
Review of Goldstone Bosons

1 . Basic idea

2. SSB For internal symmetries
3
.

Stuckelberg trick

4. sai For spacetime symmetries .

: Ghust Condensation.



:
. SpontaneousSymmetryBreaking

In our previous
lecture

,

we have learned several

key concepts of the EFT
,

for
example,

(1) Separation of sales

(2) Cutoff and derivative expansion

and so on.

But we didn' discuss much on the symmeties.

->
of course

,

once we specify the symmetries
of the EFT

,
we can just write down

all the terms compatible to such symmetries.
* However

,
in many

cases
,

we find

ourselves in a
situation where

abackgrounda

fielddorsnt rexpectsonsgoacties
caSocn sgouetresae aprtanentybrt- ]
or we say a vacuum carries non-trivial charges.



Suppose one starts from a symmetry group
G

unbruken
어

: G -> Hbya vecum 107

-> 2"10) + 0 ad a"10) = 0

a = index of broken generators
=

1, ...,
dim G-dim H

i = index of unbroken generator,

We refer G -> H as "symmetry breaking pattern"
o Goltatonls
therrn.Th hmuidkesiaspirtes
poatict 最‰

ω品
t

도
[ Numbr-Goldstore bosons]

* This only applies to global internal symmetries.

For breaking of spacetime symmetries , # of NE bosons

= # of broken generators
(Typicall #NG <# of broken generators)



Note Actually when we say
the symmetries are

spontaneously broken by to
,

what we actually mean

is that such broken symmetries are nor

A Uca
' mplexsokf

Mexican hat potential
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4 - λ (4
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↳ not usual mass term

=> This L is invariant under 4 -> e
*

&

: global UCI) symmetry

Let us find the ground states from VC ***)

# is convenient to write
Radial →

[ π] ≡ 0

Λ iπ(X]
& (x) = f(x) ez Generic form

.

Angulor

=> v = -u4
*
4 + x( ***)

VCC, 4) = - Ming + x=" = - =M - xy")



v(f ,
π) = - g'(m

2
- xy4)

For M > 0 and X > 0

V
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f = 80

28
。

( -µ^ + 2 λ
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) = 0

Note f" =¢.
*

4
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1. = 0 , 8. "

If =

-

> For So = 0
,

the global UCa is still ok

& symmetric or unbroken phaceI :"C = 4 = 0

= But for Jo = S1 , the global UCA) is

spontaneously broken

[Broken phace : exce = e d * %
a 4

。

= 4
。
≠ o 1



To see this explicitly ,
let's consider

perturbations around to :St : Ex
We write o

⇒ ft = 을 Angulr
&

=> we wite ¢ (x) = 1(v + h(x)e
"π

Λ
Im ¢

≈
로

ae
along radial

Now the Lagrangia aroundIf becomes

2 = 一当h プー μ ん、 ☆uh
㎥

- 入 h 4
…

n
- 글 (0 + h )

'

(nπ) Mass of radia mode
m

C [ mn = n2 = Xv
21

No mass term for I[ TT(x) is a Goldstore bosomat



Note that # of dots must be the same

ぴ

before and after SSB.

/

In our care : UCL -> Nothing
(ouly I broken generator)
¢(x) 言 h(x)

,
π(x)

2 d
.

of
.

2 d. o. *.

Actually ,

in the broken place the Goldston(X)

non-linearly realizes UCI) symmetry :

4 (4 ) = 高 (ot h(x ) )
eπ

⇒ & around It is invariant under

π - π + d : shift symmetry
&

There is no non-derivative of it's

=> Mass term is not allowed
.



Top-down approach

From GCh
, i)

L =
- E(th)" - u'h" - Trh - xh4

一当 (感 )
”

(名な
- 글억 (&π)
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Let It = vit

,
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Then
, integrating out h at the lovel

gives

2
π

= 一 そ (2 πc) ^+Ca答t …
when C = Wi, Cutoff of the EFT

=> The I theory is invariant under # -> P + C

ー

*
Broken gargesymmetries

Nowre let < = < (X)
.

In this case

we have a scalar RED :

〆 = - r 4
*
p ^φ - V(4) 一品 F~

with Dr = G + :gAn ,
4 + e

<

()4

Here in the broken phace we have

4 (x) = 高 ( w th(xr )
eπ



- - D **D =
- (2 + igt)k

* (2- igq)k

== G
*2¢ + G¢* igA*¢

- ig An ¢* 2" ¢

- g2 ¢** An Ar

- P ** D*¢ = - *¢* 2¢ + igA" (¢ G¢* - ¢*4)

- g** k An Ar

Du4 → D. e $ )- t igAa) e
'

φ

=e
*

cd + ind e*¢+ igte'a

An → A .-

2
x

Do 4
→

esao 4to
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-cig - igtret
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φ

Ded -> e (Ur + igan)¢ = e *Pr &



=> We have a freedom to remove π (X )

by choosing d = - #(x)

[This freedom happens becares we are in

the local UCI garge ,
similar to GR 1

=> ThemeforT = 0 (in a new frame)

We call this "unitarygarge" [Goldstone boson = 07

Now weree that An becomes massive manifestly

¢ = 高 (wth )

⇒ - 兄 4
*
D^¢ = 一 ≡ (* h) -

'

A
.

A
^
t
…

→L = 一亩点知一些 A
.

A
^
-
{

( zh)㎡+
.

.
.

* An becomes massive= 3 d
.

o
.
f

.

=> The Goldstone it has become the longitudinal mode
of the massive vector An

(usually me say It
has been eaten by Ar

to make An massive) = Higgs mechanism for local U(1)



Weren that now h in the unitary garge
is no longer invariat under the garge transformativ

of An-An-EG/g due to the mass term
_

Note before SSB : d
.

o
.

f = 4 + An

2

-eaosless)
After SSB

:

d . o.
f. = h + An

1 -> 3 (massive)

However
,
in order to understand the behavior of

the theory of highnegy ,

it is useful to

reintroduce It This trick ofreintroducing
min

# Goldstone bosas isStückedegtrics e

=> We have to unde the
garge fixing :

An -> In + Weil g



The mass term now becomes

一当 mAnA ^
→

. そ ㎡ ( A& + 等 ) (A^+ 等)

This in fact is invariant under

Am-> > An-Er4g and it -> π + ((x)
·

Non-linear transformation "

- Now we see that the
garge symmetry

is restored
,

but the price
to pay is

you have to introduce a massless fieldT(x

[Now An has 2 d
.

o
.

Es and it has =]
↳ Transverse modes ↓ Longitadival mode.

For convenice
,

we write (Du = G + igAr)
^

A
。
→ An * ≡ jORut ; U ≡

eπ

-



Then
, using

this in the unitary-garge action

gives /up to integration by parts)

ん = 一市思Fm 一 與 ut D^o

。 f
+

= m/g
affected since it is(
This term is ㅓ

)already garge
invariont

. (This is similar to

or NT(x) does not
appear the pion Lagrangian

in tte
garge

- invariant terms derived from 2CD)

· At quadratic level
,

we have '

22 =
一 ‰一 そ ( πプ一そ ㎡Aitma π。 A

"

～

π
c

= fππ &
= The decoupling limit (Mixing term of It

.

& And
between TTCX1 and An happens when M - O

, g + o

,
but f

+

= constant -> No mixing between it and An

)。
～
1 wkn E r m = Emix



· Weree that for E > Emix = m

TT() and An are decouped
= The longitudinal mode is decoupled from

the transverse modes

= The scattering of the longitudinal mode
is now described by the scattering of

↓ Goldstore bosons
up
to O(M/E)

and Olg )
= Goldstore boson equivalence theorm.

[Basically one can use the thory of only it(x)
to describe physics when

going
to sufficiently high

energy]
· If one includes the self-interactions of it's

,
e

. g.

24 = 衣 πc '(
n
π
c
γ , A = m/g

=> The thory becomes strongly coupled when

E ~4* (Unitarity bond : Ma -z)



=> We see that in the window

mE4π * = Nui

the physics ofTexL isweakly
-d it can be studied neglecting
the

mixing
with transverse components.

-
In the next leatwe are going to apply
this procedure to the physics of inflation

or dark energy
with a single scalar field.

Analogy : UCA) example Vs. Inflation/DE

(Am ,¢) v (gr , k)

UCH garge symm. ~ Differmorphism

Sym - breaking : U(1) # Nothing ~ 4d diff. -> 3d diff

pattern by v = < 4
.
7 by to (t)

Unitary-garge : 2 (Ar) ↓ (g0, K , 'Rit)
action ↳ Masssive Transfcovariantly under

3d differ
.


