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|SOTROPY GROUP
® lerm Lno\oaa . on’rroPa goup = Slabilizer goup = Llitlle group
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SSR AND THERMODYNAHMICS
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EXTERNAL PERTURBATIONS
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FREE ENERGY
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THERMIODYNAMIC LIMIT
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MORALS ° WHAT IS SSB ?
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RELATIVISTIC SCALAR FIELDS
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RELATIVISTIC SCALAR FIELDS
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RELATIVISTIC NG BosSonNS
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GOING NONRELATIVISTIC

ASSum?h'onS :

® S?nce:lw‘ me iarnmc’r-a containg ot leagt Ccontinuous Spacetime
+troanslebhons and s?aiiq\ YdHimS . %ﬁaﬁhs unbro‘ccn .
® Thlernal aammdwa G.

Chahaes & new %’_a'&wes :

[ NG lbosons = 80?\688 ﬂuasiapar-k(,cles ) —an E@) =0,

=0

® Dispersion  relodion E'(F)“-'l‘ﬁln) n24 for ‘3’-93
® F NG {"\c\ds = dimG"dimH) but 3ENG modes \mca be smaller |




CANONICAL CONIJUGATION OF NG FIELDS
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CANONICAL CONIJUGATION OF NG FIELDS
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CHARGE COMMUTATOR MATRIX
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SPECTRUM OF NG BOSONS
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SPECTRUM OF NG BOSONS
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NONLINEAR TREALIZATION

OF SYMMETRY
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EXAMPLE
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MORAL LESSONS

® ?haaQQ\ Obsorvables murt be independent o_” the choice
o¥ parameferization of +he felds .

® We can mate +he Pa.mmdcr&'wkoh Work -fbr s ¢ nclude
NG fields via toovelindle - dependent aammd:a transformation .

® Ned o aencml aPonadn fo wmhadina Iow-cncr% EFT
for any (Aoclian or von- Abelian) tyrmety



PN OF ATIACK

® |hie lectuwre : %enewc Jammcta ﬁamformoﬁon for B
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ACTION OF GROWPS O HANIFOLDS
Generalizes +he COViceF“ q[ group vepkcsem‘torl\'om ‘From Veetor spaces to mMLfolds .
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ACTION OF GROUPS ON HANIFOLDS

® Oroit o{a poud xelM ¢ O, = {Exlaeef
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HOMOGENEOUS / COSET SPACES G/H

Geometric dcfwifnbn GrouF—JrhcoveHc dpfw.ﬁow
Manifold careging ackon of G Left couct of Hin 6 : 3H=f3k|h€l-l}.
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WHY COSET SPACES*?
Reminder : NG boion = Coordinate~ dependent brozen aammdg 'lvah.\fﬂrmaliov\.
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ACTION OF 6 ON G/H
® Stepi : Chooe for each cael in G/ 4 uvua]uc represerative  LI(r)

local coortinates on G /H

Technical aMumptions ° A

—> UG is a smooth -Fw\dion tzr T vieor +he anab., =0
—> The trivial toet His ve:‘)veaevﬂ(d Uue)=e
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Ut) —2— Ukng) = g U hng)”




MAURER - CARTAN TORM
T fums oud (see nexl lechue) dnat we dont vecd Ufr) explicitly o combuct

dljeckue ockons # vemerker drat NG felds dwegs erer wibh Aerwatives |
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A
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MAURER - CARTAN TORM
W = -1 UE) dUe)
Why is this wef f
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SYMMETRY TRANSFORHATION OF NG FIEQS
apply his 1o a1 infinidesimal G- ‘hm»aﬁrmahow
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SYMMETRY TRANSFORMATION OF NG FIEQS
Proof @ ) Ue) — e = U}’ [Ue) - Ur]) = T 0Q, &°
= IMLMa O
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SYMMETRIC COSET SPACES
Gy « éamme:\v& iff ne Le aladom c:r G admids an auDmorphisim P duch thed :
P(lan@)) = [P P@) |, PRI=Q, PQI=-&

—_—

.Y
8&”&"‘*(( Commutotion [&qQ&}:"&{,Q(

relabions of +the tye [Q-HQB] '-‘i-Qch
¥ w [c%lab) =1 :LQK

Exag\?\e; : ® \So(n) /So(n) ~R" . Pis spafial inversion in R”

0 Sobd/so6) =S ... Pis inesion of one of dne toontindle oves
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SYMMETRIC COSET SPACES

Choose the cowet verewfodwe o +hat ’P(u@)) U(rr) yeg: U = e T Qa

N

U’ = 3(‘(1‘) )\(“'la) dLFmg na.) varable 2(w) = U('T)

| aﬂa\a‘P R ihvert ? Z(‘IT) _-_—% Z(W‘(W:a)) %:(ﬂ) —P(g)
3@ transforms &neaﬂa under the hole G |

W) = k(ma\ ) P(a) )

How about the HC—Farm?

Use P o project out the (wndbroten components : @, = & [0+ PW)
(").L = é" - P(G)J
. A
Direct velabon betwyeen 2 & Q.L . w.L = ""O‘T nd2 W 4 + U 0‘2 U



SYMMETRIC COSET SPACES

M : ‘0=“ia‘du —> («J_L=-"'a-i—(udu uda’ “"z(u,du-l-d(MJ)
__ia(auu-l-uau)u
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LOW-ENERGY EFFECTIVE THEORY
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GOAL

® Want to conshuct o low-energy EFT for Gy—vaued NG ficks.
® We bow e achion of G on he NG Pelds T .
® What is the most aev\evxl G-inveyiand ackon ¢

® On\a interested  in low eneraécs ——> denvative epansion .



EFFECTVE FIEWD THEDRY

microscopve %zoa odd Sowrce A W By X@¢ s.A)
S (4] Sl#) — S[¥, AJ A
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\ 4
|0L.)- ener& EFT odd Same Source A \We" [A) J’ |Sq¥ [T‘ A]
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WHAT BACKGROUND 2

3\0‘0::\ Continuouy esam mcﬁ%

1l CO“?\‘ s 1o clastics|
Conderyed (Noc-[her) Cmrren'l- 8 Mﬁe -fb\ dy

encode} all Ward identities
an\uol\'na ?fo«dol{ onomales




BRACKGROUND GAUGE INVARIANCE.

® Gauge fds : A, = ALQ,
® Gauag transformetion A,,. 2 TA = 8A),,3l - ia a‘é"
UE 2> U(v‘(w.a)) = g hrg)

a-—U(ﬂ)
® Gauae Wnvarance 'bﬂ-&. Sq\ [."l A] Seh [O) u&cidAJ

NG & %duse -Ficuqi ov\\a enter $ne achion ‘./

fogether -l)wouah eﬁ‘Ar: i UG) (a —iA )u«r\ I




GAUGED MAURER- CARTAN TORM

—

QwA) = — T, oA = =il (a-iA) U
o Ssformeton. prperict 3 e gt 1C o 1060
§2,(miA) —5 QAN = hmg) QA h(rr.331- ihrg) dh(rr,ai"
Q@A) —2> Q@A) = hirg) @A) herg)’

Now look %(-“’R e.,fcch've ackon as S*LQMSL]:“;& ggg“[ﬂmn.l.]

\ Covariant M(iobd

mnug Jpuge feld o,f I Scalar ficld O‘f H



ACTION RECONSTRUCTION

The e,hu:(ivg L‘\amrﬁ(.ah Can Q‘Qﬂaa be wvillen in +the form

.‘;&“ [ﬂ“\gﬂ-] = '(&w [‘QIHS):L] + %g [-QI\]

]

G-invariant Chem- §imons L%Yﬂfguﬁh

1(4.0&3(,- inveriont

depends om ATA on\é



ACTION RECONSTRUCTION

Skekh of proof : define L =

?&u[uﬁun’ﬂd - (& f, ATus, on, ] A

aSc.“[u.Sl“‘V'n_Ll Sd? _Q, Zr'[uﬂu oSy
oV
e g )

c\f[QuI Q)= j'jx .Ydu. Q,‘JF[UQ&P:\

0 1
+S,B<Jd«r9. b [S"\N‘S‘-L] &&va[ﬂ\na\r.}




INVARIANT LAGRANGIANS
Desie bw}lolina blods

® Sf‘}" ... Covariant sceler uncer H

o R ¥ i o B
® |:"N=~. ar’gﬁ-y- QVS);+.(I;KQ_)‘SIU F»dol d‘c»a-}h q{’ SL“
® ‘heir covarianl OAerivativer buih uaiaa -8,

a a a a o b
DPSI: = %,S'l\,-l‘ i[SI“P Q) = %‘Q - qb‘o‘r.
J))_,,F;f = 'BrF:; <+ 1 [Szuy.) E)AT ).A- \»\ — MQ)‘F""



EXAMPLE — TRIVIAL
Loverita- invariant theories with G/H = M('\)/ ¥

@ no H — no
o Um=c" —> &A= dr-A
® vo Sl“ —> %QJ‘\) = %_;S)'JJ): gﬂ(ayT-AV)

ge“ 4§ an &Y'oiil'rala Lorent3- invarient %‘”cﬁow Qr 3‘:“-__ A>‘

and W Cerwatives ¢

Mq} [w,Al = 3{- (a}gr— A],,)Q + ¢ [(a,,w-A)‘)D'JQ+



EXAMPLE — MORE SOPHICTICATED

Lovenla- invariant theories with Gﬂo(.‘l'mra G/H

Lowes\ —order |orenta- invariand Laérwa(ﬁm built oud o_r Q

Byl = gy ST+
,\ H-invariant cou;Pl;»é

()

'Sota%cb‘l' 'S:bgar. =0



EXAMPLE — MORE SOPHICTICATED

Ly [mA) = 290 S‘i')',sf” + ...
L)h«hswm4cm<,_r4».( ﬂ,A felds ? o
ﬂr(w. A) = ~1[U® %,u(wﬂ [ e Aj_,,U(r)] W, () z;.wr - LOA,
= @[~ AL RE) = @

- o o> o>
- - -y~ - e o

%_\[T\‘\A} 8,;“(4) ()W, (ﬂ :D T ])’:?(

o—--"“

- invarwant metrie on G/ H



EXAMPLE — MORE SOPHICTICATED
By [mp) = é—g,,b(ﬂ J}fﬂ%ﬂ
The gpometric inferpreiation My help us find &, oplicilly (1 Conordle caues :
G/, = SO /sy 2 §°

U\M'Tac <0(3)~ invariant metvic on +he &Phere :

g = 8y AN @ dnd ()
Scale |

QrSSB\f\ V



CHERN-SIMONS LAGRANGIANS
%S [SZ,J W M\ZS ﬁm;i.-im«rin"* ) but JI: [-Qu) = SSCS Eﬂﬂ u H-Co\)qriﬁh‘f.'

5T

Seps fo recontivuct Eeo[U) °

® Conmtiruct :J": [Sl.l] ua(ha S:(, and i Covariant derivatives
5 AP
® impose H-covariance and @UZ: = aﬂz - -.F,,FQ)J;‘ =0
\rca,u.i.red -Fo! aouuae, inveriance q" gcs [Q..]

® reonybuet the La.gmoa(m -From
1w
Les ) = jd“ ﬂr :)E[“Qul



CHERN-SIMONS LAGRANGIANS

Lowest-order 0tion : Consfand cwrvenst D.r: [Sl"] = - 5’:,9" + ...

%S [-n'lA3 = - eu.d: + ...
’\ H~- invarcant cowPlina

fzisex =0

. Qa
gome PLDPCM @ ey = lim é—?- ... lunovoren charqe o\emi.b

VeV in the 8Youhd tate

® pouide eq are n one-to-one oone-\Pondcme
with U@ factoa o,f H ( Jor compadt H)



NONRELATIVISTIC EFFECTIVE ACTIONS
AS&umP-tbns : @ wnbroeen &ammeba under %)cceh'mc tantlahong
ond s‘nﬁa' votations ) azd spatial dimensions

@ internel .sammc{;fa under G that can be Sauaco\
& % SPA‘HQ\ Aerwatvel

| . _ Z’ 2(3.4:3
Dervsabive expaniuon  * %\[ - ! e‘\'l'\ # Hermporal devivatives

A °a A B
= - + e, v, (™A
i“ CAW (M T A ik 0 {ea <t m*z] I

(2,0) c d P
Lo = ~19, LMD

g(ﬂ 2)

A
eit jn ]

Cor -~ Tm.a =invaviant

I

3,06 o Dy D



EXRMPLE : FERROMAGNETS
® Tor \c'mpu.ci*a ) Ovop the qauge Pieldg A (A = exierml M%hd\c ‘]e.o\o( ')

(0,1
® JDuscard :;QH\Q &41* > will dominate aA low energws
(Q'IQ\ .“7- 6
® Already oy His iﬂq* = — 2lyisd - N -
spun zh{i[’ness
magnetization
/’ dcmda m _.111—‘
we UE)=¢

‘ A
3:‘: = - e3 (101\' =3I m 'TF[ = ) a,u(«)]

S amee o=’

=l 'm J.oo‘ Ty [“ U(x (_“‘tu-) UQ\W)] - *1\' joU\T\"['QU(AW)'Cs U(M\J

= ~m ydm n () = ™ jomr A, O NG =3 bw)- T

\ modulo fotal ttme derlvative



EXRMPLE : FERROMAGNETS

Qw.\) 2 m fd.xrrq'r')‘(x.ﬂ %N(”") = F[_T?‘-;::-) N(»c)]
" ’ / = -FxA)T
7B = (B D)- BxR) \|, ””””””””

Final resutt {or +he cf-fechvc Laawzmn :
.".?3 63." edn +
geh = m Sw\ %\n()\‘!f) [Y\(NW) X W(Xﬂ')] ) N dn ceo



CONCLUDING REMARKS
(mﬂ

® 1 Aa=2 SPa:ha\ dmnemwm another {erm & allowed Wn §4»

(2,0) :
— *—a—" bcd‘ (.Ja(ﬂ co,,(w) GJ:D{E ])JT\' ) Dg, = — by,

® (Cnem-Jimons Laamnaé,am exat on\a ot odd ordes in derivabives ;
Classified explicty up to order 3.
® The assumption +hat G can be 8@.&8@4 is not innotous . While

&Ly CaN a-‘wo.as be jmgcd ) 80“50\8 0_(' o e ™y be Obaivuc:\eol

(0| |

Exa.mP\e : G/H—— Uk) x u(‘)/ik ~ Ta x‘h‘ R 3 )\.

Ask for move delails !



SELECTED FURTHER ASPECTI
OF SSB



ADLER <Z2ERO



NAIVE ARGUMENT
NG boyons interact weokia becaun er?) are derivotivel d COuPIed .

® Tor broken UW) every NG fiekd

Carres a deriotve V

® Tor non-Abelian Aammzba )

interockons are dominaled ba

o?emhm with en arb(.ha.a wmbex’
o“’ NG {.e\ou and éw’r

@)
)
\

b |
two derialives ! vanishes for 1—9’43 ¢



LESS NAIVE ARGUMENT

Aliumptions : @ —F)r .simp\i:ﬂa ) 8408 relabivistic S )
® conseved et J' dnd
couples o dne NG slode

(out| T@)Nin) = o] ol n};) = foud +7@)| 0> + R

-
-
—-"‘ ,-'- f

IP\'T: Yemainder reau\o.r m
the on-shell Umit p > =0

C,uwew\' Contervation —_— <0u++1cqa)| ‘m) = —AF? PrRr(P)

dhis i sKIl valid {or any on-shell ﬁ'



LESS NAINE RARGUMENT
Adler zero ¢ _lim {ost+m@lin) = lim T;‘_—ﬁ‘ﬁ‘(p) =0

-‘3-90 P-ﬂbo
Walch ot | @ We atsumed +hat Rr(P) R ngu(q, as )g'_;o
® 1ow we alwo needk that RIp) i reqular as p-=3

Tossible exception 2 if I contoins domi quadratic in NG fields ) e st @)
con be merted in e IN or OUT gidle

o
l

<O‘A \Ut‘(?) \\n> now CDH“GLV)& P;; (p-t?)z )
carries addiional Wngulerity a8 >0 (not §-30)

whn




THE SAD TRUTH
The becasiona) vidlation of Adler 2ero i nota )ou.a but a -readure .
Recoll relofiuiske covet +heories * %\t = % Jee ) gﬁa’%
On-shell cmpliAum must be Uvaviant under ftdﬂl ledbf‘mﬂiom — fan ovﬂa
depend on 8,,,(«) -\Mouah dhe Riemann demsor and b covariant derwalves.

QU Vas... V% R%ﬁqq Adler zevo uf.f
G/Y is sammctvi.c

\ Adler zero (—ﬂ! all /

covariant derivatves

D_Y Rdacd varush,



TOPoLOGICAL ASPECTS
OF SSB



_- FERROMAGNETS REVISITED

i
- Eh S e E P G e A S e

Ly =i f o ARC) - [ R0 W(Aw)],-——-— 599797

b -
o e e e T OO S e eSS e -

\!
G, () T where Gl = — eAwaeﬂ

QWEH\A\';AHCC q, %‘;MH aetion o_f G chanags
¢, (@) ha opuae rantformation Colr) —> Cof@) + X

o Ba_cb(«) - abca(ﬂ W 80M9e-invo.viAvf\' (‘if.e. G-imayimﬁ)
®@ JC.— QG \mo.gne\{c f'\c\d qr & mo'\OPO\C at the cevier C
® C, <> vechr pslenhal o‘r 4he monoPolc's mqaheﬁc. f.clo{



- - FERROMAGNETS REVISITED

--
- e S e - e e S e e

Ly =im j o ARC) - [ R0 mm)],-- 599797

- e S ar e T P e S o

\
G, () T where G = — eAw ()

(Ol

Comea'umcci : @ C.fx) ond -“'lefefom &’q" W nol g\
well- dt{-i ned 3\019&1\5 on +he caset space

® in %v\ﬂc volume , m i quawﬁwd. v ¢1uavr\-i,%°.+ion o,r pin
® C, &) aenevé\e.\ o :BCF% P"Wc when the avoumd Stde S

Qdi.abad'iu\\d dramed La on exlernal V'nqém ‘Bd‘*'

—Beﬂb p\rme ~ \rmé\ndﬁc _"(qx 4lnvwa\«. I



GENERAL MORALS

OV () D A Jorm cI=CAT GmD AT

éeq\ Q-Jorm dc(m)
not a|obal R
L UV Wf\' € ’ 8 a ’ i Y)On'(:nuw.\ 2 de Rham
quassmLmer / Well-defined on G/ conomolony of G/W
Thia eci(dva.\ehcc m\a holds Lr o Gu COMPOd & connected
® H i clowed & Ornecled

Con (cenees ¢ classied phwics antum Ph A\
*‘1‘4‘ — P.}‘) Glu S d
® E-H remauvn OK ® Only € hastobe we\\-ok{-&md
@® Jome ooteyvelles Juch ad ® CIW'HM‘\\O" 4‘ ‘he

EM densor Ul -defined ©upling in C6x)



FURTHER TOPOWOGICAL ASPECTS

® \less — Jumino— Witken terms ¢ in D dimensions , cloatified by
@+ =+ de Ram cohomology o‘f B/H ; even—dimensional Hems
closda velated fo Chiral anomalies .

L Emcvam-& 8mcmuu:ol ’mPo\oac,u\ conservation |aws 2 clascfiesl
ba de Rham cohomology o_" G/y -

® Topdlogicel defecls ¢ Clanifich by dhe homoopy goups of Gy



NO—-GO THEOREMS
FOR SSB



CoLEMAN THEOREM

Ori.a'ma.\ Jewion (1993) : @ D=A+1 3pacetime dimevuions
® Lorend- invariant .sas‘lcms a [=0

Contwnuous té\obo.\ sammcba cannot be BPon\awcou .\\a bro'en (no NG bw:m)
Reoson ¢ IR diucraencc o‘f Two~point Conelation funchion of NG bowont.

Reced opnemiiaabion ¢ @ dspe-A NG bowns, E~pl: oy in D3>0+

o 4‘6?&-3 NG bosors, E~|—la|2": wn any D2



HOHENBERG ~ MERMIN~ WAGNER THEOREM

Ofiﬁ"m\ version (1%6-4%4) : @ D=A+1 or &tA spacehime dimensions.
® Superfluis (M) and (an) fervomsameds (w) o T>0.

Contwnuous té\obo.\ aammcba cannot be BPozﬁawcou .\\a broen (no NG bm«wﬁ)
Reoson ¢ IR diucraencc o‘f Two~point Conelation funchion of NG bowont.

Recenl_genemlisnion ¢ @ “upe—A NG bown EIB" ody in D3 8n+2

o +a]>e,-3 NG bowors E"’l’ﬁl%: Onla m D2 an+3a



LANDAU-PEIERLS INSTRBILITY

Asy umptions ¢ @ imhomoamm ovder ?a.mme:ier wilh
One-dimenaional modulation

o continuoul &)oal"oa.\ m’ca{iona.l in\)o.\ri.mc,e) D=q+4 or 344

/\’(amuer.sc \R .g luc;lua.h'o\n_\ dcﬁ‘oa -\-he ovdel Pa.mme:\cr aJr aha T> D .

Technical veason : @ o.am'n IR divevamce q” me-yoaml» covrelation ]ﬂmd{on ]

® on L.aoho])(c di&Peﬁion relation EQ ~ F F:' + #‘i‘j



VAFA— WITTEN THEOREM

AS!ump‘\ion& ‘ @ [orents wariance T=0

@ Vector-lie 80.1«3(: -“’icoa Wwoth va.ni.x)u'.ng O- anale

Vector-lite continuous globa.\ Aammzba (&uch oX bq?]an numbef or
(ANPW\ un QC:D) COJ)Y‘O“' be SPOVT}GV)COU&‘Q bm&n.

Technico) Mgcdim:\& : @ prove expoviential O\t'-cqa gr To-point funckion
@ ncedy Po&&ﬁxlba o_r Diroe Aetermunant
(absence 0_[’ “3“ Pob\e.m)




SPONTANEOUS BREAKING
OF SPARCETIME SYMMETRY



REDUNDANCY OF ORDER PARAMETER FLUCTUATIONS
Recoll thet NG bosons are local .Fluczlua:liom of dhe order Pamnélcr |

Votuum roteted vacuum excilation
R PRPPT AP
P PRPPT trArA
R Sy trA7 A

“The local ‘F°"V‘3 0.‘) \ome COordindle "defendcw} s\ammd’ra Hrans ]’bﬂna:h'on\
Wh.a o CDWQMVS .(,(J.Aoluq\{om aye QM“W-L



REDUNDANCY OF ORDER PARAMETER FLUCTUATIONS

Free mostlest Scalar Relodwishe scdar in aencw-l

£ =2 (QJP)Q ® relation betwean Noeher charges :
@ global rymmeiny : J= P — P

d(x) —=> G+ at "7*)(" ® chundmca of local mmﬁmms:
® local venions colnuide : e-;_i-wwfx)j" _ é-ie,‘caP"

ky(x) < ab)=b,ed xH /



COUNTING OF NG FIEWDS

® (am:md‘ra '\Yam{bmoﬁor\ : g(b'(x) = GAF;iBP,x]
® ymma o_[’ order Fa.!o.meier _[’(.w,{uo.{-iows : eA(x) ].;‘ [@;)‘ x] =0

Lhchenolen-t NG /Fic’.\ds = 3

dum G / H Lvuo\z])enolevr} yoludions o




S:jﬂem

massless

SCalor

CvaerA(

EXAMPLES

brdeen H# broken
&aWHCtV S %nera-(-on
P>+ 1+D

spatinl franglations | dld-1)
& wtoakions e

#F NG modes



CHANGES To COSET CoNSTRuCThoN

® lndude oll V\Onlincqria reolided ( not nece smycg &POH‘l e M(a
bw) sammdv&.& i Ulx).

® One NG F%dd ’E” each m.on(inca.rla realized Jamrnc‘fg.

® Lliminde redundovit ficlds in o Wy Comsiseit with the
Sammcffa : 'm\!cvsg Hifﬁs mechanism ,

® The MC form now includes & G-Cousviant spacetime vieloein.



