CAPLESS
(oLoR-FLAVOR LOCKED
DUARY MATTER

/

Y RiHuA  PATASOFA L

(MIT)
with: M ARK ALFORD
(wash'ms'bn Uu}vm,'{,)
CHRIS KoLVAR!S
(M)

B ukRK MATTER 2004
OkRL MID,CA  f15/2003



~170
MeV

EXPLORING the PHASES of QCD

Universe

Relativistic
\ Heavy Ion

Collisions

- Quark—Gluon Plasma

e

Color Superconductor

Hadron Gas (

b

N Gapless CFL CFL
\H /

- -

Vacuum Nuclei

Neutron Stars?
”’ba;yon

or, Crystalline
Color Superconductor?



CFL

In cold guarik matter, guarks near
Hheir Fermi surdaces pair
= Color svperconductHvity

Pattern of paicing:

- 3"’0’” o@\
<‘Pa CK[ ‘PB)“A.‘" 6abl
O Sc Loterts A, %% 02 4 e"%
W scalar . T -

oo.n-l-\sbmmd'fz wn color ¥ Dirac
indices energqetically favored ;
'Sl‘VD" 4“-145?“. pr‘d bl/ Pouli

o TS AensH-y %fea,{’ ¢nou3h +hat s
can be neglected, A, =4, 45

o Al q guvarks pai , maxim &ing
¢on¢( ens q,-l-ion ¢ner3y; leavos
laraest symuetry wnbroken

e Demonstrated rigoreusly at

atympb’Hc dcns}'l-%;
s dabrokn symmeirios all Sre cobr+ Shver



avd check Rz0 Sor ev =
te condensate. .

D One lindar combdination of Pheton ¢
auon does uct qet “Meissnered .

uen gm X 5(4('5)(,/0,- - uh a



A TRANSPARBUOT INSULATOR

What can the ?i -Pko'l-on SCatRr

586? No electrons... Auds-
o *he CEL condensate iﬁelg (S

a- neurttal.
s once you include uoug ero
0, wark Massos, al(

oxcitations wv-l-h @ 40 are

Ma €SIV ¢
o & Sor T 28 Mgtk eucitubion
with & ¢0
¢
likdy a kaon

+ve CFL pl\asg K {-uusp-rou(-
lo the & -photon. I+ s a

o)

& -'Msuttdb“, w)Hth s e 1ndex
o0& reSrac tion Neg, ¥ (.



NEVLTRALITY

We 9‘“4y bulle matrer in waak eq,bm.
Must be ele:h‘icafly and color neutrel.

De-?’. ne /“e » M3, /l’ . ((o/or)e/e;ﬁbsﬁ,ﬁc
Potentials coupled fo eleckic chorge
and T3:(% 4 0) aul Ty=diog(L L -2
color clurses. ;

These are 2erth @wm) onents of
Qauge Lields, aud +ue gauge fietd
ﬁgmwses enforce ne uttalrty :

B’&.:E&: é_é-l- 0
Q/Je é“'s 3/43

I, the CFL phese, s implies
-l e _=Mg®
3 Me=p350 Jiy*© ;;'; o
fo leading order n MsY/, > Prcbds
(Model 1nd epend ant //:'S;f*-) A%‘ﬂ



BrEALDOWN OF CFL
Pocus en QS-H “Slock ”;
qs  bd
45" "4,
bd . 4,
ei¥ 2
o Gl i s
8§ _ -
Mg =H 7 5/43 2
lewd ‘w; efCect oF Hs
In unpaited quark matfer, figy 20
- Mgt
auJ ?Fb‘ - P‘SS - /5/4
In CFL, ?PH:-‘PF” even though
t+he /j's “"waut” thom 5?"4) because
s maxinizes paifing evergy.

T




B(‘eak'mj a 4s 'M ‘P‘.“;
Costs 24‘
ben efi :
e ﬂ $s 2 Y N s 3
2. CFL phase s UUSTA/;LE 9
oitn respect o some phase
which has ™o bd querks Thea

3s Quarks %



Model independ ent Sree energies for
CEL o 28C phuses, o leading
otder '» M;‘ ,A. Aliord ) Ke jogopal

=0 Whatever The new phese

'ls 'Hﬂﬁ"' PC?)‘CO_; CCL ”f- %‘zu'
P

1t is net 28¢C or wupnired.



A HodEL

A+ +he depgities of wierest
neither LHice 0¢) uor weak
Cou.plinj meﬂods aré ava leb/e .

We have sfullied the owf coime
ol e 'm;-I.b;)Ha in a h-.,gjel.

NTL rmodel, whese 4 fermion
imteraction hus Fhe quasfus,
nu m bers oc one s\uon eafdaou.se
Introduce MHe ’/‘(3)//8 ﬁ, hauJJ
as twere are no gouge field;.
Solve gix Cowp’d ‘m‘l'egm( %Mﬁ'au,
[33¢¢p 81,‘3 3 newt rulify eg‘)
do ohdem 4, d; 4. Lo
Figures o come a(lglf:v {s/ls '
M =500 Mel/ A's =25 Mel/ @Ko

(Eixes cow Pling)



o
n

Gap Parameters [MeV]
[y
un

b W
— =

(-
—

i

’ﬁ v24,
o _
- lower Jeus'rl-y -

a e
_ | | \ :
O 50 | 100 | 150
(My") /u [MeV]

We shall see that

‘s phase 18 34?"‘9.
Clurl:) . '+ ehill locks

Color and Lavor :
Same i broken MCI)

6yu\ metTi e )‘umluahs
Udg , as CFL



red

i
—

SLun pai

e Mg 73 A
ifference [10° MeV™]
(IJJ
-

Energy
B
S

SLegL or

-
&

o

SB coWD ORDEBR TRANSITION (Ar T=0!)

g ! | | |

| | | 1 |
200 225 o 240 254 268

Mg, labelled with M



DISPERS IOA KECAT/IONS

[MeV]

gy

Excitation Ener

80 500 | 520 540
p [MeV] : Va

M o =
unpaiced bd '

Quetks; no 4s

. v
"N - -
Pt s for Hs"/)‘ T 80 MeV .

NR: ds % bd have Q =0, Even with
““?’“"NJ bl quar ks 8 -insulefor,

MR what s hap peui ng with bu ¥rs ??7?

-



CFL_a Qck DAV &AP7

0 50 2 100 150
M_/u
Behueem the curves, if we Ig nore ¢ loctrong
we fnd (a)CFL solutions , and

~

q,u.arh- matter Tugt s a Q- iInsulator,
Q wdependant of Ma 3'3(/‘&/[,'!}4{5

bedtween “breakdoon Vo“‘uaog " at
which either bu-ry or -gu “npair

With electrons: =-==-
Me=0, no electrons , n (FL

Me 40, Just outside baud gup, I aCFL




NEUTRALITY Wik ELECTRONS

Me 30 = electrons (with nongero

" R 8 chrge)

Must be cancelled by ﬂp«it‘d bu
quarts | thet have Q=t1

s bu

e
Mo P
: §. b~y paiced bu

e,
ne “/‘3 na,u" (sz""P' )/41

g |
=P ‘sz“—?‘b“ ~ /‘6/"1
- 0.004b MeV in previous
y &"\guee‘.‘.
Whereas g -bd di spersion rel ofiov
13 “gro.e-'ma" or “ya.&mﬂc“ only
where Ms% Juned +o ceitical pot,
bu- S digpersion relofon derced +o
be quadratic throughot gCHL Cegion,



SR L

U(l)a‘ wn droken e
Ul g breken . superkiuid | same
8 s ulator 6 conductor
Ne =0 Ne +O
Cuital symme'l'fy ' Some®, bet w‘,-ﬁt:

broken = Godsione bons | additienal cowrib-

CV . T . ot lowT CV“T',‘/A‘L 6177

( L& Hat ot nuclear ( dowmi nat ed b‘y\“‘".

pather ) aapless ode
with QMMG

dispersion relafi ”)

Neutrine ewissiity ~T5": &.L..,
o low T expomentially Sasher thon n any
Gup pressed other phase,
Ircelevant to ool |Cowtrols copling o
ok neutron Sfers neutron sfers, | £

P res en+t



POSS 1 BLE P HRASE DIAGRANMS
r
—r .

CFL
/A
8
<
P
g
o
F %
L
< Cryshalline -
cobor superouductor?
i ?
capstiaghs-- only Very

ac k mather w
e omall wuydd, ¢S "\cm37



CoNeLUS IDNS

o CFL- (755'0“;3 augmcu'i-d bl, Ko-conl.)
[} 3“'!5!0 '&l’ HS"/" Z ZA' #

o CEL wushble for H‘Vf‘ » 24, , aud
s not replaced by 25¢

* CFL replaced by gapless CFL at
a 3"‘ order “metal Sinsulater g
guawhum criteal point.
Order patameter IS Ne .

s QCFL has S¢PESS q,ﬁ.ﬁpr‘ll‘tlﬂ' a4

+hree Mo w eutd
G whth 5“"“4“'& linear

dis persion relatons
- one with (very close o ) guedrefic

3 Cy ~ .‘.‘n : V 5"‘.‘““’."‘7 i
o TL P("sgfl-) 8CFL dominates neufray

otar cooling, and sfer cools Hust.
Quent Tfive teleulation in progress,




