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Thermal precondensation

e Occurence of a condensate only at finite range of length scales

Broken phase

fPrecondensation phase

M ,’ Symmetric phase
10 1

10 100
7 (7 Texi) ]
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Hallmarks of precondensation

O'()(iC) — 0 —+ AO’Q(ZC)

i

1 .
Macroscopic limit op = lim —/d3x oo(x) oo(z) = (0(x))

Y — 00
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Hallmarks of precondensation

00(p) = 00 (27)°3(p) + Aoo(p)

i

1 .
Macroscopic limit op = lim —/de oo(x) oo(z) = (0(x))

Y — 00
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Hallmarks of precondensation

T TG

00(p) = 00 (27)°3(p) + Aoo(p)

i

1 .
Macroscopic limit op = lim —/de oo(x) oo(z) = (0(x))

Y — 00

ol (p;r) = Vi /d3q (6(p—q)i(q)) o-(q)

o3(pir) = (2n)*50) + 0 du(p) (1+ 225,

n Vi / 43q Aoy (p — q)Aco(q) 5,-(q)

(i) Symmetric regime: of(p;r) = 0.
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Hallmarks of precondensation
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00(p) = 00 (27)°3(p) + Aoo(p)
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Y — 00

Og(p;r)—)i/d?’ (6(p—q)i(q)) o-(q)
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(i) Symmetric regime: of(p;

r)
(ii) Precondensation regime: 08( r) # 0 and oy = 0.
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Hallmarks of precondensation

T TG

00(p) = 00 (27)°4(p) + Aoo(p)

i

1 .
Macroscopic limit op = lim —/de oo(x) oo(z) = (0(x))

Y — 00

o5 (p;7) = ;T/d?’ (6(p—q)5(q)) 0,(q)

o3(pir) = (2n)*50) + 0 du(p) (1+ 225,

n Vi / 43q Aoy (p — q)Aco(q) 5,-(q)

0, r < Truv,
(i) Symmetric regime: of(p;r) =0 0AY
2 (e ) —
(i) Precondensation regime: o (p;r) # 0 and o9 = 0. oo(p;r) =< #£0, ryyv <r<E,
0, r>E.
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Hallmarks of precondensation

T TG

00(p) = 00 (27)°4(p) + Aoo(p)

i

1 .
Macroscopic limit op = lim —/de oo(x) oo(z) = (0(x))

Y — 00

o5 (p;7) = ;T/d?’ (6(p—q)5(q)) 0,(q)

o3(pir) = (2n)*50) + 0 du(p) (1+ 225,

- Vir / d*q Aoo(p — q)Aoo(q) 6,(q)

0, r <ruv,
(i) Symmetric regime: of(p;r) =0
2(m ) —
(i) Precondensation regime: o (p;r) # 0 and o9 = 0. oo(p;r) =9 #0, ruv<r<g,
(iii) Broken phase: oy # 0. 0, r>¢.
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Hallmarks of precondensation

B L i T oY)

oo(p) = o¢ (27)°8(p) + Aco(p)
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Macroscopic limit op = lim —/dgx oo(x) oo(z) = (0(x))

VYV —00
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B L i T oY)

00(p) = 00 (27)°3(p) + Aoo(p)

Y — 00

ol (p;r) = Vi /d3q (6(p—q)i(q)) o-(q)

02 (p; ) = 02(27)*8(p) + 00 Ao (p) (1 yeu 5r<p>)

1 5
Macroscopic limit o9 = lim —/dgxao(x) oo(r) =

T >> Tcrlt
Y, /d q Aoo(p — q)Aoo(q) 6r(q) / Tcr  3T(< Tpre

St st o2 0 o {0, - ”///'“”\"% ’/// // //

ii) Precondensation regime: o3(p;r) # 0 and oo = 0.
0

(iii) Broken phase: oy # 0.

=< £0, ruy<r<E§, é//////

// //T < Tcrlt
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Thermal precondensation

e Discussed in very different contexts WL g £ £
o . ; .
W’ W A b '

- cold atoms: BCE-BCS crossover Weiss domains [Wikipedia]

Boettcher,Pawlowski,Diehl[1204.4394]
- condensed matter: Dirac semi-metals Symmetric ' Broken

Tolosa-Simeodn,Classen,Scherer [2503.04911]
_Thssen,Hawashin, Tolosa-Simeon,Classen [2607.18396]
- gauge-fermion: diquark condensate in 2-colour QCD

Khan,Pawlowski,Rennecke,Scherer [1512.03673]

- Scalar theories
Hawashin,Rong,Scherer[2409.10606] Goertz, APG[2308.13594]

e Features:

- domain formation in equilibrium

- pseudo-gapped or mixed phases

- inhomogoneities and spatial modulations
See Franz R. Sattler’s talk
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Functional Renormalisation Group

* Scale-dependent effective action: Iy [¢] ko~ 1/r

[ 106, = [ Do exp(-5il6)

Luld] = / J(2)6(x) — WilJ] — ASk[é

Wetterich 89

- Average action of fields over a k™ space-time volume

- Kadanoft's block-spinning idea in the continuum limit

Il Cilo 5[]
k-0k K L— A

IR cutoff scale: &k~ T ~ (p)

= Pedagogical introduction to fRGes [0611146] = Review: Dupuis,et.al [2006.04853]

T ——

ASy ] = / &(p) Red(—p)

Flow equation:

Wetterich 93

875 Ekak

e Exact derivation * Systematic expansion

e One loop schemes

 Non-perturbative * UV-IR finite

* Mass-dependent * Diagrammatic

e Analytic regulators Real-time formulation

e \/ersatile
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Chiral gauge-termion theories

1 _
_ a 1a
S = ZFMVFHV+£gf+£gh—I_ wmw
x ;
P 5 < R
e Gauge-fermion theories in the chiral limit See Haolin Li’s talk Weiss domains [Wikipedia]

- Rich phenomena (confinement, dySB, walking, ...)

- Relevance for BSM physics

* Composite Higgs & Technicolour (HP)
Reichert,Sannino,Wang,Zhang[2109.11552

* Strong Dark Sectors (DM) Pashechnik,Reichert,Sannino, Wang[2309.16755
Iso,Okada,Orikasa[0902.4050]
Iso,Serpico,Shimada[1704.04955]

* Cosmological evolution
* 1st order chiral phase transition, GWs

* Precondensation opens path to new observational test

- Hanbury Brown-Twiss spectroscopy See amazing talk by Fabian Rennecke
Rennecke,Pisarski,Rischke[2301.11484]

_ ?
B Fukushima,Hidaka,Inoue,Shigaki, Yamaguchi[2306.17619]

Alvaro Pastor Gutiérrez Rriz=x iTHEMS Hubble telescope [Wikipedia] 6



Functional approach to QCD

Mitter,Pawlowski,Strodthoff[1411.7978]
(2]
S
3 08
o 1 e
-g 06 | Bowmanetal., 05 ———
. . . L. T 1/2, ——
e dySB encoded in higher dimensional fermionic operators S o4l M _
o) . ., q
S ool | fQCD collaboration
g
. O X X P | . . ]
Fk[q)] D Ao (¢ 7’(S—P)w) T ... 0.1 1 10 |
X p [GeV] e =4 ]
e Exact field transformation along the RG flow _
Cl e :
? & Plezmere ¥ '
_ Z L 60 H 1 Lattice: HotQCD & t .
@ freezeout: STAR PR
(p1+p3)2 =0 ¢E{J7ﬂ-a} (p1+p3)*=0 407 E{ Eizigg:;ﬁlnbdarsrt'\izl;atal. |
(P2 +pa)? =0 (2 +ps)* =0 20 & fiiiiﬁﬁi Sssgrt\telzrrllkiteatlél. 7
X @ freezeout: Sagun et al.
Stratonovich’57 Hubbard’59 05 00400 o0 800 1000

pp [MeV]

LL[®) D [ hp (TR0 + iysTEn®) o + Zg (9,0) + V(%) + . ..

, . ] ] Goertz, APG,Pawlowski[2412.12254]
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I\/Iicroscopic origin

Flow of the effective chiral potential:
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I\/Iicroscopic origin
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I\/Iicrosc:opic origin

Flow of the effective chiral potential:
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'Necessary key ingredients: i

| . . . oo(r) !
- Competing counteracting effects: fermions and bosons 70(00) 70 02 T
- External parameter: 1, u, ... 00 !
- Massless modes: exact Goldstones |

7 (7 Terie) ™'
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Many tlavour scaling

r|(m Tcrit)_l]

I‘ 1
100 0.8
.. . . i 0.6|
e Growing size of precondensation regime in T 0.4l ® .o
0.2| ‘
: 0}
e Growing number of Goldstones ]\92 — 1

0 0102 03 04 05

* Relevant role in the near-critical dynamics

See my poster :)
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Correlators at k — 0 and real-time properties

Work in progress with Jan M. Pawlowski Franz R. Sattler and Yang Yang Tang
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Conclusions

* Thermal precondensation has interesting features
- Domains, spatial modulations, mixed phases

* Occurs in multiple contexts in nature (condensed matter, cold
atoms, chiral gauge-fermion theories)

e Key ingredients:

- Competing counteracting effects

- External parameters

- Massless modes
* Increasingly relevant in the many-flavour limit

* Potentially relevant for BSM physics and observational prospects

Alvaro Pastor Gutiérrez Rrivz=x iTHE MS
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Conclusions

* Thermal precondensation has interesting features
- Domains, spatial modulations, mixed phases

* Occurs in multiple contexts in nature (condensed matter, cold
atoms, chiral gauge-fermion theories)

e Key ingredients:

- Competing counteracting effects

- External parameters

- Massless modes
* Increasingly relevant in the many-flavour limit

* Potentially relevant for BSM physics and observational prospects

Thank you for your attention!
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