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Abstract: <p>In this talk, we explore the possibility of gravitational wave production due to ultra-relativistic bubble wall collisions. This occurs
to a process of post-inflationary vacuum decay that takes place via quantum tunnelling within a warped throat (of Randall-Sundrum type
emphasise the differences between vacuum decay via quantum tunnelling, and a thermal first order phase transition, and how potential graw
wave signals from both processes differ. We explore a specific example in the context of type 1B string theory, although we argue th
conclusions are more generally applicable to theories with hidden sectors featuring metastable vacua. Many such transitions could have occ
the post-inflationary Universe, as a large number of throats with exponentially different IR scales can be present in the string landscape, pot
leading to several signals of widely different frequencies &€“ a soundscape connected to the landscape of vacua. Future detectors like LI
have the required sensitivity to detect these potential signals.</p>
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The String

Soundscape

what gravity wave detectors

can tell us about BSM physics

Isabel Garcia Garcia

University of Oxford

IGG, S. Krippendorf, J. March-Russell — arXiv:1607.06813
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Gravitational Waves

 GWs are a prediction of GR.

OO @

* The amount of relative stretching and .
. . . . ~ §alls like —
squeezing 18 the strain of the G h )—% v

(it 1s basically the amplitude of the wave).

GwW detectovs ave desigmed +o detect
the (tiny) strain of an incoming Gw
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Gravitational Waves

» Useful to think of the energy in the GW, rather

than just the strain.
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Gravitational Waves

e GW have been directly observed by LIGO.
Other (current and future) detectors will do
so at different frequencies.

Black Holes

° The astroph_ysical potential / eutbrom Stare
) » U
of GW detectors has been =~

‘ |
deeply studied. \\\; L

supevwnoviae

- etc: .-
e.g. see Lasky et al. arXiv:1511.05994

Pirsa: 16110090 Page 5/55



GW Sensitivity Curves
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http://rhcole.com/apps/GWplotter/ Jo / Hz
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GW Sensitivity Curves
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can we use Gw detectovrs
to ledavn about BIM Physics?
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GW detectors for BSM

There are a few examples:
(but wostly very poorly explored)
 Inflation.

* Strong lst order EW phase transition.
( pPev§ect fov LISa

N

P areview: Caprini e/ al. arXiv:1512.06239

* Probing the existence of a QCD axion
(due to BH superradiance). with LIGO

\‘»ﬁ.__ﬂb Arvanitaki et al. arXiv:1411.2263,
and arXiv:1604.03958.

Pirsa: 16110090 Page 9/55



GW detectors for BSM

In this talk:

GWS from vacuum decay (at 7=0)
u‘m Strmg Theory motivated scenarios.

e —
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Our String Set-Up

 Superstring Theory consistently formulated in
10D. The 6 extra spatial dimensions need to
be compactified.

* A typical
(type 1IB flux)

compactification:
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Our String Set-Up

 Superstring Theory consistently formulated in
10D. The 6 extra spatial dimensions need to
be compactified. R,

* A typical
(type 1IB flux)

compactification:

highly wavrped vegions (throats):
think Randall-Sundvuwm!

V\_-/_,,«

bulk region

(lavaely unwavryed)
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Why Throats?

* Highly warped regions (throats) arise as a
backreaction from fluxes on the geometry.
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Why Throats?

* Highly warped regions (throats) arise as a

backreaction from fluxes on the geometry.

* Warp factor cﬂ\'po/ze/zh}z/@ dependent on fluxes.

1P

1 .
— | Fs=M
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w ~ XD —
R I 3M .

(3t t1p of thvoat)
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Throat Hidden Sectors

* Degrees of freedom can be localized on the
compactification: at the throat tip, or in the bulk.

* In general, expect SM +

many hidden sectors.
(ty?picdlly very wedkly interacting)

wA QV“j hiddewn A&_—*‘”'"'MJ

sectovs!
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Why Metastable Vacua?

* D-branes are non-perturbative objects that arise in

String Theory, of (D+1)-dimensions.

* A typical throat can have a few anti-D3 branes.

These are localised at the tip, and break SUSY.

* But this situation is unstable.
The stable vacuum has no
anti-D3 branes,
and preserves SUSY.

Kachru, Pearson, Verlinde: |1cp—lh/0] 12197
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An Effective Description

Kachru, Pearson, Verlinde: hep-th/0112197

* Leading effective lagrangian:

3 M 1
L~ He {—VZ(T/J)\/l — 0O+ + —(2¢) —sin 21/))}
9s 2T
1| , 1
Vao(yp) = - \/bg sin? ¢ + (7’[’% — P+ 3 sin 2¢))?
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An Effective Description

Kachru, Pearson, Verlinde: hep-th/0112197

* Leading effective lagrangian: _» wacky kinetic term

g M { /— 1 }

—Va(¢¥) A1 — 0 pOH t/J — (29 — sin 22))
s 2m
1
Va(yh) = \/bo sin? ) + (O Y+ = s1112z/1)

?/M contvols the
N 4
shape of the potewntidl

L~

\
\\\\\\
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Metastable Vacua

Verr(t) As long as p/M < 0.08,
A a second vacuum arises.

f' p/M = 0.08

This false vacuum breaks
SUSY, and it is quantum

mechanica]ly unstable.
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Metastable Vacua

We study the system 1n the regime

p _p

M M

(1—4) with D<okl

lifetime 0§ the
false vacuuwm way

be coswologically

velevant!

Puac

~ tvrue vacuuw
v

l o

1
Y pa ™

o ’i/’
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Simplitying Assumptions

e After inflation, throat in its metastable vacuum.

* Visible sector reheated at 7}, = 4 MeV but
hidden sector left at 7}, ~ 0.

+he deca\j wiusSt occur vid quantuw 'L{AWV\Q\“V\(}'

wo thermal tvansition!
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Simplitying Assumptions

e After inflation, throat in its metastable vacuum.

* Visible sector reheated at 7}, = 4 MeV but
hidden sector left at 7}, ~ 0.

+he deca\j wiusSt occur vid quantuw 'L{AWV\Q\“V\(}'
wo thevrwal tvansition!

. Earl_y Universe radiation dominated:

Jvac
f)!,r;f,u.l(T) = /)*f'u,d,(T) e Puac with (Y(T) = ./—7 S 1
f)?'u‘rl(j )
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Epoch of Decay?

T ~ 10® GeV

|

Probability of nucleating a bubble of true
vacuum in a Hubble volume, in a Hubble

false time: decay vate per u. voluwe
vacuuw! /"D (depends ow thvoat
T independent of T)
TN T decveases 3as the H(T)4
tewperatuve drops ¥ (T)
" 2 Ptotal
true with H(T)" = 3m?
L] f!)l
vacuuw!
When L& ~ 1 the transition starts.
H(Tn)
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Post-Nucleation

Bubbles of the tvue vacuuw arve

-

/ “wucleated n the edrly universe

/Bubbles form... | [expand...

collide!

The universe
iIStwa
new Phase

They quickly stavt ) L Bubbles then collide

expanding at the 4- emitting energy n the
Speed of light

form of gravity waves
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Vacuum Decay

Coleman, PRD 15, 10 (1977) & Callan, Coleman, PRD 16, 6 (1977)

* To find out the decay rate of the false vacuum, one
computes ( the imaginary part of ) its energy:

-g | —SElY
<'(/)ffu |(J- T |fl/)f‘b’> - / [d’l,/)] € y N ] dowinated b\j

N (3—13_,-,,,7- d (\’ £ield com?iguratiom
that extvrewmizes SE.
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Vacuum Decay

Coleman, PRD 15, 10 (1977) & Callan, Coleman, PRD 16, 6 (1977)

* Bounce solution ¥'5 is the non-trivial field
configuration that extremises Sg.

e —SE[Ya]

Et, ON
! Vdet' (625 [vp])
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Vacuum Decay

Coleman, PRD 15, 10 (1977) & Callan, Coleman, PRD 16, 6 (1977)

* Bounce solution ¥'5 is the non-trivial field
configuration that extremises Sg.

(,‘—S['«;['l/)[g]
E_fr,, D N —=—

iVV\ElC)iV\QV\j s V\ﬁgati\fci eigev\\/a\uf’i Coleman, N. Phys. B298 (1988)

i — 9= Srj’“ — *Sffr“"u
‘ﬂszmzle B elYB] — SE[¥ i)

set b‘j cuvvatuve Scale at d-j
the top of the bavvier

Pirsa: 16110090 Page 27/55



Pirsa: 16110090

The Bounce Solution

* The bounce solution is the t = 0 boundary
condition for the nucleated bubble:

Yt =0,r)=vg(r =0,71)

 Later evolution of the bubble 1s obtained through
anal_ytic continuation from the bounce.

* How does the bounce look like? In general, it
requires a dedicated computation, but there 1s
one limiting case —5 thin wall
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Thin-Wall Bounce

* Thin wall bubbles arise in the case of nearly

degenerate vacua.

V(o) M g <1
Vi

» o

(/)'I"U fAV (/)I.'n
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Thin-Wall Bounce

* Thin wall bubbles arise in the case of nearly

degenerate vacua.

Al

¢ B
V(p) & AV &1 A/ R <1
= o
Vi "
Al
B 1; , »o o ; P R
(/"‘I"U AV (/)I,-n [?(
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Thin-Wall Bounce

* Thin wall bubbles arise in the case of nearly
degenerate vacua.

Al !
V(o)A AV RS
— K 1
Vi
Al
4....——
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General Bounce?

* In general, ﬁnding the bounce solution requires
a numerical calculation. Moreover, the value of

the field at the centre 1s typically not the true

vacuum...

V(o) a
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Our Bounce

* In our case, we always find thick-wall bounces:

0 2 | 4 6 8 10

R - J\/[,m)]_[g
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