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Large OAM Barnett effect
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¥

Hadrons' polarization, spin
alignments of vector mesons

| W
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PRL 94 (2005) 102301; PRL 96 (2006) 039901. Barnett, Rev. Mod. Phys. 7 (1935) 129

F. Becattini, V. Chandra, et. al., Annals Phys.
338 (2013) 32.
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Theoretical developments:

Microscopic models: Liang, Wang (2005); Zhang, Fang, Wang, Wang (2019).

Statistical models: Becattini et al. (2012-2020).

Spin hydrodynamics: Florkowski, Ryblewski, Speranza, et al. (2017-2020).

Kinetic theories: Gao, Liang (2019); Weickgenannt, XLS, Speranza, Wang,
Rischke (2019 & 2020); Hattori, Hidaka, Yang (2019 & 2020);
Wang, Guo, Shi, Zhuang (2019).
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Motivation

Barnett effect Particles will be polarized along rotation

How this happens microscopically?
We are aiming to derive a Boltzmann equation
which includes transfer between spin and OAM.

de Groot's method:

N. Weickgenannt, E. Speranza, XLS, Q. Wang, D.
Barnett, Rev. Mod. Phys. 7 (1935) 129 H. Rischke, arXiv: 2005.01506. Talk by

Nora Weickgenannt.

¥ L=bxp, Related works:
R J.-J. Zhang, R.-H. Fang, Q. Wang, X.-N.  Talk by
Ib Wang, PRC 10 (2019) 064904. Qun Wang.
|
| D.-L. Yang, K. Hattori, Y. Hidaka, JHEP 07 Talk by
. (2020) 070. Di-Lun Yang.
Z. \Wang, X. Guo, P. Zhuang, arXiv:
2009.10930 ’ Talk by
' Ziyue Wang

2020-10-15 Xin-Li Sheng, CCNU 4



€ Ftinx

HUAZHONG NORMAL UNIVERSITY

Contents

— Kadanoff-Baym equation
and component equations

2020-10-15 Xin-Li Sheng, CCNU 5



Closed time path
to / branch

F A a a X

HUAZHONG NORMAL UNIVERSITY

1
Closed time path

(Schwinger-Keldysh)

e >
<

l > contour

O
Lo \ branch 2

Gap(x1,22) = (Toa(w1)p(w2))

t1
s(21,29) = (Ta(x1)04(22)) , branch 1
Gls(x1,22) = (Tatha(r1)Y5(22)) , branch 2
( )
( )

Gsalxy.22) = — (Vs(x2)Yaley)) . branch 1
G(’:ﬁ Xq,Tg) = <tl-iﬁa(:f:1)1,7.!ﬁ(:1:g)> . branch 2

t P. Martin, J. S.Schwinger,
PR 115 (1959) 1342.

L.V. Keldysh, Zh. Eksp. Teor.
Fiz. 47 (1964) 1515.

()
branch 1 time-ordering
branch 2 anti time-ordering
branch 2 12 > 3
branch1 1 > 12

G¥(z1,22) = 0(ts — t2) [G7 (21, 22) — G=(21,22)] . Retarded / Advanced
GA(:L'l,:r:Q) = —0(ta — t1) [G>(JI.31,:L'2) — G<(:1rl.a.rg}] Green functions

2020-10-15 Xin-Li Sheng, CCN
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D-S equation

Two point Green function G5z(z1,72)

1 Fourier transform w.r.t. relative position _ _
Wigner function

1 s ipyh )7 (o Y\ (.. Y)\ Heinz(1983)Vasak,
Gaalmp) = —gx | Tue <w (“” 2) Ve (‘” 4 2)> Gyulassy, Elze (1987):

Zhuang, Heinz (1996); etc...
Dyson-Schwinger equation

_ 4@7

G = Gy + GoXG Self-energy

Gy'G=1+%G
Integral over whole CPT

l Explicit expression
+i(i7,0F, — m)G(z1,22) = 5 ) (1 — T2) (21,2 )G(2'; 20)
e

operator Gy
— when z7 is on branch 1

&g" g=
+ when x7 is on branch 2 G(z1,22) = (G> GF ) (z1,z2)

2020-10-15 Xin-Li Sheng, CCNU 7
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KB equation

Kadanoff-Baym equation
(v- K —m)G=(xz,p) = ih [Eﬂ(m,p)G{(m,p) + X<(z, p)G* (z.p)]

~vNN 2
l - % [{EH(J.',p), G= (J:,p)}pB + {Z<(z,p), GA(.’E?]J)}PB]
\ ;
KH =pt + Z_hag [
2 - Corrections from self-energy.
- A gradient expansion is used and

L. P. Kadanoff, G. Baym, (1962) higher order contributions are truncated.
Quantum Statistical Mechanics. - Poisson braket :

{A, B}pp = (0:4) - (9,B) — (0pA) - (9. B)

1
Simplified using on-shell app. O™/ (z,p) = +5 [07 (z,p) — O (x,p)]

(v- K —m)G<(z,p) = —%ﬁ [E‘:(:L',p)(}'}(:c,p) . E:’(J:,;(J)G{(:L',p)]
hQ
—I [{E‘:(ﬂf_.‘?;{})1 G:)(.’L',p)}pB i {E:’(J‘lﬁp}.‘- G‘:(:‘r’l!‘p)}pﬂ]

2020-10-15 Xin-Li Sheng, CCNU 8
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Generators of Clifford algebra T', € {I4. iv’. 4", 7’41, %a“‘”}
Decomposition of Wigner function

1 1
G<(ilf,p) <H4F+Z“ P 4+ 1 ﬁV ‘l’ﬁ 1-/4 T+ OJLVSH/)

NN N

Real functions in 8-d phase space Tr ([',G<)

Property Physical meaning (distribution in phase space)
F Scalar Mass
P Pesudoscalar Pesudoscalar condensate
g Vector Net fermion current
A" | Axial-vector Polarization (or spin current)
SHY Tensor Electric/magnetic dipole-moment

D. Vasak, M. Gyulassy, H.T. Elze, Annals Phys. 173 (1987) 462.
|. Bialynicki-Birula, P. Gornicki, J. Rafelski, PRD 44 (1991) 1825.

2020-10-15 Xin-Li Sheng, CCNU 9
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Component equations

h
KB equation (fy "+ %'y iy — m) G=(z,p) = I.on(z,p)

' llisionl : D. Vasak, M. | H.T.
Decompose in terms of I, Collisionless asak, M. Gyulassy,

Elze, Annals Phys. 173 (1987) 462.

h
Real parts "V — mF =ReTr (Ican) , Imaginary 3 0LV, =ImTr (Ieon) ,
7 ] | .

mP + % 0LA, =ReTr (i'}f"Imu) , parts A, =ImTr (—qu"[con) \

L/ h i
p“f = mV# Z g@;’SW = ReTr ("}‘#ICD“) > g Sf/,u. W § d:r,p,f = ImTr (ﬂ]'fj.LICOH) )
1 ‘ h £ h v oo 5
E E#vagf)ugﬁﬁ + Tﬁ,Ap = 5 (r')xuup =Re'lr (‘f‘d’}f'ulrcoll) . pnp e Z E,u‘ymﬁd‘ps 7 =1ImTr ('-Y f]'fp,lcoll) ’
, h h -
Eﬁvaﬁpa}lﬁ = TH-S#;; — —2*81[}1]/’;,] = —ReTr (J.H_L:ICDH) 2 p[‘u.vv] + § E;waﬁdm »’46 = —Im'I¥ (O—;u/[coll) )

| ] | J
[ |
Source terms from interactions =l

Free case has been solved analytically in

J.-H. Gao, Z.-T. Liang, PRD 100 (2019) 5; N. Weickgenannt, XLS, E. Speranza, Q. Wang,
D. H. Rischke, PRD 100 (2019) 5; K. Hattori, Y. Hidaka, D.-L. Yang, PRD 100 (2019) 9.

2020-10-15 Xin-Li Sheng, CCNU 10
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Semi-classical expansion

oo

Expansion in terms of & F=3% RFH
n=0
Zeroth order |
p“vﬁ(im B 'Wlf(o) =0, p‘”ASU =sll,
P(O) =0, pVS‘L(L{Il/) =0,
pHF(O) o ﬂlVﬁE-O) - O ? p[:’-bvfs?) =0 s

1 ,
§ E,u.z/mfi’pps(o)ad -+ m-.AELO) =0 ,

Em/a-;"j’paa‘il(o)’ﬁ + TRS(O) =0 ,

737

Express other components using
scalar and axial-vector componenets

p0) — Mass-shell conditions

O — ip#]_—(()) —> (p? —m2)F® = 0 Al Oth order
¥ m 9 2y 4(0) _ terms are on
0 1 0)8 (p"—m) AT =0 ass-shel

S;(W) — Bom p* A0

2020-10-15 Xin-Li Sheng, CCNU 11
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First order equations

First orderin h
PV —mFO = ReTr (13}) .

[; oy O) = lm Tk ( c(clﬂ)l)]—_—

%af;Agp 2 P _ BT (m Iéofl) , A — ImTr( o JL_%H) |
; 9S8 — p, FD 4 my(D) = _Re Tr ( Iﬁin) , %dr JFO 4 S0 = LTy (,\; fﬁiﬂ) ,
% E"“’”-‘prs(l)aﬁ * m.ALl) = ReTr (“/5 f,ufc(cl)u) : % fumﬁ@fgsm)“'ﬁ + p“’P(l) = [ Tr ( Y Yy I(Ein) :
2 0V — ™ AP —mS(Y) = ReTr (1% . [ 5 €T AV o VY = I Ty (aﬂ,,fcgfl)]

!

Boltzmann equation for 7, A <——

Express P, VY, S{) in terms
of 7, A) and Oth order terms

PO = au“hr ReTI( 51“1)1)
1 ‘ Mass-shell conditions
1 _ = (1) v o(0) & (1)
VO = —p,F amsw ReTI( Jmu) (7 — ) FD = amRety (1)
1 & B (0) (1)
S;(LL) = T, CuvasP AW (9[ Vp] - —ReTr (U#VICOII) (p? -mQ)AELl) = w-ew,agp”ReTr( O"BI(SOI)I)

2020-10-15 Xin-Li Sheng, CCNU 12
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Mass-shell & Boltzmann Egs.

Mass-shell conditions P, V., S, can be
(p? —m2)FO = 0 expressed in terms of F, A,
(p? — m2).7:(1) = 2m ReTr (Iéél)l)
0 — m2)A® = ¢ Interactions mduce
5 g ] - mass corrections
(p —m )A,LL = —6#-VﬂﬁpVR‘eTr (Ja Icoll) at ﬂrSt Order

Constraint conditions

| : Are di in
pPAD =0 p*AP =ImTr (—-iﬁ;"’Iéil)l) € discussed
Z. Wang, X. Guo, P. Zhuang,

Boltzmann equations arXiv: 2009.10930.

p-8,F® = 2mImTr (Iéclyl)l) m=) Ziyue Wang's talk.

p- 0, FY = 2mImTr (Iégl)l) - Bely (’y : 8961'&1)1)

p- 833,4&)) = —€pvapp ImTr (aaﬁléil)l)

p- (%;AE) = —2p'ImTr (751(531)1) — 2ImTr (fy -p’y5'y“l'é§1)1) — ReTr (758;‘[(21)1)

2020-10-15 Xin-Li Sheng, CCNU 13
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Alternative method

10
KB equation (*y P+ %7 Oy — m) G35 p) = Lanl@:0)

" |
l Multiplying v-p+ %’y -9z +m from left-hand-side
2 2 EQ 2 2 < ih
KP Ml — Zam) +th'a:r::| G=(z,p) = (7-p+ 570 +m) Leon(z, p)

1 Decompose in terms of T',

h2 ‘e
(p2 —m? — 232) Tr(l',G<) = ReTr[To (v K+m) Lo | Mass-shell conditions

hp - 0Tr(T.G=) = ImTr [y (v - K +m) Ieon] Boltzmann equation

* Mass-shell conditions and Boltzmann equations
may have various forms .

1 Equivalent
p-0;FV = ImTr [(’)’ p+m) Iﬁl}l] + ;Re Ir [’T ' (%Iéiﬂ] __ atorder
p- 0, FV = 2mImTr (1)) + Re T (v 0,15)) O(%)

2020-10-15 Xin-Li Sheng, CCNU 14
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Constraint

Adjoint Dirac equation
G(x1,x2)(ihy - Jﬁiz +m) = O(X)

Multiplying with self-energy
and integrating over intermediate position

[/d:}:’Z(:rl,:I:")G(:I?’,IQ)(@ﬁ’)’* Dy +m) = @lpis

Wigner transform Ieon(z,p)

Constraint for collision term in KB equation

h
Icoil(fﬂ: p) (’T P %T : {511 - Tn) == 0(22)

[a VZa V1a V1g V1o Vg Vig Vig V]

2020-10-15 Xin-Li Sheng, CCNU 15
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WEF for free particles

Free Dirac field

13k 1 2 o
\/_Zf (Q(Trh u(e, k)u(s, k)e =" 4 bl (s, k)u(s, k)e”"x/h]

1 Inserting into definition of G3;(z,p)

AT —a(po)é(pz—m2>z{uﬁ(s i R )

l T,8

—ih c%j_g%vq [ﬁﬁ (s,p — (2—1) Ug ('r’,p+ %)} = Wose (+)( ,p)}

v \l/ \

Momentum is on-shell Quantum nonlocal Local contribution
because interactions correlations for from point-like
are not included yet. wave-packets; particles

Berry connection

F. Becattini, V. Chandra, et.

al., Annals Phys. 338 (2013)
32.

2020-10-15 Xin-Li Sheng, CCNU 17
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Matrix-valued distribution

B (2, +p) = Qf PA_ iqx/h —i(Espra/z—Eip-a/2)vo/h () (ip . J E) |
ST ' (2?{'}1)? gl 2 2
2-d Hermitian matrix (' (sp=F) a(rp+3)) =0 (p-F.p+7)

p
(0 (2= 8o (04 ) =02 (=30 +3)
w[s] intrinsic probability density in phase space
tr[7 7] intrinsic spin density in rest frame

A simple example: Gaussian-type wave-packet

1 d°p’ (P —po)? i, i
50, +) wp = — >Xp | —————+ =p ‘0| a, .. |0
Po, 50, 4) we = 3 | Gmmys =P { o2 T RP 0| %o 0)
(p—po)® 205 p :
f#j)(xap) —SCXp{— - (X—XU) - _(t_t()) 51‘5(5550 10 00
Gaussian type distribution spin-up/-down

Important for connecting massive to massless case:
XLS, Q. Wang, X.-G. Huang, PRD 102 (2020) 2.

2020-10-15 Xin-Li Sheng, CCNU 18
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Another distribution defined by sandwiched G=(z,p) between
wave functions

E,
957 (@.p) = = 55 [ dp 0(") u(r, )G (2, p)u(s, p)

Generator of SU(2)
Comparing with intrinsic distribution ) (z, +p)

group in 2x2 spin

(£) (+) representation
9\ (z,+p) = fF (z,+p) + hjE) (=, +p) ,

1
1+) A - I el (+) T
3D (@,P) = = oy (P X Vi) T (@,p) + f (.G':}p
Considering a Gaussian-type wave packet, spin polarization

_ vector in rest frame
wefind (o « v.) fO(z,p) ~ (p x x) P (z,p)

Orbital angular momentum, spin-orbit coupling

Wigner function components can be expressed in terms of ¢ (+,+p)
m

Flz,p) = 5 {5(;00 — Ep)tr {g("”(:v, p}} + 8(po + Ep)tr [9(‘)(93, p) — 1} }

2020-10-15 Xin-Li Sheng, CCNU 19
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Continuous spin

Extend the phase space by introducing a continuous spin vector

Perpendicular to momentum

o N e 2
lds] = Zd'sd(s-p)d(s” +3/co)  Normalized to -3/co

a da Jdo Jo ada da do Jo 1 1

/ (ds] = 1, / [ds]s* = 0, / L —clo (gw - p;)")

Spin dependent distribution function

£
s is located on a

1 spherical shell in rest
g+(2,p,5) = Str {(1 — 50T g (x, p)} frame

[d e d e d e d el Sl el Sl Sk e T
| . \ n; - I]_ <.
Projects matrix-valued n{tE — (JTP n; + J—p)p)

J J E +
distribution onto direction of 5% _ (B mT
spin vectors related to 7;

Wigner function expressed as

G<(z,p) = —2mé(p* — m*)8(p°) /[dﬁ} (1+7°y-8) (v-p+m) 9+(z, P, $)

A covariant definition is used in talks by Nora Weickgenannt; Radoslaw Ryblewsk.

2020-10-15 Xin-Li Sheng, CCNU 20



Space shift [ R TR

Since matrix ¢ (x,p) contains intrinsic probability and spin
densities as well as contributions of spatial gradient,
g+(z,p,s) is cast into the following form

/N )
Nonlocal part takes
local local

9+(z,p,s) = g7 (z,p,s) + Az¥ 0,97 (2, P, ) | this simple form only

_ _local hen spin is

= T+ Az, p,s W P
g+ p,$) normalized with
The spatial shift is first order in /i N 1 J
3 T
At = (U’ 2m(E, + m)p % 5)

The local distribution in general contains both zeroth and first order parts

OCa (}
g (z, p,s) = g} (z,p,s) + g} (z,p, 5)

Anti-particles are similar, see
XLS, E. Speranza, Q. Wang, and D. H. Rischke, in preparation.

2020-10-15 Xin-Li Sheng, CCNU 21
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Boltzmann equation

In absence of interactions, relation between Wigner function and the
spin-dependent distribution is

g+(z,p,s) = —% /dPDQ(PD)“ [H(ﬁ)Gﬂ

We assume that this relation holds even when \
we have interactions between particles. spin projection operator

(dilute gas approximation) (s) = : (14+4°s-9)

2
Boltzmann equation /

E
- 0:04(2.2.5) = = 32 [ dpnf(po) T 1) Len]

/ /

3-momentum :_ﬁ = i B ”
because of energy Leon = 9 Z<(z,p)G” (z,p) - B> (z,p)G<(=,p)]
integral

2020-10-15 Xin-Li Sheng, CCNU 23
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Self-energy

Leading order: Next-to-leading order: Born diagrams,
mean-field contributions scattering contributions

: G< ) G< .
° ﬁ :; q +q1
neglected q’ i +”
_ ., e 2N,
G>

NJL model as an example:  Lyjp = ¢(ihy - 0r —m)Y + Y Gq (YLa1))?

d*p1 d'pa d'ps
> (2.0) =166 [ (G s (s
xTr [LoG<(p3)LsG” (p1)] ToG” (p2)Ta
d*py d'pa d'ps 4 5(4)
COUplingt ¢ —4GaGy (27)% (27)% (27 (27)°0" (p + p3 — p1 — p2)
constants
xLyG” (p1)TaG= (p3)TsG” (p2)Ta,

(27)*6™) (p + p3 — p1 — p2)

Product of Dirac, flavor, and color matrices

2020-10-15 Xin-Li Sheng, CCNU 24
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Collision term

FE
ﬁp = aﬂ:g+($ﬂ IJ,S) — _2—7}; -/dpﬂg(p())lmﬂ [H(S)ICDH}

ih

5 [Z5(2,p)G” (z,p) — £7(2,p)G" (x,p)]

L:D" ==t

Expressed in terms of G</~

/_

Gs(z,p) = —2m6(p> — m?)6(p°) /[dﬁl (1+~+°y-5) (v-p+m)g+(z,p,s)

G (%,p) = 216 (p? — m?)6(p°) f[dﬁ] (1 + 40 - 5) (v-p+m)[l—gi(z,p,s)

2020-10-15 Xin-Li Sheng, CCNU 25
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Collision term

E
hp - 09+ (z,p,8) = -ﬁ/dpoﬂ(pa)lmﬂ 1I(s)Icon]

\ J
|

he l9+]
/C l9+] = %polegng /[dﬁl][dﬁg][dﬁg][dﬁp] \
X (27?)45(4) (p+p3 —p1 —p2) momentum

conservation

X [g192(1 — g3)(1 — gp) — 939p(1 — g1)(1 — g2)] vanishes in

\ xRe [M(s.0) + M(s p)] / local equilibrium

(s,a) = 064G Gy Tr [['oI1(cos3) (p3 - v + m)Lpll(cosy ) (py - v + m)]
Tr [I1(s)I'pI1(cos2) (p2 - v + M) Il(cos,) (p - v + m)],
E >< M(S B = —64G Gy I [H( )rbH(C’[]Sl)(pl g —1—??’2)P H(c053)(p3 o m)
x Tpll(cos2)(p2 - v + m)Tell(cosy) (p - v +m)],

2020-10-15 Xin-Li Sheng, CCNU 26
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Detailed balance

Detailed balance condition gives the local equilibrium distribution

9+(x,p1,51)9+(x, p2,52) [1 — 9+ (2, P3,83)] [1 — 9+(z, P, Sp)]
= 9+(2,P3,53)9+ (%, P,5p) [1 — 9+ (x, P1,51)] [1 — 9+ (2, P2,52)]

. : : h order
Semi-classical expansion: 1

0 f
g+($: pns) — 95-)('3: pas) + hgfl-l)(m‘a pas) + A(L‘Harﬁggf}) ('Ta P:ﬁ)

From nonlocal correlation

We assume that zeroth order distributions o . .
inside Wigner function

do not depend on spins

0 0
¢ (z,p,5) = ¢(z, p)

gy (z,p) = 1
RS 1+exp(B-p

=~ exp(—4-p)

2020-10-15 Xin-Li Sheng, CCNU 27
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First order

Semi-classical expansion: 1 ‘
g+($:p: )_95-)( r,p,s )+hg( )( Ly P, 5)+A{Eﬁafﬁg+ ( ﬁpﬁs)

In the presence of vortical field, the equilibrium distribution should contain a
spin-vorticity coupling, which is a first-order contribution in our A - counting.

(1

( )( r,P, 5) = ( )( ,P) —Saly s ( X IJ} Expand in terms of Sa
1 | R
= 9{(z,p) - 55aHs 29y (z, p)
spin-independent (1) L. 8 (0)
part can be merged _[9+ 2 P)}F E‘Qﬂfﬁza (P,5)9+ (T P)
with zeroth order
Spin potential Spin dipole moment
(1De
(s g+9 (r p) 1 afuv, af :_i . 50
Hs = 2 ( )( ’p) _%6 B plﬁg,uy by (IJ,S) = me,m/a.dp S
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. . . h order
Semi-classical expansion: , l

g+ (z,p,s) = ¢\ (z,p,5) + hg'" (2, p,5) + Az"Dy,0"" (z, p, 5)

Nonlocal part: - Az#d,,4” (¢, p) = ~(w + 815) A p g (@, p) |

distribution
Detailed balance condition at first order:
h Fr 1’ L’ ¥ 7
DI = o (QLWE}"‘ + 'QZ’,;-WEFQJ - Qlﬂsﬁwzg - Qp,uvzg )
—(wuw +05,) [(Azi Py — Azyph) + (Azhpy — Azhph)
— (Azbpy — Axzps) — (Azbp” — Ax)pH)]

] . : : ' :
Wy = (O By — O Br) Also been obtained using de Groot's mothod:
N. Weickgenannt, E. Speranza, XLS, Q. Wang,
1 _ ) D. H. Rischke, arXiv: 2005.01506.
55.(;/ E § (aﬂl‘ﬁﬁv + dmylﬁu)

‘ Talk by Nora Weickgenannt.
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Global equilibrium

Detailed balance condition at first order:
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h z v 7
0 = 21 (()l p:uzw W Qf? szz in gu;zpz
—(wWur + (55{;}) [(Azip] — ATlpl) + (Axhpy —

— (Azfps — Axgps) — (Azpp”

Qp v 25}/)

Azbph)
— Azpp”)]

Assuming that spin potential equals thermal vorticity and Killing

condition is satisfied

E El'.'l.._'i'_f.l-r" —

_':-J-“,{LL/? (ﬂ f— 1«2*3*}))

dp, =0 Global equilibrium

detailed balance condition is shown to be equivalent with
angular momentum conservation

|
(ZZ! + Azip{ —

h L L Lf
- (52‘{ + Azkpy —

2020-10-15

Az

Az

./ h 1) L
ip’f) (525” + Azhyps — /—\--'rSpiz)

L L h ' 15 15 r
3;0‘3) (EEL‘ + Azhp”’ — Az p! )
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Summary

* From Kadanoff-Baym equation, obtained mass-shell conditions and
Boltzmann equations for components of G* in presence of interactions.

« Expressed G* in terms of a matrix-valued distribution and then in terms of
a spin-dependent distribution g+ (x, p,s) which includes nonlocal
correlations.

« Calculated self-energy for Born diagrams (direct and exchange).

» Derived Boltzmann equation for g+ (z, p,s) and detailed balance conditions,
where nonlocal correlation enters as a contribution from orbital angular
momentum.

Similar results obtained from de Groot's method:
N. Weickgenannt, E. Speranza, XLS, Q. Wang, D. H. Rischke, arXiv: 2005.01506.

* Anti-particles are included in our upcoming paper. @

XLS, E. Speranza, Q. Wang, and D. H. Rischke, in preparation. Talk by _
Nora Weickgenannt.
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Kinetic equation
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Introduction

Point-particle picture (classical)

No interaction if impact parameter is
non-zero (we only consider short-
range interactions)

Distribution function

Some figures to show the physics
cite Jun-Jie's paper
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wave-packet picture

Finite spatial uncertainty,
interaction exsit even for
nonvanishing impact parameter
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Poisson bracket term

Ton(zx — d*y’ d“.’/d‘l- dip- e ﬁi i .f_,i'.‘_. sadl
u(z, p) Z(ZWM/ :u/ v [ d'prdprexp |=z(P1—p) -y — z(P2—p) T
z’

37 ,yr
o+ =, J G T+—,pz =87 | g+ = J &S | @+ s
2 2 2
' Gradient expansion w.r.t. =, y"*

T = =5 [2%(2,p)C> (2.p) — £ (2, )G (2, p)]

_% [{E{(I:p%@}(mﬁp)}PB {E> ‘1 p) 0{ ‘T ' P }PB]

The first term is dominated by short-range interactions, while

Poisson bracket term by long-range interactions.
P. Danielewicz, Ann. of Phys. 152 (1984) 2309.

In heavy-ion collisions, strong interaction is short ranged, thus
Poisson bracket term is neglected in this work.
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