
PART 1 BdG KITAEV CHAIN
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BIGParticleHoleSymmetry PHS Hr TxHETx
an automatic constraint

Onmatrixlevel P TxK with K complexconjugation in bbasis doesnot
flipsP P andnote HE He HIHi
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Freefermions Bogoliabons
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Electronsandholes

FERMIONPARITY Apreserves electrons mod 2 in Fockspace
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SUMMARY 1A BIG methodreveals a Fermi sea groundstate Bcs
withBogoliabonfermionicexcitations coherentsuperpositionsofelectronsandholes

Theprice is aredundancy PHS sothatonly E 0bands are Bogoliabon
excitations Bulkgap togroundstate ismeasured from E 0

Bogoliabon'sdon'thavefixedcharge butcarry fermionparity
Z symmetrycts Ct which is conserved inBIGlie Zepairing
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BulktopologyofKitanchain
1 For 1Bdaband p 1 H is 2 2 bulkinvariantfromsphere
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Bulk edge correspondence OpenKitaerchain
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GENERALLY IN TSCPHASE exponentiallydecayingwavefunction
of singleMajorana peredge
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Smallhybridization infinitechain En é
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Tsc Non local information spatiallyseparatedMBSpinnedat Eo

g ft dt 12 Antin Gs 107 H dtionHatiA 107
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Parity P C
D'd
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Tweneglectthe splitting If text 0 Igi ataL
Compareto trivial Bound Sttecs
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Kitarochain

I stillcan'tisolatee.g and I
TopologicalQuantumComputation

gift
R R it da d non local

465,40g on 110 Ins

Atfixedtotalparity PI pdatdo const 295
1007,117 iteven
no I on ifodd

AnyoperationpreservingPmustbe even tiXj with it j as Rist
so it must act non locally retry
Thedoubletasstill non locallyencodedbyall 4MBS topologicalqubit
How tomanipulate linear combination in doublet

BRAIDING MBS revisited later
MBS are non Abelian angons theirbraidingminesstates indoublet
allows gateoperations on GSqubit
NOTE IN MBS N d's GS 2N atfixedP
EachMBSgrowsthe qubit Hibbert spacebyfactor a nonAbanyone



Mean field SC the source ofBdG

Consider ageneralelectron electroninteractiontermforelectrons in
momentumbasis car In EKI Car with spin 5 1
Hi VEEIECEE.CI E.iCKE.rCEtE.oaol.tk
There are 3momentaduetoglobaltranslationsymmetryandthese
summationvariables are reshuffled tohelpwith the nextstep
TheSCstate is characterized by an anomalous expectationvalue

L C K FIT C K E O 0 for some k P T o

Thegroundstatecontains Cooperpairsof electrons InASC in
whichthecenterof massoftheCooperpair isnotmoving i.e a SC
homogeneous in space I O Nowwe keeponlyinteractionswithp 0
and do a mean fielddecoupling in Cooperchannel
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Definethepairing function wavefunctionofCooperpair
I V É c incix and now use thatV isconstrainedsuchthat
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Beyond mean field SC and BdG
Issues Theorderparameter O is notgaugeinvariant c etc o É8

The mean fielddecoupling to octet forcesthe lass tohavesuperposition
ofmany N ofelectrons puzzling in asystemwithfiredN

n Agaugeinvariantorderparameterof a Sc can be built
but it is non local This isrelated to thefactthat a SC any e.g
simple s wave trivial inthebandtopology is topologicallyordered
with fractionalizedgapped excitations neutralit flux Hence
ageneraltreatmentofbandtopology isdifficult
In practiceone can fix thenumberofCooperpairs to N
las Efictich Ivac with fi playingtheroleof which is
similar to theprojection to 2Nelectronstates 1957 PawlasBaa
Variationalstudiesfor small Nshowthatthe 1as aa is highly
successful in reproducing Sc correlationsatweakcoupling
happyto havethe limited buteffective linear BdG theory
We can measure SCcorrelations atfixed Nsimply
fictc.to fiGicd n Loot which isalsogaugeinvariant

In Bdatopology Anexactlysolvable fixedN interacting
non mean field modelof a spineless SCchain was solved Ortiz20147
I t ctucue the 411 It I nylonm CuCu CuteElf

Kitarophase Yat Ft sink givesgig transition If in
PBCring

Fermionparity in GS K d 12EaskNteO tfEas2Ne d Eas2Nd
is akeyquantitydistinguishingphases Manybody zeromode canbedefi
QE Sqn KO K Me is an invariantmimickingBdG classD in l d





PART 2 PAIRING IN REALITY SPIN

Realisticpairing
What we learned in BdGtheory

Systemwith p degreesoffreedomperunit cell labeledbylatticevectorB
has2p Nambafermions atmomentum k N unitcells
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withmatrices e a E Moab and Δ e as 0

H I IE.EE i im it 141k trial
wherefermionconstraint be Δ comesfrom CtaCtrl CEEka

Electronspin S
Insteadofgeneral caseofeffectivedegreesoffreedomCIa a 1 p eg
somebandsprojected in some energyrange wewant toconsider a
more elementarycasewherethespin isspecified
Clear spinlabel o for Sz or as algebra index 5 1,2
other do f a 1 r e.g orbitals inunitcell Connecting toabove
general case we can imagine D 2 r Wecan order as
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heatdoesn'tmattermuch as we will use the
separationofindices as a o and hence

1 I É anymatrixlegHe actingon columnvectorYacan
bewrittenas atensorproduct MaratMar 52 2

IEarn where in acts as ink Mao4160 and
54k SosYaar

Inspinspace any
matrix is 5 1 Hath.I Nita 0.127

Pairingterm generalwithspinOka chancing is a Cooperpain a
two electronstate iscreated ottactivac 81 AB with totalspin
101 001 Hence basedonactionof spin rotationsweshouldlabel
thesinglet 5 0 andtriplet se components

a.cm Iar.cEadlE EIILEE i
KIi Cancer ChaiCI a t ODD in

exchangeofspin
JapCotaiCaton t
DHC Eat C Kut EVEN

Introducescalar bandvectored for singletandtripletwithconventionalit siÉ I

d
15,527 10,07 11107 12111 17 11,17 E 11,12 11 17
so that thematrix E 41st'd2 fig si 1,5 1,2for it
or I dMYIdy The air factor is notintuitive butstandard
Puttingbackotherindices Oki 11191yd F lion si sothat
did are k dependent rxr matrices arxr Aaron



Constraints and symmetries
Fermionconstraint

ΔE OE DECENT list I ÑÉ Flir Δ k

I I
a II

in caseofsingle orbital r n

Singletpairing b is even in k triplet d is odd in k
Theparityoforbitalpart did compensatesparityofspinpart
Always true wedoNOTassumeanysymmetryhere

Symmetries

Thenormalstate Hamiltonian E obeyscertainsymmetries sayagroupGn
TheSCstatewill atleastbreaktheglobalphaseUli symmetry c eic
conventionalSC butmaybreak more symmetriesofGn unconventionalSC
In eithercase weshouldlabelthe SCorderparametersby IRREPSofGN
and a spontaneouschoiceof anIRREPdeterminesthesymmetry broken
SCstateandthe new symmetrygroupGsc as always in Landantheory

Notethat SC topologyis determined protectedby Gsc
Inversionsymmetry Separationofsingletandtriplet
Spatial inversion symmetry in Gn forcestheScstate tobepurely
even or odd twoIRREPSofinversion SinceinversiondoesNOTacton

spin asonanyangularmagnetic
moment it onlydoes k k henceif

paining function is purelyeven or odd purely 5 0 or 5 1
Hence a triplet SC 5 1 kodd spontaneouslybreaksinversion I Gsc
Breakingof inversion inGn allows pairingwithboth 0otto



Rotation symmetry

For a rotationR Δ R Ur Δ aUI E
where P is an IRREPofdimension111 andi j 1 PI areitscomponents

Continuum in3d 50131 IRREPS are labeledbyangular
momentum P l ofdimension 151 21 1 andhence a pairinginPis
Ok 1hYen k 1 01214

13dimensions

Efi Yemth l 13,5

with sphericalharmoniesYem k thatare evenodd inkforl evenodd
The y EC m l l or vectors if

3
m l l aretheSCorderparams

Wecalltheseas atomicorbitals S wave p wave for 1 0,1
Continuum in2drotationsaroundE axisandverticalmirrors 0121

we havethe label L with basisfunctions Fk oftheoct5and
matchy

II is Ye III aeI and Iiii iii re mama

Spin rotation symmetry SpinOrbitCoupling SOC

Intripletpairing term we can rotatepurelythespinwithout
touching theorbitalspace k

ata RI is IT ftp.fs.rs7amβ
andthe basisofvectorspace it is unrelated to orbitalspacek
WithstrongSOC onlyjointrotations are possible in group SO3 1 5013spin
so dis FE q F.IE x ̅ Fy Ey FalkZ with
XY Eorts in k space



Crystal Point Group PG symmetry
013 group in 3d isreduced to asubgroup PG whoseIRREPSarePaso

forweakSOC date midfile whereforanyIRREPTeltol

did Eff e
thebasisfunctionsmustbe
evenodd under k k

1 gerate ungerade

Basisfunctions for IRREPSofPGofcrystalwith Bravaislatticegenerated

byvectors 91 Ad in ddimensions are easilybuiltfromFouriercomponents

forte cos 18kGj MjE

forPo sin njk.at
Eachharmonic n is generated in tightbindingmodelsbyhopping
of range n unitcells
In a small k developmentaround a HighSymmetryPointHSP in BZ
a useful listofgeneratingfunctionsforthe filk is kai Eai k.az
Weabuse languagebystill using S wave etc

Eg 2d Can eCaCiCi e or call or the

IRREPAo trivial even f k α Callao cocky t

is wave 22 coskathy coskooky t
23 cos 2k cos2kg

IRREP Eu 2dimodd fE K α simkxtxzsimkb.sc

pwave f a α sinky α sin 2kg



Degeneracyofmulti dimensional IRREPS
TheSCorderparameter shouldspontaneouslychoosethelinearcombination

in the degeneratespaceandhencefinalizethesymmetrybreakingE g in
carexample 19 p a iftime
ThegeneraltheoryofGinsburgLandaufreeenergyfunctionals F 1 says
thatthegroundstate will besuchalinearcombinationthat the remaining
unbrokensymmetryGscismaximal Eg 1 is invariantunderC e r't while

37 4 is onlyinvariantunderC e

We must considerALLthe symmetriesofthepairedstate
Uli phasesymmetry

Recall that Δ e isnot invariantunderglobalnorgauge411
C e c Ci e ct DE e Ok 12electrons chargeis 2
Weshouldconsidertheentiregroup U 1 TRS PG 5013spin weaksoc
Inparticular e U i transformationsmay compensatesomePGones
E g or field fi k but e To f k tf k for4 IT
Keyphysical consequences
SC in 1 dim IRREPdoesn'tbreakTRS That'sbecauseforall
1dimTaofanyPG f 1E e f K and e T physicallythesameasT
SC in 2dim IRREP will oftenprefer to form a CHIRALstate

f k if e eithersingletor triplet
Thereare twopartnerstates spontaneouslychosenmayformdomains

ChiralSCbreakTRS fee
Physicalexplanation in 2d even if f andf havenodes If tiff
If.lt falt0imBZYTRim andSC isgapped E 11T

Think sinkx irinky Nodesof f are rotated w.r.t.tonodesoffr
FullgaplowersenergyofGS so it'spreferred



RealizingKitarochain in a spinful wire

Now we canunderstand that ink.c.octc.tn Δé Ic
Δé On o n is sink is odd in k as it should

be since spinless CaCta Cni Cin givestripletΔ

Rashha wire tifdxisfct.es 2ImM 21ioz12x BoglsiCxs

4 875
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Shouldbeeffectivelyspinless singleband tripletSC if Inl ΔLB
Let's see how this pairing arises
Go to bandbasis helicitybasisof soc
a c mar

14 iiiiiifif.fi I1 1 111
CECE 4 dat 4 di 4 Ckdat 4itedis

4t.lk 4ntkYdte dtes 4 1k4 tk7datdtk
4 b 4 il kldtxd.it 4 41amdkd.it

int sY 1li HHH IFEEY E D
o fermion B 0

4th b ftp.i Effg 722 even

HE Ebtdiedat Eedisdis t ΔChinCkith c
Ebtdiedat Eedisdis 4 dktdtn.ttditd.tk th.c.twt deitdkith.c
IF µ 101KB we project to lower band whichhasp wave
paining as Kitarochain and ishencetopological

TO BE DEMONSTRATED INTERACTIVELY

SolvingBdG justabovegives one bulkgopclosing k

o.andtopoSCphase is for B TH e

confirming our expectation InlbKB
ToposC statecontrolledby µ B 0 i e gating field so
MBS can be createdandmoved at edgesbetweentopoandtrimwire



We engineerKitaerchainbymixingSOC B and S wave
gianteffort in community

SOCworkshard splitsbandsallows s wave inband
Topo SC createdby non trivialbandsandtrivialpairingOthercandidate heterostructures eg 2DTI edges s wave
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PART 3 CLASSES OF GAPPED SC

BULK SC STRONGTOPOLOGY AZclasses
class T p 5 1 0 1 2 13
D O 10 22
D111 1 1 1 22 22
C O 10 22
01 1 1 1 22

Theinvariantstakevariousformsadditionallywithfixed ofbands so we focus on

presentingjustsomeexamplesofthem inphysicaldimensions emphasizingdifferences

Onedimension Id
Class D d 1

HasonlyPHS ExHisEx H k invariant is 72
Kitan chain is key example beingsingleband He Be I
we saw Moregenerally PHSquantizesthe

Trivial Topological

ChernSimons invariant CS FI iti AiExkauXPHuXhEraX
Weonlytakeoccupiedbands BIGnegative Helwan 2 1 1 IN1
PHS e 1 trigger t

say PHXE.TTPfXiao
whereunitary man Xii x andHKanZI.sk Xi9Xkp ika.tn2das



InKitanPBCchain thePf c measuresiftheelectronstateisfilledatk
rememberthetriplet oersink 0 atTRIM k k K o.IT
TOPO

plan
Inkt RN

ye

list

0 0

f t n
Incaseofthreadingflux e Parity4 0 Parityd f
DETAILS
What is Xx Iff k k K k is aTRIM PHS is 44,27 4 k 4k
aconstraintat KaloneTherearenow Majorana's
RKECkaCia Ak an i Cia Cited 2 1 Ni xka.tk 2dap α B 1 2N

Inthatbasis_Hk 1244 49 Rip sothat E R Xie
Xia isskewsymmetric so canbereducedto

ffE.gg n

t
with

PfXÉ Era detxy Pfx where Eka are theBIGenergies
PfXkchangessignwhen an Ekachangessign i ewhenparitychangesat k

i e

whenelectronstatechangesoccupation
ingeneral atTRIM the tea gives

hg.tt
nan

ForKitaeonchain triplet ΔK 0 3k taskµ ER so PfXic 3k
e sgn t m t m It EYE

Proofof PHSrelates A toA soIdkA IdkA atail
whilesummingover all la allows Ar Xk Uk givinge I deftly
NowchangingtoMajoranabasis diagonalizing XKwithOne012N givesthePf



Class Dill d 1
Has PHS andspinfulTRS OyHiOy H n soalsochirality S PTautomatically

The22 invariant 5 It I.fi mod2
HereTRSquantizestheCS integraldifferentlythanPHS
Reducingto aquantityatTRIMSgivesexpressionsthatarechallengingforpracticaluse

EXAMPLE T is K P INK S IT chirality s Ian
InSeigenbasis S an 1He ftp T tn

k
TRS he him AlsoforflattenedHamiltonian Qu 95 In
I 1 fg imustchoose branch so that it is

continuousfrom k o to k IT HARD

Simplificationatweakpairing

Simplification TheSCgapopensat theFermiSurface FS in
Ad Fermipoints i e at En µ O Henceforweak
pairing 2 1 thetopologyshoulddepend ontheFSandDonly

Nid I Sgn8k CT
where s labels allFermipoints Ock it while
day Lk X TLIKEDERwheretheband α definestheFermipoints
Consequently odd crossings E 0 with 8 0eachgivesTopoSC

f
NOTE Isn'tsignof 0kmeaningless C'sé Ct Δ e Δ BUTmatrixelement
between11 andTlr ismeaningful2110117 KiteHe a h enciousBut Latif 012 isOK



Model wire torealize DIII topology
Rashba wire d wave 4 1244 cjrth.ci µB

zyp far pk irlioytcj.dth.c
olctjmactj.e ctjtnutj.ir th.c

H Sz Cetn.Cui tcosk.tn12 drsink.ry ocosk.ctenCIeuth.c

the fortify in 4dam in at

gg

sk
ocosklioy

In cosklioy singlet b even TRS because cosker
0 0

Epaft

tokramers 3in 1kt
sgnsines Tforces

also kt kThad
toilk iozk.ocosklir.lk 7 ooskfh Ifmail.fiffhf tdE ckE task t.es tt

Ocoskf.I 1tsgnsinkf1 ocoskf
wouldopengaphereandsetµthere To forock it

V1 1 sgnldtsguldJ sgnlcoskfl.sncoskF
IFMKXR k g V 1 TOPOLOGICAL

Precisesolution 1 for 1µKαr
Openchainhas2protectedMBS on each endpointThey
form a Kramers pair



Two dimensions
ClassD Id 2

Theinvariant is theusualfirstChernnumberForflattened
Hamiltonian Qu 1 2Priced

Ch INF f data
Tr QedQE Qe flattenedHe

In the caseof HE 2 2 He Die and ChrNw isthewrapping
numberof Bhai on the sphereoftheBZ torus sphere

We considerchiralSC's ptip did with 11,12 in
exercise while thedefects are consideredbelow

ClassDill d 2

The invariant is the first FuKanenumberwhich isexpressed
throughbothFesandAuandhencerequiresalotofcarewithgaugechoice
AnexpressionusingTRIMSonly FlattenedHe QE in
EKI ImmFatf fifty chiral basis

WIELX ITX servingmatrix

againrequiringtofollow a branchof F

Simplification atweakpairing
As in d 1 there is atweakpairing aFS dependentresult

Nad 1 sgn d W
Ms TRIMpointsenclosedbythe s th FS hereFermi line The



Is LEAHTDIKEDEIR

doesnotchangesign onthe s thFS as we assumed a gappedSC
henceevaluate it atany k e s thFS
Odd ofFS enclosingeach aTRIM with do givestopoSC
If a FS enclosesmultipleTRIM it can bereconnected 00

Simplificationfortripletpairing
Ifthenormalstate e hasinversionsymmetry plusthePHSandTRSofDid
andthepairing is pure triplet de O dito then

ELITESHEK W

wherethe Eki are normalstateenergies i e thesetof r distinct
eigenvaluesof 4 man

whichare alldoublydegenerateduetoKramers

In caseof a singlespinfulband r 1 weget a FSrelatedquantity

Kd Inmsgu3k a
Poles W

P FS connectedcomponentsoftheFs

TOPOHis TOPO poles2 TRIV



Three dimensions

In classDill there is thethirdwindingnumber

Us Bz E Tr 92,9192 9 92591T flattenedHe gift in
hrsinglebandcase r 1 introducea4dvectoron sphere chiralbasis
5 Na YN a 1 4 y docdg.dz thenUscountsthe
ofwrappings of S as wesweep BZ lkx.ky.kzET

3 5
For r 1 there is a formulamod2
417 HmmSgn c 1 1 2 where FS FS 4211 GIFs

beingtheEulercharacteristicandgthegenusofconnectedcomponentj 1 coffs
NOTE Extensivelystudiedsuperfluidliquid notcrystal in DM ld3 is

3He

Classes C andCI
When a BIG modelhasonly itsPHSand fullspinrotationsymmetry

no Soc it reducestoblocksfor 4 Y and4 inwhich

spinrotationsimposeaneffectivePHS P 2 1 leg P Tyk this isclassC
AddingthespinfulTRSwhichintheblackbecomesachiralityconstraints
andP s T is a neweffectiveTRSwith T

2 1 eg T k Thisis class Cl
Nontrivialtopology is in
1 2 forC wheretheinvariant is at the ChernnumberCh as in
classD 112 butgetsdoubledbecauseof twocopies inspinspace
d 3 forC1 wheretheinvariant is justthethirdwindingnumberV3
as in classDill d 2 butgetsdoubledduetotwospincopiesalso





PART4 BULK BOUNDARY DEFECT CORRESPONDENCE

Pointdefect

class T p g2 I
D 0 10 22 2 22
D111 1 1 1 22 2 22
C O 10

011 1 1 1

Zz

1 1 II Locally odd v even
d 2 ofMBS isdistinguishedI defeat antidefect inTSC all exceptone

MBSseparated redandonebluecanbe
in realspace 349kg gapped out

1 pNOTEFundamentally wedon'tneedthebluepartner
protectionisfor1MBS.hnfiniteHe2px2phowevertheyare always in pairs

Zz
TopologydistinguishesE

Pinsparated
t t oddos.vn ofk.pains

I L.mil k.p odd.onepair is protected



Linedefect

class T p 5 dec I
D 0 10
D111 1 1 1 2 22
C O 10 22 27
Cl 1 1 1

A

Z is modes.vn
defect

I modesvacco

my
CMM cannot hybridise

bandon
with itself orothercMMof

edge samechirality

True Majorana I A onlyat 6 0 fortherestofcMM XII k

Ra

Distinguishesoddus even
pairs the of one

e typified
Pair canhybridizewith

propag ofanotherpair soonly
Ipairprotected

TrueMajorana'sat k o a Kramerspair That 2kt

Two copiesofCMMcannotcannotgapout but reconstitute a
uni directionalnormalfermion C Antin
NOTE Classes C C arenotgoodforMBSorMMtheyhavefullspinrotationsymmetry



Planar defect

EI
class T p 5 d n 2 3

D 0 10
D111 1 1 1
C O 10

011 1 1 1 22

Surfacemodeof3dTSC inclassD is agoneofMajorana's
7km2

kin



NOTE on language CHIRAL and HELICAL

ichiralmode is a Idband thatpropagatesstrictly in one butnotreverse
direction E g quantumHalledgestates For
Thechiralpartnersmap intoeachother c c i k

bytime reversal orbymirror So one Cstatebreaksthesesymmetries
Uni directional Thecurrent inthemode carries angularmomentum

C Inversion is NOTbroken i s P F Brokenmirror isorigin
ofname

Chiral SC is a SCstatein which a 2dim IRREPproduces a complex
combination e g Petipy ordig day ItbreaksTRSand mirror
AchiralSC islikelytohavechiraledgestatemodes
Chiralsymmetry SHE Heusuallyrealizedduetobipartite
natureofsystem or as P T Protected zeromode iseigenstateofS

Helicalmode apairoftime reversedpartner 1 dimmodes
v0 ME isTRS is preserved Inspinfullsystem the

twomodeshaveoppositespinTIM 117 k
The lockingofmovementdirectionandspin
is theorigin of name
Helicalbasis eigenbasisofCTRsymmetric kineticenergywithSOC
Bandshaveopposite butb dependent spindirections Concernsbulk
system not edgemodes CtrlEE1 gIF raced Cut E layk



More on MBS

Weak topology MBS in 2dwithoutchiral SC

1Weaktopology is understoodthroughlayering e g in 2d

coupling tomakeitzd

x

Interlayercouplingmay
becomestrongandsystemmaybe trivial

regarding its strong 2d topologicalinvariant egVad0
but stillhasadirectedIdtopology written asvector
Gv ViiEx Kky where bi are reciprocalvectors a.lydijTheldinvariantiscalculatedontheedgeofBZ

f
wecouldhaveinthisexample ViiVI o.ua
so Gv Vid Ey andthereareprotected
edgemodesonlyonedge Go i e alongif if G Gedge5m

If theVad inexpressed via TRIMS e g Vad Remind thenVik dx.IM
Focuson MBS

class T p 5
2d anMBS can occur in chiral
pxtipy.SC but isnotexpected

D 0 10 22 in non chiral px wave in 2d

The px wave canhaveweaktopology because in Id prewave
in Kitaev wire suffices we can layerKitalvchains
Adislocationdefectbinds anMBS 11endpointof Kilner chain



MBS on vortices andedgestates in 2d ptip SC

Spinless ptip edgestate classD D 2

any We take Ok Δ by iky O ka 2g
y Edgeat y o between this pripyTSC

and a trivial Pxipyse isachievedby
makingMly so at yco likein Kitaevchain µ20 is topo trin
Weneglectthekineticenergy 1 1 duetoslowvariationofµ
H 1 Solutions localizedaroundya aregivenby

be y ettfdy.my with E Δkxeasytocheck
ᵗ

h

This is a chiralMajoranamode CMM
NOTE ForPoetipypairing E ok and 1
Bogolinton

Haag e Craig CEg while
Inc y E Craig etcg so

Hetty Mkay CMM

May Hay TrueMajorana butis localat x yandNOTan eigenstate
Spinless ptip vortex MBS classDd 2
Considerfirstastandard s wave singlet uniformSC in2d in a rotationally
symmetricsystem Half It isgappedandall stateshave
integerangularmomentum yn rent MEZ with thepolarangle
Contrast to ptip triplet SC HEE



Now in realspace we note that tax if isy with
the increasing decreasingoperatorsforangularmomentum z

i e ibxt.by eimt if e m Hencethesolutions

mini if of Hamm Emmam mustobey mail.it
andhavingtheformofDiracequation Heimplies me
so am Elt E 3 1 91

Now we add a SCvortex Δ1 e Ok with flat the
polarangle in realspace Vortex is mappedbacktobulksystem
by a phasetransformation Ca e.it CE CI e ECE
In p tip case the kxtikyacts on OC as iaxtifis.gl but the
termgenerated is even in k andvanishes dueto fermionconstraint

Hence Hoten Him except the Xe now obeys antiperiodic
boundaryconditions bulk 027 Raulk 0 0 but
nor G 21T e nor 0 07 Xvor 0 0 Effectively we

shiftedtheangular momentumby withtheprefactor e'E writ
the bulk Hence is s wave vortex m in ptip m 0 11
Thevortexalsoinduces in gapstatesboundto vortex in
S wave Caroli Matricon deGennes With in quantumnumber
S wave E P wave E

t t



For ptiprotex the antiPBCactsonall fermions Hence
we can attach astringtovortex so that afermion

Circumventingthevortexandchangingsign 4 at 40 0
is forcedwhenfermion crosses thestringAlsotrueforMBS
in centerof vortex if it circumventsanothervortex

ateiff.fr iageEffif AT

SinceMBS on v2crossedthestringofv1theexchange is If I oh
i e Hex 11 7 HexHile's 1 hexHUE Hn The
195 Her 165
Nonlocal operationofbraidingchangesthegroundstatewithin same
panitydegeneratesubspace basisfortopologicalquantumcomputation

Spinful ptip vortex MBS classDid 2
WestaywithbrokenTRS insameclassbutaddspin Now a vortex
meansfortripletpairing die 6ᵗʰ dec andegdie do bx liky so
paining

y
to Cooperpairs In and lit experience

thevortex 0 Δ e TwoMBS nowhaveoppositespin
andcanbemixed e gbySOCwhichdoesn'tchangetheDclass
Hmins Emine iV41 as weknow in classD only oneMBSperdefect
is protected

However we canmake anMBS inspinfulsystembyadaptingthevortex
HalfQuantumVortexflux Oo e

20
200 die cos x ̅ sinfy

since as 2T the 1 ofOocompensatestheG ofd

This d givespainingooeE ff.fi y so ctooe
ifaxtiax.at Misshave

cio.la iogeio gappedsc





PART 5 EXPERIMENTAL SIGNATURESOFTSE

Zerobias conductancepeak in STS tunneljunction
MBS
bolated MBSshouldgiveLDOS at zeroenergy It also
modifies Andreevreflection affecting pointcontactspectra
Quantization

2En MBS
lu o 4Eu KramersMBS

If two MBS coupled thepeakdiminishes
Measurements hard to findgoodplateauofquantization eg

as functionofmagneticfieldB TrivialAndreev
boundstatesgive same signature

Spinpolarized STM forspin textureofMBS duetoSoc hard
Chiral or helicalMM
Peakmuchbroader as functionof biasvoltageV
Majoranasurfacemode MSM
Subtledueto non trivial dependenceoftunnelingon incidentangle
Canproduce a peakordipat zero bias Sensitiveto details
ofdispersionof MSM e g anisotropy flatness sensitivetotunnelin
Quantized thermalHallconductivity
In Dill 1 3 need to gapbyproximitized s wavethe
helicalMSM KyxT 7kB 12h



Thermalconductivityandspincurrent

MM don'tcarrycharge heat Cooperpairsdonotcarry
phonons suppressed nT3

InhelicalMM or MSM heatcurrentalso is a spincurrent
AnomalousJosephson effect
MM edge or MSM surface on interfacemakes itanomalous

periodic in 4Tnot21T Hard tofinddueto quasiparticles
poisoning
Transportthroughwire
Thermal conductance is affectedbyMBS at wire
ends has a quantizedpeakat thetransition but
same signature in chiralsystemswith zeromodes
Andreevboundstates in wineduetoinhomogeneityof
magneticfield are also near zeroenergyandpoisonsignal

Materialcandidates

Intrinsic lookfortripletpairing
Sr Rudy from1998to 2022 disproven as candidate for ptip
SC on heavyfermioncompounds
Ute mostrecent chiraltripletcandidate UPts TRS
also URa Sir CePt Si breaking

TM Ds
2M 52 vortex copes

also MoTer PdTe are SC
446Tasz



DopedTls
CuxBiase N6x Srx
doped Sate PdxBiates
Fe based SC
FeSemtex Lio84Fear OHFese
Dirac orWeyl cone materials
AuP6
Tainte

se

Inversion breaking
Bipd
cepts

Please Sutas fodal line semimetals

Heterostructures hybrids
Id Wires proximate to SC

InAs SC Al
hn56 SC NG Ti

Magneticatoms on SCsubstrate

Fo on P6
2d Biases TI NG SC or Nose SC S wave SC small

induced
Biztes Fete or Fetersen note wave gap
5mi Plexte TCI SC P6

Maine Nose 15C CrBN FM



Time Reversal Transformation TRT or Symmetry TRS

TRT E 1 1 1.9 and I antiunitary

so J ZCAT in a Cat forany ZE α realspacebasisindex
TYE f 1 ios 4 k dueto 8ᵗʰ

TRS THY H YEMIH is 4 e I THETEHE
At Bddlevel T is K with K complexconjugation inrealspacebasis
T ink ink 52 1 so T T and
THET.IQHEE HE spinfulTRS T 1

Forpairing Hit IT 02H Δka6 5206602

Ok T2 11027 T2 so

ii so as if forreal 1 I L
withfermionicconstraintTRS f form deer

DEER


