UNITED NATIONS EDUCATIONAL, SCIENTIFIC AND CuLTURAL ORGANIZATION

INTERNATIONAL ATOMIC ENERGY AGENCY
INTERNATIONAL CENTRE FOR THEORETICAL  PHYSICS

LC.TP, P.O. BOX 586, 34100 TRIESTE, ITALY, CABLE: CENTRATOM TRIESTE

SMR.996 - 26

SUMMER SCHOOL IN HIGH ENERGY PHYSICS AND COSMOLOGY

2 June - 4 July 1997

COSMIC STRINGS: EVOLUTION AND APPLICATIONS

T. KIBBLE
Blackett Laboratory
Imperial College
London, SW7 2BZ
U.K.

Please note: These are preliminary notes intended for internal distribution only.




Cosmic Striggg_

TIntroduction
What ave cosuuc. S‘fv*c‘vgg?-
String -ﬁrmai?on
Ilfu:haf AQV\S‘L"(},‘, _— LLOLJ Ma/“éj afe.,érm&ﬁ?
L@mgﬁf Adch P‘-E,Auf@, — CCWLﬁ dﬁiwgg‘?

Evolution of stri ngs

Cosmological c’mplicafions'

Con <t tggs oxploin.
(,,l/’a Pt l.c‘(‘*/—ff; ({.‘, C.q.,?p’(mﬂp

Titir £ ue. . No!

I’Ur(;( A B

[ ‘Gl e £.9.y CrCy - O Y -7
g e /r'é P
PR N

Conclusions




E{g-BaWQ P hoge Transitions

Planck time quawtum
Reviews o Coswmic Strimge = +G —435 Tgr avtty
—5 =10 s Tuocer
AVilewlin + EPS Shelland ¢
Cosmic S’(‘ffngs and oller fbpo(ogc’ca.f G’ rand. un{féca*t‘:on
defecs, CUP 19% { & 15 % kel ~ 10 GeV
MBCHindmang « TWB Kibble .
oSmic s'(rivg_s, Rep Prog Phug R (3¢) 477 ? SuPersymmefry bneaking?
WH. Zurelc .
QDSmobgiCaJ Q—KM ur Condenged ¢
Electro-weak
matler SgS!'M, 'P‘ﬂs pep_ _-?__7_6 (?6) no.4 o —10 k] ~ 100 C&/
1~10 s
E)‘PWCMMS ¢
PC Hendry o of  Natuve 36Q @) 3IS Quark- hadvou

Phase fransitions §{ inflalion

Peforences

CBawarle e of  Natuve 382 (9¢)33)

defects

VMH Ruadu o od  Nehuwe 382 (96)334. b
AMNGENES (S



_S'jﬂ’Imgfrg Breakin 9.
U(') ﬂ\Qorg 7V

CP‘*Q’D@‘.“
=5'}(l¢l7—.5' ,zz)z

¢
Re ¢

:Dejtnehfh ground sfale. <¢> - _Jq_ec'oz

T>-,;~? (C-"-"h;-bs,_.f)

Symmetric phase (4> =0
T<T

ordered phase <> *O
As T fals below 7;) b chooses
randen. phase o —~ different in

different reglons = defecks

\

Cosmic Strings

#V
2
=¢-17)
ngmy ¢’¢e‘“
broken bdaw-]é. AN _
As TN belcwz ¢ 2 I P
chooses phage: i: ¢
>= le
cosmic sfwe
X is fbpologc‘caz
s s
2 enengy _+4 ..
o g.! =0 &_n.;gf_‘. tnnou
"y =p~ N
gfs “ (c=k =k ,1_>

Grayifational eﬁchs dzfend on

G‘H’ ( PL) ~10 -ﬁwGUTth.uﬂs



:’?j pes O:{ Cosm.ic S‘f’rc't\?i

Local - breakig of lecal gauvge
5 g(mmefyy
— dymamics is local | described
bg Nawbu- Goty aclione

Global — brealivg of global syumelvy
— lomg-range inferaclions
— radiale Goldsforne besoms (o azct‘am.s)
Supcrcowduciinj
— bosonic charge carriers or
formions trapgped in Wrauvsverte
Zlro nmodes
— nferactions wd& of\am(?ad P:w(:°(¢5
aud ,W,zgmﬁa falds

Qﬂgu/(ar W\O'V\aﬂfm Ma(
crvrenls (voysfo,\s)

TW

Coveal

Phage transitions in non-
Abelion gauge fleories may
not show true symmetry
br@a‘dng,

e.g. Electroweak fleory
Kajontie ef al

For MHZ g0 GeV:
Smoott. Cressover,
no franeifion,

L

80 y
cev Mu

Net true for UCY) Heory' - [eeds >
€.9. Superconductor ’”“"f"“‘%

Defect ﬁf‘maﬁan may be

defferent in non- Abelian
Heores,



b

Condensed Matter bxamples
Liguid “Ue
Below 1o ~218K, condensale
¢( x) (macroswepic oocupat'aa

~ ¢l

Fara A =l¢le”
!mpf (= . ny
4
nl
Rofating containe gtow e
L Vorfex (ines
where
|D]=0 in core
uant
i
Verfe x W = z'rt

lince

Type I suparconductors

BCS theory:

e’s form QDO r e

(f'l‘ -k L) ('sz'at‘e)
Condensake of Cooper
pairs, wave -[u.nc'tzo» ¢ )
Landau- @msbe(g Made(

F= ,—;—;; DD+ AP +abY

Type I: 2>

Flux tubes: /_'_]_" 1 '\
¢=0 in core
qmdézedﬂw 4“ \ ﬂ



dL3L 88l ACHYIDR) t+ YR IACJURIATT Wl ooz St ot sied w ieq [EIUOZLOY
o) JO Lum:uq Ayl “(Fulns ou SI 13y} (wr p9=y) ajdwes qu,H e ul mE:.ﬂo.oa Jjo :ma|w (oumyd 1 omd
a1 1010211 24} JO saul] FUOTE UNI SUIEYD ay1) s[dwes pa1e10dap—q {(UMOYs 21e ‘Juol ww 1] ‘Fulns sures
(«o spu2 24l) 131y pazueiod ut [B15A10 pInbiy 3y} JO 2INIX21—F ‘U JO GONEBIUILIO PLIGAY B Ylim E_i 01=4)
eisk1o pinbip ongwsd € Jo 1ake uyy v ul winlooquue ue pue wnlooq v undsauuod squig—q'e '§ "DI4

64‘0”"

/

v

sfa(s

tenal orde

LOM?- r o.vqu C rie Mtb h‘on a

qwl d Cry
Disclinalions

Nemoaltic pl\ase:

No tranc<lo

Li




Cosmological Effects

To predict cosmological
eﬂed‘s we need fo lones:

. Ohat defects are formed
ond how ma-u.g?

2 Hew def('ec ts evelve ?
5. How do e ag'ed" malffer
and rodialion?

For (1) ond to some exkext
for (2) we can fest ideas by

applying few o anclogeus
Condénsed

maller examples

Defect Formation

'la\(e U(1) mode.ﬂ.-

As T faU.S below
Te, <) +O

chooses phase = varging randomly,

= rawndowm faug‘e

of stre
O Ly
y (3 |

7

What Sefs grole ssfn‘ng' 3 7
Correlotion lengfl. -
3C) H 47 AoatT? 5

TS(T) ?Ginzbuvg ewmp TGa.‘f ohch

/ \ V) 365 T




Génzbu.rg [emg'«. Zrek Cri.f'ercou, [equiibrian”
szbwrg fQMpﬂra.fLwe TG‘ CaMSaJ- L\or‘fzon estoblshe d

T T behor?]
/._;rr_: fL. . :

Uu=c¢c in m(a Umverse

Af =\gicr)  dD=j /7—-%}’, = speed of Ind ound i bgwd He
To def by AF)I(T =T et % - JE__ u= U f5
Te~% y v
e S L S e
5 ~ f £= ,___ o f-—'fc )ing'
Gm-zbuv? L"‘-Qm Te -TCZ,—
?(TG)* F _F;=$u.euckmé -_--—_'1;/
TG Lsfempemtm above which S"f‘mn. s T=T
are wt-%lg on Scale of drwg undﬂ beller- ?,w. = f»u(i')é.t’: ";__gf_cg EQ-V
%4

te
Lurele crnferion (s: t is Eime af'?)‘iu.c( ‘
gh-r = z@,..‘CT) ] &}b ,



T

Zurek Criterion, ( o.(t,)

This is &3MMECaC problew. : cf rofes

T relevaut fo creabion <

of small loops, and @
wﬁaaaucsr o( &M@ {f»ings} not B
creafion of long strings.

* Cousallg

= 3§<c

[Rel.: C=(L3H<p¢el_
NR: c= c;.lmn.v.!‘.s'pe«:!i

(e,’_ wecond Saand) -

L)

Y . —
&t & 1
This suggesh: $o }eq('ltt))
wp o point there $~c (),
Heveoflor 3~ condt upfo T
So Fgylta) = 5, (Th) = T (Tét)

MV“(?’ Cmpre guiunsh rals with

Thermal Feld Theory
Caleulation of Shring Density_

(A Gil{+ R F--W,f), 2 kerera «ﬂ?e vers

W(x-y:1) = { (D ¢*(£,f)>

T eliminale Flrcluakon e’ swect ovew
Some buwgtd sale M! Sting densds; o
2 meoniugfol of Abpenclonce o MG
weale.

Resulls depend o~ wteter mb'cQA'A 4
acder 1, Luf on f. Conzrally spealic,
Sﬁ?'vg denck, agrees witl Zurek estinate
buk wth  Compction facken o f

éewv,{- g W\.coﬂfg Covelions ave net



Experimental Tegt in “He

Zurek proposed experiment
fo test vorfex formalion

R

Senano i e /}P Solid %He

Regure quench ac . T
} “e-T

Hendvy ef ol 2-18K 7-9

en *
(Lav\co.;l'aw)

Trangition induced bg Sudden

presure dop = vortices formed
Vorlices detected b3 atffenwabion of
Ind sound

Resulks Congistont Jift Jurele

But not conclusive : Vot‘ﬁ'cﬂ& can be
gevevated in offor wayg, eq hydvo-

¥ 4 ‘ F7J vy

[1}]
<
|
p hS.
2
O -
© a
n o)
N
o O O
™M N -
(req) d

T(K)

A-transition

T) phase diagram, from initial

ry (dashed) through the

')

on the *He pressure-temperature (P-

FIG. 1 Sketch of expansion trajecto
values (T,, P) to final values (Ty,



Expansion Cryostat )

Y
o
g
“ 05 -
&
0.0 r —
5 0 500 1000
= | A 5‘_3
10—~ =2 * O S g
19>
0.5
0.0 . -
0 500 1000

t{ms)

FIG. 3 Evolution of the normalized second sound signal amplitude S
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Shellord & Allzu.

L .

Fig. 3. Portion of the numerical box showing the evolved cosmic string system in a small 18%
simulstion. The horizon at this time is spproximately 3.5 times the box sidelength.
Note the large number of kinks and short wavelength modes and the predominance
of small loops on scales much less than the horizon. The curved segment in the fore
ground is the result of a fairly recent intercommuting between uncorrelated segments,
{t axhibits snbanced substructure and is actively forming small locops as it contracts.
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Measwre 7;3 (6, 9).

T7 TV AT a6
= 8wl pev .
v T .1 é__rz:____T(G,:g _’;zé A
Conpa‘tt'bk ux{( COBE ¢ C!'C, Avgwfa«r power cPec'lvum:
% 5
Tuflation vs Cosmic Srings = <lal>
Bol = viable models of Corvelation fimeliow’ 2,
CMB R' dﬂ%"‘fy Pcrtu-fmabﬂ‘ C(Q)H<AT(£Q Z)T(g,) b z
Coloulalions in shring seodel T -
diffclt becmuse of warbints = £ 200 B2

in CVOCuton. + i

Look {for robust Sguas —
best prospeaf s geall angular
SCﬂvle CM,BQ :bs”arﬁo ns

C,: motion of Earth rel o EMB ~ €00 low/s



1‘00 T T T IITTF}

N T 9 L
— CDM +Iﬂ]€(aft0n A - H Q’AU
| Strings s - FRW wa
80 - "

{ ] . Synchronous gauge 'ﬁp=o
L 1 ~ f'er\:ar . vecfor

= #; + (R0 + vy)
*5(313““7;&%)5 4-‘{(33,-%—&3) s’

scalavrs

S::;Z"‘- S'/== t,th‘-

Y

’L L'J'

Scalow, vector s toagor modes ovolve
S‘tpamaielj
] dtm‘c'% Pewfhwﬁaxfar\s Coup/ea‘
0 P e S ] o S‘caz(ar medes

! veloedty PeMaIEou\s fbo vector
AT(og) = }%' Cp, 0 (60) T, modles

<IQ,;Z“ I> = C[ mod.ec




10+ 1)C,/2w{uK")

11+ 1)C,/2n{uK*]

10 100 1000 10 100 1000 100 T T T YT T T T TYIT] T T T T T

|_____ total

e scalar monopoles | i strings
L _ - vector T
- tensor [ -
1000 [ 1
i 80 | monopoles .
| L - textures i | 'T'
500 - 5( ﬁ B - - -
£ ef ———— nt. textures™ | T4+ -
~
5 o
-+
™~ i '
U ] [—T T
A B o
- l' L]
;t 40 |- r 4 { =
s | 1 —A— 1 .
~ ‘H-'E"E:: = o i Y
o \\ '-.‘...-
R = I \___\\\.\\
~
20 - Jb -

J L lllllll L 1 Illllll 1 'l lIlIIlI

A1) aau A TPV BRI B  yerm ,
o L AR 0 0 10 100 1000
10 100 1000 10 100 1000

R, Seljoles Turele 1997



Dencily Perturbations

foat) C'.é'_r:
———1 =/, Ak e
o T

POWQV‘ S‘P«QC‘f‘rch

Ple) = | S o k'

: Comoving dust

r
.‘fi Gmoving ware vechy
1000 |-

—3<n<4
Loavge scals (k—0): Plk) o kY 100
InfLQt{on: selve
1 mafler
P"W—— ngwR = BIG'-];}/
10 E

fofind how & evelves.
Defect medels (incliding shrigs): sotve

10‘ :‘ LI LA

strings
monopoles ]
______ textures _
— — — nt. textureg
sCDM

matfar
Ruv — 19, R =¥%x G(‘I;W +T;iekd;>
=>‘active pwfuvbaﬁm.c.

1 10

Nen, Coljole +Turolk 92



G

6%(k)

(DM + in,f(affon_

Str‘ings

Densily
Dedwbalion

Fia: @ Jun B 16:44 1997

1000 [

—— sfrings «\.(qutrGy.
IIIIII T T ‘11]1‘[ T T T 1

l"l‘

0.01

o Devialions ( rom Scal c‘ng_

1000 C -
' b3
I -
< 100 | /,.?\:
® / ]
o N
10 - -
- g
1 L L Ll
0.01 0.1
k/h Mpc™!
C"aﬂ e. t‘n‘ ———— (’,\ f\."’qt "?KAM'
3 r-"\[“}-' Fr o Mo
power low i

———— " (Mm w;Q)

——— ! (@(ﬁ‘eme)



Conclusions

To £t bott

CMB - Cobe nomalization
2 Large-Scale structuve
Would requcre very axl ielal
Chauges

Cocmic sfrcngs do wnot
provide au acceplable ﬂeory

of dructure formation.

but ...
ot ¢g “aclificial®?

.
Msn:

EIM and inflation
doesn't work elther

— we ne.eA M(xeal daxk' maﬁr "
or A*O or .

ond

Cosmic <frings Could
explaun very high energy
Cosmic roys (E> 10° eV)
and could provide a Caudicdats

f CDM,







