B C T v T oy i
AOEPHON ®U3MKU COAH CCCP

NPENPHHT U A D 77 - 34
E.V. Shuryak

THECRY OF HADRONIC PLASMA

Hoeocubupck

1977




THEORY OF HADRONIC PLASMA

E.V.Shurysak

Absatract

For high enough density (or tempersfure} of matter the
quarks, composing hadrons, are collectivized. The properties
of such matter (hadronic plasma) are calculated in quantum
cromodynamics as perturbationa’ expansion in 5(5:: gefifﬁ}
being =small due to agymptoticel freedom. Comnectlion between
antigcreening at small,K dlstances and screening at large gnes
in plasma is discussed. Comparison with earlier approaches
based on hadronic gae picture allows %o locate gas-plasma
trangition region. Some applications of the results are dis-
cugsed: repulsive core of nucleong; stabllity ufﬂnéutrun
gtars; hot plasma, produced in hadronic collisiohs; and pro-
duction rate of photone and dileptons by such plasma.




1. Introduction

If some matter is so dense that the separation of had-
rons in it is smaller than their own size, they can exist as
gepabate objects end their constituenis (quar&s} are collec~
tivized [1, E]. In obvious analogy with electrons in conden-
ced bodies we call such phase of metter the hadronic Eiagma.
The.ﬁnalogy is even strengthened since we use the so called
quantum cromodynamics (QCD) [3,{] ag the underlying theory
of strong interactiom, which ie in many aspects similar to
quantum elﬂutrnﬁfhamics (QED). As it was noted in [E}, due to
asymptotical freedom of this theory, at asymptotically high
density the equation of state is that of the ideal gas. The
alm of the present work is to study the interaction in wsuch.
matter and ite effect on the thermodynamicael quantities. Com~
parison of our results with caleculations of low densiiy-phaan
(the_ hadronic gas) gives the location of gas-plasme trengi-"
tidn., Note, that such transition is not strictly speaking the
-phase transition, in contrast to possible spontaneous symmet=-
ry breaking of week interactions at T~300 GeV [5].

The paper is orgenized as follows. Chapter 2 1s devoted
t0 notations of QCD, and brief discussion of its quantization
in Coulomb gauge, most sultable for our problem. More place
' ie given to derivation of the frequency summation method in
the temperature Green function tecknique [6=8], which result
' in the sum of particle, sntiparticle and virtual particle
contributions in each dlagram loop. In chpter 3 we show how
antiscreening at small distances is changed %o sereening at
large ones. Interesting cencellatione of gduonic contribu~’
tion in tha.utatigﬂlilit are found. In chapter 4 we calculate
the ground state energy dengity for matter with high barion
number density at sero temperature, refered below as "cold
plasma® case. Arguments are given that results are rescnable
up to low transition .densities Mg ~2(F ™), although the.
parameter of the theory aLs-‘ffW here is not emall, Connec-
tion with repulsive core in nucleon-nucleon interaction is
discussed. We found no place for stable configuration of




' stars
quark stars [9], and egtimated the maximum neutron'mass to
h# 1.64#2 Me. The zero charge density and large temperature
case ("hot plasma") is discussed in chapter 5. The transition
temperature from gas to plasma is found to be 0.6 # 0.8 GeV.
Apart from cosmologicel applications such plasma is presu-
mably produced in hadronic collisions [jD, 11], g0 changes
in equation of state may lead to observable effects. Chapter
7 is devoted to calculation of photon and lepton production
rate by the hadronic plasma. :

2, General theoretical remarks

The Lagrangian of quantum cromodynemics is
..f a & e + @aagay (1)
e Exvav+§%(‘§'¥' 2A gﬂ‘I“ "y )t
where Wy corresponds to quarks of flawor N (namely &,4,SC-..
qua:;-ks} the total number of flawors is I# . The fields 6;.'3
corresponds to masslese gauge fields-gluons, @ = 1...8, A"

ig Gell=Mann matrices of SU(3), their indeces run over 1,2,3
and are omitted. Below we use their properties

8 W . -

Sp(e A8 = 28%; [x ] = 2:£%% (2)
where -F“EE is the structure constants of SU(3) normalized
as abec p aldl cof

F5T o, g8 (3)

Often some fictitions fields are added to (1), the so called
Faddeev-Popov ghosts (‘IE] in order to use covariant gauges.
We do not use them, for the rest frame of the medium in any
cage fixes coordinates and this trick does not lead to sim-
plifications. The Coulomb gauge is more convenient in this
case [8], for it has only physical degrees of freedom. The
quantization of gauge fields in such gauge has been given in
[13]. Since Lagrangian (1) does not contain 2,68, , the
equation for £7 has no time derivatives, as in QED: (m=123)

ai-sf“Bha 43y

But in contrast to QED, due to selfinteraction of gluons 63
can be expressed in terms of cenonicel variables £ , P
only as infinite series in 4 . As a result, the Hamiltonian

Hegpapa + $98e %8k « 9F° 0 62 ba b7+ L4727

. (5) .
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containg in fact infinite number of primary diagrams. This
is not too bad for us since we do not discuss too high orders
in 9 .

The renclmalizations of QCD are specific because of
complicated and still unclear properties of this theory in
infrared region, where the invariant charge grows [3]:

dy(@)= ds(m)/[1+ (5~ 3) S ba(q/m))] ()

Here M, is some arbitrary normalization point. Let us
fix M, by the condition

._"(s(m_e) = 1. 1

The real value of M, is of interest because this parameter
determines the applicability limits of our calcula‘l:inné, made
by expantion in g . Prom the decay widths of ¥ and¥ mesons
[14], scaling violation in deep inelastic scattering [4,15],
and MIT-tag £it to hadronic spectrum [16] one see that
My, = 0.2 + 0.4 GeV. |

The calculations below are made by temperature Green
function method [6-8]. We remind the reader that the only
difference with the usuasl Feinmann rules is the change of all

frequencies & to discreate variables:
2X¥%TN Bosons

p g
W &)= (TT(2n+1) Ferxmions ~’ jz_'- - é (8)

We shall use one standard summation method for (8). It
can easily be traneformed into contour integral [8]:
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where f -"’-‘-/Tﬂ'ﬂ‘P(* ZT)] (Permi statistics) and fn""‘r‘
/(WG?TJ f) (Bose statistics) has poles in points (8)
and contour ¢ surrounds imaginary axis. Any ®(z) can be
written as % + ‘P-. where @ () has singularities in
right helf plane, and P (z) in the left one. If in the
term with ¢ one chooses f  , he can move the right part
of the comtour ¢ to infinity, picking out singularities of
'ﬁ {2) ., If they ere poles, it gives contributions of the

type b
2 ws B (z:) f (Z) (10)

Ag for the left half plane, one can gubstitute -F,:: 1~ -f—':
(for fermions) and the second term gives zerco contribution.
What remains is

meq’(zlﬁ’ah ws® (2.4 (2)] + 5 ﬂ'f Dz (11)

It is just the contribution of particles of the matter, anti-
particles (holes), and virtual particles (radiative correc-
tions). Note, that if one moves the integration contour in
(11) to real axis, he obtains the usual (g prescription of
Peinmann rules. Let us introduce special notation for the
firet two terms in (11), drowing new diagrams with J-funr.-.—
tion Green function marked by lines with crosses. In hot
plasma they correspond to

ix) (12)
_ ptm (4] £48,)
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(x) af zﬁdfﬁd—ffl a8 m”,_ Km.l{“/f‘fz)
.:D mn(ﬁ,l{.’: Wi 5 (

for quarks, antiquarks and gluons, while for cold plasma
case only quarks contribute:

A CEN Al S

Finally, we may write the result of summation over frequencies
in any loop as the sum of terms where one of the Green func-
tions ie with cross, plus one.term without crosses. The usual
integrals over frequencies is assumed in such notations. :

3. Interaction in hadronic plasma

The question we are going to discuss is the following:
whether interaction in medium increese with distance (anti-
screening), as in vacuum; or is it screened? To give the

answer omehas to calculate temperature Green function of
gluons

E);f, (x-9)= E(T(éj.?m, B5es)> (14)

which in zero approximation in Coulomb gauge is
(ol 8 3288 - k" /K?) . 5%4 jas ¥ Yad
Betpm- TG B 2

In general, there exist two transverse siructures (instead of

one polarization operator in vacuum) [8], Moo andA:

!'I,,,,,t‘m,“h(ﬁ""‘-‘- K“K/K2)] + HHK”K"NVK? (16)
Using (15,16) ‘and Dyson equation one has the Green fﬁncticm

of general form: aé
J&j(é"hﬂl‘ K Hn/xl) g J

Diagrams of the order 92 are shown at Fig.1 for [T,,(w,k)
(e-d) and for A(wk) (-4 together with combinatorial factors.
Special discussion is needed for diagram Fig. 1(c¢), for
Hamiltonian (5) does not contain such vertex. This term
arizes because the interaction Hamiltonian through 6’“ depends
on cenonical momenta pl=F,r . With the help of (4,5) one can
write dovm the following expression for diagram (§):

N ff"‘y je g_? 11‘“3‘{ "“”(IT (PE )65 (x) Py IO (18

Uging Wick theorem we have two terms of the types T(66) T(pp)
and T(€p) T(6p) . For their calculation one have to sub-




gtitute p}q = 9 6‘? and express the result in terms of
Green function ,ﬁ v » Since time derivative does not commute
with T~ordering, the additional term appears, which can be
computed with the help of cenonical commutator:

[g;fx_)',.PffB‘)]%i S Kals O, 0 B) O(7-7) (19)

The nonzero result comes from T_{p,p) term and is exactly
equal to that of diagram (¢) contribution with vertex of the
initial Lagrangian (1).

The next point is the mation over frequences. The
nerose rule” of £ 2 can be used and, since we have only one
loop in this order, the result is jué'l_: gum of the "vacuum"
contribution 1"1 (v}  without, "orossed" Green function and the
matter contribution ;':} . Calculations of ﬁ'r” in Cou-
lomb genge have beem made in [13]. Note, that for Coulomb
quanta vertexes are not renormalized and ﬂ"r” glves direct-
ly the invarient charge (6). The logarithmic contributions
of dlagrams (d,€,a) 1is

(v) B 1 il s S
”gﬂ (':‘Jlr) iz f-)-% ['EK 2&4 E;z K= m jf,{

) (€= %)y g2 £20)
e iLg ALy

Note, the asymptotical freedom is diue to diagram (d).

The M7 contains no ultraviolet divergences because.
factors f%(¢) cut off momenta larger than 7T  or chemi~
cal potential M . Due to this, at large g2 >> T‘ﬁ/uf
(small distences) ﬂ;‘;’ dominates.

The question we have to . answer is the [1,, behavi-
our at large distances, or small &K «T,/'f- For hot plasma
case due to_descrete character of ) -2nnT 1this region
is reduced to the static case (J,=¢ . Calculations of dia-
grams (a-d) , Pig.1, give for (J,=p, K~¢

b R B I A __Q_T? (21)

Intarust:lng, 'hhat gluonic part is canceled and quarks give

negative constant, that is usual screening. The diagrams (e-f)’

; give -, :
Afw}(’ﬁﬁh:c}, Ks0) = (D'_%i*g-.i%)gzj‘z; !9+ 0/K?J4 '52) {22_}
and therefore simple sereening of "gluomagnetic" interaction
ig absent. Nevertheless, perturbation diagrams for thermodyna-
mical quantities contain no infrered divergences due to addi- .
tional power of K in "magnetic" vertexes. What is the result
after summation of all diagrams for infrared region coniribu-
tion is not yet kmown, although there are arguments that it is
emall by the ratio m, /T
For cold plasma infrared region is W K<« u and
fin
”MJ: o ;,;-z ,:[,; m&ﬂ {G.J-J-E)]
sl i 14 evident screening. The pole of Green function at
(F =g Ny *A; /4277 corresponds to longitudinal plasma oscilla-
tions. Diagrams with transverse gluons contains 1ugarithmic
divergence due to soft gluon emission, which are cut off by
the imeginary part of A?™/. The physicel meaning of this is
the finite radiation length in matter due to colligiens.

{23)

4. Propertiea of cnl;i plasma

Let us calculate the energy density of the matter with
barion charge density so high that the corresponding chemical

_potential M exceeds temperature and other chemical poten~..

tials, say corresponding to electric charge, strangeness etc..
Zero approximation is the ideal quark gas [1,2]its energy den-
gity is

?.-‘p’(;u) = g —(“f_:g 9[’./ v M ) = (24)

£ 3_3?2 g [PN/A [puL-g-ZF:,}-— "“:"&’ (&;T:f)}

where PH igs Permi  momentum of quarks of type AN
pu = - m?, ‘connected with their density by usual
expreaaiun n, PN /m? since the density of barionic




charge is ng'?zn”' (24) determines the needed Lependencc
?{H'J In rea.lit:r, only for charmed quarks with g ~15 GeV
its mase is essential, for others the ultrarelativistic for-
mula

(e} M

E(/-)- F( - __/;- gm ) (25)
is sufficient. All corrections to be calculated below also
correspond to this limit. /

The Peinmann diagrams of the order qz are shown =zt
Fig. 2 (a),(b). The first one ieg, in fact, equal to zeroc
because of color indices. So, the "mean field" contribution
appears only in the next orders. Therefore the main effect is
the exchange energy (b).

According to "crosgs rule™ of 8 2, the sum over two fre-
quencies gives contributions with O, 1, 2 ecrosses. The first
is power divergent and independent on the matter parameters,
thia ies just the vacuum energy and must be rejected. The
second is logarithmically divergent and corresponds to mass
operator on the mass shell. For usual renormalization scheme
it 1s zero par definition. But if we normalize Green func-
tioneg in normalization point M, , it is not zero. Since M7,
is rather small ( M1,z 0,2 ¢ 0,4 GeV), for dense enough mat-
ter ( > M,) this "effective mass" contribution is small
compared to "interaction" term with two crosses:

Juzfzj %}éhﬂirv s

The same is true in higher orders, the number of "crosses"
must be =2 2.

Contributioma of the order gq are given by diagrams
(c-f) of Fig. 2. Asymptotically largest is double log cor-
rection to backward scattering of quarks similar fo that in
QED [1?]. This gives

szfd-:-}_-_— ;ﬂfz}(i"* ;_;5‘!2"{.5)

d3p d3k

(26)
@a)p 4, E',{

(27)

10

Ilote, that soft gluon emission gives double logs of infrared
origin in diagrams (d-f) which are in fact exactly canceled
in sum because only channels where charges do not change
their direction contribute.

The next is the "mean field' contribution of. K diagram
(e). It has only one log, but A&l instead of h} « Low mo-
mentum transfer region is the main, so only Coulomb quanta
are ncededs:

2 .. 2
) I.yede Ny %
0" = - e i buds (28)
where 1.4 stands for numerical estimate of some integral.
Finally, about ultraviolet divergences. They all are
charge renormalization and can be taken into account by the
change of d(m,) to ASQQI{EJ in the lower order expressions.

Taking all terms together one has

¥
R e i ]
L4

and the barion charge density is

408 < N
eI g F [

Expressing M through Mg one has the energy denaity £

372

] (30)

[

“ [ 372 ~Y3
£= Jz*%/“”a“g‘”a )[‘f"‘ ! 5 S, J (31)
This dependence is compared to barion-hyperon gas model [18]
in the lower part of Fig.3. Our results differ with those of
[19]due to another sign of exchange correction (26) and the
choice in [19] = d,= 2.2 independent on momentum transfer.

ifote, that charm quark contribution is practically canceled
by interaction decrease which mekes the curves rather smooth.
As a result, there exist no stable quark stars (see more de-
tailed discussion of this in [9]}. Another conclusion is that
gravitational collapse of neutron stars takes place if its




‘mags M 21,6 & 2 M.{ M‘ ig the Sun massg), see algo dis-
cussion in {9, 19].
' Where the ssymptotics (31) becomes valid? Can it be
‘used up to crossing point, at which quarks are presumably
collectivized? If one looks at this formula (31) he answers
"yeg" for due to small coefficients corrections are rather
small even for o, ~1. But it is clear that high order ef-
fects, which presumably make confinement of quarks, must come
into play in this case. There are some arguments that such
effects are due to terms of the type exp (-const/«ls ). If
go, the transition to asymptotics must be very rapid.

Other arguments in favour of thies statement is provided
by nuclear physics. It is knnwn,'that in the nuecleon-nucleon
interaction the repulsive component appears at internucleon
distances ¥y, ~ff and at %y~ 0.5 F it is of the order of

1 GeV, the so called nucleon core. As it is noted in fEO, 16} :

this phenomenon is naturally explained in QCD as Fermi re-

' pulsion of quarks with the same colors. Our calculations
allowg the more quantitative snalysis. In the absence of .
strange quarks {the upper part of Pig.3) the curves.of nu-
cleon gas and hadronic plasma are crossed at rig= 1.5 F'3
which indeed c:ﬂrralpmdﬂ to T'W = 1F where the potential
turne. For 7,=0.5 F or Mg=10 F =3 the ratio £/ng is real-
ly 1 GeV larger. This correspondence gives some hope that
(31) is reasonable even at so low density, Note, that from
this viewpoint the core in calculations (21, 22] is taken to
be too hard, which was also noted in the dlscussion of the
binding energies of finite nuclei, see e.g. [23].

5. Properties of hot plasma.

Now let us discuss the hot hadronic plasma, that is some
matter with temperature T much larger then i, (7) and all
chemical potentiale. The zero approximation is the ideel gas
of gluons, quarks and antiquarks. The corresponding energy
" denglty is ;

12

‘c”(T) ] LU b (32)
f@nﬁ ex,pfgj_f %_ex,o(_e)f;]
.: f.?TFZTﬂ ?ﬂ’h"fT
7§ 20

The lower expression is the ultrarelativistic approximation,
in general case integrals are calculated and tabulated in [10].
In astrophysicel applications one mugt also account for pho-
tons and leptons, while in the hadronic colligiong the sys-
tem ig too small and these particles come out freely.

For M; = ¢ the potential J2 coincides with free energy
F(T). The diagrams of the second order in g are shown at
Fig. 4 together with combinatorial factors. As we have al-
ready discussed in B 3, only "two crosses" contribution muat
be taken into account, which can be written as :

£l d’p o
ik j)‘ffff f@‘)ﬁ{”{ﬂ"’w”” “Mw}(;s)

where Mgqq , M3 end Mq7 is the amplitude of g,
§§ bvackward scattering and ¢  forward ennihilation, gi-
ven by diagram Fig. 5 (a); Mgg is that for ¢8 scatter-
ing, Fig. 5 (b,c); and Mgg is the contribution of diagrams

- (da-f) for gluon~-gluon scattering. In the ultrarelativistic.

cage thege amplitudes are significantly simpldfied

Maq=- 4°Sp(21°)%) Mog = - 29°Sp (19"
Mg~ ffg’{f”‘r-f - " )

After the integration one has:

dF %% s, T (- —f+ %) (35)




In the next orders we come across some phenomenon, known al-
ready in usual plasma, namely the power infrared divergence.
They are given by diagrams of Fig. 6 where dashed circles
etands for (Tps . Really, the first one is

é‘F i T A3 T (w,,x) (36)
(2n)3 K
and gince for W,= 0, K=o nap-! const the integral diverges
as dK/K*, The summation of all this set, as in usual plasma
[ 41 rives the finite angwer. Thie sum can be written as
F *de' cﬁ‘f [ oo (X, &) (37)

g s? (zw)’ KZ(KZ My lk, )

where the integral over g’ eliminate the combinatorial factor
1/n  for n-th order. Note in this commection, that such trick
in QED allows to express the thermodynamical quantities
through Green function of photon or electron [T,u], while in
9CD this is not possible due to variety of vertexes. But for
the set of diﬁgrams in question, this triclt still works.
The contribution of emall K and n = O in (37) can be

easlily found

3
B T S R L (39)
e

Note, that this term originete from distances of the order of
1A 4T ) , so the charge must be o (87). We do not present here
next corrections. The mein are again double log terms, but
even they are numerically small.

Finally one can take all this together and find the ener-

gy denagity
$=F- T,-?—f;‘_-.- _&&I ?wlT‘lh? 3 ?Idj - BT " T/Ea‘ %](3:.}

At Fig.7 this dependence is shown as £/€, , where £, : 7T ¥3p
and is energy per one massless Boson. So, . our ratio is the
effective number of degrees of freedom, e.g. the usual black
body radiation in such unite is just 2, the number of photon
polarizations. The curve I corresponds to pion gas, curves
Zy 3 corregponds to gas of all hadrons, stable or resonances
[25]. The curves 4,5 corresponds to (39). The comparison
shows that quarks are collectivized at T, = 0.6 & 0.8 GeV.
Let us note, that calculations [25] are based on the Beth-
~Ulenbeck method [26] valid if the gas parameter n vf ig
gmall. ( N 1is particle density and %Yo the interaction
radius). Since interaction of T, K 1is mainly due to f' -me-
gsong, the applicability limit of this model has been estima-
ted in [25] to be [~ Mg in nice agreement with 7, value
found above. In this connection we note, that the use of
Beth-Ulenbeck method up to infinite density in the statisti-
cal bootstrap model [2'?’] geems to be wrong, as well as the
idea of limiting temperature, based on such treatment.

The change in the number of degrees of freedom from 3 at
T = 0.1 GeV to ~50 at T= 1gev with necessity leads to &¢7)
dependence be stronger than T (below 7,), probably 76+8
[25]. Another way to say this is the following: in this tem-
perature region the square of the sound velocity c%: dp/drs
( p is pressure) is not 1/3, as for ideal gas, but more
likely 0.15 # 0.2 [25], Interesting, that with this very
equation of state the Landau theory of multiple production
is in best agreement with data, see e.g. 111. 25, 28}. The
predicted change in equation of state sbove 7T, %0 £~ ;
or €%*= 1/3 in the framework of this theory must result in
observable effects, for example in slowing of the multipli-
city growth with collision energy EL for E".},Tﬂj ¥ 104

GeV.




6. Production of photons and dileptons
by hadronic plasma

Some time ago the so called prompt leptons ir hadronic
cobligions have been discovered, that are those not due to
T, K decaya, gee review EQJ Recently the prompt photons
have alsc been seen [}U] Not discussing this phenomenon in
details we just note, that these data can not be explained by
¥nown sources like bremstrahlung, vector meson decay, Drell-
~Yan mechanism [31] ete.

Long before these experiments E.L.Feinberg [32] has dis-
cussed this question in the framework of statisticgl approach.
to hadronic reactions. He proposed the mechanism for such
particle production due to thermal fluctuations of charge and
current in hadronic matter. The theory, discussed in the
present work, is able to give estimates for such fluctuations.

The quantity we calculate is the productian rate per
unite time per unite volume dW/4'Y , given by the standard
expression : : :

dW/dqf z @u}*J*(E f}}H if >I . (40)

The rules for its calculat:l.en ig essentially the same as for
energy density in 8 5, but with imaginary part of Green func-
tions of produced particles: @

Tm Doy (3) = TIG) Gpoo = %/ 97

Im ””J ) q, (g/ur QfQﬂ/q } e

%
Herﬁf’ﬂtands for the pair of leptons with summation over their

variables, except 4-momentum. We have also neglected the
lepton masse compared to dilepton mass.
The dilepton production is possible in zero order in olg
end is given by diagram Pig. 8a, corresponding to ?? anni-

16

hilation. The production rate is

Id‘Pa fe (5) A%, e (&) SP (ﬁ I“ ﬁ:’, ¥, )Imdz:}@‘ﬁy:

(zn)3- 18, (@)} 2%,

d‘rx

KT (42)
144

The photon production is possible only due to strong inter-
action, otherwise qff pair can not be massless. The corres-
ponding &J.agrama are ghown at Fig.B8 (b,c), their probability

L

AW gl o (8, 0 [ L 8 fyte
A T;g_js"a’uj gp{’m})? [ Fr—‘ K T -
- (43)
fla)felelfotr g '

T4 (€) e (6, ) fa (K] ),
* & & K 4 ; )E‘;)(‘;z I('—R'}E H/]'ﬂEf>]2

Three terms in brackets correspond to proceasaé ?g—-r '?3,
G€—3¥ , 97— 6% . Note that £ 28)= 4= £ (¢)

‘Fa (-)= -1~ fg (k) and therefore factors in (43) for
outgoing particles are correct. The square of matrix element
T;+ + summed over all indices, is given in ultrarelativis-
tic case by diagram (b) only and equal to S&(P-k)/(p,-K)+
+8(pK)/(p,k) - Finally

dwl’: const - olg of f\gp ;g (44).

: d"fx

where constant is of the order of 10”' and is determined by
rather complicated integral. We have not computed 1t since in
any case the comparison with data is resonable for differen-
tial spectra at high P, only. The absolute number of photons
and ete™ is in any case given by soft photon emission of .

bremstrahlung origin. Such spectra can be calculated using

(43, 42) and space-time dependence of T , for example, taken
from the Landau theory. ;
In works [32] the prcd:l.m'l‘.:l,on rate of phctunﬂ and dilep-

TE
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