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10 years of MITP
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Gravitational waves at MITP

4th LISA Cosmology Working Group Workshop

Organizers: Chiara Caprini (APC Paris), Valerie Domcke (APC Paris), Germano Nardini (Bern Univ.), Pedro
Schwaller (JGU Mainz)

October 16 - 20, 2017, JGU Campus Mainz
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Gravitational waves at MITP
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ermal history and particle physics
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Thermal history and particle physics
Early universe holds the key to many fundamental open
guestions in particle physics

® \What is dark matter, and how is it made

® \What is the origin of matter

® \What is the dynamics of inflation and reheating
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Gravitational waves as messengers from the early
Universe

Travel undisturbed
from earliest times

Only produced by
violent, non-equilibrium
physics

> Stoc h astic GW Credits: R. Hurt/Caltech-JPL
background

Relevant scale: Hubble radius «» GW wavelength

fGW ~ 1
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Signal shape and frequency is characteristic for the

source. Examples: ——
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Example: Gravitational waves from phase transitions

Broken symmetries are
restored at high T

Symmetry breaking phase
transitions

» Cross-over in SM

» First order possible in BSM

FOPT source GWs

Cosmological GW
background observable

today!
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Gravitational waves from phase transitions

Hard work to get precise predictions
» Finite T QFT to high orders

» Simulations of bubble collisions

» Bubble wall dynamics

Jinno, Konstandin, Rubira, 2021
From Jessica Turner, 2021

////7///
W oL

Many new results discussed at MITP workshops
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Gravitational waves from phase transitions

4th CosWG @ MITP Mainz

Review status every few years
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Gravitational waves from phase transitions

Review status every few years

Detecting gravitational waves from cosmological phase transitions with LISA: an update

Chiara Caprini (APC, Paris), Mikael Chala (Durham U., IPPP and CAFPE, Granada and Granada U., Theor. Phys. Astrophys.),
Glauber C. Dorsch (Caltech and Espirito Santo U.), Mark Hindmarsh (Helsinki Inst. of Phys. and Sussex U.), Stephan J.
Huber (Sussex U.) et al. (Oct 29, 2019)

Published in: JCAP 03 (2020) 024 - e-Print: 1910.13125 [astro-ph.CO]

pdf ? DOI [= cite A reference search <) 401 citations

e /J,» )
r point
Plot the gravitational wave power spectrum for a single parameter point, against a g

alculate the SNR for the chosen sensitivity curve and mission profile.

Wall velocity vy, : 1
Phase transition strength ay: 0.2
Inverse phase transition duration 3/ H,: 10

Mission profile: science Requirements Document (3 years)
Transition temperature 7', : 200 ¢ GeV
Degrees of freedom g, : 100

Submit by D. Weir
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Pusning the limits

(aka some recent results)



GWs from QCD like dark sectors

Nonabelian SU(N) dark sector, confinement scale A,
nflight/massless dark quarks

Glueball DM Dark Baryons

PT from center or Dark Fions

symmetry restoration Chiral Symmetry Breaking

First order First order for Ty > 3
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Quantitative predictions?

Neither lattice nor holography alone suitable

: : Gursoy, Kiritsis, Mazzanti, Nitti
We use im proved hOIOgra phIC QCD 0707.1324, 0707.1349, 0812.0792, 0903.2859, ...

» Confinementin IR (1 —» o)

» Yang Mills beta function in UV (4 — 0)

12
62

Fix parameters:

V(A) =

{1 + Vod + ViAY 3 log(1 4 Vo3 4 Vg)\2)]1/2}

0.6f

» Vi, V5 to reproduce 2 loop YM
running in UV

» V,, V5 fit to reproduce SU(3) o1t £ |
lattice thermodynamics in IR 90T T4 6 18 20 22 24
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The phase transition in ihQCD

Hawking Page transition, with small i

BH acting as instanton

To compute bounce action, need
effective action (or free energy)
along the full path

Interpolate between big and
small BH solutions

» Do some hard work...
» Win :)

Morgante, Ramberg, PS, 2210.11821
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Effective potential and GW spectrum

Morgante, Ramberg, PS, 2210.11821
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Pusning the limits

(and some recent hints)



NEWS & EVENTS

NANQOGrav Finds Possible ‘First Hints’ of Low-

Frequency Gravitational Wave Background
arXiv:2009.04496

—6.0
Broken PL —13.5 —
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O o —15.0 —
S —8.0 — —
2 155 -
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—16.0
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Frequency [Hz]

Fit with free spectrum (violins)
or simple power law signals

Strong preference over BG only
hypothesis (Bayes factor > 10°000)
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GW:s are quadrupole radiation
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Other PTAs o
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Fit with Phase Transition
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Generic PT parameterisation, best fit with PT at temperatures in
few MeV range

A dark sector at the few MeV scale? X177?!? Neutrino masses?

Wolfram Ratzinger & PS, 2009.11875
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Phase transitions revisited
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Madge, Morgante, Puchades, Ramberg, Ratzinger, Schenk, PS, in preparation
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Waiting for next data release

’ Pulsar Timing Arrays:
MITP D) _ A Star-Way to New Physics
TOPICAL | < August 14 — 18, 2023

WO R KS H 0 P @ https:/findico.mitp.uni-mainz.de/event/326

And we will hopefully be able to discuss the implications at
the next GW themed MITP workshop
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Stuff :)



Broken power laws: PTs and axions

] Runaway PT
10_12'; -~ == Non-Runaway PT
1 —— Audible Axion
10713 - - ——

108
Frequency / Hz
Wolfram Ratzinger & PS, 2009.11875
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GW source discrimination

Many possible sources of primordial GWs

» Phase transitions, cosmic strings, audible axions, inflation,...

Cosmological probes
» Many sources contribute to NV, , should not upset BBN

» Requires concrete models

CMB Spectra| distortions Ramberg, Ratzinger & PS, 2209.14313
» Strong GW sources imply large anisotropies “somewhere”
» Anisotropies couple at least gravitationally to SM plasma

» If close to CMB decoupling - spectral distortions
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Example GW source: Annihilating domain walls

*NANOGrav

o/ T2, [GeV]

1015

]
- .
------------

Voyage2050 SKA

1014

10° 10? 102 103 10% 10° 10° 107 108 10°

annihilation temperature T,,, [eV] k [Mpc1]

Spectral distortions already probe parameter space

Complementary to GW probes, can break degeneracy

» Multi-messenger cosmology
Ramberg, Ratzinger & PS, 2209.14313

JG|u 35
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Probing sub-MeV phase transitions

Can also directly probe the scalar (density) fluctuations

induced by PTs in a dark or visible sector
B/H =10

109

NANOGrav

BBN+Planck: y-heating best fit
101
S
1072
: SKA reach
1 COBE/FIRAS o
_ / RN for GWs
v-diffusion
1073 - =
104 10° 10° 10’ 1(

transition Temperature T« [eV]

More sensitive! Multi-messenger cosmology!

Ramberg, Ratzinger & PS, 2209.14313
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International PTA s

s |PTA DR2

Combination of data,
but using older data

log10 (CP Delay [s])

Again strong evidence
for “something”, but

l I I lllllll

E — |PTA DR2 sensitivity
no conclusive o 12 A~ Powerlaw
: ©
evidence for quadrupole 3 T
correlation £ L
S —16
Model comparison log,o BF S
HD VS CP 03111(6) | T T T L B
CP vs Pulsar Noise 8.2* 109 108
CP vs Monopole 4.67(2) = Hz]
CP vs Dipole 2.28(3) requency [Hz

arXiv:2201.03980
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Not an anomaly?

There is an expected background from supermassive black
hole binaries (SMBHB)!

Expected slope 14— arXiv:2201.03980
of y = 13/3, but o
. . < -15-
can vary In practice S
2 —-16 4 — M21 Pop s NG 12.5 yr

Amplitude a bit PTADR2 Pop e PPTA DR2

. mmw |PTA DR2 mmmm EPTA 6PSR
high for pure —17 | | | I

. 2 3 4 5 6 7

Astro signal v

» Room for new physics contribution!
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Simple power laws: Inflation or cosmic strings

Strings work better though!

@) \ /\ &) > O

—_ 10_6; ll'ITIII I“m”” o
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Blasi, Brdar, Schmitz, 2009.06607 Ellis, Lewicki, 2009.06555
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More BHs?

Signal from mergers “stupendously” large primordial BH?
Atal, Sanglas, Triantafyllou, 2012.14721

Only possible with large clustering!
Depta, Schmidt-Hoberg, PS, Tasillo, in preparation

10°

1071

Y7/

104 105 106 107 18 10° 10101011 1012 1013
MpBH [MO ] MpgH [Mo ]
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Example: Audible Axion

F /| GeV

18 |
3x10 F>my

2 x 1018 -

Parameter reconstruction already possible

Non-trivial constraints from cosmology (Ne)
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NANOGrav search for GWs from PT

Fit to full timing data,
including all PT
parameters

Assuming either
sound wave (blue) or
bubble collision(red)
source

NANOGrav collaboration,
2104.13930
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GWs from Phase Transitions

QFT at finite temperature — symmetry restoration

For first order PT

» Need barrier here T>Tc

PT occurs at Ty

Potential e\r,\ergy A\/

GW:s

Not in SM! Possible in
BSM scenarios
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GWs from Phase Transitions

First order PT — Bubbles nucleate, expand

Bubble collisions = Gravitational Waves

(h) =
o O
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PT signal

PT characterised by few parameters:

Q 1078 -

. Latentheat o~ ——=—= —%.

Qrad 10_9? —ngl
« Bubble wall velocity v go-n.;
» Bubble nucleation rate 3 g
 PT temperature
p T* 1071 5
Three physical contributions /" ~ N\
« Bubble wall collisions Lations f (Hz)
_~ammenaa '

. . nd recomm
Turbulence qurnmary 31910.13125

» Sound waves (LISA Cosmology WG)
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Signal properties

s New PL\\/S'@ Senke V
10‘8§ [/
o] ) N

L 0-10 X T ( T‘*) LISA sensitivity
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107° 10~4 103 1072 1071
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Primordial sources of GWs

First order phase I
transitions (symmetry -
breaking)

° ° 10—5 i
Inflation/Reheating
1072 -
g 107 Opferkuch, PS,
L L0-14 4 . Stefanek, 2019
Cosmic strings o

4
—20 -—-A-/ ............. *
10

1012 10'—8 10'—4 1(')0 1(')4 1(')8 102
/ \/ /—\v Frequency [Hz]
) » O .
@ N o, ©®
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Strongly coupled PTs are also dlffICU|t

Computed thermal effective N o]
potential in improved =
holographic QCD S |

- ]
0.00 '

» Fit to reproduce finite T
lattice data

First prediction for GW spectra T TN NI
of QCD-like dark sectors from TR N S
10-14L/ X 'Y VR
holography %
1071
Enrico Morgante, Nicklas Ramberg, PS, in preparation CéD "
except for the wall velocity... 10
10722

10 8 10-6 10 —4 10-2 100 102

f [Hz]
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Probing sub-MeV phase transitions

Very low frequency GWSs induce CMB spectral distortions

k [Mpc—1]
10~% 1073 102 10~* 10° 10 102 10°® 10* 10° 10° 107 10%® 10° 10'° 10!t 10'2 10 10 10'5 106 107 10'®
10—2 . RPRETIT EEEEERTTIT EAFTETIT RETETETTTT MATSPR T AR T AT MPRETITY RETERTTTT REFETETIT EETAPRTTTT EAPRRTTIT EEATR T RETArRTITT EATErETITT MR MR TS
10—3
10~ FIRAS (95%CL) i bin size
10—°
10-6 \\\\\k\‘
107
z 1079 Voyage2050

é” 10-10 10x Voyage2050
T 10-11
18—12
10—13
10—14
10—15
10—16
10—17

10—18
D o0 ~ Ne) 0 < [ap] (o] — o — (o] o <
| | | | | | | | | (@) (] [aw) o o
S 2 g2 g <2 £ g g g - - = = =
f [Hz] Kite, Ravenni, Patil, Chluba, 2021

Probe sources that give peaked GW spectra (like PTs)
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Gravitational waves as messengers from the early
Universe

Travel undisturbed
from earliest times

Only produced by
violent, non-equilibrium
physics

» Stochastic GW
background

Credits: R. Hurt/Caltech-JPL

From Ringwald,
Schutte-Engel,

Or with very very (very!) ol

high temperatures

original
computation:
Ghilieri & Laine
2015

vl vl vl vl vl el vl vl sl vl el vl vl s 3l
1073107210"110% 10" 102 103 10* 10° 10°% 107 108 10° 101910111012

f [He]
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Thermal History

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.

Inflation

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years
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