Finite Density

20230428



Conjectured QCD phase diagram
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Grand canonical ensembles

* Mmu=0;: HMC

)= [ Doe=S=40(s),  Z= [ Dge 56

* Chemical potential in lattice QCD
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* Real chemical potential: sign problem & reweighting
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Canonical partition function
* Fugacity expansion  zZ(.T.u) =3 Ze(V.T.k)e"™/T

* Fourier transform with an imaginary chemical potential

Ze(V,Tok) = o= | doe ™ Z(V,T,p)|umigr
ZTL— 0

* Integrate out the fermionic part
Zo(V, T, k) = / DU e %W det, M1 (1)
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Canonical partition function

Charge conjugation symmetry Two-step simulation with HMC

Zo(V,T, k) = ] DU e %W det MV (YW (U) (U
Zo(V, T, k) = Zo(V, T, —k)

where
r _ i Redet, MNs (U)|
Zo(V,T,k) = | DUe W det, MY/ (U W(U) = | :
c(V,T,k) / € Cly (U) (U) detﬂjﬁwf({;}
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_ 7 accept/reject method based on the weight W(U)
Ze(V, T k) = f DU e~ Re det, M7 (U)

fold the phase factor a(U) into the measurements
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Baryon chemical potential

* The difference of the free energy after adding one baryon

_Flp+1) —Fng) 1, ((U)),
Hny = (ng+1)—np .5] (a(U)), (

where
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(), in Eq. stands for the average over the ensemble
generated with the measure |Redets,, , M™f (U)|.



Phase diagram, grand canonical vs canonical
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Lattice setup

* Wilson gauge action + Wilson fermion action
* Lattice spacing: 123x24, w, scale (w,=0.1755fm)
* N;=2: m_~900MeV; 43x4, 63x4

* N.=3: m,~900MeV, 700MeV, 500MeV; 43x4, 63x4;
RHMC with Remez in Chroma

* Exact determinate projection: COMpPression A Alexandru, etal, Phys. Rev.D 83, 034502(2011)
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Two flavors (900MeV)
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Kappa*2 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)
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Kappa*3 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)
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Kappa*3 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)
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Kappa*3 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)
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Kappa*3 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)
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Kappa*3 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)
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Kappa*3 Lattice spacing (fm) Temperature (GeV) | Pion mass (GeV)

0.173 4.76 0.32713(8 0.1508 0.7587(10)
4.5 -
4.0 } T U
4x4 B | B 4x4
6x4 ® 06x4
3. 5 N 2 } é } E § § } 0.8
3.0 i s
Sy o ¢ &0.6
2 2.5 =
H S
2.0 ’ 0.4 7 L : : E
®
1.5 0.2
® @
1.0 e ®
1 T T T T T T T T T " 1 0.0 - - - 's == re .
0.00 0. 01 0.02 0.03 0.04 0.05 0. 06 0. 07 . 0.00 0.01 0.02 0.03 0.04 0. 05 0. 06 0.07
nb/V nb/V



0.194+3

_ 0.33258(11) 0. 33453(3) 0.33559(4)
DN 04842(13)  05009(12)  0.5103(13)

3.5 - ¥ } i
3.0 4
4 2z
% v
—
520 . 4 4 a4 4 4, .
= 53] 2]
&
1.5 7
m =
B  nb=0 FoB g @ g
“  nb=1
1. 0 1 A pb=2
¥ nb=3 .
0.5_ =S| B H B ==
| ! | ! | ! | ! | ! |
4.1 4.2 4.3 4.4 4.5 4.6
beta

alpha

0.9
v v
FY
0.8 v 1 ; &
i v A % =
v A % =
0.7 s =
1 EH
o]
0.6 v
2]
0.5 a m nb=0
v & % nb=1
0.4 » ¥ A np=2
| A A v nb=3
0.3 m = @
EH
| ] =
0.2
T T T T T T T T I T T
4.1 4.2 4.3 4.4 4.5 4.6
beta
1.0 Bomo® 5 g & § & $ ¥
0.8 i
#H  nb=0
& A4 = nb=1
0.6 A A nb=2
' 5 & v nb=3
0.4 4 2
A
v Y Y
0.2
T T T I T T
4.1 4.2 4.3 4.4 4.5 4.6

beta



summary and outlook

* We use canonical ensembles with exact projection to
Investigate the phase transition in real chemical potential and
different mass on 43x4 and 63x4 lattice.

* [t looks like there 1s no first order phase transition in the region
we Investigate.

* We plan to generate more configurations in 7/00MeV and 500MeV
PION Mass case.
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Step size and accept rate

* The length of the trajectories: 0.5 with At = 0.01, accept rate>90%

* Acceptance rate

0173  4.80 394
63x4. nf3 0173  4.80 12 364
0173 476 3 43%

0173  4.76 12 28%



Auto-correlation and binning

63x4, kappa=0.158, beta = 5.15, n,=12 63x4, kappa=0.173, beta = 4.80, n,=3
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C OSt det M1 (U) = 2i /Qﬂ de e*¢ det M (m, ¢; U)N7
™ Jo

* 43x4 one step projection one core, 6 seconds

m

6x104 4.5x103 corexhrs.

* 63X4 one step projection, one core, 250 seconds

m

250s 2x10° 2.0x108 corexhrs.
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Projection of the determinant

Discrete Fourier transform

Winding number expansion - Matrix reduction technique
N | * Exact projection of the
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