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are degenerate in energy

Saperfhids exhibit spontaneous asymmetry
breaking ( SSB ) of Uk ) syheety
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the paired BCS ground

state has continuous degeneracy and

choses one particular realization
#e

D is called the SC order parameter .
It costs no eaergy to change the
phase of A globally .
Question : Bet will the system be in
-

(BCS )a with sole fixed d or in the

combination E (BCS >atop hide is invariant
a

under a Ucr) transformation ?
To clarify ,

consider a simpler example

SSB of Isis ¥,
P ?- puffy-B l .> at> real



Zd Ising model : H= -J.§¥iZj - HEX transverse
✓ field
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In the prosaic of external field
,It> can tunnel into l -7

,

and vice

versa
,
with a finite amplitude .

In tie It )
,
I-7 basis

µ = ④ ab)
which is diagonalized

in 6g 107=1-17 - I ->
to - syn .

Hamiltonian (E) =/ -171-1-7
wily energies Ege - Aib

energy 107,97Actual eigenstates are invariant

under tie Isang p - - fo symmetry ?
#

Huene
, bnexpf#LIKA so 103

nd IE ) are very close to each

other in energy . sU=EZ

Now switdh ow a small perturbation
which breaks for - p symmetry , the
diagonal elements will change as.gg?etgztigllg
and the system will quickly close
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We conclude that in R - -

systems the ground state is

extremely sensitive to external

perturbations that fix the
syh . broken

uacaam iet one particular state .

Crucially , if we take the perturbation
in a large system

to zero how
,
it takesuerglo-ugt.meto tahhel it to the symmetric

y
'

combination ( absolute ground state) if R -x.
Similar arguments for Uce) SSB - domain walls in Xy models

.

Conclusion : Iu large systems ( seperfhuids,
magnets , eto ) small perturbations practically
pin the vacuum ( Ssb ) and the symmetric
linear combination is hot reali Led

.

Back to tie paired (BCS> state :
A IBCS ), - § 's,2ne"4h> = - iQlBcsz



This resembles p= - ios and thus
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A ] -- i ⇒ BLANK 1
Stores with Swat uncertainty of
the ,

hue Large uncertainty
in tee particular.
what is the low - energy theory
of a superfluid ? Twisting the phase
a locally costs little energy → it

is gumbo .

Can be seen mathematically from the

Ginzburg - Landau free energy

Of - ble ) order parameter
,

far - 10912 -in 191
'
+ Flyer
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gradient Nco SSB state → hexicau

energy n zo mrinal state
h't

write to order parameter
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't
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@Oft {In @ 1915 .ir#4El4H )
-
phase past amplitude part

no terns that mix t e-d 191
Amplitude excitations are gapped , while

phase excitations are not
.
If we neglect

tee amplitude part
fac = the 191 ' @OJ → kinetic energy

of fluid
J = - c- In (9*80/-89*9)
= I 191280 = Ns Is

where his -_ 191
'

and 05=4280
and thus fee = MhsIZ
Cooper pairs form a coherent state

and in superflow move in perfect harmony
together

,

this is the reason why Emre
is no dissipation lwviscosity in superflow .



It costs a finite energy to bend

the superfluid phase in real space .

The cost goes to zero inte g- olimit
.

Q is an example of a Goldstones
Le Koto - H - 2¥@toy

'
-¥ @it)

'

where Cs - speed of sound
tmasskss scaler

1) Due to SSB
,
Q appears only with

derivatives
,
its mass term is prohibited

2) It is gap less and has linear dispersion
relation at small moments

T¥s; siiudemsidersiaid
Namba - Goldstone theorem :
-

In systems
with Lorentz symmetry every continuous

spontaneously broken symmetry gives
rise to onelihearlgdisspersivm.de( 1960 Nambu

,
1961 Goldstone)



In condensed matter systems Lorentz

invariance is violated ⇒ Goldstones

with softer dispersions are possible,
e. g . Magnus in ferromagnet wnp

'

In 2011 Watanabe
,
Brauer

, Narayana worked
out the Lorentz hou - invariant

PRL 108251602
Version of NG theorem

.

2012

Namba- Goldstone nudes are abundant

in physics
ph.u.us in crystalsCondensed Waffen - Bogoliaoov superfluid modes

mega .us iz ferromagnet
particle physics - pious


