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Introduction

Energy momentum tensor 0 Poincare symmetry

maome ntu m ;'[i From Nuclear Matter to Quark Matter ii
Too: To1 Tox Tos: ;o' |
TigN Tirdh2 Ths v ?: g
Tog Lot Too™do3 N e
irg G I35 35,133 ) Conductiity
If we have T, ‘hot topics iG
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-Fluctuations and correlationg of 1.
= specific heat, viscosity, -



How to calculate T4, on lattice”

¢ Measure expectation values on lattice

terms in QCD Lagrangian
0 Fo (2)F2 (2)  0tb(@) Do) 6,0b(a)i(a)

terms in QCD Lagrangian when trace is taken

Fip(@)FSy(@) () (3 Do+ 7 D) (@)

< Renormalization

Well established for E and P! Karsch coefficients

 \?_3 ¢Nnon universal
-depends on: lattice action, operator
$additive correction for 6., ()¢ ()



How to calculate T4, on lattice”

—asier method for renormalization?

G 'a d I e nt F I oW Tﬁéi?"g?(azl’gglge_l;berger(2006)

Flow the gauge field

05
atA,u(tv 'CC) — -~

SA,
t: flow time, dim=[length?]

A kind of diffusion equation| 9:A.(t,z) = D,G,,

Solution: A, (t,z) = /d4th(a:‘ —y)A,(y) + interactions

e~ o /4t . /& smear field
heat kernel| K;(x) = (1) D/ R within /gt




How to calculate T4, on lattice”

A great view point:

Gradient Flow as a renormalization scheme

Narayanan-Neuberger(2006), Lischer(2010), Lischer-Weisz(2011)

Gauge operators with flowed field A (%, x)

< does not have UV divergence
¢ does not have contact term singularity
< operators are renormalized [scale: /8t

absorbed

NP renormalized operator attice operator
universal |, 5 (2, ) m Re<1— >

_ ~lattice action
differences In .
lattice operator




How to calculate T4, on lattice”

From:flowed operator:to:proper operator

% *

NP renormalized operator which satisfies
In flow scheme WT identity

Need a matching tfactor like Wilson coefficient

1
scale matching, ¢ = NG

Matching coefficients are calculable perturbatively
atismall t region
H.Suzuki, PTEP 2013, 083B03 (2013)
(T} () = lim {01 (0 [(7)1,“,(75, r) — 105, :c)] {e2(0) [y (t,2) — (O t,0)) ] }

O, (t,x) = F F7 (t,x) Og(t,x) =0, F5 F (t,x)

ppt vp po~ po



How to calculate T4, on lattice”

From flowed operator to proper operator

< Matching coefficients at one loop

1 1 19
0= SvER @ (9”‘181“2' 4>
1 33

c2(t) = (47)% 16

Matching coefficients are calculable perturbatively
at small t region

H.Suzuki, PTEP 2013, 083B03 (2013)
. - 1 - - -
(T }wr (@) = lm{ (1) [Owt, 7) = 702t w>] (1) Oone(t:0) = (Oau ) _ | }

t—0
O, (t,x) = F F7 (t,x) Og(t,x) =0, F5 F (t,x)

ppt vp po~ po



How to calculate T4, on lattice”

Three steps to calculate Ty v

1. Flow the link variable .U, (t,z)Ul(t,z) = —g50s,,,S1a: (U)

2. Calculate expectation value of flowed operators
Ovw(t,x) =FF (tx) Ogu(t,x) =0, F F (L, )

ppt vp po~ po

appropriately defined on lattice

3. Multiply the coefficients and take t—0 limit

(T @) = i {r @[ Ou0.9) ~ 201s0tt.0)| GDOnst.5) - (Ot ), ]



How to Calculate T Vonlattlce’?

FlowQCD Collaboration
(2014-)

T=1.661cC




What’'s new? Quarks included!

Flow of quark field
O x(t,z) =D, D, x(t, x) x(t=0,z) =y(x)

y —

Oix(t,x) = x(t,2) D, D, Xt =0,2) =1(x)

flow the gauge field simultaneously

Renormalization i1s needed for quark field
Xr(t,x) = ZyXxo(t, )
No more renormalization I1s needed for composite op.

(Xt 2)x(t,2)) p = Zy (X(E,2)x (¢ 7)),



How to calculate Tu v on lattice”

Three steps to calculate Ty v
1. Flow the gauge and quark field

2. Calculate expectation value of flowed operators

3. Multiply the coefficients and take t—0 limit

{TW}%VT () = lim{63(t) Z (@gw(t, T) — Q@ZW(t, T) — <(§§W(t, T) — Q@ZW(t, a:)>T:O)

t—0

fet) (@Zw(t,az)—<@£W(t,x)>T:0)—|— > @) (@%”W(tax)—<@§uu(tvl’)>T_O)}

r:u,d,s ’I":'U,,d,S



How to calculate Tu v on lattice”

3. Multiply the coefficients and take t—0 limit

{TW}%VT (x) = lim < c3(t) Z (éguy(t,x) — 2(511““;/(75737) — <(§§W(t,aj) — Q@ZW(t,aj)>T:0)

t—=0 | rew.d.s
ros®) D (Ohu(ta) = (Ohu(to)) )+ > &) (@gw(t,w)—<<’~)§W(t»$>>T_O)}
r=u,d,s r=u,d,s

wave function renormalization

G
pr(t) =
(4722 (X, () P X (8, )
6

VEV sub.: 2 <@§W(t,x)>T:O — <(§§;W(t,a;)>T:O = (e 01

T=0




How to calculate Tu v on lattice”

3. Multiply the coefficients and take t—0 limit

{TW}%VT (x) = lim < c3(t) Z (éguy(t,x) — 2(511““;/(75737) — <(§§W(t,aj) — Q@ZW(t,aj)>T:0)

t—0
—I—C4(t) Z <@£MV(t’x)_<@£MV(t’x)>T:0)—|— Z Cg(t) (@gw/(t7x)_<@gMV(t’x)>T_O)}
1 g(1 : 1 \

cs(t) = 7 q 1A g((i;/)?) <2+—1n(432)) >

|
C4(t) — (47_(_)2 g(]“/\/g)z

a(1 2 14 4

Cg<t>—mr<1/@>{1 = %{? ) (M—SW Eh 31“<432)>}

Makino-Suzuki, PTEP 2014, 063B02 (2014)



Numerical setups

¢ lwasaki gauge action
¢ B=2.05:a~0.07 [fm]
¢ Fixed scale method [aT~1/N:artifact may be severe
¢ T=1/(aNt), Nt=16, 14, 12, 1048, 6, 4

al~1/Ntartifact is small enough

m_/m ~0.6 1614 12 o ; :
00 260 oW w0 s
323 xNt for T+0

oNf=2+1 B 283x56 for T=0
< NP improved Wilson fermion 4,

T 0.6 22 .74
< On an equal quark mass line m, m¢




p/ T4

t—0 Iimit by linear extrapolation
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p/ T4

as a function of T

gradient flow —&—
T-integration —4&

®

gradient flow

3

A

i\
D

1
é LP

} WHOT-QCD, Phys. Rev. D 8t
| integration metl

' ' |
al=1/Nt artifabt IS severe

. 094508 (2012) §
10d

100 200 300 400 500 600

T (MeV)



e/T4

t—0 Iimit by linear extrapolation
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e/T4
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gradient flow
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(e+p)/T 4

(e+p)/ T4 and (e-3p)/T4

as a function of T
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Measurement of chiral condensate

Only three steps!
1. Flow the gauge and quark field

2. Calculate VEV of flowed operators

3. Multiply the coefficients and take t—0 limit

() (26eV) = iy )P0V

P (Xt 2)x(t, x)

| JLLIY flowed operator
wave function renormalization

p(t) = _GH >

(428 (x(t,2) P x(t,2)

matching coefficient

cs(t) = q 14 gM_S((L/T)\égP (47 —8In2+ 8+ gln(432)> %

\ /




chiral condensate

chiral condensate

0.01

Chiral condensate

t—0 Iimit by linear extrapolation

u quark
d s quark | —e—
0.005 T O
0 ]
° s
*
' ° 06 0OV
0.005 )‘ifff oo . eesied
0.01 ? -
0 0.5 1 1.5 2
t/a®
0.01 , :
° u quark {—e—
S quark ——
0.005 _I_ 2 3 3 M V |
0 © E
[
9@@@@@?@1?
0.005 Difi}ff.n oo s6e e
001 r L 1 M
0 0.5 1 1.5 2
t/a®

0.01

()

£ 0005 |

()]

c

()]

2 0

(@]

(&)

©

£ -0.005
0.01
0.01

()]

£ 0.005

n

[

()

2 0

(@]

(@]

©

£ -0.005
0.01

. . uquark,—e—
J i s quark —e—
s ] 74Mev
© I
@ .......... L
— ff‘f?‘f?ﬁ?%?‘i-@%e
| A e
0 0.5 1 - 2
t/a2
. * uquark; —e—
s quark —e—
-T::ZT7S9N/k3\/
G : !
Y |
© @ @C‘Q_c)
9“““”1if€€f?@2¢3,,:‘
. ........................
0 0.5 1 - \
t/a®

0.01 O ;
N u quark ——
° s quark | —e—
(O]
= 0.005
(4]
(72}
g T 1 99|\/IeV
g 0
2 ([ J
(6 I
£ -0.005 } Cebe0e00® goeoE D
° Y Se e LU
001 r L i
0 0.5 1 1.5 2
t/a®
0.01 ;
u quark —o—
S quark ——
(0]
= 0.005
4y
T 349I\/IeV
g0 :
° i o
E ____________ f@é@@@?%%???g%%
-S 0.005 o~ . _Q._’..—Q ®
®
0.01 - i
0 0.5 1 1.5 2
t/a®



disconnected chiral susceptiblility

t—0 Iimit by linear extrapolation
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chiral susceptibility
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Summary

¢ Flow method works well for EM tensor!
2> as powerful as the derivative method.

< More suitable for Wilson fermion.

< We have exciting results:

(e+p)/T4 (e-3 p)/T4 chiral condensate chiral susceptibility
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o Lattice artifact is severe for Nt=4, 6, 8

¢ We want work with fluctuation and correlation
function using the flow!



topological susceptipbility xr =3~

1
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Energy and Pressure

T=27/9MeV

contributions from gauge and quarks
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