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Abstract: <p>Near a quantum-critical point in a metal strong fermion-fermion interaction mediated by a soft collective boson gives rise to
incoherent, non-Fermi liquid behavior. It also often gives rise to superconductivity which masks the non-Fermi liquid behavior. We analyze the
interplay between the tendency to pairing and fermionic incoherence for a set of quantum-critical models with effective dynamical interaction
between low-energy fermions. We argue that superconducting Tc is non-zero even for strong incoherence and/or weak interaction due to the fact
that the self-energy from dynamic critical fluctuations vanishes for the two lowest fermionic Matsubara frequencies $lomega m = \pm \pi T$. We
obtain the analytic formulafor T_c which reproduces well earlier numerical results, including the ones& nbsp; for the& nbsp; electron-phonon model
at vanishing Debye frequency.</p>
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The talk is about a clean, metallic system of
itinerant fermions with short-range interactions

I. Normal state:

Fermi liquid paradigm: interactions change the behavior
of fermions in a quantitative, but not qualitative way

At T=0 fermions remain well defined quasiparticles

Non-Fermi liquid behavior: interactions change
the system behavior qualitatively

At T=0, fermions loose coherence even at the lowest frequencies
(fermionic Green’s function has a branch cut, but no pole)
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A clean system of itinerant fermions
with a short-range interaction

II. Superconductivity:

If there exists an attractive interaction between fermions
(mediated by either phonons or collective modes)
the normal state at T=0 is unstable against pairing
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A clean system of itinerant fermions
with a short-range interaction

II. Superconductivity:

If there exists an attractive interaction between fermions
(mediated by either phonons or collective modes)
the normal state at T=0 is unstable against pairing

In a Fermi liquid, superconductivity involves coherent fermions

In a non-Fermi liquid, strong fermionic self-energy acts against pairing
(it is more difficult to pair incoherent, diffusive fermions, than propagating ones)
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This is the talk about the interplay
between superconductivity and
a non-FL behavior

I will consider the specific reason for non-Fermi liquid behavior —
closeness to a metallic quantum-critical point, at which a
Fermi liquid develops spin or charge density-wave order

Mott physics is NOT a part of the story
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Quantum criticality as the reason for non-FL behavior

Ordered state

doping

pressure, field
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Quantum criticality as the reason for non-FL behavior

Near a quantum-critical point (QCP) fermions interact
strongly by exchanging a near-massless boson
(the one which condenses in the ordered state).

This gives rise to a singular fermionic self-energy in d<3

Ordered state

doping
| T -

pressure, field
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Peculiarity of a metallic non-FL due to quantum criticality:

the same strong electron-electron interaction that gives rise
to non-FL behavior,
also gives rise to an attraction in one of the pairing channels

Electron-electron interaction is repulsive, but the system overcomes
this by choosing a non-s-wave superconducting channel
(d-wave for AFM case, p-wave for FM case, s,p,d... for nematic case...)
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Peculiarity of a metallic non-FL due to quantum criticality:

the same strong electron-electron interaction that gives rise
to non-FL behavior,
also gives rise to an attraction in one of the pairing channels

Electron-electron interaction is repulsive, but the system overcomes
this by choosing a non-s-wave superconducting channel
(d-wave for AFM case, p-wave for FM case, s,p,d... for nematic case...)

Superconductivity and non-FL come from the same
interaction and compete with each other
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Peculiarity of a metallic non-FL due to quantum criticality:

the same strong electron-electron interaction that gives rise
to non-FL behavior,
also gives rise to an attraction in one of the pairing channels

Electron-electron interaction is repulsive, but the system overcomes
this by choosing a non-s-wave superconducting channel
(d-wave for AFM case, p-wave for FM case, s,p,d... for nematic case...)

Superconductivity and non-FL come from the same
interaction and compete with each other

« Incoherence in a non-FL prevents superconductivity to develop

+ Superconductivity gaps low-energy excitations and
prevents non-FL behavior to develop
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I consider a particular class of itinerant fermionic systems in which
soft bosons are slow compared to fermions

{

o L = a2y

o> f FAar ele

collective modes of electrons
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I consider a particular class of itinerant fermionic systems in which
soft bosons are slow compared to fermions

[ = b

(D

(D

mped

This condition sets up a set of rules
how to analyze superconductivity:
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I consider a particular class of itinerant fermionic systems in which
soft bosons are slow compared to fermions

VE =~ 1

. VE >2 V|

This condition sets up a set of rules
how to analyze superconductivity:

”V/\/LZ O D (k, ®) = ¢’((0)*f¢ (Qk)
@_e < 0 = 2(K,m) =Z(o)* {5 (0))
we teem e 0, is the angle along the FS

S
Ke « Neglect vertex corrections (ladder diagrams for @ (k, ©2) )

« factorize the momentum integration along and transverse to the
Fermi surface between fermionic and bosonic propagators
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I consider a particular class of itinerant fermionic systems in which
soft bosons are slow compared to fermions

° \ ~ .7 s nlartrreremhb sl 1wy EFaracrtfiam FTEliImscebhhlarm Fhamerygg
- I -l T ( 1 - g \ = | g -] M)
AW LWL S A | s | IS 1IN IO G LI LG4 M g LI

for interaction mediated by overdamped_
collective modes of electrons

‘ VE 22 Vel

This condition sets up a set of rules
how to analyze superconductivity:

ﬁ,% O D (k, ®) = O(w)*f4 (0y)
@_e < 0 = 2(K,m) = 2Z(o)* {5 (0))

0, is the angle along the FS

TN
Ke « Neglect vertex corrections (ladder diagrams for @ (k, Q2) )

» factorize the momentum integration along and transverse to the
Fermi surface between fermionic and bosonic propagators

Not included: new ideas from P. Lunts, A. Schlief, S-S Lee
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Bottom line: the problem to find the pairing instability reduces to solving the
set of 1D equations for the pairing vertex ®(€2) and fermionic self-energy ()

Linearized “gap” equation for spin-singlet SC (small ®(Q))

@)= Ty Y

Solution sets Tc 0+ Z(w)]

So)=xT), _ sign(e')y (0-a')

X[_(w'Q)

¥ (€2) is a bosonic propagator integrated along the Fermi surface
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Bottom line: the problem to find the pairing instability reduces to solving the
set of 1D equations for the pairing vertex ®(€2) and fermionic self-energy ()

Linearized “gap” equation for spin-singlet SC (small ®(Q))

o@Q)= 2Ty 2

Solution sets Tc 0+ Z(w)]

So)=xT), _sign(e)y (0-a')

Z[_(a)-Q)

¥, (€2) is a bosonic propagator integrated along the Fermi surface

v (2=0) Is a constant in a FL,

but at a QCP, 1y, () =(g/Q)", y >0
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The physics of the pairing at a QCP:
the competition between two opposite trends

) o) /.
O(D)=rx TZWQ o1 X@) é((o 59

. Strong attractive pairing interaction
(strong in the sense that %, (2 =0) diverges)
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The physics of the pairing at a QCP:
the competition between two opposite trends

) o) /.
O(Q)=7T), | o S é((o @

. Strong attractive pairing interaction
(strong in the sense that ¥, (2 =0) diverges)

Sw)=xT),  sign(e)y(o-ao')
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Examples (all in 2D)

1. Near a nematic

transition 7(Q.4) =

1

m’ +q° +a

€2

q

X ()= Iz(q,Q) dgeem™, m#0,

Q" m=0

Bonesteel, McDonald, Nayak; Metlitski, Mross, Sachdeyv, Senthil;
Kivelson, Berg, Lederer, Schattner; Gerlach, Trebst; Metzner...
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Examples (all in 2D)

1. Near a nematic
transition

x(q,Q)=

1

%L (€2) = (9/Q)

m’ +q° +a

€2

q

X (Q)= J.}t’(an) dgeem™, m#0,
Q" m=0

=1

Bonesteel, McDonald, Nayak; Metlitski, Mross, Sachdeyv, Senthil;
Kivelson, Berg, Lederer, Schattner; Gerlach, Trebst; Metzner...

2. Near an AFM

transition 2(q,€2)

1

2. =[ 7. dgxm”, m=0,

m’ + (q- Q)2 +a|Q| Q" m=0

(hot spot model)

Millis, Sachdev, Varma; Abanov, A.C, Finkelstein, Metlitski & Sachdev; Wang & A.C.....
P. Lunts, A. Schlief, S-S Lee (new ideas about y at the smallest frequencies)
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There is a variety of known QC theories with different vy

y=1/2 2D antiferromagnetic QCP

y=1/3 2D ferromagnetic QCP/interaction with gauge field/nematic

y=1/4 2D 2k; QCP

y e? QCP of Einstein phonons

y=1 2D QCP of fermions interacting with undamped bosons

y=+0 (log ®) 3D QCP, Color superconductivity

y=0(¢) QCP in 3-& dimension
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Examples (all in 2D)

1. Near a nematic

transition 7(4)=

1

X (©Q) = 9/

m’+q° +a

€2

q

1 ()= Iz(q, Q)dqocm™, m#0,
Q" m=0

y=1/3

Bonesteel, McDonald, Nayak; Metlitski, Mross, Sachdeyv, Senthil;
Kivelson, Berg, Lederer, Schattner; Gerlach, Trebst; Metzner...

2. Near an AFM
transition x(q,€) =

1

7= [ 7(q.Q)dg xm™, m=0,

m- + (q- Q)2 +a|Q| . m=0

(hot spot model)

y=1/2

Millis, Sachdev, Varma; Abanov, A.C, Finkelstein, Metlitski & Sachdev; Wang & A.C.....
P. Lunts, A. Schlief, S-S Lee (new ideas about y at the smallest frequencies)
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w (Q) = (g/Qy

The corresponding self-energy at T=0:

Z(w) =07 (o)

Wq Ng

@, =g (

™

— }’

1/y
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w () =(g/Q)

The corresponding self-energy at T=0:

5

() = 07 (wp)! ©y ~ g =g ()"

Quantum-critical Fermi gas (“high energies”)

0 2(®) > ®q Z(w) <o ®

w, -- upper energy edge
of non-FL behavior

Pirsa: 17020091 Page 29/94



Pirsa: 17020091

Y hY 7 — N 4
l N Non-Fermi-liquid 7 / N\ Non-Fermi-liquid 7
\ ’ \ ’
\ ’ \ 7
\ / \ /
\ / \ /

\ / \ /

B B
- Vel
\", Fermi liquud ‘"’ SC Fermu liquid
R T £ T

/ A
() 1
Coherent electrons
SC
Fermu Liquad Fernu hiquid
O >
Quantume-critical Fermi gas (“high energies”)
i , | _ >
0 2(m) > % 2(m) <o ®

Page 30/94



¥ =0 BCS theory (pairing in a Fermi liquid)

O(w)

gl S e
( ) Zw |m+§:((£’)|

21 (=)

Y(@)y=nT ZJ sign(@') y, (0 - ")
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Y =0 BCS theory (pairing in a Fermi liquid)

%L (@)= A up to cutoff A,
Z(w) =L o, DQ)=0

Y(@w)=nT Z sign(@') y (0 - @)

Alternatively, we can add bare @, to the r.h.s of eqgn. for ®(Q)
and obtain the pairing susceptibility &/d,
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Y =0 BCS theory (pairing in a Fermi liquid)

O (w)
? @+ Z(w) |

Y(@)=nT Zm sign(e') y, (0 - ")

%L (®) = A up to cutoff A, O Q)= 7Ty
2(w) =LA o, O(Q)=0

2 (=)

Alternatively, we can add bare @, to the r.h.s of eqn. for ®(Q)
and obtain the pairing susceptibility &/d,

A 7, S AR AY O
O=P,(1+——log—+ ‘log) S o
R P ) i A A
1- —log —
1+ A4 T
[ 1 :
s - - s Xpp diverges at Tc
(I)(l ] — A ](‘g é
1+ A4 T
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Y =0 BCS theory (pairing in a Fermi liquid)

DO(w)

2(w) =LA o, D(Q)=0

21 (=)

Y(@)y=nT ZJ sign(e') y, (0 - ")

Alternatively, we can add bare @, to the r.h.s of eqn. for ®(Q)
and obtain the pairing susceptibility &/d,

A xpp
" A 1. A 2 (D
D=0, (1+ £ lng+[ < 10u] +.)= b
+ A N 1+ A4 i 1) A A
1- log — i
1+ A il i
(4] 1 _ i R
Xew = = ; X, diverges at Tc . -
(I)() = A ](‘g é ] I c
1+ A4 1t :
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Let’s move one step
away from a Fermi liquid:

Consider y =0+, % () = G l0g |A/QQ =g L (Son’s problem)
Jerr << 1 D. Son, 1999
Bonesteel, McDonald, Nayak, 1996
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Let’s move one step
away from a Fermi liquid:

Consider y =0+, % () = G l0g |A/QQ =g L (Son’s problem)
o << 1 D. Son, 1999
Bonesteel, McDonald, Nayak, 1996

a) —
O(Q)= g;7T D

y |(U|(l = gefflog e
@]

Pirsa: 17020091 Page 36/94



Let’s move one step
away from a Fermi liquid:

Consider y =0+, % () = G l0g |A/QQ =g L (Son’s problem)
Jerr << 1 D. Son, 1999
Bonesteel, McDonald, Nayak, 1996

a)._
Q)= guarT) — + D,

° lo|(1+ gglog —
(@

e
OQ) =D, (1+ > 8en L’ + 2g & L'+..)

A
L=log—
= €
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Let’s move one step
away from a Fermi liquid:

Consider y =0+, % () = G l0g |A/QQ =g L (Son’s problem)
et << 1 D. Son, 1999
Bonesteel, McDonald, Nayak, 1996

A
a)__
O(Q)= g;aTY T + D,
° lo|(l+ g4log—)
||
+ O (D{)
1 oy 5 7 (D '
O)=0,(1+—-g.. "+—gl . L'+.) = 0 X
( ) 0( +2guf +24 Deff i ) COS(\/geff L) \
L=log2 e
e N

Pirsa: 17020091 Page 38/94



Let’s move one step
away from a Fermi liquid:

Consider y =0+, % (2) = g 109 [A/Q] =g L (Son’s problem)
Jer << 1 D. Son, 1999
Bonesteel, McDonald, Nayak, 1996

A
O(Q)= g;7TY T + D,
° |lo|(1+ glog @)
+ /D,
1 - O, |
O(Q)=0, (H‘;gerf L +§g;ff L'+.) = CO%(\/g L) l \
2 ys S eff L 1
s T
6l ; R
— L
T =Ae V6
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SC vs non-FL in Son’s solution:

D (@) log -

@ — Q|

©(Q)= gyrl z

A
? |o|(1+ gylog —)
o]

fermionic self-energy

Self-energy destroys fermionic coherence when
Jess 109 (A/w) > 1, i.e.,, when o < o, w,~Ne *F
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SC vs non-FL in Son’s solution:

D (@) log e THE

@ — Q|

()= g 7T,

A
* |o|(1+ gglog —)
|

fermionic self-energy

Self-energy destroys fermionic coherence when o
ders 109 (Aw®) > 1, i.e., when o < o, @ Neusr

Fi

T.=Ae V% >> g,
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SC vs non-FL in Son’s solution:

©(Q)= gyrl z
" 10101+ galog )

®(w) log

|l —Q|

«a

fermionic self-energy

Self-energy destroys fermionic coherence when

dess 10 (AMw) > 1, i.e,

when o < (O

T =

Fi

Ae Vo > @,

¢

Fernu liquad

herent electrons

SC
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1
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@, ~A\e
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XL () = (9/Q)

Next: consider finite vy

Can we get non-FL ahead of superconductivity?

N 4
N\ Non-Fermi-liquid 7
N 7/

N 7
N\ Non-Fermi-liquid 7
N\ /

\“l SC Fermu hqud
£

Fermu hqud

Abanov, A.C. Finkelstein, Yuzbashyan, Altshuler, Wang;

Bonesteel, McDonald, Nayak;

S. Raghu, J. Kaplan, S. Kachru, A. Torroba, A. Fitzpatrick
M. Metlitski, S. Sachdey, J. McGreevy, D. Mross, T. Senthil...
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Let’s see what happens at a finite y

OQ= azTY —2) U-7) l
L Slel+oflel” |o-Qf

Now the frequency sum converges on its own, and one can
set the cutoff A to infinity
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Let's see what happens at a finite y

(@) | -

@]+ @] |@-

1 y 2 T:l) 5:2
QY @, @

Q(Q)= 7T,

@

Now the frequency sum converges on its own, and one can
set the cutoff A to infinity

Once A is set to infinity, the pairing problem becomes universal
in the sense that once we rescale T by o, the only parameter left is vy
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Let's see what happens at a finite y

. iR o
L - T =—, =
Qf @, @,

o@)= 7Ty —2@) =

Z @l +|a]7 |a-

Now the frequency sum converges on its own, and one can
set the cutoff A to infinity

Once A is set to infinity, the pairing problem becomes universal
in the sense that once we rescale T by o, the only parameter left is vy

Then we expect, in general, Tc = oy f(y)
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Let’s introduce one more parameter, just to have some freedom

D(w)
> | g+ X(w) |

Sw)=xT)  sign(e)y(o-o)

O(Q)= 7T, 7 (0-Q)
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Let’s introduce one more parameter, just to have some freedom

D(w)
w# () ‘(!)*l‘Z(CO)‘

Sw)=xT)  sign(e)y(o-ao')

O(Q)= 7T 7 (0 -0)

Let’s artificially reduce the strength of the pairing interaction

Extend the theory to large N (SU(N) global symmetry),
then the coupling in SC channel acquires prefactor 1/N,
but the equation for the self-energy remains intact

A Torroba et al
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Consider the pairing problem inside the quantum-critical regime, at w<wm,

Q) =(g/Q) I - = ()
7 ()= ek O Q)= 7 2T G
2(w)y=0] @7 >>o 2N - |a)-Q|/| @ |l—/
=g ()"

Q2
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Consider the pairing problem inside the quantum-critical regime, at w<wm,

7 (Q)=(g/Q2) D(Q) = -y T i D(w) Universality:
o)=o] @7 >>o IN ~ 1 0-Qf|w|” | Tc= o * number
@, = g(] :}')1

Q2
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Let’s introduce one more parameter, just to have some freedom

O(@) o

@]+ @] |o-Q

= )
T=—, o=—
@, @,

NOQ)= 7T).

@

}, 2

Let’s artificially reduce the strength of the pairing interaction

Extend the theory to large N (SU(N) global symmetry),
then the coupling in SC channel acquires prefactor 1/N,
but the equation for the self-energy remains intact

A Torroba et al

Let’s check whether non-FL can destroy SC, at least at large N
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Consider the pairing problem inside the quantum-critical regime, at w<wm,

2 () =(g/Q2 D (Q) = -y T i’: D(w) Universality:
Yo)=o] 07 >>o 'N ~ | w-Qf|w|” | Tc=wog* number
r)L:g( - )1 .Y
S marginal (1/o)

Let's see whether we can obtain Tc at large N by summing up the logs

B (o) D g PR (D) _
N 0-Qf o[-

Q2
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Consider the pairing problem inside the quantum-critical regime, at w<wm,

1 ()= (g/Q2) D(Q)= 1-y T i’: D(w) Universality:
Yo)=0] @7 >>o IN ~ 1 0-Qf|w|” | Tc= o * number
o =g (2" S
T marginal (1/o)

Let’s see whether we can obtain Tc at large N by summing up the logs

D)= 0, +L [do—22)__
2N l0-Qf | o]

(1-7)/N

& T g ‘
D(Q) =D, (1+ - log 2+~ ~log ] +.)=D, —]
Nii &2 NE e Q|

Q2
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Consider the pairing problem inside the quantum-critical regime, at w<wm,

2 () =(g/Q2Y ®(Q) = -y T i D(w) Universality:
X()=0] 07 >> 0 N Slo-Qf|o|7 | Tc= o * number
no:g( = )1 .Y
=k marginal (1/o)

Let’s see whether we can obtain Tc at large N by summing up the logs

-y ¢ DO(w
D)= @+ L [do 2
2N |o-Qf|e|” ' O/D,
1-y ) 1(1-y w, | ) ke
fD(Q):CDO(l+-—10g—°+—L log 0] -+“‘):CD0[—°]
N |1€2] 2\ N |12, €2,
i Q X
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We can actually do better than just sum up the logs:

1-y Py D(w)
D (Q)= do+®
(€2 2N __-L\lcv«gll;"lcvll';" il
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We can actually do better than just sum up the logs:

10

o)=L [ 2D __4,,0,
2N 4 l-Q |||

) [
) . @, o
Solution is a power-law:  |P(€) =, Elal] at o << @,
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We can actually do better than just sum up the logs:

"-'b
J‘ D(w) _d(1)+(DO

|w-Qf| |7
—@h

.
D(Q)= .

/ Iy
. . )
Solution is a power-law: | P(€) =&, Eﬁ] at @ << @,

l‘}’ ‘ rg)r(v—a) r'(3) '(v—7A)
% lP-' (ﬂ)_l \D”['JJ o (%) +I(1-19 ) (F(l—i.+ﬂ T F(I—Aﬂ)
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We can actually do better than just sum up the logs:

/ i
. . )
Solution is a power-law: | P(€) =&, Eﬁ] at @ << @,

)

a
2 e
|w-Q | 0|

h

2N

Atlarge N, g =

1= ! " r(/r(y—An) . r'(B) r'(y-8)
N ¥, (B)=1 Wy (B) = T(v) +I(1=7) (F(l—“_-+:f'» T T(1=58)
S exactly the same power that we

obtained by summing the logarithms

)
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We can actually do better than just sum up the logs:

f-'b
I q)((f_)) —dwo+®,
law-Q | @™

—

e
O (Q)=

/ i
i . @, o
Solution is a power-law: D(QY) =D, E@} at @ <<,

= rg)rvy—pa) r'(a3) C(v—23)
N ¥, (#)=1 v, (8) = NE)) +I(1—=7) (F(1—~_.+Af;. T F(l—d})

Atlarge N, p——7 | exactly the same power that we
obtained by summing the logarithms

/ 2 p (1-7)/N
OQ) =D, (1 +1“—"/10g % +l . log =) ] +...)=0, mﬂ]
N Q| 2\ N 1], 1],
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o
I__(/):l_/ U (8) = r'(8)I (5 "'~l’{l—f1(] r'(B) (4 .m)

) I(v) A—+A8) T TO=-8)

Im§3
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2 (=2
(p)= »n . DB (y=8) . ~ r(3) I(v—B)
; | W, (3) “7_'*—1{]— ‘](]‘{If'_-Jr.‘H_'_ ].”7-‘”)

/

Im§3

Below some critical N =Ncr, the solution
(i.e., p) moves to the complex plane:

B=r2 i
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‘P_(ﬂ)=—_- »n __ DB (y-5B) X ) r'(8) I'(y-A8)
: =1 Uy (B) r'(y) +1(1=7) (I‘(l-_.+.ﬂ s I'i_'t—.ﬂ)

Below some critical N =Ncr, the solution
(i.e., B) moves to the complex plane:

v ()
B=y2 tif
D Q) =D, (Q) x sin[2 klzig:gz /@]
D(Q)
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2N

— 7
/

d(€Q2)

Im 3

C'(8C(v—B) . '(3) I'(y—=258)
Wy (8) = ) +1(1=7) (I‘{lf-_.+.1) T I‘(_'i.i'))

Below some critical N =Ncr, the solution
(i.e., B) moves to the complex plane:

B=r2 +ifp

sin[2 /3 log[| 2/ @, ]]

DEQ)=D, (€2 x
f QF

Instability towards SC when N < Ncr
Normal state down to T=0 when N > Ncr

SC state N. Normal state

I
| C

1

Z Vv
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SC state
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NO SC
Ner
SC state
0 >
Tc T
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Tc for y=0.5, finite T analysis (summation over Matsubara frequencies)

7 I I I I

> No critical N,
4 Tc is finite for all N

T/,
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There is more than that!

Z

T=0, change y

SC state
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There is more than that!

N A
T=0, change vy ¥, ()=
NO SC i
Normal state
2 ') I'(vy—p) . ) I'(B) '(y-—28)
Ncr Wy (B) = () +I(1- ‘)(I“(_lfwr.ﬂ) T Fil.i))

SC state
Superconducting

state Normal state
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Numerics: the solution of the linearized gap equation at T >0 (!)

Flrst 10 eigen values vs. Temperature

" Temperature

The solution exists for any N and any g
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Let’s set T to be finite and understand why Tc does not vanish at N >>1

®(Q, )= = E P(a,) i }
B N e ‘ (()m + Z((Z)I'ﬂ) ‘ ‘ (()I'n = Qm ‘

(o )=nT Zw.:w sign(@,") [L'}

‘ (I)l‘ﬂ = (!)l‘ﬂ /
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Let’s set T to be finite and understand why Tc does not vanish at N >>1

o@Q )= 21 ®(,) g }
N S o, + X(0,) || |0, - Q, |

Z((Utvn) =T Zw'zw Sign((f)m,) [L'}

‘ a)lﬂ = O)I‘ﬂ /

By scaling analysis, X(®,) ~ (o,)!9 , same as at T=0

But for two Matsubara frequencies: o, =n T and o,,=—7n T,
we find Z( nT) = Z(-nT) =0

Pirsa: 17020091 Page 71/94



Let’s set T to be finite and understand why Tc does not vanish at N >>1

(1)(0)—% O(c,) [ g }

P ‘(C)ITI +z((()lﬂ)‘ ‘(IITI _Q

o

2(w,)= JTTZ sign(@,,'") [+}

‘ (I)l]‘l g (!)ITI

By scaling analysis, 2(®,) ~ (0,)!9 , same as at T=0

But for two Matsubara frequencies: o,,=n T and o,,=—n T,
we find Z( nT) = Z(-nT) =0

’ " 2P
O (71 =D (-71) [ 57 TN } +§'(D(BJTT) +...

® (-7T) = D (2T g ] + 1 (34T
(-7T) = (:r)[ ey

: g {
O 3x) = (D(Jﬂ_)[ TN"]+
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Let’s set T to be finite and understand why Tc does not vanish at N >>1

R -
N e ‘(l)m + Z(([)m) ‘ ‘(Um = Qm ‘

= : 5 ]
Z(G)m) =l Zw'zw blgn(a)m ) [—_'

‘ (}!)l‘ﬂ i (!)l]]

By scaling analysis, 2(®,) ~ (0,)!9 , same as at T=0

But for two Matsubara frequencies: o,,=n T and o,,=—n T,
we find Z( nT) = Z(—=T) =0

® (#T) = CD(}IT) rN‘ )@+
® (-7T) = O (2T AT
(-nT) = (fr) TN‘ >\fr)
® 37T) = O (#T .

(3T) = (:r)[ TN"
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y = 0.5

10

Actual
First. Matsubara

10 N=1

10

2 | Actual Tc

10°¢ First Matsubara

Tc ~ (1/4)
10 :

10

10710 10° 10° 10° 10° 10
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y = 0.5

10

Actual
First. Matsubara

10 N=1

10

Actual Tc

10°¢ First Matsubara

Tc ~ (1)

10

Pirsa: 17020091 Page 75/94



At large N, superconductivity comes exclusively from
fermions with Matsubara frequencies w=nTand o=-=n T

For these fermions, X(») = 0, while interaction between
o=nTand o=—-n T s still strong!

In other words, superconductivity doesn’t care about quantum criticality
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And how to relate this to what we had at T=0?

Normal state

Superconducting
state

Tc T>
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And how to relate this to what we had at T=0?

N 4
No SC
Ner @ Superconducting
state
SC
0

Tc T>
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And how to relate this to what we had at T=0?

N 4
No SC B
Ner @ Superconducting
state
SC
0

Tc T>
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And how to relate this to what we had at T=0?

N 4
No SC
Ner @ Superconducting
state
SC
0

Tc
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A(®) = O(o)/ (o+2(m)),

o =7nl(2n+1)

— y=04
— ¥=0.6
v=0.8
— =10
=12
y=14] 4
y=1.6
v=1.8
v=2.0
— =22
Y=2.4
—_— =20
=2.8| —
=30
3.2
—_— 3.
— T=3.6
Y=3.8
— 1=4.0| |

=42
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O (nT)
Al(®) = O(o)/(o0+2(®)), o =7r1(2n+1)

T | T | T I
: — y=04
b _ 2@ — =06
0 ‘/Z()c%
71 — =10

If @ (2T) = O(T) uy
D,(T)YD,(2T) =1 — =22

0.01)/D,(T/T =0.02)

D,(T/T,

@ (nT)
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Phase diagram with an isolated critical point.

Superconductivity

SC

Tc T>
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Tc with and without first Matsubara frequency, y=0.5

I

I

Without first Matsubara
With first Matsubara

0.1

0.2

T/,

0.3

0.4

0.5
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Tc with and without first Matsubara frequency, y=0.5

10"
Without First Mats
With First Mats
100
- 10°

10

107 80 -60 40 20 0
107 107 10° 10° 10
1'/q
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Pairing driven by the first Matsubara frequency, vs the conventional pairing

With 1st Matsubara

N 4 (b
No SC :
Ner @ Superconducting
state O
SC
B
0

Tc T>
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Pairing driven by the first Matsubara frequency, vs the conventional pairing

No SC
Normal state

Ne,
Without 1st Matsubara

SC

Superconducting
state

Tc T>
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Pairing driven by the first Matsubara frequency, vs the conventional pairing

With 1st Matsubara

No SC
Pseudogap?

Ne,
Without 1st Matsubara

SC

Superconducting
state

Tc T>
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The actual case N=1, arbitrary y

102
The lower boundary for Tc is g/(2n)

At largey, ¥, (®) = (g/®) drops rapidly, only ® = +- =T matter,

5 _0.16¢

o~

and T =

27

There was a lot of numerics for y =2 (el-phonon problem): Tc = 0.18 g

R Combescaot, ...
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The actual case N=1, arbitrary y

The lower boundary for Tc is g/(2n)

At largey, ¥, (®) = (g/®) drops rapidly, only » = +- «T matter,

and T.=—==0.16g

There was a lot of numerics for y =2 (el-phonon problem): Tc = 0.18 g

R Combescaot, ...

1 :
i i(1+ —log(1.18432)) =0.173gfory =2

27 y
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Conventional " thinking” of SC near a QCP:
a small dome deep inside QC regime

Quantum Ceritical
Non-FL

SC \
doping
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This is what comes out of calculations

Fermi liquid

Super-
conductivi
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Conventional " thinking” of SC near a QCP:
a small dome deep inside QC regime

Quantum Ceritical
Non-FL

SC \
doping
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THANK YOU

Pirsa: 17020091



