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Gauge U(1), X global U(1)p
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* Cosmological implication
1) rich string structure
2) opening up QCD axion window
3) gauge string radiating axions?
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* tension
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Gauge strings
* gauge string solution
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Gauge strings
* gauge string solution
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* tension
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Motivation of cosmic strings

e theoretically interesting
classical field solutions

 phenomenological rich

cosmology (Kibble mechanism)
ke axion dark matter abundance

"4 ) N new observables (CMB, ...)
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* Lagrangian
F=—L7 2wip @D _h | D, |?
Ty [Tl Iy 1

D,=0,—1eZ,
assume that v; > v,

o (I)l — (I)leiaz+iapQ

(I)Z N (I)zeiaz_iaPQ

+DﬂcI>§

P4 D,

U(l)z 1 1
U(1)pq 1 -1




Vacuum and fluctuations



Vacuum and fluctuations

e cross section of vacuum manifold

0
U(l)z
\ minimal
- loop
T



Vacuum and fluctuations

e cross section of vacuum manifold

CZZ =TT
@1 —> q)lelﬂ, (I)z —> q)zem: — q)ze_lﬂ |
UQ),

minimal
loop



Vacuum and fluctuations

e cross section of vacuum manifold
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Vacuum and fluctuations

e cross section of vacuum manifold

0
a, =T
I in __ —Ii
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U(1)z
(I)l — Cble”’, (I)2 — (Dze_m \minimal
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« axion direction is orthogonal to the longitudinal mode of Z*
2V1V2
a(x) =v,apg, V,= ~ 2v,
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Integrating with QCD axion model

* KSVZ-like model
introduce Q; and Q with color charge and U(1)pq charge
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 Barr and Seckel’s model

Q11 O1r Qor Oor
color, U(1) and U(1)pq charges

Z =000+ P,0 Qg +1h.c.
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String Solutions
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* (1,0) string
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(1,0) strings

* (1,0) string
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* gradient energy
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(1,0) strings

* (1,0) string
1 . 1
O, =—v e, Oy=—v,, Z =co0, r—o (
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* gradient energy

27 L

1 . .

Pi(1.0) = [ dé’J drr < | (759 — ieZp)®; |* + | (—ieZ,)D, |
0 5

L
= Jl'hl(g) [vlz(l —ec)’ + v22(ec)2]
» outside core ( minimize it by varying c )
V2

2 2
Vi +V2

L, L
KPr10) =7 ln(g) = rf, lll(g)

10



(0,1) strings

* (0,1) string
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(0,1) strings

* (0,1) string
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» gradient energy of (0,1) = gradient energy of (1,0)
Hi.0,1) = Ki1.,0)
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* (0,1) string e
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» gradient energy of (0,1) = gradient energy of (1,0)
Hi0,1) = Hi,(1,0)

* outside core region
(1,0) string is equivalent to (0,-1) string through a gauge transformation
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* (0,1) string e
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» gradient energy of (0,1) = gradient energy of (1,0)
Hi0,1) = Hi,(1,0)

* outside core region
(1,0) string is equivalent to (0,-1) string through a gauge transformation

1 . 1 Sa,— 1 1 .
<q)1 — _Vl ele, (1)2 — _V2> —)aZ i ) ((I)l — _Vl ) q)z — _Vze_l9>
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* outside core region
(1,0) can be viewed as an anti-string of (0,1)
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(1,1) strings

* gradient energy of (1,1) string (
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(1,1) strings

* gradient energy of (1,1) string (
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(1,1) strings

* gradient energy of (1,1) string (

1 . 1 .
O, =—v Y, ®y=—ne"?, Z,=cdf, r—oo
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1 _ 1 .

Hi1,1) = J dHJ drr < | (759 — 1e/y)D, |2 + |(709 — 1eZy)D, |2
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e the profile of Z, can simultaneously cancel the gradient energy of
®, and P,

Hi1,1) = 0
* (1,1) gauge string

(1,0) and (0,1) global strings
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The full tension

* magnetic self-energy, scalar potential energy, and gradient energy

* (1,0) string
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(0,1) string
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The full tension

* magnetic self-energy, scalar potential energy, and gradient energy
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(0,1) string
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Ho.1y = Evzz + TL'V22 In (m—z>+7tv2 In <—§ >

* (1,0) string
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The full tension

* magnetic self-energy, scalar potential energy, and gradient energy
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* (1,0) string
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« heavy core of (1,0) string 1.0y > K01

 binding energy of (1,1) string
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Cosmological Implication
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First phase transition and string formation

« consider v; > v,

first phase transition

(@,(0) = % and (®,(x)) = 0

e string formation, the correlation length ~ 1/v,

(1, 7) S‘l'riu&

« U(1) gauge strings form
(1, n ) string
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Second phase transition
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Second phase transition

* second phase transition

(@,(x)) =V—12 and (®,(x)) = —2

=

17



Second phase transition

* second phase transition

Vi Vo
(D(x)) = _2 and (@,(x)) = —

\/5

e string formation, the correlation length ~ 1/v,
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Second phase transition

* second phase transition

(@,(0) = —= and (D,(x)) = —=

V2 V2

e string formation, the correlation length ~ 1/v,

 (0,1) strings form via Kibble mechanism
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(1,n) string in the second phase transition

e (1, n)string — ?
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(1,n) string in the second phase transition

e (1, n)string — ?
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(1,n) string in the second phase transition

e (1, n)string — ?
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(1,n) string in the second phase transition

e (1, n)string = (1,0) string to minimize the energy
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String network evolution

* (1,0) string encounters (1,0) string
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String network evolution

* (1,0) string encounters (1,0) string

/\/ /\\/
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String network evolution

e (1,0) string encounters (0,1) string — (1,1) bound state
Y-junctions
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String network evolution

e (1,0) string encounters (0,1) string — (1,1) bound state
Y-junctions

(l,0) (0.1)

(1,1)

* Other works on simulations of Y-junctions
found 1) some fraction of Y-junctions remain

2) scaling solution Urrestilla, Vilenkin JHEP(2008)
Rajentie, Skellariodou, Stoica, JCAP (2007)

Copeland, Saffin JHEP (2005)
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QCD axion

21



QCD axion

* dark matter abundance
misalignment + string radiation + domain wall collapse

Pao = Pa(to)+m ny (o) +many ™ (1)
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QCD axion

* dark matter abundance
misalignment + string radiation + domain wall collapse
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QCD axion

e dark matter abundance

misalignment + string radiation + domain wall collapse
D
pa,O = pc\z/ac(tO)_l_mancsltr(tO)_l_mana W(IO)

 uncertainty from string radiation

7 axvwons
dE \ /1
Scenario A : IR spectrum - x 6w — 2mt™h) O <
®
N
. dE 1 ¢
Scenario B: flat spectrum X
do @
1
nstr X
e dE
(£

dw
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Gauged global string

e (0,1) string tension is the same as a standard QCD axion string

* heavy core of (1,0) string

m myt
H(1,0/(F) = zviln <—1>+7Zf§ In <TZ>

myz
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Q,h?

Gauged global string

e (0,1) string tension is the same as a standard QCD axion string

* heavy core of (1,0) string
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Gauged global string

e (0,1) string tension is the same as a standard QCD axion string

* heavy core of (1,0) string

Scenario B
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QCD axion window
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Future explorations
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Gauged global string
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Gauge string (1,1) radiation

n YV 7 axion
* gauge strings radiate gravitons g o Lreyiton
« How about (1,1) gauge strings? c Q ~ T‘

¢ | !

\
 (1,1) string is gauge string, but it also has axion as light d.o.f

1 v 1 2042 2\72 1 2
L = =2, 2"+ WD+ B8y ) e 2,0+ = fidh. ) (9,)

2 2
g(d1, Po) =fa¢_; - aﬁ
Vi

2
1)
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Gauge string (1,1) radiation
N V7 ( xion

Ve
or Tmli'h'\
=

¢ | !

* gauge strings radiate gravitons

« How about (1,1) gauge strings?

\
 (1,1) string is gauge string, but it also has axion as light d.o.f

1 v 1 20 4.2 2N72 1 2
b = =2, 2"+ D]+ GDZ=5(f 1) e 20, + = [ ) (9,0)

b
8 ) =i —fi—
Vi V3
1
. Kalb-Ramond field B/, 0,0 = Eeﬂmﬁa”B“ﬁ
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Gauge string (1,1) radiation
N V7 ( xion
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* gauge strings radiate gravitons

« How about (1,1) gauge strings?

\
 (1,1) string is gauge string, but it also has axion as light d.o.f

1 v 1 20 4.2 2N72 1 2
b = =2, 2"+ D]+ GDZ=5(f 1) e 20, + = [ ) (9,0)

b
8 ) =i —fi—
Vi V3
1
. Kalb-Ramond field B/, 0,0 = Eeﬂmﬁa”B“ﬁ

* radiation power
dP, ey
dq2 !
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Conclusion
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