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1 Introduction 

The inclusion of a higher-derivative extrinsic curvature term into the usual string has 
led to a so-called rigid-string model which seems to be more relevant for a description 
of the quark forces in QCD than the former Nambu-Goto string. The rigid string 
is asymptotically free [1,2] and generates spontaneously a string tension, a realistic 
interquark potential. It also possesses a reasonable deconfinement temperature (see, 
for example, Refs. [3,4]). 

Unfortunately, the extrinsic curvature produces a serious consistency problem 
[5-7]. It is well known that higher-derivative theories must be quantized with an 
indefinite norm, to avoid energies unbounded from below. The reason lies in an 
unphysical "ghost" pole in the propagator of such theories. In the rigid-string model, 
this pole arises from the second derivatives with respect to the string coordinates in 
the action. ' 

In order to overcome this difficulty, a new string action was proposed in Ref. [8]. 
It has the form 



where g;; is the metric tensor of the string world sheet xA( (i) ( i = 0, I) in a d
dimensional euclidean spacetime ( ,\ = 0, I, ... , d - 1) and the symbol D; denotes 
the covariant derivative, while D2 = D;Di being Laplace-Beltrami operator. The 
physics of such strings is governed by two constants M 2 and µ 2 with dimensionality 
of a squared mass. 

The propagator arising from the action {1.1) has no unphysical "ghost" pole, 
thus avoiding the main unphysical feature of the standard rigid-string model. In the 
large-µ 2 limit, we obtain from {I.I), after expanding the denominator in I/ µ 2 up to 
the first order, an action 

A = M 2 j d2(..jg + 
2
~ j d2(..jg ( D2xA)2 , ( 1.2) 

with the stiffness parameter a = -µ2 /M 2 . In contrast to the model of Refs.(1,2], 
thus the stiffness parameter is negative.. Physically, the length scale 1 / µ is of the 
order of the thickness of a color-electric flux tube between quarks. The core of this 
flux is not completely confined to the string but reaches out into the vacuum up to 
a distance 1/ µ. 

In the one-loop approximation the string model (1.1) generates a linearly rising 
interquark potential with the universal Liischer correction at large distances [8]. By 
studying the model in the limit of infinite spacetime dimension d, the results were 
obtained which were valid to all orders in perturbative theory. 

In this note we examine the temperature behavior of the new string model in 
the same limit. In particular, we are interested in the partition function near the 
deconfinement transition in the presence of two static quarks separated by a large 
extrinsic distance Rext• The world sheet has a finite extent in the imaginary-time 
direction and is periodic with a period f3ext = Te-;L where Text is the extrinsic 
temperature. In momentum space the integrals diverge in ultraviolet, thus requiring 
the regularization. To account for the dynamical content of the action (1.1), we cut 
all momentum integrals off at a physical momenta JqJ = µ. The length scale I/µ 
specifies where the model in.Eq.(1.1) becomes unphysical. Such cutoff dependence 
makes our theory only an effective ones what is also obvious from the nonlocal 
character of the action {1.1 ). 

The rest of the paper is arranged as follows. In Sec.2, the effective action of 
the model is derived in the framework of 1/d-expansion. In Sec.3, the saddle point 
equations is solved in the analytic approximation valid for small to moderate tem
peratures. In Sec.4, the results are discussed. 
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2 Action and free energy at finite temperature 

Following a standard procPdurP of tlw I/ d-t>xpausion. we introduce au independt>nt 
metric field 9ii(O and the LagrangP multipliers ,\i1(0 which enforce g;1(0 to be Pqual 
to the inducPd mPtric 

.9ii 

Tlwn WP rewrite tlw action ( 1.1) as 

d;I·101.r.1. 

A = ~M2 j d2lJri[ii (o;i + Di;r" 1 _ ~ 21112 Di.ra) 

(2.1) 

+),ii (i)i,l'"iJ1.l',. - .9ij + tl;1)]. (2.2) 

where ;r"(O (a = 2, 3, .... d- I) are tlw transverse string coordinates in the para
metrization ;r·1(0 = ((0 , e' _;r"(O). After integrating out the quadratic .r" tlwtu
ations, the expression (2.2) takPs tlw purely intrinsic form 

A = (d - 2) Tr In (- D;giJ DJ - rn/J D) + 
elf •) I - D2 / 2 ' J - /l . 

M2! .. . .. 
+ T <Fl jg (s/' - >.'1% + >.") . (2.:J) 

with fluctuating g;1 - and ).i.1 - fields. In the limit d -t oo, a saddh• point of the 
action (2.:3) is expected with l-indcpmdn1t metric 9ii and Lagrange multiplit·r:- >.•1 • 

For symmetry reasons. the extremal values have the diagonal forms g;1 = p;S;_;. 
>,i.i = >.;ii, and the effective action bernnws 

d-2 [To T ] 
Aeff = -2- Rextf,ext ✓ Pt1 P1 f = + !).J + _j,.rll . (2.1) 

The first term JT=o in brackets is tlw "free energy" density of till' infinitt- s~·stt-m at 
T = 0: 

1T=O = g=o + /1! 2 (>.o + I + ~) . 
- Po P• 

(2.!i) 

where 

rT=O = j d2 I/ In ( q2 + >., 2) - .l/2).. 
Jo (2rr)2 I + ,,2!1,2 1 

( :!.(i) 

and we haw~ introduced the notation N/2 = 2 M 2 /(d - 2). Till' st•cond term _j,.J1. is 
the finite-size correction for a hypothetical isotropic avrrag,• gap >. = (>.0 + ,\ 1 )/2: 

t:,fT = ( T mtcx, 1
00 

dw,,,) 1'"' dq1 I [ w;,, + qf + ). ( ,2 + ,1·i)] - - II ( ., 2)/ ., Wm I · 2rr . 2rr I + w,~, + 1/1 11• , 
-oo -(X) 

(:l. 7) 
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The third term /::ifa", finally, is the correction due to the gap anisotropy cS = (,\ 1 -

-Xo)/2>..: 

°" 100 

dq1 { [ w;,, + qf - ( 2 2)] fj,.r" = -T L - In 1 ( 2 2)/ 2 + ,\ w,,. + q, 
m=-00 -ex. 211" + Wm + q, Jl 

[ 
2 2 ] } Wm + qi - 2 2 - 2 2 • 

- In ( 2 2)/ 2 + ,\ (w,,. + q1 ) - ,\o (wm - q1 ) • (2.8) 
1 + w.,. + qi Jl 

The temporal components qo are summed over all thermal Matsubara frequences 

qo = w,,. = "l.1rTm, m = 0, ±1, ±2, ... , (2.9) 

owing to the periodicity of the world-sheet of the string, with a period f3ext = Te:l = 
( vfjioT)- 1 along the imaginary-time axis . 

The ultraviolet divergences in (2.6) c:an be regularized for an isotropic infinite 
system at T = 0 which ha5 ,\0 = ,\1 = j_ In this system, /::ifT and /::ir" are absent 
and the total "free energy" density is defined by Eqs. (2.,5) and (2.6). 

At this point it is usful to establish the contact with the standard rigid-string 
model. For this, let us replace ,\; as follows 

.\; = 

and, similarly, 

). 

r7; 
µ2 l, z = 1,2 (2.10) 

i/ 
,--;; - 1, (2.11) 

where 7/; are some new coefficients of the Lagrange matrix ,\ ii and r; = ( r,0 + r,i) /2. 
Then Eqs. (2.5) and (2.6) become 

JT=O _ rT=O _!_ ( T/o T/1 ) 
- Jo + 2- + , 

a Po Pt 
(2.12) 

with 

T=o _q_ In --. <fl [ q2 
fo = J (21r)2 l + q2/µ 2 _ q

2 
(:2 + 1)] + M2 _ ii. 

a' 
(2.13) 

where o = (d- 2)a/2. Going to large µ2, we expand these expressions in powers of 
l / µ 2 up to the first order and obtain exactly the "free energy" density of the infinite
size rigid string, if we insert there the negative stiffness parameter a = -µ 2 / M2 

( compare Ref. (4]): 

1T=O = J cflq In ( q4 + q2iJ) + Af2 - t + ~ (T/0 + T/1) . 
(21r)2 a 2a Po Pt 

(2.14) 
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Note that the same limit is not straightforward after performing the integral in 
Eq.(2.13) via an analytic regularization. The reason lies in arising the term 

Jt2 ( A 2 ) - In-+ 1 , 
411" Jt2 

where A is an ultraviolet cutoff, which would diverge for large µ 2. In contrast, if 
we take the limit of large µ 2 at fixed A no divergence appears, as it should be. In 
general, the limit µ 2 --+ oo and the integ;al over q in Eq.(2.13) do not commute. 
An immediate conclusion is that all momentum integrals must be limited to the 
momentum range 

jqj:::: µ. (2.15) 

(The physical meaning of the length scale 1/ µ was discussed in the Introduction). 
With the restriction (2.15) we neglect the quadratic infinity µ2, as in analytic regu
larization, and obtain for the n~omentum integral in Eq.(2.13) the expression 

J d2q In [ q2 - q2 ( ij + 1)] = ij [rnµ 2
(l + iJ/µ

2

) + 1]. 
(21r)2 1 + q2/p2 Jl2 41r(l + ij/µ2) ij 

jqj<µ 

(2.16) 
In the limit µ 2 --+ oo, the right-hand side of Eq.(2.16) tends to 

Tf ( Jl2 ) - ln-::-+l, 
41r Tl 

(2.17) 

which is precisely the answer with the same cutoff for the momentum integral in 
Eq.(2.14). Of course, our theory together with such cutoff dependence is an effective 
theory what is also obvious from the nonlocal character of the action (1.1). 

To exhibit the limit of the rigid-string model we replace the average gap ij as 
follows 

- - i/ 
Tl --+ ( = l + ij/µ2 (2.18) 

With use of (2.18) and (2.1.6), Eq. (2.13) becomes 

1,T=O = M2 - (/~ + J_ (1n µ_2 + 1) 
0 (1 - (/µ2) 41r ( 

(2.19) 

From (2.19) we see that the ultraviolet divergences cannot be absorbed into a re
definition of the coupling constant o. Renormalizability requires the limit µ2 --+ oo. 
Nevertheless, we can introduce an analog of the usual dimensionally transmuted 
coupling constant: · 

[ 
2 

4
1r ..!._ + 1] , 

(=µ2exp -(d-2)(I-(/µ2)a 
(2.20) 
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and rewrite Eq. (2.19) as follows 

rT=O 
Jo = 

_ M2 _ ( In f + ( 
1 - 41r ( 

- - ( () ( { - (/~ 
M

2 
+ lo(() - 1 

- µ2 41r + a (~ - (,/µ
2

) 

(/a (/a 
- (,/µ2) - (1 - (/µ2) (2.21) 

Then the action of the infinite system has the form 

T=O d- 2 . T=O 
A = - 2 - R.xtf3ext..fiioiit f , (2.22) 

where T]o = T/I = ij at T = 0, and ij is replaced by ( according to (2.18). 
For a moment, we shall drop the first (Nambu-Goto--like) term M2 in Eq.(2.21). 

Then an extremization of (2.22) in pO, PI, and ( gives JT=O(() = Jo(() and ( = (. 
The T = 0 - values po = PI = p satisfy 

1 1 ( () 
2 

[ 1 1/a ] 
ap = ~ + 1 - µ2 41r - (1 - (/µ2) . (2.23) 

Making a further renormalization p ➔ 1 at T = 0, we conclude that with ( = ( =/-
0, the surface has acquired spontaneously a string tensioii 

d-2 ( 
M 2 ---. 

sp = 2 '41r (2.24) 

When the Nambu-Goto--like term l'vf2 is added to JT=o, the extremization of {2.22) 
in Po, P1 and ( gives 

P=0
(() = 2M2 + Jo(() + t 

The remaining gap equation 
Q 

- C C (/a 
M2 _ 41r In ( + (I _ (/ µ2) (/a = o 

(1 - (/µ2) 

can be solved by ( = (ev, where vis the "normality" of the string. In the ordinary 
· rigid-string model, v e" measures the relative amount of M2 with respect to the 

spontaneously generated string tension M.~ = (/41r. Here the parameter v brings 
the above equation to the form 

£12 _· ( - -e" 
41r 

~ (1 - (/µ 2
) + (e" - 1) (/µ 2 

1 - ((/µ 2 ) e" 
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(2.25) 

From tlw full action {2.22). Wt• obtain tlw total string tension 

2 (d - 2) (c'' [1 - (/11 2
] 

M = -- - (v+ I)~----. 
tot 2 41r [1 - (Up2) c''] (2.26) 

\VP arP now rPady to cakulatP tlJP finitP-temperature correction to jT=o at an 
isotropic averagp_ gap ,\. which is givPn by thP PXpression (2.i). The q

1 
- integration 

can be performed by using the cutoff (2. 1.5 )·again and replacing j according to (2.11 ). ' 
Then the integral over q1 in Eq.(2.i) bPCOlllPS aftPr analytic regularization 

'X• [ 2 2 ( • )] • d<11 w,,, + 1/1 2 2 l 11 _ J ~ In I + ( ,2 + 2)/ 2 - (""'m + qi) + i1 -_ 1r ..... ,,. rh /t I -oo 

- r; + ~+: - •J T( G ✓ 2 : ) - vw;-,, yw,~, -t- ~ - -7r Vm• + 111 + ~T , (2.2i) 

having go1w from tlJP quantity 1) to ( according to (2. IK). ThP quantity (T is the 
dinwnsionless paranwtPr 

: ( 
~T = (21r)2T2 (2.21') 

Making use of (2.27), we can writP !::!,.JT as 

1' : r Wm '2 :- ·> ( 
"'' oc,d) 

1::,.J (~, T) = T m~oo - _£ ~ [/wm + ~ + k] 

= 21rT
2 c~cx, ~ _l d111) [ /1112 + <:} + ~] (2.21)) 

Both the sum and the integral in (2.2!)) diverge . but thP differPnet• is fiuitc. The 
expression (2.29) has been introducPd and calculated in Hef. [-1]. Th!' an~wn n111 

be represented in the different forms dt>pt>nding on which thP siz<' of~\-. For small 
(T (large T), t:,.JT((, T) is given hy • 

t:,.JT((, T) = __ 1r_. - + Tic,- ..i_ In 1r: ( + I + S..,'>'1(~\). (2.:lll) 2 T
2 

: [ 16 2T 2 
:-

2
--, J · 

,l -11r ~ 7r 

wherP S1((r) denotes the sum ovPr m 

S1(~T) =: L 1112 +~-r - 111 - ;- • 
: I ''-' [✓ . : ( T ] 

~T m=I -111 
(2.:ll) 

which converges rapidly for small (r. Adding .fo(<:) from (2.21) to (:?.:JO) giws tlw 
fn•e-energy density for an isotropic gap ~:: 

•) /; ~ 
fi~o((,, T) = lo + t:,.JT = - ~7r T 2 + Ty( + S..sl -

.! 7r 
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l r2 ( (/o c2 
-In- - - + --~- - --. 
41r T2 O' (1 - (/p2) 41rµ2 

Here we have introduced the natural temperature scale of the system: 

- /( 
T::::--41r t•-') 

\\"IIPn (T becomes largP. it is ht>ttPr to 11sP another rPpri>sPntation for f:1JT: 

!1JT((, T) = - ; T 2 + f .S'd(T), 
•J 71" 

wherP .S'i( (T) is thP dimPnsionless sum 

_ _ x K1 ( 21rm/&) 
S1((T) = - 2 L {; . 

m=I 21rmy(r 

(2.:32) 

(2.:3:J) 

(2.:34) 

(2.3.5) 

Eq11ation (2.:34) allows us to calc11late thP behavior of f:1JT((, T) for small T. Since 
/\"1 (:;) decreases exponentially fast in large z, this limit reads 

!1JT((- T) ~ - 7!.. r2. 
' T--+0 ;J 

(2.:36) 

For largP (T (small T), therP PXist yet anothPr useful formula for !1JT((, T). With 
the help of the integral representation for K1(z) we can rewrite (2.:34) as 

!1JT((, T) = - 7!.. T 2 + '2T j""' dqi In [1 - e-(qf+<)' 12IT] 
3 271" . (2.37) 

-,x, 

Note that any of the representations (2.:30), (2.;34 ), or (2.37) for !1JT has the func
tional form 

f:1JT((T) = ( g((T) · (2.:38) 

This observation will he 11seful in the following study of the approximation of an 
isotropir gap. 

3 Isotropic gap approximation 

hi this section the variational equations for the stationary point of the action (2.4) 
will be derived in an approximatiou in which we assume the solution to be isotropic 
in the space and imaginary-time din~ction. Thus we set o = 0, ( = (, and consider 
the adion 

d-2 
Aiso = T" Hext /Jext ~ hso , (:3.1) 

8 

:( 
( 

: Ji 
,1 
·; 

with 

liso JT=O + f:1JT((, T) = Af2 + Jo(() - i_ (1 - .t) + i 
41r µ 2 a 

(/a (/a ( 1 1) 
- (1 - (/µ 2 ) + (g((T) + (1 - (/µ 2 ) Po + Pl . (3.2) 

For simplicity, we drop the Nambu-Goto-lik~ term M2 (v = 0). In extermizing this 
simplified action we must keep in mind that according to (2.28) the dimensionless 
variable (T depends on p0 via 

( Po 
( ---2·, 

T = 41r2Text (3.3) 

and Text should be fixed. Therefore, the extremization of Aiso yields, upon applying 
the derivative Jpo8/8Jpo: 

( ( () ( (/a 
Jo(() - 41r 1 - µ2 + ~ - (1 - (/ µ2) + 

/ (/a ( 1 1 ) 
(g((T) + 2((Tg((T) + 2(1 - (/µ2) - Po+ PI = 0, (3.4) 

upon applying .jpi8/8.jpi: 

( ( () ( (/a 
Jo(() - 41r 1 - µ2 + ~ - (1 - (/µ2) + 

(/a ( 1 1 ) 
(g((T) + (1 - (/µ 2 ) Po - Pi = O, (3.5.) 

and upon applying 8/8(: 

{) ( 1 1 1/a 
8( Jo(() ~ 21r1,2 - 41r + ~ - (1 - (/µ2) 2 + · (3.6) 

/ 1/a ( 1 1 ) 
g((T) + (Tg((T) + 2(1 - (/µ2)2 Po+ PI = 0. 

The prime denotes the derivative with respect to (T. Adding and subtracting 
Eqs. (3.4) and (3.5) results in the equations 

( ( () ( (/a 
Jo(() - 471" 1 - µ2 + ~ - (l _ (/µ 2) + (g((T) + ((Tg'((T) = 0, (3.7) 

, (/a ( 1 1) 
((Tg((T) = 2(1 - (/µ 2 ) Po - PI . (3.8) 
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t 

... 

The second equation determines the difference between the extremal po and p1. Sub
stracting (3. 7) from (3.6) we find that the minimum lies at 

i_ (1 - i_) - f_ + (/a = (/a (_!_ + _!_) = o. (:3.9) 
41r µ 2 a (1 - (/µ 2) 2(1 - (/µ 2) Po P1 

Inserting this into the gap equation (3.6) gives 

.!!_ ~ T - _ 2._ - _(_ ~ 
o( (Jo + J ) - Ct 21rµ2 + (1 - (/µ2), 

(3.10) 

and the free-energy density is simply 

Jiso =Jo(()+ (g((r) =Jo(()+ ~F((, T) = J?:0 • (3.11) 

Hence, the set of the variational equations for the stationary point (po, Pt, () of (3. l) 
is reduced to (3.8)-(3.10). Depending on which of the forms of t;r0 (2.32) or (2.34) 
we prefer to use, the gap equation (3.10) reads 

1 1 r
2 r 1/a 

- 41r n t2 + 2~ + (1 - (/µ2) 
1/a 1 

(1 - (/µ2) + 21rS2((r) = O, (3.12) 

_ __!__ ln f + l/a 
41r ( (1 - (/µ2) 

1/a 1 _ 
(1 - (/µ2) + 21r S2((r) = O. (3.13) 

Here we have introduced the sum 

00 

[ 1 l] S2 ( (r) = L J 2 + ( - -
m=I rn T m 

(:3.14) 

in analogy to S1 of (2.31), and the sum 

S2((r) = 2 f Ko(21rm[&), (3.1.5) 
m=l 

in analogy to (2.35). 
From (3. 7) and the other two equations (3.8) and (3.9), we can find the extremal 

Po and P1- First, we reexpress (rg'((r) in Eq. (3.7) as follows: 

1 1 ( () 1 1/a 
(rg'((r) = -zJ!o + 471" 1 - µ2 - ~ + (1 - (/µ2). (3.16) 

Substituting this into (3.8) and solving the set of equations (3.8) and (3.9) with 
respect to p0 and pi, we_ derive 

1/a 1 1 ( () 2 2/a 1 r 
(1 - (/µ2) Po= 271" 1 - µ2 - ~ + (1 - (/µ2) - zJiso) 

(3.17) 
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I I ii 
( I - (/11 2) Pi 

Thesp equations determine tlw ratio 

I T 
'7 .~so· 
~ 

Pi [ l ( () 2 2/ii l T] I l T 
Po= 2ir 1 - 112 - ~+(I - (/112) - (/;so (/;so· 

At low temperaturPs 

1 T I ( () 1 1/ii 
7 /;so 11' ➔ 0 ➔ -4 1 - 2 - 7 + -(1 "/ 2) • ~ 7T JI O - ~ /I 

(:l. 18) 

(3.19) 

and the two equations (:l.17) and (:US) have a common limit which is equal to (2.:t3). 
Extracting from (2.23) the coupling constant 

I P (1 - (/112)2 

~ = -17T (1 - p(f,,2)' (3.20) 

and inserting (3.20) into (3.17) and (:US) gives 

= lext + 2(1 - (/Jt
2
)(1 - (ext/Jt 2

) [(l 
110 112 ( J _ (/p2)2 

= (I - (/p
2
)(1 - (ext/Jt 2

) 4ir r.T. 

Pl (I - (/112)2 ( /iso 

( 2rr T] 
- /12 l - T 1;,0 (:!.2 I) 

(:l.:.t!) 

Here we have gone over to an extrinsic valuP (ext of ( clefiuPd with t.ht> lwlp of tht• 
metric factor p which is tlw common limit of p0 and p

1 
for T ➔ 0: 

(ext = p( · 

We also have introduced the reduced quantities 

, Po , 
Po = ~. Pi 

p 

(:l.23) 

/JI 

p ( :l.2-1) 

We can now calculate tlw eff Pctive string tPnsion a.-; a function oft.ht• t.Plllfl!'rat un· 
7~xt• As before iu Eq. (2.26), this quantity is simply dPfiiwd by dropping t.lw PXt.riusic 
arpa factor Rcxt Pext in the action (:l. I) which is now giwn by: 

2 ) (d-2)_ r;-7 r 
.Mtot(Tcxt = ~ P V POPI /;so· (:l.2.'i) 

Inserting (3.21) and (3.22) into (3.2G), we obtain 

M1:,1(1~xt) = M1:,1(0) M1:,1(7~,t) • (3.26) 

11 



I 
i 

Hen' 1\1/
0
t(0) is thP sponta1wously-generatPd string tt>nsion 

M2 (0) = M2 = (d-2) (ext I - U1t2 
tot sp 2 471" J - (ext/ /12 

(:3.27) 

The reduced tension 1~//01 which is normalizPd to unity at Text = 0 is given by 

• 2 
J/tot 

(ext (J - (/p2
) [ go/( 

~ J _ • 12 .lli..L (I - (/µ2)2 I 
~ext ( ~// ) 2,rµ2 (I - (/µ2)(1-(.,,/µ2) + 2,r ( I - (/Jt2) 

1/2 

- ./Jo/( l 
(3.28) 

The extremal ( is determined by the gap equation (:3.12) or (3.1:3). With use of 
(3.20), the latter equation can he rewritten as 

- Jn ~ext + (ext (I - ( /Jt 2 
)( I - (ext/(ext) + 2 ,52( (T) = 0. 

(ext /12 (1 - (/Jt2)(i - (ext/Jt2) 
(3.29) 

We see that Eqs.(:3.28) and (:J.29), after removing the dependence of the coupling 
constant ii, cannot be expressed completely in terms of extrinsically renormalized 
quantities. This is a consequence of the nonlocality of the theory. A full numerical 
treatment of these equations requires therefore a specification of the scale Jl where 
the model breaks down. However, the temperature dependence of the string tension 
and the deconfinement temperature are completely determined in this model. The 
tempnature dependence of the string tension can easily be calculated as analytic 
approximatP PXpressions valid for small to moderate temperatures. We observe that 
for small T. tlw argurm~nt z of the Bessel function K0 (z) becomes large and, since 
/{0 (:::) dPcrrase exponentially for large z, the gap equation (3.29) loses the last term. 
Then the obvious solution of (3.29) is ( :::::: ( with only exponentially small correc
tions. In the limit of small T, also [{1 (z) is exponentially small and, with the gap ( 
being dose to (, we find from (:U I) right away the approximation 

( 1 - (/p2 
7' (( 1') ~ - -(-/ 2 J;,,, , 4rr I - P Jl 

Therefore, if T exceeds the value 

71" 2 -T. 
3 

yd=~/( 
- (!µ2 

1 - (ext/Jt2 

which because of (:J.27) is the same as 

JpTd = ✓ rr(dfi- 2) Mtot(O), 

the string tension turns negative and the confinement is destroyed. 

12 

(3.30) 

(3.31) 

(3.32) 

In order to compare (3.32) with experiment, we have to go to an extrinsically 
renormalized quantity. For this we calculate 

Te~t = vr}oTd = #o JpTd = #o ✓ rr(d ~ 2) Mtot, (3.33) 

where the quantity p0 ITd at Td can be determined from (3.21) as follows 

;o17'd ; 2. (3.34) 

Putting (3.34) back into (3.33), we find the approximate deconfinement temperature 

cs-Te~t = v ~ Mtot(0) ~ 0.69 Mtot(0). (3.35) 

This value is not far from what is found in Monte Carlo simulations of lattice gauge 
models (see, for example, Refs.[3,4]). 

The full temperature dependence of the string tension in the approximation of 
neglecting the Bessel function follows from the the expression (3.28), where fi'[

0 
is 

given by (3.30). Therefore, we obtain 

Mt:,?r(Textl = [J_ (1 - (/µ2) - rr7'_2]1/2 [J_ (1 - (/p2) + rr7'_2]-1/2 
471" (1 - (ext/ µ 2) 3( 471" (1 - (ext/ µ 2) 3( 

(3.36) 
Here T is related to the extrinsic temperature Text as follows 

T2 = T2 = A -r2 = -r2 [1 + 4rr} (1 - (ext/ µ
2
) r2]-l 

ext Po PoP P 3( (1 _ (/µ2) (3.37) 

Solving (3.37) with respect to T 2 and inserting it into (3.36), we find the simple 
approximate analytic expression for the string tension 

M,2 app(T. ) ::::: [1 - 71" ( d - 2)Te2xt] 1/2 
tot ext 3 M{ot(0) (3.38) 

In this approximation, the temperature behavior of the string tension of our model 
coincides precisely with that of the Nambu-Goto string and of the previous rigid
string model. 

In this approximation, there exist yet another representations for the string ten
sion Mt

2
o~PP(Text) and an approximate deconfinement temperature Te~t· Inserting 

(3.27) into (3.38) and (3.33), we obtain 

MA 2app(T. ) 
tot ext I - ---hT2 

( 
871"2 ) 1/2 

3(ext ext 
(3.39) 
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This shows the deconfinement temperature to lie at 

T:Xt = ,/6 e--r /../h, 
where h is the dimensionless factor 

h = (l - (ext/µ2)/(1 - 0µ2) • 

(3.40) 

(:3.41) 

The string tension (3.39) and the deconfinement temperature (:3.40) are rather 
complicated functions of the temperature scale Text = ,/pT, where T is defined 
by (2.33). This scale depends on the string tension at zero temperature M;0 t(0) 
2M;

0
t(0)/(d - 2) in the complicated way: 

f2 
~ 
µ2 

(extf µ2 

167r2e-2-r 

·- pe2-r [( 
- 3271"2 1 + 471" ~ Q2) 

µ2 - (1 + 471" :~ot r 
It is therefore better to use another temperature scale 

1'ext,h = f[::/411" e--y ..Jh = 1'extf ,./h • 
Then the expressions (3.39) and (3.40) take the following form: 

[ 

2-y , 2]1/2 
M,2app(T. ) = l _ ~ ( !ext )· · tot ext 6 T. 

ext,h 

where 

1671" M;~t l (3.42) 
µ2p 

(3.43) 

(3.44) 

Tett/fext,h = ,/6 e--Y ~ 1.38 • (3.45) 

In order to compare the two temperature scales (3.43) and (2.33), we introduce 
the dimensionless constant · 

2 µ2 
2 µ - -

µ1' = (47rc--r)2r2 - ( . (3.46) 

For large µ 2 and small T', the value ofµ} is very la~ge. Inserting (3.46) into (3.41 ), 
and expanding h in powers of 1 / µ}, gives with good accuracy 

h ~ l - (p - 1)/µ} = l - 1/µfext> (3.47) 

where we have gone over to an extrinsic _value of µf,ext with the help of a metric factor 
p. In the large-µ},ext limit, the factor (3.47) is close to unity, slightly increasing 
(p > l) or decreasing (p < I) the value of the model's string tension (3.39), in 
comparison with that of the rigid-string model with a positive curvature stiffness. In 
the case p = l, the two versions coincide exactly. 

In Fig. 1 we show the string tension (3.39) as a function of the reduced tem
perature Textf1'ext in the -large /Lf t limit for various values of p (dots), where they 
are compared with the positive ri~id-string curve (solid line). In the isotropic gap 
approximation the two ~urves coincide. 
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Figure I: String tension of Eq.(:J.:19) as a function of the reduced t.emperature T,x,/'I',,,. Dots 
correspond to our tension for p > ·1 or j, < I, respectively, with ,,} .• ,, = 100. The solid line 
shows the string tension in the rigid-string model with a positive curvature stiffness (4). The eurves. 
as given by an analytic approximation neglecting the gap anisotropy, coincide. 

4 Conclusion 

In this paper we have evaluated exactly the finite-temperature string tension for the 
new string model with negative stiffness in tllP limit of large spacetinw dinwnsio11 d. 
For the region of small to moderatP tempt>ratures we have found with largc- acrnracy 
an analytic approximation to thP wlntion up to the dernnfinenwnt tt•mpt>ral ure. Thi· 
derived results for the effective string tension and an approximatP d1·co11fim·ment 
temperature coincide precisPly with the corresponding onPs of a pur<• Namhu-Goto· 
and spontaneous string. They an, also not far from those extracted from the Mont.e
Carlo simulations of the lattice gauge models. Presumably, thP answl'r to thc- question 
about which of the models provides for a better surface n•pre~entation of tlw string 
between quarks in QCD should be found in the study of tlJt' high-tPmperature limit 
of the corresponding string tensions. 
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