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EXPLORING the PHASES of QCD
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Co LOR - FLAVOR LOCKED QUARK HATTER
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Cittcumstance in QCD,

- e CFL vphace, there are
no unresclved nonperturbafive
aw biguities: no gapless Feruious,
no massless gleons. No IR difficutr

- Caleulation of A s nau;er'l-w‘bn#u
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BUT: if you fake A as given
(ie treqt as o Parow efer Okose
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lcVeD then mauy physical Properh
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Eq: spec fic heat, +hermal conductivTy,

indey of rtefraction, neutrine opacity,

neuting emissivity, shese viscasity,

bulk viscosity, ...

rﬂHawj of tuese described wrthin an
elC ective & eld theory for Tve Gollstoue

bosouns, whose parameters are deteriived
by O
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CINTERHMEDIATE DEWS/ITY RUARK H4T7
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We don't et know...

We AO Know: M
* CFL pairing i3 unstable once /A‘ —
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Gapless CFL Phase?
-2 nd ""JW" Aens':‘j phase““ w) Fhin
o 5?aHal13 uhidorm anset?

- nice digtinctive astophy sicl
5‘3“‘.'\'“-"! { &) Sord Jotwaen; Kooveru Kepdle, |

- unstable Ho currents —» inhowmogeneit

( H'ua.v-s Sﬁadho\{j; Cacal buoni €t a!; Grouvak's Ken
Flushima)

( ras."tu\l'mo Color Supercond M'HV;"U ?
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- prior 4o logt+ week, avaly ted
only in 2+ Slanor Setting s Pl
lmp 03 ing mw\'ml'u'(-a
- petential Lor a.c'l-fapkss?c.(
QSM-LU res, ( Alford, Bowers, W‘ﬁ

but not yet analyged
distinctive
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9 THE GAPLESS CFL PHASE

e Al 9 quarks still Pair with same
partnats as belere. BOT:
- A, <D <A 3
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aCFL DISPERSION RELATIONS
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DETELCTING WARM OLD STAXR

o Firgt cut aua(ﬁg‘u k., ‘Q'Phﬂ
( not worth Ja'ma second cut wutil
more reslis te deugriy orofile 5
. atwosphere, added to Cale latron )
o T4+ will be o Clﬂ«,”-‘uﬂg +o dnd
+uege Sfass, wifthput \Cuot...;)uj
where they are, — Fig.
e Limrts on Fuermel emission 'Prau.
Dulsars Wit ade ~/0 s ¢
- ONne Cram p(e wi‘hl?*\ ce -c-dﬂr‘
+wio
o The ﬁcﬁ. wot water botie keops
ot <o} af old shers war mr£ ey
ord ors of man’u“'ﬁde ‘han \¥ 0®
hat awy othel comPosition
o Lot tuiled out by cr nent dato

o An Shservaonal challauge.
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%CFL. TINSTARILI T'y
F

30%\‘@ d.s'mb?\ﬂg'&?caj °b$erVqﬁong
have hed & chauce 4o rise to the

Challenge off uling ot the
Presence o g (FL quar e matfer,
+heorists hawe done Se S;'H'S"':

The aCFL p hase has

ins +abi l.‘&a " ( Buasg S
G reavnea ks Ken ﬁw‘é%ﬁ&%imw\)

2 T+ con lower wts energy bb “'urnika
on  curcents.

BUT: around stae of a systen has
noa (.u\"f‘-tu'* . (Uu(q's "Hﬂeaﬂm)

SO: the s ab ili+y tells ws there
must R some lower e_ueg\lpkgg
but does uet foll us what.

e Vot 28C or vatiauts, Not e wixed Phes
o Currents hint we shoud revisit....
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Energy Difference [10° MeV*]
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RE LATION TO TALKS TO CoM

Pt
Pt & ':f o % Al o ‘9';-‘-;-;,..,‘
& ; i %W ] "?"5}_. ; A A, -
f %}@E@ ’ag a@% %ﬁ[ﬂsiﬁ 5 b @ .t B @Wy % e W”% Sy
hg O G J

L
¢ i

oF@t" \Mﬁe e"WS"’ ACFL) ?"‘a&e
diagram is just ‘\\@

e For swaller A ( preceding ﬂp{
wes for Ay 226 Mey) gCFL
beats 25C, mived phases, ..., but
is unsiable. Unstable +o whef 77

o For inter med jecte Acg(_, t+he
25¢ phase Cawn msert H'SeJ'F
m the Phase diagram. In
s ?\wasﬂ ) ou’y 4 of Cf gwrir
2010, But Some of e ofher 5
may Poic with swmall (~ keV)
spin-ane 3aps. Tut enesting

Consequences , So worth investigerin

evew though i «rmdia*euls};:p?:ji;

é{@@ %%ﬁ ﬁ‘%‘ 'w% \.:"imf«;.'i&‘ ) 1:
a g
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T Tespective Farwm Swrfuc o3
IDEA! Cooper Puifs with po mon b {
— ($+3>“$*§) Soc  cuiny P;
Each pair has Jotul momentuu 2§
o|3| = 1.2 6P determined wwaeﬁml/z

' 7] " ' B, 5
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(WYS AZ'eaé"'?
o SPONTALNOus 'bmlr,mﬁ"aﬁ rotatioual aud

Sran slatione i e .
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Rt = Hirs ﬁ‘itctée .Q;,-( <Q.1~ @",> -Pf;gjl"'}uj w"/-& dem@ Mh
oplittiug, Slate not secu ‘in M%seﬁ wagtrer. f?ﬁém 15
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Basic LOFF idea

Try Cooper pairs (p, -p + 2q)

e total momentum 2q for each and every pair
e each quark at its Fermi surface, even with p% # p

e § chosen spontaneously, |q| determined variationally
(result is |q] = go =~ 1.200 )

e condensate forms a ring on each Fermi surface, with
opening angle ¢, = 14 =~ 2cos™ (du/qo) ~ 67.1°

~ Typeset by FoilTiX - 6



I§ systen, unstbl b Jocmation of
i plbue wave, Hbis allows 'r_gwa,-a;
|!a‘ma on oOne N‘*& on €scl., =~ S,
o mit, Mwh of F5. fewoius

MMPdofﬂ |
Iﬂ)kua wod muldiple ?i': 7 { L. reuliple

‘et 7
cings
h)aw'} ”a'}o CQMp:fe Mau*a d. -p&rem‘
poss’vk’e {‘1”73 ; 2.3
P %37: i Ae

3.8 -
aud fr e 4.5 qlewlete d amd L

i‘h'ﬁ, Le CI‘B%"‘«\ S+TM+14(‘Q>
Lo rth lowes'('_Q. WS,
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FCC Crystal [aua&w on n(j;}s) -H“{. 15 wot 3'“
uau\‘i"'m‘-;vd( rd?afsb. .. I

e The cube structure is the falored ground-state: eight
wave vectors pointing towards the corners of 3 cube,
forming the eight shortest vectors in the reciprocal lattice
of a face-centered-cubic crystal. The gap function is

DEA1T/2005 0330 IFAK

2 2
A(}C) = 20 [C{)H —--~£(:IJ -+ Y -+ ,,‘5:) + cos _,j?__(f —y - 3)
o a
~ 27t Vv
A A‘H. + cos —(;“(.'I;' e Y — .2.-") + cos _:;W(_m + 1y + 3)]
A unit cell:

with contours A(x) = +4A (black), 0 (gray), —4A
(white). Lattice constant is q = V3r/lq| ~ 6.012/A.

Sam of B currents ) T€0 net curtent,

~ Typeset by FoilTiiX - : |G
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OLTLOOK AND MPLI CATIOUS
M

Question: Ts There o crystalline phase
wrth lower eneryy “+han 8CF-"L ?

- Ginedury-Landaw omelysis yields
qualitutie auswers - e, whaet s
Savored Crystol siructwre - but s
nck quantitdively celialle, Must 30

beuond & L.
- Need +uree- Flavor analysis.

—» News Srom lagt weele ...

- C\.n.ﬂ'ea"r s’n'\u.s: nobaé.y ka; shamn
‘hat o c.r%shu we phase can hawe

lower eneray +han §CFL

Hrroughout *we aCFL wind oW,
but +he alPL wstability s |
o. c."n'ans hint ‘po'm‘l"\&a " +lis
d\ cection.
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“THREE -FLAVOR “CRYSTALLINE " PRASE
B
Lasel Bront Getes ﬁmmm‘u‘%% N erdulls mﬁgg@?@ﬁi

T

7 T R T T
 MI/u[MeV] ias
(udy ~d et o Luy L d e

Greatly simplified ansatt Sor “eryshul * sfrucha
and yet we see this phase does beet oCFL
ower o Part ofthe g(fl widow. ol

A 9’“‘00\5 hint 5 since whatewer twe LY

Huree - Slabr grystal stracture Hams ouf
bo be, W wush bave loer eneray still.

Eneigy Difference [10° MV ]
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b°TL°°k AND M PL CA‘waA.:s
CRYSTALLINE SOPER FLOIDITY
M

i i £
o A dwo sSpecie®s version © |
superfluid Moy be created in

hra.cdd Sermionc atoms

- arCanqe 5'\1‘9“3 ot rractive taraction
between 2 “spcc.}es". (Jone via &
hbadr (esonawe D
- loo.fe-:he toap ok A "}Ger:n
dens Hes Sor 2 pies.
VORTEX PINNING % PULSAR (LITCHES
_______.____—-————-—-——_——-

. Dotite e crgs-h\ s whet happens 7

Vocticos? Vorkices pimed af K&

o okions of crysil's uodel planes?
¢+ I§ 4uere ar? 'p'mnq& vortices , the

presence of o layer of crgshll’me

cond wehi uark M«‘H'.Qf'
gﬁm‘?:lb: d-rsgc:t‘.’.o.\d make Uis

laver o locus Sor Rdsac G lvfches,

F N ber
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[MPLICATIONS FoR (oM PACT S7A KRS

or, $lipping that around, .. tow cau we wse
observat iauns a‘; Compa-d' stars +o determine

the high &eu.s}% regon of +the phase digrn

n-‘L'S cote as; “neu"'ron"s'f-ur % q,uawk
matrer, theu it IS a (o r Swupercoudtr

T wkeV &&Te

o Not known whether peufron stors bLaye
Guarl watter cores. Goal: wuderstwad
sbservatousl (ousequences, So we lou £iud ot

FIRST: Cou we discover .‘ph‘zﬁtr ?f‘tor@ IS
w: ¢r55‘\‘z¢ll we (ofor s«;»erca«dwﬁw@ Lo)udl @

. m"l-
® A a Swnction of iucreasiy Jep? b, 7

decreases.
., LOEE W/INDOW —¥ LOoFXE SHELL

7’&3 Lisf a'ﬁser Qkamp"‘ o-‘; «Jd-a; o
OUSLIe +hs @uﬂs-ﬁ'an'



GLITCHES

Pulsacs %l‘.-!-c.h-.
S »

e’ \\ -_S"{Hlo i

t
(onventional mechanism? " ol

crust: nuclear g
n neutron supcrﬁ'luié

neuwtron qutrgluic‘
RoTATIONAL VORTILE S

SLom

Crlitches Bguirve (

non-um‘:‘om.l-g

(ie Crgshl) -

IMpede (Pm) nmotion GLITCH

ok wvortices, I

A +'n¢u5\af 'lnpasﬁuc i
Qu .
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GLITLHES IN QUARIC MATTER?

s crygtalline condensate may Pin vortices,
> they prefer to Sollow intersections of
nod al planeg

o Muclear matter

Crystalline tolor super-
COndmﬁv ’Wf& m“#e(
CFL QuARk maTTER

vt onal vortex (one of

many)
s lould some (eq the smaller 7) glifches

ofiginate w a ¢ line \ay e n fof@?
‘ %Eld fca:l-urosrs:? ohscm 3¢:+¢k€$
fule out evistexce of crus-(-nll ine ""8"?
¢ Setious sli'l-:.h phenamcuolasy feguifes
Calculation of w‘nn'ons forco and
shear mo&ulus, Both can be Calcula'h(
ownee nea'h'a\, 3--910\;0(', crysf'uﬂw phage
with rey crystal shruckure 1g m Wand.

* O,



FRoM PWYSIcAL PROPERTIES To
ASTROPHYSIC AL o NSEQUENCES

how can we learn whefher newdton
s have CEL cores?

nb: Unless sucface tension 1
v.ncx?ec'{-e&lcj swall, this 15 < Case
whete a s‘,usle s(mr-p 'm'('-u"QtCe

( with chuge& i»u.u&nﬂa lasexs) is
Savored over o wixed phase.

AlSord KR Redy wilczek
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ASTROPHY SICLAL LONSERUE AMVLES | F

VEBLU TROA) _STARS HAVE CFL_CORES

o For given M, R a little smaller,

A g WZ}"'

But, uncertaiuty in R st iy .
douwindfed bb Meee leor ouber /ﬂfdcf_

e

¢ A a shorp 'm‘f-;r'pcue , b 9 ;’}W, ka0 NG
&eus{'/'b step, —PL/&O sigg_al -
o 1§ sphecical stars have C(FL cores '
bt oblate dars do uoty> umsua( spin-up

! A VIV = T
; lf‘ji2 f*‘:}:\:‘. gl L 3 Ll e T f‘-*i.‘, f %f

histo t o lend runimg S We be bV
4 L v Ll

)
o Transpareat méulator, » B '
5' l 2 mds; not froa-en. ¥ 'ﬁ evﬁ(u'h OMu

gpverm bb pu’('ef' tl-‘-’ﬂ"g

o For T < few Me Vs b neudtine |l
s very sracll speC ifi¢ heat, A€ e

4 .y
) s . acl'l' i
Cua1 65/ V) 4-3, ueutrine op Y e

o supertluidity -p Very large sic’e
-t?:«-.-ermu\ canduectivity %
@‘m“"ﬁ of sk controlled by nusléar DuTe

lagyer
® 'Du.ﬂhﬁ super pova y 1~ Tens of MeV > meson

. ‘(:/’

ot
5 Mmesons ewt aund scatter neutrtine S chiits
o aud,oNomay be phase trausifious . .o
2o signals in time digtri buttou of superuova

* Bare gqusrk star would be nice. NOT seen ..

A L,
e o £ T
N o

rid .ﬁ-"&r‘&* it et g7




VE WS
Nice , Seont, Shuirs, Lohmer Sessuer bewiner, Cord es
estro pl Josos 06 (apwff.a Hiis wee k)
A palsar (named PR TO7SI+1507)
with mass
M: 2.1 0.2 solar masses

L6 < M 42.5 at 95 aoucia'en:e

cA 25 mS pulsgar 'm a 6.3 he otht
atound a 0.19 Solar muss ohite Amrc.
« Over 10 yelaps of observeation, the 6.3 h
orbit hes Slowed L% 14,6 % 1:5 MS !
due +o gruvihtional wave ewmi $SION.
's\mp‘\m Aelay measuced. No acetebion,
Masg traugter , or X-ray eSS 1N,
v 1@ fws 15 ald. pleted, as cleau as tue
best previus Mass measurements. Am’,
the emor bar will shrink ke

(1 [duredion of cbservation) €

. (g: HN’ ‘5 :-3 m (3{-‘{“ “W‘&lr E*Aolg‘:gé)&

v (S : Hus u"*‘ a,var h Cofe <(|'q*2'o) % Prsis Re
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6o ALS

Puzaee: IS non-CFL quark mactar
Intervenes behueen CFL ¢ nuc loar,
what are &> properties?

HiIuTs: oCFL ‘\hshb}liﬂb épcrhshlliue

wudmsafe
ouwe : newkdl, 3- Slavor crystullive
to lor ﬁltpcrwudw‘k!r, wifl cealistic
f-f'gsh\ ot rwcture o doey ¢ have lowel
eneray than 4 CFL?

LovseR TERRH : Improve tul culeions of
Propertes and Cousequences of turse
Phases , allowing observations Ye

rule tueir presewe wituin weutton

stars out or n. €aq:
- ‘p’irm'ma -Cvrc@*‘ shéar wmo dulus 09 X-+al
o glitches ‘
c almost no limit Yo poggible ivprovemen’
w Cal culedion of CPL properties
- hew data com‘ins on M, R, V- (m(iuﬁ)
.‘7“- v) ki 6’0, s




