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Introduction, motivation

T} g g

hadronic phase

pn = 0 area is relevant for - the early Universe
- high energy collisions

UWRHIC ~ 50 MeV, Heps = 250 MeV

QCD transition at 4 = 0 is found to be a crossover
[Y. Aoki, GE, Z. Fodor, S.D. Katz, K.K. Szabd]

- |

Different observables give different values for 1
namely, Te(1y) =~ 156 MeV, T.(xs) ~ 169 MeV

[Y. Aoki, Sz. Borsanyi, S. Durr, Z. Fodor, S.D. Katz, S. Krieg, K.K. Szabdg]



Role of the curvature

Explore the u #= O region of the phase diagram

At u # 0 sign problem emerges
— Importance sampling not possible

Possible solutions:

- reweighting u = 0 configurations

- analytic continuation from imaginary u

- use Taylor-expansion in u, around =20
first term vanishes
second term given by the curvature (k)

AIMms:
d_etermine the curvature for different observables
¢¢ and Xs
Comparison: Ny = 4 and 6 results; the curvature
IS in the range of x = 0.003...0.01

[Bielefeld-Swansea; Philipsen, de Forcrand; D’'Elia, Lombardo; Fodor, Katz]



Possible scenarios
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Does the crossover region shrink or expand?

Analyze the width of the transition

— curvature can give insight

— recent study indicates a weakening de Forcrand]
— Non-monotonic behaviour is possible [kapustal

Does a critical endpoint exist?

W= pB



Curvature determination 1.

2
Equation of transition line is Te(u) = T¢ (1 — wE )

TZ
—_ d7Te(p)
— 7
o € d(u?) |,=0
Determining T.(x) would be too expensive
For an observable (T, u) which satisfies:
im ®(T,u2) = Cp, lim &(T,p2) = Co  Vyu

T—0 T—00
Define a 'transition’ temperature T where
with Cp < K < C

Set K according to the inflection point of ®©(7,0)
SO Ty = Te(w = 0)



Curvature determination II.

o For &(T,u?): do =97 dT—I— @ dp?
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e along the T (u) line
dd = 0 by definition

e =(57),0..) /(o7
T—T, oT

dp= o2
R(T)

o x(T)=—-T¢.-R(T)

e To leading order each point of ® moves —R(T) -MQ

to the left

e Also, x(T) gives curvature of the ® = const. curve
starting from 7" at ©u =20

e Slope of k(T) related to width of transition:

1 0w _
W o(u?)

1 Ok

TeOT |\ T=T,
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ou?

Consider Z = /DUe_Sg(U) det MNf/4

Operators for

dlog Z __ . 02log Z __
a,uu,d T <nu,d>; 6#5@ - <Xu,d>

— <¢Xu,d> - <¢><Xu,d>




Observables

2
Strange susceptibility xs = &¢ 52%2

no renormalization necessary, study combination XS/T2
here Cop = 0, Cx = 1, both p-independent

Chiral condensate ¢y = £,21909=

renormalization, subtraction of SB limit:
Py = [($9 — (T = 0)) - m — am?T?| -
here Cog = 0, Cx both u-independent
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Simulation details

Symanzik improved gauge and stout-link improved
staggered fermionic lattice action

Physical masses for m,, 4 and for m
LCP determined by fixing mg/fi and mg/mx
Scale set by fx

Lattice spacings used: Ny =4,6,8,10
(a =~ 0.3...0.12fm)

with aspect ratios Ns/Ny = 4 and 3

Measurements carried out with 80 random vectors
(measurements and config. production balanced)

Derivatives &’ and @®” calculated numerically
using a purely imaginary chemical potential



How to extract results?

Determine (1) over a temperature-interval
study w(T')|p—p. — curvature of Te(u) line

study g—§ . — Change in width of transition
Expand around T, (t = T}CTC):

R(T) = k(Te) + b1 -t 4 bo - 2
Fit different a (different N;) data together:
k(T; Ny) = w(Ts;cont) + by -t + bo - 2
+c1/Nf 4 t/Nf

Ni-dependent quadratic term not necessary to
describe data

Good fit qualities: x2/d.o.f ~ 0.8



Results
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Conclusions

Taylor-expansion in pu to determine the curvature
Crossover nature of the transition is visible

In leading order, transition curves of ¥, and
xs/T? converge to each other
- Higher orders? Third observable?

Both quantities get smoother as p increases

Leading order in u indicates a weakening of the
transition

- no evidence for a critical endpoint

- non-monotonic behaviour?

Full reweighting is needed to study to existence of
the critical point
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Illustration

Real world ———
Heavy quarks
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Illustration
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On the applicability of the method

Is ® pu-independent at 7'=0 and at T" — oco?

xs/T? and i, both fulfill this, because:

- Imaginary pu = boundary condition, which is
irrelevant at 7'=20
this independence can be analytically continued
to real u also

- 1 enters log Z only through the fugacity e“/T, SO
at 1' — oo inclusion of a small u has no effect

d(T.) = const. is a good definition for T, for both
quantities



On the renormalization of

e Another usual renormalization is:

Ay = [ﬂu — 2%:6158} / [(ﬂ“ - Q%Sdgs) ’T:O}

- only divergences proportional to m2 4+ m2 cancel
- advantage: Aypgoes 1...0 as T € [0, )

e Y1), contains no divergent terms
- to approach finite limits as 17" — 0 and 1" — oo,
the SB contribution has to be subtracted
- the term am?T? appears with a = —1/6 (in the
continuum)
— its subtraction does not effect ¥, around Tg,
where am?T?2/m% ~ O(10~%)



