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QCD phase diagram

QCD Lagrangian is symmetric under,
SUQ2); X SUR)rx U(l), x U(1)y,
form,=m,; = 0.
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For physical values of quark masses, m, = m, # 0, the
transition is smooth analytic crossover.



Thermodynamics using Lattice QCD

The partition function of QCD:  HISQ, N, = 2 + 1-flavor
Zocp = J@U det[M(m,, p,)1det[M(mgy, p,)] detiM(mg, py)] e >tV

Real chemical potential makes the
determinant complex,

s M’ (Hq)vs = M(—fiq)

» The Taylor series of the QCD pressure at finite temperature and density:
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» Cumulants at yamshmg chemical potential, g = =B — =4O
o kp/ T4 ; ;
7295(T,0) = . . X=B,0.S ! 1

o o ) Hs = SHB — 3HQ — [sS -

=0 3 3




Thermodynamics using Lattice QCD

The Taylor series of the QCD pressure at finite temperature

and density:
P(T, u) 1 — 1 B
=——InZ orp = z' yB i gk g =ulT
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T4 VT3 eyt i1k ik 0

Cumulants at vanishing chemical potential,
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Equilibrium Thermodynamics
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Expansion coefficients of the Taylor series

https://github.com/LatticeQCD/SIMULATeQCD
arXiv:2111.10354v1:D. Bollweg, et al

2 32 4 4
_ poop po'p 0 4
Ap(u) = p(p) — p(0) =§ﬁ ?ﬁ + ... = Dol t Papg + ...
¢ M /,l: ° M /,[:O | |
1'% - |
; Mg |
SR SO/
V'SH y+-00 -
0124 "% -
=
g |- 42 =
"$ I"HS VL8, Yo
() * HA
HER - + B
"I m - A 7
- +.-J0 101233 —
! $<'§! '-_ ' 1 ' 1 | | | | | |
(! '$! ! '0p! *
&$0/' T T
"#$& T | - | | | 'I' "#$%& () * mm
||#$ &. . ( ) * |.E.|
' _ +,-./0101 e
T
"#%
"H'& I'$% .
1& - -
g 1859 l
I"#% I# | _
"#%& 1#$% + -./0 |
I"#$ [ | | | | |

%" (" %&" %) % & & &% & &f



EoS: 2017vs 2022 [N, = 4N ]
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Thanks to : Juwels, Marconi, Piz-daint, Summit and Bielefeld gpu clusters.



Pressure and Number density

— 2 4
ng = 2pypig + Apapp + ..

B _ 2
Xy =20y + 12pgup + .
!"+ I I I T T T I' "#"
I"x
| | g
M F
(- I " #$S$ %8 I " #3S %&
om0 12— "0 [)%+, ~/0 117 -
T J0 117 70 117 -
g, 10 112" w— | j0 | 112 -
"0 |- | "$ r |
"$ i
I"# i I"# - |
! — !
! ! # ft $ $" % % | |
| | # # $ $|||
"( T .
" -
"$& -
"$% | " #$$ %&;4
" O*+, -./0 112 we— |
38 - JO 112 w—
I"$ |- JO | 112 |
3%4567878 —
g
I"#&
I"#%%
I"#$
"4

o s ®)



Conclusions

The current range of reliability of the expansions are different for

different observables. Which is , (iz/T ~ 3, 2.5 and 1.5 for

pressure, net-baryon number density and second order baryon
number fluctuations close to the pseudo-critical temperature.

The current updated estimate for radius of convergence is

fn| ~ 3, close to the pseudo-critical temperature.




Back up slides
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Figure 3: Top Scaling of multi-RHSY with number of RHS for various numbers of GPUs on a single
JUWELS Booster nodd.eft Scaling of/ , and RHMC with number of GPUS on a single JUWELS Booster
node.Right Scaling of RHMC with multiple nodes with 4 A100 GPUs each.



Pressure and Number density
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Success and limitation of Taylor

% Good control on lower order cumulants at

T
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X aGn y ﬂse baryon chemical potential.
e lg o§| cmo}ntro on higher order cumulants at

smaller baryon chemical potential.

< Validity and reliability of Taylor expansion
will be limited by its radius of convergence

and on the number of terms.

< Calculating higher order terms using brute

forlé%emeethod seems unreasonable
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