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Cosmic strings

Line-like objects of cosmic size

Models: classical solutions of field theories
® Gravitational effect: tension = E/L

® Other signatures: microstructure

Cosmic string microstructure

® Energy scale: spontaneous symmetry breaking (electroweak, GUT,
dark)

® Field content: Higgs and vector boson
® Flux tube
Importance
® GUT: structure formation (?)
® primordial magnetic fields
® accelerator signature



Abrikosov—Nielsen—Olesen strings

Abelian Higgs model

B

1
L= =3 FuF"™ +(Dug)" D'é = 5(6°6 — 1)%,

where D¢ = (0, — iA,)¢, B: Ginzburg-Landau parameter



Abrikosov—Nielsen—Olesen strings

Abelian Higgs model

1 * *
L= 7ZF[LI/FILV + (D#(ﬁ) Dp‘(b* §(¢ QS* 1)2 )
where D¢ = (0, — iA,)¢, B: Ginzburg-Landau parameter
Ansatz:

o(t, ) = f(r)exp(ind), Ay = na(r)
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Abrikosov (1957), Nielsen & Olesen (1973), Kibble (1976)



Main ingredients

® A complex, spontaneously breaking scalar field in 2D

(j)(X) :¢>(fﬂ9)7 |¢(r—>oo)| =0
® Winding number (no. flux quanta)

27
¢ 10ypdY = 27in
0

® Consequence: a zero in the middle



Main ingredients

A complex, spontaneously breaking scalar field in 2D

¢(x):¢(r,19), |¢(r—>oo)|:17
Winding number (no. flux quanta)

27
¢ t0gpdd = 2min
0

Consequence: a zero in the middle

In three dimension: vortex line (vortex string) or flux tube
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Physics of vortices and strings

Cosmic strings
® Strings (flux tubes) in the Higgs field(s) of particle physics
Abrikosov (1957), Nielsen & Olesen (1973), Kibble (1976)
® Most relevant: energy scale (GUT, electroweak, ...)
® Tension u = E/L characterises gravitational effects
® Possible accelerator signatures Nambu (1977), Huang & Tipton (1981)

See also Vilenkin & Shellard (1994), Hindmarsh & Kibble (1995), Vachaspati etal. (2015)

Vortices in condensed matter
e vortex lines in superfluids, BECS
e flux tubes in superconductors Abrikosov (1957)

® multiple order parameter

Babaev (2002), Babaev & Speight (2005), Catelani & Yuzbashyan (2010), Forgacs & Lukacs (2016)

See also Pismen (1999)

Analogies: “Cosmology in the laboratory”



Electroweak strings
Physical particles: W3, Y, — A, Z,

Z-string

¢ = nf(r)einﬂ, Zy = nz(r)

® An embedded ANO vortex
e Stability: at 6y, = /2, semilocal, stable for 5 < 1
® Realistic (smaller) Weinberg angle: more unstable (55 < 1)



Electroweak strings
Physical particles: W3, Y, — A, Z,

Z-string

¢ = nf(r)einﬂ, Zy = nz(r)

® An embedded ANO vortex
e Stability: at 6y, = /2, semilocal, stable for 5 < 1
® Realistic (smaller) Weinberg angle: more unstable (55 < 1)

Stability analysis: ¢5 — ¢, + d¢a, W7 — Wi+ WS, Z, — Z,+62Z,
Decoupled blocks:

® 5o, (3\/\/“+ instability in this block

® g1, OW,

© 62, 56, 603
Possible stabilisation mechanisms:

® Bound states of additional fields

® Quantum fluctuations of heavy fermionic fields
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Dark matter
26.8 % of the matter content of the Universe is dark

Kapteyn (1922), Oort (1932), Zwicky (1933)

Dark sector:
® Assumed to contain particles, as the visible sector
® May contain U(1) Abelian interactions
® U(1) interactions must be Higgsed (avoid long-range interaction)

Allowed interactions between dark and visible sectors
e Higgs portal
(o0 —n?)(x*x —15),
where ®: SM Higgs, x dark Higgs (scalar)
® Gauge kinetic mixing '
sine y
2 Y},LV CIL b

were Y# is weak hypercharge U(1) field strength, C** dark sector
U(1) field strength



A theory of Dark Matter

The Standard Model (SM) extended with a Dark Sector (DS)
Glashow-Salam-Weinberg theory

1 1
Losw = =3 Wi, W2 = 2¥,, Y £ DOTDM — My (610 — 12)?
where W;u = oUWy — oy W/i + eaLﬂ:W/I; W5 Yy = 0pYy = 0y Yy, Dpd® = (9 — igWZ T2 Vi)
Dark sector
1 ™ * *
Los = =5 Cu T + Dy D'x = 2o x —m3)?,
. sine
Ling = =N (®T0 —n?)(x"x —13) + 5 G Y »

where Cyp = 8,,C — 9, Cp, Dpx = (8 — i8Cu /2)x
Couplings: ) Higgs portal, sine gauge kinetic mixing teldom (1086

Arkani-Hamed, Finkbeiner, Slatyer & Weiner (2009), Arkani-Hamed & Weiner (2008)



Parameters

Electroweak parameters
® Higgs mass My
® 7-boson mass Mz

determined to a high precision by LEP

Tanabashi etal. (Particle Data Group) (2018)
Dark sector parameters
® Dark scalar mass Ms > My
® Scalar mixing angle 6
® Gauge kinetic mixing |¢| < 0.03 for My < 200 GeV,
® Dark gauge boson mass Mx

<1073

c

Largely unconstrained if dark sector heavy enough
Arkani-Hamed, Finkbeiner, Slatyer & Weiner (2009), Arkani-Hamed & Weiner (2008), Hook, Izaguirre, & Wacker

(2011), Carmi, Falkowski, Kuflik, & Volansky (2012), Hyde, Long, & Vachaspati (2014)



Construction

Main steps:
e |dentify physical fields

\ Ay
W3 = Zy
Cu X,

® Consider scalar mixing
® Choose cylindrically symmetric Ansatz consistent with field equations

Z-string Ansatz: '
¢y = F(r)el™, Zy = nz(r)

Coupled dark fields:
x = fq(r), Xy = nx(r)

Solve radial equations numerically

Vachaspati (2009), Hyde, Long, & Vachaspati (2014)



Radial equations

Radial equations

Loy = [ e OR 2y )]

%(rfg)’ = f {"Z(gzsz(r),; esX()° g (12 )+ 5(F 1)] :

r(Z'(r)/r) = 2f2(2(r) + gxux(r) — 1) + 282515 (8zs2(r) + gxsx(r)) ,
r(x(r)'/r) = 2gxuf?(z(r) + gxux(r) — 1) + 28xsf (8zsz(r) + gxsx(r))



Radial equations
Radial equations

Loy = [ e OR 2y )]

1
r

~(rfy) = fa {"z(gzsz(r),; XD . 5,72 — @)+ 61(F2 - 1)] :

r(Z'(r)/r) = 2f2(2(r) + gxux(r) — 1) + 282515 (8zs2(r) + gxsx(r)) ,
r(x(r)'/r) = 2gxuf?(z(r) + gxux(r) — 1) + 28xsf (8zsz(r) + gxsx(r))
Boundary conditions

® Regular origin

® Vacuum at infinity

r—o0:f =1 f;—=1m,Z 2o, X = X0



Numerical solution
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® Slightly deformed Z-string

® Energy (tension) mostly determined by electroweak scale



Stability analysis

Linearisation:
® Add perturbations Z,, + 92, X, + 6X,, ¢a+ s, x + X, ...
® First order gauge fixing: background field gauge

_ : 3 lg * _
Fi = 0,0W" — igW2sW" — 503001 =0,

and F;=0,i=1,...,4.
Goodband & Hindmars (1995a,b), Baacke & Daiber (1995)
® Use decouplings
® Time- and translation-independence: Fourier-modes

expli(kx — Qt)]
® Rotation invariance: partial waves

exp(i4d)



Decoupled blocks

® time- and z-translation invariance
vector field 0 and 3 components decouple
® Fixed direction of Ansatz in internal space (¢; = 0): blocks
@ photon field free
® oW, 5
@ oW., 6¢1 (conjugate of previous)
® 0Xi, 0Zi, 6¢2, 093, ox, OX*



Decoupled blocks

® time- and z-translation invariance
vector field 0 and 3 components decouple

® Fixed direction of Ansatz in internal space (¢1 = 0): blocks

@ photon field free

@ W, S

@ oW., 6¢1 (conjugate of previous)
® 0Xi, 6Z, 52, 63, Ix, Ox*

® Resulting equations of the formation
chbl — (QQ _ k2)¢l,
Q2 < 0 signals instability
lowest eigenvalue: k =0

® Known instabilities of electroweak strings in block (ii).

® Other blocks: deformation of ANO perturbations (large positive
eigenvalues)

Goodband & Hindmarsh (1995a,b)



Radial equations |

Consider block (ii):

ity iQ
(5¢1 — 5176(,«)61 el t,
S = i ()10

SWH = —iw_ g(r)elH1-moei0t
[(W‘/f = exp(—i0)(GW;* — i5W19i/r)], yielding equations
M%ii)q)gi) _ qu)gi) '
Dey Biye Bioy
My=|Bire Diy ,

Bi_¢ D_,

)

with



Radial equations Il

and
Dey = —%%r% + ([n(gz¢+z(r) +§X¢>*X(f)) — LB 1)
+B(fF —n5) + iﬂ) 7
Duo=-24. 0, (V S EEYGETEi)

_ 2?(a22/(r) + a3><’(r))> ;

1 1—n(1 2 2
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+28% (022 (1) + W/(r))) ,



Radial equations Il

and .
Buse = (7= "0 gzu() - (1))

Buse— & (7 + 20 - gzue) - () )

Method of solution:

® Ow — m/2: semilocal limit, decoupling, scalar in potential
Bu(f? = 1)+ B'(£] —m3)

semilocal-dark model

Forgacs & Lukacs (2017)
e extend to smaller Oy ; physical sin? Oy ~ 0.22

* domain of stability on M, — sin 6y for different dark sector
parameters



Higgs portal
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The boundary of the domain of stability, for ¢ = 0, g = 0.7416,
g =0.6172, n = 173.4GeV, 1, = 217.4GeV, and 6; = 0.75 compared
to that of electroweak strings (65 = 0).



Coincidence

104 o MZ/MF =0.9339
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Reasons:
® For smaller 6y : W condensation

® For Ws: slightly deformed Z-string



GKM
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Starting parameters (M\y, Mz, e, My physical and gxs = e,
M2 = M3 + 2000 GeV?, 05 = 0, Mx = 94.87 GeV and gx4+ = —0.001
and -0.0619) = g = 0.7416, § = 0.6172, ¢ =7.37 - 1075,
m = 173.9GeV, 1, = 217.4 GeV and g = 0.7362, § = 0.6406,
e =0.0446, n; = 175.7GeV, 1, = 208.6 GeV.



VB

1.29
o gxor =0, My = 94.87GeV K
4+ gxg+ = —0.052, Mx = 83.67 GeV o
*  gxg+ = —0.052, My = 94.87 GeV F
104 ¥ gxer = 0052, Mx = 104.9 GeV LT
4
0.8
unstable
0.6 4
.
+
o M stable
PR
.
0.4 . ¥
. v
T T T T T T T
0.94 0.95 0.96 0.97 0.98 0.99 1.00

sin® 0y

Effect of dark gauge boson mass
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Conclusions

Electroweak strings
® not stabilised by filling up their core with dark matter
® not stabilised by gauge kinetic mixing

Reasons:
e If Ms < My: potential correction destabilising

o Effect of scalar potential and GKM weak: for fw physical,
mechanism of instability is W condensation

THANK YOU_FOR YOUR
ATTENTION!



Data

VB, | sin® 0w
G&H electroweak Ms/My =0.9339 Ms/My = 1.0620
1 1.0 0.9996 0.9995 0.9996
0.9 0.9910 0.9933 0.9933 0.9933
0.8 0.9836 0.9850 0.9849 0.9849
0.7 0.9756 0.9758 0.9758 0.9758
0.6 0.9666 0.9664 0.9664 0.9664
0.5 0.9576 0.9568 0.9568 0.9568
0.4 0.9486 0.9472 0.9472 0.9472

G & H: Goodband & Hindmarsh (1995)



Derivatives

| parameter | derivative \
Xt 0 (parabolic maximum)
Myx —9.02-10"8
8xs 2.77-107°
Ms —5.57-1073
0s —9.87-1072

Derivatives of the eigenvalue of the stability equation with respect to
model parameters at My, = 80.4 GeV, Mz = 91.2GeV, e = 0.3086,
My = 125.1 GeV (physical values), My = 94.87 GeV, Ms = 132.8 GeV,
gxs+ =0, gxs = 0.3086 and s = 0.75. Note that —Q? is squared
growth rate corresponding to rescaled time, i.e., in units of 1/(gzym1)?.
The units of the derivatives are this (1/GeV?) divided by the units of the
parameters. Here gz = —0.3708, |gzn|m = 64.49 GeV,
1/(gZH771)2 =2.405-10"* GeV_2



Eigenvalue

The eigenvalue of the stability equation as a function of Ms and s, at
Mz, My, e and My physical, Mx = 94.87 GeV, and gxs = e = 3086,
gx¢+ = —0.002 and —0.032. See also in colour online.
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