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The phases of QCD.

The Phases of QCD Experiments:
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LQCD with non-zero chemical potential

In LQCD we have the following relation for the Dirac operator:
det [M(pg)]" = det [M(—pj)]

wg is real — det [M(ug)] is complex — no importance sampling

Techniques, which are now being used in LQCD at ug # 0:

@ Taylor expansion;
analytic continuation;

reweighting;

°

°

@ complex Langevin;
@ density of states;
°
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Canonical approach

Suppose that we have conserved charge: [I:I, (AQ} = 0. In this case

Zec (T, pg) = Tref(’:I*“qN)/T = Z (n| e_’:’/T In) ea/ T

n=—0o0

oo
Z Zc(n, T) e™/T  where eta/T— s fugacity.

n=—0o0

@ Zc (n, T) (or Z,) are calculable in LQCD up to some norm. constant
@ once Zgc is known, baryon density, susceptibilities may be studied

@ another conserved charges may be added in the same way
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How we can calculate Z,?

For pure imaginary jiq = 141

[e.9]

Zoc (T, yu)= Y Zo(T)em/T

n=—oo

Z, must be the same for any 44

Inverse transformation:

17 - ; " We need to
Zy(T) = 27r/0 d (7) Zec (T, ) e/ calculate Z¢c

Possible ways: @ calculation of the Zgc with reweighting;

@ integration of the ng (new method, Denis talk).

Firstly Ny

det A
reweighting  —  Zgc (yu) = < [detA((WI))] > Zgc (po)
method Ho 1o
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Integration method.

Definition of baryon density is % = T2 3# InZcc

Baryon density for imaginary i can be computed on the lattice

ng _ NeN3 S¢ Nepy [ A1 04
7% = mzee | DUe ¢ (det Aug))Tr |A™ 5550
4 T)T, = 0.84 —e— 2 ‘ ; . "T/T; = 1.035—e—
sEEmEy T/T.=093 —o— | 15 JX/T,,,:I.OB_%
“ 3 " "L T/T. =099 —=— | _ 10 T/T, = 1.20 —a—
g - . . S 5l g¥ T/T. = 1.35
w2 . . I
2 . ' < 5 ¢
&1 < 0
0 e o 0 0 o 715 .
®e 220 i
0 0.2 0.4 0.6 0.8 1 1.2 0 02 04 06 08 1 12 14 16 18 2
ut/T /T
[ ni(6)d6 @ Numerical integration (Trapezoidal, Simpson's rules),
l — . . . .
©— /7 @ Analytical integration of splines (line, cubic),

@ Using anzats (sum of sin’s, polynom, ...).
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3 regimes in imaginary world.

[A. Roberge and N. Weiss,
Nucl. Phys. B275, 734 (1986)]
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Polynomial dependence,
Sum of sin’s,
Sine dependence.

V.A. Goy (FEFU)

Z, from p

(ny)a®, 1073

(nr)a® 1073

L.H,ﬁ*"'"- V15 =135
e
L A
E\JL‘E
o
/
=
0 02 04 06 08 1 12 14 16 18 2
/T
15
N 1'/1',:1035*
o =1.08 o o )
10 /3 5 \
5 &’-"""”HN\\
0 4 o
-5 2
S
-10
0 0.2 04 06 0.8 1 12
/T
4 ' T, = 0.8
! I =09
s //"-\N\.\T/T( 2/93
) - AN
0 kﬁ e e -
0 0.2 0.4 0.6 0.8 1 12
/T
June 18 — 24, 2017 8 /17



First regime: T < T..

0.84T, -> 1-sin

We use sin’s anzats:  0.937. -> 1-sin HRG
10° 0.99T, -> 2-sin’s
T ‘ T/T, =099 —a— T T e
1072 | T/T, =093 —o— 7 T w'les?, Ca
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. 107 ) o
N g L,
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Second regime: T, < T < Tgry.

1.035T7, -> 3-sin’s

We use sin’s anzats: 1.08T. -> 7-sin's
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Third regime: T > Tgryy.

We use polynomial anzats: 1.2T,, 1.35T, -> f(x) = ax + bx®
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Negative Z,777 What happened?

—log Z,/ 2y = — 1622 [(—x+ WVie2) (Viee +x)1/3 +(x+ 3IViT ) (ViR —X)1/3 - %]

= 1285:3?2 " [V. Bornyakov]
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Comparison with Vitaly formula.
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BUT — without negative Z, we can not restore RW phase transition,

GOOD - positive Z, is enough for restore (n) until ug/T < 2.5 .
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Limitation of sin's anzats.

1.6
© We must use only positive Z,. b
. - 1.2
@ Using sin’s anzats produce
T 1
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T dependence in Z,,.
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Search crossover line.

° X% = 8 2 IogZGC from Z,,

¥ ® 53 — numerically,
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— We need to use more natural Z,(T/T.) dependence.
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Thank you for attention!
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