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Majorana Positivity

fermion sigh problem

* QCD at nonzero density
« spin-imbalanced Fermi gas

* repulsive Hubbard model

sign-problem-free class

« QCD at nonzero isospin density
« spin-balanced Fermi gas

e attractive Hubbard model



Majorana Positivity

Dirac (complex) fermion action: SW — /ddxl)UTDl[/

Z = / Dy 'DyDA e v %4 = / DA detD e

detD > 0




Majorana Positivity

Majorana (real) fermion action: S‘P — /ddx%‘PTPlP

7 = / DWDA e °¥ 4 = / DA pfP ¢

ptP > 0




Majorana Positivity Li et al. (2015) Wei et al. (2016)

"Majorana positivity"

ptP >0
Majorana (real) fermion Dirac (complex) fermion
P = L(\P +i¥,)
W — \/5 | 2



Majorana Positivity Wei et al. (2016) AY & Hayata (2017)

sufficient (not necessary) condition

condition 1: P, 1s semi-positive

condition 2: P3 = —P}L and P, = P;



Majorana Positivity

if ptP >0,
Z:/DA pfP ¢ >4

= / DA (detP)

— / DA (detPP")3 ¢

b9 —

e oA

—> standard simulation by Hybrid Monte Carlo



Application fo Majorana Fermions

supersymmetry

=hy

0.05

004} \

003t Wi
0.02}
0.01}

~0.01}
-0.02 }
o003t |
004} /

-0.05

Li et al. (2016)

Majorana zero mode




Application fo Majorana Fermions

Majorana W = (WT)
bl

S = /dzx [%WT(&; + 1030, +m0‘2)‘P — g(‘PTQX‘PT)(‘Pﬂx‘Pg



Application fo Majorana Fermions

s
Maj P —
ajorana (‘PL)

S = /dzx [%WT(&; + 1030, +m0‘2)‘P — g(‘PTQX‘PT)(‘Pﬂx‘Pg

Hubbard-Stratonovich
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Application fo Majorana Fermions
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Application to Dirac Fermions Xu et al. (2014)

diquark source proximity effect




Application to Dirac Fermions
(¥

W
Dirac W & Yo ——  Majorana LP¢2

¥,/

5= /aﬂ{ (@20c+ 010t m) — 5 Ty + W)+ S (v v’



Application to Dirac Fermions
(¥

v
Dirac W & Yo ——  Majorana LP¢2

¥,/

. /dz{ (020 + 010+ m)y— 5 (v Wy + g(w*w)zl

Hubbard-Stratonovich
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Application to Dirac Fermions
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Application to Dirac Fermions

one-flavor Dirac fermion in 4 dim.

term condition 1! condition 2 examples
D M) v M= M Dirac mass
Vs M) 7 Ms = M]

gauge field

1}% D, D, = —DL imaginary chemical potential

imaginary orbit-rotation coupling
imaginary axial gauge field

) Yu Y5 Dt D5, = Dtﬂ chiral chemical potential
Imaginary spin-rotation coupling
’II'E“-:’.#F};!-‘E_UI!TF{" v E;w = _ZLU
WS + PmSi, ms = —m'™* Majorana mass
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Application to Dirac Fermions

two-flavor Dirac fermion in 4 dim.

term ‘condition 1| condition 2 ‘ examples
- M M " v M=—M degenerate Dirac mass
M M) M = —M" Wilson term
(M- M-\ My = —M! , ;
Vs |~ | @ v N:’ —. | chirally twisted mass
M. M| M, = -M;
) D, D b _ Dbt gauge field
B8 lissasit cheniips
Uy, ; i v ~ ~1. |isospin chemical potential
D D D, =D, o P
isospin electric field
e Drw Dr}!, 7 9511 = —Q;—E“ isospin axial gauge field
Wik D’w JDJr Dy, = —D;L chiral chemical potential
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"Majorana positivity” : sign-problem-free condition of Pfaffian

/‘
v Majorana (real) fermion

supersymmetry, Majorana zero mode

v' Dirac (complex) fermion

diquark source, proximity effect




