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Why Cosmic Strings?
Cosmic Strings: one-dimensional objects emerging in BSM theories

In String Theory, Cosmic String Networks can form:
*  From brane-antibrane annihilation at the end of inflation (see for recent progress)
*  From closed strings which grow and percolate into a network

Once formed, networks reach a scaling regime

Ps ™~ Pbkg

The network emits GWs through production of loops

Recently proposed to fit the PTA signal

In scaling regime: can give information about the cosmological history of the Early Universe!
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About This Talk

Goal: study the mechanism underlying formation of a string network through comoving growth of
elementary strings in Type IIB String Theory.

Setup: population of closed circular loops nucleated after inflation can grow to cosmological size and
form a network if their tension decreases sufficiently fast

Well-established case: fundamental strings with tension controlled by kinating volume of the internal
dimensions.

We analyse the problem using Dynamical System Techniques, and find this mechanism works in
more general situations!



Overview

e Part I: Strings with Time-Dependent Tension
e Part II: Strings with Field-Dependent Tension and Dynamical System Approach

* Part III: Cosmic Strings in Type IIB String Theory



Part I:
Strings with Time-Dependent Tension



Equations of Motion

Nambu-Goto action for a string with spacetime-dependent tension:

e / &0 p(s) v

oxH Ox” . _ . 5 e
Dga Db Jwv FLRW spacetime ds® = dt* — a(t)“dx

with o/ = a2t (o) and Yap =



Equations of Motion

Nambu-Goto action for a string with spacetime-dependent tension:

Sve = - [ o @) V=T

_ ozt dx" _ _ . > p—
with z# = 2¥(0) and Yab = 550 9ot Jnv 0 FLRW spacetime ds® = dt* — a(t)“dx
Varying the action
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Equations of Motion of the Circular Loop

Gauge-fixing:
5 5 ox Ox

o =x =1 and 000 ol

Circular-loop ansatz: x(t) = R(t) (cos#,sinf,0)



Equations of Motion of the Circular Loop

Gauge-fixing:
5 5 ox Ox

O_O = :L,O s t and ao_o : 80_1 .

Circular-loop ansatz: = ( t)

= R(t) (cosf,sin6,0)
Equations of motion (u(z) = p(t)):

C— H - a2R? (2H+ E)
€ p

. . R : o
R+HR+€—2+(2H+%) (1-a?R)R =0

Where:

CR mm) | <(1) = a(t) Riax(t)

1 — a?R? Physiscal Radius of the String




Growth Condition

Growth in comoving coordinates if:
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Growth Condition

Growth in comoving coordinates if: ,
€
->H
€

In expanding Universe, growth assured by the growth condition

o +H <0

M

If string tension decreases sufficiently fast with the scale factor, the physical radius of the string grows faster
than Hubble radius and loops can percolate!

t~a % g > 2 = NetGrowth!
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Part 11:
Strings with Field-Dependent Tension and
Dynamical System Approach
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Field-Dependent Tension

Suppose time-variation of tension set by time-dependence of a scalar field @

Consider a population of string loops with exponential tension:

H = ko 6_51‘%
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Field-Dependent Tension

Suppose time-variation of tension set by time-dependence of a scalar field @

Consider a population of string loops with exponential tension:
=3
H = Ho¢€ o
In number of efoldings /N = In a the growth condition becomes (M, = 1) :
2 —-&d' <0

Depends on & and dynamics of @'

We can study it using Dynamical System (DS) Techniques!



The Dynamical System Setup

Flat FLRW Universe filled with background perfect fluid with eos:

Pt = Wpr
Initial population of string loops with negligible energy density (however, see

Ps K Pgy Pt
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The Dynamical System Setup

Flat FLRW Universe filled with background perfect fluid with eos:

Pt = Wpr
Initial population of string loops with negligible energy density (however, see ) :

Ps K P Pf

Define phase space variables:

¢ _ 1 [V(p)
/6 HY 3

Friedmann equation:

X2+Y2+%=1:>X2+Y2§1
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The Dynamical System Setup

Consider an exponential potential:

Vo= V() e AP
Klein-Gordon and Continuity eq. in phase space

X' =-3X+ A\EY? — gx 2X° 4+ (w+1)(1 - X°-Y?)]

i = —)\\/gXY — %Y 2X7 4+ (w+1)(1—X*—-Y?)].

Fixed points fully classified!
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Phase Space and Fixed Points

¢ ’
D
V6
o1 [V
H 3
FP X Y
Ky 1 0
o 1 0
J 0 0 7(_ 7(.1,. X
r8 ] — 2=
NG 6 . :
< \@“’T“ T Kinating fixed points
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Phase Space and Fixed Points

¢ ’
BE— i —
V6
s 1 V@
H 3
FP X Y
K. 1 0
K- -1 0
| -
F 0 0 e F K. X
2 1 22
V6 6 . .. .
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Phase Space and Fixed Points

¢’ ’
X ="
V6
o1 V)
H 3
FP X L
K. 1 0
K_ 1 0 &
F 0 s K- a4
v \/1—7% Field domination fixed point
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Phase Space and Fixed Points

/ Y
R
V6
1 /v
YEEY gb)
S
FP X Y
I 1 0
K- -1 0 o
F 0 0 y, & o
S \/g wil 3(0_u%) Scaling fixed point




Growth Condition and Phase Space Constraints

In phase space, the growth condition identifies a Growth Region (GR):

21 21
), G Ry R X <\ ==
3¢ 3¢

if & >0 if &€ <0
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Growth Condition and Phase Space Constraints

In phase space, the growth condition identifies a Growth Region (GR):

2°1 21
X >4/5= AR
3 & 3 &
if & >0 if &€ <0
Since | X| < 1: |€| § 5
3

Otherwise no Growth Region in phase space!
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Growth Condition and Phase Space Constraints

In phase space, the growth condition identifies a Growth Region (GR):

25 il
X >l —= AT =
3¢ 38
if & >0 if &€ <0
Since | X| < 1: |£| § 5
3

Otherwise no Growth Region in phase space!

Can we push the fixed points of the dynamical system within the GR?
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Fixed Points of Growth

Y Existence Existence and Growth when |¢]| > /2/3
0 VA and Yw VA and Yw
0 VA and Vw VA and Vw
0 0 VA and Vw never
2 22 I\ < V6 7 <A< V6
\/gw ! 30—e?) A2 >3(w+1) V3w +1) < A < 3(w+1))¢| with Vo+1> YT




Fixed Points of Growth

EP X Y Existence Existence and Growth when |¢]| > /2/3

K+ 1 0 VA and Vw VA and Yw

K- -1 0 VA and Vw VA and Vw

F 0 0 VA and Yw never

M o -2 Al < V6 Z <Al <6

S \/ngl 30—e?) A2 >3(w+1) V3w +1) < A < 3(w+1))¢| with Vo+1> YT

Depending on the values of A, w and &, ’Ci, M and Scan be in the GR!
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Part 111:
Cosmic Strings in Type 1IB String Theory



Type IIB Compactifications and Moduli

D=10 TYPE IIB
STRING THEORY

Calabi-Yau

4

D=4 N=1
SUGRA EFT
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D=10 TYPE IIB
STRING THEORY

m) Moduli
Scalar Fields
) Y in the EFT
Calabi-Yau
D=4 N=1

SUGRA EFT
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Type IIB Compactifications and Moduli

D=10 TYPE IIB
STRING THEORY

Complex Structure Moduli:

/ Shape of Extra Dimension

mm) Moduli ~_
Scalar Fields Kiihler Moduli:

in the EFT

Size of cycles on Extra Dimensions

Calabi-Yau
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D=4 N=1
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Type IIB Compactifications and Moduli

D=10 TYPE IIB
STRING THEORY

Calabi-Yau

4

D=4 N=1
SUGRA EFT

mm) Moduli

Scalar Fields
in the EFT

e

T~

Complex Structure Moduli:
Shape of Extra Dimension

Kahler Moduli:
Size of cycles on Extra Dimensions

|

No free parameters in Stringy EFT:

M function of moduli!
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Fundamental Strings

Fundamental strings (F-strings) in 4d are produced by string-scale energy effects.

Tension (in Einstein frame):

° 41V
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Fundamental Strings

Fundamental strings (F-strings) in 4d are produced by string-scale energy effects.

Tension (in Einstein frame): \/_ M2
~ME= Y
M s
47y
Depends on two moduli: V and gs = €*
In terms of the dilaton:
M; 1 2
T
~ ——§¢ 2 — — < =
ey 7 £=3<Y3

20



Fundamental Strings

Fundamental strings (F-strings) in 4d are produced by string-scale energy effects.

Tension (in Einstein frame):

2
MNMQZ\/Q_SMP

ATy
Depends on two moduli: V and gs = €¥
In terms of the dilaton: ,
T %e% — | ¢= % < %

No GR in the phase space of @
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Volume Mode: Growth Region

Tension dependence on )/
M,
M m~ 7
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Volume Mode: Growth Region

Tension dependence on )/
M?
p
~ ——

Y

In the simplest case:

Y = 73/2

Canonically normalised field:

X 3 2
2o =3t =InF=4%1=]
M, \/;HT \/;nv

Tension dependence ony

—./3 X
uNM]?e \/;Mpé £ = So /2




Volume Mode: Growth Region
Tension dependence on )/

In the simplest case:

Y = 73/2

Canonically normalised field:

v 3 \F
: \/; nT 3 n)y
Tension dependence ony

[~ Mge_@ﬁ:}

2
M;
P~

Y

Growth region exists!

2
G

3
3 2
2 V3

......
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-

) 0.8
0.6
; 0.4
x 0.2] \
1.0 0.5 0.5
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Volume Mode: Kination
[~ Mge—\/gMLp

Typical potential for volume (M),

) = —AX
V Vp:>V—Voe

We can use our DS techniques!

K1+ = (1,0) fixed point in the growth
region

But 1t is unstable!
—6
Pkin ~ @

1):

0.4

.2

-----
-
-

—-0.5
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Volume Mode: Almost Kination
V = V()B_)\X

Starting close to Ky , the system
spends some time in the GR, but then
exits.

X;=1-5x 1072
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Volume Mode: Almost Kination
V = V()B_)\X

Starting close to K+ , the system
spends some time in the GR, but then
exits.

~Log(1-X;
6 og( )

X;=1-5x 1072
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Volume Mode: Field Domination Fixed Point

FP X Y Existence Existence and Growth when [¢| > /2/3 3
M = =2 I\l < V6 2 <Al < V6 S 2
Y
e
M in GR for: i 0.8 )
9 4 ‘;' I
2 §<)\<\/6:>§<p<2 K 0.6
0.4
For such values, M is unstable . ;
: 0.2r
-1 -0.5 [ 0.5




Volume Mode: Scaling Fixed Point

FP X ¥ Existence Existence and Growth when |£| > /2/3
S \/gi;r—l 3%2;3 3 s 8w +1) V3(w+1) <A < 3 (w+1))¢] with Vw+1> 7,33@

S 1s in GR for:

3\*? 3
\/S(w—|—1)<)\<(w-|—1)(§) = 2(w-|—1)<p<§(w-|—1)
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Volume Mode: Scaling Fixed Point

FP X ¥ Existence Existence and Growth when |£| > /2/3
S 2wl dfa ) A2 > 3(w+1) V3w +1) < A < 2w+ 1)l¢] with Vo+1> 2

3/2
3(w—|—1)<)\<(w-|—1)(g) = 2(w-|—1)<p<g(w-|—1)

S 1s in GR for:

S is stable in GR for all w > —%

3.5 — Growth Condition

Existence Condition

2.5




Effective Strings in Type 1IB

Other source of strings in the EFT: p-brane wrapping a (p-1)-cycle Ep_l
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Effective Strings in Type 1IB

Other source of strings in the EFT: p-brane wrapping a (p-1)-cycle Ep_l

If Vol(X,_1) =t,—1 £~ F

fEs Ms2 tp—1

mmmm) A dditional moduli-dependence!
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Effective Strings in Type 1IB

Other source of strings in the EFT: p-brane wrapping a (p-1)-cycle Ep_ 1

If Vol(¥,_1) =t, 1 £

p~ M, tp—1

In Type IIB these strings emerge if:

mmmm) A dditional moduli-dependence!

A D3-brane wraps a 2-cycle of volume: ¢ 55_2 — U~ MS2 t

* ANSS5 (or D5) wraps a 4-cycle of volume: 7 ES_4 — U~

M2t
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Effective Strings in Type 1IB

Other source of strings in the EFT: p-brane wrapping a (p-1)-cycle Ep_ 1

If Vol(X,_1) =t,—1 £~ F

fEs Ms,2 tp—1

In Type IIB these strings emerge if:

mmm) A dditional moduli-dependence!

A D3-brane wraps a 2-cycle of volume: ¢ 35_2 — U~ MS2 t

* ANSS5 (or D5) wraps a 4-cycle of volume: 7 ES_4 — U~

M2t

The simlest case: }) ¢ +3 x 7-3/ 2allows for no GR

* For D3’s: g_\/i
s

[ ] — . 2
For 5-branes: ‘5 < \/g
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Fibred Calabi-Yau’s

Next-to-simplest case: CY with a fibred structure!

Plpase fibred by aT%ra K3 surface.
1

V:2

k‘lgz tlt% = I{Tb\/Tf

Relation between 2- and 4-cycles:

8V 2T 1 T
- 0 = b
Bt 27V Kz 1 V2k120 \/Tf
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Fibred Calabi-Yau’s

Next-to-simplest case: CY with a fibred structure!

Plpase fibred by aT%ra K3 surface.

1
V= 5]6122 tlt% — I{Tb\/Tf
Relation between 2- and 4-cycles:
oV 1
T = SRS tg - 27’f tl = b
Ot; k122 V2k199 \/TF

Idea: keep volume fixed and vary the orthogonal direction

_ 17 _ VBe/M,
K Tp

u
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Canonically Normalised Cycles and Tension

Tension linear in cycle volume: just check canonical normalisation at fixed volume! (M, = 1)
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Canonically Normalised Cycles and Tension

Tension linear in cycle volume: just check canonical normalisation at fixed volume! (M, = 1)

NS5 wrapping 4-cycles:

% e 2/3 ) 2/3 2/3 == ¢
Ty = ﬁ =Y e V3 Tf:(UV) =V evs

D3 wrapping 2-cycles:

1
i1 ~ ks 6_%¢ to ~ V1/3 Eiﬁqb
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Canonically Normalised Cycles and Tension

Tension linear in cycle volume: just check canonical normalisation at fixed volume! (M, = 1)

NS5 wrapping 4-cycles:

v \2/3 ) ;
Th'= (ﬁ) = V2/3 t‘B_EQ5 Tfo= (UV)2/3 = V2/3 eﬁ(’b
D3 wrapping 2-cycles:
2 1
thvl/Se_Eqb 5 NV1/3€\/§¢

3 Same |&| mirror GRs!
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Growth Region and Kination

14~ M2 ei% ¢/ My
S

Growth Regions: Y
1 1 '
X < —— X > —
V2 V2

(fibre 4-cycle) (base 2-cycle)
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Growth Region and Kination
14~ M2 + = Qb/M

Growth Regions: Y
1 1 |
B G R —
V2 V2

(fibre 4-cycle)

Perturbative potential:

VNENVOe
Tf

Kinating fixed points K+ within one GR.
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Field Domination Fixed Points

FP X Y Existence Existence and Growth when |£| > /2/3 | §| sl 2
M % V1-2 1A < V6 FH <A< V6 \/§
M in GR for:
3 3
V3<A<yVb = S <g< — 3 3
V<A< V3 = ——=<g¢< —¢

(fibre 4-cycle)

Unstable! If S exists, the system will evolve toward it




Scaling Fixed Points

FP X Y Existence Existence and Growth when [£| > /2/3 |§| Fe 2
S gl 30— 2> 3w+1) V3w +1) < Al < $(w+1)l¢] with Vw+1> 2= \/§
S isin GR for:
1 1 1 1
V3w+1D) <A< V3w+1) = gVwtl<g< §(w+1) ~VIw+1) <A< —/3w+1) = —§(w+1) <q< _va+1

(fibre 4-cycle)
Y Exists for all w > 0 Stable! v




Scaling Fixed Points in GR

= Growth Condition

— Existence Condition

(base 2-cycle)

~— Existence Condition

- — Growth Condition

(fibre 4-cycle)
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Summary

Cosmic Strings from Superstring theory are phenomenologically interesting!

Their tension depends on a modulus and can be studied as a Dynamical System

Fundamental Strings can Grow even if the volume is not kinating, but scaling

Effective strings from Fibred CY's can also grow in comoving size when the cycle evolves
Outlook

What happens when the string fluid is no longer negligible?

Can Effective String give rise to observable signals in GW or particle emission?

Backreaction of the network on the evolution of the modulus?

How do we produce the initial population of strings? How do we estimate their number? How long should

they grow? »



Thank You For Your Attention!
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Cosmic Strings

In QF'T, solitonic field configurations in the presence of U(1) SSB
* Global Strings: from U(1) SSB, also called axion strings

* Local Strings: from U(l) SSB

In String Theory, 1-dimensional objects in the EFT:

 Fundamental (F-) Strings: of string theory in 4D
* DI1-Strings: with 1 extended spacelike dimension
 EFT (or Axion) Strings: in the internal dimensions

+ Local Strings realized from SSB in gauge sectors



Constraints and Observational Features

Tension of a Cosmic String Network strongly constrained by CMB and PTA.

Constraint from CMB

Gu<107"—10"%

[

Constraint from PTA

Gp <107 —10712

Best fit possible for cosmic superstrings in Large Volume Scenario!



(Super)String Theory Crash Course

B Superstring
. . . . . Theory
Superstring Theory 1s one the most promising candidates for Quantum Gravity. M,

=
The fundamental objects are one-dimensional strings with length: £5 = 27V &/ Ms ~ £,

10D Sugra EFT

Quantization of the Superstring automatically gives a massless spin-2 field: graviton!

Myk
Multiple Types of Superstring Theory, related by dualities
4d N =1EFT
Requires 10 (or 11) dimensions for consistency (Weyl anomaly cancellation)
mgy/2

: : - v
Needs compactification to make contact with phenomenology! 4d N =0 EFT



Tension of Effective Strings

Tension From dim. reduction can get a NG action out of DBI-like part of actions:

Wp_|_1 = Ep—l X WQ

1
S, ~ —T, /Wp+1 e TOAT L e )dPTi¢ — Sy, O —T, /W vV —9(2) Vol(%,_1)d°c

If VOI(EP_1) = tp_l Eg_l

TPNME-I-I 2
p~e T, M7P t  e—) | A~ M o




