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TABLE I. Superconductivity classes for one-dimensional representations of the
cubic group.
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TABLE II. Superconductivity classes from two-dimensional representations E of

the cubic group.
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Right-handed & left-handed Weyl particles

hedgehog with spines (spins)
outward (N3= +1)

hedgehog with spines (spins)
inward (N3=-1)
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8 Weyl fermions in superconductors with broken time reversal symmetry:

class O(D»)
EHJB v X — — _
N = 24;’2 tr [/ dS* GO,,G IGSMG IGSFUG 1

. topological invariant for Wel points

/ in terms of Gor’kov Green’s function
G = 1/(io - H)
I 1 3
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s S N=+1

right quasiparticle

N=-1
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14 Dirac fermions in superconductors with time reversal symmetry:
class O(T) XR

N = SoBu ¢, [Tg / ds* Go,,G~1Ga, G~1Ga, G

- 2472

topological invariant for Dirac points
in terms of Gor’kov Green’s functions

G ' zio+ T3€(p) + T,0:d;:(p),

where the vector gap function i1s

d(p) o< ipx(pﬁ - pﬁ) + i’ﬁ},(pﬁ - pY)
+ 2p,(ps — py).

14 Dirac fermions split to 28 Weyl fermions
when time reversal symmetry is violated
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Two topological scenaria in Standard Model

E
chiral (left & right) _
electrons in Standard Model ® N3=+1
Marginal Dirac point px ’ py ® N3;=0
,-/ p
N3=+1-1=0 z o N3=-1
E Higes m‘/ Kmnaﬁon E
Toos <
P, _ _ p
possible quantum phase transition ‘
in neutrino sector

Marginal Dirac point disappears,

massive Dirac electron is formed Marginal Dirac point splits

into two topologically protected
Weyl points with N3 = +1 and N3 = -1



splitting of Dirac points to pairs of Weyl points
by breaking of time reversal symmetry
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Dirac lines in cuprates
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TABLE VII. Superconductivity classes from one-dimensional representations of group D,.
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Dirac nodal lines in cuprate superconductors

4 nodal lines

D2 )
H — 2m “‘ a(p _py )
p” P Nz— No= +1
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- 27:
H(p) = C(t, cos ¢(p) + T, sin ¢(p)) \)
N> -- winding number of ¢(p) around nodal line [\ /

27 \) -2n

No= +1 No= -1

Nodal line transforms to Bogoliubov Fermi surface under supercurrent



Topological quantum phase transition:
* s+d high-T superconductors pr 5., Ce,CUO, s 777
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pure s-wave state QPT pure d-wave state

two marginal nodal lines with No= 0



Sauls, Halperin, Parpia Aoyama, lkeda 2006

| 3 : : Dmitriev et al. 2015
Superfluid *He in aerogel confinement ROTA group, AALTO

When superfluid 3He is confined to anisotropic aerogel ("nafen”), a new phases
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Dirac nodal line generates flat band on the surface

projection of nodal line on the surface determines boundary of 2D flat band

polar phase of 3He

Flat band of edge fermions
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Flat band - route to room-T superconductivity

TC

3
A=g dp A
metal with Fermi surface o) h3 Ep) g - coupling
in Cooper
e(p) = v (P=pp) BCS gap equation  channel
2 2 2
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Super-Landau superlow:

Bogolliubov Fermi surface in Dirac superfluids & superconductors

py&
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vortex creation
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P
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cuprate superconductors also contain

flat edge modes
&
Bogolliubov Fermi surfaces:

B2 density of states (GV 1993)

KopeLwok (Gor’'kov)
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From Weyl to nodal line and anti-Weyl: from spacetime to antispacetime

spacetime antispacetime

I n tetrad polar phase anti-tetrad ,/| > m
Alice looking-glass n vy

left Weyl

left Weyl

right Weyl

direction of angular momentum

of chiral superfluid 3He-A

what is life in antispacetime ?



QED in spacetime and antispacetime

v 4 Euv
Lom = BV E  Faol
94r2d I Fenlmy M\ TR
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what happens when det e changes sign and spacetime transforms to anti-spacetime ?
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analytic non-analytic
Diakonov 2011

Rovelli 2012



transition to anti-spacetime is non-analytic

spacetime
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Kibble-Lazarides-Shafi
walls bounded by strings (1982)
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Cosmiclike domain walls
in superfluid 3He-B

Salomaa, GV (1988)

Mikinen, Dmitriev, Nissinen, Rysti,
GV, Yudin, Zhang, Eltsov
Half-quantum vortices and walls bounded by strings
in the polar-distorted phasesof topological superfluid 3He

Nat. Comm. 10,237 (2019)



save and dangerous transitions to anti-spacetime

save route to anti-spacetime
(if Alice & Bob travel together)

Spacetime

Alice string
1/2 vortex

Kibble
wall

Antispacetime

dangerous route to anti-spacetime
(through the Kibble wall)



Weyl fermions, black hole and Hawking radiation

Schwarzschild metric Painleve-Gulstrand metric

ds® = - d* (c*>-v?) + dr* [(c?>v?) + r?dQ? ds?=-dt*c* + (dr —vdt)? + dr* + r?dQ?

goo¢ ¢ g TDoppler shift

singularity at horizon no singularity at horizon

v(r) looks like

velocity of vacuum

2(;/') — 2_%_ CZ ”:h

vacuum

horizon at 800= 0 (orv(r,) =c)

Weyl fermions in Painleve-Gulstrand spacetime



Weyl fermions in the black hole environment

Weyl fermions

Painleve-Gulstrand metric in Painleve-Gulstrand spacetime
d 2 _ dr* dr? = 2 d 2 2 L B
s° = gudatda" = —c*dt® 4 (dr — vdt) H = +co - p — prv
Doppler shift

vacuum

horizon at gpn=0 (or v(ry) =¢)

v(r) = —i‘w:\/?

at r>rp v(r) >c type II Weyl point is formed:
two Fermi surfaces connected by Weyl point




type-11 Weyl fermions behind horizon

V<C  Weylcone

type-1 Weyl fermions

surface

Fermi

lsurface Pr

Fermi
surface

fermionic degrees of freedom
inside black hole horizon

H=+®co - -p—prv

V>C

overtilted Weyl cone

type-II Weyl fermions

v<C %::)

E(p) =0

E() <0

E(p)>0

V>C

Fermi surfaces
DL inside horizon

E(p)<O

connected
by Weyl point

(Huhtala, GV 2002)



black hole horizon at interface between type-I and type-II Weyl materials

A r
v(r) = —rc -
,

ds? — gﬂydm‘”’dm” — _c2dt? s (dr — vdt)g

overtilted light cone . light cone
V>C horizon vV<_C(C

real space
topological
Lifshits
transition

overtilted Weyl cone Weyl cone
V> H = *co-p—prv v<c



HawKking radiation as tunneling

type-II inside horizon type-1 outside horizon
vl > ¢ vl < ¢
v=cpn 4 v —pr A
empty
v+, empty (v+o)p,

tunneling empty

DPr
>

occupied

occupied occupied occupied




from: Pati-Salam Model of particle physics
Gor’kov equations with 4 generations
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16 X4 = 64 Weyl fermions

3x4x2+8=32 Dirac fermions +

8 x4 =32 Dirac fermions
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N
magic 2 rule

in a—phase of cubic superconductor ¥

N = =2 components of Majorana fermion

N=2|=4 components of chiral Weyl fermion

N=3| =8 components of Dirac fermion

N=6| =64 components of 16 fermions

of one generation

N=8| =256 components of fermions

of 4 generations

N=5: 8 Weyl nodes /"

(GV & Gor’kov, 1985)

x—'-_‘-

— e

7/

N=6: 16 Weyl nodes ¥

in 4D graphene
( Creutz, 2008)

N=38: 64

Weyl nodes in CeCo2
( Agterberg, Barzykin, Gor’kov 1999)
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