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Superconductivity

Theory

Electrons form Cooper pairs 
due to effective attraction
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Superconductivity

Electrons form Cooper pairs 
due to effective attraction

Theory
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BdG or not? Single-site example
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BdG or not? Single-site example
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BIG H ItHadai where IT CaCaCiCi isfermionspinor 9 Ij
HodaXa EaXa

4 EaÑIÑa where
f

Bogolinton Jf Xa It XaCt Xa c ta CatthatCv 71,2181
fermion

BdG solution: Single-site example
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BIG H ItHadai where IT CaCaCiCi isfermionspinor 4 Ij
HodaXa EaXa EaÑaIÑa where

Bogolinton Jf Xa It XaCt XaCt XaCattaiCv Ñaf f
fermion
ParticleHolePHconstraint Is with a t.fi 4 tidy
doubling

HodaI EYHadaexit TxHEDGEÑ

HBdg PHBdaP with P TxK HodaKat Eathat HadaPhat EaPX

BdG solution: Single-site example
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BIG H IᵗHBdaI where IT CaCaCiCi isfermionspinor 4 Ij
HodaXa EaXa EaÑIÑa where
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fermion
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BdG solution: Single-site example
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Bogoliubovfreefermionstructure
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BdG structure: Single-site example
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Gapclosingadiabatictransitions
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Parity and topology: Single-site example
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Gapclosingadiabatictransitions
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Parity and topology: Single-site example
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BdG theory in general: setup



T IDES 2026Andrej Mesaros (Topological) Superconductivity with BdG

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Goal Rewrite FI ita tconsto ij 1 2pledh

RECIPE forBIGmatrix firstquantized
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BdG theory: recipe
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Bogolinton's H Hate SEE n i 1 2p

2pfreeBogoliatorbandsEk i 1 2p

BdG theory: solution
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2pfreeBogoliatorbandsEk i 1 2p
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BdG theory: solution
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Bogoliulins_areNOTindependent

4 4k p n
4 DEFINE.ie
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ParticleHoleSymmetry constraint 4th tx4at secondquantized
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REMINDER PET K
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pep

BdG theory: PHS constraint
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Bogoliatordoubling PHS

1stquant fk Ei 1 k Ek pk txX 2dg 8 In

Divisioninto E 0 and E 0 ateach k it i 1 p

BdG theory: Interpretation
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Bogoliatordoubling PHS

1stquant pk Ei 1 k Ek pk
txXk 2dg I In

Divisioninto E 0 and E 0 ateach k it i 1 p
A E VE IE l2 K const

GS is vacuumofpositive Bogolinbons 3k GS 0 k it 1 p

Bogolinborexcitations 21 TGSS EEO
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BdG theory: Interpretation
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BdG theory: Implications
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Kitaev chain, PBC
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Mixingelectronsandholes
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Kitaev chain, BdG bands
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Kitaev chain, topology
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Kitaev chain, open
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Kitaev chain, open
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Consequences
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Majorana Bound States (MBS)
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Cooperpair orbitalsandspins
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FermionconstraintTAFFETA A IS ΔEar D a

Pairing: Electron spin



T IDES 2026Andrej Mesaros (Topological) Superconductivity with BdG

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Cooperpair orbitalsandspins
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Kitaevchain Cn Cafspinpolarized pairingistripletoddink I sink
PROBLEM Materials MBS gappedout

Pairing: Electron spin
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Cooperpair orbitalsandspins
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Pairing: Electron spin
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SC is a spontaneouslysymmetrybrokenphase Landantheory
NormalstateGN UCIXTRXSGIGscLGN.DEa6isorderparameterlabeledbyIRREPSof6

Inversionsymmetry
if InveGnthen Invo In IE EEEncanmisedi
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Pairing: Symmetries
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Solution MagicofspinOrbitCoupling SOC
ONERECIPE Balanceof singlets wave SOC andmagneticfield

RashbaSOCwinemodel
11811B
Etx

Realize MBS: Rashba wire
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Realize MBS: Rashba wire
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TripletpairingintroducedbySOC

Hent L ask.ge iY tii ff itifif titi
EFI ODD in k
II FEE EVENin k

Realize MBS: SOC bands + s-wave pairing
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TripletpairingintroducedbySOC

Hat L tianya.it t tii fiffif fit

ODD in k
nine

Effectively a KitanchainintoposCphase TE LB TopoSC Halation

Controlledby µ B I gating fields controlofMBSposition
SOCworkshard splitbandsdallowssinglettobeefficient
GENERAL Topo SCfromΔkOf3k Δ Chichi Δ 461k461kdkd.tk

Realize MBS: SOC bands + s-wave pairing
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StrongTSC from10foldtable HE i t.IE

class T p 5 1 0 1 2 13
D O 10 22
D111 1 1 1 22 22
C O 10 22

011 1 1 1 22

Classes of gapped SCs
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Kitanchainclass HasonlythePHSconstraint t.Hite H
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Gapped SCs: d=1, class D
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SpinfulTimeReversalSymmetry TyHis.gH a
dam 5 0 1 2 3

Topologicalinvariant W 1 If
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Gapped SCs: d=1, class DIII
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Rashba wire to realize DIII TSC
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TimereversalbrokenHasonlythePHSconstraint t.Hite H
a.fi If

Topologicalinvariant TheusualChernnumber Ch EZ

the.AE ngfdEimd e lady
sinkxDrinkySomeotherforms

Foroneelectronband p1 HeDIE and Ch wrapsofDe
TRIV In TOPO

Dk

TSC inthisclass is chiral and is expectedwhen
SCpairingis chiral e.g patipy doingtidxy

Gapped SCs: d=2, class D
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SpinfulTimeReversalSymmetry oytteoy H.pe dan 5 0 1 2 3

Topologicalinvariant 2 FK If

Keysimplification IFOKEF
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iE.IEIoiIIER iiiing too in

Anothersimplification If 3khasinversionandDisputetriplet p 1
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connectedcomponents
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TOPO TOPO TRIV

Gapped SCs: d=2, class DIII
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class T p g2 I
I Ee It.tt

Zz

E a d II 1 Locally oddvs.eu
d2 ofMBSisdistinguished

defect antidefect inTSC allexceptoneIsseparatedredandonebluecanbeinreaey.aeoldie sortedout

grey
NOTEFundamentally wedon'tneedthebluepartner

Point defects: Majorana Bound State
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class T p g2 I
2.9 E It
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Topologydistinguishes
oddos.vn ofK.pairs
If K.p odd one
pairisprotected

InRiareindependent
Kramerstheorem T 1 7XICTK.IO
Wigner

Point defects: Majorana Bound State
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class T p 5 da I
D 0 10 Z
D111 1 1 1 2 22
C O 10 22 22
Cl 1 1 1

A

HETTIE
defect

CMM cannothybridisein mail.ie I withitselforotherCMMof
begin samechirality

Line defects: Chiral Majorana Mode
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Takespinlesschiralp ipSC in 2d
Msoanly InbulkG20 isTSYtrivsc.tkfy yHere I biky I koc2y

Neglect duetoslowvariationofµ Heat
Solutionslocalizedaroundy O

chiralMM
1stquant xk.ge

dy'msil with E Ike
ᵗ
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2ndquant T.g lflyltlcr.agtcki.gl
EForPxtipypairing
E okand 1 1

An example of Chiral Majorana Mode
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class T p 5 da I
D 0 10

2 22D111 1 1 1
C O 10 22 27
11 1 1 1

122

Distinguishesodduseven
pairs the ofonedefect

pair canhybridizewith
try.it etff ofanotherpair soonly

1pair.protected

Kramerspair That Aby

Line defects: Helical Majorana Mode
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class T p 5 dec 2

D 0 10
D111 1 1 1
C O 1 0

011 1 1 1 22

Surfacemodeof3dTSCinclassD is agoneofMajorana's
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Planar defects
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In 2d class D MBSwithoutchiralSC
Kitaerwines

As grows 2dsystemwith Ch o

FÉm

remains weaktopology
class T p 5 10 1 2
D 0 10 22

W Ch

Weakindices GW WscWy

IT 10,1 Edgestatealong y
on dislocationÉ y

MBS from weak topology
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Zerobiasconductancepeak in STS tunneljunction

QuantizedthermalHallconductivity
Thermalconductivityandspincurrent

AnomalousJosephson effect

Transportthroughwire

Experimental Signatures
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Theorems

1 Possiblenotnecessary oddpairing 2 gapped 3 countofFSpockets
1 isautomatic inspinsplitbands 2 in2dchiralSC

2 MBSonlywithbrokenspin rotations Oddpairingand Sochelp
Candidatesystems

INTRINSIC EXTRINSIC

Heavyfermions UTezUPt TRSbreaking Id proximityretires
SrzRu04disprovenptipafter20years 2d TI s wave SC

DefectengineeringFebased FeSemtex vortexMBS
BeyondDopedTIS CuxBiases

TMDs vanderWaals ABCgraphene CrystallineTSCdopingTCI LaNiGdz
WeakTSC evenwithevenpairing
Gapless chiral evenpairing

Where to search for topological SC?


