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Effective theories of superconductors

A superconductor is a material in which U(1)em is spontaneously broken. )

dynamical fields: a, = (a0, ai), Pa
for time-independent configurations and without electric fields

free energy:F:/ddflxﬁeﬁ( F5,|Didval’, |®all, ...)

For small enough fields we expect a Ginzburg-Landau (GL) free energy:

_ d—1 1 ) 2
For —/d x{4e§f,, + | Dider]? + VGL(\¢GL|)}

®ar, = constant X ®,, VgL = |dcr|® + bew|®cr |
2§GL

non-dynamical a; <> superfluid limit J
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Comparing superconductors with superfluids

to illustrate the important role of the dynamical a; in superconductors
— focus on vortices: ag = ag(r), ®a = e™pa(r), n= integer

(r, ®) are the polar coordinates restricted to 0 < r < R, 0 < ¢ < 27.

superfluids superconductors
forge I
arge r 2 arge r ’
field behavior | Yo "Z oo (1 - n2%) Yo = oo+ LT/

large r

a6 = n4are= N

large R .
vortex energy Fn— Fo "E" p?In g - gBF\’2 finite as R — oo
large R
Ist critical field | Ha ~ %In% generically # 0 as R — oo
2nd critical field | Ho = 32— Hep = ——
251, 265
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Motivations for holographic superconductors

@ To understand how and when the spontaneous symmetry breaking of
U(1)em occurs one needs a microscopic theory.

@ BCS theory (Bardeen, Cooper, Schrieffer, 1957) describes “conventional
superconductors” only.

@ There are also “unconventional superconductors”.

oy important applications;
e.g. some high-temperature e.g. HTSC current leads

superconductors (HTSC)
which, unlike BCS theory, seem to
involve strong coupling.
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Motivations for holographic superconductors

@ To understand how and when the spontaneous symmetry breaking of
U(1)em occurs one needs a microscopic theory.

@ BCS theory (Bardeen, Cooper, Schrieffer, 1957) describes “conventional
superconductors” only.

@ There are also “unconventional superconductors”.

oy important applications;
e.g. some high-temperature e.g. HTSC current leads

superconductors (HTSC)
which, unlike BCS theory, seem to
involve strong coupling.

— apply the AdS/CFT correspondence J
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The holographic model (Hartnoll, Herzog, Horowitz, 2008; Horowitz, Roberts, 2008)

ds® = L—2 [—1‘(z)dt2 +dE A+ .+ dx3 1} + Lizdzz f(z)=1- z ’
- z2f(z) zp

j#HAM

OV R
Aylz=0 = au = source of J,

WV|,—0 = s = source of O

2,=d /(4TT)

AdS-boundary

BH horizon

z=0 7=,
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The holographic model (Hartnoll, Herzog, Horowitz, 2008; Horowitz, Roberts, 2008)

L2 L2 > d
2 2 2 2 >
ds® = 7 [—f(z)dt +dxg +...+ dxd_l} + mdz , fz2)=1- (Z)
OV j# “ Ay )
W|,_o = s = source of O A,lz=0 = a, = source of J,
S= g%/ddﬂx V-G (—%fﬁw - |DM\|]|2>
o= x 22 Foulimo, ®a=(0) oxx 2DV
2,=d /(4TT)
Superconducting phase
no x"-dependence (homogeneous solutions) g v o
and A; =0 §,/ §
:
<
= A0|z:0 a
T < T. =0.03(0.05)u for d = 3(4)

z=0
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The holographic model (Hartnoll, Herzog, Horowitz, 2008; Horowitz, Roberts, 2008)

FES [—f(z)dt2 L bt dxd ] v P 1 (2 ’
22 v T 2f(2) n zh
OV j# ~ Am
WV|,—0 = s = source of O Aplz=0 = au

5= i/ddHX\/—G (—%]-‘,%,N - |DM\II|2>

2
o= x 22 Foulimo, ®a=(0) oxx 2DV

Non homogeneous solutions with A; # 0 have also been found.
(Albash, Johnson, 2008; Nakano, Wen, 2008; Maeda, Okamura, 2008; Hartnoll, Herzog, Horowitz, 2008;
Montull, Pomarol, Silva, 2009; Keranen, Keski-Vakkuri, Nowling, Yogendran, 2009; Wang, Wu, Yang, 2010)

However, that (Dirichlet) boundary condition corresponds to a superfluid. J

— non-dynamical a;! J
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Dynamical a, in holography

@ impose a dynamical equation for a,

Y éauf”“ Iy \
b

Here, for generality, we have added a kinetic term for a,, and a background
external current J.,.

@ Then we must add to S the following term

/ dix {—%]—"ﬁu + AHJg;t]
b

z=0
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Dynamical a, in holography

@ impose a dynamical equation for a,

Y éauf”“ Iy \
b

Here, for generality, we have added a kinetic term for a,, and a background
external current J.,.

@ Then we must add to S the following term

/ dix {—%]—"ﬁu + AHJg;t]
b

z=0
@ by using J, = Ll;j 227 Foul=0
Ld—3 aed) 1
5z B+ G0 T 4 Jee=0 J
g z=0 € z=0

This is an AdS-boundary condition of the Neumann type.
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Dynamical a, in holography

Ld73

3—d
g

1
+ S50, F*"
0 €

7=

= J
z=0
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Dynamical a, in holography

Ld73

3—d
g

1
+ S50, F*"
z=0 €y 7=

= J
0

d =3+ 1 case

J,. is logarithmically divergent:

+ ...

z=0

1
;@AH = —6V_FUM In z

z=0

We can absorb the divergence in e%(‘),,}'”“
b z=0
to define a renormalized electric charge e

in the normal phase (¢ = 0):

1 1 L ..
5 =5 — —In z|,=0 + finite terms
eO eb g

a, breaks conformal invariance
(the same is true for any d > 4). J
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Dynamical a, in holography

Ld73

3—d
g

7=

1
+ S50, F*"
0 €

=

+J5. =0 J
0

d =3+ 1 case

J,. is logarithmically divergent:

=—-0"Foulnz + ...

z=0

1
~0;A
el

z=0

We can absorb the divergence in e%(‘),,}'”“
b

to define a renormalized electric charge e
in the normal phase (¢ = 0):

11
3

L -
3 — — Inz|,—0 + finite terms
e g

J

a, breaks conformal invariance
(the same is true for any d > 4).

d =2+ 1 case

no divergence =
we can take e, — o0

so L9, FrH —0
b z=0

z=0

In this case a, does not
break conformal invariance
and can be considered as
an emerging phenomenon:
its kinetic term is induced
by the dynamics.

(see also Witten, 2003)
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Vortex solutions in holographic superconductors

Vortex ansatz: W = 1(z,r)e™ | A= Ao(z,r), As=As(z,r)

AdS-boundary conditions: s =0, pu = constant ,
de
L., _ +Ero (20.A) ‘ =0, (for Ji = 0)




x solutions in holographic superconductors

A¢ = Ad,(Z7 r)

Vortex ansatz: W = 1(z,r)e"™ | Ao = Ao(z,r),
W = constant

AdS-boundary conditions: s =0,
=0, (for J5, =0)
0

50 (R0.A) L:

L7=3 3-d
=270 A
&
Figures <o- 0>
The modulus of (O) (up to a factor L9~3/g?) 006 - 004 o
and B versus r from our holographic model /’ 003 ,”
for n=1and d = 2 + 1 (solid lines on the left) 7 : /
and d = 3 + 1 (solid lines on the right). o041 002 /
The dashed lines are the corresponding profiles { i
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@ the matching at large r 002l \ oodf
gives bgL and e \
in the GL free energy. ooz N
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We observed ag ~ n + ary/re”"* | for large r.
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Vortex solutions in holographic superconductors

Vortex ansatz: W = 1(z,r)e™ | A= Ao(z,r), As=As(z,r)

AdS-boundary conditions: s =0, pu = constant ,
de
L., _ +Ero (20.A) ‘ =0, (for Ji = 0)

H H
. 0.5 0.7f
Figures
Hc1 and Hep versus T H
for d =2+ 1 (left) 0.3 Heo 0.4 c2
and d = 3 + 1 (right).
In units of p =1
0.1 H 04l u
o T c1 T
0.6 0.8 10 T,

0.2 04 06 058 10 Te 02 04

Hc < He, for every T, so the holographic superconductors are of Type Il. J

Interestingly, HTSC are also of Type Il.
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Conclusions

Summary of the main points
@ We have discussed how to introduce a dynamical gauge field in
holographic superconductors.

o Ford =2+1, a, can be considered as an emergent phenomenon, while,
ford =3+ 1, it is external to the CFT.

o We have presented vortex solutions in the presence of a dynamical a,,.

@ The holographic superconductors are of Type II.

to know more see arXiv:1005.1776
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o We have presented vortex solutions in the presence of a dynamical a,,.

@ The holographic superconductors are of Type II.
to know more see arXiv:1005.1776

Outlook

@ applications to other situations (different from vortices):
e.g. electromagnetic fields near the surface of a finite size superconductor
or in the Josephson effect

@ extensions to p-wave and d-wave holographic superconductors

@ extensions to non-relativistic scale invariant theories
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Vortex solutions in holographic superfluids

Vortex ansatz: W = 1(z,r)e™ | A= Ao(z,r), As=As(z,r),

AdS-boundary conditions: s =0, u = constant ,
au = Aulz—o = 1Br*  (Dirichlet boundary condition)
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x solutions in holographic superfluids

A¢ = A¢(Z, I‘)7

Ao = Ao(ZH’) s

Vortex ansatz: W = o(z, r)e™™
| = constant ,

AdS-boundary conditions: s =0,
(Dirichlet boundary condition)

— 1 2
ay = Aplz=0 = 5Br
Figures o 0ot
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