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1 SECOND
The Large Hadron 
Collider at CERN is 
recreating the 
conditions that 
prevailed a fraction 
of a second after the 
Big Bang.

300,000 YEARS
We can detect radiation 
from the early formation 
of the Universe back as 
far as this point. Before 
this, the Universe is 
opaque: it’s as if a veil 
has been pulled over it.

A FEW HUNDRED MILLION YEARS
4H[[LY�JS\TWZ�[VNL[OLY�\UKLY�P[Z�V^U�NYH]P[`�MVYTPUN�[OL�ÄYZ[�WYV[VNHSH_PLZ�HUK�
^P[OPU�[OLT��[OL�ÄYZ[�Z[HYZ�
:[HYZ�HYL�U\JSLHY�M\YUHJLZ�PU�^OPJO�OLH]PLY�LSLTLU[Z�Z\JO�HZ�JHYIVU��V_`NLU��ZPSPJVU�
HUK�PYVU�HYL�MVYTLK��4HZZP]L�Z[HYZ�L_WSVKPUN�HZ�Z\WLYUV]HL�JYLH[L�L]LU�OLH]PLY�
LSLTLU[Z��:\JO�L_WSVZPVUZ�ZLUK�TH[LYPHS�PU[V�ZWHJL�YLHK`�[V�IL�PUJVYWVYH[LK�PU[V�
future generations of stars and planets.

10 BILLION YEARS
;OL�ÄYZ[�SPML�HWWLHYZ�VU�
Earth in the form of simple 
cells. Impacting comets and 
asteroids might have 
contributed organic 
molecules to Earth. Life 
spreads across the globe.

THE BEGINNING
The Universe begins 13.7 
billion years ago with an event 
known as the Big Bang.
Both time and space are 
created in this event.

100 – 1000  
SECONDS
Nuclei of hydrogen, 
helium, lithium and 
other light elements 
form.

9 BILLION YEARS
The Sun, along with its eight 
planets, and all the 
asteroids, comets and 
Kuiper Belt objects, such as 
Pluto, form from the debris 
left behind by earlier 
generations of stars.

A FEW BILLION YEARS
0UP[PHSS �̀�[OL�L_WHUZPVU�VM�[OL�<UP]LYZL�KLJLSLYH[LK�¶�I\[�H�
ML^�IPSSPVU�`LHYZ�HM[LY�[OL�)PN�)HUN��[OL�L_WHUZPVU�ILNHU�[V�
accelerate. The acceleration is caused by a mysterious 
force known as ‘dark energy’, the nature of which is 
completely unknown.

20 BILLION YEARS
In a few billion years the Sun’s outer layers 
^PSS�L_WHUK�HZ�P[�[\YUZ�PU[V�H�9LK�.PHU[�Z[HY��
Life on Earth will become impossible.
,_WHUZPVU�VM�[OL�<UP]LYZL�^PSS�JVU[PU\L�[V�
accelerate.

FUTURETODAYUNOBSERVABLE UNIVERSE (PAST) POTENTIALLY OBSERVABLE UNIVERSE (PAST)
10100 YEARS
Stars no longer form; matter is trapped in 
black holes or dead stars. Protons decay  
and black holes evaporate, leaving the 
Universe to its ultimate fate as cold, dead, 
empty space, containing only radiation, which 
itself too will eventually disperse.

FRACTION OF  
A SECOND
9HWPK�L_WHUZPVU�VJJ\YZ�
during a billionth of a 
billionth of a billionth of a 
IPSSPVU[O�VM�H�ZLJVUK�¶�[OL�
visible Universe is the size 
of a grapefruit.

13.7 BILLION YEARS
This is where we are today. Using our own 
ingenuity, humanity is probing the depths of the 
Universe and trying to unravel its mysteries, 
from our tiny, home planet, Earth. The visible 
<UP]LYZL�JVU[HPUZ�IPSSPVUZ�VM�NHSH_PLZ��LHJO�
comprising billions of stars. Within our own 
.HSH_ �̀�O\UKYLKZ�VM�L_VWSHUL[Z�OH]L�ILLU�
discovered orbiting other stars.
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Phase transition  s after BB∼ 10−11



G R AV I TAT I O N A L  W AV E S  F R O M  A  P T

[figure credit: Christopher Moore, Robert Cole and Christopher Berry]

PT

[C. Grojean, G. Servant, Phys.Rev.D 75 (2007) 043507]



E X P E R I M E N T:  H I G G S  E X I S T S

[ I m a g e  f r o m  P h D  C o m i c s ]
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T H E O R Y:  N O  V E V  I N  T H E  PA S T



P H A S E  T R A N S I T I O N  H A P P E N E D !

[ I m a g e  f r o m  P h D  C o m i c s ]

V(φ)

φ



S T O C H A S T I C  
G R AV I TAT I O N A L -
W AV E  B A C K G R O U N D  
F R O M  F I R S T- O R D E R  
P H A S E  T R A N S I T I O N S
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F I R S T- O R D E R  P H A S E  T R A N S I T I O N

V(φ)

φ
⟨φ⟩ ≠ 0 ⟨φ⟩ ≠ 0

⟨φ⟩ ≠ 0



F I R S T- O R D E R  P H A S E  T R A N S I T I O N

Parameters: nucleation/percolation/reheating temperature , bubble size/
transition rate , transition strength , bubble-wall velocity 

T*
R*/β* α vw

V(φ)
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⟨φ⟩ ≠ 0 ⟨φ⟩ ≠ 0

⟨φ⟩ ≠ 0



B U B B L E S  A N D  P L A S M A  S O U R C E  G R AV I TAT I O N A L  
W AV E S

⟨φ⟩ ≠ 0



B U B B L E S  A N D  P L A S M A  S O U R C E  G R AV I TAT I O N A L  
W AV E S

⟨φ⟩ ≠ 0

bubble-wall 
collisions

⟨φ⟩ ≠ 0 ⟨φ⟩ ≠ 0



sound waves 
in the plasma

B U B B L E S  A N D  P L A S M A  S O U R C E  G R AV I TAT I O N A L  
W AV E S

⟨φ⟩ ≠ 0

bubble-wall 
collisions
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sound waves 
in the plasma

B U B B L E S  A N D  P L A S M A  S O U R C E  G R AV I TAT I O N A L  
W AV E S

turbulence in 
the plasma

⟨φ⟩ ≠ 0

bubble-wall 
collisions

⟨φ⟩ ≠ 0 ⟨φ⟩ ≠ 0



T H E R M O D Y N A M I C A L  PA R A M E T E R S  V S  G W
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T H E R M O D Y N A M I C A L  PA R A M E T E R S  V S  G W

LISA
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α*

ΩGW

f

+ wall velocity vw

[C. Caprini at al., LISA CosWG, 2403.03723]



In SM the PT is crossover.


The search for a first-order PT is 

a search for New Physics!

[K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Phys. Rev. Lett. 77, 2887 (1996); K. Rummukainen, M. Tsypin, K. Kajantie, 
M. Laine and M. E. Shaposhnikov, Nucl. Phys. B 532, 283 (1998); F. Csikor, Z. Fodor and J. Heitger, Phys. Rev. Lett. 82, 21 (1999) ]



F I R S T- O R D E R  P T  C A N N O T  B E  S M - L I K E

[Figure from: Phys.Rev.D 100 (2019) 11, 115024, O. Gould, J. Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V.I. Tenkanen, D. J. Weir]



F I R S T- O R D E R  P T  C A N N O T  B E  S M - L I K E

[Figure from: Phys.Rev.D 100 (2019) 11, 115024, O. Gould, J. Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V.I. Tenkanen, D. J. Weir]

Scalar extensions of the SM 
(large coupling)



F I R S T- O R D E R  P T  C A N N O T  B E  S M - L I K E

[Figure from: Phys.Rev.D 100 (2019) 11, 115024, O. Gould, J. Kozaczuk, L. Niemi, M. J. Ramsey-Musolf, T. V.I. Tenkanen, D. J. Weir]

PT for a new field

Scalar extensions of the SM 
(large coupling)



P H A S E  T R A N S I T I O N :  O R D I N A R Y  V S  S U P E R C O O L E D
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P H A S E  T R A N S I T I O N :  O R D I N A R Y  V S  S U P E R C O O L E D

V(φ)

φ

V(φ)

φ

[C. Caprini et al., LISA CosWG, 	JCAP 03 (2020) 024 ]

2HDM



P H A S E  T R A N S I T I O N :  O R D I N A R Y  V S  S U P E R C O O L E D

V(φ)

φ

V(φ)

φ

[M. Kierkla, BŚ, T.V.I. Tenkanen, J. van de Vis, JHEP 02 (2024) 234]
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2HDM



C O S M O L O G I C A L  
F I R S T- O R D E R  P H A S E  
T R A N S I T I O N



N U C L E AT I O N

Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−S)



N U C L E AT I O N

Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−S)



H O W  FA R  W I L L  Y O U  D A R E  T O  G O ?

Daisy resummation

[P. Arnold, O. Espinosa, Phys.Rev.D 47 (1993) 
3546, R.R. Parwani, Phys.Rev.D 45 (1992) 4695]



H O W  FA R  W I L L  Y O U  D A R E  T O  G O ?

Daisy resummation

[P. Arnold, O. Espinosa, Phys.Rev.D 47 (1993) 
3546, R.R. Parwani, Phys.Rev.D 45 (1992) 4695]

Dimensional reduction

[P. H. Ginsparg, Nucl. Phys. B170 (1980) 388, T. Appelquist, R. D. 
Pisarski, Phys. Rev. D23 (1981) 2305, K. Kajantie, M. Laine, K. 

Rummukainen, M. E. Shaposhnikov, Nucl. Phys. B 458 (1996) 90]



H O W  FA R  W I L L  Y O U  D A R E  T O  G O ?

Now available in a 
public code DRalgo 

[A. Ekstedt, T.V.I. Tenkanen, P. Schicho, 
Comput.Phys.Commun. 288 (2023) 108725]

Dimensional reduction

[P. H. Ginsparg, Nucl. Phys. B170 (1980) 388, T. Appelquist, R. D. 
Pisarski, Phys. Rev. D23 (1981) 2305, K. Kajantie, M. Laine, K. 

Rummukainen, M. E. Shaposhnikov, Nucl. Phys. B 458 (1996) 90]

Daisy resummation

[P. Arnold, O. Espinosa, Phys.Rev.D 47 (1993) 
3546, R.R. Parwani, Phys.Rev.D 45 (1992) 4695]
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see the poster 
by Maciej 
Kierkla
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More applications 
of DR in the 
posters of:


João Pedro Pino 
Gonçalves,


Marco Finetti,

Daniel Schmitt
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N U C L E AT I O N

Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−S)

 necessary to increase 
precision


BubbleDet

Adet

→
[A. Ekstedt, O. Gould, J. Hirvonen, JHEP 12 (2023) 056]



N U C L E AT I O N

Γ = Adyn ⋅ Astat = Adyn ⋅ Adet ⋅ exp(−S)

 necessary to increase 
precision


BubbleDet

Adet

→
[A. Ekstedt, O. Gould, J. Hirvonen, JHEP 12 (2023) 056]

[O.Gould, A.Kormu, D. J. Weir, 2404.01876]

see the poster by Anna Kormu



B U B B L E - W A L L  
V E L O C I T Y
F O R  G W  A N D  B A R Y O G E N E S I S



W A L L  V E L O C I T Y

z

�(z)

incoming transmitted

reflected

⟨φ⟩ = 0 ⟨φ⟩ ≠ 0 [G. D. Moore and T. Prokopec, Phys. Rev. D 52 (1995) 7182–7204, 
Phys. Rev. Lett. 75 (1995) 777–780 ,

B. Laurent and J. M. Cline, Phys. Rev. D 102 no. 6, (2020) 063516, 
Phys. Rev. D 106 no. 2, (2022) 023501,

G. C. Dorsch, S. J. Huber, and T. Konstandin, JCAP 12 (2018) 034]



R U N A W AY  B U B B L E S ?

z

�(z)

transition radiation

incoming transmitted

reflected

⟨φ⟩ = 0 ⟨φ⟩ ≠ 0 [D. Bodeker and G. D. Moore, JCAP 05 (2009)  
009, JCAP 05 (2017) 025, 

S. Höche, J. Kozaczuk, A. J. Long, J. Turner, and Y. Wang, JCAP 
03 (2021) 009 ,

Y. Gouttenoire, R. Jinno, and F. Sala, JHEP 05 (2022) 004 ]



R U N A W AY  B U B B L E S ?

[M. Kierkla, A. Karam, BŚ, JHEP 03 (2023) 007



R U N A W AY  B U B B L E S ?

[results and plots from: M. Lewicki and V. Vaskonen, Eur.Phys.J.C 83 (2023) 2, 109]



I S  L O C A L  T H E R M A L  E Q U I L I B R I U M  U S E F U L ?
[T. Konstandin, J. M. No, JCAP 02 (2011) 008, M. Barroso Mancha, T. Prokopec, and BS, JHEP 01 (2021) 070 ,  S. Balaji, M. Spannowsky, and C. Tamarit, JCAP 
03 (2021) 051,  W.-Y. Ai, B. Garbrecht, and C. Tamarit, JCAP 03, (2022) 015 , W.-Y. Ai, B. Laurent, J. van de Vis, JCAP 07 (2023) 002, M. Lewicki, M. 
Merchand, and M. Zych, JHEP 02 (2022) 017]



I S  L O C A L  T H E R M A L  E Q U I L I B R I U M  U S E F U L ?

[W.-Y. Ai, X. Nagels, M. Vanvlasselaer, JCAP 03 (2024) 037]

[T. Konstandin, J. M. No, JCAP 02 (2011) 008, M. Barroso Mancha, T. Prokopec, and BS, JHEP 01 (2021) 070 ,  S. Balaji, M. Spannowsky, and C. Tamarit, JCAP 
03 (2021) 051,  W.-Y. Ai, B. Garbrecht, and C. Tamarit, JCAP 03, (2022) 015 , W.-Y. Ai, B. Laurent, J. van de Vis, JCAP 07 (2023) 002, M. Lewicki, M. 
Merchand, and M. Zych, JHEP 02 (2022) 017]



I S  L O C A L  T H E R M A L  E Q U I L I B R I U M  U S E F U L ?

[T. Krajewski, M. Lewicki, M. Zych, JHEP 05 (2024) 011 ][W.-Y. Ai, X. Nagels, M. Vanvlasselaer, JCAP 03 (2024) 037]

[T. Konstandin, J. M. No, JCAP 02 (2011) 008, M. Barroso Mancha, T. Prokopec, and BS, JHEP 01 (2021) 070 ,  S. Balaji, M. Spannowsky, and C. Tamarit, JCAP 
03 (2021) 051,  W.-Y. Ai, B. Garbrecht, and C. Tamarit, JCAP 03, (2022) 015 , W.-Y. Ai, B. Laurent, J. van de Vis, JCAP 07 (2023) 002, M. Lewicki, M. 
Merchand, and M. Zych, JHEP 02 (2022) 017]
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DM, PBH).


