m the

Wlisryiee’ - abdus salam
crgoraon international centre for theoretical physics

SMR.1227 - 20

SUMMER SCHOOL ON ASTROPARTICLE PHYSICS AND COSMOLOGY

12 - 30 June 2000

TOPOLOGICAL DEFECTS

Part 1l

T. VACHASPATI
Dept. of Physics
Case Western Reserve University
Cleveland, OH
USA

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

strada costiera, | | - 34014 trieste italy - tel. +39 04022401 |} fax +39 040224163 - sci_info@ictp.trieste.it - www.ictp.trieste.it



g

-



3.,

5. StmuaA:
J) Topdaaa- N,.
Stn'waa ore gromed (f Gl e dncodrackdle
S5 (k).
R&m.xm.ko\;a M s (@)
Theorew:  IF TR (G) =4 = T, (G)  Bhew

N (Gn) = Ta (W)

Wit wm=l = /(&) = T (W)
M R boe Mscameetd  components, i
W88 B Jermand.
Auo-,md&,o M mG)FL W Mg Ben shiieg

ot ot r—end
A oan R vt g e Sesboocteld,

W, v\-ﬁ"t L& 4"\ H) VT

<3 Vhy — B
T,y =L LE w (o) =2

Uokout Aoy UO) fackvus dn G and disode tactou

Jnﬂ-l%wm-wij%wgww-



m € B
) xample:  U0)  Rocal

VM B — 3= e
- e



%ea‘w\c—lvvdn watle & %"‘ -‘-Jv-.ct—s.a. S‘L\A.fa, selwdian

B (o [ 21237 +1% V]

?f-‘-u\lti
E_DQ: VLQ,;\ L"\:";'l).
A L Voo (wme)2),
V2
w o E "
X _q\a
Thon-

E- v 80‘2“0' | L (fom = & (V- Rala))
-+ -‘— LgmnBAQ& -+ E;&.\:'DMQ‘D)L
% g R
- B (& &=

~

_ €€l Du R D
+{ L Hun ewg Rafu) = Ern€at DR DnRY |
Wit F: Q”ez\a- ) FD\MQOL = DmQa+ eE“LAhr\YW“@b-

Bk L1 B (-8B - £, & DD, = DS,

ntenn
Sy 7 Epm (D8 b + ),

inkE
Honww o ‘EU\M/\M o \oc\wrﬂwva e,



% ‘q\

L den F’;‘ , B i vuiwianied ]

fWW\ - EWV\_ (" QnQn) =0 Boadwe{ . QT/
na, )
EWM-D,\&& - &l .bm[Db =0.
au\o\’. N
E.. = Ay. 9, S,
WAl %_ K a f P
= g [y £ Sy
Coo
- .4-2 Sdsr ‘S‘)M ’\j‘m S %QB:O ot .,
2 G
Newy . .bw\Q":O a\j’ oo = € v Vs ®'o = "?w\Qa‘
®, Q“S\M: +) é‘c’r}m&a
e

&1, ,, = "é EC“QCBMQ& \WRVERIEZE

Em(h = 'q.l Sa‘sl, gb“‘" Eea QCDmQa.-

2e Ca

x
- ;‘}2 Qa@ (R R, - & Q,).
<

= '\_/l_?‘

e

e - W:an 'V\:vv;na?.a't«a:#—-
<

g &,z CnnB) , ®;Bin(n®) .



1{- ® = _Sl[?\). e:g
Ug = ;V\_{‘\SLK)

Fhan %Odvmcha’; -QNM O .
i.!.i = 0 (")

d_ =ﬁ(\_1\.
BT w

!
- ot al  eadinaRe V&- E'an. ~ !Dzlﬂd""sfcﬂn "?"" b At \D‘G-E/\/,

Note: G «»( \" 2 Gpy 10 fu GUT staing..
Wre

ﬁl(GIH\:}“ —_—> Zn s.fMV\ao
¥\ 2‘“ s’t/\,:nﬁo ans fby’u%cg\u.ua Arivianl

ons can S a  votes vg " dwir\dn.

/77R<~ Ze aings.

Now - Aoellan s\rrving.— wonlt da Bore.

Ui ) CLenilicel. and elefreomeadk. — wll de Raien A5 A f%m}sh.



(v

Fromabion and Bvlads e

z ]@%:/ s’cm‘~5.

N O
shai /L_é <,
r! o .

Net_v_v_hk.

WE O

36,



3.2,

Evelation &.o‘h"“f

) fension ¢ |

1 |
el
Nl L

E—‘—J“.Q;I/Nt Rcimn
Ir 10 e (0T
- /R R ~ ‘DT? s (l«rﬁi-un SETS f‘bv‘-“q)
§ X

“ 2eko Frick e m‘ulvw-xiw)ﬂ‘mn
i N “aemd}b{c oy



Tapes of frsdom: (06N

- "' s a ?ww@t%akv% D ﬂ*vi»\d"
c° aa A, ?wuam..vbf\ i~ R ","HV\J.—QJ\(.L inecten .

. . 6%=Sw

%_‘? Sa\."xl—q = —PQG‘QO‘\/_——%:; +.ee

F&)M
= SNG‘ -
A
Nambn - Gsto
- action .
@y _ p » : .
Yo = Fpv 9 x* o x". Ak 20,1 5 P¥=0,,2,3

3.8, .

kY Py FRwn toke 0°=T ,06'= Y (ap.aa. e )

2

_h';\.ﬁ/v\'.
" X + 2 (1-F)% = g i')’
E
s
S Z* Conformal Hums
ac
M= % %‘% - (L\o‘t:d‘t)




3.9.

'V\‘t !f,:*‘l'ﬂns anol
N w\m‘;wl-% . ake coare o—& fuﬁ}.m ol ecommecttonn

\;a hand . \tvua valualtle hut  aimilan ewlg%
a box oé a,aA \:U W%MPM&

Aﬂ‘;\,vpoada 2. "Rativbarl vooualle.”

(V) Bvelikion: Bue swale wodel
Netrode can e vt diffount  Ronybi
ceales . For @xawls, Bu aadine of wwrvabare 1%«3
dtrings, Ao aBung  arprradinn, M sive of H
O s IR
The one scake wodel” i T assusptinn trak
AL Fhrae waxa« s calieq mwwmsmw.
‘m%:m, Bk aingle Q_zmau\SU«,QL L L“@‘
W5 e = by

(S)w-_—_ ey on*g. JWASEN'"%\ .



210 .

Yt Hubble M\aﬂ.ns\.m At He vundetn dover
.a Duings and red i B vebedikie

. ﬁ[’oo =z - QH(\‘\' '\ans)Pq, - C.?I'f

1
vr. pg (;;)?s.
g IS €

C = ’rwmm&t}- 23 T (T T VI o -§-IV\. d«u’ﬂwa, ru&tt}_:z.um;
o "M\"\-B Q_»%Tub-co . .

ko of L(=J"4€)-.

£ AL - R(evrOL 4 ¢
ot 2

P U Auwkiun 0 P = L at.
SUJA-Aa s P =
S X L=~ T.

“Tawm 3 =) [ [ _{\_Ht(\ﬂs;}m}ﬂ
D] av 2%

Sa&»«a st o ~ = c \ )
(R (v




29\

Nt as ‘\SHM_‘?

< g%
{\SJ\L = j_\_}___—__ o 4 '
g AS E At
T ?ﬁm
({51“\;.5 = (\- v’:mLB [ B_ - QH'UNM:} . k= Mw‘h cnflef
L Wit ivan \nma».pt

QE R gpven ‘;\o othen Aveinge oway\)\{’rlw ~f watwed ) |
one  scale MOM —‘?—1M are -

1 2] S0 - 31- 0 ()] |

’\.Jhws = (.)--\rr‘l““s) ‘ —ki: h QH \YAW-\] .

Baced o VISP | SiMMlO\)«'{Gm CMa b A Shalla gl
3-\{: ~
S = O1% 2004

klv) = QT . )-3v¢
T 1+ Ry

Is P o U M—$C~Q_L W««_}Hm Viv\/"’l?

Numervical  simandabion, —> No. Mt dncleds A ggtineas -

rdi .

Ao, vl <els scale ed moa/bm — ’rf\o-LoJUaa @W.LLWLAQNU'}%.

Luk WSCQQL W\OM wax'vt sk "F"‘WL o Caucatue %



(V!) Cogwelaa:g,\}_ Ma;u\iﬁ awo\ ?;W :

(n) CMB B Pllk).

U = D G TeulO@).
) T
+R <
C = Z L OOy
20} meo¢

4> dandte enstnbls W-«a

S’.-'cr\jv\.a wmel . — str\a}ybj’ W g
Q‘V\-ﬂ- scake Mom weed -s-.-\_vt l.mv\.atk o»t
W Al e  velocitea.

anty CMBIART

W } -T-VL Vo sua ’fanam‘}m jvn o seabe

Pk)y ML wae el maO,vau ovnrl asmvp‘oana. ¥



0_8 T T |!Illl{ T T IIITFT] T ¥ Irllll] T ¥ |I[Ill| T

0.7

> 06 [~

05

0.4 1 1 lllllll | 1 llllllj I' | IIllilI 1 lJ_lllllI4 |
1 10 100 1000 10

T



Wiy

0.2

0.18

0.16

0.14

T

T T T TTE

T

Illifll

Illllll

Illlll[

Illllll

Il

llllll'

l[ll!]l

100

1000

10*




I[ill

PN Ll
(s '

Illl

i]li

f

g, w2/ +01)

1000

100

10



47k} (1l Mpe )

1000

100

1T T 1T 11

IIIIII'I

T

T LI 'I'

| N T T

I ! [ S N ST | 1 1 | I S

0.1
k/h Mpc™



- T T T M T T T — T T F _ T T T _ T T T =
M&q
_ ..“;......,....mr..“.“.un.ﬁu“-f-:-r;....
1 | i — 1 1 1 _ ] 1 )] — 1 i 1 — 1 )| 1
o o o o o
o a0 () <t (o]
=

st L L ug/(+)

1000

100

10



4k \I1 MpC )

1000

100

T T 1T 71 171

IIITII!

T t I ]

1 1 l

R R W SR N S B

(UO-: 0 ]og
N=0)

| S I S |

0.01

0.1
k/h Mpc™



— T I T — T _ ¥ T T T T T ﬁ T T T —
5 -
EETRRR S P |
S
L ] SO o A SO -
.m um
A
<
- i ot ]
3 o i
5 Oh.u ..... i
L Ve e i
L O e .
1] o .
<o AL S
k L 1 _ ] _ 1 L 1 _ i 1 1 — 1 1 1
(o] Qo Q (= o
o ) t7el < N

P w2/ o(1+D1)

1000

100

0

1



G \n) \LL MpLe

1000

100

T T T T 17

k T T ]

1 ! ! 1 | L | N |

It 1 11

0.01

_ 0.1
k/h Mpc™!



llill]

T

ll!ll

Vol

lIllII

yr o uz/D+0)

1000

100

0

1



Hhnriny 1 mpe )

1000 [T

T 1T 1T 1T T7

100

I]FII[

N\
N

\

10

lllll\:

T

N

)
R

\

AN
N
r
u
o
-
~

| R S N N |

1 [ L l
0.01



074 rady, |
D10 waste. |

2

' . ' . o
Eh SO R R KRR [ '

B

................

Ill]

¥

Illl[

IlI|

llll

1

N "L u2/D(1+01 )

1000

100

10



0L ANy UL MpL )

1000

100

10

T T T 11T

l]Tl’

1 11 |

1 I 1 _ i | 1 | I

11 )

0.01

0.1
k/h Mpe™



6000

[1K?]

~—~ 4000

((+1)C/(2m

2000

IThel MAIXIMIA C’Iollalborlaticl»n 1(Halilan¥ et al 2900)

MAXIMA~1/1.04% ®

Boomerang x 1.10% o

o+
- - |
——
—e—

DMR ¢

T Do
o)
Cb “J
¢
i 7T
L
| § L l |
200



800 -

600

400

200



310 10 Cosmological implications of strings
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Fig. 10.5. Gravitational background spectrum for the parameters Gu = 10~
a = 10-3, 8 = 4/3 {from Caldwell & Allen {1992]). The contributions from t
radiation and matter eras are indicated by dotted lines. The frequency f on t
horizontal axis is defined a8 f = w/2x.

Here, z = ¢/t1, y = (t1/t0)?, to is the present time and we have assum
for simplicity that a>>T'Gu, so that the upper limit of z-integrati
: can be changed to 0o0. The f-function in (10.4.16) is unimportant :
: w > 4x/TGuto and § not very close to 2. The z- and y-integrations
then easily performed, and we obtain

_ 18738 -1)*vGp ( An )ﬂ-l |
Qg(w) @ = B) snl(z - Pyn] \Thuto (10.4.
The peak of the spectrum is reached at max ~ 4x [T Gptg correspond
to Qlg(Wmax) ~ Gp-

The full spectrum of the gravitational background for several value
the parameters G, a and 3 has been calculated numerically by Cald:
& Allen {1992]. They carefully treated the transition from the radial
to the mtterergandusedadiscretespectralﬁmctionwith Pp o1
instead of (10.4.16). A sample spectrum is shown in fig. 10.5. It she
be noted that the Caldwell & Allen estimates are based on the numer
gimulations of Allen & Shellard {1992] which do not include gravitati
back-reaction. The additional smoothing from radiation damping !
act to reduce the high-frequency contributions to the radiation spect
(refer to §7.7.1).
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