Theoretical issues in physics of SHE
. huclear reaction perspectives

Kouichi Hagino
Kyoto University

’ Y 'N |'C
201 9&i‘ﬂ§mw
IYPTE"
International Year
of the Periodic Table
of Chemical Elem%

\6'

Introduction-1: periodic tables \
Introduction-2: superheavy elements
Formation reactions

Theoretical issues

Physics of neutron-rich nuclel

Summary /




Periodic table of elemetns (1869)

International Year
of the Periodic Table
of Chemical Elements

Mendereev
(1834-1907)



Periodic table of elemetns (1869)

International Year
of the Periodic Table
of Chemical Elements

closing ceremony (2019/12/5,
Tokyo)



periodic table of elements

noble
gas
Group =3 1 2 3 4 5 e 7 8 9 10 11 12 13 14 15 16 17 _18
*F‘erlod I
1 1 2
H He
> |3 || 4 S5({lef 71|l 81 9| 10
Li || Be B[l C[| N[l Ol F]J|lNe
3 AT 12 13 (114 (|15 (| 16 || 17 || 18
Na | Mg Al [l SE|| P[] S || Cl|Ar
4 [19 (| 20 || 21 22 123 (|24 (|25 (|26 (|27 [[28 ([ 29 |[30 (|31 ||32(|33||34||35]| 36
K || Ca|| Sc Ti [| V|| Cr|[Mn||lFe || Co||Ni|[Cul|Zn||Ga]||lGe||As || Se || Br|| Kr
5 |37 || 38 || 39 40 ([ 41 [[42 |[43 || 44 || 45 || 46 || 47 || 48 || 49 || 50 (| 51 (| 52 (| 53 || 54
RB[| Sr|| Y Zr |[|[Nb|[Mo|| Tc [[Ru|[Rh || Pd [[Ag||Cd|[[In ||Sn|[[Sb||Te || I || Xe
6 |95 || 56|57 (*|72||73||74 || 75|76 || 77 || 78 (| 79 (|80 (| 81 || 82 || 83 |[ 84 || 85 ]| 86
Cs || Ba || La Hf || Ta [| W [| Re || Os || Ir [| Pt [|Au||Hg]|| Tl [| Pb || Bi || Po || At }| Rn
7 | 87|88 || 89 [*[104||105||106||107||108||109 (| 110|111 |{112([113|[114[[115[[116{[117]]118
Fr || Ra |[ Ac |*| Rf ||Db|[ Sg |[ Bh || Hs |[ Mt || Ds || Rg |[ Cn |[ Nh || FI |[Mc|| Lv || Ts || Og
H
*1 58 (|59 (|60 [[61([62||63||64]||65]|66]|| 67 || 68| 69|70/ 71
Ce (| Pr[[Nd||Pm||Sm || Eu ||Gd || Tb || Dy [[Ho || Er ||Tm || Yb || Lu
190 (91 (]1921[93 (194 ||95|[96 (97|98 |99 ||100]|{101{|102|{103
Th{[Pa|l U |[[Np]||[Pul|[Am]||Cm]|| Bk || Cf || Es ||Fm ||Md|| No || Lr




periodic table of elements

noble
gas
Group =3 2 7 8 9 10 11 12 13 14 15 16 17 _18
*PEI’IOd I
[ ;
e
(14 77
, .54 elementouch ETIE I
s (Y. Maeno, 2001) s
3 12 13114 || 15 (| 16 || 17| 18
Mg Al || SI || P S || Cl}| Ar
23 {24 || 25 (| 26 || 27 || 28 | 29 |[ 30 || 31 (| 32 |[ 33 || 34 || 35]| 36
V [| Cr||Mn|| Fe |[Co || Ni [|Cu|[Zn || Ga || Ge || As || Se || Br ]| Kr
41 || 42 || 43 |[ 44 || 45 || 46 || 47 || 48 [| 49 || 50 || 51 [| 52 || 53 || 54
Nb [|[Mo|| Tc [|Ru|[Rh || Pd [[Ag||Cd || In ||Sn|[[Sb || Te ||l I }| Xe
31|74 (|75 (|76 || 77 || 78 (| 79 || 80 || 81 (| 82|/ 83 || 84 || 85]| 86
Ta || W || Re||Os||Ir || Pt|[Au|{Hg]|| TI || Pb|| Bi || Po || At ]| Rn
105((106||107(|108|(109|[ 110 (| 111 [{112][113[|114[[115]|[116||117}|118
Db || Sg || Bh || Hs [| Mt |[ Ds [[ Rg [| Cn [| Nh || FI ||Mc|| Lv || Ts || Og
—
590 (160 || 61 |[ 62 || 63|64 || 65| 66|67 |68 69| 70|71
Pr [N |[[Pm||Sm || Eu [|Gd || Tb || Dy || Ho || Er |[Tm || Yb || Lu
91 1192|193 (|94 ([ 95|96 (|97 |98 || 99 [|100][101]|{102(|103
Pa|| U [[Np|| Pu||Am||Cm|| Bk || Cf || Es [|Fm [[Md || No || Lr

Prof. Yoshiteru Maeno (Kyoto U., cond. matt. expt.)



periodic table of elements-nuclel? oroton
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Nuclear periodic table

Yet, a pedagogical significance
(to familiarize nuclear physics)




P K. Hagino and Y. Maeno,
Nuclear periodic table Found. of Chem. 22, 267 (2020). proton
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Nuclear periodic table “nucletouch” (a 3D model)

e cf. “elementouch”
£ ] (Y. Maeno, 2001)
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a magical coincidence Y. Maeno, K. Hagino, and T. Ishiguro,

periodic table of elements 2,
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the nuclear magic numbers are there
In the same column!

(the same elements around them)

Found. of Chem., in press.

nuclear periodic table
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a magical coincidence which
can be recognized only after
making a nuclear periodic table
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Superheavy elements
and Neutron-rich Nuclel
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Interests in physics and chemistry of superheavy elements

» Wwhat Is the heaviest element? — atomic property

» what is the double magicu nucleus next to 2°®Pb? — nuclear property

» should the periodic table be changed or not? — chemical property

» how do superheavy elements influence the r-process nucleosynthesis?
— astrophysics



what determines the limit of existence of elements?
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possibilities to be considered:

v" electron orbitals in atom
v" stability of nucleus in atom (« magic number)

/




what determines the limit of existence of elements?

/.
INTERNATIONAL
/{/O* YEAR OF THE

PERIODIC TABLE

o 2019

Y [Ptfce| K
39 | 72 § 20119
lodine Yitrium Platinum Calcium | Potassium

possibilities to be considered:

/

let’s first discuss

v’ electron orbitals in atom
v' stability of nucleus in atom («— magic number)



what determines the limit of existence of elements? (i) electron orbits

hydrogen-like atom

Ze?
V(ir) = —
,
500 F
1S state (Dirac equation) _ W
; . 3 300
FE15 = mc \/1 — (Za) L2200
B 62 1 lOO_—
" he 137 |

Z > 137 — no solution




what determines the limit of existence of elements? (i) electron orbits

hydrogen-like atom

600 | | I |
400 finite size of a
nucleus
S 200 (uniform charge)
P}
< 0 Ry ~ 10 A
mf 500 rms ~ 103 A
) (A=173)
-400
-6005 50 100 150 | 200

Z~173

cf. W. Pieper and W. Greiner, Z. Physik 218 (1969) 327



what determines the limit of existence of elements?

/.
INTERNATIONAL
/{/0* YEAR OF THE

PERIODIC TABLE

o 2019

Y [Ptfce| K
39 | 72 § 20119
lodine Yitrium Platinum Calcium | Potassium

possibilities to be considered:

/

let’s next discuss
v electronic orbitals in atom
v’ stability of nucleus in atom



what determines the limit of existence of elements? (ii) atomic nucleus

heavy nuclei — unstable against fission

:>':>..

fission barrier barrier height
120 . | .

classical liquid drop
model

/=131

R |

100 150

V. (MeV)
@)
-]
I | [ | I | [ | I | I

()
o




what determines the limit of existence of elements? (ii) atomic nucleus

i J | J I T | ] ] ¥ | T
~fission barrier 284108
00 F > -
LD LDM
_ o
-10.0 | shell nge%lf-lELL f -
LDM + shell
- | { | 1 | | L | L L
00 02 04 06 08 10 1.2
B2 Z. Patyk et al.,

NPA491(‘89) 267

QM shell effect (magic numbers) raises By, and stabilizes a nucleus



Superheavy elements (the island of stabilit

Proton number

CHART OF THE NUCLIDES
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long-lived with 103- years
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Fusion reactions for SHE
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Heavy-ion fusion reaction

J




Fusion for superheavy elements

113
Nh | Mc 120
Superheavy elements nihorium |
synthesized so far 119
o o 118
ﬁR‘[IﬁEM ; . . . tennessine oganesson 117
| bna | - 116
e —
‘fj Y 10;’ I — I
¢ 10 e—e Hot Fusion Reactions
10° =—a (Cold Fusion Reactions
- — 10
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110 115 120
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Fusion for SHE: fusion hindrance

.

fusion
hindrance

strong Coulomb repulsion
— re-separation

compound
nucleus




Fusion for SHE: p

more fusion hindrance evaporation process
(cooling)
o
N
fusion / n n,p,o. emission
\V vy decay
E—
i3 @ ol | avery rare event |
fusion

hindrance

‘ fission

strong Coulomb
repulsion

quasi-fission



SHE formation reactions

3201— !

9 —00

2-body potential
1-body potential

@

compound
| nucleus

thermal \
fluctuation

V(r) (MeV)

PER:PcapXPCNXWSUV

Peap: qUantum
mechanics |

heat up

5

10
r (fm)

\ re-separation |

15



Theoretical challenges

formation of SHE: very rare fusion hindrance

— a large theoretical uncertainty ‘ -@
Per = Peap - Pon - Wauy .."
I'd
v'no exp. data for Pgy Pen quasi-fission
v'exp. data: Pgr, only “’

/
'@
CN=i&#. ER-ERBEY o W4
ER

" theoretical challenges: A .
to reduce the uncertainties and =R
_ make reliable predictions

J

— Physics of open quantum systems
S FHRMRDME




hot fusion: Nuclear Deformation -

hot fusion: 48Ca + deformed target actinides

100/~

N - &l N

. h : L H L b

N N L ] - [ ] LT N

................................................................................................................................................... e
80 (T2 RS TR LT - {T1T1X] B —

(12 1] i (2] - (T2 1] .

(12 1] L1 2] - L] .

J L2 L B

o asaspmsnesese: : B sign[cos(3y)] |

20 -j .i;i ; :

0.10 py

-n.m-
| i E | Bt | [
20 40 60 80 100 120 140 160 180 200

the role of deformation N J.-P. Delaroche et al.,
in heavy-ion reactions? PRC81 (“10) 014303




Nuclear deformation and barrier distribution

Nuclear deformation — a large sub-barrier enhancement
of fusion cross sections

160+154Sm 65 . | .
10— ; I . i L --- Spherical
= 0+ P'Sm : < 60 — 0=0deg. -
2 1 o —— 0=90deg. -
g E ‘*2-" 55 —
2 10'E 1O 1
& 1 =50 @O0
& 100k ] _
S ) : 45 .
N ! e [Expt . 5 10 15 70
]0'1 = !/ --- Potential Model = r (fm)

[a—
-

! — Deformation
2 L | . | .
1010 5 0 5 %
E-V, (MeV)

K.H., N. Takigawa, PTP128 (‘*12) 1061 1545 160



Fusion barrier distribution [Rowley, Satchler, Stelson, PLB254(°91)]

d*(Eofys) dP—g
DfUS(E) — dEQUS X dE
—~ single channel
> 1200 T T
Z 1000 —
O - _
£ 800 —
N 600_— ]
= 400 - —
o= 200 —
o3 - .
N\-/ O L=
< 55 60 65 70
Ec.m. (MeV)

K.H., N. Takigawa, PTP128 (*12) 1061



v" Fusion barrier distribution (Rowley, Satchler, Stelson, PLB254(91))

d?(Eos,s)
Dfus(E) — fus

dE2

65

800 --- Spherical
60 — 0=0deg.
S — 0 =90 deg.
600 E -
> =5 N
]
= 400 /2/ :
o 50 -
&
~ 200 ]
= 45 L L . 1\ .
= 5 10 15 20
Q R
0 r (fm)
2200 Data: J.R. Leigh et al.,
S0 PRC52 (“95) 3151

can be used to identify
the side/tip collisions



Application to hot fusion reactions

-1
D, (MeV')

) 7 _i | iiﬁ i¥\ T IR NI N

0.
%60 170 180 190 200 210 220 230

EC.lll. (MGV)

T. Tanaka,..., K.H., et al.,

48 248 296 *
Ca+4%Cm — <% LV

JPSJ 87 (*18) 014201
PRL124 (*20) 052502

capture barrier distribution



Application to hot fusion reactions  48Ca + 248Cm — 2%, | v*

T. Tanaka,..., K.H., et al.,
JPSJ 87 (“18) 014201
PRL124 (“20) 052502

capture barrier distribution

-1
D, (MeV')

cf. notion of compactness:
D.J. Hinde et al.,

PRL74 (“95) 1295 *

10 E
= E m 4n i /
= - iy T - I
n I |
= 1 4l E 1
© — ¢ 7 I |
B 1 i | |
C i L
i i i L
0' | | | | ] | | | | | ] | | l I
'f60 170 180 190 200 210 220 230 S

Ec.m. (MGV) SSd Slnj



Application to hot fusion reactions  48Ca + 248Cm — 2%, | v*

T. Tanaka,..., K.H., et al.,
JPSJ 87 (“18) 014201
PRL124 (“20) 052502

capture barrier distribution

cf. notion of compactness:
D.J. Hinde et al.,

- =/ - ,,'."*..-. ] PRL74 (“95) 1295 *
-%_ II /// \ |
107 E F o /3n E
= Ao o (e=m2) ]

- ® 4n

AN

-4 A DT B 2N 0,2 D R BT B
101907195 200 205 210 215 220
E (MeV)

K. Hagino, PRC98 (“18) 014607




open problems

p

fusion

V(g) (MeV)

|

: : ?
re-separation i '

- | | | | | | | | | | | | |
04 -02 0 02 04 06 08 |1
€ (deformation)

LN

» how Is the shape evolved to a compound nucleus?
» Deformation: a quantum effect
how does the deformation disappear during heat-up?

guantum friction/open quantum systems

M. Tokieda and K.H., Ann. of Phys. 412 (“20) 168005.
Front. in Phys. 8 (‘20) 8.



quantum friction

In quantum mechanics:
N

VSB

B

system Internal d.o.f.

w

heat generation when a rigid
body stops

4

the energy conversion from
the rigid body to intrinsic “quasi’ particle
d.o.f. (atoms)

solve the whole H without introducing

quantum Langevin? <mmmm the quasi-particle
M. Tokieda and K.H. (2020)



Hot fusion towards Z=119 and 120 nuclei

hot fusion reactions with **Ca:  48,,Ca @ 119
#80Ca +(;goFM)— 120

short lived —not available with
sufficient amounts

: 2470
(1380 y)

103 . 2571:111
“Es (100.5 dy
. 471.7d _
10 L ] ( L ) | [ 3
97 08 99 100
7/
» BCa — 9, Ti, °L,.V, *4,,Cr projectiles |[ how much will
cross sections be affected?

closed shell — open shells



Reduced cross section

Role of magicity can proceed deeper
with less friction

86 138 }E% I I E
Kr + **5sBag, $ Ef v E i
107 | % E /\\\
e !
10 v 5GesNg CNZHU S PN
+ *Kr+'"Ba CN="MU I
A 2geu0ra PN=222] i I
86 134 | :
1[:]“5 il o oo lasy I|1_1111_|1 Lasaal mln
10 3{] 40 50 60 70 80 90
E. (MeV) cf. P. Moller et al.,
K. Satou, H. lkezoe et al., Z. Phys. A359 (*97) 251.

PRC73 (“06) 034609 [ similar effect for 48Ca?]




New hybrid model: TDHF + Langevin approach

CNZ
K. Sekizawa and K.H., PRC99 (2019) 051602(R) '3 £
SUG

1st stage: TDHF

g T . e N S e Sy S
LR N N N N N § B § .

— e — — — — — — ——— — —

----h

3rd stage: 2nd stage:
statistical model Langevin model



Furthermore: TDHF + Langevin approach and quantum friction

54Cr + 248Cm — 302120

TDHF + Langevin approach:
48Ca + 254Fm — 302120

K. Sekizawa and K. H., & 0
PRCO9 (2019) 051602(R) s

side >
collision Z 90

Langevin 230

R (fm)

— Langevin caluclation




BCa+3Fm

SIV4249Bk
S4CT4+248Cm
0

i E/Vb—l 2, [=0

> —10

é) L

~ 20 -

L= . — BCa+®’Fm

< a0 51y, 249p1
R mmw MEL 8o

_40 n gy | | | |
0t 1 12 13
R (fm)

K. Sekizawa and K.H., PRC99 (2019) 051602(R)



New model for fusion for SHE: TDHF + Langevin approach
| Z
K. Sekizawa and K.H., PRC99 (2019) 051602(R) '3 £
SUG

how special is 43Ca ?

S}FS[EIH CN E* Rmin PCN H"JT&mr PE["-I H"fs;ur
MeV) (fm) [(x10%) | (x10%) (x10")

BCa+BFm 2120 290 1293 1.72 | 176 302}

MPCr+28Cm 2120 332 13.09 | 1.89 | 131 247

TV4+Bk 1200 37.0 0 1294 | 395 | 0.117 046l

®Ca+PFm 120 305 1294 249 | 0729  1.82
———

Per = Peap - Pon - Wany similar Py

v" no special role of 8Ca in the entrance channel

v non-%8Ca proj.: about 2 order of magnitude smaller
due mainly to W,



Another important issue: physics of neutron-rich nuclei

Proton number
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how to reach the island of stability?

Yuri Oganessian
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Fusion of unstable nuclei
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neutron-rich beams: indispensable

» how to deal with low beam intensity?

» reaction dynamics of neutron-rich beams?

v" capture: role of breakup and (multi-neutron) transfer?
v" diffusion: neutron emission during a shape evolution?
v" survival: validity of the statistical model?

structure of exotic nuclel
more studies are required



Fusion of unstable nuclei

114
113
112
neutron-rich beams: indispensable K.-S. Choi, K. Hagino et al.,
—treaction dynamics? Phys. Lett. B780 (’18) 455
o 9Li + 2%8pp e "Li+|2°8I-;b - g
10° | - - f___.:'_'_'-' —
g 10" Ew’ e s
S o) o 1 need further |;
ol :,'/ :.Ig“g,?gé‘t?i‘é‘%'x’é‘i?ﬁ?éns . 5 Improvements|:
1072 ‘ -'/ L W s m s 4@ ;5
20 25 30 35 40 45
Ec.m. (MeV) E¢.m. (MeV)

simultaneous explanation for °Li+2%Pb and Li+2%8Pb with:
1 i+208Ph «—— °Li+?%Pbh «—— 7Li+2*?Pb transfer couplings



fusion of neutron-rich nuclei
in accreting (B ZP&7&) neutron stars

X_ray burst Type 1 X-ray accreted
I'P-Process burst H/He

; superburst ~ Ocean electron capture

(ashes) | (A,Z) +& — (AZ-1) + v,

impure

Deep towards neutron-rich nuclel

crustal solid crust

heating

. .~ Accreting neutron
orlglnT

fusion of neutron-rich nuclei
when Z becomes small enough

240 + 240 28Ne + 28Ne etc. N_. (_Zhamel and P. _H_aensel,
Living Rev. Relativity, 11 (“‘08) 10.



Fusion of unstable nuclei

165 170

neutron-rich beams: indispensable—

T T T T
10° e

ol 7 [need further |;
Improvements |:
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K.-S. Chol, K. Hagino et al.,
Phys. Lett. B780 (*18) 455
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reaction dynamics
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0.015
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0.005
0

K.H. and H. Sagawa, PRC72(‘05)044321

good understandings of the structure
of neutron-rich nuclel is also important




[ Physics of SHE ]

/Reactions of n-rich nuc“ / Structure of n-rich nucl.\

F TLi+ 2%8pp R

Summary

orr (mb)

0 2 4 6 8 10 12 14
r (fm) /

e SHE open quantum
o the island [HEFE= systems (OQS)
of stability e

SHE + neutron-rich nuclet + OQS — new direction
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fusion hindrance

I I | 1 | | |

Sahm et al. (GSI)
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C.C. Sahm et al.,
Z. Phys. A319 (‘84) 113



New method for open guantum systems

M. Tokieda and K.H., Ann. of Phys., in press (‘19)

Hior = Hg 4+ Y Rwiala; + h(q) 3 di(a] + a;)

( J | J
Y Y \ Y )

system  environment coupling

naiive coupled-channels equations:

1 n;
Wiot(g,t) = 3 ¥y (@) {ngd)i [{nd) =[] == (a!) " |0)
{ni) T )

) <{ni}|ih%|wtot> = ({n;}|Htot| Wtot)

——> coupled-channels egs. for Qﬂ{ni}(%t)

difficult when the number of environmental osc. modes is large



Hiot = Hg + Z hwza a; + h(q) Z d; (a + a;)

mm) introduce more eff|C|ent basis

e~ Wt Z e (w)ug () cf. correlation function
exp.  basis _ / > Jw) it
L(t) = d
coef. B =) T e ©

cf. (BB EFHAER
Y. Tanimura and R. Kubo,
J. Phys. Soc. Jpn 58 (’89)101

d;
—> b}; — Z ﬁnk(wi)ai

cf. Lanczos method

(v4)"™ o)

K

Wiot(g,t) = {ﬁzk} Vi (@ t) Hig)); Higl) = kl;[1 Ve




d;
eIt anmuk(t) S :Zﬁnk(wi)ag

In actual calc.: expansion with Bessel function (Jacobi-Anger identity):

—zwt — J (Qt) + 2 Z (—z)ka (Q) Jk(Qt)

0.4 :
Chebyshev polynomials
0.2
< :
~ 0 large k: does not contribute
) .
when t 1s small
—02f+ = =
K=20 === % (=1)2  p\k+2s
_0.4 . . . . . (@) =2 sl(s+ k)! (2)
0 5 10 15 20 25 30 s=0



modelling of open quantum systems

1) system + bath

H=H¢+ Hp + Vgp

v" Caldeira-Leggett
v' Feynmann-Vernon

solution:

a) eliminate B (bath)
— eff. action for S
(influence functional)

by ps = Trplp]
S ihpg = -

Markovian approximation
— Lindblad equation

c) expand the tot. wf with the eigen
states of Hg (coupled-channels eq.)

M. Tokieda and K.H.,
Ann. of Phys. 412 (“20) 168005.
Front. in Phys. 8 (“20) 8.



application to damped oscillation: HO + environment (conti. spectrum)

expansion with Bessel functions up to K=20

(a) " 0-phonon —=—
1 i-phonon —a—
l.‘h\. 2—phonon
_ 3-phonon
0.8 m==R 4-phonon
E 0.6 5-phonon
E | fplaly P ra———
047
e S e
02} #}m/ _
{]-c{m-*mm#wi—
08 |(b) l
0.b
A
-
Vv 0.4
0.2
90 2 6 10

black: exact !
red:CC(N,,,=5) |

(p)qs/T

M. Tokieda and K. Hagino, Ann. of Phys. 412 (20) 168005



modelling of open quantum systems

1) system + bath

H=H¢+ Hp + Vgp

v" Caldeira-Leggett
v' Feynmann-Vernon

solution:

a) eff. action for S
(influence functional)

b) Lindlad eq.

c) coupled-channels egs.

* MIcroscopic
* but, hard to solve

11) quantum friction model

construct a Hamiltonian which
leads to
i(m = —(V'(2)) — v(p)
di
v E. Kanai, PTP 3 (“48)
v" M.D. Kostin, JCP 57 (“72)
v K. Albrecht, PLB56 (‘75)
v K.-K. Kan & J.-J. Griffin,
PLB50 (“74)

v A. Bulgac, S. Jin, and . Stetcu,
PRC100, 014615 (2019)



Quantum friction ~ classical eq. of motion p = —V'(z) — vp

a quantization: Kanai model E. Kanai, PTP 3 (1948) 440

p2 7.‘.2
H=—++V(z) - — e 7t 4 7t V(z) (mr = thp)
2m 2m

=) L= (V@) i)

dt
time-dep. wave packet approach
= e F e —F
— > 0.8 — ! ]
: : - I .
/\E i — 0 6 I 'f —
- o ! _ i
— =N 0.4 | AE=5 MeV
"""" i —--- no friction |
0'2__ —— friction t
— i oL |
: : 90 100 110 120

M. Tokieda and K.H., PRC95 (‘17) 054604




modelling of open quantum systems

1) system + bath 11) quantum friction model
H=H¢+ Hg + Vgp construct Hamiltonian which
leads to

v" Caldeira-Leggett

d
v' Feynmann-Vernon —p) = —(V'(2)) = ~(p)
* microscopic » phenomenological
 but, hard to solve e easy to solve
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