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Escalas da Fisica
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Teoria de Campos UFES/DFIS

The search for new states of matter

Crystal: Broken Magnet: Broken Superconductor: Broken
translational symmetry rotational symmetry gauge symmetry
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Orders in condensed matter systems

spontaneous symmetry breakdown

H=-J) S8i-8j+h ) S
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spontaneous magnetization

G(M) =aM?+bM*  (b> 0) h=—1

I>7T

(a) (b)
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System Broken symmetry Goldstone mode

Magnet Rotation Spin wave
Solid Translation Phonon
Liquid helium Global gauge invariance Phonon
Superconductor  Local gauge invariance N/A
Jeffrey R. Goldstone (1933-) |
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g (X) ¥y
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System Broken symmetry Goldstone excitation
Crystal Translational Phonon
Ferromagnet Rotational Spin wave
Superfluid Global gauge Phonon
Superconductor Local gauge (Higgs mode)
Electro-weak® Local gauge (Higgs mode)

QCDe Chiral 7 Mesons



Bluhm, Kostelecky, Lane, Russell PRL 2002
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Violacao Espontanea de Simetria de Lorentz
PHYSICAL REVIEW D VOLUME 39, NUMBER 2 - 15 JANUARY 1989

Spontaneous breaking of Lorentz symmetry in string theory

V. Alan Kostelecky
Physics Department, Indiana University, Bloomington, Indiana 47405

Stuart Samuel
Physics Department, City College of New York, New York, New York 10031
(Received 27 June 1988)

The possibility of spontaneous breakdown of Lorentz symmetry in string theory is explored via
covariant string field theory. A potential mechanism is suggested for the Lorentz breaking that may
be generic in many string theories.
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Violacao da simetria de Lorentz

Revista Brasileira de Ensino de Fisica, v. 29, n. 1, p. 57-64, (2007)
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Observable boost
Particle boost

13
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Violacao Espontanea de Simetria de Lorentz

S. M. Carroll, G. B. Field, R. Jackiw; PHYS. REV. D, VOL. 41, N. 4
15 FEBRUARY 1990

_ 3, F=anJ'+p FH"
aLp _‘LEM +"£CS # #

in terms of components,
V-E=4mp—p‘B,
—d,E+VXB=4rnrJ—p,B+pXE .

Lcs=—3p, AEF @

Preserva invariancia de Gauge
Apresenta birrefringéncia
Viola simetria CPT
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Violacao Espontanea de Simetria de Lorentz

Extensao do Modelo Padrao com violacao de sim. Lorentz - Colladay &
Kostelecky [PRD 55,6760 (1997); PRD 58, 116002 (1998).]

15
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Violacao Espontanea de Simetria de Lorentz

Extensao do Modelo Padrao com violacao de sim. Lorentz - Colladay &
Kostelecky [PRD 55,6760 (1997); PRD 58, 116002 (1998).]

SETOR FERMIONICO

The general form of the relativistic Lagrangian for a free spin-5 Dirac fermion ¢ of mass m in
. . D
the standard-model extension 1s”

L= %h-ff{ Tz'_i_ 'fp,:'TPL + d,,u,r?ﬁ ?M_i_ Ez'_i_ fj‘r?ﬁ + %ghgz-‘:rhﬁ ) r{ﬁ{'r

—ﬁ}31+n#y“+b#y5y“+%Hm.::r”"};ff_ (1)
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Violacao Espontanea de Simetria de Lorentz

Extensao do Modelo Padrao com violacao de sim. Lorentz - Colladay &
Kostelecky [PRD 55,6760 (1997); PRD 58, 116002 (1998).]

SETOR FERMIONICO
The general form of the relativistic Lagrangian for a free spin-5 Dirac fermion ¢ of mass m in
the standard-model extension is’
» 1. ry . g 1 P
L=5P(y,+ ¥ +d sy + e, +if, ys+ 58 ™) Y
—qﬁ}a;+n#y“+b#y5y“+%H#I.U"“"'}q!f. (1)

JOURNAL OF MATHEMATICAL PHYSICS VOLUME 40. NUMBER 12 DECEMBER 1999

Nonrelativistic quantum Hamiltonian for Lorentz violation
V. Alan Kostelecky and Charles D. Lane

Physics Deparfinent, Indiana University, Bloomington, Indiana 47405

(Received 18 May 1999: accepted for publication 30 August 1999)
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Fermionic Sector

Non-minimal coupling to the gauge field and background

L=i%y 0"V -mP¥

ssg | ))'y);’; ;
o

L=iWy o'W-mP¥Y+Wy a"W 5
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Setor de Gauge

1 1
ﬁgﬂuge = ——F,, F* —

1 L E {I{AF }.u EuuaﬁﬂyFmﬁ —

('H'rF )#y&ﬁ FHHF&IE ?

= | =

1 ,
Ze“’”’“‘ (kar), AvFpx, CPT impar

1 P .
S = ~1 / d'v K, F" F™ CPT par
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Aharonov—Bohm experiment
Screen T
—

source

20
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The Aharonov-Bohm Effect

2
L© _m(d") Lo o edx

classical — E E classical T .
iSO(n,n-1) iISO(n,n-1) ie (X
[Tex [ : — {ﬂex : }ex - A-ds
P h P h Pl e J.
/ \ A

A l; Impenetrable B
Source N—" cyM inteference
region region
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S‘“)(N,l)] ie \ [*
_,.f;buvcf’zf[x(t)]exp[ P exp (E)fx, A-ds -
S‘O}(N 1)] fe Xy
+'£:]w92 [x(t)]exp[ exp h{') . A+ds -
—>
—) C
j{A - dx —>
Electron Impenetrable Diffraction

beam solenoid pattern
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The Aharonov-Bohm phase
p — p—|-‘€‘A AQ,QAB:——¢AdS

Aharonov—Casher phase

1
p=mv+—uxEkE
C

1
AQAC:E¢HXEGES

-
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§(t =0)
<P North T = j(t = O)
pole _ :E(t _ T)
g(t=T)
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Berry phase
. o L0
Schrodinger equation H [i‘(f)”i'i‘(f)} =1 ha 'i'-'"(f)j
in the n-th energy eigenstate,
10(0)) = |n(z(0)))
H(z(t))|n(z(t))) = En(x(t))|n(z(t))) (1)) = i |n(z(t)))

(.—jﬂ- — 9-?1- + Tn

We can choose a basis of eigenstates |n(z(t)))

On(t) = =1 [ En(7)dr

25
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Berry phase
Schrodinger equation H(z(t))|v(t)) = m;_f W(t))

in the n-th energy eigenstate,

10(0)) = |n(z(0)))

We can choose a basis of eigenstates |n(z(?)))

H(z(t))|n(z(t))) = En(x(t))|n(z(t))) (L)) = t“i¢”\??(l‘(f))}
_F—‘H(I)J + 3{_{;1?1{?””(1)} =0
ot dt
O, : % fU i dT
d ) d
E""m( ) = i(n(r) ;—f\n(;r)} = Hn\?hz}i

when we are given a cyclic evolution,

ﬁn[(_f) = i’f ‘T‘ﬂ J‘dl 26
C
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Alexander Altland and Ben Simons Path wntegral for spin 134
A reminder of finite-dimensional SU(2)-
Condensed Matter representation theory
SISTORNATOIAAN /() — () c \at(2 x 2.C)\gtg = 1y, detg = 1),

SECOND EDITION

St QI — ... Qk SN N

(ST,87] = 257, [§%, 5] = £5*.

29
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the Euler angle representation,

SU(Q) — g(q}j@aui,) _ t?,_"i@g:gt?,_ig*é?e—“i’u'fh‘é*:g

o, € 10,27],6 € |0, 7|

A

let us consider a particle of spin S subject to the Hamiltonian

H=B-S B is a magnetic field

 J

ey A

S (‘Sfl y ‘*92 y ‘SAYB)
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the Euler angle representation,

SU(Q) — g(q}j@aui,) _ t?,_"i@g:gt?,_ig*é?e—“i’u'fh‘é*:g

o, € 10,27],6 € |0, 7|

A

let us consider a particle of spin S subject to the Hamiltonian

H=B-8S. B is a magnetic field
S = (Sfla SYQUSAYB)
—€ .S - (g'i|(-z',>:1 A
(giale™P®lgs) > {ginlgs) — elginB-Slgi) = 1= (gilgi) + (9i119s) — e(gia|B - Slgs)

= &Xp (<9i+19f> = {9ilgi) — €{gi1|B- ggz)) :
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.

—eB-S (9ilgi)=1

)~ (givalgi) = elgin1B-Slg) E T 1~ (gilgi) + (gia]gi) — egis1|B - Slgi)
—~ &Xp <<9i+19f> = {9ilgi) — €{gi+1|B- ng’)) :

(gi+1le

-

Z = lim ﬁd . exp —eN_l _{9inilgi) = (9019 + (gis1|B - Slg;)
N—o00 e | 0 € Ji+l gi .

IN=90 ;—( i
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—€ : A (Pi|(-i>:1 A
B8~ (gipalgs) = elgina[B-Slgs) "= 1= (gilg) + (gi1lg) = elgisa|B - Sgi)

—~ &Xp <<9i+191’> = {9ilgi) — €{gi+1|B- S9i>) :

<9L+l‘f

-

N-1
— i (git1]9i) — (9ilgi) <
Z = ;\lglo/q H dg; exp [—e , (— - +{gir1|B - Slgi) ) | .

N=40 ;—( =

z~ [ Dgexp [—/ dr (~(0-glg) + <gB-ég>)]
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spin coherent states

http://www.professorglobal.com.br/fisica-
‘g(@ 6) L)) = _mq% 3_3*9‘;2 v_““r "3‘ T) : pos-graduacao/teoria-de-grupos/videos

Teoria de Grupos (2012 - 2013)

— | Aula 12. Tensores e representacdes de
g(0,0,10)) =e —i¢S - ?M\ MNe™5 50(3) e SUR)

¢ € 10,2m) and 6 € [0, 7)

3(0.0,0)), i=1,2,3.

_2,(") (3/3 5 Z(‘)‘j 6_2,(:)[;93” ] ‘S‘,' _ 5\‘ - COS (:fl) + €: i1 5\« ] SiIl G.)q
J J . k= k P

n = S(sin f cos ¢, sin 6 sin ¢, cos ).

34
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3 R 3 . 3 64
S0 ;f dr (§|B - 8|3) f dr (4|B - S|g) sf ir n-BSB/ dr cos.
0 0 0 0
Ié; 3 o L
Stopld, 0] = — / dr (9:g|g) = — / dr (0-e="7Vglge™"")
0 0
3 3
=~ [ ar((ousl) ~ i0.000la) =~ | dr (@.gla)
0 0
3 ;'3 _,5’
Stop|®, 0] = —/ dr (0-g|g) = —iS/ dr O-¢cost = fiSf dr O: (1 — cosb).
0 0 0
3
S10, o] = Sp|¢., 0] + Siop|@, 0] = S/o dr (B cost + i(1 — cos )0, o] e

-
NI
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The Aharonov—-Bohm phase

p . pellA  Seans o Ads

36
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The Aharonov—-Bohm phase

p . pellA  Seans o Ads

Aharonov—Casher phase

1 L
pzmv—l—EuXE A@AC:E%NXECZS

"
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Eur. Phys. J. C 41, 421-426 (2005) THE EUROPEAN

Digital Object Identifier (DOI) 10.1140/epjc/s2005-02240-y
R . PHYSICAL JOURNAL C

Non-minimal coupling to a Lorentz-violating background
and topological implications

H. Belich»?2, T. Costa-Soares?3%P, M.M. Ferreira Jr.%°¢, J.A. Helayél-Neto?:3:d

(v Dy —m)¥ = 0, D, =0u+eA, +igv"Fu,.
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Non-minimal coupling to the gauge field and background

(iv"D,, —m)¥ =0, D, =0,+¢eA,+igv"F,,,

ﬁ:(ﬁ—eﬁ—l—gvoﬁ—g?xﬁ)

—

(0 =g7). Duc = [(gV X ﬁ) - dl

(gv.) = 1071% (eV)~! PHYSICAL REVIEW D 83, 125025 (2011)

39
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On the influence of a Coulomb-like potential induced by the Lorentz
symmetry breaking effects on the Harmonic Oscillator

"0, — iy 0, — gb" Fl (x) 7", Eur. Phys. J. Plus 127, 102 (2012)

3%

iy Dﬂ U+ — Z |:D;l In (hl ;22 hg)] U — gl F:u.i,f (;_1'?) v =mW,
ho = p and hy = 1.

in cylindrical coordinates: hg = 1, hy = 1. ho = p and hy = 1.

()L‘ B 1 [ o° N 1o . 1 ° N 0? 1 ioc? O
"ot~ " om op?>  pdp  p? dp? 027 v 2m ,0? Dy
1 gbByOv  (gbBy)”
+ - 5 ¥ — ?_g ! — + (gi—o)@.
Smp mp 2m

40
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1. Phys. G: Nucl. Part. Phys. 39 (2012) 085001 (10pp) doi: 10.1088/0954-3899/39/8/085001

Abelian geometric phase for a Dirac neutral particle in
a Lorentz symmetry violation environment

K Bakke' and H Belich?

. a8 v :
iy 8, = iv" 9 — S0 Fua Fpo v by v" — 50" Fua Fpo v" y",

Projetos iniciados:
-Supersimetria do setor de Gauge Par.
-Supergravidade e Violagdo de Sim. de Lorentz.

41
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On the influence of a Coulomb-like potential induced by the Lorentz
symmetry breaking effects on the Harmonic Oscillator

"0, — iy 0, — gb" Fl (x) 7", Eur. Phys. J. Plus 127, 102 (2012)

3
l , hq ho h:
A EED DRt {D o (1—)] U — gl Fy () 7" = m,

-
k=1 k

42
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On the influence of a Coulomb-like potential induced by the Lorentz
symmetry breaking effects on the Harmonic Oscillator

"0, — iy 0, — gb" Fl (x) 7", Eur. Phys. J. Plus 127, 102 (2012)

iy Dﬂ U+ — Z |:D;l In (hl ;22 hg)] U — gl F:u.i,f (;_1'?) v =mW,

1.
E—1 k

in cylindrical coordinates : p, = 1. hy = 1. hy = pand hg = 1.
()L‘ B 1 [0 . 1 0 N 1 9° N 0? 1 io3 O
"ot~ " om op?>  pdp  p? dp? 027 v 2m ,0? Dy
1 By 00 (gbBy)’
+ — gﬁﬂ‘—ig) UE.L' +M¢f!.
8mp? mp Oy 2m

43
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Geometric quantum phases from Lorentz symmetry breaking effects in the

cosmic string spacetime
Phys. Rev. D 90, 025026 (2014)
The CPT-even gauge sector of the SME 1

S = — / d*r K g FO0 Fed

K abed = I{[ab] [ed] s Kabed = K cdab: I{abab =0

4

I‘ull—'

C¢
- - - ~ . Nab & Se
K abed — (?]af Kbd — Nad Kbe T Mbd Kac — ';'Fbch-ad) RKagb — K (éagb ;
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Geometric quantum phases from Lorentz symmetry breaking effects in the

cosmic string spacetime
Phys. Rev. D 90, 025026 (2014)
The CPT-even gauge sector of the SME 1

S = — / d*r K g FO0 Fed

K abed — = K [ab][cd] » K abed — = K cdab I*ab ab — 0

4

I‘ull—'

C¢
- - - ~ . Nab & Se
K abed — (?]af Kbd — Nad Kbe T Mbd Kac — ';'Fbch-ad) RKagb — K (éagb ;

1 | -
LmnodM = _\/§ (1 F;‘_LU chr gﬁmgua + 1 G F,u,.u Fp}.)

45
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Geometric quantum phases from Lorentz symmetry breaking effects in the

cosmic string spacetime
Phys. Rev. D 90, 025026 (2014)

The CPT-even gauge sector of the SME _ 1 , i
Jats S=—7 / Py K, b ped

K abed — = K [ab][cd] » K abed — = K cdab I*ab ab — 0

. 1 i N N ) Jab ¢C¢
Kaped = E (?]ac Rbd — Nad Kbe T Mbd Kae — ”bcf‘fﬂd} Kagb = K (ng{; %) )
1 pp vo 1 7L PA
K'mc::d}d — _\/§ 1 F;‘_LU chr grg T T+ 1 K F,u.u Fp}.
1 AN _ _
LmodM = —v/g (l — 5 féa 5_&) 7 P (@) (@) gup (2) Guo (2).
§,{Lp (;T) — f}’,‘iﬂp (._I) - E&Eﬂ Eﬂ‘ € — R 46
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Locally, the reference frame of the observers can be build via a noncoordinate basis

e e, (x) dat,  Guv () = e, (x) e’ () Tab

inverse of the tetrads the 1-form connection,
{,1{1 —_— 1 (1 e .«-L
doet = ey (1) 9“ wh =w, () dxt
i O + iy Ty () v = ma), Cartan’s structure

equations in the absence of torsion

L ap N O 2 I Ab —
FH (517) — 1 Wiab ( ) R B = % [ﬁ"(r ’:""E} g™ + “’L"'ab NG” =0

a7
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Locally, the reference frame of the observers can be build via a noncoordinate basis

e e, (x) dat,  Guv () = e, (x) e’ () Tab

inverse of the tetrads the 1-form connection,
. - a ., a Al
dxrt = Ei’ua (:1-') 0, “b T b U) dat
i O + iy Ty () v = ma), Cartan’s structure

equations in the absence of torsion

(Lo (1 0 2 i Ab -
Dy () = Sy (2) S0 T = £ [y, 48] d8* +w AG® =0

!

the effective metric of the cosmic string spacetime under Lorentz symmetry breaking effects
- 2 f f 2
ds” = dt* — d.p2 — -r)2p2 (1+¢€) dg;}2 — dz”

s

O = dt; o' = dp: 0% = npv 1+ e dp: 0% = d- 48
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the 1-form connection the spinorial connection

v 2 () — 1 :

w, (1) = —w, Lo(x) =nv/1+e Lo (x) = _5_?,’@23
the Dirac equation in the cosmic string spacetime

o OV 1 o 1 b -+ ye O .3 O

ot Op  2p)  np/1+e€ 0p  dz

'?’IH‘ = 3"‘

49
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the 1-form connection the spinorial connection

v 2 () — 1 :

w, (1) = —w, Lo(x) =nv/1+e Lo (x) = _5_?,’@23
the Dirac equation in the cosmic string spacetime

0 0v 1 o 1 o O .3 oxl

ot \Odp 2p) gp/1+edp 1 0z

By applying the Dirac phase factor method

()Z 0 n 1 (C)’L-t'i?[} E"}’} (‘:)"L{'i?{:} ey 3 E:)"L{'i?[}
?ﬁ - 17y - \
Ot dp  npV/1+e€ Op 0z

'?’IH‘ = 3"‘

"?f-f'jll‘{] , L-i'jl,?{:} — 3 Y

50
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the 1-form connection the spinorial connection

i”“’:pzl (2) = —w, L(r) =nvT+e ', ()= —%?}x/l +eX’

the Dirac equation in the cosmic string spacetime

o 0 1 | i~ oy . 5 O
mu = iy U 1 . — | Y+ ’ — +1 “‘3 —.
ot dp  2p npy/ 1+ € 0y 0z
By applying the Dirac phase factor method
g 0 0o O iy? O O
Lo o . 1 d¥o ! 0 . 3 JU
Q) / Gl —— G r‘"\ G~
W= e Y. muwyog = 19 -+ 3 —+ . —+ 1 Y . .
0 ot Jp  npv/1+¢€ Op 0z

the relativistic geometric phase acquired by the wave function of the Dirac particle is

j{m/lqtt—’ nV1+e X7 51
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