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Coaepxxkanue:

CBepxnpoBoaAMMOCTb B KBAPKOBOI MaTepUHU U AAPaX
bo3e kKoHaeHcanuss TM0APUOHOB B SIJICPHOM MaTePUHU
PoxeHue pe30HAHCOB HA s/IPax

PO)KI[eHl/Ie efe nap B CTOJIKHOBCHUSAX THZKC/IbIX HOHOB

o A W =

KBaHTOBBIM TPaHCHIOPT B hopMaiu3Me a1edopMaMoOH-

HOI'0O KBAHTOBaAHUA

o

CroucTBa K Me30HOB B MTHOHHOM MaTepUH

/. MaiopaHOBCKOe HEMTPMHO B SI/IEPHOM MATEePHUH
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SU(2) uBeToBasi CBepXnpoBOANMOCTb

¢ L. A. Kondratyuk, M. M. Giannini, M. |. K,
Phys. Lett. B 269, 139 (1991);
¢ L. A. Kondratyuk and M. I. K., Z. Phys. A 344, 99 (1992).

I¢P¢. narpanxkuan B cpene (Bepcus mogeau HUJI):

I 1 5, _
Lett =7 (iV + f1— m)w—agz(wataw)(w‘ftaw),

Cucrema ypasHenut I'opbkoBa-JlaiicoHa:

DOyukuuda ['puHa: < =+ »<Q>=‘=
AnomasibHasa pyHkuus I'puHa: = @=




AHoMaiibHas pyHkuus ['puHa:

IFL2)=<N|T(Qw(2)|N+2>,
IF(L2)=<N+2|T@@Qw(2))|N >,

Ni=1=>J=1

< | < | — 2 peleHus:
1. CnapuBanue B kanaJje J; =0
2. CnapuBaHue B KaHaJje J; = +1
HaujgeHbl:
1. pynkuuu I'puna (HopMaJibHAsE 1 AHOMAJILHAS)
2. mieJib B CIIeKTpe BO30Y:KIEHUM, 3aKOH JUCIIEPCUH
3. pacnpeaejieHHe KBaAPKOB 110 MMITYJIbCaM
4. cnMHOBAs IVIOTHOCThH
5. Temnieparypa (pa3zoBoro nepexoaa



Ileas B ciekTpe BO30y:KIeHuil B kaHaJje J; = 0

2 4l o —m? + 1 + g*(@ n)(an)
A°=(Q [(a a)—(a n)(an) 2+ g% @ n)an) ]20,

A=A(p) >0

A =0mpum=0,korman|| a
n = p/|p|

YpaBHeHHe 1HeJIN:

d*p 8772

F(0)=| F(p), = g%@a)xcexp| -

(27)*

(69°) Ve (1-VE /3)

J



SU(2) nuBeToBasi CBepXNpoOBOAUMOCTD
Ha pelreTKax:

S. Hands, S. Kim, J.-1. Skullerud, Eur. Phys. J. C 48, 193 (2006).

origin. The behav our of thermodynamic observables and the superfluid order parameter are consistent with
a Fermi surface disrupted by a BCS diquark condensate. The energy per baryon as a function of p exhibits



SU(2) uBeToBasi kBapkoBasi Mmatepusi B Moaeau ITHUJL:

PHYSICAL REVIEW D 80, 074035 (2009)
Two-color quark matter: U(1), restoration, superfluidity, and quarkyonic phase

Tomaés Brauner,' ™" Kenji Fukushima,” and Yoshimasa Hidaka®
'Institut fiir Theoretische Physik, Goethe-Universitit, Max-von-Laue-Strafie 1, D-60438 Frankfurt am Main, Germany
*Yukawa Institute Jfor Theoretical Physics, Kvoto University, Kyoto 606-8502, Japan

*Department of Physics, Kyoto University, Kyoto 606-8502, Japan
(Received 4 August 2009; published 29 October 2009)

TWO-COLOR QUARK MATTER: Uil), ...

PHYSICAL REVIEW D 80, 074035 (2009)
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FIG. 4 Conventional presentation of the phase diagram of
two-color QCD from the PNIL model in the py — T plane.
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Polyakov-quark-meson—diguark (PQMD) model

Physics Letrers B 731 (2014) 350-357

Contents lists available at ScienceDirect
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Physics Letters B
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Polyakov-quark-meson-diquark model for two-color QCD @ Crostank

Nils Strodthoff2-*, Lorenz von Smekal ¢

3 fnseivue for Theoredisdie Physik, Universicir Heidelberg, 801 20 Heidelberg, Germany
b Inseitue filr Kernphysik, Technische Universictic Dormseadr, 64280 Domswode Germany
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CBOWCTBA SU(2). KBAPKOBOW
MATEPUM NPU T = 0 - ®A3A BKLL

Pepmun-cchepa kBapkoB onpepenset EoS:
3Hepruo U gaBrieHune Vs. NIIOTHOCTb
GapuoOHHOro Yncna

CnapuBaHue, Wenb B CNeKTpe,
CBepXnpoBOAUMOCTb

BecuBeTHble 3aneMeHTapHbIe BO30YyXAaeHUA
Hapg hbepmu-cepon - pasa
KOH(panHMeHTa

LiBeTHbIe anemMeHTapHble BO30OyXaeHuUs
Hapg hbepmu-cepon - pasa
AeKOHManHMeHTa

HUN
(1991)

+

PeweTtkun
(2006)

+

MHUN
(2009)

+

PQMD
(2014)



IIpoexuuonnas reopus bKIII

Projected BCS for U(1):
Projected BCS for SU(2):

Projected BCS for SU(3).:

B. F. Bayman, Nucl. Phys. 15, 33 (1960).
A. A. Raduta and E. Moya de Guerra,
Ann. Phys. (NY) 284, 134 (2000).
P. Amore et al.,
Phys. Rev. D 65, 074005 (2002).



EXACT RESULTS IN THEORY OF SUPERCONDUCTIVITY
OF FINITE FERMI-SYSTEMS

¢ A. A. Raduta, M.ILK., Amand Faessler, PRC85, 054314 (2012)

PARTICLE NUMBER PROJECTION: BCS -> PBCS/FBCS

Particle number projection operator PN2 = PN

27 7, .
0

27T

Projected BCS wave function:

IBCS. N) = CyPy|BCS)



We define O(N) = C§2

and get I'GCUI'SiOIlI
Q(N) =) QN
p

N/2
Q
QP (N) = Fﬁ Y (=) tan®(ps/2) Q(N — 2n).

n=I

with the initial value

0(0) = | [lcos®(pu/2)17 .

o



® Matrix elements in PBCS/FBCS can be calculated analytically in terms of
single function Q(N)

® The one-dimensional recursion for Q(N) was presented

Direct applications: Nuclear structure calculations

Possible applications:

Extending to non-abelian-symmetry projected BCS

Discovery potential of cold quark matter:

neutrino bUI’StS from formation Of quark stars



JITMHHAsA MATKasgd HeMTPMHHAA BCIbIIIKA

Astronomy Letters, Vol. 20, No. 4, 1994, pp. 499 - 502. Translated from Pis’ma v Astronomicheskii Zhurnal, Vol. 20, No. 8, 1994, pp. 588 - 592.
Original Russian Text Copyright © 1994 by Martem’yanov.

Neutrino Radiation during the Conversion of a Neutron Star
into a Strange Star

B. V. Martem’yanov

Institute for Theoretical and Experimental Physics, Moscow, Russia
Received November 18, 1993; in final form, February 2, 1994

Abstract — Conversion of a neutron star into a strange star as a result of phase transition of neutron matter into
quark matter is considered. The conversion rate and neutrino luminosity are calculated under certain assump-
tions about the heat-transfer process. A possible spectrum of neutrino radiation is obtained.

e
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Fig. 7. Neutrino luminosity as a function of time (by the
clock of a remote observer).



Y3KHM# BTOPOU MUK B HEUTPUHHOM BCIBIIIKE OT CBEPXHOBOMH

PRL 102, 081101 (2009)

PHYSICAL REVIEW LETTERS

week ending
27 FEBRUARY 2009

Signals of the QCD Phase Transition in Core-Collapse Supernovae

1. Sager[,l T. Fischer,3 M. Hf:mpe],1 G. Pag]iara,2 1. Schaffner—Bie]ich,2 A. Mezzacappa,4

F.-K. Thielemann,3 and M. Liebendorfer®

Ynstitut fiir Theoretische Physik, Goethe-Universitiit, Max-von-Laue-Str: 1, 60438 Frankfurt am Main, Germany
’Institut fiir Theoretische Physik, Ruprecht-Karls-Universitdt, Philosophenweg 16, 69120 Heidelberg, Germany

3Department of Physics, University of Basel, Klingelbergstr: 82, 4056 Basel, Switzerland
YPhysics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

(Received 12 August 2008; published 26 February 2009)

We explore the implications of the QCD phase transition during the postbounce evolution of core-
collapse supernovae. Using the MIT bag model for the description of quark matter, we model phase
transitions that occur during the early postbounce evolution. This stage of the evolution can be simulated
with general relativistic three-flavor Boltzmann neutrino transport. The phase transition produces a second
shock wave that triggers a delayed supernova explosion. If such a phase transition happens in a [uture
galactic supernova, its existence and properties should become observable as a second peak in the neutrino
signal that is accompanied by significant changes in the energy of the emitted neutrinos. This second
neutrino burst is dominated by the emission of antineutrinos because the electron degeneracy is reduced
when the second shock passes through the previously neutronized matter.
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bo3e KoHAeHcCAMSA TUOAPMOHOB B SIIEPHOM MaTepuu

¢ M.LLK., Phys. Rev. C 82, 018201 (2010);
¢ A. Faessler, A. J. Buchmann, M.I1.K., B. V. Martemyanov,

J. Phys. G 24, 791 (1998);
¢ A. Faessler, A. J. Buchmann and M.I.K., Phys. Rev. C 57, 1458 (1998);
¢ A. Faessler, A. J. Buchmann and M.I.K., Phys. Rev. C 56, 1576 (1997);
¢ A.J. Buchmann, A. Faessler and M.1.K., Annals Phys. 254, 109 (1997);
¢ A. Faessler, A. J. Buchmann, M.I.K., B. V. Martemyanov

Phys. Lett. B 391, 255 (1997).



IKCNEePUMEHTAJbHBINA CTATYC AM0APUOHOB

1. R. L. Jaffe, PRL 38, 195 (1977). H-dibaryon
(KCEPUMEHTAIBLHO HE OATBEPK/ICH)

2. C xonna 1980-x PDG nepecraet myoimKkoBaTh 0030phI 110 JUOApHOHAM

3. R.A. Arndtet al., PRD 45, 3995 (1992);
R.A. Arndtet al., PRD 50, 2731 (1994).
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TABLE II. Pole positions and residues for partial waves ex-
hibiting resonancelike behavior. W, is the pole position. G
gives the function (W, — W)T,, evaluated at the pole. G,=ReG
and G, =ImG. Values from SM86 are given in square brackets.

State W, |G| (MeV) arctan(G, /G,) (deg) 1
| ] D2 also is seen in
D, 2148-i59 8.8 —11
[2148-i63] [10] [—15] 1 +d(3 P,
’F, 2170-i72 9.4 74 PP ADQJ o {!{ P?J
[2183-i79] [14] [—78]
P, 2167-i86 11 59
[2163-i75] [7.7] [52]
’F, 2167-i86 0.3 85
[2163-i75] [0.3] [86]
(NA)

4. b. B. MaprembsiHoB 1 M. 1. lllenkuH, I[Tucema B XKOT® 53, 132 (1991);
R. Bilger, H. A. Clement, M. G. Schepkin, PRL 71, 42 (1993);

d’(2063) 1J° =00 (sKcEepUMEHTAILHO HE IMOATBEPIKIECH )



5. P. Adlarson et al. (WASA@COSY), PRL 106, 242302 (2011).
pd — dn’nl + p, = d*(2370) "' =70 MeV, 1J7 = 03* (AA)

o [mb]

0.5:
0.4;
0.3;
0.2;

0.1

F dnn threshold

ot

pn — dn’n’

2.2

2.6

\Is [GeV]

Also seen in: pd — drtme + Ps

Also seen in: dp: pn + P
P. Adlarson et al.,
PRL 112, 202301 (2014)
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Vs [GeV]



AVNBAPUNOHDbI KAK PESOHAHCbI 1 KAK MPUMWUTUBDI

P matrix method for identifying exotic multiquark states with primitives
that appear as poles of the P matrix rather than the S matrix:

Jaffe and Low (1979)
A dynamical QCB model of the P matrix was developed and applied to the

description of nucleon-nucleon scattering Im D (S) >0
Simonov (1981) <- Dyson model <- Lee model
Dyson model
/ resonances
b d attraction
CDD poles -— ound states
primitives } repulsion

Im D(s) 20

CDD poles correspond to resonances, bound states, and primitives



CBsa3b nmojrocoB P marpunsl ¢ noarwcamu Kacruiabexo-/laauna-
JlaricoHa

D-FUNCTION ZEROS IN THE COMPLEX s-PLANE

Compound states 1, 2, and 3 move to new positions:

1-bound state, 2-primitive, and 3- resonance.

A pair of the CDD poles that squeezes compound state #2

of the primitive type is shown by arrows.



NN scattering S-wave phase shifts and the D functions

vs. the proton kinetic energy

compound state
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NN scattering P-wave phase shifts

vs. the proton kinetic energy

-0.4' M.IK., D. K. Nadyozhin, T. L. Rasinkova,
Yu. A. Simonov, M. A. Trusov, A. V. Yudin, PAN 74, 371 (2011)
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CDD poles are related to:

DYSON® s bound states, resonances

+ primitives. e R\ DRl 2010




Possible global structures of neutron stars:

196 F. Weber / Progress in Particle and Nuclear Physics 54 (2005) 193-288

quark—hybrid
star

hyperon
star

color—-superconducting
strange quark matter
(u,d,s quarks)

25C
CFL
CSL  cFRL-k*
CFL-K°
CFL-1°

strange star

traditional neutron star

neutron star with
pion condensate

Fe

10° g/cm3
10" giem®
1014 glcma

- Hydrogen/He
atmosphere

nucleon star



Current models for EoS & neutron stars:

like in the particle physics in 1960’s:
a lot of data & THERE IS NO “standard model”



bo3e KoOHaeHcanus TM0APUOHOB

‘ Neutrons
' (4]
crit D
< F > binary mixture
0
Q.
<— Dibaryons cintlcal density

density

bo3se koHAeHcauna agnbapmoHoB  CxeMaTuyecKuii BUJ, ypaBHEHUA

B AAEPHOUN MaTepum COCTOSHUA ANePHON MaTepUMn
A. M. bangnH v ap., Jokn. Akag,. C IPUMECHIO TUOapHUOHOB B
Hayk CCCP 279, 602 (1984). npubanmxeHnMn ngeanbHoOro

raza M.U.K., ITucema B JKOTOD
46, 5 (1987)



Touno pemaemast 1D mogesnnr bo3e koHaeHcanuu
ABYX(pepMHUOHHBIX PE30HAHCOB B (PePMU-KUTIKOCTH

(Z P +ZV(X — X, ))‘P(Xl Xy ) = EW (X, Xy )

[ 2m i<j
V(x) — « mpu |X| <a & a — 0, nepuogndecKre rpaHHIHbIC YCIOBHS

(k +ko)(k —ky)
(K +kg)(k —k;)

¢aza paccesuus J,(K): exp(219,(K)) =
BETE AH3ATIl = npaBuJjio kBaHTOBaHus bopa-3omMmepdenbaa:

kL+225

L dk o
TepMoaMHAMHYECKHUI pexen: Z - j— f(k), f(k) =2rL*dn/dk

PE dk

f(K)=1+ j f(k 1S, (—)



].I:} EIIIII

{],D]_ PR T W N T T T (N T N R | " Lol
0 02 04 06 0.8
k

OyHKLUMA pacnpeseneHus
bepMNOHOB MO NMMY/IbCaM
f(k) ansa oTAeNbHbIX 3HAYEHUN
dbepmun-nmnynbca kK (= k).

KpuTH4YecKasi ILIOTHOCTH N = 0.36

PRESSURE

0.1 k

0.01 |

0.001

DENSITY

/laBieHne Kak QyHKIUA
IIJIOTHOCTH.

B KAYECTBEHHOM COTI'JIACUU C
MOJEJIBIO UTEAJIBHOI'O TA3A

pesonanc npu umnyivce K, =1, mmpuna kK, = 0.05.



AVBAPVNOHDbI B A4EPHON MATEPUU B MOJE/IN CPEAHEIO Nons

Mopenp Baneuku co ckalasipHBIMM JUOapHOHAMMU:

L - \?(iglu}/,u o mN o g()'O- _ ga)a)yyﬂ)\{l

1 1 1 1 1
+ E(ﬁﬂa)z — Emiﬁz — Z Fjv + Emg)a)fl — E/l(ﬁﬂa)ﬂ)z
+(©@, —ih,»,) (0, +ih,w,)p—(Mp +h o) 0 o. <« —
Konagencar: o
Q a

—i t C 0 |
¢c(t):e D \IIODS' -

chroﬁqmsblﬁ

0 1

c c
2 pDV/pTV



BepLuuvHbI D {-ihQ(ZuD+ k' + k)
Anb6apunoHoB: ihg2my,
W, G 2
4# - { 'll:]ng“v
: '.]hﬁ
= - UPCDS Renorm..:
Prop./ Vert.
R
Cpepneenone: O oo Do O e
I S T U B I R
'®, G |

NMo/siHble BepLUUHDI HO€ = 3CG< + =<u¢ 4 =q¢ {'fhm@”f* K+ oy

B MFT : O N the 2my



YpaBHeHusa [lavcoHa B MFT :




YpaBHeHusa benseBa-/flancona B MFT :

W) @ = e e e oD
D) @ s @ + D
i —-EJ-'-C-F-&@@:-( R i

o, o

(d) -G = e--o-- ﬁd::%w e —ﬁn@#

L) e = ——w( + ﬁ--%

h > e o—w—@—@p* mixing

® D = g ApeBecHoe npubaunxxeHue

b,c,d,f,g - AHOMA/NbHBIE ®YHKLUN TPUHA



3aMKHyTaa cuctema 2-xX ypaBHeHUU ana ¢yHkuum NpuHa
AnbapunoHa :



3aMKHyTaa cuctema 2-xX ypaBHeHUU ana ¢yHkuum NpuHa
AnbapunoHa :

R = :-=..£--EJ=-E-£-=@=-I + h:v&--?i-?-?%

AHaor ypaBHEHUU [ OpbKOBA B TEOPUU CBEPXITPOBOAUMOCTH "
—> like

u’D _ mD — Eﬁoﬂo (0) Z';O(ﬂ (0) = M*E — HIE in the ideal gas

& MF
3BYK < (aws(k)) ’ o
a, =

h? h?
— o = 2 c 9 _® 9 >0
ok ey 1+« ﬁDS:ﬁg (mi mg)




YpaBHeHUue COCTOSiHUA

saepHou Mmatepuu ¢ aubapuwoHamu (MFT)

Kputnyeckasa naoTHOCTb
obpazoBaHua H(2220),
d’'(2060), d;(1920)

3

p (MeVitm )

1 ’ 1 ’ 1

homophase nuclear matter Ad

heterophase d

nuelear-dibaryon matler

~ d
Lt

= 1
o
=
SR Ly

slrange matler

pressure
energy/muclecn
. : 1 . 1
1 2 3
Py Py
ha) - 2 ga)

h /(29.)=0.8

Prv = P + 2P0y

(Ao Nuw - wyg



YpaBHeHUue COCTOSiHUA

saepHou Mmatepuu ¢ aubapuwoHamu (MFT)

d*(2370)

Kputnyeckaa naoTHOCTb
obpazoBaHua H(2220),
d’'(2060), d;(1920)

3

p (MeVitm )

1 ’ 1 ’ 1

homophase nuclear matter Ad

heterophase d

nuelear-dibaryon matler

~ d
Lt

= 1
o
=
SR Ly

Sll'E.I'IEL‘- matter
Pressure

energy/muclecn

| i 1 i 1

! 2 3
Py Py

h =29,
h /(2g.)=0.8

Prv = P + 2P0y

(Ao Nuw - wyg



AVBAPVNOHDbI B A4EPHON MATEPUU B RHA
(= MFT + CASIMIR EFF.)
dp

pvs=(¥(0)W(0))=1y

—4mL(m¥E/my), < Casimir effect

e
2mEpps=2mi{@(0)*@(0))=m) {(m%/mp)

(T (0))yae= =48 mym(ms/my)
< T;DLV(O))vac:g;L vmj) 77( ???E/??’ID)

T 4Am(x)=x"Inx+1—x— 3 (1 —x)*+ 5 (1—x)°

16T p(x)=x'lny+1—x— 7 (1—x)*+ F (1 —x)’— F (1 —x)*
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FIG. 2. Saturation curve for nuclear matter in the RHA: without a m* & m* VS
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Mg = 2060 MeV
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FIG. 2. Saturation curve for nuclear matter in the RHA: without
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UccnepoBaHO ypaBHEHUE COCTOAHUA AAEepPHON MaTepumn
c yuetom bose koHgeHcaunn gnbapmoHos B MFT & RHA

NMonyueHbl orpaHMUYEHNA Ha MACCbl U KOHCTaHTbI CBA3U
AN6apPUOHOB N3 CyLL,eCTBOBAaHMUA MAaCCUBHbIX HEUTPOHHbIX
3Be3/,

. BnHapHaa cmecb HYKJIOHOB U 1erkKuX An6apruoHOoB
ycTonumBsa (a% > 0).
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TABLE III. The integral branchings ratios of the unflavored meson decays to electron-positron and
muon-antimuon pairs. The experimental data are from Ref. [35].

theor expt theor expt +A-
Decay mode B B B BY, - IlIupuHbI €76 pacmaaos
pl—ItI input (4.48+0.22)X107° 45%x107° (4.60+0.28)x 1073
p—amlti™ 4.1X107°¢ 4.6X1077
p’—nltl™ 2.7X10°°¢ 7.0x10° 1
p=— s wITI 5.4x107° 1.8X 1077
pl—mta it 1.7x10°4 6.7x10°7
pP—ml7lrt 7.5x10°¢ 2.4x107°
p—manlti~ 1.9% 10712
w—I71" input (7.15+0.19)X 1077 7.1X107° <1.8x107*
w—allTI 7.9x10°4 (5.9+1.9)x10°* 9.2X10°° (9.6+£2.3)x10°°
w—nltI” 6.0x107¢ 1.8X 1077
wo—mra It 3.9%107° 2.9x1078
w—7'701"1 2.0%x1077 7.4x107°
w—mlylti™ 8.7x1071°
d—I1TI input (3.00+0.06)x 10™* 3.0x107* (2.48+0.34)x107*
p— oIt 1.6X10°° <12x10* 48%x10°°
p—pltl™ 1.1x10* (13595 x10* 6.8%10 ¢
n—yltl~ 6.5X107° (49+1.1)x10°° 3.0x10°* (3.1204)x10°*
p—mta 1T 3.6x10°1 (135 %103 1.2x10°8
n' —yl 42x10°4 8.1X1077° (1.04+0.26)x 10~ *
' —wltl” 2.0x10™*
' —ataT It 1.8x107° 2.0X107°
fo—yITl™ 22x1077 2.8x1078
fo—mta 1Tl 1.4x101 41x10°7
ad—yl*1™ 6.0x107° 7.4x107°
ag— it~ 4.0x107° 1.4x107°
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TABLE III. The integral branchings ratios of the unflavored meson decays to electron-positron and
muon-antimuon pairs. The experimental data are from Ref. [35].
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TABLE III. The integral branchings ratios of the unflavored meson decays to electron-positron and
muon-antimuon pairs. The experimental data are from Ref. [35].
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JInjienToHHbIC pacnaabl HYKJIOHHBIX PE30HAHCOB
N* — N efe-

Pacnagbl R — N e*e’, R = N*, A*, npon3BonbHasa CrnMH-4YeTHOCTb
(J = 1+1/2):

- w 92  (IDF mi(mZ-M*)"(m?-Mm?) e
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| +1) .2 a2 M? e
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R — Nete
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Poxpenue ete” B pp coygaperusx. NRD model.
CpaBHeHune ¢ gaHHbiMn DLS (Bevalac)

Npsimon kaHan V = p°, @, ¢

dG S,M pp—e’e X dG S,M pp—VX @
LT doleMy g0 ()

HopmupoBKa Ha 3KCKNo3uBHbIE ceveHUuss p u o (pp —pN*, N* — NV)

—

| | | Pp—>pp © |

§ g;{_ . |

5 g —
% 10" f ? E ry : il ﬁi _

102 ! L L L L 10,2 ) ,
20 25 30 35 40 45 50 5 3 ”
. Ecm. [GeV] Ee.m. [GeV]
DOH:

do(s, M) o (s, )™ dB(,u,M@
X =NN _Zjdﬂ N

dM? ,le dM 2
NN — NR, R — N(M,e*e’) Cymma 6epetcs o me3oHam M=rx,n,p, 00




KoHcTaHTbl cBA3M RNp 3 R — Np & R — Ny B VMD

R N1440 Nis20 Nis3s Ni650 N1680 N1720 A1232 A1620 A1700 A 1905
Jr 1r 3 1= 1- R 3* 3 - 3- 3t

p) ) p) 7 7 2 7 ) ) 7
TrRNp <26 7.0 <2.0 0.9 6.3 7.8 15.3 2.5 5.0 12.2
f}pr 1.3 38 .8 <(.8 39 2.2 10.8 0.7 2.7 2.1

eVMD dopm-hakTop & npaBuria KBapKOBOIro cyeTa

2 ~ 2 2

m, g, m-M"{m,.-M m.—M
IlonpaBOYHBIN . . . o\

(l)aK'l;O : F (M?)= p =M, | M, =1,

p' Y2 m[Z)'_MZ m;"_MZ

F(M2=m2)=1 & F,(M?=0) =056

NN — NR, R — N(M,e*e’)



10° . | ‘ ‘
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N //
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10° -« T Npeso) _
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L — o
10” | -~ A(1‘700} ~ . >~_—~\ \ \\\
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M [GeV]

CeueHue poXxaeHUA AUNENTOHOB B peakuuu pp—e*e pp
B cxeme pp—Rp, R—e*ep npn T = 1.61 IN3B.
NMokaszaHbl BKaaabl 10-1 HYKNIOHHbIX Pe30HAHCOB.

NN —> NR, R —> N(M,e+e_)
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Poxknenne ®—Me30Ha B NN CTOJIKHOBEeHMAX BOJIM3H MMOpPOra
cpaBHeHue ¢ nanubIMu Saturne & COSY-TOF

(\s-m)?
do(s,M)PPpee _ Z _[p d . do(s, 1) dB(lu’M)R—HOa).
dM 2 R (m )’ d u° dM 2
M, [

do(s, y)™™" =

16, \/gﬂ_z (I)Z(\/g, H mp)dWR (1)

1 Mg (p)d p” |
7 (1 —mg)” + (Ul (1))

dWi (1) =

NN — NR, R — N(M,e*e’)
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pe3OHaHCHOVI Mmoaenu noanoporoebiM poxaeHnem o-mMme30Ha,
VS. AKCNepuMeHT, BblHUTAETCA U3 MNOJIHOIo Ce4YeHuUs.

€ —9Hepruma Hag noporom.

NN — NR, R — N(M,e*e)
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(1/N o) dN/dAM [GeV™']

BakyymHas Bepcust NRD + eVMD

JInyaenToHHBIA cieKTP B peakuuu C + C npu 3neprum 2 AI'B
B cpaBHeHuH ¢ fanabimu HADES.
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JInyaenToHHBIA cieKTP B peakuuu C + C npu 3neprum 2 AI'B
B cpaBHeHuH ¢ fanabimu HADES.
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JInJjienToHHBIN cnekTp B peakuuu C + C npu 3Hepruu 2 AI'B
B cpaBHeHuu ¢ 1anubiMu HADES.
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MaccoBbie onepaTtopbl V = p, @ u R B spepHon cpeae

— 1 1 3
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JInJjienToHHBIN cnekTp B peakuuu C + C npu 3Hepruu 2 AI'B
B cpaBHeHuu ¢ 1anubiMu HADES.

(1/N_o) dN/AM [GeV'']

T | T T T | T T T | T T T | T T T
st . .
'"1” iteration”
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Im{X} ~ selfconsistent
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JInJjienToHHBIN cnekTp B peakuuu C + C npu 3Hepruu 2 AI'B
B cpaBHeHuu ¢ 1anubiMu HADES.
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JInJjienToHHBIN cnekTp B peakuuu C + C npu 3Hepruu 2 AI'B
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Anaan3 ganabeix DLS/HADES no cnekTpy AHJIENTOHOB:

1.Teol, %0 & ool %0

2. Am,, ~ 0, 4TO cornacyeTcs C TeopeTUu4eCKUMMN MoaensaMu:
bepHapa & MeuccHep Nucl. Phys. A 489, 647 (1988), p ~0
Eneukun & Nodhbde Phys. Rev. Lett. 78, 1010 (1997), p~2TaB
KonpgpaTrok u gp., Phys. Rev. C 58 1078 (1998) p~0




(Quantum characteristics method
for many — body scattering problem

M. |. Krivoruchenko
ITEP, Moscow

October 12, 2009

Internal seminar

+ Classical trajectories vs quantum transport. Why do we need trajectories?
+ Weyl's correspondence & quantum characteristics.

4+ Quantum Liouville equation and quantum Hamilton's eaquations.

+ Semiclassical expansior. A system of ODE for quantum transport.

Oictober 12, 2009 Clusantum charsskaristics meatkthsd [ ]:l I 1. Kivol ucharko
ITEF, Meoacow:

Intarnal sarminsr Forr many — body scattering proklam



K., C. Fuchs, A. Faessler, Annalen der Physik 16, 587-614 (2007),
K., B. V. Martemyanov and C. Fuchs,
Phys. Rev. C 76, 059801 (2007).

¢ M. L
¢ M. L

+ M. |. Krivoruchenko, Some Applications of Quantum Mechanics,
Ed. M. R. Pahlavani (InTech, Zagreb, 2012), pp. 67 — 90;
+ M. |. K. and A. Faessler, J. Math. Phys. 48, 052107 (2007);



CXPERInGNT 9

‘ Trajectories is fundamental feature of transport models I

CLASSICAL QUANTUM
N < o0 N = ¢
ODE PDE

Significant reduction of complexity of the problem: By means of trajectories
the field-theoretic problem reduces to statistical-mechanical problem of
computing an ensemble of classical trajectories.

‘ CAN WE GO BEYOND /°? I

85



WIGNER FUNCTION & WIGNER MAP

For a pure state

W (p, x) = J‘2d_7fheip§/rz<x_§/ x+§/2>

For a mixture

W (p, x) = j:—;e‘pg’h(x—§/2|ﬁ|x+§/2>

AND FOR ANY OPERATOR

f(p,x)= J;—;e‘pf’h<x—§/2| f|x+&12)

TO: functions * FROM: operators

In phase space In Hilbert space
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AND FOR ANY OPERATOR

o€ 7 )

TO: functions L FROM: operators
In phase space In Hilbert space
evolution
operator

A Q(‘!’)- 'L-’;u
L=t $6)=Upu

(%(2), B(@)) (X (%, p.7),

+ initial conditions: P(x, p.7))
XX, p,0)=x & P(x,p,0)=p 87

Heisenberg picture



Summarizing:

WE HAVE CONSTRUCTED PHASE SPACE TRAJECTORIES

(X(z), p(z))
JW

(X(x, p,7),P(x,p,7)): X(x,p,00=x & P(x,p,0)=p

However,
e do they play any role in the dynamics?
e If yes, how to find them?

88



Do they play any role in the dynamics?

First, "
vi 3 (p,x)f: F(pR)="

|.E. THE SET ( f,X) 1S COMPLETE FOR THE
CONSTRUCTION OF OPERATORS

Evolution: f o f(r) =g foite
_ eiHr f (p, )fz)e—iHr
_ f (eiHr ﬁe—in’eiHr)A(e—in)
= 1(p(2), X(7)).

Given (P(t), X(t)) are known
THE EVOLUTION PROBLEM IS SOLVED

Next step: Wigner transformation




If yes, how to find them?

QUANTUM version of Hamilton equations:

0 |
Eu &, 7)={¢ ,H(é/)}|§i:*ui(§,r)

+ initial conditions:

RIGHT HAND SIDE BECOMES *-FUNCTION

T. A. Osborn and F. H. Molzahn, Ann. Phys. 241, 79 (1995),

M.I.LK., A. Faessler, J. Math. Phys. 48, 052107 (2007)
90



Semiclassical expansion of quantum Hamilton's equations

B 4-th step: truncate the expansion and solve ODE:

Expanded quantum Hamilton’s equations

d . - :
Eui{{._ T) = FS(HDE-_’T)-.----.J;i_i,___z', I[{’TJJ
d

EJ:-M...E.,I E:E‘ T.IJ G:':é| EJEHD("E‘ Tj‘- "="3 J:i-|3,l I{é: Tj: "'j'
with 1nitial conditions

ui(€,0) = &, Ji.(£0) =4
wi(€,0) = 0, J, (£0)=0 (s>1).

5,21 ... 20

To any fixed order in the Planck’s constant, quantum charactenstics can be
found by solving a finite system of ordinary differential equations (ODE):

The quantum evolution problem can be approached using numerically efficient
ODE integrators.




Semiclassical expansion of quantum Hamilton's equations

B 1-st step: expand trajectories

where ) (£.7) is the classical trajectory.
B 2-nd step: define Jacohi fields

. gtul (&, 1)
i ¢ _ rh's
Jr.il...[t{H'Tj — ETE L

B 3-rd step: expand r.h.s. of Hamilton's equations

{CHO emsuery = F'Gm(E, 7)) = Y A% Fi(uo(€. 7). Thy g, (€. 7). 00
s=10




Semiclassical expansion of quantum Hamilton's equations

To the lowest order in A?,

= F,
. i L L 1 ki
Ff — U’J{F,; 24 JU mJ J| ”W»Fﬁd 16J£ lmJ mF
- vi 7l
B,k — FIJO ks
E},kl — Fﬁnm Jnl + Fm Okl
Evolution equations:
iué - Fi « classical
dr - Hamilton egs.
iu} — Fv
dr ! b 15t quantum
d i _ i b « correction to
d_ 0.k 0,k> .
. T classical
— Tooum = G Hamilton egs.

A closed system .. 9




Summary

e Quantum characteristics are existent.

4 Quantum characteristics allow to reduce the evolution problem of complex
guantum systems to a statistical mechanical problem of computing an
ensemble of phase space trajectories and their Jacobi fields. The method
works at any fixed order of the semiclassical expansion over the Planck’s
constant.

4 Quantum characteristics allow to implement consistently quantum effects
into transport models.

e In terms of quantum characteristics & semiclassical expansion
the evolution problem reduces to:

solving an ODE system.




CroiicTBa K Me30HOB B MTUOHHOM MaTepuH

¢ B. V. Martemyanov, A. Faessler, C. Fuchs, M. I. Krivoruchenko,
Phys. Rev. Lett. 93, 052301 (2004).

YiabpapejasaTUBUCTCKHE THKeJAbie HOHbI: 110 MHOKECTBEH-
HOCTHU B POKACHUM JOMUHUPIOT NUOHBI, T ~ 200 M»>B.

PHENIX Collaboration at RHIC (2003):
P —>e'e
¢ —> K"K~

= 2-4 times of the vacuum value 7



Oneparop codcTBeHHOM YHepruu K-mMe30H0B
onpeneasierca yepe3 tK aMIIMTyay paccessHus BIIepe/:

—3(p? E) = [A"(5,0,p°)(dn_, +dn ,+dn )

+

+[A(5,0,p*)(=dn_, +dn ).
K ammmaryga: A” =A"+2A, AP =A" - A",
A" oc KTKzz, A~ o« KoKz x 7,
T <m,_ - kKupajabHas TeOpUs BO3MYIIEHUHU
A*(s.t, p°) =8ﬂ£(a§ +p (b5 +3a;) +§taf)+c+(p2 -My)

JIVIMHBI paccesiHus a,, a;, 3pPekTUBHBIN paauyc b, u C
13 KUPAJIbHOU TEOPHUU BO3MYIIICHUHA

K aMIuIMTyaA:
T > m,_ - penomenonorns, tKk— K*— nK



B kupajgbHoOu Teopuun Bo3mMyumenun T < m,.:

M_+ M
S (M%, Mg) = —4an,, ﬂM KaaL,

aa

2mn,
VK - Mﬂ_ I MK [(,Ia_ + 2MTTMK(}7(:}I_ + 3(1:—)]
S(Mz. M
SMK + VK — ( K K).
2M,

®enomenosorusa T > m_, ¢ yuerom tK— K*— 7K :

aé + bgp$2 — €i§é(f’*)sin35(p*)/p*

al/z—} l/zl(M +MK) 11‘42 +IMK FK|
1 S_Mz +IMKFK



Moanpuxanusa cBOUCTB K-Me30HOB B H30TOIHYECKH
CUMMETPUYHOU MMOHHON MaTEepUHU

CTOJIKHOBHUTC/IbHAas NIMPUHA
/
100 Ll L] I I

nompaBKa K Macce

/

I —

cpeaHee 1oJie

ReX/(2M,)
-20 A

0 5 100 150 200
T [MeV]

co0cTtBeHHas 3Heprus K-me3ona = 6My +V <0



$(1020)—me30H pacnagaercsa B 30He peakinu, K-Me30HbI BBIXOAST
0e3 nepepaccessnusi Ha nuoHax. BEPOATHOCTb:

W~ [T(er’;{(r;))ze—l“;frqb dr.
0
Mapbl K-me30HOB ¢ MHBapuaHTHON Maccon §(1020) :

T r T *
Nigg ~ e Lo + — ¢ — (e Lo _ e_ZFKT).

Bbixop e*e” nap:
N, +,- ~ e o™ + (1 — e_rﬁﬁ?)B”‘,
HaoOuronaemMoe OTHOIICHUE HIMPUH:

L+ (e'e” = 4/T7,

th, _ )—[21_‘* —I7 )T -
1 + m(l € K ¢ )

B¥P = B




According to transport calculations e "'¢ ~ 1/2 at RHIC

4 r

=2 -

¢p(1020) —= KK
e N
f.a-"
.--__.-"'
i
V%
50 100 150 200
T [MeV]

T = 120 = 170 for thermal and chemical freeze-out

n = BaP/B ~ 2-3, in accord with the PHENIX data.



ManopaHOBCKOE HCUTPHUHO B SI/ICPHOU MAaTEPUU

¢ S. Kovalenko, M. I. K., F. Simkovic,
Phys. Rev. Lett.112,142503 (2014).

effective scalar 4-fermion interaction

: 1 _ _
g0 evv\ve 20’y mmp Lo = FZ(qC)Aq)(v CO"AV)
A
g | 4

T scalar boson, no vector




In-medium Majorana mass of neutrino

Induced OvB[3 decay mechanism:

-
i

I I n 0k

vacuum diagram in nuclei + scalar



=

Classification of the vertices gO, and gO’,
Evaluation of the in-medium Majorana mass of
neutrino:

q

O
mveﬁ _ gUA

y4
g0’

Derive constraints for A, from the Ov33 decay
limits (+ kocmonorua + 6beta-pacnag TpUTUA)
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€ Total lepton number violation can be associated with an exotic
scalar-type interaction

€ The mean scalar field in nuclei generates an additional
contribution to the Majorana neutrino mass, which leads to a
modification of the Ovpp decay probability

€ Observation of Ovpp decay VS. more stringent constraints
on m, from cosmology and *H B-decay D
Indication of an exotic interaction

€ Constraint for the scale
parameter Ay > 2.4 TeV derived




Coaepxxkanue:

CBepxnpoBoaAMMOCTb B KBAPKOBOI MaTepUHU U AAPaX
bo3e kKoHaeHcanuss TM0APUOHOB B SIJICPHOM MaTePUHU
PoxeHue pe30HAHCOB HA s/IPax

PO)KI[eHl/Ie efe nap B CTOJIKHOBCHUSAX THZKC/IbIX HOHOB

o A W =

KBaHTOBBIM TPaHCHIOPT B hopMaiu3Me a1edopMaMoOH-

HOI'0O KBAHTOBaAHUA

o

CroucTBa K Me30HOB B MTHOHHOM MaTepUH

/. MaiopaHOBCKOe HEMTPMHO B SI/IEPHOM MATEePHUH



