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Motivations/ Idea

dThe physics of

-quantum phase transitions ( quantum spin systems, finite density QCD )
-quantum field theories over broad coupling ( BEC-BCS crossover )
needs the non-perturbative analysis which gives the accurate global
coupling dependence of the physical quantities.

dWe consider the Hamiltonian: H(g) = Ho + gHins, and calculate
En(9), [¥n(9)) S.t. H(g)|[¥n(9)) = En(9)|¥n(g))-

By infinitesimal scale transformation: ¢ — g + dg, we obtain the
exact relations: d% Ei(g) = M (a).
d oo Hik(9H:(9) HE (9)Hi (9)
Hin(9) = ; Ei(g9) — Ex(9) +,; Ei(g) — Ex(g)’

i , _ 'Hﬁft(g)

here H.(9) = (Wi(9)|Hintltj (9))-
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Tests

JdAnharmonic Oscillators:
Hano(g) = %pz + %xz + gzt

*A typical example that RSPT

IS a divergent series.
*AHO is Borel resummable.

1Double Well Potential:

Hpwr(g') = HAHO(%) —g'z®.
*Also a typical example
that RSPT breaks down.
*DWP is not Borel resummable,
thus resummation methods will

not give sufficient convergences.

This method can be applied to the both
cases beyond the intermediate couplings.

Apply to many body problems and QFT (future).
FIZDEFimETDMFA(2010)

[Biswas et al. (1973)]

[Balsa et al. (1983)]
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o JEFEHEF (Optical lattice)
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¢ 2RIJTIEFEF Sp(4) Heisenberg model

H= > JIPTe — LIS

<1,7>

vector representation of Sp(4) group

fa — @LTFG@Z

adjoint representation of Sp(4) group

fab — &Trabd;

spin — 3/2 fermion atom operator

U = (372, V12, Y12, ¥_3/2)

SU(2) - Heisenberg model:
H=J)» SiS;

<i,j>

S = 1/2 SU(2) Heisenberg model &Y HEL N FRiE%E
HOZEICKYEHELGRBEZLHSTENTES.
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Fermi Gas as “Quantum Simulator”

New Fermi superfluid

-Background physics

= """ G | similar to superconductivity
Bty . -Controllability

.\“-. ) ’ .
.......

Ny - of physical parameters

“Quantum Simulator”
5o ;) s A for metallic superconductivity
C. A Regal ef al, PRL 92, 040403 (200)  ° BCS—BEC crossover

 spin—-polarized system

Current stage of superfluid Fermi gas can’t cover
all the important topics in superconauctivity




Magnetic Effects on Superfluid

s—wave superfluidity

ferromagnetism

st G bhbé

superconductor/ferromagnet/superconductor-junction

" F

D,

ENNe
superfluid

T —phase

In Fermi gas, magnetic effects have not been studied
because there /s no ‘magnetic object”



Method to Stuady Magnetic Effects

Particle distribution of trapped

We use spin—-polarized Fermi gas (6Li)

spin—-polarized Fermi gas

Phase separation to
Superfluid phase

Normal phase T—1
consisting of excess atoms g partridge et al, PRL 97, 190407 (2006)

pseudo-spin T

pseudo-spin |

*harmonic trap *double-well potential




SFS-junction and m -phase

-harmonic trap  -double-well potential
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Only fermi molecule has a dipole moment and all dipolar molecule is polarized.

N
Dipolar molecule in experiments(PA)
LLl T
ch Large electric dipole moment
| -
2 ' 0.566 Debye (Singlet)
g repulswe 0.052 Deb Tripl
attractive ' ebye (Triplet) . 10~ 5[m)
z-axis: polarized direction
r: relative distance T~ 350[nK]
Dipole-dipole interaction S.0Ospelkaus, et al(Jin group), arxiv:0802.1093,
U(I‘) _ d2(1 — 3 (3082 9) /7“3 . Nature Physics 4, 622, Science 322, 231 (2008) )

L ong-range Force

In the neutral atomic gases, the
effective interaction is s-wave
scattering( short-range force).

Theoretical approach for dipolar fermi gases

h 5/3 2040 1 /s
o _ oI
BT g 1 (3 302 T30, ™ (O‘O)>

T.Sogo, L.He, T.Miyakawa, S.Yi, H.Lu, and H.Pu,
New J. Phys 1 105501 7( 2009
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1. Introduction

piFeshbachtlE : 6Li (2004). 4°K (2007)
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Collective field [Zd& % chiral condensate M@ &}
Y1 Mcomposite field T3 collective field o ZEAT 3,
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The order of the deconfinement phase
transition in a heavy quark region
- Dependence on the number of flavors -

H. Saito for WHOT-QCD Collaboration

9
X XS

@> University of Tsukuba
2igDEFim e < DI, Eiff, 2010 8/30-9/1

WHOT-QCD Collaboration:

S. Aokil, S. Ejiri2, T. Hatsuda3, K. Kanaya', Y. Maezawa*, H. Ohno!,
H. Saito!, and T. Umeda®
1Univ. of Tsukuba, 2Niigata Univ., 3Univ. of Tokyo, “RIKEN, ®Hiroshima Univ.
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The order of the deconfinement phase transition

» What is the order of the deconfinement phase transition?
* quark mass dependence

* the end point of the 1st order transition

* the dependence on Ny

Nr=2
» In this study a
 heavy quark region Y

. . . i &
- lattice QCD simulation . crossover  ~
- effective potential method % X ong =

Mud
Fig. 1 Quark mass dependence

BEIZDETFiwE Z DA H. Saito ( Univ. of Tsukuba )
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Result - The dependence on the number of flavors -

» The quark mass at the end point of the 1st order transition
Increases as the number of flavors increases.

0. I l . o| crossover 7
0.09 Nycep'=0.0814 - . &
0.08 -
Kep 0.07 = 0.081(8)
1 0.06 ,’,|>-? Kep ~ 0.061(6)
mq ) 0.05 L ) P |
0.04 . . . 2 | Ist order | ||%+2%. 00
0 1 2 3 4 s| |
/, l
Ny 0 & 2 flavors .o,
Ky  Fep~006807)

Fig. 2 The dependence on the

number of flavors Fig. 3 For N;=2+1 case

( u, d quark degenerate )

BIZDEFREZT DI H. Saito ( Univ. of Tsukuba ) 3



Method - An effective potential -

» An effective potential defined by a histogram of plaguette

lue :
o Vers(P) = —InW(P)

where B
W(P') = / PUDYDES(P(U) — P')e=5

» The derivative of the effective potential

Nature Of . ReSUIt (Fig.5) rAs K increases,
the potential 00 ¢ oo
- — shape”
(Flg-4) ‘/veff (P) P dV o ++++++++++++++++++/{ _+ +++++++ p
> eff 0 r +++++ +++++++
deoo - Hﬁ k = 0.058
dVeCJlf;;(P) o | k = 0.062 - Vonotonical
. S e onotonically
Monotonically P’ 3000 f %H st increasing shape
increasing shape S-shape . T S
d*Vers (P) R S W W W &
ini .. 0.058 N P W ¢ \
Ishgllrpllorrsl:f[rce dP? g Mmlm:m 0'06%.545 O.\546 0547 0548 0549 055  0.551
- is negative.
p R P

BEIZDETFiwE Z DA H. Saito ( Univ. of Tsukuba ) 4



(Polyakov Loop Effects in Strong Coupling Lattice QCD\

T. Z. Nakano (YITP, Kyoto Univ.),
K. Miura (INFN-Laboratori Nazionali di Frascati)

and
\_ A. Ohnishi (YITP) )
QCD Phase Diagram
Igﬁggr]lﬁnement phase transition
~A B
0 4
g
2.
S
Q
H =
Nuclear matter :
0 >
____________________________________________________________ Baryon Chemical Potential &

» 1/5 TQFT2010 2010/8/30



Strong Coupling Lattice QCD

[ » Finite p in Monte Carlo simulation=® sign problem ...

Strong-Coupling Lattice QCD

» Applicable to the High Density matter

[» (Semi) Analytic Lattice QCD based on 1/g2 expansion

2/5 TQFT2010 2010/8/30



Strong Coupling Lattice QCD

[ » Finite pin Monte Carlo simulation=®» sign problem ... ]

Strong-Coupling Lattice QCD

[» (Semi) Analytic Lattice QCD based on 1/g2 expansion ]

» Applicable to the High Density matter

CD phase diagram )
Chiral

/" Effective Potential

- </FWWith quark &
+
N Polyakov loop :> Deconfinement

0 order ~
\_ 'pammeter 0 [ Y,

3/5 TQFT2010 2010/8/30
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Diagrams
» Finite 1/g? effects

[ NLO(1/g?)

- NNLO(1/g*) )
: —
o iﬂiin’iﬁi'ﬁ; ) D e ﬂ
= it A B T
: = =1 ==
Polyakov loop
_ @‘X‘m “) O ‘s) '\ _ J
Weiss mean-fie
VS
Haar measure
4/5 TQFT2010 2010/8/30




Results

B=2N/g’=4.0, u=0, my=0.05

ral condensate

vakov loop

5/5

Susceptibility

Tdfg,

-~ Polyakov loop

Chiral

0.2 04 06 08 1 1.2
T

TQFT2010 2010/8/30



Average Phase Factor in the PNJL model

5t
SR B

arXiv: 1005.0993
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Polyakov--Nambu--Jona-Lasinio p/!

() = Zquark L = Lk (NJL) + L4 (Polyakov)
— 2

. - Fukushima (04
leospm Ty ) (04)

Mean Field Approx.

Z ! C { VQ ]
p— X P m
AV4 det Hmf b T f

0%Q)
0000

Hij = ;

(8?;9) : INA F 2 BEMaH <7T1> ?é 0

0
= N
s 0 (NG boson)

det Hiso =0 — (') =0

0 0.2 0.4 0.6 0.8 1

Polyakov loop



- det H.; V

R AT
) Jdet Hy  © 7 (ark )
ol () =0 ((m) #0)

RAF VIR Qg = Qiso (m0f)
(e?) £ 0 #T-QCDFE & i T3,

i \/det Hiso
(') =

— MF + Static Fluct. (SF)
\/ det H qrk

A VR
Q= Que+09:(y)Hij(x — y)dp;(x)
MF+SF/ H(z —y) — H(0)
A U Random Phase Approx. (RPA)
MF + Dynamical Fluct. (DF)

LQCD/ D’Elia, Sanfilippo ; PRD80
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ChRM model with U(1) anomaly
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Analysis of Fermionic Soft Mode
with Resummed Perturbation Theory

Yoshimasa Hidaka, Daisuke Satow, Teiji Kunihiro

(Kyoto Univ.)




Introduction

® Massless boson-fermion system. Bosonic Fermionic
Perturbation at finite T yields . 1 bare . 1 bare

several collective modes.

In bosonic sector, hydro mode gh| plasmon gl | auast fermionplasmine
exists in infrared region. o7 er| o

How about fermionic sector hydro ‘

(g: coupling constant)

in infrared region (<<g’T)?

This region was not investigated because of infrared singurality.

(An naive perturbation, called Hard Thermal Loop (HTL) approximation, is infrared divergent)

=» Resummation is necessary. k :( ! _LJ B,
’ kK (k=p)* \(k=p)* k*)2p-k-p’
p-k

transport coefficient: S. Jeon, PRD 52, 3591 (1995)

[cf: resummation is necessary also in computing }
Y. Hidaka, T. Kunihiro, to be submitted.
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Resummation
QED, Landau gauge.

massive massless

(D Thermal mass (O(gT)) —— = —— 4+ ™% 4 o o |
e = wwmw—l— W w1 }W‘l'

U. Kraemmer, A. K. Rebhan and H. Schulz,
Annals Phys. 238, 286 (1995)

(2)Vertex correction ’_71‘ H"‘ul‘ %

by e =

This diagram contains all of leading contributions. (O(p/g?))




Results

One more pole appears' normal fermion (HTL result)

» Dispersion: w=-|p|/3 <0

(anti-fermion hole like?)

"~ One more pole

S 0 = — :
' in infrared region!

(cf: anti-plasmino) anti-plasmino (HTL“r‘esu_ch)

» Residue: O(g?) 0 p

(Cf: hydro mode: O(gz)) [ dispersion in fermion sector.}
p: momentum, W: energy

HTL results (~ gT) + Ours (<< g?T) =» 3 collective modes



Critical Dynamics
near QCD critical point
based on Nonlinear Langevin equation

Y. Minami

T. Kunihiro
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The bulk viscosity near the QCD CP

F. Karsch, D. Kharzeev and K. Tuchin, Phys. Lett. B663 (2008), 217.

- Refutable arguments

G. D. Moore and O. Saremi, J. High Energy Phys. 09 (2008). 015.

C. Sasaki and K. Redlich. Nucl. Phys. A832 (2010). 62. ( — finite
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Critical behavior of transport coefficients

Nonlinear Langevin eq. + Renomalization group

- liquid-gas CP

NL Langevin eq. — Extended Navier-Stokes eq.

QCD CP

Extended Landau eq. + Renomalization group



Results

- QCD CP

The bulk conductivity: ( ~ FESR

The thermal conductivity: A ~ 50'95

The shear viscosity: 7] ~ 50'052



AM and T. Hirano, arXiv:1003:3087
(to appear in Nucl. Phys. A)

Relativistic Dissipative Hydrodynamics
with Conserved Currents and
Onsager Reciprocal Relations

Akihiko Monnai

Department of Physics, The University of Tokyo
Collaborator: Tetsufumi Hirano

Thermal Quantum Field Theory and Their Applications 2010
Aug 30t - Sep 1°t 2010, Yukawa Institute for Theoretical Physics



Introduction

m Quark-gluon plasma (QGP) at relativistic heavy ion collisions

o ©
¢« 0 o094
0% 0o, .0
() QO o O
Hadron phase QGP phase
7~0.2 T(GeV)
- RHIC experiments (2000-) VSNN = 200(GeV)

Well-described in relativistic ideal hydrodynamic models

Discrepancies when lattice-based EOS is used; viscous effects?

. LHC experiments (2009-) VNN = 5500(GeV)
Asymptotic freedom -> Less strongly-coupled QGP?

Relativistic dissipative hydrodynamics is the key

Akihiko Monnai, Relativistic Dissipative Hydrodynamics with Conserved Currents and Onsager Reciprocal Relations, Thermal Quantum Field Theory, Aug. 30t 2010



Overview

m We formulate dissipative hydrodynamics for systems with

multi-component/conserved currents (e.g. QGP)

START

Charge conservations

Energy-momentum conservation 9, 7" =0

9, N =

Law of increasing entropy dust >0

R«

NP &

GOAL

Moment equations

Do IH'* =YH | 0,15 =Y}

Generalized Grad’s moment method

oft = —fo(l + fo)(l% qu

+pz P; guv)

EOM for dissipative currents 1, WH gt Vj’”

Onsager reciprocal relations: satisfied

Akihiko Monnai, Relativistic Dissipative Hydrodynamics with Conserved Currents and Onsager Reciprocal Relations, Thermal Quantum Field Theory, Aug. 30t 2010




Results

m Dissipative hydrodynamic equations

1 1
I=-(V,ut — Cm«-D.I—. + Z Citén Di—{—”fn DIT + z X%JHHD'UTJ + X%HHDT + X GV + X1, V
7

al v o Lo e o L a !ﬂ K ) . . . w
+ E Xu{t W, V! _T + le W, v# T + xtiw W Du! + leiwv] W, + § Xu{.‘; " /v + E Xin ;1/;: v't = + E Xnv;";l Dut + E Xlill VI,
JK

J

1 1 i
WH = —ky (?Du” + wﬂ + Zhn v, V# ——r A" DW, + Z X W“D— + Xy W D F X WEV L + X WOV + XS WY VH,

v a R C 14 a v 4 13
- ZT‘H v, AP DV + Z Xy ,VfDI_ + Z Xty ,V“DT + Z Xy, Vi Vi, + ZX& v, ViVou + fowv,— VivVtu,
J J

JK

1 ,
+ Z X WWV = + Xy =1V, v + Xy Dy, + Xy AP VP 7, + Z X({&fu“v” =+ X HHV” + Xyl IDw" + X VAL
7

it W K 7 L w oy HL 1
V=" kv v ?‘**ﬂw ( Duf* + V! ) an AYDVE 43"y, V’D—+Z X V’D +mef VEV ,u +ZXV,VKVBV WYX VEV
K K,L K
— WA DW, + ) X W “D‘i + x5 W W “D— + X5, wWHV w4+ XV, w WY Vouk + x5, w W Vi,
K
v 1237 v v [25;
+warﬂ v, T‘ +xy, TV, T + X5, 27 Dy, + X AP v"wu,,+zxmnv“?‘ +y U,-IHV‘T x5 nllDu! + VAL

_2”v{uuv)_,r D.T{m +ZXHJ7THVD'[;—{ +x b ﬂ,uVDT_'_X’rrT,m/v P ¥wﬂ-TP v u v) _l_Xﬂ_[Hv{peuv}

+ Z Xay Wy T 2+ X W(an)T + X W DU+ Xy VW) 4+ Z X, Vi EE #K + Z pearn #VU 7t Z Xav; V" Dut) + Z Xy, VY vy
TK J ]

1. Cross terms satisfy Onsager reciprocal relations
2. Relaxation terms can make the formalism causal

3. Frame-independent

Akihiko Monnai, Relativistic Dissipative Hydrodynamics with Conserved Currents and Onsager Reciprocal Relations, Thermal Quantum Field Theory, Aug. 30t 2010




