ﬂ@N
AN
INTERNATIONAL

ATOMIC ENERGY

AGENCY

S’
UNITED NATIONS
EDUCATIONAL,
SCIENTIFIC
AND CULTURAL
ORGANIZATION

REFERENCE

INTERNATIONAL CENTRE FOR
THEORETICAL PHYSICS

IC/7h/107

HADRONIC TEMPERATURE AND BLACK SOLITONS
Abdus Salam -

and

Jd. Strathdee

1976 MIRAMARE-TRIESTE



[

E I N VR

"



Ic/76/107

International Atcmic Energy Agency
and
United Natione Educaticnal Scientific and Cultural Organization

INTERNATIONAL CERTHE FOR THEORETICAL PHEYSICS

HADRONIC TEMPERATURE AND BLACK SOLITONS *

Abdus Salam

International Centre for Theoretical Physics, Trieste, Italy,
and
Imperial College, London, Englang,

and

J. Strathdee
Internationel Centre for Thecretical Fhysics, Trieste, Italy.

ABSTRACT

Hawking has shown that event-horizon-containing clessical soliteon (black-
hole} solutions ot Einstein's equetion radiate all species of particles with a
thermal spectrum, the temperature being defined in terms of surface gravity.
For s spiniess soliton, the tempereture is inversely proportional to the radius
of its event—horizcm.. Assuming that there exists a fundamental strongly-
interacting (massive) apin—Z field satisfying an Einstein-like equation with
& strong coupling parameter, we propose to identify temperature in hadronic
physics with strong surface gravity effects. The existence of black-body
sclitonic solutione for such an equation may then explain the thermal spectrum
in E'l‘ observed in high-energy ccllisions.

MIRAMARE - TRIESTE
November 1976

. ® To be submitted for publication.

I. The concept of tempersture has proved fruitful in hadron physica, through
the work of Hagedorn and his eollshorators ]').' Ope of the latest manifest-
ations of the usé of this concept is in the vork of Bartke i al. 2) who

show that the hadronic spectre in Tp.  collisions, when expressed

in terms of the transverse energy Ei - p,?, + M2, can be fitted with a particul-

arly simple formula
a3 -1
= o< [exp(E, /kT - 1)] .
dp

when one conslders the production of rescmences like p , w and f es well as

the production of non-rescnant two-or three-plon systems inm the central reglom.
All spectra are consistent with ome common temperature,which is approximately
kT 2 120 MeV. The problem, &s always in hadron physics, 1s this: what,

if any, is the deeper dynamical origin of this wmiversal type of thermodynamical
distribution and what does the temperature signify?

Now in a related discipline of theoretical physics, through the beautiful
work of Hawking 3) {and some earlier work of Beckenstein 3 ) the coneept of
tepperature has found & deep and satisfying significance. Hawking has
shown that the clessical solitonie &) black-hole solutions of Einstein’s
equations posseas the property that radiastion tunpels out through the event-
horizou and escapes to infinity at & steady rate. What is truly
remarkable sabout +this radiation is that it turms out to have an exsctly
thermal spectrum - s circumstance which appesrs to be related to the existence

of an event~horizon for (what we shsll eall "bleck” or "black-body") solitenic

solutions, In particular, the expectation value {N ) of the
number of particles of a given species emitted in a mode with frequeney w ,
angular momentum component B about the axis of rotation of the soliton
of charge Q equals:

<y = vlexp 3 (0 ~ = - 8} £ 117 (1)

(- sign for bosons, + mign for fermions).

Here Y i3 the fraction of the mode that would be ebsorbed were it inecident
cn the black scliton. The temperature T equals K/2wke, vhere K is
surface gravity, 0 the engular frequency of rotation and ¢ the potential

at the event—horizon. For the Kerr-Newmsn soliton, K , 1 and ¢ are given
in terms of masg M , charge Q , sngular momentum J and Newtonlan conatant

GH hy the expresslons:

-



K = bu(R - GM) A (momer) L, Q=bm )Y, &= lbmr At (2a)

where the radius R and area A *) of the evént—-horizon are given by,
2 2 . ~2 241/2
Rﬂ[GKM+(GNM2-JM - &g °) ] {2b)
and

a = Wngylac, TN 2((;2 Mo a? Gy M q?}l/z] ) (2e)

For the case J = Q=0 (fe=1=1), ¢=0=0 ,

R=26, ¥ A= LIRS . (24)

Note that for J,Q # 0 we must heve G%.MZ 2 (P24 GNQQ). {2e)

IT. Now what is the relevance of this definition of temperature to hadron
physice? One may concelve of such a relevance through the ideas of F-g
mixing and a strong F-gravity theory5 +  Asgume that there exists & strongly
gelf-interacting fundsmental spin-2 field (Fuv) satisfying equaticns g:g' the
same form as Einstein's, with general coveriance broken spontaneously B0 &8
to facllitate gemeration of & "soft" mass term m, for Fu\J . The strong
coupling parameter GF (which replaces the Newtonian constant GN) in self-
couplings of F as well as 1ts coupling with hadronz will be assumed to ke =1
{in GeV-E).. In the "soft" limit mp=~0, we expect ##d) that such & theory will

posseas the classical Kerr-Newman black sclitonie solutions, with a horizen
determined by the formulae (2a)-(2e); however, with Gp replacing Gy .  These
solitons, in accordance with Hewking's resulis for weak gravity,s). will

%) Beckenetein and Hawking 3) bave shown that the quz_a_ntity' %A possesses the

attributes of "entropy": when two Black holes collide, Api gy ©Xceeds

EAin:Ltial . Clessically,bifurcation of & black hole into smeller holes is
completely forbidden. Quantum mechanically, however, this can happen at a .

rate which is exponentially small,

#%) As remarked in Ref.6, the propagator for the F ﬁelﬂ <FKAF u> , in a
-1

3 Klnuv)(k ”'F) » dffering

from the corresponding propagetor for Elnstein's weak gravity g in the

suitable gauge equals (nmnh’ + “w“ku

appearance of the factor 2/3 before the nKAn\)u term. Whether such a difference
(affecting as 1t does the propagation of traces of energy-momentum tensor) may
affect the conclusioh drasm above, about the existence of black solitcn
Bolutions of precisely the Kerr-Newman type in the 1limit e = 0, is not

knowm.
-3

radiste thermally into all species of hadrons *), with w replaced in Eg.{1)
by E= Jn-z5 + p2 for magsive partieles. We propose that such black-body
solitons are created in hadronie collisions end it is their thermal radiation

which is responaible for the obsei'ved speetre in hedronic physics.

III. Teukolsky and Press and Page &

. in a series of papers, have presented
the formaliem and numerical estimates giving rates for black solitcns

{of weak gravity) radisting neutrince, photons and gravitons, under

the assumption that the soliton mmss iz much Jarger then the temperature.
Making the vast extrspolation that cne mey adapt their formulae for strong
gravity in the limit of ng + 0 , we obtain {for a chargeless, rotationless
soliton) the relation between the radius of the event-horizon and its
temperature in the form:

B o 1
Bootiton = 2% Man1iton = TmkT ® 175 Gev (3

using the experimental input kT # 120 MeV.

The importent point ebout this formmla - &s of all Hawking's theory - is
that temperature appears as a purely geometrical entity, connected (inversely)
with the redius of the event-horizon for the soliton solution, To estimate
the half-life of such & soliton, use Page's thermedynemic formuls for power

radiated in weak gravity case T), adapted to our situation:

gt [) W

Here g is the absorption cross-section by the black sclitoen of an incident
particle of spin s .

%) To estimste emission rates of photone and lepton-pairs, one may first con-
sider the thermal emission of {(hadronic) vector mesons (p,d etc.) from black
gsolitons in accordance with the ideap presented ebove, followed by these
particies turning into photons {rate depressed by a factor a) and into lepton-
paire (rate depressed by a?).

m particles v,V,y etc. in the weak gravity

#%) For absorption of massless
theory, o, (w) = mo 2 Z'\fsm '~ 16T M262 for s=0, 21TM2(}2 for & = 1/2 etc.

while in the high freguency “»?imit all croaa-sections go to 2711(:-2}42 Using

o= 2TﬂG§M2 in {h)}, would lead to a narrover soliton width.

fe

~



To get a feel for the numbers in the strong gravity case, rewrite Eq.(4)

in the form
iR _ 2"_2 G 1 " a (5)
at 15 F|bmR T ?
where O is the typicel total ssymptotic hedronic cross-section s 150(GeV}-2.
Integrating (5) we obtain the final formulae for soliton width
2,~1 =5 -2
I a (38Ur°)7" R 7., Goop % 300 MeV x G, (eveluated in units of GeV ), (6)

where in the mumerical estimate we have used the experimental input R
% 1/1.5 GeV from Eg.(3).

To estimate GF , & tensor-dominated strong interaction model might
suggest GF ] o, m;..z , where LA is the dimensionless strong coupling
constant and mF is the spin~2 F mass. Assuming that thist meson lies on
the Pomercn trajectory of{t) % 1.1 + 0.2t , we would cbtain by = L.5 GeV‘e .
a %1, Bgs.(3) and (6) then give
#2 6T MeV.  Alternstively, we may identify the
, with the soliton's Compton radius

soliton 1

v 265 M1iton ¥ T3 Gev

With +the assumption
Msoliton % 1.5 Gev , rsoliton
radius of the solitop-horizon, R

(i.e. R —
soliton

1 =2
GF v L.5 GeV — and Msc:l:l‘:.on

i . .
soliton ) This slsc glves

v 1.5 Gev , T v 6T MeV.

soliton
Clearly, there is nothing sacred about these sd hoc estimates. GF could
well vary by an order of magnitude, with corresponding variations in solitonic
mass which could be much heevier. However, it seems to be a general
(and perhaps paradoxicel) feature of the formalism that more massive solitons

are likely to be the more stable.®

¥ (One must reiterate once agaln that in these estimates we have used the
formalism developed by gravity physiecists well beyond the lipite of its applic-
ability. Their formalism epplies for situations where black-seliton masses
and their temperatures greatly exceed the masses of emitted particles and
vwhere the gravitational field is masaless. For the c¢case we are considering,
these three masses (soliten mass, (temperature)_l and mF) differ by (less than)
an order of magnitude. It has been conjectured,for example,m that if

o # 0, the radius of the horizon satisfiles an equation like

R exp(mFR) % 20 M rather than R = 20 .M. Such modifications will

F Tsoliton
slter the sstimates above.

-5-

. "
soliton

_ ocperstors for SU(3)|

Iv. The Bartke formula wilth which we started this note referred to a universal
thermal distribution for E‘I‘ » the trensverse energy, whereas the picture
presented atiove of the formation of and thermal radietion from black solitonms,

‘referred not to Ep but to the total energy of the radleted particles.

Where does the transverse energy come from? Tnis problem exists also in the
Hagedorn picture. ’

Bow 1t is well known that the transverse or cylindricel phase space
emerges in dynamical schemes like the multiperipheral model. For example,
Caneschi 8 has recently suggested that a very wéa.k form of multiperipheralism
involving a few peripherally produced oblects (e.g. our black solitons) may
provide a good phencomenoviogical description of the varicus mspects of multi-
particle production. Interestingly enough, he showed that an e'spT law
for pions requires what he calls a cluster (our soliton?) of mass of order
1.5 BeV, It would be interesting to see if this weak form of multipheripheral-
ism translates the dependence we envisage 1n the total energy intc one involving
ET f

The note above has concentrated on bleck solitons with @ =0, J =0,
For the caese of weak gravitatiomsl solitons, Zaumen 9) snd Gibbons g - have
shown that the charge of solitons (with Q # 0) is quite raepidly transmitted

T} pas

away by the emission of charged particles. Correspondingly, Page
considered the case J # 0 and shown that the same happens to angulsr
mementum, which is emitted several times faster than en'ergy.') Thus a rapidly
rotating black soliton runs down to a nearly non-rotating state 'befr'.\re most
of its mass has been given up; the emission at this stage being overwhelmingly
in the form of spin~2 objects. These remarks are of interest in connection
with a recent model for PT distributions presented in Ref.l1l, where & case is
made for high-mass, high-spin "fireballs". It is important to remark that
such cbjects,1f identified with cur solitons,are perfectly compatible with
reletively low temperature, provided a Regge-like formuls sz G?Mh - GPJ\@QE
holds, 8o that X in Eq,(2a) is small, without GM being small at the same time.

%) A= steted before, Page's estimaltes are for very meseive black solitons in
weak grevity with temperatures of the order of GeV or more. Hote that in an
8L(6,C) version 10) of strong gravity which contains SU(3Hcolour {for
example) we expect charge _Q2 in soliton sclutions to be replaced by Casimir

. The results of Zaumen and Gibbons meke It un-
colour

favoureble for solitons carrying high SU(S)lcolou.r
in nature. (We thank Prof, N. Craigie for this remark.)

quantum numbers tc exist
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The most interesting future avenues of investigation will lie in the
derivation of formulae for thermesl power readisted in different modes for
strong gravity analogous to the formulsme derived for the weak gravity case,
with e view to confront these with experiment. - :

Assuming thet the ideas presented preliminarily here contain some truth,
the conclusion must be that spln-2 fields satisfying Einstein-like equaticns
play a fundamental role In strong interaction physics. It was suggested
earlier 10) that such fiejds may be declsive for bringing about the observed
partisl confinement of quarké in hadron physics - perhaps even more decisive
in this respect than coloured spin-l gluons,') vwhose true role may be to bring

about saturation rather than confinement,
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% It is noteworthy that the type of horizon-containing soliton eolutions
discuased here with their characteristics:
1 Rt * Msoltton
2) J< m‘?isus—f {ef. (2e)},
IILIF

essentially represent cbjects predicted already by Craigle and Prepareta 1)
in their cavity model. The existence of such objects is necessary in order
to obtain a sensible hadronic spactrum as well as parton-like scaling laws,

1}

2)

3)

L)

5)

€)

7)

8)
9}

10)

1)
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