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Introduction

e Transport coefficient
o Response of the electrical current J and the heat current Q to an applied electric

field E and a temperature gradient vT
o Transport coefficient
(Ji) oij T E;
(Q4) ;T RigT -(v;T)/T
oi;: Electric conductivity (oz,: Hall conductivity)

a;j, @;;: Thermoelectric conductivity

Rij: Thermal conductivity
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Introduction

e Transport coefficient
o Response of the electrical current J and the heat current Q to an applied electric

field E and a temperature gradient vT

o Transport coefficient

(Ji) oij T E;
(Qi) ay; T Ry T —(v;T)/T

oi;: Electric conductivity (oz,: Hall conductivity)
a;j, @;;: Thermoelectric conductivity
Rij: Thermal conductivity

o Fractional quantum Hall effect
3

Magnetic Field (T)
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Introduction

e Transport coefficient

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

Vij =~ (071 'a)ij

eN = VYys: Nernst signal

v = en/B: Nernst coefficient
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Introduction

e Transport coefficient

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

Vij =~ (071 'a)ij

eN = VYys: Nernst signal

v = en/B: Nernst coefficient

8 180 N
La, Sr,CuO, (x=0.07) 160 La, Sr.Cuo,

T=11K 10K

~

ey (uViK)
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o Performing explicit calculations of strongly interacting transport is extremely

hard

o We apply holography method to understand such interesting phenomena




DC Transport from Horizon Data

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

5= [ e {R — 5 109 + 2:1(9)(0x1)” + 22(0)Ox2)] - V(9) - 22 52
(®i,Z(¢) > 0)
o Einstein and field equations
Ry ng - (8u¢)(8u¢) - Z ®4(6)(9ux:) (O i) — @FAFM o
1=1,2

Vu(Z($)FH) =

Vi (2i(9)VFx:) =

251§ 0%iy 0y OV(S) _150Z(9)
V¢_§i§2 96 (Oxi) £y 4F 96 =0
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DC Transport from Horizon Data

o Ansatz for background

1

ds? = —U(r)dt*> + o

dr? + e¥lda? + ev2dy?,

x1 = k1z, X2 = kay

B
A = a(r)dt + E(szy — ydz)
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DC Transport from Horizon Data

o Ansatz for background

ds? = —U(r)dt*> +

x1 = kiz,

B
A = a(r)dt + 5

e Horizon at r = rg

U~T(r—rg)+-

Vi ~ w0t

1

dr? + e¥1dz? + e¥2dy?,
Ur) !

X2 = kay

(ady — yda)

e a(r) ~ao(r—mre) + -+

b ot &
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DC Transport from Horizon Data

o Ansatz for background

1
U(r)

ds® = —U(r)dt? + dr? + e¥lda? + ev2dy?,

x1 = k1z, X2 = kay

B
A = a(r)dt + E(szy — ydx)

e Horizon at r = rg

U~T(r—ro)+---, a(r) ~ ag(r —ro) + - -

Vi ~ Vg F e, ¢~ o+

o Symmetric gauge of the gauge potential

D1(¢) = P2(8) = 2(9), vi(r) = va(r) = v(r), k1 =

1)
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DC Transport from Horizon Data

o Ansatz for background

1
U(r)

ds? = —U(r)dt*> +

x1 = k1z, X2 = kay

B
A = a(r)dt + E(szy — ydx)

e Horizon at r = rg

dr? + e¥lda? + ev2dy?,

U~T(r—ro)+---, a(r) ~ ag(r —ro) + - -

Vi ~ Vg F e, ¢~ o+

o Symmetric gauge of the gauge potential

D1(¢) = P2(8) = 2(9), v1(r) = va(r) =v(r),

Example:

¢(r) = constant, ®(¢) =1, Z(¢) =1, V(¢) =6

— Dyonic black hole with momentum relaxation

1)
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DC Transport from Horizon Data

o Fluctuations (2014, Donos and Gauntlett)
0Az;, ={—FEsx, + (z;a(r)} t + daz,; (r)
6Gtmi = _Czl U(T) t+ 6gtzi (T)
5Gmci = e“("")dgm” (7’)

Ox: = oxi(r)

Joint winter confer , Highl



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
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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
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DC Transport from Horizon Data

o Electric current

Jo = Z($)V=gF"T
=—Z(¢) {U(r)(quBngj (r) + 5a;i () + a’(r)Jgtzi}

At the boundary (r — o0), Jz; becomes electric current along z; direction
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DC Transport from Horizon Data

o Electric current

Jz; = Z(d)v/—gF*¥i"
= —Z(¢) {U(r)(=€ij Bdgra, (r) + day (1)) + a’ ()89, }
At the boundary (r — o0), Jz; becomes electric current along z; direction

o Maxwell equation
0 =08y (Z(¢)V/—gF*it)

= 0r (Z($)V=gF™") + 8 (Z(d)V/—gF™")
=0rJou; — Beije_v(r)ng Z(9),
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DC Transport from Horizon Data

o Electric current
Ju, = Z($)V=gF™"
=—Z(¢) {U(r)(quBngj (r) + 5a;i () + a’(r)Jgtzi}

At the boundary (r — o0), Jz; becomes electric current along z; direction

o Maxwell equation

0 = 8y (Z(¢)v/—gF=it)
= 0r (Z(O)V/=gF ") + 0¢ (Z(9)V/—gF ")
= 8chci — Beije—v(r)ng Z(¢)a

o Boundary current
o0 ’
Jau(09) = Ji () + BeisGa, [ dr'e™" " 2(607)
0

= Jg, (ro) + BCijCzj 31
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DC Transport from Horizon Data

o Heat current

Qu; =U?(r) 0, (%) —a(r)Ja,

At the boundary(r — 0), Qz; — Ttx; — pJz;: heat current
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DC Transport from Horizon Data

o Heat current

Qu; =U?(r) 0, (%) —a(r)Ja,

At the boundary(r — 0), Qz; — Ttx; — pJz;: heat current
o Boudary heat current

Qu, (50) = Qu, (ro) + Beij Ea, / T e 2060

T0

—2Be¢;j(a; /00 dr’a(r’)efv(r/)Zw(r'))

70

= Qu;(r0) + BeijEy; 31 — BeijCa; So. (2)
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DC Transport from Horizon Data

o Heat current

Qu; =U?(r) 0, (%) —a(r)Ja,

At the boundary(r — 0), Qz; — Ttx; — pJz;: heat current
o Boudary heat current

Qu, (50) = Qu, (ro) + Beij Ea, / T e 2060

T0

—2Be¢;j(a; /00 dr’a(r’)efv(r/)Zw(r'))

70

EQxi(T‘O)‘f‘BEijEijl —B€ij<xj22. (2)

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

and definite integration from black hole horizon to boundary
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DC Transport from Horizon Data

o Regularity at the black hole horizon
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DC Transport from Horizon Data

o Regularity at the black hole horizon

Ey,
Sag, (r) ~ —4;711 In(r —rg) 4 ---

0Gta; (1) ~ Jgigi + 69;152 (r—ro)+---
(0)
~ e—v(ro) 2Jta;
U(ro)

Sxa (1) ~ X + X e — o) + - -

0gra; (r)
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DC Transport from Horizon Data

o Regularity at the black hole horizon

Ey,
Sag, (r) ~ —4;711 In(r —rg) 4 ---

0Gta; (1) ~ Jgigi + 69;152 (r—ro)+---
(0)
~ e—v(ro) 2Jta;
U(ro)

Sxa (1) ~ X + X e — o) + - -

0gra; (r)

e Boundary currents

Jo,(00) = —(Qe™¥0 + Bejje™"° Z0)69\0) + Eq, Zo + BeijCa, T

Qu;(00) = —4nTog(y) + BeijBa; T1 — BeijCo, Sa

tx;
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DC Transport from Horizon Data

o Transport coefficients

(0)
9w, (00) _ _ 091,
L - i — _ v Be. . vo 7, i Z 61
o aExJ (Qe + €ij€ 0) aExJ + Zo J
i 1 8‘]991( ) (Q —v 4 B —vo g ) L 669522 + "BE
o’ = T 3ij e €ij€ 0 T agx €ij T 1
0
& — 1 3@% (c0) — _4r t(afz +e B bl
T OB, 0E,, T
L 10Qu,(00) 09t B
K J = —47 L ei]' —22
T 9, G T
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DC Transport from Horizon Data

o Transport coefficients

(0)
9w, (00) _ _ 091,
L - i — _ v Be. . vo 7, i Z 61
o 78E%. (Qe™ "0 + Bejje 0) = 9L, + Zo 0;5
iJ _ 1 8J&Y)1( ) (Q —v + B —vo 7 ) 1 669522 + BZ
o’ = T 3ij e €ij€ 0 T agx €ij T 1
0
& — 1 0Qaz, (<) — _4r t(afz +e B bl
T OB, 0E,, T
L 10Qu() |, d9i  B
K J = —47 L - 61"7’*22
T 9, G T

o Einstein equations at the horizon
evo

o _____ €€ —vg 5, (0) .

B2Zy + k2evodq [_ BQe™"00g,, — BZoEy — QEy — dme OTCy]

0) _ [BQe*%(sg(O) BZoEy — QEqy — 47re”°TCm]

0Gsq £

894,

Joint winter conference, Highl




DC Transport from Horizon Data

o Electric transport coefficients
eV k2®g (Q% + B2ZZ + e¥0 k2 Zydo)
B2Q? + (B2Z2 + ev0k2d,)’
oV BQ (Q2 + B2Z2 + 2e0 kQZo(PO)
B2Q? + (B2Z2 + ev0k2®)’

ot — STY —

orY = —

Joint winter conference, Highl



DC Transport from Horizon Data

o Electric transport coefficients

o Hall angle

eV k2®g (Q% + B2ZZ + e¥0 k2 Zydo)
B2Q? + (B2Z2 + ev0k2d,)’
_ BQ(Q?+ B2Z§ + 2e¢"0k? Zy®o)
" B2Q? + (B222 + ev0k2d)’

ot — STY —

oY = _g¥T

cand oY BQ (Q? 4+ B2Z2 4 2e¥0 k2 Zy®o)
MUH = Gar T cvok2®g (Q2 + B2ZZ + evok? Zo®o)
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DC Transport from Horizon Data

o Thermoelectric transport coefficients

. vy 4Ame2v0 k2Qdq
« = =
B2Q? + (B2Z2 + ev0k2d)’
4meVo B (Q? + B2Z2 + e"0k?Zy® B
o™ = —a¥" = (@ 0 020) + =21,

B2Q? + (B2Z2 + ev0k2d)’ T
where

5= /OO dr'e="(") Z(¢(r"))

70

0 ol =@aw
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DC Transport from Horizon Data

o Thermoelectric transport coefficients

0BT — VY — 4Ame2v0 k2Qdq
B2Q? + (B2Z2 + ev0k2d)’
4me?0 B (Q? + B2Z2 + €0k Zy®o) B

+ =21,
B2Q? + (B2Z2 + ev0k2d)’ T

%Y = —¥T —

where

o = /OO dr'e="(") Z(¢(r"))
70

0 ol =@aw

o Nernst signal

ey =—(c7 - a)v®

_ eYk2B  4nTe 0 Z3 Do + ®oT1 (Q2 + B2Z3 4 €0k Zy Do)
T Q* +2ev0k2Q2 2000 + Z2 (B2Q? + €20 k4d2)
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DC Transport from Horizon Data

o Thermal transport coefficients

16m2Te2v0 (B2Zy + e¥0k2®y)

B2Q? + (B2Z2 + ev0k2d)’
ey . 16m2Te2v0 BQ B,
R = —RK = — =2
B2Q? + (B2Z2 + ev0k2®y)° T

where

Yo = 2/oo dr'a(r')e=*") Z(¢(r")).

T0
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Dyonic Black Hole with Momentum Relaxation

@ Dyonic black hole solution with momentum relaxation

¢=const. , D1 =Py =1 , V(Cf’):*]% » Z(g)=1

/ d*z/=g

2
1 1
R+6— = axr)?| - — d3z/=7K
~ 167G + 22( XI):| M e

2 2 2 2
U(r) = r2 — % _mo “JFT%%) () = () — 2
T T

hi=ke=p , a)=p(1-22) . B=gquro

2, 2 2
3 w-+q 8
Mo =To (1+ 47’(2)m72r(2))

U'(ro) _ 1 ( u2+Q3n+262>
=— (30— ———Fm——
47 47 4rg
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Dyonic Black Hole with Momentum Rela

o Electric conductivities

T 232 BQ+T(2J(M2+ﬁ2)
BB+ (B2 + 352
B2 1 3 (u2 +28)

o =rouB - 5
BB+ (B +r2)
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Dyonic Black Hole with Momentum Relaxation

o Electric conductivities
xx 7'2 2, BQ+T(2J(M2+ﬁ2)
BB+ (B2 r35)”
B 413 (12 + 267)
BB + (B2 4 12p%)°

o™ =rouB -

Clean limit (8 — 0)

o =0 Uzy_TOH:Q
’ B B
Electric limit(B — 0)
2
crmczl-l—%, o™ =0
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Dyonic Black Hole with Momentum Relaxation

o Electric conductivities

ow _ 252 B2 418 (1* + 8°)

B+ (B 4 1)
B 1 4+ 257

BB + (B2 + 12827

o™ =rouB -

Clean limit (8 — 0)

Electric limit(B — 0)

Hall angle
o™ _ pB  B?+ri(p?+25°)
tanfy = = C—y 5 5 g
oTT T‘()ﬁ2 B2 + r()(lj/z + 62)
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Dyonic Black Hole with Momentum Rela

o Thermoelectric conductivities

v _ Amrg 2 p
RBKPB? + (B + 125%)
B2 + 2 2 + 2 B
azy:47rr8’B‘ 70 (u‘ 6 ) + =

2
BB+ () T
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Dyonic Black Hole with Momentum Relaxation

o Thermoelectric conductivities
a _ Amrg B p
R + (B + 136°)°
B2+ 5) | B

’ 2
BB+ (B2 +r5p)’ | T

a® =473 B

o Nernst signal
B%2B B2+ r2(4wroT + p? + B2)
eN = .
N T 2B (et + B2)2
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Dyonic Black Hole with Momentum Re

e Thermoelectric conductivities
. 47r7'6’,82,u,
B+ (B )
(e
rgu2B? + (B2 +1r32)*

a® =473 B

LB
T

o Nernst signal
B2B  B%+ r3(dnroT + p? + 52)
eN = -
N T 2B (et + B2)2
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Dyonic Black Hole with Momentum Rela

@ Thermal conductivities

B2 4 232

R = 167rgT - 5
r8utB? + (B 4136

167r27'8;LTB uB

R = 5 — .
BB (B2 +r367)° T
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Dyonic Black Hole with Momentum Re

@ Thermal conductivities

B2 232
R = 16mrdT - * 0P ;
B+ (B 1)
167r27'8;LTB

RTY =

o Comparison to numerical calculation

- T8M232+(32+7’352)2 ST

Re[o™] Re[o™] Rela™]
f/_".« s A
/ \ o
! b {
] Y .
] A ¥
/ I
/ \\ 4 e,
5 et ereenenes ’ TTreees
s :
Refa] Rl Re[®
N ™
\ Y \
\ EoX A
Y % Y
' LY %
\ \
\ x\ \
Mtmaneassets s SOOI s ST |

B
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Conlusion

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

e We find dyonic black hole give large value of Nernst signal which indicates the

existence of vortex fluid above T¢

e We check DC transport results exactly match numerical calculation from different

approach

o We also calculate AC transport coefficient and investigating impurity effect of

cyclotron frequency.
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Discussion

Thank you !!!
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