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M edium ERects and Then nal Instabil i ty in Õ; Theory Ç

X I O N G C h u n H O U D e , F u

( Insti tute d Pan i cle p,EYRie- , c entral China NormaJ u mvemity , , vd § n 43a p79 . c htaU

A bet s ct We calcuh te tbe eEed ve mass and dampine mte in ¶ ö eozy at Enite temF mtm by eval -

uah g h m l and im e nary pam of the one- loop self energ es at the M d them al loop ( EfTL ) appmxi -

mation . We show É at there m themzal instabil i ty above a criti cal tempemtum Te¤ TTIe eEeeuve mass and

dm piÖ me m pmpmtiond to JET M gT mspm vù ¤ We Ømm oÉ " ' ults MÉ tho-e M M
QCD .

K ey wor ds had thermal loop - eEective mass , damping rate

I ntr oduct ion1

111e i nteract ion of pan i cles ì ú a mea lun cm be described by qum tum fl eld theoÇ at Eni te
temperatEm u -2] . Using peEt urbat ion theo® , self energ eh scatted ng ampl i tudes , etc . cm k cal cu-

lated . In thi s way eg ed ive masses , decay mte and other intemsti ng pmpezt i es cm be derived . How-

ever , peEt tubaHve calcul at ion s based on bam pmpagatom and Ved i ces tum ed out to be inconsi stent ,

i . e . d1ey lead to i nf mEüd and mass diveEüent resul ts . 111is pmblem has been sol ved wi thin the Hard

Ä em al IA OP ( HTL ) appm mati on invented by Bra- ten and Pi samiJ . h thi s appmxi m tion the

momenta of the i ntem al pan icles of the self energi es m assumed to be ha± , i . e . of OM er of the
tempemtum T , whil e the ext eEYEd momenta am soft , i . e . of the order g T . 'I11ose momentum scal es

are di sti ngu ished only in the wealt coupl i ng l i mi t g ´ 1 , on which the HT L appmxi m uon is based .

The sel f energ m calculated M thi s way am gauge independent , whi ch gElam tee the d ecti ve mass
and the decay rate gauge independent for gauge theod es[3- 5] . × Ee EfT L appmxi ma mn has been

wi dely used to study eol leeti ve egects in vad ous k ind theorieg . h thi s paper , we am going to study
medium egects in é ; the£É whi ch i s intemst ing  a toy model d QCD M] . Due to the intemu on m th

[8.9] ÛÉ
the heat bath , a pan icle at a nite tempemtum obtai ns m eEecti ve mass and damping m e . Ä
medium eb ets can be studied thmud z the sel f , enmz y at Eni te tempemu m . ì Ee one- loop self - m er-
gy in é ; theory includes two diap z ms : sun--set di ag m 1 and the tadpole dme m . 'IEe sun-set di a-

p am is the conventional self -eneEÅy j ust l ike the dm e-gluon onp loop eel f -energy i n QCD wtuch is
m ppoeed to contribute to them ml m ss by the order d g 2 f h U whil e the second di ap am ( tadpole

self -eneEÍ ) is usual ly oveE400lEed , since it j ust genemtes m ul travi olet di vergence at m m tempem -

tum . W e am going to show th is tadpole di ae am has m nontr ivi al contribution to the medi um eg ects

in é ; the® at fM i te tempemtm and l eads to the thermd i nstabi l i ty above a cri tical tempemtum

Te¤
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h next section we ¶ H pmæ ± the complete cal culati on of the m¡ lcop self m erg es in È theo¤

É in the HTL appEWEimation . In Section 3 we calcul ate the eSecti ve thennaA mass and the decay

M e . W e also analyse the thennal instabi l i ty and a nd out the cr i ti cal tempemM m . Fi nall y we e ve

our conclusions i n Secti on 4 .

2 O n e - l o o p s e u E B e r gH e s a t m d t e T e m p e m t u n

I n È t h e o ® , t i l e o n e l o o p s e l f - e n e rg y c o n t r i b u t i o n c o m e s h m t m d i a g m m F i g . 1 ( a ) a n d

K ( b ) - W e w i l l c a l c u l a t e t h e s e l f e n e r # e s f m m t h e s e t w o

k f É d i a g r a m s re s p e c t i v e l y b e l o w -

p/ É p Y 2.1 Sun-mt diap m
Ö , . . t l - - e h l

É / | I n t h e v a c u u m t h e s e l f --e l m r g e o n t ú u t i o n f m m t h e

Ü d þ l ¼ p s u n - s e t d i a g a m F i g . 1 ( U m a d s
K - P

. 2̈ f t K
(Øá ) (́ bÙ ) Eßô̈ .J̈ (ö P ) = -õ 1© g j zÄêÒô ¹Ú¶Ù ¹ó£ 7F¬¬ EJù DÚ̈ B

F iùg . 1l . o n e- lo o p se H - e n e rg y : ( a ) s u n - se t w h e Ë , K , ( K A , K ) , K = ( K ) D B d e n o t e s t h e B o so n

d i ag m n ( b ) ta d p o t e t h F M 1 . p m p a g a t o r a n d Q = K - P .

h OM e r t o Þ m p u t e t h e s e l f - e n e EE y a t f l n i t e t e m p e m ,

t u m w e a p p l y t h e i m a g i n a ry t i m e f o r m a l i s m . W e w i l l w o r k u n d e r t h e h a d t h e r m a l l o o p a p p m -d m a -

t i o n : 1 1 1e t e m p e m t u m i s m u c h p m tt e r t h a n t h e m a 8 8 d é i l e l d , T µ m . 1 11e i n t e R Ea l m o m e n t u m k i s

h a r d , w h i l e t h e e x t e m a l m o m e n t u m i s s o f t . T o p e d o r m t h e e u m o v e r t h e M a t s u b a r a f m q u e n c i e s leo i t

i s c o n v e n i e n t t o u 8 e t h e S a c l a y m p r e se n t a t i o n o f t h e b o s o n i c p m p a g a t o m :

D B ( K ) = - f e i ho V B ( T J ) d T , Ø

D Ô Í , k ) = ¹ » [ ( 1 + FE R ( l z ) ) e - tz - h ( l z ) e × , (Ø 3 )

E 2 E k B

w t m FER ( k ) = 1 dô e¶ am£́¤ t"ï e° @ tôhh e Bô oý @e Ð̄ d± i sÚtuÃEdút b u t im o¶ n h¤ nm1þed¤ t

B e l k - 1

the expression of S- functi on

and Eqs (2) and (3) ,we c-n get
r t k l f i + FSB( h µ + h ( q ) FZB( k ) - F- B( q )

E . ( P ) = g z | |
J Ùã ´ ò E; l ipo- Eh- E, ipo+ ß - E,

, Ô q ) - FBB ( IE ) - 1 + h ( Is ) + n B ( q ) i ( 5 )

i p o - E K + E , i p - + E h + E , j

A h e r p e Ef o r m i n g t h e a n a l y t i c e o n H EM Em o -z i p , - 4¤ p , + i e m o b u i n

¸ F L 1H a ( P h z 2 | - 2 » » » - [ ( 1 + h ( k h M q ) ) x
e J ( 2 Ð ) 5 2 E K 2 E ,

(po- Ehl R+ie-po+ñ: ñ+ie)+
(Ø FnÈB

àmA 1me EÓü t }hù1Øe " 1 " t e m w hM i ed th E iÊ8 i n d e p e n d e n t d d iã8 ´ bî çuE±× £¶ n × EnEé 6 £ m £Þ £mńmEÓ@Ê ." p £Þ -n3Éd² s Ø t h e v a c u u m c o n t r i -

8(0 2ê Ð i Zþ ÷)
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M Uon and contai ns m ul tavi olet d ivergence . U ie diveEÜence cm be Ónormal i zed thmush appropF
ate countep ten218 as the usual m m temperatum Eeld theOEY ¤ Hem we only intereeted i n the tempem-

tum dependent pan :
z f dsk l It (P) =gj tã àÍ (M kh w b . . É : þ +ie- Pe +Eh :ËEÉ' +J

( h ( k ) - ,nB. ( q ) ) | 1 - I ! l ( 7 )
Æ Ép o + E h - E, + i e p , - Eh + E , + i e l »

which contai ns onl y l inear temm d disu tbu6 0n h ne60m . h the Ef n t, µ pmd maHon , p o , P ´ T , we

have the foll owi ng E¢ekalumms:

E h - E , , E p ï £ ,

n . ( k ) + n . ( q ) . 2 ,z d h ) ,

È ) - h ( q ) - - Â n B ( k ) [ 1 + h ( k ) ] ß Ð , Ø

wÀ th1Øe EÓü 8 ié8 t h e a±mEnz§8d 1e bÃMeÊ tw¢wõ±e¶ e En 2 P a n d k . U s i n g t h e - e a p p m x i m t e e x p m Si o n s , w e o b t a i n t h e m i p a t

d t h e s e H - e n e r g y :

M . ( ¨ ) - - ¶ [ 1 - 2 Q E ( p d p ) ] , Ø

w h e r e Q l i s t h e se c o n d k i n d d I a s e n d m f u n d o n a n d d e n a w e a r i n H M U e m a l h o p e - u e

d e d v a t i o n o f E q . ( 9 ) c m b e f o u n d i n t h e a p p e n d i x .

2 . 2 T h e ù d p £ se d é m m

Ò 2e s e e o n d d i a g r a m ( t a d p o l e d i a g a m ) h Ä b e e n l e - - d i s c u s e e d , b e c a u s e i t j u s t g e n e r a t e s m d -

t r a v i o l e t d i v e r g e n c e w h i c h c a n b e m g u l a r i g e d t l m u d z m a p p m p d a t e c o u n t e r - t e m . A t f l n i t e t e m p e r -

a t m . t h o u d E , w e w i l l a n d t h e m m p h y - i c d se m e r a t u m d e p e n d e n t d e c t s . h t h e v a c u u m i t m d s

2 f J KE d P ) = - i g z | » » Ó D ( K ) D ( Q ) , ( 1 0 )

J u , r J . .

w t m DÚ̈ BÔÌ (Ç KÑ ) = ¥¤ Å É ðû̈ =U i ¨ º ±m÷ 2Ð̈Ð dØ DÚ .ÌØ (çØ QØ )Ì = -J 1÷ Ô̈ ÒÚþ tdÉ th E QhØ =d 0 U ôm n g Ǿ hçÆMÓÐ aä́ÓÐ eddíÝ lhhùh ta®Eß y É·µÍúW põmm EmmôôÐüØÞ÷µ @«¾¾ é¶ En 2

W B

t a U o n d t h e h o m e P EW - " £ r  b d m m d d e r ² e M a m b - m h e q u e a c y s u m m a t i o n w e g e t

E b ( P ) - ¹ : 1 1 Á [ 1 d M K ) ] . ( 1 1 )
b - m 2 J ( 2 7 0 5 2 E h -

H e m a g a i n t h e n - i n d e p e n d e n t t e m c o m - p o n d s t o t h e v a c u u m e o a t r i M U o n a n d e o n t a i n s m u l t m v o i -

l e t d i v e r g e n c e , w h i c h c a n h m n o r m - l m d b y a p p r o p d a e e £ " n t e p t e r m . Ç Ee t e m p e M u m d e p e n d e n t

c o n t r i b u t i o n o f t h i s t a d p £ l e d i a g a m t u m o u t t o h ( i n t f r L a p p m x i m a H o n )

E » ( P ) = 2 T 4 Ð . ( 1 2 )

1 8 0 õ

¡ 1e mSUIt means É a thi s tadpd e diae am doe- not contai n m i mag naE7 pazt .

( 12 ) cm be found in the appendix , too -

3 M e d i u m E R e c t s

We have got the a nal mSUIts d the self energ es for È theoEÃ in the HVI1 appmxiznation - fmm

ë ieh the d ed ive mas- and the decay mte etc . cm h calm la ed . U e d ecHve mass is related to

the mal pazt of self -enezg es . When extemai m menu po = 0 . P ú 0 . the real paa is j ust oppoei te to

Ü £ È : Á; Ä ' úÃ § ¦ Í È » È ¨ Ô ?, ,

. 2E· ,E,É

u e derivation d Eq .
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the thennaJ mass squam

m: = - M ( p. .p ú O) = 6

4 = - ReEd h -P - , o) = - L ó Ö .
Ò80 m

'ITEe tdd themzd maÄ ®EBare is mL = m2+ ,,,: + ô : " ô ,

mØ = ( m: + mzy zj l t T4Ð
4 - '" mś mz+Ð) .

Ò 2e above formul a indicates that the d ecti ve mma is wel l -deh ed ¤ onl y the fol lowi ng eondi tion is

saHsaed
7 1 m m Z ( m z + m : )

T g T e = J 2 ¤ ( 16 )
Y Ðg

H the tempemMm M N e ,er than Te , there wtl l h m i mag nan tbem al d ecHve mass , which m u

lead to them al instabi li ty . This ag ee- qual i tati vely wi th Rd . [ 10 ] , ² mre the anal ysi s was based

on the eg ed ive p04ential . 1Tze crit ical condi tion Eq . ( 16 ) indi cates that for ã mpemtuÓ of OM er Te

- md , m is of order JET- h refomttæ± d ´ ve mam is d ORKrJ ET¢ ile the egedive
d uon mass in hØ QCD is d Od er g 7¤.

Ç Ee decay rate , however - i s rela ed Ø the inmg naz7 pazt d tlze seU e, ergy .

l yt i c exp ressi on i s
Emf7.

Y = - » » þ . ( 17 )
2 p o

Now ld ' s cal culate the i mae nazÃ pan d the -eM-e- a ge - Since the tadpole diag am has m m y

imag naÇ pan . we onl y need to look at Ê . 1 ( a ) . By m k ing um d

- i T- =Pr i - MS(z) (18)
Z + Ee JE

the imag rzaz7 pan of the retad ed self -energy h m R s -1( a) eom u u d two pï t s C and D ,

I mE R( P ) = C + D , ( 19 )

where

d d h lC =- Ðgzj r22? ¯ ' 2¤¤(Ä [8" , - Eh- ¶ ) - 8(P¤+ E, + E,¡ , {20)

d t k 1D =- Ð :ã àÕ [Ê(k) - Fzd q)][§ , + ß - E,) - Ä £- EK+ EJ z
r ¤ Ì r An -- Ðgz| dk-· £ , (Ä [1+ n (Ä ] | » - ZÊ ,e£-e xh " ' ,. . J MU

[8(po+ EPC¶ Ä - S(po- EpeØ8)] . (21)
h HT L appmxi zm uon , Ehµ p o , there is m e£" td M Uon h m C due to k inematical eonstraints . A f -

ter usi ng the H11 appmxi Enat ion and eval uati ng the i atee d s in D , we obtai n the imag naÇ pan d

the sd -eneEZY

, E Da
I m I I - - - » þ û » , ( 2 2 )

R 1 4 4 E ,

thus the decay rate m ds

ý ÷ (23)288 E, .

Since Ep is d ü der J K , the damping m e M U ´ Zt to h oþ - of g T whi ch i s larger ttm tbe

Ú 264Sß é " í ë Ë ï í (EEP& NP)

(13)

(14)

{Ê )

× Ee coneret ly m a-

{Ú}



Ú 8Ú

gi uon damping rate of OMer g z TM]

4 Conclusion

We have studied the medium ef fects and thermal i nstabi li ty in é; ttm q By evaluating the

one- loop self -enØÂy in w r L appmxim u on including both sun-set and tadpole diaF ams , we calculate

the egeetive mass as well ç the damping rate of the partieie a fl Il i te tempemMm . We show that the

tadpole di agram dom nates over the sun-set diag m 1 for the eEective mass contrt M Uon , whemas onl y

the l atter COMEt butee to the dampi ng rate . FUEt her mom , we show tha them is a cri ti cal tempemte Tc
above which the thermal instabi l i ty ad m in È theÎ ± fl ni te tempem um - 'IEe dampi ng mte is

pmpod i onal to g ZT2/ Ep ¤ For tempm tum d OM er 1 - FFUJ J the eEed i ve mass is of OM er J E T

and the damping mte tum s m t Ø be of Od er g T in Ö theoq Whil e i n hot QCD , the eged ive glumz
mass is of OM er g T and its dampi ng mte i s of OM er g z T .

n M Áztthors an grasÕ I Ø pF4 .
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A ppendi x ( A )

We wiII e ve hem h a Hieit í ,m ums d ä , . (9) , ( 12) .

Th red p@r t of dsa4Fam ( ¤)
We start O½ calcd m oa h m Eq . ( 7) . 1Ee m intmF Ä d m l pmt em h divided into wo paÉ M below

ReE . ( P ) E A + B ,

A = g2j z¥ ¾ [ M K) + " ' ( q ) ] ( pr i - E, - ¨ + U

=82[ Ç 1 ( 1 ¢ )
| » » » » [ FE E ( k ) - M , } ] l - !

j ( 2 , r ) ' 4 E J , É h + É - E , h - E h + E , 1

appzw· ma aa , i .e .aamm ne pe¤P´ T , , - h , E, . (ZÊ , (26) ¤¤w beeeme h foHmdng :

A

1
2
3
4

5
6

7

8

9

10

24 12ç zi× ë (ç ) ¤¤- t jê h t d - 1) =
- 82j ¦ ,r

=- 4 ê ù Ü ,(&)[1+ê,(h)]Ø !B

zf- u t z¤. (k)[ 1+ Ü. ( k)] f da , i - E,0¤¤8 - E,£..e l
g ù £, 4KZT J TZ ? É, . + E, £. .e +p, - a e--el z

t t ² 4 d f t i - E , £ . . e E , £ . . e l
?Æ © ¨ Ó - - - l d ( e e d ) l + l12(21± ' 3 J-z h + Epee-e h - Epe" 81¤

£oeO= ¿,² en W@obtaindefIneNow we

Ü º È : " Ä ¬ Ê § ¦ Í È » È ¨ Ô

Ì Jia mng j br m tuable dÊCESSSion .

(A1)

(A2)

(A3)

dh k ¤ - 82² I1"
2[á - 1]

Eh - E'" 'el s
p, + E, £. . ,
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So the tou l real part h m dme m ( a) is

Th -eE meEZy d a ± " ¤ (b)
we stan h zn Eq. (12) md meed ¤ mezmm pM ª" eb do-- aa oom ia my thMhæ£n hnetion

zz r t h 2 t r dn. r- u t f Ñ
Hb( P) , ý | - 4 Å| » ¹ T| dh z » Ó - E¿ fmzJ Ä DY2É (á - 1) at J M® h F ¡ II IEOm

ª ª Ú Ð Þ Â È Â Ë Ã ² È Ô ü Æó Ã " í Û ¥ Ì Ô Ü , ø ø ó Ã Ð Þ Ê ¿

Í ¥ ä Â . ¢ Ö Ú Ù ç Â È T. Ô Ï æ Ú È » È ¨ Ô . ø Ð § Â È Í ¥ ä Ê ò Ö ð

ý È ÚJ ET Í g7¤. î ó « ù Ã á û ë È QCD È Ï .

Øü Ê ² È ¦ Ð§ Ê ¿ ¥ ä ®

x m - m - © ± å

¤ Ô ' EÔ » Æ§ ù ð { 1013½¿£

ß '² ï í ë Á " í (EEP&NP) Ú 26í

B z¡ jJEdzJ ò =Å ¨ µ

M.(P)=Ad zg Ê Ð )-21

Æ Ä ½ Ê § ¦ Í È » È ¨ Ô ®

Üº î Â »
( ª Ð ¦ ¶ ó § ² Ú ' í Ð ¿ ù ä º 4þ õ , )

-IamÁn }Ñ ú


