic Black Hole with Momentum Relaxation

DC transport coefficients

o Electric conductivities
wx _ 2p2 B2 (W +B%)
2
B+ (57 )
B2 + 1, (1 +25%)
2
2125 + (B2 + 127

o =ruB -

@ Thermoelectric conductivities
oo _ 4mr? B2
B+ (5 1)
B 413 2+ 7)
2
B+ (5 + )

a® =4nr3B -

@ Thermal conductivities

2, 242
R®® = 167riT - B+ i

2
T}QLIU,QB2 +(B%+ rﬁﬁQ)
167r2rfL;LTB

RY = 5
B+ (B 417 )

Gauge/Gra
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Dyonic Black Hole with Momentum Re

DC transport coefficients

o Hall angle
B 1 (1? +26%)
BT+ 17 (42 + 57)

o Nernst signal
47rr,21528
p2B% 41 (42 + B2)?

enN —




Dyonic Black Hole with Momentum Rela

AC transport coefficients

o Fluctuations

dgei(t,T) /
oxi(t,r) /

o Linearized equations of motion

d .

et (w,r),
27r
d .

d e Wt 2h,, (w,7),
2T
dw

7e—iwtwi(w’ 7‘) ,

2

Q»,thti +6“'L‘UJ(Imaj + Bthi 1w _ La:; _ 4h£i _ B’ —0
rdU Yoy r2U r2U r r e

Wama’;  ipUY! i h a;
. 4m j i3 wz + e NQZL tj + Ha; +h§1 -0

riw r2 r
U'al zwthtj phy, wQai .

v Tt T tpe e =0

U'Y;  iBwhe n w2¢z 7/’/

U U2 U2
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Dyonic Black Hole with Momentum Relaxation

AC transport coefficients

e Near horizon(r — ry)

hei = (r — )= R 4+ p D (= 1) 400,
a; = (r— 1)+ (aEI) +a§H)(r —1)+---),

i == 90— 1) 4

vy = +idw/(—12 + ¢2, + 282 + p?)

e Near boundary(r — 00)
1
a; = (0) + (1) +.

v = + —2w§2) + —3w§3> +
T T
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Dyonic Black Hole with Momentum Relaxation

AC transport coefficients

o Quadratic action at the boundary
°° dw . - .
S!(‘gl’)l _ 7/ w #EEO)hig) h(O)h(O) +—(0) 51) hE?)hS) +3w(0)¢(5))
o) d _
/ [T b + T B R
27r)

o Near boundary solution (2010, Kaminsky et. al.)

a i
@ (r) = ®¢(r)c’ =S¢’ +--- + Tgf +--
Ra
=SJ0 e
r“a

CI _ (S—l)l Ja
*=0% =0 (sH I

o Retared Green’s function

9 * dw -, c _
52 — 2/0 —J [Aab + BacO° (S 1)1b] Jb

(2m)
R4 dw TGy b
2 0 (271')
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Dyonic Black Hole with Momentum Rela

AC transport coefficients

o Transport coefficients and retared Green’s function

ij ij 0
(Ji) . GJJJ GJ]T a; )
- i ij 0 >
<Tti> GZZJ GZZT hgj)
(o \ [ &9 avT E;
(Qi) avT  RYT -(v;T)/T
[ & avT iw(al” + ph{))
-\ avr RET iwh(9)

i i ij
o QT _iCis WGy =Gir)
auT RYUT iwGY,—GRy) UG =GR (w=0)—w(Gir+G7,;—rGY )
w w
B 0 St
T i€l Tl
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AC transport coefficients

o Comparison to the DC conductivities from horizon data
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Dyonic Black Hole with Momentum Relaxation

AC transport coefficients

o Electric conductivities

Re[0™]

wlT

(b) Im o®®

wlT
0.1 0.2 0.3 04 0.5

(c) Re o®¥ (d) Im o®¥

Figure : 8 dependence of electric conductivities: /T = 0, 0.5, 1, 1.5(dotted, red,
green, blue) with u/T =1, B/T? =3
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AC trans

Dyonic Black Hole with Momentum Rel

ort coefficients

@ Thermolectric conductivities

Re[a™]

Im[a™]
50} 30t

40
30

(b) Im a®*
Re[a™]
80

T
o 0z 03 o4 05"

01 02 03 04 05
(c) Re a™¥ (d) Im a®¥

Figure : 8 dependence of thermoelectric conductivities: /T = 0, 0.5, 1, 1.5(dotted,

red, green, blue) with u/T =1, B/T? =3
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Dyonic Black Hole with Mo

AC transport coefficients

@ Thermal conductivities

Re[K™]

wlT

03 04 05

(a) Re R*® (b) Im &*®

wlT

03 04 05

(c) Re R™Y (d) Im &*Y

Figure : 8 dependence of thermal conductivities: /T = 0, 0.5, 1, 1.5(dotted, red,
green, blue) with u/T =1, B/T? =3
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Dyonic Black Hole with Momentum Rel

Cyclotron frequency

e Magnetic field dependence on the electric conductivity

Re[0™]
35¢ Im[o™*]
20
15¢
10¢
5 -
- wlT
5W 03 04 05
Tk
01 02 03 04 057 -10f
(a) Re o®® (b) Im o®®
Im[g™]
Re[c™] 30
25
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10
T
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wIT
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(c) Re o®¥

(d) Im o*¥
Figure : B dependence of electric conductivities:

B/T2 = 0.5, 1, 2, 4(red,orange,green,blue) with 8/T =1/2, p/T =4
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3 c10t1<>n fre

e Cyclotron pole

oF = o%Y 4+ g%

1.0 1.0 1.0
05 05 05
00! 00! 0.0/
~05. -05 -05
-10 -1.0! 1 -1.0
-2 -1 0 1 2 -2 -1 0 1 2 -2 = 0 1 2

(a) gm = 0,0 =12.5 (b) gm =8.9,0 =89 (c) gm =125, =0

1.0 1.0 1.0

05! 05 0

00 00! 00!

-05. -05 -05

-1.0 -1.0 -
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(f) gm = 12.5,4 =0

(d) gm =0,p=12.5 (e) gm =8.9,u =8.9




Dyonic Black Hole with Momentum Re

Cyclotron frequency

e Hydrodynamic analysis(7imp = 00)

rB B — 0 _ ;0
= —1 =
E+P  g2E4TP)

Wi = We — 1Y =w, — Y

Re[w.]

(a) Re wx(=we) (b) Im wx(= —7)

Wi = we — iy =wd 4+ c182B —i(7° + c28?)

1
ng—‘r —i(vO-I— ) for B<<p

Timp Timp
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Summary and Discussi

o We derive general DC transport coefficients in general background with

momentum relaxation by requiring regularity condition at the black hole horizon

o We apply our general formula to the dyonic black hole background and

calculation DC transport coefficient

o We develop prescription to calculate AC transport coefficient and the results are

consistent with DC calculations

e We investigae AD trnasport coefficienst and calculate the cyclotron pole beyond

hydrodynamic limit

5, GGI Firenze



Discussion

Thank you !!!
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