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a condensed matter primer

A (. Volovik
\ Low Temperature Lab, Helsinki & Landau Institute, Moscow

* Emergent relativity from many Theories of Everything:
‘universality classes| of | Theories of Everything |
from p-space topology| of | quantum vacua |

* ¥ermi point in p-space and emergent physical laws

emergence of chiral particles (quarks and leptons)

as fermion zero modes of quantum vacuum
emergence of relativistie spin

and effective Lorentz invarlance i
effective gauge felds

as bosonie collective modes of physical vacuum
effective gauge invariance
effective metric and gravity

as bosonic coll ective m
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* Emergent relativity from many Theories of Everything:
‘universality c!anﬂ| of | Theories of Everything |
from p-space topology| of |quantum vacua |

* Fermi point in p-space and emergent physical laws

emergence of chiral particles (quarks and leptons)
as fermion zero modes of quantum vacuum
emergence of relatlvistic spin
and effective Lorentz invariance
effective gauge felds
us bosonie collective modes of physical vacuum
effective gauge invarlance
effective metric and lrl!ilr
as holﬂl .
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Theory of Everything

- 10°% eV

- 107 eV
GUT scale

electroweak
seale




pt of quasiparticles
Quantum Boge liquid

< Landau conce

7

Bangalore
18.02, 2004
complicated
many-body system
of strongly § nteracting
strongly correllated
non-relativisgje aloms




Bangalore India-Finland
_ Waorkshop

18022004 Hquid *He

complicated 23 Theory of Everything:

many-hody system 10 “* atoms huge amount of

of strongly interacting degrees of freedom

strongly correllated
non-relativistic atoms analog of

Planck scale

'

0
Effective theory ¢ in low temperature limit T << 'K
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dilute system of elementary analog ﬂ'f IW m
particles of effective theory A







complicated many-body syste normal YHe, JHe-A, SHe-B,
of strongly Interacting normal metals, semiconductors,
strongly correllated atoms superconductors, etc

Effective theory | in low temperature limit

| Fermionic uyu:uipnﬂlclﬂ + | Bosonic collective modes | =

emeniary pariicles of effective theory
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and emergent effective QKT Do

%

quasiparticles: propagating particle-like excitations
ahove the ground state (vacuum) of system

* quasiparticle does not scatter on atoms of system,

If system is in the ground state for quasiparticle:

ground state = yvacuum

* quasiparticles obey effective Quantum Fleld Theory

physical laws In effective QFT are more symmetrie
than physical laws In the underlylng
microscopic " Planck-scale’ system

¥ type of effective QFT MH umm—
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Universality classes of fermionic vacua Q@;ﬁ
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Systems with Fermi surface

Normal metal - Quark matter
Normal SHe Y E<(
p-p? occupled Vacuum within

g» 2m / i::‘:::;‘ black hole

Fermi surface E=0 :

Fully gapped Fermi systems

Ground state of mpcrnnndnmr ~ Vacuum of Dira¢ rmm
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\ (in system of 3He atoms)

Many-body Schridinger quantum mechanies for N atoms

——

Fully gapped  permipoint  Crystalline Fermi surface
vacuum clazs vacuum class
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)2 - 2 levels:
E= f P§ Fermi surface Fermi sea
| 2m E=0
* Vortex in 4-momentum space
perturbations and interactions

Fermi surface is robust (o
as topologically stable singularity of Green function:

Po

E

* Fermi guﬁl

Fermi surface =
= vortex line




II-'ﬂ'ml surface Universality class

* FFermi gas R e
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’ 2m
’_l, occupied

o L levels:
pPi-p: g
E e ¢ Fermi surlace
2m E=0
* Vortex in 4-momentum space
Fermi surface is robust to perturbations and interactions
as topologically stable singularity of Green function:
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Effective nonrelativistic Quantum Fleld Theory:
iteracting fermions and bosons

* fermions

o particle

hole = antiparticle

hosons




Caompare these |

\ Bogoliubov-Nambu left-handed
quasiparticle in QFT lor meutrino
‘He-A & chiral superconductors : cap

p-pi S
5 £ ¢ p,+Ipy) right-handed .
~m meutrino

s p?-pi
{"L{Pt E 'lu}'} et 2_”! H =40 'p
What is common for them?

H (p) = 6 m (p) EXp) = m’(p)
i, E( =0 atpoints (Fermi polnts)

onpe, Ny=bl Nyl I
right Tanded 8




- T ey,
Fopological stability of Fermi point

(general case)

Iupulugmul invariant in 4D momentum space (P, Py)
in terms of fermionic propagator. :

matrix Green's function G(p , py)
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sl b o)
Quasiparticles near Fermi points are @

relativistic:
left or right-handed chiral Weyl fermions

right-handed left-handed
quasiparticles quasiparticles




Classes of quantum field theories ﬁoa

. "":j._. Compare these Hamiltonians

Bogohuboy-Nambu
quasiparticle in QFT for
‘He-A & chiral superconductors

lef-handed
meutnno

H=-cop
right handed
meutnno
H=+cop
What is common for them?
Hp)=o-mp) Ep) = ml(p)

'P)-U -:pm Mm




Classes of quantum field theories @

Compare these Hamiltontans

Rogohubov-Nambu
quasiparticle i QEFT for
He-A & chiral superconductors

left-handed
meutring .

®=-c0O:p

¥ -l \
i cp +ip) right-handed

H= 2m p2-p2 meutrino

"-.-ltp,_ et ifﬂ] . _ZEJ H =+c0 "p

What is common for them?
Hp)= o .m (p) E*(p) = m’(p)
Lo Ep) =0 apoines (Fermi polnts) :
p= +p,-._ _Hglmk




of Fermi-point Universality Class:

gauge fields & gravity

Vacuum low-energy dynamics cannot destroy the Fermi point.
Shifts A and slopes g™ are propagating collective modes:.

vacuum modes
which shift position(s)
of Fermi point(s)

P.p
Fermi N /
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point_~7 Py =7 Py

are effective dynamical




With superfluld *He we simulated:

reduced (Manchester) Axinl anomaly:
Magnus force creation of charge from vacuum
77 was demonsteated In *He-A v

(Helsinki) Magnetogenesis:

Transformation of "charge”
to "magnetic fleld" in“"He-A
Joyce-Shaposhnikoy scenario




: in‘He-A
Bevan, ef al, Nature M6, 689 (1997)
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Momentogenesis vs  baryogenesis

T’lu momentum
effective charge =0

C, =+ for right (>
-1 for left
\

Effective magnetic field B=p, Vxl
is produced by vortex skyrmion vortex I=texture (skyrmion)

Effe tive electric field Empy 0L/t
is produced by motion of skyrmion

* Extra force on moving vortex due to chiral anomaly
F el P=hanmdp £ xv ,
+ gxperimental setup & LLELELEL (L
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Experimental verification f *%
of Adler-Bell-Jackiw equation @
in ‘He-A

Hevan, of al, Nature 386, 689 (1997)
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Momentogenesis vs  baryogenesis

f’.u momenium
LR elfective charge

{:. = 4| for right -
-1 for lefi
| ffective magnetic field Bepy Vx 1 b
is produced by vortex skyrmion vortex l=texture (skyrmion)




_ ’ Conclusion
The momentum-space topology determines
universality classes of QFT vacua

Vacuum of Standard Model belongs to Fermi-point universality class

Flementary (quasiparticles in vacua of this universality class are
chiral fermions emerging near Fermi points

Gravity and gauge fields are low-energy collective modes,
cither fund. nental or emerging due to Fermi points

If RQFT 1~ emergent, spin and speed of light are not fundamental,
but fundamental for low-energy observers

It RQFT is emergent, quantum grav
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