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QCD phase structure
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Theoretical predictions
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Functional renormalization group

Generating functional
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Functional renormalization group

Wetterich Equation

» Different paths correspond to different
regulation functions

* Regulators will not influence the infrared
results

Fabian’s talk



Functional renormalization group for QCD phase structure
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Functional renormalization group for QCD phase structure

Give the prediction of the phase
boundary

Try to have a better truncation at high
density region (has little impact on the
position of the CEP)

High accuracy needed to have high-
order thermodynamic quantities
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2. Baryon number fluctuations from fF
 QCD-assisted LEFT

e Predictions



QCD-assisted LEFT

Effective action:

1

U= [ {Zualndh = 0lu+ igAo)]a+ 525 (0,0

+ h q(TOJ + i’y5f 7)) + Vi(p) — co + Vglue (L, E)}

Together with some information from fRG-QCD:
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Baryon number fluctuations

Pressure and Baryon number fluctuations:
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Predictions
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Predictions
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Predictions

8
7
§)
5
4
3
2
1
0
§)
5
4
3
2
1
0
—1
—2
100
0
fRG (CE), freezeout: Andronic et al.
—~100 fRG (CE), freezeout: STAR Fit |
fRG (CE), freezeout: STAR Fit Il
2001 ] %  STAR collider (0-5%)
I %  STAR fixed-target (0-5%)
) ¢ STAR collider (0-40%)
—300 ™ N 66 ©A O Y S %  STAR fixed-target (0-40%)
NYYOY T Ry v

vV SNN [GGV]
Fu, Luo, Pawlowski, Rennecke, SY (2024)



Outline

3. Comparison between direct calculation and expansion
* Polyakov-Quark-Meson (PQM) Model

 Comparison of different Expansion methods



Taylor Expansion:

Idea of this work
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Idea of this work
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Idea of this work

* Match fRG results with lattice QCD results at 0 chemical potential

* Estimate how large is the range that the extrapolation results match
with the direct computed results
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Polyakov-Quark-Meson (PQM) Model

Effective action:

, 1
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+ h q(TOJ + i%f 7)) + Vi(p) — co + Vglue (L, E)}

qu (8u¢)2

Here we use Local potential approximation (LPA):

8th/¢ — O
8th — O

We only consider a simple computation of the effective potential.



Effective potential

Flow equation of effective potential:
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Expansion methods

A. Taylor Expansion

B. Padée Approximant

C. T’ Expansion



A. Taylor Expansion

Extrapolation to finite density

A. Taylor Expansion of the pressure:

HotQCD: Ha =ps =0 WB , , , ,
| | | | | | Wuppertal-Budapest STAR Preliminary data
| —-25 _ 15N, =12 - p: 0.4<pr<2.0GeV, |y <0.5 |
1 A P/T ug !/ T=2 3
= =,
0.8 e T
s T=150 MeV
0.6 2

o5l T=160 MeV

I,IB/T=15

0.2 HB /T =1.0 _
°O [ mmm NLO
T [MeV]

B 0 NNLO
0 | | | | |

140 160 180 200 220 240 260 280 ° >0 R 200

MeV

Phyvs.Rev.D 105 (2022) 7. 074511 JHEP 10, 205 (2018)




A.

Taylor Expansion

Example of Taylor Expansion

1.0 | |

1.0

-—---

0.5

—
~~~
~

~0.5 [|===

fRG-LEFT full T=155 MeV
fRG-LEFT full T=160 MeV
fRG-LEFT expansion T'=155 MeV

fRG-LEFT expansion =160 MeV

.

L5
pp/T

0.5 1.0

- 0.5 1.0

.0
0.0
Fu, Luo, Pawlowski, Rennecke, Wen, SY (2022)

20 25 3.0

e Direct calculation vs Taylor expansion of sz
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e The sz around Tpc exhibits strong fluctuations at high chemical potential,

which are difficult to capture with a finite-order Taylor expansion



8. Padé Approximant Extrapolation to finite density

B. Padé approximant:

Here the coefficients a; and b, are determined by
0'Plm,n|
Oji's

 \When m=0 the Padé approximant will go back to Taylor expansion

* The poles of Padé approximant can be used to estimate the convergence radius of

Taylor expansion



8. Padé Approximant Extrapolation to finite density
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C.

T’ Expansion
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Extrapolation to finite density
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T’ Expansion

C. T Expansion
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T’ Expansion

C. T Expansion

* Extrapolation by T’ expansion

T =T B iy kBT
200 | PR
+ kg (T) i + ) ~ ~
= 150 . -
S p—
100-:-::-:::::::.................. . A2 _
g'itjaopolation
50 | | | | ' ' ' |

-10 -8 -6 —4 -2 0 2 4 §) 8
~ 9
2z
Phys. Rev. D 110 (2024) 1, 016008



T’ Expansion

C. T Expansion

* Extrapolation by T’ expansion
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T’ Expansion

C. T Expansion
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(p(T, ) — p(T;,0))/T*

Comparison of different Expansion methods
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(p(T, ) — p(T;,0))/T*

Comparison of different Expansion methods
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(p(T, ) — p(T;,0))/T*
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Estimation of Lee-Yang edge

Radius of convergence: Mukherjee, Skokov (2019)
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Connelly, Johnson, Rennecke, Skokov (2020) From fRG LPA computation



Roberge-Weiss critical point
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Estimation of reliable region of expansion

Taylor Expansion T Expansiqn

. — . .
4" — Exact gy 7 4 — Exact 7
Taylor Expansion / T’ Expansion /
3f ... O(I-’BZ) N 3t ) ’//
N Olust) Ideal-HRG / - Olws”)  )|deal-HRG
B |--- O(ug . / ng | 4
= 2| T=155MeV 47 7 — 207 O8) 77— 155 Mev
T° | --- O(us®) P T° | oyt
i (bB")
&7 -
o — st 1} - O(ug®) L - 1} — O(ug®)
T | | ] e
Full 7 e S
Taylor expansion, xs vt 0 . . |
. 0 1 2 3 4 5 0 1 2 3 4 5
| o
{ —-— T'expansion, kg 4 palT H/T
, : 3 4 2.0 ' ' ' I 7 '
b Pade approximants, P[4,4]§ 4~ - — Exact Ly 1o} — Exact :
R AR — — r/" i 5 Taylor Expansion //// 10 T Expa;\smn oy
& I : 7 | B ) ) S ¢
0.4 ‘ e Olwe?) _ e OWs)  EV.HRG
M S EV-HRG s osl .
™ 7 ng -0 4 Q’/ ng - O(FB ) _
, [ (HB") _ 2.7 _ 7B T = 155 MeV o
X O 3 B / | — 1.0 T—155 MeV . 3 0-6 o 0(”36) '\"
" ,/, T3 _——— 0(”86) X A E T . & i ----------
- 0.5/ -~ O(ug®) g, 0.4 == Olwg) e
| p— B e . . ST T :
0.2 | /,/ B 10 e N 0.2l O(us") T
/, O(us )...-.'.‘.‘...‘3.'3 .............. \‘, _L_,,,.‘...‘.-:: ...... :
el 0.0/ ’m _ . VT v\ 0.0{ " . . . TuslT: 5
0.1} /,/ — 0 1 2 3 4 5 0 1 2 3 4 5
el pglT pelT
’/ ’ ’ ’ - ) ) ) l l l . l .
0.0 k& | | | | | | | _ 0.8) — Exact ; ! - 0.6, — Exact ' vdW-HRG
Taylor E i 5 T’ Expansion E
0.0 05 1.0 15 20 25 3.0 3.5 4.0 AyIorEXpansion - / 05 o . T=155MeV
0.6 O(ug?) dW HRGE // I O(us”) : - =< e
vdW- 5 0.4} 4 : '
o 4 : / L
,UJB/T ng OWs) r_1ssmev: — » . N Olks’)
= 04— O(us?) A 7o 03 Ole)
o 0(”38) el ‘‘‘‘‘ 0.2 O(IJBs)
P2 0" LT NN | o4l Og™)"
‘‘‘‘‘ e AR R
0.0{—" . VI Y \'\ . a 0.0}
0 1 2 3 4 5 0 1 2 3 4 5
uglT pslT

Kahangirwe, Ratti, Vovchenko, Gonzalez, Munoz (2025)



Outline

4. Summary and conclusion



Summary and Conclusion

(1D Pressure and baryon number fluctuations are computed by fRG at real and imaginary chemical
potential within a low energy effective theory

(2 The convergence of Taylor expansion, Padé approximant and T’ expansion are investigated

1. Consistent region: up to @(,ug) p/T* ppl T < 3.5 around 7,
)(f /T < 3.0
Vs /T < 2.0
2 g/ T S 1.5

2. Consistent regions are similar for all these three expansion methods

3. Convergence radius of Lee-Yang edge singularities are in agreement with expansion consistent
regions
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