The Disastrous Situation...

Experiments over the last year have veritied
our standard model, and confirmed the earlier

indirect indications of no new physics to
better than 5 sigma
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just terrible...!



The String Soundscape

...or, what gravity wave detectors

can tell us about BSM physics

John March-Russell
Oxtord University

Isabel Garcia Garcia, Sven Krippendorf, JMR — arXiv:1607.06813



Gravitational Waves

* GW have been directly observed by LIGO,

and many new detectors will be built

* The astrophysical potential /v Black Holes
of GW detectors has been  /_p Neutvon stars
extensively studied \\\\: Pulsavs

e.g. see Lasky et al. arXiv:1511.05994 suyevwnovide

* Can we use GW experiments to learn about

BSM?



GW detectors tor BSM

There are a few examples:

e Inflation

o Strong Ist order EW (& QCD) phase
transitions Peviect fov eLISA
LD | N | (\§ they existed!)

Review: Caprini et al. arXiv:1512.06239
* Probing the existence of a QCD axion
/due to BH super-radiance with aLIGo

Arvanitaki et al. arXiv:
1411.2263 & 1604.03958
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There are a few examples:

e Inflation

o Strong Ist order EW (& QCD) phase
transitions Peviect fov eLISA
<\P | N | (\§ they existed!)

Review: Caprini et al. arXiv:1512.06239
* Probing the existence of a QCD axion
/due to BH super-radiance with aLIGo

+ GW Signals frow vacuumw decdy in

Arvanitaki et al. arXiv: - _ _ )
1411.2263 & 1604.03958 Stving Theovy wmotivated Scenavios



Since here 1n Trieste the seafood 1s vo good

_/ .

['m sure that you'll vividly be able to picture the
type-11B string flux compactification landscape



the string polyfauctbus

D-branes for moduli stabilisation / ‘ ‘

warped

unwarped

KS throat ( \
D3 | \ A\ D3
Standard Model



" Faux, cis. f. (but perhaps the nominative does not
occur) 1. The 58[1(!, pha , throat, entrance to the
stomach ; Hor.: Ov. : fig. ; fauce improba, Phadr., 1. e.
voracity, greediness of food : we more frequently find the
plural tauces, ivm, e throat ; Hor.: Cels. : exscreare
ex faucibus, f’laut., from the throat, 11, The weasand,
throat ; Plaut.: lagueo fauces innectere, Ov., to strangle :
fig. 3 1. Quum faucibus premeretur, Cic., when the axe
was at his throat, i. e. when he was in great embarrass-
ment or perplexity : premit fauces defensionis tume, id.,



String Flux Compactifications

A typical stringy set-up:

6 -~ _—¥ 3 lot of highly waryped
(the - COW\?QC'E\‘\:\G / \(es’\OV\S: +thvoats
d\W\eV\S\OV‘S) - | (think ’RS{)

wany hidden
sectors! ¥




String Flux Compactifications

Throats are due to back-reaction from fluxes (need
many pairs of integer fluxes K, M for the landscape)
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— | F
472 /A d

|
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472 /B d

warp §actovr at thvoat
tp wir ~ exp(—2nK/3Mygs)



String Flux Compactifications

a lot of these thvoats have
anti-D3 brawnes (it 1S 3 Seveve
vestviction othevwise)




String Flux Compactifications

these P anti-D3's lead to either 2
c\ass‘\ca\\\j unstable covx‘{-igu\\rat‘\ovx
ov 3 wetastable one




String Flux Compactifications

A typical throat features a metastable, SUSY-breaking, false
vacuum, as well as a true (locally) SUSY-preserving one

Kachru, Pearson,Verlinde: hep-th/01 12197
Physics descvibed b\j elfSective P

anqulav scalar §ield P

Vepr(y) &

false
vacuuw

/ tvue vacuuwm

T =y




String Flux Compactifications

£~ B0 (Va(w) /T 0007 + (20 —sin20) ).

\ead'\V\Q elfSective Js
L39Y3V\3'\3V\
Va(y) = %\/bf)l sin® ¢ + (W% — @ % sin 21 )2

Vepr(y) &

false
vacuuw

/ tvue vacuuwm
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String Flux Compactifications

L~ 'LLZM (—Vz (¥) \/1 — 0, YOHY %(21# — sin 2¢)> :
_ L s p 1. 5
2(¥) - by sin™ ¢ + (7TM W+ 5 sin 21))

non-standard DBl-like kinetic terms (wmakes a diffevrence
to cvitical bubble profile and |ater evolution)

(heve |'ve Set Mg, =l and am wovrking  ved-shifted units so tip
war? §actov wip 1S hidden)



String Flux Compactifications

as vatio p/M=v ches a cviticadl value
re = (m— 3+ b8)/(47) ~ 0.08

bavvier disappedvs so define

p:rc(l—é) 0<ok1



String Flux Compactifications

as 5 — 0 $alse vacuuw c\eca\j becowmes $ast

Gw Svowm

TN\ Vacuum decay

, / tvue vacuuwmw

» Y




String Flux Compactifications

For this talk some simplitying assumptions:
o After inflation, throat in its metastable vacuum

* Visible sector reheated at T, > 4 MeV but
hidden throat sector left at T}, ~ 0

So decdy occuvs vid quantum tunnelling

e Universe radiation dominated throughout
(W\a\j be velaxed to include 3 Phase o§ wmatter domination)

: Puac
Ptotal 1) = Prad (T) + Puac with Oé(T) — < 1
ror ( ) Prad (T)



K\’)ubb\es Sovw. \

They quickly stavt
ex?ahd’ms at the

Bubbles 0§ the tvue vacuuw are

/muc\eated W the edvrly universe

Gx?avxd o

/

Steed of light

Co\\’\de{

-

"

\

The uwniverse

1S w3
nwew Phase

J

Bubbles collide, emitting
gvavity waves (and wmaybe
forming Sowme PBHS to0---)



Tvis

$alse
vacuuw!

Vacuum decay

Nucleation probability increases as Tiyis falls

9 decady vate per unit
volume (T independent)

decveases as the
tempevratuve dvops

~ 1 the transition starts




Vacuum decay

Nucleation probability given by Coleman's

bounce solution

I' ~m*e™P B = S[¥s] — Sl

We find for our system always a thick-walled bounce

1.4,
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Nucleation probability given by Coleman's

bounce solution

I' ~m*e™P B = S[¥s] — Sl

We find for our system always a thick-walled bounce

e g (MY F(0)
B = 27" usbogs M f(9) ~ 36 0.03 (102) f(1072)

f(8) ~0.38 6/2 +6.0 6



Gravity Wave Spectrum

Putting everything together we find a stochastic gravity wave
spectrum with approximate peak frequency

1/6
_ g«(T¢) T, 1
~107° H
Jo~10 ’ ( ) (100 GeV) t«H(T,)

100

visible temperature
at bubble collision

duration of transition
1. ~ 0.6215 W Hubble times

tH(T,) = O(1)



Gravity Wave Spectrum

Putting everything together we find a stochastic gravity wave
spectrum with approximate peak frequency

1/6
_ g« (Tc) Tc 1
~107° H
Jo~10 ’ ( ) (100 GeV) t«H(T,)

100

visible tempevature
at bubble collision

duvation of tvansition
TC ~ O°62T’n W Hubble times

t«H(T.) = O(1)
hucledtion tewperatuve T, 1S exponentidlly Sensitive to
underlying throat parawmeters so §, Scans



GW peak frequency

(heve have §ixed M=(0” and g,=0.03)



GW peak frequency
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GW peak frequency




GW peak frequency
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GW peak frequency
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The Q-Yec\u\evxc;\j can SPan the entive vange be’ms/-l-,o—be Probed
b\j gravity-wave detectovrs



GW peak frequency
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flux compactification has 9 n suitable vange



GW peak frequency

nwot 3uavavﬂ;eec\ o§ couvrse
but not uvx\reasovxab\e evthevr

e —

[Ves that at least one of the many thvoats ™ a typicat
i | \-?‘ca-t\OV\ has 0 W suitadble vange




GW signal strength

Signal strength is lavge due to:

¢ long duvation of tvansition (nwucleation vate does wot
neredse with §alling T unlike therwal case)

e ultva-velativistic expansion o§ bubbles (wo thermal
Plaswa to impede expansion)
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GW signal strength

NOT the actudl high-
§vequency behaviour of
Syvectvuw - just the

usual one Sov 3mc\avxce




GW signal strength

DiSSevent because

e I'/H*has unusual T-dep
e Bubbles ave thick-wall

e D®I kinetic-term leads

+o0 new $eadtures

(work in progress)



GW signal strength
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Black hole production?

The wosSt nwtevreSting "h’\gh—%:vec\u\evxc\j" 1sSsue 1S the possible
forwation of primovrdial black holes

An old story, but w §act, very incomplete and poovly understood



PHYSICAL REVIEW D VOLUME 26, NUMBER 10 15 NOVEMBER 1982
Bubble collisions in the very early universe

S. W. Hawking, I. G. Moss, and J. M. Stewart
D.A.M.T.P. Silver Street, Cambridge CB3 9EW, U. K.
(Received 30 November 1981)

One would expect this energy to cause gravitation-

al collapse if it were bigger than amp>. Thus one
would expect a black hole to form if
4
i 37
n>—n (37)

It is reasonable to use the above criterion for gravi-
tational collapse only for regions whose size a is
small compared to the Hubble radius H ~'. In
such cases one can neglect the expansion and cur-

vature of the-Universe. We shall assume that the
ritérion is roughly valid for a < H ~'. Thus one ~

/ might expect a black hole to form for
n>8 (38)
The probability tha? eight bubble walls collide in a




PHYSICAL REVIEW D VOLUME 50, NUMBER 2 15 JULY 1994

Singularity formation from colliding bubbles

Ian G. Moss

Department of Physics, University of Newcastle upon Tyne, NE1 7TRU, United Kingdom
(Received 7 October 1993)

- st conditions that are necessary for the formation of black holes from the collision
“Bubbles durmg a supercooled phase transition in the early Universe is explored. Two colliding"
bubbles can never form a black hole. Three colliding bubbles can refocus the energy in their walls
0 the extent that it becomes infinite.




PHYSICAL REVIEW D VOLUME 28, NUMBER 8 15 OCTOBER 1983

Gravitational effects in bubble collisions

Wu Zhong Chao*
Department of Applied Mathematics and Theoretical Physics, University of Cambridge, United Kingdom
(Received 15 June 1982; revised manuscript received 3 March 1983)

We investigate the effects of gravitation in the collision of two bubbles in the very early universe,

. .
alna ) 23 aia N OETeT 1€ £l (1N () A() | DDIE ) - LISNE () A4 Thnoc

wall and a phase wave. The space-time metric and all physical quantities possess hyperbolic O(2,1)
symmetry. We derive a generalized Birkhoff’s theorem to show that the space-time in different re-
gions must therefore be flat, de Sitter, pseudo-Schwarzschild, and pseudo-Schwarzschild—de Sitter,

respectively. As in the spherically symmetric O(3) case, the space-time is Petrov type D, and so there
is no gravitational radiation. Owing to the special symmetry of the space-time, the concentration of
matter does not suffice to cause any gravitational collapse to a singularity no matter how severely
the two bubbles collide. The modulus walls, viewed from the real vacuum region, eventually pro-
pagate outwards with kinks due to a series of collisions, 1in contrast to the situation in the absence o

gravity.

basically covvect but wnot exactly---

cvucial 1ssue 1S the SO(3() Symmetry of 3 Single bubble and the
associdted 0(z () Symwmetry of two colliding bubbles



but some knew otherwise

...ah the days when one could have a cigarette after (or during) a
stimulating seminar



Return of the bounce

usudlly stated that the Euclidian bounce solution with 0(4) Symwmetry
wnplies the itidl configuration of the nucleated critical bubble 13
highly Symwmetric
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But S‘\c\vxe\j taught we that 3 Single $ield covx’}?gwat‘\ovx contvributes
weadsuve zevo +0 the euclidian functional nteqral



Return of the bounce

usudlly stated that the Euclidian bounce solution with 0(4) Symwmetry
wnplies the itidl configuration of the nucleated critical bubble 13
highly Symwmetric

But S‘\c\vxe\j taught we that 3 Single $ield covx’}?gwat‘\ovx contvributes
weadsuve zevo +0 the euclidian functional nteqral

Rea\\sj to get 3 wown-zevo deca\j vate of Sorm

[ ~ mie B
one yneeds o0 consider 32 buwndle of vxea\(b\j com‘}'\gu\\(atiovxs
det’ S ($hounce)] |/

¢~ [SE($bounce) —SE(d1v))] L

DO | =.

det ng(qbfv)




Return of the bounce

USUATTTStebed that the Euclidian bounce Solution with-0(4) Symmetry
wplies the itial cow*u critical bubble is

n §act typical covx’{-iguvatw\n at wucleation typical velative

velocities of pavts

of wall ~ 1/v/B

ty?Pical non-sphevicity

~1/VB



Return of the bounce

USUATT Stased 3t the Euclidian bounce solution wi ,g,,,,sff.;»»—/f
Wnplies the hitial con§iguvaEior=et=ttErucleated critical bubble is

n §act typical covx’{-’\guvatw\n at wucleation typical velative

velocities of pavts

of wall ~ 1/\/§

tyPical non-sphericity

~1/VB

this Symmetry breaking can survive bubble expansion and possibly dominantly
determines PBH Fovwmation vate and form of wass distvibution!

(wovk in progvress - vedlly vneeds dedicated st\rovxg—%’\e\d—srav‘\t\j nuwerics!)



Conclusions

* GW detectors will help shape the tuture of physics in the

coming century

* They can complement the information we get from particle
colliders/DM detection experiments/ultra-sensitive small scale
experiments

* String theory transitions in post-inflation early universe can be
present and lead to (distinctive) GW signatures, and maybe
even an interesting population of pBHs!

wiove +0 come: .-,



[ now think I need that cigarette...




